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Abstract

Phenolics are one of the most abundant groups of secondary metabolites found
throughout the plant kingdom. Phenolic compounds are widely distributed in
plant tissues, particularly contributing to color, flavor, taste, and astringency to
fruits. Phenolics are aromatic benzene ring compounds with one or more
hydroxyl groups attached to it. Phenolics constitute most likely the largest
group of plant secondary metabolites, varying in size from a simple structure
with an aromatic ring to complex ones such as lignins. Most phenolic compounds
are thought to be by-products of the metabolism of the aromatic amino acid
phenylalanine. Phenolics are considered to play a vital role in the evolution of
plants by providing an adaptive advantage to cope up with the changing
environments. Furthermore, they are believed to be involved in leaf and petal
senescence. Change in the leaf or petal color during senescence is also due to
anthocyanin pigments, a kind of plant phenolics.
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18.1 Introduction

The plant phenolics play an important role in the survival of plants by providing
specific adaptation to the changing environmental conditions. Phenolics are defined
as the molecule that is not directly involved in the internal economy of the plant that
produces it. They are essential for plant survival and defense mechanisms and act
like an immune system of the plants. Phenolics are diverse compounds that differ
from species to species and from tissue to tissue. They are produced by plants and
compartmented in plant vacuole. They occur ubiquitously in plants in a variety of
tissues. The characteristic feature of all phenolics is the presence of one or more
benzene rings with one or more hydroxyl groups that may be variously elaborated
with methyl, methoxyl, amino, or glycosyl groups. Phenolics size is ranging from
the simple phenol (C6H6O) of 94.1 g/mol to large complex molecules such as tannins
having more than 1000 g/mol (Hagerman et al. 1998). Based on their chemical
composition, their function in plants is important in plant development, growth, and
defense mechanisms (Coley et al. 1985). They provide an adaptive advantage to the
plants itself that produce it, e.g., wade off competition, antigerminative or toxic for
other plants (allelopathic), better adapted to harsh environments, and able to combat
feeding animals such as insects or cattle (antifeedant) (Delgoda and Murray 2017).
Several conceivable and clearly functional roles for some of these compounds have
been proposed and documented (Beckman 2000). They include the following:

(1) Protection from injurious UV radiation
(2) Coloration of flowers that attract pollinating animals
(3) Deterrence to grazing animals and feeding insects because of their astringent,

toxic nature
(4) Providing a tanglefoot mechanism for trapping feeding insects
(5) Resistance to pathogens
(6) Volatiles that affect the growth of other neighboring plants

Thus, the primary established roles are clearly ecological in nature, some having
dual or even multiple functions (Beckman 2000). In addition to their role in defense,
plant growth, and development, plant phenolics also have taxonomic and evolution-
ary importance. The metabolic pathway that produces phenolics and their link with
taxonomic distribution displayed that phenolics play a crucial role in gradual
diversification of plants to suit varying lifestyles during plant evolution (Delgoda
and Murray 2017). Indeed, when the first plants moved from aquatic life to terrestrial
life form, they faced many different stressful conditions, such as ultraviolet
(UV) radiation which is involved in damaging of the biomolecules (Caretto et al.
2015). To cope up with this condition, land plants started synthesizing the phenolic
compounds such as phenylpropanoids include flavonoids, monolignols, phenolic
acids, stilbenes, and caumarins which act as sunscreens for the plants (Caretto et al.
2015).

The sequential action of different biosynthetic pathways in plants leads to the
production of phenolics. The glycolysis and pentose phosphate pathways provide
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precursors (phosphoenolpyruvate and erythrose 4-phosphate, respectively) to the
shikimate pathway (Caretto et al. 2015). Phenylalanine, produced by the shikimate
pathway, is the precursor of phenylpropanoid metabolism which, in turn, feeds the
diverse specific flavonoid pathways (Caretto et al. 2015). The biosynthesis of
phenolics is an energetically expensive process even though plants produce it due
to their advantageous nature (Delgoda and Murray 2017). To make this process more
favorable to plants, the genes involved in the production of these molecules reside
next to each other including the resistance genes that demonstrate the natural
selection of it (Delgoda and Murray 2017). They are not merely artifacts of isolation
procedures and do in fact exist in nature (Delgoda and Murray 2017).

