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Abstract

IMPORTIN-as are a family of nuclear transport receptors that mediate the translocation
of nuclear localization signal (NLS)-containing cargo proteins from the cytoplasm into the
nucleus through nuclear pores. The IMPORTIN-a3, MOS6 (MODIFIER OF SNC1, 6), is one
of nine putative IMPORTIN-as encoded by the Arabidopsis genome. M0OS6 was identified
as an essential component of auto-immune responses and related growth inhibition
caused by the constitutively active TIR-NB-LRR Resistance protein variant, sncl
(suppressor of nprl-1, constitutive 1). In addition, MOS6 is required for basal resistance.
This suggests that MOS6 is required for specific or preferential nuclear import of
unknown cargo proteins involved in defense signaling.

In this study, the contribution of the nine IMPORTIN-a family members to basal
resistance and sncl-mediated auto-immunity was investigated and potential functional
redundancies within the nuclear import receptor family in plant defense signaling were
addressed. For reverse-genetic analyses, a collection of importin-a single, double and
triple mutant combinations was generated and a prominent role of MOS6 in plant
immunity and sncl auto-immunity could be demonstrated.

To identify defense-related cargo substrates and interaction partners of MOSS6, in
planta affinity purification of functional epitope-tagged MOS6 coupled with mass
spectrometry was performed in addition to analyses of an established Arabidopsis
interactome database. From these approaches, thirteen candidate MOS6 interactors
were selected for further characterization. Transient expression in Nicotiana
benthamiana and subsequent co-immunoprecipitation was used to validate these
interactions. Several interactors were shown to selectively bind MOS6 as they did not
interact with its closest homolog IMPORTIN-a6, reinforcing the idea of MOS6 substrate
specificity. T-DNA insertion mutants of MOS6-interactor candidates were isolated and
subjected to functional analyses. Interestingly, a mutation in the gene encoding the TIR-
NBS protein TN13 leads to impaired resistance against Pseudomonas syringae pv. tomato
DC3000 with an incomplete effector repertoire (AAvrPto/AvrPtoB). This finding
demonstrates a so far unknown involvement of the novel MOS6-interacting protein TN13
in plant innate immunity. Confocal laser scanning microscopy revealed that TN13 localizes
to the endoplasmic reticulum when transiently expressed in N. benthamiana. This may
suggest release of TN13 from the ER-membrane upon pathogen attack and subsequent
MOS6-mediated nuclear translocation for maintenance of basal resistance.






Zusammenfassung

IMPORTIN-as bilden eine Familie von Kernimport-Rezeptoren. Sie vermitteln die
Translokation von Proteinen, die ein Kernlokalisationssignal enthalten, vom Zytoplasma in
den Zellkern. Dies geschieht durch Kernporen, die die Doppelmembran des Zellkerns
durchspannen. IMPORTIN-a3/M0S6 (MODIFIER OF SNC1, 6) ist eines von neun im
Arabidopsis Genom kodierten IMPORTIN-as. MOS6 wurde als eine wesentliche
Komponente von Auto-Immunantworten, die durch die konstitutiv aktive TIR-NB-LRR
Proteinvariante, sncl (suppressor of nprl-1, constitutive 1) verursacht werden,
identifiziert. Zusatzlich ist MOS6 fir die basale pflanzliche Resistenz in Arabidopsis
erforderlich. Dies deutet darauf hin, dass MOS6 spezifisch oder praferentiell
Komponenten der pflanzlichen Immunitat in den Zellkern transportiert.

Im Rahmen dieser Arbeit wurden zundchst der Beitrag der neun IMPORTIN-as in
der basalen Resistenz und der sncl-vermittelten Auto-Immunitat analysiert sowie
mogliche funktionelle Redundanzen innerhalb der Kernimport-Rezeptor-Familie wahrend
pflanzlicher Immunantworten untersucht. Dabei konnte mittels revers-gentechnischer
Analysen von importin-a. Einzel-, Doppel- und Dreifachmutantenkombinationen gezeigt
werden, dass MOS6 innerhalb der Arabidopsis IMPORTIN-a Familie eine vorrangige
Funktion in basaler Resistenz und sncl-vermittelter Auto-Immunitat hat.

Fiir die Identifizierung immunrelevanter Cargo-Substrate und Interaktionspartner
von MOS6 wurde parallel zur Nutzung einer etablierten Arabidopsis Interaktom
Datenbank Epitop-markiertes MOS6 stabil in transgenen mos6-1 Pflanzen exprimiert, die
nach Pathogeninokulation zur Affinitatsreinigung gekoppelt mit Massenspektrometrie
genutzt wurden. Dreizehn Interaktionspartner-Kandidaten wurden fir die weitere
Charakterisierung ausgewahlt. Mittels Co-Immunoprazipitation nach transienter
Expression in Nicotiana benthamiana wurden diese Interaktionen mit MOS6 (berprift.
Mehrere der Kandidaten interagierten spezifisch mit MOS6 und nicht mit dessen
nachstem Verwandten IMPORTIN-a6, wodurch die Hypothese der Substrat-Spezifitdt von
MOQOS6 untermauert wird. T-DNA-Insertionslinien der MOS6 Interaktionspartner-
Kandidaten wurden isloliert und in Bezug auf die pflanzliche Abwehr funktionell
untersucht. Dies flihrte zu der Entdeckung von TN13, einem TIR-NBS (TN) Protein, das mit
MQS6 aber nicht mit dessem nachstverwandten Homolog IMP-06 interagiert und in der
Abwehr gegen Pseudomonas syringae pv. tomato DC3000 (AAvrPto/AvrPtoB) beteiligt ist.
Zudem wurde durch transiente Expression in N. benthamiana und konfokaler
Fluoreszenzmikroskopie gezeigt, dass TN13 im endoplasmatischen Retikulum (ER)
lokalisiert. Dies konnte bedeuten, dass TN13 nach Pathogenbefall vom ER abgespalten
und fiur die Aufrechterhaltung basaler Resistenzantworten durch MOS6 vermittelt in den
Zellkern transportiert wird.
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Introduction

1 Introduction

Plants need to adapt to their surroundings to be able to cope with abiotic and biotic
stresses. Environmental changes as well as above- and below-ground attack by a diverse
range of potential pathogens are perceived by individual plant cells and need to be
integrated into appropriate cellular responses. In the course of evolution, plants acquired
a sophisticated multi-layered system of innate immunity. The efficiency of the plant
innate immune system is illustrated by the fact that disease is only an exception while
immunity against an enormous number of diverse pathogens is the rule (Jones and Dangl,
2006). The induction of defense responses resulting from recognition of conserved
microbial molecular structures represents a first layer of immunity (Gomez-Gomez and
Boller, 2000; Zipfel et al., 2006; Miya et al., 2007; Petutschnig et al., 2010). Suppression of
this layer of defense by highly specialized pathogens results in host susceptibility
(Hemetsberger et al., 2012; Stegmann et al., 2012; Caillaud et al., 2012a). This in turn can
be overcome by a second level of immunity that acts largely intracellularly (Narusaka et
al., 2009; Rehmany et al., 2005; Shen et al., 2007). Importantly, communication between
the cytoplasm and the nucleus is indispensable for all these cellular defense responses
and signal transduction processes (Cheng et al., 2009; Wiermer et al., 2012; Wirthmueller
et al., 2007; Caillaud et al., 2012b). Understanding the contribution of the nuclear import
receptor MOS6/IMPORTIN-a3 and the potential involvement of additional nuclear

transport receptors to plant immune signaling is the focus of this work.

1.1 The plant immune system

In contrast to animals, plants lack specialized mobile cells that can be readily produced
when required for defense and an adaptive immune system that creates immunological
memory. To fight pathogens, plants must therefore rely on a combination of germ-line
encoded cellular innate immunity and the generation of mobile signals that travel from
the infection site to prime resistance in systemic tissues. Microbial pathogens able to pass

preformed structural and chemical barriers in the plants’ cell periphery as for example the
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cell wall, deposition of cutin and suberin in the cuticle or constitutively produced
antimicrobial substances face two layers of inducible defense responses (Niirnberger and
Brunner, 2002; Heath, 2000; Veronese et al., 2003). Typically, activated defense
responses require an enhanced need for energy and therefore induction is strictly
regulated and takes place only upon pathogen attack (Boller and He, 2009). Prerequisite
for efficient defense reactions is the recognition of potential pathogens by the plants’
surveillance system. A crucial first step in non-self recognition that contributes to plant
non-host resistance is the perception of pathogens at the cell surface by specialized
pattern recognition receptors (PRRs) at the plasma membrane that perceive so called
PAMPs (pathogen-associated molecular patterns), leading to the activation of defense
signaling cascades and subsequent initiation of PAMP-triggered immunity (PTI, Figure
1.1 (1). PAMPs are slowly evolving molecules that are indispensable for microbial life but
are not present in the host organism. Thus, PAMPs usually are structurally conserved
within a class of microbes. Prominent examples for PAMPs are the epitope flg22 of
bacterial flagellin which is recognized by the receptor FLAGELLIN SENSITIVE 2 (FLS2), the
elongation factor thermo unstable (EF-Tu) peptide elf18 which is recognized by the EF-Tu
receptor (EFR) and the fungal cell wall component chitin which is recognized by the
CHITIN RECEPTOR KINASE 1 (CERK1, Gomez-Gomez and Boller, 2000; Zipfel et al., 2006;
Miya et al., 2007; Petutschnig et al., 2010; Zipfel et al., 2004). PAMP-recognition by PRRs
typically triggers the production of reactive oxygen species (ROS), changes in ion fluxes at
the plasma membrane, activation of calcium-dependent protein kinases (CDPKs) and
mitogen-activated protein kinase (MAPK) cascades among other responses (Boller and
Felix, 2009; Dodds and Rathjen, 2010; Schwessinger and Zipfel, 2008). For example,
perception of flg22 by FLS2 results in activation of the MAP kinases MPK3 and MPK6 and
subsequent activation of downstream WRKY-type transcription factors for increased
expression of defense genes (Asai et al., 2002).

PAMP-triggered basal immune responses usually serve as a sufficient protection
against non-adapted pathogens. Host-adapted pathogens, however, evolved effector
molecules (also called virulence (vir) factors) that are secreted by the pathogen to evade
recognition by the host or to suppress host defense responses in order to circumvent PTI,

resulting in effector-triggered susceptibility (ETS, Boller and He, 2009; Panstruga and
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Dodds, 2009). Interaction of effectors with host proteins can take place at various
locations including the host cell cytoplasm (Figure 1.1 (2). However, several effector
proteins are targeted to host cell nuclei (Caillaud et al., 2012a; Caillaud et al., 2012b; Rivas
and Deslandes, 2013; Deslandes et al., 2003; Schornack et al., 2010). The presence of
predicted NLS motifs in some of these effectors indicate that the host cells’ nuclear
import machinery is exploited for nuclear translocation (Chisholm et al., 2006; Schornack

et al., 2010; Boch and Bonas, 2010).
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Figure 1.1 Schematic illustration of the plant immune system. All pathogens expose PAMPs to their
surroundings. 1) Plants perceive PAMPs via membrane bound Pattern Recognition Receptors (PRRs) and
initiate PAMP triggered immunity (PTI). To counteract PTI, pathogens deliver virulence effectors (2) to the
plant cell cytoplasm. Effector proteins translocate to specific subcellular locations where they can suppress
PTI (3). This results in effector triggered susceptibility (ETS). 4) Intracellular R proteins (NLRs) can recognize
effectors by direct interaction (4 a), by interaction with a decoy (4 b) or by guarding an effector target (4 c).
R protein activation leads to strong induction of defense responses and thus effector triggered immunity
(ETI, 5). Notably, all layers of immunity require nucleocytoplasmic transport across the nuclear envelope
through nuclear pore complexes. Figure from Dangl et al. (2013).
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To counteract ETS, plants have evolved intracellular Resistance (R) proteins, most of
which are nucleotide-binding/leucine-rich repeat immune sensors NB-LRRs (or NLRs) to
directly or indirectly recognize the presence of effector molecules (Figure 1.1 (4). Effector
recognition leads to a strong defense response termed effector triggered immunity (ETI)
that typically involves a ROS burst and local cell death execution in form of a
hypersensitive response (HR). ETI and the HR are effective against biotrophic pathogens
that depend on living tissue. Necrotrophic pathogens, in contrast, kill and feed on the
dead host plants’ tissue in the course of infection. Because of the contribution of
R proteins, ETl is also called R protein-mediated resistance. Effector recognition can take
place via direct interaction (Figure 1.1 (4), Ueda et al., 2006; Dodds et al., 2006) or
indirectly through a mechanism where the R protein guards the host cell effector target
or a decoy protein (Mackey et al., 2002; Van Der Biezen, Erik A. and Jones, 1998; Dangl
and Jones, 2001).

NB-LRR receptors are the most common R protein variants and are related to NLRs
known from the animal immune system (Kanneganti et al., 2007b; Ronald and Beutler,
2010). NB-LRR-type R proteins usually contain three distinct domains: a central
nucleotide-binding (NB) domain, C-terminal leucine-rich-repeats (LRRs) and either a
coiled-coil (CC) or toll interleukin-1 receptor (TIR) domain at the N-terminus (Dangl and
Jones, 2001). The two subclasses usually employ different downstream signaling
components. Signals from TIR-NB-LRRs (TNLs) converge on the lipase-like protein EDS1
(ENHANCED DISEASE SUSCEPTIBILITY 1), whereas CC-NB-LRRs (CNLs) signaling requires
the plasma membrane localized NDR1 (NON-RACE SPECIFIC DISEASE RESISTANCE 1,
Garcia et al., 2010; Aarts et al., 1998). Interestingly, the balance of EDS1 proteins present
in the cytosol and nucleus is important for efficient immunity (Garcia et al.,, 2010).
Notably, several R proteins have also been shown to be nuclear localized. One example is
the EDS1-dependent nucleocytoplasmic TNL R protein RPS4 (RESISTANCE TO
PSEUDOMONAS SYRINGAE 4), which accumulates in the nucleus after perception of its
corresponding effector avrRps4 (Wirthmueller et al., 2007; Heidrich et al., 2011).

The local defense responses described above also confer elevated resistance of
distal, uninfected tissues against subsequent attack by a broad spectrum of pathogens in

a process called systemic acquired resistance (SAR, Durrant and Dong, 2004). Importantly,
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both, PRR and R protein activation results in transcriptional reprogramming of host cells
that depends on defense signal transduction into the nucleus and nuclear export of
defense-related mRNAs. Hence, communication between the cytoplasm and the nucleus

is required for both, PTl and ETI.

1.2 Nucleocytoplasmic transport

The separation of genetic material from the cytoplasm by the double membrane of the
nuclear envelope (NE) is the major characteristic of all eukaryotic organisms. The inner
nuclear membrane and the outer nuclear membrane of the NE are separated by the
perinuclear space. The outer nuclear membrane forms a continuum with the endoplasmic
reticulum (ER). The exchange of macromolecules such as proteins or RNA across the
nuclear envelope depends on highly regulated import and export processes (Meier and
Somers, 2011). For this, nuclear pore complexes (NPC) represent tunnels that span the
nuclear envelope (Figure 1.1). NPCs have an eightfold-symmetry and are composed of
numerous nucleoporin proteins that form distinct sub-complexes (Suntharalingam and
Wente, 2003; Hoelz et al.,, 2011). Nucleoporins either belong to the central FG
nucleoporins (named after hydrophobic phenylalanine-glycine (FG)-rich motifs) located in
the central channel or build the cytoplasmic filaments, cytoplasmic ring, nuclear ring and
nuclear basket. (Cronshaw et al., 2002; Tamura and Hara-Nishimura, 2011). Selective
transport through the NPCs is regulated by the FG nucleoporins that represent docking
sites for transport receptors (Hoelz et al.,, 2011). These proteins limit the diffusion of
molecules into the nucleus by engaging in low-affinity and high-specificity interactions
with transport factors (Alber et al., 2007; Ryan and Wente, 2000; Cronshaw et al., 2002;
Strawn et al., 2004). Although the general structure is highly conserved in eukaryotes,
number and size of NPCs are variable between different organisms cell types and even
the developmental stage of a given cell type influences NPC composition (Fiserova et al.,
2009; Maul, 1977; Goldberg et al., 1997; Reichelt, 1990; Rout, 1993; Kiseleva et al., 2001;
Winey et al., 1997; Capelson and Hetzer, 2009). For Arabidopsis 30 putative nucleoporins
(NUPs) that are conserved among yeast, vertebrates and plants have been identified

(Tamura et al., 2010; Tamura and Hara-Nishimura, 2011; Neumann et al., 2010).
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Due to the action of FG nucleoporins only small soluble molecules and proteins with a
molecular weight of less than 40-60 kDa can translocate into the nucleus by passive
diffusion (Stewart, 2007a; Wang and Brattain, 2007). Hence, an additional set of proteins
is involved in transport of larger proteins across the NE: the nuclear transport receptors
(NTRs) of the karyopherin family. NTRs mediate both, nuclear import and export and the
respective receptors are thus categorized into importins and exportins (Meier, 2007).
Nucleocytoplasmic translocation usually requires the presence of a nuclear localization
signal (NLS) for nuclear destination or leucine-rich nuclear export signal (NES) for
cytoplasmic destination on the cargo substrate (Figure 1.2, Gorlich and Kutay, 1999; Terry
et al., 2007; Stade et al., 2002). The most abundant NLS motifs are basic Lys/Arg-rich
sequences that can be monopartite with the consensus sequence (K[K/R]X]K/R]) or
bipartite ([K/R][K/R]X10.12[K/R]3/5, Chang et al., 2013; Marfori et al., 2011; Marfori et al.,
2012).

Asymmetrical distribution of the small GTPase Ran (Ras-related nuclear protein)

between the nucleus and the cytoplasm is the driving force of nucleocytoplasmic

Figure 1.1 Schematic overview of karyopherin-
MOS6 NES P mediated protein transport through a nuclear
pore complex. In the cytoplasm, a trimeric

|mpo®\ @ complex of the two import receptor subunits
IMP-a and IMP-B with an NLS containing cargo

Cytopleanic protein is formed. IMP-a directly binds to the
filaments NLS and thereby bridges the interaction of
cargo to IMP-B. One of the Arabidopsis IMP-a
proteins is MOS6 (MODIFIER OF SNC1 6). IMP-B
mediates interaction with nucleoporins in the
nuclear pore complex for translocation into the
nucleoplasm. The nuclear pore complex
consists of distinct sub-complexes: the
cytoplasmic  filaments, cytoplasmic ring,
nuclear ring, nuclear basket and the
core/central channel. The trimeric transport
complex dissociates in the nucleus by action of

Cytoplasmic ring

Nuclear ring

Nuclear basket

Ran in its GTP-bound form. Cargo export is
Q mediated by exportin together with Ran in its
NS N Cargo = GTP-bound form along the concentration
Exportin gradient for Ran-GTP. In the Cytoplasm, cargo
g and exportin dissociate after GTP hydrolysis.
= ' Figure adapted from Wiermer et al. (2007).
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transport (Gorlich and Kutay, 1999; Terry et al., 2007; Meier and Somers, 2011). The Ran
guanine nucleotide exchange factor (RanGEF) is bound to chromatin and thus restricted
to the nucleus, which leads to a higher concentration of Ran-GTP in the nucleus (Merkle,
2011). In contrast, the Ran GTPase-activating protein (RanGAP) leads to a higher
concentration of Ran-GDP in the cytoplasm due to its cytoplasmic localization (Xu et al.,
2007). Interestingly, many small proteins as for example many transcription factors and
pathogenic effector proteins also contain NLS and rely on active nucleocytoplasmic
transport to ensure efficient import, although they could freely diffuse through NPCs
(Krebs et al., 2010; Ballesteros et al., 2001; Caillaud et al., 2012b; Deslandes et al., 2003;
Schornack et al., 2010; Weinthal et al., 2011).

For classical nuclear import, the NLS-containing cargo protein is bound by the
receptor protein IMPORTIN-a (IMP-a) in the cytoplasm via its armadillo (ARM) repeat
domains (Cook et al., 2007; Marfori et al., 2011; Chang et al., 2013). IMP-a proteins have
a N-terminal auto-inhibitory IMPORTIN-B-binding (IBB) domain, ten armadillo (ARM)
repeats that form two NLS-binding pockets and a C-terminal acidic patch that interacts
with the CAS export protein (Conti and Kuriyan, 2000; Goldfarb et al., 2004). The
Arabidopsis genome encodes nine IMP-a proteins (Wirthmueller et al., 2013). Upon cargo
binding, the IBB domain of the IMP-a protein is exposed and interacts with IMPORTIN-f3
(IMP-B, Figure 1.2, Kobe, 1999; Harreman et al., 2003). In the nucleus, Ran-GTP binding to
IMP-B causes conformational changes that result in dissociation of the trimeric complex
(Gilchrist et al., 2002). The exportin CAS in its Ran-GTP bound form then interacts with
IMP-a, which results in release of the cargo. IMP-a bound to CAS-Ran-GTP, as well as
IMP-B-Ran-GTP are exported to the cytoplasm along the Ran-GTP gradient (Kutay et al.,
1997). In the cytoplasm, Ran-GTP is hydrolyzed to Ran-GDP, which leads to the release of
IMP-a and IMP-B, respectively (Stewart, 2007b). Ran-GDP is returned to the nucleus by
the NUCLEAR TRANSPORT FACTOR 2 (NTF2), where it is converted back to Ran-GTP by
Ran-GEF (Ribbeck et al., 1998; Bhattacharya and Steward, 2002; Zhao et al., 2006).

The Arabidopsis karyopherin EXPORTIN 1 (XPO1) mediates export of NES-motif
containing cargo proteins out of the nucleus (Haasen et al., 1999; La Cour et al., 2003;
Stade et al.,, 1997). XPO1 interacts with Ran-GTP for nuclear export. Ran-GTP is

hydrolyzed in the cytoplasm for subsequent cargo-release (Haasen et al., 1999).
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In addition to the classical NLS presented above, atypical nuclear localization signals have
been described. A number of cargo proteins with atypical NLS can directly bind to and
thus be imported by IMP-B alone. Usually, these sequences are basic and structurally
more complex than classical NLS (Lam et al., 1999; Lee et al., 2003; Nagoshi and Yoneda,
2001; Jakel and Gorlich, 1998; Zehorai and Seger, 2014; Palmeri and Malim, 1999).
Additional non-canonical NLS are the Mata2 NLS found in yeast and maize (Hall et al.,
1984; Hicks et al., 1995) and the non-canonical M9 NLS whose nuclear import is mediated
by TRANSPORTIN 1 (TRN1) without involvement of IMP-a (Michael et al., 1995; Bogerd et
al., 1999; Pollard et al., 1996; Lee et al., 2006). PY-NLS that contain a characteristic
proline/tyrosine sequence were identified by characterization of NLSs recognized by
human TRN1 (Marfori et al., 2011; Lee et al., 2006). Interestingly, Arabidopsis TRN1 is the
transport receptor for two small RNA-binding proteins, AtGRP7 and AtGRP8 (GLYCINE-
RICH RNA-BINDING PROTEIN 7 and 8), that are involved in plant immunity (Ziemienowicz
et al., 2003).

1.3 Dynamic nucleocytoplasmic responses in plant immunity

Plant immune responses rely on stimulus-induced nuclear translocation of signaling
molecules such as defense regulators and transcription factors (TF) that regulate the
transcription of immunity-related genes in the nucleus. In analogy to NF-kB (Nuclear
Factor k-light-chain-enhancer of activated B-cells) signaling in animal immunity, where
nuclear localization and accumulation of NF-kB TFs is induced in response to biotic stress
by release from inhibitory I-xB proteins, components of plant defense are dynamically
transported across the NE (Huang et al., 2000; Johnson et al., 1999; Malek et al., 2001;
Garcia and Parker, 2009). This holds true for processes leading to PTI as well as for certain
regulators involved in ETI, in which the expression of defense-related genes is adapted to
the respective pathogenic threat. Additionally, a number of pathogen-derived effector
proteins use the nucleocytoplasmic transport machinery to translocate to the nucleus in
order to manipulate the host cell and stimulate infection. Several examples for regulated
nucleocytoplasmic partitioning in response to biotic stress have been described and are

summarized below.
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An example for dynamic nuclear localization in PTI is the rice PRR XA21 which confers
resistance to the bacterium Xanthomonas oryzae pv. oryzae (Song et al., 1995). The
plasma membrane resident XA21 contains an intracellular kinase domain that is cleaved
off when activated (Park and Ronald, 2012). This kinase domain carries a functional NLS
and is transported to the nucleus, where it presumably regulates the transcription of
defense-related genes (Park and Ronald, 2012).

The ankyrin-repeat protein NPR1 (NONEXPRESSER OF PATHOGENESIS-RELATED
GENES 1) is a prominent example for the importance of nucleocytoplasmic partitioning in
SAR that is triggered after local R protein activation (Kinkema et al., 2000; Zhang et al.,
1999). In its inactive state, NPR1 forms oligomers that are stabilized via disulfide bridges
and resides in the cytoplasm. When SA is produced during plant defense reactions, NPR1
disulfide bridges are reduced due to changes in the redox status of the cell (Tada et al.,
2008). This leads to monomerization and probably to unmasking of a NLS sequence in
NPR1 (Tada et al., 2008). Monomeric NPR1 is able to accumulate in the nucleus where it
can execute its function as transcriptional co-activator. NPR1 induces expression of
defense genes via interaction with TGA transcription factors of the basic region leucine
zipper (bZIP) family (Mou et al., 2003; Tada et al., 2008; Zhang et al., 1999; Kinkema et al.,
2000; Després et al., 2003). SA signaling, induction of PR genes and SAR are impaired in
the npri-1 mutant (Cao et al., 1994; Zhang et al., 1999). Another example for stress
induced conformational change that leads to exposure of an NLS motif is found in the
Arabidopsis transcription factor bZIP10 (Kaminaka et al., 2006). In uninduced cells, bZIP10
is bound by the Arabidopsis zinc finger protein LSD1. In this complex the bZIP10 NLS is
masked and the transcription factor is sequestered in the cytoplasm. Cytoplasmic
retention of bZIP10 by LSD1 prevents activation of a cell death pathway (Kaminaka et al.,
2006). Nuclear localization of Pisum sativum LSD1 in Arabidopsis protoplasts suggests that
PsLSD1 alone is able to localize to the nucleus (He et al., 2011). PsLSD1 does not harbor a
NLS and nuclear transfer is reported to be mediated by its zinc finger motifs that interact
with several Arabidopsis IMP-as and may constitute a novel NLS (He et al., 2011).

