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Abstract: The current world of climate change, global warming and a constantly changing environment
have made life very stressful for living entities, which has driven the evolution of biochemical processes
to cope with stressed environmental and ecological conditions. As climate change conditions continue
to develop, we anticipate more frequent occurrences of abiotic stresses such as drought, high
temperature and salinity. Living plants, which are sessile beings, are more exposed to environmental
extremes. However, plants are equipped with biosynthetic machinery operating to supply thousands
of bio-compounds required for maintaining internal homeostasis. In addition to chemical coordination
within a plant, these compounds have the potential to assist plants in tolerating, resisting and escaping
biotic and abiotic stresses generated by the external environment. Among certain biosynthates,
flavonoids are an important example of these stress mitigators. Flavonoids are secondary metabolites
and biostimulants; they play a key role in plant growth by inducing resistance against certain biotic
and abiotic stresses. In addition, the function of flavonoids as signal compounds to communicate with
rhizosphere microbes is indispensable. In this review, the significance of flavonoids as biostimulants,
stress mitigators, mediators of allelopathy and signaling compounds is discussed. The chemical
nature and biosynthetic pathway of flavonoid production are also highlighted.

Keywords: flavonoids; biotic and abiotic stress; symbiosis; signaling; rhizobium; AMF;
salinity; allelopathy

1. Introduction

Climate change is the most serious threat to current human culture. Escalating global food
demand and ever-increasing global warming put humanity in jeopardy. According to ongoing global
temperature analysis carried out by NASA’s Goddard Institute for Space Studies (GISS) scientists, the
average global temperature has increased by about 1 ◦C since 1880 [1], and it is estimated that every
2 ◦C rise in global temperature will cause on hundred million human deaths and bring millions of
species to the brink of extinction [2]. After fossil fuel burning for energy generation, agriculture is
the second-largest contributor to climate change through the emission of greenhouse gases (GHGs)
including carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) [3]. Commercial fertilizers
are very convenient, easy to handle and a rapid source of soil nutrient recharge, however, the toxic
and residual effects of synthetic chemicals have altered thinking around this. It is estimated that
reductions in mineral fertilizer use could lead to a 20% reduction in GHG emissions [4]. As the
world warms, there is an immediate need to adjust what have become inadequate and inappropriate
policies. There is an urgency to develop ecofriendly land practices and more sustainable agriculture.
The implementation of biobased products, for example, ushering in the use of organic farming,
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biofertilizers and biocontrol techniques, will be a progressive step towards sustainable global food
security. In this review, we focused on a specific type of biostimulant, flavonoids, and their role
in sustainable agriculture. Flavonoids are examples of a versatile set of low molecular weight
secondary metabolites with a polyphenolic structure, involved in plant physiological functions, often
demonstrating protective effects against biotic and abiotic stresses including UV-B radiation [5], salt
stress [6] and drought [7], at least in part by detoxifying the Reactive Oxygen Species (ROS) produced
under stress conditions in plants [8,9]. Flavonoids also play a crucial role in plant–microbe associations,
predominantly plant–rhizobia and arbuscular mycorrhizal symbioses [10]. Certain flavonoids act as
signaling compounds triggering nodule induction by inducing transcription of nod genes in rhizobia,
the first step in legume–rhizobia symbiotic relationships [11]. In addition, some flavonoids act to
combat certain pests and pathogens [12]. Some classes of flavonoids act as color pigments, producing
specific hues in leaves and flower petals, helping plants attract pollinators [13]. Moreover, flavonoids
have indirect effects on nutrient supply and availability by enhancing mycorrhizal symbioses and
colonization of the rhizosphere by beneficial microorganisms [14].

2. Biosynthesis and Classification of Flavonoids

The biosynthesis of distinct flavonoid-based compounds is the result of condensation of one
molecule of 4-coumaroyl-CoA (6-carbon) and three molecules of malonyl-CoA, carried out by the
enzyme chalcone synthase (CHS). The two major precursors originate from two different pathways
of cellular metabolism: the acetate pathway and shikimate pathway providing ring A and ring B,
respectively, with chain linkages forming ring C. Ring A is generated from malonyl-CoA synthesized by
carboxylation of acetyl-CoA via the acetate pathway, however, ring B along with the linking chain (ring C)
is synthesized from coumaroyl-CoA via the shikimate pathway (Figure 1). Coumaroyl-CoA is generated
directly from the amino acid phenylalanine by three enzymatic reactions of the phenylpropanoid
pathway [15].

The condensation of these aromatic rings by these pathways results in the synthesis of chalcone
which will then form flavanone after isomerase-catalyzed cyclization. The later compounds undergo
further modifications such as hydroxylation, glycosylation or methylation resulting in the enormous
range of flavonoid colors we see today.

Flavonoids are the largest family of natural products; more than nine thousands of these phenolic
substances have been found in various plants [16]. Flavonoids have a basic structure containing three
phenolic rings, namely A (6 carbon) and B (6-carbon) linked with the central C (3-carbon) ring; C6-C3-C6

which can produce several derivatives and sub-class compounds with distinct substitutions in the basic
structure [17]. The major subgroups of flavonoids are; flavonols, flavones, flavanones, flavanonols,
flavanols, anthocyanins, isoflavonoids and chalcones [18]. However, based on the attachment of
the B ring to the C ring, flavonoids have been classified into three major subgroups: Flavonoids
(2-phenylbenzopyrans): The B ring is attached on 2-position of ring C), Isoflavonoids (3-benzopyrans):
The B ring is attached on 3-position of ring C) and Neoflavonoids (4-benzopyrans: unlike isoflavonoids;
the B ring is attached at 4-position of C ring) [19].
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Figure 1. Biosynthesis of flavonoids.

2.1. Flavonols

Flavonols are the most abundant flavonoids in plants. The most studied subclasses of flavonols
are the quercetins, kaempferols, myricetins and fisetins; distinctions in the structures of each subclass
are shown in Figure 2. The substitution patterns in quercetins and kaempferols are 3,5,7,3′,4′-OH
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and 3,5,7,4′-OH, respectively. These are very often found in plants as glycosides. The major dietary
sources of flavonols are fruits and vegetables, predominantly onions, but also including the apple,
strawberry, lettuce and other leafy vegetables. In addition, black and green tea and red wine are also
rich sources of flavonols. In general, soft fruits, leaves of medicinal plants and green leafy vegetables
have greater levels of flavonoids than other vegetable and fruit plants [20]. However, cooking may
lower the concentration of flavonols in vegetables such as tomato and onion [21].
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Figure 2. Flavonols: chemical structures, types and substitution positions in the basic skeleton.

2.2. Flavones

Flavones are one of the major subgroups of flavonoids. Fruits and vegetables including parsley,
carrot, pepper, celery, olive oil, and peppermint are the main dietary sources of flavones [22]. Chrysin,
apigenin, rutin (glycoside) and luteolin are the most studied subclasses of flavones. Substitution
patterns in the basic structure of flavones are 5,7-OH (chrysin), 5,7,4′-OH (apigenin), and 5,7,3′,4′-OH
(luteolin) [23] (Figure 3).
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Figure 3. Flavones: chemical structure, types and substitution positions in the basic skeleton.

