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Abstract

Heavy metals such as Fe, Mn, Cu, Ni, Co, Cd, Zn, Hg and As have long been
gathering in soils as a result of variety of anthropogenic activities particularly
after the setup of industrial sector. Plants exposed to high levels of these heavy
metals undergo number of changes in their physiology and metabolism. The most
typical and visible manifestation of heavy metal toxicity includes reduced plant
growth, leaf chlorosis, leaf necrosis, turgor loss, instant drop in seed germination
rate and a defunct photosynthetic apparatus, which is frequently associated with
progressive senescence processes or ensuing plant death. In plants, heavy metal
stress also increases the generation of free radicals and many other detrimental
species. To defend themselves against heavy metal stress, plants employ a various
avoidant or tolerant mechanisms. One such mechanism that provides plants with
a defensive strategy to deal with severe heavy metal toxicity is the synthesis of
phenolics, which are secondary natural metabolites originating biogenetically
from either the shikimate/phenylpropanoid pathway or acetate/malonate path-
way. The present review lays focus on the structure, synthesis, accumulation and
role of phenolics in ameliorating the detrimental effects of heavy metals in plants.
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15.1 Introduction

From roughly 300,000 recorded species of higher plant species, around 200,000
chemical entities have been extracted and identified (Fiehn 2002). Metabolites such
as sugars, fatty acids, amino acids and nucleic acids that are required by all plants for
growth and development are known as primary metabolites (Wu and Chappell
2008). Plants, apart from these primary metabolites, produce structurally and chemi-
cally countless and varied array of compounds known as secondary metabolites.
These compounds occur in specialized and distinctive cells and are not vital for
photosynthesis and respiration, but are believed to play role in plant persistence in
specific environment (Boudet 2007; Harborne and Green 1980). There are vast
numbers of secondary metabolites in plants which have the potential of responding
to biotic and abiotic stresses. The pathways responsible for their synthesis have
frequently been recruited from vital primary metabolism pathways following initial
gene duplication, which resulted in the new functions and diversified roles of these
duplicated genes, and have become fundamental part of the plant developmental
programme. The onset of developmental stage is often accompanied by accumula-
tion of secondary metabolites. This accumulation pattern of secondary metabolites is
strictly controlled by gene expression both spatially and temporarily. The transpor-
tation of the metabolic intermediates further provides an extra level of regulation.
Ontogeny and circadian clock-controlled gene expression also play vital role in
synthesizing these metabolites. Phenolics are one of the most prevalent categories
of secondary metabolites generated by plant kingdom members (Boudet 2007;
Harborne and Green 1980). Phenolic compounds have piqued the interest of
scientists due to their biological activity, which has been shown in in vitro and
in vivo studies to be advantageous to human health (Vazquez-Olivo et al. 2020).
When it comes to plant phenolics, the term “phenol” is used for the compound that
has one or more hydroxyl substituents attached to the phenyl ring. The term
“polyphenol” would accordingly be defined as any natural product that contains
minimum of two phenyl rings with one or more hydroxyl groups, including their
functional derivatives (e.g. esters and glycosides). However, this definition would
include several compounds which have terpenoid origin, e.g. gossypol, oestrone,
etc., thus making the definition unsatisfactory (Harborne 1989). According to
Quideau et al. (2011), phenolics should only be used for secondary metabolites
that are generated biogenetically by the shikimic acid/phenylpropanoid pathway,
which directly makes available phenylpropanoids (Fig. 15.1), or the acetate/
malonate pathway, which is also referred to as the polyketide pathway and can
yield simple phenols, or both of the pathways. Both of these routes synthesize a huge
collection of monomeric as well as polymeric phenol structures that play a variety of
roles in plants, ranging from structural components of cell walls to involvement in
plant development and survival under diverse abiotic and biotic stress situations. The
term polyphenols is used with regard to structure containing more than one phenolic
ring. Therefore, the plant phenolics are an extremely diverse assemblage which
already contains tens of thousands of members with varied structures, and the
number is continuously increasing (Quideau et al. 2011).



15 Phenolics: Accumulation and Role in Plants Grown Under Heavy Metal Stress 323

Glucose 6-phosphate Glucose

NADP+

NADPH

6-Phosphoglucono lactone Glucose 6-phosphate

NADP+

NADPH

Ribulose 5-phosphate Fructose 6-phosphate

Ribose 5-phosphate 

Erythrose 4-phosphate Phosphoenol pyruvate

3-Deoxy-D-Arabinoheptulosonic acid-7-phosphate

NADPH+H+

Phosphoric acid NADP+

H2O

Shikimic acid

Cytosol

Pentose phosphate pathway Glycolysis

Shikimate pathway

Citric Acid cycle
(TCA)

ATP

ADP

3-enolpyruvic shikimic acid-5-phosphate

Phosphoric acid

Chorismic acid

Prephenic acid Tryptophan (Try)

Arogenic acid

Tyrosine

Phenylalanine

NH3

Trans-Cinnamic acid

Para-coumaric acid

Para-coumaryl-CoA

Chalcones

Flavanones

Dihydroflavanones

Shikimic Acid

Anthocyanins, 
Condensed tannins

Flavonols

Isolavones 
(Isoflavonoids

Flavones

Lignin precursor

Simple phenolics

Simple phenolics

Phenyl propanoid pathway

Fig. 15.1 The biosynthetic pathway of phenolic compounds. A diagram depicting the biosynthesis
of phenolic compounds in plants via the pentose phosphate, shikimate and phenylpropanoid
pathways. (Source: Redrawn from Lattanzio, V., 2013. Phenolic compounds: introduction. In:
Ramawat, K.G., Mérillon, J.M. (Eds.), Natural Products, Springer-Verlag: Berlin, Heidelberg.
https://doi.org/10.1007/978-3-642-22144-6_57 and Lin et al. (2016))

Higher plants are known for synthesizing tens of thousands of various phenolic
compounds. In their leaves, vascular plants contain amides, esters and glycosides of
hydroxycinnamic acids; glycosylated flavonoids, particularly flavonols; and
proanthocyanidins and their relatives. Chlorogenic acid is one of the few examples
of soluble phenolics which is widely distributed across plant families. However, the
presence of other phenolics is limited to particular genera or families, thereby
making them important biomarker for taxonomic analysis. The examples of
phenolic-containing polymers include suberin, lignin and sporopollenin of pollen
grains (Boudet 2007). Phenolics are not so common in bacteria, fungi and algae.
However, bryophytes regularly synthesize vast array of phenolic compounds that
include polyphenols like flavonoids (flavones and flavonols) and proanthocyanidins
and their relatives (Swain 1975). It is widely believed that land-adapted plants
appeared in the mid-Palaeozoic era, i.e. between about 480 and 360 million years
ago. These plants consist of embryophytes (liverworts, hornworts, mosses) and

https://doi.org/10.1007/978-3-642-22144-6_57
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tracheophytes which have arisen from charophycean algae. To cope with the inces-
santly changing environmental challenges over the evolutionary time, plants
synthesized phenolic compounds to address the specific needs. Thus phenolic-
producing plants were selected throughout the process of evolution in diverse
plant lineages. It provided “phenolic UV light screens” to higher members of
Charophyceae which first successfully adapted to the land after emerging from the
aquatic environment (Boudet 2007). Apart from this, phenylpropanoid pathway that
produces lignin comprises common set of metabolic processes in higher plants,
which also showed its presence 400 million years ago with the appearance of stiff
vascular land plants. These secondary metabolites have evolved over time to provide
the specific adaptations to plants which became one of the reasons for their diversity
that we observe today (Boudet 2007). Plant’s highly structured interactions with
their biotic and abiotic surroundings have been a primary driving force behind the
formation of these specialized natural metabolites. In this regard, phenolic buildup in
plant tissues is seen as a frequent adaptive response of plants to adversarial environ-
mental settings, hence boosting evolutionary fitness. The plant phenolics are thought
to play an important defensive role in plants when environmental challenges like
strong light, freezing temperatures, pathogen and herbivore attacks, nutritional
shortage and heavy metal stress cause a surge in the formation of free radicals and
many other oxidative species. Plants respond to biotic and abiotic stresses by
increasing their capacity to reduce reactive oxygen species, according to emerging
studies. Secondary metabolism gene expression is frequently stimulated by biotic
and abiotic stress by the incorporation of signalling chemicals such as salicylic acid,
jasmonic acid and its derivatives (Winkel-Shirley 2002).