EDS1 (ENHANCED DISEASE SUSCEPTIBILITY 1) is a central regulator of basal and
TNL R protein mediated resistance and harbors predicted canonical NLS and NES motifs

for coordination of nuclear and cytoplasmic activities (Garcia et al., 2010; Heidrich et al.,
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2011). EDS1 forms molecularly and spatially distinct nucleocytoplasmic complexes with
PAD4 (PHYTOALEXIN DEFICIENT 4) and SAG101 (SENESCENCE-ASSOCIATED GENE 101) and
associates with several TNLs (Feys et al., 2005; Garcia et al., 2010; Wagner et al., 2013).
The Arabidopsis TNL receptor RPS4 requires EDS1 nuclear accumulation for
transcriptional reprogramming (Garcia et al., 2010). RPS4 and EDS1 both recognize the
Pseudomonas syringae effector AvrRps4 (Gassmann et al., 1999; Heidrich et al., 2011;
Bhattacharjee et al., 2011) and EDS1 may act as signal transducer between RPS4 and
defense gene expression (Feys et al., 2005; Wirthmueller et al., 2007; Garcia et al., 2010;
Heidrich et al., 2011). Consistent with these findings, transport of EDS1 through NPCs is
necessary for TNL mediated immunity (Cheng et al., 2009; Heidrich et al., 2011; Wiermer
et al., 2010), further underlining the significance of dynamic nucleocytoplasmic
distribution for defense signaling upon pathogen recognition.

The activation of NLR proteins typically leads to transcriptional reprograming and
consistent with this, several plant NLRs accumulate in the nucleus upon effector-induced
activation (Shen et al., 2007; Wirthmueller et al., 2007; Cheng et al., 2009; Caplan et al.,
2008a; Tameling et al., 2010). For example upon recognition of the cognate powdery
mildew effector AvrAy,, the barley CNL receptor MLA10 (MILDEW LOCUS A) interacts with
WRKY1/2 transcriptional repressors of PTl in the nucleus to derepress defense gene
expression (Shen et al., 2007). The WRKY zinc-finger motifs are characteristic for WRKY
TFs that recognize W-box sequences in promoter regions (Eulgem et al.,, 2000).
Interestingly, expression of a number of WRKY TFs is induced in response to pathogen
challenge or after PAMP perception and promoters of numerous defense related genes
contain W-boxes (Dong et al.,, 2003; Yu et al.,, 2001; Eulgem and Somssich, 2007). In
addition to these findings, some WRKY proteins have been proven to be directly involved
in plant defense. For example WRKY33 plays a role in regulation of defense pathways
against necrotrophic fungal pathogens downstream of MAPK cascades and WRKY18,
WRKY40 and WRKY60 interact for plant defense regulation in the nucleus (Zheng et al.,
2006; Birkenbihl et al., 2012; Xu et al., 2006). The importance of the WRKY domain in
plant immunity is further illustrated by the Arabidopsis TNL protein RRS1-R (RESISTANT
TO RALSTONIA SOLANACEARUM 1-Recessive) that mediates resistance to Ralstonia

solanacearum bacteria expressing the effector protein PopP2 (Deslandes et al., 2002;
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Deslandes et al., 2003; Tasset et al., 2010). RRS1-R contains a WRKY domain in addition to
the TIR, NBS and LRR domains and an NLS motif (Deslandes et al.,, 2002). RRS1-R and
PopP2 interact in the nucleus (Deslandes et al., 2003). The Arabidopsis nucleocytoplasmic
TNL protein SUPPRESSOR OF npri-1, CONSTITUTIVE 1 (SNC1) also activates immune
responses by association with a transcriptional regulator (Zhu et al., 2010). The
transcriptional corepressor TOPLESS-RELATED 1 (TPR1) was shown to localize to the
nucleus and target negative regulators of immunity (Zhu et al., 2010). Recently, it was
demonstrated that SNC1 can oligomerize in both the nucleus and the cytosol and
activates immunity in the nucleus (Xu et al., 2014).

Further findings that link R protein function to the transcriptional machinery in the
nucleus come from the tobacco TNL R protein N. N was shown to recognize tobacco
mosaic virus (TMV) and to interact with Squamosa Promoter-like (SPL) TFs (Caplan et al.,
2008a; Whitham et al., 1994). While nuclear localization of N is required for defense
response, the recognition of the TMV p50 replicase by N occurs in the cytoplasm where N
binds a pre-recognition complex containing the TMV p50 effector and the host
chloroplastic sulfotransferase NRIP1 (N RECEPTOR-INTERACTING PROTEIN 1, Burch-Smith
et al., 2007; Caplan et al., 2008b). The function of the Solanum tuberosum CNL R protein
Rx is also linked to nucleocytoplasmic trafficking. This immune receptor has been shown
to be required for resistance to Potato Virus X (PVX, Slootweg et al., 2010; Sacco et al.,
2007). Rx is sequestered and stabilized by Ran-GTPase activating protein 2 (RanGAP2) in
the cytoplasm (Tameling et al., 2010; Tameling and Baulcombe, 2007; Sacco et al., 2007).
Importantly, RanGAP2 is involved in generating the RanGTP-RanGDP gradient across the
NE which directly links Rx protein function to nucleocytoplasmic trafficking (Xu et al.,
2007; Tameling et al., 2010; Sacco et al., 2007).

In addition to host defense related proteins that are regulated by dynamic nuclear
and cytoplasmic partitioning, several pathogenic effector proteins might use the plant
nucleocytoplasmic transport machinery for virulence. Consistent with this, several of
these proteins are translocated to the host cell cytoplasm in the course of infection (Dou
and Zhou, 2012; Petre and Kamoun, 2014). Evolution of NLS motifs in a high number of
pathogen effectors suggests that these proteins exploit the host nuclear import

machinery to efficiently execute their functions inside the nucleus (Caillaud et al., 2012b;
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Kanneganti et al., 2007b; Bai et al., 2009; Sugio et al., 2014; Wirthmueller et al., 2015).
Interestingly, the molecular weight of effector proteins usually is below the molecular
weight exclusion limit of NPCs, so that they in principle could enter the host nucleus by
passive diffusion even without a NLS motif (Wang and Brattain, 2007). However, exclusive
nuclear localization indicates the involvement of active nuclear transport. This could be
shown for the effectors HaRxL106 (from Hyaloperonospora arabidopsidis (H. a.), 27 kDa),
NUK7 (from P. infestans, 47 kDa) and SAP11 (from Aster Yellows phytoplasma strain
Witches' Broom, 11 kDa) that co-opt the nucleocytoplasmic transport machinery for
efficient nuclear import (Wirthmueller et al., 2015; Kanneganti et al., 2007a; Bai et al.,
2009; Sugio et al., 2014).

The examples described above illustrate that transport between the cytoplasm
and the nucleus is crucial for all layers of plant immunity. Cytosolic signaling events are
targeted towards regulation of gene expression that ultimately takes place in the nucleus
and export of defense-related transcripts into the cytoplasm for translation also has to be
fine-tuned. Consistent with this, mutations in genes encoding components of the
nucleocytoplasmic trafficking machinery display defects in pathogen resistance (Palma et
al., 2005; Zhang and Li, 2005; Cheng et al., 2009; Wiermer et al., 2012; Roth and Wiermer,
2012). However, the detailed mechanisms that contribute to nuclear transport of specific

host defense proteins in response to biotic stress are still not well understood.

1.4 The role of the nuclear transport machinery in plant immunity

As elaborated above, dynamic signaling events across the NE are necessary for plant
immunity but how changes in nuclear translocation rates are regulated is just beginning
to emerge. Notably, several proteins that were found to be involved in autoimmune
responses activated in the deregulated TNL mutant sncl (suppressor of npr-1,
constitutive 1) encode components of the plant nucleocytoplasmic trafficking machinery
(Zhang et al., 2003; Johnson et al., 2012).

The gain-of-function mutant sncl was discovered in a genetic screen for
suppressors of the npr1-1 mutant (Li et al., 2001; Zhang et al., 2003). SNC1 encodes a TNL
R protein which signals through PAD4 and EDS1 when activated (Zhang et al., 2003; Li et
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al., 2001). SNC1 is closely related to the TNL R proteins RPP4 and RPP5 (with over 70%
similarity of amino acid sequence) and its cognate effector protein is not yet known. The
sncl mutation results in a glutamic acid to lysine substitution in the linker region between
the NBS and LRR domains and renders the protein constitutively active (Zhang et al.,
2003). Therefore sncl mutant plants display phenotypes associated with constitutive
activation of defense responses even without pathogen interaction. The auto-immune
activity results in retarded plant growth and dark leaves with curly morphology. Basal
levels of SA are increased which is accompanied with constitutive expression of PR genes,
and increased resistance against virulent pathogens such as Pseudomonas syringae pv.
maculicola (Psm) ES4326 bacteria and the oomycete Hyaloperonospora arabidopsidis
(H. a.) isolate NOCO2 (Zhang et al., 2003).

A genetic screen to identify suppressors of the sncl auto-immune mutant
phenotype led to the isolation of modifier of snc1 (mos) mutants based on suppression of
the sncl growth phenotype back to wild-type like morphology and suppression of
enhanced resistance in sncl. Subsequently, suppression of the other sncl autoimmune
phenotypes was assessed (Johnson et al., 2012). The mos genes characterized so far
encode proteins involved in diverse functions such as: nucleocytoplasmic trafficking, RNA
processing, protein modification, and epigenetic control of gene expression (Palma et al.,
2005; Zhang and Li, 2005; Zhang et al., 2005; Goritschnig et al., 2007; Wiermer et al.,
2007; Goritschnig et al., 2008; Cheng et al., 2009; Germain et al., 2010; Li et al., 2010; Xu
et al.,, 2012; Xu et al., 2011).

Notably, five of the MOS genes identified in the sncl suppressor screen are
involved in nucleocytoplasmic trafficking. MOS3 is a nucleoporin homolog of vertebrate
NUP96. MOS11 is a homolog of a human RNA binding protein (Sugiura et al., 2007; Dufu
et al., 2010; Germain et al., 2010). In vertebrates, NUP96 is part of the NUP107-160
nuclear pore sub-complex that is involved in mRNA export (Fabre et al., 1994; Vasu et al.,
2001) and MOS3 and MOS11 are both required for mRNA export from the nucleus to the
cytoplasm (Zhang and Li, 2005; Parry et al., 2006; Germain et al., 2010). Other
components of a putative complex similar to the NUP107-160 nuclear pore sub-complex
that contains MOS3 have been found to be involved in basal and R protein mediated

defense as well (Wiermer et al.,, 2012; Roth et al., 2003). The single copy gene MOS7
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codes for a protein homolog to NUP88 in animals. This nucleoporin is involved in
attenuating protein export from the nucleus to the cytoplasm (Uv et al., 2000). In line
with this, the nuclear accumulation of NPR1, EDS1, and SNC1 proteins is reduced in
mos7-1 mutants due to enhanced export (Cheng et al., 2009; Wiermer et al., 2010). These
defects in protein export in mos7-1 result in compromised SAR, basal defense and R
protein mediated resistance. The findings summarized above illustrate the crucial
importance of nucleoporins in regulating the nuclear pore permeability for defense
regulatory proteins and mRNAs in plant immunity.

Nuclear transport receptors represent another level of nuclear translocation-
regulation and IMP-a and IMP-B-like proteins were also identified from the mos screen.
MOS14 is a member of the IMP- super-family and nuclear localized (Xu et al., 2011). It is
encoded by a single copy gene in Arabidopsis. MOS14 was shown to be involved in
nuclear localization of proteins that function in splicing and altered splicing patterns of
SNC1 were found in mos14 mutants (Long and Caceres, 2009; Xu et al., 2011). MOS6 was
identified from the mos screen and codes for IMP-a3, one of nine predicted IMP-as in
Arabidopsis (Palma et al., 2005; Wirthmueller et al., 2013). Different mosé6 alleles were
shown to partially suppress the sncl auto-immune phenotypes and loss of MOS6 results
in enhanced disease susceptibility towards the virulent H. a. isolate NOCO2 (Palma et al.,
2005). It was shown that GFP-tagged sncl-4 accumulates in the nucleus of wild-type
Arabidopsis protoplasts whereas this fusion protein is present in the cytosol and in the
nucleus in mos6 mutant protoplasts (Zhu et al., 2010). However, sncl-4 harbors a
glutamic acid to lysine exchange in the second LRR motif in addition to the sncl mutation
responsible for auto-immunity. Although this suggests that MOS6 could be responsible
for appropriate sncl-4 nuclear import, it remains to be tested whether SNC1 is a direct
cargo substrate of MOS6. The identification of MOS6 as a genetic suppressor of sncl
auto-immune phenotypes together with the pathogen-phenotypes of mos6 single
mutants suggest that MOS6 may specifically or preferentially import unknown cargo
proteins involved in defense signaling into the nucleus. This also raises the question

whether MOS6 is the only IMP-a in Arabidopsis that is required for plant immunity.
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1.5 The IMPORTIN-a family in animal and plant immunity

Together with MOQS6, the Arabidopsis genome contains nine IMP-a paralogs
(Wirthmueller et al., 2013). The genome of the single cellular eukaryote Saccharomyces
cerevisiae only encodes one IMP-a whereas several paralogs have been identified in
higher eukaryotes. The genomes of humans, mice, rice or Drosophila melanogaster,
contain seven, six, five or three IMP-as, respectively (Merkle, 2001; Ouyang et al., 2007;
Ratan et al., 2008; Hu et al., 2010; Kelley et al., 2010; Wirthmueller et al., 2013). The
relatively high number of IMP-as in higher eukaryotes indicates specialization of IMP-a
family members in nuclear protein import or might be explained by possibly redundant
roles of different IMP-as. The complexity of higher eukaryotic organisms demands for
regulation of nuclear import in order to meet the specific requirements of different
tissues, developmental or physiological stages and stimulus-specific nucleocytoplasmic
dynamics. Research from the mammalian field provides important insights into regulation
of IMP-a activities via tissue-specific expression patterns (Kéhler et al., 1997; Tsuji et al.,
1997; Yasuhara et al.,, 2007). Another way to allow for complex regulation is the
specialization of NTRs to import a specific group of cargos. In fact, several examples from
the mammalian field show the preferential nuclear import of cargo proteins by specific
IMP-a adapters (Kohler et al., 1999; Melen et al., 2003; Miyamoto et al., 1997; Nadler et
al., 1997; Quensel et al., 2004).

The nuclear import of NF-kB TFs (1.3,Huang et al., 2000; Malek et al., 2001)
following kB degradation in human cells is a well-studied example for IMP-a specificity.
Here, human IMP-a3 and IMP-a4 are mainly responsible for import of NF-kB p50/p65
heterodimers although at least seven different IMP-a isoforms are present in the human
genome (Pemberton and Paschal, 2005; Fagerlund et al., 2005). During this process,
IMP-a3 binds to NF-kB p50 with its major NLS binding pocket while the minor pocket
mediates binding to NF-kB p65 (Fagerlund et al., 2005). Another example for IMP-a
specificity in human cells is the import of the nuclear protein Ran guanine nucleotide
exchange factor wich selectively depends on IMP-a3 (RCC1, Quensel et al., 2004).

Like in mammals, Drosophila melanogaster immune responses also depend on the
action of NF-kB proteins whose activity is controlled at the level of nuclear transport

(Bhattacharya and Steward, 2002). Translocation to the nucleus is stimulus-dependent
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and occurs after activation of the Toll signaling cascade. The nuclear transport receptor
specifically involved in transport of NF-kB transcription factors is NTF2 (NUCLEAR
TRANSPORT FACTOR 2). NTF2 is usually involved in importing Ran-GDP back to the
nucleus after a round of nucleocytoplasmic transport (Bhattacharya and Steward, 2002;
Ribbeck et al., 1998). Direct binding of NTF2 to NF-kBs, however, has not been shown and
the possibility that NTF2 indirectly influences import of these proteins by regulating the
function of IMPs or Ran must be considered as well. Another group of transcription
factors whose activity is regulated on a spatial level are the mammalian signal transducers
and activators of transcription (STAT). STAT proteins dimerize and cross the nuclear
envelope upon activation of the canonical STAT-signaling pathway. Stimulus induced
signaling leads to phosphorylation which in turn results in homo- or hetero-dimerization
(Lim and Cao, 2006). STAT1 homodimers and STAT1/STAT2 heterodimers specifically
interact with IMP-a5 (Melen et al., 2001; Fagerlund et al., 2002) and loss of IMP-a3 via
RNAI leads to impaired nuclear translocation of STAT3, but not of STAT1 (Liu et al., 2005).
This finding leads to the conclusion that STAT3 specifically interacts with IMP-a3 and
corroborates the notion that some IMP-as preferentially bind to particular STAT
transcription factors. In addition to transcription factors that use the nucleocytoplasmic
transport system to enter the nucleus in a biotic stress induced manner, the vertebrate
NLRs CHTA and NLRC5 (CLASS Il TRANSACTIVATOR and NLR CASPASE RECRUITMENT
DOMAIN (CARD) CONTAINING PROTEIN 5) both contain NLS motifs and ultimately
regulate gene expression via interaction with DNA-binding proteins inside the nucleus
(Meissner et al., 2012b; Meissner et al., 2012a; Cressman et al., 2001; Spilianakis et al.,
2000). However, exclusive binding to a specific IMP-a or a subset of IMP-a proteins has
not yet been shown.

Only few examples for IMP-a cargo selectivity exist in plants. In the following,
examples are summarized where pathogen effector proteins were found to preferentially
bind to certain IMP-a proteins. The Agrobacterium tumefaciens Vir proteins are a
prominent example for pathogen derived proteins that take advantage of the plant
nucleocytoplasmic transport machinery to promote infection (Durrenberger et al., 1989;
Shurvinton et al., 1992; Howard et al., 1992; Ballas and Citovsky, 1997; Bhattacharjee et

al., 2008). For transformation, the Agrobacterium derived transfer DNA (T-DNA) needs to
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be transported into the host nucleus. For this, a T-DNA/protein complex (T-complex) is
formed in the cytoplasm of infected host cells. The effectors VirD2 and VirE2 form a
covalently linked complex with the T-DNA (Durrenberger et al., 1989). Both VirD2 and
VirE2 harbor bipartite NLS (Gelvin, 2010; Pitzschke and Hirt, 2010). Several Arabidopsis
IMP-as interact with these NLS motifs and subsequently mediate transfer of the
T-complex to the nucleus (Ballas and Citovsky, 1997; Bhattacharjee et al., 2008).
Knock-out of IMP-a4 alone, however, has been shown to be sufficient to reduce
A. tumefaciens transformation rates in Arabidopsis root tissue. Interestingly, this
phenotype can be complemented by ectopic overexpression of other IMP-a paralogs
(Bhattacharjee et al., 2008). IMP-a4 is the predominantly expressed IMP-a in Arabidopsis
root tissue. This indicates that the specialized function of IMP-a4 in the transport of the
T-complex in roots may be explained by its tissue-specific expression. Hence, tissue-
specific expression rates of IMP-as add an additional level of regulation for cargo
selectivity in nucleocytoplasmic transport. It could be shown that the rate of
NLS-cargo/NTR complex formation is an important factor for efficiency of nuclear import.
This implies that nuclear import rates can be elevated by either increasing protein levels
of the cargo or IMP-a, or by increasing the affinity of the NLS for the NTR (Riddick and
Macara, 2005; Hodel et al., 2006; Timney et al., 2006; Wirthmueller et al., 2015).
Additional examples for preferential binding to IMP-as by effector proteins were
found in a directed yeast two hybrid screen aimed to search for interactions between 83
effectors from H. a. and Pseudomonas syringae pv. tomato (Pst) with numerous
Arabidopsis proteins (Mukhtar et al., 2011). In this screen two interactions between plant
IMP-as and effectors were detected (Mukhtar et al., 2011). The H. a. effector HaRxLL445
was shown to interact with MOS6 while the effector HaRxL106 interacted with MOS6,
IMP-a1, IMP-a2 and IMP-a4 (Mukhtar et al., 2011). Specific interaction of MOS6, IMP-a1,
IMP-a2 and IMP-a4 with HaRxL106 could be verified in ColP experiments (Wirthmueller
et al.,, 2015). Selective interaction with IMP-a proteins was also reported for effectors
from the oomycete pathogen Phytophthora infestans and the Phytoplasma asteris
effector SAP11 (SECRETED AY-WB protein). Nuclear import of these effectors could be
attenuated by silencing of NbIMP-al or NbIMP-a2 in N. benthamiana (Kanneganti et al.,
2007a; Bai et al., 2009). SAP11 contains an eukaryotic bipartite NLS which probably is

17



Introduction

involved in IMP-a binding (Bai et al., 2009). Nuclear import of the bipartite NLS-containing
P. infestans effectors Nuk6 and Nuk? is also specifically inhibited by silencing of NbIMP-a1
and NbIMP-a2 while nuclear localization of another Nuk effector (Nuk12) was not
affected (Kanneganti et al., 2007a).

The examples above illustrate that selective binding of cargo proteins to a specific
IMP-a or a subset of IMP-a proteins occurs in animals and could be demonstrated for
some effector proteins in plant-pathogen interactions. However, besides these reports
little is known about nuclear transport mechanisms that mediate exchange of proteins
between the cytoplasm into the nucleoplasm in plant cellular immune responses. To date
no plant host defense regulator has been reported as cargo substrates of any IMP-a.
Therefore, it is feasible to postulate that the identification and analysis of defense-related

cargo proteins could provide important insights in plant immune responses.

1.6 Thesis aims

A central regulatory node in plant cellular immunity is the dynamic translocation of
defense signal transducers and immune regulatory proteins between the cytoplasm and
the nucleus. The underlying mechanisms and processes specifically regulating
nucleocytoplasmic signaling in plant defense, however, are still poorly understood. The
Arabidopsis nuclear transport receptor MOS6/IMPORTIN-a3 was identified in a forward
genetic screen for suppressors of auto-immune responses activated in the deregulated
TIR-NB-LRR R gene mutant, sncl. In addition, MOS6 was found to be involved in basal
resistance against the virulent oomycete pathogen Hyaloperonospora arabidopsidis
NOCO2 (Palma et al., 2005). However, defense-regulatory cargo proteins of MOS6 that
mediate pathogen resistance have not been described. Also, whether other Arabidopsis
IMP-a paralogs are required for plant disease resistance is not known.

The first aim of this work was to isolate and functionally characterize a
collection of imp-a single, double and triple mutant combinations in order to elucidate
the involvement of the nine Arabidopsis IMP-a family members in plant growth and basal

disease resistance. Additionally, potential functional redundancies between MQOS6 and
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other nuclear protein import receptors in sncl-mediated auto-immunity and basal
defense signaling should be addressed.

MOS6-mediated resistance has so far only been characterized genetically (Palma
et al., 2005). Therefore, the second aim of this work was to identify and subsequently
characterize MOS6 defense-related cargo proteins and interaction partners. In
combination with analyses of an established Arabidopsis interactome database that is
based on yeast two-hybrid assays (Mukhtar et al., 2011), an in planta affinity purification
approach should be conducted using stable transgenic mos6 plants expressing functional
epitope-tagged MOS6. Analysis of affinity-purified MOS6 transport complexes in plant
cells responding to pathogen challenge by mass spectrometry should allow identification
of MOS6 specific cargo proteins and novel components of nucleocytoplasmic transport
that are engaged in plant defense signaling. After independent validation of MOS6-
interactions in planta, reverse-genetic analyses should be used to assess the involvement

of MOS6-interactors in plant immunity.
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2 Materials and Methods

The materials and methods section is divided into two parts. First, information on the
organisms, materials, chemicals and equipment used in this study is provided. The second

part describes the methods employed.

2.1 Materials

2.1.1 Plant Materials

2.1.1.1 Arabidopsis thaliana

Arabidopsis wild-type (Table 2.1), mutant lines (Table 2.2) and transgenic plant lines

(Table 2.3) used in this study are listed below.

Table 2.1 Wild-type Arabidopsis accessions used in this study

Accession Abbr. Original source

Columbia Col-0 J. Dang/®

Landsberg-erecta Ler Nottingham Arabidopsis Stock Centre®
Wassilewskija Ws-0 K. Feldmann®

aUniversity of North Carolina, Chapel Hill, NC, USA
bNottingham, UK
“University of Arizona, Tucson, AZ, USA

Table 2.2 Mutant Arabidopsis lines used in this study

AGI |
Abbr. ] c'nius Accession Mutagen/T-DNA  Reference/Source
identifier

Single mutants

sncl AT4G16890 Col-0 EMS (Li et al., 2001)
edsl-2  AT3G48090 Col-0 FN (Bartsch et al., 2006)
mos6-1  AT4G02150 Col-0 FN (Palma et al., 2005)
mos6-2  AT4G02150 Col-0 FN (Palma et al., 2005)
mos6-4 AT4G02150 Col-0 SALK_ 025919  (Alonso et al., 2003)
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imp-al At3G06720
imp-a2  At4G16143
imp-a3  At4G02150
imp-a4  At1G09270
imp-a5 At5G49310
imp-a6  At1G02690
imp-a7  At3G05720
imp-a8 At5G52000
imp-a9  At5G03070

Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0

SALK_001092  (Alonso et al., 2003)
SALK_099707  (Alonso et al., 2003)
SALK_025191  (Alonso et al., 2003)
SALK_ 203869  (Alonso et al., 2003)
SALK 023989  (Alonso et al., 2003)
GABI_435H12  (Kleinboelting et al., 2012)
SALK_ 020428 (Alonso et al., 2003)
SAIL_081405 (Alonso et al., 2003)
SALK_ 085535  (Alonso et al., 2003)

Double and higher order mutants containing imp-a alleles

imp-al imp-a2
imp-a5 mos6-4
imp-a5 imp-oa7
imp-a8 imp-o7
mos6-4 imp-al
mos6-4 imp-a2
mos6-4 imp-a5
mos6-4 imp-a7
mos6-4 imp-a8
mos6-1 imp-al
mos6-1 imp-a2
mos6-1 imp-a5
mos6-1 imp-a6

mos6-1 imp-a7

mos6-4 imp-al imp-a2
mos6-4 imp-al imp-a5
mos6-4 imp-al imp-o7
mos6-4 imp-a2 imp-a5
mos6-4 imp-a2 imp-a7

mos6-4 imp-a5 imp-a7

sncl imp-al

sncl imp-a2
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Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0

line was generated by crossing in this work
line was generated by crossing in this work
line was generated by crossing in this work
line was generated by crossing in this work
line was generated by crossing in this work
line was generated by crossing in this work
line was generated by crossing in this work
line was generated by crossing in this work
line was generated by crossing in this work
line was generated by crossing in this work
line was generated by crossing in this work
line was generated by crossing in this work
line was generated by crossing in this work
line was generated by crossing in this work
line was generated by crossing in this work
line was generated by crossing in this work
line was generated by crossing in this work
line was generated by crossing in this work
line was generated by crossing in this work
line was generated by crossing in this work
line was generated by crossing in this work

line was generated by crossing in this work
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sncl imp-a3 Col-0 line was generated by crossing in this work
sncl imp-a4 Col-0 line was generated by crossing in this work
sncl imp-a5 Col-0 line was generated by crossing in this work
sncl imp-a6 Col-0 line was generated by crossing in this work
sncl imp-a7 Col-0 line was generated by crossing in this work
sncl imp-a8 Col-0 line was generated by crossing in this work

Candidate mutant lines

nup155 AT1G14850 Col-0 GABI_306C07  (Kleinboelting et al., 2012)
nup50 AT1G52380 Col-0 SAIL_84 HO08 (Alonso et al., 2003)
nupl/nupl36 AT3G10650 Col-0 SALK_020221  (Alonso et al., 2003)

trni AT2G16950 Col-0 SALK_003127 (Alonso et al., 2003)
imp-8, put. AT3G08943 Col-0 SALK_105245  (Alonso et al., 2003)
imp-6, put. AT3G08947 Col-0 SALK_095888  (Alonso et al., 2003)

ntf2 AT5G43960 Col-0 SALK_011708 (Alonso et al., 2003)
kpnb1/impB82 AT5G53480 Col-0 GABI_180F05  (Kleinboelting et al., 2012)
myb70 AT2G23290 Col-0 GABI_350C10  (Kleinboelting et al., 2012)
wrky60 AT2G25000 Col-0 SALK_ 120706  (Alonso et al., 2003)

orsl AT3G29035 Col-0 GABI_778C04  (Kleinboelting et al., 2012)
tn13 AT3G04210 Col-0 GABI_154D04  (Kleinboelting et al., 2012)
tnl AT3G44670 Col-0 SALK_029707 (Alonso et al., 2003)
sncltnl3 Col-0 line was generated by crossing in this work

EMS: ethylmathane sulfonate; FN: fast neutron; T-DNA: transfer-DNA

Table 2.3 Transgenic Arabidopsis lines used in this study

Abbr. Background Construct Reference/Source
MW35_a mos6-1 E)I\(/(I:gs&:gM056—3xHA—StrepII S/Il;asi?rt?gsls 2011
MW39 b sncl mos6-1 E)I\(/(I:(;SSG::gMOS6-3xHA-StrepII this work

MW40_a  mos6-1 gacg§6-3xHA-Strepll 3212??11.5 2011
MW40_b  sncl mos6-1 PXCSG this work

gMOS6-3xHA-Strepll

p : native promoter, g : genomic
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2.1.1.2 Nicotiana benthamiana

N. benthamiana seeds were obtained from T. Romeis (Max-Planck-Institute for Plant
Breeding Research (MPIZ, Cologne, Germany) and were used for transient expression

studies mediated by Agrobacterium tumefaciens.

