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Abstract Plants generate a wide variety of organic

components during their different growth phases. The

majority of those compounds have been classified as

primary and secondary metabolites. Secondary

metabolites are essential in plants’ adaptation to new

changing environments and in managing several biotic

and abiotic stress. It also invests some of its photo-

synthesized carbon as secondary metabolites to estab-

lish a mutual relationship with soil microorganisms in

that specific niche. As soil harbors both pathogenic

and beneficial microorganisms, it is essential to

identify some specific metabolites that can discrimi-

nate beneficial and pathogenic ones. Thus, a detailed

understanding of metabolite’s architectures that inter-

act with beneficial microorganisms could open a new

horizon of ecology and agricultural research. Flavo-

noids are used as classic examples of secondary

metabolites in this study to demonstrate recent devel-

opments in understanding and realizing how these

valuable metabolites can be controlled at different

levels. Most of the research was focused on plant

flavonoids, which shield the host plant against com-

petitors or predators, as well as having other ecolog-

ical implications. Thus, in the present review, our goal

is to cover a wide range of functional and signalling

activities of secondary metabolites especially, flavo-

noids mediated selective cross-talk between plant and

its beneficial soil microbiome. Here, we have summa-

rized recent advances in understanding the interac-

tions between plant species and their rhizosphere

microbiomes through root exudates (flavonoids), with

a focus on how these exudates facilitate rhizospheric

associations.

Keywords Secondary metabolites � Flavonoids �
Quorum sensing � NodD–flavonoid complex � Plant–

microbe interactions

Introduction

During different growth phases, plants exudate a wide

range of metabolites through its root. These root

exudates act as the prime inducer to attract the

autochthonous microbes thriving in that specific niche

(Pascale et al. 2020). Additionally, these metabolites
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simultaneously attract both beneficial and pathogen

microorganisms, as they can serve as the ‘‘sole source

of energy’’ in nutritionally poor soils. Some of the

compounds have also been involved in performing a

crucial role in various interactions. While the struc-

tures of these exuded compounds differ greatly in

complexity and size, most of them are generated from

a small number of key biosynthetic pathways. The

majority of these products are defined as the ‘‘sec-

ondary metabolites’’, which differentiate themselves

from ‘‘primary metabolites’’, as it needed for plant

growth and development. Secondary metabolites of

plants can be generally categorized into three major

groups of chemical substances; namely alkaloids,

terpenoids, and phenolic compounds. Almost all of

these large groups consisting of several thousands of

separate individual compounds (Rai et al. 2017). This

enormous variation in the function and composition of

secondary metabolites emerges through numerous

multiple substitutions/modifications of the common

framework due to biochemical processes, such as

methylation, hydroxylation, and glycosylation (Saito

et al. 2013). The accumulation and biosynthesis of

these secondary metabolites are condition and tissue-

specific (Sweetlove and Fernie 2013).

Flavonoids are one of the broadest and best-

characterized groups of plant secondary metabolites

(PSM) and more than 8000 flavonoid compounds have

now been identified and isolated from plants (Caraz-

zone et al. 2013; Taneja et al. 2013; Xiao and Kai

2012). The prime network of flavonoid biosynthetic

pathways is widely conserved throughout land plant

species (Fernie 2019) and comprises routes for which

enzymes and genes they encode have also been well

characterized. Flavonoids are mainly generated from

malonyl-CoA and amino acid phenylalanine and are

consisting of a typical diphenylpropane backbone with

two aromatic ring-like structures attached via a

3-carbon chain (Tohge and Fernie 2017). Flavonoids

are produced in the cytoplasm and for storage and

other functional purposes, they are transported to

vacuoles. Biological activities and functional charac-

terization of different flavonoid transporters in plants

have been well documented (Zhao 2015). Flavonoids

are also commonly distributed in our regular diet and

are important constituents of some common food-

stuffs, like fruits, cocoa, tea, and vegetables. Nowa-

days, they are also regarded as an essential component

in a diverse array of medicinal, pharmaceutical

nutraceutical, and cosmetic applications (Tohge

et al. 2017; Bag et al. 2022a). This is due to their

anti-mutagenic, anti-oxidative, anti-carcinogenic and

anti-inflammatory properties combined with their

ability to modulate essential cellular enzymatic mech-

anisms (Panche et al. 2016; Xiao 2017; Bag et al.

2022b).

The relationships between both the plants and their

surrounding microorganisms can be multifarious and

the beneficial impact of those microbes on plant

growth and development can be either indirectly, e.g.

by modulating the activity of several genes in host

plants (Pinedo et al. 2015) or directly, e.g. through the

generation of different phytohormones, prevention of

pathogenic growth and regulation of ethylene concen-

trations in plants (Mitter et al. 2013). Plants exudate

different chemical signals into the rhizosphere which

plays a crucial role to attract beneficial soil micro-

biome which protects them against biotic (infectious

pathogenic agents) and abiotic stress (metal) (Neal

et al. 2012; Huang et al. 2014; Chandra and Banik

2021). Numerous investigations have shown that most

plants can shape and drive microbial selection by root

secreting particular chemical compounds that enrich

the specific microbial community in the rhizosphere

(Bakker et al. 2012; Chaparro et al. 2012; Huang et al.

2014; Banik et al. 2016a). Recent findings indicated

that developmentally regulated biological activity in

maize is essential for favourable associations with the

microbes in the rhizosphere. Under nitrogen defi-

ciency, maize particularly gathers bacteria (Oxalobac-

teraceae) in the rhizosphere region, which promotes

nitrogen uptake via lateral root growth regulation. The

introduction of alleles encoding for advantageous

flavones into maize varieties may boost the root

system’s connections with its growth-assisting rhizo-

sphere microbes (Yu et al. 2021). As a result, using

favourable plant–microbe associations as a selective

target is a potential method for developing high-

yielding, nutritionally important crops. Daidzein was

revealed to be a signalling molecule involved in the

establishment of rhizobial symbiosis. In a recent

study, it has been revealed that daidzein has other roles

in altering the bacterial population in the rhizosphere

region. Daidzein is secreted from soybean into the

soils at the root surface, where it acts as a repellent

rather than an attractant, assisting in the formation of a

healthy microbial population (Okutani et al. 2019).
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The continuing COVID-19 outbreak (the severe

acute respiratory disease SARS-CoV-2), is one of the

most widely discussed scientific topics in the entire

globe. Throughout a pandemic that is limiting people’s

lifespan all across the world, it is critical to examine all

viable COVID-19 therapeutic alternatives. Flavo-

noids, which are one of the most significant plant

compounds found naturally, may help with the therapy

of COVID-19’s severe inflammation (Liskova et al.

