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Preface

Ever since the evolution of mankind on Earth, their interaction with plants has never
ceased. In fact it will be fit to say that man co-evolved with plants. If the only living
planet draws its sustenance from the plants, then mankind cannot escape their
absolute dependence on anything and everything that plants produce and provide
them with – be it food, clothing, shelter, health, entertainment, luxury, wealth, etc.

In natural ecosystems, plants face a plethora of antagonists that necessitate the
possession of many types of defenses, and as a result plants have evolved multiple
defense mechanisms by which they are able to survive various kinds of biotic and
abiotic stresses by adaptation. This displays a tremendous metabolic plasticity that is
well illustrated by their ability to synthesize masses of so-called secondary organic
compounds (‘natural products’) that seems to be crucial for growth and development

One of the major secondary plant metabolites are the phenolics. Approximately
8000 naturally occurring compounds belong to the different categories of phenolics.
The ability of plant phenolics to provide resistance against various abiotic and biotic
stresses and their role in sustainable agriculture has been explored in this edition.

Phenolics being ubiquitous have been extracted from every part of plants. In spite
of their wide-spread presence in plant kingdom, understanding of their physiological
role in plants is very limited. Some investigators believe that phenolics function as
inhibitory while some believe they are promoters to growth and developmental
phenomena. However, some researchers claim against any basic role of phenolic
constituents in plant growth regulation.

Every plant’s biological activity is influenced by more than one hormone, thus the
biological phenomenon often reproduces the combined interaction of several differ-
ent hormones. Though salicylates have now almost been established for having
growth and developmental functions in plants and being recognized as plant growth
regulators, other phenolics like cinnamic acid despite their ubiquitous presence are
yet to be identified as one of any importance in plant growth regulation.

The first edition of the book Plant Phenolics gives exemplary insight into the
advancements in plant phenolics research. This edition comprehensively sheds light
on recent studies in the plant phenolics field. Efficient management of plant
phenolics has the potential to support sustainable agriculture ensuring at the same
time environmental quality for future generations. It is hoped that this first edition
will interest readers in the latest outcomes of plant phenolics research and also
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encourage young researchers to prove the challenging field of these studies. The
book demonstrates different evolutionary developments with modern concepts from
different academic and research perspectives to achieve sustainable use of plant
phenolics. This volume consists of 25 chapters covering the diverse and different
role of plant phenolics in sustainable agriculture by 86 eminent academicians,
learned researchers and subject specialists. We are grateful to the scholarly and
learned personalities who have lent unconditional help to bring this volume to light.
Finally, special thanks are due to our families for their valuable and unconditional
support.

Jalandhar, Punjab, India Rafiq Lone
Srinagar, Jammu and Kashmir, India Razia Shuab
Srinagar, Jammu and Kashmir, India Azra N. Kamili
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Salicylic Acid-Mediated Salt Stress
Tolerance in Plants 1
Tahsina Sharmin Hoque, Abdullah Al Manum Sohag,
David J. Burritt, and Mohammad Anwar Hossain

Abstract

Salt stress is one of the most important abiotic stresses threatening agricultural
production worldwide. Salt stress affects vital physiological, biochemical and
molecular processes in crop plants, leading to reduced plant growth and yields or
even plant death. To cope with salt stress, plants have evolved many adaptive
mechanisms, including the development of salt-associated signal transduction
cascades that contain a wide range of second messengers. During stress, regu-
latory molecules, including plant hormones, play key roles in controlling devel-
opmental processes and signalling networks, and these molecules have been
recognized as having the potential to be used to develop stress-tolerant plants.
Salicylic acid (SA) is a phenolic compound involved in the regulation of plant
growth, development and defence responses. SA is a critical signalling molecule
that is known to participate in the responses of plants to salinity stress, through
extensive signalling crosstalk with other hormones that results in physiological
and biochemical responses in plants and changes in gene expression. SA is an
important regulator of Na+ exclusion and sequestration, through the modulation
of sodium and potassium transporters, and is associated with the control of
photosynthesis and nutrient metabolism, proline and glycinebetaine synthesis,
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reactive oxygen species metabolism, and plant–water relations, in plants under
salt stress. Furthermore, applying SA has been shown to improve plant tolerance
to salinity by regulating multiple stress-responsive pathways and processes.
Recent studies with transgenic and mutant plants have shown the diverse roles
SA in plant stress biology. This chapter summarizes the current knowledge of the
roles of SA in salinity tolerance, the responses of plants to salt, and the potential
mechanisms underlying SA-mediated salinity tolerance in plants.

Keywords

Salicylic acid · Salt stress · Signalling · Stress responses · Stress tolerance ·
Hormones · Transgenic plants

1.1 Introduction

Global agricultural crop production is severely affected by a variety of abiotic and
biotic stressors. Salinity is one of the most serious abiotic stressors that restricts crop
yields in many regions of the world, affecting approximately 20% of the world’s
total land area and negatively impacting more than 45 million ha of irrigated area
(Pitman and Lauchli 2002; Munns and Tester 2008). Salinization of arable land is an
ongoing process that is occurring as a result of climate change and also due to poor
agricultural practices associated with irrigation and/or land drainage. Scientists have
already predicted the possible devastating effects that salt stress could have on food
production by the middle of the twenty-first century, which could cause a 50% loss
of cultivable land (Mahajan and Tuteja 2005) and cost the agricultural sectors
billions of dollars (Qadir et al. 2014). In order to meet the demand for food from
an ever-increasing world population, it is necessary that salt-tolerant cultivars of our
most important crop plants be developed by plant breeding. However, to do this an
understanding plant salinity stress and tolerance mechanisms is required
(Jayakannan et al. 2015a).

Plants are sessile organisms and salt stress can be lethal as it disturbs their vital
physiological processes (Tavakkoli et al. 2010). High levels of salinity induce
primary effects, such as hyperionic and hyperosmotic stress, that lead to plant
death (Roy et al. 2014; Nimir et al. 2017). Salt stress can also cause many secondary
effects such as reduced cell growth, membrane damage, nutrient imbalances, altered
production of reactive oxygen species (ROS), reactive nitrogen species (RNS),
reactive carbonyl species (RCS), enzyme inhibition and metabolic dysfunction,
and lower photosynthetic rates, etc. (Sudhir and Murthy 2004; Mahajan and Tuteja
2005; Hossain et al. 2009, 2011; El-Shabrawi et al. 2010; Upadhyaya et al. 2011;
Hasanuzzaman et al. 2012; Kumar 2013; Mostofa et al. 2015; Acosta-Motos et al.
2017; Tahjib-Ul-Arif et al. 2018a; Gupta et al. 2018; Hoque et al. 2018). To cope
with salinity, plants employ a wide range of adaptations and mitigation strategies
involving the initiation and modulation of signal transduction pathways (Zhu 2002;
Tuteja and Sopory 2008; Hoque et al. 2018). Phytohormones and associated

2 T. S. Hoque et al.



signalling networks play vital roles in regulating plant growth and developmental
processes and, thus, they have direct and indirect involvement in plant stress
responses and stress tolerance (Khan et al. 2012a, b, c; Asgher et al. 2015). Salicylic
acid (SA; 2-hydroxybenzoic acid) is a phenolic phytohormone and an important
signalling compound that regulates different stress responses in plants often by
interacting with other phytohormones (Achard et al. 2006; Spoel and Dong 2008;
Tuteja and Sopory 2008; Vlot et al. 2009; Wolters and Jürgens 2009; Horváth et al.
2007; Asensi-Fabado and Munné-Bosch 2011). SA has been shown to play a
significant role not only in the regulation of plant physiological processes like
photosynthesis, transpiration, ion uptake and transport, nutrient metabolism,
osmolyte production and antioxidant defence (Syeed and Khan 2010; Khan et al.
2010, 2012a, b, c, 2013, 2014; Nazar et al. 2011; Miura and Tada 2014), but also in
the modulation of plant adaptive and defence responses to abiotic stressors, includ-
ing salinity and osmotic stress (Borsani et al. 2001; Singh and Usha 2003; Khodary
2004; Naser Alavi et al. 2014).

The importance of SA in plant stress tolerance has been well established, and
many recent studies have identified mutant plants with altered SA synthesis and
accumulation, which show altered salinity tolerance (Borsani et al. 2001; Cao et al.
2009; Asensi-Fabado and Munné-Bosch 2011; Miura et al. 2011; Hao et al. 2012).
Also, exogenous application of SA to various species of plants under salinity stress
has shown to mitigate the toxicity effects of salt by upregulation of salinity tolerance
mechanisms (Horváth et al. 2007; Ashraf et al. 2010; Hayat et al. 2010; Palma et al.
2013; Khan et al. 2014; Lee et al. 2014; Ardebili et al. 2014). Although progress has
been made to explore the novel roles of SA in salt-stressed plants, the fundamental
mechanisms underlying SA-mediated salt stress tolerance still need to be elucidated.
In this chapter, we discuss the synthesis of SA in plants under salt stress and focus on
the involvement of SA in salt stress responses, the signalling networks of SA and the
potential mechanisms of SA-mediated salt stress tolerance in plants. We evaluate the
recent findings of exogenous SA-mediated salt stress tolerance in connection to
multiple stress tolerance mechanisms and stress responsive pathways.

1.2 Biosynthesis of Salicylic Acid in Plants in Response to Salt
Stress

Salicylic acid is a lipophilic beta-hydroxy phenolic compound that is ubiquitous in
plants and can function as a phytohormone. Plant phenolics are mainly synthesized
via the shikimic acid pathway (Khan et al. 2015) and though this pathway, carbohy-
drate precursors (obtained from glucose and pentose phosphate pathway) are
converted into aromatic amino acids like phenylalanine, which is the precursor of
SA (Herrmann and Weaver 1999). In plants, two major pathways are known to be
involved in the synthesis of SA. The phenylalanine ammonia-lyase (PAL) pathway,
which is present in cytoplasm and the isochorismate synthase (ICS) pathway, which
is present in chloroplasts (Jayakannan et al. 2015a). Both the PAL and ICS pathways
require chorismic acid, which is the end product of shikimic acid pathway (Fig. 1.1).

1 Salicylic Acid-Mediated Salt Stress Tolerance in Plants 3



In the phenylalanine pathway, phenylalanine is used to produce cinnamic acid, via a
non-oxidative deamination reaction, and this conversion is catalysed by the enzyme
of PAL. Cinnamic acid conversion to benzoic acid can then occur by a non-oxidative
route or the conversion can be linked to the β-oxidation of fatty acids (Verberne et al.
1999; Horváth et al. 2007; Mustafa et al. 2009). SA is then produced from benzoic
acid by the action of benzoic acid 2-hydroxylase (BA2H). Alternatively cinnamic
acid can be converted into coumaric acid by cinnamate 4-hydroxylase (C4H) and the
coumaric acid then subsequently into SA. In the isochorismate pathway, SA is
synthesized from chorismic acid in a two-step enzymatic (ICS and IPL) process
with isochorismic acid as an intermediate (Verberne et al. 1999; Strawn et al. 2007).

Basal tissue SA levels vary between various plant species, for example in tomato
(Lycopersicum esculentum), soybean (Glycine max) and rice (Oryza sativa) basal SA
levels far exceed the higher levels associated with systemic acquired resistance in
tobacco (Nicotiana tabacum) and Arabidopsis without apparent deleterious
biological effects (Chen et al. 1997; Hammond-Kosack et al. 1996; Silverman
et al. 1995; Raskin et al. 1990). It has been shown that endogenous SA levels
increase dramatically in response to both biotic and abiotic stressors (Yalpain et al.
1994; Shim et al. 2003).

Fig. 1.1 Schematic representation of biosynthesis of salicylic acid in plants. Salicylic acid is
synthesised by the shikimic acid pathway in the cytoplasm or the isochorismate pathway in
chloroplasts. In the cytoplasm, chorismic acid is transformed into prephenic acid by the enzyme
CM, which is then transformed into phenylalanine. Via the phenylalanine pathway, phenylalanine is
then converted to cinnamic acid by the enzyme PAL. Cinnamic acid is then converted to benzoic
acid, by a process linked to the β-oxidation of fatty acids, or transformed into coumaric acid by the
action of the enzyme C4H. SA is then produced from benzoic acid by the enzyme BA2H or from
hydroxylation of coumaric acid. In the isochorismate pathway, chorismic acid is converted to
isochorismic acid by the enzyme ICS. Isochorismic acid is then converted into SA by the enzyme
IPL. BA2H benzoic acid 2-hydroxylase, C4H cinnamate 4-hydroxylase, CM chorismate mutase,
ICS isochorismate synthase, IPL isochorismate pyruvate lyase, PAL phenylalanine ammonia-lyase,
SA salicylic acid
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During salinity and osmotic stress, SA is involved in the oxidative responses of
plant cells (Borsani et al. 2001) and endogenous SA levels can increase manifold,
depending on plant species (Sawada et al. 2006). Although many recent studies have
highlighted the function of SA as a major signalling molecule in plant responses to
salt stress, the relationship between SA and the changes in metabolism in plants
responding to salt stress remains obscure. Importantly, in different SA–biosynthetic
pathways (PAL and ICS pathways), many enzymes play key roles in regulating a
series of chemical reactions and their functions can be modulated by abiotic stressor
including salinity. Endogenous SA levels are closely related to the activities of
enzymes known to be necessary for salinity tolerance in plants. For example,
overproduction of endogenous SA via enhanced biosynthesis of BA2H in rice
(Oryza sativa) plants results in increased tolerance to salinity (Sawada et al. 2006).
Recently, Su et al. (2018) reported that salinity stress resulted in an increase in PAL
and ICS activities accompanied by an increase in SA levels in Scutellaria
baicalensis plants. Higher activities of the enzymes ICS, C4H and PAL were also
found to be associated with increased SA levels in Carthamus tinctorius plants
exposed to salt stress, with a positive relationship between activities of these
enzymes and with SA concentrations also observed (Sadeghi et al. 2013; Dehghan
et al. 2014).

1.3 Mechanisms of Salt Stress Tolerance in Plants Related
to Salicylic Acid

1.3.1 Regulation of Plant Developmental Processes

During salt stress, SA regulates seed germination and plant growth in a
concentration-dependent manner, with the degree of regulation varying according
to plant species. An application of SA reduced seed germination in maize (Zea mays)
(Guan and Scandalios 1995), barley (Hordeum vulgare) (Xie et al. 2007) and
Arabidopsis (Arabidopsis thaliana) (Nishimura et al. 2005; Lee et al. 2010) wild-
type plants under normal condition, whereas in SA-deficient mutant plants SA
application gave different results with respect to seed germination. The characteri-
zation study of Arabidopsis mutant plants with different SA levels showed its role in
plant developmental processes during salinity. Rajjou et al. (2006) reported that
exogenous SA application to SA-deficient NahG mutants increased seed germina-
tion under salinity stress. In SA-deficient sid2 mutant plants, SA application
improved seed germination under salinity stress when applied at concentrations up
to 50 μM, but at 100 μM SA no improvement was observed (Lee et al. 2010).
Increased seed germination due to SA application under salinity stress has also been
reported for wheat (Triticum aestivum), chickpea (Cicer arietinum) and alfalfa
(Medicago sativa) (Kaydan et al. 2007; Deef 2007; Asadi et al. 2013; Torabian
2010). The mechanism of SA improvement in seed germination under salinity stress
might be attributed to the ROS homeostasis by SA which decreased H2O2 level and
reduced oxidative damage (Lee et al. 2010). The role of SA in regulating salinity
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stress responses suggests that SA acts as a powerful tool in enhancing growth,
development and productivity of plants under stress (Rajeshwari and Bhuvaneshwari
2017). In the case of Arabidopsis wild-type plants, SA-pretreatment improved shoot
growth and water contents under salinity stress (Jayakannan et al. 2013), although
the effect of altered endogenous SA levels in mutant plants is still not clear. Some
researchers (Rivas-San Vicente and Plasencia 2011, Borsani et al. 2001; Cao et al.
2009; Hao et al. 2012) have demonstrated higher growth in SA-deficient mutant
plants such as sid2, eds5/sid1 and NahG compared to SA-hyperaccumulating
mutants such as cpr1/5/6, acd1/5/6/11, dnd1/2, isd1, nudt7, agd2, snc1 and siz1
during salinity stress. These studies confirmed that plant growth is enhanced at low
SA concentrations (less than 0.1 mM), while it is reduced at higher SA concentration
(more than 1 mM) under salinity (Rivas-San Vicente and Plasencia 2011). The
aforementioned phenomena could be due to the negative regulatory role of SA has
on cell division and cell enlargement (Xia et al. 2009; Hao et al. 2012). However, in
contrast, other studies have shown enhanced growth in SA-hyperaccumulating siz1
and NahG siz1 double mutants and reduced growth in SA-deficient NahG, sid2 and
eds mutants (Miura et al. 2011; Hao et al. 2012; Asensi-Fabado and Munné-Bosch
2011). According to Hao et al. (2012) SA-deficient NahG mutants exhibited higher
chlorophyll contents and fluorescence ratios compared to SA-hyperaccumulating
snc1 mutants whereas SA-deficient mutants (sid2 and eds5) and the
SA-hyperaccumulating mutant aba3 showed no variation in chlorophyll contents
and fluorescence ratios under salinity stress (Asensi-Fabado and Munné-Bosch
2011). Thus, the mechanism by which SA regulates plant growth during salinity
stress still need to be elucidated.

1.3.2 Regulation of Stomatal Conductance, Photosynthesis
and Transpiration

Stomatal movement regulates gas exchange, transpiration and photosynthesis, which
are all vital for plant adaptation to stressors, including salinity. Both endogenous and
exogenous SA promote stomatal closure via production of ROS (Dong et al. 2001;
Melotto et al. 2006; He et al. 2007) and stomatal closure can affect gas exchange. For
example, the application of 0.4 mM SA induces stomatal closure within 2 h, which
reduces gas exchange by several fold (Mateo et al. 2004; Rivas-San Vicente and
Plasencia 2011). SA-induced stomatal closure was observed in Arabidopsis
thaliana, Vicia faba and Cucumis sativus (Khokon et al. 2011; Miura et al. 2013;
Miura and Tada 2014; Mori et al. 2001; Hao et al. 2011), and this closure is
accompanied with extracellular ROS production mediated by salicylhydroxamic
acid (SHAM)-sensitive guaiacol peroxidases, intracellular ROS accumulation in
guard cell and K+

in channel inactivation (Mori et al. 2001; Khokon et al. 2011).
Recently, Khokon et al. (2017) demonstrated that two mitogen-activated protein
kinases (MAPKs), MPK9 and MPK12, are involved in SA-induced stomatal closure
in Arabidopsis. Prodhan et al. (2018) suggested that guard cell SA signalling is
associated with abscisic acid (ABA) signalling via the Ca2+/CPK (Ca2+-dependent
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protein kinase)-dependent pathway whereas SA requires CPK3 and CPK6 protein
kinases for induction of stomatal closure. Under salt stress, the
SA-hyperaccumulating Arabidopsis mutant siz1 showed increased stomatal closure,
demonstrating the importance of SA-mediated stomatal closure for salinity
responses (Miura et al. 2013). In addition, an Arabidopsis SA-hyperaccumulating
double mutant wrky54wrky70 showed osmotic stress tolerance, which was
associated with increased stomatal closure and improved water retention (Li et al.
2013a).

1.3.3 Interaction with Nutrients

For growth, development and survival under salinity stress, maintaining good
mineral nutrition is a fundamental requirement and the mineral nutrient status of
plants plays a vital role in ameliorating the adverse effects of salt stress (Nazar et al.
2011; Nazar et al. 2015). The role of SA on nutrient acquisition depends on the SA
concentration, the plant species, and the duration and intensity of salinity stress
(Horváth et al. 2007). Notably, SA can modulate nutrient uptake and metabolism and
thereby regulate membrane integrity and maintain ion homeostasis under salt stress
(Alpaslan and Gunes 2001; Gunes et al. 2007; Tufail et al. 2013; Nazar et al. 2015).
Maintenance of higher K+/Na+ and Ca2+/Na+ ratios by SA was considered a key
factor for improved growth and yield, gas exchange and salt tolerance in plants and
both can be influenced by SA (Tufail et al. 2013). Moreover, SA and Ca treatment
can improve salinity tolerance in Triticum aestivum via increasing proline (Pro)
levels (Al-Whaibi et al. 2012). According to a previous report by Kawano et al.
(1998), SA can induce a rapid and transient generation of ROS, namely the super-
oxide anion, followed by an increase in cytosolic-free Ca2+concentrations in Nicoti-
ana tabacum. Salt stress can also induce the expression of calmodulin-binding
protein (a Ca-containing protein), which was also reported to be induced by SA in
Arabidopsis under multiple abiotic stresses, including salinity (Yang and Poovaiah
2002). Besides, calcium-dependent protein kinases (CDPKs) are also involved in
abiotic stress responses, which might also be induced by SA (Chung et al. 2004).

1.3.4 Regulation of Membrane Transporters

During salt stress, activation of several transporters, ion channels and proton pumps
is strongly associated with salt tolerance in plants (Kerkeb et al. 2001). Under
salinity, the entry of Na+ and its redistribution through the plasma membrane
transporter high-affinity potassium transporter (HKT) and nonselective cation
channels (NSCC) cause a strong membrane depolarization that favours K+ leakage
from the cytosol via depolarization-activated K+ outward-rectifying (KOR) channels
(Shabala and Cuin 2008; Miller et al. 2008, 2009). Reduction of Na+ influx and
prevention of K+ loss through these channels during salt stress are critical for salt
tolerance in plants. Importantly pretreatment of Arabidopsis roots with less than
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0.5 mM SA reduced K+ leak through guard cell outward-rectifying K+ (GORK)
channels, which suggests that prevention of K+ loss through GORKs is the major
mode of action of SA for salt tolerance in Arabidopsis (Jayakannan et al. 2013). In
Arabidopsis WT and SA-hyperaccumulating nudt7 mutant plants, SA pretreatment
reduced shoot Na+ concentrations during prolong salinity, but in the NPR-1
(nonexpresser of pathogenesis-related gene 1) signalling blockage mutant npr1–5,
Na+ influx was high. Thus, reduced K+ leak through GORK channels is
nonexpresser of pathogenesis-related gene 1 (NPR1)-mediated, because the
npr1–5 mutant is unable to limit K+ loss through depolarization-activated KOR
channels. This shows the significance of NPR-1-dependent SA signalling for plant
salt tolerance (Jayakannan et al. 2015b). A subgroup of NSCC named glutamate
receptor-like channels (GLRs) has been suggested to be a downstream target of SA,
and importantly SA may modulate the activity of GLRs and control K+ leakage,
which is essential for salt tolerance in plants (Jayakannan et al. 2015a).

The enhanced activity of proton pumps, such as H+-ATPases, regulates voltage-
dependent KOR channels preventing K+ leakage (Chen et al. 2007). H+ pumping
provides a driving force for the plasma membrane Na+/H+ exchanger (SOS1-salt
overly sensitive1) to remove Na+ from the cytoplasm to the apoplast (Shi et al. 2000;
Apse and Blumwald 2007), reducing the Na+ concentration in the cytoplasm.
Interestingly, during salt stress, SA pretreatment in Arabidopsis increased H+-
ATPase activity in a time and dose-dependent manner, which minimized the extent
of plasma-membrane depolarization and reduced NaCl-induced K+ efflux via KOR
channels (Jayakannan et al. 2013), with plants showing SA-mediated salt stress
tolerance. Again, a stress-inducible plasma membrane localized plasma membrane
protein 3 (PMP3) has been shown to participate in the Na+ efflux, which depends on
a Na+/H+exchanger or Na+-ATPase during salt stress (Inada et al. 2005; Mitsuya
et al. 2005). A study by Inada et al. (2005) showed that in the halophyte sheep grass
Aneurolepidium chinense, AcPMP3 expression was upregulated within 15 min of
H2O2, and 30 min of SA treatments, showing that SA may control AcPMP3
operation during salt stress. In Nicotiana tabacum cells, SA can induce the activation
of a MAPK, namely salicylic acid–induced protein kinase (SIPK), during osmotic
stress (Mikolajczyk et al. 2000). In summary, SA-mediated control of ion homeo-
stasis under salinity stress is mainly NPR1-dependent and involves minimizing Na+

entry into roots, increasing H+-ATPase activity in the roots, preventing stress-
induced K+ leakage from the roots, via KOR and NSCC, and enhancing K+

concentrations in shoots (Jayakannan et al. 2015a).

1.3.5 Interaction with Osmoprotectants

Plants have evolved protective osmoregulation mechanisms, mediated by various
osmolytes such as glycinebetaine (GB), Pro, soluble sugars, amines, etc., which
contribute to turgor maintenance when plants are under salinity and osmotic stress
(Misra and Saxena 2009). For example, accumulation of GB and Pro in plants during
osmotic and salinity stress adjusts the cellular osmotic balance, stabilizes proteins,

8 T. S. Hoque et al.



protects membrane integrity, prevents polypeptide dissociation from the PSII com-
plex and detoxifies ions (Ashraf and Foolad 2007; Iqbal et al. 2014). Importantly,
under high salt stress, SA and aspirin (an analogue of SA) can stimulate GB
accumulation in the concentration range of 0.5�2.5 mM (Jagendorf and Takabe
2001). The induction of GB by SA can also activate protein kinases during
hyperosmotic stress (Hoyos and Zhang 2000). The SA-mediated higher GB levels
in plants can reduce the adverse effects of salt stress and facilitate plant adaptations
to stress that include improvements in growth and biomass production in Rauwolfia
serpentina (Misra and Misra 2012) and increased photosynthesis in Vigna radiata
(Khan et al. 2014). These studies also showed that application of either SA (0.5 mM)
or SA analogue 2, 6, dichloroisonicotinic acid can induce GB accumulation, increase
the methionine content and inhibit ethylene formation in plants during salinity stress.
SA can also increase Pro metabolism in plants under salt stress, for example 0.5 mM
SA significantly enhanced the activity of the Pro-biosynthesis enzymes such
as pyrroline-5-carboxylate reductase and γ-glutamyl kinase and also increased the
Pro contents, which led to salt tolerance, of Lens esculenta plants (Misra and Saxena
2009). According to Misra and Misra (2012), SA also improves the salt tolerance of
R. serpentina by protecting the protein turnover machinery against salt-induced
damage, upregulating stress protective proteins through Pro-metabolizing enzymes
and ultimately maintaining cell turgor with higher proline level. Also, soluble sugars
and sugar alcohols are considered as important osmoprotectants and their accumula-
tion in plants provides protection against salt stress.

1.4 Salicylic Acid Signalling in Regulating Salt Stress Tolerance
in Plants

1.4.1 Interaction with Other Phytohormones

Phytohormones regulate plant growth, developmental processes and signalling
plexus and they are directly or indirectly associated with responses to a wide
spectrum of abiotic and biotic stressors (Khan et al. 2012a; Asgher et al. 2015).
During salinity and other abiotic stresses, SA can modulate plant stress responses
through signalling crosstalk with other phytohormones (Asensi-Fabado and Munn-
é-Bosch 2011; Khan et al. 2012b, 2014) and alter phytohormone biosynthesis
(Pieterse et al. 2009). Under normal, as well as salt stress conditions, SA can interact
in a diverse manner with phytohormones, including namely auxin (Iglesias et al.
2011; Fahad and Bano 2012; Esan et al. 2017), gibberellins (Alonso-Ramírez et al.
2009; Lee et al. 2010; Lee and Park 2010; Hamayun et al. 2010; Dai et al. 2012),
abscisic acid (Yasuda et al. 2008; Szepesi et al. 2009; Miura et al. 2011; Asensi-
Fabado and Munné-Bosch 2011), ethylene (Khan et al. 2014), and brassinosteroids
(Divi et al. 2010; Hayat et al. 2012) (Table 1.1). These interactions (either synergistic
or antagonistic) play a crucial roles in plant defence signalling pathways (Bali et al.
2017). Being a signalling molecule SA stimulates stress tolerance against salinity
and other abiotic stresses (Guzmán-Téllez et al. 2014; Wildermuth et al. 2001), and
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Table 1.1 Crosstalk of SA with other hormones during salt stress

Plant
hormone Plant species

Mode of
interaction
with SA Response phenotype References

GAs Zoysia grass
(Zoysia
japonica)

Synergistic Increased endogenous SA
levels and mitigation of growth
inhibition and alleviation of
plant death

Dai et al.
(2012)

GAs Arabidopsis
(Arabidopsis
thaliana)

Synergistic Modulation of GA–SA
signalling and improvement in
seed germination

Lee et al.
(2010)

GAs Arabidopsis
(Arabidopsis
thaliana)

Synergistic Stimulation of SA biosynthesis
by inducing sid2 gene and
genes encoding GA
biosynthetic enzymes and
modulation of antioxidant
activities

Lee and Park
(2010)

GAs Arabidopsis
(Arabidopsis
thaliana)

Synergistic Improved germination of
SA-deficient sid2 mutant via
SA–GA signalling

Alonso-
Ramirez et al.
(2009)

GAs Soybean
(Glycine max)

Antagonistic Decreased SA content and
improved growth and
development

Hamayun
et al. (2010)

IAA Okra
(Abelmoschus
esculentus)

Synergistic Stimulation of antioxidant
activities via IAA–SA
interaction

Esan et al.
(2017)

IAA Maize (Zea
mays)

Synergistic Increased chlorophyll,
carotenoids, sugars, proline,
protein and antioxidant
activities through SA–IAA
communication

Fahad and
Bano (2012)

IAA Arabidopsis
(Arabidopsis
thaliana)

Antagonistic SA increased transcript levels
of PR1in tir1/afb2 mutant and
repressed auxin signalling

Iglesias et al.
(2011)

IAA and
ABA

Wheat
(Triticum
aestivum)

Synergistic SA increased accumulation of
both IAA and ABA and
improved plant growth under
salinity

Shakirova
et al. (2003)

ABA Tomato
(Solanum
lycopersicum)

Synergistic SA-activated ABA
accumulation, enhanced
osmotic adjustment, increased
growth and photosynthetic
pigment

Szepesi et al.
(2009)

ABA Arabidopsis
(Arabidopsis
thaliana)

Antagonistic Exogenous ABA hindered
SA-mediated stress defence
mechanism, inhibited SAR
induction, and SA suppressed
ABA signalling

Yasuda et al.
(2008)

ABA Arabidopsis
(Arabidopsis
thaliana)

Antagonistic Enhanced SA content in
ABA-sensitive mutant aba3

Asensi-
Fabado and
Munné-Bosch
(2011)

(continued)
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the ability of the signalling crosstalk between SA with and other phytohormones to
regulate stress tolerance depends on the plant species as well as the intensity, nature
and time of exposure of the plant to stress (Khan et al. 2015). As plant salt stress
responses and signal molecules are very complex, and they are species- or genotype-
dependent, the studies on salinity tolerance of different species of plants, under
similar conditions, may result in different conclusions.

1.4.2 Interaction with Reactive Oxygen Species and Modulation
of Antioxidants Metabolism

Salt stress induces the generation of various ROS such as superoxide (O2
•�), singlet

oxygen (1O2), hydrogen peroxide (H2O2) and the hydroxyl radical (OH.) in plants,
which leads to oxidative stress (reviewed in Parida and Das 2005). Plant salt
tolerance is usually positively correlated with increased activities of antioxidant
enzymes (Horváth et al. 2007; Munns and Tester 2008; Ashraf et al. 2010). SA
performing multiple functions has been found very effective in detoxifying ROS in
plant cells (Hasanuzzaman et al. 2017). Recently some researchers (Kang et al. 2013;
Khan et al. 2014) have shown that SA plays significant roles in the modulation of
antioxidant metabolism and controlling cellular ROS levels, and the involvement of
SA on antioxidant metabolism has been suggested to regulate plant tolerance not
only to salt stress, but also to other abiotic stressors (Khan et al. 2010, 2012a, b, c;
Nazar et al. 2011, 2015). Generally, SA at low concentrations facilitates salt
tolerance by acting as a signalling molecule through the production of low ROS
levels and the induction of antioxidant systems. However, SA at high concentrations
triggers oxidative stress due to greatly increased production of ROS (Love et al.
2008; Quan et al. 2008; Lee et al. 2010; Poór et al. 2011b; Miura and Tada 2014;

Table 1.1 (continued)

Plant
hormone Plant species

Mode of
interaction
with SA Response phenotype References

ABA Arabidopsis
(Arabidopsis
thaliana)

Antagonistic Enhanced SA content in
ABA-sensitive mutant siz1

Miura et al.
(2011)

ET Mung bean
(Vigna
radiata)

Antagonistic SA repressed ET synthesis,
enhanced plant growth and
photosynthesis

Khan et al.
(2014)

BR Arabidopsis
(Arabidopsis
thaliana)

Synergistic BR upregulated SA-mediated
defence gene

Divi et al.
(2010)

BR Mustard
(Brassica
juncea)

Synergistic Reduced toxic effects of
salinity through SA–BR
communication

Hayat et al.
(2012)

Abbreviations: ABA abscisic acid, BS brassinosteroid, ET ethylene, GA gibberellic acid, IAA indole
acetic acid, SA salicylic acid
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Belkadhi et al. 2014). ROS such as H2O2 can cause increases in endogenous SA
concentration levels by increasing the activity of the BA2H enzyme, which catalyses
the production of SA from benzoic acid (Dempsey and Klessig 1995), while at high
concentrations SA can increase H2O2 concentrations by inhibiting antioxidant
enzymes like catalase (CAT) and ascorbate peroxidase (APX), through SA binding
(Durner Darner and Klessig 1995; Durner and Klessig 1996; Horváth et al. 2002).
Moreover, enhanced salt tolerance was observed in SA-hyperaccumulating mutants,
namely siz1 and aba3–1, suggesting that higher SA levels may be necessary to
reduce salt-induced oxidative stress (Asensi-Fabado and Munné-Bosch 2011; Miura
et al. 2011). In particular, study comparing two SA-hyperaccumulating Arabidopsis
mutants, namely nudt7 and npr1–5, under salinity and oxidative stresses.
Jayakannan et al. (2015b) revealed that an active NPR1-mediated SA signalling
pathway is crucial for salt-induced H2O2 production and also for tolerance to salt-
induced oxidative stress in plants.

1.4.3 Interactions with Nitric Oxide

In plant systems, nitric oxide (NO) is a major ubiquitous signalling molecule having
antioxidant properties, which plays significant protective roles during salinity and
oxidative stress by quenching ROS and maintaining ion homeostasis (Fatma et al.
2016; Sohag et al. 2020a). SA is one of the main phytohormones with which NO
interacts and it functions as a second messenger and regulator of stomatal movement
(Hao et al. 2010). In Arabidopsis, SA can also stimulate the synthesis of NO in a
dose-dependent manner, by enhancing the activity of NO-synthesizing enzymes.
This suggests the involvement of a regulatory loop to amplify the signal between SA
and NO (Zottini Bottini et al. 2007). Interestingly, an interaction between SA and
NO has been shown to be effective in ameliorating the adverse effects of salinity and
osmotic stress in plants. For example, in osmotic stressed T. aestivum seedlings NO
functioned as downstream regulator of SA-signalling and improved plant growth by
mitigating oxidative damages by increasing antioxidant enzyme activities (Naser
Alavi et al. 2014). The protective action of SA and NO was also observed in salt-
stressed Gossypium hirsutum, where the synergistic effects of combined SA and
SNP (sodium nitroprusside) treatments, NO donors, lowered lipid peroxidation,
improved ion absorption, activated the metabolism of osmotic-regulated substances
and facilitated the membrane transport and ROS detoxification (Dong et al. 2015).
Moreover, Yadu et al. (2017) studied the imperative interactive roles of SA and NO
for improving salinity tolerance in Pisum sativum and reported that combining SA
and SNP treatments had significantly increased antioxidant enzyme activities, for
example superoxide dismutase (SOD), glutathione peroxidase (GPX), APX and the
levels of osmoprotectants such as Pro, GB and sugars. In another study, Simaei et al.
(2011) showed enhanced salt tolerance in Glycine max by exogenous application of
SA plus SNP that led to the activation of CAT, APX, GPX activities and a decline in
the oxidative damage. In most of the above studies, the protective action of SA plus
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SNP against salt-induced oxidative damage was more efficient than the effects of SA
or SNP alone.

1.4.4 Induction of Stress-Responsive Genes

Salicylic acid has been shown as to be a potent inducer of defence gene expression in
plants (Innes 2018). SA signalling is mediated by two mechanisms: (i) NPR1-
dependent and (ii) NPR1-independent (Shah 2003; Yuan and Lin 2008). It should
be mentioned that the NPR1 gene is a master regulator of SA-mediated defence
genes, and that NPR1-dependent SA signalling controls multiple physiological traits,
which are pivotal for improving salt tolerance in plants (Jayakannan et al. 2015a, b).
SA can also induce abiotic-stress-protective genes through the NPR1-independent
mechanism (Yuan and Lin 2008). Wu et al. (2012) showed that the transcriptional
co-regulator NPR1 is critical for the activation of SA-dependent defence genes as SA
binds to the C-terminal domain of NPR1, which is required for activation of defence
genes in response to SA. According to Innes (2018), SA binding to NPR1 activates
transcription, whereas SA binding to NPR3 and NPR4 blocks the transcriptional
repression activity of the C-terminal domain. Thus, a robust activation of
SA-responsive promoters occurs in the presence of high SA levels, and finetuning
of transcriptional responses occurs at medium SA levels. In fact, SA-mediated
activation of defence gene transcription is not fully understood. Therefore, a thor-
ough study of post-transcriptional regulation of all NPR proteins is necessary,
because all three NPR proteins (NPR1, NPR3 and NPR4) significantly influence
responses to SA (Innes 2018). Again, genes involved in signal transduction, such as
protein kinases like MAPKs, and transcription factors also could be promoted by
NPR1 (Blanco et al. 2005).

Transmission of the SA signal takes place via at least three MAPK signalling
cascades (MPK3, MPK4 and MPK6), and gene targets of SA signalling through
MAPK should be considered when investigating salt stress tolerance in plants,
because MAPKs are activated by various abiotic stresses including salinity and are
regarded as key factors for SA–ROS signal transduction (Baier et al. 2005;
Kangasjarvi et al. 2005; Fujita et al. 2006). During salinity and osmotic stress in
tobacco cells, SA can induce SIPK, which is a member of the MAPK family and a
homolog of protein kinase Arabidopsis serine/threonine kinase 1 (ASK1), which is a
member of sucrose nonfermenting 1 (SNF1) kinase family, as demonstrated by
Mikolajczyk and his co-workers (Mikolajczyk et al. 2000). Besides, in response to
SA, the transcript levels of dehydrin-like proteins, heat shock protein (HSP) and
alternative oxidase (AOX) can also be much elevated (Salzman et al. 2005; Rajjou
et al. 2006). Some reports suggest that SA regulates gene expression, which is
involved in stress responses via a Ca2+-dependent pathway (Du et al. 2009; Wang
et al. 2009; Coca and San Segunda 2010).
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1.5 Exogenous Salicylic Acid–Mediated Salt Stress Tolerance
in Plants

In recent years, a series of experiments have shown the ameliorative role of SA in
salinity-affected plants through the modulation of morphological, physiological and
biochemical traits and also by regulating multiple stress responsive pathways in
different plant varieties (Table 1.2). Exogenous application of SA improved germi-
nation indexes (Anaya et al. 2015), growth parameters (Lee et al. 2014) and biomass
production (Jayakannan et al. 2013); promoted the uptake of beneficial minerals
(Ca2+, K+, P, Mg2+ etc.) (Syeed et al. 2011); and arrested the uptake of excess
detrimental ions (Na+, Cl�, etc.) (Nazar et al. 2011). In addition, exogenous SA
played a vital role in improving photosynthetic attributes (photosynthetic rate,
transpiration rate, intercellular CO2 concentration, water-use efficiency, etc.)
(Li et al. 2014), in increasing pigment contents (chlorophyll and carotenoids)
(Ma et al. 2017), minimizing excess ROS generation (O2

•�, H2O2, OH
�, etc.)

(Nazar et al. 2011), in reducing membrane degradation products (malondialdehyde,
MDA; thiobarbituric acid reactive substance; TABRS) (Ahmad et al. 2018), in
enhancing antioxidant enzyme activities (SOD, CAT, APX, POX, GR, etc.)
(Ardebili et al. 2014) and non-enzymatic antioxidants (AsA, GSH, phenolic
compounds, etc.) (Csiszár et al. 2018), in regulating osmoprotectants (GB, Pro,
sugar, protein etc.) (Shaki et al. 2018; Fayez and Bazaid 2014), and in upregulating
and downregulating the expression of some genes (MYB and P5CS) (Zheng et al.
2018). Apart from SA-induced salinity stress tolerance in the seedling, exogenous
SA improved salt stress tolerance in plants at the reproductive stage, as indicated by
increased number of panicles, number of grains per panicle, number of filled grains
per panicle, 1000 grain weight and yield (Jini and Joseph 2017; Pirasteh-Anosheh
et al. 2017; Tahjib-Ul-Arif 2018b). Some plant species which are salt tolerant
showed much, much greater increases in protection against salinity tolerance com-
pared to salt-susceptible plant species by displaying increased activity in defence
system. However, both species showed a considerable tolerance after exogenous
supply of SA in growth media (Jini and Joseph 2017). At the time of exogenous
treatment, various concentrations of SA have been applied in salt-stressed plants to
evaluate its effective concentration, and among them low concentration of SA (0.1
and 0.5 mM) showed better protection against salt stress in most of the cases whereas
high concentration of SA displayed inhibitory role (Anaya et al. 2015; Syeed et al.
2011). In addition, the duration of exposure and mode of application of SA also play
noteworthy roles in enhancing tolerance against salt stress. In Table 1.2, we
summarized some of the most successful recent studies related to using exogenous
application of SA to increase salinity stress tolerance in various plant species.
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Table 1.2 Salicylic acid–mediated salt stress tolerance in various plant species, with the suggested
mode of protection

Name of the
crop

Salinity dose
and duration

SA dose,
mode of
application
and duration

Mode of action of
exogenous SA References

Maize (Zea
mays L.)

75 mM NaCl;
40 days

1000 μM;
foliar spray;
40 days

Enhancement of
photosynthetic rate

Tahjib-Ul-
Arif et al.
(2018b)Increased carboxylation

efficiency and water-use
efficiency

Increased chlorophyll
content (SPAD value)

Decreased lipid
peroxidation (MDA
content)

Enhanced the activity of
CAT and APX

Increased RWC

Improved the yield-
contributing traits
including 100 kernel
weight

Mung bean
(Vigna radiata
L.)

100 mM
NaCl; 20 days

500 μM; foliar
spray; 7 days

Enhanced GB and Met
production

Khan et al.
(2014)

Suppressed ET formation

Reduce oxidative stress

Decrease Na+ and Cl�

ion accumulation

Inhibited ACS activity

Increased GSH content

Improved photosynthesis
and growth parameters

Mung bean
(Vigna radiata
L.)

50 mM NaCl;
30 days

500 and
1000 μM;
foliar spray;
15 days

Decreased Na+ and Cl�

uptake
Nazar et al.
(2011)

Increased ATPase and S
content

Decreased H2O2,
TBARS and EL

Decreased GSSG

Increased GSH

Decreased water and
osmotic potential

Increased SOD, APX and
GR activity

Increased Fv/Fm, net
photosynthesis

(continued)
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Table 1.2 (continued)

Name of the
crop

Salinity dose
and duration

SA dose,
mode of
application
and duration

Mode of action of
exogenous SA References

Tobacco
(Nicotiana
tabacum L.)

50,
100, 150 mM
NaCl; 35 days

100 μM;
growth media;
35 days

Improved growth
parameters

Lee et al.
(2014)

Enhanced the activities
of Rubisco

Lentil (Lens
esculenta)

100 mM
NaCl; 10 days

500 μM;
growth media;
10 days

Improved germination
percentage

Misra and
Saxena
(2009)Increased SL, SFW,

SDW, RL, RFW and
RDW

Increased Pro and GB
contents

Increased activities of
P5CR and γ-glutamyl
kinase

Chinese
nutmeg
(Torreya
grandis)

0.2 and 0.4%
NaCl; 60 days

500 μM; foliar
spray; 30 days

Increased the biomass Li et al.
(2014)Enhanced the Chl

content

Enhanced activity of
SOD, CAT and POX

Increased the
photosynthetic
parameters (Pn, Ci, Tr,
Gs)

Alleviated membrane
injury by decreasing
MDA content and EL

Barley
(Hordeum
vulgare L.)

50, 100 and
150 mM
NaCl; 14 days

50 μM; foliar
spray; 14 days

Increase the growth
parameters

Fayez and
Bazaid
(2014)Enhanced Chl and Car

content

Enhance antioxidant
activity

Decreased Pro content

Decreased soluble
protein and sugar content

Decreased Na+ and
increased K+ uptake

Decreased MDA content

Barley
(Hordeum
vulgare L.)

12 dSm�1

NaCl; crop
growth stages

500, 1000,
1500, and
2000 μM;
foliar spray

Decreased Na+ uptake Pirasteh-
Anosheh
et al. (2017)

Increased K+ uptake

Reduced Na+/K+ ratio

Lowered Cl� content

Increased Ca2+ uptake

Increased grain yield and
biomass

(continued)
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Table 1.2 (continued)

Name of the
crop

Salinity dose
and duration

SA dose,
mode of
application
and duration

Mode of action of
exogenous SA References

Wheat
(Triticum
aestivum)

250 mM
NaCl; 3 days

0.5 mM;
Growth
media; 3 days

Increased the contents of
AsA and GSH

Li et al.
(2013b)

Wheat
(Triticum
aestivum)

150 mM
NaCl; 30 days

0.25, 0.50,
0.75 and
1 mM; growth
media,
30 days

Increased fresh and dry
masses of root and shoots

Arfan et al.
(2007)

Reduced salt-induced
damages in grain yield,
100-grain weight and
number of grains

Arabidopsis
(Arabidopsis
thaliana)

100 mM
NaCl; 7 days

0.01–10 μM;
pretreatment;
14 days

Elevated AsA and GSH
levels

Csiszár
et al. (2018)

Facilitated preservation
of the redox potential

Increased GSH/GSSG
ratio

Arabidopsis
(Arabidopsis
thaliana)

100 mM
NaCl; 14 days

50 μM;
pretreatment;
1 h

Improved biomass and
water content

Jayakannan
et al. (2013)

Lowered H+ influx

Upregulated H+-ATPase

Reduced Na+

accumulation

Decreased the extent of
plasma membrane
depolarization

Safflower
(Carthamus
tinctorius L.)

100, and
200 mM
NaCl; 21 days

1000 μM;
foliar spray;
21 days

Increased GB, total
soluble protein,
carbohydrates, Chl, Car,
flavonoid and
anthocyanin contents

Shaki et al.
(2018)

Decreased Pro content

Increased the activity of
PAL gene

Rice (Oryza
sativa)

150 mM
NaCl; 30 days

2000 μM;
priming; 1 day

Enhanced seed
germination and seedling
growth

Sheteiwy
et al. (2018)

Enhanced Pn, Gs, Ci, and
Tr

Decreased EL

Improved SOD, CAT,
APX and POX activity

Increased K+,Ca2+ and
Mg2+

Decreased Na+

accumulation

(continued)
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Table 1.2 (continued)

Name of the
crop

Salinity dose
and duration

SA dose,
mode of
application
and duration

Mode of action of
exogenous SA References

Decreased H2O2, MDA
content and EL

Increased PAL activity

Increased total Chl and
Car

Rice (Oryza
sativa L.)

100 mM
NaCl; 30 days

1000 μM;
pretreatment;
7 days;
treatment in
soil; 30 days

Improved germination,
growth, yield and
nutrient value

Jini and
Joseph
(2017)

Increased K+ and Ca2+

uptake

Decreased accumulation
of Na+ and Cl�

Rice (Oryza
sativa L.)

100 mM
NaCl; 5 days

500 and
1000 μM
growth
medium;
2 days

Decreased Na+ uptake Kim et al.
(2018)Increased growth and

biomass

Increased endogenous
SA content

Decreased H2O2 and
MDA content

Maize (Zea
mays L.)

40 mM NaCl;
56 days

0.5 mM;
growth media;
56 days

Reduced MDA content Gunes et al.
(2007)Ameliorated membrane

deterioration

Lowered accumulation
of Na+ and Cl� ions

Increased N
concentration

Tomato
(Lycopersicum
esculentum)

200 mM
NaCl; 15 days

10 μM; foliar
spray; 3 days

Restored growth
parameters

Fariduddin
et al. (2017)

Improved CAT, POX
and SOD activity

Increased SPAD
chlorophyll

Improved photosynthetic
parameters

Increased CA and NR

Tomato
(Solanum
lycopersicum)

200 mM
NaCl; 7 days

0.01 and
100 μM;
pretreatment
21 days

Lowered accumulation
of ABA

Horváth
et al. (2015)

Prevented higher
production of ET

Enhanced net CO2

fixation rate

(continued)
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Table 1.2 (continued)

Name of the
crop

Salinity dose
and duration

SA dose,
mode of
application
and duration

Mode of action of
exogenous SA References

Tomato
(Solanum
lycopersicum)

100 mM
NaCl; 10 days

0.1 and 10 μM
Pretreatment
21 days

Increased water potential Szepesi
et al. (2009)Improved Chl content

Reduced MDA content

Tomato
(Solanum
lycopersicum)

100 mM
NaCl; 7 days

0.1 and
100 μM;
Pretreatment
21 days

Increased the activities of
SOD, CAT, APX and
GR

Tari et al.
(2015)

Increased total AsA and
GSH

Ethiopian
mustard
(Brassica
carinata)

50,100 and
150 mM
NaCl; 28 days

500 μM;
Foliar Spray;
28 days

Enhanced growth and
biomass

Husen et al.
(2018)

Enhanced photosynthetic
efficiency by increasing
Chl synthesis

Modulated cells redox
balance

Enhanced Chl
fluorescence, Gs, Pn, Tr
and WUE

Increased total Chl and
Car

Decreased TBARS
content

Decreased Pro content

Increased NR

Increased SOD, CAT and
POD activity

Indigenous
berry (Nitraria
tangutorum)

200–400 mM
NaCl; 9 days

500–1500 μM
nutrient
solution;
9 days

Improved plants growth
and biomass

Yan et al.
(2018)

Decreased superoxide
and H2O2 content

Promoted the ratios of
AsA/DHA and
GSH/GSSG

Decreased content of
TBARS

Increased APX, DHAR,
MDHAR and GR

Faba bean
(Vicia faba L.)

50 and
100 mM
NaCl; 60 days

1000 μM;
foliar spray
50 days

Enhanced growth,
biomass and yield

Ahmad
et al. (2018)

Increased total Chl and
Car content

Increase RWC

Increased Pro and GB
content

(continued)
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Table 1.2 (continued)

Name of the
crop

Salinity dose
and duration

SA dose,
mode of
application
and duration

Mode of action of
exogenous SA References

Increased uptake of Ca2+

and K+

Decreased NA+

accumulation

Enhanced the IAA and
IBA

Decreased ABA content

Increased SOD, CAT,
APX and GR activity

Declined H2O2, MDA
content and EL

Broad bean
(Vicia faba L.)

90, 120, 150
and 200 mM
NaCl

250, 500 and
1000 μM
growth
medium;
7 days

Increased seed
germination percentage,
precocity of germination,
TG, MGT, GRI,
germinated seeds fresh
and dry weight

Anaya et al.
(2015)

Soybean
(Glycine max)

4, 7, and
10 dSm�1

NaCl;
109 days

1000 μM;
foliar spray;
23 days

Increased biomass and
yield

Farhangi-
Abriz and
Ghassemi-
Golezani
(2018)

Increased total Chl
content

Increased soluble sugar,
soluble protein, GB, Pro
and RWC

Decreased Na+

Increased K+ and Ca2+

Increased SOD, CAT,
APX and POX activity

Decreased MDA

Increased MSI

Soybean
(Glycine max)

100 mM
NaCl; 7 days

500 μM;
Foliar Spray;
7 days

Increased the activity of
CAT, APX and POX

Ardebili
et al. (2014)

Reduced oxidative stress

Increased Pro content

Enhanced photosynthetic
pigments (Car content)

Promotion of AsA
content

Decrease in Na+/K+ ratio

Increased Mg2+ uptake

(continued)
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Table 1.2 (continued)

Name of the
crop

Salinity dose
and duration

SA dose,
mode of
application
and duration

Mode of action of
exogenous SA References

Cucumber
(Cucumis
sativus L.)

25, 50, and
100 mM
NaCl; 7 days

400 μM;
Pretreatment;
12 h

Increased plant growth,
biomass and yield

Gurmani
et al. (2018)

Decreased salt injury
index

Increased Pn and WUE

Enhanced SOD, CAT
and POX

Reduced Na+ uptake

Increased K+ uptake

Increased total Chl
content

Gerbera
(Gerbera
jamesonii L.)

100 mM
NaCl; 15 days

500 μM;
pretreatment;
2 days

Decreased MDA and EL Kumara
et al. (2010)Increased the activities of

SOD, POX, CAT and
APX

Chickpea
(Cicer
arietinum)

0.50, 4.0, 6.2,
and 8.3
dSm�1 NaCl;
35 days

500 μM;
priming;
overnight

Increased growth and
biomass

Garg and
Bharti
(2018)Increased number of

arbuscules, number of
vesicles and vesicle to
arbuscule ratio

Reduced flower abortion

Improved pod, seed
formation

ION-homeostasis,
nutrient uptake and sugar
metabolism

Strengthen the plasma
membrane stability

Increased Chl and
anthocyanin

Reduced Na+ uptake

Increased K+ uptake

Strawberry
(Fragaria �
ananassa)

30 and 60 mM
NaCl; 25 days

100, 500, and
750 μM; foliar
spray; 7 days

Increased the activities of
APX, POX and SOD

Faghih et al.
(2017)

Increased Pn and Gs

Decreased Ci

Increased biomass

Decreased Na+/K+ ratio

Dianthus
(Dianthus
superbus)

0.3, 0.6, and
0.9% NaCl;
45 days

500 μM; foliar
spray; 45 days

Enhanced plant growth
and development

Ma et al.
(2017)

Increased Chl and Car
content

(continued)
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Table 1.2 (continued)

Name of the
crop

Salinity dose
and duration

SA dose,
mode of
application
and duration

Mode of action of
exogenous SA References

Decreased MDA content

Increased REC and Pro
content

Decreased superoxide
anion and H2O2 content

Increase SOD, CAT and
POX activity

Increased stomatal
density

Compensated salt-
induced damage in
chloroplast ultra-
structure

Dianthus
(Dianthus
superbus)

0.3, 0.6, and
0.9% NaCl;
45 days

500 μM; foliar
spray; 45 days

Increased leaf biomass Zheng et al.
(2018)Increased soluble protein

and sugar content

Upregulated the
expression of MYB and
P5CS

Increased the thickness
of mesophyll, palisade
tissue, spongy
parenchyma and upper
epidermis

Olive (Olea
europaea L.)

200 mM
NaCl; 75 days

500 and
1000 μM;
pretreatment
with foliar
spray; 45 days

Enhanced growth and
biomass

Methenni
et al. (2018)

Decreased Na+ uptake

Increased K+ uptake

Increased K+ and Na+

ratio

Decreased MDA and
H2O2 content

Increased phenolic
compound

Increased flavonoid
content

Decreased DPPH value

Increased CO2

assimilation rate, Tr and
Gs

(continued)
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Table 1.2 (continued)

Name of the
crop

Salinity dose
and duration

SA dose,
mode of
application
and duration

Mode of action of
exogenous SA References

Alfalfa
(Medicago
sativa)

200 mM
NaCl; 12 days

0.1 and
0.5 mM;
pretreatment;
2 days

Increased Fv/Fm ratio Palma et al.
(2013)Prevented the decrease of

nodule mass

Increased the activities of
SOD, POX, DHAR,
APX and GR

Potato
(Solanum
tuberosum)

50 mM NaCl;
22 days

500 μM; foliar
spray; 15 days

Improved activities of
SOD, CAT and POX

Faried et al.
(2017)

Regulating osmotic
adjustment (Pro
contents)

Increased RWC

Increased K+ uptake

Reduced Na+ uptake

Increased Gs

Decreased Ci

Increased protein

Increased total phenolic
compound content

Decreased MDA content

Mustard
(Brassica
juncea L.)

100 mM
NaCl; 30 days

500 μM; foliar
spray; 15 days

Increased APX, GR,
DHAR activity

Nazar et al.
(2015)

Increased N and S
assimilation

Increased Cys, AsA and
GSH content

Decreased Na+ and Cl�

uptake

Decreased H2O2 and
MDA content

Increased ATPase, serine
acetyl transferase and
rubisco activity

Increased net
photosynthesis

Mustard
(Brassica
juncea L.)

50 mM NaCl;
15 days

100, 500, and
1000 μM;
foliar spray;
once at
15 days

Increased the nutrients
content

Syeed et al.
(2011)

Increased biomass

Increased GSH

Decreased the content of
H2O2, TBARS and EL

Increased SOD, APX and
GR activity

Increase K+, Ca2+, P and
N content

(continued)
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1.5.1 Exogenous SA: Influences on Ingrowth, Photosynthesis,
Pigment Production and Sugar Contents in Plants Grown
Under Saline Conditions

During stress, exogenous SA has been found very potential in enhancing the
germination percentage, shoot and root length, fresh and dry weight of both the
roots and shoots of plants. In general, SA treatment during salinity improved plant
growth and increased photosynthetic pigment, such as chlorophyll a, b and
carotenoids levels in various plant species including Lycopersicum esculentum,
Triticum aestivum, Zea mays, Helianthus annuus, Torreya grandis, Cicer arietinum,
Phaseolus vulgaris, Fragaria x ananasa, Hordeum vulgaris, Vigna radiata and
Glycine max, etc. (Kaydan et al. 2007; Wasti et al. 2012; Agami 2013; Agami et al.
2013; Tufail et al. 2013; Noreen and Ashraf 2010; Li et al. 2014; Asadi et al. 2013;
Hadi et al. 2014; Karlidag et al. 2009; El-Tayeb 2005a, b, Khan et al. 2014; Jaiswal
et al. 2014; Sohag et al. 2020b). Recently, Jini and Joseph (2017) showed increased
growth of salt-stressed Oryza sativa plants when they were treated with 1 mM SA at
the germination and at vegetative growth stages. In salt-stressed Hordeum vulgare,
SA treatment was found to stimulate photosynthetic performance and carbohydrate
metabolism leading to improved salt tolerance (Khodary 2004). The effect of SA on
photosynthesis is also concentration-dependent although the actual role of SA on
photosynthetic parameters is still unclear. In various plant species, SA at low
concentrations (less than 10 μM) mitigated salt-induced reductions in photosynthetic
rates (Stevens et al. 2006; Nazar et al. 2011), carbon fixation, transpiration, stomatal

Table 1.2 (continued)

Name of the
crop

Salinity dose
and duration

SA dose,
mode of
application
and duration

Mode of action of
exogenous SA References

Improved photosynthetic
parameters

Reduced the content of
Na+ and Cl�

Abbreviations: ABA abscisic acid, ACS aminocyclopropane carboxylic acid synthase, AsA ascorbic
acid, APX ascorbate peroxidase, CA carbonic anhydrase, Car carotenoid, CAT catalase, Chl
chlorophyll, CVG coefficient of velocity of germination, Cys cysteine, DHA dehydroascorbate,
DHAR dehydroascorbate reductase, DPPH 2,2-diphenyl-1-picrylhydrazyl, EL electrolyte leakage,
ET ethylene, GRI germination rate index, GSH glutathione (reduced), GSSG glutathione (oxidized),
GR glutathione reductase, GB glycinebetaine, IAA indole acetic acid, IBA indole butyric acid, Ci
intercellular CO2 concentration, LA leaf area, MDA malondialdehyde, Fv/Fm maximal PS II
photochemical efficiency, MGR mean germination rate, MGT mean germination time, MSI mem-
brane stability index, Met methionine, MDHAR monodehydroascorbate reductase, NR nitrate
reductase, POX peroxidase, PAL phenylalanine ammonia-lyase, Pn photosynthetic rate, Pro pro-
line, REC relative electric conductivity, RWC relative water content, RDW root dry weight, RFW
root fresh weight, RL root length, SDW shoot dry weight, SFW shoot fresh weight, SL shoot length,
SOD superoxide dismutase, Gs stomatal conductance, TG total germination, Tr transpiration rate,
TABRS thiobarbituric acid reactive substance, WUE water-use efficiency
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movement (Stevens et al. 2006; Poór et al. 2011a) and antioxidant enzyme activities
(Szepesi et al. 2008). In contrast, the reverse effects were observed with higher SA
concentrations (above 1 mM), with reduced photosynthetic rates (Nemeth et al.
2002), disruption of antioxidant activity (Pancheva and Popova 1997), reduction
in chlorophyll content (Moharekar et al. 2003), increased chloroplast volumes,
swelling of the thylakoid grana and coagulation of the stroma (Uzunova and Popova
2000). Previously, Khodary (2004) reported increased sugar levels after application
of SA to salt-stressed Hordeum vulgare plants and suggested that SA treatment
disrupts the enzymatic systems involved with polysaccharide hydrolysis and
activates metabolism associated with the consumption of soluble sugars by increas-
ing osmotic pressure. Improved plant growth was observed with increased contents
of polysaccharides and soluble sugars, with less than 1 mM SA treatment in
Dendrobium officinale (Yuan et al. 2014). In addition, Sahar et al. (2011) and
Jaiswal et al. (2014) also showed increased sugar contents in Salvia officinalis and
in Glycine max with SA application to plants under salinity stress.

1.5.2 Exogenous SA-Mediated Ion Homeostasis During Salinity

SA-mediated inhibition of cellular concentration of Na+ and Cl� ions and stimula-
tion of the contents of nutrients like N, P, K, S, Ca, Mg, Fe, Mn and Cu were reported
in Brassica juncea, Zea mays, Hordeum vulgaris, Cucumis sativus and Vigna
radiata plants that provided tolerance to salt stress (Syeed et al. 2011; Nazar et al.
2015; Fayez and Bazaid 2014; El-Tayeb 2005a, b; Gunes et al. 2005, 2007; Yildirim
et al. 2008; Khan et al. 2010). Apart from exogenous application or pretreatment,
addition of SA to soil also showed salt-ameliorative effects in maize and mustard by
reducing the accumulation of toxic ions (Gunes et al. 2007). However, some studies
have shown a contradictory role for SA with respect to ion homeostasis under salt
stress. Gunes et al. (2007) and El-Tayeb (2005a, b) showed that exogenous applica-
tion of SA reduced the concentration of K+ and P in root and shoot tissues of Z. mays
and H. vulgaris plants subjected to salinity. In salt-affected Spinacia oleracea, the
concentrations of Na+ and Cl� were not influenced by SA (Eraslan et al. 2008).
SA-mediated inhibition of K+ uptake and increase of Na+ were reported in
Lycopersicum esculentum plants under salt stress (Szepesi et al. 2009). Further
study is required to clarify the interaction between SA with various nutrient elements
in plants under salinity to help develop salt-tolerant cultivars.

1.5.3 Exogenous SA as a Regulator of Antioxidant Metabolism

During acclimation to salinity, exogenous SA application at physiological
concentrations caused moderate oxidative stress as it caused H2O2 production and
induced both enzymatic [SOD, CAT, APX and GPX] and non-enzymatic antioxi-
dant defence systems (glutathione, ascorbic acid, carotenoids and tocopherols) in
plants (Durner and Klessig 1995, 1996; Gill and Tuteja 2010). Increased growth and
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higher antioxidant enzyme activities namely SOD, CAT and POD were observed in
salt-stressed Helianthus annuus with exogenous application of SA to plants (Noreen
et al. 2009). Arfan (2009) also showed increased SOD activity caused by exogenous
SA application with an increase in shoot Ca2+ resulting in a transient increase in
H2O2 to induce antioxidant enzymes, which reduced cellular ROS in spring wheat
under salinity. Palma et al. (2013) reported that SA can act to protect against salinity
by increasing the activities of antioxidant enzymes including POX, SOD, APX and
dehydroascorbate reductase (DHAR) in Medicago sativa. It was observed that
SA-pretreatment could alleviate the toxic effects of salt stress on photosynthesis
and growth in V. radiata plants by increasing the activities of SOD, CAT, GPX,
APX and GR (Khan et al. 2014). In addition, increased salt tolerance, as a result of
increased activities of AsA–GSH pathway enzymes, was found in T. aestivum as
well as in B. Juncea plants with exogenous SA application at 0.5 mM(Li et al.
2013b; Nazar et al. 2015). The fundamental mechanisms underlying this
SA-mediated salt tolerance via the AsA–GSH cycle was attributed to the differential
regulation of the levels of transcript of genes encoding enzymes such as GPX
(GPX1), phospholipid hydroperoxide (GPX2), and DHAR (DHAR), GR (GR),
GST (GST1 andGST2), MDHAR (MDHAR), and GSH synthetase (GS) as suggested
by Li et al.(2013b). Furthermore, in S. lycopersicum, SA-priming reduced the effects
of salt stress by upregulating the expression of GST-supergene family (SIGSTs) in
the leaves and roots of plants, in a concentration-dependent manner (Csiszár et al.
2014). Thus, multiple antioxidant metabolic enzymes and peroxidase activities are
mediated by SA signals which act to reduce oxidative damage and provide increased
tolerance to salinity stress.

1.6 Conclusions and Future Perspectives

Genetic engineering of plant hormones manifests a dominant platform for stress
tolerance and provides a novel approach for improving crop performance under
stress. SA signalling is highly potential and exploitation of this phytohormone as a
salt stress management tool has received immense importance in developing salt-
tolerant crop varieties. Recently, many studies have shown exogenous SA applica-
tion to be beneficial for plants, not only in normal condition, but also under salt-
stressed conditions. In under salinity stress, SA regulates plant developmental and
metabolic processes, controls stomatal movement, maintains the plant nutrient
status, modulates the production of various osmolytes, reacts with various
antioxidants, interacts with different hormones and ROS, and thereby can mediate
salt stress tolerance (Fig. 1.2). Further in-depth investigation of the physiological,
biochemical as well as metabolic changes observed in SA-overexpressing and
SA-deficient mutant plants is also essential to better explore the regulatory roles of
SA in plants. Therefore, much works still needs to be performed to unravel the exact
mode of action of SA interactions with osmoprotectants, hormones and other
signalling compounds, as well as SA biosynthesis upon salinity considering plant
species and physiological SA concentrations. A pragmatic and integrated approach
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should be adopted incorporating genetics, molecular biology, biochemistry, geno-
mics, proteomic and bioinformatics techniques to unravel the SA-mediated plant
defence networks and SA-mediated control of other hormone signalling pathways, in
order to develop robust salt-tolerant crop varieties.
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Abstract

Several biotechnological techniques are increasingly being employed in plants to
enhance their nutritional value and phenolic compound content. As a result, the
number of studies regarding the effects of different biotechnological techniques
has risen in the last years. Current studies are specially focused on the high
phenolic extraction conditions, and recently, the use of industrial by-products as a
potential source of bioactive compounds has been studied. To fully comprehend
the potential benefits of biotechnological techniques on plant phenolic improve-
ment, research should focus on the advantages, characteristics, and difference of
biotechnological techniques in contrast to conventional and emerging process
extraction in plants. This chapter aims to describe the state of the art on plant
phenolics enhanced by biotechnological techniques.
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2.1 Introduction

Phenolic compounds are a vastly diverse group of phytochemicals; they are produced
by the secondary metabolism of plants. Structurally, phenolic compounds constitute a
basic aromatic ring with a hydroxyl group (-OH) attached. Plant phenolics are
biosynthesized as defense metabolites aimed to protect the plant against biotic and
abiotic stresses. Phenolic compounds can be classified depending on their basic struc-
ture of phenolic acids and flavonoids. Flavonoids are characterized by the presence of
three rings (C6-C3-C6) named A, B, and C. Flavonoids can be subclassified depending
on their distribution of -OH radicals and prenylation and glycosylation into flavonols,
flavones, flavan-3-ols, anthocyanidins, flavanones, isoflavones, etc. Similarly, phenolic
acids can be classified depending on whether they are derived from hydroxycinnamic or
hydroxybenzoic acid (Vermerris and Nicholson 2006; Kutchan et al. 2015).

2.1.1 Bioactive Properties of Phenolic Compounds

Phenolic compounds are compounds that have been associated in the prevention of
various diseases; also, the beneficial effect of phenolic compounds has been
attributed mainly to their antioxidant activity. Phenolic compounds have been
largely reported because of their anticancer, anti-inflammatory, cardioprotective,
and antimicrobial properties (Fig. 2.1).

2.1.1.1 Antioxidant Activity
It has been reported that phenolic compounds possess antioxidant activity due to
their defined structures that confer the ability to accept or donate electrons or
hydrogen atoms, which in turn stabilizes free radicals as well as chelates metal
cations and prevents oxidative stress (Balasundram et al. 2006). Despite the high
activity evaluated in in vitro studies, the human body cannot absorb 100% of the
phenolic compounds; in addition, the absorption mechanism is not yet completely
elucidated (Balasundram et al. 2006).

Anticancer

Anti-inflammatory

AntimicrobialCardioprotective

Antioxidant

Activity
Phenolic Compounds

Fig. 2.1 Properties of phenolic compounds
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2.1.1.2 Anticancer
Cancer is a disease of great worldwide interest; it develops due to various factors
such as environment, physical, chemical, genetic, or metabolic factors, which trigger
various reactions in the body such as abnormal cell division and spread to adjacent
tissues. A strategy for the prevention of this disease is a diet with high levels of
phytochemicals such as fruits and vegetables, because these compounds have been
attributed high antioxidant activity; also they are linked to reducing the incidence of
cancer. Among these phytochemicals are the phenolic compounds. It has been
reported that these are widely distributed and are found mainly in vegetables; on
the other hand, their antioxidant activity has been related to carcinogenesis modula-
tion through in vitro and in vivo studies (Dai and Mumper 2010).

The cancer cell lines that have been studied in vitro to test the anticarcinogenic effect
of phenolic compounds are found in the breast (MCF-7), prostate (LNCaP, DU-145),
colon (HT-29, HTC-116), and human oral cavity (KB, CAL-27), reporting a tumor
growth reduction after treatment with phenolic compounds of different sources (Dai
and Mumper 2010; Seeram et al. 2006; Zhang et al. 2008). The effect of phenolic
compounds has been reported in in vivo models, and it was found that these compounds
when added to the diet of rats induced to different types of tumors (colon carcinoma,
skin papilloma, human lung carcinoma, among others) have a beneficial effect; there-
fore, the consumption of phenolic compounds could help prevent various conditions in
humans (Dai and Mumper 2010; Ding et al. 2006; Lala et al. 2006).

2.1.1.3 Anti-inflammatory
Polyphenols have been studied to elucidate their effects in human health. In this
sense, it has been reported that these inhibited enzymes related to the inflammatory
process; among them, mitogen-activated protein kinase (MAPK), protein kinase-C,
nitric oxide synthase (iNOS), nuclear factor-kappa B (NF-kB), and phase II antioxi-
dant detoxifying and activating protein-1 enzymes have been inhibited by
polyphenols, and thus, polyphenols possess an anti-inflammatory effect (Dziadek
et al. 2019; Santangelo et al. 2007).

2.1.1.4 Cardioprotective
It has been reported that polyphenols can prevent LDL oxidation. In fact, flavonoids
have been shown to have a cardioprotective effect in different in vivo models (Heim
et al. 2002). In this sense, it has been demonstrated that the intake of foods with high
phenolic compound content such as flavonoids have a positive effect on human
health, since a decrease in the incidence of heart attacks and mortality due to
coronary and ischemic heart disease has been observed in adults (Folsom et al.
1999; Heim et al. 2002; Hertog et al. 1993). Likewise, the cardioprotective effect of
flavonoids has been demonstrated in murine models with a high-flavonoid diet, due
to reduction in myocardial postischemic damage (Facino et al. 1999).

2.1.1.5 Antimicrobial
According to several authors, phenolic compounds have a high antimicrobial activ-
ity; this could be due to the fact that most of these compounds are capable of
inhibiting the formation of biofilms. Likewise, they neutralize bacterial toxins and
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reduce the host ligands’ adhesion; therefore, a study of a great variety of phenolic
compounds on several microorganisms has been carried out. It has been reported that
among the phenolic compounds, flavonols and tannins have the highest antimicro-
bial activity. On the other hand, due to the latest advances in studies of antimicrobial
activity, phenolic compounds have been proposed for the development of new
preservatives in food (Daglia 2012; Davies and Deroles 2014).

2.2 Plant Phenolic Extraction

Plants are rich in phenolic compounds, so to know all its characteristics, it is
necessary to separate, extract, and purify them; however, there is no specific method
that allows extraction of all phenolic compounds due to the complexity and diversity
found in a single plant. Phenolic compounds have different polarities (hydrophilic
and lipophilic), molecular weights (from simple molecules to very complex ones),
and molecular structure (isomers). In addition, depending on the matrix where they
are found, they can be free or associated with weak or strong bonds, making their
extraction complicated and extensive. Other factors such as solvent type, solid-liquid
ratio, temperature, pressure, and extraction times are involved in the efficient
extraction of phenolic compounds (Jones and Kinghorn 2006; Khoddami et al.
2013; Sáyago-Ayerdi et al. 2016; Wang and Weller 2006).

The first step in the extraction of plant phenolic compounds is the sample prepara-
tion, whether it is fresh, dried (air-drying or freeze-drying), or frozen; in addition, the
sample must be processed by milling, grinding, and homogenization (Dai and Mumper
2010). These processes must be carried out avoiding high temperatures that can
decompose the plants thermolabile compounds, as well as protecting themselves from
sunlight due to changes that may arise from exposure to ultraviolet radiation. Exposure
to temperatures greater than 100 �C may influence the recovery of some phenolic
compounds. Likewise, in the milling, the sizes of particles allow a more efficient
extraction, due to the fact that the surface area increases; however if it is too fine, it is
difficult for the solvent to pass through the particle (Rajha et al. 2014; Velavan 2015).

The solvent selection is based on the compounds that are to be extracted, in
addition to considerations such as low toxicity, evaporation with low heating, easy to
concentrate, preservation capacity without alterations in the compounds, and should
not cause interference. For the extraction of hydrophilic compounds, polar solvents
such as water, methanol, ethanol, or ethyl acetate are generally used, while nonpolar
lipophilic agents such as dichloromethane, acetone, besides, chloroform, or hexane
are used to eliminate interferences in the process such as chlorophyll (Sasidharan
et al. 2011; Velavan 2015). In the extraction of phenolic acids and flavonoids,
methanol, ethanol, or water or a mixture of them is used; in the case of extraction
of tannins and anthocyanins, because they are of high molecular weight, alkaline or
acidified water is commonly required. In this sense, for stilbene (resveratrol)
solvents, such as acetone, ethyl acetate and alcohols are very effective (Sandoval
and Villanueva-Rodriguez 2018). The different techniques or extraction methods
include conventional methods or very sophisticated emergent technologies (Fig. 2.2)
in order to extract largest amounts of bioactive compounds.
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2.2.1 Conventional Technologies

Changes in the cell structure occur in the extraction process to free the compounds of
interest. First, it is necessary to break down barriers so that the transfer of compounds
is made to the medium. In the conventional method, mass transfer occurs from the
inside out (Fig. 2.3) and heat transfer from the outside to the inside (Sadeghi et al.
2017). There are several methods for the extraction of phenolic compounds; how-
ever, conventional methods are mostly used such as maceration and Soxhlet
(Annegowda et al. 2012).

2.2.2 Maceration

This method was designed for a long time to produce tonics; however, it became
very useful in obtaining essential oils and bioactive compounds such as phenolics,
because it is inexpensive and it can be carried out in vials, flasks, or large
containers (Jones and Kinghorn 2006). In maceration, the sample is kept in contact
with the solvent for a period (at least 72 h) with constant agitation at room
temperature (possible application of heating) until all soluble compounds are
dissolved. Later, filtration methods, or decanting, are used to obtain the extract.
However, this method has disadvantages such as the following: it requires large
volumes of solvents and long extraction periods and can be affected by external
factors such as light and high temperatures (Jones and Kinghorn 2006; Khoddami
et al. 2013; Velavan 2015).

The extraction conditions such as temperature and solvents are determinants for
the yield of bioactive compounds; in this sense, previous studies have reported
efficient extraction of phenolic compounds through the maceration method in
different plants such as Cretan barberry herb (Kukula-Koch et al. 2013), Moringa

Fig. 2.3 General representation of a conventional extraction process: (a) solvent-solvent contact,
(b) break down of cell barriers and diffusion of the solvent, (c) transfer of phenolic compounds to
the medium (outside the cell)
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oleifera L. leaves (Vongsak et al. 2013), aerial parts of Salvia veneris (Gulsoy
Toplan et al. 2017), Cassia fistula L., Punica granatum, Juglans regia (Khan et al.
2012), Thymus serpyllum (Jovanović et al. 2017), Alpinia zerumbet leaves (Victório
et al. 2009), olive leaves (Rafiee et al. 2011), Pinus radiata bark (Aspé and
Fernández 2011), and Opuntia ficus-indica flowers (Benayad et al. 2014), among
others.

2.2.3 Soxhlet Extraction

Soxhlet is a continuous extraction process of solid material with organic solvent; it is
an extraction method proposed by the German chemist Franz Ritter Von Soxhlet in
the year 1879. It was initially designed for the extraction of lipids; however, it has
been widely used for the extraction of phenolic compounds (Azmir et al. 2013). This
method uses a Soxhlet extraction equipment (Fig. 2.4), which continuously supplies
fresh solvent to the sample contained in the thimble, this through a series of cycles of
solvent evaporation and condensation (Theegala 2015). This process has some
advantages as follows: the sample is repeatedly in contact with fresh solvent,
which facilitates the diffusion and extraction; the temperature is relatively constant;
and it does not need filtration, is a very simple method, and is easy to use.
Nevertheless, the disadvantages are the amount of sample per extraction, the long-
time process, and the high solvent consumption and it cannot be used with thermo-
labile compounds (De Castro and Priego-Capote 2010; Velavan 2015). Like
maceration, several reports of plant phenolic compound extraction by the Soxhlet
process are available; in this sense, it has been studied on different plants such as
Bauhinia purpurea (Annegowda et al. 2012), different parts of Salvia halophila and
Salvia virgata (Akkol et al. 2008), Euphorbia neriifolia leaves (Sharma and
Janmeda 2017), henna leaves (Mahkam et al. 2014), Opuntia ficus-indica (Ammar

Water In

Water Out

Condenser

Extractor

Paper Thimbler 

Siphon

Distillation 

flask

Heat

Fig. 2.4 Soxhlet extraction
equipment
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et al. 2015), and different salvia species (S. officinalis, S. aegyptiaca, and
S. argentea) (Farhat et al. 2013).

2.2.4 Emerging Technologies

In recent years, new technologies have been studied to obtain bioactive compounds,
which minimize the problems caused by conventional extractions. In this sense,
emerging technologies (also called unconventional technologies) in comparison
with conventional technologies have some advantages such as energy saving,
sensitive extraction process, environment-friendly, higher yield, and quality extracts.
However, the principal disadvantage of these technologies is the moderate extraction
costs. In addition, it has been reported that they are more selective and efficient than
conventional extraction processes and offer superior yields as well as short extrac-
tion times. Among them ultrasound-assisted extraction, supercritical fluid extraction,
high-pressure processing, pulsed electric fields, and microwave-assisted extractions
have been studied (Bursać Kovačević et al. 2018; Moreira et al. 2019; Rocchetti
et al. 2019).

2.2.5 Ultrasound-Assisted Extraction

Ultrasound is an emerging technology that in recent years has been widely studied in
various areas such as the food industry, because it has been reported that ultrasound
has the ability to penetrate through the medium by a phenomenon called cavitation,
which creates a great vibration between the molecules damaging their structure and
facilitating mass transfer. Therefore, compound extraction can be improved by
combining this technology and the use of solvents; in recent years, it has been
proven that the rate and yield extraction of bioactive compounds have increased
when using ultrasound-assisted extraction in plants (Gayathri et al. 2018; Moreira
et al. 2019). Likewise, it has been reported that ultrasound-assisted extraction is a
promising technique for the extraction of bioactive compounds from plants (Azmir
et al. 2013). However, extraction at high ultrasound waves could induce an elevated
production of free radicals and decrease the content of bioactive compounds in
plants, so specific studies on the effect of ultrasound on plants for the extraction of
bioactive compounds such as phenolic compounds are necessary (Ameer et al. 2017;
Bursać Kovačević et al. 2018).

2.2.6 Supercritical Fluid Extraction

Supercritical fluid is any substance that is above its point pressure and critical
temperature; also, this supercritical fluid behaves like a gas and maintains the solvent
properties of a liquid. In addition, it has high diffusivity and low viscosity which
allows it to more easily cross porous media increasing the transfer of mass compared
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to a liquid. The properties of a supercritical fluid depend on many factors such as
pressure, temperature, and the supercritical fluid substance (da Silva et al. 2016;
Moreira et al. 2019). Carbon dioxide is the most used supercritical fluid due to its
pressure and temperature supercritical moderate properties; it is also considered as
safe for the environment as well as human health. Another advantage of supercritical
fluid extraction is that it is considered a generally recognized as safe (GRAS) solvent
(mainly ethanol, due to its food grade properties and its ease of separation of the final
product) in which, depending on the interest product, the addition of the cosolvents
favors a better extraction. Likewise, it has been reported that higher yields, lower
extraction times, and solvent consumption are obtained with this technology
(Galanakis 2012); on the other hand, the supercritical extraction equipment can be
adapted with different chromatographic techniques (da Silva et al. 2016). Therefore,
its application in bioactive compound extraction has been growing in recent years
(Moreira et al. 2019; Rocchetti et al. 2019; Uddin et al. 2015). In this sense, this
technology is mainly used in the extraction of solid matrix compounds. Likewise, in
recent years, it has been studied for bioactive compound extraction from by-products
to extract specific phenolic compounds and give them added value (Ameer et al.
2017; Herrero et al. 2010).

2.2.7 High-Pressure Processing

High-pressure processing is a technology that consists of exposing the material to
pressures ranging from 100 to 600 MPa. It has been reported that during the
extraction, the covalent bonds are not damaged; however, the extraction temperature
remains with a variation of 3 �C per 100 MPa. Therefore, it has been used for the
extraction of compounds that are thermolabile. In addition, the high pressures allow
the extraction of compounds without damaging or denaturation; it is also recognized
by the Food and Drug Administration (FDA) as environmentally ecofriendly
(Moreira et al. 2019; Sevenich and Mathys 2018). In this sense, phenolic compounds
have been extracted from different plants through high-pressure processing.

2.2.8 Pulsed Electric Fields

Pulsed electric field is a promising technology for food processing and conservation
that has attracted strong interest in food engineering; extraction by electrical pulses is
based on cell membrane destruction by an electric field, because the molecules of the
membrane are separated by their charge which results in a repulsion between the
molecules, forming pores and increasing the permeability (Azmir et al. 2013).
Moreover, mass transfer is increased by the destruction of the plant membrane to
improve compound extraction and reduce extraction times (Azmir et al. 2013; Toepfl
et al. 2006). On this sense, different studies have been reported its advantage in
comparison with the traditional extraction process such as selective molecule extrac-
tion and induction of structural modification of the cell membrane to improve
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bioactive compound extraction (Comuzzo et al. 2018; Moreira et al. 2019; Vorobiev
and Lebovka 2016).

2.2.9 Microwave-Assisted Extraction

Microwave-assisted extraction involves the heating of solvents due to electromag-
netic waves; in the case of plants, indoor water heats up and evaporates causing an
increase in pressure, so the cell wall ruptures and bioactive compounds become
available for extraction. This technology reduces the extraction time, as well as
increases the yield (Bursać Kovačević et al. 2018; Tatke and Jaiswal 2011).
According to Alupului et al. (2012), the extraction of plant compounds through
microwave-assisted extraction is carried out in three steps: first, the solutes are
separated from the matrix due to the increase in pressure and temperature caused
by the collision of molecules while under microwave frequencies, then solvent
diffusion occurs through the matrix, and finally, the solutes are separated from the
matrix to the solvent (Azmir et al. 2013).

However, compound extracting conditions should be monitored because long
periods of extraction and high microwave power could greatly increase the tempera-
ture and cause compound degradation; therefore, optimization studies are necessary
for the extraction of bioactive compounds in plants (Bursać Kovačević et al. 2018;
Périno-Issartier et al. 2011).

2.3 Improving Plant Phenolic Extraction by Biotechnological
Processes

Biotechnological processes have been studied to counteract the problems caused by
conventional processes (high consumption of chemical agents, prolonged extraction
times, and high temperatures), which are also used in in vitro (controlled) conditions
to produce natural products from diverse sources such as plants, as well as for
bioprocessing applications. In the literature, there are diverse studies of biotechno-
logical processes for the improvement of bioactive compounds such as phenolics;
among these, enzymatic, fermentation, germination, and plant cell cultures have
been reported (Table 2.1).

2.3.1 Enzymatic Process

Enzymatic process is an emerged technology to overcome conventional phenolic
compound extraction. Enzymes are proteins responsible for accelerating the meta-
bolic reactions of all organisms and are characterized for having high specificity.
Enzymatic reactions take place at the active side with the interaction between the
enzyme’s active side and the substrate for product transformation (Martínez Cuesta
et al. 2015; Nam et al. 2012). Despite enzymatic processes being expensive, in recent
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years biotechnological processes advanced and the costs of enzymes have decreased,
and thus, it can currently be found in different industrial processes (Laroze et al.
2010). Nevertheless, the enzymatic process has some advantages in comparison with
conventional processes such as it is cost-effective, eco-friendly, and easy to obtain
and maintain, as well as degrade the cell wall components. On the other hand,
enzymes have then been isolated from different organisms such as bacteria, fungi,

Table 2.1 Advantages and disadvantages of the biotechnological processes used to enhance the
phenolic content in plants

Biotechnology
process Advantage Disadvantage Reference

Enzymatic
process

Environment-
friendly
Release bound
phenolic
compounds

Expensive process
Stages of extraction and
purification of phenolic
compounds are needed

Bhanja Dey et al. (2016)

Fermentation
process

Rapid growth
rates
Cost-
effectiveness
Simple
processing and
cultivation
Environmentally
friendly
Low temperature
and water
requirements

Long fermentation times
Multiple parameters to
control
It requires specialized
infrastructure

Bhanja Dey et al. (2016),
Fowler and Koffas (2009),
and Martins et al. (2011)

Germination
process

Simple
processing
Low temperature
and water
requirements
It does not
require
specialized
infrastructure
Inexpensive
Environmentally
friendly process

Long relative processing
periods
Multiple parameters to
control

Cevallos-Casals and
Cisneros-Zevallos (2010),
and Gan et al. (2017)

Plant cell
cultures

High yields
It does not need
toxic chemicals
It can get specific
compounds
No product
variability
Easy growth
control

It requires specialized
infrastructure
Multiple parameters to
control
Expensive process
It needs genetically
modified plants to
increase yield and purity

Davies and Deroles (2014),
James and Lee (2001), and
Wilson and Roberts (2012)
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animal organs, and vegetable/fruit extracts and are being used for a wide range of
applications such as food industry and medicine (Raveendran et al. 2018).

In the last years, enzymes have been used to improve phytochemical extraction
from food matrices. In this sense, it has been reported that phenolic compounds are
increased by enzymatic process, which could be due to the breakdown of protein
structures that are linked phenolics, and also by cellulosic composite destruction of
the cell wall by catalyzing hydrolytic reactions. Likewise, some enzymes also
improve phenolic solubility, another important factor for their extraction (Mushtaq
et al. 2015). In the literature, fruits, vegetables, and by-product industry have been
studied for increasing phenolic compound recovery by enzymatic process. In this
sense, cellulase, hemicellulase, β-glucanase, xylanase, and pectinase have been
studied to digest vegetable cell walls and improve phenolic compounds
(Table 2.2). In fact, cellulase catalyzes the hydrolysis of endo-1,4-β-D-glycosidic
linkages in cellulose, lichenin, barley glucan, and the cello-oligosaccharide
cellotriose to cellohexaose. Hemicellulase, on the other hand, hydrolyzes hemicellu-
lose and pectinase separates polygalacturonic acid into mono-galacturonic acid by
opening glycosidic linkages (Peng et al. 2015).

Laroze et al. (2010) reported a total phenolic compound increase of 35% by
enzymatic process from raspberry solid waste compared with hydroalcoholic extrac-
tion. They used enzymes extracted from different organisms such as Aspergillus
niger. The best enzyme concentration to increase phenolic compounds varies
according to raw material composition. Some authors suggest that the enzymatic
process must be used together with an extraction technology (such as microwave-
assisted extraction, supercritical extraction, ultrasound-assisted extraction, among
others) to increase phenolic compound extraction.

Likewise, cell-wall-degrading enzymes, such as cellulase, have also been used to
improve phenolic compounds from Gingko biloba leaves. The extraction yield was
twofold higher than hydroalcoholic extraction. This could be achieved by
transglycosylating flavonol aglycones into more polar glucosides (Chen et al.
2011). Wang et al. (2017) reported an increase in quercetin and kaempferol by
cellulase and β-glucosidase-assisted extraction from guava (Psidium guajava L.)
leaves. They found that the enzymatic process could release insoluble-bound and
soluble-conjugated phenolic compounds.

Proteases such as alcalase and neutrase-hydrolyzing internal peptide bonds have
been used in high-protein sources to enhance phenolic compounds. Further, tannase
is used to improve phenolic extraction, which is extracted from filamentous fungi
and catalyze and hydrolyze the ester present in hydrolysable tannins and gallic esters
such as epigallocatechin O-gallate (EGCG) or epicatechin O-gallate (ECG), releas-
ing gallic acid (GA). In this sense, tannase in combination with cellulase has
increased total phenolic extraction from grape pomace after 24 h. It is important to
understand that gallic acid content increased by fivefold compared to hydroalcoholic
extracts (Chamorro et al. 2012). Similarly, green tea (Camellia sinensis) has been
studied to increase phenolic compounds through the enzymatic process. In this
sense, it has been reported that tannase combined with Viscozyme increased total
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phenolic content by around twofold in comparison with cold water extraction (Hong
et al. 2013).

Cellulase has been used in combination with microwaving for the recovery of
phenolic compounds from raw materials. Yang et al. (2010) reported an increase in
corilagin and geranin from geranium (Geranium sibiricum) through the enzymatic
process coupled with microwave-assisted extraction. Corilagin and geranin
increased 64.01% and 72.95%, respectively, in comparison with water extraction.
Besides, the enzymatic process coupled with microwave-assisted extraction did not
affect the structure and functionality of phenolic compounds and was better than
solvent extraction.

Similarly, the enzymatic process coupled with microwave-assisted extraction has
been studied for polyphenol extraction from other raw materials such as peanut
shells. Zhang et al. (2013) found a total phenolic increase of 62.73% by the
enzymatic process coupled with microwave-assisted extraction. Furthermore, these
combined technologies were more effective in extracting phenolic compounds than
others such as ultrasound-assisted extraction. On the other hand, supercritical
extraction coupled with the enzymatic process (using pectinase, protease, and
cellulase) doubled the total phenolic extraction from food sources such as pome-
granate waste (Mushtaq et al. 2015).

Li et al. (2017) reported a total phenolic extraction of 30% by cellulase enzymatic
process coupled with ultrasound-assisted extraction from sijiaoling pericarps (Trapa
quadrispinosa Roxb.). Enzymes are biological units with high efficiency and are
used to improved bioactive phenolic compounds in plants. The use of enzymes
coupled with extraction methods has been reported to increase the antioxidant and
biological activities of extracts. Also, these extracts are useful for preserving food
and are used to produce cosmetic and pharmaceutical products. Enzyme-assisted
extraction should be further utilized for the development of functional food
ingredients and nutraceuticals with high market value.

2.3.2 Fermentation Process

The fermentation process has been studied for the recovery of bioactive compounds
such as phenolic acids (Table 2.3). This process is divided into two systems,
submerged fermentation and solid-state fermentation. Fermentation processes are
based on the growth of microorganisms in liquid or solid medium in the absence or
near absence of free liquid. These microorganisms consume the substrates and
produce extracellular enzymes that weaken the matrix and release bound phenolic
compounds; in addition, the phenolic compound increase in the fermentative pro-
cesses may be due to the fact that these microorganisms can produce new phenolic
compounds through their secondary metabolism (Bhanja Dey et al. 2016).
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Table 2.3 Summary of studies using fermentation as a strategy to enhance the extraction of plant
phenolic compounds

Source Fermentation process
Effect on phenolic
compounds Reference

Corn stover Submerged fermentation with
Inonotus obliquus for 216 h

Increased the content of both
extracellular
(118.9–135.7 gallic acid
equivalent/L) and intracellular
(21.2–23.7 gallic acid
equivalent/g) phenolic
compounds.

Xu and Zhu
(2011)

Apple
pomace
sludge

Submerged fermentation with
Phanerochaete chrysosporium
ATCC 24275 by 67 h

They reported a 1.5-fold
increase in polyphenol
content.

Gassara
et al. (2012)

Soy whey Fermented by Lactobacillus
plantarum (B1–6) for 10 h

Total phenolic compound
increase (22.48%,
approximate), and the highest
total phenolic compound
content was 64.66 � 2.79 mg
gallic acid equivalent/g at
fermentation time of 10 h.

Xiao et al.
(2015)

Cowpeas Fermented by Lactobacillus
plantarum (ATCC 14917)

They reported a higher
identification of phenolic
compounds in the fermented
than raw cowpea.

Dueñas et al.
(2005)

Pate olive
cake

Fermented with
Saccharomyces cerevisiae and
Leuconostoc mesenteroides

A phenolic compound
decrease in fermented sample
in comparison with
unfermented was reported;
nevertheless, fermented
sample had higher antioxidant
activity.

Tufariello
et al. (2019)

Wheat and
corn straw

Fermentation with 15%
Lactobacillus plantarum
(DSMZ 20174)

They reported that
Lactobacillus plantarum
fermentation increased the
phenolic compounds of wheat
(39%) and corn straw (51%).

Đorđević
et al. (2019)

Quinoa
seeds

Solid-state fermentation with
different molds

Rhizopus oligosporus was the
most efficient mold for
enhanced phenolic
compounds; they reported an
increase of 129% and 220%
for black and red quinoa
seeds, respectively.

Starzyńska-
Janiszewska
et al. (2019)

Pineapple-
soy flour
mixture

Solid-state fermentation by
Rhizopus oligosporus

Fermentation process
increased the total phenolic
compounds of pineapple-soy
flour by 79.4% at 12-day
fermentation with 5 g of
pineapple and 5 g of soy flour.

Correia et al.
(2004)

(continued)
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2.3.3 Submerged Fermentation

It has been reported that the submerged fermentation process increases phenolic
compounds from various materials such as agricultural wastes, food, and plants.

In this sense, Xu and Zhu (2011) found an extracellular and intracellular phenolic
compound increase by submerged fermentation with Inonotus obliquus of a corn
stover medium. The highest extracellular (118.9–135.7 gallic acid equivalent/L) and
intracellular (21.2–23.7 gallic acid equivalent/g) phenolic compounds were at 216 h
and 144 h, respectively. Similarly, Gassara et al. (2012) reported a 1.5-fold increase
in polyphenol content of apple pomace sludge by submerged fermentation with
Phanerochaete chrysosporium ATCC 24275 at fermentation time of 67 h.

Xiao et al. (2015) reported a total phenolic compound increase (22.48%, approx-
imate) of fermented soy whey by Lactobacillus plantarum (B1–6). The highest total
phenolic compounds of fermented soy whey were 64.66 � 2.79 mg gallic acid
equivalent/g at fermentation time of 10 h. Similarly, it has been reported that
Lactobacillus plantarum (ATCC 14917) fermentation could modify the phenolic
compound content of legumes. Dueñas et al. (2005) reported an enhanced phenolic
compound content from fermented cowpeas by Lactobacillus plantarum (ATCC
14917); in fact, they reported a higher identification of phenolic compounds in the
fermented rather than raw cowpea, which could be synthesized during Lactobacillus
plantarum (ATCC 14917) fermentation.

In the literature, the mechanism of some bioactive phenolics has been
hypothesized. Moreover, it has been established that the increase of phenolics
could be attributed to bioactive compounds released by enzymatic degradation of
lignocelluloses produced by the microorganisms present in the fermentation (Bhanja
Dey et al. 2016; Xu and Zhu 2011).

Recently, Tufariello et al. (2019) reported a small decrease in polyphenol content
(in a pate olive cake fermented with Saccharomyces cerevisiae and Leuconostoc

Table 2.3 (continued)

Source Fermentation process
Effect on phenolic
compounds Reference

Berry
pomaces

Solid-state fermentation by
Aspergillus niger

They reported an increase of
total phenolic and flavonoid
content of 18.82% and
11.11% for Sambucus ebulus
L. and Sambucus nigra L.,
respectively.

Dulf et al.
(2015)

Apricot
(Prunus
armeniaca
L.) pomace

Solid-state fermentation by
two fungal strains (Aspergillus
niger [ATCC-6275] and
Rhizopus oligosporus [ATCC-
22959])

They found a total phenolic
(78% and 36%) and flavonoid
(34% and 12%) increase after
solid-state fermentation with
both Rhizopus oligosporus
and Aspergillus niger
fermentation, respectively.

Dulf et al.
(2017)
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mesenteroides) compared to the unfermented sample. It is important to mention that
the fermented samples had an increase in antioxidant activity.

Đorđević et al. (2019) found a total phenolic and flavonoid increase after wheat
and corn straw fermentation with 15% Lactobacillus plantarum (DSMZ 20174).
They reported that wheat straw before and after fermentation has higher total
phenolic and flavonoid content than corn straw. Likewise, total phenolic content
of fermented wheat and corn was 77.9 � 5.1 and 68.0 � 4.9 mg gallic acid
equivalent/g, respectively. Besides, total flavonoid content of fermented wheat and
corn was 56.0 � 4.8 and 44.8 � 4.2 mg quercetin equivalent, respectively. On the
other hand, total phenolic and flavonoid increase could be due to the bound phenolic
acids released by the cell wall breakdown induced during fermentation as well as
enzyme hydrolysis (Martins et al. 2013).

2.3.4 Solid-State Fermentation

Solid-state fermentation is a promising method to enhance phenolic compounds
from plants, cereals, agriculture, and industrial by-products. It is a microbial process
that is grown on solid substrate in the absence of or lower free liquid. Likewise, the
substrates are moist so that the microorganism grows and metabolizes them (Martins
et al. 2011). It has been reported that a key process in solid-state fermentation is the
selection of the microorganism as well as the substrate, because the adaptability and
metabolism of the microorganism can give an efficient release of phenolic
compounds (Dulf et al. 2015, 2017; Ruiz et al. 2005). The most appropriate
microorganisms for solid-state fermentation are filamentous fungi, followed by
yeasts, and later some bacteria species; some microorganism characteristics for the
success of the fermentation process are their high susceptibility to grow in
environments with low water activity as well as their ability to synthesize high
amounts of enzymes and other metabolites (Soccol et al. 2017).

Likewise, Starzyńska-Janiszewska et al. (2019) studied the effect of solid-state
fermentation by different molds on the enhancement of free phenolics on quinoa
seeds. They reported that Rhizopus oligosporus was the most efficient mold to
enhance bioactive compounds such as free phenolic of quinoa seeds. In comparison
with raw material, fermented quinoa seeds have higher free phenolic content (quinoa
black seeds increase by 220% and quinoa red seeds by 129%). It has been reported
that mold enzymes may be responsible for the bound phenolic compound increase,
because these enzymes breakdown the cell wall, making phenolic compounds
available (Huynh et al. 2014).

Several reports have informed that industrial by-products possess a high phenolic
compound content. Therefore, researches have carried out studies to improve its
content. In this sense, solid-state fermentation has been highlighted as an effective
method. Correia et al. (2004) studied the effect of solid-state fermentation by
Rhizopus oligosporus on total phenolic content of pineapple-soy flour mixture.
They reported that the highest total phenolic content (increase of 79.4%) was at
12-day fermentation with 5 g of pineapple and 5 g of soy flour.
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Besides, Dulf et al. (2015) reported the increase of total phenolic and flavonoid
content of Sambucus nigra L. and Sambucus ebulus L. berry pomaces by solid-state
fermentation of Aspergillus niger. In the case of total phenolic compounds, the
highest yield was found on the third day of fermentation for both berry pomaces
with an increase of 18.82% and 11.11% for Sambucus ebulus L. and Sambucus nigra
L., respectively. Similarly, Dulf et al. (2017) studied the effect of solid-state fermen-
tation by two fungal strains (Aspergillus niger [ATCC-6275] and Rhizopus
oligosporus [ATCC-22959]) on phenolic and flavonoid content of apricot (Prunus
armeniaca L.) pomace. They found a total phenolic and flavonoid increase after
solid-state fermentation with both fungal strains. In fact, an increase of 78% of total
phenolic content was in 9 days for Rhizopus oligosporus fermentation, while an
increase of 34% of total phenolic content was in 6 days for Aspergillus niger
fermentation. On the other hand, the total flavonoid content of solid-state-processed
apricot increase 36% and 12% with 9-day Rhizopus oligosporus fermentation and
6-day Aspergillus niger fermentation, respectively.

2.3.5 Germination

The germination process transformed macronutrients to micronutrients and other
compounds; sprouts are synthetized during this process and it has been reported that
it may have various biological activities. Likewise, the germination process has been
reported to increase the nutritive value and health characteristics of plants and
improves the digestibility, palatability, and availability of certain nutrients like
bioactive compounds such as γ-aminobutyric acid, vitamins, and polyphenols,
which are accumulated and increased. On the other hand, it is an inexpensive,
simple, and environment-friendly method (Gan et al. 2017; Kumar et al. 2011; Liu
et al. 2019). According to Danisova et al. (1994), during the germination process,
diverse reactions occur that change the characteristics of the materials; in this sense,
the increase of compounds may be due to the accumulation of soluble bioactive
compounds due to the release of bound compounds by the generation of new cells
that separate them from the cell wall. It is important to note that the increase of these
compounds depends on many factors, and there are several works where the effect of
germination on different materials such as cereals, edible seeds, sprouts, and
legumes has been studied. On the other hand, the germinated products have a similar
total phenolic content as fruits and vegetables (Azmir et al. 2013; Gan et al. 2017).
Also decreases in the concentration of antinutritional factors such as phytate, trypsin
inhibitor, α-galactosidase, and alkaloids are diminished by germination which could
enhance phenolic compounds. Different seeds, plants, and other foods have been
germinated for human consumption; however, the germination strategies depend on
the type of material and can be carried out in several simple procedures such as
sterilization, soaking, and sprouting (Gan et al. 2017).
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2.3.6 Plant Cell Culture

Plant cell culture is a promising method to produce secondary plant metabolites such
as phenolic compounds (Table 2.4), due to the complex chemical synthesis of
bioactive compounds as well as the environmental problems to natural harvest
(Wilson and Roberts 2012). In recent years, the increase of secondary metabolites
by plant cell culture has been studied. In this sense, the following strategy has been
used: firstly, the plant secondary metabolite of interest is identified, and then it is
sought to increase its genomic expression by means of metabolic engineering. Once
the modified cell with high yield in the metabolite is obtained, the culture conditions
are optimized (culture medium, elicitors, among other factors), and subsequently, the
cell culture is carried out in bioreactors to increase the production of metabolites

Table 2.4 Plant cell culture to increase phenolic compounds

Source Plant cell culture conditions
Effect on phenolic
compounds Reference

Hypericum
perforatum

The best bioreactor cell
growth conditions were at
adventitious root inoculums
of 6 g/l in ½ Murashige and
Skoog medium
supplemented with a 1 mg/l
and 0.1 mg/l of indole-3-
butyric acid and kinetin
concentrations

They reported a total
flavonoid and phenolic
content of 28.31 � 0.56 and
35.01 � 1.26 mg catechin
equivalent/g dry roots and
56.47 � 0.22 mg gallic acid
equivalent/g dry roots,
respectively.

Cui et al.
(2010)

Angelica
sinensis Diels
(female ginseng)

The best cell suspension
culture was at 16 days after
cultivation cycle in ½ B5
basal medium, a sucrose
concentration of 30 g/L,
initial pH of 5, and inoculum
density of 10.8275 g/L

The cell suspension culture
under illumination increased
the ferulic acid content.

Liu et al.
(2019)

Dracocephalum
polychaeta
Bornm.

They reported that 30 mT of
static magnetic field and
100 ppm of Fe2O3 magnetic
nanoparticles on cell
suspension cultures have a
significant effect on
phenolic compounds

They found a 1.73-fold
increase of phenolic acid
content; besides, the highest
total phenol content was at
Fe2O3 magnetic
nanoparticle treatments
(405.65 μg g�1 fresh
weight).

Taghizadeh
et al. (2019)

Gymnosporia
buxifolia

They found that the highest
phenolic and flavonoid
content in callus biomass
from solid culture was at
5 μM phloroglucinol, 1 μM
picloram, and 1.5 μM
benzyladenine in a
Murashige and Skoog basal
nutrient medium

They reported that cell
suspension increases the
phenolic compounds of
Gymnosporia buxifolia with
growth regulators.

Kumari
et al. (2018)
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through the cultivation of cells as well as organs in plants, and finally extraction is
carried out (Cui et al. 2010; Yue et al. 2016). Plant cell culture has some advantage
over full chemical synthesis, since it avoids the problems related to the synthesis of
specific compounds as well as the use of toxic chemicals. Likewise, this technology
coupled with metabolic engineering offers a great field of study for the improvement
of target bioactive compounds through genetically modified plants. Further, through
the cell culture, similar yields can be obtained, because it is easier to control the
growth conditions compared to the whole plant growth systems (Davies and Deroles
2014; James and Lee 2001; Wilson and Roberts 2012).

It is important to highlight that to carry out a cell culture process, we must know
how to improve the interest metabolite content before selecting the reactor, because
it has been reported that continuous reactors are used when the metabolites are
excreted in the medium. On the contrary, discontinuous reactors are used when the
metabolite is inside the cells; therefore in both cases, to increase their expression, it is
necessary to provide them with the best conditions (Alfermann 2010; Davies and
Deroles 2014; Steingroewer et al. 2013).

In this sense, Cui et al. (2010) studied the best culture conditions to enhance the
phenolic compounds ofHypericum perforatum. They reported that the total phenolic
and flavonoids from the adventitious root ofHypericum perforatumwere affected by
the inoculum sizes, auxin and auxin/cytokinin concentration, and Murashige and
Skoog medium dilutions during culture growth. Besides, the best bioreactor cell
growth conditions were at adventitious root inoculums of 6 g/l in ½ Murashige and
Skoog medium supplemented with a 1 mg/l and 0.1 mg/l of indole-3-butyric acid
and kinetin concentrations, respectively. Moreover, at these conditions, they
reported a growth ratio and total flavonoid and phenolic content of 28.31 � 0.56
and 35.01 � 1.26 mg catechin equivalent/g dry roots and 56.47 � 0.22 mg gallic
acid equivalent/g dry roots, respectively. On the other hand, the certain phenolic
compound improvement by plant cell culture has been studied. In this sense, Liu
et al. (2019) reported that the best conditions for ferulic acid content of Angelica
sinensis Diels (namely, “female ginseng”) by cell suspension culture were at 16 days
after cultivation cycle in ½ B5 basal medium, a sucrose concentration of 30 g/L,
initial pH of 5, and inoculum density of 10.8275 g/L. In addition, the cell suspension
culture under illumination had higher ferulic acid than in the dark.

Recently, different strategies to increase bioactive compound content in the cell
culture of plants have been studied. Additionally, the use of static magnetic fields
and addition of magnetic nanoparticles have a significant effect on the phenolic acid
content of suspension-cultured plant cell. Taghizadeh et al. (2019) reported that
30 mT of static magnetic field and 100 ppm of Fe2O3 magnetic nanoparticles on the
cell suspension culture of Dracocephalum polychaeta Bornm. increased the pheno-
lic acid content by 1.73-fold. Besides, the highest total phenol content was at Fe2O3

magnetic nanoparticle treatments (405.65 μg g�1 fresh weight). Therefore, a static
magnetic field coupled with Fe2O3 magnetic nanoparticles could be considered
elicitors of phenolic compounds.

In order to increase the bioactive compounds of plant cell cultures, the use of
plant growth regulators has been studied, and it has been reported that these growth
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regulators increase the production of bioactive compounds (Baskaran et al. 2015;
Kumari et al. 2018). In this sense, Kumari et al. (2018) studied the effect of different
growth regulators on the phenolic compounds ofGymnosporia buxifolia cell culture.
They found that the highest phenolic and flavonoid content in callus biomass from
solid culture was at 5 μM phloroglucinol, 1 μM picloram and 1.5 μM benzyladenine
in a Murashige and Skoog basal nutrient medium, while the cell biomass from liquid
culture with the highest phenolic and flavonoid content was at 5 μM phloroglucinol
and 1 μM benzyladenine in a Murashige and Skoog basal nutrient medium. There-
fore, growth regulators are an efficient strategy to enhance the phenolic compound
content of plant cell cultures.

Despite the different reports for obtaining bioactive compounds such as phenolics
by cell culture, commercial success has not yet been achieved, and this could be due
to various factors such as the difference in prices between production and product
market price, as well as the discrepancy between the amount of metabolites found in
cell cultures and the progenitor plant organs (Davies and Deroles 2014).

2.4 Conclusions

In the last years, different biotechnological methods are emerging to improve the
extraction of bioactive compounds, due to environmental problems caused by
conventional extraction methods. The most studied methods are enzymatic, fermen-
tation, germination, and plant cell cultures. These strategies must be coupled to
extraction methods to enhance the extraction of bioactive compounds. Despite the
success of biotechnical methods to improve the extraction of bioactive compounds
in different materials, there are few processes that are being carried out at the
industrial level; therefore, studies must be carried out to ensure that conventional
methods are displaced by biotechnological processes.
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Exploitation of Plant Phenolics in Animal
Farming 3
Javid Ahmad Malik, Monika Bhadauria, Rafiq Lone,
and Younis Ahmad Hajam

Abstract

Secondary metabolites are produced by the plants besides the primary metabolites
which are not needed for the daily functioning of the plant. However, they are
responsible for a myriad number of potential roles in the living system, such as
protection, attraction, or signaling. Herbs and spices have been used since ancient
times as folk medicine and as preservatives in foods as they contain many
biologically active compounds, especially polyphenols, which possess antimicro-
bial, antioxidant, antiparasitic, antifungal, and anti-inflammatory properties. The
production of these polyphenols is affected by various factors including both
internal and environmental factors. These polyphenolics are of many forms and
beneficial to the animal world in each of this form. The demand for these plant
derivatives has increased alarmingly because they are natural and eco-friendly.
Polyphenols are secondary plant metabolites which contain bioactive
components and deliver positive effects for humans and animals and also protect
the plant from various diseases. Likewise, they act as allelochemicals and sup-
press weed growth markedly. For better yield and crop management, a few
traditional practices like cover crops, green manures, and crop rotation are
being utilized. Besides other useful roles, plant phenolics improve ruminant
fermentation by acting as antioxidant agents. They also help to improve
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enzymatic activity and therefore favor high nutritive uptake by the particular
animals. Condensed tannins, one of the groups of polyphenols, possess
antiparasitic roles by repressing internal parasitism in animals. Their direct role
in sustainable animal farming is with regard to improved lactation, trace element
status, growth, resilience to internal parasites, and reductions in parasite larval
development. Subsequently, the popularity of plant-based feed additives in ani-
mal farming has increased prominently in the last decade. Polyphenols have
antioxidant properties, and they minimize the negative consequences of oxidative
stress on meat quality and production. There is a proper need for managing
administration of polyphenols in the animal farming to utilize all the benefits of
these phenolic components.

Keywords

Secondary metabolites · Phenolics · Animal farming · Polyphenols · Herbs

3.1 Introduction

Plants synthesize a diverse number of organic compounds that serve the plant in
several ways. The compounds are often portrayed as secondary, different from
primary ones, which are involved in basic cell metabolic processes of the plant.
Besides other functions, secondary metabolites function as anti-stress components
against different forms of stress. Plants form secondary metabolites in some specific
developmental stages or as a response to unfavorable environmental conditions.
They are produced as a normal part of plant metabolism in specialized cells or tissues
and accumulate in surprisingly high levels in some species. Many compounds can be
characteristic for a particular plant family, genus, or even species and therefore might
be used as taxonomic tools in classifying plants (Piasecka et al. 2015).

Their features in plants are now attracting attention as some appear to have a key
role in mutualistic interactions with other animals as pollinators, seed dispersals,
fungi as mycorrhiza, and bacteria by formation of nitrogen-fixing root nodules in
legumes. They protect the plant against an ample number of stress forms as well as
help as chemical plant defense mechanism against herbivores and pathogens
(Hartmann 2008). In addition, they may also play a vital role in plant–plant
interactions, in which they function as allelochemicals with either positive or
negative effects on the neighboring plants. Secondary metabolites can also be of
economic interest as dyes, fibers, oils, glues, waxes, drugs, flavoring agents, and
perfumes and are viewed as potential sources of new natural drugs, antibiotics,
insecticides, and herbicides (Akula and Ravishankar 2011). Plant phenolics are
considered as one of the most important groups of secondary metabolites with
above 10,000 molecules reported which are found throughout the plant kingdom.
Phenolics range from simple, low-molecular-weight compounds with a single aro-
matic ring (phenolic acids) to large and complex molecules (tannins). Flavonoids are
the most prominent group with two aromatic rings. They can be categorized into
three groups as phenolics, terpenoids, and nitrogen-containing compounds on the
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basis of their biosynthetic origins; mostly, they are stored in vacuoles of the
epidermal cell or specialized cells. Another important group of phenolics, which
are chemically related to flavonoids, are stilbenes with resveratrol as the most
common compound in this group (Bavaresco et al. 2012). Phenolics are attributed
to numerous ecological functions; they are not only indicators of plant stress
responses to various abiotic factors but also play a vital role in plant resistance and
tolerance against pests and diseases. Phenolic-based polymers, such as lignin,
suberin, or tannins, contribute substantially toward mechanical or environmental
damage, such as drought or wounding with respect to the stability and robustness of
plant tissues (Treutter 2010). Allelochemicals released from plants mainly affect the
performance of neighboring plants in a negative way, with respect to gain an
advantage in nutrient, water, or light acquisition.

3.2 Factors Influencing the Phenolics

Phenolic content differs among species of the same family, even between cultivars.
Studies revealed that the phenolic content is genotype-dependent than influenced
either by organic or integrated production (Veberic et al. 2005). Furthermore,
various plant organs or tissues may be differentiated by different phenolic
compositions. Ripening most importantly affects the phenolic content of crops,
especially fruit. Environmental stress to the plant incites responses in its phenolic
metabolism especially UV light which is often accompanied by high temperatures
and results in photooxidative damage to the photosystem complex. The response to
the stress events at the cellular level triggers repair processes in the cells by de novo
synthesis of protective substances; most of these protective compounds belong to
phenolics. Zupan et al. confirmed the excessive sun irradiation causes increased
levels of phenolics (Zupan et al. 2014); part of the fruit damaged by sunburn was
observed to possess highest levels of phenolics. This kind of study was supported by
Jakopic et al. (2010) who observed the anthocyanin content in apple skin as strongly
light-dependent.

Although high nitrogen doses improve plant growth but to some extent reduce the
amount of phenolics, thus nutrient deficiency can cause accumulation of certain
phenolics. Salt stress due to a high concentration of certain ions might be responsible
for increasing the phenolic content as seen in various plant species (Akula and
Ravishankar 2011). A proper water supply in cultivation technology is necessary
for normal growth and yield as well as phenolic composition of crops.

3.3 Phenolics and Plant Disease

Plants are constantly in contact with other organisms including those that are
pathogenic, and thus subsequently defense mechanisms in plants have developed
to protect themselves, and pathogens have established countermeasures to overcome
these mechanisms. Plants protect themselves from invading organisms by means of
physical (e.g., cell wall, cuticle, trichomes) and chemical barriers (different
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secondary compounds). Each species, or closely related species, can form character-
istic molecules that act as defense compounds against specific or nonspecific
pathogens. The first line of the defense response to a pathogen attack is the recogni-
tion of the pathogen molecules. These elicitors may be oligosaccharides, peptides, or
glycoconjugates of bacterial origin or are plant-derived molecules released at
wounding.

These elicitors initiate early cellular responses, like alterations in plant cell walls,
reactive oxygen species and reactive nitrogen species accumulation, changes in ion
fluxes, and gene transcription in host organism (Newman et al. 2013). The second
line of defense involves the induction of plant defense genes and biosynthesis of
endogenous secondary metabolites, cell wall fortification, hypersensitive responses,
and systemic acquired resistance (Newman et al. 2013; Amil-Ruiz et al. 2011).
Moreover, not just the quantity but also the speed of the plant response is crucial
for its increased resistance. When the induced responses are rapid during a plant–
pathogen interaction, the plant is resistant to the disease. Contrarily, postinfection
defense mechanisms are established at a slower rate in susceptible plants.

3.4 Phenolic Production

Synthetic chemicals such as pesticides, fertilizers, and fruit thinning agents are not
used in the organic cultivation of fruit crops; only natural compounds are allowed,
and their use is closely monitored. The lack of pesticides and insecticides in organic
production permitted the incidence of injuries and pathogen infections due to higher
disease pressure and potentially elevated the phenolic content in plant tissue. In
organic farming, nutrients are often supplied through compost and manure and plant
derived by products in which organic nitrogen is transformed into the inorganic form
by soil microflora, so the level of nutrient availability to plants may be difficult to
control. A number of studies have confirmed the impact of fertilization on the
phenolic content. Toor et al. (2006) reported tomatoes fertilized with chicken
manure were observed to have lower shoot biomass compared with those fertilized
by mineral nutrient solution. Toor et al. (2006) revealed that surplus carbon, which
was not utilized for growth, was utilized in the production of secondary metabolites,
especially phenolics. A similar type of study was carried out by Bavec et al. (2010)
who demonstrated that biodynamic red beet (Beta vulgaris L. ssp. vulgaris) increased
higher levels of total phenolics than did red beets from a conventional farming system.
Lower availability of nutrients in the biodynamic farming system among other factors
was also listed by these authors. Nitrogen use efficiency and availability to plants is
better in conventional production as inorganic nitrogen is applied.

It would be interesting to determine whether the different production types have
any impact on storage life of fruits. Production technology had negotiable effect on
the storage of cashew nuts, as up to 180 days of storage it did not influence the
phenolic content. The soluble solids were higher in conventional farming (Soares
et al. 2012). Roth et al. (2007) observed various quality parameters over 6 months of
apple storage, and it was demonstrated that changes mainly occurred due to different
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storage conditions rather than possible effects of organic versus integrated produc-
tion systems.

