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Zusammenfassung [l

ZUSAMMENFASSUNG

Bakterielle Welke, verursacht durdRalstonia solanacearumist eine der bedeutendsten
Bakteriosen in den Tropen und Subtropen. Eine cbdmi Bekdmpfung von
R. solanacearumist nahezu unmobglich. Daher spielt die Entwicklumgtegrierter
BekampfungsmalBnahmen, unter Einbeziehung von Waitsenresistenzen und
Resistenzinduktion durch verschiedene Induktorerg bedeutende Rolle in der Bekampfung
von R. solanacearumEin Hauptaugenmerk der bisherigen Forschungeiehsich auf die
Interaktion zwischen Wirtspflanze undR. solanacearum aber die genauen
Resistenzmechanismen sind bis heute weitgehendkanbe Aus diesem Gund bestand der
erste Teil dieser Arbeit aus der Untersuchung eimégraktion des Pathogens mit der
Modellpflanze Tomate, namlich der Protein — Proteimteraktion von Pflanzenzellwand-
abbauenden Polygalakturonasen (PGs) Wn solanacearumund Proteinen aus der
Pflanzenzellwand, den Polygalakturonase-inhibiezenBroteinen (PGIPs). Eine Inhibierung
bakterieller PGs durch pflanzliche PGIPs wird i g@erliegenden Arbeit zum ersten Mal
beschrieben.

Der zweite Teil der Arbeit befasste sich mit dertdysuchung von mdglichen Mechanismen
der Siliziumdingung Uber Bodenapplikation als Res&wnduktur in Tomate gegeniber
R. solanacearumBiochemisch wurden Peroxidasen (PODs) und Polyplb&idasen (PPOSs),
histochemisch Lignifizierung, Tylosenbildung, Wasseffperoxid (HO,) Akkumulation und
Calloseablagerung, immunohistochemisch Veranderunggeuktureller Komponenten der
pektischen Polysaccharide wie ArabinogalaktanpnoteAGP), (1-5)-a-L-Arabinan und
nicht-blockweise deesterifizierte pektische Epitolgs Homogalakturonans, sowie mit einem
molekularen Ansatz die Expression von Genen vezgemer Pflanzenzellwandkomponenten,
wie AGP, Extensin and Callosesynthase, aber aude @wolviert in ,plant defense signalling
pathways', wie non-inducible immunity (NIM), jasmete ZIM-domain proteinl (JAZ1),
ethylene responsive factorl (ERF1) und coronatisessitivel (COI1) untersucht.

Die Ergebnisse deuten auf eine Rolle von PPO umas&gbildung in der Silizium-induzierten
Resistenz von Tomate gegeniBersolanacearumnd, einen Einfluss von Calloseablagerung,
Pflanzenzellwandkomponenten wie AGP, Extensin,dSalynthase, aber auch der Gene NIM

and JAZ1 in der Interaktion vdR. solanacearurmit Tomate hin.

Ralstonia solanacearunfrotein — Protein - Interaktion, Silizium - indeze Resistenz




Summary 1

SUMMARY

Bacterial wilt caused byRalstonia solanacearuns one of the most important bacterial
diseases in the subtropics and tropics. Chemicatralo of R. solanacearums nearly
impossible, thus integrated approaches, includogy plant resistance and resistance induction
by various inducers, are promising for a bactewdt management system. Many studies
focused on the interaction &. solanacearunand its host plants, but resistance mechanisms
are not well understood so far. Thus, we condutiedfirst part of this study in order to
elucidate the interaction of the pathogen with itih@del host plant tomato, investigating the
protein-protein interaction of the pathogen’s @@l degrading polygalacturonases (PGs) and
plant cell wall proteins, the polygalacturonaseiitng proteins (PGIPs). Our results
demonstrate for the first time the effect of a P@i& inhibits bacterial PGs.

In the second part of the study possible mechanisynsvhich silicon, supplied as sall
amendment, induces resistance in toma.tsolanacearurshould be identified

We focussed in biochemical analyses on peroxidB§#D] and polyphenol oxidase (PPO),
histochemically on lignifications, tylsosis formati, hydrogen peroxide ¢B,) accumulation
and callose deposition, immunohistochemically omucttiral componentes of pectic
polysaccharides like arabinogalactan protein (AGP)»5)-a-L-arabinan and non-blockwise
de-esterified epitopes of homogalacturonan andy aitmolecular approach on the expression
of genes related to plant cell wall components A&P, extensin and callose synthase as well
as on genes of plant defense signalling pathwakes hon-inducible immunity (NIM),
jasmonate ZIM-domain proteinl (JAZ1), ethylene oesive factorl (ERF1) and coronatine-
insensitivel (COI1).

Based on the observations, we suggest that PPQyksis formation are involved in the
silicon-induced resistance of tomatoRo solanacearunand, callose deposition, the cell wall
related components AGP, extensin, callose syntiagelso genes such as NIM and JAZ1 are

involved in the tomato R. solanacearurmteraction.

Ralstonia solanacearunprotein — protein - interaction, silicon - inddoesistance
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General introduction 1

GENERAL INTRODUCTION

Ralstonia solanacearum

Bacterial wilt disease is caused by the aerobiarzmagative bacteriurR. solanacearum
(formerly Pseudomonas solanacearuifYabuuchiet al, 1992; Yabuuchet al, 1995).
This bacterium can be classified in the non-flucees rRNA homology group Il within
the Proteobacteria 3-subdivision (Oepp/Eppo, 2004). Genomes from alanexed

R. solanacearunstrains are composed of at least two independeagiicating circular
replicons. Genes for basic cellular functions gopaaently located on a replicon of 3.8Mb
size, whereas many virulence and pathogenicity gane manifested on a 1.9Mb plasmid
(former called megaplasmid) (Boucletral, 1986; Schell, 2000).

Ralstonia solanacearuns distributed worldwide and causes a lethal ngjtdisease on
over 450 different host plant species, includingrexnically important hosts such as
tomato, tobacco, potato, peanut and banana (Buddenhand Kelman, 1964; Hayward,
1991; Prioret al, 1996). No other bacterial disease is comparablérarmfulness
concerning the actual number of plants destroyedmagor crops such as banana,
groundnut, tobacco and tomato each year (Kelma®@8)19he importance of the disease
becomes obvious by losses of about 75% of potatwen a total destruction of the harvest
of tomato, one of the most susceptible crops tosv&dsolanacearun{Persleyet al,
1986; Hayward, 2000; Elphinstone, 2005).

Ralstonia solanacearunsolates were classified into three races by Baotdgenet al. in
the year 1962, and two new classes were descrilyeduadenhagen (1986). This
classification was based on the host range of @n@ebum. The different biovars of
R. solanacearuntan be distinguished by their ability to utilized#or oxidize several
hexose alcohols and disaccharides (Hayward, 1991092, a tropical variant of biovar 2
was recognized by Haywaset al (1992). He differentiated biovar 2 in subphenetyjy
additional tests. More recent results, obtainednfrgenetic studies such as restriction
fragment length polymorphism (RFLP) analysis, ps®pa segregation of the races into
two divisions based on the geographic origin ofgghéhogen. Division 1 is formed by the
Asian strains of race 1 (biovars 3, 4, 5), andgilinv 2 by the South American strains of
race 1 (biovar 1), race 2 (biovar 1) and race & 2). (Cook and Sequeira, 1988;
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Hayward, 2000; Schell, 2000; Oepp/Eppo, 2004). Thassification was suggested by
Cooket al in 1989 and similar observations were reportedsiliings and Fahy (1993)
and Taghaviet al (1996). More recent investigations showed, thatnes biovar 2
phenotypes are clustered in division 1, while sasonétes of biovar 1 do not fall into the
2" division. This indicates that there is not ascsttbrrespondence between the biovar and
the 16S rRNA division of isolates (Fegahal, 1998; Boudazirt al, 1999). PCR-RFLP
analysis of thehrp gene region (Poussi@t al, 1999), PCR-RFLP complemented by
amplified fragment length polymorphism (AFLP), sequing of the 16S rRNA gene
(Poussieret al, 2000a) and phylogenic analysis of the endoglasaranchrpB genes has
confirmed the presence of a new group of straingirated in Africa (Poussieet al,
2000Db).

The symptoms caused by bacterial wilt disease ormato are formation of adventitious
root nodules and foliage discoloration, followedrapid wilting and death (Buddenhagen
and Kelman, 1964). Wilting symptoms predominantlgcr on young leaves
approximately five days after infection. Wilting tfe whole plant follows rapidly under
favourable environmental conditions fRr solanacearunsuch as high temperature and a
moderate water content of the soil. Under less deaftle conditions the development of
the disease is less rapid, a stunting of the phaay occurs, and a high number of
adventitious roots are produced. In the vascusmug of the stem a brown discoloration
can be observed and by cutting its stem, dropshatever yellowish bacterial ooze may be
visible (Oepp/Eppo, 2004).

Ralstonia solanacearurmvades plants from the soil through wounds oerkt emerge
points and then multiplies in the xylem vessels apreads through the plants’ vascular
system (Walliset al,. 1978; Vasseet al., 1995). Due to the fact, th&. solanacearuin
journey begins mainly in the soil and ends with asgive infection of the stems, a
successful completion of its cycle requires mamgcipized gene products (Schell, 2000).
However, the mechanisms by whiéh solanacearunproduces wilting is still not fully
understood (Roberest al, 1988a; Huang and Allen 1997). The primary faateolved in
development of wilt symptoms may be the productibaxtracellular polysaccharide slime
(Exopolysaccharide I, EPS 1) (Hussain and Kelm&g8] Schell, 2000). Additionally,
R. solanacearunsecretes several extracellular enzymes. Among tasmextracellular
plant cell wall-degrading enzymes, such as pecethgiesterase, endoglucanase and three
polygalacturonases (Schell, 1987; Robestsal 1988a; Huang and Allen 1997), but
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enzymes that directly hydrolyse pectin, for inse@pectate lyase, have never been detected
(Schell, 2000). Furthermore, bacterial motilitywtthing motility and flagellar motility -

is contributing to virulence (Liet al, 2001; Tans-Kersteet al, 2001). The expression of
the virulence factors is controlled by a complegutatory cascade that responds to
bacterial cell density. Especially for the prodaonti of polygalacturonases it is
hypothesized that the genes are expressed eatheiwilt disease development (Schell,
2000).

Broad geographical distribution and extensive hasige of the pathogen exhibits
difficulties to establish a unique control stratedyurthermore, control strategies for
bacterial wilt disease in cool temperate regioneen® onlyR. solanacearunbiovar 2
appears, will differ from control in the lowlandpics, where strains of wide host range
are endemic. Due to this fact, no universal sotuttopresent, but only principles that can
be applied and adapted in particular situations/geid 1991).

The main approach to contrBl. solanacearunis the breeding of resistant cultivars and
some success had been achieved for tobacco, p@gteyward, 1991) and tomato (Wang
et al, 2000). But, even though there are good levelsitetspecific resistance of tomato,
breakdown of resistance has been repeatedly olus@rveultivars grown under the heat
stress of the lowland humid tropics (Praral, 1996; Hayward, 2000), and resistance was
shown to be unstable, and accompanied by latemctioh, for instance in potato
(Hayward, 1991; Hayward, 2000).

In some developing countries farming practices saghntercropping, crop rotation and
disease avoiding are likely a strategy for contblR. solanacearunby reducing soil
populations of the pathogen and root-to-root traassion (Hayward, 1991). Additionally,
biological control can be seen as a putative costrategy to reduce vyield losses caused
by bacterial wilt. Agents tested for biological ¢ include antagonistic rhizobacteria and
avirulent mutants oR. solanacearuniKempe and Sequeira, 1983; Ciampi-Paehal,
1989; Trigalet and Trigalet-Demery, 1990). Mechargsthat might be involved in
biological control depend upon active colonisatidithe rhizosphere with antagonistic soil
bacteria or bacteriocin- and bacteriophage-produsirains oR. solanacearurChen and
Echandi, 1984), protection by competitive exclusipcLaughlin and Sequeira, 1988) or
induced resistance (Hayward, 1991).
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A widespread means to control soilborne diseasesechby soilborne pathogens is the use
of soil amendments (Huang and Huang, 1993). Sofeeteh suppression of the pathogen
was obtained by soil amendments such as the sdcaiH mixture from Thailand, with a
high content of silicon oxide and calcium oxide.ditwnally, it was observed in Surinam
that bacterial wilt never occurred on the seagtddjes of the plains. Thus, an amendment
of sea-shell grit - containing 42% CaO - to thel s®irecommended. Both methods
achieved good results in suppressiorRofsolanacearunfHayward, 1991). Investigations
of Dannon and Wydra (2004) confirmed a suppressifieence of silicon on bacterial wilt
infection of tomato plants. In their experimentgnducted with tomato plants in
hydroponic culture, bacterial wilt incidence wadueed by up to 50% compared to plants
without silicon treatment. Since an accumulatiorsib€on was only detected in the roots,
the enhanced resistance in tomato stems adRirsilanacearuns suggested to be caused

by induced resistance mechanisms and increasednok

However, especially the chemical control Rf solanacearums extremely difficult or
impossible. Reasons are a wide host range, thecitapaf survival in various
environments such as irrigation water and soilh&ltered places, for instance plant debris
in the soil, so that even soil fumigation with afapicrin or applied antibiotics showed
hardly an effect (Hayward, 1991; Oepp/Eppo, 2004).

Based on the above mentioned reasons, only a catidnnof host plant resistance, and
cultural and biological measures seems to be piogifor an effective control of
R. solanacearuniDannon and Wydra, 2004; Diogo and Wydra, 2007).
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Plant resistance

Nonhost resistance is the most common form of deseasistance and can be defined as
immunity in an entire plant species to all isolavés microbial species, and thus affects
the host range of a pathogen (Heath, 2000; Nurebemgd Lipka, 2005). In contrast,
plants or plant genotypes can exhibit specificstasice towards a pathogen within an
otherwise susceptible host species (Heath, 20003.ifnmunity is triggered upon direct or
indirect recognition of the pathogen, for instancethe gene-for-gene resistance, also
calledR-gene-mediated resistance (Flor, 1971; Feys arkeR&000). Here, plant disease
resistance K) genes initiate active disease responses by retongnthe presence of a
corresponding avirulencayr) gene from the pathogen. The disease resistamsPge in
tomato and thavrPto gene inPseudomonas syringge tomatois one example of a gene-
for-gene interaction (Ronalet al, 1992) and it was demonstrated that a directactem

of Pto and AvrPto proteins is required for actigatiof disease resistance (Scofieldal,
1996; Tanget al, 1996). This resistance is often accompanied [y hipersensitive
response (HR), resulting in a fast collapse ofatdé plant tissue which efficiently halters
pathogen ingress at infection sides (Staskaeia., 1995; Feys and Parker, 2000.

Determining factor of the failure or success of tadonization of a plant by pathogen is
the speed, by which plants are able to mobilizems# mechanisms to restrict the invading
pathogen (Ton and Mauch-Mani, 2004). After the pgtn starts colonizing the plant
tissue, a race-nonspecific host resistance, treaked basal resistance, is activated around
the sites of pathogen invasion in susceptible pldimhiting the disease severity by slowing
down the pathogen ingress, but it is generally emkvto prevent the disease (Ton and
Mauch-Mani, 2004; Toret al, 2005; Hickelhoven, 2007). Important factors & basal
resistance are cell wall-associated defence mesfmanand this resistance seemed to be
suppressed by virulent pathogens (Huckelhoven, 2007

Induced resistance is described as the enhancedtieéness of basal resistance by
specific stimuli experienced by the plant beforetaot with the pathogen (Toet al,
2005; Sticheret al, 1997; Pieterset al, 1998). Typically, induced resistance in plants
results in decreased symptom development and pathgrpwth compared to non-induced
plants(Hammerschmidt, 1999). The classical type of induasistance is often referred to
as systemic acquired resistance (SAR) and is aetlvafter primary infection, typically

with a necrotizing pathogen, conferring resistatca broad range of virulent pathogens,
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generally pathogens that colonize the apoplastranltiply within the host for a certain
time period before symptoms such as cell deathtssde damage occur. The reaction
occurs not only locally in the attacked plant pdmiis also systemically in distant areas of
the plant(Kuc, 1982; Ryalset al, 1996; Sticheret al, 1997; Feys and Parker, 2000;
Pieterseet al, 2001; Kunkel and Brooks, 2002).

The signalling pathway controlling SAR requires egehous accumulation of the stress
hormone salicylic acid (SA) at the infection sitedasystemically in the plant (Gaffney
al., 1993, Mauch-Mani and Métraux, 1998; Nawrath anétriux, 1999 and an intact
defence regulatory protein nonexpressor of PR-IRINRalso described in the literature as
noninducible immunityl (NIM1) or salicylic acid iessitivel (SAI1) (Cacet al, 1994;
Delaneyet al, 1995; Shalet al, 1997; Bostock, 2005). NPR1 has also been sugbéste
be involved in the activation of JA and ethylenspanses (Pieterset al, 1998; Pieterse
et al, 2001). The induction of pathogenesis- relatedgims (PRs) is commonly observed
during R geneavr gene interactions and SAR (Hammond-Kosack ands]dr#96; Van
Loon, 1997).

Another signalling pathway is dependent on a fumeti jasmonate (JA) and ethylene (ET)
signalling in plants, which generally confers resige to necrotrophic organisms or insect
herbivory and, both compounds are also involvedtha classically termed induced
systemic resistance (ISR), that is stimulated afteallenging the roots with non-
pathogenic plant growth-promoting rhizobacterian(t@onet al, 1998; Feys and Parker,
2000; Pieterset al, 2001; Schreiber and Desveaux, 2008). The syri@maisnduction of
several defense related genes, including plantndefe and enzymes involved in
phytoalxein biosynthesis, by jasmonate and ethyienmesponse to different pathogens is
known (Xuet al, 1994; Ecker and Davis, 1987; Gundlathal, 1992; Penninckeet al,
1998).

Nevertheless, the role of ET in plant resistanenseto be somewhat controversy, leading
to disease resistance in some cases, or symptoaogewent in other cases (Pieteesal.,
2001; Broekaerket al, 2006). This ethylene insensitivity has been shdwrincrease
susceptibility to pathogens such @eptoria glycingsRhizoctonia solaniPhytium spp.,
Botrytis cinerea andErwinia carotovorain various plant species (Knoestdral, 1998;
Hoffman et al, 1999; Thommaet al, 1999; Norman-Setterblaget al, 2000). Different

classes of proteins have an ET-responsive elen@&BC¢box) in their promoter regions,
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including vacuolarp-1,3 glucanases (PR-2), vacuolar basic-chitinas&k-3), acidic
hevein-like proteins (PR-4) and plant defensinsK®CPR-12). Induction of these genes
occurs, as described above, synergistically wighdA pathway (reviewed in Broekaeit
al., 2006).

Especially for the signalling molecules SA and J#gtagonistic effects have been
demonstrated (Pena-Cortésal, 1993;Doareset al, 1995; Feltoret al, 1999), but also
synergistic effects between the SA-dependent arlETAependent pathways are known,
and are described especially for JA and ET posititeractions (van Weest al, 2000;
Kunkel and Brooks, 2002; Bostock, 2005). Thus, sftadk between signalling pathways
likely allows the plant to prioritize responsesadeng to an optimized activation of plant
defense responses (Reymond and Framer, 1998; ReyParker, 2000; Pieterst al,
2001).

Besides the well established plant endogenous l§ignanolecules SA, JA and ET (Dong,
1998; Pieterseet al, 2001; Thommeet al, 2001), emerging evidence arose in the last
decades that additional molecules modulate disessstance, when exogenously applied.
Among them are benzothiadiazole (BTH) (Friedrethal, 1996; Iriti and Faoro, 2003),
B-aminobutyric acid (BABA) (Cohen, 2002; Ton and MhbtMani. 2004),
oligosaccharides (OGAs) from plant cell walls (Hatinal, 1981), chitin and chitosan
(Barberet al, 1989; Agrawakt al, 2002), phosphates (Gottstein and Kuc, 1989) had t
application of silicon, all of which have proven émhance the resistance reactions in
various plant species (Epstein, 1994, Epstein, 1999
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Silicon
Silicon in plant biology

Silicon (Si) is a beneficial nutrient element fdaqts present in most soils, and the second
most abundant element in the earth’s crust. A commage for silicon concentrations in
the soil solution varies between 0.1 — 0.6 mM,ueflced by several biotic and abiotic
factors. Silicon occurs as silica (S)@nd aluminium silicates, iron or calcium silicaa@d

it is readily absorbed by the plant in form of @i acid (HSiOy), resulting from the
contact of SiQ with water,. Many effects of silicomn planta are attributed to the
incorporation of solid amorphous silica (Si©®nH,0) into the cell walls (Epstein, 1994,
Epstein, 1999). The content varies greatly amomgisp, with a range from 0.1% to 10%
silicon in dry weight (Ma and Takahashi, 2002).r&dacan be classified into three groups
dependent on their silicon accumulation capacity:typical silicon-accumulators, with a
silicon content of more than 1% silicon and a Sil@a ratio higher than 1, common amog
the graminaceoues plants such as rigesilicon-intermediate-accumulators with a silicon
content of 0.5 — 1% silicon or higher, but withi&C& mol ratio less than 1, with cucumber
belonging to this group; an®)(classical silicon-non-accumulators with a silicomtent
less than 0.5%, such as tomato plants. The uptad@dens active for the first group,
passive for the second and rejective for the tgnalp (Mitani and Ma, 2005; Met al,
2001).Besides a positive effect of silicon nutrition dvetsugar content in sugarcanes and
on the yield of rice (Savaset al, 1999; Seeboldt al, 2000), silicon has been proven to be
beneficial in various aspects of plant biology,utesg in increase in photosynthesis,
enhanced tolerance to metal toxicity, alleviatedtibi and abiotic stress tolerance,
reduction of frost damages and improvement of fautility, physical soil properties and
increased pest and disease resistance (Epsteih, E@&eet al, 1998; Perry and Keeling-
Tucker, 1998; Epstein, 1999; Iwasahial, 2002a; Dannon and Wydra, 2004; Gaal,
2004; Lianget al, 2005a,b; Diogo and Wydra, 2007).
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Silicon in plant resistance

The investigation of the silicon effect on plansehse resistance was subject of numerous
studies in the last decades. Most experiments penfermed with silicon-accumulator and
silicon-intermediate-accumulator plants investiggtiplant-fungal interactions. Positive
effects on plant resistance by silicon applicatiware also described iArabidopsis
thalianato the powdery mildew fungusrysiphe cichoracearur(Ghanmiet al.,2004), in
cucumber with the powdery mildew fung8phaerotheca fuligine@enzieset al, 1991),

for various fungal diseases in rice including bleatised byMagnaporthe griseabrown
spot caused b@ochliobolus miyabeanusheath blight caused BRhizoctonia solanistem

rot caused byMagnaporthe salviniiand leaf scald caused Ionographella albescens
(Seeboldet al, 2000; Rodrigueset al., 2003; Fauteuxet al., 2005) and in wheat for
powdery mildew caused byBlumeria graminis septoria leaf blotch caused by
Mycosphaerella graminicoldeaf spot caused Wuccinia nodorunand eyespot caused by
Oculimacula yallunda€dRodgers-Gray and Shaw, 2004). Silicon amendmenvesti not
only increased resistance towards fungal diseds#isalso towards insects, such as a
reduced preference, longevity, and production ahplys of the green-aphid&chizaphis

graminumon wheat (Basaget al, 2003).

Only few studies of silicon-non-accumulator plamtsre conducted so far. An induced
resistance by silicon application to tomato waseolesd against bacterial wilt, caused by
R. solanacearuniDannon and Wydra, 2004; Diogo and Wydra, 2007 fode of action
by which silicon induces resistances remains spdigal but for accumulator plants it is
assumed that silicon forms a mechanical barriefuttgal penetration, supported by
observations in barley, where silicon accumulategdapilla (Carveet al, 1987). Indeed,
numerous studies focused on mechanical barriershoded an involvement of this cell
wall strengthening, particularly for silicon-acculamior plants (Epstein, 1994&im et al.,
2002; Bélangeet al, 2003; Dakora and Nelwamondo, 2063uteuxet al.,2005).

However, the reinforcement of the cell wall can rm an universal explanation,
considering the induced resistance of silicon im-aocumulator plants (Dannon and
Wydra, 2004; Diogo and Wydra, 200@) the loss of prophylactic effects of silicon in
cucumber against powdery mildew after stoppingditieon application (Samuelst al,
1991).
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According to the mechanical barrier hypothesis, theversibly accumulated silicon
should have at least slowed the pathogen spretiteiplant tissue, while accumulating at
the infection sites, which was not in all studiee tase (Chériét al., 1992b; Fautewet
al., 2005). Interestingly, enhanced activity of flaeah phytoalexins, peroxidases and
polyphenoloxidases, chitinases, and increased adation of phenolic compounds in
cucumber by silicon fertilization after infectionittv Pythium ultimumand Sphaerotheca
fuligineawas observe@@Gamuelst al, 1991; Chériket al, 1994a; Fawet al, 1998; Liang
et al, 2005b). A higher accumulation of antimicrobiahgmounds, for instance diterpenoid
phytoalexins, was present in rice at infectionssivé Magnaporthe grisealue to silicon
treatment and enhanced activity of peroxidase dedated PR-1 levels were observed
(Rodrigueset al, 2004; Rodriguest al, 2005). These are indications for a type of silico
induced resistance in plants as proposed earlidddsgmanret al. (1994) and Schneider
and Ullrich (1994).

The accumulation of silicon and early activationRRR proteins are suggested to be key
mechanisms of pant resistance mediated by sili@ami and Muir, 2002; Liangt al,
2005a). Determinants for susceptibility or resiseam plants are not only the presence or
absence of expressed genes in the reaction, lmutregapidity and magnitude with which
the genetic information is expressed. Thus, a ptessivolvement of Si in the regulation
of plant defense genes was suggested by Cétéaif (1992a). Furthermore, Si is supposed
to induce plant defense only in response to inbectvith pathogens, in order to invest
energetic costs only in infected plants (Chétiél.,1994b; Schneider and Ullrich, 1994).

However, the exact mechanism by which silicon fietes in plant signaling remains still

unclear (Fauteugt al, 2005).
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CHAPTER 1

Inhibition of endo- and exopolygalacturonasefafstonia

solanacearuniby polygalacturonase-inhibiting protein (PGIP)

activity in tomato stem extracts

Abstract

Polygalacturonases (PGs) activitiesRulstonia solanacearurnomparing wild-type and
non-virulent phenotype conversion mutant (PC) ssaiand their inhibition by
polygalacturonase inhibiting proteins (PGIPs) fretmmato stems were investigated. In
cultures of wild-type strain ToUdk2, slimy (s), aeded slimy (rs) and non-slimy (ns)
colonies appeared. The conversion of 's' intacokiny form coincided with begin of PG
production. PG activity of the PC strain increaabdut 5 h earlier, and was up to 35 times
higher in media supplemented with diverse tomatonséxtracts or polygalacturonic acid
compared to the wild-type at 6 hpi, and generalty 8 times higher across test media and
time. By chromatography (HIC), FACE - PAGE and M&lgses endo-PG PehA and exo-
PGs PehB and PehC were identified. PGs of the P@nnhaonsisted mainly of endo-PG.
The increased PG production after supplementingnib@ium with tomato cell wall extract
was reflected by a higher activity of exo-PGs fothbstrains. Total PGs and endo-PG and
exo-PGs activities were inhibited by PGIPs of tamstem extracts. PGIP activity was
concentration dependent, constitutively presentd amot related to resistance nor
susceptibility of tomato recombinant inbred linEsr the first time a plant PGIP activity
against a bacterial pathogen is reported. Obsenatindicate that endo- and exo-PG
production is governed by a sensitive regulatotyvogk, which, in interaction with PGIP
and cell wall degradation products, leads to gemereor avoidance of elicitor-active
oligomers, and, thus, may contribute to the develamt of the compatible or incompatible

interaction.
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1.1 Introduction

Plant cell wall degrading enzymes

Various enzymes are involved in plant cell wall @egtion by pathogens (Collmer and
Keen, 1986).Ralstonia solanacearursecretes an endoglucanase for the degradation of
cellulose (Robertet al, 1988a), while three polygalacturonases are resplenfor the
hydrolytic degradation of the pectic compounds,anapnstituents of the primary cell wall
and middle lamella and of the pit membranes in masdissue (Alleret al, 1993; Huang
and Allen 2000). The polygalacturonases secreted Roy solanacearumare an
endopolygalacturonase (PehA or PglA), an exo-pel-galacturonosidase (PehB) and an
exopolygalacturonase (PehC) (Huang and Allen, 12dién et al, 1991; Gonzéalez and
Allen 2003). The enzymes differ in the release eéction products after digesting
polygalacturonate as substrate, with PehA releasrigplacturonic acid and larger
oligomers by cleaving polygalacturonate randomlgngl the chain, PehB producing
digalacturonic acid and PehC generating only molaatizronic acid (Tans-Kersteat al,
1998). Experiments with site-directed mutants lagkiPehA, PehB or both revealed
significantly reduced virulence in all mutants, ghindicating that polygalacturonase
activity contributes quantitatively to bacteriallwdevelopment (Scheét al, 1988; Huang
and Allen 1997)

Though, the exact role of polygalacturonases in itifection process is not clear.

Inactivation of cell wall degrading enzymesRn solanacearurndeletion mutants revealed

that each single enzyme is not essential for aesstal infection and disease development
but can contribute — even though to a differeneeixcomparing enzymes - to bacterial
virulence (Huang and Allen 2000; Gonzalez and AR803; Denny, 2006).

PehA is regulated by a two-component regulator @Rhat low population densities,
which also affects PehB and PehC. Thus, PGs arelynsecreted early in the infection
process and therefore discussed rather as behefmiainvasion and spread of
R. solanacearunfAllen et al, 1997), than as providers of nutrients for thénpgéen. This
observation was claimed at least for PehC by Geamzand Allen (2003), who
demonstrated that degradation products of thisRRoare not necessarily metabolised by

R. solanacearum
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However, secretion of cell wall degrading enzyneealso well known for a great number
of phytopathogenic pathogens to achieve successildnization of plant tissue by
depolymerization of cell wall components (Batemad Millar, 1996; Collmer and Keen,
1986). Thus, the importance of pectic enzymes ragevice factors of pathogenic fungi has
been demonstrated for two inducible pectate lyasfedNectria hematococgapectin
methylesterase dBotrytis cinereaand for endopolygalacturonase Alternaria citri and
Botrytis cinerea(Ten Haveet al, 1998; Roger®t al. 2000; Isshikiet al, 2001; Valette-
Colletet al, 2003; D’Ovidioet al, 2004a).

Polygalacturonase-inhibiting proteins

The degradation of plant cell walls by enzymes baninfluenced by the presence of
polygalacturonase-inhibiting proteins (PGIPs) -clee-rich repeat (LRR) proteins, that
were shown to specifically inhibit fungal polygala®nases (Bellincampet al 2004).
Formation of a complex between polygalacturonaskthe polygalacturonase-inhibiting
protein (PGIP)in vitro results in an alteration of the balance betweézase of elicitor-
active oligogalacturonides and depolymerizationtlo$ oligogalacturonides to inactive
molecules, thus favouring accumulation of eliciéotive components (De Lorenst al
1994).

Polygalacturonase-inhibiting proteins are in m@stes plant cell wall bound or, to a lesser
extent soluble proteins of the extracellular maii@Gervoneet al, 1997; Matteiet al
2001), and widely distributed in different dicotgtous and monocotyledonous plants
(De Lorenzoet al, 2001; Kempet al, 2003). Generally, their primary structure is
characterized by the presence of repeats deriwed & 24-amino acid leucine-rich peptide
(De Lorenzeet al, 2001) and their inhibitory activity appears tothe result of a complex
formation from polygalacturonase and PGIP (Cervenal, 1987), where the binding of
the PGIP to the barrel cleft (Armamd al, 2000) or to the region opposite the substrate
binding cleft, leads to a conformational changeh# polygalacturonase, followed by a

decrease of enzymatic activity (Kieg al.,2002).

Inhibitory activity of PGIPs towards polygalactueses not only differ among various
plant sources, even from a single plant sourcemdiffces in activity of polygalacturonases

from various fungi or different polygalacturonagesm the same fungus were observed,
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though varying in strength (De Lorenzet al, 2001). PGIPs were demonstrated
constitutively in uninfected plant tissues (Toubettal., 1992), but also an increased
synthesis was induced by several stimuli, for eXanmpechanical wounding (Yaet al,
1999).

Until now, PGIPs have been shown to be only effectigainst fungal polygalacturonases,
but ineffective against other pectic enzymes omepelygalacturonases of microbial or
plant origin (Cervoneet al, 1990; Vidhyasekaran 2002). Therefore, the ainthisf study
was to investigate a possible PGIP activity agaihsetPGs ofR. solanacearumand to
elucidate the interaction between endo- and exo-Bfi$ extracts of tomato stems

containing PGIPs, deriving from genotypes differingesistance t&. solanacearum
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1.2 Materials and methods

1.2.1 Bacterial cultures and media

Ralstonia solanacearurstrain ToUdk2 (race 1, phylotype 1; originatednird hailand) in
two colony forms, wild-type (mucoid, virulent) amdspontaneous phenotype conversion
(PC) mutant (non-mucoid, non-virulent), were groam TTC medium [10 g / L Bacto
peptone, 1 g / L casamino acid, 5 g / L glucoseg13. agar; 10 mL of a 0.5 % 2,3,5-
triphenyl tetrazolium chloride (Sigma, Germany) &seterile filtrated and separately added
to the cooled TTC medium after autoclaving (Kelma#54)] for 48 h at 30°C. A single
colony was used for inoculation of the pre-cultudemodified EG medium, originally
described in by Schedt al. (1988) for crude protein preparation, was usetigasd pre-
culture (24 h at 30°C and 110 rpm) and as basaliumed50 mM sodium-potassium
phosphate, pH 7.0, 0.07% (WSO, 0.03% MgSQ * 7H,O, 0.00003% ZnSg)
0.00005% Ca(Ng);, 0.00002% MnS@ 0.00003% FeG] 0.1% Casamino acid, 0.1%
yeast extract, 1% glycerol). An aliquot of 0.9 miLtlee pre-culture was transferred to the
following media: (a) basal medium, (b) tomato stertract (TE) medium obtained by
homogenisation of 6 g tomato (genotype KingKonggjstissue per L medium in basal
medium and subsequent filtration, (c) tomato cedliwissue (TT) medium, the solid
fraction from the TE-medium preparation, was addedhe basal medium, (d) basal
medium supplemented with polygalacturonic acid (PG#0 w/v, Na-polygalacturonic
acid, Sigma, Germany), and incubated for 24 h ootary shaker (110 rpm) at 30°C. The
culture fluid was harvested by centrifugation (880 g, 15 min) at 4°C and used for
enzyme assays. The bacterial growth rate was nreditoy measuring the optical density
of the medium at 620 nm with a spectrophotometdrtancounting of dilution platings.

E. coli strains expressing either PehB or PehC (pQHBETp&®hC7, respectively; kindly
provided by C. Allen) were grown on LB medium (1%dBo tryptone, 0.5%east extract,
1% NacCl, 1.5% agar) for 24 h at 30°C before tramsfg them into 30 mL King B liquid
pre-culture medium (2% Bacto peptone, 0.15%HRO,, 1.5% glycerol, 0.15%
MgSO*7H-0) and further cultivation for 24 h at 30°C undegitation. Pre-cultures were
used to inoculate 1,000 mL King B medium and int¢ethaover night as described above.
When necessary, media were supplemented with aefitidianamycin (25 pg mt) or
ampillicin (50 pg mrY). For induction of over-expression of plasmid qQHBET
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1 mM isopropylB-D-thiogalactopyranoside (IPTG; Sigma, Germanyusoh was added
to the medium 4 h before harvesting of the cultugadtures were centrifuged for 15 min
at 5,818 x g at 4°C and the pellet was suspendésDimM 2-(N-Morpholino)-ethane
sulphonic acid (MES; Carl Roth, Germany) buffer (pH), subsequently sonicated on ice
and centrifuged for 15 min at 9,425 x g at 4°C. Soptants were used to determine
polygalacturonase activity with thin layer chrongrphy (TLC), as described in 1.2.3.1.