18.2 Biosynthesis of Phenolics

Plants have developed the ability to produce large number of secondary metabolites
that are not required in the primary growth and development but are of vital
importance for their interaction with the environment (Cheynier et al. 2013). This
“chemodiversity” is mainly developed in land plants, which have to encounter
numerous environmental challenges, and in particular in vascular plants that also
need to maintain efficient transport of the metabolites, structural rigidity, and a fine
regulation of homeostasis (Caputi et al. 2012). Several classes of phenolics have
been categorized on the basis of their basic skeletons like C6 (phenol), C6-C1
(phenolic acid and aldehyde), C6-C2 (phenylacetic acid), C6-C3 (hydroxycinnamic
acids), C6-C1-C6 (xanthones), C6-C2-C6 (stilbenes), and C6-C3-C6 (flavonoids)
(Cheynier et al. 2013). Phenolics are formed by three different biosynthetic
pathways: (i) the shikimate/chorismate or succinylbenzoate pathway, which
produces the phenylpropanoid derivatives (C6-C3); (ii) the acetate/malonate or
polyketide pathway, which produces the side-chain-elongated phenylpropanoids,
including the large group of flavonoids (C6-C3-C6) and some quinones; and (iii)
the acetate/mevalonate pathway, which produces the aromatic terpenoids, mostly
monoterpenes, by dehydrogenation reactions (Bhattacharya et al. 2010).

Phenylpropanoid-derived metabolites are a huge class of secondary metabolites
produced from primary metabolites, phenylalanine or tyrosine, through a series of
enzymatic reactions. Based on chemical structures, phenylpropanoids can be divided
into five groups, including flavonoids, monolignols, phenolic acids, stilbenes, and
coumarins (Noel et al. 2005; Vogt 2010; Liu et al. 2015). Among them, flavonoids,
monolignols, and phenolic acids are three most common groups which can be found
in almost all land plants. In the past decades, phenylpropanoids have stirred a wide
concern in the fields of plant biology and medicines for their essential roles in plant
survival and broad biological activities in the human body. Many studies in the
recent years have shown that some chronic diseases such as cardiovascular, diabetic,
and some cancer can be reduced by taking phenylpropanoid-pathway-derived
metabolites (Roupe et al. 2006; Ojala et al. 2000; Kumar and Pandey 2013;
Venugopala et al. 2013;Yang et al. 2016; Xia et al. 2017).

18 Plant Phenolics: Their Biosynthesis, Regulation, Evolutionary Significance. . . 433



The initial steps of the phenylpropanoid pathway are collectively referred to as
the general phenylpropanoid pathway (GPP) (Winkel 2004; Ferrer et al. 2008; Vogt
2010). Derivation of phenylpropanoids from phenylalanine undergoes a series of
enzymatic reactions to be converted to other metabolites. In the first enzymatic step
of phenylpropanoid pathway, phenylalanine is deaminated by phenylalanine ammo-
nia lyase (PAL) to yield cinnamic acid, which is then hydroxylated and transformed
to p-coumaric acid by cinnamate-4-hydroxylase (C4H) in the second enzymatic step.
On the contrary, in some monocots, fungi and bacterial species, tyrosine ammonia
lyase (TAL), or bifunctional ammonia lyase (PTAL) can directly convert tyrosine
into p-coumaric acid, which bypasses the C4H intermediate (Watts et al. 2004;
Jendresen et al. 2015; Barros et al. 2016). Following this, 4-coumaroyl-CoA ligase
(4CL) catalyzes the conversion of p-coumaric acid into p-coumaroyl-CoA, which is
an important branch point leading to generate various phenylpropanoid compounds
(Vogt 2010; Liu et al. 2015). One of the well-understood downstream branches
following the GPP is the flavonoid pathway. In Arabidopsis thaliana and Vitis
vinifera, the majority of enzymatic steps have been described and well understood
(Appelhagen et al. 2014; Ichino et al. 2014; Petrussa et al. 2013).

Biosynthesis of flavonoids starts with one p-coumaroyl-CoA and three malonyl-
CoA molecules by committed enzymatic step and chalcone synthase (CHS) resulting
in the production of naringenin chalcone (Falcone Ferreyra et al. 2012). In the
second enzymatic step, chalcone isomerase (CHI) catalyzes the stereospecific cycli-
zation of naringenin chalcone or isoliquiritigenin chalcone to flavanone (naringenin
flavanone or isoliquiritigenin flavanone) (Ngaki et al. 2012). Naringenin flavanone is
a common intermediate of numerous flavonoid subgroups, including flavones,
flavanonols, flavonols, anthocyanins, proanthocyanidins (PA), and isoflavones.
However, isoliquiritigenin flavanone can be only converted to legume-specific
isoflavonoids (Ngaki et al. 2012).

