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Abstract Bacteria produce a plethora of metabolites
and substances, both intra- and extra- cellular, that gov-
em the diversity as well as keystone functionalities in its
close vicinity. A special group of bacteria, plant growth
promoting rhizobacteria (PGPR), for example produce
siderophores, exopolysaccharides (EPS), 1-
aminocyclopropane- 1-carboxylate deaminase (ACC de-
aminase) and Indole acetic acid (IAA) that can contrib-
ute to its PGP traits. The activity of such PGPR as well
as their metabolites allow them to interact with the
rhizosphere in a way that is mutually beneficial to the
bacterium and the plant. Siderophores and EPS are two
metabolites that serve to enhance the quality of soil,
maintain a healthy diversity in the microbial niche while
also preventing the onslaught of phytopathogens that
may deteriorate the plant and, in turn, the soil health.
This makes the study of siderophores and EPS vital to
any process that includes or aims to deal with the PGPR
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or any microbe with PGP qualities. It, thus, becomes
imperative to investigate the determinants as well as the
regulatory molecules responsible for governing the bio-
synthetic pathways for these two metabolites which, in
tandem, invariably help in plant growth promotion. The
phenomenon of quorum sensing plays an important role
in plant defense regulation to defend the plant against
various kinds of stresses like salinity, nutrient deficien-
cy, drought and pathogen invasion. To apprehend the
interactions between the determinants and their regula-
tory molecules attuning them at gene level can be a
strategy to understand their metabolic pathways leading
to broad spectrum resistance against various phytopath-
ogens. This review focuses on various aspects of
siderophores and EPS, including their regulatory deter-
minants with respect to the PGP qualities of a candidate
microbe.

Keywords Siderophores - Exopolysaccharides -
Transcription factors - Biosynthetic pathways - Defense -
Gene regulation - Quorum sensing

Introduction

Crop improvement and increased yields have been a
primary focus to meet the demands of a growing human
population. One way this can be achieved is by the use
of beneficial bacteria known as Plant growth promoting
Rhizobacteria (PGPR), which have a niche in the rhizo-
sphere of plants. This class of bacteria not only helps in
crop improvement but also produces certain metabolites
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that confer resistance to plants against abiotic and biotic
stresses. These metabolites include Siderophores,
Exopolysaccharides, Lipopolysaccharides and Flagel-
lin. The lipopolysaccharide present in outer membranes
of gram-negative bacteria play an important role in
preventing hypersensitive responses generated due to
virulent or non- host bacterial adhesion in plants (Dow
et al., 2000). Flagellin is a globular protein that forms
the flagella and bacterial flagellin receptors act as elic-
itors to provoke an immune response in plants (Patel S.
et al., 2017). Exopolysaccharides are high molecular
weight compounds that have been abundantly studied
for their diverse properties whereas siderophores are low
molecular weight iron chelating compounds which are
reported to play a role in disease resistance and biore-
mediation (Shukla et al., 2019; Dave et al., 2020). These
determinants are regulated by processes such as Quo-
rum Sensing (QS) that helps in root colonization and
also response to cell density by gene regulation.
Targeting and analyzing the QS inducers would be
useful in disease and crop management. The biosynthet-
ic pathways of siderophores and exopolysaccharides in
various organisms may also be engineered in such a way
that they induce defense mechanisms in plants as well as
protect plants from abiotic stress and nutrient deficiency.
On the other hand, the contribution of the biosynthetic
pathways and their direct correlation with defense
mechanisms and other abiotic stresses is not known.
The role of the regulatory pathways like quorum sensing
and biosynthetic pathways affecting these determinants
can be explored to establish whether they play a role in
enhancing defense responses of the plants against abi-
otic and biotic stress. Fine tuning QS pathways can also
be a decisive approach to discern the regulatory poten-
tial of these determinants. This review mainly focuses
on regulatory and molecular aspects of siderophores and
exopolysaccharides as the key players of the plant
microbiome against biotic and abiotic stresses.

Exopolysaccharides

Exopolysaccharides are high molecular weight com-
pounds that provide structural integrity to the microbes
and form the major component of biofilms. Biofilms are
a prerequisite to root colonization which is an important
attribute of PGPR and is essential for competing against
pathogen invasion. There are numerous applications of
exopolysaccharides apart from plant defense, for
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example Xanthan gum produced by Xanthomonas
campestris is used in food industries. EPS like Gellan
and Dextran enhances rheological properties of food
and pharma products (Cruz et al., 2000; Freitas et al.,
2006; Abdalla et al., 2021) Many emulsifiers, stabilizers
and gelling agents are prepared using EPS (Welman
et al.,2003). In medical fields the two main properties
of EPS insolubility and water holding capacity, have
been exploited as they allow slow release of drugs. Due
to hydrophilic properties and high charge, EPS is used in
wastewater treatments and solvent dehydrations (Huang
et al.,2022). Exopolysaccharides are also known to
show antioxidant activity, for example EPS from the
fungus Cordyceps gracilis exhibits radical scavenging,
iron chelating and reducing power activities (Donot
et al.,, 2012). EPS is currently being used in unique
biomedical applications due to biocompatibility, me-
chanical strength, and biodegradability. Some examples
include Gellan hydrogels which is used in bone engi-
neering along with hydroxyapatite; Alginate chitosan-
based hydrogels are used in stem cell encapsulation
(Sharma et al., 2015). EPS Hydrogels are also used in
drug delivery as they promote controlled release of
drugs (Nurhayati et al., 2019). EPS is also used in
bioremediation due to the presence of a substantial
quantity of anion functional groups and helps to remove
or recover metals from the rhizosphere through
biosorption by effectively sequestering positively
charged heavy metal ions (Nadzir et al., 2021). In the
rhizosphere, EPS production by certain plant growth
promoting microbes induces biofilm formation in re-
sponse to the exposure of toxic metals which enhances
tolerance of microbial cells by forming a protective
cover as well as transforming toxic metal ions into
non-toxic forms after adsorption (Ayangbenro AS
et al., 2017). In a recent study on the isolation of biolu-
minescent and exopolysaccharide bacteria Vibrio
alginolyticus PBR1 and Vibrio rotiferianus and their
characterization found that these bacteria possess the
ability to resist heavy metals like Pb and Sr with the
help of exopolysaccharides Parmar et al., 2020 ). During
drought stress EPS produced by the microbes are helpful
in reducing detrimental effects due to their high-water
holding capacity. EPS also helps plants tolerate salinity
stress caused by decreased sodium uptake and osmotic
stress. EPS also protects the bacteria against fluctuating
temperatures; in the case of thermophiles, EPS acts as a
protective shield against high temperatures (Dave et al.,
2020) Fig 1 .
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Fig. 1 The versatility of Exopolysaccharides in various fields

Characteristics of exopolysaccharides

Exopolysaccharides can be characterized by using various
bioanalytical techniques thin layer chromatography
(TLC) that is mainly used for acid hydrolyzed EPS where-
in the spots are visualized using alpha-naphthol and
sulphuric acid. The composition of monosaccharides is
identified using Gas chromatography. The purity of EPS
is determined using High performance liquid chromatog-
raphy. The functional groups in EPS can be detected using
Fourier Transform Infrared spectroscopy (FTIR) and mo-
lecular confirmation is done by Nuclear Magnetic Reso-
nance (NMR) spectroscopy which is indicated by differ-
ent chemical shifts (Benit et al., 2018, Shukla et al., 2020).

Carbohydrates

Sugar residues form the main constituent of EPS matrix.
They are categorized into two types Homopolysaccharide
consists of the same monomeric units of residues and
heteropolysaccharide contains different units of monosac-
charides. (Sutherland., 2007). Many exopolysaccharides
contain inorganic and organic components that determine
their properties. The exopolysaccharides produced by var-
ious microorganisms are diverse Xanthan Gum, Alginate,
curdlan and cellulose Pseudomonas aeruginosa, most com-
monly studied microorganism for EPS, produces three
main types: Polysaccharide synthesis locus (psl) which
codes for eps Psl made up of galactose critical for formation

of biofilms along with Alginate and Pellicle Polysaccharide
(Pel). (Ryder et al., 2007; Olenska et al.,, 2021).