2021).

In this present review, we summarized in detail the

recent progress achieved in unraveling the associative

interactions between different microbial agents and

plants through plant synthesized flavonoids and

focused on how those flavonoids interact with

microbes. We also considered the current trends,

future research challenges, directions in development

on flavonoids and their signalling pathways.

Secondary metabolites

Plants generate a wide variety of secondary metabolite

compounds and most of these secondary metabolites

perform a significant role in underground interactions,

selection of soil microbes, or communications. The

active secondary metabolites are biosynthetically

obtained from primary metabolites. They are more

restricted perhaps in their distribution throughout the

plant kingdom as it differs in quantity and quality for a

particular plant growing at various locations (Jain

et al. 2019). The generation of secondary metabolites,

although regulated by several genes, their particular

expression is highly affected by different factors,

including abiotic and biotic environmental conditions,

such as edaphic factors and climate or other related

living species (Mohiuddin 2018) (Fig. 1).

Specific roles of secondary metabolites:

• As a mediator of the symbiotic association between

microorganisms and plant species, insects, nema-

todes, higher animals.

• Flavonoids have been shown to influence the

availability of nutrients via soil physicochemical

modifications (Cesco et al. 2010).

• In different reproduction-related functions.

• In cell communication processes within plants.

• As intermediaries of the plant’s response to

different abiotic and biotic stresses.

• As powerful weapons utilized against many bac-

teria, plants, amoebae, fungi, large animals, and

insects.

• Some of the secondary metabolites elevate the rate

of spore formation and stimulate or inhibit spore

germination (Mohiuddin 2018).

Secondary metabolites perform a crucial role in the

plants’ adaptation to the changing environmental

conditions and in resolving stress constraints. A wide

variety of defensive functions are performed by such

secondary metabolites in both abiotic and biotic stress

conditions: photo-protective, signalling, antimicro-

bial, structure stabilizing (Ingle and Padole 2016).

Plant secondary metabolites also play key roles in

preventing pests and diseases, functioning as signals

for plant–microbe symbiosis, and altering microbial

populations connected with hosts (Fakhri et al. 2020).

Many plants secondary metabolites’ functions are yet

unknown. While numerous PSMs and protein–

metabolite complexes have been discovered, the

biological functions of the vast majority have yet to

be established. Several outstanding reviews have been

published that consolidate current findings reporting

on the new activities of PSMs and emphasize the need

for functional knowledge of the plant metabolome

(Pang et al. 2021).

Flavonoids

Flavonoids are an important category of natural

products, particularly belonging to PSM or plant

secondary metabolites, with a polyphenolic backbone.

They are ubiquitously found in plant photosynthesiz-

ing cells and are commonly present in seeds, roots,

flowers, vegetables, honey, fruits, stems, nuts, wine,

propolis, and tea (Panche et al. 2016). Having

medicinal properties, they play a vital role in effective

medical treatments (Bag et al. 2022b). Most of the

flavonoids, if they are not substituted, are very poorly

water-soluble (Kumar and Pandey 2013). Flavonoids

are antioxidants and effective free radical scavengers

that resist oxidative cellular damages and also have

good anti-cancer activities. They are also used to

promote aquaresis and as antimicrobial, anti-inflam-

matory, anti-allergic, and antispasmodic agents (Jain

et al. 2019). Flavonoids can increase blood supply and

may reduce blood pressure. It also has biochemical
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activities that prevent the action of certain enzymes

such as lipoxygenase, aldose reductase, phosphodi-

esterase, xanthine oxidase, cyclooxygenase, ATPase,

etc. The activities of various hormones (estrogens,

thyroid hormones, androgens, etc.) are also regulated

by flavonoids. Anti-inflammatory activity has also

been shown by flavonoids in both exudative and

proliferative stages of inflammation (Jain et al. 2019).

Plant flavonoids are polyphenolic chemicals obtained

mostly from vegetables, nuts, seeds, and fruits that are

important components of green tea and cocoa-based

beverages. Flavonoids have been proven to show

anticancer effects through a variety of mechanisms,

including anti-oxidation, inactivation of carcinogen,

apoptosis induction, angiogenesis inhibition, and

alterations of multidrug resistance (Goya-Jorge et al.

2021; Kapoor et al. 2021). Consumption of flavonoids

has been demonstrated to have cardiovascular and

antithrombotic therapeutic benefits due to antiplatelet

action. Clinical and preclinical investigations have

shown that flavonoid-rich phytoconstituents help to

protect from heart diseases by inhibiting the

aggregation of platelets (Sharifi-Rad et al. 2021).

Flavonoids have been reported to be produced in

particular sites in plants and are also responsible for

the aroma, colour of flowers, spore formation, seed

germination, and growth of seedlings. Flavonoids also

protect plant species from various abiotic and biotic

stress effects and function as a special UV barrier,

acting as signalling molecules, effective detoxifying

agents, allelopathic compounds, and anti-microbial

protective compounds (Jain et al. 2019).

Biosynthesis of flavonoids

Biosynthesis of different flavonoid compounds occurs

through the condensation reaction between 4-coumar-

oyl-CoA and malonyl-CoA (3 molecules), performed

by the enzymatic action of chalcone synthase (CHS).

