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Abstract

Tomato (Lycopersicon esculentuiill., Solanum lycopersicoh.) is one of the
most popular vegetable throughout the world, amdirtiportance of its cultivation
Is threatened by a wide array of pathogens. Inabketwenty years this plant has
been successfully used as a model plant to imastithe induction of defense
pathways after exposure to fungal, bacterial anobtiab molecules, showing
triggering of different mechanisms of resistancedérstanding these mechanisms
in order to improve crop protection is a main goalPlant Pathology.

The aim of this study was to search for generaboe-specific molecules able to
determine inSolanum lycopersicommmune responses attributable to the main
systems of plant defense: non-host, host-specificirduced resistance.

Exopolysaccharides extracted by three fungal spe@aireobasidium
pullulans, Cryphonectria parasiticand Epicoccum purpurascejswere able to
induce transcription of pathogenesis-related (PRYegms and accumulation of
enzymes related to defense in tomato plants cv Ydfeker, using the chemical
inducer Bioff as a positive control.

During the thesis, severBiseudomonaspp. strains were also isolated and
tested for their antimicrobial activity and ability produce antibiotics. Using as a
positive control jasmonic acid, one of the selec&&din was shown to induce a
form of systemic resistance in tomato. Transcriptaf PRs and reduction of
disease severity against the leaf pathogsaudomonas syringa®/. tomatowas
determined in tomato plants cv Money Maker and evfdet Peel, ensuring no
direct contact between the selected rhizobactedalze aerial part of the plant.

To conclude this work, race-specific resistancdoohato against the leaf
mold Cladosporium fulvunms also deepened, describing the project folloateithe
Phytopathology Laboratory of Wageningen (NL) in 200ealing with localization
of a specific R-Avr interaction in transfected tdamarotoplast cultures through
fluorescence microscopy.

Keywords:

Tomato, biotic elicitor, glucang&seudomonaspp, Cladosporium fulvum
induced resistance, abiotic inducer.
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1 Introduction

1.1 The plant immune system: overview

Knowledge about the damage caused by plant diseéasegmnkind has been
mentioned in some of the oldest books availabled (Déstament, 750 B.C.;
Homer, 1000 B.C.). In agricultural practice worldej plant diseases regularly
cause severe crop losses that may devastate file efamillions of people, thus
causing famines, and collectively result in ecormoamage of billions of euros
(Van Esseet al, 2008). Famous examples from the past are the posato famine
(1845-1847), caused by the oomycete pathdgeyiophthora infestansand the
great Bengal famine (1942-1943) when the rice ggghélelmintosporium oryzae
caused a food shortage that resulted in the dehttwo@ million of people
(Padmanab, 1973). Among crops, the total globamal loss due to pests varies
from about 50% in wheat to more than 80% in coffooduction. The responses
are estimated as losses of 26-29 % for soybearatvame cotton, and 31, 37 and
40 % for maize, rice and potatoes, respectivelyk@e2006). Since 70% of total
calories consumed by human population come frorng tmir of the six cultures
previously mentioned (Ravest al, 1999), it's easy to understand the relevance of
crop protection to pests.

Phytopathology is a branch of Plant Science thaties plant diseases and their
management; its central role as a medical dis@plor plant defense is widely
recognized. The progresses made in molecular bialothe last thirty years have
allowed scientists to achieve amazing results asmjits in this field, explaining
the intimate relations between hosts and pathogens.

Understanding the dynamics of plant-microbes imtgvas has enormously and
positively affected the management of plant diseaserldwide. Widening the
knowledge about microorganisms and hosts creating “pathosystem”,
Phytopathology has explained most of the succeéasuccessful mechanisms of
attack of pathogens and unraveled many of the m@athweading to plant
resistance/susceptibility. Nowadays we’re able #ket advantage of this
knowledge. In the last twenty years the plant imengystem has become a
primary topic for Plant Science: inducing forms rekistance in plants through
processes of immunization, or genetically engimegm cv in order to express
resistance factors to a particular pathogen, atechallenges anymore, but real
scenarios for plant defense (Stuiver and Custé)@1) In this first chapter I'm
going to describe the general mechanisms of pathdgeection in plants and the
subsequent activation of the main forms of restg#afocusing on the molecules
involved in the early stages of perception andaigransduction and reporting the
main classes of molecules implied in plant defense.



The capacity of plants to resist infection, recoivem diseases, and then avoid
future infections has been reported in botaniaadiss since the beginning of the
twentieth century (Chester, 1933). Pathogen ass/fiocus on colonization of the
host and utilization of its resources, while plaats adapted to detect the presence
of pathogens and to respond with antimicrobial Weds and other stress
responses. The ability of a pathogen to producseasde in a host plant is usually
the exception, not the rule. This is because plér@ge an innate ability to
recognize potential invading pathogens and to petuccessful defenses. On the
other hand, successful pathogens produce diseasaside they are able to evade
detection or suppress host defense mechanismstlr(Borras-Hidalgo, 2004
Plant-pathogen interactions result either in a catibfe reaction, causing disease
symptoms in dostplant, or in an incompatible reaction, preventingjtiplication
and spread of theon-hostpathogen. In the latter case one speaks of rasestin
the former of susceptibility of the plant.

Plants rely on an innate immune system to defeachsielves. Unlike mammals,
plants lack mobile defender cells and a somatiptgaimmune system. Instead,
they rely on the innate immunity of each cell amdsystemic signals emanating
from infection sites (Ausubel, 2005). The key far aeffective activation of a
defense response in the plant is a rapid deteafoan external molecule as
“extraneous”, a concept known in Immunology as “seif recognition”. Non-self
determinants are often referred as “elicitors” anel constituted by a bewildering
array of compounds including different oligosacates, lipids, peptides and
proteins (Montesanet al, 2003). The broader definition of elicitor incledboth
substances of pathogen origin (exogenous elicitmmgd) compounds released from
plants by the action of the pathogen (endogenaaisoes) (Boller, 1995; Ebel and
Cosio, 1994). Their recognition occurs directhya veceptor ligand interaction, and
indirectly, via host-encoded intermediates (Da Guethal, 2006).

Although they do not always gain the attention mifaal immunologists, plants
also have quite complex and efficient immune syst@ioods, 2000). Two main
strategies of defense mechanisms have evolvecamsthat are similar to innate
and adaptive immunity seen in animals: preformedertd®s, and induced-
resistance mechanisms (Menezesa and Jared, 200®jtel (or non-adaptive)
immunity can be defined as the battery of firselihost defense or resistance
mechanisms employed to control infections immediaséter host exposure to
microorganisms, and it includes morphological ameénaical structures of the
plant. Pathogens able to penetrate beyond thisebarr non-host resistance may
seek a subtle and persuasive relationship withptaet. For some, this may be
limited to molecular signals released outside tlaatpcell wall, but for others it
includes penetration of the cell wall and the dsiwof signal molecules to the
plant cytosol. Direct or indirect recognition oe#e signals triggers a host-specific
resistance, similar to adaptive immunity in mamm@lenes and Takemoto, 2004).

According to recent studies (Jones and Dangl, 2@&Gsholmet al, 2006),
plants respond to infection using a two-branchedt@ immune system. One uses
transmembrane pattern recognition receptors (PRRa&) respond to slowly



evolving microbial- or pathogen-associated molecypatterns (MAMPS or
PAMPs). The second acts largely inside the cell amspbonds to pathogen
virulence factors (also called "effectors") usiegaptor proteins (RPs) encoded by
most plant resistance genes. Both primary and secgnmmune responses in
plants depend on germ line-encoded PRRs and RP®/iftl€007 and are also
referred as PTI (PAMP-triggered immunity) and ETéff¢ctor-triggered
Immunity), respectively.

Recent studies have revealed intriguing similagiire elicitor recognition and
defense signaling processes in plant and animals hesggesting a common
evolutionary origin of eukaryotic defense mechamigiiontesancet al, 2003;
Zipfel & Felix, 2005; Nurnbergeet al., 2004). Some general elicitors (PAMPS)
are also recognized as antigenic by animals andaadp trigger innate immunity
both in animals and plants (Nurnberger and Brun2@9_2). This is for example
the case of flagellin, the protein forming the lesiel flagellum. Similarities also
exist between molecules involved in signal tranidacprocesses and defense
genes expression: numerous DNA-binding proteing fth&éeract with plant
promoters have been identified and the correspgnddNAs have been cloned.
Some of these proteins are structurally similaw#dl-characterized transcription
factors in animal or yeast cells, while others sembe unique to plants
(Yanagisawa, 1998).

Recognition of a potential pathogen results in sdveéefense responses of the
plant, like activation of enzymes and generatiomeaictive oxygen species (ROS)
(Chai and Doke, 1987; Legendeeal., 1993). These early events are followed by
other defense responses including production efmarbbial compounds, such as
defense proteins and phytoalexins, and inductiora dfypersensitive response
(HR), a localized cell death around the site oéatibn able to stop the spread of
the pathogen. Before introducing the different feraf resistance in plants, it's
necessary to deepen the process at the basisndfpalhogen recognition: the first
and essential encounter between host and microlexutes.

1.2 Plant-pathogen interactions: elicitors and reqators

How does a plant recognize a microorganism as hd®PmWhich are the main
players involved in recognition? When a plant anghthogen come into contact,
close communications occur between the two organi@iammond-Kosack and
Jones 2000). Plant-pathogen communications relphemteraction among a wide
and heterogeneous world of molecules, distinguidietd/een those produced by
the pathogen, often referred as “elicitors”, ands#h produced by the plant and
responsible for the detection of the elicitors,lexhl “receptors”. At first this
distinction may look simple but the nature of thesaecules gives an idea of the
complexity of this communication. Oligo and polysharides, enzymes and
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toxins, proteins and small peptides, fatty acids$ gases: specific and non-specific
interactions between these players determine afigente the outcome of the
challenge among plants and pathogens.

Originally the term elicitor was used to describelecules able to induce the
production of phytoalexins (a class of defense mdés in plants) but it is now
commonly used for compounds stimulating any typelaht defense (Ebel and
Cosio, 1994). They were first described in theyead70 (Keen, 1975). Elicitors
may be classified into two groups, “general eligtoor “PAMPSs”, and “race
specific elicitors” or “effectors”, depending onethspecificity of the defense
response induced in the plant. While general elisiare able to trigger defense
both in host and non-host plants (Nurnberger, 198@e specific elicitors induce
defense responses leading to disease resistangeinoipecific host cultivars
(Angelova et al, 2006). A list of several general and race-speddlicitors is
presented in Table 1. Another classification isebla®n the source of these
molecules, distinguishing between biotic and abieticitors. While the first class
encloses all molecules derived from living micramigms, the second class
include environmental stress factors, like UV Iglnd heavy metals ions, and
chemical compounds acting as hormones or signaiimigcules in the plant.

Regardless of whether the elicitor is race-speaiica general elicitor, the
downstream events that the elicitor-receptor bigdiiggers are often similar. As a
general trend, PAMPs induce basal defenses and@&fenduce an HR, but both
types of elicitors can induce both types of respeng-or instance, the general
elicitor flagellin induces basal defenseArnabidopsis but its over-expression can
induce a strong non-host HR response in tomatagpkBhimizuet al, 2003). In
fact, neither the types of pathogenic moleculeg #li&it resistance nor the
molecules used by the host to recognize pathogenstictly correlated with the
class of resistance or the type of defensive respoi the plant (Da Cunlet al,
2006). The final defense response depends on vilmehmany defense pathways
are triggered and how strongly those pathways a&tevaded. Plant defense
responses due to elicitor-receptor binding wildiecussed in the next paragraphs.
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gl

Elicitor

Branched (1,3-1,6)-
-glucans

Chitin oligomers

Pectolytic enzymes
degrading plant cell

Source

Oomycetes

Higher fungi

Various fungi and

walls (»endogenous bacteria

elicitors)
Endoxylanase

Avr gene products
Viral coat protein
Harpins

Flagellin

Victorin (toxin)

Glycoproteins

Glycopeptide
fragments invertase

Syringolids (acyl
glycosides)

Nod factors
(lipochitooligo-
saccharides
FACs (fatty acic
amino acid
conjugates)

Mycotoxins (eg.
fumonisin B1)

Trichoderma viridae

Cladosporium fulvum Role in virulence

Function in
producing T
organism

Component of the G
fungal cell wall

Chitin of the fungal G
cell wall

Enzymes provide

nutrients for the G
pathogen
Enzyme of fungal G
metabolism

Rs

TMV Structural component Rs

Some Gram- bacteria Involved in type Il G
secretion system

Gram- bacteria Part of bacterial G
flagellum

Helminthosporium  Toxin for host plants Rs

victoriae (rust)

Phytophtora sojae ~ ? G

Yeast Enzyme in yeast G
metabolism

Pseudomonas
syringaepv.

Rhizobiumand other
rhizobia

VariousLepidopter:

Fusarium
moniliforme

Signal compound for Rs
the bacterium?

Signal in symbiosis G
communication

Emulsification of
lipids during G
digestion?

Toxin in necrotrophic
interaction; disturb G
metabolism

Effects in plants

Phytoalexin in
soybean, rice

Phytoalexin in rice;
lignification wheat
Protein inhibitors
and defense genes
in Arabidopsis

HR+defense gene

in tobacco

HR in tomato (Cf
genes)

HR in tomato,
tobacco

Callose and defense
genes in tobacco
Callose deposition,
defense genes, ROS
Programmed cell
death (PCD) in oat

Phytoalexin defense
genes in parsley
Defense genes and
ethylene in tomato

HR in soybean
(Rpg4 gene)

Nod formation in
legumes

Monoterpenes i
tobacco-"indirect
defence"

PCD and defence
genes in tomato,
Arabidopsi

Montesancet al, 2003

Table 1 Elicitors of defense and defense-like responses in pléntsligosaccharidestl =
peptides and proteindl] = lycopeptides and proteinB/ = glycolipids; V= lipophilic elicitors;
T=type; G=general elicitorRs=race-specific elicitor.
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As previously mentioned, general elicitors are ofteferred as “PAMPSs". Most
of them share conserved domains which have beesemerd through evolution
and constitute the basis of antigens and viruléac®rs: a viral coat protein or a
peptide from a bacterial flagellum are typical ep#s of molecules appeared
million of years ago on Earth. During evolution e have adapted themselves to
the external environment, evolving receptors ableldtect the presence of these
world-spread molecules. Their recognition is therefindiscriminate and induces
a kind of non-specific resistance in a broad ramigleost species. However, some
general elicitors are still recognized by a restdcnumber of plants (Shibuya and
Minami, 2001). Examples of general elicitors in@udell-wall glucans, chitin
oligomers and glycoproteins from fungi, lypopolisharides (LPS) and harpin
proteins from several Gram-negative bacteria, aveh evolatile compounds as
FACs (fatty-acid amino-acid conjugates) producedvhgiousclLepidoptera.lt's
interesting to see that some general elicitors amestitutively present in the
pathogen as structural components, while otheregpeessly encoded to act as
virulence factors in the host.

The latter function is a distinguishing featurerate-specific elicitors, able to
induce a host-specific response in some cultivara certain plant species. This
mechanism relies on the so called "gene for genedry (Flor, 1942; 1971): a
specific elicitor encoded by an avirulence generfAwesent in a specific race of a
pathogen, will elicit resistance only in a host nplacultivar carrying the
corresponding resistance gene (R). The absencethefr gene product will often
result in disease (Cohet al., 2001; Hammond-Kosack and Jones, 1997; Luderer
and Joosten, 2001; Nimchu al., 2001; Nurnberger and Scheel, 2001; Tyler,
2002).Many plant resistance genes (R-genes) hame tlened and characterized
(Dangl and Jones, 2001). Most of them encode protgith a predicted trimodular
structure (Inohara and Nunez, 2003; Mastnal., 2003). These molecules act as
receptors, mediating Avr protein recognition, anel @tegorized in seven distinct
classes (Figure 1). At their carboxy terminus, tloayry a Leucine-rich repeat
(LRR) domain believed to be the initial recognitidomain: LRRs are found
throughout the tree of life and mediate proteintg@ro interactions (Kobe and
Kajava, 2001). Various studies indicate that thianggen specificity resides in this
domain (Thomas et al., 1997; &wal, 2000; Seear and Dixon, 2003).
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Figure 1: Schematic representation of the seven major structuraleslas plant R proteingA)
Overall structure of one representative R protein of eatheo$even classes. From left to right:
Pto, resistance protein againsPseudomonas syringagv. tomato of Lycopersicon
pimpinellifolium(tomato) (Martiret al, 1993);RPM1, resistance protein agairi3tsyringaeov.
maculicolaof Arabidopsis thaliangGrantet al, 1995);N, resistance protein against Tobacco
Mosaic Virus ofNicotiana tabacuntobacco) (Whithanet al, 1994);Cf-9, resistance protein
againstCladosporium fulvunof L. pimpinellifolium(Joneset al, 1994);Xa21, resistance protein
against Xanthomonas oryzaev. oryzae of Oryza sativa(rice) (Songet al, 1995); Rpg1,
resistance protein againgtuccinia graminisf. sp tritici of Hordeum vulgare (barley)
(Brueggemaret al, 2002); RPW8, broad spectrum powdery mildew resistance proteii.of
thaliana(Xiao et al, 2001).

LRRs, leucine-rich repeats; TIR, Toll/Interleukin-like eptor domain; LZ, leucine-zipper; NBS,
nucleotide-binding site; CC, coiled cqjB) Detailed structure of the matuge fulvumresistance
protein Cf-9 from tomato. Cf-9 comprises several functional dom@mses and Jones, 1997;
Joneset al, 1994), indicated as domains B—H. The signal peptide for eXtracetargeting
(domain A) is not present in the mature protein. Domains B—Eoasgeld in the extracellular
space; domain F is located in the plasma membrane; domainy®psasmic. Domain B (white)
is cysteine-rich; domain C comprises 27 LRRs (grey) and a loopwhite) between LRRs 23
and 24. Domain D (black) has no distinct features; domain E (gregjdic; domain F (grey) is
a transmembrane domain; domain G (white) is a basic cytojoléasin
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Race-specific elicitors (or effectors) are thoughbe virulence factors evolved
to target specific regulatory components of theabdsfense system stimulated by
PAMPs (Dangl and Jones, 2001; Hawtkal, 2003; Jones and Takemoto, 2004;
Kim et al, 2005; Liet al, 2005; de Torrest al, 2006; Heet al,, 2006; Ingleet al,
2006; Van Esseet al, 2008). Natural selection has driven pathogenavioid
recognition of race-specific elicitors by the plaither by diversifying them, or by
acquiring additional effectors that suppress ETt. the same time, evolution
favours new plant resistance genes able to enanderdteins that can recognize
the newly acquired effectors. It's a slow, evertagtping-pong game where the
player tries to adapt to the opponent's attacktesjias, which continuously
change. This process can be illustrated with azam-model (Figure 2) which
shows that the susceptibility to new effectors plamt is continuously balanced by
the appearance of new receptors able to recogheepathogen molecules as
harmful. This is the main difference between PAMIPs effectors: while some
Avr proteins can evolve substantially or may berehytabsent from certain strains
of a pathogen, PAMPs are defense elicitors thagap&itionarily stable, forming a
core component of the microorganism that cannosdmificed or even altered
much without seriously impairing viability (Bent@Mackey, 2007).

PTI ETS ETI ETS ETI

A A
Pathogen
effectors

PAMPS

Jones and Dangl, 2006

Figure 2. A zigzag model illustrating the quantitative output of the tpleomune system RTI:
PAMPs triggered immunityETS: effector-triggered susceptibilityETI: effector-triggered
immunity).
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Since recognition of pathogen-derived moleculeghis crucial point for a
successful response of the plant, one the mairargsdield in Phytopathology is
to identify elicitors (and respective receptors)eatn trigger a complex set of
defenses of the plant and to provide enhancedtaasis to subsequent infections
by the same or even unrelated pathogens (Montetaaip 2003).

1.3 Mechanisms of resistance in plants

Mechanisms of plant resistance to pathogens havelajeed through time
following the evolution of microorganisms and thmpaarance of new diseases on
Earth. As introduced in the first paragraph of ttimpter, the specificity of plant
responses to pathogens can be classified into teaxllcategories.

Since most pathogens exhibit narrow host spegifiahd will not infect “non-
host” species, the resistance of plants to the magbrity of potential pathogens is
termed “non-host resistance” (Dangfl al., 1996; Heath, 2000; Kamoun, 2001;
Thordal-Christensen, 2003; Mysore and Ryu, 2004n-Nost resistance (non-
specific or basal resistance) is a response t@edls of a particular pathogen, and
occurs in all cultivars of a plant species. Iteslon successful passive defenses,
such as a preformed barrier or toxic chemical, dant also result from active
defenses induced upon pathogen recognition, likehggis and accumulation of
antimicrobial reactive oxygen species, phytoalexamsl translation products from
pathogenesis-related genes (Nurnberger and Bru@fAég; Thordal-Christensen,
2003). Recognition of the pathogen by non-hosttpla assumed to be brought
about by general elicitors (PAMPs) (Gomez-Gomez BRalier, 2002; Montesano
et al, 2003; Nurnbergeet al, 2004). Non-host resistance is the most common and
durable form of plant resistance to disease-causiggnisms but it's still poorly
understood due to its multigenic trait (Heat, 199énget al, 2003).

In contrast, host-specific resistance (race-cultispecific resistance) is
dependent upon the presence of a particular path@pe, a particular host plant
cultivar, or both. It is often governed by singésistance (R) genes, the products
of which directly or indirectly interact with thgeacific elicitors produced by the
avirulence (avr) genes of pathogens (Mysore and, R904). Perception of the
specific elicitors activates plant defense, inahgdine HR. Host-specific resistance
has been studied intensively in several model syst® elucidate the gene-for-
gene theory: ArabidopsisPseudomonas syringaetobacco-TMV, tomato-
P.syringaeand tomatdcladosporium fulvun{Tao et al, 2003; Pearéet al, 2005;
Tanget al, 1996; Joosten and de Wit, 1999).

Host and non-host resistance share many commonsief@athways (Navaret
al., 2004; Taocet al, 2003). Collectively, PAMP-induced non-host remige, as
well as Avr-induced -cultivar-specific resistancehosld be considered two
complementary elements of plant innate immunityt thewve been shaped in an
arms race with coevolving microbial pathogens (Bsga and Alfano, 2004,
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Nurnbergeeet al, 2004). A publication by Peagt al (2002) demonstrated that the
gene SGT1, which encodes a ubiquitin ligase-astsatiprotein, is required for
both non-host and R gene-mediated resistance #&geertain pathogens in
Nicotiana benthamianasupporting the idea that similar mechanisms ageired
for both types of resistance. However the timimgemnsity and sequence of these
responses are not the same in each instance.

If defense mechanisms are triggered by a stimuliog o infection by a plant
pathogen, disease can be reduced. This is the thesicy of induced resistance,
one of the most intriguing forms of resistancewhich a variety of biotic and
abiotic treatments prior to infection can turn ac@ptible plant into a resistant one
(Heat, 1996). Induced resistance is not the cneatioresistance where there is
none, but the activation of latent resistance meishas that are expressed upon
subsequent, so-called “challenge” inoculation vatpathogen (Van Loon, 1997).
Induced resistance can be triggered by certain icladsn non-pathogens, avirulent
forms of pathogens, incompatible races of pathagensy virulent pathogens
under circumstances where infection is stalled suenvironmental conditions
(Tuzunet al, 1992; Tuzun and Kudc, 1991; Benhametual, 1998; Fought and
Kac, 1996). Plant resistance and induced forms esfistance are generally
associated with a rapid response, and the defemspauinds are often the same.