Proteins

Enzymes also form a major part of the biofilm matrix
and help in the degradation of polymers and in detach-
ment of bacteria from the matrix whereas some enzymes
also act as virulence factors during infections (Costa
et al.,2018). The enzymes can be retained in the matrix
as they form a complex with polysaccharides and this
prevents them from being degraded by proteolysis and
enhances their thermodynamic stability (Conrad et al.,
2003). Lectins are proteins that help in stabilization and
formation of matrix. For example, the glucan binding
proteins help in biofilm formations of the dental patho-
gens Streptococcus mutans by aggregation, inhibition,
cell wall synthesis and plaque cohesion (Lynch et al.,
2007; Dave et al., 2020; Shukla et al. 2021).

Extracellular DNA (e-DNA)

DNA molecules are found in all cells and majorly form
the extracellular medium. One such DNA is the e-DNA
that forms an integral part of the biofilms and may vary
between closely related species (Shukla et al., 2019;
Aldecoa et al., 2017). The microbial origin of e-DNA
in terms of evolution was first found in marine as well as
terrestrial niches. The release of extracellular DNA oc-
curs by secretion and autolysis (Albecoa et al., 2017).
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The eDNA mechanisms are regulated by quorum sens-
ing. e-DNA also imparts natural competence to the
microbial cells which enables their transformation. The
chelation of metal ions in case of P. aeruginosa is also
carried out by e-DNA inducing antimicrobial resistance
and increased virulence (Albecoa et al., 2017). The e-
DNA is an essential component of EPS as it protects the
microbes from physical, chemical, environmental stress
and antimicrobial therapies which makes it a prime
target to control biofilm formations by bacterial com-
munities (Devaraj et al., 2019; Izano et al., 2008, Yang
et al., 2007). e-DNA finds its applications in genetic
exchange, adhesion and signaling (Shukla et al., 2019).
eDNA is a potential source of nutrition as it consists of
Carbon, Nitorgen and Phosphorus. Apart from eDNA
which forms the major component of biofilms there are
other molecules like RNAs. cGMPs which also play a
role in biofilm formations (Castiblanco et al., 2016).

Lipids

Lipids contribute to hydrophobicity of EPS. For exam-
ple, the bacterium Sinorhizobium meliloti produces
exopolysaccharides which inhibits evaporation of water
from the soil as they conjugate with the soil structure to
retain water (Deng et al., 2015). Due to this property,
they may be useful for microbially enhanced oil recov-
ery and for bioremediation of oil spills (Putra et al.,
2019). Biosurfactants such as rhamnolipids that have
been found in the EPS matrix of P. aeruginosa display
surface activity and help in microcolony formation,
facilitating migration and preventing colonization of
channels by other bacteria (Chavez et al., 2021).

Water

The hydrated matrix of EPS makes the microbial cells
withstand deviations in water potential. The EPS matrix
acts as a molecular sieve, sequestering cations, anions,
non-polar compounds and particles from the water
phase. During desiccation the EPS provides protection
to the microbes and the biofilm formed by them. The
EPS production begins in response to desiccation pro-
cess which induces resistance to water stress by
retaining large amounts of water (Tamaru et al., 2005;
Shukla et al., 2019).
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Biosynthesis of exopolysaccharides

The biosynthesis of microbial exopolysaccharides oc-
curs through four major pathways in prokaryotes, which
differ in their reaction mechanisms and the enzymes
used in synthesis of each step. Initiation and elongation
of polymers by enzymatic transformations are carried
out by precursor molecules which lead to production of
activated sugars. Biosynthesis pathways of polysaccha-
rides lead to regulation of production of EPS and can be
targeted to achieve disease resistance and enhanced
biofilm formations for root colonization by PGPR in
the rhizosphere. The Wzx/Wzy dependent pathway
involves the translocation of C55 (undecaprenol diphos-
phate) across the membrane with help of the flippase
enzyme Wzx protein. On the other hand, the Wzy pro-
tein carries out the process of polymerization which
takes place in the periplasmic section of the cell. The
extent of the polymerization process is governed by the
Wzz enzyme. This pathway is responsible for synthe-
sizing various polysaccharides: Lipopolysaccharide
(LPS), EPS, Capsular polysaccharide (CPS) and ECA
(Enterobacterial common antigen) (Whitefield et al.,
2006; Schmid et al., 2015). The LPS molecule acts as
the elicitor of immune response whereas the EPS mol-
ecule helps combat biotic and abiotic stresses altogether
by helping in biofilm formations and increased water
retention capacity respectively. The second pathway
which plays an important role in synthesis of polysac-
charides is ABC dependent pathway in which the ATP
binding ABC transporters export glycans across the
membrane. The glycans present on the cell surface play
an important role in immune defenses, formation of
biofilms and maintenance of the cell envelope and
structure. The ABC and Wzx/Wzy pathways differ in
their initiation and completion steps but ultimately both
lead to formation of lipid linked polysaccharides outside
the membrane. The third major pathway is the Synthase
dependent pathway in which translocation and poly-
merization is carried out by a synthase protein (Schmid
et al., 2016). The synthases act as glycosyltransferases
and are an integral part in formation of cellulose,
hyluronan, alginate and other components of the matrix.
Another pathway involved in biosynthesis of EPS is the
Sucrase Pathway which uses the enzyme sucrase to
export the polysaccharide outside the membrane. The
common molecule synthesized by this pathway is dex-
tran (Schmid et al., 2018). Fig 2 depicts brief overview
of the pathways.
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Fig. 2 Different pathways for
biosynthesis of
Exopolysaccharides

Siderophore

Siderophores are iron chelating low molecular weight
compounds that help in combating environmental stress
due to inadequate iron (Costa et al., 2018). Because of
their high chelating ability, they cause mineral dissolu-
tion and help in uptake of other minerals like Manga-
nese, Zinc and Molybdenum. Some strains of Pseudo-
monas have been reported to produce a siderophore
known as pyoverdine which not only helps in scaveng-
ing iron but also in regulating the expression of different
virulence factors such as exotoxin A and PrpL proteases
(Visca et al., 2007). As high amounts of ROS can be
detrimental to the cells, these siderophores are said to
help in storage of iron thereby controlling ROS produc-
tion and inducing oxidative stress tolerance. In medical
fields, siderophore is used to reduce iron overload in
patients whereas in pharmaceutical industries
Desferrioxamine is one such siderophore produced by
the bacterium Streptomyces pilosus used to treat patients
with iron overload (Codd et al., 2017). The siderophores
also exhibit antimicrobial activity such as the
siderophore secreted by Azospirillum lipoferum that
shows antimicrobial activity against bacterial and fungal
strains (Shah et al., 1992). Sideromycins also have an-
tibiotic activity and can be a useful approach to curb
antibiotic resistance (Braun et al., 2009). Siderophores
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+ Wzx protein
(Flippase)

S

are extensively used in agriculture due to their biocon-
trol activity against phytopathogens wherein they may
prevent the pathogen from scavenging the bioavailable
iron; for example pyoverdines secreted by PGPR
P. fluoroscens help in biocontrol of phytopathogens
(Trapet et al., 2016). A new field has emerged known
as Siderotyping which is used to distinguish strains
according to the type of siderophores they produce
(Meyer et al., 2002). Siderophores also play a role in
bioremediation as they solubilize metals and increase
their mobility. Siderophores have high affinity towards
other metals apart from iron and they may solubilize and
mobilize a variety of metals like Fe, Cd, Cu, Ni, Pb, Ni,
Pb and Zn (Schalk et al., 2011). The chelating actions of
siderophore determines its binding affinity towards var-
ious metals (Golonka et al., 2019). Another process
which helps achieve reduced metal toxicity is called
Bioaugmentation which involves addition of microbes
producing bio-surfactants and siderophores (Roskova
etal., 2022).