2.1.2 Pathogens

The three isolates of the oomycete pathogen Hyaloperonospora arabidopsidis (H. a.) used
in this work are listed in Table 2.4. The different strains of the bacterial pathogen
Pseudomonas syringae pv. tomato (Pst) are summarized in section 2.1.2.2. Both

pathogens were used for infections of Arabidopsis plants.

2.1.2.1 Hyaloperonospora arabidopsidis

The three H. a. isolates used in this study vary in their ability to infect certain Arabidopsis
ecotypes. The NOCO2 isolate is virulent on Col-0 plants, whereas CALA2 and EMWA1
isolates are incompatible with Col-0 due to RPP2 and RPP4 mediated resistance,
respectively. These isolates are able to grow on the Ler and the Ws-0 ecotypes,

respectively.

Table 2.4 Hyaloperonospora arabidopsidis isolates used in this study

Isolate Original source Reference

CALA2 Oospore infection of a single seedling (Holub et al., 1994)
EMWA1 Oospore infection of a single seedling (Holub et al., 1994)
NOCO2 Conidia isolated from a single seedling (Parker et al., 1993)

2.1.2.2 Pseudomonas syringae pv. tomato

The Pseudomonas syringae pv. tomato (Pst) strain DC3000 (AAvrPto/AvrPtoB) strain that

lacks the type three secreted effectors AvrPto and AvrPtoB was used. AvrPto and AvrPtoB
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interfere with signaling from MAMP-activated receptor kinases (Torres et al., 2006; He et

al., 2006). Pst DC3000 (AAvrPto/AvrPtoB) was described by Lin and Martin (2005).

2.1.3 Bacterial strains used for cloning and transient expression

2.1.3.1 Escherichia coli

The chemically competent Escherichia coli strain TOP10 was obtained from Invitrogen™
(Karlsruhe, Germany). It was used for plasmid amplification and harbors the following
genotype: F- mcrA A(mrr-hsdRMS-mcrBC) ®80/acZAM15 AlacX74 deoR recAl araD139
A(ara-leu)7697 galU galK rpsL (StrR) endAl nupG.

2.1.3.2 Agrobacterium tumefaciens

For stable transformation of Arabidopsis and transient transformation of N. benthamiana
plants, the electro competent Agrobacterium tumefaciens strain GV3101 was used (Koncz
and Schell, 1986). The strain used in this study carries the helper-plasmid pMP90RK and is

resistant against rifampicin, kanamycin and gentamycin (Koncz and Schell, 1986).

2.1.4 \Vectors

The vectors used or generated in this study are listed below (Table 2.5).

Table 2.5 Vectors

Abbr. Construct name Use and Description

PENTR™/D-TOPO® Entry vector for the Gateway®
system that allows directional
TOPOQO® cloning of blunt-end PCR
products (Invitrogen™)

MWO03  pXCSG-cCFP Binary Gateway® destination

vector for expression of fusion
proteins under control of P35SS
with a C-terminal cCFP tag
(Witte et al., 2004)
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MW19  pXCSG gIMP-a6::3xHA-Strepll Vector for expression of gIMP-a6
under control of P35SS with a C-
terminal 3xHA-Strepll tag
(Witte et al., 2004)

MW33  pXCG p+gMOS6::3xHA-Strepll Vector for expression of gMOS6
under control of its native
promoter with a C-terminal 3xHA-
Strepll tag (Witte et al., 2004)

MW34  pXCSG gMOS6::3xHA-Strepll Vector for expression of gMOS6
under control of P35SS with a C-
terminal 3xHA-Strepll tag
(Witte et al., 2004)

MW36  pXCSG mYFP::mYFP Vector for expression of tandem
mYFP::mYFP

CR48 PXCSG gIMPB,put.(AT3G08943)::cCFP

CR49 pXCSG gIMPB,put.(AT3G08947)::cCFP

CR50 PXCSG gTIR-NB-LRR(AT3G44670)::cCFP

CRe61 pXCSG gMYB70(AT2G23290)::cCFP

CR62 pXCSG gWRKY60(AT2G25000)::cCFP
Vectors for expression of

CR63 pXCSG gORS1(AT3G29035)::cCFP candidate MOS6 interactors

CR68  PXCSG gNTF2(AT5G43960)::cCFP under control of P3555
with a C-terminal cCFP tag

CR69 pXCSG gNUP155(AT1G14850)::cCFP

CR70 pXCSG gTN13(AT3G04210)::cCFP

CR71 pXCSG CDS-TRN1(AT2G16950)::cCFP

CR72 pXCSG gNup1(AT3G10650)::cCFP

CR73 pXCSG gAtKPNB1(AT5G53480)::cCFP

2.1.5 Oligonucleotides

Oligonucleotides were designed with the Geneious® software (V.7.1.5) and ordered from

Invitrogen™ (Karlsruhe, Germany). Lyophilized primers were resuspended and diluted

with nuclease-free H,0 to a concentration of 100 uM (100 pmol/ul) for storage and

10 uM (10 pmol/ul) for working stocks. The oligonucleotides were stored at -20 °C. Table

2.6 lists the primers used in this study. Start codons are highlighted in red and CACC

sequences for pENTR™/D-TOPO® cloning are shown in blue.
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Table 2.6 Oligonucleotides

Abbr.

Sequence (5" = 37)

Characteristics/Use

Primers for cloning

CR230 CACCATGTCACAAGACGATGAG Amplification ~ of =~ gAT1G14850
(NUP115) from Col-0 gDNA for
CR231 GAAGGAGAATGGACTTAAGAG cloning into pENTR™/D-TOPO®
CR233 CACCATGGGTGACTCGGAAAACG Amplification  of =~ gAT1G52380
(NUP50) from Col-0 gDNA for
CR234 AGTATCTGTAGCTGTTGGAG cloning into pENTR™/D-TOPO®
CR236 CACCATGGCGGCGACGGCGGTGG  Amplification  of  gAT2G16950
(TRN1) from Col-0 cDNA for cloning
CR237 CACTTGATATCTCGCAAGCC into pENTR™/D-TOPO®
CR239 CACCATGGCTATGGAGATCACAC Amplification ~ of ~ gAT3G08943
(IMPb,put) from Col-0 gDNA for
CR242 CACCATGGCGATGGAGATCACAC Amplification ~ of ~ gAT3G08947
(IMPb,put) from Col-0 gDNA for
CR243 TGATGGGTGCATGAGCCTTG cloning into pENTR™/D-TOPO®
CR245 CACCATGGCGAGCGCGGCACGG Amplification ~ of ~ gAT3G10650
(NUP1) from Col-0 gDNA for cloning
CR246 TTTCTTCCTGGTGGATTTC into pENTR™/D-TOPO®
CR251 CACCATGGCGACTCCTTATCCTG Amplification ~ of ~ gAT5G43960
(NTF2) from Col-0 gDNA for cloning
CR252 GCGACCACCACCGCGGTAG into pENTR™/D-TOPO®
CR257 CACCATGTCTGGTTCGACCCGG Amplification  of  gAT2G23290
(MYB70) from Col-0 gDNA for
CR260 CACCATGGACTATGATCCCAAC Amplification  of  gAT2G25000
(WRKY60) from Col-0 gDNA for
CR261 TGTTCTTGAATGCTCTATC cloning into pENTR™/D-TOPO®
CR263 CACCATGGATTCTTATTTTTTCC Amplification ~ of ~ gAT3G04210
(TN13) from Col-0 gDNA for cloning
CR266 CACCATGGATTACAAGGTATCAAG  Amplification  of  gAT3G29035
(ORS1) from Col-0 gDNA for cloning
CR267 GAATTTCCAAACGCAATC into pENTR™/D-TOPO®
CR269 CACCATGGGTTCTGTAATGAGC Amplification of gAT3G44670 (TNL)
from Col-0 gDNA for cloning into
CR270 TCTTTCTAAATACACGAC DENTR™/D-TOPO®
CR284 CACCATGGCAATGGAGGTTACGC Amplification  of ~ gAT5G53480
(AtKPNB1/IMP-B2) from Col-0 gDNA
CR285 AACAGATATGGCACGGGTTATG

for cloning into pENTR™/D-TOPO®
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Primer for sequencing

M13 fwd. for sequencing and

MW6 GTAAAACGACGGCCAG colony-PCR
MW7 CAGGAAACAGCTATGAC !Iljnygec"R for sequencing  and
CR287 CCGCGAACACCAGCGGGATT AT5GA43960/NTF2 sequencing
CR288 GGCTCTCGGATTCGCCCAAGC AT5G53480/AtKPNBL/IMP-B2
CR289 CAGCTCCAGCCGAGTGAGCA sequencing
CR290 AGTGTGCTGCACTGAAGGAC
CR291 CCAGGCCATCTCCTCCATTG
CR292 ACGAAGGGCTCTGCCTTTGC
AT1G14850/NUP155 sequencing
CR293 CGATATTAGCCCGCGACTAC
CR294 CAGAGCGTTCCGAGAGTACC
CR295 ACTCGCAGTTCTTCAGTTCC
CR296 CAAGGAGGACGTCTCTAATG
CR297 CCTACAATGTCGCTGGTAAC
CR298 AGAATGTAGAGGCGCCAAAG AT3G10650/NUP1 sequencing
CR299 GCCAACCTCAGAAGAGAAAC
CR300 GAGGTATGGCTTCAGCAGAC
CR306 GTAAGTCGATCGGTCATGAG
CR307 TTAGGAGTGGCTCAAGAACG AT3G44670/TNL sequencing
CR308 CGAGAATGCGACTAATCTCC
CR322 TGCAGATCCTAGGCAAGAAC
CR323 GAAGCTTGCCCTGGGTTCTG
CR324 CTCAGCTACCTCCAGAGAAC
CR325 GATGAGGCCTGGAAACAAAG AT2G16950/TRN1 sequencing
CR326 CACACCTGGGTGTAATACTG
CR327 GATTCGCTCCATTTGCTCAG
CR328 CCGCCTGCTTGATTTCCTTG
CR329 GACCGTCAAGAGTATGACAG AT3G08943/IMP-B put. sequencing
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Primer for genotyping

MW10 ATTTTGCCGATTTCGGAAC T-DNA primer SALK-LBb1.3 for PCR

MW11 CGTCCGCAATGTGTTATTAAG T-DNA primer SAIL.1F for PCR

uu4il CCCATTTGGACGTGAATGTAGACAC T-DNA primer GABI-KAT for PCR

CR349 LP GCTGATGCTATTTGGTGCTTC genotyping of
GABI_154D04/tn13

CR350 RP CTGATGTAAGGAAGCAGACCG (AT3G04210)

CR337 LP CATTGTTCCACATGTCATGC genotyping of
GABI_180F05/Atkpnb1/imp-62

CR338 RP CCTTCTCGGCAACATTAGGC (AT5G53480)

CR339 LP TTAAGTTCCGAGGAGACCTCC genotyping of
GABI_306C07/nup155

CR340 RP ATGAAGCTGTTGTCTGCTTGC (AT1G14850)

CR50 LP TGAAAAAGGTTTGCATTTATAATTTG 8enotyping of
GABI_350C10/myb70

CR51  RP GAGCGTGCGCTAGTATAATCG (AT2G23290)

CR355 P TTTAGGGAAGGCTAAGCTTGG genotyping of
GABI_778C04/ors1

CR356 RP ATGCAAACACAATTCAGCATG (AT3G29035)

CR144 P TTTCCCTCTCTGCTACTGCTG genotyping of
SAIL_84 HO8/nup50

CR145 RP TTACTGTCAACTTCATCGCCC (AT1G52380)

CR345 LP CATTGGCAAGAACTAGCCTTG genotyping of
SALK_003127/trn1

CR346 RP TACTGGTTCACAGAACCCAGG (AT2G16950)

CR188 LP AAATGACAAGACCGGATCATG genotyping of
SALK_011708/ntf2

CR189 RP TTGGCTAAGTGATTGAATCGG (AT5G43960)

CR353 LP TACCTTGTTGCGTTCAAAAGC genotyping of
SALK_020221/nup1/nupi36

CR354 RP ATTCTGGAGGCTTTTGAGAGC (AT3G10650)

CR66 LP  AAAAGAGGGAAGCTCCACAAG genotyping of
SALK_029707/tnl

CR67 RP TCAGCTTTTGGTTGGTGAAAG (AT3G44670)

CR96 LP TCTCGAGAGCAAACAGAAACC genotyping of
SALK_095888/imp-8, put.

CR97  RP TGGTCGAATTGCTTATTAAACG (AT3G08947)

CR158 LP GGCAAATATAAGGGGGTTACG genotyping of
SALK_105245/imp-8, put.

CR159 RP CCTGAGCTGAAGTATGCCTTG (AT3G08943)

CR114 LP GCCAACAAATTTAATCCAACG genotyping of
SALK_120706/wrky60

CR115 RP TATTGCACACCAAAGTGTTCG

(AT2G25000)

LP : left border primer; RP : right border primer
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2.1.6 Enzymes

2.1.6.1 Restriction endonucleases

Restriction enzymes were purchased either from New England BiolLabs (NEB; Frankfurt
am Main, Germany) or Fermentas (St. Leon-Rot, Germany) and were used with the

supplied 10x reaction buffers according to the manufacturer’s instructions.

2.1.6.2 Nucleic acid modifying enzymes

Homemade Tag DNA polymerase was used for standard polymerase chain reactions (PCR,
see 2.2.5.4). PCR products for cloning were amplified by the proofreading iProof™ High-
Fidelity DNA polymerase (Bio-Rad, Munich, Germany). For the LR recombination reaction
between entry and destination vectors compatible for the Gateway system the Gateway
LR Clonase™ enzyme mix (Invitrogen™, Karlsruhe, Germany) was used. The following

table lists nucleic acid modifying enzymes used in this study.

Table 2.7 Nucleic acid modifying enzymes

Enzymes Supplier Purpose
iProof™High-Fidelity DNA polymerase Bio-Rad Cloning PCR

LR clonase Invitrogen LR reaction

Taqg DNA polymerase homemade Standard PCR
RevertAidTM H Minus M-MulVRT Fermentas Reverse transcriptase
DNAse | Fermentas Digest of extracted RNA

2.1.7 Chemicals

Laboratory grade chemicals and reagents were purchased from AppliChem (Darmstadt,
Germany), Bio-Rad (Munich, Germany), BD Clontech GmbH (Heidelberg, Germany), BD
(Franklin Lakes, NJ, USA), Difco (Heidelberg, Germany), Duchefa (Biochemie Haarlem,
Netherlands), Fermentas (St. Leon-Rot, Germany), Finnzymes (Espoo, Finland), Fluka
(Buchs, Switzerland), GE Healthcare (Munich, Germany), Invitrogen™ (Karlsruhe,

Germany), Macherey Nagel (Diren, Germany), Merck (Darmstadt, Germany), New

30



Materials

England BioLabs (NEB) (Frankfurt/Main, Germany), Roche (Mannheim, Germany), Roth
(Karlsruhe, Germany), Serva (Heidelberg, Germany), Sigma-Aldrich (Deisenhofen,

Germany) or VWR™ (Darmstadt, Germany) unless otherwise stated.

2.1.8 Antibiotics

Ampicillin (Amp) 100 mg/mLin H,0
Carbenicillin (Carb) 50 mg/mL in H,O
Gentamycin (Gent) 15 mg/mL in H,0
Kanamycin (Kan) 50 mg/mL in H,0
Rifampicin (Rif) 100 mg/mLin DMSO

Aqueous solutions were sterile filtrated. Stock solutions (1000x) were stored at -20° C.

2.1.9 Maedia

Media were sterilized by autoclaving at 121° C for 20 min. Before addition of antibiotics,
the respective media were cooled down to 55° C. Heat labile compounds were sterilized
using filter sterilization units prior to addition.
Escherichia coli medium
LB (Luria-Bertani) broth
Peptone 10.0 g/L
Yeast extract 5.0 g/L
NaCl 10.0 g/L
pH 7.0
For LB agar plates 1.5 % (w/v) agar was added.
Pseudomonas syringae medium
NYG broth
Peptone 50 g/L
Yeast extract 3.0 g/L
Glycerol 20 mL/L
pH 7.0
For NYG agar plates 1.5 % (w/v) agar was added.
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Agrobacterium tumefaciens medium
DYT
Yeast extract 10.0 g/L
Peptone 16.0 g/L
NaCl 10.0 g/L
For DYT agar plates 1.5 % (w/v) agar was added.
Arabidopsis thaliana medium
% MS (Murashige and Skoog) agar plates (Murashige and Skoog, 1962)
MS powder including vitamins and MES buffer 2.2 g/L
Sucrose 50 g/L
Plant agar 45 g/L
pH was adjusted to 5.7 with KOH
For selection of transgenic Arabidopsis plants carrying the phosphinothricin
acetyltransferase (PAT) gene that confers Basta® (glufosinate-ammonium) resistance,
DL-Phosphinothricin (PPT) was added to the agar plates: DL-Phosphinothricin (10 mg/mL)

1:1000. Also, 100 pg/mL Amp were added to prevent growth of bacteria in agar plates.

2.1.10 Antibodies

Primary and secondary antibodies used for immunoblot detection are listed below. The
antibodies used in this study were aliquoted and stored at -80 °C. Primary and secondary

antibodies ready for use were kept at 4 °C.

Table 2.8 Antibodies

Primary antibodies Source Dilution Milk Reference
mouse Roche
-GFP 1 9 .
-G monoclonal >000 0% (Mannheim, Germany)
a-HA mouse 1:10000 2 % Slgr.na—AIdrlch
monoclonal (Deisenhofen, Germany)
Secondary antibodies Source Dilution Milk Reference

Thermo Scientific
(Waltham, MA, USA)
Thermo Scientific
(Waltham, MA, USA)

a-mouse IgG-HRP* goat polyclonal  1:5000 2%

a-mouse lgG-poly HRP* goat polyclonal  1:5000 2%

* HRP: Horseradish peroxidase
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2.1.11 Buffers and solutions

The buffers and solutions used in this work are listed in the following section. All buffers
and solutions were prepared with ultra-pure H,O. Sterilization was carried out for 20 min

at 121 °C. Buffers and solutions not displayed in this listing are specified with the

corresponding methods.

AGAROSE GEL ELECTROPHORESIS AND PCR

Agarose solution Agarose 1 % (w/v)
TAE Buffer 1 x

DNA gel loading buffer Xylene xyanole 0.01 % (w/v)

6

(6x) Orange-G 0.01 % (w/v)
Bromophenol blue 0.01 % (w/v)
Glycerol 30 % (w/v)

FTA buffer for punch-PCR Tris 10 mM

50

(50 x) EDTA 2 mM
Tween 20 0.1 % (w/v)
pH 7.5 HCI

PCR reaction buffer for Tag  Tris 100 mM

10

(10x) KCl 500 mM
MgCl, 15 mM
Triton X-100 1 % (w/v)
pH 9.0 KOH

TAE-buffer Tris 2 M

50

(50x) Glacial acetic acid 57.1 mL/L
EDTA (pH 8.0) 50 mM

TE buffer for Tris 10 mM

primer/plasmids (1x)
EDTA 1 mM
pH 8.0 HCI

TE-1 buffer for punch-PCR Tris 10 mM
EDTA 0.1 mM
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HISTOCHEMICAL STAINING FOR MICROSCOPY

Coomassie staining solution  Methanol 45 % (w/v)
Acetic acid 10 % (w/v)
Coomassie R-250 0.05 % (w/v)
Lactophenol trypan Lactic acid 10 mL
blue solution Glycerol 10 mL
H,0 10 mL
Phenol 10 mL
Trypan blue 10 mg

Before use dilute 1:1 in ethanol.

Propidium iodide Propidium iodide 0.05 % (w/v)
staining solution
ARG SOIEE Silwet L-77 0.01 % (w/v)

BUFFERS USED FOR INFILTRATION WITH BACTERIA

Agrobacterium MgCl, 10 mM
infiltration medium i

Acetosyringone 150 uM
Pseudomonas MgCl, 5 mM
infiltration medium

Sylvet 0,002 %

SDS-PAGE AND WESTERN BLOT

Laemmli sample buffer Tris 0.125 M

(2x) SDS 4 % (w/v)
Glycerol 20 % (w/v)
Bromophenol blue 0.02 % (w/v)
DTT 02 M
pH 6.8 HCI

Ponceau S solution Ponceau S 0.2 % (w/v)
Acetic acid 5 %

Resolving gel buffer Tris 15 M

(4x) pH 8.8 HCl
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Resolving gel
(7.5 %)

Resolving gel
(10 %)

Stacking gel buffer
(4x)

Stacking gel
(4 %)

Transfer buffer
(1x)

The pH of Tris buffers was adjusted with HCl or NaOH if not otherwise stated.

H,O

Resolving gel buffer (4x)

10 % SDS

30 % Acrylamide/Bis solution, 29:1
TEMED

10 % APS

H,0

Resolving gel buffer (4x)

10 % SDS

30 % Acrylamide/Bis solution, 29:1
TEMED

10 % APS

Tris
pH 6.8 HCI

H,0

Resolving gel buffer

10 % SDS

30 % Acrylamide/Bis solution, 29:1
TEMED

10 % APS

Tris
Glycine
SDS

pH 9.2 HCI

Before use add 20% (v/v) methanol.

4.82
2.5
0.1
2.5
5.0

75

4.1
2.5
0.1
3.3
5.0

75

0.5

6.1
2.5
0.1
13
10
100

250
40
0.0125

mL
mL
mL
mL
pL
pL

mL
mL
mL
mL
pL
pL

M

mL
mL
mL
mL
pL
pL

mM
mM
% (w/v)
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2.2 Methods

2.2.1 Maintenance and cultivation of plant material

For vernalization and elimination of potential contamination by pests such as thrips
Arabidopsis thaliana seeds were frozen (-20 °C, overnight) and subsequently thawed at
room temperature in airtight plastic bags. The seeds were sown directly on damp soil
(Frihstorfer Erde, Type T25, Strl, Archut). For germination, the plant trays were covered
with transparent lids and transferred to short day (SD) growth conditions in an
environmental growth chamber (8h photoperiod at 22°C, light intensity of approximately
200 pEinsteins m? sect and 65 % rel. humidity; Johnson Controls, Milwaukee, WI, USA).
After germination the lids were removed. For early induction of bolting, flower
development and subsequent seed set the plants were transferred to long day (LD)
conditions (16h photoperiod at 22°C, light intensity of approximately 200 pEinsteins m-
sec™’ and 65 % rel. humidity). Aerial plant tissue was encased with a paper bag prior to
silique opening to collect seeds. Plants were watered every 2 to 3 days with tab water.
Nicotiana benthamiana seeds were treated in the same way as described above.
Two week old N. benthamiana plants were transferred to LD conditions (16h photoperiod
at 25°C, light intensity of approximately 200 pEinsteins m™ sec’ and 65 % rel. humidity)

for rapid plant growth. 4 to 6 weeks old plants were used for transient expression studies.

2.2.1.1 Generation of Arabidopsis F1 and F2 progeny

For crossing of different Arabidopsis lines fine tweezers and a binocular were used. Three
to four inflorescences of the line chosen to be pollinated were selected. The meristems,
buds and flowers that were younger or older than flower developmental stage 10-12
according to Smyth et al. (1990) were removed. For dissection of the stigmas all other
parts of the remaining flowers were removed. Fresh pollen from the donor line was
applied by dapping the anthers several flowers onto the dissected stigmas. Crosses were
done on both directions to rule out possible effects of the chosen parental genotypes

(House et al., 2010). The treated stigmas were tagged with colored tape. Elongated
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siliques were enveloped in small paper bags before ripening. Mature siliques were
harvested and five plants of the F1 generation were grown as described in 2.2.1. After
testing for heterozygosity by genotyping (2.2.5.2) plants were allowed to self-pollinate. F2

seeds were collected and used for further analysis.

2.2.1.2 Arabidopsis seed sterilisation

For in vitro culture, Arabidopsis seeds were sterilized with Cl,-gas. Therefore, seeds were
transferred to paper bags that were labeled with pencil, so that the labeling could not
bleach during the procedure. In an desiccator, the seed bags were arranged around a
beaker containing 15 mL of Sodium-hypochloride solution (chlorine bleach). 5 mL of 37 %
HCI were directly pipetted into the hypochloride solution and the desiccator lid was
closed immediately. The seeds were incubated in the forming Cl,-gas for 4 to 5 h and left
for ventilation overnight in the opened desiccator under the fume hood. Sterilized seeds

were directly sown on suitable culture media.

