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Antimicrobial Compounds and Their 1 3
Role in Plant Defense

Anupama Razdan Tiku

Abstract

Plants are important nutrient source for several organisms like microbes, hetero-
trophic plants, insects as well as vertebrates. Even though they lack a proper
defense mechanism like animals, still they have developed a mixture of chemi-
cals which are mainly protein based and are used as a means of defense by
detecting attacking organisms and preventing them from causing major damage.
In order to protect themselves from these microbes like fungi, bacteria, etc., plant
cells have developed the capability to identify attacking pathogens and use
inducible defense mechanism by producing toxic chemicals or antimicrobial
compounds in the form of pathogen-degrading enzymes and secondary metabo-
lites involved with plant defense. Secondary metabolites generally are grouped
into three major classes of chemicals, i.e. terpenoids, phenolic and alkaloids.
Some of these antimicrobial compounds are constitutive in nature, i.e. they occur
in biologically active forms in healthy plants, whereas other metabolites are
inductive in nature. Glucosinolates and cyanogenic glycosides exist in inactive
form and are activated as a response to attack by pathogen or tissue damage.
These compounds are activated by release of plant enzymes at the time of break-
down of cells. Preformed antimicrobial compounds are termed as “phytoanti-
cipin”, while “phytoalexins” are those antimicrobial compounds which are
synthesized (as a result of synthesis of enzymes) from precursors as a response
to attack by pathogen. Preformed inhibitors are usually tissue specific and are
mainly present in the outer layers of the cells of plant organs. These inhibitors are
mostly successful against comprehensive range of probable pathogens, and spe-
cific virulent pathogens might circumvent the effect of these secondary metabo-
lites by eluding them or by enduring or by detoxification. Most of these
constitutive plant compounds show antifungal activity, e.g. phenols, phenolic
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glycoside, unsaturated lactones, sulphur compounds, saponins, etc.
“Phytoalexins” are the most considered antimicrobial plant defense compounds.
These compounds are pathogen specific and therefore more effective in plant
defense mechanism. Transcriptional and translational activities in a plant are pre-
requisite for the production of phytoalexins. Examples of these antimicrobial
phytoalexins are scopoletin, camalexin, glucosinolates, etc. This chapter will
mainly discuss the role of both phytoanticipins and phytoalexins as plant defense
antimicrobial compounds and also their use as “antibiotic potentiators” and viru-
lence attenuators along with their role in crop protection/phytoprotection.

Keywords
Defense mechanism - Secondary metabolites - Phytoalexins - Phenolics -
Toxins and alkaloids

13.1 Introduction

All plants growing in natural habitats are surrounded by a large number of antagonists
including variety of microbes, nematodes, insects and herbivores and various kinds of
abiotic environmental stress which are major sources of hindrance for crop yield.
Plants have evolved with a wide variety of inherent and stimulative defense mecha-
nisms to shield themselves from their potential enemies (Cowan 1999). Inherent
defense includes many preformed obstructions including cell wall, bark and cuticular
wax to protect the plant from attack of pathogens. Plants use stimulative defense
mechanism including production of toxic chemicals, enzymes which degrade patho-
gens and cell suicide to protect themselves from attacking pathogens. Research on the
role of these chemicals acting as plant defense compounds took off in the mid of the
nineteenth century, e.g. Muller and Borger introduced phytoalexins based on their
observation of Phytophthora infestan infection in potato tubers. Plant cells showed
inhibition towards the pathogen by producing a chemical which reacted hypersensi-
tively and was named as phytoalexin (Jeandet et al. 2014a, b; Jeandet 2015).

Plant compounds are identified as primary metabolites and secondary
metabolites.

Primary metabolites (sugars, amino acids, nucleic acids) are involved in growth,
development or reproduction, whereas secondary metabolites serve as toxic chemi-
cals or defense-related proteins (Freeman and Beattie 2008). Plants produce diverse
varieties of secondary metabolites using resultants of primary metabolisms includ-
ing enzymes involved in various metabolic pathways and major biomolecules of the
cell (Table 13.1) (Fig. 13.1). These are used to protect plants against invading
microbial pathogens on account of their toxic nature. Some of them are as well
involved in protection of plants from abiotic stress (such as UV-B exposure) and
also used for communication between plants and other organisms (including attract-
ing useful organisms like pollinators) or hostile interactions (such as restraint
against pathogens and herbivores) (Schafer and Wink 2009).
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Fig. 13.1 Structures of common antimicrobial plant chemicals