Diverse functions of Siderophores which contribute
to its multifaceted nature

Siderophores exhibit different conformations and share

a conserved structure that has a functional group which
ligates with molecules like transferrin and lactoferrin
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(Marathe et al., 2015). Hydroxamate siderophores are
structurally more complex and hydrophilic in nature.
The property of denticity plays an essential role in iron
affinity. Hexadentate siderophores have greater affinity
towards Fe (III) than tetradentate siderophores. In
tetradentate siderophores, two or three molecules of
ligand bind to satisfy the six coordinating sites of ferric
ions making them more stable than the bidentate ones
(Chen et al., 2019). Some siderophores are similar in
structure but differ by a single functional group; for
example, Salmochelin produced by Salmonella
enterica, 1s similar to enterobactin but differs in that it
is glucosylated at the CS5 position of at least one catechol
ring (Fischbach et al., 2006). In stercochemistry of
siderophores many hexadentate hydroxamates are
stereo-chemically restricted to the cis isomers. Unlike
most known siderophores, the ferrioxamines are not
optically active (Hider et al., 2007).

Iron selectivity

The negatively charged oxygen atoms have the highest
affinity to iron (III). The tighter interaction results due to
the presence of a high charge on the oxygen atom.
Siderophores form an octahedral conformation with
charged oxygen atoms that give rise to a stable spin
complex. The octahedral conformation may be distorted
due to nitrogen or sulphur atoms in the absence of Fe.
This distortion causes decreased affinity for iron (III)
like that observed in Enterobactin (Schalk et al., 2012).

Structural range of Siderophores

There is a mononuclear coordination of hexadentate and
bidentate ligands with iron (III). The most commonly
found structure among siderophores is hexadentate. The
catechol and hydroxymate groups confer protection
against various lytic enzymes. The cyclic petides and
N-C terminal blocked peptides ensure increased life
span of these groups by providing resistance against
peptidase enzymes. (Liu et al., 2002).

Biosynthetic pathway of Siderophores
The biosynthetic pathway of siderophores differs in both
fungi and bacteria due to the different precursor mole-

cules. Initiation of biosynthesis in fungi starts from
citrate, amino acids, dihydroxybenzoate and N5-acyl-
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NS5-hydroxyorithine. The assembly of siderophores is
done by non-ribosomal cytoplasmic synthase which
forms a covalent linkage between amino acid and forms
clusters as the peptide chain elongation proceeds from
one domain to another domain (Roux et al., 2009). The
siderophore operon of Aspergillus fumigatus has been
widely studied and includes important genes like sidA
which codes for an enzyme L-ornithine NS5-
monooxygenase that catalyzes the first step in
siderophore biosynthesis as shown in Fig. 3 The orni-
thine is synthesized by large enzymes called non ribo-
somal peptide synthetases (NRPSs) (Kragl et al., 2007).
The sidD gene, a non-ribosomal peptide synthetase
(Blatxer et al., 2011), sidG an acyl transferase and
highly conserved genes sidF, sidC are required for
biosynthesis of both the ferricrocin complex (FC) and
the hydroxyferricrocin complex in siderophore synthe-
sis (HFC) (Blatzer et al., 2011). There are two main
pathways of biosynthesis: NRPS independent and de-
pendent. In the NRPS dependent three main steps are
involved: adenylation, thiolation and condensation. The
molecules in this pathway are highly selective and can
be seen mostly in bacteria whereas in the NRPS inde-
pendent pathway a single synthetase enzyme carries out
the single step process of synthesis. On the other hand,
in bacteria such as E. coli, Yersinia pestis and
P. aeruginosa the chorismate precursors initiate the
biosynthesis of siderophores like enterobactin and
pyochelin as highlighted in Fig 3. . Here the entB and
entS are the enterobactin biosynthesis gene (Paul Dubey
et al., 2015). The operon entCDEBAH present in these
bacteria induce the synthesis of siderophores and genes
like fepA, fepB, fepC, fepD, fepE, fepG, fes and entS
which play a role in utilization and uptake of
enterobactin (Peralta et al., 2016). (Fig. 4).

Regulation of EPS and Siderophore

Exopolysaccharides form the major component of
biofilms which help in adherence and root colonization
of PGPR against pathogenic microbes. Biofilm formation
is controlled and regulated by another important phenom-
enon called QS, is a type of cell-cell communication
which solely depends on bacterial community and densi-
ty. The microbes in response to QS produce signals
known as autoinducers which help in increasing the
cell-population density. These signals induce alterations
in gene expression (Wang et al., 2020). There are two
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Fig. 3 Siderophore Biosynthesis Pathway in the fungus Aspergillus fumigatus

widely studied QS, the LuxI/R consists of the Luciferase
operon (lux! CDABE), which is required for lumines-
cence, is regulated by two main proteins — LuxI and
LuxR. The luxI codes for autoinducer synthase which
leads to accumulation of Acyl homoserine lactones
(AHL) and AI N3- oxododecanyl HSL (30C6HSL).
The transcriptional activator LuxR is bound to
306HSLand this LuxR-AHL complex recognizes the
operon /uxICDABE and thus switches on the operon. This

generates a positive feedback loop which increases the
levels of AHL thereby activating the QS mode of the
bacterium. The LuxI synthesizes AHL whereas the LuxR
interacts with AHLs specific to the gram-negative mi-
crobe, but in gram-positive bacteria the QS signals are
generated by oligopeptides and histidine kinases are used
as receptors (Wang et al., 2020). The other system in-
cludes the LuxS/AI-2 and is regulated by two enzymes,
Pfs and LuxS, which convert SAH (S-adenosyl
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Fig. 4 Biosynthesis pathway of siderophores in Eschrechia coli, Pseudomonas aeruginosa and Yersinia pestis

@ Springer



414

Eur J Plant Pathol (2023) 165:407-419

homoserine) to adenine, homocysteine and the signal
molecule 4,5-dihydroxy-2,3-pentanedione (DPD). The
DPD is then exported and cyclized to Al-2, enabling both
the synthesis of Al-2 and the detoxification of the toxic
by-product SAH (Schauder et al., 2001). The presence of
LuxS among bacteria possesses many attributes and com-
ponents that can be rewired into engineered systems
(Wang et al., 2020). These diverse signals and character-
istics can be translated, fine-tuned, and explored to study
different interactions and applications in plant growth pro-
motion and disease resistance. On the other hand, Iron is
essential as well as toxic to the bacteria. The pathogens,
including P. aeruginosa indulge in intense competition for
iron with the host (Ratledge et al.,2000; Braun et al., 2009;
Griffiths et al., 1999). The pathogen has multiple systems
to sequester iron and can regulate cellular iron acquisition
and storage through a combination of positive and negative
regulatory factors (Ratledge et al., 2000; Poole et al., 2003;
Waters et al., 2005). The two best-studied P. aeruginosa
iron systems are the pyoverdine system and the pyochelin
system. Pyoverdine and pyochelin bind extra-cellular iron
(Fe™) which is then transported into the cell together with
these siderophores. Pyoverdine synthesis and secretion are
regulated by means of the extra cytoplasmic function
(ECF) factor PvdS. Expression of PvdS is regulated by
iron and the ferric uptake regulator (Fur). The increase in
concentration of QS molecules represses the siderophore
synthesis which decreases at higher cell densities (Dertz
et al., 2006) but in P. aeruginosa the siderophore produc-
tion increases at high cell density which ensures that they

are used by members of their own species (Stintzi et al.,
1998; Darch SE et al., 2012). Sometimes the repression of
siderophores at a higher cell density would allow the
bacteria to divert resources towards growth promotion
(Nadell et al., 2008). Hence the siderophores that are not
stimulated by QS are primarily involved in iron scaveng-
ing and homeostasis whereas the siderophores stimulated
by QS play a role in signals or virulence factors and
defense mechanisms (Lamont et al., 2002). In Vibrio
vulnificus the iron and quorum sensing together regulate
the vulnibactin synthesis (Wen et al., 2012). It has been
reported that the presence of iron and biofilm formation is
tightly linked as iron deficiency gives rise to twitching
motility (Singh PK et al., 2002). The pyoverdine system
in Pseudomonas species is necessary for biofilm as in the
absence of pyoverdine the delivery of iron to the innermost
layers of the biofilm gets impaired despite production of
lower affinity pyochelin. As the defect in pyochelin syn-
thesis does have any effect on biofilm formation demon-
strating that pyoverdine is required for efficient biofilm
formation and functions (Visca et al., 2007). The other
PGP traits along with siderophore and exopolysaccharide
production are listed in Table 1.