3.4.1 Allelochemicals

The common allelochemicals from crop plants are generally secondary metabolites.
These include phenolics, terpenoids, alkaloids, flavonoids, coumarins, tannins,
steroids, and quinines (Einhellig and Leather 1988). Flavonoids and phenolic acids
show strong inhibition in bioassays but exhibit weak phytotoxicity in soil and less
selectivity. However, phenolics may suppress weed growth markedly in field when
they influence nutrient uptake (Booker et al. 1992). Terpenoids also show strong
effects in crop–weed interactions. They exhibit marked phytotoxicity, and
cinmethylin, a derivative of monoterpene 1,8-cineole, was marketed as bioherbicides
(Dayan et al. 1999). Artemisia annua produces artemisinin which is highly photo-
toxic, strongly suppressing root growth and causing extreme chlorosis. It influences
mitochondrial oxygen evolution and inhibits mitosis, which leads to appearance of
aberrant mitotic phase (Dayan et al. 1999). In addition, terpenoids like Taxol and
alkaloids (colchicines and vinblastine) suppress mitosis, which have a similar mode
of action to certain synthetic herbicides (Vaughan and Vaughan 1988). Quinones
such as juglone (Hejl et al. 1993) and sorgoleone (Einhellig et al. 1993) inhibit
chloroplast oxygen evolution and strongly affect mitochondrial functions
(Rasmussen et al. 1992). Allelopathic crops such as sorghum, alfalfa, barley, corn,
wheat, asparagus, coffee, tea, tobacco, and sunflower which contain allelochemicals
are considered as potent herbicides (Macias et al. 1996). However, it should be kept
in mind that allelochemicals should be safe and technologically sustainable (from
environmental, agronomical, and economical views), have new site of action and in
sufficient number and quantity, and must be active at low concentrations and have a
broad range of activities (Macias et al. 2001).

3.4.2 Weed Control by Allelopathic Crops

A crop is cultivated for food, fodder, fiber, and several other products. However,
modern agroecosystems are characterized by the presence of synthetic
agrochemicals (herbicides, pesticides, fungicides, and fertilizers), less diversity,
and resistant pests, making it ecologically unsustainable polluting the soil and
water. Sustainable agroecosystems are need of the hour which must be organic,
regenerative, biodynamic, and resource conserving (Anaya 1999). Certain practices
such as crop rotation, companion cropping, cover cropping, or polyculture cropping
practices must be used in traditional cultivation in agricultural production (Singh
et al. 2001). To achieve the goal of sustainable agriculture, soil fertility, plant
breeding and tillage, crop protection, and cropping systems are being much focused.

Allelopathy is one of the chemical pathways of interaction among plants which
may be both inhibitive and promotive. The inhibitive effects are exploited for pest
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and weed control in agricultural practice (Kohli et al. 1998). An allelopathic crop
must affect the growth, productivity, and yield of other crops; may affect similar
crop growing in monocultures or grown in succession; causes soil sickness and
imbalance of nutrients and microbial population; and can be exploited to selectively
suppress weeds through various manipulations (Einhellig 1985; Batish et al. 2001).
Chemicals released from crop plants cause soil sickness which can be minimized by
crop rotation (De Candolle 1832).

Akobundu in 1987 noted that weeds reduce crop yield by 5% in the most highly
developed countries, 10% in the less developed countries, and 25% in the least
developed countries. Weeds and cultivated crops compete with each other for
growth factors like water, light, nutrients, and spaces and harbor plant pathogens
and pests (Qasem and Foy 2001). A tremendous increase in usage of pesticides and
herbicides has been witnessed in developing countries, as urbanization decreases
labor force in the agricultural sector and farmers also tend to earn extra money by
spending more time outside agricultural work to earn extra money (Xuan and
Tsuzuki 2004). Various crops inhibit weeds by releasing phytotoxic chemicals and
thus are promising for sustainable weed management. The magnitude of inhibition
may decrease because of soil pH, organic carbon, organic matter, and available
nitrogen which affect the allelopathic expression of a plant (Blum 1996). Thus, an
allelopathic crop must be applied for weed control, under natural conditions, and the
time and dosage required for maximum weed control should be examined (Xuan
et al. 2005). The magnitude of weed suppression is dependent on the applied dose.
The allelopathic impacts in fields may result in recurrence of weeds, which are then
suppressed by crop shading (Xuan et al. 2005). The inhibition on weeds is selective;
however, the effects differ among crop species (Xuan et al. 2005).

The sustainability of agriculture has its basis on the development of strategies that
reduce the need for costly external inputs and minimize harmful effects on the
environment. Agriculture integrated with allelopathy could lower the dependence
on synthetic herbicides and other agrochemicals, and therefore environmental con-
tamination, use of unsafe agricultural products, and effects on human health could be
reduced. The allelopathy-integrated management of weeds includes various
approaches such as the use of allelopathy in crop rotation, green manure, cover
crops, mulch, and intercropping besides incorporation of allelopathic plants in soil.
Many secondary metabolites involved in allelopathic activities have been identified;
however, a lot remained unknown.

3.4.3 Crop Rotation, Green Manures, and Cover Crops

It is one of the traditional practices where some crops, particularly leguminous
species, are grown in short rotation with the main crops. In crop rotation, an
allelopathic crop is designed in rotational sequences which can repress weeds in
the cultivated and next crops. Batish et al. (2001) reported that soil sickness or
autotoxicity caused by allelopathy can be restricted by crop rotation. There are
certain principles of selecting crops for rotational sequences, viz., alternating
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between annual and perennial crops, alternating between autumn and spring
germinating crops, and alternating between closed crops which diminish weeds
and open crops which encourage weeds and a variety of operations (Lampkin 1994).

Cover crops are defined as regular crops for soil and moisture conservation,
enhancement of biomass production, nutrient recycling, temperature lowering, nui-
sance weed suppression, and forage supply (Swanton and Murphy 1996; Gallandt
et al. 1999; Batish et al. 2001). Cover crops also can stagger weed growth by shading
effects because of their dense population and fast growth (Foley 1999).

Alfalfa, foxtail millet (Setaria italica), buckwheat sorghum, and rye are the
commonly used cover crops. Legume species and some cruciferous plants increase
weed suppression and improve soil conditions by contributing organic matter and
nitrogen to the soil. Buckwheat too is a good candidate for green manure to enhance
soil fertility, owing to the rich nutrients contained in it. The nitrogen content in
buckwheat tissue is about 1.2% (Valenzuela and Smith 2002). Kelling et al. (1981)
reported that buckwheat when incorporated with rye as green manure was good for
soil nutrient improvement. Plant diseases cause about 20% yield loss of major food
and cash crops worldwide (Oerke et al. 1994). Allelopathic crops reduce the
intensity of soilborne diseases through crop residues, which release inhibitory
compounds (Yu 1999). Important substances discovered from cereals are DIMBOA
and DIBOA, which repress predators such as insects, fungi, and even bacteria
(Kutchan 1997). Saponins from alfalfa root showed potential suppression of both
weed and numerous phytopathogenic fungi (Oleszek 1999; Oleszek et al. 1999).

Crucifers when incorporated into soil caused declining of severity of root rot of
peas caused by Aphanomyces euteiches (Muehlchen et al. 1990). Emergence of
potato dry rot (Fusarium sambucinum) was reduced by species of Brassica, which
contain high concentration of allyl isothiocyanate (Mayton et al. 1996). Since the
most allelopathic accessions are selected, they are important sources to examine at
the molecular levels with modern highly sophisticated techniques like polymerase
chain reaction, random amplified polymorphic DNA, restriction fragment length
polymorphism, near-isogenic lines, or cloning genes, which are very useful to
prepare the genetic maps of higher plants. Hoult and Lovett (1993) recognized that
various wild accessions of modern-day crop plants possess allelopathic traits that can
suppress weeds and pests. However, during the process of cultivation, aiming at
selection of high-yielding varieties while ignoring weed and pest resistance
characteristics has led to the loss of these traits (Singh et al. 2001). DNA recombi-
nant technology or even conventional breeding methods can be used to transfer
allelopathic-based gene from one locus to another in target crops (Singh et al. 2001).

3.4.4 Plant Phenolics and Ruminant Fermentation

Gram-positive rumen bacteria generate more ammonia, lactate, and hydrogen than
Gram-negative species. The substances which selectively inhibit Gram-positive
bacteria therefore improve animal productivity via increasing propionate production
and decreasing methane production, proteolysis of dietary protein, and accumulation
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of lactate (Russell and Strobel 1989). However, the antibiotic use in animal nutrition
has been prohibited by the European Union (Official Journal of European Union
2003) due to the risk of residues in animal products as well as to the concern about
the manifestation of resistant strains of bacteria. So the focus was moved to natural
feed additives. Plant extracts and bioactive plant secondary metabolites are the most
common natural feed additives. Secondary metabolites are derived from the primary
metabolisms which do not have any nutritive value and direct contribution to
growth, reproduction, and development. However, they have a broad range of
antimicrobial activity and serve to protect plants against pathogens, parasites,
herbivores, predators, interplant competition, and abiotic stresses as desiccation
and UV radiation (Greathead 2003). Plants usually localize secondary compounds
in specialized vacuoles, glands, cell walls, or plant part surfaces to protect their own
tissues. It has been revealed that defensive secondary metabolites are often
synthesized in response to stress. So, secondary plant metabolites can be considered
as survival and defense mechanisms of plants (Wink 1988).

Moreover, these substances give plant specific colors and odors (Greathead
2003). Phenolic compounds (carotenoids, alkaloids, phenolic acids, flavonoids,
and tannins), saponins, and essential oils are the best known representatives of
plant secondary metabolites. Recent research has been greatly focused to exploit
these plant metabolites to mitigate methane emission, improve protein utilization,
and improve animal productivity (Broudiscou et al. 2000; Kim et al. 2015; Patra and
Yu 2014). Phenolic compounds, i.e., flavonoids, phenolic acids, and tannins, are the
most common phytochemical groups found in plants which exhibit several
bioactivities such as antimicrobial, antiviral, anti-inflammatory, and antioxidant.
Other less common phenolic compounds include coumarins, lignans, quinones,
and stilbenes (Kaçar D (Kaçar 2008).

3.4.5 Flavonoids and Phenolic Acids

The most studied group among plant phenolics is flavonoids, which consist of
several subclasses: flavanols (quercetin, kaempferol, myricetin), flavons (luteolin
and apigenin), flavanones (naringenin), anthocyanins, and isoflavonoids (genistein).

Phenolic acids comprise another important class of phenolic compounds, which
mainly consist of two major groups: hydroxycinnamic acids (caffeic acid, ferulic
acid, coumaric acid, chlorogenic acid, cinnamic acid, etc.) and hydroxybenzoic acids
(gallic acid, protocatechuic acid, p-hydroxybenzoic acid, vanillic acid, etc.) (Kaçar
2008). Phenolic acids and flavonoids have been reported to possess antimicrobial
effects (Mirzoeva et al. 1997). Kim et al. (2015) showed that flavonoid-rich plant
extracts decreased methane accumulation, number of Gram-positive bacteria, and
ciliate populations.

Flavonoids can also encourage the fermentative activity of rumen bacteria
(Broudiscou et al. 2000). Flavonoid-rich Lavandula officinalis (lavender) and Soli-
dago virgaure (goldenrod) have been reported to improve the ruminal fermentation
via increasing production of total volatile fatty acids (VFA) (Broudiscou et al. 2000).
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Increased propionate and total VFA production by cashew nut shell liquid
(Watanabe et al. (2010) and Olea europaea (olive leaf) extract (Öztürk et al. 2012)
containing phenolic compounds have been reported. In another study, propolis
extract phenolic compounds increased acetate production (Paula et al. 2016).

3.4.6 Tannins

Tannins are hydrophilic polyphenolic compounds having molecular weight in the
range of 500–5000 units which can be classified into two subtypes, condensed and
hydrolysable types (Szumacher-Strabel and Cieślak 2010). Tannins are widely
found in legumes, fruits, and cereals which limit nutritional value of plants signifi-
cantly when present in amount higher than 5% (Atiku et al. 2016). Tannins have also
been reported to indirectly inhibit fiber degradation (Bodas et al. 2012). Addition of
tannic acid in the beef cattle ration has been observed to reduce digestibility of crude
protein as well as methane production (Yang et al. 2017). These reducing effects of
tannins on ruminal protein degradation and methane emission proved advantageous
for ruminant nutrition.

3.4.7 Saponins

Saponins (Gk. “saponin” meaning “soap”) constitute primarily sapogenins and
glycosides which are found generally in angiosperms and are divided into two
groups as steroidal and triterpenoid saponins. They have been observed to have
antibacterial and antifungal protection properties for plants against various bacterial
and fungal diseases (Szumacher-Strabel and Cieślak 2010). Soybeans are the main
example of ruminant diet plants which are saponin-rich. Saponins act on rumen
fermentation, chiefly by increasing the amino acid flow to the small intestine by
decreasing protein degradation and consequently ammonia and urea concentrations
in rumen. The saponin effects on nitrogen metabolism in the rumen were attributed
mainly to their harmful effect on protozoa which are largely responsible from
nitrogen retention in the rumen, because of their proteolytic activity on both dietary
and microbial proteins (Patra and Saxena 2009). Patra (2012) reported that the
reduction of methane production might be related to direct effect on archaea activity
and/or indirect effect on protozoa abundance. However, in long-term studies, the
activity of saponins seems to be inconsistent and even decreasing (Jouany and
Morgavi (2007) probably due to microbial adaptation (Patra 2012). Besides this,
saponins can raise propionate concentration at the expenditure of acetate and
butyrate (Jouany and Morgavi 2007). Jayanegara et al. (2014) reported that saponins
decrease methane emissions at both low and high levels. On the other hand, nutrient
digestibility enhanced at low levels while diminished at high levels of saponins.
Further, it was reported by Odenyo et al. that the effects of saponins are more
prominent when they are directly introduced to the rumen than mixed with the diet
(Odenyo et al. 1997).
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3.4.8 Essential Oils

These are volatile components which are usually derived from leaves, barks, flowers,
seeds, and roots of various plant species. They have been categorized into terpenoids
and phenylpropanoids according to their chemical structures (Calsamiglia et al.
2007). Essential oils contain various bioactive substances such as thymol, eugenol,
carvacrol, anethole, geraniol, capsaicin, limonene, etc., which protect the plant with
their antimicrobial activity. Essential oils can penetrate and diffuse to cell walls of
Gram-positive bacteria because of their hydrophobic and lipophilic structures. Thus,
like antibiotics, they are responsible for disruption of the ionic balance between
inside and outside of the bacterial cell (Griffin et al. 1999). Essential oils such as
Origanum, clove, garlic, peppermint, and eucalyptus were reported to decrease
methane production and reduce the abundance of archaea, protozoa, and major
cellulolytic bacteria (Patra and Yu 2012). Furthermore, rosemary, cinnamon, vanillin
oils (Patra and Yu 2014), and dill seeds (Cobellis et al. 2016) reduced the ammonia
and methane production. Some molecules of essential oils have the potential to
diffuse to membrane of Gram-negative bacteria (Jouany and Morgavi (2007).

It was reported that the effects of essential oils on ruminal fermentation were
closely related with their received doses. Moreover, the effects of essential oils on
ruminal fermentation can also vary depending on the chemical nature of essential
oils which changes their antimicrobial spectrum.

Plant extracts and secondary plant metabolites potentially modify ruminal fer-
mentation and improve animal productivity. The effects of plant extracts and
secondary metabolites on rumen fermentation and feed digestibility vary greatly
depending on their dose, antimicrobial spectrum, and the amount of active
metabolites of the plant. Defining of minimal inhibitor concentrations of single
active compounds independently on rumen bacteria cultures will be useful to
determine antimicrobial spectrum and effective dose. Molecular profiling to detect
microbial changes would provide more apparent and tangible information to the
literature. Verification of results with in vivo trials is also essential to define the true
value of plant metabolites for altering rumen fermentation.

3.5 Agroecology and Animal Farming

Agroecology was firstly defined as a scientific discipline that applies ecological
theory to the design and management of agroecosystems in order to enhance their
sustainability (Altieri 1987). However, its horizons reached beyond the
agroecosystem scale toward a wider focus on the whole food system, encompassing
food production, distribution, and consumption (Wezel et al. 2009). Animal produc-
tion systems have negative impacts on the environment; thus, animal agriculture
needs to be reconfigured to minimize its negative impacts and produce food and
other ecosystem services.

Livestock farming has undergone a significant transformation in the past few
decades. Production has shifted from smaller, family-owned farms to large farms
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that become much more efficient. Since 1960, milk, meat, and egg production has
increased multiple folds (Pew Commission on Industrial Animal Farm Production
2009). This has been achieved through improvements of animal breeding, mechani-
cal innovations, and the introduction of specially formulated feeds and animal
pharmaceuticals. Livestock farming is under an elevating pressure to be more
efficient (Garnett et al. 2013) to meet the needs of projected 9 (or even 11) billion
people to be alive in 2050 (Godfray et al. 2010). Antibiotics are often used by
farmers (World Health Organization 2014; O’Neill 2015), and so they are faced with
the problem of how to rear more animals, more efficiently and with higher standards
of food safety but without using antibiotics. Farmers needed to become more
efficient and competitive while improving animal welfare and food safety and
reducing medication and their environmental impact. Developments in agriculture
during the twentieth century led to escalation and specialization of livestock produc-
tion systems. However, crises may arise due to animal diseases and detrimental
effects on farm income, animal welfare, and the environment (Ten Napel
et al. 2011).

3.5.1 Polyphenols in Monogastric Nutrition

Polyphenols contain active ingredients; they exert nonspecific effects on living
organisms and regulate the activity of enzymes and cell receptors
(D’Archivioet al. 2007). Most importantly, polyphenols act as powerful antioxidants
by preventing oxidative stress and reduce the risk of various oxidative pathologies
like cancer and neurodegenerative and cardiovascular diseases (Scalbert et al. 2005;
Petti and Scully 2009; Paszkiewicz et al. 2012). The structure and the presence of
functional groups make them strong antioxidants. They also exert effects on cell
metabolism and deliver a number of health benefits for humans and animals (Petti
and Scully 2009; Kamboh et al. 2015). In recent research, much attention has also
been given to the modification of animal products with biologically active
compounds such as polyphenols. Modifications of the fatty acid profile, mostly by
decreasing the concentrations of saturated fatty acids (SFAs) and increasing the
levels of polyunsaturated fatty acids (PUFAs) in muscle tissue, can indirectly
contribute to consumer health by improving the quality of food products and
increasing their oxidative stability (Brenes et al. 2008; Kamboh and Zhu 2013).

3.5.2 Nutritional Role of Secondary Plant Compounds

Plant secondary metabolites, prevalent in the plant kingdom, have effects on
ruminants ranging from improved nutrition and health to interference with feed
intake, digestion, or metabolism of energy or nutrients and acute toxicity and
death (Rosenthal and Janzen 1979). Secondary compounds are produced in response
to pathogenic microorganisms, insects, and grazing by herbivores as natural defense
mechanisms (Swain 1979). Some trees, shrubs, and forage legumes contain too high
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concentrations of CT that are only marginally acceptable for sheep and cattle. The
condensed tannins, in contrast to most other phenolics, are beneficial to ruminant
animal production only at low to medium concentrations. Condensed tannins bind to
protein strongly in a pH-dependent manner (Asquith and Butler 1986). Condensed
tannins are not absorbed from the digestive tract (Terrill et al. 1994). Medium CT
concentrations reduce degradability of protein and increase amino acid absorption
from the rumen small intestine (Bermingham et al.2001; Waghorn et al. 1994).
Various plants contain varied CT with respect to their chemical structure and
molecular mass. This appears to influence astringency (and hence feed intake) and
the effectiveness of CT in precipitating protein and increasing absorption of essential
amino acids from the small intestine in sheep (Aerts et al. 1999; Barry and McNabb
1999; Waghorn et al. 1994). Deer have evolved production of proline-rich salivary
proteins which bind CT, as a means of counteracting plant defense mechanisms and
the anti-nutritional effects of high CT concentrations. No such kind of proteins has
been found in the saliva of domesticated sheep and cattle (Austin et al. 1989). Barry
and McNabb (1999) suggest that the beneficial nutritional effects of CT could only
be seen if the concerned ruminant species does not produce salivary CT-binding
proteins. However, it is less likely for plant species with medium to high CT
concentrations, where the concentration of CT in the diet surpasses the capacity of
the salivary proteins for binding.

This relationship may also differ based on the CT-binding capacity of the saliva
produced by the concerned species. Also, not all CT present in forages are likely to
be bound to the same extent by salivary proteins. An important role of CT in diets of
sheep and cattle is its ability in forages to bind to soluble protein in the rumen that
reduces the incidence of frothy bloat. However, the high rumen outflow rate of liquid
in deer (Domingue et al. 1991) means deer appear not to be susceptible to bloat. A
recent study revealed that forages containing CT decreased methane emissions from
dairy cows (Woodward et al. 2002) and sheep (Waghorn et al. 2002).

3.5.3 Secondary Plant Compounds and Internal Parasitism

A range of known plant secondary compounds are present in plant species currently
fed, or suitable for feeding, to farmed animals. There are many compounds as yet
unidentified in addition to knowing little about the majority of the known
compounds, other than antioxidant (Duke 1992), antifungal, and antibacterial roles
(Barry and Blaney 1987). Internal parasites, particularly abomasal nematodes, are
significant contributors to production loss and risk of mortality in young farmed
animals. There are direct and indirect mechanisms by which secondary compounds
in forages may potentially reduce infection and thus ameliorate internal parasitism in
ruminants. The direct effects may be due to direct binding to the parasites themselves
in the digestive tract or feces of the animal. The indirect effects of CT are to improve
protein status of the host which could increase the animal’s tolerance of worm
burdens.

Quebracho extract (Schinopsis sp.) containing CT fed to sheep directly repressed
gastrointestinal parasitic growth (Athanasiadou et al. 2001). The effects of CT from
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seven plants on egg hatching and larval development of Trichostrongylus
colubriformis from sheep (also found in deer) were determined in vitro (Molan
et al. 2002). The most inhibitory effect on egg development was due to CT from
dock (Rumex obtusifolius), followed by CT from Dorycnium rectum, sainfoin,
Dorycnium pentaphyllum, lotus major, sulla, and bird’s-foot trefoil. There is no
difference in the hatching of eggs from deer grazing chicory compared with peren-
nial ryegrass-based pasture (Schreurs et al. 2002), although in vitro study utilizing
sesquiterpene lactones from chicory showed related inhibitory properties against
deer parasite larvae to CT (Molan et al. 2000).

3.6 The Role of Plants Containing Secondary Compounds
in Sustainable Farming

The health and productivity of farmed animals is improved by substituting perennial
ryegrass with forages containing condensed tannins (CT) and/or sesquiterpene
lactones. The benefits of CT usage are improved lactation, trace element status,
growth, resilience to internal parasites, and reductions in parasite larval
development.

The importance of secondary compounds with respect to other nutritive
characteristics of alternative forage species, such as low fiber and highly digestible
carbohydrate concentrations, has not been fully characterized, but they are likely to
contribute to improved animal health. Unlike sheep and cattle, deer produce salivary
proteins that bind CT, allowing them to consume plants containing higher CT
concentrations than sheep and cattle.

A pervasive control of internal parasites using synthetic chemicals may be
unsustainable in the long term, due to the increasing risk of anthelmintic resistance
and the risk or perception of chemical residues in deer products. There is a growing
consumer awareness of, and demand for, low chemical input or “naturally produced”
deer products (Loza 2001). The focus on natural rather than manufactured dietary
supplements to provide essential trace elements and vitamins for farmed animals is
increasing.

3.6.1 Gut Health and Immunomodulatory Effects

Polyphenols are characterized by low bioavailability, and unabsorbed compounds
exert a major influence on gut health (Etxeberria et al. 2013; Breneset al. 2016).
Phenolic compounds have antibacterial (Malik et al. 2017) and bacteriostatic
properties (Etxeberria et al. 2013); they minimize the adhesion of pathogenic
bacteria (E. coli, Clostridium), inhibit the progression of infections in the digestive
tract, and improve nutrient utilization and animal performance (Viveros et al. 2011;
Dueñas et al. 2015; Brenes et al. 2016). Metal ions and oxygen promote the
formation of phenoxyl radicals which induce cytotoxic effects and damage bacterial
DNA. Anthocyanins present in cherries, raspberries, and berries demonstrate
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bacteriostatic and bactericidal effects (Bacillus, Klebsiella, Helicobacter). Due to the
presence of hydroxyl groups, polyphenols like quercetin have the ability to incorpo-
rate into lipid membranes and increase their permeability, which makes pathogens
more sensitive to antibacterial compounds (Chiva-Blanch and Visoli 2012;
Paszkiewicz et al. 2012). By enhancing the proliferation of beneficial bacteria
(Bacillus spp., Lactobacillus spp.) and stabilizing gut microflora, polyphenols indi-
rectly enhance the host’s immune system and overall health (Hashemi and Davoodi
2011; Paszkiewicz et al. 2012). Further, in monogastric animals, they can exert a
positive influence on gut morphology and improve nutrient absorption (Kamboh
et al. 2015). In a study by Hong et al. (2012), essential oils significantly amplified the
height of intestinal villi in the duodenum of broiler chickens without inducing any
changes in ileal microflora composition. Similarly, Kamboh and Zhu (2014)
revealed that genistein, hesperidin, and flavonoids extracted from Ginkgo biloba
leaves significantly increased the surface area of the small intestine and modified its
structure in broilers exposed to lipopolysaccharide stress. Cranberry extract, a rich
source of phenolic acids, anthocyanins, flavonols, and flavan-3-ols, significantly
reduced the population size of Enterococcus spp. in broilers (Leusink et al. 2010).
Hajati et al. (2015) observed that chickens whose diets were enriched with
polyphenols or vitamin C had longer intestinal villi, and similar results were reported
by Akbarian et al. (2013), in whose study E. coli counts decreased significantly in the
ileum and cecum of chickens fed with lemon peel extract or Curcuma xanthorrhiza
essential oil during chronic exposure to high temperatures. Viveros et al. (2011)
observed an increase in Lactobacillus counts in the ileum of birds fed grape seed
extract in comparison with birds receiving an antibiotic or grape pomace concen-
trate. Zhu et al. (2015) investigated the effect of soy isoflavones on weaned piglets
intoxicated with LPS. Commercial polyphenol preparations (containing
hydrolysable tannin or grape seed extract) were effective in decreasing the incidence
of diarrhea in piglets infected with enterotoxigenic Escherichia coli (Verhelst et al.
2014). The use of polyphenols in monogastric nutrition can improve gut health
owing to their bacteriostatic properties, and they reduce the incidence of diarrhea, in
particular in piglets, while stimulating the growth of beneficial microflora. In animals
exposed to oxidative stress, polyphenols can enhance immunity by activating
immunoglobulins and inhibiting the secretion of proinflammatory cytokines.

3.6.2 Improving Meat Quality Through Natural Antioxidants

The demand of more natural foods has elevated nowadays, obliging the industries to
include natural antioxidants in foods. Natural antioxidants are used to reduce lipid
oxidation in foods to improve their quality and nutritional value. A diverse number
of plants have been explored to possess natural antioxidants. The antioxidant activity
of these plants is dependent on their phenolic compound content, which includes
various volatile compounds also known as essential oils. The antioxidant activity of
plant extracts is affected by various factors like type of solvent used during extrac-
tion, measurement method, and number of samples. Some studies have
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demonstrated that shelf life and meat quality can be improved by using natural
antioxidants in some stages of meat production. The main effects of these
compounds are reducing microbial growth and lipid oxidation during storage.
Nevertheless, more research is needed to determine antimicrobial activity of natural
antioxidants in meat during storage and identify the main metabolic pathway of these
compounds and its effect on other meat quality parameters. Some plant extracts are
an excellent source of natural antioxidants that can improve meat shelf life and
quality mainly by retarding lipid oxidation and microbial growth. The effect of
oregano essential oil on meat quality has been studied the most, whereas there is
less information about other plants. Antimicrobial activity of spices and herbs has
been extensively studied. However, most of the research was done in in vitro assays
using microbiological media rather than actual foods. Further research is needed to
determine their effect on bacterial growth in raw and cooked meats during storage.
Active packaging containing natural antioxidants is a promising tool in this field.
There is some evidence that dietary essential oils can improve meat quality. Since
bioavailability of essential oils in meat cannot be directly demonstrated, more
research is needed to identify the main metabolic pathway of these compounds
and the key essential oil antioxidant compounds deposited in meat. Further research
is needed to determine the effect of natural antioxidants on other meat quality
characteristics.

The increasing preference for natural foods has obliged the food industry to
include natural antioxidants in various products to delay oxidative degradation of
lipids, improve quality and nutritional value of foods, and replace synthetic
antioxidants (Fasseas et al. 2007; Wojdylo et al. 2007; Coma et al. 2008). Including
antioxidants in the diet has beneficial effects on human health because they protect
the biologically important cellular components, such as DNA, proteins, and mem-
brane lipids, from reactive oxygen species (ROS) attack (Su et al. 2007). Synthetic
antioxidants have been used to retard or minimize oxidative deterioration of foods,
such as butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), and
tertiary butyl hydroquinone (TBHQ) (Fasseas et al. 2007). Recently, consumers
have rejected synthetic antioxidants because of their carcinogenicity (Altmann
et al. 1986; Van Esch 1986). The advantages of natural antioxidants in foods are
high consumer acceptance and their safe use. The disadvantages are their higher cost
and lower effectiveness (Fasseas et al. 2007). Many herbs, spices, and their extracts
have been added in a variety of foods to improve their sensory characteristics and
extend shelf life (Shahidi et al. 1992). Herbs of the Lamiaceae family, mainly
oregano (Origanum vulgare L.), rosemary (Rosmarinus officinalis L.), and sage
(Salvia officinalis L.), have been reported as having significant antioxidant capacity
(Shan et al. 2005; Wojdylo et al. 2007). The short shelf life of refrigerated packed
meat makes its commercialization more difficult. Some studies have demonstrated
that meat shelf life and quality can be improved by natural antioxidants added in the
preslaughter and post-slaughter stages, that is, incorporating natural antioxidants in
animal diets, onto the meat surface, or in active packaging. Some authors have
reported the effectiveness of rosemary and oregano extracts to reduce lipid oxidation
(Djenane et al. 2002, 2003; Fasseas et al. 2007; Coma et al. 2008), color loss, and
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microbial growth (Djenane et al. 2002, 2003; Coma et al. 2008; Zinoviadou et al.
2009) in some types of meats.

3.7 Conclusions and Future Perspectives

Plants produce secondary metabolites besides primary metabolites in a different
pathway. These compounds do not have a direct role in growth; however, these
possess many other myriad functions. They help in protection, in attraction, and even
in signaling aspects. They increase nutrient uptake by animals by acting as
antiparasitic agents. Now there is a need for a proper management for utilizing
their beneficial properties in sustainable animal farming and sustainable living.
Many techniques can be manipulated to extract maximum useful aspects.
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Flavones and Flavonols: Bioactivities
and Responses Under Light Stress in Herbs 4
Erick P. Gutiérrez-Grijalva, Liliana Santos-Zea, Dulce L. Ambriz-
Pérez, Leticia X. López-Martínez, and J. Basilio Heredia

Abstract

Phenolic compounds are a widespread group of phytochemicals derived from the
secondary metabolism of herbs and plants. Phytochemicals are mainly produced
as a plant response to biotic and abiotic stresses to overcome/adapt these adverse
conditions. The study of abiotic stress response of plants has led to numerous
discoveries regarding flavonoids and phenolic acids biosynthetic pathways. Since
phenolic compounds such as flavonoids and phenolic acids have been related to
numerous bioactive health effects, it is of interest to enhance the content of these
compounds in plants and herbs. One of the most studied abiotic stresses on herbs
is manipulation of light, whether through use of different light colors, light
intensity, and/or sunlight. One of the most active groups of compounds elicited
in response of light stress is flavones, flavonols, and some phenolic acids. These
groups of compounds have been related to health benefits to humans such as
antioxidant, cardiovascular disease, and against metabolic syndrome. This chap-
ter aims to comprehensive review recent works on this field.
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4.1 Introduction

Flavonoids belong to a group of compounds named phytochemicals, which are
derived from the secondary metabolism of plants. Flavonoids have many roles in
plant defense and reproduction. For instance, flavonoids are defense molecules
against biotic and abiotic stress conditions; moreover, flavonoids such as
anthocyanins give plants different colors that may attract pollinators (Corradini
et al. 2011; Crozier et al. 2009). In this sense, as a response to abiotic and biotic
stresses, plant synthesizes flavonoids for their protection, which might be an advan-
tage to human consumption by the increase/enhancement of flavonoids which have
been related to numerous health-promoting properties (Kutchan et al. 2015; Torres-
Contreras et al. 2018).

Flavonoids have gained major importance due to epidemiological and experi-
mental studies reporting their health-promoting properties. Daily/regular intake of
flavonoid-rich foodstuff has been inversely correlated with the onset of
noncommunicable diseases such as Alzheimer, Parkinson’s, several types of cancer,
atherosclerosis, cardiovascular diseases, diabetes, and the metabolic syndrome
(Feliciano et al. 2015; Kumar and Pandey 2013; Nijveldt et al. 2001).

4.2 Flavones and Flavonols

Within the secondary metabolite, flavonoid family is considered as highly diverse; it
is formed by more than 9000 known structures based upon 15-carbon skeletons
consisting of 2 benzene rings (A and B) linked via a heterocyclic pyrane ring
(C) (Fig. 4.1).

Fig. 4.1 Graphical
representation of the general
structure of flavonoids
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Flavonoids can be sub-classified into flavonols, flavones, flavanones, isoflavones,
anthocyanins, and flavan-3-ols; among them, flavones and flavonols are the most
abundant subgroups and almost ubiquitous. The biosynthetic pathway of flavonoids
begins in the shikimate pathway, where the aromatic ring B and the chromane ring
are considered to originate from the amino acid phenylalanine leading to
p-coumaroyl CoA, whereas Ring A comes from the condensation of three units of
malonyl-CoA, which is originated from the carboxylation of acetyl-CoA, a central
intermediate in the Krebs tricarboxylic acid cycle. Flavonoids are derivatives of
1,3-diphenylpropan-1-one (C6–C3–C6); then occurs the condensation of three
molecules malonyl-CoA with one molecule p-coumaroyl-CoA to a chalcone inter-
mediate (two phenolic groups connected by an open three-carbon bridge); after
chalcone is isomerized by chalcone flavanone isomerase (CHI) to a flavanone
(structures containing three rings), so the three-carbon bridge is part of an additional
heterocyclic six-membered ring that involves one of the phenolic groups on the
adjacent ring; hence, flavanones lead to all other flavonoids, including flavones and
flavonols (Fig. 4.2) (Martens and Mithöfer 2005; Brahmachari and Gorai 2006; Tsao
2010; Corradini et al. 2011; Kumar and Pandey 2013; Singh et al. 2014).

Flavones are colorless to yellow, depending on pH; they are characterized by the
presence of a double bond between C2 and C3 in the heterocycle of the flavan
skeleton. The B ring is attached to C2, and usually C3 do not have any substituent on

Fig. 4.2 General biosynthetic pathway of flavones and flavonols. Enzymes are abbreviated as
follows: CHS chalcone synthase, CHI chalcone isomerase, FHT flavanone 3-b-hydroxylase, FNS
flavone synthase, FLS flavonol synthase. (Adapted from Martens and Mithöfer 2005)
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it. This is the difference between flavones and flavonols; the last ones have a
hydroxyl group in C3 position (Fig. 4.3) (Martens and Mithöfer 2005; Singh et al.
2014).

Flavones have three functional groups, including hydroxy, carbonyl, and conju-
gated double bond; therefore they give typical reactions of all three functional
groups such as reduction, degradation in the presence of base, oxidation, rearrange-
ment, substitution, addition, condensation, and reaction with organometallic
reagents (Singh et al. 2014).

Interestingly, higher plants can generate flavones using two different enzyme
systems, flavone synthase I (FNSI) and flavone synthase II (FNSII), from the same
substrates, but both enzymes never occur in the same organism. The function of FNS
is the introduction of a double bond between C2 and C3 by the abstraction of two
hydrogen atoms. Most of the plants use FNSII as catalytic converter, except family
Apiaceae which use FNSI (Martens and Mithöfer 2005).

Flavones and flavonols, as all flavonoids, can exist both as free aglycones and as
glycosidic conjugates; in fact, most of them exist naturally as glycosides; glycosyla-
tion is catalyzed by glucosyltransferase; glycosylation and hydroxylation degree
makes the molecules less reactive, more polar therefore more water soluble, so that
this modification is as an essential form of protection in plants to prevent cytoplas-
mic damage and to store flavones and flavonols in the cell vacuole (Corradini et al.
2011; Crozier et al. 2009; Tsao 2010). Glycosides can be linked to flavones and
flavonols as O-glycosides or C-glycosides; in the first ones, the most frequent, one or
more of the aglycone hydroxyl groups is bound to a sugar with formation of an O–C
acid-labile acetal bond; in the second ones, glycosylation takes place by direct
linkage of the sugar to the flavonoid basic nucleus, via an acid-resistant C–C bond
(Corradini et al. 2011). Even each of the hydroxyl groups can be glycosylated,
certain positions are more common; normally the sugar is located in positions 3 or
7, for example, the 7-hydroxyl group in flavones and the 3- and 7-hydroxyls in
flavonols (Kumar and Pandey 2013). Glucose is the most commonly found sugar,
followed by galactose, rhamnose, xylose, and arabinose, whereas glucuronic and
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galacturonic acids are rare; also disaccharides or higher saccharides are also found;
rutinose (6-O-L-rhamnosyl-D-glucose) and neohesperidose (2-O-L-rhamnosyl-D-glu-
cose) are the most common (Corradini et al. 2011).

It should be said that studies by spectroscopy have revealed that most flavones
and flavonols exhibit two major absorption bands: band I (320–385 nm) represents
the B-ring absorption, while band II (250–285 nm) corresponds to the A-ring
absorption, whereas functional groups, such as hydroxyl, attached to the flavonoid
skeleton, may cause a shift in absorption, for example, from 367 nm in kaempferol
(3,5,7,40-hydroxyl groups) to 371 nm in quercetin (3,5,7,30,40-hydroxyl groups) and
to 374 nm in myricetin (3,5,7,30,40,50- hydroxyl groups), while flavones and
flavonols may be distinguished by the absence of a 3-hydroxyl group in the first
ones (Kumar and Pandey 2013).

4.2.1 Distribution of Flavones and Flavonols in Herbs

Flavones may have a wide range of substitutions including hydroxylation, methyla-
tion, alkylation, and glycosylation, being apigenin and luteolin the most
representatives (Fig. 4.4a). Most flavones occur as 7-O-glycosides, but substitution
can be found at any other position. There is a wide diversity of flavonoids, which is
attributed to their affinity to other molecules like carbohydrates. For instance,
quercetin alone have at least 279 different glycosidic combinations. Besides, these
molecules can be found in all structural parts of the plants, above- and belowground,
in vegetative and generative organs: stem, leaves, buds, bark, heartwood, thorns,
roots, rhizomes, flowers, farina, fruit, seeds, and also in root and leaf exudates or
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resin. Flavones are present in relatively small quantities in grains, leafy vegetables,
and herbs; however, plant species belonging to more than 70 different families are
able to produce flavones, which means at least some members of these plant families
synthesize them; for example the flavones chrysin, apigenin, rutin, luteolin, and its
glucosides have been reported in fruit skins, red wine, buckwheat, red pepper, and
tomato skin; nevertheless, these compounds seem to be absent in almost all of the
about 3000 Brassicaceae species; there are only few reports of them, mostly 6-C-
glycosides. Polymethoxylated flavones, such as tangeretin and nobiletin, have been
found in citrus species (Crozier et al. 2009; Kumar and Pandey 2013; Martens and
Mithöfer 2005; Sesso et al. 2009; Tsao 2010).

Flavonols are the most numerous of the phenolics, and they are found throughout
the entire plant kingdom, mainly present in leafy vegetables, apples, onions, broc-
coli, and berries but absent in algae. Chemically, flavonols are simply
3-hydroxyflavones, but they are biosynthetically distinct flavonoid classes. The
distribution and structural variations of flavonols are extensive, being the main
dietary flavonols kaempferol, quercetin, isorhamnetin, and myricetin, mostly found
as O-glycosides (Fig. 4.4b). Conjugation occurs most frequently at the C3 position,
but substitutions can also occur at the C5, C7, C40, C30, and C50. Although flavonol
aglycones are limited, there are numerous flavonol glycosides, with more than
347 different sugar conjugates of kaempferol by itself. The amount of flavonols
found in fruits, vegetables, and beverages varies depending on seasonal changes,
varietal differences, and effects of processing (Crozier et al. 2009; Martens and
Mithöfer 2005; Sesso et al. 2009; Tsao 2010).

The major sources identified of flavones and flavonols are tea (18–50 mg/L),
onions (284–486 μg/g), and apple (21–72 μg/g); according to Stewart et al. (2000)
also tomatoes can be considered as a good source with a flavonol content from
1.3 μg/g to 22.2 μg/g of fresh weight, depending on variety, size, country of origin,
season, and climate characteristics; even tomato-based products, such as juice and
puree, keep a good amount of flavonols containing 14–16 μg/mL and 70 μg/g fresh
weight, respectively.

4.3 Flavonoids: Flavones and Flavonols in Human Health
Promotion

As with flavonoids in general, flavones and flavonols are predominantly recognized
for their antioxidant capacity (Kumar and Pandey 2013). Besides their antioxidant
potential, flavones have demonstrated positive effects on cholesterol metabolism and
anti-inflammatory effects (Ralston et al. 2017). With respect to flavonols, such as
quercetin, a wide variety of health benefits have been documented on cardiovascular
health, neurodegenerative disorders, as an anticancer and anti-inflammatory agent,
antiviral, and antibacterial potential (Anand David et al. 2016). It is important to
consider that chemical structure plays an important role on their bioactivity and
bioavailability; therefore, the potential of each individual compound will differ
according to hydroxylation and glycosylation patterns (Wang et al. 2018).
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Additionally, the effect of other components of the matrix, including other
flavonoids, phenolics, or essential oils, may act synergistically to generate the
beneficial consequences in human health.

4.3.1 Antioxidant Capacity

Metabolic processes of living cells generate highly reactive molecules known as
reactive oxygen species (ROS), including the superoxide radical (O2

∙�) and
hydroxyl radicals (∙OH), as well as reactive nitrogen species (RNS), such as nitric
oxide (NO∙) (Pizzino et al. 2017). While these molecules are part of normal metabo-
lism, a misbalance in the oxidative status in the body can be related to the develop-
ment of chronic diseases, including metabolic syndrome, type 2 diabetes, cancer,
and cardiovascular disorders (Marseglia et al. 2015). Both, ROS and RNS can target
and damage biomolecules, such as membrane lipids, proteins, and DNA,
compromising cellular function and integrity (Pizzino et al. 2017).

Since oxidative stress is one of the key processes underlying disease, antioxidants
have become highly relevant in the prevention of many chronic ailments. An
antioxidant is a molecule with the capacity to inhibit or delay oxidation reactions
at a concentration lower than the substrate (Pisoschi and Pop 2015). Some of these
molecules may be endogenous, comprised of a system of enzymes (superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), among others)
and non-enzymatic molecules, including lipoic acid, glutathione, ʟ-arginine, and
coenzyme Q10, that are able to disable free radicals (Pizzino et al. 2017). On the
other hand, there are exogenous antioxidants that can be obtained from the diet,
particularly through the consumption of fruits, vegetables, and other foods from
plant origin, including herbs (Pisoschi and Pop 2015). Among these compounds
flavonoids stand out as antioxidants, functioning through mechanisms such as free
radical scavenging, inhibition of oxidative enzymes, metallic ion chelation, and
enhancement of endogenous antioxidant system (Kumar and Pandey 2013). The
evaluation of antioxidant effect of flavones and flavonols in herbs has been widely
studied, by chemical assays such as ORAC, ABTS, DPPH, or FRAP, in vitro using
living cells and in vivo using animals models (Opara and Chohan 2014). Some select
samples of these studies are presented in Table 4.1.

Peppermint (Mentha piperita) is commonly consumed as a herbal infusion;
therefore Figueroa-Pérez et al. (2014) evaluated the radical scavenging effect of
the infusion itself and identified the compounds in it. Their results showed that
peppermint infusion can function as a free radical scavengers through the DPPH
(IC50 ¼ 61 μg/mL) and ABTS (IC50 ¼ 17 μg/mL) methods (Table 4.1). However,
these two methods have the disadvantage that both DPPH� and ABTS�+ radicals are
not related to free radicals produced in living biological systems (López-Alarcón and
Denicola 2013). In this same study, it was also seen that the infusion was able to
inhibit nitric oxide radical (IC50 ¼ 48 μg/mL), which is an important RNS in vivo
related to the inflammatory pathway (Förstermann and Sessa 2011). Among the
compounds related to these effects, the flavone luteolin was identified, along with the
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Table 4.1 Summarization of the bioactive properties of selected herbs attributed to their flavone
and flavonol content

Source
Flavones and
flavonols identified Biological effect Reference

Antioxidant properties

Peppermint (Mentha
piperita) infusion

Luteolin, quercetin,
rutin

Peppermint infusion
showed DPPH
(IC50¼ 61 μg/mL), ABTS
(IC50 ¼ 17 μg/mL), and
nitric oxide (IC50¼ 48 μg/
mL) radical scavenging
capacity

Figueroa-
Pérez et al.
(2014)

Mexican oregano
(Hedeoma patens, Lippia
graveolens, Lippia
palmeri) extracts

Derivatives from
quercetin,
scutellarein, luteolin,
and methoxyflavones

Extracts inhibited over
75% nitric oxide radicals
and ROS in vitro at
concentrations from
50–400 μg/mL on
LPS-activated
macrophages

Leyva-
López et al.
(2016)

Mexican oregano
(Hedeoma patens, Lippia
graveolens, Lippia
palmeri)

Derivatives from
quercetin,
scutellarein, luteolin,
and apigenin

L. graveolens and
L. palmeri extracts
inhibited intracellular
oxidation at 50 μg/mL
from 96% to 98% on
Caco-2 cells

Gutiérrez-
Grijalva
et al. (2019)

Parsley (Petroselinum
crispum) supplemented
diet

Quercetin and
kaempferol

Hyperuremic rats fed a
parsley supplemented diet
(5 mg/kg) during 14 days
observed a reduction in
serum uric levels,
xanthine oxidoreductase
activity, and an increase in
serum antioxidant
capacity

Haidari
et al. (2011)

Metabolic syndrome

Mexican oregano (Lippia
graveolens), rosemary
(Rosmarinus officinalis)

Cirsimaritin,
hispidulin

In vitro inhibition of
DPP-IV (0.4–2.5 μM as
pure compounds and
0.4–1.5 μM GAE as
flavone-enriched
fractions)

Bower et al.
(2014)

Metabolic syndrome

Mexican oregano
(Hedeoma patens, Lippia
graveolens, Lippia
palmeri) submitted to
simulated gastrointestinal
digestion

Derivatives from
quercetin,
scutellarein, luteolin,
and apigenin

In vitro inhibition of
α-glucosidase (43–63%)
by the undigested fraction
and α-amylase (36–52%)
and pancreatic lipase
(47–55%) by the intestinal
fraction at 400 μg/mL

Gutiérrez-
Grijalva
et al. (2019)

(continued)
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Table 4.1 (continued)

Source
Flavones and
flavonols identified Biological effect Reference

Peppermint (Mentha
piperita) infusion

Luteolin, quercetin,
ruti

At 10 mg/mL (equivalent
to peppermint tea)
inhibited pancreatic lipase
by 45%

Figueroa-
Pérez et al.
(2014)

Salvia virgata ethanolic
extract and purified
compound

Chrysoeriol Ethanolic extract and
chrysoeriol inhibited 50%
α-amylase activity at
19 mg/mL and 1.27 mM,
respectively

Nickavar,
Abolhasani
(2013)

Rosemary (Rosmarinus
officinalis) and thyme
(Thymus vulgaris)

Rutin, quercetin, and
other phenolics

Rosemary and thymus
extract ameliorated the
liver damage induced by
gentamicin and had an
hypolipidemic effect

Hegazy
et al. (2017)

Cardiovascular

Rooibos (Aspalathus
linearis) fermented and
unfermented infusion

Luteolin, apigenin,
and quercetin
derivatives

Wistar rats that consumed
rooibos flavonoids
experienced a 61%
recovery rate after
ischemia, possibly
mediated by a decrease in
apoptosis in heart cells

Pantsi et al.
(2011)

Rooibos (Aspalathus
linearis) extract

Luteolin, apigenin,
and quercetin
derivatives

Rooibos extract reduced
ex vivo ischemic
cardiomyocyte apoptosis
and ROS generation to
levels similar to
non-ischemic controls

Dludla et al.
(2014)

Parsley (Petroselinum
crispum) flavonoid
extract

Kaempferol, apigenin Kaempferol and apigenin-
rich extract (0.3 mg/mL)
inhibited platelet
aggregation in vitro by
77%

Gadi et al.
(2012)

Antiviral/antibacterial

Euphorbia humifusa
Willd

Apigenin and luteolin
glycosides and
acylated derivatives

Apigenin monoglycosides
inhibited hepatitis B virus
antigens (IC50 15–75 μg/
mL) without cytotoxic
effect (>80 μg/mL)

Tian et al.
(2010)

Thyme (Thymus vulgaris)
purified flavonoids

Chrysin, apigenin,
kaempferol
derivatives

Isolated flavonoids from
Thymus vulgaris inhibited
E. coli (15–18 mm) and
S. aureus (14–15 mm)

Nadia,
Rachid
(2013)

Anticancer/chemopreventive

Roman chamomile
(Chamaemelum nobile L.)

Apigenin, luteolin,
myricetin,
kaempferol,

Methanolic extracts
inhibited diverse cancer
cell lines growth in vitro

Guimarães
et al. (2013)

(continued)
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flavonol quercetin and its glycosylated derivative rutin (Figueroa-Pérez et al. 2014).
While some information is obtained about the mechanism of action of these
compounds, the complexity of biological reactions is not appropriately addressed
in these assays.

Methanolic extracts from Mexican oregano, including the species Hedeoma
patens, Lippia graveolens, and Lippia palmeri, have been phytochemically
characterized as sources of derivatives of the flavonol quercetin, as well as the
flavones scutellarein, luteolin, apigenin, and diverse methoxyflavones (Leyva-
López et al. 2016; Gutiérrez-Grijalva et al. 2019). These extracts were evaluated
on LPS-activated macrophages (RAW 264.7) and effectively inhibited over 75% of
NO�, ROS, and superoxide at concentrations ranging from 50 μg/mL to 400 μg/mL
(Table 4.1). In the study by Leyva-López et al. (2016), the extracts from Lippia

Table 4.1 (continued)

Source
Flavones and
flavonols identified Biological effect Reference

quercetin,
isorhamnetin
derivatives

(82–168 μg/mL), while
infusions were less
effective (150–250 μg/
mL)

Mexican oregano
(Poliomintha
glabrescens) methanolic
extract

Luteolin, quercetin,
diosmetin, other
flavones

Oregano extracts were
able to inhibit colon
cancer HT-29 cell line
growth in vitro by 50% at
concentrations
1.3–4.5 μg/mL. Apoptotic
biomarkers were
increased in treated cells

García-
Pérez et al.
(2013)

Peppermint (Mentha
piperita) infusion

Diosmin, rutin,
luteolin rutinoside,
luteolin, myricetin,
apigenin, diosmetin

Peppermint infusion
(10 mg/mL) was
consumed by healthy
volunteers for 6 days,
causing a significant
decrease in NAT2 activity

Begas et al.
(2017)

Mexican oregano (Lippia
graveolens) methanolic
extract

Galangin and
flavanones

The methanolic extract
presented photoprotective
activity in vitro on E. coli
cell cultures and inhibited
photo-induced cancer
in vivo on a mouse model

García-
Bores et al.
(2017)

Various herbal infusions Chrysin, kaempferol,
quercetin, luteolin,
apigenin, and other
flavone derivatives

Herbal infusions,
particularly Satureja
thymbra and Mentha
pulegium, presented
in vitro inhibitory effect
on HT-29 and PC3 cell
lines and a reduction in
IL-8 expression

Kogiannou
et al. (2013)
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graveolens had the strongest inhibitory effect, showing 80% inhibition at 50 μg/mL
and almost complete inhibition at 100 μg/mL for NO�, complete inhibition of ROS at
both concentrations and 83% inhibition of superoxide at 100 μg/mL (Leyva-López
et al. 2016). By reducing the amount of these free radicals not only oxidative stress is
relieved, but it also generates an anti-inflammatory effect.

These extracts from the same three oregano species were submitted to simulated
gastrointestinal digestion and evaluated for cellular antioxidant activity (CAA),
which measures the capacity of an antioxidant compound to prevent the oxidation
of the fluorescent molecule dihydrodichlorofluorescein by the action of free radicals
(López-Alarcón and Denicola 2013). In this study, Lippia graveolens and Lippia
palmeri extracts were able to reduce Caco-2 cellular oxidation from 96 to 98% at a
concentration of 50 μg/mL, and it was observed for undigested extract, as well as for
gastric and intestinal digestion fractions (Table 4.1) (Gutiérrez-Grijalva et al. 2019).
The authors also evaluated some of the individual polyphenols identified in the
extracts, including apigenin, luteolin, and quercetin; however the effect was less
potent (80–92%) at higher concentrations than evaluated for the extract
(100–200 μg/mL). These results indicated that the action of the extract was likely
a synergistic effect of the different polyphenols it contained, particularly since the
antioxidant effect in CAA can occur through various mechanisms (Gutiérrez-
Grijalva et al. 2019; López-Alarcón and Denicola 2013).

Antioxidant effect of herbs can also be observed in vivo, as was the case in
hyperuremic rats fed a parsley (Petroselinum crispum) supplemented diet (5 g/kg
weight) during 14 days (Table 4.1). In this work, the rats that received the
supplemented diet presented a 40% reduction of serum uric acid levels. Additionally,
xanthine oxidase and xanthine dehydrogenase enzymatic activities were inhibited
34% and 43%, respectively, a possible mechanism in the reduction of uric acid.
Moreover, the parsley supplementation increased serum antioxidant capacity two-
fold in comparison to non-treated, hyperuremic rats. These results were similar to
those obtained by treating the rats with the main flavonols found in parsley,
kaempferol, and quercetin (5 mg/kg weight) (Haidari et al. 2011).

More studies have been conducted on other culinary herbs, including Mediterra-
nean oregano, thyme, mint, and dill, among others (Opara and Chohan 2014; Rubió
et al. 2013). In these herbs, the recurrent flavonoids identified generally include
derivatives of quercetin, luteolin, and apigenin, which also match the compounds
mentioned in Table 4.1. Differences in effects seen in different herbs can be
attributed to some structural changes in these derivatives, since the structure of the
rings, including degree of hydroxylation and conjugation with sugars or acyl groups,
can impact their antioxidant effect (Kumar and Pandey 2013). Additionally, the
effect of the food matrix on the absorption and metabolization of these compounds
has to be taken into consideration to determine their true potency as antioxidants in
an in vivo system.
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4.3.2 Metabolic Syndrome

Metabolic syndrome is a condition where risk factors for cardiovascular disease and
type 2 diabetes prevail in an individual: imbalance in lipid and glucose metabolism,
high blood pressure, chronic inflammation, and abnormalities in clotting process that
increase risk for thrombosis (Grundy 2016). To identify dietary or medicinal herbs
with potentially preventive effect against metabolic syndrome, carbohydrate and
lipid digestive enzyme inhibition has been established as a target. Most often,
experimental design includes α-amylase and α-glucosidase (starch and oligosaccha-
ride digestion), as well as pancreatic lipase (50–70% triglyceride hydrolysis) to
reduce carbohydrate and lipid assimilation (Figueroa-Pérez et al. 2014). Addition-
ally, since a chronic inflammatory state is of the characteristics of metabolic syn-
drome and is related to oxidative stress, compounds with antioxidant potential, such
as the ones mentioned in Sect. 4.3.1, are also important study subjects for this
pathology (Grundy 2016; Marseglia et al. 2015; Pisoschi and Pop 2015).

Culinary herbs, including Mediterranean (Origanum vulgare) and Mexican
(Lippia graveolens) oregano and rosemary (Rosmarinus officinalis), are a good
source of flavonoids, including the flavones cirsimaritin and hispidulin (Table 4.1).
Flavone-enriched fractions from Mexican oregano and rosemary were recognized as
potent inhibitors of dipeptidyl peptidase (DPP-IV), a serine protease involved in the
degradation of glucagon-like peptide 1, and protein tyrosine phosphatase 1B
(PTP1B), both related to insulin sensitivity. The authors of this study determined
that fractions from both plants containing the flavones cirsimaritin and hispidulin
presented half-inhibitory concentrations (IC50) from 0.4–2.5 μM GAE on DPP-IV
in vitro. Hydroxylation in positions 40 and 50 of the B ring and O-methylation in
position 6 of the A ring appear to be important for the binding affinity of these
flavones to DPP-IV and therefore their inhibitory power (Bower et al. 2014).

Regarding Mexican oregano, various species, including Hedeoma patens, Lippia
graveolens, and Lippia palmeri, were found to be inhibitors of various digestive
enzymes (Table 4.1). Methanolic extracts from these species were submitted to a
simulated gastrointestinal digestion, and the undigested, gastric, and intestinal
fractions were evaluated against three digestive enzymes. The undigested fraction
was an effective inhibitor of α-glucosidase (43–63%) at 400 μg/mL, while the
intestinal fraction could inhibit α-amylase (36–52%) and pancreatic lipase
(47–55%). These extracts contained glycosylated derivatives of the flavonol querce-
tin, as well as the flavones scutellarein, luteolin, and apigenin; however the results of
this study did not allow to attribute the bioactivity to a particular compound
(Gutiérrez-Grijalva et al. 2019).

Concerning pancreatic lipase inhibition, peppermint infusion was found to inhibit
pancreatic lipase in vitro by 45% at a concentration equivalent to preparing pepper-
mint tea (10 mg/mL) (Table 4.1). Analysis of this infusion indicated the presence of
flavonoids, including luteolin, quercetin, rutin, and hesperidin, the latter showing the
highest correlation to lipase inhibition. In this work, α-amylase and α-glucosidase
were also evaluated; however, only poor inhibition was observed at a dose equiva-
lent to the infusion (12% and 8%, respectively). Hesperidin was correlated to
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α-amylase inhibition, while luteolin was correlated to α-glucosidase inhibition
(Figueroa-Pérez et al. 2014). These results indicate that while the enzymatic inhibi-
tion was not strong, it could be valuable to analyze fractions enriched in flavonols
and flavonoids to determine whether the infusion contains antagonistic compounds
that could hinder the effectiveness of these compounds.

Salvia spp. are a plant genus used in traditional Iranian medicine for diverse
purposes, including as a hypoglycemic agent. Nickavar, Abolhasani (2013) deter-
mined that an ethanolic extract of the aerial parts of Salvia virgatawas able to inhibit
α-amylase with an IC50 of 19 mg/mL (Table 4.1). From this extract, the active
component, the flavone chrysoeriol, was isolated and effectively inhibited the
enzyme with an IC50 of 1.27 mM, equivalent to 0.38 mg/mL (Nickavar, Abolhasani
2013). In this case, the antagonistic effect of the matrix is clear, as the purified
compound was 50 times more potent when compared to the extract.

In vivo studies are relevant to determine the effectiveness of herbal infusions or
extracts on metabolism and organ damage associated with metabolic syndrome
conditions. Rosemary and thyme extracts were evaluated in a gentamicin-treated
rat model, which presented dyslipidemia and liver damage (Table 4.1). In this work,
administration of both extracts helped rats maintain a weight similar to non-
gentamicin-induced rats, and thyme extract ameliorated liver weight loss. Moreover,
both extracts were able to reduce levels of alanine (ALT) and aspartate (AST)
transaminases around 70% for ALT and 54% for AST, indicating a recovery of
liver function with respect to gentamicin-treated animals. Lipids, including
triglycerides and cholesterol levels, were also regularized to levels similar to
non-induced rats by both extracts (Hegazy et al. 2017). While no association with
a particular compound was established in this work, the role of polyphenols,
including flavones and flavonols, was mentioned by the authors.

The results of these works give us an important indication that herbs can have
help prevent conditions associated with the metabolic syndrome, particularly
through effects in carbohydrate and lipid metabolism. However, as shown by the
in vivo study, there can be multiple targets and effects when an extract with diverse
components is administered.

4.3.3 Cardiovascular

The final outcome of metabolic syndrome is an elevated risk of cardiovascular
disease. While the effects of several flavones and flavonols on prevention and
amelioration of metabolic syndrome causes and symptoms were discussed in Sect.
4.3.2, these compounds can also have an effect once CVD has occurred.

Rooibos (Aspalathus linearis) is a South African plant consumed as a green
(unfermented) or fermented infusion, rich in polyphenols with potential to prevent
or alleviate CVD (Smith and Swart 2018). Such effects have been observed in
diverse models, including ex vivo and in vivo (Table 4.1). A fermented rooibos
aqueous extract rich in polyphenols, including luteolin, apigenin, and quercetin
derivatives, presented a cardioprotective effect on cardiomyocytes cultured from
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hyperglycemic rats. Ischemia was induced ex vivo on the cells, which were treated
with 1 and 10 μg/mL of rooibos extract. A significant decrease in cardiomyocyte
apoptosis was observed, at 1 and 10 μg/mL of extract on cells exposed to ischemic
induction, as well as normalization of ROS levels within the cells. Moreover,
restoration of metabolic activity of cardiomyocytes exposed to ischemia occurred
with 1 μg/mL treatment, as measured by ATP production, as well as preservation of
glutathione, an endogenous antioxidant in cells (Dludla et al. 2014). It was interest-
ing to note that the cardioprotective effect was higher at the lower extract concentra-
tion, and the authors hypothesized that this could be caused by a possible prooxidant
effect at a higher concentration, which is documented in the literature (Procházková
et al. 2011). However, for this case, it was not experimentally validated.

The cardioprotective of rooibos was also evaluated in vivo in a rat model
(Table 4.1). The animals were fed fermented (RF) and unfermented rooibos
(RU) infusion (2 g/100 mL) during 7 weeks, before sacrifice, heart excision, and
ischemia induction. The animals consumed 69.00 � 14.73 and 20.65 � 3.41 and
13.61 � 1.07 mg/day of flavonols in the fermented and unfermented rooibos
infusion, respectively. A 15–18% decrease in the apoptotic proteins poly
(ADP-ribose) polymerase (PARP) with RU and RF and 25% decrease in caspase-3
with RF were observed. Inhibition of these two proteins might indicate one of the
mechanisms by which rooibos infusion could be cardioprotective, diminishing heart
damage after ischemia. These effects were attributed to the flavonol content of the
infusion, and therefore regular consumption of this infusion is likely to be beneficial
to cardiovascular health (Pantsi et al. 2011).

Risk of thrombosis is also a prevalent factor of the metabolic syndrome, therefore
agents that prevent this event from occurring. For instance, parsley contains
flavonoids, such as kaempferol and apigenin, which may play a role in hindering
thrombosis. In particular, an extract rich in these flavonoids in their aglycone form
was able to inhibit platelet aggregation in vitro by 89% when induced by thrombin
and collagen III at a 0.2 mg/mL concentration (Table 4.1). The extract was most
effecting on aggregation induced by collagen, with an IC50 of 0.08 mg/mL. More-
over, under flow conditions similar to the circulatory system, collagen III-induced
platelet aggregation was inhibited by 77% at 0.3 mg/mL of extract. This activity was
attributed to kaempferol and apigenin present in the active fractions of the extract
(Gadi et al. 2012).

The results from these studies indicate that flavones and flavonoids from herbs
can actively be cardioprotective factors. On one hand, they can directly prevent
damage that occurs during ischemic events, particularly when ROS are involved.
Additionally, they can function as agents that can interfere in the process of
thrombosis by delaying platelet aggregation and, therefore, preventing ischemia
from happening.
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4.3.4 Antibacterial and Antiviral

In recent year, bacterial resistance to antibiotics has become a concern as a public
health threat. Antibiotic resistance is defined as the loss of an antibiotic’s ability to
inhibit bacterial growth at a therapeutic dose, and bacteria that can multiply in the
presence of an antibiotic are classified as resistant (Zaman et al. 2017). On the other
hand, viral diseases, such as human immunodeficiency virus, human papilloma, and
hepatitis B virus, remain prevalent, as well as the latent risk of a widespread outbreak
of Ebola virus and the recent outbreaks of formerly eradicated diseases, such as
measles. Antivirals are drugs that play an important role in the prevention of viral
epidemics, though viruses can also become resistance to these drugs (Zaman et al.
2017). Therefore, the development of new antiviral and antibiotics is an important
research area in natural product chemistry and their applications.

Medicinal herbs are an interesting source of new antiviral drugs (Table 4.1), since
they are often used in traditional medicine of different cultures for health purposes.
In particular, the herb Euphorbia humifusa Willd is a herb used in traditional
Chinese medicine to treat dysentery, enteritis, and hepatitis from viral origin (Tian
et al. 2010). Tian et al. (2010) worked on validating this claim and determined the
active principles of this plant against HBV. Using bioactivity-based screening,
13 flavone derivatives were isolated from Euphorbia humifusa Willd. Among
these compounds, apigenin monoglycosides presented inhibitory activity (measured
by the inhibition of antigens HBsAg and HBeAg in vitro) against this virus, with
IC50s between 15 and 75 μg/mL without causing cytotoxicity. While more studies
are required to validate this activity, these compounds seem to be potential
candidates for the development of new antivirals that can be used safely.

Cooking herbs can be a source of novel antibiotics, such as Thymus vulgaris, also
known as thyme (Table 4.1). Several flavonoids, including derivatives from chrysin,
apigenin, and kaempferol, were isolated from Thymus vulgaris and evaluated by the
inhibition halo method on the bacteria Escherichia coli and Streptococcus aureus.
Flavonoids with a substituent group on the hydroxyls of carbons 30 of the B ring and
5 or 7 from the A ring presented the higher antibacterial activity. Chrysin 7-O-
glycoside was the most effective antibiotic against E. coli (18 mm), followed by
apigenin 50O,70O-diglycoside (16 mm) and kaempferol 30O,70O-diglycoside
(15 mm). The same three compounds were also effective on S. aureus inhibition,
with chrysin 7-O-glycoside and apigenin 50O,70O-diglycoside being similarly effec-
tive (15 mm), followed by kaempferol 30O,70O-diglycoside (14 mm) (García-Pérez
et al. 2013). While this information is preliminary, it sets a background for future
studies concerning the use of these compounds as new antibacterial agents.

Culinary herbs are an important source of new potential antibiotics. However,
medicinal herbs from different traditions should not be overlooked, since their effect
can be validated, including identification and isolation of active components, deter-
mination of their mechanism of action, and proposals for more effective
formulations.
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4.3.5 Anticancer and Chemopreventive

Cancer is one of the most important public health issues of the twenty-first century,
but as a multifactorial disease, it requires a multifactorial approach in finding
effective treatments (Gali-Muhtasib et al. 2015). Compounds derived from plant
origin in the diet have been linked to a reduced risk in developing cancer (Manju
et al. 2017), thus a valuable vault of new drugs that can prevent or treat this group of
diseases. It is also essential to point out that oxidative stress has also been related to
the onset and progression of cancer, due to ROS/RNS causing damage to DNA or by
altering expression of oncogenes and gene suppressors (Pizzino et al. 2017). For this
reason, the compounds mentioned in Sect. 4.3.1 could potentially be considered
chemopreventive. In this section, other mechanisms for anticancer or
chemopreventive activity are described (Table 4.1).

Roman chamomile is a medicinal plant antibacterial, antifungal, anti-
inflammatory, antioxidant, and cytotoxic, among others (Kogiannou et al. 2013). It
is also a source of flavonoids, and derivatives from apigenin, luteolin, myricetin,
kaempferol, quercetin, and isorhamnetin have been identified (Guimarães et al.
2013). It was also determined that methanolic extracts were able to inhibit the
growth of diverse cancer cell line in vitro, with IC50 between 82 and 168 μg/mL,
while infusions were less effective (150–250 μg/mL). The extract was most effective
of breast cancer line MCF-7 (82.52 � 4.57 μg/mL) and lung cancer line NCI-H460
(82.75 � 8.14 μg/mL) and least effective on hepatic cancer line HepG2
(168.40 � 2.23 μg/mL). Meanwhile, the infusion was most effect on colon cancer
cells HCT-15 (150.24� 5.47 μg/mL) and similarly effective on breast, lung, hepatic,
and cervical (HeLa) cancer cell lines (226–250 μg/mL). No particular correlations
were established with the identified compounds, but the authors hypothesize that the
profile differences due to extraction methods are responsible for the effects seen in
the different preparations (Guimarães et al. 2013).

Infusions are a common way in which herbs, including medicinal herbs, are
consumed, as a way to concentrate the active components. These infusions can
have health effects, including anticancer (Table 4.1). In a study where different
herbal infusions were evaluated, determining that pink savory (Satureja thymbra)
and pennyroyal (Mentha pulegium) infusions was the most effective against cancer
(HT-29) and prostate (PC3) cell lines when tested in vitro. Both, pink savory and
pennyroyal, showed 80 and 50% inhibition at 24 h on HT-29 and PC3 cells,
respectively, and reached almost complete inhibition at 72 h on both lines in ranges
from 0.2 to 0.6 μg/mL. It is also interesting to note that both infusions inhibited over
75% the expression of IL-8 on both cells lines, which is a marker of inflammation.
No correlation with a particular compound was established, but derivatives of
chrysin, luteolin, apigenin, and other flavones were identified, as well as kaempferol
and quercetin (Kogiannou et al. 2013).

As mentioned in previous sections, diverse species of Mexican oregano constitute
a source of bioactive compounds. Particularly the species Polimintha glabrescens
and Lippia graveolens have presented in vitro anticancer and photoprotective effects
(Table 4.1). In the case of P. glabrescens, methanolic extracts showed in vitro
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inhibitory potential (IC50 1.3–4.5 mg/mL) on HT-29 cells, without harming healthy
colon cell line CCD18-Co (>5.3 mg/mL). More importantly, apoptosis is the
hypothesized mechanism of cell death, as seen by an increased expression of FAS,
Bax, and Caspase-3 proteins in cells treated with the extracts. Identified compounds
included luteolin, quercetin, diosmetin, and other flavones, luteolin derivatives being
the most abundant (García-Pérez et al. 2013).

With respect to L. graveolens, it presented a photoprotective effect against UVB
radiation (Table 4.1). Since UV damage contributes to the onset of cancer, an extract
showing protection against it can constitute a chemopreventive agent. In this study,
methanolic extract was evaluated in vitro on E. coli cultures, increasing their survival
when exposed to UVB radiation. This protective effect was also observed in vivo on
a mouse model, in which the number of lesions induced by UVB was inhibited,
when compared to non-treated controls. In this case, the flavonol galangin was
identified in the extracts, along with diverse flavanones (García-Bores et al. 2017).
These results are promising, making this compound a potential component in
sunscreen products to prevent the onset of skin cancer.

All these studies point out to the role of flavonols and flavones derived from
different types of herbs in various important groups of diseases, ranging from
infectious to chronic degenerative. It is interesting to note that some of these diseases
are highly related to oxidative stress, and, therefore, finding strong antioxidants in
this herb already contributes to the prevention of other diseases, including metabolic
syndrome, cardiovascular disease, and cancer.

4.4 Flavone, Flavonol, and Phenolic Compounds
Accumulation Under Light Stress Conditions

Herbs are regularly subjected to different type of stress that affects their growth,
development, and yield. Stress can be classified in biotic and abiotic; biotic stress is
inflicted by living organisms, while abiotic stress is imposed by environmental

Abiotic Stress

• UV Light

• Temperature

• Drought

• Soil Salinity

Biotic Stress

• Pathogens

• Insects

• Herbivores

Phytochemicals

• Phenolic acids

• Flavonoids

Fig. 4.5 Abiotic and biotic
stresses increase the
phytochemical content in
plants
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conditions such as flood, drought, high or low temperatures, inadequate soil salinity
and nutrients, and UV light (Fig. 4.5) (Embuscado 2015; Kutchan et al. 2015; Bray
et al. 2015).

Abiotic stress elicits a wide range of plant responses, such as alteration in gene
expression and cellular metabolism, in order to adapt and overcome the adverse
conditions, which in turn affect the plant’s growth and yield. Alteration in phyto-
chemical biosynthesis is one of the mechanisms of plants and herbs as result from
stress-induced injury. Phytochemicals are a wide range of molecules from the
secondary metabolism of plants (Bray et al. 2015; Torres-Contreras et al. 2018;
Trivellini et al. 2016).

Herbs are rich sources of phytochemicals such as terpenes and polyphenols; the
latter have been widely studied due to their health-promoting properties, such as
delaying the onset of noncommunicable diseases such as Alzheimer, Parkinson’s,
atherosclerosis, cardiovascular diseases, metabolic syndrome, diabetes, and cancer.
Most herbs are rich in polyphenolic compounds such as flavonoids, where the most
abundant subclasses are flavones and flavonols, to which most of its bioactivity is
attributed (Gutiérrez-Grijalva et al. 2019; Embuscado 2015). For that reason,
strategies to enhance the flavone and flavonol content in herbs have been the subject
of many research groups. This research arose from the studies focusing on the
response of herbs to light stresses to understand the plant response on stress-induced
conditions to enhance the content of phytochemicals. The most commonly applied
abiotic stress conditions are water stress, temperature, and UV light (Szymańska
et al. 2017). We will focus on light manipulation as a way to induce plant stress to
enhance phytochemicals such as flavones and flavonols.

Furthermore, the ability of the photosynthetic apparatus and metabolism of plants
to cope with light fluctuation and stress is highly related to their survival rate and
reproductive success (Szymańska et al. 2017). The aforementioned is generally
achieved by the accumulation of phenolic acids and flavonoids in the vacuoles of
epidermal cells and chloroplast mesophilic cells of herbs and plants (Tattini et al.
2004; Conéjéro et al. 2014).

A recent work by Csepregi et al. (2017) evaluated the relationship between the
developmental age of leaves from Arabidopsis rosettes and UV-B light manipula-
tion; the authors exposed Arabidopsis thaliana to UV-B light with a PAR intensity
of 60–80 μmol/m�2s and supplemented by 1.6 W/m2 UV-A; plants were exposed for
2 h for a total of 7 days which equals 0.6648 kJ m�2 day�1. They reported that the
developmental age of leaves influences the response of the plant on low UV-B light
which enhances the content of pigments, flavonols, and the antioxidant capacity of
these compounds. Low UV-B increased the concentration of the flavonols quercetin
and kaempferol derivatives in leaves.

Flavonols have been implicated in the fertility of maize and other crops and also
contribute to protecting plants from UV-B radiation. Falcone Ferreyra et al. (2010)
used an Arabidopsis thalianamodel to study and showed that a maize gene encoding
a protein (ZmFLS1) is capable of converting the dihydrokaempferol (DHK) and
dihydroquercetin (DHQ) and dihydroflavonols to the corresponding flavonols,
kaempferol, and quercetin. The authors showed that ZmFLS1 is under control of
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the anthocyanin and 3-deoxy-flavonoid transcriptional regulators and is induced in
maize seedlings by UV-B, and this production is in part mediated by the increased
expression of P1, B, and PL1.

The geographical localization of crops can often have a negative influence on
crop yield due to the combination of adverse factors such as low temperatures and
ultraviolet radiation. On this sense, León-Chan et al. (2017) showed that low
temperature and UV-B radiation are abiotic factors that cause stress in plants, and
using a bell pepper model reported that the combination of low temperature and
UV-B radiation caused degradation of chlorophyll in the bell pepper leaves and the
higher accumulation of carotenoids, chlorogenic acid, and the flavonoids apigenin-7-
O-glucoside and luteolin-7-O-glucoside. Moreover, UV-B irradiation alone induced
a higher total flavonoid concentration than lower temperature alone. Furthermore,
chlorogenic acid content significantly increased after combined treatment of lower
temperature and UV-B radiation in comparison to lone treatments. Their results
highly suggest that luteolin-7-O-glucoside is involved in reactive oxygen species
quenching caused by low temperature and UV-B radiation.

In this regard, Radyukina et al. (2012) evaluated the effect of the combination of
light and salinity stress on the phenolic content of Artemisia lercheana, Ocimum
basilicum, and Nigella sativa; the authors reported that the accumulation of
anthocyanins, soluble phenolics, and flavonoids provides protection against UV-B
radiation and that anthocyanins are more involved in the salinity-resistance response.

Manukyan (2013) evaluated the effect of photosynthetically active radiation and
UV-B radiation on the antioxidant capacity and polyphenols of Nepeta cataria,
Melissa officinalis, and Salvia officinalis under controlled greenhouse cultivation.
Low UV-B radiation at 1 kJ m�2 d�1 enhanced the biosynthesis as suggested by the
increased total phenolic content in the evaluated herbs. Moreover, Peng et al. (2017)
reported that flavone O-glycosides in rice are modulated by flavone 7-O-
glucosyltransferase and flavone 5-O-glucosyltransferase and proved by UV-B expo-
sure that allelic variation contributes to UV-B tolerance in nature in plants such as
rice. It has also been reported that flavonol accumulation is upregulated by UV-B
irradiation, however, as a result of microbe-associated molecular pattern-triggered
immunity induced by the bacterial elicitor flg22 suppresses flavonoid production,
which is suggested to be a mechanism of pathogen defense by directing phenylala-
nine from UV-B flavonol production toward production of phytoalexins and cell
wall fortification by lignin incorporation (Zhou et al. 2017).

Another group of phenolic compounds that have been reported to be elicited in
response to light stress are rosmarinic acid and salvianolic acids. For instance, Ma
et al. (2013) showed that UV-B radiation enhances rosmarinic acid and lithospermic
acid B by 6–17% and 3–5%, respectively, in Salvia miltiorrhiza. The authors
suggested that the increased rosmarinic and lithospermic acid content was enhanced
by the action of methyl jasmonate which in turn might coordinately induce gene
transcripts of phenylalanine ammonia lyase, cinnamic acid 4-hydroxylase, tyrosine
aminotransferase, and 4-hydroxyphenylpyruvate reductase of the rosmarinic acid
and lithospermic acid biosynthetic pathway.
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The quality and type of light source can also affect the flavonoid response of
plants. For example, a study in Salvia plebeian under fluorescent and sunlight
exposition during 4 months and 5–7 months, respectively, showed that phenolic
compounds such as rosmarinic acid is reduced under sunlight, but levels of
flavonoids such as homoplantaginin and luteolin 7-glucoside were enhanced (Jang
et al. 2017). The intensity of the light irradiation can also influence the flavonoid
response of herbs and plants. This was assessed by Ghasemzadeh et al. (2016) who
evaluated the induction of phenolic compounds by UV-B irradiation of sweet basil
leaves. For this, the authors tested three different irradiation intensities (2.30, 3.60,
and 4.80 W/m2) and found that the accumulation of phenolic compounds was
dependent on the irradiation intensity. They report that the best UV-B intensity
was 3.60 W/m2 enhancing the content of compounds such as gallic acid, cinnamic
acid, ferulic acid, quercetin, catechin, kaempferol, rutin, and luteolin. This has been
reported to be a response against the reactive oxygen species generated during UV
light damage, which also triggers the expression of enzymes of the phenylpropanoid
metabolism from which phenolic compounds are biosynthesized, such as PAL and
chalcone synthase. Interestingly, phenolic acids are at its highest content within the
6–8 h after treatment and then decreased, while flavonoids accumulation takes
longer, from within the 8 to 10 h, which is consistent with the biosynthetic pathway
of flavonoids where phenolic acids are precursors.

The wavelength of light can also affect the flavonoid response of herbs and plants.
Recently, Taulavuori et al. (2018) reported the response of Rumex sanguineus,
Ocimum basilicum, and Eruca sativa under irradiation with blue and blue-violet
light on the phytochemical content. They showed that blue and blue-violet light
induce the accumulation of phenolic compounds in basil and flavonoids in arugula.
Specifically, an increase in chlorogenic acid derivative and chicoric acid content was
detected in blue and blue-violet light treatments in basil leaves. In argula, light
treatments enhanced the content of flavonoids such as isorhamnetin-diglycoside,
luteolin-glycoside derivative 1, apigenin derivative 1, apigenin derivative 2, and
luteolin-glycoside derivative 2. This study supports the hypothesis that the flavonoid
response of herbs and plants is species-specific since not all the evaluated species
reacted in the same way. However, overall blue light showed a significant enhance-
ment of these compounds in all plants. Similarly, Stagnari et al. (2018) aimed to
study the effect of light quantity and quality manipulation applying yellow, green,
and blue cover films on basil plants and evaluating the response of their secondary
metabolite content. Interestingly, in contrast with studies aforementioned, the appli-
cation of colored films reduced the concentration of rosmarinic and caftaric acids in
basil leaves by 29.8 and 33.2% (in average), respectively. On the other hand, caffeic
acid was positively induced by the colored-light treatments.

Similarly, Nadeem et al. (2019) evaluated the effect of LED lights on the
biosynthesis of phytochemicals in callus cultures of basil. Yellow light enhanced
the biosynthesis of rosmarinic and chicoric acid; green light increased rosmarinic
acid, eugenol, and chicoric acid content; rosmarinic acid content increased to 55.0
and 48.0 mg/g DW in blue light followed by yellow and white light, respectively,
representing almost 2.46-, 1.4-, and 1.2-folds higher than control. It is suggested that
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this effect is caused by reactive oxygen species accumulated by the action of the
metabolic enzyme CYP450 and the high antioxidant capacity of rosmarinic acid.
The authors also found that the flavonoid response is specific to some compounds,
for instance, they reported that chicoric acid is most increased (81.40 mg/g DW) by
white light almost by 4.52-fold times higher than control basil. Another group of
compounds elicited by LED lights are anthocyanins, which content particularly
increased after treatment with red light which enhanced the quantity of cyanidin
(0.121 mg/g DW) and peonidin (0.1271 mg/g DW), which is 3.5- and 4.53-fold
greater than control.

Furthermore, the flavonoid response of herbs and plants is also cultivar-
dependent. A differential response has been observed in cultivar green and red
basil under combinations of different proportions of blue and red light. The phyto-
chemical content in the green cultivar of basil was most enhanced with a higher
proportion of red light, while red basil showed a better response to higher ratios of
blue light. In this regard, the anthocyanin content of both basil cultivars was
enhanced with either red or blue light in comparison to control white light; however
caffeic acid, rosmarinic acid, and anthocyanins showed more accumulation in
predominantly blue light, with an increase up to 4.15-, 15.12-, and 1.5-fold times
higher content than in control white light (Lobiuc et al. 2017).

Also, some genes involved in the biosynthetic route of tanshinones in Salvia
miltiorrhiza were evaluated through manipulation of light spectra. Chen et al. (2018)
used five light spectra: red (R, 660 nm), green (G, 525 nm), blue (B, 450 nm), far-red
(IR, 730 nm), and ultraviolet (UV, 380 nm). The content of the depside tanshinone
IIA decreased up to 60% in all light treatments including blue light. Furthermore,
ultraviolet light increased the level of rosmarinic acid. The aforementioned was
explained as a result of the downregulation of the SmHMGR, SmDXS2, SmDXR,
SmGGPPS, SmCPS, and CYP76AH1 genes. In contrast, combination of blue and
red light treatment increased rosmarinic acid content up to 90% in comparison to
white light control.

4.5 Conclusions

Flavonoids and phenolic acids play a physiological role in plant defense against
abiotic stresses. Studies regarding the elicitation of plant flavonoids through abiotic
stresses have allowed the elucidation of flavonoid and phenolic acid responses.
Flavonoids and phenolic acids have been related to numerous health-promoting
properties such as the prevention of the onset of noncommunicable diseases like
cancer, cardiovascular diseases, metabolic syndrome, and diabetes. This has been an
emphatic precedent for studies regarding the induction of flavonoids by abiotic
stresses such as light manipulation, which aim to enhance the phytochemical content
in herbs and plants for human use. Manipulation of light has proven to be an easy
and cheap technology to potentiate phytochemical content in herbs and plants.
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Interactive Biology of Auxins and Phenolics
in Plant Environment 5
Ambreen Ahmed, Aqsa Tariq, and Sabiha Habib

Abstract

Plant environment is a complex system where coordinated interactive biology
involving various metabolite products and other intermediates determines the
overall development and growth of plant. Among the phytohormones, auxins
play a fundamental role in various signaling pathways involving other hormones
and metabolites affecting cell division and differentiation of plant tissues. Like-
wise, phenolics are the secondary metabolites secreted by plants that play a key
role as defense agents during environmental stress conditions. Biosynthesis of
auxins and phenolics follows different metabolic pathways, although shikimate
pathway is considered as the root for the production of auxins and phenolics
following the synthesis of their corresponding precursors. The interactions
between these two compounds may have some physiological and biochemical
alterations in plant metabolism, thus affecting plant biology. In addition, the role
of soil microbiota is also evident to mediate the communicative behavior of both
auxins and phenolics. Phenolic compounds may affect auxin transport and play
its role in defense signaling of plants. Some representative examples regarding
interactive biology of auxins and phenolic compounds under in vitro conditions
are also discussed in this chapter.
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5.1 Introduction

The living biota over the planet Earth presents a number of solutions to the issues of
their survival on account of facing ever-changing and adverse environmental
conditions. Animals change their behavior in response to their environment by either
fighting or escaping the situation, while plants on the other hand have striking
capabilities to optimize their metabolic processes to meet the environmental stresses.
This developmental plasticity comprises the production of growth regulators and
secretion of secondary metabolites that collectively not only improve the growth but
also contribute toward plant defense mechanism in response to external stimuli
(Davies 2004; Tanaka et al. 2006). Plants have some mobile signals including
primary and secondary metabolites that regulate the physiological and developmen-
tal processes in plants. These endogenous hormonal signaling molecules trigger the
plant cells for tissue reprogramming, thereby altering the plant physiology in a better
way. Crosstalk between hormonal signaling pathways eventually governs the phys-
iological concerns (Davies 2004; Vanneste and Friml 2009).

The flexible behavior of plants in terms of their growth and development and their
response to multiple environmental conditions indicates the complex regulatory
mechanisms. Although there are many substances known as plant growth regulators,
nonetheless, plant development is largely governed by an indolic substance, auxin
(Tanaka et al. 2006). The gradients of auxins are involved in several auxin-arbitrated
developmental courses in plants and may be attributed to auxin biosynthesis and
auxin transport, in response to environmental and developmental indicators. These
gradients may have some interactions with plant secondary metabolites including
phenolic compounds which together improve plant biology and help in defense
system of plants (Cheng et al. 2006, 2007; Stepanova et al. 2008; Tao et al. 2008).
Thus, modulation of auxins in plants is expected when they get interacted with
phenolic compounds.

The past few decades primarily employed the auxin machinery and phenolic
biology in plant systems, but the interactive behavior of phenolic compounds with
auxins is neglected for years. Plant developmental plasticity is concerned about the
translation of external signals in plant environment in addition to their coordination
with plant defense mechanisms. The key aspects discussed in this chapter regarding
auxins and phenolics include basic introduction of auxins and phenolics, role of
auxins and phenolics in plants, biosynthetic pathways for phenolics and auxins,
biosynthesis of phenolics in response to biotic and abiotic stress, crosstalks of
phenolics and auxins in plant rhizosphere, role of phenolic compound (flavonoids)
in auxin transport, interaction of phenolic hormone (salicylic acid) with auxin
signaling during plant defense mechanism, and case studies regarding interactive
behavior of auxins with phenolic compounds. Conspicuous and pervasive features of
these key points are the unusual self-organizing properties of auxin biology, in
relation with plant phenolics, which is comprehensively characterized in this
chapter.
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5.2 Plant Phenolics

Phenolics are the aromatic compounds containing benzene ring having one or more
hydroxyl (OH) group produced from plants for protection under stress conditions.
According to Harborne (1980), phenolics are one of the most abundant groups of
secondary metabolites and are considered as bioactive substances that are exten-
sively found in plant kingdom. These are closely related with the nutritional quality
of fresh as well as processed plant foods. Phenolics have long been considered as
allelochemicals for competitive plants, for instance, volatile terpenoids,
hydroxycinnamates, hydroquinones, hydroxybenzoates, and
5-hydroxynapthoquinones (Weir et al. 2004; Xuan et al. 2005). Phenolics are
generally synthesized when plants recognize some potential pathogens in its proxi-
mal areas by pathogen-associated molecular patterns (PAMPs), thereby causing
PAMP-triggered immunity (Schuhegger et al. 2006; Newman et al. 2007; Ongena
et al. 2007; Tran et al. 2007; Zipfel 2008). Biogenetically, phenolic compounds
follow shikimate metabolic pathway that forms phenylpropanoids and acetic acid
pathway that forms simple phenol (Sanchez-Moreno 2002). According to Hollman
(2001), most of the plants’ phenolic compounds are formed through shikimate
pathway. However, flavonoids, the most plenteous group of phenolics, are formed
by the combination of both pathways (Tomás-Barberán and Espín 2001).

Phenolic compounds contain a large number of heterogeneous structures, from
simple to complex ones; hence, they are classified in different ways. On the basis of
carbon chains, they are divided into 16 major classes including phenols (C6),
benzoquinones (C6), phenolic acids (C6-C1), acetophenones (C6-C2), phenylacetic
acid (C6-C2), hydroxycinnamic acids (C6-C3), phenylpropenes (C6-C3), coumarins/
isocoumarins (C6-C3), chromones (C6-C3), naphthoquinones (C6-C2), xanthones
(C6-C1-C5), stilbenes (C6-C2-C6), anthraquinones (C6-C2-C6), flavonoids (C6-C3-
C6), lignans and neolignans (C6-C3)2, and lignins (C6-C3)n. Conversely, on the basis
of distribution of phenolics in nature, they are categorized into three classes. The first
class is “shortly distributed” that includes phenols, hydroquinones, resorcinol,
aldehydes which are derivatives of benzoic acid, etc. The second class is “widely
distributed” that contains flavonoids and derivatives, phenolic acids, and coumarins,
whereas the third class is “polymers” having lignin and tannins (Bravo 1998). Lastly,
on the basis of their locality in plants, phenolic compounds may be soluble and
insoluble. Soluble form consists of low molecular weight tannins, phenol, and
flavonoids, while condensed tannins and phenolic acids are present in insoluble
form (Sanchez-Moreno 2002).

5.2.1 Role of Phenolics in Plants

Phenolic compounds play their role in plant environment exhibiting interactions
with biotic and abiotic factors, but the exact mechanism about the functioning of
these phenolic compounds is difficult to estimate (Harborne and Simmonds 1964).
The role of phenolics for plant development is evident especially for synthesis of
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pigment and lignin, resistance to pests, pollination, plant germination, and reproduc-
tion. These compounds also maintain the vigor and provide structural integrity to
plants and involve in plant physiology and cellular metabolism. In addition, plants
get their sensorial characteristics such as color, taste, aroma, and acidity from these
phenolic compounds (Tomas-Barberan and Epsin 2001). Essentially, phenolic
phytoalexins secreted from wounded areas of plants kill several microorganisms.
Therefore, these compounds have been proposed to act as suitable substitutes to the
chemical control of pathogens for agricultural plants (Bhattacharya et al. 2010),
whereas some pathogens may counteract their effect or can nullify the defenses
triggered by phenolic phytoalexins (Boudet 2007). In contrast to beneficial aspects
of phenolics in plant system, these compounds also act as natural growth inhibitors
and retard different processes like root elongation, stem elongation, opening of buds,
seed germination processes, etc. Phenolics can also hinder the growth of other plants
when they are released into the environment (Kefeli and Kadyrov 1971). Plant tissue
culture is a modern technique for large-scale development of genetically similar
plants from different explants (Sarkar and Naik 2000). The calli produced during
tissue culture experiments exhibit browning due to the oxidation of exuded phenolic
compounds which hinder nutrient uptake and ultimately cause the death of explants
(George 1996).

5.3 Auxins: Powerful Phytohormone

The presence of auxin in plants as transportable growth hormone was firstly inferred
by Charles and Frances Darwin, as described in their book, The Power of Movement
in Plants (Darwin and Darwin 1880). However, auxin was first isolated chemically
by Went (1926) who first ever mentioned auxins in plant physiology and described
general conception of regulators and coordinators in plants. To understand the cast of
auxins, i.e., receptors, transporters, synthesizers, and inactivators, a number of
reviews have been presented by Chapman and Estelle (2009), Lokerse and Weijers
(2009), Petrasek and Friml (2009), and Zhao (2010). There are still some important
features missing; however, an obvious shift in understanding the whole plant
ecosystem with interactions of auxin machinery brought new insights toward
auxin biology in plants.

Auxin, an essential plant hormone, naturally produced by plants, is not only
accountable for cell elongation but also helps to repair wounds in plants and is
involved in various metabolic pathways. It contains aromatic ring having carboxylic
acid group. This phytohormone drastically affects the plant direction in response to
sunlight as well as gravity. Auxins comprise of three major classes, i.e.,
1-naphthaleneacetic acid (NAA), 3-indole acetic acid (IAA), and indole-3-butyric
acid (IBA). However, the most widespread and potent auxin is indole acetic acid
(IAA) which has imperative role in growth and developmental processes in plant’s
life cycle including cardinal role in plant defense mechanism. An amino acid,
tryptophan, is responsible for the regulation of IAA production (Bari and Jones
2009; Zhao 2010; Habib et al. 2019).
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5.3.1 Role of Auxins in Plants

Auxin, a chief plant growth regulator, is released naturally in plants which is mainly
concentrated in meristematic regions and then distributed toward the roots; therefore,
plants tend to grow with the gradient of auxin concentrations. The dynamic distri-
bution of auxins within plants controls a variety of developmental processes which
not only facilitate the plant growth but also alter the plant morphology in a better
way. Ahmed and Hasnain (2010) presented a detailed review on auxins, their role,
biosynthesis, and interaction with microbes and plants. They stated that auxins are
generally produced in the meristematic regions of plant stems, although it may also
produce in shoots, roots, and leaves. The concentration of auxin varies depending on
the influx and efflux from the plant tissues and also its biosynthesis from tryptophan
(precursor of auxin) and formation of IAA conjugates. Authors also discussed the
signaling crosstalks of auxins with other phytohormones and with microbes (Ahmed
and Hasnain 2010). Auxins may affect cellular processes, cytoplasmic streaming,
and various enzymatic reactions. The proliferative behavior of plant cells assisted by
auxins causes stem and root elongation, flower initiation, fruit development, and
even tuber or bulb formation. IAA (indole-3-acetic acid) contributes its role to
almost every aspect of growth and development of plants (Zhao 2012).

It has been reported that synthesis of auxin and intercellular auxin transport in
plants is affected by auxin distribution assimilated by various environmental and
plants’ endogenous signals. Moreover, auxins are predominantly involved in some
sort of cellular regulations and organogenic processes in response to environmental
stimuli. During early embryogenic growth of plants, auxin accumulates in apical
cells, root pole, and cotyledons, while post-embryogenesis incorporates the auxin
accumulation during organogenesis of flowers, floral parts, leaves, and lateral roots
(Benková et al. 2003; Friml 2003). Thus, auxin acts as a multipurpose activator of
preprogrammed developmental changes in plants.

5.4 Biosynthetic Pathways of Phenolics and Auxins

5.4.1 Biosynthesis of Auxins

Biosynthetic pathways for auxins have been proposed containing one tryptophan-
independent pathway and four tryptophan-dependent pathways. These are indole-3-
acetamide (IAM) pathway, indole-3-acetaldoxime (IAOx) pathway, tryptamine
(TAM) pathway, and indole-3-pyruvic acid (IPA) pathway, respectively (Woodward
and Bartel 2005; Vanneste and Friml 2009).

Tryptophan-independent pathway was reported by Wright and his coworkers
(1991) during their experimental studies in maize plant and by Normanly et al.
(1993) in Arabidopsis. In tryptophan-independent pathway, indole and indole-3-
glycerol phosphate are the precursors of indole-3-acetic acid (Ouyang et al. 2000;
Zhang et al. 2008a, b). Indole-3-glycerol phosphate by the action of indole-3-
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glycerol phosphate lyase (IGL)/indole synthase (INS) converts into indole which
through various unknown enzymes and intermediates ultimately forms IAA.

In tryptophan-dependent pathway, indole-3-glycerol phosphate synthesized from
chorismate through various steps and enzymes by the action of a-subunit containing
tryptophan synthetase (TSA) converts into indole. The a-subunit mediates the
removal of side chain from indole-3-glycerol phosphate, and the resultant product,
i.e., indole, in turn converts into tryptophan by the activity of enzyme b-subunit
containing tryptophan synthetase (TSB). Tryptophan synthesis occurs in chloroplast
(Pan et al. 1997; Zhao 2012; Nonhebel 2015). Tryptone converts into indole-3-
acetamide (IAM), indole-3-acetaldoximie (IAOX), tryptamine (TAM), and indole-3-
pyruvic acid (IPA) by the activity of auxin-synthesizing genes (aux), tryptophan-
specific P450 monogenase (CYP79B2, B3), tryptophan decarboxylase (TDC), and
tryptophan aminotransferase (TAA), respectively, which ultimately by the activity of
various enzymes and intermediates results in the formation of IAA (Zhao 2010;
Mano and Nemoto 2012) (Fig. 5.1).

Fig. 5.1 Biosynthetic pathway of auxin
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5.4.2 Biosynthesis of Phenolics

Biosynthetic pathway for phenolics is mainly comprised of three major pathways:
(a) shikimate/chorismate or succinylbenzoate pathway producing phenylpropanoid
derivatives (C6–C3); (b) acetate/malonate or polyketide pathway producing side-
chain-elongated phenylpropanoids, including flavonoids (C6–C3–C6) and quinones;
and (c) the acetate/mevalonate pathway producing aromatic terpenoids
(Bhattacharya et al. 2010).

In shikimate pathway, phosphoenolpyruvate from glycolysis and erythrose-4-
phosphate from oxidative pentose phosphate combine to form 3-dehydroquinic acid
with ultimately forms shikimic acid that is precursor of L-phenylalanine and
L-tyrosine. Shikimic acid forms precursors of phenylpropanoid, i.e., cinnamic
acid, p-coumaric acid, and p-coumaroyl acid. Acetate/malonate pathway involves
three main enzymes: phenylalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase
(C4H), and 4-coumarate:CoA ligase (4CL). In this pathway, malonyl-CoA produced
from acetyl-CoA combined with p-coumaroyl acid, formed from shikimic acid,
ultimately forms aromatic phenolic compounds, i.e., flavonoids, tannins, etc. Ace-
tate/mevalonate pathway also involves acetyl-CoA that produces dimethylallyl
pyrophosphate which acts as precursor to form terpenoids, steroids, and
polyisoprenes (Vickery and Vickery 1981; Bhattacharya et al. 2010) (Fig. 5.2).

Fig. 5.2 Biosynthetic pathway of phenolics

5 Interactive Biology of Auxins and Phenolics in Plant Environment 123



5.4.2.1 Phenolic Production in Response to Biotic and Abiotic Stress
Phenolics accumulate in subepidermal layers of plant tissues which are facing any
biotic or abiotic stress including pathogen attacks (Schmitz-Hoerner and
Weissenbock 2003; Clé et al. 2008). Concentrations of phenolics secreted in plant
environment may vary according to the seasons and growth stages of plants (Thomas
and Ravindra 1999; Ozyigit et al. 2007). Production and accumulation of phenolics
are significantly affected by various factors including trauma, drought, extreme
environment, wounding, and soilborne or phytopathogen attack. Plants when
exposed to light may produce significant amount of phenolics in chloroplasts and
vacuoles (Kefeli et al. 2003). Nutrient stress, deficiency in macronutrients (nitrogen,
phosphorous, and potassium), deficiency of micronutrients (iron, magnesium, and
boron), and photo-inhibition also contribute to the production of phenolic
compounds in response to these stresses (Balasundram et al. 2006).

5.4.2.2 Biogenesis of Phenolics and Auxins by Shikimate Pathway
In plants, phenolic compounds are produced due to biotic and abiotic stimuli, e.g.,
unfavorable environmental conditions like pH, temperature, salinity, or pathogenic
attack. There are various pathways for the synthesis of phenolics and auxins (IAA),
but primarily both are believed to be synthesized from the precursors produced
through the shikimate pathway. It is a significant pathway for the production of
various primary and secondary metabolites in plants. Shikimate pathway produces
precursors for the biosynthesis of different indole compounds, alkaloids, aromatic
amino acids, other aromatic metabolites, and flavonoids. The IAA precursor
L-tryptophan is synthesized from chorismate, the end product of the shikimate
pathway. Likewise, L-phenylalanine and L-tyrosine produced from the same key
compound (chorismate) are the precursor of phenolic compounds. Thus, this path-
way is considered the root for biogenesis of auxins and phenolics (Santos-Sánchez
et al. 2019) (Fig. 5.3).

5.5 Crosstalks of Phenolics and Auxins in Plant Rhizosphere

Plants acquire all necessary nutrients from soil where they are exposed to biotic and
abiotic factors of environment and interact with various microorganisms whether
beneficial or harmful. Plants develop various signaling mechanisms to cope with
adverse conditions in their environment. To develop better vigor and growth, plants
must maintain an equilibrium between growth and defense signaling. The rhizo-
sphere of the plants is the dynamic habitat for a variety of flora and fauna where
microorganisms interact with each other in the form of interlocked system (Whipps
2001). These interactions are generally triggered by phenolic compounds secreted
from plant roots as root exudates that usually include water, ions, mucilage,
enzymes, free oxygen, and various primary and secondary metabolites, importantly,
phenolics (Bais et al. 2006; Bertin et al. 2003; Dakora and Phillips 2002). Phenolics
occupy their concentration range in soil ecosystem from 2.1 to 4.4% in monocots,
while 0.1�0.6% of phenolics were found in dicots (Hartley and Harris 1981). They
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may have the influence over soil microbiota which are present in the vicinity of plant
roots, together with hormonal balance, nutrient competition with neighboring plants,
and various enzymatic activities (Hattenschwiler and Vitousek 2000; Kraus et al.
2003).

Some microbes, present in plant rhizosphere, have the potential to produce
auxins, an important plant growth regulator which when taken up by plants ulti-
mately enhances plant growth, thus known as auxin-producing rhizobacteria
(Ahmed and Hasnain 2010; Aslam and Ahmed 2018; Karamat and Ahmed 2018;
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Fig. 5.3 Schematic representation of shikimate pathway for biogenesis of auxins and phenolic
compounds. Arabidopsis plant when exposed to biotic (pathogenic attack) and abiotic stress (pH,
temperature, salinity, and heavy metal stress) initiates various metabolic processes through
shikimate pathway, synthesizing different aromatic amino acids that act as precursors, i.e.,
phenylalanine/L-tyrosine and L-tryptophan which both are formed through chorismate, end product
of shikimate pathway, for the synthesis of different compounds including auxins and phenolic
compounds, respectively
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Habib et al. 2019). Moreover, phenolics present in rhizosphere bind with organic
matter and are metabolized by rhizobacteria. These bacteria break down phenolic
compounds that facilitate the mineralization of nitrogen, thereby enhancing mineral
uptake by plants along with auxin uptake synthesized by rhizobacteria (Halvorson
et al. 2009). In addition, many phenolic compounds are released in the form of root
exudates and act as chemotactic signals for auxin-producing bacterial populations to
attract them toward plant rhizosphere that results in the colonization of plant roots by
these bacteria contributing toward the growth amelioration of plants (Perret et al.
2000; Taylor and Grotewold 2005). Hence, these crosstalk pathways are not only
initiated by soil microbiota but also involve phenolic compounds released in plant
rhizosphere.

According to Lattanzio (2013), root exudates contain various substances includ-
ing phenolics like iso-flavonoids and flavonoids which activate genes of nearby
symbiotic microbes for nodulation. The process of nodule formation is regulated by
phenolic flavonoid compounds of root exudates of plants that act as transmitters
between bacteria and their host plants. These flavonoids tempt bacterial community
toward the plant roots, thereby activating nod (nodulation) gene expression,
resulting in the formation of nod factors that facilitate the nodule development
(Lattanzio 2013). Phenolics also carry redox reactions in soil medium that help to
colonize the bacteria with plant roots in rhizospheric region and regulate the
hormonal balance of neighboring plants (Bhattacharya et al. 2010) and, depending
on bacterial species and type of flavonoid, directly and indirectly influence the
expression of bacterial nod genes whether in positive or negative way (Reddy
et al. 2007). For instance, daidzein and genistein (isoflavones) stimulate expression
of nod genes in Bradyrhizobium japonicum but prevent in Sinorhizobium meliloti.
Likewise, naringenin (flavanone) encourages nod formation in Rhizobium
leguminosarum, but quercetin (flavonol) suppresses its production (Hartwig et al.
1990; Webster et al. 1998; Abdel-Lateif et al. 2012). Besides, negative interaction
between auxins and phenolics can be understood by considering crown gall disease.
Briefly, in plants, galls are formed due to uncontrolled cell division causing crown
gall disease which is specifically caused by Agrobacterium tumefaciens. During
infection, these bacteria inject their DNA fragment in plant genome that carries
genes for plant hormones. Auxins are reported to promote tumor formation. It has
been observed that increase in auxin levels caused the formation of tumor-like
structures in plants. Matveeva et al. (2001) stated that auxins’ sensitivity in plants
is a reason for tumor initiation. Moreover, Hartley (1999) proposed galls in plants are
also due to the interactions of phenolic compounds with the IAA or IAA oxidase,
which regulates IAA activity.

A number of phenolic compounds have been reported phytotoxic that inhibit
germination processes and plant growth. These compounds are coumarin, salicylic
acid, parahydroxybenzoic acid, benzoic acid, and syringic acid (Baleroni et al.
2000). Phenolics eventually inhibit the production of phosphatase and prolyl amino-
peptidase which are involved in seed germination, thereby causing retardation of
seedling growth. The negative impact of these phenolics in plants may be due to the
interference of cell divisions and normal enzymatic activities (Madhan et al. 2009).
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5.5.1 Role of Flavonoids in Auxin Transport

Flavonoids are the most important group of phenolic compounds that occur naturally
and display important role in plant physiology and development. Besides protection
against environmental stress, those also act as regulating and signaling molecule.
Flavonoids have influence over auxin transport as they promote cell divisions and
contribute in development of plants by modifying the activity of indole-3-acetic acid
(IAA), which causes tissue differentiation, callus, and tylose formation (Mierziak
et al. 2014). Flavonoids act as a link between environment and auxin transport by
accumulating as a response to environmental stimuli. They act as natural auxin
effluent inhibitors (AEIs) that regulate the activity and localization of auxin trans-
porter proteins (e.g., PIN proteins) (Peer and Murphy 2007). Some flavonoids, e.g.,
flavonols, inhibit the transportation process of auxins by competing with synthetic
AEIs (Bernasconi 1996; Murphy and Taiz 1999).

Studies of Jacobs and Rubery (1988) revealed that under in vitro conditions,
flavonoids contend for auxin transporters with 1-naphthylphthalamic acid (NPA) by
binding to NPA-interacting proteins. Studies of Arabidopsis mutants that contain
less flavonoid content displayed increased auxin transport and phenotypic changes,
whereas mutants with increased flavonols exhibited decreased auxin transport rates
(Brown et al. 2001; Peer et al. 2004). Flavonoids’ colonization with auxins helps to
control the process of auxin transport (Murphy et al. 2000; Buer et al. 2006). They
are considered as effective inhibitors of glycoproteins of PIN and MDR and also for
kinases which are tremendously involved in auxin transport. Quercetin (phenolic
flavonoid) has been reported as a competent inhibitor for auxin transportation than
kaempferol (Lewis et al. 2011). Flavonoid controlled auxin transport has a key role
in stress-induced morphogenic response in plants (SIMR). Plant species having high
dihydroxy-flavonoids displayed remarkably multi-morphogenic features as com-
pared to those with high monohydroxy-flavonoids (Potters et al. 2007, 2009). It
has been also observed that depending on their chemical structures, flavonoids also
control the role of IAA oxidase (Jansen et al. 2001).

5.5.2 Interaction of Salicylic Acid with Auxins During Defense
Signaling

Plants produce free radicals as a response to unfavorable stimuli that act as a signal to
produce various substances including salicylic acid. It is a phenolic hormone
affecting plant defense by developing systemic acquired resistance in host plants
(Fu and Dong 2013). Wang et al. (2007) studied the treatment of Arabidopsis
seedlings with salicylic acid analogue benzothiadiazole which caused the suppres-
sion of auxin signaling genes, while genes that involve in IAA conjugation (i.e.,
GH3) were upregulated. Salicylic acid represses the expression of the auxin receptor
proteins which maximizes the stabilization of auxin repressor protein and repressed
auxin signaling and responses; therefore, reduced plant growth may be ascribed to
salicylic acid-interceded repression of auxin signaling (Zhang et al. 2003; Huot et al.
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2014). It also promotes the conversion of free auxin to inactive auxin by
IAA-conjugating enzyme GH3.5 (Staswick et al. 2005). Studies showed that
overexpression of the gene GH3.5 in Arabidopsis exhibited high resistance to
infection with Pseudomonas syringae, but at the same time it also displayed dwarf
phenotype due to high expression of PR1 gene (Park et al. 2007; Zhang et al.
2008a, b). Salicylic acid-mediated auxin homeostasis is important for achieving a
balance between plant growth and defense (Attaran et al. 2014; Huot et al. 2014).
Generally, auxin reduces salicylic acid-mediated plant defenses. For instance, stud-
ies of Robert-Seilaniantz et al. (2011) showed that increased auxin signaling due to
overexpression of the auxin receptor gene caused substantial reduction in salicylic
acid accumulation in Arabidopsis after pathogen infection, though overexpression of
the gene for auxin biosynthesis gene (YUCCA 1) resulted in high susceptibility
without affecting the response of salicylic acid (Mutka et al. 2013).

5.6 Case Studies

Following are some case studies reported by researchers to describe the synergistic
interactions between auxins and phenolic compounds.

I. A study was conducted by Jones and Hatfield (1976), who gave insightful
demonstration of synergistic association between auxins and phenolic
compounds. This report is about the rooting of Apple shoots in the presence
of various phenolic compounds. In their study, Apple rootstock shoots were
in vitro cultured over auxin media supplemented with phenolic compounds, i.e.,
phloroglucinol, phloretic acid, caffeic acid, catechol, and pyrogallol, and
observed the root and shoot production to propagate the plant. The results
showed that phloroglucinol and phloretic acid significantly increased shooting,
whereas caffeic acid, catechol, and pyrogallol were not efficient in this respect.

II. Baque and his coworkers (2010) presented a study in which they cultured
adventitious roots of Morinda citrifolia with different types of auxins and
cytokinins. They used naphthalene acetic acid (NAA) and indole butyric acid
(IBA) as auxins and kinetin as cytokinins, in different concentrations. After
these treatments, growth, production of secondary metabolites (anthraquinone,
phenolics, and flavonoid contents), and antioxidant enzymatic activity (catalase,
guaiacol peroxidase, and ascorbate peroxidase) were determined. The results
suggest that indole butyric acid (IBA), source of auxin supplementation, is
expedient for growth and secondary metabolite production including phenolics,
for adventitious roots of Morinda citrifolia (Baque et al. 2010).

III. Uddin and fellows (2012) conducted a research over herbicidal activity of
phenolics produced from hairy root cultures of Fagopyrum tataricum. The aim
of their study is to optimize the conditions for hairy root cultures using different
growth media supplemented with different concentrations of auxins for the
production of these compounds and to evaluate the effect of these phenolic
compounds to hinder the growth of some weeds in growth chamber and
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glasshouse conditions. They revealed the significance of indole-3-butyric acid
(IBA) among all auxin treatments, for profound production of phenolic
compounds, i.e., rutin, gallic acid, and chlorogenic acid, to get maximal hairy
root mass as compared to control treatment. Phenolic compounds (hairy root
extracts) were then subjected to check their inhibitory effect on weeds exhibiting
that these compounds lowered the germination rate together with inhibition of
roots and shoots of tested weeds. Thus, it may be concluded that the production
of phenolic compounds can be enhanced with auxin treatments of growth media
for respective plant and these phenolics can further be used as herbicide to kill
the weeds (Uddin et al. 2012).

5.7 Conclusion

The chapter summarizes and analyzes the role of phenolics, auxins, and their
interactive biological behavior in plants. All related data was compiled in order to
discuss tripartite association in which microbes play an important role for develop-
ing interactions between auxins and phenolic compounds exhibiting crosstalks in
plant rhizosphere. Phenolic compounds, importantly, flavonoids and salicylic acid,
are involved in auxin transport and defense signaling, thereby causing morphogenic
changes in plants. Additionally, some case studies have been presented in this
chapter, in which in vitro culturing of plants was done with supplementation of
auxins that trigger some response over the production of phenolic compounds. In
conclusion, there must be some advance studies comprising the mechanisms behind
the interactive biology between auxins and phenolics to have better understanding
about these crosstalks.
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Bioavailability and Nutritional Analysis
of Flavonoids 6
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Abstract

Flavonoids are plant-specific dietary components with their promising health-
promoting effects in human cell which has been well proven with plethora of
experimental and human clinical studies. They own a variety of biological
activities and properties as antioxidant, anti-inflammatory, anti-cancerous, anti-
allergic and many more which can modulate cell signaling and gene expression-
related disease development. Poor bioavailability of flavonoids is a great concern
as it can put a check or even can hinder their health effects. Therefore, efforts to
improve their bioavailability with the aim of improving the efficacy of flavonoids
are subject of current research in this area. This chapter highlights the overall
picture of flavonoids, including their beneficial roles, contributing toward
improving the human health.
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6.1 Introduction

Flavonoids are one of the plant-specific secondary metabolites with a substantial
impact on human health as a dietary component. These are named secondary
compounds because they do not involve themselves in the survival of the plant
cell. On the contrary, these secondary metabolites are amazingly diverse, with
upwards of 105 structures reported so far, which are being synthesized at a substan-
tial rate in the plant system (Sabina Passamonti et al. 2009). Flavonoids are known to
be at their best while contributing to pigmentation and flavor. These have been first
reported owing their biological activity by Rusznyak and Szent-Gyorgyi in 1936.
Initially, they were proposed to be required as vitamins, and thus the term “vitamin
P” for flavonoids was suggested, although this was later dismissed (Kuo 1997). In
chemical terms, they can be primarily characterized by a 15-carbon skeleton,
organized as C6-C3-C6, with different substitutions ending up with different
subclasses. Approximately 20% of the carbon fixed by photosynthesis is committed
toward structuring and building these flavonoids (Ververidis et al. 2007). With more
than 8000 compounds, flavonoids are the most abundant polyphenols present in
plants (Harborne and Williams 2000; Corcoran et al. 2012) which along with allied
polyphenols are mainly derived from different metabolic pathways: pentose phos-
phate, shikimate, and phenylpropanoid pathways (Randhir et al. 2004). Flavonoids
have a wide range of functions including regulation of growth and developmental
processes, responding and aiding the plants during biotic and abiotic environmental
stimuli, etc. (Hassan et al. 2015).

Since the human body cannot synthesize these flavonoids as their own, the source
to access them is only through plants. Flavonoids are widely distributed in foods and
beverages of plant origin, such as fruits, vegetables, tea, cocoa, and wine (Ross and
Kasum 2002). A plethora of literature exists regarding their content in various foods.
The range of flavonoid content in different food ranges from 10 to 104 mg kg�1 of
fresh weight (Manach et al. 2004; Kyle and Duthie 2006). With ups and down in the
research trend on flavonoids, they are still ruling because of their useful biological
activities improving the human health, such as antioxidant, anti-inflammatory, and
anti-cancerous activities. Though, extensive research over 80 years helped us to
understand the complex pathways involved in bioavailability of flavonoids in the
human body which are now well understood, improvement in their adequate avail-
ability approaching the targets is a dire need.

6.2 Classification of Flavonoids

Chemically, flavonoids are 15-carbon frame consisting of 2 benzene rings (A and B)
linked via a heterocyclic pyran ring (C) (Kumar and Pandey 2013). Flavonoids can
be subdivided into different groups depending on the carbon of the third ring (C ring)
on which the second (B ring) ring is attached and the degree of unsaturation and
oxidation of the C ring (Panche et al. 2016). They contribute a larger share to plant
phenolics with thousands of different described flavonoids falling under six major
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subclasses, including flavones, flavonols, flavanones, flavanols, anthocyanidins, and
isoflavones (Ross and Kasum 2002).

Flavones have a repeat between positions 2 and 3 of the double bonds, in case of
ketone double bond position at 4 of the C ring with their wide distribution in leaves,
flowers, and fruits. Second subgroup: Flavonols are categorized in the ketone group
of flavonoids, which are considered as primary units of proanthocyanins. These are
usually ubiquitous in foods (Beecher 2003) and the chief sources are apples, berries,
red grapes (Lotito and Frei 2006; Ratnasooriya et al. 2010), onions, red wine, teas,
curly kale, leeks, and broccoli (Archivio et al. 2007). Quercetin, the most common
flavonol, is abundant in onions (Slimestad et al. 2007). Flavanones (compounds like
hesperitin, naringenin, eriodictyol) are another important class of flavonoids which is
normally present in citrus fruits such as oranges, lemons, and grapes. These
compounds are known to be associated with several health benefits owing to their
free radical scavenging properties (Panche et al. 2016). They are also responsible for
the bitter taste of the juice and peel of citrus fruits. Flavanols, also referred as flavan-
3-ols, are the derivatives of flavonones and termed so because the hydroxyl group is
always bound to position 3 of the C ring. These are one of the most commonly
consumed flavonoids (Otaki et al. 2009; Bai et al. 2014; Vogiatzoglou et al. 2015),
abundantly found in dark chocolates, green tea, and black tea (Rothwell et al. 2013;
Kuhnle et al. 2009). Anthocyanidins are one of the major categories of natural
pigments in plants exhibiting a blue, purple, or red color (Archivio et al. 2007;
Wojdylo et al. 2008). Cherry, easberry, and strawberry are the main source of
anthocyanidins (Hertoget al. 1992; Stewart et al. 2000). Isoflavones are very unique
subgroup of flavonoids, though a very huge subgroup but with a limited distribution
in the plant kingdom. They are predominantly found in soybeans (Reinli and Block
1996) and some other leguminous plants. A few isoflavonoids have also been
reported from microbes (Matthies et al. 2008).

6.3 Bioavailability and Metabolism of Flavonoids

Bioavailability of a compound or substance refers to the proportion of that substance
which makes itself available to the systemic circulation unchanged, subsequent to a
particular course of administration (Ververidis et al. 2007). As far as, dietary
flavonoids are concerned, its administration is clearly the oral one. Initially a lot of
work was done on flavonoids but not on its bioavailability, metabolism, and
subsequent health benefits to human and animals. Then, it was recognized that an
increased consumption of vegetables and fruits had positive impact in improving
health directly or indirectly which further reduced the risk of numerous chronic
diseases (Boeing et al. 2012) and protected the human body against cancer and
cardiovascular diseases (Ness and Powles 1997; Research WCRF¼AICR 1997;
Ness et al. 1999). This laid down a hypothesis that vegetables and fruits may contain
some bioactive compounds having a protective effect, responsible for these health
benefits. Among these biologically active compounds, flavonoids form a large group
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of plant-based natural antioxidants which are high in diet of plant foods (Kuhnau
1976). The protective effect might be ascribed to their free radical scavenging and
antioxidant activities (Middleton et al. 2000; Lin and Weng 2006), antimicrobial
(Proestos et al. 2006; Martini et al. 2004), anticarcinogenic (Deep and Agarwal
2007; Ren et al. 2003), anti-inflammatory (Rao et al. 2005; Narayana et al. 2001),
and vasodilatory effects (Calderone et al. 2004). As defined by the US Food and
Drug Administration (FDA), bioavailability is “the rate and extent to which the
active ingredient or active moiety is absorbed from a drug product and becomes
available at the site of action” (FDA 2014). The same principle can be applied to
bioavailability of flavonoids present in food for that, rate of its absorption and
availability at the site of action is of supreme importance to make it “bioavailable”
and for being effective within biological systems.