The three major types of secondary metabolites are terpenes/terpenoids, pheno-
lics and nitrogen- and sulphur-containing compounds produced mostly from com-
mon amino acids. Terpenes are formed from 5-C isopentanoid units, which are toxic
in nature and hence discourage many herbivores from eating the plants. Phenolics
produced mainly from shikimic acid pathway are vital to protect the plants from
invading microbial pathogens and fungi. Their defensive roles have been confirmed
by in vitro experiments conducted by changing expression of secondary metabolites
of plants using modern molecular methods (Mes et al. 2000; Van Etten et al. 2000).
Studies have shown that around 200,000 secondary metabolites produced by plants
are part of biochemical protective systems of plants, evolved over millions of years
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during which the respective plants and their foes have existed together (Wink 1999).
Due to high energy and nutrient requirements required for production and mainte-
nance of secondary metabolites, plants normally wait till the time pathogens are
detected to produce toxic chemicals/defense-related proteins. Hence, plant defense
chemicals can be grouped into two types which are constitutive metabolites and
induced metabolites. Constitutive metabolites are also known as “prohibitins” or
phytoanticipins. Induced metabolites, also known as phytoalexins, are formed to
protect the plant from infection involving synthesis of enzymes (complex mole-
cules) from simple molecules (Van Etten et al. 1994; Grayer and Harborne 1994).

Phytoanticipins consume large amount of carbon and energy exhibiting fitness
cost under natural conditions. They are accepted as the primary chemical defense
that a pathogen has to overcome, whereas production of phytoalexin takes up to
2-3 days, as enzyme synthesis is required for converting their precursors into the
desired defense protein (Hammond-Kosack and Jones 1996). Moreover the same
type of secondary metabolites/toxic chemicals exists in plants belonging to the
same species or taxonomically related species. We will discuss possible types/
groups of secondary metabolites acting as antimicrobial compounds used in plant
defense mechanism in this chapter.

13.2 Terpenes/Terpenoids

They exist in almost all the plants representing the biggest group of secondary
metabolites. There are more than 22,000 compounds described as terpenes, and they
are grouped together based on their common biosynthetic origin from glycolytic
intermediates or acetyl-CoA (Mazid et al 2011). Hydrocarbon isoprene (C5HS)
which is a volatile gas produced during photosynthesis can protect cell membrane
from damage due to extreme temperature or light conditions. It is the simplest form
of terpenoid. Terpenoids are classified on the basis of number of the isoprene units
which are used in their construction, for example, monoterpenoids (two isoprene
units), sesquiterpenoids (three isoprene units), diterpenoids (four isoprene units)
and triterpenoids (six isoprene units). Terpenes are assumed to be intricate part of
plant defense mechanism in the form of toxins and feeding restraint to many insects
and herbivores (Gershenzon and Croteau 1991). They are also active against bacte-
ria, fungi and protozoa, for example, pyrethrins, menthol, camphor, farnesol and
artemisinins. Capsaicin present in chilli peppers has bactericidal properties. Below
several examples will be discussed from five major subclasses of terpenes.

13.2.1 Monoterpenes (C,,)

Monoterpenes along with its derived compounds are vital representatives of insect
toxicity, for example, pyrethroids/pyrethrins (monoterpene esters) exist in the leaves
and flowers of chrysanthemum species presenting robust insecticidal reactions
(neurotoxin) towards insects like bees, beetles, wasps, moths, etc. They are key
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elements of commercial insecticides. Monoterpenoids as well as sesquiterpenoids
are the key elements of highly volatile compounds and essential oils, which are the
reason for the fragrance of plants producing them. They are insect toxins and pre-
vent bacterial and fungal infections in the plant. For example, mint plants (Mentha
spp.) produce huge quantity of monoterpenes (menthone and menthol), formed and
stored in glandular trichrome present in epidermal cells. In gymnosperms (conifers)
like fir, lime and pine, monoterpenes collect in resin ducts of needles, twigs and
trunk primarily in the form of alpha-pinene, beta-pinene, limonene and myrcene
which are potent insect repellents effecting bark beetles and other serious pests of
conifer species (Turlings et al. 1995).

13.2.2 Sesquiterpenes (C;s)

Many sesquiterpenes have been reported till now, and the part they play in plant
defense is mainly of anti-herbivore representatives belonging to Asteraceae family
classified by a lactone ring with five members (a cyclic ester) having tough feed
repelling properties affecting several insects and herbivores.

ABA is a well-known example of sesquiterpene playing important role as a plant
hormone. In cotton four different sesquiterpenoid phytoalexins, desoxyhemigossy-
pol, hemigossypol, desoxy-6-methoxygossypol and 6-methoxygossypol (Garas and
Waiss 1986), help the plant to fight against fungus Verticillium dahliae. Resistant
varieties of tobacco with Phytophthora had induction of sesquiterpenoid phytoalex-
ins like capsidiol, rishitin, etc.