15.2 Structure and Classification of Phenolics

Plant phenolics consist of several thousand chemically known members whose
structures range from monomeric to dimeric and polymeric phenolics. Harborne
and Simmonds (1964) categorized them according to the number of carbons in the
molecule as given in Table 15.1.

The phenolics with lower molecular weight are ubiquitous in higher plants.
Certain phenolics among them are restricted to some species only, while others are
common in higher plants. Proanthocyanidins, which are also referred to as
condensed tannins, are the higher molecular weight polyphenols commonly present
in woody plants but generally lacking in nonwoody plants. The hydrolysable tannins
are found in only 15 of the 40 orders of dicotyledons, making them less common
than proanthocyanidins (Ishimaru et al. 1987; Quideau 2009). According to
Palanisamy et al. (2020), tannins attach to proteins and other natural substances to
precipitate them. The leaves of Vaccinium species contain a simple phenol arbutin
(hydroquinone b-D-glucoside, I). It is so uncommon that it has been recommended
as a signal for pear juice adulteration of other liquids (Kutchan and Dixon 2005).

Phenolic acids are commonly found in complex structures like lignins and
hydrolysable tannins as well as bound with carbohydrates or organic acids
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Table 15.1 Various classes of phenolics

Phenolics classes No. of C-atoms Structure

Simple phenolics, benzoquinones 6 C6

Phenolic acids and related compounds 7 C6–C1

Acetophenones, phenylacetic acids 8 C6–C2

HCAs, phenylpropanoids (coumarins, isocoumarins,
chromones, chromenes)

–C3

Napthoquinones 10 C6–C4

Xanthones 13 C6–C1–C6

Stilbenes, anthraquinones 14 C6–C2–C6

Flavonoids, isoflavonoids 15 C6–C3–C6

Betacyanins 18

Lignans, neolignans 18 (C6–C3)2

Biflavonoids 30 (C6–C3–C6)2

Lignin (C6–C3)n

Melanins, catechol N (C6)n

Condensed tannins (proanthocyanidins flavolans) (C6–C3–C6)n

(Tomas-Barberan and Clifford 2000). A C6–C2 compound picein (II), occurring in
the needles of spruce trees (Picea abies), is also found in many other plant species.
Coumarins, C6–C3 derivatives, are benzo-a-pyrones (lactones) produced through
the interaction between the o-hydroxy and carboxyl groups and subsequent cycliza-
tion. This group is found in several eudicotyledon families either free or in conjunc-
tion with sugars heterosides and glycosides (Petersen et al. 1999).

Naphthoquinones, such as plumbagin (VI), are a kind of quinone pigments. There
are several higher plant families such as Avicenniaceae, Bignoniaceae, etc. that
contain this class of phenolics. They are produced through many pathways such as
the polyketide pathway, the shikimate/succinyl-CoA combination pathway and the
shikimate/mevalonate pathway (Babula et al. 2009). Xanthones, another class, are
present in only a few higher plant families; they have thus high taxonomic impor-
tance. Mangiferin (VII) is an unusual natural xanthone in that it has significantly
larger natural occurrence than the other members of same class. It was discovered in
the leaves of Mangifera indica L. for the first time (Bennett and Lee 1989).

Stilbene family is extensively prevalent across the plant kingdom, while certain
members of this group are peculiar to specific plant families only. Similarly,
different glycosylated and acyl flavonoids and their bound forms comprise a wide
range of natural compounds, with over 10,000 distinct structures having been
discovered (Veitch and Grayer 2008). They are present in a variety of plant tissues
and have chemical structures that are based on a C6–C3–C6 skeleton. The two main
families of complicated C6–C3–C6 plant phenolics include bi- and triflavonoids, as
well as proanthocyanidins. Because these compounds are the result of oxidative
coupling of diverse flavonoid structures, they all have a carbonyl group at C–4 or its
equivalent in every component unit.
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Lignans and neolignans are plant phenolics generated by the oxidative dimeriza-
tion of two phenylpropanoid units found in a broad array of plant species. Lignans
are phenylpropanoid dimers with C3 side chains that are primarily C–C connected
via their C3 side chains (tail-to-tail such as pinoresinol). Eusiderin and other
neolignans are phenylpropanoid dimers linked head-to-tail (Moss 2000). Lignin,
the key structural polymer of xylem and the second most plentiful organic material in
plants after cellulose, is present as an important component of all vascular plant’s
cell walls. Lignin has a well-known protective effect against phytopathogenic fungi.
It possesses antifungal properties, prevents fungal attack by physically stopping their
entry and inhibits the spread of their poison (Rashad et al. 2020). The coniferyl
alcohol and small quantity of p-coumaryl alcohol are the primary sources of lignins
in gymnosperms, whereas coniferyl and sinapyl alcohols are found in about equal
amounts in angiosperm lignins.

Plant tannins are high molecular weight phenolic compounds that may form
complexes with carbohydrates and proteins. Tannins found in higher plants are
metabolites of two types: hydrolysable tannins and proanthocyanidins, which are
commonly called as condensed tannins. Proanthocyanidins occur in vast amounts in
woody plants but are uncommon in nonwoody plants and usually confined to some
specific tissues such as seed coat of Arabidopsis thaliana L. or alfalfa. Only 15 of the
40 orders of eudicots contain hydrolysable tannins (Ishimaru et al. 1987), making
them less common than proanthocyanidins. A third family of tannins, phlorotannins,
was recently discovered in a variety of algal species. The phlorotannins are com-
posed of phloroglucinol subunits connected together either by C–C bonds or C–O–C
(aryl-ether) bonds. Acids, bases and, in certain situations, hydrolytic enzymes break
down hydrolysable tannins into sugars (often D-glucose) or similar polyols and
phenolic acid (tannase). In the case of gallotannins, which are polygalloyl esters, this
is gallic acid. Ellagitannins are hexahydroxydiphenoyl carbohydrate esters or
cyclitols in a restricted sense, but compounds originating from subsequent oxidative
reactions are also included in a broader sense. When the hexahydroxydiphenoyl
group is broken down, the parent acid lactonizes quickly to produce the dilactone
ellagic acid (IX). Under highly acidic circumstances, proanthocyanidins which are
flavan-3-ol oligomers and polymers undergo cleavage of C–C interflavanic linkages
to produce anthocyanidins (or C–C and C–O–C in A-type proanthocyanidins).
Proanthocyanidins can form polymers with up to 50 units (Quideau 2009). Ishimaru
et al. in 1987 reported that flavano-ellagitannins are found in some plants; however,
they are far less prevalent (e.g. acutissimin A and B (X–XI), which were initially
identified from Quercus acutissima Carruthers). Lastly, melanins are high molecular
weight dark brown- or black-coloured pigments that are generated from phenolic
compounds by the oxidative polymerization. Generally, they are ortho-
dihydroxyphenol conjugated polymers (Bell and Wheeler 1986).
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15.3 Accumulation of Phenolics in Plants