Absorption and bioavailability of flavonoids have been studied and investigated
in human very well (Hollman and Katan 1999). Investigations on animals can be
helpful, but since there are differences in their basic endogenous metabolism
between human and animal and gut microflora, the same data can’t be applied to
human studies (Borges et al. 2016). Initially, it was believed that absorption of
flavonoids from the food diet is almost negligible, as majority of the food flavonoids
are bound to glycosides which on the other hand, can’t cross the cell membrane
being hydrophilic. Only aglycones were expected to pass freely into the blood
stream from the gut wall, because of the absence of any enzyme which is secreted
in the gut and able to cleave the glycosidic bonds (Kuhnau 1976). Over the time,
with the advancement in research, however, it has been demonstrated that the
bioavailability of flavonoids is much higher than previously thought.

Bioavailability of flavonoids depends on the degree of its absorption and the way
it has been metabolized inside human body. To be absorbed, they must be released
from plant foods by chewing, acted upon by digestive enzymes in the gastrointesti-
nal tract, and then by the microorganisms of the colon. Further, the metabolism of
flavonoids involves two phase process including two compartments. The first com-
partment consists of small intestine, liver, and kidneys, and the second one is colon
(Hollman 2004). Majority of the flavonoids are present in the diet as glycosides,
except catechins which are too hydrophilic for absorption in the small intestine
through passive diffusion. Therefore, they need to undergo deglycosylation prior to
be absorbed (Depeint et al. 2002; Cermak et al. 2004; Arts et al. 2004) which is
usually performed by hydrolyzing the sugar moiety using intracellular cytoplasmic
β-glucosidase (Cermak et al. 2004; Williamson et al. 2000; Day et al. 1998). Studies
on human have revealed three different such β-glucosidases so far; a broad specific-
ity cytosolic β-glucosidase, lactase-phlorizin hydrolase (LPH), and
glucocerebrosidase (CBG) (Day et al. 1998; Mackey et al. 2002). Different dietary
flavonoids differ in their rates of absorption and bioavailability. Isoflavones are
known to be the best absorbed dietary flavonoids among all. Flavanols, flavanones,
and flavonol glycosides fall under intermediate category, whereas
proanthocyanidins, flavanol gallates, and anthocyanins are the poorly absorbed.
However, the absorption of dietary flavonoids may differ due to differences in the
food matrix in which they are consumed (Viskupicová et al. 2008). Still they are not
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available in the concentration in which they are required. So, the leading concern is
about identifying and resolving the causes of poor bioavailabilities. Efforts have
been made in this area which clarify to an extent that the first-pass metabolism
involving phase II conjugation, i.e., glucuronidation and/or sulfonation of flavonoids
is the principal cause of their poor bioavailabilities (Wu et al. 2011).

6.4 Factors Affecting Flavonoids and Its Bioavailability

Environmental factors, viz., temperature, soil moisture, water status, light, and
nitrogen, affect the biosynthesis of flavonoids and its bioaccumulation (Christie
et al. 1994; Kubasek et al. 1998; Castellarin et al. 2007; Azuma et al. 2012; Wang
et al. 2015; Hernández et al. 2004; Albert et al. 2009; Olsen et al. 2009; Steyn et al.
2009). Flavonoid biosynthesis and its degradation are sensitive to temperature
(Olsen et al. 2009). Low temperature and soil moisture favors the total flavonoids
content in Ginkgo leaves (Wang et al. 2015). In maize lower temperature changed
the anthocyanin content (Christie et al. 1994) and elevated temperature reduced total
content of quercetin, proanthocyanidin, and anthocyanin in Vitis vinifera (Tarara
et al. 2008; Yamamoto et al. 2010). Water stress had no specific trend on biosynthe-
sis of flavonoids (Tattini et al. 2004) as anthocyanin increased under water stress but
limited effect was observed on proanthocyanidin and flavonol (Castellarin et al.
2007), but in Cistus clusii leaves α-tocopherol and ascorbic acid concentration was
increased under drought stress (Hernández et al. 2004).

In humans, bioavailability of dietary flavonoids was mainly found to be affected
by Phase -II metabolism (Manach et al. 2005). In vivo in comparison to parent
compound flavonoids show reduced bioactivity. Numerous factors affect the bio-
availability of dietary flavonoids viz., molecular weight (Scalbert et al. 2002),
glycosylation (Hollman et al. 1997, 1999), metabolic conversion (Williamson
and Manach 2005; Ishizawa et al. 2011), interaction with colonic microflora, etc.
(Spencer et al. 2001)

6.5 Efforts to Improve Bioavailability

Flavonoids have promising effects which can be hinder because of its low bioavail-
ability. Practical applications of flavonoids are limited as flavonoids are low soluble
and stable in lipophilic media. Improvement in biological and physicochemical
properties of natural compounds after selective modification improved them as
promising for industrial purposes. Some of the efforts adopted to improve the
bioavailability of flavonoids are discussed in preceding part. Recently in order to
eliminate this limitation its enzymatic acylation with fatty acids has been introduced.
In plants, biosynthesis of flavonoids the last step is ended with acylation. Acylation
is primarily the transfer of either aromatic or aliphatic acyl group from a CoA-donor
molecule to hydroxyl residues catalyzed by various acyltransferases (Davies and
Schwinn 2006). It improves the bioavailability of flavonoids by altering
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physicochemical and biological characteristics of maternal compounds
(Viskupicova et al. 2009; Ishihara and Nakajima 2003).

Some of the acylating agents present in flavonols, flavones, and anthocyanins
including aliphatic and aromatic acids are acetic, malonic, lactic, vinylpropionic,
succinic butyric, isobutyric, ferulic, 3-methylbutyric, isoferulic, crotonic, sinapic,
n-butanoic, methylsinapic, benzoic, p-hydroxybenzoic, gallic, cinnamic,
p-coumaric, caffeic, isovaleric, quinic, tiglic, malic, and tartaric (Williams 2006;
Andersen and Jordheim 2006). Most often coumaric, ferulic, malonic, or caffeic acid
caused acylation (Bloor and Abrahams 2002; Fujiwara et al. 1998). Enzymatic
acylation was influenced by several key factor, viz., type of enzyme, enzyme
concentration, the structure and concentration of the substrates (acyl donor, acyl
acceptor, and their ratio), nature of reaction and reaction medium, water content of
medium, and reaction temperature. Glycosylation, methylation, and acylation are the
main factors responsible for huge diversity of flavonoid structures with
modifications of its basic skeleton (Schijlen et al. 2004). More than 65% acylation
are reported among anthocynins (Andersen and Jordheim 2006).

Remarkable stability to pH changes, heat and exposure to light (Giusti and
Wrolstad 2003), and bioavailability (Moussou et al. 2007) to anthocyanin molecules
(complex patterns of glycosylation and acylation) has been developed due to dis-
covery of anthocyanin colorants. Malonylation of anthocyanins (aliphatic acylation)
stabilize structure, enhance solubility in water, and inhibit enzymatic degradation of
glycosides (Nakayama et al. 2003). Flavonoids acylated with aromatic carboxylic
acids (specific) improve resistance to light and thermostability (Delazar et al. 2005;
Ishihara and Nakajima 2003; Alluis and Dangles 1999; Jungblut et al. 1995). For
synthesis of modified flavonoids, its esterification catalyzed by lipase in organic
media is a well-studied and well-standardized technique (Chebil et al. 2006, 2007).
Esterification of astragalin with p-coumaric acid increases anti-inflammatory activity
(Harborne and Williams 2000). Flavonoids are low soluble and stable in lipophilic
media during processing and storage (Viskupicova et al. 2009). Acylation modulate
the physiological characteristics of modified flavonoids by shifting their interaction
with cellular targets, reactivity, stability, and solubility (Ferrer et al. 2008; Sakai
et al. 1994).

Several efforts have been made to maintain or increase the bioactivity of
flavonoids in vivo, viz., novel delivery systems (Zhang et al. 2011) improving
metabolic stability (Walle 2007; Cao et al. 2013) and use of absorption enhancers
for improving the intestinal absorption (Shen et al. 2011) and changing the site of
absorption (Nielsen et al. 2006).

6.6 Application of Flavonoids

Several researchers have tried to exploit the flavonoids in different applied aspects.
Specific flavonoids work as attractants and enhance pollination in flowers and
dispersal of seeds impart resistance in plants against drought, ultraviolet
(UV) light, cold temperature, and wounding (Bohm 1998; Winkel-Shirley 2002;
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Viskupicova et al. 2009), but the most preferred area is the exploration of physio-
logical properties of flavonoids as biomedicine for improving status of human health
(Harborne and Williams 2000; Thilakarathna and Rupasinghe 2013) which is
generally attributed by their free radical scavenging and antioxidant activity (Frankel
et al. 1993; Rice-Evans et al. 1996; Lin and Weng 2006). Indirectly or directly
flavonoids exert promising beneficial effects on health (Fig. 6.1).

Flavonoids are attaining a growing concentration and interest as their use in
treatment of various disorders. Its acylated derivatives have promising role in fields
of therapy, cosmetics, and dietetic (Nakayama et al. 2003). Some acylated flavonoids
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act as attractants for pollinator, stimulants for oviposition, phytoalexins (Iwashina
2003), and insect antifeedants (Harborne and Williams 1998) and play crucial role in
plant insect interaction. Use of esterified flavonoids in pharmaceutical,
dermopharmaceutical, cosmetic, nutritional or agri-foodstuff compositions has
been patented also (Fukami et al. 2007; Moussou et al. 2007; Ghoul et al. 2006;
Moussou et al. 2004; Bok et al. 2001; Perrier et al. 2001; Otto et al. 2001; Nicolosi
et al. 1999; Sakai et al. 1994).

6.6.1 Enhance the Food Solubility and Stability

Acetylated flavonoid improves the solubility and stability of fat-based food as
flavonoids are low soluble and less stable in lipophilic media. They also modify
the sensory properties which is not desirable. Food contains acetylated flavonoids
when consumed may cause changes in their availability and activity and can prevent
the disease (Viskupicova et al. 2009). Flavonoid-containing food items generally
have some astringent taste. Sensory properties of food can be modified using
acylation and glycosylation of flavonoids (Degenhardt et al. 2007). Highly reactive
unsaturated fatty acids cause detrimental damages in food. These highly reactive
unsaturated fatty acids with free radicals can be stabilized by enzymatic synthesis of
flavonoids with unsaturated fatty acids (Mellou et al. 2006). Use of acylated
anthocyanins can be used as food colorants which can replace the synthetic additives
from food industry (Giusti and Wrolstad 2003; Fox 2000; Asen et al. 1979).
Addition of acylated flavonoids also imparts desirable colors with stability in wide
range of pH. Best example is stable food colorant isolated from the Heavenly Blue
morning glory (Ipomoea tricolor) which produced color range from purplish-red to
blue in food products at pH values ranging from 2.0 to 8.0 (Asen et al. 1979).
Another important example belongs to purple sunflower hulls (anthocyanins
acylated with chlorogenic acid) which impart a stable, ruby red natural color in
food products, cosmetics, pharmaceuticals, and other materials (Fox 2000).
Radishes, red potatoes, red cabbage, black carrots, and purple, sweet potatoes are
some examples which can act as a supplier of acylated anthocyanin (Giusti and
Wrolstad 2003).

6.6.2 Protective Characteristics of Flavonoids

Disease related with elevated lipid level in blood, e.g., arteriosclerosis, hyperlipid-
emia, angina pectoris, hepatic, and stroke can be treated and prevented using novel
acylated flavanone. Acylated flavonone inhibits acylcolicholesterol acyl transferase
activity and the HMG-CoA reductase activity and exert no toxicity or mitogenicity
in mice (Bok et al. 2001). Some specific acetylated esters cause cytotoxicity against
4 leukemic cell lines, viz., HUT78, MOLT3, DAUDI, and HL60 which is absent in
parent compound (Demetzos et al. 1997). Sugarcane derived flavones shows
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antiproliferative activity against many human cancer cell lines (Duarte-Almeida
et al. 2007). Esterified flavonoids derivatives with polyunsaturated fatty acids are
antitumor and antiangiogenic (Mellou et al. 2006). Catechins (fatty acid ester
derivatives) have anti-tumorigenesis and antibacterial activity (Fukami et al.
2007). Acylated quercetagetin glycosides with caffeic and p-coumaric acid show
high radical scavenging activity (Parejo et al. 2005).

All the cosmetics, especially dermopharmaceutical contains fatty phase which
can be easily oxidized at room temperature. This oxidation make the product
unusable as it change the properties of original product (Viskupicova et al. 2009).
It is clear that antioxidant agent can protect these cosmetic products (N’guyen 1995).
Thus, flavonoids can be added as antioxidant to the cosmetic product as they have
skin cleansing and protective properties, very effective against skin discoloration
and aging (Ghoul et al. 2006). Esterified flavonoids with omega substitute protect the
skin from UV radiation. Protection from UV radiation imparts the protection against
sun burn, photo-aging, and skin wrinkles (Moussou et al. 2007).

6.6.3 Nutritional Analysis of Flavonoids

Flavonoids are functionally active polyphenolic compound extensively dispersed in
plants (Panche et al. 2016; Kumar and Pandey 2013). The flavonoids have raised
substantial interestedness recently due to their potential favorable effects on human
health. These compounds found to have antiviral, anti-allergic, antiplatelet, anti-
inflammatory, antitumor, and also antioxidant functionality (Kumar et al. 2018;
Kumar et al. 2019; Ginwala et al. 2019; David et al. 2016; Xiao et al. 2011;
Mouradov and Spangenberg 2014; Lin et al. 2018; Tapas et al. 2008; Ballard and
Maróstica 2019). The capability of flavonoids to behave as antioxidants relies upon
their structure. The location of hydroxyl groups and other characters in the chemical
structure of flavonoids are decisive for antioxidant and free radical scavenging
properties (Porras et al. 2017; Treml and Šmejkal 2016). Quercetin is an example
of the most abundant dietary flavonol that act as a most influential antioxidant
because it has all the rightly oriented structural characteristics for free radical
scavenging property (Treml and Šmejkal 2016).

Flavonoids also contribute to defense against diseases by devoting along with
antioxidant enzymes and vitamins and to the total antioxidant defense system of
human body (Van De Wier et al. 2015). The share of these compounds to the
antioxidant defense setup may be extraordinary seeing that the overall daily consump-
tion of flavonoids can vary from 50 to 800 mg. This consumption is more in
comparison to the average daily consumption of alternative dietary antioxidants like
vitamin E (7–10 mg), vitamin C (70 mg), or carotenoids (2–3 mg) (Kumar 2016).
Flavonoid intake relies upon the consumption of fruits, vegetables, and certain
beverages, such as red wine, beer, and tea (Godos et al. 2017; Nettleton et al. 2006;
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Chiva-Blanch and Badimon 2017). The high intake of tea and wine may be most
important for total flavonoid intake in certain groups of human beings.

6.6.4 Flavonoids Content in Fruit and Vegetables

It has been found that flavonoids have six major classes of the flavonoids, namely,
falvones, flavonols, flavanones, flavan-3-ones, anthocyanins, and isoflavonoids
(Tsanova-Savova et al. 2018). Various nutritional programs consider food composi-
tion as important information. The nutritional analysis of the fruits and vegetable by
analyzing the flavonoid content will help the researchers and food analyst to
establish the interrelationship between foods, nutrients, and health. Kühnau
(1976), has done the first assessment of flavonoids, and it was found that dietary
intake of flavonols and flavone-aglycones was 115 mg/day. Sampson et al. (2000)
established an average daily intake of flavonoids of 20–22 mg/day. Flavonoid profile
of fruit, vegetable, and other foods are analyzed and characterized using well-
established techniques such as high-performance liquid chromatography, fluores-
cence detection and UV-VIS detection with diode-array detection (Tsanova-Savova
and Ribarova 2013; Tsanova-Savova et al. 2005).

The first comprehensive data on the flavonoid nutritional profile in various fruits
and vegetables was published in 2003 and later on revised in 2014 and 2018 by
USDA. This data reflects the average of flavonoid content based on the previously
published work by various researchers. Table 6.1 represents the flavonoid content of
fruits and vegetables in mg/100 g product (USDA database 2018). Flavonols are the
most omnipresent flavonoids in foodstuff, and the prime members are quercetin and
kaempferol. They normally exist at low concentrations of 15–30 mg/kg fresh wt. The
richest points of supply are onions, leeks, curly kale, blueberries, broccoli, tea, red
wine, and leafy vegetables such as cabbage and lettuce (Hyun et al. 2016). In human
foods, flavanones exist in tomatoes and specific aromatic plants such as mint, but
they are existing in more amounts in citrus fruit. The main aglycones are hesperetin
in oranges, naringenin in grapefruit, and eriodictyol in lemons. Flavanones are
normally glycosylated by a disaccharide at seventh position: either a neohesperidose,
which imparts a bitter taste or a rutinose, which don’t have flavor. Orange juice
contains 15–85 mg narirutin/L and 200–600 mg hesperidin/L and a glass of orange
juice may contain 40–140 mg flavanone glycosides (Assi et al. 2015). Isoflavones
are flavonoids with structural similarities to estrogens. Albeit they are not belongs to
steroids, they contain hydroxyl groups at 7 and 40 positions in a configuration similar
to that of the hydroxyl group in the estradiol. Isoflavones are found mainly in
leguminous plants. Flavanols present in two forms, i.e., the monomer (catechins)
and the polymer (proanthocyanidins). Catechins are found in fruit apricots, red wine
and green tea, and chocolate are the richest sources. Catechin and epicatechin are the
major flavanols in fruit, whereas gallocatechin, epigallocatechin gallate, and
epigallocatechin exist in certain seeds of in grapes, leguminous plants, and more
importantly in tea (Pascual-Teresa et al. 2010).
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Table 6.1 Flavonoid content of selected fruits and vegetables

Sr.
No. Source Class

Type of
flavonoid

Flavonoid
content
(units ¼ mg/
100 g)

1. Apricots, (Prunus
armeniaca)

Flavan-3-ols (�)-Epicatechin 4.74

(+)-Catechin 3.67

2. Avocados, raw, all
commercial varieties
(Persea americana)

Anthocyanidins Cyanidin 0.33

Flavan-3-ols (�)-Epicatechin 0.37

(�)-
Epigallocatechin
3-gallate

0.15

3. Bayberries, raw Flavonols Myricetin 3.65

Quercetin 4.36

4. Bilberry, raw Anthocyanidins Cyanidin 85.26

Delphinidin 97.59

Malvidin 39.22

Peonidin 20.45

Petunidin 42.69

Flavonols Myricetin 1.09

Quercetin 3.04

5. Chokeberry, raw Anthocyanidins Cyanidin 344.07

Delphinidin 0.65

6. Figs, raw (Ficus carica) Anthocyanidins Cyanidin 0.50

Pelargonidin 0.01

Flavan-3-ols (�)-Epicatechin 0.50

(+)-Catechin 1.59

Flavonols Quercetin 5.47

7. Gooseberries, raw (Ribes
spp.)

Anthocyanidins Cyanidin 8.73

Delphinidin 0.01

Peonidin 0.77

8. Grapes, black (Vitis
vinifera)

Flavan-3-ols (�)-Epicatechin 8.68

(�)-Epicatechin
3-gallate

2.81

(+)-Catechin 10.14

Flavonols Kaempferol 0.09

Myricetin 0.22

Quercetin 2.08

9. Guava, white-fleshed Flavonols Quercetin 1.20

10. Jabuticaba (Brazilian
grape), raw (Myrciaria
jaboticaba)

Flavonols Quercetin 1.10

11. Kiwifruit, green, raw
(Actinidia deliciosa)

Flavan-3-ols (�)-Epicatechin 0.27

(�)-Epicatechin
3-gallate

0.01

(continued)
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Table 6.1 (continued)

Sr.
No. Source Class

Type of
flavonoid

Flavonoid
content
(units ¼ mg/
100 g)

(�)-
Epigallocatechin
3-gallate

0.09

Flavones Luteolin 0.74

Flavonols Kaempferol 1.03

Quercetin 0.04

12. Papayas, raw (Carica
papaya)

Flavones Apigenin 0.01

Luteolin 0.02

Flavonols Kaempferol 0.01

Myricetin 0.02

13. Pomegranates, raw (Punica
granatum)

Flavan-3-ols (�)-Epicatechin 0.08

(�)-
Epigallocatechin

0.16

(+)-Catechin 0.40

(+)-
Gallocatechin

0.17

14. Artichokes, (globe or
French), raw (Cynara
scolymus)

Flavanones Naringenin 12.50

Flavones Apigenin 7.48

Luteolin 2.30

15. Asparagus, raw (Asparagus
officinalis)

Flavonols Isorhamnetin 5.70

Kaempferol 1.39

Quercetin 13.98

16. Beets, raw (Beta vulgaris) Flavones Luteolin 0.37

17. Broccoli, raw (Brassica
oleracea var. italica)

Flavones Luteolin 0.80

Flavonols Kaempferol 7.84

Myricetin 0.06

Quercetin 3.26

18. Carrots, raw (Daucus
carota)

Flavones Luteolin 0.11

Flavonols Kaempferol 0.24

Myricetin 0.04

Quercetin 0.21

19. Drumstick (horseradish
tree) leaves, raw (Moringa
oleifera)

Flavonols Isorhamnetin 0.44

Kaempferol 5.95

Quercetin 16.65

20. Eggplant, raw (Solanum
melongena)

Anthocyanidins Delphinidin 85.69

Flavonols Quercetin 0.04

21. Kale, raw (Brassica
oleracea) (Acephala group)

Flavonols Isorhamnetin 23.60

Kaempferol 46.80

Quercetin 22.58

22. Okra, raw (Abelmoschus
esculentus)

Flavonols Quercetin 20.97

(continued)
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6.7 Current Trends on Flavonoids

Time from eighteenth century to 1940s is considered as the age of discovery of
flavonoids and its biological activity. By the end of this time scientist were able to
elucidate positive effect of flavonoids on human health. From 1950s to 1980s the
research in the field of these compounds was limited. Certain pharmaceutical
companies made flavonoid-based products, but information about their bioavailabil-
ity was limited, and very limited attention was paid toward nutritional values of
flavonoid-containing foods (Perez-Vizcaino and Fraga 2018). After 1990s, the
research in the field of flavonoids has increased, and it can establish by increasing
number research publications in the field of flavonoids. The number of papers
published per year on flavonoids has risen from 740 in 1991 to more than 9000 in
2015 (Perez-Vizcaino and Fraga 2018). The increased research may be the result of
flavonoids has general belief in the population that fruits and vegetable are healthier
source then those based on animal products. It has been noticed from the review of
literature that maximum research in the field of flavonoid is going in the area of
Chemistry, Pharmacology, Food Science, Biochemistry, and Plant Sciences. Oncol-
ogy, Endocrinology, Neurology, and Cardiology are the other leading areas which
directly deals flavonoid research with the human health (Perez-Vizcaino and Fraga
2018).

Over last few years, researchers have become increasingly involved in the
potential for distinct dietary flavonoids to illustrate some of the health benefits
related to diets rich in fruit and vegetable. These health benefits are being used to
encourage the intake of flavonoid-rich foods, dietary supplements, and beverages.
These health benefits are mostly related anti-inflammatory effects (e.g., hesperidin,

Table 6.1 (continued)

Sr.
No. Source Class

Type of
flavonoid

Flavonoid
content
(units ¼ mg/
100 g)

23. Onions, raw (Allium cepa) Flavones Apigenin 0.01

Luteolin 0.02

Flavonols Isorhamnetin 5.01

Kaempferol 0.65

Myricetin 0.03

Quercetin 20.30

24. Pumpkin, raw (Cucurbita
spp.)

Flavones Luteolin 1.63

25. Spinach, raw (Spinacia
oleracea)

Flavones Luteolin 0.74

Flavonols Kaempferol 6.38

Myricetin 0.35

Quercetin 3.97

Adapted and modified from USDA Database, 2018. http://www.ars.usda.gov/nutrientdata/flav
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luteolin, and quercetin), antibacterial activity (e.g., apigenin, galangin, flavone and
flavonol glycosides, isoflavones, flavanones, and chalcones), antiviral activity (e.g.,
quercetin, hesperetin, and naringin) and anti-cancer activity of flavonoids (Karak
2019). Hence, researchers are more focused on study of these compounds on human
health.

6.8 Conclusion

Flavonoids play a potential role in the prevention of various illness and diseases.
Fruits and vegetables are natural source of the flavonoids and considered healthier
than animal sources. Due to the beneficial effects of the flavonoids and demand in
nutraceuticals and food industry, research has been focused on utilization and
biological activity of flavonoids in human system. Further, flavonoids can also be
utilized as a therapeutic agent against various diseases without causing ill effects/
side effects.
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Newly Identified Phenolic Compounds from
Different Plant Families 7
Gulab Khan Rohela, Mohammad Yaseen Mir, Pawan Shukla,
and Aftab Ahmad Shabnam

Abstract

In plants among the different phytochemicals, phenolic and polyphenolic
compound-based research has gained rapid momentum during the present
decade. Even though the phenolic compounds are not required in primary pro-
cesses such as growth and development of a plant, these compounds which are
considered as secondary metabolites have gained a lot of attention of researchers
across the world for their role in diversified functions of a plant system. Majorly
phenolic compound-based research is being carried out to understand the role of
various classes of phenols right from their role in adapting a plant species to
different environments which encompasses biotic and abiotic factors to under-
standing their role in reproduction, in interaction with other biomolecules, and in
specified function of every individual phenolic compound. More advanced
research is also being carried to know the action of phenolic compounds on the
enzymes involved in the epigenetic regulation of gene expression. From the
1970s, the plant phenolic-based research has gained importance, and researchers
have started identifying the new phenolic compounds from several plant species.
Now, through this book chapter, we put together the newly identified phenolic
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compounds of the present decade (i.e., 2010–April 2019) which were identified
from different plant families.

Keywords

Phenolic compounds · Chemoattractant · Pollinator · Families

7.1 Introduction

Phenolic compounds are the main phytochemicals which have gained a lot of
importance in the modern era of plant-based chemical research for understanding
the diversified roles of phenolic compounds. In plants, even though these
compounds may not be utilized as the primary metabolites, their relative content,
site of production, and type of phenolic do play a major role in several activities of a
plant system such as the following: as a chemoattractant for pollinators (Nicolson
et al. 2015; Zhang et al. 2016); as a plant protectant against abiotic (physical damage,
salinity, UV damage, drought, etc.) (Crozier et al. 2007) and biotic stresses
(pathogens and herbivore animals) (Liu et al. 2007a, b; Redman et al. 2003); as a
molecule of communication within a plant system (Bhattacharya et al. 2010); and as
a molecule of interaction between plant-plant (Elizabeth and John 1998; Vittorio and
Clay 2013), plant-microbe (Siqueira et al. 1991; Baker et al. 1997; Hammer 2005;
Mandal et al. 2010), and plant-animal interactions (Liu et al. 2004, 2007a, b). Thus,
by the virtue of above functions, these phenolic compounds represent a striking
example for enabling the plants to adapt to changing environments under the
influence of biotic and abiotic factors.

Phenolic compounds also enable the plants to produce their products (flowers,
fruits) with diversified color, taste, putativeness, palatability, and odor (Naczk and
Shahidi 2012; Dykes and Rooney 2007) which either attract other organisms or
provide economic importance by enhancing the commercial values of plant
products. In agro-industrial and food sectors, the plant-based phenolic has a wide
influence over the final product by exerting either positive or negative impacts
during the processing of food products and thus ultimately effecting the quality
and economic value of food and medicinal products (Dong et al. 2017). Due to this,
in the modern era, the plant phenolic-based research has gained lot of importance.

Due to advancements in molecular biology and genomics with regard to tracing
out the genes responsible for a specific step of a biochemical pathway, now it is
possible to make a gene to undergo either upregulation or downregulation by
CRISPR (clustered regularly interspaced short palindromic repeats)- and CAS
(CRISPR-associated genes)-mediated modification in gene expression pattern (Gil-
bert et al. 2013; Cheng et al. 2013; Shalem et al. 2014), and therefore one can
understand the response of plants in defense and other functions in relation to altered
expression of phenolic compounds. In recent days, researchers have focused on the
metabolic pathways of phenolic and polyphenolic compounds to understand their
mechanism of synthesis (Cheynier et al. 2013) and their relative content in different
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parts of a plant (Fialova et al. 2012). Studies regarding the detailed structures and
properties of newly identified phenolic compounds also gained rapid interest in
recent decades to elucidate specificity of individual phenolic compounds with regard
to their function.

Across the globe, from the past five decades, there are several reports about the
new phenolic compounds identified from several plant species belonging to different
families. Now, through this review paper, we put together the newly identified
phenolic compounds of the present decade (i.e., 2010–April 2019) from various
plant species of different families.

7.2 Asteraceae

In the present decade (2010–April 2019), from family Asteraceae, there is a report
(Zhizhen et al. 2010) on identification of two new phenolic compounds, viz.,
p-hydroxyphenylferulate and 5,30-dihydroxy-4,40-dimethoxy-2,70-cycloligna-
7,70-diene-9,90-lactone, from Liatris elegans which is a perennial plant, distributed
widely in the southeastern parts of the United States. Through high-resolution
electrospray ionization mass spectrometry (HRESIMS), the chemical formula and
mass of p-hydroxyphenylferulate was elucidated as C16H14O5 and 287.0968
(Zhizhen et al. 2010). For 5,30-dihydroxy-4,40-dimethoxy-2,70-cycloligna-7,70-
diene-9,90-lactone, the chemical formula and mass was elucidated as C20H16O6

and 353.1066 (Zhizhen et al. 2010). The structure of both the compounds was
deduced through the H1-NMR studies (Fig. 7.1a, b) (Zhizhen et al. 2010).

A B

Fig. 7.1 Structure of new phenolic compounds of Liatris elegans deduced through H1-NMR
studies (Zhizhen et al. 2010)
(a) Structure of p-hydroxyphenylferulate
(b) Structure of 5,30-dihydroxy-4,40-dimethoxy-2,70-cycloligna-7,70-diene-9,90-lactone
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7.3 Icmadophilaceae

In 2011, Jia et al. identified three new phenolic compounds from lichen Thamnolia
vermicularis belonging to the family Icmadophilaceae. Newly identified phenolic
compounds are thamnoliadepside-A, thamnoliadepside-B, and thamnolic acid-A.
Earlier also several other phenolic compounds have been isolated from this lichen
species (Sun and Shen 1985; Jiang and Sun 2002). A phenolic compound known as
baeomycesic acid was also reported from this plant for anticancer activity against
different human tumor cell lines (Haraldsdottir et al. 2004). Jia et al. (2011) have
carried the high-resolution electrospray ionization mass spectrometry (HRESI-MS)
and identified the chemical formula and mass of thamnoliadepside-A (C20H16O6 and
353.1066), thamnoliadepside-B (C18H18O6 and 329.1028), and thamnolic acid-A
(C12H14O6 and 253.0716). Structures of all the three newly identified phenolic
compounds were identified by two-dimensional nuclear magnetic resonance spec-
troscopy (2D-NMR) and high-resolution mass spectrometry (HR-MS) (Fig. 7.2a, b,
c) (Jia et al. 2011). Based on NMR studies, Jia et al. (2011) also reported that
thamnoliadepside-A has the ability to bond with G-quadruplex DNA, thereby
exhibiting antiprostate cancer activity.

7.4 Oxalidaceae

A new phenolic compound known as 2,4-dihydroxy-6-(hydroxymethylene)benzal-
dehyde was reported from Averrhoa bilimbi Linn of Oxalidaceae family (Gunawan
and Anamy 2013). Leaf extracts of this plant species have been in use since ancient

A

C

B

Fig. 7.2 Structure of new phenolic compounds of Thamnolia vermicularis deduced through
2D-NMR studies (Jia et al. 2011)
(a) Structure of thamnoliadepside-A, (b) structure of thamnoliadepside-B, and (c) structure of
thamnolic acid-A
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days as a traditional medicine for treatment of hypertension, pain, inflammation, and
pathogenic infections, as antidiabetic, and as an antioxidant. By electrospray mass
spectrometry (ES-MS), electron ionization (EI-MS), and infrared spectroscopy (IR-S),
the chemical formula and mass of 2,4-dihydroxy-6-(hydroxymethylene)benzaldehyde
was elucidated (Gunawan and Anamy 2013). The structure of this compound was
deduced through 2D-NMR studies (Fig. 7.3) (Gunawan and Anamy 2013).

7.5 Orchidaceae

Gastrodia elata is an important medicinal plant in Orchidaceae family; the rhizome
of this plant is being used as herbal medicine for treatment of rheumatism, epilepsy,
and headaches (Sin et al. 1997). The extracts of the rhizome were also reported to be
used as an anti-asthmatic (Jang et al. 2010), anti-inflammatory (Hwang et al. 2009),
antidepressant (Chen et al. 2008b), anti-osteoporotic (Seo et al. 2010), and a
neuroprotective agent (Kim et al. 2001; Yong et al. 2009; Yu et al. 2010; An et al.
2010). In 2011, Ah-Reum et al. have isolated and identified 12 phenolic compounds
from the rhizomes of Gastrodia elata. Among the 12, two were identified as new
phenolic compounds, viz., 4-hydroxybenzyl vanillyl ether and 4-{{4-
[4-(methoxymethyl) phenoxy]benzyl}oxy}benzyl methyl ether (Ah-Reum et al.
2011). By investigating through high-resolution electrospray ionization mass spec-
trometry (HR-ESI-MS), the chemical formula and mass of new phenolic compounds
were identified as C15H16O4 and 260.1041 for the first compound and C23H24O4 and
364.1695 for the second compound (Ah-Reum et al. 2011). The structure of both
compounds was deduced through the NMR (1H, 1H-COSY, NOESY, HSQC, and
HMBC) studies (Fig. 7.4a, b) (Ah-Reum et al. 2011).

In 2015, there was another report from family Orchidaceae about isolation and
identification of five new phenolic compounds from Dendrobium aphyllum (Dan
et al. 2015). GenusDendrobium with nearly about 1100 species is widely distributed
among diversified climatic regions of Asia, Australia, and Europe. In China,
Dendrobium has wide applications in traditional medicine against chronic diseases
and as well as health food source (Zhang et al. 2003). Phenolic compounds,
alkaloids, terpenoids, and carbohydrates are the main phytochemicals of
Dendrobium which provide them medicinal values (Chen and Guo 2001; Ng et al.
2012). Hence, several researchers have carried the extensive research to identify

Fig. 7.3 Structure of new
phenolic compound
(2,4-dihydroxy-6-
(hydroxymethylene)
benzaldehyde) of Averrhoa
bilimbi deduced through
2D-NMR studies (Gunawan
and Anamy 2013)
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these phytochemicals for their specific identification along with their detailed
structures and activity (Majumder and Sen 1987; Zhao et al. 1994; Zhang et al.
2008, Shao et al. 2008; Chen et al. 2008a, b).

Recently, by carrying out thorough investigations on chemical constituents from
stem portion ofDendrobium aphyllum, Dan et al. (2015) identified five new phenolic
compounds, viz., aphyllone-A, aphyllone-B, aphyllal-C, aphyllal-D, and aphyllal-E.
Techniques such as X-ray diffraction, quantum calculations, optical rotations, circu-
lar dichroism (CD) spectra, infrared spectra, NMR spectra, and API QSTAR time-
of-flight spectrometer were applied for identification of chemical formulae, mass,
and detailed structures (Dan et al. 2015) (Fig. 7.5a–e).

7.6 Fabaceae

In family Fabaceae, Glycyrrhiza yunnanensis species is known for possessing
pharmaceutically important phytochemicals such as alkaloids (Hu and Shen 1995),
flavonoids (Hu et al. 1994; Gao and Zhang 1994), and saponins (Zeng et al. 1990;
Ohtani et al. 1992; Kazuhiro et al. 1994). Due to these pharmaceutically important
compounds, G. yunnanensis have also been used as an alternative source of
G. uralensis in preparation of folk medicine (Gao and Zhange 1993). In 2013,
Qing et al. have identified three new phenolic compounds from the roots of
Glycyrrhiza yunnanensis. Roots of Glycyrrhiza yunnanensis were air-dried, pow-
dered, and extracted with different solvent systems (Qing et al. 2013).

These compounds were separated on silica gel by thin-layer chromatography
technique, and individual compounds were eluted from silica gel by using
different solvents (Qing et al. 2013). The separated individual compounds were
subjected to their identification in terms of their chemical formulae, mass, and
structures by using various techniques of spectroscopy (UV, IR, NMR [1D and
2D], and HR-ESI-MS) (Qing et al. 2013). After thorough investigations of Qing
et al. (2013), out of 19 phenolic compounds, three were identified as new
compounds. Three phenolic compounds are 2-(20-methoxy-40-hydroxy)-aryl-3-
methy-6-hydroxy-benzofuran (C16H14O4 and 271.0951), (2S)-6,7-(2,2-dimethyl
dihydropyrano)-8-prenyl-40-hydroxyflavanone (C25H28O4 and 393.2060), and

A B

Fig. 7.4 Structure of new phenolic compounds of Gastrodia elata deduced through 2D-NMR
(Ah-Reum et al. 2011)
(a) Structure of hydroxybenzyl vanillyl ether
(b) Structure of 4-{{4-[4-(methoxymethyl) phenoxy]benzyl}oxy}benzyl methyl ether
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6-prenyl-7,30,40-trihydroxyflavone (C20H18O5 and 339.1227) with their chemical
formula and mass in parenthesis (Qing et al. 2013) (Fig. 7.6a–c).

7.7 Theaceae

In 2013, Ayaka et al. identified two new phenolic compounds, i.e., teasperol and
teasperin, from fermented tea products of plant species Camellia sinensis L. Ayaka
et al. (2013) identified these two new phenolic compounds after carrying out
fermentation of dry leaves of Camellia sinensis L. with fungal organism Aspergillus
sp. Out of two phenolic compounds, teasperol was identified from Chinese post-
fermented tea product, and teasperin was identified from Japanese post-fermented

7.6 FABACEAE

A B

C D

E

Fig. 7.5 Structure of new phenolic compounds identified from Dendrobium aphyllum (Dan et al.
2015)
(a) Structure of aphyllone-A, (b) structure of aphyllone-B
(c) Structure of aphyllal-C, (d) structure of aphyllal-D
(e) Structure of aphyllal-E
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tea product. Initially, they have extracted these compounds along with known
phenolic compounds by carrying out the extraction procedure with 60% ethanol or
hot water, followed by their separation through column chromatography.

After separation of compounds by chromatographic technique, individual
compounds were subjected to identification in terms of their chemical formulae,
mass, and structures by using various techniques of spectroscopy such as HPLC-
QTOF-MS, 1H-NMR, 13C-NMR, and HMBC (Ayaka et al. 2013). Chemical
formulae and mass of teasperol were identified as C14H14O6 and 277.0719, whereas
for teasperin it was identified as C13H12O4 and 231.0665 (Ayaka et al. 2013)
(Fig. 7.7a, b).

A
B

C

Fig. 7.6 Structure of new phenolic compounds identified from Glycyrrhiza yunnanensis (Qing
et al. 2013)
(a) Structure of 2-(20-methoxy-40-hydroxy)-aryl-3-methy-6-hydroxy-benzofuran
(b) Structure of (2S)-6,7-(2,2-dimethyl dihydropyrano)-8-prenyl-40-hydroxyflavanone
(c) Structure of 6-prenyl-7,30,40-trihydroxyflavone

A B

Fig. 7.7 Structure of new phenolic compounds identified from Camellia sinensis L. (Ayaka et al.
2013)
(a) Structure of teasperol, (b) structure of teasperin
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7.8 Moraceae

7.8.1 Broussonetia papyrifera

In 2014, Yang et al. have identified five new phenolic compounds from the leaves of
paper mulberry (Broussonetia papyrifera) along with 15 known phenolic
compounds. The newly identified five phenolic compounds are broussoside-A,
broussoside-B, broussoside-C, broussoside-D, and broussoside-E. Dried leaves of
B. papyrifera were used for the extraction of phenolic compounds by using metha-
nol, and later the extracts were purified by suspending in distilled water and
partitioned by using solvents such as chloroform and n-butanol (Yang et al. 2014).
The soluble fraction of chloroform and n-butanol was then subjected to purification
through silica gel column-based chromatography and was separated into individual
compounds by preparative high-performance column chromatography (PHPLC)
(Yang et al. 2014).

After separation of compounds by various chromatographic techniques, individ-
ual compounds were subjected to their identification in terms of chemical formulae,
mass, and structures by using various techniques of spectroscopy such as
ER-ESI-MS, 1H-NMR, 13C-NMR, and HSQC (Yang et al. 2014). Chemical
formulae and mass of broussoside-A were identified as C32H44O13 and 659.2674,
whereas for broussoside-B it was identified as C32H44O13 and 659.2674, for
broussoside-C it was identified as C32H46O13 and 673.2831, for broussoside-D it
was identified as C26H34O09 and 513.2095, and for broussoside-E it was identified as
C32H42O13 and 657.2518 (Yang et al. 2014) (Figs. 7.8a, 7.8b, 7.8c, 7.8d, and 7.8e).

Fig. 7.8a Structure of new
phenolic compound
broussoside-A identified from
Broussonetia papyrifera
(Yang et al. 2014)

Fig. 7.8b Structure of new
phenolic compound
broussoside-B identified from
Broussonetia papyrifera
(Yang et al. 2014)
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7.9 Lamiaceae

From family Lamiaceae, there are two reports in the resent decade about the
identification of new phenolic compounds, i.e., from the plant species Schizonepeta
tenuifolia and Lavandula angustifolia.

Fig. 7.8c Structure of new phenolic compound broussoside-C identified from Broussonetia
papyrifera (Yang et al. 2014)

Fig. 7.8d Structure of new phenolic compound broussoside-D identified from Broussonetia
papyrifera (Yang et al. 2014)

Fig. 7.8e Structure of new phenolic compound broussoside-E identified from Broussonetia
papyrifera (Yang et al. 2014)
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7.9.1 Schizonepeta tenuifolia

Schizonepeta tenuifolia is a widely spread herbaceous plant species from family
Lamiaceae (Yoo et al. 2011). This plant species is widely used from ancient days in
treatment of common cold, cough, fever, and headache (Oshima et al. 1989).
Medicinal properties of this plant species are majorly due to the presence of
phytochemicals like oils, phenolic compounds, etc. Several investigations were
carried out to identify the phytoconstituents of this plant species (Lee et al. 2008;
Zhang et al. 2006; Yang and Lee 2013). Recently, Xu et al. (2016) have isolated and
identified two new phenolic compounds, i.e., schitenoside-A and schitenoside-B,
along with other six known phenolic compounds from dried parts of whole plants of
S. tenuifolia. Ethanol solvent-based extractions were carried from dried parts of
S. tenuifolia, and it was reduced under pressure to form a crude extract (Xu et al.
2016).

The obtained crude extract was initially suspended in water and later partitioned
sequentially with three solvents of petroleum ether, ethyl acetate, and n-butanol to
yield three portions (Xu et al. 2016). These three portions were subjected to silica
gel-based chromatography with different solvent systems and eluting solutions for
the separation and purification of the individual compounds (Xu et al. 2016). The
separated individual compounds were subjected to their identification through spec-
troscopic analysis (ER-ESI-MS, 1H-NMR, 13C-NMR, and HMBC) for their chemi-
cal formulae, mass, and structural details (Xu et al. 2016).

Through the generated spectroscopic data, the chemical formulae and mass of
schitenoside-A were elucidated as C21H24O10 and 459.1267, whereas for
schitenoside-B it was elucidated as C24H26O12 and 529.1322 (Xu et al. 2016)
(Figs. 7.9a and 7.9b). Antibacterial activity of newly identified schitenoside-A and
schitenoside-B was also carried out by inhibition zone assay by using four strains of
bacteria which includes both Gram-positive and Gram-negative stains, viz., Staphy-
lococcus aureus, Pseudomonas aeruginosa, Salmonella typhimurium, and
Escherichia coli (Xu et al. 2016). Through the assay, it was identified that both the
newly identified compounds showed moderate antibacterial activity (Xu et al. 2016).

Fig. 7.9a Structure of new
phenolic compound
schitenoside-A identified from
Schizonepeta tenuifolia
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7.9.2 Lavandula angustifolia

Lavandula angustifolia of Lamiaceae family is an important medicinal plant which
has been in intense cultivation across the world for its pharmaceutical values and for
essential oil components (Yang and Gao 2010). This plant species (common name:
lavender) has been used as traditional medicine for its antibacterial nature,
spasmolysis, sedative, and neuroprotective function (Chinese Pharmacopoeia Com-
mission, 1999). The aromatic and biological activities of lavender oil are majorly due
to the presence of several compounds such as β-ocimene, camphor, cineole, linalool,
linalyl acetate, lavender alcohol, p-lavender acetate, terpene-4-alcohol, etc.
(Shi 2012; Danh et al. 2012). Many types of phenolic compounds were isolated
and identified earlier in L. angustifolia (Nitzsche et al. 2004; Shan et al. 2005; Wu
et al. 2007a, b; Castro et al. 2014). Few nonvolatile compounds like apigenin, caffeic
acid, chlorogenic acid, protocatechuic acid, and rosmarinic acid were identified
earlier from the lavandula waste which was obtained after the extraction of essential
oil (Torras et al. 2007).

In 2018, Nigary et al. have isolated and identified seven new phenolic compounds
(i.e., lavandunat (1), lavandufurandiol (2), lavandufluoren (3), lavandupyrone-A (4),
lavandupyrone-B (5), lavandudiphenyl-A (6), and lavandudiphenyl-B (7)) from the
ethyl acetate extracts from the waste of L. angustifolia as mentioned above. During
isolation, ethanolic extracts of waste of lavandula were fractionized by using differ-
ent solvents of dichloromethane, ethyl acetate, n-butanol, and petroleum ether, and
compounds were separated and purified by silica gel and HPLC chromatographic
(Nigary et al. 2018).

After separation of compounds by chromatographic techniques, individual new
compounds (seven in number) were identified with regard to their chemical
formulae, mass, and structures (Figs. 7.10a, 7.10b, 7.10c, 7.10d, 7.10e, 7.10f, and
7.10g) by various spectroscopy techniques such as ER-ESI-MS, 1H-NMR,
13C-NMR, 1H-1H COSY, and HMBC (Nigary et al. 2018). Chemical formulae
and mass of lavandunat (1) were identified as C12H13O6 and 253.0790; for
lavandufurandiol (2), it was identified as C25H20O9 and 463.1107, for
lavandufluoren (3), it was identified as C26H22O9 and 477.1264; for
lavandupyrone-A (4), it was identified as C26H19O10 and 491.1056; for

Fig. 7.9b Structure of new
phenolic compound
schitenoside-B identified from
Schizonepeta tenuifolia
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A

Fig. 7.10a Structure of new phenolic compound lavandunat identified from Lavandula
angustifolia (Nigary et al. 2018)

B

Fig. 7.10b Structure of new phenolic compound lavandufurandiol identified from Lavandula
angustifolia (Nigary et al. 2018)

C

Fig. 7.10c Structure of new phenolic compound lavandufluoren identified from Lavandula
angustifolia (Nigary et al. 2018)

D

Fig. 7.10d Structure of new phenolic compound lavandupyrone-A identified from Lavandula
angustifolia (Nigary et al. 2018)
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lavandupyrone-B (5), it was identified as C17H13O7 and 329.0740; and for
lavandudiphenyl-A (6) and lavandudiphenyl-B (7), it was identified as C25H22O8

and 439.1315 (Nigary et al. 2018).

E

Fig. 7.10e Structure of new phenolic compound lavandupyrone-B identified from Lavandula
angustifolia (Nigary et al. 2018)

F

Fig. 7.10f Structure of new phenolic compound lavandudiphenyl-A identified from Lavandula
angustifolia (Nigary et al. 2018)

G

Fig. 7.10g Structure of new phenolic compound lavandudiphenyl-B identified from Lavandula
angustifolia (Nigary et al. 2018)
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7.10 Pandanaceae

Pandanus tectorius is an important medicinal plant of Pandanaceae family which is
widely distributed in China. Previously from the fruits of P. tectorius, several
phytochemicals of phenolic and flavonoid nature such as tangeretin, ethyl caffeate,
and dihydroconiferyl alcohol have been isolated (Zhang et al. 2012). In 2016,
Xiaopo et al. have isolated and identified two new phenolic compounds, i.e.,
pandanusphenol-A and pandanusphenol-B, from the fruits of P. tectorius. For
isolation, the fruits were dried and macerated with 95% ethanol for 48-h duration,
and then the filtrate is concentrated under vacuum to form crude extract (Xiaopo
et al. 2013).

The crude extract was subjected to silica gel-based column chromatography to
separate the individual compounds, and the separated individual compounds were
subjected to their identification in terms of chemical formulae, mass, and their
structures (Figs. 7.11a and 7.11b) through spectroscopic analysis of 2D NMR
experiments (1H-1H COSY, HMBC, and NOESY), HR-ESI-MS, and CD (Xiaopo
et al. 2013). Through the generated spectroscopic and CD data, the chemical
formulae and mass of pandanusphenol-A were elucidated as C21H24O06 and
395.1471, whereas for pandanusphenol-B it was elucidated as C12H16O05 and
263.0895 (Xiaopo et al. 2013).

AFig. 7.11a Structure of new
phenolic compound
pandanusphenol-A identified
from Pandanus tectorius
(Xiaopo et al. 2013)

BFig. 7.11b Structure of new
phenolic compound
pandanusphenol-B identified
from Pandanus tectorius
(Xiaopo et al. 2013)
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7.11 Asparagaceae

In family Asparagaceae, the plant species Asparagus officinalis is famously known
as a vegetable crop across the world (Caporali et al. 1994). Majorly, stem portion of
this plant is consumed as a food material and also used to prepare extracts for the
treatment of various ailments (Jang et al. 2004). Medicinal properties of stem portion
of this plant are majorly due to the presence of pharmaceutically important
phytochemicals such as flavonoids, saponins (Huang et al. 2008), sugars (Fukushi
et al. 2000), sulfur compounds (Terada et al. 1995), nitrogen compounds (Yanagawa
et al. 1973), and acetylenic compounds (Jiang et al. 2014). Investigations in the stem
portion of Asparagus officinalis have led to the isolation and identification of two
new phenolic compounds (asparoffin-C and asparoffin-D) along with four known
phenolic compounds (asparinin-A, asparenyol, gobicusin B, and 1-methoxy-2-
hydroxy-4-[5-(4-hydroxyphenoxy)-3-penten-1-ynyl] phenol) (Xue et al. 2016).

After separation of compounds by various chromatographic techniques, individ-
ual compounds were subjected to their identification in terms of chemical formulae,
mass, and structures (Fig. 7.12a, b) by using various techniques of spectroscopy such
as IR, ER-ESI-MS, 1H-NMR, 13C-NMR, DEPT spectra, 1H-1H COSY, and HMBC
(Xue et al. 2016). Chemical formulae and mass of asparoffin-C were identified as
C20H22O4 and 365.1150, whereas for asparoffin-D it was identified as C18H16O3 and
279.1027 (Xue et al. 2016).

A B

Fig. 7.12 Structure of new phenolic compounds identified from Asparagus officinalis (Xue et al.
2016)
(a) Structure of asparoffin-C, (b) structure of asparoffin-D
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7.12 Lauraceae

Machilus yunnanensis is a tree species in family Lauraceae with main distribution in
Sichuan and Yunnan provinces of China (The Flora of China, 1982). This extract of
this plant species is traditionally used as a medicine for the treatment of skin-related
disorders, sore, bone fractures, mumps, burns, and rheumatism (Chinese Medicine
Resources Annales, 1994). Several types of phytochemicals such as terpenoids
(Cheng et al. 2009), lignans (Bu et al. 2013), glycosides (Gan et al. 2012), lactones
(Liu et al. 2012), and alkaloids (Liu et al. 2007a, b) were investigated in the past from
this plant species. Recently, Hui et al. (2016) have carried further phytochemical
investigations of this plant and identified two new phenolic compounds (i.e., 8-O-
acetyl-phenylethanoid-4-O-β-D-glucopyranoside and (E)-2,3-bis(4-hydroxyphenyl)
acrylaldehyde) along with 16 other known compounds from seed extracts with
extraction procedure employing 70% aqueous acetone.

Initially, seeds M. yunnanensis were air-dried and extracted with 70% aqueous
acetone, and seed extracts were concentrated under vacuum and partitioned with
water and ethyl acetate (Hui et al. 2016). Compounds further purified by using silica
gel and HPLC chromatographic techniques and individual compounds were
subjected to their identification in terms of chemical formulae, mass, and structures
(Fig. 7.13a, b) by using various techniques of spectroscopy such as ER-EI-MS,
1H-NMR, 13C-NMR, HM, QC, and HMBC (Hui et al. 2016). Chemical formulae
and mass of compound-1 were identified as C16H22O8 and 365.1207, whereas for
compound-2 it was identified as C15H12O3 and 263.0679 (Hui et al. 2016).

7.13 Fagaceae

There is a recent report about the identification of one new phenolic compound from
Castanea mollissima of Fagaceae family (Wu et al. 2019). This plant species is
commonly known as Chinese chestnut and is native to China and possibly to Korea
(Jia et al. 2010). It has been in use as a traditional medicine against epistaxis,
hemafecia, pertussis, and regurgitation (Jia et al. 2010). Extracts of this plant are
also reported for its antimicrobial activity (You et al. 2014), for triggering necrosis
and arresting the cell cycle of cultured animal cells (Hep G2 cells) (Zhang et al.

A

B

Fig. 7.13 Structure of new phenolic compounds identified from Machilus yunnanensis (Hui et al.
2016)
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2014). After processing of chestnuts by agricultural industries, the shell of
C. mollissima is often considered as a waste product, but now it’s been considered
for its medicinal values as the shells possess pharmaceutically important
compounds. From the shells of C. mollissima, recently, Wu et al. (2019) have
identified one new phenolic compound (castanol-B) along with other six known
compounds.

In their study, Wu et al. (2019) have isolated the phenolic compounds from
methanolic extracts of shells of C. mollissima. Phenolic compounds were separated
into individual compounds and purified further by preparative HPLC chro-
matographic technique. The separated individual compounds were subjected to
identification in terms of their chemical formulae, mass, and structure by carrying
various spectroscopic investigations such as ER-ESI-MS, 1H-NMR, 13C-NMR,
DEPT Spectra, and HMBC (Wu et al. 2019). Chemical formulae and mass of
newly identified compound, i.e., castanol-b, were identified as C13H10O5 and
245.0462 (Wu et al. 2019) (Fig. 7.14).

7.14 Conclusion

Plant phenolic-based research should be given much more importance for under-
standing their synthesis, structure, physiological functions, and their role in interac-
tion with other organisms and environment. Newly identified phenolic compounds
of different plant families should also be screened for their medicinal properties, so
that on research and commercial basis every individual identified phenolic com-
pound could be isolated at large scales and can be utilized as a phytomedicinal
compound in treatment of specific disorder or a disease (Table 7.1).

Fig. 7.14 Structure of new
phenolic compound castanol-
b identified from Castanea
mollissima (Wu et al. 2019)
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Phenolic Allelochemicals from Crops
and Weed Management 8
Chella Perumal Palanisamy, Vinoth Prasanna Gunasekaran,
Sophia Dominic, and Tran Dang Xuan

Abstract

Plants play a major role in communicating and channelizing the growth of other
plants through chemicals, which is referred to as allelopathy. The chemicals
involved in the process of allelopathy are known as allelochemicals. The majority
of secondary metabolites are involved in allelopathic interactions and are consid-
ered to be allelochemicals. Some well-known allelochemicals are phenolic
compounds, alkaloids, terpenes, benzoxazinoids, tannins, etc. Allelopathic effi-
ciency of crops may be utilized for weed management without adding or spraying
any synthetic weed control agents as these synthetic weed control agents may
pose a threat to the field crops and henceforth the ecosystem. In the natural
ecosystem, phenolic compounds have been proved to be the most important
and efficient plant allelochemical. Here, this chapter focuses on the classification,
extraction, isolation, and purification of phenolic compounds and its role in weed
management.

C. P. Palanisamy
Department of Plant Sciences, University of the Free State, QwaQwa Campus, Phuthaditjhaba,
South Africa

V. P. Gunasekaran
Department of Biomedical Science, Bharathidasan University, Tiruchirappalli, Tamil Nadu, India

S. Dominic
Department of Biochemistry, Jyoti Nivas Degree College, Bangalore, India

T. D. Xuan (*)
Graduate School for Advanced Science and Engineering, Transdisciplinary Science and
Engineering Program, Hiroshima University, Hiroshima, Japan
e-mail: tdxuan@hiroshima-u.ac.jp

# Springer Nature Singapore Pte Ltd. 2020
R. Lone et al. (eds.), Plant Phenolics in Sustainable Agriculture,
https://doi.org/10.1007/978-981-15-4890-1_8

183

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-4890-1_8&domain=pdf
mailto:tdxuan@hiroshima-u.ac.jp
https://doi.org/10.1007/978-981-15-4890-1_8#DOI


Keywords

Allelopathy · Phenolic allelochemicals · Secondary metabolites · Weed
management

8.1 Introduction

Due to the fast growing of world population in recent decades, alternative
technologies are warranted for large-scale and industrial farming production
(Wezel et al. 2014). Environmental and sustainability problems, overuse of chemical
pesticides and fertilizers, other synthetic chemicals in the farming, and its negative
health effects are the basic key factors for creating environmentally friendly
integrated production approach (Zhao et al. 2006). Synthetic weedicides or
herbicides are acutely toxic and can be lethal to the people who are in contact with
it for a long term. Thus, the impressions for organically developed products are
constantly rising (Smith-Spangler et al. 2012).

The plants are able to synthesize massive amount of chemicals or by-products in
response to stress and other unpleasant conditions like harsh climate, grazing
animals, disease conditions, drought conditions, nutrition deficiency, etc. (Baranski
et al. 2014). These by-products or chemical substances are called as “secondary
metabolites.” Initially, these secondary metabolites were considered to be insignifi-
cant to the plant and the animal kingdom. But later on, a number of extensive studies
and investigations by ecologists, phytochemists, and pharmacologists have
unraveled its potential biological importance (Veberic 2016). These compounds
formed from the plants and microorganisms also known as alleleochemicals have
a major role in the natural habitat of plants (Pagare et al. 2015). These
allelochemicals play an important role in crop production and weed management.
The concentration of allelochemicals varies from one plant to the other plant
(Piasecka et al. 2015). The synthesis of allelochemicals occurs in several or all
parts of the plant tissues. Plants communicate to their surrounding ecosystem
through these allelochemicals. This can be achieved through the release of
allelochemicals from the plants’ root or from the other parts of the plant by volatili-
zation (Akula and Ravishankar 2011).

Allelopathy has the capability to slow down or to stimulate other plant growth in
the surroundings by chemical resources (Kalt 2005). Consumption of allelopathy
may increase the crop production through prevention of negative impacts, exploita-
tion of stimulatory effects, and management and development of allelopathic crops
to inhibit weeds, in addition to the use of allelochemicals as herbicides and growth
regulators (Kohli et al. 1998). Allelochemicals might have destructive properties on
crop production, and some weeds could reveal allelopathic action in the field of
agriculture (Khanh et al. 2005). There are numerous factors that may affect the
synthesis and release of allelochemicals from plants. The plants releasing
allelochemicals into the environment and the ones receiving these allelochemicals
are called as “donor” plants and “receiver or target species,” respectively (Xuan and
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Tsuzuki 2002). Usually, the allelopathic activities are highly expressed in the aerial
parts of the plants. The expression of defense genes in the target plants can be
regulated by the allelochemicals from donor plants (Khanh et al. 2007).

Phenolics are very essential and widespread in plant allelochemicals in the
ecosystem. It could be formed by different biosynthetic pathways, which are
succinylbenzoate, polyketide, and mevalonate pathways (Batish et al. 2001).
These pathways produce the phenylpropanoids, quinines, aromatic terpenoids, etc.
The main role of phenolic compounds in plant physiology and relations with biotic
and abiotic environments are intricate to overvalue (Bhattacharya et al. 2010).
Phenolic compounds are giving structural reliability and scaffolding support to
plants, and they are implicated in biosynthesis of lignin and a variety of pigments
such as anthocyanidins, anthocyanins, etc. (Ferrer et al. 2008).

In plant tissues, many simple and complex phenolics are accumulated to act as
phytoanticipins, phytoalexins, and nematicides for soilborne pathogens and phy-
tophagous insects. Phenolic phytoalexins (secreted by wounded and perturbed
plants) significantly deter and/or kill a variety of microorganisms; some pathogens
could reverse these defenses or challenge them to their own advantage (Akhtar and
Malik 2000). As long as phenolic compounds are recognized as phytoestrogens
(in animals) and allelochemicals (in crop production and weed management), con-
sequently, phenolics are proposed to serve as constructive substitutes for the chemi-
cal control of pathogens in agricultural products (Langcake et al. 1981). Here, this
chapter focuses on the classes of phenolic compounds, extraction, isolation, and
purification of phenolics and phenolics in crops and effects on weed management
(Quideau 2009).

8.2 Phenolic Compound Classification

Generally, the phenolic compounds are a vast class of secondary metabolites
(Fig. 8.1) which possess a crucial role in defense and survival of the plants, and
their structures differ extensively. Therefore, the phenolic compounds are classified
into groups according to their basic skeleton pattern (Luthria et al. 2006). Moreover,
the phenolic compound classifications are numerous, and a newly identified com-
pound does not match with the structural criteria to be incorporated in the accessible
classes. Hence, Harbone (1984) modified the classification system. They are divided
into three major classes, and each class is further separated into subcategories. The
group of phenolic compounds to fully hierarchize their structural differences (Naczk
and Shahidi 2004).

8.2.1 Simple Phenols (Phenolic Acid)

Simple phenols are compounds that have at least one hydroxyl group attached with
aromatic ring in basic skeleton (Fig. 8.1) and the portion of entire family serving as
generic name, the phenol is also having specific name for its simplest member,
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monohydroxy benzene (Luthria 2006). Some of the rare simple phenolic compounds
such as phloroglucinol, catechol, and hydroquinone were identified from aromatic
and medicinal plants. The O-glycoside of hydroquinone and arbutin are recognized
from different Vaccinium sp. leaves (such as blueberry, cranberry, cowberry, and
pear trees (Pyrus communis L., Rosaceae)) (Zeng et al. 2008). The richest source of
arbutin (compound ranging from 15% to 23% per dry weight of the plant) has been
identified from Bergenia crassifolia (L.) when compared with other plants. Catechol
has been identified from leaves of the Gaultheria species (Singh et al. 2001).

8.2.1.1 Hydroxycinnamic Acid and Derivatives
Hydroxycinnamic acid derivatives are a significant class of phenolic compounds
initiated from the mevalonate-shikimate biosynthesis pathway in plants (Callaway
and Aschehoug 2000). These groups of compounds overflowing in food that might
account for about one-third of the phenolic compounds in our diet are supposed to
function in some growth and developmental progression, such as floral induction,
flower formation, sexual differentiation, tuberization, cell division, and
cytomorphogenesis. Cinnamic acid, p-coumaric acid, ferulic acid, caffeic acid,
chlorogenic acid, and rosmarinic acid are also belonging to this class (Ridenour
and Callaway 2001).

8.2.1.2 Hydroxybenzoic Acid and Derivatives
Hydroxybenzoic acids (C6–C1 type of structure) are the component of a complex
structure, and they are directly derivative compounds from benzoic acid. The
occurrence ratio of hydroxybenzoic acids in foods of plant origin is usually very
less, but in some berries and vegetables such as onions and horseradish, the
substance of hydroxybenzoic acids could be very high. Some hydroxybenzoic
acids are found in olive products (Capasso 1997).

8.2.2 Polyphenols

Polyphenols may refer as a group of component that takes place in plants that might
be characterized by the presence of about one phenol unit or building block per
molecule. Usually, they are involved in defense activity against ultraviolet radiation
or aggression by pathogens. Moreover, they can be divided into two broad classes
such as tannins and flavonoids (Capasso et al. 1992).

8.2.2.1 Tannins
Tannins are a major class of mordant polyphenolic compounds that binds to precipi-
tate proteins and other different natural compounds. Tannins could be defined as
high-molecular-weight (ranging from 500 to 3000), water-soluble compounds which

Fig. 8.1 Basic skeleton of
phenolic compounds
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form an insoluble complex by the property of combining with proteins, cellulose,
gelatin, and pectin. Tannins are further classified into two main groups; they are
hydrolyzable and condensed tannins (Hartmann 1996).

8.2.2.1.1 Hydrolyzable Tannins
Hydrolyzable tannins contain a polyhydric alcohol at their core; the hydroxyl groups
are moderately or completely esterified among the gallic or hexahydroxydiphenic
acids. They may embrace the long chains of gallic acid from the central glucose core.
During the hydrolysis process with acid or enzymes, the hydrolyzable tannins go
down into their constituent phenolic acids and carbohydrates (Franz 2002).

8.2.2.1.2 Condensed Tannins
The molecules possess 2–50 flavonoid units which are joined by carbon-carbon
bonds, and they are not cleaved by hydrolysis called hydrolyzable tannins. It is also
known as proanthocyanidins. Normally, they do not contain sugar residues (Santana
et al. 2009). Various types of condensed tannins exist that are widely distributed in
plants such as the procyanidins, propelargonidins, prodelphinidins, profisetinidins,
proteracacinidins, proguibourtinidins, or prorobinetidins (Chou and Leu 1992).

8.2.2.2 Flavonoids
Flavonoids are a major class of secondary metabolites, widely distributed in plants,
and they contain 15 carbon atoms (C6-C3-C6) in the basic skeleton which fulfills
many functions. Currently, more than 5000 flavonoid compounds have been discov-
ered from the plants (Chou and Lin 1976). In the plant, flavonoids play a significant
role in plant pigments (such as flower coloration, producing yellow, red, and blue
pigmentation in petals intended to attract pollinator animals), and they are concerned
in floral pigmentation, symbiotic nitrogen fixation, and UV filtration. Some
flavonoids could also serve as cell cycle inhibitors, chemical messengers, and
physiological regulators; moreover, some flavonoids possess inhibitory activities
for microorganisms causing plant diseases (Chou and Lee 1991).

Flavonoids are further classified into multiple groups such as chalcones,
dihydrochalcones, aurones, flavones, flavonols, flavadiols, anthocyanidins,
dihydroxyflavonols, flavanones, isoflavonoids, and biflavonoids. Flavonoid
components might arise as free aglycones or as conjugated forms with other
substituents such as aliphatic acids, methoxyl, prenyl, methylenedioxy, glycosyl,
and isoprenyl (Tang 1986).

8.2.3 Other Groups

Other phenolic compounds of lignans, lignins, coumarins, stilbene derivatives such
as resveratrol, and other compounds are not further classified into the separate
subgroups (Fig. 8.2). This group of compounds may also arise as free aglycones
or may be conjugated with one or more substituents (Waller 1987).
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8.3 Process of Extraction and Isolation of Phenolic
Compounds

The process of extraction and isolation of phenolic compounds (Fig. 8.3) is greatly
complicated, because no distinct standardized procedure could be suggested for
phenolics (Junqueira-Gonçalves et al. 2015). Therefore, procedures might be
optimized based on the nature of sample, target analyses, and objectives of the
study (Batish et al. 2008a, b).

8.3.1 Preparation of Sample

It is the initial step of extraction and isolation process, and the main objectives of
sample preparation are:

(i) To develop the sample stability
(ii) To improve the efficiency of the extraction process
(iii) To eradicate or decrease possible interferences
(iv) To enhance the analyses or to transform them into derivatives which could be

easily detected or quantified (Mahall and Callaway 1992)

Fig. 8.2 Major classification of plant phenolic compounds
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Preparation of the sample contains several steps: they are (i) sample drying,
(ii) homogenization, (iii) sieving, (iv) preconcentration, (v) derivatization, and
(vi) hydrolysis. Even though the significance of sample preparation process has
long been documented, it has received relatively less attention than separation and
detection, although it is essential to ensure the quality and consistency of the
acquired results (Ghafar et al. 2000). The significance of sample preparations is:

A. Phenolic content and composition significantly diverge, depending on the part of
the plant (i.e., roots, bark, leaves, flowers, and fruits).

B. Samples must be sufficiently preserved up to the analysis, so that no changes in
their chemical composition are produced.

C. Samples could be stored in fresh, frozen, and dried form.
D. Freezing and drying are the preferred options for long storage (Sasikumar et al.

2002).

Hydrolysis process could shorten the composition of the sample, helps to extract
the compounds, and develops the potential of detection and quantification. Further-
more, they could be used in structural elucidation and characterization of phenolic
compounds and are also required to discharge insoluble phenolics bounce to sample

Fig. 8.3 The steps involved in isolation of active compounds
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matrix compounds which are directly not extracted through organic solvents. Nev-
ertheless, this is a choice that desires to be charily considered since hydrolysis
techniques are not constantly proficient and might demolish several compounds.
However, if the aglycones are the target analytes, hydrolysis could be commenced
(Willis 1985).

8.3.2 Extraction of Phenolics

Extraction is the most important step in the process of phenolic isolation from plant
materials and other organisms. The extraction of phenolics is influenced through
their chemical nature, the extraction method employed, sample particle size, and the
presence of interfering substances (Hostettmann et al. 1997).

Solid-liquid and liquid-liquid extraction procedure is frequently used to ana-
lyze the polyphenolics and simple phenolics in the plants. Because of efficiency, a
wide range of applicability, and user-friendly still, they are most widely used
techniques in the extraction process (Djurdjevic et al. 2007).

Solvent extraction: Commonly, polar solvents such as ethyl acetate, acetone,
ethanol, and methanol are combined with water to extract the phenolic compounds.
The solvent extraction has been achieved by using special apparatus including
Soxhlet, supercritical fluid extraction device, accelerated solvent extractor, and
microwave-assisted extractors (Putnam and Tang 1986).

Ultrasound-assisted extractors can be accomplished by ultrasonic probes or
ultrasonic baths in either separate or constant mode, and most of the applications are
static type. The use of ultrasonic bath is cheaper and simpler to handle the ultrasonic
probes, and that could provide better outcome (Inderjit 1996).

Soxhlet extraction is a frequently used method for phenolic compound isolation
from the solid samples. Generally, aqueous methanol or acetonitrile is used as
solvents (Hadacek 2002).

Pressurized fluid extraction employs predictable solvents at controlled
temperatures and pressure to extract the bioactive compounds (Zeng et al. 2001).

A microwave-assisted extraction procedure was initially utilized for the contin-
uous determination of isoflavonoids in Radix astragali. This procedure archives
highest extraction efficiency compared to Soxhlet, ultrasonic extraction, and reflux
methods (Leslie and Romani 1998).

Solid-phase extraction is the standard procedure used for purification of plant
crude extracts or other biological samples. It is a rapid and reproducible method and
fairly purifies the extracts. Solid-phase extraction is essentially emulsion-free and is
used for small volume of samples. A very simple solid-phase extraction method is
essential for all acidic and basic analyte isolation from the plant crude extract, and
high recoveries are achieved with these procedures (Ni 2000).
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8.3.3 Isolation of Phenolics

Acquired extracts from the plants and other sources could be further fractioned for
the isolation of compounds or preparation of simpler mixtures. Typically, the
process of fractionation has been executed by column chromatography, although
countercurrent chromatography has expanded place in recent times (Clé et al. 2008).
The range of chromatographic resins with distinct separation methods is commer-
cially accessible, and most of them are used in more or less extent for the phenolic
compound isolation from plant extracts (Haribal and Enwick 1998). Most of the
standard column chromatography separations of phenolic compounds are based on
adsorption, which is mostly directed by the formation of hydrogen bonding between
phenolic proton donors and acceptor groups in the resin and also by hydrophobic
interactions with the aromatic rings of the phenolic compound. Consequently, the
affinity in the direction of the stationary phase could be expected to develop with
numerous hydroxyl phenolic groups and aromatic rings (Einhellig et al. 2004).

8.3.3.1 Thin-Layer Chromatography (TLC)
TLC is the standard method to analyze the phenolics from the plant extracts, and
they play a significant part in determining the phenolic acids in natural products.
Mainly it is used as a rapid screening method for extracting plant derivatives for
pharmacologically active substances before the detailed analysis by instrumental
techniques (Chou and Muller 1972).

8.3.3.2 Gas Chromatography (GC)
GC is one of the important chromatographic techniques used for the analysis of
phenolic compounds in plants. Preparation of samples for GC comprises the removal
of lipids from the extract, liberation of phenolics from ester, and glycosidic bonds by
alkali, acid, or enzymatic hydrolysis. Commonly, gas phase analysis involves a
chemical derivatization step, in addition to sample extraction, isolation, and cleanup
(Watson and Renney 1974).

8.3.3.3 High-Performance Liquid Chromatography (HPLC)
In the past two decades, HPLC has been dominated as analytical technique for
separation and characterization of phenolics from the plants. As a result of compara-
tively high-molecular-mass and hydrophilic flavonoid glycosides, intrinsic features
of hydrophobic flavonoid aglycones and the crushing mass of chromatographic
techniques in the literature drop in the realm of HPLC and associated technologies
(Tyser and Key 1988). HPLC techniques might propose an exclusive possibility to
separate continuously all analyzed components together with their possible
derivatives or degradation products. The main advantages of HPLC are (i) the
broad range of commercially available columns and (ii) the possibility of joining
two or more columns in a switching mode (Callaway and Ridenour 2004).
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8.3.3.4 Countercurrent Chromatography (CCC)
CCC has been emerged as a powerful isolation tool for the compounds at preparative
and semi-preparative scale, competing as the beneficial option with column chroma-
tography (Bais et al. 2002). Unlike other chromatographic methods, CCC does not
use the solid support as stationary phase, but it is the all-liquid chromatography
method in which the separation of compounds is due to their partitioning between
two immiscible solvents; one of them is stationary phase, while another one is the
mobile phase. A supplementary solvent, miscible in both phases, might be used to
aid the partitioning of the analytes between the two immiscible phases (Liebler et al.
1996).

8.3.3.5 Capillary Electrophoretic and Capillary Electrochromatographic
Methods

The electromigration modes are generally capillary zone electrophoresis, capillary
electrophoresis, and micellar electrokinetic chromatography which uses phosphate
or borate buffers, capillaries of 50–100 lmid, injection volumes of 10–50 nL, and
voltages of 10–30 kV. Detection is commonly carried out with UV, and also it can be
attained by electrochemical and MS detectors. Mostly, the capillary electrophoretic
techniques are utilized for the analysis of phenolics that fall in the field of natural
product research such as analysis of plants (Fig. 8.3), vegetables, herbs, and fruit-
derived products (Durant et al. 2002).

8.4 Phenolics in Crops and Effects on Weed Management

8.4.1 Allelopathy in Crops and Weed Management

The present agriculture is productivity-oriented and relies primarily on synthetic
inputs to attempt the weeds and other pest problems. The use of rigorous herbicide to
manage weeds is posing severe ecological and environmental threats to the planet
and its inhabitants in the last few decades (Clé et al. 2008). Herbicide residues in
agricultural products, soil and groundwater, evolution of resistant weed biotypes,
shifts in weed populations, and associated health hazards have forced to discover and
establish alternative weed management strategies. Worldwide, allelopathy is one of
the important ecological facts that makes clear interference among species through
biochemical pathways. It is the tool that can be utilized to manage weeds in
agroecosystems. Utilization of allelopathic properties of native plant/crop species
provides ample opportunities for this purpose (Ferrer et al. 2008). Allelopathy could
control the plant biodiversity via its impact on adaptation, survival, and community
organization of plants. Allelopathic crop residues could be exploited for weed
suppression and helpful in reducing reliance on herbicides (Van Pelt et al. 1998).
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8.4.2 Role of Phenolic Allelochemicals in Crops and Weed
Management

The phytotoxic nature of the plants might be due to its higher total phenolic content.
It has been reported that the phenolic compounds are the largest class of
allelochemicals inhibiting various crops of weed species. Several studies indicate
that phenolic allelochemicals are identified in both natural and managed ecosystems
which cause numerous ecological and economic problems including reduced crop
yield due to soil sickness, replanting problems in orchards, and regeneration failure
of natural forests (Langcake et al. 1981). The structure of phenolic compounds and
its modes of action vary and provide potential lead compounds for the development
of potential herbicides or pesticides. In soil, phenolics can exist in three forms such
as free, reversibly bound, and bound form. Commonly, the first two forms are
considered as important in the process of allelopathy. Thus, the structural diversity
and intraspecific variability represents the important characteristics of phenolic
compounds (Seal et al. 2004).

Phenolic compounds have the ability to influence the nutrient uptake, cell mem-
brane permeability, enzyme activity, photosynthesis, respiration, etc., which in turn
might increase the process of lipid peroxidation. This may lead to slow growth of the
plants or death of plant tissue. Phenolic compounds are generally made up of
tannins, hydroxy and substituted cinnamic acids, simple aromatic phenols, hydroxy
and substituted benzoic acids, and aldehydes and coumarins. Among the phenolic
compounds, flavonoids are the major chemical studied in chemical, biological,
agricultural, and medical studies. (Politycka 1997).

Recent reports have shown that phenolic compounds are involved in plant
allelopathy, and they are universally distributed in plants and very common in
plant decomposition products, and they are important precursors of humic
substances in soils (Bais et al. 2003). Ortho-substituted phenolics, such as
o-coumaric acids and salicylic, and dihydro-substituted phenolics, such as caffeic
acids and protocatechuic, are absorbed by clay minerals by forming chelate
complexes with metals. Free phenolic compounds may accumulate in rhizosphere
soils, mostly in soils flooded with vegetable wastewaters, thus influencing the
accumulation of nutrient cycling and availability of soil nutrients, which both
eventually distress plant growth (Perry et al. 2005a, b).

Recent studies have observed the biotechnology, chemistry, and ecotoxicology of
naturally occurring polyphenols in waste of vegetable. The best example of the
protective effect of phenolic compound is that of protocatechuic acid and catechol
from onion, which is known to treat infection of Colletotrichum circinans. Water-
soluble phenolic compounds diffused out from the dead cell layers of the scales and
decreased the germination of spore and hyphal penetration of the pathogen (Cruz
et al. 1998).
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8.4.3 Phenolic Allelochemical Mode of Action in Crops

Changes in Membrane Permeability and Inhibition of Plant Nutrient
Uptake Phenolic allelochemicals could improve the cell membrane permeability.
Finally, there is slowdown in the growth or death of plant tissue (Li et al. 1993).
Further, phenolic allelochemicals also might inhibit the plants from absorbing
nutrients from surroundings and affect the normal growth of plants. Recently, cucum-
ber (Cucumis sativus) was treated with benzoic acid and cinnamic acid derivatives
for 7 days and the result proved that declined in phenol glycosylation and
phenyl-ß-glucosyltransferase activity decrease were linked with raises of membrane
permeability (Patterson 1981).

Inhibition of Cell Division, Elongation, and Submicroscopic Structure Phenolic
allelochemicals possibly decrease the plant root elongation and cell division, change
cell ultrastructure, and further interfere the progression and normal growth of whole
plant (Yu et al. 2003).

Effects on Plant Photosynthesis and Respiration The impact of phenolic
allelochemicals on the respiration of plants has mainly been shown to involve
weakened oxygen absorption capacity, while the photosynthesis has generally
been to decrease the chlorophyll content and photosynthetic rate (Rice 1974).

Effects on Synthesis of Plant Endogenous Hormones Phenolic allelochemicals
can inhibit or inactivate the hormone’s physiological functions in the crops, which
may further inhibit the normal physiological process of the plants. Recent study
reported that polyphenols, hydroxyl benzoic acid, and other compounds can affect
the decomposition process of gibberellins and indoleacetic acid (Politycka 1998).

Effects on Protein Synthesis Some phenolic compounds such as cinnamic acid
and ferulic acid can decrease the protein synthesis, amino acid transport, and the
subsequent growth of the plants. All phenolic compounds can decrease the integrity
of DNA and RNA, but in the vast majority of cases, phenolic compounds showed as
a mixture and not as a single substance. Hence, the contribution made to allelopathy
by phenolic compounds is probably not possible due to single substance (Batish
et al. 2008a, b).

8.5 Discussion and Future Prospects

The allelopathic characteristics of plants can be utilized successfully as a tool for
pathogen and weed reduction. In last few decades, preliminary surveys of some
hundred allelopathic plants in the Southeast Asia and Japan ecosystems have been
done, and more than 30 species including crops which demonstrated the maximum
allelopathic potential have been selected and examined for their impacts on emer-
gence of pathogens and weed management (Bhattacharya et al. 2010).
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Allelochemicals could be helpful to reduce serious problems in the present agricul-
tural production such as environmental pollution, human health concerns, soil
sickness, unsafe product depletion of crop diversity, and reduction of crop produc-
tivity. Numerous crops such as alfalfa, sorghum, buckwheat, wheat, maize, sun-
flower, rice, etc., are affected either by phytotoxin exudates or their own toxicity
during their decomposed residues in the soil that show strong reduction on weed
emergences (Thelen et al. 2005). Interpretations confirmed that application of these
plant materials at 1–2 ton ha�1 can decrease weed biomass by about 70% and
increase the rice yield by about 20%. Some species show strong inhibition on
many plant pathogens, and they might become potential tools in dropping plant
pathogens and weeds (Weir et al. 2006). Conversely, application of 1–2 ton ha�1 of
plant material to the field makes heavy fieldwork. Several growth inhibitors
identified from these allelopathic plants are accountable for their allelopathic
properties and could be an efficient source for the future development of
bio-herbicides and pesticides (Weir et al. 2003).

Discovery of phenolic allelochemicals from plants and other sources could offer a
huge and nearly unexploited reservoir of chemical compounds which possess a
variety of potential uses including pest control and weed management in the field
of agriculture production. They are having very less risk when compared with
synthetic compounds which are toxicologically and environmentally redundant
(Perry et al. 2005a, b). Therefore, isolation and identification of allelopathic phenolic
compounds for pest control and weed management tools might produce toxicologi-
cally benign pest control and weed management tools that might have more
improved nutraceutical value in crop production. Some of the potential phenolic
allelochemicals were identified, and their mode of action from the plants such as
1, 8-cineole, p-coumaric acid, and cyperin isolated from Eucalyptus spp., O. sativa,
and plant pathogens, respectively, was analyzed (Won et al. 2013).

8.6 Conclusion

In the modern era, significant and speedy analysis technologies made it possible to
isolate and employ the sophisticated structural characterization of phenolic
allelochemicals. Furthermore, an extensive diversity of allelopathy mechanisms
was well characterized. Due to the broad research in the field of allelopathy, the
great number of phenolic allelochemicals has been illustrated and it plays a signifi-
cant role in complex interaction with the living organisms in the environment that is
slowly unwinding. Research in phenolic allelochemical mixture showed that the
individual compounds might be preserved when being anticipated for phytotoxic
affects. However, further analyses are needed to confirm the current findings of
phenolic activities under the field condition. To recognize the mechanism of pheno-
lic compounds in allelopathy more clearly, further studies are mandatory on the role
and production of phenolic compounds in the ecosystem. Significant developments
in this field ultimately lead to the progress of biorational pest control and weed
management by using phenolic compounds.
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Phenolic Compounds Against Fungal
and Viral Plant Diseases 9
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Abstract

Plants are subjected to attack by various pathogens including fungi, bacteria,
viruses, nematodes, protozoa, and insects causing serious and economically
important diseases. To defend themselves against invading pathogens, plants
have developed varied defense mechanisms including preformed structures and
metabolites and induced cascade of immune responses. Plant defense lines start
from the pattern recognition receptors, proceed locally at the first, and then
become systemic via the triggered signaling molecules which activate different
defense mechanisms along the entire plant. One of the main induced hypersensi-
tive responses is stimulating the phenolic compounds production in the plant. In
addition, phenolic compounds have different important roles in seed germination,
plant growth and resistance against various stress factors such as sun exposure,
injuries, and heavy metal stress. Most of them have antioxidant and antimicrobial
properties; some repel herbivores, while others are involved in the lignin and
suberin biosynthesis for cell wall strengthening. In this chapter, we will discuss
the biosynthesis, gene regulation, and defense mechanisms of the different
categories of phenolic compounds in response to plant fungal and viral diseases.
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9.1 Introduction

Phenolic substances are diverse groups of phytochemicals which structurally have
an aromatic ring with at least one hydroxyl group substituent and produced by plants
as secondary metabolites. These widely occurring compounds play many important
physiological, morphological, and protective roles throughout all plant life stages.
They have considerable involvements in plant growth, proliferation, pigmentation,
attraction of pollinators, UV-screening, allelopathy, defense signaling, and protec-
tion against attacking pathogens and herbivores (Mandal et al. 2010; Agati et al.
2013; Lucas-Barbosa et al. 2016; Šežiene et al. 2017; Bernardi et al. 2018). In order
to defend themselves against invading pathogens, plants have released a diverse set
of defense-related phenolic compounds as induced systemic resistance responses.
Many of them are derived from phenylpropanoid biosynthesis pathway which
derived from shikimate pathway (Deng and Lu 2017). The defensive roles of plant
phenolic compounds against fungal and viral plant diseases have been extensively
studied by many researchers in the last decades. Wang et al. (2018) investigated the
antifungal activity of the phenolic monoterpenes (carvacrol and thymol) against
some phytopathogenic fungi in vitro. Although both monoterpenes showed a high
antifungal activity, their ester derivatives were more toxic against the tested fungi. In
another study, the fungitoxic effect of the seed extract of Ammi visnaga against
Rhizoctonia root rot, caused by Rhizoctonia solani, in maize was attributed to their
content of coumarins (Rashad et al. 2018). Various fungitoxic mechanisms were
reported for different phenolic compounds including distortion of the cell wall
integrity, altering of the cell membrane permeability, enzymes suppression, oxida-
tive bursts elicitation (free radical formation), DNA damage, inhibition of protein
synthesis, and/or repression of virulence/toxin genes (Ansari et al. 2014; Upadhyay
et al. 2015; Negritto et al. 2017; Fernandes et al. 2019).

On the other hand, Dunkić et al. (2010) reported the antiviral activity of carvacrol
and thymol from the essential oil of Satureja montana L. ssp. Variegata against
Tobacco mosaic virus and Cucumber mosaic virus. A considerable reduction in the
number of local lesions was noticed (29.2% and 24.1%, respectively). Hu et al.
(2013) reported the antiviral activity of different phenolic compounds isolated from
Arundina graminifolia against Tobacco mosaic virus. Li et al. (2015) isolated and
characterized a new antiviral phenolic compound gramniphenol I (1) which
exhibited 16.8% inhibition against Tobacco mosaic virus. The main antiviral
mechanisms exerted by the phenolic compounds are suppression of the infection
process and/or repression of viral replication. In this regard, the reported antiviral
modes of action include viral DNA/protein damage and/or inhibition of the viral
enzymes (Kumar and Pandey 2013).

Based on the complexity of the carbonaceous skeleton, substitution, modification
degree, and linkage with other molecules, phenolic compounds can be classified into
simple phenols (C6), phenolic acids (C6-C1 or C6-C3), flavonoids, lignins, tannins,
and coumarins. However, diversity of phenolic compounds in the plant is more
complicated than mentioned here. In this chapter, we will explore these various
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categories of phenolic compounds in response to plant fungal and viral diseases
discussing their biosynthesis, gene regulation, and defense mechanisms.

9.2 Simple Phenols

Simple phenols are compounds which contain at least one hydroxyl group attached
to an aromatic ring such as phenol and cresol, or multihydroxyl groups such as
catechol and pyrogallol. Many of them have significant functions in plants as
defense lines against attacking pathogens (Bhattacharya et al. 2010), or they may
be released into the rhizospheric soils as roots exudates performing allelopathic
effects on the growth of surrounding plants and microbiota (Makoi and Ndakidemi
2012). Moreover, some phenolic compounds released in the rhizosphere act as
molecules for cross talk and communication between the plant and their surrounding
plants, mircobiota, and fauna in the rhizosphere (Bhattacharya et al. 2010).

Although simple phenols are synthesized normally in the healthy plant tissues,
their accumulation is a typical characteristic in case of biotic or abiotic stresses (Arici
et al. 2014). Simple phenols and their derivatives are produced in the plant tissues via
two main pathways. Carbohydrates developed via the Calvin cycle are degraded and
transformed into pyruvate by glycolysis or into glyceraldehyde-3-phosphate via
oxidative pentose phosphate pathway leading to acetate-malonate and shikimate
pathways. Both of these pathways are crucial for simple phenols biosynthesis,
especially via phenylpropanoid precursors using phenylalanine ammonia-lyase
(PAL) and chalcone synthase (CHS) (Cheynier et al. 2013). Moreover, modifications
of different phenolic compounds via methylation, acylation, and glycosylation are
essential in many biological processes in plant. These modifications lead to altering
various biochemical properties and biological activities of these compounds (Kim
et al. 2017).

Early and fast accumulation of phenolic compounds is an important characteristic
in resistant plants encountering invading pathogens. At infection, induced resistance
responses are activated including accumulation of toxic substances at the infection
site including simple phenols, phenolic phytoalexins, hydroxycinnamic acids, and
their derivatives. These antifungal molecules interfere with cell metabolism
inhabiting primary enzymes, damage its cellular structure or integrity, or disrupt
DNA leading to rapid cell death (Daayf et al. 2012). The elevated levels of these
simple phenols provide appropriate conditions for the oxidative enzymes such as
polyphenol oxidases and peroxidase that catalyze the oxidation reactions of these
toxic phenols into quinones, which are more toxic to the pathogens causing oxidative
damages in their tissues (Shabana et al. 2008). The relative toxicity of these simple
phenols is correlated with the site and number of the hydroxyl group(s) on the phenol
ring as well as the oxidation state. The Highly oxidation of simple phenols leds to
more toxicity to the pathogens (Scalbert 1991).
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9.3 Phenolic Acids

Phenolic acids are compounds which contain at least one carboxylic acid group
attached to a phenol ring. According to the attached carbon chain, they are divided
into C6-C1 (hydroxybenzoic acids) or C6-C3 (hydroxycinnamic acids). In addition,
the phenolic acids are varied based on the number and site of the hydroxyl group
(s) on their aromatic ring (Goleniowski et al. 2013). Most of phenolic acids in the
plant are attached via ester, ether, or acetal bonds to other structural components, or
natural molecules such as cellulose, flavonoids, glucose, maleic, or tartaric acids
(de Oliveira et al. 2015; Alam et al. 2016). Phenolic acids include two categories:
hydroxybenzoic acids, which derived from benzoic acid such as p-hydroxybenzoic
acid, salicylic acid, gallic acid, vanillic acid, syringic acid, and protocatechuic acid,
or hydroxycinnamic acids which derived from cinnamic acid such as o-, m-, or p-
coumaric acid, ferulic acid, sinapic acid, and caffeic acid. Ferulic acid and p-
coumaric acid form the precursors of lignins (Goleniowski et al. 2013). They have
important roles in physical and chemical defense against attacking pathogens,
structural functions, enzymes activities, nutrient uptake, protein synthesis, photo-
synthesis, and allelopathy (Leváková and Lacko-Bartošová 2017).

Biosynthesis of hydroxycinnamic acids derived from L- phenylalanine via the
phenylpropanoid pathway. Cinnamic acid formation is catalyzed by PAL from L-
phenylalanine and transformed to p-coumaric acid by cinnamate 4-hydroxylase
(C4H). Addition of another (OH) group to p-coumaric acid is catalyzed by p-
coumarate 3-hydroxylase (C3H) to give caffeic acid which is then methylated to
give ferulic acid by caffeic acid O-methyltransferase (COMT). Sinapic acid is
produced as a result of methylation of the hydroxyferulic acid (El-Seedi et al.
2012). On the other hand, some of hydroxybenzoic acids may be produced from
3-dehydroshikimic acid (gallic acid) or degradation of hydroxycinnamic acids and
flavonoids (Chen et al. 2009; Goleniowski et al. 2013).

Upon pathogen attack, plants tend to defend themselves by triggering different
defense responses via accumulation of signaling molecules. Phenolic acids such as
salicylic acid act as signaling molecules which activate the plant-induced defense
mechanisms at the site of infection (hypersensitivity reaction) and along the plant
tissues to prevent the infection spread (Mandal et al. 2010). Various phenolic acids
are known to have potent fungitoxic and antiviral activities which accumulated in the
plant tissue and act as phytoalexins and phytoanticipins (Hammerschmidt 2014;
Alves et al. 2014; Li et al. 2017). In addition, the pathogenic stress leds to induce the
biosynthesis of cinnamic acid and benzoic acid derivatives which incorporate in the
cell wall strengthening (de Ascensao and Dubery 2003).

9.4 Flavonoids

Flavonoids are low-molecular-weight phenolic compounds which have chemical
structure which depends on 15-carbon skeleton, containing two aromatic rings
linked by a heterocyclic pyran ring (C6-C3-C6). They are a large and diverse
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category of polyphenolic compounds that found in higher plants as aglycones,
glycosides, and methylated derivatives (Tohge et al. 2017). Now, more than 6000
compounds of flavonoids have been isolated and identified (Zakaryan et al. 2017).
Due to their antioxidative, anti-inflammatory, anti-mutagenic, and anti-carcinogenic
properties, they have many pharmaceutical, medicinal, and cosmetic uses. In plants,
they play many important roles and biological functions. In addition to their respon-
sibility for the color and odor of flowers and fruits, flavonoids have a protection role
against different biotic (fungal, bacterial, and viral pathogenic attack) and abiotic
stresses (UV, drought, heat acclimatization, and freezing). Moreover, they act as
signal molecules, allelopathic compounds, phytoalexins, detoxifying agents, and
antimicrobial defensive compounds (Panche et al. 2016). Based on the position of
the C ring on which the B ring is linked, the degree of unsaturation, and the level of
oxidation of their heterocyclic ring, flavonoids are classified into different subgroups
including flavones, flavonols, flavanones, flavanonols, flavanols, anthocyanins, and
chalcones (Falcone Ferreyra et al. 2012).

9.4.1 Types of Flavonoids

9.4.1.1 Flavones
Flavones are flavonoid compounds which have a double bond between positions
2 and 3 and a ketone in position 4 of the C ring. They are widely present in fruits,
leaves, and flowers as glucosides. The major sources of flavones include red peppers,
parsley, celery, chamomile, ginkgo biloba, and mint.

9.4.1.2 Flavonols
Flavonols are flavonoids with a ketone group which have a hydroxyl group in
position 3 of the C ring. They are the building blocks of proanthocyanins. They
are the most common subgroup of flavonoids in fruits and vegetables such as kale,
onions, berries, tomatoes, lettuce, grapes, apples, and tea.

9.4.1.3 Flavanones
Flavanones are flavonoids which have the C ring saturated (the double bond between
positions 2 and 3 is saturated). They are found in oranges, lemons and grapes, and
responsible for the bitter taste of the juice and peel of citrus fruits. Examples of
flavanones include hesperitin, naringenin, and eriodictyol.

9.4.1.4 Isoflavonoids
The rich sources of isoflavonoids, such as genistein and daidzein, include soya beans
and other leguminous plants. They act as precursors for the development of
phytoalexins showing immense potentials against various diseases.

9.4.1.5 Neoflavonoids
Neoflavonoids are polyphenolic compounds which have a 4-phenylchromen back-
bone with no hydroxyl group substitution at position 2. The most common
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neoflavone “calophyllolide” is found in Calophyllum inophyllum seeds and Mesua
thwaitesii.

9.4.1.6 Flavanols
Flavanols, which called catechins, are 3-hydroxy derivatives of flavanones. They are
found in bananas, apples, blueberries, peaches, and pears.

9.4.1.7 Anthocyanins
Anthocyanins are responsible for the colors in plants (fruits and flowers). Their color
depends on the methylation or acylation at the hydroxyl groups on the rings and also
pH (Iwashina 2013). The most commonly studied anthocyanins are delphinidin,
malvidin, cyanidin, and peonidinpelargonidin. They are found in cranberries,
bilberries, raspberries, blueberries, black currants, strawberries, and blackberries.

9.4.1.8 Chalcones
Chalcones are open-chain flavonoids which do not have C ring in their structure. The
most common examples are phloridzin, arbutin, phloretin, and chalconaringenin.
They are found in tomatoes, pears, strawberries, bearberries, and certain wheat
products.

9.4.2 Flavonoid Biosynthesis

Flavonoids are synthesized via the phenylpropanoid pathway where phenylalanine is
converted to 4-coumaroyl- CoA, which is then used in the flavonoid biosynthesis
pathway. Initially, chalcone, from which all flavonoids are derived, is produced by
condensation of 4-coumaroyl- CoA with malonyl-CoA using CHS. Chalcone is then
converted to flavanone by chalcone flavanone isomerase (CHI). Several side
branches are derived from this central intermediate producing diverse set of
flavonoids. A set of enzymes, such as isomerases, reductases, and hydroxylases,
play a role in altering the main flavonoid skeleton, resulting in the biosynthesis of
various flavonoid subclasses (Martens et al. 2010). These enzymes are located on the
cytosolic side of the endoplasmic reticulum (Jorgensen et al. 2005). Substitution by
glycosylation, malonylation, methylation, hydroxylation, acylation, prenylation, or
polymerization results in differentiation of these compounds and modifies their
function, solubility, and degradation (Zhang et al. 2009). Generally, flavonoids
have been found in the nucleus, the vacuole, cell wall, cell membrane, and the
cytoplasm (Naoumkina and Dixon 2008). In the root, they are found at the root tip
and cap cells from where they can be exuded into the soil (Weston and Mathesius
2013).
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9.4.3 Regulation of Flavonoid Biosynthesis

Various sets of transcription factor families are involved in the regulation of flavo-
noid biosynthesis. Many of these transcription factors have been identified in
different plant species such as MYB proteins (Table 9.1), which represent one of
the most important transcription factor families in higher plants (Li 2014). In this
regard, Zhu et al. (2019) reported the R2R3-MYB transcription factor
(VvMYBC2L2) as a negative regulator of anthocyanin biosynthesis in grapevine.
However, numerous R2R3-MYB transcription factors are isolated from strawberry,
tobacco, potato, apple, pear, and mangosteen (Hichri et al. 2011). In
Arabidopsis thaliana, flavonoid biosynthetic pathway encoding genes are transcrip-
tionally regulated by different transcription factors such as transparent testa (TT4,
TT5, TT6, and TT7) which regulate CHS, CHI, flavanone 3-hydroxylase (F3H), and
flavanone 30-hydroxylase (F30H) encoding genes, respectively (Appelhagen et al.
2011; Li 2014). Three R2R3-MYB proteins (MYB11, MYB12, and MYB111)
positively regulate the flavonoid biosynthetic genes CHS, CHI, F3H, and flavonol
synthase (FLS1) (Falcone Ferreyra et al. 2012; Ravaglia et al. 2013), while, three
classes of regulatory proteins (R2R3-MYBs, bHLHs, and Transparent Testa Glabra
1) regulate dihydroflavonol 4-reductase (DFR), leukoanthocyanidin dioxygenase
(LDOX), anthocyanidin reductase (ANR), and TT12 (Gou et al. 2011). Biosynthesis
of anthocyanin is regulated by a MBW complex includes TTG1, one R2R3-MYB
protein from production of anthocyanin pigments (PAP1), PAP2, MYB113, one
bHLH protein from TT8, GLABROUS3 (GL3), or enhancer of GLABRA3 (EGL3)
(Gou et al. 2011). In addition, recent researches have reported other regulators that
participate in flavonoid production such as R3-MYB protein MYBL2, squamosa
promoter-binding protein-like 9 (SPL9), the WIP-type zinc finger protein TT1, and
the class II CIN-TCP protein TCP3 (Albert et al. 2014; Zheng et al. 2019).

9.4.4 Defensive Mechanisms of Flavonoids

The antifungal activity of flavonoids, such as isoflavones, flavanes, and flavanones,
has been extensively reported against a plethora of phytopathogenic fungi in the last
years (Junior et al. 2014; Chepkirui et al. 2014). The fungitoxic mechanisms of
flavonoids comprise cell walls disruption, cytoplasmic membrane damage, enzyme
inhibition, cell death induction, chelation of metal ions, inhibition of efflux pump,
and/or binding with extracellular and soluble proteins (Mierziak et al. 2014). Serpa
et al. (2012) reported the antifungal activity of the flavone compound baicalein
inhibiting the efflux pump and inducing apoptosis in Candida albicans. In another
study, it was found that the isoflavone sedonan A, isolated from Dalea formosa, has
a fungitoxic potentiality against C. albicans and C. glabrata inhibiting the efflux-
mediated pumps and affecting the intracellular transcription targets (Belofsky et al.
2013). The chalcone carvacrol has also been found to disrupt the cellular cytoplas-
mic membrane and induce cell apoptosis in several Candida spp. (Zuzarte et al.
2012).
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Table 9.1 Examples of MYB transcription factors involved in the genes regulation of flavonoid
biosynthesis in different plants

Plant name
Transcription
factor Target genes/functions Reference

Zea mays ZmP1 Regulation of
3-deoxyanthocyanin,
phlobaphene and flavonol
biosynthesis

Grotewold et al. (1998),
Bruce et al. (2000),
Ferreyra et al. (2010)

Sorghum
bicolor

SbY1 CHS, CHI, DFR regulation of
3-deoxyflavonoid biosynthesis

Du et al. (2009)

Antirrhinum
majus

AmMYB305
AmMYB340

PAL, CHI, F3H
Regulation of flavonol
biosynthesis

Solanum
tuberosum

StD F3H, DFR, F3-5-H
Regulation of anthocyanin
biosynthesis in tuber skin

Jung et al. (2009)

Nicotiana
tabacum

NtAN2 Regulation of anthocyanin
biosynthesis in flowers

Pattanaik et al. (2010)

Brassica
oleracea var.
botrytis

Pr-D F3H, DFR, ANS
Regulation of anthocyanin
biosynthesis

Chiu et al. (2010)

Vitis vinifera VvMYBF1 Regulation of flavonol
biosynthesis in developing grape
berries

Czemmel et al. (2009)

VvMYBPA1 LAR1, ANR
Regulation of proanthocyanidin
biosynthesis in developing grape
berries

Bogs et al. (2007)

VvMYB5a

VvMYB5b

VvMYB5b Regulation of anthocyanidin
biosynthesis in ripening grape
berries

Deluc et al. (2008)

VvMYBA1

VvMYBA2

Pinus
pinaster

PpNAC1 Positively regulate SCW
formation

Pascual et al. (2018)

Populus
trichocarpa

PtrMYB3/20 Activate the biosynthetic
pathways of cellulose, xylan, and
lignin and are directly target of
PtrWND2.

McCarthy et al. (2010)

Quercus
suber

QsMYB1 Related to secondary growth and
cork biosynthesis.

Almeida et al. (2013)

Populus
tomentosa
Carr.

PtoMYB156 Repressor, repress
phenylpropanoid biosynthesis and
negatively regulate SCW
formation.

Yang et al. (2017)

Malus MdMYB9 Proanthocyanidin biosynthesis in
leaves

Gesell et al. (2014)

MdMYB11

Myrica
rubra

MrMYB1 Anthocyanin biosynthesis in fruit Niu et al. (2010)

Prunus
persica

PpMYB10 Anthocyanin biosynthesis in fruit
skin

Ravaglia et al. (2013)
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The antiviral activity of flavonoids has also been reported against viral plant
diseases (Krcatović et al. 2008; Zhao et al. 2013; Wan et al. 2015). The
antiphytoviral modes of action of flavonoids include inhibition of the viral protein
synthesis, disruption of the viral RNA translation, suppression of viral DNA synthe-
sis, interference with the viral structural protein, and inhibition of transcription of the
viral genome and enzymes (Zakaryan et al. 2017). Binding of the ring of the
flavonoids with viral nucleic acid bases via formation of hydrogen bonds can lead
to inhibition of the viral DNA and RNA synthesis and their polymerases. In this
regard, Zhao et al. (2013) reported a high anti-Tobacco mosaic virus activity of two
flavonoids, fistula flavonoids B and C, isolated from the bark and stems of Cassia
fistula, achieving inhibition rates of 28.5% and 31.3%, respectively compared to
24.7% for ningnanmycin.

9.5 Lignin

Lignin is one of the most common natural polymers on the earth ranking second after
cellulose. This polymer (C6-C3)n is formed from three basic phenolic molecules
(monolignols) in the cell wall (Alejandro et al. 2012). Deposition of lignin in the cell
wall has an important defensive function in the plant forming a physical barrier
against the invading pathogens. In addition, it plays another important role enhanc-
ing plant growth and development, cell wall rigidity, and hydrophobic properties
(Schuetz et al. 2014).

9.5.1 Lignin Biosynthesis

Biosynthesis of lignin can be divided into three stages: biosynthesis of monolignols,
translocation from cytoplasm to the cell wall, and polymerization of monolignols.
Biosynthesis of the monolignols ( p-coumaryl alcohol, coniferyl alcohol, and sinapyl
alcohol) occurs in the cell cytoplasm via the phenylpropanoid pathway from the p-
coumaric acid using a subset of enzymes, and then these monolignols are actively
translocated into the cell walls via an ATP-binding cassette transporter. In the cell
wall, lignin is formed by polymerization of the three monolignols by peroxidase and
laccase (Liu et al. 2018). However, other compounds such as
hydroxycinnamaldehydes, tricin flavones, hydroxystilbenes, and xenobiotics have
also been known as lignin subunits (Del Río et al. 2017).

9.5.2 Regulation of Lignin Biosynthesis

It was found that lignin metabolism is regulated by transcription factors such as
MYB and NAC families, which represent their main transcriptional regulatory
mechanism (Nakano et al. 2015). In A. thaliana, overexpression of the transcription
factors MYB46, MYB58, MYB63, MYB83, and MYB85 activates the
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transcriptional expression of most phenylpropanoid and lignin biosynthetic
pathways genes (Zhong and Ye 2012; Kim et al. 2014). Moreover, NAC transcrip-
tion factors, SND1, and NST1 are also able to regulate lignin biosynthesis-related
genes in Arabidopsis (Zhong et al. 2007). On contrary, the transcription factors
MYB4, MYB32, and MYB7 suppress the expression of the lignin biosynthesis-
related genes (Wang and Dixon 2012). The transcription factor WRKY12 was found
also to suppress lignin biosynthesis in Arabidopsis (Wang et al. 2010). In Medicago
sativa, downregulation of a WRKY transcription factor enhanced the lignin biosyn-
thesis (Gallego-Giraldo et al. 2016).

9.5.3 Defensive Mechanisms of Lignin

Lignin plays a well-recognized defensive role against attacking phytopathogenic
fungi. It has antifungal activity, acts as a physical barrier to suppress fungal invasion,
and represses the diffusion of their toxins (Sattler and Funnell-Harris 2013; Xie et al.
2018). Lignin deposition during the attack of many pathogenic fungi has been
widely reported. In this regard, Marques et al. (2018) studied the cell wall-associated
defense responses in smut-resistant and susceptible sugarcane cultivars against
infection with Sporisorium scitamineum, the causal agent of smut. Lignin and
phenolic compounds accumulation was detected at the infection site in the resistant
cultivars during the early stages of infection to prevent the initial penetration of the
fungus. Later, cell wall thickening as a physical barrier was also observed in the
resistant cultivars but not in the susceptible ones. Moreover, lignin exhibited the
most potent antifungal activity when tested in vitro against the fungal pathogen
Diplodia pinea, the causal agent of tip blight and canker of Austrian pine, compared
to the other tested phenolic compounds (Sherwood and Bonello 2013). However,
downregulation of some lignin biosynthesis-related genes was found to improve the
plant immunity. In Arabidopsis and Medicago, suppression of HCT led to accumu-
lation of salicylic acid and upregulation of some pathogenesis-related genes,
resulting in the plant immunity enhancement (Gallego-Giraldo et al. 2011a, b).

Regard to plant viral diseases, Kofalvi and Nassuth (1995) reported no change in
the lignin content of wheat leaves when infected with mosaic virus. However, the
antiviral activity of lignin and its derivatives has been reported against many human
and animal viruses (Spiridon 2018; Srisapoome et al. 2018). In this regard, a strong
antiviral potentiality of low-molecular-weight lignin was observed against hepatitis
C virus in the cultured cells (Matsuhisa et al. 2015). In another study, Lee et al.
(2011) also reported the antiviral activity of lignin-carbohydrate-protein complexes
extracted from Pimpinella anisum against HSV 1 and 2.
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9.6 Tannins

Tannins, the most complex group of polyphenols (C6-C3-C6)n, are oligomeric
compounds with free phenolic groups, of a high molecular weight ranging from
500 to 3000 Da, which can bind and precipitate proteins, starch, cellulose, and
minerals. There are two main categories of tannins; the first is the hydrolysable
tannins such as gallotannins and ellagitannins which contain a carbohydrate as a
central core, and the second is the condensed tannins (proanthocyanidins) which
consist of flavan-3-ol units linked by carbon-carbon bonds (Crozier et al. 2006).
They are responsible for the astringent taste of some leaves, fruits and wines.

9.6.1 Tannins Biosynthesis

Tannins are biosynthesized from various branches of the flavonoid pathway, sharing
the same anthocyanin pathway. As previously described in the flavonoid biosynthe-
sis, chalcone are converted to flavanone in the cytoplasm of plant cells using CHI,
which then hydroxylated by F30H and F3050H (flavonoid 30,50-hydroxylase) into
eriodictyol or pentahydroxyflavanone, respectively, from which
leucoanthocyanidins are produced. Leucoanthocyanidins are then oxidized by
ANS to give colored anthocyanidins. In another branch, it can be converted by
leucoanthocyanidin reductase into (2R,3S)-flavan-3-ols which is the potential pre-
cursor of tannins (He et al. 2008).

9.6.2 Regulation of Tannins Biosynthesis

Multiple regulatory genes, belonging to six different families, are contributed in the
control of the proanthocyanidin biosynthesis (Myc transcriptional factors, Myb
transcriptional factors, WD40-like protein, WRKY transcription factors, MADS
homeodomain genes, and TFIIIA-like proteins) (Marles et al. 2003). Typically,
Myc and Myb genes have the widely control of the proanthocyanidin biosynthesis
(Gonzalez et al. 2016; Escaray et al. 2017). WD40-like protein regulates the accu-
mulation of proanthocyanidin, while, WRKY transcription factor acts downstream
of WD40-like protein. MADS genes regulate BAN and may act upstream of other
regulatory genes. WIP proteins specifically control the assembly of
proanthocyanidin polymer, as well as the biosynthesis of monomeric flavan-3-ol
molecules (He et al. 2008). In addition, other different regulatory genes can directly
or indirectly affect the proanthocyanidin biosynthetic-related genes such as
Anthocyaninless2 and AtDOF4;2 (Skirycz et al. 2007).
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9.6.3 Defensive Mechanisms of Tannins

The antifungal activity of hydrolysable tannins and proanthocyanidins has been
widely reported against phytopathogenic fungi. In this regard, Anttila et al. (2013)
studied the fungitoxicity of the cone and bark extracts of conifer tannins against
8 brown-rot fungi, 3 white-rot fungi, and 4 soft-rot fungi in liquid cultures. A high
growth inhibition for the tested brown-rot fungi, but not the white-rot or soft-rot
fungi, was achieved even at low concentrations. In temperate trees, tannins and
related phenolic compounds prevent the fungal decay of the heartwood and inhibit
extracellular hydrolases from invading pathogens. An antifungal activity of tannins
extract from Acacia mearnsii against Aspergillus niger and Candida sp. was also
reported (Dos Santos et al. 2017). Their antifungal mechanisms of action comprise
inhibition of the extracellular enzymes (cellulase, pectinase, laccase, xylanase, etc.),
nutrient privation of substrates (metal complexation, protein insolubilization), and
inhibition of oxidative phosphorylation (Ogawa and Yazaki 2018).

9.7 Coumarins

Coumarins are an important widely distributed group of polyphenolic compounds.
They are a class of benzopyrones (1,2-benzopyrones or 2H-1-benzopyran-2-ones)
which will be produced by plants as a defense response against herbivores and
attacking pathogens. However, they have a wide range of applications as perfumes,
cosmetics, aroma enhancers, medicinal drugs, and industrial additives (Kontogiorgis
et al. 2012; Rohini and Srikumar 2014). They can be subdivided into simple
coumarins, furanocoumarins, pyranocoumarins, and phenylcoumarins (Jain and
Joshi 2012).

9.7.1 Coumarins Biosynthesis

Simple coumarins are biosynthesized via the phenylpropanoid biosynthesis pathway
from p-coumaric acid. The biosynthesis process comprises C-2 hydroxylation, chain
isomerization, and lactonization producing the umbelliferone. Pyrano and
furocoumarins are also produced from p-coumaric acid. These coumarins are
subdivided into two classes (lineal and angular) according to the condensation
position of isopentenyl pyrophosphate forming the heterocycle. Cyclization of a
simple coumarin can also results in production of these coumarins (Dewick 2002).

9.7.2 Defensive Mechanisms of Coumarins

Coumarins have a strong fungitoxicity against a wide range of phytopathogens
(Montagner et al. 2008; Guerra et al. 2015). Their modes of action include altering
the mitochondrial matrix making it thick, induction of cell death, and cell wall
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perforation leading to release of the cell cytoplasm (Widodo et al. 2012). In this
regard, Al-Barwani and Eltayeb reported a strong antifungal activity of psoralen and
fouranocoumarin against Cercospora carotae, Sclerotinia sclerotiorum, and
Alternaria brassicicola. In addition, Al-Amiery et al. (2012) reported a strong
antifungal activity of some newly synthesized coumarins against A. niger and
C. albicans in vitro. Inoculation of celery and parsnip roots with S. sclerotiorum
led to upregulation of furanocoumarins expression level (Rahman 2000).

The antiviral activities of coumarins against many plant viruses have also been
reported. Liu et al. (2016) studied the antiviral potential of seven coumarins includ-
ing two new coumarins 6-hydroxy-7-methyl-3-(40-methoxyphenyl)-coumarin and
6-hydroxy-5-methoxy-7-methyl-3-(40-methoxyphenyl)-coumarin, isolated from the
leaves of Nicotiana tabacum, against Tobacco mosaic virus. Among the tested
coumarins, both new compounds exhibited anti-TMV activity ranging from 13.7
to 28.6%. The antiviral mechanism of coumarins includes inhibition of reverse
transcriptase, integrase, and protease enzymes (Shokoohinia et al. 2014).
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Phenolic Compounds fromMedicinal Herbs:
Their Role in Animal Health and Diseases –
A New Approach for Sustainable Welfare
and Development

10

Younis Ahmad Hajam, Seema Rai, Rajesh Kumar, Mudasir Bashir,
and Javid Ahmad Malik

Abstract

Polyphenolic compounds have received a special attention from the scientific
community, because of their pleiotropic properties. These polyphenolic
compounds are the secondary metabolites synthesized in various components of
the plants. They possess significant capability to influence different processes in
biological systems. So, these are taken as supplementary foodstuffs, energizers,
dietary sources, and medicines. These natural compounds attribute therapeutic
and medicinal efficiencies. Phenolic compounds are of great interest in food
manufacturing industries as they suppress the oxidative deprivation of lipids
and therefore improve the nutritional value of foods. Ethnoveterinary medicine
is a word usually applied for folk talent, beliefs, knowledge, practices, and
methods associated to animal healthiness and cure of different health problems
in the rural areas. Animal welfare is speedily becoming foremost aspect of
production of animals worldwide, in the industrialized world and also in devel-
oping countries. Livestock plays an essential role in sustaining livelihood,
nutritional and environmental security, and augmentation of agriculture. The
enormous stride made in the livestock sector in the past decades is one of the
main causes for positive growth rates recorded in agricultural sector. There is
enormous need to attain vertical growth in terms of improving productivity.
Animal husbandry and agriculture are associated with each other; rural
communities utilize ethanobotanical culture for the curing of different animal
diseases and in the biological control. Diseases in animals remain most important
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causes of poor performance in livestock field, gap between the supply of animals,
and the requirement of livestock products. Phenolic compounds carry various
pleiotropic functions including antibacterial, antioxidant, anti-inflammatory,
antiviral, hepatoprotective, anti-allergic, antithrombotic, oncostatic, and
immune-modulating activities. Present review paid some attention on the impor-
tance of bioactive compounds from plants and their role in animal welfare, to
make progress and recover the agricultural productivity.

Keywords

Phenolic compounds, Animal health, Diseases, Herbs, Ethnoveterinary

10.1 Introduction

Nature is at all times a golden indication to illustrate the well-known phenomena of
coexistence. Natural products derived from flora are the source for treating animal
diseases (Firenzuoli and Gori 2007). In the current era, products obtained from
medicinal plants are in demand, and their recognition is expanding progressively.
Certainly, plants contribute a very important role by providing essential services in
ecosystems. Without plants, humans as well as different other organisms cannot live
in standard way. Medicinal herbs are continuously acted as an in general sign of
ecosystem health (Singh 2002). Historical employments of plants used for the fitness
and restoration, for both human and animal, are centuries old. It has been
documented that plants have the ability to fight against the various diseases.

Ethnoveterinary medicine is a term typically applied for traditional skills, values,
information, practices, and methods associated to animal well-being and treatment of
different health issues in the rural areas (McCorkle and Green 1998).
Ethnoveterinary practices have attained enormous significance for the last decade
owing to the invention of some effective ethnoveterinary products (Singh 2002). The
use of traditional therapies poses a low cost, easier, and sustainable option to
synthetic remedy and pharmaceutical product (Dilshad et al. 2010). Thus, it is
essential to investigate and estimate the biological efficacy from the phytochemical,
pharmacological, toxicological, and clinical perspectives for wider application.
Ethnoveterinary medicine has come forward as a demanding field in the recent
past (Mathias-Mundy and McCorkle 1989). Medicinal plants have been used for
millennia in virtually all cultures and serve both as a source of income and a source
of affordable healthcare (Lambert et al. 1997). Plants contain the various bioactive
components which are used in the devising of ethnoveterinary medicament. That
70–95% of the human beings living in emergent countries relies on medicinal plants
for their primary healthcare needs (Robinon and Zhang 2011). Plant-derived medi-
cine used in veterinary is one of the major methods for curing different diseases and
diseases of the livestock. It has reported that 55 medicinal plants have 44 species,
40 genera, and 30 families (Kone and Atindehou 2008).
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The fundamental oils and plant extracts revealed different natural actions such as
antimicrobial, membrane interference by terpenoids and phenolics, metal chelation
by phenols and flavonoids, and target on genetic material by coumarin as well as
alkaloids that are considered to slow down the growth of microorganisms (Cowan
1999). Fundamental oils are slightly more efficient next to Gram-positive in contrast
to Gram-negative food pathogens (Burt 2004) as they encompass an outer membrane
boundary of the cellular wall which restricts the invasion of hydrophobic multipart
through its lipopolysaccharide structures (Nazzaro et al. 2013; Vaara 1992). Various
essential oils stimulate the development of helpful microbes and limit quantity of
pathogenic bacteria in poultry (Wenk 2000). Apparent efficiency of small doses of
fundamental oils and sodium butyrate has already been tested adjacent to Salmonella
in broilers (Cerisuelo et al. 2014). The blend of thymol and cinnamaldehyde is
confirmed to have careful antibacterial possessions that slow down the growth of
yeast and fungi (Bento et al. 2013). Majority complement declared a substituent to
antibiotics has influence on the microflora, either straight or indirectly (Taylor 2001).

10.2 Biological Importance of Secondary Metabolites

Phytochemicals are the secondary metabolites produced in special part of the plants.
They contain the significant capability to influence different body processes and
functions. Therefore, these bioactive components are taken as foodstuffs, stimulants,
nutritional plants, and drugs. These natural components obtained from the plants
contain therapeutic and medicinal properties. Among the bioactive components,
polyphenolic compounds are the mainly significant group having medicinal value.
The most important polyphenolic compounds include phenols, phenolic acids,
flavonoids, and phenylpropanoids. Polyphenolic compounds act as antioxidants
and free radical scavengers and therefore function to decrease oxidative stress and
their damaging effects. Chemically term “phenolic” or “polyphenolic” defined a
substance possessing aromatic ring having one or more than hydroxy substituent,
together with functional derivatives (methyl ethers, esters, glycosides, etc.)
(Lattanzio et al. 2006). Majority of phenolics possess more than two hydroxyl
groups and are bioactive substances distributed extensively in food plants that are
eaten regularly by large numbers of people.