13.2.3 Diterpenes (C,)

Abietic acid, a significant diterpene, mostly exists in resin canals of tree trunks of
legumes and pine trees. Toxic resin serves as chemical deterrent against the feeding
insects which pierce these canals. Phorbol (an ester) is another example of diterpene
which is present in members of Euphorbiaceae and proves to be a skin irritant as
well as toxic for feeding herbivores. Gossypol (Fig. 13.2) which has tough antifun-
gal and antibacterial characteristics is produced by cotton (Gossypium hirsutum)
(Bennett and Wallsgrove 1994).

13.2.4 Triterpenes (C;)

Triterpene structures are quite similar to plant and animal steroidal hormones and
sterols. The milkweeds generate numerous bitter-tasting glycosides, i.e. sterols
which protect the plants against insects and herbivores. Limonoid is a bitter sub-
stance in citrus fruits and serves as anti-herbivore compounds present in family
Rutaceae. Azadirachtin (Fig. 13.3), a complex limonoid, is present in Azadirachta
indica, which restrains some insects from feeding on the plant and also protects the
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Fig. 13.2 Structure of
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Fig.13.3 Structure of
triterpene azadirachtin
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plant from microbial infections (Mordue and Blackwell 1993). Foxglove (Digitalis
purpurea) also produces glycosides known as digitoxin and digoxin (Fig. 13.4).

13.2.5 Polyterpenes (C;),
These are high molecular weight terpenes, for example, rubber has many polyter-

penes showing antimicrobial properties. Rubber is found in long vessels known as
laticifers made up of 1500-15,000 isopentenyl units having nearly all C-C double
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bonds with cis (Z) configuration. Another example is gutta rubber which has its
double bonds in trans (E) configuration (Eisner and Meinwald 1995). Few polyter-
penes (tetraterpenes) effect growth, e.g. hormone gibberellic acid, and also contrib-
ute to red, yellow and orange pigments (carotenoids).

13.3 Saponins

Saponins exist in large concentration in healthy plants exhibiting strong antifungal
activity. These molecules have been found to be determinants of plant resistance to
fungal attack (Osbourn 1996). These compounds also exhibit other properties like
piscicidal, insecticidal and molluscicidal. Saponins are triterpenoids with attached
sugar group, i.e. glycosylated triterpenoids which exist in membranes of cell of
several species of plants. Having detergent properties they disrupt the membranes of
cells of attacking fungal pathogens. Saponins are classified into three major groups
based on the types of aglycone which are triterpenoid, a steroid or a steroidal gly-
coalkaloid. Saponins exist in the form of triterpenoid saponins mostly in dicotyle-
donous plants and also in few monocots, while steroid saponins exist mostly in
monocots, for example, plants belonging to family Agavaceae, Liliaceae,
Dioscoreaceae, etc. Saponins in the form of saponin digitoxin mostly exist in dicots,
for example, foxglove. Avena has both the types mentioned above (Price et al.
1987). Saponins in the form of steroidal glycoalkaloids exist mostly in Solanaceae
family (potato, tomato, etc.) along with Liliaceae family. Saponins found in oats and
tomato and their function in defense of plants against phytopathogenic fungi have
been studied in detail (Osbourn 1996).

Some vital saponins involved in antimicrobial activity are avenacins and avena-
cosides (mainly present in oats and related species like Arrhenatherum elatius).
Avenacins exist only in roots, while avenacosides exist in roots as well as shoots.
Avenacosides which are inactive biologically are transformed into antifungal
monodesmosidic saponin 26-desglucoavenacosides. Oats are able to resist root-
infecting fungus because of the presence of triterpenoid avenacin saponins.
Gaeumannomyces graminis var. tritici is not able to infect oat plant even though it
wreaks havoc to wheat and barley plant because of the presence of avenacins
(Fig. 13.5a).

One of the major saponin, a-tomatine (Fig. 13.5b), a monodesmosidic steroidal
glycoalkaloid, exists in its biologically active form in a healthy plant. It safeguards
the tomato plants from both Verticillium albo-atrum (Pegg and Woodward 1986)
and vascular wilt fungi Fusarium oxysporum f.sp. lycopersici (Smith and Machardy
1982). Saponins prove to be toxic for fungi as a result of the ability of saponins to
associate with sterols present in membrane leading to formation of pores (Price
et al. 1987; Fenwick et al. 1992). Actions of saponins like a-tomatine are dependent
upon pH, but some fungi render the saponins ineffective by altering the pH at the
infection site. Plants have developed a mechanism to safeguard themselves from
their own saponins by placing them in the vacuole or in other organelles, whose
membranes can avoid lysis because of low or altered sterol composition.
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Fig. 13.5 (a) Structure of avenacin saponins present in oat (b) Structure of saponin present in
tomato