Dihydroflavonols, also called flavanonols or 3-hydroxy-flavanone, possess a
hydroxyl group at C3 position, but there is no C2-C3 double bond.
Dihydrokaempferol possesses a hydroxyl group at 40 position of the B-ring.
Dihydroquercetin has two hydroxyl groups, which are located at 30 and 40 positions,
respectively. Dihydromyricetin has three hydroxyl groups located at 30, 40, and 50

positions, respectively. Dihydrokaempferol is synthesized by hydroxylation at C3
position of naringenin flavanone under the catalysis of a 2-ODD superfamily
member, flavanone 3-hydroxylase (F3H) (Turnbull et al. 2004). Dihydrokaempferol
can be subsequently hydroxylated into dihydroquercetin or dihydromyricetin by
P450 superfamily members flavonoid 30-hydroxylase (F3’H) or flavonoid 305’-
-hydroxylase (F3’5’H), respectively. F3’H catalyzes the hydroxylation at C3’ posi-
tion of B-ring, whereas F3’5’H catalyzes the hydroxylation at both C3’ and C5’
positions. Except for dihydrokaempferol, naringenin flavanone can also be direct
substrate of F3’H and F3’5’H, which convert it into eriodictyol and
pentahydroxyflavone, respectively. The products are subsequently hydroxylated to
dihydroquercetin or dihydromyricetin by F3H (Petrussa et al. 2013). Interestingly,
dihydroflavonols are main branch-point intermediates of the flavonoid pathway. One
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branch leads to the production of flavonols, and another one flows into the biosyn-
thesis of anthocyanins and proanthocyanidins.

Flavonols are the most abundant flavonoids in plants. The 3-hydroxyflavone
backbone of flavonols is characterized by a hydroxyl group at C3 position. Flavonol
synthase (FLS) is a key enzyme in the flavonol branch, and under the catalysis of
FLS, different dihydroflavonols (dihydrokaempferol, dihydroquercetin, and
dihydromyricetin) can be oxidized into the corresponding flavonols (kaempferol,
quercetin, and myricetin) (Petrussa, et al. 2013; Saito et al. 2013).

Anthocyanins are one of the classes of flavonoids accountable for the color of
grape berries. Anthocyanins are the glycosylated products of aglycone, known as
anthocyanidins. Six different types of anthocyanidins are found in nature, and they
include cyanidin (Cy), pelargonidin (Pg), delphinidin (Dp), malvidin (Mv), peonidin
(Pn), and petunidin (Pt). The first committed step directed into the biosynthesis of
Cy, Pg, and Dp is catalyzed by dihydroflavonol reductase (DFR) with its cofactor,
NAPDH (Petrussa et al. 2013; Shi and Xie 2014). DFR competes with FLS on the
substrate (dihydroflavonols) and catalyzes the reduction of the 4-keto group of
dihydroflavonol to leucoanthocyanidins (flavan-3,4-diols), such as leucocyanidin,
leucopelargonidin, and leucodelphinidin. The second step in this branch is catalyzed
by anthocyanidin synthase (ANS), which is also known as leucoanthocyanidin
dioxygenase, LDOX. ANS/LDOX is one of the four 2-ODD enzymes in the
flavonoid pathway (Turnbull et al. 2004; Cheng et al. 2014). The other three
2-ODDs are F3H, FLS, and FNSI. Using 2-oxoglutarate and oxygen as
co-substrates, ANS/LDOX oxidizes leucoanthocyanidins into the corresponding
anthocyanidins (Cy, Pg, and Dp). UDP glucose/flavonoid-3-O-glucosyltransferase
(UFGT) is critical for conversion of anthocyanidin to anthocyanin biosynthesis
(Zheng et al. 2013).

Proanthocyanidins (PA), also known as condensed tannins (CTs), are named
because they release anthocyanidins on acid hydrolysis. They are usually found in
seed coat but also exist in leaves, flowers, and stems (Dixon et al. 2013). Based on
the cis- or trans-stereochemistry at C2 and C3 positions of the C-ring, flavan-3-ols
can be divided into 2,3-trans-flavanols and 2,3-cis-flavanols, which are represented
by (+)-catechin and (�)-epicatechin, respectively. 2,3-trans-flavanols and 2,3-cis-
flavanols share the same upstream biosynthetic pathway with anthocyanins but have
different downstream branches catalyzed by distinct enzymes. NADPH-dependent
leucoanthocyanidin reductase (LAR) competes with ANS/LDOX on the
leucoanthocyanidin (flavan-3,4-diols) substrate and catalyzes the reduction reaction
to produce 2,3-trans-flavanols, such as (+)-catechin, (+)-afzelechin, and (+)-
gallocatechin. In contrast, 2,3-cis-flavan-3-ols are synthesized from a distinct branch
with different substrates (Tanner et al. 2003; Dixon et al. 2013; Zhou et al. 2015).
NADPH-dependent anthocyanidin reductase (ANR) converts anthocyanidins
(pelargonidin, cyanidin, or delphinidin) to the corresponding 2,3-cis-flavan-3-ols
(e.g., (�)-epiafzelechin, (�)-epicatechin, or (�)-epigallocatechin) (Xie et al. 2003;
Zhou et al. 2015). Subsequently, flavan-3-ol units are condensed into PAs. Polymer-
ization of PA is probably catalyzed by laccase-like polyphenol oxidases, but the real
enzyme and the specific clustering mechanism remain in study.
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Furthermore, methylation catalyzed by O-methyltransferases and acylation and
glycosylation by acyltransferases (AT) and glycosyltransferases (GTs) respectively
of secondary metabolites, including phenylpropanoids and various other derived
phenolic compounds, are the fundamental chemical modifications which generate
enormous diversity of secondary metabolites (Tanaka et al. 2008). The complete
biosynthetic pathway of phenolic acids is depicted in Fig. 18.1.