Therefore, phenols assist in avoidance and control of different dreadful diseases
and premature aging. Polyphenolic compounds are also responsible for anti-
inflammatory, antibiotic, and antiseptic properties. The distinctive molecular struc-
ture of these bioactive components, with definite position of OH groups, possesses
strong bioactivities. Polyphenolic compounds are generally present in the plants.
Now-a-days plant polyphenols are given more attention, owing to their strong
antioxidant properties and their well-known potential to prevent different oxidative
stress-related diseases including cancer.
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10.3 Properties of Plant Phenolics

10.3.1 Antioxidant Mechanisms of Phenolics

Antioxidant mechanisms of phenolics compounds acquired due to their capability to
act as powerful antioxidants in different ways. Therefore, phenolic compounds
demonstrate antioxidant properties as their potential to hunt free radicals produced
from lipids, proteins, and oligonucleic acids. The free radical hunting capacity of
phenolic compounds has been widely studied and related with several biological
effects. Polyphenolic compounds contain OH groups, which are excellent hydrogen
donors. These hydrogen-donating antioxidative compounds can counter ROS and
NOS (Valentao et al. 2003; Valentao et al. 2002) in the execution reaction. These
compounds split the cycle of production of fresh radicals. Subsequent contact of
these phenolic complexes with primary reactive species results in the production of a
radical form of the antioxidant. These are having much more chemical steadiness
than the earlier radical. These hydroxyl groups of the phenolic compounds interact
with the p-electrons of the benzene ring. The antioxidant capability of polyphenolic
compounds are also credited owing to their potential to interlink metal ions involved
in the fabrication of free radicals (Yang et al. 2001). Nevertheless, polyphenolic
function as pro-oxidants having metal-chelating property that maintains or enhances
catalytic action or by decreasing metals, therefore raising their capacity to produce
free radicals (Croft 1998). Phenolic compounds very frequently have the possible
potential to powerfully interact with proteins. This provides polyphenolic the capa-
bility function antioxidants also by virtue of their capacity to slow down some
enzymes involved in radical generation, such as various cytochrome P450 isoforms,
lipoxygenases, cyclooxygenases, and xanthine oxidases (Parr and Bolwell 2002;
Cos et al. 1988).

10.3.2 Health Benefits of Polyphenolic Compounds

Nowadays dietary polyphenols have gained immense importance among the
nutritionists, scientists, and customers because they play significant role in sustain-
ing the animal health. Bioactive components extracted from plants and considered
the most important ones are phenolic compounds, having ability to suppress the
absorption of amylase in the curing of carbohydrate absorption. Fruits and
vegetables comprise polyphenolic compounds, including phenolic acids and
flavonoids, which could support health benefits by decreasing the risk of metabolic
diseases. Nevertheless, many groups of phenolic compounds possess different
biological features. Reactive oxygen species (ROS) and reactive nitrogen species
(RNS) are highly reactive oxidized molecules, produced continuously through
normal cellular metabolism, for example, the function of respiratory chain in
mitochondria and inflammation, which can cause damage to other biological
molecules, like proteins and DNA. The antioxidant enzymes includes SOD (super-
oxide dismutase), GPx (glutathione peroxidase), and CAT (catalase), which play a
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fundamental role in getting relieved from oxidants and protecting the cells from
injury.

10.3.2.1 Antibacterial Effect
There are many phenolics that reveal antibacterial activities which belong to the
nonflowering medicinal plants to the flowering ones. Polyphenolic compounds are
produced by different plant groups together with numerous medicinal plants.
Dzoyem et al. reported that flavonoids derived from this plant demonstrated the
highest antibacterial activity against both strains. Plant species used in traditional
medicine or dietary consumption, e.g., coli, Klebsiella pneumoniae (Schroeter)
Trevisan, Pseudomonas aeruginosa (Schroeter) Migula, and Enterococcus faecalis.
Polyphenolics are used as antibacterial agent against P. acnes are the main cause of
skin acne problems.

10.3.2.2 Anticancer Activity
Cancer is frequently related with enhanced risk of death and the toxic side effects
caused by the allopathic medicine; cancer patients are always in search of alternative
and complementary methods of treatment, and their best alternative is
phytomedicine (Kim and Park 2002). In present era, chemotherapy is considered
an innovative approach for the treatment of cancer. Different cancer patients use
herbal therapies. Medicinal plants are well identified for neutralizing free radical and
antioxidant activities (Agarwal et al. 2001). Free radical generation that causes attack
results in the oxidative stress to various biomolecules such as lipids, proteins, and
DNA. Plants contain different bioactive components having strong antioxidant
properties which might inhibit and control the cancer and other diseases by shielding
the cells from the damaging effects of the free radicals.

10.4 Role of Livestock in Economy

Previous studies reported inappropriate animal husbandry practices; approximately
30–35% loss in animal breeding sectors has occurred, particularly in emerging
countries (FAO 2002). However, the rural people are greatly reliant on livestock
farming for their livelihood activities (Pica-Ciamarra et al. 2011). People in rural and
mountainous regions in developing countries believe that livestock is fundamental
source for financial system. Social security and food are also considered symbol of
prestige for a particular family. Formulation of medicines using plant sources have
been continuously growing since ancient time for the treatment of animal diseases.

Approximately 25% of the therapeutic preparations are derivative of plants and
still many plants are unexplored. The traditional drugs for animals based on both
plant products have received less attention. In well-developed countries, veterinary
practices and animal well-being in rural population relied on ethnomedical remedies,
mainly when access to allopathic veterinary products is hard or too costly for the
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local farmer (Nyamanga et al. 2008). Therefore, to maintain the health conditions of
animals, traditional plants and their products are used from centuries and have been
passed down orally from generation to generation (Martínez and Luján 2011).
Traditional veterinary knowledge includes compilation of beliefs and practices
about animal welfare that involved in the consumption of natural resources (plant
and animals) and other materials. This knowledge is usually transferred orally from
decade to decade and, as other traditional beliefs, is presently vulnerable by techno-
logical development, sociocultural changes, and environmental alterations
(McCorkle and Martin 1998). Within the industrialized and urban society, there is
an increasing attention in alternative or complementary medicine which, collectively
with other natural therapies, is based on the utilization of plant-based therapeutics.
Therefore, utilization of homeopathic and herbal therapy medicines in veterinary is
given more attention, due to growing demands on the value of meat and milk
products that are required for producing organic food goods (Pieroni et al. 2004).

Livestock subsector contributes 56% in the agriculture as a source of income and
about 11% toward the GDP (gross domestic product), and 30 million rural people are
associated with livestock subsector directly or indirectly (Sarwar et al. 2002). Thus,
livestock plays a significant role in poverty-decreasing tactics. People living in the
far-flung areas use medicinal plants for livestock’s health. Mainly, the predictable
lifestyle of nomadic and pastoralists makes it hard for them to reach veterinary
extension services owing to high expenses and least accessibility of allopathic
medicines (Raziq et al. 2010). Livestock plays a central role in sustaining livelihood,
nutritional and environmental security, and growth of Indian agriculture. Enormous
stride made in the livestock sector in the past decades is one of the main causes for
positive growth rates recorded in agricultural sector. There is immense need to attain
vertical growth in terms of improving productivity. Deficiency of food resources in
India has been recognized by different organizations. But various locally accessible
feed resources used for feeding milch animals have not been given any consider-
ation. These comprise industrial by-products, horticulture and vegetable wastes,
local grasses, tree leaves, weeds, and other non-conventional feed resources. The
accessible feed resources are not fed in right amount as per the necessity of animals,
leading to imbalance of nutrients in the ration.

10.5 Livestock Diseases and Role of Herbal Medicines

Diseases in animals remained primary causes of poor domestic animal performance,
foremost to a still creating gap among the supply and the requirement for livestock
products (Agrawal 1995). Local healers are aware and having adequate knowledge
as well as experienced in traditional systems of treatment is important. But these
information are unpublished and hence dwindling fast (Bekele 2007). It has been
also seen and observed that the knowledge of medicinal plants is on the verge of
irretrievable loss and dilapidated to deterioration. The reasons might be oral passage
of herbal heritage from one age group to generation rather than in writings, despite
their very important position for the health of human and domestic animal
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population (Mesfin et al. 2009). Environmental deprivation, agricultural develop-
ment, farming of insignificant lands, and urbanization are also posing a considerable
warning to the future well-being of human. Animal populations are dependent on
these sources to overcome different ailments for generations (Lulekal et al. 2008;
Giday et al. 2009. Hence, it is appropriate time to document and publish, promote,
and preserve the country’s medicinal plant diversity. Such publications might be
extremely important to sustain cultural uniqueness of the country (Cetinkaya 2009;
Lynam et al. 2007). This may also create a great enthusiasm and new thought for
scientific discovery to develop new drugs (Cos et al. 2006). The livestock subsector
contributes only 30% of the agricultural sector GDP compared to 55% from crops.
Farming absolutely contributes 18% of the countrywide GDP (URT 1998). The
limited contribution of the sector to the economy is explained by many factors
including animal diseases, poor nutrition, lack of water, and poor animal genetic
base. Animal diseases are serious problems for livestock development.
Ethnoveterinary medicines give conventional medicines, which are locally accessi-
ble and usually low cost than typical treatment. Domestic animal holders can arrange
and utilize homemade remedies with least amount of expense. Some domestic
animals owners in rural areas. There are comparatively few veterinarians and
shortages of other services; conventional therapeutic plants are the only choice to
treat different diseases (McCorkle and Martin 1998) (Table 10.1).

10.6 Therapeutic Role of Medicinal Plants

Animal disease disaster may occur when there are sudden outbreaks of epidemic
diseases or other animal health-associated events which have the possibility to cause
serious socioeconomic results for a country. These emergencies are occurring
recurrently by eruption of transboundary animal diseases (TADs), which are of
significant economic, trade, and/or food security importance for different countries.
Such diseases can increase without difficulty and attain epidemic proportions;
management/organization, including exclusion, requires collaboration between
numerous countries. These diseases affects the country in different ways such as;
conciliation food security by serious loss of animal protein and/or loss of draught
animal. They cause main losses in production of domestic animal products including
meat, milk, and dairy products, wool and fibers, and skins. They cause loss of
valuable domestic animals of high genetic potential. They might limit chance for
improving the manufacturing potential of local livestock industries by building it
hard to import exotic high-producing breeds that are enormously vulnerable to
TADs. They adjoin considerably to the cost of domestic animal production since
valuable disease control measures need to be applied and critically interrupt or slow
down trade of livestock, germplasm, and livestock items inside a country or interna-
tionally. This might cause main losses in nationwide export income in important
livestock-farming countries. Continuous reduction in livestock, thus trap livestock
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producer in uneconomic agriculture. They also cause public health issues where
diseases can be transmitted to humans (i.e., zoonoses).

Domestic animal production is a fundamental part of the way of life for the people
of the world. Every year millions of rupees are costed to control the animal diseases.
Unhealthy animals need more food and take much more time for growth than healthy
animals. In general animals get birth free of diseases or parasites. However, they
generally acquire these problems either during their contact with infected animals or
because of inappropriate sanitation, feeding, care, and management. Animals are
affected by a variety of diseases. Awareness regarding the animal diseases is
compulsory from community healthiness point. Keeping animals healthy by
employing proper sound values of sanitation, feeding, and management by sensible
use of suitable and reliable vaccines is the practical and economical sound to avoid
losses from the disease. Good accommodation to sustain the health of the herd but
judicious feeding not only builds up body fight against the disease but also helps in
speedy recovery in case there is a disease attack.

10.7 Role of Phytochemicals in Animal Health and Welfare

Plants were once the principal source of medicines in the world. Now-a-days plants
are used as therapeutic medicine because of the presence of polyphenolic
compounds. Plants act usually to revive and strengthen the body’s restorative forces.
Remarkably, huge quantity of drugs comes from an insubstantial number of plants
that are already investigated pharmacologically. Medicinal herbs and their
derivatives act as main source of bulk of modern pharmacological drugs. During
recent years, natural polyphenolic compounds have been given great attention; these
polyphenolic compounds are widespread in nature among the group of secondary
metabolites. There are 100,000–200,000 approximately secondary bioactive
metabolites having ubiquitous distribution (Metcalf 1987). Phenolic compounds
possess pleiotropic functions such as antibacterial, antiviral, anti-inflammatory,
hepatoprotective, anti-allergic, antioxidant, antithrombotic, oncostatic, and
immune-modulating functions (Cushnie and Lamb 2005). Their modulatory func-
tion in different biological processes has been well known such as oxidation,
enzymatic detoxification, apoptosis, host immune system, and some other functions.
These bioactive compounds, present in all fruits, vegetables, and medicinal plants
that are taken daily, might be exhibiting potential for homeostatic metabolism in
favorable way. Polyphenolic compounds are now given keen attention in the present
era as they are having multifaceted health benefits on animal health and welfare.
These compounds are known by important functional ingredients and health-
promoting biomolecules in current literature due to their potential in supporting
health and suppressing the chronic ailments (Nijveldt et al. 2001). Latest literature
survey signified that polyphones and flavonoids might be interacting synergistically
with xenobiotic compounds such as drugs vitamins, as well as other phenolic
compounds (Mikstacka et al. 2010). These interactions may lead to the antagonistic
effects as well. These functional activities are associated interactions (synergism,
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additive, or antagonism) of polyphenols with other compounds and co-antioxidants
is a aspect grab the attention scientific community. Recent reports suggested that
synergistic or antagonistic antioxidative effects depend upon concentration; small
concentration exhibits synergistic antioxidative effects; however the high concentra-
tion exhibits additive effects (Mikstacka et al. 2010). Earlier reports revealed the
synergistic roles of flavonoids for antioxidation (Mikstacka et al. 2010), platelet
aggregation (Pignatelli et al. 2000), antimicrobial action, and life span of meat and
improved value (Kamboh and Zhu 2013). Flavonoids slow down oxidation through
different mechanisms, and their defensive roles in living systems are attributed
because of their capability to transfer electrons to free radicals, act as interchelate
agents in metal ions, stimulate antioxidative enzymatic machinery, decrease alpha-
tocopherol radicals, and slow down oxidases (Middleton et al. 2000; Nijveldt et al.
2001). Latest work has proposed that the cellular defensive importance of polyphe-
nolic compounds might be mediated by their interactions with precise proteins that
are essential to some intracellular signaling cascades. In particular, flavonoids might
be operating selectively with various components of protein kinase signaling
cascades, such as phosphoinositide 3-kinase, protein kinase-C, Akt/protein kinase-
B, etc. (Hou and Kumamoto 2010).

10.7.1 Role of Secondary Metabolites in Immune Regulation

All vertebrates possess the well-distinct immune systems that protect the host from
infectious agents present in the environment (e.g., viruses, bacteria, fungi) and from
other harmful abuses. Dietary phytoconstituents are having antioxidant potential like
flavonoids are well known to positively modulate the immune functions in all taxa of
vertebrates. The polyphenols in diet not only stimulate the immune coordination but
also amend the detoxifying capability of enzymes and free radical scavenging
potential and also control the gene expression. Previous studies reported that
epigallocatechin gallate and cyanidin glycoside-rich juices could improve the IL-2
secretion, lymphocyte proliferation, and pathogen-eliminating action of natural
killer (NK) cells. Leaves could produce a significant increase in proliferation
responsiveness of peripheral blood mononuclear cells by means of improved syn-
thesis and secretion of immunoreactive IL-2 and IL-4 cytokines. Also, amplifies
eliminating activity of natural killer (NK) cells and salivary IgA secretion has been
also found. The working mechanism behind this phenomenon is not understood yet;
however, generally it is conjectured that supplementation of antioxidants might be
having potential to decrease the detrimental roles of ROS on the immune response.
That might result in the improved functions of the immune system and act as
immune cocktails. Different parts from three categories of plants, i.e., herbs, shrubs,
and trees as well as their parts (root, stem, leaves, fruits, flowers, and bud). These are
very rich in polyphenolic compounds and essential oils having therapeutic impor-
tance. Conventional practitioners prepare crude extracts from various plant parts
containing different medicinal values and ues whole plants or their parts [solid
(powders), semisolid (paste, gel or colloid), and aqueous (fluid)]. Medicinal
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importance of some shrubs and herbs (tulsi, aloe vera, fenugreek, and haldi) is well
explained. Confirmations from scientific reports revealed that plant-derived bioac-
tive components particularly the polyphenols might be helpful to decrease the
oxidative stress at the cellular level. Therefore, it can recover the genomic constancy
and cellular integrity. These polyphenols also branded to improve immunity and gut
function that eventually trim down chance of communicable diseases and increase
animal performance. Moreover, these might be producing the synergisms with one
another and with other organic and synthetic growth promoters. Therefore, phenolic
compounds, both in purified and plant extracts, could be having potential source to
increase the production of domestic animal farming.

10.8 Role of Plants and Their Bioactive Components
in Nutrition

Good nutrition is the basic obligation for all farm animals; it is principal contributory
factor to maintain the animal welfare and healthiness. Insufficient nutrition
influences not only productivity but also health, behavior, and well-being of an
animal. Simultaneously, protection and value of the foodstuff chain are ultimately
affected by the welfare of farming of domestic animals, because they are closely
associated among animal welfare, animal health, and food-borne diseases including
Escherichia coli, Salmonella and Campylobacter, etc. Stress factors, poor well-
being, and imbalanced nutrition can augment vulnerability to diseases in animals,
thus raising the requirement for veterinary management, creating risks to food
consumers, declining productivity, and endangering environmental sustainability
of the domestic animal rearing systems and its interconnected animal food chains.
Polyphenolic compounds influence on animal health, nutrition, performance, and
environmental sustainability. The diversity of polyphenolic compounds prevent a
widespread summary of their effects; impact is influenced by the type, concentration,
and astringency of the dietary phenolic compound, animal physiological status, sex,
exposure to pathogens, predictable productive performance, and environmental
circumstances. Nowadays, there is emerging need of nutraceuticals globally. They
hold superiority over other therapeutic molecules because they are pure and natural
in origin, safe to use, and easy to access. However different confront at the forefront
to nutraceutical industrial establishment. These challenges include the requirement
to accurate and precise tests to check the efficacy and safety of such chemical
compounds, identify their correct mode of action, estimate their bioavailability and
study possible mode of communications in the body. This strongly specifies these
polyphenolic compounds are valuable gifts to focus nutraceutical importance and
their roles in the research. Therefore, roles in the nutraceuticals should be given more
and more emphasis so that their outstanding importance in the pharmacological
actions can be benefited. Cattle husbandry is generally practice in traditional systems
(sedentary) and faces serious challenge about the growth of the manufacture which
rely on the well-being of the animals. Animal diseases result in the significant
decrease in all animal productions (meat, milk, skin, etc.) and their main source of
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income. Besides, different dairy products are processed and are component for
household utilization. Animal husbandry and agriculture are associated with each
other. Rural people utilize ethanobotanical culture for the curing of animal diseases
and in the biological control.

10.8.1 Dietary Efficacy of Phenolic Compounds

Secondary metabolites ubiquitously present in plants play an essential role in human
diet as well (Gazor et al. 2017). Most of polyphenolic compounds might be decreas-
ing the risk of vulnerable health issues, having antioxidant properties. Biochemical
examination revealed that these polyphenolic compounds have practical uses
(Hamedi et al. 2017). Polyphenolic compounds are synthesized during various
biochemical pathways that are not essential for primary growth, but are used for
defensive purposes. These polyphenolic compounds are having biological and
pharmaceutical importance. Antioxidant molecules present in plants include
flavonoids and phenolic acids. Numerous studies suggested that these polyphenolic
compounds possess various biological actions, such as strong antioxidants and free
radical scavengers, oncostatic, anti-inflammatory and immune modulating (Shahidi
and Ambigaipalan 2015; Selamoglu et al. 2016). In general, the capability of
phenolic compounds that are efficient antioxidants depends on three factors. These
act as metal-interchelating having potential that is powerfully dependent on the
alignment of hydroxyls and carbonyl group approximately the molecule. Hydrogen
ions (electron donating) are able to decrease free radicals, and the capability of the
polyphenolic compounds to delocalize the unpaired electron causes the production
of a stable ion. Mechanisms regarding the different roles of polyphenolic compounds
such as antioxidant effect, preventive mechanism, and chain-breaking mechanism
are well known. These studies explained the antiradical activity such as chain-
breaking action (Shahidi and Ambigaipalan 2015; Ozgen et al. 2016; Selamoglu
et al. 2016). These polyphenolic compounds inhibit the oxidation of biomolecules in
the living systems, so that these molecules are now given more preference as dietary
items.

10.9 Importance of Animal Products

Animal products are in great demand through the world which produces enormous
pressure on the natural wealth and on the farm animals. In exhaustive production
systems, a secondary pressure is pushed on animals to give maximum productivity.
However, widespread and smallholder systems in growing nations animal farming
and welfare are compromised by improper nutrition. Still in demanding production
systems where animals get plentiful nutritious diets, animal welfare could be
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affected due to extreme or unsuitable feeding. A number of management- linked
factors – including accommodation and bedding, preventive systems, space and
crowding, transport conditions, dramatic and slaughter system, castration of males,
and tail docking – affect welfare. Vast literature is available till date which suggests
that these factors affect animal well-being, productivity, and product quality. How-
ever, least consideration and attention have been paid to understand the association
between animal nutrition and animal welfare.

Farmers are in great trouble to take up such practices that support animal welfare
without having good information on the effect of such practices on animal produc-
tivity and on their income. In the present era, the world is suffering great extent of
food crisis, diseases, which compel animal scientists and farmers to search alterna-
tive feedstuffs for animal production. Therefore, importance of plants and
compounds extracted from them are considered as potential natural alternatives to
increase the livestock productivity. The livestock industry must continuously look
for and employ alternative animal nutritional approach. Which can fulfill consumer
wish for food products that are produced in a hygienic, green, and ethical conduct?
Hence, the significance of plant products and their antioxidative activity not usually
present in the diets of ruminants warrants search. The supplementation of the diet
with plants, distinguished for its antioxidant activity, has the capability to improve
the health and production performances of animals. Grazing might provide
ruminants health benefits from some vitamins and minerals. While clean forages
are classically considered ability for supplying sufficient levels of antioxidants for
dairy cattle, the accessibility of these compounds for lactating grazing cows is
decreased when pasture availability is not enough to meet their energy necessities.
Assessment of oxidative constraint in ruminants is contributing considerably to
understand the basic processes concerned with metabolic disorders. It is thought
that oxidative constraint plays a considerable function in the balancing of the
metabolic action of different organs and efficiency in farm animals (Celi 2011).
Milk production is linked with oxidative strain and, thus, supplementation of cows’
diets with antioxidant which might affect development of their oxidative status and
productive performances. Animal welfare is speedily becoming one of the foremost
aspects of animal production worldwide, at the intensity of the industrialized world
and in developing countries.

In fact, there are sufficient husbandry and managing practices, transport and
slaughtering conditions, have a major affect on product quality and farmer income.
It was practical observed that animals were not subjected to nutritional stress showed
a quieter approach when compared with the animals that were losing weight.

10.10 Conclusion

Significance of traditional medicines (TM) and their pleiotropic roles in sustaining
the animal health worldwide cannot be underemphasized. In the recent era, plant
polyphenolic complexes have been broadly investigated. These compounds present
in different foods have been coupled with health-promoting and economic
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importance. The association between the veterinary utilization and biological activ-
ity is investigated in various species or practices, and great variety of native
resources still remains unfamiliar from a pharmacological approach of view. None-
theless, information of novel therapeutic implications of plants shall support to
study. The application of plant therapeutic based formulations are promoting the
development of of alternative medicines. The use of natural products as therapeutic
remedies decreasing the dependency on allopathic drugs, all of which entails rising
in the value and price of animal foodstuffs in accordance with new market demands.

In this sense, it is important to unfold and record therapeutic plant uses in
veterinary medicine, within an ethnoscientific perspective as approached in this
review. Therefore it is necessary to understands the association human beings the
nature and their culture. It is very importance because it allows the characterization
of social plan by their meticulous environmental awareness, and provides helpful
tools for the development of conservation policies”. A systematic recording is
important concern to use biodiversity for different purposes is required.
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Phenolics: A Game Changer in the Life Cycle
of Plants 11
Nasir Aziz Wagay, Rafiq Lone, Shah Rafiq, and Sheikh Ummar Bashir

Abstract

Phenolics are ubiquitously present across the kingdom Plantae ranging from
simple phenolic acids to very large and complex polymers. Phenolics are vital
for plant growth and development as they are important in almost every process
of plants including senescence, flower development, extracellular linking, patho-
gen and herbivore resistance, UV protection and photodamage, etc. Phenolics
also act as chemical messengers or internal physiological regulators which
regulate processes like transcription, trafficking of vesicles, signal transduction,
and permeability of membrane. They inhibit or induce oxidative bursts and affect
the respiration and photosynthesis rates. Plant phenolics also play an important
role by acting as both underground signaling (mycorrhizal symbiosis, actinorhizal
symbiosis, plant growth-promoting rhizobacteria (PGPR)) and as aboveground
signaling molecules. Phenolics also act as potential antioxidant compounds
during stressful conditions as they can donate electrons for the compound detox-
ification. Also, phenolics are accumulated in response to ROS under stress
conditions. Phenolic compounds are also produced by plants as response to
environmental stresses including wounding, salt, drought, heavy metal,
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temperature, etc. Phenolics provide resistance to the host plant by providing
resistance against pathogen attack, herbivores, etc., and they also act as indicators
of mineral deficiencies during various stages of plant growth and development.
The action of resisting plants is apparently to increase either phenolic
synthesizing enzyme levels or their activities, leading to increased phenolic
production. Phenolics have also played a role in the plant invasion to land as
the ability to synthesize phenolics has been selected throughout the course of
evolution. Such compounds addressed the special needs to cope up in a constantly
changing environment. It can be said that plant life without phenolics is
impossible.

Keywords

Phenolics · Plant · Life cycle · Growth and development · Environment

11.1 Introduction

“Plant polyphenols” or “plant phenolics” are secondary metabolites which are
synthesized by the plant kingdom by phenylpropanoid/shikimate pathway from the
aromatic amino acids (phenylalanine, tryptophan, and tyrosine) which provides
simple phenylpropanoids, or the malonate/“polyketide” acetate pathway producing
monomeric, polymeric, and polyphenols or simple phenols, sometimes both.
Phenolics are widely found across the kingdom Plantae with nearly 10,000 structures
identified possessing an aromatic ring bearing one or more hydroxyl substituent
(Boudet 2007; Harborne 1980). They range from simple phenolic acids to complex
polymers (Hopkins 1997). Phenolic compounds tend to be soluble in water, as they
most frequently occur as glycosides (combined with sugars). Glycosylated phenols
are common in metabolically active sites (Hopkinson 1969). Several thousand
natural phenolic compounds have been identified till date; among these the flavonoid
group is the largest, but also considerable amount of phenylpropanoids, phenolic
quinones, and simple monocyclic phenols have been identified. Several important
phenolic groups present in plants are lignins, melanins, tannins, etc. and are made
from phenolic units, and occasionally these polyphenolic compounds are encoun-
tered in proteins, alkaloids, and the terpenoids (Harborne 1998).

Phenols are mainly classified on the basis of carbon atom number they contain
and the pathway of their biosynthesis by which each group is derived (Harborne and
Simmonds 1964).

Simple phenols (C6/C7) containing simple aromatic ring include phenolic
alcohols, aldehydes, ketones, and their glycosides. An example of simple phenol is
arbutin (hydroquinone b-D-glucoside, I) which is found in the various Vaccinium
spp. leaves, such as cowberry, cranberry, blueberry, and pear trees (Pyrus communis
L., Rosaceae) (Clifford 2000). Phenolic acids (C7, C8, C9) include both benzoic
acids and cinnamic acids (phenylpropanes). Acetophenones (C6–C2 ketones) are
aromatic ketones and occur as glycosides. It has been found as the main component
of spruce needles (Picea abies (L.) Karst.) and also occurs in Larix deciduas Mill.,
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Populus balsamifera L., and Salix spp. (Cheynier et al. 2013). Phenyl propanes
(C6–C3) are compounds of volatile nature which are associated with essential oils.
They occur as both open and closed chain forms with or without combining with
sugars. Xanthones (C6–C1–C6) resemble benzophenones but differ in the presence of
a heterocyclic oxygen ring in between the two benzene rings. Only few higher plant
families (Podostemaceae, Guttiferae, Gentianaceae, Loganiaceae, and Polygalaceae)
have this class of plant phenolics group; therefore this group is highly valuable for
chemotaxonomic classification. Mangiferin (VII) is a unique example of natural
xanthones as this compound has much wider natural occurrence than that of any
other xanthone. This 2-C-glucoside of 1,3,6,7-tetrahydroxyxanthone was first found
in the leaves ofMangifera indica L. (Bennett and Lee 1988; Peres and Nagem 1977;
Peres et al. 2000). Coumarins are formed by the lactonization of o-hydroxycinnamic
acids. Almost all the naturally occurring compounds are O-substituted at C7. Furano-
and pyranocoumarins have a furan or pyran ring fused with the benzene ring of
coumarins. Coumarins can be found in free form or in combined form with sugars as
heterosides and glycosides in many families of eudicots (eudicotyledons), including
the Fabaceae, Apiaceae, Rosaceae, Asteraceae, Moraceae, Solanaceae, and
Rubiaceae (Petersen et al. 1999). Stilbenes (C6–C2–C6) are compounds occurring
mainly as heartwood constituents and some of its derivatives are condensed tannins.
They are found in many eudicot angiosperms, gymnosperms, ferns, and in some
liverworts, ranging from the unsubstituted trans-stilbene from Petiveria and Alnus to
the hexasubstituted combretastatin A-1 (VIII) from Combretum caffrum (Eckl. &
Zeyh.) Kuntze, and also include various acylated and glycosylated derivatives
(Gorham 1989, 1995). Lignans are dimers formed by the condensation of two
cinnamic acids/cinnamyl alcohols through the β-carbons of their aliphatic side
chains. The aromatic rings are often oxygenated, and additional rings are also
formed in the molecule. Gymnosperm lignin is comprised of coniferyl alcohol
subunits, while angiosperm lignin is mixture of sinapyl and coniferyl alcohol
subunits (Hopkins 1997). Flavonoids (C6–C3–C6) include the compounds formed
by the skeleton of flavone (2-phenyl chromone) as well as its related or derived
compounds like anthocyanins, isoflavones, neoflavones, etc. The different classes of
these flavonoids are recognized chiefly by the oxidation pattern of the C3 fragment,
the additional oxygen heterocyclic rings, and the glycosylation. They often occur as
glycosides in plants, but a number of them are present in free state too. Quinones are
the aromatic diketones which form the largest class of naturally coloring matters.
Quinones may be benzo-, naphtho-, or anthraquinones, depending on the mono-, bi-,
or tricyclic ring system they possess. Tannins are polyphenols having an astringent
taste and in plants are divided in two groups: hydrolysable and condensed.
Hydrolysable tannins are soluble in water and contain simple phenolic acids (gallic,
digallic, and ellagic acids) esterified with one or more sugar molecules and are
hydrolyzed by dilute acids to component compounds. Condensed tannins
(flavolans) are polyphenols insoluble in water, which, on treatment with acids,
yield complex products of unknown composition called “tannin reds” or
“phlobaphenes” (Daneil 2006). More recently a third class of tannins, the
phlorotannins, has been isolated from several genera of algae. The phlorotannins
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are composed almost entirely of phloroglucinol subunits linked in some cases by
C–C and in others by C–O–C(aryl ether) bonds (Quideau 2009; Ferreira and Slade
2002; Haslam 1998; Khanbabaee and Van Ree 2001; Singh et al. 2010).

Phenolic derivatives are synthesized as they act as visual cues for the attraction of
pollinators as well as for other animals which help in the seed dispersal, and they also
act as molecular cues for the protection of plants during stress conditions (Mol et al.
1998) such as low temperatures (photo-oxidation and photo-inhibition) allowing
more efficient nutrient resorption especially nitrogen (“photoprotection theory”).
During winter, the combination of dry, cold, and bright sunlight conditions can
result in excess energy capture relative to processing, photosynthetic inhibition,
increase in the production of oxidative species (ROS), and free radicals, greater
photooxidative damage, etc. (Lee and Gould 2002; Gould 2004; Archetti 2009;
Archetti et al. 2009; Nikiforou and Manetas 2010; Hughes 2011). Phenolics also
play important roles in the development of plant particularly in scaffolding support
to plants and structural integrity, pigment and lignin biosynthesis, nutrient defi-
ciency, and infection by pathogens. Perturbed or wounded plants secrete phenolic
phytoalexins as defense molecules to repel or kill many microorganisms, and some
pathogens can nullify or counteract these defenses or even subvert them to their own
advantage (Bhattacharya et al. 2010). Plant phenolics also take part in the modula-
tion of physiologically essential processes such as signal transduction, transcrip-
tional regulation, vesicle trafficking, and membrane permeability. They can decrease
or increase the respiration and photosynthesis rates. We can say that, at the whole
organism level, the processes such as development, adaptation, symbiosis, diseases,
and male sterility can be better understood on the basis of phenolics (Bidel et al.
2010). The diverse roles of phenolic compounds during interactions of plant with
their abiotic and biotic environments and also in plant physiology are difficult to
overestimate, and some of them have been discussed in this chapter.

11.2 Cell Wall and Extracellular Linking

Phenolic compounds, precisely hydroxycinnamates, act as molecular bridges by
oxidative coupling or inter-polymeric cross-linking reactions between polymer-
bound phenolic groups in plant cell walls where they are present in significant levels.
Such coupling may result in strengthening cell walls that are less susceptible to
turgor-driven cell expansion (Fry 1986; Macadam et al. 1992).The phenolic (tyro-
sine) residues of cell wall glycoproteins form isodityrosine, pulcherosine, and
di-isodityrosine by oxidative coupled reactions, thereby cross-linking the
glycoproteins (Brady and Fry 1997). Phenolic coupling also contribute to cell–cell
adhesion in the middle lamella (Parr et al. 1996). For example, in grasses, ferulic acid
and 4-coumaric acid link polysaccharide polymers to lignin, such as
glucuronoarabinoxylan, through ether bonds and/or labile esters (Jung et al. 1993;
Wallace and Fry 1994), and in bamboo the α-D-Xyl (D-xylose) residues of
xyloglucans are linked with lignin by these two phenols (Ishii 1997). The composi-
tion and amount differences of lignin-bound arabinoxylans in the plant cell walls
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determine their rigidity and also affect the biomass degradability. The major
determinants for biomass degradation in the Miscanthus were found directly related
to lignin content, cellulose/lignin, and cellulose/xylan ratios (Lygin et al. 2011).

In cultured maize cells, feruloyl coupling product, a specific trimer of ferulate, has
been identified (Rouau et al. 2003).The oxidative coupling of polysaccharide-bound
feruloyl groups yields several distinct dimers (e.g., 5–5¢-diferulate, 8-O-4-
diferulate, etc.), which could represent inter-polysaccharide cross-links (Ralph
et al. 1994; Waldron et al. 1997). The total composition and content of ester- and
ether-bound phenolics (hydroxycinnamic acid) also differ in cell walls of plants with
predominant type of diferulate acids (Lygin et al. 2011). The controlled formation of
diferuloyl bridges in vivo could theoretically govern wall extensibility and thus
growth of plant (Fry 1979; Wakabayashi et al. 1997a, b).

Dimerized hydroxycinnamic acids (diferulic acid) cross-link pectins to noncellu-
losic polysaccharides or with other pectins by forming ester linkages in between
them (Fry 1986; Parr et al. 1996; Waldron et al. 1997). It has been confirmed in the
plant family Chenopodiaceae, in which hydroxycinnamic acids present in cell walls
are attached to pectic polysaccharides (Wallace and Fry 1994).

Although it is difficult to evaluate the role of cross-linking (Fry 1983), there is
evidence that cross-linking of matrix polysaccharides through diferulic acid bridges
in oats play a protective role, in which it acts as a barrier to pathogen ingress by
increasing its incompatible interaction with the crown rust pathogen. Also, phenolic
coupling in response to pathogenic attack may provide resistance against fungal
penetration (Brady and Fry 1997).The enzymatic or microbial degradability is
correlated negatively with both p-hydroxycinnamic acids and lignins present in
cell wall (Jung and Deetz 1993; Besle et al. 1994). The cell wall hydroxycinnamic
acids could also determine recalcitrance of lignocellulosic feedstocks to chemical or
enzymatic saccharification during processing to biofuel (Grabber et al. 1995,
1998a, b). Further studies are needed to clarify the role and effects of phenolics on
composition of cell wall, ether, and ester cross-linking.

11.3 Phenolics During Flower Maturation and Development

Development of flower involves various interrelated processes, viz., growth, abscis-
sion, and senescence (Sood and Nagar 2003). During flower senescence and bud
opening, a well-defined sequence of various events take place such as cell division,
cellular differentiation, shifts in membrane permeability, cell elongation, and a wide
range of gene expression (Kumar et al. 2008a) in association with the changes in
concentration of secondary metabolites and endogenous plant growth regulators
(Kumar et al. 2008a; Mayak and Halevy 1972; Sood and Nagar 2003).

Little information is available on phenolic content of developing flowers. A sharp
increase in the phenolic content has been detected during flower development in
Rosa bourboniana Desport. and Rosa damascena Mill. (Sood and Nagar 2003).
Some phenolics such as gallic acid and protocatechuic acid and catechin,
chlorogenic, caffeic, and p-coumaric acid which have been identified in rose petals
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(Cai et al. 2005; Kumar et al. 2008b; Velioglu and Mazza 1991) showed constant
decrease in these phenolics during progression of various developmental stages from
bud to senescent stages in rose flowers (Schmitzer et al. 2009). Flower development
in miniature rose ‘KORcrisett’ also revealed a significant negative trend in analyzed
phenolic acids from bud to senescent stage (Schmitzer et al. 2009). Decline in the
concentration of phenylalanine (PAL) has been also reported in Malus domestica
Borkh. Flowers during developmental stages (Dong et al. 1998) however, in
Rosmarinus officinalis L., the concentration of phenolics remained constant (Del
Bano et al. 2003).

The later stages of flower development may limit the function of the phenolics/
peroxidase/ascorbic acid system in antioxidant defense and make the flower more
vulnerable to oxidative stress due to the decline in phenolics concentration
(Takahama and Oniki 1997). The possible role of phenolics in flower development
regulation is still an unexplored field of plant developmental biology.

11.4 Senescence

The process of senescence occurs in photosynthetic prokaryotes, algae, and
non-angiosperm land plants. Senescence is a highly dynamic, integral, and geneti-
cally regulated program that involves an ordered set of events at physiological and
biochemical levels, including activation of hydrolytic enzymes, production of reac-
tive oxygen species (ROS), loss of plasma membrane integrity, degradation of
proteins, lipids, nucleic acids, and carbohydrates (Ahmad and Tahir 2015, 2016;
Rahmani et al. 2015).

Senescence is an essential part of growth and development in plants and is a cell
death program phenomenon. However, it is still unknown whether ROS increment
during senescence does play a role in the regulation of the phenylpropanoid metab-
olism in vegetables and fruits by acting as signal mediator as reported under stress
conditions (Reyes et al. 2007).

During the process of senescence, phytochemicals (secondary metabolites) could
be accumulated or diminished, depending on the tissue of plant (Dangl et al. 2000).
In this period there is an increment in the reactive oxygen species (ROS) formation
and also an increasing homeostatic imbalance. In order to continue the cell repair
mechanisms, it is possible that secondary metabolism may be activated depending
on whether these compounds are needed in the process or not. Little information is
found in relation to this point.

Polyphenol oxidase activity increases during senescence of detached leaves or
leaf disks (Farkas et al. 1964; Kisban et al. 1964; Sacher 1967) as well as with the
physiological age of the attached leaves (Maraite 1973). The oxidation of
compounds during senescence is due to either peroxidase or polyphenol oxidase
activity but rarely both (Bonner 1957). Peroxidase activity acts as a catalyzer for
oxidation of compounds, and absence of polyphenol oxidase activity has also been
reported in Oryza sativa leaves (Sridhar 1972; Toyoda and Suzuki 1960).
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Polyphenol oxidase enzyme employs pyrogallol as the substrate at pH optima
between pH 6.5 and 7 (Varga 1970).

Polyphenols contribute to the taste, color, and nutritional properties of most
climacteric tree fruits (Cheynier 2005). So far, little is known whether/how endoge-
nous polyphenols may play a role in senescence and postharvest ripening of fruits,
despite of remarkable changes in phenolic content and components during ripening
of various fruits (Aaby et al. 2012; Fernández et al. 1993). At present, it is difficult to
determine endogenous functions of polyphenols in fruit by overexpressing or silenc-
ing synthesis of the phenolic compounds in tree fruits. A typical example of
climacteric fruit is Pyrus malus (apple) which is also rich in polyphenols (Ceymann
et al. 2012). Among polyphenols, chlorogenic acid is a principal component in most
climacteric fruits, especially in tree fruits (Tsao et al. 2003; Cui et al. 2005; Scattino
et al. 2014; Cao et al. 2015); therefore, it was used as a representative of endogenous
polyphenols, and it was experimentally demonstrated that chlorogenic acid could
suppress apple pulp disk senescence (Xi et al. 2016).

Xi et al. (2016) noticed that treatment with Pyrus malus phenolic extract can
effectively reduce loss of red color and browning of pericarp in Litchi (Zhang et al.
2015), despite this physiological role of endogenous phenolic compounds in fruits
being limited. Chlorogenic acid (CHA) is the principle phenolic compound in Pyrus
malus pulp, inhibiting increase in rate of respiration in apple pulp disks during
senescence. In addition, NADP-malic enzyme (NADP-ME) was also inhibited by
CHA (Xi et al. 2016). The mechanism for the characterization of phytochemical
synthesis or degradation during the over-ripening or advanced senescence stage of
climacteric fruit is still unclearly explained.

Tamagnone et al. (1998a, b) experimentally confirmed that Antirrhinum tran-
scription factor AmMYB308 inhibited phenolic acid (and monolignol) biosynthesis
in Nicotiana tabacum (tobacco) plants by reducing level of hydroxycinnamic acid
and monolignol metabolism gene transcripts. In Myb308 Nicotiana tabacum plants,
phenolic derivatives of monolignols and hydroxycinnamic acids play a significant
role in the development of leaf palisade cells in tobacco, probably through the
production of dehydrodiconiferyl alcohol glucosides (DCGs) phenolic signaling
molecules as they can modify cell expansion and cell division. Myb308 plants had
paler leaves than the control plants, and cells in mature leaves undertook precocious
cell death which evaluated the importance of secondary metabolism in the normal
growth and development of plants. Overexpression of AmMYB308 results in a
general repression of phenolic acid and monolignol production, while precise
phenolic acid or its derivative has not been identified (Tamagnone et al. 1998a, b).

A very similar phenotype has been reported for Nicotiana tabacum plants
showing reduced activity of phenylalanine ammonia-lyase (PAL) and consequently
reduced monolignol or hydroxycinnamic acid metabolism (Elkind et al. 1990). This
suggested that premature leaf cell death and paler leaves arise as a direct conse-
quence of reduced phenolic acid metabolism.

Phenolics play an important role during leaf senescence by normally controlling
the processes of cell death inhibition. Phenolic acid metabolism controls senescence
by providing important compounds which enhance the ability of buffer cells against
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the catalytic damage invoked by ROS. Therefore, they act as natural antioxidants
and have a significant biological action (Tamagnone et al. 1998a, b). However,
determination of process for cell death is difficult as it could be triggered by intrinsic
signaling in case of programmed cell death (PCD) pathway or from the direct effect
of elevated ROS (Korsmeyer 1995; Heath 1998).

The oxidation of phenolics to o-quinones triggers browning of senescent tissues
which result in membrane damage (Thompson et al. 1987). Lipoxygenase released
during membrane damage oxidizes membrane lipids (Thompson et al. 1987), and
polyphenol oxidases which oxidize cellular phenolics are released by plastids
(Thompson et al. 1987). Phenolic oxidation by peroxidases in cell walls is also
stimulated during membrane damage process (Noodén et al. 1997). The leaf tissue in
which phenol biosynthesis was inhibited (Myb308 transcript plants) did not become
brown as they eventually became completely dead and white (Tamagnone et al.
1998a, b). This study suggests that oxidation of phenolics act as a protection
mechanism during senescence by reducing the impact of increased levels of ROS
and also allows withdrawal of cellular contents in a programmed manner from aging
leaves via controlled senescence. It has been explained and supported by the
enzymatic evidence; as H2O2 is scavenged by chlorogenic acid after cell damage
(Takahama and Oniki 1997) and in tobacco leaves, this function has been related to
abundant phenolic acid derivatives such as chlorogenic acid.

The cells of aging leaves in the absence of antioxidant phenolics (either bound to
the cell wall or soluble in the vacuole) are less protected against the oxidative
stresses generated by senescence process and die rapidly. Similarly, the lipid peroxi-
dation levels in mature leaves of Myb308 cell death is observed directly due to the
programmed pathway activation which lead to death of senescent cells of control
leaves in a programmed manner (Noodén et al. 1997; Pennell and Lamb 1997).
Therefore it can be said that phenolics may play both general as well as specific roles
in cell death modulation.

In Zea mays, the Lls1gene (cell death suppresser gene) encode a protein with
structural similarities to dioxygenases that metabolize phenolics in bacteria (Gray
et al. 1997). In this case, an interpretation is that Lls1 gene product (which
suppresses cell death) removes the cell death causing phenolic mediator. Possibly,
Lls1 mutant plants fail in the synthesis of phenolic derivative, important in buffering
reactive oxygen species and tempering cell death.

11.5 Photodamage Stress

When light energy is absorbed above the capacity of photosynthetic and
photoprotecting processes, the excess energy causes the formation of highly reactive
chemical species – particularly triplet chlorophyll, singlet oxygen, and hydroxyl
radicals (Niyogi 1999). These reactive intermediates and by-products can cause
oxidative damage (Asada 1994; Foyer and Harbinson 1994). Specifically, they can
oxidize lipids, proteins, pigments (Knox and Dodge 1985), and Calvin cycle
enzymes (Asada 1994; Kaiser 1979). If conditions are severe, they can cause fatal
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damage to leaf tissues and whole plants (Wise and Naylor 1987), termed
photodamage.

In order to minimize potential photodamage, plants produce a large range of
antioxidant molecules and scavenging enzymes that can quench reactive chemical
species. These important molecules include carotenoids (Frank and Cogdell 1993,
1996; Demmig-Adams et al, 1996; Havaux 1998), superoxide dismutases (Asada
1994; Foyer et al. 1994), tocopherols (Foyer et al. 1994), ascorbate (Conklin et al.
1996, 1997), and glutathione (Asada 1994; Foyer et al. 1994).

Phenolics also quench reactive chemical species as they have antioxidant capacity
and may protect plants from photodamage. Flavonoids, a class of phenolic
compounds with lower molecular weight, may act as plant physiological
antioxidants (Rice-Evans et al. 1996). Similarly, phenolic acids (Rice-Evans et al.
1996) and anthocyanins (Yamasaki et al. 1996; Wang et al. 1997) have also been
demonstrated to act as antioxidants. Condensed and hydrolyzable tannins are
compounds with higher molecular weight and are more effective than simple
phenolics in quenching peroxyl radicals (Hagerman et al. 1998). These tannins are
characterized by many phenolic hydroxyl groups and/or high degree of polymeriza-
tion, both of which contribute to antioxidant quenching efficacy (Hodnick et al.
1988; Ariga and Hamano 1990).

Many phenolics vary in plants under different light conditions; i.e., leaves in
sunny parts (high light) of a tree need more antioxidants for protection from
photodamage than those in the shade and hence have higher phenolic levels. Plants
may increase phenolic production directly in response to oxidative pressure pro-
duced from excess light energy and as a physiological response to quench reactive
chemical species. Patterns of phenolic levels between species also reflect different
selective pressure from potential risk of photodamage.

The concentration of leaf phenolics including tannins has frequently shown to
increase in plants grown under conditions of high light or nutrient limitation
(Newbery and de Foresta 1985; Bryant et al. 1987; Mole et al. 1988; Iason and
Hester 1993; Iason et al. 1996). For example, sun-adapted leaves ofMahonia repens
have more than three times the amount of chlorogenic acid than shade-adapted
leaves (Grace et al. 1998). Similarly, sun-adapted foliage of Eucalyptus nitens
seedlings has more than twice the level of hydrolyzable tannins (di-, tri-, tetra-,
and pentagalloylglucose) than shade-adapted foliage (Close et al. 2001). Leaves
from the sunny side of the Victorian plum tree (Prunus domestica var. Victoria) had
significantly higher phenolic levels than leaves from the shady side (Hillis and Swain
1959). Induction of condensed and hydrolyzable tannins within plant species varies
under various incident light regimes and also depends on their position in the plant
(Mole et al. 1988). Phenolic levels in plants are also dependent on the nutrient
concentration present in the vicinity of its roots. Hydrolyzable tannin levels were
also about twofold higher in foliage of nitrogen-deficient, compared with nitrogen-
sufficient, E. nitens seedlings (Close et al. 2001). These responses to light and
nutrient availability are similar to those of other antioxidant compounds, such as
ascorbate and glutathione.
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Leaves from slow-growing trees adapted to nutrient-poor boreal forest
environments are subjected to large amounts of oxidative pressure during periods
of low temperature coupled with high light. Furthermore, because they are long-
lived, they are subject to a high potential accumulation of free radical damage
relative to shorter-lived leaves. As a result of selective pressure from both the
daily and cumulative potential costs of photodamage, these slow-growing plants
have evolved higher constitutive phenolic levels for their antioxidant capacity. The
life span of animals can also be extended by consuming these phenolic antioxidants,
presumably through lowering the oxidative damage to tissue that can occur from
biochemical processes (Perez-Campo et al. 1998). Production of high phenolic
levels in plants may in a sense “enable” the viability of long-lived leaves similarly
through their antioxidant capacity.

Low temperature (which decreases the turnover rates of photosynthetic enzymes)
or drought/water logging (which induces closure of leaf stomata and in turn photo-
synthetic carbon dioxide limitation) both limit photosynthesis, increase oxidative
stress, and therefore could induce an increase in phenolic levels. Consistent with this
prediction, Grace et al. (1998) found that the phenolic chlorogenic acid was about
twofold greater in M. repens foliage in winter compared to summer. In Eucalyptus
nitens foliage, phenolic levels are higher in winter than in summer, and this is
associated with higher levels of cold-induced photoinhibition (measured by chloro-
phyll fluorescence and xanthophyll cycle pigment dynamics), indicative of higher
oxidative pressure (Close et al. 2001). These patterns explain consistent predictions
that oxidative pressure and risk of photodamage cause an increase in phenolic levels.

11.6 Role of Plant Phenolics in Rooting

Rooting in plants takes place when the total phenol content increases three times than
the original level of phenol concentration in the cutting of various plants. Some of
the phenolic compounds which have been identified for root formation stimulators in
cuttings are catechol (Hackett 1970), phloretic acid (Jones and Hatfield 1976),
chlorogenic acid (Hammerschlag 1982), and phloroglucinol (James and Thurbon
1981; Zimmerman 1984). The amount of total phenol levels increased in the cuttings
of Protea cynaroides during root formation (Wu 2006). Rooting in plants has both
stimulatory as well as inhibitory results depending on the dose of phenolics. The root
stimulation causing range of phenol concentrations is usually narrow at lower levels,
while higher phenol concentrations affect root inhibition. The effects of phenolic
substances have been extensively studied in plant species which are difficult to root,
and the results concluded that difficult-to-root stem cuttings have endogenous
rooting inhibitors in higher amounts, which delay or inhibit root formation, com-
pared to easy-to-root stems which have high content of rooting promoters (Richards
1964; Fadl and Hartmann 1967; Taylor and Odom 1970; Biran and Halevy 1973;
Reuveni and Adato 1974). The phenolics are also linked to poor rooting of Protea
cuttings as these cuttings are inherently difficult to root. The effect of phenolics on
growth regulation has been assessed by dose response bioassay of aqueous stem
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extracts from P. cynaroides on lettuce seeds which suggested that phenolic
compounds are directly contributing to rooting inhibition and/or stimulation during
in vitro and in vivo propagation (Wu et al. 2007a, b).

Furthermore, the root stimulation by phenolic compound coumarins such as
caffeic, ferulic, and gallic acid at higher concentrations has been reported in many
plant cuttings individually (San Antonio 1952; Dhawan and Nanda 1982) or in
association with 3,4-dihydroxybenzoic acid in C. lanceolata (Zhiqun et al. 2002),
R. japonicus (Elzaawely et al. 2005), and Phytolacca spp. cuttings (Kim et al. 2005).
Moreover, salicylic acid individually has stimulatory effect for root initiation of
Phaseolus aureus cuttings (Kling and Meyer 1983). It can therefore be assumed that
this group “coumarin” of phenolic compounds has an important role to play in
regulating formation of roots, particularly in terms of stimulation. Phenolic
concentrations play pivotal role in the rooting of numerous plant species which
likely relates these compounds as endogenous promoters or inhibitors of adventi-
tious rooting.

Correlation between phenomenon of allelopathy and phenolic compound
concentrations has been reported in various plant species. 3,4-Dihydroxybenzoic
acid is a widespread and common allelopathic agent which can influence growth
during different plant developmental stages (Rice 1984). Phenolic bioassay reports
have widely suggested the root inhibition by 3,4-dihydroxybenzoic acid and some
other phenolic compounds present in plant species such as Arctostaphylos
glandulosa (Chou and Muller 1972), Chrysanthemum morifolium (Kil and Lee
1987), Pennisetum clandestinum and Cunninghamia lanceolata (Chou et al.
1987), Rumex japonicus (Elzaawely et al. 2005) and Vulpia myuros (An et al.
2000), Tilia americana (Morsink and Smith 1975), etc. However, Bär et al. (1997)
have reported that 3,4-dihydroxybenzoic acid has no observable effect on the root
growth of Kalanchoe cuttings at lower concentrations while root growth was
inhibited at higher levels.

Few studies have used in vitro conditions to determine the effects of plant-
extracted phenolics on root growth. In vitro studies on P. cynaroides (Wu et al.
2007a, b) explants suggested that the lower concentrations of 3,4-dihydroxybenzoic
acid has no observable effect, while stimulation of root growth was apparent when
the concentration reached 100 mg L�1 and 3,4-dihydroxybenzoic acid at higher
concentration (500 mg L�1) was toxic to the P. cynaroides explants, which was
clearly demonstrated by root inhibition and browning of explants. Nevertheless,
similar type of results in Nicotiana tabacum explants have been reported also
(Mucciarelli et al. 2000). Pellissier (1994) has reported that root formation is
stimulated by higher concentrations of 3,4-dihydroxybenzoic acid in Picea abies,
it can be concluded that 3,4-dihydroxybenzoic acid does play a primary role in root
formation, depending largely on its endogenous concentration which increases after
the cutting plantation and is maintained during the period of rooting. Until now,
change in concentration of 3,4-dihydroxybenzoic acid during rooting of cuttings has
not been reported.

Auxin induces root formation and is a known fact from more than half century.
The severe reductions are caused due to interactions between bioactive molecules
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(isoflavonoids like genistein, formononetin, and quercetin) and plant hormones
during commitment phase of root formation in in vitro root formation model of
legume M. truncatula. This effect is related to an auxin transport inhibition and/or
redox cell status regulation (Imin et al. 2006). Tannic acid and rutin are also
inhibitors of root formation (Still et al. 1976).

11.7 Plant Phenolics as Signaling Molecules

The interaction of plant with its environment is via secondary metabolites which are
often diffusible. The alteration in the physicochemical properties of soil by root
exudations is called rhizosphere (Hiltner 1904). The root exudates are used as
nutrient sources by the terrestrial organisms as these mostly include enzymes,
ions, and molecules rich in organic carbon (primary and secondary metabolites).
This environment with the soil exudates make ups a conducive zone for the survival
of microorganisms (Bertin et al. 2003). Also, the root exudates (secondary
metabolites) are mostly used by the selected organisms (commensals or pathogens)
as a source of chemotaxis. This chemical environment is favorable to the establish-
ment of various interactions in particular with symbiotic microorganisms.

11.8 Phenols in Signaling of Rhizobium/Legume Symbiosis

In the case of Rhizobium/legume mutualistic symbiosis, root exudates are
synthesized by the plant and diffused in soil (rhizosphere) in response to stress,
whether biotic or abiotic (Nicholson and Hammerschmidt 1992). These exudates
include phenolic derivatives in particular isoflavonoids and flavones (flavonoids)
and act as signaling molecules and are recognized (oxidation, position of the
substituent) by the nucleotide-binding and oligomerization domain D receptors of
the bacteria which in turn control nod (A, B, and C) gene expression and also Nod
factor (lipochitin oligosaccharide) production (Zhang et al. 2009).

Rhizobium/legume symbiosis induces the synthesis of various phenolic
derivatives for signaling and has been confirmed in various plants such as soybean
(Estabrook and Sengupta-Gopalan 1991), M. sativa (Savoure et al. 1994), Arachis
hypogea L. (Devi and Reddy 2002), peanut (Chakraborty and Mandal 2008; Mandal
et al. 2009), alfalfa (Dakora et al. 1993), Phaseolus vulgaris L. (Dardanelli et al.
2008), and Lotus subbiflorus Lag. (Prinsen et al. 1991). The interaction of bacteria
modifies the plant metabolite synthesis by inducing phenylalanine ammonia-lyase
gene expression, a major enzyme of the phenylpropanoid pathway (PHP) and a
major route for the synthesis of phenolic derivatives (Estabrook and Sengupta-
Gopalan 1991). The signals induced due to Nod factors, many secondary
metabolites, and cosubstrates (sinapoyl CoA feruloyl CoA) perceive signals for the
synthesis of enzymes for phenylpropanoid pathway (Zhang et al. 2009). Increased
synthesis of phenolic compounds such as cis- and trans-caffeic acid, p-coumaric
acid, trans- and cis-ferulic acid, chlorogenic acid, vanillic acid, etc. is due to the
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induction of Nod factors which results in the overexpression of phenylpropanoid
pathway enzymes (Van Rossum et al. 1995) and especially flavonoids such as
kaempferol, aglycone and medicarpin glucoside, formononetin, etc. (Dakora et al.
1993; Zhang et al. 2009; Devi and Reddy 2002).

11.9 Phenolics in the Actinorhizal Symbiotic Association

Some soil filamentous bacteria, microaerophilic or aerobic actinomycetes of genus
Frankia (Family Frankiaceae), are associated with eudicot angiosperm families
(Coriariaceae, Betulaceae, Casuarinaceae, Datiscaceae, Rhamnaceae, Myricaceae,
Rosaceae, and Elaeagnaceae) for the nitrogen fixation and are called as the
actinorhizal plants (Normand et al. 1988). The different strains have host specificity
abilities that allow to distinguish compatible or incompatible strains to the symbiosis
with a plant species (Huguet et al. 2005). The specificity of interaction seems here to
be related to the biosynthesis of specific phenylpropanoids and flavonoids (Hammad
et al. 2003). The increase or decrease of hydroxycinnamic acids (HCA) during
actinorhizal symbiotic associations is modulated by the inoculated bacterial strain
(Hückelhoven 2007). An increase of the HCA level limits and/or prevents the
symbiosis, while decrease of HCA biosynthesis facilitates the colonization of host
plant tissues by Frankia which is, being related to the modification for the produc-
tion of coumarins or lignin (lignin biosynthesis), a common mechanism of allowance
to regulate the bacterial penetration in plant tissues (Hückelhoven 2007).
Actinorhizal symbiosis has been studied in Frankia and Alnus (Hammad et al.
2003), Frankia and Myricaceae sp. (Popovici et al. 2011), etc.

11.10 Phenols as Signaling Molecules in AMF

In mycorrhizal symbiotic association first step is the recognition of signal molecules
between the two partners (plant roots and fungi). The beginning of interaction is by
perception of signal compounds (more precisely flavonoids) secreted by the plant
and specifically recognizable by the fungus (arbuscular mycorrhizal fungi). These
chemicals are present in high concentrations in roots and exudates of plants and they
can stimulate AMF growth. Due to the reactivity of these phenolic derivatives, there
is an initiation of interaction through recognition mechanisms of these signaling
molecules by the different partners allowing thus a molecular dialog.

Increase in the phenolic content or its derivatives due to mycorrhization have
been confirmed in plants such as date palm (Jaiti et al. 2008), Begonia (Selvaraj et al.
2008), Rudbeckia (Araim et al. 2009), Echinacea purpurea (Araim et al. 2009), etc.
The concentration of tannins is also increased in presence of AMF, and these tannins
contribute to different resistance-related mechanisms in plants against
microorganisms (Cheynier et al. 2013).
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11.11 Drought Stress

The “phenolic molecules” act as signal trigger leading to protective mechanisms
against drought stress in leaf cells (Akula and Ravishankar 2011). The plant
responds to ultraviolet radiations and drought stress by the accumulating flavonoids
and phenolic acids which act as sunshields and antioxidants (Nichols et al. 2015).
Under non-watered conditions, the rice plants often tolerate drought stress by
delaying the process of reduced leaf drying and delayed leaf rolling (Hu et al.
2006). Large amount of phenolic acids and flavonoids is synthesized in response
to cell-damaging oxidants during water stress in Triticum aestivum leaves, (Ma et al.
2014), rice (Quan et al. 2016), Brassica napus cultivar (Rezayian et al. 2018), and
tobacco plants (Torras-Claveria et al. 2012), high increase of quercetin and
kaempferol in drought-resistant tomato cultivars (Sánchez-Rodríguez et al. 2011),
and increase in some phenylpropanoids such asp-coumaric acid and caffeic acid
content in Maize (Alvarez et al. 2008). The mechanism of drought tolerance is
controlled by application of phenolic compounds exogenously such as SA which
strengthens drought tolerance inOryza sativa (Farooq et al. 2009),Hordeum vulgare
(Fayez and Bazaid, 2014), etc., but phenolic compound does vary among different
species (Akula and Ravishankar 2011). The drought stress induces metabolic
alterations and production of free radicals in flowers and leaves of Tridax
procumbens resulting in the shift of metabolic processes by triggering the biosyn-
thetic processes which increase the production of highly reduced phenolics for better
adaptation to drought stress and was confirmed by significant increase in the sucrose
content, total phenolics, and decrease of relative leaf water content, as these
phenolics prevented oxidative damage of the cells and also increased drought
tolerance (Gnanasekaran and Kalavathy 2017). The accumulation and increase of
flavonoids and phenolics during drought stress is proportional to drought resistance
levels. The drought tolerance ability via phenolic acids greatly varies among plant
genotypes (Sabar and Arif 2014). These phenolic compounds may be used as
suitable markers of stress at high level of drought.

11.12 Heavy Metal Stress

Heavy metals are defined as that group of elements having specific weights higher
than 5 g/cm3. A number of them (Cu, Co, Ni, Fe, Mo, Zn, Mn) are essential
micronutrients, and they are necessary for normal development and growth by
functioning in electron transfers, reduction-oxidation reactions, and other important
metabolic processes in plants. Metals which are considered nonessential (Hg, Pb, Cr,
Cd, etc.) are potentially highly toxic for plants (Sebastiani et al. 2004; Devi and
Prasad 1998; Rai et al. 2004). Large land areas are heavy metal (the main group of
inorganic contaminants) contaminated resulting from urban activities, agricultural
practices, and industry (Khan et al. 2000; Clemens 2001). The processes leading to
decrease in biomass, growth inhibition, toxicity, and death of plants have also been
correlated to the excessive concentrations of trace elements such as Cd, Hg, Co, Mn,
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Cr, Pb, Ni, and Zn (Zenk 1996). Physiological processes such as plant-water
relationship, mineral nutrition, N-metabolism, photosynthesis, respiration, and cell
elongation are also inhibited by heavy metals (Zornoza et al. 2002).

Heavy metal contamination results mainly from anthropogenic activities such as
mining and metal smelting menacing humans and whole ecosystems. Exposure of
humans and wildlife to heavy metals is through several pathways that may embed
contaminated food and drinking water, polluted soil health, and inhaling particulates
(Ikenaka et al. 2010; Qu et al. 2012). Gruca-Królikowska and Waclawski (2006)
stated that the principal reason for reduction in productivity of plants growing on
heavy metal-polluted regions is a significant reduction in the photosynthesis effi-
ciency, dependent to interference of photosynthetic pigment biosynthesis.

Stress conditions and different environmental factors enhance the phenolic com-
pound content and phenylpropanoid metabolism (Lavola et al. 2000; Grace and
Logan 2000; Díaz et al. 2001; Sakihama and Yamasaki 2002). High concentration of
phenolics is exuded by the roots of many plants when exposed to heavy metals
(Winkel-Shirley 2001). It has been reported that the biosynthesis of phenolic acids in
Triticum aestivum is induced in response to nickel toxicity, in Zea mays in response
to aluminum (Winkel-Shirley 2001), and in Phaseolus vulgaris when exposed to
Cd2+ (Díaz et al. 2001). Copper sulfate sprays increased the amount of phenolics in
Phyllanthus tenellus leaves (Bors et al. 1990). Lead (Pb) caused a significant
increase in the total amounts of phenols and flavonoids in wheat (Kaimoyo et al.
2008). Lead in the soil has the ability to complex other plant elements such as
phosphorus and both access for uptake by plant roots (Pazoki 2015).

The increase in the amount of phenolic compounds and their de novo synthesis
under heavy metal stress has been correlated with the increased activity of phenolic
acid metabolism enzymes. In contrast, some evidence indicates that the increase in
flavonoid concentration is mainly the result of conjugate hydrolysis and not due to de
novo biosynthesis of phenolics (Parry et al. 1996). Stress induces an increase in the
content of intermediates in lignin biosynthesis (soluble phenolics) and also some
anatomical changes which prevent cells against harmful action of heavy metals
(Díaz et al. 2001).

Phenolics, especially phenylpropanoids and flavonoids, can be oxidized by
peroxidase and act in the hydrogen peroxide scavenging, phenolic/POX/ASC sys-
tem against heavy metal contamination (Michalak 2006). Heavy metal toxicity
creates reduction of reactive oxygen species using Fenton reaction (typical for
transfer metals such as iron or copper) and autoxidation, mostly non-redox reactive
heavy metals such as cadmium and mercury block, essential functional groups in
biomolecules like proteins (by the inactivation of the SH groups in enzyme active
centers) and polynucleotides (Baranowska-Morek 2003; MithÖfer et al. 2004), and
substitution of essential metal ions by other incorrect ones in biomolecules (Rai et al.
2004; Schützendübel and Polle 2002). Phenolic compounds can act as metal
chelators within heavy metal stress (Michalak 2006).

These evidences suggest that plants respond to the heavy metal contamination by
phenolic metabolism. The decrease in dry weight might be due to decline in
photosynthesis and pigment contents stated by Okhi (1978), Joshi et al. (1999),
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and Sinhal (2005). However, the metabolic inducers of such effects are still
unknown (Kennedy et al. 2002).

11.13 Influence of Salinity Stress on Phenolic Acids

Among the different environmental constraints, salt stress is considered as an
important abiotic factor, limiting productivity and plant growth especially in semi-
arid and arid regions (Zhu 2001). The specific ion effect (salt stress) is thought to
have detrimental effects on plant physiology, nutritional imbalance, and redirection
of energy from growth to extracting pure water from the saline water and to
producing defensive chemicals or a combination of these different factors (Munns
and Tester 2008). The oxidative stress and disturbance in balance between the
elimination of reactive oxygen species (ROS) and rates of production is mainly
associated with the salt stress (Turkan and Demiral 2009; Tounekti et al. 2011).

Plants have evolved different defense systems to avoid the oxidative damage
caused by salt including overproduction of antioxidant metabolites which stop the
propagation of oxidative chain reactions. The abiotic/biotic stresses especially salt
stress conditions trigger response for the synthesis of polyphenols (Souza and
Devaraj 2010). Polyphenolic compounds such as flavonoids, phenolic acids,
anthocyanins, and proanthocyanidins are well-known antioxidant compounds hav-
ing powerful radical scavenging ability, and the prevention of stress-induced oxida-
tive damage by producing ROS scavenging agents is due to the increase in phenolic
content of plant tissues under salinity stress (Hichem et al. 2009; Bourgou et al.
2010). The ROS scavenging ability of plants mainly depends on the defense system
by antioxidants including non-enzymatic components (Cuin and Shabala 2008)
consisting of various secondary metabolites, such as hydrophilic phenolics and
flavonols, organic acids, lipophilic carotenoids, and water-soluble ascorbate, and
the enhancement of the phenolics metabolism leading to an increase in phenolic
compounds by inducing disturbances in the secondary metabolic pathways is con-
sidered one of the responses to abiotic stresses (Close and McArthur 2002; Ksouri
et al. 2007). The ROS produced in the course of salt stress are detoxified by several
antioxidants from the photosynthetic electron transport chain within the chloroplasts
(Tounekti et al. 2011). Under saline conditions, plants produce excess amount of
ROS as a result of oxidative stress, and if they are poorly protected, these reactive
molecules may damage macromolecules such as DNA, proteins, and membrane
lipids resulting in cell death.

Plants may vary widely in their phenolic contents and compositions, with both
genetic and environment affecting the type and level of these compounds (Awika
and Rooney 2004; De Abreu and Mazzafera 2005). Additionally, these compounds
are accumulated to response in the increases of ROS under salt stress (Dixon and
Paiva 1995; Roberts and Paul 2006; Julkunen-Tiito et al. 2015) by exhibiting
antioxidant activity in tissues to inactivate lipid-free radicals or prevent decomposi-
tion of hydroperoxides into free radicals (Krishnaiah et al. 2011; Agati et al. 2012;
Brunetti et al. 2013). Higher buildup of phenolics and flavonoids in the plant under
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salt stress may assist the plant to lighten the salinity-induced oxidative stress (Wahid
and Ghazanfar 2006). Increase in phenolic content in different tissues under increas-
ing salinity has been reported in Cakile maritima leaves (Ksouri et al. 2007);
Artichoke leaves (Hanen et al. 2008); red matured paper fruits (Navarro et al.
2006); mangrove plants (Parida et al. 2004); Oryza sativa (Minh et al. 2016); virgin
olive oil (Ahmed et al. 2009); Cordyline fruticosa leaves (Plaza et al. 2009); Cynara
cardunculus leaves (Hanen et al. 2008), hyacinth bean leaves (Souza and Devaraj
2010), Echinacea angustifolia roots (Montanari et al. 2008); salt-tolerant Medicago
ciliaris line leaves and roots (Salah et al. 2011); Zea mays and Saccharum
officinarum (Wahid and Ghazanfar 2006); and H. pruinatum plantlets (Caliskan
et al. 2017). Based on these studies, we can say that in plant tissues enhanced
phenolic production is good indicator for salt resistance under salt stress conditions.
The decrease in phenolic content of the aforesaid plant species in response to salt
treatments could probably be due to their sensitivity to saline.

Ferulic acid and p-coumaric acid might play a certain role in salinity tolerance
mechanism as accumulation of p-coumaric acid assists to decrease oxidative pres-
sure by expressing high radical scavenging activity due to its hydroxyl nature
(Jamalian et al. 2013). Ferulic acid strengthens plant cell wall and helps in the
overall cell elongation under osmotic stress (Wakabayashi et al. 1997a, b). Besides,
ferulic acid copes with dehydration stress by decreasing lipid peroxidation due to
activation of antioxidant enzymes and increasing proline and soluble sugar content
(Li et al. 2013).

However, decrease in total carotenoids and flavonoids content in Calendula
officinalis (Khalid and da Silva 2010) and total phenolic content in radish sprouts
(Yuan et al. 2010) and Nigella sativa (Bourgou et al. 2010) has been also reported.
Salt-resistant varieties and species accumulate differential fractions of phenolic
compounds, i.e., phenolic acids and flavonoids as an adaptation to contrasting
salinities (Mahmoudi et al. 2010).

11.14 Temperature Stress

Most plants suffer from both biochemical and physiological damage by exposure to
lower or higher temperatures than for optimal growth (Lyons 1973; Grace et al.
1998). The results of these injuries are reflected in most metabolic processes
(Anderson et al. 1994; Prasad et al. 1994a, b), such as reduced growth capacity of
the crops thereby lowering commercial yield (Wang 1982). Plant growth is stunted
by heat and cold stress as these induce the production of soluble phenolics such as
phenylpropanoids and flavonoids which in turn increase phenylalanine ammonia-
lyase (PAL) activity, and against stress it is considered as one of the main lines of
cell acclimation in plants (Nozolillo et al. 1990; Christie et al. 1994, b; Dixon and
Paiva 1995; Bharti and Khurana 1997; Kacperska 1993; Levine et al. 1994; Leyva
et al. 1995). The development of acclimated mechanisms has been reported by
Rivero et al. (2001) in tomato and watermelon plants as they accumulate phenolic
compounds which may act as manipulating factors to trigger acclimated mechanisms
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in plants under temperature stress. Phenols are oxidized by polyphenol oxidase
(PPO) and peroxidase (POD) which catalyze the oxidation as well as hydroxylation
of monophenols (Vaughn and Duke 1981; Shöderhäll 1995; Thypyapong et al.
1995; Lafuente and Martınez-Tellez 1997). The response to different types of stress,
both abiotic and biotic enzymes, results in enzyme increase (Pandolfini et al. 1992;
Kwak et al. 1996, b; Smith-Becker et al. 1998; Ruiz et al. 1998, 1999). Polyphenol
oxidase (PPO) and peroxidase (POD) enzymes have been specifically related to the
appearance of physiological injuries caused in plants by thermal stress (Lyons 1973;
Grace et al. 1998; Leyva et al. 1995; Lafuente and and Martınez-Tellez 1997; Cohen
et al. 1988; Ke and Salveit 1988).

Phenolic compounds (SA, ASA, SSA) significantly enhanced plant growth
attributes, i.e., plant height, number of branches, number of leaves, root and shoot
length, and total dry biomass of plant at different growth stages. The ability of SA
which ameliorates the adverse effects of cold stress has significant implications in
increasing the plant growth and development. Among the phenolic compounds, SA
is most effective in low-temperature stress conditions followed by ASA and then
SSA as foliar application of these phenolics increased the level of cell division by
stimulating the mitotic system of the apical meristem in tomato seedling roots which
caused an increase in plant growth (Orabi et al. 2015). Similar reports about SA
application which enhanced growth under low-temperature stress conditions have
been reported by AOAC (1990), Boroum and Jazi et al. (2011), and Khandaker et al.
(2011) in plants Brassica napus and Amaranthus tricolor; Orabi et al. (2015) in
tomato; Saltveit and Morris (1990) in watermelon; Imami et al. (2011) in chickpea;
and Gharib (2006) in basil. Hussein et al. (2007) and Hayat et al. (2010) also reported
increased productivity due to an improvement in growth attributes with the applica-
tion of sulfosalicylic acid and SA under stress conditions in maize plants. Król et al.
(2015) demonstrated that phenolic acids and total content of phenolics, antioxidant,
and reducing power activity decrease in the leaves of Vitis vinifera under long-term
cold stress as some elements of the secondary metabolism in plants slow down
during long-term cold stress.

Rodriǵuez et al. (2015) has reported that extreme temperatures affect the photo-
synthetic activity and yield of B. oleracea cultivars by causing oxidative stress. The
modification in the phenolic compound composition during low temperature-
induced stress has been reported in different anatomical parts of Pisum sativum
(Rudikovskaya et al. 2008), rapeseed (Solecka et al. 1999; Solecka and Kacperska
2003; Stefanowska et al. 2002), soybean (Janas et al. 2000, b), maize (Christie et al.
1994, b), elderberry (Thomas et al. 2008), winter wheat (Olenichenko et al. 2006),
Ammopiptanthus mongolicus (Liu et al. 2007), and Cotinus coggygria (Oren-
Shamirand Levi-Nissin 1997).

Khan et al. (2015) reported significant decrease in content of lycopene and
β-carotene under low-temperature stress in tomato, while phenolic compounds
such as SA significantly enhanced the content of these non-enzyme antioxidants
(Hafeznia et al. 2014, Huang et al. 2008). Salicylic acid can activate lycopene
biosynthesis pathway by upregulating the encoding of enzymes relating to lycopene
level during fruit development. Plants also synthesize lipophilic antioxidant known
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as α-tocopherol or vitamin E which acts as scavenger of free radicals in combination
with other antioxidants (Massacci et al. 2008). Munne-Bosch and Dixon (2003)
reported that α-tocopherol helps in membrane stabilization and alleviates tolerance
of plants during oxidative stress caused by the temperature.

11.15 Phenolics in Wounding and Hyperoxia

It is well-known that wound healing is induced by the production of suberin and
lignin during wounding stress (Rittinger et al. 1987). Lignin is composed of
monolignol residues that are synthesized from hydroxycinnamic acid precursors
such as FA (Boerjan et al. 2003). FA is synthesized at the similar rate as it is utilized
for suberin and lignin synthesis.

Phenolic oxidation usually occurs because of wounding (tissue damage) which
immediately activates both enzymes (NADPH oxidase, SOD), NADPH oxidase
generates superoxide radical (O2

•�), and SOD transforms superoxide radicals into
transformed H2O2. These ROS (O2

•� and H2O2) act as a signal that increase the
mitochondrial respiration rate in the wounded tissue (Mittler 2002;Murphy and
DeCoursey 2006) inducing a subsequent oxidative burst in shredded carrots
(Jacobo-Velázquez et al. 2011) and potato tubers (Razem and Bernards 2003). The
lower H2O2 detoxification ability also induces higher PC (Jacobo-Velázquez et al.
2011). ROS activate plant defense genes and play a major role in plants subjected to
environmental stresses (Dixon and Paiva 1995; Chen et al. 2008).

ROS induce PAL activation which accumulates phenolic compounds during
stress induced by wounding and hyperoxia in carrots (Jacobo-Velázquez et al.
2011). The accumulation of total PC intensifies with increasing wounding intensity
and hyperoxia stress. Hyperoxia increases PAL activity and respiration rate and
accumulates higher concentrations of H2O2 at the wound site which induces activa-
tion of the phenylpropanoid metabolism, thereby accumulating soluble phenolics
associated with oxidative cross-linking of suberin poly(phenolics) (Razem and
Bernards 2003). This increase of PAL activity and total phenolic content increases
the ROS concentration, thereby increasing the respiration rate of the tissue (Mittler
2002; Murphy and DeCoursey 2006) which partially inhibits the ascorbate peroxi-
dase (APX) activated by wound induction and catalase (CAT) by chemical signaling
(extracellular ATP). As ROS higher levels are toxic for plant cells, CAT and APX
activities increase to finely tune ROS levels (Mittler 2002).

During the wounding stress process, cell disruption occurs inducing the liberation
of cytosolic ATP into the extracellular matrix. This chemical signal synthesized at
wounding site diffuses from the injury site into adjacent cells where it is recognized
by its receptor at the plasma membrane. Once ATP binds to its receptor, the cytosolic
Ca2+ concentration is increased, triggering the NADPH oxidase activation and thus
O2

•� production (Song et al. 2006; Kang and Saltveit 2003). This signal may be
partially removed from the site of injury by the water dips which in turn decreases
PAL activity and signaling compounds that trigger the NADPH oxidase-mediated
O2

•� and wound-induced activation of PAL (Song et al. 2006). The exact nature of
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the wound signal that activates PAL remains unknown (Jacobo-Velazquez et al.
2011).

Similar reports on higher accumulation of phenolic compounds in hyperoxia-
treated blueberries (Zheng et al. 2003), strawberries (Ayala-Zavala et al. 2007), and
Chinese bayberries (Yang et al. 2009) suggest that both stresses, wounding and
hyperoxia, may induce the activation of the phenylpropanoid metabolism through a
common signal. An increase in phenolic content has also been observed in poplar
and oak trees in response to wounding (Hammerschmidt and Schultz 1996).

The stress-induced production of phenolics resulted in an enhancement of the
AOX (antioxidant capacity) value in fruits and vegetables (Heo et al. 2007). Each
phenolic compound has a particular AOX based on its chemical structure; the AOX
value of fruits and vegetables not only depends on their total PC, it is also affected by
their phenolic profiles (type of phenolics present and their relative amounts or
proportions) (Rice-Evans et al. 1996; Jacobo-Velázquez and Cisneros-Zevallos
2009). The increased PC amounts generated by wounding and hyperoxia stresses
also result in enhancement of their AOX values.

The application of wounding and hyperoxia stresses accumulated phenols such
as3-O-caffeoylquinic acid (3-CQA), FA (ferulic acid), 3,5-dicaffeoylquinic acid
(3,5-diCQA), and 4,5-dicaffeoylquinic acid (4,5-diCQA) in carrot tissue (Clifford
et al. 2003). The concentrations of CQAs during stress in carrot tissues have been
found higher as compared to coffee beans and artichoke (Ky et al. 1997; Lattanzio
et al. 2009).

11.16 Role of Phenolics in Plant Architecture and Auxin
Transport

The plant phenolics act as chemical messengers or internal physiological regulators,
and there effects are associated with the growth hormone auxin (IAA). The func-
tioning of IAA oxidase is destroyed by the enzyme peroxidase in which monohy-
droxy B-ring flavonoids act as its cofactor while IAA-degrading activity is inhibited
by dihydroxy B-ring forms (Stafford 1991; Mathesius 2001). The inhibition of the
IAA transport through plasma membrane is also implicated by the binding of these
two monohydroxy and dihydroxy flavonoids to receptor of N-1-naphthylphthalamic
acid (NPA) protein. NPA is a synthetic compound, which probably binds a regu-
latory protein that is associated with the transmembrane efflux of IAA anions
mediated by carrier. Some flavonoids, such as apigenin, kaempferol, and quercetin,
also block the polar auxin transport in the plasma membrane of plant cell by
competing with the NPA receptor of IAA. However, these flavonoids do not
compete directly with IAA receptor but act through their own receptor of NPA.
These effects upon auxin transport could influence plant architecture. The studies on
flavonoid defective mutants have shown a wide range of alterations to shoot and root
development which confirms the link between flavonoids and the plant architecture
(Murphy et al. 2002; Buer and Muday 2004; Imin et al. 2006; Peer and Murphy
2007; Buer and Djordjevic 2009).
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11.17 Role of Phenolics in Pollen Development and Sterility

The role of Phenolic derivatives (flavonoids) in functional pollen development has
been confirmed in Zea mays and Petunia mutants. The functionality of pollens in
gymnosperms and angiosperms (monocots and dicots) has been correlated with the
flavonol requirements of the pollens which suggest that it might have arisen in early
ancestors of land plants (Mo et al. 1992; Van der Meer et al. 1992; Ylstra et al. 1996;
Taylor and Grotewold 2005).

11.18 Role of Phenolics in Nyctinasty

The phenolic derivatives (p-coumaroyl moiety) as an endogenous bioactive sub-
stance play its role in nyctinastic leaf movement (Ueda and Nakamura 2010).
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Abstract

Abiotic stress has become a major risk to food security and is predominantly the
leading cause of extensive crop and agriculture produce loss worldwide. It has
been estimated that about 50% of major agriculture produce is lost due to various
abiotic stress factors. Plants perceive risk alarm by virtue of their receptors and
activate protective mechanism to sustain against abiotic stresses. These protective
mechanisms include accumulation of protective metabolites such as phenolics,
terpenes and alkaloids, out of which phenolics play a vital role in the survival of
the plant under various abiotic stresses. Enhanced synthesis of phenolics assures
the survival, persistence, endurance and competitiveness of the plant against
abiotic stress.
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12.1 Introduction

Biologically, stress can be defined as a temporary or permanent aberration in the
natural development, function and physiology of plants which could be detrimental
and has the ability to impose irreversible harm to the plant system. This stress can be
classified under two broad categories, viz. biotic and abiotic. Biotic stress occurs as a
result of damage done by living organisms like virus, bacteria, fungi and insects,
whereas abiotic stress is due to nonliving factors such as temperature, drought,
salinity, light and heavy metal toxicity. These factors adversely influence plant
development and crop productivity. Abiotic stress has become a major risk to food
security and is predominantly the leading cause of extensive crop and agriculture
produce loss worldwide (Boyer 1982; Bray et al. 2000). It has been estimated that
about 50% of major agriculture produce is lost due to various abiotic stress factors
(Boyer 1982; Bray et al. 2000). Every plant species has a peculiar way to acclimate
under specific abiotic stress. Various biochemical, molecular and physiological
processes align themselves in order to enable the plant to deal with a specific stress
condition which in turn determines the growth and yield of the plant (Devi and
Prasad 1998). In this chapter, we have comprehensively reviewed how phenolic
compounds act as protective companion to various types of abiotic stresses, viz.
heavy metal stress, temperature stress, salinity stress, light stress, drought stress and
mineral stress.

12.2 Phenolic Compounds and Abiotic Stress

Phenolic compounds are vast group of secondary metabolites and play a crucial role
in plant defence mechanism as these compounds possess strong antioxidant
properties. Antioxidant properties of these compounds help the plant to scavenge
the reactive oxygen species (ROS) generated during the abiotic stress. A large
number of researchers have reported that there is an accumulation of phenolic
compounds whenever plant faces stress conditions. For example, it was stated by
Janas and co-workers (2010) in dark-grown lentil roots that under Cu2+ stress, ROS
could serve as a common signal for accumulation of total phenolic compounds. In
another example, transgenic potato plant with an elevated concentration of
flavonoids showed enhanced antioxidant capacity (Lukaszewicz et al. 2004). Fur-
ther, drought stress, light stress, temperature stress, etc. also showed the accumula-
tion of phenolics and helped the plant to acclimatize in stress condition.

12.3 Abiotic Stress Elicitor

Abiotic elicitation is the signalling process in which phytochemicals or metabolites
are synthesized in response to physical or chemical stimulant (Owolabi et al. 2018).
Abiotic stimulants or elicitors are the substances of nonliving source which includes
physical factors like pH, heavy metals, salt stress, water deficiency, high or low light
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intensity, high or low temperature and mineral deficiencies (Veersham 2004). These
abiotic stress elicitors along with phenolic as protective compounds are detailed
below.

12.4 Heavy Metals

Heavy metals are one of the major abiotic stress factors that cause various biochemi-
cal and molecular changes within the plants. By definition, heavy metals are a group
of elements having a specific weight higher than 5 g/cm3. These are classified into
two major groups, viz. essential and non-essential heavy metals. Essential heavy
metals are composed of cobalt, iron, manganese, molybdenum, nickel, zinc and
copper, as these are necessary for growth and cofactors of various metabolic
enzymes and participate in several electron transport chain reactions within the
plant system. The non-essential heavy metal group is composed of lead, cadmium,
chromium, mercury, antimony, selenium, etc. that are toxic to the plant system (Rai
et al. 2004; Khan et al. 2000; Clemens 2001).

Heavy metals are identified as major inorganic, persistent and non-biodegradable
group of elements having severe mutagenic and cytotoxic effects on plants (Rascio
and Navari-Izzo 2011; Hall 2002; Farid et al. 2013). Due to the unsupervised and
rapid expansion of industries, urban activities, metal-contaminated waste disposal
and intensive agricultural practices, a very large section of usable land has come
under heavy metal contamination (Zenk 1996; Zornoza et al. 2002). Plants uptake
heavy metals through their root systems which are later transported and immobilized
inside the cell walls by the apoplastic system (Ciriakova 2009). Based on physiolog-
ical and chemical properties, the harmful actions of these heavy metals are classified
under three broad categories: (a) reactive oxygen species (ROS) generation by
autoxidation and Fenton reaction, (b) inactivation of essential metabolic enzymes
by blocking their active sites through covalent modifications of the amino acids
present in them and (c) metal ion substitution from biomolecules (Schutzendubel
et al. 2002). After entering the plant system, they cause inhibition and retardation of
physiological processes like photosynthesis, respiration, cell division, cell elonga-
tion, nitrogen metabolism, mineral nutrition and plant-water relationship (Ciriakova
2009; Sytar et al. 2013). Toxicity concentration of heavy metal and site of action or
stage of action are summarized in Table 12.1. Heavy metals induce the generation of
reactive oxygen species (ROS) like hydroxyl free radicals (OH�), superoxide free
radicals (O2

�) also non-free radicals like singlet oxygen (O2�) and hydrogen perox-
ide (H2O2) and cytotoxic compounds like methylglyoxal which causes oxidative
stress by disturbing the antioxidant homeostasis in the plant cell (Zengin and
Munzuroglu 2005; Hossain et al. 2012; Sytar et al. 2013). This disturbance in
homeostasis leads to several repercussions like protein and lipid oxidation, ion
leakage from cells through damaged membranes and DNA and RNA damage, finally
leading to programmed cell death (Farid et al. 2013; Rellan-Alvarez et al. 2006;
Hatata and Abdel-Aal 2008; Zengin and Munzuroglu 2005; Sharma et al. 2012;
Flora 2009; Valko et al. 2005).
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Table 12.1 Major heavy metals along with their toxic effects on plant system

Sr.
no.

Heavy
metal Toxicity Reference

1 Chromium Toxic to majority of higher plants at
100 μM/kg plant tissue dry weight.
It has an indirect influence on soil
pH making it both acidic and
alkaline. During the early stages of
plant development, it inhibits cell
elongation and division leading to
reduction in dry matter production
and yield

Hawley et al. (2004), Nematshahi
et al. (2012), Shanker et al. (2005)

2 Aluminium Toxic at a concentration of about
2–3 μg/g soil at soil pH below 5.5.
It hinders root growth and
respiration nutrient uptake leading
to acute mineral deficiency in the
plant. It also causes reduction in
stomatal aperture and hampers
photosynthetic activity

Ma et al. (2001), Steiner et al.
(2012), Vardar and Unal (2007),
Bennet et al. (1985)

3 Manganese It causes decreases in CO2
assimilation and chlorophyll
depletion leading to crinkling,
chlorosis of leaves and black specs
on stem

Schubert (1992), Rezai and
Farboodnia (2008), Izaguirre-
Mayoral and Sinclair (2005)

4 Nickel Toxicity ranges from 25 to 246 μg/
g dry weight of plant tissue. It has
the ability to compete with various
cations like Zn+2 and Fe+2

preventing their absorption, thus
causing their deficiency which
ultimately results in germination
inhibition and seedling growth
retardation

Khan and Khan (2010), Aydinalp
and Marinova (2009), Sethy and
Ghosh (2013)

5 Copper Excess copper links to the
sulfhydryl groups of cell membrane
proteins and causes membrane lipid
peroxidation resulting in membrane
damage and free radical production

Yruela (2009), Doncheva and
Stoyanova (2007), Chen et al.
(2000)

6 Zinc Toxicity concentration from 150 to
300 μg/g soil. Excess zinc produces
ROS which alters membrane
permeability. It hampers
photosynthetic efficiency and
functionality by reducing the
content of various essential
photosynthetic pigments and
inhibiting photosystems

Hosseini and Poorakbar (2013),
Vassilev et al. (2011), Mirshekali
et al. (2012), Tsonev and Lidon
(2012), Truta et al. (2013)
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12.5 Phenolic as a Protective Companion

In order to protect the plant against ROS produced as a result of heavy metal stress,
plants employ a non-enzymatic defence mechanism which is composed of phenols
and flavonoids. Under copper stress in red cabbage, phenolic compounds served as
an effective line of defence (Posmyk et al. 2009). Some phenolic compounds that
serve as precursors of flavonoids and lignin have been found to be important
antioxidants and can scavenge harmful ROS. Polyphenols also serve as antioxidants
by donating their electron to guaiacol-type peroxidases; these enzymes detoxify
H2O2 produced under heavy metal stress (Sakihama et al. 2002). Phenolic com-
pound accumulation was observed by Shemet and Fedenko (2005) in maize roots
under cadmium stress. This induction of phenolic metabolism under heavy metal
stress can be due to increase in phenylalanine ammonia lyase activity
(Schutzendubel et al. 2001). Similarly, when the roots of Panax ginseng were
cultured and exposed to copper sulphate, a significant upregulation of enzymes
responsible for flavonoids and other phenol biosynthesis was observed (Ali et al.
2006). List of various phenolic compounds and their potential to combat heavy metal
toxicity is summarized in the Table 12.2.

There is a satisfactory information that advocate crucial functions of
non-enzymatic and enzymatic antioxidants under heavy metal stress. Molecules
like flavonoids and phenols constitute the major group of non-enzymatic
antioxidants. There is a need to explore various signalling pathways operating
under heavy metal stresses, crosstalk between these pathways and involvement of
various phytohormones. Numerous molecular switches that are regulated to protect
the plant under heavy metal stress need to be explored. Several questions like thiol
regulation during stress, gene expression studies of various pathways involved in
production of various phenolic compounds and phenolic contents in various crop
species that grow well under heavy metal stress are yet to be answered.

12.6 Temperature Stress

Every plant species prefer a particular ambient temperature for their growth and
development, and a slight deviation from this temperature optima adversely affects
the plant growth potential. This temperature deviation results into the physiological,
biochemical and molecular changes within the plants and makes the plants sturdy to
maintain the cellular homeostasis and allow growing under such adverse environ-
ment. Both high and low temperature create stressful condition for plants to maintain
the normal growth and development and referred as temperature stress.

A set of temperature range, which is optimum for one species, can be stressful for
others. Therefore, a temperature range below which plant’s normal growth and
development process become restricted can be referred as low temperature stress.
Generally, plant feels cold or chilling stress at temperature ranging from 0 to 15 �C.
This cold stress creates either chilling or freezing or both to the plants. Chilling
injury happens at temperature above the freezing point of water and can be

12 Phenolics as Plant Protective Companion Against Abiotic Stress 281



Table 12.2 Phenolics as plant protective companion against heavy metals

Plant/crop

Heavy
metal
elicitor Phenolic compound

Mode of action/
signalling References

Glycine max HgCl2 Glyceollins,
trihydroxypterocarpan
(THP) precursor of
glyceollin

Presence of HgCl2
increased the rate of
synthesis and decrease
rate of hydrolysis of
glyceollins

Moesta and
Grisebach
(1980),
Yoshikawa
(1978)

Lupinus
albus

CuCl2 Genistein,
2-OH-genistein

CuCl2 leads to an
increase in the amounts
of genistein and
20-hydroxygenistein
monoprenyls in root
tissues, and a major
increase in all
isoflavonoids was
observed in the exudates

Gagnon and
Ibrahim
(1997)

Medicago
sativa

CuCl2 Medicarpin, vestitol,
sativan, (medicarpin
3-O-glucoside-6'-O-
malonate (MGM),
formononetin 7-O-
glucoside-6”-O-
malonate (FGM)

Elevation in the
concentration of
phenolic compounds
was observed both in
roots and leaves under
CuCl2 presence

Dewick and
Martin
(1979),
Parry et al.
(1994)

Pisum
sativum

CuCl2 Pisatin CuCl2 elicits the
accumulation of pisatin
and other phytoalexins

Nasu et al.
(1992)

Trifolium
repens

HgCl2 Medicarpin HgCl2 leads to oxidation
of free sulfhydryl groups
of some key membrane
proteins leading to their
structural alteration.
This causes Ca+2 influx
which further results in a
significant elicitation of
phytoalexins like
medicarpin

Devlin and
Gustine
(1992)

Trifolium
pratense

CuCl2 (�)-Maakiain,
formononetin

Copper ions trigger
defence reactions and
cause cell membrane
disintegration leading to
the release of
isoflavonoid
phytoalexins

Tebayashi
et al. (2001)

Brassica sp. CuCl2 Indole phytoalexins CuCl2 induces the
indole phytoalexins

Rouxel
et al. (1991)

Daucus
carota

CuCl2,
HgCl2

6-Methoxymellein Treatment of carrot cells
with HgCl2 triggers a
hypersensitive reaction
leading to their death.

Marinelli
et al.
(1991),

(continued)
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Table 12.2 (continued)

Plant/crop

Heavy
metal
elicitor Phenolic compound

Mode of action/
signalling References

This causes the release
of the endogenous
elicitors present in them,
which in turn induces
the production of
phytoalexins like
6-methoxymellein in
their neighbouring alive
tissues or cells

Guo et al.
(1993)

Sorbus
aucuparia

CuCl2 Aucuparin Treatment of Rosaceae
leaves by copper ions
leads to production of
several phytoalexins like
aucuparin

Kokubun
and
Harborne
(1994)

Helianthus
tuberosus

CuCl2 7-OH-Coumarines CuCl2 induces the
release of endogenous
elicitors following
cellular damage

Cabello-
Hurtado
et al. (1998)

Oryza sativa CuCl2 Sakuranetin, volatiles Copper increases the
levels of various plant
secondary metabolites
like sakuranetin through
induction of jasmonic
acid

Rakwal
et al.
(1996),
Obara et al.
(2002)

Brassica
oleracea
L. var.
rubrum

CuSO4 Anthocyanin, sinapoyl
esters

There was an enhanced
accumulation of
anthocyanins and
sinapoyl esters in red
cabbage seedlings under
Cu+2 stress

Posmyk
et al. (2009)

Lens
culinaris

CuSO4 Flavonoids,
hydroxycinnamic esters
(ferulic acid and
p-coumaric acid)

A higher accumulation
of these phenolics was
found in vacuoles and
cell walls and may be
involved in the
scavenging of ROS
produced due to copper
stress

Janas et al.
(2010)

Matricaria
chamomilla

NiCl2 Soluble phenolics and
flavonoid

Enhancement of
phenolic metabolite
accumulation was due to
high activities of the
enzymes like
phenylalanine ammonia
lyase and shikimate
dehydrogenase which
are the pivotal enzymes
in phenylpropanoid
metabolism

Kovacik
et al. (2009)

(continued)
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Table 12.2 (continued)

Plant/crop

Heavy
metal
elicitor Phenolic compound

Mode of action/
signalling References

Nymphaea Cd
(NO3)2,
CrO3,
Pb
(NO3)2,
HgCl2

Polyphenols mainly
hydrolysable tannins,
tannic acid derivatives
and gallic acid

Under heavy metal
stress, polyphenols
accumulate in the
epidermal glands of
Nymphaea leaf lamina.
Polyphenols lead to
sequestration of heavy
metals in the epidermal
glands

Lavid et al.
(2001)

Panax
ginseng

CuSO4 Flavonoids Cu+2 induces the
synthesis of polyphenols
by increasing the
activities of four major
enzymes in polyphenol
biosynthetic pathway

Ali et al.
(2006)

Vaccinium
myrtillus L.

Zn, Pb,
Cd

Flavones, flavonols and
anthocyanins

The protective
mechanisms of these
phenolics are based on
their antioxidant
property which allows
them to scavenge free
radicals produced due to
metal ions and their
metal chelating ability

Bialonska
et al. (2007)

Erica
andevalensis

CdSO4 Cinnamic acid derivate Cadmium toxicity leads
to increase in the levels
of total phenolics,
flavonoid compounds
and total antioxidant
capacity

Marquez-
Garcia et al.
(2012)

Epicatechin

Rutin

Brassica
juncea

HgCl2 Total phenols There was an
enhancement in total
phenols due to heavy
metal stress. They also
serve as metal chelators
with ROS scavengers

Singh and
Malik
(2017)

Zea mays CuSO4,
Pb
(NO3)2,
CdCl2

Cinnamic acid,
chlorogenic acid, ferulic
acid, caffeic acid,
vanillic acid and rutin

Concentration of all the
phenolic compounds
increased under Cd, Cu
and Pb toxicity, thus
helping the plant to
overcome stress

Kisa et al.
(2016)
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reversible, but prolonged exposure can lead to cell death. Freezing injury occurs at a
temperature below freezing point of water. Intracellular ice crystals forms, which
grow and finally resulted into cell disruption. Ice crystal forms in the apoplastic
region of the cell. These ice crystals create a water potential difference between
apoplastic region and cytoplasmic region. As a result, water moves from cytoplasm
to apoplastic region and adds to existing crystals and thus creates big ice crystal
which ultimately ruptures the plant cell (Olien and Smith 1997) and ultimately leads
to cell death.

Temperature above the optimum range creates stressful condition for plant to
survive and grow. It was estimated that there may be approximately 17% yield losses
for every degree increase in temperature above the average growing season temper-
ature (Lobell and Asner 2003). Heat stress results into decreased seed germination,
reduction in photosynthesis, changes in plant phenology, oxidative stress, poor
quality of seeds and ultimately reduced crop yield. High temperature decreases
enzyme activity and less functional proteins. At higher temperature, plant’s photo-
synthetic machinery gets inhibited resulting into the production of reactive oxygen
species, which further damage the plant structures.

Both high and low temperature generates cellular reactive oxygen species (ROS),
and these ROS damage photosynthetic machinery, cellular compartments, etc. and
damage the cells (Asada 2006; Hasanuzzaman et al. 2013). Moreover, temperature
stress abolishes water potential gradients and creates dehydration stress. To combat
with dehydration stress generated by temperature, plant accumulates primary
metabolites as osmoprotectants such as proline, glycine betaine and soluble sugars
which maintain cell water balance and provide the buffering capacity to cell redox
potential (Sakamoto and Murata 2000). Plants also activate the antioxidative
machinery against ROS. This machinery includes various antioxidative enzymes
and antioxidants, which scavenge the ROS and provide defence against them (Balla
et al. 2009).

During the stress condition, to balance the energy, plants shift their primary
metabolism towards secondary metabolism and synthesize some high-molecular-
weight secondary plant products, known as secondary metabolites (Selmar and
Kleinwächter 2013). These secondary metabolites include terpenes, phenolics and
alkaloids. These secondary metabolites get accumulated during the temperature
stresses and provide the stress tolerance capacity to plants.

12.7 Phenolic as Protective Companion

Plant phenolics are the secondary compounds that contain a phenol group and
mainly synthesized by shikimic acid pathway. Flavonoids, lignins, tannins,
anthocyanins, etc. are few broad classes of phenolics. Temperature stress acts as
elicitor for the increased synthesis of phenolics and imparts tolerance to cold stress
and also increases the nutraceutical value in fruit crops (Rana and Bhushan 2016)
(Table 12.3). During cold stress, these phenolics get accumulated in plants and
subsequently incorporated in cell wall either as lignin or as suberin and protect
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Table 12.3 Phenolics as plant protective companion against temperature stress

Plant/crop
Temperature
elicitor Phenolic compound

Mode of action/
signalling (flow
diagram can be
given) Reference

Tomato
(Lycopersicon
esculentum)
and
watermelon
(Citrullus
lanatus)

Cold and
heat stress

Total soluble
phenols

Total soluble
phenols get
accumulated under
temperature stresses
through the
induction of their
biosynthesis and
their reduced
oxidation

Rivero et al.
(2001)

Grapevine
roots (Vitis
vinifera L.)

Low-
temperature
stress
followed by
recovery
period

p-Coumaric acid,
caffeic acid and
ferulic acid

The content of the
phenolics gets
decreased during
the chilling period
but significantly
increased after the
recovery from the
stress

Weidner
et al. (2009)

Maize (Zea
mays L.)

Low-
temperature
stress

Phenylpropanoid
and anthocyanin

Leaf sheath of
maize seedling
showed increased
production of
anthocyanin under
short-term
low-temperature
treatment. This
increase was
correlated with
transcript
abundance of PAL
and chalcone
synthase

Christie
et al. (1994)

Apple fruits
(Malus
domestica)

Cold stress Catechin,
epicatechin,
procyanidins,
chlorogenic acid, p-
coumaroylquinic
acid, quercitrin, etc.

Apple peel and pulp
behaved differently
in terms of
phenolics
accumulation under
cold storage
condition. Phenolic
content increased in
peel under cold
storage condition

Perez-
Ilzarbe et al.
(1997)

Tomato
(Solanum
lycopersicon)

Heat stress Kaempferol, 3-O-
glucoside,
naringenin,
naringenin chalcone,
quercetin-
3-hexoside

Phenolic
compounds get
accumulated under
heat stress and help
the plant to protect
from oxidative
damage

Martinez
et al. (2016)

(continued)
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Table 12.3 (continued)

Plant/crop
Temperature
elicitor Phenolic compound

Mode of action/
signalling (flow
diagram can be
given) Reference

Carrot
(Daucus
carota L.)

Heat stress Coumaric acid,
caffeic acid and
anthocyanins

The phenolic
metabolites
protected
microfilaments
cytoskeletons from
reactive oxygen
species generated
during heat
episodes, and plants
showed less heat
damage under
carrot cell culture

Commisso
et al. (2016)

Grapevine
(Vitis vinifera)

Low-
temperature
stress

Gallic acid, caffeic
acid and ferulic acid

Low-temperature
stress reduced the
total phenolics, but
some individual
phenolics like gallic
acid, caffeic acid
and ferulic acid
were increased
under the stress, and
caffeic acid was the
dominant phenolic
compound elicited
during the
low-temperature
stress

Amarowicz
et al. (2010)

Sugarcane
(Saccharum
spp. hybrid)

Low-
temperature
stress

Total phenols Low-temperature
stress increases the
total phenols in
buds of sugarcane
stubbles. High total
phenols along with
IAA increase the
toxicity level in
buds which results
into the increased
dormancy of bud

Jain et al.
(2007)

Kale (Brassica
oleracea var.
acephala)

Short-term
low
temperature

Total phenols,
caffeic acid, ferulic
acid, and kaempferol

Short-term
low-temperature
treatment followed
by recovery in a
controlled
environment
resulted into

Lee and Oh
(2015)

(continued)
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Table 12.3 (continued)

Plant/crop
Temperature
elicitor Phenolic compound

Mode of action/
signalling (flow
diagram can be
given) Reference

increase in total as
well as individual
phenolic
compounds in kale

Red orange
(Citrus
sinensis L.)

Low
temperature

Anthocyanins Long-term
low-temperature
storage (4 �C)
induced the
accumulation of
anthocyanins in
juice vesicles of red
oranges. This
increase was
correlated with the
increased
expression of PAL,
CHS, DFR, etc.
phenolic
biosynthetic genes

Lo Piero
et al. (2005)

Papaya
(Carica
papaya L.)

Low
temperature

Ferulic acid and
caffeic acid

Papaya, stored at
1 �C, had more
content of ferulic
acid and caffeic acid
compared to storage
at 25 �C, while the
total carotenoids
were decreased
under
low-temperature
storage

Rivera-
Pastrana
et al. (2010)

Soybean
(Glycine max
L.)

Low
temperature

Total phenolic acids,
genistein, daidzein
and genistin

Low-temperature
treatment increases
the total phenolic
content in the roots
of soybean. This
increase was
attributed to
availability of
preformed
conjugates of
phenylpropanoids

Janas et al.
(2002)

Sweet potato
(Ipomoea
batatas L.)

Low
temperature

Chlorogenic acid,
3,5-dicaffeoylquinic
acid

Sweet potato roots
accumulated more
phenolic
compounds when
stored at 5 �C for
4 weeks and

Padda and
Picha (2008)

(continued)
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Table 12.3 (continued)

Plant/crop
Temperature
elicitor Phenolic compound

Mode of action/
signalling (flow
diagram can be
given) Reference

subsequently
exposed to ambient
temperature. The
highest total
phenolic content
7.55 g kg�1 was
observed in the root
periderm

Lettuce
(Lactuca
sativa L.)

Heat shock
and chilling
stress

Chicoric acid and
chlorogenic acid,
quercetin-3-O-
glucoside and
luteolin-7-O-
glucoside

Mild heat and
chilling stress
increased the
phenolic content of
lettuce. Chilling
stress induces the
synthesis of PAL,
L-GalDH and
g-TMT but not the
heat stress, while
GalDH was
consistently
increased under
both the stresses

Oh et al.
(2009)

Petunia �
hybrida

Cold stress Gentisic acid and
total phenols

Cold pretreatment-
induced
accumulation of
gentisic acid, total
phenolics and
antioxidants
resulted into the
increased tolerance
to low-temperature
stress in petunia

Pennycooke
et al. (2005)

Winter oilseed
rape (Brassica
napus)

Low
temperature

Soluble phenolic
acids (caffeic, p-
coumaric, ferulic and
sinapic acids) and
anthocyanins

Brief freezing
followed by
low-temperature
treatment resulted
into the
accumulation of
total soluble
phenolics and
anthocyanins in
rape leaves, and the
accumulation was
associated with the
esterification of
phenolics under
cold stress

Solecka
et al. (1999)

(continued)
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from cellular injury and increase stress tolerance potential (Chalker-Scott and
Fuchigami 2018). This accumulation of phenolics in the plant tissue is attributed
to the increased activity of phenylalanine ammonia lyase (Oh et al. 2009; Lo Piero
et al. 2005; Christie et al. 1994). Cold-induced phenolics accumulations are able to
decrease the freezing point of cell or tissues and thus maintain the water potential
gradient in the cell and protect from cell disruption (Kasuga et al. 2008). Isshiki et al.
(2014) shown that accumulation of farinose flavonoids on aerial part of primula
during the freezing stress resulted into higher stress tolerance ability of plant through
inhibiting the ice crystallization. It was suggested that deposition of suberin and
lignin in cell wall acts as barrier for water and thus maintains the water potential of
the tissue (Griffith et al. 1985; Paroschy et al. 1980). Further, Bartolo and Wallner
(1986) emphasized the role of cell wall-associated phenolic in cold stress tolerance.
They demonstrated that change in the composition and content of phenolic in cell
wall could increase the adhesion of cell membrane to the cell wall and, thus, reduces
the membrane disruption during the freezing stress. When the roots of grapevine
were given the cold treatment, the root extract showed increased amount of tannins
and other soluble phenols after the recovery period (Weidner et al. 2009). Rivero
et al. (2001) reported that both heat and cold stress act as elicitor for the increased
accumulation of total soluble phenolics in watermelon and tomato. It increased the
biosynthesis of phenolics and reduced their oxidation. Perez-Ilzarbe et al. (1997)
showed that cold storage of apple could result into the higher chlorogenic acid
content in the leaf, while the pulp phenolic content decreased under the storage. In
carrot cell culture, the biosynthesis of different phenolics like coumaric, caffeic acid
and anthocyanins gets stimulated during the heat episodes. These phenolics
protected the microfilaments cytoskeletons from reactive oxygen species (Commisso
et al. 2016). Amarowicz et al. (2010) reported that the total phenolic content was
decreased under low-temperature stress in grapevine but the gallic acid, caffeic acid
and ferulic acid were increased significantly, which shows their prime role in the
cold tolerance capacity as compared to other phenolics. A few examples reporting
the role of phenolics in temperature stress tolerance are given in Table 12.3.

Temperature stress, both heat and cold stress, functions as inducers for the
synthesis and accumulation of phenolics in plants. These phenolics function as stress

Table 12.3 (continued)

Plant/crop
Temperature
elicitor Phenolic compound

Mode of action/
signalling (flow
diagram can be
given) Reference

Fairy primrose
(Primula
malacoides)

Freezing
stress

Farinose flavonoids Accumulation of
farinose flavonoids
during freezing
stress in primula
leaves protects the
plants through
inhibition of ice
crystallization

Isshiki et al.
(2014)
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protectant secondary metabolites and provide additional capacity to plant to tolerate
the extreme temperature.

12.8 Salinity Stress

Growth and productivity of plants are mostly affected by salt stress conditions than
plants propagated under favourable environment. Research on salt stress proved that
accumulation of phenols, polyphenols, flavonoids, anthocyanin, phenolic acids,
lignin and other secondary metabolites occurs in salt stress condition in diversity
of plants. Deliberately applying abiotic stress like salinity on plants increases the
quality and ability of the plant to survive in the stressed condition. This will finally
result in enhancing the yield of the crops in stressed condition (Khan et al. 2011).
Abiotic and environmental factors such as salinity stress cause limiting plant growth
and productivity (Parida and Das 2005). Salt-induced osmotic stress is responsible
for the formation of reactive oxygen species (ROS) which causes oxidative stress in
plants (Saiema et al. 2013). Salt stress leads to production of ROS in plant cell and
results in harmful effects on cell integrity. Salinity stress causes various physiologi-
cal changes, such as nutrient imbalance, interruption of membranes, differences in
the antioxidant enzymes, formation of ROS and decrease in stomatal aperture
(Rahnama et al. 2010). ROS formation causes oxidative damages in various cellular
components such as ion level, antioxidative enzymes and antioxidants, lipids,
proteins and nucleic acids.

Salt stress negatively affects physiological and metabolic processes like photo-
synthetic pathway, photosynthetic pigments such as chlorophyll and total carotenoid
contents and soluble protein. Other processes, viz. respiration, glycolysis pathway
and nitrogen fixation, disrupt the electron transport system in chloroplasts, and
mitochondria are affected during salinity stress. All these effects lead to decreased
crop productivity and economic losses to farmers. Further, increase in the salt
concentration in the rhizosphere of the plants leads to reduced relative water content,
leaf water potential, transpiration rate, ion uptake, water uptake, water use efficiency
and water retention (Fig. 12.1) (Parida and Das 2005; Gupta and Huang 2014;
Sharma et al. 2005; Zhang et al. 2010).

Salinity stress causes drastic reduction in the productivity of various crops. The
effect can be measured in terms of reduced photosynthetic efficiency due to accu-
mulation of salt in the chloroplast of the plant cell. Deteriorative effects of salt can
also be demarked by degradation of chlorophyll in crop such as potato, pea, tomato
and Phaseolus vulgaris (Sudhir and Murthy 2004; Khaled et al. 2016). Figure 12.2
shows salt stress is responsible for reducing the crop productivity by damaging the
photosynthetic machinery.
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12.8.1 Phenolic as Protective Companion Against Salinity Stress

Plant phenols, phenolic acids and polyphenols such as flavonoids, lignin and tannins
are secondary metabolites arising from malonic acid pathway and shikimic acid
pathway/phenylpropenoid pathway. Polyphenols and monomeric and polymeric
phenols fulfil a very broad range of metabolic and physiological roles in plants. In
case of abiotic stress, condition like salt stress disturbs either the enzymes/genes
involved or whole secondary metabolite synthesis pathway, and accumulation of
secondary metabolites such as phenols, polyphenol, flavonoids, phenolic acids,
tannin and lignin occurs in high amounts which result in decrease in salt stress and
osmotic stress and increase in growth and development and survival of plants
(Lattanzio 2013).

Salt stress causes oxidative stress in plants. Hence, plants have evolved different
defence systems against oxidative damage caused by salinity including antioxidant
metabolites which stop oxidative chain reaction. In this case, phenolic compounds

Fig. 12.1 Harmful effects of salt stress on plant at cellular level. (Modified from Farooq et al.
2015)

Fig. 12.2 Salt stress affecting the productivity of crops/plants
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like polyphenols, anthocyanins, flavonoids, proanthocyanidins, phenolic diterpene
and phenolic acid play an important role in quenching singlet oxygen, absorbing and
neutralizing free radicals, decomposing peroxides and reducing the detrimental
effect of salinity shown in Fig. 12.3. Phenolic compounds protect plants from biotic
attacks by pathogens and herbivores (Hichem et al. 2009; Valifard et al. 2014; Omer
et al. 2017). Plants such as buckwheat and barley under salt stress have confirmed
positive changes occur in phenolic components content. Plant species such as Jerba
and Tabarka with accumulation of polyphenols significantly increase by 56% and
30% in response to 100 Mm and 400 mM NaCl treatment repectively. Phenolic
compound in F. esculentum increased up to 57%, 121% and 153% as compared to
control. Four major compounds rutin, vitexin, isoorientin and orientin cause accu-
mulation of phenolic compounds in plants facing salinity stress (Yang et al. 2018).

Salicylic acid is an endogenous growth regulator/signalling molecule and belongs
to a group of phenolic compound that plays very important role in plant defence
mechanism during stress conditions shown in Fig. 12.4. Many crops including Vicia
faba, Brassica juncea, Medicago sativa and V. radiata are examples of salicylic
acid’s role in strengthening salinity tolerance mechanism (Jini and Joseph 2017;
Khan et al. 2015). Various examples of the phenolic compounds acting as salinity
stress tolerant are presented in Table 12.4.

Salinity is a major abiotic factor that negatively affects growth and development
of plants. Salt stress affect on cellular activities of plants leads to decreased crop
productivity and economic losses to farmer. Recent research on salt stress proved
that phenolic compounds such as phenols, polyphenols, flavonoids, anthocyanin and
phenolic acids occur in salt stress condition in diversity of plants. Phenolic
compounds protect plants from salt stress through different course, including enzy-
matic and non-enzymatic antioxidant activity, detoxification of reactive oxygen
species, physiological and metabolic process regulation and maintaining cell integ-
rity. Phenols like salicylic acid play a key role in defence system of plant/signalling

Abiotic Stress (Salt Stress)

Antioxidants
(Enzymatic and non- enzymatic)

Accumulation of phenols

Reduced oxidative damage

Stress tolerance

Fig. 12.3 Phenolic salinity
stress tolerance system

12 Phenolics as Plant Protective Companion Against Abiotic Stress 293



mechanism. Phenols also act as an osmoprotectant that helps maintain water-soil
balance in plant.

12.8.2 Light Stress

Higher plants require visible solar radiation to provide energy for photosynthetic
mechanism. During light harvesting, the photosynthetic system is inevitably
exposed to relatively high doses of harmful solar radiation/UV radiation. Plants
adapt a number of self-sustaining mechanisms such as accumulation of phenolic
compounds which enhances antioxidant activity of plants and results in growth and
development of plants/crops in reaction to increased intensity of light radiation,
gamma rays, all types of UV radiation, blue light and red and far-red light. High light
intensity causes enzymatic/non-enzymatic changes in secondary metabolite biosyn-
thesis pathway. Release and accumulation of various secondary metabolites includ-
ing phenolic compounds, phenolic acids, anthocyanin, triterpenoids and flavonoids
have high utilization and economic value due to the well-known antioxidant prop-
erty. Light plays an irreplaceable role in promoting plant growth and development as
well as plays critical role in biosynthesis of both primary and secondary metabolites
in plants (Xu et al. 2014; Koyama et al. 2012).

Solar UV radiation exposure may lead to photoinduced DNA and chlorophyll
degradation. Growth of plants is inhibited by disrupting different reactions of
photosynthetic system. These radiations affect electron transport chain, reaction
centre of photosystem II, light-harvesting complex and acceptor and donor site of
photosystem II. Gamma rays resulted in dissolution of the pectin through increased
activity of pectinmethylesterase and polygalacturonase. Very low light intensity at
the critical stage for bud abscission can increase the chances of flower bud abortion
(Vantuyl et al. 1985; Gill et al. 2015).