1.2.2 Fungal culture, medium and preparation of engme extract

Fusarium oxysporurfaisp. lycopersici(IPP reisolatejvas grown in synthetic medium (SM)
consisting of 0.2 g MgS©7H-,0, 0.4 g KHPO,, 0.2 g KCI, 1 g NEHNO;3, 0.01 g FeSQ
0.01 g MnSQin 1 L demineralised O (Di Pietro and Roncero 1996). Medium was
supplemented with 1% (w/v) Na-polygalacturonatarfroitrus (Sigma, Germany). After
incubation for 36 h at 28°C and 150 rpm the myeelinas separated by filtering and the
filtrate centrifuged for 10 min at 9,500 x g at 4°The supernatant was collected and kept

at —20°C until determination of polygalacturonastviy.

1.2.3 Detection of polygalacturonase activity
1.2.3.1 Thin layer chromatography

Thin layer chromatography was performed accordingdjkowskaet al. (1995). Briefly,
bacterial or fungal culture supernatants were iatedb with polygalacturonic acid
substrate (4% Na-polygalacturonate (Sigma, Germanyp mM MES buffer, pH 5.7) for

1 h at 45°C and 25 pL total sample were appliedMbratmann thin layer chromatography
plates (K5 silica gel 150A, 20 x20 cm, layer thieks 250 um). As solvent solution a
5 : 3 : 2 mixture of n-butanol : water : glacialeic acid was used, before staining the
plates with 96% ethanol, phosphomolybdic acid sgg&agma, Germany) and concentrated
sulphuric acid in a 6:3:1 ratio. On each platetamdard of mono-, di- and trigalacturonic
acid (Sigma, Germany), each in a concentration @ig4 was additionally applied. The
retention factor (Rf) was calculated.
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1.2.3.2 Agarose diffusion assay (ADA)

Based on the method of Dingl al (1953) PG activity was estimated as described in
Schacht (2005). Briefly, bacterial and fungal engyextract was applied to wells in
agarose gels composed of 50 mM MES buffer pH 5.8%0agarose and 0.5% Na-
polygalacturonate from citrus (Sigma, Germany).eAfincubation of 48 h at room
temperature, plates were developed with 5 M HClpégring halos or rings in the gel
around the inoculation well were measured. Allgesere conducted in triplicates in the

same gel, the control without addition of plantragt was tested in four replicates.

1.2.3.3 Degradation assay

The PG activity was measured in 25 mM citrate buffed 5.0) at 37C. The PG enzyme
activity assay was initiated by the addition of PHlygalacturonic acid (Sigma) to the
culture filtrate containing PGs, to a final congatibn of 0.5%. The activity was measured
with a spectrophotometer (OD 550 nm; Pharmacia,dswe based on the changes in
reducing sugars, according to Nelson (1944) and dggm(1945). The PG activity is
expressed as pmol glucose equivalents releasedipat 37°C per mL fraction.

1.24 Plant material and inoculation procedure

Tomato plants of genotype King Kong2 (Known-You &e€o., Taiwan) and tomato
recombinant inbreed lines NHG3, NHG13, NHG162, NIAGAVRDC, Taiwan) were
either cultivated in white peat (Klasmann-Deilma@ermany) supplemented with 4 g L
CaCQ (Roth, Germany) or in substrate (Fruhstorfer Er@ermany) and kept under
greenhouse conditions (20°C with 14 h light per @&y30 K lux and 70% relative
humidity). Plants grown in white peat were watewath a nutrient solution composed of
5 mM Ca(NQ),, 1.875 mM KSQO, 1.625 mM MgS@ 0.5 mM KHPQO, 0.04 mM
H3BO3, 0.001 mM ZnS@ 0.001 mM CuSQ 0.01 mM MnSQ@, 0.00025 mM NgMoOQOs,,
0.05 mM NaCl and 0.1 mM Fe-EDTA.

Four to five week old plants were inoculated wihsolanacearurstrain ToUdk2 (race 1,
phylotype 1; originated from Thailand) directly exfttransplanting and transferring them
into a growth chamber (30°C / 27°C day/night terapee, 85% relative humidity, 30 K
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Lux and 14 h light per day). Inoculum suspensioresewprepared from two day old
bacterial cultures oR. solanacearurmstrain ToUdk2 wild-type grown on TTC medium by
adjusting the suspension in demineralised watantoptical density of 0.06 at 620 nm for
NHG3, NHG13, NHG162, NHG60 or diluting the suspensby 1:5 for King Kong2,
corresponding to approximately 1.13*1% 2.03*10' CFU per mL, respectively. Per gram
substrate 0.1 mL suspension was applied to eacih. @lantrols were treated with the same
quantity of demineralised water. The plants wemwdsted either 12 hours post inoculation

(hpi) or 5 days post inoculation (dpi).

1.2.5 Symptom Evaluation

Symptoms of ten plants per treatment were monitdegly and classified in six classes as
disease severityd = healthy plantl = one leaf wilted2 = two leaves wilted3 = three

leaves wilted4 = all leaves wilted except the tip of the plant whole plant wilted.

The mean of disease scores represents the wiisgiseverity (DS). The disease incidence
(DI) was recorded daily and calculated as the peagge of dead plants in the total number
of plants at the evaluation date. The area undszade progress curve (AUDPC) was
calculated on the basis of either wilt disease rigver disease incidence using the

following formula (cited after Jeger and Viljanemifson, 2001):

AUDPC = ”Z_l [(Xi *X)] 2](ti ~t,)

with x; and x; - wilt incidence or disease severity scale, amad {; - consecutive evaluation datest(f is

equal to 1 day).

1.2.6 Extraction of plant material for determination of polygalacturonase-
inhibiting protein (PGIP) activity

Midstem parts of three plants per treatment of ggres NHG3, NHG13, NHG162,

NHG60 and King Kong2 were homogenized in extracbaffer (10 mM MES, 1 M NacCl,

pH 5.7) at a ratio of 4 mL buffer per g fresh wei@AW) and incubated under stirring on

ice for 2 h. Subsequently, the slurry was filtetedough cheese cloth and centrifuged
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(16,600 x g for 15 min at 4°C). Supernatants weseduas plant extracts for PGIP activity
test.

1.2.7 Extraction and characterization of PG isozynme
1.2.7.1 Isozyme separation by hydrophobic interaan chromatography (HIC)

The crude bacterial extracts were loaded in 0.5 rMnanium acetate buffer (pH 6.0)
containing 1.5 M ammonium sulphate in a total vaduof 60 mL onto a phenyl sepharose
column (5 cm, @ 0.5 cm, 2 mL gel) (Pharmacia, Swgdealibrated with the same buffer
with a flow rate of 1 mL mirl. Bound protein was eluted by a linear gradientr(@Q of
1.5 M ammonium sulphate in 0.5 M ammonium acetaiéfeb (pH 6.0) to 0.5 M
ammonium acetate buffer (pH 6.0) or to water. Hotirgg of remaining proteins, the
column was additionally washed with 10 mL wateladfions of 3 mL were collected and

subsequently tested for conductivity (mSi) and /ay.

1.2.7.2 Fluorophor-assisted carbohydrate — polyactgmid — gel electrophoresis
(FACE-PAGE) for quantification and analysis of liberated carbohydrate

fragments

The single PG isozymes deriving from the peaks b HIC-chromatography were
incubated 15 and 120 minutes with polygalacturase (PGA, Sigma, Germany; 1%
final concentration). The reaction was stopped lnck frosting the samples. About 15 to
20 pg mL* total carbohydrate per sample was dried in a Speedconcentrator and
dissolved in a mixture of 20 pL sodium-cyanoborafge (1 M in dimethylsulfoxid) and
20 pL ANTS (8-aminonaphthalene-1,3,6-trisulfoniadad.2 M in acetic acid : water
3 :17 viv) and incubated for 16 h at 37°C. Subsatjy, the samples were dried again in a
Speed-Vac and dissolved in 20 pL sample buffer5(G8M Tris-HCI, pH 6.8; 20%
glycerol). The samples were analysed on a 40% amwigle gel (T : C/ 18 : 1) and run for
90 min at 300 V on ice, using a BioRad Mini Protelhnsystem. The gels were
photographed with a digital camera at 305 nm wangtleand the pictures were processed
with Adobe Photoshop CS. As marker a mixture of oglmono-, 0.2 ug di-, and 0.4 ug
trigalacturonic acid per lane was used. Each unieses contained 2 pL phenol red (0.25

mg mL%) and 2 pL bromphenol blue (0.25 mg Mlfor orientation.
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1.2.7.3 Mass spectrometry

N-terminal cleavage products obtained from CooneaBsile-stained polyacrylamide gels
were identified after tryptic digestion in a MALOOF mass spectrometer (Ultraflex I,
Bruker Daltonics, Bremen, Germany). Briefly, bamidsre cut out of the gel, destained
using 50% acetonitrile and dried by addition of #)8&cetonitrile and incubation in a speed
vac system. Trypsin solution (10 ng)Lwas added to the dried gel piece. After overnight
incubation at 37°C, peptides were extracted froe glel using 5% trifluoracetic acid
(TFA) containing 10% acetonitrile. Extraction saoduts were dried and dissolved in 0.2%
TFA and 50% acetonitrile. Samples were mixed withudl of a-cyano-4-hydroxyl-
cinnamonic acid (CHCA), dissolved in 0.2% TFA ar@¥bacetonitrile and applied to the
MALDI target. MS and MS/MS spectra were collectedl all data were analyzed using
the Biotools (Bruker Daltonic) and MASCOT (Matrixi8nce, UK) software packages.

1.2.8 Polygalacturonase-inhibiting protein (PGIP) ativity
1.2.8.1 Agarose diffusion assay (ADA)

PGIP activity was determined as described by Dimrglal. (1953), modified by Schacht
(2005). A mixture of either 10 pIR. solanacearunor 25 pL F. oxysporumf. sp
lycopersicienzyme extract and plant extracts [either 0.5 2ngl(), 2 mg (8 uL) or 8 mg
(32 pL) FW plant extract] were applied to wells an agarose gel. As control
R. solanacearunor F. oxysporunt.sp. lycopersicienzyme extract without plant extract
were applied on each gel. All samples were adjuidtle same quantity in wells (42 pL
R. solanacearunor 57 pL F. oxysporump with 50 mM MES buffer pH 5.7. After
incubation for 48 h at room temperature the platese developed with 5 M HCI for ten
minutes. Diameters of appearing halos or ringféngel around the inoculation wells were
measured as enzyme activity. Brightness of halose wecluded in the evaluation by
multiplying diameter values by a factor derivingrfr visual estimation of the halo
intensity: 3 - control and samples with identicalgbt white halos, 2.5 - white halo, 2 -
whitish halo, 1.5 - slightly white halo, 1- fadeltwaAll tests were conducted in triplicates
in the same gel, the control without plant extiactour replicates, assays were repeated

with plant samples from different trials.
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1.2.8.2 Calculation of PGIP activity

The relative inhibitory activity [%] of the plank&acts was calculated based on the formula
described in Richter (2005):

100 — [(diameteRsenzyme extract + plant extract) / diamdRsicontrol] * 100

1.2.8.3 Degradation assay

One hundred microliters of isozymes derived from RHC were incubated for 10 min with
50 mg FW, 100 mg FW, and 137.5 mg FW of stem etdraReducing sugars were
determined as described in 1.2.3.3 degradatioryassa

100 — [(red. sugaRsenzyme extract + plant extract) / red. sudgggsontrol] * 100

1.2.8.4 Characterization of polygalacturonase-inhiiting protein activity

Plant extracts were filtered through 0.2 um, 0.45, 0.8 um, 1.2 um cellulose acetate
membrane filters (Minisart; Sartorius, Germany) &b pum nylon and PTFE membrane
filters (Roth, Germany). These filtrates and th@esnatants from boiled (10 min) and
ammonium sulphate precipitated plant extract wested for activity with 10 pL
R. solanacearunenzyme extract in the agarose diffusion assay. ddssible effect of
buffer quantity was tested by incubationRof solanacearunculture filtrate with different
quantities of extraction buffer (10 mM MES, 1 M Na@H 5.7). The activity of the
supernatant from a 70% ammonium sulphate predmitadf plant extract was tested
againstR. solanacearunaulture filtrate. For control, plant extracts franoculated plants

without addition of bacterial culture filtrate wetiessted in the ADA test for PG activity.

1.2.9 Other methods

SDS-PAGE was performed according to Laemmli (197)tal protein content was
determined by using Coomassie assay kit (Pieraejniorotiter plates according to the
manufacturer’s instruction, or by the method of@oad (1976). Statistical analyses were
performed with R (R Development Core Team — R Fatind for Statistical Computing,

Vienna, Austria). The program was used for Tuclesy or Welch test at = 5%.
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1.3 Results

13.1 Polygalacturonase activity of bacterial andungal culture

Polygalacturonase (PG) activity &. solanacearunculture filtrates was detected by an
agarose diffusion assay optimized in gel thicknemszyme quantity addition and
incubation time and temperature, in order to obtamaximum halo or ring formation in
the polygalacturonic acid (PGA) containing gel sating the enzymatic activity (data not
shown). By thin layer chromatography the formatminmonomers, dimers and trimers
after digestion of PGA by PGs of culture filtratdsR. solanacearunfRf: 0.45 — 0.47, 0.36
—0.39 and 0.29 — 0.32, respectivebnd of monomers and dimers after addition of caltu
filtrates of Fusarium oxysporurhsp. lycopersici(Rf: 0.46)andEscherichia colpQHBET
expressing PehB (Rf: 0.35 — 0.37), respectively e@dirmed.E. coli BL21(DE3) used
for control for non-expression of pectolytic enzyame E. coli as well as. coli pPehC7

showed no reaction products (data not shown).

1.3.2 Multiplication and polygalacturonase activityof R. solanacearum in vitro

Population development of thR. solanacearunwild-type (WT) and the non-virulent
phenotype conversion mutant (PC) strains in meadgiplemented with tomato stem extract
(TE), polygalacturonic acid (PGA) or tomato stentl @ell tissue (TT) were generally
similar over the trial period of 30 hours (Fig. A.and 1.1B), while clear differences were
observed in the PG activity between the strains emmiparing media over 52 hours
(Fig. 1.1C and 1.1D).

Three types of colonies were observed in the mégialimy [s] colonies, corresponding
to the wild type, (ii) retarded slimy [rs] colonjeswith a four days delayed
exopolysaccharide (EPS) production, and (iii) ntimg [ns] colonies. Towards the end of
the exponential phase at 6 hpi, the wild type cel®partly converted to the retarded slimy
form, in basal medium (BM) + PGA and BM + TT, orrion-slimy colonies in BM and in
BM + TE (Table 1.1, Fig. 1.1C). The latter conversiwas reversible, and normal type

colonies occurred again after about 27 hpi in BM BM + TE.
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PG activity increased to a maximum at 30 hpi inhie-type strain, with high values in
the BM + PGA and BM + TT, followed by lower actigs in BM + TE and BM
(Fig. 1.1C). The conversion of the slimy bactenwithe rs colony form coincided with the
beginning of the PG production (Fig. 1.1C; arrows). cultures of the PC mutant
exclusively PC-type colonies were observed. PGriggtof the PC mutant increased about
5 h earlier, was up to 35 times higher in the BMupplements compared to the wild-type
at 6 hpi, and generally 4 to 8 times higher actessmedia and time (Fig. 1.1D). Maximal
PG activity was observed at 30 hpi, with highestea in BM + PGA, followed by BM +
TE and BM + TT, and BM medium. The PG activity sleoha slight retardation at 24 hpi
before reaching the maximum and generally decreimsall media with both strains after
30 hpi.
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Fig. 1.1: Multiplication and polygalacturonase activity Bf solanacearunwild-type (A,
C) and phenotype conversion (PC) mutant (B, D)daidl cultures of basal medium and
basal medium supplemented with PGA (1%), tomatbwall tissue (6 g/L) and tomato
stem extract (6 g/L).

Data [colony forming units (log CFU) / ml] are meaaf two replicates SE for the wild-type and the
mutant.

Solid line: BM (basal medium); long dashed line: BMI'E (basal medium supplemented with tomato stem
extract), short dashed line: BM + PGA (basal medaupplemented with 1% polygalacturonic acid), dbtte
line: BM + TT (basal medium supplemented with toonaell wall tissue).

Standard errors in figure A and B are low.

D: line with open symbols represents highest P@iacfrom the wild-type in BM + PGA of Fig. 1c Aows

in C represent occurrence of retarded slimy cokniRG activity: difference between sugars in thaetien
mixture after one minute incubation and reducedsifrom polygalacturonate after 30 min incubation,
reduced sugars (umol Mlmin™).
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Table 1.1:Occurrence oR. solanacearurnolony types (log CFU * mt) 24 and 30 hours
post inoculation (hpi) in basal medium (BM) anddasedium supplemented with tomato

stem extract (TE), tomato cell wall tissue (TT) goudlygalacturonic acid (PGA).

R. solanacearum colony type

Medium Hours post inoculation Slimy Non-slimy  Retarded slimy

(hpi)

(s) (ns) (rs)

BM 24 9.5+ 0.01 7.1+ 0.04 -
BM + TE 24 9.7+ 0.05 7.3 0.10 -
BM+TT 24 9.6+ 0.02 - 7.0+ 0.00
BM + PGA 24 9.7+ 0.02 - 7.9+ 0.04
BM 30 9.6+ 0.02 -
BM + TE 30 9.8+ 0.02 -
BM+TT 30 10.3+0.40 - 6.2+ 0.20
BM + PGA 30 9.9+ 0.08 - 6.5+ 0.10

Data are means of two replicateSE. - : no occurrence of the colony type.

Retarded slimy (rs) colony phenotype was non-slfory2 days, before slime production started on TTC
medium.

BM: basal medium; BM + TE: basal medium supplemgntéh tomato extract; BM + PGA: basal medium
supplemented with 1% polygalacturonic acid; EG + Basal medium supplemented with tomato cell wall
tissue.

Retarded colonies are also indicated as arrowsyuré&1.1c.
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1.3.3 Isozyme specific polygalacturonase activity wild-type and mutant

After separation of the crude enzyme extracts ef whld-type and the PC strains by
hydrophobic interaction chromatography (HIC), betktracts showed two PG activity
peaks indicating two different isozymes (I, Il),tivia 10 times higher activity of peak | in
the mutant than in the wild type strain (Fig. 1.2Ad 1.2B).
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Fig. 1.2: Elution profile from hydrophobic interaction chramgraphy (HIC) of
R. solanacearunwild-type (A) and mutant (B) polygalacturonaseserfcultivation in

basal medium (straight line) and basal medium wathato cell wall tissue (dashed line)
(BM + TT) 30 h after incubation.

The extract was loaded in ammonium acetate budf&r 1) containing 1.5 M ammonium sulphate on a 2 mL
phenyl sepharose column and eluted with a lineadlignt from buffer A (0.5 M ammonium acetate buffer
1.5 M ammonium sulphate) against buffer B (0.5 Mnamium acetate buffer). PG activity: difference
between existing sugars in the reaction mixturerafine minute incubation and reduced sugars from

polygalacturonate after 30 min incubation periodteduced sugars (umol Mimin™). Representative results
of several repetitions are shown.
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134 Isozyme characterization

1.3.4.1 Cleavage mode

PGs exist as exo-cleaving (EC number 3.2.1.67)ndo<leaving enzymes (EC number
3.2.1.15). Fluorophor-assisted carbohydrate — pojyamid — gel electrophoresis (FACE -
PAGE) of HIC peak 1 showed breakdown products raniom dimers to oligomers with

a degree of polymerization (DP) of > 12 at fifteemutes after incubation with PGA, and
degradation to dimers and oligomers with a DP 6fafter 120 min incubation, revealing a
cleavage mode typical for endopolygalacturonases (F3). Cleavage of PGA with HIC
peak Il resulted in monomer and dimer breakdowmlpets, with an increase in formation
of monomers over the incubation time, revealing leavage profile typical of an
exopolygalacturonase. In the following, peak leateired to as endo-PG and peak 2 as

exo-PGs.

Isozyme | Isozyme |l
15 min 120 mir 15 min 120 min

DP Zm

DP z=> q
e l

| A

Fig. 1.3: Product analysis from polygalacturonic acid indedawith endo- or exo-

polygalacturonase isozymes by fluorophor assistthahydrate - polyacrylamid — gel
electrophoresis (FACE - PAGE).

Single polygalacturonase isozymes from HIC weralated with PGA and the reaction was stopped afier

or 120 min incubation. The liberated cleavage pecteluvere derivatized with 8-aminonaphthalene-1,3,6-
trisulfonic acid (ANTS) and subsequently analyzgdPAGE. DP 1, DP2, and DP 3 were loaded as markers.
Oligosaccharides with a higher DP were calculatedvalues.
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1.3.4.2 Mass spectrometry

Presence oR. solanacearurendo-PG (PehA) in HIC peak | and exo-PGs PehBRaitC
in HIC peak Il were confirmed by MS analysis. In GHipeak Il five further

R. solanacearumroteins were detected (Fig. 1.4, Table 1.2).
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Fig. 1.4: Protein bands of exo-PG fraction obtained by hgHobic interaction

chromatography (HIC).
Ten microliter and 30 pL correspond to 55 pg an@ [L§ protein, respectively. No 1 — 7 corresponi&®

analysed proteins in Table 2
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Table 1.2:Mass spectrometry (MS) analysisR®f solanacearurproteins in peak Il (exo-
PG peak) of hydrophobic interaction chromatography.

Band Protein Gene
No [Accession] locus'
1 Exo-poly-galacturonisidase (PehB), RScl1756

(signal peptide protein)
[Q8XYK2_RALSO]
2 Exopolygalacturonase (PehC), RSp0833

(polygalacturonase transmembrane protein)

[Q8XRJI8_RALSO]
3 Putative bacterial extracellular solute-bindifagnily 1, RSc3051

Abc transporter protein

[Q8XUY2_RALSO]

4 Probable catalyse hydroperoxide hpll oxidoredsectarotein RSp1581
[Q8XPQ7_RALSOQ]
5 Putative extracellular endw-1,4 poly-galactosaminidase RSc2241

Or related polysaccharide hydrolase protein
[Q8XX75_RALSO]
6 Putative porin signal peptide protein RSc2933
[Q8XV98_RALSO]
7 Porbable transmembrane protein RSc2238
[Q8XX78_RALSO]
Endopolygalacturonase (PehA, PglX) RSp0880
[PGLR1_RALSO]

! gene locus according to Salanoubigal (2002).
2 Endo-polygalacturonase (PehA) was found in HIC pkeakdependently determined by MS analysis (gel
not shown)
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1.3.4.3 Stimulation of isozymes by tomato cell wdilssue

The increase of total PG production 30 hpi in medsupplemented with tomato cell wall
tissue of 124% (0.07pumol*mt*-min™ in BM and 0.16 pmol*mL*-min™* in BM + TT)
and 25% (0.57 pmol*mit*-min™ in BM and 0.71 pmol*m**-min™ in BM + TT) in the
wild-type and the PC mutant, respectively (Fig.CLAnd 1.1D) is reflected by a higher
activity of exo-PGs for wild-type and mutant stigirand of endo-PG for only the wild-
type strain (Fig. 1.2A and 1.2B). Endo-PG actiwfythe mutant decreased in BM + TT
medium in comparison to the basal medium. Supplémgthe basal medium with tomato
cell wall tissue led to a 54% (0.11 pmol*ift=min™* in BM and 0.18 pmol*m*-min™*

in BM + TT) and 30% (0.20 umol*mt*-min™ in BM and 0.26 pmol*mt*-min™ in BM

+ TT) increase in exo-PG for the WT and the PQrstraspectively.

135 Polygalacturonase-inhibiting protein (PGIP) ativity in tomato stem

extracts

Stem extracts of healthy (h) ariRl. solanacearuninoculated (i) plants from tomato
genotype King Kong2, moderately resistant to baatevrilt, showed inhibitory activity on
PGs ofR. solanacearunn the agarose diffusion assay (Fig. 1.5). Infobiincreased with
quantities of plant extracts applied, irrespectiveéhe healthy or inoculated status of the
extracted plants. The quantity of plant extractligppin the test was standardized on mg
FW tomato stem in order to screen possible diffegenin PGIP accumulation between
genotypes, which might be underestimated when tdgusn total protein contents in the

extracts.
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Fig. 1.5: Inhibition of polygalacturonase activity &. solanacearunby plant extracts
from tomato stems of genotype King Kong2, healthynoculated withR. solanacearum
strain ToUdk2 at 5dpi, in agarose diffusion assays.

Black columns: healthy plants; grey columns: inated plants.

Data are means standard error of four independent experimenth thitee plants per treatment.
Inhibitory activity (%) was calculated accordingtformula:

100 - [(diameteRsenzyme extract + plant extract) / diamedRsicontrol] * 100

Comparing extracts of four tomato recombinant iddnees (RILs) differing in resistance,
either healthy oR. solanacearuninoculated (12 hpi and 5 dpi) [NHG 13 with an area
under disease incidence progress curve (AR 0.0+ 0.0, NHG 162 AULPC 55.0+
55.0 (resistant); NHG 3 AUDPC 76338 140.3, NHG 60 AULPC 230.0+ 153.1
(susceptible)] for PGIP activity, no differencestvibeen genotypes nor an effect of
inoculation were observed (Fig. 1.6A and 1.6B). &ally, PGIP activity increased
significantly from 12 hpi to 5 dpi across genoty@esl treatments with plant age using
extract from 8 mg stem fresh weight (FW) in the.tes
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Fig. 1.6: Inhibition of PG ofR. solanacearurby stem extracts of tomato recombinant
inbred lines NHG 3, NHG 60 (susceptible) and NHGNBG 162 (resistant) healthy and
inoculated withR. solanacearurstrain ToUdk2 at 12hpi (A) and 5dpi (B) in agarose
diffusion assays.

Black columns: healthy plants; grey columns: inated plants.

Data are means standard error of two independent experiments siiktplants per treatment. Capital letters
refer to comparison of the same genotype, timetpaia treatment (healthy or inoculated) with differ
quantities of plant extracts. The same letters raoe significantly different with Tuckey test at 5%.
*: significantly higher inhibitory activity with exact from 5 dpi compared to 12 hpi for the saneatiment
with Tuckey test at 5%. Inhibitory activity (%) waslculated according to the following formula: 190
[(diameterRsenzyme extract + plant extract) / diame®sicontrol] * 100

The total protein content was significantly higherinoculated, susceptible genotypes
NHG3i (24.4+ 3.3 mg g FW) and NHG60i (29.4- 5.2 mg ¢ FW) than in non-
inoculated ones (NHG3h: 95 1.9 mg ¢ FW, NHG60h: 7.1+ 1.3 mg ¢ FW), and
tendenciously higher in genotypes NHG13i and NHG{62.5+ 3.7 mg ¢' FW and 15.9

+ 1.3 mg g FW, respectively) than in NHG13h and NHG162h ®.8.9 mg ¢ FW and
8.1+ 2.4 mg g FW, respectively) (data not shown).
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1.3.6 Characterization of polygalacturonase-inhibing protein (PGIP) activity

The inhibitory activity of extracts of healthy aRd solanacearuamoculated tomato RIL
genotypes was generally at least four times higberss treatments witR. solanacearum

than withF. oxysporunf. sp.lycopersicienzyme extract (Fig. 1.7).
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NHG 13 NHG 162 NHG3 NHG 60 NHG 13 NHG 162 NHG 3 NHG 60
R. solanacearum F. oxysporum f.sp. lycopersici

20

10

Fig. 1.7: Inhibitory activity (%) of extract from healthy dnnoculated tomato recombinant
inbred lines NHG 13 and NHG 162 (resistant) and NBI@nd NHG 60 (susceptible)

(2 mg stem FW) t®R. solanacearumandF. oxysporuni.sp. lycopersicienzyme extracts.

Evaluation of halo diameter with brightness factor.

Black columns: healthy plants; grey columns: inated plants.

Data are means of six plants per treatmentfasxysporunf.sp. lycopersiciand of six plants per treatment
in three replicates foR. solanacearumt standard error. Columns followed by different deit are
significantly different with Welch t-test at 5% ceparing enzyme extracts from the two pathogens.
Brightness factor 3 - control and samples with tabatly bright white halo; 2.5- white halo; 2- wisit halo;

1.5 - slightly white halo; 1 - fade halo. Inhibiyoactivity (%) = 100 — [(diameter enzyme extract + plant
extract) / diameter control] * 100.

PGIP activity of extracts was not influenced by thie@atment at 100°C for ten minutes,
nor by filtering of the plant extracts (filters pbre sizes 0.2 — 1.2 um; materials: cellulose
acetate, nylon or PTREPG activity remained unaffected by increasingngjtias of MES
buffer with 1M NaCl. No PG activity was detected dyyplying inoculated plant extracts
(8 mg FW quantity) to the agarose diffusion assaypernatants from ammonium sulphate
precipitated plant extracts lost their ability tohibit R. solanacearunPGs (data not

shown).
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1.3.7 PGIP activity on endo- and exo- polygalacturases

Stem extract of healthy arfi@. solanacearuanoculated plants of genotype King Kong2
inhibited endo-PG and exo-PG Rf solanacearumwith increasing inhibition with higher
guantities of plant extract (Fig. 1.8). An actiwetiof endo-PG, but not of exo-PG was
observed after adding the lowest quantity of pétact.

100 4

80 -

60 -

7,
40

20 A

Inhibitory activity [%]

-20 4

-40

50 mg FW 100 mg FW 137.5mg FW

Fig. 1.8: Inhibition of endo-PG and exo-PG Bf solanacearumwild type by extracts of
tomato genotype King Kong2, healthy and inoculat&t R. solanacearupmeasured by
concentration of degradation products.

Data are means SE from three extracts of healthy and two extrattisoculated plants of tomato genotype
King Kong2.

Endo-PG (black columns) and exo-PG (grey columhsglthy (filled columns) and inoculated (striped
columns).

One hundred microliter of either endo-PG or exo-d@ved from HIC were incubated with extracts of 50
mg FW, 100 mg FW, and 137.5 mg FW tomato stems. démtrols the quantity of plant extract was
substituted by water.

The inhibitory activity (%) was calculated accomlito the formula:

100 - [(produced galacturonic acid R enzyme extract + plant extract) / produced gatacic acidRs
control] * 100
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1.4 Discussion

The activity of PGIP on bacterial PGs was obseffeedhe first time. The PGIP effect in
tomato stems was demonstratadvitro on the chromatographically separated endo- and

ex0-PGs oR. solanacearuPG activity ofR. solanacearumwas characterized

Though the population development of the wild tgpel the mutant were similar in all test
media, PG activity increased notably after occureeaf colonies of the converted rs and
ns form in wild type cultures supplemented with nplacell wall compounds. The
conversion of the wild-type to the typical PC coldiorm normally occurs under stress
conditions in a low frequency and is in most casaisreversible (Denny, 2006), though
Poussieet al. (2003) described a reversion from PC to wild-tgp®niesin planta Thus,
our rs and ns type colonies represent other coiorefsrms ofR. solanacearupndifferent
from the typical PC form. In our former studiediigher percentage of converted colonies
were re-isolated from stems of resistant plant® alays post inoculation compared to
stems of a susceptible genotype, suggesting thatctinversion resulted from the

interaction with components of the defence reaaioime plant (Diogo, 2005).

In our studies the typical PC mutant produced P@miy consisting of endo-PG earlier
and at lower population densities than the wildetggrain. It remains to be investigated if
the PC type is avirulent, because it may be betisrgnized by the plant due to the action
of endo-PGs, which are known to produce oligogalactates with a degree of > 10,
which are potent elicitors of defence responsgdants (Ryan, 1987). It is known that PC
mutants of R. solanacearumare unable to wilt host plants and deficient in
exopolysaccharide production (Kelman, 1954), bairtendo-PG secretion is elevated
(Brumbley and Denny, 1990). Also the conversiomfrslimy to retarded slimy and non-
slimy colonies in cultures of the wild type occagispecifically in media supplemented
with PGA and tomato cell wall tissue was related®® production, though this conversion
was reversible, since they were not found at Iséenpling times. Thus}. solanacearum
possesses a highly sensitive system to react féexibproduction of various virulence
factors such as PGs and extracellular polysacamaitio environmental changes, thereby

exhibiting various degrees of phenotypic conversion

R. solanacearunstrain ToUdk2 culture filtrate separated by HICowkd two peaks
containing endo- or exo-PGs. Further analysis eftiio peaks by MS identified all three
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polygalacturonases described for this pathogen elf§cB000), with endo-PG eluting
separately from the two exo-PGs suggesting thatekwePGs have similar biochemical
characteristics. In the wild type strain the exo-88retion was higher than the endo-PG
secretion and was additionally stimulated by al&®% by tomato cell wall tissue [TT] in
the medium, while Schellet al. (1989 found the major polygalacturonase of
R. solanacearunstrain AW being endo-active. The detected, tholagh endo- and exo-
PG activity in culture supernatants of the wildaypuggest that PGs are constitutively
expressed. A certain level of constitutive or basahthesis of the inducible PGs is
suggested to provide degraded plant cell wall corepts in the early infection stage,
eliciting the resistance signaling cascade, amgyéring the defence response of the plant
(Alghisi and Favaron, 1995).

In its optimised form, the ADA test revealed suigator detection and quantification of PG
activity, though the quantities of secreted polggaironases in culture filtrates of

E. coliPehC seemed not sufficient for detection in thss. te

Also Allen et al. (1991) observed an increased PG activitiRosolanacearurstrain K60
cultures in minimal medium supplemented with inédcdar fluids from tobacco leaves,
and higher PG activity fronm plantagrown bacteria, but they did not distinguish betwe
the isozymes responsible for the increase. Sinlasur observations, Garcia Maceeta
al. (1997) found that an exo-PG Bfisarium oxysprun sp.lycopersiciwas stimulated by
PGA. Additionally, Kelemu and Collmer (1993) debex pectate lyase (PL) isozymes of
Dickeya chrysanthenitC16, induced by cell walls of chrysanthemum spgeces, but not
by pectate. Whether PehB or PehC or both exo-PGsaifi ToUdk2 are stimulated needs
further investigations. Molecular approaches usimgroarray technology recently showed
that the environmentally induced type Il secretpathway also influences the secretion of
exo-poly@a-bp-galacturonosidase (PehB) by HrpG (Vallsal, 2006), and an influence of
HrpB on exo-PG C (PehC) was suggested (Hikathal, 2007), indicating that both exo-
PGs can be stimulated by plant tissue. Thus, cbntath the plant cell wall in

R. solanacearumstrain GMI1000 is suggested to influence the esgiom of PGs.

The spontaneous mutant strain we used in our stiaolwed typical PC characteristics such
as non-mucoid morphology (Pousskr al, 2003), and a 10 times increased endo-PG
activity compared to the wild-type strain, whileetkxo-PG activity was similar in both

strains cultured in basal medium. But also in tRedfain, a tendenciously increased exo-
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PG activity of about 30% was observed after addibb plant tissue. Also Brumbley and
Denny (1990) reported a higher activity in PGs withdifferentiation of endo- and exo-
PGs isolated fromR. solanacearunPC-type and PC-like mutants obtained by Tn5

mutagenesis than the wild-type.

Pathogenicity and virulence @&®. solanacearunare regulated by an extensive genetic
network, the Phc (phenotype conversion) systemgl§@000), composed of a LysR-type
transcriptional regulator, PhcA (Schell, 1993) gmeducts of an operon, phcBSRQ
(Cloughet al, 1994; Clougtet al, 1997), controlling the levels of active PhcA @sponse

to variations in bacterial cell densities. Actiatiof several virulence genes, such as EPS
biosynthesis, pectin methylesterse (Pme) Brid4-endoglucanase (Egl) occurs after a
certain cell density threshold is exceeded, whédeajely genes coding for motility, pili,
endo-PG (PehA), siderophore and Hrp machineryrdmbited at this state (Schell, 2000).
The endogenous signal molecule 3-hydroxypalmitic anethyl ester (3-OH PAME)
(Flavier et al, 1997) autoregulates the expressionpbicA providing a system for
R. solanacearunto distinguish between early and late virulencecfions, depending on
bacterial density (Genin and Boucher, 2002). Iniowitro studies, PG production started
at about 1®cells per mL for the wild type and the PC mutant.