Molecular mechanisms used by PGPR under biotic
and abiotic stress

PGPR have positive influence on plants which ultimate-
ly leads to increased growth and productivity. The

Table 1 Different Plant Growth Promoting Rhizobacteria Showcasing various PGP traits

Serial Name of PGPR PGP Characters Reference
No.
1 Bacillus pumulis, FABI0 EPS, TAA, NH3, siderophore, PS, and HCN Ansari et al.,2019
2 Enterobacter sp. P23 EPS, TAA, NH3, siderophore, PS, ACC Sarkar et al., 2018
deaminase, SA, and HCN
3 Halomonas sp. Exol EPS, TAA, NH3, N2 fixation, siderophore, Mukherjee et al., 2019
PS, and HCN
4 Ochrobactrum pseudogregnonense TAA, siderophore, PS, and ACC deaminase Chakraborty et al., 2012
and Bacillus safensis
5 Pseudomonas putida and Bacillus IAA, NH3, siderophore, PS, and ACC deaminase ~ Pandey et al.,2020
paramycoides
6 Alcaligenes sp. AF7 EPS, TAA, siderophore, PS, Zn solubilization, and ~ Fatima et al., 2020
GA
7 Rhizobium spp. Siderophores, hydrogen cyanide, ammonia, EPS, Ahemad and Khan,
IAA 2012
8 Bradyrhizobium spp. IAA, siderophores, EPS, hydrogen cyanide, Meena et al., 2017

ammonia
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PGPR undergo molecular changes giving rise to certain
physiological and metabolic changes that help the bac-
teria outcompete the pathogens attacking the plants and
combat stress. For example, in Arabidopsis thaliana the
PGPR Paenibacillus polymyxa B2 enhanced tolerance
to drought stress by transcription of ERD15 gene which
codes for dehydration induced ERD15 proteins which
are responsive to drought stress. In some cases, PGPR
also tend to induce phytohormonal changes. The IAA
produced by the bacteria stimulates root growth which
helps in enhanced nutrients and water. It had been
shown that when bean plants were inoculated with
Azospirillum brasilense there was increased root surface
and length due to production of IAA by the bacterium
(Burdman et al., 2000; Cohen et al., 2009). During
salinity stress salt increases which can alter the water
content in plants. The PGPR introduced to plants help
them tolerate salinity by altering gene regulation. For
example, the rice plant when inoculated with Bacillus
amyloliquefaciens upregulated four genes and downreg-
ulated two genes GIG and SNFI which contribute to
increased tolerance to salinity stress (Tiwari et al.,
2017). The PGPR in the rhizosphere are recognized by
plants from the microbial compounds produced by them
such as volatile metabolites, siderophores, oligosaccha-
rides, LPS, flgagellin and EPS. These compounds trig-
ger certain defense responses during pathogen invasion.
There is an elicitation of immunes responses in plants
leading to activation different signaling pathways giving
rise to Induced Systemic Resistance (ISR). In ISR, the
activation of signaling pathways of Jasmonic Acid/
Ethylene in presence of PGPR enhances plant immunity
and systemically primes the plant against pathogens as
jasmonic acid and ethylene are stress hormones which
are accumulated in response to stress and are key regu-
lators of ISR. There are other secondary metabolites
produced by PGPR that act as elicitors of ISR, for
example phenazines produced by Pseudomonas spe-
cies. Along with ISR, there is another type of defense
mechanism known as Systemic Acquired Resistance
(SAR) which is induced by pathogens leading to accu-
mulation of salicylic acid and simultaneous activation of
PR genes (pathogenesis related genes) that code for PR
proteins which provide immunity to other parts of the
plants. The SA levels endogenously increase in presence
of the pathogen and rapid signals are produced which
confers resistance to plant in a very short time whereas
the immunity induced by PGPR in plants that is ISR,
helps generate stronger and faster defense responses

during pathogen attack (Yu et al., 2022; Patel and
Saraf, 2017).

Carbohydrate receptors in plants

Carbohydrates participate in immune recognition and de-
fense. Exopolysaccharides are the high molecular weight
determinants secreted by bacteria which have carbohydrate
as their major constituent. Exopolysaccharide has the abil-
ity to induce immune responses in plants in the presence of
a pathogen. The exopolysaccharides also play a role in
Reactive oxygen species (ROS) generated by plants in
response to abiotic stresses. The exopolysaccharides have
the potential to be antioxidant agents due to their ROS
scavenging ability. During plant microbe interactions they
act as energy sources as well as help in regulation of
defense genes. The perception of exopolysaccharides by
plants depends on their structure and functions (Trouvelot
et al., 2015). Apart from microbial polysaccharides, plants
have lectins which act as carbohydrate binding domains.
The exopolysaccharides can thus bind to such receptors
and elicit defense responses (Naithani et al., 2021). On the
other hand, a receptor EPR3 in plants helps in non-self-
recognition and response to microbial associated molecu-
lar patterns. The function of exopolysaccharides in PGPR
depends on their molecular composition (Kawaharada
et al., 2015; Wong et al., 2020). These receptors can be
crucial targets for inducing defense in plants enabling them
to avoid diseases.

Future prospects

Siderophore and EPS are multivariate functionally and
structurally and have a positive influence on plants.
These two metabolites along with others make the PGPR
surmount other bacteria residing in the rhizosphere. Due
to numerous beneficial traits of EPS and siderophores,
they are being continuously studied in vitro and at the
gene level. The EPS studies lack appropriate structure—
function relationships for biological functions rendering
them not suitable for commercialization. Complete infor-
mation is needed on EPS structure as different bacteria
produce uniquely structured EPS. High production costs
and processing make it difficult to exploit EPS as op-
posed to artificial analogues (Shukla et al., 2021; Hussain
etal.,, 2017). Along with EPS, exploiting siderophores is
also challenging, from the structural and functional
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relationships to the microbial environment which in-
cludes any structural or molecular changes in response
to the microbial metabolites, and in-depth analysis of its
role at low iron availability during iron starvation
needs to be explored in detail (Ahmed et al., 2014). The
regulatory molecules involved in abiotic stress require
further study with respect to PGPR to envisage their use
in mitigating stress. Quorum sensing is a phenomenon
which is exhibited by many bacteria which depends on
cell density. QS regulates the production of EPS and
Siderophore as they play a role in biofilm formations
necessary for microorganisms to survive in competitive
environments. These determinants are amenable to scru-
tiny at every step and fine tuning of QS signals, metabolic
engineering of EPS and siderophores will help uncover
their role in regulation of plant defense responses. Tech-
niques like CRISPR can also be used for gene editing and
engineering of metabolites (Arpit et a et al., 2021). To
strengthen the use of siderophores and EPS in multitude
of applications and as potential tools of sustainable agri-
culture much of their regulatory roles with respect to
molecular and physiological changes as well as defense
signaling pathways needs to be studied to unveil more of
their new functions. Better understanding of their chem-
ical structures and molecular mechanisms as well as
characterization will help decipher other new functions
in order to develop new approaches that will be beneficial
to living beings and environment.

Authors contribution AK and DP contributed in conception
and design of manuscript. AK compiled the literature and wrote
the manuscript. AS and DP reviewed the manuscript and AS and
AK revised it.

Declarations

Conflict of interest The author declares no conflict of interest.

References

Abdalla, Abdelmoneim K., et al. (2021) “Exopolysaccharides as
Antimicrobial Agents: Mechanism and Spectrum of Activity.”
Frontiers in Microbiology, vol. 12, Frontiers Media SA,.
Crossref, https://doi.org/10.3389/fmicb.2021.664395.

Ahmed, E., & Holmstrém, S. J. (2014). Siderophores in environ-
mental research: Roles and applications. Microbial
Biotechnology, 7(3), 196-208. https://doi.org/10.1111
/1751-7915.12117

@ Springer

Ahemad, M., & Khan, M. S. (2012). Effect of fungicides on plant
growth promoting activities of phosphate solubilizing
Pseudomonas putida isolated from mustard (Brassica
compestris) rhizosphere. Chemosphere, 86(9), 945-950.

