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EINLEITUNG

1. Einleitung

1.1 Interaktion von Pflanzen und pathogenen Mikroorganismen

Organismen eines Okosystems stehen in stindiger Interaktion miteinander. Die Interaktionen kénnen
zum gegenseitigen Nutzen (Mutualismus, Symbiose), aber auch zum Nachteil eines Organismus sein
(Parasitismus, Réiuber-Beute-Beziehung, (Long und Staskawicz, 1993). Parasiten schidigen den
besiedelten Organismus (Wirt), was oft zur Ausbildung von Krankheiten fiihrt.

Pathogene, die Pflanzen befallen und Krankheiten auslosen, werden als Phytopathogene bezeichnet.
Hierzu zdhlen Pilze, Oomyzeten, Nematoden, Viren und Bakterien. Pflanzenkrankheiten fiihren zu
schweren Schiden an Nutzpflanzen und bewirken damit erhebliche Ernteverluste, was wiederum einen
dramatischen Einfluss auf die Landwirtschaft haben kann (Dodds und Rathjen, 2010).

Jedoch stellen nicht alle Krankheitserreger eine Gefahr fiir Pflanzen dar. Die meisten Pflanzenspezies
sind Nicht-Wirts-Organismen und kénnen nicht von Parasiten oder Pathogenen befallen werden
(Nicht-Wirts-Resistenz; Heath, 2000).

Die erfolgreiche Infektion einzelner Pflanzenspezies ist somit eine Ausnahme. Nur spezialisierte
phytopathogene Pilze, Oomyzeten und Bakterien sind in der Lage den Stoffwechsel der Pflanzen zum
eigenen Nutzen zu manipulieren und Krankheiten auszuldsen (Thordal-Christensen, 2003). Gram-
negative Bakterien der Gattungen Xanthomonas, Pseudomonas, Agrobacterium und Erwinia stehen
besonders im Fokus der Wissenschaft. Die genannten Bakteriengattungen sind leicht zugénglich fiir
molekularbiologische Untersuchungen und ermoglichen detaillierte Charakterisierungen von Pflanzen-
Pathogen-Interaktionen. Analysen dieser Interaktionen erlauben niitzliche Einblicke in pflanzliche
Abwehrprozesse und deren Manipulation durch phytopathogene Bakterien. Diese Erkenntnisse liefern
neue biotechnologische Mdglichkeiten, um Nutzpflanzen effizient zu schiitzen (Dodds und Rathjen,
2010).

Pflanzen besitzen im Wesentlichen zwei Mechanismen, um phytopathogene Bakterien zu erkennen
(Chisholm et al., 2006; Jones und Dangl, 2006). Ein Mechanismus beruht auf der Erkennung von
bestimmten Molekiilen, die unter den meisten phytopathogenen, aber auch nicht-pathogenen Bakterien
konserviert sind. Die zweite Mdglichkeit ist die spezifische Erkennung bakterieller Virulenzfaktoren,
welche direkt oder indirekt erfolgen kann, indem die durch Virulenzfaktoren bedingten

Verinderungen von der Pflanze registriert werden (Dodds und Rathjen, 2010).
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1.2 Die basale Abwehr der Pflanze

Die Basis der pflanzlichen Abwehr umfasst sowohl passive Barrieren wie Wachsschichten der
Kutikula und die pflanzliche Zellwand, als auch induzierbare Abwehrreaktionen (Niirnberger und
Lipka, 2005). Die Aktivierung der Abwehrmechanismen erfolgt nach Erkennung von konservierten
pathogen-assoziierten Molekiillen. Diese sogenannten PAMPs (pathogen-associated molecular
patterns) sind essentielle und hochkonservierte Komponenten, die unter Pathogenen weit verbreitet
sind. Zu den PAMPs Gram-negativer Bakterien gehoren beispielsweise das Flagellin (Bestandteil des
bakteriellen Flagellums), der Elongationsfaktor EF-Tu und Kélteschockproteine (Felix et al., 1999;
Felix und Boller, 2003; Kunze et al., 2004). Nach Erkennung dieser Molekiile durch spezifische
Rezeptoren (pattern recognition receptors, PRRs) an der Oberfliche der Pflanzenzelle (Boller und
Felix, 2009) wird die PAMP-induzierte Abwehr aktiviert (PAMP-triggered immunity, PTI; Abb. 1-1).
PAMP-Rezeptoren sind meist Rezeptor-dhnliche Kinasen mit einer N-terminalen Doméne, bestehend
aus Leuzin-reichen Sequenzwiederholungen (leucin-rich-repeat, LRR) zur Bindung der Liganden,
einer Transmembrandoméine und einer zytoplasmatischen Kinasedoméne, die der Signalweiterleitung
dient (Zipfel, 2008). Die PRRs FLS2 (flagellin sensing 2) und EFR (EF-Tu receptor) zihlen zu den
am besten charakterisierten Rezeptorkinasen.

Nach Erkennung der PAMPs interagieren viele PRRs mit der Rezeptorkinase BAK1 (brassinosteroid
insensitive kinase 1), wodurch Abwehrprozesse der Pflanze aktiviert werden (Chinchilla et al., 2007).
In Folge dessen kommt es zur Erhéhung des Ca**-Level im Zytoplasma, Aktivierung von Mitogen-
aktivierten Proteinkinasen (mitogen-activated protein kinases, MAPK) und Transkriptionsfaktoren
sowie Anderungen der Expression von Wirtsgenen (Blume ef al., 2000; Niirnberger und Scheel, 2001;
Asai et al., 2002; Thilmony et al., 2006). Dadurch induzierte Abwehrreaktionen sind u.a. die Synthese
reaktiver Sauerstoffspezies, antimikrobieller Substanzen wie Phytoalexine und PR-Proteine
(pathogenesis-related) sowie Kalloseeinlagerungen in die pflanzliche Zellwand (Zellwand-basierte
Abwehr; Darvill, 1984; Gomez-Gomez et al., 1999; Kitajima und Sato, 1999; Chinchilla et al., 2007;
Sels et al., 2008). Bei Kalloseeinlagerungen handelt es sich um lokale Verdickungen der Zellwand,
Papillen genannt, die an der Kontaktstelle zwischen Pathogen und Pflanze durch de novo Synthese von
Zellwandbestandteilen entstehen (Kwon et al., 2008). Uber das endoplasmatische Retikulum (ER) und
den Golgi-Apparat werden zusitzlich antimikrobielle Substanzen sekretiert, die innerhalb der Papille
einen fiir das Pathogen toxischen ,,Cocktail® bilden (Kwon et al., 2008). Die genannten Reaktionen

konnen das mikrobielle Wachstum hemmen und dadurch die Kolonisierung der Pflanze behindern.
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Pflanzenzelle

Abbildung 1-1: Aktivierung der PTI durch phytopathogene Bakterien.

Bakterien vermehren sich im extrazelluldiren Raum von Pflanzenzellen. PAMPs der Pathogene, wie Flagellin
oder Elongationsfaktor Tu, werden von Rezeptoren (PRR) an der Zelloberfldche erkannt. PRRs besitzen eine
extrazelluldre Leuzin-reiche Repeat-Region (leucin rich repeat, LRR, blau), eine Transmembrandoméne (grau)
und eine zytoplasmatische Kinasedoméne (rot). Zur Aktivierung der PTI-Signalwege interagieren PRRs oft mit
brassinosteroid insensitive kinase 1 (BAK1). Die Signalweiterletung erfolgt iiber MAP-Kinasen (MAPK)
und/oder CDPKs (calcium-dependent protein kinase) und fiihrt zur Aktivierung von Abwehreaktionen der PTI.
Phytopathogene Bakterien translozieren Effektorproteine (T3E) iiber das Typ I1I-Sekretionssystem (Pilus) in die
Wirtszelle. Einige T3E unterdriicken die PTI und tragen dadurch zur Virulenz des Bakteriums bei. Modifiziert
nach Dodds und Rathjen (2010).

1.3 Virulenzfaktoren Gram-negativer Bakterien

Um die pflanzliche Abwehr zu umgehen und eine erfolgreiche Besiedlung des Wirtes zu
gewihrleisten, nutzen Gram-negative Bakterien zahlreiche Virulenzfaktoren. Hierzu zéhlen
beispielsweise extrazellulire Polysaccharide (EPS; Denny, 1995; Dharmapuri und Sonti, 1999),
Adhésine (Ray et al., 2002), Toxine (Bender et al., 1999; Strange, 2007) und zellwandabbauende
Enzyme (Toth und Birch, 2005). Extrazelluldre Polysaccharide bilden eine Kapsel oder Schleimhiille
um die Bakterienzelle und schiitzen diese vor der Austrocknung. AuBlerdem fordern EPS die
Anhiufung von Néahrstoffen und wirken sich aufgrund ihrer adhdsiven Eigenschaften positiv auf die
Anheftung des Bakteriums an die Wirtszelle aus. Des Weiteren kdnnen EPS die Suszeptibilitdt der
Pflanze erhohen und das Bakterium vor Toxinen schiitzen (Denny, 1995; Ray et al, 2002).
Zellwandabbauende Enzyme, wie Zellulasen und Pektinasen, erleichtern phytopathogenen Bakterien
das Durchdringen der pflanzlichen Zellwand. Dabei werden die Hauptbestandteile der Zellwand
(Zellulose, Hemizellulose und Pektin) abgebaut, wodurch die Stabilitdt der Zellwand beeintrachtigt
wird. Die durch den Abbau entstechenden FEinfachzucker dienen den Bakterien wiederum als

Nabhrstoffe (Lagaert et al., 2009).
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Die genannten Substanzen werden iiber spezielle Sekretionssysteme aus der Bakterienzelle
heraustransportiert. Das Typ I-Sekretionssystem dient dem Transport von Toxinen, Proteasen und
Lipasen (Holland et al., 2005). Uber das Typ II-System werden ebenfalls Toxine und hydrolytische
Enzyme sekretiert (Sandkvist, 2001), wihrend das Typ IV-System zum Transport von DNA oder
Proteinen dient (Christie und Cascales, 2005). Das Typ III-Sekretionssystem (T3SS) transportiert Typ
III-Effektorproteine (T3E) direkt in das Innere der Wirtszelle (Biittner und Bonas, 2010).

1.3.1 Das Typ III-Sekretionssystem

Das Typ IlI-Sekretionssystem (T3SS) spielt eine Schliisselrolle beim Transport von Proteinen und ist
fiir die Pathogenitdt der meisten Gram-negativen Bakterien essentiell (Tampakaki et al., 2004).
Ausnahmen sind Agrobacterium spp. und Xylella fastidiosa, die kein T3SS besitzen (Simpson et al.,
2000; Wood et al., 2001). Das T3SS transportiert Proteine iiber beide bakterielle Membranen in das
extrazelluldre Milieu (Sekretion) oder zusatzlich iiber die pflanzliche Zellwand und -membran direkt
in das Zytosol der Pflanzenzelle (Translokation), dhnlich einer molekularen Spritze (Tampakaki et al.,
2004; Biittner und Bonas, 2006). Das T3SS besteht aus einem Membran-durchspannenden
Basalapparat und einem extrazelluldren Pilus. Uber das T3SS sekretierte Translokonproteine bilden
vermutlich eine Pore in der pflanzlichen Zellmembran und erméglichen dadurch die ,,Injektion* von
Effektorproteinen (Ghosh, 2004; Biittner und He, 2009).

In pflanzenpathogenen Bakterien werden die Komponenten des T3SS vom Arp-Gencluster
(hypersensitive response and pathogenicity) kodiert, welches sowohl fiir die Pathogenitdt in anfélligen
Pflanzen als auch die Induktion der hypersensitiven Reaktion (HR) in resistenten Pflanzen essentiell
ist (Bonas et al, 1991; He et al, 2004). Das hrp-Gencluster des in dieser Arbeit untersuchten
Pathogens Xanthomonas campestris pv. vesicatoria (Xcv) besteht aus mehr als 20 Genen, die in
Transkriptionseinheiten organisiert sind (Biittner und Bonas, 2002). Die Regulation der Expression
des hrp-Clusters unterscheidet sich zwischen verschiedenen Gram-negativen Pflanzenpathogenen. Im
Fall von Xcv sind der OmpR-éhnliche Regulator HrpG sowie HrpX, ein transkriptioneller Aktivator
des AraC-Typs, fiir die Aktivierung der Expression des hrp-Genclusters verantwortlich. Bei Kontakt
mit der Pflanzenzelle aktiviert ein bislang unbekanntes Signal HrpG, welches wiederum die
Expression von ArpX aktiviert (Wengelnik und Bonas, 1996; Wengelnik et al., 1996a; Wengelnik et
al., 1996b; Noél et al., 2001). HrpX bindet an die cis-regulatorischen PIP-Boxen (plant-inducible
promoter) in den Promotoren von Arp- und anderen Typ Ill-assoziierten Genen und aktiviert deren
Expression (Koebnik et al., 2006).

Elf der im Arp-Cluster kodierten Proteine sind in Pflanzen- und Tierpathogenen konserviert und
werden als Hrc (hrp-conserved) bezeichnet (Bogdanove et al., 1996). Sie bilden vermutlich den Kern
des Typ I1I-Basalapparates (He et al., 2004; Tampakaki et al., 2004). Neben den Arc-Genen sind auch
die nicht konservierten hrp-Gene fiir die Pathogentitdt von Xcv essentiell. Unter den Hrp-Proteinen

sind HrpE als Hauptbestandteil des extrazelluliren Pilus und HrpF als Hauptkomponente des

4
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Translokons mafigeblich an der Translokation von Effektoren beteiligt (Biittner et al., 2002; Weber et
al., 2005). Einige Komponenten des T3SS von Xcv werden von hrp-assoziierten Genen (hrp-
associated, hpa) kodiert, welche zur Interaktion mit der Wirtspflanze beitragen (Huguet et al., 1998;
Biittner et al., 2004). Ein Beispiel ist das Typ IlI-Chaperon HpaB, welches fiir die effiziente
Translokation der T3E benotigt wird und daher fiir die Pathogenitit von Xcv essentiell ist. Typ III-
Chaperone binden spezifisch an ihre Substrate und fordern deren Stabilitdt und/oder Sekretion und
Translokation (Parsot et al., 2003; Wilharm et al., 2007). Da die Translokation einzelner Effektoren
von Xcv in unterschiedlichem Mall von HpaB abhéngig ist, werden die Effektoren in zwei Klassen
unterteilt. Wahrend die Translokation von Klasse A-T3E HpaB-abhingig ist, werden Effektoren der
Klasse B auch in Abwesenheit von HpaB transloziert, wenn auch in geringeren Mengen (Biittner et
al., 2004; Biittner ef al., 2006).

Generell ist das Vorhandensein spezieller Signale im N-terminalen Bereich der T3E fiir die
erfolgreiche Sekretion und Translokation in die Wirtszelle essentiell. Die T3S-Signale sind jedoch
nicht konserviert und {iber ihren genauen Aufbau ist bislang wenig bekannt. Wahrscheinlich ist die

Zusammensetzung und die amphipathische Natur der Aminosduren essentiell (Biittner und He, 2009).

1.4 Unterdriickung der PTI durch Typ III-Effektoren

Uber das T3SS konnen Bakterien Effektorproteine direkt in das Zytosol der Pflanzenzelle
transportieren (siehe 1.3.1). Typ IlI-Effektoren von Xanthomonas werden als Xanthomonas outer
protein (Xop) und in Pseudomonas als Hrp outer protein (Hop) bezeichnet. Im Zellinneren
manipulieren die Effektoren Wirtszellprozesse und unterdriicken die Pflanzenabwehr (Abb. 1-1).
Dadurch tragen T3E zur Virulenz und zum Wachstum der Bakterien bei (Biittner und Bonas, 2010;
Block und Alfano, 2011). Die Mechanismen, die zur Suppression der PAMP-induzierten Abwehr
fithren, konnten fiir einige Effektoren von Pseudomonas und Xanthomonas geklart werden (Brown et
al., 1995; Nomura et al., 2005). Die T3E greifen samtliche Schritte der PTI an, von der PAMP-
Erkennung und der Expression PTI-assoziierter Gene bis zu induzierten Abwehrreaktionen. Die
PAMP-Erkennung durch PRRs wird beispielsweise durch AvrPtoB und AvrPto aus Pseudomonas
verhindert. AvrPtoB bindet BAK1 und bewirkt die Dissoziation des FLS2/BAK1-Komplexes (Shan et
al., 2008). AuBerdem wird FLS2 durch die E3-Ligasedomidne von AvrPtoB ubiquitiniert und
Proteasom-vermittelt abgebaut (Gohre et al., 2008). Die Interaktion von AvrPto und dessen
Zielproteinen wird momentan kontrovers diskutiert. So postulierten Shan und Kollegen, dass AvrPto,
dhnlich wie AvrPtoB, die FLS2/BAK1-Komplexbildung verhindert, indem es an BAK1 bindet (Shan
et al., 2008). In spiteren Studien wurde gezeigt, dass diese Interaktion eher ein indirekter Effekt ist.
Xiang und Kollegen fanden heraus, dass AvrPto mit FLS2 interagiert und die Interaktion zwischen
AvrPto und BAK1 nur in Gegenwart von FLS2 erfolgt und vermutlich auf die rdumliche Ndhe von

FLS2 und BAK1, im Zuge der Komplexbildung beider PRRs, zuriickzufiihren ist (Xiang et al., 2011).
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Entsprechend dieser Daten wird angenommen, dass AvrPto an FLS2 bindet und dessen Kinaseaktivitit
inhibiert, wodurch die stromabwirts-gelegene PTI-Signalweiterleitung unterbunden wird (Xiang ef al.,
2011). Dieses Modell beriicksichtigt friihere Ergebnisse der Autoren, in denen die Inhibierung der
Kinaseaktivitdt von FLS2 in Gegenwart von AvrPto gezeigt wurde (Xiang et al., 2008).

Die Signalweiterleitung iiber MAPK-Kaskaden wird beispielsweise durch HopF2 und HopAll gestort.
HopF2 interagiert mit der MAP-Kinase-Kinase MKKS5 und verhindert deren Phosphorylierung (Wang
et al., 2010). HopAll dagegen besitzt Phosphothreoninlyase-Aktivitdt und dephosphoryliert die MAP-
Kinasen MPK3 und MPKG®6. In Folge dessen wird die transkriptionelle Aktivierung von Abwehrgenen
sowie Kalloseablagerungen und Produktion reaktiver Sauerstoffspezies unterdriickt (Zhang et al.,
2007). Neben HopAlIl und HopF2 greift auch HopAOl in die Zellwand-basierte Abwehr ein (Guo et
al., 2009).

Ahnliches wurde auch fiir Effektoren aus Xanthomonas gezeigt. So unterdriicken XopD, XopJ, XopN
und AvrBsT die PTI-induzierte Genexpression und/oder Kalloseeinlagerungen in die pflanzliche
Zellwand (Kim et al., 2008; Bartetzko et al., 2009; Kim et al., 2009; Kim et al., 2010). Da die
Suppression der PTI die Vermehrung der Bakterien begiinstigt, spricht man deshalb von Effektor-
induzierter Suszeptibilitit (effector-triggered susceptibility, ETS; Abb. 1-2; Jones und Dangl, 2006).
Diese Daten belegen, dass T3E verschiedener phytopathogener Bakterien im Allgemeinen dhnliche
Prozesse der Pflanze manipulieren. Allerdings gibt es doch vielfdltige Unterschiede in deren

Wirkungsweise und Beitrag zur Virulenz der Bakterien (s. Abschnitt 1.6).

1.5 Spezifische Resistenz durch Erkennung von Typ III-Effektoren

Pflanzen haben neben der Erkennung von PAMPs einen weiteren Mechanismus, um die Kolonisierung
durch phytopathogene Bakterien zu verhindern. Einige bakterielle Effektorproteine, die zur ETS
beitragen, werden spezifisch von der Pflanze erkannt. Diese spezifische Resistenz (effector-triggered
immunity, ETI) basiert auf Resistenz (R)-Genen oder -Proteinen, die die Anwesenheit oder Aktivitit
eines bestimmten Effektors spezifisch erkennen. Diese Effektoren werden auch als Avirulenz (Avr)-
Proteine bezeichnet. In den meisten Fillen erfolgt eine direkte oder indirekte Erkennung der Avr-
Proteine durch Rezeptorproteine bestehend aus einer N-terminalen TIR- (Toll, Interleukin-1 Rezeptor)
bzw. CC- (coiled-coil) Domine, einer zentralen Nukleotid-Bindedoméne (nucleotide binding, NB)
und einer C-terminalen LRR-Domine (van Ooijen ef al., 2007).

Wihrend die LRR-Domine die Spezifitit bestimmt, ist die NB-Region vermutlich fiir die
Signalweiterleitung verantwortlich (van Ooijen et al., 2007). Als Beispiel sei hier die Erkennung des
Effektors AvrPtoB aus P. syringae genannt. AvrPtoB interagiert mit den Kinasen Fen und Pto aus
Tomate. Fen und Pto sind R-Proteine, besitzen jedoch selbst keine Transmembran- und extrazellulédre

LRR-Doménen. Die Aktivierung der ETI ist deshalb vom NB-LRR-Protein Prf abhéngig, welches mit
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Pto interagiert (Kim et al., 2002; Abramovitch et al., 2003; Rosebrock et al., 2007; Gimenez-Ibanez et
al., 2009).

T3E konnen auch auf Promotoren von Resistenz- oder Suszeptibilititsgenen wirken. AvrBs3 von
Xanthomonas wirkt als Transkriptionsfaktor und aktiviert Promotoren im Zellkern von
Paprikapflanzen (Kay et al., 2007; Romer et al., 2007). In anfélligen Pflanzen induziert AvrBs3 die
ZellvergroBerung (Hypertrophie) durch Bindung und Aktivierung des Promotors von UPA20
(upregulated by AvrBs3), einem Hauptregulator der ZellgroBe (Kay et al, 2007). In resistenten
Pflanzen bindet AvrBs3 zusitzlich an den Promotor von Bs3 und aktiviert das Bs3-R-Gen, welches fiir
eine Flavinmonooxygenase kodiert (Romer et al., 2007).

Die Erkennung der Avr-Proteine durch entsprechende R-Proteine oder R-Gene fiihrt zur Expression
verschiedener Gene und zur Aktivierung von Signalwegen, die denen der PAMP-induzierten Abwehr
dhnlich sind (Tao et al., 2003; Pitzschke et al., 2009). Dazu zihlen die Erhéhung des zytosolischen
Ca”" Level, die Produktion reaktiver Sauerstoffspezies und die Aktivierung von MAPK-Kaskaden.
Allerdings erfolgt die Immunantwort der ETI viel schneller und stdrker als die der PTI und fiihrt
oftmals zur Ausbildung der HR, einer lokal-begrenzten Zelltodreaktion, die das Wachstum der

Bakterien behindert (Tao et al., 2003; Greenberg und Yao, 2004; Thilmony et al., 2006).

1.5.1 Unterdriickung der spezifischen Resistenz

Phytopathogene Bakterien besitzen einige Effektoren, die die spezifische Erkennung anderer T3E
unterdriicken kdnnen (Jones und Dangl, 2006). Ein Beispiel ist der Effektor AvrPphC von P. syringae
pv. phaseolicola, der zwar selbst in verschiedenen Kultivaren der Bohne erkannt wird, aber auch die
durch AvrPphF ausgeldste ETI supprimieren kann (Tsiamis et al., 2000). AvrPtoB aus P. syringae pv.
tomato kann dagegen die eigene Erkennung unterdriicken, indem es die Kinase Fen degradiert
(Abramovitch et al.,, 2006; Rosebrock et al., 2007). Pto hingegen entgeht diesem Abbau, da es
AvrPtoB phosphoryliert und damit inaktiviert (Ntoukakis et al, 2009). Dadurch bleibt die Pto-
vermittelte Resistenz bestehen. Dariiber hinaus unterdriickt AvrPtoB auch die durch HopAl und
AvrRpm1 induzierten hypersensitiven Reaktionen (Guo ef al., 2009).

Diese Beispiele verdeutlichen die Ko-Evolution zwischen Pflanzen und phytopathogenen Bakterien,
die in der Entwicklung neuer Angriffs- bzw. Abwehrmechanismen resultiert. Dieses ,,Wettriisten* ist
im Zick-Zack-Modell nach Jones und Dangl in Abbildung 1-2 dargestellt und fasst die oben genannten

Mechanismen zusammen (Jones und Dangl, 2006).
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Abbildung 1-2: Das Zick-Zack-Modell illustriert die Ko-Evolution zwischen Pathogenen und
Abwehrmechanismen der Pflanze.

In der 1. Phase der Immunantwort werden pathogen-assoziierte molekulare Muster (PAMPs, rote und weille
Diamanten) der Pathogene erkannt und aktivieren die PTI (PAMP-triggered immunity). Erfolgreiche Pathogene
transportieren Effektorproteine in die Wirtszelle, welche die PTI unterdriicken (Phase 2). Dies erlaubt
Wachstum und Vermehrung der Pathogene und resultiert in Effektor-induzierter Suszeptibilitit (effector-
triggered susceptibility, ETS). In Phase 3 wird ein Effektor (Avr, rot) durch korrespondierende Resistenzgene
oder —proteine (R, rot) erkannt und die ETI (effector-triggered immunity) aktiviert, die oft zur Ausbildung einer
hypersensitiven Reaktion (HR) fiihrt. Manche Isolate eines Pathogens besitzen wiederum Effektoren, welche
die ETI unterdriicken kénnen und erneut ETS bewirken (Phase 4). Modifiziert nach Jones und Dangl (2006).

1.6 Wirkungsweise von Typ III-Effektoren

Die Zahl bakterieller Effektoren bzw. Effektorkandidaten hat in jiingster Zeit durch neue Genomdaten,
funktionelle Analysen sowie Sequenz- und Strukturdhnlichkeiten zu bekannten (Effektor-) Proteinen
enorm zugenommen (White ez al., 2009). Des Weiteren konnte die biochemische Aktivitdt zahlreicher
T3E bestimmt und deren pflanzliche Zielproteine identifiziert werden (Deslandes und Rivas, 2012).
Effektoren mit gleicher biochemischer Aktivitit bzw. Wirkungsweise wurden dabei zu
»~Effektorfamilien” zusammengefasst (White et al., 2009; Block und Alfano, 2011; Deslandes und
Rivas, 2012).

Die TAL-Effektoren (transcription activator-like) reprasentieren die grofite Effektorfamilie und
kommen in Xanthomonas spp. und Ralstonia solanacearum vor (Scholze und Boch, 2011). Sie binden
direkt an die Promotorregionen von pflanzlichen Zielgenen und wirken als Transkriptionsaktivatoren
(s. Kapitel 1.5; Kay und Bonas, 2009; White ef al., 2009; Boch und Bonas, 2010).

Eine weitere groe Gruppe umfasst die Effektoren der YopJ/AvrRxv/HopZ-Familie, die in
verschiedenen tier-und pflanzenpathogenen Bakterien vorhanden sind. Sie besitzen Cysteinprotease-
und/oder Acetyltransferase-Aktivitdit (Lewis et al.,, 2011), welche auf einer konservierten
Aminosauretriade beruht und fiir die Funktionalitit dieser Effektorproteine notwendig ist. (Shao et al.,
2003; Bonshtien et al., 2005; Bartetzko et al., 2009; Lee, AH et al., 2012; Lee, J et al., 2012). Die

Cysteinprotease HopN1 ist ein Vertreter dieser Effektorfamilie und unterdriickt Kalloseablagerungen
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und die Bildung reaktiver Sauerstoffspezies der PTI. Mutationen im katalytischen Zentrum von
HopN1 fiihren sowohl zum Verlust der enzymatischen Aktivitit als auch der Suppressionswirkung
(Lopez-Solanilla et al., 2004; Rodriguez-Herva et al., 2012). XopD und AvrXv4 von Xanthomonas
wirken ebenfalls als Cysteinproteasen und spalten posttranslationale SUMO-Modifikationen von
Zielproteinen (small ubiquitin-related modifier, SUMO; Hotson und Mudgett, 2004; Roden, J et al.,
2004). Im Fall von XopD hat dies Verdnderungen der Transkription von Wirtsgenen zur Folge und
tragt zum bakteriellen Wachstum von Xanthomonas bei (Hotson et al., 2003; Kim et al., 2008;
Canonne et al., 2011).

Tier- und pflanzenpathogene Bakterien manipulieren auch den eukaryotischen Ubiquitin-vermittelten
Proteinabbau, indem sie Schliisselkomponenten, wie z. B. E3-Ubiquitin-Ligasen, imitieren (Janjusevic
et al., 2006; Singer et al., 2008; Lin et al., 2011). AvrPtoB und das in dieser Arbeit charakterisierte
XopL sind die bislang einzig bekannten T3E phytopathogener Bakterien mit E3-Ligase-Aktivitit
(Abramovitch ef al., 2006; Janjusevic et al., 2006; Singer et al., 2013).

Weitere bekannte Enzymaktivitidten von Effektoren dienen der posttranslationalen Modifikation von
Zielproteinen. So nutzt HopAO1 (frither HopPtoD2) seine Tyrosinphosphatase-Aktivitdt, um MAPK-
Signalwege zu inhibieren (Espinosa et al, 2003). Ein weiteres Beispiel sind die Effektorproteine
HopF2 und HopU1, die als ADP-Ribosyltransferasen wirken. Wahrend HopU1 das RNA-Bindeprotein
GRP7 modifiziert, vermittelt HopF2 die ADP-Ribosylierung von MAPKKs, verhindert deren
Phosphorylierung und inaktiviert dadurch die Signalweiterleitung der PTI (siehe Kapitel 1.4; Fu et al.,
2007; Wang et al., 2010). Einen dhnlichen Mechanismus nutzt AvrAC aus Xanthomonas. AvrAC
bindet an RLCKSs (receptor-like cytoplasmic kinases) und blockiert deren Phosphorylierung, indem es
mittels seiner Uridylyltransferase-Aktivitit UMP auf die Serin- und Threoninreste des aktiven
Zentrums der Kinasen iibertrdgt. Dadurch wird Signalweiterleitung der PTI inhibiert und
Abwehrreaktionen der Pflanze werden unterdriickt, was wiederum das Wachstum von Xanthomonas
begiinstigt (Feng et al., 2012).

Effektoren manipulieren aber auch Wirtszellprozesse, um selbst in der Pflanze posttranslational
modifiziert zu werden. Fiir die subzelluldre Lokalisierung an der pflanzlichen Plasmamembran miissen
einige Effektoren acyliert werden (Robert-Seilaniantz er al., 2006; Thieme et al., 2007; Lewis et al.,
2008; Dowen et al., 2009). AvrPto wird hingegen phosphoryliert und trigt nur im phosphorylierten
Zustand zu Krankheitssymptomen und bakteriellem Wachstum in anfilligen Tomatenpflanzen bei
(Anderson et al., 2006). Der Effektor AvrRpt2 wird erst durch einen pflanzlichen Faktor aktiviert. Das
Cyclophilin ROC1 aus Arabidopsis bindet an AvrRpt2 und bewirkt dessen korrekte Faltung, so dass
AvrRpt2 als Protease wirken kann (Coaker et al., 2005; Coaker ef al., 2006).
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1.7 Die Gattung Xanthomonas

Vertreter der Gattung Xanthomonas sind Gram-negative, stibchenformige y-Proteobakterien. Sie
erndhren sich hemibiotroph und befallen eine Vielzahl von landwirtschaftlichen Kulturpflanzen und
verursachen dadurch erhebliche Ernteverluste. Aufgrund ihres unterschiedlichen Wirtsspektrums
werden sie in Pathovare (pv.) eingeteilt. X. axonopodis pv. citri (Xac) 16st den Zitruskrebs auf
verschiedenen Zitruspflanzen aus (Abb. 1-3 a), die Adernschwérze auf Brassicaceen wird durch X.
campestris pv. campestris (Xcc) hervorgerufen (Abb. 1-3 b) und X. axonopodis pv. glycines bewirkt
die bakterielle Pustelkrankheit auf Soja (Abb. 1-3 c). Eine besondere Bedeutung haben auch die
Reispathogene X. oryzae pv. oryzae (Xoo) und X. oryzae pv. oryzicola (Xoc), welche die
WeiBblattrigkeit bzw. bakterielle Streifenkrankheit (Abb. 1-3 d) auslésen und besonders in Afrika und
Asien zu hohen Ernteausféllen fithren (Nino-Liu et al., 2006).

Die Bakterien dringen iiber natiirliche Offnungen wie Stomata und Hydathoden oder Verwundungen
in die Wirtspflanzen ein und vermehren sich systemisch durch Verbreitung im Xylem wie im Fall von

Xoo, oder lokal wie Xoc (Nino-Liu ef al., 2006).

1.7.1 Xanthomonas campestris pv. vesicatoria

Xanthomonas campestris pv. vesicatoria oder auch X. euvesicatoria (Jones et al., 2004) ist der Erreger
der bakteriellen Fleckenkrankheit (bacterial spot disease) in Paprika (Capsicum annuum) und Tomate
(Solanum Ilycopersicum) (Doidge, 1920; Higgins, 1922). Charakteristische Symptome sind wissrige
Liasionen an Blittern und Friichten, die spéter nekrotisch werden (Abb. 1-3 e-h). Die baktericlle
Fleckenkrankheit tritt weltweit auf, fiihrt aber besonders in tropischen und subtropischen Regionen zu
hohen Ernteverlusten (Cox, 1966; Jones et al., 1998). Die Bakterien konnen in infizierten Paprika-
oder Tomatenpflanzen, Saatgut und fiir kurze Dauer auch in befallenen Pflanzenteilen im Boden
iiberdauern (Stall et al., 2009). Xcv dringt {iber Stomata oder Wunden in das Pflanzengewebe ein und
vermehrt sich im Apoplasten zu hohen Zelldichten. Die Ausbreitung von Xcv zwischen verschiedenen
Pflanzen erfolgt hauptséchlich iiber Spritzwasser bei Regen (Pohronezny et al., 1990). Xcv ist ein
Modellorganismus fiir das Studium der Interaktion zwischen Pflanzen und phytopathogenen
Bakterien. Bislang konnten mehr als 20 Effektoren bzw. Effektorkandidaten in Xcv identifiziert
werden. Mit AvrBsl und AvrBs2 wurden die ersten Effektoren aufgrund ihrer Avirulenzaktivitit
identifiziert (Ronald und Staskawicz, 1988; Minsavage et al., 1990). Weitere T3E wurden durch
genetische Studien und ausfiihrliche ,Effektorscreens gefunden (Roden, JA et al., 2004). Die
Entschliisselung der Genomsequenz des Xcv-Stamms 85-10 lieferte weitere Effektoren bzw.
Effektorkandidaten (Thieme et al., 2005). Die bekannten Effektorproteine von Xcv 85-10 sind in
Tabelle 1 zusammengefasst. Allerdings ist iiber deren Beitrag zur Virulenz von Xcv viel weniger

bekannt als fiir Effektoren von Pseudomonas.

10
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Abbildung 1-3: Xanthomonas spp. befallen verschiedene Pflanzenspezies.

(a) Symptome des Zitruskrebs auf Friichten und Blittern von Grapefruit ausgeldst durch X. axonopodis pv. citri
(Xac), sichtbar als runde, braunliche, korkartige Tumoren. (b) Durch X. campestris pv. campestris (Xcc)
hervorgerufene Adernschwérze an Kohl zeigt sich als ,,V*“-formige Nekrosen der Blatter und Schwarzfarbungen
der Gefille. (¢) X. axonopodis pv. glycines induziert bakterielle Pustelkrankheit in Soja und fiihrt zur Ausbildung
gelblich-brauner, wissriger Lisionen, die nekrotisieren. (d) Bakterielle Streifenkrankheit in Reisblittern wird
von X. oryzae pv. oryzicola (Xoc) ausgelost und zeigt sich als wissrige Lésionen, die sich parallel zu den
Blattadern ausbreiten. (e-h) X. campestris pv. vesicatoria (Xcv) induziert die bakterielle Fleckenkrankheit in
Bléttern und Friichten von Tomate (e, f) bzw. Paprika (g, h). Charakteristische Symptome sind wissrige
Lasionen, die spéter nekrotisch werden.

Bildquellen: T. Schubert, Florida Department of Agriculture and Consumer Services (a); R. W. Samson, Purdue
University (b); D. Mueller, lowa State University (c); D. Groth, Louisana State University (d); Clemson
University (e); M. A. Hansen, Virginia Polytechnic Institute and State University (f); H. F. Schwartz, Colorado
State University (g); Volcani Center Archive, Agriculture Research Organization (h)

11
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Tabelle 1: Verifizierte Effektorproteine des Stamms Xcv 85-10 und deren biologische Funktion.

Effektor Vorhergesagte Funktion und Motive Referenz

AvrBsl Unbekannt g;ggf;f;r;dl ’S;)S(l)( f )W icz, 1988;
AvrBs2 Glycerolphosphodiesterase (llgggfn;gagni fz‘;isgg‘lvli ;Z’
AVIRXY Protease E;Xh;ézré )et al., 1993; Whalen et
XopB Unbekannt (Noél et al., 2001)

XopC Phosphoribosyltransferase (Noél et al., 2003)

XopD SUMO-Protease g;)l(())gi et al., 2002; Hotson et al.,
XopE1 Transglutaminase, N-Myristoylierungsmotiv (Thieme et al., 2007)

XopE2 Transglutaminase, N-Myristoylierungsmotiv (Thieme et al., 2007)

XopF1 Unbekannt (Roden, JA et al., 2004)
XopF2 Unbekannt (Roden, JA et al., 2004)

XopG Zink-Endopeptidase (Potnis et al., 2011)

XopH Tyrosinphosphatase (Schonsky, 2013)

Xopl F-Box Protein (Schulze et al., 2012)

XopJ Protease/Acetyltransferase C55 (Noél et al., 2003)

XopK Unbekannt (Schulze et al., 2012)

XopL E3-Ligase (Singer et al., 2013)

XopM Unbekannt (Schulze et al., 2012)

XopN Unbekannt (Roden, JA et al., 2004)

XopO Unbekannt (Roden, JA et al., 2004)

XopP Unbekannt (Roden, JA et al., 2004)

XopQ Nukleosid-Hydrolase (Roden, JA et al., 2004)

XopR Unbekannt (Schulze et al., 2012)

XopS Unbekannt (Schulze et al., 2012)

XopV Unbekannt (Schulze et al., 2012)

XopX Unbekannt (Metz et al., 2005)

XopAA (Ecf) Early chlorosis factor (Morales et al., 2005)

12
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1.8 Vorarbeiten der Arbeit

Zu Beginn dieser Arbeit waren bereits 17 Effektorproteine von Xcv 85-10 experimentell verifiziert
(Thieme et al., 2007). Analysen der Genomsequenz ergaben weitere Effektorkandidaten aufgrund des
Vorhandenseins von PIP-Boxen in den korrespondierenden Promotorregionen, Sequenzhomologien zu
bekannten Effektoren oder vorhergesagten eukaryotischen Proteinmotiven. In fritheren Arbeiten
konnte bereits gezeigt werden, dass die Expression der Effektorkandidatengene xopK, xopL, xopR,
xopS und xopV mit dem T3SS ko-reguliert ist (A. Kriiger, M. Egler, R. Szczesny, F. Thieme und U.
Bonas, unpubliziert). AuBlerdem wurde die Typ Ill-abhdngige Sekretion und Translokation der
Effektorkandidaten XopK, XopL, XopR und XopS in Vorarbeiten nachgewiesen bzw. ein
entsprechendes AvrBs3A2-Reporterkonstrukt von XopV erstellt, um diese Analysen durchzufiihren
(Schonsky, 2013; M. Egler, R. Szczesny und U. Bonas, unpubliziert). In dieser Arbeit sollten
Translokations-und Sekretionsstudien fiir XopV durchgefithrt werden. Des Weiteren sollte die
Translokation von Effektoren in Abhédngigkeit vom Typ III-Chaperon HpaB durchgefiihrt werden und
die T3E XopB, XopG, XopH, Xopl, XopK, XopL, XopM, XopR, XopS und XopV Kklassifiziert
werden (s. 1.3.1).

Genetische und biologische Analysen sollten Aufschluss iiber mogliche Funktionen von XopK, XopL,
XopR, XopS und XopV und deren Beitrag zur Virulenz von Xcv liefern. Mikroskopische Analysen zur
Lokalisierung der Effektoren sollten dabei Hinweise fiir mogliche Wirkungsorte der genannten
Effektoren liefern. In vorangegangenen Studien wurde bereits gezeigt, dass XopL weder die Induktion
von Krankheitssymptomen noch das bakterielle Wachstum von Xcv beeinflusst (M. Egler und U.
Bonas, unpubliziert). Die biologische Funktion in der Pflanze und biochemische Aktivitidt von XopL
waren bisher nicht bekannt.

In Vorarbeiten wurde mit der Charakterisierung des T3E XopB durch A. Schonsky begonnen. IThre
vorldufigen Daten deuteten darauf hin, dass XopB die durch andere Effektoren ausgeldsten
Zelltodreaktionen unterdriicken kann (Schonsky, 2013). Aufbauend auf den Vorarbeiten von A.
Schonsky sollten detaillierte und weiterfilhrende Studien durchgefithrt werden. Durch
Expressionsanalysen, Elektrolytmessungen zur Quantifizierung von Zelltodreaktionen und Ko-
Lokalisierungsstudien von XopB und den entsprechenden Zelltod-auslosenden T3E, sollte die
Suppressorwirkung von XopB genauer untersucht werden. Aufgrund der Suppression von Effektor-
induzierten Zelltodreaktionen wurde ein Einfluss von XopB auf die pflanzliche Abwehr (PTI und ETI)

vermutet. Dies wurde in der vorliegenden Arbeit ebenfalls untersucht.
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Summary

e Pathogenicity of the Gram-negative plant pathogen Xanthomonas campestris
pv. vesicatoria (Xcv) depends on a type Ill secretion system that translocates a
cocktail of > 25 type Ill effector proteins into the plant cell.

e In this study, we identified the effector AvrBsT as a suppressor of specific plant
defense. AvrBsT belongs to the YopJ/AvrRxv protein family, members of which
are predicted to act as proteases and/or acetyltransferases.

o AvrBsT suppresses the hypersensitive response (HR) that is elicited by the effec-
tor protein AvrBs1 from Xcv in resistant pepper plants. HR suppression occurs
inside the plant cell and depends on a conserved predicted catalytic residue of
AvrBsT. Yeast two-hybrid based analyses identified plant interaction partners of
AvrBs1 and AvrBsT, including a putative regulator of sugar metabolism, SNF1-
related kinase 1 (SnRK1), as interactor of AvrBsT. Intriguingly, gene silencing
experiments revealed that SnRK1 is required for the induction of the AvrBs1-
specific HR.

o We therefore speculate that SnRK1 is involved in the AvrBsT-mediated suppres-

sion of the AvrBs1-specific HR.

Introduction

Plant pathogenic bacteria have evolved sophisticated strate-
gies to exploit their corresponding host organisms.
Pathogenicity of most members of the Gram-negative
genera Xanthomonas, Ralstonia and Pseudomonas depends
on a type III secretion (T3S) system, which spans both bac-
terial membranes and is associated with an extracellular
pilus and a channel-like translocon in the eukaryotic plasma
membrane (He et al., 2004). The T3S system translocates a
cockrail of type III effector proteins (T3Es) directly into the
plant cell cytosol (Ghosh, 2004; Grant ez al., 2006; Block
et al., 2008). T3Es have diverse functions and target multi-
ple host cellular pathways such as gene expression, hormone
signaling, proteasome-dependent protein degradation and
defense responses to the benefit of the pathogen (Speth
et al., 2007; Block et al., 2008; Géhre & Robatzek, 2008;
Lewis ez al., 2009). The main target of many T3Es appears
to be the plant immune system. Plants defend themselves
against microbial invaders by basal defense responses
that include expression of pathogenesis-related genes,
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production of reactive oxygen species and callose deposition
into the plant cell wall (Dangl & Jones, 2001; Bent &
Mackey, 2007; de Wit, 2007). Basal plant defense is
activated upon recognition of pathogen- (or microbe-) asso-
ciated molecular patterns such as flagellin, lipopolysaccha-
rides and elongation factor EF-Tu by specific receptors
(Jones & Dangl, 2006). Furthermore, during coevolution
with pathogens, plants have also evolved disease resistance
(R) genes that detect individual T3Es. R gene-mediated
recognition of T3Es (also designated avirulence (Avr) pro-
teins) is often associated with the hypersensitive response
(HR), a rapid programmed cell death at the infection site
that restricts bacterial multiplication (Dangl & Jones,
2001). Successful pathogens often deliver T3Es that
suppress basal plant defense responses or effector-triggered
programmed cell death (Abramovitch & Martin, 2004).