The buildup of phenolics occurs when plants face the challenges of biotic or abiotic
stress such as that of low temperatures, pathogen infection, heavy metals, etc.
Several articles have looked at the impact of nonfreezing temperature stress on
phenolic metabolism. These researches have revealed that cold stress increases
phenolic metabolism and affects its behaviour. However, there is a certain threshold
temperature below which a rise in phenolic metabolism occurs, and this temperature
is critical at which chilling injury may occur. It was found that cold-induced stress
increases the level of phenylalanine ammonia-lyase activity (PAL, EC 4.3.1.5) and
other enzymes involved in the phenolic biosynthesis pathway. These
low-temperature responses in phenolic metabolism (increased enzyme activity and
phenolic compound levels) also affect the shelf life of stored fruit and vegetables by
providing an adequate substrate for browning reactions (Lattanzio et al. 1994, 2001).
Plant development is dependent on the availability of recycled nutrients, whereas the
external nutrient provides only a modest percentage of the overall need. Climate,
substrate (litter) quality and decomposer species all have an influence on nutrient
mineralization carried out by soil microbes. Polyphenols have been found as soil
process regulators, with the potential to affect the total amount and form of nutrients
accessible to plants and/or microbes. Polyphenols go into the soil mostly as leachates
from above- and below-ground plant parts and/or above- and below-ground plant
litter. Phenolic compounds, for example, can have a direct influence on the activity
and composition of decomposers, influencing rate of decomposition and nutrient
cycling. Furthermore, plants rely on their root’s capacity to interact with bacteria.
The opposite is also correct; numerous bacteria and fungi rely on relationships with
plants, which are frequently controlled by root exudates. Root exudate is teeming
with isoflavonoids and flavonoids, triggering certain genes responsible for nodula-
tion and that may be involved in vesicular-arbuscular mycorrhiza colonization. The
roots of the host plant initiate nodule formation by releasing flavonoids into the
rhizosphere. Because each rhizobia species reacts differently to these compounds,
the uniqueness of the symbiotic association is hence defined by the exudate.
Flavonoids attract bacteria and activate rhizobia Nod (nodulation) gene expression,
resulting in the formation and release of strain-specific Nod factors (NF). The
oligosaccharide backbone of NF is composed of N-acetyl-D-glucosamine units
connected to a nonreducing sugar by a fatty acyl group. The various NF substituents
linked to the oligosaccharide backbone are regarded to be a key factor of host-
symbiotic specialization. In most situations, the occurrence of suitable NF is ade-
quate to initiate nodule development (Mathesius 2008). Anthocyanins are kind of
flavonoids that provide many flowers and fruits their red and blue/purple hues. These
chemical substances act as visual signals to entice pollinators and various animals for
seed dispersal. They are housed in vacuole of specialized cells. Anthocyanins are
also responsible for the stunning exhibitions of varied red to reddish-orange hue in
deciduous tree leaves. Leaf colour dynamics are not just a byproduct of leaf
senescence; various concepts have evolved in the last decade to elucidate the
evolutionary process of autumn colours which are primarily caused by carotenoids
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(yellow-orange pigments) and anthocyanins (red-purple). Carotenoids exist in the
leaves all year, but they are concealed by the green of chlorophyll in mature leaves;
in the fall, they become visible owing to the disappearance of chlorophyll.
Anthocyanins, on the other hand, are created in abundance during the autumn season
just before the leaves are shed. Hence, red is produced throughout fall and isn’t
merely a byproduct of leaf withering. Why do leaves that are ready to fall
become red? The usefulness of the fall hues is still debated. According to
photoprotection hypothesis, red may shield the foliage from the detrimental effects
of low temperature, permitting for more effective nutrient resorption, particularly
nitrogen. According to coevolution theory, red does serve as a threatening signal to
animals, mainly to feeding insects such as aphid. It has also been said that cold, dry
and bright sunlight stresses are alleviated by red pigments by the process referred to
as light attenuation that lowers the absorption of green sunlight. Recent research on
fall and juvenile leaves, on the other hand, suggests that the red pigments prevent
leaf injury by making them less appetizing or apparent to animals deficient of red
visual receptor, or by indicating poor leaf quality. In their natural habitat, plants are
subjected to a plethora of pests and diseases. In response to such creature attacks, the
plant may develop tolerance or resistance mechanisms which allow it to thrive.
Plants generate diverse phenolic metabolites that perform both functions,
i.e. repelling and attracting various organisms in the plant’s surroundings. Fraenkel
in 1959 identified phenolics as “trigger” molecules that boost or restrict nutrient
intake by animal herbivores; plant phenolics have been recognized as significant in
chemoecology, particularly in herbivore eating behaviour (Heil 2008). They operate
as repellents, inhibitors, natural animal toxicants and insecticides against attacking
species (Cornell and Hawkins 2003; Bhattacharya et al. 2010). Preformed antibiotic
compounds found in healthy plants are thought to act as intrinsic chemical barriers
against herbivorous and fungal adversaries, protecting plants from a wide spectrum
of pests and diseases. In contrast, stimulated defensive chemicals are synthesized as
plant’s reaction to biotic stress both at the location of attack and far away from this
site. The latter is signalled by salicylates and jasmonates which soon upon infection
are synthesized and prevent further spread and subsequent attacks. A network of
interrelated signal transduction pathways governs induced resistance, with phenolic
acids functioning as critical signalling molecules (Smith et al. 2009; Runyon et al.
2010). Plant survival in an environment rich in potentially dangerous
microorganisms is dependent on effective microbe sensing and quick defensive
responses. Plant immunity is dependent on each cell’s capacity to identify
pathogens. An initial stage of microbe detection is carried out by membrane proteins
known as pattern recognition receptors (PRRs) that detect the chemical fingerprints
of a broad class of bacteria known as pathogen-associated molecular patterns
(PAMPs). As soon as plant PRRs identify prospective pathogens via conserved
PAMPs, phenolics are produced, resulting in PAMP-triggered immunity (Nicaise
et al. 2009; Zipfel 2008). When a plant recognizes a pathogen, it activates its
endogenous multicomponent defensive mechanism. Because a large number of
defence-related genes must be activated for plants to respond to pathogen assault,
the multicomponent defence response triggered following pathogen infection
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involves a major investment of cellular resources, including extensive genetic
reprogramming. Many defence-related genes form metabolites referred to as
phytoalexins, which have antimicrobial property and are synthesized as a result of
the interaction between the host’s and a fungal parasite’s metabolic systems.
Phytoalexins formed in the different species of family Leguminosae are
isoflavonoids, with pterocarpans such as medicarpin and glyceollin II (XXIII)
being the most common isoflavonoid subclass, while phytoalexins from Vitaceae
appear to form a rather restricted group of molecules that belong to the stilbene
family (3,5,40-trihydroxystilbene). The bulk of plants from which such chemicals
have been found are dicotyledonous (Lattanzio et al. 2006; Vermerris and Nicholson
2006). Plants and insects have a complicated ecological connection that includes
both physical and chemical interactions. Plant variables, insect factors and certain
insect-plant factors, such as hypersensitivity response and plant resistance to insect-
borne illnesses, all have an impact on this interaction. Secondary metabolites in
sufficient quantity to produce an unpleasant physiological impact are plant elements
that make a host unappealing. Plant phenolics are now widely recognized to carry
out protection of plants against insects. Tannins may also have an impact on insect
development in three different ways: they possess an astringent taste that reduces
palatability and in turn consumption; they mix with proteins to create complexes
with low digestibility; and they function as enzyme inactivators. Recent research on
tannin oxidation in insects by Raymond Barbehenn and coworkers shows that tannin
activity cannot be described so easily, since tannin oxidation should also be consid-
ered as a plant defence mechanism (Constabel and Barbehenn 2008; Barbehenn et al.
2010).