Generally, induced resistance is systemic, bec#usedefensive capacity is
increased not only in the primary infected planttpabut also in non-infected,
spatially separated tissues. Induced systemictaesis is commonly distinguished
between systemic acquired resistance (SAR: Rostlal9Ryalset al, 1996;
Sticheret al, 1997) and induced systemic resistance (ISR: amlet al, 1998;
Knoesteret al, 1999; Pieterset al, 1996;), which can be differentiated on the
basis of the nature of the elicitor and the regulatpathways involved, as
demonstrated in model plant systems (Watdal, 1991; Ukneset al, 1992;
Pieterseet al, 1998; Schenlet al, 2000; van Weest al, 2000; Malecket al,
2000 Yaret al, 2002).

The SAR defense signalling networks appear to shigmaficant overlap with
those induced by basal defenses against pathogeni@®d molecular patterns
(PAMPs) (Tonet al, 2002; Mishina and Zeier, 2007). Basic resistanvelves
the recognition of PAMPs by pattern recognitioneggors (PRRs), whereas SAR-
responding leaves must decode one or more unknosinlensignals (Grant and
Lamb, 2006). The nature of the molecule that tatt@lough the phloem from the
site of infection to establish systemic immunitys ieeen sought after for decades.
Accumulation of salicylic acid (SA) is required f&AR, but only in the signal-
perceiving systemic tissue and not in the signakegating tissue (Vernoogt al,
1994). Reactive oxygen species (ROS), nitric oXiN®), jasmonic acid (JA),
ethylene and lipid-derived molecules are all imgiexl in systemic signalling
(Maldonadoet al, 2002; Buhott al.,2004; Trumaret al.,2007). A major future
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challenge will be to determine how the differenttéas interact to facilitate their
integration into a signaling network (Vlet al, 2008).

SAR is usually induced by infection of leaves witlcrotizing pathogens that
induce hypersensitive cell death (HR), althoughH&his not obligatorily required
to generate the long-distance signal (Cameebral, 1994;). It can also be
triggered by exposing the plant to avirulent ana rEathogenic microbes, or
artificially with chemicals such as salicylic acid,6-dichloro-isonicotinic acid
(INA) or acibenzolar-S-methyl (BTH) (Lawtoet al, 1996). This form of systemic
resistance is normally associated with the accumonlaof pathogenesis-related
(PR) proteins (Kessmaret al, 1994; Ryalst al, 1996; Sticheet al, 1997) and
Is effective against a broad spectrum of plant @ghs. In tobacco, SAR
activation results in a significant reduction oselhse symptoms caused by the
fungi Phytophthora parasifica, Peronospotabacinaand Cercospora nicotianae,
the viruses tobacco mosaic virus (TMV) and tobawecrosis virus (TNV), and the
bacteriaPseudomonas syringae tabaciandErwinia carotovora(Vernooijet al,
1995).

The plant gene NPR1_d¢n-expresser of PRjyene ) is the most known
regulatory factor of the SAR pathway (Cab al, 1994; Delaneyet al, 1994,
1995). Mutannprl plants accumulate normal levels of SA after pagimogfection
but are impaired in the ability to express PR gemmabto activate a SAR response,
indicating that NPR1 functions downstream of SAcémulation of SA induces a
change in cellular redox potential triggering tbeduction of NPR1 from cytosolic,
disulphide-bound oligomers to active monomers tfaatslocate to the nucleus and
interact with TGA transcription factors, activatiRiR genes expression (Ryais
al., 1997; Zhangpt al,, 1999; Kinkemaet al, 2000; Mouet al, 2003).

In the last fifteen years, another form of inducesistance, effective against a
broad range of diseases and associated with tlmnization of plant roots by
certain beneficial soil-borne microbes, has beetelyi documented (West al,
1991, 1996; Pieterset al, 1996; van Loonet al, 1998). Induced systemic
resistance (ISR) is an aspecific defense respofsheoplant triggered by the
presence in the soil of plant growth-promoting ohiacteria (PGPR), especially
fluorescent pseudomonads. The bacterial deterngnaesponsible for the
induction of resistance in the aerial parts of plent are not yet characterized but
seem to depend on multiple traits (Van Laairal., 1998; Pieterse and van Loon,
1999; Pieterset al. 2001a). Besides inducing resistance in the pkmtggonistic
PGPR strains control plant diseases by suppressidporne pathogens through
the synthesis of various antimicrobial compoundsl ahe competition for
colonization sites at the root surface (Bakeral. 1985; Schipperet al, 1987;
Raaijmakerst al, 1997).

Unlike SAR, ISR is independent by the accumulatainsalicylic acid and
doesn’t seem to involve the synthesis of pathogsnekted protein (Pietersst
al., 2000), but instead, relies on pathways regulbteismonic acid and ethylene
(Pieterseet al, 1998; Knoesteet al, 1999; Yaret al, 2002).
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Curiously, also the rhizobacteria-dependent ISkesebn the regulatory gene
NPR1, which functions downstream of JA and ET @sxtet al, 1998). This
suggests that NPR1 differentially regulates defeesponses, depending on the
signals that are elicited during induction of remige. The main differences
between the SAR and ISR pathways are showed ind-Ryu

PATHOGEN RHIZOBACTERIA
NahG Jarl — i JA response
SA — sidl edsg P
sid2 l
etrl, eds4

einl-ein7 — ET response

nprl — NPR1 edsl10

— L

Priming for enhanced
defence gene expression

Pieterseet al, 2002

Figure 3. Schematic model describing the pathogen-induced SAR and the «diedda
mediated ISR signal transduction pathwaysAmabidopsis Minuscule letters indicate the
Arabidopsisthaliana mutants affected in establishing induced resistasice $A-induction
deficient; eds enhanced disease susceptibiligin. ET insensitive;jar: affected in JA

response).
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It is important to realize that SAR and ISR arebataly only two outcomes out
of an array of possibilities. It is likely that @hforms of induced resistance exist
that vary in their reliance on salicylic acid, ddme, and jasmonate and other as
yet discovered plant regulators (Vallad and Goodni2&04). Generally it can be
stated that pathogens with a biotrophic lifestyke more sensitive to SA-mediated
induced defenses, whereas necrotrophic pathogethsharbivorous insects are
resisted more through JA/ET-mediated defenses (Ttet al, 2001; Kessler
and Baldwin, 2002; Glazebrook, 2005). Cross talkswben the two distinct
pathways helphe plant to minimize energy costs and create xblie signaling
network that allows the plant to finely tune itsfalese response to the invaders
encountered (Reymond and Farmer, 1998; Piet¢ige 2001b; Bostock, 2005).

Induced resistance is not always expressed sysdynidocalized acquired
resistance (LAR) occurs when only those tissue®seg to the primary invader
become more resistant (Ross, 1961b). Localizedtegsie is generally triggered
by necrotizing pathogens able to induce an HR amdlves the accumulation of
ROS and SA only in a limited number of cells sunding the site of the lesion
(Dorey et al, 1997; Chamnongpatt al, 1998; Costeet al, 1999). However,
strengthening of the cell wall, oxidative burst dadal expression of PR proteins
may also occur after localized treatment of thenfplaith biotic elicitors (e.g.
chitosan), non-host pathogens and even chemicate@zothiadiazole (Faoret
al., 2008).

1.4 Plant inducible defenses

Plant defense mechanisms against pathogens arsifiesin two main
categories, distinguished by preformed and indecdefenses. In the first case
plants prevent the spread of the pathogen througdionmed (constitutive)
structural and chemical factors. In the latter cadants synthesizeex-novo
antimicrobial compounds able to defeat the pathogeese mechanisms are also
referred as passive and active defense respectively

Preformed physical and biochemical barriers camstia plant’s first line of
defense against pathogens. These passive defenskeslei the presence of
preformed surface wax and cell walls, antimicrobeéaizymes, and secondary
metabolites. The plant cell wall is the first arte tprincipal physical barrier
(Cassab and Varner, 1988). This cellulose-richcatre consists of a highly
organised network of polysaccharides, proteins, phnenylpropanoid polymers
that forms a resistant layer surrounding the dama membrane (Menezesa and
Jared, 2002). Cutin, suberine, and waxes also geoyprotection through the
reinforcement of the epidermal layer of the leavdso lignin acts as a barrier and
is characteristically found in plants that haveergly endured pathogen attack.
The size of the stomatal pores can affect the ssceath which a pathogen
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invades a host and many plant species have lehaesaspond to insect damage
by increasing their density and/or number of tritles (Traw and Bergelson,
2003). Preformed chemical barriers have a wide da@nspectrum. All low
molecular weight, antimicrobial compounds that @resent in plants before
challenge by microorganisms or are produced aftdection solely from
preexisting constituents, are often referred ag/tqanticipins” (name coined by
J.W. Mansfield) and can be composed of compound®siga@s antimicrobial
agents or repellents, such as terpenoids, hydraxaonls, cyanogenic glucosides,
phenolic and sulphuric compounds, saponins and idespt(Schonbeck and
Schlosser, 1976; Bennett and Wallsgrove, 1994; Baé@enet al, 1994; Osbourn,
1996). Inhibiting compounds may be excreted inte #xternal environment,
accumulated in dead cells or be sequestered imtooles in an inactive form.

An important group of preformed defensive compounads plant defensins,
small basic peptides which interfere with pathogertrition and retard their
development. InArabidopsis thalianaat least 13 putative plant defensin genes
(PDF) are present, encoding 11 different plant mfes (Thommaeet al, 2002).
Lectins are carbohydrate-binding proteins whichuanglates in the storage organs
of many plants species. These proteins are capdbiecognizing and binding
glycoconjugates present on the surface of microvsgas (e.g. bacteria and fungi)
and some of them are potent inhibitorwitro of animal and human viruses, which
have glycoproteins in their virions (Broekaettal, 1989; Balzariniet al, 1992;
Ayouba et al, 1994). Saponins are a class of phytoanticipiret tthestroy
membrane integrity in saponin-sensitive parasitags] which are stored in an
inactive form in the vacuoles of the plant cellcting active when hydrolase
enzymes are released following wounding or infectidany enzymes contribute
to the overall health status of the plant, in temhametabolism and protection
against external agents. Proteases are one of dne glasses involved in plant
defense mechanisms: some of them are apparentlicatgal in the degradation of
extracellular pathogenesis-related proteins, othav® been found to be involved
In pathogenesis in virus-infected plants (Tornetal, 1997; Beerst al, 2000;
van der Hoorn, 2008).

Although these barriers can prevent invasion, ggthe have evolved strategies
to overcome them. In addition to these pre-existiefgnse mechanisms, plants are
also able to induce biochemical defenses in regpomspathogens or potential
pathogenic organisms that succeed in crossing itls¢ [fre-formed barriers.
Biosynthesis of induced defense compounds is oftentrolled by complex
feedback mechanisms which make a hard task toalisthe plant molecules
involved in resistance responses upon pathogergmé@@m. In these paragraphs
we will only recall the major players of the diféert forms of resistance described
so far, including signaling molecules and focusmg the main and extreme
mechanism of defense of the plant: the hyperseasiéisponse.

The host membrane appears to be involved in thieegtastages of pathogen
recognition and signal transduction. dhange in membranpermeability after
exposure to pathogen elicitors causes fluxes is,isuch as K H" and C&'
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(Vera-Estrellaet al, 1994; Gelliet al, 1997). Many cellular processes, including
plant defense responses, are regulated by changsgoisolic C&" levels, where
Cd" ions can serve to transduce a particular stimatustress to target proteins
that guide the cellular response (Bush, 1993). &ylently, cytosolic Gawould
contribute to the rephosphorylation of the plasnemrane F-ATPase by C3-
dependent protein kinases, resulting in the restoraf normal cellular functions
(Xing et al, 1996). Another change at the membrane leveleoiidative burst: a
rapid, transient response which involves the gereraf reactive oxygen species
(ROS), such as hydrogen peroxide@s), superoxide radical ©O,-) and hydroxyl
radical (OH). These molecules are toxic and produced asitieeof infection in
guantities capable of killing microorganisms, butyt mainly function as defense
compounds indirectly, acting as signaling molecldetivating gene expression
and influencing important biochemical pathways bé tplant. HO, has been
shown to induce the expression of defense relaterbg (Desikaret al, 1998;
Grantet al, 2000; Levineet al, 1994) and it is now widely accepted that SA
signaling is mediated with ROS production and aréase in [CE] (Larkindale
and Knight, 2002; Yoshiokat al, 2001). Major ROS sources are NADPH-oxidase
located in the plasma-membrane and cell wall pdesas (POX), which also
participate in various physiological processeshsas lignification, suberization,
auxin catabolism and wound healing (Hiragal, 2001.

The hypersensitive response (HR) is a complexy elafense response of the
plant that causes a rapid death of cells in thal lsegion surrounding an infection,
in order to stop the spread of a potential pathodams phenomenon is a typical
response of the cv-specific resistance mediatedhbyrecognition of pathogen
effectors through R-proteins of the host. The laeal programmed cell death of
the HR is closely correlated with the oxidative sitand it was initially attributed
to the toxicity of ROS (Levinet al. 1994, Wojtaszek 1997, Desikanhal.,1998).
However, evidence is accumulating that the conaecbhetween ROS and cell
death is less direct and more complex than intiainceived (Hoeberichts and
Woltering, 2003). Even if lipid peroxidation and mierane damage caused by
ROS may be partially responsible for the establstmnof the HR, studies have
suggested that the actual mode and sequence aiptigy the plant cellular
components depends on each individual plant-pathageraction, but all HR
seem to require the involvement of caspases, ayfarhicysteine proteases that
serve as a critical switch for apoptosis in anigglls (Del Pozo and Lam, 1998;
Green, 2000; Ureet al.,2000; Chichkovaet al.,2004). The variable role of ROS
in triggering hypersensitive cell death is also dastrated by the fact that ROS-
scavenging enzymes (e.g. superoxide dismutase, $&Dinhibit elicitor-induced
cell death in some situations (Lamb and Dixon, 198t not in others (Yanet
al., 1999). The induction of cell death and the @eae of pathogens also require
the presence of salicylic acid, which appears @y @ central role in the HR,
possibly related to its inhibition of mitochondri@nction (Xie and Chen, 1999).
In fact, recent studies in animal systems have tpdirto the importance of



22

compartmentalization in general, and the mitochimmdiin particular, in the
regulation of apoptosis (Laet al.,2001; Ferri and Kroemer, 2001). Moreover, an
increase in cytosolic calcium precedes, and seesnsssary for, hypersensitive
cell death triggered by rust fungi (Xu and Heath98) and the calcium channel
blocker L&" prevents bacterial-induced HR in soybean leavesvifie et al,
1996). As a conclusion, cell death associated tghHR may be only one of a
larger set of cellular responses that are cooreinatctivated by different stress
signals. Understanding the functional role of eawhyer involved in plant
hypersensitive response will require further work.

In some cases, the cells surrounding the HR lesioihesize antimicrobial
compounds, including phenolics and pathogenesie! (PR) proteins. These
compounds may act by puncturing bacterial/fungdl waalls or by delaying
maturation or disrupting the metabolism of the pg#n in question.

Many plant phenolic compounds are known to be aotobial, function as
precursors to structural polymers such as ligninserve as signal molecules
(Nicholson and Hammershmidt, 1992; Dakora, 199&)e Term “phytoalexins”
was coined by K.O. Mdller for those plant antibestthat are synthesizel® novo
after the plant tissue is exposed to microbialanée (Muller and Borger, 1941).
Phytoalexins are low molecular, lipophilic, antinmbial substances produced as
secondary metabolites by many plant species. Thesepounds accumulate
rapidly in incompatible pathogen infections andoails response to an extensive
array of biotic and abiotic elicitors (Smith, 199@hey tend to fall into several
chemical classes, including flavonoids, isoflavaisoand sequiterpenes, and their
biosynthesis occurs mainly through the mevalonatscbikimic acid pathways.
The mode of action of phytoalexins is highly diviesl: many of them (e.g. the
well-known pisatin fronPisum sativunand camalexin frorArabidopsis thaliana
disrupt the integrity of bacterial/fungal membrarghiraishiet al., 1975; Rogers
et al., 1996), others, like phaseolin and rishitin, hawerb reported to inhibit
respiration of whole tissue (Skig al., 1977; Lyon, 1980), while kaempferol, a
flavonoid found in several higher plants, inhilbmtgtochondrial electron flow and
phosphorylation of plant cell cultures (Koeppe avifler, 1974; Ravanekt al.,
1982).

The defense strategy of plants against pathogahstaer environmental factors
involves various types of stress proteins with {paprotective functions. The
term “pathogenesis-related protein” (PR proteink waroduced in the 1970s in
reference to proteins that are newly synthesizedpmsent at substantially
increased levels after a plant has been infectéah{@azziet al., 1970; van Loon
and van Kammeri970). These host-specific proteins are induced both byidoi
and abiotic agents, comprising necrotizing and mecrotizing viruses, viroids,
fungi, bacteria, specific physiological conditiomsd a variety of chemicals.
Pathogenesis related proteins are able to resisiciic pH and proteolytic
cleavage and thus survive in the harsh environmeritere they occur: the
vacuolar compartment, the cell wall or the apop(&stlermanet al., 1995; Van
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Loon, 1999). At present, a large number of PR-protemsehbeen characterized
and grouped into 17 families based on their biogbalhproperties (Table 2): some
show -1,3-glucanase activity, others chitinase and piiie activity (Sticheret
al., 1997; Van Loon, 2006). Pathogenesis related m®teelonging to the PR-1
family are considered markers for SAR, since tla@icumulation is induced by
salicylic acid (Guet al.,2002).

Family Type member Properties
PR-1 Tobacco Pl1¢ antifunga
PR-2 Tobacco PI-2 -1,3-glucanas
PR-3 Tobacco P, Q chitinase type I, Il, IV, V, VI, VI
PR-4 Tobacco “R” chitinase type |, Il
PR-5 Tobacco S thaumatin-like
PR-6 Tomato Inhibitor | proteinase-inhibitor
PR-7 Tomato P6g endoproteinase
PR-8 Cucumber chitinas chitinase type |
PR-9 Tobacco “lignin formincperoxidase | peroxidas
PR-10 Parsley “PR1” “ribonuclease like”
PR-11 Tobacco class V chitinase chitinase type |
PR-12 Radish Rs AFP3 defensin
PR-13 ArabidopsisTHI2.1 thionin thionin
PR-14 Barley LTP4 Lipid transfer protein
PR-15 Barley OxOa (germit oxalate oxidas
PR-16 Barley OxOLF ‘'oxalate oxidas-like'
PR-17 Tobacco PRp27 unknown

http://www.bio.uu.nl/~fytopath/PR-families.htm

Table 2 Recognized families of pathogenesis-related proteins.

1.5 Molecules involved in plant defense signaling

Another field of great interest in plant-microbeeractions is the complex
system of signaling activated after recognitiontled pathogen, also referred as
“plant signal transduction”. Plant enzymes, praeiipids, ions and gases are the
main characters involved in signaling system. €eiface or intracellular receptors
react to external stimuli by binding directly extalr agents or by recognizing them
indirectly through modifications of guard molecul@#is receptor/ligand binding
initiates the transmission of a signal across tlasrpa membrane by inducing a
change in the shape or conformation of the inthaleel part of the receptor,
leading to activation of enzymatic processes. Suatesses are usually rapid,
lasting on the order of milliseconds in the caseoaof fluxes, or minutes for the
activation of protein- and lipid-mediated enzymatascades. Intracellular signal
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transduction is then carried out by secondary nmggse of the cell, including
most of the ions and gases mentioned so far. astte of the signal transduction
pathway lead to the activation of plant transcoiptiactors, DNA-binding proteins
which initiate a program of increased defense-edlagenes transcription. Cross
talks and connections between signaling pathwagporading to diseases or
environmental stresses make this system even raonplex.

In eukaryotic cells, most intracellular proteingiated by a ligand/receptor
Interaction possess an enzymatic activity. Theggraas include tyrosine kinase,
GTPases, various serine/threonine protein kingdexsphatases, lipid kinases, and
hydrolases. Proteins phospho and dephosphorylgiay a key role in diverse
biological signal transduction systems (Peck, 2008jrstonet al, 2005; de la
Fuente van Bentem and Hirt, 2007), and phosphaoylagvents are essential for
the ethylene-mediated pathogenesis response ircdolalants (Raz and Fluhr,
1993).

Mithogen-activated protein kinases (MAPK) transigiormationfrom sensors
to cellular responses through protein phosphonmatin all eukaryotes. It is
therefore not surprising that several MAP kinasagehbeenmplicated in plant
defense signaling (Menlet al.,2005; Nakaganat al.,2004). Extracellular stimuli
lead to activation of a MAP kinase via a signaltascade ("MAPK cascade"),
which phosphorylatea variety of substrates including transcriptiontdas, other
protein kinases, and cytoskeleton-associated proteins. MARi€ stimulated not
only during plant-microbe interactions but alsor@sponse to many stresses such
as wounding, salt, temperature, and oxidative stiegJonak et al. 2002).

Plants also use signal transduction pathways basekdeterotrimeric guanine
nucleotide—binding proteins (G proteins) to regeilaiany aspects of development
and cell signaling. G-proteins are bound to the brame receptor in their inactive
state. Once the ligand is recognized, the recegiidts conformation and thus
mechanically activates the G protein, which detachrem the receptor. Cell
division, ion channel regulation, and disease respa@re processes regulated by G
proteins in both plants and animals (Assmann, 2005)

Secondary messengers can be divided in three Hasses:
Hydrophobic molecules like diacylglycerol (DAGhdphosphatidylinositols,
which are membrane-associated and diffuse fronpthema membrane into
the intermembrane space where they can reach ajdare membrane-
associated effector proteins.
Hydrophilic molecules: water-soluble moleculekelcAMP, cGMP, IR, and
Ccd”, that are located within the cytosol.
Gases: nitric oxide (NO) and carbon monoxide (G@jich can diffuse both
through cytosol and across cellular membranes.
As previously introduced, changes in ions concdéinttaat the apoplastic and
simplastic level, are one the first signals trigggrcascade of responses. Reactive
oxygen species (ROS) function as intracellular &gy molecules in a diverse
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range of biological processes. In signal transdactpathways induced by
pathogens or elicitors, ROS patrticipate in MAPKihatton (Lebrun-Garciat al.,
1998; Kovtunet al.,2000). Activation of Kand C&" ions channels play a critical
role in the mediation of early events of signahs@duction. Calcium is one of the
most important second messengers in plantS-iiading proteins can regulate the
activity or function of a large number of targetog@ins (approximately 200
putative targets irArabidopsi$ or directly regulate gene expression (Astaial.,
2002; Reddy and Reddy 2004; Bouché et al. 2005)m@hlin (CaM) is a
ubiquitous C&-binding protein which regulates many “Gdependent cellular
processes in both plant and animal cells (Lu an@ride1993; Zielinsky, 1998).
More than 50 enzymes and ion channels are regutgt€thM, and the number of
CaM-modulated proteins is ever increasing (eeal.,2000).