The two main precursors derive from two separate

routes of cell metabolism: acetate and shikimate

pathway that provide ring A and ring B, with another

chain linkages creating ring C. Ring A is produced

Fig. 1 Diversity and roles of plant metabolites. Plants undergo

a range of stresses and biotic disruptions in their natural

environments, resulting in the activation of stress and defensive

responses induced by signalling mechanisms and different

pathways to fulfil cellular functions necessary for physiological

processes. The physiological mechanisms have an effect on

primary metabolites, which provides different biosynthetic

intermediates for secondary metabolites, with concomitant

impact on biosynthesis of bioactive compounds. This is usually

determined by the plant’s genotype, species and cultivar, as well

as its developmental stage and physiological condition
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through acetate pathway from malonyl-CoA, chemi-

cally synthesized via carboxylation reaction of acetyl-

CoA. Ring B and ring C (linking chain) is generated

through the shikimate pathway from 4-coumaroyl-

CoA. However, 4-coumaroyl-CoA is also directly

produced from phenylalanine via the phenylpropanoid

pathway (Nabavi et al. 2020). The aromatic ring

structures formed through condensation reactions by

all these pathways lead to the production of chalcone

that will then generate a flavanone complex after

isomerase-mediated cyclization. The later products

undergo several additional modifications, like glyco-

sylation, methylation, or hydroxylation, resulting in

the diverse range of different flavonoid colours that we

all see today (Shah and Smith 2020) (Fig. S1).

Classification of flavonoids

Most flavonoids are sub-categorized into different

major groups, such as flavonols, anthocyanins,

flavones, isoflavonoids, flavanonols, flavanones, fla-

vanols, and chalcones (Panche et al. 2016). Further-

more, based on the attachment of ring B on different

positions of ring C, flavonoids have also been catego-

rized into three main sub-groups, such as Isoflavo-

noids-3-benzopyrans, Flavonoids-2-phenyl

benzopyran, and Neoflavonoids-4-benzopyrans

(Samanta et al. 2011). Different major flavonoid

groups and their associated compounds are summa-

rized below:

• Flavonols: Kaempferol, myricetin, quercetin.

• Flavones: Chrysin, apigenin, luteolin.

• Flavanones: Hesperitin, naringin, naringenin.

• Isoflavonoids: Daidzein, glycitein, genistein.

• Flavanols: Catechin, epigallocatechin,

epicatechin.

• Anthocyanidins: Pelargonidin, cyanidin,

delphinidin.

• Chalcones: Naringeninchalcone,

eriodictyolchalcone.

Transport

Flavonoids, particularly anthocyanins are abundant in

plant leaves, seed coverings, fruits. The anthocyanin

biosynthetic route has received a lot of research, but

the underlying mechanisms of anthocyanin transporta-

tion from the biosynthesis site to the storage location

are still being investigated. We have highlighted the

developing functions of transporters engaged in the

transfer of anthocyanins to the vacuole in the follow-

ing sections. Microscopy findings originated the idea

of a vesicle-mediated flavonoid transport system.

Anthocyanoplasts were originally thought to be

anthocyanin biosynthesis sites or transport vesicles

(Braidot et al. 2008; Zhao and Dixon 2010). These

cytoplasmic anthocyanin entities are formed from a

relatively large number of smaller-sized vesicle-like

structures that eventually fuse together and are

protected by a membrane. AVIs (AnthocyanicVacuo-

lar Inclusions) are similar cellular complexes that are

found in the vacuoles of many animals and exhibit

dynamic moments. Although their association with

membranous substances and particular proteins, AVIs

aren’t surrounded by a membranous structure (Zhang

et al. 2006) and are much more likely to be storage

components than to be associated with the transport of

anthocyanin. After AVIs have been integrated into the

vacuole, cytoplasmic vesicular structures containing

anthocyanins have been found to interact with them.

By fusing PVCs (prevacuolar compartments) and then

the central vacuole, these cytoplasmic vesicular

structures could be transported into the central vacuole

(Fig. 2). Furthermore, anthocyanin-containing vesic-

ular complexes can co-localize with PSVs (protein

storage vacuoles) and transport anthocyanins in a TGN

(Trans Golgi Network)-independent endoplasmic

reticulum to PVC (prevacuolar compartments) vesicle

trafficking route. (Poustka et al. 2007; Zhao and Dixon

2010). This transporter-mediated pathway is promoted

by ABC (ATP-binding cassette), MATE (Multidrug

and toxin extrusion compound), and BTL (Bilitranslo-

case)-like transporters (Fig. 2). In this transport sys-

tem, anthocyanins are transported to vacuoles through

autophagy, either micro- or macro-autophagy (Kaur

et al. 2021; Michaeli et al. 2014). GSTs function as

ligandins, via the formation of glutathione conjugated

anthocyanins, to accommodate the efficient and

dynamic transport of anthocyanins. A complicated

process transports anthocyanin end-products from the

site of production to the vacuole in plant tissues.

Vesicle transportation and vacuolar membrane trans-

porters give various pathways for vacuolar sequestra-

tion of anthocyanin (Kaur et al. 2021). Overall, the

evidence presented here provides a current peek into
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how altering the function of transporters might aid in

the anthocyanin enrichment of tissues.

Auxin transport is modulated by flavonoids, which

influence the production and distribution of PIN

proteins, and also the recycling of PIN proteins into
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endosomal vesicles and the function of ABCB-type

auxin transporters. Auxin exportation can be inhibited

by external administration of some flavonoids, partic-

ularly flavonols, and auxin transportation in transgenic

plants or flavonoid-deficient mutants is changed.

Furthermore, flavonoids are essential to regulate auxin

transportation during nodule commencement in

legumes that produce indeterminate nodules, and

flavonols seem to be the most likely flavonoid subtype

to be involved in this auxin transport regulation (Ng

et al. 2015; Morales-Quintana and Ramos 2021).

In stress response or localized rhizosphere circum-

stances, roots tissues may quickly synthesize and

discharge vast quantities of phytochemicals, hence the

creation and transit of these molecules in cells are

frequently related. Plants must deposit potentially

dangerous phytochemicals and intermediates towards

the vacuole or other membrane-bound compartments

to control them. Such divisions offer safe storage

locations as well as methods for transporting bioactive

compounds securely throughout the cytoplasm. Exo-

cytosis or membrane-associated transport proteins are

used to discharge molecules into the apoplast (Weston

et al. 2012). The Arabidopsis thaliana transparent

testa12 (tt12) mutant, which encodes a membranous

protein of the multidrug and toxic efflux transporter

family, was phenotypically investigated, and it was

discovered that TT12 is implicated in the vacuolar

aggregation of proanthocyanidin progenitors in the

seed. In tt12 seeds, metabolites analysis revealed a

lack of proanthocyanidins and flavan-3-ols, as well as

a decline in the key flavonol quercetin-3-O-rham-

noside (Marinova et al. 2007).