Fig. 12.4 Salicylic acid role in stress plants. (Adopted and modified from Khan et al. 2015)
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Table 12.4 Phenolic compounds as plant protective companion against salt stress

Sr.
no. Plant/crop Phenolic compound Mode of action/signalling References

1. Colubrina
asiatica

Polyphenols, flavonoid Enzymatic and
non-enzymatic
antioxidant defence
system

Sonar et al.
(2011)

2. Hypericum
pruinatum

Chlorogenic acid,
isoquercetin, hyperoside,
quercitrin, rutin and
quercetin

Non-enzymatic
antioxidant defence
system accumulates
phenolic compounds in
plant

Omer et al.
(2017)

3. Bean
(Phaseolus
vulgaris)

Flavonoid, phenols Non-enzymatic
antioxidant defence
system increases
flavonoid and total phenol
content

Arkadiusz
et al. (2008)

4. Vicia faba L. α-Tocopherol α-Tocopherol acts as an
antioxidant

Semid et al.
(2014)

5. Strawberry
(Fragaria
ananassa
Duch.)

Anthocyanins, gallic
acid, catechin, caffeic
acid, p-coumaric acid,
ellagic acid, p-
hydroxycinnamic acid

Enzymatic activity such
as oxidase, polyphenol
oxidase and
Phenylalanine ammonia
lyase and Non-enzymatic
activity increase the
phenolic compound
content in strawberry
plant

Galli et al.
(2016)

6. Indica rice
varieties
(Oryza sativa
L. spp. indica
cv.)

Flavonoids Accumulation of
compatible solute
(proline) which acts as
osmoprotectant, flavonoid
acts as an antioxidant
which results in growth
and development of plant

Chutipaijit
et al. (2009)

7. Rosemary
(Rosmarinus
officinalis L.)

Monoterpene, phenolic
diterpene, carnosic acid,
carnosol, rosmarinic acid

Accumulation of phenolic
compounds by adding
specific fertilizers in salt
stress condition

Tounekti
et al. (2011)

8. Safflower
(Carthamus
tinctorius L.)

Salicylic acid, carotenoid,
flavonoids, anthocyanin

Accumulation of
compatible solutes and
salicylic acid plays a key
role in defence system of
plant/signalling
mechanism

Fatemeh
et al. (2018)

9. Garlic (Allium
sativum L.)

Total phenolic content Effect of selenium on
enzymatic antioxidants
which increases total
phenolic compounds

Rozita et al.
(2018)

(continued)

12 Phenolics as Plant Protective Companion Against Abiotic Stress 295



Table 12.4 (continued)

Sr.
no. Plant/crop Phenolic compound Mode of action/signalling References

10. Nigella sativa Vanillic acid, p-
hydroxybenzoic acid,
catechin, syringic acid,
epicatechin,
amentoflavone

Antioxidant activity leads
to salinity tolerance and
plant’s growth

Bourgou
et al. (2010)

11. Barley grains
(Hordeum
vulgare)

Vanillic acid, p-
hydroxybenzoic acid,
protocatechuic acid,
gallic acid, caffeic acid,
p-coumaric acid, syringic
acid, ferulic acid, sinapic
acid

GABA accumulates
phenolic compounds by
regulating gene
expression of enzymes
involve in
phenylpropanoid pathway
as well as enhances
antioxidant activity

Yan et al.
(2019)

12. Salvia
mirzayanii

Total phenolic content Accumulation of phenolic
compound and
antioxidant activity

Valifard
et al. (2014)

13. Rice (Oryza
sativa L.)

Salicylic acid Salicylic acid salt
tolerance activity

Jini and
Joseph
(2017)

14. Thai rice lines Anthocyanin, cyanidin-3-
glucoside

Antioxidant activity
increases total phenolic
content in plant and lipid
peroxidation activity, and
anthocyanin cyanidin-3-
glucoside helps to
overcome salt stress

Daiponmak
et al. (2010)

15. Artichoke
(Cynara
scolymus)

Phenols, flavonoids,
caffeic and chlorogenic
acids

Accumulation of phenolic
compounds and
antioxidant activity

Rezazadeh
et al. (2012)

16. Onion (Allium
cepa L.)

Phenols and flavonoids α-Tocopherol and
α-tocopherol + KH2PO4

treatment

Mohamed
and Amina
(2008)

17. Rapeseed
(Brassica
napus)

Total phenolic,
non-flavonoids, tannins,
phenolic acids

Accumulation of phenolic
compounds and
antioxidant activity

Falcinelli
et al. (2017)

18. Scented indica
rice varieties

Polyphenols Accumulation of
polyphenols increases
growth of plant

Danai-
Tambhale
et al. (2011)

19. Rice (Oryza
sativa L.)

Vanillin, cinnamic acid,
protocatechuic acid,
ferulic acid, and p-
coumaric acid

Accumulation of phenolic
compounds helps to
overcome plant stress

Minh et al.
(2016)

20. Catharanthus
roseus

Salicylic acid Reactive oxygen species
defence mechanism,
enzymatic antioxidant
activity and salicylic acid
defence mechanism

Misra et al.
(2014)

(continued)
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12.9 Phenolics as Plant Protective Companion Against Light
Stress

Light is a crucial factor which stimulates the plant to produce secondary metabolites.
Light can stimulate the production of secondary metabolites like gingerol and
zingiberene in the callus culture of Zingiber officinale (Anasori and Asghari
2008). Ultraviolet (UV) radiation stimulates the production of phenolic compounds
(Table 12.5). UV-B exposure to field-grown plants leads to an increase in yield of
essential oils and phenolic compounds and a decrease in amount of toxic beta-
asarone (Kumari et al. 2009). Plants/crops produce phenolics due to the exposure
to all types of light stresses, and phenolics protect them from ill effects of light
intensity/stress. Flavonoids and hydroxycinnamic acids found in fruits and berries
determine the aroma, colour, astringency and antioxidant properties (He and Giusti
2010). The effect of light on anthocyanin synthesis modify endogenous signals,
environmental factors, developmental stages and previous light exposure. Pollina-
tion and seed dispersal are visual functions and protect tissues against
photoinhibition; these are general functions of anthocyanin in plants. Flavonoids
and anthocyanin protect cells and tissues from exposure of UV-B irradiation in many
plants (Steyn et al. 2002). Few examples of the phenolics that can act as plant
protective companion against light stress are given in Table 12.5.

12.10 Drought Stress

It can be well comprehended from the above sections that abiotic stresses such as
temperature, heavy metals, light and salinity cause an accumulation of the phenolic
compounds and aid the plants for their survival in such adverse situations. Similarly,

Table 12.4 (continued)

Sr.
no. Plant/crop Phenolic compound Mode of action/signalling References

21 Fennel
(Foeniculum
vulgare Mill.)

Polyphenols Antioxidant activity leads
to salinity stress tolerance

Rebey et al.
(2017)

22 Canola
(Brassica
napus var.
oleifera Del.)

Glutathione and
polyadenylic acid

Oxidative defence system Kattab
(2007)

23 Salvia
macrosiphon

Vanillin and
protocatechuic acid

Accumulation of phenols
and antioxidant activity

Valifard
et al. (2017)

24 Honeysuckle
(Lonicera
japonica
Thunb.)

Total phenolic compound Accumulation of total
phenols helps to
overcome plant stress

Yan et al.
(2017)
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Table 12.5 Phenolics as plant protective companion against light stress

Sr.
no. Plant/crop

Type of
light stress
(high
intensity/
irradiance
or UV light)

Phenolic
compound

Mode of action/
signalling References

1. Young ginger
varieties
(Zingiber
officinale)

Different
light
intensities

Total phenolic and
flavonoids

Accumulation of
phenols and
flavonoids
enhances
medicinal
components and
antioxidant
activities

Ghasemzadeh
et al. (2010)

2. Cucumber
(Cucumis
sativus L.)

UV-B
irradiation

Total phenolic
compound

Enzymatic and
non-enzymatic
activity enhance
light tolerance

Kondo and
Kawashima
(2000)

3. Ginkgo
(Ginkgo biloba
L.)

100% light
intensity

Flavonoids Accumulation of
flavonoids
enhances growth
and
development of
plant

Xu et al.
(2014)

4. Immature
radish
microgreen
(Raphanus
raphanistrum)

Different
light
spectrum
(white and
blue UV-A
and
darkness)

Anthocyanin Accumulation of
anthocyanin
content
enhances
antioxidative
activity of
immature radish
microgreen
which leads to
growth and
development of
plant

Zhang et al.
(2019)

5. Red wine
grapes (Vitis
vinifera cv.)

UV and
visible light

Flavonoid,
proanthocyanidin
and flavonols

Accumulation of
phenolic
compounds and
photoprotection
activity

Koyama et al.
(2012)

6. Bilberry
(Vaccinium
myrtillus L.)

Red light,
long and
short light
intensity

Hydroxycinnamic
acids, flavanols and
quinic acid

Accumulation of
phenolic
compound
increases the
level of
antioxidant
activity

Uleberg et al.
(2012)

(continued)
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under drought stress, plants accumulate phenolic compound for their survival. It was
observed by Larson (1988) in willow leaves that drought conditions often cause
oxidative stress in the plant system and also lead to an increase in the amounts of
phenolic acids and flavonoids. An increased accumulation of anthocyanins was
reported under drought stress and at cold temperatures. Plant tissues having
anthocyanins are usually resistant to drought (Chalker-Scott 1999). For example, a
purple cultivar of chilli can more effectively tolerate water stress than a green
cultivar (Bahler et al. 1991). Flavonoids have protective role during drought stress.
Del Moral (1972) and Kirakosyan et al. (2004) reported that there was ten- and
sixfold enhancement in chlorogenic acid in case of Helianthus annuus and Crataegus
spp., respectively, under drought stress. Nogues et al. (1998), De Abreu and
Mazzafera (2005); Hernandez et al. (2006), Liu et al. (2011) and Gray et al.
(2003) also reported the accumulation of phenolic compounds under drought stress.

12.11 Mineral Deficiency

Deficiency of specific mineral nutrient in plant system results in poor growth and
development of the plant/crop. In the current chapter, it is studied in depth that
abiotic environmental stresses can induce phenolic compound biosynthesis and
accumulation in plants/crops. Mineral deficiency is also said to be an abiotic stress
to the plants. Higher level of phenolic compounds that is accumulated as induced by
nitrogen deficiency was found in many plants, such as Potamogeton amplifolius,
Nuphar advena and Arabidopsis (Cronin and Lodge 2003; Lillo et al. 2008).
Kovacik and Klejdus (2014) reported phenolic compounds are accumulated in the
plant cell in nitrogen-deficient conditions. Co-deprivation of photosynthetic electron

Table 12.5 (continued)

Sr.
no. Plant/crop

Type of
light stress
(high
intensity/
irradiance
or UV light)

Phenolic
compound

Mode of action/
signalling References

7. Buckwheat
(Fagopyrum
esculentum and
F. tataricum)

UV-B Flavonoids and
Anthocyanin

Accumulation of
flavonoids and
anthocyanin
leads to stress
tolerance

Regvar et al.
(2012)

8. Basil (Ocimum
basilicum),
arugula (Eruca
sativa) and
bloody dock
(Rumex
sanguineus)

Blue and
blue-violet
light

Flavonoids and
phenolic acids

Accumulation of
phenolic
compound leads
to light stress
tolerance

Taulavuori
et al. (2018)
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transport mineral pairs significantly enhanced phenolic compounds in Arthrospira
(Spirulina) platensis (Hifney et al. 2019). Hence, it can be said that mineral
deficiencies lead to the accumulation of the phenolics in the plants and lead to
improved survival of the plants in mineral deficiencies.

12.12 Conclusion

From the above discussion in various section, we can conclude that abiotic stresses,
viz. heavy metals, temperature, light, salinity, drought and mineral deficiencies, lead
to accumulation of phenolic compounds and can support plant to fight against abiotic
stress. All abiotic stresses lead to synthesis and accumulation of phenolics and
provide additional capacity to plant to tolerate the extreme environmental
conditions. There is a convincing evidence reported in the chapter that suggest the
important roles of non-enzymatic and enzymatic antioxidants under various abiotic
stresses in plant. Schematic diagram of interrelationship between abiotic stress
elicitor and phenolics as stress companions to plants can be seen in Fig. 12.5.

Fig. 12.5 Diagram showing abiotic stress elicitors and downstream stress companions (phenolic
compounds) of plants
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Phenolics: A Key Defence Secondary
Metabolite to Counter Biotic Stress 13
Yamini Tak and Manoj Kumar

Abstract

Polyphenols or plant phenolics are the secondary metabolites which have diverse
functions to mitigate various abiotic (heat, drought, cold, salt or heavy metal) and
biotic (bacterial, fungal, viral, insect or weed) stresses. Phenolic compounds
derived via the common phenylpropanoid pathway perform as signalling mole-
cule and can act as agents in plant shielding. Phenolic compounds play important
role in the regulation of seed germination and cooperate in regulating the growth
of plants, also taking part in defence responses during viral or bacterial infection,
excessive sun or light exposure, wounds and heavy metal stresses. One of the
crucial role of phenolic compounds is their antimicrobial activity in plants is to act
as safeguarding compounds opposed to disease agents such as fungi, bacteria,
nematodes, weeds and other pathogens. In the present chapter, we will try to
understand how plants fight against the different types of biotic stresses by
employing phenolic compounds.

Keywords

Biotic · Stress · Phenolics · Phenylpropanoid pathway · Defence

13.1 Introduction

God has stated equal right to each and every living soul in this universe. Every living
being has been provided with their own defence system for survival against various
stresses they face in their life period. “Survival of the fittest” is a phrase that arose
from Darwinian evolutionary theory as a way of narrating the mechanism of natural
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selection. The crops/plants/animals that are able to save themselves from the differ-
ent types of stresses (biotic or abiotic) and can be able to produce their offspring can
lead to successful natural selection. Plants have their own mechanism to fight against
the abiotic and biotic stresses. They have antioxidants and various phenolic
compounds so that they can face the above-said stresses.

13.2 Stresses in Plants

Plant growth and development is influenced by a wide range of environmental
stresses that are key constraints for sustainable agricultural productivity in soil health
and fertility (Kumar and Verma 2018). Abiotic and biotic stress contributes 50% and
30%, respectively, to losses in agricultural productivity worldwide. Various biotic
stresses like viruses, bacteria, fungi, insects, nematodes, etc. and abiotic stress
factors such as salinity, frost, chilling, flood, drought, heavy metals, temperature
and nutrient deficiency have a huge negative impact on agriculture (Dresselhaus and
Hückelhoven 2018). Considering all the biotic stressors, fungi cause the most severe
threat to plant species as 85% of diseases in plants are caused by fungus or fungal-
like organisms (Behmann et al. 2014). Furthermore, viruses are treated as serious
agent for destroying crop plants. These biotic organisms cause numerous symptoms
in plants such as necrosis, leaf spots, blights, blasts, wilting, mottling, tumour
formation and many more (Saddique et al. 2018). Another biotic agent, namely,
weeds, also affects the growth and yield of economically important plants by direct
destruction of plant or by aggravating competition for area and nutrient availability
(Melvin et al. 2017).

13.3 Biotic Stress and Phenolics

Plants machinery give rise to the various metabolites as a response biotic stress in
particular stage of development. These metabolites can be phenolic compounds, and
their biosynthesis is originated from a specific primary metabolite (Guo et al. 2018).
These phenolics are secondary metabolites that are composed of one of the most
common and widespread groups of substances in plants (Saltveit 2009). These
compounds are synthesized by the phenylpropanoid pathway and concentrated in
subepidermal layer of plant tissue when plants are attacked by the pathogens.
Additionally, phenolics are also found covalently associated with plant cell wall
and other types of phenolics present in waxes or on the peripheral surfaces of plant
organs (Vishwanath et al. 2014). Besides the above-said factors, natural factors such
as soil type, moisture content, temperature and ultraviolet ray’s incidence can affect
the accumulation and biosynthesis of phenolics (Mukherjee et al. 2018).
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13.4 Biotic Stress

Usually, biotic agents like insects, nematodes and vertebrate pests, viz. rodents,
cause 25%, 20% and 6–8% losses in crops, respectively (Bentur 2011). Bacteria are
microorganisms and can hinder the ability of the plant to transport nutrients and
water to other parts of plants, and as a result, plant starts to die (Jones et al. 2004).
Bacterial infection can lead to mosaic-like symptoms which are very similar to the
viral diseases and can also lead gigantic plant deformities such as galls or tumours
(Ludwig-Müller 2015). The other symptoms are spots on leaves or fruit, blights or
deadening of tissue on leaves, stems or tree trunks and rots of any part of the plant.

The infection caused by viruses displays many physiological and metabolic
abnormalities in the plants (Culver and Padmanabhan 2007). The infection
disseminates via lesions or injured plant parts because they provide direct gateway
to viral genetic material to take entry inside the plant cells. The symptoms of viral
affected plant include mottling, mosaic, leaf spots, curling of leaf, puckering of leaf
and other symptoms like stunting and reduction in the yield. These symptoms may
involve direct or indirect effects that disrupt the host physiology (Thakur et al. 2018).

Another group of biotic stress agent is fungi which have as many as 1.5 million of
species. Fungi are biotic agents which can be classified into two categories,
i.e. biotrophs and necrotrophs (Lattanzio et al. 2006). As fungi are
non-photosynthetic and cannot be able to synthesize their own food, they adapted
to evolve approaches to get their food from either living or lifeless organisms.
Biotrophic fungal pathogens acquire nutrients from living host tissues, often via
specialized cells called haustoria that form inside host cells. Necrotrophic pathogens
kill host tissue through production of toxins and get nutrient from dead cells (Delaye
et al. 2013).

Nematodes such as root-knot nematode do most damage below ground which
causes root-knot by feeding on root of plants and reduces the plants’ ability to absorb
nutrient and water (Bais et al. 2006). Nematode infestation accounts for about 14%
global loss amounting to ~100 billion dollars annually (Chitwood 2003). Nematodes
act as parasites in the plants and cause mechanical damage to plant tissues with their
stylets (Holbein et al. 2016). Supposedly, nematodes may also secrete digesting
enzymes which cause dissolution of cell walls enabling intracellular and intercellular
movement of endoparasites, and they act as “digestive enzymes” digesting solid
components of cells which can be imbibed by the parasite. Hence, nematodes digest
the internal content of plant cells and kill them (Kyndt et al. 2017). Typical root
symptoms by nematode attack are root-knots or galls, root lesions, excessive root
branching, injured root tips and stunted root systems. Plant shows wilting even with
ample soil moisture, yellowing of leaves and stunted growth (Marahatta 2018).

Insects injure growing crops by two major ways, i.e. indirect and direct: Direct
damage caused to the crop/plant by the insects by directly feeding on them and
indirect damage by transmitting a bacterial, viral or fungal infection into crop plants
(Fried et al. 2017). After the insect attacks, general indications are flower malforma-
tion, abnormal shoot branching, chlorotic or yellow patterns of mosaic or even
stunted growth of plant. Among crops, the total global potential drop due to pests
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varied from about 50% in wheat to more than 80% in cotton production (Ueda et al.
2018).

Agricultural crops have highest potential loss due to weeds (34%), with animal
pests and pathogens being less important (Christos 2016). Loss in yield due to weeds
is almost each time caused by a group of different weed species, and these can differ
substantially in competitive ability (Jabran et al. 2017). Due to distinct growth habits
and adaptations, weeds can grow well in many ecological niches where other plants
are unable to grow. Weeds compete not only with themselves but also with agricul-
tural or horticultural crop plants (Wallace et al. 2017). Weeds affect the plant growth
and yield by direct destruction of crop or by aggravating competition for area and
nutrient availability.

13.5 Phenolics

Phenolics are the compounds playing critical functions in plant protection and
indispensable to fight against different types of stresses (Wani et al. 2016). Their
structure has aromatic ring attached to one or more hydroxyl group. Phenolics are
very important in the development of plants as they contribute to the lignin biosyn-
thesis and pigment biosynthesis and safeguards the plants from external infections
(Asgari Lajayer et al. 2017). It also provides structural and scaffolding integrity to
plants. Phenolic phytoalexins, secreted by injured or otherwise damaged plants,
repel many microorganisms. but other pathogens can prevent these protections or
even use them for their own advantage (Dar et al. 2017). Plant phenolics may be
categorized in two classes:

1. Preformed phenolics are formed at the time of the usual growth and development
of plant tissues.

2. Induced phenolics are formed during physical or mechanical injury, during
microbial or pathogen attack or when stressed by external component such as
heavy metal, drought, salt, UV-irradiation, temperature, etc.

13.6 Biosynthesis of Phenolics

Phenolics are cosmopolitan compounds in the plant kingdom but are not very
common among the bacteria, algae and fungi (Ma et al. 2015). For phenolic
biosynthesis, the first step is participation of glucose in the hexose monophosphate
shunt and converting it into glucose-6-phosphate and later on irreversible transfor-
mation into ribulose-5-phosphate. Glucose-6-phosphate dehydrogenase performed
the first committed step in the conversion to ribulose-5-phosphate (Lin et al. 2016).
On the other side, hexose monophosphate shunt produces erythrose-4-phosphate
along with phosphoenolpyruvate from glycolysis, which is then utilized through the
phenylpropanoid pathway to generate phenolic compounds after being channelled to
the shikimic acid pathway to produce phenylalanine. The shikimic acid pathway is
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involved in the synthesis of a majority of the phenolic compounds in plants, bacteria
and fungi (Santos-Sánchez et al. 2019). Another pathway is malonic acid pathway
which is less significant in the formation of phenolic acids in higher plants as
compared to fungi and bacteria (Cheynier et al. 2013).

Flavonoids are the biggest single group of phenolic C15 compounds containing
two phenolic rings connected by a three-carbon unit, and these are considered as
derivatives of phenolic acids which are biosynthetically derived from malonyl CoA
and p-coumaroyl CoA, derived from acetate and shikimate, respectively (Patel et al.
2017).

Phenylalanine ammonia lyase is the key enzyme which mediates the formation of
cinnamic acid from phenylalanine and is a crucial branch point of primary and
secondary metabolism (Saltveit 2017). It is considered as the most important regu-
latory step in the formation of phenolic acids. After biosynthesis, phenolic acids are
integrated to the cell wall of plants to compensate for biotic stress with increased
variability through synthesis of cinnamic and benzoic acid derivatives and help the
plant to fight against the stress (Ledesma-Escobar et al. 2019).

13.7 Functions of Phenolic Compounds in General

Phenolics have antibiotic, antimicrobial, anti-nutritional and have unpalatable
properties. These properties help the plant to save itself from biotic and abiotic
stresses. Plant phenolics have key roles as pigments, antioxidants, metal chelators
and plant growth regulators signalling agents and function as UV light screens
(Bhattacharya et al. 2010). Phenolics usually accumulate in the central vacuoles of
guard and epidermal cells or subepidermal cells in plants (Radice and Arena 2015).
Plant phenolics have the following major functions:

13.7.1 UV Sunscreens Protection

When agricultural crops are exposed to solar ultraviolet-β radiation (280–320 nm), it
negatively affects genetic material of cell, lipids and proteins (Silva et al. 2018).
UVR have many roles in evolution-generating mutations, leading to new traits and
leading to the diversity among the species. Phenolic compounds prevent mutagene-
sis (hydroxycinnamic and hydroxybenzoic acids) and programmed cell death by
dimerization of thymine units in the DNA. Flavonoids regulate auxin transport and
are found to be promising in regulation of growth and development of plant under
different intensities of light (Czemmel et al. 2017). Red clover (Trifolium pratense)
contains isoflavones (a subclass of flavonoids), and some metabolically related
compounds are found to be very helpful in providing protection from UV-induced
inflammation and immune reppression in mice (Danciu et al. 2018).
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13.7.2 Attracting Pollinators and Seeds Dispersers

Anthocyanins are important class of flavonoids which gives colour to various
flowers and performs as pollinator attractants (Kong et al. 2003). Different pigments
(cyanidin, pelargonidin, petunidin, delphinidin, malvidin and peonidin) present in
different parts of a flower to attract numerous type of pollinators (Miller et al. 2011).
Generally younger flowers are bee pollinated, and the older are visited by birds for
pollination. As flower ages, plant switches to birds visitation by increasing the sugar
concentration in the nectar and flower colour by anthocyanin pigments. Colours of
the flowers are contingent on possible complexes with Fe+3 and Al+3 as well as
pH. Anthocyanins are stable at acidic pH and give beautiful brilliant red shades, and
under basic pH it gives blue colour (Hubbermann 2016). These colours play very
salient role in attraction of pollinators. Phenylpropanoids act as key chemical
modulators of plant communication with insects and microbes, either as attractants
or repellants, to attract the pollinator by flower colour (Robert and Junker Amy
2015).

13.7.3 Phenolics as Signal Compounds

Based on the nature and type of root-originated chemical substances, both positive
and negative cross-talk routes are initiated. These pathways may happen between
rhizome and insects or roots and pathogens. A variety of organisms can be repelled
or attracted to the specific chemical signal, which then elicits responses in recipient
microbe or organism (Bhattacharya et al. 2010). Phenolics function as a warning
molecule to trigger interplay among legumes and rhizobia. In legumes, phenolic
acids are secreted rapidly from growing roots (nodule development) throughout seed
germination and seedling growth (Ferdous et al. 2017). Rhizobia species have the
special power to make use of phenolic acids as a carbon source. Root exudates from
legumes which contain phenolics act as chemoattractant and signalling compounds
for numerous soil microorganisms (Huang et al. 2014). These organisms identify
them and progress towards plant roots in the carbon-rich rhizosphere. Flavonoids
and isoflavonoids from soybean, vanillin from peanut and betaines and aldonic acids
in legume seed initiate nodule formation and function as signals to the microbial
symbiont (Janczarek et al. 2015). In relation to legumes, phenolic compounds
control nod gene expression by the rhizobium and modify the legume-rhizonium
symbiosis by secreting these phenolics that act as signalling molecule during
expression of various symbiotic plasmid encoded nod (nodulation) genes (Gourion
et al. 2015). Glycolipids (chito-lipo-oligosaccharides) trigger root hair deformations
and cortical cell divisions within the root leading to nodule formation. The Rhizo-
bium quorum sensing enhances nodulation efficiency, symbiosome development,
exopolysaccharide production, nitrogen fixation and adaptation to various types of
stress (Pérez-Montaño et al. 2011). Quorum sensing guides rhizobia to synchronize
themselves to phenolic signals on a population-wide scale and to do duty as
multicellular organisms for successful symbiosis (Garg et al. 2013).
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13.7.4 Role in Allelopathy

Allelopathy is defined as the negative effect of one plant species on neighbouring
plants via the release of allelochemicals into the surroundings (Del Fabbro and Prati
2015). Phenolic allelochemicals result in increased cell membrane permeability. Due
to increased permeability, cell contents spill, resulting in raised lipid peroxidation.
Phenolic allelochemicals can impede the absorption of nutrients from the soil and
can lead to dwarfing in the plants or may lead to death of the whole plant (Scavo et al.
2018). Treatment of cucumber (Cucumis sativus) for 7 days with benzoic and
cinnamic acid derivatives results in decreased phenolic glycosylation and
phenyl-ß-glucosyltransferase activity, and this decrease was linked with increased
membrane permeability (Li et al. 2010). Gallic acid, p-coumaric acid,
p-hydroxybenzoic acid and ferulic acid isolated from Ageratum conyzoides L
(Scognamiglio et al. 2013) are the major allelochemicals in the rhizosphere. Syringic
or hydroxybenzoic acids at 2 mM concentration and gallic acid at 1 mM
concentrations significantly hindered the germination in various agricultural crops
(Li et al. 2010).

13.8 Role of Phenolic Compounds in Biotic Stress

Phenolics act as safeguarding agents, inhibitors, pesticides and natural animal
toxicants hostile to various biotic agents, i.e. herbivores, nematodes, insects and
fungal, viral and bacterial pathogen (Ghosh et al. 2017). Phenolics also perform as
phytoestrogens in animals and as allelochemicals for competitive plants and weeds.
Mainly, the vaporous terpenoids, the toxic water-soluble hydroquinones,
escopoletins, hydroxybenzoates, caffeic acids, hydroxycinnamates and the
5-hydroxynapthoquinones are broadly effectual allelochemicals (Bhattacharya
et al. 2010). Phenolics are the best natural shielding agents and can offer an
alternative to the chemical control of pathogens on agricultural crops. Plant phenolic
compounds produced during host-pathogen interactions work by several
mechanisms in plant protection (Tripathi 2004).

As soon as a plant host is infected by the pathogen, it shows accumulation of
phenolics as an initial response, and it may lead to general increase in host metabo-
lism (Mayer et al. 2001). It has been perceived that in maize, there is a significant
increase in the two phenolic caffeic acid esters after infected with Glomerella
graminicola or C. heterostrophus (Pusztahely et al. 2017). Although these
polyphenols or phenolic compounds are not toxic to fungi, their rapid accumulation
and sudden decline in the concentration proposed that these phenols may serve as
pool for synthesis of other protective compounds. The intercommunication between
the infected plant and infecting agent can be built by the capability of the infecting
agent to metabolize the phytoalexins formed by the infected plant (Hardoim et al.
2015). These compounds reduce the dissemination of biotic agent infection. The
bacteriostatic and bactericidal properties of phytoalexin are identical to the
antibiotics (Pina-Pérez and Ferrús Pérez 2018). Phytoalexins limit sporulation
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development and growth of hyphae of plant pathogenic fungi. Defence by
phytoalexins against microbes or pathogens depends on the rate of synthesis and
their accumulation in plant tissues (Duke 2018).

Quorum sensing leads to exponential growth and regulates many other activities
in bacteria; polyphenols can disrupt this process and restrict the growth of these
pathogens, and therefore phytoalexins have potent role in controlling harmful
activities of the biotic stressors (Raman et al. 2015). Phenolic derivatives such as
quinones are very valuable for the plants, as they produce complex derivatives by
combining with proteins and inhibit the maceration of proteomic substance by the
herbivores (Easwar Rao et al. 2017). Quantity of these compounds in amino acids
leads to decreased digestion of proteins in the insects that hampers pest growth.
Phenols also reduce the incidence of reactive oxygen species such as peroxides,
superoxide and singlet oxygen involved in a series of biotic and abiotic stresses.
These phenolic compounds activate the beginning of defensive enzymes and hence
protect plants from these stresses (Saddique et al. 2018).

Phenolics accumulate at the infected site of plant and inhibit the overall growth
and development of the microorganism which occurs as the result of cell death due to
hypersensitive reaction (Lincoln et al. 2018). To overcome the biotic stresses,
biosynthesis of lignin proceeds from L-phenylalanine via 4-coumaric acid and the
CoA-esters of 4-coumaric, ferulic and sinapic acids to the corresponding alcohols
which supposedly polymerize under the action of a peroxidase and help in fighting
against biotic stress agents (Varbanova et al. 2011; Peperidou et al. 2017; Bi et al.
2017). Scientific studies by various researchers suggest that low molecular weight
phenols, like the benzoic acids and the phenyl propanoids, are formed in the initial
response to infection. It is strongly suggested by the evidence that esterification of
phenols to cell wall materials is especially for the coping of the plants against various
stresses (Mandal et al. 2010).

Many microbes, such as fungi, bacteria, viruses and herbivore insects have threat
of harm and danger to plants (War et al. 2012). Plants have established a variety of
resistance mechanisms for protection and survival, several of which are generated as
a consequence of pathogen attack.

13.8.1 Bacteria

Bacteria can infect the plant and spread in a number of ways including herbivores
insects, swashing water or other infected plants or plant parts. They enter plants
through tiny openings either through damage or cuts but also through natural
openings in the plant itself (Hirano and Upper 2000). Bacteria usually use Type III
secretion system which is a complex bacterial structure that provides virulence to
gram-negative bacteria to inject chemicals or effector protein directly into plant cells.
This system resembles a syringe and plunger system that bacteria use to inject
effector proteins to cause diseases and trigger defence responses in plants (Green
and Mecsas 2015). Bacterial pathogens utilize quorum sensing to ensure that
virulence genes are only expressed after their population has reached a critical size.
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Among all bacterial pathogens that spread disease to plants, Pseudomonas
syringae pathogens are the most familiar and well-investigated ones. Pseudomonas
syringae is a gram-negative bacterium that shows various symptoms in plants such
as blights, cankers, leaf spots and wilting of plant (Sun et al. 2017).

Control Through Phenolic Compounds

• Due to innate immunity of plants, plant pattern recognition receptors recognize
potential pathogens by conserved pathogen-associated molecular patterns
(PAMPs), and they are responsible for PAMP-triggered immunity. As a result,
the progress of the infection is restricted long before the pathogen gains complete
hold of the host (Postel and Kemmerling 2009).

• Polyphenols such as catechins can affect different bacterial species including
Pseudomonas aeruginosa, Serratia marcescens, Salmonella choleraesuis,
Escherichia coli, Bordetella bronchiseptica, Klebsiella pneumoniae, Bacillus
subtilis and Staphylococcus aureus by changing the permeability and properties
of plasma membranes and the production of reactive oxygen species like hydro-
gen peroxide (Wang et al. 2018).

• In E. coli by exogenous application of trans-cinnamaldehyde and tannic acid
heterologous expression of quorum sensing proteins (LasI and RhlI) have been
observed. Eugenol and carvacrol specifically interfere with the quorum sensing
regulator in pectobacteria (Joshi et al. 2016).

13.8.2 Fungus

Fungus is a eukaryotic creature which digests food externally and absorbs nutrients
directly to its cell walls. Most fungi reproduce by spores or hyphae; a vegetative
growth has a body (thallus) composed of microscopic tubular cells (Dube 2015). The
spores of some fungi pass through the air and attack leaves produce dead spots or
even death of the whole leaf. Some fungi reside in the soil and enter in plant through
roots. Fungi cause wilting in plant by blocking the water-conducting cells or kill
them. In many cases the plant is seriously damaged or may even die (Carris et al.
2012).

Magnaporthe oryzae, a filamentous ascomycete fungus, is the causative agent of
rice blast disease, the most devastating disease of rice worldwide. All foliar tissues of
the host plant are subject to infection; however, infection of the panicle can lead to
complete loss of grain (Hajano et al. 2011).

Control Through Phenolic Compounds

• Resveratrol-O-methyltransferase and resveratrol synthase 3 increase the hostility
to soybean when it was exposed to the pathogen Rhizoctonia solani (Zernova
et al. 2014). For halting growth of the fungus, relative rate of formation as well as
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the quality of cell wall appositions is thought to be first line of the “complemen-
tary defence mechanisms”.

• Hydroxycinnamic derivatives, oleuropein derivatives, flavonol monoglucosides
derivatives and tyrosol derivatives are exceptionally responsible for olive tree
hostility to the leaf spot disease caused by Fusicladium oleagineum (Talhaoui
et al. 2015).

• The fungus which infects onion crop is a soil saprophyte which begins its
parasitic existence on the dead outer scales of the onion bulb. Later it perforates
into the lower succulent scales and deep into the bulb. Some varieties of onion are
resistant to the fungus, the resistance being correlated with catechol,
protocatechuic acid and red or yellow pigmentation of the dead outer bulb scales
(Levin 1971). These compounds are soluble in water and diffuse from the dead
cell layers of the scales to the infection drop, where they inhibit germination and
penetration.

13.8.3 Virus

Viruses are infectious particles made up of nucleic acid core and protein. Once it
infects a susceptible cell or wounded cell, the infectious virus particle sheds its
protein coat and the nucleic acid then directs the formation of several copies of itself
and related proteins principally development of new virus particles (Maccheroni
et al. 2005). Movement of plant virus occurs through cell-to-cell or by cytoplasmic
“bridges”. Plant viruses are generally transmitted from plant to plant by a vector, but
mechanical and seed transmission are also observed (Congdon et al. 2017). Vector
transmission is often by an insect (aphids, white fly), but some nematodes, fungi and
protozoa have been observed to be viral vectors. Plant viruses cause disease in
different plant parts by causing a reallocation of photosynthates and a disruption
of normal cellular processes as they replicate (Burch-Smith and Zambryski 2016).

The first plant virus discovered was tobacco mosaic virus (TMV), which attacks
members of the nightshade, or Solanaceae, family.

Control Through Phenolic Compounds

• Increases in the concentration of kaempferol, quercetin, caffeic acid and
chlorogenic acid have been linked with virus activity in various host plants
(Parr and Bolwell 2000).

• In Matthiola incana the level of kaempferol increased, while the level of antho-
cyanin declined (Baskar et al. 2018).

13.8.3.1 Nematode
Plant parasitic nematodes are more destructive plant pathogens causing worldwide
losses exceeding $ 125 billion annually (Chitwood 2003). To feed on living plant
tissue plant parasitic nematodes rupture host cells by using an oral. For partial
digestion of the cell contents, plant nematodes inject enzymes into a host cell
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(Escobar et al. 2015). Root-knot nematodes parasitize plant root systems and thus
directly inhibit the consumption of water and nutrients needed for normal plant
growth, development and reproduction of the plant (Davies and Spiegel 2011).

About 2000 plants worldwide are susceptible to infection by root-knot
nematodes, and they cause approximately 5% of global crop loss. Potato cyst
nematodes (Globodera pallida and Globodera rostochiensis) are widely distributed
in Europe and North and South America and cause $300 million worth of damage in
Europe every year (Minnis et al. 2002).

Control Through Phenolic Compounds

• Phenolics play role by different mechanisms for resistance of nematode:
(i) Browning and slow formation of wide necrosis in plants (ii) Speedy browning
and emergence of non- expandable necrosis (iii) IAA-oxidase inhibition favours
auxin accumulation and as a result of galls or giant cell formation
(iv) IAA-oxidase stimulation which favours auxin decomposition and of necrosis
in plants (Giebel 1982).

• Nematodes are able to do activation of phenols by decompose bound phenol to
free secreting fl-glycosidases into the host tissue (Ohri and Pannu 2010).

• Glucoside amygdaline present in peach roots is hydrolysed by 3-glucosidase of
Pratylenchus penetrans to hydrocyanic acid and benzaldehyde (Giebel 1982).

13.8.4 Insects and Parasites

Phytophagous insects produce stresses to plant by salivary secretions which contain
various enzymes, playing an elemental role in food digestion of sucking-piercing
insects (Lattanzio et al. 2006). Plant parasites directly couple to the vascularized
system of host plants thereby reducing the uptake of water, nutrients and
carbohydrates as a result leading to immensely reduced biomass and losses in seed
yields of the contaminated host plants (Hegenauer et al. 2017).

Control Through Phenolic Compounds

• Juglone is a phenolic produced by Carya ovata, which is not palatable for bark
beetle Scolytus multistriatus (Byers 1995).

• Glands on the leaves, sepals and petals of Lypericum spp. secrete a crimson-
coloured phenolic quinone referred to as hypericin. Ingestion of this compound
causes intensive photosensitivity and skin irritation, leading sometimes to blind-
ness, skin lesions, refusal to eat, and sometimes death, and it is toxic against
insects as well as mammals (Levin 1971).

• Formation of gossypol in leaves and flower buds presumably defends against
grazing by mammalian herbivores and has been observed to defend against
infestation by bollworm and tobacco budworm (Levin 1971).
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13.8.5 Weeds

The annual global economic loss caused by weeds has been estimated at more than
100 billion US dollars. Weeds can be a harbour to pest, vector of virus or reservoir of
a pathogen; weeds can remarkably influence disease prevalence (Swanton et al.
2015).

Phalaris minor is the major weed of wheat crop in rice. Witch weeds (Striga
species), for example, generally attack cereal crops, including maize, millet, sor-
ghum and rice. Strigolactone, a type of phytohormone exuded from the host root,
triggers germination of the parasite seed (Qasem 2006).

Control Through Phenolic Compounds

• High concentrations of catechin reduce C. maculosa germination and develop-
ment, thereby performing as an autoinhibitor (Li et al. 2010). It has been observed
that application of a bur cucumber seed extract and their phenolic allelochemical
(2-linoleoyl glycerol) triggers the accumulation of abscisic acid, salicylic acid and
jasmonic acid and inhibits the gibberellin pathway, so seed germination will be
halted (Lee et al. 2015).

• p-hydroxybenzoic, p-coumaric, gallic, syringic, gentisic and vanillic acids are
allelopathic compounds in the bark, fresh leaves or litter of Eucalyptus polycarpa,
E. microtheca and E. camaldulensis which have injurious effects on the crops in
the ecosystem resulting in the delaying of germination, mortality of seedling and
reduction in growth and yield of the other plants (John 2012).

Various biotic stresses and phenolics as shield against biotic stresses are
introduced in Table 13.1.

13.9 Conclusion and Future Prospective

Due to global warming, and potential climate abnormalities associated with it, crops
typically encounter increased various abiotic and biotic stress combinations, which
critically affect their germination, growth and yield.

Combination of various biotic stresses can cause serious threats to plant growth
and development. Main causative agents of biotic stress are bacteria, viruses, fungi,
weeds, nematodes, insects and parasites in the plants.

Biotic stresses are caused by various living organisms, such as bacteria, fungi,
insects and weeds (Lattanzio et al. 2006). They are very disastrous for plant growth
and development. From the different biotic organisms, fungi pose a major serious
threat as compared with others. An enormous species of fungi, i.e. about 8100 fungal
species, have been found to perform as plant pathogens (Tarkowski and Vereecke
2014). Similarly, viruses are also precarious pathogen which demolish agricultural
crops much more than fungi world over (Bai et al. 2002) These pathogens may cause
various types of injurious symptoms in plants, such as rotting, yellowing or wilting
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of plant, spots on leaves, formation of galls and damaging of seeds (Anderson et al.
2004). They can harm all plant parts, including roots, stem, bark, leaves and flowers
(Walling 2008) and transmit the disease caused by bacteria and viruses from infected
part to uninfected plants parts (Mann et al. 2012). Weeds are the self-growing wild
plants that restrict or inhibit the growth of other plants either directly by destruction
or indirectly by increased competition with the host plant for area, light and nutrient
availability. Weeds are fast-growing plants and their germination and growth is also
high, so sometimes their rapid growth and adaptability to the environment helps
them dominate to the host plants (Dass et al. 2016). The interrelationship of biotic
stresses and phenolic compounds has been presented in Fig. 13.1.
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Phenolics from Agro-industrial By-Products 14
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Abstract

Phenolics are organic compounds which contain a phenol ring and one or more
hydroxyl groups. These molecules are produced as secondary metabolites and are
ubiquitous in all plant tissues. Besides, the consumption of phenolic compounds
has been associated with the promotion of human health. Therefore, the extrac-
tion of these molecules has been of great interest for many researches and could
be used for food and pharmaceutical purposes. Agro-industrial by-products are
rich in many phytochemicals, such as phenolic compounds. These by-products
are generated from fruit and vegetable processing and have been mainly regarded
as wastes. Thus, there is a need to revalorize these by-products. Recently, the
research have been focusing of the identification and quantification of phenolic
content from agro-industrial by-products, the maximization of the yield of recov-
ery of phenolic compounds assessed by different methods of extraction, and the
enhancement of the concentration of phenolic compounds. Thus, this chapter
describes the extraction of phenolics from agro-industrial by-products by differ-
ent methodologies, as well as the enhancement of the phenolic content and their
biological properties.
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14.1 Introduction

Phenolic compounds are ubiquitous in plants, present in almost all plant tissues, and
they have been studied to present a variety of chemical structures (Santana-Gálvez
and Jacobo-Velázquez 2018). Their consumption has been associated to a wide
range of bioactivities mainly due to its radical scavenging capacity which is relevant
for the treatment and/or prevention of many diseases (de Camargo et al. 2016).

Agro-industrial by-products have been evaluated for their bioactivity since there
is a need for a further utilization of this plant material. They represent an abundant
and cheap source of phenolic compounds with many potential applications, being in
some cases richer in phenolic compounds than the main product. Furthermore,
adding value to agro-industrial by-products can enhance profits and reduce the
costs and the negative environmental effect of its disposition. Hence, the evaluation
of the biological effect and utilization of agro-industrial by-products have become of
scientific interest (Oskoueian et al. 2011). This chapter aims to review the phenolic
compounds present in some agro-industrial by-products and discuss the methods of
recovery of this molecules, besides, the biological effect for their potential applica-
tion in many industries.

14.2 Phenolic Compounds from Agro-industrial By-Products

Phenolic compounds come from plant’s secondary carbon metabolism from the
shikimic and the malonic acid pathways. Over 8000 of different phenolic
compounds have been identified, with different structures and metabolic functions
(Santana-Gálvez and Jacobo-Velázquez 2018). They all have in common a phenyl
ring and a hydroxyl group (Fig. 14.1).

Phenolic compounds are known by their antioxidant activity which is mainly
related to its ability to chelate metals (Decker 1997). Their synthesis is genetically
regulated in each plant, so the type of phenolics and the amounts of them may vary.
There are some environmental factors that can have an influence in their production,
such as biotic and abiotic factors (Gimeno Creus 2004).

14.3 Classification of Phenolic Compounds

There are many forms to classify phenolic compounds; for instance, phenolics can be
classified according to its structure (Table 14.1).

Fig. 14.1 Structure of phenol
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Flavonoids are known for being the most important group of phenolic compounds
with more than 5000 structures described in literature. The basic structure of
flavonoids consists in two rings (A and B) inked by a 3-carbon unit (ring C)
(Fig. 14.2). This group of polyphenols is subdivided into 13 classes: chalcones,
dihydrochalcones, flavones, aurones, flavonols, dihydroflavonol, flavanones,
flavanol, flavandiol, anthocyanidin, isoflavonoids, biflavonids, and condensed
tannins (Santana-Gálvez and Jacobo-Velázquez 2018).

In nature, flavonoids are usually present in its glycosylated form mainly with
glucose or rhamnose. They can also be linked with galactose, arabinose, xylose, and
other sugars. The classification of flavonoids is summarized in Table 14.2.

The concentration of phenolic compounds vary greatly, even among cultivars if
the same species. Their synthesis depends mostly on light, which explains the higher
concentrations of some phenolics in leaves. Other factors, such as genetics and
environmental conditions can change phenolic quantities and composition. Ripe-
ness, germination, procession, storage, and other factors have to be considered too
(Bravo 1998).

Table 14.1 Classification
of phenolic compounds

Class Basic skeleton

Simple phenols C6

Benzoquinones C6

Phenolic acids C6–C1

Acetophenones C6–C2

Phenylacetic acids C6–C2

Hydroxycinnamic acids C6–C3

Phenylpropenes C6–C3

Coumarins, isocoumarins C6–C3

Chromones C6–C3

Naphtoquinones C6–C4

Xanthones C6–C1–C6

Stilbenes C6–C2–C6

Athraquinones C6–C2–C6

Flavonoids C6–C3–C6

Lignans, neolignans (C6–C3)2
Lignins (C6–C3)n

Source: (Balasundram et al. 2006)

Fig. 14.2 Basic chemical
structure of flavonoids
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14.4 Biological Properties of Phenolic Rich Extracts from
Agro-industrial By-Products

Phenolic compounds have attracted scientific attention ought to their biological
activity which could be beneficial for human health as demonstrated in in vitro
and in vivo assays. As stated earlier in this chapter, phenolic compounds possess a
plethora of structural characteristics which can in turn affect their biological effect.

Agro-industrial by-products are derived from plant sources and can therefore be
useful for phenolic compound extraction, as well as for the application in many
industries such cosmetic, food, and pharmaceutic; hence, the study of their bioactive
properties is important. Agro-industrial by-products have been reported to have

Table 14.2 Classification
of flavonoids

Group Structure Examples

Flavone Apigenin

Luteolin

Flavonol Kaempferol

Quercetin

Flavanone Hesperitin

Naringenin

Flavanol Epicatechin

Catechin

Anthocyanidin Cyanidin

Peonidin
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potential in the treatment and/or prevention of several diseases or conditions, such as
thrombosis, hepatic steatosis, diabetes, obesity, and among others (de Camargo et al.
2016; Meshkini and Tahmasbi 2017; Vergani et al. 2016). Some cellular assays have
been performed, for example, in olive by-products. In this sense, olive industry
generates by-products such as olive pomace and olive leaf. Olive pomace was tested
for its potential effect on hepatic steatosis. For this aim, FaO cells, from rat
hepatoma, were overloaded of lipids. Olive pomace (0.05 mg caffeic acid
equivalents/mL) significantly reduced the content of triglycerides in FaO cells.
Furthermore, 0.1 mg caffeic acid equivalents/mL of olive pomace extract reduced
the 3,4-methylenedioxyamphetamine levels, which is used to evaluate lipid peroxi-
dation through the thiobarbituric acid reactive substances assay (Vergani et al.
2016).

In another study, polyphenols from walnut hull showed to have antiplatelet
aggregation properties through modulation of the intracellular redox status which
in turn modulates the caspase activation. This is important for the treatment of
thrombotic disorders (Meshkini and Tahmasbi 2017). Rapeseed meal, cottonseed
meal, and soybean meal are by-products produced from oil industry. These
by-products are scarcely studied; nonetheless they are rich in polyphenols which
can be used for food and pharmaceutical industries.

Other in vitro studies have shown radical scavenging activity, xanthine and
tyrosinase inhibitory activity, as well as anti-inflammatory potential. Rapeseed
meal, cottonseed meal, and soybean meal were reported to inhibit DPPH radical
scavenging activity and nitric oxide in a dose-dependent manner. Also, they showed
xanthine oxidase inhibitory activity and tyrosinase activity, in a concentration-
dependent manner. However, rapeseed meal showed the best results. Furthermore,
the inhibition on nitric oxide production in RAW 264.7 cells induced by
lipopolysaccharide and interferon gamma was evaluated, and rapeseed meal extract
(62.5 μg/mL) inhibits the nitric oxide production comparable to N-nitro-L-arginine
methyl ester (Oskoueian et al. 2011). Panax notoginseng stem leaf is rich in saponins
and flavonoid glycosides; furthermore, it has potential to be used in cosmetic
industry as it can inhibit tyrosinase activity resulting in a reduction in the melatonin
synthesis (Dai et al. 2018).

Apart from the by-products obtaining from the processing of foods, there are
by-products such as the pods and stems obtained from the pruning of the olive trees
that can be exploited for phenolic compound extraction (Salido et al. 2015). Olive
wood shavings were extracted with dichloromethane and ethyl acetate for the DPPH
assay. Moreover, simple phenols, flavonoids, and terpenoids were also identified.

Furthermore, it has been reported that phenolic compounds correlate positively
with antioxidant activity; for instance, broccoli by-products such as florets, stalks,
and leaves, which are rich in bioactive compounds such as glucosinolates, phenolic
acids, and flavonoids, showed a positive correlation with antioxidant activity
(r2 ¼ 0.906) (Domínguez-Perles et al. 2010).
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In addition, agro-industrial by-products have shown to possess higher antioxidant
capacity than the main product. For instance, pomegranate peel has strongest radical
scavenging capacity than juice (Fawole and Opara 2016). Table 14.3 summarizes the
biological effects studied in some agro-industrial by-products.

Although there is great evidence of the antioxidant properties of some agro-
industrial by-products, there is still need for evaluating their stability and activity
after a simulated in vitro digestion and in vivo metabolism utilizing the whole
by-product (Fawole and Opara 2016). Another important fact is that bioactivity
can be improved or reduced by the method of extraction of phenolic compounds; for
instance, winemaking by-products showed to increase their bioactivity after an
enzymatic treatment. Therefore, some of the traditional and emerging methods for
the extraction of phenolics from agro-industrial by-products are reviewed later in this
chapter (de Camargo et al. 2016).

Table 14.3 Biological effect of agro-industrial by-products

By-product Biological effect Reference

Olive pomace Anti-steatotic effect Vergani et al.
(2016)

Walnut hull Antiplatelet aggregation property Meshkini and
Tahmasbi
(2017)

Broccoli by-products In vitro radical scavenging capacity Domínguez-
Perles et al.
(2010)

Rapeseed meal,
cottonseed, and
soybean meal

Antioxidant and anti-inflammatory activity Oskoueian
et al. (2011)

Olive wood shavings Radical scavenging capacity Salido et al.
(2015)

Panax notoginseng
stem leaf

Free radical scavenging activity and superoxide
anion removal ability

Dai et al.
(2018)

Winemaking
by-products

Free radical scavenging activity, reducing power,
inhibition of the activity of α-amylase and lipase
enzymes

de Camargo
et al. (2016)

Olive leaf Radical scavenging capacity Şahin et al.
(2018)

Red and purple rice
bran

Oxygen radical absorbance capacity Chen et al.
(2016)

Black rice bran Oxygen radical absorbance capacity Zhang et al.
(2010)
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14.5 Methods of Recovery of Phenolics from Agro-industrial
By-Products

Conventional methods of extraction such as reflux extraction and Soxhlet are still
being used for the recovery of phenolics; however, due to the concern for enhancing
the yield of phenolic recovery and the maintenance of their bioactivity, emerging
technologies have been assessed; among this, the most reported are pressure-driven
membrane process, microwave-assisted extraction, supercritical fluid extraction,
ultrasound-assisted extraction, and subcritical water extraction (Giannuzzo et al.
2003).

14.5.1 Conventional Extraction Techniques

Conventional extraction techniques have been reported to be efficient for the recov-
ery of flavonoids and phenolic acids from agro-industrial by-products (Al-Jabari
2002; da Silva et al. 2016).

14.5.2 Maceration and Reflux Extraction

Grapefruit peel is rich in naringin, a glycosylated flavonoid. Therefore, different
methods were used to recover this bioactive compound. By means of maceration and
reflux, the yields were 13.5 � 0.5 g/Kg grapefruit peel and 11.1 � 0.6 g/Kg
grapefruit peel, respectively (Giannuzzo et al. 2003). Differences observed in the
yield of extraction might be due to the extraction time.

Olive tree by-products such as olive tree pruning and olive mill leaf were
evaluated for the efficient solvent to extract phenolic acids and flavonoids. Gullón
et al. (2018) studied a bioactive compound extraction with different solvents from
olive tree pruning and olive mill leaf, among these the highest total phenolic and
flavonoids content was with 50% ethanol an extraction conditions of extraction time
of 90 min, extraction temperature of 55 �C, and a liquid to solid ratio of 6 mL/g.

Similarly, in order to increase the phenolic compound extraction of non-pomace
residue from grape processing, Haas et al. (2018) reported that conventional extrac-
tion (methanol-water mixture extraction with mechanical orbital agitation) with
5 min of time extraction, solvent to water ratio of 80:20%, and solid/solvent ratio
of 1:20 (w/v) were the most efficient conditions to polyphenol extraction. They agree
with other authors who report that the water addition in organic solvents facilitates
the bioactive compound extraction such as phenolics; this could be due to the
polarity being affected by the addition of water to the mixture, therefore increasing
the phenolic extraction.
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14.5.3 Soxhlet Extraction

Giannuzzo et al. (2003) reported the flavonoid glycosylated naringin extraction from
grapefruit peel; they obtained a yield naringin extraction of 15.2 � 0.5 g/kg
grapefruit peel to the extraction conditions of 8 h and 200 mL of ethanol. The
Soxhlet extraction was the highest naringin yield in comparison with other extraction
methods; nevertheless the extraction time was long, and a significant amount of
solvents was used. On the other hand, Chanioti and Tzia (2017) extracted phenolics
compounds from olive pomace with a Soxhlet method using 250 mL of hexane for
8 h. They reported a yield extraction of 12.38 � 0.07% and total phenolic content of
0.207 � 0.009 mg gallic acid/g oil. In comparison with ultrasound-assisted extrac-
tion, yield and total phenolics content by Soxhlet method was lower, therefore the
importance of using alternative methods for bioactive compound extraction from
industry by-products such as olive pomace.

Similarly, Louli et al. (2004) studied the phenolic compound extraction of red
grape by-products with different solvents (aqueous KOH (3%), methanol, and ethyl
acetate). They reported that the best solvent for total phenolics compound extraction
was ethyl acetate; nevertheless, the extracts must be purified, and therefore they used
the extraction of supercritical fluids as purification method.

On the other hand, Da Porto et al. (2013) have reported the polyphenol extraction
(89.47 � 2.29 mg GAE/g flour) from grape seeds using maceration and Soxhlet
extraction; they found that despite obtaining a significant amount using both succes-
sive extractions, the highest polyphenol content extraction was using ultrasound and
Soxhlet (105.81 � 3.21 mg GAE/g flour); also, the polyphenol extraction was
influenced to the de-oiling method from grape seeds, which can interfere into the
polyphenol extraction.

“Horchata” by-products are rich sources of phenolic compounds; therefore dif-
ferent extraction techniques are reported; in this sense, Roselló-Soto et al. (2019)
studied the supercritical CO2 and conventional extractions on phenolic compound
recovery. They reported an important amount of phenolic compounds using conven-
tional extraction; besides, p-coumaric and ferulic acids were identified with conven-
tional extraction.

Although these methods of extractions have been widely used, many
disadvantages have been reported, such as the use of large amounts of solvents,
which disposition generates a negative impact in the environment. Also, these
techniques require long extraction times and need to further processes to remove
solvents.

14.6 Emerging Technologies

Emerging technologies for bioactive compound extraction have been studied in the
last years; due to climate change, environmentally friendly extraction methods have
been studied, which have focused on nonhazardous extraction processes, with a
minimum consumption of energy, reduction of extraction times, and the use of
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organic solvents, as well as high yields and purity of bioactive compounds (Chanioti
and Tzia 2017; da Silva et al. 2016; Galanakis 2012).

14.6.1 Pressure-Driven Membrane Processing

Membrane separation processes have been studied for the recovery of bioactive
compounds (such as phenolic compounds) from food by-products because it is
considered as a clean and economical technology and they can eliminate solids in
suspension as well as concentrating macromolecules (Nunes et al. 2019; Syed et al.
2017). There is different pressure-driven membrane process such as nanofiltration,
ultrafiltration, and microfiltration (Cassano et al. 2011; Castro-Muñoz et al. 2016).
Likewise, some bioactive compounds can be recovered using membranes from
agroindustry by-products such as phenolic compounds. In this sense, different
agroindustry by-products have been studied for phenolic compound extraction,
among these are the following: orange press liquor, nixtamalization wastewater,
olive mill wastewater, grape seeds, fermented grape pomace, red grapes, pomace,
artichoke wastewater, mate tree residues, and soy processing waste, which have been
reported the phenolic compound extraction using different membranes (Castro-
Muñoz et al. 2016). Recently, Nunes et al. (2019) reported an increase of total
phenolics (1030–1284 mg gallic acid equivalent/L) and flavonoids (398.9–467.3 mg
epicatechin equivalent/L) of olive pomace concentrate utilizing membrane separa-
tion process in comparison with initial aqueous extract.

14.6.2 Microwave-Assisted Extraction

Microwave-assisted extraction is a technology that has been increasing in recent
years due to the multiple reports that have proven their efficiency in obtaining
bioactive compounds, microwave energy is able to accelerate the mass transfer of
matrix bioactive compounds to the solvent through the solvent heating, and on the
other hand, its main characteristic is its easy handling and requires moderate
amounts of solvent (Galanakis 2012). According to Balasundram et al. (2006), citrus
industry by-products contain important amounts of polyphenols; therefore they have
become a study model. In this sense, mandarins are an important citrus crop that
industrially produce large amounts of by-product in the form of seed, leaves, and
peel waste; also, it has been reported that it contains bioactive compounds; therefore
different extraction methods have been studied. Ateş et al. (2019) demonstrated that
microwave-assisted extraction has a significant effect on the yield of total phenolics
and flavonoids of mandarin leaves, because as irradiation power and time extraction
increased, the yield increased; however at higher conditions, these decreased. The
total phenolics and flavonoid (17.22 mg gallic acid equivalent/g dried leaf and
1.71 mg catechin equivalent/g dried leaf, respectively) content of mandarin leaves
extracted in optimum conditions of microwave-assisted was found at extraction time
of 45 s and microwave irradiation power of 43 W.
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On the other hand, it has been reported that juice processing generates high
by-products with important bioactive compounds which could be used to give
added value; in this sense, important quantities of sea buckthorn pomace are
produced during the berry processing for juice extraction. Due to the sea buckthorn
berries which are a rich source of bioactive compounds, sea buckthorn pomace is
also a study model for the recovery of bioactive compounds (Rösch et al. 2004).
Therefore, Périno-Issartier et al. (2011) studied the effect of a novel technology
(microwave hydro-diffusion and gravity) on total phenolics content of sea buckthorn
pomace; they found that similarly amounts of flavonoids were obtained by micro-
wave hydro-diffusion and gravity in comparison with conventional solid-liquid
extraction; in fact, quercetin 3-O-glucoside and isorhamnetin were higher in micro-
wave extracts.

14.6.3 Supercritical Fluid Extraction

Supercritical fluid extraction is a technology that has been studied for the recovery of
phenolic compounds in industry by-products; carbon dioxide (CO2) is the most used
gas for supercritical fluids extractions, because its critical pressure and temperature
point are relatively easy to reach; also, it is considered as harmless to humans.
Supercritical fluid extraction is based on carrying a gas above its critical temperature
and pressure point, which modifies its characteristics; in this sense it increases the
fluid diffusion and penetrates through the material pores increasing the mass transfer
and therefore the compound extraction (Ameer et al. 2017; Galanakis 2012; Herrero
et al. 2010). Similar to microwave-assisted extraction, the effect of supercritical
fluids on the increase of phenolic compounds and flavonoids of mandarin
by-products (specifically in the leaf) has been studied. Ateş et al. (2019) reported
that total phenolic content increases with pressure; it could be due to the modification
in the fluid density as well as to solvation power; on the other hand when increasing
the extraction temperature, the phenolic content decreased until certain point,
because there is a temperature and pressure relation that modifies the properties of
supercritical fluid. It was found a total phenolic and flavonoid content of 79.9 mg
gallic acid equivalent/g dry leaf and 7.56 mg catechin equivalent/g dry leaf, respec-
tively, at the optimum temperature, flow, and pressure extraction of 50 � C, 0.39 mL/
min, and 200 bar. It is important to knowledge that these values were found up to
four times higher than polyphenols obtained by microwave-assisted extraction;
therefore, supercritical fluid extraction is widely studied.

On the other hand, the flavonoid extraction by supercritical fluids in grapefruit
peel has been reported; in this sense, Giannuzzo et al. (2003) reported the highest
naringin yield (14.4 g/kg) at supercritical CO2 extraction of 58.6 �C, 95 bar and
ethanol 15% as co-solvent. Besides, the naringin supercritical CO2 yield was higher
in fresh peel than dried; also naringin yield by supercritical CO2 was higher than
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conventional extraction methods; therefore supercritical CO2 extraction can be used
for the bioactive compound extraction from fruit by-products.

As for phenolic compound extraction from red grape by products, Louli et al.
(2004) studied the effect of supercritical extraction on ethyl acetate extract of red
grape by products; in this sense, they reported that supercritical extract possessed
high total phenolic compounds (18.1 equivalent gallic acid % w/w) at pressure
(150 bar) and temperature (45 �C) moderates, which in turn showed a high antioxi-
dant activity; therefore, the use of supercritical extraction could be used for increase
phenolic compound extraction of grape by-product extracts.

Recently, Roselló-Soto et al. (2019) studied the supercritical CO2 extraction
effect on phenolic compound of oil from “horchata” by-products (by-products
obtaining after the horchata product from tiger nuts). They reported that phenolic
profile is linked with the different supercritical conditions; likewise, an increase of
pressure increases the phenolic compound amounts, being at 40 MPa the highest
phenolic compound recovery. Besides, the predominant phenolic compounds found
in supercritical CO2 extract were caffeic acid, scopoletin, and lignin
isohydroxymatairesinol.

14.6.4 Ultrasound-Assisted Extraction

Ultrasound-assisted extraction is based on the damage to the cell wall caused by
ultrasound wave acceleration through the effect of cavitation and therefore
accelerates mass transfer, and metabolites such as polyphenols are available to be
separated. In this sense, it has been reported that ultrasound-assisted extraction is a
promising technique for bioactive compound extraction such as phenolics and
flavonoids, due to some advantage than conventional extraction techniques such as
low-energy consumption, low-temperature extractions, low-period extractions, and
solvent consumption and high repeatability (Görgüç et al. 2019; Khan et al. 2010).

On the other hand, industry by-products have important amounts of bioactive
compounds as polyphenols; thus different techniques have been studied for recov-
ery, among them is ultrasound-assisted extraction. Khan et al. (2010) optimized the
polyphenol extraction by ultrasound-assisted extraction of orange peels. They
reported a naringin (70.3 mg/100 g of fresh weight) and hesperidin (205.2 mg/
100 g of fresh weight) increase by ultrasound extraction at optimum conditions
(150 W ultrasound power, 80% ethanol: water ratio and 40 �C extraction tempera-
ture). In addition, phenolic compound extraction was up to three times faster using
ultrasound.

Likewise, Chanioti and Tzia (2017) optimized the olive pomace oil by
ultrasound-assisted extraction. They reported that ultrasound affected the total phe-
nolic compounds of olive pomace oil; in this sense, temperature, solid/liquid ratio,
and particle seize were studied for the enhancement of the total phenolic compounds;
the highest total phenolic compounds were 0.261 mg gallic acid/g oil at optimized
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conditions of extraction temperature of 50 �C, solid/liquid ratio of 1.8 g/mL, and
0.5 mm of particle seize. However, Haas et al. (2018) reported a less efficiency
extraction of phenolic compounds and flavonoids of non-pomace residue by
ultrasound-assisted with hydroalcoholic solvent; likewise, solvent extraction was
the most efficient.

On the other hand, Fernández et al. (2018) reported the effectiveness of
ultrasound-assisted extraction in the phenolic compound recovery from agro-
industrial by-products (olive cake, dried scapes and umbel onion, peels, seeds, and
cull fruits of tomato and pear) after a combination process of lactic acid, glucose, and
15% water pretreatment. They reported different optimal conditions of ultrasound-
assisted extraction for each material studied; also, the process variables for extraction
were extraction time and material/solvent ratio; likewise high phenolic compound
extraction efficiency was found compared with traditional solvents.

Goula et al. (2016) optimized the phenolic compound extraction from grape
pomace; the variables studied were extraction temperature, pulse duration/pulse
interval ratio, amplitude level, and solvent/pomace ratio; the highest yield was
10.14 mg gallic acid equivalents/g dry pomace and was found under the optimum
conditions of 34.5 �C extraction temperature, ratio of pulse duration/pulse interval of
8/6, amplitude level of 39%, and solid/solvent ratio of 18.1 mL/g.

Similarly, it has been reported that an important by-product grape processing is
seeds; these are a rich source of phenolic compounds; in this sense, Da Porto et al.
(2013) reported an improvement in the polyphenol extraction (105.81 � 3.21 mg
GAE/g flour) from the grape seed using ultrasound-assisted and Soxhlet extraction;
they found that using both coupled extractions increased the total content of
polyphenols and cinnamic acids; likewise, they attributed the increase ultrasound
conditions (30 min, 20 kHz, 150 W, and 30 �C, respectively) used in the extraction
by ultrasound, as well as to the Soxhlet extraction conditions (12 h extraction time at
room temperature and nitrogen atmosphere), and prevented the polyphenolic com-
pound degradation.

14.6.5 Subcritical Water Extraction

Subcritical water or hot-compressed water is a novel technique for the extraction of
bioactive compounds, which is related to changes in water properties. It has been
reported that subcritical water increased the mass transfer rates due to lower viscosity
and surface tension (Yu et al. 2008). Likewise, there is a relationship between the
temperature increase and hydrogen bound dissociation, which produces a greater
solubility of hydrophobic compounds; on the other hand, the polarity of the water is
also increased when the temperature increases; therefore, it has been used to the
extraction of bioactive compounds such as phenolic compounds (Möller et al. 2011;
Pedras et al. 2017).

In this sense, Pedras et al. (2017) studied the effect of subcritical water extraction
on phenolic compounds from white grape pomace; they reported that the highest
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phenolic compound yield extraction (113.4 � 5.1 mg gallic acid equivalent/g
extract) was at 210 �C and 10 mL/min of water flow rate. Besides, they identified
six phenolic compounds (vanillin, caffeic acid, epicatechin, chlorogenic acid, gallic
acid, and catechin). Table 14.14 shows the advantages and disadvantages of pheno-
lic compound extraction techniques.

Table 14.14 Advantages and disadvantages of phenolic compound extraction techniques

Extraction
technique Advantages Disadvantages Reference

Maceration
and reflux
extraction

Easy to
replicate

High solvent use
Long extraction
times

Giannuzzo et al. (2003)

Soxhlet
extraction

High yields High solvent use
Long extraction
times

Giannuzzo et al. (2003)

Microwave-
assisted
extraction

Short extraction
times
Small solvent
volumes
Performance
heating

Thermolabile
degradation
compounds
Operational control
variables

Galanakis (2012), Lucchesi et al.
(2004) and Périno-Issartier et al.
(2011)

Pressure-
driven
membrane
extraction

Clean and
economical
technology
High separation
efficiency
Simple
operation

Large time
separations
Is not selective for
phenolic
compounds

Castro-Muñoz et al. (2016), Nunes
et al. (2019) and Syed et al. (2017)

Subcritical
water
extraction

Simple
operation
Don’t require
the use of polar
solvents

High-temperature
requirements

Möller et al. (2011), Pedras et al.
(2017) and Yu et al. (2008)

Supercritical
fluid
extraction

High selectivity
High bioactive
compound
concentration
Low extraction
time
Low solvents
consumption

High equipment,
security, and
maintenance costs
Low yield of
extraction of polar
compounds

Ameer et al. (2017), da Silva et al.
(2016), Galanakis (2012) and
Herrero et al. (2010)

Ultrasound-
assisted
extraction

High
reproducibility
Low extraction
time
Low solvent
consumption

Need a filtration
steep

Galanakis (2012)
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14.7 Conclusions

Agro-industrial by-products are a potential source of bioactive compounds as
demonstrated in many researches; however, there is still a need of the evaluation
of the energy consumption of technologies to the recovery of phenolic compounds as
well as the metabolism in in vivo models. Furthermore, the use of the whole biomass
generated by the plant material processing has not been fully evaluated, for example,
the use of the pruning and wastes left in the field after the harvest of the fruits.

References

Al-Jabari M (2002) Kinetic models of supercritical fluid extraction. 25:477–489. https://doi.org/10.
1002/1615-9314(20020601)25:8<477::AID-JSSC477>3.0.CO;2-C

Ameer K, Shahbaz HM, Kwon J-H (2017) Green extraction methods for polyphenols from plant
matrices and their byproducts: a review. Compr Rev Food Sci Food Saf 16:295–315. https://doi.
org/10.1111/1541-4337.12253

Ateş F, Şahin S, İlbay Z, Kırbaşlar ŞİJ (2019) A green valorisation approach using microwaves and
supercritical CO2 for high-added value ingredients from mandarin (Citrus deliciosa Tenore) leaf
waste. Waste Biomass Valoriz 10:533–546. https://doi.org/10.1007/s12649-017-0074-z

Balasundram N, Sundram K, Samman S (2006) Phenolic compounds in plants and Agri-industrial
by-products: antioxidant activity, occurrence, and potential uses. Food Chem 99:191–203.
https://doi.org/10.1016/j.foodchem.2005.07.042

Bravo L (1998) Polyphenols: chemistry, dietary sources, metabolism, and nutritional significance.
Nutr Rev 56:317–333. https://doi.org/10.1111/j.1753-4887.1998.tb01670.x

Cassano A, Conidi C, Drioli E (2011) Comparison of the performance of UF membranes in olive
mill wastewaters treatment. Water Res 45:3197–3204. https://doi.org/10.1016/j.watres.2011.03.
041

Castro-Muñoz R, Yáñez-Fernández J, Fíla V (2016) Phenolic compounds recovered from agro-food
by-products using membrane technologies: an overview. Food Chem 213:753–762. https://doi.
org/10.1016/j.foodchem.2016.07.030

Chanioti S, Tzia C (2017) Optimization of ultrasound-assisted extraction of oil from olive pomace
using response surface technology: oil recovery, unsaponifiable matter, total phenol content and
antioxidant activity. LWT Food Sci Technol 79:178–189. https://doi.org/10.1016/j.lwt.2017.01.
029

Chen M-H, McClung AM, Bergman CJ (2016) Concentrations of oligomers and polymers of
proanthocyanidins in red and purple rice bran and their relationships to total phenolics,
flavonoids, antioxidant capacity and whole grain color. Food Chem 208:279–287

Da Porto C, Porretto E, Decorti D (2013) Comparison of ultrasound-assisted extraction with
conventional extraction methods of oil and polyphenols from grape (Vitis vinifera L.) seeds.
Ultrason Sonochem 20:1076–1080. https://doi.org/10.1016/j.ultsonch.2012.12.002

da Silva RPFF, Rocha-Santos TAP, Duarte AC (2016) Supercritical fluid extraction of bioactive
compounds. TrAC Trends Anal Chem 76:40–51. https://doi.org/10.1016/j.trac.2015.11.013

Dai C-Y, Liu P-F, Liao P-R, Qu Y, Wang C-X, Yang Y, Cui X-M (2018) Optimization of
flavonoids extraction process in panax notoginseng stem leaf and a study of antioxidant activity
and its effects on mouse melanoma B16 cells. Molecules 23:2219

de Camargo AC, Regitano-d’Arce MAB, Biasoto ACT, Shahidi F (2016) Enzyme-assisted extrac-
tion of phenolics from winemaking by-products: antioxidant potential and inhibition of alpha-
glucosidase and lipase activities. Food Chem 212:395–402

Decker A (1997) Phenolics: prooxidants or antioxidants? 55:396–398. https://doi.org/10.1111/j.
1753-4887.1997.tb01580.x

344 G. Vázquez-Olivo et al.

https://doi.org/10.1002/1615-9314(20020601)25:83.0.CO;2-C
https://doi.org/10.1002/1615-9314(20020601)25:83.0.CO;2-C
https://doi.org/10.1002/1615-9314(20020601)25:83.0.CO;2-C
https://doi.org/10.1002/1615-9314(20020601)25:83.0.CO;2-C
https://doi.org/10.1111/1541-4337.12253
https://doi.org/10.1111/1541-4337.12253
https://doi.org/10.1007/s12649-017-0074-z
https://doi.org/10.1016/j.foodchem.2005.07.042
https://doi.org/10.1111/j.1753-4887.1998.tb01670.x
https://doi.org/10.1016/j.watres.2011.03.041
https://doi.org/10.1016/j.watres.2011.03.041
https://doi.org/10.1016/j.foodchem.2016.07.030
https://doi.org/10.1016/j.foodchem.2016.07.030
https://doi.org/10.1016/j.lwt.2017.01.029
https://doi.org/10.1016/j.lwt.2017.01.029
https://doi.org/10.1016/j.ultsonch.2012.12.002
https://doi.org/10.1016/j.trac.2015.11.013
https://doi.org/10.1111/j.1753-4887.1997.tb01580.x
https://doi.org/10.1111/j.1753-4887.1997.tb01580.x


Domínguez-Perles R, Martínez-Ballesta MC, Carvajal M, García-Viguera C, Moreno DA (2010)
Broccoli-derived by-products—a promising source of bioactive ingredients. J Food Sci 75:
C383–C392. https://doi.org/10.1111/j.1750-3841.2010.01606.x

Fawole OA, Opara UL (2016) Stability of total phenolic concentration and antioxidant capacity of
extracts from pomegranate co-products subjected to in vitro digestion. BMC Complement
Altern Med 16:358

Fernández MÁ, Espino M, Gomez FJV, Silva MF (2018) Novel approaches mediated by tailor-
made green solvents for the extraction of phenolic compounds from agro-food industrial
by-products. Food Chem 239:671–678. https://doi.org/10.1016/j.foodchem.2017.06.150

Galanakis CM (2012) Recovery of high added-value components from food wastes: conventional,
emerging technologies and commercialized applications. Trends Food Sci Technol 26:68–87.
https://doi.org/10.1016/j.tifs.2012.03.003

Giannuzzo AN, Boggetti HJ, Nazareno MA, Mishima HT (2003) Supercritical fluid extraction of
naringin from the peel of Citrus paradisi. Phytochem Anal 14:221–223. https://doi.org/10.1002/
pca.706

Gimeno Creus E (2004) Compuestos fenólicos. Un análisis de sus beneficios para la salud. Offarm
23:80–84

Görgüç A, Bircan C, Yılmaz FM (2019) Sesame bran as an unexploited by-product: effect of
enzyme and ultrasound-assisted extraction on the recovery of protein and antioxidant
compounds. Food Chem 283:637–645. https://doi.org/10.1016/j.foodchem.2019.01.077

Goula AM, Thymiatis K, Kaderides K (2016) Valorization of grape pomace: drying behavior and
ultrasound extraction of phenolics. Food Bioprod Process 100:132–144. https://doi.org/10.
1016/j.fbp.2016.06.016

Gullón B et al (2018) Valorisation of olive agro-industrial by-products as a source of bioactive
compounds. Sci Total Environ 645:533–542. https://doi.org/10.1016/j.scitotenv.2018.07.155

Haas ICDS, Toaldo IM, Burin VM, Bordignon-Luiz MT (2018) Extraction optimization for
polyphenolic profiling and bioactive enrichment of extractives of non-pomace residue from
grape processing. Ind Crop Prod 112:593–601. https://doi.org/10.1016/j.indcrop.2017.12.058

Herrero M, Mendiola JA, Cifuentes A, Ibáñez E (2010) Supercritical fluid extraction: recent
advances and applications. J Chromatogr A 1217:2495–2511. https://doi.org/10.1016/j.
chroma.2009.12.019

Khan MK, Abert-Vian M, Fabiano-Tixier A-S, Dangles O, Chemat F (2010) Ultrasound-assisted
extraction of polyphenols (flavanone glycosides) from orange (Citrus sinensis L.) peel. Food
Chem 119:851–858. https://doi.org/10.1016/j.foodchem.2009.08.046

Louli V, Ragoussis N, Magoulas K (2004) Recovery of phenolic antioxidants from wine industry
by-products. Bioresour Technol 92:201–208. https://doi.org/10.1016/j.biortech.2003.06.002

Lucchesi ME, Chemat F, Smadja J (2004) Solvent-free microwave extraction of essential oil from
aromatic herbs: comparison with conventional hydro-distillation. J Chromatogr A
1043:323–327. https://doi.org/10.1016/j.chroma.2004.05.083

Meshkini A, Tahmasbi M (2017) Antiplatelet aggregation activity of walnut hull extract via
suppression of reactive oxygen species generation and caspase activation. J Acupunct Meridian
Stud 10:193–203. https://doi.org/10.1016/j.jams.2017.02.007

Möller M, Nilges P, Harnisch F, Schröder U (2011) Subcritical water as reaction environment:
fundamentals of hydrothermal biomass transformation. ChemSusChem 4:566–579. https://doi.
org/10.1002/cssc.201000341

Nunes AM, Pawlowski S, Costa ASG, Alves RC, Oliveira MBPP, Velizarov S (2019) Valorization
of olive pomace by a green integrated approach applying sustainable extraction and membrane-
assisted concentration. Sci Total Environ 652:40–47. https://doi.org/10.1016/j.scitotenv.2018.
10.204

Oskoueian E, Abdullah N, Hendra R, Karimi E (2011) Bioactive compounds, antioxidant, xanthine
oxidase inhibitory, tyrosinase inhibitory and anti-inflammatory activities of selected agro-
industrial by-products. Int J Mol Sci 12. https://doi.org/10.3390/ijms12128610

14 Phenolics from Agro-industrial By-Products 345

https://doi.org/10.1111/j.1750-3841.2010.01606.x
https://doi.org/10.1016/j.foodchem.2017.06.150
https://doi.org/10.1016/j.tifs.2012.03.003
https://doi.org/10.1002/pca.706
https://doi.org/10.1002/pca.706
https://doi.org/10.1016/j.foodchem.2019.01.077
https://doi.org/10.1016/j.fbp.2016.06.016
https://doi.org/10.1016/j.fbp.2016.06.016
https://doi.org/10.1016/j.scitotenv.2018.07.155
https://doi.org/10.1016/j.indcrop.2017.12.058
https://doi.org/10.1016/j.chroma.2009.12.019
https://doi.org/10.1016/j.chroma.2009.12.019
https://doi.org/10.1016/j.foodchem.2009.08.046
https://doi.org/10.1016/j.biortech.2003.06.002
https://doi.org/10.1016/j.chroma.2004.05.083
https://doi.org/10.1016/j.jams.2017.02.007
https://doi.org/10.1002/cssc.201000341
https://doi.org/10.1002/cssc.201000341
https://doi.org/10.1016/j.scitotenv.2018.10.204
https://doi.org/10.1016/j.scitotenv.2018.10.204
https://doi.org/10.3390/ijms12128610


Pedras B, Salema-Oom M, Sá-Nogueira I, Simões P, Paiva A, Barreiros S (2017) Valorization of
white wine grape pomace through application of subcritical water: analysis of extraction,
hydrolysis, and biological activity of the extracts obtained. J Supercrit Fluids 128:138–144.
https://doi.org/10.1016/j.supflu.2017.05.020

Périno-Issartier S, Zill-e-Huma A-VM, Chemat F (2011) Solvent free microwave-assisted extrac-
tion of antioxidants from sea buckthorn (Hippophae rhamnoides) food by-products. Food
Bioprocess Technol 4:1020–1028. https://doi.org/10.1007/s11947-010-0438-x

Rösch D, Krumbein A, Kroh LW (2004) Antioxidant gallocatechins, dimeric and trimeric
proanthocyanidins from sea buckthorn (Hippophaë rhamnoides) pomace. Eur Food Res Technol
219:605–613. https://doi.org/10.1007/s00217-004-1002-6

Roselló-Soto E, Barba FJ, Lorenzo JM, Munekata PES, Gómez B, Moltó JC (2019) Phenolic profile
of oils obtained from “horchata” by-products assisted by supercritical-CO2 and its relationship
with antioxidant and lipid oxidation parameters: triple TOF-LC-MS-MS characterization. Food
Chem 274:865–871. https://doi.org/10.1016/j.foodchem.2018.09.055

Şahin S, Elhussein E, Bilgin M, Lorenzo JM, Barba FJ, Roohinejad S (2018) Effect of drying
method on oleuropein, total phenolic content, flavonoid content, and antioxidant activity of
olive (Olea europaea) leaf. J Food Process Preserv 42:e13604

Salido S, Pérez-Bonilla M, Adams RP, Altarejos J (2015) Phenolic components and antioxidant
activity of wood extracts from 10 main Spanish olive cultivars. J Agric Food Chem
63:6493–6500

Santana-Gálvez J, Jacobo-Velázquez DA (2018) Classification of phenolic compounds. In: Nollet
LM, Gutierrez-Uribe JA (eds) Phenolic compounds in food: characterization and analysis, vol
1, 1st edn. CRC Press, Boca Raton, pp 3–20. https://doi.org/10.1201/9781315120157

Syed UT, Brazinha C, Crespo JG, Ricardo-da-Silva JM (2017) Valorisation of grape pomace:
fractionation of bioactive flavan-3-ols by membrane processing. Sep Purif Technol
172:404–414. https://doi.org/10.1016/j.seppur.2016.07.039

Vergani L et al (2016) Antioxidant and hepatoprotective potentials of phenolic compounds from
olive pomace. Chem Eng Trans 49:475–480

Yu Y, Lou X, Wu H (2008) Some recent advances in hydrolysis of biomass in hot-compressed
water and its comparisons with other hydrolysis methods. Energy Fuel 22:46–60. https://doi.
org/10.1021/ef700292p

Zhang MW, Zhang RF, Zhang FX, Liu RH (2010) Phenolic profiles and antioxidant activity of
black rice bran of different commercially available varieties. J Agric Food Chem 58:7580–7587

346 G. Vázquez-Olivo et al.

https://doi.org/10.1016/j.supflu.2017.05.020
https://doi.org/10.1007/s11947-010-0438-x
https://doi.org/10.1007/s00217-004-1002-6
https://doi.org/10.1016/j.foodchem.2018.09.055
https://doi.org/10.1201/9781315120157
https://doi.org/10.1016/j.seppur.2016.07.039
https://doi.org/10.1021/ef700292p
https://doi.org/10.1021/ef700292p


Plant Phenolics and Postharvesting
Technologies 15
Leticia X. López-Martínez, Ofelia Marquez-Molina,
Erick P. Gutiérrez-Grijalva, and J. Basilio Heredia

Abstract

Phenolic compounds have a crucial role in the defense mechanisms of plants
against factors that generate stress (biotic or abiotic). In fruits and vegetables, the
exposure to postharvest conditions such as storage, controlled atmospheres,
phytohormones (ethylene and methyl jasmonate), radiation (ultraviolet and
gamma), thermal shocks, edible coatings, and minimal processing induce the
synthesis of these phenolic compounds. The synthesis of phenolic compounds is
through the phenylpropanoid pathway. The purpose of this chapter focuses on
analyzing how the postharvest treatments of fruits and vegetables exert influence
on the total phenolic content, anthocyanins, and other flavonoids compounds.
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15.1 Introduction

Several postharvest treatments have been assessed to minimize the losses in quality
attributes of fruits and vegetables, which have shown efficacy in maintaining quality.
These plant foods contain phytochemical compounds that are non-nutrients but have
demonstrated beneficial effects on human health. Among them, glucosinolates,
betalains, carotenoids, and phenolics are the main groups. Most postharvest
treatments imply the alteration of the standard conditions of the fruit or vegetable
to extend the postharvest life. Modified atmospheres (CO2 and O2 changes), gases,
and irradiation cause changes on some biochemical processes in the metabolism of
fruits and vegetables (Charles et al. 2009). Thermal treatments affect ethylene
synthesis, respiration, softening, and cell-wall metabolism (Zhang et al. 2009).

Other postharvest treatments could induce some mechanisms that result in
changes in the metabolic activity of vegetables and fruits, such as the stimulation
of the antioxidant mechanism. Postharvest treatments have received attention over
the years due to their impact on the content of phytochemical compounds that have
health benefits during storage. In this way, the objective of this chapter is to get a
better knowledge of the impact and changes that occur in the phenolic compounds of
fruits and vegetables due to the application of postharvest technologies.

15.2 Technologies to Increase the Postharvest Life of Fruits
and Vegetables

Fruits and vegetables are exposed to quality changes after harvesting, where large
losses have been reported due to lack of packaging, storage facilities, and poor
means of transportation. The postharvest handling of horticultural products is an
important area of research, and there are many studies conducted in this area in
different crops. Therefore, it is necessary to establish technologies that would help to
extend the shelf life of fruits and vegetables in addition to studying its effects on total
phenolic compounds, flavonoids, and anthocyanins.

15.2.1 Minimal Processing

“Minimal processing” refers to the physical alteration of fruits or vegetables from its
original state but remaining in a fresh “unprocessed” state. Within this context,
“fresh-cut” is fruits or vegetables that the consumer can acquire in a state that allows
direct and immediate consumption without prior preparation or transformation. To
prepare the minimally processed products, the whole fruit or vegetables are divide
into smaller parts, and the shape has to be given to the product depending on its final
use. However, these processes cause tissue damage, make its storage life shorter, and
induce changes in the phenolic metabolism, mainly affecting the phenolic antioxi-
dant composition (Barry-Ryan and O’Beirne 2000).
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In general, the wounding caused during minimal processing induces phenolic
compound biosynthesis, which is accumulated during the storage of processed
products. Du et al. (2012) evaluated the variation in total phenolic content (TPC)
of commercial fresh-cut carrot products (baby carrots, carrot sticks, shredded carrots,
crinkle-cut coins, and chips of carrots). The content of TPC found in fresh-cut carrot
products at day 0 varied from 12.9 to 24.2 mg chlorogenic acid equivalents/100 g,
while wounding alone contributed to a large increase in TPC for sliced carrots at day
3 (crinkle-cut coins and oblong chips).

On the contrary, smaller increases in total phenolic were determined in baby
carrots, carrot sticks, and shredded carrot samples. These behaviors indicate that
cutting style influences the accumulation of total phenolic in fresh carrot products.
Similarly, Heredia and Cisneros-Zevallos (2009) and Surjadinata and Cisneros-
Zevallos (2012) also reported that the accumulation of total phenolic compounds
in carrots depends on the intensity of the wound. Kenny and O’Beirne (2010)
concluded that machine-peeled carrots showed a higher accumulation of phenolic
compounds compared to hand-peeled carrots. This may be due to the synthesis of
PAL, an enzyme that generates an increase in phenolic compounds.

Furthermore, hand peeling onions caused a decrease of total phenolic compounds
(Makris and Rossiter 2001; Gennaro et al. 2002). This could be due to the accumu-
lation of phenolic compounds on the skin of the onions in place of the stress caused
by peeling. Li et al. (2017) researched the effect of different cutting styles on the
TPC on storage at 15 �C for 4 days of pitaya fruit. The pitaya was prepared in three
various forms: in a slice, half a slice, and the fourth slice with 1 cm thick each. The
TPC and PAL activity increased significantly with cutting wounding intensity at
2 days of storage in comparison with the whole fruit. The content of TPC was the
fourth slice > half a slice > in a slice > whole fruit. These results reveal that
depending on the cutting styles, the biosynthesis of phenolic compounds and the
antioxidant activity of the pitayas could increase.

15.2.2 Storage

Storage at low temperatures is one of the postharvest treatments utilized to maintain
quality, reduce metabolism, and prolong the shelf life of fruits and vegetables. It is
considered as a non-chilling sensitive, slows the development of microorganisms
that cause spoilage during the storage times, and decreases respiration rates
(Lamikanra and Richard 2002). The ripening, softening, and senescence processes
can be reflected in changes in the profiles of TPC on the fruits and vegetables on
storage.

According to Mishra et al. (2012), the shelf life of fresh-cut products usually
extends up to 16 days at 4 �C, 12 days at 10 �C, and 5 days at 26 �C storage
temperatures, although the type of matrix determines this. Different studies about the
changes in bioactive compounds during the time of cold storage have shown no
general behavior (Table 15.1).
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Table 15.1 Effect of storage on the phenolic, flavonoid, and anthocyanin content of fruits and
vegetables

Storage Fruit or vegetables Effects References

Fresh Apples Total phenolics Pérez-Ilzarbe et al.
(1997)4 �C, 30 days " 23%

4 �C, 60 days " 117%

Fresh Lowbush blueberry Anthocyanins (354 mg/
100 g)

Kader et al. (1996)

L �C, 15 days "18%
Fresh Golden Delicious

apple
Total flavonoids (168 mg/
100 g)

Lattanzio et al. (2001)

2 �C, 60 days " 19%

2 �C, 100 days – 11%

Fresh Blueberries Total phenolics (335 mg/
100 g)

Connor et al. (2002)

5 �C, 21 days Total phenolics 7%

5 �C, 35 days 13"
Fresh Blueberries Anthocyanins (132 mg/

100 g)
Connor et al. (2002)

5 �C, 21 days – 0.78%

5 �C, 35 days " 8.5%

Air 0 days Plums Total phenolics (140 mg/
kg)

Singh and Singh
(2013)

0–1 �C,
35 days

– 10%

0–1 �C,
56 days

– 15%

0 �C, 7 days Strawberry Total phenolics (650 mg/
100 g)

Ayala-Zavala et al.
(2004)

5 �C, 7 days "16.6%
10 �C, 7 days " 25.7%

Fresh Lettuce Total phenolics (5.79 mg/
100 g)

Tavarini et al. (2007)

4 �C, 1 day "11.5%
4 �C, 3 days "12.3%
Blade cut Eggplant Total phenolics (1.23 mg/g) Mishra et al. (2012)

4� 2 �C, 1 day "11.2%
4 � 2 �C,
5 days

"10.3%

4 � 2 �C,
10 days

– 13.5%

4 � 2 �C,
16 days

– 10.9%

(") Increase; (�) decrease
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15.2.3 Controlled (CA) and Modified Atmospheres (MA)

The CA andMA alter the atmosphere composition different from regular air, varying
the CO2 and O2 concentration. Among the effects caused by CA and MA in fruits or
vegetables are inhibition of ethylene action or production, reduction of respiration
rate, and retardation of ripening (Yahia 2009). The positive effects depend on the
type of the food matrix (fruit or vegetable), cultivar, concentration of gases in the
atmosphere, temperature, and storage duration (Pesis 2005; Singh and Pal 2008).

The most common atmosphere consists of elevated CO2 and reduced O2 levels.
However, other gases are sometimes included (ethylene, carbon monoxide, propyl-
ene, and acetylene); the concentration and combination of gases used are based on
the variety, origin, and season of fruit or vegetable. Some fruits and vegetables are
stored under atmospheres reduced in O2 and with high levels of CO2. These storage
conditions could show effects on phenolic accumulation and phenolic composition.
Several researchers indicated that CA has the benefit of controlling the postharvest
deterioration of fruit. However, a CO2-enriched atmosphere with low O2 concentra-
tion can affect anthocyanin content detrimentally, with negative effects in fruit color
and nutritional composition (Holcroft and Kader 1999).

Another study compared the effects of CA and MA packaging (MAP) on the
content of phenolic compounds in mature “Blackamber” Japanese plums stored at
1 �C during 5 and 8 days in air, CA-1 (1% O2 + 3% CO2), CA-2 (2.5% O2 + 3%
CO2), and MAP (10% O2 and 3.8% CO2). Overall, they observed that CA-2 was
more effective than CA-1 and MAP in the retention of TPC during cold storage
(Singh and Singh 2013).

Limited information is available on the results of elevated O2 concentrations on
phytochemicals. Day (1996) reported that high O2 levels did not decrease the
antioxidant content in fresh-cut lettuce compared with low O2 levels. Montero-
Calderón et al. (2010) found that a concentration of O2 (38%) with 1% CO2 in
comparison to 12% O2 with 1% CO2 provided a decrease in TPC on fresh-cut
pineapple. In contrast, Duan et al. (2011) investigated the effect of 100% O2 (pure
oxygen) and humidified air (control) on metabolism, TPC, and anthocyanins of litchi
fruit. The exposition to pure oxygen retards the reduction of TPC and anthocyanins
in litchi fruit pericarp. There was no appreciable difference for the contents of TPC
and anthocyanins between control and pure-oxygen-exposed fruit at 2 days. After
4 and 6 days of storage, the content of TPC and anthocyanins in oxygen (100%)
revealed that litchi fruits were higher than those from control. Stress such as altered
O2 and CO2 levels in CA and modified atmosphere packaging (MAP), or C2H4

gassing for ripening and greening, could affect phytochemical accumulation too. For
example, PAL generated an increase in TPC in certain fresh-cut products (Kenny
and O’Beirne 2010).

Some studies have found a detrimental correlation between phenolic content and
antioxidant capacity during CA storage compared to standard atmospheric storage. It
is presumed that a prolonged time of CA storage may cause the oxidation of the
phenolic compounds (Schotsmans et al. 2007). Zheng et al. (2005) reported that
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high-oxygen treatments might improve the antioxidant capacity in fruit but only to a
limited storage period.

15.2.4 Light

Light is an important factor that affects the phytochemical content in plant tissue
(Massa et al. 2008). Several studies have demonstrated that postharvest light-
emitting diode (LED) treatment could enhance antioxidant capacity in vegetables
such as lettuce, barley leaf, spinach, and komatsuna (Ohashi-Kaneko et al. 2007;
Samuolienė et al. 2012).

The effect of light treatment (fluorescent and LED green light) on phytochemicals
in broccoli florets was investigated (Jin et al. 2015). The results showed that LED
green light treatments increased TPC during all storage time. On the second day, the
TPC was found 40.4% and 29.6% higher in LED green light treated than those
broccoli florets treated with fluorescent light. This agreed with the report by Li and
Kubota (2009); they investigated the different LED light quality effects on baby red
leaf lettuce; they reported a significant increase of phenolic compounds under
fluorescent lighting supplemented with red LEDs and did not notice supplemental
blue or green LED’s influence on phenolic accumulation. Moreover, Lee et al.
(2010) showed that the treatment of barley leaves with green or blue LEDs during
recultivation and the second harvest caused an increase in the level of TPC.

Ko et al. (2015) studied the effect of different types of light (fluorescent, blue, red,
and ultraviolet) on onion after harvest and storage, which influenced the content and
concentration of quercetin and quercetin glucosides. All the light treatments
increased quercetin content in peeled onion bulbs. Among them, especially, the
fluorescent light stimulates the highest synthesis of quercetin in onion. In the case of
whole onion bulbs, skin and pulp showed different responses to light treatment. The
pulp had the maximum content of quercetin glucosides under blue light, whereas the
minimum was produced under fluorescent light. Onion skin showed the opposite
behavior when it is compared to the pulp. The light treatment proved to be more
useful to increase the level of quercetin content. These results could be due to the
induction of PAL activity, which is the key enzyme of the phenylpropanoid path-
way, in fruits and vegetables treated with fluorescent and LED light.

15.2.5 UV Radiation

The application of UV-B or UV-C radiation during postharvest storage can affect the
accumulation of TPC in fruits and vegetables. Ultraviolet radiation is an abiotic
physical inducer of resistance mechanisms, leading to a rapid increase in phenolic
acids, flavonoids, and anthocyanins in response to stress (Oufedjikh et al. 2000;
Higashio et al. 2005). The biosynthesis of TPC is affected by UV irradiation owing
to the increased activity of PAL. Besides, the increased activity of other enzymes
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such as chalcone synthase, chalcone isomerase, and dihydroflavonol-4-reductase
that are involved in flavonoid synthesis (Tomás-Barberán and Espín 2001).

Low doses of irradiation, ultraviolet light (UV), and UV-C irradiation
(240–280 nm) stimulated the hormesis (beneficial reactions in biological organs)
(Shama 2007). Hormetic doses of UV-C can delay the senescence process and fruit
ripening (Gonzalez-Aguilar et al. 2007). Also, the induction of natural defense and
elicitors against fungi and bacteria (Alothman et al. 2009) prolongs the postharvest
life. This defense is showed through the induction and accumulation of phytoalexins,
carotenoids, vitamin C, and phenolic compounds (El-Ghaouth et al. 1998). UV-C
treatment (3.7 kJ m�2) is known to delay the ripening and senescence in fruits (Liu
et al. 1993; Maharaj et al. 1999). However, the exact mode of action of UV treatment
needs to be studied in more detail.

Li et al. (2009) studied the changes in trans-resveratrol and other phenolic
compounds in the seed and skin of red grape (Vitis amurensis “Beiquan”) during
the temperature of cold storage (�1� � 0.5 �C) after postharvest irradiation (UV-B
and UV-C) at 25 �C. Total levels of anthocyanins in grape skins after either UV
treatment were significantly higher than skin and seeds without treatments, during
the first week (7 days) of storage, whereas only those in UV-B-treated skins were
significantly higher than controls during 21–28 days of storage. Total flavan-3-ol
and flavonol contents remained constant in UV-B- and UV-C-treated grape skins
during cold storage and did not differ from controls. The total flavan-3-ol and
flavonol contents in control and UV-B-treated grape seeds declined from day 2 to
day 28 of cold storage, while those of UV-C-treated grape seeds remained constant.
Changes in catechin and epicatechin were responsible for the differences observed in
total flavan-3-ols and flavonols during cold storage.

Sari et al. (2016) evaluated the TPC in the peel and pulp of untreated and UV-C-
treated pineapple. The exposure of pineapple to UV-C did not affect TPC content in
pulp, whereas UV-C irradiation significantly increased TPC in the peel of pineapple
during storage for up to 28 days. The longer UV-C exposure time showed higher
TPC. Additionally, the TPC content in all treatments increased along with the
storage time. These results indicated that a formation or accumulation of TPC
content in the peel is a response of pineapple to oxidative stress caused by UV-C
radiation (Shama and Alderson 2005). However, the TPC in pulp was not signifi-
cantly different among the light treatments, suggesting UV-C radiation cannot
penetrate the pineapple peel to generate stress to the pulp.

Similar to TPC, UV-C irradiation significantly increased the total flavonoid
content (TFC) of pineapple peel. The increase of TFC in UV-C-treated tissue
could be a defense mechanism against UV-C irradiation (Liu et al. 2012).
Gonzalez-Aguilar et al. (2007) studied the effect on TPC and TFC of fresh-cut
“Tommy Atkins” mango stored for 15 days at 5 �C and irradiated for 0, 1, 3, 5, and
10 min. UV-C irradiation for 10 min induced a fast defense response resulting in the
TFC and TFC accumulation. Similarly, mature green tomatoes (Solanum
lycopersicum) were UV-C radiated, increasing the TFC (Liu et al. 2012).

Furthermore, Liu et al. (2012) exposed the tomato fruits to different doses of
UV-C irradiation (2, 4, 8, and 16 kJ m�2), and after irradiation, the tomato fruits
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were stored in the absence of light at 14 �C and 95% relative humidity for 35 d.
UV-C irradiation at 4 or 8 kJ m�2 increased the content of gallic acid, chlorogenic
acid, syringic acid, p-coumaric acid, and quercetin. They concluded that the opti-
mum doses of UV-C irradiation to increase the TPC and enhance antioxidant activity
were 4 or 8 kJ m�2. Gallic acid was the major phenolic compound determined in
tomato. In contrast, previous studies reported that UV-C light treatment had no
significant effect on the anthocyanin content of grapes and pomegranate (Cantos
et al. 2002; López-Rubira et al. 2005). In a different study, Marais et al. (2001)
demonstrated that UV-B + incandescent light had no effect on the accumulation of
anthocyanins in apples and pears.

Plant anthocyanin absorbs UV radiation in a short time, while flavonols and
phenolic acids have an impact on protection of the tissue of fruits and vegetables
from the possible damage of UV-B irradiation; the accumulation or induction of
flavonoids is considered to be a specific acclimation response. These data support the
hypothesis of the existence of different UV-signaling pathways in tissues of fruits
and vegetables (Kucera et al. 2003).

15.2.6 Gamma Radiation

Mostafavi et al. (2012) evaluated the effect of different irradiation doses (0, 300,
600, 900, and 1200 Gy) on TPC and antioxidant activity of Red Delicious apple
stored at 1 �C during 3-month intervals. The results showed that dose range of
900 Gy significantly decreased phenolic content and antioxidant activity. According
to Benoit et al. (2000), the total phenol content was directly related to the dose of
irradiation applied (1.17, 1.28, and 1.38 μg/g for mushrooms treated at 0.5, 1.5, and
2.5 kGy, respectively). Ionizing treatments increased PAL activity and total phenolic
concentration between days 1 and 4. From days 4 to 12 (end of the storage period),
both PAL activity and total phenols in the irradiated mushrooms significantly
decrease to lower values. In a different study, the effect of gamma irradiation on
the phenolic compounds in rice grains of three genotypes (white, black, and red) was
investigated. Ferulic acid, ρ-coumaric acid, and sinapic acid were identified as the
major phenolic acids, while cyanidin-3-glucoside and peonidin-3-glucoside were
identified in pigmented grain samples.

In general, gamma irradiation in all samples at most of the doses could decrease
the phenolic acid content and total anthocyanin content in the black rice. On the
contrary, 6 and 8 kGy increased the total content of anthocyanins and phenolic acids
in black rice (Zhu et al. 2010). Gamma irradiation at 60 kGy was capable of
changing membrane permeability of some vegetables and fruits, favoring water
loss. The changes in the localization of anthocyanins are presumed to be related to
the water content. An increase in oxidative stress produced by free radicals generated
by dehydration during postharvest can decrease the intracellular pH. Therefore, it
would favor processes such as the synthesis of anthocyanins and decomposition of
lignin (Schreiner and Huyskens-Keil 2006). Irradiation can increase PAL activity of
plant tissue, generating an accumulation of phenolic compounds. On the other hand,
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some results showed that gamma irradiation could significantly decrease total
phenolic contents in plant materials (Zhu et al. 2010). Previous studies indicate
that adequate doses of irradiation should be selected to minimize the loss of antioxi-
dant phenolic compounds in grain rice during storage.

15.2.7 Edible Coatings

The MAC combined with storage at low temperature is the most common way to
prolong the shelf life of fresh-cut products and increase the quality of fresh-cut or
minimally processed fruits and vegetables. Besides, it acts as moisture and gas
barriers and can serve as carriers of flavorings, vitamins, and minerals. This is in
addition to other food-grade additives such as antimicrobial, antibrowning, or
antisoftening agents for controlling microbial growth and preserving color, moisture,
and texture (Olivas et al. 2008). Edible coatings have been designed to extend shelf
life and maintain the quality of minimally processed fruits and vegetables by
preventing changes in aroma, taste, texture, and appearance (Barry-Ryan and
O’Beirne 2000). These coatings are generally made from lipids, proteins, and
polysaccharides (cellulose, pectins, alginates, chitosan, gums, carrageenan, etc.)
(Tay and Perera 2004).

The effect of different edible coatings alginate (1.5%), alginate (1.5%) + chitosan
(1%), and quitosan (2%) on total phenolic content and total anthocyanin in highbush
blueberry (Vaccinium corymbosum L. cv. Berkeley and cv. O’Neal) was analyzed
(Chiabrando and Giacalone 2015). Highbush blueberries were stored at 0 �C and
collected at 15-day periods for 45 days; the application of chitosan coating retards
the decrease in anthocyanin content and phenolic content. In both studied cultivars,
anthocyanin content was higher in 0 days compared to harvest with significant
differences among coatings. In the case of cv. Berkeley berries, anthocyanin content
of the alginate-coated and control berries was 42.23 and 34.63 mg cyanidin 3-gluc/
100 g FW (the highest and lowest, respectively). At the end of 45 days (storage
time), control berries showed a minor concentration of anthocyanins compared with
all the coated blueberries. Total phenolic content revealed varied behavior between
berries during the postharvest storage period. In alginate-coated samples, TPC
showed a slight increase during the next 30 days and then declined at the end of
storage. In alginate plus chitosan samples and chitosan-coated berries, TPC
decreased during the first 15 days of storage and then increased to its maximum
on day 30, after which it declined moderately during the last storage days. In control
blueberries, the total phenolic content remains constant during storage.

Between treatments, chitosan-coated samples showed the highest total phenolic
content values. Considerable changes were found in flavonoid content in berries
treated with several concentrations of chitosan (0.5, 1.0, and 1.5 g/100 mL) during
5 min at 20 �C and subsequently stored at two different temperatures (5 �C and
10 �C); most of the flavonoids increased slowly but steadily at 5 or 10 �C of storage
temperatures (Wang and Gao 2013). Flavonoids of the treated berries showed no
decrease, but not the control at the end of storage time. The TPC and total
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anthocyanin content increased substantially and reached a maximum value at 5 �C
for 6 days and 3 days at 10 �C after these storage times then decreased in untreated
strawberries. In those berries treated with chitosan coating, total anthocyanins and
total phenolics also increased slowly and did not decrease at the end of the storage
time as the control samples. As a result, chitosan-treated fruit maintained higher
anthocyanin and phenolic compounds than the control samples at the end of storage.

Strawberries stored at temperatures higher than 0 �C showed an increase in
anthocyanins, and total phenolic content and the magnitude of these increases
were related to storage temperature (Kalt et al. 1999). In a similar study, Pen and
Jiang (2003) treated fresh-cut Chinese water chestnut with an aqueous solution (0.5,
1, or 2 g chitosan/100 mL), placed it into trays overwrapped with plastic films, and
stored it at 4 �C. Changes in PAL and TPC were determined. Application of chitosan
coating retards discoloration produced by reduction of PAL activity, including lower
TPC compared to the control. Increasing the concentration of chitosan coating
enhanced the beneficial effects. The results demonstrated that the application of
chitosan coating increased the shelf life and maintained quality of fresh-cut chestnut.
PAL activity increased in control slices during the first 6 days, before decreasing in
the latter period of storage. Treatment with chitosan coating inhibited PAL activity,
and the inhibition enhanced as the treatment concentrations increased. However,
higher PAL activity of the fresh-cut chestnut treated with 2 g chitosan was observed
at the end of the storage. Phenolic content increased, reached a maximum value after
7 days of storage, and, after this time, then deceased. Treatment with chitosan
coating inhibited the variation in the content of total phenols in a concentration-
dependent manner. As trans-cinnamate (Ke and Saltveit Jr 1989), a lower level of
phenolics of the chitosan-treated slices may be due to the inhibition of PAL activity.

Fresh-cut carrots, apples, and potatoes were coated by a blended whey protein–
pectin film–transglutaminase, and the phenolic content of the coated and uncoated
samples was analyzed during storage (4 �C for 10 days). Uncoated and coated carrot,
apple, and potato phenolic content was determined at 0 and 10 days, where a
significant decrease in uncoated apple (about 45%), potato, and carrot (about 20%)
samples was found. This decrease was prevented at 50% levels when the samples
were coated with whey protein/pectin/transglutaminase-based films.

They have obtained promising results to maintain or increase the content of TPC
in fruits and vegetables with edible coating. However, sensory implications may be
the main problem for commercialization and consumption. Therefore, more research
is needed to develop edible coatings with adequate sensory performance.

15.2.8 Heat Treatments

Heat tolerance of different fruits and vegetables depends on the species, the geno-
type, the stage of maturity, the type, and the intensity of the heat treatments applied
in addition to the conditioning treatment of the postharvest fruit or vegetable (Jacobi
et al. 2001). Several investigations relate heat tolerance to the increase in heat shock-
resistant proteins, antioxidant enzymes, and phytochemicals such as phenolic
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compounds. Tomato plants were grown at 15, 25, and 35 �C during 30 days, where
the heat stress took place at 35 �C, causing the highest PAL activity, lowest
polyphenol oxidase (PPO) and peroxidase activity, and also an accumulation of
phenolic compounds (Rivero et al. 2001).

Reyes and Cisneros-Zevallos (2003) reported a different behavior; they stored
potatoes at 2, 10, or 20 �C and concluded that treatments did not significantly affect
the content of phenolic compounds when compared to potatoes without treatments.
Talcott et al. (2005) evaluated mangos using hot water immersion at 50 �C for
60 min and storage at 5 �C and 20 �C against mangos without treatments. After
8 days of storage, the treated fruit at 5 �C was transferred at 20 � C to complete
ripening. Phytochemical and antioxidant capacity were analyzed every 4 days during
20 days. In the study, they concluded that the hot water treatment was not a
determinant factor that would affect the content of phenolic compounds or the
antioxidant activity of the fruits. However, the storage temperature showed an
important role in these changes. These results indicate that temperature plays a
fundamental role in the accumulation of phenolic compounds in fruits, activating
their accumulation. This could be considered an acclimatization mechanism, which
helps to prolong the postharvest life of certain types of fruits and promotes an
increase in bioactive compounds.

Hot water treatment such as 35 �C for 12 h and 42 �C for 24 h in different fruits
and vegetables is reported to inhibit polyphenol oxidase activities leading to delayed
anthocyanin synthesis protective of pigment color changes by maintaining the
anthocyanins in their red-pigmented form with high antioxidative activity in post-
harvest (Civello et al. 2001; Fallik 2004). However, the potential effects of thermal
treatments on fruits and vegetables still need to be studied in greater depth.

15.2.9 Low-Temperature Storage

The temperature has a marked influence on the phytochemicals present during the
ripening stage of the product. Research focusing on chilling injury prevention
techniques during postharvest conservation of some fruits such as mangos and
papaya is abundant. However, little is known about the changes in the antioxidant
compounds, especially phenolics and the result of critical storage temperature
conditions on antioxidant levels.

For example, Rivera-Pastrana et al. (2010) induced chilling stress in mature green
papaya by storing at low temperature (1 �C) and assessed the effect on phenolic
compounds in comparison with storage temperature (25 �C). Ranges for ferulic acid
content (1.33–1.62 g kg-1 dry weight), caffeic acid (0.46–0.68 g/kg), and rutin
(0.10–0.16 g/kg) were established in papaya fruit, which tends to decrease during
ripening at 25 �C. Low temperature (1 �C) maintained or increased ferulic and
caffeic acid levels concerning higher temperatures (25 �C).

Berries (strawberries, red currants, and raspberries) and cherries (Prunus avium
and Prunus cerasus) were stored at 4 �C and 25 �C; the total phenolic compounds,
flavonoids, and anthocyanins were evaluated (Piljac-Žegarac and Šamec 2011). Red
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currants and strawberries showed the highest content of total phenolics at 4 �C
(322.40 and 335.47 mg GAE/100 g, respectively) and maintained the highest content
during storage at both temperatures. Berries such as strawberries, raspberries, and
blueberries stored at (0–6) >15 �C have a lower anthocyanin and phenolic contents
as compared to berries stored at higher temperatures (15 �C) (Kalt et al. 1999;
Cordenunsi et al. 2005). Furthermore, Wang and Stretch (2001) found the highest
anthocyanin and phenolic contents in cranberries stored at 15 �C. The accumulation
of anthocyanins is perhaps due to the formation of carbon skeletons from organic
acids, through interconversion with carbohydrates, for the synthesis of phenolics,
including anthocyanins (Kalt et al. 1999). Fruits and vegetables that are not sensitive
to chilling the flavonoid content manifest an increase at low temperatures.

Concellón et al. (2012) evaluated the effect of two temperatures of storage in
dark-purple American eggplant (0 or 10 �C) for 0, 3, 5, 10, or 14 days, on Folin–
Ciocalteu reacting substances and the content of chlorogenic acid. The Folin–
Ciocalteu reagent increased during the first 3 days of storage at 0 �C, but later,
significant degradation was found. The major phenolic detected was chlorogenic
acid and an ester between caffeic (CA) and quinic acids (QA), which accumulated in
fruit maintained at 10 �C, increasing by 60% after 14 days of storage.

In blushed pear “Rosemarie,” low temperatures increased the red color as well as
the activity of both PAL and flavonoid 3-O-glucosyltransferase. In contrast, the
phenolic compounds and enzyme activity in the red pear “Bon Rouge” showed a
very low response to low temperatures (Concellón et al. 2012). These observations
indicated an additional genetic effect (Steyn et al. 2004). According to Lattanzio
(2003), the postharvest metabolic changes of phenolic compounds are often coupled
with the activity of phenylalanine ammonia-lyase enzyme that is induced by low
temperatures in plant tissue.

15.2.10 Ethylene (C2H4)

Fruits and vegetables minimally processed promote large amounts of ethylene,
which results in a shorter life of the products. Ethylene accelerates ripening, soften-
ing, and senescence, which provokes changes in the cell membrane of the products
(Siddiqui et al. 2011) and hence could promote the accumulation of the phytochemi-
cal compounds at postharvest (Kader 2002).

Endogenous sensitivity to C2H4 varies during plant development, as well as its
rate of synthesis and loss by diffusion from the plant. The responses to exogenous
C2H4 applied to fruits and vegetables are numerous and varied and could be
beneficial or detrimental in the production of phenolic compounds (Table 15.2). In
non-climacteric fruits, ethylene induced senescence associated with a high decom-
position rate of secondary metabolites (Kader 2002), or as in the case of bell pepper,
no significant differences were noted for phenolics due to postharvest ethylene
exposition (Fox et al. 2005).

Ethylene treatment of grape berries was associated with an increase in gene
expression of chalcone synthase, flavanone 3-hydroxylase, leucoanthocyanidin
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Table 15.2 Effects of ethylene on phytochemicals from fruit and vegetables

Fruit or vegetables Treatment Effects References

Anthocyanins Reyes and Cisneros-Zevallos
(2003)Purple-flesh

potatoes
Fresh 152 mg/kg

Air 183 mg/kg (")
Ethylene 90 mg/kg (�)

Total phenolic Reyes and Cisneros-Zevallos
(2003)Purple-flesh

potatoes
Fresh 1000 mg/kg

Air 1600 mg/kg
(")

Ethylene 1500 mg/kg
(�)

Anthocyanins Costa et al. (2018)

Blueberries Control, 1 day 1450 mg/kg

Ethylene, 1 day 2100 mg/kg
(")

Ethylene,
28 days

2700 mg/kg
(")

Ethylene,
56 days

1000 mg/kg
(�)

Anthocyanins Anastasiadi et al. (2016)

Gooseberries Control, 1 day 600 mg/kg

Ethylene, 1 day 800 mg/kg (")
Control, 7 days 900 mg/kg (")
Ethylene, 7 days 750 mg/kg (�)

Control, 11 days 1090 mg/kg
(")

Ethylene,
11 days

1050 mg/kg
(�)

Total
phenolics

Ma et al. (2017)

Pears Control, 5 days 70 mg/g

Ethylene, 5 days 00 mg/g (")
Control, 15 days 05 mg/g (")
Ethylene,
15 days

25 mg/g (")

Control, 25 days 95 mg/g (�)

Ethylene,
25 days

2.25 mg/g (")

Total
phenolics

Massolo et al. (2019)

Cut celery Control, 5 days 7 mg/kg

Ethylene, 5 days 3 mg/kg (�)

Control, 15 days 4 mg/kg (�)

Ethylene,
15 days

4 mg/kg (")

(continued)
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dioxygenase, and UDP glucose–flavonoid 3-O-glucosyltransferase leading to an
increased concentration of phenolic compounds. However, as shown in apples,
other phenolics such as flavonoids and chlorogenic acid were not affected by
ethylene treatment (Awad and de Jager 2002), suggesting a specific ethylene sus-
ceptibility of anthocyanin biosynthesis. The treatment with ethylene of fruits and
vegetables shows an important effect on its antioxidant properties and on the content
of some of its phenolic acids. The effect of prolonged-term storage is apparent.
However, it can only be evaluated in the presence of ethylene treatment.

15.2.11 Methyl Jasmonate (MJ)

The results of the postharvest use of (�)- and (+)-MJ enantiomers, grapes treated
with MJ racemic mixture, and grapes without treatment (control) on TPC and total
anthocyanin concentration were determined on and 7 days after application (Flores
et al. 2015). Exogenous treatment of MJ induced enhancement in TPC when
compared to control grapes. This increase was higher when the enantiomers were
used individually (up to 42%TCP), rather than the mixture was applied. Similarly, a
significant increase was reported in the total anthocyanin content when the grapes
were exposed to the enantiomers. This increase varied from 14% to 42% after 5 days
of storage and from 22% to 64% when grapes were preserved for 7 days. Postharvest
treatment of grapes with MJ enantiomers is suggested to increase the antioxidant
activity and anthocyanin concentration in grapes.

Flores and del Castillo (2014) evaluated the effect of postharvest treatments with
MJ on the content of myricetin, quercetin, and ellagic acid in raspberries. Different
raspberry varieties and different MJ concentrations were analyzed in the study.
Postharvest MJ treatment did not cause an increase in the concentration of myricetin,
quercetin, and ellagic acid during storage, which was constant between 60 and
100 mg/g. Enzyme studies reflected an increase in PAL activity after preharvest
MJ treatment. Yang et al. (2011) studied the application of MJ for regulation of
pericarp browning of harvested lychees concerning to the content of anthocyanins

Table 15.2 (continued)

Fruit or vegetables Treatment Effects References

Control, 25 days 9 mg/kg (")
Ethylene,
25 days

86.1 mg/kg (�)

Total
phenolics

Persic et al. (2019)

Persimmon Control, 1 day 900 mg/kg

Ethylene, 1 day 700 mg/kg (�)

Control, 5 days 690 mg/kg (�)

Ethylene, 5 days 900 mg/kg (")
(") Increase; (�) decrease
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and (�)-epicatechin. Lychees were dipped for 3 min in 0.6 μg/L MJ, 1 μg/L MJ,
5 μg/L MJ + 0.05% Sportak, 25 μg/L MJ, or 0.05% Sportak (control).

The treatment with MJ significantly maintained the contents of anthocyanins and
(�)-epicatechin and extended the shelf life of lychees. Furthermore, MJ treatment
increased PAL activity, which mainly explains the anthocyanin or (�)-epicatechin
content. After these treatments, 1 μg/L MJ was effective in inhibiting pericarp
browning and in maintaining the contents of anthocyanins and (�)-epicatechin of
lychees that did not suffer any variation. MJ induces anthocyanin biosynthesis by
induction of chalcone synthase and dihydroflavonol-4-reductase gene expression
(Tamari et al. 1995; Saniewski et al. 1998). Therefore, after postharvest MJ applica-
tion, increased anthocyanin contents and phenolic acids were found in apple, guava,
and papaya (Rudell et al. 2002; Kondo et al. 2005). Application of MJ also enhanced
the activity of PAL and thus the concentration of other flavonoids (Tomás-Barberán
and Espín 2001).