2.2.1.3 Agrobacterium-mediated stable transformation of Arabidopsis

The Agrobacterium-mediated stable transformation of Arabidopsis described in the
following is based on the floral dip method reported previously (Clough and Bent, 1998).
Plants germinated under SD conditions were transferred to LD conditions for bolting and
flowering. The first developed shoot apical meristems were cut in order to induce growth
of additional shoots. Agrobacterium strains were grown in 20 mL selective DYT medium
(overnight, 28°C, 180 rpm). With this overnight culture, 400 mL selective DYT medium
were inoculated. The culture was grown under the same conditions until ODggg > 1.6.
After pelleting (1200 g, 15 min at room temperature), the Agrobacteria cells were
resuspended in 5 % sucrose with 0.05 % Sylvet-77 to ODgy ~ 0.8. The plants were dipped
by submerging all inflorescences and gently rotating the plants in the solution. The plants
were then covered with a plastic lid and kept in the laboratory overnight. After one day,

the plants were transferred back to LD conditions and allowed to set seeds.
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2.2.1.4 Glufosinate selection of Arabidopsis transformants on soil

T1 seeds were sown densely on damp soil and allowed to germinate as described in 2.2.1.
After circa 1 week, the seedlings were evenly sprayed with the herbicide Basta® (200 g/L
glufosinate ammonium solution, Bayer, Leverkusen, Germany) diluted 1:1000 in H,0. This
treatment was repeated 3 to 4 times in two day intervals. Seedlings that were successfully
transformed with the phosphinothricin acetyltransferase (PAT) gene survived this
treatment whereas non-transformed seedlings died. Maximal 38 seedlings were

transplanted to single-plant-pots and cultivated for further analyses.

2.2.2 Inoculation and maintenance of Hyaloperonospora arabidopsidis

H. a.s isolates were propagated on their respective compatible Arabidopsis host ecotypes
(see 2.1.2.1) as mass conidiosporangia cultures over a 7 day cycle. For infection,
conidiospores were collected by harvesting leaf tissue from infected plants (7 dpi) into
50 mL falcon tubes and subsequent vortexing in dH,0. After filtering through fine tissue to
remove plant material a Neubauer improved counting cell chamber was used to adjust
the spore suspension to a concentration of 4x10* spores/mL dH,O. Plants used for
infection were grown under SD conditions as described above (2.2.1). Two weeks old
seedlings were inoculated by spraying with spore suspension. The plants were transferred
to a growth chamber (18° C and 10 h light period) and were covered with a propagator lid
taped to the tray for high humidity. Stocks of H. a. isolates were kept as mass

conidiosporangia cultures on leaf tissue at -80 °C.

2.2.2.1 Quantification of Hyaloperonospora arabidopsidis sporulation

For the quantification of H. a. sporulation on Arabidopsis leaf tissue, the conidiospores
were counted 6 days post inoculation. For each Arabidopsis line, at least 2 pots with 30 to
40 seedlings were inoculated. The harvesting of leaf tissue from infected plants was
performed as described above (2.2.2). In order to be able to calculate the number of
spores per g plant tissue, the weight of the harvested leaf material was determined

before vortexing the material in a certain volume of dH,0. The number of spores in this
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spore suspension was determined by counting the spores repeatedly with a Neubauer

improved counting chamber.

2.2.3 Maintenance of Pseudomonas syringae pv. tomato cultures

The Pseudomonas syringae pv. tomato strain used in this study (2.1.2.2) was grown on
selective NYG agar plates containing rifampicin (50 pg/mL) and kanamycin (50 pg/mL).
Plates were incubated at 28 °C for two days and stored at 4 °C. Plates were refreshed

every two to three weeks.

2.2.3.1 Pseudomonas syringae pv. tomato growth assay

The plants used for the Pst vacuum-infiltration assay were grown for 4 weeks under SD
conditions on soil that was covered with a fine mesh prior to seed germination. This mesh
prevented the soil from falling into the cell-suspension during the infiltration process. A
50 mL selective NYG liquid culture containing 50 ug/mL rifampicin and kanamycin was
inoculated with a small amount of plate-grown cells of one of the Pst strains described
above (2.1.2.2 and 2.2.3). This liquid culture was incubated overnight on a rotary shaker
at 28 °C and 180 rpm. Of this culture, 3 mL were used to inoculate 50 mL of selective
liquid NYG (50 pg/mL rifampicin and kanamycin). This culture was incubated for circa 3 h
as described before. After pelleting the cells (1200 g, 10 min, RT), the supernatant was
discarded and the cells were resuspended in 50 mL 5 mM MgCl,. For vacuum-infiltration,
the cell-suspension was diluted to a concentration of 1x10° cfu (colony forming units)/mL.
Circa 1 L of suspension was needed to infiltrate 2 pots. Two pots with plants were
inverted and put into a plastic desiccator. The desiccator was filled with the suspension
until the plants’ leaves were submerged. A vacuum was applied for 1:15 min and
maintained for 1:30 min and then slowly released. The plants were removed from the
desiccator and rinsed gently with water. Non-infiltrated leaves were removed.

For day zero (do) samples, 4 leaf discs from 4 independent plants were harvested
with a cork borer (@ 0.55 cm; total area of 1 cm?) and transferred to 2 microcentrifuge

tubes. After adding 50 pL of 10 mM MgCl,, the leaf material was macerated. For a 10:1
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dilution, 450 pL 10 mM MgCl, were added. 50 pL of each sample were plated on selective
NYG agar plates (50 pg/mL rifampicin and kanamycin).

Infiltrated plants were transferred to a growth chamber (8h photoperiod at 22°C,
65 % rel. humidity) and kept well watered. Day three (ds;) samples were taken similarly to
do samples. For d; samples, 4 leaf discs from 4 independent plants were harvested in nine
repetitions and macerated in 10 mM MgCl,. A dilution series (10™ to 107) was pipetted
using a microtiter plate and 5 pL from each dilution were pipetted on a NYG agar plate
(50 pg/mL rifampicin and kanamycin). After incubation at 28 °C for 2 d the numbers of cfu

were counted.

2.2.4 Biochemical methods

2.2.4.1 Total protein extraction for immunoblot analysis

For total protein extraction, at least 4 leaf discs from 3 to 5 week old Arabidopsis or
N. benthamiana plants were harvested with a cork borer (@ 0.55 cm). The leaf discs were
put into a 2 mL centrifuge tube together with two 1.2 mm stainless steel beads and frozen
in N, immediately. The samples were homogenized by use of a bead mill (TissuelLyser LT,
Quiagen). Homogenates of 4 leaf discs were combined with 80 uL of 2x SDS-PAGE sample
buffer and subsequently boiled for 8 min. The samples were cooled on ice before being
centrifuged at 21.000 g and 4 °C for at least 15 min. Supernatants were transferred to

new centrifuge tubes and loaded directly on SDS-PAGE gels or stored at -20 °C.

2.2.4.2 Strepll affinity purification

In order to identify cargo proteins and interaction partners of the Strepll-tagged MOS6
protein the Strepll affinity purification was carried out based on the method reported
previously (Witte et al., 2004). For each purification, 0.75 g fresh leaf material of 3 to 4
week old transgenic Arabidopsis plants was ground in 1.5 mL extraction buffer (0.1 M
HEPES, 0.02 M NaCl, 5 mM EDTA, 15 mM DTT, 0.025 % Triton X-100, 1 x protease inhibitor
mix (5 mg/mL 4-2-Aminoethyl-Benzene-Sulfonyl-Fluoride, 0.0025 mg/mL Bestatin-
Hydochloride, 0.005 mg/mL Pepstatin A, 0.5 mg/mL Leupeptin-hemisulfate, 0.005
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mg/mLE-64, Trans-Epoxysuccinyl-L-Leucylamido-(4-Guanidino)-Butane, 50 mg/mL 1-10-
Phenanthroline-Monohydrate in DMSO) using mortar and pestle. The resulting slurry
were transferred into 2 mL centrifuge tubes and centrifuged at 21.000 g, 4 °C for 20 min.
The supernatants were transferred to fresh 2 mL centrifuge tubes and 100 uL were used
as input samples. 25 uL Strep-Tactin® MacroPrep (50 % suspension, IBA, Gottingen,
Germany) were added to each extract. The samples were incubated for 30 min at 4 °C on
a rotation wheel (4 rpm). Subsequently, the affinity matrix was pelleted by centrifugation
for 30 s at 700 g and the supernatant was removed carefully. At this point 100 uL of the
supernatant were used as unbound samples. The affinity matrix was washed five times
with 500 uL  wash buffer (0.1 M HEPES, 0.02 M NaCl, 5mMEDTA, 2 mM DTT,
0.025 % Triton X-100) by gently inverting the tubes followed by centrifugation for 30 s at
700 g. Finally, the affinity matrix was incubated twice with 75 uL elution buffer (7,5 uL
biotin (500 mg/mL) added to 67,5 uL washing buffer) for 5 min in a thermomixer (1.000
rpm, room temperature). The supernatants resulting from the two elution steps were
pooled to yield a total of circa 150 uL elution sample per extraction. 60 pL of the elution
samples each were combined with 15 pL 4x SDS-PAGE sample buffer. The remaining
affinity matrix was incubated with 60 pL 4x SDS-PAGE sample buffer to yield the boil-off
sample. 25 pL 4x SDS-PAGE sample buffer were added to the input and unbound samples.
The different extracts were all boiled for 8 min and loaded directly on SDS-PAGE gels or

stored at -20 °C.

2.2.4.3 Co-immunoprecipitation

Co-immunoprecipitation (ColP) was carried out with transiently transformed
N. benthamiana (2.2.6) leaf material that was harvested 2 to 3 dpi, frozen in N," and
stored at -80 °C. For each ColP 5 uL GFP-Trap®_M beads (GFP-Trap® coupled to magnetic
particles (Chromotec) were washed with 500 pL extraction buffer (50 mM Tris-HClI,
pH 8.0, 150 mM NaCl, 1 mM EDTA, 5 mM DTT, 0.2 % NP40, 1 x protease inhibitor mix) by
use of a magnetic rack and stored on ice. For each ColP 1 g leaf material was ground to
fine powder in N, using a mortar and pestle. Two mL extraction buffer were added to
each of the frozen samples. The mixtures were further homogenized on ice and

subsequently allowed to thaw. 2 mL of the resulting extracts were transferred to 2 mL
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centrifuge tubes and centrifuged at 21.000 g, 4 °C for 30 min. The supernatants were
transferred to new tubes and the centrifugation was repeated for an additional 15 min.
After this step, 60 pL were taken from the supernatants as input samples and the rest of
the extracts were combined with the washed GFP-Trap®_M beads. After an incubation
step of 1 to 2 hours at 4 °C on a rotation wheel (4 rpm), the samples were placed in a
magnetic rack. The supernatants were removed by use of a vacuum pump after the
magnetic beads were clearly visible at the back of the tubes where the magnet was
located. Samples were washed with 1 mL wash buffer (50 mM Tris-HCI, pH 8.0, 150 mM
NaCl, 1 mM EDTA, 5 mM DTT, 0.2 % NP40). The washing step was repeated 3 to 4 times.
The purified GFP-Trap®_M beads were combined with 45 pL 4x SDS-PAGE sample buffer.
The input samples were combined with 40 pL 4x SDS-PAGE sample buffer. All samples
were boiled for 8 min and loaded directly on SDS-PAGE gels or stored at -20 °C.

2.2.4.4 Denaturing SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

The Mini-PROTEAN® system (BioRad) was used to cast discontinuous polyacrylamide gels
according to the manufacturer’s instructions. In this study, 7.5 % and 10 % resolving gels
were used that were overlaid with 4 % stacking gels. After pouring the resolving gel
between two glass plates spaced 1.5 mm it was overlaid with isopropanol and left at
room temperature for polymerization. The isopropanol was removed when the gel was
completely polymerized and the stacking gel was poured on top of the resolving gel. A
comb suitable for 1.5 mm spaced glass plates was inserted and the gel was left at room
temperature for polymerization. After polymerization, gels were used directly for SDS-
PAGE or stored at 4 °C. For storage, the gels were wrapped in wet paper towels to
prevent drying out.

Polyacrylamide gels were placed in the Mini-PROTEAN® Tetra Cell electrophoresis
tank (BioRad) and after submerging in 1x SDS-running buffer the combs were removed.
Denatured protein samples (10 to 60 pL of total extracts or 5 to 10 uL of affinity purified
or immuno precipitated extracts) were loaded on the gel together with a pre-stained
molecular weight marker (PageRuler Plus Prestained Protein Ladder, Thermo Scientific).
Gels were run at 100 to 150 V. Resolving of the marker bands was used as indicator for

sufficient resolution.
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2.2.4.5 Immunoblot analysis

Proteins from sufficiently resolved SDS-PAGE gels were blotted onto Hybond™-ECL™
nitrocellulose membrane (Amersham Biosciences) using the Mini Trans-Blot® system
(BioRad) assembled according to the manufacturer’s instruction. After SDS-PAGE, the
glass plates holding the gels were disassembled and the stacking gels were removed.
After equilibrating the gels as well as the nitrocellulose membrane in 1 x transfer buffer,
the gels and membranes were assembled in the transfer cassettes. The transfer was
carried out for 80 min at 100 V. The transfer cassettes were disassembled, the gels
discarded and the membranes incubated with Ponceau S (PonS) solution for 5 min. The
PonS was used to monitor equal loading. The membranes were scanned and
subsequently washed in TBS-T before being blocked for circa 1 h at room temperature.
Blocking was carried out with TBS-T containing 3 % milk powder (Roth, Karlsruhe). After
blocking, the membranes were incubated with the primary antibody solution by slowly
shaking overnight at 4 °C or for at least 90 min at room temperature. The antibodies used
in this study were either aHA or aGFP (see 2.1.10 for details). The primary antibody
solution was removed and the membranes were washed at least 4 times for 10 min at
room temperature by shaking in TBS-T. Afterwards, the membranes were incubated with
the secondary antibody solution by slowly shaking for at least 90 min at room
temperature. The secondary antibody used to detect primary antibody-antigen
conjugates was horseradish peroxidase (HRP)-conjugated goat anti-mouse (see 2.1.10 for
details). After incubation with the secondary antibody solution the membranes were
washed as described above. Chemiluminescence detection was carried out using a 5:1 to
1:1 mixture of the SuperSignal® West Pico Chemiluminescence- and SuperSignal® West
Femto Maximum Sensitivity-kits (Pierce) according to the manufacturer instructions.
Chemiluminescence resulting from incubating the membranes with substrate solutions

was detected by exposing the membrane to X-Ray Screen Film Blue Sensitive (CEA).

2.2.4.6  Silver staining of SDS-PAGE gels

The silver staining protocol used in this study was carried out based on the method

reported previously (Shevchenko et al., 1996) and is compatible with mass spectrometry
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analysis. The solutions were always prepared freshly. 50 mL solution per SDS-PAGE gel
was used. First, the proteins in the SDS-PAGE gel were fixed by incubating the gel for
> 15 min in solution 1 (15 mL ethanol, 5 mL acetic acid, 30 mL ddH20). This step can be
prolonged overnight. Next, the gel was impregnated by incubation in solution 2
(15 mL ethanol, 1.25mL 4M sodium acetate (pH 6), 0.05 g sodium thiosulfate (Na,S,03),
33.75 mL ddH,0) for 30 min. After washing three times for 10 min in dH,0 the gel was
stained in solution 3 (0.05 g silver nitrate (AgNO3s), 12.5 plL formaldehyde, 50 mL dH,0) for
30 min. Brief washing in dH,0 for maximum 1 min was followed by developing the gel in
solution 4 (1.25 g Sodium carbonate (Na,COs), 25 pL formaldehyde, 50 mL dH,0) until
protein bands were visible. After 5 to 10 min the reaction was stopped by replacing
solution 4 with the stop-Solution (1 % acetic acid). The gel was then scanned and stored in

dH,0 at 4 °C.

2.2.4.7 Trypticin-gel-digestion

After Strepll affinity purification, extracts were loaded on SDS-PAGE gels that were then
subjected to silver staining (2.2.4.6). Lanes on these gels were cut into 3 to 5 pieces with a
clean scalpel. These gel-pieces were covered individually with water (Lichrosolv, Merck) in
centrifuge tubes and stored at 4 °C until used for tryptic digestion. The tryptic in-gel-
digest protocol used in this study was carried out based on the method reported
previously (Shevchenko et al., 1996).

The water in which the gel-pieces were stored was exchanged with 30 pL
acetonitrile or more (Rotisolv HPL, Carl Roth GmbH), until the gel pieces were covered
and then incubated at room temperature for 10 min. Excess acetonitrile was removed
and the gel-pieces were dried in a speedvac at medium temperature level (45 °C, circa
10 min). The samples were reduced by adding 150 pL 10 mM DTT (BioChemica,
Applichem) in 100 mM ammonium hydrogencarbonate (99 % p.a. (Carl Roth GmbH) and
incubation for 1 h at 56 °C. The DTT solution was removed and the samples were
alkylated by adding 150 pL 55mM iodoacetamide (Sigma Ultra, Sigma) in 100 mM
ammonium hydrogencarbonate and incubation at room temperature for 45 min in the
dark. The iodoacetamide solution was removed. The gel-pieces were washed with 150 pL

100 mM ammonium hydrogencarbonate for 10 min at room temperature. After removal
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of the ammonium hydrogencarbonate, 150 pL acetonitrile were added to the gel-pieces
and incubated at room temperature for 10 min. This washing step was repeated with 150
puL 100 mM ammonium hydrogencarbonate and 150 plL acetonitrile. The gel-pieces were
dried again in a speedvac centrifuge (45 °C, circa 10 min). 30 pL trypsin digestion buffer
(25 pg Trypsin (sequencing grade modified, Promega), resolved in 80 uL Promega
Resuspension Buffer, diluted 1:20 with 50 mM ammoniumhydrogencarbonate) was
added to the dry gel pieces and left to soak on ice for 45 min. Remainders of unsoaked
trypsin digestion buffer were removed and 30 pL 50 mM ammonium hydrogencarbonate
were added for overnight incubation at 37°C. The samples were centrifuged (21000 g,
room temperature) and the supernatants were collected in fresh centrifuge tubes. 30 uL
20 mM ammonium hydrogencarbonate were added to the gel pieces and the samples
were incubated for 10 min at room temperature. The supernatants were combined with
the previous eluate. 30 uL 50% acetonitrile / 5% formic acid (98-100%, Merck) were
added to the gel pieces and the samples were incubated for 20 min at room temperature.
After that, the samples were centrifuged at 21000 g, room temperature and the
supernatants were combined with the previous eluates. This step was repeated once. The
combined supernatants were dried in the speedvac. The dried peptide pellets were
resuspended in 10 pL sample buffer (95 % LC-water / 5 % LC-acetonitrile / 0.1 % formic
acid) or stored at 4°C until high performance liquid chromatography—mass spectrometry

(HPLC-MS) analysis.

2.2.4.8 HPLC-MS and database search

HPLC-MS analyses and database search was carried out by Dr. Oliver Valerius,
(Department of Molecular Microbiology and Genetics, University Gottingen) according to
the protocol described by Hillebrand et al., (2012). Therefore, the ultimate HPLC system
(Dionex, Amsterdam, Netherlands) was used to separate tryptic peptides. The LCQ
DecaXP machine (Thermo Electron Corp., San Jose, CA, USA) was used to subject tryptic

peptides to electrospray ionization mass spectrometry.
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2.2.5 Molecular biological methods

2.2.5.1 Preparation of genomic DNA from Arabidopsis with FTA paper

This method can be used with plant material from very young as well as old plants and
was adapted from Tsukaya et al., (2005) and Ndunguru et al., (2005). After labeling the
plants, one small leaf was cut of each plant and put on the surface of a FTA® Classic Card
(fast technology for analysis of nucleic acids, Whatman). The leaf samples were covered
with a piece of parafilm (Bemis) and pressed with the round end of a test tube onto the
FTA® card. These prints were labeled and allowed to dry for at least 60 min. For use as
template in a PCR, a small piece of the leaf-sample was punched out with a micro punch
(1.2 mm, Harris) and put directly into a PCR-reaction tube. The leaf-punch was incubated
in 50 pL FTA buffer for 5 min. The FTA buffer was exchanged with 50 pL TE-1 buffer and
the sample was incubated again for 5 min. After removal of the TE-1 buffer the PCR-mix

was added to the leaf-punch. This mixture was subjected to PCR as described in 2.2.5.2.

2.2.5.2 Polymerase chain reaction (PCR)

For cloning, the proofreading iProof polymerase (BioRad) was used for PCR according to
the manufacturer’s instructions. Standard genotyping PCR reactions were carried out
using the home made Tag polymerase (see 2.1.6.2 for details). The 96-well MyCycler
thermal cycler (BioRad) was used to carry out all PCR reactions. Usually, the PCR mix
consisted of 0.1 to 20 ng template DNA or a leaf-punch (2.2.5.1), 2 uL 10 x PCR reaction
buffer, 0.5 uL dNTP mix (10 mM), 1 uL forward primer (10 uM), 1 pL reverse primer
(10 uM) and 0.5 pL Tag DNA polymerase ad 20 puL with dH,0. The usual thermal profile of
the reaction included one step for initial denaturation (94 °C for 3 min) followed by
2510 50 cycles of denaturation (94 °C for 30 s), annealing (50 to 60 °C for 30 sec),
extension (72 °C for 1 min per kbp (homemade Taq polymerase) or 30 s per kbp (iProof

polymerase) and a final extension (72 °C for 3 min).
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2.2.5.3 Isolation of total RNA from Arabidopsis

For total RNA extraction, 80 to 100 mg leaf material of 3 to 6 weeks old plants was
harvested and put into a 2 mL centrifuge tube together with two 1.2 mm stainless steel

() immediately and homogenized by use of a

beads (Roth). The sample was frozen in N,
bead mill (TissueLyser LT, Quiagen). According to the manufacturer’s instructions
(Quiagen) the homogenate was combined with 1 mL Quiazol (Quiagen) and vortexed until
dissolved before being shaken vigorously for 10 min at room temperature. The sample
was centrifuged for 1 h at 21000 g and 4 °C. About 600 pL of the supernatant was
transferred to new centrifuge tubes and combined with 440 uL ice cold isopropanol. The
tube was gently inverted and allowed to incubate for 10 min at room temperature. The
sample was centrifuged for 15 min at 21000 g and 4 °C. The supernatant was discarded
and 500 pL 70 % EtOH were used to wash the pellet by vortexing. The sample was
centrifuged for 15 min at 21000 g and 4 °C before the EtOH was discarded completely.

The pellet was allowed to dry for circa 10 min at room temperature before being

dissolved in 50 pL dH,0. The samples were stored at -80 °C.

2.2.5.4 DNase-digestion of total RNA from Arabidopsis

RNA samples were digested with DNase | (Fermentas) prior to reverse transcription-
polymerase chain reaction (RT-PCR, 2.2.5.5) according to the manufacturer’s instructions
(Fermentas). After adjusting the RNA samples to 1 ug RNA in a final volume of 8 uL in
dH,0, 1 uL 10 x DNase | buffer with MgCl, (Fermentas) and 1 puL DNase | (1 u/uL) were
added. The mixture was incubated at 37 °C for 30 min and then 1 puL 25 mM EDTA was
added. This was followed by a further incubation at 65 °C for 10 min and finally at 4 °C for
2 min. The DNase | digested samples were either used directly for RT-PCR or

stored at -80°C.

2.2.5.5 Reverse transcription-polymerase chain reaction (RT-PCR)

DNase | digested RNA samples (2.2.5.4) were directly used for cDNA synthesis according

to the manufacturer’s instructions (Fermentas). Total RNA samples (1 pug) were combined
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with 2 uL oligo dTig primer (100 pg/ul) and incubated at 70 °C for 10 min. After cooling
down to 4 °C, the samples were combined with 4 uL M-MulVRT 5 x buffer (Fermentas),
2 uL dNTPs (10 mM), 0.3 pL reverse transcriptase (RevertAid™ H Minus M-MulVRT,
200 u/uL, Fermentas) and 0.7 uL dH,0. This was followed by incubation at 42 °C for
70 min, incubation at 70 °C for 10 min and finally at 4 °C for 2 min. For use in semi
guantitative real time PCR (2.2.5.2), the samples were diluted 1:5. Diluted samples were

stored at -20 °C.

2.2.5.6 Plasmid DNA isolation from Escherichia coli

Escherichia coli TOP10 cells (2.1.3.1) were used to amplify plasmid DNA. E. coli cells were
cultivated in selective LB medium at 37°C and 180 rpm overnight. According to the
manufacturer’s instructions, 4 mL overnight culture was used to extract plasmids via

standard alkaline lysis with the GeneJET™ Plasmid Miniprep kit (Fermentas).

2.2.5.7 Restriction endonuclease digestion of DNA

According to the manufacturer’s instructions (Fermentas), restriction digests were carried
out using 0.1 pL of restriction enzyme per 19 uL reaction. Digests were carried out with

buffers appropriate for the respective enzymes and incubated at 37 °C for circa 1 h.

2.2.5.8 Agarose gel electrophoresis of DNA

DNA-fragments resulting from PCR or digestion of plasmids were separated by agarose
gel electrophoresis. Agarose gels usually consisted of 0.8 to 2 % (w/v) UltraPure™ Agarose
(Biozym) in 1x TAE buffer (Milhardt, 2009). The agarose was dissolved completely by
heating the mixture in a microwave. Prior to pouring the gel into a gel casting device the
agarose solution was cooled down and one droplet (circa 40 pL) of ethidiumbromide
solution (10 mg/mL Roth) per 50 mL gel was added. A comb was pushed into the gel and
it was allowed to solidify at room temperature. The solid gel was placed in a gel
electrophoresis tank filled with 1x TAE buffer. The comb was removed and DNA-samples

mixed with 6 x loading dye were loaded. The GeneRuler™ 1 kb DNA ladder (Fermentas)
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was used as size standard. Electrophoretic separation was carried out for 10 to 120 min at
90 to 120 V depending on size and purpose of the DNA-fragments. A gel documentation
system (G:Box, Genoplex Transilluminator, VWR) was used with the GeneSnap software

(SynGene) to visualize and photograph separated DNA fragments with UV-light.

2.2.5.9 Isolation of DNA fragments from agarose gel

Specific DNA-fragments amplified for digestion or cloning were separated on agarose gels
by electrophoresis (2.2.5.8), visualized under UV-light and excised from the gel with a
clean scalpel. The NucleoSpin® Extract Il kit (Macherey-Nagel) was used according to the

manufacturer’s instructions for extraction of DNA from these gel pieces.

2.2.5.10 Site specific recombination of DNA in Gateway®-compatible vectors

Directional cloning of blunt end PCR products into the vector pENTR™/D-TOPO®
(Invitrogen) was carried out with the pENTR™/D-TOPO® cloning kit according to the
manufacturer’s instructions. Thereby, entry clones suitable for further recombination into
the Gateway® system (Invitrogen) were assembled. The Gateway® LR Clonase® enzyme
kit (Invitrogen) was used according to the manufacturer’s instructions to transfer the
fragments of interest from pENTR™/D-TOPO®-constructs to gene expression vectors
(destination vectors). The LR reaction was composed of 0.5 pyL LR-buffer, 0.4 uL entry
clone plasmid prep, 0.4 uL destination vector plasmid prep, 0.7 puL TE-buffer and 0.5 plL
LR- Clonase®. After an incubation time of 1 h at room temperature, 0.5 pL proteinase K
solution (2 pug/ul) were added and the reaction was incubated at 37° C for 10 min. The

whole reaction was used to transform E. coli TOP10 cells (see 2.2.5.13).