The discovery and operational characterization of a

membrane-localized LaMATE2 (MATE-type trans-

porter) implicated in the transfer of genistein from

roots of white lupin are described in a recent paper.

During nitrogen insufficiency and also low phosphate

bioavailability, 2 nutritional deficits that cause the

production of this isoflavonoid, LaMATE2 production

in the root is increased. Silencing LaMATE2

decreased genistein outflow and much more so the

development of symbiotic nodules, indicating that

LaMATE2 is important for isoflavonoid nodulation

and production (Biała-Leonhard et al. 2021).

Flavonoids in signalling events

Flavonoids are uniformly distributed throughout the

plant kingdom and are known for their various and

determinant functions in plant growth and develop-

ment, plant physiology, and also in the success and

effectiveness of plant-rhizobia associations. Flavo-

noids also perform an important function in plant–

microbe interactions, primarily arbuscular mycor-

rhizal (AM) symbioses and plant–rhizobia (Singla

and Garg 2017). In symbiotic legume–rhizobia inter-

actions, certain flavonoids also act like signalling

molecules inducing nodule formation by stimulating

nodulation (nod) gene transcription in rhizobia (Liu

and Murray 2016).

Flavonoids as signal molecules in leguminous

plants

Legumes, which are capable of setting up a symbiotic

relationship with N2-fixing bacteria, designated as

rhizobia, permit them to develop in nitrogen-deficient

soil. The symbiotic relationship between rhizobia and

legumes is based on a molecular communication

between both associates, in which flavonoid com-

pounds have been involved with their distinctive roles.

Other well-recognized functions of flavonoids in the

soil rhizosphere portion of the root of plants include

rhizobia chemo-attraction, and increase of the tran-

scriptional activation of nod related genes from

symbiotic organisms. Diverse rhizobia express a

differential response to a specific flavonoid. A recent

study reported that S. meliloti was not attracted to any

of the flavonoids found in seed exudates of alfalfa

(Compton et al. 2020). Luteolin released from alfalfa

roots acts as an inducer for Rhizobium meliloti, and

hesperetin released from pea roots acts as an inducer

for Rhizobium leguminosarum bv. viciae.

bFig. 2 Vesicle mediated flavonoid transport. After anthocyanin

biosynthesis (biosynthetic site-endoplasmic reticulum), they are

transported to the vacuolar membrane and sequestered. Antho-

cyanins are transported by macrophagocytosis or microphago-

cytosis via ER-derived vesicles. On the other site, the

transporter-mediated pathway is facilitated by vacuole-associ-

ated proteins such as ABC, BTL and MATE-like transporters.

GSTs function as ligandins, via the formation of glutathione

conjugated anthocyanins, to accommodate the efficient and

dynamic transport of anthocyanins from endoplasmic reticulum

to vacuoles
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Interestingly, some of the flavonoids released by

certain legume plants may act as an anti-inducer for

other rhizobia (Novák et al. 2002). Under normal

circumstances, plants produce a broad variety of

flavonoid compounds in the root and shoot that play an

important function in the formation and development

of the meristem nodules in plants (Sundaravarathan

and Kannaiyan 2002; Khalid et al. 2019). The

formation of nodules in leguminous plants begins

with signal communication among plant-specific sig-

nalling molecules (flavonoids) released by symbiotic

partners and plant root cells (Subramanian et al. 2007).

Some of these chemicals (flavonoids) are mild or

powerful inducers, while others are antagonists or

have no impact on nodulation. Certain flavonoids

produced by legume plants may serve as an anti-

inducer or as a competitor for other rhizobia. It is

widely known that combinations of extracellular

chemicals generated from legumes are considered to

serve as signals that influence the competitiveness of

rhizobia towards legumes (Liu et al. 2017). Which

chemicals, or classes of chemicals, trigger the most

nodulation differs between symbiotic pairings. Rhizo-

bium leguminosarum bv. viciae is stimulated by

hesperetin secreted from pea roots (Novák et al.

2002). Genistein, naringenin, genistein, daidzein, and

coumestrol are the most effective inducer for Phase-

olus vulgaris. Other groups of chemicals released by

this plant are flavonols, flavones, isoflavonoids, and

anthocyanidins. The most efficient plant-to-bacteria

signalling for soybeans (Glycine max) has been

identified as an isoflavone, jasmonic acid, and its

derivatives, or genistein. Flavonoids are the primary

chemicals produced by leguminous roots, which vary

with species (Lira Jr et al. 2015). When bacteria get

these chemical impulses, they produce Nod factors.

These factors cause physiochemical changes in the

host species, culminating in root infections and

organogenesis of nodules. The bacterial species and

host plant communicate by chemical signalling

exchange, wherein the bacteria detect organic sub-

stances exuded by roots, like flavonoids, which

stimulate the production of rhizobia genes necessary

for nodulation (Bosse et al. 2021). The transporters

involved in flavonoid production during arbuscular

mycorrhizal symbiosis have yet to be discovered.

Nitrogen shortage stimulates flavonoid production and

release, similar to the increased exudation of strigo-

lactones before arbuscular mycorrhizal symbiosis

under phosphate-limiting circumstances. Thus, the

identification of ‘‘pre-infection flavonoids’’ trans-

porters may be determined based on their root-specific

transcription and elevation under nitrogen deficiency

(Banasiak et al. 2021). Because various legumes

employ different flavonoids components for nodula-

tion, the prospect of differences in transporters

selectivity or expression among legumes is intriguing.

