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Abstract

Plant diseases caused by bacterial pathogens plajoe constraints on crop production and causeifgignt
annual losses on a global scale. The attainmegbosistent effective management of these diseamede
extremely difficult, and management potential ienfaffected by grower reliance on highly diseassesptible
cultivars because of consumer preferences, andhbiyoemental conditions favoring pathogen developine
During their evolution, all plants have developeacal "immune system" capable of detecting a dangeether
the latter is of a biotic nature (pathogenic micgamism, insect pest) or abiotic (rain, hail, fragind). A plant’s
exterior protection can be compromised by mechad&aage, which may provide an entry point for pgéns.

If the first line of defense is breached, the plamtst resort to a different set of defense mechasiwhich
include structural and biochemical defense. ThecBamical defense mechanism includes the biochemical
substances produced in the plant cells beforeter tife infection. These substances are consideyéoe agents
of biochemical defense such as phytoanticipins Wwiace described as "low molecular weight, antinbab
compounds that are present in plants before clydldoy micro-organisms”, phytoalexins are lipophilic
compounds in response to mechanical or chemicatyirgr infection, phenolic compounds are a larges€lof
plant secondary metabolites that show a large siiyerof structures (simples and polyphenols) and
phytohormones (auxins, jasmonic acid, ethyleng, &ttese defensive strategies, activated by aggredsads

to considerable changes in the metabolic activitplant cells, resulting in a cascade of eventsghesl to
restrict the progression of infectious agents aulilice damage from injury.
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INTRODUCTION

For successful infection to occur, the pathogentrmusrcome plant defense mechanisms, which it aftes by
injecting effector molecules directly into plantllseto suppress a host response. Virulence may inisgve
production of plant cell wall-degrading enzymesgirts and/or plant hormones often under control wérgm
sensing mechanisms. Some phytopathogenic bactnielg move to their host via chemotaxis and erier
plant through natural openings such as stomata lamtcels or wounds caused by insect feeding, funga
infection, or mechanical plant damage. Host planésinternally colonized locally through intercédluspaces
and systemically via the vascular system. (Lugtegniz015).

To successfully invade host plants, phytopathogéaicteria must cope with a number of plant defense
mechanisms and have a means for acquiring watematniénts for growth and colonization of plantstiss.
(Van der Wolf and De Boer, 2015). Plants respongdaihogen attack by erecting a highly coordinatxies of
molecular, cellular and tissue-based defense bsarrfdl plants have the capacity to activate thdséenses.
However, if they are activated too little, too labe in the wrong place, they will fail to restritte pathogen and
the plant will be susceptible. Pathogens respondedpaping or suppressing plant defense responseg or
rendering these responses impotent, for examptiehyxkifying plant antibiotics (Guest and Brown, T9%Plant
disease resistance mechanisms may be dividedwotodtegories: preformed resistance and inducéstaese.

BIOCHEMICAL DEFENSE AGENTSAGAINST BACTERIAL PATHOGENS

Pathogens attack plants because during their éenlury development they have acquired the abititlivie off
the substances manufactured by the host plantssam@ of the pathogens depend on these substamrces f
survival. Many substances are contained in theoptast of the plant cells, however, and if pathagere to gain
access to them they must first penetrate the duateters formed by the cuticle and/or cell wallsek after the
outer cell wall has been penetrated, further irorasif the plant by the pathogen necessitates thetgaion of
more cell walls. Furthermore, the plant cell cotgeare not always found in forms immediately uabie by the
pathogen and must be broken down to units thapéitkogen can absorb and assimilate. Moreover, It p
reacting to the presence and activities of thequggh, produces structures and chemical substamaemterfere
with the advance or the existence of the pathodehg pathogen is to survive and to continue kiyioff the
plant, it must be able to overcome such obstaédlgsds, 2005).

Phytoalexins
Phytoalexins are natural products secreted anchadeted temporarily by plants in response to paghagtack.
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They have inhibitory activity against bacteria, gumematodes, insects and toxic effects for thmals and for
the plant itself (BRAGA, 1991). They are mostlydfhilic compounds that have the ability to cross plasma
membrane and act inside the cell. According to SM[I996) their toxicity in the plant occurs as adtion of
their acidic character, the high number of hydraaytl substituents.