2.2.5.11 DNA sequencing and sequence analysis

Single sequencing reactions on purified plasmids were performed by Seqlab (Gottingen)
using the Barcode Economy Run Service. 2 uL extracted plasmid DNA (2.2.5.6) were

combined with 1 pL primer (10 uM) and 12 pL dH,O to yield a 15 pL sequencing mix.

49



Methods

Sequence data was analyzed with Geneious™ Pro software version 7.1.5 (Biomatters Ltd.,

Kearse et al., 2012).

2.2.5.12 Preparation of chemically competent E.coli cells

E. coli TOP10 cells (2.1.3.1) were grown as overnight culture in 5 mL LB media (37 °C,
180 rpm). This culture was used to inoculate the main culture of 500 mL LB media. The
main culture was incubated for circa 3 h (37 °C, 180 rpm) until bacterial growth reached
ODggo = 0.5. The culture was transferred into a centrifuge beaker that had been cleaned
previously by incubation in 0.25 M HCIl for 3 h. After cooling on ice for 15 min, the cells
were centrifuged for 10 min at 4 °C and 1200 g. The supernatant was discarded and the
cells were resuspended in 80 mL ice cold TFB1 buffer (30 mM KAc, 50 mM MnCl,, 100 mM
RbCl, 10 mM CaCl, and 15 % glycerol, adjusted to pH 5.8, sterile filtered) by carefully
pipetting. The cells were cooled again on ice for 15 min prior to centrifugation for 5 min
at 1200 g, 4 °C. After the supernatant was discarded, the cells were resuspended in 8 mL
ice cold TFB2 buffer (10 mM MOPS, 75 mM CaCl,, 10 mM RbCl and 15 % glycerol,

adjusted to pH 7.0, sterile filtered). 50 uL aliquots were frozen in N," and stored at -80 °C.

2.2.5.13 Transformation of chemically competent E. coli cells

The heat shock method (Inoue et al., 1990) was used for transformation of chemically
competent E. coli TOP10 (2.1.3.1) cells. A 50 pL aliquot of chemically competent E. coli
cells was thawed before plasmid DNA was added. In case of pPENTR™/D-TOPO® cloning
reactions and LR reactions, whole reactions were transformed. After incubation on ice for
10 min, the cells were heat shocked at 42 °C for 1 min. This was followed by incubation on
ice for 2 min and addition of 750 pL LB media. The cells were incubated at 37 °C for 30 to
60 min. The cells were centrifuged at 600 g for 5 min at room temperature. Most of the
supernatant was discarded and the cells were resuspended gently in circa 100 uL LB
media that were left in the tube. Thereby, the whole transformation could be plated onto

selective media plates.
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2.2.5.14 Preparation of electro-competent A. tumefaciens cells

A.tumefaciens GV3101 pMP90RK cells (2.1.3.2) were grown as overnight culture in 5 mL
DYT media containing 50 pg/mL rifampicin, 50 pg/mL kanamycin and 15 pg/mL
gentamycin (28 °C, 180 rpm). The whole overnight culture was used to inoculate the main
culture of 200 mL DYT media without antibiotics. The main culture was incubated for circa
3 h (28 °C, 180 rpm) until bacterial growth reached ODgg = 0.6. The culture was split and
transferred to four sterile 50 mL falcon tubes. After cooling on ice for 15 to 30 min, the
cells were centrifuged for 15 min at 4 °C and 6000 g. The supernatant was discarded and
the cells were resuspended in 200 mL ice cold dH,0. The centrifugation was repeated and
the cells were resuspended in 100 mL ice cold dH,0 before being centrifuged again. After
the supernatant was discarded, the cells were resuspended in 5 mL ice cold 10 % glycerol.
The previously split cell suspension was now recombined before being centrifuged as
described above. The pellet was resuspended in 1 mL of ice cold 10 % glycerol. 50 pL

U

aliquots were frozen in N," and stored at -80 °C. Prior to transformation, the cells were

diluted 1:3 with dH,0 (2.2.5.15).

2.2.5.15 Transformation of electro-competent A. tumefaciens cells

Electro-competent A.tumefaciens GV3101 pMP90ORK cells (2.1.3.2,2.2.5.14) were
transformed by electroporation (Koncz and Schell, 1986). A 50 uL aliquot of competent
cells was thawed and diluted 1:3 with dH,O before 50 ng of plasmid DNA were added.
After incubation on ice for 10 min, the cells were transferred to a pre-cooled
electroporation cuvette (0.1 cm electrode distance). The electroporation apparatus
MicroPulser™ (Bio-Rad) was used with the Agr program (25 pF, 2.5 kV and 400 Q). Each
transformation was pulsed once and placed back on ice immediately. This was followed
by addition of 750 pL LB media. The cells were incubated at 28 °C for 60 to 120 min. 50 uL

of the transformation were plated onto a selective DYT media plate.

2.2.6 Agrobacterium-mediated transient transformation of N. benthamiana leaves

For transient transformation of N. benthamiana, A.tumefaciens GV3101 pMP90RK strains

carrying the desired expression constructs (2.1.4) were grown as overnight culture in 5 mL
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DYT media containing the appropriate antibodies (28 °C, 180 rpm). The cells were
centrifuged for 10 min and 1200 g at room temperature and the pellet was resuspended
in 5 ml infiltration medium (10 mM MgCl,, 150 pug/ml acetosyringone). The concentration
of the bacterial solution was measured from a 1:10 dilution and adjusted to ODggo = 0.3.
The bacterial solution was then left at room temperature without agitation for 1 to 3 h.
Two hours before infiltration, 4 weeks old N. benthamiana plants were placed on the
bench and watered. Young leaves were infiltrated with a 1 ml syringe without needle.
Whole leaves were infiltrated and then marked with a colored tape at the petioles. After
2 days samples for protein extracts were taken (2.2.4.1) and the leaves were analyzed by

confocal laser scanning microscopy (2.2.7).

2.2.7 Localization studies using confocal laser scanning microscopy (CLSM)

Confocal laser-scanning microscopy after transient expression of fluorescence-tagged
proteins in N. benthamiana (2 to 3 dpi, 2.2.6) was performed on a Leica SP5-DM6000
(Leica GmbH) equipped with an argon ion laser as excitation source and Leica LAS AF
software (v.2.6.7266.0). Excitation wavelengths of 514 nm for YFP (detection at 525 to
600 nm), 485 nm for ECFP (detection at 465 to 485 nm) and 561 nm for chlorophyll

autofluorescence (detection at 680 to 700 nm) were used.
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3 Results

The result section of this work is subdivided into two parts. The first part focuses on the
analysis of imp-a mutants. After corroborating the previously described phenotypes of
imp-a3/mos6 mutants in plant immunity (Palma et al., 2005) and discovery of a novel
disease susceptibility phenotype against weakly virulent Pseudomonas syringae pv.
tomato (Pst) bacteria (Pst DC3000 (AAvrPto/AvrPtoB)), a collection of imp-a T-DNA
insertion mutants was established and used for functional analyses. By use of these and
higher order imp-a mutant combinations the genetic requirement of the nine Arabidopsis
IMP-as in plant growth, sncl-mediated auto-immunity and defense against virulent and
avirulent isolates of Hyaloperonospora arabidopsidis (H.a.) and Pst DC3000
(AAvrPto/AvrPtoB) was analyzed.

The identification and characterization of defense-related cargo proteins and
interaction partners of the IMP-a MOS6 was the second objective of this work. For this
purpose, an in planta affinity purification approach of functional epitope-tagged MOS6
coupled with mass spectrometry was conducted. This approach was combined with
in silico analyses of the immune related Arabidopsis interactome database PPIN-1
(Mukhtar et al.,, 2011). Identified interactions were validated by use of the well-
established Nicotiana benthamiana transient expression system and subsequent
co-immunoprecipitation analysis. T-DNA insertion mutants of MOS6-interactors were

subsequently isolated and functionally analyzed in pathogen interaction assays.

3.1 Analysis of importin-a mutants

The Arabidopsis genome contains nine IMP-a paralogs. This comparably high number
suggests either specialization or redundant functions of members of the IMP-a family.
The following section describes the reverse-genetic dissection of the role of different
IMP-as for plant growth and immunity. For this purpose single as well as double and triple

mutants of closely related IMP-as were functionally characterized.
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3.1.1 Mutants lacking functional MOS6 are more susceptible against Pseudomonas
bacteria with incomplete effector repertoire
Plants carrying the auto-immune sncl mutation show constitutive resistance to virulent
pathogens and severely stunted growth under most growth conditions (Alcazar and
Parker, 2011). The partial suppression of the snc1 auto-immune phenotype by mutations
in MOS6 as well as the enhanced susceptibility of mos6 single mutants to virulent H. a.
NOCO2 demonstrates the important role of MOS6 in plant immunity (Palma et al., 2005).
In this study, it was initially analyzed whether the published sncl growth and
pathogen phenotypes are reproducible under the available growth conditions (2.2.1) and
whether mos6-1 partially suppresses the stunted growth of sncl. Figure 3.1 shows the
size and morphological differences between Col-0, snc1, mos6-1 and sncl mos6-1 plants
grown under short day growth conditions (2.2.1). The snc1 mutant plants have the typical
morphology characterized by stunted growth and dark, curly leaves (Zhang et al., 2003).
Size and morphology of mos6-1 single mutants do not differ from the wild-type Col-0
plants. The sncl mos6-1 double mutant plants, however, grow to an intermediate size
compared to Col-0 and sncl but develop curly leaves more similar to snc1 mutants than

to Col-0. These results show that the mutant plants presented above could be cultivated

in a way that allowed them to exhibit their previously published specific phenotypes

"

(Palma et al., 2005).

“) \

sncl mos6-1 sncl mos6-1

CoI-\O\
Figure 3.1 Suppression of the sncl-associated stunted growth morphology by mos6-1. Morphology of

Col-0, snc1, mos6-1 and sncl mos6-1. Plants are four-week-old and were grown in parallel on soil under
short day growth conditions. Scale bar: 1 cm.

In addition to suppression of the sncl growth phenotype, loss of mos6-1 results in
enhanced susceptibility to the virulent oomycete pathogen H. a. NOCO2 whereas sncl

mutants show enhanced resistance due to constitutive defense activation (Palma et al.,

54



Results

2005). These phenotypes were reproducible for sncl and mos6-1 as well as for two
additional mos6 mutant alleles, mos6-2 (Palma et al., 2005) and mos6-4 (SALK_025919;
Figure 3.2 A, Wirthmueller et al., 2015). Although mos6 mutants are impaired in basal
resistance to H. a. NOCO2, it was reported previously that mos6 plants display no
significant increase in susceptibility against the virulent bacterial pathogen Pseudomonas
syringae pv. maculicola ES4326 (Palma et al., 2005). To test if mos6 mutants are impaired
in basal resistance against less aggressive Pst bacteria, susceptibility of the three mos6
mutant alleles towards the weakly virulent Pst DC3000 (AAvrPto/AvrPtoB) strain was
analyzed (Figure 3.2 B). This Pst strain lacks the secreted effectors AvrPto and AvrPtoB
that have been shown to interfere with signaling from MAMP-activated receptor kinases
(Torres et al., 2006; He et al., 2006).

mos6 mutants are more susceptible to infection by Pst DC3000 (AAvrPto/AvrPtoB,

Figure 3.2 B). Together, these analyses show that the published suppression of

A

vs]

Pst DC3000
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Figure 3.2 mos6 mutants show enhanced susceptibility to virulent H. a. NOCO2 and Pst DC3000
(AAvrPto/AvrPtoB). A) Sporulation levels of H. a. NOCO2. Two-week-old seedlings of the indicated
genotypes were spray-inoculated with a conidiospore suspension of 4 x 10* spores per mL H,O.
Conidiophores were counted 6 dpi. Bars represent means. Error bars show standard deviation and asterisks
indicate statistical significance (t-test for pairwise comparison between Col-0 and mutant, p<0.0001).
B) Growth of Pst DC3000 (AAvrPto/AvrPtoB). Leaves of four-week-old plants were vacuum-infiltrated with a
bacteria suspension of 1 x 10° cfu/mL. To quantify bacterial growth, leaf discs within the inoculated areas
were taken immediately (dO) and three days after inoculation (d3). Bars represent means from two
replicate samplings for dO (white bars) and three replicate samplings for d; (black bars). Error bars show
standard deviation and asterisks indicate statistical significance (t-test, p<0.05). sncl and eds1-2 (Col
eds1-2) are resistant and susceptible controls, respectively. This Figure was recently published in
Wirthmueller et al. (2015). Cfu=colony-forming units. All experiments were repeated at least three times
with similar results.
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sncl-associated stunted growth morphology by mos6 and the impaired resistance of
mos6 mutants to virulent H. a. NOCO2 (Palma et al., 2005) can be reproduced under the
plant growth and pathogen infection conditions available for this work. Importantly, the
infection assays presented here also revealed increased susceptibility of mos6 mutants to
the weakly virulent Pst DC3000 (AAvrPto/AvrPtoB). This robust pathogen interaction
assay can now be used to analyze the genetic requirement of additional IMP-as for basal

resistance against this hemi-biotroph bacterial pathogen.

3.1.2 The Arabidopsis IMPORTIN-a family

The size of the IMP-a gene family has undergone considerable expansion during
eukaryotic evolution. Several paralogs have been identified in higher eukaryotes whereas
the genome of the single cellular eukaryote Saccharomyces cerevisiae only encodes one
single IMP-a. The genomes of humans, mice, rice or Drosophila melanogaster contain
seven, six, five or three IMP-as, respectively, and nine IMP-a paralogs have been reported

for Arabidopsis (Merkle, 2001; Ouyang et al., 2007; Ratan et al., 2008; Hu et al., 2010;

expressed in rosette leaves
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Figure 3.3 Phylogenetic tree and protein domain structure of IMP-a proteins in Arabidopsis. The
phylogenetic tree was constructed using neighbor joining in Molecular Evolutionary Genetics Analysis
(MEGA) v4.0 (Tamura et al., 2007). IMP-a9 was used to root the tree. Scale bar represents amino acid
substitutions per position. IMP- as that are expressed in rosette leaves are highlighted in green. Schematic
representation: The different protein domains are depicted as boxes within the full length protein
sequence. IMP-B-binding domains (IBB) are shown in dark blue, the ten Armadillo repeat domains are
shown in light blue and the domains responsible for binding the export receptor CAS are shown in red. Scale
bar shows number of amino acids. A modified version of this Figure has been published in Wirthmueller et
al. (2013).
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Kelley et al., 2010; Wirthmueller et al., 2013). Figure 3.3 shows the phylogeny of the nine
Arabidopsis IMP-as. The phylogenetic tree was constructed with full length amino acid
sequences using neighbor joining in Molecular Evolutionary Genetics Analysis
(MEGA) v4.0 (Tamura et al., 2007) and has recently been published in Wirthmueller et al.
(2013). Most IMP-as showing the highest gene expression levels in rosette leaves are
closely related (highlighted in green in Figure 3.3). MOS6/IMP-a3 is most closely related
to IMP-a6 and both are expressed in leaf tissue as can also be seen in Figure 3.4. All
Arabidopsis IMP-as contain ten armadillo repeat domains (ARM) that form the NLS
binding sites and one domain responsible for binding to the export receptor protein CAS
for cycling back to the cytoplasm (Figure 3.3, Goldfarb et al., 2004; Matsuura and Stewart,
2004). In contrast to all other IMP-as, IMP-a8 lacks the IMP-B-binding domain (IBB, Figure

3.3). The IBB has been described as an internal nuclear localization signal that acts as an
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seeds 5539 [ 6062 | 5284 | 5307 | 376 | 3362 | 619 | 196 | 3522

cauline leaf | 3756 | 6573 | 2335 | 4873 | 334 | 631 | 154 | 129 | 1471

stem 5347|6281 (4632 | 5729 | 391 | 1741 | 204 | 162 | 1472

rosette 3652 | 6173 | 3055 [ 5638 | 330 | 1106 | 199 ( 175 | 1414

senescent leaf | 6106 | 9245 | 4301 | 6201 | 315 | 951 | 156 | 141 | 1540

root 5411 | 4428 | 5916 | 7601 | 295 | 3981 | 176 | 145 | 1799

seedling 4654 | 5698 | 4441 | 5566 | 288 | 1948 | 198 | 167 | 1426

low expression high expression

Figure 3.4 Gene expression profile of Arabidopsis IMP-as. Gene expression data were gathered from the
Genevestigator database (https://www.genevestigator.com; Hruz et al., 2008). Data referring to whole
tissues were chosen for comparison of expression levels. Numbers represent linear signal intensity values of
the given gene in the indicated tissues. Heat map indicates low signal intensity (green) to high signal
intensity (red). The Figure was recently published in Wirthmueller et al. (2013).
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auto-inhibitory domain and competes with NLS-cargos for binding to the ARM-repeats
(Gorlich et al., 1996; Kobe, 1999; Stewart, 2007a). Apart from the missing IBB in IMP-a8,
all IMP-as are highly homologous with regard to their amino acid sequences.

Figure 3.4 shows the gene expression profiles of Arabidopsis IMP-as. Data
referring to whole tissues were chosen for comparison of gene expression levels and were
gathered from the Genevestigator database (Hruz et al., 2008). IMP-al, IMP-a2,
MOS6/IMP-a3, IMP-a4 and IMP-a6 are not only closely related in regard to amino acid
sequence but are expressed in the same tissues. These five IMP-as together with IMP-a9
are ubiquitously expressed whereas IMP-a5, IMP-a7 and IMP-a8 are only weekly
expressed. Additionally, expression of IMP-as was not obviously altered after treatment
with pathogens in any of the datasets available via the Genevestigator or the Bar

Expression Browser tools (Toufighi et al., 2005; Hruz et al., 2008).

3.1.3 Characterization of importin-a mutant lines

As demonstrated above, the nine Arabidopsis IMP-as do not show striking differences in
their protein domain structure with the exception of IMP-a8, which lacks the IBB domain
responsible for IMP-B-binding. Taken together with the highly similar expression pattern
of IMP-a1, IMP-a2, IMP-a4, IMP-a6, IMP-a9 and MOS6/IMP-a3 the structural similarity
leads to the assumption that at least the IMP-as co-expressed in leaf tissue may act
redundantly. The identification of mos6 as a genetic suppressor of sncl-related auto-
immunity and the findings that the mos6 single mutants alone are more susceptible to
virulent H. a. NOCO2 and mildly virulent Pst (Figures 3.1, 3.2 and Palma et al., 2005),
suggest that MOS6 plays a prominent role in plant immunity. In order to analyze a
possible contribution of the other IMP-as in plant defense, a collection of imp-a T-DNA

insertion lines was established for all nine Arabidopsis IMP-as.

3.1.3.1 Importin-a T-DNA insertion lines used in this study

The T-DNA insertion mutant lines used in this work were obtained from the European
Arabidopsis Stock Centre (NASC, Scholl et al., 2000). Homozygous plants were isolated via

PCR-based genotyping. The schematic gene structures of the nine Arabidopsis IMP-as are
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depicted in Figure 3.5. Initially, two independent T-DNA insertion lines for each IMP-a
gene were ordered if available. Homozygous lines were tested for disruption of functional
transcripts via RT-PCR using cDNA-specific primers flanking the T-DNA insertion sites. Of
these, only the lines with no residual transcripts detectable by RT-PCR were subsequently
used for further functional analyses. In Figure 3.5 the RT-PCRs confirming absence of
functional transcripts are shown next to the corresponding gene structures. The newly-
established mutant lines are named imp-al, imp-a2, imp-a4, imp-a5, imp-a6, imp-a7,

imp-a8 and imp-a9 throughout this study. For MOS6, in addition to the previously
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Figure 3.5 Schematic gene structures of Arabidopsis IMP-as. Exons are represented as black boxes, introns
as solid lines. Start and Stop codons are labeled as ATG or Stop above the gene structures. Positions of
T-DNA insertions are indicated as triangles below the gene structures. Asterisk marks the 1 bp deletion in
mos6-2. Semi-quantitative RT-PCRs for the respective genes are shown next to the gene structures. Col-0
was used as wild-type control. Flanking primers (fp) were used to amplify fragments from cDNA, confirming
disruption of functional transcripts. Primer combinations used for analysis of mosé6 transcripts are labeled
as A, B and C. -RT samples were used as controls for gDNA contamination. PCR products were analyzed by
agarose gel electrophoresis and ethidium bromide staining.
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described mos6-1 and mos6-2 mutant alleles (Palma et al., 2005), the T-DNA insertion line
SALK_025919 was used and is named mos6-4 for the remainder of this work. This mos6
mutant allele was recently published (Lukhovitskaya et al., 2015; Wirthmueller et al.,
2015). For detection of partial transcripts of MOS6, three different cDNA-specific primer
pairs were used. In Figure 3.5, the fragment resulting from amplification with primers
flanking the site of the mos6-1 mutation is marked as “A”. Fragment “B” was amplified
with primers flanking the site of the SALK_025919 T-DNA insertion. Fragment “C” was
amplified with primers 3’ of this insertion site. Figure 3.5 shows that mos6-1 mutants still
contain transcripts 3’ of the mutation, whereas in mos6-4 partial transcripts 5’ as well as
3’ of the T-DNA insertion were detectable. The part of the transcript missing in mos6-1
mutants codes for the IBB-domain of the protein. However, the presence of a truncated
MOS6 protein in mos6-1 cannot be deduced from these data.

To assess a potential compensatory up-regulation of the gene expression of the
remaining functional IMPas in the different imp-a single mutants, semi-quantitative
RT-PCRs were performed. Figure 3.6 shows the RT-PCR analysis for the nine IMP-as as

well as for SNC1 on cDNA transcribed from RNA that was extracted from rosette leaves of

Figure 3.6 Expression of remaining
functional IMPas in impa single mutants
S a s s 6 6 oA s & is not obviously altered. Semi-
:gr;?:crli .@‘?'d.t@?'io"“«04"@o"“’i@v'",&\Q'o,\(«\?'(’.@‘?'f@‘?»@‘?pz@ <,°\'° <,°\'°°;9 quantltzf\tlve RT-.PCR a.malysjls for
expression of the nine Arabidopsis IMP-as
and SNCI on cDNA transcribed from total
RNA that was extracted from four-week-
old unchallenged plants of the indicated
genotypes. ACT1 and UBQ5 expression
were used as controls. Where possible,
primer combinations were designed to be
located in exons and span at least one
intron of the tested gene to monitor
potential contamination by genomic DNA
based on the size of PCR-fragments. Note
that bands corresponding to IMP-a5,
IMP-a6, IMP-a7 and IMP-a8 are the same
size as Col-0 gDNA bands due to the
primer combinations not spanning
introns. Numbers of PCR cycles are
depicted on the left. See Figure 3.5 for
position of A), B) and C) fragments in
MOS6. PCR products were analyzed by
agarose gel electrophoresis and ethidium
bromide staining.
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four-week-old imp-a mutant lines. ACTIN1 (ACT1, AT2G37620) and UBIQUITIN5 (UBQ5,
AT3G62250) expression were used as controls. As had been deduced from the gene
expression data available via the Genevestigator database (Figure 3.4), expression levels
of IMP-a5, 7 and 8 were considerably lower as of IMP-as 1, 2, MOS6, 4, 6 and 9
(Figure 3.4). IMP-a5, IMP-a7 and IMP-a8 expression shows some fluctuation that might
be attributed to low expression levels. Accordingly, 55 to 60 PCR cycles had to be used for
amplification of IMP-a5, 7, 8 and 9. However, it can be concluded from three
independent biological replicates that the expression of remaining IMPas in the different
imp-a single mutants was not considerably altered. In addition to IMP-as, SNC1
expression was analyzed as well. There were no significant differences with regard to
SNC1 expression in the single imp-a mutant lines and vice versa there was no obvious
compensatory upregulation in the expression of any IMP-a in the sncl auto-immune
mutant. Similarly, IMP-a expression levels are not considerably altered after infection
with pathogens in any of the datasets available via the Genevestigator or the Bar

Expression Browser tools (Toufighi et al., 2005; Hruz et al., 2008).

3.1.3.2 Phenotypic characterization of imp-a single mutants

One prominent phenotype of the sncl auto-immune mutant is the stunted growth
morphology. Beside the smaller statue, sncl plants have dark and curly leaves (Li et al.,
2001). In the genetic suppressor screen that aimed to identify modifiers of sncl (mos)
mutations based on suppression of this growth phenotype, the mos6-1 mutation was
identified (Palma et al., 2005). Loss of mos6-1 alone, does not cause a growth phenotype
different from the wild-type Col-0 (Figure 3.1, Palma et al., 2005), suggesting that loss of
MOS6 function does not have an impact on regular plant growth and development. In
order to assess whether this also holds true for other imp-a single mutants, growth
phenotypes of the imp-a mutant collection introduced in 3.1.3.1 (Fig. 3.5) were analyzed.
Plants were grown in parallel on soil under short day (8 h light) and long day (16 h light)
conditions and photographed (Figure 3.7). Col-0 plants were used as wild-type and sncl

mutant plants as control for severely stunted growth. Pictures of whole rosettes were
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taken of five-week-old short day and three-week-old long day grown plants. Plants grown
in the long day chamber were allowed to bolt and flower and pictures were taken
of five-week-old flowering plants. The imp-a single mutant plants were not obviously
different from the Col-0 wild-type in three independent experiments. Neither rosette size,

morphology, plant size, bolting nor flowering times of the mutant plants differed from

Col-0 sncl imp-al imp-a2 mos6-1 mos6-4

(a1)sdeame (as)syeamg

(a1)sdeamg

imp-a7 imp-a9

imp-a8

(a1)sdeame (as)syeamg

(a1)sdeamg

Figure 3.7 Growth phenotypes of imp-a single mutants. Morphology of Col-0, snc1 and imp-a single
mutants. Plants were grown in parallel on soil for five weeks under short day (SD) conditions and three or
five weeks under long day (LD) conditions. Scale bar = 1 cm. The experiments were repeated three times
with similar results.
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Col-0. No other morphological defects could be observed for any of the imp-a single

mutants.