Furthermore, it has been reported that the transfer of

phenylpropanoid metabolites affects plant–microbial

associations. It is believed that different flavonoid

transporters must be located in the plasma membrane

of plant root cells to release these chemicals into the

rhizosphere region and trigger the transcriptional

activation of rhizobial nodulation genes, therefore

starting legume-rhizobium symbiosis. However, it is

unknown if various flavonoids have a role at different

phases of modulation. Interestingly, despite the sig-

nificance of this first step, the identification of the

flavonoid transporters remains undisclosed. Further-

more, biochemical investigations have shown that

ABCG transporters regulate genistein production from

Glycine max roots, although the particular components

have yet to be identified. Representatives of the

MATE family have been reported to be engaged in the

secretion of signalling flavonoids; nevertheless, this

has yet to be confirmed (Banasiak et al. 2021).

In such leguminous plants, flavones trigger the

activation of nodulation genes by binding NodD

transcriptional activator of the corresponding sym-

bionts (Cooper 2004; Xia et al. 2017). NodD is a

transcriptional stimulator that belongs to the LysR

family. Representatives of the LysR group are 35 kDa

with N-terminal helix-turn-helix DNA binding

domain, commonly exhibit auto-repression, and typ-

ically need inducers to operate. It has been demon-

strated that flavonoids attach to the carboxy terminus

domain of the NodD protein by creating chimerical

NodD proteins (Peck et al. 2006; Walker et al. 2020).

The exudation of flavonoids also varies at various

stages of the development of the symbiotic relation-

ship (Singla and Garg 2017). The structure, shape, and

composition of flavonoids may also be changed by the

metabolic processes of symbionts (Weston and

Mathesius 2014). The precise methods of nod gene

stimulation are also unknown: NodD may bind to the

nod box as a dimer or oligomer and NodD binding to

DNA may be enhanced by flavonoids. It is unknown

how NodD reacts with RNA polymerase to trigger the
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expression of nod genes. This initial stage in the

molecular dialogue between the legumes and rhizobia

leads to host selectivity: a rhizobial species’ NodD

protein stimulates expression of nod gene in the

presence of flavonoids generated by suitable hosts.

Distinct NodD proteins can have various inducer

particularities, and a nodD mutant in one rhizobial

species may not be supplemented by a nodD gene from

other rhizobia (Mbengue et al. 2020). Plant-generated

flavonoids activate NodD protein, which binds to nod-

box in the promoter region sequences of respective

nod genes, promoting the production of nodulation

(Nod) factors. These complexes interact with the

receptors of the Nod factor situated on the cell

membrane of plants and initiate a signal transduction

cascade. This signal stimulates numerous gene expres-

sions, formation of infection thread, leading to defor-

mation of root hair, followed by the formation of

infection thread, biosynthesis of flavonoids, cortical

cell division, and ultimately, formation of root nodules

(Mierziak et al. 2014). Symbiotically essential nod

gene expressions are promoted by naringenin, a

flavonoid compound during symbiotic association

between Phaseolus vulgaris (bean plant) and Rhizo-

bium etli CE3 (Meneses et al. 2017). In addition,

several molecular and physiological studies should be

performed to investigate the involvement of flavo-

noids in the defence mechanisms of plants against

different pathogenic microbial agents and also in the

selection and recruitment of advantageous symbionts

(Fig. 3).

During early signalling events, leguminous plants

and rhizobia can select each other’s partners based on

their compatibility. The secretion of flavonoids from

the roots of the potential plant host is the initial stage in

this exchange. Legumes have a wide range of

flavonoids, although research shows that only a

fraction of them are engaged in symbiosis. Certain

flavonoids show enhanced production in response to

rhizobial inoculation, but they do not trigger

Fig. 3 Signalling interactions between Rhizobium and legume

root. Flavonoids are secreted by legume roots to Rhizobium.

That plant secreted flavonoids enter the cytoplasm of Rhizobium
through cell membrane and activate rhizobial NodD by

conformational modifications. Activated NodD binds to the

nod box in the promoter region of nod genes to induce the

enzymatic expressions needed for nod factors synthesis. Nod

factors attach to it’s receptors on plant root hairs to induce

nodule formation by deformation of root hair and cortex cell

division
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expression of nod gene, instead of functioning as

antimicrobial compounds. The fact that these flavo-

noids are released particularly in response to rhizobia

suggests that they have been still engaged in the

rhizobia-legume symbiotic relationship (Walker et al.

2020). More comprehensive information on the

dynamics of flavonoids production and how it affects

nodulation, the productivity of legume plants will be

needed.

In silico binding studies of NodD protein

of Rhizobium leguminosarum bv. trifolii

(UniProtKB-P04680) and flavonoids

Information related to different flavonoid components,

their sources, microbes, major functional roles in

plants, genes, and proteins were retrieved using search

engines viz. PubMed, PubChem, Scopus, ScienceDir-

ect, Google Scholar, Springer Link, National Center

for Biotechnology Information (NCBI), Protein Data

Bank (PDB), UniProt, etc., and summarized in

Table 1. The results were cross-referenced to generate

a total of 163 references cited in the present work

including data from 1987 to 2021. A total of nineteen

flavonoids were selected based on their selective

beneficial interaction with plant-related beneficial

microbiome. As fourteen of these flavonoids interact

with different species of Rhizobium (except sl. no. 10,

12, 14, 16, and 19 of Table 1), we have selected NodD

protein of Rhizobium leguminosarum bv. trifolii

(UniProtKB-P04680) as the most appropriate template

(SMTL ID: 5ae5.1) to perform the in silico studies.

The NodD protein of Rhizobium leguminosarum bv.

trifolii was selected as it shares higher sequence

identity with other members of Rhizobiacea family

[Sinorhizobium fredii (UniProtKB-P55359) = 69.7%,

Bradyrhizobium japonicum (UniProtKB- P12232) =

68.1%, Mesorhizobium japonicum (UniProtKB-

Q52838) = 67.4%]. The SDF files of the 3D structures

for the selected flavonoids were downloaded from

PubChem (https://pubchem.ncbi.nlm.nih.gov/) and

then converted into PDB files through PyMOL soft-

ware. The 3D structure of the NodD protein of Rhi-

zobium leguminosarum bv. trifolii (UniProtKB-

P04680) was generated using SWISS MODELLER

(https://swissmodel.expasy.org/) and the FASTA for-

mat of the said protein sequence. Thereafter, the PDB

file was obtained for the same. The molecular docking

was performed through AutoDock 4.2 tool to get the

complexes of NodD protein and each flavonoid to

determine the binding affinity (in kcal/mol) between

them. More negative binding affinity indicates stron-

ger interaction (Morriset al. 1998). Moreover, LigPlot

was used to know the interacting residues between

them within the complex (Laskowski and Swindells

2011).