Phytoalexins are a heterogeneous group of compo{8tuebo et al., 2006) that show biological activit
towards a variety of pathogens and are consideseth@ecular markers of disease resistance. Systlodsi
phytoalexin in response to pathogen attack can dudified with the influence of various factors amperature,
humidity and water availability. Several parts bé tplant can produce phytoalexins such as leal@seffs,
stems, seeds and root tubers (Mikkelsen et al32®satin was the first chemically characteripbgtoalexin
from pea plants. After this discovery, other phigams were isolated from various crops such andesdce,
barley, banana, among others (BRAGA, 1991). Pisatia crystalline heterocyclic carbohydrate;HG4Os,
produced by the pe®icum sativum) plant as an antibacterial phytoalexiRsgudomonas syringae pv. pisi).

Figure 1: Chemical structure of Pisatin
Phytoalexins have been identified in several pfantilies such as Leguminosea, Solanaceae, Poaceae,
Rutaceae and Compositae. Table 1 illustrates iigshiphytoalexins against some bacterial pathogens:
Table 1. Phytoalexins from different plant families angititargeted bacteria.

Family/Plant Phytoalexin  Bacteria Bacterial Disease

L eguminosea Pseudomonas syringae pv.

(Phaseolusvulgaris) = Phaseollin  phaseolicola Halo blight

L eguminosea Pseudomonas syringae pv. pisi

(Pisum sativum) Pisatin Pea blight

Solanaceae Pectobacterium atrosepticum Black Leg of Potato
(Solanum Rishitin

tuberosum)

Poaceae Oryzalexins = Xanthomonas oryzae pv. oryzae Rice bacterial leaf blight
(Oryza sativa)

Rutaceae Hesperidin  Xylella fastidiosa Citrus variegated chlorosis
(Citrus sinensis) (CVC)

Compositae Lettucenin = Xanthomonas campestris pv.vitians  Bacterial Leaf Spot
(Lactuca sativa) A

Phytoalexins possess some antibacterial activitghifh for instance decreased the viability oflsedf
Erwinia atroseptica by around 100% at a dose of 366/L (Lyon and Bayliss, 1975). RiceQ@ryza sativa,
Gramineae ) is among the most important crop in the worldytBcassanes, Momilactones and Oryzalexins are
compounds from the class of diterpenes (Solencéos) Sakuranetin is from flavonoid’'s class. Figure 2
illustrates about this phytoalexins and their cleahstructures.
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Figure 2. Structure of phytoalexins in rice plant.
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Phenolic Compounds

Phenolic compounds are secondary metabolites, ibicguin plants and plant derived foods and bewsag
They show a large diversity of structures, inclgdmather simple molecules (e.g. vanillin, galliddaccaffeic
acid), and polyphenols such as stilbenes, flavano&hd polymers derived from these various gro&jos.
example, over 8,000 molecules have been reportéaifiavonoid family alone and the list contingeg®anding
(Andersen and Markham 2006). Although the term jplagnol is often used as a synonym of phenolic
compound, it should be restricted to moleculesibgaat least two phenolic rings (Quideau et al. 1201

Simple phenols (C6)
These are compounds with one (monophenol-like batgcor several phenolic groups (di, tri- and
oligophenols): phenol, benzoquinone, pyrogallokoeathecol, etc. (Lattanzio et al., 2006). Examplesimple
phenols (C6) include catechol and phloroglucinolthdugh most of the more complex plant polyphenols
contain these two simple phenols as a parts of #irictures, catechol and phloroglucinol are unoom in
plant tissues. Catechol has been found in leavé&3aoitheria species, while phloroglucinol has béemd as
glucoside in the peel of various Citrus fruits. Atin (figure 2) is found in leaves of various Vatom spp.,
such as blueberry, cranberry, cowberry, and peastPyrus communis L., Rosaceae) (Towers et al. 1966). The
resistance of pear plants o amylovora seems to be associated with a high level of ardutdroquinone, the
antibacterial compound present in the exteriorgaftthe blossoms, where the plant is most suddept the
bacterium (Schroth and Hildebrand, 1965).