In our laboratory, we study Xanthomonas campestris pv.
vesicatoria (Xcv, also termed Xanthomonas euvesicatoria or
Xanthomonas axonopodis pv. vesicatoria; Jones et al., 2004),
the causal agent of bacterial spot disecase of pepper and
tomato. The T3S system of Xcv is encoded by the

New Phytologist (2010) 1
www.newphytologist.com

14



ERGEBNISSE

chromosomal /7p (hypersensitive response and pathogenic-
ity) gene cluster, which is essential for disease in susceptible
plants and the HR in resistant plants, and translocates ¢. 30
T3Es into the plant cell (Bonas er al., 1991; Thieme ez al.,
2007; White et al., 2009). Efficient effector protein trans-
location depends on the cytoplasmic HpaB protein, a T3S
chaperone (Biittner et al., 2004, 2006; Lorenz ez al., 2008).
T3S chaperones specifically bind to one or several T3S sub-
strates and promote their secretion and/or stability
(Feldman & Cornelis, 2003; Wilharm ez al., 2007). HpaB
from Xcv has a broad substrate specificity and is
required for the efficient secretion of all T3Es tested so far
(Biittner et al., 2006; J. Stuttmann et al., unpublished).
Notably, T3Es from Xcv differ in their HpaB dependency:
class A T3Es depend on HpaB for translocation, whereas
class B T3Es are translocated even in the absence of HpaB,
albeit in reduced amounts (Biittner ez /., 2006). The differ-
ential contribution of HpaB to the translocation of T3Es
suggests that there is a hierarchy in effector protein trans-
location and that class A and class B T3Es are translocated
at a subsequent stage during infection (Biittner ez al., 20006).

Mutant studies of T3S system components revealed that
translocation of the T3E arsenal is essential for pathogenic-
ity of Xev (Biittner e al., 2002). However, most known
T3Es from Xev do not contribute significantly to the inter-
action with the host, presumably because of functional
redundancies (Noél er al, 2003; Roden ez al, 2004b;
Thieme et al., 2007; F Thieme ez al., unpublished). This is
also true for numerous T3Es from other plant pathogenic
bacteria (Vivian & Arnold, 2000; Cunnac et al, 2009;
Biittner & Bonas, 2010). Lack of mutant phenotypes has
significantly hampered the identification and characteriza-
ton of T3Es. Only in a few cases was a contribution of
individual T3Es (e.g. AvrBs2, XopD and XopN) to bacte-
rial virulence, symptoms and/or in planta bacterial growth
reported (Marois er al, 2002; Wichmann & Bergelson,
2004; Metz et al., 2005; Morales et al., 2005; Jiang et al.,
2008; Kim ez al., 2008, 2009).

In this study, we identified the T3E AvrBsT from Xcv as
a suppressor of the HR elicited by AvrBsl in resistant
pepper plants. AvrBsl promotes virulence of Xcv in pepper
Capsicum annuum cv Early Cal Wonder (ECW) under field
conditions and is recognized in ECW-10R pepper plants
by the corresponding resistance gene Bs/ (Ronald &
Staskawicz, 1988; Wichmann & Bergelson, 2004).
Transient expression studies showed that AvrBsl induces
chlorosis in the nonhost plant Nicotiana benthamiana and
decreases the starch content in chloroplasts (Giirlebeck
et al., 2009). The C-terminal region of AvrBsl is homolo-
gous to AvrA from Pseudomonas syringae pv. glycinea
(Napoli & Staskawicz, 1987), but the function of AvrA and
AvrBs1 is unknown (Escolar ez al., 2001). AvrBsT belongs
to the clan CE of cysteine proteases with homology to Yop]
(C55 family; YopP in Yersinia enterocolitica; Ciesiolka et al.,
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1999). Members of the Yop]/AvrRxv protein family are
present in many plant and animal pathogenic bacteria and
include AvrRxv, AvrBsT, AvrXv4 and Xop] from Xcv, Yop]
from Yersinia spp., AvtA from Salmonella spp. and T3Es
from Ralstonia solanacearum, P. syringae and Erwinia spp.
(Minsavage et al., 1990; Keen & Buzzell, 1991; Whalen
et al., 1993; Galyov et al., 1994; Astua-Monge et al., 2000;
Noél et al., 2003; Shrestha ez al, 2005; Ma et al., 2006).
Most members of the Yop] family from animal pathogens
contribute to the host—pathogen interaction; however, their
biochemical function and impact on pathogenicity are a
matter of debate (Mukherjee ez al, 2006; Sweet ez al.,
2007). Several biochemical activities have been shown for
members of the Yop]/AvrRxv family, that is isopeptidase
(Orth et al., 2000; Hotson & Mudgett, 2004; Ma ez al,
2000), acetyltransferase (Mukherjee ez al., 2006), and de-
ubiquitination protease (Sweet ez al, 2007), all of which
depend on a conserved catalytic triad consisting of histidine,
aspartate or glutamate, and cysteine residues. One target of
Yop] in animal cells is a mitogen-activated protein kinase
kinase, MKKG6, which is required for the activation of the
transcription factor NF-kB, suggesting that Yop] interferes
with signal transduction pathways (Mukherjee ez al., 20006).
Mutant studies revealed that the Avr activities of the
Yop]/AviRxv family members from plant pathogens
depend on the catalytic triad, suggesting that the enzymatic
function is required for the recognition by corresponding
plant R proteins (Orth ez al, 2000; Roden ez al., 2004a;
Bonshtien ez al., 2005; Whalen ez al., 2008). Notably, a
chimeric protein between the N-terminal region of AvrXv4
from Xcv and the C-terminal catalytic domain of YopP
from Y. enterocolitica still exhibits Avr activity, suggesting a
conservation of the catalytic activity of Yop]/AvrRxv homo-
logs (Whalen ez al., 2008).

Here, we show that AviBsT from Xcv suppresses the
efficient induction of the AvrBs1-specific HR. Protein—protein
interaction revealed that AvrBsT interacts with the
SNF1-related kinase SnRK1 from pepper in the plant cell
cytoplasm. Silencing of the S#RKI transcript leads to a
severe reduction of the AvrBs1-specific HR, suggesting that
SnRK1 is involved in the AvrBs1-induced plant immunity.

Materials and Methods

Bacterial strains and growth conditions

For bacterial strains and plasmids used in this study, see
Table 1. Plasmids were introduced into Escherichia coli by
electroporation and into Xcv and Agrobacterium tumefaciens
by conjugation using pRK2013 as helper plasmid in tripa-
rental matings (Figurski & Helinski, 1979; Ditta er al.,
1980). E. coli strains were grown at 37°C in Lysogeny broth
(LB) or Super medium (Qiagen). Xcv strains were cultivated
at 30°C in nutrient-yeast-glycerol (NYG) (Daniels ez al.,
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Table 1 Bacterial strains and plasmids used in this study

Relevant characteristics®

Reference or source

Xev

75-3
75-3AavrBsT
85-10

85-10xopJFS
85-10AavrRxv

85-10xopJFSAavrRxv

85*

85*AhpaB
85*AhrcV

A. tumefaciens
GV3101(pMP90)
E. coli

Top10

DB3.1

BL21(DE3)
DH5a

DH5a Apir

Saccharomyces cerevisiae

AH109

Y187

Plasmids
pBlueskript(ll) KS
pDEST17
pDSK602

pENTR/D-TOPO
pGADT7

pGADT7attR
pGBKT7

pGBKT7attR
pGWB2
pGWB5
pGWB6
pGWB20
pGWB735/1
pOK1
pRK2013

pSPYNE

pTRV1

Tomato race 1; wild-type; Rif"
75-3 derivative deleted in avrBsT
pepper-race 2; wild type; Rif"

xopJ frameshift mutant derivative of strain 85-10
avrRxv deletion mutant derivative of strain 85-10
xopJ/avrRxv double mutant derivative of strain 85-10
85-10 derivative containing the hrpG* mutation

hpaB deletion mutant derivative of strain 85*

hrcV deletion mutant derivative of strain 85*

Carries Ti plasmid pMP90; Rif'; Gent"

F~ mcrA Almrr-hsdRMS-mcrBC) ®80lacZAM15 AlacX74 recA1
araD139 A(araleu) 7697 galU galK rpsL (Str®) endA1 nupG

F~ gyrA462 endA1 gInVa4 A(sr1-recA) mcrB mrr hsdS20(rg™, mg™)
aral4 galk2 lacY1 proA2 rpsL20(Sm") xyl5 Aleu mti1

F~ ompT hsdSg (rg” mg~) gal dcm (DE3)

F~ recA hsdR17(ri~, mi*") ®80dlacZ DM15

F~ recA hsdR17(ri~, my*) ®80dlacZ DM15 [rpir]

MATa,trp1-901,leu2-3,112,ura3-52,his3-200,GAL44, gal804,
LYS2::GALTUAS- GALTTATA-HIS3, GAL2UAS- GAL2TATAADE?2,
URA3::MELTUAS-MELTTATA-lacZ, MEL1

MATo,ura3-52,his3-200,ade2-101,trp1-901,leu2-3,112,GAL4 4,
met,gal804, URA3::GALTUAS- GALTTATA- lacZ, MEL1

Phagemid, pUC derivative; Ap"

T7-Hisg-attR1-Cm'-ccdB-attR2, GATEWAY based E. coli
expression vector

Broad-host-range vector; contains triple lacUV5 promoter; Sm"

GATEWAY compatible directional cloning vector

Yeast expression vector for the synthesis of proteins fused to a GAL4
activation domain, contains HA epitope-encoding sequence and
T7 promoter; Ap"; LEU2 nutritional marker

Derivative of pGADT7 containing GATEWAY cassette

Yeast expression vector for the synthesis of proteins fused to a GAL4
DNA-binding domain, contains c-Myc epitope-encoding sequence
and T7 promoter; Km"; TRP1 nutritional marker

Derivative of pGBKT7 containing GATEWAY cassette

Binary expression vector, contains 355 promoter upstream of
attR7-Cm'-ccdB-attR2; Hm", Km"

Binary gfp expression vector, contains 35S promoter upstream
of attR1-Cm"-ccdB-attR2-sgfp; Hm", Km"

Binary gfp expression vector, contains 35S promoter upstream of
sgfp-attR1-Cm'-ccdB-attR2; Hm', Km"

Binary expression vector, contains 35S promoter upstream of
attR1-Cm'-ccdB-attR2-20xc-myc, Hm', Km"

Derivative of pPGWB2 encoding the C-terminal 86 aa of YFP

suicide vector; sacB sacQ mobRK2 oriR6K; Sm"

ColE1 replicon, TraRK* Mob™*; Km"

Gateway®-compatible derivative of pSPYNE-35S encoding the
N-terminal 155 aa of YFP

Vector for gene silencing, contains RNA1 encoding replicase proteins
and movement protein of TRV

Minsavage et al. (1990)
This study
Canteros (1990);

Kousik & Ritchie (1998)
Noél et al. (2003)
This study
This study
Wengelnik et al. (1999)
Buttner et al. (2004)
Rossier et al. (1999)

Van Larebeke et al. (1974)

Invitrogen

Invitrogen

Stratagene, Heidelberg, Germany

Bethesda Research Laboratories,
Bethesda, MD, USA

Ménard et al. (1993)

Clontech, Heidelberg, Germany

Clontech

Stratagene
Invitrogen

Murillo et al. (1994)
Invitrogen
Clontech

A StrauB & T Lahaye (unpublished)
Clontech

A StrauB & T Lahaye (unpublished)
Nakagawa et al. (2007)

Nakagawa et al. (2007)
Nakagawa et al. (2007)
Nakagawa et al. (2007)

S Schornack and T Lahaye
(unpublished)

Huguet et al. (1998)

Figurski & Helinski (1979)

Walter et al. (2004);
Anand et al. (2007)

Liu et al. (2002a,b)
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Relevant characteristics®

Reference or source

pTRV2a GATEWAY-compatible tobacco rattle virus vector for gene silencing
containing 2xCaMV promoter and RNA2 of TRV, derivative
of pTRV2 containing ampicillin resistance cassette
puC119 ColE1 replicon; Ap"
Constructs
pDD62avrBsT Derivative of broad host range vector pDD62 containing avrBsT
pDD62avrBsTca2oa Derivative of pDD62 containing avrBsTc2224
pDEST17avrBsT pDEST17 derivative containing avrBsT
pDEST17avrBsTca22a Derivative of pDEST17 containing avrBsTc2224
pDEST17SnRK1 Derivative of pDEST17 containing SnRK1
pDSF300 Derivative of pDSK602 containing avrBs3
pDS400 Derivative of pDSK602 containing avrBsT
pENTR/DavrBs1 Derivative of pENTR/D-TOPO containing avrBs1
pENTR/DavrBsT Derivative of pENTR/D-TOPO containing avrBsT
PENTR/DavrBsTcaa2a Derivative of pENTR/D-TOPO containing avrBsTc2224
PENTR/DSnRK1 Derivative of pENTR/D-TOPO containing SnRK1
pGADT7tolib Derivative of pPGADT7 containing the tomato cDNA library
pGADT7attRpelib Derivative of pGADT7attR containing the pepper cDNA library
pGBKT7avrBs1 Derivative of pGBKT7attR containing avrBs7 for yeast

pGBKT7attRavrBsTco00a

library screening
Derivative of pGBKT7attR containing avrBsTc2224 for yeast
library screening

pGWB2avrBs1 Derivative of pGWB2 containing avrBs7

pGWB5avrBs1 Derivative of pGWB5 containing avrBs1
pGWB5avrBsT Derivative of pGWB5 containing avrBsT
pGWB5avrBsTc222a Derivative of pGWB5 containing avrBsTc2224
pGWB5SnRK1 Derivative of pGWB5 containing SnRK7
pGWB20SnRK1 Derivative of pGWB20 containing SnRK1
pGWB735/1SnRK1 Derivative of pPGWB735/1 containing SnRK1

pO11 Derivative of pOK1 carrying flanking regions of xopJ
pOKavrBsT Derivative of pOK1 carrying flanking regions of avrBsT
pOKavrRxv Derivative of pOK1 carrying flanking regions of avrRxv
pSPYNEavrBs1 Derivative of pSPYNE containing avrBs7
pSPYNEavrBsT Derivative of pSPYNE containing avrBsT
pSPYNEavrBsT 2224 Derivative of pSPYNE containing avrBsTc2224
pTRV2aSnRK1 Derivative of pTRV2a containing the first 343 bp of SnRK17
pXVv943 Derivative of pLAFR3 carrying a 4.3 kb Pstl fragment

containing avrBsT

Liu et al. (2002a,b) P Romer &

T Lahaye (unpublished)
Vieira & Messing (1987)

Orth et al. (2000)
Orth et al. (2000)
This study
This study
This study

Van den Ackerveken et al. (1996)

Escolar et al. (2001)
Gurlebeck et al. (2009)
This study

This study

This study

Grlebeck (2007)

This study

This study

This study

Gurlebeck et al. (2009)
Glrlebeck et al. (2009)
This study

This study

This study

This study

This study

Noél et al. (2003)

This study

This study

This study

This study

This study

This study

Minsavage et al. (1990)

#Ap, ampicillin; Hm, hygromycin; Km, kanamycin; Rif, rifampicin; Sm, spectinomycin; Str, streptomycin; Tc, tetracycline; r, resistant.

1984) or in minimal medium A (Ausubel ez al, 1996),
which was supplemented with sucrose (10 mM) and casamino
acids (0.3%) and A. tumefaciens strains at 30°C in yeast
extract broth (YEB) medium. Antibiotics were added at the
following final concentrations: ampicillin, 100 pg ml™"; hy-
gromycin, 50 pg ml™Y; kanamycin, 25 pg ml™%; rifampicin,
100 pg ml™%; and spectinomycin, 100 pg ml ™.

Plant material and plant inoculations

The near-isogenic pepper cvs ECW, ECW-10R and
ECW123 (Minsavage et al, 1990; Stall & Minsavage,
1996) and tomato Solanum lycopersicum cv Moneymaker
plants were grown at 25°C with ¢. 65% relative humidity
and 16 h light. Xcv strains were hand-inoculated with a
needleless syringe into the apoplast of leaves at 2 X

New Phytologist (2010)
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108 cfu mI™! in 1 mM MgCl, if not stated otherwise.
For in planta growth curves, bacteria were inoculated at a
density of 10" cfu ml™ and bacterial growth was deter-
mined as described in Bonas et al. (1991). For in planta
transient expression studies and virus-induced gene silencing
(VIGS), A. tumefaciens GV3101 was grown overnight in
YEB medium, resuspended in inoculation medium
(10 mM MgCl,, 5 mM MES, pH 5.3, 150 uM acetosyrin-
gone) and inoculated into leaves at concentrations of
8 x 10% cfu ml™".

Generation of GATEWAY-compatible expression
constructs

For the generation of avrBsl, avrBsT, avrBsTc;54 and
SnRK1I expression constructs, corresponding coding sequences

© The Authors (2010)
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Table 2 Primers used in this study

Name Sequence (5"-3")

aBs1-fe CACCATGTCCGACATGAAAGTTAATTTC
aBs1-r CTCTTACGCTTCTCCTGCATTTGTAAC
aBs1-rsl CGCTTCTCCTGCATTTGTAACATG

aBsT-fe CACCATGAAGAATTTTATGCGTTCAC
aBsT-r CGAATTATGATTCAATAGTTTTCCTAATTTTC
aBsT-rsl TGATTCAATAGTTTTCCTAATTTTCCTC
xpJ-fe CACCATGGGTCTATGCGTTTCA

xpJ-rsl TGACTGGCGATCAGAGATAGCTGTC
aRxv-fe CACCATGTGCGACTCCATAAGAGTG
aRRxv-r GGATTCTAAGGCGTGACGGA
CaSnVIGS-fe CACCATGGATGGGTCAACAGTC
CaSnVIGS-r GCAATCTGCCCTTCTCAACA

CaSnb5race GATATAACCTCTGGGGCAGCATAGTTTGGAC
CaSn5race2 CAGGCCTAAGGTCTCTATGAACCACCATG
CaSn5race3 GAACCAAGGGTGCAGGCGAATCTCAG
CaSn5race4 CTTAACCACCTCCTGAAGAATCTCTTC
CaSnRK1-fe CACCATGGATGGGTCAACAGTCCAAG
CaSnRK1-rs TCAAAGGACCCGAAGCTGAGCAAG
CaSnRK1-rs| AAGGACCCGAAGCTGAGCAAG
CaSnRKrt-f TGCGCGATGGTCATTTTCTG

CaSnRKrt-r GCAGGCGAATCTCAGGAATA

eEF1Art-f AGTCAACTACCACTGGTCAC

eEF1Art-r GTGCAGTAGTACTTAGTGGTC

were amplified by PCR and inserted into pENTR/
D-TOPO and recombined into pDEST17, pGWB2,
pGWB5, pGWB20, pSPYNE and pGWB735/1 using
GATEWAY® technology (see Table 1). Primer sequences
are listed in Table 2.

Generation of avrBsT and avrRxv deletion strains

To generate an avrBsT deletion mutant in Xco, the 4.3 kb
PsA fragment from pXV943 containing av7BsT was cloned
in pBluescript KS followed by digestion with Sa/l and reli-
gation, resulting in pKSavrBsTLR. A 900 bp deletion and a
frameshift in avrBsT (resulting in deletion of amino acids
14-314 out of 350) were introduced by Bgll/BsB1 diges-
tion of pKSavrBsTLR and religation. The resulting insert
was cloned into the Sall/Xbal sites of suicide vector pOK1
(Table 1) and introduced into the genome of Xcv strain
75-3 by homologous recombination as described in Huguet
et al. (1998). To delete avrRxv, an avrRxv-containing cosmid
isolated from a genomic cosmid library of Xcv strain 75-3
(Minsavage er al., 1990) was digested with EcoRI and
HindIIl and a 6 kb fragment was cloned into pBluescript
KS. The first 801 bp (corresponding to amino acids 1-267
out of 374) from avrRxv were deleted by Bgll digestion
and religation. The fragment containing the avrRxv-flanking
regions was cloned into the BamHL/Sall sites of pOK1 and
the resulting construct was conjugated into Xcv strain 85-10
to select for strain 85-10AavrRxv.

© The Authors (2010)
Journal compilation © New Phytologist Trust (2010)

Yeast two-hybrid screening

For yeast two-hybrid (Y2H) screens we used the BD
Matchmaker™ Library Construction & Screening Kit
(Clontech, Heidelberg, Germany) according to the manu-
facturer’s instructions. Screens were performed with a
tomato ¢cDNA library (Giirlebeck, 2007) and a pepper
cDNA library that was generated from a mixture of leaf
material of ECW-10R (untreated, inoculated with Xcv
85-10 and 85-10(pDS400), respectively) and of ECW-30R
(untreated and inoculated with 85-10(pDSF300)).

RNA analysis and rapid amplification of cDNA ends
(RACE)

For 5-RACE, RNA was isolated from C. annuum ECW
and ECW-10R with RNeasy Plant Mini Kit (Qiagen) and
RACE was performed using a BD SMART RACE ¢cDNA
Amplification Kit (Clontech) according to the manufac-
turer’s instructions.

For quantitative reverse-transcription PCR (qRT-PCR)
analysis, RNA was extracted from 1.9 cm” leaf tissue using
RNeasy Plant Mini Kit (Qiagen). cDNA was synthesized
from 4.5 pg RNA using RevertAid™ H Minus First
Strand ¢DNA Synthesis Kit (Fermentas, St Leon-Rot,
Germany). qRT-PCR was performed on an iCycler (Bio-
Rad) using ABsolute QPCR SYBR® Green Fluorescein
Mix (ABgene Limited, Hamburg, Germany) and ¢. 9 ng of
cDNA template as technical triplicates. PCR profiles are
available upon request. For transcript abundance compari-
sons of different genes, the amplification efficiency for each
gene was determined using a standard curve plot of a dilu-
tion series. Amplification specificity was determined by
melting curve analysis. Transcript abundances of the constit-
utively expressed elongation factor 1A were used to
account for differences in cDNA amounts as described in
the user bulletin 2 (Applied Biosystems, Foster City, CA,
USA).

Bimolecular fluorescence complementation

Bimolecular fluorescence complementation (BiFC) experi-
ments were performed as described previously (Hu ez 4l,

2002) using pSPYNE and pGWB735/1 (Table 1).

Virus-induced gene silencing (VIGS)

Gene silencing in pepper ECW123 plants was performed
as described previously (Liu e al, 2002a; Chung ez al.,
2004). At 21 d after initiation of silencing, plants were
inoculated with Xcv at bacterial density of 8 x 10® cfu
ml™". The silencing efficiency was determined by qRT-
PCR.

New Phytologist (2010)
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Trypan blue staining and ion leakage measurements

For trypan blue staining, samples of inoculated leaf tissue
were harvested 12 and 16 h post-inoculation (hpi), boiled
2 min in trypan blue solution (Koch & Slusarenko, 1990)
and incubated overnight. After 2 d of bleaching in chloral
hydrate (2.5 g ml™" water), samples were incubated in 70%
glycerol and analyzed by microscopy. For electrolyte leakage
experiments, triplicates of 3.1 cm” infected leaf material
were taken 2 and 16 hpi. Leaf discs were placed on the bot-
tom of a 15 ml tube and covered with plastic screen. A total
of 7 ml of deionized water was added to each tube and
vacuum-infiltrated (1 min). Tubes were placed on to a
rotary shaker at 100 rpm for 1 h and conductivity was
determined (first reading) with a conductometer (Knick,
Berlin, Germany). To determine maximum conductivity of
the entire sample, conductivity was measured after boiling

the samples for 30 min (Stall ez al, 1974).

Protein purification and biochemical assays

His-tagged derivatives of AvrBsT and AvrBsTca04 were
expressed in E. coli BL21 and purified using nickel nitrilo-
acid (Ni-NTA) (Qiagen). Protein
amounts were analyzed by SDS-PAGE and Coomassie
staining and adsorbance was measured at 280 nm. Purified
proteins were dialyzed in reaction buffer (100 mM Tris,
pH 8.0, 150 mM NaCl, 1 mM Dithiothreitol (DTT)
DTT) and protease activity of equal protein amounts was
determined as described in Ma eral (2006) using
RediPlate 96 EnzChek Protease Assay Kit red fluorescence
(Invitrogen) in a Tecan SpectraFluor Fluorescence Reader
(Tecan Trading AG, Minnedorf, Switzerland) at 630 nm.
For transacetylation assays, N-terminally Hiss epitope-
tagged derivatives of AvrBsT and AvrBsT .04 were puri-
fied from E. coli under native conditions. Equal protein
amounts were incubated with 5,5"-dithiobis-(2-nitrobenzoic
acid) (DTNB) and acetyl-CoA (Williams e al., 1975). The
assay is based on a color change to yellow if the disulfide
bond of DTNB is cleaved by thiols (e.g. from CoA-SH),
resulting in 2-nitro-5-thiobenzoate (N'TB). The absorbance
was measured at 410 nm in a Tecan SpectraFluor

Fluorescence Reader (Tecan Trading AG).

triacetic columns

Results

The AvrBs1-specific HR in pepper ECW-10R plants is
suppressed in the presence of AvrBsT

Genome sequence and Southern blot analyses revealed that
the T3E gene avrBsl is present in the pepper-pathogenic
Xev strain 85-10 and in the tomato-pathogenic strain 75-3
(Ronald & Staskawicz, 1988; Escolar e al, 2001; Hajri
et al., 2009). Notably, however, induction of the AvrBsl-
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specific HR in resistant ECW-10R pepper plants by strain
75-3 is significantly reduced when compared with strain
85-10, suggesting that AvrBsl is not efficiently delivered by
strain 75-3 or that the AvrBsl-specific HR is suppressed
(Fig. 1a). The genome of strain 75-3 is not yet sequenced,
but it was reported that strain 75-3 contains AvrBsT, which
is absent from strain 85-10 (Ciesiolka ez 2/, 1999; Escolar
et al., 2001; Thieme et al., 2005; Hajri et al., 2009). We
therefore wondered whether the reduction of the AvrBsl-
specific HR was a result of the presence of AvrBsT.
To investigate a potential influence of AvrBsT on the
HR induction, we deleted avrBsT from the genome of
strain  75-3 and inoculated the resulting deletion
mutant strain 75-3AavrBsT into leaves of ECW-10R plants.
In contrast to strain 75-3, strain 75-3AavrBsT induced a
confluent HR in a similar manner to strain 85-10 (Fig. 1a).
To confirm this finding, we introduced the expression con-
struct pDD62avrBsT encoding AvrBsT into strain 85-10.
Strain  85-10 (pDDG62avrBsT) induced a significantly
reduced HR when compared with strain 85-10 carrying the
empty vector, suggesting that the presence of AvrBsT leads
to a reduced AvrBsl1-specific HR (Fig. 1a). We also investi-
gated whether suppression of the AvrBsl-specific HR
depends on the residues of the predicted catalytic triad of
AvrBsT (H154, E173, C222). These residues are conserved
in all Yop]/AvrRxv family members and were shown to be
essential for the induction of the AvrBsT-specific HR in
N. benthamiana and Arabidopsis thaliana (Orth et al.,
2000; Cunnac et al., 2007). Notably, ectopic expression of
avrBsT 5554 in Xcv strain 85-10 did not interfere with the
induction of the AvrBs1-specific HR (Fig. la).

Next, we analyzed whether suppression of the AvrBsl-
induced HR occurs inside the plant cell. For this, avrBsi
and avrBsT were transiently expressed in leaves of pepper
ECW-10R plants via Agrobacterium-mediated T-DNA
transfer. As expected, expression of avrBsl induced a con-
fluent HR (Fig. 1b; Escolar ez al, 2001). Coexpression of
avrBsl and avrBsT led to a significant reduction in HR
induction, suggesting that the AvrBsT-dependent HR sup-
pression occurs inside the plant cell (Fig. 1b). No HR sup-
pression was observed upon coexpression of avrBsT 2204
and avrBsl, which confirms our finding that the predicted
catalytic cysteine residue of AvrBsT is crucial for the
suppression of the AvrBs1-specific HR.

Analysis of the AvrBsT-mediated HR suppression by
trypan blue staining and ion leakage assays

To characterize the suppression of the AvrBsl-specific HR
by AvrBsT in more detail, plant cell death was monitored
by trypan blue staining of infected tissue. Trypan blue is a
vital stain that specifically stains dead cells but is not
absorbed by cells with intact plasma membranes (Derenzis
& Schechtman, 1973). Xcv strain 85-10 carrying the empty
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Fig. 1 The AvrBs1-specific hypersensitive response (HR) in pepper (Capsicum annuum) is suppressed by the YopJ-homolog AvrBsT. (a) Xcv
strains 75-3 and 85-10 induce a reduced AvrBs1-specific HR in pepper in the presence of AvrBsT. Xcv 75-3, the avrBsT deletion mutant
75-3AavrBsT (AavrBsT) and strain 85-10 carrying the empty vector (EV) or expression constructs encoding AvrBsT or AvrBsTca224 Were
inoculated into leaves of AvrBs1-responsive ECW-10R pepper plants. Plant reactions were photographed 36 h post-inoculation (hpi). Dashed
lines outline the inoculated areas. (b) AvrBsT-mediated suppression of the AvrBs1-specific HR occurs inside the plant cell. Agrobacterium
tumefaciens strain GV3101(pMP90) carrying the EV or binary constructs encoding AvrBsT and AvrBsTc2224 as indicated was co-inoculated
with strain GV3101(pMP90) delivering avrBs1 (+AvrBs1) at a bacterial density of 4 x 108 cfu mI™" into leaves of ECW-10R pepper plants.
Phenotypes were photographed 48 hpi. Dashed lines indicate the inoculated areas. (c) Trypan blue staining of infected tissue of AvrBs1-
responsive ECW-10R plants reveals reduced cell death in the presence of AvrBsT. Xcv strain 85-10 carrying the EV or the avrBsT expression
construct (+AvrBsT) was inoculated into leaves of pepper ECW-10R plants at a bacterial density of 2 x 108 cfu mI~™". Samples of infected and
untreated leaves were taken 12 hpi and stained with trypan blue. Dead plant cells stain blue. Grey and black spots represent calcium oxalate
crystals. (d) Quantification of the AvrBs1-mediated HR by ion leakage measurements. Xcv strain 85-10 carrying the EV or the avrBsT expres-
sion construct (+AvrBsT) was inoculated into ECW-10R pepper plants at a bacterial density of 2 x 10® cfu mlI™". Samples were taken 2 hpi
(black bars) and 16 hpi (gray bars). Bars represent the average ion leakage measured for triplicates of five leaf discs each, and the error bars
indicate the standard deviation thereof. The asterisks indicate a significant difference with P < 0.05 based on results of an unpaired Student's
t-test. The experiment was repeated once with similar results.
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vector or the avrBsT expression construct was inoculated
into leaves of pepper ECW-10R plants. Samples from
infected leaf tissue were collected 12 hpi, stained with try-
pan blue and analyzed by transmission light microscopy. In
contrast to untreated leaf material that remained unstained,
almost all cells were stained by trypan blue in tissue inocu-
lated with strain 85-10 Fig. 1(c). In leaves inoculated with
strain 85-10 expressing avrBsT, only a few cells were
stained, which is in agreement with the reduced HR induc-
tion by this strain Fig. 1(c); see Fig. 1(a). Similar results
were obtained 16 hpi (data not shown). Reduced staining
of infected plant tissue was also observed after inoculation
of strain 75-3AavrBsT when compared with strain 75-3
(data not shown).

(a) 8

7 !‘ II
0 2 4 11
(d)

Time post inoculation

o

Log (cfu cm‘z)
n w » [9)]

-

o

(b) Xcv 85-10

wt xopJFS  AavrRxv  AavrRxv
xopJFS

Fig. 2 AvrBsT does not significantly contribute to in planta bacterial
growth. (a) In planta growth curve analyses with Xcv strains 75-3
(wt; gray bars) and 75-3AavrBsT (AavrBsT; black bars). Bacteria
were inoculated into leaves of susceptible tomato (Solanum
lycopersicum) plants cv Moneymaker, and bacterial numbers were
determined over a period of 11 d post-inoculation (dpi). Values are
the average of three samples from three different plants. Error bars
represent standard deviations. Similar results were obtained in two
repetitions of the experiment. (b) Mutation of avrRxv and xopJ in
strain 85-10 does not affect the AvrBs1-specific hypersensitive
response (HR). Strain 85-10 (wt) and derivatives mutated in xopJ
(xopJFS) and/or avrRxv (AavrRxv) were inoculated into ECW-10R
pepper (Capsicum annuum) plants at 1 x 10%, 2 x 107 and

1 x 107 cfu ml™" as indicated. Phenotypes were photographed 36 h
post-inoculation (hpi). Dashed lines indicate the inoculated areas.
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For the quantitative analysis of the HR suppression, we
determined ion leakage in leaves infected with strain 85-10
carrying the empty vector or the avrBsT expression con-
struct. Ton leakage is associated with cell death and leads to
conductivity changes of samples in distilled water. As
expected for an ongoing HR, conductivity increased in sam-
ples inoculated with Xcv strain 85-10 (Fig. 1d). In the presence
of AvrBsT, however, ion leakage was reduced by ¢ 50%
(Fig. 1d), which correlates well with the observed HR
suppression by AvrBsT.

AvrBsT does not significantly contribute to bacterial
virulence in tomato plants

Given the function of AvrBsT as HR suppressor, we
wondered whether AvrBsT contributes to bacterial viru-
lence. We therefore analyzed disease symptoms and growth
of Xcv strains 75-3 and 75-3AavrBsT in leaves of susceptible
tomato cv Moneymaker plants. No differences in discase
symptoms were detected (data not shown). Furthermore,
deletion of avrBsT from Xcv 75-3 did not alter bacterial
growth in planta, suggesting that AvrBsT does not signifi-
cantly contribute to bacterial virulence (Fig. 2a). It remains
to be investigated whether the lack of an obvious virulence
function of AvrBsT is a result of the presence of functionally
redundant effector proteins. As mentioned earlier, AvrBsT
belongs to the Yop]/AvrRxv protein family, which includes
Xop] and AvrRxv, both present in strain 85-10. Notably,
however, deletion mutant derivatives of strain 85-10 lacking
xopJ and/or avrRxv induced the HR in ECW-10R pepper
plants in a similar fashion to strain 85-10, suggesting that
both do not suppress the AvrBsl-specific HR (Fig. 2b).
Furthermore, Agrobacterium-mediated  coexpression  of
avrBs1 with xop] or avrRxv, did not affect the HR in ECW-
10R plants (data not shown). Thus, the suppression of the
AvrBsl-specific HR is specifically caused by AvrBsT.

AvrBs1 and AvrBsT are class B effectors that are
translocated in the absence of the general T3S
chaperone HpaB

To confirm the T3S system-dependent translocation of
AvrBs1 and AvrBsT into the plant cell, we generated fusion
proteins between AvrBs1 and AvrBsT and the reporter pro-
tein AvrBs3A2, which is a derivative of the type III effector
AvrBs3  lacking the signal.
AviBs3A2 contains the effector domain and is recognized
in AvrBs3-responsive ECW-30R pepper plants when fused
to a functional T3S and translocation signal (Szurek ez al.,
2002; Noél et al, 2003). AvrBs3A2 reporter constructs
were introduced into Xcv strains 85-10h7pG* (85%), the
T3S mutant 85-10hrpG*AhreV (85*AbrcV), and the hpaB
deletion mutant 85-10hrpG*AhpaB (85*AhpaB) (Biittner
et al., 2004). hrpG* strains contain a constitutively active

translocation However,
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derivative of the key regulator HrpG, which activates hrp
gene expression and is essential for the translocation of class
B T3Es in the hpaB deletion mutant (Wengelnik ez 4/,
1996, 1999; Biittner et al., 2006). For in vivo translocation
assays, bacteria were inoculated into leaves of AvrBs3-
responsive ECW-30R plants. Derivatives of strain 85*
delivering  AvrBs1-AvrBs3A2  and  AvrBsT-AvrBs3A2
induced the HR in ECW-30R, whereas no HR was
observed with the T3S mutant 85*A/rcV; suggesting that
both fusion proteins were translocated by the T3S system
(Fig. 3a).

AvrBsT-AvrBs3A2 and AvrBs1-AviBs3A2 both induced
a partial HR when delivered by strain 85*A/paB, suggesting
that translocation occurred even in the absence of the global
T3S chaperone HpaB, albeit in reduced amounts (Fig. 3a).
This is in agreement with the previous finding that strain
85*AhpaB induces a partial AvrBsl-specific HR in ECW-
10R plants (Fig. 3a; Biittner e al,, 2004). Differences in
the HR were not the result of differences in protein stabili-
ties, because similar amounts of AvrBsT-AvrBs3A2 and
AvrBs1-AvrBs3A2 were detected in wild-type and /paB
deletion mutant strains (Fig. 3b). Our results therefore
suggest that AvrBs1 and AvrBsT belong to class B of T3Es
that are translocated in the absence of the global T3S
chaperone HpaB (Biittner e al, 2006). It is therefore
tempting to speculate that AvrBsl and AvrBsT are trans-
located at the same stage during infection.

Isolation of plant interaction partners of AvrBs1 and
AvrBsT

To identify potential plant interaction partners of AvrBsl
and AvrBsT, we used AvrBsl and the catalytic mutant
AviBsT 004 as baits in Y2H screens. AviBsTcs04 was
chosen to ensure that interaction partners of AvrBsT are not
proteolytically cleaved or modified. Since AvrBsl and
AvrBsT 5224 did not auto-activate the reporter genes, yeast
strains expressing these baits were mated with strains con-
taining prey cDNA libraries. The latter were generated from
mRNA isolated from leaves of pepper lines ECW and
ECW-30R and tomato  Solanum  lycopersicum  cv
Moneymaker, respectively. We analyzed ¢ 10® clones per
screen and identified potential interaction partners of
AvrBs1 and AvrBsT 2204 (Table 3). Potential interactors of
AvrBs1 include, for example, proteins with homology to a
tonoplast-intrinsic protein, a tyrosine kinase and a DNA-
binding protein with basic helix-loop-helix motif. Proteins
interacting with AvrBsT showed homology to elongation
factor eEF1A, a subunit of the 26S proteasome, an ABC
transporter and a sucrose nonfermenting 1 (SNF1)-related
kinase 1 (SnRK1) (Fig. 4a). Reproducibility of the interac-
tions was tested by retransforming prey and bait plasmids
into yeast. Prey plasmids encoding potential interactors of
AvrBsl and AviBsTc04 did not activate expression of
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Fig. 3 AvrBs1 and AvrBsT are translocated in the absence of the
general T3S chaperone HpaB. (a) AvrBs1-AvrBs3A2 and AvrBsT-
AvrBs3A2 are translocated by the T3S system in the absence of the
global T3S chaperone HpaB. Xcv strains 85* (wt), 85* AhpaB
(AhpaB) and 85* AhrcV (AhrcV) encoding AvrBs1-AvrBs3A2 and
AvrBsT-AvrBs3A2 from corresponding expression constructs were
inoculated at 4 x 108 and 2 x 10° cfu ml™", respectively, into leaves
of AvrBs3-responsive ECW-30R pepper (Capsicum annuum) plants.
Similarly, strains 85* (wt), 85* AhpaB (AhpaB) and 85* AhrcV
(AhrcV) encoding AvrBs1-AvrBs3A2 were inoculated into leaves of
AvrBs1-responsive ECW-10R plants at 4 x 108 cfu ml™". Dashed
lines indicate the inoculated areas. (b) Analysis of AvrBs1-AvrBs3A2
and AvrBsT-AvrBs3A2 protein accumulation. Xcv strains 85* (wt),
85*AhpaB (AhpaB) and 85* AhrcV (AhrcV) encoding AvrBs1-
AvrBs3A2 and AvrBsT-AvrBs3A2 from respective expression
constructs were grown in minimal medium. Protein extracts from
equal amounts of bacterial cells were analyzed by immunoblotting
using an AvrBs3-specific antibody. Upper bands represent
AvrBs3A2 fusion proteins; lower bands correspond to degradation
products.

reporter genes in yeast strains that contained Lamin C, sug-
gesting that the interactions were specific (data not shown).
We also tested whether interactors of AvrBsl interact with
AvrBsT 2254 and vice versa; however, no common inter-
acting protein was identified.
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Table 3 Plant interactors of AvrBs1 and AvrBsT identified in yeast
two-hybrid screens

Amino acid  Silencing

Annotation® TIGR entry identity (%) phenotype®

AvrBs1 interacting

proteins
3-tonoplast intrinsic  TC192986° 100 No
protein
Tyrosine kinase TC203725° 97 No
DNA-binding protein  TC203608° 90 No
(bHLH)
Pentatricopeptide TC207123° 96 nd
repeat-containing
protein
ATP/GTP-binding TC194177° 99 nd
protein
AvrBsT 2224 interacting proteins
Elongation TC205961¢ 92 No
factor-1A
(eEF1A)
Unknown protein TC193387° 93 No
(GYF domain)
26S proteasome TC197733¢ 91 nd
RPN8
ABC transporter TC12447¢ 70 No
SNF1-homologous ~ TC194482° 92 Reduction of
protein AvrBs1-specific

HR

#Interactors were isolated from a tomato cDNA-library. eEF1A and
the SNF1-homologous protein were also isolated from the pepper
cDNA library.

®A potential contribution to the induction of the AvrBs1-specific HR
in ECW-10R pepper plants was analyzed by VIGS. No, no reduction

in HR induction observed; nd, not determined.

Solanum lycopersicum TIGR database (http://compbio.dfci.
harvard.edu/tgi/).

dCapsicum annuum TIGR database (http://compbio.dfci.
harvard.edu/tgi/).

The AvrBsT interactor SnRK1 is required for the
efficient induction of the AvrBs1-specific HR

To test whether plant proteins interacting with AvrBsT or
AvrBs1 are biologically relevant for the AvrBs1-specific HR,
the corresponding genes were silenced in different AvrBsl1-
responsive pepper cultivars using VIGS. For VIGS, 300-500
bp fragments of the respective coding sequences were
cloned into a tobacco rattle virus-silencing vector and
expressed in planta using Agrobacterium-mediated T-DNA
delivery. As negative control, plants were treated with
Agrobacterium carrying the empty silencing vector. Two
weeks later leaves were inoculated with Xev strain 85-10.
qRT-PCR analysis revealed that VIGS resulted in a > 70-
fold reduction of the $#nRKI transcript at this time-point

(Fig. 4b).

Silencing of the SnRKT transcript led to a severe reduc-
ton of the AvrBsl-specific HR induced by strain 85-10 in
ECW-10R and ECW123 (Fig. 4c,d). The AvrBsl-specific
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HR is visible as a white necrosis of the inoculated leaf area
4 d post-inoculation (dpi) (Fig. 4e). The partial necrosis in
SnRK1-silenced ECW-10R and ECW123 plants after inoc-
ulation of strain 85-10 was presumably the result of residual
recognition of AvrBsl, because in virus-treated control
plants a similar phenotype was observed after inoculation
with strain 85-10 carrying AvrBsT (Fig. 4c,d). Besides,
AvrBsl ECW123 also recognizes AvrBs3. Strain 85-10
carrying AvrBs3 elicited a white necrotic HR in virus-
treated ECW123 controls, whereas SnRK1-silenced plants
showed a reduced brownish HR (Fig. 4d). The brown
necrosis was caused by recognition of AvrBs3 (compare also
Fig. 4e), suggesting that SnRK1 is not essential for the
Bs3-mediated HR. Therefore SnRK1 does not appear to be
a general mediator of plant defense.

SnRK1 was isolated from both pepper and tomato and is
homologous to SNFI from yeast. We determined the com-
plete coding sequence from pepper ECW and ECW-10R
plants by 5-RACE. Both sequences were identical and
share 95% DNA sequence identity with S»fl from tomato
(accession number AF143743). Comparison of the corre-
sponding proteins revealed 98% sequence identity. SnRK1
contains predicted serine/threonine kinase, ubiquitin-
associated and kinase-associated domains.