Interestingly, the pectinolytic enzymes are rembmet to be coordinately controlled and
the exo-PGs PehB and PehC seemed to be sepaedalated apart from PehA (Schell,
2000). As mentioned above, the PhcA system conPelsA, but in an indirect way by
reducing the function of the PehS/PehR two-compbmegulatory system, normally
positively controlling the expression (Denny, 2008¢hR is activated by a so far unknown
plant signal (Tans-Kersteeat al, 2004), and the inactivation leads to loss of eR@o
activity, and flagellar and twitching motility. Aoecdingly, in both strains the exo-PG

activity was stimulated by addition of tomato cedll tissue in the culture medium.

The FACE-PAGE analysis of exo-PG fromR. solanacearumand thin layer

chromatographic analyses showed breakdown prodéicsly dimers and monomers, but
not of elicitor active oligomers which range inesirfom 10 to 13 oligogalacturonides
(Ryan, 1987). Thus, by higher expression of exotf&pathogen might escape effectively
plant defence responses by being late or not rezedrby the plant, since potent elicitor

active oligomers are not produced or could be tguldgraded by the action of exo-PG.
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We found that endo-PG can be stimulated by low tities of plant extracts vitro. Also
after incubation of PGs dR. solanacearun®C mutant with plant extracts in the agarose
diffusion assay, an increase in PG activity for egotant extract quantities was observed
(data not shown). Similar observations were madeKbgp et al. (2004) in a fungal
system describing a pH dependent activation of ¢wostitutively expressed endo-PGs
from Aspergillus nigerby PGIP2 fromPhaseolus vulgarisThe differential increase of
exo- and endo-PG activities observed after additbmomato cell wall tissue or plant
extracts, respectively, point at a highly sensitiegulation system dR. solanacearunm

interaction with the plant.

We demonstrated for the first time that compoundslant extract actively and specifically
inhibited bacterial PGs. It is well described tHanhgal PGs can be inhibited by
polygalacturonase-inhibiting proteins present ia tell wall of numerous plant species
(De Lorenzeet al, 2001), but also PGs from the phytophagous indgajss rugulipennis
and Adelphocoris lineolatusvere inhibited by PGIPs (D’Ovidiet al, 2004b). Thus, also
different PGIPs recognized and inhibited specificahrious fungal PGs (De Lorenzd

al., 2001). But, an inhibition of bacterial PGs aslvesl PGs of plant origin, and of other
microbial pectic enzymes i.e. pectate lyases coatdbe successfully demonstrated to date
(Cervoneet al, 1990; De Lorenzo and Ferrari 2002).

A specific inhibition of PGs by plant extract wabserved, with an at least four times
higher inhibition of PGs fronRR. solanacearunthan fromF. oxysporunf. sp. lycopersici
indicating that the plant extracts contain eithe® same PGIP with variable specificity
towards PGs from different origin, or that differesoforms of the protein or different
PGIPs are responsible for the inhibition. The P&dfvity can vary depending on the plant
species, but different inhibitory activities wets@mobserved by PGIPs from the same plant
against PGs from various fungal species, and ewenPfss from the same fungus
(De Lorenzo and Ferrari, 2002). Thus, the existafca variety of PGIPs or isoforms of
PGIP is probable, since it was found that only tewino acid-replacements of the PGIPs
decide over the inhibitory activity towards diffatePGs (Leckieet al, 1999). The
characterization studies on the nature of PGIP estgthat the active principle is a
glycoprotein, indicated by its retained activityeafheating and its absent activity in extract

supernatants after precipitation by 70% ammoniufasal
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The analysis of the interaction betwe& solanacearum- tomato PGIP reveals a
constitutive expression of PGIP, without significafifferences between extracts from
tomato genotypes differing in resistanceRo solanacearumand, generally, comparing
healthy and inoculated treatments. On the othed heame evidence was found that PGIPs
in Phaseolus vulgarisand apple play a role in the discrimination ofisest and
susceptible genotypes (Lafitte al, 1984; Buzeet al, 2004), and more recently the role of
PGIPs in plant defence was discussed as part gildéme innate immunity (Federiet al,
2006). To identify possible differences in PGIP wnalation between genotypes or in
reaction to infection, we chose to standardizetélseé by using the same quantities of plant
tissue and not to adjust to the same protein cdrat@n. The latter could lead to an
underestimation of the effect since the proteinelem plants of different resistance
reaction and treatment could vary greatly, spedificwhen also bacterial proteins are
prevalent. We observed that the inhibition of palggturonases by extracts from
R. solanacearummoculated plants was more heterogeneous than togotx from healthy
plants. Additionally, with extract from inoculatgdants the inhibition of endo-PG was
tendenciously higher than the inhibition of exo-PGhese indications for a possible

specifically induced inhibition of endo-PG shoulel flarther analysed.

Extract of healthy control anB. solanacearuninoculated plants at 12 dpi were more
active than from plants at 5 dpi. These results sapgported by our quantitative gene
expression studies, where an increase of PGIP mRNmato stems was observed in
R. solanacearunmoculated plants 72 hpi (Ghareeb, 2007). Diffefe@IP activities were
also found in different plant tissue types of vas@lant species, tissues of different age,
specifically in fruits of variable maturity, withidgher activities in the immature state
compared to the mature state (Abu-Goeklal, 1983; Johnstoet al, 1993; Fisch, 2005).
Exploring vegetative plant tissues, PGIP activitgreased with seedling age (Sadtial,
1990).

The observations indicate that endo- and exo-PG@uatmn is governed by a highly
sensitive and finely regulated network, which,nteraction with PGIP and plant cell wall
degradation products, leads to the generation ordaxce of elicitor-active oligomers,
and, thus, contributes to the development of a @tiiole or incompatible interaction. In
conclusion, PGIP is suggested to be involved in rikmstance reaction of tomato to
R. solanacearumthough its precise role in the molecular intémacthas to be further

characterized
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CHAPTERZ

Effect of silicon nutrition andRalstonia solanacearumoculation

on peroxidase and polyphenol oxidase activity mdto stems

Abstract

Silicon-amendment led to decreased symptom devedapnn three of four tomato
recombinant inbred lines (RILs) differing in theresistance toR. solanacearum
Investigations of peroxidase (POD) activity of thd®lLs showed generally no significant
differences in the enzymatic profile among genosypad treatments at 5 days post
inoculation (dpi), an evaluation date correspondiagthe beginning of wilt symptom
development. The experiments were extended withribderately resistant commercial
genotype King Kong2, examining four evaluation daterresponding to the beginning of
symptom development (5dpi), difference in symptogwadopment of silicon- treated and
non-treated plants (8 dpi and 12 dpi) and survigkhts (26 dpi). Polyphenol oxidase

(PPO) measurements were included in this set afraxents.

Differences in POD activity (umol*mittgFW™) across treatments at the same evaluation
dates could be observed with lower activity in mooeulated (+Si-Rs) treated plants
compared to both inoculated treatments (-Si+Rst8i¢iRs) at 8 dpi. Comparing the same
treatments at different evaluation dates, a sigaifi increase in activity was observed in
non-silicon, non-inoculated (-Si-Rs) plants at 26 compared to 5 dpi, and a significant
decrease in activity for silicon-treated, non-inated (+Si-Rs) plants at 8 dpi compared to

12 and 26 dpi. Differences in specific POD acti{jigr mg protein) were not observed.

At 8 dpi, PPO units per mg protein were signifitardecreased in the silicon-treated
inoculated (+Si+Rs) plants compared to the nortégganon-inoculated (-Si-Rs) controls.
Comparing the same treatment at different evalpatwates, PPO activity of

non-treated (-Si-Rs) controls was significantly dased at 8 dpi compared to 5dpi for
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units per gram fresh weight and for silicon treatedculated (+Si+Rs) plants at 8 dpi
compared 5 and 12 dpi for units per gram fresh ateagd units per mg total protein.
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2.1 Introduction

Characteristics and enzymatic reactions: peroxidases

Peroxidases (PODs)are heme-containing enzymes which catalyze oxitamludetween
hydrogen peroxide and reductansCad + AH, — 2H,O + A; Donor + HO, — oxidized
donor + 2HO (Hiragaet al, 2001; Blokhinat al, 2003).

They are classified into three superfamilies based their structural and catalytic
properties (Welinder, 1991). Guaiacol peroxidasgraaiped into class Il plant peroxidase
(EC 1.11.17), which are secretory plant peroxidabes are located in cells walls or

transported into vacuoles (Barcelé and Munoz, 2000)

Peroxidasesin plant resistance

Peroxidases have been shown to play a role in plogical processes like lignification
(Whettenet al, 1998), suberization (Espelet al., 1986), germination under high osmotic
conditions (Amayaet al.,1999), but also in the cross-linking of cell wstituctural proteins
(Fry, 1986), just to name a few.

An involvement of peroxidases in defence strategfeglants to pathogens was indicated
early by Lovrekovichet al. (1968), later they were classified as pathogeatedl (PR)
proteins — PR-9- by van Loaet al (1994). Induction of these enzymes was reportied a
wounding (Robertset al, 1988b) and after infection with fungi (Harrisen al 1995;
Thordal-Christenseet al, 1992), viruses (Lagrimini and Rothstein, 198TraHaet al,
2000) and bacteria (Reimeest al, 1992; Rasmusseert al, 1995). Peroxidase are
suggested to (a) strengthen the plant cell wallligiaification, suberization, feruloylated
polysaccharides and hydroxyproline-rich glycopnuge{VVanceet al, 1980; Fry, 1986;
Bowles, 1990); (b) elevate production of reactiveygen species (ROS) as signal
mediators and antimicrobial agents (Bolwetlal, 1995; Wojtaszek, 1997; Kawano and

Muto, 2000); and (c) increase phytoalexin producfidristenseret al, 1999).
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Characteristics and enzymatic reactions: Polyphenol oxidases

Polyphenol oxidases (PPOs) are located in the thylakoid membraneshtifraplasts and
often occur in multiple forms (Mayer and Harel, @9®Moore and Flurkey, 1995). They
are classified into monophenol oxidase (tyrosin&$e;1.14.18.1) and catechol oxidase (or
o-diphenol:oxygen oxidoreductase, EC 1.10.3.2), twvhal have a dinuclear copper
complex with histidine ligands at the active siafer and Harel 1979; Mayer, 2006).
The primary substrates are phenolic compounds andnaymatic reaction, oxygen is
inserted in a positioartho- to an existing hydroxyl group in an aromatic riimgonophenol
oxidase activity; Fig. 2.1), usually followed by idation of the diphenol to the
corresponding quinone (diphenol oxidase activitig. .2) (Mayer and Harel, 1979;
Yoruk and Marshall, 2003; Siegbahn, 2004; Mayefi&0Molecular oxygen is needed in
both reactions as co-substrate (Mayer, 2006). Gé#gpethe most prevalent form of PPO
activity in higher plants is the diphenolase atyiylyoruk and Marshall, 2003).

H
+0
. o OH
e - |
o
F
Monophenol Diphenol

Fig. 2.1: Monophenol oxidase pathway producing the diphenol
(from Marshallet al.,, 2000)

OH 0
o

OH _ 0
2 2 + 2H,0

T

Catechol o-Benzoquinone

Fig. 2.2: Diphenol oxidase pathway producing the quinones,

(from Marshallet al, 2000)
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The resulting orthoquinones form melanins by polyration, which are dark insoluble
polymers, involved in melanogenesis, a process wisialso called enzymatic browning
prevalent in fruits and vegetables (Marstealal, 2000; Mayer, 2006).

Polyphenol oxidasein plant resistance

Besides their involvement in biosynthetic proceskles the biosynthesis of betalains
(Steineret al, 1999; Straclet al, 2003), polypenol oxidases are also suggestedatoap
role in plant resistance to stresses and patho@eiayer, 2006). Early observations
revealed that polyphenol oxidsase activity increaafer infection with virus, bacteria,
fungi or mechanical injury (Mayer and Harel, 1978lpre recently, over-expression of a
potato PPO in tomato plants resulted in an enhamesdtance towardBseudomonas
syringae(Li and Steffens, 2002). Additionally, the intradion of antisense PPO cDNA in
tomato resulted in down-regulation of all membershe PPO gene family and increased
susceptibility to the same pathogen (Thipyapatgal, 2004a). Rajet al. (2006)
demonstrated an involvement of PPO in the resistahPenisetum glaucurgpearl millet)
to Scerospora graminicolaldowny mildew), where polyphenol oxidase was rbpid
induced and showed localized, elevated levels aftéection of PPO in resistant

genotypes, while an accumulation in the suscepgbtetype was not observed.




Chapter 2: Peroxidase (POD) and polyphenol oxi{RRB©®) activity 45

2.2 Materials and methods

2.2.1 Plant material and inoculation procedure

Tomato plants of genotype King Kong2 (Known-You &e€o., Taiwan) and tomato
recombinant inbreed lines (RILs) NHG13, NHG162, NBJ®NHG60 (Asian Vegetable
Research and Development Centre, AVRDC; Taiwan)eweultivated in white peat
(Klasmann-Deilmann, Germany) supplemented with I4’gCaCQ (Roth, Germany) for
the non-silicon treatment and 4 @ ICaCQ plus 1g / L Aerosil (Degussa, Germany) for
the silicon treatment. Plants were kept under drease conditions (20 °C with 14 h light
per day at 30 K lux and 70% relative humidity) awdtered throughout the whole
experiment with a nutrient solution composed of @ @a(NG;),, 1.875 mM KSO,, 1.625
mM MgSQ, 0.5 mM KHPGO,, 0.04 mM HBO3, 0.001 mM ZnS@ 0.001 mM CuSQ
0.01 mM MnSQ, 0.00025 mM NgMoQO,4, 0.05 mM NaCl and 0.1 mM Fe-EDTA for the
non-silicon treatment, and the same solution caitgiadditionally monosilicic acid at a
final concentration of 1.4 mM [Si(OH]) for silicon treatments. Monosilisic acid was
obtained after exchange of potassium silicate EpiuK,SIO, (VWR, Germany) with
cation exchangers (20 mL volume, Biorad Laboragmri@ermany) (Hochmuth, 1999).

Five week old plants were inoculated wik solanacearunstrain ToUdk2 (race 1,
phylotype 1; originated from Thailand) directly eftransplanting and transferring into a
growth chamber (30 °C / 27 °C day/night temperat8% relative humidity, 30 K Lux
and 14h light per day). Inoculum suspensions weepgred from two day old bacterial
cultures ofR. solanacearungrown on TTC medium [10 g / L Bacto peptone, 1 ig /
casamino acid, 5 g/ L glucose, 15 g/ L agar; 10afna 0.5% 2,3,5-triphenyl tetrazolium
chloride (Sigma, Germany) were sterile filtratedl aeparately added to the cooled TTC
medium after autoclaving (Kelman, 1954)] or on rauit glucose agar (NGA; 3 g / L beef
extract, 5 g / L peptone from casein, 2.5 g / Lcgke, 15 g / L agar) by adjusting the
suspension in demineralised water to an opticaitienf 0.06 at 620 nm, diluted 1 : 5,
corresponding to approximately 2.03*1CFU per mL. Per gram substrate, 0.1 mL
bacterial suspension was applied to each planttr@enwere treated with the same
guantity of demineralised water. Stem samples frecombinant inbred lines were taken
5 days post inoculation (5dpi) and from genotyped<dong 2 additionally at 8 dpi, 12 dpi

and 26 dpi. Non-inoculated controls of each treatmaeere included in all experiments.
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2.2.2 Symptom evaluation

Symptoms of ten plants per treatment were monitdegly and classified in six classes as
disease severityd = healthy plantl = one leaf wilted2 = two leaves wilted3 = three

leaves wilted4 = all leaves wilted except the tip of the plamt whole plant wilted.

The mean of disease scores represents the wiisgiseverity (DS). The disease incidence
(DI) was recorded daily and calculated as the peage of dead plants in the total number
of plants at the evaluation date. The area undszade progress curve (AUDPC) was
calculated on the basis of either wilt disease iigv@er disease incidence using the

following formula (cited after Jeger and Viljanemifson, 2001):

AUDPC = E[(Xi + Xi—l)/ 2](ti - ti—l)

with x; and X, - wilt incidence or disease severity scale, amad {, - consecutive evaluation datest(f is

equal to 1 day).

2.2.3 Bacterial quantification in tomato stems

Ralstonia solanacearunwas quantified in the stems of symptomless indedlglants,
either with or without silicon amendment. Stem pasiere surface sterilized with 70%
EtOH for 15 s, subsequently washed with sterile idemalised water and macerated in
3 mL of sterile water. After incubation for 20 mam room temperature the macerate was
filtered through cotton and centrifuged at 7000 at goom temperature. The pellet was re-
suspended in 1 mL sterile water, tenfold dilutierese prepared and 100 pL of appropriate
dilutions were plated in two replicates on TTC noedi (Kelman, 1954), followed by
incubation for 48 h at 30 °C. Bacterial coloniesraveounted and calculated as colony

forming units (CFU) per gram of fresh matter, exses in log CFU / g.

2.2.4 Determination of dry matter

After finalizing symptom evaluation, plants werdleoted, weighed and dried at 80°C for

one week. Dry matter was calculated as:

Dry matter = (Fresh weight of the plant / dry weighthe plant) * 100
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2.2.5 Silicon quantification

Total silicon content in stems and roots of tomgémotype King Kong2 of the same

samples used for bacterial quantification and erzwassays at 5, 12 dpi and four weeks
after inoculation was determined by spectrophotoynetsing the method developed by

Novozamskyet al (1984), modified according to lwasakial. (2002b).

Stem and root samples were dried at 80°C for at [@alays and grounded in a swing mill
(Sartorius, Germany). For each sample 10 mg mateas weighed in an Eppendorf tube
and digested with 500 pL of a solution composedMfHCI and 2.3 M HF in a ratio of
1: 2, while shaking overnight. After a centrifugat step at 10,000 x g for 10 min, 20 pL
supernatant was added to 250 pL 3.298® and incubated overnight with shaking. Then
250 pL color reagent (a 1 : 1 mixture of 0.08 5, and 20g / L (NH)sM0;0,44H,0)
were added and incubated for 30 min at room tenwperaColor development occurred
after adding 250 pL of a solution composed of 33.dartaric acid and 0.25 mL of4 g/ L
ascorbic acid. Samples were measured in micro ms/at 811 nm by spectrophotometry
(Beckmann DU 640, USA) against a blank containiGgu2. HCIl and 2.3 M HF (1 : 2)
without plant material. A series of standards v8ilconcentrations ranging from 0 to 100
ppm was prepared and the silicon content of thepkmsm(mg / g dry weight) was

calculated using regression equation of the stahalasorbance values.

2.2.6 Enzyme assays
2.2.6.1 Plant extraction

Plant material of silicon non-treated and treatezhlthy andR. solanacearunmoculated
tomato RILs NHG3, NHG13, NHG60 at 5 dpi and for gigppe King Kong2 at 5, 8, 12 dpi
and 4 weeks after inoculation was used for enzyseays. Frozen stem parts were
macerated in a ratio 1 : 10 (w/v) in 10 mM sodiunogphate buffer (pH 6.0) for 50 s and
subsequently centrifuged at 16,600 x g for 15 nif°€. Supernatants were used as plant
extract for enzyme assays and total protein queation.




Chapter 2: Peroxidase (POD) and polyphenol oxi{RRB©®) activity 48

2.2.6.2 Guaiacol peroxidase activity

Guaiacol peroxidase activity was measured as destin Fecht-Christofferst al (2003)

with modifications. The reaction mixture contain880 pL 20 mM guaiacol (Sigma,
Germany) as substrate in 10 mM sodium phosphaterpiH 6.0), 50 uL enzyme extract.
The reaction was started by adding 100 puL 0.3%9,HMerk, Germany) to the reaction

mixture. The formation of tetraguaiacol resulting a linear change of absorbance at
470 nm was monitored for 2 min with a spectrophatan (Beckmann DU640, USA).
A mixture containing substrate and enzyme extractes] as blanks for each sample.

Enzyme activity was calculated from the changebisoabance:

Activity :ﬁ) VLRV F=pmol* min™** mL*
min Vs ed

With: AOD = change of absorbance per minute, Vt = tothlme of the assay (mL), Vs = volume of enzyme

extract of sample (mL) = extinction coefficient; guaiacol: 26.6 mﬂ;tm'l, d = diameter of the cuvette
used in the assay, equal to 1, and F = dilutiotofac

The specific activity represents the moles congeper unit time per unit mass of enzyme
(enzyme activity / actual mass of protein prese8pecific activity of peroxidases was
calculated as:

Enzymeactivity
Total proteincontent

Specificactivity =

2.2.6.3 Polyphenol oxidase activity

As substrate for polyphenol oxidase activity measwent 20 mM catechol (Sigma,
Germany) and 1 g / L sodium dodecyl sulphate (Sia&k, Germany) in 20 mM sodium
phosphate buffer (pH 6.0) were used, and enzymeitgcivas measured as described in
Onyezili and Harris (1993), with modifications. Theaction was initiated by adding
250 pL plant extract to 1.500 pL substrate. Aftecubation for 20 min at 25°C,
absorbance of the samples were measured at 410gamst a blank of 1.750 pL
demineralised bD. Each assay set included a plant extract blasksdch sample (250 pL
plant extract and 1.500 pL demineralisegDiHand a substrate blank (1.500 puL substrate
and 250 pL demineralised.@). One unit of PPO activity was defined as theeaase of
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0.1 in Ay10 by the enzyme under experimental conditions amiessed as units per g fresh
weight tomato stem tissue. The specific activityswealculated as described for guaiacol

peroxidase activity.

2.2.7 Total protein content

Total protein contents were determined accordin@radford (1976) with bovine serum
albumin (BSA; Sigma, Germany) as standard. A volutheés0 pL plant extract was
incubated with 1.450 uL Bradford reagent (100 mg@@assie brilliant blue G250, 50 mL
ethanol absolut, 100 mL o-phosphoric acid, 850 raiiseralised EO) and incubated for

20 min at room temperature. Samples were measp@ctrephotometrically at 595 nm
(Beckmann DU 640, USA) against a blank containingudBrd reagent and 50 pL
demineralised kD. A standard series was prepared in a range of NG00 pg bovine

serum albumin (BSA) per mL rising in 100 pg ste@sd 50 pL of each standard was
incubated with Bradford reagent in triplicate. Tigieotein concentration was calculated by
using regression equation of the standard condemisaand the corresponding absorbance

values.

2.2.8 Peroxidase and polyphenol oxidase activity Ralstonia solanacearum liquid

cultures

Ralstonia solanacearustrain ToUdk2 was grown on nutrient glucose atsA) for two
days before transferring two loops of bacteria iatomodified EG medium [0.07%
(NH4)2S0O4, 0.03% MgSQ * 7H,0O, 0.00003% ZnSg) 0.00005% Ca(Ng),, 0.00002%
MnSQO,, 0.00003% FeGJ 0.1% casamino acid, 0.1% yeast extract, 1% gbyeer50 mM
sodium phosphate buffer pH 7.0; originally desalibl®y Schellet al (1988)] as pre-
culture. Liquid pre-cultures were incubated at 3G0C 24 hours in a rotary shaker at
110 rpm. An aliquot was then transferred into eitl# medium or EG medium
supplemented with 6 g / L tomato stem tissue obggre King Kong2 as main-culture in
duplicates and incubated on a rotary shaker (110) rat 30°C. Non-inoculated EG
medium and EG medium supplemented with 6 g / L tonsgem tissue were included as
controls in the experiment. One millilitre aliquot$ each culture fluid was harvested
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directly after inoculation of the main-cultures asubsequently at 3, 24 and 27 hours post
inoculation (hpi) by centrifugation (5,800 x g, frfbn) at 4°C. Supernatants were used for
enzyme assays. Additionally, bacterial growth wasitored by counting dilution platings
on TTC medium, based on the method described itebalk quantification in tomato

stems, and was calculated as colony forming uGiEsX) per mL bacterial culture.

Peroxidase, polyphenol oxidase and total proteintesd in the supernatants were
determined as described in ‘enzyme assays’. As stiy® control, activity of both
enzymes in plant extract derived from stems of ggreKing Kong2 was measured once
at 27 hpi.

2.2.9 Statistical analyses

The data were analysed with the statistical so#w&” (R Development Core Team — R
Foundation for Statistical Computing, Vienna, AigtrFor all data, the Wilcoxon rank-
sum Test was used and the P values were adjustedhei method of Holm for family-
wise error rate correction. A significance levelpok 0.05 was used throughout the whole

statistical analysis of the data.
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2.3 Results

231 Symptom development and bacterial quantificadn in tomato stems

Experiments were performed with tomato stems oflthgaand R. solanacearum
inoculatedrecombinant inbred lines (RILs) NHG13, NHG162 (resistant to bacterial wilt)
and NHG3, NHG60 (susceptible to bacterial wilt)pgiemented either with (+Si) or
without silicon (-Si), at five days post inoculati¢dpi), corresponding to first occurrence
of wilt symptoms in the susceptible genotype NHG3g( 2.3C). Silicon amendment
retarded and reduced symptom development in geestipiG162 and NHG3 (Fig. 2.3B
and 2.3C), while no clear effect was observed mogge NHG60 (Fig. 2.3D). Genotype
NHG13 showed generally only few symptoms (Fig. 3.3A

For investigation of a possible role of peroxidasesl polyphenol oxidases in silicon-
induced resistance towarfs solanacearunn a later state of infection, mid-stem parts of
the moderately resistant genotyiimg Kong2 were analysed at 5dpi (begin of symptom
development), 8dpi and 12dpi (differences in symptievelopment between treatments)
and 26 dpi (survived plants) (Fig. 2.4A and 2.4Bisease development was retarded and
disease severity and incidence were decreasedligonsitreated plants, though not
significantly due to the typical expression of madely resistance, leading to death of
some and nearly healthy survival of other inoculgiants (Fig. 2.4A and 2.4B, Table
2.2).

Decreased symptom development, expressed in ades disease progress curve based on
disease severity (AUSPC) and disease incidence (AIPT), was observed for genotypes
NHG162 and NHG3, for AUEPC for genotype NHG13, but no clear differencesioec

for genotype NHGG60 (Table 2.1). Additionally, ARC and AULDPC were decreased,
though not significantly, in silicon treated plastsmpared to non-silicon treated plants for

genotype King Kong2 (Table 2.2)
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Fig. 2.3: Development of disease severity of recombinanteidbdines (A) NHG13, (B)
NHG162 [resistant to bacterial wilt] and (C) NHG@B) NHGG60 [susceptible to bacterial
wilt], inoculated withR. solanacearunstrain ToUdk2, amended with and without silicon,

over three weeks.

Data are means of ten plants per inoculated tredtared two biological repetitions.

Bacterial wilt severity was evaluated accordinghe scale: 0 = no leaf wilted, 1 = one leaf wilt@ds two
leaves wilted, 3 = three leaves wilted, 4 = whdnpwilted except the top, 5 = dead plant.

Disease incidence is the percentage of dead mameich evaluation date.
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Fig. 2.4. Development of disease severity (A) and diseas&dence (B) of tomato
genotype King Kong2, inoculated wifk. solanacearurstrain ToUdk2 amended with and

without silicon over four weeks.

Data are means of three individual experiments teithplants per treatment.

Bacterial wilt severity was evaluated accordinghe scale: 0 = no leaf wilted, 1 = one leaf wilt@ds two
leaves wilted, 3 = three leaves wilted, 4 = whdnpwilted except the top, 5 = dead plant.

Disease incidence is the percentage of dead mameich evaluation date.

Table 2.1: Area under disease progress curve (AUDPC) basedissase severity and
disease incidence for recombinant inbred lines NBIGIHG162 [resistant to bacterial
wilt] and NHG3, NHG60 [susceptible to bacterial tjvil

Recombinant inbred line [RIL]

Treatment NHG13 (res) NHG162 (res) NHG3 (sus) NHG6(sus)
AUDgPC

- silicon 0.65+ 0.7 7.93 7.9 44.05 10.1 18.21 9.7

+ silicon 0.00+£ 0.0 0.13+0.1 26.98+ 15.5 17.05 3.2
AUD,PC

- silicon 0.00+£ 0.0 82.50+ 82.5 852.5(¢ 187.5 345.0&¢ 175.0

+ silicon 0.00+£ 0.0 0.00+ 0.0 462.50: 237.5 295.0&¢ 25.0

res: resistant; sus: susceptible.
Data are means of two independent experimenfE, calculation based on disease severity or shsea
incidence, respectively. AUDPC over 23 days.
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Table 2.2: Area under disease progress curve based on diseasaty (AURPC) and
disease incidence (AUPC) for tomato genotype King Kongioculated with

R. solanacearumtrain ToUdk2 amended with and without silicon.

King Kong2
Treatment AUDgPC AUD,PC
- silicon 63.38+ 85a 1190.0@ 168.6 a
+ silicon 41.35+11.7 a 788.33 229.8 a

Data are means SE of three independent trails with three plargs fpeatments. Calculation based on
bacterial wilt severity or disease incidence. Snietlers refer to the comparison of treatmentsdisease
severity and disease incidence. Same letters argigrificantly different with Wilcoxon rank-sum $eata

= 5%. AUDPC over 26 days.

Bacterial numbers in stems were not significantlffecent comparing —Si and +Si
treatment across genotypes (Table 2.3), exceperdtgpe King Kong2 at 12dpi where no
bacteria were detected in silicon treated plangblg@ 2.4).

Table 2.3: Bacterial numbers (log CFU / g) in tomato stemseaiombinant inbred lines
NHG13, NHG162 [resistant to bacterial wilt] and NBIGNHGG60 [susceptible to bacterial
wilt], inoculated withR. solanacearurstrain ToUdk2 with and without silicon nutritioh a

5 days post inoculation (dpi).

Recombinant inbred line [RIL]

Treatment NHG13 (res) NHG162 (res) NHG3 (sus) NHG6(us)
- silicon 3.40+ 0.9 a 39&1.4a 3.1216a 27214 a
+ silicon 2.52+ 0.8 a 3.8&09a 39%4214a 3.0610a

res: resistant; sus: susceptible.

Data are means SE of two independent trails with three plants peatments. Small letters refer to the
comparison of treatments for the same genotypeil&8ifatters are not significantly different withiltbxon
rank-sum Test at = 5%.
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Table 2.4:Bacterial numbers (log CFU / g) in tomato mid-ssemhgenotype King Kong2,
inoculated withR. solanacearurstrain ToUdk2 amended with and without silicord a8,
12 and 26 days post inoculation (dpi).

Days post inoculation (dpi)

Treatment 5 8 12 26
- silicon 4.19+ 0.7 aA 54 1.1 aA 3.5C-1.5aA 5.0k 0.5 aA
+ silicon 3.96+ 0.7 aA 542 1.2 aA 0.0C: 0.0 aB 5.49 0.9 aA

Data are means SE of three independent trails with three plaetstpeatments.

Small letters refer to the comparison of treatme®t and +Si) for the same evaluation date. Cajtidérs
refer to the comparison of the same treatmentfigrdnt evaluation dates. Same letters are noffiigntly
different with Wilcoxon rank-sum Test at= 5%.

2.3.2 Plant growth

Shoot fresh matter was not different across treatsn®r the recombinant inbred lines at 5
dpi and 23 dpi after inoculation and for genotypeg<Kong?2 at all investigation dates,
except for genotype NHG60 with increased fresh enath the +Si+Rs treatments
compared to the —Si-Rs control at 5 dpi (Table 2dhle 2.6).

Comparing shoot fresh matter of the recombinanteidbines for the same treatment and
evaluation date, silicon treateR, solanacearuninoculated plants of genotype NHG60
showed increased fresh matter compared to NHG3 d@pi.5The shoot fresh matter of
genotype NHG3 was significantly decreased compamedyenotype NHG13 for all
treatments and compared to NHG60 in the non-silidealthy andR. solanacearum

inoculated treatments at 23 dpi (Table 2.5).
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Table 2.5: Shoot fresh matter (g) of tomato recombinant iddrees NHG13, NHG162
[resistant to bacterial wilt] and NHG3, NHG60 [septible to bacterial wilt] healthy and
inoculated withR. solanacearunstrain ToUdk2, amended with and without silicon at

5 days post inoculation (dpi) and 23 dpi.

Recombinant inbred line [RIL]

Treatment NHG13 (res) NHG162 (res) NHG3 (sus) NHG6(us)
5 dpi
-Si—Rs 9.06+1.5aA 10.0x24aA 6.7215aA 10.1x1.5DbA
-Si+Rs 9.13+2.2aA 10.3&: 2.8 aA 7.55% 1.7aA 12.9G 3.4 abA
+Si -Rs 10.73+ 1.6 aA 10.13 2.7 aA 7.55% 1.7aA 1212 1.1 abA
+Si+Rs 11.73+1.4aAB 8.1 1.3aAB 8.0% 0.6 aB 12.6& 1.6 aA
23 dpi
-Si—Rs 27.77+6.0aA 19.5% 3.2aAB 13.3&8 0.9aB 28.933.9aA
-Si+Rs 31.37+5.0aA 23.1&3.9aAB 15.0%1.0aB 28.1G 4.9 aA
+Si -Rs 32.29+3.4aA 21.7251aAB 12.661.5aB 24.9%5.5aAB
+Si+Rs 27.09+2.9aA 26.36:63.3aAB 19.36:3.1aB 25.0%5.2 aAB

Si: silicon; RsR. solanacearunres: resistant; sus: susceptible.

Data are means SE of two independent trails with three plants fpeatments, respectively. Small letters
refer to the comparison of treatments for the sgemotype. Capital letters refer to the comparisbthe
same treatment across genotypes. Similar letters@rsignificantly different with Wilcoxon rank-#suTest
ata = 5%.
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Table 2.6: Shoot fresh matter (g) of genotype King Kong2,ltaand inoculated with
R. solanacearumstrain ToUdk2, amended with and without silicorba8, 12 and 26 days

post inoculation (dpi).

Days post inoculation [dpi]

Treatment 5 8 12 26
- Si-Rs 5.89+ 04 a 6.961.0a 115518a 26.5%k33a
-Si+ Rs 7.48+ 0.8 a 76&1l.1la 144%20a 25143.1a
+Si - Rs 6.33t 0.6 a 6.52 0.8 a 12.0£4.0a 2943230a
+Si+ Rs 5.78+t0.5a 6.98 1.3 a 148242a 234434a

Si: silicon; RsR. solanacearum
Data are means SE of three independent trails. Small lettersrredethe comparison of treatments for the
same genotype. Similar letters are not signifigadifferent with Wilcoxon rank-sum Test at= 5%.

Ralstonia solanacearuninoculated, non-silicon treated plants showed ebksed dry
matter at 26 days post inocularion compared totakr treatments, though the difference
was not statistically significant due to the typioacurrence of death and healthy plants
(Table 2.7).

Table 2.7: Shoot dry matter of tomato plants of genotype Kkaong2, healthy and
inoculated withR. solanacearunstrain ToUdk2, amended with and without silicon at
26 days post inoculation (dpi).

Treatment Dry matter
- silicon —R. solanacearum 8.76+ 0.3 a
- silicon +R. solanacearum 537+ 1.7a
+ silicon —R. solanacearum 9.11+0.4 a
+ silicon +R. solanacearum 8.14+1.1a

Same letters are not significantly different conimpgithe treatments with Wilcoxon rank-sum Test at
5%.
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2.3.3 Silicon quantification in stems and roots aibmato genotypes

Silicon content was elevated mots of silicon treated compared to non-silicon treated
plants of genotype King Kong2, with similar values, 12 and 26 dpi (Table 2.8).

Comparing silicon content istems plants supplemented with silicon showed slight,
significant increases in quantities for non-inotethand inoculated treatments (+Si-Rs,
+Si+Rs) at 5 dpi and for the silicon treated inatedl plants (+Si+Rs) compared to non-

silicon treated, inoculated (-Si+Rs) plants at p2 d

Comparing the silicon content plant organs for the same treatment and evaluation date,
silicon content in roots was significantly incredder all silicon treated plants at all dates,
and generally slightly increased in the roots fbtraatments at 12 and 26 dpi.