2.3. Flavanones

Flavanones are different from flavones through their possession of a single bond between C2
and C3 of the C ring. Flavanones are most abundant in solid tissues of citrus fruits such as orange
lemon and grape. The most studied types of flavanones are hesperidin and naringenin (Figure 4) The
hydroxylation and substitution patterns in flavanone are 5,7,4′-OH (naringenin) and 5,3′-OH, 4′OMe,
7-rutinose (hesperidin) [23].
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Figure 4. Flavonones: chemical structures, types and substitution positions in the basic skeleton.

2.4. Isoflavonoids

Isoflavonoids, with a B ring attached at 3-position of the C ring, are structurally different from
other flavonoid classes. Isoflavonoids are found to be very helpful in microbial signaling and nodule
induction in legume–rhizobia symbioses. Common examples of isoflavonoids are aglycone and
glycosides of genistein and daidzein. The main natural sources of isoflavonoids are legumes such as
soybean, as they are reported to exude these as signaling compounds to communicate with microbial
symbionts [24]. The subclasses of isoflavonoids are shown in Figure 5.
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2.5. Anthocyanidins

Anthocyanidins are responsible for the coloration of many fruits and vegetables. The red and
blue colors in apple, grape and berries are due to anthocyanin or anthocyanin glycoside pigments [25].
The color depends on the structure of the compound which, usually changes due to hydroxylation and
methylation at specific positions of the A and B rings [18]. Unlike other flavonoids, except flavanols, it
carries no ketone group at the 4-position of C ring. Some of the anthocyanidin subclasses are shown in
Figure 6.

Agronomy 2019, 9, x FOR PEER REVIEW 5 of 25 

 

2.4. Isoflavonoids 

Isoflavonoids, with a B ring attached at 3-position of the C ring, are structurally different from 

other flavonoid classes. Isoflavonoids are found to be very helpful in microbial signaling and nodule 

induction in legume–rhizobia symbioses. Common examples of isoflavonoids are aglycone and 

glycosides of genistein and daidzein. The main natural sources of isoflavonoids are legumes such as 

soybean, as they are reported to exude these as signaling compounds to communicate with microbial 

symbionts [24]. The subclasses of isoflavonoids are shown in Figure 5. 

 

Figure 5. Isoflavonoids: chemical structure, types and substitution positions in the basic skeleton. 

2.5. Anthocyanidins 

Anthocyanidins are responsible for the coloration of many fruits and vegetables. The red and 

blue colors in apple, grape and berries are due to anthocyanin or anthocyanin glycoside pigments 

[25]. The color depends on the structure of the compound which, usually changes due to 

hydroxylation and methylation at specific positions of the A and B rings [18]. Unlike other flavonoids, 

except flavanols, it carries no ketone group at the 4-position of C ring. Some of the anthocyanidin 

subclasses are shown in Figure 6. 

 

Figure 6. Anthocyanidins: chemical structures, types and substitution positions in the basic skeleton. 

2.6. Flavanols 

Flavanols have a missing ketone group at the 4-position of the heterocyclic ring C, like 

anthocyanidins. The major sources of flavanols are grape (seed, pulp, stem and skin), berries, tea, 

wine, apple, pear and peach [26,27]. The most common examples of flavanols are (+)-catechin and (–

)-epicatechin (Figure 7). 

 

Figure 7. Flavanols: chemical structure, types and substitution positions in the basic skeleton. 

 

 

 

          

              Isoflavonoids 

 

Compound 

 

R1 

 

R2 

Daidzein H H 

Genistein OH H 

Glycitein H OCH3 

   

 

 

 

 

          

              Anthocyanidins 

 

Compound 

 

R1 

 

R2 

Cyanidin OH H 

Delphinidin OH OH 

Pelargonidin` H H 

   

 

 

 

 

          

              Flavanols 

 

Compound 

 

R1 

 

R2 

 

R3 

 

R4 

 

(+) Catechin OH OH OH H  

(-) Epicatechin OH OH OH H  

(-) Epigallocatechin OH OH OH OH  

      

 

Figure 6. Anthocyanidins: chemical structures, types and substitution positions in the basic skeleton.

2.6. Flavanols

Flavanols have a missing ketone group at the 4-position of the heterocyclic ring C, like
anthocyanidins. The major sources of flavanols are grape (seed, pulp, stem and skin), berries,
tea, wine, apple, pear and peach [26,27]. The most common examples of flavanols are (+)-catechin and
(–)-epicatechin (Figure 7).
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2.7. Chalcones

Chalcone is the only class with an open ring; it serves as a precursor for various flavonoid classes.
The missing C ring in the structure makes it quite different from other flavonoids. The major dietary
sources of chalcones are apple, hops or beer [28], berries, tomato and certain wheats [18]. The most
studied chalcone is chalco naringenin (Figure 8).
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3. Role of Flavonoids in Plant Growth and Crop Yield

Plant growth and production are directly associated with soil productivity. In agronomic terms, it
refers to the ability of soil to produce a certain yield of agricultural crops. However, the ability of soil is
determined by numerous factors including soil physicochemical properties and management-related
factors. Generally, it is the measure of inputs versus outputs, which in agronomic situations are related
to water and nutrient supply (inputs) versus crop yield (output) [29]. In addition to these factors, the
phytomicrobiome is becoming recognized as a key pillar and a major contributor to crop production.
The soil is home to vast numbers of microbial species including free-living, symbionts, host-specific
and non-host specific which could be either beneficial or harmful to plant growth and productivity.
It is estimated that 1 g of soil contains 1 billion bacterial cells with 10,000 distinct genomes [30,31].
These microbial entities in phytomicrobial associations aid plants in their growth in both stressed
and unstressed conditions, by a range of mechanisms. In the phytomicrobiome, associated entities
trade for their benefits by aiding one another; microbes get reduced carbon-rich food materials exuded
from plant roots and in turn, microbes aid plants in nutrient acquisition, disease resistance and stress
mitigation by direct and indirect means. The contribution of the phytomicrobiome in relation to crop
yield and production has been demonstrated by numerous studies [32–34]. However, this productive
association is the result of crosstalk between trading partners, which is carried out by a complex
signal cascade in the rhizosphere. In phytomicrobial associations, signaling is a key activity, and
any interruption in signal transmission may disturb and/or reduce the interaction and efficacy of
the symbionts.

Plants are equipped with biosynthetic machinery operating to supply thousands of bio-compounds
that are required to perform vital functions. There is an array of compounds exuded from plant
roots including sugars, amino acids, organic acids, phenolics, enzymes and growth regulators. These
secretions serve as a source of carbon for many microorganisms associated with the plant root
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system. Besides providing a carbon-rich environment, plants generate chemical signals: a mode of
communication with microbes in the rhizosphere to initiate colonization and other specific activities for
mutual benefit [35,36]. The changing environment and anthropogenic global warming, and demand
for sustainable agriculture for future security, have increased the significance of the phytomicrobiome
in agricultural practices. Research on this area is becoming more prevalent in the agricultural scientific
literature, and scientists are working to better understand plant–microbial associations and signaling to
increase their efficacy in order to obtain substantial yield enhancements. In this review, we considered
publications highlighting plant-microbial association in relation to signal compounds: flavonoids
affecting plant growth and their production. Flavonoids have direct and indirect positive impacts
on plant growth and development. The production of specific flavonoids and their accumulation
in certain plant tissues following external or internal stimulation is largely unexplained. However,
flavonoids are very effective in certain plant–microbe interactions in the rhizosphere and can have
effects in combating biotic and abiotic stresses [37]. The roles of flavonoids, flavonoid subclasses and
substitution patterns are extensively demonstrated in Table 1.