OH

Arbutin
Figure 3: Chemical structure of Arbutin
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Phenolic acids (C6-C1 or C6-C3)

These are benzoic or hydroxybenzoic acids (gadid,eellagic acid), and cinnamic or hydroxycinnarads
such as caffeic, coumaric, ferulic, and chlorogeric (Manach et al., 2004; Macheix et al., 200&ttdnzio et
al., 2006). A group of small phenolic moleculesi&sived from the subclass of hydroxycinnamic acdd is
called phenylpropenes.

Flavonoids (C6-C3-C6)

These are present in plant vacuoles, where theysametimes water-soluble or sometimes act as pitgmen
(Raven et al., 2003). Flavonoids are the most afninghhenolic compounds in nature and are classified
according to the degree of oxidation and unsatumatif their heterocyclic ring (Scalbert et al., @D0Two
classes of flavonoids can be distinguished: 4-axafhoids and anthocyanidins (Manach et al., 20D#ferent
subgroups of flavonoid compounds, including flaua@@naringenin), flavan-3-ol (catechin), flavonglycone
(quercetin) and flavonol glycoside (rutin), werstezl for anti-Xylella activities. Compared to phknacids,
flavonoids generally have strong inhibitory acieét againsiX. fastidiosa growth, except for rutin (quercetin
glycoside), which is less active than the corresgjpumaglycone quercetin. Similar to flavonoids (€C; + &),
stilbenes (such as resveratrol) are also derivedh fphenylalanine. However, due to the difference in
condensation reactions, the core skeleton forestds is @ + C, + G.. Resveratrol exhibited very strong
inhibitory activities (MIC = 20QuM) towards all fourX. fastidiosa strains ( Christina et al., 2010).

Lignins (C6-C3)n

These are extremely complex phenolic polymers.H@fliiopolymers, lignins rank second in abundanter af
cellulose. The synthesis of these compounds refuts a three-dimensional polymerization of thressib
phenolic molecules (called monolignols): coumaryliconiferylic and sinapylic alcohol, corresponding
respectively to p-coumaric, ferulic and sinapicda@ilacheix et al., 2005). The complexity of ligniresults
from the potential association of these units \@dous chemical bonds, in a manner that is neibheéered nor
repetitive, so as to generate an amorphous, hydlphpolymer. Example of a phenolic compound that
contributes to the plant’s defense mechanismgiri Lignin is a phenolic polymer, which playsumflamental
role in solute conductance, mechanical supportdisehse resistance. In response to abiotic steegmunding
or to pathogenic infection, the deposition of ligmilignin polymers and other phenolic substanetsead to the
cell wall are observed. This contributes to botthiakening of the cell wall (conferring greateridiyy and
mechanical resistance) and to an increase in gdlolphobicity. Lignin thus acts as a physical &aragainst
pathogenic invasion. In addition, lignin deposisluce the diffusion of enzymes and toxins thatphogen
releases in order to facilitate host tissue colation. Lignin also deprives the pathogen of thenplaater and
nutrients necessary to its proliferation (Machdigle 2005; Lattanzio et al., 2006).

Tannins (C6-C3-C6)n

These are found in several forms with differentetymf chemical reactivity and composition: watdubste
tannins, condensed tannins, catechic tannins amahgitocyanidins (Macheix et al., 2005). Proanthoiias
have a high molecular weight and are a group ofdlensed (chain dimers or oligomers) flavan-3-olemoft
related to cell walls.

Biosynthesis of phenolic compounds occurs at varisites in plant cells, such as the chloroplasis, t
cytoplasm and the endoplasmic reticulum membraalypBenols (relatively hydrophilic) usually accuratd in
the central vacuoles of guard cells, epidermalscetid the subepidermal cells of leaves and sh&amne
polyphenols are found covalently linked to the plaell wall (lignin); others are found in waxes l&ated to
lipidic structures) or on the external surfacedi¢e) of plant organs (Lattanzio et al., 2006)eTcalization of
a phenolic compound within a tissue reflects itggatiogical function or its participation in intetiéons of the
plant with its environment (Macheix et al., 20060r example, polyphenols with a role in signalingdefense
are often stored at strategically important sitetGnzio et al., 2006). All phenolic compounds ibkhintense
absorption in the UV region of the spectrum ands¢hthat are colored absorb strongly in the visibfon as
well. Each class of phenolic compounds has distiacabsorption characteristics. For example, preaold
phenolic acids show spectral maxima in the rangeZZ® nm; cinnamic acid derivatives have principakima
in the range 290-330 nm; flavones and flavonolstehbsorption bands of approximately the samenisity at
about 250 and 350 nm; chalcones and aurones haabsamption peak of great intensity above 350 nohan
much less intense band at 250 nm; anthocyaninbdetagyanins show rather similar absorption in \ésiegion
(475-560 nm and 535-545 nm, respectively) and aidigry peak at about 270-275 nm (Harborne, 196dbiy
et al. 1970).
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Figure 4. Chemical classification of phenolic compounds