Table 2.8: Silicon content (mg / g dry matter) in stems andts of tomato genotype
King Kong2, healthy and inoculated wikh solanacearunstrain ToUdk2 amended with
and without silicon at 5, 12 and 26 days post itetgan (dpi).

Days post inoculation (dpi)

Treatment 5 12 26

Stem
- silicon -R. solanacearum  0.26+ 0.02 bA 0.120.03 abB  0.1%#0.02 aB
- silicon +R. solanacearum  0.28+ 0.002 bA 0.08 0.003 bB 0.120.05 aA
+ silicon -R. solanacearum  0.36+ 0.02 aB 0.1 0.03 abB 0.230.04 aB
+ silicon +R. solanacearum  0.43+0.04 aB 0.18& 0.02 aB 0.320.06 aB

Root
- silicon -R. solanacearum 0.23+ 0.02 bA 0.25: 0.04 bA 0.2 0.03 bA
- silicon +R. solanacearum 0.30% 0.02 bA 0.23 0.04 bA 0.25%0.03 bA

2

+ silicon -R. solanacearum 1.17+ 0.1 aA 1.1 0.22 aA 1.1£40.13

2

+ silicon +R. solanacearum 1.00+ 0.05 aA 0.920.12 aA 1.1% 0.09

Data are means of three plants per treatment of thdependent trails SE.

Small letters refer to the comparison of treatmentthe same sampling date for stems and rootstaC#giters
refer to the comparison of plant organs (stemsrants) for the same treatment and sampling dateeSatters
are not significantly different with Wilcoxon rankis Test ati = 5%. Silicon content was determined in tomato
genotype King Kong2, representative for the siliexesluder plant tomato. Other tomato genotypes wesleided

in former studies (Dannon and Wydra, 2004; Huong6200ogo and Wydra, 2007).
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2.3.4 Peroxidase activity in tomato stems

An increase of enzyme activity, though not stataty different, was observed for the
inoculated plus silicon (+Si+Rs) treatment in stevhgecombinant inbred linesNHG162
and NHG60 compared to the control (-Si-Rs) andsihgle treatments of either Si or Rs
(-Si+Rs and +Si-Rs), and in silicon treated plamts and without inoculation (+Si-Rs and
+Si+Rs) for NHG3 (Fig. 2.5A). Peroxidase activitasvconstant across treatments in the
resistant line NHG13, and lowest activity was obedrin genotype NHG162 for non-
silicon treatments of healthy and inoculated (-Si#&hd —Si+Rs) plants and for silicon

treatment in healthy plants (+Si-Rs).

Taking the total protein content in tomato stem® iaccount, the specific peroxidase
activity did generally not change across treatmétall genotypes (Fig. 2.5B), though a
significant increase in activity was found in th&i+Rs treatments for NHG60 compared
to NHG13

Peroxidase activity (umol*mittgFW™) in stems of genotyp&ing Kong2 differed

generally not across treatments at the evaluatesdexcept of a lower activity in silicon
treated, non-inoculated (+Si-Rs) plants comparetdth inoculated treatments (-Si+Rs
and +Si+Rs) at 8 dpi (Fig. 2.6A). Comparing evahratdates, a significant increase in
activity was observed in non-silicon treated, nooeulated (-Si-Rs) plants at 26 dpi
compared to 5 dpi and a significant decrease inwigctor silicon treated, non-inoculated

(+Si-Rs) plants at 8 dpi compared to 12 dpi and|[2i6

Differences in specific peroxidase activity were statistically significant (Fig. 2.6B).
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Fig. 2.5: Peroxidase (POD) activity in (A) pmol*miffigFW™ and (B) specific POD activity in tomato stems etambinant inbred lines
NHG13, NHG162 [resistant to bacterial wilt] and NBIGand NHG60 [susceptible to bacterial wilt] healtlaypd inoculated with
R. solanacearumtrain ToUdk2, amended with and without silico® atays post inoculation (dpi).

Data are means of three plants per treatment fvmritdependent trails SE. Small letters refer to the comparison of treatts for the same genotype, capital letters to the
comparison of the same treatment for the genotypBame letters are not significantly different witVilcoxon rank-sum Test ata = 5%
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Fig. 2.6: Peroxidase (POD) activity in (A) pmol*mitgFW™ and (B) specific POD activity in tomato stems ehgtype King Kong2 healthy
and inoculated witlR. solanacearuratrain ToUdk2, amended with and without silicoa8, 12 and 26 days post inoculation (dpi).

Data are mans of two independent experiments Wwitretplants per treatment = SE. Small letters teféhe comparison of treatments at the same etratudate. Capital
letters refer to the comparison of the same treatmedifferent evaluation dates. Same lettersatesignificantly different with Wilcoxon rank-sufirest ato = 5%
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2.35 Polyphenol oxidase activity in tomato stems

Polyphenol oxidase activity was not significantlyffetent in stems of genotype
King Kong2 across treatments at the same evaludates, except of PPO activity in units
per mg protein at 8 dpi, where enzyme activity wamificantly decreased in the silicon-
treated inoculated (+Si+Rs) plants compared tantiretreated (-Si-Rs) control (Fig. 2.7A
and 2.7B).

Comparing the same treatment at different evaloatiates for PPO activity in units per
gram fresh weight, non-treated (-Si-Rs) controlgensignificantly decreased at 8 dpi
compared to 5dpi and silicon treated, inoculate&i{Rs) plants were significantly

decreased at 8 dpi compared 5 and 12 dpi for peitgram fresh weight and units per mg
total protein (Fig. 2.7A and 2.7B).
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Fig. 2.7: Polyphenol oxidase (PPO) in (A) units per granslireveight and (B) units per mg total protein in & stems of genotype
King Kong2 healthy and inoculated wifR. solanacearunstrain ToUdk2 amended with and without silicon at85 12 and 26 days post

inoculation (dpi).

Data mare mans of two independent experimentstiwithe plants per treatment = SE. Small letters tefé¢he comparison of treatments at the same atiatudate. Capital
letters refer to the comparison of the same treatra¢ different evaluation dates. Same letters ravee significant different with Wilcoxon rank-sum dteat a=5%
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2.3.6 Peroxidase and polyphenol oxidase activity iacterial cultures

Neither peroxidase nor polyphenol oxidase activitygs observed in supernatants of
R. solanacearuriiquid cultures at 0, 3, 24 and 27 hours post utatwon (hpi) of the main-

culture using either guaiacol or catechol as satedrrespectively, even when bacterial
numbers exceed log CFU of 9 per mL cultures at 24 27 hpi, similar to bacterial

numbers in highly infected plants expressed ind&d) / g tomato tissue (data not shown).
Furthermore, enzymatic activity of peroxidase aotyphenol oxidase was not induced by
supplementing the medium with tomato stem tissugalTprotein content in the media
started to be detectable at 24 with 0.02 mg / niLiaoreased to 0.03 mg / mL at 27 hpi in
R. solanacearumnoculated media, independently of the supplenveitit tomato stem

tissue. Plant extract of tomato cultivar King Kong&s used as positive control and

showed peroxidase and polyphenol oxidase actidéya( not shown).
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2.4 Discussion

Lower peroxidase (POD) activity was observed fa tacombinant inbred lines (RILS),
NHG13, NHG162 (both resistant to bacterial wiltdddHG3, NHG60 (both susceptible to
bacterial wilt) compared to the moderately resistaommercial tomato genotype
King Kong 2. The RILs originated from crossing bétresistant tomato genotype Hawalii
7996 and the susceptible tomato genotype Wva70(at@a et al, 2002) and have a
different genetical background than tomato cultikang Kong2, that may lead to a
different enzymatic profile. However, generally msgnificant differences across
treatments, genotypes and evaluation dates for BQDIity were observed. Peroxidases
have been shown to participate in resistance wectin plants including the bacterial
pathogernXanthomonas oryzagav. oryzaein rice, where induction of a cationic peroxidase
in xylem vessels in the incompatible interactiorsvebserved (Youngt al, 1995). These
results were mainly obtained by immunoelectron ogcopy using a specific antibody for
the peroxidase, which differs to our approach usingochemical assay with guaiacol, a
common substrate for measurement of peroxidasevitgct{Hiraga et al, 2001).
Nevertheless, high induction of total guaiacol-pétase activity was observed by
Delannoyet al (2003) investigating the incompatible interactioinvirulent race 18 of
Xanthomonas campestrs/ malvacearumand cotton cotyledons, demonstrating that the
guaiacol assay is suitable for the detection ofngka in peroxidase activity in plant
material. Thus, we conclude that an induction ofDB(y R. solanacearunor silicon
treatment seems not to be likely in tomato, butuoence of enzymatic activity in all
treatments supports the role of PODs in physiokigmocesses like lignin biosynthesis
(Campa, 1991), as discussed in chapter 3 (histoshgin

Common routine assays for the detection of monal diphenolase activity are the
spectrophotometrical determination of quinone fdramaat a wavelength near 400 — 500
nm. Sodium dodecyl sulphate (SDS) has been showitdothe behaviour of polyphenol
oxidases from different plant sources with changikig(Yoruk and Marshall, 2003). These
alterations can be due to activation of latent foohthe enzyme as demonstrated for broad
bean and peach PPOs (Moore and Flurkey, 1990; baateal, 2000), but also examples
of changes in enzymatic activity with regard to pid SDS which are not related to an
activation of latent forms are known (Fraignietr al, 1995; Marqueset al, 1995).

Polyphenol oxidase activity in tomato stems was oliderved in absence of SDS in the
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reaction mixture (data not shown), which is simtlaobservations of Moore and Flurkey
(1990) for broad bean polyphenol oxidase, wherg ow enzymatic activity in absence
of SDS was found, suggesting that polyphenol oxdastomato stems is present in a

latent form, which can be activated by SDS.

Polyphenol oxidase activity can be found in almaltdevelopment stages of plants
(Yoruk and Marshall, 2003). Thus, the regulation toimato polyphenol oxidases
expression in various tomato plant tissues showeahgplex regulation of PPO mRNA in
vegetative and reproductive tissues with most abohBPO transcripts present in tomato
leaves and flowers, but also in phloem cells ofdteens (Thipyapongt al., 1997), which
might explain the observed PPO activity in tomatems of all treatments in our

experiments.

Besides a constitutive or developmentally reguld®&® expression, the enzyme can be
induced in wounded tissues as observed for vaptargs such as apple, potato and tomato
(Bosset al, 1995; Thipyapongt al, 1995; Thipyapong and Steffens 1997), indicathraj t
oxidative browning mediated by PPO might be an irfgma defense response against
infection or wounding. Additionally, overexpressioha potato polyphenol oxidase gene
in transgenic tomato plants resulted in enhancedtesce td®Pseudomonas syringgsy.
tomato (Li and Steffens, 2002). We found decreased PRDIitgcin tomato stems most
obvious at 8 dpi but also at 12 dpi, time pointerehdifferences in symptom development
of non-silicon and silicon amended plants were olee Generally, PPO activity
increased with leaf or plant age in many plantsluiting tomato (Mayer and Harel, 1979;
Mayer, 1987; Feltoret al, 1989). The difference of enzymatic activity wagngicantly
decreased for silicon treated inoculated plants paoed to non-silicon treated healthy
plants at 8 dpi, taking the total protein contehth® plants into account. These results
indicate that upregulation of PPO in infected paséems not to contribute to silicon-
induced resistance ®. solanacearunn tomato plants, and PPO regulation might dififer
leaves and stems of tomato plants. Recently, Thigpyget al. (2004b) demonstrated that
suppression of PPO activity in transformed tomdents resulted in improved drought
tolerance of the plants relative to non-transforroedtrols and PPO overexpressing plants.
Additionally, they observed a general decreaseRD Rctivity with increasing age while

monitoring leaves from different nodes of the saniamt.
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Occurrence of polyphenol oxidase seems to be almnmsersally abundant in animals,
plants, fungi and bacteria (Mayer, 2006) and ewedefor three different PPO genes in
R. solanacearunwas provided by Hernandez-Romesb al. (2005). They could detect
laccase as dimethoxyphenol oxidase activity inutmil extracts ofR. solanacearum
catalyzed by a multicopper protein encoded by tispF30 locus, suggesting that this
gene might be involved in the resistance to phermimpounds. Furthermore, they found
two additional genes with tryosinase-like actistieith typical copper-binding sites of
PPOs. We could neither detect peroxidase nor pelyphoxidase activity in supernatants
of liquid cultures ofR. solanacearumwhich might be due to different experimental
procedures in both studies. Our aim was to dematesthatR. solanacearungoes not
actively secrete peroxidase and polyphenol oxidas¢he medium and that enzyme
secretion is not stimulated by plant components, thight interfere with the enzyme assay
detecting plant PODs and PPOs. Another possidititythe non-detection of enzymatic
activity in culture supernatants Bf solanacearurmight be the use of different substrates
for the enzyme assays. Fungal and plant polyph&xidases act on a wide range of mono-
ando-diphenols as substrates, whereas oxidases ddriv@danimal tissues are relatively
specific for tyrosine and dopa, thus, PPOs fromousr sources have preferences for
certain substrates (Mayer and Harel, 1979). Fortests we used the substrates guaiacol
and catechol for peroxidase and polyphenol oxidesgectively, comparable to the ones
in the assays with plant extracts. Thus, variationte enzymatic profile in tomato stems

are due to the plants action.
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CHAPTER3

Effect of silicon nutrition on plant cell wall compents related to

resistance - histochemical observations.

Abstract

Plant call wall components were investigated tcciglate their involvement in silicon-
induced resistance of tomato to bacterial wilt asse caused by. solanacearum
Inoculated tomato plants with silicon amendmentwskth delayed onset and decreased
symptom development compared to non-silicon tregikhts, even though bacterial
numbers in tomato stems were generally similar athbtreatments. Increased tylosis
formation in inoculated plants of tomato genotypag<kong2 was observed, with highest
occurrence of tylosis in silicon-treated, solanacearunmoculated plants at 8 days post
inoculation (dpi). Lignification and hydrogen perde (H:O,) accumulation in genotype
King Kong2 was not altered comparing treatmentgepk of a reduced to absent®4
accumulation in highly infected, silicon and nohesin treated plants. Callose deposition
was generally less pronounced (non-silicon treatinen absent (silicon treatment) in
highly infected plants of tomato genotype King Ka@nagt 5 dpi, whereas differences in
callose accumulation in the susceptible recombimdored line (RIL) NHG3 was generally

not observed.
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3.1 Introduction

Ralstonia solanacearum distribution in planta

Bacterial wilt is caused by the soilborne bacteriRnsolanacearumnwhich enters the host
plants mainly through wounds or lateral roots anddsequently heavily colonizates and
multiplies in the vascular tissue of the stemsyltexy in a rapid wilting of the plant
occurs (Vasseet al, 1995, Denny 2006). Investigations of the distribution of
R. solanacearunn the vascular tissues of stems of tomato culiveith various resistant
states towards the pathogen revealed that bacspriehd and multiplication are limited in
resistant genotypes compared to susceptible omasd@tet al, 1994; Prioret al, 1996).
Nakaho et al. (2004) examined 11 resistant tomato cultivars wdifferent genetic
background and showed that bacterial movement fnatoxylem or the primary xylem to
other xylem tissues was limited in the resistaftiv@ars. Thus, restriction of the movement
of the pathogen in vascular tissues can lead tanareased resistance towards the
pathogen, and therefore, we examined differentrpeters that have been shown to be

involved in resistance reactions to various pathegas described in the following.

Lignin

Lignins are complex and heterogeneous, cell wallnbdophenolic polymers abundant in
almost all land plants (Kubitzki, 1987; Whettenal, 1998; Rogers and Campbell, 2004)
and are principally found in specific tissue tygesh as the tracheids and vessel elements
of the xylem, but also in sclerenchyma, phloemrBbend periderm (Esau, 1977). A main
function is the stabilization of the plant, as atand inter-molecular glues, to maintain
water and mineral transport through the xylem undegative pressure (Rogers and
Campbell, 2004), and, additionally, generationigiih was observed after wounding and
in response to pathogen challenge (Vaeical, 1980; Langeet al, 1995). The difficultly
degradable liginin provides an important barrierpaghogen ingress (Hammond-Kosack
and Jones, 1996) and limits the digestibility o&rl matter by herbivores, probably
resulting in decreased desirability as food soMeore and Jung, 2001). Monolignols,
monomeric subunits (Fig. 3.1), polymerize to forgnin, whereas three different forms of
this phenylpropanoid components can be incorporatéal the polymer:p-coumaryl
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alcohol, coniferyl alcohol or sinapyl alcohol, artle aromatic portions of these
phenylpropanoids are described pshydroxyphenyl (H), guaiacyl (G) and syringyl (S)
moieties, respectively (Lewis and Yamoto, 1990; rgoe et al, 2003; Rogers and
Campbell, 2004).

CH,OH CHOH CH,OH
L
N -.?L-- 2
T ecH, H,C0™ T ocH,
oH CH oM
p-Coumnary slcohol Coniferyl akonol Sinapy! alcohol

Fig. 3.1: Three different monomeric precursors, that camberporated into lignin

polymers (Rogers and Campbell, 2004).

A key enzyme in the synthesis of lignin precursizrs-phenylalanine ammonia lyase
(PAL), which catalyses the conversion lgbhenylalanine to forntrans-cinnamic acid,
followed by the dehydroxylation of cinnamic acid pecoumaric and caffeic acids by
specific hydroxylase enzymes (Argyropoulos and Meea, 1997). Alternatively in
grasses, tyrosine is deaminated by tyrosine ammigas® (TAL) to formp-coumaric acid
(Whettenet al, 1998). Further enzymatic activity results in tbemation of the precursors
coniferyl and sinapyl alcohols. A simplified metébgathway ofi-phenylalanine to lignin

precursors is shown in Fig. 3.2 (from Argyropouosi Menachem, 1997).
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Fig. 3.2: A simplified metabolic pathway dfphenylalanine to lignin precursors

(from Argyropoulos and Menachem (1997).

Candidates for the formation of higher-ordered pwys from monolignols are
peroxidases (hydrogen peroxide dependent) and daesca(hydrogen peroxide-
independent), whereas the hydrogen peroxide indigm¢roxidases can be differentiated in

catechol oxidases (polyphenol oxidases) and lasc@bpghenol oxidases),which both can

be involved in lignification (Whetteat al, 1998).

The dehydrogenation of monomers by peroxidasedtirggun resonance stabilized free
radicals is shown in Fig. 3.3, followed by the puoBrization process, probably with aid of

glycoproteins, also called dirigent proteins (Amgyoulos and Menachem, 1997; Lewis,

1999).
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Fig. 3.3: Resonance forms of softwood lignin phenoxy radi¢abm Argyropoulos and
Menachem, 1997).

Cellulose, hemicelluloses, pectins as well as #irat proteins are laid down first to
establish the overall architecture of the secondatlywall, before lignin deposition starts
in the cell corners and primary wall, extendingthe middle lamella and secondary cell

wall regions (Lewis, 1999).

Tylosis

Occurrence of tylsosis have been reported in t(Bésux et al, 1998; Clérivetet al,
2000), but also in plant species such as cassapaniiuaet al, 1996), cotton (Mace,
1978) and in tomato (Bishop and Cooper 1984). Tineyht be part of the normal aging
process (Riowet al, 1998; Canny, 1997) or induced by infections (Riet al, 1998).
The formation of tylosis after infections or injuingas been considered as an active defence
mechanism towards vascular diseases, resultingrtmapor complete occlusion of xylem
vessels with the aim of restricting growth or spre& pathogens (Beckmann, 1987; Rioux
et al, 1998; Clérivetet al, 2000; Soukup and Votrubova, 2005). They are farrog
material secreted from adjacent xylem parenchyms ¢erough membranes of half-
bordered pit pairs (Riou&t al, 1998). The chemical structure of tylosis and ukscwall
coatings was investigated in several studies argliggiested to be mainly composed of
pectic or phenolic substances (Clérigetl, 2000, Soukup and Votrubova, 2005), but also
presence of callose or lignin-like molecules (Kpé&met al, 1996) or suberin (Robét al,

1991) was reported.
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Hydrogen peroxide (H,0,) accumulation

Many different processes in plants are controllgddactive oxygen species (ROS) and
they are continuously produced as byproducts démdiht metabolic pathways (Lamb and
Dixon, 1997; Mittleret al, 2004). Hydrogen peroxide §B,) belongs to the reactive and
toxic derivates of oxygen () additionally to singlet oxygern@,), superoxide anion (5
and hydroxyl radical (HQ (Baker and Orlandi, 1995; Mittler, 2002). Theytpapate in
the control and regulation of the normal plant rbetism including growth,
photosynthesis, respiration and development, inntbdification of polyunsaturated fatty
acids (PUFAs), DNA, carbohydrates and proteins,tantally they are also involved in
programmed cell death (PCD) and in responses tlaind abiotic stresses (Mittler, 2002;
Mittler et al, 2004; Mglleret al, 2007). The modulation of ROS in plants requirésrge
network of genes for either production of ROS dicefnt ROS-scavenging mechanisms,
due to the high toxicity of the derivates. Majorusme of the ROS production are
chloroplasts, mitochondria, microbodies, peroxisoamsl cytosol by the action of for
instance NADH oxidases, amine oxidases and cellivealnd peroxidases (Mittler, 2002).
In the scavenging process, different plant enzymresinvolved, including superoxide
dismutase (SOD), ascorbate peroxidase (APX), c#a(€AT), glutathione peroxidase
(GPX), class lll plant peroxidases and peroxiredoand are found in nearly each
subcellular compartment (Mittler, 2002; Apel andtH2004).

The activation of ROS by biotic stresses plays atraé role in the defence against
pathogen attack in plants (Mittler, 2002, Apel addt, 2004). Enhanced activity of
plasma-membrane bound NADPH oxidases, cell wallhboperoxidases and amine
oxidases in the apoplast leads to production of R@& the HO, produced during this
process, in combination with the inhibition of R@&oxifying enzymes by salicylic acid
(SA) and nitrous oxide NO, is suggested to actipdat responses like PCD.

Two distinct phases of ROS response in plants eadigtinguished in the incompatible
interaction of plants with pathogens, demonstr&edseudomonas syringgathovars in

tobacco suspension cells (Baker and Orlandi, 1995)ather non-specific response
occurred rapidly after inoculation with either caatiple or incompatible pathovars, stated
as phase I. The second phase (phase Il), prolacmyagdared to phase I, followed 1.5 to 3h
after inoculation and appeared to be specific lfierihcompatible interaction. The reaction

is not only initiated by bacterial pathogens, inaiso be induced by elicitors such as
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fungal polygalacturonases, fungal cell wall exti@ats and oligogalacturonides of the plant
cell wall (Baker and Orlandi, 1995, Lamb and Dix&897).

Callose

Callose, a linear plant#1,3-glucan, is synthesized by callose synthasesngiu
development, for instance as a transitory compoaokttite cell plate in dividing cells or as
major component of pollen mother cell walls andegmtubes (Jacobet al, 2003) and in
response to biotic and abiotic stresses in plargsnga and Hong, 2001; dstergaatdal.,
2002).

One of the earliest defence reactions of plantatds/pathogen e.g. the vascular invading
Fusarium oxysporurfi sp.lycopersiciin tomato is the deposition of callose (Beckmahn
al., 1982; Beckmann, 1987). It is suggested rathern ageneral defence reaction, but
occurrence of papillae or more extensive apposiagers containing callose at the site of
fungal contacts, providing a physical barrier tongteation, was observed (Beckmann,
1987, Nishimuraet al, 2003). Callose deposition was not only foundundal-host plant
interactions, but also in the reaction to bacten#dctions, such as flavanoid accumulation
and occurrence of papilla enriched in callose iasastant cotton genotype inoculated with
Xanthomonas campestripv. malvacearum(Dai et al,1996) and lignification and
suberization associated with callose depositioat, thinforced host barriers in the phloem
in the cassava Xanthomonas campestrigv. manihotis interaction (Kpémoueet al.,
1996).
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3.2 Materials and methods

3.2.1 Plant material and inoculation procedure

Tomato plants of genotype King Kong2 (Known-You &e€o., Taiwan) and tomato
recombinant inbreed lines NHG3, NHG13, NHG162, NBGAVRDC, Taiwan) were
cultivated in white peat (Klasmann-Deilmann, Gerg)asupplemented with 4 gL
CaCQ (Roth, Germany) for non-silicon treatment and B'gCaCQ plus 1g / L Aerosil
(Degussa, Germany) in silicon treatments. Plantewept under greenhouse conditions
(20 °C with 14 h light per day at 30 K lux and 70®ative humidity) and watered
throughout the whole experiment with a nutrientuioh composed of 5 mM Ca(Np,
1.875 mM KSQ;, 1.625 mM MgSQ@, 0.5 mM KHPQ,, 0.04 mM HBOs;, 0.001 mM
ZnSQ,, 0.001 mM CuSQ 0.01 mM MnSQ, 0.00025 mM NgMoQO,4, 0.05 mM NaCl and
0.1 mM Fe-EDTA for non-silicon treatment, and tlaeng solution containing additionally
monosilicic acid in a final concentration of 1.4 mJ8i(OH),] for silicon treatments.
Monosilisic acid was obtained after exchange oapsium silicate solution 8i0, (VWR,
Germany) with cation exchangers (20 mL volume; &ibrLaboratories, Germany)
(Hochmuth, 1999).

Five week old plants were inoculated wik solanacearunstrain ToUdk2 (race 1,
phylotype 1; originated from Thailand) directly exfttransplanting and transferred into a
growth chamber (30°C / 27°C day/night temperat888s relative humidity, 30 K Lux and
14h light per day). Inoculum suspensions were pegpdrom two day old bacterial
cultures ofR. solanacearungrown on TTC medium [10 g / L Bacto peptone, 1 ig /
casamino acid, 5 g/ L Glucose, 15 g/ L agar; 10ofma 0.5 % 2,3,5-triphenyl tetrazolium
chloride (Sigma, Germany) were sterile filtrated! aeparately added to the cooled TTC
medium after autoclavating (Kelman, 1954)] or orrieat glucose agar (NGA; 3 g/ L
beef extract, 5 g / L peptone from casein, 2.9 glucose, 15 g/ L agar) by adjusting the
suspension in demineralised water to an opticasithenf 0.06 at 620 nm and subsequently
1 : 5 diluted, corresponding to approximately 2 D&*colony forming units (CFU / mL).
Per gram substrate 0.1 mL suspension was applieidh plant. Controls were treated
with the same quantity of demineralised water. Samfrom recombinant inbred lines
were harvested 5 days post inoculation (dpi) amibtype King Kong2 additionally at
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8 dpi, 12 dpi and four weeks after inoculation. Niwoculated controls of each treatment

were included in all experiments.

3.2.2 Symptom evaluation

Symptoms of ten plants per treatment were monitdeely and classified in six classes as
disease severityd = healthy plantl = one leaf wilted2 = two leaves wilted3 = three
leaves wilted4 = all leaves wilted except the tip of the plamt whole plant wilted.

The mean of disease scores represented wilt diseasity (DS), accordingly the wilt
incidence (DI) was calculated as the percentagkeatl plants to the number of total plants
at each evaluation date.

Wilt incidence was recorded daily and calculatedh&spercentage of dead plants at the
evaluation date. The area under disease progress (NUDPC) was calculated on the
basis of either wilt disease severity or wilt iremte using the following formula (cited
after Jeger and Viljanen-Rollinson, 2001):

AUDPC = “Z':l [(Xi + X))/ 2](ti ~t)

with x; and X, - wilt incidence or disease severity scale, amad {, - consecutive evaluation datest(f is
equal to 1 day).

3.2.3 Bacterial quantification in tomato stems

R. solanacearumvas quantified in stems and partly in roots of ptamless inoculated
plants. Stem and root parts were surface sterilizégd 70% EtOH for 15 s and 20 s,
respectively, subsequently washed with sterile denalised water and macerated in 3 mL
of sterile water. After incubation for 20 min abra temperature the macerate was filtered
through cotton and centrifuged at 7000 x g at rammperature. The pellet was re-
suspended in 1 mL sterile water, tenfold dilutierese prepared and 100 pL of appropriate
dilutions were plated in two replicates on TTC nuealj followed by incubation for 48 h at
30°C. Bacterial colonies were counted and calcdlagecolony forming units per gram of
fresh matter (log CFU / g).
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3.24 Staining ofRalstonia solanacearum poly-3-hydroxybutyrate (PHB) in planta

Sections from a wilting plant having a wilting seoof four were stained with a 1%
aqueous solution of Nile Blue A (w/v; Merck, Germngaifor 10 min at 55°C, washed with
demineralised O and subsequently incubated with 8% acetic acidlfonin at room
temperature to remove excess stain. After an aditi washing step, sections were
mounted in Citifluor (AF1) antifade (Agar scientifi UK) and observed with Zeiss
Axioscope microscope using a filter set (450-490 exuitation filter, 510 nm dichroic
mirror, 520 nm barrier filter) (modified after Deprand Hayward, 2001). The cellular
organic reserve material PHB appears as brightgerlmorescence. Sections from a non-
infected plant served as control and unstainedasectvere additionally observed with

bright field microscopy.

3.2.5 Histochemical analyses of plant cell wall cqmnents

3.25.1 General

For the analysis of histochemical changes of plegit wall constituents related to
resistance reactions — lignification, callose acalatnon and tylosis — free-hand sections of
mid-stem parts of healthy and inoculated (5 dpid@ and 12 dpi, if not otherwise
indicated) tomato plants of genotype King Kong2r fallose detection additionally
genotype NHG3, with and without silicon nutritiowere stained with different dyes as
described in the following, and directly observeder a photomicroscope (Axioskop 2

plus, Carl Zeiss, Géttingen, Germany) with brigbtd, if not otherwise indicated.

For each staining procedure three sections of tihdreidual plants per treatment (healthy,
inoculated, silicon, non-silicon) were observed aepresentative vessels photographed.
The experiments were repeated at least twice. F@ntdication of tylosis, vessels
containing clearly blue stained structures fronepresentative section of each plant were
counted and calculated as percent tylosis in pglatd the total numbers of vessels per

section.




Chapter 3: Histochemistry 78

3.2.5.2 Detection of lignin

For detection of lignin the phloroglucinol-HCI meth was used (Hamiduzzamah al,
2005). Sections were decolorized in 96% EtOH befiocebation with a solution of 10 g
phloroglucinol (Sigma, Germany) in 95 mL 96% EtGdfi 8 min at room temperature and
subsequently washed with 25% HCI, resulting ingelbration, indicative for lignification

of the plant tissue.

3.2.5.3 Detection of HO, accumulation

H.O, was demonstrated using 3,3'-Diaminobenzidin (DA@)odified after Orozco-
Cardenas and Ryan, 1999). Three plants per treatwene harvested at each time point
and experiment, and directly placed with the cetrssurface into approximately 10 mL of
1 mg / mL DAB solution, pH 3.8 (Sigma, Germany)amk were allowed to take up the
solution for 4 hours, before leaflets were discdrded mid-stem parts decolorized in 96%
EtOH. Subsequently, hand-sections were cut and cttlireobserved under a

photomicroscope (Axioskop 2 plus, Carl Zeiss, Ggin, Germany).

3.2.5.4 Detection of tylosis

Sections were stained with a solution containir@@% safranin (w/v; Merk, Germany)
and 0.67% alcian blue (w/v; Carl Rot, Germany), &mther 1 : 1 diluted with KD dest

directly before use (modified after Ohmann, 200%}er incubation for 15 min at room
temperature, sections were washed twice wi® Fbr 5 min. Red staining of lignified cell

walls due to safranin and blue staining of tylakie to alcian blue was observed.

3.2.5.5 Detection of callose

Sections were decolorized in 96% EtOH before intiabawith a solution composed of
0.01% aniline blue (w/v, Serva, Gemany) in 150 mMHRO, (pH 9.5) over night

(modified after Adam and Sommerville, 1996). Seudiowere observed under a
photomicroscope (AxioPlan 2, Carl Zeiss, Gottinge@ermany) equipped with

epifluorescence illumination with Zeiss filterseb R, excitation: 365 nm, beamsplitter:




Chapter 3: Histochemistry 79

395 nm, emission: 420 nm) (Carl, Zeiss, Gottinggarmany). White coloration indicates
callose. Autofluorescence controls — incubated aml$50 mM KHPQO, (pH 9.5) — were

made for each plant.

3.2.6 Statistical analyses

The data were analysed with the statistical soBw&” (R Development Core Team — R
Foundation for Statistical Computing, Vienna, Aigtr For all data, Wilcoxon rank-sum
test was used and the P values were adjusted hetmethod of Holm for family-wise
error rate correction. A significance level of pO<05 was used throughout the whole
statistical analysis of the data.
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3.3 Results

3.3.1 Occurrence oRalstonia solanacearum in planta

The cellular organic reserve compound p@Hpydroxybutyrate (PHB) present in
R. solanacearumwas observed in vessels of a highly infected plahtgenotype
King Kong2, indicating the occurrence of high numsbef bacteria in vascular bundles and
surrounding plant tissue (Fig. 3.4a-i). The dar&eloration of vessel walls of unstained
sections observed with bright field illumination sviypically observed in highly infected

vessels (Fig. 3.4a-c, circles). Sections of a hgaitant showed no yellow staining of PHB

(data not shown).

Fig 3.4 Distribution of R. solanacearunstrain ToUdk2 in vascular bundles of a highly

infected tomato plant of tomato genotype King Kongjained by PHB.

Pictures a, d, g = bright field illumination; picés b, c, e, f, h, i = epifluorescence with filset: 450-490 nm
excitation filter, 510 nm dichroic mirror, 520 nrarpier filter

Barina,c,d,f,g,i=50um, barinb, e, hG9Jum. Circles in pictures a-c: vessel coloratioiiight field
illumination and occurrence &. solanacearum in planta.
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3.3.2 Symptom development and bacterial populations genotype King Kong2

Symptoms evaluated as disease severity and diseasience, started earlier in non-
silicon treated plants compared to silicon treaikeohts (Fig. 3.5A and 3.5B) and AUDPC
based on disease severity and disease incidencéawesased in silicon treated plants, but,
typically for a moderately resistant bacterial wilfected genotype, without significant
differences (Fig. 3.6A and 3.6B).
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Fig. 3.5 Disease severity (A) and disease incidence (B)gefotype King Kong2
inoculated withR. solanacearurstrain ToUdk2, amended with and without silicon.

Data are means of three individual experiments tithplants per treatment.
Bacterial wilt severity was evaluated accordinghe scale: 0 = no leaf wilted, 1 = one leaf wilt@ds two

leaves wilted, 3 = three leaves wilted, 4 = whdnpwilted except the top, 5 = dead plant.
Disease incidence is the percentage of dead mameich evaluation date.
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Fig. 3.6: Area under disease progress curve (AUDPC) of torgahotype King Kong2
inoculated withR. solanacearunstrain ToUdk2, based on (A) disease severity @&)d (

disease incidence.

Data are means of three individual experiments wéth plants per treatment SE. Same letters are not
significantly different with Wilcoxon rank-sum Testa = 5%.

Bacterial numbers were similar in silicon treatéangs compared to non-treated plants at
5 and 8 dpi. At 12 dpi no bacteria were foundin ghieon-treated plants, and number was

reduced compared to the earlier sampling dated¢Tab).

Table 3.1:Bacterial numbers (log CFU / g) in stemd$fsolanacearunmoculated tomato
genotype King Kong2 amended with and without sili@mendment at several evaluation

dates.
Bacterial numbers[log CFU / g]
Treatment 5 dpi 8 dpi 12 dpi
-silicon +R. solanacearum 4,94+ 0.6 aA 5.76: 0.7 aA 3.5 1.6 aA
+silicon + R. solanacearum 5.39+ 0.5 aA 5.1G: 0.9 aA 0.0 0.0 aB

Data are means of nine plants per treatment ded¥/&uee individual experiments for 5dpi and 8 dpd six
plants per treatment derived of two individual expents for 12 dpi SE. Dpi: days post inoculation; CFU:
colony forming units.