SnRK1 and AvrBsT interact in the plant cell cytosol

To investigate the subcellular localization of AvrBsl,
AvrBsT and SnRK1 in the plant cell, green fluorescent pro-
tein (GFP) fusions were synthesized in V. benthamiana after
Agrobacterium-mediated gene delivery. We did not use pep-
per plants for these experiments because of the very low effi-
ciency of Agrobacterium-mediated transformation of pepper
(R Szczesny & U Bonas, unpublished). Since AvrBsT
induces the HR in N. benthamiana 24 hpi (Orth et al.,
2000; data not shown), GFP fluorescence was analyzed
20 hpi. Confocal laser-scanning microscopy of infected
plant tissue revealed that AvrBs1-GFP localized to the plant
cell cytoplasm and was nuclear-excluded as reported previ-
ously (Fig. 5a; Giirlebeck er al, 2009). By contrast, GFP
fusions of AvrBsT and SnRK1 localized to both the cyto-
plasm and nuclei (Fig. 5a). Detection of GFP fluorescence
in the nucleus was not a result of nuclear transport of GFP-
containing protein degradation products since all GFP
fusion proteins were stably synthesized (Fig. 5b). Our
results therefore suggest that AviBsT and SnRK1 localize to
the same cellular compartments in the plant cell.

To confirm the interaction between AvrBsT and SnRK1
in planta, we performed BiFC (Hu e al, 2002). BiFC is
observed when translational fusions between the two non-
fluorescent portions of the yellow fluorescent protein (YFP)
to two potential interaction partners are brought into close
proximity. We generated expression constructs encoding

YFPc-SnRK1 and AvrBsT-YFPy and co-delivered the
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Fig. 4 AvrBsT interacts with SnRK1, which is required for the elicitation of the AvrBs1-specific hypersensitive response (HR) in pepper
(Capsicum annuum). (a) AvrBsT interacts with SnRK1 in yeast. Saccharomyces cerevisiae transformants encoding AvrBsT 2224, AvrBs1 and
Lamin C as fusions to the GAL4 DNA-binding domain and a pepper protein with homology to the C-terminal region of SnRK1 fused to the
GAL4-activation domain were grown on minimal synthetic defined (SD) dropout medium lacking tryptophan and leucine (-TL) or lacking
adenine, tryptophan, histidin and leucine (-THAL) and containing 5-bromo-4 chloro-3-indolyl-alpha-D galactopyranosid (+X). Plates were
photographed 3 days after plating. (b) Quantification of SnRK7 transcript accumulation in SnRK7-silenced plants. For VIGS C. annuum
ECW123 plants were co-inoculated with derivatives of Agrobacterium tumefaciens strain GV3101(pMP90) carrying pTRV1 and
pTRV2aSnRK1 (siSNRK1). As negative control we used GV3101(pMP90) carrying empty pTRV2a (EV). SnRK17 transcript abundances were
determined 2 wk after silencing by quantitative reverse-transcription PCR (qRT-PCR). Bars represent transcript abundance of the average of
five leaf discs; the error bars indicate the standard deviation between the samples. The experiment was repeated three times with similar
results. Transcript abundance of constitutively expressed elongation factor 1o served to adjust differences in cDNA-amounts (data not shown).
(c) VIGS reveals a role of pepper SnRK1 in the induction of the AvrBs1-specific HR. Virus-treated (EV) and SnRK7-silenced (siSnRK1) ECW-10R
pepper plants were inoculated with Xcv strain 85-10 carrying empty vector (EV) or an expression construct encoding AvrBsT at

4 x 108 cfu ml™". Please note that the HR induction in virus-treated plants is generally delayed by at least 2 d compared with untreated plants.
Phenotypes were photographed 4 dpi. Dashed lines indicate the inoculated areas. (d) Silencing of SnRK7 transcript does not abolish the
AvrBs3-specific HR. Virus-treated (EV) and SnRK17-silenced (siSnRK1) ECW123 pepper plants were inoculated with Xcv strain 85-10 carrying
EV or expression constructs encoding AvrBsT, AvrBsTc2204 and AvrBs3, respectively. Phenotypes were photographed 4 dpi. Dashed lines indi-
cate the inoculated areas. The enhanced necrosis induced by strain 85-10 in the presence of AvrBsT is to the result of the recognition of
AvrBsT, which elicits the HR in all ECW pepper lines. (e) Recognition of AvrBs1 induces a white necrosis of the infected leaf tissue. Xcv strains
85-10 (EV) and 85-10 encoding AvrBs3-FLAG (+AvrBs3) were inoculated into leaves of ECW-10R (AvrBs1 recognition) and ECW-30R (AvrBs3
recognition), respectively. Phenotypes were photographed 4 dpi. Dashed lines indicate the inoculated areas.

corresponding genes into leaves of N. benthamiana by
Agrobacterium. Infected leaf material was analyzed by confocal
laser-scanning microscopy; however, no fluorescent signal
was detected 20 hpi (data not shown; note that AvrBsT
induces the HR in . benthamiana 24 hpi). Because this
time-point might be too early to detect BiFC, we repeated
the experiment with YFPc-SnRK1 and the catalytic mutant
AvrBsT ¢2204-YFPy, which does not induce the HR in
N. benthamiana (Orth et al, 2000; data not shown).
Inspection of infected leaf material 48 hpi revealed YFP
fluorescence in the plant cell cytoplasm (Fig. 5¢). No fluo-
rescence was observed for YFP--SnRK1 and AvrBs1-YFPy
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(Fig. 5¢), which confirms that SnRK1 is a specific interactor
of AvrBsT and does not interact with AvrBsl. Taken
together, we conclude that AvrBsT and SnRK1 interact in
the plant cell cytoplasm.

AvrBsT does not degrade or transacetylate SnRK1

AvrBsT belongs to the conserved Yop]/AvrRxv protein
family, members of which were proposed to act as cysteine
proteases (Orth, 2002). To test AvrBsT for proteolytic
activity, Hiss epitope-tagged derivatives of AvrBsT and
AvrBsT 22,4 were synthesized in E. coli, purified (see the
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Fig. 5 AvrBsT and SnRK1 localize in the plant cell cytoplasm and interact in planta. (a) In planta localization of AvrBs1, AvrBsT and SnRK1.
Leaves of Nicotiana benthamiana were inoculated with Agrobacterium tumefaciens strain GV3101(pMP90) delivering gfp (GFP), avrBs1-gfp
(AvrBs1), avrBsT-gfp (AvrBsT) and SnRK1-gfp (SnRK1), respectively. Infected plant tissue was analyzed 20 h post-inoculation (hpi) by confocal
laser scanning microscopy. The second panel shows diamidin-2-phenylindol (DAPI) staining of nuclei. (b) GFP and GFP fusion proteins are
stably synthesized. Samples of infected leaf material of N. benthamiana plants inoculated with A. tumefaciens as described in (a) were
analyzed 20 hpi by immunoblotting using a GFP-specific antibody. (c) AvrBsT and SnRK1 interact in the plant cell cytoplasm. YFPc.SnRK1

was synthesized together with AvrBsTc2224-YFPy or AvrBs1-YFPy as indicated in N. benthamiana leaves after A. tumefaciens-mediated gene
delivery. Infected leaf material was inspected 48 hpi by confocal laser scanning microscopy using yellow fluorescent protein (YFP)-specific

filters.

Materials and Methods section; Fig. 6a) and incubated with
fluorescence-labeled casein as substrate. AvrBsT led to a
weak increase of fluorescence indicative of a protease activity,
which was dependent on the predicted catalytic cysteine res-
idue at position 222 (Fig. 6b). We also investigated whether
stability of SnRK1 is affected in the presence of AvrBsT.
For this, genes encoding AviBsT, AvrBsT 22,4 and AvrBsl
(used as control), and a c-Myc epitope-tagged derivative of
SnRK1, were expressed under control of the cauliflower
mosaic virus 355 promoter in leaves of pepper ECW-10R
after Agrobacterium-mediated gene delivery. Leaf material
was harvested 1 dpi and analyzed by immunoblotting using
a c-Myc specific antibody. Coexpression of SzRKI with
either avrBsT, avrBsT 224 or avrBsl did not result in any
obvious degradation of SnRK1 (Fig. 6c¢).

We also investigated a possible transacetylase activity of
AvrBsT because the AvrBsT homolog Yop] acts as acetyl-
transferase (Mukherjee e al., 2006). For this, derivatives of
SnRK1, AvrBsT and AvrBsT¢55,4 with N-terminal Hisg
epitope tag were synthesized in E. coli, purified under native
conditions (see the Materials and Methods section) and
incubated with DTNB and acetyl-CoA (sce the Materials
and Methods section). With AvrBsT we observed a slight
increase in absorbance indicative of the generation of NTB;
however, similar results were obtained with the catalytic
mutant AvrBsTcpo04  (Fig. 6d). Taken together, we
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conclude that AvrBsT does not cleave or transacetylate
SnRK1 under the conditions tested.

Discussion

In this study, we identified the T3E AvrBsT from Xcv as a
suppressor of the AvrBs1-specific HR in pepper plants. The
HR suppression occurred when both AvrBsT and AvrBsl
were delivered by Xcv or were synthesized in planta after
Agrobacterium-mediated gene delivery, suggesting that
AvrBsT interferes with plant defense inside the plant cell.
vivo translocation assays revealed that both effectors are
translocated by the T3S system even in the absence of the
global T3S chaperone HpaB, suggesting that AvrBsl and
AvrBsT belong to class B of T3Es and are presumably trans-
located at a similar stage during infection. AvrBsT is homol-
ogous to members of the Yop]/AvrRxv family, which were
predicted to act as cysteine proteases and/or acetyltransfe-
rases. Acetyltransferase activity was indeed demonstrated for
Yop] from Yersinia spp. (Mukherjee et al, 2006). By
contrast, a weak protease activity was shown for the YopJ-
homologs HopZl and HopZ2 from Pseudomonas (Ma
et al., 2006). Here, we show that AvrBsT from Xcv exhibits
a weak in vitro protease activity, which depends on the con-
served predicted catalytic cysteine residue of AvrBsT at
position 222. Interestingly, cysteine 222 is also required for
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Fig. 6 Analysis of potential AvrBsT-mediated degradation or acetylation of SnRK1. (a) Purification of Hisg-AvrBsT and Hisg-AvrBsT 224 from
Escherichia coli. Proteins were purified from E. coli using Ni-NTA agarose and analyzed by SDS-PAGE and Coomassie staining. (b) Protease
assay with AvrBsT and AvrBsTc2204. Protease activity was measured using casein as substrate. Bars represent fluorescence of five replicates 1 h
post-inoculation (hpi). Proteinase K was used as a positive control. Error bars represent standard deviations. The experiment was repeated
twice with similar results. (c) SnRK1 is not degraded by AvrBsT. SnRK7-c-Myc was coexpressed in ECW-10R with avrBsT, avrBsTc2224 OF
avrBs1 after Agrobacterium-mediated T-DNA transfer. Tissue was harvested 24 hpi and analyzed by western blot using a a-c-Myc antibody.
(d) Analysis of a potential AvrBsT-mediated acetylation of SnRK1. Extracts from E. coli containing empty vector (EV), Hisg-AvrBsT, Hise-
AvrBsTca224 and Hiss-SnRK1, respectively, were purified using Ni-NTA agarose under native conditions and incubated with acetyl-CoA and
5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB). Absorbance was measured at 410 nm after O (gray bars) and 10 (black bars) min as indicated. The
bars indicate the average of five reactions; error bars indicate the corresponding standard deviation.

the AvrBsT-dependent HR induction in pepper, N.
benthamiana and A. thaliana ecotype Pi-0, which suggests
that the induction of defense responses in AvrBsT-responsive
plants depends on the predicted enzymatic activity of
AvrBsT (Orth et al., 2000; Cunnac et al., 2007). Notably,
the AvrBsT-HR in A. thaliana is suppressed by a carboxyl-
esterase (Cunnac et al., 2007).

To our knowledge, AvrBsT is the first member of the
YopJ/AvrRxv family known to suppress effector-triggered
plant immunity. Notably, we did not observe a suppression
of the AvrBsl-specific HR by AvrBsT homologs such as
Xop] or AviRxv from Xcv that are both expressed in Xcv
strain 85-10. However, it was previously shown that Xop]
suppresses callose deposition in the plant cell wall, which is
part of basal plant defense (Bartetzko eral, 2009).
Suppression of plant defense responses appears to be one of
the major missions of T3Es from plant pathogenic bacteria
and is often achieved by modulation of host protein turn-
over. Several T3Es that interfere with plant immunity act as

© The Authors (2010)
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proteases; for example, the cysteine proteases AviPphB and
AvrRpt2 from P. syringae and XopD from Xcv. AvrPphB
cleaves the plant protein kinase PBS1 which is guarded by
the R protein RPS5 (Shao ez al, 2003; Ade et al., 2007).
AvrRpt2, by contrast, degrades RIN4, which is a negative
regulator of plant defense (Axtell er 4/, 2003; Kim er al.,
2005). XopD presumably acts on small ubiquitin-like mod-
ifier (SUMO)-conjugated proteins in the plant cell nucleus
(Hotson et al., 2003). A function as SUMO protease was
also proposed for the AvrBsT homolog Yop]; however, no
specific host target proteins for de-SUMOylation by Yop]
were identified (Orth ez a/., 2000). Preliminary data suggest
that AviBsT from Xev does not significantly alter the
amounts of SUMO- or ubiquitin-associated proteins (R
Szczesny et al., unpublished).

To identify potential plant targets of AvrBsT we per-
formed Y2H screens. Plant interactors of AviBsT include a
subunit of the 26S proteasome and SnRK1. We did not
identify 14-3-3 proteins although a member of this large
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protein family was previously shown to interact with
AviRxv from Xev (Whalen et al., 2008). It is conceivable
that Yop]/AvrRxv family members differ in the choice of
their host targets, which might also be reflected by differ-
ences in protein localization. Thus, in contrast to AvrRxv,
which is in the cytoplasm (Bonshtien ez al., 2005), Xop]
from Xcv is targeted to the plasma membrane (Thieme
et al., 2007), and AvrBsT localizes to both cytoplasm and
nucleus (Fig. 5).

Given the finding that several T3Es exploit the host
proteasome to modulate protein turnover, for example, by
acting as ubiquitin ligase (Speth ez al, 2007), it will be
interesting to investigate whether AvrBsT associates with
the proteasome in planta and modifies its ubiquitination
status. Thus far, we have not determined whether the pre-
dicted association of AvrBsT with the proteasome is
required for the interference with plant immunity.
However, our gene silencing experiments revealed that
reduced transcript abundance of SnRKI lead to a severe
reduction of the AvrBsl-specific HR. SnRK1 does not
interact with AvrBsl and is therefore presumably indirectly
involved in the recognition of AvrBsl by the cognate, as yet
unknown R gene BsI or in downstream signaling that leads
to the HR-induction. It is unlikely that SnRK1 represents
the R protein Bs1 because the $#RK7 open reading frame is
identical in susceptible ECW and resistant ECW-10R
plants. We cannot exclude that resistance in ECW-10R
depends on differences in the SnRKI promoter region.
However, transient expression of SnRKI under control of
the 35S promoter in ECW-10R pepper plants did not
induce any detectable cell death reaction (data not shown),
suggesting that enhanced transcript abundance of SnRK1 is
not sufficient to trigger the HR.

SnRKI1 is the plant ortholog of SNF1 from yeast and the
AMP-activated protein kinase (AMPK) from mammals that
are important regulators of sugar metabolism (Hardie,
2007; Hedbacker & Carlson, 2008; Halford & Hey, 2009).
SnRK1 phosphorylates enzymes involved in primary metab-
olism and is a central regulator of reprogramming gene
expression in response to environmental stresses (Halford &
Hey, 2009). Similarly to SNF1 and AMPK, SnRK1 is
presumably part of a heterotrimeric complex. The AMPK
heterotrimer consists of a catalytic o subunit that is homo-
logous to SNF1, and B and y subunits (Davies ez al., 1994;
Mitchelhill ez al, 1994). Homologs of the B and the
Y subunits in yeast are encoded by SNF4 and the related
genes SIP1, SIP2 and GAL83. Proteins with homology to
SNF4, SIP1, SIP2 and GALS83 have been cloned from
A. thaliana, Solanum tuberosum and maize and were shown
to interact with SnRK1 (Bouly e al,, 1999; Lakatos et al.,
1999; Kleinow et al., 2000; Lumbreras ez 2/, 2001). In
agreement with this finding, we identified a protein from
pepper with homology to GAL83 as interactor of pepper
SnRK1 (R Szczesny & U Bonas, unpublished).
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Interestingly, there is growing evidence for a role of
SNF1 homologs in response to pathogens. First, SnRK1
was found to be induced in citrus plants after infection with
X. axonopodis pv. citri (Cernadas et al., 2008). Further-
more, the SnRK1 homolog AKINI from N. benthamiana
is important for resistance against tomato golden mosaic
virus and beet curly top virus (Hao ez 4/, 2003). The viral
proteins AL2 and L2 interact with AKIN1, which in turn is
inactivated (Sunter ez 2/, 2001). It remains to be investi-
gated whether AvrBsT inhibits the function of pepper
SnRK1 and thereby suppresses the AvrBs1-specific HR. In
any case, the mere interaction of SnRK1 and AvrBsT is not
sufficient for the HR-suppression because the catalytic core
mutant AvrBsTcs04 also binds SnRK1 but does not
suppress the AvrBsl-induced HR. This suggests that the
predicted catalytic activity of AvrBsT is essential for the HR
suppression. Surprisingly, we did not detect degradation of
SnRK1 in the presence of AvrBsT. Furthermore, in vitro
assays did not reveal an obvious acetylation of SnRK1 by
AvrBsT. We cannot, of course, exclude that AvrBsT has an
as yet unknown enzymatic function or that degradation or
acetylation of SnRK1 occurs under natural conditions but is
not detectable iz vitro or upon in planta overexpression of
SnRKI and avrBsT. Furthermore, it is possible that AvrBsT
degrades another subunit of the predicted SnRKI1-
containing trimeric complex, for example the GAL83
homolog that interacts with SnRK1.

Taken together, our findings suggest that the effector
AviBsT from Xcv targets pepper SnRK1, a regulator of
sugar metabolism, which is required for AvrBsl-induced
immunity. Future studies are needed to elucidate whether
AvrBsT modifies the SnRK1 complex and, if so, which kind
of modification occurs.
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2.1.2 Zusammenfassung der Ergebnisse

Die Suppression der AvrBsl-induzierten HR durch AvrBsT wurde in Publikation 1 analysiert. Der
T3E AvrBsl ist im Genom der beiden Xcv-Stimme 85-10 und 75-3 kodiert. Nach Infektion von
AvrBsl-responsiven Paprikapflanzen (ECW-10R) wurde jedoch eine deutlich verzogerte HR fiir 75-3
im Vergleich zu 85-10 beobachtet. Es wurde untersucht, ob der T3E AvrBsT, welcher im Genom von
75-3, aber nicht von 85-10 kodiert wird, fiir die Suppression der AvrBs1-HR verantwortlich ist. In
resistenten ECW-10R Pflanzen induzierte Xcv 75-3AavrBsT die AvrBs1-HR vergleichbar zu 85-10.
AulBlerdem fiihrte die ektopische Expression von avrBsT in Xcv 85-10 zur Suppression der AvrBsl-
induzierten HR, dhnlich zum Xcv 75-3 Wildtyp-Stamm. Die Stirke der Zelltodreaktionen wurde
mittels Elektrolytmessungen quantifiziert. Die Agrobacterium-vermittelte Ko-Expression von avrBsl
und avrBsT fiihrte ebenfalls zu einer deutlich verzogerten HR in ECW-10R Pflanzen. Diese Daten
belegen, dass der T3E AvrBsT fiir die Suppression der AvrBsl-vermittelten HR verantwortlich ist.
AvrBsT gehort zur YopJ/AviRxv Proteinfamilie, deren Aktivitit auf einer aktiven katalytischen
Triade beruht, die aus Histidin, Aspartat oder Glutamat und Cystein besteht. Eine intakte katalytische
Triade von AvrBsT ist fiir dessen Wirkung als HR-Suppressor notwendig. Weder die ektopische
Expression der Mutante avrBsT ;5,4 in 85-10, noch die Agrobacterium-vermittelte Ko-Expression von
avrBsTcr2,4 und avrBs1 fihrte zu einer Suppression der AvrBs1-vermittelten HR.

Da AvrBsT als HR-Suppressor wirkt, wurde untersucht, ob AvrBsT auch zur Virulenz von
Xanthomonas beitragt. Krankheitssymptome und bakterielles Wachstum von Xcv 75-3AavrBsT waren
jedoch im Vergleich zum Wildtyp unveréndert.

In Hefe-Di-Hybrid-Sichtungen einer Tomaten-cDNA-Bibliothek wurde u.a. SnRK1 (sucrose
nonfermenting 1 (SNF1)-related kinase 1) als Interaktor von AvrBsT identifiziert. Durch bi-
molekulare Fluoreszenz-Komplementation wurde gezeigt, dass AvrBsT, jedoch nicht AvrBsl mit
SnRK1 im Zytoplasma der Pflanzenzelle interagiert. Mittels Virus-induziertem Gen-,,Silencing* von
SnRK1 wurde in verschiedenen AvrBsl-responsiven Paprika-Kultivaren nachgewiesen, dass SnRK1
fiir die Ausbildung der AvrBsl-vermittelten HR notwendig ist. Die blofe Interaktion zwischen
AvrBsT und SnRK1 kann jedoch nicht fiir die Suppression der AvrBs1-HR verantwortlich sein, weil
auch AvrBsTco4 mit SnRK1 interagierte. Aus diesem Grund wurde untersucht, ob SnRK1 durch
AvrBsT posttranslational modifiziert oder degradiert wird.

In dieser Publikation wurde gereinigtes, rekombinantes AvrBsT bzw. AvrBsTcn4 beziiglich dieser
Enzymaktivititen in vitro getestet. Fiir AvrBsT konnte in Abhingigkeit von dessen katalytischer
Triade eine schwache Proteaseaktivitit nachgewiesen werden. Deshalb wurde untersucht, ob SnRK1
durch AvrBsT proteolytisch degradiert wird. /n planta konnte jedoch kein proteolytischer Abbau von

SnRK1 in Gegenwart von AvrBsT nachgewiesen werden.
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2.2 Identifizierung und Charakterisierung von Typ III-Effektoren aus
Xanthomonas campestris pv. vesicatoria
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Introduction

Plants defend themselves against microbial invaders by basal
defense responses including the production of reactive oxygen
species, activation of mitogen-activated protein kinase (MAPK)
cascades, expression of pathogenesis-related (PR) genes and
callose deposition into the plant cell wall (Niirnberger ez al.,
2004). Usually, these defense reactions are activated on recogni-
tion of pathogen-associated molecular patterns (PAMPs), such as
flagellin, lipopolysaccharides and elongation factor EF-Tu, by
specific receptors in the plant plasma membrane (Niirnberger
et al., 2004; Jones & Dangl, 2006). However, specialized bacte-
rial pathogens have evolved sophisticated strategies to avoid or
manipulate plant defense responses and to proliferate in the
plant’s apoplast. Essential for the pathogenicity of Gram-negative
bacteria is often a type III secretion (T3S) system consisting of a
complex membrane-spanning injection apparatus that is associ-
ated with an extracellular pilus and a channel-like translocon in
the plant plasma membrane (Biittner & He, 2009). T3S systems
translocate type III effectors (T3Es) directly into the host
cell cytosol where they interfere with plant cell processes to the
benefit of the pathogen, often leading to the suppression of

© 2012 The Authors
New Phytologist © 2012 New Phytologist Trust

Summary

e The pathogenicity of the Gram-negative plant-pathogenic bacterium Xanthomonas
campestris pv. vesicatoria (Xcv) is dependent on type Il effectors (T3Es) that are injected into
plant cells by a type IlI secretion system and interfere with cellular processes to the benefit of
the pathogen.

e In this study, we analyzed eight T3Es from Xcv strain 85-10, six of which were newly identi-
fied effectors. Genetic studies and protoplast expression assays revealed that XopB and XopS
contribute to disease symptoms and bacterial growth, and suppress pathogen-associated
molecular pattern (PAMP)-triggered plant defense gene expression.

e In addition, XopB inhibits cell death reactions induced by different T3Es, thus suppressing
defense responses related to both PAMP-triggered immunity (PTI) and effector-triggered
immunity (ETI).

e XopB localizes to the Golgi apparatus and cytoplasm of the plant cell and interferes with
eukaryotic vesicle trafficking. Interestingly, a XopB point mutant derivative was defective in
the suppression of ETl-related responses, but still interfered with vesicle trafficking and was
only slightly affected with regard to the suppression of defense gene induction. This suggests
that XopB-mediated suppression of PTI and ETI is dependent on different mechanisms that
can be functionally separated.

PAMP-triggered immunity (PTI) (Jones & Dangl, 2006). How-
ever, individual effectors can also act as avirulence (Avr) proteins
that are recognized in plants carrying a corresponding resistance
(R) gene. Recognition leads to the elicitation of host defense reac-
tions that often culminate in the hypersensitive response (HR), a
rapid, localized programmed cell death reaction that restricts
pathogen ingress (Klement & Goodman, 1967; Greenberg &
Yao, 2004). To circumvent effector-triggered immunity (ETT),
bacterial pathogens have evolved T3Es that interfere with the
induction of R gene-mediated defense responses (Jones & Dangl,
20006).

Most phytopathogenic bacteria translocate 20-30 different
T3Es into the plant cell (Biittner & Bonas, 2010; Hann ez al.,
2010). Notably, the deletion of individual effector genes often
does not lead to reduced virulence, presumably because of func-
tional redundancies among T3Es (Biittner & Bonas, 2010; Hann
et al., 2010). Although the molecular functions of most T3Es
inside the plant cell are still unknown, a number of T3Es from
phytopathogenic bacteria have been shown to interfere with
signaling cascades, proteasome-dependent protein degradation
and the transcription machinery (Kay & Bonas, 2009; Block &
Alfano, 2011).
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Our laboratory studies the T3S system and T3Es from
Xanthomonas — campestris  pv. vesicatoria (Xcv, also termed
X. euvesicatoria (Jones et al., 2004) and X. axonopodis pv.
vesicatoria (Vauterin et al., 2000)), the causal agent of bacterial
spot disease on pepper and tomato. The T3S system of Xcv is
encoded by the 23-kb chromosomal Arp (hypersensitive response
and pathogenicity) gene cluster, which is essential for bacterial
growth and discase symptoms on susceptible plants, as well as for
HR induction in resistant host and nonhost plants (Bonas ez al.,
1991). The expression of hrp genes is induced in planta by the
OmpR-family regulator HrpG, which controls the expression of
a genome-wide regulon (Noél ez 4., 2001) including A7pX; which
encodes an AraC-type transcriptional activator (Wengelnik &
Bonas, 1996; Wengelnik er al, 1996a). HrpX binds to
cis-regulatory PIP  (plant-inducible promoter) boxes in the
promoter regions of Arp and other genes that contribute to
virulence (Koebnik ez /., 2006).

In addition to a functional T3S apparatus, efficient transloca-
tion of effectors by the Xcv T3S system requires the T3S chaper-
one HpaB, which has a broad substrate specificity (Biittner ez 4/,
2004, 2006; Szczesny et al., 2010a). T3S chaperones specifically
bind T3S substrates and promote their secretion and/or stability
(Parsot et al., 2003; Wilharm ez al., 2007). Interestingly, T3Es in
Xev differ in their HpaB dependence and are therefore grouped
into two classes. While class A effectors depend on HpaB for
translocation, class B effectors are translocated even in the
absence of HpaB, albeit in reduced amounts. It is conceivable
that HpaB imposes a hierarchy on T3E translocation and that
class A effectors are preferentially translocated during a certain
stage of the infection process (Biittner et al., 2006).

On the basis of experimental and bioinformatic analyses, indi-
vidual Xanthomonas strains express 23-37 different T3Es
(Biittner & Bonas, 2010). The largest effector class, although not
present in all strains, is the AvrBs3/PthA family of transcription
activator-like (TAL) effectors, which mimic eukaryotic transcrip-
tion factors and induce the transcription of plant genes to
support bacterial growth and dispersal (Marois ez al., 2002; Yang
et al., 2006; Kay et al., 2007; Boch et al., 2009; Antony et al.,
2010). Intriguingly, they can also activate R gene promoters lead-
ing to the induction of the HR (Gu et al,, 2005; Rémer et al.,
2007). Plant transcript levels are also modulated by XopD (Xop,
Xanthomonas outer protein) from Xcv, which negatively regulates
the expression of defense- and senescence-related genes via ethyl-
ene response factor amphiphilic repression motifs (Kim ez al,
2008). In addition, XopD acts as a cysteine protease (Hotson
et al., 2003). All biochemical activities of XopD contribute to its
virulence function, that is, a delay of plant chlorosis and necrosis
and the promotion of bacterial multiplication in tomato (Kim
et al., 2008). Cysteine protease activity has also been demon-
strated for effectors of the Yop]/AvrRxv family from plant- and
animal-pathogenic bacteria (Orth er 2/, 2000; Hotson &
Mudgett, 2004; Ma ez al., 2006; Sweet et al., 2007; Szczesny
et al., 2010a). Their exact mode of action, however, is a contro-
versial issue because an acetyltransferase activity has also been
described (Mukherjee ez al., 2006). Members of the Yop]/
AvrRxv family, for example Xop] and AvrBsT from Xcv, are
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involved in the suppression of plant defense by the inhibition of
cell wall-associated defense responses and ETI, respectively
(Bartetzko et al., 2009; Szczesny et al., 2010a). A role in the
suppression of plant immunity has also been proposed for other
Xev T3Es, including XopX and XopN (Metz et al., 2005; Kim
et al., 2009). The latter presumably suppresses PTT by targeting
an atypical receptor-like kinase in tomato involved in immune
signaling (Kim ez 4/, 2009).

Our goal was the identification and analysis of new T3Es from
the Xcv model strain 85-10, for which 16 T3Es have been identi-
fied and confirmed experimentally to date (Mudgett ez /., 20005
Escolar et al, 2001; Noél er al, 2002, 2003; Hotson ez al.,
2003; Roden ez al, 2004; Metz et al, 2005; Morales et al.,
2005; Lorenz et al., 2008; Szczesny et al., 2010a; Potnis ez al.,
2011). Analysis of the genome sequence (Thieme et al., 2005)
revealed the presence of further effector candidates as a result of
PIP boxes in the corresponding promoter, homology to known
effectors and sequence motifs typically restricted to eukaryotic
proteins. In this study, we analyzed eight T3Es, six of which were
newly identified, using AvrBs3 as T3S reporter. Mutant and over-
expression studies revealed that XopB and XopS contribute to
disease symptoms and bacterial growth, and suppress plant
defense gene expression. In addition, XopB inhibits cell death
reactions triggered by different T3Es, thus suppressing both PTI-
and ETI-related responses.

Materials and Methods

Bacterial strains and growth conditions

Escherichia coli cells were cultivated in LB (lysogeny broth)
medium at 37°C. Agrobacterium tumefaciens was grown at 30°C
in YEB (yeast extract broth) medium and Xcv at 30°C in NYG
(nutrient yeast glycerol; Daniels ez al., 1984), hrp gene-inducing
medium (XVM2; Wengelnik ez a/., 1996b) or secretion medium
(minimal medium A; Ausubel er al, 1996) supplemented with
10 mM sucrose and 0.3% casamino acids. Plasmids were intro-
duced into E. coli and A. tumefaciens by electroporation, and into
Xcv by conjugation, using pRK2013 as helper plasmid in
triparental matings (Figurski & Helinski, 1979). Bacterial strains
and plasmids are listed in Supporting Information Table S1.

Plant material and inoculations

The near-isogenic pepper (Capsicum annuum) cultivars ECW,
ECW-10R, ECW-20R and ECW-30R (Minsavage ez al., 1990),
Nicotiana benthamiana and N. tabacum plants were grown at
25°C with 65% relative humidity and 16 h light. Xcv strains were
hand-inoculated with a needleless syringe into the apoplast of
leaves at 10 colony-forming units (cfu) ml™" in 10 mM MgCl,.
For in planta growth curves, bacteria were inoculated at 10* cfu
ml™", and bacterial growth was determined as described by Bonas
eral. (1991). For in planta transient expression studies,
A. tumefaciens strain GV3101 was grown overnight in YEB
medium, resuspended in inoculation medium (10 mM MgCl,, 5
mM MES, pH 5.3, 150 pM acetosyringone) and inoculated into

© 2012 The Authors
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leaves at 4 x 10% cfu ml™" for localization studies and 2 x 10®
cfu ml™" for secGFP secretion assays. For the analysis of cell
death suppression, we used final bacterial densities of 4 x 10% cfu
ml™! (Agrobacterium delivering avrBsl, avrBs2, avrBsT, avrRxv,
xopG and xop)) and 6 x 10® cfu ml™" (Agrobacterium delivering
xopS, xopB and mutant derivatives), respectively. For fraction-
ation studies, Agrobacterium strains were inoculated at 6 X 108
cfu ml™". For co-expression, Agrobacterium strains were mixed
before inoculation.

RNA analysis

RNA extraction from Xanthomonas, cDNA synthesis and semi-
quantitative reverse transcription polymerase chain reaction
(RT-PCR) experiments were performed as described by Noél
et al. (2001) and Thieme ez al. (2007). For oligonucleotide
sequences, sce Table S2. Experiments were performed at least
three times for each gene with two independent cDNA prepara-
tions each.

Protein analysis

Xanthomonas protein secretion experiments were performed as
described by Rossier ez al. (1999) and Biittner ez al. (2002).
Equal amounts of total bacterial cell extracts and culture super-
natants were analyzed by sodium dodecylsulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and immunoblotting following
standard protocols. To check for bacterial lysis, blots were
routinely reacted with an antibody specific for the intracellular
protein Hrc] (data not shown; Rossier eral, 2000). For
Agrobacterium-mediated expression studies, two 0.64-cm? leaf
disks per strain were frozen in liquid nitrogen, ground and resus-
pended in 100 pl of 8 M urea and 50 pl of 5 X Laemmli buffer,
and boiled for 10 min. Proteins were separated by SDS-PAGE
and analyzed by immunoblotting. We used specific polyclonal
antibodies for the detection of AvrBs3 (Knoop ez al., 1991), GFP
(green fluorescent protein; Invitrogen GmbH, Karlsruhe,
Germany), RFP (red fluorescent protein; Antibodies-online
GmbH, Aachen, Germany), cFBPase (Agrisera AB, Vaennaes,
Sweden) and XopB (H. Berndt & U. Bonas, unpublished), and a
monoclonal c-Myc-specific antibody (Roche Diagnostics, Mannheim,
Germany). Horseradish peroxidase-labeled o-rabbit and o-mouse
antibodies (Amersham Pharmacia Biotech, Piscataway, NJ, USA)
were used as secondary antibodies. Antibody reactions were visu-
alized by enhanced chemiluminescence (Amersham Pharmacia
Biotech).

Golden Gate vectors

The suicide vector pPOGG2 was derived from the suicide plasmid
pOK1 (Huguet et al, 1998) and contains a lacZ gene for
blue-white selection. The binary vector pGGAl contains the
backbone of pBGWES7 (Karimi ez al., 2005), a chloramphenicol
resistance-ccdB selection cassette, and allows the expression of
genes 3’ translationally fused to GFP under the control of the
35S promoter. To allow cloning of DNA fragments by

© 2012 The Authors
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Bsal/T4-ligase cut-ligation (Engler ez al., 2008), additional Bsal
restriction sites were removed during vector construction. Clon-
ing details are available on request.

GATEWAY and Golden Gate expression constructs

To generate binary expression constructs, the coding sequences
of avrRxv, xopB, xopBasi13vs x0pBryssg, x0pG, xopl, xopK;, xopM,
xopR, x0pS and xopV were amplified by PCR, cloned into
pENTR/D-TOPO (Invitrogen) and recombined into pGWB5,
pGWB17, pK7FWG2 and pK7WGF2 (Karimi ez al, 2005;
Nakagawa ez al., 2007) using Gateway® technology (Invitro-
gen). Oligonucleotides are listed in Table S2.

For expression in Xcv, xopS was amplified from strain 85-10
and cloned into the Golden Gate-compatible expression vector
pBRM (Szczesny et al., 2010b). xopB and xopB3,3, PCR ampli-
cons were cloned downstream of plac into the Golden Gate-
compatible expression vector pPLAND, which allows the insertion
of the cloned fragment into the genome by homologous recombi-
nation (C. Lorenz & D. Biittner, unpublished).

To generate avrBs342 fusions, the promoters and 5" coding
sequences of xopG, xopl, xopK, xopM, xopR, xopS and xopV were
amplified by PCR from genomic DNA of Xcv 85-10, cloned into
pENTR/D-TOPO and recombined into pL6GW356 (Noél
et al., 2003). In the case of xopM, the complete coding region
was amplified. For xopB, the 5" coding sequence without pro-
moter was amplified and cloned downstream of plac into
pBR356, which allows a 3’ fusion of the gene to vrBs342 encod-
ing an N-terminally truncated AvrBs3 derivative with a C-terminal
FLAG epitope (C. Lorenz & D. Biittner, unpublished).

For Arabidopsis protoplast assays, xopB, x0pBas;3v and xopS
were cloned into pUGW14 (Nakagawa ez al., 2007) using the
pENTR/D-TOPO constructs described above. H2B (At5g59910)
was recombined into pUGW 15 (Nakagawa ez a/., 2007) using an
available pPDONR221 derivative (Feilner ez 4l.,2005).

secGFP, which contains a basic chitinase signal sequence at the
N-terminus of GFP (Haseloff ez al., 1997), was generated by clon-
ing annealed oligonucleotides into pGGAL1. xop/ was recombined
into pGWB17 (Nakagawa ez al, 2007) using an available
pENTR/D-TOPO construct (Thieme ez al., 2007). xopJcazsa
was derived from xop/ by splicing by overlap extension
(SOE)-PCR, cloned into pENTR/D-TOPO and recombined
into pGWB17 (Nakagawa ez al., 2007). AsSYP121_Sp2 (Tyrrell
et al., 2007) was amplified from Arabidopsis thaliana (Col-0)
cDNA, cloned into pENTR/D-TOPO and recombined into
pGWB17 (Nakagawa ez al., 2007). Oligonucleotides are listed in
Table S2.

Effector deletion strains

To generate deletions of xopG, xopl, xopM, xopR, xopS and xopV,
0.6-1-kb fragments upstream and downstream of the respective
gene were amplified from genomic DNA of Xcv 85-10 by PCR
using oligonucleotides harboring appropriate restriction sites
(Table S2). For the deletion of x0pK; corresponding fragments
were synthesized by Eurofins MWG Operon (Ebersberg,
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Germany). Fragments were cloned into the suicide vectors
pK18mobsac (Schifer ez al., 1994) (xopG, xopl, xopM), pOK1
(Huguet ez al., 1998) (x0pS) or pPOGG2 (x0pK, xopR, xopV). The
resulting constructs were conjugated into Xcv strain 85-10, and
mutants were selected by PCR. The xopB deletion mutant was
available (Noél ez ., 2001).

Mesophyll protoplast transient expression assay

Transient expression experiments with A. thaliana (Col-0)-
derived protoplasts were performed according to Ranf e al.
(2011). Protoplast samples were co-transformed with the NHL10
promoter-luciferase construct (Boudsocq e# 4l., 2010; Ranf ez al.,
2011), pUBQI0-GUS (Norris et al, 1993) and either
p35S-effector gene constructs (xopB, xo0pBuz;sy, x0pS) or
p358-H2B (At5g59910) as a control (10 pg total DNA per 100
ul protoplasts; ratio 1 : 1 : 1).

Electrolyte leakage measurements

Triplicates of five leaf disks each (0.64 cm?) were harvested at 1
and 2 d post-inoculation (dpi), respectively. Measurements were
carried out as described by Szczesny et al. (2010a).

Microscopy

Lower epidermal cells of V. benthamiana were inspected with a
confocal laser scanning microscope LSM 510 and LSM Image
Browser software (Carl Zeiss GmbH, Géttingen, Germany)
according to the manufacturer’s protocol. mCherry Golgi (G-rk,
CD3-967) was used for co-localization experiments (Nelson
et al., 2007). To visualize plant cell nuclei, leaves were infiltrated
with 0.1% (w/v) 4’,6-diamidino-2-phenylindole (DAPI)
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solution 1 h before inspection. GFP was excited with an argon
laser at 488 nm, mCherry with an HeNe laser at 543 nm and
DAPT with a krypton (UV) laser at 364 nm. The emission filter
wavelengths were 505-530 nm for GFP, 560-615 nm for
mCherry and 385-470 nm for DAPI.

Transmission electron microscopy was performed as described
by Thieme ez al. (2007) using an EM Libra 120 (Carl Zeiss
GmbH).

Results

Gene regulation of xopB, xopG and six new T3E gene
candidates in Xcv strain 85-10

For the analysis of effector proteins from Xev strain 85-10, we
chose XopB, previously shown to be type III secreted into the
medium (Noél ez al, 2001), and XopG, a recently identified
T3E (Potnis er al., 2011) with homology to the HopH1 family
from Pseudomonas syringae (Thieme et al., 2005). In addition, we
identified six new candidate effectors in Xcv strain 85-10 as a
result of homology to known effectors (XopK, XopR and XopV),
predicted eukaryotic motifs (Xopl), indication of gene acquisi-
tion by horizontal gene transfer because of significantly lower G
+ C content (xgpS) and the presence of a PIP box in the respec-
tive promoters (xopl, xopM, xopR and xopS) (Table 1). Because
the presence of a PIP box suggests the co-regulation of a gene
with the T3S system, we performed RT-PCR analyses of xopG
and the candidate effector genes in the Xev wild-type strain
85-10, its derivative 85*, which expresses a constitutively active
HrpG point mutant resulting in constitutive expression of the
T3S system (Wengelnik er al, 1999), and the h7pX deletion
mutant 85*AhrpX (Noél ez al., 2001). When the bacteria were
cultivated in complex NYG medium, mRNA of xopG was

Table 1 Characteristics of effector genes from Xanthomonas campestris pv. vesicatoria (Xcv) strain 85-10 analyzed in this study

Homolog in®
Gene (geneno.) G + C(%)* Comment(s)® X. P. R A o. PIPbox? Co-reg® Tr.clf
xopB (XCV0581) 55.54 HopD family (Lindeberg et al., 2005) + o+ o+ o+ 48 4 + B
xopG (XCV1298) 52.02 Putative zinc metalloprotease, HopH family (Lindeberg et al., 2005) + + + + - - - B
xopl (XCV0806)  65.11 F-box motif + - - - - % + B
xopK (XCV3215) 66.60 Homology to XOO1669 (Furutani et al., 2009) + - - + + - + B
xopM (XCV0442) 62.76 No homology to known effectors o+ - o+ o+ o+ + B
XOpR (XCV0285) 66.34 Homology to XOO4134 (Furutani et al., 2009) + - - - - + + A
xopS (XCV0324) 55.34 No homology to known effectors + - - - % + A
xopV (XCV0657) 61.50 Homology to XOO3803 (Furutani et al., 2009) + - + 4+ - - + B

2G + C content of the DNA within the coding region (G + C content of the Xcv 85-10 chromosome: 64.75% (Thieme et al., 2005)).
PPutative function of gene product, eukaryotic motifs and homology to known type Il effectors.
“Homologs were determined using BLAST algorithms. —, absence; + presence of a (partial) homolog. X., Xanthomonas spp.; P., Pseudomonas spp.; R.,

Ralstonia solanacearum; A., Acidovorax spp.; o., other organisms.

dPresence of a PIP and -10 box (TTCGB-N45-TTCGB-N30_3,-YANNNT; B represents C, G, or T; Y represents C or T) in the respective promoter (Koebnik

et al., 2006). +, presence; —, absence of distinct motifs.

®HrpG- and HrpX-dependent co-regulation with the T3S system (+, co-regulation; —, constitutive expression).
Translocation class; classification based on HpaB dependence (Bittner et al., 2006).