X. fastidiosa colonizes exclusively in the xylem vessels (conidectissue) of infected plants, and it is
transmitted from diseased to healthy plants bydiss¢hat feed on xylem fluid (sap). Colonization Xf
fastidiosa in the xylem vessel blocks water and nutrientgpamt from root to shoot, which results in diseasé
death of the infected plants. Axenic cultureXoffastidiosa can be maintained in vitro in customized badteria
growth media (Davis et al, 1981). The anti-Xyledletivity of 12 phenolic compounds, representingnuitie
acid, coumarin, stilbene and flavonoid, was evadaitising an in vitro agar dilution assay. Overdikse
phenolic compounds were effective in inhibitikgfastidiosa growth, as indicated by low minimum inhibitory
concentrations (MICs), In addition, phenolic compds with different structural features exhibitedfetient
anti-Xylella capacities. Particularly, catecholffe& acid and resveratrol showed strong anti-Xglelctivities.
Differential response to phenolic compounds wankesi among. fastidiosa strains isolated from grape and
almond (Maddox et al. 2010).

Phytohor mones

Phytohormons contribute to all aspects of planpeases towards biotic and abiotic stimuli. They atso
indicators of plant stress responses upon variatiolight, salinity, temperature, radiation, poiars (Vogt
2010; Kosova et al. 2012; Majlath et al. 2012). Bhgrmones are small molecules produced withintpltmat
govern diverse physiological processes, includilagipdefense. Among them, jasmonate (JA) and daliagid
(SA) are major defense-related phytohormones ,Opigtohormones, such as ethylene (ET), abscisid aci
(ABA), auxin, gibberellins (GAs), cytokinins (CKsand brassinosteroids (BRs), are also involvedefermse
responses (Shigenaga and Argueso, 2016).

The phytohormones, salicyclic acid (SA), jasmortitidJA) and ethylene (ET) regulate responsesdtdi
and abiotic stresses (Baldwin et al. 1994; LeoneRest al. 2010) and play central roles in cootédigavarious
aspects of developmental processes throughoutféheyicle of plants, including flower morphogenediwuit
formation or ripening, seed germination and roohghtion (Hause et al. 2000; Li et al. 2004), beytalso play
a major role in mediating defense responses aghariivores and pathogens (Pieterse and Van Lca®99;1
Spoel et al. 2003).

Salicylic acid
Plants synthesize SA via two pathways: the pheaglaék ammonium lyase (PAL) pathway and the
isochorismate (IC) pathway, both of which utiliZzeocismate, the end product of the shikimate pathwaya
precursor (Dempsey 2011). The PAL pathway operatethe cytosol, and the IC pathway operates in
chloroplasts.

SA signaling in plant defense should not be viewed linear pathway but rather as a complex network
Multiple stimuli can activate SA synthesis/signglirSA can specifically bind to a variety of planmbfgins
affecting their activity (Dempsey, 1999). It cas@lactivate gene expression/activity by multiplechamisms
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and at different steps in plant defense signalimgaddition, SA influences a variety of other simg
mechanisms in plant defense (Kunkel, 2002). SAiegtibn increases resistance against the bacmatabgen
Pectobacterium carotovorum (formerly Erwinia carotovora) (Andersson, 2005).

SA signaling in plant defense should not be viewed linear pathway but rather as a complex network
Multiple stimuli can activate SA synthesis/signglirSA can specifically bind to a variety of planmbfeins
affecting their activity (Dempsey, 1999). It cas@lactivate gene expression/activity by multiplechamisms
and at different steps in plant defense signalimg.addition, SA influences a variety of other sifmg
mechanisms in plant defense (Kunkel, 2002). SAiegfbn increases resistance against the bacpatabgen
Pectobacterium carotovorum (formerly Erwinia carotovora) (Andersson, 2005).