13.4 Phenolics

Phenolics are a big class of secondary metabolites formed by plants to safeguard
themselves against pathogens. They are created mostly via shikimic acid and malo-
nic acid pathways in plants, comprising extensive variety of protective metabolites
such as furanocoumarins, lignin, anthocyanins, flavonoids, tannins and
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phytoalexins. These secondary products play a vital part in plant defense mecha-
nism against threats like fungi, bacteria and nematodes as well as restraint herbi-
vores from feeding the plant (Mazid et al. 2011). They contain phenol which is a
hydroxyl functional group on an aromatic ring named phenol (Fig. 13.6).

13.4.1 Coumarin

Simple phenolic compounds made up of fused benzene and a-pyrone rings occur
extensively in vascular plants. They protect various plants in many ways against
threats from insects and fungi. They are mostly derived through shikimic acid path-
way and are involved actively against wide range of microbes (Brooker et al. 2008).
These cyclic compounds behave as natural pesticides for plants and represent a
point from where the exploration of new derivatives which possess a range of
enhanced antifungal activity can start. Derivatives of halogenated coumarin operate
efficiently against fungal growth, for example, 7-hydroxylated simple coumarin
works against Orobanche cernua preventing its penetration and germination in host
vascular system. Some coumarins also show high defense activity against soilborne
plant pathogenic fungi (Brooker et al. 2008). Hydroxycinnamic acid, related to cou-
marins, shows inhibition towards gram-positive bacteria. Phytoalexins which are
hydroxylated derivatives of coumarins formed in carrots show antifungal activity.

13.4.2 Furanocoumarin

A wide variety of plants produce furanocoumarins which are phenolic compounds.
Plants belonging to family of Apiaceae usually produce these compounds. These
phenolic compounds become toxic only when activated by light (UV-A), and they
get integrated into the pyrimidine bases of DNA of vertebrate and invertebrate her-
bivore causing rapid cell death due to blocked transcription and repair mechanism.
Psoralen is a basic furanocoumarin used against fungi (Fig. 13.7).
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Fig. 13.7 Structure of R
furanocoumarin psoralen

(0] (6] (0]
Psoralen, furanocoumarin

13.4.3 Lignin

Branched polymer of phenylpropanoid groups exists primarily in the secondary cell
walls of plants. Three different types of alcohols which are coniferyl, coumaryl and
sinapyl oxidize to free radicals (ROS) by a ubiquitous plant enzyme — peroxidase —
which reacts randomly as well as simultaneously to produce lignin. The reactive
proportions of these three monomeric units in lignin fluctuate among species, plant
organs and even different layers of single cell wall (Lewis and Yamamoto 1990).
These phenolic monomers are present hundred or thousand times in the structure of
lignin and constitute the main component of wood. It is insoluble, rigid and virtually
indigestible therefore serving as exceptional physical wall against attack by patho-
gens. The physical toughness and chemical durability of lignin causes it to be
impossible for herbivores and insect pathogens to digest it. Lignification prevents
the development of pathogens and microbes and is formed frequently during infec-
tion or wounding.

13.4.4 Flavonoids

Flavonoids, which are one of the biggest classes of plant phenolics, perform diverse
roles from pigmentation to defense mechanism of plants. Flavones and flavonols are
two main groups of flavonoids present in flowers. They protect the cells from harm-
ful UV-B radiation by accumulating in epidermal layers of stems and plants (Lake
et al. 2009). Anthocyanins as well as colourful water-soluble flavonoid pigments are
formed by plants to protect their foliage from UV damage. They are hydroxylated
phenolic substances existing as Cs_C; unit connected to an aromatic ring, produced
by plants in response to microbial infection. Because of their capability to complex
with extracellular and soluble proteins and bacterial cell wall proteins, they can act
against extensive range of microorganisms. Lipophilic flavonoids, often pathogen
specific in their toxicity, disrupt cellular structure, microbial membranes and patho-
gen metabolism. An example is catechin, a flavonoid occurring in leaves of oblong
green tea. Tea leaves showing antimicrobial activity have mixture of catechin com-
pounds working against various bacteria and microorganisms, for example, Vibrio
cholerae, Streptococcus mutans, Shigella, etc. Phloretin existing in some varieties
of apples displays action against many varieties of microorganisms. Galangin which
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is produced from Helichrysum aureonitens (a perennial herb) is effective against
extensive array of gram-positive bacteria as well as microbes and fungi.