Table 1. Flavonoid subclasses, dietary sources, major functions in plants and structural substitutions in
the basic skeleton.

Compound Flavonoid
Class

Structure
Substitution Food Sources Role in Plants References

1 Quercetin Flavonols 3,5,7,3′,4′-OH Onions, apples,
berries

Antioxidant,
Allelopathic [38,39]

2 Kaempferol Flavonols 3,5,7,4′-OH

Tea, broccoli,
cabbage, beans,

tomato, strawberries
and grapes

Antioxidant,
antibacterial, insect

repellent, abiotic
stress mitigation

[40–43]

3 Chrysin Flavones 5,7-OH Honey, propolis
Antioxidant,

UV-A/B Resistance,
AMF symbiosis

[40,44,45]

4 Apigenin Flavones 5,7,4′-OH Parsley, Pepper

Antioxidant, AMF
spore germination

(symbiosis),
phytoalexin

[46,47]

5 Naringenin Flavanone 5,7,4′-OH Grape, apple,
orange

AntioxidantAMF
Hyphal growth

(Symbiosis)
[25,48]

6 Hesperidin Flavanone 5,3′-OH, 4′OMe,
7-rutinose Citrus, orange juice Antioxidant [25,49]

7 Genistein Isoflavonoid 5,7,4′-OH Currants, raisin,
legumes

Nodule induction,
signaling [24,46]

8 Daidzein Isoflavonoid 7,4′-OH Currants, raisin,
legumes

Nodule induction,
signaling, chelation [46,50]

9 Apigeninidin Anthocyanin 7,4′-OH Flowers, fruits
Color pigmentation,
pollinator attractant,

UV-B absorber
[19,25,51]

10 Fisetin Flavonols 3,7,4′,5′-OH Apple, strawberry,
onion, cucumber Antioxidant [25,52]

11 Myricetin Flavonols 3,5,7,3′,4′,5′-OH Berries, tea, wine Antioxidant [53]

12 Luteolin Flavones 5,7,3′,4′-OH

Broccoli, chilli,
onion leaves bilimbi

fruit and leaves,
carrot, local celery

Nod gene inducer [54]

13 Rutin Flavones 5,7,3′,4′-OH,
3-rutinose

Parsley, Pepper,
carrot

Mycorrhizae
symbiosis, abiotic
stress mitigation

[22,55]

14 (+)-catechin Flavanol 3,5,7,3′,5′-OH Grapes, pears,
apples

Antioxidant, ROS
scavengers [26,56,57]

15 (−)-epicatechin. Flavanol 3,5,7,3′,5′-OH Strawberry, apple Antioxidant [56,57]
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3.1. Flavonoids in the Rhizosphere

The rhizosphere is the most complex and intensive place for the interaction of plants with the
external environment. It is the area of maximum biological community activity, nutrient acquisition
(mobility, solubility and diffusion) and plant–microbial interaction, which may depend on the secretion
of exudates containing large and small molecular weight organic and inorganic compounds including
ions, phenolics, enzymes, secondary metabolites and carbohydrates [58].

Flavonoids (secondary metabolites), very often in both aglycone and glycoside forms, are likely to
be exuded from root systems and have indirect effects on plant growth by mediating belowground
interactions, including attracting compatible rhizosphere-dwelling rhizobia, stimulating mycorrhizal
growth and hyphal branching, enhancing solubility of nutrients including phosphorus and iron and
repulsion of pests and root pathogens [50,59]. Studies suggested that flavonoid secretions from roots are
carried out through active transport (ATP dependent), catalyzed by ABC transporters [60]. However,
flavonoid secretion can also be passive, through degrading of root cap and epidermal cells [61]. In the
rhizosphere, flavonoid persistence and mobility may be influenced by solubility, structure, availability
of microbes and binding sites, as these compounds can be adsorbed to cation binding sites of soil or cell
walls. Flavonoid glycosides are sparingly soluble in water and expected to be less adsorbed to binding
sites, improving mobility and availability [10]. In addition, flavonoid secretion may be influenced by
environmental stresses, including nutrient supply (nitrogen and phosphorus) in the soil [62].

3.2. Flavonoids and Legume-Rhizobium Interaction

The evolution of intimate relationships that enable plants and microbes to coexist has been the
subject of many studies; these have attempted to explain and simplify the interactions that occur
between an individual or specific plants and their symbionts. However, in reality, these interactions
are far more complex and involve a range of microbes associated with a single plant, exchanging
chemical signals [63]. However, these interactions aid plants in many ways. Soil fertility and/or
nutrient acquisition is one of the major services provided by soil microbes. Nitrogen deficiency, due
to rapid nitrogen loss from soil by leaching, denitrification and immobilization, is a leading problem
in crop production. Atmospheric nitrogen is fixed and becomes part of the soil nitrogen recharge,
by biological and artificial means, of fixation from the atmosphere. However, the natural biological
fixation of atmospheric nitrogen (N2) contributes about 60% of the total atmospheric nitrogen fixation,
which has gained the attention of researchers and growers. Below-ground interactions leading to the
establishment of legume nitrogen-fixing symbioses are carried out by signal exchange, as a mode of
communication between host and symbiont, for mutual benefit.

The plants release chemo-attractants, in the form of flavonoids, to initiate the symbiotic process [64].
Flavonoids are very often exuded in greatest concentrations from root tips, which is near the site of
rhizobium attachment and infection [65]. These secondary metabolites serve as signaling compounds
to attract rhizobia toward plant roots and to activate nod genes in the rhizobia, which then start the
nodulation process in legumes [66]. The nod genes are responsible for making lipo-chitooligosaccharides
(LCOs), referred to as nod factors, which are released in response to chemical stimulus (generally
isoflavonoids) from plant roots. LCOs or other nod factors initiate root hair curling, the formation of
infection threads and bacterial entrance into the host plant root cells [67]. In legume crops, almost
half of the nitrogen required is fixed by nitrogen-fixing microbes, predominantly, Rhizobium and
Bradyrhizobium; the rest is supplied by fertilizer supplements [68].

Isoflavones are considered to be very active and effective in plant–microbe interactions; they
are very operative in signaling and enhancing nodulation by inducing nod gene systems. Nod
gene inducing flavonoids (quercetin and luteolin) released from the seeds and roots of Medicago
sativa L were investigated. Many, but not all, of the flavonoids, were found to induce nod genes in
Rhizobium melioti [69], indicating that rhizobia is responsive to selective flavonoid signals. Nodulation
related gene induction in R. melioti by flavonoids released from alfalfa was investigated. A chalcone
(4,4′-dihydroxy-2′-methoxychalcone) released, was reported to be the primary nod gene inducer in the
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group. Moderate inducing activities for 4′,7-dihydroxyflavone and 4′-7-dihydroxyflavanone were also
reported [70]. In addition, genistein (isoflavonoid), was tested under salt stress with inoculation of
Bradyrhizobium to evaluate effects on nodulation, N2-fixation and physiological changes. The results
revealed that genistein increased photosynthesis levels, nodulation and nitrogen fixation under saline
and non-saline conditions [71]. Isoflavonoids are hypothesized to induce nod gene expression and
to control the concentration of auxin in soybean roots. Results from similar work provided genetic
evidence of isoflavonoid involvement in soybean nodulation and assumed this to be essential for
nodule induction, by inducing the nod genes in Bradyrhizobium japonicum [72].