3.1.3.3 mosé6 alleles but no other imp-a mutants are impaired in resistance against

H. a. NOCO2 and Pst DC3000 (AAvrPto/AvrPtoB)

Loss of mos6 results in susceptibility towards the virulent oomycete strain H. a. NOCO2
and mildly virulent Pst (Figure 3.2; Wirthmueller et al., 2015; Palma et al., 2005). In order
to assess a possible involvement of other IMP-as in immunity against these pathogens,

the collection of imp-a T-DNA insertion lines was analyzed for defense phenotypes
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Figure 3.8 mos6 alleles but no other imp-a mutants are more susceptible to H.arabidopsidis NOCO2. Two-
week-old seedlings of the indicated genotypes were sprayed with a conidiospore suspension of 4 x 10*
spores per mL H,0. Conidiophores were counted 6 dpi. Bars represent means. Error bars show standard
deviation and asterisks indicate statistical significance (t-test for pairwise comparison between wild-type
and mutant, p<0.0001). snc1 and eds1-2 (Col eds1-2) are resistant and susceptible controls, respectively.
A) Growth of the virulent H. a. NOCO2 for which Col-0 is a susceptible host ecotype. B) Growth of the
avirulent H. a. isolates CALA2 (top) and EMWA1 (bottom) that are recognized in Col-0 by RPP2 and RPP4,
respectively. Ler (lacking functional RPP2) and WSs-0 (lacking functional RPP4) were used as susceptible wild-
type ecotypes for the respective H. a. isolate. Part of this Figure was shown in Figure 3.2.(A). The
experiments were repeated three times with similar results.
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(Figures 3.8 and 3.9). Basal resistance against H. a. NOCO?2 is significantly compromised in
mos6-1, mos6-2 and mos6-4 compared to Col-0 wild-type plants but not in the other
imp-a mutants (Figure 3.8). The higher susceptibility observed for the three mos6 mutant
alleles was less strong as the total breakdown of resistance in hyper-susceptible
Col eds1-2 control plants.

The H. a. isolates CALA2 and EMWAL are avirulent on Col-0 due to effector
triggered immunity mediated by the R proteins RPP2 and RPP4, respectively (Botella et
al., 1998; Caillaud et al., 2012b). To test whether this layer of resistance is compromised
by loss of a certain IMP-a, the imp-a mutant collection was inoculated with these

pathogens. CALA2 and EMWA1 were able to grow and sporulate on their susceptible
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Figure 3.9 mos6 alleles but no other imp-a mutants are more susceptible to Pst with incomplete effector
repertoire. Growth of Pst DC3000 (AAvrPto/AvrPtoB). Leaves of four-week-old plants of the indicated
genotypes were vacuum-infiltrated with a bacterial suspension of 1 x 10° cfu/mL. To quantify bacterial
growth, leaf discs within the inoculated areas were taken immediately (d0) and three days after infection
(d3). Bars represent means from two replicate samplings for dO (white bars) and nine replicate samplings
for d; (black bars). Error bars show standard deviation and asterisks indicate statistical significance (t-test
for pairwise comparison between Col-0 and mutant, * p<0.05, ** p<0.01, *** p<0.001). snc1 and eds1-2
(Col eds1-2) are resistant and susceptible controls, respectively. Cfu = colony-forming units. The experiment
was repeated three times with similar results.
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host-ecotypes Ler (lacking functional RPP2) and WSs-0 (lacking functional RPP4),
respectively, and on the susceptible Col eds1-2 control (Figure 3.8 B). No spore
development was detected on any of the imp-a mutants including the three mosé6 alleles.

In this work it was shown that loss of MOS6 results in enhanced disease
susceptibility against the mildly virulent Pseudomonas strain Pst DC3000
(AAvrPto/AvrPtoB, Figure 3.2). To analyze a potential genetic requirement for additional
members of the IMP-a family in resistance against Pst DC3000 (AAvrPto/AvrPtoB), the
whole set of imp-a mutants, including the mos6 alleles, was inoculated with this
pathogen strain. Resistance against Pst DC3000 (AAvrPto/AvrPtoB) was significantly
compromised in mos6-1, mos6-2 and mos6-4 but not in the other imp-a mutants
(Figure 3.9). As observed for the NOCO2 defense phenotype (Figure 3.8), the enhanced
susceptibility of the three mosé6 alleles was less pronounced as the total breakdown of
resistance in the hyper-susceptible Col eds1-2 control.

Together, these infection studies demonstrate that only mos6 mutant plants are
impaired in basal resistance against virulent H. a. NOCO2 and Pst DC3000 with reduced
effector repertoire (AAvrPto/AvrPtoB) whereas the other analyzed imp-a mutants are not
compromised in this resistance layer. R gene-mediated resistance conferred by RPP2 and
RPP4 remains intact in all of the tested imp-a mutants, including mos6-1, mos6-2 and
mos6-4. These data suggest that MOS6 is specifically involved in basal resistance with no

other IMP-a family member acting redundantly.

3.1.3.4 Only mutant alleles of mos6 but not of other imp-as suppress the snci

auto-immune growth phenotype

Mutations in MOS6 suppress the stunted growth phenotype of the sncl auto-immune
mutant (Figure 3.1; Palma et al.,, 2005). Combined with the enhanced disease
susceptibility phenotypes of mos6 mutants against H. a. NOCO2 and Pst DC3000
(AAvrPto/AvrPtoB, Figures 3.2, 3.8 and 3.9), this strongly suggests that this IMP-a
homolog selectively contributes to plant immunity, since mutations in the other eight
IMP-a genes do not compromise resistance to these pathogens (Figures 3.8 and 3.9). To

test whether the remaining eight IMP-as encoded by the Arabidopsis genome are
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required genetically for manifestation of the sncl auto-immune phenotype, all imp-a
single mutant lines (Figure 3.5) were crossed with sncl to produce sncl imp-a double

mutants. Figure 3.10 shows plants grown in parallel on soil under short day (SD, 8 h light)

Col-0 sncl imp-al imp-a2 mos6-1 mos6-4

(a1)syeeme

Col-0 sncl snclimp-al snclimp-a2 sncl mos6-1 sncl mos6-4

(as) syeams

(a1)sxeeme

(a1)sxeemg

imp-a4 imp-a5 imp-a6 imp-a7 imp-a8 imp-a9

snclimp-a4 snclimp-a5 snclimp-a6 snclimp-a7 snclimp-a8 snclimp-a9

(a1)sxeeme

(as) s)eamg

(a1) syeam ¢

(a1) syeamg

Figure 3.10 Phenotypic analysis of sncl imp-a double mutants. All plants were grown in parallel on
nutrient deficient soil for five weeks under short day (SD) conditions and three or five weeks under long
day (LD) conditions. For comparison the corresponding single mutants (also depicted in Figure 3.7) which
were grown together with the sncl imp-a double mutant plants are shown above the respective double
mutant plants. Scale bar =1 cm.
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and long day (LD, 16 h light) growth conditions. Col-0 plants were used as wild-type and
sncl single mutant plants as control for the typical snc1 growth phenotype. Shown above
the pictures of sncl imp-a double mutant plants are pictures of corresponding single
mutant plants from Figure 3.7 that were grown in parallel with the double mutants under
long day conditions. Whole rosettes of five-week-old short day and three-week-old long
day grown plants were photographed. Plants grown under LD conditions were allowed to
bolt and flower and pictures were taken of five-week-old flowering plants. The sncl
mutants clearly showed the typical stunted growth morphology reported previously (Li et
al., 2001). All snc1 imp-a double mutant plants were undistinguishable from sncl plants,
except for the lines containing one of the mos6 alleles. snc1 mos6-1 as well as sncl
mos6-4 plants were larger than the original sncl mutant plants and showed the typical
partial suppression of snci-related growth retardation (Figure 3.1; Palma et al., 2005).

In summary, the reverse-genetic analyses of imp-a single and sncl imp-a double
mutants indicate that, among the nine IMP-as in Arabidopsis, IMP-a3 MOS6 is selectively
required for basal plant defense responses against the oomycete pathogen H. a. NOCO2
and the bacterial pathogen Pst DC3000 (AAvrPto/AvrPtoB) as well as for manifestation of

the stunted growth morphology of the auto-immune mutant sncl.

3.1.4 Characterization of imp-a double and triple mutants

In the previous sections, it has been shown that of the nine Arabidopsis IMP-as
apparently only MOS6 is genetically required for immune responses against virulent H. a.
NOCO2 and Pst DC3000 (AAvrPto/AvrPtoB) and growth inhibition caused by auto-
activated sncl. However, it is important to note that the loss of MOS6 does not result in
complete breakdown of basal resistance and only partial suppression of the sncil-
mediated growth phenotype. This could be explained by partially overlapping functions of
IMP-a family members. The possibility of redundancy was addressed by crossing imp-a
single mutant lines to produce imp-a double and triple mutants that subsequently were
characterized. mos6 mutants were combined with mutants of the other IMP-as except
imp-a4 and imp-a9 for which mutant lines were not available when double mutants were
generated. Additionally, several other double mutant combinations were generated, e.g.

between the closely related imp-al and imp-a2 that are highly expressed in leaves. For
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the generation of mos6 containing triple mutants, the different mos6 imp-a double

mutants were combined.

3.1.4.1 Higher order mutant combinations containing imp-al show reduced growth

In order to assess whether the generated imp-a double mutants show any growth
phenotypes, plants were grown in parallel on soil under short day and long day conditions

and photographed (Figure 3.11). Col-0 plants were used as wild-type controls. Pictures of

mos6-4

imp-a2 mos6-4

(as) s¥eam ¢

(a1) syeam ¢

(a1) syeams

mos6-1imp-a6  mos6-1 mos6-4 imp-a5 imp-a8 mos6-4 imp-a8

(as) syeam

(@1) syeam ¢

(a1) syeamg

Figure 3.11 Phenotypic analysis of imp-a double mutants. Plants were grown in parallel on soil for four
weeks under short day (SD) conditions and four or five weeks under long day (LD) conditions.
Scale bar =1 cm.
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whole rosettes were taken of four-week-old short day and four-week-old long day grown
plants. Plants grown in the long day chamber were allowed to bolt and flower and
pictures were taken of five-week-old flowering plants. Generally, growth of imp-a double
mutants was indistinguishable from Col-O wild-type plants that were grown under the
same conditions. However, double mutants containing the imp-a1 allele were smaller
than wild-type plants (Figure 3.11) although imp-a1 single mutants do not show a growth
phenotype different from Col-0 (Figure 3.7). This was true for the imp-al imp-a2, imp-al
mos6-1 and imp-al mos6-4 double mutant plants. The phenotype was most pronounced
in the double mutant of the closely related imp-al and imp-a2. For the mos6 imp-al
combinations this weak reduction was most clearly seen for full grown plants after five
weeks growth under LD conditions rather than for rosette sizes. Aside from this no other
obvious morphological defects could be observed for any of the imp-a double mutants
(Figure 3.11). In addition to double mutants, phenotypes of the generated triple mutant

combinations were characterized. Figure 3.12 shows growth phenotypes of the imp-a

(GS) SYOM {7

(@1) syeam ¢

(@1) syeam g

Figure 3.12 Phenotypic analysis of imp-a triple mutants. Plants were grown in parallel on soil for four
weeks under short day (SD) conditions and four or five weeks under long day (LD) conditions.
Scale bar =1 cm.
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triple mutant lines. sncl mutants were used as control for reduced growth. The

imp-al imp-a2 mos6-4 mutant plants were severely stunted in comparison to the

imp-al imp-a2 and imp-al mos6 double mutants and Col-0. In particular, when grown

under short day conditions, these plants were even smaller than the growth retarded

sncl plants (Figure 3.12). Aside from this, no other morphological defects could be

observed for any of the imp-a triple mutants.
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Figure 3.13 Expression of remaining
functional IMP-as in imp-a triple mutants
is not obviously altered. Semi-quantitative
RT-PCR analysis of IMP-as on cDNA
transcribed from total RNA extracted from
leaves of four-week-old plants of the
indicated genotypes. ACTIN1 expression
was used as control. When possible, primer
combinations were designed to be located
in exons and span at least one intron of the
tested genes to monitor contamination by
genomic DNA based on the size of PCR-
fragments. Note that bands corresponding
to IMP-a5, IMP-a6, IMP-0t7 and IMP-a8 are
the same size as Col-0 gDNA bands due to
the primer combinations not spanning
introns. Numbers of PCR cycles are
depicted on the left. PCR products were
analyzed by agarose gel electrophoresis
and ethidium bromide staining.

To also assess a possible compensatory up-regulation in the expression of the remaining

functional IMPas in the triple mutants, semi-quantitative RT-PCRs were performed. Figure

3.13 shows the RT-PCR analysis for IMP-as on cDNA transcribed from RNA extracted from

leaves of four-week-old imp-a triple mutant lines. ACTIN1 (ACT1) expression was used as

control. This gene expression study shows that there were no significant differences in

regard to IMP-a expression in the triple imp-a mutant lines as compared to the wild-type

control Col-0.
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3.1.4.2 Susceptibility of triple mutant lines containing mosé6 is not further increased as

compared to the mos6-1 single mutant

This work revealed that loss of MOS6 function in mos6-1, mos6-2 and mos6-4 results in
enhanced susceptibility against mildly virulent Pst DC3000 (AAvrPto/AvrPtoB) whereas all
other imp-a single mutants did show wild-type like susceptibility against this pathogen
strain (Figure 3.2, Figure 3.9). To analyze the genetic relationship between M0OS6 and
other IMP-as in response to Pst DC3000 (AAvrPto/AvrPtoB) the triple mutants were
inoculated with this pathogen. The susceptibility of triple mutants containing mos6-4 is
similar to that of the mos6-1 single mutant and no additive effects of additional imp-«a

mutant alleles on susceptibility were observed (Figure 3.14).
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Figure 3.14 Triple mutant lines containing mos6 show susceptibility against mildly virulent Pst DC3000
(AAvrPto/AvrPtoB) to an extent comparable to mos6-1. Growth of Pst DC3000 (AAvrPto/AvrPtoB). The
leaves of four-week-old plants of the indicated genotypes were infiltrated with a bacterial suspension of
1x10° cfu/mL. To quantify bacterial growth, leaf discs within the inoculated areas were taken immediately
(d0) and three days after infection (d3). Bars represent means from two replicate samplings for d0 (white
bars) and nine replicate samplings for d; (black bars). Error bars show standard deviation and asterisks
indicate statistical significance (t-test for pairwise comparison of wild-type and mutants, * p<0.05,
** p<0.01). sncl and edsl (Col edsl1-2) are resistant and susceptible controls, respectively. Cfu = colony-
forming units. All experiments were repeated twice with similar results.
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Together, the analyses of imp-a triple mutant combinations show that IMP-a1, IMP-a2
and MOS6/IMP-a3 have partially redundant functions that are important for regular plant
growth and development. In contrast, MOS6 appears to be selectively required for
maintaining the basal resistance layer against Pst DC3000 (AAvrPto/AvrPtoB) as the
susceptibility of the triple mutants containing mos6-4 was not further increased as

compared to the mos6-1 single mutant.

3.2 Identification and characterization of defense-related cargo proteins and

interaction partners of the IMPORTIN-a3, MOS6

The nuclear protein import receptor MOS6/IMP-a3 has partially redundant functions with
IMP-a1 and IMP-a2 in plant growth (Figure 3.12) but is selectively required for basal plant
immunity and the constitutive disease resistance phenotype activated in the auto-
immune mutant sncl (Figures 3.8 - 3.10 and Palma et al., 2005). This suggests that MOS6
may specifically or preferentially import unknown cargo proteins involved in plant
defense signaling into the nucleus. Several examples from the mammalian field show the
preferential nuclear import of cargo proteins by specific IMP-a adapters (Miyamoto et al.,
1997; Nadler et al.,, 1997; Kohler et al., 1999; Melen et al., 2003; Quensel et al., 2004;
Fagerlund et al., 2005; Fagerlund et al., 2002; Liu et al., 2005). In plants, only very few
examples of IMP-a cargo specificity are known (Bhattacharjee et al., 2008; Kanneganti et
al., 2007a; Wirthmueller et al., 2015). Defense-related cargo proteins or interaction
partners that are transported by a specific IMP-a protein have not been described so far.
Therefore, the second objective of this work was to identify and characterize MOS6
defense-related cargo proteins and interaction partners. For this purpose, the yeast two-
hybrid based Plant-Pathogen Immune Network (PPIN-1, Mukhtar et al., 2011) was used to
search for MOS6 interaction candidates in an in silico approach. In parallel, in planta
affinity purification of epitope-tagged MOS6 coupled with subsequent analysis by mass
spectrometry was carried out. From both approaches, candidates were selected for
validation of the interaction by transient expression in N. benthamiana and

co-immunoprecipitation (ColP). To investigate whether MOS6 interaction candidates are
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involved in plant immunity, T-DNA insertion mutants were isolated and inoculated with

Pst DC3000 (AAvrPto/AvrPtoB).

3.2.1 Insilico analyses of MOS6 interaction partners

The Arabidopsis Interactome and Plant-Pathogen Immune Network (PPIN-1) generated
via high throughput yeast two-hybrid analyses by the Arabidopsis Interactome Mapping
Consortium (2011; Mukhtar et al., 2011, http://signal.salk.edu/interactome/ index.html)
was used to search for putative MOS6 interaction partners. This search yielded 73
proteins. MOS6-interacting candidates were selected for further analyses based on the
following criteria: i) selective interaction with MOS6 and no other IMP-a family member
in PPIN-1, ii) presence of a predicted nuclear localization signal (NLS) in the amino acid
sequence, iii) prediction of subcellular localization in the nucleus and/or cytoplasm,
iv) transcription in rosette leaf tissue and v) indication for involvement in plant immune
responses.

First, proteins were identified that specifically interacted with MOS6 in the yeast
two-hybrid analyses of the PPIN-1 network. Proteins that solely interacted with MOS6
and not with other IMP-a family members were selected. Testing the candidates for
presence of a predicted mono- or bipartite NLS motif allowed selection of proteins that
are possible cargos for IMP-a mediated nuclear transport. For this, the online available
NLS-mapper tool was used (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.
cgi, Kosugi et al., 2009a; Kosugi et al., 2008; Kosugi et al., 2009b). Proteins that did not
contain a NLS motif were excluded from the list. To test whether MOS6-interaction
partners were predicted to localize to the same subcellular compartments as MQOS6, the
subcellular localization database for Arabidopsis proteins SUBA3 (http://suba3.
plantenergy.uwa.edu.au/, Heazlewood et al., 2007; Tanz et al., 2013; Heazlewood et al.,
2005) and the subcellular localization prediction tool Yloc+ (http://abi.inf.uni-
tuebingen.de/Services/ YLoc/webloc.cgi, Briesemeister et al., 2010a, 2010b) were used.
MOS6 localizes to the nucleus and the cytoplasm (Palma et al., 2005). Therefore,
candidates that were predicted by bioinformatic analyses to be localized in the cytoplasm
and/or nucleus were selected. To assess whether MOS6 interactor candidates are

expressed in rosette leaves, the eFP-browser (http://bar.utoronto.ca, Winter et al., 2007)
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and the Genevestigator database (https://genevestigator.com/gv/plant.jsp, Hruz et al.,
2008) were used to analyze expression profiles of these proteins. MOS6 is involved in
defense against the foliar pathogens Pst DC3000 (AAvrPto/AvrPtoB) and H. a. NOCO2
(Figure 3.2). This suggests that presence of MOS6 in rosette leaf tissue is required for its
function in plant immunity against these pathogens. Consistent with this, MOS6 is
transcribed in leaf tissue (Figure 3.4). Hence, only proteins that were also expressed in
rosette leaf tissue were selected. Finally, the candidates were assessed based on putative
or reported involvement in plant immune responses. For this, if available, previously
published data on the remaining candidates were gathered and evaluated. Among the 73
proteins from the PPIN-1 in silico analysis, three transcription factors (MYB70, WRKY60
and ORS1) and two TIR-NBS proteins (a TNL and TN13) were chosen for further analysis
according to the selection criteria described above.

MYB70 is a MYB family transcription factor (Jung et al., 2008). Interestingly, MYB70 is
targeted by various H. a. effector proteins but has not been further characterized so far
(Welling et al., 2014; Mukhtar et al., 2011). Based on these data MYB70 was chosen for
further analysis. WRKY60 was selected because of its involvement in defense against
various pathogens such as virulent and avirulent strains of Pst and the necrotrophic
fungal pathogen Botrytis cinerea (Dong et al., 2003; Xu et al., 2006). WRKY60 functions
partially redundant in pathogen resistance together with WRKY18 and WRKY40 (Xu et al.,
2006; Schon et al., 2013; Chen et al., 2010). Both, WRKY18 and WRKY40 did not interact
with MOS6 in PPIN-1. The NAC transcription factor ORS1 (ORESARA1 SISTER1) regulates
senescence in Arabidopsis and its transcription is strongly induced by H,0, treatment
(Balazadeh et al., 2011; Matallana-Ramirez et al., 2013). Due to its role in regulating the
expression of WRKY40 (Balazadeh et al., 2011), ORS1 was selected from the PPIN-1
dataset for further analysis.

Two members of the TIR-NBS protein class were selected based on presence of conserved
cytoplasmic TIR (Toll/IL-1 receptor homologous region) and NBS (nucleotide-binding site)
domains. These domains together with the LRR (leucine-rich repeat) domain are found in
one of the two major classes of disease resistance proteins in plants (Meyers, 2003). The
yet uncharacterized TIR-NBS-LRR protein encoded by AT3G44670 is named TNL in the

following. The MOS6-interactor candidate TN13 harbors the TIR and NBS domains but no
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LRR domain and was shown to associate with the Pst DC3000 effector HopY (Nandety et
al.,, 2013). For both TIR-NB-type proteins no function in plant immunity has yet been
shown. The candidates selected from the PPIN-1 analysis are summarized in Table 3.2
(page 84) together with MOS6-interactors found in in planta affinity purification

experiments described in the following (3.2.3).

3.2.2 Generation and characterization of stable transgenic Arabidopsis plants

expressing 3xHA-Strepll tagged MOS6
In parallel to in silico analysis of the Arabidopsis Interactome and Plant-Pathogen Immune
network database (Mukhtar et al., 2011), an in planta affinity purification approach was
conducted to identify new MOS6 cargo proteins and interaction partners involved in
nucleocytoplasmic defense signaling and transport. For this, the mos6-1 mutant line was
stably transformed with genomic MOS6 (ATG to Stop) fused to a C-terminal 3xHA-Strepll
affinity-purification tag (MOS6-3xHA-SII). Transgenic expression was driven by either the
endogenous MOS6 promoter (Np::MOS6, 1 kb upstream from the transcription start site)
or the constitutively active Cauliflower Mosaic Virus double 35S promoter. The small eight
amino acid Strepll-tag allows rapid one-step affinity purification of protein complexes
from crude leaf extracts under very mild conditions (Witte et al., 2004). The triple HA
epitope tag allows detection of the fusion protein via immunoblot analysis and can
therefore be used to monitor interaction in co-immunoprecipitation experiments.
Immunoblot analyses of total protein leaf extracts were used to verify expression of full-
length MOS6-3xHA-SII fusion proteins in multiple independent stable transgenic lines that
were confirmed to be homozygous and to contain a single T-DNA insertion (Figure 3.15A).

To test whether the full length MOS6-3xHA-SII fusion protein is functional,
transgenic Arabidopsis lines were analyzed for their defense phenotype against Pst
DC3000 (AAvrPto/AvrPtoB). The increased susceptibility of the mos6-1 mutant could be
complemented by transgenic expression of MOS6-3xHA-SII (Figure 3.15 B). This was true
for both, lines that transgenically expressed MOS6::3xHA-SII under control of the native
MOS6 promoter and lines expressing MOS6 under control of the 35S promoter. To obtain
additional proof for the functionality of the MOS6-3xHA-SII fusion protein constructs,

sncl mos6-1 double mutants were transformed with Np::MOS6-3xHA-SII and
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Figure 3.15 MOS6 fused to a 3xHA-SII tag complements mos6-1 susceptibility and phenotype in the sncl
auto-immune background. A) Immunoblot analyses of homozygous single insertion transgenic lines
expressing MOS6::3xHA-SII in the mos6-1 background. Total protein extracts from leaf tissues of four-week-
old T4 transgenic plants expressing either Np::MOS6::3xHA-SII or 35S::MO0S6::3xHA-SIl in mos6-1
background were used for immunoblot analysis. Proteins were separated on 10 % SDS polyacrylamide gels
and blotted onto nitrocellulose membranes. Membranes were probed with aHA antibodies. Equal loading
was monitored by staining the membrane with PonceauS (PonS). Np = native MOS6 promoter,
35S = constitutive 35S promoter. B) Transgenic expression of MOS6::3xHA-SII in mos6-1 background
complements the mos6-1 phenotype of enhanced susceptibility towards mildly virulent Pst DC3000
(AAvrPto/AvrPtoB). The leaves of four-week-old T4 transgenic plants were vacuum-infiltrated with a
bacteria suspension of 1 x 10° cfu/mL. To quantify bacterial growth, leaf discs within the inoculated areas
were taken immediately (d0) and three days after infection (d3). Bars represent means from two replicate
samplings for dO (white bars) and nine replicate samplings for d; (black bars). Error bars show standard
deviation and asterisks indicate statistical significance (t-test, ** p<0.01, *** p<0.001). snc1 and eds1-2
(Col eds1-2) are resistant and susceptible controls, respectively. Cfu = colony-forming units. This experiment
was repeated twice with similar results. C) MOS6::3xHA-SII complements mos6-1 in the sncl auto-immune
background. Morphology of Col-0, snc1, sncl mos6-1 and T4 transgenic plants expressing MOS6::3xHA-SII
under control of the native MOS6 promoter (Np) in the sncl mos6-1 background. Plants are four weeks old
and were grown in parallel on soil. Scale bar =1 cm.
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355::M0OS6-3xHA-SII. Stable transgenic lines were generated and the plants growth
phenotype was analyzed. The wild-type like growth of the sncl mos6-1 double mutant
was fully reverted back to sncl-like stunted morphology by expression of MOS6-3xHA-SI|
(Figure 3.15 C). This is true for Np::MOS6-3xHA-SII as well as for 355::M0OS6-3xHA-SII in
sncl mos6-1 (Figure 3.15, 35S::MOS6-3xHA-SII in snc1 mos6-1 not shown).

The fact that expression of MOS6-3xHA-SII re-established the snc1 mos6-1 double
mutant phenotype back to the original snc1 auto-immune morphology indicates that this
fusion protein is fully functional. Consistent with this, MOS6-3xHA-SII expression under
control of the native promoter or the 355 promoter complemented the enhanced disease

susceptibility of the mos6-1 single mutant against Pst DC3000 (AAvrPto/AvrPtoB).