The enzyme phospholipase C (PLC) cleaves the memlphospholipid PIP2
(phosphatidylinositol-4,5-bisphosphate) into digtyterol (DAG) and inositol
1,4,5-triphosphate (. DAG remains bound to the membrane due to its
hydrophobic properties, andsli3 released as a soluble structure into the cktoso
IP; then activates particular calcium channels inghdoplasmic reticulum; this
causes the cytosolic concentration of*C#o increase, causing a cascade of
intracellular responses. PIP2 can serve as a satibstot only for phospholipases,
but also for phosphoinositide kinases, thereby gaimg additional lipid second
messengers implicated in signal transduction (T,0k898). The other product of
phospholipase C, diacylglycerol, activates proteitase C (PKC), which in turn
activates other cytosolic proteins by phosphonmytathem. The activity of another
cytosolic enzyme, protein kinase A (PKA), is cofled by cyclic adenosine
monophosphate (CAMP), a molecule derived from asi@eotriphosphate (ATP),
functioning as a second messenger for intracellsi@nal transduction in many
different organisms. Cyclic guanosine monophosph@&MP) is another
important molecule for signaling (Bowlet al.,1994). It acts much like cAMP, by
activating intracellular protein kinases like PKG.

Components of the early signal transduction pathwwelude nitric oxide (NO)
that activates G proteins and openg’Gdannels. In tobacco plants it has been
demonstrated that nitric oxide is able to induce éxpression of the defense-
related genes PR1 and PAL (phenylalanine ammoaisely and that

(Durneret al.,
1998). Among these signalling molecules, three eoamsidered the major
regulators of plant defense responses: salicyiid, ggsmonic acid, and ethylene,
which all fall into the broad class of plant hormasn

Salycilic acid (SA) is a phenol which acts throumhding to a high-affinity SA-
binding protein (SAPB2) with subsequent activatmina SA-inducible protein
kinase (SIPK), which is a MAP kinase family memb&nother component acting
downstream of SIPK is the cytosolic protein NPRhjol contain a BTB/POZ and
an ankyrin repeat-domain. Both domains are knowméwliate protein—protein
interactions and are present in proteins with deefunctions (Bork, 1993;
Aravind and Koonin, 1999), including the transdoptl regulator JB, which
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mediates animal innate immune responses (Baldv@ifig}l Accumulation of SA
induces a change in cellular redox potential tniggethe reduction of NPR1 from
cytosolic, disulphide-bound oligomers to active moers that translocate to the
nucleus and interact with TGA/OBF family of basieutine zipper (bZIP)
transcription factors (Zhoet al., 2000). These bZIP factors physically interact
with NPR1 and bind the SA-responsive element inmaters of several defense
genes, such as the SAR marker pathogenesis-rglates PR-1, PR-2 and PR5.

SA-dependent, NPR1- independent defense resporiseseagist, and may
involve the transcription factoVhylwhose DNA-binding activity is induced by
SA independently of NPR1 (Desveaelikal., 2004). Two important genes related
to plant defense, PAD4 (Phytoalexin-DeficientafiJd EDS1 (Enhanced Disease
Susceptibility 1), encode lipase-like proteins ard required for activating SA
accumulation in response to some, but not all, IKAcing stimuli (Zhowet al.,
1998; Falket al.,1999). Their expression levels are enhanced bgpipé&cation of
SA, suggesting that these geraes regulated by SA-dependent positive feedback
(Jirageet al.,1999; Fey=t al.,2001).

Jasmonic acid (JA) is a plant hormone biosynthésimam linolenic acid by the
octadecanoid pathway. The function of JAs in defewss proposed by Farmer
and Ryan (Farmer and Ryan, 1992), who providedeend for a causal link
between wounding (as caused by insect herbivattes)Yormation of JAs, and the
induction of genes for proteinase inhibitors thated insect feeding. JA signaling
can also be induced by a range of abiotic stressefyding osmotic stress
(Kramell et al., 1995), wounding, drought, and exposure to bidimters, which
include chitins, oligosaccharides, oligogalaturesidDoareset al., 1995), and
extracts from yeast (Parchmaatal.,1997; Leoret al.,2001).

JA induces systemic expression of the genes VSP,(dRtoding lectins), and
Thi2.1 (encoding a thionin) in response to woungdimgj it is negatively regulated
by the local synthesis of ET (Rogt al., 1999). However, JA and ET play an
essential role in the induction of ISR and can alsoperate synergistically to
activate basic pathogenesis-related (PR) proteiols as chitinase {CHI), PR-3,
PR-4 and the plant defensin PDF1.2 @al.,1994; Pennincket al.,1996, 1998;
Thommaet al., 1999; Dombrechet al., 2007). Studies orrabidopsis thaliana
showed that the JA signaling pathway requires ttiation of several proteins:
lypoxygenases (LOX) are enzymes involved in JA ymdisesis while WIPK
(Wound Induced Protein Kinase) and COI1 (Coronalirsensitive 1) are positive
regulators acting upstream and downstream of Jgpewively. In particular, the
gene COI1 encode for a leucine-rich repeats (LRRs) and F-bmtif protein
which is required to degrade a repressor of thengasite signaling pathway
(Liechti et al, 2006). The MAPK cascade MKK3-MPK6 plays an impattrole
in the JA signal transduction (Takahashil.,2007), and a MAP kinase (MPK4)
has been identified as a negative regulator of &fwading and a positive
downstream regulator of JA/ET-dependent responsserlgenet al., 2000).
Jasmonate-Resistant 1 (JAR1) is an important enZgmsignaling belonging to
the luciferase family (Staswiclet al., 2002), acting downstream of JA and
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upstream of the transcription factor JIN1/MYC2 (asate-Insensitive 1), which
acts as both activator and repressor of distincte¥fonsive gene expression in
Arabidopsis(Lorenzoet al.,2004).

The plant hormone ethylene regulates a variety toéss responses and
developmental adaptations in plants. This gasealsaule is well known for its
participation in physiological processes as divasefruit ripening, senescence,
abscission, germination, cell elongation, sex deitgation, pathogen defense
response, wounding and nodulat{@leecker and Kende, 2000; Diat al., 2002;
Valverde and Wall, 2005; Ortega-Martinet al., 2007). ET signaling involves a
family of membrane-anchored receptors (ETR1, ETRRI4, ERS1, and ERS2),
the ETR1-associated protein kinase CTR1, that nefjatregulates ET signaling,
and members of the family of EIN3-like (Ethylenesénsitive 3) transcription
factors, which have been shown to physically irdevath two F-box proteins of
the ubiquitine ligase family, EBF1 and EBF2 (EIN8wing F BOX) (Potuschak
et al.,2003).

In the synergic JA/ET pathway, the protein NPR1 #rel transcription factor
ERF1 (Ethylene-Response Factor 1) play a key rotke integration of JA and ET
signals, explaining at the molecular level the @apon between both hormones
in the activation of plant defenses (Berrocal-Ladoal., 2002; Lorenzoet al.,
2003; Pieterse and Van Loon, 2004). WRKY transmipfactors are other DNA-
binding proteins involved in SA- and JA-dependertedse responses, which
further downstream regulate the SA and JA/ET siggadnd modulate cross talks
between the two pathways (lat al., 2004; Wanget al., 2006). SA and JA
signaling interact on many levels, and in most sages relationship seems to be
mutually antagonistic (Kunkel and Brooks, 2002)dh be concluded that defense
pathways influence each other through a networegilatory interactions (Figure
4), and thus, plant responses to various bioticadmoktic stimuli are a result of this
complex interplay.
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Figure 4: Salicylic acid (SA), jasmonic acid (JA), and ethylene)(Bdfense signaling pathways
and signal cross talks iArabidopsis(modified from Kunkel and Brooks, 2002; Durrant and
Dong, 2004).

1.6 Model plants for plant-pathogen interactions:
Solanum lycopersicunfLycopersicon esculentuin

A model organism is a species that is extensiveldied to understand
particular biological phenomena, with the expeotathat discoveries made in the
organism model will provide insight into the worgsof other organisms (Fields
and Johnston, 2005). Theabidopsis thalianglant model system has contributed
much in the remarkable progresses made in plargcutar biology during the last
twenty years, unraveling many signaling pathwayglved in plant-pathogen
interactions. The main reasons for th@bidopsissuccess are its small size, short
lifecycle, relatively small genome (the first placbmplete genome to be
sequenced), and easy transformability (Bechteidal.,, 1993). However, the
number ofArabidopsispathogens is relatively small, and additional niedee
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desirable for comprehensive evaluation of planhpgén interactions (Ariet al.,
2007).

Solanaceous plants have provided excellent modstesy to study plant-
pathogen interactions (Meissnetral., 1997; Meissneet al., 2000; Emmanuel &
Levy, 2002) and represent economically importaapglants, such as tomato and
potato. Nicotiana tabacumand Capsicum annunare well-known examples of
model plants studied to elucidate gene regulatiobacco is commonly used to
test the induction of HR by presumed pathogeniddrgc Nicotiana benthamiana
Is the most widely used experimental host for plarlogy and plant hormones
signaling research. Moreover, because it can beestgaily transformed and
regenerated with good efficiency and is amenabléatile methods for virus-
induced gene silencing (VIGS) or transient proeipressionN. benthamianas
rapidly gaining popularity in plant biology, patiarly in studies requiring protein
localization, protein interaction or plant-basedteyns for protein expression and
purification (Goodiret al.,2008).

Tomato (ycopersicon esculentuMill. , Solanum lycopersicon) is one of the
most popular vegetables worldwide. Its cultivatibowever, has been limited by
an abundance of diseases caused by fungi, bactetages, and nematodes. This
diversity of pathogens emphasizes the importandéetomato pathosystem as a
favorable model for studying plant-pathogen inteoas. MoreoverLycopersicon
esculentumcarries several specific resistance (R) genes siganvariety of
pathogens (Table 3), which make this plant suitdbiegenetic studies of plant
host-specific resistance based on the gene for tpeoey. Famous models are the
interactions with the fungal mol@ladosporium fulvumJoosten and de Wit,
1999),the bacterial specRseduomonas syringge. tomato(Ronaldet al., 1992),
and the fungal wilverticillium dahliae(Fradin and Thomma, 2006). Most of these
resistance genes have been found in south amesitdrtomato species (ed..
hirsutumor L. pimpinellifoliurm), which seem to be more resistant against diseases
and have been used as a source of resistance igenesdern tomato breeding
(Arie et al, 2007). Tomato expresses a large number of defmmpounds and is
also used as a model plant to test whether artaglior a particular pathogen are
able to induce basal resistance or to activate avfrinduced resistance through
SA or JA/ET signaling pathways.

The appearance of new pathogen races and disdtsesnvalidates the efforts
made in tomato breeding; however, this may furtenulate the study of plant
responses to pathogens and lead to the discovenmyewf defense genes and
signaling pathways.
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Disease

Fungal diseases
Alternaria cancer
Corky root
Crown/root rot
Early blight

Late blight

Leaf molc

Leaf spot
Powdery mildew

Wilt

Verticillium wilt

Bacterial disease
Bacterial speck

Viral diseases
Mosaic

Spotted wilt

Yellow leaf curl

Nematode disease

Root knot

Pathogen

Alternaria alternatatomato pathotype
Pyrenochaeta lycopersici

Fusarium oxysporurf. sp.radicis
Alternaria solan

Phytophthora infestar
Cladosporium fulvui

Stemphylium lycopersici

Leveillula taurica

Oidium neolycopersici

Fusarium oxysporurh sp. lycopersici
race 1

Fusarium oxysporurh sp.lycopersici
race 2

Fusariun oxysporunf. sp.lycopersici
race 3

Verticillium dahliae

Pseudomonas syringgs. tomato

Tomato mosaic virufToMV)

Tomato spotted wilt viru(TSWV)
Tomato yellow leaf curl viru(TYLCV)

Meloidogyne arenaria
Meloidogyne incognita
Meloidogyne javanica

gene
Asc

Frl

Ve

Pto

Tm-1,
Tm-2,
Tm2a
Sw
Ty-1,
Ty-2

Ma
Mi
Mj

Lycopersicon esculentum
. hirsutum
. peruvianur
. hirsutun

reorrrr

—

- -

—

-

Origin

. peruvianur
. pimpinellifolium

. hirsutum
. pimpinellifolium

. pimpinellifolium
. pennelli

. esculentul

. pimpinellifolium

. hirsutum,
. peruvianum

. peruvianur
. peruvianur,
. hirsutum

. peruvianum
. peruvianum
. peruvianum

Arie et al.,2007

Table 3 Diseases and resistance genes in present tomat@csiltiv
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2 Aim of the thesis

Tomato Solanum lycopersicgns one of the most popular vegetable throughout
the world, and the importance of its cultivationtiseatened by a wide array of
pathogens. In the last twenty years this plantdess successfully used as a model
plant to investigate the molecular events triggerihe induction of defense
pathways in the plant cell, after exposure to flinig@cterial and abiotic molecules,
thus leading to the expression of different reasistamechanisms. Understanding
these molecular events will improve the developnaet implementation of newer
and more advanced strategies in crop protection.

The aim of this study was to search for generaboe-specific molecules able
to determine ifSolanum lycopersicoommune responses attributable to the main
systems of plant defense: non-host, host-specificirduced resistance.

In the third chapter, exopolysaccharides extradigdthree different fungal
species are investigated for their ability to astgeneral elicitors (PAMPs) and
induce a non-host resistance characterized bydrigtisn of plant defense genes.
In particular, the transcription of the pathogesasiated proteins PR-1, PR-5
(marker genes for SAR) and PR-4 (induced by JA/Eathyway), and the
expression of plant chitinases and peroxidases bese evaluated.

The fourth chapter describes the research prog@atldped at the Laboratory of
Phytopathology of Wageningen (NL) during the secorehr of the PhD,
concerning a specific protein-protein interactiatvieen tomato and the fungus
Cladosporium fulvumThis recognition between R and Avr gene prodigthe
basis of race-specific resistance of the host ag#ne leaf mold, and culminates in
an hypersensitive response (HR). The aim of thidystvas to tag these proteins
with fluorescent tags and to localize their inté@c in cultures of tomato
protoplasts. Unluckily the project was only pattiadccomplished due to the lack
of time.

In the fifth chapter, the triggering of induced t&ysic resistance (ISR) by a
rhizobacteria selected during the last year of Rh® is investigated in tomato
plants, evaluating transcription of pathogenedated proteins and the ability of
the strain to suppress disease causdelsieyidomonas syringge. tomato

Apart from the period spent abroad, all the reseamas conducted at the
Laboratory of Phytobacteriology, Di.S.T.A., Bologna
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3 Non-host resistance and general elicitors

3.1 Introduction

Non-host resistance refers to resistance shownnbgnéire plant species to a
specific parasite (Heat, 1987). This resistancexgessed by every plant toward
the majority of potential phytopathogens and cannoeiced by general elicitors
(PAMPs) of pathogen or plant origin, including asggaccharides, lipids,
polypeptides, and glycoproteins (Nurnbergeral., 2004). General elicitors are
recognized by plant receptors based on their commolecular pattern, and are
able to trigger an unspecific, basal resistancpomese through the activation of
several defense pathways, leading to a multitudeevants like increase of
cytosolic [C&], generation of ROS, increased enzyme activityll oell
modifications, synthesis of new resistance factassumulation of secondary
metabolites with antimicrobial properties and ewefocalized cell death (HR).
Well-known examples of general elicitors includgolpolysaccharide (LPS)
fraction of Gram-negative bacteria, peptidoglycémmsn Gram-positive bacteria,
the bacterial protein flagellin, methylated ba@kiDNA fragments, fungal cell-
wall derived glucans, chitins, mannans and protearsd oligogalacturonides
degrading plant cell walls and releasing endogeneligtors (Aderem and
Ulevitch, 2000; Girardiret al., 2002; Medzhitov and Janeway, 2002; Nirnberger
and Lipka, 2005).

Non-host resistance has often been consideredelésstive than cv-specific
resistance, maybe because the term is deeply deahex “basal resistance” and
may recall a primary but insufficient level of peotion. However, non-host
resistance is durable, involves multiple gene/pnoteteractions and relies on a
wide and layered pool of defense molecules; itsetierbasis, however, are still
poorly understood. M.C. Heat (2000) raised the tiiesf non-host resistance
could be the result of specific recognition evenigleed, non-host resistance
shares some common features with the cv-specifitsteaice based on R-Avr
recognition, like the regulatory gene SGTINitotiana benthamianéPeartet al.,
2002). Moreover, non-host resistance against bactemgi and oomycetes can
induce the HR, a typical response of the cv-specésistance. Mysore and Ryu
(2004) classified non-host resistance in two typgse | non-host resistance does
not produce any visible symptoms of necrosis, &edtype Il non-host resistance
Is always associated with a rapid hypersensitigparse. During type Il non-host
resistance the non-host pathogen is able to overcpraformed and general
elicitor-induced plant defense responses, probdhly producing detoxifying
enzymes and specific elicitors which target reguiatomponents of the PAMPs
signaling pathway. Race-specific elicitors are thewognized by the plant
surveillance system and this triggers plant defdesding to a hypersensitive
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response (HR). PR gene expression and SAR signadimdpe induced during both
types of non-host resistance.

The type of non-host resistance triggered in a mast- plant is dependent on
both the plant species and the pathogen speciesexample,P. syringaepv.
phaseolicolariggers type | non-host resistanceArabidopsisand type Il non-host
resistance in tobacco (Let al., 2001; Lindgrenet al., 1986), whileNicotiana
benthamianaexhibits type | againskanthomonas campestn. campestrisand
type Il againsP. syringaepv. tomato(Peartet al.,2002). Because type | non-host
resistance does not involve a HR, it is ideal tplaxk this type of resistance for
durable disease control in cultivated plants (Mgsand Ryu, 2004): testing the
effect of general elicitors and investigating inddcignaling pathways in reliable
model plants is a valuable system to select baotit abiotic resistance inducers for
crop protection.

3.1.1 Polysaccharides produced by fungi and bactexri

Different types of constitutive fungal and bactemaolecules, including cell
wall oligo- and polysaccharides, have been founddo/e as elicitors of basal
defense responses in plants. Plants detect therue®of several non-pathogenic
fungi and bacteria by recognizing an essentialciral component of the cell
walls of the microorganism. Thus, many bacteria Aantyi cannoteasily evade
detection by altering the structure of this compuanevhich is often an highly
conserved oligo- or polysaccharide.

Lipopolysaccharides (LPS), also known as lipoglgcaare large molecules
found in the outer membrane of Gram-negative baGteonsisting of a lipid
moiety and a polysaccharide chain joined by a @amtabond. LPS have been
shown to induce the synthesis of antimicrobial coumuls in several animal
system (eg.Drosophilg, as well as the production of immunoregulatoryd an
cytotoxic molecules in humans (Lemaitre, 1996; Aleder and Rietschel, 2001,
Medzhitov and Janeway, 2002). In plants, LPS agfem&ral elicitors by inducing
NO synthasé&tNOS1las well as activate several defense genes (Zaitlkdr 2004;
Keshavarzet al.,2004).

Oligosaccharides (OLS) act as general elicitors sigdal molecules in plants
(Farmeret al., 1991; Fryet al., 1993). Hormonal concentrations of biologically
active oligosaccharides, called oligosaccharingulede growth and development
as well as defense reactions by regulating geneession (Usov, 1993). The first
oligosaccharide shown to possess biological agtiwas a hepta-glucoside
isolated from the mycelial wall of a fungal pathogef soybeans (Ayerst al.,
1976). However, oligogalacturonide fragments ofl @ehll homogalacturonans
isolated from a plant cell wall polysaccharide adso act as oligosaccharins.
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Linear -1,4-D-oligogalacturonides containing 12 to 14 gtdayluronic acid
residues have the same biological effect as theealoepta-b-glucoside: they elicit
soybean seedlings to produce phytoalexins. Leatewoonded tomato plants
release oligogalacturonides which induce the swmhand accumulation of two
serine proteinase inhibitors, basic components asfab defense (Bishogpt al.,
1984).

Chitin  (GH1305N), is a long-chain polymer of N-acetylglucosamine, a
derivative of glucose, and is found in many plattesughout the natural world.
It's a main component of the fungal cell wall artte tcore structure of the
arthropods exoskeleton. Chitin perception by plantsresponse to microbial
invasion plays an integral role in cell signalingridg pathogenesis (Wagner,
1994; Stacey and Shibuya, 1997) and putative chatieptors required for fungal
recognition have been found in soybean ([eawl., 2001) andArabidopsis(Wan
et al. 2008). Interestingly, modified chitin oligmsharides play a central role in
the establishment of a host-specific symbiosis betwlegumes and their rhizobial
symbionts (Cohnet al., 1998). Nonetheless, chitinases are a major cldss o
defense-related plant enzymes.

Glucans are polysaccharides of D-glucose mononmgied by glycosidic bond
and are present in many eukaryotes. Plant cellubse -1,4-glucan, while the
storage polymer starch is al,4- and -1,6-glucan. The - and - letters and the
numbers clarify the type of glycosidic bond. Marmundi produce extracellular
glucan homopolymers. Some of them have commerciallyortant functional
properties (eg. biofilm production), others haverbshown to induce an immune
response in plants and animals (Ikewatikal.,2007).

Beta-(1,3)-glucan is a major structural componédrhe cell wall of yeasts and
fungi (Kobayashiet al, 1974). These polysaccharides have been exténsive
studied for their immunological and pharmacologietiécts and today more than
900 papers describing the biological activities €flL,3)-glucans exist (Jamoet
al., 2005). Some of them exhibit antitumor activity (Mawaet al., 1985; Hong
et al., 2003), others are able to decrease post-surgwrabh infections through
processes of immunization like leukocyte activaiiBabineatet al.,1994; Adachi
et al., 1997). This activity is believed to be relatedhe organization of the (1.3)-

-linked backbone into a triple helix (Falet al., 2009) and to the complexity of
their side-branching (Bohn and BeMiller, 1995).

Lentinan is a form of -glucan (-1,6; -1,3-glucan) derived from the fungus
Lentinula edodesIin human pathology is one of the host-mediateticamcer
drugs which has been shown to affect host defensaine system (Nakaret al.,
1999). MostEpicoccum nigrumslyn. Epicoccum purpurascensjrains synthesize
an extracellular, ethanol-insoluble mucilage camtj a -linked glucan named
epiglucan (Michekt al.,1981), which also seems to induce immunologidaicts.

Also -glucans are critical to the normal function of sieeell walls and play
an important role in the virulence of multiple fuhgpathogens, including
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Aspergillus, Histoplasmaand CryptococcugBeauvaiset al., 2005; Rappleyet
al.,, 2004; Reeseet al., 2007). Pullulan, is an-glucan (-1,4; -1,6-glucan)
produced by the funguéureobasidium pullulansThis exopolysaccharide has
been extensively studied for its ability to formmygen-impermeable biofilms,
thickening or extending agents, or adhesives (Mcate Kristiansen, 1990), but it
also exhibits various biological activities. Pudlol has been shown to induce
antitumor and antimetastatic activity (Kimugtal.,2006),antiosteoporotic effects
(Shinet al.,2007) and to prevent food allergies (Kimwgtal.,2007).