Fig. 18.1 Schematic representation of biosynthetic pathways of phenolic acids (Deng and Lu
2017). PAL, phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumaroyl-
CoA ligase

436 K. Tyagi et al.



18.3 Regulation of Phenolics

The control of the synthesis of polyphenols involves a cascade of overlapping
regulatory signals. These include developmental signals, such as during lignification
of new growth or the production of anthocyanins during fruit and flower develop-
ment and ripening, and environmental signals for protection against abiotic and
biotic stresses. For some polyphenols, such as the flavonoids and lignin, there is now
an excellent understanding on the regulation of biosynthetic genes.

Studies across a range of systems, including berry ripening, flower development,
and stress-induced vegetative pigmentation, have found that the regulation of flavo-
noid production occurs principally through changes in the level of transcription of
the biosynthetic genes. This is accomplished by the transcription factors (TFs).
MYBs are the largest transcription factor (TF) families involved in activation or
inhibition of gene transcription in the plant kingdom. Among them, R2R3MYBs are
the largest MYB subfamily characterized in plants.

R2R3MYBs not only contribute in cell fate and identity, plant developmental
processes, and responses to biotic and abiotic stresses but also play regulatory roles
in primary and secondary metabolism, particularly in the biosynthesis of
phenylpropanoids, such as flavonoids and monolignols (Jin and Martin 1999;
Dubos et al. 2010). MYB-involved regulation of anthocyanin, proanthocyanidin,
flavonol, and other flavonoid biosynthesis is largely conserved in plants (Hichri et al.
2011; Liu et al. 2015; Xu et al. 2015; Zhou et al. 2015). In general, MYBs involved
in flavonoid biosynthesis can be divided into two types, independent MYB TFs and
transcriptional complexes (MYB-bHLH-WDR complex (MBW) or MYB-bHLH
complex). AtFLS, AtCHS, AtCHI, AtF3H, and AtF3’H are activated by independent
MYB TFs, such as AtMYB12/PFG1 (production of flavonol glycoside 1),
AtMYB11/PFG2, and AtMYB111/PFG3 that belong to subgroup 7 (Stracke et al.
2007, 2010). AtCHS and AtF3H are also activated by MYB-bHLH heterodimers
consisting of AtMYB12 or AtMYB111 and a plant-specific bHLH TF, AtTCP3
(Li and Zachgo 2013). It has been reported that regulation of late biosynthetic genes
such as production of anthocyanins and PAs required MBW complex (Dubos et al.
2010) which is composed of specific members of the R2R3MYB and basic helix-
loop-helix (bHLH) TF families in conjunction with a WD-repeat (WDR; tryptophan-
aspartic acid (W-D) dipeptide repeat) protein. Variant MBW complexes can form
from different MYB and bHLH components, and these can have different target
genes and vary in their activation or repression actions. The complex can activate the
expression of late anthocyanin biosynthetic genes, such as AtDFR, AtANS/LDOX,
and UF3GT (Gonzalez et al. 2008; Shi and Xie 2014; Xu et al. 2015, Kuhn et al.
2013). In grapes, there are positive transcriptional regulators involved in the general
flavonoid pathway (VvMYB5a and VvMYB5b; Deluc et al. 2006, 2008) and
flavonols (VvMYBF1; Czemmel et al. 2009), anthocyanins (VlMYBA1 and
VlMYBA2; Kobayashi et al. 2004), and synthesis of tannins (VvMYBPA1; Bogs
et al. 2007). In tomato fruit, anthocyanin synthesis is absent because of the bottle-
neck of CHI expression. Recently, Butelli et al. (2008) have selected two different
snapdragon TFDelia (Del) which is bHLH and Rossea 1 (Ros1) R2R2MYB-type TF
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and overexpressed in tomato (cv. Micro-Tom) using fruit-specific E8 promoter.
Whereas transgenic plants show normal vegetative growth, transgenic fruit started
to synthesize anthocyanin at the end of green stage and continued to accumulate
these pigment during subsequent ripening ultimately reaching an intense, uniform
purple coloration both in peel and the skin (Butelli et al. 2008).