Palva et al. (1994) reported that addition of ti#et® the growth medium of axenically-growing tobacc
seedlings causes almost complete resistance totiorieby P. carotovorum subsp. carotovorum, there is no
information available on the effect of SA on Dickespp., particularly th®. solani infections of potato. Since
2005, the presence d@. solani has been reported in potato in many European desnincluding The
Netherlands, Finland, Poland, Germany, Belgiumné&ea United Kingdom and Sweden, as well as outside
Europe, in Israel and Georgia. The species hasnedbe predominant pathogen responsible for thekleg
incidences in Europe (Van der Wolf et al. 2014alstudy of this bacterial pathogen, potato soft(Botkeya
solani), exogenous SA application reduced disease syngptomotatoes grown in tissue culture (Czajkowski e
al., 2015).

Jasmonic acid

Jasmonic acid is an important signalling molecue the activation of defense in response to woundin
herbivores and pathogen attack (Rosahl and Feys0@4). It is synthesized fromlinolenic acid by enzymes
of the lipoxygenase pathway (Feussner and Waster2802). JA was first seen in Solanaceae specids a
recently inArabidopsis thaliana (Gidda et al., 2003). In plants, the concentratbdAs ranges from 0.01 to 3.0
ng/g FW (fresh weight) with the exception Aftemisia tridentata in which MeJA level up to 9fg g-1 fresh
weight has been recorded (Preston et al., 2004)haB\been found in abundance generally in flowaes a
chloroplasts of illuminated plants (Creelman andlI®tu1997; Yan et al., 2013). In soybean plangams like
hypocotyl hook, axes, and plumules showed higherlseof JA as compared to the hypocotyl zone ofigdbed
cells and the non-elongating roots and stems (@aeknd Mullet, 1995).

JA induces genes involved in phytoalexin biosynghéghs, Pal, HMGR) (Choi D et al, 1994; Creelman,
1992) and phenolics (polyphenol oxidase) (DoareseBhl, 1995) that are involved in plant defenshe T
oxylipin pathway that leads to JA is also the sewtother volatile aldehydes and alcohols thattion in plant
defense and wound healing. For example, the C6wthe 2-hexenal completely inhibited growth of
Pseudomonas syringae and E. coli (Deng et al, 1993) JA and ET havenb&®wn to be involved in induced
systemic resistance, which is activated by the atimggenic root-colonizing bacteriurRseudomonas
fluorescens (Pieterse et al1996).

Auxin

The phytohormone auxin (from the Greek “auxein,”amag to grow) regulates a whole repertoire of plan
developmental processes. Perhaps less well knowimeigact that some microorganisms also producénaux
(Costacurta and Vanderleyden, 1995; Patten andk Gli@96). In their interaction with plants, these
microorganisms can interfere with plant developmaptdisturbing the auxin balance in plants. Thidést
documented for phytopathogenic bacteria Bgeobacterium spp. and®seudomonas savastanoi pv. savastanoi,
causing tumors and galls, respectively (JamesorD;20le et al. 2007), and plant growth promoting
rhizobacteria (PGPR) such Agospirillum spp. that impact on plant root development (Plerggdrtieaux et al.
2003; Spaepen et al. 2007a). The term rhizobaateféas to the fact that their numbers are highisiched in
the rhizosphere, i.e., the narrow band of soil uatounds the root (Hiltner 1904; Smalla et aD&0van Loon
2007), of more recent date is the observationdhain (indole-3-acetic acid or 1AA) is a signalingplecule in
some microorganisms (Spaepen et al. 2007a).