15.4 Effects of Heavy Metals on Plants

Heavy metals are defined as elements with specific weights more than or equal to
5 g/cm3. Several of them (Co, Fe, Mn, Mo, Ni, Zn, Cu) are key micronutrients
involved in redox reactions, electron transfers and other critical metabolic functions.
Non-essential metals (Pb, Cd, Cr, Hg and so on) may be toxic to plants. Human
activities such as industrial waste, fertilizer application, smelting and disposal of
sewage have been instrumental for accumulation of Fe, Mn, Cu, Ni, Co, Cd, Zn, Hg
and arsenic in soils due to the human activities (Wagay et al. 2020; Aydinalp and
Marinova 2009). As a result of these operations, metals are leached into groundwater
or collected on the soil surface (Aydinalp and Marinova 2009; Gupta et al. 2012;
Hakeem et al. 2015; Basheer 2018). All heavy metals are non-biodegradable, which
means they can’t be removed from the environment naturally. Some are immobile,
meaning they cannot be moved from where they have accumulated, while others are
mobile, meaning they are often absorbed by plant roots through diffusion, endocy-
tosis or metal transporters (Ali and Jain 2004). However, several of these metals,
such as zinc, copper and nickel, are important micronutrients that must be consumed
in small amounts as cofactors for specific enzymes. Plants growing in an environ-
ment containing hazardous quantities of heavy metals undergo a variety of changes
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in their physiology and metabolism (Dubey and Naik 2011; Villiers et al. 2011).
However, because different heavy metals contain different locations of action inside
the plant, the overall toxic effect varies. Their most commonly found visual effect is
decreased growth in plants preceded by leaf chlorosis, necrosis, turgor loss, reduc-
tion in seed germination and a damaged photosynthetic apparatus and is frequently
associated with ongoing senescence processes or eventual plant death (Sharma and
Dubey 2007). All of these impacts are connected to heavy metal-induced ultrastruc-
tural, biochemical and molecular alterations in plant tissues and cells. Because of the
evil ecological consequences, heavy metal pollution of agricultural soil has emerged
as a major environmental problem. Such hazardous substances are classified as soil
pollutants due to their widespread prevalence and significant negative effects on
plants grown in such soils (Gamalero et al. 2009).

15.4.1 Zinc Effects on Plants

Zinc (Zn) is a heavy metal that can remain intact in soil for long periods and can alter
several metabolic processes in plants. Zn and Cd phytotoxicity has been investigated
in a range of plant species, including Phaseolus vulgaris, Brassica juncea and
tobacco, such as a decrease in growth and development and metabolism and oxida-
tive damage (Cakmak and Marschner 1993; Tkalec et al. 2014). Cd and Zn both have
been shown influencing enzyme’s catalytic performance in Phaseolus vulgaris and
pea plants (Van Assche et al. 1988). Zn concentrations in polluted soils typically
exceed nutritional requirements, which can lead to phytotoxicity. Warne et al. (2008)
demonstrated that Zn concentrations in polluted soils are between 150 and 300 mg/
kg. High Zn levels in soil impede several plant metabolic systems, delaying devel-
opment and causing senescence. Zinc toxicity in plants stopped root and shoot
development (Malik et al. 2011). Zinc toxicity also produces chlorosis in the
newly formed leaves, which can spread to the older leaves following continuous
exposure to high Zn levels in the soil (Ebbs and Kochian 1997). Because hydrated
Zn2+ and Fe2+ ions have comparable radii, chlorosis may be caused in part by an
induced iron (Fe) deficit (Marschner et al. 1986). Increased amounts of Zn can also
cause deficits in manganese (Mn) and copper (Cu) in above-ground plant parts.
These deficits have been linked to a slowed transport of these micronutrients from
below- to above-ground plant parts. This impediment stems from the fact that the
concentrations of Fe and Mn in plants growing on Zn-rich medium are higher in the
root than in the shoot. Another common symptom of Zn poisoning is the formation
of a purplish-red hue in leaves, which is caused by a lack of phosphorus (P) (Ebbs
and Kochian 1997).

15.4.2 Cadmium Effects on Plants

According to Salt et al. (1995), cadmium (Cd) in agricultural soil has a regulatory
limit of 100 mg/kg soil. Plants growing in soil with elevated levels of Cd exhibit
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evident damage signs such as chlorosis, growth inhibition, root tip browning and
eventually death (Mohanpuria et al. 2007; Guo et al. 2008). Cd-induced inhibition of
root Fe(III) reductase resulted in Fe(II) shortage, which severely hampered photo-
synthesis (Alcantara et al. 1994). It has been demonstrated that Cd interferes with the
absorption, relocation and use of numerous elements (such as Ca, Mg, P, K) and
transportation of water by plants in general (Das et al. 1997). Hernandez et al. (1996)
showed that Cd also inhibited nitrate absorption and its transportation from below- to
above-ground parts of plants by decreasing nitrate reductase activity in the plant
shoots. Plants of Silene cucubalus also showed significant suppression of nitrate
reductase activity (Mathys 1975). Balestrasse et al. 2003 showed that nitrogen
fixation and primary ammonia assimilation in soybean plant nodules reduced
under Cd treatments. Metal poisoning can reduce plasma membrane permeability,
resulting in decrease in water content. Furthermore, Cd has been shown to interfere
with the water balance as was studied by Costa and Morel (1994). Cadmium
treatments have been found to impair the activity of ATPase in wheat and sunflower
root plasma membrane fractions (Fodor et al. 1995). Cadmium alters membrane
functioning by causing lipid peroxidation and disrupts chloroplast metabolism by
limiting chlorophyll production and decreasing the activity of enzymes involved in
CO2 fixation (Fodor et al. 1995).

15.4.3 Copper Effects on Plants

Copper (Cu) is a micronutrient for plants that aids in CO2 uptake along with ATP
generation. Cu is required for the formation of several proteins, such as plastocyanin
in the photosynthetic system and cytochrome oxidase in the respiratory electron
transport chain (Demirevska-Kepova et al. 2004). However, increased industrial and
mining activities have contributed to a surge in Cu concentration in ecosystems.
Additionally, Cu gets integrated into soils due to several human activities such as
mining and smelting of Cu-containing ores. Mining activities produce a significant
amount of waste rocks and tailings, which end up remaining on the surface. Cu in
excess is cytotoxic, causes stress and kills plants. This slows plant growth and
produces chlorosis in the leaves. Plants are harmed by oxidative stress and ROS as
a result of excessive Cu exposure (Stadtman and Oliver 1991). Oxidative stress
disrupts physiological functions and also causes damage to macromolecules. Copper
toxicity impeded the growth of Alyssum montanum (Ouzounidou 1994), cucumber
(Moreno-Caselles et al. 2000) and Brassica juncea (Moreno-Caselles et al. 2000).
Copper and cadmium together had affected the germination of seeds, length of
seedling and the lateral root number in Solanum melongena (Neelima and Reddy
2002).
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15.4.4 Mercury Effects on Plants

Hg is an unusual metal since it exists in several forms such as HgS, Hg2+, Hg and
methyl-Hg. However, in soil Hg2+ predominates. Hg discharged into soil primarily
stays in the solid phase due to adherence with sulphides, clay particles and organic
materials. An elevated concentration of Hg2+ poses threat to plant by causing an
apparent damage as well as physiological concerns. For instance, Hg2+ attaches to
water channel proteins, causing closure of guard cells and hampering the water flow
in plants (Zhang and Tyerman 1999). Furthermore, high levels of Hg2+ impede
mitochondrial activity and induce oxidative stress by producing ROS. As a result,
both lipids of cell membranes and plant cellular processes are disturbed (Cargnelutti
et al. 2006).