Small letters refer to the comparison of treatmexttthe same evaluation date. Capital letters refehe
comparison for the same treatment at differentuatadn dates. Same letters are not significantifedint
with Wilcoxen rank-sum Test at= 5%.
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3.3.3 Lignification in tomato stems

Lignification was observed in tissue surrounding thascular bundles in all examined
plants of tomato genotype King Kong2 at 8 dpi, eherally no differences in the
intensity of stained lignin were observable betwieatments (Fig.3.7a-r). No differences
occurred comparing low or high bacterial populagiom vessels (Fig. 3.7d-i and 3.7m-r).
Bacteria were visible as darker masses in singésals in silicon treated, inoculated plant,
where they reached 9.96 log CFU/g (Fig. 3.7p-r}, rimt visible in highly infected non-

silicon treated plants (Fig. 3.7g-i), possibly donesample and cut selection. At 12 dpi no
differences in lignification were observed for mtatments, additionally no bacteria could

be reisolated from these inoculated plants at thduation date (Fig. 3.8a-1, Table 3.1).
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i+ 8i*Rs [3.17]

psw‘hs [9.96]

Fig. 3.7: Lignification of vascular bundles of tomato planfsgenotype King Kong2, healthy
and inoculated witR. solanacearumstrain ToUdk2, amended with and without silicorde8/s

post inoculation, stained with phloroglucinol-H8hown in 3 magnifications

a-c: —Si-Rs; d-f: -Si+Rs (log CFU/g: 3.22); h-i: +Bis highly infected (log CFU/g: 9.63); j-I: +Si—-Rs1-0:

+Si+Rs (log CFU/g: 3.17); p-r: +Si+Rs highly infedt(log CFU/g: 9.96). Bar in a, d, g, j, m, p = 10®; bar in
b, e, h,k,n,g=50um; barinc,f,i,l o, 2& um. Treatment and bacterial numbers [log CFargJadditionally
given in each first picture representative foribw. Pictures are representative for each treatment.
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Fig. 3.8: Lignification of vascular bundles of tomato germeyKing Kong2, healthy and
inoculated withR. solanacearunstrain ToUdk2 with and without silicon, 12 daysspo
inoculation, stained with phloroglucinol-HCI, shown3 magnifications.

a-c —Si-Rs; d-f: -Si+Rs (log CFU/g: 0); g-i: +Si+R$& +Si+Rs (log CFU/g: 0); bar in a, d, g, j #00 pum,

bar: b, e, h, k=50 um, bar in c, f, i, | = 20 |ifneatment and bacterial numbers [log CFU/g] aditamhally
given in each first picture representative forithe. Pictures are representative for each treatment
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3.34 Tylosis formation in stems

Vessels with clearly visible, globular-shaped dinues and completely filled vessels were
counted throughout the experiments (Fig. 3.9).

+ R. solanacearum

Fig. 3.9: Vessels filled with tylosis of (a-c) silicon ameR. solanacearuamoculated
plant 5 days post inoculation (dpi) and (d-f) ndiesn amended healthy plant at 8 dpi,

stained with an Alcian blue / safranin solutionpwh in 2 magnifications.
Barina,d =50 um; barinb, c, e, f=20 pum.

Tylosis were found in each treatment, irrespeatifzenoculation and silicon or non-silicon

amenment with a tendency to increased tylosis fooman inoculated plants (Table 3.2).

A significantly increased tylosis formation was foucomparing +Si +Rs to +Si—Rs and
—Si-Rs treatment at 8 dpi. This effect was alscenled as a tendency at 12 dpi, and at
5 dpi in one experiment, where neither symptom kigreent nor bacteria populations in
stems after inoculation could be detected (Tab®. omparing the same treatment at
different evaluation dates, tylosis were increased most stable in silicon treated,

inoculated (+Si+Rs) plants at 8 and 12 dpi comp&oesidpi.
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Table 3.2: Tylosis formation (%) in stems of tomato genotyfiag Kong2 healthy and
inoculated withRalstonia solanacearumstrain ToUdk2 amended with and without silicon

at 5 dpi, 8 dpi and 12 dpi and in an experimenhatit symptom development at 5 dpi.

Tylosis formation [%0]

Treatment 5dpi 8dpi 12dpi 5dpi*

-Si —Rs 8.11+ 1.5 aA 7.45 1.1 bA 5.93 1.9 aA 5.17+ 0.5
-Si +Rs 9.17+1.5 aA 10.6G- 1.2 abA 9.8& 1.7 aA 10.345.0
+Si —Rs 9.11+ 1.6 aA 7.1k 1.4 DbA 7.68t 0.9 aA 8.23+ 2.5
+Si +Rs 9.16+ 0.7 aA 13.54 1.9 aA 13.0k 1.6 aA 13.07+ 4.5

Data are means SE of three experiments for 5 and 8dpi, and twzeexnents for12dpi, with three plants per
treatment. Si: silicon; RR. solanacearum

*: experiment without symptom development; dataraeanst SE of three plants per treatment

Small letters refer to the comparison of treatmentthe same evaluation date. Capital letters refahe
comparison of the same treatment at different etmln dates. Same letters are not significantl§edst
with Wilcoxen rank-sum Test at 5%.

3.35 Hydrogen peroxide (HO,) accumulation in stems

Hydrogen peroxide (}0,) accumulated in tissue around vascular bundlessgénerally,
no differences in kD, accumulation related to silicon nutrition were etv®d, neither at
5 dpi nor at 8 dpi (Fig. 3.10a-r and Fig. 3.11am)highly infected plants (log CFU />g8)
H.,O,- staining was reduced or absent, independentlicbisiamendment (Fig. 3.10g-i,
3.10p-r and Fig. 3.11g-i; 3.11p-r).
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Fig. c10: Hydrogen peroxide (}D,) accumulation in stems of tomato genotype King ¢&n
healthy and inoculated wifR. solanacearurstrain ToUdk2 amended with and without silicon,

+Si+Rs [8

5 days post inoculation (dpi), stained with DABowsim in 3 magnifications.

Pictures are representative for each treatment:-6&-Rs; d-f: -Si+Rs (log CFU/g: 3.82); h-i: -Si+Rgghly
infected (log CFU/g: 8.01), j-I: +Si—Rs; m-o0: +Si+Reg CFU/g: 4.47); p-r: +Si+Rs highly infected (I&F-U/g:
8.99). Treatment and bacterial numbers [log CFlafg] additionally given in each first picture regnemtive for
the row. Barin a, d, g, j, m, p = 100 um; bar irph, k, n, g =50um; barinc, f, i, I, o, r 320
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Fig. c11:Hydrogen peroxide (bD,) accumulation in stems of tomato genotype King ¢n
healthy and inoculated wifR. solanacearurstrain ToUdk2 amended with and without silicon,

8 days post inoculation (dpi), stained with DABgwsim in 3 magnifications.

Pictures are representative for each treatment:-s&-Rs; d-f: -Si+Rs (log CFU/g: 6.11); h-i: -Si+Rghly
infected (log CFU/g: 9.01), j-I: +Si—Rs; m-o0: +Si+Reg CFU/g: 5.48); p-r: +Si+Rs highly infected (I&fFU/g:
9.74). Additionally, treatment and bacterial numbérg CFU/g] are given in each first picture remetative for
the row. Bar in a, d, g, j, m, p = 100 um; bar ineh,h, k, n, @ = 50um; bar in c, f, i, |, o, r =120.
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3.3.6 Callose deposition: symptom development anddbterial quantification in

tomato stems

Symptom development, expressed in ABD was similar for tomato genotype
King Kong2 and RIL NHG3 in non-silicon and silicdreated, inoculated plants. Both

genotypes showed reduced symptom developmentsdftem amendment (Table 3.3).

Table 3.3: Symptom development expressed as area under eigegigdence progress
curve [AUDPC] of tomato genotype King Kong2 and RIL NHG3 ixperiments for

callose observation.

Area under disease incidence progress curve

[AUD,PC]
Treatment King Kong2 NHG3
- silicon +R. solanacearum 1306.25+ 221.3 1155.@ 60.0
+ silicon +R. solanacearum 665.0t 45.0 791.25 338.8

Data are means SE of two individual experiments.

Bacterial numbers were increased in roots comp@retems across genotypes, treatments
and evaluation dates (Table 3.4). Higher bacterogdulations were present in stems and
roots of non-silicon treated plants of RIL NHG3adit evaluation dates and for genotype

King Kong2 in stems and roots at 8 dpi.




Chapter 3: Histochemistry 91

Table 3.4: Bacterial numbers (log CFU / g) in stems and raaftdR. solanacearum
inoculated tomato genotype King Kong2 and RIL NH&3ended with and without silicon
at 5dpi, 8 dpi and 12 dpi.

Bacterial numbers[log CFU / g]

King Kong2 NHG3

Treatment Stem Root Stem Root
5dpi -Si +Rs 3.24+ 0.9 341+ 1.5 5.20+£1.3 7.03: 0.4

+Si +Rs 6.02+ 0.6 7.05+ 0.5 34712 6.71+£ 0.5
8dpi -Si +Rs 6.83x1.1 9.14+ 1.7 4.50+ 0.2 7.01£ 0.4

+Si+Rs  5.20+ 0.4 5.73: 0.5 3.90£ 0.2 5.26+ 0.6
12dpi  -Si+Rs 0.82+ 0.8 471+ 2.4 8.61+ 0.4 9.01+ 0.4

+Si +Rs 1.18+1.2 6.06t 0.5 3.43+1.8 477+ 2.4

Data are means SE of three plants per treatment of two experimént$ dpi, and for one experiment for 8
and 12 dpi

3.3.7 Autofluorescence and callose deposition

Differences in autofluorescence were not observembsa genotypes, treatments and
evaluation dates (Fig. 3.12a, b, e, f, i, j, mghr, u, v - Fig. 3.17a, b, e, f, i, j, m, n, qur,
v). Callose stained with aniline blue, resultedwhite coloration surrounding vascular
bundles under UV illumination, most abundant at di# for both genotypes and all
treatments (Fig.3.16¢, d, g, h, k, |, o, p, s,,txwand Fig. 3.17c,d, g, h, k, I, 0, p, s, t, W, X

In genotype King Kong2, those inoculated plants clvhharboured higher bacterial
numbers (log CF/g > 6) showed decreased stainingpmsilicon treated plants and no
callose deposition in silicon-treated plants atpb (ig 3.12k, |, w, x). Also in genotype
NHG3 reduced callose deposition in moderately it@@cnon-silicon treated plant
compared to all other treatments was observed @ig and 3.13h). At 8 dpi, callose
staining was nearly absent in both genotypes drtdeatments (Fig. 3.14c, d, g, h, k, |, o,
p, s, t, w, x and Fig. 3.15c¢, d, g, h, k, |, ospt, w, x), and differences between treatments
in both genotypes were generally not observedaatdB12dpi (Fig. 3.14 ¢, d, g, h, k, I, o, p,
s, t,w, x-Fig.3.17 ¢, d, g, h, k, |, 0, p,,swt X).
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Autofluorescence
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Fig. 3.12: Autofluorescence and callose deposition arounduwlas bundles in stems of
healthy andR. solanacearunmoculated plants of tomato genotype King Kong?2 adeel
with and without silicon 5 days post inoculatiomifd stained with aniline blue, shown in

two magnifications.

a, b: -Si—Rs autofluorescence control (AF); ¢, 8i—Rs callose; e, f: -Si+Rs AF (log CFU/g: 2.45);hg -
Si+Rs callose; i, j: -Si+Rs AF (log CFU/g: 6.08);lk-Si+Rs callose; m, n: +Si—Rs AF; o, p: +Si-da#lose;
g, r: +Si+Rs AF (log CFU/g: 4.72); s, t. +Si+Rsloak; u, v: +Si+AF (log CFU/g: 8.41), w, x;: +Si+Rs
callose. Barina, c,e, g,i,k,m, 0,q,s, s W00 um; barinb, d, f, h, j, I, n, p, r, t, v/&0 um. Treatment
and bacterial numbers [log CFU/g] are additionaflyen in each first picture representative for thev.
Pictures are representative for each treatment.
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Autofluorescence

Fig. 3.13: Autofluorescence and callose deposition arounatulas bundles in stems of
healthy andR. solanacearuamoculated plants of tomato genotype NHG3 amenalital
and without silicon 5 days post inoculation (dgitgined with aniline blue, shown in two

magnifications.

a, b: -Si—Rs autofluorescence control (AF); ¢, 8i—Rs callose; e, f: -Si+Rs AF (log CFU/g: 4.32);hg -
Si+Rs callose; i, j: -Si+Rs AF (log CFU/g: 7.79);lk-Si+Rs callose; m, n: +Si—Rs AF; o, p: +Si-¢adlose;
g, r: +Si+Rs AF (log CFU/g: 4.01); s, t: +Si+Rsloag; u, v: +Si+Rs AF (log CFU/g: 5.29); w, x: +8Rs
callose. Barina, c, e, g,i, k,m, 0,0, s, s W00 um; barin b, d, f, h, j, I, n, p, r, t, v/»60 pm. Treatment
and bacterial numbers [log CFU/g] are additionallyen in each first picture representative for thev.
Pictures are representative for each treatment.
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Autofluorescence
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Fig. 3.14: Autofluorescence and callose deposition arounduwlas bundles in stems of
healthy andR. solanacearuamoculated plants of tomato genotype King KongZaded
with and without silicon 8 days post inoculatiomifd stained with aniline blue, shown in

two magnifications.

a, b: -Si—Rs autofluorescence control (AF); ¢, 8i—Rs callose; e, f: -Si+Rs AF (log CFU/g: 4.94);hg -
Si+Rs callose; i, j: -Si+Rs AF (log CFU/g: 8.71);lk-Si+Rs callose; m, n: +Si—-Rs AF; o, p: +Si-¢adlose;
g, r: +Si +Rs AF (log CFU/g: 4.49); s, t: +Si+Rdlese; u, v: +Si+Rs AF (log CFU/g: 5.65), w, x: #8is
callose. Barina, c, e, g,i, k,m, 0,0, s, s W00 um; bar in b, d, f, h, j, I, n, p, r, t, v/60 pm. Treatment
and bacterial numbers [log CFU/g] are additionallyen in each first picture representative for thev.
Pictures are representative for each treatment.
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Autofluorescence

Fig. 3.15: Autofluorescence and callose deposition arounaulas bundles in stems of
healthy andR. solanacearuanoculated plants of tomato genotype NHG3 amenalitd
and without silicon 8 days post inoculation (dgitgined with aniline blue, shown in two

magnifications.

a, b: -Si —Rs autofluorescence control (AF); ¢;-8i—-Rs callose; e, f: -Si +Rs AF (log CFU/qg: 4.1¢)h: -
Si+Rs callose; i, : -Si +Rs AF (log CFU/g: 4.7%);l: -Si+Rs; m, n: +Si—-Rs AF; o, p: +Si—Rs callpger:
+Si+Rs AF (log CFU/g: 3.66); s, t: +Si+Rs callosey: +Si+Rs AF (log CFU/g: 4.26), w, x: +Si+Rslosk.
Barina,c, e g,i,k,mo,q,s,u w=100 (par in b, d, f, h, j, I, n, p, r, t, v, x = 50 pfreatment and
bacterial numbers [log CFU/g] are additionally givie each first picture representative for the r@ectures
are representative for each treatment.
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Autofluorescence

-Si+Rs [2.47]

+SIi+Rs [0] ___

Fig. 3.16: Autofluorescence and callose deposition arounduwlas bundles in stems of
healthy andR. solanacearuamoculated plants of tomato genotype King KongZaded
with and without silicon 12 days post inoculatiapif, stained with aniline blue, shown in

two magnifications.

a, b: -Si—Rs autofluorescence control (AF); c, 8i—Rs callose; e, f: -Si+Rs AF (log CFU/g: 0); g;&i+Rs

callose; i, j: -Si+Rs AF (log CFU/g: 2.47); k, Bi-+Rs callose; m, n: +Si—Rs AF; o, p: +Si-Rs adlay, r:

+Si +Rs AF (log CFU/g: 0); s, t: +Si+Rs callose;vu;+Si+Rs AF (log CFU: 3.53), w, x: +Si +Rs cakos
Barina,c, e, g,i, k,mo,q,s,u w=100 {bar in b, d, f, h, j, I, n, p, r, t, v, x = 50 pifreatment and
bacterial numbers [log CFU/g] are additionally givie each first picture representative for the r@ectures

are representative for each treatment.
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Autofluorescence

Fig. c17: Autofluorescence and callose deposition aroundulas bundles in stems of
healthy andR. solanacearuAmoculated plants of tomato genotype NHG3 amenalital
and without silicon 12 days post inoculation (dgtgined with aniline blue, shown in two

magnifications.

a, b: -Si-Rs autofluorescence control (AF); c, 8i-Rs callose; e, f: -Si+Rs AF (log CFU/g: 7.79):hg -
Si+Rs callose; i, j: -Si+Rs AF (log CFU/g: 9.05);lk-Si+Rs callose; m, n: +Si—Rs AF; o, p: +Si-¢adlose;
g, r: +Si+Rs AF (log CFU/g: 4.05); s, t: +Si+Rsloag; u, v: +Si+Rs AF (log CFU/g: 6.24), w, x: +8Rs
callose. Barina, c,e, g,i,k,m, 0,q,s, s W00 um; barinb, d, f, h, j, I, n, p, r, t, v/60 um. Treatment
and bacterial numbers [log CFU/g] are additionaflyen in each first picture representative for thev.
Pictures are representative for each treatment.
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34 Discussion

Staining of sections with alcian blue revealed atemsive blue coloration of structures
inside the vessels referred to as tylosis, indicgapectin as the major component (Benes,
1968; Soukup and Votrubova, 2005). No comparabtactires were observed after
staining with aniline blue indicative for calloseEschrich and Currier, 1964),
phloroglucinol-HCI indicative for aldehydes of camic acids of lignin (Clifford, 1974,
Vanceet al, 1980; Lewis and Yamamoto, 1990) and toluidineeb{data not shown),

indicative for phenols (Ramalingam and Ravindrana@70).

The appearance of tylosis in healthy petioles offlewers was suggested to be triggered
by the frequent embolization of vulnerable vessedsulting in incompressible tissue in
order to maintain the pressure during the watev thé transpiration (Canny, 1997). On the
other hand, early investigations revealed vasantatusions, including tylosis formation,
in the plants’ reaction towards vascular fungi (Beenn, 1987), but tylosis were also
found in the reaction with bacterial pathogens, ifmtance Pierce’s disease in resistant

grape cultivars (Mollenhauer, 1976).

In our study, tylosis were found in all treatmemtish a general trend to higher tylosis
formation in inoculated plants, with greatest ektensilicon-treated, inoculated plants at
later pathogen infestation states (8 and 12 dpstysating not only a physiological role of
tylosis in tomato, but also as active defence mmisha againsR. solanacearumit was
reported that tylosis were initiated with equaliligcin near iso-genic lines of tomato,
resistant and susceptible Fusarium oxysporunf.sp. lycopersicj in the early infection
process (1 and 2 dpi), but tylosis developmentinaet in the resistant host plant,
whereas the susceptible host showed a retardedafiommof tylosis (Beckmanmet al,
1972, Elgersmat al, 1972). In the interaction of tomato wik solanacearumtylosis
were found in stems of the susceptible tomatovant-loradel and in the resistant cultivar
Caraibo, but appearance and location of tylosieditl in the genotypes (Grimaudt, al,
1994). In the resistant cultivar tylosis occurraadyoin colonized and adjacent vessels,
whereas the susceptible cultivar produced tylosisstly in non-colonized vessels.
Additionally, bacterial spread was restricted bips$ys in cultivar Caraibo. Furthermore,
the authors stated that tylosis formation is amuaedl process, since no tylosis occurred in
non-inoculated plants. In tomato genotype King Kntylosis were present in inoculated

plants, as well as non-inoculated plants but wighér frequency in inoculated plants and
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highest in silicon-treated inoculated plants, tines also consider the reaction related to
silicon treatment as induced or primed effect aftathogen challenge in this genotype,
whereas priming means a state of enhanced abditynobilize pathogen- or elicitor-

induced cellular defence responses after infe¢omrathet al, 2002).

Interestingly, the same trend was observed ina with R. solanacearunmoculated
plants of genotype King Kong2, where no bacteriaewdetected in the stems at 5 dpi and
no wilt symptom development occured. These findisgggest an induction of tylosis in
stems by a so far unknown component in inoculatadtp or an induction through root
colonization. A further characterization of the urat of the induction needs further
investigations. Additionally, this observation pesvthat staining is not due to a cross-

reaction of the staining solution with colonizingcberial cells in vessels.

Generally, lignin is classified into two groups:) (§ymnosperm lignins, primarily
consisting of guaiacyl subunits [G], polymerizednir coniferyl alcohol, and small portions
of p-hydroxyphenyl units [H] derived fronp-coumaryl alcohol; and (2) angiosperm
lignins, containing both syringyl units [S], polyneed from sinapyl alcohol and guaiacol
units [G], with low quantities ofp-hydroxyphenyl units [H] (Whetteret al, 1998).
Staining of tomato stem sections with phloroglutiHEI resulted in a purple coloration of
vascular bundles, indicative for substituted cinaml@hyde groups (Vanet al, 1980) for

all treatments and at all evaluation dates obseimethis study, without differences.
Variation in the proportions of the lignin precursas described within the cell wall,
between cell types, and in response to pests ahdgens and wounding (Whettest,al,
1998), thus the chemical nature of the lignificatafter wounding or pathogen attack can
differ of the normal lignin in the cell wall (Vanocst al, 1980; Lewis and Yamamoto,
1990). An additional test specific for syringyl gps is suggested to detect possible
changes of the chemical structure of lignins inititeraction of silicon-induced resistance

of tomato andR. solanacearum

Safranin, a rather unspecific reagent for lignairshg, gives a red coloration with phenols
(Lewis and Yamamoto, 1990), but did not show a hgemous staining pattern among
treatments in our experiments, suggesting that gleeare apparently not involved in the

resistance reaction of silicon-treated plantRtsolanacearum
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We observed hydrogen peroxide,(®d) accumulation in the stems’ vascular system of
tomato genotype King Kong2, irrespectively of slictreatment and inoculation with
R. solanacearumat 5 and 8 dpi, suggesting thatQ4 accumulation is part of

physiological processes in this tissue.

With increasing knowledge of the ROS network innpda ROS have been shown as key
feature of the hypersensitive response (HR) andrpromed cell death (PCD), responding
to pathogen attack in a genetically controlled oese (Foyer and Noctor, 2005). The
reaction of the plant cells towards ROS is not odBpending on the ROS itself;
concentration, side of production and the intecerctwith other stresses, but also on
physiological parameters such as developmentaéstag prehistory of the cell should be
considered (Mglleet al, 2007).

The production of active oxygen species in the nmgatible plant pathogen interaction is
characterized by the occurrence of two distinctsgegBaker and Orlandi, 1995). The first
phase is a relatively short-lived and non-speadiésponse, appearing directly after the
addition of compatible and incompatible pathogears] the second phase is relatively
long-lived later in the incompatible interactionak&ret al. (1995) demonstrated that high
bacterial inoculum levels in suspensions cultugzsl|to decreased ROS response in the
second phase. Reasonable for this was an incréaR®$-scavenging activity induced
earlier during the treatments with higher inocullevels. We also observed a decreased to
absent HO; staining with DAB in highly infected tomato plan&inceR. solanacearuras

a xylem invading pathogen capable to totally bledtole vessels (Nakahet al, 2000),

we rather suggest that blocking of the vesselsléadi to a disruption of the water-flow in

the vascular bundles and thus, uptake of the dygico failed in highly infected plants.

Reactive oxygen species, in particulaiGz have been implicated to act as signals that
mediate the systemic activation of gene expressiaesponse to a wide range of biotic
and abiotic stresses (Mittler, 2002; Laddial, 2004). The common occurrence oi0d in
xylem vessels was reported by Browhal. (1998) in healthy tissues of French beans,
which is according to our observations thaObklaccumulates in vascular bundles of all
treatments of tomato genotype King Kong2. This rhigl explained by the necessity of
H.O, for the oxidative coupling of phenols by peroxiessn lignification (Brownet al,
1998; Apel and Hirt, 2004), and it can additionadlgt as a signal for further defence
responses, as demonstrated for tomato (Orozco-Gasdeal, 2001). Nevertheless, ROS

has been shown to act antimicrobial at leastitro, when exogenous applied (Baker and
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Orlandi, 1995) and thus, for some pathogens ROB8xdgihg mechanisms were found.
The conversion of D, to H,O and Q by catalases is found in most aerobic organisms,
mostly to reduce high amounts of,® in peroxisomes (Baker and Orlandi, 1995).
Ralstonia solanacearumposses catalase activity, thus having the alititgdetoxify HO»
(Valls et al, 2006). It was demonstrated that bacteria camatadenigher HO, levels and
the primary factor was the bacterial concentratibe, higher the bacterial concentration,
the faster the reduction of the,® to tolerable levels (Baker and Orlandi, 1995). It
remains to elucidate R. solanacearuncatalase is actively involved in the degradatibn o
H.O; at high bacterial densities in infected tomataerylvessels.

Callose deposition was observed in vascular tiggu®mato stems in all treatments of
tomato genotypes King Kong2 and NHG3, most evideh? dpi. Also Asselbergh and
Hofte (2007) found that callose naturally occursascular tissues of tomato leaves.

The role of callose deposition in papillae formatito block pathogen entry has been
accepted for a long time (Aist, 1976). The resistarof lettuce to the oomycete
Plasmopara lactucae-radicisbased on callose deposition around the haustdrithe
fungus (Stanghellinet al, 1993) and an earlier and more pronounced acctiowlaf
callose inArabidopsisplants treated witl#~amino-butyric acid (BABA) (Ton and Mauch-
Mani, 2004) are supporting evidences for the rdleatiose deposition in plant resistance.
However, in silicon-induced resistance of tomat&tsolanacearugmwe could not find an
induction of callose by silicon, in contrast, wesebved less callose deposition in vascular
bundles of higher infected, silicon and non-silicceated plants, most evident in genotype
King Kong2 at 5 dpi. Vogel and Somerville (2000gmdified Arabidopsismutants with
altered growth capabilities of the powdery mildeathmgenErysiphe cichoracearum
designated as powdery mildew resistant parl-4). The mutanpmrd showed almost
complete loss of callose accumulation beneath furanies and after wounding, even at
a later infestation state of the fungus, but potldres had abundant callose in this mutant.
In contrast to the expectation, the mutant was mesestant to powdery mildew and they
suggest, as one possible scenario, that decreaesecaccumulation leads to recognition
of the fungus and a secondary defence pathway, efteetive compared to the wild-type,
is activated by the plant. These observations wendirmed by Nishimurat al. (2003) in
the same mutant and extended analysis revealedhthaimr4-based resistance is most
likely due to enhanced activation of the SA signahsduction pathway.
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In contrast, it is known that bacterial pathogemsheed mechanisms to suppress basal
resistance (Huckelhoven, 2007). The bacterial &ffsc AvrPto, AvrPtoB, AvrE and
HopPtoM of Pseudomonas syringagre known to suppress callose deposition and the
expression of host genes for papilla-associatettim® (Hauclet al, 2003; DebRot al,
2004; de Torrest al, 2006).R. solanacearurharbours a type lll secretion system (T3SS)
which secretes effector proteins in the cytoplasmplant cells (Alfano and Collmer, 2004)
and Angotet al. (2006) provided evidence that T3SS effectorR o$olanacearunsontain
plant-like F-box domains that might contribute e tvirulence on several host plants. It is
suggested that effectors can either elicit or &prgasal resistance of the plant. Their
function as defense suppressors has first beerrildegcin P. syringae (Alfano and
Collmer, 2004), but a possible suppression of salldeposition by bacterial effectors in

theR. solanacearusmomato interaction has so far not been described.

Another possibility for the decreased callose degposmight be an enzymatic degradation
of callose by/f1,3-glucanase, which hydrolyzg1,3 glycosidic bonds in linear or
branched glucans (van Loetnal, 2006). Among the virulence factorsRf solanacearum
are six cell wall degrading enzyme8:1,4-endoglucanase (Egl), exoglucanase (ChbA),
endopolygalacturonase (PehA), exopolygalacturonggehB and PehC) and pectin
methylesterase (Pme) (Denny, 2006), thogdh3-glucanase has not been reported.

On the other hand, the accumulation of pathogemekited (PR) proteins has been
described in many plant species as reaction towpatlsogen attack (van Looet al,
2006).Betal,3- glucanases are classified as PR-2 and ovezssipn of glucanases have
been shown to increase resistance towards diffgratitogens (van Looat al, 2006).
This effect might be due to possible degradatiomaiobial cell wall components by the
enzymes or by the generation of endogenous sigolaules, functioning as elicitors of
further defense mechanisms. Plant-derived calleggadlation would not only explain the
reduced callose in infected plants at 5 dpi but & reduced callose in all treatments at
8dpi, indicating rather a physiological host platiération rather than resistance reaction at

the later time point.

From the data achieved so far it is not obvious thérethe reduced or absent callose
deposition in infected tomato vascular bundles iighfavourable for the pathogen in the

infection process or bacterial manifestation incuer bundles or if it leads to the
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activation of an alternative defence mechanisnomatto. This topic is further discussed in

chapter 5 (gene expression) and in the generalshigm.

Conclusion

Among the analysed histochemical changes due ¢ctioh and silicon treatment, only

tyloses formation and callose deposition seem tiovo@ved in the interaction.
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CHAPTER4

Immunohistochemical analyses of tomato cell wallcures —

effect of silicon nutrition anéRalstonia solanacearumoculation

on arabinogalactan protein £b)-o-L-arabinan and non-blockwise

de-esterified epitopes of homogalacturonan of tomatombinant

inbred lines

Abstract

Tomato recombinant inbred lines (RILs) NHG3 and N#@Gsusceptible to bacterial wilt,
and NHG13 and NHG162, resistant, were analysedr &fteeon amendment and/or
R. solanacearuninoculation for their stem cell wall structure ngiantibodies detecting
arabinogalactan protein (LM2), -45)-a-L-arabinan (LM6) and non-blockwise
de-esterified epitopes of homogalacturonan (LM7pnitored by immunofluorescence
microscopy at 5 days post inoculation (dpi).

The autofluorescence of stems was higher tomato recombinant inbreds|liNelG60 and
NHG13 than in NHG3 and NHG162, irrespective of titeatment.

Intensive staining of vessels and surrounding ésswith LM2, detectingrabinogalactan
protein, occurred in tomato genotypes NHG60 and NHG13,reds genotypes NHG3
and NHG162 showed generally staining of only singéssels. Staining was slightly
increased in genotype NHG60 for silicon and noicai treated, non-inoculated plants
(-Si-Rs and +Si-Rs) and for silicon treated healémd inoculated plants (+Si-Rs and
+Si+Rs) in genotype NHG13. No differences in treatis were observed for genotype
NHG3 and NHG162.

Staining of(1—5)-a-L-arabinan in vascular bundles with LM 6 was slightly incredsn

the non-inoculated treatments (-Si-Rs and +Si-Rs)génotype NHG3. In genotypes
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NHG60 and NHG13 increased staining was observedb@iih inoculated treatments
(-Si+Rs and +Si+Rs) and additionally, for genoti{#¢G13 for non-inoculated non-silicon
treated plants (-Si-Rs). In plants of genotype NBZA slightly increased staining was
observed for non-silicon treated inoculated plaSi+Rs) and silicon treated non-

inoculated plants (+Si-Rs).

Staining of non-blockwise de-esterified epitopes of homogalacturonan with LM7 was

homogeneous across treatments in genotypes NHG3\&I®@162, whereas staining of
genotype NHG3 was overall weaker compared to gpeo§HG162. In genotype NHG60
increased staining was observed for both inoculatEmtments (-Si+Rs and +Si+Rs) and

was highest for non-inoculated silicon treated {#4#®Si-Rs) in genotype NHG13.
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4.1 Introduction

The plant cell wall

For many years, the plant cell wall was considepety as rigid inert structure that
provides mechanical strength, but the view has gbénand currently it is considered as a
dynamic, responsive structure necessary not omlg f@riety of developmental events, but
also involved in relaying information from exterrsimuli, additionally to the mechanical
strengthening of the wall (Ros al, 2000; Pilling and Ho6fte, 2003; Humphrey al,
2007).

This complex, semi-rigid structure surrounds théoplasmatic membrane and can be
differentiated into three different zones — middiella, primary wall and secondary wall.
The most external one, the middle lamella, fun&ionainly as separating panel and
consists almost exclusively of pectic substancesd#iaet al, 1995). After differentiation

of the middle lamella, deposition of carbohydratesydamentally cellulose, forms the
primary cell wall during the cell expansion, buildiup the structural base of the skeleton
of the plant (Herediat al, 1995; Kaczkowski, 2003). The secondary wall isstdered to
be a supplementary wall with predominately mecharfienction, usually connected with
lignifications (Herediaet al, 1995; Kaczkowski, 2003). Besides, the cellulosethe
primary cell wall, an amorphous phase or matrixhviieterogeneous composition, appears
and two large groups of the non-cellulose polysaddes of the matrix can be
distinguished, the hemicelluloses and pectic subst (Herediat al, 1995). Pectins are
the only major class of plant polysaccharides wtaoh largely restricted to primary cell
walls (Willats et al, 2001a) and occur either soluble as strongly hedrand gelling
fractions present in the outer wall surface or lmisie when linked to cellulose structures
(Kaczkowski, 2003).

The most representative pectic polysaccharidelBeoplant cell wall are homogalacturonan
(HG), rhamnogalacturonan | (RG-1), RG-Il, arabingalactan, arabinogalactan I. The
main component, homogalacturonan (HG) consists bfear chain of 1,4-linkedi-b-
galactopyranosyluronic acid (&), which is methyl esterified at the carboxyl gpsuto
various degrees (Herediat al, 1995; Ridley et al, 2001; Kaczkowski, 2003).
Characteristic for the RG-I is a backbone of reppgatlisaccharide-p4) a-b- GalpA-




Chapter 4: Immunohistochemistry 107

(1-2) - o-L-Ralp-(1—]. The predominant side chains contain linear arah¢hedo-L-
arabinofuranosyl (A, and/ orp-D-galactopyranosyl (Galp) residues (Rateal, 2000;
Ridleyet al, 2001). The RG-II has an 1,4-linkeeb- GalpA backbone with four different
oligosaccharide side chains and thus, not strutturalated to RG-I. It is present in
primary walls predominantly as a dimer that is sriisked by a 1 : 2 borate-diol ester
(Roseet al, 2000; Ridleyet al, 2001; Vinckeret al, 2003).

It is often assumed that HG, RG-1 and RG-II areatently linked to each other in primary
cell walls (Roseet al, 2000; Ridleyet al, 2001) and the highly branched RG-I with AG-I
and arabinan are often referred to as pectic hagjons, whereas the HG domains are
referred to as smooth regions (Willatsal, 2001a; Vinckeret al, 2003).

Pectin methyl esterases (PMESs) are enzymes whinbwe methyl-ester groups from HG
(Willats et al, 2001a). The removal of the methyl groups resultstretches of acidic
residues that can associate with other HG chainsabgrum cross links, thus controlling
the assembly and disassembly of the pectic netvirkihe degree and pattern of methyl
esterification is also important in regulating ttleavage of HG by pectinolytic enzymes
(Willats et al, 2001a).

A B —— cellulose m'rcroﬁbr':l

—r + . ——hemicellulose

== pectin

o -

F ——— plasma membrane
A\ T—cytoplasm

actin filament

microtubule

Fig. dO: Model of the cell wall-plasma membrane-cytoskeleddapted from
Humphreyet al. (2007).