3.2.3 In planta affinity purification of MOS6 interacting proteins

To identify MOS6 cargo proteins and interaction partners involved in nucleocytoplasmic
defense signaling, an in planta affinity purification approach was conducted. First, both
stable transgenic Arabidopsis lines expressing MOS6-3xHA-SII under control of the native
promoter (line #12-5) or the 35S promoter (line #16-11) in the mos6-1 background (Figure
3.15) were used to test efficiency of the Strepll-affinity purification protocol. Col-0 wild-
type plants served as controls. StrepTactin®-Sepharose beads (IBA, Gottingen) were used
for Strepll-affinity purification according to Witte et al., (2004). The efficiency of
MOS6-3xHA-SII purification from both transgenic lines was compared by SDS-PAGE and
silver staining of the SDS gel (Figure 3. 16 A). MOS6-3xHA-SII (circa 70 kDa) was purified
from the MOS6-3xHA-SII over-expressing line but was barely detectable in extracts from
the native promoter line and Col-0 in initial experiments (Figure 3. 16 A). Because of
efficient purification of MOS6-3xHA-SII from the over-expressing plants, this line was used
for further optimization of the affinity purification. The binding yield of MOS6-3xHA-SII
could be improved by using a StrepTactin® Macroprep resin (IBA, Gottingen).
Three-week-old MOS6-3xHA-SII over-expressing plants and Col-0 controls
(expressing untagged MOS6) were inoculated with H. a. NOCO2 to induce interaction
between MOS6 and potential defense-related interaction partners. Strepll-affinity
purification was carried out 8 days post inoculation. Separation by SDS-PAGE and analysis

by silver staining of SDS gels revealed several differential bands in the MOS6-3xHA-SII

77



Results

A B

H. a. NOCO2, 8 dpi

355::M0S6::3xHA-SII

kba kDa  Col-0 i mos6-1 (#16-11)

*
2504
*
g *
130 p
B N ,4 ™ 4
’ ) *
100 : ) *
. ¢ *
70 . <
<
- o — *

554

Figure 3.16 Identification of MOS6 associated proteins. A) Affinity-purification from a transgenic line
expressing MOS6-3xHA-SII under control of the native MOS6 promoter (Np, #12-5) was compared to a
transgenic line over-expressing MOS6-3xHA-SII under control of the 35S promoter (35S, #16-11) and the
wild-type control Col-0. StrepTactin® Sepharose was used for affinity purification from extracts from
4-week-old plants. Eluted proteins were separated by SDS-PAGE and silver stained. MOS6-3xHA-SII could
be purified from plant line #16-11 to amounts visible by silver-staining of the SDS gel. Arrow indicates
MQS6-3xHA-SII containing band. Molecular weight markers in kilo Dalton (kDa) are shown left. B) MOS6-
3xHA-Sll-interacting proteins were efficiently isolated by StrepTactin Macroprep® affinity-purification from
protein extracts derived from three-week-old leaf tissue of Hyaloperonospora arabidopsidis NOCO2
infected plants (8 dpi). Interacting proteins were eluted, separated by SDS-PAGE and silver stained. Shown
are silver stained extracts from Col-0 control plants and 3xHA-SII tagged MOS6 overexpressing mos6-1
plants. Several differential bands were identified (marked by asterisks). Arrow indicates MOS6-3xHA-SII
containing band. Lanes of silver stained extracts were cut into 6 pieces (dashed lines) for tryptic digestion.
Digested samples were analyzed by LC-MS/MS. Molecular weight markers in kilo Dalton (kDa) are shown
left.

over-expressing line that were absent in the Col-0 control (Figure 3.16 B). Whole lanes of
the silver-stained gel were cut into six pieces for tryptic in-gel digestion and subsequent
LC-MS/MS analysis. Subtraction of peptide hits derived from LC-MS/MS-analyses of
corresponding Col-0 samples from peptides purified from MOS6-3xHA-SI| over-expressing
plants yielded the proteins that putatively interacted with MOS6-3xHA-SII.

As expected, peptides corresponding to transgenically expressed MOS6-3xHA-SII
were found in all extracts in a high abundance. A list of 56 proteins that exclusively co-
purified with MOS6-3xHA-SII in at least two of three independent biological experiments
is shown in Table 3.1. Proteins were selected for further analyses based on following

criteria: i) prediction of subcellular localization in the nucleus and/or cytoplasm,
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ii) transcription in rosette leaf tissue and iii) indication for involvement in

nucleocytoplasmic transport.

Table 3.1 Proteins that exclusively co-purified with MOS6-3xHA-SII. Proteins listed here were identified in
at least two of three independent experiments. Identified proteins that were absent in control samples are
sorted according to total number of peptide-spectrum matches (PSMs) across the three experiments. Two-
week-old plants expressing MOS6-3xHA-SII in the mos6-1 background were infected with H. a. NOCO2 and
leaf material for affinity purification was harvested 8 dpi (three-week-old plant material). Proteins that
were chosen for further analysis and MOS6 are highlighted in bold/underlined.

Experiment 1 | Experiment 2 | Experiment 3
” " ”
Q Q Q
h-1 h-] 3z
=] -] ]
& g e g o g
§ £ 9 8 § £ 9 8 § £ 9 38
] ‘@ 3 2 @ @ ‘@ 3 2 @ ] ‘@ 3 2 )
2 8 £ 3 & § &t & 3 3 : & & 3 3
Accession __ Description = b 2 b - = = 2 = o = = 2 & -
AT4G02150  |\p-o3/MOSE 52,5 9 20 30 1215 | 262 3 13 14 60 | 403 1 16 19 154
AT4G17330  G2484-1 protein 27,5 1 13 56 191 | 165 3 27 27 38 | 161 1 24 24 90
AT5G46070  Guanylate-binding family 534 2 26 71 235 7,4 2 7 7 9 19,0 1 19 19 42
protein
AT3G08943  |MPB. putative 34,6 2 22 30 190 | 196 1 16 16 36 | 232 1 16 16 a9
AT1G52360  coatomer, beta' subunit 32,5 2 4 33 138 | 11,9 3 2 10 36 6,1 6 3 5 8
AT3G09630  Ribosomal protein L4/L1 family 532 11 5 26 75 128 2 5 5 5 40,2 1 7 16 99
AT1G64790  |LTYHIA 24,8 2 15 67 164 33 2 8 8 12
AT1G04820  1pylin alpha-4 chain 37,8 3 3 19 122 29,8 2 3 9 48
AT3G18780  ,ctin2 42,6 2 1 18 153 14,8 3 2 4 16
AT5G02500 heat shock 70kDa protein 1/8 37,2 3 3 21 69 34,6 1 6 19 95
AT5G53480  KpNB1/IMP-B2 26,2 1 19 19 64 | 220 2 17 17 38 | 187 1 14 14 45
AT1G79990  giructural molecules 32,8 3 5 32 100 | 86 4 3 7 15 7,9 3 3 6 11
AT4G28470 265 proteasome regulatory 35,9 1 2 30 98 12,2 2 3 10 12 | 125 1 2 9 11
subunit S2 1B
AT2G28290  Nucleoside triphosphate 200 12 1 68 104 1,6 3 4 4 8
hydrolases superfamily protein
AT3G54760  dentin sialophosphoprotein- 40,7 2 15 28 91 17,9 2 10 10 14 49 1 2 2 3
related
AT3G10650  NuP1/NUP136 32,0 1 11 43 93 6,5 1 6 6 11
ATAG29060  elongation factor Ts family 320 6 27 27 87 | 11,0 1 7 7 14
protein
AT5G56010  peat shock protein 81-3 455 5 9 43 89 8,4 4 5 5 9
AT1G14850  Nup15S5 22,5 1 6 31 52 25,4 2 2 9 40
AT1G47900  Plant protein of unknown 34,4 2 1 42 76 56 2 4 4 7
function (DUF869)
AT1G67140  HEAT repeat-containing protein 18,7 3 6 39 80 1,4 3 2 2 2
ATSG22770  ipha-adaptin 32,1 2 1 36 75 6,3 2 5 5 7
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AT3G55220
AT2G47940
AT1G52380
AT2G16950
AT3G62310
AT3G57890
AT2G18940
AT4G31490
AT1G21630
AT3G22520
AT4G34430
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AT5G64270
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AT1G18450
AT3G09200
AT5G13680
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AT5G55230
AT3G42170
AT1G20370
AT5G24350
AT1G27750
AT5G09390
AT3G22990
AT5G43960
AT2G25010
AT3G03630
AT5G40200
AT1G04170
AT3G24430
AT1G30470

AT4G38225
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Similar to the evaluation of candidate MOS6-interactors from in silico analyses (3.2.1)
predicted subcellular localization and rosette leaf expression were analyzed by use of bio-
informatics tools (SUBA3: Heazlewood et al., 2007; Tanz et al., 2013; Heazlewood et al.,
2005, Yloc+: Briesemeister et al.,, 2010a, 2010b, eFP-browser: Winter et al., 2007,
Genevestigator: Hruz et al., 2008). Among the 56 proteins that exclusively co-purified
with MOS6-3xHA-SII (Table 3.1), 4 karyopherins and 3 nucleoporins were selected for
further analysis (Table 3.2).

Peptides corresponding to two IMP-B proteins were found in high abundance.
IMP-Bs are possibly the most frequent interaction partners of MOS6 because
translocation through the nuclear pore complex is mediated only when the IBB domain of
the cargo-bound IMP-a bridges the interaction with IMP-B. Therefore, interaction of the
IMP-a3 homolog MOS6 with one or more IMP-B isoforms was expected. Both IMP-Bs
(KPNB1/IMP-B2 and a putative IMP-B protein named IMP-B_a in this work) were selected
for further characterization based on their involvement in nuclear transport. Additionally,
a protein very similar to IMP-B_a was also included in further experiments (named
IMP-B_b). Other karyopherins selected for further analysis are NUCLEAR TRANSPORT
FACTOR 2 (NTF2) and TRANSPORTIN 1 (TRN1). NTF2 proteins bind to both RanGDP and
FXFG repeat-containing nucleoporins and single-stranded RNAs (Bhattacharya and
Steward, 2002; Ribbeck et al., 1998; Quimby et al., 2001). TRN1 is involved in the nuclear
import of the RNA-binding protein GRP7 (Ziemienowicz et al., 2003). Interestingly, in
addition to regulation of response to cold and other environmental stresses, GRP7 plays a
role in plant innate immunity (Lee et al., 2012). Three nucleoporins (NUPs) were identified
as MOS6 interaction partners: NUP1/NUP136, NUP50 and NUP155 (Table 3.2).
NUP1/NUP136 is involved in regulating nuclear pore morphology and mRNA export
(Tamura and Hara-Nishimura, 2011). NUP50 was found to interact with IMP-a1, 2, 3,4, 5
and 6, Ranl, NUP155 and LAZARUS 5 (LAZ5, Tamura and Hara-Nishimura, 2011; Tamura
et al., 2010). LAZ5 is a TIR-class NB-LRR R protein with sequence similarity to RPS4, a TIR-
NB-LRR R protein conferring resistance to Pst DC3000 expressing AvrRPS4 and LAZS is
required for manifestation of auto-immune phenotypes in the lesion-mimic mutant acd11
(Palma et al., 2010). Whereas NUP50 and NUP1/NUP136 are nuclear FG-NUPs of the

basket, NUP155 is located in the inner ring of the NPC (Grossmann et al., 2012).
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In summary, a total of thirteen MOS6-interaction candidates were chosen for further
analysis from the in silico approach (3.2.1) and the in planta affinity purification
experiments. These thirteen candidates are listed in Table 3.2 according to their
functional category: nucleoporins, karyopherins, defense-related transcription factors and

putative defense related proteins of the TIR-NBS-LRR family.

Table 3.2 MOS6 interaction candidates selected for further analysis. MOS6-interaction candidates were
selected based on the presence of a NLS and/or predicted nuclear localization and their expression in
rosette leaves. For further details see text. Candidates are listed according to their functional category.
nuc = nucleus, cyt = cytosol, mem = membrane, n.i.= no information available.

number of gene NLS SUBA3 Expressed in
family members prediction prediction rosette leaf Literature

Nucleoporins

(Tamura et al., 2010;

AT1G14850
NUP155 2 no nuc v Mahalingam et al., 2003)
AT1G52380  NUP5S0 ) no nuc v (Tamura and Hara-Nishimura,
2011)
AT3G10650 NUP1/NUP136 1 bipartite nuc v (Tamura et al., 2010)
Karyopherins
AT2G16950 TRN1 2 no nuc v (Ziemienowicz et al., 2003)
AT3G08943  IMPP_a, putative 3 no nuc, cyt n.i. -
AT3G08947  IMPP_b, putative 3 no nuc, cyt n.i. -
AT5G43960 NTF2 9 monopartite nuc (4 (zhao et al., 2006)
L l., 2013b; L .
AT5G53480  AtKPNB1/IMP-B2 3 no nuc, cyt v (Luo etal,, 2013b; Luo et al.,
2013a)
Defense related transcription factors
AT2G23290 MYB70 143 monopartite nuc v (WeRling et al., 2014)
AT2G25000 WRKY60 71 bipartite nuc (4 (Xu et al., 2006)
AT3G29035 ORS1 96 bipartite nuc (4 (Balazadeh et al., 2011)
Putatively defense related
AT3G04210 TN13 21 bipartite nuc, mem (4 (Nandety et al., 2013)

AT3G44670  TIR-NBS-LRR 93 monopartite nuc n.i. -
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3.2.4 Validation of MOS6 interactions via Agrobacterium-mediated transient
expression in N. benthamiana and Co-immunoprecipitation

The well-established Agrobacterium-mediated transient expression system in Nicotiana
benthamiana was utilized to validate interaction of the thirteen selected candidates
(Table 3.2) with MOS6. In addition, the transient expression system was employed to test
whether the closest homolog of MOS6, IMP-a6 (Figure 3.3), also interacts with these
candidates. For this purpose genomic sequences (ATG to Stop) were amplified from Col-0
gDNA. In the case of TRN1, the coding sequence was amplified from Col-0 cDNA. All
candidates were cloned into expression vectors for generation of cCFP-tagged fusion
proteins. cCFP-tagged fusion proteins were transiently co-expressed in N. benthamiana
under control of the 35S promoter together with 355 promoter driven MOS6-3xHA-SII or
IMP-a6-3xHA-SII, respectively. A construct expressing a tandem YFP-YFP was used as
negative control to monitor possible binding of 3xHA-SII-tagged MOS6 or IMP-a6 to YFP.
This was done because YFP and cCFP are highly similar proteins that only differ in two
amino acids (Zhang et al., 2002; Lippincott-Schwartz and Patterson, 2003). Two days after
Agrobacterium infiltration into N. benthamiana leaves, leaf tissues were harvested and
used for Co-immunoprecipitation (ColP). ColPs were carried out three times in
independent biological experiments using GFP-Trap® coupled to magnetic particles
(Chromotec). GFP-Trap® specifically binds GFP and its highly similar derivatives such as
cCFP and YFP. To monitor the presence of fusion proteins after transient expression, total
protein extracts were generated from input fractions of ColP experiments and probed

with aGFP (for cCFP-tagged candidate fusion proteins) or aHA (for M0OS6-3xHA-SII and

Figure 3.17 on page 86: Interaction of candidates with MOS6 but not with IMP-a6 could be verified.
MOS6-3xHA-SII (A) or its closest homolog IMP-a6-3xHA-SII (B) were transiently co-expressed with the
indicated cCFP-tagged candidate MOS6-interactors in N. benthamiana. 48h post infiltration the candidate-
cCFP proteins were immunoprecipitated using GFP-Trap® magnetic particles (immunoprecipitate). Co-
immunoprecipitation of MOS6-3xHA-SII (A) or IMP-a6-3xHA-SII (B) was detected by aHA immunoblots.
Experiments were repeated three times and representative results from these experiments are summarized
in this figure. For simplification, representative mock and YFP-YFP controls are shown at the left. YFP-YFP
was used as negative control to monitor possible binding of 3xHA-SII-tagged MOS6 or IMP-a6 to YFP which
is highly similar to cCFP (Lippincott-Schwartz and Patterson, 2003; Zhang et al., 2002). The top two panels
shows total protein extracts (input) and the bottom two panels show aGFP- immunoprecipitates probed
with aGFP or aHA. Proteins were separated on 10 % SDS polyacrylamide gels and blotted on nitrocellulose
membranes. Membranes were probed with aGFP or aHA antibodies. Protein amounts were monitored by
Ponceau S (PonS) staining of the membrane. All samples were co-infiltrated with a third Agrobacterium
strain carrying the p19 gene of tomato bushy stunt virus (TBSV), that prevents the onset of post-
transcriptional gene silencing in the infiltrated tissues to allow high level of transient expression (Voinnet et
al., 2003). mock = Agrobacterium carrying p19 alone, g = genomic, ¢ = coding sequence.
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IMP-a6-3xHA-SII) in immunoblot analyses (Figure 3.17, top panels). Analysis of
immunoprecipitated samples by aGFP immunoblot was used to monitor efficient
purification of candidate-cCFP fusion proteins from transiently expressing
N. benthamiana leaf tissue. Detection of protein bands corresponding either to MOS6-
3xHA-SII or IMP-a6-3xHA-SII with aHA was used to reveal co-immunoprecipitation with
cCFP-tagged candidates (Figure 3.17, bottom panels).

MOS6-3xHA-SII successfully co-immunoprecipitated with all fusion proteins tested
here, except NTF2-cCFP (Figure 3.17 A). Very weak interaction with MOS6 was detected
with one of the putative [IMP-B homologues, IMP-B_a. NUP50-cCFP and
KPNB1/IMP-B2-cCFP  co-immunoprecipitated IMP-a6-3xHA-SIl  (Figure 3.17 B).
Additionally, for both putative IMP-B homologues and the TNL-fusion protein faint
IMP-a6-3xHA-SII containing bands were detected in the immunoprecipitates via aHA
western blot. The co-expressed YFP-YFP fusion protein served as a negative control and
no protein bands corresponding to MOS6-3xHA-SII or IMP-a6-3xHA-SII were visible in
these samples, although YFP-YFP could efficiently be immunoprecipitated.

Taken together, these ColP results confirmed that NUP155, NUP50,
NUP1/NUP136, TRN1, IMP-B_b putative, AtKPNB1/IMP-B2, MYB70, WRKY60,
AT3G29035/0RS1, TNL and TN13 interact with MOS6 in planta. NTF2 did not interact with
MOS6 and IMP-B_a showed very weak interaction. For the closest MOS6 homolog, IMP-
a6, only interactions with NUP50, AtKPNB1/IMP-B2, both IMP-B like proteins and the
TNL-type protein could be shown. The interaction with both IMP-B like and the TNL-type
protein appeared to be rather weak. This suggests that MOS6 has both selective and
partially overlapping functions with its closest homolog, IMP-a6, in nuclear protein
import, transport complex formation with its IMP-B co-receptor and possibly its route

through the NPC.

3.2.5 Reverse genetic analysis of candidate MOS6 interactors in pathogen defense

To assess the involvement of MOS6-interactors in plant immunity, reverse-genetic
analyses were conducted. T-DNA insertion mutants of MOS6-interactor candidates (Table
3.2) were obtained from the European Arabidopsis Stock Centre (Scholl et al., 2000) and

homozygous lines were isolated via PCR-based genotyping for further analysis. For
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Figure 3.18 Schematic structures of genes encoding candidate MOS6 interactors. A) Nucleoporins. B) TIR-
NBS domain containing proteins. C) Karyopherins. D) Transcription factors. Exons are represented as black
boxes, introns as solid lines. Start and Stop codons are labeled as ATG or Stop above the gene structures.
Positions of T-DNA insertions are indicated with triangles below the gene structures. Semi-quantitative
RT-PCRs for the respective genes are shown next to the gene structures. Col-0 was used as wild-type
control. gCol-0 (genomic Col-0 DNA) was used as control for genomic contamination. Flanking primers (fp)
were used to amplify fragments from cDNA, confirming disruption of functional transcripts. Primer
combinations were designed to be located in exons and span at least one intron of the tested gene to
monitor potential contamination by genomic DNA based on the size of PCR-fragments. This was not
possible for Nup50 and primers align in the single exon 3" of the T-DNA. PCR products were analyzed by
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86



Results

WRKY60, the previously published line SALK_120706 was used (Chen et al., 2010). The
schematic gene structures of MOS6-interactors and the position of T-DNA insertions are
depicted in Figure 3.18. Initially, two independent T-DNA insertion lines for each
candidate gene were ordered if available. Homozygous lines were tested for disruption of
functional transcripts via RT-PCR using cDNA-specific primers flanking the T-DNA insertion
sites. Of these, only the lines with no residual transcripts detectable in RT-PCR were

subsequently chosen for further functional analyses.

3.2.5.1 A T-DNA insertion in the TIR-NBS gene TN13 is more susceptible to Pst DC3000

(AAvrPto/AvrPtoB) but does not suppress the snc1 growth phenotype

Loss of MOS6 results in enhanced susceptibility against the mildly virulent Pseudomonas
strain Pst DC3000 (AAvrPto/AvrPtoB, Figure 3.2). To analyze the genetic requirement of
the candidate MOS6 interactors in plant immunity, the whole set of mutants depicted in
Figure 3.18 was inoculated with this Pst strain. The mos6-1 mutant served as control for
increased susceptibility and the eds1-2 mutant (Col eds1-2) was used as hyper-susceptible
control. Resistance against Pst DC3000 (AAvrPto/AvrPtoB) is significantly compromised in
mos6-1, but not in any candidate mutant except for tn13 (Figure 3.19 A and B) that shows
enhanced susceptibility against this mildly virulent Pst strain to an extent comparable
with mos6-1. These results suggest that the in planta MOS6 interactor TN13, a TIR-NBS
protein, is involved in basal resistance against Pst DC3000 (AAvrPto/AvrPtoB).

Since TIR-NBS domain containing proteins are known to be involved in R protein
mediated resistance, the involvement of TN13 and TNL in this process was assessed. The
respective T-DNA insertion lines were tested with the avirulent H. a. isolates EMWA1 and
CALA2 that are recognized by the TIR-NB-LRR R proteins RPP4 and RPP2, respectively, in
Col-0. No enhanced susceptibility of tnl and tn13 mutants could be detected (Figure 3.19
Cand D).

Mutations in MOS6 suppress the auto-immune growth phenotype and
morphology of sncl plants (Figure 3.1). To test whether the MOS6 in planta interactor
TN13 also plays a role in snc1-mediated auto-immunity, the tn13 T-DNA insertion line was

crossed with sncl to generate the sncl tn13 double mutant. Figure 3.19 E shows that the

87



Results

A B
Pst DC3000 AAvrPto/AvrPtoB Pst [%CSOOO AAvrPto/AvrPtoB

0 do O do
| d3 | d3

-
Q
S

nucleoporins karyopherins transcription TIR-NBS
factors proteins

bacterial titre (log,,cfu/cm?)
o = N w = wv [=2]
I
E
I
I
I ¢
I

tnl

SNC] p—
Mot e———
-8

nupl55

N2 e—
kpnbl n————
mMyb70 e——
Wrky6) n——

trnl

NUP] —
—
.

imp-8 a
tni3

bacterial titre (log,,cfu/cm?)
o = ~N w = [%,] [+)]
Col-0 p—
eds]-] p——
NUPS0 ——

imp-8 b

H. a. CALA2 5 H. a. EMWAL

D
o

(@1) sxaam £

tnl3 |

tnl

o

tnl
0

oM
~

<
=

Col-0 .
Col-0

spores/g plant tissue x 10°
= N w B [
o o o o o o
Ler I
eds1-2 N
spores/g plant tissue x 10°
S bS] 8 ]
Wws-0 I
eds1-2 I

TIR-NBS TIR-NBS
proteins proteins

sncltnl3 ?,“S

Figure 3.19 A T-DNA insertion in the TIR-NBS gene TN13 shows enhanced susceptibility against
Pst DC3000 (AAvrPto/AvrPtoB) comparable with mos6-1 but does not suppress sncl-related growth
inhibition. A) Growth of Pst DC3000 (AAvrPto/AvrPtoB) on nucleoporin, karyopherin and transcription
factor candidate T-DNA lines. B) Growth of Pst DC3000 (AAvrPto/AvrPtoB) on TIR-NBS domain containing
candidat T-DNA lines. The leaves of four-week-old plants were vacuum-infiltrated with a bacterial
suspension of 1 x 10° cfu/mL. To quantify bacterial growth, leaf discs within the inoculated areas were
taken immediately (d0) and three days after infection (d3). Bars represent means from two replicate
samplings for dO (white bars) and nine replicate samplings for d; (black bars). Error bars show standard
deviation and asterisks indicate statistical significance (t-test for pairwise comparison between wild-type
and mutant, * p<0.05, ** p<0.01). snc1 and eds1 (Col eds1-2) are resistant and hyper-susceptible controls,
respectively. Cfu = colony-forming units. The experiments were repeated three times with similar results.
C) Growth of the avirulent H. a. isolates CALA2 and D) EMWA1 that are recognized in Col-0 by RPP2 and
RPP4, respectively. Ler (lacking functional RPP2) and Ws-0 (lacking functional RPP4) were used as
susceptible wild-type ecotypes for the respective H. a. isolate. E) Growth phenotype of sncl tni13 double
mutant. Plants were grown parallel on soil for seven weeks under long day (LD) conditions. Scale bar =1 cm.
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sncl tnl13 double mutant plants are indistinguishable from the sncl single mutant.
Together, these data demonstrate that the T-DNA insertion in the gene encoding for the
MQOS6 in planta interactor TN13 results in enhanced disease susceptibility against Pst with
reduced effector repertoire but does not have an obvious impact on sncl-related growth

inhibition.

3.2.5.2 TN13-cCFP localizes in the ER in N. benthamiana

The results presented under 3.2.4 and 3.2.5.1 show that the TIR-NBS protein TN13 is an in
planta interactor of the IMP-a MOS6 and required for full resistance against the bacterial
pathogen Pst DC3000 (AAvrPto/AvrPtoB). The TN13 gene is located head-to-tail next to
AT3G04220, encoding a predicted TNL protein (Figure 3.20 A). This resembles the
situation of two TNL R genes, RRS1 and RPS4, that are genomically linked head-to-head
(Narusaka et al., 2009). To assess the presence of intrinsic functional protein modules in
TN13, the InterProScan5 protein domain prediction was used (http://www.ebi.ac.uk/
Tools/pfa/iprscan5/, Zdobnov and Apweiler, 2001; Goujon et al., 2010). In addition to the
TIR and NBS domains, a N-terminal hydrophobic transmembrane helix was predicted that
might be involved in membrane insertion (Figure 3.20 B). Interestingly, two bipartite NLS
that could mediate interaction with MOS6 were predicted by the NLS-mapper online-tool.
(http://nls-mapper.iab.keio.ac.jp/ cgi-bin/ NLS_Mapper_form.cgi, Kosugi et al., 2009b).
Figure 3.20 (B) shows a schematic representation of the predicted protein domain
structure of TN13. Using the PROSPER tool for in silico prediction of protease cleavage
sites (https://prosper.erc.monash.edu.au, Song et al., 2012) revealed numerous putative
cleavage sites for cysteine-, metallo- and serine proteases in the TN13 primary amino
acid sequence including the region between the predicted trans membrane and TIR
domains. Possibly, this suggests that membrane-bound TN13 might be cleaved and
subsequently released from an endomembrane compartment.