15.4.5 Chromium Effects on Plants

Plants are poisoned by chromium (Cr) compounds, which have a deleterious influ-
ence on their growth and development. Because seed germination is altered by Cr, a
seed’s ability to sprout in Cr-containing medium indicates its resistance to this heavy
metal (Peralta et al. 2001). Twenty-five per cent decrease was observed in seed
sprouting of the weed Echinochloa colona when the medium contained 20 ppm Cr
(Rout et al. 2000). In Phaseolus vulgaris germination is up to 48% by hexavalent Cr
(500 ppm) levels in soil (Parr and Taylor Jr 1982). Similarly, concentration of
40 ppm Cr(VI) in contaminated medium decreased lucerne seeds’ (Medicago sativa
cv. Malone) germination and growth by 23% (Peralta et al. 2001). In another study,
Zeid (2001) reported sugarcane bud germination was lowered by 32–57% at 20 and
80 ppm Cr, respectively. Seed germination reduced under Cr stress was because of
Cr′s inhibitory effect on amylase function and on the transfer of carbohydrates to the
embryo axis. Protease activity rises with Cr treatment that might explain why
Cr-treated seeds germinate less well (Zeid 2001). Reduced root development in
plants and crops is a well-established adverse effect of heavy metals. In Salix
viminalis, Prasad et al. (2001) reported that the order of negative impacts of heavy
metals on its new root primordia is Cd, Cr and Pb with Cr having a greater effect on
root length than the other heavy metals tested. Cr stress is a significant component
influencing photosynthetic CO2 fixation, electron transport, photophosphorylation
and enzyme activity (Clijsters and Van Assche 1985). Although the effect of Cr on
the process of photosynthesis in higher plants is well established, according to
studies it is unclear whether the Cr-induced photosynthesis limitation is due to
instability of chloroplast ultrastructure, obstruction of electron transport chain or
the action of Cr on activities of Calvin cycle enzymes (Desmet et al. 1975; Van
Assche and Clijsters 1983). In peas, Bishnoi et al. (1993) found that Cr(VI) had a
stronger influence on the activity of PS I than on PS II in isolated chloroplasts but
both were damaged in fully grown plants. In plants, chromium stress causes three
kinds of physiological changes as (1) changes in the synthesis of pigments involved
in photosynthesis, (2) elevation in the synthesis of metabolites (e.g. glutathione and
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ascorbic acid) as a direct and immediate response to Cr stress that might harm the
plant and (3) metabolic pool changes to channel the synthesis of new metabolites
such as phytochelatins and histidine that provide tolerance to Cr stress (Schmfger
2001). Two enzymes such as superoxide dismutase (SOD) and antioxidant catalase
are induced as the key metal detoxifying enzymes in plants. It was reported that the
activity of these enzymes peaked at lower levels of heavy metal whereas, at higher
levels, SOD activity remained unchanged while catalase activity declined
(Nematshahi et al. 2012).

15.4.6 Lead Effects on Plants

Lead (Pb) is one of the most common and widely spread toxic heavy metals in soil. It
is detrimental to plant structure, growth and physiological activities. Seed germina-
tion in Spartina alterniflora and Pinus halepensis has been demonstrated to be
reduced by lead. Germination may be inhibited as a result of lead interfering with
key enzymes. Lead also hindered plant elongation, in addition to leaf growth in
Allium and barley (Grunhage et al. 1985). According to Goldbold and Hutterman
(1986), the extent to which root growth is hindered is determined by the medium’s
lead content, ionic composition and pH. In Sesamum indicum, root development has
been inhibited in a concentration-dependent manner. Many plant species exhibit
aberrant morphology when subjected to high levels of lead in the soil. Apart from
lignification of cortical parenchyma, lead also induces unequal radial thickening in
pea roots, cell walls of endodermis. Lead at concentrations of 100–200 ppm was
applied to potted sugar beet plants, causing chlorosis and growth loss (Paivoke 1983;
Hewitt 1953). Lead levels as low as 0.005 ppm resulted in a substantial decrease in
lettuce and carrot root development. Pb2+ inhibitory effects on growth and biomass
production might be attributed to impacts on metabolic plant processes (Sharma and
Dubey 2005). A lead-induced oxidation of IAA (indole-3-acetic acid) is the principal
reason of cell growth inhibition. Lead has also been shown to impede photosynthesis
by lowering carboxylating enzyme activity (Stiborova et al. 1987). Excess Pb also
inhibits enzyme performance, causes water imbalance, affects membrane permeabil-
ity and interferes with mineral feeding (Sharma and Dubey 2005). According to
Reddy et al. (2005), Pb hinders enzyme function by interacting with their sulfhydryl
groups at the cellular level. High Pb levels also increase ROS generation in plants,
promoting oxidative stress.

15.4.7 Arsenic Effects on Plants

Arsenate (As) is a phosphate (P) analogue that interacts with the same kind of import
transporters in the plasma membrane of plant roots (Meharg and Macnair 1992).
Arsenate tolerance has been observed in a wide range of plant species, for instance,
in grasses; tolerance is produced by the inhibition of a high-affinity P/As absorption
route. This inhibition decreases As input to an extent where the plant can detoxify it,
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most likely through constitutive processes (Meharg and Macnair 1992; Meharg
1994). Within plant cells, As is also converted into less toxic As species (Meharg
1994). Arsenate is converted to arsenite, dimethylarsinic acid (DMA) and
monomethyl arsenic acid in phytoplankton and macroalgae (MMA). These
methylated forms of As are subsequently broken down into organophospholipids
and arsenosugars (Phillips 1990).

15.4.8 Cobalt Effects on Plants

The three forms of cobalt (Co) in which it occurs in soil are cobaltite [CoAsS],
erythrite [Co3(AsO4)2] and smaltite [CoAs2]. A trace quantity of Co can be
absorbed by plants from the soil. Cobalt absorption and dispersion in plants differ
by species and are influenced by a variety of factors (Kukier et al. 2004; Bakkaus
et al. 2005). The phytotoxic consequences of increased Co levels are less well
understood. A recent phytotoxicity study on Co in barley (Hordeum vulgare L.),
oilseed rape (Brassica napus L.) and tomato (Lycopersicon esculentum L.) revealed
an adverse impact on above-ground plant growth and biomass. Furthermore, high Co
concentrations in cauliflower leaves reduced the activities of Fe, chlorophyll, protein
and catalase and also impaired the transport of P, S, Mn, Zn and Cu from cauliflower
roots to shoots. Compared to excess Cu or Cr, Co significantly diminished both
water potential and transpiration rate. Chatterjee and Chatterjee (2000) discovered
that exposing cauliflower leaves to excess Co enhanced their diffusive resistance and
relative water content.

15.4.9 Nickel Effects on Plants

Nickel (Ni) is classified as a transition metallic element found in natural soils except
in ultramafic and serpentinic soils. However, Ni2+ concentrations are rising in certain
areas as a result of human activities such as mining, smelter emissions, coal and oil
combustion, sewage, phosphate fertilizers and pesticides (Gimeno-García et al.
1996). According to Izosimova (2005), Ni2+ concentrations in contaminated soil
can be 20–30 times (200–26,000 mg/kg) higher than in normal soil (10–1000 mg/
kg). The elevated levels of Ni2+ in soil induce metabolic changes and toxicity
indications such as chlorosis and necrosis in various plant species including rice
(Pandey and Sharma 2002; Das et al. 1997). Vegetation growing in elevated Ni2+

soil had impaired nutritional balance, which led in a disruption of cell membrane
activities. As a result, Ni2+ influences the plasma membrane’s lipid content and
H-ATPase activity in Cucumis sativus shoots. Gonnelli et al. (2001) found that Ni2+-
sensitive plants had higher MDA concentrations as compared to Ni2+-tolerant plants.
These changes impair membrane function and ion balance in the cytoplasm, partic-
ularly for K2+, the most mobile ion crossing the plant cell membranes. Because of the
increased Ni2+ absorption, the water content of dicot and monocot plant species has
been found to decrease. This decrease in water absorption is used to track the
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evolution of Ni2+ toxicity in plants (Pandey and Sharma 2002; Gajewska et al.
2006).