Auxins regulation of plant development can alsoseaindirect effects on plant defense response. For
instance, IAA application can reduce rice resistatocXanthomonas oryzae pv. oryzae. The possible reason of
pathogen growth may be caused by cell wall expanaia loosening which are activated by IAA (Dingakt
2008). Auxin is a central regulator of plant grovethd development and controls apical dominance; sted
petiole elongation, root gravitropism and its atetture in response to light and temperature, plastulature,
and flower formation, as well as root hair and rateoot formation (Kazan, 2013). Tryptophan is thain
precursor for the biosynthesis of indole-3-acetiid a(lAA), a naturally occurring plant auxin, whicis
converted to indole-3-pyruvic acid through the @ctdf amino transferases (Zhao, 2010) The metahalisthe
auxin precursor tryptophan also leads to the sgithef two important plant antimicrobial compounds,
camalexins and glucosinolates, which selectivehyjhiih the growth of necrotrophic and biotrophic lpagens,
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respectively (Robert-Seilaniantz et al., 2011; Saital., 2011).

Indole acetic acid (IAA)

COOH ! ¢
b N
NH, NOH
EE— — —>
N N - N
Tryptophan Indole-3-acetaldoxine camalexin

Indole glucosinolate
Figure 5. Schematic biosynthetic pathway of camalexin vidole-3-acetoaldoxime. Other important
indolic compounds arise from the same route.

Tumor morphology is influenced by the levels of iawand cytokinin in transformed plant cells.
Inactivation of theipt gene by Tn5 transposon mutagenesis produces’raatylor morphology, whereas
inactivation of either theaaM or iaaH gene produces”shooty” tumor morphology (Akiyoshiagt 1983).
Similarly, ipt placed under the control of a more active promatech as cauliflower mosaic virus coat protein
35S promoter, enhances endogenous cytokinin printuahd shoot growth (Smigocki and Owens, 1988).

Ethylene

Ethylene is a plant hormone that has been assdath the response of plants to wounding, pathaajéack,
and other stresses (Arshad and Frankenberger, 2Bt8)ene produced after pathogen attack maydigraulus
for defense responses by regulating a wide rangededénserelated genes, including those encoding
pathogenesiselated (PR) proteins, such as chitinase and oar{Dgikman, 1997).

From a molecular point of view, ethylene, produbgdall organs, is the least complex plant hormdiis.
a gaseous hormone that moves in free spaces bepha@rcells. This hormone is responsible for fripening,
growth inhibition and abscission (leaf drop).Duripl;ant development, endogenous ethylene productites
are highest in meristematic and ripening tissuese(@s et al. 1992). High levels of ethylene proiuctre
found in young, developing organs that display dapell division, in ripening fruits and during ssoence.
Exogenously applied ethylene was demonstratedtberestimulate or inhibit cell division, depending the
plant species and tissue type. Generally, ethylesa@ments promote processes related to agingearessence,
such as wilting and abscission of leaves and florgans and ripening of fruits. Several biotic atzotic
stresses also trigger endogenous ethylene produ®&leeles et al. 1992).

Ethylene is biologically active at very low conasions of around 0.01 to 1.0 part per million (§pm
Lower or higher sensitivities have been observgiedding on the species and the response. Somectdirica
fruits, such as tomatoes and apples, can generdeof ppm of ethylene. It is worth noting heret gtaylene is
a byproduct of partial combustion of organic fustel is present, therefore, in the atmosphere deadb things
as forest fires, volcanic eruptions and car exhgdibeles et al., 1992). It is well known that aglarburst of
ethylene is produced after the early steps of Hitation and can induce defense-related genes ¢Ball991).
Treatment of plants with ethylene has long beerminto increase either susceptibility or resistamtegending
on the plant-pathogen interaction, and on the ¢mmdi of the interaction (Brown et al., 1993; Vaoonh and
Pennings, 1993; Diaz et al., 2002).

Cytokinins

Cytokinins are plant-specific chemical messengbosnfones) that play a central role in the regufatid the
plant cell cycle and numerous developmental prasessytokinins were discovered by F. Skoog, C.avidnd
co-workers during the 1950s as factors that proraetedivision (cytokinesis). The first cytokininsgtovered
was an adenine (aminopurine) derivative named kir{6tfurfurylaminopurine; Fig 6), which was iscdat as a
DNA degradation product. The first common natungokinin identified was purified from immature maiz
kernels and named zeatin (chemical name: 6-(4- dxydB-methylbut-2-enylamino) purine. Several other
cytokinins with related structures are known todaytokinins are present in all plant tissues. Tasyabundant
in the root tip, the shoot apex and immature se&leir endogenous concentration is in the low nkgea
Cytokinins may act also on the cell that produdeeht (autocrine signaling). Cytokinins are also picatl by
cyanobacteria, some plant pathogenic bacteria @&ggobacterium tumefaciens, Pseudomonas savastanoi,
Rhodococcus fascians) and the slime-mol®ictyostelium discoideum. (Schmiilling, 2004)
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Cytokinins are plant hormones that may play esakrtie in biotrophic pathogenesis. Cytokinins are
involved in the formation of “green islands” in @uted leaves by redirection of host nutrients toaradion to
the site of pathogen ingress (Walters and McRop20136).