The model illustrates the main polysaccharide atepn components. The wall consists of celluloserafibrils,
cross-linked by hemicelluloses, and embedded iactirp matrix as well as numerous protein componsath as
(A) expansins, (B) extensins and (F) glycosylphotighinositol (GPI)-anchored proteins which are Viga
glycosylated and associated with the extensivesaaigharide network. Various plasma membrane pogeioh as
the (C) cellulose synthase complex, (D) receptoasés, (E) ion channels, and (F) GPIl-anchored piotateract
with the wall matrix as well as with internal cytapmic proteins, and the actin and tubulin cytotele
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Arabinogalactan-protein (AGP)

Arabinogalactan-proteins (AGPs) belong to the famidbf highly glycosylated
hydroxyproline-rich glycoproteins (HRGPSs), probablyiversally distributed in the plant
kingdom (Majewska-Sawka and Nothnagel, 2000; Shiana2001). Typical for AGPs is
the low protein content of less than 10%, genenadlly in hydroxproline (Hyp), alanine,
glycine and serine and a high carbohydrate comtemiore than 90%, where arabinose and
galactose as major sugar residues are linkedDigylcosidation to the OH group of

hydroxproline or to serine residues in the protare (Kreuger and van Holst, 1996).

They are classified into two groups depending osirtipolypeptide backbones as (1)
‘classical’ AGPs with an N-terminal secretion seqgee that is removed from the mature
protein, in general a central domain rich in Prqgitéynd a C-terminal hydrophobic domain,
and (2) ‘non-classical’ AGPs with regions that atgpical of AGPs, like regions rich in
Asn or Cys residues additionally to the Pro/Hyp @uwal, 1996; Majewska-Sawka and
Nothnagel, 2000; Gaspat al, 2001; Showalter, 2001). Additionally, the hydropic
transmembrane domain at the C terminus of class®@Ps is replaced by a
glycosylphosphatidylinositol (GPI) lipid anchor the mature protein, which seems to be
absent in the so far known non-classical AGPs (Bclet al, 1998; Gaspaet al, 2001).
AGPs are widely distributed in organs and plansugs and they are developmentally
regulated, in an organ-specific and tissue spegianer in various degrees, depending on
the individual member of the AGP family (Showaltg01). By the use of descriptive
studies with monoclonal antibodies pYariv reagent the biological role of AGPs has
been implicated in many processes of plant gromthdevelopment such as cell expansion
(Willats and Knox, 1996; Ding and Zhu, 1997), ddiiferentiation (Penell and Roberts,
1990; Knox et al, 1991), cell proliferation (Serpe and Nothnag€94; Thompson and
Knox, 1998) and somatic embryogenesis (Kreuger g Holst, 1993), but also the
involvement of AGPs in plant-microbe interactionge auggested (Seifert and Roberts,
2007). TheArabidopsisratl (resistantto Agrobacterium transformatignmutant was
identified with a T-DNA tag in the promoter regiohan AGP gene (Narat al, 1999) and

is suggested to be either involved in the sigreigduction that enableésgrobacterium
tumefaciengo infect the wild-type plants or to be required binding of the bacterium to
the root surface (Gaspat al, 2004).
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4.2 Materials and methods

4.2.1 Plant material and inoculation procedure

Tomato plants of tomato recombinant inbreed lined¢) NHG3, NHG13, NHG162,
NHG60 (Asian Vegetable Research and Developmentr€eAVRDC; Taiwan) were
cultivated in peat moss (Klasmann-Deilmann, Germanpplemented with 4 g1CaCQ
(Roth, Germany) for non-silicon treatment and 4 § CaCQ plus 1g / L Aerosil
(Degussa, Germany) for silicon treatment. Plantseevkept under greenhouse conditions
(20 °C with 14 h light per day at 30 K lux and 70%®ative humidity) and watered
throughout the whole experiment with a nutrientuioh composed of 5 mM Ca(Np,
1.875 mM KSQ,, 1.625 mM MgSQ@, 0.5 mM KHPQ, 0.04 mM HBOs;, 0.001 mM
ZnSQ,, 0.001 mM CuSQ 0.01 mM MnSQ, 0.00025 mM MoNg0O,, 0.05 mM NaCl and
0.1 mM Fe-EDTA for non-silicon treatment, and tlaeng solution containing monosilicic
acid in a final concentration of 1.4 mM [Si(Ofjor silicon treatments. Monosilisic acid
was obtained after exchange of potassium silicaligtion K;SiO, (VWR, Germany) with
cation exchangers (20 mL volume, Biorad Laboragmri@ermany) (Hochmuth, 1999).

Five week old plants were inoculated wikh solanacearunstrain ToUdk2 (race 1,
phylotype 1; originated from Thailand) directly exfttransplanting and transferred into a
growth chamber (30 °C / 27 °C day/night temperat8E% relative humidity, 30 K Lux
and 14h light per day). Inoculum suspensions weepared from two day old bacterial
cultures ofR. solanacearungrown on TTC medium [10 g / L bacto peptone, 11g /
casamino acid, 5 g/ L glucose, 15 g/ L agar; 10ofma 0.5 % 2,3,5-triphenyl tetrazolium
chloride solution (Sigma, Germany) were sterilérdted and separately added to the
cooled TTC medium after autoclaving (Kelman, 195t)pn nutrient glucose agar (NGA,
3 g/ L beef extract, 5 g / L peptone from cas@id, g / L glucose, 15 g / L agar) by
adjusting the suspension in demineralised watantoptical density of 0.06 at 620 nm and
subsequently 1:5 diluted, corresponding to appresefy to 2.03*10 CFU. Per gram
substrate 0.1 mL suspension was applied to each. @antrols were treated with the same
quantity of demineralised water. Samples from rdwioant inbred lines were harvested
5 days post inoculation (5dpi). Non-inoculated colstof each treatment were included in

all experiments.
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4.2.2 Symptom evaluation

Symptoms of ten plants per treatment were monitola@ty and classified in six disease
severity classe® = healthy plantl = one leaf wilted2 = two leaves wilted3 = three

leaves wilted4 = all leaves wilted except the tip of the plamt whole plant wilted.

The mean of disease scores represented wilt diseaseity (DS). The disease incidence
(DI) was calculated as the percentage of dead planthe number of total plants at each

evaluation date. Disease incidence was recordéyl dai

The area under disease incidence progress curv®,AL) was calculated on the basis of
either wilt disease severity or disease incidersmiaguthe following formula (cited after
Jeger and Viljanen-Rollinson, 2001):

AUDPC = “Z':l [(Xi + X))/ 2](ti ~t)

with x; and x; - wilt incidence or disease severity scale, amad {; - consecutive evaluation datest(f is
equal to 1 day).

4.2.3 Bacterial quantification in tomato stems

R. solanacearumvas quantified in the stems and roots of symptesilaoculated plants.
Stem and root parts were surface sterilized witho #XOH for 15 or 20 s, respectively,
and subsequently washed with sterile demineralisser before being macerated in 3 mL
of sterile water. After incubation for 20 min abro temperature the macerate was filtered
through cotton and centrifuged at 7,000 x g at raemperature. The pellet was re-
suspended in 1 mL sterile water, tenfold dilutierese prepared and 100 pL of appropriate
dilutions were plated in two replicates on TTC nuedi (Kelman, 1954), followed by
incubation for 48 h at 30°C. Bacterial colonies eveounted and calculated as colony

forming units per gram of fresh matter (log CFU./ g
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4.2.4 Immunohistochemical analyses

To detect changes in the tomato cell wall structwlated to silicon nutrion and / or
R. solanacearuninfection, mid-stem parts of tomato recombinartréud lines (RILS)
NHG3 and NHG60 (susceptible to bacterial wilt) aidG13 and NHG162 (resistant to
bacterial wilt) were sampled five days post inotiola (dpi), cut into thin slices < 0.5 mm
by free-hand sectioning and subsequently transfant® fixative PIPES buffer (50 mM
piperazine-N,N'-bis(2-ethanesulphonic acid) [PIPES]mM MgSQ; 5 mM ethylene
glycol bis@-aminoethyletherl) tetraacetic acid [EGTA], pH =9)%.containing 4%
paraformaldehyde (Merck, Germany). Sections wept &e4°C overnight before blocking
in phosphate buffered saline (PBS; pH 7.2) (135 mislCl, 3 mM KCI, 10 mM
NaogHPO*2H,0, 2 mM KHPQ,) containing 5% skim milk powder (w/v, Fluka,
Switzerland) for 1 h at room temperature was perémt. Initial incubation with primary
antibodies (LM2, LM6, LM7) received from Plant Pes) c/o P. Knox, University of
Leeds, UK (Table 4.1) 1 : 10 diluted in PBS + 5%vsknilk powder was for 1 h at room
temperature, followed by incubation at 4°C overhhigSlices were washed with PBS +
Tween 0.1% 3 times for 5 minutes followed by 3 smeshing with dbD.

Incubation with the secondary antibody anti-rat I§E@C (fluoroisothiocyanat, green
fluorescence) (Sigma, Germany) at 1 : 100 dilutio®BS + 5% skim milk powder was
then performed overnight at 4°C. Subsequentlystites were washed again as described
above. Finally, the sections were mounted in Qivifl(AF1) antifade (Agar scientific, UK)
on glass slides and observed under a photomicres¢Agioskop 2 plus, Carl Zeiss,
Gottingen, Germany) equipped with epifluorescenibigmination with a filter system
appropriate for fluoroscein florescence excitatidb0 - 490 nm, beamsplitter: 500 nm,
emission: 510 - 576 nm) (Carl Zeiss, Germany). gdls of the experiment included
healthy and inoculated as well silicon and noresiliamended plants in each combination,
with 3 plants per treatment, respectively. Consarhples of each plant were prepared with
Citifluor only to investigate autofluorescence. dlsamples with secondary antibody were

observed to determine unspecific fluorescence.




Chapter 4: Immunohistochemistry 112

Table 4.1: Primary antibodies used for structural analysipeadtic polysaccharides.

Primary antibody Pectin domain Epitope detected

LM2 Rhamnogalacturonan | arabinogalactan-protein (AGP)
LM6 Rhamnogalacturonan | (1- 5)-a-L-arabinan

LM7 Homogalacturonan non-blockwise de-esterification

4.2.5 Statistical analyses

The data were analysed with the statistical so#w&” (R Development Core Team — R
Foundation for Statistical Computing, Vienna, AigtrFor all data, Wilcoxon rank-sum
Test was used and the P values were adjusted atimethod of Holm for family-wise
error rate correction. A significance level of pO<05 was used throughout the whole

statistical analysis of the data.
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4.3 Results

4.3.1 Symptom evaluation and bacterial populations

Wilt symptom development expressed as area underasie progress curve (AUDPC)
based on either disease severity or disease irt@demas highest in RILs NHG3 and
NHGG60. Silicon treatment reduced disease seveyit93% and 6% in NHG3 and NHGG60,
respectively and by 100% and 98% in NHG13 and NHZL X6spectively, and disease
incidence by 46% and 43% in NHG3 and NHG60, respagt and by 0% and 100% in
NHG13 and NHG162, respectively (Table 4.2). Noresil treated plants of NHG3
showed increased wilt symptom development compaoedilicon treated plants for
AUDgPC and AUDPC. AUDPC for NHG60 was slightly increased in non-silidcoeated

plants. NHG162 and NHG13 showed less wilt sympt@wvetbpment compared to NHG3

and NHGG60, with wilting plants occur mainly in neilicon treatments.

Table 4.2: Area under disease progress curve (AUDPC) basedissase severity and
disease incidence for recombinant inbred lines NHSBAG60 [susceptible to bacterial
wilt] and NHG13, NHG162 [resistant to bacterial tjvdmended with and without silicon.

Recombinant inbred line [RIL]

Treatment NHG3 (sus) NHG60 (sus) NHG13 (res) NHG16@es)
AUDgPC

- silicon  44.05+10.1 18.2% 9.7 0.65+ 0.7 7.93:7.9

+ silicon  26.98+ 15.5 17.05 3.2 0.00: 0.0 0.13: 0.1
AUD,PC

- silicon 852.50+ 187.5 345.0@ 175.0 0.0& 0.0 82.5Qt 82.5

+ silicon 462.50+ 237.5 295.0@ 25.0 0.0G: 0.0 0.00t 0.0

sus: susceptible, res: resistant.
Data are means SE of two independent trails with ten plants peatments, respectively.
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Bacterial populations (expressed in log CFU / g)rewsimilar in the stems across
genotypes in silicon and non-silicon treated plaattsS dpi (Table 4.3). In the roots,
increased bacterial populations in non-silicon ttremts of NHG3 and NHG162, but
similar bacterial numbers in NHG13 and NHG60, coragato silicon treatments, were

observed.

Comparing plant organs (stems and roots) for tineesgenotype and treatment, bacterial
populations were increased in the roots of noweilitreated plants of NHG3, NHG60 and
NHG162 and in the roots of silicon treated plaritslidG60 (Table 4.3).

All differences were not significantly different.

Table 4.3: Bacterial populations (log CFU / g) &. solanacearunstrain ToUdk2 in
tomato stems and roots of recombined inbred liRdss) NHG3, NHG60 [susceptible to
bacterial wilt] and NHG13, NHG162 [resistant to tem@l wilt] amended with and without

silicon at 5 days post inoculation (dpi).

Recombinant inbred line [RIL]

Treatment NHG3 (sus) NHG60 (sus) NHG13 (res) NHG16@es)
Stem
- silicon 3.19+ 1.6 aA 2.7% 1.4 aA 3.4G: 0.9 aA 3.9& 1.4 aA
+silicon 3.97+1.4 aA 3.0G: 1.0 aA 25208aA 3.8&0.9aA
Root
- silicon 5.02+1.7 aA 4.14- 1.7 aA 3.051.4aA 5.8 1.3aA
+ silicon  3.64+ 1.7 aA 492 1.0 aA 3.32 1.1 aA 3.8% 1.8 aA

sus: susceptible, res: resistant.

Data are means SE of two independent trails with three plants peatments, respectively. Small letters
refer to the comparison of treatments ¢S#Si) for the same plant organ and genotype. Cldpiters refer
to the comparison of stems and roots for the sametgpe and treatment. Similar letters are notifogmtly
different with Wilcoxon rank-sum Test at= 5%
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4.3.2 Immunohistochemical observations
4.3.2.1 Autofluorescence

Generally, genotypes NHG60 and NHG 13 showed isedautofluorescence compared
to NHG3 and NHG162 independent of treatments (Fita, b, ¢, g, h,i, m,n, 0, s, t, u -
Fig. 4.2a, b, c, g, h,i, m, n, 0, s, t, u).

4.3.2.2 Detection of arabinogalactan-protein with mtibody LM2

Arabinogalactan-protein (primary antibody LM2), was detected mainly in ecasr
bundles of all genotypes (Fig. 4.1d, e, f, j, kp,Ig, r, v, w, X - Fig. 4.4d, e, f, |, k, |, p, q,
vV, W, X). Intensive staining of vessels and surcbng tissues with LM2 occurred in tomato
genotypes NHG60 and NHG13, whereas genotypes NH@G3N&G162 showed generally
staining of single vessels (Fig. 4.1d, e, f, L, ip, q, r, v, w, X - Fig. 4.4d, e, f, |, k, I, a, 1,

v, W, X). Staining was slightly increased in gempayNHG60 for silicon and non-silicon
treated, non-inoculated plants (-Si-Rs and +Sid®shpared to both inoculated treatment
(-Si+Rs and +Si+Rs) (Fig. 4.2d, e, f, |, k, I, p,rgv, w, x) and for silicon treated healthy
and inoculated plants in genotype NHG13 (+Si-Rs a8d-Rs) compared to both non-
silicon treatments (-Si-Rs and —-Si+Rs) (Fig. 4.8d,f, j, k, I, p, g, r, v, w, X). No
differences in treatments were observed for gerestyywHG3 and NHG162 (Fig. 4.1d, e, f,
LK 1, p,q,rVv,w, xandFig. 4.4d, e, f, },Ikp, g, 1, v, W, X).

4.3.2.3 Detection of (35)-a-L-arabinan with antibody LM6

Antibody LM6, detecting1—5)-a-L-arabinan showed generally staining of whole stem
sections, except in some treatments (-Si-Rs in typroNHG60, -Si-Rs and +Si+Rs in
genotype NHG13, +Si+Rs in genotype NHG162), whéaensg was rather restricted to
vascular bundles (Fig. 4.5d, e, f, |, k, |, p, av,rw, x - Fig. 4.8d, e, f, j, k, I, p, q, 1, v,w

X).

Staining of (:5)-a-L-arabinan in vascular bundles was slightly inseghin the non-

inoculated treatments (-Si-Rs and +Si-Rs) in ggg@tlWNHG3 compared to inoculated
treatments (Fig. 4.5d, e, f, |, k, I, p, g, 1, v, X¥). In genotype NHGG60 increased staining
was observed for both inoculated treatments (-SidaRd +Si+Rs) compared to non-

inoculated treatments (Fig. 4.6d, e, f, |, k, L,gpr, v, w, X) and in genotype NHG13 for
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non-silicon treated, non-inoculated plants andbioth inoculated treatments and (-Si-Rs,
-Si+Rs, +Si+Rs) compared to silicon treated, nacutated plants (Fig. 4.7d, e, f, j, k, I, p,
g, r, v, w, X). In plants of genotype NHG162, aktly increased staining was observed for
non-silicon treated, inoculated plants (-Si+Rs) ailiton treated, non-inoculated plants
(+Si-Rs) compared to non-silicon treated, non-ihatea and silicon treated, inoculated
plants (-Si-Rs and +Si+Rs) (Fig. 4.8d, e, f, j,,k, g, 1, v, w, X).

4.3.2.4 Detection of non-blockwise de-esterified gic epitopes with antibody LM7

Antibody LM7, specific fomon-blockwise de-esterified pectic epitopes showed staining of
only vascular bundles for all genotypes and treats@-ig. 4.9d, e, f, j, k, I, p, g, r, v, w, X

- Fig. 4.12d, e, f, j, k, I, p, g, 1, v, W, X).

Staining of genotype NHG3 and NHG162 was homogemousss treatments (Fig.4.9d, e,
f,j, k. I, p,q,rv,w, x and Fig. 4.12d, e,jfk, I, p, q, r, v, w, X), whereas staining of
genotype NHG3 was overall weaker compared to ggeoyHG162. In genotype NHGG60
increased staining was observed for both inoculatedtments (-Si+Rs and +Si+Rs)
compared to non-inoculated treatments (Fig. 4.80d, j, k, I, p, g, r, v, w, X) and was
highest for non-inoculated silicon treated plartSi{Rs) in genotype NHG13 (Fig. 4.11d,
e f Kkl p, qrv,w,X).

4.3.2.5 Autofluorescence and staining with secondaantibody in genotype NHG3

four weeks after inoculation

Autofluorescence was decreased in plants of NHG3 four weeks afterulation compared
to 5 dpi, except of one highly infected (log CFWg8.71) plant of silicon inoculated
treatment, showing extensively autofluorescence.(Bil3a, b, e, f, i, j, m, n, q, ).
Sections incubated only wigecondary antibody had identically fluorescence compared to

autofluorescence controls (Fig. 4.13c, d, g, h, &, p, s, t).
Table 4.4 summarizes the increased detection oflaatescence and antibody labelling.

In figures, representative views of two biologiogpetitions with three plants per

treatment, respectively, are shown.
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-Si+Rs [6.74]

+Si+Rs [6.47]
Fig. 4.1: Autofluorescence and probing Wlth antibody LM2tadmmg arabinogalactan- proteln of tomato genotykaB healthy and inoculated

with R. solanacearumstrain ToUdk2 amended with and without silico® atays post inoculation (dpi).

-c —Si —Rs autofluorescence (AF); d-f: -Si-Rs LM3Z; -Si+Rs AF (log CFU/g: 6.74); j-I: -Si+Rs LM2n-o0: +Si-Rs AF; p-r: +Si-Rs LM2; s-u: +Si+Rs Afd CFU/g:
6.47); v-x: +Si+Rs LM2. Bar in a, d, g, j, m, p,vs= 100 um, barin b, e, h, k, n, q,t, w =50 jbar inc, f, i, |, o, r, u, x = 20 um. Treatmendabacterial numbers [log
CFU/g] are additionally given in each first pictuspresentative for the row. Pictures are represestfor each treatment.
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+Si+Rs [4.28]

Fig. 4.2: Autofluorescence and probing with antibody LM2tedting arabinogalactan-protein of tomato genoti{¢G60 healthy and
inoculated withR. solanacearurstrain ToUdk2 amended with and without silicongyslpost inoculation (dpi).

a-c —Si —Rs autofluorescence (AF); d-f: -Si-Rs LM3; -Si+Rs AF (log CFU/g: 0); j-I: -Si+Rs LM2; m: +Si-Rs AF; p-r: +Si-Rs LM2; s-u: +Si+Rs AF (I&f-U/g: 4.28);
v-X; +Si+Rs LM2. Barina,d, g,j, m, p, s, vOQAum, barin b, e, h, k, n, g, t, w=50 um, lec,if, i, |, o, r, u, x = 20 um. Treatment andtikd@al numbers [log CFU/g]
are additionally given in each first picture remastive for the row. Pictures are representativeefich treatment.
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t u
+Si+Rs [0

Fig. 43 Autofluorescence and problng with antibody LMZtdemg arablnogalactan protein of tomato genot)jieG13 healthy and

inoculated withR. solanacearurstrain toUdk2 amended with and without silicondysl post inoculation (dpi).

-c —Si —Rs autofluorescence (AF); d-f: -Si-Rs LMgZ; -Si+Rs AF (log CFU/g: 4.77); j-I: -Si+Rs LM2n-0: +Si-Rs AF; p-r: +Si-Rs LM2; s-u: +Si+Rs Aegl CFU/g: 0);
v-x: +Si+Rs LM2. Barin a, d, g,j, m, p, s, v=0QAm, barin b, e, h, k, n, g, t, w = 50 um, bag,ify i, |, 0, r, u, X = 20 um. Treatment and leaiett numbers [log CFU/g] are
additionally given in each first picture represdéirtafor the row. Pictures are representative tmhetreatment.
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-Si+Rs [6.25]

+Si+Rs [5.31]

Fig. 4.4: Autofluorescence and probing with antlbody LM2texdmmg arabinogalactan-protein of tomato genoti{i¢G162 healthy and

inoculated withR. solanacearurstrain ToUdk2 amended with and without silicongyslpost inoculation (dpi).

-c —Si —Rs autofluorescence (AF); d-f: -Si-Rs LM3Z; -Si+Rs AF (log CFU/g: 6.25); j-I: -Si+Rs LM2n-o: +Si-Rs AF; p-r: +Si-Rs LM2; s-u: +Si+Rs Afd CFU/g:
5.31); v-x: +Si+Rs LM2.Bar in a, d, g, j, m, p,vs& 100 um, barin b, e, h, k, n, q,t, w=50 jba; in c, f, i, |, 0, r, u, x = 20 um. Treatmentdavacterial numbers [log
CFU/g] are additionally given in each first pictuspresentative for the row. Pictures are represestfor each treatment.
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NHG3 Autofluorescence

Fig. 4.5: Autofluorescence and probing with antibody LM6tedting (1-5)-a-L-arabinan of tomato genotype NHG3 and healthy and
inoculated withR. solanacearuratrain ToUdk2 amended with and without silicon §slpost inoculation (dpi).

a-b —Si —Rs autofluorescence (AF); c-e: -Si-Rs LIM@; -Si+Rs AF (log CFU/g: 0); h-j: -Si+Rs LM6; [k+Si-Rs AF; m-0: +Si-Rs LM6; p-q: +Si+Rs AF (I&fU/g: 3.10);
r-t: +Si+Rs LM6. Barina, ¢, f, h, kK, m, p, r =A@m, barin b, d, g, i, I, n, g, s = 50 um, baejn, o, i, t = 20 um. Treatment and bacterial hara [log CFU/g] are
additionally given in each first picture represdéintafor the row. Pictures are representative fmhetreatment.
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NHGG60 Autofluorescence LM6

Fig. 4.6: Autofluorescence and probing with antibody LM6te#ing (1- 5)-a-L-arabinan of tomato genotype NHG60 healthy aratutated

with R. solanacearumatrain ToUdk2 amended with and without silicon §glpost inoculation (dpi).

a-b —Si —Rs autofluorescence (AF); c-e: -Si-Rs LKAG; -Si+Rs AF (log CFU/g: 3.07); h-j: -Si+Rs LM&:l: +Si-Rs AF; m-o: +Si-Rs LM6; p-q: +Si+Rs AFofl CFU/g:
4.39); r-t: +Si+Rs LM6. Bar in a, c, f, h, k, m,ip= 100 um, barin b, d, g,i,1, n, g, s=50 |bat in e, j, 0, i, t = 20 um. Treatment and baaterumbers [log CFU/g] are
additionally given in each first picture represdéintafor the row. Pictures are representative tmhetreatment.
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NHG13 Autofluorescence LM6

Fig. 4.7: Autofluorescence and probing with antibody LM6tei#ing (1- 5)-a-L-arabinan of tomato genotype NHG13 healthy aratutated
with R. solanacearumstrain ToUdk2amended with and without silicon 5 days post inatah (dpi).

a-b —Si —Rs autofluorescence (AF); c-e: -Si-Rs LKA@; -Si+Rs AF (log CFU/g: 2.24); h-j: -Si+Rs LM&:l: +Si-Rs AF; m-o: +Si-Rs LM6; p-q: +Si+Rs AFofl CFU/g:
2.88); r-t: +Si+Rs LM6. Bar in a, ¢, f, h, kK, m,ipz 100 um, barinb, d, g,i,l, n, q, s =50 [bar in e, |, 0, i, t = 20 um. Treatment and baaterumbers [log CFU/g] are
additionally given in each first picture represdéintafor the row. Pictures are representative tmhetreatment.
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NHG162 Autofluorescence LM6

! r Y
Fig. 4.8: Autofluorescence and probing with antibody LM6tedting (1- 5)-a-L-arabinan of tomato genotype NHG162 healthy amtulated
with R. solanacearumatrain ToUdk2 amended with and without silicon §glpost inoculation (dpi).

a-b —Si —Rs autofluorescence (AF); c-e: -Si-Rs LKA@; -Si+Rs AF (log CFU/g : 3.78); h-j: -Si+Rs LME&-I: +Si-Rs AF; m-0: +Si-Rs LM6; p-g: +Si+Rs Ako§ CFU/g:
3.47); rt: +Si+Rs LM6. Bar in a, ¢, f, h, k, m,ipz 100 um, barinb, d, g,i,l, n, q, s =50 [bar in e, |, 0, i, t = 20 um. Treatment and baaterumbers [log CFU/g] are
additionally given in each first picture represdértafor the row. Pictures are representative fmhetreatment.
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-Si+Rs [6.74]

+Si+Rs [8.27] )
Fig. 4.9: Autofluorescence and probing Wlth antibody LM7I&dJ$|ng non-blockwise de-esterified epltopes of bgalacturonan of tomato

genotype NHG3 healthy and inoculated wihsolanacearurstrain ToUdkZamended with and without silicon 5 days post inatah (dpi).

a-c —Si —Rs autofluorescence (AF); d-f: -Si-Rs LM; -Si+Rs AF (log CFU/g: 6.74); j-l: -Si+Rs LM-o: +Si-Rs AF; p-r: +Si-Rs LM7; s-u: +Si+Rs Ag CFU/g:
8.27); v-x: +Si+Rs LM7. Bar in a, d, g, j, m, p,\s= 100 um, bar in b, e, h, k, n, q, t, w =50 &t in c, f, i, |, 0, r, u, x = 20 pum. Treatmemndabacterial numbers log
CFU/qg] are additionally given in each first pictuspresentative for the row. Pictures are represieetfor each treatment.
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+Si+Rs [4.28] - a0l N | - 2 r
Fig. 4.10: Autofluorescence and probing with antibody LM7{e#ing non-blockwise de-esterified epitopes of bgalacturonan of tomato
genotype NHG60 healthy and inoculated viRthsolanacearumstrain ToUdk2 amended with and without silicongyslpost inoculation (dpi).

a-c —Si —Rs autofluorescence (AF); d-f: -Si-Rs LM1; -Si+Rs AF (log CFU/g: 0); j-I: -Si+Rs LM7; m: +Si-Rs AF; p-r: +Si-Rs LM7; s-u: +Si+Rs AF (I6-U/g: 4.28);
v-X: +Si+Rs LM7. Barin a, d, g, j, m, p, s, v =QL@m, bar in b, e, h, k, n, g, t, w = 50 um, bae,ifi i, I, o, r, u, x = 20 um. Treatment and leaiett numbers [log 10 CFU/g]
are additionally given in each first picture remnetsitive for the row. Pictures are representativeefich treatment.
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-Si+Rs [4.77]

+Si+Rs [0] - - -

Fig. 4.11: Autofluorescence and probing with antibody LM7{eid#ing non-blockwise de-esterified epltopes of bgalacturonan of tomato

genotype NHG13 healthy and inoculated viRthsolanacearumatrain ToUdk2 amended with and without silicon §gpost inoculation (dpi).

a-c —Si —Rs autofluorescence (AF); d-f: -Si-Rs LIg4; -Si+Rs AF (log CFU/g: 4.77); j-I: -Si+Rs LMT-0: +Si-Rs AF; p-r: +Si-Rs LM7; s-u: +Si+Rs Algl CFU/g: 0);
v-X: +Si+Rs LM7. Barin a, d, g, j, m, p, s, v=0lAm, bar in b, e, h, k, n, g, t, w = 50 pum, ba,ify i, I, o, r, u, x = 20 pm. Treatment and leaiet numbers [log CFU/g] are
additionally given in each first picture represéintfor the row. Pictures are representative farretreatment.
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+Si+Rs [5.98]
Fig. 4.12: Autofluorescence and probing with antibody LM7tadnamg non- blockW|se de-esterified epitopes of bgalacturonan of tomato

genotype NHG162 healthy and inoculated viRthsolanacearuratrain ToUdk2 amended with and without silicon §slpost inoculation (dpi).

a-c —Si —Rs autofluorescence (AF); d-f: -Si-Rs LM; -Si+Rs AF (log CFU/g: 8.08); j-I: -Si+Rs LMn-o: +Si-Rs AF; p-r: +Si-Rs LM7; s-u: +Si+Rs Alg CFU/g:
5.98); v-x: +Si+Rs LM7. Bar in a, d, g, j, m, pyss 100 um, barin b, e, h, k, n, g, t, w =50 poex; in ¢, f, i, |, o, r, u, x = 20 um. Treatmentaacterial numbers (log CFU
/g) are addtionally given in each first picturenegentative for the row. Pictures are represemtdtiveach treatment.
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NHG3 Autofluorescence

2nd antibody

Fig. 4.13: Autofluorescence and
probing with secondary antibody of
tomato genotype NHG3 healthy and
inoculated withR. solanacearunstrain

ToUdk2 amended with and without

silicon 4 weeks after inoculation.

a-b —Si —Rs autofluorescence (AF); c-d: -Si-Rs
2" AB; e-f: -Si+Rs AF (log CFU/g: 0); g-h: -
Si+Rs 29 AB; i-j: +Si-Rs AF; k-I: +Si-Rs 2
AB; m-n: +Si+Rs AF (log CFU/g: 8.71); o-p:
+Si+Rs 2° AB; g-r: +Si+Rs AF (log CFU/g:
7.05); s-t: +Si+Rs™® AB.

Barina,c, e, gl k m, o,q, s=100 um, bar in
b,d, f, hj I, n p,r t=50 um. Treatment and
bacterial numbers [log CFU/g] are additionally
given in each first picture representative for the
row. Pictures are representative for each
treatment
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Table 4.4: Summary of increased autoflourescence and antilatmilling of primary antibodies LM2, LM6 and LMdetecting arabinogalactan
protein, (1- 5)-a-L-arabinan and non-blockwise de-esterificatiomomogalacturonan, respectively, for tomato recomnttinbred lines NHGS3,

NHGG60 [susceptible to bacterial wilt] and NHG 13 @162 [resistant to bacterial wilt].

Primary Antibody
Treatment Autofluorescence LM2 LM6 LM7
susceptible resistant susceptible resistant susceptible resistant susceptible resistant
NHG NHG NHG NHG NHG NHG NHG NHG NHG NHG NHG NHG NHG NHG NHG NHG
3 60 13 162 3 60 13 162 3 60 13 162 3 60 13 162
-Si —Rs - + + - - + - - + - + - - - - +
-Si +Rs - + + - - - - - - + + + - + - +
+Si -Rs - + + - - + + - + - - + - - + +
+ Si+ Rs - + + - - - + - - + + - - + - +

+: increased autofluorescence and antibody stgiSngilicon, RsRalstonia solanacearum
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4.4 Discussion

Staining of antibodies LM2 and LM7 was generallgtneted to vascular bundles and
surrounding tissues, whereas antibody LM6 staired whole sections. Staining of all
antibodies occurred in all examined recombinantddblines, even though in various
degees, irrespectively of treatments. A uniformingtg pattern concerning resistance

status of the planR. solanacearurmoculation and silicon treatment was not observed

Arabinogalactan proteins (AGPs) were detected bgnumohistochemistry in vascular
bundles of tomato recombinant inbred lines, usihgrhonoclonal antibody LM2, that was
raised against rice AGPs recognizing a glucuroaid-aontaining epitope, but also detects
AGPs that are secreted by suspension culturedt¢®aoicus carotd..) cells (Smallwood
et al, 1996). Vessels and surrounding tissues of RIL&EBand NHG13 was intensively
stained, whereas RILs NHG3 and NHG162 showed gkyeratibodystaining of only
vessels. Staining was highest in both non-inocdldateatments of the susceptible RIL
NHG60 and in both silicon treatments of the resisggnotype NHG13.

Structural proteins of different plants, includingmato, rich in glycine, proline and
hydroxyproline were demonstrated in the xylem, phoand cambium (Heredet al,
1995). A role of AGPs, which belong to the hydrosolme-rich glycoproteins (HRGPS)
(Majewska-Sawka and Nothnagel, 2000; Showalter1p08 suggested in the vascular
formation, because certain AGP epitopes spatiaily #mporarily correlate with xylem
differentiation, at least experimentally demon&daftor Zinnia elegans(Motoseet al,
2004). Additionally, Liu and Mehdy (2007) observbet AGP31 is a protein localized in
the cell wall, and its expression was observedhémascular bundles throughout the plant.
The involvement of AGPs in physiological processegh as vascular formation can
explain the observed staining of LM2 in all vasculasues of all RILs, irrespectively of

treatments.

In former studies, a strong fluorescence of anybblM2 in genotype King Kong2 after
infection with R. solanacearunm non-silicon treated plants compared to the tslamth
silicon amendment was detected, (Diogo and Wydd8/p Additionally, indications for
the involvement of AGPs in response to woundingti@aarly the secretion of AGP-
containing gums by wounded tissues of some plaete weported (Fincheat al, 1983),

and microarray analysis suggested that AGPs resfohabtic and abiotic stress (Schultz
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et al, 2002), reduction of special AGP expression wasenked not only for NaAGP4
from Nicotiana alataafter infection of leaves with the fung@®trytis cinereaand after
stem-wounding (Gilsoet al, 2001), but also for a putative AGP mRNA in tombtaves
and fruits (Pogson and Davis, 1995) andLligcopersicon esculentumGP-1 (LeAGP-1)
in young and old tomato internodes after woundlogfid Showalter, 1996), respectively.

The observed discrepancy between the stainingrpatfethe RILs in this study and the
pattern observed in the study of Diogo and Wyd@072 might be at least partly due to the
selected genotype, which was King Kong2. Our dadécates that tomato genotypes differ
in their plant cell wall structure and react diffat upon various treatments. Additionally,
the investigation points of time differed in theudies. Diogo and Wydra (2007)
investigating changes of the plant cell wall stawet20 days after inoculation and in our
study we examined the RILs at 5 days post ino@nafl his suggests that changes in the

plant cell wall structure occur later in the tomatB. solanacearur interaction.