8Pantoea agglomerans pv. gypsophilae.
‘hBurkholderia rhizoxinica.
'Collimonas fungivorans.
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detectable at similar levels in strains 85-10, 85* and 85*AlrpX; generated translational fusions with the reporter protein

suggesting constitutive expression (Fig. 1a). The transcripts of ~ AvrBs3A2, a derivative of the TAL effector AvrBs3 which lacks a
xopB, xopl, xopK, xopM, xopR, xopS and xopV were amplified T3S and translocation signal (Szurek ez al., 2002; Noél er al.,
from strain 85%, suggesting co-expression with T3S genes. As the ~ 2003). Fusion of a functional T3S signal to AvrBs3A2 enables
amounts of amplified transcripts were clearly reduced with RNA  its translocation and thus the induction of the HR in pepper cul-
preparations from strains 85-10 and 85*A/rpX; transcription of  tivar ECW-30R plants that harbor the corresponding resistance
the candidate genes is presumably controlled by both HrpG and ~ gene Bs3 (Noél ez al, 2003; Thieme ez al, 2007). The native
HrpX. The HrpX-dependent induction of xopR has been  promoters and 5 coding regions of candidate genes (xopG, xopl,
described previously (Koebnik ez al., 2006). xopK, xopR, xopS and xopV) or the complete coding region
(xopM) were fused to avrBs3A2. In the case of xopB, the 5" coding
region without promoter was used and the fusion construct was
expressed from the /ac promoter. As controls, we used an empty
To investigate whether the effector candidates are indeed type IIl  vector and avrBs342 alone (Szurek ez al., 2002). All plasmids
dependently secreted and translocated into the plant cell, we  were conjugated into Xcv strain 85* and the T3S mutant

Secretion and translocation of the T3Es
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@ Q+ © 85* AhrcV  AhpaB
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=
2 | XopMy 520 o
(b) TE SN g A
85 85 : » 3
85 AhrcV 85* AhrcV K0z X | XopR, .45, * i)
o — XopS 1.157
o 123
2 XopV1-
N
DY - 123
f N
AvrBs3A2 | © /

Fig. 1 Regulation of type Il effector (T3E) gene expression and type Ill-dependent transport of XopB, XopG and six new T3Es. (a) Expression studies of
effector gene candidates and xopG by reverse transcription-polymerase chain reaction (RT-PCR). Gene-specific fragments were amplified from cDNA
derived from Xanthomonas campestris pv. vesicatoria (Xcv) strains 85-10, 85* and 85* AhrpX grown in nutrient yeast glycerol (NYG) medium (Daniels

et al., 1984). 16S rRNA was amplified as constitutive control. The amplicons were separated on a 1% agarose gel and stained with ethidium bromide. The
experiment was performed three times with similar results. (b) Type IlI secretion (T3S) assays of AvrBs3A2 fusion proteins. Strains 85* and 85* AhrcV
ectopically expressing effector (candidate)-AvrBs3A2 fusions were grown in secretion medium. Numbers correspond to the amino acids fused to AvrBs3A2.
Equal protein amounts of total cell extracts (TE) and culture supernatants (SN) were analyzed by immunoblotting using an AvrBs3-specific antibody.

(c) In planta translocation assay with effector (candidate)-AvrBs3A2 fusions. Xcv strains 85*, 85* AhrcV and 85* AhpaB expressing the effector gene-
avrBs342 fusions and 85* carrying an empty vector (ev) or expressing avrBs342 alone were inoculated into leaves of AvrBs3-responsive ECW-30R pepper
plants. Leaves were harvested at 3 d post-inoculation (dpi) and bleached in ethanol for better visualization of the hypersensitive response (HR).
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85*AhrcV, which lacks an essential inner membrane component
of the T3S system (Rossier ez al., 2000). When the bacteria were
incubated in T3S medium, XopB;_177-, XopG_100-» XopIi_140->
XopK; 74,  XopMi_syo-» XopRi_js-, XopSi_js»- and
XopV_148-AvrBs3A2 were detected in the culture supernatant
of strain 85", but not of 85 AhrcV, by an AvrBs3-specific anti-
body (Fig. 1b). These results demonstrate that the effector candi-
dates contain functional T3S signals in their N-terminal regions.

To test for type IlI-dependent translocation, Xcv strains 85*
and 85*AhrcV expressing avrBs342 or the corresponding effector
fusions, as described above, were inoculated into leaves of
AvrBs3-responsive pepper plants (ECW-30R) and the near-
isogenic susceptible pepper line ECW, which lacks the Bs3 resist-
ance gene. Derivatives of strain 85* expressing XopBi_177-,
XOPG1_100'> Xopli_140-, XopK_74-, XopM_s30-, XopRy_;s2-,
XopSi_157- and XopV;_148-AvrBs3A2 induced the HR in
ECW-30R (Fig. 1¢), but not in ECW (data not shown). As
expected, no HR induction was observed in plants infected with
derivatives of strain 85*A/rcV (Fig. 1c). Taken together, these
findings confirm the type III-dependent secretion and translocation
of XopB, XopG, Xopl, XopK, XopM, XopR, XopS and XopV,
and thus their nature as T3Es. In case of XopG, our data confirm a
recent publication which showed type III-dependent translocation
of the protein using AvrBs2 as reporter (Potnis e al, 2011).

HpaB-dependent translocation of the T3Es

It has been shown previously that the translocation of some T3Es
from Xcv is dependent on the general T3S chaperone HpaB
(Biittner ez al., 2004, 2006). To address this question for the Xcv
effectors analyzed here, we introduced the T3E-AvrBs3A2 fusion
constructs into strain 85*A/paB and inoculated the bacteria into
leaves of resistant ECW-30R pepper plants. As shown in
Fig~ 1(0), XopBi_177- XOPGI—IOO': Xopli_140-, XopK;_74,
XopM;_s50- and XopV_145-AvrBs3A2 induced the HR even in
the absence of HpaB, albeit more or less reduced compared with
derivatives of strain 85* By contrast, XopR;_j5- and
XopS;_157-AvrBs3A2 failed to induce the HR when analyzed in
strain 85*A/paB, although both proteins were expressed (Sup-
porting Information, Fig. S1). Thus, according to the published
definition (Biittner ez al., 2006), XopR and Xop$ belong to class
A, which includes effectors that are not detectably translocated in
the absence of HpaB, whereas XopB, XopG, Xopl, XopK, XopM
and XopV, which are still translocated by the 85*A/paB strain,
belong to class B (Table 1).

XopB and XopS contribute to the virulence of Xcv strain
85-10

To study the contribution of the T3Es to bacterial virulence, all
effector genes were individually deleted in Xcv strain 85-10, and
the mutants were inoculated into leaves of susceptible ECW
pepper plants. In addition, induction of the HR in pepper
ECW-10R was analyzed, which is based on the recognition of the
T3E AvrBsl by the Bs/ resistance gene (Cook & Stall, 1963;
Ronald & Staskawicz, 1988; Escolar et al., 2001). Bacterial strains
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carrying deletions of xopG, xopl, xopK, xopM, xopR and xopV
showed no difference in the induction of disease symptoms and
the HR compared with wild-type strain 85-10 (data not shown).
By contrast, deletion of xgpB or x0pS led to significantly reduced
disease symptoms, whereas the HR induction was not impaired
(Fig. 2a,b and data not shown). The mutant phenotypes of
85-10Ax0pB and 85-10AxopS were complemented by ectopic
expression of the respective effector gene, suggesting that reduced
virulence was not caused by polar effects of the deletions on down-
stream genes (Fig. 2a,b). Although the growth of both individual
effector mutants in ECW plants did not differ significantly from
that of the wild-type strain (Fig. S2), multplication of an
85-10Ax0pBAxopS double mutant was reduced significantly, sug-
gesting that XopB and XopS$ fulfill redundant functions (Fig. 2c).

XopB and XopS suppress defense gene expression

To test whether the positive effect of XopB and XopS on disease
symptoms and bacterial growth can be explained by the suppres-
sion of the plant PTI, we analyzed the influence of the effectors
on basal and PAMP-induced defense-related gene expression.
Therefore, we performed Arabidopsis leaf protoplast assays, a
well-established system for PAMP signaling studies (Boudsocq
et al., 2010; Ranf ez al., 2011). We tested the influence of XopB,
a XopB mutant derivative (XopBas13y; see the following section)
and XopS on the activity of the A thaliana NHLIO
(NDRI/HINI-LIKE 10) (Zipfel et al., 2004) promoter fused to
the firefly luciferase gene (LUC) after application of different elic-
itor-active epitopes of bacterial PAMPs. The luciferase reporter
assays showed that the expression of xopB and xgpS decreased the
PINHLI0 basal activity significantly, that is, in the absence of an
elicitor (Fig. 3a). In addition, both effectors completely inhibited
the activation of pNHLIO by flg22, a bacterial flagellin epitope
(Felix er al., 1999), or clf18, a fragment of bacterial EF-Tu
(Kunze et al., 2004) (Fig. 3b,c). XopBas1sy was only affected
slightly in its ability to suppress the elf18-dependent pNHL10
induction (Fig. 3c). The flg22-mediated induction of pNHLIO
depends, at least in part, on MAPKs (Boudsocq ez al., 2010).
Therefore, the activation of the MAPKs MPK3, MPK4, MPK6
and MPK11, which are involved in plant immune signaling (Tena
er al., 2011; Bethke ez al., 2012), might be affected by XopB and
XopS. However, immunoblot analysis using an antibody that spe-
cifically detects activated kinases revealed no differences in MAPK
activity between protoplasts expressing the respective effector
genes and protoplasts expressing CFP (cyan fluorescent protein) as
negative control (Fig. S3; Methods S1). The T3E AvrPto from
P. syringae served as a positive control (He ez al., 2006). Taken
together, XopB and XopS suppressed both the basal and
PAMP-induced activity of the NHLI0 promoter, but they proba-
bly act downstream or independent of MAPK activation (Fig. S2).

XopB, XopG, XopM and XopsS trigger cell death in different
Solanaceae

To identify additional virulence phenotypes, as well as defense
reactions, mediated by the analyzed T3Es, we inoculated leaves

© 2012 The Authors
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Fig. 2 XopB and XopS contribute to disease symptoms and bacterial growth in planta. (a) Leaves of pepper (Capsicum annuum) cv ECW plants were inoc-
ulated with Xanthomonas campestris pv. vesicatoria (Xcv) strains 85-10, 85-10AxopB (AxopB) and an 85-10AxopB derivative in which xopB under control
of the lac promoter was integrated into the genome (+XopB) (see the Materials and Methods section). Photographs were taken at 7 d post-inoculation
(dpi). (b) Pepper ECW plants were inoculated with Xcv strains 85-10 and 85-10AxopS (AxopS) carrying the empty vector (=) or pBRM:xopS that expresses
xopS from plac (+XopS). Photographs were taken at 7 dpi. (c) Bacterial growth of Xcv strains in leaves of susceptible pepper ECW. The following strains
were inoculated: Xcv 85-10 (wt), 85-10AxopBAxopS (AxopBAxopS) carrying the empty vector (ev) or pBRM:xopS, and the T3S mutant 85-10AhrcN
(AhrcN). Bacterial multiplication was monitored over a period of 9 d. Values represent the mean of three samples from three different plants. Error bars
indicate standard deviations. Letters a and b indicate statistically significant differences (t-test, P < 0.01). Experiments were repeated at least three times

with similar results.

of pepper ECW, N. benthamiana and N. tabacum, the latter two
being nonhost plants of Xev 85-10, with Agrobacterium strains
mediating the in planta expression of the eight effector genes
fused to GFP. XopB triggered a cell death reaction in
N. benthamiana at 5-6 dpi, but not in N. tabacum (Fig. 4a).
These data are in accordance with recent findings (Salomon
et al., 2011). We also tested the transient expression of two xopB
derivatives with point mutations, accidentally introduced during
PCR amplification, for their cell death-inducing activity.
Although XopBksssg was still active, XopBaszisy did not elicit
cell death in N. benthamiana (Fig. 4b). Immunoblot analysis of
protein extracts from infected plant material, using a GFP-
specific antibody, revealed that XopBasisy protein levels were
reduced slightly compared with the wild-type protein. We there-
fore inoculated a dilution series of Agrobacterium strains. The
Agrobacterium strain mediating xopB expression triggered cell
death even at low density, corresponding to low XopB protein
amounts in the plant tissue, whereas Agrobacterium-mediated
synthesis of XopBas13y did not induce any visible cell death reac-
tions (Fig. S4). This suggests that functional loss rather than a
reduced protein level is responsible for the lack of cell death
induction by XopBaz3y-

We also observed a XopG-triggered HR-like cell death in
pepper ECW and N. tabacum at 2-3 dpi. Furthermore, XopM
elicited a cell death reaction in N. benthamiana at 3-5 dpi, and
XopS caused a weak necrosis (compared with the XopG-triggered
reaction) in pepper ECW at 3—4 dpi (Fig. 4a). No distinct plant
reactions were observed with the other effectors, although they
were expressed, as confirmed by immunoblot analyses of protein

© 2012 The Authors
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extracts from N. benthamiana leaves using a GFP-specific anti-
body (data not shown).

XopB suppresses cell death reactions triggered by XopG
and other T3Es

As described above, XopG induces the HR in pepper ECW
when transiently expressed 7 planta, whereas Xcv 85-10, which
naturally expresses XopG, does not. The latter might be caused
by other Xanthomonas T3Es with cell death suppressing (CDS)
activity. Therefore, we tested whether XopB or XopS, which
contribute to bacterial virulence (see earlier in the Results
section), suppress the XopG-elicited cell death reaction.
Co-expression experiments using Agrobacterium-mediated gene
delivery revealed that the XopG-dependent HR in pepper and
N. tabacum was strongly reduced or fully abolished in the pres-
ence of XopB, but not XopS (Fig. 5a). To validate this finding,
we used eclectrolyte leakage assays, a quantitative measure of
early plant cell death (Stall er al, 1974), and found that XopB
completely suppressed the XopG HR in N. mbacum at early
time points (Fig. 5b). Interestingly, no HR suppression was
observed with  XopBasizv, XopBiassr
wild-type XopB activity (Fig. 5a,b), although the in planta
expression of both effectors could be detected (Fig. 5¢). Hence,
the CDS activity in N. tabacum and pepper (Fig. 5a,b) and
necrosis induction in N. benthamiana (Fig. 4b) seem to be
functionally linked.

To explore whether the CDS activity of XopB is restricted to
XopG-mediated cell death, we transiently co-expressed xopB with
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Fig. 3 XopB and XopS inhibit basal and pathogen-associated molecular pattern (PAMP)-induced defense gene expression. Arabidopsis thaliana Col-0
protoplasts were co-transformed with pNHL70-LUC (luciferase) as a reporter, the indicated p35S-effector gene constructs or p35S-H2B (control), and
pUBQ10-GUS (B-glucuronidase) for normalization; 14 h after transformation, protoplasts were treated with (a) H,O, (b) 100 nM flg22 and (c) 100 nM
elf18, and luciferase activity was monitored for 3 h. Results are depicted as LUC/GUS ratios. Asterisks indicate statistically significant differences between
XopB and XopBaz1zy (Kruskal-Wallis/Dunn's post test; *, P < 0.05; **, P < 0.01). The differences between effector-treated and control samples were
statistically significant at every time point (Kruskal-Wallis/Dunn’s post test; P < 0.001). The experiment was repeated three times with similar results.

avrBsl, avrBs2, avrBsT, avrRxv and xop/, and tested for cell death
induction in corresponding resistant plants. XopB suppressed the
cell death reactions elicited by AviBsT, AvrRxv and Xop] in
N. benthamiana (Fig. 6a). The AvrBsl- and AvrBs2-dependent
HRs in pepper ECW-10R and ECW-20R, respectively, were
not affected (data not shown). Similar to the effect on

New Phytologist (2012)
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XopG-triggered cell death, XopBas;3y exhibited no suppression
activity, whereas XopBg4ssr did. Expression of the effector genes
was confirmed by immunoblot (Fig. 6b).

To exclude the possibility that the XopB CDS activity is based
on unintended cellular changes induced by Agrobacterium-
mediated overexpression, we analyzed the effect on the
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Fig. 4 XopB, XopG, XopM and Xops trigger cell death in different
Solanaceae. (a) Agrobacterium strains mediating the expression of GFP,
xopB::GFP, xopG::GFP, xopM::GFP and xopS::GFP, under the control of
the 35S promoter, were inoculated into leaves of pepper (Capsicum
annuum) cv ECW, Nicotiana benthamiana and N. tabacum. Plant
reactions were documented 4 d (ECW) and 6 d (N. benthamiana,

N. tabacum) post-inoculation (dpi). Please note that Agrobacterium alone
causes a necrotic reaction in pepper that starts at 3-4 dpi.

(b) Agrobacterium strains carrying the empty vector (ev) or binary
constructs encoding XopB::c-Myc, XopBas13v::c-Myc and
XopByassr::c-Myc, under the control of the 355 promoter, were inoculated
into N. benthamiana. Photographs were taken at 6 dpi.

AvrBsT-dependent HR in pepper using Xanthomonas infection.
Xcv-mediated additional ectopic expression of xopB, but not
x0pBas13v5 suppressed the HR caused by Xev strain 75-3, which
naturally expresses avrBsT, in pepper ECW (Fig. 7a,b). This was
correlated with increased bacterial growth (Fig. 7¢). If avrBsT
was deleted, strain 75-3 caused no HR and grew significantly
better, as expected. In this case, xopB overexpression provided no

© 2012 The Authors
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additional growth advantage. This indicates that the positive
effect of XopB on bacterial growth is based on the specific
suppression of AvrBsT-induced defense responses, and therefore
represents a biologically relevant activity of the effector.

XopB localizes to Golgi vesicles and the cytoplasm

Analysis of the subcellular localization of T3Es might provide
some clues about their site of action inside the plant cell. To
investigate the localization of XopB, we transiently expressed a
xopB::GFP fusion in N. benthamiana using Agrobacterium-
mediated gene delivery. Subcellular localization was determined
by confocal laser scanning microscopy at 24 h post-inoculation
(hpi). GFP alone was clearly detectable in the cytoplasm and
nuclei (Fig. 8a). By contrast, the fluorescence of XopB::GFP was
confined to vesicle-like structures and the cytoplasm, and was not
detectable in the nucleus (Fig. 8a). We assumed that the vesi-
cle-like structures might be part of the Golgi system. To test this
hypothesis, we transiently co-expressed XopB:GFP  with
Golgi-mCherry, a fluorescence marker for the Golgi apparatus
(Nelson et al., 2007). Both proteins co-localized (Fig. 8a), sug-
gesting that XopB indeed associates with Golgi vesicles. On the
ultrastructural level, electron microscopy following immunola-
beling showed that, in contrast to free GFP, XopB::GFP
predominantly localized to vesicle structures and was strongly
under-represented in vesicle-free areas (Fig. 8b).

Furthermore, immunoblot of the subcellular fractionation of
N. benthamiana extracts confirmed that XopB::c-Myc, similar
to Golgi-mCherry, is predominantly associated with the plant
membrane fraction (Fig. S5; Methods S1). In addition, intact
XopBasizv and XopBysssg were detectable (Fig. S6) and
showed a similar localization pattern to the wild-type protein in
microscopic as well as fractionation studies (Figs 8a and S5).
This suggests that the functional loss of XopBasizy is not
caused by mislocalization.

XopB interferes with plant cell protein secretion

The Golgi apparatus provides the cellular basis for intracellular
vesicle trafficking, for example protein transport to the plasma
membrane and secretion into the apoplast, which plays an impor-
tant role in plant immunity and has been shown to be targeted
by several T3Es (Bartetzko ez al., 2009; Frey & Robatzek, 2009).
To investigate whether XopB interferes with protein secretion of
the plant cell, we used secGFP, a GFP variant that is secreted to
the apoplast (Batoko ez al., 2000). secGFP only accumulates in a
fluorescent form when its transport to a post-Golgi compartment
is prevented, for example, by the secretion inhibitor Brefeldin A
(BFA). To analyze the influence of XopB on secGFP secretion,
both proteins were transiently co-expressed in N. benthamiana
mediated by Agrobacterium. As positive controls, we used BFA
and AsSYP121_Sp2, a cytosolic fragment of a plasma mem-
brane-bound regulator of vesicle trafficking, which has a domi-
nant negative effect on membrane trafficking (Tyrrell e al,
2007), and, in addition, Xop], a T3E from Xcv which suppresses
plant cell secretion (Bartetzko ez al, 2009). XopJcassa, a Xop]
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Fig. 5 XopB suppresses XopG-dependent cell death in pepper (Capsicum annuum) and tobacco (Nicotiana tabacum). (a) Agrobacterium strains mediating
the transfer of T-DNAs encoding XopB::c-Myc, XopBaz13y::c-Myc, XopByassr::c-Myc, XopS::c-Myc and XopG::GFP were inoculated into leaves of pepper
ECW and N. tabacum. For co-expression, the respective strains were mixed before inoculation. Photographs were taken at 4 d post-inoculation (dpi).
Pepper leaves were bleached in ethanol for better visualization of cell death reactions. (b) Quantification of XopG-triggered cell death by electrolyte leak-
age measurements. The inoculation of N. tabacum was carried out as described in (a). Leaf tissue of infected plants was harvested at 1 dpi (light gray bars)
and 2 dpi (dark gray bars). Bars represent the average conductivity for triplicates of five leaf disks; error bars indicate standard deviations. Asterisks indicate

statistically significant differences (¢-test, P < 0.01). (c) Co-expression of XopB and Xop$S with XopG::GFP in N. tabacum. Plants were inoculated
as described in (a), and infected leaf tissue was harvested at 24 hpi and analyzed by immunoblotting using c-Myc- and GFP-specific antibodies. All

experiments were repeated three times with similar results.

mutant that does not block secretion served as a negative control
(Bartetzko et al., 2009). Only weak fluorescence was detectable
inside the epidermal cells if secGFP was expressed either alone or
together with the negative control (Fig. 9a). By contrast,
co-expression of secGFP and XopB resulted in a strong accumu-
lation of GFP fluorescence, forming an intracellular reticulate
pattern, comparable with the fluorescence pattern obtained after
co-expression of secGFP with A:SYP121_Sp2 and Xop] or the
application of BFA (Fig. 9a). XopBasizy also resulted in the
accumulation of intracellular secGFP fluorescence; however, less
distinct networks and punctate structures were observed
(Fig. 9a). By contrast, XopBk4ssr caused a fluorescence pattern
indistinguishable from that induced by wild-type XopB.
Immunoblot analysis showed that differences in secGFP fluores-
cence were not a result of different protein levels (Fig. 9b).

Discussion

In this study, we analyzed eight Xcv effector proteins, six of which
were newly identified, so that there are now 23 experimentally
verified T3Es in Xev strain 85-10. A major finding is that XopB
is a virulence factor that suppresses plant PTT as well as ETT. The
T3Es were classified on the basis of whether or not their

New Phytologist (2012)
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translocation into plant cells requires the general chaperone
HpaB. XopR and XopS belong to Xcv translocation class A, com-
prising T3Es whose translocation into plant cells is completely
dependent on HpaB, whereas XopB, XopG, Xopl, XopK, XopM
and XopV were assigned to class B, because they are still trans-
located in the absence of HpaB (Biittner ez @/, 2006). Both new
class A effectors lack homology to known proteins or motifs, so
that their molecular function remains elusive. By contrast, the
class B effectors comprise the putative enzyme XopG, a member
of the HopH family (Lindeberg ez al, 2005) of putative zinc
metalloproteases. Other effectors possess interesting features, for
example Xopl contains an F-box motif typical for eukaryotic pro-
teins playing a role in the ubiquitin-26S proteasome system
(UPS). The UPS controls protein stability in eukaryotes
(Willems ez al., 2004) and appears to be a favorable target for
many T3Es, for example members of the GALA family, which
strongly contribute to the virulence of R. solanacearum (Angot
et al., 2006), and the E3 ubiquitin ligase AvrPtoB from
P. syringae (Abramovitch et al., 2006; Janjusevic et al., 2006).

As HpaB is essential for pathogenicity, it was speculated that
class A effectors play a key role in the establishment of a patho-
genic interaction of Xanthomonas with the host (Biittner ez 4/,
2004, 2006). Indeed, XopS is involved in the severity of disease
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Fig. 6 XopB suppresses cell death reactions induced by XopJ, AvrRxv and AvrBsT. (a) Agrobacterium strains mediating the transfer of T-DNA encoding
XopB::c-Myc, XopBaz1zv:ic-Myc, XopBgassr::c-Myc, AvrBsT::GFP, AvrRxv::c-Myc and XopJ::GFP were inoculated into Nicotiana benthamiana leaves as
indicated. For co-expression, strains were mixed before inoculation. Photographs were taken at 4 d post inoculation (dpi). (b) Expression of the effector
genes in planta. N. benthamiana leaves were inoculated with Agrobacterium as described in (a). Infected tissue was harvested at 30 h post-inoculation
(hpi) (AvrBsT::GFP) and 40 hpi (AvrRxv::c-Myc and XopJ::GFP), and analyzed by immunoblotting using c-Myc- and GFP-specific antibodies. The

experiments were repeated at least twice with similar results.

symptoms, the promotion of bacterial growth and the suppres-
sion of PTI, whereas the role of XopR in the virulence of Xcv
strain 85-10 is probably more subtle. Interestingly, deletion of
the xopR homolog in X. oryzae pv. oryzae resulted in reduced
virulence on host rice plants (Akimoto-Tomiyama ez al., 2012).
The fact that individual deletion mutants revealed no major con-
tribution of XopR and most other effectors to the virulence of
Xcv 85-10 is not unexpected and is probably caused by functional
redundancies. Surprisingly, the class B effector XopB clearly con-
tributed to the disease symptoms and bacterial growth of 85-10
on susceptible plants and the suppression of PTT (Figs 2 and 3).
This finding differs from our previous study, where no difference
in disease symptoms was observed between the wild-type strain
and xopB mutant (Noél ez al,, 2001), and may be caused by dif-
ferent environmental conditions (glasshouse, growth chamber).
In addition to its effect on PTI, XopB suppressed the ETI-related
HR induced by AvrBsT, as well as cell death reactions triggered
by XopG, Xop] and AvrRxv (Figs 5 and 6). Although XopB
localizes to the Golgi system and the cytoplasm, the inducers of
cell death reactions suppressed by XopB localize to different cel-
lular compartments: XopG to the nucleus (Fig. S7), Xop] to the
plasma membrane (Thieme ez al, 2007), AviRxv to the cyto-
plasm (Bonshtien ez al., 2005) and AvrBsT to the nucleus and
cytoplasm (Szczesny et al., 2010a). As the co-expression of T3Es
with XopB did not change their subcellular localization (Fig. S8),
XopB probably does not interfere with effector recognition, but
rather with downstream signaling.

© 2012 The Authors
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XopJ, AviBsT and AvrRxv are members of the Yop]/AvrRxv
family from plant and animal pathogens and contain a con-
served catalytic triad which is essential for cell death induction
(R. Szczesny and U. Bonas, unpublished; Orth ez 4/, 2000;
Bonshtien et al, 2005; Cunnac ez al, 2007). Yop]/AvrRxv
family proteins display acetyltransferase and/or cysteine prote-
ase activities (Orth ez al, 2000; Ma ez al., 2006; Mukherjee
et al., 2006; Sweet et al, 2007; Szczesny et al, 2010a).
Although a number of bacterial T3Es possess CDS activity
(Jackson et al., 1999; Tsiamis et al., 2000; Abramovitch et al.,
2003; Espinosa et al., 2003; Jamir ez al., 2004; Lopez-Solanilla
et al., 2004; Fujikawa et al., 2006; Fu et al., 2007; Guo et al.,
2009; Macho ez al., 2010), effectors that have successfully been
tested for the suppression of several different cell death pheno-
types are the exception. To our knowledge, the only known
example so far is the sequence-unrelated AvrPtoB from
P. syringae, which inhibits the HR induced by the T3Es
AvrPto, HopAl and AvrRpml, the fungal avirulence protein
Avr9 and the pro-apoptotic mouse protein Bax (Abramovitch
er al., 2003; Guo er al, 2009). Interestingly, AvrPtoB also
inhibits PTI and promotes bacterial multdiplication in planta
(Géhre er al., 2008). Suppression of both ETI and PTI
depends on the E3 ubiquitin ligase activity of AvrPtoB
(Abramovitch ez al., 2006; Janjusevic et al., 2006; Gohre et al.,
2008; Gimenez-Ibanez ez al, 2009), which targets receptor
kinases at the plasma membrane (Géhre eral, 2008;
Gimenez-Ibanez ez al., 2009).
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Fig. 7 XopB suppresses the AvrBsT-dependent hypersensitive response (HR) in Xanthomonas campestris pv. vesicatoria (Xcv)-infected pepper. (a) Leaves
of pepper (Capsicum annuum) cv ECW plants were inoculated with Xcv strains 75-3 (wt) and 75-3AavrBsT (AavrBsT) carrying the empty vector (ev),
pPBRM:xopB expressing xopB from plac, or pPBRM:xopBas+3y. Photographs were taken at 4 d post-inoculation (dpi). (b) Expression of xopB and xopBaz13v
in Xcv strain 75-3 (wt) and 75-3AavrBsT (AavrBsT). Bacteria were grown overnight in liquid nutrient yeast glycerol (NYG) medium and incubated in hrp
gene-inducing medium for 3.5 h. Similar amounts were analyzed by immunoblotting using a XopB-specific antibody. (c) Bacterial multiplication of the
strains described in (a) was monitored over a period of 4 d. Values represent the mean of three samples from three different plants. Error bars indicate
standard deviations. Asterisks indicate statistically significant differences when compared with growth of the wild-type strain (t-test, P < 0.05). The experi-

ments were repeated three times with similar results.

In contrast with AvrPtoB, it is unlikely that XopB acts on top
of signaling cascades because it does not inhibit the flg22-
triggered activation of MAPKs (Fig. S3) and the CDS activity of
XopB is not dependent on membrane-bound receptor kinases
because XopG, AvrRxv and AvrBsT are probably not recognized
at the plasma membrane (see earlier in the Discussion section).
XopB may therefore target a later step of the convergent cellular
pathways following T3E recognition. Our studies point to
XopB-dependent inhibition of intracellular vesicle trafficking as a
possible mode of action to suppress plant immunity. Vesicle traf-
ficking plays an important role in plant defense, for example for
the correct localization of PAMP receptors in the plasma mem-
brane. During PTI, genes encoding receptor kinases are induced,
including the PAMP receptors themselves (Zipfel er al., 2006;
Miya ez al., 2007). This results in an increase in receptors and an
amplification of the PAMP response (Zipfel e al, 2006). In
addition, vesicle transport is involved in the export of antimicro-
bial molecules, for example PR proteins, phytoalexins and cell
wall-bound compounds, and the localization of plasma mem-
brane ABC transporters, which release small antimicrobial mole-
cules to the cell surface (Kwon ez 4/, 2008). Intriguingly, our
studies suggest that the inhibition of vesicle transport might
explain the XopB effect on PTI, but is insufficient for ETI
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suppression. XopBas13y completely loses CDS activity, although
it still inhibits secGFP secretion and is only slightly affected in
PTI suppression (Fig. 3). This suggests that the suppression of
PTT and ETT is mediated by separate activities of XopB, and that
ETT suppression involves as yet unknown mechanisms.

There are two other T3Es from phytopathogenic bacteria
which suppress immunity and interfere with plant protein
secretion: (1) HopM1 from P. syringae, which is targeted to
Arabidopsis endomembranes, suppresses PTT and contributes
to disease symptoms and bacterial growth in planta (DebRoy
et al, 2004; Nomura e al, 2006). HopM1 mediates the
UPS-dependent degradation of a key component of the plant
vesicle trafficking system (Nomura e al, 2006). (2) Xop]
from Xcv has been proposed to localize, at least in part, to
the Golgi apparatus (Bartetzko ez al, 2009). However, the
respective analyses were performed in N. benthamiana, where
XopJ induces necrosis at 3—4 dpi (Thieme ez al, 2007), rais-
ing the possibility that the occasional localization in punctate
structures might be caused by morphological changes
induced by ongoing cell death. Nevertheless, Xop] inhibits
secGFP secretion and suppresses PTT (Bartetzko er al., 2009).
In contrast with XopB, however, HopM1 and Xop] do not
appear to affect ETL
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Fig. 8 XopB localizes to the Golgi apparatus and cytoplasm. (a) Confocal laser scanning microscopy of Nicotiana benthamiana 24 h after
Agrobacterium-mediated co-delivery of T-DNAs encoding XopB::GFP, XopBaz13y::GFP, XopByassr::GFP and GFP with T-DNA encoding Golgi-mCherry.
Bars, 20 um. (b) Ultrastructural localization of GFP fusion proteins by transmission electron microscopy in N. benthamiana mesophyll cells 48 h after
Agrobacterium-mediated transfer of T-DNAs encoding XopB::GFP, XopBaz13v-GFP and GFP. Tissue samples were cryo-substituted and incubated with a
polyclonal GFP-specific antibody and a gold particle-conjugated secondary antibody. For clarity, gold particles are marked with red arrows. Bars, 200 nm.

d, dictyosome.

The next challenge is the identification of plant targets,
especially of XopB. The putative XopB target appears to be
conserved in different plant families as the effector has a

© 2012 The Authors
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virulence activity in pepper, the natural host plant of Xcv,
and also in the nonhost Brassicaceac A. thaliana, as demon-
strated by our protoplast assays. That XopB homologs are
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Fig. 9 XopB inhibits plant cell vesicle trafficking. (a) Confocal laser scanning microscopy of Nicotiana benthamiana leaves 2 d after
Agrobacterium-mediated delivery of T-DNA encoding secGFP alone (w/0) or T-DNA encoding the indicated effector proteins fused to a c-Myc tag.
XopJ::c-Myc and AtSYP121_Sp2 served as positive control and XopJcassaiic-Myc as negative control. As additional controls, secGFP-expressing leaves
were infiltrated with 0.001% dimethyl sulfoxide (DMSO; mock) or brefeldin A (BFA; 10 pg ml~"in 0.001% DMSO) and analyzed 20 min later. Bars, 20
um. (b) Expression of secGFP and effector genes in N. benthamiana. Inoculation of N. benthamiana leaves was carried out as described in (a). Infected tis-
sue was harvested at 2 d post-inoculation (dpi) and analyzed by immunoblotting using GFP- and c-Myc-specific antibodies. Experiments were repeated

twice with similar results.

found in a wide range of plant-pathogenic bacteria
(Table 1), infecting various host plants, supports this hypoth-
esis. Interestingly, a recent study has shown that XopB
inhibits yeast growth (Salomon ez 4/, 2011). The application
of caffeine, which induces cell wall stress, strongly increases
the negative effect of XopB on yeast (Salomon er al, 2011).
In the light of our results and the fact that vesicle transport
is important for yeast cell wall assembly, for example, during
budding (Smits ez al., 2001), we believe that XopB targets a
conserved component of eukaryotic vesicle trafficking.
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Supporting Information

Additional supporting information may be found in the online
version of this article.

Fig. S1 XopR- and XopS-AvrBs3A2 fusion proteins are expressed
in Xcv 85*AhpaB.

Fig. S2 Individual deletion of xopB and xopS has no influence on
bacterial growth.

Fig. 83 XopB and XopS do not suppress mitogen-activated pro-
tein kinase (MAPK) activation in Arabidopsis.

Fig. S4 XopBas13y is impaired in cell death induction.

Fig. S5 XopB is associated with the membrane fraction of plant
cells.

Fig. S6 Expression of GFP and xopB-GFP fusions in Nicotiana
benthamiana.
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Fig. S7 Subcellular localization of XopG::GFP.

Fig. S8 Subcellular localization of XopG, AvrBsT, AvrRxv and
Xop] is not affected by co-expression of XopB.

Table S1 Bacterial strains and plasmids used in this study

Table S2 Oligonucleotides used in this study
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Methods S1 Immunoblot-based detection of mitogen-activated
protein kinase (MAPK) activation and membrane fractionation.
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2.2.1.1 Anlagen zu Publikation 2

SUPPORTING INFORMATION METHODS S1, TABLES S1 & S2 AND FIGS S1-S8

A. thaliana (Col-0) protoplast samples (800 pl each) were transformed with either p35S-
effector constructs (xopB, xopS), or p35S-H2B (10 pg DNA per 100 pl protoplasts). After
about 14 h of incubation (in the dark, 19°C), the protoplasts were elicited with 100 nM flg22
and samples were taken at 15 min post elicitation. Protein extraction and immunoblotting with
an pTEpY-specific antibody (a-phospho-p44/42-ERK; CST, http://www.cellsignal.com/)

were performed as described (Kroj et al., 2003; Saijo et al., 2009).

Membrane fractionation was modified according to Bartetzko et al. (2009). 1 g infected leaf
material was ground in 3 ml ice-cold extraction buffer (20 mM HEPES pH 7.5, 100 mM
NaCl, 5 mM MgCl,, 1 mM dithiothreitol) and centrifuged at 2,000 x g for 10 min to yield
total extract (TE). 1 ml TE was subjected to ultracentrifugation at 100,000 x g for one hour at
4°C. The resulting supernatant (soluble fraction), ultraspeed pellet (membrane fraction) and

TE were separated by SDS-PAGE and analyzed by immunoblotting.

Bartetzko V, Sonnewald S, Vogel F, Hartner K, Stadler R, Hammes UZ, Bornke F. 2009.
The Xanthomonas campestris pv. vesicatoria type Il effector protein XopJ inhibits
protein secretion: evidence for interference with cell wall-associated defense
responses. Molecular Plant-Microbe Interactions 22(6): 655-664.

Kroj T, Rudd JJ, Niirnberger T, Gibler Y, Lee J, Scheel D. 2003. Mitogen-activated
protein kinases play an essential role in oxidative burst-independent expression of
pathogenesis-related genes in parsley. Journal of Biological Chemistry 278(4): 2256-
2264.

Saijo Y, Tintor N, Lu X, Rauf P, Pajerowska-Mukhtar K, Haweker H, Dong X,
Robatzek S, Schulze-Lefert P. 2009. Receptor quality control in the endoplasmic
reticulum for plant innate immunity. EMBO Journal 28(21): 3439-3449.
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SUPPORTING INFORMATION TABLES S1 & S2

Table S1 Bacterial strains and plasmids used in this study

Relevant characteristics®

Reference or SOlll'CCb

X. campestris pv. vesicatoria

75-3
75-3AavrBsT
85-10
85-10AhreN

85-10AxopB
85-10AxopBAxopS

85-10AxopG
85-10Axopl
85-10AxopK
85-10AxopM
85-10AxopR
85-10AxopS
85-10AxopV
85%*

85*AhpaB
85*AhrcV

A. tumefaciens

Tomato race 1, wild type, Rif’
avrBsT deletion mutant, derivative of strain 75-3
Pepper- 2, wild type, Rif"

hreN deletion mutant, derivative of strain 85-10

xopB deletion mutant, derivative of strain 85-10

xopBxopS deletion mutant, derivative of strain 85-

10AxopB

xopG deletion mutant, derivative of strain 85-10
xopl deletion mutant, derivative of strain 85-10
xopK deletion mutant, derivative of strain 85-10
xopM deletion mutant, derivative of strain 85-10
xopR deletion mutant, derivative of strain 85-10
xopS deletion mutant, derivative of strain 85-10
xopV deletion mutant, derivative of strain 85-10
85-10 derivative containing the h7pG* mutation

hpaB deletion mutant derivative of strain 85*
hrcV deletion mutant derivative of strain 85%*

(Minsavage et al.,
1990)

(Szczesny et al.,
2010a)

(Canteros, 1990;
Minsavage et al., 1990)
(Lorenz & Biittner,
2009)

(Noél et al., 2001)

This study

This study

This study

This study

This study

This study

This study

This study
(Wengelnik et al.,
1999)

(Biittner et al., 2004)
(Rossier et al., 1999)

GV3101(pMP90) Carries Ti plasmid pMP90; Rif", Gent (Koncz & Schell,
1986)
E. coli
Topl0 merA A(mrr-hsdRMS-mcrBC) ®80/acZAM15  Invitrogen, Karlsruhe,
AlacX74 recAl araD139 A(araleu) 7697 galU Germany
galK rpsL (St™) endA1 nupG

DH50 Apir F recA hsdR17(ri,m;") @80dlacZ DM15 [Jpir] (Ménard et al., 1993)

Plasmids

pBGWFS7 Binary expression vector; a#fR1-Cm'-ccdB- (Karimi et al., 2005)
attR2-EGFP: :uidA; Sm"

pBRM Golden Gate-compatible derivative of (Szczesny et al.,
pBBRIMCS-5, lac promoter; Gm" 2010b)

pDSK602 d-host-range vector; contains triple lacUV5  (Murillo ef al., 1994)
promoter; Sm’

pENTR/D-TOPO GATEWAY compatible directional cloning Invitrogen
vector; Km'

pGGALl Golden Gate-compatible derivative of This study
pBGWEFST7; binary expression vector; 35S
promoter-Cm'-ccdB-EGFP; Sm'

pGWB2 Binary expression vector; 35S promoter-a#fR1-  (Nakagawa et al.,
Cm'-ccdB-atfR2; Hm', Km" 2007)

pGWBS Binary expression vector; 35S promoter-a#fR1-  (Nakagawa et al.,
Cm'-ccdB-attR2-sGFP; Hm', Km" 2007)

pGWB17 Binar expression vector; 35S promoter-a#fR1-  (Nakagawa et al.,
Cm'-ccdB-atfR2-4xmyc; Hm', Km' 2007)

pK18 suic  vector, oriVg oriT sacB; Km" (Schifer et al., 1994)

nK7FWG?2 Bina___exnression vector: 35S promoter-g#fR1- (Karimi et al_ 2005)
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pK7WGF2

pL6GW356
pOGG2

pOK1
pUGW14
pUGW15
Constructs
pBIN20:ER-rk
pBIN20:G-rk
pBR356:x0pB

pBRM:xopB
pPBRM:x0pBasisy

pBRM:xopS
pDONR221:H2B

pDSF356

Cm'-ccdB-atfR2-eGFP; Sm"
Binary expression vector; 35S promoter-eGFP-
atfR1-Cm'-ccdB-atfR2; Sm"

encoding AvrBs3A2; Tc'

den-gate-compatible derivative of pOK1;
Sm'
suic  vector; sacB sacQ mobRK?2 oriR6K; Sm"
Tran expression vector; 35S promoter-

atfR1-Cm'-ccdB-attR2-3xHA; Ap"
Transient expression vector; 35S promoter-
3xHA-attR1-Cm'-ccdB-attR2; Ap"

Derivative of pBIN20 encoding ER-mCherry;
Krnl’

Derivative of pBIN20 encoding Golgi-mCherry;
Kl’nr

Derivative of pPBR356 encoding XopB,_;77-
AvrBs3A2

Derivative of pPBRM encoding XopB-c-Myc
Derivative of pPBRM encoding XopBa313v-c-
Myc

Derivative of pPBRM encoding XopS-c-Myc
Derivative of pDONR221 containing H2B
(At5g59910)

Derivative of pDSK602 containing avrBs3A2

(Karimi et al., 2005)

(Noél et al., 2003)
This study

(Huguet ef al., 1998)
(Nakagawa et al.,
2007)

(Nakagawa et al.,
2007)

(Nelson et al., 2007)
(Nelson et al., 2007)

This study

This study
This study

This study
(Feilner et al., 2005)