These biological signals are crucial factors in plant–microbe associations and are very often
disrupted by known and unknown causes. Studies on subtropical legume (soybean) nodulation
indicated that root zone temperatures (RZTs) below 25 ◦C decrease nodule induction and
N2-fixation [73,74]. The appropriate range of RZT required for optimal nodulation is 25 to 30
◦C. Below optimal RZT (25 ◦C), with each degree decrease in temperature there is a 2-day delay in
the onset of N2-fixation; below 17 ◦C each degree RZT decrease delays the onset of N2-fixation by
about one week [75]. However, suboptimal RZTs hinder root hair infection to a greater degree than
nodule initiation and development [76]. In addition, N2-fixation activity by the nitrogenase enzyme
complex is delayed, as is nitrogen assimilation [77]. However, the interorganismal signaling disruption
by suboptimal RZTs (17.5 and 15 ◦C) could be minimized by genistein application. Preincubation
of Bradyrhizobium japonicum with genistein increased the number of nodules, N2-fixation and plant
total dry weight at suboptimal RZT. It is, at least in part, because rhizobial nod gene induction is
temperature-dependent, making bradyrhizobia less sensitive to signal molecules. However, nodulation
events began earlier at suboptimal RZT following genistein application and this stimulated the
production of nod factors (LCO), nodule formation and nitrogen fixation [78].

The environmental growth conditions, in terms of nodulation and N2-fixation, may affect the
efficacy of applied signaling compounds and/or inoculated microbial strain, for example, under field
conditions, the plant root system is surrounded by an array of phytomicrobiome members, which
may compete for plant-supplied reduced carbon; in addition, other factors such as temperature, CO2

limitation, water and nutrient supply may alter nodulation and the onset of nitrogen fixation [79,80].
However, similar results were observed by preincubation of B. Japonicum with genistein application
under field conditions. Genistein application improved N2-fixation (40%) and total nitrogen yield
through increased nodule numbers and accelerated onset of N2-fixation; however, these effects were
greater in N-stressed plants. In addition, genistein preincubation of B. japonicum has meaningful
impacts on yield components [81]. Genistein preincubated inoculum (B. japonicum) increased soybean
grain yield and protein content by 16 and 70% respectively, as compared to those receiving only
inoculum [82]. Similar studies indicated an increase in yield and protein content of soybean by 25.5
and 21.6%, respectively [78]. However, crop responses to genistein application vary with the genetic
makeup of the crop cultivars. It was suggested that high yield potential cultivars respond more
to genistein application [83]. In addition to crop responses, the cultivar differences also determine
the concentration and accumulation of a range of secondary metabolites. The influences of soybean
cultivars and selection for yield on the concentration of health beneficial compounds, including
isoflavonoids (examples being genistein and daidzein) were determined. The findings revealed a
positive correlation between yield and isoflavonoid concentration and suggested that breeders selecting
for higher soybean yield may select for higher isoflavonoid concentration. However, isoflavonoid
concentrations were negatively correlated with protein content, unlike oil content [84].

3.3. Flavonoids and Mycorrhizal Associations

Phosphorus (P) is the second most important plant nutrient, after nitrogen. However, P is one
of the most deficient and least accessible primary nutrients and is often limiting to plant growth.
Phosphorus solubilization and affinity for the soil matrix and organic complexes are crucial reasons
for its unavailability for plant utilization. The rhizospheric microbial community plays a vital role in
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phosphorus availability and solubility by producing enzymes that can mobilize adsorbed phosphorus
and enhance the process of mineralization. Moreover, beneficial soil microbial species have positive
impacts on root growth and development and may increase root surface area, which ultimately
enhances the phosphorus depletion zone and effective phosphorus mobility [85]. In plant–mycorrhizal
symbioses, mycorrhizal fungi regulate plants to reduce root growth while increasing root extension
through hyphal outgrowth (100 times longer than root hairs) and the depletion zone for phosphorus,
increasing its availability by extending and proliferating in the soil far beyond the reach of root
surfaces [86]. Arbuscular mycorrhizal (AM) associations are probably the most taxonomically extensive
associations, formed by 70–90% of plant species. Arbuscular mycorrhizal associations are formed
by a monophyletic group of fungi from the phylum Glomeromycota which is estimated to utilize
about 20% of plant photosynthates, which is approximately equal to 5 billion t of carbon per year [87].
The mycorrhizal symbiosis is very effective at enhancing plant growth in drought conditions and
nutrient-deficient soils, specifically those that are phosphorus-deficient. It was observed that AM
inoculation increased potato yield by 9.5% in inoculated fields, as compared to uninoculated fields,
with yields of 42.2 and 38.3 t ha−1, respectively. Arbuscular mycorrhizal associations have substantial
potential to increase crop productivity, but their efficacy and association in large-scale crop production
systems are not yet fully investigated [34].

Root exudation, chemo-stimulation and presence of other microbial communities in the rhizosphere
may affect mycorrhizal symbioses and their colonization. Root exuded flavonoids have been shown
to enhance the mycorrhizal symbioses by stimulating fungal spore germination, hyphal growth and
colonization of roots. Flavonoids are considered to be universal signaling compounds [88]. However,
some scientists have a different perception regarding AM symbiotic signaling. The normal development
of mycorrhizal relationships in the absence of flavonoid-based signaling compounds in carrot root
extracts and deficient activity of chalcone synthase (necessary for flavonoid biosynthesis) brought them
to a conclusion that “Flavonoids are not necessary plant signal compounds in Arbuscular Mycorrhizal
symbiosis”. However, if present, their influence greatly stimulates AM development [89] and plant
growth depending on concentration, spore density and plant growth stage [90].

The effects of the AM stimulating flavonoid, formononetin, on potato yield mediated by native
AMF were examined. The results revealed an increase in plant dry matter, tuber development and
phosphorus use efficiency. Perhaps the effects were more prominent at low phosphorus (P) levels.
In addition, formononetin increased soil sporulation more than 3 fold [91]. However, the variation
in response of different cultivars to formononetin application indicated that signaling responses by
participatory symbionts may depend on genetic characteristics [92]. Similar results suggested that
formononetin seed application to soybean may reduce the need for phosphorus (P) fertilizer by 50% [93].
A similar study was conducted on the hyphal growth and root colonization of arbuscular mycorrhizal
fungi (AMF) on tomato as affected by flavones and flavonols. A correlation was observed between
the number of entry points and root colonization percentage for the specific tested AMF (Gigaspora
rosea, Gigaspora margarita, Glomus mosseae, and Glomus intraradices). Flavones (chrysin and luteolin)
and flavonols (morin) enhanced the colonization and number of entry points, whereas kaempferol
and rutin have no effect on presymbiotic growth of AMF and subsequent root colonization [94]. The
flavonoids (apigenin, hesperetin and naringenin) enhanced spore germination, hyphal growth and
root colonization of Gigaspora margarita [95]. In addition, quercetin glycosides, exuded from alfalfa,
were found to be effective in enhancing AMF symbioses by increasing hyphal growth and branching,
and spore germination of G. macrocarpum and G. etunicatum [50].