15.3 Conclusion

The efficacy and efficiency of postharvest treatments have been assessed mainly by
the quality maintenance of harvested fruit and vegetables. However, with the
increasingly growing consumer interest in foods that are beneficial to health, atten-
tion has been focused on quality maintenance and sensorial attributes. Also, there is a
powerful emphasis on the enhancement of health-promoting phytochemicals. Most
postharvest treatments involve tissue stress resulting in an accumulation of TPC via
the stimulation of the PAL, the key enzyme that induces the flavonoid metabolism.
Therefore, to obtain products of fruit and vegetables enriched with this type of
phytochemicals, it can be realized through treatments and postharvest technologies.
However, it is necessary to study these treatments deeply to maintain and increase
the content of phytochemicals as phenolic compounds.
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Plant Phenolics as Natural Preservatives
in Food System 16
Pavan Kumar, Akhilesh Kumar Verma, Pramila Umaraw,
Nitin Mehta, and Om Prakash Malav

Abstract

There is an increasing trend of using of natural compounds, such as plant
phenolics, for their preservative effect in food due to food safety, nutritive and
possible therapeutic effects. Flavonoids, small molecular weight, short carbon
chain and ubiquitous compounds formed as secondary metabolites exert preser-
vative effect due to antioxidant and antimicrobial activity. These can be added
into foods as powder, gel, liquid, raw or in extract form, with latter form being
more suitable to get desired antioxidant and antimicrobial effect in lower
concentrations to avoid deterioration in sensory attributes of food products.
There is a need to standardize efficient processing protocols for extraction of
phenolics from plant material in high concentrations and active form.

Keywords
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16.1 Introduction

There is a continuous shift of consumer’s preference for minimally processed food
products and products prepared without the use of synthetic preservatives/additives
due to increasing awareness about the possible health risks associated with the intake
of synthetic chemicals. This preference for green label/natural food/green
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consumerism is likely to increase in the future. Consumer awareness and education
are the key factors determining the acceptance of food products by consumers. At
present, consumers have tendency to accept food products containing synthetic
preservatives if these preservatives are used within prescribed limits and proper
complete information regarding its uses, purpose of addition and possible ill effects
have been properly displayed on packets (Hung et al. 2016). As per Food and Health
Survey, 2015, conducted by International Food Information Council in 2015,
consumers gave more weightage for addition of synthetic preservatives in food
(36%) than foodborne illness (34%) while buying food products for consumption.
It clearly indicates that consumers are nowadays more concerned about the use of
synthetic preservatives in food products rather than foodborne pathogens. Similar
findings and consumers concerns for food products containing synthetic additives or
preservatives have also been documented byWilliams et al. (2004) during a National
Survey about quality and safety of foods, and they observed that more than 50% of
Australians respondents showed high concern for risks associated with incorporation
of synthetic additives and preservatives. Lupton (2005), in a study on discourse and
beliefs to food risk in Australia during 2002–2003, also observed that most of the
people were not much concerned about food poisoning but the addition of synthetic
preservatives remained a critical concern, which needed to be addressed on priority
basis.

The lack of proper information regarding the purpose and prescribed limits of
synthetic food additives creates more fear among consumers, and if this information
is properly displayed/disseminated to buyers, it encourages them to buy these
products and alleviates fear for such products in consumers’ minds. Wezemael
et al. (2010) noted decreased perception about healthiness of beef with the addition
of synthetic additives or preservatives under the EU-funded ProSafeBeef in eight
focus groups made up of seven to nine members, selected from France, the UK,
Germany and Spain. The proper approach way of addressing this issue, according to
focus groups, is to promote the improved production methods and proper consump-
tion behaviour rather than focusing on addition of synthetic preservatives in beef.
Beside the absence of synthetic additives, sensory attributes such as taste and flavour
of the final product also play a crucial role in determining consumer acceptance of a
food, and there are instances, when consumers override the fear of synthetic
chemicals in favour of a product with high sensory attributes. Thus, these aspects
should not be overlooked while considering natural/green label food products.

16.2 Lipid Oxidation and Microbial Growth – Main Concerns
for Food Spoilage

Deterioration of taste and nutritive quality of food caused by oxidative damage
(oxidative rancidity) along with the growth of food contamination and pathogenic
microbes are regarded as main culprits behind food spoilage/wastage. Lipids oxida-
tion has an important role in determining the quality of food products even in food
products containing very low amount of fat (0.5–1.0%). During oxidation of lipids,
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there is generation of several primary and secondary oxidation products leading to
deterioration of nutritional quality and poor organoleptic attributes (especially fla-
vour) of food products, resulting in huge economic losses and associated health
hazards to consumers. This is caused due to oxidation of unsaturated fatty acids,
leading to the formation of hydroperoxides which are very unstable compounds and
in presence of trace elements and new free radicals, these are rapidly degraded into
short carbon chain oxidation products such as ketones, aldehydes, etc. These oxida-
tive changes have been initiated by the generation of reactive oxygen species (ROS)
under favourable conditions such as the presence of air, light, metallic ions, etc. ROS
comprises both oxygen-centred free radicals and non-radical derivatives. Free radi-
cal is a highly unstable, reactive and uncharged molecule which has an independent
existence and contains an unpaired electron in its atomic orbit. These compounds
have high affinity towards making single unpaired electron in outermost atomic orbit
by accepting an electron from other molecules or by donating this extra unpaired
electron, thus acting as reductants or oxidants (Cheeseman and Slater 1993).
Hydroxyl radicals, hydrogen peroxides, hypochlorite, superoxide anion radical,
oxygen singlet, peroxynitrite and nitric oxygen radicals are common free radicals
containing oxygen. These radicals react with biologically important molecules such
as nucleic acids, proteins, lipids, carbohydrates and cell membranes and damage
them (Young and Woodside 2001). Besides this, these lipid oxidation products
cause damage to mucous membrane of digestive tract, and thus interfere in the
absorption of nutrients such as protein and folic acid. Some of these compounds are
potentially toxic, such as oxysterols from cholesterol (Morel and Lin 1996).

16.3 Plant Phenolics as Natural Preservative

Phenolic compounds possess an aromatic ring and one or more hydroxyl (–OH)
groups. There are about 9000 phenolic compounds reported in plant kingdom and
more than 50% of these compounds are flavonoids (Wang et al. 2011). These
compounds make up the most commonly distributed compounds in plants and
exert wide range of bioactivity such as antioxidant, antimicrobial, anticancer,
modifying gene expression, antiviral, antiulcer, protein kinase inhibition, anti-
inflammatory, etc. Basically flavonoids (Fl) are made up of two benzene rings joined
together by a propane unit (C6–C3–C6). Among flavonoids, flavones and flavanols
are the most commonly ones present in various parts of plants. The polyphenolic
nature of flavonoids enables them to possess antioxidant properties. Flavonoids are
produced by plants as a natural defence against various parasites, oxidative stress
and inclement climatic conditions. The human intake of flavonoids through diet
varies from 20–500 mg, with red wine, apples, tomato and onion being the major
source (Giuliani et al. 2014).

Flavonoids are ubiquitous, low molecular weight, indispensable polyphenolic
compounds that are generated as secondary products during metabolic activity of
plant. While exerting various physiological roles such as colour, pigments, stress
management, disease resistance, etc, flavonoids also have several nutraceutical
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benefits for consumers such as antioxidant, antibacterial, antiviral, anticancer, anti-
inflammatory, etc. Since ancient times, flavonoids have been integral part of our diet.
Some particular diets rich in flavonoids had been linked with the sound health and
high longevity of people in that specific area. Inclusion of an ample amount of red
wines and red grapes by the people of southern France results in higher longevity of
life and very low incidence of cardiovascular diseases despite them following some
potentially unhealthy diet and lifestyle such as high fat intake, less exercise and
smoking (Renaud and de Lorgeril 1992; de Lange et al. 2007; Lachman et al. 2007).
Similarly the very high life longevity of Mediterranean people has been linked to
high consumption of fresh fruits, vegetables and probiotic dairy products (Rice-
Evans and Miller 1995). The higher longevity and very low incidence of cardiovas-
cular diseases as observed in French and Mediterranean population despite their
large intake of fat (French Paradox) could be possible due to high intake of
flavonoid-rich diet (especially red grapes and red wine) (Burr 1995; Formica and
Regelson 1995; de Lange et al. 2007).

Several studies have documented promising health benefits associated with
consumption of flavonoids, such as inhibition of platelet activation by stimulation
of inhibitor receptors of platelet endothelial cell adhesion molecules (de Lange et al.
2007), decreased mortality due to coronary heart disease (Hertog et al. 1993) and
myocardial infarction in elderly population by regular intake of diet rich in flavanol
(Hertog et al. 1997), etc. It has been proved that flavonoids have a possible
preservative role in food due to their potential antioxidant and antibacterial activities.

Flavonoids have flavan nucleus (phenyl benzopyrone skeleton C–3C–6C–3) with
chromane ring along with phenyl substituent at C2–C3 positions. Flavonoids are
made up of two basic structural units (A, B) linked by heterocyclic pyran ring (C).
The A, B rings are made up of 2-phenyl-benzo-γ-pyrane nucleus (Cushnie and Lamb
2005; Kumar et al. 2013; Isoda et al. 2014). Flavonoids are classified based on the
oxidation status of C ring, such as anthocyanidins comprising oxidation and reduc-
tion of central ring C or the presence or absence of double bond between C2 and C3
leading to flavanones, flavanols or flavones.

16.4 Plant Phenolics as Natural Antioxidants

Flavonoids have strong antioxidant activity due to their hydrogen ion–donating
ability, radical scavenging ability, inhibition of free radicals formation and by
chelating/sequestering prooxidants trace metals such as Cu2+, Fe2+, Fe3+ (Ozsoy
et al. 2009; Kumar et al. 2015a, b). Prior and Cao (2000) noticed the higher
antioxidant capacity of flavonoids as compared to vitamin C and vitamin E. For
tea flavonoids (epigallocatechin gallate) electron reduction potential (550 mV) was
recorded comparable to that of alpha-tocopherol (480mV) but lower than the
electron reduction potential of glutathione (920 mV) (Frei and Higdon 2003;
Maeta et al. 2007). Flavonoids exert antioxidant effect by directly scavenging
reactive oxygen species, chelating trace metals, increasing activity and efficacy of
antioxidant enzymes, inhibition of oxidase enzyme, oxidative effect of nitric oxide,
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increasing uric acid levels and preventing formation of alpha-tocopherol radicals
(Prochazkova et al. 2011; Nijveldt et al. 2001; Ferrali et al. 1997; Hirano et al. 2001).

16.4.1 Inactivation of Free Radicals

Flavonoids (Fl) inactivate free radicals (R�) by donating a hydrogen atom, leading to
the formation of flavonoid phenoxyl radical (Fl–O�). The antioxidant activity of
flavonoids depends upon its core structure comprising the configuration and total
hydroxyl group counts, with maximum effect occurring due to B-ring hydroxyl
group, whereas hydroxyl groups on A- and C-ring exerting comparatively less effect
(Heim et al. 2002; Amic et al. 2007). The polymerization of flavonoid monomers
resulted in increased antioxidant activity due to higher numbers of hydroxyl groups
in these polymerized molecules such as condensed tannins. These condensed
tannins, such as proanthocyanidins, possess remarkable antioxidant potential
in vitro attributed to the higher hydroxyls groups in these molecules. The antioxidant
potential of these molecules also depends upon the polymerization (number of
oligomers present) as well as ROS against which its antioxidant potential is under
consideration (Lotito et al. 2000). On the other side, glycosylation of flavonoids has
been reported to lower the antioxidant potential of these molecules resulting in
aglycons flavonoids, possessing higher antioxidant effect in vitro as compared to
their glycan counterparts. The antioxidant potential of quercetin-3-O-rutinoside was
recorded significantly lower than quercetin and rutin especially due to glycosylation
at 3-OH site (Rice-Evans et al. 1996). Quercetin glycosylation at 3-OH site resulted
in marked loss of its superoxide- and hypochlorite-quenching ability as well as its
ferric-reducing antioxidant power (FRAP) (Sun et al. 2010a, b; Firuzi et al. 2004,
2005).

Bors et al. (1990) and Croft (2006) summarized the structural features determin-
ing radical scavenging potential of flavonoids as follows:

1. Presence of catechol (ortho-dihydroxy) structure in B-ring for efficient electron
transfer.

2. Presence of 2–3 double bond with a 4-oxo function in C-ring for electron transfer
from B-ring.

3. Presence of –OH group at 3 and 5 position, thus facilitating hydrogen bonding to
oxo group.

16.4.2 Interaction with Antioxidant Enzymes

In addition to consuming free radicals, flavonoids interact with various antioxidant
enzymes. Due to their redox properties, flavonoids increase activity of phase-II
detoxifying enzymes such as NADPH-quinone oxidoreductase, UDP-glucuronosyl
transferase and glutathione S-transferase. The induction of these phase II metabolic
enzymes is considered major defence mechanisms against toxicants and oxidative
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stress. Synthesis of these phase-II metabolic enzymes is controlled by a gene
sequence, Electrophile Responsive Element (EpRE), which is activated by redox
properties of flavonoids (Zhu and Fahl 2001; Nerland 2007). In some situations, the
intrinsic prooxidants potential of flavonoids were found beneficial in inducing
expression of EpRE-mediated gene, thus exerting protective and health-promoting
effect by activating detoxifying enzymes.

16.4.3 Chelation of Trace Metals

Flavonoids prevent formation of free radicals by chelating specific trace metals and
prevent cells from oxidative injury. These metals are supposed to binds with catechol
moiety in B-ring, 3-OH group and 4-oxo group in C-ring and 5-OH and 4-oxo
groups in between C- and A-rings (Pietta 2000). The catechol moiety in B-ring is
regarded as major chelation site as it binds with copper ions (Brown et al. 1998).
Quercetin specifically binds with iron and known for iron-stabilizing properties.
Quercetin and morin exhibited strong antioxidant potential in vitro by binding with
cadmium (II), mercury (II) and lead (II) (Kopacz and Kuźniar 2003; Szeląg et al.
2003).

16.4.4 Protection of a-Tocopherol

Flavonoids protect against oxidative damage to low-density lipoprotein (LDL) and
delay the lipid oxidation in cell membranes by inhibiting formation of α-tocopherol
radicals through donating hydrogen (Hirano et al. 2001). This efficiency in the
protection of α-tocopherol depends upon the redox potential of flavonoids such as
myricetin and quercetin provide more effective protection to α-tocopherol than
kaempferol and morin (Zhu et al. 2000).

16.4.5 Oxidase Inhibition

Flavonoids protect against oxidative damage by supressing oxidase enzymes which
are responsible for production of superoxide radicals. Hanasaki et al. (1994)
attributed the antioxidant potential of majority of flavonoids to mostly their ability
to scavenge superoxide anion production through hypoxanthine–xanthine oxidase
system by suppressing xanthine oxidase enzyme. Cos et al. (1998) investigated the
structure–activity interrelationship and noted that –OH group at C-5 and C-7 as well
as double bond between 2 and 3 carbon atoms was highly effective in suppressing
xanthine oxidase activity. Flavonoids also had inhibitory effect on lipoxygenase,
microsomal succinoxidase, cyclooxygenase and NADH oxidase enzymes (Korkina
and Afanasev 1997) and thus exerted protective effect against oxidative damage.
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16.4.6 Controlling Nitric Oxide Production

Nitric oxide in higher concentration causes oxidative stress due to formation of
peroxynitrite upon reaction with superoxide anions. These are generated during
oxidation of L-arginine in presence of nitric oxide synthetase (NOS) (Rubbo et al.
1994). Flavonoids regulate production of nitric oxide by indirect inhibitory effect on
the expression of NOS rather than inhibiting the NOS activity as well as directly
scavenging NO molecules (Olszanecki et al. 2002). Upon structure–activity studies,
NOS inhibitory activity was attributed to presence of double bond at C-2 and C-3
with 4-oxo group, and –OH group at 3,5,4-trihydroxyl group; further an increased
activity had been observed on methylation of this –OH group and reduced activity
upon the presence of glycoside moiety and catechol or pyrogallol structure of B-ring
(Matsuda et al. 2003; Kim et al. 1999).

Besides antioxidant activity, flavonoids also exhibit prooxidants activity
depending upon its concentration. This is very vital for cell signalling and coordina-
tion of cell functions. This prooxidant effect helps in creating mild oxidative stress,
thus leading to improved antioxidant defence and activating antioxidant enzymes
that affect cell protection (Kessler et al. 2003; Halliwell 2008).

16.5 Plant Phenolics as Antimicrobial Agent

There is a growing interest in antimicrobial activity of plant-derived natural
compounds rather than synthetic antimicrobials due to their associated adverse effect
on consumers health. In addition to antioxidant potential, flavonoids also possess
antimicrobial activity. Various ethno-medicines containing plant phenolics as active
ingredients have been widely used for treatment of diseases and protection against
infections in many cultures around the globe (Cushnie and Lamb 2005; Gutierrez
et al. 2008). There are several published studies indicating one or more plant
phenolic molecules showing antimicrobial effect by more than one mode of
action/pathway. However, the sequential effects of one reaction in bacterial cells
upon exposure to flavonoids have been misinterpreted with different modes of action
(MAO), such as inhibition of bacterial DNA gyrase resulted in programmed cell
death by preventing nucleic acid regeneration, which was previously misunderstood
with the disruption of cell membranes (Gordon and Wareham 2010). Clove
possesses strong antimicrobial activity among all spices due to the presence of
phenolic compounds which alter the cell membrane permeability of bacteria
resulting in their destruction (Bajpai et al. 2008).

The antibacterial activity of plant phenolics could be attributed to following three
modes of action.
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16.5.1 Damage to Cytoplasmic Membrane

Ikai et al (1993) observed strong antibacterial effect of epigallocatechin gallate
(EGCs) due to binding with cytoplasmic membrane, leading to leakage of 5(6)-
carboxyfluorescein from phosphatidylcholine liposomes. Catechins exhibited
antibacterial activity by damaging cell membrane and this damage was observed
comparatively lower in case of negatively charged lipopolysaccharides. Catechins
are less effective against Gram-negative bacteria due to the presence of negatively
charged lipopolysaccharides. Flavonoids decreases fluidity of inner and outer layers
of cell membrane (Tsuchiya and Iinuma 2000). Flavanol, flavan-3-ol and flavolan
have been reported to damage microbial cell membrane. Cushnie and Lamb (2005)
noted antimicrobial activity of galangin against Staphylococcus aureus by
disintegrating the integrity of its membrane leads to significant loss of potassium
ions as well as weakening of cell wall, ultimately causing osmotic lysis (autolysis).
Catechins (flavonoids of green tea and black tea) exhibited strong bactericidal
activity by generating ROS and leads to production of hydrogen peroxides. The
hydrogen peroxides produced were observed to exert bactericidal action, and this
could be controlled by using catalase enzyme (Arakawa et al. 2004).

16.5.2 Suppression of Nucleic Acid Synthesis

Epigallocatechin exhibited antibacterial activity against Proteus vulgaris by
inhibiting DNA synthesis and Staphylococcus aureus by inhibiting RNA synthesis
(Mori et al. 1987). This antibacterial property of flavonoids is attributed to the free
3, 4, 5-trihydroxy B-ring and a free 3-OH group. Glycosylated flavones are known to
exhibit antibacterial activity by selective inhibition of topoisomerase IV/DNA gyr-
ase (Bernard et al. 1997). Flavonoids, especially quercetin, interact with bacterial
DNA as well as with ATP-binding sites of gyrase and result in the inhibition of
supercoiling of gyrase enzyme in bacteria and thus promoting DNA cleavage (Plaper
et al. 2003). Various bioflavonoids also exert F1-ATP synthetase and ATP synthesis
(Chinnam et al. 2010). Wang et al. (2010) observed topoisomerase I and topoisom-
erase II as binding sites for soybean isoflavone for inhibiting bacterial cell division.
At higher concentration (12.8 mg/ml) these soybean isoflavones have been reported
to cause denaturation of plasmid DNA.

16.5.3 Inhibition of Energy Metabolism

Haraguchi et al. (1998) observed the antimicrobial effects of licochalcone A and C
against Gram-positive bacteria by decreasing oxygen consumption in these cells by
inhibiting NADH-cytochrome C reductase enzyme. The site of action for this
antibacterial inhibition by flavonoids was proposed in between CoQ and cytochrome
C in electron transport chain of bacterial respiration mechanism.
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Besides these aforementioned three pathways, recently another two possible
pathways have been proposed for explaining antimicrobial effect of plant phenolics
as inhibition of d-alanine–d-alanine ligase (Ddl), leading to the disruption of cell
wall synthesis by quercetin and apigenin flavonoids, as quercetin possesses higher
antibacterial activity attributed to the presence of two additional –OH groups on
flavones structure (Wu et al. 2008). These flavonoids exert reversible inhibition and
are competitive with substrate ATP of Ddl. Tea catechin, epigallocatechin gallate
and other plant flavonoids exhibited antibacterial activity by the inhibition of FabG
and FabI reductase by binding with cofactor in both enzymes (Zhang and Rock
2004) as well as inhibition of ketoacyl reductase (Li et al. 2006) of bacterial type II
fatty acid synthase. Epigallocatechin gallate results in the aggregation of FabG
enzyme obtained from E. coli, but there is a lack of studies establishing a correlation
between similar findings with other enzymes or other flavonoids causing similar
aggregation to this enzyme (Cushnie and Lamb 2011). Further flavonoids (flavanol,
flavan-3-ol) have synergistic effect on whole microbial cell and decreased the
viability of cells via potassium leakage, inhibition of nucleic acid synthesis and
dihydrofolate reductase. This aggregation of bacterial cells leads to an overall
decrease in surface area of bacterial cells, thus lowering oxygen consumption
which was previously attributed to functioning of electron transport chain as well
as lower intake of nutrients required for nucleic acid synthesis as uridine, thymidine,
etc. (Ulanowska et al. 2006; Cushnie and Lamb 2011).

Rauha et al. (2000) studied the antimicrobial effect of 13 phenolic substances and
29 extracts obtained from Finnish plants against selected food pathogens and noted
significant inhibition of microbial growth by flavones, quercetin and naringenin.
Extracts obtained from purple loosestrife were found effective against Candida
albicans, meadowsweet, willow herb, cloudberry and raspberry were found effec-
tive against bacteria and white birch, pine and potato were found effective against
gram-positive Staphylococcus aureus (Fig 16.1).

16.6 Plant Phytoextracts as Source of Plant Phenolics

There is increasing interest of food industry and consumers to use natural
antioxidants/preservatives in place of synthetic compounds, but this technology
could only be sustainable and harnessed to its full potential by developing economi-
cal and suitable extraction technology. The traditional method of incorporating plant
powders or raw form or gels in various food products could lead to alteration in
sensory attributes such as colour, flavour, texture, binding and overall acceptability.
Moreover, to get the desired preservative effect, these compounds have to be
incorporated in food products in higher amount, leading to marked reduction of
consumer acceptance and marketability of such food products due to poor sensory
attributes. Also, the preparation of powder of various materials from plant sources
could lead to loss of nutritive value and degradation of active compounds, but it
facilitates easier transportation, storage and shelf life even at ambient temperature. In
this context, extraction of various active ingredients (phenolics, essential oils) from
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plant sources such as leaves, fruits, fruit by-products, seeds, etc. by suitable extrac-
tion technology and their utilization during product preparation could be a promising
approach.

At present, a lot of researches are underway to standardize the processing
technologies for extraction of phytoextracts from various plant sources and charac-
terization of these phytoextracts for their antioxidant, antimicrobial and organoleptic
properties as well as optimization of their levels during development of various food
products including meat and meat products. These extracts and plant powders have
traditionally been used in culinary preparation as food adjunct (seasonings, flavour,
colour and taste), ethno-medicines, preservatives and health supplements especially
in India and China for thousands years without documenting any negative effect on
consumers’ health if taken within per prescribed limits. There is no documented
proof of their harmful and toxicological effect on consumers’ health and thus these
can be utilized as natural preservatives in food products as alternatives to their
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synthetic counterparts. Researchers have identified various plant/vegetable parts as
potential source of natural extracts exerting higher antioxidant and antimicrobial
properties such as extracts from sea buckthorn, fenugreek seed, grape seed, green tea
and acacia catechu (Kumar et al. 2015a, b), cinnamon bark and aloe vera gel
(Rathour et al. 2017a, b), arjuna tree bark, veal meat loaves (Bishnoi et al. 2017;
Birla et al. 2019), Carica papaya leaves (Jagtap et al. 2019), watermelon rind
(Kumar et al. 2018a, b), etc.

16.6.1 Extraction Protocols

There are several phenolic compounds present in plant materials, and each has
different affinity towards solvents or mixture of solvents and varied time–tempera-
ture combinations for their efficient/optimum extraction. Thus, there is need to
develop suitable and rapid extraction methodology that will be suitable for the
extraction of particular compounds from a wide variety of raw materials (Kumar
et al. 2015a, b). As extraction protocols significantly affect the physicochemical
quality and antioxidant efficacy of the extracts, it is advisable to get the maximum
concentration of active ingredients in extracts with minimum denaturation or loss of
activity. This facilitates the utilization of plant extracts on higher scale in food
industry and improves the economics of these products (Vuong et al. 2011).

The quality of extracts depends upon several factors such as extraction protocols
(nature of solvent, time–temperature combination, pressure, solvent concentration,
solvent to solute–plant powder ratio), sample preparation procedure and type of
samples affect the amount/concentration of phenolics and thus overall antioxidant/
preservative activity. Besides this, other factors such as plant species, part of plant
(stem, roots, bark, flower, fruit, leaves, etc.), developmental stage, harvesting time
and stage, storage conditions, drying methods, geographical conditions, etc also play
important roles in determining quality of extracts (Dumbrava et al. 2012; Negi 2012;
Riahi et al. 2013; Casazza et al. 2011; Yeh et al. 2014).

16.6.2 Extraction Medium

In a single plant, there is presence of wide variety of phenolic compounds, each
having different physicochemical properties, and thus it practically becomes very
difficult to suggest one solvent/method which is suitable for all plant material. At
present, water, ethanol, chloroform, heptane, methanol, acetone, ethyl acetate and
dimethyl sulfoxide (DMSO) are widely used solvents for extracting active
compounds from plant biomass. For extraction of non-polar compounds, water
(aqueous) is preferred, whereas for organic/polar compounds organic solvent is
preferred as solvent medium. As compared to organic solvent, water proves to be
safe, economical and edible as devoid of any traces of potentially harmful organic
solvents. Water can be used for extraction of wide range of plant biomass due
partially hydrophilic nature of various active ingredients in plant. Khokhar and
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Magnusdottir (2002) noted efficient extraction of tea catechins in aqueous medium
as compared to 70% ethanol and 80% methanol. The combined use of water and
organic solvent is the best approach for getting extract with higher yield and
antioxidant activity. Do et al. (2013) observed highest antioxidant efficiency of
extract obtained from Limnophilia aromatica herbs in 100% ethanol and highest
yield in 50% aqueous acetone extraction medium and summarized that a combina-
tion of aqueous and organic solvent mixture facilitated the most optimal extraction of
chemicals.

Organic solvents are very effective in extracting phenolic compounds but the
residual effect of leftover organic solvent in extracts creates problem in utilization of
these extracts in food due to harmful effect on consumers’ health. These extracts are
properly processed through evaporative methods to remove residue of organic
solvent before incorporation in food products. Shah et al. (2014) noted organic
solvent as more suitable in extraction of active compounds from plant biomass
containing antioxidant properties. Turkmen et al. (2006) also reported that antioxi-
dant activity of green and mate tea extracts obtained by extracting in different
solvents were found different in various combinations and concentrations as water,
acetone, N,N dimethylformamide, ethanol/methanol and highest antioxidant activity
were recorded in mate tea and black tea extracts, prepared by using 50% aqueous
ethanol and 50% aqueous acetone.

DMSO and methanol are very good organic solvents and widely preferred for
extraction of plant biomass in various chemical reactions, but their toxic nature
remains major concern for food industry. DMSO can dissolve both polar and
non-polar compounds and properly mix in both organic and aqueous solutions.
Methanol is very efficient in removing low molecular weight phenolic compounds
from plant matrix whereas water is suitable for removal of large molecular weightage
polyphenols such as flavanols (Dai and Mumper 2010). Methanol is used for
extraction of polyphenols from fresh plant tissue due to inhibition of polyphenol
oxidase (PPO) (Yao et al. 2004). PPO enzyme catalyse oxidation of phenolic
compounds as mono-, di- and polyhydric phenols resulting in production of
quinines. These quinines binds with –SH, –NH2 and NH group of amino acids of
proteins resulting in loss of histidine, lysine, cysteine, methionine amino acids and
decreased nutritive value of proteins (Yamane et al. 2010).

16.6.3 Extraction Methods

At higher temperature for longer duration, there are chances of decreasing the
activity of polyphenolic compounds which result in lower antioxidant and antimi-
crobial activity. Thus it is advisable to apply suitable extraction methodology at
lower temperature for short duration. The bioactive compounds from plant biomass
are extracted by dissolving powder or liquid form of plant material into suitable
solvent generally at higher temperature for longer duration (solvent extraction/
portioning), breaking of plant matter into pieces in suitable liquid especially for
retaining peculiar essence of high value herbs/spices (maceration), by using by using
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supercritical fluids as extracting medium at suitable temperature and pressure
combinations (mostly liquefied carbon dioxide at 31�C at 74 bar pressure) (super-
critical extraction), by using pressurized water at high temperature in subcritical
phase (subcritical water extraction), by modifying the dielectric constant and polarity
of solvent and exposing the plant material to high intensity ultrasonic waves creating
tiny cavitation/bubbles around the cells followed by sudden collapse of these
bubbles resulting in disruption of cell walls and releasing intracellular material
(ultrasound-assisted extraction).

Under the traditional solvent extraction method, the extraction is carried out at
higher temperature and involves higher solvent consumption, increased cost and
degradation of activity of heat labile phenolic compounds. Subcritical water extrac-
tion method is very rapid, economical and environment-friendly. In this method,
extract retains maximum activity and there is an enhanced mass transfer rate from
plant biomass (Hawthorne et al. 2000; Mazaheri et al. 2010; Awaluddin et al. 2016;
Zakaria and Kamal 2016). Ultrasound-assisted extraction method is very simple and
relatively economical method that can be applied for a wide variety of plant materials
on industrial scale (Khoddami et al. 2013).

Besides these above-mentioned extraction methods, some researchers have
explored the other newer extraction methods such as microwave-assisted extraction
(Tatke and Jaiswal 2011), pressurized microwave-assisted extraction (PMAE),
solvent-free microwave-assisted extraction (SFMAE), squeezing and evaporation
(Badr and Mahmoud 2011), extraction of polyphenolics from borage leaves by
sonication (Ciriano et al. 2009), enzymatic hydrolysis (Sun et al. 2010a, b), etc.
The additional microwave treatment in traditional solvent extraction resulted in
significantly improving procedural and technological benefits such as reducing
time of extraction, increasing yield, saving of fuel and solvent as well as lesser
degradation of active compounds (Tatke and Jaiswal 2011).

16.7 Preservative Effect of Some Common Phytoextracts

16.7.1 Green Tea

Green tea extracts contain catechins showing very high antioxidant potential, and
these compounds prove more effective in controlling peroxide levels in lard (ren-
dered fat of pig) and chicken fat as compared to vitamin E and synthetic antioxidant
butylated hydroxyanisole (BHA) (Chen et al. 1998). Tang et al. (2011) observed
significant reduction (up to two to four times as compared to vitamin E) in lipid
oxidation in terms of thiobarbituric acid reactive substances (TBARS) value in
refrigerated beef, chicken, pork, duck and ostrich meat upon incorporation of tea
catechins at 300 ppm levels in these meat. Tea catechins inhibited formation of
putrescine and tyramine in dry fermented pork sausage without compromising pH,
colour and organoleptic attributes of sausages (Bozkurt 2006). Banon et al. (2007)
studied the preservative effect of green tea extract (GTE) and grape seed extract
(GSE) at 300 mg/kg meat and ascorbate in low sulphite (100 mg sulphur dioxide)
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raw beef patties, and observed 3-day extension of shelf life of the meat patties with
improved colour and oxidative stability in raw products and delay in perception of
rancid flavour in cooked products. A combination of green tea catechins (GTC)
along with green coffee antioxidants (GCA) in linseed oil and fish oil incorporated in
fresh pork sausage at 200mg/kg were reported to prevent oxidation of lipids in both
raw and cooked sausage kept under aerobic and modified atmosphere packaging at
refrigeration for 7 days (Valencia et al. 2008).

16.7.2 Grape Seed

Grape seed extracts (GSE) contain higher amount of proanthocyanidins, oligomers
of flavan-3-ol units (catechins and epicatechins), in addition to vitamin E, flavonoids
and linoleic acid, catechins and proanthocyanidins constituting about 77.6% of total
polyphenols in GSE (Silvan et al. 2013). The antioxidant potential of GSE was
observed 20–50-folds more than antioxidant potential of vitamin E and vitamin C
(Shi et al. 2003) and higher than gallic acid. The incorporation of GSE in raw as well
as cooked products leads to inhibition of lipid oxidation and thus generation of
primary (lipid hydroperoxides and hexanal) and secondary (thiobarbituric acid
reactive substances TBARS) lipid oxidation products. GSE was found to improve
colour, stability and freshness of beef sausage incorporated at 300 ppm GSE level
stored under frozen conditions for 4 months. The treated product had significantly
lower TBRAS value and better freshness as compared to control product prepared
without GSE addition (Kulkarni et al. 2011). Brannan and Mah (2007) observed
significant inhibition of primary and secondary oxidation products in various meat
systems by incorporation of GSE at 0.1% concentration. Ozvural and Vural (2012)
developed pork frankfurter with GSE addition at various concentrations and
observed improvement in overall acceptability with up to 0.1% GSE incorporation,
but TBARS value decreased with increased concentration of extracts. Similarly,
GSE incorporation in restructured mutton slices also noted inhibited lipid oxidations
(as indicated by significantly lower TBRAs and free fatty acid [FFA] values) and
better retention of sensory attributes, as compared to mutton slices without extract
incorporation (control) as well as mutton slices with BHA (positive control) (Reddy
et al. 2013) stored under aerobic and vacuum-packaging conditions.

An addition of commercial preparation of GSE (ActiVin™) and pine bark extract
(Pycnogenol®) in cooked beef was reported to inhibit lipid oxidation for 3 days
under refrigeration with comparatively significantly lower values of TBARS,
hexanal content and warmed-over-flavour (WOF) (Ahn et al. 2002). Similarly
ActiVin™ Pycnogenol®, oleoresin rosemary (Herbalox) and synthetic antioxidant
(BHA/BHT) incorporation significantly decreased TBARS value (viz. 75%, 92%,
94% and 92%, respectively) as compared to control throughout the entire storage
period of 9 days (Ahn et al. 2007). Sasse et al. (2009) evaluated the comparative
efficacy of various extracts (such as grape seed extract, oleoresin rosemary, oregano
extract) and synthetic antioxidants (such as propyl gallate, butylated hydroxyanisole
and butylated hydroxytoluene) 0.02% level of incorporation in frozen pork patties
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stored for 180 days and observed that patties with propyl gallate and grape seed
extract better maintain colour and lower TBARS value.

16.7.3 Rosemary

Traditionally, rosemary is used as aromatic herb, food additive and culinary medici-
nal preparation in treating various conditions ranging from antibacterial,
antidiabetic, anticancer, anti-inflammatory, maintaining cardiovascular health,
reducing total salt intake, etc. Rosemary leaves and flower extract in various solvents
(ethyl acetate, methanol, chloroform and ethanol) have been observed to exert
functional properties such as antioxidant, antibacterial, anti-inflammatory,
antinociceptive, antirheumatic, antineuralgic, antidepressant, vasodilator, etc.
(Erdogrul 2002; Peng et al. 2007; Amaral et al. 2013; Ribeiro-Santos et al. 2015).
This beneficial effect of rosemary extract and essential oil is contributed due to the
presence of various phenolic compounds in it, such as rosmarinic acid, borneol,
bornyl acetate, verbenone, caryophyllene, carnosic acid and carnosol in extract and
camphor, eucalyptol and α-pinene-bornyl acetate (Arranz et al. 2015; Teixeira et al.
2013). Teixeira et al. (2013) reported monoterpenes hydrocarbons, oxygenated
monoterpenes, oxygenated sesquiterpenes, sesquiterpene hydrocarbons, ketones,
esters, phenol and alcohol as major compounds attributing to rosemary. Rosemary
leaves contains very high amount of vitamin C as in raw material (18.51%): 0.26
mg/100 mL in aqueous extract, 0.34 mg/100 mL in alcohol extract and 0.36 mg/100
mL in acetone extract (Dumbrava et al. 2012). Peng et al. (2007) described super-
critical fluids extraction as suitable technology for extraction of bioactive
compounds from rosemary due to inherent benefits of rapid and fast extraction,
higher yield as well as preventing the conversion of carnosic acid into carnosol in
presence of oxygen. For extraction of rosemary leaves, flowers and stems, care
should be taken to prevent enzymatic oxidation of phenols by phenoloxidase in
the presence of water in fresh samples as it resulted in the formation of carnosol and
rosamanol on enzymatic oxidation of phenol by phenoloxidase (Bellumori et al.
2015; Mulinacci et al. 2011).

16.7.4 Cinnamon Bark

Cinnamon bark has been an integral part of spices added in food preparations for
taste and flavour since ancient times, and is widely used as a preservative and for
medicinal purposes. It is rich source of natural phenolic compounds, and its antioxi-
dant capacity is equivalent to synthetic antioxidants BHA/BHT/t-BHQ (Mathew and
Abraham 2006; Chen et al. 2012). Cinnamon bark is dried bark of shoots of
Cinnamomum zeylanicum F. Lauraceae, obtained from most of its cork and cortex,
and has less than 1% of volatile oil. Cinnamon oil exerts very good antimicrobial
activity against common foodborne pathogens. Cinnamon possesses methyl
hydroxychalcone polymer (MHCP), which has been shown to aid in maintaining
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healthy blood sugar levels. Chan et al. (2007) observed the antioxidant effect of
aqueous extract of cinnamon bark incorporated in chicken meat balls and noted
significantly improved in redness and oxidative stability without compromising
organoleptic attributes during refrigerated storage.

16.7.5 Oregano

In herbs of Lamiaceae family as basil (Ocimum spp.), rosemary (Rosmarinus spp.),
thyme (Thymus spp.), mint (Mentha spp.) and oregano (Origanum spp.), rosmarinic
acid, a hydroxycinnamic acid derivate, ester of caffeic acid and 3,4-dihydroxy-
phenyllactic acid, is typically present that exhibits strong antioxidant properties. A
study on chemical composition of 26 herbs/spice extracts and their phenolics
reported high amount of rosmarinic acid (1086 to 2563 mg/100 g of dry weight)
as major phenol in the Lamiaceae plants (Shan et al. 2005). The occurrence of two
ortho-dihydroxy groups (catechol structures) in rosmarinic acid is the main structure
responsible for strong antioxidant activity such as scavenging superoxide, hydroxyl
radicals, and inhibiting oxidation of LDLs. Rosmarinic acid demonstrated anti-
inflammatory activity through lipopolysaccharide-stimulated macrophage model,
by reducing the inflammatory response with increase in secretion.

In rosemary, along with rosmarinic acid, carnosic acid and carnosol are the main
antioxidant compounds present in rosemary. Carnosic acid and carnosol, together
with other isoprenoids such as sterols, tocopherols or carotenoids, play a
photoprotective role and are considered as bioactive constituents present in herbs.
Carnosic acid originated from IPP via methylerythritol phosphate. It is located in
chloroplasts and intracellular membranes, as is carnosol, formed from the oxidative
degradation of carnosic acid.

16.8 Plant Phenolics in Breads and Biscuits/Cookies

Bakery products have an important place in human food basket for supply of
nutrients and as an energy source. During preparation of white breads, several
processing changes occur in dough, ranging from heat treatment to fermentation,
overall affecting the nutrient quality of breads. Wheat bread is low in antioxidants
and thus enriching bread with plant phenolics through herbs, spices, pseudocereals,
fruits, vegetables, seeds, cereals and food industry by-products (such as semolina,
rice bran, oat bran, barley hull extract, oat flour, ginger powder, coriander leaves,
oregano leaves, green coffee, green tea, tea leaves, tomato paste, chestnut flour, yam,
plum, carrot, cabbage, oregano leaves, grape pomace, etc.) could be very promising
in enhancing its shelf life at ambient temperature and increasing its nutrient and
sensory quality (Dziki et al. 2014).

Gawlik-Dziki et al. (2009) incorporated buckwheat plant extract containing
tartary buckwheat flavonoids (TBF) during preparation of wheat bread and observed
increase in phenolic contents upon extract incorporation, but at the same time a
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gradual concentration-dependent decrease (more in breads with 5.0% TBF than
breads with 2.5% TBF incorporation) in sensory attributes of breads was recorded.
The higher phenolics in enriched breads caused improved radical scavenging ability,
reducing power and preventing lipid oxidation. Raba et al. (2007) also noted
increased lipid stability in breads upon addition of garlic and sweet basil powder
and observed increased polyphenol levels up to 0.28 mM gallic acid/100 g. Turmeric
powder had also been used to increase antioxidants in bread, and addition of 4%
turmeric powder did not compromise sensory attributes (Lim et al. 2011).
Sikkhamondhol et al. (2009) developed functional breads by incorporation 0.10%
turmeric powder, 0.10% turmeric residue and 0.10% turmeric essential oil. The
developed breads with turmeric powder had highest sensory attributes in addition
to higher phenolics and antioxidant potential.

Gawlik-Dziki et al. (2013) incorporated 2–3% onion skin as source of quercetins
in breads with good improved bioaccessibility and bioavailability and noted
decreased sensory attributes upon increasing levels of ground onion skin in bread.
El-Megeid et al. (2009) studied enrichment of bread with various levels of green tea
leaves and observed good acceptability of breads up to 2% level of addition as
compared to breads with 4% and 6% green tea leaves. These breads were found
beneficial in preventing oxidative stress and managing renal failures in rats. Peng
et al. (2010) observed significant increase in antioxidant capacity of breads
incorporated with grape seed extract; however this also caused marginal decline in
sensory attributes, especially colour score. The addition of the powder of cherry fruit
in pan breads at 3% level significantly improved DPPH radical scavenging potential
of bread in a concentration-dependent manner along with acceptable organoleptic
attributes (Yoon et al. 2010). Altunkaya et al. (2013) explored use of pomegranate
peel powder in preparation of breads and noted a 2.5% addition of this powder in
wheat bread did not affect acceptability. Pomegranate peel powder is a rich source of
polyphenols. Sivam et al (2011) observed higher antioxidant potential and phenolic
compounds in breads upon addition of apple pectin and extracts from various fruits.

Zilic et al. (2016) prepared cookies from anthocyanin-rich cornflour (dark red,
blue and blue standard) and observed that that addition of citric acid (0.5%) in dough
resulted in up to 70% higher flavonoids and anthocyanins in these biscuits. Caleja
et al. (2017) studied the replacement of synthetic antioxidants (BHA) with fennel
and chamomile extract in development of antioxidant-rich biscuits and observed
comparable sensory and visual characteristics of both types of biscuits. Authors
advocated use of natural antioxidants over synthetic antioxidants due to natural/clean
image of biscuits along with environment-friendly extraction methods of obtaining
plant extracts (aqueous). Mildner-Szkudlarz et al. (2009) evaluated the antioxidant
effect of green tea extract upon incorporation in biscuits and noted that 1%
incorporation of green tea extract in biscuits resulted significantly improving antiox-
idant capacity and lipid stability as well as up to 73% reduction in hydroperoxides
formation. During storage, biscuits with natural antioxidants exhibited higher sen-
sory scores as compared to biscuits with synthetic antioxidants.
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16.9 Plant Phenolics in Meat and Meat Products

Meat is inherently low in antioxidants. It is a rich source of high-quality proteins,
minerals, lipids and vitamins. This availability of high-quality nutrients along with
water makes it highly prone for deterioration by various oxidative and microbial
changes. During the processing of meat as well as development of various processed
meat products, it has to undergo various processes leading to its exposure to light,
metal surfaces, etc., and these condition further aggravate the risk of spoilage.
Incorporation of natural additives/preservatives in place of synthetic chemicals is
gaining popularity and the use of various plant phenolics has been explored for
possible replacement of synthetic additives with natural compounds (Table 16.1).

16.10 Essential Oils as Source of Phenolics

Essential oils (Eos; ethereal oils/volatile oils) contain bioactive phenolics and other
compounds produced as by-products of plant metabolism. EOs are obtained from
vegetable raw materials either by distillation with water or steam or from the epicarp
of citrus fruits by a mechanical process or by dry distillation (ISO/DIS 9235.2,
1997). In most of herbs, essential oils are the main active principal such as thymol in
thyme, eugenol in clove, carvacrol in oregano and rosemary, etc. (Kumar et al.
2015a, b). Like phytoextracts, incorporation of these EOs result in better stability,
easier transportation and storage, desired preservative effect in foods at very low
level of incorporation, better maintenance of organoleptic attributes, easier applica-
tion and standardization, better flavour and aroma, etc. (Tipsrisukond et al. 1998).
These essential oils are widely used in food industry as preservatives, improving
flavour and aroma, and in perfumeries and medical preparations. Essential oils retard
lipid peroxidation (Mechergui et al. 2010; Viuda-Martos et al. 2010) and antimicro-
bial effects in meat and meat products (Ruiz-Navajas et al. 2012) due to the presence
of various bioactive compounds (Table 16.2).

16.10.1 Antioxidant Effect of Essential Oils (EOs)

Essential oils are a rich source of polyphenolic compounds, and the antioxidant
activity of these oils depends upon the concentration of these compounds. About
more than 60 polyphenolic compounds present in various essential oils exhibit
antioxidants potential but citronellal, carvacrol, isomenthone, citronellol and gera-
niol are the principal polyphenolic compounds exhibiting antioxidant properties.
Carvacrol and thymol are active ingredients in oregano essential oil (OEO), and
make up to 78–85% of OEO (Govaris et al. 2010). They do not have any toxic or ill
effect on consumers’ health in the present prescribed levels of incorporation in food
(thymol 0.5 mg/kg and carvacrol 1 mg/kg) which is lower than their median lethal
dose, viz. 565.7 mg/kg thymol and 471.2 mg/carvacrol kg. Fasseas et al. (2008)
observed improved oxidative stability of raw and cooked beef and pork upon
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Table 16.1 Sources of various phenolic compounds and their use in preservation of meat products

Source of Phenolic compounds Salient findings References

Fenugreek seeds and ginger
rhizome compared to potato peel

Ginger rhizome and fenugreek seed
extracts has higher antioxidant
potential than potato peel extract in
controlling lipid oxidation in
ground beef patties

Mansour and
Khalil (2000)

Aloe vera, fenugreek, ginseng,
mustard, rosemary, sage and tea
catechins

The optimum levels of tea
catechins, rosemary and sage with
0.25%, 0.10% and 0.05% optimum
levels, respectively, in pork patties
product enhanced oxidative
stability

McCarthy et al.
(2001a)

As compared to raw pork patties,
cooked products had fourfold
increase in TBARS values, and tea
catechins were found to be most
effective antioxidant to prevent
lipid oxidation

Mccarthy et al.
(2001b)

Rosemary and hyssop leaves These extracts prevented lipid
oxidation, degradation of heme
pigments and helped in maintaining
red colour of the cooked meat

Fernández-López
et al. (2003)

Rosemary extract Rosemary extract at
1500–2000 ppm incorporation in
pork sausage was recorded more
effective than synthetic antioxidants
in controlling TBARS values and
maintained red colour in raw frozen
product

Sebranek et al.
(2005)

Rosemary, green tea, coffee and
grape skin extract

Rosemary extract (200 ppm)
showed highest antioxidant effect
followed by grape skin (200 ppm),
green tea (200 ppm) and coffee
extract (50 ppm) during storage of
vacuum-packaged precooked pork
patties.

Nissen et al.
(2004)

Myrtle, rosemary nettle and lemon
balm leaf

Myrtle and rosemary extracts (10%)
had highest antioxidant effects than
nettle and lemon balm extracts in
frozen beef patties and they also
better maintained the colour

Akarpat et al.
(2008)

Nettle and Hibiscus sabdariffa L.
(Roselle) flowers

Incorporation of extracts in Turkish
dry fermented sausage resulted in
decrease in TBARS values in
treated product as compared to
control during the first 4 days of
storage

Karabacak and
Bozkurt (2008)

(continued)
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Table 16.1 (continued)

Source of Phenolic compounds Salient findings References

Cinnamon stick cortex, oregano
leaf, clove bud, pomegranate peel
and grape

Extracts in pork meat increased the
oxidative stability. Clove was found
very effective in retarding lipid
oxidation and offered the highest
antioxidant activity in raw pork

Shan et al. (2009)

Lyophilized nettle leaf extract Ground beef treated with nettle
leaves extract (500 ppm) stored
under modified atmosphere
packaging conditions was observed
with lowest TBRAS values

Alp and Aksu
(2010)

Kinnow peel, pomegranate peel and
seed

Goat meat patties incorporated with
the extracts exhibited higher lipid
stability

Devatkal et al.
(2010)

Peanut skin Addition of extract (200 ppm total
phenolics) in raw ground beef prior
to cooking markedly reduced the
formation of peroxides and reduced
TBARS value in cooked ground
beef during the refrigerated storage

Yu et al. (2010)

Red grape pomace Addition of red grape pomace in
pork nuggets improved lipid
oxidative stability

Garrido et al.
(2011)

Black seed, cinnamon bark, garlic
aerial parts, lemon grass leaves,
liquorice root and pomegranate peel

Addition of these extracts in ground
beef resulted in significantly
improving lipid stability

Tayel and El-Tras
(2012)

Lyophilized aqueous extract of
summer savoury leaf

Lipid oxidation decreased in
ground beef in concentration-
dependent manner

Aksu and Ozer
(2013)

Date pit Highest antioxidant was shown by
the date pit extract (water–
methanol–acetone–formic acid) in
ground beef

Amany et al.
(2012)

Broccoli powder Broccoli powder addition at 2%
level in goat meat nuggets had
similar effect to BHT (100ppm).

Banerjee et al.
(2012)

Broccoli powder caused
significantly reduction in TBARS
value in ground beef and patties

Kim et al. (2013)

Curry and mint leaf Ethanolic extract of curry leaf and
the water extract of mint leaf had
higher DPPH and ABTS activity
and decreased lipid peroxidation in
ground pork meat

Biswas et al.
(2004)

Moringa oleifera leaf extract Increase in TBARS value in treated
samples was very low and remained
lowest (0.53 mg malonaldehyde per
kg sample) up to 15 days in goat
meat patties, and the antioxidant

Das et al. (2012)

(continued)
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Table 16.1 (continued)

Source of Phenolic compounds Salient findings References

activity of extract was noted
comparable to BHT at
100 mg/100 g meat

DPPH radical scavenging activity
of both extract and BHT was
recorded in raw and cooked pork
patties

Muthukumar et al.
(2012)

Pomegranate peel 1% TBARS values were significantly
reduced in ground goat meat and
nuggets and vacuum packaging had
a synergistic antioxidant effect

Devatkal et al.
(2012)

Kinnow rind powder, pomegranate
rind powder and pomegranate seed
powder

Pomegranate rind powder extract
had higher antioxidant potential in
goat meat patties than kinnow rind
powder and pomegranate seed
powder

Devatkal et al.
(2010)

Ginger, onion and garlic Significantly reduced lipid
oxidation and maintain better
colour in treated stewed pork

Cao et al. (2013)

Carnosic acid Carnosic acid (22.5 ppm and
130 ppm) extracted from dried
rosemary leaves in buffalo patties
resulted in significantly lower
TBARS by 39–47% at lower
concentration (22.5 ppm) and by
86–96% at higher concentration
(130 ppm)

Naveena et al.
(2013)

Cinnamon bark and aloe vera
powder extracts

Incorporation of ethanolic extract of
cinnamon bark (0.25%) and aloe
vera powder (0.40%) in chevon
rolls increased shelf life by
reducing lipid oxidation in both
aerobic and modified atmosphere
packaging conditions during
refrigerated storage

Rathour et al.
(2017a, b)

Arjuna tree bark and aloe vera Enhanced antioxidant and
antimicrobial effects with better
organoleptically attributes of
buffalo male calf meat rolls were
noted in 21 days of refrigeration
storage upon incorporation of
arjuna tree bark at 2% and aloe vera
at 4% level

Bishnoi et al.
(2017)

Leaf of butterbur, chamnamul, pak
choi, Chinese chives/leek, crown
daisy, fatsia, pumpkin, sesame,
stonecrop Acanthopanax and
soybean

Incorporation of extracts at 0.1%
and 0.5% (w/w) and BHT in ground
beef and patties resulted in
concentration-dependent decreases
in TBARS values and better colour
stability for 12 days at 4�C

Kim et al. (2013)

(continued)
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Table 16.1 (continued)

Source of Phenolic compounds Salient findings References

Butterbur and broccoli extracts TBARS values of stored ground
beef and patties were recorded
significantly lower than the
non-treated control along with
better colour stability upon
incorporation of butterbur (0.10%
w/w) and broccoli extract (0.50%
w/w)

Kim et al. (2013)

Grape seed extract Grape seed extract (0.01% and
0.02%) had best antioxidant activity
based on TBARS values and
off-odours related with
development of rancidity, wet
cardboard off-odour in beef patties
and grassy off-odour in beef and
pork patties as compared to the
addition of oleoresin rosemary
(0.02%) and water-soluble oregano
extract (0.02%)

Rojas and Brewer
(2007)

Grape seed extract provided little
protection against oxidation in raw
beef and pork patties

Rojas and Brewer
(2008)

Red grape pomace extracts GPI exhibited maximum colour
stability, lipid oxidation inhibition
and the best overall acceptability
after 6 days of storage of pork
burgers at 0.06 g/100 g extract
incorporation

Garrido et al.
(2011)

Clove essential oil and grape seed
extract

Raw buffalo patties containing
0.1% clove essential oil showed
TBA values 27.5–39% lower than
the TBA values of samples
containing 0.1% and 0.2% GSE

Tajik et al. (2014)

Green tea, rosemary and red pepper Incorporation of extracts effectively
reduced the lipid oxidation in
cooked pork. Pepper extract was
effective in maintaining colour and
freshness in sample during chilling
storage

Wojciak et al.
(2011)

Lutein, sesamol, ellagic acid and
olive leaf extract

Inhibition of lipid oxidation in raw
and cooked patties was noted in the
order: sesamol (250, 500 μg/g
muscle) ¼ ellagic acid (300, 600
μg/g muscle) > olive leaf extract
(100, 200 μg/g muscle) > lutein
(100, 200 μg/g muscle)

Hayes et al.
(2010)

Incorporation of sesamol, ellagic
acid and olive leaf extract decreased
TBARS in raw beef patties

(continued)
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Table 16.1 (continued)

Source of Phenolic compounds Salient findings References

Liposterine® or Exxenterol® from
carob fruit with α-tocopherol

Lower TBARS value was observed
in cooked pork meat systems
containing Liposterine®,
Exxenterol® and α-tocopherol
during chilling

Bastida et al.
(2009)

Radix puerariae (RP) 1% addition of RP extract in pork
sausage resulted in decreased
TBARS values

Jung et al. (2012)

Rosemary (260 mg/kg) Rosemary showed comparable lipid
stability and improved organoleptic
attributes to SO2 (450 mg/kg) in
boerewors (fresh sausage of
South Africa)

Mathenjwa et al.
(2012)

Mango peel Total phenolic content was
recorded significantly higher in
chicken nuggets upon addition of
0.50% mango peel extract

Kadakadiyaret al.
(2017)

Pediocin (103 AU/g) and extract of
Murraya koenigii berries

A marked reduction in the
L. innocua and TBARS values was
observed in raw goat meat emulsion
during refrigerated storage without
any marked change in
microstructure and colour upon
addition of extract Murraya
koenigii berries (41 ml containing
50 mg total phenolics)

Kumar et al.
(2017)

Murraya koenigii Spreng berries
extract

The extract (200 mg/ml) proved a
good source of antioxidant (total
phenolics – 9.5 � 0.03 mg
TAE/gdw and total flavonoid
contents – 11.9 � 0.66 mg
CE/gdw) in chicken meat
homogenates

Kumar et al.
(2012)

Black currant (Ribes nigrum L.)
extract

Extract incorporation at 5, 10 or
20 g/kg in raw pork patties kept for
display significantly decreased the
TBARS value and carbonyls
formation and reduced the
sulfhydryl loss in a dose-dependent
manner

Jia et al. (2012)

Aqueous extract of lotus rhizomes
knot and leaf

Lotus rhizome knot extract (3%
w/w) was more effective against
lipid oxidation in porcine and
bovine ground meat

Huang et al.
(2011)

Pomegranate peel extract In 1.0% extract-incorporated beef
ball, peroxide, malondialdehyde
and carbonyl formation, loss of
total protein solubility and

Turgut et al.
(2017)

(continued)
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Table 16.1 (continued)

Source of Phenolic compounds Salient findings References

sulfhydryl groups were
significantly lower even after
6 months of frozen storage

Kitaibelia vitifolia extract Ethanolic extract at 12.5 g/kg of
meat dough resulted in moderate
inhibition of Escherichia coli and
strong antioxidant activity and in
fermented dry sausage

Kurcubic et al.
(2014)

Aqueous extract of litchi (Litchi
chinensis Sonn.) seed at 50 mg/kg

Addition of aqueous extract of litchi
seeds at 50 mg/kg in ground
chicken meat significantly
decreased cooking losses, improved
water-holding capacity and pH
during refrigerated storage

Yogesh et al.
(2014))

Apple and olive extracts 3% olive and apple extract, onion
powder and clove bud oil reduced
E. coli O157:H7 to below detection
and significantly reduced formation
of heterocyclic amines, potential
carcinogenic compounds in grilled
ground beef patties

Rounds et al.
(2013)

Citrus extract The antioxidant active packaging
with citrus extract caused
significant reduction in lipid
oxidation in cooked turkey meat

Contini et al.
(2014)

Spray of aqueous extracts of borage
and green tea

Spraying of 10% aqueous extracts
of borage and 0.50% green tea
extract extended shelf life of lamb
leg from 8 to 11 days displayed
under retail condition

Belles et al.
(2017)

Heartwood of Caesalpinia sappan Significant reduction in lipid
oxidation, improvement in
antimicrobial activity and decrease
in volatile basic nitrogen formation
in emulsion-type pork sausages
incorporated with 0.20% C. sappan
aqueous extract was noticed

Jin et al. (2015)

Green tea and rosemary extract Addition of green tea (500 ppm
total phenolics) and rosemary
extracts (400 ppm total phenolics)
in bologna-type sausage provided
protection against formation of
TBARS and protein carbonyls

Jongberg et al.
(2013)

Green tea extract The incorporation of 100 ppm
green tea extract resulted in
decreased protein oxidation and
cross-linking in between myosin
heavy chain without jeopardizing
the textural stability

Jongberg et al.
(2015)

(continued)
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Table 16.1 (continued)

Source of Phenolic compounds Salient findings References

Propolis Polylactic acid film containing
propolis ethanolic extract, cellulose
nanoparticle and Ziziphora
clinopodioides essential oil
enhanced shelf life of minced meat
for 11 days

Shavisi et al.
(2017)

Rosemary extract Inhibition of lipid oxidation,
whereas it had no effect on colour
stability in reduced nitrite
(80 mg/kg) liver pates

Doolaege et al.
(2012)

Acerola fruit extract Addition of 0.15% w/w extract
resulted in 3-day extended shelf life
and improved colour and lipid
stability in salted beef patties

Realini et al.
(2015)

Mustard ethanolic extract Incorporation of 0.10% ethanolic
extract of mustard resulted in
cooked ground pork resulted in
significantly lower TBARS value,
peroxide values and hexanal
contents

Lee et al. (2011)

Pomegranate seed extract Total heterocyclic aromatic amine
formation in beef and chicken
meatball was decreased by 39% and
46% in charcoal barbecue and deep-
fat frying upon addition of 0.5%
(w/w) pomegranate seed extract

Keskekoglu and
Uren (2014)

Grape seed and bearberry Addition of extracts improved lipid
stability in raw pork patties on days
9 and 12 of storage upon
incorporation of grape seed
(100–1000 μg/g muscle) and
bearberry (10–1000 μg/g muscle)

Carpenter et al.
(2007)

Rooibos extract Inhibition of lipid oxidation in
game meat droëwors after 14 days’
storage upon incorporation of 1.0%
rooibos extract

Jones et al. (2015)

Ginger extract and papain Ginger extract (7%) caused
extensive fragmentation of
myofibrils whereas papain extract
(0.01%) caused noticeable
destructive effect on connective
tissue as observed in camel meat
burger

Abdel-Naeem and
Mohamed (2016)

Hawthorn (Crataegus monogyna)
leaves and flower extract

Extract obtained by supercritical
fluid extraction exhibited a potential
technique for obtaining
antioxidants from hawthorn and its
use in muscle foods

Shortle et al.
(2014)

(continued)
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Table 16.1 (continued)

Source of Phenolic compounds Salient findings References

Tea, grape, chestnut and seaweed
(Ulva lactuca and Ulva rigida)

Incorporation of extract at 1000
mg/kg in pork patties resulted in
inhibition of lipid oxidation as well
as lower total viable counts, lactic
acid bacteria, Pseudomonas and
psychotropic aerobic bacteria

Lorenzo et al.
(2014)

Plant extracts (cranberry, rosemary,
lovage)

2% rosemary extract exhibited
strongest activity to microbes
resulting in longest shelf life of the
products

Jalosinska and
Wilczak (2009)

Lotus seed epicarp extract Incorporation of extract at 6.25,
12.5, 25, 50 and 100 μg mL-1 in
pork homogenate decreased lipid
oxidation in dose-dependent
manner

Qi and Zhou
(2013)

Momordica grosvenori A decreased formation of hexanal,
TBARS and carbonyls and lowered
sulfhydryl loss in a dose-dependent
manner in dried minced pork slices
was observed

Cheng et al.
(2017)

Plum extract Addition of 3% plum extract was
observed to be very effective in
inhibiting lipid oxidation of
irradiated turkey breast meat and
the production of hexanal, heptanal,
octanal and nonagonal in
non-irradiated meat

Lee and Ahn
(2005)

Herbal extracts of marjoram,
rosemary and sage

Addition of extracts at
concentration of 0.04% (v/w) in
irradiated ground beef lowered the
TBARS values and off-odour
scores and significantly increased
colour and acceptability scores

Mohamed et al.
(2011)

Isabel and Niagara grape seed and
peel extracts

A significant reduction in lipid
oxidation comparable to synthetic
antioxidants at 60 mg of total
phenolic compounds (PC)/kg of
cooked chicken meat

Selani et al.
(2011)

Green tea extract Ginger rhizome and fenugreek seed
extracts had higher antioxidant
potential than potato peel extract in
controlling lipid oxidation in
ground beef patties

Mansour and
Khalil (2000)

Propolis The optimum levels of tea
catechins, rosemary and sage with
0.25%, 0.10% and 0.05% optimum
levels, respectively, in pork patties
product enhanced oxidative
stability

McCarthy et al.
(2001a)

(continued)
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incorporation of 3% oregano essential oil as observed by significantly decreased
production of thiobarbituric acid reacting substances (TBRAS) and 2,2-diphenyl-1-
picrylhydrazyl (DPPH). Oussalah et al. (2004) noted decreased lipid oxidation in
beef muscle wrapped in casein film impregnated with OEO (1% w/v). The addition
of OEO in meat patties resulted in increased endogenous antioxidant glutathione
content (GSH) and decreased hydrogen peroxide–induced depletion in human
intestinal Caco-2 cells (Ryan et al. 2009).

Estevez et al. (2007) studied the comparative antioxidant activity of sage and
rosemary essential oils with butylated hydroxyl toluene (BHT) and butylated
hydroxyl anisole (BHA) and observed higher antioxidant activity of studied essential
oils as compared to BHT and BHA. Incorporation of sage and rosemary essential oils
at 0.1% level resulted in reduced lipid oxidation in liver pates by inhibiting degrada-
tion of polyunsaturated fatty acids (PUFAs) and thus the formation of volatile and
other harmful compounds. Sage oil contains carnosic acid, which exert seven times
higher antioxidant potential to BHT. Mechanically deboned meat (MDM)/mechani-
cally recovered meat (MRM) is more prone to lipid oxidation as this meat has higher
mineral content and more exposure to air. The incorporation of 200 mg/kg rosemary
and marjoram essential oils in mechanically deboned beef patties and poultry meat
resulted in decreased degradation of lipids and enhanced the oxidative stability of
products during 3 months storage under frozen conditions (Mohamed and Mansour
2012).

Dzudie et al. (2004) observed improved oxidative stability of beef patties upon
incorporation of ginger and basilica essential oils. Du and Li (2008) noted antioxi-
dant potential of cassia essential oil even during deep fat frying of beef patties in
palm oil at 150�C for 90 s and the optimum level to exert the antioxidant effect was
120 μL cassia oil in 1 l palm oil. Application of balm and thyme essential oils on
chicken breast extended its shelf life by preventing lipid oxidation during

Table 16.1 (continued)

Source of Phenolic compounds Salient findings References

Rosemary extract As compared to raw pork patties,
cooked products had fourfold
increase in TBARS values and tea
catechins were found to be most
effective antioxidant to prevent
lipid oxidation

McCarthy et al.
(2001b)

Green tea extract and Thymbra
spicata oil

These extracts prevented lipid
oxidation, degradation of heme
pigments and helped in maintaining
red colour of the cooked meat

Fernández-López
et al. (2003)

Isabel and Niagara grape seed and
peel extracts

Rosemary extract at
1500–2000 ppm incorporation in
pork sausage was recorded more
effective than synthetic antioxidants
in controlling TBARS values and
maintained red colour in raw frozen
product

Sebranek et al.
(2005)
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refrigerated storage for 3 weeks (Fratianni et al. 2010). Lemongrass (Cymbopogon
citratus) essential oil exerted antioxidant activity equivalent to BHT and is widely
being explored for bio-preservation.

16.10.2 Antimicrobial Activity of Essential Oils

EOs interact with lipids in cell membrane and mitochondria of microbes and alter
their cell fluidity, resulting in the leakage of cellular ions in Gram-positive microbes.
This ionic imbalance leads to loss of homeostasis and cell death (Cristani et al.
2007). The presence of outer layer of lipopolysaccharides around cell wall hinders
the interaction of EO with cell membranes, thus resulting in deceased efficiency as
compared to Gram-positive bacteria (Harpaz et al. 2003). EO inhibit synthesis of

Table 16.2 Some common essential oils and their active ingredients

Sr
No

Name of
essential
oil

Scientific name and
source Active ingredient

1. Oregano Leaves and flower of
Origanum vulgare subsp.
hirtum

Thymol carvacrol, p-cymene γ-terpinene,
Rosamarinic acid

2. Thyme Leaves and flower of
Thymus vulgaris

thymol and carvacrol, p-cymene and γ-
terpinene

3. Sage Buds and leaves of Salvia
officinalis

Camphor, α-thujone, viridiflorol, borneol,
eucalyptol,1,8-cineole, β-thujone, bornyl
acetate, carnosic acid, carnosol

4. Rosemary Leaf of Rosmarinus
officinalis

Limonene, α-pinene, camphor and (Z )-linalool
oxide, followed by borneol, camphene,
sabinene, 1,8-cineole and α-terpineol

5. Cinnamon Bark of Cinnamomum
zeylandicum

trans-Cinnamaldehyde

6. Clove Bud of Syzygium
aromaticum

Eugenol

7. Nutmeg Ground fruit/seed of
Myristica fragrans

d-pinene, limonene, d-borneol, l-terpineol,
geraniol, safrol, and myristicin

8. Balm Flower, leaf of Melissa
officinalis

Citronellal, carvacrol, iso-menthone
citronellol, geraniol

9. Coriander Seeds of Coriandrum
sativum

Linalool, camphor, geranyl acetate, p-Cymene

10. Cassia Leaves and twigs of
Cinnamomum Cassia

(E)-Cinnamaldehyde, benzoic acid,
cinnamaldehyde, phenylacrylic acid,
Benzaldehyde

11. Cilantro Immature leaves of
Coriandrum sativum

Linalool, (E)-2-decanal

12. Black
pepper oil

Unripe red fruit of Piper
nigrum

Piperine and piperine isomers, monoterpene
content

Source: Kumar et al. (2015a, b), Govaris et al. (2010), Jayasena and Jo (2014)

394 P. Kumar et al.

http://en.wikipedia.org/wiki/Pinene
http://en.wikipedia.org/wiki/Limonene
http://en.wikipedia.org/wiki/Borneol
http://en.wikipedia.org/wiki/Terpineol
http://en.wikipedia.org/wiki/Geraniol
http://en.wikipedia.org/wiki/Safrol
http://en.wikipedia.org/wiki/Myristicin


ergosterol, a principal ingredient in cell membrane of fungi, thus leading to the
alteration of the integrity of cell and normal physiological characteristics (Pinto et al.
2009). Among the studied EOs, the antimicrobial efficacy of oregano, clove, corian-
der and cinnamon is the highest followed by thyme, mint, rosemary, mustard,
cilantro and sage. Like other phenolics, EOs also have synergistic effect in combi-
nation with other EOs and hurdles, making bacterial cells more prone for destruction
in conditions such as low pH, anaerobic conditions or lower oxygen concentration,
high pressure, mild heat, presence of chelators and other antimicrobial agents. EOs
exhibit antimicrobial effect in meat and fish products with application levels of 0.2
and 10 μl/ml against common food pathogens such as Listeria monocytogenes,
Salmonella typhimurium, Escherichia coli O157:H7, Shigella dysenteriae, Bacillus
cereus and Staphylococcus aureus (Burt 2004).

The overall preservative effect (antioxidant and antimicrobial activity) of essen-
tial oils depends upon fat and protein content of food products and as such in meat
and fish products EOs exhibited comparatively lower efficacy than vegetable
products. In general, clove, eugenol, oregano, thyme and coriander oil are more
effective compared to cilantro, sage, mint and mustard oil in meat and meat products
(Skandamis and Nychas 2001; Lemay et al. 2002). Hernandez-Ochoa et al. (2014)
observed significant reduction in count of Escherichia coli O157:H7, Salmonella,
Listeria monocytogenes, Yersinia enterocolitica, Campylobacter jejuni, Clostridium
perfringens, Staphylococcus aureus and Toxoplasma Gondi in meat samples upon
incorporation of essential oils (EOs) from clove, cumin and elecampane at 2250 μL
level.

Cinnamon oil has cinnamaldehyde and eugenol as active ingredients and it
exhibited antimicrobial activity against both Gram-positive and Gram-negative
bacteria. Eugenol disintegrate bacterial cells and inactivate various metabolic
enzymes. Cinnamaldehyde inhibits multiplication of E. coli O157:H7 and Salmo-
nella typhimurium, but at 60�C it converts into benzaldehyde and binds with eugenol
(Bajpai et al. 2011). Application of 2% Rosmarinus officinalis L. essential oil on
fresh chicken breast resulted in markedly lower lactic acid bacteria and Pseudomo-
nas aeruginosa counts, and extended shelf life to 16 days during retail display at 4�C
(Petrova 2003). Carvacrol inhibited bacterial growth and decreased toxin production
by Bacillus cereus. Thymol/2-isopropyl-5-methylphenol, isomers of carvacrol pres-
ent in thymol oil, has been noted to possess antimicrobial effect between pH 5.5 and
6.5 against Gram-negative bacteria by binding with cell membrane
lipopolysaccharide and loss of adenosine tripolyphosphates (ATP).

16.11 Conclusion

Plant phenolics are promising food additives, exerting preservative effects by
inhibiting lipid oxidation and microbial growth. Further research is needed to
explore newer sources of plant phenolics compounds and their incorporation in
food products, their isolation and purification, and establishing the mode of action
of these compounds.
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Plant Phenolics for Overcoming Multidrug
Resistance in Human Fungal Pathogen 17
Shweta Singh, Zeeshan Fatima, and Saif Hameed

Abstract

In spite of significant advances being made in the improvement of antifungal
drugs, only limited number of drugs is currently available, and that too are not
able to keep pace with the evolution of multidrug resistance (MDR). The urgent
need includes the development of alternative drugs that are more efficient and
tolerant than those traditionally already in use. Natural plant phenolics are among
the most commonly occurring type of secondary metabolite in nature which is
constantly being expanded through the discovery of new natural products. Inter-
est in phenolics and the search for new biological activities within members of
this class have intensified in recent years, as evidenced by the evaluation of their
potential antifungal activities. Among most human pathogenic fungi, Candida
albicans is of extreme importance due to their high frequency of colonization and
infection in humans. Since nature has plethora of many promising natural
compounds which can efficiently be exploited to improve the antifungal thera-
peutics, the objective of this book chapter is to describe the development of plant
phenolics as antifungals for the treatment of Candida species and to note the most
promising compounds with their diverse mechanism of actions and their uses in
combination with traditional drugs.
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17.1 Introduction

Fungal infections are the fourth most leading cause of hematogenous infections
worldwide, which are mostly contributed by Candida genus (Pierce 2005). It
consists of more than 150 species including the major Candida albicans and
non-albicans species like Candida auris, Candida tropicalis, and Candida glabrata.
Generally, Candida is a part of human microbiota where they normally reside in the
body surfaces like oral cavity, gastrointestinal tract, and vagina, in a commensal
manner, but under immunocompromised conditions, they turned out to be a great
menace to human population (Kim and Sudbery 2011). The magnitude of fungal
infections is increasing due to increment in number of transplants and hospitalized
patients. The other factors contributing to the rise in infections are the prolonged
usage of antifungal drugs and long chemotherapy treatments which result in the
alarming problem of drug resistance by a phenomenon known as multidrug resis-
tance (MDR) posing additional challenge for the health industries and researchers.
The available few drugs belonging to classes azoles, polyenes, echinocandins,
allylamines, and flucytosine are being resisted by the Candida species as been
reported by number of case studies in hospitals. The problem of nosocomial
infections is compounded due to the biofilm formation by Candida species, which
resides in the indwelling devices like catheters used for the treatment of patients with
another disease like AIDS or transplant patients. Hence, researches are now more
focused on the search for the new drugs which could be used potentially against
rising Candida infections.

Nowadays, plant-derived products are being favored over the synthetic products,
due to their minimal side effects, cost-effectiveness, and potential. Plants are a rich
source of secondary metabolites which they utilize for their defense against animals
or microbes. These metabolites have been shown in various studies to possess many
antimicrobial properties. Therefore, these secondary metabolites can be exploited for
exploring the vast potential of these compounds that may be used as antifungal
drugs. Secondary metabolites consist of diverse classes like terpenoids, alkaloids,
phenolic compounds, alcohols, and acids. These classes consist of many potential
compounds which are being employed for various uses due to their antimicrobial,
antiseptic, anticancer, antioxidant, and anti-inflammatory properties (Ksouri et al.
2012). Among these, phenolic compounds comprise a major class of plant secondary
metabolites being broadly distributed over more than 8000 phenolic structures
currently identified. Previously, we have reviewed the antifungal action of phenolic
compounds across various pathogenic fungi (Ansari et al. 2013). The present book
chapter is written with the objective to summarize at a common platform the
identification of diverse phenolic compounds as promising antifungals for the
treatment of Candida species particularly with their probable mode of actions.
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17.2 Classification of Phenolic Compounds

These compounds can contain one or more aromatic rings with at least one or more
hydroxyl group species. Phenolic acids, flavonoids, and tannins are the most studied
groups of phenolic compounds, comprising molecules with evidenced antifungal
properties. The following sections will deal with few members of each classes.

17.2.1 Hydroxycinnamic Acids

They are the most commonly occurring phenolic compounds which belong to
non-flavonoid polyphenols and are also known as hydroxycinnamates (Stalmach
2014). They are hydroxy metabolites of cinnamic acids which have benzene ring in
which three-carbon chain is attached because of which they are included in
phenylpropanoid group. They are synthesized by mevalonate-shikimate biosynthesis
pathway in plants involving the phenylalanine and tyrosine as precursors (El-Seedi
et al. 2012). The derivatives are also produced such as amides (combination with
amino acids or peptides) and esters (combination with hydroxyl acids or glycosides).
They are most commonly produced in fruits, cereals seeds, and vegetables. Their
derivatives also play a role in acting as a precursor for the formation of lignans,
anthocyanins, flavonoids, etc. They have important anti-inflammatory and antioxi-
dant properties. The antioxidant nature of hydroxycinnamic acids has broad appli-
cation in diverse fields like industrial additives or as health agents. They worked
effectively against the oxidation-related diseases like inflammatory injury, cardio-
vascular diseases, atherosclerosis, and cancer. It has radical scavenging activity and
chelation of transition metals or inhibition of reactive oxygen species (ROS)
enzymes by modulation of gene expression (Teixeira et al. 2013). They are widely
used as health beneficiary in various metabolic syndrome like anti-inflammatory
agents, cardiovascular diseases, diabetes, and dyslipidemia (Alam et al. 2016). They
also have antimicrobial, anti-collagenase, anti-melanogenic, and anti-tyrosinase
activities. The pharmacological properties are contributed by presence of multiple
hydroxyl groups in their chemical structure. The major hydrocinnamic acids are as
follows.

17.2.2 Caffeic Acid

It is the major constituent and predominant among the other forms of
hydroxycinnamic acid. It is around 75% of the total hydroxycinnamic acid in citrus
fruits. The synthesis of caffeic acid is due to the hydroxylation of p-coumaric acid. It
has medicinal properties, such as antitumor, antioxidant, antimicrobial, anti-
inflammatory, and antidiabetic activities. They have role in decreasing the inflam-
mation by lowering the expression of inflammatory mediator TNF-α (Alam et al.
2016). It has role in inhibiting the early stage of biofilm formation in C. albicans.
The esters of caffeic acid have found to be effective against mature biofilm and more
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potent in comparison with the known antifungal drug fluconazole (FLC) with lower
minimum inhibitory concentration (MIC) values (De Vita et al. 2014). Caffeic acid
phenethyl ester (CAPE) is the most studied derivative due to its potent antioxidant
activity. It has also known to inhibit the clinical isolates of Candida by showing
synergistic nature with known antifungal drug. The results have also shown that
combination of FLC and CAPE has reduced the fungal burden and increased the
longevity in nematode model, Caenorhabditis elegans. They have proved CAPE as
promising therapeutics against resistant C. albicans. Another study by Sun et al.
(2018) has demonstrated that CAPE shows synergism with the caspofungin and
disrupts the iron homeostasis in C. albicans. CAPE performs this action by two
ways: either by free radicals formation reactions or functional defects of mitochon-
drial respiratory chain CI and energy depletion in C. albicans [10]. Caffeic acids
have been reported to inhibit the planktonic cells of C. albicans by targeting the
glyoxylate cycle and inhibiting the activity of crucial enzyme called as isocitrate
lyase (Cheah et al. 2014).

17.2.3 P-Coumaric Acid

It is one of the most dominant of all hydroxycinnamic acids. It is present in eggplants
in very substantial amount, as well as broccoli and asparagus. It is synthesized by
tyrosine and phenylalanine and is the major precursor in the further synthesis of
other cinnamic acids. It has known antioxidant, antimicrobial, anti-inflammatory,
antitumor, and antiplatelet aggregation properties. Due to their depigmenting poten-
tial and antioxidant nature, anti-collagenase, antimicrobial, and anti-inflammatory
activities are being exploited to be used for cosmeceutical use. The methanolic
extracts from various plants such as Rosa rugosa, Ligusticum mutellina L.,
Limonium avei, Kitaibelia vitifolia, and Tamarix gallica L. have been reported to
inhibit the candidal growth and show varying MIC values (Teodoro et al. 2015a, b).

17.2.4 Ferulic Acid

It is the most common hydroxycinnamic acid which is present in plant cell walls and
abundantly found in cereals as dietary source and corn bran, wheat bran, eggplant,
artichokes, and beets. It is synthesized from caffeic acid by the enzyme caffeate
O-methyltransferase. It has a variety of potential therapeutic effects which can be
useful in the treatment of various diseases like cancer, diabetes, and lung and
cardiovascular diseases. It has known antimicrobial and anti-inflammatory
properties and neuroprotective and photoprotective effects. Ferulic acid has apopto-
tic effect on C. albicans and C. glabrata. The synergism of ferulic acid with
caspofungin was found to be effective against the candidal infections. Their combi-
natorial action was fungicidal in nature as compared with the individual effect of
ferulic acid and caspofungin. This compound has potential to be used for
anticandidal treatment (Canturk 2018). The ferulic acid extracted from ethanolic
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and aqueous extracts from various plants has been shown to inhibit the candidal
growth. In a study by Panwar et al. (2016), ferulic acid-encapsulated chitosan
nanoparticles have been found to be effective against the candidal biofilm residing
in dwelling devices. This approach can be a promising alternative approach for the
conventional therapeutic methods.

17.2.5 Sinapic Acid

It is a 3,5-dimethoxy-4-hydroxycinnamic acid found in citrus, berry fruits,
vegetables, cereals, and oilseed crops (Chen 2016). It has known antioxidant, anti-
inflammatory, antiglycemic, anticancer, and antibacterial activities. It has been
reported in pathological conditions such as diabetes, inflammation, oxidative stress,
and neurodegeneration (Zou et al. 2002). It can exist in free form or ester form such
as sinapine (sinapoylcholine), sinapoyl esters, and sinapoyl malate. The sinapic acid
derivatives such as 4-vinylsyringol, sinapine, and syringaldehyde have shown anti-
oxidant activity, acetylcholinesterase inhibition, and antimutagenicity (Kuwahara
et al. 2004). The sinapic acid derivative called as syringaldehyde has been studied for
its antifungal potential against Candida guilliermondii (Kelly et al. 2008).

17.2.6 Rosmarinic Acid

It is found in Rosmarinus officinalis L. and synthesized from esterification of both
caffeic acid and 3,4-dihydroxyphenyllactic acid. It has known antioxidant,
antitumor, anti-inflammatory, and antimicrobial properties. It has high radical-
scavenging activity and medicinal properties which have been exploited in pharma-
ceutical and cosmetic sectors. It has been reported in a study by Calixto et al. (2015)
that rosmarinic acid has potential anticandidal activity against clinical isolates via its
antioxidant activity which turns to be modulatory effect. It has also shown synergism
with the known antifungal drug FLC providing alternative combination therapy
options.

17.2.7 Hydroxybenzoic Acids

This class represents the phenolic metabolites of general structure C6 � C. It is
naturally found in Cocos nucifera, vanilla, wine, Macrotyloma uniflorum (horse
gram), and Phyllanthus acidus (Dey et al. 2005, Tian et al. 2009). They are found in
intact tissues primarily as conjugates which after hydrolysis give rise to
hydroxybenzoic acids. It has very well-known antioxidant activity and low toxicity
benefits used in cosmetics industry. They are considered to be effective scavengers
of free radicals and are also widely used as antimicrobial food additives and are used
in modern nutrition therapies (Hubková et al. 2014). They have been also tested for
the antifungal activity against Candida species; the results have shown synergism of
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hydroxybenzoic acid with itraconazole (ITR) and hence can be used for improving
the activity of known antifungal drugs (Faria et al. 2011). The most commonly
studied hydroxybenzoic acids are as follows.

17.2.8 Gallic Acid

It is a 3,4,5-trihydroxybenzoic acid or trihydroxybenzoic acid commonly found in
the oak barks, hazel nut, gallnuts, etc. They are found in free form or as tannins
which can be hydrolyzed to gallic acid or gallotannins. They can form esters such as
digallic and trigallic acids. It is formed from the 3-dehydroshikimate by the enzyme
called as shikimate dehydrogenase which can produce 3,5-didehydroshikimate. It
has known antimicrobial and anti-inflammatory activities which are being utilized in
the pharmacological and cosmetics industries. The in vitro and in vivo activity of
gallic acid was investigated by Li et al. (2017a, b). They have checked the antifungal
activity on various fungal strains by using Punica granatum L. The results have
shown the effect of gallic acid on the fungal cell membrane by targeting the sterol
biosynthetic pathway which in turn affects the viability of C. albicans. The enzy-
matic activity of sterol 14a-demethylase P450 (CYP51), key enzyme in ergosterol
biosynthesis, was reduced. Gallic acid which was extracted from Buchenavia
tomentosa has been studied for its anticandidal activity on C. albicans and
non-albicans species by Teodoro et al. (2015a, b). It has been also explored more
for its mechanistic insights in Candida species. The extracts from Vernonia cinerea
(L.) containing gallic acid have shown the antioxidant property against C. albicans.
They have shown promising effect on virulence factor of Candida like biofilm and
morphological transition (Brighenti et al. 2017). Gallic acid from acetone extract
from Buchenavia tomentosa has shown the effect on cell adherence of C. albicans
from oral epithelial cells and hyphal growth and disrupted biofilm (Teodoro et al.
2018). The solubility of gallic acid has been improved by using the cyclodextrins
which results into the formation of HPβCD soluble inclusion complexes. The
efficiency was enhanced to a great level which encourages the development of
antifungal drugs (Teodoro et al. 2017). A nanoencapsulation approach has been
used for the formation of chitosan-based edible films carrying the gallic acid
nanoparticles for the direct delivery of gallic acid into matrix which can maintain
its solubility and mechanical properties (Lamarra et al. 2017). A recent study on the
extract from Spondias tuberosa fruit plant which is native to Brazil has shown anti-
Candida activity probably by causing the hyperpolarization of mitochondrial and
lysosomal membrane. Thus, this compound can be exploited more for its pharmaco-
logical applications (da Costa et al. 2018).

17.2.9 Vanillic Acid

It is a 4-hydroxy-3-methoxybenzoic acid which is oxidized form of vanillin, com-
monly used as flavoring agent. It is found in Chinese herb Angelica sinensis and is a
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natural phenol in argan oil. It is formed from ferulic acid (Lesage-Meessen et al.
1996). It has antimicrobial properties. It is used as preservatives in foods due to its
antimicrobial properties (Fitzgerald et al. 2004). It has also shown antifungal
properties which have been tested against yeasts and filamentous fungi (Alnuaimi
et al. 2013). It has been reported to have shown anticandidal activity. The
mechanisms have been studied which included loss of membrane integrity and
inhibition of ergosterol biosynthesis of C. albicans. It has also reduced the cell
adhesion by 30–40% along with the biofilm formation in a concentration-dependent
manner. The morphogenetic switching from yeast to hyphae was also hampered
(Raut et al. 2013). Another study on candidal biofilms has shown the inhibition of
biofilm formation, and the reduction was 75–80%. It showed promising effect on
oral candidiasis and can be used as a potential antifungal drug.

17.2.10 Salicylic Acid

It is a lipophilic hydroxybenzoic acid which is formed during salicin metabolism. It
naturally occurs in nuts, fruits, vegetables, herbs, teas, etc. It is widely used as an
important component in aspirin drug which is used as an anti-inflammatory analgesic
and antipyretic and to treat pain. It is used in cosmetic industries as an anti-acne and
in skincare products. It is also used as antiseptic due to its antimicrobial activity. The
coating of salicylic acid prevents the adherence of candidal cells with the Silastic
catheters (Farber and Wolff 1993). It was also checked to be synergistic with known
antifungal drug like FLC. This suggests its use in the combination therapy against
Candida strains (Yücesoy et al. 2000). Another drug nystatin also became more
potent when worked synergistically with the salicylic acid against clinical isolates of
C. albicans (Ibezimako et al. 2003). The derived acetylsalicylic acid has significant
role in reducing the biofilm as well as planktonic growth on the abiotic surfaces like
polystyrene and acrylic surfaces (Alem and Douglas 2004). A similar study was also
performed which shows the inhibition of formation of candidal biofilms which needs
further investigation for its use in alternative therapy (Stepanović et al. 2004). The
morphogenetic ability which is switching from yeast to hyphal form was also
suppressed by inhibiting the formation of 3(R)-hydroxyoxylipins which are a fatty
acid (Deva et al. 2001). Another virulence factor called as phospholipases which is
involved in invading the host tissue by candidal cells was also found to be reduced in
a study by Trofa et al. (2009). A chemosensitizing approach can be used to enhance
the antifungal potential of known antifungal drugs when used synergistically with
the salicylic acid and other phenolic compounds (Faria et al. 2011). But further
investigations and studies are required to look more into its mechanism of action.

17.2.11 Protocatechuic Acid

It is a 3,4-dihydroxybenzoic acid which is one of the major metabolite of
polyphenols in green tea. It has potential anticancer, antioxidant, antiulcer, anti-
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inflammatory, antimicrobial, antidiabetic, and analgesic activities. It is extracted
from barks of Boswellia dalzielii and leaves of Diospyros melanoxylon. Acai oil
derived from palm tree is found to be rich in protocatechuic acid. It is also found in
mushrooms and flowers which are used as beverages and in bran and grain brown
rice (Kakkar and Bais 2014). It is produced during shikimate pathway and can be
derived by vanillic acid and phthalic acid. It has antimicrobial activity which was
tested by using the extracts from Cirsium canum against the Streptococcus aureus
and Streptococcus pneumoniae (Kozyra et al. 2015). The extracts from barks of
Ficus ovata containing protocatechuic acid were found to inhibit the planktonic
growth of candidal cells (Kuete et al. 2009). They have been studied to possess
anticandidal activity which was reviewed by Teodoro et al. (2015a, b). Further
studies are required to exploit its potential to be used as potent antifungal drug.

17.2.12 Flavonoids

It is the largest family of phenolic compounds containing nearly more than 5000
hydroxylated polyphenolic compounds which have diverse important functions in
plants. They are known to be involved in regulating environmental stresses, combat-
ing microbial infection, floral pigmentation, regulation of cell growth, and pollina-
tion (Kumar and Pandey 2013). They are mostly derived from fruits, vegetables,
chocolate, and beverages like wine and tea. They have been shown to exhibit
antidiabetic, anti-inflammatory, anticancer, antithrombogenic, antioxidant, and
neuroprotective activities. They are also known to act as inhibitors for enzymes
like phosphoinositide 3-kinase, xanthine oxidase (XO), cyclooxygenase (COX), and
lipoxygenase. Flavonoids are considered as crucial component in a number of
pharmaceutical, nutraceutical, medicinal, and cosmetic applications. The most wide-
spread subclasses of flavonoids are flavan-3-ols (catechin), flavonols, flavanones,
flavones, isoflavones, chalcones, and anthocyanins (Panche et al. 2016).

17.2.13 Epigallocatechin

It is a type of flavan-3-ol (catechin) which is highly present in green tea extract. They
are also present in traces amount in fruits, nuts, etc. It has benefits for treating cancer,
cardiovascular diseases, inflammatory disorders, and other ailments. It has known
antibacterial, antiviral, antifungal, antitoxin, and antitumor effects too (Matsumoto
et al. 2012). It is further studied for the anticandidal activity along with the other tea
extracts (Chen et al. 2015).They were also known to induce apoptosis in
FLC-resistant candidal strains and can also work synergistically with FLC
(da Silva et al. 2014). It has been reported to inhibit the planktonic growth and can
also work synergistically with the known antifungal drugs like miconazole, FLC, or
amphotericin B which opens up opportunities for combination therapy for treating
oral candidiasis (Ning et al. 2015). The derivative of epigallocatechin with the gallic
acid, epigallocatechin gallate (EGCG), has been reported to be used as adjuvant for
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antifungal therapy in candidiasis. Planktonic growth of candidal cells was reduced
by 75% when treated with EGCG. Interestingly, the reduction in established candi-
dal biofilm was found to be 80%. There was also an impairment of proteasome
activity which helps in degrading the host proteins by candidal cells (Evensen and
Braun 2009).

17.2.14 Kaempferol

It is a 3,40,5,7-tetrahydroxyflavone which belongs to the subclass flavonols. It occurs
in fruits, vegetables, lettuce, berries, etc. It is synthesized during phenylpropanoid
pathway. It has anticancer, antidiabetic, antimicrobial, and antioxidant properties
(Chen and Chen 2013). The phenolic compounds extracted from Baseonema
acuminatum leaves containing kaempferol 3-O-(600-galloyl)-beta-D-
glucopyranoside have shown anticandidal activity (De Leo et al. 2004). The
ethanolic extracts from Bryophyllum pinnatum containing kaempferol and its
rhamnoside derivatives have been tested for its antimicrobial and antioxidant
properties (Tatsimo et al. 2012). A study by Yordanov M (2008) has demonstrated
the inhibition of C. albicans extracellular enzyme activity which is crucial for the
host cell penetration. The secreted aspartyl proteinase activity and rate of cell wall
protein glycosylation were effectively suppressed. The extracts from the plant
Equisetum giganteum L. which is native to America containing kaempferol and its
derivatives have shown to inhibit the adherence of candidal cells to the acrylic
surfaces. These findings have good implication on the inhibition of candidal biofilms
in oral candidiasis and denature stomatitis (Alavarce et al. 2015). Overexpression of
efflux pump is one of the major contributor for development of multidrug resistance
(MDR) in C. albicans (Prasad and Kapoor 2005). Two exclusively studied drug
transporters in C. albicans are ATP-binding cassette (ABC) family and major
facilitator superfamily (MFS) drug transporters. The effect of kaempferol on candi-
dal cells was further investigated on the efflux pump activity (Shao et al. 2016). It
induced the suppression of kaempferol-treated FLC-resistant candidal cells. The
expression of MDR1 was effectively suppressed and also showed synergism with
the FLC. Hence, this could be used as an effective drug targeting the efflux pump.

17.3 Baicalein

It is a 5,6,7-trihydroxyflavone which is extracted from Scutellaria baicalensis and
Oroxylum indicum plants. It can be also found in fruits, green tea, dark chocolate,
and vegetables and traditionally used in Chinese herbal medicine for chronic hepati-
tis. It has known antifungal, anti-inflammatory, antioxidant, anti-allergic, and anti-
tumorigenic actions (Donald et al. 2012). It inhibits the lipoxygenases and possess
anti-inflammatory property. It was very well studied for its anticancer property by
acting on the angiogenesis, metastasis, and inflammation of cancer cells (Gao et al.
2016a, b). It has known antimicrobial activity and is known to inhibit the biofilm
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formation and quorum-sensing signaling mechanism in Staphylococcus aureus
(Chen et al. 2016). Baicalein inhibits the candidal growth by reducing the cell
surface hydrophobicity (CSH) which is an important factor for the interaction
between surface and candidal cells. It also inhibits the candidal biofilm by 70% at
varying concentrations (Cao et al. 2008). Baicalein was also reported to induce
programmed cell death via targeting the mitochondrial membrane potential (Dai
et al. 2013). It was known to work synergistically with known antifungal drug
amphotericin B which accelerates the apoptosis in C. albicans through the
CaMCA1-mediated caspase pathway (Fu et al. 2011). Candidal growth and cell
viability were inhibited by this compound which also shows synergism with FLC,
but further studies are required to decipher the exact mechanism of its synergism
(Serpa et al. 2012). A study was conducted on the in vitro activity of Plantago major
extract in which baicalein is one of the major component and was found to be
effectively reducing the candidal growth in a dose-dependent manner by various
mechanisms. This includes the inhibition of biofilm formation, morphogenetic
switching via inhibiting the hyphal development from yeast forms, and cell surface
hydrophobicity (CSH) which is the major regulator of biofilm formation (Shirley
et al. 2017).

17.4 Quercetin

It is a 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one which occurs
in fruits, vegetables, leaves, and grains. It is the most abundant among flavonoids in
nature. It is synthesized through phenylpropanoid pathway by phenylalanine as its
precursor. It has beneficial effect on cardiovascular disease, cancers, chronic inflam-
matory disorders, asthma, high blood pressure, and viral infections (Kelly 2011). It
has known antimicrobial activity against Staphylococcus aureus and Clostridium
botulinum. It has been also found to be synergistic with the amphotericin B antifun-
gal drug against the invasive fungus Cryptococcus (Oliveira et al. 2016). Quercetin
extracted from edible lichen (Usnea longissima) has been investigated for its
anticandidal activity. The results have shown that it induces FLC-mediated
programmed apoptotic cell death of Candida cells by modulation of quorum-sensing
molecule farnesol which is involved in hyphal development and biofilm formation. It
also inhibits the virulence factors like phospholipase, proteinase, and esterase activ-
ity (Singh et al. 2015). The QS-mediated combined sensitizer (QC)-anticandidal
agent is an effective strategy to combat candidal infections. Another study by Gao
et al. (2016a, b) also demonstrated that quercetin assists FLC for inhibition of the
biofilm formation in FLC-resistant candidal cells which is helpful in clinical man-
agement of the vulvovagibal candidiasis conditions. The pretreatment with the
quercetin induces an anti-inflammatory effect via inhibiting the cytokine
TNF-alpha production against C. albicans infection in macrophages (Cui et al.
2013).
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17.5 Chalcones

They are open-chain flavonoids having (2E)-1,3-diphenylprop-2-en-1-one structure
and occur in fruits, vegetables, and medicinal plants. They are basically
characterized by the absence of “ring C” in the basic flavonoid skeleton structure.
They are precursors in other flavonoid synthesis. They have antifungal, antibacterial,
anti-inflammatory, and antitumor properties. They have important implications in
nutraceutical industries due to nutritional and biological benefits. The hydroxylated
chalcones have potential anticandidal activity (Batovska et al. 2007). A type of
chalcone named 4-hydroxycordoin is found to inhibit the yeast to hyphae transition
and biofilm formation of candidal cells. Thus, it can be helpful in preventing the
candida from oral cavity and inhibit soft tissue invasion (Messier et al. 2011).
Another chalcone called as 20-hydroxy-40-methoxychalcone worked synergistically
with the FLC against the FLC-resistant candidal strains (Wang et al. 2016). The
pharmacochemical work has been performed on the benzimidazolyl-chalcones for
their antifungal activity against a clinical strain of pharmaco-chemoresistant Can-
dida albicans strain and showed promising anticandidal activity (Songuigama et al.
2018). Cyclized chalcones and its derivatives are found to be effective and have
synergistic activity with FLC against clinical isolates (Ahmad et al. 2017). A very
recent study by Nim et al. (2018) has shown the chalcones as the potential
compounds for improving the azole activity. The synthesis of chalcones with the
azoles through condensation reactions triggers sensitizing of yeast strains
overexpressing CaMdr1p and CaCdr1p transporters.

17.6 Lignans

They are polyphenols or diphenolic compounds which are found in flaxseeds,
sesame seeds, legumes, whole grains, fruit, and vegetables. The secoisolariciresinol
and matairesinol are the first precursors which have been identified in human diet.
Lignans are the main source of dietary phytoestrogens. The secoisolariciresinol
breaks down into enterolignans and enterolactone by human gut bacteria which
are metabolites of food lignans (Peterson et al. 2010). They are strong antioxidants in
nature and helpful in supporting the human health. They also act as free radical
scavengers which reduce the cancer development. It is also involved in
antiestrogenic effects which resists in binding of radicals to estrogen receptors and
exerting the negative effects (Adlercreutz 2007). They have anti-inflammatory
activity and can be categorized into eight subgroups as furofuran, furan,
dibenzylbutane, dibenzylbutyrolactone, aryltetralin, arylnaphthalene,
dibenzocyclooctadiene, and dibenzylbutyrolactol on the basis of cyclization pattern.
They are also known for their antimicrobial properties against C. albicans and gram-
positive bacteria. It has been reported that extract containing lignans from Lindera
erythrocarpa has shown specific antifungal activity by inhibiting the chitin synthase
2 in C. albicans (Hwang et al. 2007). The lignan glycoside derived from Styrax
japonicus plant has been demonstrated for its anticandidal mechanism via targeting
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candidal membranes (Park et al. 2010). Some of the extensively studied lignan
compounds are as follows.

17.7 Magnolol

It is a 4-allyl-2-(5-allyl-2-hydroxy-phenyl) phenol active lignan found in the bark of
Magnolia officinalis. It has been traditionally used in Chinese and Japanese herbal
medicine. It has anti-osteoporosis activity and anti-periodontal disease activity. It
has pharmacological functions and has known analgesic, antianxiety, anti-
tumorigenic properties (Lee et al. 2011). It has been known for its antifungal
properties (Bang et al. 2000). It is one of the most exclusively studied compounds
of lignans class. Previous studies have shown inhibitory effect on Helicobacter
pylori, Porphyromonas gingivalis, etc. (Chang et al. 1998). It showed inhibitory
effect on planktonic growth of C. albicans as well as on non-albicans species of
Candida. It also reduces the biofilm formation by decreasing the metabolic activity
in a concentration-dependent manner (Zhou et al. 2017). It also affects the cell
adhesion and yeast to hyphae transition which is a key virulence factor in
C. albicans via Ras1-cAMP-Efg1 pathway (Sun et al. 2015a, b). It was also
synergistic with azoles by inducing a higher intracellular content of antifungals. It
also targets candidal cells by various mechanisms such as functioning as a Cdr1p
substrate and by targeting ergosterol biosynthesis (Sun et al. 2015a, b). Magnolol
was also tested against clinical isolates from patients suffering from oral candidiasis.
The results demonstrated ruptures depicting the disruption of cell membrane. It also
causes decrease in biofilm formation by 69.5% and release of the intracellular
content, which results in the swelling of the cell wall. It is nontoxic in nature and
has negligible hemolytic activity which is approx. 11.9%. The docking results have
also shown magnolol interacts with ergosterol in the fungal cell membranes. All
these results have indicated that magnolol is a promising antifungal agent which can
be considered for using in oral candidiasis (Behbehani et al. 2017).

17.8 Honokiol

It is a 2-(4-hydroxy-3-prop-2-enyl-phenyl)- 4-prop-2-enyl-phenol which can be
isolated from bark and leaves ofMagnolia grandiflora plant. It belongs to neolignan
class, and due to its small size, it can interact with cell membrane proteins through
intermolecular interactions (Woodbury et al. 2013). It is a structural isomer of
magnolol. It has been traditionally used as a part of Eastern traditional membrane
because of its high potent nature and also for its ability to also cross the blood barrier
which is helpful for using in therapies. It has known anti-inflammatory, anti-tumori-
genic, antithrombotic, antiviral, and antioxidant properties. The antifungal effect of
honokiol was reported in a study by (Bang et al. 2000). The synergistic activity was
demonstrated with the FLC, and it was found to be effective against the
FLC-resistant clinical isolates of Candida (Jin et al. 2010), which can be beneficial

418 S. Singh et al.



for combination therapy. Honokiol has effect on virulence factors, namely, cell
adhesion, transition from yeast to hyphae, and biofilm formation through Ras1-
cAMP-Efg1 pathway. It also prolonged the survival of Candida-infected nematodes
which shows the nontoxic nature of this drug (Sun et al. 2015a, b). It also induces
ROS accumulation which in turn leads to apoptosis or necrosis in candidal cells via
mitochondrial dysfunction, and this will contribute to its fungicidal action (Sun et al.
2017). In a study by Sun et al. (2017), they worked on the insights into the
mechanisms of its action. It has been demonstrated that honokiol induces the
oxidative stress in C. albicans. It targets the mitochondria by mitochondrial respira-
tory chain C1 and induces ROS accumulation, disruption of intracellular iron
homeostasis, and activation of autophagy and apoptosis signaling pathway. It can
be used as a chemosensitizer and could be a cell wall perturbing agents. A recent
study on the role of Hsp90-calcineurin pathway on the antifungal activity showed
that Hsp90 enhances the antifungal activity of honokiol (Liao and sun 2018).
Honokiol-loaded micelles were prepared by using emulsion-solvent evaporation
procedure by conjugating with oligochitosan-pluronic conjugate (CS-F127) carrier.
They have tested for the delivery of honokiol into the mice cells. The results have
shown the increase in retention time of honokiol with low clearance rate and
apparent distribution volume which enhances its pharmacokinetics property (Song
et al. 2018).

17.9 Lariciresinol

It is a 4-[(2S,3R,4R)-4-[(4-hydroxy-3-methoxyphenyl)methyl]-3-(hydroxymethyl)
oxolan-2-yl]-2-methoxyphenol or phenylpropanoid and found in sesame seeds and
vegetables. It has known anti-inflammatory and antioxidant properties. The phenolic
extract from Tylosema esculentum plant contains this compound that has been tested
for its antimicrobial activity (Chingwaru et al. 2011). In another study, it was also
tested for its antimicrobial property against the foodborne pathogen; it exerts its
effect by inducing cell membrane permeabilization (Bajpai et al. 2017). The essential
oil from clove containing lariciresinol has shown antifungal activity by targeting the
fungal cell membrane (Pinto et al. 2009). Lariciresinol is known to be a precursor of
enterolignan which is isolated from plant Sambucus williamsii, having medicinal
property. It has anticandidal activity and thus reduces its growth and acts by
disrupting the cell membrane. Its action results into depolarization of fungal mem-
brane and lipids (Hwang et al. 2011).

17.10 Medioresinol

It is a 4-[(3S,3aR,6aR)-3-(4-hydroxy-3-methoxyphenyl)-1,3,3a,4,6,6a-hexahydrofuro
[3,4-c]furan-6-yl]-2,6-dimethoxyphenol or called as a furofuran-type lignan which has
been extracted from the bark of Sambucus williamsii. It has been used as a medicinal
plant in traditional medicine due to its therapeutic properties. It has known
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leishmanicidal activity and also reduces the cardiovascular disease risk. It is also
known for its anti-inflammatory, antivirus, and analgesic properties and also used in
the treatment of edema. The antibacterial effect was evaluated on the antibiotic-
resistant species, and it was found to be synergistic with the known antibiotics such
as ampicillin, cefotaxime, and chloramphenicol along with the antibiofilm activity
(Hwang et al. 2013). Medioresinol has a significant antifungal activity against candi-
dal cells. In order to evaluate its antifungal effect, the metabolic, morphological, and
molecular assays have been worked to find its mode of action in C. albicans. Its action
results in cell cycle arrest and also causes apoptosis which results in cell death. Its
antioxidant activity induces ROS generation, and its accumulation leads to decreased
depolarization of mitochondrial membrane. This series of action results into cyto-
chrome c release, metacaspase activation, and phosphatidylserine externalization. It
also causes morphological changes in nucleic acid and cell, resulting into nuclear
fragmentation and its condensation. Overall, it induces apoptosis through a
mitochondria-mediated apoptosis pathway (Hwang et al. 2012).

17.11 Nyasol

It is a 4,40-[(1Z)-1,4-pentadiene-1,3-diyl]diphenol, or it is also known as
cis-hinokiresinol extracted from Anemarrhena asphodeloides. It is known to inhibit
the production of eicosanoids and nitric oxide in vitro and has anti-inflammatory
effects (Lim et al. 2009). It is also known for its antipyretic, antidiabetic, and
antidepressant properties. It has anti-oocyte property against the mycelial growth
of Colletotrichum orbiculare and Phytophthora capsici (Park et al. 2003). Nyasol
exhibits antimicrobial activity against pathogens. Its antifungal activity has been
reported in a study by Iida et al. (2000). Nyasol has been extracted from
Anemarrhena asphodeloides and has shown antifungal activity against
C. albicans, Aspergillus fumigatus, and Trichophyton mentagrophytes. It was also
found to be synergistic with known azoles like miconazole, clotrimazole, and
ketoconazole, among the other azoles. This finding can contribute for its usage as
adjuvant in combination therapy.

17.12 Other Classes

17.12.1 Coumarins

They are benzopyrones which contain benzene and α-pyrone rings that can be
isolated from tonka bean, vanilla grass, cinnamon, etc. The naturally occurring
derivatives are umbelliferone (7-hydroxycoumarin), herniarin
(7-methoxycoumarin), esculetin (6,7-dihydroxycoumarin), psoralen, and
imperatorin. They have been used in the treatment of lymphedema, and they have
the ability to increase the antithrombin levels in plasma. It is also used for reduction
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of uric acid in blood by increasing the excretion of uric acid in urine. They are also
used in cosmetic, perfumery, and household products due to its biological and
pharmacological properties. Warfarin is a very well-known oral anticoagulant. It
also has anti-inflammatory, antiulcerogenic, antifilarial, and antibacterial properties
(Kontogiorgis and Hadjipavlou-Litina 2003). Later on, its antifungal properties have
been evaluated and found to be effective against C. albicans, Aspergillus fumigatus,
and Fusarium solani. The potential coumarins and its derivatives are osthole,
osthenol, xanthotoxin, oroselone, etc. (Montagner et al. 2008). Osthole is a natural
coumarin which has shown strong anticandidal activity. It has also shown synergism
with FLC against FLC-resistant C. albicans in vitro and also indicated the endoge-
nous ROS augmentation which contributes to the synergism of FLC and osthole
(Li et al. 2017a, b). Another coumarins such as robustic acid and thonningine-C
which were isolated fromMillettia thonningii have shown fungicidal activity against
the C. albicans. The molecular modelling studies have shown the binding of these
compounds to the active site in turn disrupts the sterol synthesis (Ayine-Tora et al.
2016). The phosphoramidate derivatives of coumarin have also shown promising
antifungal activity by acting as chitin synthase inhibitors (Ji et al. 2016).

17.12.2 Xanthones

They are 9H-xanthen-9-ones, which are heterocyclic compounds based on the
dibenzo-c-pyrone scaffold. They have pharmacological properties, including
antitumor, antioxidant, anti-allergic, anti-inflammatory, and antimicrobial activities.
They are categorized into simple oxygenated and prenylated polycyclic
dehydroxanthones. The alpha-mangostin was known to have antifungal activity
and can be considered for treating oral candidiasis due to its low toxicity
(Kaomongkolgit et al. 2009). It also inhibits the biofilm formation (Kaomongkolgit
and Jamdee 2017). The antifungal activity of simple oxygenated xanthones was
evaluated and demonstrated to act by inhibiting the ergosterol biosynthesis (Pinto
et al. 2011). The extracts from Hypericum tetrapterum plant containing
1,7-dihydroxyxanthone have shown strong anticandidal activity (Zubricka et al.
2015).

17.13 Conclusion

Phytophenolics have great potential to inhibit the candidal growth. Several
mechanisms have been studied through which these phenolic compounds can hinder
the growth of C. albicans or work synergistically with known antifungal drugs
(Table 17.1). They are broad class of compounds which are proven to be potent in
combating fungal infections. Considering the fact that synthesis of new drugs is a
cumbersome process, there is a need to search more on the structural and functional
mode of action of phytophenolics to exploit their phytotherapeutic potential.
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Table 17.1 Summary of anticandidal phenolic compounds with their mode of actions

Name of the class
Name of the
compound Mode of action References

Hydroxycinnamic
acids

Caffeic acid Inhibits biofilm
formation

De Vita et al. (2014)

Synergism with FLC De Vita et al. (2014)

Synergism with
Caspofungin

Sun et al. (2018)

Mitochondrial
dysfunction

Sun et al. (2018)

Impaired glyoxylate
cycle

Cheah et al. (2014)

p-Coumaric acid Inhibits candidal
growth

Cheah et al. (2014)

Ferulic acid Synergism with
caspofungin

Canturk (2018)

Induces apoptosis Canturk (2018)

Inhibits biofilm
formation

Panwar et al. (2016)

Sinapic acid Inhibits oxidation Chen (2016)

Rosmarinic acid Synergism with FLC Zou et al. (2002)

Antioxidant action Calixto et al. (2015)

Hydroxybenzoic
acids

Gallic acid Antioxidant action Brighenti et al. (2017)

Inhibits biofilm
formation

Brighenti et al. (2017)

Inhibits morphogenetic
switching

Teodoro et al. (2012;
2018)

Reduces cell adherence Brighenti et al. (2017)

Mitochondrial
dysfunction

Teodoro et al. (2012;
2018)

Disrupts lysosomal
membrane integrity

da Costa et al. (2018)

Vanillic acid Inhibits ergosterol
biosynthesis

Raut et al. (2013)

Disrupts cell membrane
integrity

Alnuaimi et al. (2013)

Reduces cell adherence Raut et al. (2013)

Inhibits morphogenetic
switching

Raut et al. (2013)

Inhibits biofilm
formation

Raut et al. (2013)

Salicylic acid Synergism with FLC Yücesoy et al. (2000)

Synergism with
nystatin

Alem and Douglas (2004)

Inhibits planktonic
growth

Alem and Dougles (2004)

Inhibits biofilm
formation

Alem and Dougles (2004)

(continued)
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Table 17.1 (continued)

Name of the class
Name of the
compound Mode of action References

Inhibits morphogenetic
switching

Stepanović et al. (2004)

Reduces
phospholipases activity

Deva et al. (2001)
Trofa et al. (2009)

Protocatechuic
acid

Inhibits planktonic
growth

Kuete et al. (2009)

Flavonoids Epigallocatechin Synergism with FLC
Synergism with
miconazole
Synergism with
amphotericin B
Inhibits biofilm
formation
Reduces proteasome
activity

da Silva et al. (2014)
Ning et al. (2015)
Ning et al. (2015)
Ning et al. (2015)
Evensen and Braun
(2009)

Kaempferol Reduces aspartyl
proteinase activity
Reduces protein
glycosylation
Inhibits biofilm
formation
Reduces cell adherence
Targets overexpression
of efflux pumps

Tatsimo et al. (2012)
Tatsimo et al. (2012)
Alavarce et al. (2015)
Alavarce et al. (2015)
Shao et al. (2016)

Baicalein Reduces cell surface
hydrophobicity
Inhibits biofilm
formation
Mitochondrial
dysfunction
Induces apoptosis
Synergism with
amphotericin B
Synergism with FLC
Inhibits morphogenetic
switching

Chen et al. (2016) and
Shirley et al. (2017)
Chen et al. (2016) and
Shirley et al. (2017)
Dai et al. (2013) and Fu
et al. (2011)
Fu et al. (2011)
Fu et al. (2011)
Serpa et al. (2012)
Shirley et al. (2017)
Shirley et al. (2017)

Quercetin Synergism with
amphotericin B
Modulation of quorum
sensing
Inhibits morphogenetic
switching
Induces apoptosis
Inhibits biofilm
formation
Reduces phospholipase
activity
Reduces proteinase
activity
Synergism with FLC

Oliveira et al. (2016)
Singh et al. (2015)
Singh et al. (2015)
Singh et al. (2015)
Singh et al. (2015)
Singh et al. (2015)
Singh et al. (2015)
Gao et al. (2016a, b)

(continued)
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Table 17.1 (continued)

Name of the class
Name of the
compound Mode of action References

Chalcones Inhibits morphogenetic
switching
Inhibits biofilm
formation
Synergism with FLC
Targets efflux pumps

Messier et al. (2011)
Wang et al. (2016)
Songuigama et al. (2018)
Nim et al. (2018)

Lignans Magnolol Inhibits morphogenetic
switching
Reduces cell adherence
Inhibits biofilm
formation
Synergism with FLC
Targets efflux pump
Inhibits ergosterol
biosynthesis
Disrupts cell membrane
integrity

Sun et al. (2015a, b)
Sun et al. (2015a, b)
Sun et al. (2015a, b)
Behbehani et al. (2017)
Sun et al. (2015a, b)
Behbehani et al. (2017)
Behbehani et al. (2017)

Honokiol Synergism with FLC
Inhibits morphogenetic
switching
Reduces cell adherence
Inhibits biofilm
formation
Induces apoptosis
Induces oxidative stress
Mitochondrial
dysfunction
Disrupts cell membrane

Jin et al. (2010)
Sun et al. (2015a, b)
Sun et al. (2015a, b)
Sun et al. (2017)
Sun et al. (2017)
Sun et al. (2017)
Sun et al. (2017)
Sun et al. (2017)

Lariciresinol Cell membrane
permeabilization
Lipid depolarization

Bajpai et al. (2017)
Pinto et al. (2009)

Medioresinol Synergism with
chloramphenicol
Inhibits biofilm
formation
Cell cycle arrest
ROS generation
Mitochondrial
dysfunction
Phosphatidylserine
externalization
DNA, nuclear
fragmentation
Induces apoptosis

Hwang et al. (2012)
Hwang et al. (2012)
Hwang et al. (2012)
Hwang et al. (2012)
Hwang et al. (2012)
Hwang et al. (2012)
Hwang et al. (2012)

Nyasol Synergism with
miconazole
Synergism with

Iida et al. (2000)
Iida et al. (2000)

(continued)
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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).
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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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Abstract

Phenolic compounds play important role as a structural component of secondary
cell wall and non-enzymatic antioxidant system of the plants. The encounter to
the drought stress conditions bring about the imbalance in the rate of ROS
(reactive oxygen species) production and their quenching by antioxidant machin-
ery of plants which puts plant under oxidative stress. The plant phenolics
specially flavonoids play important role in neutralizing these harmful ROS and
protect the plant from oxidative damage of ROS. Further, the controlled imposi-
tion of drought stress to plants is successfully used as a strategy to enhance the
content of the bioactive compounds and phenylpropanoids in economically
important food and medicinal plants. In this chapter we present the overview of
phenylpropanoids biosynthesis and also present a brief account of the protective
roles of phenolics specially flavonoids in drought stress alleviation. A concise
description of the molecular interventions attempted so far, to regulate the
synthesis of phenylpropanoids in different plants, is also presented.
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19.1 Introduction

Plants synthesize several thousand phenol derivatives collectively referred to as
plant phenolics. The common structural feature of the diverse plant phenolics is
the presence of hydroxy-substituted benzene ring within their chemical structure. In
fact, the expression “plant phenolics” encompasses a highly diverse group with
enormous structural diversity that includes multitudes of plant secondary metabolites
like flavonoids, stilbenes, tannins, and many cell wall components like lignin,
lignans, suberin, and cutins. Due to their vast structural diversity and their very
broad range of physiological functions as cell wall structural component and as
secondary metabolites, the straightforward definition of plant phenolics becomes
evasive. However, Quideau et al. have suggested the use of the term “plant
phenolics” strictly for secondary natural metabolites synthesized via shikimate/
phenylpropanoid pathway, forming phenylpropanoids or the “polyketide” acetate/
malonate pathway, which can produce simple phenols, or both of them (Quideau
et al. 2011).

The polyphenols are known to play diverse roles in all the plant forms including
primitive forms as bryophytes to most advanced angiosperms. In fact, phenolic
compounds do not play a direct role in primary photosynthetic or respiratory
metabolism of plants but still have an important role in plant survival. The diverse
physiological roles played by the plant phenolic compounds include their role as
fungicides (stilbenes), natural pesticides (tannins), signaling molecules for
establishing symbiotic associations, attracting the pollinators, cell wall constituent
(lignin), and forming impermeable layers of the cell wall (suberin and cutin).
Moreover, the flavonoids like chalcones, flavones, and flavonols are known to
absorb UV light and have been reported to act as UV photo screens (Hertweck
2009). In addition to their important role for the survival of plants, the plant
phenolics act as bioactive compounds having great human health benefits and better
nutraceutical properties. The occurrence of the low-molecular-weight plant
phenolics is universal in higher plants; however, some of them are species-specific
phenolics and thus are of great taxonomic relevance and also exploited as plant
species/family-specific biomarkers (Ishimaru et al. 1987; Veit et al. 1995; Almaraz-
Abarca et al. 2006; Kharazian 2014; Ávila-Reyes et al. 2018).

The production of the phenolic compounds by plants is often affected by the
external environmental conditions like exposure to UV light, an encounter with a
pathogen, wounding, the growth conditions like moisture status of the soil, soil pH
and salinity, and many other biotic and abiotic factors. A great deal of information
has been generated about the effect of the water stress on primary metabolism
(photosynthesis and respiration), but the information regarding flavonoid metabo-
lism in response to drought stress remains fragmented. In this chapter, we discuss
various aspects of phenolics biosynthesis under water stress condition. We here also
present the description of the physiological role played by plant phenolics in drought
stress alleviation.
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19.2 Biosynthesis of Plant Phenolics: An Overview

Biosynthesis of the plant phenolics takes place through the extension of the
shikimate pathway. The synthesis of plant phenolic compounds (phenylpropanoids)
does take place either through the shikimate/chorismate pathway or malonate path-
way or involving both of them (Knaggs 2001). The aromatic terpenoids are also
synthesized by acetate/mevalonate pathway (Bhattacharya et al. 2010), but it will not
be dealt with in this description. The phenylalanine, an aromatic amino acid,
synthesized in the shikimic acid pathway, is the common precursor of all
phenylpropanoid compounds. The aromatic amino acid phenylalanine synthesized
through the shikimic acid pathway is deaminated to cinnamic acid by the action of
the phenylalanine ammonia-lyase (PAL). This step catalyzed by the phenylalanine
ammonia-lyase (PAL) is the committed step in the phenylpropanoid biosynthesis
pathway. The PAL is the most intensively studied enzyme of the plant secondary
metabolism. Subsequently, the hydroxylation (introduction of the hydroxyl group at
carbon 4) of the phenyl ring of the cinnamic acid is catalyzed by P450-
monooxygenase to generate p-coumaric acid. The p-coumaric acid further undergoes
hydroxylation and methylation of the newly added hydroxyl group at positions 3 and
5 by the sequential enzymatic action of the P450-monooxygenase (hydroxylation)
and O-methyl transferases (methylation) to generate the ferulic acid and sinapic acid.