It's evident that many bacteria- and fungi-deriyalysaccharides are able to
induce a variety of defense responses in animapéard systems. Previous reports
indicate that the physicochemical properties ofcghs may be important
determinants for recognition and interaction witattern recognition receptors
(PRPS) in the innate immune system (Muel&ral., 1996; Muelleret al., 2000)
and -glucans have been recently identified as fungaMPA (Williams, et al.,
2004; Brown and Gordon, 2003). Therefore, searchargnatural biopolymers
able to induce a kind of basal and durable resistan plant is an intriguing
research. Indeed, a series of commercially availalgolysaccharides,
oligosaccharides, and simple sugars have also tesexd for elicitor activity, but
with poor results.

3.1.2 Pullulan: chemical and biological properties

Pullulan is a neutral, water-soluble, homopolysaccle consisting of
maltotriose and maltotetraose units (Figure 5) woibth -(1,4) and -(1,6)
linkages (Bouvenget al., 1963; Cateley and Whelan, 1971; Taguehal., 1973;
Catleyet al., 1986). The regular alternation of(1,4) and -(1,6) bonds results in
two distinctive properties: structural flexibilignd enhanced solubility (Leathers,
1993). These properties suggest that pullulan neayded for both medical and
industrial purposes (LeDust al.,1988).

Pullulan is a fungal exopolysaccharide producedfstarch byAureobasidium
pullulans The early observation on this exopolymer was niad&auer in 1938
and this exopolysaccharide was named as “pullu@n’Benderet al in 1959.
Pullulan is naturally occurring, sindeureobasidium pullulangs ubiquitous. It is
found in soil, lake water, on the surface of lafmint films, synthetic plastic
materials, shared-used cosmetic and foods sucheseals, fruits, cheese and
tomato (Vadkertiovd, 1994; Zabel and Terracina, 019%/ebb et al, 1999;
Mislivec et al, 1993). Because it forms a black pigment (melarthiy organism
Is also known as "black yeast" (Cooke, 1961; Dyri€67; Domsctet al, 1993;
Gibbs and Seviour, 1996).

Pullulan is produced on an industrial scale by fartation of liquefied starch
under controlled conditions using a specific, n@nefically modified, non-
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pathogenic and non-toxigenic strainfafreobasidium pullulansThe film-forming
properties of pullulan are the basis for its pr@ubase as a substitute for gelatin in
the production of capsule shells (for dietary sepmnts), as an ingredient of
coated tablets (dietary supplements), and as aedrent of edible flavored films
(breath fresheners). It has been used as an alditid as a food ingredient in
Japan since 1976.

Some important parameters that control the prodoctof pullulan are
temperature (McNeil and Kristiansen, 1990), theahpH of the medium (Lacroix
et al., 1985), the oxygen supply (Rieb al., 1988; Wecker and Onken, 1991), the
nitrogen concentration (Auer and Seviour, 1990y #me carbon source (Badr-
Eldin et al., 1994). The molecular weight of pullulan varies eleging on the
culture conditions and strain.
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Figure 5: A pullulan maltotriose unit consists of three glucose units connected(lhy4)
glycosidic bond, whereas consecutive maltotriose units are codriea@ch other by an(1,6)
glycosidic bond.

As recently reported by Leathers (2002), pullulans also produced by other
fungi than A. pullulans In particular, scientific papers from lItalian lots
(Evidenteet al., 1997; Corsaro et al, 1998; Forabostaal., 2006) reported that
pullulans are also produced l§yryphonectria parasiticathe fungal agent of
chestnut blight, and some of them play a role einulence of the microorganism
(Molinaroet al.,2002).

High-affinity binding sites for -glucans exist in the membrane of plants
(Schmidt and Ebel, 1987; Yoshikawa and Sugimot®3)9but little is known
about -glucans specific receptors. Adaetsal (2008) have demonstrated that the
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mammalian pattern recognition receptor Dectinighly specific for glucans that
have a (1-3)--D-glucopyranosyl backbone. Dectin-1 doesn’t re¢ogmon- -
linked carbohydrate polymers (emannan or pullulan) and doesn’t interact with
plant derived glucans (e.g. barley glucan) thatehavmixed linkage polymer
backbone characterized by alternating regions e8){1 and (1-4)- linkages
(Aman and Graham, 1987). However, pullulan immugmial effects in animal
systems suggest that this polysaccharide may lextdet by plants as a general
elicitor (PAMP).

To test the effect of pullulans as biotic elicitonghe induction of plant defense,
exopolysaccharides produced by three fungal spdgéieseobasidium pullulans,
Cryphonectria parasiticaand Epicoccum purpurascejswere extracted and
evaluated for their biological activityn vitro and in planta In particular, the
ability of these molecules to induce the accumaotatof pathogenesis-related
proteins and enzymes related to defense was testeEmato plants cv Money
Maker.
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3.2 Materials and methods

3.2.1 Microorganisms

Aureobasidium pullulanstrains n°® 3998, 4958, 4960, 4766 and 4768 were
obtained from the collection of Carlo Bazzi (DiSTAN)d screened for selection.
All strains were collected from the skin of pomaegand drupaceous fruits.
Additional strains were isolated from leavesCiercussp. and plum skin in the
southern area of Bologn@ryphonectria parasiticatrain EP67 (accession number
ATCC 38751) andepicoccum nigrumvere obtained from Antonio Prodi (DiSTA).
Additional E. nigrumstrains were obtained as contaminants in medieglall
strains were maintained by monthly transfers t@jgotextrose agar (PDA) at 27
°C and observed through a Leitz-Laborlux microscope

3.2.2 Culture conditions and exopolymers extraction

SDW-mycelia preparations were transferred to 25@anical flasks containing
100 ml of culture medium (pH range 5-6) of the daling composition (g/L):
glucose 20.0, (NK,SO, 0.6, yeast extract 2.5,,KPQ, 5.0, MgSQ7H,0O 0.2 and
NaCl 1.0 (Uedeet al., 1963). The flasks were incubated at 28 °C for 72
rotary shaker incubator at 150 rpm. After threesgddguids were transferred into
plastic cylindrical containers and cells were atltel through centrifugation in a
Sorvall RC2B ultracentrifuge (15000g for 20 min 4ftC). Supernatants were
separated through a Miracloth sheet (Calbiochenthgmical, La Jolla, CA,
USA), mixed with 2 volumes of cold absolute ethaf©arlo Erba, Italia), that
produced phase separation, and left at -20°C foln.1Buring storage, the phase
containing the extracellular polysaccharides sdpdrinto floating and settling
materials. Crude products were collected througtridegation (15000g for 30min
at 4°C) and supernatants were discharged. Rawamlliarides were then washed
two times with a 1:1 (v/v) solution of acetone ahethylether (Merck, Germany).
Washing solution was discharged and raw producte wessolved in 2 mL filter-
sterilized SDW. The viscous materials were therzdro at -80°C, lyophilized
(BVL2, Brizio Basi) and grinded in mortars to olstafrom bright/white to
white/creamy powders. Stock solutions (1% w/v)hed taw polysaccharides were
promptly prepared.

3.2.3 Polysaccharides vitro and in vivo assays

Direct antimicrobial activity of the extracted pshccharides against two
pathogenic bacteriegEfwinia amylovoraand Xanthomonas arboricol@v. pruni)
was testedn vitro at two different concentration (0.1 % and 0.01%)wA 10 |
drop of the pullulan solution was loaded on anlaogram disc placed in a King’s
B-agar Petri dish. After 15 min, 2 mL of bacteralspensions (£0" cfu/ml)
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were poured into the plate. After drying, plateseviemcubated overnight at 27°C.
Water and streptomycin were used as a negativ@asitive control, respectively.

Phytotoxicity of the different extracts was testedtobacco and tomato plants in
climate chamber. Pullulans solutions (0.1% w/v)eveprayed on the upper leaves
of tobacco cv White Burley and tomato plants cv EpiMaker. Plants were kept
at 24°C under 18 h of light and monitored for tlegtrtwo weeks.

The different extracts were also tested for theulitg to prevent the
hypersensitive response induced by the non-hodtogathic strain 6285 of
Pseudomonas syringge. syringaein leaves of tobacco plants (cv White Burley).
Raw extracts solutions (0.1% and 0.01% w/v) werdtnated with a 1 mL-
syringae into the inferior surface of tobacco pan®#/ater and strain 6285 were
used as negative and positive control respectiveifpile strain m5 of
Pseudomonas putidand a 0.1% sucrose solution were used as additton#rols.
After 24 h, the possible induction of necrosis waenitored and a bacterial
suspension of. syringae(10’ cfu/mL) was infiltrated in the same and in the éow
and upper panels. After 24 h, the absence of nisdrothe newly infiltrated panels
indicated the prevention of HR respect to the negatontrol. In order to test how
much the concentration of these solutions influsnite process, three dilutions
(0.1%, 0.01%, 0.001% w/v) were tested in adjacanefs.

3.2.4 Plant materials, protein extraction and IEF 6 peroxidases and chitinases

Two weeks old tomato plants (cv Money Maker) grawrtlimate chamber at
22°C with 16 h of light, were sprayed with bacte@d.S (0.2%), chitosan (0.2%,
J. Haidebei LTD) and pullulan solutions (0.02% wadeyived fromAureobasidium
pullulans strain 4958 and 3998. Plant chitinase and pereeidactivity was
monitored at different times (0 h, 24 h, 96 h, ygjahrough isoelectrofocusing
(IEF) technique. Water and the SAR inducer Bigacibenzolar-S-methyl 50%,
Syngenta) were used as negative and positive dprespectively.

Samples (500 mg) of frozen leaves were grinded iqtnd nitrogen in a ice-
cold mortar to obtain a fine powder, mixed with IL (@ |/ g) of extraction buffer
(TRIS base 20 mM, pH 6.8, 1% PVPP from Sigma),si@med in 2 mL eppendorf
and gently shaked for 2 h at 4°C. Samples were fittered through a Miracloth
sheet (Calbiochem Biochemical, La Jolla, CA, USAJ aentrifuged at 14000 rpm
for 30 min at 4°C. Aliquots (501) of the supernatant were kept at -20°C for
maximum 2 weeks (Buzi, 2001).

Qualitative analysis of the isoenzymatic forms @arqxidase and chitinase
present in tomato leaf extracts was performed tmoisoelectrofocusing on
polyacrylammide gel (PAGE IEF), using a Multipfioll 2117 horizontal
electrophoresis unit.

A 5% polyacrylammide gel (Pharmacia Biotech, Upps&weden: 0.8 mmx12
cmx24.5 cm) containing 0.15% bisacrylammyde (N,Ntmlenebisacrylamide,
LKB, Produkter AB, Bromma, Sweden), 15% glycerol,l04% ammonium
persulphate, 0.1% TEMED (N,N,N’,N’-tetrametylendiae ultra PURE", BRL
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Bethesda, Research Laboratories, Geithersburg, US#) 5% Ampholing’
(Amersham Pharmacia Biotech AB, Uppsala, Swedeay wehydrated for 2 h
before electrophoresis with water, glycerol and Awime (pH 3-10). Each well
was loaded with an amount corresponding to 10§ of total protein.
Electrophoresis was run at 4°C following protocolisning conditions.

Peroxidase activity was determined following the@tpcol of Carusoet al
(1999). After the run, the gel was first washe@i@.1 M sodium phosphate buffer
solution (pH 5.4) for 10 min and then in a 4.4%v)\guaiacol solution (Farmitalia
Carlo Erba S.p.A., Milano, Italia) in 0.1 M sodiyshosphate buffer (pH 5.4), for
10 min at room temperature. After immersion initlest water, the gel was stained
in 18% (v/v) hydrogen peroxide solution (Panreacnigtet & Esteban SA,
Barcelona, Espana) in 0.1 M sodium phosphate b(itdr5.4), till the appearance
of the typical dark-red bands. Chitinase activitgswdetermined following the
procedure of Trudel and Asselin (1989). After algghoresis, the gel was washed
in a 0.1 M sodium acetate buffer solution (pH 5ddntly shaked for 10 minutes.
Subsequently, a 2.9 % polyacrylammide overlay geitaining 0.12% glycol
chitin (w/v), 3.5% glycerol (w/v), 0.012% ammoniupersulphate (w/v), 0.14%
TEMED (v/v), 14 mM sodium acetate buffer solutiqguH(5.0) was incubated for 2
h at 37°C in contact with the separation gel. Glytotin was prepared following
the procedure from Molanet al., (1977). Lytic (dark) zones were revealed by UV
illumination with a transilluminator, after staigrthe overlay gel for 10 min at
dark with 0.01% (w/v) Fluorescent Brightener 28 I(@#uor White M2R, Sigma
Chemical Co.) in 0,5 M Tris buffer solution (pH 8.9

3.2.5 Plant materials, total RNA extraction and muiplex RT-PCR assay

Three weeks old tomato plants (cv Money Maker)wgran climate chamber at
22°C with 16 h of light, were sprayed with solugo(0.02 % wi/v) of the three
kinds of extracted fungal exopolysaccharides, ahd transcript level of
pathogenesis-related genes (PR-1, PR-4, PR-5) lamdreigulatory component
NPR1 was monitored at different times (0 h, 24 h77 days) through multiplex
RT-PCR technique (Reverse Transcriptase PCR). WatkBiorf were used as a
negative and positive control, respectively.

Starting from 100 mg/sample of leaf material, tqidnt RNA was extracted
using the RNeasy Plant Mini Kit (Qiagen, Valenc@@d) applying two main
modifications to the protocol: extraction bufferN¥dguanidine isothiocyanate, 0.2
M CH;COONa" pH 5.0, NaEDTA 25 mM and 2,5 % PVP) was freshlgpared,
and the sample (leaf tissue + extraction buffery wiasixed with 3% sarcosine
(Sigma) and incubated for 10 minutes at 70°C befstating the standard
procedure. All RNA samples were treated with RQlaBiNfree DNase (M6101,
Promega).

For each single sample, Reverse Transcriptasearobtain the cDNAs was as
followed: 1X MLV-Buffer, 1 mM dNTPs (U1330, Promegab0 M random
primers (C1181, Promega), 50U of M-MLV (Moloney Nhe Leukemia Virus
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Reverse Transcriptase, M1705, Promega) and 1/1) ¢¥/total RNA. Reverse
transcriptase reaction was run in a AB2720 thermecyApplied Biosystems) at
37°C for 1 h, with additional 5 min at 94°C to dipaate M-MLV.

The expression of the pathogenesis-related gene$, FR-4, PR-5 and the
regulatory component NPR1 was compared with theresgmon of the gene
encoding for the elongation factor 1 (EF1) of Lycopersicon esculentum
(Accession Number: X14449), which was used asnalerontrol in the multiplex
RT-PCRs.

Two sets of primer pairs (LycNPR1 and TomNPR1, €abhlwere designed on
the partial coding sequence of thgcopersicon esculentuPR1-interactor
protein (Accession Number: AF143442), obtained fritra National Centre for
Biotechnology Information (NCBI,_ http://www.ncbinimh.gov). TomNPR1
sequences amplified from cDNAs of tomato plants Meney Maker and cv
Perfect Peel were cloned in pGEMT Easy Vector (g Madison, WT),
sequenced by BMR genomics (Padova, Italia), anghedl with the reference
sequence using BLAShitp://blast.ncbi.nim.nih.gov/Blast.ggiPrimers for PR-1,
PR-4, PR-5 and EF1 amplification (Table 4) wereaot#d from Enrico Biondi,
DISTA. Standard multiplex PCR reaction was as fo#d: 1X Buffer (M890A,
Promega), 2 mM MgCI2, 0,4 mM dNTPs, 500 nM intercahtrol primers, 500
nM target gene primers, 1 U Taq DNA polymerase (&pTFlexi DNA
Polymerase, M830A, Promega) and |5f cDNA to obtain a final volume of 25

|. Sequences were amplified setting the followitgndard thermal profile on a
AB2720 thermocycler: pre-denaturing step at 94°C5fonin, 30 cycles consisting
of denaturation at 94°C for 1 minute, annealing68fC for 1 minute and
elongation 72°C for 1 min, and a final elongatiaepsat 72°C for 10 min.
Amplicons were run at 70 V on a 1 % agarose gainet with ethidium bromide
(46027, Fluka) and visualized on a UV transillunvora

Target Accession

Primers (5° 3)) Length
gene number
F | AGC TGG TAT CTC CAA AGA TGG TCA GA(
EF1 X14449 | | TCATCT TAA CCA TAC CAG CAT CAC cGT | 802bp
F|  CAT GCAAGT GAC CCT GAA CTG CG, 456 by
NPR1 | AF143442 | | CTG TTG ACG CAG GTT GTC CGC CTG | (TomNPR1)
F | GCA GAT CAA TCA AAT GGA GCGGGC 699 by
NPR1 | AFl43442 | TTG CTC TCG TGG TCT GGC AAG CCA | (LycNPR1)
F | CAC TCT TGT GAG GCC CAA AAT TCA C!
PR-1 M69247 | . | TAC TTT AAT AAG GAC GTT CTC CAA CC 427 bp
F | TGT CAT CAA CAT GAT GAT GGC GGT GG
PR-4 X58548 | || ATA GCC CAA TCC ATT AGT GTC CAATCG | 349bp
s 70787 |r: GAC TTA CAC TTATGC TGC CAC TTT CGA T | coo

GGT AGC TAT ACG CAT CAG GACATCTTT G

Table 4: Accession numbers, primers sequences and length of the ampdicdms internal
control and the different target genes in the multiplex RRREsay.
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3.3 Results

3.3.1 Polysaccharides vitro andin vivo assays

All the strains grown on PDA medium showed the agbimorphological
structures of the referred species (Figure 6). Nafrtbe extracted polysaccharides
showed a direct antimicrobial activity towar@svinia amylovoraor Xanthomonas
arboricola pv. pruni at any concentration (0.1% and 0.01%), while otilg
pullulan solution (0.1% w/v) fron€ryphonectria parasiticanduced a weak spot-
like necrosis in leaves of tomato plants cv MonegklBt one week after the
treatment.

..ljl - \\,\\‘*’ s’
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Figure 6: From left to right,Cryphonectria parasiticeAureobasidium pullulanandEpicoccum
nigrumon PDA medium (top), and relative conidia (bottom).

Both the concentrations (0.1% and 0.01% w/v) ofygatcharide solutions from
Aureobasidium pullulanstrain 3998 and 495& ryphonectria parasiticaEP67
(named CP67 in the assays) &pmlcoccum purpurascenwere able to prevent the
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induction of HR normally triggered bl?seudomonas syringgav. syringaeon
leaves of tobacco plants cv White Burley. Interegti, prevention of necrosis in
the infiltrated panel seems to be directly coredatvith the concentration of the
polysaccharide solution (Figure 7), which reachgsnaximum level of protection
at 0.1% (w/v). However, inoculation of a 0.1 % s$mn (w/v) of saccarose didn’t
prevent the hypersensitive response. Differentigculation of the non-pathogenic
strain m5 ofPseudomonas putid24 hours before inoculation ¢t. syringae
prevented the process of necrosis and triggeres@onse of the plant, expressed
through a weak chlorosis restricted to the inoedairea (picture not shown). The
experiment was repeated several times, and showadptillulans derived from
Cryphonectria parasitic&P67 were the most effective in term of HR preient

Figure 7: Pre-infiltrating tobacco panels with polysaccharide solutiors’) fromA. pullulans
(3998), C. parasitica(CP67) ancE. purpurascengEpi), caused prevention of HR induced by
strain 6285 ofPseudomonas syringgev. syringaewith respect to the water control (a and b,
white arrow). Local HR prevention obtained by pre-infiltrating pamate a 0.1% and 0.01%
polysaccharide solution fror@. parasitica(c) and effect of the decreasing concentration of
pullulan solutions derived frorA. pullulans3998 on the extent of necrosis prevention (d). The
number “1” stays for 1 mg/mL (0.1% w/v).
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3.3.2 Isoelectrofocusing (IEF): chitinase and peradase activity

Activity of both basic and acidic isoforms of platititinases and peroxidases
was induced by all treatments respect to the negatontrol (Figure 8). In
particular, activity of three main isoforms of acighitinases (3.5 pH 4.3) was
induced in plants treated with Bidmnd pullulan solutions from. pullulansstrain
4958 and 3998. Intense basic peroxidase activigfgrms with pH 9) was
observed in tomato plants treated with chitosan laacterial OLS (0.2% wi/v),
while plants treated with Bidhand pullulan solutions frorA. pullulans strain
4958 and 3998 showed weaker bands, maybe duenmgtaroblem.
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3998 T2
~4958 T2

-~ oH0T4

©Bion T4
53998 T4

4958 T4
3998 T6
>BION T6

warer

Figure 8: Basic and acidic isoforms of tomato peroxidase (a, b aaddahitinase (d) induced
by pullulans solutions, bacterial OLS, chitosan and the abiotistaese inducer Bidh Arrows
show particular isoforms expressed in plants treated with®Biod pullulan fromA. pullulans
strain 3998 (T1=0h; T2=24h; T3=72h; T4=96h; T6=7 days). A pH scale is iadidzeside
every single picture.
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3.3.3 NPRL1 cloning

The 456 bp NPR1 sequences amplified from cDNA ohatm (ycopersicon
esculenturmhcv Money Maker (MM) and Perfect Peel (PP) by misnTomNPR1
and cloned in pGEMT Easy Vector, showed high idgntith the NPR1 interactor
protein used as reference (Accession Number AFI23Zhanget al., 1999).
Sequences of clones TomNPR1-MM and TomNPR1-PP hlested in Genbank
database showing respectively 93% and 97% idewiity the reference sequence
(Figure 9). Both the inserts also share homologth viine Nicotiana tabacum
leucine zipper transcription factor TGA2.1 (87%ritiy in the case of TOmNPR1-
MM and 91% identity for TomNPR1-PP). Sequences hbgen submitted to
Genbank.