(Szurek et al., 2002)

pENTR/D:Atsyp121 sp2 Derivative of pENTR/D-TOPO containing This study
Atsypl21 sp2

pENTR/D:Atsyp21 sp2 Derivative of pENTR/D-TOPO containing This study
Atsyp21 sp2

pENTR/D:avrBs2 Derivative of pENTR/D-TOPO containing This study
avrBs2

PENTR/D:xopB vative of pENTR/D-TOPO containing xopB  This study

PENTR/D:x0pBasisv Derivative of pENTR/D-TOPO containing This study
xopB 43137

PENTR/D:x0pBxkussr Derivative of pPENTR/D-TOPO containing This study
xopBiyssr

pENTR/D:x0pG vative of pENTR/D-TOPO containing This study
xopG

pENTR/D:xopl vative of pENTR/D-TOPO containing xop/  This study

pENTR/D:xopJ vative of pENTR/D-TOPO containing xopJ  (Thieme et al., 2007)

pENTR/D:x0pJcassa Derivative of pENTR/D-TOPO containing This study
xopJcassa

PENTR/D:xopK vative of pENTR/D-TOPO containing xopK This study

pENTR/D:xopM vative of pENTR/D-TOPO containing This study
xopM

pENTR/D:xopR vative of pENTR/D-TOPO containing xopR  This study

pENTR/D:xopS vative of pENTR/D-TOPO containing xopS  This study

PENTR/D:xopV vative of pENTR/D-TOPO containing xop?  This study

pGGA1:secGFP Derivative of pPGGA1 containing secGFP This study

pGWB2:avrBs1 Derivative of pPGWB2 containing avrBs1 (Giirlebeck et al.,

2009)
pGWB2:avrBs2 Derivative of pPGWB2 containing avrBs2 This study
pGWBS:avrBsT Derivative of pPGWBS5 containing avrBsT (Szczesny et al.,
2010a)

pGWBS:avrRxv Derivative of pPGWBS containing avrRxv This study

pGWBS5:x0pG Derivative of pPGWBS containing xopG This study

pGWBS:xopJ Derivative of pPGWBS containing xopJ (Thieme et al., 2007)
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pGWBS5:xopK
pGWBS5:xopM
pGWBS5:xopV

pGWBI17:Atsypl21 sp2

pGWBI17:xopB
pGWBI17:x0pBasisv
pGWB 1 7ZXOpBK455R
pGWBI17:xo0pJ
pGWBI17:x0pJcassa
pK18:x0pG

pK18:xopl
pK18:xopM
pPK7FWG2:xopB
pK7FWG2:x0pBasizy
pK7FWG2:x0pBkassr
pK7FWG2:xopl
pK7FWG2:xopS
pPK7WGF2:xopR
pL6GW356:x0pG
pL6GW356:x0pl
pL6GW356:x0pK
pL6GW356:x0pM
pL6GW356:x0pR
pL6GW356:x0pS
pL6GW356:x0pV
pLAND:xopB
pLAND:XOpBM 13V
pNHL10-LUC
pOGG2:xopK
pOGG2:xopR
pOGG2:xopV
pOK1:xopS
pUBQ10_GUS
pUGW14:xopB
pUGW14:x0pBasisy

pUGW14:x0pS
pUGWI15:H2B

Derivative of pPGWBS containing xopK
Derivative of pPGWBS5 containing xopM
Derivative of pPGWBS containing xop V'
Derivative of pPGWB17 containing
Atsypl21 Sp2
Derivative of pPGWB17 containing xopB
Derivative of pPGWB17 containing xopB ;3,3
Derivative of pPGWB17 containing xopBxyssg
Derivative of pPGWB17 containing xop.J
Derivative of pPGWB17 containing xopJc2;s54
Derivative of pK18 carrying flanking regions of
xopG
Derivative of pK18 carrying flanking regions of
xopl
Derivative of pK18 carrying flanking regions of
xopM
Derivative of pPK7FWG2 containing xopB
Derivative of pPK7FWG2 containing xopB ;3,31
Derivative of pK7FWG2 containing xopBgyssg
Derivative of pK7FWG2 containing xop!
Derivative of pPK7FWG2 containing xopS
Derivative of pK7WGF2 containing xopR
Derivative of pL6GW356 encoding XopGy_jgo-
AvrBs3A2

vative of pL6GW356 encoding Xopl,_j4-
AvrBs3A2

vative of pPL6GW356 encoding XopK g7~
AvrBs3A2

vative of pPL6GW356 encoding XopM,_syo-
AvrBs3A2
Derivative of pPL6GW356 encoding XopR|._;s,-
AvrBs3A2

vative of pL6GW356 encoding XopS,.;s57-
AvrBs3A2

vative of pPL6GW356 encoding XopG. g7-
AvrBs3A2
Derivative of pPLAND containing xopB
Derivative of pLAND containing xopB;,3y
Derivative of pFRK1-LUC vector, containing
PpNHLI10 instead of pFRK]
Derivative of pOGG2 carrying flanking regions
of xopK
Derivative of pOGG2 carrying flanking regions
of xopR
Derivative of pOGG2 carrying flanking regions
of xopV
Derivative of pOK1 carrying flanking regions of
xopS
Derivative of pUC119 encoding UBQ10::GUS
Derivative of pUGW 14 containing xopB
Derivative of pUGW 14 containing xopB ;131
Derivative of pUGW 14 containing xopS
Derivative of pUGW15 containing H2B
(At5g59910)

This study
This study
This study
This study

This study
This study
This study
This study
This study
This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
(Boudsocq et al., 2010;
Ranfez al., 2011)
This study

This study

This study

This study
(Norris et al., 1993)
This study

This study

This study
This study

* Ap, ampicillin; Hm, hygromycin; Km, kanamycin; Rif, rifampicin; Sm, spectinomycin;

Tc, tetracycline, r, resistant.
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Table S2 Oligonucleotides used in this study

Name Sequence (5°-3") Purpose
xJ-fe CACCATGGGTCTATGCGTTTCA generation of pENTR/DxopJcassa
xJmC-f CACAGAAGTCTGCAGCGGACGCC generation of xopJ 2354 (SOE-
PCR)
xJmC-r ATGCAGATCGAACATCAGGGC generation of xopJc2354 (SOE-
PCR)
xJ-rsl TGACTGGCGATCAGAGATAGCTGTC generation of pENTR/DxopJcassa
Arxv-fe CACCATGTGCGACTCCATAAGAGTG generation of pENTR/Davrrxv
Arxv.rsl GGATTCTAAGGCGTGACGGA generation of pENTR/Davrrxv
xopB_start CACCATGAAGGCAGAGCTCAC generation of pENTR/DxopB
xopB_rev CGGCTCAGGCGCGGGTTGGTGCG generation of pENTR/DxopB
xopG_start CACCATGCCAATCAGTCAAAC generation of pPENTR/DxopG
xopG_rev CATGCCGTGAGGCTTATATT generation of pENTR/DxopG
xopl_start CACCATGCCGATCACCCGAAC generation of pENTR/Dxopl
xopl_rev CATGTCCATATACCTGCGCGACAC generation of pENTR/Dxopl
K entry for CACCATGCGTGTCCAACGATCCACTG generation of pENTR/DxopK
K entry rev GGCCGTGGACGCAGGGGCCACGGC generation of pENTR/DxopK
0442 ENTR-ATG CACCATGACGAAGATCTCTTCAGCCAGTACC generation of pPENTR/DxopM
0442-R2 CTCAGTTCGCGTGCGAGCGCCCTCG generation of pPENTR/DxopM
0285_start CACCATGCGCCTGACTTCGTTC generation of pENTR/DxopR
0285 rev ATAGCCGTTGTTGATCGCCTC generation of pENTR/DxopR
0324 start CACCATGGGAGATGTACAAATG generation of pENTR/DxopS
0324 rev AGAAATGCCATCGCTGG generation of pENTR/DxopS
xopV_entry_for CACCATGAAGATCTCCGGCTCGGCGTICT generation of pPENTR/DxopV

xopV_entry rev
SYP121 Sp2 fwd

SYP121_Sp2
rev_no stop
ab2for

ab2rev
secGFP_for

secGFP_rev

XopS_Bsal_for
XopS_Bsal_rev
dxopl a_for
dxopl a rev
dxopl b for
dxopl b rev
0442 F1

0442 R1
0442 F2
0442 R2

TTCACCGCTTGGGCTAGGATGCGC
CACCATGAACGATTTGTTTTCCAGCTCATTC

ACATGTCCATTTTCGCGTGTTC

CACCATGCGTATCGGTCCTCTG
TCAATCCGTCTCCGTCTGCCT

TTTGGTCTCTTATGAAGACTAATCTTTTTCTCTTTCT
CATCTTTTCACTTCTCCTATCATTATCCTCGGCC

TTTGGTCTCTCACCGGCCGAGGATAATGATAGGAGAA
GTGAAAAGATGAGAAAGAGAAAAAGATTAGTCTTCAT

GCCGGTCTCTTATGGGAGATGTACAAATG
ACAGGTCTCTCACCAGAAATGCCATCGC

ACTAAGCTTCAGAGCTGCCTGGTGCGTTG
TAGAATTCCATCTCGGGTCTCCTGCGGTG
CGGAATTCTGAGCACTGTTTGATTGAGTG
ATAGGATCCAATGCGCGCAGCGTTGCAAC

AAAGAATTCGGATTATGTCTTGAGTCCGGCAGCAAAC
C
AAATCTAGAGGCTTGTCCTCGCGTTGG

AAATCTAGAGCGTGGCCGCGCCTGGCG
GGGAAGCTTGGCAGTGGGAGGCCTCGTCC

generation of pENTR/DxopV

generation of
pENTR/DAtsyp121sp2
generation of
pENTR/DAtsyp121sp2
generation of pENTR/DavrBs2

generation of pPENTR/DavrBs2
generation of pGGA1secGFP

generation of pGGA 1secGFP

generation of pPBRMxopS
generation of pPBRMxopS
generation of pK18xopl
generation of pK18xopl
generation of pK18xopl
generation of pK18xopl
generation of pK18xopM

generation of pK18xopM
generation of pK18xopM
generation of pK18xopM
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dxopV_left for
dxopV_left rev
dxopV_right for
dxopV_right rev
dxopR_left for
dxopR_left rev
dxopR_right_for
dxopR _right rev
dXopS_S5for
dXopS_Srev
dXopS_3for
dXopS 3rev

xopB pLAND f
or

xopB_pLAND re
v

0442_ENTR_999
F

0442-R2

xol2fusfw
xol2fusrev
xol6fusfw
xol6fusrev
3215-1008 F
3215-R
0285-998 F
0285-456 R
0324-1041 F
0324-R

657 p fw
657 rev

XopB177-Bsarev
xopB_RT for
xopB_RT _rev
RTxol6fw
RTxol6rev

RT xopG
forward

TTTGGTCTCTCGACACTTGCCGGTGCCGTGCCC
TTTGGATCCTCCACCGTCCACGCGCAT
TTTCCTAGGGCGCGTACTCCTAGAATGCGTGA
TTTGGTCTCTATGGGTTTACGGCCGCTGATGC
TTTGGTCTCTCGACCAGTAAGTGTTATATAGT
TTTGGATCCGCGCGTCGTCGTTGCGCGCAAAG
TTTCCTAGGCACAAACTCCCGCGGGAATGCAC
TTTGGTCTCTATGGCCCATGCATTTTCTGCTGTTT
GATAAGCTTGCTTTTCTAAAGCATAGGC
ATCGTCGACGCAGTGCACCGTGCCGCAT
GATAAGCTTAGAGCGAGCCCGCAGAGT
CTGTCTAGACATCTGTTCCAGATATGCC
TTTGGTCTCTTATGAAGGCAGAGCTCACACGATCC

TTTGGTCTCTGGTGCGGCTCAGGCGCGGGTTG

CACCCAGCAAACCGATCAAACTCGCC

CTCAGTTCGCGTGCGAGCGCCCTCG

CACCTGCGAGCGCTTCCTTCAGCAG

TGCTCTTTCCATAGCGAGCGCTTG

CACCCGTTCTTCAACCAGTTGCGTG

CGCTGCAAGCCTTCCGTATC

CACCGCTATCGGGATGGCATC

CACGTACTTGGCGACCACGAA

CACCTGCCTGCACACTTCGTT

AAAGCGTTCTGACGCGCGTG

CACCGCTGTTACCGCAGTGCAC

CAGCGATATAGCTACCTTC

CACCGAATGCCGACGACCGACGCCAC

TCCGCGGAACGTCGGGGTGCTC

TTTGGTCTCTGATCTGTCCGCTCTGAGGAGTTG
ATTACGTCGATTACGGCTCAG
CGACAACCGAAGCGGCCATC
CTGGGATGCTTGCCCGAGGAC
GAAGGCAGCCTGGCGCACTC
CAGCGCTTGAGAAGATTGCAG

generation of pPOGG2xopV
generation of pPOGG2xopV
generation of pPOGG2xopV
generation of pOGG2xopV
generation of pOGG2xopR
generation of pOGG2xopR
generation of pPOGG2xopR
generation of pOGG2xopR
generation of pOK1xopS
generation of pOK1xopS
generation of pOK1xopS
generation of pOK1xopS
generation of

pLANDxopB,pLANDx0pBa313v

and pBR356xopB

generation of pLANDxopB and

pLANDXOpBA3 13V

generation of
PENTR/DxopM-+promoter

generation of
pENTR/DxopM-+promoter

generation of
PENTR/DxopG-+promoter
generation of
pENTR/DxopG+promoter
generation of
pENTR/Dxopl+promoter
generation of
pENTR/Dxopl+promoter
generation of
pENTR/DxopK-+promoter
generation of
pENTR/DxopK-+promoter
generation of
pENTR/DxopR+promoter
generation of
pENTR/DxopR+promoter
generation of
pENTR/DxopS+promoter
generation of
pENTR/DxopS+promoter
generation of
pENTR/DxopV+promoter
generation of
pENTR/DxopV+promoter
generation of pBR356xopB

RT-PCR on xopB
RT-PCR on xopB
RT-PCR on xopl
RT-PCR on xopl
RT-PCR on xopG
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RT xopG reverse
xK-rtf/rob
xK-rtr/rob
0442 1197F
0442 1401R
xcv0324fw
xcv0324rev
xcv0657fw
xcv0657rev

CCATGTTCCTGCCTGATGGAG
GATCGAGACCAACGCCTACCTGCAG
GATGCGCAAAGCGGTCGTACTTG
GGTGAACGCGGCCTTGAATGTC
CAAACCGAGCCAGGTGCCAATC
TGCATGGCACCGCCGAAGCGTC
ATCGTTCGCTTTTGCAAGATG
GCGACATGCCCCAGCGGTGTG
ATGACCAAGCTGCCATTGCTG

RT-PCR on xopG
RT-PCR on xopK
RT-PCR on xopK
RT-PCR on xopM
RT-PCR on xopM
RT-PCR on xopS

RT-PCR on xopS

RT-PCR on xopV
RT-PCR on xopV
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SUPPORTING INFORMATION FIGS S1-S8

AvrBs3A2 fusion partner

&

L~ C_g\'\‘;\
kba 1S 4K

Fig. S1 XopR- and XopS-AvrBs3A2 fusion proteins are expressed in Xcv 85*AhpaB. Strains
85*AhpaB ectopically expressing XopR.js2- and XopS;.;s7-AvrBs3A2 fusions were grown in
minimal medium A. Numbers correspond to the amino acids fused to AvrBs3A2. Total cell

extracts were analyzed by immunoblotting using an AvrBs3-specific antibody.
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Fig. S2 Individual deletion of xopB and xopS has no influence on bacterial growth. (a)
Bacterial growth of Xcv strains 85-10, 85-10AxopB (AxopB) and the T3S mutant 85-10AhreN
(AhreN) in leaves of susceptible pepper ECW. Bacterial multiplication was monitored over a
period of nine days. Values represent the mean of three samples from three different plants.
Error bars indicate standard deviations. (b) Bacterial growth of Xcv strains 85-10 and 85-
10AxopS (AxopS) containing the empty vector (ev) and pBRM:xopS, respectively, in pepper
ECW. The experiment was performed as described in panel a). All experiments were

performed at least three times with similar results.
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Fig. S3 XopB and XopS do not suppress MAPK activation in Arabidopsis. Protoplasts

derived from A. thaliana Col-0 were transformed with p35S-xopB, p35S-xopB.4si3v, p35S-

xopS or p35S-avrPto and p35S-CFP as positive and negative control, respectively. 14 h after

transformation, protoplasts were treated with 100 nM flg22 or elf18 and samples were taken

15 and 10 min later, respectively. Immunoblots were reacted with anti-pTEpY (specific for

activated MAP kinases) and HA-specific antibodies (for the epitope-tagged effector proteins).

In the experiment using flg22, avrPto was expressed without tag. Amido black staining of the

large subunit of Rubisco was used as an estimate of equal protein loading. The experiments

were performed three times with similar results. MPK3, 4, 6, 11 = mitogen-activated protein

kinase 3,4, 6, 11.
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Fig. S4 XopBasizy is impaired in cell death induction. (a) N. benthamiana leaves were
inoculated with a dilution series of Agrobacterium mediating transfer of T-DNA encoding
XopB::c-Myc and XopBasisv::ic-Mye, respectively. OD 1.0 corresponds to 10° cfu ml”,
ODg00=0.6 to 6x10% cfu ml"! and ODgy=0.2 to 2x10* cfu ml™. Photographs were taken six
dpi. (b) Expression of XopB- and XopBasizv-c-Myc fusions in planta. Leaves of N.
benthamiana plants were inoculated as described in (a). Samples of infected (XopB and
XopBasi13v) and uninfected (-) leaf material were analyzed 24 hpi by immunobloting using a
c-Myec-specific antibody. To check protein amounts, the SDS-gel was stained with Sypro
Ruby solution (BioRad, Hercules, CA, U.S.A.) prior to immunoblotting. The experiments

were repeated twice with similar results.
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Fig. S5 XopB is associated with the membrane fraction of plant cells. N. benthamiana leaves
were co-inoculated with Agrobacterium strains delivering T-DNA encoding XopB::c-Myc,
XopBasisviic-Myc and XopBkassr::c-Myc, respectively, with Agrobacterium delivering T-
DNA encoding Golgi-mCherry. Leaves were harvested two dpi, and total protein extracts
were fractionated by ultracentrifugation. Equal volumes of individual fractions representing
approximately equal protein amounts were analyzed for the presence of XopB::c-Myc and
mutant derivatives and mCherry by immunoblotting using c-Myc- and RFP-specific
antibodies, respectively. As control, the blot was reacted with a specific antibody for the
cytosolic fructose-1,6-bisphosphatase (cFBPase). TE, total extract; SF, soluble fraction; MF,

membrane fraction. The experiments were repeated twice with similar results.
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Fig. S6 Expression of GFP and xopB-GFP fusions in N. benthamiana. N. benthamiana leaves
were co-inoculated with Agrobacterium strains mediating delivery of T-DNAs encoding
XopB::GFP, XopBas13v-GFP, XopBkassr-GFP and GFP, respectively, and T-DNA encoding
Golgi-mCherry. Infected tissue was harvested 20 hpi. Expression of the effector-GFP fusions
was analyzed by immunoblotting using a GFP-specific antibody. The experiments were

repeated twice with similar results.
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Fig. S7 Subcellular localization of XopG::GFP. (a) Confocal laser scanning microscopy of .
benthamiana leaves 18 h after Agrobacterium-mediated delivery of GFP::GFP and
xopG::GFP, respectively. 4°,6"-Diamidino-2-phenylindole (DAPI) staining indicates nuclei.
Size bars correspond to 5 pm. (b) N. benthamiana leaves were inoculated as in (a). Infected
tissue was harvested 18 hpi and analyzed by immunoblotting using a GFP-specific antibody.

The experiments were repeated twice with similar results.

Confocal laser scanning microscopy revealed a localization of XopG::GFP exclusively to the
plant cell nucleus at early time points (18 hpi) after inoculation. However, degradation of

XopG::GFP occurred 20-22 hpi leading to fluorescence in the cytoplasm (data not shown).
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Fig. S8 Subcellular localization of XopG, AvrBsT, AvrRxv and Xopl is not affected by co-
expression of XopB. Agrobacterium strains mediating expression of XopB::c-Myec,
XopG::GFP, AvrbsT::GFP, AvrRxv::GFP and XopJ::GFP were inoculated in leaves of N.
benthamiana. For co-expression, bacterial suspensions were mixed prior to inoculation. a)
Confocal laser-scanning microscopy of inoculated leaf tissue 22 hpi. DAPI staining indicates
nuclei. Size bars correspond to 20 um. b) Expression of effector genes in planta. Inoculation
of N. benthamiana was carried out as described in (a). Tissue was harvested 22 hpi and
analyzed by immunolotting using GFP- and c-Myc-specific antibodies. The experiments were

repeated twice with similar results.
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2.2.1.2 Zusammenfassung der Ergebnisse

In der vorangegangenen Publikation wurden sechs neue T3E (Xopl, XopK, XopM, XopR, XopS und
XopV) des Stamms Xcv 85-10 identifiziert und zusammen mit zwei weiteren Effektoren (XopB und
XopQ) analysiert. Die Typ IlI-vermittelte Sekretion und Translokation der T3E in die Pflanzenzelle
konnte mit Hilfe des Reporters AvrBs3A2 gezeigt werden. Des Weiteren wurde die Translokation in
Abhingigkeit vom generellen Typ III-Chaperon HpaB untersucht. Basierend auf diesen Daten wurden
die T3E in zwei Klassen unterteilt. Klasse A umfasst Effektoren, die in Abwesenheit von HpaB nicht
mehr transloziert werden (XopR und XopS), wihrend Klasse B-Effektoren auch in Abwesenheit von
HpaB in die Pflanzenzelle transloziert werden (XopB, XopG, Xopl, XopK, XopM, XopV). Alle
Effektorgene, auller xopG das konstitutiv exprimiert wird, werden abhingig von den Regulatoren des
T3S-Systems exprimiert.

Um einen mdglichen Beitrag der T3E zur Virulenz von Xcv zu untersuchen, wurden Deletionen der
einzelnen Effektoren im Xcv-Stamm 85-10 erstellt und in Virulenzanalysen in planta untersucht. Die
Deletionen von xopG, xopl, xopK, xopM, xopR oder xopV hatte im Vergleich zum Xcv-Wildtyp-
Stamm keinen Einfluss auf die Ausbildung von Krankheitssymptomen nach Inokulation der
entsprechenden Stimme in suszeptible Paprikapflanzen. Der Verlust von xopB oder xopS fiihrte
hingegen zu deutlich reduzierten Symptomen, jedoch nicht zu verdndertem Wachstum dieser Xcv-
Stdimme in Paprikapflanzen. Stamm 85-10 mit einer Doppeldeletion von xopB und xopS zeigte
hingegen ein geringeres bakterielles Wachstum als der Wildtyp-Stamm, was auf eine redundante
Funktion beider Effektoren hinweist.

Dies konnte bestitigt werden: sowohl XopB als auch XopS unterdriickten die Expression pflanzlicher
Gene, die an der Immunantwort der PTI beteiligt sind. Beide Effektoren greifen dabei wahrscheinlich
nicht in die Erkennung von PAMPs und der daraus resultierenden Signalweiterleitung tiber MAP-
Kinasen ein, da die flg22-induzierte Aktivierung von MAPK-Kaskaden in Gegenwart von XopB und
XopS unverdndert war.

Des Weiteren supprimiert XopB die durch XopG, XopJ, AvrBsT und AvrRxv induzierten
Zelltodreaktionen in planta, sowohl nach Agrobacterium-vermittelter transienter Koexpression (xopG,
xopJ, avrBsT und avrRxv), als auch bei Uberexpression von xopB im Xcv-Stamm 75-3, welcher
natiirlicherweise AvrBsT kodiert. Die Koexpression von xopB fiihrte dabei aber nicht zu einer
verdnderten Lokalisation der Zelltod-auslosenden T3E.

Das Derivat XopBasisv konnte die oben genannten Zelltodreaktionen nicht unterdriicken, supprimierte
aber noch die PAMP-induzierte Pflanzenabwehr. XopB und XopBas;zv sind im Zytoplasma und
Golgi-System der Pflanze lokalisiert und manipulieren die pflanzliche Proteinsekretion. Diese
Ergebnisse lassen schlussfolgern, dass die Suppression der PAMP- und Effektor-induzierten

Abwehrreaktionen durch XopB auf unterschiedlichen Mechanismen beruht.
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2.2.2 Ergianzende Ergebnisse

2.2.2.1 Charakterisierung einzelner Typ III-Effektoren hinsichtlich ihres Beitrags zur

Virulenz von Xcv

2.2.2.1.1 Generierung von AavrBs2-Mutanten

Die Deletion von Effektor-kodierenden Genen hat oftmals keinen Einfluss auf die Virulenz von Xcv.
Zum Einen liegt dies wahrscheinlich an der funktionellen Redundanz der Effektoren (Biittner und
Bonas, 2010), zum Anderen kdnnte ein schwacher Einfluss auf die bakterielle Virulenz makroskopisch
nicht erkennbar sein. Deshalb sollte neben den bereits deletierten T3E zusétzlich avrBs2 deletiert
werden. Der T3E AvrBs2 ist in vielen Xanthomonas spp. konserviert und lost in resistenten Bs2-
Pflanzen die HR aus (Minsavage et al., 1990). In anfédlligen Pflanzen, die das Resistenzgen Bs2 nicht
besitzen, trdgt AvrBs2 erheblich zur Virulenz und Fitness von Xanthomonas bei (Kearney und
Staskawicz, 1990; Wichmann und Bergelson, 2004).

Daher wurde in dieser Arbeit avrBs2 in den Genomen der Xcv-Stimme 85-10 (Abb. 2-1 a) und 82-8
(Abb. 2-1 b) deletiert. Hierfiir wurden Fragmente, die stromaufwérts und stromabwarts von avrBs2
liegen, per PCR an genomischer DNA von Xcv mit spezifischen Primern amplifiziert (s. Anhang). Die
Fragmente wurden in den Vektor pOKI (Huguet et al., 1998) kloniert und das daraus resultierende
Konstrukt in die Stdmme Xcv 85-10 und 82-8 konjugiert. Die selektierten Mutanten wurden
anschliefend mittels PCR identifiziert. Der Stamm 82-8AavrBs2 wurde bereits in fritheren Arbeiten
charakterisiert (Kearney und Staskawicz, 1990; Minsavage ef al., 1990) und wurde in dieser Arbeit als
Kontrolle generiert.

Anfillige Paprikapflanzen (ECW) zeigten deutlich reduzierte Krankheitssymptome nach Inokulation
von 85-10AavrBs2 bzw. 82-8AavrBs2 im Vergleich zu den entsprechenden Wildtyp-Stdmmen (Abb.
2-1). In resistenten Paprikapflanzen (ECW-20R) losten die avrBs2-Mutanten im Gegensatz zum
Wildtyp-Stamm keine HR aus (Abb. 2-1). Die Phidnotypen der avrBs2-Mutanten konnten durch
ektopische Expression von avrBs2 komplementiert werden. Diese Ergebnisse stehen im Einklang mit
bereits publizierten Daten (Kearney und Staskawicz, 1990; Minsavage et al., 1990). Der Xcv-Stamm

85-10AavrBs2 diente als Ausgangsstamm fiir die Erstellung weiterer T3E-Deletionsmutanten.
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(a) (b)
85-10 82-8
wt (LV) AavrBs2 AavrBs2 wt (LV) AavrBs2 AavrBs2
(LV) (avwrBs2) (LV) (avrBs2)

Abbildung 2-1: Analyse der Xcv-Stamme 85-10AavrBs2 und 82-8AavrBs2.

Blatter von anfélligen (ECW) bzw. AvrBs2-responsiven Paprikapflanzen (ECW-20R) wurden mit den Stimmen
(a) Xcv 85-10 (wt) und 85-10AavrBs2(AavrBs2) bzw. (b) 82-8 (wt) und 82-8AavrBs2(AavrBs2) mit einer
bakteriellen Dichte von 4x10° KBE/ml inokuliert. Die Stimme tragen den Leervektor pLAFR3 (LV;
Staskawicz ef al., 1987) oder pLAFR3:avrBs2 (avrBs2,; Minsavage et al., 1990). Die Phinotypen wurden 4 d
nach Inokulation dokumentiert. ECW-20R-Blétter wurden zur besseren Visualisierung der HR in Ethanol

ECW-20R

gebleicht. Die Experimente wurden zweimal mit dhnlichen Ergebnissen reproduziert.

2.2.2.1.2 Analyse von Mehrfach-Effektormutanten in Xcv 85-10AavrBs2

Die Deletion der Effektorgene xopK, xopR oder xopV hatte keinen makroskopisch sichtbaren Einfluss
auf den Krankheitsverlauf nach Xcv-Infektion in Paprikapflanzen (Schulze et al, 2012). Um zu
untersuchen, ob schwache Virulenzeffekte der T3E eventuell maskiert werden, wurden xopK, xopR
oder xopV auch im Stamm Xcv 85-10AavrBs2 deletiert. Infektionsstudien in suszeptiblen sowie
resistenten Paprikapflanzen ergaben jedoch keine Unterschiede der AvrBs2-Effektor-Doppelmutanten
im Vergleich zu 85-10AavrBs2 (Abb. 2-2 a-c). Diese Ergebnisse deuten darauf hin, dass andere
Effektoren wahrscheinlich funktionell d4hnliche Aufgaben wie XopK, XopR und XopV iibernechmen

und deshalb kein Beitrag dieser T3E zur Virulenz von Xcv beobachtet werden konnte.
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Abbildung 2-2: Phénotypenanalyse nach Inokulation von Effektormutanten in Xcv 85-10AavrBs2.

Die Stamme Xcv 85-10 (wt), Xcv 85-10AavrBs2 (AavrBs2), (a) 85-10AavrBs2AxopK (AavrBs2AxopK), (b) 85-
10AavrBs2AxopR (AavrBs2AxopR) und (c) 85-10AavrBs2AxopV (AavrBs2AxopV) wurden in anfillige (ECW)
und resistente (ECW-10R) Paprikapflanzen inokuliert (10 KBE/ml). Die Phinotypen wurden 7 Tage nach
Inokulation (ECW), bzw. 2 Tage nach Inokulation (ECW-10R) dokumentiert. Blitter von resistenten Pflanzen
wurden zur besseren Visualisierung der HR in Ethanol gebleicht. Die Experimente wurden zweimal mit
dhnlichen Ergebnissen reproduziert.

2.2.2.1.3 Subzelluliire Lokalisierung der Effektoren XopK, XopS und XopV

Um XopK, XopS und XopV niher zu charakterisieren, wurden subzelluldre Lokalisierungsstudien mit
GFP-Fusionen der entsprechenden Effektoren durchgefiihrt. Lokalisierungen konnen ein Hinweis auf
den Wirkungsort und somit auf mogliche Zielproteine der Effektoren innerhalb der Pflanze geben. Da
die im Folgenden beschriebenen Lokalisierungsmuster der N- als auch C-terminalen GFP-
Fusionsproteine vergleichbar waren, werden exemplarisch nur die Ergebnisse fiir C-terminale GFP-
Fusionsproteine gezeigt. Gfp, xopK und xopV in pGWBS5 bzw. xopS in pK7FWG2 wurden
Agrobacterium-vermittelt in N. benthamiana exprimiert, wobei gfp als Kontrolle diente. Abbildung 2-
3a zeigt, dass XopK::GFP nahe der pflanzlichen Zellwand akkumulierte. Im Vergleich zu GFP waren
keine Zytoplasmastringe fiir XopK::GFP zu beobachten. Fir XopK wurden zwei
Transmembrandoménen durch in silico Analysen vorhergesagt
(http://www.cbs.dtu.dk/servicess TMHMM). Dies steht im FEinklang mit dem beobachteten
Lokalisierungsmuster und lasst die Schlussfolgerung zu, dass XopK::GFP an der pflanzlichen
Plasmamembran lokalisiert ist.

XopS::GFP akkumulierte hingegen im Zytoplasma und im Zellkern, #dhnlich wie GFP. Fiir
XopV::GFP wurde die GFP-Fluoreszenz hauptsédchlich im Zytoplasma beobachtet. Die Synthese der
GFP-Fusionsproteine wurde mittels Western-Blot-Analysen nachgewiesen (Abb. 2-3 b).
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Uberlagert

Abbildung 2-3: XopK, XopS und XopV sind in verschiedenen Zellkompartimenten lokalisiert.
Agrobacterium-vermittelte Expression von xopK::gfp, xopS::gfp, xopV::gfp und gfp nach Inokulation (8x10°®
KBE/ml) in N. benthamiana. 30 h nach Inokulation wurden die Blattbereiche mit DAPI infiltriert und
mikroskopiert. (a) Die GFP-Fluoreszenz in Epidermiszellen ist links, DAPI-gefirbte Zellkerne in der Mitte und
die Uberlagerung beider Kanile rechts dargestellt. (b) Aus inokuliertem Blattmaterial wurden Proteinextrakte
hergestellt, mittels SDS-PAGE aufgetrennt und durch Western-Blot unter Verwendung eines GFP-spezifischen
Antikorpers analysiert. Die Experimente wurden zweimal mit &hnlichen Ergebnissen reproduziert.
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2.3 Molekulare Analyse des Typ III-Effektors XopL

2.3.1 Publikation 3
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Introduction

Most Gram-negative pathogenic bacteria implement the type
IIT secretion system (T'3SS) that injects a set of proteins, termed
effectors (T'3E), directly into the eukaryotic host cell. The effectors’
combined function is to subvert the host immune system and to
promote bacterial colonization [1,2]. Plant immunity relies on
recognition of conserved pathogen-associated molecular patterns
(PAMPs) [3], such as flagellin or bacterial elongation factor Tu
[4,5]. This defense barrier is termed PAMP-triggered immunity
(PTI), is activated upon PAMP recognition at the cell surface by
specific receptors, followed by a network of cellular signaling
events, such as mitogen-activated protein kinase (MAPK) cascades,
that ultimately lead to changes in gene expression [3,6,7]. In
contrast, type III effectors manipulate plant cell processes, often

PLOS Pathogens | www.plospathogens.org

leading to subversion of plant immune responses [1,8]. T3Es
interfere with key eukaryotic cell functions, such as the cytoskel-
eton rearrangement [9], transcriptional regulation [10,11] or
ubiquitination [12,13]. However, the biochemical function of the
majority of T3Es remains elusive.

Ubiquitination is a highly conserved eukaryote-specific post-
translational protein modification involving attachment of ubiqui-
tin to the epsilon amine of a lysine residue in the target protein.
This modification alters protein activity, protein localization or
targets the protein for 26S-proteasome-mediated degradation [14].
Ubiquitination of target proteins involves coupling of ubiquitin to
an ubiquitin activating enzyme (El), transfer to a conjugating
enzyme (E2), before an ubiquitin ligase (E3) mediates ubiquitin
transfer from an E2 to a target protein [15]. E3 enzymes exhibit
high target specificity and differ in the subset of E2s they interact
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Author Summary

Numerous bacterial pathogens infecting plants, animals
and humans use a common strategy of host colonization,
which involves injection of specific proteins termed
effectors into the host cell. Identification of effector
proteins and elucidation of their individual functions is
essential for our understanding of the pathogenesis
process. Here, we identify a novel effector, XopL, from
Xanthomonas campestris pv. vesicatoria, which causes
disease in tomato and pepper plants. We show that XopL
suppresses PAMP-related defense gene expression and
further characterize XopL as an E3 ubiquitin ligase. This
eukaryote-specific function involves attachment of ubig-
uitin molecule(s) to a particular protein targeted for
degradation or localisation to specific cell compartments.
Ubiquitination processes play a central role in cell-cycle
regulation, DNA repair, cell growth and immune respons-
es. In the case of XopL this activity triggers plant cell death.
Through structural and functional analysis we demonstrate
that XopL contains two distinct domains, one of which
demonstrates a novel fold never previously observed in E3
ubiquitin ligases. This novel domain specifically interacts
with plant ubiquitination system components. Our find-
ings provide the first insights into the function of a
previously unknown XoplL effector and identify a new
member of the growing family of bacterial pathogenic
factors hijacking the host ubiquitination system.

with. Eukaryotic E3s fall into two major classes according to the
mechanism of ubiquitin transfer: RING/U-box and HECT domain
proteins [16]. RING finger/U-box proteins transfer ubiquitin
directly from the E2 to the target protein, whereas HECT proteins
first form a thioester intermediate with ubiquitin before ligating it to
the target. While ubiquitination is absent in prokaryotes, it emerges
as a prime eukaryotic host target for bacterial pathogens, which
have evolved diverse T3Es to mimic ubiquitination-related func-
tions. In particular, several bacterial T3Es from animal and plant
pathogens function as E3 ubiquitin ligases, represented on one hand
by the Pseudomonas syringae T3E AvrPtoB [12,13] and the NleG
family of E. coli T3Es [17], which contain typical U-box folds, and
on the other hand by the NEL (novel E3 ligase) domains found in
the IpaH and SspH2 T3Es of Shgella and Salmonella spp.,
respectively [18,19]. The latter contain a novel thioester-forming
E3 ligase domain with no structural homology to the HECT
domain. This suggests that during co-evolution with their hosts,
pathogenic bacteria have employed different solutions to fulfill the
otherwise typical eukaryote-specific function of E3 ubiquitin ligases.
Here, we characterized the T3E XopL (Xanthomonas outer protein
L) from the model plant pathogenic bacterium Xanthomonas campestris
pv. vesicatoria (Xcv), which causes disease on tomato and pepper
plants. Xcov injects a suite of ~30 T3Es into the host cell including
the TAL (transcription activator-like) effector AvrBs3, which
manipulates plant transcription [10], and the SUMO (small
ubiquitin modifier) protease XopD [20]. XopL is a newly identified
T3E from Xcv, and was found to exhibit E3 ubiquitin ligase activity.
Crystal structure determination revealed that the protein contains a
novel fold and thus represents a new class of E3 ubiquitin ligases.

Results

Identification of the new type Il effector XopL (XCV3220)
The analysis of the genome sequence of X¢v strain 85-10 led to
the identification of XCV3220 (xopL) as a new T3E candidate
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gene. XCV3220 is conserved in Xanthomonas spp. (Figure S1) and
contains a PIP box (plant inducible promoter) in its promoter
(TTCG-N16-TTCG; genome position 3669238-261). The pres-
ence of a PIP box in the xopL promoter suggested a co-regulation
with the T3S system, which was confirmed by RT-PCR (Figure
S2A). The predicted gene product contains leucine-rich repeats
(LRRs), which are typically found in eukaryotic proteins and are
thus indicative of an effector protein activity. Type III-dependent
secretion and translocation of XCV3220 was confirmed by i vitro
secretion and i vivo translocation assays (Figure S2B, C). The
protein was therefore renamed XopL (for detailed information see
Text SI).

XopL induces cell death and suppresses defense gene
expression in planta

To investigate a possible virulence function of XopL, we deleted
the gene from the genome and analyzed the corresponding
deletion mutants by infection studies in pepper plants. However,
under the conditions tested XopL had no discernible effect on
virulence (Figure S2D) or bacterial growth of Xcv (data not shown).
To further characterize XopL we expressed xopL in different plant
species via Agrobacterium-mediated transformation. Expression of
XopL induced plant cell death (PCD) in leaves of Nicotiana
benthamiana (Figure 1A), but no macroscopic reaction in pepper or
tomato plants (data not shown). PCD was confirmed by
quantifying ion leakage, which is used to measure dying plant
cells (Figure 1B).

To identify the role of XopL during the infection of plants, we
tested if it manipulates plant immunity, as shown previously for
several T3Es from Pseud. s and Xanth s, which specifically
suppress the PAMP-triggered immunity (PTI) [21-26]. To analyze
this, we performed Arabidopsis leaf protoplast assays, a well-
established system for PAMP-signaling analysis [25,27,28]. We
tested the activity of the A. thaliana NHL10 (NDR1/HINI-LIKE 10)
[29,30] promoter fused to the firefly luciferase gene (LUC) after
application of elicitor-active epitopes of different bacterial PAMPs.
The reporter assays showed that the basal activity of pNHLI 0 was
not affected by XopL (Figure 2A). However, the expression of xopL
significantly decreased the activation of pNHLIO by flg22 (a
bacterial flagellin epitope) [4] as well as that of elf18 (an 18 amino
acid peptide derived from the EF-Tu protein) [5] (Figure 2B, C).
Induction of pNHLI0 by flg22 depends, at least partially, on
activity of mitogen- activated protein kinases (MAPKs) [27].
Therefore, the activation of the MAPKs MPK3, MPK4, MPK6
and MPKI11, which are involved in plant immune signaling
[31,32], might be affected by XopL. However, immunoblot
analysis using an antibody against activated MAPKs revealed no
differences in MAPK activity in protoplasts expressing XopL (or
its derivatives; data not shown) compared to CFP (cyan fluorescent
protein, negative control) (Figure 2D). AvrPto served as a positive
control in both assays as it suppresses PTI by intercepting MAPK
signaling pathways [33]. Proteins were stably expressed and
protoplasts were still viable during the course of the experiment,
confirming that the lack of pNHLI0 expression was not due to
ongoing cell death of the protoplasts (Figure S3A, B).

XopL displays E3 ubiquitin ligase activity in vitro

The N-terminal LRRs of XopL are reminiscent of the domain
architecture of the T3E families IpaH and SspH2 from Shigella and
Salmonella, respectively, that were recently identified as E3
ubiquitin ligases [18,19]. We, therefore, tested XopL for E3
ubiquitin ligase activity i vitro. For this, we purified recombinant
full-length XopL[aa 1-660] and truncated XopL derivatives
XopL[aa 144-660] (lacking the disordered pre-LRR region),
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Figure 1. Analysis of cell death induction by XopL in Nicotiana benthamiana. Agrobacterium-strains carrying binary constructs encoding XopL
(WT), XopLpsoza (D502A), XopLksysa (K578A), XopLaszew (A579W), XopLaei2a (Q612A), XopLisioa (L619A), XopL[aa 1-449] (leucine-rich repeat, LRR),
XopL[aa 450-660] (C-terminal domain, CTD), both XopL[aa 1-449] and XopL[aa 450-660] expressed in trans (LRR+CTD) or GFP under control of the
Cauliflower mosaic virus (CaMV) 35S promoter, were inoculated into N. benthamiana leaves (8 x108 cfu/ml). (A) Phenotypes of the inoculated leaf area
were documented 6 days post inoculation (dpi). (B) Cell death quantification using electrolyte leakage measurements. Measurements were carried
out 2 dpi (light grey bars) and 4 dpi (dark grey bars), respectively. Bars represent the average of triplicates of 5 leaf discs each, error bars represent
standard deviations. Asterisks indicate statistically significant differences compared to GFP control (t-test, P<0.01). (C) Leaf tissue was harvested
2 dpi, and protein extracts were analyzsed by western blot using a Strep-tag (a-strep) and ubiquitin-specific antibody (a-Ub), respectively. Signals
specific for full-length XopL, XopL[aa 1-449] (XopL rr)and XopL[aa 450-660] (XopLcrp) are labeled. Polyubiquitination is indicated by (Ub),,. Equal
loading is shown by Ponceau staining of Rubisco. The experiments were performed three times with similar results.

doi:10.1371/journal.ppat.1003121.g001

XopL[aa 474-660] (lacking the LRRs) and XopL[aa 86-450]
(lacking the C-terminal region).

XopL and its derivatives were tested in ubiquitination assays
using human E1 and the ubiquitous human E2 (UBE2D2) or the
related plant E2s (AtUBCI11 or AtUBC28, both with ~80%
sequence identity to UBE2D2) enzymes. In the case of full-length
XopL, XopL[aa 144-660] and XopL[aa 474-660], western blot
analysis with ubiquitin antibodies revealed a robust time-depen-
dent accumulation of high-molecular-weight polyubiquitinated
protein species (Figure 3A, B), which at later time points correlated
with consumption of free ubiquitin (Figure 4B). A similar result

PLOS Pathogens | www.plospathogens.org

was also obtained for the more distantly related XopL from X. c.
pv. campestris (Table S1 in Text S1).

Western blot analysis using o-His antibodies (Figure 3A) and
Coomassie Blue staining of SDS-PAGE gels (Figure 3B), combined
with mass spectrometric analysis of the high-molecular weight
species (data not shown) demonstrated minimal modification of the
XopL fragments, indicating that the principle product of in vitro
ubiquitination reactions were unattached ubiquitin chains. In the
case of the XopL[aa 86-450] fragment, no polyubiquitinated
protein species were detected (Figure 3A), suggesting that
polyubiquitination was dependent on the intact XopL C-terminal
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Figure 2. XopL inhibits pathogen-associated molecular pattern (PTl)-induced defense gene expression. Arabidopsis thaliana Col-0
protoplasts were co-transformed with pNHL10-LUC (luciferase) as reporter, the p35S-effector gene constructs xopL, XopLas12a, XopL g and xopLcrp or
p355-cfp and p35S-avrPto (negative and positive control, respectively), and pUBQ10-GUS (B-glucuronidase) for normalization. 14 h after
transformation, protoplasts were treated with H,O (A), 100 nM elf18 (B) and 100 nM flg22 (C), and luciferase activity was monitored for 3 h.
Results are depicted as LUC/GUS ratios (with the zero timepoint, H,O-treated sample set at a reference value of one). (D) Protein extracts of
transformed protoplasts were taken 10 min after treatment and analyzed by immunoblotting using a pTepY-antibody (specific for activated MAP-
Kinases) and HA-specific antibodies for detection of HA-tagged effector-or CFP-fusion proteins. MPK3, 4, 6, 11: mitogen activated protein kinase 3, 4,

6, 11. The experiments were performed three times with similar results.

doi:10.1371/journal.ppat.1003121.g002

region. XopL-mediated formation of ubiquitin chains required
both El and E2 enzymes (Figure 3B), demonstrating that XopL
acts similarly to eukaryotic E3 ubiquitin ligases.