The carboxyl groups of the p-coumaric acid, ferulic acid, and sinapic acid are
reduced to their corresponding alcohol forms in a multistep conversion to generate
the alcohol, namely, p-coumarin alcohol, coniferyl alcohol, and the sinapyl alcohol,
respectively. These alcohol forms are collectively known as monolignols. This
conversion basically involves the activation of the COOH group of p-coumaric
acid, ferulic acid, and sinapic acid by the corresponding hydroxycinnamate: CoA
ligase at the expense of CoASH and ATP resulting in the formation of thioester to
produce p-coumaroyl-CoA, coniferyl-CoA acid, and sinapyl-CoA, respectively.

The thioester p-coumaroyl-CoA serves as a branch point from which other
metabolic pathways in the phenylpropanoid, network diverge (Vogt 2010). At this
branch point, the generated thioester can either be used by a lignin-specific branch of
the phenylpropanoid pathway forming p-coumaryl, coniferyl, and sinapyl alcohol or
else may be diverted to the flavonoid biosynthesis through malonate pathway
(Fig. 19.1).

For lignin biosynthesis, the generated thioesters are further reduced to the
corresponding alcohol by the sequential action of NADP oxidoreductase and the
corresponding dehydrogenase where two molecules of NADPH++ H+ are used to
produce corresponding alcohols. The coumaryl alcohol, coniferyl alcohol, and
sinapyl alcohol are commonly referred to as “monolignols.” The monolignols are
essential building block for the subsequent synthesis of the structural
phenylpropanoids like lignin, lignan, suberin, and cutin.

The lignans are the dimerization product of monolignols. The monolignols can
undergo dimerization supposed to be mediated through the formation of free radicals
resulting in the formation of lignans. The lignans mainly involve the formation of the
linkage either through their side chains (e.g., as in pinoresinol) or the linkage
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Fig. 19.1 An overview of the biosynthesis of phenylpropanoids in plants. The lignin-specific
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that the actual biosynthetic steps are summed up, and only key steps are shown for establishing the
context. The details of these steps are omitted for sake of presenting precise overview:
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involving phenyl ring carbons (e.g., as in malognol). Unlike lignans which are the
product of dimerization of monolignol units, the lignin is the polymerization product
of monolignols where polymerization is supposedly mediated by laccases and
peroxidases, resulting in the formation of lignin. Lignin is the second most abundant
plant polymer after cellulose. Hence, 40% of the total flux of organic compounds
circulating in the biosphere is being channeled through phenylpropanoid biosynthe-
sis (Zhang and Liu 2015). In suberins, monolignols are connected in a manner
similar to lignin, but the 90- OH group is esterified with long-chain fatty acids, and
two phenylpropanoid units are also connected by dicarboxylic acids forming ester
linkage.

Flavonoids, which include a vast array of low-weight phenolics, are synthesized
through the malonate pathway. The p-Coumaroyl-CoA, (a thioester of coumaric
acid) and three molecules of malonyl-CoA are used to form a molecule of chalcone
(contain two phenyl rings) by the enzymatic action of the chalcone synthase
(Ververidis et al. 2007). Chalcone synthase has low catalytic activity and hence
plant cells produce a higher quantity of the chalcone synthase. Chalcone is acted
upon by chalcone isomerase to form flavanone which serves as the precursor of so
many flavonoids (refer Fig. 19.1). Some plants like peanut and grapevine have
another enzyme stilbene synthase which also uses p-Coumaroyl-CoA and three
molecules of malonyl-CoA to form stilbenes. Some stilbenes like resveratrol and
vinifera are known to have very strong antifungal activity and thus play an important
role in plant protection (Lee and Lee 2015; Gabaston et al. 2017).

19.3 Phenylpropanoids and Their Role in Water Stress
Alleviation

Water stress is one of the most significant abiotic stresses that affect the many
physiological and biochemical processes of plants and phenylpropanoid metabolism
is no exception to this. Under water stress conditions, there is increased in the
production of reactive oxygen species (ROS) like superoxide anion O2 ¯, hydrogen
peroxide H2O2, singlet oxygen Oֹ, and hydroxyl radical OH (Zhang and Kirkham
1994). These reactive oxygen species may cause lipid peroxidation, membrane
damage, protein degradation, breakage of DNA, and cell mortality, if not taken
care by the antioxidant system of plants (Shao et al. 2008). The detoxification of
ROS in plants is mediated by enzymatic and non-enzymatic antioxidant system. The
enzymatic antioxidant system includes the action of many enzymes like superoxide
dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT), and peroxidase
(POD) to neutralize the deleterious effect of the ROS. The non-enzymatic antioxi-
dant includes the vitamin C, tocopherols, carotenoids, glutathione, and phenol
derivatives (Ashraf et al. 2019). The enhanced production of phenolics
(a prominent component of non-enzymatic antioxidant system of plants) under
water-deficit condition is obvious physiological demand of the plant under water
stress exposure.
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The overproduction of the ROS (reactive oxygen species) under water stress is
counterbalanced by the induction of phenylpropanoid pathway resulting in increased
flavonoid biosynthesis and other phenolics. For instance, the increased accumulation
of flavonoids under drought stress conditions has been reported in willow leaves
(Akula and Ravishankar 2011) and Arabidopsis (Nakabayashi et al. 2014). The
Nakabayashi and coworkers measured the anthocyanin and flavonol levels in
Arabidopsis plants at intermittent intervals of 2 days under imposed drought stress
conditions and noticed the increase in the content of anthocyanin and flavonol in
response to drought. In particular, anthocyanins A5, A8, A9, A10, and A11 and
flavonols F6 and F8 were first to accumulate under water-deficit conditions, while
flavonols F1, F2, and F3 accumulated later stage of drought (Nakabayashi et al.
2014). Plant tissues containing a higher accumulation of phenolics like anthocyanins
exhibit better desiccation tolerance.

The changes in the accumulation of a higher amount of phenolics under water-
deficit conditions are often brought about by the altered activity of enzymes of the
phenylpropanoid biosynthesis pathway or increased de novo synthesis of these
enzymes. The concentration of flavonoids in plant cell often exceeds 1 mM and
may even reach up to 10 mM under water stress in some specialized cells (Larson
1988). Phenylalanine ammonia-lyase (PAL) is the gateway enzyme of
phenylpropanoid biosynthesis which diverts the central flux of carbon from the
primary metabolism to the synthesis of a vast array of phenolics like lignin, antho-
cyanin and flavonoids, pigments, and phytoalexins. PAL is also used as a biochemi-
cal marker whose overexpression indicates the onset of plant antioxidant defense
mechanism in response to biotic and abiotic stresses. PAL activity does exist in all
the higher plants, and in some fungi and a few bacteria, but have not been reported in
animals (Xiang and Moore 2005). PAL activity may be regulated by feedback
inhibition by its own product, cinnamic acid, which may also modify the expression
of the PAL gene (Boudet 2007). Hence, any change in the enzymatic activity of PAL
or the change in expression of genes encoding PAL (de novo synthesis of PAL) leads
to the changes in phenolic content of the plant. In fact, there is an ample number of
reports describing the multilevel regulation of PAL including change in enzymatic
activity of PAL, altered gene expression, de novo synthesis, and post-translational
modifications in response to certain external environmental variable. The increased
activity of PAL under water stress conditions and consequent increased production
of phenolic compounds like ferulic acid has been shown in the leaves of maize (Hura
et al. 2008) and fruit of the capsicum (Phimchan et al. 2014). However, there are
contrary reports also which have shown the marked decrease in the activity of the
PAL in response to the water-deficit condition in maize (Bardzik et al. 1971).

The increased expression of another important enzyme of flavonoid biosynthesis
pathway, chalcone synthase, has also been reported in Arabidopsis under water
stress conditions (Nakabayashi et al. 2014). In fact, chalcone synthase (CHS),
chalcone isomerase (CHI), and flavanone 3-hydroxylase (F3H) are the three key
enzymes of flavonoids biosynthesis. Chalcone synthase acts on the CoA-ester of
cinnamic acid and uses three molecules of malonyl-CoA to form chalcone. Chalcone
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is further isomerized to flavanone by the enzyme chalcone flavanone isomerase
(CHI). This flavonnone is the precursor for the synthesis of a myriad of flavonoids
compounds. The increased expression of the chalcone synthase under water-deficit
conditions confirms its role in water stress alleviation. The proteomic studies have
also shown the changes in the flavonoid biosynthesis enzymes, namely, chalcone
isomerase (CHI) and dihydroflavonol-4-reductase in response to drought stress
conditions. The synthesis of dihydroflavonol-4-reductase, an important enzyme of
flavonoid biosynthesis pathway, has been reported to decrease in drought-sensitive
Z. mays cultivar but was higher in the tolerant genotype of the Z. mays (Benesova
et al. 2012). Pandey and coworker reported a decrease in levels of CHI (chalcone
isomerase), a key enzyme of flavonoid biosynthesis in O. sativa under drought stress
conditions (Pandey et al. 2010). The changes in the enzyme activity/gene expres-
sion/de novo synthesis of key enzymes of phenylpropanoid biosynthesis in drought
stress response have been summarized in Table 19.1.

19.4 Controlled Drought Stress for Enhancing Antioxidant
Potential of Food and Medicinal Plants

The food substances rich in flavonoids and phenolic content are considered as
nutraceuticals. Such antioxidants-rich foods impart the protection against many
serious human ailments like arthritis, emphysema, retinopathy, neurodegenerative
cardiovascular diseases, atherosclerosis, cataracts, and even cancer (Repo-Carrasco-
Valencia et al. 2010). The food items with a high content of flavonoids are regarded
as functional foods. The deliberate controlled imposition of the water stress has been
shown to enhance the overall content of the bioactive compounds in medicinal plants
(Kleinwachter and Selmar 2014). The accumulation of the higher amount of plant
phenolics under water stress conditions in fruits, vegetable, and even cereals crops is
widely reported (Gharibi et al. 2016; Siracusa et al. 2017). The natural drought
stress-tolerant plants accumulate a good amount of antioxidants including flavonoids
and other phenolics. For instance, the leafy vegetables like Amaranthus tricolor are
well acclimated to drought stress and hence accumulate good amount of
flavonoids (Sarker and Oba 2018). The higher metabolic plasticity and increased
accumulation of flavonoids in the leaves has been attributed to the capability of
plants like Moringa olefera to establish in xeric and water-scarce environments
(Brunetti et al. 2018b). Even the drought-sensitive plants grown under the arid or
semiarid conditions often accumulate a higher amount of the flavonoids and other
phenols compared to the same plants grown under moderate conditions. The pheno-
lic compounds play an important role as an antioxidant system for neutralizing the
deleterious effect of the ROS produced under water stress conditions.

As a primary physiological response to the drought stress conditions, plants tend
to partially close their stomata to reduce the water losses through transpiration. As a
consequence of this, the CO2 uptake and fixation through Calvin cycle also
decreases in the leaves. The NADPH++H+ produced during the light reaction of
the photosynthesis starts accumulating making the internal environment of the plant
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Table 19.1 The effect of the drought stress on the enzymatic activity/gene expression/de novo
synthesis of the key enzymes of phenylpropanoid biosynthesis pathway in different crops

S. No.
Type of function
studied Crop/plant

Plant
part
assayed Salient finding Reference

1 PAL enzymatic
activity

Olea europaea L
(olive)

Fruit PAL activity
increased with
water deficit

Tovar et al.
(2002)

2 PAL enzymatic
activity

Zea mays
(maize)

Leaf PAL activity
increased with
deficit irrigation
and correlated
well with ferulic
acid content

Hura et al.
(2008)

3 PAL enzymatic
activity

Trifolium repens
(white clover)

Leaf PAL activity
increased with
drought

Lee et al.
(2007)

4 PAL enzymatic
activity

Triticum
aestivum (wheat)

Seedling PAL activity
increased with
water deficit

Tian and
Lei (2006)

5 PAL enzymatic
activity

Labisia pumila
(kacip fatimah)

Leaf PAL activity
increased with
water deficit

Jaafar et al.
(2012)

6 PAL enzymatic
activity

Capsicum
annum
(Capsicum)

Fruit PAL activity
increased with
water deficit

Phimchan
et al. (2014)

7 aPAL enzymatic
activity

Zea mays
(maize)

Leaf 10% to 20%
water deficit
resulted in
decreased
activity of PAL

Bardzik
et al. (1971)

8 PAL enzymatic
activity

Zea mays
(maize)

Leaf and
root

The PAL activity
sharply
increased in
leaves during
drought stress
but remained
constant in root

Gholizadeh
(2011),

9 PAL gene
expression (pal
gene)

Betula pendula
(birch)

Leaf Drought stress
induced PAL
gene expression

Paakkonen
et al. (1998)

10 Chalcone
synthase (chs)
gene expression

Achillea
pachycephala

Leaf The CHS gene
expression
increased with
drought stress

Gharibi
et al. (2019)

11 Chalcone
synthase gene
expression (chs
gene)

Triticum
aestivum (wheat)

Leaf The chs gene
expression
increased under
water stress

Ma et al.
(2014)

(continued)
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cell highly reducing. As a consequence of reduced uptake of CO2 and elevated
concentrations of NADPH+H+ in leaves, the metabolic processes are pushed toward
the synthesis of highly reduced compounds, like isoprenoids, phenols, or alkaloids
(Selmar and Kleinwächter 2013). However, there exist few contradictory reports
also which suggest the reduced level of phenolic compounds like caffeic acid, p-
coumaric acid, and ferulic acid during water stress in grapevine (Król et al. 2014).
Nonetheless, the increased accumulation of antioxidant has been reported in many
crops including wheat (Keleş and Öncel 2002), Lavender (Munné-Bosch et al.
2001), Ligustrum vulgare (Tattini et al. 2004).

However, the application of drought stress for enhancing the antioxidants and
phytochemicals is not without risk. The application of the deliberate water stress, its
intensity, frequency, and intervals is crucial to attaining the desired level of accumu-
lation of bioactive compounds. In lettuce (Lactuca sativa), the exposure of plants to

Table 19.1 (continued)

S. No.
Type of function
studied Crop/plant

Plant
part
assayed Salient finding Reference

12 Chalcone
isomerase (chi)
expression

Chrysanthemum
morifolium

Leaf The chi gene
expression
increased under
water stress

Hodaei
et al. (2018)

13 Flavanone
3-hydroxylase
f3 h gene
expression

Chrysanthemum
morifolium

Leaf The f3h gene
expression
increased under
water stress

Hodaei
et al. (2018)

14 Flavanone
3-hydroxylase
f3 h gene
expression

Vitis vinifera Berry
skin

The f3h gene
expression
increased under
water stress

Castellarin
et al. (2007)

15 Dihydroflavonol
4-reductase
(DFR) gene
expression

Vitis vinifera Berry
skin

DFR gene was
upregulated
under early
season water
deficit

Castellarin
et al. (2007)

16 Flavonol
synthase (FLS)
gene expression

Triticum
aestivum (wheat)

Leaf fls gene
expression
increased under
drought stress

Ma et al.
(2014)

17 Flavone
synthase (FNS)
gene expression

Triticum
aestivum (wheat)

Leaf fns gene
upregulated post
drought stress

Ma et al.
(2014)

18 Anthocyanidin
synthase (ANS)
gene expression

Triticum
aestivum (wheat)

Leaf Higher
expression level
of ans gene
under drought
stress conditions

Ma et al.
(2014)

aIndicates unexpected trend

19 Plant Phenolics Under Water-Deficit Conditions: Biosynthesis, Accumulation. . . 459



multiple water stress resulted in a significant reduction in shoot growth, whereas
mild stress imposed before harvest resulted in an enhanced concentration of phyto-
chemical (Oh et al. 2010).

In real field conditions, drought stress is often accompanied by higher
temperatures. The increased accumulation of the bioactive compounds and plant
phenolics under heat conditions has also been reported in major cereal grains. For
instance, Shewry et al. (2010) evaluated 26 wheat cultivars by growing them at
6 different locations spread across Hungary, France, Poland, and the UK for 2 years
and found that the phytochemicals like stanols, alkylresorcinols, and bound phenolic
acids had strong positive correlations with the mean temperature between heading
and harvest. The whole-wheat grain does contain significant amounts of antioxidants
like carotenoids and polyphenols that can effectively scavenge many free radicals
formed during various metabolic reactions. Particularly the polyphenols of the wheat
have hydroxyl groups linked to the aromatic rings that can react and stabilize free
radicals. The effect of environmental conditions is generally more pronounced on
the soluble fraction of phenolic compounds compared to bound forms of
polyphenols in wheat grain (Di Silvestro et al. 2017). In addition to the wheat,
barley is also considered a good source of bioactive phenols. Martinez et al.
evaluated 27 barley genotypes (Hordeum vulgare L.) under two different environ-
mental regimes in the Czech Republic and Spain and reported the good amount of
tocopherols (ranging between 39.9 and 81.6 μg/g) in barley (Martinez et al. 2017).
Phytochemicals present in barley are categorized into several major classes, like
polyphenols, flavonoids, phytosterols, lignans, tocols, and folates. Authors identified
64 bioactive compounds in the barley that included 19 phenolic acids and aldehydes,
9 flavan 3-ols, 9 flavone glycosides, and 27 anthocyanins indicating barley as the
good source of antioxidants.

19.5 Trickling Phenylpropanoids Biosynthesis Pathway
for Enhancing Drought Stress Tolerance

In the past decade, there is a growing demand for the food rich in flavonoids and
other antioxidants. This has attracted the attention of the researcher to increase the
flavonoid content in the food item. Further, the increased production of the
non-enzymatic antioxidants particularly flavonoids is also seen as the pragmatic
strategy to combat the deleterious effects of water stress on plant growth and
development. Earlier, structural and regulatory genes of the maize were transferred
into rice, which resulted in the increased expression of the genes of the anthocyanin
pathway (Gandikota et al. 2001).

Due to the fine understanding of the biochemical pathways of phenylpropanoid
metabolism, the efforts are on to trickle this pathway at the molecular level for
enhanced production of flavonoids. The transgenic modifications targeted at
phenylpropanoid biosynthesis are likely to be the most direct way of enhancing
flavonoid biosynthesis. The scientific study across diverse systems reflects the role
of transcription factors in the regulation of flavonoid biosynthesis. The transcription
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factors often regulate the gene expression of multiple genes and hence targeted for
transgenic research. For instance, Naing and coworkers recently reported the
enhanced drought stress tolerance in transgenic tobacco by overexpressing
snapdragon-derived Ros1 (Naing et al. 2018). The overexpression of Ros1 resulted
in enhanced anthocyanin accumulation and elevated expression of stress-responsive
genes in tobacco plants. The overexpression of SbMYB8 gene derived from
Scutellaria baicalensis (a traditional Chinese medicinal plant) in tobacco has been
shown to regulate the chalcone synthase activity for increased production of flavo-
noid like caffeoylquinic acid. The SbMYB8 transgenic tobacco plants synthesized
higher amount of flavonoids, displayed higher gene expression of flavonoid synthe-
sis genes, and displayed better drought tolerance compared to wild-type plants
(Yuan et al. 2015). Very recently, the transgenic Arabidopsis for SsMAX2 gene
(a key component of strigolactones signaling) has been shown to accumulate higher
anthocyanin content under drought stress conditions leading to significant improve-
ment in drought stress tolerance compared to wild-type plants (Wang et al. 2019).

The genetic manipulations of the phenylpropanoid biosynthesis pathway have
been a prime target of researchers engaged in biofuel research for engineering plants
for low lignin content. The thioester p-coumaroyl-CoA serves as a branch point in
the phenylpropanoid pathway from which lignin-specific branch and flavonoid-
specific branch of the phenylpropanoid network diverge (Vogt 2010). At this branch
point, the generated thioester can either be used by a lignin-specific branch of the
phenylpropanoid pathway forming p-coumaryl, coniferyl, and sinapyl alcohol
monolignols or else may be diverted to the flavonoid biosynthesis through malonate
pathway. The downregulation of genes of lignin-specific branch can alter the carbon
flux through the phenylpropanoid pathway possibly toward flavonoid biosynthesis
and can also modulate the synthesis of other secondary metabolites. For producing
the plant material with better pulp properties, the downregulation/knockdown of the
genes of lignin biosynthesis is attempted. The lignin modification has been shown to
be associated with activation of the genes involved in oxidative stress in tobacco,
poplar, and Arabidopsis (Baxter and Stewart Jr 2013). However, the lignin is
important component of plant secondary cell wall. The reduction in the lignin
content of the plant cell wall may not only negatively affect the drought stress
tolerance of the plant but also increase the possibility of pathogen attack.

19.6 Conclusion and Future Perspectives

The unavailability of the required amount of water is the major constraint in
achieving the ideal threshold yields in any agricultural or horticultural cropping
system. Plants are often confronted with the limited supply of the water at some stage
of their life cycle. However, some plants are evolutionary well adopted to water
scarce conditions and have the natural ability to tackle the drought-induced
dysregulation of metabolism often indicated by the abrupt generation of a large
number of reactive oxygen species (ROS). Such tolerant plants are equipped with
higher levels of enzymatic (peroxidases, superoxide dismutase, and catalase) and
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non-enzymatic antioxidant (phytochemicals) system as a physiological weapon for
quenching of the ROS produced during the drought stress. The plant phenolics have
been a subject of scientific investigation for the last many decades. The plant
phenolics represent the most abundant and the most versatile natural products of
plants. The understanding of the plant phenolics biosynthesis, accumulation, and its
regulation is of utmost importance for devising the strategy to minimize the severe
losses caused due to the various abiotic stresses. Extensive research has unraveled
the molecular mechanisms of drought and desiccation tolerance with more emphasis
on the role of plant flavonoids and other antioxidants. In response to water stress,
plants typically accumulate a wide range of antioxidants, including enzymatic
antioxidants and non-enzymatic. By now, a great deal of information has been
generated concerning the biosynthesis, regulation, and genetic manipulation of
plant phenolics. Therefore, there are many opportunities to exploit accumulated
information to overcome the great agricultural loses by enhancing the
phenylpropanoid contents ensuring the minimal trade-off for primary metabolites.

Does the role of flavonoids are simply limited to the chemical quenching of ROS,
or they play a more versatile role in plants? This is the question which is pertinent
mainly because of the exhaustive chemical diversity of the flavonoids in nature. It is
biologically irrational that plants would channel 40% of the total carbon flux through
phenylpropanoid biosynthesis pathways for the mere quenching of the ROS species
if the other enzymatic antioxidant system is also operational under stress conditions.
The vast chemical diversity of flavonoids (more than 7000) that plant has evolved
also suggest about their multifaceted role, else such great chemical diversity was not
required for ROS detoxification. The role of the flavonoids as signaling molecules is
also being discussed in plants. Recently, the flavonoids like quercetin derivatives
and their role in signaling cascades that regulate cell growth have been discussed
(Hou and Kumamoto 2010). It is also proposed that the flavonoids modulate the
phytohormone signaling by inhibiting the activity of a wide range of protein kinases,
including mitogen-activated protein kinases, that operate downstream of ROS in the
regulation of cell growth and differentiation (Brunetti et al. 2018a). With the
continuously expanding knowledge about the chemical diversity of flavonoids and
their proposed wider role in modulating the phytohormones signaling and cell
growth, the plant flavonoids research would continue to assume central focal
theme for plant abiotic stress tolerance, even in remaining part of twenty-first
century.
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Abstract

For a long time, plants have been considered as healing agents for treating and
preventing different diseases. These beneficial effects are mainly attributed to
phenolic compounds. Phenolic compounds have as a basic structure one or more
hydroxyl groups (–OH) attached to an aromatic ring. They are classified in two
groups: flavonoids and phenolic acids. The regular intake of plant-based foods
rich in phenolic compounds has been associated to the prevention and treatment
of diseases such as Alzheimer’s, Parkinson’s, cardiovascular problems, athero-
sclerosis, metabolic syndrome, diabetes, and many types of cancer. Therefore,
their demand has increased, so plants are now being used as biofactories for their
production. By exposing plants to abiotic and biotic stress, phenolic compounds
are synthesized in response to ROS overproduction. Their production has also
been raised by increasing the expression of genes involved in phenolic
compounds metabolic pathways. Present chapters address the use of biotic and
abiotic stress as well as genetic engineering tools for increasing phenolic content
in different plants.
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20.1 Introduction

Around 80% of people living in developing countries consider their native plants as
the main healing agent for treating and preventing different diseases. This healing
power has been attributed to their antioxidant activity and associated to the presence
of phenolic compounds (Abdul Qadir et al. 2017).

Phenolic compounds are divided in two groups: flavonoids and phenolic acids.
They are among the most investigated phytochemicals in both medicinal and
nutritional areas (Del Rio et al. 2010).

Phenols were first isolated in 1834 by Friedlieb Ferdinand Runge and used as a
wound dressing, antiseptic, and disinfectant in Germany. One of the first registers
was in 1865 where the surgeon Joseph Lister employed them in a tibia fracture
surgery (Hugo 1978). Currently, over 8000 different naturally occurring phenolic
compounds are known, and the list grows (Tsao 2010).

The main sources of flavonoids are parsley (Petroselinum crispum), celery
(Apium graveolens), chamomile (Matricaria chamomilla), Ginkgo biloba, mint
(Mentha arvensis), and red pepper (Capsicum annum) (Panche et al. 2016). While
the main sources of phenolic acids are green tea (Camellia sinensis), coffee, berries,
red wine, and whole cereals such as wheat (Triticum spp.), rice (Oryza sativa), corn
(Zea mays), and oats (Avena sativa) (Weichselbaum and Buttriss 2010).

20.2 Chemical Characteristics

Phenolics are comprised in a wide array of compounds derived from the secondary
metabolism of plants (Kutchan et al. 2015). Phenolic compounds have as a basic
structure one or more hydroxyl groups (–OH) attached to an aromatic ring
(Fig. 20.1). The presence of the hydrogen in the –OH groups makes phenolic
compounds weak labile acids. Phenolic compounds can be ubiquitously found
throughout the plant kingdom where they are usually present as esters or glycosides.

Nowadays, scientific literature uses the terms “phenolic compounds” and
“polyphenols” to refer to the widespread subclasses of phenolic compounds,
which are grouped according to their chemical characteristics related to their struc-
ture and type of compound. However, phenolic compounds are metabolically
speaking, only metabolites derived from the shikimate phenylpropanoid and/or the
polyketide pathways, with one or more phenolic rings and lacking of nitrogen-based
functional groups (Quideau et al. 2011).

OHFig. 20.1 Graphical
representation of a phenol
conformed of an aromatic ring
with an hydroxyl group (–OH)
attached
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Phenolic compounds are the subject of many studies since they have been
implicated in a myriad of health-promoting properties. The chronic intake of plant-
based foods rich in phenolic compounds has been associated to an onset/prevention
of noncommunicable diseases such as Alzheimer’s, Parkinson’s, cardiovascular
problems, atherosclerosis, metabolic syndrome, diabetes, and many types of cancer
(Del Rio et al. 2010; Fraga et al. 2010; Ozcan et al. 2014). These bioactive effects are
attributed to the physicochemical properties related within the phenol functional
group, which allows the –OH group to act as hydrogen-bond donor or as an acceptor
(Quideau et al. 2011).

20.3 Classification

Phenolic compounds are a diverse group of organic compounds; at least 8000
phenolic structures have been elucidated. Phenolics have an important role in the
protection of the plants against biotic or abiotic stress. These molecules are present in
most plant tissues, for example, leaves, roots, and edible parts of the plant such as
fruits (de la Rosa et al. 2019). Furthermore, phenolics can be found in nature
conjugated to sugar moieties and organic acids.

There are several ways to classify phenolic compounds, and nowadays there is
not a general agreement in how to categorize them. Besides, their classification can
be dependent on the molecule’s different properties. For example, (1) classifying
phenolic compounds by their solubility is convenient for explaining the metabolic
fate of phenolic compounds since it depends greatly on this property (Santana-
Gálvez and Jacobo-Velázquez 2018); (2) based on the chemical structure, phenolic
compounds can be categorized by the number of aromatic rings (Fig. 20.2), and this
classification has been previously detailed (Santana-Gálvez and Jacobo-Velázquez
2018).

Phenolic compounds can be also classified in flavonoids and non-flavonoids.
Flavonoids are the most abundant phenolics in plant kingdom. Its presence in nature
is more commonly found in leaves and the skin of fruits (Crozier et al. 2009). The
basic structure of flavonoids consists of 15 carbon atoms arranged in 2 phenyl rings
named as A and B, linked through a heterocyclic pyran ring named as ring C
(Fig. 20.3).

Flavonoids are subdivided into six groups of families, differing in their degree of
oxidation and pattern of substitution of the C ring, whereas individual compounds in
each family are differentiated by the pattern of hydroxylation and methylation of the
rings A and B. The six groups of flavonoids are flavones, flavonols, flavonones,
isoflavones, anthocyanidins, and flavan-3-ols (de la Rosa et al. 2019). From these
subgroups, flavonols are the most abundant flavonoids; the most representative
flavonols are kaempferol, myricetin, quercetin, and isorhamentin (Crozier et al.
2009).

On the other hand, non-flavonoids consist of phenolic acids, stilbenes, lignans,
and tannins (Oliveira et al. 2014). The most representative phenolic acid is gallic
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acid and acts as a precursor for the synthesis of other non-flavonoids such as
hydrolysable tannins and stilbenes (Crozier et al. 2009).

One aromatic

ring

Simple phenolics (C6)

Phenolic acids (C6-C1)

Phenolic aldehydes (C6-C1)

Acetophenones and 

phenylacetic acids(C6-C2)

Phenolics with C6, C6-C1 

and C6-C2 carbon skeletons

Phenolics with C6-C3 carbon

skeletons

Hydroxycinnamic acids

Phenolics with C6-C4 carbon

skeletons
Naphtoquinones

Coumarins

Phenylpropenes

Chromones

Two aromatic

rings

Xanthones

Stilbenes

Anthraquinones

Flavonoids

Lignans and neolignans

Three or more 

aromatic rings

Biflavonoids

Lignins

Catechol melanins

Tannins

Fig. 20.2 Classification of phenolic compounds based on their basic chemical structure. Source:
(Santana-Gálvez and Jacobo-Velázquez 2018)

Fig. 20.3 Basic flavonoid skeleton
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20.4 Health-Promoting Properties

20.4.1 Neurodegenerative Diseases

The overrun of the endogenous antioxidant system due to free radicals is one of the
main factors involved in the onset of neurodegenerative diseases (Poprac et al.
2017). The adoption of a Mediterranean diet has been associated with a lower
incidence of neurodegenerative diseases due to the inclusion of foods such as wine
(Valls-Pedret et al. 2015).

The total phenolic compounds in red wine reaches up to 1000 mg/kg. These
components exert their antioxidant activity by directly scavenging the reactive
oxygen species (ROS) and nitrogen oxygen species (NOS), and by inducing phase
II detoxifying enzymes via nuclear factor E2-related factor 2 (Nrf2) activation over
in vitro models (Rodriguez-Morato et al. 2015). For the particular case of
Parkinson’s disease, (�)-epigallocatechin-3-gallate, the most abundant polyphenol
found in tea, and quercetin also found in red wine, protects against oxidative
hippocampal neurodegeneration at the time that inhibits L-DOPA (dopamine pre-
cursor) methylation on in vivo models (Kang et al. 2013). As for Alzheimer’s,
phenolic acids and polyphenols modified by microbiota inhibit amyloid β aggrega-
tion, which is associated to cognitive decile in Alzheimer’s disease (Pistollato et al.
2016).

20.4.2 Inflammation

Inflammation is a natural defense process that recognizes harmful environmental
stimuli (Neagu et al. 2018). Phenolic compounds such as epicatechin and caffeic
acid, found in red Cannonau wine, diminish the intestinal inflammation induced by
dietary oxysterols, which are cholesterol auto-oxidation products that may lead to
colorectal cancer by preventing the induction of NF-κB-dependent inflammatory
events (Guina et al. 2015).

Oleocanthal is a phenolic compound isolated from virgin olive oil with an anti-
inflammatory property similar to ibuprofen. It represents 10% of the olive oil
phenolic fraction, and it inhibits cyclooxygenase pathway over in vitro monocytes
and monocyte-derived macrophages (Lucas et al. 2011). Kaempferol is another
phenolic compound with autoinflammatory activity and highly found in golden
root (Rhodiola sachalinensis). It reduced nitric oxide production by inhibiting nitric
oxide synthase over in vitro LPS-stimulated RAW 264.7 cells (Choe et al. 2012).

20.4.3 Cancer

Cancer is characterized by a loss of cell death capacity and an uncontrolled cell
division (Wong 2011). One of the main responsible for cancer onset is ROS, known
to regulate signaling molecules required for cell cycle progression and to control the
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expression of various tumor suppressor genes. Phenolic compounds such as the
anthocyanin delphinidin induce apoptosis and cell cycle arrest in several types of
cancer by the suppression of the NF-κB pathway. Another target for cancer treatment
is matrix metalloproteinase, an enzyme capable of degrade extracellular matrix. It is
regulated by peonidin-3-glucoside (Zhou et al. 2016). Many other phenolic
compounds have been studied, mainly over in vitro cancer models where cinnamic
acid, caffeic acid, coumaric acid, and ferulic acid outstand for their antiproliferative
effect over melanoma, prostate, and breast cancer, respectively (Anantharaju et al.
2016).

20.4.4 Cardiovascular Health

The term “cardiovascular diseases” encompasses a set of conditions among which
peripheral arterial disease, coronary heart disease, venous thromboembolism, and
congenital heart diseases stand out. Foods such as garlic, onion, ginger, and dark
chocolate were consumed for a long time for their cardioprotective effect. Know it is
known that these effects are due to the high antioxidant contents mainly due to
phenolic acid, flavonoids, lignans, and stilbenes (Olas 2017). A high source of
stilbenes is grape pomace. Consuming it for 7 days has cardioprotective effects
against isoprenaline-induced infarct-like lesion. The effect is associated to the
stilbenes trans- and cis-resveratrol, glycosylated derivatives of resveratrol, trans-
and cis-piceid, piceatannol, and viniferins (resveratrol dimmers), which reduce
oxidative stress (Balea et al. 2018).

20.4.5 Diabetes

The fungi Phellinus igniarius is a rich source of 7,8-dihydroxycoumarin,
3,4-dihydroxybenzalacetone, 7,30-dihydroxy-50-methoxyisoflavone, and inoscavin
C. These phenolics are considered as potent antidiabetic compounds. All of them
increase glucose uptake over in vitro models by up to 2.34-fold. They activate
GLUT4 translocation via AMPK pathway modulation (Zheng et al. 2018). Another
source of antidiabetic phenolic compounds is Senecio biafrae leaves rich in gallic,
chlorogenic, and caffeic acid as well as rutin, quercetin, and kaempferol. Together,
these compounds inhibit the activity of alpha-glucosidase preventing the conversion
of complex carbohydrates in to simple glucose (Ajiboye et al. 2018).

20.4.6 Obesity

Obesity is a preventable condition characterized by overweight (Hruby and Hu
2015). Hydroxycinnamic acid is considered as a potential compound for the man-
agement of obesity health complications. It inhibits macrophage infiltration and
NF-kB activation in obese animals. Also, it inhibits the expression of adipokines
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TNF-α at the time that prevents adipocyte differentiation (Alam et al. 2016). Also,
the polyphenols flavan-3-ols, epigallocatechin gallate, genistein, daidzein, curcumin,
resveratrol, and quercetin glycosides found mainly in black tea, green tea, soybean,
turmeric, grapes, and onion, respectively, have been largely studied and recognized
for their control in body weight and fat accumulation. This compound promotes
energy dissipation by activating brown adipose tissue, increasing energy expenditure
(Mele et al. 2017).

20.4.7 Hyperlipidemia

Hyperlipidemia is caused by an excess of cholesterol, triglycerides, or both, in the
bloodstream (Karr 2017). Cinnamon polyphenols are able to inhibit hyperlipidemia
in high-fat diet-fed rats by enhancing the expression of the transcription factors
SREBP-1c, LXRs, NF-κB, and Nrf2 as well as enzymes such as ACLY and FAS
involved in lipid metabolism (Tuzcu et al. 2017).

The most abundant phenolics identified in cinnamon are catechin, (�)-
epigallocatechin gallate, syringic acid, gallic acid, vanillic acid, and p-coumaric
acid (Lv et al. 2012). Recent studies have shown that Clinacanthus nutans leaves,
a medicinal plant endemic to Asia, given to rats for 7 weeks, attenuate the oxidative
stress through increasing serum antioxidant activity and upregulating the expression
of hepatic antioxidant genes. The effects are attributed to protocatechuic acid
(Sarega et al. 2016).

20.4.8 Osteoprotective

Osteoporosis is characterized by bone mass decrease, which can lead to fractures.
For a long time, ferns such as Drynaria species have been used to prevent bone loss,
specially its rhizome. The active compounds were unknown until recently, where
chlorogenic acid, syringic acid, trans-ferulic acid, (�)-epigallocatechin,
epigallocatechin gallate, quercetin dehydrate, and luteolin were identified in
Drynaria extracts. These extracts increase the cell viability of osteoblastic cells by
around 40%, promoting a high cellular density (Kang et al. 2014).

Also, genistein aglycone, a soybean isoflavone, has been known for a long time as
a phytochemical that induces bone formation and resorption through the
osteoprotegerin-sRANKL system (Bitto et al. 2010). The medicinal effect of some
phenolic compounds is described in Table 20.1.

20.5 Strategies to Enhance Phenolic Compounds in Plants

Nowadays phenolic compounds are of greater interest. Their demand has increased
by several factors such as a lot of studies attributing them potential health benefits,
consumer health concerns, as well as an increased rate of diseases related to aging.
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Plants are the main source for obtaining phenolic compounds, so techniques have
been introduced to increase the plant phenolic content (Ameer et al. 2017). Among
them, the use of abiotic and biotic conditions has been found to increase the
bioactive compounds such as polyphenols and flavonoids in response to ROS
overproduction. By exposing different types of plants to these types of stresses,
vegetable tissues with higher antioxidant capacity can be obtained (Abdi et al. 2019;
Khan et al. 2019). Another strategy for phenolic increase in plants is genetic
manipulation, which has recently emerged since the biosynthetic pathways for
phenolic production have been unveiled. Therefore, the expression of genes
involved in all of them, especially transcription factors that allow the control of
specific enzymes, has been engineered as a promising strategy for medicinal plant
production.

These three topics will be discussed in detail throughout this chapter.

20.5.1 Abiotic Stress and Phenolic Compounds in Plants

Plants are continuously subjected to different types of stresses, affecting their normal
growth, for example, adverse abiotic conditions such as cold, heat, drought, excess
of salt or toxic metals, as well as nutrient imbalance (Zhu 2016).

Abiotic stresses are major limiting factors and responsible for enormous crop
yield losses worldwide (Jorge et al. 2016), so omics and biology tools have been
used to elucidate the pathways responding to different abiotic stresses conditions.

Over the time, it has been found that these types of stresses are mainly mediated
by the overproduction of signaling molecules such as ROS and phytohormones like
methyl jasmonate and ethylene. These trigger the overproduction of some phyto-
chemical compounds, for example phenolics, promoting its accumulation (Jacobo-
Velázquez and Cisneros-Zevallos 2012).

Phenolic compounds are highly valued biomolecules, so different strategies have
been applied to increase its production, including the induction of adverse abiotic
conditions. This strategy has been suggested as a replacement of genetic tools;
technologies are still considered hazardous.

In Fig. 20.4, the abiotic stress strategies employed for phenolic overproduction in
plants are classified.

20.6 Radiation

20.6.1 Light

Visible light is the electromagnetic spectrum visible to the human eye, from 380 to
740 nm. Visible light overexposure triggers strategies of photoprotection to counter-
act the damage, so it induces photosynthesis to occur, therefore promoting other
metabolic pathways to increase (Younis et al. 2010).
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Given the above, light-emitting diodes (LEDs) have been used lately to produce
crops with special features, including improved nutritional profiles. Red and blue
light going from 625–740 to 400–500 nm, respectively, is the most used spectra.

Monochromatic blue LED stimulates the biosynthesis of total phenolics and
flavonoids in 2-week-old cherry tomato seedlings after 4 weeks exposure. Total
phenolic and flavonoid content increased up to 33.33 and 75%, respectively (Kim
et al. 2014). The same happens when applying blue LED over red leaf lettuce plants
(Johkan et al. 2010).

In addition of being used for the increase of total phenolic content, LEDs have
also been tested for raising particular compounds concentration. Blue and red LEDs
tested separately promoted the accumulation of particular compounds in peas. After
4 days exposure, red LED increased catechin content by 14.3%, while chlorogenic
acid and rutin content were increased by 26.3 and 18%, respectively, when applying
blue LED (Liu et al. 2016).

Besides blue and red LEDs, the white one has been tested. Kale sprouts grown
under white or blue LEDs showed an increase of total phenolic compounds of
34.55% and 69.09%, respectively. On the other side, the particular contents of
anthocyanin in white, red, and blue LED-exposed grown sprouts were 8.69-, 5.94-,
and 18.16-fold higher, respectively, as compared to nonexposed sprouts (Qian et al.
2016).

The combined effect of LEDs has also been evaluated. Blue and red LED
increases total phenolic concentration in Sunmang and Grand Rapid lettuces by
55% and twofold, respectively (Son and Oh 2013). Also, chlorogenic acid, vitexin,
rutin, quercetin, cyanidin 3-O-glucoside, and cyanidin 3-O-rutinoside concentrations
are increased in Tartary buckwheat submitted to blue- and red-combined LED
treatment (Seo et al. 2015).

The mechanism by which light radiation exposure works is by overexpressing
FtDFR and FtANS. These genes are overexpressed up to 7.1-fold.

Fig. 20.4 The abiotic stress strategies employed for phenolic production in plants
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20.6.2 UV

Ultraviolet (UV) radiation is classified as UV-A, UV-B, and UV-C, in the range of
320–400, 280–320, and 100–280 nm, respectively (Edward et al. 2014). The
application of UV rays affects plants by changing the normal metabolic pathways
of photosynthesis, cell division, and any other process related to plant growth and
development (Surjadinata et al. 2017). These effects are mainly promoted by
reactive species accumulation which induces the expression of antioxidant genes
already linked to the UV resistance 8 locus pathway. The above results in the
activation of the plant defense system, including the triggering of the
phenylpropanoid metabolism which results in the accumulation of secondary
metabolites such as phenolic antioxidants. Consequently, UV radiation has been
proposed, alone or in combination, as a cheap tool to enhance phenolic compound
content in horticultural crops during postharvest life (Formica-Oliveira et al. 2017).

Lettuce, a very important crop worldwide, has been used as a plant factory to
accumulate phenolic compounds. Total phenolic content (especially anthocyanins)
and total antioxidant capacity were increased by 30 and 40%, respectively, without
growth inhibition after 4 d UV-A exposure. The above was attributed to an increase
in phenylalanine ammonia lyase (PAL) gene expression (a key gateway gene for the
biosynthesis of phenolic compounds), and therefore PAL activity was increased (Lee
et al. 2013). PAL is the first enzyme in the phenylpropanoid pathway.

On the other hand, UV-B applied to plants such as Vitis vinifera grape skin after
defoliation and until harvest, alters the expression of 121 phenylpropanoid biosyn-
thesis-related genes, including VvFLS1, VvGT5, VvGT6, VvHY5–1, VvHY5–2,
and VvRU. Also, PAL and chalcone synthase gene expression was increased. These
gene products are involved in the flavonol and monoterpenoid biosynthetic pathways.
Among the compounds which concentration was highly increased by UV-B light
application, there was syringic acid, caffeoyl tartaric acid, and resveratrol, which
increased by 13%, 40%, and twofold, respectively, as compared to nonexposed plants
(Rodríguez-Calzada et al. 2019).

The exposure to UV-C also increases resveratrol production in grapes, especially
in Vitis amurensis and Vitis labrusca grapes. The mechanism is by PAL and stilbene
synthase increased expression, where PAL is the first enzyme of the
phenylpropanoid pathway, and stilbene synthase is responsible for catalyzing the
reaction of resveratrol formation. Also, chalcone synthase gen had higher
expressions. As for epigenetic changes, UC-V decreases methylation levels of
VaSTS2, VaSTS6, and VaSTS10 genes (Tyunin and Kiselev 2016). The above has
also been documented for other plants such as shell ginger (Alpinia zerumbet) and in
lemon pomace (Xuan et al. 2016; Papoutsis et al. 2016).

The effect of different types of UV radiation has been compared. For example,
UV-A and UV-B over broccoli sprouts both particularly change their phenolic
profiles. Applying UV-A during 120 min increased gallic acid hexoside I (~14%),
4-O-caffeoylquinic acid (~42%), gallic acid derivative (~48%), and 1-sinapoyl-2,2-
diferulolyl-gentiobiose (~61%), and by applying UV-B, sinapoyl malate (~12%),
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gallotannic acid (~48%), and 5-sinapoyl-quinic acid (~121%) were increased
(Moreira-Rodríguez et al. 2017).

UV irradiation must be exploited for the production of functional foods rich in
bioactive phytochemicals. This has been highly recognized and utilized for
sunscreens and cosmetics production (Takshak and Agrawal 2019).

The results obtained in terms of phenolic accumulation in different plant materials
by applying radiation are summarized in Table 20.2.

20.7 Temperature

20.7.1 Cold

Cold stress has been applied to different plant materials. It is classified as either
chilling or freezing, above and below 0 �C, respectively (Pareek et al. 2017). This
condition promotes stress, affecting physiological, biochemical, molecular, and
developmental processes of plants. Different results have been found when it
comes to cold stress and phenolics plant production. In some cases, the content
increases, but in others it is reduced or maintained. These will depend mainly on the
intensity and duration of the stress, as well as on the plant material (Hajihashemi
et al. 2018).

For example, when exposing Vitis vinifera leaves at 7 �C during a week, a
reduction in total phenolic content of up to 22.05% has been observed, especially
in caffeic acid, p-coumaric acid, ferulic acid, and caffeic acid. Also, tannin content of
Vitis vinifera leaves exposed below 0 �C was reduced up to 15.9% (Król et al. 2015).

On the contrary, low temperatures increase phenolic content in other plants such
as kale, cabbage, papaya, and olive tree leaves. In Kale and cabbage stored at 12 �C,
phenolic content was increased by 65.71 and 60%, respectively, as compared to
normal temperature conditions (Soengas et al. 2018). Regarding to Maradol papaya,
storing it at chilling conditions (1 �C) promotes phenolic accumulation compared
with those stored at normal 25 �C conditions. The compounds increased after 8 days
of storage were ferulic acid and caffeic acid by 40 and by twofold, respectively. As
for freezing, olive tree leaves submitted below�7 �C for 15 days showed an increase
in PAL expression by up to 4.8-fold, promoting a total phenolic increase of 12%
(Ortega-García et al. 2008).

It was found that low-temperature exposure changed gene expression after 24 h
treatment. Genes codifying for enzymes such as PAL and chalcone synthase were
increased by 8- and 50-fold, respectively, and 4-coumarate, CoA ligase and chalcone
isomerase, increased by threefold. The expression of these genes is back to normal
after returning the plants to 25 �C during 2 days (Christie et al. 1994).

Also, in other plants such as chickpea, submitting the seeds to cold stress
promoted an increased expression of PAL and cinnamyl alcohol dehydrogenase
genes. This indicates the crucial role of phenylpropanoid pathway in creating cold
tolerance (Rakei et al. 2016).
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Table 20.2 Phenolic accumulation in plant materials by radiation exposure

Radiation
type

Plant
material Effects Mode of action References

Visible light

Blue Tomato
seedlings
and red
leaf
Lettuce
Peas
Kale
sprouts

" Phenolic and flavonoid
content by 33.33 and 75%,
respectively
" Chlorogenic acid and
rutin content by 26.3 and
18%, respectively
" Phenolic and
anthocyanin content by
69.9% and 18.16-fold,
respectively

Overexpression
of FtDFR and
FtANS genes by
7.1-fold

Kim et al. (2014)
Liu et al. (2016),
Johkan et al.
(2010)
Qian et al. (2016)

Red Peas
Kale
sprouts

" Chlorogenic acid by
14.3%
" Anthocyanin content by
5.94-fold

Liu et al. (2016),
Qian et al. (2016)

White Kale
sprouts

" Phenolic and
anthocyanin content by
34.55% and 8.69-fold,
respectively

Qian et al. (2016)

Blue + red Sunmang
lettuces
Grand
Rapid
Tartary
buckwheat

" Phenolic content by 55%
" Phenolic content by
twofold
" Chlorogenic acid,
vitexin, rutin, quercetin,
cyanidin 3-O-glucoside,
and cyanidin 3-O-
rutinoside content

Seo et al. (2015)

UV

UV-A Lettuce
Broccoli
sprouts

" Phenolic content by 30%
" Gallic acid hexoside,
4-O-caffeoylquinic acid,
gallic acid derivative, and
1-sinapoyl-2,2-diferulolyl-
gentiobiose by 14, 42,
48, and 81%, respectively

Overexpression
of PAL and
chalcone
synthase genes

Lee et al. (2013)

UV-B Vitis
vinifera
grapes
skin
Broccoli
sprouts

" Syringic acid, caffeoyl
tartaric acid and
resveratrol, by 13%, 40%,
and twofold
" Sinapoyl malate,
gallotannic acid, and
5-sinapoyl-quinic acid by
12, 48, and 121%,
respectively

Rodríguez-
Calzada et al.
(2019), Moreira-
Rodríguez et al.
(2017)
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20.7.2 Heat

The main use of heat in food industry is for reducing microbial levels. Nevertheless,
it has been found that a lot of biochemical pathways are overexpressed in plants
subjected to high temperature which in turn increases phytochemicals synthesis (Zhu
2016).

Heat shock at 100 �C was applied over fresh-cut carrots, increasing their phenolic
content by 73.98% after 7 days of the heat shock application. Nevertheless, after
10 days the content starts to decrease. Phenolic compound accumulation was due to
phenylpropanoid pathway activation. The most increased compound in wounded
carrot is caffeoylquinic acid (Alegria et al. 2012). Six wheat genotype seedlings
submitted to 45 �C during 20 h showed an increase of total phenolic content by about
40% in all genotypes (Ahmad et al. 2014).

The production and accumulation of phenolics according due to high
temperatures will depend on the vegetable tissue. For example, fresh-cut carrots
and onions accumulate more phenolics at 20 �C, while celery does it at 10 �C
(Xiaoan et al. 2017).

Heat effect, as for the other stresses, is mainly the same. During heat, cell
disruption may occur, liberating cytosolic ATP into the extracellular matrix. This
ATP is recognized by receptors in the far cell’s membrane increasing cytosolic Ca2+
concentrations, which activates NADPH oxidase and thus ROS and NOS produc-
tion. ROS and NOS act as signals to activate PAL, and the plants answers back by
producing antioxidant molecules as a defense system (Jacobo-Velázquez et al.
2011). The results obtained in terms of phenolic accumulation in some plant
materials by applying different temperatures are summarized in Table 20.3.

20.8 Salinity

Around 20% of the world’s irrigated lands have an excess of salt content, known as
salinity. Salinity affects plants in multiple ways, for example, blocking respiration,
inhibiting photosynthesis, and disordering metabolism and growth processes (Zhao
et al. 2017). Nutritional quality of buckwheat sprouts under salinity was estimated.
Here, the exposure time (from 1 to 7 days) and the salt concentrations (10, 50, and
100 mM) were evaluated. It was concluded that the most extreme conditions
(100 mM for 7 days) resulted in the most effective condition to increase the
phenolics content by 153%. The main increased phenolics were isoorientin, orientin,
rutin, and vitexin. Previous studies have shown most of the phenolic compounds are
generated by the phenylpropanoid pathway, which is stimulated by biotic and abiotic
stresses (Lim et al. 2012). This effect is also associated to the increased in plant
hormones production, including jasmonic acid and its methylated derivate (methyl
jasmonic acid). These hormones induce enzyme production involved in the
phenylpropanoid pathway, including PAL, thereby resulting in the accumulation
of phenolic compounds (Lim et al. 2012).
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Biosynthesis of phenolics was also stimulated in other plants such as olive
cultivar leaves by irrigating them every 3 days during 1 month with 125 mM
NaCl. Salinity stimulated the biosynthesis of phenolics by increasing its total content
up to 129%. From them, the content of oleuropein, the most abundant phenolic from
olive tree and oil, was increased by 3.8-fold (Petridis et al. 2012a). Similarly, a high
salinity concentration of 300 mM Nacl was evaluated over Salvia coccinea leaf,
increasing the total phenolic content by 17% (Grzeszczuk et al. 2018).

Salinity stress (5 dS/m) was applied to both susceptible and tolerant rice varieties.
Total phenolics and flavonoids, as well as vanillin, ferulic acid, p-coumaric acid, and
protocatechuic acid, were increased in tolerant varieties. Phenolic compounds were
increased around 48% while flavonoids only 17.15%. In contrast they were mark-
edly reduced in the susceptible cultivars (Jamalian et al. 2013). The enhancement in
the synthesis of flavonoids and phenolics of strong tolerant varieties might be due to
the adaptive mechanism of rice under salt stress. The presence of ferulic acid under
osmotic stress may be related to the strengthening of the plant cell wall and the
overall cell elongation. Also, they are possibly found in bounded forms with sugar or
glycoside (Minh et al. 2016). It is believed that the salinity stress also enhances the
phenolic compound production by the abscisic acid increased content in plants. The
results obtained in terms of the phenolic accumulation in different plant materials by
applying different salinity stresses are summarized in Table 20.4.

Table 20.3 Phenolic accumulation in plant materials by low- or high-temperature exposure

Temperature
type

Plant
material Effect Mode of action References

Cold

Chilling Vitis
vinifera
leaves
Kale
Cabbage
Papaya

# Phenolic content
by 22.05%
" Phenolic content
by 65.71%
" Phenolic content
by 60%
" Ferulic acid and
caffeic acid by 40-
and twofold,
respectively

Overexpression of PAL and
chalcone synthase genes by
up to 8- and 50-fold,
respectively

Król et al.
(2015)

Freezing Vitis
vinifera
leaves
Olive
tree
leaves

# Phenolic content
by 15.9%
" Phenolic content
by 12%

Król et al.
(2015)
Ortega-
García et al.
(2008)

Heat

100 �C Fresh-
cut
carrots

" Phenolic content
by 73.98%

Increasing cytosolic Ca 2+
concentrations, which
activates NADPH oxidase
and thus ROS and NOS
production overexpressing
PAL gene

Alegria et al.
(2012)

45 �C Wheat " Phenolic content
by 40%

Ahmad et al.
(2014)
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20.9 Chemical Stress

20.9.1 Oxidative

Oxidative stress is the result of unfavorable biotic and abiotic conditions. It also can
be artificially induced by ROS such as superoxide (O2

�) and hydrogen peroxide
(H2O2) addition.

Common daisy (Bellis perennis L.) callus was submitted to 10 mMH2O2 for 10 h.
The treatment with H2O2 allowed the detection of kaempferol, myricetin, quercetin,
and isorhamnetin, compounds not detected in the control (0 mM H2O2). Also, total
phenolic content was increased by 29.25% after H2O2 exposure. Furthermore, as a
result of oxidative stress, SOD and CAT were increased.

It was found that CAT, SOD, total phenolic, total flavonoid, and proline activity
had a significant positive correlation with the phenolic accumulation under H2O2

pretreatment. The in vitro culture methods under controlled laboratory conditions,
such as the one studied in this investigation, have been of great interest for the
production of bioactive molecules (Karakas et al. 2015).

Table 20.4 Phenolic accumulation in plant materials by high salinity exposure

Salinity
(NaCl)

Plant
material Effects Mode of action References

100 mM Buckwheat
sprouts

" Phenolic content by
153%, mainly
isoorientin, orientin,
rutin and vitexin

Increased plant hormones
production, including
jasmonic acid and methyl
jasmonic acid which
overexpresses PAL gene

Lim et al.
(2012)

125 mM Olive leaves " Phenolic and
oleuropein content by
129% and 3.8-fold,
respectively

Petridis
et al.
(2012a)

300 mM Salvia
coccinea
leaves

" Phenolic content by
17%.

Grzeszczuk
et al. (2018)

5 dS/m �Susceptible
rice varieties
Tolerant rice
varieties

# Phenolic content
" Phenolic and
flavonoid content by
48 and 17.15%,
respectively
" Flavonoids,
vanillin, ferulic acid,
p-coumaric acid, and
protocatechuic acid

Minh et al.
(2016)
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20.9.2 Heavy Metals

Heavy metals are considered as one of the most dangerous pollutants (Morkunas
et al. 2018). When plants are in the presence of these compounds, phytochemicals
such as phenolic compounds are overproduced and accumulated to protect the plant
against toxicity. When plants are exposed to heavy metals, phenolic compounds are
mostly increased, since they function as metal chelators and participate in ROS
scavenging (Malčovská et al. 2014).

Cadmium (Cd2+) and lead (Pb2+) exposure (50 and 10 ppm, respectively) during
2 weeks increased the total phenolics in corn (Zea mays) leaves by around 41.17 and
47%, respectively. The main phenolic compounds increased were chlorogenic acid
and rutin; on the other hand, the level of other compounds such as caffeic acid and
ferulic acid was decreased (Kısa et al. 2016). Another heavy metal evaluated over
plants is nickel (Ni). When exposing chamomile (Matricaria chamomilla) to
120 μM Ni during 10 days, polyphenol oxidase activity was decreased, but an
increase in the total phenolic compounds (by 18%) and in PAL activity as well as
in shikimate dehydrogenase was observed. Another enzyme production, such as
cinnamyl alcohol dehydrogenase, was not affected. Also, in leaf rosettes it was
detected an increase in chlorogenic acid accumulation (9.02%), as well as
protocatechuic acid (7.47%) (a compound with chelating strength) and caffeic acid
(153%) (Kováčik et al. 2007).

Transcriptional and post-transcriptional analysis of soybean and lupine roots
exposed to Cd2+ (25 mg/l) or Pb2+ (350 mg/l) was carried out. Here, it was found
that under heavy metal stress, there was a transcriptional and post-transcriptional
control of PAL expression. For soybean, both metals increased PAL expression,
while for lupin only Pb2+. Due to the above, it is concluded that heavy metal stress
imposed by Cd2+ and Pb2+ can cause an induction in the phenylpropanoid pathways
of soybean and lupin (Pawlak-Sprada et al. 2011).

Cd2+ effect (5 μg/g soil) was also evaluated over Erica andevalensis. This heavy
metal increased cinnamic acid derivatives (by threefold), epigallocatechin (81.78%),
and rutin (32.32%). Nevertheless, when cadmium concentration was increased up to
50 ug/g, the synthesis and release of phenolics were reduced. So, the excess of
cadmium may reduce the synthesis of phenolics to avoid deleterious effect caused by
the phenoxyl radicals’ production. The overall results showed that the phenolic
compounds play an important role in the cadmium defense of E. andevalensis
(Márquez-García et al. 2012).

Maize plants (Zea mays L.) have also been exposed to a Cd2+ stress (50 μM).
Hydroponically grown maize superoxide radicals were increased by up to 1.6-fold.
Nevertheless, total phenolic content in maize leaf was barely increased by this Cd2+

concentration. It is thought that the presence of high amounts of Cd2+ is related to the
phenolics involvement in lignin biosynthesis, affecting the pool of free phenols in
the plant tissue, which has also been reported in cucumber plants (Malčovská et al.
2014).

Besides Cd2+, Pb2+, and Ni, other heavy metals such as cobalt (Co2+) and silver
(Ag+) have been tested. Solutions of 5 μM of Co2+, Ag + , and Cd2+ have been
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added to Vitis vinifera cell suspension cultures. An increase of 3-O-glucosyl-resver-
atrol up to 1.6-fold after 4 h exposure was observed, not affecting cell viability. Cell
viability was only affected when heavy metal concentrations increased up to 25 μM
(Cai et al. 2013). Other studies in terms of phenolic accumulation in different plant
materials by applying different heavy metals are summarized in Table 20.5.

20.10 Mineral Deficiency and Excess

Plants need at least 14 minerals to grow optimally. If there is a deficit or an excess of
one of them, crop yield may be affected. There are some minerals required in large
amounts (nitrogen, phosphorus, potassium, calcium, magnesium, and sulfur), while
others are needed to a lesser extent (chlorine, boron, iron, manganese, copper, zinc,
nickel, and molybdenum). It has been observed that the concentration of nutrient
elements, such as minerals, is related with the accumulation of plant defense
metabolites.

The excess of minerals such as copper (Cu) has a pronounced effect increasing
PAL, shikimate dehydrogenase, cinnamyl alcohol dehydrogenase, polyphenol oxi-
dase, and ascorbate peroxidase activity in chamomile plants exposed to 10 uM Cu
during 7 days. Due to this, protocatechuic acid, p-OH benzoic, vanillic acid, syringic
acid, p-coumaric acid, ferulic acid, and chlorogenic acid were increased by 63.47,
137.5, 44, 33.55, 76.38, 58.33, and 107%, respectively (Kováčik et al. 2009).

Cu excess effect has also been evaluated over other plants. It has been reported
that 1.0 uM of Cu increases total phenolic content by 19% in rosemary leaves
(Rosmarinus officinalis L.), compared to normal levels. Cu excess in sorghum also
increases total phenolic content (Hejazi et al. 2012). Cu levels of 0.5 mM in red
cabbage increased anthocyanin concentrations by 126.7% due to oxidative stress

Table 20.5 Phenolic accumulation in plant materials by heavy metal exposure

Heavy
metals

Plant
material Effects Mode of action References

Cadmium Corn leaves
Erica
andevalensis

" Phenolic content by
41.17%
" Cinnamic acid derivatives,
epigallocatechin, and rutin
by threefold, 81.78%, and
32.32%, respectively

Overexpression
of PAL and
shikimate
dehydrogenase
genes

Kısa et al.
(2016)
Márquez-
García et al.
(2012)

Lead Corn leaves " Phenolic content by 47%. Kısa et al.
(2016)

Nickel Chamomile
leaf rosettes

" Phenolic content by 18%
and "chlorogenic acid,
protocatechuic acid, and
caffeic acid by 9.02, 7.47,
and 153%, respectively

Kováčik
et al. (2007)

Cobalt
and silver

Vitis
vinifera

" 3-O-glucosyl-resveratrol
by 1.6-fold

Cai et al.
(2013)
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induction and enhancement of thiobarbituric acid reactive substances in all the plant,
suggesting that these flavonoids are synthesized to neutralize ROS (Posmyk et al.
2009). The excess of some minerals induces other many alterations in plants, for
example, it affects the uptake of other essential nutrients.

Mineral deficiency also alters the content of phenolic compounds. Nitrogen and
potassium deficiency in American ginseng increases the concentration of vanillic
acid, p-coumaric acid, and trans-cinnamic acid. Nevertheless, the opposite effect was
observed after phosphorus deficiency, where total phenolic content decreased
(Du et al. 2011).

Nitrogen deprivation during 19 days on tomato (Solanum lycopersicum) leaf
increases chlorogenic acid and rutin by 136 and 117%, respectively. It was reported
that this increase in phenolic compounds was maintained even when the plant was
again exposed to normal nitrogen levels (Bénard et al. 2011). When nitrogen
deprivation is combined with an exposure to 12 �C for 8 days, flavonoids levels
are also enhanced. The responsible are structural genes in the phenylpropanoid and
flavonoid pathway enhancement. From this, eight of the ten structural genes
involved in flavonol metabolism showed enhanced expression, including phenylala-
nine ammonia lyase, chalcone synthase, flavanone 3-hydroxylase, and flavonol
synthase (Løvdal and Lillo 2009).

Data in terms of phenolic accumulation in different plant materials by submitting
them to mineral excess or deficiency is summarized in Table 20.6.

Table 20.6 Phenolic accumulation in plant materials submitted to mineral excess or deficiency

Mineral
Plant
material Effects Mode of action References

Excess

Copper Chamomile
Rosemary
leaves
Red
cabbage

" Vanillic acid, syringic
acid, p-coumaric acid,
ferulic acid, and
chlorogenic acid by
63.47, 137.5, 44, 33.55,
76.38, 58.33, and
107%, respectively
" Phenolic content by
19%
" Anthocyanin by
126.7%

Overexpression of PAL,
shikimate
dehydrogenase,
cinnamyl alcohol
dehydrogenase,
polyphenol oxidase, and
ascorbate peroxidase
genes expression

Kováčik
et al.
(2009)
HEJAZI
et al.
(2012)

Deficiency

Nitrogen Tomato
leaf

" Chlorogenic acid and
rutin by 136 and 117%,
respectively

Nothing reported yet Bénard
et al.
(2011)

Nitrogen
and
potassium

American
ginsengs

" Vanillic acid,
p-coumaric acid, and
trans-cinnamic acid

Du et al.
(2011)

Phosphorus American
ginsengs

# Phenolic content Du et al.
(2011)

486 S. Aviles-Gaxiola et al.



20.11 Water

20.11.1 Flooding

Flooding, also known as submergence, is a scenario where the plant is totally or
partially immersed in water. Due to limited oxygen uptake, anaerobic metabolism
may result in the accumulation of phytochemical end-products generated for the
plant to survive. Different varieties of sweet potatoes, Taoyuan 2, Sushu 18, and
Simon 1, have been tested after flooding treatments where flavonoid content was
increased by 11, 4, and 4%, respectively (Lin et al. 2006). More studies are required
in this and other plant species to investigate the underlying mechanism.

20.11.2 Drought

Water deficiency promotes a change in biological processes such as photosynthesis,
respiration, nutrient metabolism, and secondary metabolism which results in reduced
plant growth and also in phytochemicals accumulation (Jaleel et al. 2009; Marchese
et al. 2010).

Agave salvia, a plant used in the central and north regions of Mexico for the
elaboration of alcoholic beverages, has been exposed to drought conditions not
showing differences in its phenolic profile, nor in the concentration as compared
to normal conditions. This is because Agave salmiana is a stress-tolerant plant, so its
phenylpropanoid biosynthesis is not affected (Puente-Garza et al. 2017).

In the case of plants such as Vitis vinifera, a change in their phenolic content was
seen after drought stress. Vitis vinifera roots and leaves under drought stress showed
a reduction in total phenolic compounds by 9 and 30%, respectively. Caffeic acid,
p-coumaric acid, and ferulic acid were the main phenolic compounds affected. The
above promote a lowering on the antioxidant potential (Król et al. 2014). This
reduction may be explained by the phenylpropanoid and shikimate pathway
enzymes reducing their activity under drought stress, which has been observed in
other plants.

On the contrary, other plants increase its phenolic compound production to avoid
the oxidative damage caused by the lack of water, mainly those not used to drought
conditions.

Plants such as Aristotelia chilensis, a berry native to Chile, increased anthocyanin
concentration by upregulation of key anthocyanin pathway genes such as
dihydroflavonol 4-reductase, UDP-glucose: flavonoid 3-O-glucosyl transferase
(UFGT) and MYB R2R3-type transcription factors such as Myeloblastosis A1
(MybA1) and Myeloblastosis 5A (González-Villagra et al. 2018). This mechanism
of enhanced phenolic compounds due to drought stress has also been observed in
Achillea species and Amaranthus tricolor, where a 75% of water supply reduction
increased the total phenolic and total flavonoid content by up and twofold and 38%,
respectively (Sarker and Oba 2018). Also, a reduction of 67% water supply in olive
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tree (Olea europaea) increased the phenolic compounds by around 35% (Petridis
et al. 2012a).

After a long drought stress exposure of 3 weeks, Codonopsis lanceolata leaf and
roots showed a total phenolic content increase up to 150%, being the predominant
compounds catechin, benzoic acid, chlorogenic acid, ferulic acid, gallic acid, rutin,
and vanillic acid. The responsible mechanism was an overexpression of
5-enolpyruvylshikimate-3-phosphate (EPSP) synthase, an enzyme in the shikimate
pathway, involved in the synthesis of aromatic amino acids such as phenylalanine
and tyrosine, the precursors in the phenylpropanoid biosynthesis (Ghimire et al.
2017).

Gene expression is also very affected after drought stress in plants such as potato,
where PAL, HCT, HQT, C3H, CHS, CHI, F3H, DFR, and AN1expression was
induced, which is related to an altered sucrose flux. The overexpression of HQT has
also been documented in Solanaceae species exposed to drought, like in the case of
tomatoes, where chlorogenic acid is accumulated in response that overexpression of
HQT (André et al. 2009). The results obtained in terms of phenolic accumulation in
different plant materials by submitting them to water deficiency are summarized in
Table 20.7.

20.12 Wounding

Wounding methods have been applied as postharvest strategies for increasing
phenolic content in different plants. Potato tubers are one of them. They were sliced,
pie-cutted, or shredded followed by 144 h at 10 �C storage. The highest phenolic

Table 20.7 Phenolic accumulation in plant materials submitted to water deficiency

Plant
material Effects Mode of action References

Agave
salmiana

No changes in
phenolic content
or profile

Puente-
Garza et al.
(2017)

Vitis vinifera
roots

# Phenolic
content by 9%

Under expression of phenylpropanoid and
shikimate pathway genes

Król et al.
(2014)

Vitis vinifera
leaves

# Phenolic
content by 30%

Król et al.
(2014)

Aristotelia
chilensis

" Anthocyanin Upregulation of key anthocyanin pathway
genes such as dihydroflavonol
4-reductase, UDP-glucose: flavonoid
3-O-glucosyl transferase (UFGT) and
MYB R2R3-type transcription factors
such as Myeloblastosis A1 (MybA1) and
Myeloblastosis 5A

González-
Villagra
et al. (2018)

Achillea
species

" Phenolic
content by
twofold

Sarker and
Oba (2018)

Amaranthus
tricolor

" Phenolic
content by 38%

Sarker and
Oba (2018)

Olive tree " Phenolic
content by 35%

Petridis et al.
(2012b)
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compound content was found in sliced potato tubers, where the content of these
compounds increased by twofold. The most abundant phenolic compounds were
chlorogenic acid (CGA), neo-chlorogenic acid (neo-CGA), and crypto-chlorogenic
acid (crypto-CGA). Wounding stressed potato could be used as a starting material
for the extraction of high-value antioxidant phenolic compounds with potential
applications in the pharmaceutical and dietary supplement industries (Torres-
Contreras et al. 2014).

One of the vegetables more studied in terms of wounding is carrots, where it has
been found that the higher the wounding intensity, the higher the phenolic accumu-
lation. It is possible to increase the total phenolic content by 2.5-fold and the
antioxidant capacity to 12.4-fold when wounding at 23.5 cm2/g. By this it is induced
the synthesis of chlorogenic acid and 3,5-dicaffeoylquinic acid (Surjadinata and
Cisneros-Zevallos 2012).

Other vegetables such as lettuce, cilantro, cabbage, green beans, apples, plums,
peaches, strawberries, bell peppers, asparagus, celery, carrots, radishes, potatoes,
and jicama have been submitted to wounding stress and exogenous ethylene and
methyl jasmonate. The combination of wound stress and phytohormones resulted in
increased PAL activity in some vegetables. Nevertheless, the response was tissue-
dependent since the phenolic content of asparagus, cabbage, apples, tomatoes, and
pears was not affected (Heredia and Cisneros-Zevallos 2009). Wounded vegetables
that are included in most people regular diet may be considered as an inexpensive
source to obtain phenolic compounds and thereby to promote the increase in
antioxidants ingest.

20.13 Biotic Stress and Phenolic Compounds in Plants (Gabriela)

Phenolic compounds are synthesized by the secondary metabolism of plants, and it is
used as a mechanism of defense against different biotic and abiotic stress. The
metabolic pathways for the synthesis of phenolic compounds and other secondary
metabolites can be manipulated, specifically promote their synthesis. Therefore, the
study of the methods that enhance the production of secondary metabolites is
currently of scientific interest. Biotic elicitors are molecules produced by living
organisms, such fungus or formed by the plant itself. Plant cell cultures have been
used to study the potential of some elicitors in the production of phenolic
compounds. Chitosan has been the most reported biotic elicitor in the recent years.
Chitosan is a polysaccharide composed of β-(1–4)-linked d-glucosamine and N-ace-
tyl-d-glucosamine randomly distributed within the polymer. This polysaccharide is a
structural component of the cell wall of fungi which are pathogens to plants. In
plants, chitosan acts as elicitor of plant defensive mechanisms (Cheung et al. 2015;
Ferri and Tassoni 2011).

The application of chitosan and irrigation frequencies has been evaluated for the
enhancement of essential oils and phenolic content of Salvia officinalis L. The foliar
application of chitosan (0.5 g/L) and reduced irrigation showed the maximum
concentration of phenolic compounds in Salvia officinalis L. (Vosoughi et al.
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2018). Chitosan has been applied as elicitor in many plants. For instance, in spinach,
chitosan (0.1 mg/mL) increased the content of phenolic and flavonoids, with an
increase in the antioxidant activity (Singh 2016). Other biotic elicitors are yeasts, and
they have been evaluated and compared to the action of chitosan. Yeast and chitosan
were evaluated as the biotic stressors on Rumex cyprius and showed to enhance the
phenolic accumulation with an increase in the antioxidant activity. The maximum
antioxidant activity was obtained with yeasts at 200 and 400 mg/mL, whereas the
level of chitosan was not a determinant of the antioxidant activity since the low and
high levels showed significant results. Furthermore, yeast showed to promote the
formation of new phenolics such as gallic and chlorogenic acid (Al Khateeb et al.
2016). Furthermore, low concentration of yeast (50 mg/L) has been reported to
enhance the production of phenolic compounds in adventitious root cultures of
Polygonum multiflorum (Ho et al. 2018b).

The mechanism of action of fungal chitosan is the induction of the activities of
defensive enzymes, as showed in Zanthoxylum bungeanum stems, where this effect
triggers the total phenolic content production (Li et al. 2016). Therefore, fungal
elicitors can stimulate the secondary metabolite production. These elicitors can
enhance the enzymatic activity of defensive enzymes such as PAL and chalcone
isomerase (Simic et al. 2015).

20.14 Genetic Enhancement of Phenolic Compounds in Plants

As it has been previously mentioned, several strategies have been studied to enhance
the content of phenolic compounds in plants, most of them involve physiological
approaches such as manipulation of biotic and abiotic stresses in plants to trigger the
metabolic biosynthetic pathways leading to the overproduction of phenolic
compounds. These works have combined high-throughput massive DNA sequenc-
ing and metabolic profiling technologies, leading to the development of a new area
of study called phytochemical genomics. Thus, the physiological manipulation of
phenolic compounds enhancement has led to the discovery of the metabolic pathway
of phenolics biosynthesis through the identification of key genes involved in the
phenolic pathway (Saito 2013). On this subject, there are different genomic
techniques from which plants can be genetically modified. Eckerstorfer et al.
(2019) listed some of the most widely used GM techniques such as “genome editing
with site-directed nucleases, genome editing directed by synthetic oligonucleotides,
RNA directed DNA methylation, cisgenesis and intragenesis, transgrafting, agro-
infiltration, haploid induction and accelerated breeding.” For a more detailed
research on this matter, we recommend the work by Eckerstorfer et al. (2019). A
summary of recent studies regarding functional genomics on enhancement of phy-
tochemical content of plants is found on Table 20.8. However, even though genomic
manipulation is a promising technique to enhance phenolic compounds in crops and
medicinal plants, the regulatory framework in the world limits its widespread
distribution. In this regard, some authors have published strategies and
recommendations for countries that desire to regulate GMO applications;
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Table 20.8 Summary of some works of functional genomics applied to enhance phenolic content

Plant Genomic modification Result References

Glycine max
L.

Not specified Non-GM soybean had highest
polyphenol and sterol content
of than GM soybean; non-GM
methanol extract was more
potent against colon
carcinoma cells

Marrelli et al.
(2013)

Brassica
rapa ssp.
Rapa

Increased expression of
the genes BrMYB28,
BrMYB29, BrMYB34,
BrMYB51, BrMYB122,
CYP79, and CYP83 in
turnip hairy root

Higher flavonol,
hydroxybenzoic acid, and
hydroxycinnamic acid content
in GM turnip hairy root; GM
turnip also showed higher
antioxidant, antimicrobial,
and antiproliferative activity

Chung et al.
(2016)

Codonopsis
lanceolata

Transgenic plants with
overexpression of
γ-tocopherol methyl
transferase gene

Transgenic plants had higher
chlorogenic acid, luteolin,
apigenin, protocatechuic acid,
rutin, quercetin, salicylic acid,
and caffeic acid. Also
transgenic plants showed
increased antimicrobial
activity against
Staphylococcus aureus,
Salmonella typhimurium,
Klebsiella pneumoniae, and
Escherichia coli

Ghimire et al.
(2017)

Strawberry Transformed strawberry
with a construct
containing an
anthocyanidin synthase
gene

GM strawberry line ANS L18
had the highest total phenolic,
total flavonoid content. Line
ANS L15 had highest
anthocyanin concentration

Giampieri et al.
(2018)

Artemisia
dubia
WALL

Transgenic lines of
Artemisia dubia WALL
transformed with
Agrobacterium
tumefaciens harboring rol
ABC genes

Increased production of
flavonoids up to 71.1% and up
to 110.8% higher total
phenolic content in transgenic
plants. GM plants showed
higher antibacterial,
antifungal, cytotoxicity,
antitumor, and antioxidant
activities

Kiani et al.
(2015)

Nitraria
schoberi L.

Transformed primary
leaves with a wild strain of
Agrobacterium rhizogenes
15,834 SWISS

Increased biosynthesis of
flavonoids and
hydroxycinnamic acids. 3.8-
fold higher content of catechin
in ethanol extracts of GM
N. schoberi; higher antiviral
activity in GM plants against
influenza [A(H5N1), A
(H3N2)]

Zheleznichenko
et al. (2018)

(continued)
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nonetheless, regulation frameworks vary among countries; thus there is currently no
international harmonization (Eckerstorfer et al. 2019). Release of GMOs is regulated
by government agencies; for instance, the US Department of Agriculture, the Food
and Drug Administration, and the Environmental Protection Agency are the
organizations that regulate release of GMO in the USA; Europe is regulated by the
European Food Safety Authority; England is regulated by the Department for
Environment Food and Rural Affairs; Mexico is regulated by the Federal Commis-
sion for the Protection Against Sanitary Risk (Eckerstorfer et al. 2019; Estados
Unidos Mexicanos 2005). On this subject, Ichim (2019) stated that Romania was
one of the first European countries adopting GM crops for commercial cultivation;
however after 17 years, cultivation stopped, but it’s excepted to continue with this
activity in spite of the European Union block on authorization regarding the cultiva-
tion of GM crops. Up to date, France, Germany, Poland, Italy, Austria, Hungary,
Lithuania, Latvia, Bulgaria, and Greece are European countries that still restrict the
cultivation of GM crops (Ichim 2019). Restrictions arise not due to concerns
regarding safety to human and animal health but to concerns regarding the release
in the environment of authorized or unauthorized GM crops (Rostoks et al. 2019).

Table 20.8 (continued)

Plant Genomic modification Result References

Polygonum
multiflorum

Transgenic transformation
of hairy root lines of
P. multiflorum with
A. rhizogenes strain
KCCM 11879, followed
by exposure to methyl
jasmonate

GM HR-01 line showed
increased total phenolic
content and higher quercetin,
myricetin, kaempferol,
cinnamic acid, chlorogenic
acid, caffeic acid, ferulic acid,
coumaric acid, gallic acid,
protocatechuic acid,
biochanin, hesperidin,
naringenin

Ho et al. (2018a)

Taraxacum
antungense

Induced overexpression of
chlorogenic acid
biosynthetic gene (HQT)

Chlorogenic acid levels
increased up to 82.49% in
transgenic lines

Liu et al. (2018)

Mitracarpus
hirtus

Hairy root ofM. hirtuswas
modified utilizing a root-
inducing plasmid using
A. rhizogenes
A13-mediated
transformation and also
treated with 2-chloro-4-
pyridyl-N-phenylurea

Increased secondary
metabolite production; higher
levels of chrysophanol
(2.23-fold) and 2-methoxy-4-
vinylphenol (1.95-fold)

Pansuksan et al.
(2014)

Nicotiana
tabacum
cv. Petit
Havana

Agrobacterium-mediated
transformation of tobacco
plants with MYB
transcription factor
AtMYB11

Flavonols such as quercetin,
rutin, kaempferol and
kaempferol-3-rutinoside, and
chlorogenic acid biosynthesis
was enhanced in GM tobacco
plants

Pandey et al.
(2015)
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20.15 Conclusions

Phenolic compounds are in great demand, mainly for their potential in treating and
preventing noncommunicable diseases. Harvest and postharvest exposure to unfa-
vorable conditions such as abiotic stress can be used as an alternative to accumulate
total or specific phenolic compounds in different plant materials. By abiotic stress
exposure, high commercially valued plants with high antioxidant activity can be
produced. These adverse conditions mediate the overproduction of signaling
molecules, such as reactive oxygen species and phytohormones like methyl
jasmonate and ethylene, triggering the overproduction of phenolics, mainly by the
overexpression of phenylalanine ammonia lyase, the enzyme involved in the first
step of the phenylpropanoid metabolism. The production and accumulation of
phenolic compounds by abiotic stress induction depend on the stimulus intensity
as well as on the vegetable tissue. Generally, the more the plant is removed from its
comfort zone, the greater the production of these phytochemicals. One of the most
promising strategies of abiotic stress induction is by wounding plant matrices. This
strategy that can be even carried out household to increase the consumption of
antioxidant compounds.

Another tool for phenolic compound overproduction is biotic stress, where
elicitors are mainly used for increasing the production of phenolic compounds in
plants cell culture. This is a promising strategy for the production and subsequent
recovery and purification of compounds of interest, aiming to generate food
supplements or drugs.

Because of the metabolic pathway for phenolic compounds synthesis is now
known, genetic engineering has emerged as another option to increase their produc-
tion. However, since the regulatory framework has not been developed enough, the
use of this particular tool is still limited. Numerous in vivo and in vitro studies have
shown the bioactivity of polyphenols, so increasing the consumption of these natural
compounds emerges as a promising alternative for treating and preventing health
disorders related to oxidative stress. Here, we discussed three alternatives to
achieve it.
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Quantitative Genetics and the Genetic Basis
for Polyphenolics Trait in Plants 21
Gaurav Sharma, Sonia, and Atul Kumar Upadhyay

Abstract

Plant phenolics have been found to influence both plant biological processes and
human health as a dietary component. Plants produce an enormous number of
phenolic secondary metabolites which are involved in interaction with the envi-
ronment, for their reproductive strategy and for their defence mechanisms. These
include developmental signals, such as during lignification of new growth or the
production of anthocyanins/carotene during fruit and flower development, and
environmental signals for protection against abiotic and biotic stresses. Due to
this importance, many QTLs and genes are been found responsible for synthesis
of plant phenolics. Not only QTLs but dietary polyphenols are been reported to
bring certain kind of epigenetic changes and are either eliciting array of gene
expression in the body to influence many changes in metabolism. Studies on other
dietary plant phenolics to cause male sterility and improving fertility by
preventing DNA damage have been discussed in this book chapter.
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21.1 Introduction

Plants have the ability to produce different phenolic compounds for the growth and
development and reproductive processes and for their defence mechanisms that are
very important for the plants. These processes involve different biochemical
transformations. Methylation, methyltransferases, acylation and glycosylation are
involved at their respective stages in the process of production of various phenolic
compounds that are considered basic for the fundamental chemical modifications.
These modified metabolites show different polarity, volatility and chemical stability
and interact with various compounds (co-pigmentation) and biological activity. In
the process of production of plant phenolics, a matrix of potentially overlapping
regulatory signals are involved as in case of lignification of new growth or the
production of anthocyanins during the development of fruit and different environ-
mental signals as defence mechanism against abiotic and biotic stresses. There is
now a good perception of the nature of environmental signals for the flavonoids, the
signal transduction pathway interaction by the activation of the phenolic biosyn-
thetic genes. Different microorganisms can coexist within the plant environment that
can establish various interactions with the host plant and that are often the basis for
the synthesis of targeted phenolic metabolites in response to these interactions. The
increasing evidence suggests that root-specific chemicals (exudates) might start and
influence biological and physical interactions within the roots and soil organisms.
These associations include signal traffic between the roots of competing plants, roots
and soil microbes and one-way signals that transmit the nature of chemical and
physical soil characteristics to the roots that are very necessary to operate such type
of processess. Transcriptional regulation and signal transduction can also be
modulated by plant phenolics for essential physiological processes. Plant phenolics
are also linked with the growth hormone auxin in certain cases. The development of
pollens has been observed by certain phenolic compounds. Flavonoids help in
imparting the orange, red and blue/purple colours to many plant tissues. The chapter
will provide deeper insights into the quantitative genetics and the genetic basis for
polyphenolics trait in plants.

21.2 Synthesis of Polyphenolic Compounds, Genetic Regulation
and Engineering

21.2.1 Genetic Basis for Polyphenolics Synthesis in Plants

The ability to produce various secondary metabolites by plants is not necessary in
the primary processes of growth and development but is important for their interac-
tion with the environment. Chemodiversity is well-developed in terrestrial plants
having different environmental challenges that need to maintain well-organized
transport of the metabolites, structural rigidity and a fine regulation of homeostasis
(Caputi et al. 2012). The change in natural compounds with glycosyl and acyl
moieties is catalyzed by acyltransferases (AT) and glycosyltransferases (GTs) and
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produces thousands of molecular variants (Tanaka et al. 2008). These steps occur
after the completion of the biosynthesis of the respective aglycone known as
regiospecific reactions (Ono et al. 2010). The wide array of cDNAs encoding
members from different plant species and tissues of both enzyme groups has been
cloned. The catalytical function is only explained for a minor part of gene products
by using recombinant enzymes in vitro (Caputi et al. 2012).

Catalytic versatility is characterized by both classes of enzymes that normally
make functional prophecy from primary sequence alone unfeasible.

The accessibility of more and more plant genomes and protein crystal structures
presents potential to acquire a wider view of the families of these two important
protein classes in terms of functional evolution and the key structural elements
recognizing the specificities, especially regiospecificities and catalytical properties.
Metabolite profiling, transcriptomics, sequence assessment, modelling, biochemical
characterization and the use of relative genomics plus genetic engineering can be
effectively useful to recognize substrate requirements and movement of the large
number of candidate genes predicted in plant genomes (Caputi et al. 2012; D’Auria
2006; Tuominen et al. 2011).

21.3 Role of Acyltransferases (AT) and Glycosyltransferases
(GT) in Polyphenol Synthesis

Enzymatic acylation determines aliphatic and/or aromatic acyl moieties onto the
nucleophile (OHe or NHe) of acceptor molecules having ester and amide bonds. The
groups involved in aromatic acylation are coumaroyl or sinapoyl groups that induce
stabilization of the molecule and the color intensity of anthocyanins. Malonylation is
important for stability of the molecules and for the r solubility of water and for the
protection upon degradation by enzymes (Luo et al. 2007). Dissimilar acylations are
universal in the secondary metabolism of plants. N- or O-acylation is implicated in
forming and modifying phenolics and polyphenolics primarily and is also involved
in the ecophysiological roles of alkaloids and terpenoids (D’Auria 2006; Tuominen
et al. 2011; Yu et al. 2000).

The BAHD-ATs are a large family of plant-specific monomeric acyl-CoA-
utilizing and functionally diverse enzymes, which depicts 10–30% resemblance at
the amino acid level. The five angiosperm taxa supported a refined grouping of eight
major clades for this family based on genome analysis. Recently, revealed clade-
specific motifs ought to assist functional studies of substrate and donor specificities
among diverse BAHD enzymes.

The development of BAHD family in altered lineages is associated to taxon-
specific metabolic diversity (Tuominen et al. 2011). The second well-recognized
functional subfamily within BAHD-ATs is fashioned by anthocyanin/flavonoid
ATs, such as hydroxycinnamoyltransferases and malonytransferases involved in
modification of various polyphenols after alcohol acetyltransferases (Yu et al.
2000). It is assumed that these proteins may be located to the cytosol as transit
peptide for translocation to other subcellular sites is yet to be recognized. Products
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produced include modified anthocyanins, lignin, small green-leaf volatile esters,
suberin and defence compounds and phytoalexins (D’Auria 2006). Some members
have a more limited and others a wider preference for in vitro experiments. The
flexibility in their substrate specificities, the prediction of function based only on
structural information, is a major hurdle, and, hence, the great majority of BAHD-
ATs are uncharacterized till date on the basis of their substrates and products (Luo
et al. 2007).

Recently a novel class of ATs, serine carboxypeptidase-like (SCPL)
acyltransferases, was characterized. Proteins belonging to ATs, serine
carboxypeptidase-like (SCPL) acyltransferases, assist transacylation reactions of
various secondary metabolites using energy-rich 1-O-b-glucose esters in the syn-
thesis (Stehle et al. 2009). These vacuolar proteins follow a substitute cellular route
of transacylation spatially isolated from the cytoplasmic enzymes of the BAHD-
AT family. Efforts in cloning and classification led to the recognition of diagnostic
peptides for SCPL acyltransferases, which enables the detection of candidate genes
in some plant genomes. Biochemical analysis of SCPL acyl transferases is depen-
dent on complete heterologous expression systems, efficient protein purification
protocols, and the supply of appropriate substrates. Clearly, SCPL ATs have
evolved from a hydrolytic ancestor by adapting functional elements of the
proteases such as the catalytic triad, oxyanion hole, and substrate recognition
H-bond network to their new function (Mugford and Milkowski 2012).

A ubiquitous group of enzymes that have the ability to catalyze the transfer of a
sugar moiety to various acceptor molecules from an activated donor molecule are
known as GTs. Sugars, lipids, proteins, nucleic acids, antibiotics and other small
molecules may also act as substrates for GT proteins other than secondary
metabolites that result in the formation of polyglycosides, disaccharides by glyco-
sylation and various glycosides of non-carbohydrate moieties. The synthesis of such
molecules is biologically important as it may carry different functions within the
organism and involves the action of hundreds of different such chemicals that are
more or less selective,

GTs (Caputi et al. 2012; Coutinho et al. 2003). 94 GT families are also included in
family 1 of a classification scheme that have the ability to transfer sugars onto small
molecules. UDP glycosyl-transferase (UGTs) is the largest enzyme family that has
different enzymes from plants, animals, fungi, bacteria, and also viruses. UGTs
utilize UDP-activated sugars (glucose, galactose, arabinose) as the major donor
molecule that contain the well-preserved UDP-glycosyltransferases-defining motif
as a unique character that is one of the few regions of significant sequence similarity.
The so-called plant secondary product glycosyltransferase motif is a carboxyl-
terminal consensus sequence of 44 amino acid residues believed to represent the
nucleotide-diphosphate-sugar-binding site of the enzymes (Caputi et al. 2012).
UGTs that are concerned in plant secondary metabolism showed broad substrate
specificity, during in vitro experiments, with recombinant proteins that are
documented as acceptor molecules. This promiscuity could also donate to the
enormous skeletal variations of small molecules concerning their glycosylation
prototype. Nevertheless, UGTs can also be discerning, and the substrate specificities
of some enzymes are defined by regiospecific or regioselective characteristics of the
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aglycones (Lim et al. 2003). A vast number of genes responsible for encoding of
UGTs have been found in plant genomes that are usually consistent with structural
diversity of secondary metabolites of plants.

The cloned UGTs are functionally characterized by in vitro and/or in vivo studies,
but the number of proteins is relatively very less, and it is argued that in vivo activity
of the UGTs is complicated for in vitro activity studies can sometimes be ambiguous.

Researchers advocated that the enzyme is also able to transfer different flavonoid
aglycones, like quercetin, apigenin kaempferol and genistein to glycosylated
products. On the other hand, flavones (apigenin) and isoflavones (genistein) have
not been isolated from naturally occurring metabolites in A. thaliana.

The selective approach to highlight the problems of different enzymes can display
regio- and stereospecificity, and in several cases, it is very wanton; identifying a
range of substrates and producing multiple products have been observed in some
plants. A pool of information is now available about plant genomes that provide bulk
of understanding in multigene families for secondary metabolites. The knowledge
can be used that has helped us to explore molecular adaptations occurred during
plant evolution, the elucidation of new or not well-known metabolic pathways and
the identification of genes that could be exploited for biotechnological applications.

It is revealed that UGT79 B1 encodes for an anthocyanin 3-O-glucoside:2 00
-O-xylosyltransferase has drastically reduced the anthocyanin content and enzyme
assay with the respective recombinant proteins by knockout mutants. The recombi-
nant F3GGT1 is a substrate for transfer of UDP-xylose to the galactose moiety.
It appears that the first glycosylation step in which F3GT1 is responsible for the
formation of cyanidin 3-O-galactoside is an important step for anthocyanin
accumulation in the red-fleshed fruit of A. chinensis (Montefiori et al. 2011).
3-Deoxyanthocyanins are recognized in few plant species but also help in flower
pigments in Gesneriaceae and Bignoniaceae, which gives bright red or orange-red
colour. 5-O-Glucosyltransferase was cloned from Sinningia cardinalis (Lehm.)
that concentrates 3-deoxyanthocyanins in these flowers. 3-Hydroxyanthocyanidins
or flavones, flavonols and flavanones are not accepted by recombinant protein
but only transferred the glucosyl moiety from UDP-glucose to the
3-deoxyanthocyanidins apigeninidin and luteolinidin (Nakatsuka and Nishihara
2010). The pattern on flower colour which is affected by glycosylation is indicated
in blue-flowered Veronica persica Poiret. The glycosylated anthocyanin is
accompanied by apigenin 7-O-(2-O-glucuronosyl)-glucuronide that gives it a
bathochromic shift towards blue. With the help of reverse genetics, two UGTs
encoded an anthocyanin 3-O-glucoside-2 00 -O- glucosyltransferase and flavonoid
7-O-glucuronosyltransferase. This leads to an understanding that bluish coloration in
flowers is due to expression of these two genes and bathochromic effect (Ono et al.
2010).

Similarly, in grapevine (V. vinifera), 181 putative UGTs were recognized (Caputi
et al. 2012), but only some of these are functionally characterized. Two of them,
VvGT5 and VvGT6, were described as UDP-glucuronic acid:flavonol-3-O-
glucuronosyltransferase (GAT) and bifunctional UDP-glucose/UDP-galactose:fla-
vonol-3-O-glucosyltransferase/galactosyltransferase, respectively.

21 Quantitative Genetics and the Genetic Basis for Polyphenolics Trait in Plants 505



It was revealed that the genes have adequate sequence similarity due to gene
duplication and neofunctionalization with slight amino acid modifications that in
turn contribute to structural variation of flavonols in the grape fruit (Ono et al. 2010).
�Ectopic overexpression of two R2R3MYB (myeloblastosis) transcription factors
involved proanthocyanidin (PA) biosynthesis in grape fruits indicated that there are
three expressed cytoplasmatic UGTs when compared to control groups. The synthe-
sis of 1-O-acyl-glucose esters of various hydroxybenzoic and hydroxycinnamic
acids is due to the catalyzation by respective recombinant proteins. Flavonoids or
stilbenes as substrate were not accepted by the proteins, leading to the arguments that
the enzymes could be involved in PA galloylation using glucose esters for the
formation of hydroxycinnamic esters in vivo as transcripts were only detectable in
early stages of berry development in skins and seeds (Khater et al. 2012).

The bitterness in certain citrus fruits is a result of flavanone glycosides. The
biosynthetic step is catalyzed by two rhamnosyltransferases that utilize, beside
others, flavanone 7-O-glucose as the main substrate. It is well-known fact that
flavanone 7-O-neohesperidosides (rhamnose-2-glucose; e.g. neohesperidin and
naringin) play a major role in imparting a bitter taste, while flavanone 7-O-
rutinosides (rhamnose-6-glucose; e.g. hesperidin and narirutin) do not have any
taste. O-glucosylation at position 7, which is catalyzed by a 7-O-glycosyl-transfer-
ase, is the initial precursor. Subsequently, a rhamnosyltransferase is involved in the
second step. Accordingly, a 1,2-rhamnosyltransferase (1,2RhaT) imparted bitter-
taste pummelo (Citrus maxima Burm.) when cloned, and the encoded enzyme was
found to specifically catalyzer hamnosylation of flavanone and flavone 7-O-
glucosides at position 2 of the glucose moiety. The counterpart from non-bitter
oranges (Citrus sinensis (L.) Osbeck) was recognized as 1,6-rhamnosyltransferase
(1,6RhaT) that triggers the biosynthesis of the tasteless flavanones and is a promis-
cuous enzyme for substrate specificity, since rhamnosylation was found with 3- or
7-O-glycosylated flavanones, flavones, flavonols and anthocyanins at position 6 of
the glucose. The encoding genes are related as they originated independently before
specification of the citrus genus (Frydman et al. 2013).

Two novel acyl-glucose-dependent anthocyanin glycosyltransferases (AAGTs)
from Dianthus caryophyllus L. (Carnation) and Delphinium grandiflorum
L. (Delphinium) were described as new reaction mechanism for the sugar transfer.
These enzymes were shown to catalyze the 5- and 7-O-glucosylation of
anthocyanidins, respectively, which had been generally been thought to be catalyzed
by UGTs. The petal color variation of carnations was found to be due to the
occurrence or nonexistence of the glucosylation at the position 5 (Nishizaki et al.
2011) as both of the enzymes use aromatic acyl-glucose instead of UDP-glucose as
sugar donor to impart color. In addition, a strict acceptor preference for anthocyanins
was observed with no activity found with various other flavonoids and phenolic
compounds. Both enzymes were classified as members of glycoside hydrolase
family 1 (GH1), which act as beta-glycosidases based on the obtained amino acid
sequences. Residual GH activity was obvious with the recombinant protein but was
negligible compared to GT activity. GH1s are involved in several primary processes
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like plant defence, lignification, hydrolysis of oligosaccharides and phytohormone
regulation (Matsuba et al. 2010).

However, GH1 proteins have putative transit peptide sequences that are very
important for localization in the endoplasmic reticulum, peroxisomes, mitochon-
drion and plasma membrane and for the sequestration into vacuoles. The activity of
an AAGT was detected also in flowers of Agapanthus africanus (L.) Hoffmanns.
The isolated cDNA was named as an AA7GT and the recombinant protein shows
akin biochemical properties as the Dianthus and Delphinium proteins (Miyahara
et al. 2011, 2012). Separately, phylogenetic analysis helped in recognition of up to
11 GH1 candidate genes from the genetic makeup of A. thaliana with unknown
function based on bioinformatic approach. These approaches postulated that AAGTs
were derived from glucosidases early during the evolution of angiosperm (Miyahara
et al. 2011).

21.4 Gene Regulation of Polyphenol Production in Plants

The release of polyphenols involves a variety of potentially overlapping regulatory
signals like developmental signals as in lignification of new growth or the release of
anthocyanins during fruit and flower growth that help to defend against abiotic and
biotic stresses. There is an outstanding perception of the nature of the regulatory
signals for some flavonoids and the transduction pathway that connects to the
activation of the biosynthetic genes.

It has been observed that processess like flower development, berry ripening, and
vegetative pigmentation has primarily through the action of transcription factors
(TFs). Several TF have been recognized to control flavonoid biosynthesis, monocots
and eudicots.

The fundamental to the direct directive of anthocyanin and proanthocyanidin
(PA) biosynthetic genes is core “MBW” regulation complexes, comprising of
detailed members of the R2R3MYB and basic helix-loop-helix (bHLH) TF families
in combination with a WD repeat (WDR; tryptophan-aspartic acid (W-D) dipeptide
repeat) protein. Different MBW complexes can be made from various MYB and
bHLH components, and these can have diverse target genes and diverge in their
activation or repression actions. The genes responsible for control of PA biosynthe-
sis have been characterized for some species like grape, in which several PA-related
R2R3-MYBs were recognized (Bogs et al. 2007; Terrier et al. 2009), other species
like legumes (Dixon et al. 2013), and persimmon (Diospyros kaki Thunb.) as well.
PAs are important for the development of legumes and the regulation of proteins in
ruminants. R2R3MYBs-regulating PA production was recognized from the legumes
of Medicago and Lotus and used in genetic alteration to enhance PA levels in forage
crops (Dixon et al. 2013). An important advancement is the recognition of an
R2R3MYB from rabbit’s foot clover (Trifolium arvense L.) that when overexpressed
inMedicago sativa L. or Trifolium repens L. brings foliar PA build-up at up to 1.8%
dry weight (Hancock et al. 2012). In grape fruits, PAs manipulated the sensory
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qualities of the end product as wine. In Persimmon PAs may accumulate to
concentrations that make fruit highly mordant (Akagi et al. 2012).

In PAs and flavonols, there are only a few polyphenol biosynthetic pathways for
which TFs have been characterized outside of the anthocyanin. The control of lignin
biosynthesis is extensively researched in A. thaliana and to a lesser extent the grasses
(Gray et al. 2012; Zhao and Dixon 2011). In A. thaliana, MYB85 and members of
R2R3MYB subgroup 3 directly enhance lignin biosynthesis under the influences of
upstream MYB and NAC. Further, members of R2R3MYB subgroup 4 inhibit the
synthesis of the antecedents for the branch of the phenylpropanoid pathway leading
to lignin and a range of other compounds. Changes in TF gene is linked with
isoflavonoid release well-described for the Lotus japonicus L. and a group of
R2R3MYBs (subgroup 2) recognized as a candidate activators for the essential
biosynthetic genes (Shelton et al. 2012). In combination with the induction of the
subgroup 2 genes, there was downregulation of Tfs that control branches of the
phenylpropanoid passageway that might compete with isoflavonoid production,
especially for the production of flavonols and PAs and the likely bHLH component
of the anthocyanin MBW complex. Several additional mechanisms and TFs are
recognized that control flavonoid biosynthesis, most of which are thought to act by
influencing the MBW complex activity by the mechanisms that provoke MBW
activator complex. The different mechanisms that help in the degradation of TF
protein are due to the response pathway for the induction of anthocyanins in
response to light in A. thaliana leaves and apple fruit.

The bZIP TF protein LONG HYPOCOTYL5 (HY5) is a key coordinator of the
light response in A. thaliana and HY5 will enhance flavonoid biosynthesis through
direct binding at promoters of anthocyanin biosynthetic genes and the induction of
MYB12, the direct activator of flavonol biosynthesis. Over the years, the first
repressor was the R2R3MYB identified from plants. The exposure to UV-B irradia-
tion downregulates AtMYB4, and that AtMYB4 production is downregulated by
exposure to UV-B irradiation, which in turn relieves the cinnamate-4-hydroxylase
gene from AtMYB4-based suppression and promotes production of sinapate esters
for UV-B protection (Jin et al. 2000). A potential repressor for anthocyanin produc-
tion was recognized soon after AtMYB4, FaMYB1 from strawberry (Aharoni et al.
2001).

The plant-specific EAR domain which has the core sequence of LxLxL or
DLNxxP occurs in various TF families in addition to the R2R3MYBs (Kagale and
Rozwadowski 2011). Directions of confirmed and candidate R2R3MYB-EAR
repressors for flavonoid biosynthesis from a range of species indicated various
conserved areas, mostly (P/L)DLNL(E/D)L chain that is EAR domain. The EAR
domain makes it simple to recognize the repressors of flavonoid biosynthesis from
genomic sequence data. R2R3MYB-EAR repressors also include AtMYBL2 of
A. thaliana (Dubos et al. 2008; Matsui et al. 2008) and MYB27 of petunia (Albert
et al. 2011; Kroon 2004.). AtMYBL2 and PhMYB27 have unique roles to control
vegetative pigmentation that is expressed at various levels in leaves of shade-grown
plants, and in contrary plants are exposed to light stress.
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Apart from AtMYBL2 that is a truncated protein MYBs of the R3MYB type
containing the R3-region of the MYB DNA-binding domain, six R3MYBs have
been identified as being involved in this process in A. Thaliana, having
TRIPTYCHON (TRY) and CAPRICE (CPC) with best characterization process
(Feller et al. 2011; Balkunde et al. 2010). The regulation of epidermal cell fates
CPC has a role in anthocyanin regulation as revealed by transgenic overexpression
(Zhang et al. 2009,Zhu et al. 2009). A homolog from petunia, MYBX, suggests its
primary role is in negatively regulating anthocyanin biosynthesis (Kroon 2004;
Albert et al. 2012), and the candidate R3MYBs for flavonoid regulation is also
present in the sequence databases for other species.

This clearly indicates that the regulation of polyphenol production is well-
established contrary to the state of knowledge of secondary metabolite pathways.
However, there are still many areas that need proper exploration.

21.5 Plant Phenolics, Their Effect on Human Health and Its
Genetic Basis

Several exceptional reviews are focused on the health-related effects and bioavail-
ability of polyphenols in human nutrition (5–9). Originally, the main health claims
for polyphenols were based on their properties as scavengers of free radicals and
reactive oxygen species (ROS). It is well-established fact that plant phenolics play a
vital role in human health by way of human nutrition and the mechanism by which
free radicals which are reactive oxygen species are influenced.

The increased utilization of fruits and vegetables for fibre, micronutrients and
antioxidant compounds that are beneficial to human health is recommended by
nutritionists (Willett 2002). Apple (Malus x domestica Borkh.) is a good source of
dietary fibre (2 g/100 g fresh fruit) (McGhie et al. 2005; Boyer and Liu 2004) and is
enriched with high concentrations of quercetin, epicatechin and procyanidin
polymers but is lower in vitamin C than other fruits (5–25 mg/100 g depending on
the cultivar (Davey et al. 2006), (McGhie et al. 2005; Hertog et al. 1993; Vinson
et al. 2001). The presence of polyphenolic compounds help in the prevention of
epithelial cancers and cardiovascular diseases, thrombotic stroke, obesity, type
2 diabetes and neurodegenerative diseases associated with aging and infections
(Arts and Hollman 2005). Polyphenolic compounds like flavonoids, phenolic
acids, lignans and stilbenes are secondary metabolites involved in defence against
aggression by pathogens or ultraviolet radiation.

Similarly, Sophorae Radix (Sophora flavescens Aiton) belongs to the Fabaceae
family which have been used as a functional food ingredient and traditional herbal
medicine as an antipyretic, diuretic and anthelmintic, in addition to these, it is also
used for the treatments of diarrhea, gastrointestinal haemorrhage and eczema (Bae
2000).

About 200 compounds have been recognized from Sophorae Radix, including
alkaloids, flavonoids, terpenoids and other compounds (He et al. 2015; Piao et al.
2006; Ling et al. 2007) with alkaloids and flavonoids as the main active compounds
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found in roots, stems, leaves, flowers and seeds of Sophorae Radix (Kuroyanagi
et al. 1999). The rare alkaloids like sophocarpine, oxymatrine, matrine, sophoridine,
kuraridin, kurarinone, isokurarinine, norkurarinone, pterocarpin, formononetin,
trifolirhizin, daidzein, umbelliferone, maackiain, kuraridinol, kurarinol,
neo-kurinol and norkurarinol of the plant kingdom are mainly found in Sophora
species (Kim et al. 2004).

The prevention of cancer by green tea polyphenols is an induced antioxidative or
pro-oxidative effects, and its necessity is dependent on the stage of carcinogenesis
(Lambert and Elias 2010). The enhanced endogenous antioxidant is an important
factor before carcinogen exposure, whereas pro-oxidant cell killing are necessary in
clearing transformed cells from the body and thus restrictive tumour development
(Fig. 21.1).

Epigenetic processes is well-regulated by several dietary polyphenols like caffeic
acid, catechin, chlorogenic acid, etc. that play important roles in gene expression
regulation such as DNA methylation processes (Link et al. 2010), histone modifica-
tion and microRNA expression (Pan et al. 2013). Polyphenol-induced epigenetic
changes may explain the chemopreventive roles to avert and other diseases in
humans. The non-glycosylated form of phlorizin, phloretin, influences epigenetic
processes, and heritable changes that are not encoded in the DNA sequence play vital
role in gene expression regulation in breast cancer cells (Paluszczak et al. 2010).
Quercetin are efficient inhibitors of sulfotransferases (Otake et al. 2000; Marchetti
et al. 2001), which effect the activity of thyroid hormones, steroids and
catecholamines (Coughtrie et al. 1998).

GULTATHIONE 
PEROXIDISE

Fig. 21.1 Critical role of antioxidant enzymes in spermatogenesis. ROS reactive oxygen species,
NO nitric oxide. (Source: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5456340/)
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Oligomeric procyanidins present in apples affect multiple and important
mechanisms of cancer. In vitro antimutagenic activity, antioxidant activity, anti-
inflammatory mechanisms, anti-proliferative, modulation of carcinogen metabolism,
modulation of signal transduction pathways and apoptosis-inducing activity, as well
as novel mechanisms on epigenetic events and innate immunity, are well embraced
(Gerhauser 2008). Alzheimer’s disease is well-controlled by apple polyphenols, and
apple juice helps in cognitive decline of normal aging suppressing overexpression of
presenilin-1, which is concurrent to the production of amyloid-b peptide (Chan and
Shea 2009).

Sperm cells are highly sensitive to reactive oxygen species (ROS), which are
produced during cellular oxidation. In normal cell biology, ROS levels increase with
a decreasing antioxidant response, resulting in oxidative stress which threatens
sperm biology. The Chinese plant Tripterygium wilfordii and its botanical cousins
contains several orally active compounds that provide male contraception (Qian
1986). Pills made from Tripterygium have been used in traditional Chinese medicine
for over 1000 years. The extracts from the seeds of papaya fruits (Carica papaya)
administrated to monkeys revealed that monkeys did not ejaculated the sperms and,
hence, can be used as a contraceptive in humans as well (Verma and Chinoy 2001).
Similarly, leaf extract of bael (Aegle marmelos) diminished the activity of germ cells
as well (Das et al. 2006).

It is revealed that increased oxidative damage to sperm membranes is linked with
changes in signal transductions that will affect the fertility. The male and female
fertility cells possess an inherent limited capacity to release ROS that aids in
fertilization process. Hence, it is very much argued that antioxidant enzymes, (like
SOD catalase, glutathione peroxidase and reductases), vitamins (E, C, carotenoids
also called tetraterpenoids) and few molecules involved in certain important
biological systems are released from plants, mostly from fruits and vegetables.
Hence, this is a way forwards that the phenolics compounds may treat different
infertility problems in humans (Adewoyin et al. 2017). There is a relationship
between reactive oxygen species, oxidative stress and infertility as shown in
Fig. 21.2.

21.6 Conclusion

Till date many QTLs and candidate genes such as acyltransferases and
glycosyltransferases have been reported to known to regulate polyphenol synthesis
in plants. There is a requirement for in-depth knowledge on the molecular mecha-
nism specific to their mode of action. Phenolics compounds are been well-
established in fruits, while study about their shelf life in fruits should be improved
in order to preserve and conserve these compounds. High variation has been reported
in case of polyphenolics localization in fruit peels, and flesh among cultivar can be
useful for breeding programme. However, progress in genomics and biotechnology
application will boost genetic improvement of elite genotype for highly specific
polyphenolic traits. Apart from above polyphenol has been part of our diet and plays
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a crucial role against many health alignments. Not only QTLs but also dietary
polyphenols are been reported to bring certain kind of epigenetic changes and are
either eliciting array of gene expression in the body to influence many changes in
metabolism. Studies are required on other dietary plant phenolics to cause male
sterility and improving fertility by preventing DNA damage.
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in Plant-Defensive Mechanisms 22
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Abstract

Phenolics are ubiquitous secondary metabolites found in plant. They are aromatic
compounds synthesized by phenylpropanoid pathway. Phenolics have been in the
focus of many findings on plant-defenses mechanisms to pathogens, including
bacteria, fungi, and viruses, and major abiotic stresses like drought, salinity, and
UV. Phenolic compound exhibits antimicrobial and antioxidant properties which
helps plant to evade pathogenic infections as well as protect the major tissues
from toxic effect of reactive oxygen species. Rapid upregulation of genes in the
phenylpropanoid pathway and the accumulation of phenolics can be observed in
response to environmental stress. Phenolic compounds also play an important
role in protecting the plant from insect herbivory. Phenolic compounds are
diverse and classified based on the number of carbons. Structural diversity of
the phenolic compound defines its functional properties and distribution in
different plant species. Beside defensive mechanisms, phenolic compounds are
also important in cross-talk or plant-microbe interaction and communications.
Structural diversity of flavonoids from the leguminous plant is important in
species-specific symbiotic relationships.
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22.1 Introduction

Phenols are compounds with one or more hydroxyl groups attached directly to an
aromatic ring. They are similar to alcohols of aliphatic structure where hydroxyl
group is attached to a chain of carbon. However, hydrogen of the phenolic hydroxyl
is influenced by the presence of an aromatic ring, and they are labile, which makes
phenols as weak acids. The term phenolic covers a diverse group of chemical
compounds. On the basis of structure, phenolic compounds comprise an aromatic
ring, bearing one or more hydroxyl substituent’s which range from simple phenolic
molecules to highly polymerized compounds (Balasundram et al. 2006). Harborne
and Simmonds (1964) classified phenolic compounds into different groups based on
the number of carbons in the molecule (Table 22.1) (Harborne and Simmonds 1964).

Table 22.1 Classification of phenolic compounds

No. of
carbon
atoms Structure

No. of
phenolic
cycles Class Examples

6 C6 1 Simple phenols,
benzoquinones

Catechol, hydroquinone,
2,6-dimethoxybenzoquinone

7 C6–C1 1 Phenolic acids, phenolic
aldehydes

Gallic, salicylic acids

8 C6–C2 1 Acetophenones, tyrosine
derivatives, phenylacetic
acids

3-Acetyl-6-
methoxybenzaldehyde,
tyrosol,
p-hydroxyphenylacetic acid,
homogentisic acid

9 C6–C3 1 Hydroxycinnamic acids,
phenylpropenes,
coumarins, isocoumarins,
chromones

Caffeic, ferulic acids,
myristicin, eugenol,
umbelliferone, aesculetin,
bergenin, eugenin

10 C6–C4 1 Naphthoquinones Juglone, plumbagin

13 C6–C1–

C6

2 Xanthonoids Mangiferin

14 C6–C2–

C6

2 Stilbenoids,
anthraquinones

Resveratrol, emodin

15 C6–C3–

C6

2 Chalconoids, flavonoids,
isoflavonoids,
neoflavonoids

Quercetin, cyanidin, genistein

16 C6–C4–

C6

2 Halogenated algal
phenolic compounds

Kaviol A, colpol

18 (C6–C3)2 2 Lignans, neolignans Pinoresinol, eusiderin

30 (C6–C3–

C6)2
4 Biflavonoids Amentoflavone

Many (C6–

C3)n,
(C6)n,
(C6–C3–

C6)n

n > 12 Lignins, catechol
melanins, flavolans,
polyphenolic proteins,
polyphenols

Raspberry ellagitannin, tannic
acid
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Phenolic compounds are secondary metabolites, universally present in plants.
They are the derivatives of pentose phosphate, shikimate, and phenylpropanoid
pathways (Balasundram et al. 2006; Cheynier 2012). They are present in plant
seeds, leaves, bark, and flowers. More than 8000 phenolic structures are currently
known. They can range from simple molecules of low-molecular-weight (phenolic
acids, flavonoids, phenylpropanoids) to highly polymerized compounds (lignins,
melanins, lignans, tannins). With at least 4000 identified molecules, flavonoids
represent the most common and widely distributed subgroups comprising flavones,
isoflavones, and 2,3-dihydro derivatives of flavone (Cheynier 2012). Besides
flavonoids, lignans are one of the most distinctive groups of phenylpropanoids.
They are known to possess a variety of biological activities including antibacterial,
antifungal, antiviral, anti-inflammatory, anti-cancerous, and antioxidant effects
(Pereira et al. 2016). Phenolic compounds also relate to the human health benefits
which derived from consuming high levels of fruits and vegetables. The beneficial
effects derived from phenolics have been attributed to their antioxidant activity.
Phenolic compounds act as a natural source of antioxidants (Parr and Bolwell 2000).

The term polyphenol is often used as an alternative of phenolic compounds;
however, it should be restricted to molecules bearing at least two or more phenolic
rings in their structure (Quideau et al. 2011). Polyphenols or polyhydroxyphenols
are organic chemicals with multiple phenols as structural units. It was first defined by
Bate-Smith (1962) as “water soluble phenolic compounds having molecular weights
between 500–3,000 Da.” They have special properties such as the ability to precipi-
tate alkaloids, gelatin, and other proteins from solution (Cheynier 2012). These
compounds are one of the most widely occurring groups of extracted
phytochemicals and are of considerable morphological and physiological impor-
tance in plants. Phenolics play a major role in growth and reproduction, and also it
provides protection against pathogens and predators (Balasundram et al. 2006). It
also contributes toward the color and sensory characteristics of vegetables and fruits
(Balasundram et al. 2006). Some phenolic compounds are widely distributed, while
others are specific to certain families of plant or found only in certain plant organs at
certain developmental stages. Structural diversity of phenolic compound defines its
functional attributes and its specific distribution. For example, anthocyanin is the
pigment of most red and blue plant organs. They are found in flowers and in mature
fruits and play an important role in attracting pollinators and helping in pollination.
Presence of anthocyanin in young leaves protect them from photodamage and help
in normal growth. A red anthocyanin coating of leaves also protects the young leaves
from insect herbivory (Karageorgou and Manetas 2006). Phenolic compounds like
proanthocyanidins (flavan-3-ol oligomers and polymers) and hydrolyzable tannins
(i.e., gallotannins and ellagitannins, based on multiple esters of gallic) participate in
plant defense against herbivores, fungi, and viruses. They are mostly found in early
developmental stages of plant based on their functional properties (Cheynier 2012).
Flavonoids have been identified to guard the tissue against UV radiation. The
depletion of ozone layer over the last three decades has created UV radiation stress
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on plant. Flavonoids were identified to reduce the reactive oxidative species
generated over the UV-B stress (Agati and Tattini 2010) (Fig. 22.1).

22.2 Functional Properties of Phenolic Compounds

Phenolic compounds are mainly synthesized from cinnamic acid, which is formed
from phenylalanine by the action of phenylalanine ammonia-lyase (PAL) through
phenylpropanoid pathway (Heleno et al. 2015). The importance of this pathway can
be supported by the fact that, in normal growth conditions, 20% of carbon fixed by
plants flows through this pathway (Michalak 2006a, b). Phenolic compounds have
various functions in plants. An enhancement of phenylpropanoid metabolism and
accumulation of phenolic compounds can be observed under different environmental
stress conditions (Bergmann et al. 1994; Król et al. 2014; Caliskan et al. 2017). The
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combination of isoflavones and some other flavonoids is induced when plants are
infected, wounded, under low temperatures, low nutrient conditions, and UV, metal
stress condition (Mierziak et al. 2014; Schulz et al. 2016). Plants accumulate
UV-absorbing flavonoids and additional phenolic compounds mainly in vacuoles
of epidermal cells, to avoid the penetration of UV-B into the deeper tissues of the
plant (Rodríguez-Calzada et al. 2019). The initiation of phenolic compound biosyn-
thesis was observed in wheat in response to nickel toxicity and in maize in response
to aluminum. Phaseolus vulgaris exposed to cadmium accumulate soluble and
insoluble phenolics. Phyllanthus tenellus leaves contain more phenolics than control
plants after being sprayed with copper sulfate (Michalak 2006a, b). Phenolic
compounds have also an important role in pathogenic resistance as bioactive or
antimicrobial compounds. In response to microbial attack, induce defense mecha-
nism synthesizes broad-spectrum antibacterial compounds which initiate site-
specific hypersensitive response to protect the spread of infection and future attack
(Mandal et al. 2010).