The PA-related R2R3MYBs were first described for A. thaliana, with the
R2R3MYB TT2 interacting with TT8 (bHLH) and TTG1 (WDR) to form the
MBW complex (Feller et al. 2011; Hichri et al. 2011). Subsequently, the genes
involved in regulation of PA biosynthesis have been characterized for other species
such as grape, in which several PA-related R2R3MYBs have been identified (Bogs
et al. 2007; Deluc et al. 2008; Terrier et al. 2009) and various legumes (Dixon et al.
2013). A significant recent breakthrough is the identification of an R2R3MYB from
rabbit’s foot clover (Trifolium arvense L.) that when overexpressed in Medicago
sativa L. or Trifolium repens L. induces foliar PA accumulation at up to 1.8% dry
weight (Hancock et al. 2012). In grape, PAs are major influences on the sensory
qualities of the resultant wine. Persimmon is a very interesting study system, as in
persimmon PAs can accumulate to such levels that they render the fruit highly
astringent (Akagi et al. 2012).

Except anthocyanins, PA, and flavonols, there are only a few polyphenol biosyn-
thetic pathways for which TFs have been characterized. Most notably, the regulation
of lignin biosynthesis has been extensively studied in A. thaliana and to a lesser
extent the grasses (Gray et al. 2012; Zhao and Dixon 2011). It includes AtMYB4,
AtMYB26, AtMYB32, AtMYB43, AtMYB46, AtMYB52, AtMYB54, AtMYB58,
AtMYB61, AtMYB63, AtMYB75/PAP1, AtMYB83, AtMYB85, and AtMYB103
(Newman et al. 2004; Zhong et al. 2008; McCarthy et al. 2009; Kim et al. 2012;
Romano et al. 2012; Zhong and Ye 2014; Ko et al. 2014; Yoon et al. 2015; Nakano
et al. 2015). These MYBs work together with other TFs, such as the secondary wall
NAC (SWN). They form a complicated transcriptional network to regulate the
transcription of lignin biosynthetic genes (Zhao and Dixon 2011; Ko et al. 2014;
Yoon et al. 2015). Overexpression of AtMYB85 results in specific lignin ectopic
deposition in the epidermal and cortical cells of stems (Zhong et al. 2008).

The knowledge of MYBs regulating other phenylpropanoids is limited and
fragmented, and they may act as activators or repressors in the biosynthetic pathway
of phenolic acids. One such example is AtMYB4 which acts as an active repressor
controlling sinapate ester biosynthesis in a UV-dependent manner (Jin et al. 2000)
and Petunia hybrida (Hook.) Vilm. MYB4 represses formation of phenylpropanoid
scent compounds in the petals (Colquhoun et al. 2011). Moreover in Salvia
miltiorrhiza, SmMYB39 represses phenolic acid biosynthesis through negatively
regulating the expression of SmC4H and tyrosine aminotransferase gene (SmTAT)
(Zhang et al. 2013). There has been recent progress on understanding the regulation
of another branch of the phenylpropanoid pathway that is producing the
isoflavonoids. Changes in TF gene expression associated with isoflavonoid produc-
tion were characterized for the Lotus japonicus L. and a group of R2R3MYBs
(subgroup 2) identified as candidate activators for the necessary biosynthetic genes
(Shelton et al. 2012).
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Several TFs with a repressive effect on flavonoid biosynthesis are now known.
The first repressor TF to be identified from plants was the R2R3MYB mentioned
earlier, AtMYB4. AtMYB4 production is downregulated by exposure to UV-B
irradiation, which in turn releases the cinnamate-4-hydroxylase gene from
AtMYB4-based suppression, thus stimulating the production of sinapate esters for
UV-B protection (Jin et al. 2000). A potential repressor for anthocyanin production
was identified soon after AtMYB4, FaMYB1 from strawberry. Expression of
FaMYB1 in tobacco (Aharoni et al., 2001) or Lotus corniculatus L. (Paolocci
et al. 2011) represses anthocyanin or PA biosynthesis, respectively. Both AtMYB4
and FaMYB1 possess residues required for R2R3MYB interaction with the bHLH
partners and also have a domain in the C-terminal that mediates active transcriptional
repression, called the ethylene-responsive transcription factor (ERF)-associated
amphiphilic repression (EAR) domain. This suggests that they can form MBW
complexes that repress, rather than activate, target genes.