13.4.5 Isoflavonoids

Isoflavonoids play a vital role in development of plant as well as defense mecha-
nism. Their precursor is naringenin which is a flavanone intermediate, present in
plants. They play a vital part in the formation of nitrogen-fixing nodules by symbi-
otic rhizobia and are secreted by legumes (Sreevidya et al. 2006). Phytoalexins are
isoflavonoids, produced in response to pathogen attack having antibiotic and anti-
fungal characteristics. These pathogen-specific, toxic compounds unsettle cellular
structure and metabolism of pathogen, for example, medicarpin which is formed by
alfalfa (Medicago sativa), rishitin also a toxin formed in tomatoes as well as pota-
toes (family Solanaceae) and camalexin formed by Arabidopsis thaliana.

13.4.6 Tannins

Tannins are group of polymeric phenolic substances which have the property of
astringency which gives the ability to tan leather or precipitate gelatin from solu-
tion. They exist mostly in various plant parts like roots, bark, wood, fruits and
leaves. Tannins are grouped into two types, hydrolyzable and condensed tannins.
Hydrolyzable tannins are based on gallic acid (multiple aster of D-glucose), while
flavonoid monomers are precursors of condensed one which are also known by the
alias “proanthocyanidins”. Condensed flavan derivatives in plant woody tissues and
polymerization of quinone units are also known to form tannins. These phenolics
are water soluble and mainly stored in vacuoles of cell. Tannins combine with sali-
vary proteins and digestive enzymes of insects and herbivorous animals making the
insect protein inactive. A herbivore or an insect having large intake of tannins does
not gain weight and eventually dies. Tannins are capable of binding proteins, for
example, protocatechuic and chlorogenic acids playing a vital role in disease resis-
tance in certain plants. In onions smudge disease caused by Colletotrichum circi-
nans (fungus) and growth of other fungi is restricted due to formation of these two
tannins. Some tannin like chlorogenic acid is oxidized into effective quinones show-
ing antifungal properties in case of some disease-resistant plants (Cowan 1999).

13.5 Nitrogen-Containing Secondary Metabolites

Nitrogen-containing secondary metabolites including alkaloids, cyanogenic glyco-
sides and nonprotein amino acids are synthesized from common amino acids and
are of significant interest due to their anti-herbivore defense role in plants.
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13.5.1 Alkaloids

Alkaloids are the largest family of bitter-tasting nitrogenous compounds (Fig. 13.8)
present in many vascular plants (20%) (Hegnauer 1988) mostly in herbaceous dicots
and some gymnosperms and monocots. Pyrrolizidine alkaloids (Pas) are quite toxic
and help in defense against infection caused by microbes and attack by herbivores.
They are usually produced from few common amino acids like lysine, tyrosine, aspar-
tic acid and tryptophan (Pearce et al. 1991). Cocoa, coffee and tea contain caffeine
which is an alkaloid. These are toxic to both insects and fungi. Nicotine, an alkaloid,
is formed by tobacco plant roots which is further transported to leaves of tobacco plant
and is stored in vacuoles. Atropine, another neurotoxin and cardiac stimulant alkaloid,
is formed by lethal nightshade plant (Afropa belladonna) and is highly toxic in large
quantities. Capsaicin formed by members of genus Capsicum also has antimicrobial
properties and works actively in plant defense mechanism. Their action involve effect
on nervous system especially the chemical transmitters, membrane transport system,
protein synthesis and miscellaneous enzyme activities (Creelman and Mullet 1997).
Shikimic acid is a precursor for indole and its derivatives, amino acid tryptophan and
its derivatives (psychedelic compounds, dimethyltryptamine), many alkaloids and
other aromatic metabolites (Figs.13.9 and 13.10) which play an important part in
resistance against microbes and fungi and nematodes.

13.5.2 Cyanogenic Glycosides

Hydrogen cyanide (HCN), a lethal chemical that halts cellular respiration in aerobic
organisms, is produced by breaking down of cyanogenic glycosides (very deadly
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Fig. 13.8 Structure of common alkaloids
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nitrogenous compounds). When the herbivores feed on the plants that produce cya-
nogenic glycosides, the plant tissue gets damaged which leads to mixing of enzyme
(including glycosidases and hydroxynitrile lyases) and substrate which are stored in
separate sections of the healthy plant, producing HCN. HCN binds itself to the
Fe-containing heme group of cytochrome oxidase as well as other respiratory
enzymes causing cellular respiration poisoning. Cyanogenic glycosides are mainly
present in families Gramineae, Rosaceae and Leguminosae (Seigler 1991). Seeds of
almond, apricot, cherries and peaches contain a common glycoside called amygda-
lin, whereas Sorghum bicolor contains dhurrin (Poulton 1990). Cassava has a long
shelf life because of the presence of cyanogenic glycosides. Lima bean (Phaseolus
lunatus L.) is a classic example of a plant which may be researched to understand
defense mechanism in plants showing inducible indirect anti-herbivore properties
achieved by producing VOC, i.e. volatile organic compounds (Ballhorn et al. 2009).
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Among members of mustard family (Brassicaceae), mustard oil glycosides are pres-
ent which when broken down by thioglucosidase enzymes produce cyanide gas.
Cyanogenic glycosides are the best example where defenses are produced only in
reaction to damage to plant tissue or attack by pathogen like “phytoalexins”.