MM GENE ID: 543600 NIF1 | NPR1-interactor protein 1 [Solanum lycopersicum]
(10 or fewer PubMed links)

Score = 612 bits (331), Expect = 5e-172

Identities = 388/415 (93%), Gaps = 5/415 (1%)

Strand=Plus/Minus

Query 4 TCCCTAAATTTTCCCCATAGCCATTGCCATCTGA-CCARTAATTAGCTACTTCTCCTGA 62

(I m (I
Sbjct 541 TCCCT-AA-TTTCCCCATAGCCATTGCCATCTGACCCATATAATTAGCTACATCTCCTGA 484

Query 63 TGACCCTTCAGAAGCAGGAGATCCGTTAACTGATGTCIIGCCAAGGATTGCTGCCCCTC 122

TR [
Sbjct 483 TGACCCTTCAGTAGCAGGAGATCCGTTAGCTAATGTCTGCCAAGGATTGCTGCAACGC 424

Query 123 CTCCATACGTTG-GAAAAGGGCATCTTCTGCTTGATGSGEACTGCTGCAAGTTGTAAA 181

AR TN
Sbjct 423 CTCCATACCTTGTG-AAAGGGCATCTTCTGCTTGATGGE GACTGCTGCAAGTTGTAAA 365

Query 182 TGCCTGCTAACTGTTGCTCGGTCAAAGGCTCCAACTGBACTAAAAACTTAAGAAGTT 241

RO R TR
Sbjct 364 TGCCAGCTAACTGTTGCTCGGTCAGAGGCTCCAACTGRIACTAGAAGCTTAAGAAGTT 305

Query 242 CCGAGGGGCGGAAGCCACCAATCCAAATAAAACATCBBIGAGGGGTTTTCCACATCC 301

TN (LT
Sbjct 304 CCGAGGGGCGGAAGCCACCAATCCACATAAAACATCGGGCAGGGGTTTTCCACATCC 245

Query 302 CTGACAAAAAATGGAATACCTCTGCCTTGGCTGCTTIOTITCACCCTAAAGACCTCAT 361

(I LR o [
Sbjct 244 CTGACAAGACATGGAATACGTCTGCCTTGGCTGCATTTTTTCACCCTAAAGACCTCAT 185

Query 362 CGTAAGGTGCAATGACATTATTCACAATACTTCGCARIAGGGTCACTTGGATG 416

LRI (T 100
Sbjct 184 CGTAATGTGCAGTGACATTATTCACAATACTTCGCAGTIAGGGTCACTTGCATG 130

PP GENE ID: 543600 NIF1 | NPR1-interactor protein 1 [Solanum lycopersicum]
(20 or fewer PubMed links)

Score = 715 bits (387), Expect=0.0

Identities = 411/422 (97%), Gaps = 4/422 (0%)

Strand=Plus/Plus

Query 14 TGTCACTGCACATTACGATGAGGTCTTTAGGATGAAAGEATGCAGCCAAGGCAGACGT 73

(AT ERTERRRORNOOE ORI
Sbjct 168 TGTCACTGCACATTACGATGAGGTCTTTAGGGTGAAABBATGCAGCCAAGGCAGACGT 227

Query 74 ATTCCATGTCTTGTCAGGGATGTGGAAAACCCCTGCCBZGATGTTTTATGTGGATTGG 133

(LT (T
Sbjct 228 ATTCCATGTCTTGTCAGGGATGTGGAAAACCCCTGCCGBGATGTTTTATGTGGATTGG 287

Query 134 TGGCTTCCGCCCCTCGGAACTGCTTAAGCTTCTAGTCEAGTTGGAGCCTCTGACCGA 193

(AT TR T
Sbjct 288 TGGCTTCCGCCCCTCGGAACTTCTTAAGCTTCTAGTCAGAGTTGGAGCCTCTGACCGA 347
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Query 194 GCAACAGTTAGCTGGCTTTTACAACTTGCAGCTGTCAOTATCAAGCAGAAGATGCCCT 253

(T A A [
Sbjct 348 GCAACAGTTAGCTGGCATTTACAACTTGCAGCAGTCATCATCAAGCAGAAGATGCCCT 407

Query 254 TTCACAAGGTATGGAGGCGTTGCAGCAATCCTTGGCBABATTAGCTAACGGATCTCC 313

(T LI LEETOEEE
Sbjct 408 TTCACAAGGTATGGAGGCGTTGCAGCAATCCTTGGCABRCATTAGCTAACGGATCTCC 467

Query 314 TGCTACTGAAGGGTCATCAGGAGATGTAGCTAATTATRGGTCAGATGGCAATGGCTAT 373

(T LU
Sbjct 468 TGCTACTGAAGGGTCATCAGGAGATGTAGCTAATTATSGGTCAGATGGCAATGGCTAT 527

Query 374 GGAAAAAATTAGGGACTCTTGAAGGTTTTCTCCGTCABESACAACCTGC--CAACA-ACA 432

I I [ iy
Sbict 528 GGGGAAA-TTAGGGACTCTTGAAGGTTTTCTCCGTCAGBGACAACCTGCGTCAACAGACA 588

Figure 9: BLAST alignments of TomNPR1-MM and Tom NPR1-PP sequences with the
reference NPR1 interactor protein sequence (Genbank: AF143442).

3.3.4 Multiplex RT-PCR assay

A map of the treatments for the multiplex RT-PCRagsis shown in Table 5.
First multiplex reverse transcriptase PCRs immetiiashowed that NPR1 (456
bp) is constitutively expressed liycopersicon esculentuand its transcript levels
are constant and comparable with those of thenateontrol EF1 (805 bp).

As shown in Figure 1o difference can be noticed in transcription & two
genes between the negative control and plantsettesith Biorf and glucans from
A. pullulans3998 C. parasiticaEP67 andE. purpurascensThis confirms that
NPRL1 is constitutively expressed in an inactivgatneric state and its transcripts
increase can only be observed at the protein ([@asbet al.,1998; Dong, 2004).

1 |W 1 24 h 72 h 7 days
2 |w1 17 |W 2 32 |W 3 47 |W 4
3 W1 18 |W 2 33 |W 3 48 |W 4
4 |W 1 19 |W 2 34 |W 3 49 |W 4
5 13998 1 20 | 3998 2 35 13998 3 50 | 3998 4
6 3998 1 21 | 3998 2 36 | 3998 3 51 (3998 4
7 13998 1 22 | 3998 2 37 3998 3 52 (3998 4
8 |Epi 1 23 | Epi 2 38 | Epi 3 53 | Epi 4
9 |Epi 1 24 | Epi 2 39 | Epi 3 54 | Epi 4
10 |Epi 1 25 |Epi 2 40 | Epi 3 55 | Epi 4
11

12

13

14 |BION 1 29 |BION 2 44 | BION 3 59 [BION 4
15 |BION 1 30 | BION 2 45 | BION 3 60 | BION 4
16 |BION 1 31 |BION 2 46 | BION 3 61 [BION 4

Table 5 Map of the treatments and repetitions for the multipl@xACR assay testing the
effects of exopolysaccharides solutions on tomato plants cv MoneyrMakavater control.
Glucans extracted fron&. pullulans(3998),C. parasitica(CP67) andE. purpurascengEpi).
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Figure 10. Multiplex RT-PCR showing the constant and comparable transgripfi the target
gene NPR1 ( 456 bp) with the internal control EF1 @05 bp) between the series of treatments
from n° 38 to n° 61.

Regarding transcription of the pathogenesis-relgiedein PR-1 in tomato, it
can be confirmed the efficacy of the abiotic eticiBion® in inducing plant
resistance: increase in PR-1 transcription wasedtin all the three replica (n° 30,
31, 44, 45, 60, 61), starting 24 hours after tleatnent. Between the glucan
solutions, CP67 (n° 11, 26, 28, 41, 56, 57) and(EpR3, 25, 39, 53, 55) were the
most effective in inducing expression of the padasis related protein, while the
pullulan solution derived from Aureobasidium pullulans 3998 induced
transcriptional increase of PR-1 only in two of fants tested (n° 5 and 7) at time
0 (Figure 11 and Table 5).

Bion® strongly induced transcription of the pathogenesiated protein PR-4 in
all the plants monitored, starting from 24 hourerathe treatment (n° 29, 30, 31,
44, 45, 46, 59, 60, 61). Glucans frémpullulans3998 were shown to increase the
transcript level of PR-4 already at time 0 and weeemost effective between the
tested solutions (n° 5, 7, 20, 21, 22, 35, 36,3¥,51, 52). Exopolymers from
Epicoccum purpurascer{a® 23, 25, 38, 39, 53, 54, 55) a@dparasiticaCP67 (n°
12, 26, 28, 41, 42, 57) were also able to indugeession of PR-4 (Figure 12).
Curiously, PR-4 transcription was also inducedha same control plants which
previously showed an increase in the transcripglleVPR-1 (n° 17, 33, 48, 49).

Again, tomato plants treated with Bfoshowed a high transcript level of the
pathogenesis-related protein PR-5 (n° 29, 31, 8448, 59, 60, 61). Also glucans
extracted fronkEpicoccum purpurascersgrongly induced transcription of PR-5 (n°
23, 25, 38, 39, 40, 53, 54, 55) compared to tomglents treated with
polysaccharides extracted frof pullulans(n® 21, 22, 35, 36) an@. parasitica
(n° 26, 41, 43, 56, 57, 58). Also in this multipleX-PCR assay, the water control
plants n° 17, 33, 48 and 49 showed transcriptioRRf5 (Figure 13), suggesting
that stressing conditions may have occurred camditg the result.
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Figure 11 Transcription of PR-1 (427 bp, black arrow) monitored throughiphekt RT-PCR in
Lycopersicon esculentuav Money Maker following treatments with glucan solutions and the
abiotic inducer Biofi. The internal control EF1 (805 bp) is indicated with a red arrow.
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Figure 12 Transcription of PR-4 (349 bp, black arrow) monitored through multiRIEPCR in
Lycopersicon esculentusv Money Maker following treatments with glucan solutions Hred
abiotic inducer Biofi. The internal control EF1 (805 bp) is indicated with a red arrow.
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Figure 13 Transcription of PR-5 (560 bp, black arrow) monitored through multiRleXPCR in
Lycopersicon esculentuov Money Maker following treatments with glucan solutions #rel
abiotic inducer Biofi. The internal control EF1 (805 bp) is indicated with a red arrow.
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3.4 Discussion

Antigenic activity of extracellular polysaccharideproduced by many
opportunistic fungi is widely investigated in aninsgstems. The first year of the
PhD was also spent studying literature about glsiGie to induce an immune
response both in animal and plants. By the next, yaa&ivity of polysaccharides
extracted by the three selected strains was detedrnn tomato plants cv Money
Maker. None of them showed direct antibactericvégtin vitro.

The infiltration of pullulan and fungal polysaccli solutions into panels of
tobacco leaves prevented the induction of HRPbysyringaepv. syringae This
result is not surprising: highly conserved compasenf the cell wall of
microorganisms have often a role in virulence dr&ytmay induce a plant defense
response similar to the one induced by the micamamegn itself. This is for
example the case of bacterial flagellin. Also liptysaccharides from Gram
negative bacteria are important molecules withgamic activity, and some of
them have been shown to prevent the induction of ¢éiRsed byErwinia
amylovorain leaves of tobacco plants (Bazti al, 2003b). It's clear, however,
that injecting a polysaccharide solution in theeroellular environment creates
mechanical and osmotic stresses, and this mayidatala hypothesis of direct
induction of local resistance by a biotic elicitéor this reason, it was decided to
test whether a 0.1% sucrose solution and a susperdi a non-pathogenic
bacterial strain could also trigger prevention oR.HConfirming the first
hypothesis, the bacterial suspension did prevemtHR (in spite of chlorosis),
while the sucrose solution did not. This experimér@s demonstrated that
molecules derived from the microorganism are thal determinants of HR
prevention. All the tested polysaccharides were &blinfluence the plant immune
response in leaves of tobacco, confirming theie ad potential elicitors referable
to PAMPs (Bent and Mackey, 2007).

The effect of the fungal polyasaccharides in trigggetomato defense responses
was evaluated monitoring accumulation of plant pigl@ses and chitinases and
transcription of the pathogenesis-related protBiRsl, PR-4 and PR-5.

Pullulans produced by the fungal specdfageobasidium pullulan8998, have
been shown to trigger the accumulation of plantichses and to strongly induce
transcription of the pathogenesis-related prot&rdRalready at time 0, while low
transcription profiles have been determined forIP&d PR-5. Since expression
of the latter genes is strongly induced by accutmrieof salicylic acid in several
plant species, while expression of PR-4 has beaelated with the accumulation
of jasmonic acid in vine andrabidopsis(Hamiduzzamaret al, 2005; Van Loon
et al, 2006), | hypothesize thatglucans could activate this last signaling pathway
in tomato. The fact that pullulan fro@ryphonectria parasiticaould also induce
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transcription of PR-1, is possibly related to ideras a virulence factor in plant
pathology. In fact,C. parasitica, causal agent of chestnut blight, is the only
phytopathogenic microorganism between the onesctselefor this thesis.
Exopolymers produced by some strains can event @hgrtotoxicity in tomato
(Corsaroet al, 1998), and pullulans extracted from strain EP6T oparasitica
were the most effective in terms of HR preventioriabacco. Therefore, it's not
surprising that perception of this molecule hasucstl additional defense
responses of the plant.

It would have been very useful to compare thesaltsesvith transcriptional
profiles of PR-4 in plants treated with jasmoniedadut in this experiment only
Bion® was used as positive control.

However, also Bioh strongly induced an increase of transcriptionF&-4, as
well as for PR-1 and PR-5. Since this compoundle # trigger plant resistance
against a large number of fungal and bacterial qgths, it probably activates
more than one single pool of defense genes depgratinthe pathogen and the
host species, or it may induce the synthesis of plant metabolites.

In the isoelectrofocusing assay, problems occumrdde staining of one gel for
the assessment of peroxidase synthesis in plagdagett withA. pullulans3998.
However, comparing the weak results with the oreaioned in the chitinase assay,
it can be deduced that also pullulans may induceiraalation of these defense
enzymes.

Exopolysaccharides extracted from the fun@imscoccum purpurascenisave
been shown to induce high transcription levelsh& pathogenesis-related gene
PR-5. The PR-5 proteins include a large family oft@ins that play a role in
membrane permeability and osmotic stress, but mgsartantly they show ability
to bind polymeric -1,3-glucans, or exhibit endo4,3-glucanase activities (Trudel
et al., 98; Menu-Bouaouichet al., 2003; van Looret al., 2006). Considering
that glucans fronfc. purpurascenslso induced a weak transcription of PR-1 and
PR-4, it seems promising to use exopolysacchadeesed from this ubiquitous
species not only to stimulate the human immuneesy<gias already proved), but
also to induce accumulation of defense compoungtaimnts.

As a conclusion, the multiplex RT-PCR assay hasatestnated that all the
polysaccharides object of this study were ablefferéntly induce transcription of
pathogenesis-related (PR) proteins with respedhéonegative control (water).
Only plants treated with the abiotic inducer Biofpositive control) showed
transcription of all the three PRs at time 0.

Perception of these molecules probably involvesdespnal receptors or
mechanosensors bound to the cell wall and, posdiblgtomata. Indeed, stomata
function as innate immunity gates that perceivetds@d virulence factors
(PAMPs) and actively prevent their entry in thenpleell (Melottoet al, 2006).

Even if it was planned to compare the chemicalcsiine of the polysaccharides
extracted using as a reference molecule pullulamfAureobasidium pullulas
(82550, Fluka), a molecular characterization of thepolymers couldn’t be
performed on time.
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The regulatory component of the SAR and ISR pathw#dR1, was cloned and
chosen as a target gene because the initial athreahesis implied a combination
of the multiplex RT-PCR assay with the Real TimeRPt&chnique to quantify
amplified DNA.

NPRL1is constitutively expressed #rabidopsis and can be further induced by
pathogen infection or by salicylic acid (SA) or-2lighloro-isonicotinic acid (INA)
treatment (Caet al, 1997; Ryal®t al, 1997). When | realized from literature that
levels of its transcripts are increased only twio-Hfollowing SA treatment (Caet
al., 1998), the experiment was already started. Reaé PCR will be performed
in order to confirm a NPR1 transcript increase (eyfesmall) in tomato plants
treated with fungal glucans and BforComparing transcription of NPR1 with the
internal control EF1 has demonstrated that thisegenconstitutively expressed
also in tomato. Moreover, submission to Genbankhef partial sequences of
NPR1 cloned from two cultivars dfycopersicon esculentufMoney Maker and
Perfect Peel) has provided additional informatibau this gene.

However, problems related to transcription of temeyEF1 have also occurred
in some cases. Regardless of the experimental itpehremployed, appropriate
normalization is essential for obtaining an acau@d reliable quantification of
gene transcript levels. The success of this nomaiddin strategy is highly
dependent on the choice of the appropriate cogeak: expression levels of the
internal control should be relatively constant asrthe tissues, and shouldn’t be
altered by the applied experimental procedures @dtiget al, 2006). A widely
used housekeeping geneactin, has been reported to be an unsuitablenaler
control for RT-PCR since it's highly regulated byatmgel (Selveyet al, 2001)
and studies aimed to selection of housekeeping sgdoe the oomycete
Phytopthora parasiticdnave shown that not onlyactin, but also elongation factor
1 (EF1), are not suitable internal controls for +@@e quantitative RT-PCR due
to their variable expression levels (Yan and L2Q06).

Only at the end of the last year, a work assessiagxpression stability of 11
housekeeping genes in tomato was published: showhegwidest range of
expression level, EF1 was ranked only tenth inligteof the candidate control
genes (Expdsito-Rodriguez al, 2008). Comparison with transcription of other
housekeeping genes and optimization of PCR setthagdd have been useful in
order to critically evaluate the choice of EF1 asrdernal control in this assay.
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4 Race specific resistance:
the pathosystemCladosporium fulvumtomato

4.1 Introduction

Race-specific resistance is the most specific respof a plant to a harmful
microorganism, since it results only from the iattion of a particular pathogen
race with a particular cultivar of the host plalttis the proof of adaption and
evolution of plant resistance mechanisms towardsaffpearance of new pathogen
races able to defeat non-host basal defense resgponbkis type of resistance is
usually referred to as gene-for-gamsistance (Flor, 1942; 1971), because in most
cases it requires the presence of both a racefspavirulence (avr) gene in the
pathogen and one or more complementary cultivaciBpeesistance (R) genes in
the host plant. Surprisingly, Benes that confer resistance to different types of
pathogens encode very similar proteins, indicatthgt in plants, flexible
recognition systems are used to monitor attacksa lojwverse array of pathogens
(van der Hoorret al.,2001).

Race-specific resistance is normally shown towardsophic pathogens, which
are efficiently defeated through the hypersensitresponse (HR), typically
triggered in plants by specific R-Avr recognitiowell known host-pathogen
interactions obeying to the gene-for-gene theoeypaesented in Table 6.

Host Disease Pathogen Reference
Flax Rust Melampsora lini Islam and Shepherd
(Linumultissimum) P (1991)
Wheat - Roelfs (1988)
(Triticum aestivum Stem and leaf rusts Pucciniaspp
Barley , Erysiphe graminis Jagrgensen (1994)
(Hordeum vulgarg Powdery mildew f. sp.hordei
Lettuce . . Crute (1991
. Downy mildew Bremia lactucae
(Lactuca sativa
Maize Rust Puccinia sorghi Hulbert anc
(Zea mayp 9 Bennetzen (1991)
Tomatc . de Wit (19€2);
(Lycopersicon esculentym Leaf mold Cladosporium fulvum Jone=et al. (1993)
Tomatc Pseudomonas syringi

Bacterial speck Ronaldet al.(1992)

(L. esculentum pv. tomato

Common bes Pseudomonas syringi| Jenneiet al (1991

(Phaseolus vulgar)s Halo blight pv. phaseolicola
Common bes Bean commoil BCMV Spence and Walke
(P. vulgarig mosaic Vvirus (1995)

Table 6 Well known race-specific resistance models.
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The interaction between the biotrophic fungal pgérwCladosporium fulvum
(syn. Passalora fulva and its only host, tomato, is one of the besthstl
pathosystems that follows the gene-for-gene relalipp (de Wit, 1995; Joosten
and de Wit, 1999; Thommet al., 2005) and it's a useful model system to study
the molecular basis of signaling events betweeatlaggen and its host.

Race-specific resistance agaifstfulvumin tomato is governed in a gene-for-
gene manner by domina@t fulvum(Cf) resistance genes that mediate recognition
of corresponding race-specific avirulence protéia) of the fungus and activate
a defense cascade, culminating in a hypersensiegponse (HR) and host
immunity (Joosten and de Wit, 1999; Rivas and Them2005). Lack of
recognition leads to a compatible interaction. Bgnpathogenesis, hyphae remain
strictly intercellular without penetrating the mphgll cells; close contact between
the fungal hyphae and plant cells suggests thap#tlieogen actively withdraws
nutrients from the host (Lazarovitis and Higgin97@&). Typical symptoms of the
disease are chlorotic spots that gradually becomeeotic and are visible on both
sides of the infected leaves. SinCefulvumstrictly grows in the apoplastic space
of its host, various race-specific avirulence pregroduced by the fungus have
been isolated from apoplastic fluid. Upon purifioatof a specific Avr protein, its
presence is monitored by injection of partly pedfifractions into leaves of a
tomato plant expressing the R gene correspondirtgetdAvr protein of interest.
When the Avr protein is present, Cf-mediated nasrosll appear in the injected
areas one or two days after injection (Figure IMis has resulted in the
identification and characterization of different r&vand their corresponding
resistance genes. Notably, Cf-9 (Joaeal.,1994), Cf-2 (Dixoret al.,1996), Cf-

4 (Thomaset al.,1997), Cf-4E (Takkeet al.,1998) and Cf-5 (Dixomt al., 1998)
have been cloned from tomato.

http:/iwww.php.wur.nl/lUK/Research/Cladosporium/

Figure 14 The gene-for-gene theory in the modeladosporium fulvurtomato: specific
resistance mediated by matching R-Avr gene interactionicates in HR.
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The fact that most Avr genes are maintained wi@ifulvumraces suggests that
their products, in addition to their role as awende factors, have a function that is
beneficial for the pathogen (Whig al.,2000). Plant pathogens secrete molecules
called effectors that contribute to the establighimef disease to their hosts.
Besides the avirulence gene produgdosporium fulvunsecretes a number of
extracellular proteins (ECPs) into the apoplastciwhact as virulence factors in
compatible interactions (Wubbest al., 1994; Laugéet al., 1997; 2000). Like
Avrs, Ecps induce a resistance response in tomatesaions carrying not yet
identified Cf-Ecp resistance genes. Remarkablyoalgh allC. fulvum effector
proteins share some common feature as their snzal and even number of
cysteine residues, they display no significant seqga similarity to each other or
to protein sequences deposited in public datal{@sesEsseet al.,2008).

4.1.1 The role of the protease Rcr3 in the Cf2-Avrihteraction

The basic assumption in the gene-for-gene intenacs that R proteins behave
like receptors for the effector ligands (GabriedaRolfe, 1990; Keen, 1990).
Structural features of the R proteins support thiel, as a majority of the R
proteins have well-conserved leucine rich repe&R). domains which mediate
protein-protein interaction (Dangl and Jones, 2001)

Even if direct interaction between R and Avr genedpcts has been
demonstrated in a few cases @ial.,2000; Leister and Katagiri, 2000; Deslandes
et al.,2003; Ron and Avni, 2004), a direct physical iattion between Cf proteins
and Avr proteins has not been detected (Ludeteal., 2001). In light of such
observations, the original receptor-ligand models vaanended to add a new
dimension to the R-Avr interaction. The R proteasibeen assigned the role of a
sentinel of cellular machinery, guarding key vinde targets inside the cell (Van
der Biezen and Jones, 1998; Dangl and Jones, 200i9.“guard hypothesis”
proposes that Avr proteins are virulence factoet thteract with host targets to
facilitate pathogen growth in the host. The Cf profperceives the altered status of
the virulence target and induces a rapid defersmoree.