Moreover, flavonoids have been found to solubilize phosphorus by enhancing mycorrhizal
colonization of root systems and may help in nutrient availability and mineralization of nitrogen and
other nutrients [96]. They may also act as metal chelating agents, making certain micronutrients more
available for plants [97]. Flavonoids released from roots of white lupin cause significant increases in
phosphorus acquisition [98]. An Isoflavonoid present in root exudates of alfalfa was shown to dissolve
phosphates of iron, making both iron and phosphorus more available to plants. In addition, flavonoids,
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including genistein, quercetin and kaempferol, can make iron available by chelating and reducing iron
oxides in the rhizosphere from Fe+3 to Fe +2 [99].

4. Flavonoids and Plant Abiotic Stresses

Plants, as they are sessile, are exposed to an array of unfavorable environmental conditions.
Ecological variations and intense growth conditions affect plant hemostasis, physiology and growth,
leading to diminished and stunted plants. A wide range of unfavorable biotic and abiotic stresses
threaten sustainable agriculture and are often responsible for diminished crop production [100]. The
mechanisms plants use to cope with abiotic stresses are coordinated among plant organs and tissues
through chemical signals [101]. Most plant responses to stress conditions are not fully understood.
However, the biosynthetic flavonoids and their ability to induce resistance against biotic and abiotic
stresses have acquired some attention. Flavonoids are found to be supportive in abiotic stresses,
including UV radiation, salt and drought stress.

4.1. Flavonoids as UV Scavengers

UV radiation is invisible, short wavelength and highly energetic radiation. UV radiation is
divided into three segments based on the wavelength of the light: UV-A, B and C with a wavelength of
315–400 nm, 280–315 nm and less than 280 nm, respectively [19]. These wavelengths have enough
energy to cause damage and abnormalities in plants by breaking chemical bonds through photochemical
reactions [62]. The energy of the photon depends on the wavelength of the radiation; the shorter the
wavelength, the more energetic the radiation will be. UV-C (less than 280 nm) is most energetic and can
ionize certain molecules. UV-B can cause severe metabolic disruption in plants by negatively affecting
photosynthesis, starch concentration and transpiration, and promoting cellular damage; it may also
increase disease susceptibility by making defense mechanisms weak, affecting the process of cell
division and inhibiting overall plant growth [65,102,103]. However, the absorbance of UV-B radiation
by flavonoids permits little radiation in this wavelength range to pass through leaf epidermal cells [62].
Plant resistance to UV radiation is due to flavonoids (anthocyanins) filtering UV-B by absorbing such
radiations and detoxifying the ROS produced by photochemical reactions [104].

The significance of UV-B scavenging flavonoids on two apple varieties (Granny Smith and
Braeburn) exposed to sunlight and UV-B radiation was estimated. The results revealed different
contents and compositions of UV-B absorbing compounds in the two varieties. The Granny
Smith (anthocyanin-free) fruit showed significant decreases in chlorophyll and carotenoid contents.
Conversely, Braeburn exposed to sunlight had higher contents of chlorophyll and carotenoids. However,
quercetin glycosides were the principal compounds absorbing UV-A and UV-B radiations. [105]. Similar
work has investigated tomato under controlled environment conditions; the findings demonstrated
an increase of flower/fruit synchronization under high radiation, with minimal effect on vegetative
plant parts. In addition, an increase of UV-B receptors and chlorophyll content was also observed,
along with phenylpropanoid compounds responsible for UV absorption by-products of antioxidant
pathways. [106]. UV-A/B, as an abiotic stress, can be used to enhance fruit quality by activating
oxidation pathways in plants [107].

The effect of UV light on flavonoid content in barley leaves was tested, and results revealed
significant increases in flavonoid (saponarin, lutonarin) content when leaves were exposed to UV-B
radiation, as compared to control conditions (absence of UV-B) [108]. In addition, the increased
flavonoid accumulation in response to UV-B radiation may reduce the damage in exposed leaves
by absorbing specific radiation wavelengths. [109]. Therefore, plants grown in open-environment
conditions, exposed to full sunlight, have greater flavonoid contents than plants grown in greenhouses.

4.2. Flavonoids in Managing Salt and Drought Stress

Salinity, one of the most concerning abiotic stressors, is a major constraint to global crop
productivity. The worldwide extent of soil affected by salts is about 955 M ha, while 77 M ha are
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affected with secondary salinization, and of these 58% are irrigated lands. Almost 20% of irrigated land
is affected by excess soluble salts [110]. Soil salinization and increased accumulation of soluble salts in
the root zone, predominantly NaCl, is caused by natural and/or human activities which have resulted
in degraded and abandoned formally fertile and productive agriculture lands [111]. Excess soluble
salts in soil solution may limit plant growth, primarily through two mechanisms: osmotic stress and
ion toxicity. First, low solute/osmotic potential due to increased ion concentration (NaCl) in soil water
reduces the total soil-water potential (Ψ) which in turn reduces the ability of plant roots to uptake
water, eventually leading to diminished plant growth. Second, ion toxicity in plant tissues, more
frequently due to sodium accumulation, causes cellular damage by membrane disruption and disturbs
plant physiological processes, including photosynthesis, respiration, transpiration and osmoregulation,
resulting in necrosis or chlorosis, leading to reduced plant growth [112–114]. Depending on sensitivity
and tolerance to salinity, plants are classified as either glycophytes or halophytes [115]. Most of the
agricultural crops are glycophytes (low tolerance) and tend to exclude Na+ and Cl- from roots. Unlike
glycophytes, halophytes are often native to saline growth conditions and tolerate salt concentrations
that kill 99% of other vegetation. The salinity tolerance of halophytes relies on ionic homeostasis
by controlled uptake and compartmentalization of ions (Na+, K+, and Cl−) and accumulation of
metabolically compatible solutes (organic) in the cytoplasm to balance the solute potential of ions
accumulated in the vacuole [116,117]. Salt responses in plants follow a biphasic mechanism. The first,
osmotic phase (rapid), begins immediately after root zone salinization increases to a threshold level,
resulting in reduced shoot growth and leaf area, and causes stomatal closure. The second, ionic phase,
begins with increased accumulation of ions (Na+) to toxic levels in the cytoplasm, leading to chlorosis
followed by leaf death. Osmotic stress not only exerts immediate effects on plant growth but is also
more chronic than the ionic phase [118]. Increases in an array of compatible organic solutes is proposed
to balance solute potential including sucrose, proline, glycine-betaine and sorbitol [119,120]. In addition
to compartmentalization, some plants can prevent salt accumulation (whole plant or cellular level) and
avoid toxic effects of ions on crop physiology including photosynthesis [113]. In response to salt stress,
plants undergo several morphological, physiological and metabolic changes to cope with the stress
conditions. These adaptations involve several biochemical pathways, sustained osmotic potential, ion
compartmentalization and exclusion of toxin ions. Subsequent to ionic toxicity, specific toxic substances,
ROS, including superoxide, singlet oxygen and hydrogen peroxide, cause oxidative damage in cells,
which is considered a secondary effect of salinity [121,122]. However, plants are equipped with specific
defense mechanisms to cope with such stress conditions, by initiating antioxidant pathways including
enzymes and antioxidant agents; flavonoids, carotenoids and specific vitamins [121,123,124]. Reactive
oxygen species or free radicals are molecular species that contain at least one unpaired electron in their
atomic shells, making them highly reactive. Reactive species (RS) are quite unstable, most of them
exist not more than 10−6 s in biological systems, and to be more stable they react with biomolecules by
either donating or receiving an electron [125].