Next, we determined the type of ubiquitin linkages preferen-
tially generated by XopL. Ubiquitin contains seven lysine (K)
residues (K6, K11, K27, K29, K33, K48 and K63) that can
participate in ubiquitin ligation [14]. Therefore, we analyzed the
products of the XopL-mediated polyubiquitination reaction using
plant AtUBC11, AtUBC28 and human UBE2D2 conjugating
enzymes. While the relative amount of distinct ubiquitination
linkages detected by this analysis (Table S1 in Text S1) was
different depending on which E2 enzyme was used in the reaction,
the K11 linkages represented the largest fraction in all cases. More
than half of the linkages analyzed in reactions with AtUBC28 and
UBE2D2 enzymes were K11, whereas K11 represented ~45% of
the linkages in reactions with AtUBC11. The remaining poly-
ubuitination linkages corresponded primarily to K33, K48 and
K63 (Table S1 in Text S1). Interestingly, K63-linked polyubiquitin
chains were detected in reactions using AtUBC28 and human
UBE2D2 but not in reactions with plant AtUBC11, suggesting
that these homologous E2 enzymes may contribute to a different
preference in linkages that are formed during E3 catalyzed
reactions.

In order to confirm the prevalence of the detected linkages in
the XopL-mediated reaction we then performed polyubiquitina-
tion assays using ubiquitin variants with each individual lysine
residue mutated to arginine (Figure 3C). In accordance with mass
spectrometry results, the K11R mutation significantly dampened
the XopL-mediated formation of polyubiquitin chains in the
reaction using the AtUBC11 enzyme. A similar effect was detected
in case of K33R and K48R mutations. Interestingly, the K6R
mutation also resulted in significant reduction of polyubiquitina-
tion, while no K6 linkages were detected among XopL poly-
ubiquitination products. This result suggested that this mutation
might have a general deleterious effect on ubiquitination,
potentially due to reduced affinity to E1 or E2 enzymes.

XopL interacts with specific plant E2 enzymes

Next, we tested XopL ubiquitin ligase activity with different
plant-derived E2s. As stated above, XopL forms ubiquitin chains
with AtUBCI11 and AtUBC28 (93% sequence identity), which
belong to group VI of the 16 E2 classes of this plant [34], and the
close human homologue UBE2D2. However, two more distantly
related E2s (Table SI in Text S1), namely AtUBC13 (group V,
34% sequence identity to AtUBC11) and AtUBC19 (group VIII,
43% sequence identity to AtUBC11) did not show any activity in
our  vitro assays (Figure 4A), suggesting that XopL discriminates
between different classes of E2 enzymes, as was described for other
E3 ubiquitin ligases [19,35-37].

Interactions between the human UBE2D2 enzyme and E3
ubiquitin ligases have been studied in detail by mutagenesis [38].
Because mutation of conserved residues in UBE2D2 abrogated
ubiquitination i vitro, we purified the R5A, F62A, K63A and
A96D variants of the AtUBC28 E2 enzyme and tested them

PLOS Pathogens | www.plospathogens.org

individually in XopL and XopL[aa 474-660] ubiquitination
assays.

The F62A and A96D mutations in AtUBC28 completely
abrogated both the XopL[aa 474-660]- and XopL-mediated
polyubiquitination reactions (Figure 4B; data not shown), suggest-
ing that F62 and A96 are required for the AtUBC28 interaction
with XopL. By contrast, the AtUBC28 R5A and K63A mutants
were still very active i vitro (Figure 4B).

Taken together, our results demonstrate that XopL is an E3
ubiquitin ligase that selectively recruits plant E2 enzymes.

Structural analysis of the XopL N- and C-terminal
domains reveals a novel fold

The XopL. C-terminal domain harboring E3 ubiquitin ligase
activity lacks significant sequence similarity with previously
characterized E3 ligases. To gain further insight into the structural
basis of XopL activity, we determined the structure of XopL by X-
ray crystallography. While full-length XopL did not crystallize,
fragments XopL[aa 144-450] and XopL[aa 474-660] yielded
crystals that diffracted to a resolution of 2 A and 1.8 A,
respectively. In both cases, single-wavelength anomalous disper-
sion (SAD) data were collected at the selenium peak wavelength
from a single selenomethionine-enriched crystal. The final model
of XopL[aa 144-450] contained a single molecule in the
asymmetric unit corresponding to residues 145 to 437 plus four
additional residues from the N-terminal polyhistidine tag. For the
XopL[aa 474-660] fragment, three polypeptide chains were found
in the asymmetric unit corresponding to residues 474-642 plus up
to six residues from the N-terminal polyhistidine tag. Data
collection and refinement statistics for both
presented in Table 1.

The structure of the XopL[aa 144-450] fragment follows a
canonical LRR architecture with ten B-strands and nine complete
repeats each folding into an o-helix (single turn)-turn-B-strand
motif (Figure 5A). Three a-helices (a1, a2 and o3) and one a-helix
(o 4) cap the LRRs at the N- and C-terminus, respectively. This
structure is similar to the LRR domain of IpaH3 (PDB 3CVR
[39], Figure 5A). Based on the sequence conservation at specific
positions in individual repeats, a consensus sequence for the XopL.
LRRs can be derived that is similar to that of plant derived LRR-
containing proteins (Figure 5B).

The structure of the XopL C-terminal region [aa 474-660]
represents a four-helix bundle, which can be subdivided into two
uneven lobes almost perpendicular to each other (Figure 6A). The
smaller lobe contains the N-terminus, a2b and a3 helices and a
region C-terminal to the o2b helix (residues 554-562), which
adopts a conformation intermediate between a poly-proline type 1T
helix and a B-strand. The two lobes give the XopL[aa 474-660]
molecule an “L”-shape, and a large cleft with a net negative
charge is formed at the intersection of the two lobes (Figure 6B, C).
A search for structural homology using the DALI server (http://
ekhidna.biocenter.helsinki.fi/dali_server/, 2012) did not reveal
any significant similarity between the XopL[aa 474-660] structure
and other structurally characterized proteins including E3

structures are
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Figure 3. The C-terminal domain of XopL shows E3 ubiquitin ligase activity. (A) /n vitro ubiquitin ligase assay in presence of E1, UBE2D2,
ATP, ubiquitin and Hises-XopL full-length protein (1-660) or derivatives thereof (numbers indicate amino acid positions corresponding to full-length
protein). The western blots were reacted with antibodies against ubiquitin (a-Ub, left panel) and polyhistidine (o-His, middle panel), respectively,
while the right panel shows the reaction mixture via Coomassie Blue staining of the SDS-PAGE. (Ub), indicates polyubiquitination. Asterisks indicate
Hise-XopL derivatives. Unspecific signals are labeled by f. (B) Ubiquitin polymerization reaction at different time points in the presence (+) or absence
(=) of E1, AtUBC11 (E2), ubiquitin and Hisg-XopL[aa 144-660]. Polyubiquitination was determined by western blot (left panel) using ubiquitin
antibodies. The right panel shows the state of modification of the proteins via Coomassie Blue staining of the 10-15% step-gradient SDS-PAGE gel.
Components of the reactions (XopL[aa 144-660], ubiquitin (Ub) and AtUBC11) on western blots or Coomassie-stained gels are labeled. (C) In vitro
ubiquitination assay in the presence of ATP, E1, AtUBC11, Hiss-XopL[aa 474-660], ubiquitin (WT) and lysine (K) to arginine (R) mutant derivatives
thereof. The left panel shows the western blots probed against ubiquitin (a-Ub) of the in vitro reactions, run on a 10-15% step-gradient SDS-PAGE
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using ubiquitin mutant derivatives in which only the indicated K residues were substituted by R. The right panel shows the starting material of the in
vitro reactions in the left panel via Coomassie Blue staining of the SDS-PAGE. Polyubiquitination is indicated by (Ub),; the components of the

reactions and the di-ubiquitin (Ub)2 on the western blot or Coomassie-stained SDS-PAGE are labeled.

doi:10.1371/journal.ppat.1003121.g003

ubiquitin ligases. This analysis clearly demonstrates that the XopL
C-terminal domain represents a novel fold, which we termed XL-
box (XopL. E3 ligase box). The XI-box lacks cysteine residues.
Therefore, XopL. E3 ubiquitin ligase activity appears not to
involve the formation of thioester intermediates with ubiquitin as
was shown in the case of eukaryotic (HECT-type) and effector
(IpaH and SopA) catalytic E3 ubiquitin ligases.

The LRR and XL-box domains play different roles in

planta
Given that structural analysis defined the presence of two
distinct domains in XopL (LRR and XL-box), we tested their

individual role in suppressing PAMP-induced gene expression and
inducing PCD (see above; Figure 1A). When the N-terminal [aa 1—
449] and the C-terminal [aa 450-660] XopL
expressed individually or co-expressed in N. benthamiana, no PCD
was observed (Figure 1A, B) demonstrating that an intact XopL
protein is required to provoke PCD, which is consistent with the
suggested function of the LRRs in recognition of a plant target
protein ubiquitinated by the XL-box. Next, we tested the effect of
mutations in the XL-box domain on the ability of XopL to
provoke PCD (Figure 1A, B; Figure S5A, B; Table S3 in Text S1).
Residues D502, K578, A579, Q612 and 1.619 co-localize on the
surface of the major cleft of the XIL-box (Figure 6C), and are
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Figure 4. XopL displays E2 specificity in vitro. (A) In vitro ubiquitin ligase assay with ATP, ubiquitin, E1, human UBE2D2 (E2D2) or different
Arabidopsis thaliana E2s (ATUBC28, 11, 13 or 19) in the presence (+) or absence (—) of Hiss-XopL[aa 1-660]. The left panel shows the western blot
reacted with ubiquitin antibodies (a-Ub) after 5 hours incubation, while the right panel shows the Coomassie stained gel of the reactants at the start
of the reaction. Polyubiquitination is indicated by (Ub),. A lower-molecular weight impurity or degradation product in the full-length XopL protein
purification is denoted by . (B) Ubiquitin ligase assay described in (A) using Hiss-XopL[aa 474-660], AtUBC28 and mutant derivatives R5A, F62A,
K63A and A96D. Reaction times are indicated. The left panel shows the western blot reacted with ubiquitin antibodies (a-Ub), while the right panel
shows the Coomassie-stained gel at the equivalent time points. (Ub),, indicates polyubiquitination, and positions on the western blot or Coomassie-
stained gels corresponding to ubiquitin (Ub), di-ubiquitin (Ub)2, AtUBC28, mono-ubiquitinated AtUBC28 (AtUBC28-Ub) and Hiss-XopL[aa 474-660]
(E3) are labeled.

doi:10.1371/journal.ppat.1003121.g004
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Table 1. Data collection, phasing and refinement statistics for
SAD (SeMet) structures.
XopL[aa 144-450] XopL[aa 474-660]

Data collection
Space group 2221 P32
Cell dimensions

a, b, c(R) 505, 95.2, 115.5 119.2, 387

o, B,y (%) 90, 90, 90 90, 90, 120

Peak Peak

Wavelength 0.97937 0.97921
Resolution (A) 50-2.00 (2.03-2.00)* 100-1.8(1.83-1.80)
Rsym oOF Rme,g: 0.072(0.364) 0.063(0.519)
/ol 38.4(4.9) 25.0(1.85)
Completeness (%) 99.9(99.3) 99.4(99.0)
Redundancy 7.3(5.4) 3.2(2.6)
Refinement
Resolution (A) 29.9-2.00 28.6-1.80
No. reflections 19119 110283
Ruor®/Reree 17.1/22.6 15.2/19.6
No. atoms 2491 4542

Protein 2400 4119

Ligand/ion 23 14

Water 168 409
B-factors

Protein 30.7 343

Ligand/ion 47.3 404

Water 37.2 37.0
R.m.s deviations

Bond lengths (A) 0.007 0.004

Bond angles (°) 1.1 0.76
*Values in parentheses are for highest-resolution shell.
Rrmerge = ZlI—<I>|/Z I.
PRuork =2 | Fobs—Fcaic [/Z |Fobs|: where Fops and Fe,ic are observed and calculated
structure factors, respectively.
“Reree calculated using 5% of total reflections randomly chosen and excluded
from the refinement.
doi:10.1371/journal.ppat.1003121.t001

highly conserved (Figure S1). Each of the aforementioned residues
was substituted by alanine, except for A579, which was mutated to
tryptophan. Transient expression of these XopL variants in M.
benthamiana revealed that the XopL mutant derivatives were stably
synthesized (Figure 1C) and D502A, K578A, A579W or Q612A
exchanges abolished the ability of XopL to induce PCD. By
contrast, the XopLy g9 variant was still active (Figure 1A, B). We
then investigated if E3 ubiquitin ligase activity of XopL can be
demonstrated in the plant. N. benthamiana leaves expressing full-
length XopL, XopL[aa 1-450], XopL[aa 450-660] or GFP (green
fluorescent protein; control) were analyzed by western blotting
using ubiquitin-specific antibodies. Expression of full-length XopL
and XopL[aa 450-660], but not XopL[aa 1-450] led to the
presence of additional high molecular mass ubiquitinated protein
species, that were not detected upon expression of gfp (Figure 1C).

Notably, the D502A, K578A, A579W and Q612A mutations
that abrogated the ability of XopL to cause PCD also dampened
the formation of polyubiquitin chains i vive (Figure 1C, Figure
S5C). On the other hand, XopLygi9a caused PCD and retained

PLOS Pathogens | www.plospathogens.org
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the ability to mediate formation of polyubiquitin chains @ vivo
similarly to the wild type. A similar result was found performing i
vitro polyubiquitination reactions using the AtUBC11 conjugating
enzyme and XopL[aa 474-660] (Figure S6). Taken together these
results suggested that PCD is caused by XopL E3 ligase activity,
manifested by formation of polyubiquitin products # vivo and in
vitro.

We also tested the effect of the individual domains on
suppression of PAMP-induced gene expression relative to full-
length XopL (Figure 2, Figure S3). Unexpectedly, the PAMP-
suppression activities of XopL are mediated by the N-terminal
(residues 1-450) fragment corresponding to the LRR-containing
region, which suppressed PAMP-induced gene expression to a
similar extent as the full-length XopL. In addition, full-length
XopL with a Q612A mutation in the XL-box, which both strongly
hinders the ability of XopL to promote PCD and to polyubiqui-
tinate i vivo and in wvitro, retained the ability to inhibit the
expression of the reporter gene in the presence of either PAMP
elicitor peptides. Finally, the expression of the XopL¢p did not
suppress, but rather elevated, the expression of the reporter even
in the absence of the PAMP elicitor peptides (Figure 2A-C).

Discussion

In this study, we identified XopL as a new T3E in Xcv that
induces cell death in N. benthamiana and inhibits PTI-related
defense gene expression. According to our data, XopL exhibits a
robust E3 ubiquitin ligase activity. This activity is associated with
its C-terminal region and is required for induction of plant cell
death. All ubiquitin ligases known to date including bacterial T3Es
with E3 ligase activity belong to the RING/U-box or catalytic
(HECT-like) class [16]. RING/U-box proteins act by transferring
ubiquitin from E2 directly onto the target protein. T3Es of this
class include AvrPtoB from the plant pathogen P. syringae [13], and
E. coli NleG [17]. Both T3Es lack significant sequence similarity
with RING/U-box proteins but adapt a protein fold similar to that
of U-box proteins. On the other hand, the catalytic HECT E3
ligases first attach ubiquitin from the E2 to a catalytic cysteine
residue via a thioester intermediate before ligating it to the target
protein. A similar mechanism has been adopted by effector
proteins of the IpaH and SopA families of animal pathogens
[40,41]. The IpaH and SopA crystal structures are distinct from
HECT proteins except for the presence of a catalytic cysteine and
certain features of the active site. As XopL lacks cysteine residues
in its C-terminal domain, termed XIL-box, we hypothesize that it
acts by directly transferring ubiquitin from E2 onto a target
protein. This is reminiscent of RING/U-box proteins; however,
XopL lacks any structural similarity to these E3 ligases.

We found that XopL interacts i vitro through its XL-box with a
specific family of E2 enzymes, represented by human UBE2D2
and Arabidopsis AtUBC11 and AtUBC28. In Arabidopsis thaliana,
AtUBC11 and AtUBC28 are members of the group VI family of
E2 enzymes [34]. Many of the 8 family members are ubiquitously
expressed in Arabidopsis (including AtUBC28 and AtUBC11) and
the three most highly expressed members of this family (AtUBCS,
AtUBC10 and AtUBC28; www.genevestigator.com) share 97%
sequence similarity with each other. Homologues to these proteins
are also found in tomato (S. lycopersicum gi|350536447; 97%
identical to AtUBC28) and pepper (C. annuum gi| 40287554 |; 96%
identical to AtUBC28). Mutation analyses of AtUBC28 revealed
amino acid residues F62 and A96 to be critical for the interaction
with the XopL. E3 ligase. It is worth noting that residue F62 is
essential for E2 interactions with HECT E3 ligases [42], but not
for interactions with specific RING/U-box proteins [43]. On the
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Figure 5. Structure of the N-terminal LRR domain of XopL. (A) The left panel shows the ribbon diagram of the XopL[aa 144-450] structure
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represented by aa residues 25-268, is shown in the right panel as a ribbon diagram (purple) with labeled N- and C-termini. Disordered regions in the
protein are represented as grey dashed lines. (B) Sequence alignment of the nine leucine-rich repeats of XopL[aa 145-450], showing their consensus
and relationship to the plant-specific (PS)-LRR subclass of LRRs. The positions of the helical turn (red box) and - strand (blue arrow) in the “typical”

LRR of XopL are given.
doi:10.1371/journal.ppat.1003121.9g005

other hand, residue A96 in E2 enzymes was shown to contribute to
interactions with both HECT- and RING-type ligases plus the
bacterial effector SspH2 [44]. While this data reveals some
molecular details of the XopL interaction with E2 enzymes it
cannot be modeled according to previously characterized E3-E2
pairs and requires further structural analysis.

XopL-mediated polyubiquitin chains with preponderance of
K11 linkages were detected using both Arabidopsis group VI E2
enzymes and the human UBE2D2 enzyme. Ubiquitin contains
seven lysine residues that can participate in target protein
ubiquitination. Which specific lysine is used is dictated by different
E3-E2 enzyme combinations and may trigger different outcomes

PLOS Pathogens | www.plospathogens.org

for a given target protein. Linkage at K48 usually directs target
proteins to the proteasome [45], whereas K63-ubiquitination can
play a role in signal transduction [46]. The importance of other
ubiquitin linkages for cell processes came to light only recently and
their physiological role remain largely unknown [47]. A recent
report suggested that mixed K11- and K63-linked chains are a
virus-internalization signal [48]. In addition, K11-linked ubiquitin
chains have been connected to degradation of substrates of the
anaphase-promoting complex in cell cycle regulation [49,50]. The
Salmonella T3E E3 ubiquitin ligase SspH2, which similarly to XopL
selectively interacts with the human UBE2D2 enzyme, mediates
the formation of primarily K48-linked polyubiquitin chains [44].
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Figure 6. Structure of the XL-box of XopL. (A) Ribbon diagram of a single molecule (molecule B) of the 3 molecules in the asymmetric unit of
the XopL[aa 474-660] structure. Secondary structure elements (according to the nomenclature in Figure S1) and the N- and C-termini are labeled. (B)
Electrostatic surface of molecule B from the same structure, using the same view. Electrostatic potential was calculated using the default values from
PYMOL (http://www.pymol.org/). (C) Same surface as in (B), showing the absolutely conserved residues from the alignment in Figure S1 (colored pink
on the semi-transparent surface ). The surface is semi-transparent showing a ribbon representation of the structure. Residues absolutely conserved

and subject to mutation are colored green and labeled.
doi:10.1371/journal.ppat.1003121.g006

Considering the predominance of K11-linked polyubiquitination
in the case of the interaction between XopL and UBE2D?2 or its
plant homolog we speculate that K11-linked ubiquitin chains may
play an important role in plant-pathogen interactions. However,
this remains to be elucidated.

Our structural data confirmed that XopL harbors a bona fide
LRR domain. The LRR domain is a common feature between
XopL and the IpaH- and SspH2- effector E3 ubiquitin ligases
mentioned above. While the LRR domain in IpaH plays a
regulatory role by inhibiting the E3 activity in the absence of the
substrate [18,19,51], there is no indication for this kind of
mechanism in the case of XopL, as E3 ligase activity is robust in
the presence or absence of the LRR domain. However, we were
surprised to find that the LRR is involved in suppression of
PAMP-elicited gene expression, which we performed using the
well-established Arabidopsis protoplast system. According to our
data the expression of pNHLI0 following elicitation of proto-
plasts with either flg22 or elf18 peptides was suppressed by the
LRR domain, similarly to full-length XopL. This argues for an
adaptor function of the LRR domain in which the LRR domain
binds a target downstream of PAMP-receptor binding and
cither downstream or independent of MAPK cascade-signaling,
leading to altered gene expression. These results are reminiscent
to those reported for the Pseudomonas type III effector AvrPtoB,
where suppression of plant immunity by blocking downstream
signaling through BAKI-kinase are due exclusively to the two
binding domains localized to residues 121-205 and 270-359
[52].

As shown by our in planta ubiquitination profiles, the presence of
both the LRR and XL-box domains is essential for XopL-induced
reactions. While expression of the XL-box domain i planta
resulted in formation of additional polyubiquitin chains, in line
with its i vitro activity, only full-length XopL with an intact LRR
domain triggered cell death. In addition, expression of the
individual XL-box and LRR domain had the opposite effect on
expression of the NHLI( promoter, even in the absence of PAMP-
response elicitor. This suggests that the LRR domain functions as
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a protein-protein interaction module necessary for both the
suppression of PAMP-elicited gene expression and the cell death
phenotype we observed. Thus, we hypothesize that XopL fulfills
multiple functions in planta by (i) suppressing PTI via its LRR-
region and (i) ubiquitinating a yet unknown plant substrate(s)
whose initial recognition may also require the LRR-region.

In conclusion, characterization of the bacterial pathogen
effector XopL uncovered a novel E3 ubiquitin ligase fold that is
part of the pathogen repertoire to mimic an otherwise strictly
eukaryotic function such as ubiquitination. This underlines the
variety of E3 ligases evolved in pathogenic bacteria for subverting
host biology. The next challenge is the identification of host targets
of XopL that are involved in suppression of plant defenses, as well
as determination of the mechanism of action of this unusual E3
ligase.

Materials and Methods

Bacterial strains and growth conditions

Escherichia coli cells were cultivated in lysogeny broth medium
(LB) at 37°C. Agrobacterium tumefaciens was grown at 30°C in YEB
(yeast extract broth) medium and Xev at 30°C in NYG (nutrient
yeast glycerol, [53]) or secretion medium (minimal medium A,
[54]) supplemented with 10 mM sucrose and 0.3% casamino
acids. Plasmids were introduced into E. coli and A. tumefaciens by
electroporation and into Xcv by conjugation, using helper plasmid
pRK2013 in triparental matings [55].

Plant material and inoculations

The near-isogenic pepper (Capsicum annuum) cultivars ECW,
ECW-10R and ECW-30R [56] were grown at 23°C with 60%
relative humidity and 16 h light and Nicotiana benthamiana plants
were grown at 22°C with 60% relative humidity and 16 h light.
Xcv strains were inoculated with a needleless syringe into leaves at
10® colony-forming units (cfu)/ml in 10 mM MgCly. For in planta
transient expression studies, A. tumefaciens strain GV3101 [57] was
incubated in inoculation medium (10 mM MgCly, 5 mM MES,
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pH 5.3, 150 uM acetosyringone) and inoculated into leaves at
8x10° cfu/ml.

Protein analysis

Xanthomonas in vitro secretion experiments were performed as
described [58]. Equal amounts of total bacterial cell extracts and
culture supernatants were analyzed by SDS-polyacrylamide gel
electrophoresis (PAGE) and immunoblotting following standard
protocols. To exclude bacterial lysis, blots were routinely reacted
with an antibody specific for the inner membrane lipoprotein Hr¢]
[59]. To analyze Agrobacterium-mediated protein expression, two
leaf discs (0.9 cm in diameter) were frozen and ground in liquid
nitrogen, resuspended in 100 pl 8 M urea and 50 pl 5x Laemmli
buffer, and boiled for 10 min. Proteins were separated by SDS-
PAGE and analyzed by immunoblotting. We used polyclonal
antibodies for detection of AvrBs3 [60] and ubiquitin (Abcam,
Cambridge, U.K.), and a monoclonal Str¢p-tag antibody (IBA
GmbH, Géttingen, Germany). Horseradish peroxidase-labeled o-
rabbit and a-mouse antibodies (Amersham Pharmacia Biotech,
Piscataway, NJ., U.S.A.) were used as secondary antibodies.
Antibody reactions were visualized by enhanced chemilumines-
cence (Amersham Pharmacia Biotech).

RNA analysis

RNA extraction from Xanthomonas, cDNA synthesis and reverse
transcription polymerase chain reaction (RT-PCR) experiments
were performed as described [61].

Generation of a xopL deletion strain

To generate a genomic deletion of xopL 2 kb and 1.1 kb
fragments upstream and downstream of xopL were amplified by
PCR from genomic DNA of Xcv 85-10 using oligonucleotides
harboring appropriate restriction sites. PCR-fragments were
cloned into the suicide vector pK18mobsac [62]. The resulting
constructs were conjugated into Xcv strain 85-10 and xopL deletion
mutants were selected by PCR.

xoplL expression constructs

To generate binary expression constructs, the coding sequence
of xopL was amplified by PCR, fused to a Strep-tag-coding
sequence, cloned into pENTR/D-TOPO (Invitrogen GmbH,
Karlsruhe, Germany) and recombined into pGWB2 [63] using
GATEWAY technology (Invitrogen). XoplL-derivatives listed in
Table S3 (in Text S1) were generated using the Phusion Site-
Directed Mutagenesis Kit (Fisher Scientific GmbH, Schwerte,
Germany). To generate avrBs342-fusions, the promoter and
5'coding sequence of xopL were amplified by PCR, cloned into
pENTR/D-TOPO and recombined into pL6GW356 [64].
Sequences of oligonucleotides are available upon request.

Electrolyte leakage measurements and statistical analysis
Triplicates of five leaf discs each (0.9 cm in diameter) were
harvested 2 dpi and 4 dpi. Measurements were carried out as
described [65]. Values (n = 3) for XopL and each of'its derivatives
were compared to GFP (control) using unpaired Student’s /-test.

In vitro E3 ligase assays

In vitro E3 ligase assays were performed as described [17,19].
Arabidopsis E2s used in this study were amplified from the CD4-16
c¢DNA library from the Arabidopsis Biological Resource Centre
(ABRC, www.arabidopsis.org/abrc) and cloned into expression
plasmid p15Tv-L (gi | 134105575 ). Plasmids encoding AtUBC28-
variants R5A, F62A, K63A and A96D were generated using the
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Quick Change Site-Directed Mutagenesis II kit (Agilent Technol-
ogies Canada, Inc., Mississauga, Canada). The El-enzyme,
ubiquitin and ubiquitin mutants were purchased from Boston
Biochem (Cambridge, USA). Ubiquitin- and His antibodies were
purchased from EMD Millipore (Billerica, USA) and Qiagen
(Toronto, Canada), respectively. His-tagged UBE2D2 was pre-
pared as described [19], and Arabidopsis wild-type and mutant His-
tagged E2s were purified accordingly. Sequences of oligonucleo-
tides are available upon request.

In vitro ubiquitination reactions were analyzed by LC-MS/MS
on OrbitrapVelos as described [66]. Briefly, 20 pl reactions
containing 0.029 uM E1, 3 pM E2, 6 uM E3, 25 uM ubiquitin
and 10 mM ATP (in 50 mM Tris pH 7.5 buffer, with 0.1 M
NaCl, 10 mM MgCl, and 0.5 mM DTT) were incubated at 25°C.
for 3 hours. Reactions were stopped by the addition of 2x
Laemmli buffer and incubation for 5 minutes at 95°C. Proteins
were separated by SDS-PAGE, and the gel band corresponding to
>100 kDa excised and trypsinized. 1/10th of each band was
analyzed in duplicates.

Protein purification, expression and crystallization

Fragments of Xeoxopr, (XCV3220, gi 28872465) and Xanthomonas
campestris pv. campestris str. ATCC 33913 XopL. (XCC4186, gi
21233603) were cloned into expression plasmid p15Tv-L, followed
by transformation of E. coli BL21(DE3)-RIPL (Agilent Technol-
ogies Canada, Inc., Mississauga, Canada). After optimizing
solubility, E. coli cells expressing XopL fragments were cultured
in 1 1 LB at 37°C to an optical density (600 nm) of approximately
1.2, before IPTG was added to induce protein expression.
Selenomethionine-enriched protein produced following
growth and induction of cells in SeMet high-yield media (Shanghai
Medicilon, Shanghai, China). After induction, bacteria were
incubated overnight on a shaker at 25°C. Cells were harvested
by centrifugation, disrupted by sonication, and the insoluble
material was removed by centrifugation. XopL. fragments were
purified using Ni-NTA affinity chromatography and dialyzed at
4°C in 10 mM HEPES (pH 7.5), 500 mM NaCl and 0.5 mM
TCEP, concentrated to >15 mg/ml and stored at —70° C.

Crystallization trials were performed at room temperature using
hanging-drop vapor diffusion with an optimized sparse matrix
crystallization screen [67], with or without limiting amounts of
proteases [68] including TEV. XopL[aa 144-450] crystals were
grown at 25 mg/ml. The XopL[aa 144-450] crystal used for data
collection (see Table 1) was grown from a crystallization liquor
containing 0.2 M Potassium Sulfate and 20% PEG3350 mono-
disperse (Hampton Research, Aliso Viejo, USA) and cryopro-
tected in a similar buffer containing 10% glycerol and flash-frozen
in liquid nitrogen, while the XopL[aa 474-660] crystal was grown
using a protein concentration of 26 mg/ml from a crystallization
liquor containing 0.1 M Tris pH 8.5, 0.2 M Sodium Acetate, 30%
PEG4K and 4% ethylene glycol, cryoprotected using Paratone-N
oil (Hampton Research) and flash-frozen in liquid nitrogen.

was

Data collection, structure determination and refinement

The structure of XopL[aa 144-450] was determined by a
crystal derived from selenomethionine-enriched protein with SAD
phasing using a peak wavelength of A =0.97937 A. Diffraction
data were collected at 100° K at APS beamline 19-BM. Diffraction
data were integrated and scaled at the beamline using HKIL3000
[69]. Positions of heavy atoms were found using SHELXD [70],
followed by solvent flattening using SHELXE [71], which was in
turn used to automatically build an initial model using ArpWARP
[72], all used within the CCP4 program suite [73]. The model was
improved by alternate cycles of manual building and water-picking
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using COOT [74] and restrained refinement against a maximum-
likelihood target with 5% of the reflections randomly excluded as
an Rpee test set. These refinement steps were performed using
REFMAC in the CGCP4 program suite. In addition we refined
using Phenix.refine from the PHENIX crystallography suite
[75,76]. The final model contained a nearly complete chain
containing 4 residues in the Ni-affinity tag and residues 145437,
in which the C-terminal Gly residue from the tag, residues 144,
297 and 438-450 were omitted due to protein disorder, and was
refined to an Ry and Rgee of 17.1 and 22.6%, respectively,
including TLS parameterization [77,78]. The structure of
XopL[aa 474-660] was also solved by SAD phasing at peak
wavelength (A =0.97921 A) using a selenomethionine-enriched
crystal.  Structure solution, model building and refinement
followed a similar protocol as for XopL[aa 144—450]. However,
during refinement, phenix.xtriage, as part of the PHENIX
crystallography suite, we detected merohedral twinning with twin
law h, -h-k, -1 and a twinning fraction of 0.273. Refinement then
proceeded with a newly derived Ry set to take the twinning into
consideration. As stated above, the final model contained three
molecules in the asymmetric unit. Molecule A contains a complete
chain involving the 5 most C-terminal residues from the Ni-affinity
tag followed by residues 474-639. No electron density for residues
641-660 was observed due to protein disorder. Molecules B and C
contained a very similar chain. In addition, in molecule B, the 6
most C-terminal residues of the Ni-affinity tag were modeled as
well as residues 640-642. In molecule C, residues 474-476 were
not modeled due to protein disorder, but residue 640 was. The
final model (to 1.8 A) was refined to an Ry and Rg.. of 15.2 and
19.4%, respectively.

Data collection, phasing and structure refinement statistics for
both structures are summarized in Table 1. The Ramachandran
plot generated by PROCHECK [79] showed very good sterco-
chemistry overall with 99.6 and 100% of the residues in the most
favored and additional allowed regions for XopL[aa 144-450] and
XopL[aa 474-660], respectively.

Mesophyll protoplast transient expression assay and
immunoblot-based detection of MAPK activity

Transient expression experiments with 4. thaliana (Col-0)-
derived protoplasts were carried out as described [28]. Protoplast
samples were co-transformed with the NHLI0 promoter-luciferase
construct [27,28], pUBQI10-GUS [80] and either p35S-effector gene
constructs (xopL, xopLosi24, xopLeplaat50-660]) or p35S-¢fp as
control (10 pg total DNA per 100 ul protoplasts; ratio 1:1:1).
Activity of MAPKs was determined by protein extraction and
immunoblotting using a specific pTepY-antibody as described
previously [25]. GUS-activity was determined by measuring the
turnover of 4-MUG (4-Methylumbelliferyl-B-D-glucuronide) with
a Cytofluor II Platereader (Millipore Corp.; excitation 380 nm,
emission 460 nm).

Accession numbers

Coordinates for the XopL. LRR domain (XopL[aa 144-450])
and the C-terminal domain (XopL[aa 474—660]) structures were
deposited at the Protein Data Bank with accession codes 4FCG
and 4FC9, respectively. XCV3220 (XopL) and XCC4186
(XceXopL) are targets APC108260 and APC105826 of the
Midwest Center for Structural Genomics, respectively.

Supporting Information

Figure S1 Multiple sequence alignment of XopL homo-
logues. The amino acid sequences of XopL from Xev and
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homologous proteins from other Xanthomonas spp. were aligned by
ClustalX [12]. Red cylinders, blue arrows, black lines and dashed
black lines represent helical, PB-strand, structured loop and
disordered regions in XopL, respectively as observed in the
XopL[aa 144-450] and XopL[aa 474-660] structures. Cyan lines
represent the ordered vector sequences observed in both the
XopL[aa 144-450] and XopL[aa 474-660] structures. Mutated
residues in the C-terminal domain of XopL, which abrogated
PCD are marked with magenta circles or boxes. Mutated residues
which elicited cell death similar to wild-type XopL are labeled
with blue circles. Secondary structural elements are labeled, but
helical regions <5 residues are marked and not labeled, as they
may be considered helical loops rather than helices per se.
Sequences of XopL and homologous proteins were aligned in the
following order: XopL,, X. campestris pv. vesicatoria 85-10 (Xcv),
gi|78048776|; PopC, X. ompzae pv. ompzicola (X. oryzicola),
gi| 108946646 |; PXO016102, X. omzae pv. orpzae PXO99A
(Xoo_PXO99A), ¢i| 188577374 |; Xopl,, X. perforans 91-118 (X.
perforans), gi| 325925746 |; XAC3090, X. avonopodis pv. citri 306
(Xac_306), gi| 77748695 |; XopL,, X. fuscans spp. aurantifolic ICPB
11122 (X. fuscans aurant), gi|294627335|;XopL, X. gardner:
ATCC 19865 (X. gardneri), gi|325919350(; and XCC4186, X.
campestris pv. campestris ATCC 33913 (Xcc), gi| 21233603 .

(TTF)

Figure S2 Genetic analysis of the type III effector
candidate XopL. (A) RT-PCR analysis of the effector gene
xopL. Fragments were amplified from cDNA derived from Xcv
strains 85-10, 85* and 85*A/rpX using specific primers. Genomic
DNA, HyO and 16S rRNA were used as controls. (B) Type III
secretion assay using the XopL; go-AvrBs3A2 reporter fusion.
Strains 85* (wt) and 85*AkrcV (AhrcV) expressing xopL; go-
avrBs342 were grown in T3 secretion-inducing medium. Total
cell extracts (TE) and culture supernatants (SN) were analyzed by
immunoblotting using an AvrBs3-specific antibody. (C) Xcv
strains described in (B), 85-10 and 85*AkpaB were tested for
translocation of XopL_go-AvrBs3A2 in AvrBs3-responsive pep-
per plants (ECW-30R). Leaves were harvested 4 dpi and
bleached in ethanol for better visualization of the hypersensitive
response (HR). (D) Leaves of susceptible (ECW) and resistant
(ECW-10R) pepper plants were inoculated with Xev wild-type
strain 85-10 (wt) and a genomic deletion mutant of xopL (AxopL)
at 10% cfu/ml. Pictures of disease symptoms (ECW) were taken
6 dpi. For better visualization of the HR, leaves were bleached in
ethanol 2 dpi.

(TIF)

Figure S3 Expression of XopL-HA in protoplasts. (A)
Total protein extracted from protoplasts described in Figure 2D
were subjected to an anti-HA immunoblot to detect expression of
CFP, AvrPto, XopL,, XopLgsi2a, XopLirr and XopLerp. (B)
To determine viability of the protoplasts, GUS (B-glucuronidase)
measurements were carried out at the end of the experiment as
explained in Figure 2B. There is no statistically significant
difference between the samples (lway ANOVA with Kruskal-
Wallis post test; n=9).

(TIF)

Figure S4 SDS-PAGE of XopL fragments used in this
study following protein purification. Note that a persistent

contaminant in purified full-length XopL is denoted by an asterisk.
(TIF)

Figure S5 Analysis of cell death induction and ubiqui-
tination by XopL and different derivatives in Nicotiana
benthamiana. Agrobacterium-mediated expression of gfp, xopL and
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constructs  encoding the following XopL. mutant derivatives:
A163-185, A330-336, D502A, R505A N506A, A512E P513A,
K578A, A579W, P517A K519A R520A, H584A L585A G586E,
E598A S600A, L619A, XopL[aa 1-449] (LRR), XopL[aa 450
660] (CTD) in leaves of N. benthamiana at 8x10° cfu/ml. (A)
Phenotypes of the inoculated leaf area were documented 6 dpi. (B)
Electrolyte leakage measurements for quantification of cell death
reactions 2 dpi (light grey bars) and 4 dpi (dark grey bars),
respectively. Bars represent triplicates of 5 leaf discs each and
standard deviations thereof. Asterisks indicate statistically signifi-
cant differences compared to GFP control (i-test, P<0.05). (C)
Leaf tissue was harvested 2 dpi and plant protein extracts were
analyzed by immunoblotting using Strep-tag- (o-Strep) and
ubiquitin-specific antibodies (a-Ub), respectively. Signals specific
for full length XopL, XopL[aa 1-449] and XopL[aa 450-660] are
labeled. (Ub), indicates polyubiqutination. Equal loading is
demonstrated by Ponceau staining of Rubisco. The experiments
were performed three times with similar results.

(TF)

Figure S6 In vitro E3 ligase reaction of the XL-box and
various point mutants. (A) Ubiquitination reaction of the
wild-type and mutated XIL-box fragments. As denoted, ubiqui-
tination reactions were performed for 2 hours, run on a 10-15%
SDS-PAGE step gradient gel and probed with anti-ubiquitin
antibodies (o-Ub). To demonstrate similar loading, a 15% SDS-
PAGE gel was run of the starting material (t = 0) and both stained
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2.3.1.1 Anlagen zur Publikation 3

Supplemental Text S1

Type I1I secretion and translocation assays of XopL

The T3S system of Xcv is encoded by the 23 kb chromosomal #rp (hypersensitive response and
pathogenicity) gene cluster, which is essential for bacterial growth and disease symptoms on
susceptible plants as well as for induction of the HR in resistant host and nonhost plants [1].
Expression of hrp genes is induced in planta by the OmpR-family regulator HrpG which controls the
expression of a genome-wide regulon [2] including the AraC-type transcriptional activator srpX [3,4].
HrpX binds to cis-regulatory PIP (plant-inducible promoter) boxes in the promoter regions of Arp and
other genes that contribute to virulence [5].

To analyze type IlI-dependent secretion and translocation of XopL, a 1269 bp fragment containing the
native promoter and 276 bp 5’ coding sequence (92 aa) was amplified from genomic DNA of Xcv 85-
10, cloned into the effector reporter plasmid pL6GW356 [6] and conjugated into Xcv strain 85-10 and
derivatives thereof. Strain 85* is a derivative of strain 85-10 and expresses a constitutively active
HrpG protein resulting in constitutive expression of the T3S system. The T3S mutant 85*AhrcV
features the deletion of a gene encoding a conserved inner membrane component of the T3S system
[7], and 85*AhpaB lacks the general T3S-chaperone, which is important for secretion and
translocation of certain effectors [8,9]. The native promoter and 5” coding region of xopL was fused to
the reporter construct avrBs3A2, which lacks a T3S signal but retains a functional effector domain
[6,10].

In vitro secretion of XopLi.9oAvrBs3A2 clearly depended on a functional T3S system, because XopL,;.
9-AvrBs3A2 was detectable in culture supernatants of strain 85* but not in the T3S-deficient strain
85 AhrcV (Figure S2B). Hrel, a lipoprotein in the inner membrane of the T3S system [7], was used as
lysis control (data not shown). Translocation was tested by inoculation of strains 85-10, 85%,
85*AhrcV and 85*AhpaB, all carrying the XopL,.9-AvrBs3A2 fusion construct, into leaves of pepper
ECW-30R plants, that carry the Bs3-resistance gene. As shown in Figure S2C, 85-10(XopLi.g-
AvrBs3A2) induced the HR. This indicates that xopL is expressed during infection of pepper leading to
expression and translocation of XopLig-AvrBs3A2. 85* expressing XopL,.g,-AvrBs3A2 also
triggered the HR. As expected, no HR was induced by strain 85*AhrcV expressing XopLi.o,-
AvrBs3A2 (Figure S2C). However, XopL,.9,-AvrBs3A2 was also translocated by the AhpaB strain
lacking the T3S chaperone, which is in contrast to the XopL homologue XC 4273 from X. c. pv.

campestris [11].
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Table S1. MS/MS analysis of XopL ubiquitination reactions.

Spectral Counts
Xanthomonas MS Total Ub Total
XopL-derivative E2 Enzyme | Run | Peptides K6 | KIl | K27 | K29 | K33 K48 | K63 Linkages
(E3 Enzyme)
Xcv3220 144-660 | ATUBC28 1 2712 0 482 0 0 145 54 228 909
Xcv3220 144-660 ATUBC28 2 3700 0 654 0 0 203 58 365 1280
Xcv3220 144-660 | hUBE2D2 1 389 0 19 0 0 5 3 3 30
Xcv3220 144-660 | hUBE2D2 2 482 0 38 0 0 3 6 3 50
Xcv3220 474-660 hUBE2D2 1 431 0 18 0 0 6 12 3 39
Xcv3220 474-660 hUBE2D2 2 482 0 30 0 0 5 3 6 44
Xcc4186_330-496 ATUBC28 1 830 0 98 0 0 0 3 3 104
Xcc4186 330-496 ATUBC28 2 850 0 108 0 0 0 3 3 114
Xcv3220 144-660 ATUBCI11 1* 16 0 0 0 0 0 0 0 0
Xcv3220 144-660 ATUBCI11 2% 10 0 0 0 0 0 0 0 0
Xcv3220 144-660 | ATUBCI1 632 0 48 0 0 48 17 0 113
Xcv3220 144-660 | ATUBCI1 2 649 0 54 0 0 50 15 0 119

Normalized Linkage Percentage

Xanthomonas Total Ub
XopL-derivative E2 Enzyme MS Run K6 | K11 | K27 | K29 | K33 K48 K63
(E3 Enzyme) Peptides
Xcv3220 144-660 ATUBC28 1 2712 0% | 57% | 0% | 0% | 16% 5% 22%
Xcv3220 144-660 ATUBC28 2 3700 0% | 55% | 0% | 0% | 16% 4% 25%
Xcv3220 144-660 hUBE2D2 1 389 0% | 66% | 0% | 0% | 17% 9% 8%
Xcv3220 144-660 hUBE2D2 2 482 0% | 79% | 0% | 0% | 6% 10% 5%
Xcv3220 474-660 hUBE2D2 1 431 0% | 50% | 0% | 0% | 16% | 27% 7%
Xcv3220 474-660 hUBE2D2 2 482 0% | 71% | 0% | 0% | 11% 6% 12%
Xcce4186_330-496 ATUBC28 1 830 0% | 95% | 0% | 0% | 0% 2% 2%
Xcc4186_330-496 ATUBC28 2 850 0% | 96% | 0% | 0% | 0% 2% 2%
Xcv3220 144 660 ATUBCI1 1 632 0% | 44% | 0% | 0% | 43% | 13% 0%
Xcv3220 144 660 ATUBCI11 2 649 0% | 47% | 0% | 0% | 42% | 11% 0%

Spectral counts for each ubiquitin (Ub) linkage type (along with unmodified Ub peptides) identified using the

spectral matching algorithm SpectraST [13], with a ubiquitin spectral library ([14]; version Ub_Ubl v5

(available at raughtlab.ca/resources/msresources.php) in in vitro ubiquitination assays using Xanthomonas

XopL-derivatives (E3), Arabidopsis E2 (ATUBCI11 or ATUBC28) or human E2 (hUBE2D2), E1 and ubiquitin.