Avr2-producingC. fulvumstrains trigger an HR in tomato plants harborimg t
Cf-2 resistance gene. For this response, an additiplant factor is required, a
cysteine protease named Rcr3quired for C. fulvum resistance) which is
monitored by Cf2 (Kriiger et al 2002). By using threversible protease inhibitor
DCG-04, Rooney et al. (2005) showed that Avr2 biadd inhibits Rcr3, and that
the Avr2-Rcr3 complex enables the Cf-2 proteindtivate a HR. Recently, it has
been demonstrated that Avr2 inhibits several othyesteine proteases that are
required for basal defense in tomato &mdbidopsis(Van Esseet al., 2008), thus
confirming the role of the race-specific eliciton targeting PAMPs-induced
defense mechanisms.
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Similarly, Avr4 was found to be a lectin with chitbinding activity that can
protect fungal cell walls against the deleteriofisats of plant chitinases (van den
Burg et al., 2006), thus promoting the virulence of severalgalnpathogens in
Arabidopsisand tomato (Van Essat al., 2007). It has been proposed that Avr4
may be recognized directly by the tomato Cf-4 tasise protein (Westerink et al.
2002). This is not the case for the Cf2-Avr2 intéi@n: further studies are
necessary to unravel whether and where Cf-2 idestihe Avr2-Rcr3 complex,
and possibly, if other players are involved in trecognition process. The
interaction must take place in the apoplast, wige8 performs its defense role
and Avr2 is secreted. However, the complex is thoug interact with the
extracellular LRR domain of Cf-2 in the proximity the cell membrane (Figure
15).

Figure 15 Possible modes of interaction between the Avr2-Rcr3 comple&adOn the left,
the complex is directly recognized by the extracellular LRR domiathe receptor protein. On
the right, conformational changes in Rcr3 due to Avr2 actatigyperceived by Cf-2.

4.1.2 Use of fluorescent tags for protein-proteimieraction study

Identifying the destination or localization of aofein is key both to
understanding its function and to facilitating parification (Lu et al., 2005).
Optical microscopy has been very useful to obtaiformation about the sub-
cellular location of proteins. However, classicght microscopy, for example,
cannot reveal whether proteins interact with omeo{Hinket al.,2002).

The discovery and cloning of the green fluoresganotein (GFP) from the
bioluminescent jellyfishAequorea victoriahave revolutionized studies in cell



58

biology by enabling the dynamic monitoring of piatéocalization in the living
cell using fluorescent microscopy (Prashedral., 1992; Sheeret al., 1995).
Because of their intrinsic fluorescence ability amthimal toxicity, fluorescent
proteins have been widely used as non-invasive @naiik many living organisms.
Fusing an open reading frame to a fluorescent pr,adach as green, yellow, red or
cyan fluorescent proteins (GFP, YFP, RFP or CF$heetively), can be useful for
determining the subcellular localization of a pmotand for testing interactions
with other fluorescently tagged proteins (Hansod Eohler, 2001; Earlet al.,
2006).

A further development in the use of fluorescentgres was the demonstration
that protein-protein interaction in the living celbuld be detected by Forster
resonance energy transfer (FRET) in fluorescerfedinie imaging microscopy
(FLIM), by which the fluorescence lifetime of adikescent dye can be determined
as a function of intracellular space (Hiekal.,2002). FRET-FLIM is a technique
used for identifying and quantifying the distancetvieen two molecules
conjugated to differentluorophores (fluorescent tagsfRET is also known as
fluorescence resonance energy transfer becausplies the non-radiative transfer
of energy between a fluorophore in the excitecestdbnor) to another other one in
the ground state (acceptor). When the distancedsetthe two molecules is small
( 10 nm) the emission spectrum of the excited dorerlaps with the absorption
spectrum of the acceptor, which emits energy inféine of fluorescence (Figure
16). In conjunction with the recent developmenaofariety of mutant fluorescent
proteins, FRET microscopy provides the potentiahteasure the interaction of
molecules in intact living cells where the donod aacceptor fluorophores are
actually partof the molecules themselveBy combining FLIM with FRET it is
possible to obtain quantitative temporal and spatfarmation about the binding
and interaction of proteinm vivo. Cultures of mesophyll protoplasts have been
utilized in several plant species to investigatetgin-protein interactions, since
they can be transiently transformed with plant eectexpressing the fusion
proteins of interest.

The first successful experiment for the introductiof nucleic acid into
protoplasts was accomplished by Aoki and Takeb@&gusobacco mesophyll
protoplasts and tobacco mosaic virus RNA (Aoki diakebe, 1969). Compared
with cell culture lines, the use of fresh tissuegeotoplast sources offers unique
advantages. For example, protoplasts isolated fstant tissues retain their cell
identity and differentiated state; they show higinsformation efficiency with low
maintenance. These freshly isolated protoplaste lpa@ven to be physiological
and versatile cell systems for studying a broadctspen of plant signaling
mechanisms (Sheen, 2001). For example, freshlatestlmesophyll protoplasts
perform active photosynthesis and respiration (Kaaad Edwards, 1973).
Protoplasts also retain cell membrane potentiatslas to intact cells and have
served as a model system to study membrane traaspd@Baueret al., 2000;
Hamilton et al., 2000). In the last ten years, tobacco, maize,tpaotgolanum
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tuberosuny andArabidopsisprotoplast transient expression assays have akso b
used to study protein stability control (Worleyal., 2000), protein targeting and
trafficking (Kleineret al., 1999; Jinet al., 2001; Uedeet al, 2001; Akeret al,
2007) and protein-protein interactions (Subramareaai, 2001).

Adapted from: http://upload.wikimedia.org/wikipediaramons/7/76/FRET-Spettro.PNG

Figure 16 Absorption and emission spectra of Cyan Fluorescent Protein (@f®y) and
Yellow Fluorescent Protein (YFP, acceptor) in FRET-FLIM.

In order to localize the interaction of the Rcr3rAvwcomplex with the Cf2
resistance protein dfladosporium fulvumprotoplast cultures of tomato leaves
can be transiently transformed with plant vect@stainingthe sequences of the
cysteine protease Rcr3 and the resistance prot&nréSpectively fused to the
fluorescent tags mCherry and EGFP. Adding a sigmegitide for extracellular
targeting and a 35S promoter for proper expressiqianta the interaction of the
tagged proteins can be revealed by FRET-FLIM mmopg. The sequences
encoding for these “fusion proteins” can also benetl inPichia pastoris a
methylotrophic yeast frequently used as a reconmbipeotein expression system
(Sreekrishnaet al. 1997), to perform biochemical studies on the irdgoa of the
tagged molecules.
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4.2. Materials and methods

4.2.1 Protoplasts isolation protocol (adapted fronsheen, J. 2002)

Leaves ofLycopersicum esculentuov 'Moneymaker' were collected from the
iIsogenic line carrying the resistance protein Gf& CfO line that contains no
genes for resistance t@ladosporium fulvumand the Cf2 rck3 mutant, lacking
the plant cysteine protease needed to establightaraction with theC. fulvum
avirulence protein Avr2. In order to digest the diedlamella and the cell walls,
leaves were first infiltrated through a vacuum puaiiih a 0.7 M mannitol solution
containing 1% cellulase and 0.5% pectinase (maoegoee). Mannitol is a
disaccharide which helps to maintain an osmolasimilar to that of the
protoplasts. Additional isolation procedures wer@ried out with a 0.4 M
mannitol solution and 0,25 % or 0,05 % pectinase pH of the enzyme solution
was always adjusted to 5.5 to mimic Rcr3 apoplastiwironment. Greater
numbers of protoplasts can be obtained by addihgNONaOH to the mannitol
solution to obtain pH 6-7. Leaves were then plaoeal Petri dish, cut with a sharp
razor blade in small pieces (2x2 mm) and incubatetb mL of enzyme solution
for 2 to 3 hours, shaking gently at room temperatueaves can also be cut before
vacuum infiltration of the enzyme solution. Protgik were released swirling
gently the dish by hand, and the solution wasréliehrough a 50 uM nylon mesh
into a round-bottomed tube. Protoplasts were spindewn at 50g for 5
minutes/RT in an eppendorf centrifuge and washesl mL of W5 solution (154
mM NacCl, 125 mM CaG| 5 mM KCI, 2 mM MES pH 5.7). Further washing steps
were carried out with a 0.4 M mannitol solution.

To check the viability of protoplasts 500 L of thdtures were stained at dark
for 15 minutes with 50 pL fluorescein diacetate A£0100 pg/mL dissolved in
acetone) and 50 pL propidium iodide (PI, 20 pg/mksdived in SDW) and
analyzed by fluorescence microscopy. The prinayblgtaining with FDA relies on
the non polar FDA molecule crossing the plasma mang and its ester bonds
being hydrolyzed in the cytoplasm to release flsoeen. The polar fluorescein
molecule remains in the cytoplasm because it capass through either the
plasma membrane or the tonoplast of living cellagirt, 1986). Propidium lodide
can only penetrate dead protoplasts and it's usedsses plasma membrane
integrity. It binds to DNA of damaged cells whichibsequently show a red
fluorescent colour that provides an excellent @sitto FDA.

4.2.2Cloning: Rcr3-mCherry and Cf2(Cf4)-EGFP

First cloning attempts were carried out in ordepolain the C-terminal fusion
protein Rcr3-mCherry (Figure 17). The tag is anag@ement of the monomer
RFP, derived from th®icosomasp. fluorecent protein “DsRed” (Shaner al,
2004). Sequence of the protease Rcr3 was PCR &dpiitbm plasmid DNA of
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the vectors pPIC9-His-HA-Rcr3p(sequence derived fromLycopersicon
pimpinellifolium) and pPIC9-His-HA-Rcr3dderived fromL. esculentum with
forward primer Rcr3-prepro and reverse Rcr3-Xhao{@&), and from colonies of
Agrobacterium tumefacien§&V3101 carrying the vector pBIN19-Rcr3p and
pBIN19-Rcr3e. mCherry fragment, carried on pGEM Easy vector in
Escherichia coli strain DH5, was obtained from Wladimir Tameling
(Phytopathology, WUR). Vector pPIC9-6His, contagia multiple cloning site
(MCS) with a polyhistidine-tag, was double digestedh Promega restriction
enzymes Smal/Notl (keeping the His-tag) or SnaBi/Kdeaving the His-tag off).
Rcr3 PCR product was digested with Xhol and putifen GFX column (GE
Healthcare, UK). mCherry fragment was gel extradiedn Sall/Notl digested
plasmid DNA and purified by GFXor QIAGEN® columns. The linear vector and
the two fragments were fused through a three paation at 14°C overnight,
using T4-DNA ligase (M1804, Promega) and addinglLlofi ATP to the mix.
Product of ligation was cloned i&. coli DH5 competent cells (Invitrogen)
following manufacturer’'s protocol. Colonies weraesned through PCR using
vector primers 5A0X and 3A0OX (Table 7). Size of thasmid (9.8 Kb) was
checked through double digestion with Notl/EcoRasihid DNA of positiveE.
coli DH5 transformants was always purified using the QlAp&pin Miniprep
Kit (27106, Qiagen) following manufacturer’s protbc Plasmid DNA of
Agrobacterium tumefacienswas purified following a standard protocol
(http://www.arabidopsis.org/comguide/table_of cotgdrim) from Paul Ebert
(Institute of Biological Chemistry, Washington S&ainiversity, U.S.A.).

Figure 17: The three fusion constructs inserted in vector pPIC9-6His amtkdlinE. coli
DH5 .
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The second step of cloning within the project wasaming the C-terminal
constructs Cf2-EGFP and Cf4-EGFP (Figure 17). Theréscent tag is an
enhanced version of the original wild-type greeamoifescent gene found in the
jellyfish Aequorea victoria Cf2 sequence, carried on vector pSLJ729E.ircoli
DH5 , was PCR amplified with primers Cf2-forphos an@-@vBam (Table 7).
Cf4 sequence, carried by vector Mogl0l1AintumefaciensGV3101, was PCR
amplified with primers Cf4-forphos and Cf4-revBaiab. 7). The fluorescent tag
EGFP, carried on vector pRAPN, was furnished by Raonsien (Nematology,
WUR). The sequence (around 770 bp) was amplifiechfplasmid DNA by PCR
with primers EGFP-forBam and EGFP-revNot (Tab. 7).

Target sequence Length Primers
MCS of 0.5Kb | 5A0X for 5’ gactggttccaattgacaagc
pPIC9-6His 3AOX rev 5’ gcaaatggcattctgacatcc [3’
Rcr3 1 Kb | Rcr3preprdor 5" cgcegccagccaaaactgtcegid’
Rcr3 xhorev 5’ ggcctcgagadgtitggataagaaga 3’
mCherry 0.7 Kk | mCherryR5ctgtacaagctcgagtaacccgggaaatcactagtgaattcge( 3’
Cf2 3.2 Kb | Cf2 forPhos 5’ tcgactgaggaggcaactgccc {3’
Cf2 revBam 5’ cgcgg@amagtgattatttcticttctg 3’
Cf4 2.3 Kb | Cf4 forPhos 5’ tcatccttacctcatttgtgccccg 8
Cf4 revBam 5’ ggatcctdtcttgtgctttttcattttcg 3
EGFP 0.7 Kb | EGFP forBam 5’ aataatcacttcggatgtghgcaagggcgag 3’
EGFP revNot 5’ ttaattcgcggccgcatetgccgggtace 3
Cf2_EGFP 3.9 Kb | Cf20E-EGFPf 5'agaagaagaaataatcacttcatggtgagcamgmzmg 3’
Cf20E-EGFPrev 5’ ctcctcgeccttgctcaccatgaagttittiwttct 3’
Cf4_EGFP 3.0 Kb | Cf4AOE-EGFPf 5’atgaaaaagcacaagaaaagaatggtgagogaggag 3’
Cf40E-EGFPrev 5’ ctcetegceccttgetcaccattdtgtgctttttcat 3

Table 7: Target sequences and primers used in this work to obtauedhers for the expression
of the fusion proteins Rcr3-mCherry, Cf2-EGFP and Cf4-EGFP.

Cf2 and Cf4 PCR products were purified by GFeolumn and digested with
BamHI. EGFP PCR fragment was purified by GFeolumn and double digested
with BamHI/Notl. The two fragments were ligatedantector pPIC9-6His-MCS
digested with Smal/Notl (keeping the His-tag), @rashsformed irE. coli DH5 .

In order to overcome problems encountered in cipraim OE-PCR (overlap PCR)
approach was chosen. Thus, four overlapping prirfieable 7) were designed and
used to amplify Cf2/Cf4 and EGFP in two separat® RP€actions. The fragments
obtained were then joined and amplified in a subsetiPCR reaction using the
external primers of the two regions of interestjrgg as a final product the fusion
sequences Cf2-EGFP and Cf4-EGFP (Figure 18). PCGRlupts of the third
reaction were gel extracted, purified through GFe6lumn and digested with
Notl.
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Cf2(Cf4) forPhos Cf2(Cf4)-OE-EGFP for
Cf2(Cf4)-OE-EGFP-rev EGFP revNot
Cf2(Cf4) forPhos EGFP revNot

Figure 18 Overlap-PCR technique. Two short overlapping sequences (bicolouosesrare
used as forward and reverse primers in two separate PCRomea&inplicons obtained are
joined together and used as a template to run a third PCRheitbxternal primers of the two
sequences of interest (red and green arrow).

A new strategy was finally adopted to obtain adyefiision product through a
normal PCR reaction. BamHI digested Cf2/Cf4 fragteeand BamHI digested
EGFP fragment were ligated at 14°C overnight, usidgDNA ligase (M1804,
Promega). The next day, fused fragments were aegldy PCR with the external
primers (Cf2/Cf4 forward and EGFP reverse). Finaddpct was digested with
Notl and purified through GFXcolumn, ligated overnight with the SnaBI/Notl or
Smal/Notl digested vector pPIC9-6His-MCS and fipatansformed intcE. coli
DH5 . Colonies were screened through PCR using forB&RHEand 3A0X as
primers. Size of the two plasmids (12 and 11 Kb)s whouble-checked by
restriction analysis using Ncol/Xhol and BamHI (Pexga).

4.2.3 Transformation ofPichia pastoris

Plasmid DNA of pPIC9-6His-derived vectors descrilkedabve was purified
through MIDI-prep (QIAGEN) and linearized with Sall (Promega) to be cloned
into Pichia pastoris strain GS115 (Invitrogen) for expression of thesida
proteins.

The yeast strain was grown in 50 mL of YPD medil$h (Bacto yeast extract,
2% Bacto peptone, 2% dextrose) at 30°C overnidtakiag at 140 rpm in a New
Brunswick/Innova 4230 incubator. The next day, b0 of fresh medium were
inoculated with 2 mL of GS115 culture. After apnmatively 5 hours (OR=1.4),
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cells were centrifuged at 1500g for 5 min at 4°Ge Wwashing step was repeated
two times and the pellet was finally resuspende2-&ml of ice-cold 1 M sorbitol.
Aliquots (80 uL) of the cells from the previoussi®ere mixed gently with 15 pg
of Sall-linearized plasmid DNA, transferred to ae-cold 0.2 cm electroporation
cuvette and incubated on ice for 5 min. Cells wpuised according to the
parameters for yeasbéccharomyces cerevisjagiggested by the manufacturer of
the specific electroporation device being used r@io Gene Pulser). After
electroporation, 1 mL of ice-cold 1 M sorbitol waamediately added to the
cuvette and gently mixed. The cuvette contents weread (200 plL/aliquot) on
minimal dextrose (MD) plates and incubated at 3Qfi@il the appearance of
colonies. Transformants were grown in BMMY mediub%( yeast extract, 2%
peptone, 1.34% yeast nitrogen base, 1% methan6m¥OK H2PO4, pH 6.0)
daily supplemented with methanol to a final concian of 1% (v/v). After
removing cells by centrifugation, proteins in th@tere supernatant (CS) were
separated on Tricine SDS-PAGE and analyzed on Weslets, using specific
antibodies against the two tagged proteins.

4.2.4 Western blotting and protease activity profé (DCG-04 assay)

Production of Rcr3-mCherry by?. pastoris was checked by SDS-PAGE,
western blotting with Rcr3-specific antibody-Rcr3, Eurogentec) and protease
activity profiling DCG-04.

To monitor Rcr3 activity, protease activity praidj was performed at pH =5 by
using DCG-04, a biotinylated derivative of the weesible cysteine protease
inhibitor E-64 that has been used to profile cysteprotease activities from
mammals, insects and plants (Greenbatial, 2000; Kockset al, 2003; van der
Hoorn et al, 2004). DCG-04 treatment leads to irreversibleslialyg of cysteine
proteases with biotin. Since avidins bind prefdediyt to biotin, biotin-tagged
molecules can be extracted from a sample by mixhem with beads with
covalently-attached avidin. Protease activity piragi with DCG-04 was performed
as described by Greenbawgnal. (2000). Biotinylated proteins were captured on
streptavidin beads (Promega), run on a SDS gel,paoded with streptavidin—
horseradish peroxidase (SA-HRP, Sigma).

Briefly, CS ofP. pastoriswas diluted 10 fold in DCG-04 assay buffer (50 mM
NaAc, 10 mM L-cysteine, pH 5.0) to a final volume5®0 |, DCG-04 (220 nM
final concentration) was added and the reactiontureéxwas incubated at room
temperature for 5 hours. Proteins were precipitdétgdadding 1 ml of ice-cold
acetone, washed with 70% (v/v) acetone and subs#ygussolved in 5001 TBS
buffer (50 mM Tris/HCI, 150 mM NaCl, pH 7.5). Biaglated Rcr3-mCherry
protein was bound to magnetic streptavidin beadsniBga) by incubating for 16
hours at 4°C. Proteins were eluted from the begdsobing in SDS sample buffer
and analysed by SDS-PAGE and western blotting sitithptavidin-HRP. Sample
protocol for western blot was derived from Rooeéwl. (2005).
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4.2.5 Gateway Cloning Technology

Gateway cloning technology exploits the bacteriophage ldabecombination
system, thereby bypassing the need for tradititgake-mediated cloning. Once
captured in a Gatewdycompatible plasmid ‘entry vector (pENTR™/D or
pENTR™/TEV/D), an open reading frame or gene flahkg recombination sites
can be recombined into a variety of “destinationtoss” that possess compatible
recombination sites. These plant destination vectave been designed for a
variety of specific purposes including protein llacation, promoter functional
analysis, gene overexpression, gene knockdown b4 Riérference, production
of epitope-tagged proteins for affinity purificatioor analysis of protein/protein
interactions (Earlet al, 2006). For the Protoplast Transient Expressiosass
Cf2(Cf4)-EGFP and Rcr3-Mcherry needed a PR-la semudor extracellular
targeting and a constitutive promoter, like the GaB85S, for proper expressiaom
planta For this last purpose, Gatewaglant destination vectors were chosen. PR-
la sequence was added to Cf2(Cf4)-EGFP and Rcr&iichhrough PCR on
plasmid DNA, using as reverse primers EGFP-revNotdl anCherry-rev
respectively, and adding to the 5’ end of the foadvarimers a 96 bp sequence
encoding the signal peptide. Products of the RGR reaction were gel extracted
on GFX column, and amplified through a second PCR, u#ilgsame reverse
primers and a common forward primer (VAP_PR1 GatFnade up of the first
21 bp of PR-1a but with a CACC site at the 5’ enab(e 8).

Primer Sequence (5’ 3)
PR-1a | atgggatttgttctcttttcacaattgccttcatttcttcttgtctctacacttctcttaticctagtaatactctigccgtgcccaaaat
VAP_PR1 GateF_b | cacatgggatttgttctcttttca

Table 8: PR-la and VAP_PR1 forward primers used for extracellular titaggeand
incorporation of the sequence in the pENTR™/D-TGR®try vector

This sequence facilitates directional incorporatiomto Invitrogen’s
pPENTR™/D-TOP® entry vector. Two different series of plant destion vectors
for protein overexpression and epitope tagging affahity purification were
chosen: series pGWB from Tsuyoshi Nakagawa (Resdastitute of Molecular
Genetics, Shimane University, Matsue, Japan) andsseMDC from Mark Curtis
(Institute of Plant Biology, University of Zurichw#zerland). The first includes
vectors pGWB n° 16, 17 and 18, carrying a C or iMateal 4xMyc-tag, with or
without 35S promoter upstream of the cloning sitmong the second series we
have opted for pMDC32, a constitutive expressiontameharboring a dual 35S
promoter. The three “entry” vectors have also besrtombined in pK2GW?7,
another plant destination vector expressing a tatige 35S promoter and
commonly used at Nematology, WUR. Recombinationvben the entry and the
destination vector (LR reaction) is carried outlirhour at RT; cloning protocol
was downloaded from_ www.untergasser.de/lathe resulting recombinant
plasmids were transformed i coli DH5 .
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4.3 Results

4.3.1 Protoplasts isolation

Protoplasts isolation protocol from tomato leawwgpted from Sheen J. (2002),
gave high yield of viable mesophyll and epidermedtpplasts, whose survival
lasted for almost 24 hours, thus making them sl@tédbr transient expression
assay. Viability of stained protoplasts was obsgrtlerough a Zeiss confocal
microscope. Red fluorescent cells indicate thelbofdhe plasma membrane, thus
a dead protoplast. Green fluorescent cells inditederelease of fluorescein in the
cytoplasm, thus a living protoplast (Figure 19).

Figure 19: Mesophyll and epidermal protoplasts isolated from tomato le@tds and confocal
microscope images of a dead (c) and a viable (d) protatéased with FDA and PI.