From the molecular docking analysis, it’s clear that

all the flavonoids are not binding in the same region of

the homotetramer complex of NodD protein (Fig. S2).

But, among these selected flavonoids there are some

similarities in the binding sites and there are 5 binding

sites for the selected 19 flavonoids. According to the

binding regions the selected flavonoids can be grouped

as follows: (i) Galangin, (ii) Catechin and Genistein,

(iii) Galangin-3-methyl ether, Quercetin-3-O-arabi-

noside and Dihydrokaempferol, (iv) Rutin, Kaemp-

ferol, 7,40-dihydroxyflavone and Kaempferol-3-

rutinoside and (v) Isoliquiritigenin, Quercetin, Narin-

genin, Apigenin, Apigeninidin, 3,6-Dihydrox-

yflavone, Liquiritigenin, Luteolin and Anthocyanins.

Furthermore, the average binding affinity of the

selected flavonoids is * - 8.15 ± 0.42. The binding

affinities of the flavonoids in a particular region

showed similarity with few exceptions e.g., in the

region (ii) the binding affinities of the flavonoids are

- 7.7 and - 7.6 and comprised of a similar number of

hydrogen bond formation and hydrophobic interac-

tions with the NodD protein complex. In region (v) the

binding affinity is * - 8.3 but exceptionally low for

Liquiritigenin and high for 3,6-Dihydroxyflavone. For

Liquiritigenin there is no hydrogen bond in between

this flavonoid and the NodD protein complex but for

3,6-Dihydroxyflavone there is one hydrogen bond

along with hydrophobic interactions as for Liquiriti-

genin. The binding affinities of the flavonoids will

vary based on the number of hydrogen bond forma-

tions and the number of hydrophobic interactions with

variable strength (Fig. 4; Fig. S3).

Flavonoids in Mycorrhizal symbiosis

Chemo-stimulation, root exudation, and the involve-

ment of other microbial populations in the soil

rhizosphere region may influence mycorrhizal sym-

bioses and colonization patterns. The function of

flavonoids in the development of an association
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between AM fungi and plants are also well recognized

and is particularly important for most plants in

nutrient-deficient soils especially, phosphorus (Nagata

et al. 2016). The influence of formononetin, on the

yield and production of potato facilitated by Arbus-

cular Mycorrhizal Fungi (AMF), were analyzed. The

findings showed an improvement in plant dry weight,

the development of tubers, and the efficiency of

phosphorus utilization. Possibly, the results were more

pronounced at low phosphorus concentrations. Melon

roots were investigated for secondary metabolite

variations during AM fungal (Glomus caledonium)

invasion in a study. The concentration of a C-glyco-

sylflavones was found to be significantly higher in

non-inoculated control roots cultivated under phos-

phate-limited situations, and the flavonoid substan-

tially enhanced mycorhizal colonization in melon

roots cultivated under higher and lower phosphate

situations (Akiyama et al. 2002). Additionally, for-

mononetin improved sporulation in mycorrhizal fungi

extra than threefold (Davies et al. 2005). There was a

correlation found between the percentage of root

colonization and the number of entrance points for the

particular examined AMF (Glomus mosseae, Gigas-

pora margarita, Glomus intraradices, and Gigas-

pora rosea). Flavonols (morin) and flavones (luteolin

and chrysin) increased the number of entrance points

and root colonization, while rutin and kaempferol have

no overall impact on root colonization patterns and

presymbiotic AMF growth (Scervino et al. 2007). The

flavonoids, such as hesperetin, naringenin, apigenin

increased hyphal growth, root colonization patterns,

and rate of spore germination in Gigaspora margarita

(Nakabayashi et al. 2014). Root secreted flavonoids

have also been shown to boost mycorrhizal symbioses

by promoting spore germination of fungus, root

colonization, and hyphal growth (Shah and

Smith 2020). Perhaps, the higher root hyphal growth

enhances the root surface area to facilitate AMF

colonization. In a study, it has been found that greater

flavonoids levels in T. sebifera roots from introduced

communities are associated with higher AMF colo-

nization rates that contributing to their fast develop-

ment (Pei et al. 2020). In a recent study, it has been

demonstrated that plants from imported communities

had higher flavonoids (quercetin) levels in root

exudates, more AM fungal colonization, and higher

productivity. When exudates sources were from

imported communities, applying root exudates more

strongly promoted germination of AM fungal spore

and AM fungal colonization of targeted plant species

(Tian et al. 2021). A study has been conducted to

investigate the impact of AM symbiosis on flavonoids

accumulation in S. rebaudiana, and also trichome

quantity and growth Colonized plants had a substantial

rise in root and leaf dry mass, along with total leaf

surfaces, as compared to non-colonized plant species

(Sarmiento-López et al. 2021). Quercetin, a flavonoid

compound was found to be an effective agent in

promoting mycorrhizal flourishing regardless of geno-

type (Gomes et al. 2021).

Flavonoids have been reported to solubilize P

(phosphorus) by improving mycorrhizal root colo-

nization and may assist in the supply of nutrients and

mineralization of nitrogen and other additional nutri-

ents (Dakora and Phllips 2002). They can also serve as

metal chelating operatives, essentially making some

micronutrients much more available to the plants

(Gupta and Chakrabarty 2013). Flavonoids dis-

charged from white lupine roots caused substantial

rises in phosphorus acquisition (Tomasi et al. 2008).

Isoflavonoid found in alfalfa root exudates has been

shown to dissolve iron phosphates, allowing both

phosphorus and iron far more available to the plants.