Ansari, F. A., Ahmad, 1., & Pichtel, J. (2019). Growth stimulation
and alleviation of salinity stress to wheat by the biofilm
forming Bacillus pumilus strain FAB10. Applied Soil
Ecology, 143, 45-54. https://doi.org/10.1016/j.
apso0il.2019.05.023

Arpit, S., Monica, P., Nishtha, J., Anushree, K., & Dhara, P.
(2021). CRISPR: The multidrug resistance end game?
Molecular Biotechnology, 63, 676—685. https://doi.
org/10.1007/s12033-021-00340-9

Ayangbenro, A. S., & Babalola, O. O. (2017). A new strategy for
heavy metal polluted environments: A review of microbial
Bisorbents. International Journal of Environmental
Research and Public Health, 14(1), 94. https://doi.
org/10.3390/ijerph14010094

Benit N., Roslin A. S. (2018), Isolation and Characterization of
Larvicidal Extracellular Polysaccharide (EPS) from
Pseudomonas aeruginosa BO1, Int. J. Curr. Microbiol.
Appl. 26 Sci., 109-120. 27.

Michael Blatzer, Markus Schrettl, Bettina Sarg, Herbert H.
Lindner, Kristian 4 Pfaller, Hubertus Haas (2011) SidL, an
aspergillus fumigatus Transacetylase involved in biosynthe-
sis of the Siderophores Ferricrocin and Hydroxyferricrocin,
Applied and Environmental Microbiology, https://doi.
org/10.1128/AEM.00182-117, 77, 4959, 4966.

Braun V., Pramanick A., Gwinner T., Koberle M., Bohn E.
(2009), Sideromycins: Tools and Antibiotics, BioMetals,
10.1007/2Fs10534-008-9199-7.

Castiblanco L. F., Sundin G. W. (2016), New insights on molec-
ular regulation of biofilm formation in plant associated bac-
teria, Journal of Integrative Plant Biology, http://www.
wileyonlinelibrary.com/journal/jipb

Chakraborty, U., Chakraborty, B. N., Chakraborty, A. P., & Dey,
P. L. (2012). Water stress amelioration and plant growth
promotion in wheat plants by osmotic stress tolerant bacteria.
World Journal of Microbiology and Biotechnology, 29(5),
789-803. https://doi.org/10.1007/s11274-012-1234-8

Chen, J., et al. (2019). Chemistry and Biology of Siderophores
From Marine Microbes. Marine Drugs, 17(10) MDPI AG,
562. https://doi.org/10.3390/md17100562

Codd, R., Richardson-Sanchez, T., Telfer, T. J., & Gotsbacher, M.
P. (2017). Advances in the chemical biology of
Desferrioxamine B. ACS Chemical Biology, 13(1), 11-25.
https://doi.org/10.1021/acschembio.7b00851

Cohen, A. C., Travaglia, C. N., Bottini, R., & Piccoli, P. N. (2009).
Participation of abscisic acid and gibberellins produced by
endophytic Azospirillum in the alleviation of drought effects
in maize. Botany, 87(5), 455-462. https://doi.org/10.1139
/b609-023

Conrad, A., Suutari, M. K., Keinanen, M. M., Cadoret, A., Faure,
P., Mansuy-Huault, L., & Block, J. C. (2003). Fatty acids of
lipid fractions in extracellular polymeric substances of acti-
vated sludge flocs. Lipids, 38, 1093—1105.

Costa, O. Y. A. (2018) Microbial extracellular polymeric sub-
stances: ecological function and impact on soil aggregation”.
Frontiers in Microbiology, vol. 9, Frontiers Media SA,.
Crossref, https://doi.org/10.3389/fimicb.2018.01636.


https://doi.org/10.3389/fmicb.2021.664395
https://doi.org/10.1016/j.apsoil.2019.05.023
https://doi.org/10.1016/j.apsoil.2019.05.023
https://doi.org/10.1007/s12033-021-00340-9
https://doi.org/10.1007/s12033-021-00340-9
https://doi.org/10.3390/ijerph14010094
https://doi.org/10.3390/ijerph14010094
https://doi.org/10.1128/AEM.00182-117
https://doi.org/10.1128/AEM.00182-117
http://www.wileyonlinelibrary.com/journal/jipb
http://www.wileyonlinelibrary.com/journal/jipb
https://doi.org/10.1007/s11274-012-1234-8
https://doi.org/10.3390/md17100562
https://doi.org/10.1021/acschembio.7b00851
https://doi.org/10.1139/b09-023
https://doi.org/10.1139/b09-023
https://doi.org/10.3389/fmicb.2018.01636

Eur J Plant Pathol (2023) 165:407—419

417

Cruz, M., Pedrosa, F. O., Philip, G. A. J., & Marcello, 1. (2000)
Culture conditions for the production of an acidic
exopolysaccharide by the nitrogen-fixing bacterium
Burkholderia tropica. Canadian Journal of Microbiology,
52, 489-493. https://doi.org/10.1139/w05-155

Darch, S. E., West, S. A., Winzer, K., & Diggle, S. P. (2012).
Density-dependent fitness benefits in quorum-sensing bacte-
rial populations. Proceedings of the National Academy of
Sciences, 109(21), 8259-8263. https://doi.org/10.1073
/pnas.1118131109

Dave, D., Sarma, S., Parmar, P., Shukla, A., Goswami, D., Shukla,
A., & Saraf, M. (2020). Microbes as a boon for the bane of
heavy metals. Environmental Sustainability, 3, 233-255.
https://doi.org/10.1007/s42398-020-00112-2

Deng, J., Orner, E. P., Chau, J. F., Anderson, E. M., Kadilak, A. L.,
Rubinstein, R. L., Bouchillon, G. M., Goodwin, R. A., Gage,
D. J.,, & Shor, L. M. (2015). Synergistic effects of soil
microstructure and bacterial EPS on drying rate in emulated
soil micromodels. Soil Biology and Biochemistry, 83, 116—
124. https://doi.org/10.1016/j.s0ilbio.2014.12.006

Dertz, E., Stinzi, A., & Raymond, K. (2006). Siderophore medi-
ated iron transport in Bacillus subtilis and Corynebacterium
glutamicum. Journal of Biological Inorganic Chemistry, 11,
1087-1097. https://doi.org/10.1007/s00775-006-0151-4

Devaraj, A., Buzzo, J. R., Mashburn-Warren, L., Gloag, E. S.,
Novotny, L. A., Stoodley, P., & Goodman, S. D. (2019). The
extracellular DNA lattice of bacterial biofilms is structurally
related to Holliday junction recombination intermediates.
Proceedings of the National Academy of Sciences, 116(50),
25068-25077. https://doi.org/10.1073/pnas.1909017116

Donot, F., Fontana, A., Baccou, J., & Schorr-Galindo, S. (2012).
Microbial exopolysaccharides: Main examples of synthesis,
excretion, genetics and extraction. Carbohydrate Polymers,
87(2), 951-962. https://doi.org/10.1016/j.
carbpol.2011.08.083

Dow, M., Newman, M. A., & Von Roepenack, E. (2000). The
induction and modulation of plant defenses by bacterial
lipolysaccharides. Annu Rev Phytopathol, 38, 241-261.
https://doi.org/10.1146/annurev.phyto.38.1.241

Fatima, T., Mishra, 1., Verma, R., & Arora, N. K. (2020).
Mechanisms of halotolerant plant growth promoting
Alcaligenes sp. involved in salt tolerance and enhancement
of the growth of rice under salinity stress. 3 biotech, 10(8).,
10, 361. https://doi.org/10.1007/s13205-020-02348-5

Fischbach, M. A., Lin, H., Zhou, L., Yu, Y., Abergel, R. J., Liu, D.
R., . .. Smith, K. D. (2006). The pathogen associated iroA
gene cluster mediates bacterial evasion of lipocalin. PNAS,
103, 16502-16507. https://doi.org/10.1073
/pnas.0604636103

Freitas, F., Alves, V. D., & Reis, M. A. M. (2006). Advances in
bacterial exopolysaccharides: from production to biotechno-
logical applications. Trends in Biotechnology, 29, 388-398.
https://doi.org/10.1016/j.tibtech.2011.03.008

German, M., Burdman, S., Okon, Y., et al. (2000). Effects of
Azospirillum brasilense on root morphology of common
bean (Phaseolus vulgaris L.) under different water regimes.
Biology and Fertility of Soils, 32, 259-264. https://doi.
org/10.1007/s003740000245

Golonka, R., Yeoh, B. S., & Vijay Kumar, M. (2019). The Iron tug
of war between bacterial siderophores and innate immunity.