15.4.10 Manganese Effects on Plants

Excessive manganese (Mn) accumulation in foliage slows photosynthetic carbon
fixation. Mn is easily transported from below-ground to above-ground plant parts by
transpiration; but, once it enters the leaves, it is difficult to remobilize to other plant
organs via phloem (Loneragan 1988). The most common symptoms of Mn toxicity
are necrotic black spots on leaves, petioles and stems (Wu 1994). The spotting first
appears on the lower leaves and then advances to the upper leaves of foliage
(Horiguchi 1988). The number and size of the speckles may increase with time,
causing necrotic lesions, leaf browning and death. Cucumis sativus has shown
general leaf bronzing and internode shortening. Apart from chlorosis and browning
of tissues, “crinkle leaf” appears in the newest leaf, stem and petiole tissues subjected
to Mn toxicity (Wu 1994; Bachman and Miller 1995). Mn-toxic roots are often
brown and fragile (Le Bot et al. 1990; Foy et al. 1995). Excess Mn has been shown to
limit chlorophyll d production by interfering with a Fe-related process (Clairmont
et al. 1986). Mn toxicity in certain species commences with chlorosis of mature
leaves and advances to newly formed ones. If the toxicity is mild, then these
symptoms develop at the leaf edges and spread to the interveinal regions; but if it
is severe, the condition progresses as leaf marginal and interveinal necrosis
(Bachman and Miller 1995).

15.4.11 Iron Effects on Plants

Iron, a necessary metal for all plants, is involved in a variety of critical biological
processes ranging from photosynthesis to chloroplast development and chlorophyll
production. According to Marschner (1995), iron is an important part of many
biological redox systems involving haem proteins as well as iron-sulphur proteins.
Most soils contain high iron content, but the appearance of iron toxicity symptoms in
leaf tissues occurs only when the soil is flooded, owing to the microbial reduction of
insoluble Fe3+ to insoluble Fe2+ (Becker and Asch 2005). Therefore, iron poisoning
in plants is caused by excessive Fe2+ absorption by roots and transfer to aerial parts
via transpiration flow. Excess Fe2+ increases free radical generation, which irrevers-
ibly destroys cellular structure and affects membranes, DNA and proteins
(De Dorlodot et al. 2005). In tobacco, canola, soybean and Hydrilla verticillata,
iron toxicity is associated with decreased photosynthesis and yield, as well as
increased oxidative stress and ascorbate peroxidase activity (Sinha et al. 1997).
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15.5 Role of Phenolics

15.5.1 Physiological Roles of Phenolics in Plants

Phenolic compounds are widely distributed and perform critical functions in plant
metabolism as well as in other biological processes (Boudet 2007). There are several
growth- and development-related physiological process such as seed germination,
cell division and the production of photosynthetic pigments which are influenced by
phenolics (Tanase et al. 2019). There are a variety of applications where phenolics
are employed such as bioremediation, allelochemicals, plant growth stimulation and
food additives as antioxidants (Bujor et al. 2015). Phenolic accumulation in stressed
plants is a persistent feature that serves as a defence mechanism against a variety of
abiotic stresses. Phenolics enable plant tolerance and adaptability under adverse
environment (Andersen 2003; Lattanzio et al. 2009). This class contains many
members with antioxidant properties increasing plant performance in stressful
conditions (Oszmanski 1995). Plants communicate with their surroundings owing
to several metabolites. Polyphenols, in particular, help in nutrient mobilization and
signal transmission from root to shoot. The root secretion contains phenolic
compounds that modify the physiochemical characteristics of the rhizosphere. Soil
bacteria convert phenolics into compounds that help in the mineralization of nitrogen
and the production of humus (Halvorson et al. 2009). Furthermore, Seneviratne and
Jayasinghearachchi (2003) concluded that phenolics promote nutrient uptake by
increasing active absorption sites and soil porosity by rapidly mobilizing mineral
elements. Similarly, Rehman et al. (2018a, b) discovered that the increase in the
content of phenolics and organic acids in wheat root secretions which aided in Zn, N
and Ca nutrient movement and uptake was the result of Zn application and PGPRs
(plant growth-promoting rhizobacteria) inputs. In legumes, phenolic compounds
also contribute to the nitrogen fixation. Legumes produce and then excrete a large
number of secondary metabolites, primarily flavonoid compounds (flavanols and
isoflavonoids) through their roots which inhibit auxin transport and stimulate cell
division and are hence important in the synthesis of Nod factors and the formation of
infection thread during nodulation (Zhang et al. 2009). Flavonoids are required for
the development of functional pollen which has been derived from a study in which a
trace amount of flavonol, aglycones, kaempferol or quercetin was added during
pollination to flowers, which restored fertility in mature pollen (van der Meer et al.
1992; Taylor and Grotewold 2005). Some phenolic compounds, for example, inhibit
the enzymes prolyl aminopeptidase and phosphatase, which are required for germi-
nation in bean seeds (Shankar et al. 2009). High phenolic acid content, on the other
hand, has been found to have a beneficial effect on seed germination. Chen et al.
(2016) in canary grass reported a large increase of 1042%, 120% and 741% in free,
bound and total phenolic acid contents, respectively, during germination. In
Lycopersicon esculentum, polyphenol-rich spruce bark extract enhanced seed ger-
mination while inhibiting root elongation (Balas and Popa 2008). Phenolics were
discovered to lower seed tegument thickness while increasing seed tegument poros-
ity that assists in water absorption and therefore enhance germination rate (Tobe
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et al. 2001). Polyphenolic-rich spruce bark extracts boosted rate of photosynthesis
by increasing chlorophyll a and b pigment production in Zea mays and Helianthus
annuus (Tanase et al. 2015). Phenols reduced the energy required for ion transport
by altering the structure of thylakoids and mitochondrial membranes (Moreland and
Novitzky 1987). Phenolic compounds also act as antioxidants by scavenging reac-
tive oxygen species (ROS), limiting the action of oxidizing enzymes and catalysing
oxygenation processes via the formation of metallic complexes (Amarowicz and
Weidner 2009).

In conclusion, polyphenols are generated in plants under ideal and (at higher
levels) stress environment, and they play a significant role in development, such as
signal transduction, cell reproduction, hormone regulation, photosynthetic activity
regulation, seed germination and reproduction rate. Plants that develop more
polyphenols in response to abiotic stresses are more adaptable to restrictive
environments.