While many of the recent advances have come from the model species, such as
A. thaliana, Petunia, and Antirrhinum majus L., there have also been significant
advances in the depth of understanding of regulation of phenylpropanoid biosynthe-
sis in important horticultural species, in particular grape and apple (Hichri et al.
2011; Allan et al. 2008). The completion of the genome sequences of these two
species has enabled more extensive analysis of the phenylpropanoid-related TF
families. The R2R3MYBs regulating anthocyanin production in grape have been
extensively studied over the last decade (Hichri et al. 2011), but more recently, those
for the PA (Bogs et al. 2007; Deluc et al. 2008; Terrier et al. 2009) and flavonol
(Czemmel et al. 2009) pathway branches have been identified, as well as the
phenylpropanoid-related bHLHs and WDR (Hichri et al. 2011; Matus et al. 2010).
Lin-Wang et al. (2010) characterized a large number of anthocyanin-related
R2R3MYB activators from Rosaceae species, with a focus on apple, and also
identified a range of apple R2R3MYBs containing the EAR domain that were able
to inhibit anthocyanin gene activation in a transient assay system (Lin-Wang et al.
2011).

The use of TFs as transgenes for modification of the biosynthesis of
polyphenolics is now well proven, with many different genes shown to be effective
and a large number of species successfully targeted (Hichri et al. 2011, Dixon et al.
2013). However, there are still issues to be resolved in using TFs for pathway
regulation. In particular, great variation is observed in transgenic phenotype
depending on the specific transgene/host species combination. For example, in a
given species, it may vary whether the R2R3MYB or bHLH of the flavonoid-related
MBW complex is more effective, or two R2R3MYBs from the same gene family
may generate dramatically different phenotypes. These variations likely reflect
differences in the activation strength and specific target DNA motifs of the individ-
ual TF proteins and/or hierarchies of regulation among the TFs (Feller et al. 2011).
Some TFs may activate a wide range of target genes when overexpressed, including
in pathways for which they are not normally key regulatory factors. For example,
AtMYB12 can induce production of both flavonols and caffeoylquinic acids when
overexpressed in tomato (Luo et al. 2008). For some target pathways, the correct
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combination of activator and repressor TFs may be required if the desired level of
phenolic production is to be achieved (Shelton et al. 2012).

The understanding of the regulation of polyphenol production is well advanced
compared to the state of knowledge for other plant secondary metabolite pathways.
However, there are still many areas in which progress is limited. In particular, there
is little depth of knowledge outside of the phenylpropanoid pathway, with informa-
tion lacking for groups of compounds as significant as the coumarins,
anthraquinones, naphthoquinones, xanthones, and hydrolyzable tannins.

18.4 Evolutionary Significance of Plant Phenolics

Phenolic compounds have been produced in plants to provide adaptive advantage
and metabolic plasticity to survive under different environmental challenges
throughout the course of evolution. Plant phenolics played a significant role in the
colonization of land plant from aquatic life. This transition faced three major
challenges: large and rapid temperature changes, desiccation, and direct harsh
ultraviolet light (Delgoda and Murray 2017). Additional challenges included the
need for anchorage on soil and rock, the combat of new forms of microorganic
occupancies in the new soil environment, and eventually competition by other plants
for space and resources as well as grazing predators (Delgoda and Murray 2017). It
appears that the production of phenolics has played a crucial role in adaption to new
environment and overcoming these abiotic and biotic hurdles.

The biosynthesis of the phenolics, phenylpropanoids, flavonoids, and
sporopollenins, present in land plants, provided protection against UV radiation,
which enable them to survive in the harsh terrestrial landscape with direct exposure
to sunlight (Delgoda and Murray 2017). These metabolites have played a critical role
in helping the early algal forms to transition into the mosses and liverworts found in
terrestrial environments (Delgoda and Murray 2017). Cuticle development in bryo-
phyte also helps in the avoidance of some level of desiccation, although their
approach was a rather rudimentary on and off method for metabolism, for wet and
dry times, respectively (Delgoda and Murray 2017).

Nearly 40 million years ago, the production of lignin was first observed in
tracheophytes to overcome the problems of desiccation (Delgoda and Murray
2017). In addition to protection against desiccation, lignin, a phenolic, complex
polymer, provided physical strength to the plant and enables them to adopt erect and
upright form against soil and also rigidity required for vasculature. It also made the
cell wall rigid and tough required for vasculature and internal irrigation through
xylem and phloem cell formations (Delgoda and Murray 2017).

The formation of true leaves having trichomes (in addition to mechanical
defenses such as thorns, hairs, and crystals) occurs in late Paleozoic Era (Levin
1973). Trichome provided defense against insect feeder. Different types of trichomes
were also storage place for exuding terpenes, phenolics, alkaloids, and others with
repellent properties (Levin 1973).
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By the late Devonian Era, a well-develop root system in plants was observed
which helps the plant for its establishment in the soil and taking water from the soil.
Phenolics like isoflavonoids used to be produced by many plant roots against
soilborne microorganism during its establishment in the soil (Delgoda and Murray
2017).