Oxygen is poisonous; aerobes are equipped with defense mechanisms mediated by antioxidants,
which is how they survive such toxicity. The antioxidant defenses in biological systems are the result
of several strategies [126]:

1. Suppressing RS formation either by uncoupling proteins triggered by superoxide, indicating
that it may reduce mitochondrial ROS formation [127] or inhibition of enzymes involved in
RS formation, for example, inhibition of cyclooxygenase, lipoxygenase and NADH oxidase by
flavonoids [128]

2. Substitution of biomolecules vulnerable to oxidative damage with resistant ones
3. Antioxidants acting as “sacrificial agents” by reacting with reactive species to prevent them from

reacting with important biomolecules [129].

Flavonoids have been found to play an important role as antioxidants by detoxifying and
scavenging of ROS produced [130] as by-products of oxidative metabolism [121] during abiotic stresses
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including salt and drought. However, the accumulation of such metabolites advances when plants
face any environmental uncertainty. It was observed that anthocyanin accumulation in response
to salt stress increased by 40%, which could be a phytochemical strategy to combat salt stress and
subsequent toxic reactions [131]. In addition, the protective nature of anthocyanin was also compared
in two groups of rice genotypes: salt sensitive and salt resistant. The total anthocyanin content
in salt-tolerant genotypes was higher than in salt-sensitive varieties, with antioxidant activities of
125–199% and 106–113%, respectively. It was therefore concluded that anthocyanins in rice contribute
to cellular protection by detoxifying accumulated salts [132]. The effects of applying genistein (an
isoflavonoid) to rhizobial culture on signal production and subsequent growth and yield of soybean
have been investigated. Results demonstrated a significant increase in plant growth with increased
leaf area and number of nodules. Genistein application enhanced crop yield by 21% under salt
stress [133]. Salinity may inhibit signal exchange between host and symbiont, which is very important
for initiating a functional symbiotic nitrogen-fixation relationship. The interaction of soybean and
B. japonicum was evaluated under salt stress. The findings are consistent with similar studies. Genistein
application enhanced the stimulation of growth and signaling between the symbiotic partners and,
hence, increased nodulation and growth of the plant. The results may help in cultivating soybean in
a more efficient and productive way under unfavorable environmental conditions [134]. Likewise,
an increased concentration of flavonoids has been found in tomato plants when exposed to salt or
drought stress, however, plant growth and chlorophyll content were significantly reduced, indicating
no and/or insignificant effect of flavonoids on plant growth and physiology [121]. In contrast, findings
from a similar study on flavonoid biosynthesis and accumulation in wheat leaves under drought stress
suggested that drought resistance in wheat is closely related to increased flavonoid accumulation [135].
Similar results were observed in two native shrubs from Argentina. Flavonoid accumulation was
observed throughout the year; however, a significant increase was noted during times of intensive
drought [136]. Drought mitigation by flavonoids and flavonoid derivatives has been confirmed in
Arabidopsis thaliana. The role of individual flavonoids was unclear, however, increased production of
flavonoids in plants and associated drought resistance was confirmed [95].

5. Flavonoids against Plant Biotic Stress

Plants, as they are sessile, have no possible way to physically remove themselves from invading
pests and pathogens. In nature, plants are exposed to an array of pathogenic fungi, bacteria and
herbivore pests. However, plants have evolved strategies to combat such unwanted guests. Pathogens
do not generally succeed in infecting plants that are not host species (non-host resistance) and/or
resistant varieties (incompatible interaction), but intense damage after infection may be caused in
susceptible plants (compatible). The damage caused by pathogens in most cases is inversely correlated
with the hypersensitive response including reinforcement of cell wall, induction of lytic enzymes
and production of phytoalexins [137]. One of the defense strategies adopted by plants in response to
invading pests and pathogens is formation, accumulation and secretion of phytoalexins. Phytoalexins
are chemicals released by plants in response to pests and pathogens, to ward off the disease and
disease-causing agents. Flavonoids are the most-described secondary metabolites in plant defense
systems [132]. Their role in plant physiology, morphology and communication and defense mechanisms
is considerable. Certain flavonoids are found to be strong phytoalexins against pathogenic bacteria,
fungi and nematodes, and may act as insect repellents. External morphological modifications in
plants may also act as protective mechanisms against invading pests, predominantly feeding animals
including insects, however the chemical tool of insect repellent is more effective. The synthesis of these
antibiotic secondary metabolites in plants is due to infection caused by pathogens, bacteria, fungi and
nematodes, and may also be induced by feeding insects [138,139].
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5.1. Phytoalexin Flavonoids as Nematicides

Parasitic nematodes cause tremendous crop yield loss by forming cysts or galls on roots. Plants,
in response to nematode invasion, produce several chemicals to increase resistance to or minimize the
effect of, nematode presence. The synthesis and accumulation of flavonoids within plant root systems
is often stimulated by nematode invasion. The induced synthesis of such phytoalexins assists plants in
coping with nematode infections.

Coumestrol (an isoflavonoid) can act as a phytoalexin; it is synthesized in lima bean as nematicide
when infected by Pratylenchus penetrans. Glyceollin is a protecting isoflavonoid synthesized in soybean
roots when infected by the root-knot nematode; Meloidogyne incognita. The results demonstrated a
decrease in nematode mobility and O2 uptake [140]. The synthesis of glyceollin, resistance inducing
flavonoids in soybean, in response to Meloidogyne penetrans infection minimized crop damage [141].
Heterodera glycines (soybean cyst nematode) is the most destructive parasitic nematode of soybean.
Accumulation of the phytoalexin glyceollin in root systems of soybean after cyst nematode invasion was
determined by HPLC (High Performance Liquid Chromatography): A form of liquid chromatography,
used to separate, identify and quantify compounds in a solution. No glyceollin was found in control
plants, however, the content of the phytoalexin glyceollin increased at the 2nd, 4th and 6th days after
inoculation, by 12, 19 and 23 µg g−1 root, respectively [142]. The major phytoalexin in oat, when infected
with major nematodes of cereals, was identified as O-methyl-apigenin-C-deoxyhexoside-O-hexoside (a
flavone-C-glycoside). The phytoalexin flavone, induced by nematode invasion, was extracted from oat
roots and shoots, and was significantly reduced invasion by major cereal nematodes: H. avenae and
P. neglectus [143]. The interaction of flavonoids with parasitic nematodes as defense mechanisms is
unclear, however, flavonoids were found to be protecting agents as they inhibit nematode motility and
chemotaxis [140].