Flavonoids, such as kaempferol, genistein, and

quercetin, can make Fe more available by chelating

and converting oxides of iron from ferric (Fe3?) to

ferrous (Fe2?) ions in the rhizosphere (Cesco et al.

2010) (Table 1).

Flavonoids in non-rhizobial plant–bacterial

interactions

Some of the extensively researched mechanisms in

plant–microbial interactions include microbe or plant

signalling, quorum sensing, pest control, and volatile

compound production (Banik et al. 2019; Sharma et al.

2020; Basit et al. 2021). The flavonoid naringenin

works as a signalling molecule, causing A. caulin-

odans to invade the rice roots in substantial amounts.

Naringenin levels have been observed to boost A.

caulinodans colonization in rice roots’ xylem and

cortical area (Shamala et al. 2018). Root-exuded

flavonoids have a function in the Oxalobacteraceae

recruitment in maize, which increases lateral root

development and hence facilitates nitrogen absorp-

tion, according to a new study. Furthermore, the
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existence of coumarins in root exudates has been

shown to alter the microbial diversity of the root by

enhancing or preventing the development of particular

microorganisms (Abedini et al. 2021).

Flavonoids have been discovered to prevent a

variety of root diseases and pests, including bacteria,

fungus. This is due to their antibacterial toxins and

pro- or anti-oxidant properties. Although substantial

proof is lacking, their function as antioxidants inside

the plant is thought to be beneficial (Hassan and

Mathesius 2012). Flavonoids’ transportation and

preservation are closely controlled due to their

strongly oxidative nature, which accounts for some

of the significant information deficiencies. As a result,

the strategy by which these chemicals become acces-

sible to counteract oxidative damage in the case of a

pathogen assault remains a mystery.

When a pathogen is present, de novo production of

flavonoids phytoalexins with antibacterial and

antifungal properties can occur. These compounds

may also be stored inactively to serve as phytoan-

ticipins, which can be used to generate a rapid

response against future infections. Whenever M.

truncatula were attacked by Phymatotrichopsis omni-

vora, the source of cotton root rot disease, global gene

expression investigations revealed an increase in

flavonoid production. Pathogens including R. solani,

N. haematococca, and Phymatotrichopsis omnivora

have ‘adapted’ to avoid several of these flavonoids to

colonize the plant effectively (Hassan and Mathesius

2012). Flavonoids, however, may attract pathogenic

microbes like P. syringae and A. tumefaciens as well

as trigger their virulence traits. Flavonoids were

shown to stimulate oviposition in the monarch butter-

fly. Flavonoids are considered to have substantial

phagostimulatory properties, though their impact on

food choices hasn’t always been confirmed (Treutter

2006). A recent study into natural treatments for biotic

Fig. 4 In silico binding studies of NodD protein of Rhizobium
leguminosarum bv. trifolii (UniProtKB - P04680 ) and each

flavonoids (Table 1). Here NodD–flavonoid complex were

arranged based on their binding affinities (more negative values

represent stronger interaction). EachNodD–flavonoid complex-

formhydrogen (green dotted line between amino acid and

flavonoid) andhydrophobic bond (red half circles) during

NodD–flavonoid interaction. The central picture (present inside

the oval circle) predicted binding sites of 19 flavonoids in NodD

protein of Rhizobium leguminosarum bv. trifolii (UniProtKB-

P04680 ). Individual higher regulation figures have been

supplied in supplementary data (Figs. S2, S3)
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stress has resulted in the development of novel items

that combat disease-causing organisms. A novel

molecule, recognized as an isoflavonoid, was obtained

from the Erythrina poeppigiana roots and contrasted

with 5 other root strains against Staphylococcus

aureus. Inoculated pathogenic agents showed sub-

stantial inhibitory activity, according to the findings.

The production of isoflavonoid in the leaves of

soybean in reaction to infection by P. glycinea was

studied. The primary phytoalexins generated in reac-

tion to non-pathogenic (P. lachrymans) and patho-

genic (P. glycinea) inoculums of leaves soybean were

recognized as daidzein and coumestrol. The findings

showed that coumestrol inhibited harmful bacterial

colonization and indicated that susceptibility to P.

glycinea in leaves of soybean was related to enhanced

buildup of isoflavonoids (Shah and Smith 2020). By

inoculating Pseudomonas spp. with bean plants, the

synthesis of phytoalexins in the leaves of beans was

investigated. Affected bean leaves contained coume-

strol, a phytoalexin isoflavonoid that reduced the

development of 2 pathogenic bacterial strains: P.

phaseolicola and P. marsprunorum. After infection,

coumestrol was obtained from susceptible and hyper-

sensitive regions. Their aggregation explains why

bacterial colonization is inhibited in resistant and

hypersensitive bean leaf lesions (Shah and Smith

2020). Cinnamic acid (CA) administration has been

shown to inhibit the proliferation of F. culmorum Pz11

and maize. Furthermore, CA treatment can suppress

the synthesis of flavonoids by fungi and plants, but it

does not affect the production of sugars as well as IAA.

F. culmorum Pz11 has the potential to colonize maize

roots and encourage their development. PZ11, on the

other hand, was unable to colonize maize roots

efficiently and reduce CA-induced stresses (Mehmood

et al. 2019).

Engineering plants with enhanced or inducible

production of effective flavonoids would be an

appealing chance to improve plant protection; never-

theless, to prevent pathogen susceptibility, the plant

may need to synthesis a variety of potent antimicrobial

flavonoids. Furthermore, it would be critical to

determine if ectopic production of these flavonoids

will affect favorable rhizosphere microorganisms.

Traditional approaches are insufficient for gaining a

full understanding of the metabolic changes, but

emerging ‘‘omics’’ technologies unquestionably pro-

vide a framework for doing so. Furthermore,

metabolomics aids in the detection and characteriza-

tion of flavonoids, and it has often been utilized as a

major approach for identifying the flavonoid compo-

nents implicated in plant-pathogen biological control.

Main targets for enhancing beneficial plant–micro-

bial interactions include quorum sensing, motility of

bacterial species, biofilm formation, and different

signalling pathways associated with plant–microbial

interactions (Farrar et al. 2014; Banik et al. 2016b).