During the Mesozoic Era, tannin biosynthesis in the seed coat was observed with
the appearance of seed plants in gymnosperms (Delgoda and Murray 2017). Tannin
biosynthesis acts as antifeedant and protects the seed. With the evolution of the
angiosperms around 145 million years ago, many compounds like anthocyanins and
carotenoids (terpenoids) appeared to provide color and fragrance to the flower which
help them for pollination and reproductive success of the flowering plants (Delgoda
and Murray 2017).

18.5 Role of Plant Phenolics in Senescence

Plant senescence is a degenerative and highly regulated process which occurs at last
stage of development and required for fitness and survival of the plant. It involves
the recycling and reallocation of nutrients to actively growing parts of plant. The
senescence is governed by external as well as internal stimuli in a coordinated
manner. The expression of many different genes and transcription factors (TF) was
also observed during the courses of senescence at molecular level. The total process
of senescence can be divided into three phases: initiation, reorganization, and
termination (Bresson et al. 2017). The initiation phase involves the integration of
different external as well as internal signals at cellular, tissue, and organ levels.
During the reorganization phase, breakdown of macromolecules and remobilization
of nutrients occur in the cell (Bresson et al. 2017). Many different proteases and their
regulator get activated and are involved in breakdown of proteins. During this
process, large macromolecules were converted into transportable and useful
by-products. However, macromolecule degradation also resulted in the generation
of many toxic intermediates and by-products (Bresson et al. 2017). The removal of
these toxic intermediates is essential to maintain nucleus and mitochondria remain
functional in order to make a transcription control and provide sufficient energy till
the end of senescence. Therefore, antioxidative enzymes get activated to detoxify
these toxic intermediate compounds (Bresson et al. 2017). Anthocyanin, a natural
antioxidant, was also used to protect against oxidative stress-induced damage and
increases during senescence (He and Giusti 2010). During the termination phase,
disruption of vacuole resulted in gradual degradation of the cytoplasm due to release
of nuclease and protease (Bresson et al. 2017). Finally, Cell death occurs (Bresson
et al. 2017).

Terpene compounds also play an important role in plant senescence. They are
synthesized by two pathways in the cytosol, endoplasmic reticulum, peroxisomes,
and plastids and stored in glandular cells of leaves and resin ducts of needles
(Korankye et al. 2017). Terpene synthesis and plant senescence have been tied to
photosynthesis of a plant since photosynthesis is reported to serve as a carbon source
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in initiating terpene biosynthesis (Korankye et al. 2017). However, there have been
speculations of alternative carbon sources such as xylem and chloroplast in studies
where plants showed reduced rates of photosynthesis but increased in terpene
biosynthesis (Korankye et al. 2017). Role of terpenes in plant senescence was
reported in Arabidopsis thaliana exposed to citral, peppermint, β-pinene, α-pinene,
and camphene (Korankye et al. 2017). Postharvest studies have also shown that after
trees such as balsam fir are cut, excessive synthesis and/or emission of terpene
compounds such as β-pinene, β-terpinene, camphene, and 3-carene is induced
prior to needle abscission (Korankye et al. 2017).

18.5.1 Leaf Senescence

In plant leaves, the common physical indicators of senescence most often occur in a
much later stage than the actual onset but are usually characterized when the
mesophyll tissue begins to lose its greenness and turn to yellow or red (Korankye
et al. 2017). The color change is due to both preferential degradation of chlorophyll
compared to carotenoids and synthesis of new compounds, such as anthocyanins and
phenolics (Matile 1980), and then the ultimate consequence of senescence, which
may or may not result in organ abscission (Korankye et al. 2017). Plants, being a
sessile in nature, have to respond rapidly to the adverse environmental conditions. In
general, they respond by shedding off the affected part of plants and saving the rest
of the plant. For instance, a leaf affected with disease undergoes senescence and
finally drops off the plant, thereby preventing the spread of disease and allowing the
rest of the plant to continue in its development. Leaf senescence occurs in response
to the many factors like disease, drought, and nutrient deficiency. A study on green
leaves and red leaves of Prunus indicated that the anthocyanins help the red leaves to
perform better during early stage of senescence and also in photoprotection
(Lo Piccolo et al. 2018). Metabolomics study of natural early tobacco leaf senes-
cence indicates decreases in membrane lipids, free sterols, and acylated sterol
glucosides along with the accumulation of sterol esters and alkaloids. The amino
acid levels were significantly decreased, particularly those of N-rich amino acids
(glutamine and asparagine), thus reflecting N translocation. Sugar alcohols and
polyphenols accumulated when the lower leaves turned yellow (Li et al. 2016).