Journal of Innate Immunology, 11, 249-262. https://doi.
org/10.1159/000494627

Griffiths, E. (1999) In Iron and infection: Molecular, physiological
and clinical aspects, Wiley, pp. 1-26.

Hider, R. C. (2007). Siderophore mediated absorption of iron, 58.
https://doi.org/10.1007/BFb011131041

Huang, L., Jin, Y., Zhou, D., Liu, L., Huang, S., Zhao, Y., & Chen,
Y. (2022). A review of the role of extracellular polymeric
substances (EPS) in wastewater treatment systems.
International Journal of Environmental Research and
Public Health, 19(19), 12191. https://doi.org/10.3390
/ijerph191912191

Hussain, A., Zia, K. M., Tabasum, S., Noreen, A., Ali, M., Igbal,
R., & Zuber, M. (2017). Blends and composites of
exopolysaccharides; properties and applications: A review.
International Journal of Biological Macromolecules, 94, 10—
27.

Ibanez de Aldecoa, A. L., Zafra, O., & Gonzalez-Pastor, J. E.
(2017). Mechanisms and regulation of extracellular DNA
release and its biological roles in Microbial Communities.
Frontiers in Microbiology, 8. https://doi.org/10.3389
/fmicb.2017.01390.

Izano, E. A., Amarante, M. A., Kher, W. B., & Kaplan, J. B.
(2008). Difterential roles of poly523 N-acetylglucosamine
surface polysaccharide and extracellular DNA in
Staphylococcus aureus and Staphylococcus epidermidis
biofilms. Applied and Environmental Microbiology, 74,
470-476. https://doi.org/10.1128/aem.02073-07

Kawaharada, Y., Kelly, S., Nielsen, M. W., Hjuler, C. T., Gysel,
K., Muszynski, A., Carlson, R. W., Thygesen, M. B., Sandal,
N., Asmussen, M. H., Vinther, M., Andersen, S. U., Krusell,
L., Thirup, S., Jensen, K. J., Ronson, C. W., Blaise, M.,
Radutoiu, S., & Stougaard, J. (2015). Receptor-mediated
exopolysaccharide perception controls bacterial infection.
Nature, 523(7560), 308-312. https://doi.org/10.1038
/nature1461 1

Kragl, C., Schrettl, M., Abt, B., Sarg, B., Lindner, H. H., & Haas,
H. (2007). EstB-mediated hydrolysis of the Siderophore
Triacetylfusarinine C optimizes Iron uptake of aspergillus
fumigatus. Eukaryotic Cell, 6(8), 1278—1285. https://doi.
org/10.1128/ec.00066-07

Lamont, I. L., Beare, P. A., Ochsner, U., Vasil, A. 1., & Vasil, M.
L. (2002). Siderophore-mediated signaling regulates viru-
lence factor production in Pseudomonas aeruginosa.
Proceedings of the National Academy of Sciences, 99(10),
7072-7077. https://doi.org/10.1073/pnas.092016999

Liu, Z. D., & Hider, R. C. (2001). Design of clinically useful
iron(Ill)-selective chelators. Medicinal Research Reviews,
22(1), 26-64. https://doi.org/10.1002/med.1027

Lynch, D., Fountain, T. L., Mazurkiewicz, J. E., & Banas, J. A.
(2007). Glucan binding proteins are essential for shaping
Streptococcus mutans biofilm architecture. FEMS, 268,
158-165. https://doi.org/10.1111/j.1574-6968.2006.00576.x

Marathe R. J., Phatake Y. B. (2015) Bioprospecting of
Pseudomonas aeruginosa for their potential to produce
siderophore, process optimization and evaluation of its bio-
activity, Int. J. Bioassays, https://doi.org/10.21746
/1JBIO.2015.02.009

Meena, V. S., Meena, S. K., Verma, J. P., Kumar, A., Aeron, A.,
Mishra, P. K., Bisht, J. K., Pattanayak, A., Naveed, M., &
Dotaniya, M. (2017). Plant beneficial rhizospheric

@ Springer


https://doi.org/10.1139/w05-155
https://doi.org/10.1007/s42398-020-00112-2
https://doi.org/10.1016/j.soilbio.2014.12.006
https://doi.org/10.1007/s00775-006-0151-4
https://doi.org/10.1016/j.carbpol.2011.08.083
https://doi.org/10.1016/j.carbpol.2011.08.083
https://doi.org/10.1007/s13205-020-02348-5
https://doi.org/10.1073/pnas.0604636103
https://doi.org/10.1073/pnas.0604636103
https://doi.org/10.1007/s003740000245
https://doi.org/10.1007/s003740000245
https://doi.org/10.1159/000494627
https://doi.org/10.1159/000494627
https://doi.org/10.1007/BFb011131041
https://doi.org/10.3390/ijerph191912191
https://doi.org/10.3390/ijerph191912191
https://doi.org/10.3389/fmicb.2017.01390
https://doi.org/10.3389/fmicb.2017.01390
https://doi.org/10.1128/aem.02073-07
https://doi.org/10.1038/nature14611
https://doi.org/10.1038/nature14611
https://doi.org/10.1128/ec.00066-07
https://doi.org/10.1128/ec.00066-07
https://doi.org/10.1073/pnas.092016999
https://doi.org/10.1111/j.1574-6968.2006.00576.x
https://doi.org/10.21746/IJBIO.2015.02.009
https://doi.org/10.21746/IJBIO.2015.02.009

418

Eur J Plant Pathol (2023) 165:407-419

microorganism (PBRM) strategies to improve nutrients use
efficiency: A review. Ecological Engineering, 8-32.

Meyer, J. M., Geoffroy, V. A., Baida, N., Gardan, L., Izard, D.,
Lemanceau, P., Achouak, W., & Palleroni, N. J. (2002).
Siderophore typing, a powerful tool for the identification of
fluorescent and nonfluorescent pseudomonads. Applied and
Environmental Microbiology, 68(6), 2745-2753. https://doi.
org/10.1128/aem.68.6.2745-2753.2002

Mukherjee, P., Mitra, A., & Roy, M. (2019). Halomonas
rhizobacteria of Avicennia marina of Indian Sundarbans
promote rice growth under saline and heavy metal stresses
through exopolysaccharide production. Frontiers in
Microbiology, 2019, 1207.

Nadell, C. D., Xavier, J. B., Levin, S. A., & Foster, K. R. (2008).
The evolution of quorum sensing in bacterial biofilms. PLoS
Biology, 6(1), el4. https://doi.org/10.1371/journal.
pbio.0060014

Nadzir M. M., Nurhayati R. W, Idris F. N., Nguyen M. H. (2021),
Biomedical applications of exopolysaccharides: A review,
Polymers, https://doi.org/10.3390/polym1304053038.

Naithani, S., Komath, S. S., Nonomura, A., & Govindjee, G.
(2021). Plant lectins and their many roles: Carbohydrate-
binding and beyond. Journal of Plant Physiology, 266,
153531. https://doi.org/10.1016/j.jplph.2021.153531

Nurhayati, R.W.; Cahyo, R.D.; Alawiyah, K.; Pratama, G.;
Agustina, E.; Antarianto, R.D.; Prijanti, A.R.; Mubarok,
W.; Rahyussalim, A.J. (2019) Development of double-
layered alginate-chitosan hydrogels for human stem cell mi-
croencapsulation. /n Proceedings 35 of the AIP Conference,
Padang, Indonesia, 2224, 36.