Application of highly active CKs such as kinetintoans-zeatin also showed a strong inhibitionRof
syringae growth mediated by CKnduced accumulation of antimicrobial phytoalex{oapsidiol and scopoletin)
which is at least partially independent of salicyficid (GroRkinsky et al., 2011, 2013). In additiamn
antagonistic relation between CKs and auxin in ruiat) resistance iA. thaliana againstP. syringae has been
demonstrated (Naseem et al., 2012).

Enzymes
Phenyl Ammonia Lyase (PAL)
PAL (E.C.4.1.3.5) is the primary enzyme in the pHpropanoid pathway, which leads to the convergidf
phenylalanine into trans-cinnamic acid with themdtiation of ammonia. PAL has been demonstrated in
metabolic activity of many higher plants and is #ey enzyme in the synthesis of several defencdeae!
secondary compounds like phenols and lignins (Heshral., 2004). The presence of phenolic compounds i
plants and their synthesis in response to infedsomssociated with disease resistance. PAL isobitee most
intensively studied enzymes in plant secondary bwdtem because of its key role in phenylpropanoid
biosynthesis (Whetten and Sederoff, 1995).

O OH NH;4

/ i
PAL o S oH

NHz —— PAL \
L-phenylalanine trans-cinnamic acid

INH4
Figure 6: Forward reaction catalyzed by PALs

Per oxidases (Prxs)

In the literature, various abbreviations are usmdcfass Il plant peroxidases (POD, POX, Prx, & PER)
but, in accordance with gene annotations, the diderxs appears to be the most common choice. They a
members of a large multigenic family, with 138 memshin rice (Passardi et al., 2004a). Plant Presrasolved

in auxin metabolism, lignin and suberin formatiorgss-linking of cell wall components, phytoalegynthesis,
and the metabolism of ROS (reactive oxygen spea@es) RNS (reactive nitrogen species) (Passardl.et a
2007).

Figure7: Various roles of plant peroxidases
Polyphenol Oxidase (PPO)

PPO (E.C 1.14.18.1) is a nuclear encoded, plastgper-containing enzyme, which catalyzes the
oxygendependent oxidation of phenols to quinoneger@xpression of PPO in transgenic tomato plants
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enhanced their resistance to Pseudomonas syrihgaed Steffens, 2002).

oM o -
oH PPO o Pﬂl}-’merﬂ!atlﬂj e
Oxygen ) {brown pigment)
A type of polyphenol A type of o-quinone

Figure 8: Reaction catalyzed by PPO
Note: PAL and PPO were involved in development of tomratsistance to bacterial wilt and could be used as
biochemical markers to screen the resistaseeptibility of tomato toRalstonia solanacearum. (Vanitha S.C
et al., 2009)

Peptide Toxins

The antimicrobial peptides (AMPs) are biologicadigtive molecules produced by wide variety of organs as
an essential component of their innate immune mspoThe primary role of the AMPs is host defenge b
exerting cytotoxicity on the invading pathogenicmbrganisms, and they also serve as immune madsilat
higher organisms (Zanetti. M., 2004). The smallee ®f AMPs facilitates the rapid diffusion and sson of
peptide outside the cells, which is required facitthg immediate defense response against pathogeicrobes
(Nissen-Meyer and Nes, 1997). Currently, more tBA90 AMPs have been reported in antimicrobial idept
database, http://aps.unmc.edu/AP/main.php/ The main families of AMPs comprise thionins apthnt
defensins.