18.5.2 Autumn Senescence

Deciduous tree commonly shed their leaves during autumn, and this process is
known as autumn senescence. This process is important for winter storage of plants
in which remobilization of nutrient occurs from leaves. Autumn senescence is also a
kind of leaf senescence which is characterized by chlorophyll degradation and
flavonoid synthesis (Mattila et al. 2018). The spectacular autumn colors are partly
caused by exposure of carotenoids due to faster degradation of chlorophyll (Mattila
et al. 2018). In addition, some species also synthesize specific flavonoids, e.g.,
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anthocyanins (Falcone Ferreyra et al. 2012) which are largely responsible for the red
colors in senescing leaves (Mattila et al. 2018). Anthocyanins are suggested to act as
antioxidants or metal ion chelators, in blocking ultraviolet (UV) or visible radiation
or playing roles in defense and signalling (Archetti 2009; Landi et al. 2015). The
amounts of other flavonoid compounds, flavonols or flavonol glycosides, have been
reported to increase during age-related senescence (Torras-Claveria et al. 2012), but
their roles are poorly understood. In contrast to anthocyanins, flavonols do not
absorb visible light. They are found in the cuticle and sometimes inside the cells,
and they block UV radiation (Solovchenko and Merzlyak 2008) and may act as ROS
scavengers or signal molecules (Pollastri and Tattini 2011). Flavonol glycosides
have also been suggested to be involved in supercooling of xylem parenchyma cells
of Cercidiphyllum japonicum (Kasuga et al. 2008).

Keskitalo et al. (2005) described the cellular time table of autumn senescence in
Populus tremula. Similarly, Mattila et al. (2018) studied the autumn senescence in
Sorbus aucuparia, Acer platanoides, Betula pendula, and Prunus padus and
measured the chlorophyll and flavonol contents every morning and evening during
the whole autumn with a nondestructive method from individual leaves. Increase in
flavonols is commonly observed during senescence which is accompanied with the
rapid degradation of chlorophyll. Moy et al. (2015) recorded increase in anthocyanin
content during late autumn in maple tree. Autumn senescence is considered to be
coordinated and synchronized at the organism level; neither all leaves of a tree nor all
cells of a single leaf senesce simultaneously (Keskitalo et al. 2005).

18.5.3 Petal Senescence

Petal senescence is a rapid and synchronous process that represents the final stage of
petal development. Prior to senescence, petals play an important role in pollination
of the plants by producing scent and color that attract pollinators. Anthocyanins,
betalains, and carotenoids are the major flower pigment and provide color to the
petals and other organs of the plants. Color change, rolling, wilting, etc. are the
visible signs of petal senescence, while collapse of mesophyll cells occurs before the
appearance of visible morphological changes (Ma et al. 2018). Petals are evolution-
arily derived from leaves; therefore, many events are common in both senescence;
these includes disintegration of intracellular structures, degradation of
macromolecules and membrane systems, and recycling of substances (Ma et al.
2018). However, petal and leaf senescence are also distinct from each other in a
number of ways (Ma et al. 2018).

First, leaf senescence can be reversible in some species, and re-greening is also
possible, before a point of “no return,” while the process of petal senescence can
only be delayed, but not arrested or reversed (Ma et al. 2018). Petal senescence is
greatly activated or accelerated by pollination and is thus tightly regulated by
developmental signals, rather than environmental signals, which contrasts with
leaf senescence (Ma et al. 2018). Secondly, petals are decorative organs that contain
relatively lower levels of nutrients and are considered to be “sink” organs, while
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leaves are “source” organs and the primary site of photosynthesis, so nutrient
remobilization is a critical event during leaf senescence (Ma et al. 2018). Nutrient
remobilization from petals is therefore less critical during senescence, although
nutrients can be transferred from petals to the ovary during seed development
(Ma et al. 2018). Thirdly, petal senescence is relatively rapid, and petal abscission
can occur even while the petal is still turgid in some plant species (Ma et al. 2018). In
contrast, leaf senescence involves gradual yellowing and wilting, and the leaf
abscission occurs after nutrient recycling has been completed (Ma et al. 2018).

The genus Oenothera, evening primrose, is known to undergo a flower color
change during senescence. The flowers of this genus bloom in the evening and fade
in the morning (Teppabut et al. 2018). When fully opened, the petals ofO. tetraptera
are white, and then, they become pink in the morning (Teppabut et al. 2018). Those
of O. laciniata as well as O. stricta are yellow, and then, they turn orange as they
fade. These phenomena strongly indicate that an anthocyanin is biosynthesized
during senescence (Teppabut et al. 2018).

18.6 Conclusions

Phenolics are ubiquitously present throughout the plant kingdom and play a signifi-
cant role in plant development and defense by acting as an immune system of plant.
In recent past, many researchers have focus on identification and extraction of
different plant phenolics due to their antioxidant properties and remarkable effect
in preventing many diseases including cancer. Plant phenolics also played a critical
role in diversification of plant during evolution. In addition to this, their role in
different types of plant senescence indicates their importance for plant life cycle.
However, more findings are required to understand their involvement during
senescence.
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