Olenska, E., Matek, W., Kotowska, U., Wydrych, J., Polinska, W.,
Swiecicka, 1., Thijs, S., & Vangronsveld, J. (2021).
Exopolysaccharide Carbohydrate Structure and Biofilm
Formation by Rhizobium leguminosarum bv. trifolii Strains
Inhabiting Nodules of Trifoliumrepens Growing on an Old
Zn-Pb-Cd-Polluted Waste Heap Area. International Journal
of Molecular Sciences, 22(6), 2808. https://doi.org/10.3390
/ijms22062808

Pandey, S., & Gupta, S. (2020). Diversity analysis of ACC deam-
inase producing bacteria associated with rhizosphere of co-
conut tree (Cocos nucifera L.) grown in Lakshadweep islands
of India and their ability to promote plant growth under saline
conditions. Journal of Biotechnology, 324, 183-197.
https://doi.org/10.1016/j.jbiotec.2020.10.024

Parmar, P., Shukla, A., Goswami, D., Gaur, S., Patel, B., & Saraf,
M. (2020). Comprehensive depiction of novel heavy metal
tolerant and EPS producing bioluminescent Vibrio
alginolyticus PBR1 and V. rotiferianus PBL1 confined from
marine organisms. Microbiological Research, 238, 126526.
https://doi.org/10.1016/j.micres.2020.126526

Patel, S., & Saraf, M. (2017). Interaction of Root Colonizing
Biocontrol Agents Demonstrates the Antagonistic Effect
Against Fusarium Oxysporum F. Sp. Lycopersici on
Tomato. European Journal of Plant Pathology, 149(2)
Springer Science and Business Media LLC, 425-433.
https://doi.org/10.1007/s10658-017-1192-y

Paul, A., & Dubey, R. (2015). Characterization of protein involved
in nitrogen fixation and estimation of cofactor. /nt J Curr Res
Biosci Plant Biol, 2, 89-97.

Peralta, D. R., Adler, C., Corbalan, N. S., Garcia, E. C. P.,
Pomares, M. F., & Vincent, P. A. (2016). Enterobactin as a,

@ Springer

part of the oxidative stress response repertoire. PLoS One, 11,
€0157799. https://doi.org/10.1371/journal.pone.0157799
Poole, K. & McKay, G. A. (2003) Approach: queries of quorum
sensing signal transduction, PLOS Comput. Biol, https://doi.

org/10.1371/2Fjournal.ppat.1004340

Putra, W., & Hakiki, F. (2019). Microbial enhanced oil recovery:
interfacial tension and biosurfactant-bacteria growth. Journal
of Petroleum Exploration and Production Technology, 9(3),
2353-2374. https://doi.org/10.1007/s13202-019-0635-8

Ratledge, C., & Dover, L. G. (2000). Iron metabolism in patho-
genic bacteria. Annual Review of Microbiology, 54, 881-941.
https://doi.org/10.1146/annurev.micro.54.1.881

Roskova, Z., Skarohlid, R., & McGachy, L. (2022). Siderophores:
An alternative bioremediation strategy? Science of the Total
Environment, 819, 153144. https://doi.org/10.1016/j.
scitotenv.2022.153144

Roux, A., Payne, S. M., & Gillmore, M. S. (2009). Microbial
Telesensing: Probing the environment for friends, foes and
food. Cell Host and Microbio, 6(2), 115-124. https://doi.
org/10.1016/j.chom.2009.07.004

Ryder, C., Byrd, M., & Wozniak, D. J. (2007). Role of polysac-
charides in Pseudomonas aeruginosa biofilm development.
Current Opinion in Microbiology, 10, 644—648. https://doi.
org/10.1016/j.mib.2007.09.01031

Sarkar, A., Ghosh, P. K., Pramanik, K., Mitra, S., Soren, T.,
Pandey, S., Mondal, M. H., & Maiti, T. K. (2018). A
halotolerant Enterobacter sp. displaying ACC deaminase ac-
tivity promotes rice seedling growth under salt stress.
Research in Microbiology, 20-32.

Schalk, 1., Gaetan, L. A., & Mislin, K. B. (2012). Structure,
Function and Binding Selectivity and Stereoselectivity of
Siderophore—Iron Outer Membrane Transporters. Metal
Transporters, Elsevier, 37-66. https://doi.org/10.1016
/6978-0-12-394390-3.00002-1

Schalk, I., Hannauer, M., & Braud, A. (2011). New roles for
bacterial Siderophores in metal transport and tolerance.
Environmental Microbiology, 13(11), 2844-2854.
https://doi.org/10.1111/j.1462-2920-2011.02556.x

Schauder, S., Shokat, K., Surette, M. G., & Bassler, B. L. (2001).
The LuxS family of bacterial autoinducers: Biosynthesis of a
novel quorum-sensing signal molecule. Molecular
Microbiology, 41, 463-476. https://doi.org/10.1046/j.1365-
2958.2001.02532.x

Schmid, J. (2018). Recent insights in microbial exopolysaccharide
biosynthesis and engineering strategies. Current Opinion in
Biotechnology, 53, 130-136. https://doi.org/10.1016/].
copbio.2018.01.005

Schmid, J., Sieber, V., & Rehm, B. (2015). Bacterial
exopolysaccharides: biosynthesis pathways and engineering
strategies. Frontiers in Microbiology, 6, 496.

Schmid, J., Farifia, J., Rehm, B., & Sieber, V. (2016). Editorial:
Microbial exopolysaccharides: From genes to applications.
Frontiers in Microbiology, 7. https://doi.org/10.3389
/fmicb.2016.00308

Shah, S., Karkhanis, V., & Desai, A. (1992). Isolation and char-
acterization of siderophores with antimicrobial activity from
Azospirillum lipoferum. Current Microbiology, 193(4), 275~
286 347-351.

Sharma S.K., Gautam N., Atri N. S. (2015), Optimization,
Composition and Antioxidant activities of
exopolysaccharides and intracellular polysaccharides in


https://doi.org/10.1128/aem.68.6.2745-2753.2002
https://doi.org/10.1128/aem.68.6.2745-2753.2002
https://doi.org/10.3390/polym1304053038
https://doi.org/10.3390/ijms22062808
https://doi.org/10.3390/ijms22062808
https://doi.org/10.1016/j.jbiotec.2020.10.024
https://doi.org/10.1007/s10658-017-1192-y
https://doi.org/10.1371/journal.pone.0157799
https://doi.org/10.1371/2Fjournal.ppat.1004340
https://doi.org/10.1371/2Fjournal.ppat.1004340
https://doi.org/10.1146/annurev.micro.54.1.881
https://doi.org/10.1016/j.scitotenv.2022.153144
https://doi.org/10.1016/j.scitotenv.2022.153144
https://doi.org/10.1016/j.chom.2009.07.004
https://doi.org/10.1016/j.chom.2009.07.004
https://doi.org/10.1016/j.mib.2007.09.01031
https://doi.org/10.1016/j.mib.2007.09.01031
https://doi.org/10.1016/b978-0-12-394390-3.00002-1
https://doi.org/10.1016/b978-0-12-394390-3.00002-1
https://doi.org/10.1111/j.1462-2920-2011.02556.x
https://doi.org/10.1046/j.1365-2958.2001.02532.x
https://doi.org/10.1046/j.1365-2958.2001.02532.x
https://doi.org/10.1016/j.copbio.2018.01.005
https://doi.org/10.1016/j.copbio.2018.01.005

Eur J Plant Pathol (2023) 165:407—419

419

submerged cultures of cordyceps gracilis durieu and mont,
evidence based complementary and alternative medicine,
https://doi.org/10.1155/2015/46286433.

Shukla, A., Mehta, K., Parmar, J., Pandya, J., & Saraf, M. (2019).
Depicting the exemplary knowledge of microbial
exopolysaccharides in a nutshell. European Polymer
Journal, 119, 298-310.

Shukla, A., Parmar, P., Goswami, D., Patel, B., & Saraf, M.
(2020). Characterization of novel thorium tolerant
Ochrobactrum intermedium AM7 in consort with assessing
its EPS-thorium binding. Journal of Hazardous Materials,
388, 122047.