4.3.2 Cloning: Rcr3-mCherry and Cf2(Cf4)-EGFP

Three E. coli DH5 transformants were found to carry the pPIC9 vector
harboring the Rcr3-mCherry sequence: M3CG n° 1%(Shone), N3AC n° 1 and
N3AC n°13 (SnaBl clone). Six positive clones wet#amed in the cloning of
Cf2(Cf4)-EGFP: Al (Cf2-EGFP without His-tag) and (B®-EGFP with His-
tag), E12, F10 (Cf4-EGFP with HIS-tag) and H2, IKE34(EGFP without His-tag).
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Colonies ofE. coli DH5 containing the pPIC9-(Rcr3-mCherry) vector showed
weak pink-red color as a probable consequence ef filorescent protein’s
expression.

4.3.3Pichia pastorisexpression system: western blotting and DCG-04 ass

Both fusion proteins were successfully expresseldichia pastorisexpression
system. However, protease activity profiling withCG-04 showed that the
fluorescent tag mCherry is cleaved off when thetasge protease Rcr3 is
activated. In fact, even if the expected size @& Rcr3-mCherry fusion protein
(63.4 kD) was confirmed by immunoblotting withRcr3 antibodies, the protease
activity profiling with DCG-04 detected only the méagged Rcr3 protease (23.3
kD, Figure 20). Conversion of the inactive propmote the mature and active form
of Rcr3 is dependent on a short sequence presdre &tend and encoding for one
or more polypeptides. The removal of this sequendbe DCG-04 assay buffer
probably caused Rcr3 to cleave off itself, thus aeimg the fused fluorescent
protein mCherry. Confocal microscope analysidPathia pastoriscells carrying
the construct Cf2-EGFP showed fluorescence. Howealsw control transformants
expressing Avr4 (with no fluorescent tag) showeeacl fluorescent cells.
Apparently, Pichia cells emitted light via self-induced fluorescentt@ough
absorption of another invisible wavelength.

Figure 20 Protease activity profiling (DCGO04-assay) detected only3 R28.3 kD), suggesting
that the fluorescent tag mCherry is cleaved off by thigigcof the cysteine protease.
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4.3.4 Gateway vectors

All the three constructs (Cf2-EGFP, Cf4-EGFP and3RuCherry), containing
the PR-1a sequence for extracellular targetinghef fusion protein, have been
cloned in the entry vector pPENTR™/D and transfornmed. coli DH5 .

Destination vectors pMDC32, containing Cf2-EGFP &0@d-EGFP with a
double 35S promoter, and vectors pK2GWB, carryirgdequence of all the three
constructs with a single 35S promoter, were suéaggsloned inE. coli DH5 .
Vector pGWB, carrying a 4xMyc-tag, wasn’t receiNmfore the end of the project
and is currently under construction (Figure 21)ve®al positive transformants
derived from the two reactions were chosen (Taple 9

pENTR™/D(Cf2-EGFP 11

ENTRY VECTORS PENTR™/D(Cf4-EGFP) 4 45, 4,
PENTR™/D(Rcr3-Mcherry) RR; R3
PMDC3Z(Cf2-EGFP) 4, 25, 23, 24, 25, 2
PMDC32(Cf4-EGFP) 4 4, 4, 44, 4s
DESTINATION VECTORS | pK2GW7(Rcr3-Mcherry) R Ry, R, R4, Rs
PK2GW7(Cf2-EGFP) 2 2, 26, 2, 2, 2, 210
PK2GW7(CFA-EGFP) 4 4, 43, 44, 4, 46

Table 9 E. coliDH5 positive transformants obtained through Gatgning technique

53) |

35S I CF2 (CF4) EGFP
35S I CF2 (CF4) EGFP

Figure 21: Plant destination vectors for GateWaygloning technique. From the top to the
bottom: pMDC32, pGWB and pK2GW?7. Arrows indicate recombination svids the “entry”
vector.




69

4.4 Discussion

The project dealt with during the research peripéns abroad couldn’t be
completed in the time agreed with the DepartmemtceSthe beginning, it was
clear that the aim of this project was highly abawe knowledge and skills, and |
was immediately warned about difficulties and peobs | could have encountered.
Considering my poor experience with molecular lgglo cloning sequences
encoding for fusion proteins of 100 kDa requireldrag time. When the materials
and methods for the protoplast transfection and FREIM microscopy were
ready, it was time for me to go back to Italy. Hoee the support, the confidence
and the unique work environment | found during nigys helped me to face
problems and disappointments, and improved my éxpez and my will to
accomplish the project.

Race specific resistance elucidated by the gergdoe theory and triggered by
the specific interaction between the tomato rescaaprotein Cf2 and the
avirulence protein Avr2 ofladosporium fulvumis mediated by the plant protease
Rcr3. The guard hypothesis has always fascinated investigating through
fluorescence microscopy where this self-modifiedogmition occurs in the cell,
and unraveling if others players are involved iis thteraction was an extremely
interesting objective. Although the use of fluoesictags to track individual
proteins in cells has a long history, the availgbibf new confocal microscopy
and cloning techniques has furnished tools of greéaersity and utility.
Protoplast-based transient assay systems havedptbadvantages for many types
of assays in plants.They have proven very usefutiiesecting a broad range of
plant signal transduction pathways, transcriptione@gulatory networks, and
evaluation of reporter gene expression (Mazeirel, 2008).

Unluckily, protease activity of Rcr3 cleaved ofetmCherry tag and microscope
analysis of protoplast cultures transfected withnpldestination vectors couldn’t
be performed. Obtaining a fusion protein with agiitinal fluorescent tag instead
of the C-terminal mCherry tag could be a possilgtuton to overcome this
problem, but it could also expose the tag to admgisk of cleavage by the activity
of exopeptidases. Another option resides in theofisgatewa§ technology, since
some destination vectors are compatible with pmoteecretion fromPichia
pastoris (Espositoet al, 2005). A Chinese post-doctoral researcher iseotiy
following the project.

Indeed, protocols for protoplast isolation, clonimigthe fusion sequences and
exploitation of Gatewdy cloning technology were improved. The high numbier
positive clones obtained and the expression offus®n proteins Rcr3-mCherry
and Cf2-EGFP iPichia pastorisvere remarkable achievements.
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5 Induced systemic resistance (ISR) and PGPR

5.1 Introduction

Root colonizing bacteria (rhizobacteria) that exsgnheficial effects on plant
development via direct or indirect mechanisms Hasen defined as plant growth
promoting rhizobacteria (PGPR) (Nelson, 2004). Plarowth-promoting
rhizobacteria were first defined by Kloepper andhdth (1978) to describe soill
bacteria that colonize the roots of plants follogvinoculation onto seed and that
enhance plant growth. The widely recognized medmarof biocontrol mediated
by PGPR against pathogens is competition for amogmal niche/substrate and
production of inhibitory allelochemicals. Select&GPR, mainly fluorescent
Pseudomonaspp, have been demonstrated to control plant skseeffectively by
suppressing pathogens and deleterious microorganigmough siderophore-
mediated competition for iron, or antibiosis (Thamaw and Weller, 1995).

Under conditions of low iron availability, most abic and facultative anaerobic
microorganisms, including fluoresceRseudomonaspp., produce low-molecular
weight Fé*-specific chelators, so-called siderophores, wisiehuester ferric ions
in the environment thus making them not availalde the growth of other
microorganisms (Ho6fte, 1993). Also the synthesisuatiimicrobial compounds by
PGPR plays a major role in the suppression of smi plant pathogens. The
antibiotics pyoluteorin (PIt), pyrrolnitrin (Prn2,4-diacetylphloroglucinol (DAPG)
and phenazine-1-carboxylic acid (PCA), are a mimous of research in biological
control (Hammeeet al, 1995; Krauset al, 1995; Bangera and Thomashow, 1996;
Raaijmarkerset al, 1997). Several reports have also pointed to {fmergistic
interactions between PGPR and arbuscular mycoirtdd) fungi in stimulating
plant growth and resistance to parasites (Sanehe#., 2004; Arturssoret al,
2006).

At the beginning of the nineties, research on meisias of biological control
by PGPR revealed that some PGPR strains protecitsplagainst pathogen
infection through induction of systemic resistanacgithout provoking any
symptoms themselves (van Peg¢ral, 1991; Weiet al, 1991). The protection is
typically manifested as both a reduction in disesg@mptoms and inhibition of
pathogen growth and appears to be phenotypicathylasi to pathogen-induced
SAR. This effect of PGPR is referred to as indusgstemic resistance (ISR) and
has been demonstrated in different plant specieduding bean, carnation,
cucumber, radish, tobacco, tomato, and the modaht fArabidopsis thaliana
(Alstrom, 1991; Kloeppeet al, 1992; Maurhoferet al, 1994; Leemaret al,
1995; Van Looret al. 1998).

ISR generally results in a non-specific resistaagainst different pathogens
characterized by the accumulation of basal defeosepounds, and the level of
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protection has been observed to vary depending®®GPR strain, the colonized
plant and the challenging pathogen (Rgu al, 2003; Spenceet al, 2003;
Mezianeet al, 2005). Peroxidase, chitinase, polyphenol oxidaskephenylalanine
ammonium lyase (PAL) are common defense enzymegawlby PGPR. A well-
studied example of this phenomena is the intemacbetweenPseudomonas
fluorescensand A. thaliana P. fluorescensstrain WCS417r applied on roots
protects leaves fronPseudomonas syringgev. tomato DC3000 andFusarium
oxysporumf. sp. raphani Resistance is induced independently of SA and PR
accumulation, but requires an intact responsed@thnt hormones jasmonic acid
(JA) and ethylene (ET) (Hofflandt al, 1995; Pieterset al. 1996). The JA/ET
signaling pathway is often designated as inducstksyic resistance (ISR) but this
term is also used to refer to quite different psses than those initiated by
rhizobacteria. So far, most of the forms of resistatriggered by PGPR have been
shown to be systemically induced in the plant byeast one of the two plant
hormones. It was already mentioned in the firstptéra that plant defense
responses may be tailored to the attacking pathogiéim SA-dependent defenses
acting against biotrophs, and JA- and ET-dependesponses acting against
necrotrophic pathogens (McDowell and Dangl, 2008pmmaet al, 2001). This
indicate that pathogens with a hemi-biotrophicslifge may trigger both pathways
(van Weeset al, 2000) but doesn’'t explain how saprophytic rhiztibea can
induce a JA-ET-mediated defense response.

There are at least two theories that elucidatetrijgering of ISR by PGPR:
rhizobacteria may produce molecules acting as géeécitors and recognized as
PAMPs by the plant, or, in a fascinating but urijkeay, specific molecules of
the bacteria may be perceived as distinguishinggiip features of a host-microbe
symbiotic relation. In general, the mechanisms Ive® in rhizobacteria-mediated
ISR appear to vary among bacterial strains or ggdtems and much remains to
be discovered about the nature and variety of hatteterminants responsible for
the elicitation of defense mechanisms (Ongeral., 2005).

5.1.1Pseudomonaspp. and bacterial determinants of ISR

Both antagonism and ISR are very important mechais biological control
of plant pathogens by PGPR. The antagonists cowégttly suppress pathogens
with metabolites or antibiotics in the rhizosphdre.addition, induced systemic
resistance may also establish a further strengigemii defense responses against
pathogens living outside of the soil. Fluorescesgyglomonads such Bs putida,
P. fluorescensand P. aeruginosa,are among the most effective rhizosphere
bacteria in reducing soil-borne diseases (Well@88). Biological controbf these
bacterial species is mainly due to their abilityptoduce antibiotics such as PCA
and 2,4-DAPG (Keett al, 1996; Raaijmakerst al, 1997; 1998; 2002). Even if
some Bacillus spp. have been found to trigger systemic resistgiYan et al,
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2002; Kloeppeet al, 2004), most ISR-inducing PGPR strains belondghéogenus
Pseudomonagsensu stricto, Group |). Bacterial determinarithese species have
been widely investigated for their capacity to geg a systemic resistance in the
host plant (Table 10). Till the end of the ninetidsterminants oPseudomonas
spp. responsible for ISR elicitation could be deddnto two classes: cell surface
components, such as membrane lipopolysaccharideS)(br flagella, and iron-
regulated metabolites with siderophore activityrf\{aonet al. 1998).

Determinant PGPR strain Host Reference
Cell surface components
Flagella P. putidaWCS358 Arabidopsis| Mezianeet al, 2005
Lipopolysaccharides | P. fluorescen®VCS374 | Radish Leemaret al, 1995
Arabidopsis| Van Weest al, 1997
P. fluorescen¥VCS417 | Carnation | Van Peer and Schippers, 19
Radish Leemaret al, 1995
Arabidopsis
P. putidawCS358 Bean Mezianeet al, 2005
Tomato
Fe-regulated metabolites
N-alkylateq be_nzylamlne P. putidaBTP1 Bean Ongeneet al, 2005
derivative
P. fluorescen€HAO Tobacco Maurhofer,et al, 1994
P. fluorescen¥VCS374 | Radish Leemaret al, 1996
Pseudobactin siderophor P. put?daWCSB58 Arabidopsis Mez!aneet al, 2005
P. putidaWwCS358 Bean Mezianeet al, 2005
P. putidaWwCS358 Eucalyptus | Ranet al, 2005
P. putidaWwCS358 Tomato Mezianeet al, 2005
Antibiotics
2,4-Diacetylphloroglucinol P. fluorescen§2-87 Arab!dops!s We.IIer.et al, 2004
(2.4-DAPG) P fluoresceneHAO Arabidopsis Ia_V|c_oI| et al, 2003
Tomato Siddiquiet al, 2003
Massetolide A P. fluorescens SS101 | Tomato Tranet al, 2007
Pigments/others
P. aeruginos& NSK2 Bean De Meyeret al, 1997; 1999a
Salicylic acid P. aeruginos& NSK2 Tobacco De Meyer et al., 1999b
P. fluorescen®3pchBA | Tobacco Maurhoferet al, 1998
Pyocyanin and pyochelin| P. aeruginos&/ NSK2 Tomato Audenaeret al, 2002
(and/or salicylic acid) | P. aeruginos&/ NSK2 Rice De Vleesschauwesat al, 2006
N—acylh?l\T ZT_'eL“Sr;e lactong P. putidalsoF Tomato Schuheggeet al, 2006
P. fluorescen¥VCS374 | Radish
Unknown P. fluorescen¥VCS417 | Radish Leemaret al, 1996

Adapted from Bakkeet al, 2007.

Table 10: Determinants oPseudomonaspp.involved in ISR triggering.
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However, in the last ten years evidence has rasmulit the involvement of
other bacterial specific molecules in the estabtisht of ISR (Figure 22). The
pigment pyocyanin fronP. aeruginosaan N-alkylated benzylamine derivative
from P. putidg bacterial signaling molecules &bkacylhomoserine lactones (N-
AHLSs) and the volatiles 2,3-butanediol and acethawe all been shown to induce
systemic resistance (see Table 10 for referende®restingly, it was recently
demonstrated that also antibiotics produced byedifitPseudomonaspp., like
the cyclic lipopetide Massetolide A and 2,4-DAP@e able to trigger ISR. The
importance of DAPG production in ISR was furthepported by observations that
mutants that do not produce DAPG do not inducestasce, and ISR triggering is
restored in complemented mutants (laviaalial, 2003; Welleret al, 2004). A
role of bacterial antibiotics in the activationtadst defense was also demonstrated
for surfactin, a lipoprotein produced Bacillus subtilis(Ongeneet al, 2007) and
it's possibly related to the mode of action of iyra broad-spectrum antibiotic
produced by strain GB03 oB. subtilis commercially available as Kodiak
(Gustafson Inc., TX, USA).

Figure 22 Molecules synthesized IB3seudomonaspp. shown to induce resistance in plants.

Unluckily, apart from the genes involved in JA/Eibdynthetic pathways, it's
difficult to assess induced systemic resistancehi@obacteria through common,
interspecific traits. Plant responses to bactedetlerminants may vary, and a
molecule produced by different strains of the samecies may induce different
effects in the same host. Development of indicatants that contain a reporter
gene that is expressed when ISR occurs would keumental in identifying
additional bacterial triggers of ISR (Bakledral, 2007).
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5.1.2 Abiotic resistance inducers

Synthetic compounds called chemical inducers céecifely trigger induced
resistance responses (Sticheal, 1997). Some of the best characterized examples
are 2,6-dichloro-isonicotinic acid (INA) and acilzetar-S-methyl (BTH). These
compounds induce the same spectrum of resistangatiaggen-induced SAR with
concomitant activation of SA-dependent PR genesn&gj et al, 1995; Friedrich
et al, 1996; Lawtoret al, 1996). Since BTH has been shown to be so efeativ
crop protection against bacterial and fungal disgas was commercially released
under the name of BiSn(Europe) and Actigafti(USA).

The non-protein amino acid-aminobutyric acid (BABA) has been shown to
protect Arabidopsis against different virulent pathogens by potenitiplant
defense mechanisnsich as callose deposition, HR, and the formatfanading
necroses (Zimmerlet al, 2000; Jakalket al, 2001). In the case of necrotrophic
pathogens, BABA protected mutants insensitive toadd ethylene (Zimmerket
al., 2001). Moreover, application of 10 mM BABA on #atro led to the formation
of ROS, lipid peroxidation and an increase in SAteat of leaves (Siegrigt al,
2000).

Recently, the plant growth retardant prohexadioag®oCa, commercial name
Regali§, BASF, Germany) was found to block the synthedigyrowth-active
gibberellins (Rademacher, 2000; Rademacher & KoB603), leading to the
formation of the novel antimicrobial compound Iutaol (Halbwirth et al, 2003;
Spinelli et al, 2005). This molecule seems to induce resistamcemany
economically important species, including pear apple (Bazzet al, 2003a,b).

The jasmonate pathway is phylogenetically consearetifound in many plants,
and results in the production of many secondaryabwites and the expression of
a wide set of defense genes (Creelman and Mul@&g7;1Constabel and Ryan,
1998). Exogenous jasmonate application have beewrshto induce the
production of a diverse array of putatively defgastompounds in both monocots
and dicots, but commercial products based on jasnamid formulations are still
under development (Crae¢al, 2003; Pena and Vargas, 2007).

Several Pseudomonasspp. strains were isolated and tested for their
antimicrobial activity and the ability to producket antibiotics 2,4-DAPG and
PCA. The induction of a form of systemic resistamcéomato plants treated with
a DAPG-positive strain was investigated, using psstive control jasmonic acid.
Reduction of disease severity by the same straamagthe bacterial speck caused
by Pseduomonas syringg@&. tomatowas also assessed in tomato plants cv Perfect
Peel ensuring no direct contact between the selédaeterium and the pathogen.
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5.2 Materials and methods

5.2.1 Microorganisms

Fluorescent strains dPseudomonaspp. were isolated from several vegetal
samples, includingarpobrotus edulis, Datura stramonium, Verbespg, Apium
graveolensand Euphorbia pulcherrimaAll strains were mantained at 27°C by
weekly transfer on King’'s B (KB) agar (Kirg al, 1954).

5.2.2 Strains identification: LOPAT and biochemicaltests

The LOPAT determinative tests,(levan production; Qoxidase production;,P
pectinolytic activity; _A arginine dehydrolase synthesis; and ftbacco
hypersensibility) are widely applied to differenéidPseudomonaspp. isolates.
(Lelliott et al, 1966).

Hypersucrose medium (5%, NSA) was used to assesprtduction of the
exopolymer levan by the bacterial strain of interésr the oxidase test, a single,
purified colony was spread over a filter disc comty a 10 | drop of N, N, N’,
N’-tetramethyl-p-phenylenediamine dihydrochlorice) aromatic amine able to
detect the presence or absence of cytochrome @asxith the microorganism. In
the reduced state (negative), the reagent is es®riwhile in the oxidized state
(positive) the reagent is deep blue/purpRseudomonas fluorescerand P.
syringaewere used as positive and negative control, réisee Production of
pectolytic enzymes was assessed putting all@rop of a 16 cfu/ml bacterial
suspension over a potato cylindrical slice, udtmgyinia carotovoraand water as
positive and negative control, respectively. Degtaah of arginine was assessed
in tubes containing 5 mL of Thornley's 2A mediuniL(gpeptone 1.0, NaCl 5.0,
KoHPO, 0.3, phenol red 0.01, arginine HCI 10, agar 3.61 p.2). After
sterilization, 2 mL of liquid paraffin were addemidreate anaerobiosis and the tube
Is inoculated with a colony of the bacteria. Afteidays of incubation at 27°C,
presence of arginine dehydrolase was determinedighr change of the medium
color from weak orange to intense piflseudomonas fluoresceasdP. syringae
were used as positive and negative control, relspéet Suspension (£afu/ml)
of the bacterial strain of interest are injectedpianels of tobacco leaves to
determine the induction of hypersensitive respassieg water ané. syringaepv.
syringaestrain 6285 as negative and positive control.

Reduction of nitrate (N¢) to nitrite (NQ) by nitrate-reductase was determined
by the method of Follet and Ratcliff (1963) usiAgfluorescenandP. syringae
pv. syringaestrain 6285 as positive and negative control,aetyely. Production
of acidic compounds from utilization of sucrose wBtermined inoculating the
bacterial strains in tubes containing 6 mL of Ayeradium (0.1% w/v NgH,PO,,
0.02% KCI, 0.02% MgSErH,O, 0.015% bromothymol blue, 1.2% agar, 2%
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sucrose, pH 7.0) (Ayerst al, 1919). After three days of incubation at 27°C,
positive strains turn the color of the medium frblae to yellow.P. syringaepv.
syringaewas used as negative control. To determine thityalm produce the
sugar 2-ketogluconate the strains were inoculatetlibes containing 10 mL of
medium (pH 7.0) of the following composition (g/lyyptone 1.5, yeast extract
1.0, K,HPQO, 1.0, sodium gluconate 40. Tubes were incubatedrotary shaker at
27°C for 7 days. After 3 days, 3 mL of the culturesre transferred in a sterile
tube adding 0.6 mL of Benedict's reagent. Tubesween placed in boiling water
for 10 minutes, and the precipitation of copperdale (dark orange-brown color)
was considered positive for the production of Zsgkiconate.Pseudomonas
fluorescens and P. syringae were used as positive and negative control,
respectively. The ability of the selected straimdiquefy gelatin, to grow at 4°C
and 42°C, and the utilization of meso-inositol, siol and trehalose as carbon
sources, were also tested on minimal media.

5.2.3 Strains identification: PCR assays

Genomic DNA of the bacterial strains was extraaisthg the QlAamp DNA
Mini Kit (51304, Qiagen), following manufacturerigrotocol. Three different
primer pairs were used to amplify inter- and inpesfic DNA regions of the
bacteria of interest (Table 11). For amplificatioh Pseudomonad6S rRNA
genes, the highly selective PCR primer pair Psaiod Ps-rev (Widmeet al,
1998) were used. PCR product was gel purified utiegWizar® Gel and PCR
Clean-Up System kit (A9281, Promega) and sent fequencing to BMR
Genomics (Padova, Italia). Sequences were blasteé@denbank database. DNA
16S specific region foPseudomonas fluorescemsnplification was performed
using the primer set 16SPSEfluF and 16SPSER (Sbarpet al, 2004). Primer
forward is species specific, while the reverse amify specific. Pseudomonas
putida was detected using the specific primers Xylr-Fad Xylr-rev. This primer
pair was designed to amplify a 259-bp fragmenthefxylR gene on the pWWO
plasmid of the bacterium (Kuslet al, 1998). Amplifications were performed in a
AB2720 thermocycler, setting the thermal profilesparted by the authors.
Amplicons were run at 70 V on a 1 % agarose gainst with ethidium bromide
and visualized with a UV transilluminator.