15.5.2 Role of Phenolics on Plants Under Heavy Metal Stress

For dealing with heavy metal stress, plants have a range of molecular and physio-
logical strategies, including complex biochemical and genomic mechanisms. Many
of these mechanisms in plants are constitutive since they are part of the homeostatic
process. To defend themselves against heavy metals in the soil, plants employ a
variety of strategies, including tolerance to them. Other pathways are exclusive that
are only triggered in the presence of a certain metal toxicity. All reactions can be
described as either avoidant or tolerant. When provoked by heavy metal toxicity, the
plant’s first line of defence is to reduce metal absorption through the utilization of
cells and root exudates. Root exudate increases efflux or biosorption to plant cell
walls and keeps metals from entering the cell, therefore classified as an avoidance
strategy. Many plants have distinct systems known as metal ion tolerance
mechanisms wherein metal ions are housed in compartments and are not allowed
to interact with delicate cell components. However, it should be noted that when any
cell is constantly subjected to intense stress, its normal defensive systems may
become depleted. At this period, metals may be chelated, transported, sequestered
or detoxified in the vacuole of plants. Plants have numerous detoxification systems
to survive. When any of these processes is activated in a plant, the production of
stress-related proteins, hormones, antioxidants, signalling molecules and heat shock
proteins begins. Stressed plants also establish symbiotic relationships with mycor-
rhizal fungi that store metals in the rhizosphere, thereby rendering them inaccessible
to the plant. This is another approach for thriving under challenging conditions.
Plants have highly developed and complicated defence and control signalling
networks that engage several genes at the same time. The mitogen-activated protein
kinase (MAPK) cascade is one of the most intrinsic and significant systems engaged
in plant abiotic stress. All eukaryotic species have been shown utilizing this mecha-
nism (Jonak et al. 2002; Tena et al. 2001). The MAPK cascade involves phosphory-
lation, leading to a variety of events such as cell division, differentiation, the
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production of some stress-related genes or the regulation of the activity of others.
MAPK is also associated with hormone responses, which control gene expression in
a variety of ways. Surprisingly, the quantity of trace metals in soil is a crucial factor
in deciding whether the metals impede or stimulate plant development. Heavy
metals typically accumulate in root cells as a result of Casparian strip obstruction
or entrapment by root cell walls. Heavy metal accumulation in plants disrupts several
biochemical, physiological and morphological activities, interfering with crop out-
put (Shahid et al. 2015). Phenolics serve multiple of roles in plants. Under various
environmental and stress situations, there is a rise in phenylpropanoid metabolism
and the quantity of phenolic compounds (Diaz et al. 2001; Sakihama and Yamasaki
2002). Isoflavones and other flavonoids are synthesized when plants are injured or
when temperatures and nutrition levels are low (Takahama and Oniki 2000; Ruiz
et al. 2003). The bulk of them are antimicrobial in nature. To prevent UV-B entering
plant’s interior tissues, plants store UV-absorbing flavonoids and other phenolics
mostly in the vacuoles of epidermal cells (Kondo and Kawashima 2000). Roots of
legume plants produce flavonoids that trigger genes in bacteria residing in root
nodules (Winkel-Shirley 2002). It has been proven that phenolic compound produc-
tion is stimulated in wheat and maize when exposed to nickel and aluminium
toxicity, respectively (Diaz et al. 2001; Winkel-Shirley 2002). After being sprinkled
with copper sulphate, Phaseolus vulgaris leaves accumulate soluble and insoluble
phenolics; similarly Phyllanthus tenellus leaves were found to contain higher levels
of phenolics than the control plants (Diaz et al. 2001). Enhanced levels of phenolics
were shown to be linked to increased activity of phenolic compound metabolism
enzymes, therefore indicating afresh phenolic biosynthesis under heavy metal stress.
However, some research suggests that the rise in flavonoid concentration is mostly
due to conjugate hydrolysis rather than de novo production (Parry et al. 1994). Rise
in soluble phenolics, which are intermediates in the lignin production process, causes
increased cell wall endurance and the formation of physical barriers that hinder
heavy metals from acting adversely, which thus reflect the normal anatomical
changes caused by stressors (Diaz et al. 2001). Metal stress causes the production
of harmful ROS that leads to oxidative stress in plants resulting into toxicity and
growth retardation (Guo et al. 2017; Pandey and Sharma 2002). The defence against
this oxidative stress involves increased phenolic synthesis in metal-stressed plants
(Handa et al. 2019; Kohli et al. 2018). Flavonoids can improve metal chelation,
which helps reduce damaging hydroxyl radicals in plant cells (Mira et al. 2002),
which is consistent with the discovery that metal excess raises flavonoid levels in
plants (Kaur et al. 2017a, b). Metal poisoning promotes the production of flavonoids
such as anthocyanins and flavonols that help plants defend themselves (Handa et al.
2019; Zafari et al. 2016). The buildup of phenolic compounds is caused by the
upregulation of phenylalanine ammonia-lyase, chalcone synthase, shikimate dehy-
drogenase, cinnamyl alcohol dehydrogenase and polyphenol oxidase (Chen et al.
2019). Flavonoids also scavenge H2O2 and are expected to play an essential role in
the phenolic/ascorbate-peroxidase cycle (Michalak 2006). According to Kovacik
et al. (2009), the phenylpropanoid pathway precursors are synthesized by a process
that requires two key enzymes, namely, shikimate dehydrogenase (SKDH) and
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glucose-6-phosphate dehydrogenase (G6PDH). There is yet another enzyme
cinnamyl alcohol dehydrogenase (CADH) catalysing metabolic pathways that pro-
duce precursors for lignin synthesis. Heavy metals boost the activity of important
biosynthetic enzymes such as PAL, SKDH, G6PDH and CADH, which promotes
the phenylpropanoid production pathway in plants (Mishra and Sangwan 2019).
Moreover, polyphenol oxidase (PPO) adds to the ROS scavenging process while
also increasing a plant’s tolerance to abiotic stresses such as that of heavy metals
(Mishra et al. 2014) (Table 15.2).

15.5.3 Antioxidant Action of Phenols

The notion of phenolic compound’s antioxidant activity is not unique (Bors et al.
1990). There have been several instances of increased buildup of phenolic
compounds and peroxidase action in plants facing elevated metal concentrations.
The ability of phenolics to chelate metals contributes to their antioxidant activity.
Apart from having hydroxyl groups, phenolics have carboxyl groups that can attach
to iron and copper (Jung et al. 2003). Plants exposed to heavy metals discharge
substantial amounts of phenolics via their roots which can chelate and deactivate the
iron (Fe) ions. It can also impede the superoxide-driven Fenton process, which is
thought to be the primary source of ROS formation (Arora et al. 1998). Mn chelation
protects tannin-rich plants (e.g. tea), which are resistant to Mn overload. Methanol
preparations of Nymphaea rhizome revealed direct chelation, or adhering to
polyphenols, for Cr, Pb and Hg (Lavid et al. 2001). Arora et al. (2000) have showed
that flavonoids can change the order of lipid packing and hence affect peroxidation
kinetics. Furthermore, they reduce free radical movement, minimize peroxidative
reactions and in a concentration-dependent manner help in keeping membranes
stable by reducing membrane fluidity (Blokhina et al. 2003). In yet another study
by Verstraeten et al. (2003), it was revealed that flavanols and procyanidins can
interact with polar head groups of membrane phospholipids via hydrogen bonding in
addition to their well-known protein-binding capacity. As a result, these molecules
can gather on the surface of the membranes, both within and outside the cells. They
also proposed certain flavonoids help retain membrane integrity by preventing
hazardous molecules from accessing the hydrophobic section of the lipid bilayer,
such as those which may affect membrane rheology and cause damage to several
constituents of membrane. In vitro studies have revealed that flavonoids may directly
remove the following active oxygen molecular species: •O2 (superoxide), H2O2

(hydrogen peroxide) and 1O2 (singlet oxygen), OH (hydroxyl radical) or peroxyl
radical. Their antioxidant functions are majorly dependent on their potential to
transfer electrons or hydrogen atoms (Sakihama et al. 2000; Khan et al. 2000).
The polyphenols contain an appropriate molecular chemistry required for this action
and have been proven in vitro to be far more effective on a molar basis than vitamins
E and C (Rice-Evans et al. 1997). Three structural features of flavonoids, according
to Bors et al. (1990), are important drivers of their antioxidant potential:
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Table 15.2 Summary of the effects of heavy metal stress on endogenous levels of different
phenolic compounds in some plants

Plant Heavy Response of endogenous phenolics and related
species metal parameters

Brassica
juncea

Cu Concentration of total phenols, anthocyanins and
other phenolic compounds such as catechin, caffeic
acid, coumaric acid and kaempferol increases

Poonam et al.
(2015)

Cr Rise in the overall levels of phenols, flavonoids and
anthocyanins, as well as increased expression of
PAL and CHS

Handa et al.
(2019)

A rise in anthocyanins is accompanied by a rise in
the activity of CHS gene

Handa et al.
(2018)

Cd Increased concentrations of total flavonoids and
anthocyanins
Increased overall flavonoid and anthocyanin
concentration, followed by increased expression of
PAL and CHS

Kaur et al.
(2017a, b)

Increased total phenolic, polyphenolic and
flavonoid content as well as anthocyanins

Kaur et al.
(2018)

Pb Rise in the overall concentration of phenols,
flavonoids and anthocyanins, as well as increased
expression of PAL and CHS

Kohli et al.
(2017)

Rise in total phenol, polyphenol, flavonoid and
anthocyanin content

Kohli et al.
(2018)

Fagopyrum
esculentum

Al Total phenolic, flavonoid and anthocyanin content
increases. Increased activity of the PAL enzyme

Smirnov et al.
(2015)