Shukla, A., Parmar, P., Goswami, D., Patel, B., & Saraf, M.
(2021). Exemplifying an archetypal thorium-EPS complexa-
tion by novel Thoriotolerant Providencia & Thoriotolerans
AM3. Scientific Reports, 11(1), 1-15.

Singh, P. K., Parsek, M. R., Greenberg, E. P., & Welsh, M. J.
(2002). A component of innate immunity prevents bacterial
biofilm development. Nature, 417, 552-555.

Soberon-Chavez, G., Gonzalez-Valdez, A., Soto-Aceves, M. P., &
Cocotl-Yafiez, M. (2021). Rhamnolipids produced by
Pseudomonas: From molecular genetics to the market.
Microbial Biotechnology, 14(1), 136—146. https://doi.
org/10.1111/1751-7915.13700

Stintzi, A., Evans, K., Meyer, J. M., & Poole, K. (1998). Quorum-
sensing and siderophore biosynthesis in Pseudomonas
aeruginosa: lasR/lasl mutants exhibit reduced pyoverdine
biosynthesis. FEMS Microbiology Letters, 166(2), 341—
345. https://doi.org/10.1111/j.1574-6968.1998.tb13910.x

Sutherland, I. W. (1972). Bacterial exopolysaccharides. Adv
microb physiol, 2, 521-557. https://doi.org/10.1016/s0065-
2911(08)60190-3

Sutherland, I. (2007). Bacterial Exopolysaccharides.
Comprehensive Glycoscience, 521-558. https://doi.
org/10.1016/b978-044451967-2/00133-1

Tamaru Y., Takani Y., Yoshida T., Sakamoto T. (2005) Crucial
role of extracellular polysaccharides in desiccation and freez-
ing tolerance in the terrestrial cyanobacterium Nostoc com-
mune. Appl environ Microbiol, https://doi.org/10.1128
2FAEM.71.11.7327-7333.2005.

Tiwari, S., Prasad, V., Chauhan, P. S., & Lata, C. (2017). Bacillus
amyloliquefaciens confers tolerance to various abiotic stress-
es and modulates plant response to Phytohormones through
Osmoprotection and gene expression regulation in Rice.
Frontiers in Plant Science, 8, 1510. https://doi.org/10.3389
/fpls.2017.01510

Trapet, P., Avoscan, L., Klinguer, A., Pateyron, S., Citerne, S.,
Chervin, C., Mazurier, S., Lemanceau, P., Wendehenne, D.,
& Besson-Bard, A. (2016). The Pseudomonas fluorescens
Siderophore Pyoverdine weakens Arabidopsis thaliana de-
fense in favor of growth in Iron-deficient conditions. Plant
Physiology, 171(1), 675-693. https://doi.org/10.1104
/pp.15.01537

Trouvelot, S., Héloir, M. C., Poinssot, B., Gauthier, A., Paris, F.,
Guillier, C., & Adrian, M. (2014). Carbohydrates in plant
immunity and plant protection: roles and potential applica-
tion as foliar sprays. Frontiers in Plant Science, 5. https://doi.
org/10.3389/fpls.2014.00592

Visca, P., Imperi, F., & Lamont, I. L. (2007). Pyoverdine
Siderophores: From biogenesis to bio-significance. Trends
in Microbiology, 15. https://doi.org/10.1016/j.
tim.2006.11.004

Wang, S., Payne, G. F., & Bentley, W. E. (2020). Quorum sensing
communication: Molecularly connecting cells, their neigh-
bors, and even devices. Annual Review of Chemical and
Biomolecular Engineering, 11, 447-468. https://doi.
org/10.1146/annurev-chembioeng-101519-124728

Waters, C. M., & Bassler, B. L. (2005). Quorum sensing: Cell-to-
cell communication in bacteria. Annual Review of Cell and
Developmental Biology, 21, 319-346. https://doi.
org/10.1146/annurev.cellbio.21.012704.131001

Welman, A. D., & Maddox, I. S. (2003). Exopolysaccharides from
lactic acid bacteria: Perspectives and challenges. Trends in
Biotechnology, 21(6), 269-274. https://doi.org/10.1016
/30167-7799(03)00107-0

Wen, Y., Kim, I. H., Son, J.-S., Lee, B.-H., & Kim, K.-S. (2012).
Iron and quorum sensing coordinately regulate the expres-
sion of vulnibactin biosynthesis in vibrio vulnificus. The
Journal of Biological Chemistry, 287, 26727-26739.

Whitfield, C. (2006). Biosynthesis and assembly of capsular poly-
saccharides in Escherichia coli. Annual Review of
Biochemistry, 75(1), 39-68. https://doi.org/10.1146
/annurev.biochem.75.103004.142545

Wong J. E. M. M, Gysel K., Birkefeldt T. G., Vinther M.,
Myuszynski A., Azadi P., Laursen N. S., Sullivan J. T.,
Ronson C. W., Stougaard J. and Andersen K. R. (2020),
Structural significance in EPR3 define a unique class of plant
carbohydrate receptors, Nature Communications, https://doi.
0rg/10.1038/s4167-020-17568-9.

Yang, L., Barken, K. B., Skindersoe, M. E., Christensen, A. B.,
Givskov, M., & Tolker-Nielsen, T. (2007). Effects of iron on
DNA release and biofilm development by Pseudomonas
aeruginosa. Microbiology, 153(5), 1318-1328. https://doi.
org/10.1099/mic.0.2006/004911-0

Yu, Y., Gui, Y., Li, Z, Jiang, C., Guo, J., Niu, D. (2022), Induced
Systemic Resistance for improving plant immunity by bene-
ficial microbes,11,386. https://doi.org/10.3390
/plants11030386

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing agreement
with the author(s) or other rightsholder(s); author self-archiving of
the accepted manuscript version of this article is solely governed
by the terms of such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1155/2015/46286433
https://doi.org/10.1111/1751-7915.13700
https://doi.org/10.1111/1751-7915.13700
https://doi.org/10.1016/s0065-2911(08)60190-3
https://doi.org/10.1016/s0065-2911(08)60190-3
https://doi.org/10.1128/2FAEM.71.11.7327-7333.2005
https://doi.org/10.1128/2FAEM.71.11.7327-7333.2005
https://doi.org/10.3389/fpls.2017.01510
https://doi.org/10.3389/fpls.2017.01510
https://doi.org/10.1104/pp.15.01537
https://doi.org/10.1104/pp.15.01537
https://doi.org/10.1016/j.tim.2006.11.004
https://doi.org/10.1016/j.tim.2006.11.004
https://doi.org/10.1146/annurev-chembioeng-101519-124728
https://doi.org/10.1146/annurev-chembioeng-101519-124728
https://doi.org/10.1146/annurev.cellbio.21.012704.131001
https://doi.org/10.1146/annurev.cellbio.21.012704.131001
https://doi.org/10.1016/s0167-7799(03)00107-0
https://doi.org/10.1016/s0167-7799(03)00107-0
https://doi.org/10.1146/annurev.biochem.75.103004.142545
https://doi.org/10.1146/annurev.biochem.75.103004.142545
https://doi.org/10.1038/s4167-020-17568-9
https://doi.org/10.1038/s4167-020-17568-9
https://doi.org/10.1099/mic.0.2006/004911-0
https://doi.org/10.1099/mic.0.2006/004911-0
https://doi.org/10.3390/plants11030386
https://doi.org/10.3390/plants11030386

	Traversing through the intricate interplay of plant microbiome front runners
	Abstract
	Introduction
	Exopolysaccharides
	Characteristics of exopolysaccharides
	Carbohydrates
	Proteins
	Extracellular DNA (e-DNA)
	Lipids
	Water


	Biosynthesis of exopolysaccharides
	Siderophore
	Diverse functions of Siderophores which contribute to its multifaceted nature
	Iron selectivity
	Structural range of Siderophores


	Biosynthetic pathway of Siderophores
	Regulation of EPS and Siderophore
	Molecular mechanisms used by PGPR under biotic and abiotic stress
	Carbohydrate receptors in plants
	Future prospects
	References