Thionins

The first AMP isolated from plants was a thioniorfr the endosperm of wheat (Balls et al., 1942). fiif¢ein
moiety of a proteolipid was later shown to be atmi& of two forms, purothionins a and b (Nimmo let1868).
Additional thionins were isolated, including a- améhordothionins from barley endosperm (Bohimana Apel

1991)
Table 2. Antimicrobial properties of selected thionins agdibacteria.
. Susceptible References
Proteins species
Wheat endosperm crudeBacteria: Fernandez De Caleya et al.
purothionin Pseudomonas solanacearum (1972)
Xanthomonas phaseoli
Xanthomonas campestris
Erwinia amylovora
Corynebacterium fascians
C. flaccumfaciens
C. michiganese
C. poinsettiae
C. sepedonicum
o Bacteria:
Nicotiana attenuate PR-13  pseydomonas syringae pv. tomato Rayapuram et al. (2008)
thionins
Defensins

Defensins are the largest groups of AMPs. Thesdidespare cysteine-rich and have diverse sequesmces
structures, stabilized into compact shapes by tbrefur conserved cysteine disulfide bridges. Thaye at
least two positive charges (lysine or arginine dess) and are small, ranging approximately fromtd 20
amino acid residues (2—6 kDa) (Ganz, 2003) Plaférdins include over 100 members from a wide raofge
plants, including wheat, barley, tobacco, radishstard, turnip, arabidopsis, potato, sorghum, saypbeowpea,
and spinach, among others (Padovan et al., 2010)

Antibiotics produced by soil- and plant-associated bacteria
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Soils presumably harbor the most diverse populatminbacteria of any environment on this planetabse of
the extensive heterogeneity in soil texture anddhge spatiotemporal variations in abiotic andibioonditions
(Davies, 1990). Over the past four decades, numsestudies have demonstrated that metabolites, dimgu
antibiotics, enzymes, and volatiles produced by- said plant-associated bacteria, are key factorshe
suppression of plant pathogens (Lugtenberg and Ka&i2009) According to Webster's English Dictioynaan
antibiotic is defined as “a substance produced byi@oorganism and able, in dilute solution, toilrthor kill
another microorganism.”

Fluorescent pseudomonads play an active role insthgpression of pathogenic microorganisms by
secreting antibiotics. These antibiotics are lowlaoolar weight organic compounds and are deletsriouthe
growth and metabolism of pathogenic microorganisgwen at low concentrations. Production of antib&by
fluorescent pseudomonads is an important factathéndisease-suppressing ability of this group aftdréa
(Thomashow et al. 1990fantoea agglomerans a Gram-negative bacterium that belongs to the Ifami
Enterobacteriaceae (synonym:Erwinia herbicola) strain Eh318 produces through antibiosis a comptae of
inhibited growth in an overlay seeded winwinia amylovora, the causal agent of fire blight. This zone is
caused by two antibiotics, named pantocin A anfi&ight et al, 2001)

CONCLUSION

Plants have been developed physiological, bioch&mic molecular mechanisms to overcome effectstress.
Phenolic compounds represent a large group of mdscwith a variety of functions in plant growth,
development, and defense. Phenolic compounds iactighaling molecules, pigments and flavors that ca
attract or repel, as well as compounds that categrthe plant against insects, fungi, bacterid,\druses. Most
phenolic compounds are present as esters or gieosather than as free compounds. Tannins anih lage
phenolic polymers. Tannins are used commerciallgyaes and astringents, and lignin accounts forctiral
rigidity of cells and tissues and is essential &asoular development. Phytohormones such as awtiokiin,
abscisic acid, jasmonic acid, ethylene, salicytiagibberellic acid, and few others, besidesrtfi@nctions
during germination, growth, development, and flowgr play key roles and coordinate various signal
transduction pathways in plants during responseswironmental stresses.

Hormone signaling crosstalks can be a target fop émprovement to increase disease resistance using
pharmaceutical, genetic, or transgenic approa@esh strategies include strengthening resistartigced by a
particular signaling pathway via suppressing itséaganistic pathway or exploiting synergistic intgrans.
Engineering of these compounds is increasingly kedalsy new technical developments in biochemicalysis,
DNA sequencing, bioinformatics, gene expressionhodtlogy and, more recently, the possibility of gee
editing. Hopefully, these and other novel strategi@ll see more progress in the coming decade Wmmave
witnesses in the last one.
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