In vitro reactions were incubated for 3 hours, except for XopL[aa 144-660] (Xcv3220 144 660) plus

ATUBCI1, which was stopped immediately at t=0 hours (denoted by a *) or incubated for 2 hours. Reactions

were separated via SDS-PAGE, and products migrating at >100 kDa were subjected to in-gel digestion. The

resulting peptides were identified using tandem mass spectrometry. Normalized percentages (%) [15] in each

reaction are also provided.
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Table S2. Arabidopsis E2 ubiquitin conjugating proteins used in E3 ligase assays.

Protein Name Gene GI E2 family1 Human homologue
AtUBCI11 At3g08690 18398206 VI UBE2D2

AtUBCI13 At3g46460 18408206 \% UBE2G1

AtUBC19 At3g20060 18402475 VIII UBE2C

AtUBC28 Atlg64230 18408001 VI UBE2D2

"Based on the classification of Arabidopsis E2s in Kraft et al (2005).

Table S3. XopL derivatives tested in vivo in this study'.

# Position of amino acid exchange or deletion cell death’ E3-ligase-activity®
none (XopL wild-type) + +
1 LRR-domain (A450-660) - -
2 A163-185 + +
3 R258A + n.a.
4 R280A + n.a.
5 W314A + n.a.
6 R258A R280A + n.a.
7 R258A W314A + n.a.
8 R280A W314A + n.a.
9 R258A R280A W314A + n.a.
10 | A330-336 - +
11 | K334A + n.a.
12 | R336A + n.a.
13 | R359A + n.a.
14 | K383A + n.a.
15 | R359A R379A + n.a.
16 | R359A K383A + n.a.
17 | R379A K383A + n.a.
18 | K403A + n.a.
19 | C-terminal domain (A1-449) - +
20 | D502A - -
21 | R505A N506A - -
22 | AS12E P513A - -
23 | K578A - -
24 | ASTOW - -
25 | P517A K519A R520A - -
26 | H584A L585A G586E - -
27 | E598A S600A + +
28 | Q612A - -
29 | L619A + +

" XopL derivatives were analyzed by transient expression in N. benthamiana regarding their “ability to trigger
cell death and *E3 ligase activity. (+): PCD or E3 ligase activity detectable. (-): PCD or E3 ligase activity not

detectable, n.a. not analyzed)




ERGEBNISSE

Supplemental References

1. Bonas U, Schulte R, Fenselau S, Minsavage GV, Staskawicz BJ, et al. (1991) Isolation of a
gene-cluster from Xanthomonas campestris pv. vesicatoria that determines pathogenicity
and the hypersensitive response on pepper and tomato. Mol Plant-Microbe Interact 4: 81-
88.

2. Noél L, Thieme F, Nennstiel D, Bonas U (2001) cDNA-AFLP analysis unravels a genome-
wide hrpG-regulon in the plant pathogen Xanthomonas campestris pv. vesicatoria. Mol
Microbiol 41: 1271-1281.

3. Wengelnik K, Bonas U (1996) HrpXv, an AraC-type regulator, activates expression of five
of the six loci in the Arp cluster of Xanthomonas campestris pv. vesicatoria. J Bacteriol
178: 3462-3460.

4. Wengelnik K, Van den Ackerveken G, Bonas U (1996) HrpG, a key Arp regulatory protein
of Xanthomonas campestris pv. vesicatoria is homologous to two-component response
regulators. Mol Plant-Microbe Interact 9: 704-712.

5. Koebnik R, Kriiger A, Thieme F, Urban A, Bonas U (2006) Specific binding of the
Xanthomonas campestris pv. vesicatoria AraC-type transcriptional activator HrpX to plant-
inducible promoter boxes. J Bacteriol 188: 7652-7660.

6. Noél L, Thieme F, Gabler J, Biittner D, Bonas U (2003) XopC and XopJ, two novel type 111
effector proteins from Xanthomonas campestris pv. vesicatoria. J Bacteriol 185: 7092-
7102.

7. Rossier O, Van den Ackerveken G, Bonas U (2000) HrpB2 and HrpF from Xanthomonas
are type Ill-secreted proteins and essential for pathogenicity and recognition by the host
plant. Mol Microbiol 38: 828-838.

8. Biittner D, Lorenz C, Weber E, Bonas U (2006) Targeting of two effector protein classes to
the type III secretion system by a HpaC- and HpaB-dependent protein complex from
Xanthomonas campestris pv. vesicatoria. Mol Microbiol 59: 513-527.

9. Schulze S, Kay S, Biittner D, Egler M, Eschen-Lippold L, et al. (2012) Analysis of new
type 111 effectors from Xanthomonas uncovers XopB and XopS as suppressors of plant
immunity. New Phytol.

10. Szurek B, Rossier O, Hause G, Bonas U (2002) Type I1I-dependent translocation of the
Xanthomonas AvrBs3 protein into the plant cell. Mol Microbiol 46: 13-23.

11. Jiang W, Jiang BL, Xu RQ, Huang JD, Wei HY, et al. (2009) Identification of six type III
effector genes with the PIP box in Xanthomonas campestris pv. campestris and five of
them contribute individually to full pathogenicity. Mol Plant Microbe Interact 22: 1401-
1411.

12. Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG (1997) The
CLUSTAL X windows interface: flexible strategies for multiple sequence alignment aided
by quality analysis tools. Nucleic Acids Res 25: 4876-4882.

13. Lam H, Deutsch EW, Eddes JS, Eng JK, Stein SE, et al. (2008) Building consensus
spectral libraries for peptide identification in proteomics. Nat Methods 5: 873-875.

14. Srikumar T, Jeram SM, Lam H, Raught B (2010) A ubiquitin and ubiquitin-like protein
spectral library. Proteomics 10: 337-342.

15. Sheng Y, Hong JH, Doherty R, Srikumar T, Shloush J, et al. (2012) A human ubiquitin
conjugating enzyme (E2) - HECT E3 ligase structure-function screen. Mol Cell
Proteomics.

90



ERGEBNISSE

XopL_Xcv
PopC_X.oryzicola
PXC01620_Xoo PXOSSA
XoplL _X.perforans
XACIT90 Xac_ 306

XopL X.fuscans_aurant
XGA0320 X.gardneri
XCC4186 Xee

XopL_Xev
PopC_X.oryzicola
PX0O01620 Xoo PXOS9A
XopL _X.perforans
XAC3090_ _308
XopL_X.fuscans_aurant
XGAD3I20 X.gardneri
XCC4186 Xco

XopL Xew
PopC X.oryzicola
PXO0I620_Xoo FXOSSA
XoplL _X.parforans
XAC3IO090_Xac 306
XopL_X.fuscans_aurant
XGA0320 X.gardneri
XCC4186_Xceo

XopL_Xov

PopC X.oryzicola
PX0O01620 Xoo PXOS9A
XopL X.perforans
XAC3IEH0_Xac_306

XopL X.fuscans_aurant
XGA0320 X.gardneri
XCC4186_Xece

XopL_Xev
PopC X.oryzicola
PXO01620 Xoo PXOSSA
XopL X.perforans
XAC3090 Xac_306

XopL _X.fuscans_aurant
XGAD320 X.gardneri
XCC4186_Xec

XopL_Xev
PopC X.oryzicola
PX0O01620 Xoo PXOSSA
XopL_X.perforans
XAC3I090 Xac 306
XopL X.fuscans_aurant -~ -~ --
FRGWEVDTH‘E};RAFXTDTAB&

LARPHDVAGPSTRQVAGAS - = = - -
[ers a2byy

T| PSAAGDRA -
1 HG
1 HG- -~
TEALEFSAAGDRA - -

XGA0320 X.gardneri
XCC4186 Xee

XopL Xev 534
PopC_X.orysicola 532
PXOOIE20_Xoo PXOSSA 532

XopL X.perforans
XACIOI0_Xac 306

XopL X.fuscans_aurant
XGA0320_X.gardneri
XCC4186 Xcec

XopL_Xew

PopC X.oryzicola
PEOOI620_Xoo PXOSOA
XopL X.perforans
XAC3090 Xac_ 306
XopL_X.fuscans_aurant
XGADI20_X.gardneri
XCC4186_Xcc

xopL |¢- - il
16S rRNA [MlS S S—

Cc

85* 85*AhrcV 85*AhpaB

XopL g,
AvrBs3A2

Figure S1

TE SN

wt AhrcV wt AhrcV kDa
118

XopL,.g,
AvrBs3A2

85-10 85-10AxopL

ECW-30R

ECW-10R

Figure S2
91



ERGEBNISSE

A B
& e B
Q IR QLN \,r} c 25000
i e s e e g
S 20000
—- B
- zi
Z E 15000
g
- S e 10000
oz
=
a-HA -§ 5000
#| amido black 'g 0
Figure S3
& S
& W AX F
LR
IS g
kDa ¥4 +°
ok o)
70
55
. —
40— &
3=, -
25 =
15=
Figure S4

92



ERGEBNISSE

XoplL derivatives

P517A H584A
R505A A512E K519A L585A ES598A
GFP  XopL A163-185 A330-336 D502A N506A P513A KS78A AS579W R520A GS86E SB00A Q612A L619A LRR CTD

B 9
50 [0 2dpi [ 4dpi
l? *
m
E
-
)
£
Z
&
3]
=
°
s
o
o
c XoplL derivatives
¥ &
&
ng?. ) ?‘Q-qn?‘e e
N K N
& 5P @‘{D&Q:y- o «v‘pv\’iv oF o
N Q" N NG Q

00 L FEFTE L L IS

100 — '

70 —| ———— || e e * <« XopL

40 —| ———————— M“x"p'—ma

25 e q—XOpLCTD

b a-Strep
(Ub)n

170

100

70

40

25

a-Ub

) Y

Figure S5

93



ERGEBNISSE

A t=2h
NG - a_)?'
S I ‘\f:dbqb\
o ¥ aF oF ¥ ¥ &
¥ U A NN o
kDa & & E@ R IR
170 = ' (Ub)n
70 =
25 = — — AR . — —
15 = —-— -_ € (Ub)2
10 #6 Ub
a-UB
c t=0h
R & oF
QcOQ ’?‘\ \{(%(/Q%\
¥ oF ofF Daitas
AR QT GV NV N
e LEPLISTEPE P
25
E3
15 = = AtUBC11
a-His
Figure S6

kDa
170 ==
70 ==

25 =

15 ™

~|e AtUBC11-Ub 10—

t=0h

X ay

Y.
A% o Q' g
LEPL FTELE P

¥ o
F X

NS KA 4

-—

R — — —‘-—l

€ E3
€ AtUBC11

MG Ub

Coomassie

94



ERGEBNISSE

2.3.1.2 Zusammenfassung der Ergebnisse

In Publikation 3 wurde der Typ II-Effektor XopL in Kooperation mit der Arbeitsgruppe von A.
Savchenko (Universitét Toronto) charakterisiert. XopL weist eine LRR in der N-terminalen Hélfte auf,
wihrend die C-terminale Region keine Homologie zu bekannten Motiven besitzt.

In diesem Artikel wurde die HrpG- und HrpX-abhingige Aktivierung der Expression des xopL-Gens
gezeigt. Weiterhin wurde die Typ IlI-abhingige Sekretion und Translokation von XopL nachgewiesen.
Als Reporter diente die AvrBs3-Effektordoméne AvrBs3A2.

Um eine mogliche Virulenzfunktion von XopL zu identifizieren, wurde xopL aus dem Genom von Xcv
85-10 deletiert und die entsprechende Deletionsmutante in Infektionsstudien analysiert. Es konnte
jedoch kein Einfluss auf die Virulenz von Xcv festgestellt werden. In weiterfiihrenden Studien wurde
xopL Agrobacterium-vermittelt in verschiedenen Pflanzenspezies exprimiert. Hierbei wurde XopL-
induzierter Zelltod in N. benthamiana beobachtet. Weiterhin wurde gezeigt, dass XopL die PAMP-
induzierte Genexpression in Arabidopsis unterdriickt.

Gereinigtes rekombinantes XopL-Protein zeigte in vitro in Gegenwart von El-und E2-Enzymen,
Ubiquitin und ATP E3-Ubiquitin-Ligase-Aktivitit. Diese enzymatische Aktivitit wurde auch in planta
nachgewiesen und ist in der C-terminalen Region von XopL lokalisiert. Der zu XopL &hnliche
Effektor XCC4186 von X. campestris pv. campestris ATCC 33913 (44 % Identitit bzw. 60 %
Ahnlichkeit der Aminosiuresequenz) besitzt ebenfalls E3-Ligase-Aktivitit. Massenspektrometrische
Untersuchungen und Mutationsanalysen zeigten, dass XopL hauptséchlich Ubiquitinverkniipfungen
am Lysin 11 (K11) erstellt. Die Ubiquitinierung erfolgte in Gegenwart des humanen als auch E2-
Ubiquitin-konjugierenden Enzymen aus Arabidopsis.

Die Kristallstrukturen der LLR- und der C-terminalen Doméne von XopL wurden geldst, um weitere
Einblicke in die Wirkungsweise von XopL zu erhalten. Die LRR-Region weist strukturelle Homologie
zur LRR-Doméne des Shigella Effektors IpaH3 auf. Die C-terminale Doméne zeigt hingegen keine
Ahnlichkeit zu strukturell charakterisierten Proteinen, einschlieBlich bekannter E3-Ligasen. Die C-
terminale Domine, XopL E3-Ligase-Box (XL-Box) genannt, weist demnach eine neuartige Faltung
auf. Die XL-Box enthélt keine Cysteine, was darauf schlieen ldsst, dass XopL, im Gegensatz zu
HECT-E3-Ligasen, keine Thioester-Intermediate mit Ubiquitin bildet. Mit Hilfe von
Mutationsanalysen der XL-Box konnte ein direkter Zusammenhang zwischen E3-Ligase-Aktivitit und
XopL-vermitteltem Pflanzenzelltod nachgewiesen werden. Die Daten der Publikation belegen, dass

XopL den ersten Vertreter einer neuen Klasse von E3-Ligasen reprisentiert.

95



ERGEBNISSE

2.3.2 Erginzende Ergebnisse

2.3.2.1 Charakterisierung des XopL-Derivates XopLa330-336

Die LRR-Doméne von XopL dient moglicherweise als Plattform fiir die Interaktion mit pflanzlichen
Zielproteinen, wie bereits fiir andere Proteine mit LRRs gezeigt (Kobe und Kajava, 2001). Die LRR-
Region von XopL ist fiir die Suppression der Pflanzenabwehr von Bedeutung (Singer et al., 2013).
Um eine LRR-Mutante zu generieren, die nicht mehr funktional ist, wurden umfassende
Mutationsanalysen durchgefiihrt.

Basierend auf der Kristallstruktur wurden positiv-geladene Aminosduren in der LRR-Region
ausgetauscht und Deletionen in der LRR-Region vorgenommen. Allerdings hatten diese Mutationen
meist keinen Einfluss auf die Funktionalitit von XopL (Singer et al., 2013). Eine Ausnahme stellt das
Derivat XopLasso.336, dar, welches eine Deletion von sieben Aminosiuren des 7. f-Faltblatts der LRR-
Domine aufweist (Abb. 2-4 a). Phénotypisch &uflerte sich diese Mutation im Verlust des XopL-
vermittelten Zelltods in N. benthamiana. Im Vergleich zum Wildtyp war XopLaszos3s aber auch
deutlich instabiler (Singer ef al., 2013) (Abb. 2-4 b).

Ob der Funktionsverlust von XopLas30.336 €in Dosiseffekt ist, sollte in dieser Arbeit gekliart werden.
Hierfiir wurden Blatter von N. benthamiana mit Agrobacterium-Stimmen verschiedener
Verdiinnungsstufen inokuliert. Hohe bakterielle Dichten sollten die Transformationsrate von N.
benthamiana steigern und zur verstirkten Proteinsynthese von XoplLassosss fithren. Die
Agrobacterium-vermittelte Expression von xopL fiihrte nur bei hohen bakteriellen Dichten (ODgy=0,8
oder 0,4) zum pflanzlichen Zelltod. XopLasszo.336 induzierte unter den getesteten Bedingungen keinen
Zelltod (Abb. 2-4 c, d). Geringere XopL-Proteinmengen korrelierten dabei mit dem Verlust der
Zelltod-auslosenden Aktivitdt von XopL. (Abb. 2-4 b-d).

Die Proteinmengen von XopLasso.336 Waren bei hohen Zelldichten vergleichbar mit denen des XopL-
Wildtypproteins nach Inokulation mit niedrigen Agrobacterium-Dichten. Dies deutet darauf hin, dass
die reduzierte Proteinstabilitit und nicht die funktionelle Inaktivierung der LRR-Domine von

XopLasso.336 fiir den Verlust des Phinotyps verantwortlich ist.
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Abbildung 2-4: Deletionen in der LRR-Domiine beeinflussen die Proteinstabilitit von XopL.

(a) Schematische Ubersicht der Deletion der Aminosiuren 330-336 (violett) in der LRR-Domiine von XopL
(griin). Die betroffenen Aminoséuren sind in der Sequenz angegeben. Die xopL bzw. xopLa;;¢.335 enthaltenden
Agrobacterium-Stamme wurden in verschiedenen Konzentrationen in N. benthamiana Blétter inokuliert.
ODj0=0,8 (8x10° KBE/ml), 0,4 (4x10® KBE/ml), 0,2 (2x10* KBE/ml) und 0,1 (10* KBE/ml). (b) Nachweis der
Proteinsynthese von XopL bzw. XopLasszo.336- Proteinextrakte aus inokuliertem Blattmaterial wurden per SDS-
PAGE aufgetrennt und mittels Western-Blot und einem Strep-tag spezifischen Antikorper analysiert. Die
Zahlen weisen auf die verschiedenen optischen Dichten hin. (¢) Die Phinotypen wurden 6 Tage nach
Inokulation in N. benthamiana dokumentiert. (d) Quantifizierung der XopL-induzierten Zelltodreaktionen.
Blédtter von N. benthamiana wurden wie in (a) beschrieben inokuliert. 4 d nach Inokulation wurden
Leitfahigkeitsmessungen durchgefiihrt. Die Balken entsprechen den Mittelwerten biologischer Triplikate
(jeweils 5 Blattscheiben) und deren Standardabweichungen. Sternchen weisen auf signifikante Unterschiede hin
(t-test, p<0,05). Die Experimente wurden zweimal mit dhnlichen Ergebnissen reproduziert.

2.3.2.2 In vivo Ubiquitinierungsassay mit weiteren Typ III-Effektoren

Die Deletion von xopL hat keinen Einfluss auf die Virulenz von Xcv, wie in Publikation 3 gezeigt
(siche 2.3.1). Dies konnte in der funktionellen Redundanz einiger Effektoren begriindet sein. Zum
Einen supprimieren XopB, XopD, XopN und XopS (Kim et al., 2008; Kim et al., 2009; Schulze et al.,
2012) ebenfalls die PTI, wodurch der Virulenzbeitrag von XopL. womdglich maskiert wird. Zum

Anderen konnten weitere Effektorproteine als E3-Ligasen wirken und die pflanzliche Ubiquitinierung
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manipulieren. Um den letztgenannten Punkt zu untersuchen, wurden 16 Effektoren mittels
Agrobacterium transient in N. benthamiana exprimiert. 30 Stunden nach Inokulation wurden
Proteinextrakte aus inokuliertem Blattmaterial gewonnen, per SDS-Page aufgetrennt und mittels
Western-Blot analysiert.

Neben XopL fiihrte die transiente Expression von XopEl, AviBsT und AvrRxv zur Akkumulation
ubiquitinierter Proteine (Abb. 2-5 a). Die transiente Expression der iibrigen 13 Effektoren fiihrte nicht

zu einem verdnderten Ubiquitinierungsmuster.
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Abbildung 2-5: Einfluss von Typ III-Effektoren aus Xcv auf die Ubiquitinierung in planta.

Effektor-GFP kodierende Konstrukte wurden mit Agrobacterium in N. benthamiana transferiert (Inokulation mit
8x10® KBE/ml). 30 h nach Inokulation wurden Proteinextrakte durch SDS-PAGE aufgetrennt und mittels
Western-Blot analysiert. (a) Die Analyse des Ubiquitinierungsmusters erfolgte mit einem Ubiquitin-spezifischen
Antikorper, (b) der Nachweis der Effektor-GFP-Fusionsproteine mittels GFP-spezifischem Antikorper.
Spezifische Signale fiir XopK::GFP, XopR::GFP, AvrBs3::GFP und AvrBsT::GFP sind durch ein Sternchen
markiert. Die Experimente wurden zweimal mit dhnlichen Ergebnissen reproduziert.

Basierend auf diesen Ergebnissen wurde untersucht, ob ein inaktives Derivat von XopE1 nicht mehr in
der Lage ist, das Ubiquitinierungsmuster der Pflanze zu manipulieren, dhnlich wie fiir XopL gezeigt
(Singer et al., 2013). Hierfiir wurde das XopEl-Derivat XopElgi13a ni16a (XopEln,) analysiert,
dessen Expression, im Gegensatz zu Wildtyp-XopEl, keinen Zelltod in N. benthamiana auslost (E.
Herzfeld und U. Bonas, unpubliziert). Die transiente Expression von xopEl,,, fihrte zur Ausbildung
eines Ubiquitinmusters vergleichbar mit XopE1-Wildtyp und XopL (Abb. 2-6 a). Diese Ergebnisse

zeigen, dass kein Zusammenhang zwischen zelltodauslosender Aktivitdit und Manipulation der
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Ubiquitinierung durch XopE1 besteht. Die Lokalisation an der Plasmamembran ist hierflir ebenfalls
nicht notwendig, da die Fusion von GFP an den N-Terminus von XopEl dessen
Membranlokalisierung verhindert, aber zu einer schnelleren Zelltodreaktion fiihrt (Abb. 2-6 b; F.
Thieme und U. Bonas, unpubliziert), &hnlich zum XopE1-Derivat XopElg,a (Thieme et al., 2007).
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Abbildung 2-6: XopEl-induzierte Ubiquitinmodifikationen in N. benthamiana.

Agrobacterium -vermittelte transiente Expression von gfp, xopL, xopEl und xopElg;134 ni164 (XOPEL ) in N.
benthamiana (8x10° KBE/ml). (a) Proteinextrakte wurden 40 h nach Inokulation per SDS-PAGE aufgetrennt
und mittels Western-Blot und einem Ubiquitin-spezifischen (linke Seite) bzw. GFP-spezifischen Antikdrper
(rechte Seite) analysiert. (b) Phinotypen wurden 6 Tage nach Inokulation dokumentiert. Die Experimente
wurden zweimal mit &hnlichen Ergebnissen reproduziert.
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2.4 Eigenanteil an den Publikationen

Publikation 1, Kapitel 2.1.1

Szczesny, R., Biittner, D., Escolar, L., Schulze, S., Seiferth, A., Bonas, U. 2010. Suppression of the
AvrBsl-specific hypersensitive response by the YopJ effector homolog AvrBsT from Xanthomonas

depends on a SNF1-related kinase. New Phytologist 187(4):1058-1074.

Eigenanteil: Durchfiihrung und Auswertung der Leitfahigkeitsmessungen nach Planung der

Experimente mit R. Szczesny. Die Abbildung 1d wurde von mir erstellt.

Publikation 2, Kapitel 2.2.1 und 2.2.1.1

Schulze, S., Kay, S., Biittner, D., Egler, M., Eschen-Lippold, L., Hause, G., Kriiger, A., Lee, J.,
Miiller, O., Scheel, D., Szczesny, R., Thieme, F., Bonas, U. 2012. Analysis of new type III effectors
from Xanthomonas uncovers XopB and XopS as suppressors of plant immunity. New Phytologist

195(4): 894-911

Eigenanteil: Selbststindige Planung, Durchfiihrung und Auswertung folgender Experimente:
Sekretionstest fiir XopB und XopV und Translokationsanalysen (alle T3E-Kandidaten);
Infektionsstudien und Bestimmung des bakteriellen Wachstums in planta;, Analysen zur
Suppressorwirkung von XopB auf die zelltodauslosende Aktivitit von XopG, XopJ, AvrBsT und
AvrRxv (Vorarbeiten A. Schonsky (Schonsky, 2013); Durchfiihrung der konfokalen-Laser-Scanning-
Mikroskopie zur Analyse der Lokalisation von XopB (Vorarbeit A. Schonsky (Schonsky, 2013) und
dessen Derivaten, sowie deren Einfluss auf den Vesikeltransport; Membranfraktionierungsstudien zu
XopB. Die Stimme Xcv 85-10AxopK, AxopR, AxopS, AxopV und AxopBAxopS, sowie deren
Komplementationskonstrukte (pLAND:xopB, pBRM:xopS) wurden von mir erstellt und folgende
Bindr-Konstrukte kloniert: pGGAl:secGFP, pGWB2:aviBs2, pGWBS5:xopG, pGWBS5:xopK,
pGWBS5:xopV, pGWBI17:x0opB, pGWBI17:x0pBasizyv, pGWBI17:x0pBkassz, pGWBI17:x0p],
pGWBI17:x0pJc2ssa, pPK7FWG2:x0pBasisv, pPK7FWG2:x0pBkassr, pK7FWG2:x0pR,
pK7FWG2:xopS. Die Effektor:356 Fusionen wurden in Vorarbeit von M. Egler, A. Kriiger, O. Miiller,
R. Szczesny und F. Thieme erstellt und in die Stimme 85* und 85*Ahrcl konjugiert. Die
Abbildungen 2, 4, 5, 6, 7, 8a, 9, S1, S4, S5-S8 und Tabelle S1 wurden von mir erstellt.
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Publikation 3, Kapitel 2.3.1 und 2.3.1.1

Singer, A. U., Schulze, S., Xu, X., Skarina, T., Cui, H., Eschen-Lippold, L., Egler, M., Srikumar,
T., Raught, B., Lee, J., Scheel, D., Savchenko,A., Bonas, U. 2013. A Pathogen Type III Effector
with a Novel E3 Ubiquitin Ligase Architecture. PLoS Pathogens 2013 Jan;9(1):e1003121.

Eigenanteil: Die Planung der Mutationsanalysen von XopL erfolgte in Zusammenarbeit mit A. Singer.
Die Durchfiilhrung und Auswertung folgender Experimente erfolgte selbststindig: Erstellung der
XopL-Derivate durch gerichtete Mutagenese, Klonierung der binidren Konstrukte von XopL und
dessen Derivaten sowie Analysen in planta. Daten in Abb. S2a und ¢ sowie verwendete Xcv-Stimme
in Abb. S2b und d stammen von M. Egler. Die Abbildungen 1, S2, S5 und Tabelle S3 wurden von mir
erstellt. Die Anfertigung des Manuskripts erfolgte in Zusammenarbeit mit A. U. Singer, A. Savchenko
und U. Bonas. Geteilte Erstautorenschaft mit A. U. Singer.
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3. Diskussion

3.1 Klassifizierung von Effektorproteinen aus Xcv

Das T3SS ist fiir die Pathogenitét von Xcv essentiell und transloziert mehr als 20 Effektorproteine in
das Zytosol der Wirtszelle (Bonas et al., 1991; Roden, JA et al., 2004; Thieme et al., 2005). Einzelne
Effektoren sind fiir sich genommen nicht essentiell, sind in ihrer Gesamtheit jedoch unabdingbar und
konnen oft in Effektorgruppen eingeteilt werden, die gezielt Prozesse in der Pflanze angreifen.
(Cunnac et al., 2009; Kay und Bonas, 2009; Cunnac et al., 2011). Die Translokation der Effektoren
wird in Xcv u. a. durch das Typ III-Chaperon HpaB vermittelt. HpaB bindet Effektoren und fordert
deren Sekretion und Translokation (Biittner et al., 2004; Biittner et al., 2006). Interessanterweise
unterscheiden sich T3E in ihrer Abhéngigkeit von HpaB und wurden deshalb in Klassen eingeteilt
(Biittner et al., 2006). Man nimmt an, dass Effektoren der Klasse A, die in Abwesenheit von HpaB
nicht mehr transloziert werden, eine Schliisselrolle in der Interaktion mit der Pflanze spielen und
deshalb zuerst transloziert werden (Biittner et al., 2006). Die Translokation der Klasse B-T3E findet
hingegen in reduzierter Form auch in Abwesenheit von HpaB statt. Sie sind fiir die Virulenz
womdglich nicht so bedeutend wie Effektoren der Klasse A.

Im Rahmen dieser Arbeit konnten die Effektoren XopR und XopS der Klasse A zugeordnet werden,
wiahrend XopB, XopG, Xopl, XopK, XopL, XopM und XopV zur Klasse B gezihlt werden (s. Kapitel
2.2.1 und 2.3.1). Entsprechend des Modells nach Biittner et al. (Biittner et al., 2006) sind XopR und
XopS besonders wichtig, wihrend XopB, XopG, Xopl, XopK, XopL, XopM und XopV fiir die
Interaktion von Xcv mit dessen Wirtspflanzen von geringerer Bedeutung sind. Dieses Modell konnte in
dieser Arbeit nur teilweise bestitigt werden. Die T3E-kodierenden Gene von xopG, xopl, xopK, xopL,
xopM, und xopV sind fiir die Virulenz von Xcv nicht essentiell, wie fiir Klasse B-Effektoren postuliert
(Biittner et al., 2006; Schulze et al., 2012). Einzelne Deletionen Effektor-kodierender Gene im Genom
von Xcv hatten keinen Einfluss auf den Krankheitsverlauf in Paprikapflanzen (s. Kapitel 2.2.1;
(Schulze et al., 2012). Von den Effektoren, die Klasse A zugeordnet werden konnten, trigt jedoch nur
XopS zur Ausbildung von Krankheitssymptomen bei. Der Verlust von xopR hat keinen nachweisbaren
Einfluss auf die Virulenz von Xcv (Schulze et al., 2012). Interessanterweise flihrt die Deletion des
xopR-Homologen in X. oryzae pv. oryzae (Xoo) zu schlechterem Wachstum der Bakterien in
Reispflanzen (Akimoto-Tomiyama et al., 2012). Moglicherweise tragt XopR nur subtil zur Virulenz
von Xcv bei.

XopB, obwohl als Klasse B-Effektor eingestuft, beeinflusst hingegen die Symptomauspriagung
dhnlich stark wie XopS. Die Deletion von xopB bzw. xopS fiihrte aber nicht zu einem verédnderten
bakteriellen Wachstum im Vergleich zum Wildtyp. Jedoch fiihrte die Doppeldeletion von xopB und
xopS zu reduziertem Wachstum von Xcv in Paprikapflanzen (s. auch Kapitel 3.4; Schulze et al., 2012).
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Diese Daten zeigen, dass das vorgeschlagene Modell nach Biittner et al. (Biittner et al., 2006) in vielen

Fillen Giiltigkeit besitzt, aber nicht universell anwendbar ist.

3.2 Biochemische und biologische Charakterisierung von T3E

Einige Xcv-Effektoren der Klasse B sind auch in Pseudomonas und anderen Xanthomonas-Spezies
konserviert. Wéhrend diese T3E nicht zur Virulenz von Xcv beitragen, sind die entsprechenden
Homologe in Pseudomonas und anderen Xanthomonas spp. von Bedeutung. Hier sei zunidchst XopL
genannt, welches fiir die Virulenz von Xcv und Xoo vernachldssigbar ist (Song und Yang, 2010;
Singer et al., 2013). Der zu XopL homologe Effektor XC 4273 (Aminosduresequenz ist zu XopL
43 % identisch bzw. 60 % &hnlich) trdgt hingegen zur Virulenz und zum Wachsum von Xcc bei (Jiang
et al., 2009). Es kann nicht ausgeschlossen werden, dass starke Virulenzfaktoren wie XopB und XopS
den Effekt von XopL maskieren und sich dessen Deletion daher nicht in verminderter Virulenz dul3ert.
Proteine mit Homologie zu XopB und XopS aus Xcv sind nicht im Genom von Xcc kodiert (Qian et
al., 2005). Moglicherweise wird dadurch die Bedeutung von XC 4273 fiir die Virulenz von Xcc
deutlich sichtbar. Ein weiterer Unterschied zwischen XopL von Xcv und XopL (XC 4273) aus Xcc ist
die Abhéngigkeit der Translokation vom T3-Chaperon HpaB. Wihrend XopL von Xcv auch in
Abwesenheit von HpaB tranlsoziert wird (s. Kapitel 2.3.1), kann XC 4273 von einem AhpaB-Stamm
nicht mehr transloziert werden (Jiang et al., 2009).

Auch XopG, Xopl, XopK, XopM und XopV tragen nicht nachweisbar zur Infektion von
Paprikapflanzen durch Xcv bei (Schulze et al., 2012). Obwohl diese T3E in weiteren Xanthomonas
spp. und anderen phytopathogenen Bakterien konserviert sind, weil man iiber deren Rolle in der
bakteriellen Virulenz nur sehr wenig. Wahrend XopG fiir das Wachstum von Xcv in planta nicht
bendtigt wird, trédgt der homologe Effektor HopH1 zur Virulenz von P. syringae pv. tomato DC3000
bei. Die Deletion des Effektorclusters II, bestehend aus hopHI und hopCl, fithrt sowohl zu geringeren
Krankheitssymptomen, als auch bakteriellem Wachstum in Tomate (Wei et al., 2007). Bisher konnten
nur wenige T3E identifiziert werden, die erheblich zur Virulenz und Fitness von Xanthomonas
beitragen, wie beispielsweise fiir AvrBs2 oder XopD gezeigt (Kearney und Staskawicz, 1990;
Wichmann und Bergelson, 2004; Kim et al., 2008).

Auch die biologischen und/oder biochemischen Aktivitdten der genannten T3E sind weitgehend
unbekannt, mit Ausnahme von XopG und Xopl. XopG besitzt Homologie zu Zink-Endopeptidasen
von Clostridium botulinum (Potnis et al., 2011). Proteaseaktivitit konnte fiir XopG aber bislang nicht
nachgewiesen werden (A. Kriiger und U. Bonas, unpubliziert).

Xopl ist in verschiedenen Xanthomonas spp. konserviert und besitzt Ahnlichkeit zu F-Box Proteinen
(Bogdanove et al., 2011; Schulze et al., 2012). F-Box Proteine sind Teil eines multimeren Komplexes
aus Skp, Cullin und F-Box (SCF), der in der Ubiquitin-vermittelten Degradierung von Proteinen

involviert ist (Vierstra, 2009). Bisher konnten einige Interaktionspartner von Xopl identifiziert
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werden, die auf dessen Funktion als F-Box Protein hinweisen (O. Miiller und U. Bonas, unpubliziert).
Welche Rolle Xopl wéhrend der Infektion von Paprika- oder Tomatenpflanzen durch Xcv spielt, muss
in weiterfithrenden Studien noch untersucht werden.

Eine Moglichkeit um Effektoren zu charakterisieren, ist die Agrobacterium-vermittelte Expression der
T3E in verschiedenen Pflanzenspezies. Hierdurch hervorgerufene Reaktionen der Pflanzen konnten
Hinweise auf eine Aktivitit der Effektoren liefern. Die transiente Expression von XopG und XopM
fiihrt zu Zelltodreaktionen in Paprika und N. tabacum bzw. N. benthamiana, wahrend Xopl, XopK und
XopV keine makroskopischen Veridnderungen in verschiedenen Solanaceen bewirkten (Schulze et al.,
2012). Dies ist ein Hinweis darauf, dass (i) XopG und XopM erkannt werden und eine
Abwehrreaktion der Pflanze ausgeldsen, oder (ii) XopG und XopM im Zuge starker Uberexpression
zytotoxisch wirken, was wiederum in enzymatischer Aktivitdt der T3E begriindet sein konnte. Um
dies im Detail zu kldren, konnten Mutationsstudien durchgefiihrt werden, um Proteinbereiche zu
identifizieren, die fiir die Aktivitdt von XopG und XopM von Bedeutung sind. AnschlieBend kénnten
diese Mutanten fiir die Suche von pflanzlichen Interaktionspartnern genutzt werden, da ,,inaktive T3E*
ihre Zielproteine nicht mehr modifizieren bzw. degradieren.

Des Weiteren konnten Transkriptomanalysen nach transienter Expression der Effektoren in planta
Hinweise auf Signalwege oder Stoffwechselprozesse liefern, die durch die Effektoren verdndert
werden. Zuséitzlich wiirden Hefe-Dihybrid-Sichtungen die Identifizierung von Interaktionspartner und
moglichen Virulenzzielen der Effektoren ermoglichen. Eventuell wiirden auch Mehrfachdeletionen der
Effektor-kodierenden Gene Hinweise geben, ob diese in ihrer Gesamtheit tiberhaupt fiir Xcv von
Bedeutung sind. Fiir P. syringae wurde gezeigt, dass nicht alle T3E fiir die bakterielle Virulenz notig
sind. Ein minimales Effektor-Repertoire, bestechend aus acht von insgesamt 28 T3E, ist flir das
Wachstum von Pseudomonas in planta ausreichend, wihrend andere Effektoren kaum zur Virulenz
beitragen (Cunnac et al., 2011). Ob auch Xcv solch ein minimales Effektor-Repertoire besitzt, ist noch
unklar. Um diese These zu priifen, konnte man einen ,,Null-Effektor-Stamm* generieren, indem alle
bekannten Effektor-kodierenden Gene deletiert sind. AnschlieBend konnte man in diesem Stamm
einzelne T3E oder Effektorgruppen ektopisch exprimieren und den Einfluss auf die Virulenz und das

bakterielle Wachstum untersuchen.

3.3 XopL reprisentiert eine neue Klasse von E3-Ligasen

In dieser Arbeit wurde XopL zum ersten Mal charakterisiert. Die C-terminale Region von XopL weist
in vitro und in vivo E3-Ubiquitin-Ligase-Aktivitdt auf. XopL interagiert dabei mit den pflanzlichen
E2-konjugierenden Enzymen AtUBCI11 und AtUBC28 aus Arabidopsis. Mutationsanalysen an
AtUBC28 ergaben, dass die Aminosduren Phenylalanin und Alanin an den Positionen 62 bzw. 96 fiir
die Interaktion mit XopL essentiell sind. In frilheren Studien wurde gezeigt, dass die Aminoséure F62
fiir die Interaktion mit HECT-E3-Ligasen, jedoch nicht mit RING/U-Box-Proteinen von Bedeutung ist

(Nuber und Scheffner, 1999; Christensen et al., 2007), wahrend A96 zur Interaktion mit HECT- und
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RING/U-Box-E3-Ligasen beitriagt (Levin ef al., 2010). Um weitere Aussagen iiber die Interaktion
zwischen XopL und E2-Enzymen treffen zu konnen, bedarf es weiterer struktureller
Charakterisierungen der XopL-E2-Interaktion. Ahnliche Studien wurden fiir SopA aus Salmonella und
NleG aus E. coli bereits durchgefiihrt und lieferten interessante Einblicke in die Interaktion dieser
Effektoren mit entsprechenden E2-Enzymen. Trotz struktureller Unterschiede der ,Effektor-E3-
Ligasen™ im Vergleich zu den entsprechenden Enzymen der tierischen Zelle, erfolgt die Bindung an
Ubiquitin-konjugierende Enzyme auf eine dhnliche Weise (Lin et al., 2012).

XopL vermittelt Ubiquitinverkniipfungen hauptséchlich an Lysin 11 (K11), aber in geringerem Maf3e
auch an K33, K48 und K63. Uber K11-Ubiquitinketten ist bisher sehr wenig bekannt. Sie spielen
sowohl im proteolytischen Abbau als auch in der Regulation der Zellteilung eine Rolle (Wickliffe et
al., 2011). Der nichste Schritt sollte die Suche nach Interaktionspartnern von XopL sein. Sobald diese
identifiziert werden, miisste man analysieren, ob diese durch XopL ubiquitiniert und eventuell
proteolytisch abgebaut werden, um weitere Informationen iiber die Wirkungsweise von XopL zu
erhalten.

AvrPtoB aus Pseudomonas bedingt den Ubiquitin-vermittelten proteolytischen Abbau der Kinase
FLS2 und supprimiert dadurch die Pflanzenabwehr (Gohre et al., 2008). Die Art der Ubiquitin-
Verkniipfungen wurde bisher nicht untersucht.

Alle bislang bekannten E3-Ligasen gehoren zu den zwei Klassen der RING/U-Box- oder katalytischen
HECT-E3-Ligasen und unterscheiden sich im Mechanismus des Ubiquitintransfers (Ardley und
Robinson, 2005). HECT-E3-Ligasen besitzen ein katalytisches Cystein, liber das Ubiquitin zunéchst in
Form eines Thioesther-Intermediates gebunden wird, bevor es an das Zielprotein gekniipft wird
(Komander und Rape, 2012). E3-Ligasen mit einer RING/U-Box-Domine interagieren mit E2-
Enzymen, bringen diese und das Zielprotein in rdumliche Ndhe und iibertragen Ubiquitin direkt auf
das Zielprotein (Ardley und Robinson, 2005). Eine direkte Bindung des Ubiquitins, wie im Fall der
HECT-E3-Ligasen, findet demnach nicht statt. Ein weiterer Unterschied zwischen diesen Klassen von
E3-Ligasen besteht in der Art der vermittelten Ubiquitinverkettungen. Es wird postuliert, dass die
Verkniipfungsspezifitit im Fall von RING/U-Box E3-Ligasen durch das konjugierende E2-Enzym
festgelegt wird (Ye und Rape, 2009), wihrend HECT-E3-Ligasen die Spezifitit selbst bestimmen
(Komander und Rape, 2012). XopL enthélt selbst kein Cystein in seiner aktiven E3-Ligasedomaine.
Die Ubiquitinierung von Zielproteinen erfolgt deshalb wahrscheinlich nicht iiber Thioesther-
Intermediate (Singer et al., 2013), sondern eher indirekt, dhnlich den RING/U-Box E3-Ligasen. Die
Kristallstruktur eines XopL-E2-Komplexes konnte Hinweise auf den Mechanismus der
Ubiquitinierung von Zielproteinen durch XopL geben. Die Kristallstruktur von XopL lieferte
Einblicke in die Architektur des Proteins. Die E3-Ligase-Doméne von XopL besitzt eine neuartige
Faltung, XL-Box (XopL-E3-Ligase-Box) genannt, und unterscheidet sich vollig von bisher
charakterisierten RING/U-Box-bzw. HECT-E3-Ligasen (Singer ef al., 2013). Damit reprisentiert

XopL eine neue Klasse von E3-Ligasen und ist zudem erst der zweite Typ III-Effektor
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phytopathogener Bakterien, der nachweislich diese fiir Eukaryoten typische Enzymaktivitit besitzt.
Wie bereits erwéhnt, besitzt auch AvrPtoB von P. syringae E3-Ligase-Aktivitdt und gehdrt aufgrund
struktureller Ahnlichkeit zur Klasse der RING/U-Box-Proteine (Janjusevic et al., 2006).