13.5.3 Nonprotein Amino Acids

Several plant species have rare amino acids known as nonprotein amino acids that do
integrate into proteins but are also present as free forms and act as shielding defensive
substance (Johnson et al. 1989). For example, azetidine-2-carboxylic acid and cana-
vanine block the synthesis or uptake of protein amino acids. They are close analogs of
arginine and proline. After consumption, canavanine (NPA) is detected by herbivore
enzyme that sticks arginine to arginine tRNA molecule and gets assimilated into pro-
tein in place of arginine. Resulting protein is a nonutility one due to its faulty tertiary
structure or disrupted catalytic site (Rosenthal 1991). Plants which produce nonpro-
tein amino acids do not get harmed themselves due to its toxicity, but they gain defense
against a wide array of pathogenic microbes, insects and herbivorous animals.

13.6 Sulphur Containing Secondary Metabolites

These metabolites directly or indirectly defend plants against pathogen microbes.
Defensins, thionins, GSH, phytoalexins and GSL are the examples of sulphur con-
taining secondary metabolites (Saito 2004; Grubb and Abel 2006; Halkier and
Gershenzon 2006).

13.6.1 GSH

GSH is the main form of organic S which is present as soluble fraction in plants.
GSH gets amassed in the plant after it is attacked by fungi. Main cellular sections of
the plant can carry between 3 and 10 mM of GSH. GSH displays properties of an
antioxidant as well as reducing agent in an effort to diminish the oxidative stress
(Kang and Kim 2007).

GSH targets and detoxifies xenobiotic and cytotoxins in vacuoles. For synthesis
of GSH and other phytochelatins involved in heavy metal detoxification, enzymes
are produced inside specialized epidermal cells like trichomes.

13.6.2 GSL (Glucosinolates)

GSL increases the resistance of higher plants to parasites, predators as well as com-
petitors. They are a group of N and S with low molecular mass and holding plant
glycosides. The breakdown products which are released in the form of protective
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volatile substances exhibit lethal or repelling effects (DeVos and Jander 2009), for
example, allyl sulfoxides in Allium (Leustek and Saito 1999) and mustard oil glyco-
sides in Cruciferae. Myrosinase catalyses the volatiles coming from GSL (Fig. 13.10)
cleaving glucose from its bond with S atom. Resulting product (aglycone) reorganizes
the loss of sulphate giving pungent as well as chemically reactive products, which
includes isothiocyanates (R-N=C=S), thiocyanates and nitriles. These toxic and feed
repelling products protect the plants from herbivores (Geu-Flores et al. 2009). It pre-
vents various fungal diseases including light leaf spot (Pyrenopeziza brassicae), scler-
otina stem rot (Sclerotinia sclerotiorum) and alternaria (Alternaria brassicae) from
affecting the plants. The GSL become effective only when it comes in contact with
myrosinase (a plant enzyme) which happens only if plant tissue gets damaged. (In
healthy plants both enzymes and glucosinolate substrates are separated from each
other due to compartmentalization.) The activity of enzymes involved in antioxidant
defense mechanism may get affected by isothiocyanates, and defense of cell from
DNA damage and GST activity may get affected because of detoxification from xeno-
biotic (Lipka et al. 2010). These three hydrolysis products are toxic for a wide array
of fungi, and the breakdown products’ nature depends upon the glucosinolate struc-
ture, myrosinase enzyme existing, the species of plant and variety of factors such as
protein cofactors, temperature, metal ion concentrations and pH. Resistance of cab-
bage to P. parasitica and resistance of Indian mustard and oilseed rape to L. maculans
have been associated with high glucosinolate levels. Breakdown products of gluco-
sinolate also have effect on several nonpathogens of Brassica. These compounds are
used as naturally available fungicides to regulate several pest harvest pathogens and
cereal diseases related to fruits and vegetables (Mari et al. 1993).