Besides the stress response metabolites, phenolic acid has also an important role
in plant-microbe interaction. Legume plants release phenolic acids as root exudates
during germination and seedling growth stage. Rhizobium community of rhizosphere
respond to the phenolic acid (flavonoids) and undergo metabolic changes, which
initiate the nodulation process in legumes. The structural and functional diversity of
phenolics secreted by legumes provides a competitive advantage for nodulation by
selective rhizobial strains (Blum et al. 2000; Mandal et al. 2010). A current study
also suggested that root exudates contribute to plant pathogenic resistance via
secretion of antimicrobial compounds. These findings point to the importance of
plant root exudates which are mainly phenolic compounds as belowground signaling
molecules, particularly in defense responses (Lanoue et al. 2010). The study showed
that under Fusarium attack, the barley root system secrets t-cinnamic acid which has
antimicrobial activity. The secretion of de novo biosynthesized t-cinnamic acid
induced within 2 days and shows dynamic plant-defense mechanisms at root level
(Lanoue et al. 2010).

Plants grow and live in very complex and varying ecosystems. Because plants
lack the mobility to escape from pathogens or herbivores attack, they have devel-
oped constitutive and inducible defenses mechanisms that are triggered by spatio-
temporally dynamic signaling mechanisms. These defenses counteract pathogens
directly via the production of toxins or defense plant structures. Root exudates play
an important role in induced plant-defense mechanisms. The roots of Ocimum
basilicum secrete rosmarinic acid when challenged by the pathogenic fungus
Pythium ultimum (Bais et al. 2002). Stimulation of iridoid glycosides in root
exudates of Plantago lanceolata in the presence of nematodes acts as nematicides
(Wurst et al. 2010) (Fig. 22.2 and Table 22.2).

Several simple and complex phenolic compounds also act as allelochemicals,
phytoalexin, phytoanticipins, and nematicides. Phenolic compounds like terpenoids,
hydroquinones, hydroxybenzoates, hydroxycinnamates, and hydroxynaphthoquinones
are known for allelochemical activity for competitive plants and weeds (Weir et al.
2004; Jilani et al. 2008). Compounds like cajanin, medicarpin, coumestrol, and
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limonoids can act as nematicides in plant-defense mechanisms. Plants respond to
pathogen attack by accumulating phytoalexins, such as hydroxycoumarins and
hydroxycinnamate conjugates (Karou et al. 2005). The synthesis, release, and
accumulation of phenolics in particular salicylic acid (SA) are central to many
defense strategies against pathogenic invaders (Boller and He 2009; Bhattacharya
et al. 2010). De novo synthesis of SA occurs followed by infection or stress
response. Accumulation of SA is a key molecule of systemic-acquired resistance.
The volatile derivative, viz., salicylic acid methyl ester, has the ability to induce
protection in other parts of the plant and to neighboring plants (Horvath and Chua
1994; Heil 1999; Bhattacharya et al. 2010).

22.3 Phenolics and Derivatives

22.3.1 Flavonoids

Flavonoids are the largest group of secondary metabolites, which are derivatives of
simple phenols. Structurally they have a 15-carbon skeleton, consisting of two
aromatic rings connected by three carbon bridge (C6–C3–C6) (Kulbat 2016). Struc-
tural and functional differentiation of flavonoids depends on its substituents
(Martens et al. 2010). Flavonoids can be basically classified into three classes
based on structural skeleton, viz., flavonoids or bioflavonoids, isoflavonoids derived
from 3-phenylchromen-4-one (3-phenyl-1,4-benzopyrone), and neoflavonoids,
derived from 4-phenylcoumarine (4-phenyl-1,2-benzopyrone) (Fig. 22.3).
Flavonoids can be further subgrouped into anthocyanidins, anthoxanthins,
chalcones, flavones, flavonols, flavandiols, flavans, proanthocyanidins, and tannins
(Falcone Ferreyra et al. 2012).

In higher plants, flavonoids are involved in floral pigmentation, symbiotic
relationships with prokaryotes, protection from pathogenic infection, insect herbiv-
ory, UV filtration, and antioxidant activity. Characteristics of unique color of plants
like yellow are due to quercetin, or shades of blue color are due to malvidin (Mol
et al. 1998). The flavonoids secreted by leguminous plant roots act as a messenger
for the initiation of rhizobial infection stage toward the symbiotic relationships.
Plants accumulate flavonoids in vacuoles of epithelial cells to protect tissues against
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Fig. 22.2 Enzymatic conversion of phenylalanine to cinnamic acid. [Phenylalanine ammonia-
lyase (PAL)]
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Table 22.2 Function of some of the naturally occurring phenolic compounds. (Bhattacharya et al.
2010)

Phenolic compounds Function

Coniferyl alcohol, sinapinic acid, cinnamic
acid

vir gene inducers, determinants of scent and
attractants of pollinators and symbiotic
microbes in plants, etc.

Hydroxybenzoate, hydroxycinnamates,
5-hydroxyanthraquinones

Allelochemicals for plant competition

Umbelliferone, p-hydroxybenzoic acid,
vanillyl alcohol, isoflavones

Chemoattractant in Rhizobium

Sinapinic acid, syringic acid,
ethylsyringamide, propylsyringamide,
carbethoxyethylensyringamide,
parahydroxybenzoate, ferulic acid

vir gene inducers in Agrobacterium

Vanillyl alcohol, bromo acetosyringone Inhibitors of vir gene induction in
Agrobacterium

Acetosyringone, α-hydroxyacetosyringone, p-
hydroxybenzoate

Chemoattractant in Agrobacterium and
Rhizobium and vir gene inducers in
Agrobacterium

Salicylic acid Quorum quencher in Agrobacterium

Hydroquinone Allelochemical for plant competition

Coumarins, xanthones, anthocyanidins Determinants of color and attractants of
pollinators in plants

Caffeic acid vir gene inducer in Agrobacterium

3,4-Dihydroxybenzoic acid Chemoattractant in Agrobacterium and
Rhizobium

Protocatechuic acid, β-resorcylic acid,
protocatechuate, p-resorcylate, catechol

vir gene inducer in Agrobacterium

Chlorogenic acid Precursor for lignin and suberin synthesis in
plants

Lignin, tannins, and suberins Structural components of plant cells

Catechins Plant defense

Flavonoids, flavonols, flavones, genistein,
daidzein, O-acetyldaidzein, 6-O-
malonylgenistin, 6-O-malonyl daidzin,
glycitin, 6-O-malonylglycitin

nod gene inducers in Rhizobium

Apigenin, naringenin, luteolin Chemoattractant in Agrobacterium and
Rhizobium and nod gene inducers in
Rhizobium

Gallate, gallic acid, pyrogallic acid, syringic
acid, kaempferol

vir gene inducers in Agrobacterium

Flavanones, quercetin nod gene inducers in Rhizobium

Isoflavonoids Chemoattractant and nod gene inducers in
Rhizobium

Cajanin, medicarpin, glyceoline, rotenone,
coumestrol, phaseolin, phaseolin, limonoids,
tannins, flavonoids

Phytoalexins, phytoanticipins, and nematicides
in plant defense
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UV stress. Flavonoids can absorb radiation of high energy (maximum absorbance at
250–270 nm and 335–360 nm) (Winkel-Shirley 2002; Liang et al. 2006). Flavonoids
also protect the plants from metal toxicity by metal – chelation. Metal – flavonoids
chelates displays superoxide dismutase activity (A. 2006).

22.3.2 Coumarins

Coumarin acid is another important product of shikimic acid pathway, which is
produced by hydroxylation of cinnamic acid or deamination of tyrosine by tyrosine
ammonia – lyase (TAL) enzyme. It has a basic structure of C9H6O2. Coumarins
exhibit toxicity against herbivores. Bitter-taste coumarin also discourages animals
from eating plants containing large amount of these compounds (Kulbat 2016)
(Fig. 22.4).

22.3.3 Tannins

Tannins are polyphenolic compound that protects plants from herbivory. There are
three classes of tannins: hydrolyzable polymer synthesized from gallic acid,
phlorotannins, and condensed tannins and phlobatannins (Haslam 1966; Mueller-
Harvey 2001). Tannins are generally found in high concentration in the bark and
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leaves of trees. Unpleasant, bitter taste and ability to denature protein makes tannin
an exceptional compound to provide plant protection against insects (Kulbat 2016).

22.3.4 Salicylic Acid

Pathogenic infection initiates the accumulation of pathogenesis-related (PR) protein
at a distant location from the infection site to enhance the state of resistance. Along
with the PR protein, accumulation of salicylic acid (SA) and hydrogen peroxides
also occurs at the site of infection as a systemic-acquired resistance, which is
mediated by different signaling molecules. SA acid is one of the major signaling
molecule for initiation of systemic-acquired resistance (SAR) (Fig. 22.5). It has been
found that the exogenous supply of SA can induce SAR and provide resistance to
infected plants.
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22.3.5 Lignin

Lignin is a polyphenolic compound synthesized by polypropanoid pathway. Lignin
is structural materials of some vascular plants and some algae. Lignin is important in
the formation of cell walls. Synthesis of lignin can be de novo and specifically in
response to pathogenic attack. In cultivar variety of wheat which are resistant to
Puccinia recondite f. sp. tritici, fungal pathogen-causing leaf rust shows more
accumulation of lignin compared to susceptible varieties (Southerton and Deverall
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1990). A similar reaction can be observed in wheat in response to Fusarium
graminearum infections which cause Fusarium head blight. Several researchers
showed the importance of lignin biosynthesis in response to pathogenic attack.
Inhibition of the enzyme PAL and cinnamyl alcohol dehydrogenase which are
important in lignin biosynthesis showed reduced resistance to stem rust (Puccinia
graminis Pers f. sp. triti Erics. & E. Henn.) (Moldenhauer et al. 2006). Coordinated
expression of lignin biosynthesis is required against pathogenic infections.

22.3.6 Phytoalexin

Stress response initiates formation of two different types of compounds. In one
response, the plant can form compounds which are off-target and work from
considerable distance from the infection site. In other response, plant forms
compounds which specifically act at the site of infection. In general, the stress
metabolites or the compounds formed under stress and infections are referred to as
phytoalexin. Phytoalexin shows specific toxicity against pathogens. Most of the
phytoalexins belong to flavonoids and isoflavonoids group and exhibit antimicrobial
and antioxidant activity (Vermerris and Nicholson 2006). Phytoalexins can break-
down cell wall, disrupt metabolism, and prevent growth of the pathogenic
microorganisms. The importance of phytoalexin can be gleaned from the fact
mutants for phytoalexin exhibit more pathogenic colonization compared to wild
types, and susceptibility of plant tissues increases when phytoalexin biosynthesis is
inhibited (Glazebrook and Ausubel 1994). Synthesis of phytoalexins is important for
defensive mechanisms against fungal and other microorganisms.

• Trans-resveratrol is a phytoalexin which can inhibit the growth of Botrytis
cinerea (Timperio et al. 2012).

• Grapevine secretes delta viniferin against the infection of Plasmopara viticola
(Favaron et al. 2017).

• Danielone, a phytoalexin found in papaya fruit, shows antifungal activity against
Colletotrichum gloeosporioides (Echeverri et al. 1997).

• Chlorogenic acid present in the periderm of potato tubers is toxic to the Strepto-
myces scabies, which causes potato scab (Villegas and Kojima 1985) (Fig. 22.6).

22.4 Phenolic Compounds in Abiotic Stress

Environmental condition governing the agricultural lands is often inadequate for
crop production. Abiotic stress including drought, salinity, and water scarcity causes
huge economic and yield losses every year around the world. Climate change and
improper land use have also aggravated the land degradation. Drought and salinity
are still major abiotic stress for many agricultural lands. Research showed that
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increased abiotic stresses like drought, salinity, low/high temperature, and nutrient
deprivation are associated with oxidative stress and production of reactive oxygen
species (ROS) (Schulz et al. 2016; Caliskan et al. 2017). Reactive oxygen species are
superoxide anion (O2

�), hydrogen peroxide (H2O2), and hydroxyl radical
(HO) which are formed in cells during partial reduction of oxygen species. Plant
has evolved different antioxidant mechanisms to mitigate the cytotoxic effect of
ROS. Plant can use enzymatic and non-enzymatic components for antioxidant
activity. In enzymatic components, superoxide dismutase, ascorbate peroxidase,
and glutathione reductase are most important. In non-enzymatic antioxidant
mechanisms, a polyphenolic compound like phenolic acids, flavonoids,
proanthocyanidins, and anthocyanins play an important role to balance the ROS
effect. Evidence suggest the accumulation of antioxidant metabolites in major
cellular tissues like mesophyll cells, chloroplast, and mitochondria which can suffer
major damage from ROS (Martinez et al. 2016).
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22.5 Phenolic Compounds in Insect Herbivory

A complex interaction can be observed between the insect pest and phenolics. A
positive correlation has been recorded for the insect herbivory of spotted spider mites
(Tetrancychus urticae) and constitutive concentration of catechol phenolics in
strawberry leaves (Luczynski et al. 1990). Gossypol, a phenolic pigment of cotton,
has a deterrent effect on numerous insect pest and is toxic to Heliothis virescens
(tobacco bollworm) and Heliothis zea (bollworm) (Maxwell et al. 1965). Catechol
can control the mite’s population. It binds to mite’s digestive system and inactivates
them (Rehman et al. 2012). Another example is tannin; Feeny reported the tannin
can control the larvae of the oak month (Opheropthera brumata) (Feeny 1970).
Wheat cultivars containing phenolics are much less attractive to Rhopalosiphum
padi (cereal aphid) (Fürstenberg-Hägg et al. 2013).

22.6 Conclusions

Phenolic compounds play an important role in plant growth and development,
particularly in defense mechanisms. Most of the phenolic compounds have potent
antioxidant properties, neutralizing the effects of oxidative stress. Some of them
exhibit ability to chelate heavy metal ions. Importantly, phenolic phytoalexins
exhibit antibiotic and antifungal activity. Coumarins and tannins repel herbivores,
whereas phenylpropanoids are starting molecules for the synthesis of lignin and
suberin, in order to strengthen cell walls. Flavonoids act as a chemoattractant and
initiate the symbiotic relationship between Rhizobium and leguminous plant.
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Role of Salicylic Acid in Biotic and Abiotic
Stress Tolerance in Plants 23
Heba I. Mohamed, Hanaa H. El-Shazly, and Abdelfattah Badr

Abstract

Salicylic acid (SA) is an endogenous growth regulator of phenolic nature and also
a signaling molecule, which participates in the regulation of physiological pro-
cesses in plants such as growth, photosynthesis, and other metabolic processes.
Several studies support a major role of SA in modulating the plant response to
various biotic and abiotic stresses. Its role in plant disease resistance is well
documented for dicotyledonous plants, where it is required for basal resistance
against pathogens as well as for the inducible defense mechanism and systemic
acquired resistance (SAR); this confers resistance against a broad spectrum of
pathogens. The activation of SAR is associated with the heightened level of
expression of the pathogenesis-related proteins, some of which possess antimi-
crobial activity. Also, SA potentially generates a wide array of metabolic
responses in plants and also affects plant-water relations. This molecule also
found to be very active in mitigating oxidative stress under adverse environmen-
tal conditions. Hence, understanding the physiological role of SA would help in
developing biotic and abiotic stress tolerance in plants.
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23.1 Introduction

Abiotic stresses determine plant productivity and plant distribution. In particular,
drought and salinity affect more than 10% of arable land, and desertification and
salinization are rapidly increasing on a global scale declining average yields for most
major crop plants by more than 50% (Bartels and Sunkar 2005; Mantri et al. 2012;
Mohamed et al. 2016; Akladious and Mohamed 2018; Mohamed et al. 2018;
El-Beltagi et al. 2020). Traditional plant breeding approaches to improve abiotic
stress tolerance of crops had limited success due to multigenic nature of stress
tolerance (Mantri et al. 2012). In the last decade, molecular techniques have been
used to understand the mechanisms by which plants perceive environmental signals
and further their transmission to cellular machinery to activate adaptive responses
(Mantri et al. 2012).

Plants have evolved complex defense system to overcome the biotic stresses as a
natural system poses plenty of opposing forces on plants. Some secondary
metabolites help plant to communicate with other organisms, and some protect
plants from abiotic stress (Schafer and Wink 2009). These secondary metabolites
are significantly important for growth and development. Three major types of
secondary metabolites are produced in plant’s body (phenolics, terpenes, and nitro-
gen/sulfur containing compounds). Thus, to improve plant performance and to
reduce the loss of productivity, this can be implemented through various approaches,
and one of those is the application of secondary metabolites (Ballhorn et al. 2009;
Bastam et al. 2013; Liu et al. 2014; Mohamed and Akladious 2017; Mohamed et al.
2018).

Salicylic acid (SA), chemically known as 2-hydroxybenzoic acid, is one of a
diverse groups of phenolic compounds, consisting of an aromatic ring bearing a
hydroxyl group or its functional derivative, which is synthesized by plants. Phenolic
compound has role in activating plant defenses especially systemic acquired resis-
tance (SAR) (Shah 2003; Vlot et al. 2009). SA and its derivative (aspirin: acetyl SA)
have been widely used for years as an anti-inflammatory drug.

23.2 Salicylic Acid Biosynthesis in Plants

Biosynthesis of SA is suggested to occur via two alternate pathways, viz., phenylal-
anine pathway (Ogawa et al. 2006; Sawada et al. 2006) and isochorismate pathway
(Wildermuth et al. 2001; Garcion et al. 2008). In phenylalanine pathway, phenylala-
nine ammonia lyase (PAL) is a chief regulator of phenylpropanoid pathway and
plays a key role in SA biosynthesis. Phenylalanine acts as a substrate of PAL and
gets converted to trans-cinnamic acid. The decarboxylation of side chain of trans-
cinnamic acid leads to the formation of benzoic acid through two probable routes
(Fig. 23.1). In the first route of β-oxidation pathway, benzoic acid is formed from
trans-cinnamic acid through cinnamoyl-CoA and benzoyl-CoA intermediates (Lee
et al. 1995). The second route for the formation of benzoic acid involves
non-β-oxidation pathway in which para-hydroxybenzaldehyde is the intermediate
(Ribnicky et al. 1998; Chong et al. 2001). Benzoic acid formed from either of the
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two mechanisms is converted to SA in the presence of the enzyme benzoic acid
2-hydroxylase (BA2H) (Leon et al. 1993, 1995). In the same phenylalanine pathway,
the formation of SA can also take place from trans-cinnamic acid by its
2-hydroxylation to form ortho-coumaric acid, followed by decarboxylation mecha-
nism by β-oxidation to produce SA (Lee et al. 1995). The second pathway of SA
biosynthesis has been extensively studied in bacteria (Fig. 23.2) and starting with
chorismate from shikimic acid pathway. It is converted to isochorismate, and the
reaction is catalyzed by the enzyme isochorismate synthase (ICS) (Gaille et al. 2002,
2003). The formation of SA from isochorismate is thought to be catalyzed by
isochorismate pyruvate lyase (IPL). This enzyme or similar proteins are bacterial
IPL, however, has not been detected in plants (Strawn et al. 2007).

23.3 Physiological Role of Salicylic Acid

Salicylic acid has also been studied for its effects on various physiological processes
related to growth and development of plants under normal conditions. Among these
effects are the induction of flowering in herbaceous species (Hegazi and El-Shrayi
2007); stimulation of root development, stomatal closure, and reduced transpiration
(Singh and Usha 2003); reversal of the effects of abscisic acid (Davies 2004);
regulation of gravitropism (Hussein et al. 2007); and fruit ripening inhibition
(Srivastava and Dwivedi 2000). Also, Khan et al. (2003) reported increases in leaf

Phenylalanine

PAL

trans-cinnamic acid

Cinnamoyl Co-A

Benzoyl Co-A

Benzoic Acid

BA2H

Salicylic Acid

β-oxidation
Non-β-oxidation

o-coumaric acidr-hydroxybenzldehyde

β-oxidation

2-hydroxylation

Fig. 23.1 Schematic outline of phenylalanine pathway in SA biosynthesis (PAL phenylalanine
ammonia lyase, BA2H benzoic acid 2-hydroxylase) (Lee et al. 1995)
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area and shoot dry weight of soybean and corn plants treated with 10-5 M of SA. The
increase in bioproductivity of plants is mainly due to the positive effect of SA on root
length and its density (Larqué-Saavedra and Martin-Méx 2007). There is evidence of
a cross talk between the SA and auxin signaling pathways during plant vegetative
growth (Rivas-San and Plasencia 2011). The promotion of wheat growth in response
to the application of SA was attributed to the increase of photosynthetic tissues, since
there was a positive correlation between photosynthesis and leaf area on wheat
plants treated with SA, both under stress and normal growth conditions (Arfan
et al. 2007). The observed increase in photosynthesis rate in plants sprayed with
SA can be assigned to metabolic changes at the chloroplasts level (efficiency of
photosystem II, Rubisco enzyme activity, and supply of ATP and NADPH for the
carbon reduction cycle) (Rivas-San and Plasencia 2011). However, the stimulatory
effect of SA on gas exchange parameters and plant development is dependent on
several factors such as application mode, exposure time, and ontogenetic stage of the
plant (Vanacker et al. 2001; Horváth et al. 2007), and the effective concentrations of
SA differ among species and their domestication stage (Arfan et al. 2007).

The flowering-promoting effect after SA application can also be indirect as SA
alters the synthesis and/or signaling pathways of other plant hormones including
jasmonic acid, ethylene, and auxin (Vlot et al. 2009). In addition, the exogenous
application of SA can rise the content of endogenous bioactive GA in response,
changing the hormonal status of the plant (Mukherjee and Kumar 2007; Kim et al.
2009). Increased content of endogenous SA as a result of its exogenous application
was correlated to the positive influence on the plant growth and flowering (Kim et al.
2009). In addition, flavonoid levels in plants are significantly affected by plant
growth regulators (PGRs) (Klessig and Malamy 1994). Increased endogenous levels
of SA can trigger cell signaling pathways which regulate the expression of genes

Shikimic Acid
Pathway

Chorismate

ICS

Isochorismate

PBS3

EPS1

Salicylic Acid

Fig. 23.2 Schematic outline
of isochorismate pathway in
SA biosynthesis (Wildermuth
et al. 2001; Gaille et al. 2003;
Chen et al. 2009)
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encoding enzymes related to the phenylpropanoid pathway production (among them
the flavonoids), increasing the amount or the activity of these enzymes. For example,
the chalcone synthase activity (the first enzyme to branch off from phenylpropanoid
metabolism to flavonoid metabolism) was increased in plants treated with SA
(Ghasemzadeh et al. 2012).

23.4 Role of SA in Biotic Stress

23.4.1 Role of SA Against Pathogens

Early last century, several studies showed that when a plant was infected by a
pathogen, some systemic defense mechanisms were activated involving an increased
resistance against subsequent pathogen attacks (Gozzo and Faoro 2013). Hypersen-
sitive response (HR) is one early response associated with necrotic lesions at the site
of pathogen entry, ROS accumulation, and activation of defense-related genes that
(among others) encode several families of PR proteins (Fu and Dong 2013).
Increased levels of pathogenesis-related protein (PR) gene expression are observed
in non-inoculated tissues and the development of SAR, as a broad resistance to
different pathogens (Conrath et al. 1995; Vlot et al. 2009). So far, 17 families of PR
proteins have been identified (Hoffmann-Sommergruber 2000). Among PR genes,
PR1, PR2, and PR5 are strongly induced upon infection by biotrophic and semi-
biotrophic pathogens. The expression of PR1, PR2, and PR5 is dependent on SA
(Selitrennikoff 2001; Zhang et al. 2010), and these genes are often used as markers
of the SA pathway. PR1 R1 has sterol-binding activity, which inhibits pathogen
growth by sequestrating sterol from pathogens (Gamir et al. 2017).

SA was described as endogenous signal in the resistance response at first time in
1979 in tobacco when White (1979) observed that acetylsalicylic acid (aspirin)
induced resistance to tobacco mosaic virus (TMV), increasing PR protein accumu-
lation and reducing lesion numbers. Subsequently, Malamy et al. (1990) observed
that the endogenous salicylic acid levels in resistant but not susceptible cultivars
increased in infected and uninfected leaves after TMV inoculation. Moreover, SA
levels increase in both inoculated and non-inoculated systemic tissues (Kessmann
et al. 1994; Sticher et al. 1997). SA at low concentrations also promotes the faster
and stronger activation of callose deposition and gene expression in response to
pathogen or microbial elicitors, a process called “priming,” which contributes to
induced defense mechanisms (Kohler et al. 2002).

Salicylic acid affects the activity of mitochondrial alternative oxidase. Alternative
oxidase is an enzyme that directly links the oxidation of the ubiquinol/ubiquinone
pool in mitochondria to the reduction of oxygen to water, without the synthesis of
ATP (Millar et al. 2011). This ability of SA to affect alternative oxidase has been
associated with SA-mediated resistance to some viruses (Singh et al. 2004). It has
been suggested that SA action on the alternative oxidase capacity could affect ROS
levels in the mitochondria, which in turn could activate antiviral defenses (Singh
et al. 2004). SA also binds enzymes like catalase, ascorbate peroxidase, aconitase,
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and a carbonic anhydrase from tobacco (Durner and Klessig 1995; Slaymaker et al.
2002). Some of these enzymes are involved in the metabolism of reactive oxygen
species (ROS) and in redox homeostasis. Redox changes are associated with plant
defense responses (Torres et al. 2002; Durrant and Dong 2004). SA binding affects
the biochemical activity of catalase and ascorbate peroxidase (Durner and Klessig
1995) and may have a role in the vicinity of the HR, where SA concentrations are
high. In addition, SA also affects lipid peroxidation, which may have a role in plant
defense (Anderson et al. 1998). Indeed, genetic studies in Arabidopsis have
demonstrated that genes associated with lipid metabolism and putative lipid transfer
proteins are required for SAR (Maldonado et al. 2002; Shah 2005). Salicylic acid
activates a group of events resulting in the inhibition of viral replication and their
cell-to-cell and long-distance transmission in plants (Singh et al. 2011).

Salicylic acid is an endogenous compound that operates in the signaling pathway
for plant defense. After TMV infection, salicylic acid accumulates to high levels at
the site of infection, with a subsequent, but much smaller rise, in the uninfected
systemic tissues (Malamy et al. 1990). In tobacco, this increase paralleled the
transcriptional activation of PR genes in both the inoculated and uninoculated leaves.
Strikingly, exogenously supplied SA induced the same set of nine genes that are
activated systemically upon TMV infection. An increase in salicylic acid levels in
the phloem of cucumber plants infected with either tobacco necrosis virus or
Colletotrichum lagenarium was also shown to precede the development of systemic
acquired resistance (Ryals et al. 1996; Wobbe and Klessig 1996). The infection of
resistant plants by pathogens generally results in hypersensitive response – the
formation of necrotic lesions and restricted pathogen growth and spread. A variety
of defense responses is induced locally around the sites of infection. An oxidative
burst precedes the formation of necrotic lesions (Chen et al. 1993). Salicylic acid
binds and inhibits tobacco catalase activity both in vitro and in vivo. Thus, one
possible function of salicylic acid is to inhibit the hydrogen peroxide (H2O2)
degrading the activity of catalase, thereby leading to an increase in the endogenous
level of H2O2, which is generated by photorespiration, photosynthesis, oxidative
phosphorylation, and the hypersensitive response-associated oxidative burst. The
H2O2 and other ROS derived from it could then serve as second messengers to
activate the expression of plant defense-related genes, such as PR-1 (Chen et al.
1993; Conrath et al. 1995).

Salicylic acid has been shown to induce the expression of many defense-related
genes and to be significant in the production of H2O2, the induction of cell death, and
the activation of several genes induced by fungal elicitors and wounding (Mur et al.
1996). It was also demonstrated that salicylic acid treatment of tobacco leaves
increases an as-1-binding activity and that phosphatase treatment of nuclear extracts
decreases it (Jupin and Chua 1996). From these results, it was proposed that the as-1-
binding activity is sequestered by an inhibitory protein that is released after salicylic
acid treatment, probably via a phosphorylation event(s). This in turn leads to
activation of promoters containing the as-l-like element. A MAP kinase that can
be activated by salicylic acid and TMV has been identified and purified from tobacco
extracts (Zhang and Klessig 1997).

538 H. I. Mohamed et al.



Additional defense responses in surrounding cells include the induction of genes
for pathogenesis-related (PR) proteins, peroxidases, and enzymes involved in cell
wall strengthening and the biosynthesis of phytoalexins. Some of these genes are
also activated systemically and are believed to play a role in the development of
systemic acquired resistance (Bowles 1990). The synthesis and accumulation of
salicylic acid appear to be necessary for the activation of several of these defense
responses, both locally and systemically. A substantial amount of salicylic acid is
converted to salicylic acid β-glucoside, a probable storage form (Ryals et al. 1996;
Wobbe and Klessig 1996).

After a pathogen attack, changes in the concentration of SA have an effect on the
maintenance of the redox state of the cell, probably by regulating the expression of
genes encoding antioxidants (Rao and Davis 1999; Vanacker et al. 2000). It has been
described that biotic stress situations increase the ROS production which could act as
second messengers mediating SA pathways for expression of defense genes
(Yoshioka et al. 2008; Torres 2010). In this sense, it has been also reported that
high concentrations of SA can act uncoupling oxidative phosphorylation and hence
the respiration chain, stimulating ROS generation in mitochondria and also inducing
the alternative respiratory pathway (Moore et al. 2002). However, GSH levels
increased significantly in soy cells after incubation for 2 days with SA or its
analogues (Knorzer et al. 1999). In addition, it has been described that GSH could
regulate the expression of SA-dependent genes via NPR1, after exposure to the
pathogen (Urbanek Krajnc and Müller 2006). NPR1 protein is a transcriptional
factor whose location or activity was influenced by the redox state of the cell
(Mou et al. 2003). However, overexpression of the NPR1 protein leads to constitu-
tive expression of PR genes in the absence of inducers, suggesting that NPR1 is a
positive regulator of SAR required for the translation of the signal accumulation of
SA and expression of resistance genes (Cao et al. 1994; Mou et al. 2003). SA
accumulation induces redox changes leading to the monomerization of NPR1,
probably by intermolecular disulfide bond reduction, allowing it to be transported
to the nucleus. Then NPR1 in the nucleus promotes the binding of transcription
factors to SA-responsive promoters, regulating the expression of PR genes (Mou
et al. 2003; Després et al. 2003). The inhibition of the reduction of NPR1 and
therefore its monomerization lead to a decrease in the expression of PR genes.

23.4.2 Role of SA Against Herbivores

Salicylates are also responsible for protecting plants from herbivores by stimulating
affected plants (plants experiencing insect damage) to increase the production of
their volatile secretions which are responsible for attracting anti-herbivores (Thaler
1999). Responses to SA depend on a regulatory protein called Nonexpressor of
Pathogenesis-Related Genes1 (NPR1) (Pieterse and Van Loon 2004). The NPR1
gene is activated through redox pathways by SA accumulation and is translocated to
the nucleus; however, it does not bind to DNA directly, but acts through transcrip-
tion factors (Pieterse and Van Loon 2004). SA induces greater defense against

23 Role of Salicylic Acid in Biotic and Abiotic Stress Tolerance in Plants 539



piercing and sucking type of insect pests than the chewing ones (Zhao et al. 2009).
SA signaling molecule is involved in local defense as well as induction of systemic
resistance. Production of ROS by SA pathway has been proposed to induce resis-
tance in plants against insect pests, e.g., in tomato plants against Helicoverpa
armigera (Peng et al. 2004). H2O2 induced by SA in plants defends them against
various insect pests since H2O2 actively damages the digestive system of insects
leading to reduced growth and development (Peng et al. 2004). Furthermore, SA
signals the release of plant volatiles that attract the natural enemies of insect pests,
e.g., lima bean and tomato plants infested by spider mite attract the natural enemies
of spider mite (de Boer et al. 2004). However SA and jasmonic acid (JA) act
antagonistically, where SA inhibits the activity of JA and vice versa (Maffei et al.
2007). SA serves as a volatile signal to trigger induced defenses in plants, including
HIPV emission, and a number of predaceous arthropods are attracted to SA under
field conditions (de Boer et al. 2004; Maffei et al. 2007).

23.5 Role of SA in Abiotic Stress

The role of SA in mitigating abiotic stress has widely been studied in the last few
decades. A large volume of research reports indicate that both endogenous SA
synthesis and exogenous application enhance plant tolerance to salinity
(Hasanuzzaman et al. 2014), drought (Kang et al. 2012; Alam et al. 2013), extreme
temperature (Kumar et al. 2015; Khanna et al. 2016), and toxic metal and metalloids
(Singh et al. 2015; Islam et al. 2016). Exogenous SA showed enhanced plant growth,
photosynthesis, and decreased ROS production under various abiotic stresses
(Fig. 23.3).

23.5.1 Salt Stress

The effect of exogenous SA treatments, in the response to NaCl stress, seems to be
dependent of the SA concentrations used the plant species, the application mode of
the treatment, and the physiological state of the plant during the application as well
as the level of salinity and the exposure time to NaCl. Exogenous SA treatments
improved plant growth under saline stress (Szepesi 2006; Bastam et al. 2013; Liu
et al. 2014) as well as the seed germination process in the presence of NaCl (Rajjou
et al. 2006; Lee et al. 2010). The pre-treatment of tomato plants with low SA
concentrations (10�4 M) improved the acclimation of tomato plants to 100 mM
NaCl. Also, SA pre-treatment improved the photosynthetic efficiency, enhanced
ascorbate peroxidase and guaiacol peroxidase activity in roots, and induced an
accumulation of polyamines (Szepesi 2006). SA pre-treatment also provided protec-
tion against salinity in tomato plants, probably due to the increased activation of
aldose reductase and APX enzymes and to the accumulation of osmolytes, such as
sugars, sugar alcohol, or proline (Tari et al. 2002, 2004; Szepesi et al. 2005).
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The soaking of wheat seeds in 0.05 mM SA also reduced the salinity damage on
seedling growth and accelerated the growth processes (Shakirova et al. 2003). The
treatment of wheat plants with SA increased the level of cell division within the
apical meristem of seedling roots, causing an increase in plant growth and elevated
wheat productivity (Shakirova et al. 2003). A high ABA level was also maintained in
wheat seedlings, treated with SA. The SA-induced increase in ABAmight contribute
to the preadaptation of plants to stress, since ABA is known to have a key role in
inducting the synthesis of a range of stress proteins ensuring the development of anti-
stress reactions, for example, the maintenance of proline accumulation (Bandurska
and Stroinski 2005). The stress-induced accumulation of active oxygen species and,
therefore, the level of SOD and peroxidase activity in the roots of young wheat
seedlings, pre-treated with SA, were significantly lower than in untreated plants,
indicating that these enzymes contribute to the protective effect of SA on plants
under conditions of salination (Sakhabutdinova et al. 2004). It was also shown that a
salt-induced protein (SALT) was present in the xylem parenchyma cells of vascular
bundles in the major and minor leaf veins. The expression of the gene encoding
SALT was upregulated following the treatment with a fungal elicitor, JA, ABA, or
NaCl. However, SA alone or in combination with one of the other elicitors not only
strongly inhibited SALT gene expression but also exhibited an antagonistic effect in
suspension cells and leaves (Kim et al. 2004).

The foliar application 1 mM SA alleviated the NaCl (100 mM) damage in tomato
plants and plant growth was strongly reduced in salt-stressed plants, but this
reduction was less pronounced in SA-treated plants (He and Zhu 2008). SA

Fig. 23.3 Some possible ways of SA-induced oxidative stress tolerance to plants (Hasanuzzaman
et al. 2017)
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alleviates NaCl stress by lower levels of lipid peroxidation and H2O2 accumulation
as well as the enhancement of the antioxidant capacity of plants by increases in CAT,
APX, DHAR, and ASC and GSH contents (Lee et al. 2010). SA promotes germina-
tion under saline conditions by reducing the NaCl-induced oxidative damage (Rajjou
et al. 2006; Lee et al. 2010). In addition, high SA concentrations can have a toxic
effect on plant growth and development possibly due to its reported effect inducing
ROS accumulation (Rao et al. 1997). Borsani et al. (2001) found that SA enhanced
the deleterious effect of NaCl or drought stress in Arabidopsis seedlings by increas-
ing the rate of ROS generation in photosynthetic tissues. NaCl-adapted tomato cells
contained a lower concentration of SA than an adapted cells. The adaptation process
to NaCl was also related with a higher antioxidative capacity because salt-adapted
cells also contained higher basal levels of APX and GR activities (Molina et al.
2002). In a more recent work, Bastam et al. (2013) reported that the exogenous
application of SA improved the tolerance of pistachio seedlings to NaCl stress (up to
90 mM NaCl). The SA-treated plants showed lower NaCl-induced injury symptoms,
a better growth rate, and higher chlorophyll contents and photosynthetic capacity
than the non-treated plants. In addition, the foliar application of 0.1 mM SA
improved the growth of cotton seedlings in the presence of 100 mM NaCl. The
SA-treated plants displayed better growth and photosynthetic rates and showed low
ROS accumulation (O2

.- and H2O2) and lipid peroxidation that correlated with a
significant enhancement of CAT activity (Liu et al. 2014).

Salicylic acid mitigated salinity stress-injury in Solanum lycopersicum by causing
characteristic changes in the expression pattern of GST gene family members such as
SlGSTT2, SlGSTT3, and SlGSTF4 (Csiszár et al. 2014). Exogenously sourced SA
(0.5 mM) was reported to improve salt tolerance in Triticum aestivum due to an
enhanced transcript level of antioxidant genes; GPX1, GPX2, DHAR, GR, GST1,
GST2,MDHAR, andGS, and an increased activity of ascorbate (AsA)-GSH pathway
enzymes (Li et al. 2013). In another instance, SA-mediated restoration of membrane
potential and prevention of salt-induced K+-loss via GORK channel and eventually
improved salinity-tolerance were evinced in A. thaliana (Jayakannan et al. 2013).

23.5.2 Drought Stress

The effect of SA on water stress is more homogeneous than its effect on salt stress,
and some early reports showed that the SA treatment could improve the response to
drought stress (Munne-Bosch and Penuelas 2003; Bechtold et al. 2010; Khokon
et al. 2011; Ying et al. 2013). In general, the improved drought response induced by
SA is associated with an increase or maintenance of plant growth, Rubisco activity,
and the antioxidative capacity. SA-treated bayberry plants displayed better RWC
(relative water content), photosynthetic rates, as well as higher CAT and SOD
activity and proline contents than non-treated plants (Ying et al. 2013). In addition,
SA attenuated the drought-induced oxidative stress as recorded by a decrease in
some oxidative stress parameters such as lipid peroxidation and electrolyte leakage,
suggesting that SA can partially protect the membrane integrity. SA increased
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Rubisco and SOD activities as well as chlorophyll contents in drought-stressed
wheat seedlings (Singh and Usha 2003). The improvement of drought tolerance of
barley plants by SA application was associated with an increase in the antioxidative
defenses and the maintenance of photosynthesis under water stress conditions
(Habibi 2012). Miura et al. (2013) also observed that drought stress induced the
expression of PR-1 and PR-2, two typical SA-inducible genes, suggesting that SA
may be required for drought tolerance. In addition, the treatment of wheat seedlings
with 0.5 mM SA alleviated the growth inhibition induced by drought. This response
was linked to an increase in ASC and GSH as well as an increase in the transcription
of GST1, GST2, GR, and MDHAR genes (Kang et al. 2013).

It has been suggested that SA may act as an ROS scavenger (Kang et al. 2013).
SA treatment increased the ASC-GSH cycle enzymes along with SOD and CAT in
two maize cultivars, showing different sensibility to water stress, after 10 days of
withholding water, suggesting that ASC-GSH cycle can act to remove the H2O2

generated during the early phase of water stress (Saruhan et al. 2012). In fact, SA
reduced the stomatal conductance in a dose-dependent manner in different plant
species, including Vicia faba (Mori et al. 2001), Commelina communis (Lee 1998),
and Arabidopsis (Khokon et al. 2011). The SA-induced stomatal closure is depen-
dent on ROS generation, because the application of antioxidant enzymes such as
catalase and SOD suppressed the stomatal closure. In addition, the stomatal closure
induced by SA was completely suppressed by the action of salicylhydroxamic acid
(SHAM), a cell wall peroxidase inhibitor. These results suggested that SA induced
stomatal closure by means of the ROS generated by cell wall peroxidases (Khokon
et al. 2011; Miura et al. 2013). However, the treatment of two maize cultivars with
1 μM SA by foliar spraying reversed the drought-induced stomatal closure (Saruhan
et al. 2012). Therefore, it can be suggested that the induction of drought tolerance by
exogenous SA application may have a significant practical application in agriculture,
horticulture, and forestry.

23.5.3 Heat Stress

Phytohormones help plant in adjusting to heat stress by modifying the plants’ ability
to adapt under changing environments either through induction of osmolyte synthe-
sis, increase in antioxidants, or utilization of nutrients (Ahammed et al. 2015).
Endogenous levels of SA and its glucoside have been shown to increase in plants
subjected to heat stress. Khan et al. (2013) reported that SA treatment under heat
stress increased proline production which increased osmotic potential enabling the
plants for higher water intake resulting in positive influence on stomatal aperture and
photosynthetic machinery leading to higher efficiency of PS II and increased
Rubisco activity that cumulatively resulted in increased photosynthesis. Foliar
spraying of cucumber plants with 1 mM SA induced heat tolerance, as shown by
the lower electrolyte leakage parameter, lower H2O2, higher catalase activity, and
lipid peroxide levels (Shi et al. 2006). SA increases the photosynthetic rate in grape
leaves under heat stress (Wang et al. 2010) and can alleviate the heat-induced
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damage in plants by upregulating the antioxidant system (Wang and Li 2006). SA is
also known to stabilize the trimers of heat shock transcription factors and to aid them
in binding to the heat shock element in the promoter of HSP genes (Jurivich et al.
1992). Wang et al. (2010) found that the HSP21 immune signal increased in both
SA-treated and control leaves during heat stress. Exogenous application of SA has
been shown to enhance thermotolerance in tobacco and Arabidopsis (Lopez-
Delgado et al. 1998; Clarke et al. 2004). Wang and Li (2006) reported that spraying
grape plant with 0.1 mM SA causes reduction in thiobarbituric acid reactive
substances and relative electrolyte leakage in young grape leaves and increased
antioxidative enzymes.

Liu et al. (2008) proposed another strategy by which SA induces heat tolerance
through the changes in the activities of plasma membrane H+ and Ca2+ ATPase. Liu
and Huang (2005) reported that the thermotolerance induced by exogenous SA was
related to the Ca2+-CaM system in grape plants. SA increased the activity of H+-
ATPase in grape plant leaves and kept the stability of the plasma membrane H+-
ATPase following heat stress. SA induced an increase of the Ca2+ level in cells and
activated the Ca2+-CaM system, which further stimulated the activity of Ca2+-
ATPase. Finally, the Ca2+ level in the cytoplasm was regulated and maintained at
a normal level by Ca2+-ATPase to protect cells and to avoid injury resulting from
heat shock. Khan et al. (2015) reported that SA proves beneficial for plants both
under optimal and stress environments. It modulates the production of osmolytes and
other metabolites and plant nutrient status to protect plants under abiotic stress
conditions. Galani et al. (2016) suggested that the exogenous application of SA
mitigated the deleterious effects of heat stress on Gossypium hirsutum seedlings by
reducing membrane damage through reduced electrolyte leakage, MDA content and
H2O2 content. It reduced dehydration losses through triggering antioxidative defense
system and increase proline accumulation. Thus SA enhances heat tolerance in
cotton in efficient and simple means.

23.5.4 Cold Stress

Plants are said to be cold-sensitive if they die or suffer severe damage at
temperatures between 0 and 15 �C. Cold-tolerant plants, on the other hand, are
still able to grow near freezing point and are capable of surviving temperatures as
low as 10–15 �C below zero (Sanghera et al. 2011). Apart from genetic factors, cold
sensitivity also depends on the stage of development and the level of metabolic
activity. Results achieved so far suggest that differences in membrane composition
make a substantial contribution to sensitivity to low-temperature stress. The quantity
of unsaturated fatty acids has been shown to be much lower in cold-sensitive plants
than in those tolerant of low temperatures (Steponkus et al. 1993). The most
important way of avoiding freezing is the accumulation of osmolytes induced by
low temperature (sugars, polyalcohols, amino acids, polyamines, quaternary ammo-
nium compounds, etc.), which cause the freezing point within the cell to drop. This
process prevents the dehydration of the cytoplasm as the result of frost. SA and other
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phenol derivatives are known to improve the cold tolerance of plants (Luo et al.
2012).

It was shown that the addition of 0.5 mM SA to the hydroponic growth solution of
young maize plants under normal growth conditions provided protection against
subsequent low-temperature stress. Besides the obvious visual symptoms, this
observation was confirmed by chlorophyll fluorescence parameters and electrolyte
leakage measurements from the leaves (Janda et al. 1997, 1999). Pre-treatment of the
leaves of chilling-sensitive banana seedlings with 0.5 mM SA solution by spraying
the foliage or irrigating the roots for 1 day induced an increase in chilling tolerance
during subsequent 5 �C chilling stress (Kang et al. 2003). However, SA
pre-treatment caused an activation of SOD, catalase, and APX activities during a
period of 5 �C chilling stress, while it did not change the peroxidase activity. These
effects of SA on activities of various protective enzymes could be associated with
H2O2 metabolism. Presoaking seeds before sowing could also be an effective way of
improving cold tolerance. In tomato and bean plants, 0.1 mM and 0.5 mM
concentrations of both SA proved effective not only against heat and drought stress
but also against low-temperature stress (Senaratna et al. 2000).

Priming pepper (Capsicum annuum L.) seeds imbibed in KNO3 solution
containing aspirin at a concentration range of 0.05–0.5 mM resulted in an increase
in the germination percentage, and the germination at low temperature became faster
and better (Korkmaz 2005). The positive effect of SA on cold tolerance was shown
not only under chilling but also under freezing conditions in winter wheat (Tasgin
et al. 2003). Exogenous SA used at 0.01, 0.1, and 1 mM concentrations decreased
freezing injury in the winter wheat leaves of plants grown under cold and control
conditions. Cold conditions caused an increase in ice nucleation activity by
apoplastic proteins, which were isolated from the leaves. Exogenous SA caused an
increase in ice nucleation activity under cold and control conditions. These results
show that SA can increase freezing tolerance in winter wheat by affecting apoplastic
proteins. However, this effect cannot be generalized as experiments with winter rye
showed that the apoplastic proteins accumulated after SA treatment had no antifreeze
activity (Yu et al. 2001).

23.5.5 Heavy Metal

The prime response of plants to heavy metals exposure is overproduction of ROS.
Some metals generate ROS directly, by participating in Haber-Weiss reactions or
indirectly by disturbing antioxidative defense system, electron transport chain, or
metabolism of essential elements (Yadav 2010). Overproduction of ROS, such as
superoxide radical, hydrogen peroxide, hydroxyl radical, and singlet oxygen, is
highly toxic and causes oxidative damage to nucleic acids, proteins, carbohydrates,
and lipid peroxidation (Gill and Tuteja 2010). To combat uncontrolled oxidation,
plants possess antioxidative defense system that includes enzymatic (superoxide
dismutase, SOD; guaiacol peroxidase, POD; catalase, CAT; dehydroascorbate
reductase, DHAR; monodehydroascorbate reductase, MDHAR; glutathione
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reductase, GR; ascorbate peroxidase, APEX; glutathione peroxidase, GPX; and
glutathione S-transferase, GST) and nonenzymatic antioxidants (glutathione, GSH;
ascorbic acid, ASA; and phenolic compounds, α-tocopherols) for scavenging and
detoxification of ROS (Gill and Tuteja 2010; Sharma et al. 2012). SA application at a
concentration of 0.1 or 0.2 mM reduced the inhibitory effect of Pb2+ and Hg2+ at
seed germination and early seedling growth of two rice cultivars (Mishra and
Choudhuri 1997).

Pre-treatment of SA at 0.5 mM concentration protected the barely seedlings from
cadmium (Cd) toxicity during the following growth period (Metwally et al. 2003).
However, SA treatments strongly or completely suppressed the Cd-induced
upregulation of the antioxidant enzyme activities. It can be concluded that SA
alleviates Cd toxicity not at the level of antioxidant defense but by affecting other
mechanisms of Cd detoxification. One mechanism may include binding of Cd
resulting in a lowered level of plasmatic free Cd. Alternatively, SA stimulates the
expression of certain ABC transporters (Eichhorn et al. 2006). Such transporters
have been implicated in the vacuolar sequestering of the products of Cd action
therefore releasing the Cd stress (Rea et al. 1998).

However, SA induces activities of antioxidative enzymes under metal stress
(Chen et al. 2007; Guo et al. 2007; Wang et al. 2009; Parashar et al. 2014; Zhang
et al. 2015), some have reported decline in CAT activity under metal stress (Pandey
et al. 2013). Exogenous application of SA slightly induced NADH oxidase activity
(which stimulates H2O2 generation) in mercury-exposed roots of alfalfa. H2O2 acts
as secondary messenger and triggers signaling cascades for activating defense
mechanisms under stress when produced at moderate levels (Zhou et al. 2009).
Few studies indicate that SA being an iron-chelating molecule acts as an antioxidant
as it can directly scavenge hydroxyl radicals which may result in lowering of metal-
induced increase in antioxidative enzyme activity (Ahmad et al. 2011).

The enhanced growth characteristics of Cd-fed plants sprayed with 10�5 M of SA
might also be due to the fact that SA acts at the level of transcription and/or
translation, thereby increasing the activity of various other enzymes necessary for
growth of plants (Hayat et al. 2010). Treatment with SA has been reported to
increase crop yield. The plausible reason for increasing the crop yield might be
due to delayed senescence of leaves and flowers in response to exogenous SA (Imran
et al. 2007) that will automatically help in extending the duration of photosyntheti-
cally active sites and also prevent the premature loss of flowers and fruits.

23.6 Conclusion

Salicylic acid induces resistance against a particular pathogenic attack by increasing
defense enzymes/PR proteins and increases the growth and development by increas-
ing proteins, carbohydrates, chlorophyll contents, etc. Exogenous salicylic acid
augments the internal glutathione cycle and thus boosts the antioxidants and metal
detoxification systems. Moreover, exogenous salicylic acid alleviates the stresses in
a dose-dependent manner, depending on the type of stress as well as the plant
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species. Salicylic acid being a scavenger of hydroxyl radical and an iron-chelating
compound inhibits the direct impact of hydroxyl radicals as well as their generation
on plant growth.
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Root Phenolics Profile Modulates Microbial
Ecology of Rhizosphere 24
Anil Kumar Singh and Poonam Singla

Abstract

Rhizosphere is a narrow zone of soil surrounding plant roots. Plants release an
array of organic and inorganic compounds in rhizosphere to influence microbial
community, manage soil herbivores, attract beneficial symbionts, alter chemical
and physical properties of the soil, and hinder growth of competitor plants.
Phenolic compounds are important plant secondary metabolites released in the
rhizosphere. Chemically, plant phenolics are organic compounds of plant origin
having one or more functional hydroxyl group bonded directly to aromatic
hydrocarbon. In last few decades our understanding of phenolic compounds
and their role in aboveground plant parts have increased tremendously. Rela-
tively, our knowledge about phenolic compounds and their role in biology and
ecology of rhizosphere is not very clear. Plants can alter amount as well as
composition of phenolic compounds in rhizodeposits to bring about desirable
changes in the micro-environment of rhizosphere. Profiles of phenolic
compounds in plant are not only regulated by inherited genetic information but
also influenced by environmental cues. The rhizosphere has significant influence
on vigor and ecological fitness of their host plant. Understanding the role of
phenolic compounds in rhizosphere will allow us to design and develop sustain-
able agriculture practices. The current chapter describes the role of root exudates
component, particularly the phenolic compounds, on plant–microbe interaction
and functioning of rhizosphere.
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24.1 Introduction

In natural environment, plants interact with several living organisms daily. These
interactions are more frequent in the underground plant parts since soil harbors
extremely diverse community of macro- and microorganisms. The narrow zone of
soil lying in the vicinity of plant root is directly influenced by the physiological state
of plant. Plants release an array of compounds through roots to constitute plant-
influenced habitat for soil-dwelling organisms (Baetz and Martinoia 2014). Lorenz
Hiltner used the term “rhizosphere” to describe this narrow region of soil present
around plant roots (Hiltner 1904). Rhizosphere is inhabited by unique population of
microorganisms gathered under the influence of chemicals released by plants roots
(Baetz and Martinoia 2014). Since its inception in 1904, the definition of rhizosphere
has become narrower and more definitive.

In the recent past, the importance of studying rhizosphere has extended from
basic biological sciences to applied sciences as it has potential to serve agriculture
(Haldar and Sengupta 2015; Ahkami et al. 2017). The rhizosphere is a highly
dynamic system shaped by complex interaction of biotic and abiotic components
(McNear 2013). Rhizosphere-residing biotic components have significant influence
on the vigor and ecological fitness of their host (Haldar and Sengupta 2015). The
study of interaction among the biotic and abiotic components within the narrow
region of soil surrounding plant root is called “Rhizosphere Ecology.” Exploring
ecology of rhizosphere is more challenging than aboveground study. This has
resulted in relative lesser information about rhizosphere ecology as compared to
the aboveground ecology. The major difficulty in exploring ecology of rhizosphere
is the technical challenges associated with complex soil matrix (Broeckling et al.
2008). Microorganisms are important biotic components of rhizosphere and very
small fraction of microbial species is amenable to laboratory culture (Philippot et al.
2013). Irrespective of the challenges, efforts are being made to unleash the hidden
knowledge of rhizosphere ecology. Ecological knowhow of rhizosphere can be
harnessed in agriculture, environmental remediation, water filtration, medical
discoveries, and industrial applications (De-la-Pena and Loyola-Vargas 2014;
Haldar and Sengupta 2015; Ahkami et al. 2017).

24.2 The Rhizosphere Effect

The narrow zone of soil surrounding plant roots has comparatively higher microbial
population density as compared to the bulk soil (Haichar et al. 2014). This phenom-
enon is often referred as “Rhizosphere Effect.” The microorganisms residing in the
bulk soil experience carbon and energy starvation–like condition. However, root
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secretion in rhizosphere makes it a nutrient-rich zone which attracts microorganism
from bulk soil. Hinsinger et al. (2009) reported the presence of 104 protozoa per
gram of rhizosphere soil. The number of bacteria, nematodes, and fungi were found
to be in the range of 106–109, 101�102, and 105–106 per gram of rhizosphere soil
(Watt et al. 2006; Mendes et al. 2013). It appears that plants recruit useful
microorganisms from the available microbial diversity present in bulk soil. In view
of this, rhizosphere can be best explained as a narrow zone of soil surrounding plant
root where physical, biological, and chemical parameters of soil are influenced by
root secretions and associated soil microorganisms (Baetz and Martinoia 2014).
Rhizosphere can be distinguished into three zones namely: endorhizosphere, rhizo-
plane, and ectorhizosphere (Fig. 24.1). Endorhizosphere is the innermost region of
rhizosphere consisting of root cortex and endodermis. This zone is marked by the
presence of microbes and mineral ions in the apoplastic spaces available between the
cells (McNear 2013). Rhizoplane is the middle zone of rhizosphere consisting of the
epidermal cells and mucilaginous layer present on the epidermal layer of root
(McNear 2013). Ectorhizosphere is the outer most part of rhizosphere starting
from rhizoplane and gradually extending outward into the bulk soil. Ectorhizosphere
does not have sharp limiting boundary but rather exists as a gradient of chemical,
biological, and physical properties (McNear 2013). Generally, ectorhizosphere

Stele of root

Root Cortex

Endorhizosphere

Epidermis of Root

Rhizoplane

Mucilage

Ectorhizosphere

S
oi

l

Fig. 24.1 Schematic representation of a plant root and rhizosphere showing different zones,
namely, endorhizosphere, rhizoplane and ectorhizosphere
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region is discernible by biological indicators such as microbial density, enzymatic
activity, or mapping root-derived gradients (Broeckling et al. 2008).

24.3 Rhizodeposits

Plants secrete an array of organic and inorganic compounds through roots to
organize as well as alter the microenvironment of rhizosphere (Baetz and Martinoia
2014). Both organic and inorganic compounds released by roots are collectively
called “Root Exudes.” The ability of plant root to secrete a vast array of compounds
into rhizosphere is one of the most remarkable metabolic features. Through these
secretions, plant tries to mark its ascendancy in underground habitat. Secretions from
root are known to alter chemical, physical, and biological processes in the rhizo-
sphere (Jones et al. 2009). Extent of change induced by root exudes is highly
dependent on the quality and quantity of root secretions as well as intrinsic charac-
teristic of the soil (Jones et al. 2004).

Some research groups have extended the concept of root exudes to rhizodeposits
(Baetz and Martinoia 2014; Haichar et al. 2014). Rhizodeposits are root secretions
that get deposited around the roots and influence microenvironment of rhizosphere.
Rhizodeposits are mainly composed of root exudes, mucilage, border cells, and gas
metabolites (Haichar et al. 2014). The quality and quantity of rhizodeposits influence
the soil microbial community present in rhizosphere, manage soil herbivores, attract
beneficial symbionts, alter chemical and physical properties of the soil, and hinder
the growth of rival plant species (Haichar et al. 2014).

The importance of root secretions can be highlighted by the fact that plants
release significant portion of carbon fixed during photosynthesis in form of
rhizodeposits. Quantifying amount of carbon released by root in the soil-less culture
is easy but has no ecological significance (Jones et al. 2009). However, development
of tracer technique has provided numerous options for quantifying carbon released
by root. Nardi et al. (2000) reported that nearly 5–21% of all photosynthetically fixed
carbon is released in rhizosphere through root exudes. According to Newman
(1985), root of plant species can release 10–250 mg carbon per gram of root through
root exudes. Kuzyakov and Domanski (2000) reported that cereal crops, like wheat
and barley, can transfer 20–30% of total assimilated carbon into the rhizosphere.
Similarly, pasture plants can transfer 30–50% of total assimilated carbon into the
rhizosphere (Kuzyakov and Domanski 2000). The carbon fixed during photosynthe-
sis is generally transferred to rhizosphere within few hours (grasses) or few days
(trees). Using 13CO2 labeling method, Derrien et al. (2004) reported that nearly 16%
of the carbon fixed by wheat plant is released into the soil within 5 h.

Root exudates are a major portion of rhizodeposits and major contributor of
organic carbon in rhizosphere. Exudates are water-soluble low-molecular weight
components of rhizodeposits (Ahkami et al. 2017). They are released from root by
passive diffusion. Plants have very little control on the release of root exudes (Bais
et al. 2006). A major portion of root exudes are released along the steep concentra-
tion gradient prevailing between the cytoplasm of undamaged root cells and the
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external soil solution (Philippot et al. 2013). Usually the concentration of molecules
in cytoplasm is in millimolar range and concentration of molecules in external soil
solution is in micromolar range (Ahkami et al. 2017). Movement of root exudes from
cytoplasm of root cell to surrounding soil solution through the phospholipid bilayer
of the plasma membrane is determined by membrane permeability and polarity of
compounds. The physiological state of a plant particularly of root cells has signifi-
cant influence on membrane permeability (Rudrappan et al. 2007). Thus, factors
affecting cell membrane integrity such as extreme temperature, nutrient deficiency,
or pathogen attack can influence root exudes (Jones et al. 2009). Root exudates serve
as energy source as well as communicating molecules for plant and microorganisms.
Exudates attract several microorganisms as well as repel some other
microorganisms, and thus influence the assemblage of microorganisms in the rhizo-
sphere (Haichar et al. 2014). Communicating molecules initiate physiological inter-
action between the soil microorganisms and the plant roots by changing the
environment of rhizosphere (De-la-Pena and Loyola-Vargas 2014).

Root mucilage is a gelatinous layer covering the root tips (Jones et al. 2009).
Mucilage is primarily composed of polysaccharides, proteins, and some
phospholipids (Read et al. 2003). Epidermal cells and root cap along with
sloughed-off root surface cells are major producer of mucilage. While growing,
roots apply enormous amount of pressure to push the root tip through the soil.
Growth of root tip through sturdy soil with such a high pressure causes sloughing of
root cap. The cells that are sloughed off may remain functional for several days and
secrete mucilage to attract beneficial microorganisms (Jones et al. 2009). The main
purpose of mucilage is to reduce the friction between root tip and adjacent soil, thus
reducing the wear and tear of root. Root mucilage also serves to protect root from
desiccation and assists in nutrient acquisition (Jones et al. 2009). Under certain
conditions, root mucilage is known to protect young root meristem from heavy metal
toxicity (Mendes et al. 2013). Mucilage secreted by root helps in holding the soil
particles together (Fig. 24.2). Mucilage secretion also helps in improving the soil
quality by enhancing aeration and water infiltration (Read et al. 2003).

Root border cells are metabolically active cell programmed to separate from main
plant root into the rhizosphere (Hawes et al. 2000). The amount of border cells
produced and released in rhizosphere depends on plant type and environmental
condition. In case of water stress, border cells generally remain adhered to the root
tips (Hawes et al. 2000). According to Bais et al. (2006), roots exudes are also
released from root border cells and root border–like cells. Later, they gradually
separate from surface of root as they grow and deposits their content into the
rhizosphere (Bais et al. 2006).

Through their metabolic activity, plant roots and microorganisms release carbon
dioxide in rhizosphere. Due to release and accumulation in rhizosphere, the concen-
tration of carbon dioxide can go high up to 17.5% in the root zone (Dakora and
Phillips 2002). High concentration of carbon dioxide in root zone increases calcium
carbonate dissolution, to release Ca2+ ions (Golding et al. 2012). Plants can easily
uptake Ca2+ ions through roots. Hydrogen gas is another gas metabolite released as a
major byproduct in rhizosphere during N2 fixation in leguminous plants (Dong and
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Layzell 2001). Hydrogen-oxidizing bacterial community present in rhizosphere
support root elongation by decreasing ethylene level in host plant (Maimaiti et al.
2007).

24.4 Composition of Root Exudes

Identifying the chemical composition and concentration of root exudes in soil is very
difficult due to technical constrains. Several researchers have extrapolated the
finding of sterile hydroponic study to natural conditions so as to have more insight
into the natural role of root exudes (Feng et al. 2014; Kawasaki et al. 2016; Kawasaki
et al. 2018). Root exudes are a cocktail of organic chemicals like sugars, amino
acids, organic acids, fatty acids, sterols, growth factors, phenolics compounds, and
enzymes (Table 24.1).

The organic compounds present in root exudes can be grouped into high and low
molecular weight compounds (Badri and Vivanco 2009). The high molecular weight
compounds are made up of complex molecules like cellulose and constitute the
major form of carbon released from root. Usually, the soil microorganisms are not so
efficient in utilizing high molecular weight compounds as carbon and energy source
(McNear 2013). The low molecular weight compounds are more diverse fraction of
root exudes. Owing to molecular diversity, these molecules perform or influence
wide array of functions in rhizosphere (Baetz and Martinoia 2014). The list of low
molecular weight compounds present in root exudes is lengthy; however in general
sense it can be characterized into water-soluble sugars, organic acids, amino acids,
hormones, vitamins, phenolics compounds, and other secondary metabolites (Uren

Fig. 24.2 Root system of
Congress grass (Parthenium
hysterophorus) with adhering
rhizosphere soil. Root exudes,
particularly mucilage, help in
holding soil particles together
and adhered to the root
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2001). Most of the low molecular weight compounds present in root exude are easily
utilized by microorganisms (McNear 2013). The natural role of low molecular
weight compounds present in root exudes is not fully deciphered (Ahkami et al.
2017), though available literature confers that low molecular weight compounds of
root exudes are most important in constituting the microbial community in rhizo-
sphere (Hinsinger et al. 2005; Ahkami et al. 2017). The low molecular weight
compounds of root exudes have been reported as sources of nutrients for
microorganisms, agents of invasion, and mediators signaling molecules to attract
symbiotic partners or encourage root surface colonization by plant growth–promot-
ing microorganisms (Berg and Smalla 2009; Lynch et al. 2012; Haichar et al. 2014).

The qualitative and quantitative compositions of root exudates are influenced by
several biotic and abiotic components (Hinsinger et al. 2005). Several environmental
factors like soil pH, soil type, oxygen concentration, light intensity, soil temperature,
and nutrient accessibility for microorganisms are known to influence composition of
root exudates (Hinsinger et al. 2005). Soil physical and chemical properties as well
as microbial diversity and density have more pronounced impact on qualitative and
quantitative compositions of root exudates (Haichar et al. 2014). The composition of

Table 24.1 Some organic compounds released by plant roots in rhizosphere

Organic
compounds Examples

Sugars Arabinose, deoxyribose, fructose, galactose, glucose, maltose, mannose,
mucilages of various compositions, oligosaccharides, raffinose, rhamnose,
ribose, sucrose, xylose

Amino acids α-alanine, β-alanine, α-amino adipic, γ -amino butyric, arginine, asparagine,
aspartic, citrulline, cystathionine, cysteine, cystine, deoxymugineic,
3-epihydroxymugineic, glutamine, glutamic, glycine, homoserine, histidine,
isoleucine, leucine, lysine, methionine, mugineic, ornithine, phenylalanine,
proline, serine, threonine, tryptophan, tyrosine, valine

Organic acids Acetic, aconitic, aldonic, ascorbic, benzoic, butyric, caffeic, citric, p-
coumaric, erythonic, ferulic, formic, fumaric, glutaric, glycolic, glyoxylic,
lactic, malic, malonic, oxaloacetic, oxalic, p-hydroxy benzoic, piscidic,
propionic, pyruvic, succinic, syringic, tartaric, tetronic, valeric, vanillic

Fatty acids Linoleic, linolenic, oleic, palmitic, stearic

Sterols Campesterol, cholesterol, sitosterol, stigmasterol

Growth factors p-amino benzoic acid, biotin, choline, n-methyl nicotinic acid, niacin,
pantothenic, vitamin B1 (thiamine), B2 (riboflavin), and B6 (pyridoxine)

Phenolic
compounds

Phenolic acid, hydroxycinnamic acid, flavonoids, isoflavonoids,
neoflavonoids

Enzymes Amylase, invertase, peroxidase, phenolase, phosphatases, polygalacturonase,
protease

Nucleotides Adenine, guanine, uridine or cytidine

Miscellaneous Auxins, p-benzoquinone, scopoletin, hydrocyanic acid, glucosides,
hydroxamic acids, luteolin, unidentified ninhydrin-positive compounds,
unidentified soluble proteins, reducing compounds, ethanol, glycinebetaine,
inositol and myo-inositol-like compounds, dihydroquinone

Modified from Uren (2007), Lattanzio (2013)
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root exudes varies with plant species as well as with the age of plant. Generally, root
exudes of a young plant has high carbon percentage. The carbon-rich exudes attract
large number of microorganisms. However, with maturation the percentage of
carbon in root exudes decreases and the percentage of nitrogen-containing com-
pound increases (Lareen et al. 2016).

Availability of nutrients also has profound effect on root exudes. Nutrient
elements are required for normal growth of plant. Plants respond to nutrient defi-
ciency by altering root exudes, which in turn change the microenvironment of the
rhizosphere (Badri and Vivanco 2009; Lareen et al. 2016). Root exudates facilitate
plants in acquiring nutrients by acidifying or changing the redox conditions of
nutrients present in the rhizosphere (Badri and Vivanco 2009). For acquiring certain
elemental nutrients, plant releases chelating agent in root exudates to directly capture
and acquire. Exudates aid in the release of nutrients either by dissolution of insoluble
mineral phases or desorption nutrients from soil particles or organic matter (Badri
and Vivanco 2009). After the release, nutrients enter the soil solution and then are
taken up by the plant.

Nitrogen and phosphorus are the most important plants nutrients. Plants alter root
exudes to ensure the availability of nitrogen and phosphorus. They can take nitrogen
in form of NO3

� and NH4
+ ions (McNear 2013), and alter root exudes depending

upon the form in which N is available in the rhizosphere (Liu et al. 2016). For
acquiring NH4

+ ion, plants release H+ in the rhizosphere resulting in decrease in the
soil pH (McNear 2013). The NO3

� ions are acquired from rhizosphere by release of
bicarbonate ions in the root exudes. Accumulation of bicarbonate ions in the soil
increase pH of soil. Green leaves and decomposing litter can influence rhizosphere
nitrogen through phenolics such as chlorogenic acid (McNear 2013).

Low availability of P is known to stimulate releases of organic acid anions in root
exudes. Plants take phosphorus in form of PO4

3� ions. For overcoming deficiency of
phosphorus, plants have evolved mechanisms that depend upon the plant type,
species, and genotype (McNear 2013). Plants release organic acid into the rhizo-
sphere for decreasing the pH of soil, which in turn facilitates the solubilization of
soil-bounded phosphorus (Wang et al. 2015; Vengavasi and Pandey 2018). Some
plant species may release piscidic acid in root exudes in response to phosphorus
deficiency (Dakora and Phillips 2002). Piscidic acid chelates to FePO4 and releases
PO4

3� for making the ions available for plants.
Iron deficiency can also influence composition of root exudes (Lareen et al.

2016). Dicotyledonous and non-graminaceous plants respond to iron deficiency by
releasing protons into the microenvironment of rhizosphere and increase the reduc-
ing ability of the epidermal cells of root (Zheng 2010; Tripathi et al. 2018). They
may also secrete organic acids or phenolic compounds into rhizosphere for acquiring
iron from soil. Change in soil pH not only influences the availability of other
micronutrients but also impacts the microbial community structure of rhizosphere
(Lareen et al. 2016). Graminaceous plants overcome iron deficiency by increasing
the secretion of phytosiderophores in rhizosphere (Tripathi et al. 2018).
Siderophores chelate strongly with iron and is then brought back into cells of roots
through iron-chelated shuttle transporters present in the plasma membrane.
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Microorganisms are also known to produce siderophores. Roots of plant attract
such microbes through root exudes to enhance the iron availability (Carvalhais et al.
2013). Plants improve phosphate supply by releasing strigolactones in rhizosphere,
which attract mycorrhiza in rhizosphere (Akiyama et al. 2002, 2005). Strigolactones
are known to stimulate spore germination and cell proliferation of arbuscular
mycorrhizal fungi like Gigaspora rosea, Glomus intraradices and Gl. claroideum
(Besserer et al. 2006). To enhance nitrogen supply, plant roots release flavonoids to
attract nitrogen-fixing symbionts in rhizosphere (Hassan and Mathesius 2011).
Flavonoids are important signaling molecules in developing symbiosis between
legumes and nitrogen-fixing microorganisms (Cooper 2004).

24.5 Phenolic Compounds Present in Root Exudes

Phenolic acids are low molecular mass compounds, consisting of a hydroxyl group
bonded directly to an aromatic hydrocarbon(s). Plants produce diverse class of
phenolic compounds as secondary metabolites to fulfill a very broad range of
physiological activities (Lattanzio 2013). Aforementioned description of plant
phenols does not encompass all known plant phenolic compounds. Quideau et al.
(2011) proposed that plant phenolics can be best described as secondary natural
metabolites produced by plants either through shikimate–phenylpropanoid pathway
or the polyketide acetate–/malonate pathway for performing diverse physiological
activities. Phenolics compounds produced by plants can be categorized on the basis
of their basic skeleton. As evident from Fig. 24.3, the simplest phenolic compound
produced by plant is phenol and most complex phenolic compound is condensed
tannin.

Phenolics compounds are ubiquitous secondary metabolites of plants. Generally
it is believed that about 2% of all carbon photosynthesized by plants is converted into
flavonoids (phenolic compound) or closely related compounds (Robards and
Antolovich 1997). Phenolic compounds account for nearly 40% of all circulating
organic carbons present in biosphere (Lattanzio 2013). Naturally phenolic
compounds are derived from either the shikimic acid pathway or the malonate
acetate pathway or both. Majority of phenolic compounds in plants, fungi, and
bacteria are synthesized by shikimic acid pathway. The malonic acid pathway
forms significant amount of phenolic acids for fungi and bacteria as compared to
higher plants. Phenolic acids are produced in plants via shikimic acid through the
phenylpropanoid pathway, as by-products of the monolignol pathway and as break-
down products of lignin and cell wall polymers in vascular plant (Chapman and
Regan 1980; Croteau et al. 2000). Some of the phenolics present in rhizosphere may
have microbial origin (Lareen et al. 2016).
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Fig. 24.3 Classification of plant phenolic compounds on the basis of basic skeleton structure
(Lattanzio 2013)
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24.6 Ecological Perspective of Phenolic Compounds Present
in Rhizosphere

The carbon-rich zone present around root supports the assemblage and growth of
diverse microbial flora and fauna. Interaction between flora and fauna within rhizo-
sphere is largely influenced by the plant root exudes (Fig. 24.4). Phenolic
compounds released in rhizosphere bestow metabolic plasticity essential for

Fig. 24.3 (continued)
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perceiving and responding to biotic and abiotic stress (Baetz and Martinoia 2014).
They are known to play multifunctional roles in rhizosphere particularly in the
plant–microbe interactions. Plant phenolic compounds released by roots can execute
both positive and negative interactions in the rhizosphere (Bais et al. 2006; Philippot
et al. 2013). The positive interactions mainly revolve around assemblage of benefi-
cial microbes in the vicinity of root. Phenolic compound mediated negative
interactions, include interaction of host plant with parasitic plants, pathogenic
microbes, and invertebrate herbivores. Figure 24.5 shows some phenolic compounds
well known to act as signaling molecules in rhizosphere. Phenolics compounds (like
chrysoeriol and luteolin) act as positive signaling molecules by inducing transcrip-
tion of nodulation (nod) gene in Rhizobium meliloti (Hartwig et al. 1990). Juglone
(5-hydroxy-1,4-naphthalenedione) is phenolic compound well known to have nega-
tive impact on growth of other plants. Aliskan and Terzi (2001) have demonstrated
allelopathic effects of juglone on seed germination and seedling growth of tomato,
cucumber, garden cress, and alfalfa. Phenolic compounds from plant parts like root
and seed exudates, leaf leachates, and decaying plant matters play crucial roles in
determining the physical, chemical, and biological features of soil (Philippot et al.
2013). The process of soil formation is also influenced by phenolic compounds
(Inderjit and Mallik 1997).

24.7 Mutualism

Plants develop beneficial relations with microorganisms to acquire extra armor for
luxurious growth. Some bacteria (like rhizobia) and fungi (like vesicular–arbuscular
mycorrhiza) have the ability to develop mutual symbiotic relationship with roots of
plants. There are also some rhizosphere-dwelling microorganisms that benefit plants
without developing direct contact with the plants. Within rhizosphere there can be

Fig. 24.4 Simple model representing the biotic interactions that influence the rhizosphere
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three categories of microorganism. First category of microorganisms benefit plant by
enhancing the nutrient supply to plants. There may or may not be a direct contact
between microorganisms and plants. These microorganisms alter biotic and abiotic
characteristics of rhizospheric soil by their activities, which further enhances nutrient
availability for plants. Second category of microorganisms prevents growth or
activity of pathogenic organisms in the rhizosphere. They act as biocontrol agents
in rhizosphere and support plant growth. Such microorganisms can also induce
systematic resistance in plants and suppress disease occurrence or progression.
Third category of microorganisms directly helps in plant growth by producing
growth hormones in the vicinity of roots or within the plant. Rhizosphere also
harbors microorganisms that are neutral in interaction with plants. Such
microorganisms neither harm nor directly benefit plants. Saprophytes present in

Fig. 24.5 Some phenolic compounds that act as signaling molecule between plant roots and other
organisms present in the rhizosphere
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rhizosphere are important in mobilization of nutrient in the soil. The absence of
saprophytes in the soil are known to retard plant growth and crop productivity
(Ahkami et al. 2017).

In recent past the importance of plant growth–promoting bacteria residing in the
rhizosphere has been widely studied. These bacteria belong to diverse taxa. Some of
the commonly encountered plant growth–promoting rhizosphere bacteria are
Azospirillum, Bacillus, Pseudomonas, Rhizobium, Serratia, Stenotrophomonas,
and Streptomyces (Haldar and Sengupta 2015). Usually, rhizobacteria produce
secondary metabolites that mimic plant hormones such as auxin and gibberellins,
thus directly aiding in host plant growth (McNear 2013). These exogenously pro-
duced plant hormones can have significant influence on root growth, dynamics, and
evolution of rhizosphere as a microenvironment. Some fungi belonging to the genera
Ampelomyces, Coniothyrium, and Trichoderma have also been reported to benefit
host plant by nutrient mobilization and protection from pathogens (Lareen et al.
2016).

Association between Rhizobia (nitrogen-fixing bacteria) and leguminous plants is
one of the most well-known mutual symbiotic associations between plants and
bacteria. Symbiotic bacteria reside in root nodules and fix atmospheric nitrogen for
plants. In return plants provide the bacteria with nutrients. Nonleguminous plants
can develop symbiotic association with nitrogen-fixing actinomycetes, and such
plants are called “actinorhizal” plants. Symbiotic association is the outcome of a
series of molecular dialogue between bacteria and plants. The first event in develop-
ing symbiotic association is attracting bacteria toward rhizosphere by releasing
attractant in the rhizosphere. Once the bacterium is in rhizosphere zone, the molecu-
lar signal activates genes responsible for nodule formation. Phenolic compounds,
particularly flavonoids, are important molecules of signaling system. Flavonoids act
as chemo-attractants for nitrogen-fixing bacteria and provide host specificity (Lareen
et al. 2016). Flavonoids present in root exudes are known to regulate genes involve
in root nodule formation. Most of the flavonoids are active as nod gene inducers at
nanomolar to low micromolar concentrations. The first flavonoids reported to induce
nod gene were luteolin and 7,40 dihydroxyflavone (DHF) isolated fromM. sativa and
Trifolium repens (white clover) respectively (Peters et al. 1986; Redmond et al.
1986). Cooper (2004) reported isolation of 30 nod gene–inducing flavonoids from
nine leguminous plants belonging to different genera.

Soybean (Glycine max) produces two isoflavonoids, namely daidzein and genis-
tein, for inducing nod gene of Bradyrhizobium japonicum. However, daidzein and
genistein inhibit nod gene expression of Sinorhizobium meliloti. Nod gene of
S. meliloti can be induced by luteolin released by Medicago sativa. Flavonoids can
also elevate intracellular calcium level in rhizobia and consequently stimulate NodD
proteins for Nod factor expression (Moscatiello et al. 2010).

Roots of leguminous plants continuously release flavonoids into the surrounding
soil. Concentration of flavonoids increases significantly if the compatible rhizobium
species are present in rhizosphere. Flavonoids induce expression of nod gene in
rhizobia. Product of nod gene activates synthesis of Nod factor, which in turn
triggers a sequence of events required for nodule formation. Initially, the root hair
curls around the specific rhizobia, followed by entry of rhizobia into root via
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infection thread and development of nodules within the root. It has been suggested
that a mixture of flavonoids is more effective in inducing nod genes as opposed to a
single compound (Bolanos-Vasquez and Warner 1997; Begum et al. 2001). The
specific exudation of flavonoid (mixtures) from legume hosts together with the
specific perception of flavonoids by NodD proteins of different rhizobia is partially
responsible for the host specificity of the symbiosis. Apart from flavonoids, simple
phenolic compounds like vanillin and isovanillin produced by roots of wheat have
been reported to induce nod genes in Rhizobium sp. NGR234 (Kobayashi et al.
2004).

Specificity of association between rhizobium and leguminous plants has also
been assigned to the phenolic compounds produced by host plant. Nodulation has
been reported to be influenced by host-derived phenolics namely cinnamic, benzoic,
and hydroxybenzoic acids. In Alnus seed, flavonoid-like compounds (flavanone and
isoflavanone) have been reported to induce nodule formation (Benoit and Berry
1997).

Frankia, an actinobacterium, can develop symbiotic association with eight dif-
ferent dicotyledonous families. Flavonoids produced by plants mediate host recog-
nition and association. The specificity in Myricaceae–Frankia symbiosis has been
reported to be linked to plant root phenolics (Popovici et al. 2010). Phenolic
compounds, namely phenols, flavonoids, and hydroxycinnamic acids, were found
to be the major compounds differentially affected by Frankia inoculation in
Myricaceae plants (Popovici et al. 2010).

Mycorrhiza is a symbiotic association between fungus and plants. Generally,
phosphorus deficiency in the soil stimulates mycorrhizal symbiosis. The associated
fungus may colonize internal tissues of host plant roots and exist as arbuscular
mycorrhizal fungi. Some fungi may also exist extracellular on root surface as
ectomycorrhizal fungi. The successful establishment of symbiotic association
between fungus and host plants involve four principal steps, namely germination
of spore, growth of hyphae, recognition of host, and finally formation of appressoria.
Attraction of fungi by virtue of host plant roots exudes is an important event for
symbiotic association between fungi and host plant. Once the fungi are in the vicinity
of roots, exudes elicit hyphal growth and branching. There are evidences showing
that root exudes from host plant can stimulate better growth of fungi as compared to
nonhost exudates. Plant phenolics play a key role as signaling molecules during
mycorrhizal formation. Phenolic compounds present in root exudes have been
shown to support fungal spore germination, enhance hyphal growth, hyphal
branching, and secondary spore formation. The coumestrol has been reported to
initiate hyphal growth (Morandi et al. 1984). Morandi et al. (2009) have reported that
coumestrol-hyperaccumulating mutant of M. truncatula can exhibit hyperinfection
through its mycorrhizal symbionts.

Plant phenolic compound profiles of root exudes also change upon the establish-
ment of successful association. Flavonoids gradually accumulate before the start of
infection and after initiation concentration of phenolics compound vary with differ-
ent stages of infection. The expression of genes involved in phenylpropanoid,
flavonoid, and isoflavonoid metabolism changes upon arbuscular microbial
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association. Scervino et al. (2005) demonstrated that Trifolium repens infection by
Glomus intraradices changes the composition of flavonoids present in roots. Gener-
ally, infection by arbuscular mycorrhizal fungus increases phenolic compound
content in root exudes. The entry of mycorrhizal fungus into root is liable to induce
activation of flavonoid phytoalexins. However, the intensity of induction of
phytoalexins is relatively low in mycorrhizal fungus infection as compared to the
infection by pathogens. Some flavonoids like pyranoisoflavones produced by white
lupin have been reported to inhibit hyphal branching in non-mycorrhizal fungi, thus
accounting for the host specificity during symbiotic association between fungus and
plant.

Giovannetti (2000) proposed that the perception of the right molecular signals
from the host roots promotes differential morphogenesis of arbuscular mycorrhizal
hyphae in the rhizosphere. However, fungal penetration into the root cells depends
on the host genome. Therefore, the initial stages of arbuscular mycorrhizal estab-
lishment is regulated by phenolic compounds, and root penetration as well as
arbuscular mycorrhizal development are likely to be regulated by the interactions
of host plant and the fungal partner. Phenolic compounds like p-coumaric acid, p-
hydroxybenzoic acid, and quercetin have been reported to stimulate growth and
colonization of clover and sorghum root by the arbuscular mycorrhizal fungus.

Root colonization by rhizosphere-dwelling beneficial microorganisms can stimu-
late and induce systematic resistance in plants. Induced systematic resistance (ISR)
is the state of plant that protects nonexposed plant parts against the future attack by
microbial pathogens (Corne et al. 2014). Usually plants develop ISR upon infection
by pathogens, root colonization by specific beneficial microorganisms, or after
treatment with specific chemicals. Induced resistance activates latent defense mech-
anism of plants. Induced state is not only expressed at site of attack or exposure but
also systematically in plant parts separated from site of induction. ISR provides
broad spectrum protection.

ISR-inducing beneficial microorganisms must colonize roots of host plants. For
establishing prolong mutualistic interaction with host, microorganism must evade
plant immunity response. Mycorrhizal fungus Rhizophagus intraradices employs
symbiosis effectors MiSSP7 to suppress effector-triggered mediated immunity in
host plant before inducing systematic resistance. Similarly, ectomycorrhizal fungus
Laccaria bicolor suppresses salicylic acid–dependent defenses for establishing itself
on host plant. The plant growth–promoting fungi like Piriformospora indica initiates
jasmonic acid–mediated signaling pathway in Arabidopsis roots to suppress both
early and late defense responses (Corne et al. 2014).

24.8 Predation

Predation is a biological interaction between organisms, where an organism known
as predator kills and eats another organism known as prey. Seed herbivores can also
be included in predation. There are soil fauna that feed on pathogenic microbes and
act as biological control system for plants (Ingham et al. 1985). Protists and
protozoans present in the soil feed on rhizosphere-dwelling fungi and bacteria,
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thus influencing the assemblage of microbiome near root. Consumption of bacteria
or fungi by protists reduces microbial population of rhizosphere, thus increasing the
nutrient availability for leftover microorganisms (Ingham et al. 1985). Protists have
higher C:N ratio than fungi or microorganisms, and to maintain this protists release
excess of nitrogen in the surroundings, thus making it available to host plant and
other microorganisms (Ingham et al. 1985). Predation of bacteria by nematodes has
exhibited to influence nitrogen availability and plant growth. Soil fauna also help in
releasing locked-up nutrient in dormant cell by consuming them (Ingham et al.
1985).

Excessive predation of beneficial microorganisms by soil fauna in rhizosphere
may be harmful to plant (Sparling et al. 1981). To avoid such conditions, plants
release nematicides and phytoalexins (Elhady et al. 2018). Root leachates of several
plants have been reported to exhibit nematicidal activity (Elhady et al. 2018). Active
components of these root leachates were found to be phenolic compounds like p-
hydroxybenzoic acid, vanillic acid, caffeic acid, and ferulic acid (Iannucci et al.
2013). Apart from nematicidal activity, phenolic compounds can also act as
repellents or motility inhibitors (Iannucci et al. 2013).

24.9 Competition

Competition is an interaction between organisms or species, in which both
interacting partners are harmed. Rhizosphere-inhabiting organisms compete for
food, water, and space. Competition is one of the important factors that determine
the structure of rhizospheric community. Allelopathy and autotoxicity are two of the
important forms of competition prevalent in rhizosphere. Phenolic compounds
possessing allelopathic properties inhibit growth of adjacent plants (Fig. 24.6).

Fig. 24.6 Effect of allochemical on germination of chickpea (Cicer arietinum). Seed grown in (a)
soil amended with aqueous root extract of Parthenium hysterophorus (b) normal soil. The presence
of allelochemical like phenolic compounds in aqueous root extract reduced the size of chickpea root
as compared to the control
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Phenolic compounds can be produced actively by plant cells in rhizosphere or
decaying plant parts can also added phenolic compounds to microenvironment of
rhizosphere (Bertin et al. 2003). The presence of allelopathic phenolic compounds
like benzoic acid, cinnamic acid, coumarins, flavonoids, isoflavinoids, and tannins
are reported to inhibit seed growth as well as harm normal growth of plant post
germination (Bertin et al. 2003). Forage legume Desmodium uncinatum inhibit post-
germination and attachment of Striga by producing several (iso)flavonoids in its root
exudates (Hooper et al. 2010; Khan et al. 2010). The success of several invasive
weeds has been attributed to flavonoids with allelochemicals. Spotted knapweed
(invasive weed of North America), produces catechin in its root exudes (Bais et al.
2002). Catechins induce generation of reactive oxygen species in susceptible plants,
leading locals to cell death and subsequently the death of entire the root system (Bais
et al. 2003).

Phenolic compounds present in root exudes have been reported to act as
phytoalexins and nematicides (Hassan and Mathesius 2011). Phytoalexins exhibit
both antifungal and antibacterial activities. They are generally synthesized in
response to attack by pathogens. Nematicides have lethal activity against nematodes.
Under certain conditions, phytoalexins and nematicides can be stored in plant root in
an inactive form. Upon attack, they release as broad-spectrum phytoanticipins to
escalate a quick defense against pathogen. Phenolic compounds such as cajanin,
medicarpin, glyceollin, rotenone, coumestrol, phaseolin, and phaseolinin are known
to inhibit growth and proliferation of soilborne pathogens (Hassan and Mathesius
2011). Isoflavonoids such as medicarpin, pisatin, and maackiain have been reported
to exhibit antimicrobial activity against soil-dwelling microorganisms (Nihorimbere
et al. 2010). Roots of alfalfa and pea produce medicarpin to protect plants from the
pathogenic soil fungus Rhizoctonia solani (Kapulnik et al. 2001). Medicarpin
prevents fungal infection by inhibiting fungal germ tube and mycelial growth
(Blount et al. 1992). Quercetin, another well-known plant phenolic compound
executes antimicrobial activity by binding to GyrB subunit of E. coli DNA gyrase
and inhibits the ATPase activity. Quercetin has also been reported to inhibit the
growth of the fungus Neurospora crassa (Parvez et al. 2004).

Some plants release pterocarpans around the roots when they come in contact
with pathogenic microorganisms. Armero et al. (2001) reported that exposing
chickpea seedlings to elevated level of glutathione increases pterocarpan biosynthe-
sis. These synthesized pterocarpans are released by the roots into the surroundings,
to prevent the damage caused by the pathogens.

Extracts from aboveground plant parts also demonstrated insecticidal activity by
the virtue of phenolic compound like phenols, tannins, and several flavonoids.
However, there is a lack of direct evidence exhibiting phenolic compounds from
underground plant parts demonstrating insecticidal activity. Singh et al. (2014)
demonstrated that tomato root hair extracts have phenolic compounds such as
rutin, quercetin, kaempferol, gallic acid, protocatechuic acid, ferulic acid,
colorogenic acid, and caffeic acid. These compounds were able to inhibit growth
of larvae of Helicoverpa armigera and Spodoptera litura.
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24.10 Effect of Phenolic Compounds on Rhizosphere Food Web

The rhizosphere is a nutrient-rich region as compared to bulk soil. It supports a dense
and diverse population of primary consumers depended upon root, which acts as
primary carbon source (Moore et al. 2003). The length of trophic chain depends
upon the amount of carbon release into the rhizosphere. Theoretically, the more the
amount of carbon in root exudes, the longer would be the tropic length. Form of
carbon can also have significant influence on the food web. In general the rhizo-
sphere food web is believed to support three to eight trophic nodes (Fig. 24.7).

The primary consumers of plant root exudes are microorganisms (bacteria and
fungi). The composition of root exudes directly determine the microbial community.
Microorganisms exhibit specificity in their ability to utilize various constituents of
root exudes. Root exudes from two different varieties of same plant can select
different genotypes of same bacterial species (Walker et al. 2003). Larger secondary
metabolites such as polysaccharides and polypeptides are preferred carbon source
for microbial community as compared to phenolic compounds. The presence of
phenolic rings makes phenolic compounds less susceptible to general microbial
degradation. Phenolic compounds act as microbial attractant or replant and thus
influence the microbial community structure. Usually root exudes repel pathogenic
microorganisms. However, under certain conditions pathogenic microorganisms can

Fig. 24.7 Simple food web involving rhizosphere, soil and above ground dwelling organisms
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infect root and cause the death of entire root system. Dead roots support detritus
nutrient pool that is utilized by saprophytic microorganisms (Moore et al. 2003).

Invertebrates like insects, arthropods, and nematodes can also feed on live, dead,
or decaying plant material. Nematodes feeding on root can induce its death.
Arthropods known as shredders feed on dead or decaying vegetation or rhizosphere
microorganisms. Protozoans like amoeba feed on soil bacteria and are further
consumed by nematodes. Nematodes can feed on bacteria and fungi present in
rhizosphere. Predatory nematodes can feed on nonpredatory nematodes. Predatory
nematodes may also feed on soil-dwelling protozoan. Predatory arthropods feed on
nematodes. Arthropods are further consumed by aboveground organisms like mice
and birds, extending the food chain.

24.11 Conclusion and Future Perspectives

Undoubtedly, phenolic compounds are most extensively studied plant secondary
metabolites. During last few decades several studies have demonstrated the multiple
roles of plant phenols. Phenolic compound profiles of a plant are not only deter-
mined by genetic composition but also influenced by the environmental factors. It
appears that phenolic content of plant is shaped by the interaction between plants and
their surrounding environment in such a way that plants can have luxurious growth
in the available external conditions. Most of the studies have concentrated on
aboveground parts with very little information about the role of phenolic compounds
in roots and their surrounding. Available literature suggest that phenolic compounds
released in rhizosphere play important role in plant–microbe interaction, and thus
they shape the microenvironment lying in close vicinity of roots. Interestingly, most
of the research has focused on the regulation by flavonoid signaling while ignoring
other phenolic compounds, although they are the major component of the
rhizodeposits. Phenolic compounds released by roots influence the food web of
soil by controlling the rhizosphere microbial community.

The idea of engineering rhizospheres for promoting plant health and growth
necessitates the elaborate study of phenolic compounds in rhizosphere. Phenolic
compounds that attract beneficial microorganisms and repel harmful organisms may
help in designing the rhizosphere in such a way that can bestow good growth and
better yield. The use of metabolomics approach for identifying root exudes’
molecules at different stages of plant development and under different environmen-
tal conditions may open up new avenues in rhizosphere engineering.
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Abstract

Plant phenolics are secondary metabolites of plants which have different
functions in plantlike giving color and odor to the fruit and flower, defense
against biotic and abiotic stresses. Studies in the field of utilization of plant
phenolics are scanty. The plant microbe pathogens include bacteria, fungi, and
viruses caused a lot of economical loss in agricultural field. The reduced output,
rising prices and side effects of chemical pesticides are pushing the farmers to find
an alternative. Plant phenols which act as an innate defensive mechanism in many
plants against plant micro pathogens can be standardized and used as pesticides.
Biological pesticides made of plant phenolics can effectively replace the chemical
pesticides. This review says about the general defensive properties of plant
phenolics, studies on the defensive role of plant phenolics in both intact plants,
and effect of extracted phenolics in crop plants. The review also suggests more
studies in the field of defensive utility of plant phenolics.
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25.1 Introduction

Plant secondary metabolites are groups of the chemical compounds that synthesized
inside the plant in biochemical pathways. Phenolic is one of the widespread groups
of compounds which possess an aromatic ring. In addition, phenols include methyl
ethers, esters, and glycosides groups known as polyphenols (Harborne 1989). Most
of the phenolic compounds are soluble in the polar organic solvent (chloroform,
ether, ethanol, ethyl acetate, and methanol), but some phenolic glycosides are
soluble in water. Almost all the phenolic compounds have unique absorption
characteristics, most of the phenolic compounds show in the UV spectrum, while
colored compound absorbs in the visible spectrum as well (Van Sumere 1989).
Phenolic compounds released by the plant part such as leaves and roots which enter
into the soil as leachates and influencing the activity of harmful microbes nutrient
cycling. Some of the natural compounds like gallic acid, flavonoids, and ferulic acid
are responsible for the inhibition of growth of saprophytic fungi and spore germina-
tion (Hättenschwiler and Vitousek 2000). Naturally, different types of secreted plant
phytochemicals (juglone, quercetin, 2,4-dihydroxy-1,4(2H) benzoxazine-3-one,
etc.) in the form of volatile emissions, root exudation, and bark breakdown interact
with other plants that may be beneficial or harmful to them (Inderjit and Gross 2002;
Weir et al. 2004).

The use of plant and plant products as medicines may be traced as far back as the
beginning of human civilization (Kelly 2009). The earliest mention of the medicinal
use of the plant in India is found in ‘”Rigveda,” which said to have been written
between 4500 and 1600 B.C. and is supposed to be the oldest repository of human
knowledge (Tucakov 1964). “Ayurveda,” the base of Hindu culture medicinal
science in India, in the eighth division deals with the drug’s basic properties and
different aspects of life science and the healing art. The inhibition produced by the
plant extracts against a particular organism depends upon various extrinsic and
intrinsic parameters (Rastogi and Malhotra 2002).

Production of modern drugs from natural products is widely done now by mainly
exploiting traditional medicinal property of the material, which has been using since
thousands of years ago (Prakash and Gupta 2005). From ancient times the use of
medicinal plants to treat disease was done all over the world (Richard and Forrest
1982). The holly texts like Vedas and Bible tells about the usage of plant products as
herbal remedies, which shows its medicinal properties was recognized in ancient times
also (Parekh and Chanda 2006). In fact, plants produce a diverse range of bioactive
molecules, making them a rich source of different types of medicines (Mukherjee
2003). Since ancient times, higher plants play role as a sources of medicinal
compounds that have continued for the maintenance of human health (Mallikhrjuna
et al. 2007). Over 50% of all modern clinical drugs are of natural product origin
(Lapornik et al. 2005), and these natural products play an important role in drug
development programs in the pharmaceutical industries (Igbinosa et al. 2009).

Plants are capable of synthesizing diverse types of organic molecules, which may
be divided into two major groups: primary and secondary metabolites (Handa et al.
2008). Primary metabolites are synthesized by the plants for their growth and
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sustained for life. These metabolites are used in the plants for respiration and
photosynthesis (Goyal et al. 2007). Secondary metabolites are metabolic products
which are not essential for growth and life sustains, but it is used by plants as
defensive molecules against predation by microorganisms, insects, and herbivores
(Gopi and Vatsala 2006). However, some of which may involve in plant odor
(terpenoides), pigmentation (tannins and quinones), and flavor (capsaicin) (Ahmad
and Beg 2001). However, these defensive molecules give plants their medicinal
value which is appreciated by human beings because of their great importance in the
health care of individuals and communities (Uma Devi et al. 2007).

Approximately, 12,000 secondary metabolites are known from the different plant
which is estimated to be less than 10% of the total phytochemicals found in plants.
These secondary metabolites are synthesized in the plants in response to stress
condition (Venkatesan and Kannabiran 2008). In recent times, phytochemicals
have drawn attention due to their potent antioxidant properties (see Fig. 25.1) and
roles in the protection of human health, when their dietary intake is significant
(Vidyadhar et al. 2010; Wurochekke et al. 2008).

Plant secondary metabolites can be divided into four major groups: terpenes,
phenolics, glycosides, and alkaloids (Wurochekke et al. 2008).

25.2 Terpenes

Terpenes are defined as secondary metabolites built up from isoprene units.
Terpenes contain only hydrocarbon chain, while terpenoides are oxygenated
hydrocarbons (Wang 2010). The formula of terpenes is (C5H8)n.

25.2.1 Classification of Terpenes

The classification is based on the number of isoprene units (Ashour et al. 2010).

Fig. 25.1 Diagram
represents the various
biological potential of plant
phenolics
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Number of isoprene units Name Carbon atoms

2 unit Monoterpenes C10

3 unit Sesquiterpenes C15

4 unit Diterpenes C20

5 unit Triterpenes C30

6 unit Tetraterpenes C40

More than 8 unit Polyterpenes –

The functions of terpenoides in plants have been recognized as growth, develop-
ment, reproduction, and defense (Wink 2008). A best known example of diterpene is
gibberellins, plant hormones involved in the control of seed germination, stem
elongation, and flower induction (Thomas et al. 2005). Another example of
terpenoides hormone is abscisic acid (ABA), is not properly considered a lower
terpenoid, since it is formed from the oxidative cleavage of a C40 carotenoid
precursor (Schwartz et al. 1997).

25.3 Polyphenols

Phenols comprise a class of aromatic organic compounds having at least one
hydroxyl group attached directly to the benzene ring. The presence of hydroxyl
groups in the molecules of phenols means that phenols are like alcohols is being able
to form strong intermolecular hydrogen bonds (Wang et al. 2010). This hydrogen
bonding causes phenols to be associated and therefore to have higher boiling points
than hydrocarbons of the same molecular weight. The ability to form strong hydro-
gen bonds to molecules of water confers on phenols a modest solubility in water
(Vollhardt and Schore 1998).

With over 8000 variations have been identified, polyphenols are common
substances throughout the plant kingdom. They provide an important role in plant
metabolism, provide some defense against predators (by their astringency) from the
brilliant colors in many fruits and vegetables, and prevent premature seed germina-
tion. In general, plant phenolics are involved in defense against ultraviolet radiation
and act as protective compounds against herbivores and mechanical supporting
pathogens. Phenolics are widespread constituents of plant foods (fruits, vegetables,
cereals, olive, legumes, etc.) and beverages (tea, coffee, etc.). It is also helpful in
attracting pollinators and fruit dispersers or in reducing the growth of nearby
competing plants. Being so ubiquitous, polyphenols naturally form an integral role
in human and animal diets. Until recently, their role had been classified by animal
nutritionists as “antinutrients” because of their ability to reduce the digestibility of
proteins and subsequent increase in fecal nitrogen excretion (Longstaff and McNabb
1991). Certain polyphenols may form complexes with metal cations, thereby
interfering with the intestinal absorption of minerals such as iron and copper
(Brune et al. 1989). This effect has been attributed to the galloyl and catechyl groups
of polyphenolic compounds, phenolic acids in coffee (Brune et al. 1989), and
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polymerized products in black tea and cocoa (Hurrell et al. 2002). Based upon their
structure, phenolics have been divided into two main categories, i.e., flavonoids and
non-flavonoids like tannins (Chandrasekara and Shahidi 2010).

25.4 Flavonoids

Flavonoids are polyphenolic compounds containing 15 carbon atoms with two
aromatic rings connected through a 3-carbon bridge shown in Fig. 25.2 (Graf et al.
2005).

It is the most important families of natural pigments in the plant kingdom. They
are responsible for the blue, purple, red, and orange colors of many fruits and
vegetables (Kondratyuk and Pezzuto 2004). These pigments provide color and
promote health benefits to consumers due to their antioxidant capacity (De Groot
and Rauen 1998). Mostly used and well-known secondary metabolites (flavonoids)
include quercetin, catechins, anthocyanidins, and kaempferol.

25.5 Synergistic Effects of Polyphenols

Phenolic compounds are primarily of interest with regard to human health because of
their antioxidant activity. Because of their structure, they are very efficient
scavengers of free radicals and are also metal chelators (Shahidi and Naczk 1995).
In addition to the antioxidant characteristics of flavonoids, other potential health-
promoting bioactivities include anti-allergic, anti-inflammatory, antimicrobial, and
anticancer properties (Cody et al. 1986). There are many ways in which flavonoids
may act to prevent cancer, including inducing detoxification enzymes, inhibiting
cancer cell proliferation, and promoting cell differentiation (Kalt 2001). Some
flavonoids are also beneficial against heart disease because they inhibit blood platelet
aggregation and provide antioxidant protection to LDL (Frankel et al. 1993). Studies
on the health benefits of the phenolic acids to date have largely focused on their
antioxidant activity.

Fig. 25.2 Basic structure of
flavonoids
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25.6 Pharmacologic Effects of Plant Phenolics

25.6.1 Polyphenols as Antioxidants

The human body is exposed to a large number of foreign chemicals every day
(Santhakumari et al. 2003). These chemicals can generate free radicals inside the
human body and show negative impact on human health by affecting the metabolism
(Carmen and Florin 2009). The oxygen consumption inherent in cells growth leads
to the generation of a series of free radicals. Highly active free radicals and their
uncontrolled production are responsible for numerous pathological manifestations
such as cell tumor (prostate and colon cancers) and coronary heart diseases
(Karadenz et al. 2005). Antioxidants can significantly delay or prevent the oxidation
of easily oxidizable substances (Atrooz 2009). Natural antioxidants are classified
according to their mechanism of action as chain-breaking antioxidants which scav-
enge free radicals or inhibit the initiation step or interrupt the propagation step of
oxidation of lipid and as preventive antioxidants which somehow slow the rate of
oxidation but do not convert free radicals (Semalty et al. 2009).

Dietary polyphenols are the most abundant antioxidants included in human diets.
With over 8000 structural variants, these are secondary metabolites of plants with
aromatic ring(s) bearing one or more hydroxyl moieties. They are subdivided
depending upon the number of phenolic rings and the structural elements that link
these rings (Butterfield and Lauderback 2002). The phenolic acids with the
subclasses derived from hydroxybenzoic acids such as gallic acid and from
hydroxycinnamic acid, containing caffeic, coumaric acid, and ferulic. Plant
flavonoids are divided into six subclasses which comprises flavonols, isoflavones,
anthocyanidins, flavanones, and flavones, flavanols.

The antioxidant properties of polyphenols exhibit a wide array of biological
potential. They inhibit LDL oxidation in vitro (Frankel et al. 1993). LDL isolated
from volunteers supplemented with red wine or red wine polyphenols show reduced
susceptibility to oxidation (Nigdikar et al. 1998). Therefore, polyphenols possibly
protect LDL oxidation in vivo and reduce the problems of atherosclerosis signifi-
cantly and also prevent the development of some cancers (Halliwell 1999). In
addition, flavonoids have antithrombotic and anti-inflammatory effects (Gerritsen
et al. 1995). The antimicrobial property of polyphenolic compounds has been well
documented (Chung et al. 1998).

Several types of polyphenols (phenolic acids, hydrolyzable tannins, and
flavonoids) show anticarcinogenic and antimutagenic effects. Most of the
polyphenols might inhibit the development of malignant cancer, expression of
mutant genes, and the activation of procarcinogens (Bravo 1998). Nevertheless,
some polyphenols have been reported to be mutagenic in microbial assays and
cocarcinogens or promoters in inducing skin carcinogenesis in the presence of
other carcinogens (Chung et al. 1998). Recently the anti-hemorrhoidal effect of
phenolic compounds from the bark of Acacia ferruginea DC is reported (Faujdar
et al. 2019). The Pereskia bleo methanol extract, a cactus, contains several phenolic
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compounds with abundant antioxidant and antibacterial activity (Johari and Khong
2019).

25.6.2 Polyphenols as Anticarcinogenic

Compound generated in the body after metabolism called oxidant molecules and
cause damage to cells, particularly DNA, proteins, lipids, and the degeneration of
somatic cells (Barbacanne et al. 2000). Due to this effect, different diseases arise
such as cancer, cardiovascular disease, cataracts, and suppression of the immune
system. Antioxidants molecules present in the plants can neutralize these damages,
by scavenging reactive oxygen species or by inducing endogenous defense systems
(Bortoletto et al. 2015). Polyphenol compounds are recognized as the most powerful
antioxidant molecules in plants (Barbacanne et al. 2000). Antioxidant activities of
polyphenols have been attributed to their reducing capacities or through their
possible influences on oxidant molecules (Saito and Hayashi 2015).

25.7 Phenolic Compounds and Plant Defense

Plants trip up quite a lot of pests and pathogens which can lead to the resistance
against them and protect them by increasing the amounts of the chlorophyll contents,
size of leaves, new branches, and increasing uptake of nutrients (Paul et al. 2000;
Dietrich et al. 2005). In spite of this, most of the phenolics can induce plant defense
against environmental stress and protect plants (Koricheva et al. 2004).

25.7.1 Phenolic Compounds Against Fungal Pathogens

Fungi are unable to photosynthesize and rely on plants for their nutrition, there are
around 1.5 million species of fungi in existence, six times more than the current
250,000 plant species. The plants are continuously exposed to the various types of
stress exerted by pathogens to generate resistance against those pathogens (Lattanzio
and Cardinali 2006).

25.7.2 Phenolics Compounds Against Fungal Attack

A large number of plant compounds have been reported to have antifungal activity.
In that especially, phenols and phenolic glycosides have high resistance against
fungal pathogens. Mainly simple phenols, phenolic acids, flavonols, and
dihydrochalcones come underactive antifungal phenols. Typically, plants respond
to fungal infection by producing more antifungal phenols at the infection site if the
plant site contains antifungal phenols that are not sufficient to stop the fungal
infection at that time (Slatnar et al. 2016). Usually, plants store the antifungal
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phenolic compounds in the vacuoles or organelles. So the concentration of the
phenols that affect the invading fungus will be proportional to the tissue damage
done by the fungus. Usually, a group of fungi called biotrophs may avoid the release
of phenolic compounds by decreasing the damage to the host, whereas necrotrophs
invade more into the cell and cause the substantial release of these compounds. The
factors like environmental conditions, age, and host’s genotype will cause variation
in the level and nature of affection of the fungal pathogen (Price et al. 1987; Davis
1991).

A lot of previous studies are there which shows the phenolic compounds in
several crops are effective against several fungal diseases affecting that particular
crop. Two species of fungi Fusarium oxysporum and Rhizoctonia solani cause root
rot-wilt complex disease in cultivated flower crop geranium (or rose geranium
Pelargonium graveolens L. Hert); phenolic acids such as tannic, gallic, caffeic,
ferulic, and benzoic are seen to be produced at the time of infection of the pathogen
and are very much effective against them (Prasad et al. 2008). Venturia inaequalis
(Cooke) G. Winter, which is generally called scab fungus which affects the apple
leaves, is affected by some phenolic compounds like flavanols (epicatechin,
procyanidin B1, catechin), dihydrochalcones, and hydroxycinnamic acids (Mikuli-
č-Petkovšek et al. 2009; Slatnar et al. 2012). Hydroxycinnamic acid (HCA)
derivatives inhibit the growth and sporulation of fungi in some crops (Sammi and
Masud 2009). The role of catechin in the plant’s pathogen defense might be their
interaction with proteins and inhibition of the enzymes secreted by pathogenic fungi
which attacks the crops (Bors and Michel 2002). Vitaceae family of plants which
includes grapes shows increased metabolism and accumulation of phytoalexins and
synthesis of PR proteins against pathogenic fungi as a defense metabolism (Jeandet
et al. 2002). The flavonoid sakuranetin which is accumulated highly in the rice leaf
on infection of Pyricularia oryzae, a pathogen which causes blast disease shows they
are important in defense against that fungus (Kodama et al. 1992). Sorghum bicolor
shows change in metabolism at the time of attack of the fungi Colletotrichum
sublineolum, the plant produces an array of defensive phenolic compounds like
apigeninidin, luteolinidin, 3-deoxyanthocynidin phytoalexins, etc. (Tugizimana
et al. 2019).

Some phenolic compounds extracted from the plants can be applied to the crops
to decrease the level of fungal infection; this kind of studies will be pathbreaking in
the field of pesticides particularly in the scenario where the artificial pesticides are
very expensive and less effective. Alternaria alternata which causes soft rot disease
on ripe cherry tomatoes showed reduced infection when phenolic compounds like
ferulic acid, gallic acid, catechin, chlorogenic acid, caffeic acid, and p-coumaric acid
from rude foliar extracts of a wild Capsicum annuum was applied on artificially
infected ripe cherry tomatoes (Pane et al. 2016). Same like that the extracts from the
leaf extracts of the giant knotweed (Reynoutria sachalinensis, Polygonaceae)
showed disease resistance against common pathogens of cucumber like Pythium
ultimum, P. aphanidermatum, and Botrytis cinerea further analysis shown that the
phenolic compounds (caffeic and ferulic acids, p-coumaric, and p-coumaric acid
methyl ester) are the reason behind it (Daayf et al. 2000).
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25.7.3 Phenolic Compounds Against Bacterial Pathogen

A large number of bacterial pathogens are attacking our crop plants which cause a
rapid loss in the field of agriculture. Plants have some innate disease resistance
against the pathogenic bacteria also. One of the important disease resistances is by
the production of phenolic compounds and oxidative products of phenols. These
compounds show differential metabolism and accumulation in different periods of
bacterial infection in the host plant. So the study of this kind of changes in the
phenolic content in the plants by bacterial infection is important to study their role in
disease resistance and also to produce value-added natural products derived from the
plant phenolics.

Xylella fastidiosa is a bacterium that causes severe diseases in crops such as
variegated chlorosis in citrus, almond leaf scorch, and grape pierce disease (Maddox
et al. 2010). The phenolic compound sakuranetin shows high accumulation and
defense against the important rice bacterial pathogens Burkholderia glumae and
Xanthomonas oryzae, the former causing bacterial grain rot and the latter causing
blight and leaf streak (Cho and Lee 2015).The green walnut husk is affected by
blight disease by Xanthomonas arboricola pv. juglandis (Xaj) bacteria. The affected
plant showed fivefold more hydroxycinnamic acids, up to threefold more gallic acid,
up to 4.3-fold more quercetins, and up to 23-fold more catechin than the normal
plant. These statistics show their defensive role against the bacteria (Mikulic-
Petkovsek et al. 2011).

Polyphenol oxidases are copper-containing enzymes which are catalyzing the
oxygen-dependent oxidation of phenols to quinones seen commonly in angiosperms
and thereby regularly involving in plant defense against pests and pathogens.
Artificially increasing the production of the PPO by genetic engineering can increase
the resistance against pest in crop plants by increasing the rate of oxidation of
phenols to quinones. The development of transgenic tomato plants (Lycopersicon
esculentumMill. cv. Moneymaker) with PPO cDNA by using the cauliflower mosaic
virus 35S promoter highly increased the resistance against the bacterial pathogen
Pseudomonas syringae (John and Steffens 2002). Xanthomonas citri subsp. citri
(Xcc) causes citrus canker, affects sweet orange-producing areas around the world,
plant phenol-derived alkyl dihydroxybenzoates when added to citrus plants showed
resistance to bacteria by preventing their cell division in the fruit (Nazaré et al.
2018). Designed products made up of plant phenolics which have antibacterial
property can effectively act as an alternative to the artificial antibacterial products
in the near future.

25.7.4 Phenolic Compound Against Viral Pathogens

One of the most affected microbe pathogens to crop plants is viruses. Plant viral
diseases are very harmful to the crop plants, and they are easily spreadable in the
field. Several plant phenolic compounds show defense against the viral pathogen;
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salicylic acid is one of the important compounds with the high antiviral property.
The discovery of the disease resistance function of salicylates was founded in
Xanthi-nc tobacco (Nicotiana tabacum which contains the “N” gene, which
originates from Nicotiana glutinosa) in 1979. The plant shows hypersensitive
reaction (HR reaction) response by restricting the viral attack to a small area of
initial attack (keep the other parts safe) in response to tobacco mosaic virus (TMV)
attack (Holmcs 1938). There was a considerable reduction in the number of lesions
formed when the tobacco plant leaves are injected salicylic acid (0.01% solution)
and aspirin (0.02% solution) in prior to the infection of the virus; the same result was
there when aspirin (acetylsalicylic acid) is sprayed to the leaf also (White 1979). In
addition to the decrease in the lesion number, the salicylic acid reduced the lesion
size in Xanthi-nc tobacco (Wieringa-Brants and Schets 1988). Tobacco necrosis
virus (TNV) another pathogen in tobacco plant also showed reduced lesion size
when treated with salicylic acid (Pennazio et al. 1985).

Salicylate also reduced the symptoms of infection with the tobacco necrosis virus
(TNV) in asparagus beans (Pennazio et al. 1987), and salicylates also induced PR
proteins and thereby giving resistance to alfalfa mosaic virus in bean and cowpea
(Hooft van Huijsduijnen et al. 1986). In a study was the total phenol content of the
tomato plant checked before and after cauliflower mosaic virus (CMV)-16 affection
showed an increase of antioxidant phenolic compounds after the attack (Nayef et al.
2018). Application of the phenolics by different methods into crops can decrease the
viral infection to a larger margin.

25.8 Phenolics in Plant-Insect Interactions

Phenolic compounds play a physical and chemical interaction between plants and
pathogens, owing to the increase in hypersensitive reaction and plant resistance to
pathogens. The basic mechanism behind the resistance against pathogens may be
altering the genetic factors (Painter 1941). Phenolics that have to be used in plant
protection have historically relied on the synthesis of the plant’s total phenolic
content that is active against a specific organism. The mechanism has been devel-
oped to recognize the plant-insect interactions by increasing the level of particular
phenolic toxins with respect to the host. Owing to the increasing the level of
phenolics such as salicylates in Salix leaves which protects against larvae of
Operophtera brumata by developing the barriers (Castellanos and Espinosa-García
1997; Harborne 2001).

25.8.1 Discussion and Future Perspective

The increased resistance of the pathogens to chemical pesticides caused the
decreased effect of these pesticides and great financial loss in the field of agriculture.
This scenario is important for rediscovering the local plant-based pesticides and also
to find some biologically active alternatives for the chemical pesticides. Plant

588 A. K. Gautam et al.



phenolics which are of great effect in the field of pesticide manufacturer are only less
utilized or studied. Value-added products of phenolics will be a perfect replacement
for the chemical pesticides. Even though the plant extracts are used against patho-
genic microbes, less interest is seen to extract the biologically active material from
the plant and to market it.

Some crop plants have inborn phenolic compounds in it to prevent the fungal
microbe attack like catechol 1 and protocatechol 2 against onion smudge disease
caused by Colletotrichum circinans. These two phenolics reduce the spore germina-
tion of the fungi to 2% in the onion tuber (Links et al. 1929; Angell et al. 1930;
Walker and Stahmann 1955). Chlorogenic acid 3 (Johnson and Schaal 1952; Lee and
LeTourneau 1958) and benzaldehyde 4 (Wilson andWisniewski 1989) in potato; the
flavanol naringin and polymethoxyflavone tangeretin in bitter orange (Citrus
aurantium) (Arcas et al. 2000); tyrosol, catechin, and oleuropein from olive tree
(Del Río et al. 2003); salicylic acid in woody plants; etc. are such phenolic
compounds. The extraction of this kind of phenolic compounds and their utilization
in other crops which is affected by the same fungal pathogen is very important in the
future. Only few studies are done on the plant extract and identify these compounds
for their mechanism of action against fungal pathogens. Some phenolic compound
ursolic acid extracted from the leaf of Breonadia salicina for antifungal activity
against plant pathogenic fungi: Aspergillus parasiticus, Aspergillus niger,
Colletotrichum gloeosporioides, Penicillium janthinellum, Penicillium expansum,
Fusarium oxysporum, and Trichoderma harzianum (Mahlo et al. 2013).

Researchers should be encouraged to do research on the production of the
biological pesticides from plant phenolics especially in the present scenario where
a large percentage of the population is facing life-threatening diseases like cancer
from chemical pesticides. The government should give proper funding to these kinds
of studies. Repeated testing, field experiments, biochemical tests, and quality checks
should be done to evaluate the possible side effect of the compound to the particular
crop in interest. Sometimes some compounds can act antagonistically in case of
other pathogen and can support its growth in the crop; the quantity of application of
the tested phenolics or its compounds can also produce similar effects. So the
government should implement proper testing and clearance methods to manufacture
the phenolic products.

Fungal, viral, and bacterial pathogens are the main cause of diseases in the crop
plants, of which the fungal pathogen causes 85% of the diseases followed by virus
and bacteria. The plants have their own defensive mechanism to cope up with these
micro pathogens up to some level, like production of secondary metabolites includ-
ing phenolic compounds. When the biotic stress of the pathogens are far more than
the plant can resist, it can cause very fatal diseases which can decrease the produc-
tion of the plant and sometimes can lead to its death. So many artificial pesticides are
used to cure these diseases, but nowadays it has mainly two disadvantages, one is
that it is not that much effective than earlier because the micro pathogens got
resistance against these pesticides, especially viral pathogens. The second thing is
the increased price of these pesticides which keeps the common farmers out of the
plan. The hazardous poisonous effect of pesticides in eatable crops is another aspect.
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The effect of chemical pesticide in the land and water is also very important. So an
alternative to the chemical pesticides should be there in this scenario. Phenolic
compounds can be used as an alternative; these compounds are natural, less expen-
sive, and nonpoisonous. The studies of antimicrobial activity of the phenols should
be done, and keen interest should be given to produce and manufacture natural
pesticides based on phenolics.
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