E3-Ligasen wurden fiir T3E tierpathogener Bakterien schon haufiger beschrieben. Die Mitglieder der
NleG-Effektorfamilie von E. coli besitzen ebenfalls RING/U-Box-Motive (Wu et al., 2010), wahrend
die T3E IpaH und SopA von Shigella bzw. Salmonella katalytische Zentren dhnlich denen der HECT-
E3-Ligasen aufweisen (Singer et al., 2008; Quezada et al., 2009). IpaH reguliert seine Aktivitit selbst,
indem die LRR-Region die enzymatische Aktivitit der E3-Ligase-Doméne in Abwesenheit des
Substrats inhibiert (Singer ef al., 2008; Quezada et al., 2009; Chou et al., 2012). Dies trifft fiir XopL
nicht zu, da die Enzymaktivitdt in An- als auch Abwesenheit der LRR-Region nachzuweisen war (s.

Kapitel 2.3.1).

3.3.1 Der Einfluss weiterer Effektoren auf die Ubiquitinierung in planta

Im Rahmen dieser Arbeit wurde untersucht, ob die Ubiquitinierung durch weitere Effektoren von Xcv
manipuliert wird. Wie in Kapitel 2.3.2.2 gezeigt, fiihrt die transiente Expression von XopE1l, AvrBsT
und AvrRxv zu einem verdnderten Ubiquitinierungsmuster, welches dem von XopL dhnlich ist. Ob
dieser Effekt indirekt ist oder auf einer enzymatischen E3-Ligase-Aktivitdt beruht, miisste in
zukiinftigen Arbeiten geklart werden. In vitro durchgefiihrte Ubiquitin-Ligase-Analysen mit
gereinigten Effektorproteinen in Gegenwart von ATP, Ubiquitin, E1- und E2-Enzymen wiirden
zeigen, ob ein Effektor wirklich diese Enzymaktivitét aufweist.

Da fiir AvrBsT und AvrRxv Cysteinprotease und/oder Acetyltransferase-Aktivitdt vorhergesagt wird
(Lewis et al., 2011), ist die Akkumulation polyubiquitinierter Proteine wahrscheinlich ein indirekter
Effekt. AvrBsT interagiert mit der Kinase SnRK1 (s. Kapitel 2.1.1), welche auch mit der 20S-
Untereinheit des 26S-Proteasoms interagiert (Farras et al., 2001). Es wird deshalb spekuliert, dass
AvrBsT eine 26S-Proteasom-assoziierte Funktion erfiillt und mdéglicherweise den Proteinabbau am
Proteasom stort (Szczesny, 2009). Dieses Modell wiirde die Akkumulation ubiquitinierter Proteine
erkldren, die im Zuge der transienten Expression von AvrBsT nachgewiesen wurde.

Die Funktion von XopEl ist noch nicht bekannt. XopE1 gehort zur HopX-Effektorfamilie putativer
Transglutaminasen. Die Transglutaminasen-Proteinfamilie umfasst diverse Enzyme mit verschiedenen
Funktionen (Nimchuk et al., 2007; Thieme et al., 2007). Salomon und Kollegen fanden heraus, dass
HopX1 MAP-Kinase Signalwege in Hefe im Zuge der Antwort auf osmotischen Stress negativ
beeinflusst (Salomon et al., 2012). Durch verschiedene abiotische Stressbedingungen, wie osmotischer
oder Hitzestress, kommt es in Eukaryoten zur Anhdufung ent- oder falschgefalteter Proteine, die
Ubiquitin-vermittelt liber das 26S Proteasom abgebaut werden (Lee und Goldberg, 1998; Lee et al.,
2010). Sollte XopEl, dhnlich wie HopXl, negativ auf regulatorische Kreisldufe im Zuge der

Stressantwort einwirken, konnte dies eine Erkldrung fiir das verstidrkte Auftreten ubiquitinierter
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Proteine sein. Diese Hypothese konnte man iiberpriifen, indem man die von Salomon und Kollegen

durchgefiihrten Studien mit XopE1 durchfiihrt (Salomon et al., 2012).

3.3.2 Die Pflanzenabwehr wird durch XopL unterdriickt

,Effektor-E3-Ligasen® erfiillen unterschiedliche Aufgaben. XopL bindet und ubiquitiniert Zielproteine
in N. benthamiana. Vermutlich beeinflussen diese Modifikationen bestimmte Stoffwechselprozesse
oder regulatorische Signalwege und es kommt zum Absterben der Pflanzenzellen. Dieser Zelltod ist
von der E3-Ligase-Aktivitdt abhéngig, da Mutationen an der Oberfldche der XL-Box zum Verlust der
enzymatischen Aktivitit in planta und in vitro filhren und die entsprechenden XopL-Derivate nicht
mehr in der Lage sind Zelltod auszuldsen (s. Kapitel 2.3.1; Singer ef al., 2013). Die Zielproteine von
XopL sind noch unbekannt und sollten durch Hefe-Zwei-Hybrid Sichtungen identifiziert werden.

Die E3-Ligase-Aktivitdt von AvrPtoB dient der Manipulation der pflanzlichen Immunantwort. Die
Kinase Fen wird von AvrPtoB Ubiquitin-vermittelt degradiert, wodurch die ETI inhibiert wird
(Abramovitch et al., 2006; Rosebrock et al., 2007). AvrPtoB unterdriickt auch programmierten Zelltod
in Hefe und wirkt damit nicht nur in Pflanzen als Zelltodsuppressor (Abramovitch et al., 2003). Ob die
ETI durch XopL manipuliert wird, ist bislang nicht bekannt. Allerdings supprimiert XopL die
Expression von Abwehrgenen der PAMP-induzierten Abwehr in Arabidopsis. Hierfiir ist allein die
LRR-Region von XopL verantwortlich (s. Kapitel 2.3.1). Ahnliches wurde auch fiir AvrPtoB
beobachtet. AvrPtoB bindet mit seiner zentralen Region an die Kinase BAK1 und verhindert die
Assemblierung von PAMP-Rezeptorkomplexen (Shan et al., 2008). Mutationen in dieser zentralen
Region fithren zum Verlust der Bindung an BAK1 (Cheng et al., 2011). Es wurde gezeigt, dass die
Bindung an BAKI1 ausreichend ist, um stromabwérts-gelegene MAPK-Signalwege zu manipulieren
und dadurch die PTI zu unterdriicken (Shan et al., 2008; Cheng et al., 2011). Die E3-Ligase-Aktivitat
von AvrPtoB wird hierfiir nicht bendtigt. Eine funktionale LRR-Region ist auch fiir den Effektor
AvrAC aus Xcc von Bedeutung. AvrAC benétigt fiir die Interaktion mit den Kinasen RIPK (RPM1
induced protein kinase) und BIK1 (Botrytis-induced kinase 1) die Kombination aus seiner N-
terminalen Doméne und LRR-Region (Feng ef al., 2012). Die Kinasen werden anschlieBend durch die
C-terminal-gelegene UMP-Transferase von AvrAC posttranslational modifiziert und dadurch
inaktiviert. Dies hat die Unterdriickung der Pflanzenabwehr zur Folge und trdgt zur Virulenz von Xcc
bei (Feng et al., 2012). XopL beeinflusst die Aktivitdt von MAPKSs jedoch nicht und greift vermutlich
Proteine der Pflanzenabwehr an, die weiter stromabwirts der Signalkaskade liegen oder anderen
regulatorischen Signalwegen zugehorig sind. Die Identifizierung dieser Zielproteine konnte erheblich
zum Verstindnis der biologischen Wirkung von XopL beitragen.

Bisherige Daten zeigen, dass XopL nicht nachweisbar zum bakteriellen Wachstum von Xcv beitrégt.
Dies konnte eventuell an der funktionellen Redundanz der Effektoren liegen. Bisher sind fiinf weitere

T3E aus Xcv bekannt, welche die PAMP-induzierte Pflanzenabwehr unterdriicken (Kim et al., 2008;
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Bartetzko et al., 2009; Kim et al., 2009; Schulze ef al., 2012). Es kann auBBerdem nicht ausgeschlossen
werden, dass weitere Effektor-E3-Ligasen durch Xcv transloziert werden, wie bereits in Kapitel 3.2.1
diskutiert. Anhand der Aminosduresequenz der Effektoren ldsst sich eine mogliche E3-Ligase-
Aktivitét nicht ableiten, so dass entsprechende Experimente nétig sind, um dies zu priifen (Zhang et
al., 2006; Singer et al., 2013).

Zusammenfassend deuten die vorliegenden Daten auf multiple Funktionen von XopL hin, &hnlich wie
fiir AvrPtoB beschrieben (Gohre et al., 2008; Shan et al., 2008). Der N-terminale Bereich beider
Effektoren dient nicht nur der Bindung des zu ubiquitinierenden Proteins, sondern zusétzlich auch der
Unterdriickung der PTI. Die C-terminale E3-Ligase-Doméne ist ausschlieBlich fiir die Ubiquitinierung
von Zielproteinen verantwortlich. Ein &hnliches Modell wurde auch fiir SopA von Salmonella
postuliert. Die N-terminale Region von SopA ist fiir den Ausbruch der Bakterien aus der ,,Salmonella-
Vakuole® in das Zytosol verantwortlich. Die E3-Ligase-Doméne spielt hingegen eine Rolle im
Entzlindungsprozess wahrend der Infektion (Zhang et al., 2006). Die LRR-Doméne von IpaH9.8
erfiillt sogar regulatorische Aufgaben. Sie ist nicht nur fiir die Bindung des Substrats Ste7
verantwortlich, sondern inhibiert zusétzlich die Ubiquitinierungsaktivitidt von IpaH9.8 in Abwesenheit
des Substrats (Singer et al., 2008; Quezada et al., 2009). Ste7 ist eine MAPKK (MAP-Kinase Kinase)
und wird durch IpaH9.8 in Hefe degradiert (Rohde et al., 2007).

Diese Beispiele verdeutlichen, dass einige Effektoren von Tier-und Pflanzenpathogenen einen
dhnlichen modularen Aufbau besitzen und verschiedene Prozesse der Wirtszelle beeinflussen. Der N-
terminale Bereich dient der Inaktivierung (Shan et al., 2008; Singer et al., 2013) und/oder Bindung
von Virulenzzielen, welche anschlieBend durch enzymatisch aktive C-terminale Doméanen modifiziert

werden (Rohde et al., 2007; Diao et al., 2008; Gohre et al., 2008).

3.4 Charakterisierung der Effektoren XopB und XopS

3.4.1 XopB und XopS unterdriicken die Pflanzenabwehr

In dieser Arbeit wurden die Effektorproteine XopB und XopS charakterisiert und als Virulenzfaktoren
von Xcv identifiziert. Sowohl XopB als auch XopS tragen zur Ausbildung wissriger Lisionen in
anfilligen Paprikapflanzen bei. Die Doppeldeletion von xopB und xopS wirkt sich zudem negativ auf
das bakterielle Wachstum aus, der individuelle Verlust hat jedoch keinen Einfluss (s. Kapitel 2.2.1).
Diese Beobachtung lie} eine redundante Funktion vermuten und konnte durch weitere Analysen
bestitigt werden: XopB und XopS supprimieren die PAMP-induzierte Genexpression von NHL10 in
der Modellpflanze Arabidopsis. Beide Effektoren greifen vermutlich in Abwehrprozesse ein, die nicht
von der Aktivierung von MAPK-Kaskaden abhiingen oder stromabwérts von diesen liegen. Um dies
im Detail zu klidren, bedarf es weiterer Analysen. Die Expression von NHLI0 wird durch flg22
induziert und die Aktivitdt sowohl von MAP-Kinasen als auch Kalzium-abhidngigen Proteinkinasen

(calcium-dependent protein kinases, CDPKs) reguliert (Boudsocq et al., 2010). Um zu priifen, ob
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XopB oder XopS MAPK- oder CDPK-spezifische Signalwege beeinflussen, konnte die Aktivitit von
spezifisch regulierten Genen in Arabidopsis analysiert werden. So wird die Expression von FRKI
(flg22-induced receptor kinase 1) durch MAPKs reguliert, wihrend die Aktivitit von PHI-1
(phosphate-induced 1) CDPK-abhingig ist (Abb. 3-1; (Boudsocq et al., 2010). In weiterfiihrenden
Experimenten konnte also untersucht werden, ob die Expression der Reporterkonstrukte pFRKI-LUC
bzw. pPHI1-LUC durch XopB und XopS beeinflusst wird.

CDPKs sind nicht ausschlieBlich in der Aktivierung der Genexpression involviert, sondern regulieren
auch die Produktion reaktiver Sauerstoffspezies (Abb. 3-1; Kobayashi et al., 2007). Es ist durchaus
moglich, dass XopB und XopS nicht nur die Genexpression der PTI, sondern auch die ROS-Bildung
unterdriicken. AuBerdem konnte die reduzierte Expression der Abwehrgene Auswirkungen auf
Kalloseablagerungen haben, wie bereits fiir andere T3E gezeigt (Block und Alfano, 2011). Dies sollte
in zukiinftigen Arbeiten untersucht werden. Hierfiir wire beispielsweise die Generierung transgener
Arabidopsis-bzw. Paprika-Pflanzen sinnvoll, in denen xopB oder xopS unter Kontrolle eines
induzierbaren Promotors stehen. PTI-Analysen durch Behandlung mit PAMPs konnten Hinweise
geben, welche Abwehrreaktionen durch XopB oder XopS beeintrachtigt werden (ROS-Produktion,
Kalloseablagerungen) und inwieweit Verdnderungen im Transkriptom der Pflanzen stattfinden. Die
Daten wiirden Hinweise auf mdgliche Zielproteine der Effektoren liefern. Sofern homologe Proteine
im Genom von Paprika oder N. benthamiana kodiert sind, konnte man diese durch VIGS stilllegen und
analysieren, ob sich dies auf die Phinotypen nach transienter Expression von XopS bzw. XopB mittels
Agrobacterium auswirkt. AuBlerdem miisste man untersuchen, ob die Zielproteine in der Interaktion
mit Xcv eine Rolle spielen oder die Virulenz von Xcv beeinflussen. Falls die Bindung pflanzlicher
Zielproteine fiir XopB- oder XopS-abhdngige Virulenz entscheidend ist, sollten reduzierte
Expressionslevel der Interaktoren die reduzierten Krankheitssymptome von XcvAxopB bzw. XcvAxopS

aufheben.
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Abbildung 3-1: Modell der Aktivierung von CDPKs und MAPKSs in der PAMP-Signalantwort.

Die Erkennung von PAMPs fiihrt zur Signalweiterleitung iiber MAP-Kinase (MAPK)-Kaskaden oder Kalzium-
abhéngige Proteinkinasen (CDPK). Beide Signalwege fithren zur Aktivierung von Transkriptionsfaktoren (TF),
welche die Expression unterschiedlicher Gene spezifisch beeinflussen. MAPK- und CDPK-Signalwege kdnnen
auch synergistisch wirken. In einigen Féllen wird die Expression einiger Gene zwar durch beide Signalwege
induziert, aber deutlich starker durch MAPKs. CDPKs aktivieren dariiber hinaus die NADPH Oxidase und
induzieren dadurch die Bildung reaktiver Sauerstoffspezies. Abbildung modifiziert nach Boudsocq et al. (2010).

3.4.1.1 Effektoren von Xanthomonas manipulieren die PTI

Bislang wurden drei weitere Effektoren von Xcv beschrieben, welche PAMP-induzierte
Abwehrprozesse unterdriicken. Neben den in dieser Arbeit charakterisierten T3E XopB, XopS und
XopL (s. Kapitel 2.2.1 und 2.3.1), unterdriicken auch XopD, XopJ und XopN PTI-induzierte
Genexpression bzw. Zellwand-assoziierte Abwehrprozesse (Kim et al., 2008; Bartetzko et al., 2009;
Kim et al., 2009).

Die SUMO-Protease XopD aus Xcv wirkt im Zellkern der Pflanzenzelle als transkriptioneller
Repressor von Abwehrgenen und fordert das bakterielle Wachstum in Tomatenpflanzen. Es wurde
gezeigt, dass XopD die Genexpression indirekt beeinflusst, indem es Transkriptionsregulatoren de-
sumoyliert und deren Aktivitdt oder Stabilitdt beeinflusst (Kim et al., 2008; Kim et al., 2011). Der
Transkriptionsfaktor SIERF4 wird durch XopD-vermittelte De-Sumoylierung destabilisiert. Dadurch
wird die Ethylen-bedingte Transkription von Genen reprimiert und die pflanzliche Resistenz gegen
Xcv unterdriickt (Kim et al, 2013). Ein dhnlicher Wirkmechanismus, jedoch mit einem anderen
XopD-Interaktor, wurde von Canonne und Kollegen publiziert. Sie zeigten, dass XopD die Aktivitat
des Transkriptionsfaktors MYB30 aus Arabidopsis hemmt und dadurch Abwehrprozesse unterdriickt
(Canonne et al., 2011). Die Funktion von XopD scheint in verschiedenen Xanthomonas spp.
konserviert zu sein, da XopD des Xcc-Stamms B100 ebenfalls mit MYB30 interagiert und die Abwehr
in Arabidopsis unterdriickt (Canonne ef al., 2011).
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Welche Abwehrkomponenten von XopJ und XopN angegriffen werden, ist im Detail noch nicht
geklart. XoplJ ist an der Plasmamembran lokalisiert und unterdriickt Kalloseablagerungen nach PAMP-
Erkennung, was aber nicht auf die Manipulation der Signalweiterleitung durch MAPK-Kaskaden
zuriickzufiihren ist (Thieme et al., 2007; Bartetzko et al., 2009; Bartetzko, 2012). Bartetzko und
Kollegen fanden weiterhin heraus, dass XopJ mit RPT6, einer Komponente der 19S-Untereinheit des
26S-Proteasoms, interagiert und dadurch die Proteasomaktivitit reduziert. Vermutlich steht dies im
Zusammenhang mit der PTI-Suppression (Bartetzko, 2012). Die Manipulation des Proteasoms erfolgt
in Abhéngigkeit von der Myristoylierung und der aktiven katalytischen Triade von XopJ. Allerdings
konnte die fiir XopJ vermutete Acetyltransferase-Aktivitdt bislang nicht gezeigt werden (Bartetzko,
2012).

Der Virulenzfaktor XopN trigt zur Vermehrung von Xcv bei und reduziert PAMP-induzierte
Genexpression sowie Kalloseablagerungen in Tomatenpflanzen (Kim ez al., 2009). XopN interagiert
mit der zytosolischen Doméne einer atypischen Rezeptor-dhnlichen Kinase (tomato atypical receptor-
like kinase 1, TARK1), die partiell fiir die Resistenz gegen Xcv benoétigt wird. AuBBerdem bindet XopN
an das 14-3-3 Protein TFT1 (tomato fourteen-three-three isoform 1) und fordert die Komplexbildung
von TARK1 und TFT1 (Kim et al., 2009; Taylor et al., 2012). TFTI wird nicht nur in Folge der PTI
verstirkt exprimiert, sondern ist dariiber hinaus fiir die Expression einiger PTI-assoziierter Gene
notwendig und inhibiert das bakterielle Wachstum von Xcv in anfélligen Tomatenpflanzen (Taylor et
al., 2012). XopN-Derivate, die nicht mehr an TFT1 binden, kdnnen das Wachstumsdefizit der
XcvAxopN Mutante nicht komplementieren. Diese Daten zeigen, dass die Bindung an TFT1 fiir die
Virulenzwirkung von XopN nétig ist. Bislang ist jedoch nicht genau bekannt, inwiefern die
Wirkungsweise von TARK1/TFT1 dadurch beeinflusst wird (Taylor et al., 2012).

XopR aus Xoo beeinflusst ebenfalls die Expression von Abwehrgenen. In diesem Fall werden die
»frihen” Abwehrgene CYP81F?2 (cytochrome P450, family 81, polypeptide S2) und FRKI vermindert
exprimiert (Akimoto-Tomiyama et al., 2012). Aufgrund der Lokalisierung an der Plasmamembran
wurde vermutet, dass XopR moglicherweise durch Manipulation von PRRs in frithe Signalwege
eingreift (Akimoto-Tomiyama et al, 2012). Allerdings wurde die Aktivitit von stromabwirts
gelegenen MAPKSs noch nicht experimentell untersucht, um diese Theorie zu bestétigen. XopR aus
Xcv und Xoo sind auf Aminoséurebene zu 39 % identisch. Ob beide Effektoren &hnliche Funktionen
erfilllen, muss noch gekliart werden. Die bereits erwdhnten Protoplastenanalysen kénnten zeigen, ob
XopR aus Xcv einen Einfluss auf die Abwehr in Arabidopsis ausiibt. Der bisherige Wissensstand iiber
die Suppression der PTI durch Effektoren aus Xcv ist in einem Modell in Abbildung 3-2
zusammengefasst.

Wie Publikationen und Daten dieser Arbeit zeigen, manipulieren XopB, XopD, XopJ, XopL und
XopS Abwehrprozesse vermutlich stromabwérts oder unabhingig von MAPK-Kaskaden, im

Gegensatz zu zahlreichen Effektoren von Pseudomonas syringae.
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So greifen AvrPto und AvrPtoB in die PAMP-Erkennung ein, indem sie Rezeptorkinasen degradieren
(AvrPtoB) bzw. deren Kinase-Aktivitdt inhibieren (AvrPto) (Gohre et al., 2008; Shan et al., 2008;
Xiang et al., 2008). HopF2 und HopAll modifizieren MAP-Kinasen direkt und verhindern dadurch
die Signalweiterleitung. MKKS5 wird durch HopF2 ribosyliert und inaktiviert (Wang et al., 2010),
wahrend HopAlIl MPK3 und 6 dephosphoryliert (Zhang et al., 2007).

Nach den bisherigen Erkenntnissen stellt sich die Frage, ob es weitere T3E aus Xcv gibt, die die
Pflanzenabwehr manipulieren. Um dies herauszufinden, konnte man alle bekannten T3E einzeln in
Arabidopsis-Protoplast-Analysen untersuchen und priifen, ob ein Effektor die PTI-assoziierte
Genexpression unterdriickt. AuBBerdem konnte man in weiterfiihrenden Arbeiten die bekannten PTI-
Suppressoren XopB, XopD, XopJ, XopL, XopN, XopS im Genom von Xcv deletieren, um
anschliefend das in planta Wachstum dieses Stamms zu priifen. Moglicherweise stellen die genannten
Effektoren ein Effektor-Repertoire dar, welches fiir Wachstum und Virulenz von Xcv in Paprika-und
Tomatenpflanzen essentiell ist. Entsprechendes konnte fiir einige T3E von Pseudomonas gezeigt
werden (s. Kapitel 3.1; Cunnac et al., 2011). In diesem Fall wiirde die Multi-Effektormutante &dhnlich
wachsen wie ein T3SS-defizienter Stamm. Sollte dies jedoch nicht der Fall sein, wére das ein Hinweis

auf weitere Effektoren, die zur Virulenz von Xcv beitragen.

112



DISKUSSION

Apoplast

Zellwand

Pflanzenzelle

Abbildung 3-2: Modell der PTI-Suppression durch Effektoren von Xcv 85-10.

An der Plasmamembran werden konservierte bakterielle PAMPS durch PAMP-Rezeptoren (PRR) erkannt und
Abwehrprozesse durch PTI-assoziierte Signalweiterleitung initiiert. Uber das Typ I1I-Sekretionssystem (T3SS)
transloziert Xcv Effektorproteine (T3E/Xop) in das Zytosol der Pflanzenzelle. Dort greifen einige T3E in
Abwehrprozesse ein und fordern die bakterielle Vermehrung im Apoplasten durch Unterdriickung der PTL
XopB, XopL und XopS supprimieren die PAMP-induzierte Genexpression, der genaue Mechanismus ist aber
noch ungeklart. AuBBerdem greift XopB, genau wie XopJ, in den Vesikeltransport ein. Man spekuliert, dass dies
im Fall von XopJ zu reduzierten Kalloseablagerungen fiihrt. XopJ wirkt dariiber hinaus stdrend auf den
proteolytischen Abbau von Proteinen. XopN manipuliert die Pflanzenabwehr indem es mit der Kinase TARK1
und dem PTI-assoziierten Protein TFT1 interagiert. XopD greift hingegen die Transkriptionsfaktor SIERF4 und
MYB30 im Zellkern an und hemmt deren transkriptionelle Aktivitit. Fiir detaillierte Erlduterungen, siehe Text
(Kapitel 3.4.1).
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3.4.2 XopB manipuliert die pflanzliche Proteinsekretion

Um einen Einblick in die Wirkungsweise von XopB zu erhalten, wurden subzellulire
Lokalisierungsstudien mit Hilfe von XopB::GFP-Fusionsproteinen durchgefiihrt. Konfokale
Laserabtastungs-Mikroskopie (confocal  laser  scanning  microscopy, CLSM) und
Elektronenmikroskopische Analysen zeigten, dass XopB im Zytoplasma und am Golgi-Apparat
lokalisiert ist (s. Kapitel 2.2.1; Schulze et al., 2012).

Der Golgi-Apparat ist Teil des zelluldaren Endomembransystems und besonders fiir den intrazelluldren
Vesikeltransport von Bedeutung (Glick, 2000). Vesikel werden an der Plasmamembran gebunden und
durch Sekretion/Exozytose in den Apoplasten transportiert. Dieser Mechanismus wird durch so
genannte SNARE-Komplexe (N-ethylmaleimide-sensitive factor adaptor protein receptors) katalysiert
(Parlati et al., 2000). SNAREs sind multimere Proteinkomplexe, bestehend aus v-SNAREs (vesicle-
synaptosome-associated protein receptors) und t-SNAREs (target-synaptosome-associated protein
receptor), welche wiederum aus Syntaxinen und Synaptosom-assoziierten Proteinen (SNAPs)
zusammengesetzt sind (Parsot et al., 2003).

Die Sekretion antimikrobieller Substanzen ist fiir die Abwehr phytopathogener Mikroorganismen von
Bedeutung (s. Kapitel 1.1; Niirnberger und Lipka, 2005). Es konnte nachgewiesen werden, dass
Komponenten des SNARE-Komplexes in der Pflanzenabwehr involviert sind und u. a. das Eindringen
von Pilzen bzw. Oomyzeten verhindern (Collins et al., 2003; Lipka et al., 2005; Eschen-Lippold et al.,
2012). Da phytopathogene Bakterien in der Regel selbst nicht in die Wirtszelle eindringen, sondern
sich im Apoplasten vermehren, dient der Vesikeltransport der Exozytose antimikrobieller Substanzen
(Kalde et al., 2007). Das Syntaxin SYP132 aus N. benthamiana ist an der Sekretion von Vesikeln
beteiligt, die antimikrobielle Proteine (PR-Proteine) enthalten. Silencing von NbSYP132 fiihrt zu stark
verringerter Akkumulation von PR1a im Apoplasten und erméglicht P. syringae pv. tabaci besseres
Wachstum in diesen Pflanzen (Kalde et al, 2007). NbSYP132 trigt somit zur Abwehr gegen
Pseudomonas bei.

Der Vesikeltransport wird dadurch ein Angriffsziel bakterieller Effektoren, die iiber Manipulation der
Proteinsekretion in die Abwehr der Pflanze eingreifen. In dieser Arbeit wurde gezeigt, dass XopB die
Sekretion von secGFP supprimiert. Hierbei handelt es sich um ein GFP-Derivat, das eine
Signalsequenz enthélt, um in den Apoplasten transportiert zu werden. Die Blockierung der Sekretion
fithrt zur intrazelluldren Akkumulation des secGFP am endoplasmatischen Retikulum (Haseloff et al.,
1997; Batoko et al., 2000). In fritheren Studien wurden bereits Effektoren gefunden, die die Sekretion
der Pflanze inhibieren. Die T3E HopZla und HopM1 von P. syringae beeinflussen die Sekretion, tun
dies aber auf unterschiedliche Weise (Nomura et al., 2006; Lee, AH et al., 2012). HopZla ist ein
Vertreter der YopJ/AvrRxv/HopZ-Familie von Cysteinproteasen/Acetyltransferasen. HopZ1la bindet
und acetyliert pflanzliches Tubulin und bewirkt dadurch die Zerstdrung des eukaryotischen

Zytoskeletts (Lee, AH et al., 2012). Dies wirkt sich wiederum negativ auf den Vesikeltransport aus,
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fiihrt zu geringeren Kalloseablagerungen im Zuge der PTI und hat letzten Endes ein besseres
Wachstum von P. syringae zur Folge (Lee, AH et al., 2012).

HopM1 akkumuliert am Golgi-Netzwerk, interagiert dort mit AtMIN7 (4rabidopsis thaliana HopM1
interactor 7) und vermittelt dessen proteolytischen Abbau (Nomura et al., 2006). AtMIN?7 ist einer der
acht Vertreter der Familie der ADP-Ribosylierungsfaktoren (ARF) guanine nucleotide exchange
factor (GEF) Proteine, die eine Schliisselrolle im Vesikeltransport spielen. AtMIN7 ist in Zellwand-
assoziierte Abwehrprozesse involviert und trigt zur PTI von Arabidopsis bei (Nomura et al., 2006).
Interessanterweise wird AtMIN7 auch fiir die ETI bendtigt. Pseudomonas-Stimme mit verschiedenen
Avr-Proteinen konnen in atmin7 knockout-Pflanzen besser wachsen als in Wildtyp-Pflanzen.
AuBerdem wird der HopM1-vermittelte Abbau von AtMIN7 im Zuge der ETI verhindert (Nomura et
al.,2011).

Neben XopB wurde mit XoplJ bereits ein Effektor von Xcv beschrieben, der Sekretionsprozesse
negativ beeinflusst (Bartetzko et al., 2009). Die Suppression durch XoplJ ist von dessen katalytischer
Triade abhingig, da der Vesikeltransport durch die inaktive Mutante XopJcassa nicht mehr beeinflusst
wird (Bartetzko et al., 2009). XopJ manipuliert auch PTI-assoziierte Abwehrprozesse und unterdriickt
dadurch Kalloseablagerungen an der Zellwand (s. Kapitel 3.4.1). Es wird vermutet, dass die
Unterdriickung des Vesikeltransports durch XopJ mit der Suppression der PTI in Zusammenhang
steht, experimentell wurde dieses Hypothese allerdings noch nicht belegt (Bartetzko ef al., 2009). Fiir
XopB wire ein dhnliches Modell vorstellbar. In der vorliegenden Arbeit konnte mit XopBa3i3v eine
Mutante identifiziert werden, die in ihrer Wirkung als Suppressor der PTI leicht beeintrachtigt ist, die
Sekretion von secGFP aber nach wie vor unterdriickt (s. Kapitel 2.2.1). Jedoch konnte bislang kein
XopB-Derivat gefunden werden, dass nicht mehr in der Lage ist Sekretion als auch PTI zu
unterdriicken. Zukiinftige Arbeiten sollten der Identifikation funktioneller Proteinbereiche von XopB
dienen, welche fiir die Unterdriickung der Proteinsekretion und/oder Pflanzenabwehr von Bedeutung
sind. Hierfiir konnten sukzessive N- bzw. C-terminale Verkiirzungen an XopB vorgenommen werden,
und die daraus resultierenden Derivate beziiglich subzelluldrer Lokalisation, Einfluss auf die secGFP-

Sekretion und Unterdriickung der PTI untersucht werden.

3.4.3 Effektor-induzierte Zelltodreaktionen werden durch XopB inhibiert

Neben der Unterdriickung der PAMP-vermittelten Abwehr wirkt XopB zudem als Zelltodsuppressor.
Nach transienter Ko-Expression von avrBsT und xopB in N. benthamiana konnte eine deutliche
Unterdriickung des AvrBsT-bedingten Zelltods beobachtet werden. Die ist auch nach Uberexpression
von xopB im Xcv Stamm 75-3 der Fall. Dieser Stamm kodiert AvrBsT natiirlicherweise und 16st in
AvrBsT-responsiven Paprikapflanzen die HR aus (Escolar et al., 2001), welche durch die
Uberexpression von xopB supprimiert wird (s. Kapitel 2.2.1). Die AvrBsT-induzierte HR wird auch
durch ein pflanzeneigenes Protein beeinflusst. Die Carboxylesterase/Phospholipase SOBERI

(suppressor of AvrBsT-elicited resistance 1) aus Arabidopsis inhibiert ebenfalls die AvrBsT-induzierte
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Resistenz (Cunnac et al., 2007). Im Zuge der Expression von AvrBsT kommt es zu erhohten Mengen
an Phosphatidsdure (PA) in planta, deren Anhdufung in Gegenwart von SOBERI1 inhibiert wird und
wiederum zur Unterdriickung der HR fiihrt (Kirik und Mudgett, 2009). Moglicherweise wirkt XopB
dhnlich wie SOBERI und beeinflusst PA-Mengen innerhalb der Pflanze, was die Unterdriickung der
AvrBsT-HR zur Folge hat. Um dies zu priifen, miisste man die PA-Mengen nach Expression von
XopB in planta messen und testen, ob XopB an diese Phospholipide binden kann oder aber iiber
Interaktion mit PA-bildenden Enzymen in diesen Stoffwechselweg eingreift (Liscovitch et al., 2000).
Nach transienter Expression wirkt XopB auflerdem als Suppressor der Zelltodreaktionen, die durch die
T3E XopG, XopJ und AvrRxv ausgelost werden (s. Kapitel 2.2.1). XopJ und AvrRxv zdhlen wie
AvrBsT zur YopJ/AvrRxv/HopZ-Proteinfamilie. Ob die durch XopJ und AvrRxv ausgelosten
Zelltodreaktionen auf dhnlichen biochemischen Mechanismen beruhen wie im Fall von AvrBsT ist
jedoch nicht bekannt. Da sich die Lokalisation der genannten T3E nach Ko-Expression mit XopB
nicht dndert, greift XopB wahrscheinlich nicht in die Erkennung der T3E ein, sonder eher in
stromabwirts gelegene Signalwege.

Der zu XopB i#hnliche Effektor HopD1 aus Pseudomonas (79 % ldentitit, 86 % Ahnlichkeit der
Aminosduresequenz) hat eine dhnliche Funktion wie XopB. HopD1 unterdriickt den durch HopAl-
induzierten Zelltod partiell und wirkt damit ebenfalls als Zelltodsuppressor (Jamir et al., 2004). Dies
ist ein Hinweis, dass beide Effektoren nicht nur Sequenzihnlichkeiten aufweisen, sondern auch
funktionell miteinander verwandt sind. Im Gegensatz zu XopB tragt HopD1 jedoch nicht zur Virulenz
von P. syringae pv. tomato DC3000 in Wirtspflanzen bei (Kvitko et al., 2009). HopD1 lokalisiert im
Zytoplasma und am endoplasmatischen Retikulum (Munkvold et a/., 2008) und kdnnte daher ebenfalls
in den Vesikeltransport der Zelle eingreifen. Diesbeziiglich wurden aber noch keine Daten publiziert.
Zelltod-supprimierende Aktivitdt wurde auch fiir andere T3E postuliert. So wird die Avirulenzaktivitit
von AvrPphF aus P. syringae pv. phaseolicola durch AvrPphC unterdriickt und fiithrt zu
Krankheitssymptomen in Bohnenpflanzen (Tsiamis et al., 2000). Die Cysteinprotease HopN1 des P.
syringae pv. tomato DC3000-Stamms wirkt als Zelltodsuppressor in Tomaten- und Nichtwirtspflanzen
(Lopez-Solanilla et al., 2004). HopN1 ist in Chloroplasten lokalisiert und inhibiert dort die Aktivitit
des Photosystems II (PSII) indem es PsbQ, eine Komponente des PSII, degradiert. Es wurde postuliert,
dass PsbQ eine Rolle in der Ausbildung des DC3000-bedingten Zelltods in Tabak spielt und daher das
Zielprotein darstellt, welches von HopN1 angegriffen wird (Rodriguez-Herva et al., 2012).
Suppressionen von Zelltodreaktionen wurden aber nicht nur fiir T3E von Pseudomonas spp. sondern
auch Xanthomonas beschrieben. So fanden Fujikawa und Kollegen heraus, dass Pseudomonas
fluorescens die HR in Tabakpflanzen auslést und zur Expression von Abwehrgenen fiihrt. Diese
Reaktionen werden durch die Effektorproteine AvrXa7 und AvrXal0 aus Xoo bzw. Apll aus Xac
unterdriickt (Fujikawa et al., 2006).

Allerdings ist die Suppressorwirkung der genannten Effektorproteine spezifisch. Die Unterdriickung

verschiedener Zelltodreaktionen wie durch XopB scheint eine Ausnahme zu sein und wurde bislang
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nur fiir den nicht verwandten Effektor AvrPtoB aus P. syringae gezeigt (Abramovitch et al., 2003;
Guo et al., 2009). Die genauen molekularen Mechanismen, die der Suppressorwirkung von XopB

zugrunde liegen, miissen in nachfolgenden Arbeiten noch untersucht werden.
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5. Anhang

Verwendete Oligonukleotide

Name

Sequenz (5°-3)

Bemerkung

xopL_entr_for
3220_strep_rev
L_DS02A _for
L_D502A_rev
L_KS78A for

L _KS578A rev
L_AS79W_for
L_AS579W_rev
L_Q612A for
L_Q612A _rev
L_L619A for
L_L619A_rev

L _d163_185_for
L _d163_185_rev
3220-F1-Eco(2)
3220 R1-BamHI
3220 F2-BamHI
3220 R2-Xbal
3220-F993 entry
3220-R276
xopL_RT for
xopL_RT rev
3220_LRR_strep_rev
3220_CDOM-for
R311for
R311rev

W314for

CACCATGCGACGCGTCGAT
CAACC
CTATTTTTCGAACTGCGGGT
GGCTCCACTGATGGCCT
AGCACGGTCATCGCAGAAG
AAAGAAAT
CAGCATGGCCTGTGCGGTG
TCTTC
GTCAGCAACTGGGCAGCGC
AGAAGAGC
TGGCGTGTAGTGGCGGGCG
AGGCC
AGCAACTGGAAGTGGCAGA
AGAGCGCA
GACGTTCGTGTAGTGGCGG
GCGAG
GCCAAGGCAGTGGCAATGT
GGAAGACC
CAATGTCGCTACGTCGAGC
GGGCT
AAGACCCGTGAGGCAATCG
TCCACGCA
CCACATCTGCACTGCCTTG
GCCAA
ACAGGCCGGGCGCTGAAGG
CGACAGCC
GTTGTAGTGGCGTTGCCAT
TGCGACAG
AAAGAATTCGCACAGGCAA
GCATGGCG
AAAGGATCCCGCATTCCTC
GTCTTGGCTG
AAAGGATCCAGAGCCAACG
CGACAGGC
AAATCTAGACTGATCCGTC
GCAAGCCG
CACCCGCGGCCCGCAGCAA
TGGCAGACAC
GTTCATCCGCGCGGCGCTG
C
CGACCAGGCATTCCGTCTT
TCG
TGACGGAACTTCCCGAACC
CCT
CTATTTTTCGAACTGCGGGT
GGCTCCATTCGGCGGGG
CACCATGCCAGGGCGGACC
GGACCG
GGATCGATCGCTTCCGGCG
TCCA
CGGTCCATTCCAGTGCTAG
GCTCTG
CTACGGCTGGAAGCAACCG
GGATCAGAT

Generierung von pENTR/DxopL und pENTR/DlIrr

Generierung von pENTR/DxopL und pENTR/Dcdom

Generierung von pENTR/DxopLD502A
Generierung von pENTR/DxopLD502A
Generierung von pENTR/DxopLK578A
Generierung von pENTR/DxopLK578A
Generierung von pENTR/DxopLAS579W
Generierung von pENTR/DxopLAS579W
Generierung von pENTR/DxopLQ612A
Generierung von pENTR/DxopLQ612A
Generierung von pENTR/DxopLL619A
Generierung von pENTR/DxopLL619A
Generierung von pENTR/DxopLA163-185
Generierung von pENTR/DxopLA163-185
Generierung von pK18xopL

Generierung von pK18xopL

Generierung von pK18xopL

Generierung von pK18xopL

Generierung von pENTR/DxopL+Promotor
Generierung von pENTR/DxopL+Promotor
RT-PCR

RT-PCR

Generierung von pENTR/Dlrr
Generierung von pENTR/Dcdom
Generierung von pENTR/DxopLR311A
Generierung von pENTR/DxopLR311A

Generierung von pENTR/DxopLW314A
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W3l4rev
R280for
R280rev

R258for

R258rev

K334for

K334rev

R336for

R336rev

R379for

R379rev

R359%for

R359rev

K383for

K383rev
d330-336_XopL_for
d330-336_XopL_rev
ES5985600_AA_for
E598S600_AA_rev
AS512P513_EA_for
AS512P513_EA rev
RS05NS506_AA_for
RSO5N506_AA_rev
HS584L585GS86AAE_fo
;-1584L585G586AAE_re

v
PS18K19R520AAA_for

P518K19R520AAA _rev

GCTCTGCAGGTTGACCAAG
CCCTGGTGC
GAGCTCTCCATCGCAGCCT
GCCCGGAATT
GCGTAATCGGTTGAGGCTT
GCGATG
CTCACGCTCGCAGCCAATC
CGCTTCGCGCG

TGTTTCCAGGCCCGCAAAT
TGCTGCATGGT

CTGAAAAGCCTGGCAATAC
GCAACTCGC
ATTTTGCAGGTTGGCGATG
GACGCCGGA
AGCCTGAAGATAGCAAACT
CGCCGCTGT
TTTCAGATTTTGCAGGTTGG
CGATGGAC
GCGCCACTGAAGGCACTGA
ATCTGAAAG
ACGGCCGCCGAAAATCGGC
GGATAGTTG
GAGCTTGATTTGGCAGGCT
GTACCGCGCTG
CTCCAACTTTGGCAGGTGA
TGGATGGCCG
GCGACTGATTCTGGCAGAC
TGCAGCAACCT
TTCAGTGGCGCACGGCCGC
CGAAAATCGGC
AACTCGCCGCTGTCCGCCC
TTGGCCCG
ATTTTGCAGGTTGGCGATG
GACGC
TTCGTTTATCACGCAGGAG
CCCCGCTCGACGTAGC
CTGCCCGAGATGATCGACG
ATGCC
CCCTTTCTGGAAGGTGAAG
CATCCTATCTCCCAG
ATTTCTTTCTTCATCGATGA
CCGT
GTCATCGATGAAGAAGCAG
CTCCCTTTCTGGAAGGTG
CGTGCTCAGCATGGCCTGT
GCGGT
CAGAAGAGCGCAGCCGCG
GAGATCGTCGATCAT
CGCCTTCCAGTTGCTGACG
TTCGTGTAGTG
TCCATCCTATCTCGCAGGA
GCAGCCCCTACCGATGTCA
CC
GCACCTTCCAGAAAGGGAT
TTCTTTC

Generierung von pENTR/DxopLW314A
Generierung von pENTR/DxopLR280A und
pENTR/DxopLR280AW314A

Generierung von pENTR/DxopLR280A und
pENTR/DxopLR280AW314A

Generierung von pENTRD/xopLR280A,
pENTR/DxopLR258AR280A und
pENTR/DxopLR258AR280AW314A

Generierung von pENTRD/xopLR280A,
pENTR/DxopLR258AR280A und
pENTR/DxopLR258AR280AW314A

Generierung von pENTR/DxopLK334A
Generierung von pENTR/DxopLK334A
Generierung von pENTR/DxopLR336A
Generierung von pENTR/DxopLR336A
Generierung von pENTR/DxopLR359AR379A und
pENTR/DxopLR379AK383A

Generierung von pENTR/DxopLR359AR379A und
pENTR/DxopLR379AK383A

Generierung von pENTR/DxopLR359A,
PENTR/DxopLR359AK383A

Generierung von pENTR/DxopLR359A,
pENTR/DxopLR359AK383A

Generierung von pENTR/DxopLK383A
Generierung von pENTR/DxopLK383A
Generierung von pENTR/DxopLA330-336
Generierung von pENTR/DxopLA330-336
Generierung von pENTR/DxopLES98S600AA
Generierung von pENTR/DxopLE598S600AA
Generierung von pENTR/DxopLAS512P513EA
Generierung von pENTR/DxopLAS512P513EA
Generierung von pENTR/DxopLR505N506AA
Generierung von pENTR/DxopLR505N506AA
Generierung von pENTR/DxopLHS584L585G586AAE
Generierung von pENTR/DxopLH584L585G586AAE

Generierung von pENTR/DxopLP518K519R520AAA

Generierung von pENTR/DxopLP518K519R520AAA
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dAb2 5r GATAAGCTTGATGACCTCG  Generierung von pOKIAavrBs2
AAAACGCGG

dAb2_3r CTGTCTAGAGCGATTCCCA  Generierung von pOKIAavrBs2
CCGAGGCGC
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