13.6.3 Phytoalexin

Plants synthesize antimicrobial and often antioxidative elements de novo. These
then accumulate quickly at infected areas affected by pathogen (bacteria or fungi)
in order to limit the spread of invading microbes (Fig. 13.10). Organic phytoalexins
produced by most of the plant families have a diverse chemistry, and mostly they are
grouped under the classes including alkaloids, glycosteroids and terpenoids. The
examples include isoflavonoids of Leguminosae and sesquiterpenoids of Solanaceae.
S metabolites are only produced in Cruciferae plant family (Harborne 1999; Gross
et al. 1994; Monde et al. 2000). The phytoalexins which are produced in the plants
have a toxic effect on the attacking pathogens because they are responsible for rup-
turing the walls of the cell, delaying maturation, disrupting metabolism and prevent-
ing pathogen reproduction. The plant mutant which is incapable of producing
phytoalexin experiences widespread presence of pathogens compared to wild plants
which produce phytoalexin. Production of phytoalexins comes under systemic
acquired resistance (SAR) or long-term resistance, which involves communication
between the damaged tissue and the rest of the plant as well as usage and synthesis
of plant hormones including salicylic acid, abscisic acid, ethylene and jasmonic
acid. The entire mechanism involves genes that transcribe enzyme involved in syn-
thesis of phytoalexins. Natural phenols such as isoflavonoids, polyphenols as well
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as associated substances have very important part to play in defense of plant, for
example, in Vitis vinifera (grape) trans-resveratrol (a phytoalexin) plays a role in
plant defense against fungal pathogens including Botrytis cinerea, and another phy-
toalexin delta-viniferin is present in grapevine formed during fungal infection by
Plasmopara viticola. Sakuranetin is a flavonoid type of phytoalexin found in
Polymnia fruticosa and rice against the pathogen Pyricularia oryzae.
6-Methoxymellein (a dihydroisocoumarin) is synthesized in carrot slices by UV-c
gene against the pathogen Botrytis cinerea (Kurosaki and Nishi 1983). Phytoalexin
danielone exists in papaya fruit displaying extraordinary antifungal activity against
Colletotrichum gloeosporioides (Echeverri et al. 1997). Stilbenes are a phytoalexin
produced in Eucalyptus sideroxylon during pathogen attacks.

Allicin with the structure 3-hydroxy-5-methoxy-6-methyl-2-pentyl-4H-pyran-4-
one is the first phytoalexin isolated from garlic (Illic et al. 2011). Allicin is another
phytoalexin obtained from garlic. It is an organosulfur compound formed when
alliinase enzyme converts alliin into allicin which also gives aroma to the fresh gar-
lic. Allicin being an unstable compound quickly changes into a series of other
sulphur-containing compounds such as diallyl disulphide having antibacterial, anti-
fungal, antiviral or antiprotozoal activity. Other examples of associations of phyto-
alexin induction with the resistance in plants are displayed in Table 13.2. Production
and function of phytoalexins for disease resistance can be restored or enhanced
through genetic engineering techniques by introducing simple genetic constructs
carrying phytoalexin synthesizing genes, for example, in grapevine, phytoalexin
“resveratrol” is synthesized by stilbene synthase (STS) gene. STS genes (Vstl and
Vst2) from grapevine were transferred to tobacco through genetic transformation;
and when the assays were performed in transformed plants, they showed higher
resistance to B. cinerea (Hain et al. 1993). STS gene responsible for phytoalexin
production was later transformed from different sources into many plant systems
like Arabidopsis, papaya, tomato, wheat, barley, rice and alfalfa conferring resis-
tance to various pathogens (Jeandet et al. 2013). In alfalfa, overexpression of
enzyme isoflavone 7-O-methyltransferase played a critical part in biosynthesis of
phytoalexin “maiackiain” which was associated with resistance of the plant to
Phoma medicaginis He and Dixon (2000). Transformation of soya bean hairy root
with both AhRS3 (peanut resveratrol synthase 3) and ROMT (resveratrol-O-
methyltransferase) gene resulted in the resistance of transformed plant against
Rhizoctonia salami (Zernova et al. 2014). Cytokinin overexpression in tobacco
plant resulted in surge of resistance of plant against the pathogen Phytophthora
syringae due to up-regulated synthesis of capsidiol and scopoletin, the two phyto-
alexins which we involved in the process (Grosskinsky et al. 2011). Similarly in the
case of Arabidopsis, production of camalexin as well as resistance to B. cinerea was
severally affected because of the mutation occurring in two MAP kinases (MPK3
and MPK6) (Ren et al. 2008). Some genes which function as phytoalexin biosynthe-
sis regulators have also been identified, for example, overexpression of Rac protein
in rice leads to accumulation of phytoalexin momilactone (Ono et al. 2001) and
resistance of plant against bacterial blight. Overexpression of non-expressor of
pathogenesis-related gene 1 induced the biosynthesis of phytoalexin gossypol
(Parkhi et al. 2010).
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Table 13.2 Phytoalexin induction and resistance to plant pathogens