5.2. Flavonoids against Pathogenic Fungi

Fungi, as the most dominant disease-causing agent in plants, adversely affect agricultural crop
production. The wide range of diseases caused by fungi decreases crop production dramatically.
However, plants have adapted themselves to produce resistance mechanisms against biotic stresses.
The production of phytoalexins in response to pathogenic invasion, predominantly fungi, is an
effective tool used by plants for combatting biotic stress. The effect of cucumber powdery mildew
and subsequent biochemical changes in response to invading pathogen was investigated. Results
revealed that silicon can contribute to powdery mildew resistance in cucumber by increasing the
accumulation of a fungi-toxic phytoalexin, which was identified as the flavonol aglycone rhamnetin (a
flavonoid) [144]. Brown rot lesion is a disease caused by the fungus Phytophthora citrophthora in citrus
fruits. The correlation of infection caused by pathogen and level of phytoalexin flavones accumulation
in host plant was examined. The increased accumulation of heptamethoxyflavone, nobiletin, sinensetin,
and tangeretin was confirmed along with the antifungal effects of phytoalexin flavonoids. The most
effective flavonoids against P. citrophthora were naringenin and hesperetin [145]. Similar results were
found in tangelo fruit defense mechanisms against P. citrophthora. The accumulation of isoflavonoids
was induced by 6-benzylaminopurine application, which enhanced fruit resistance to the pathogenic
fungus by 60%. The most inhibiting of the accumulated phytoalexins were nobiletin, sinensetin,
heptamethoxyflavone, followed by tangeretin [146]. Further research was carried out to evaluate
phytoalexin accumulation in soybean cotyledons using four species of Aspergillus. All the pathogenic
species induced accumulation of phytoalexins in soybean cotyledons, however the phytoalexins
glyceollin at 955 µg g−1 (fw) and coumestrol at 27.2 µg g−1 (fw), following inoculation with A. sojae
and A. niger, accumulated to the greatest degrees [147].
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5.3. Antibacterial Effects of Flavonoids

The study of natural defense mechanisms of plants related to synthesizing antimicrobial
phytoalexins in response to biotic stress demonstrated that phytoalexin level is increased as part of
the resistance to phytopathogenic agents [148]. Information regarding phytoalexin accumulation
in response to fungal invasion is considerable, however very little is known about phytoalexin
synthesis in response to phytopathogenic bacterial invasion [149]. The production of antibacterial
phytoalexins in bean leaves was studied by inoculating bean plants with Pseudomonas spp. Coumestrol,
a phytoalexin isoflavonoid, was accumulated in infected bean leaves and inhibited the growth of two
pathogenic bacterial species: P. mars-prunorum and P. phaseolicola. The coumestrol was obtained from
hypersensitive and susceptible lesions at 1 and 5 days after inoculation. Their accumulation explains
the inhibition of bacterial colonization in hypersensitive and susceptible lesions of bean leaves [150].
The accumulation of isoflavonoid in soybean leaves in response to Pseudomonas glycinea invasion was
investigated. Coumestrol and daidzein were identified as the major phytoalexins accumulated in
response to pathogenic (P. glycinea) and non-pathogenic (P. lachrymans) inoculations of soybean leaves.
The data demonstrated inhibiting properties of coumestrol against pathogenic bacterial colonization
and suggested that the resistance in soybean leaves against P. glycinea was due to induced accumulation
of isoflavonoids [151]. In contrast, coumestrol was found ineffective against pathogenic bacterial strains
when tested with another five isoflavonoids on twenty isolates of pathogenic and saprophytic bacteria,
including species of Pseudomonas, Xanthomonas and Achromobacter. However, phaseollinisoflavan and
kievitone showed antibacterial activity by strongly inhibiting the population of Xanthomonas and
Achromobacter species [152]. Recent research toward finding natural solutions against biotic stress
introduced new products against certain disease-causing agents. A new compound isolated from
the roots of Erythrina poeppigiana, identified as an isoflavonoid was isolated against Staphylococcus
aureus, and compared with five other root isolates. Results revealed strong inhibiting activities against
inoculated pathogens. The minimum inhibitory concentration was 12.5 g mL−1 against thirteen (13)
strains of S. aureus. It was also assumed that new compounds could act as potent antibiotics against
infections caused by S. aureus [153].

5.4. Flavonoids as Insect/Herbivore Repellents

Plants, as sessile beings, act as an available food source for herbivores, including insect pests.
Plants have evolved defense strategies to avoid and/or deal with such biotic stresses, by secreting and
accumulating repellent molecules or signals, which are either plant constitutes, in some cases produced
inductively in response to pest invasion [154]. The defense mechanism may initiate from undamaged
tissues by secreting phytoalexins in response to chemical signals from wounded tissues, which may
repel or intoxicate insects [155]. Most of the insect repellent or antifeedant molecules are alkaloids,
flavonoids and other secondary metabolites [156]. Morphological modifications like thorns and waxes
can make feeding difficult for insect pests. Plants usually use two different strategies: direct and indirect
methods, as defense mechanisms against insect herbivory. Direct methods involve the accumulation
of insect repellents or toxic substances to minimize the level of damage. On the other hand, plants
release signaling compounds as chemoattractants to signal predators, which may feed on the pest and
minimize the plant damage [157]. Rotenone (isoflavonoid) is a very effective botanical insecticide used
as a basis for insect repellents. Rotenone is a major component of insecticidal resins which may be
extracted from roots of some legumes, including those in the genera Lonchocarpus, Derris and Tephrosia.
Pyrethrum is another bioactive material against insect pests, also containing flavonoids as a major
constituent. Pyrethrum can be extracted from flowers of Chrysanthemum species [158]. Likewise, the
antifeeding effects of four isoflavonoids (genistein, formononetin, daidzein and biochanin A), isolated
from two red clover cultivars, were investigated against clover root borer. The isoflavonoids decreased
insect weight and activity. Genistein and formononetin had high anti-feeding activity against Hylastinus
obscurus (clover root borer). The results could be utilized in controlling curculionid [159]. In addition,
the insecticidal effects of phenolics of pea plants were tested against Acyrthosiphon pisum. The high



Agronomy 2020, 10, 1209 16 of 26

concentration of phenolics and flavonoids in infested plants, as compared to controls, suggested the
induced accumulation of antifeedants in response to insect pest presence. In addition, flavonoids
(luteolin and genistein) added as supplements to artificial diets prolonged the stylet probing, onset
of salivation and passive ingestion. Salivation and passive ingestion completely stopped at higher
concentrations of flavonoids. such measures could be employed to induce resistance against certain
invading pests [160]. Additionally, the role of phenolics and flavonoids as insect repellents is illustrated
by several lines of research [161–163]

The antifeedant and toxic effects of four isolated flavonoids (isoglabratephrin (þ)-glabratephrin,
tephroapollin-F and lanceolatin-A) from aerial parts of Tephrosia apollinea L. were determined. The
flavonoids exhibited toxic effects against insect pests: Sitophilus oryzae, Rhyzopertha dominica and
Tribolium, with mortality percentages of 78.6, 64.6 and 60.7%, respectively, at 3.5 mg mL−1. [164]

6. Allelopathic/Phytotoxic Behavior of Flavonoids

Weeds are a very significant challenge to crop plants as they are constantly competing for light,
nutrients and water, interfering with crop functioning and causing tremendous yield loss directly or
indirectly. Reductions in crop yield are generally much greater due to weeds than other pests. It is
estimated that about 34% of yield loss among the major crops is caused by weeds [165]. Some of the
major crops affected by weeds are wheat, soybean, rice, maize, cotton and potato with yield reductions
of 23, 37, 37, 40, 36 and 30% respectively [166]. Weed management strategies have always been a
significant part of agricultural systems but have changed significantly based on the accessibility of
tools and techniques, environmental and sustainability concerns, starting from ancient techniques
such as pulling by hand and soil tilling with simple tools, to current use of herbicides and mechanized
conventional tillage, which are the most recent and, so far, most effective techniques available [167].
However, despite being very effective, commercial herbicides are finding themselves eschewed by
growers because of their toxic and residual effects which contravene the principles of sustainability,
eventually contributing to climate change, which is a consequence of such unsustainable human
activities. In addition, the continuous use of chemical herbicides induces herbicide resistance in weed
populations, which is a crucial long-term consideration in weed management. In contrast, biopesticides
are gaining significant popularity among crop scientists because of their environmentally friendly
behavior, as they contain biochemicals with no, or minimal, residual effects. The concept of using
plant-derived biochemicals as “weedicides” originated from the allelopathic effects mediated by certain
plants by employing allelochemicals released into the environment.