Kandelia
obovata

Cd and
Zn

Increased total phenolic levels are associated by
increased activity of phenol metabolic enzymes
such as shikimate dehydrogenase, cinnamyl alcohol
dehydrogenase and polyphenol oxidase

Chen et al.
(2019)

Prosopis
farcta

Pb An increase in total phenol concentration is
accompanied by an increase in PAL enzyme
activity. Other phenolic molecules, such as ferulic
acid, cinnamic acid, caffeic acid, daidzein, vitexin,
resveratrol, myricetin, quercetin, kaempferol,
naringinine, luteolin and diosmin, were also
enhanced

Zafari et al.
(2016)

Vitis
vinifera

Cu Transcript levels of numerous genes encoding
enzymes involved in phenolic biosynthesis (PAL,
C4H, CHS, F3H, DFR) were increased, while
UFGT and ANR were downregulated

Leng et al.
(2015)

Withania
somnifera

Cd Increased overall flavonoid and phenolic content Mishra and
Sangwan
(2019)

Zea mays Cu,
Pb, Cd

Increased levels of total phenols and certain
polyphenols, such as chlorogenic and vanillic acid

Kısa et al.
(2016)

PAL phenylalanine ammonia lyase, CHS chalcone synthase, CHI chalcone isomerase, C4H
cinnamate 4-hydroxylase, 4CL 4-coumarate-CoA ligase, F3H flavanone 3-hydroxylase, UFGT
UDP flavonoid glycosyltransferase, IFS isoflavone synthase, DFR dihydroflavonol 4-reductase
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(a) The orto 3′,4′-dihydroxy structure in the B ring (e.g. in catechin and quercetin)
(b) The 2,3-double bond in conjunction with the 4-oxo group in the C ring

(allowing conjunction between the A and B rings, or electron delocalization)
(c) The presence of a 3-OH group in the C ring and a 5-OH group in the A ring

Among these, the 3-OH group is the most essential predictor of electron-donating
activity. When compared to aglycones, glycosylated flavonoids lose action (Rice-
Evans et al. 1996). Flavonols were found to be oxidized in situ by hydrogen peroxide
in epidermal strips of Vicia faba leaves, Tradescantia virginiana leaves and V. faba
mesophyll cells (Takahama 1988). Plants have two kinds of peroxidases, which may
be classified into two different groups: peroxidases (AP X) that employ ASC as an
electron donor predominantly and others that preferentially employ phenolics. The
AP X is predominantly found in chloroplasts, cytoplasm and peroxisomes, where it
scavenges H2O2 produced in these cell organelles (Fig. 15.2) (Noctor and Foyer
1998). To detoxify H2O2 in these cellular organelles, AP X oxidizes ascorbate to the
short-lived MDA (monodehydroascorbate) radical that gets degraded to ascorbate
and DHA (dehydroascorbic acid). DHA is subsequently reduced to ascorbate by
glutathione reductase (DHAR) a GHS-dependent enzyme (Sakihama et al. 2002).
According to Noctor and Foyer (1998), MDA radical can be converted to ascorbate
via the nonenzymatic ferredoxin (Fd) process or the NAD(P)-dependent enzymatic

Fd
MDAR

APX

POX

H2O2 H2O

MDAR
Ascorbate

Phytophenolics Phenoxyl radicals

Ascorbate
Ascorbate radicals

(MDA)

Apoplast
Vacuoles

Chbroplast
Cytosol

Fig. 15.2 Similarity between APX action (in chloroplast and cytosol) and POX action (in apoplast
and vacuole). MDA reductase, according to Sakihama et al. (2000), may act as a phenoxyl radical
reductase in the apoplast to renew the redox state of phenols. POX detoxifies H2O2 by using
phenolics as a substrate (drawn according to Sakihama et al. (2002), changed)
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MDAR (monodehydroascorbate reductase). According to several studies, excessive
amounts of heavy metals can impair the activity of AP X (Knorzer et al. 1996).
Peroxidases that employ phenolics are classified into three types: soluble and cell
wall-bound, apoplastic POXs and vacuolar. The POXs bound to the cell wall are
thought to take part in the oxidation of lignin monomers, thereby supplying oxidized
substrates for the lignin synthesis and other metabolic processes (de Obeso et al.
2003). According to Rai et al. (2004), peroxidases that contribute to lignin formation
and may provide a protection against heavy metal toxicity are involved in the
response of cadmium toxicity, wounding and pathogen attack. POXs, which are
soluble and apoplastic, can scavenge H2O2 with the help of phenolics and ASC. It
has been postulated that H2O2 can be detoxified by means of flavonols and
phenylpropanoids that occur in vacuoles and the apoplast, by serving as electron
donors for phenol peroxidases (guaiacol peroxidases) present in these compartments,
resulting in the generation of phenoxyl radicals (Yamasaki et al. 1997). Peroxidases
catalyse the initial step in antioxidant activity (reaction 1). Nonenzymatic interaction
with ascorbate (reaction 2) can regenerate phytophenolics from phenoxyl radicals
while limiting the generation of degradation products (Yamasaki et al. 1997). When
monodehydroascorbate radicals develop in vacuoles, they are disproportionately
converted to ascorbate and DHA (reaction 3), which can be transferred to the
cytoplasm and reduced by DHAR (Takahama and Oniki 2000). Both ASC and
DHA have been reported to be transported across tonoplast and between symplast
and apoplast (Horemans et al. 2000). Sakihama et al. (2000) speculate that MDA
reductase may function as a phenoxyl radical reductase in the apoplast to renew the
redox state of phenols.

A scheme of four reactions is:

2FlavOH þ H2O2 → 2FlavO � þ2H2O ð15:1Þ
2FlavO ASC→ 2FlavOH 2MDA 15:2

MDA MDA →ASC DHA 15:3

H2O2 ASC→ 2H2O DHA 15:4

where reaction 4 is the sum of 1, 2 and 3.
When spin-stabilization effectors lengthen the lifespan of the radicals, the

oxidized phenolic molecules (phenoxyl radicals) may display cytotoxic and
prooxidant activities (Yamasaki and Grace 1998). This also applies to antioxidant
compounds such as vitamin C, vitamin E and carotenoids (Rietjens et al. 2002).
Because these radicals are unstable and swiftly degrade to non-radical compounds
under normal physiological settings, they normally do not cause harm. In reality,
they can be beneficial as prooxidants; for example, o-dihydroxy phenolics have anti-
herbivore action under specific conditions (Barbehenn et al. 2003). However, due to
their potential to generate free radical chain reactions in the membrane and their
proclivity to cross-link with range of molecules, phenoxyl radicals are often harmful
to biological systems (Sakihama et al. 2002). Metal ions have also been shown to
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stimulate prooxidant activity. Metal ions have the potential to affect the character of
plant phenolics in vivo via modifying the lifespan of phenoxyl radicals. This might
explain the harmfulness of metals like Al3+, Cd2+ and Zn2+ found in the root apoplast
(Yamasaki and Grace 1998). Toxic, dark polymerization products of flavonoids may
be formed irreversibly if ASC levels are low (Takahama et al. 1999).

15.6 Conclusion and Future Prospects

Plant phenolics are abundantly and ubiquitously found secondary metabolites,
consisting of a huge pool of natural compounds with a vast and diverse spectrum
of gene regulation and transport mechanisms. As an adaptation response to severe
and unfavourable environmental circumstances such as heavy metal stress, in addi-
tion to physical injury, pathogen infection, mineral shortages and cold stress, plants
build up phenolics in their tissues. Furthermore, these compounds, which are lignin
and suberin precursors, undergo polymerization to form cell wall components.
Despite a few research findings on the synthesis of phenolic compounds and their
accumulation as an adaptive mechanism to heavy metal stress in plants, more
research is needed to be done to comprehend their proper mechanism of accumula-
tion, their interactions with other cell metabolites and their amplified expression and
conferring tolerance in the face of heavy metal toxicity.
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