The distribution of (35)-a-L-arabinan was detected with the antibody LM6 aatibody
detecting five residues of35-linked a-L-arabinan in the side chains of RG-I (Willats
al., 1998; Willatset al, 2001a) and was hetergenosly across genotypesreaithents.
Increased staining was observed in both non-intedilreatemtens of RIL NHG3, in both
inoculated treatments of RIL NHGG60, both non-inatedl treatments and silicon treated,
inoculated plants of RIL NHG13 and non-silicon tesh inoculated and silicon treated,
non-inoculated plants of RIL NHG162, suggesting tha genotypes exhibiting a different
distribution of (1»5)-a-L-arabinan and react differently on the treatmedtsng the same
antibody, sections of genotype King Kong2 showestrang green fluorescence around
some vessel walls and in the xylem parenchyma linosi treated, inoculated plants,
whereas non-silicon treated, inoculated plants €ldowncreased yellow-greenish
fluorescence in tissues around vessels after Iagelith the antibody LM6 (Diogo and
Wydra, 2007). The differences in the staining pateof both studies, like the differences
for AGP, are also might explainable by the seleg®abtypes and time-points.

Highly branched pectin RG-I is believed to be lessily degradable by pectinolytic
enzymes of bacterial pathogens (Maetyal, 1997) but interplay of genotypes, silicon

amendment and bacterial wilt infection in tomatedefurther investigations.
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Staining of RIL NHG3 and NHG162 with antibody LMdetecting non-blockwise
de-esterified epitopes of homogalacturonan, wasdgemous across treatments genotype.
In RIL NHG60 increased staining was observed fahliwoculated treatments and staining

was highest in non-inoculated, silicon treated {gdor RIL NHG13.

The antibody LM7 was raised against a HG epitopéwas producenh vitro and selected
on the basis of two series of pectins with nonJbase patterns of methyl-esterification
by the action of either aAspergillusPME or by alkaline de-esterification, but does not
recognize a pectin series with blockwise de-estatibn pattern derived from the action of
plant PME (Willats,et al, 2001b). This epitope could be detecteglantaand suggests
that some plant PMEs may have a non-blockwise mgiadtern (Willatset al, 2001a).

Homogalacturonan appears to be synthesized in thg @pparatus and deposited in the
plant cell wall in a highly methyl esterified for(@’Neill et al, 1990; Mohnen, 1999). The
methyl ester groups are removed from the homogalawan by the action of pectin
methyl esterases (PMESs), enzymes which are abundahitspecies of higher plants tested
and are also known to be present in various plattiqgenic fungi and bacteria (Cassab
and Varner, 1988). Multigene families of PMEs arewn, encoding isoforms of the
enzyme with different action patterns and are kelleto act either in a block-wise or
non-blockwise, also called random fashion on HGIIgis et al, 2001a; Willatset al,
2001b). Plant PMEs are generally regarded to chlmskwise de-esterification of pectin,
whereas microbial PMEs typically cause random on-blockwise de-esterification
(Limberg et al, 2000a; Limberget al, 2000b). The enzymes are most likely
developmentally regulated and seem to have difteaetion patterns at different locations
within cell walls, resulting in either random oobk-wise distribution of methyl esters and
in various degrees of methyl esterification (Wslat al, 2001a).

Differences in the non-blockwise methylester dmttion of tomato genotype King Kong2
inoculated withR. solanacearunm relation to silicon treatment were observedgermas
silicon treated and inoculated plants showed aedsed antibody staining of antibody
LM7, compared to non-silicon treated plants (Diognd Wydra, 2007). A possible
explanation for the observed differences in inamdaplants might be partly due to the
action of the pathogens pectin methylesterase.
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Results from McMillanet al, (1993) indicate that rotting of potato tubers ateins by
soft-rot erwinias are closely related to the degyepectin esterification and potato stem
tissue with a higher percentage of methylated arghdhed pectins correlate with
resistance againg&rwinia carotovorasubsp.atroseptica furthermore an additional PME
isoform was found in susceptible potato cultivdvsity et al, 1997). Differences between
wheat near-isogenic lines resistant and susceptibktem rustBuccinia graminisf.sp.
tritici) are suggested to differ in the pattern of metbgierification, assuming a non-
random and more blockwise distribution of methyteesin the HGs of susceptible wheat
cultivars compared with a presumably more randostridution pattern in the resistant
ones (Wiethdolteet al, 2003).

However, we could not detect a uniform immunohis&ical pattern concerning resistant
or susceptible genotypes or major changes in tieicppolysaccharide structure of stem
cell walls comparing silicon and non-silicon trehfglants, while using the four tomato
RILs. This is contrary to results obtained earlier the R. solanacearum tomato
interaction (Diogo and Wydra, 2007; Wydra and B2€07), but might be explained by
the investigation of different tomato genotypes the studies, which might react
differentially in their modulation of the pectic lgsaccharides. Another possible
explanation might be the different investigatiomei points used for the examination.
Diogo and Wydra (2007) used plants at 20 dpi, wdenge collected our samples earlier,
at 5 days post inoculation which might be not emotighe for the plant to react with

changes in the modulation of pectic componentgaat in relation to pathogen infection.
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CHAPTER5

Gene expression study

Abstract

Expression of resistance related genes was inegstign stems of the moderately resistant
tomato genotype King Kong2 of non-silicon and sitictreatedRalstonia solanacearum
inoculated plants (-Si+Rs and +Si+Rs) and siliaeated, non-inoculated plants (+Si-Rs)
compared to non-silicon treated, non-inoculatedtrobrplants (-Si-Rs) at 7 days post
inoculation (dpi), when bacterial numbers and symptevelopment were decreased in

silicon treated plants.

Ralstonia solanacearunmoculation resulted in a tendenciously downregoifain plants
with and without silicon treatment for non-indu@bimmunity (NIM) and for jasmonate
ZIM-domain proteinl (JAZ1), whereas expressionlahfs of the +Si+Rs treatments were
the most downregulated for JAZ1 in the experim&xpresion of ethylene responsive
factorl (ERF1) was slightly, even though hetergshoincreased irR. solanacearum
inoculated plants without silicon amendment (-Siy&sd basal levels of expression in all

treatments were observed for coronatine-insenditf@oOl1).

For the cell wall related genes callose synthas#l$¢n), arabinogalactan protein (AGP)
and extensin, a tendency to downregulation d@Ralstonia solanacearwimoculation in

silicon treated and non-silicon treated plants alaserved.
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51 Introduction

Former studies revealed that genes related tolBignpathways of plants (Ghareeb, 2007)
and changes in the plant cell wall structure (Wydnal Beri, 2006; Diogo and Wydra,
2007, Wydra and Beri, 2007) are involved in theistasice reaction of tomato to
R. solanacearumrhus, we conducted this study to investigateowarigenes described for
defense signalling and crosstalk of the pathways, dsso genes for cell wall related
compounds, upon their involvement in the estabiredm® of silicon-induced resistance of

tomato to bacterial wilt.

Interferencein signalling pathways: Overview

COI1 inactivates negative regulators of JA-mediatedarses

JAZ1 acts as suppressor for JA-mediated response

ERF1 mediates the crosstalk between JA and ET pathways

NIM is required for SAR mediated by SA, but also ineal in JA/ET responses

Screens iMArabidopsismutants, which are non-responsive to JA or coinaded to the
identification of mutant alleles of the genes jasate resistantl (JAR1) amdronatine-
insensitivel (COI1) (Staswicket al, 1992; Feyset al, 1994). COI1 encodes an F-box
protein with a series of leucine-rich repeats, Wwhare hypothesized to be involved in
targeting proteins for polyubiquitination and dedgon (Xieet al, 1998). Indeed, the
involvement of COI1 as part of a complex that matkd JA-responsive gene expression
was demonstrated (Xet al, 2002).

Coronatine is a phytotoxin secreted by severalmstraf Pseudomonas syringaand was
described as contributor to virulence of this baatgpathogen (Mooret al, 1998; Bender

et al, 1999). TheArabidopsis coilmutants showed methyl jasmonate (MeJA) insensitivi
and increased SA-signaling in responsP tgyringaenfection (Feyst al, 1994, Kloeket

al., 2001), which supports the hypothesis that thbqeen secretes coronatine to activate
the JA-signaling pathway, which interferes with thduction of SA-responsg®eymond
and Farmer, 199%loek et al, 2001).
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Jasmonate ZIM-domain proteins (JAZ) belong to a larger group of so-called ZIM-
domain proteins, named after the putative tranBonpfactor Zinc-finger inflorescence
meristem (ZIM) (Nishiet al, 2000). It is established that JAZ proteins amgdes for

jasmonate-dependent degradatitathe SKP1, Cullin, F-box protein complex (SCE) —

a type of E3 ubiquitin ligase - 26S proteasome wath (Staswick, 2008). JAZ1 is
suggested to interact specifically with COI1 tonfioe COI1 - JAZ complex, which is
isoleucine (JA — lle) (Thme al, 2007; Staswick, 2008). Thus,

JAZ likely acts as repressors of JA-responsive gieloye controlling the transcription factor

promoted by jasmonyl -

MYC2, known as key activator of JA-regulated gemg@ression (Staswick, 2008). A
model for the action of JAZ iArabidopsiswas proposed by Staswick (2008): While no
jasmonate signal is present in the plant, e.g.mom-stressed state, response genes are
maintained in a repressed condition, because JAibiis the transcriptional activity of
MYC2. When biosynthesis of JA occurs in responsa stress condition, it is conjugated
to JA-lle, which promotes the interaction of SEE with the JAZ proteins. As a result,
JAZ proteins are degraded, leading to the expresdigenevia MYC2 (Fig.5.1).
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Fig. 5.1: Model for COI1-JAZ jasmonate signalingAnabidopsis

Jasmonoyl-isoleucine (JA-lle) promotes $EE interaction with JAZ transcriptional repressoesding to

their ubiquitination and degradation by the 26Stgaeome. The MYC2 transcription factor is then fiee
regulate the expression of genes involved in jast®response. The JAR1 conjugating enzyme is kumli
in the cytosol, so JA-lle might be synthesized ¢hemd translocated to the nucleus where MYC2 atlarA

located, although other scenarios for proteolysispmssible. The structural relationship betweerldfAand

coronatine is shown. Jasmonic acid (JA) is depiatethe (3R,7S) form (Staswik, 2008).
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The ethylene response factorl (ERF1belongs to a family with a high number of genes
in Arabidopsis(Lorenzoet al, 2003; Gutterson and Reuber, 2004), and membetisif
family are also described in tomato, for instartoe tomato responsive factorl (TERF1)
(Huanget al, 2004). InArabidopsis,ERF1 appears to mediate the crosstalk between the
JA and ET pathways, acting most likely downstrednthe intersection between the two
pathways and thus, may be an important factor gnadiintegration, that regulates the
expression of pathogen response genes (Lorehzd, 2003). The ERF proteins were
described in various plant species and bind td36€-box present in promotors of several
ET-inducible genes, including PR proteins (Broekasr al, 2006). Previous studies
revealed that constitutive expression of ERF1 amigenicArabidopsisis able to confer
resistance to necrotrophic fungi, includinBotrytis cinerea and Plectosphaerella
cucumerina (Berrocal-Lobo et al, 2002), supported by transcriptome analysis in
Arabidopsis, that ERF1 regulates a high numbered¢mse-related genes (Lorenzial,
2003).

The regulatory proteinoninducible immunityl (NIM1), also referred to as nonexpressor
of PR-1 (NPR1) or salicylic acid insensitivel (SA(Caoet al, 1994; Delaneet al,
1995; Shahet al, 1997; Bostock, 2005) encodes for a protein wibatiite nuclear
localization sequence (NLS) and two potential prepotein interaction domains: one
ankyrin repeat domain and one BTB/PQxo@ad - complextramtrack andbrica — brac/
poxvirus, zinc finger) domaifCaoet al, 1997; Aravind and Koonin, 1999; Kinkene&
al., 2000). The protein encodes for an important pasitregulator in the
salicylic acid (SA) -mediated systemic acquiredistasice (SAR) (Beckers and Spoel,
2006). Arabidopsisplants, overexpressing NPR1, exhibited increaseldtion of PR
genes after pathogen infection, accordingly an ecdwh disease resistance to bacterial and
oomycete pathogens, dependent on NPR1 dosage €Caly 1998). Additionally, the
overexpression of the NPR1 gene frémabidopsisin rice conferred enhanced resistance
to bacterial blight caused b)}anthomonas oryzepv. oryzea (Chern et al, 2001).
Furthermore, NPR1 has also been shown to be ingdatvéhe activation of plant defense
responses meditated by JA and ethylene (Piettrsle 1998; Pieterset al, 2001).
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Plant cell wall

Extensins are a family of highly basic and highly glycoswdt hydroxyproline-rich
glycoproteins (HRGPs) present in the cell wall afher plants, particular abundant in
dicots. The proteins are characterized by richiresydroxyproline and serine, containing
usually the repeating pentapeptide Ser-4iymost of the hydroxproline residues are
glycosylated with arabinoside chains of one to fonits in length (Cassab and Varner,
1988; Showalter, 1993; Bowles, 1990).

Extensins are thought to be preferentially localizesclerenchyma and cambium cells and
also associated with phloem tissues and second#&gnxbut can be found in other tissues
as well (Showalter, 1993; Cassab, 1998). The reghesth cell wall proteins — extensins -
are key components responsible for cell wall riggdiion proteins (Humphrewt al,
2007), but also suggested to participate in wouralihg, and plant defense by increased
deposition and increased extensin cross-linkirgf, ¢buld lead to a more impenetrable cell
wall barrier (Showalteet al, 1991; Showalter, 1993).

Various conditions and treatments generally inadhs expression of extensins. Among
them are development, wounding, fungal and virdédtion, fungal and endogenous
elicitors, ethylene, red light and heat shock (Shltev, 1993), but extensins might also act
directly on certain pathogens by immobilization tfe pathogens probably due to
agglutination from positively charged extensin neoles with negatively charged surfaces

of certain plant pathogens (Showake¢ml, 1991; Showalter, 1993).

The glucan synthase-lik&GL genes most likely encodes ttalose synthasesvhich are

located in the plasma membrane (Richmond and SowilieeR001; Farrokhet al, 2006).

The enzyme is responsible for the synthesis of litear plant £-1,3-glucan, callose
(Jacobset al, 2003). Plant callose synthase genes are membersliigene families, with

12 genes inArabidopsisand it is proposed that each gene is responsdlecdllose

synthesis in a different location within the plghitong et al, 2001; Verma and Hong,
2001). They are suggested to consist of complexegaming a multiple number of
homologous or heterologous of callose synthase rstgofVerma and Hong, 2001;
Farrokhiet al, 2006).

Callose was not only reported as major componemtodién tubes (Parre and Geitmann,

2005), but also the accumulation in response tticband abiotic stresses in plants was
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described (Verma and Hong, 2001; Ostergaam@, 2002). One example is the deposition
of callose as early defense response to the fumallogenFusarium oxysporun. sp.
lycopersiciin tomato, a vascular invading pathogen (Beckmeinal, 1982; Beckmann,
1987).

Arabinogalactan-proteins (AGPs) belong to the family of highly glycosylated
hydroxyproline-rich glycoproteins (HRGPSs), probablyiversally distributed in the plant
kingdom (Majewska-Sawka and Nothnagel, 2000; Shtew£001).

AGPs are widely distributed in organs and plansugs and they are developmentally
regulated, in an organ-specific and tissue spegitoner in various degrees, depending on
the individual member of the AGP family (Showalt201). By the use of descriptive
studies with monoclonal antibodies B+Yariv reagent the biological role of AGPs has
been implicated in many processes of plant growthdevelopment such as cell expansion
(Willats and Knox, 1996; Ding and Zhu, 1997), ddiiferentiation (Penell and Roberts,
1990; Knox et al, 1991), cell proliferation (Serpe and Nothnagé€94; Thompson and
Knox, 1998) and somatic embryogenesis (Kreuger \aand Holst, 1993), but also the
involvement of AGPs in plant-microbe interactione auggested (Seifert and Roberts,
2007). TheArabidopsisratl (resistantto Agrobacterium transformatignmutant was
identified with a T-DNA tag in the promoter regiohan AGP gene (Narat al, 1999) and

is suggested to be either involved in the sigrerigduction that enableésgrobacterium
tumefaciendo infect the wild-type plants or to be required binding of the bacterium to

the root surface (Gaspar al, 2004).
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5.2 Materials and methods

5.2.1 Plant material and inoculation procedure

Tomato plants of genotype King Kong2 (Known-You &&&0., Taiwan) were cultivated
in white peat (Klasmann-Deilmann, Germany) suppleee with 4 g [* CaCQ (Carl
Roth, Germany) for non-silicon treatment and 4’gdaCQ plus 1 g/ L Aerosil (Degussa,
Germany). Plants were kept under greenhouse condi{20°C with 14 h light per day at
30 K lux and 70% relative humidity) and wateredtighout the whole experiment with a
nutrient solution composed of 5 mM Ca(j® 1.875 mM KSQ,, 1.625 mM MgSQ,
0.5 mM KHPO,, 0.04 mM HBO; 0.001 mM ZnS@ 0.001 mM CuSQ@ 0.01 mM
MnSQ,, 0.00025 mM NgMoQO,4, 0.05 mM NaCl and 0.1 mM Fe-EDTA for non-silicon
treatment, and the same solution containing aduitip monosilicic acid in a final
concentration of 1.4 mM [Si(OHl) for silicon treatments. Monosilisic acid was ab&l
after exchange of potassium silicate solutiopSiK, (VWR, Germany) with cation
exchangers (20 mL volume, Biorad Laboratories, Gayh (Hochmuth, 1999).

Five week old plants were inoculated wik solanacearunstrain ToUdk2 (race 1,
phylotype 1; originated from Thailand) directly exftransplanting and transferring into a
growth chamber (30 °C / 27 °C day/night temperat8% relative humidity, 30 K Lux
and 14h light per day). Inoculum suspensions weepgred from two day old bacterial
cultures ofR. solanacearungrown on TTC medium [10 g / L bacto peptone, 11g /
casamino acid, 5 g/ L glucose, 15 g/ L agar; 10ofma 0.5 % 2,3,5-triphenyl tetrazolium
chloride (Sigma, Germany) were sterile filtrated aeparately added to the cooled TTC
medium after autoclaving (Kelman, 1954)] or on rmut glucose agar (NGA; 3 g/ L beef
extract, 5 g / L peptone from casein, 2.5 g / Lcgke, 15 g / L agar) by adjusting the
suspension in demineralised water to an opticasitienf 0.06 at 620 nm and subsequently
1:5 diluted, corresponding to approximately 2.03*0FU per mL. Per gram substrate,
0.1 mL bacterial suspension was applied to eaatit.pzontrols were treated with the same
quantity of demineralised water. Samples from ggmotKing Kong2 were harvested
7 days post inoculation (dpi). Non-inoculated colstrof each treatment were included in

all experiments.
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5.2.2 Symptom evaluation

Symptoms of ten plants per treatment were monitdeely and classified in six classes as
disease severityd = healthy plantl = one leaf wilted2 = two leaves wilted3 = three

leaves wilted4 = all leaves wilted except the tip of the plamt whole plant wilted.

The mean of disease scores represents the wiisgiseverity (DS). The disease incidence
(DI) was recorded daily and calculated as the pegage of dead plants in the total number
of plants at the evaluation date. The area undezade progress curve (AUDPC) was
calculated on the basis of either wilt disease igver disease incidence using the

following formula (cited after Jeger and Viljanemifson, 2001):

AUDPC = "Z_l [(Xi + Xi—l)/ 2](ti - ti—1)

with x; and x; - wilt incidence or disease severity scale, amad {, - consecutive evaluation datest(f is
equal to 1 day).

5.2.3 Bacterial quantification in tomato stems

Ralstonia solanacearurwas quantified in the stems of symptom less ireted plants,
either with or without silicon amendment. Stem pgavere surface sterilized with 70%
EtOH for 15 s, subsequently washed with sterile ideralised water and macerated in
3 mL of sterile water. After incubation for 20 math room temperature, the macerate was
filtered through cotton and centrifuged at 7000 at goom temperature. The pellet was re-
suspended in 1 mL sterile water, tenfold dilutierese prepared and 100 pL of appropriate
dilutions were plated in two replicates on TTC nuedi (Kelman, 1954), followed by
incubation for 48 h at 30°C. Bacterial colonies eveounted and calculated as colony
forming units (CFU) per gram of fresh matter, exses in log CFU / g.

5.24 Genomic DNA extraction

Genomic DNA of tomato stems was isolated for prinaerification according to the
method described by Edwardsal. (1991). One hundred mg of tomato stem material was
homogenized in 400 pL extraction buffer (200 mMsHCI, pH 7.5; 250 mM NaCl;
25 mM EDTA and 0.5% SDS (w/v)) and centrifuged ére minute at 13,000 x g. An
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aliquot of 300 pL supernatant was mixed with 300 ig&propanol, incubated at room
temperature for two minutes and subsequently daged for five minutes at 13,000 x g.

Pellets were air-dried and dissolved in 100 wiOHbidest.

5.25 MRNA extraction

Total MRNA from tomato stems for the quantitatiealrtime PCR (QRT-PCR) experiment
was purified according to the method described icREe (2007) with modifications.
Approximately 200 mg tomato stem material was hoenaged in liquid nitrogen, then
1 mL of TriZzOL (0.4 M ammonium thiocyanate, 0.8 Muamidine thiocyanate,
0.1 M sodium acetate, 38 % (w/v) phenol pH 5.0, &%) glycerol) was added to the
frozen material and vortexed twice, each for 10osds. After incubation for 15 min at
room temperature the homogenate was centrifug@d,800 x g for 10 min at 4°C and the
supernatant mixed with 200 pL 98% chloroform antbsgguently incubated at room
temperature for 3 min. A centrifugation step atODP, x g for 15 min at 4°C resulted in
phase separation and approximately 400 uL of thgemuphase, containing RNA, was
mixed with 250 pL isopropanol and 250 pL high sadtution (0.8 M sodium citrate,
1.2 M sodium chloride) and incubated for 10 mimadm temperature. Precipitated RNA
was centrifuged for 10 min at 4°C and the pelleshem two times with 1 mL 75% (v/v)
EtOH. Finally, the pellet was air-dried and dissolvin 20 uL RNAse free 40 and stored
at -80°C until DNAse treatment and cDNA synthe#i. solutions were prepared with
DEPC-HO.

5.2.6 Preparation of DNA-free RNA and cDNA synthesi

First, two pg of total RNA was treated with deokymuclease (Fermentas, Germany) to
achieve DNA free RNA according to the manufactwénstruction. Subsequently, one pg
RNA was reverse transcribed in 10 pL reaction va@uwaith the RevertAid H Minus First
Strand cDNA Synthesis Kit (Fermentas, Germany)gigie oligo (dT) primer, according

to the manufacturer’s instructions.
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5.2.7 Primer design

Primers for gRT-PCR analysis were designed withtdfeNTI v10 software (Invitrogen).
The designed primers had to meet the BIO-RAD catgrimer length 19 - 22 nucleotides,
annealing temperature 56 - 60°C, avoiding four arenrepeated nucleotides, avoiding
more than two C or G nucleotides at the 3 end, G@eant 20 - 80%. Primers used in this
study are shown in Table 5.1. Identity of the pmsnevas verified by BLAST similarity

search (The Gene Index Project).

528 Primer verification

Reaction mixture for PCR analysis consisted of 25 each containing 0.2 mM dNTPs
(Carl Roth, Germany), 1.25 units of Taq polymer@sermentas, Germany), 1x PCR
Buffer I, 1.5 mM MgC} (Fermentas, Germany), and 10 pmol of each pri@ee pL of
genomic DNA or cDNA as template was added to th& P@x, to check the primers on
DNA and RNA basis, respectively. PCR amplificatiomsre performed in a thermocycler
(Whatman, Biometra) programmed for an initial denation at 95°C for 4 min, followed
by 35 cycles of denaturation at 95°C for 30 s, ating at 56.5°C for 30 s and extension at
72°C for 1 min, and final extension at 72°C for ihm

Seven microlitres of the PCR product were mixehwituL of a loading buffer (3.44 mL
glycerin, 6.54 mL bidestilled sterile water, brorhepol blue-sodium-salt) and loaded onto
a 2% (w/v) agarose gel (Carl Roth, Germany) comgi®.2 pg / mL ethidium bromide
(Sigma, Germany). To monitor the correct molecuarght of the PCR products, 2 pL of
a Lambda-Pst-marker (140 uL Lambda DNA, 80 U P&OIuL 10 x restriction buffer,
122 pL ddHO) for DNA or 2 pL of a commercial available 100 bparker (Carl Roth,
Germany) for cDNA were loaded onto the gel. Thewa$ prepared in 1 x Tris-Acetate-
EDTA (TAE) buffer and electroseparation was carroed at 80 V for 1 h. The gel was

visualized on an UV transilluminator (SpectrolinélF312A, Frobel GmbH, Germany).
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5.2.9 Quantitative Real Time Polymerase Chain Reaon (QRT-PCR)

For gRT-PCR analysis cDNA of six extracted plangs freatments obtained from two
biological repetitions were used. Each cDNA was snezd in three repitions in qRT-PCR.
The PCR mixture contained 1 pL cDNA (diluted 332,5 pL PerfeCTa™ SYBR® Green
SuperMix for iQ™ (Quanta Biosciences) andull from each gene-specific-primer (10
mM) in 25 L total volume. PCR was performed using the ReaktiThermocycler Bio-
Rad MyiQ. Cycling parameters were the same for pranexcept of AGP and PGIP (see
below); initial 95°C for 4 min, followed by 40 cyd of 95°C for 30 s, 56.5°C for 30 s,
plate read step, 72 °C for 1 min; then product imglturve 55-95°C. Amplification of
AGP was performed started with an; initial 95°C @omin, followed by 40 cycles of 95°C
for 30 s, 60°C for 1 min, plate read step, therdpobd melting curve 55-95°C. In the case
of PGIP an additional step was performed at 78°C for 36fere plate read step (Ghareeb,
2007).

5.2.10 Determination of amplification efficiency

Amplification efficiency and correlation coefficienf each primer pair were determined
with aid of a standard curve, derived of a tenfdildtion series (undiluted up to 2pof
pooled cDNAs and the corresponding @lues, using the iQ5 Optical System Software
2.0 (Bio-Rad, Germany) based on the following folasu

E = 10 -1/slope
% efficiency= (E -1) (1100%

5.2.11 Data analysis of qRT-PCR

Based on the algorithm according to Vandesomeiest. (2002), Real-time PCR data were
calculated with the program iQ5 Optical System Bafe 2.0 (Bio-Rad, Germany) taking
amplification efficiency, correlation coefficientnd relative expression level into
consideration. The two housekeeping genes phosptergke kinaseRGK) and tubulin
(TUB) were used for the normalization of samples amd2}“" —method was applied to
calculate the relative gene expression. The forrmdludes the number of cycles needed
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for the amplification to reach a fixed thresholdtie exponential phase of PCR reaction

(CT:

ACr = Cr targetgene- Cr housekeepiggene
AACt = Cr treatment Cr control

Ratio= 2°°°"

This calculation formula assumes that cDNA dupésah each cycle corresponding to the
optimal real time efficiency. Nevertheless, ampéfion efficiency ranges and efficiency
adjusted equations take this in consideration:

éACT targetgene (control- treatment

(E targetgen
(E housekeemiggen

ratio= éAcT housekeepig gene (control- treatmeny

Ideally, housekeeping genes are not regulated imotreatment and control, so that the
denominator becomes 1 and is of no consequenca.rAsult, the ratio is only dependent

on expression differences of the target gene (Lasatk Schmittgen, 2001).
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Table 5.1: Primers related to signaling pathways and thetalhwall, and housekeeping genes investigatébdargene expression study.
Gene Gene description Accession No Forward Primer ReveesPrimer Amplicon
name* _
selze
AGP Arabinogalactan protein X99147 GCTGCACCAACTAAGCCGAAA TGGAGCGGTTACTGGAGCAA 93
CallSyn Callose Synthase SGN-U314083 CTTAAGTGAGGABATTGCTGGC GAAACGATGTCCAAGCCTGTATAAAT 193
coll Coronatine-insensitivel AY423550 CACTGTTTCTTAGCAAAGGTGTCC AATCCTCTGTGTGTAACCGCACCTT 182
ERF1 Ethylene responsive factor AY044236 TCAAGAAGBTAACATCCATAGAGAAA  ATTGATAATGCGGCTTGATCATAAG 198
EXTEN  Extensin X55686 CCTAATTCACATTGGGAACCAAAAC '(I;GGTGATGAGTAGTAGTAAGTGGGAG 105
JAZ1 Jasmonate ZIM-domain EF591123 GCAAATGAAATCATGAAGTTAGCCA GGCATTGACAGTTTAGAAGTTCTTG 146
proteinl
NIM Noninducible immunity AY640378 CGACAAGTTTCAGAGBACCTATTGG CAGCACGTGAATCAGTGATTTGTTT 157
PGIP Polygalacturonase—inhibiting L26529 CCAATATCTCCGGCCAAATTCC GCTTCGCAATTGCAGGTGGAAT 114
protein
PGK Phosphoglycerate kinase TC191955 AGAAGGTAGGACTGCAGAGAAGATG CATATATTGCTTAGGCGTCATCCAG 123
PME Pectin methylesterase PME1.9 U50986 TTGGTGATGGAATGTATGCTACGAC CCTGTAGTATAAATCCTTGGCCGAC 114
PPO A Polyphenol oxidase A AJ635324 GCCACATGTACACAGT TGGAGAT TCACCGCGATAGTATCTTCATCTTC 116
TUB a-tubulin TC215609 CTGAACAACTCATAAGTGGCAAAGAA TACCACCACCAACAG CATTAAAGAC 168

* gene names used in this study
Callose synthase primer derived from SOL GenomiesMdrk database (Muellet al, 2005).
Housekeeping genes are typed in bold.
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5.3 Results

5.3.1 Bacterial quantification and symptom developmnt in tomato stems

Bacterial numbers in tomato stems of the moderatsistant genotype King Kong2 were
significantly decreased by 54.3% in silicon tregbéghts at 7 dpi compared to non-silicon
treated plants at 7 dpi (Table 5.2). Stems of #maesplants for bacterial quantification
served as samples for RNA extraction and subsegegra expression studies.

Wilt symptom development was retarded and symptepnession lower in silicon-treated
plants compared to non-silicon treated plants (Big), with reduction in AUDPC of
disease severity and wilt incidence by 34.8 an8%3respectively in silicon treated plants
(Table 5.3).

Table 5.2: Bacterial numbers (log CFU/g) in tomato stems ofiajgpe King Kong2
amended with and without silicon at 7 days postutation (dpi).

Bacterial numbers(log CFU/q)

- silicon 5.88+ 0.80 a
+ silicon 2.69+147b

Data are means SE of three independent trials with three plargs peatment. Same letters are not
significantly different with Wilcoxon rank-sum Tesata = 5%.
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Fig. 5.2: Wilt symptom development expressed in disease risgvelassesof tomato
genotype King Kong2 inoculated wit. solanacearumstrain ToUdk2, amended with and

without silicon.

Data are means of three individual experiments teithplants per treatment.

Bacterial wilt severity was evaluated accordinghe scale: 0 = no leaf wilted, 1 = one leaf wilt@ds two
leaves wilted, 3 = three leaves wilted, 4 = whdnpwilted except the top, 5 = dead plant. Arrdvows
difference in disease severity at sampling date.

Table 5.3: Area under disease progress curve (AUDPC) basedismase severity and
disease incidence for tomato genotype King Kong2utated withR. solanacearurstrain
ToUdk2.

AUDgPC AUDPC
- silicon 63.38+ 85a 1190.00 + 168.6 a
+ silicon 41.35+11.7a 788.33 £ 229.8 a

Data are means SE of three individual experiments with ten plapts treatment. Same letters are not
significant different with Wilcoxon rank-sum Tedtea= 5%.
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5.3.2 Primer verification on genomic DNA and RNA bais

All primer pairs described in materials and methddsble 5.1) showed specific

amplification of PCR products using genomic DNA@splate (data not shown).

Primers for pectin methylesterase showed no arogtiin on RNA basis in preliminary
reverse transcriptase PCR (RT-PCR) including cDNAalb treatments and were not
included in the real-time PCR analysis (data naiwst). All other primer pairs gave

specific amplification of PCR products using RNAtasiplate (data not shown).

Polyphenol oxidase (PPO A) and polygalacturonabl#siting protein (PGIP) showed PCR
products in RT-PCR, but had two distinct peaks gltmaurve analysis (Fig. 5.3A, 5.3B)
after quantitative real-time PCR analysis. Themf&®PO A and PGIP were not included in
the subsequent gene expression study. All remaigemgs showed only one peak in melt
curve analysis, as demonstrated for the housekgepemes phosphoglycerate kinase
(PGK) anda-tubulin (TUB) (Fig. 5.3 C, 5.3D)

A B-- ‘

Figure 5.3: Melt curve analysis of two target genes (A) polpbl oxidase A [PPO A]
and (B) polygalacturonase-inhibiting protein [PG#P[ the housekeeping gens (C)
phosphoglycerate kinasBGK] and (D)a-tubulin [TUB].
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5.3.3 Gene expression of signaling pathways relatgeénes:COI 1, ERF1, NIM
and JAZ1

Expression of genes of the signaling pathways linosi treated and/oR. solanacearum
inoculated plants generally showed basal levelspewed to the non-silicon treated, non-
inoculated control (-Si-Rs) for COI1 (Fig. 5.4An R. solanacearuanoculated plants
without silicon amendment (-Si+Rs) the expressibrEBF1 was slightly, even though
heterogeneously, increased (Fig. 5.4B), while aeany to downregulation in inoculated
plants of both silicon treatments for NIM (Fig. 84and JAZ1 (Fig.5.4D) was observed.
Silicon treatment of inoculated plants led to reztliexpression of JAZ1 compared to the
control. Silicon treatment alone showed no effexditbes a slight reduction in expression

of ERF1. No significant differences were observed.
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Figure 5.4: Relative expression of signalling pathway relagghes (A) coronatine-

insensitvel [COI1], (B) noninducible immunity [NIM]C) ethylene response factorl
[ERF1] and (D) jasmonate ZIM-domain proteiflAZ1] of silicon treated, healthy and
inoculated withR. solanacearumstrain ToUdk2 tomato plants of genotype King Korag2

7 days post inoculation (dpi), compared to healttoy-silicon treated controls.

Data are means SE of six plants per treatment, obtained from imetependent biological trails.

Relative expression was calculated according to2t&™-method, using phosphoglycerate kinaB&K)
and a-tubulin (TUB) as housekeeping genes. Dotted line shows relatipeession of the non-inoculated,
non-silicon treated control (-Si-Rs), set as 1.
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534 Gene expression of plant cell wall related ges: CallSyn, AGP and
Extensin

For the cell wall related genes callose synthas#l$¢n), arabinogalactan protein (AGP)
and extensin, a trend to downregulatiorRinsolanacearuamoculated plants irrespective
of silicon treatment was observed, while silicoeatment of healthy plants showed no
effect (Fig. 5.5A-C). No significant differences neebserved.
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Fig. 5.5: Relative expression of cell wall genes (A) callosgnthase [CallSyn],
(B) arabinogalactan protein [AGP] and (C) extensin silicon treated, healthy and
inoculated withR. solanacearurmstrain ToUdk2 tomato plants of genotype King Korag2
7 days post inoculation (dpi), compared to healttoy-silicon treated controls.

Data are means SE of six plants treatment, obtained from two pefedent biological trails.

Relative expression was calculated according to2if&™-method, using phosphoglycerate kinaB&K)
and a-tubulin (TUB) as housekeeping genes. Dotted line shows relatipeession of the non-inoculated,
non-silicon treated control (-Si-Rs), set as 1.
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54 Discussion

The relative gene expression of the target genesoakulated according to thé* 2 '
method, using phosphoglycerate kinad8&K) anda-tubulin (TUB) as housekeeping genes
(HGKs). Careful selection of appropriate HKGs iessary because they are used as
internal control genes and the expression levelstnbe constant irrespective of the
experimental treatments. In former studies, theesgon of some HKG was shown to be
significantly different in their expression statyilin response to biotic and abiotic stresses
(Kim et al, 2003; Volkovet al, 2003 Nicot et al, 2005; Jairet al, 2006), including the
commonly used HKG actin in response to siliconttremt in tomato plants (Ghareeb,
2007). For this reason, the well established Hi@bulin and phosphoglycerate kinases
were chosen as HKG for silicon experiments in tar{@oker and Davis, 2003; Ghareeb,
2007).