The term allelopathy was first defined by Molisch [168], indicating that the effects that result
(directly or indirectly) from exuded biochemicals transferred from one plant to another. This definition,
suggested by Molisch, implies only plant activity. However, the term “allelopathy” was later refined to
include microorganisms (bacteria, algae, fungi and viruses) in his definition, as a significant part of
allelopathic processes [169]. Allelopathy is an interference process in which either plants or their dead
parts exude phytotoxic chemicals which interfere with the physiology and growth of other plants [170].
The allelopathic behavior of certain entities (plants and microorganisms) has been demonstrated in
the literature, however, given the extensive uncertainty, this area needs more exploration in order to
understand allelochemical behavior, including the formation of allelopathic compounds and their
chemical nature, viability, efficiency and mode of action in plant-plant and plant–microbe interactions,
to improve their practical implementation in the field.

Several plants are known to have allelopathic natures through allelochemical exudation including
wheat, rice, rye, barley, sorghum and sugarcane. These plants can be manipulated to suppress weeds
through an allelopathic approach within crop rotations, intercropping, cover crops and mulch [171]. The
phytotoxic effect of sunflower cultivars was evaluated against weed species in wheat either by growing
with weeds or applied as residues over a wheat crop and weeds. Sunflower cultivars have shown
strong allelopathic effects on weeds, however, variation among the cultivars was observed, indicating
that allelochemical exudation or phytotoxic effects and weed suppression vary with cultivar/genotype.



Agronomy 2020, 10, 1209 17 of 26

In addition, the sunflower cultivars suppressed total weed density and biomass by 10–87% and 34–81%,
respectively [172].

There is an array of biochemicals, produced as secondary metabolites in plants, or released during
their decomposition by microbes, which act as active allelochemicals in plant ecosystems. These
phytotoxic substances, based on their chemical nature, are classified into 14 categories including
cinnamic acid and its derivatives: coumarin, flavonoids, tannins, terpenoids and steroids. Recent
publications regarding flavonoids have evidenced their phytotoxicity and growth inhibitory effects,
which could be a sustainable approach toward integrated weed management [173].

In early plants, bryophytes and ferns, some of the allelochemicals found are synthesized in the early
stages of flavonoid biosynthesis, however, additional flavonoid classes accumulate in angiosperms
and gymnosperms, reflecting the employment of genes beyond just those involved in flavonoid
biosynthesis [137]. Flavonoids have been reported in the literature for over 50 years as allelochemicals
in the rhizosphere [174]. They are either exuded from roots or released from decomposed plant tissues
as leachates, persist for days in the soil and their activity (inhibitory or stimulatory) depends on their
concentration and solubility. In addition, phytotoxic compounds can also accumulate in leaves and
pollen, which eventually inhibit seed germination of other plants after falling onto the soil [12].

It has been observed that flavonoids are produced by many legumes; quercetin and kaempferol
(aglycon and glycosylated) released from seeds and roots, possess phyto-inhibitory effects. If present in
lower concentrations such compounds may stimulate seed germination while in higher concentrations
they may inhibit seedling growth [175]. Flavonoids isolated from roots of Stellera chamaejasme L., a toxic
and ecologically threatening weed, showed strong phytotoxic activity against Arabidopsis thaliana. The
isolated flavonoids reduced seedling growth and root development. In addition, endogenous auxin
distribution in Arabidopsis thaliana was also influenced, indicating a critical factor in phytotoxicity [176].
Spotted knapweed is one of the more noxious and economically devastating weeds of North America,
destroying crops and other weeds by phytotoxicity. An allelochemical identified was flavan-3-ol
(¬-)-catechin (flavonoid), was shown to be responsible for the invasive behavior and phytotoxicity of
Centaurea maculosa (spotted knapweed) [103].

Recently, the herbicidal effects of 10 crude extracts obtained from Tunisian plants were assessed.
Among the five phenolic compounds, three of the flavonoids had significant herbicidal effects on
Trifolium incarnatum. Flavonoids inhibited seed germination and seedling growth and caused severe
necrosis and chlorosis. Based on their efficiency, flavonoids were formulated into a natural herbicide
and interestingly, the extracts showed the same herbicidal effects as an industrial biopesticide containing
pelargonic acid [177]. A similar study was conducted, indicating the phytotoxicity of Plantago major
extracts on germination and seedling growth of purslane (Portulaca oleracea). It was observed that the
level of phytotoxicity or inhibition was directly proportional to extract concentration. Phytotoxicity
of a higher extract dose (40 mg mL−1) was greater than the lowest one evaluated (2.5 mg mL−1)
and these concentrations inhibited germination by 30.24 and 4.60%, respectively. In addition, the
highest concentrations significantly inhibited radical and plumule growth. The biologically active
organic compounds in plant extracts were analyzed and found to be phenolics, tannins, alkaloids,
flavonoids and saponins [178]. However, the compounds were not tested alone in this study, leaving
no evidence of individual phytotoxic intensity of biological compounds. The need for sustainable and
eco-friendly approaches in agricultural systems fosters great interest in bioproducts and biological
control agents. However, further studies are required to obtain a better understanding of the many
phytotoxic flavonoids.

7. Conclusions

The indispensable role of flavonoids in stress mitigation and signaling behavior in plants is
highlighted. More specifically, we reviewed the protective nature of flavonoids in plants against
certain biotic and abiotic stress conditions. The polyphenolic structure and diverse chemical nature of
flavonoids facilitate multiple mechanisms of action, favoring plant survival under a range of harsh
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conditions. Despite current knowledge of this matter, the use of flavonoids in agriculture is very limited.
Soil microbiota are ecofriendly contributors in sustainable agriculture, and the iconic role of flavonoids
in improving phyto-microbial associations is the “icing on the cake”. Still, however, we know very
little about the chemo-communications between plants and the vast number of microbial strains in the
rhizosphere (phytomicrobiome members); much is left to be explored and elucidated. In addition,
flavonoids play an indispensable role against plant biotic and abiotic stresses. Flavonoids could be
employed as an ecofriendly and sustainable approach towards stress mitigation. The phytotoxic and
pesticidal effects of flavonoids provide insight regarding how effective these biochemicals could be
in the field if practically implemented. The use of bioflavonoids as natural herbicides is an area of
growing interest in integrated weed management. Further research and investigations are required to
understand the full range of activity of flavonoids produced naturally and/or applied artificially.
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