Plant Pathogen Phytoalexin

Grapevine {Vitis spp.) Plasmopara viticola Viniferins

Grapevine (Vitis spp.) Botrytis cinerea Viniferins

Carnation (Dianthus spp.) Fusarium oxysporum Dianthalexin
Methoxydianthramide S

Pea (Pisum sativum) Pseudomonas syringae Pisatin

Chickpea (Cicer arietinum) Ascochyta rabiei Medicarpin
Maakiain

Citrus spp. Phytophthora citrophthora Scoparone

Oat (Avena sativa) Puccinia coronata Avenalumins

13.7 Proteins and Enzymes

Several plants and their seeds have protein that impedes pathogen and best enzymes
after developing complexes that would block active sites or modify enzyme confor-
mations. These proteins have small structure and mostly consist of amino acid cys-
teine. They include proteinase inhibitors, lectins, anhydrase inhibitors and defensins.
Unlike simple chemicals like phenolics, alkaloids, terpenoids, etc. they need large
amount of energy and resources of plant for their production. They are usually pro-
duced in significant concentration only after the attack by pest or pathogen. On
activation these defensive protein and enzymes would effectively impede the growth
of pathogens including fungi, bacteria as well as insect herbivores and nematodes.

13.7.1 Defensins

Small cysteine-rich protein displaying comprehensive antimicrobial activity was
first isolated from endosperm of barley (Hordeum vulgare) and wheat (Triticum
aestivum). They are best characterized in seeds but are also present in other plant
tissues like leaves, pods, tubers, fruits, barks, etc. They display extensive array of
biological activities and impede the spread of wide-ranging fungi and bacteria
(Thomma et al. 2002). They also impede digestive protein in herbivores. The exact
mechanism of their action is still under consideration; it looks like that they attack
molecular targets in the pathogens’ plasma membrane. They disrupt cellular ion
balance by forming new membrane pores as well as impede pre-existing ion
channels.

13.7.2 Digestive Enzyme Inhibitors
Digestive enzyme inhibitors inhibit the digestion and disrupt the nutrient absorption

by herbivores. Alpha-amylase inhibitor proteins bind to amylase enzyme impeding
digestion of starch in legumes. Glycoproteins and non-enzymatic proteins like
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lectins bind to carbohydrates displaying various properties, for example, in inverte-
brates they cause lumping of blood cells and in insects they disrupt digestion
(Peumans and Van-Damme 1995). Ricin combines lectin molecule with an
N-glycoside hydrolase to produce a very powerful toxin in Ricinus. It impedes pro-
tein synthesis in animal cells.

13.7.3 Protease Inhibitors

Protease inhibitors impede digestive enzymes like chymotrypsin and trypsin. They
are produced by plants as a defense mechanism to protect them from attack by her-
bivores. They have wide distribution but mainly seen in legumes, members of
Solanaceae and grasses.

13.7.4 Hydrolytic Enzymes

When pathogens attack plants, some of the plants in order to defend themselves
produce hydrolytic enzymes. These enzymes act upon pathogenic fungi by degrad-
ing their cell walls in the extracellular spaces where the enzymes get accumulated.
For example, the degradation of chitin in cell wall of fungi is catalysed by chitin-
ases. The degradation of glycosidic linkages in glucans existing in several oomycete
(water moulds) cell walls is catalysed by glucanases. Another example of a hydro-
Iytic enzyme with the ability to degrade cell walls of bacteria is lysozymes.

In this review we have discussed the utility of secondary metabolites occurring
in plant in their defense system. We have tried our best to portray the role of differ-
ent chemical compounds produced by plants itself against various plant pathogens.
Several factors are involved in the interaction of a species of plants with its respec-
tive pest and non-pest and hence quite complex. Synthesis and accumulation of
these compounds occur in tissues which are young and developing like leaves as
well as in tissues of reproduction like seeds and flowers, thereby protecting young
plant tissues. Some of the antimicrobial secondary metabolites are preformed, while
others are induced by infection itself (phytoalexins, cyanogenic glycosides, gluco-
sinolates, etc.). Organic farming can be made sustainable by identifying and prop-
erly using the natural chemical compounds to combat the pathogens, thereby
eliminating or at least minimizing the use of fungicides in agriculture. Further
research is required for development of natural pesticides. The genes required for
producing these valuable defensive compounds can be isolated and then synthesized
in bulk for the crop plants to be reengineered metabolically. This will make the
plants more resistant towards threats posed by microbial pathogens, various herbi-
vores and several environmental stresses.
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