Target Primer pair Sequence (5’ 3) Length

Pseduomona P<for GGTCTGAGAGGATGATCAGT 1007 by
spp. Ps-rev TTAGCTCCACCTCGCGGC

P. fluorescer 16SPSEflul TGCATTCAAAACTGACTG 850 by
16SPSEr AATCACACCGTGGTAACCG

P. putida XyIR-F1 TCGCTAAACCAACTGTCA 259 bp
XylR-R1 GCACCATAAGGAATACGG

Table 11 Primer pairs, sequences and length of the amplicons forditification of
Pseudomonaspp. tested in this experiment.
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5.2.4 Antagonism and mechanism of action

Antimicrobial activity and mechanism of action diketselected strains against
the phytopathogenic bactefiawinia amylovoraand Xanthomonas arboricolav.
pruni was determineth vitro. A spot of the colony was spread in the centea of
KB or GA medium Petri dish and incubated for 48 risoat 27°C. The spot was
then removed with a glass stick and the plate wpssed to chloroform vapors to
kill residual cells. After 30 min, a bacterial sesgion (18 cfu/ml) of the
pathogensX. a. pv pruni and E. amylovorawas poured into the same Petri dish,
and incubated at 27°C. After 24 h, production dfraicrobial compounds by the
antagonistic strain is associated with an “inhdmtring” around the spot.

Mechanism of action was determined by the methoGalassoet al. (2002).
Also in this case, a spot of the antagonist wasapim the center of a KB or GA-
medium plate and, after 48 hours of incubation &2 the cells were removed
and exposed to chloroform. Small holes (2-3 mm Jeegre made around the
perimeter of the removed bacterial spot with a fpgep and filled with 10 L of
the following solutions: pronase (20mg/mL), protsa-K (10 mg/mL), Fegl(50
mM FeCk in 10 mM HCI) and sterile water. Drops were leyidg, and after 30
minutes 5 mL of a semi-solid (7%) agar medium cinitig a suspension (10
cfu/mL) of E. amylovoraor X. a pv. pruni was poured into the plate. Petri dishes
were incubated for 24 hours at 27°C. The absenaahdbition near one of the
holes indicates the inactivation of siderophoripeptidic antimicrobial molecules
produced by the antagonist.

5.2.5 Production of 2,4-DAPG and PCA

Production of the antibiotics 2,4-diacetylphloraghol (DAPG) and phenazine-
1-carboxylic acid (PCA) by the selected strains wasermined through PCR
technique using primer pairs Phl and PCA (Tablede2eloped by Raaijmakees
al. (1997). The PCR thermal profile consisted of aitiahdenaturation step at
94°C for 2 min followed by 30 cycles of 94°C for §067°C for 45 s, and 72°C for
60 s, and a final elongation step at 72°C for 18.MAmplicons were run at 70 V
on a 1 % agarose gel, stained with EtBr and vigedlwith a UV transilluminator.
Positive strains were furnished by Jos RaaijmakérslR, NL) and primers by
Enrico Biondi, DISTA.

Target Primer pair Sequence (5’ 3) Length
2,4 DAPC Phl2a (F GAGGACGTCGAAGACCACC!/ 745 by
Phi2b (r) ACCGCAGCATCGTGTATGAG
PCA PCA2a (F) TTGCCAAGCCTCGCTCCAAC 1150 bp
PCA3b (r) CCGCGTTGTTCCTCGTTCAT

Table 12 Primer pairs, sequences and length of the amplicons for dhectidn of the
Pseudomonaspp. antibiotics 2,4-DAPG and PCA.
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5.2.6 Induced resistance assay: plant material artdeatment

Three week old tomato plants (cv Perfect Peel) wgeogvn in climate chamber
under a 16 h light/8 h dark cycle at 25°C and 8Q#midity. A 10 mM MgSO4
suspension of the DAPG-producing strain m5 Rgeudomonas putidg10’
cfu/mL) was used for root irrigations of 20 tomatants, 1 week, 3 days and 24
hours before the foliar treatment with & tu/mL suspension of the leaf pathogen
Pseudomonas syringapv. tomato (strain DC3000). Bacterial inoculum was
prepared by harvesting cells from KB-agar platesulated at 27°C for 24 h.
Immediately after inoculation of strain DC 3000¢ thlants were kept in 100%
humidity covering the shelves containing the plamts a wet, plastic film (Figure
23). Irrigation with water was used as negativetrmyrand plants were randomly
disposed in the climate chamber. Incidence of tkeade was assessed two weeks
after inoculation, adopting as parameter the nurabbacterial specks for plant.

Figure 23 A successful inoculation ¢&. syringaepv. tomatorequires high humidity conditions.

5.2.7 Plant materials, RNA extraction and multiplexRT-PCR

Two weeks old tomato plants cv Money Maker, growrcliimate chamber at
22°C with 16 h of light, were treated with root &pations (10 cfu/mL) of strain
m5 of P. putidg five, three and one day before the foliar treatinveth a 250 M
solution of jasmonic acid (J2500, Sigma) and watespectively used as positive
and negative control. Four non-treated plants wesed as additional controls.
Transcription of the pathogenesis-related gened PRR-4, PR-5 was monitored
at different times (0 h, 6 h, 24 h, 72 h) throughitiplex RT-PCR technique. Since
transcription of EF1 gave alternate results in éxperiment with pullulans, the
regulatory component TomNPR1 (456 bp) was also erh@s internal control.
Starting from 100 mg/sample of leaf material, tqi@Ent RNA was isolated using
the RNeasy Plant Mini Kit (Qiagen, Valencia, CA) pging two main
modifications to the protocol as previously desedibPrimers, thermal profiles and
multiplex RT-PCR reaction mix were the same desgctiimn chapter 3 (Table 4).
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5.3 Results

5.3.1 Strains identification

Several strains producing fluorescent pigment ongksi B (KB) agar and
showing in vitro antimicrobial activity towardsErwinia amylovora and
Xanthomonas arboricolapv. pruni were isolated: strain “IS” fromApium
graveolens;verbena+” and “m5” froniVerbenaspp.,“FluoSdN” from Euphorbia
pulcherrimaand “KB+succula” fromCarpobrotus edulisProfiles derived from
LOPAT and biochemical tests (Figure 25) are shoimedlable 13. Three strains
were finally selected for further studies: m5, il &B+succula (Figure 24).

Figure 24: From left to right: inhibition ring of m5 again&t amylovorathe three strains object
of this study on KB-medium; inhibition ring of KB+succula agaisa. pv pruni.

L{O|P|A|T|ketoG | NOsRed|AcidSac|4°C |42°C|Gel| M |I [T
m5 -+ -+ - + + - + - S+ |+ [+ +
IS + |+ -]+ - + - + + - + |-+ ]|+
KB+succula -+ |V |+ - + + - - + ¥ |+ |-[-
Verbena+ - - + - -
FluoSdN ol e 5 + -
P.aeruginosa | - |+ |V |+ | - + + - + | + | -|-
P. fluorescens
Biovar | + |+ |-+ - + - + - F | + |+ |+
Biovar I + |+ | -]+ - + + + - + +| H+
Biovar Il -+ -+ - + + + R + F |+ |+
Biovar IV + |+ | -]+ - + + + - + +| H+
Biovar V -+ -+ - + - + - _ + |+ +
P. putida -+ -]+ - + - + - I RN R

Table 13 LOPAT and additional biochemical profiles are useful to diffdiatePseudomonas
spp. isolates (v=alternate response; M=meso-inositol; I=inp$itarehalose).
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From biochemical tests, IS appeared to belong ¢odil of P. fluorescensnd
m5 to Biovar Ill. KB+succula was most likely R aeruginosaable to grow at
42°C and occasionally isolated from plants orignatfrom the south of Italy.
FluoSdN and verbena+ could be identified bothPagoutida or P. fluorescens
Biovar V.

Figure 25 LOPAT and biochemical tests: a) Potato rot; b) Arginine defigse; c) Production
of 2-ketogluconate; d) Liquefaction of gelatin; e) Nitrate réidnctest; f) Acidity from sucrose.

The specific primers 16SPSEfluF and 16SPSEr coedirt® to beP. fluorescens
Biovar | (Figure 26), amplifying the 850 bp sequeldso in the positive control (strain
IPV-BO G19), while no amplification was noticed &train m5.

Partial sequencing of the 16S rRNA gene, commoallté®’seudomonaspp.,
confirmed KB+succula to be. aeruginosg96% identity with the 16S rRNA gene
of P. aeruginosastrain PB11, Accession number EU360107), but BLA&SuIlts
also indicated a strong identity (99%) of strain mdh the 16S rRNA gene of
Pseudomonas putidastrain JM9 (Accession Number: FJ472861). However,
specific primers forP. putida didn’t confirm this result, amplifying a 259 bp
fragment only for FluoSdN (Figure 26). Moreover, més found to be positive for
the nitrate test and able to use trehalose andahas carbon sources.
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Figure 26: Identification ofP. fluorescengstrain IS, left) andP. putida(strain FluoSdN, right)
through PCR using the specific primer pairs 16SPSEfluF/16SPSEXgiRiF1/XyIR-R1
amplifying a 850 bp and a 259 bp amplicon, respectively.

5.3.2 Mechanism of action and production of antibitics

All the three antagonistic strains investigated evehown to produce Fe-
dependent metabolites, possibly siderophores, lutproduction of peptidic
molecules was observed (Figure 27).

Figure 27. Growth inhibition of the pathogerwinia amylovoraby strain IS ofP. fluorescens
(right) and strain KB+succula . aeruginosgleft) is suppressed by Feons (white arrow),
demonstrating a siderophore-like activity by the tested micro@ge.

Only strain m5 was shown to posses ®i@ loci for the synthesis of the
antibiotic 2,4-diacetylphloroglucinol (DAPG), whileone of the strains harbored
the PCA gene encoding for phenazine-1-carboxyiid @gegure 28).
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' | W

Figure 28 Amplification of thePhl loci required for the synthesis of diacetylphloroglucinol in
strain m5 (white arrows). Positive controls for 2,4-DAPG a@d Production are indicated with
red arrows.

5.3.3. Induced resistance againgflseudomonas syringgav. tomato

First symptoms of bacterial speck were alreadycedtin the inferior surface of
the leaves 6 days after inoculation of strain DA@BOOP. syringaegpv. tomatq and
kept increasing in their extent. Three days afteculation of the pathogen, it was
immediately noticed that some of the plants wenshg confluent necrosis in the
apex of their top, younger leaves (second/thirdndiig where the bacteria
normally initiate to penetrate the host throughrsita (Figure 29).

Induced resistance-mediated disease suppressistraiy m5 ofP. putidawas
determined as a drastic and significative decred$macterial specks with respect
to the non-bacterized control treatment. Statisacealysis (StatGraph) confirmed
a statistically significant difference (ANOVA tegp=0.0047) between the two
treatments (Table 14 and Figure 30).

ANOVA table
Bacterial specks by treatment Sum of squares| Df | Mean square| F-ratio | P-value
Between groups 12638.0 il 12638.0 9.02 0.0047
Within goups 53246.3 38 1401.22
Total (corr. 65884 39
Necrotic lesions by treatment| Sum of squaresDf | Mean square| F-ratio | P-value
Between groups 81.225 il 81.225 8.40 0.0062
Within goups 367.55 38 9.67237
Total (corr.) 448.775 39

Table 14 ANOVA table showing differences between the treatmemtbdth the parameters.
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Figure 29: Classic symptoms d?Pseudomonas syringge. tomatoon leaves of cv Perfect Peel
(a+b), and confluent necrosis of the apex in plants tredtadhe rhizobacteria (c+d).

Figure 30. Statystical analysis for the induced resistance asSttGraph plots and total
incidence of disease (top) and apex necrosis (bottom) bethvedénwo treatments.
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Normalized to the water control (100% disease)ijderce of the disease Iin
plants treated with the rhizobacteria didn’'t excdssl 28%, clearly demonstrating
an induction of resistance by strain m5.

A statistically significant difference (ANOVA tesp=0.0062) between the two
treatments was also determined in the distributbrtonfluent necrosis. Plants
treated with root applications of the rhizobacteslmwed events of necrosis 70%
more with respect to the water control (Table 14 Bigure 30).

5.3.4 Multiplex RT-PCR assay

A map of the treatments for the multiplex RT-PCRagsis shown in Table 15.
Curiously, transcription of the pathogenesis-relgisotein PR-1 was assessed also
in control (n° 1, 2, 12, 23) and non-treated plai$ 10, 20). It has to be
mentioned that all plants (apart from the nT cdejrovere treated outside of the
climate chamber to avoid side effects. Compareth#ofirst multiplex RT-PCR
assay, testing the effect of fungal exopolysacdearbn tomato plants of the same
cv, this experiment have demonstrated that trgpison of defense genes may also
occur in non treated plants kept at standard ciomdit(Figure 31). The possible
reasons for this induction will be discussed inptea5.4.

Oh 6h 24 h 72 h
1 w1 11 w1 21 w1 31 W 1
2 w 2 12 w 2 22 W 2 32 W 2
3 W 3 13 W 3 23 W 3 33 W 3
4 mS 1 14 mS 1 24 mS 1 34 mS 1
5 m5 2 15 m5 2 25 mS 2 35 mS 2
6 m5 2 16 m5 3 26 mS 3 36 mS 3
7 JA 1 17 JA 1 27 JA 1 37 JA 1
8 JA 2 18 JA 2 28 JA 2 38 JA 2
9 JA 2 19 JA 3 29 JA 3 39 JA 3
10 nT 1 20 nT 1 30 nT 1 40 nT 1

Table 15 Map of the treatments and repetitions for the multiplex RRRSsay testing the
responses of tomato plants cv Money Maker to treatmetttssivain m5 and jasmonic acid.

While weak PR-1 transcription was detected in @drgated with strain m5 at
time 0, transcripts increase could be noticed lithal other surveys (n° 15, 16, 24,
25, 26, 34, 35, 36), showing a clear induction o tdefense molecule by the
rhizobacteria when compared to transcription of ititernal control used in this
assay (EF1). Also the positive control jasmonicda¢k50 M) induced
transcription of PR-1 (n° 7, 17, 18, 19, 27, 37, 38), even if this pathogenesis-
related protein has always been considered a mByk&AR and its expression is
normally related to accumulation of salicylic acid.
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Figure 31 Transcription of PR1 (427 bp, black arrow) monitored through multiplePRR-in
Lycopersicon esculentuav Money Maker following root and foliar applications with strais m
and jasmonic acid, respectively.

Again, transcription of the pathogenesis-relatemtggn PR-4 was shown also in
control (n° 1, 3, 12, 23, 31) and non treated glgnt 10, 20, 30, 40). Transcripts
increase of PR-4 (Figure 32) was strongly inducgdfddiar applications of
jasmonic acid (n° 7, 17, 18, 19, 27, 37, 38, 3%9) anly partially triggered by root
applications of strain m5 (n° 14, 15, 16, 24, &%), 3

Between the three pathogenesis-related proteiresiigated, PR-5 has shown
the most atypical transcriptional profile. Aftefiest multiplex RT-PCR using EF1
as internal control highlighted problems in itsneription, the choice fell on
TomNPR1(Figure 33). However, transcripts levellw two genes were shown to
be induced in all the thesis to some extent. Egflgdn water controls and non
treated plants, transcription of PR-5 (560 bp) wasnparable to the one of
TomNPR1 (456 bp). An analogue transcription profikes also noticed in some of
the plants treated with JA (n° 9, 37, 38, 39).

A clear increase in the transcription of PR-5 wiagve in plants treated with
strain m5 (n° 5, 6, 14, 15, 16, 24, 25, 26, 34, gsmonic acid (n° 7, 8, 17, 18, 19,
27) and also in the negative control (n° 21, 23).



86

Figure 32 Transcription of PR-4 (349 bp, black arrow) monitored through multiRIBPCR in
Lycopersicon esculentuav Money Maker following root and foliar applications with strais m
and jasmonic acid, respectively.

Figure 33 Transcription of PR-5 (560 bp, black arrow) monitored through multiRIBPCR in
Lycopersicon esculentuov Money Maker following root and foliar applications with straif m
and jasmonic acid, respectively.
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5.4 Discussion

Since my master thesis dealt with biological cdndidireblight on pear caused
by the bacteriunErwinia amylovora I've been able to select several antagonistic
strains belonging to the genuwdseudomonasn a short time. Moreover, my
colleague Dr Enrico Biondi and Dr Jos Raaijmakexamf the Laboratory of
Phytopathology of Wageningen were both studyingibanics produced by
Pseudomonaspp. at that time.

Inhibition of pathogen growth and production of smiles with antimicrobial
activity, were the two main parameters observedreeselecting the strains m5, IS
and KB+succula. All the three strains were abléntobit the growth ofErwinia
amylovoraand Xanthomonas arboricolgv. pruni in vitro, interfering with F&"
assimilation through the production of siderophores

Biochemical profiles and specific amplification é&fseudomonasspp. 16S
region, identified strain KB+succula and IS Rsaeruginosaand P. fluorescens
Biovar |, respectively. Sequencing of the 16S regiadicated strain m5 to be
Pseudomonas putidé®9% identity), showing a contrasting result widspect to
the biochemical profile. Further analysis are neede order to identify this
species.

Indeed, strain m5 is able to synthesize diacetgiglglucinol (2,4-DAPG), an
antibiotic produced by severBseudomonaspp. who has been reported to induce
systemic resistance i\rabidopsis against the leaf pathogeRseudomonas
syringae pv. tomato (lavicoli et al, 2003; Welleret al, 2004). The ability to
induce systemic resistance in tomato plants aftet mapplications with the
antagonistic strain was evaluated with two différepproaches: monitoring
transcription of the pathogenesis-related protétisl, PR-4 and PR-5 in cv
Money Maker and determining the level of protectagainstP. s.pv. tomatoin
Perfect Peel (susceptible cv).

Since treatments with the antagonist were exclisigddressed to the roots
prior to spraying a suspension of the pathoBesaudomonas syringge. tomato
on the leaves, direct antagonistic effect or comipetbetween the two strains can
be excluded. The success in decreasing the in@dehthe disease couldn’t be
better represented than through a significativastilr reduction of the number of
bacterial specks with respect to the negative obr@onfluent necrosis of the apex
in leaves of plants treated with the rhizobacteaa be possibly related to a fast
hypersensitive-like response of tomato. This is alsggested by the fact that small
bacterial specks could still be noticed on the oiEned tissues.

In the multiplex RT-PCR assay, strain m5 clearlguced transcription of the
pathogenesis-related protein PR-1 and PR-5 aftendzds, while only partially
triggered transcription of PR-4 when compared te wmater control and non-
treated plants. Since PGPR have been shown toendsestance in plants through
the JA/ET signaling pathway (Pietersteal, 1998), it would have been expected to
observe a high transcriptional level of PR-4 impdatreated with the rhizobacteria.
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However, also plants treated with jasmonic acidasgtbtranscription of all the
three pathogenesis-related proteins investigatéusrthesis, particularly PR-1 and
PR-4, indicating that also this chemical can indaascription of different sets of
defense genes.

Unexpectedly, this multiplex RT-PCR assay has alsown transcription of
pathogenesis-related proteins in negative contrdlreon-treated plants. | exclude
that reason of this triggering could be the transfethe plants from the outside,
where plants were treated, into the climate chamipefact, non treated plants
were grown and kept inside the climate chamber dibrthe duration of the
experiment, and showed transcription of PRs as Baice the experiment was run
in a small space where inoculationff syringaepv. tomatooccurred one month
earlier, an incomplete sterilization and removabatterial cells or the presence of
volatile elicitors may have contributed to the geging of defense responses.

As previously discussed in chapter 3, the conteregEF1 did not show a
constant transcription profile: paradoxically, thee of TomNPR1 as an internal
control to compare transcription of the pathogesiesiated proteins PR-4 and
PR-5, has provided a more reliable and constaattres
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6 Conclusion

This study has confirmed that general or race-fipetiolecules derived from
microorganisms can elicit defense responses intwitgcopersicon esculentum
Mill. , Solanum lycopersican).

Since the beginning of the PhD, general elicita@scall wall polysaccharides
and race-specific elicitors obeying to the genedene theory were one of the
main interests of my research, and source of haisdsEquestions and doubts.

The fact that highly conserved molecules as fungal bacterial
exopolysaccharides can trigger forms of resistamgaants, focused my attention
on the use of beneficial or non-pathogenic micraargms for the induction of
plant defense responses. In this thesis, the gctwifungal glucans and an ISR-
inducing bacterial strain was investigated usingat as a model plant and
abiotic inducers like Biohand jasmonic acid (JA)s positive controls.

Between the two years of research spent in Itdlgd the great opportunity to
take part as a “guest-PhD” in the projéeerception of avirulence proteins by
resistance tomato plants’supervised by Professor Pierre de Wit and Jolmt va
Klooster, from the influentialCladosporium fulvum research group of the
Laboratory of Phytopathology, part of the Departmeh Plant Science of
Wageningen University (NL). This project, evenn€omplete, gave me the chance
to deepen my knowledge of race-specific resistamckimprove my experience in
molecular biology, and it has provided a completnection between the
different types of resistance occurring in tomatd avestigated in this thesis.

A molecule can be classified as an elicitor onlyewht's able to trigger a
defense response in the plant at very low condsmisa(even at nanomolar levels)
and when it doesn’t compromise the integrity of ¢e#ular compartmentalization.
Fungal exopolymers are frequently reported toifdth this category, but some of
them should be carefully tested prior to use stheg often play a role in virulence
and may cause phytotoxicity in plants. The hypesg®e response is an extreme
defense mechanism of the plant leading to cellal@optosis: preventing this
mechanism means less damage to tissues and prdbablgnergy costs for the
plant through activation of other defense pathw&revention of HR in tobacco
plants could be reasonably seen as a positiver&efduthe selection of molecules
with an elicitor-like activity. It would be intergsg to test the effect of fungal
glucans on tomato plants challenged with diffeneathogens, in order to value
their spectrum and consider the opportunity to theem as defense-triggering
molecules for crop protection.

The selection of rhizobacterial strains with antagtic activity drove my
interest in phenomena of induced resistance by PGP# induction of
trasncription of pathogenesis-related proteins arsignificantly effective control
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of the leaf pathogeRseudomonas syringaes tomato,have confirmed strain m5
of Pseudomonaputidato be ableo elicit a form of induced systemic resistance
(ISR) in tomato. The increasing number of studiesr@echanisms of ISR and the
practical use of PGPR-based products in the |ashtiyvwyears, suggest to broaden
studies on this strain and possibly to evaluatelaieel and repeatability of
protection in different plant-pathogen interactions

As a conclusion, it can be confirmed that tomata tseful model plant to study
plant resistance mechanisms induced by biotic &natia elicitors. Using tomato
mutants impaired in JA or SA synthesis would befuls® identify signaling
pathways triggered by a selected microorganismoardoblecules derived from it.
However, it's important to realize that plant respes to external agents may vary
in terms of transcription and expression of defemssdecules depending on a
multitude of factors. Besides the fact that mangmitals and biotic elicitors have
been tested only on a small number of model plamisnew molecules continue to
appear in the plant-pathogen interaction scenariah remains to be discovered
about the plant immune system.
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