Microbial cells in biofilm interact via numerous

signalling substances to modify their operational

mechanisms via coordinated release of antibiotics

and toxins, as well as in gene expression modulation

via quorum sensing (Rayanoothala et al. 2021). The

network and mechanism of quorum sensing-mediated

communication system on plant–microbe interaction

are shown below (Fig. 5). In leguminous plant-Rhizo-

bium symbiotic association, plant secreted flavonoids

induced AHLs synthesized genes expression in rhizo-

bia (Pérez-Montaño et al. 2011). Whereas Gypsophila,

cytokinin, IAA affects quorum sensing and activity of

gall formation by Pantoeaplantarum (Chalupowicz

et al. 2009). Thus, it is suggested that quorum sensing

is a plant–microbial interaction network that should be

considered as bidirectional, i.e. regulated by both

plants and microbial collaborators. If flavonoids are

quorum-sensing imitators and stimulators at substan-

tial quantities in plant-associated bacteria, this might

be investigated as a way to change bacteria’s capacity

to colonize and invade host plants.

Flavonoids will soon be generated using biotech-

nological technologies such as heterologous network

incorporation into selected hosts and genetic modifi-

cations, rather than just plant extracts. This genome

engineering strategies, when combined with growth

optimization procedures, will be an appropriate solu-

tion to address the growing market requirement for

flavonoids in the biopharmaceutical business. The

expansion of flavonoid synthesis might have a signif-

icant impact on the worldwide business sectors.

Conclusion and future perspectives

This review explored the strength and scope of plant–

microbial interactions through secondary metabolites,

highlighting current progress in this area. The chem-

ical nature, classifications, functional roles of flavo-

noids, and their signalling behaviour in different plants
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are also highlighted. Despite recent knowledge about

this matter, the application of flavonoids in agricul-

tural production is still very restricted. After decades

of study on flavonoids compounds, these ubiquitous

dietary components continue to surprise with their

bioactivity patterns. In the integrative knowledge-

based perspective, basic research on flavonoids,

particularly diet-incorporated flavonoids, might give

important grounds for health care, proper nutrition,

and risk evaluation. Future research should focus on

analysing and characterizing specific flavonoid chem-

icals found in the examined plant sections. Further

analysis and investigation are needed to understand

the entire range of action of natural and/or artificially

derived flavonoids. The current analysis also focuses

on the chemicals and metabolites generated by

microbes and plants in the establishment of a close

relationship, contributing to an improvement in plant

growth and the activation of plant defence against

pathogenic agents. Investigating different microbial

Fig. 5 Mechanisms and impacts of QS communication system

used in different kinds of interactions between plants and

microorganisms. Plant and microbial associations are acceler-

ated by several chemical signals exchanged between them. Plant

species exude a variety of chemical substances in the

rhizosphere, in order to easily interact with their nearby soil

microorganisms and these chemical compounds are also

involved in attracting beneficial microbes, activation of several

microbial traits and the formation of mutualistic relationships in

the rhizosphere. QS molecules are used by several rhizobacteria

to colonies plant surfaces or plant-associated environments

through quorum sensing-mediated expression of genes. Bacteria

also produce phytohormones, anti-microbial compounds,

volatiles to induce defense proteins, metabolites and promote

the growth and development of plant species by reducing

oxidative stress and allelopathic effects
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communities is a significant barrier for plant–microbe

interactions research, as it is difficult to answer

questions including what the basic features of a

particular community are, how the community mem-

bers interact with one another, and how the commu-

nity members help plant species to survive under such

situations. It has now been well established that the

plants are capable of regulating the recruitment of

different root microbes and choosing particular

microbes for required purposes. There is also a

significantly higher demand to understand how root-

associated microbes are attracted by plants. In addi-

tion, the function of quorum sensing-mediated sig-

nalling and some other signalling pathways in the

rhizosphere region that lead to the maintenance and

establishment of complex root microbiome requires to

be examined. Recent diverse research innovations in

the area of plant–microbe interactions may have an

intense impact on agricultural productivity. Research

on advantageous plant–microbe interactions in the

rhizosphere will greatly improve our understanding of

how these microbes influence the nutritional content

of plant materials. Exploiting and utilizing these

silently benefiting microbial species living in the plant

rhizosphere region is still a challenging area of

research. The recent discovery of many enzymes and

associated genes are necessary for the transport and

biosynthesis of different rhizosphere signalling mole-

cules that allow us to begin experimenting with

metabolic engineering to influence the rhizosphere

microbiome (Mishra et al. 2021). The emergence of

meta-omics technologies like metagenomics and

metabolomics helps us to investigate the implications

of these innovative engineering approaches in greater

depth (Haskett et al. 2021). Modifications in the

metabolism status of these crucial signalling mole-

cules must be closely monitored. Nevertheless, rhizo-

sphere metabolic engineering is probably to become

an effective tool for optimizing crop plant efficiency

by altering the rhizosphere community structures.

Recent advancements in next-generation sequencing

technology will offer us additional knowledge about

the species affected by plant exudates, as well as aid in

unravelling the interaction and perception processes

involved. The critical issue is that modifying these

plant metabolic networks by genetic engineering can

affect other processes in plants. Flavonoids, for

example, influence the transport of auxin, a key plant

hormone. By utilizing this efficient and

environmentally rhizosphere engineering method we

can get improved advantageous impacts from PGPR-

based inoculants, such as nutrient availability, miti-

gation of abiotic and biotic stress, and health of soil

with environmental sustainability. Genetic modifica-

tion can be performed to modulate plants’ gene

expressions in such a way that can produce elevated

targeted flavonoids to colonize growth-promoting

microbes in the rhizosphere. By that engineering,

flavonoids can influence the rhizosphere, attracting

more beneficial microbes and thereby enhancing crop

productivity and soil quality. This approach can be

readily applicable in field environments and requires

no regulatory approval; this solution assures many

advantages, ecological protection, and sustainability.
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López-Bucio J, Millán-Godı́nez M, Méndez-Bravo A,

Morquecho-Contreras A, Ramı́rez-Chávez E, Molina-
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