Former studies revealed that reactions related dealb resistance in the plant -
R. solanacearuninteraction, especially in the plant cell wall ustture, occur at later
infection state of the bacterium, e.g. 5 and 12 (@pogo and Wydra, 2007; Hartmann,
2008). Similar to these results we observed deee®PO activity and increased tylosis
formation, most obvious in silicon treated, solanacearuninoculated plants at 8 dpi.
Therefore, we chose 7 dpi as time point to invastigchanges in the defense signaling

pathways and plant cell wall related compoundshemtolecular level.

Results from the gene expression study indicaté BRa solanacearuamoculation
influences NIM (syn. NPR1) and JAZ1 expression bwadregulation of these genes at the

tested time point, 7 dpi, as tendenciously obsefoetoth inoculated treatments.

The expression of NPR1 requires most likely anvatibn step, because overexpression of
NPR1 alone does not result in constitutive PR geqpeession when SAR is not induced.
Evidences were found that NPR1 is involved in tkegufation of SA-mediated gene
expression in the nucleus, but more in proteingiminteractions, through interaction with
transcription factors (Beckers and Spoel, 2006wds demonstrated that cellular redox
changes - which can occur after induction of SAdpfved by an initial oxidative burst -
led to the conversion of NPR1 from an oligomeriatmonomeric state, which moves to

the nucleus, leading in turn to the activation ARS- related gene expression (Metial,
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2003). Thus, without changes in the SA levalplanta no accumulation of PR proteins
occurs. Indeed, NPR1 was previously shown to betdatively expressed, and induction
with SA resulted only in a two-fold increase onnseript level (Cacet al, 1998). This
might be one explanation why we could not detect arajor changes in the mRNA
accumulation of the NIM gene in the tomatd - solanacearum silicon interaction; it

might already exist in the oligomeric form at chtete the investigation time point.

Additionally, it is well documented thalrabidopsis nprlmutants exhibit suppressed
expression of PR-1 after stimulation with known S#Rucers like SA or 2,6-
dichloroisonicotinic acid (INA) (Caeet al, 1994; Caoet al, 1997). PR-1 ang-1,3-
glucanase have been widely used as markers for &hated induced resistance (Ukms
al., 1992; Ukne=t al, 1993; Cacet al, 1994). The accumulation of PR-1 was included in
a gene expression study related to the silicBa solanacearum tomato interaction, and
transcript accumulation was increased for all treatts, namely silicotreated,

R. solanacearuAnoculated and the combination of both treatmeotspared to the non-
silicon, non-inoculated controls at 12 hpi, buturaed to nearly basal transcript levels at
72 hpi (Ghareeb, 2007). These results indicate $faimediated induced resistancia
PR-1 accumulation, and thus accumulation of NPRImost likely not involved in the
maintenance of the resistance due to silicon atex pathogenesis and resistance reaction
state.

However, NPR1 has also been shown to be involvedarrhizobacteria-induced systemic
resistance (ISR), which is not associated with iBdicating that NIM also takes part in the
cross-talk between both pathways (Pieteeteal, 1998). Van Weest al. (2000)
demonstrated that increased protection As&bidopsisto Pseudomonas syringapv.
tomatowas dependent on the simultaneous expression Bf & ISR requiring NPR1,
but both pathways do not compete for NPR1, sugugshiat the constitutive expression of
the protein is sufficient to confer protection Hyetaction of both types of induced
resistance in this case. Later, it was suggestadttie essential nuclear localization of
NPR1 for the SA-mediated SAR seems not to be reduior the suppression of JA
signaling, suggesting that NPR1 functions in thieosgl in the communication of the SA
and JA pathway (Spodt al, 2003). We could find only basal levels or a temajeto

downregulation of NIM in silicon treated andRr solanacearurmoculated plants.
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Additionally, the expression of JAZ1 was shown te A1 fold upregulated in
R. solanacearunmoculated, silicon treated plants at 72 hpi (@ear 2007). However, we
found a downregulation of this gene for the sareatinent at a later time point of infection
(7 dpi) with the bacterial pathogen. It is suggesteat JAZ upregulation results from an
earlier upregulation of the JA-pathway signallingthe Si-induced resistance of tomato to
R. solanacearunto prevent possible cellular damages becauserofgststimulation of
defence related compounds. This might not be napess the maintenance of Si-induced

resistance at a later pathogenesis state, themdetiddownregulation of the gene.

The expression of ERF1 in our study was slightlyt beterogeneously increased in the
R. solanacearum inoculated, non-silicon treated plants at thesemotime point, with

similar levels for both silicon treatments compatedthe healthy, non-silicon treated
controls. Whether silicon influences the expres®biERF1 in tomato plants challenged

with R. solanacearunwarrants further explorations.

The stimulation of different ERF genes by diseadated compounds, such as ET, JA or
SA, and by infection with virulent and avirulent tpagens has been demonstrated
(Fujimotoet al, 2000; Guet al, 2000;Chenet al, 2002; Onate-Sanchez and Singh, 2002;
Brown et al, 2003; Chakravarthgt al, 2003;Lorenzoet al, 2003;Guo and Ecker, 2004;
McGrathet al, 2005), indicating a significant cross-talk betwdbe signaling pathways
and the involvement of ERFs in defense responsesaiibus plant species, albeit

dependent on the particular plant-pathogen intena¢Broekaeret al, 2006)

ERF1 confers resistance, when overexpressesrabidopsisand/or after infection with
several pathogens (Berrocal-Loled al, 2002; Chenet al, 2002; Onate-Sanchez and
Singh, 2002). Furthermore, the expression of ER&ldependent on simultaneous
activation of both pathways, with requirement dfyétne insensitive2 (EIN2) for JA-
dependent induction and COI1 for the ET-dependethigtion of ERF1, suggesting that
ERF1 is a downstream component of both pathwayslved in defense responses in
Arabidopsis (Lorenzo et al, 2003). Interestingly, the tomato ERF protédi®SRF1 is
suggested to integrate ET and osmotic stress pgthitduanget al, 2004) and was
transcriptionally upregulated after ET, and SA tmeent and after infection with
R. solanacearunstrain BJ1057. Additionally, transgenic tobaccod ailomato plants
overexpressing SRF1showed increased resistance to bacterial wilt iglet al, 2004).
Nevertheless, increased expression of ERFs canredsit in increased susceptibility to
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pathogens as demonstrated by the overexpressithe fabidopsisAtERF4, resulting in
enhanced susceptibility fusarium oxysporurtMcGrathet al, 2005).

Furthermore, we could not detect major changes @i1Cexpression, indicating that
regulation of ERF1 at this point of time might bedependent of COI1 for the
tomato —R. solanacearum silicon interaction, in contrast to the findingsArabidopsis
which additionally was at an earlier point of tiledfer inoculation (Lorenzet al, 2003).

Enhanced susceptibility towards the pathog8lternaria brassicicolaandBotrytis cinerea
was observed in thérabidopsis JA-response mutantoil, and for Pectobacterium
carotovorumin the Arabidopsis ethylene - €in2) and jasmonate -cil) insensitive
mutants (Thommaet al, 1998; Norman-Setterblaet al, 2000). An increased level of
growth of Pseudomonas syringge. tomatoin the JA-insensitivérabidopsismutantjarl
was described by Pietersd al. (1998), suggesting that JA-dependent responses are
involved in resistance reactions against variousrabial pathogens. Thérabidopsis
coil-20 mutant exhibited resistance fseudomonas syringaebut did not react
significantly concerning resistance to a funggrigyphe cichoracearujnand a viral
pathogen (cauliflower mosaic virus), indicating ttithe resistance of this mutant is
restricted to pathogenic pseudomonads (Kleedl, 2001). The resistance correlated with
a stronger and faster induction of PR-1 expressifiar infection withPseudomonas
syringaepv. tomato(Psf strain DC3000 compared to wild-type plants, sugggshat SA-
mediated defense responses are sensitized in spenge to infection byst DC3000.
As mentioned above, we could not detect changexpnession, suggesting that COI1 is

not involved in the reaction process at this poirtime.

The expression of most of the extensin genes iseldpmentally regulated, but
accumulation of extensins or the insolubilizatidrextensins, which means the preexisting
HRGPs in the cell wall become insolubilized byGz#mediated oxidative cross-linking,
can also be an inducible phenomenon occurring gpamese to wounding or elicitor

treatment (Bradlegt al, 1992;José and Puigdomenech, 1993).

First investigations of Showaltet al. (1991) showed that extensin mRNA is present in
unwounded tomato stems, but their expression iporese to wounding differed. Further
investigations revealed that both classes, exteriags | and Il, are responsive to wound

treatment in tomato stems (Showakeérl, 1992). Nevertheless, these findings suggest not
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only a role as structural components of the cell,viait also an additional role in wound
healing. The fact that extensin genes are trartsumglly activated inArabidopsisleaves
near infection sites ofXanthomonas campestripv. campestrisor accumulation of
extensins occurs after infection, for instance ialan plants infected with the fungus
Colletotrichum lagenariumalso suggests a role in plant defence (MazauEsulerré-
Tugayeé, 1986; Merkouropoulos and Shirsat, 2003)reMecently, the overexpression of
an extensin irArabidopsisled to stem thickening and height reduction ad a®lreduced
lesion development after infection wilseudomonas syringgRoberts and Shirsat, 2006;
Wei and Shirsat, 2006). In contrast, we observezhdency to decreased extensin mRNA
accumulation for both inoculated treatments at i7impur experiments, suggesting rather
a downregulation of the gene or suppression offsxteexpression by the pathogen, than

an active defense mechanism by upregulating the gethis evaluation date.

The induction of extensins by wounding in tomatodependent on the tissue. Thus,
increased transcripts were observed in wounded sstdmat not in wounded leaves
(Showalteret al, 1992). The expression of individual HRGPs in ptent species can also
vary depending on the stress stimuli as demondtfateFrench bean (Corbiet al, 1987;
Saueret al, 1990). Three transcripts of bean HRGPs were eduxy a fungal elicitor,
wounding or infection with the funguGollctotrichumlindemuthianumbut the transcripts
exhibited markedly different patterns of accumualat{Corbinet al, 1987). The induction
of a new member of the bean HRGP gene family wasstigated by Sauet al, (1990)
and they demonstrated that both, infection with ghlnspores ofColletotrichum
lindemuthianumand treatment with a fungal elicitor preparatioesuited in decreased
MRNA levels of this gene, in contrast to woundinigich resulted in a rapid induction of
the transcript. Thus, it remains to investigate tlvbevarious extensins might be involved
in the reaction and whether the expression is rdiffidy regulated upon silicon treatment

andR. solanacearurmoculation.

An accumulation of hydroxyproline rich proteinsetblass of proteins to which extensins
are belonging, upon ET treatment was describedhiliee studies (Esquerré-Tugagéal,
1979; Taguet al, 1992). Ecker and Davis (1987) analysed the ekiegmne expression
after ethylene treatment and wounding in carrots@md found that ethylene induced two
MRNAs, whereas wounding led to the accumulatiorammfadditional extensin mRNA,
suggesting that the two signals are distinct. T¢twumulation of tomato extensin mRNA

and protein was observed in response to varionsubtincluding ethylene treatment by
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Showalteret al, (1992), but differences in the mRNA accumulatefter abscisic acid
(ABA) treatment and drought stress could not beepled, suggesting that ethylene
mediates extensins wound responses. The exprgsaitarn of extensin differed from the
pattern of ERF in our study, but showed similatdythe expression of NIM, involved in
SA-mediated responses. In Arabidopsis, applicatb®A and MeJA to wild-type roots
resulted in the accumulation of extensatBExtl) mRNA in the leaves and stems, while
levels of this gene in the roots remains unaffeqtddrkouropouloset al, 1999). We
found a tendency to downregulation for NIM and asgtas and it remains to investigate if
decreased SA-responses in inoculated plants mijactacell wall related genes like
extensins, callose synthase and AGP, where the sapression patterns were observed

(also discussed below).

Additionally, it is proposed that extensins can astnonspecific agglutinins of microbial
pathogens, resulting in the immobilization of tlhmgen and thus allow the plant to build
up compounds which directly reduce bacterial nusberthe plant (Cassab and Varner,
1988; Wei and Shirsat, 2006). A strong agglutimatiof avirukent strains of
R. solanacearumbut only weak agglutination of virulent straing & potato agglutinin
suggesting an important role of these proteinsimaibg of bacteria to the cell wall that
might initiate a recognition process or limit thacterial spread in the plant (Leaehal,
1982). We could observe reduced bacterial numhbersilicon treated plants, but no
increased gene expression of extensin for the seeatment at 7 dpi. It is speculative if a
higher gene expression at an earlier time pointhinigave led to a decrease of

R. solanacearunn tomato stems of silicon treated plants.

As mentioned above, a tendencious downregulatiopoth inoculated treatments of the
two additionally examined cell wall related genédsGP and callose synthase, was

observed.

The expression of AGPs is widely distributed inarg and plant tissues and they are
developmentally regulated, in an organ-specific aisdue-specific manner in various

degrees depending on the individual member of {G& Aamily (Showalter, 2001).

Evidence for the participation of AGPs in plant-roloe interactions was provided by
Gaspatret al. (2004), investigating th@rabidopsisratl mutant. The mutation in this gene
correlates with the down-regulation of AGP17 in ttuets, affecting the binding of

Agrobacterium tumefacien® the roots. Furthermore they proposed an invobm of
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AGP17 in the reduction of SA-mediated responseédmpbacteriumin the roots during
the infection process. Liu and Mehdy (2007) obsgrdecreased mRNA levels of a non-
classical AGP gene (AGP31) afabidopsisin response to methyl JA (MeJA) treatment,
wounding and abscisic acid (ABA) treatment, whertb@sMeJA suppression was mainly
dependent on the action of coronatine-insensiG@I].

We observed a trend to downregultation of callogethese in bothR. solanacearum
inoculated treatments. Callose synthase was rapddebe involved in plant defense
responses, for instance, a systemically enhafi¢e8-glucan synthase activity in induced
cucumber plants, indicating that the plant can treaare rapidly with the production of
callose-containing papillae (Schmele and KaussQL9%he enzyme has also been reported
located at reaction sites during the early stagepapilla deposition in interaction of
French beanRhaseolus vulgarit.) with a hrpA mutant oXanthomonas campestns.
vesicatoriaand saprophytic strain of. campestrigBrown et al, 1998).

The expression of 12 Arabidopsis callose syntha&seg upon infection with the fungal
pathogerHyaloperonospora arabidopsisr treatment with SA was investigated by Dong
et al. (2008). Five of the twelve genes reacted on bahtments, with strongest reaction
for the geneLCalS1 and CalS12 whereas treatment with MeJA showed no significant
expression for all examined genes. Furthermore,rttiection of theCalS1and CalS12
after pathogen challenge and SA was reduced itabidopsisnprl mutant, indicating
that induction ofCalSlandCalS12by SA and pathogens requires a functional NPR1, Bu
they also stated that a weak induction of calloggghsise genes by pathogens can be
independent of NPR1. Additionally, the T-DNA insenal mutant ofcals12was more
resistant toH. arabidopsis but showed reduced callose deposition around thwas
Similar results were obtained for teabidopsispmrd mutant, which is also defective in
callose deposition, in the interaction with the gahpathogerErysiphe cichoracearum
(Vogel and Somerville, 2000; Nishimugd al., 2003), suggesting that decreased callose
deposition leads to recognition of the pathogen imode effective defence mechanisms,
compared to wild-type plants. The enhanced registaipmr4 is most likely due to the

action of the SA signal transduction pathway (Nislmaet al, 2003).

We con not rule out that the observed downregulaitioboth inoculated treatments for
NIM1, JAZ1, extensin, callose synthase and AGP,hinlge, at least partly, due to the

active suppression of these genes by the pathegee such mechanisms are described
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for bacterial pathogens (reviewed in da Curdiaal, 2007). Thus, the interplay of
downregulation of the genes and SA-signalling ie tinfection process should be

investigated in further studies.

Besides findings that pectin methyl esters can \gugntitatively in their degree of
esterifications in resistant and susceptible catsvn different pathosystems (Mastal,
1997; Boudartt al, 1998), the pattern or qualitative distributionnaéthyl esterification is
suggested to participate in the resistance of wheat-isogenic lines to the stem rust
fungus Puccinia graminisf.sp. tritici (Wietholter et al, 2003). Moreover, constitutive
differences in the methyl ester distributions idexy vessel walls of tomato genotypes
differing in their resistance status R solanacearunwere observed (Wydra and Beri,
2007). Thus, the degree of esterification and ik&ildution pattern of pectins presumably
influence the depolymerisation of the plant celllwey pectic enzymes secreted by the
pathogens (Chen and Mort 1996; van Alebekeél, 2002).

The response of pectin methyl esterases (PMEsYyaanin response to biotic and abiotic
stresses (Pellouet al, 2007), including alterations of transcript-levefsa putative pectin

methylesterase inArabidopsis after treatment with oligogalacturonides obsenied

microarray analyses (Moscatiekt al, 2006) and up-regulation of genes in plants igect
with phloem feeding insects (Thompson and Goggb0)62. We could not detect any
transcripts of PME on RNA basis, even though cDNAlbtreatments used in this study,
were included in the RT-PCR analysis, indicatingttiPME might be part of a

physiological process or in the defence responaadéferent time point.

Conclusions

Ralstonia solanacearummoculation affects the expression of plant callwelated genes,
such as AGP, extensin and callose synthase, ahd/@atrelated genes, such as NIM and
JAZ1, since a trend to downregultion of these geveesobserved at the time of analysis at

7 dpi, irrespective of silicon treatment.

The expression of ERF1 was slightly, even thoudierbgeneously, increased in the non-
silicon, R. solanacearumnoculated treatment, but no differences in theression of
COI1 and NIM across treatments were observed, atidig that rather ERF1 than COI1
and NIM are involved in the reaction at the invgation time point.
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GENERAL DISCUSSION

In the interaction of tomato ariRl solanacearunt is known, that the bacterium is able to
invade even highly resistant genotypes, whereassyihptoms do not necessarily occur
(Grimault and Prior, 1993). The tomato genotype Bi&i®96, considered as one of the
most resistant tomato genotypes, showed the higleest of resistance in growth
chambers, and a good level of resistance in the f&xottet al, 1993; Wanget al, 1998).
Additionally, the resistance can be influenced byiaus environmental factors (Hayward,
1991) and can also be strain specific (Danesh andhy, 1994;Jaunet and Wang, 1999).
We also observed differences in symptom developmafier inoculation with
R. solanacearunstrain ToUdk2 of four RILs, having the same geratbackground, all
derived from a cross between the susceptible gpadtyva700 and the resistant genotype
Hawaii7996 (Wydra and Beri, 2006). When treatedhwmonosilic acid and silicon
dioxide, the silicon effect was most obvious for GiB{ the most susceptible genotype
among the RILs, additionall\®. solanacearunstrain ToUdk2 was capable to wilt single
plants of the resistant genotypes NHG13 and NHGXherally in the non-silicon
treatment. Furthermore, silicon treatment lead ¢orelased wilting, most obvious in the
moderately resistant tomato genotype King Kong2, pasviously reported for this
genotype (Dannon and Wydra, 2004; Diogo and Wy@£97), indicating that silicon
amended, moderately resistant genotypes are thé¢ promising candidates for the

investigation of this resistance.

The silicon content in healthy arl®. solanacearumnoculated tomato genotype King

Kong2 was in average for three investigation tinmén{s for non-silicon treatments in

stems 0.18 + 0.03, for roots 0.26 = 0.01 mg / grdatter, and for the silicon treatment in
stems 0.28 £ 0.04 and in the roots 1.09 £ 0.04 mdry matter. This is according to other
reports for a silicon-non-accumulator plant suchamsato, showing elevated levels of the
element in roots of silicon treated plants (®tal, 2001; Dannon and Wydra, 2004; Diogo
and Wydra, 2007).

Based on the observation that bacterial numbere decreased in stems of silicon treated
plants, while no differences in bacterial numberssilicon treated and non-treated roots
were observed, it is suggested that silicon induesgstance in stems of tomato plants,

even though silicon primarily accumulates in thetsoof treated plants (Dannon and
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Wydra, 2004; Diogo and Wydra, 2007). Earlier inigestions support the hypothesis that
resistance does not result from a physical bamieoot penetration in resistant genotypes,
but to the ability of the plant to restrict the tea@l movement to the stems (Grimaeitt

al., 1994), which might be further promoted by silidosatment.

However, Huong (2006) and Ghareeb (2007) reportedsignificant changes of the
bacterial populations in stems of the investigateaterately resistant tomato genotype,
which is according to our results. Bacterial popatss were generally not significantly
different between silicon and non-silicon treateshrss of the tomato genotypes at different
sampling dates, even though a trend to reductiosymptom development of silicon
treated plants was generally observed throughaitetperiments. A high variability in
disease incidence between individual plants isadtaristic of bacterial wilt infection, and
specifically of moderately resistant genotypes,timgl and healthy plants occur as
replicates in one treatment, causing highly vadalekults with low significance values in
bacterial populations and severity classes. Thezetbe observed low significances and
the differences of the studies might be explainalgléhe selection of the analyzed plants.

It is known that resistance induction in plants sloet lead the total reduction in
symptoms, but to decreased symptom developmenpahdgen growth compared to non-
induced plant§Hammerschmidt, 1999), which is according to owt previous findings in
the tomato — silicon -R. solanacearuminteraction, having delayed wilt symptom
development and decreased bacterial populatiorslicon treated plants (Dannon and
Wydra, 2004; Diogo and Wydra, 2007).

Besides the role of silicon in the formation of agical barriers to pathogen penetration
(Epstein, 1994), enhanced enzymatic activities unumber and tabacco, e.g chitinase,
B-1,3-glucanase, peroxidase and polyphenoloxidaietr ailicon application in fungal

infections were observed (Schneider and Ullrich94)9 suggesting silicon as an agent

which confers induced resistance.

In our study, we investigated different componehtg can be involved in plant resistance
reactions towards pathogens with biochemical, bigmical and immunohistochemical
methods and, in the gene expression study, focosay on marker genes related to the

cross-talk in the main defense-pathways and, genes/ed in plant cell wall formation.

Based on the biochemical observations we can cdedhbat rather polyphenol oxidase

than peroxidase is involved in the resistance reacf tomato towardR. solanacearum
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Peroxidases can be induced by pathogen attackd@hGhristenseet al, 1992; Younget

al., 1995), but also decreased resistance towardseygwaildew in barley epidermal cells
after overexpression of one special peroxiddde7 was observed (Kristensest al,
2001), suggesting that this POD might function assceptibility factor. Besides the above
mentioned induction of PODs in plants, this enzyraglyzes biochemical processes like
lignification (Whetteret al, 1998; Hiragaet al, 2001), an important component that forms
a strongly hydrophobic framework, thus acting astabilizing agent in the plant to
maintain water mineral transport through the xylender negative pressure (Hereéia
al., 1995; Rogers and Campbell, 2004). We could neenle a significant difference in
peroxidase activity among the treatments at differevestigation dates, which is
according to our findings that lignification of xyh vessels was homogenous among
treatments and no induction, neither by silicon hgrpathogen infection was observed.
This rather indicates a physiological role of peédase and not an active defence

mechanism in th&. solanacearurtomato interaction.

Polyphenol oxidase is suggested to function in deénse of plants to pathogens in
different ways. The oxidative polymerization ofctrome exudates leads to entrapment of
small-bodied insects by glandular trichomes lofcopersicon and Solanum species
(Kowalskiet al, 1992; Yuet al, 1992), an antinutritive effect by covalent mochfiion of
proteins by quinones (Feltat al, 1992; Feltoret al, 1989;) or a direct effect of the toxic
quinones towards pathogens (Mayer and Harel, 19¥8)found decreased PPO activity in
silicon-amended tomato stems after inoculation \itlsolanacearunsuggesting a role of
the enzyme in the resistance reaction. An exanglelifferences in enzyme activity was
observed by Carveet al. (1998) with a higher increase in PAL activity iatoAvena
sativa L.), non-treated with silicon compared to the silic treated plants. They
hypothesized that the increased enzyme activitypemsates for the lack of silicon and
contributs to the penetration resistanceBtomeria gramini However, it is unknown so
far, if the reduction of PPO activity resulted fr@n active downregulation of PPOs or by
an indirect effect, for instance the avoidance afudht stress in these plants. Drought
stress in combination with continuous light cardi¢éa induction of PPO accumulation in
various tissues including xylem parenchyma in mangformed and PPO-overexpressing
tomato plants. An increased activity, for instamtetem xylem parenchyma, was due to
the transcriptional activation of one isozyme (PB)Q but was not obseverd for another
isozyme (PPO D). Furthermore, transformed tomaamtpl with suppressed PPO showed
no induction of these genes, but exhibited improweater relations and delayed
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photoinhibition and photooxidative damage duringuiyht stress (Thipyapongt al,
2004b).

We chose PPO A for gene expression studies butdoooll detect differences in gene
expression because of the occurrence of an ungpecifduct, which interfered with the
real-time PCR analysis. The polyphenol oxidase danely in tomato consists of seven
members: PPO A, A’, B, C, D, E and F (Newmaatral, 1993) and similarities in these

genes might have led to the amplification of thepetific product.

The regulation of PPO F gene expression was imgadstl by Thipyapong and Steffens
(1997), who demonstrated that transcription wasonbt differentially activated by abiotic
and biotic stresses, but also in cell-specific oespes to SA, jasmonate and ethylene-
signalling pathways. The induction of PPO F by jasates was only observed in young
leaves, by ethylene only in older leaves and slidi@cid treatment led to induction of the
gene in stems and foliage at all development stagesnduction of PPO by wounding in
tomato was described earlier by Constadilal. (1995), and further investigations showed
a clear and strong induction of PPO not only afterunding, but also after methyl
jasmonate (MeJA), which is a component, togethéhn wlosely related jasmonates, of the
tomato octadecanoid pathway suggested to transdwumend signals inside the cell
(Constable and Ryan, 1998). The inducible PPO4) asd®PO B and PPO F, might serve
as suitable candidates for further gene expressiodies to confirm an involvement of
PPO either indirectly by less drought stress of plants or the downregulation in the

interaction of silicon-induced resistance reactmR. solanacearurim tomato plants.

Even though lignification and 4@, accumulation are described in the literature as
resistances factors (Stichet al, 1997; Hammerschmidt, 1999), we could not find any
differences related td&R. solanacearumnfection and/or silicon treatments in vascular
bundles of tomato stems, but we found increaseasit/lformation in silicon-treated,
R. solanacearuninoculated plants. The formation of tylosis casutein the partial or
complete occlusion of xylem vessels, restrictingwgh or spread of pathogens, and is
considered as an active defense mechanism to eastiskases (Beckmann, 1987; Rioux
et al, 1998; Clérivetet al, 2000; Soukup and Votrubova, 2005). Evidence for t
involvement of ET in the xylem occlusion response&drds the wilt pathogeRusarium
oxysporumf.sp. lycopersici,in order to limit further spread through the ptan@scular

system, was provided by VanderMolen and co-workEe83). We could detect increased
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tylosis formation in tomato plants at a later itfi®n state oR. solanacearunn silicon-
treated plants, but results derived from the gesqpeession study most likely exclude ET as
signal in this process. We can not rule out thatniight be involved in the process at an
earlier state in the interaction, as well as othlant hormones that could be involved in
process, such as auxin and indole-3-acetic acid)((Beckmann, 1982).

For the establishment and/or maintenance of sHindoced resistance in tomato, maybe
alternative defence pathways are worth to be inyatstd. Besides the well-established SA
and JA/ET signalling pathways in plants (Ryalsal, 1996; Thommagt al, 2001),
emerging evidences were found that alternativeassgrsuch as abscisic acid (ABA), are
involved in responses to water and salt stressalsot participate in the plant resistance to
pathogen attacRNValton, 1980; Zeevaart and Creelman, 1988; Fdbed, 2005).

ABA is known to induce susceptibility, as demontgdain Arabidopsiswhere ABA
treatment or drought stress led to more susceptiddats towards the pathogens
Pseudomonas syringges. tomatoand Peronospora parasiticgMohr and Cahill, 2003).
Support for the interactions of ABA with other sadimg pathways, in particular with SA,
was provided by Thaler and Bostock (2004). Dataiakd from their biochemical assays
in combination with bioassays in the tom&osyringaepv. tomato interaction suggests
that elevated ABA interferes with SA-mediated regise towards the bacterial pathogen,
demonstrated by more resistant tomato plants tavBRrdsyringaepv. tomato in an

ABA-deficient mutant background due to a higheelswof SA-mediated responses.

Nevertheless, Ton and Mauch-Mani (2004) demonstridiat primed callose deposition in
Arabidopsisagainst necrotrophic pathogens is controlled byABA-dependent pathway
and reacts independently of SA, JA and ET as defesignal. The ABA-dependent
pathway resulted in decreased callose depositiorabidopsis plants treated with
[amino-butyric acid (BABA) (Ton and Mauch-Mani, 200 Additionally, ABA was
shown to inhibit the transcription of a basil,3-glucanase in tobacco cell cultures
(Rezzonicoeet al, 1998). Tobacco mutants which are deficienBih,3-glucanase activity
were more resistant to tobacco mosaic virus (TMiQe to more callose accumulation
around TMV-induced lesions (Beffat al, 1996). We noticed a tendency to decreased
callose deposition in higher infected tomato plasftgenotype King Kong2 at 5 dpi in
histochemical observations. This might rise thestjoa if the callose degradation is linked

to pathogen action for instance by the secretiof-tf3-glucanases. Among the known
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virulence factors ofR. solanacearumare six cell wall degrading enzymeg:1,4-
endoglucanase (Egl), exoglucanase (ChbA), endoplagturonase (PehA),
exopolygalacturonases (PehB and PehC) and pectinylesterase (Pme) (Denny, 2006),
but to our knowledge/*+1,3-glucanase was not detected so far. Furthernoane gene
expression study showed a downregulation of cakys¢hase in inoculated plants (7 dpi)
and this indicates that reduced callose depositidomato King Kong2 is rather derived

from the plant side, than by action of the pathogen

Recently, Haoet al. (2008) demonstrated that callose deposition inesiglates of the
phloem of rice plants contributes to the resistatowards the brown planthopper
(Nilaparvata lugensStal) and, that involvement of the callose degrgg#1,3-glucanase
might contribute to susceptibility. They demongdatthat callose synthase and
1,3 glucanase genes were upregulated in resistant susceptible rice plants, but
induction of the callose degrading1,3 glucanase genes was stronger in susceptible
plants, suggesting that degradation of callosdit@®s the insects continuous feeding on
the plant. Accumulation of plant1,3 glucanase was not investigated in this stibdy,
might serve as candidate for further investigatidngether with osmotins, belonging to
the thaumatin and thaumatin-like proteins groupeib ithe PR-5 family (Tuzun and
Somanchi, 2006), which were also shown to be reégdldy ABA and involved in
adaption to osmotic stress (Singthal, 1987; Singlet al, 1989).

And, interestingly, AtMYC2, which is involved in JA ‘signaling’, has also been shown
as a positive regulator of ABA (Mauch-Mani and Mau2005). There are incidences that
JAZ1 is involved in the silicon-induced resistarmfetomato toR. solanacearunfthis
study; Ghareeb, 2007).

Even though, significant differences in developragidcations of AGP epitopes between
species are proposed (Knox, 1995), the monoclo& Antibody JIM13 recognized cells
in the epidermis but also in developing xylem ia thot apex of carrot (Knoat al, 1991).

We also detected AGP with the antbody LM2 in thescudar tissue of the tomato
recombinant inbred lines for all treatments, whiciggests an involvement of the AGP in
physiological processes of the plant. Additionallye could not observe a uniform
distribution pattern of AGP related to the resistastatus of the examined tomato RILs,
pathogen infection or silicon nutrition at 5 dpidanve even observed a trend to

downregulation in the inoculated treatments of Kikang2 in the gene expression study at
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7 dpi. The observed differences in the pectic ulgharide structures, detected by
monoclonal antibodies specific for AGP (LM2), aram side chains (LM6) and non-
blockwise pectin methylester distribution (LM7)infected tomato genotype King Kong2
inoculated withR. solanacearunas described by Diogo and Wydra, (2007), weresoot
clearly observed for the recombinant inbred linRH_§) in this study, indicating that the
genotypes are reacting differently in their modolatof pectic polysaccharides after
infection. Another possible explanation might réstdm the different investigation time
points in both studies. A change in the pecticctme for King Kong2 was observed at 20
days post inoculation (dpi) in the previous studiijle we chose 5 dpi in this study, which
might be too early for the detection of the modalabf the polysaccharides. Furthermore,
we could not detect an increase in AGP transcaptimulation for genotype King Kong2
at 7 dpi with real-time PCR analysis in the gengression study, suggesting that
accumulation of AGPs occurs later in the reactibtomato plants witlR. solanacearum

Normally, investigation time points for molecularadyses are chosen within the first hours
after inoculation with the pathogen. For instancéhe study of Gaspat al. (2004), where
the interaction of Arabidopsisatl mutant andAgrobacterium tumefaciensn roots was
examined, samples were collected in one hour iaterlasting from 0 to 4 hours post
infection. In the interaction dR. solanacearunwith tomato, the pathogen enters the plant
through the root system, but resistance mechansmsuggested to be activated in the
stems (Grimaulet al, 1994; Prioret al. 1994). First wilt symptoms generally occured
around five days post inoculation and differencesvieen silicon treated and non-silicon
treated plants were most pronounced between 8 2mihil Furthermore, initial molecular
investigations of the role of silicon nutrition tine resistance tR. solanacearumevealed,
that expression of several genes was triggere@ &ip¥, investigating various time points
ranging from 0.5 to 72 hpi (Ghareeb, 2007). Thus,clvose 7 dpi as a time point for our
gene-expression study to investigate a possibleente of the candidate genes in the

establishment of silicon-induced resistanc® t@olanacearunm tomato.

In the expression studies we investigated diffegaries mainly related to the cross-talk
between the SA, JA or ET pathways, but we coulddedéct major mRNA accumulation

of these genes at 7 dpi, a time point suggestedhforestablishment of silicon-induced
resistance in plants. We can not rule out thatetlgesies might be important for the initial

resistance at an earlier time point, as demonstfateJAZ1 (Ghareeb, 2007), which was
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highly upregulated af2h post inoculation in silicon-treated, solanacearuamoculated
plants. Furthermore, we found mostly a trend to mlegulation of the genes after
inoculation withR. solanacearuiespecially for the JAZ1 in the silicdd solanacearum
inoculated treatment, indicating that these genigbitnbe involved earlier in the resistance
process.

In the context of induced resistance it is knowat ttiefense responses, when expressed
constitutively, carry fithess cost, thus resouraes only allocated away from e.g. growth
or reproduction when necessary (Bostock, 2005; &t al, 2005). The downregulation
of genes has been postulated to reduce synthesaisnekded proteins to conserve energy,
suggested then to be invested for enhancementeoteh wall structures (Shergs al,
1991). Interestingly, all cell wall related genesamined in the gene expression study
showed a trend to downregultaion in both inoculate@tments, though histochemical
studies at 5 and 20 dpi had clearly demonstratethgds in cell wall structure after
inoculation (Beri and Wydra, 2006; Diogo and Wyd2807; Wydra and Beri, 2007). This
indicates that reinforcement of the plant cell watlleast for the examined genes, is not a
major resistance factor at the observed time pant benefits of the saved costs are

invested in a so far unknown mechanism.

The same expression pattern was also observechdoNtM, involved in SA-mediated
responses (Beckers and Spoel, 2006), but alsait gefense responses meditated by JA
and ethylene (Pieterset al, 1998; Pieterset al, 2001) and for JAZ1, likely acting as
repressors of JA-responsive genes (Staswick, 2008) speculative if downregulation of

these genes also affects the cell wall relatedggand warrants further explorations.

Another possibilty might be the suppression or deegulation of these genes by the
pathogen’s released virulence factors in ordeatdifate host colonization, as previously
proposed for the 1,B-glucanase and chitinase class Il genes inRheolanacearum

tomato-silicon interaction (Ghareeb, 2007). Wheth®# down-regulation is plant- or

pathogen derived warrants further exploration.
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