In order to investigate the subcellular localization of TN13, the TN13-cCFP fusion
protein constructs that was also used to validate the interaction with MOS6 in planta by
ColP-analysis (Fig. 3.17) was expressed transiently in N. benthamiana. Subsequent

confocal laser scanning microscopy (CLSM) showed a reticulate, network-like location
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Figure 3.20 TN13-cCFP localizes in the endoplasmic reticulum in N. benthamiana. A) Schematic diagram of
AT3G04210/TN13 and AT3G04220. The genes are arranged in a head-to-tail orientation on Arabidopsis
chromosome 3 (Chr3). Exons are indicated by grey boxes, introns are indicated as lines. B) Schematic
representation of predicted protein domain structure of TN13. Domains were predicted with InterProScan5
(http://www.ebi.ac.uk/Tools/pfa/iprscan5/, Zdobnov and Apweiler, 2001; Goujon et al., 2010), NLS were
predicted with NLS-mapper (http://nls-mapper.iab.keio.ac.jp/cgi-bin/ NLS_Mapper_form.cgi, Kosugi et al.,
2009b). TM = transmembrane domain, TIR = Toll/interleukin-1 receptor homology domain,
NBS = nucleotide binding site, NLS = bipartite nuclear localization signal. C) Transient expression of genomic
AT3G04210/TN13 fused to cCFP (TN13-cCFP) under control of the 35S promoter in N. benthamiana was
analyzed by confocal fluorescence microscopy. Comparison of TN13-cCFP fluorescence with mock (A.
tumefaciens GV3101 pMP19RK p19 strain) and tandem mYFP (YFP-YFP) fluorescence. Upper row shows
fluorescence signals of the indicated fusion proteins (blue and yellow). Middle row shows chloroplast auto-
fluorescence (red). Bottom row shows bright field images. Asterisks mark nuclei, cs = cytoplasmic strand,
scale bar = 10 um. D) TN13-cCFP fluorescence is shown in blue and fluorescence of a co-expressed ER-
marker protein fused to YFP (ER-yk, (Nelson et al., 2007) is shown in yellow. Chloroplast autofluorescence is
shown in red. Asterisk indicates position of the nucleus. Scale bar = 10 um.
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pattern in addition to signal surrounding the nucleus, suggesting a potential localization
at the nuclear envelope and the ER (endoplasmic reticulum, Figure 3.20 C). To validate
this hypothesis, an established ER-marker (ER-yk; Nelson et al., 2007) was co-expressed
with TN13-cCFP and CLSM analysis was conducted. TN13-cCFP co-localized with the ER-yk
marker protein when transiently expressed in N. benthamiana (Figure 3.20 D). The
localization of TN13 to the ER is consistent with the predicted hydrophobic domain at its
N-terminus (Figure 3.20 B). Interestingly, TN13 shares 60 % identity on amino acid level
with RPP1-WsA (supplementary Figure S1) that also contains a stretch of hydrophobic
amino acids at its N-terminus that directs the protein into ER and Golgi membranes

(Weaver et al., 2006).
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4 Discussion

This work focuses on the analysis of IMPORTIN-a (IMP-a) nuclear transport receptors
(NTRs) in Arabidopsis innate immunity. One of the nine IMP-a paralogs present in the
Arabidopsis genome encodes for MOS6/IMP-a3. MOS (MODIFIERS OF SNC1) genes have
been identified in a forward genetic screen for suppressors of auto-immune responses
and related growth inhibition caused by a mutation in the TIR-NB-LRR (TNL)-type R gene
variant sncl (suppressor of nprl-1, constitutive 1, Johnson et al., 2012; Zhang et al., 2003).
Intriguingly, several MOS genes encode components of the nuclear pore complex (NPC)
and nucleocytoplasmic transport machinery, revealing the importance of this
fundamental cellular process for plant immunity and constitutive resistance activated in
sncl (Cheng et al., 2009; Germain et al., 2010; Monaghan et al., 2010; Palma et al., 2005;
Wiermer et al., 2010; Xu et al., 2012). Palma et al. (2005) demonstrated a role for MOS6
in basal plant immunity against the virulent oomycete Hyaloperonospora arabidopsidis
(H. a.) isolate NOCO2. The higher susceptibility of mos6 single mutant alleles towards the
bacterial pathogen Pseudomonas syringae pv. tomato (Pst) DC3000 (AAvrPto/AvrPtoB)
presented here further corroborates the specific involvement of MOS6 in basal resistance
(Figures 3.2 and 3.9, Wirthmueller et al.,, 2015). Together, the findings that MOS6 is
genetically required for basal resistance and sncl-mediated auto-immunity substantiate

the importance of MOS6 in plant defense (Figures 3.2, 3.7, 3.8 and 3.9).

4.1 Selective roles of Arabidopsis IMP-a proteins in plant growth and defense

Potential functional redundancies within the nuclear import receptor family in plant
defense signaling were addressed in the first part of this study (3.1). T-DNA insertion
mutants for the nine IMP-a family members were isolated for reverse-genetic analyses.
The responses of the imp-a single, as well as double and triple mutants towards Pst
DC3000 (AAvrPto/AvrPtoB) were tested. An involvement of IMP-as other than MOS6 in
basal immunity against this pathogen could not be detected (Figure 3.9). In addition, only

mutations in MOS6 but in none of the other IMP-as suppressed the stunted growth
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morphology of the sncl auto-immune mutant, reinforcing the idea of MOS6 substrate
specificity (Figure 3.10). Interestingly, analyses of the imp-a single, double and triple
mutant growth phenotypes revealed partially redundant functions of IMP-a1, IMP-a2 and
MOS6 for regular plant growth (Figure 3.12). These results imply contributions of MOS6 in
plant growth additionally to its functions in immunity and will be evaluated and discussed

in the following chapters.

4.1.1 Regulation of IMP-a expression and function

The size expansion of the IMP-a gene family during eukaryotic evolution raises questions
about redundancy and functional specialization of these nuclear transport receptors. One
possibility to regulate and adjust protein functions to the particular requirements of a
given tissue, developmental stage or external stimulus is temporally or spatially distinct
gene expression (Schmid et al., 2005; Yamada et al., 2003). Accordingly, tissue-specific
expression patterns have been reported for mammalian IMP-a paralogs (Kéhler et al.,
1997; Tsuji et al., 1997; Yasuhara et al., 2007; Hogarth et al., 2006). In silico analysis of the
Genevestigator database showed that M0OS6, IMP-a1, 2, 4, 6 and 9 were ubiquitously
transcribed in unchallenged plants (Figure 3.4, https://www. genevestigator.com; Hruz et
al., 2008). In addition, mRNA levels of these IMP-as were higher in rosette leaves
compared to IMP-a5, 7 and 8. High levels of MOS6 and IMP-a6 mRNAs were also found in
the shoot apex.

The overlapping expression of six IMP-a genes in Arabidopsis leaves implies
partially redundant functions of these paralogs. This scenario is supported by the strong
conservation of residues contributing to the NLS-binding site in MOS6 and IMP-al, 2, 4
and 6, suggesting overlapping NLS-substrate specificities (Wirthmueller et al., 2013,
2015). The NLS-binding site is less conserved in IMP-a9 which might imply different
functions for this IMP-a (Wirthmueller et al., 2013, 2015). Nevertheless, given the
similarities in the NLS-binding sites and expression profiles of IMP-a1, 2, 4, 6 and MOS6, it
is intriguing that genetic knock-out of a single IMP-a gene can lead to mutant
phenotypes. For instance, Bhattacharjee et al. (2008) reported lower A. tumefaciens
transformation rates in root tissue of Arabidopsis imp-a4 mutants. IMP-a4 has the

highest expression level in roots compared to the other IMP-as (Figure 3.4). Expression of
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several importin-a paralogs under control of the tissue non-specific 35S promoter in
imp-a4 complemented the reduced transformation rates (Bhattacharjee et al., 2008). This
finding suggests that tissue-specific expression levels of IMP-as can determine their
contribution to nuclear transport (Wirthmueller et al., 2015; Bhattacharjee et al., 2008).

Interestingly, gene expression of IMP-o¢ family members was not significantly
altered after challenge with diverse pathogens (e.g. Pst and H. a.) or treatment with
bacterial or oomycete elicitors in any of the datasets available via the Genevestigator or
the Bar Expression Browser (Toufighi et al., 2005; Hruz et al., 2008). In support of this,
IMP-a gene transcription was not induced in the sncl auto-immune mutant that
accumulates high levels of the plant defense hormone salicylic acid (SA, Figure 3.6, Li et
al.,, 2001). This suggests, consistent with the constitutively high transcription of MOS6,
IMP-al, 2, 4, 6 and 9 in leaf tissue, that expression of this Arabidopsis IMP-as subset is
not regulated by stimulus-induced variations in gene transcription.

Post-translational modifications emerge to be involved in regulation of IMP-a
protein function. Several reports show post-translational modification by acetylation and
phosphorylation of IMP-a proteins in yeast and mammals (Azuma et al., 1995; Bannister
et al., 2000; Wang et al., 2004; Zou et al., 2008). Specific acetylation of a G/SK -motif in
human IMP-al and 7 by the acetylase CBP (CREB-binding protein) was found to enhance
the affinity of the IBB domain to IMP-B (Bannister et al., 2000). Phosphorylation by the
upstream regulator AMPK (5-AMP-activated protein kinase, human) is discussed to
increase affinity of the major NLS-binding pocket for a certain NLS (Zou et al., 2008).
Combination of acetylation with additional phosphorylation in IMP-al was demonstrated
to be required for enhanced AMPK-triggered nuclear transport of HuR (human antigen R,
Wang et al., 2004). Therefore, post-translational modifications on specific IMP-a proteins
possibly allow to regulate preferential association and subsequently nuclear transport of
certain cargo proteins (Pumroy and Cingolani, 2015). However, post-translational
modifications have not been demonstrated for Arabidopsis IMP-a paralogs. It would be
interesting to investigate whether the function of Arabidopsis IMP-as expressed in the
same tissue is also regulated by specific acetylation and/or phosphorylation and whether

this affects selective nuclear transport of defense regulators in plant immunity.
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4.1.2 MOSG6 is selectively required for plant defense

The genetic requirement for MOS6 in defense against H. a. NOCO2 and Pst DC3000
(AAvrPto/AvrPtoB, Figures 3.8 and 3.9) together with the finding that only mutations in
MOS6 but not in any other IMP-a gene suppress the sncl phenotype (Figure 3.10), implies
specialized functions of this nuclear transport receptor in plant defense. Nevertheless, it
should be noted that mos6 only partially suppresses sncl-related stunted growth and
enhanced resistance (Figures 3.1 and 3.10; Palma et al., 2005). Therefore, a role of other
IMP-as in snc1-mediated auto-immunity and basal resistance cannot be entirely excluded,
also because for some IMP-a genes only T-DNA lines with insertions late in the gene were
available (Figure 3.5). This includes the closest MOS6 homolog IMP-a6. By using semi-
guantitative RT-PCR analysis, no full-length transcript for imp-a mutants was detected
(Figure 3.5). However, the possible production of partial transcripts in imp-a mutants with
late insertions in the gene cannot be excluded. Partial transcripts might lead to the
translation of truncated proteins and thus these T-DNA lines may not represent
functional-null mutants. In the imp-a6 T-DNA line for example, the T-DNA inserted in the
region coding for the C-terminal CAS-binding domain (Figures 3.3 and 3.5). Therefore, if a
truncated IMP-a6 protein was produced, this protein would possibly lack a functional CAS
domain. This domain mediates the interaction between IMP-as and the exportin CAS in
the nucleus for cargo-release and transport of IMP-a back to the cytoplasm (Kutay et al.,
1997; Conti and Kuriyan, 2000; Goldfarb et al., 2004; Haasen and Merkle, 2002).
Consistent with this, a mutation or partial deletion of the CAS domain was shown to
result in retention of human IMP-a2 (RCH1) in the nucleus (Herold et al., 1998).
Therefore, a hypothetical IMP-a6 protein lacking a functional CAS domain would probably
accumulate inside the nucleus. Consequently, this would reduce or abolish IMP-a6
mediated nuclear transport. Nevertheless, it is possible that such truncated IMP-a6
protein may be sufficiently active for manifestation of the sncl-associated growth
phenotype in the sncl imp-a6 double mutant. This could explain why unlike for mos6, no
effect of the imp-a6 mutation in snc1-mediated growth suppression was observed (Figure
3.10). Nevertheless, the reduced growth phenotype of double and triple mutants
containing imp-a1 suggests that combined mutations in more than one imp-a could be

necessary for development of a pronounced phenotype (Figures 3.11 and 3.12, 4.1.3).
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Since loss of MOS6 only partially suppresses the sncl-mediated growth phenotype,
mos6 imp-a6 and other higher order mutants between closely related IMP-a family
members should be combined with the snc1 mutant to further analyze redundant roles of
IMP-as in the sncl-mediated phenotypes. Also, mos6 imp-a6 double mutants should be
tested to assess whether a stronger susceptibility phenotype can be obtained by the loss
of both, MOS6 and IMP-a6 compared to mos6 single mutants. However, testing the
IMP-a triple mutants (that contain mos6-4) with Pst DC3000 (AAvrPto/AvrPtoB) did not
show enhanced susceptibility towards this pathogens when compared to mos6-1 single
mutants (Figure 3.14). This suggests that MOS6 does not function redundantly with the
tested IMP-as in defense against Pst DC3000 (AAvrPto/AvrPtoB) and substantiates the
idea that MOS6 is specifically required for basal defense reactions.

Another possibility for nuclear transport factors that function redundantly with
IMP-as are IMP-B proteins. The classical nuclear import mechanism involves both, IMP-a
and IMP-B (Meier and Somers, 2011). However, IMP-B family proteins were also shown to
directly bind to cargo proteins and mediate nuclear import independently of IMP-as
(Ziemienowicz et al., 2003; Jakel and Gorlich, 1998; Lam et al., 1999; Lee et al., 2006; Lee
et al., 2003; Nagoshi and Yoneda, 2001; Palmeri and Malim, 1999; Zehorai and Seger,
2014). Redundant functions between such NTRs and MOS6 could also be responsible for
the fact that mos6 only partially suppresses the stunted growth of sncl. Interestingly,
several IMP-B family proteins were found to interact with MOS6 in the in planta affinity
purification approach (3.2, Figure 3.17). Double mutants of these MOS6 interactors with
sncl are currently generated to answer the question whether loss of these NTRs

influences the snc1-mediated growth phenotype.

4.1.3 IMP-al, IMP-a2 and MOS6 have partially redundant functions in plant growth
regulation

Plant growth of the imp-al imp-a2 and imp-al mos6 double mutants and the triple

mutant line imp-al imp-a2 mos6-4 is reduced (Figure 3.11 and 3.12) whereas loss of

imp-al alone is not is sufficient for growth reduction in comparison to wild-type plants

(Figure 3.7). These findings indicate partially redundant roles of IMP-al, IMP-a2 and

MOS6 in plant growth, suggesting overlapping functions of these IMP-as in import of
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cargo proteins involved in plant growth regulation. Together with the finding that loss of
nucleoporins can cause growth and developmental defects such as early flowering time or
root elongation, the growth phenotype of imp-al imp-a2 mos6-4 underlines the
important role for components of the nucleocytoplasmic transport machinery for proper
plant development (Parry et al., 2006; Parry, 2014; Ferrandez-Ayela et al., 2013; Wiermer
et al.,, 2012). However, no further increase in susceptibility against Pst DC3000
(AAvrPto/AvrPtoB) could be shown for the growth-retarded triple imp-al imp-a2 mos6-4
mutant compared to the mos6-1 single mutant (Figure 3.14). Therefore, these IMP-as do
not have overlapping functions in defense against the mildly virulent Pst strain DC3000
(AAvrPto/AvrPtoB). This suggests divergent roles of the different IMP-as in plant
development and immunity, although MOS6 appears to be involved in both processes.

Loss of IMP-al, IMP-a2, and MQOS6 in the triple mutant probably results in
reduction of the absolute amount of cellular IMP-a protein, since no compensatory
transcriptional upregulation of remaining IMP-as was detected (Figure 3.13). This
deficiency of IMP-a proteins in the cells might lead to reduced cargo/IMP-a transport
complex formation. It was reported that the NLS-cargo/NTR ratio is important for efficient
nucleocytoplasmic transport (Riddick and Macara, 2005; Hodel et al., 2006; Timney et al.,
2006). Reduction of the amount of IMP-a proteins available for nuclear transport in a
specific tissue could consequently lead to reduced import rates of cargo proteins. These
circumstances would in turn affect tissue development if translocation of crucial
regulatory factors was reduced. It remains to be analyzed how loss of IMP-as leads to
retardation of plant growth and whether IMP-al, IMP-a2 and/or MOS6 import specific
yet unknown cargo proteins involved in plant growth regulation. Expression of fusion
constructs of IMP-a1 and IMP-a2 to the 3xHA-SII-tag in transgenic plants and subsequent
affinity purification approaches might help answer these questions.

IMP-al, IMP-a2 and IMP-a4 are the three most highly expressed IMP-as in rosette
leaves (Figure 3.4). The idea of potential redundancy between IMP-al, IMP-a2 and
IMP-a4 is supported by the strong conservation of residues contributing to the NLS-
binding site of these proteins (Wirthmueller et al., 2013, 2015). Therefore, the generation
of an imp-al imp-a2 imp-a4 triple mutant could help to further assess the importance of

these three IMP-as in nuclear transport for plant growth regulation.
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4.2 Identification and characterization of MOS6 cargo proteins and interaction

partners

To understand the molecular function of MOS6 in plant immunity, MOS6 cargo proteins
and interaction partners were identified in the second part of this work (3.2). For this
purpose, two independent approaches were adopted. The Plant-Pathogen Immune
Network (PPIN-1, Mukhtar et al., 2011) was analyzed in silico for putative immune-related
interaction partners of MOS6 that were identified via high-throughput yeast two-hybrid
screens. In addition, an affinity purification approach aimed at the identification of MOS6
interacting proteins in planta after pathogen challenge with H. a. NOCO2 was conducted.
From the candidate interactors identified in both approaches, components of the
nucleocytoplasmic transport machinery (i.e. nucleoporins and karyopherins),
transcription factors and members of the TIR-NBS family were selected for further
functional analyses. To independently verify binding of the selected candidate proteins to
MOS6, co-immunoprecipitation (ColP) after Agrobacterium-mediated transient
expression analyses in N. benthamiana were conducted. Importantly, several of the
candidate interactors co-immunoprecipitated MOS6 but not its closest homolog IMP-a6
(Figure 3.17). Reverse genetic analysis of candidate MOS6 interactors was carried out to
assess their potential involvement in plant immunity. These experiments uncovered an
impairment in basal resistance against Pst DC3000 (AAvrPto/AvrPtoB) for a T-DNA
insertion in TN13, encoding a TIR-NBS (TN) class protein (Figure 3.19 B). Confocal laser
scanning microscopy after transient expression of cCFP-tagged TN13 in N. benthamiana
revealed localization of this MOS6-interactor to the endoplasmic reticulum (Figure 3.20).

The findings summarized above will be evaluated and discussed in the following.

4.2.1 Exclusive and redundant functions of MOS6 and its closest homolog IMP-a6 in
nuclear transport complex formation

After evaluation of the two data sets based on the criteria specified under 3.2.1 and 3.2.3,

thirteen candidates were selected for further analysis (Table 3.2). From the PPIN-1

network analysis, three transcription factors and two TIR-NBS-domain containing proteins

were chosen. From the in planta affinity purification approach three nucleoporins and
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five karyopherins were selected. In planta interaction of the thirteen candidate MOS6
cargo proteins and interaction partners was re-evaluated via ColP. For this,
Agrobacterium-mediated transient co-expression of cCFP-tagged candidates and
3xHA-SII-tagged MOS6 was carried out in Nicotiana benthamiana. To assess whether the
selected candidates also interact with the closest homolog of MOS6, IMP-a6,
precipitation of IMP-a6-3xHA-SII was also tested. Five of the putative MOS6 interacting
proteins were able to precipitate IMP-a6 as well. These are NUP50, KPNB1/IMP-B2, both
putative IMP-B proteins (a and b) and the TNL protein (Figure 3.17). The interaction
between IMP-a6 and both putative IMP-B proteins and the TNL protein was at the
detection limit of this assay, suggesting weak interactions.

The identification of proteins that selectively interact with MOS6 and proteins that
interact with both IMP-a6 and MOS6 suggests exclusive as well as redundant functions
for MOS6 and its closest homolog IMP-a6 in nuclear import. Wirthmueller et al (2015)
showed that in addition to the protein levels of IMP-as in a given tissue, the binding
affinity of a certain NLS to a specific IMP-a is an important factor for the formation of
cargo-NLS/IMP-a transport complexes. Small sequence variations in the cargo-NLS and/or
the IMP-a NLS binding sites are therefore of functional relevance for distinct transport
pathways (Wirthmueller et al., 2015; Quensel et al., 2004). Interestingly, predominantly
proteins of the nuclear transport machinery that do not contain predicted NLS motifs
were found to interact with IMP-a6 with the exception of the TNL protein. Conceivably,
unique features in the NLS-sequences of MOS6-inteactors and/or the MOS6-NLS binding
sites might be responsible for preferential binding to MOS6. Comparison and functional
analyses of the NLS-sequences of proteins that only precipitated MOS6 in the ColP
experiments might give further insights in specific NLS sequence-requirements for binding

to MOS6 and not to IMP-a6.

4.2.1.1 NUP1/NUP136 and NUP155 selectively interact with MOS6 while NUP50
interacts with both, MOS6 and IMP-a6

Several nuclear pore complex proteins (nucleoporins) have previously been shown to be

required for Arabidopsis innate immunity (i.e. MOS7/NUP288, NUP160, SEH1, Cheng et
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al., 2009; Wiermer et al., 2010; Roth and Wiermer, 2012) or plant responses to symbiotic
microbes (i.e. NUP133, NUP85, NENA, Kanamori et al., 2006; Saito et al., 2007; Groth et
al., 2010). The nucleoporins NUP50, NUP1/NUP136 and NUP155 that were identified in
the MOS6 affinity-purification, however, have not previously been described to be
involved in plant-microbe interactions and were therefore selected for further analysis.
The ColP analysis of NUP50-cCFP showed interaction of this nucleoporin with both
MOS6-3xHA-SII and IMP-a6-3xHA-SII (Figure 3.17). NUP50 is encoded by AT1G52380 and
its C-terminal part shows 46% similarity to the corresponding region of human NUP50
(Tamura et al., 2010). NUP50 contains a RanBP1 domain for direct binding to Ran-GTP and
belongs to the FG nucleoporins (Tamura et al., 2010). The Arabidopsis genome encodes
one additional ortholog of NUP50 (Table 3.2). Localization to the nucleoplasm and to the
basket on the nuclear site of the NPC was reported for NUP50 proteins in Arabidopsis and
other eukaryotes (Lindsay et al., 2002; Tamura et al., 2010; Guan et al., 2000; Tamura and
Hara-Nishimura, 2013). Interactions of NUP50 with IMP-al, IMP-a2, MOS6, IMP-a4,
IMP-a5, IMP-a6 and Ran were shown previously in a proteomic approach aiming to
identify the composition of the Arabidopsis NPC (Tamura et al., 2010). Because of its
interaction with IMP-a proteins and Ran, NUP50 is discussed to possibly function in
regulation of nucleocytoplasmic transport rather than forming a part of the NPC (Tamura
et al.,, 2010). This assumption is consistent with findings from the animal field where
NUP50 was shown to displace cargo proteins from IMP-a (mouse Kap60p, Matsuura and
Stewart, 2005). The NUP50 N-terminal domain was demonstrated to compete with a
canonical cargo-NLS sequence for binding to an IMP-a/IMP-B complex, resulting in
accelerated NLS release in the terminal stages of nuclear import (Matsuura and Stewart,
2005). Arabidopsis NUP50 does not contain a predicted NLS motif (Table 3.2). Therefore,
precipitation of both MOS6 and IMP-a6 by NUP50 might support the scenario of
functional interaction for acceleration of NLS-release by an active displacement
mechanism in Arabidopsis (Matsuura and Stewart, 2005; Gilchrist et al., 2002). When
Pst DC3000 (AAvrPto/AvrPtoB) was used to test the involvement of NUP50 in Arabidopsis
immunity no aberrant phenotype of a nup50 T-DNA insertion line was uncovered (Figure
3.19). This indicates that NUP50 is not involved in defense against Pst DC3000

(AAvrPto/AvrPtoB) and rather plays a mechanistic role in plant nucleocytoplasmic
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transport as pointed out above. Alternatively, NUP50 might have redundant functions
with its putative ortholog (Table 3.2).

Two other nucleoporins were investigated in the ColP analyses. Both,
NUP1/NUP136-cCFP and NUP155-cCFP precipitated MOS6-3xHA-SII  but not
IMP-a6-3xHA-SIl. NUP1/NUP136, like NUP50, belongs to the group of nuclear FG
nucleoporins of the NPC basket, whereas NUP155 belongs to the inner ring/NUP93
sub-complex (Figures 1.2 and 4.1, Tamura and Hara-Nishimura, 2013). NUP1/NUP136
(NUP153 in vertebrates) was found to be mobile on the nuclear envelope and to
dynamically interact with the NPC (Tamura et al., 2010) where it anchors the Arabidopsis
homolog of the yeast TREX-2 mRNA export complex (Lu et al., 2010). Tamura et al., (2010)
could show in a proteomic approach that NUP1/NUP136 interacts with NUP155, IMP-a1,
IMP-a2, MOS6 and KPNB1/IMP-B2. The presence of FG repeats in NUP1/NUP136 and its
localization to the NPC basket suggest a requirement for this nucleoporin in active
transport through the NPC (Tamura et al.,, 2010; Tamura and Hara-Nishimura, 2013).
Analysis of nup1/nup136 mutants revealed that NUP1/NUP136 is involved in regulating
nucleus morphology and mRNA export from the nucleus. Lack of NUP1/NUP136 function
leads to developmental defects such as early flowering and a reduced number of rosette
leaves in mutant plants (Tamura and Hara-Nishimura, 2011; Tamura et al., 2010; Lu et al.,
2010). However, loss of NUP1/NUP136 had no effect on resistance against Pst DC3000
(AAvrPto/AvrPtoB, Figure 3.19). These observations support the idea that NUP1/NUP136
has a general function in plant nucleocytoplasmic transport, regulation of nuclear
morphology and mRNA export rather than a specialized role in plant disease resistance.
Unlike NUP50 and NUP155, NUP1/NUP136 contains a predicted NLS, which makes it a
potential NLS-cargo candidate (Table 3.2). Hence, MOS6 could be responsible for import
of NUP1/NUP136 into the nucleus after cytoplasmic biosynthesis of the protein. MOS6-
mediated nuclear import of NUP1/NUP136 may therefore be the reason for efficient
precipitation of MOS6 by this nucleoporin in addition to an interaction necessary for
nuclear transport complex translocation through the NPC. Whether MQOS6 directly
interacts with NUPs or whether this interaction is mediated by IMP-3 co-receptors cannot

be deduced from the ColP experiments. Notably, different members of the IMP-B family
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were identified as MOS6 interactors and could serve to mediate interaction with
nucleoporins (Figure 3.17, 4.2.1.2).

NUP155 is part of the inner ring of the NPC and its transcription is 1.4 fold
upregulated in response to infection with the virulent H. a. isolate AHCO (Mahalingam et
al., 2003; Tamura et al.,, 2010). Interestingly, NUP155-cCFP only co-precipitated
MOS6-3xHA-SII but not IMP-a6-3xHA-SII (Figure 3.17). However, an involvement of the
analyzed nucleoporins in resistance against Pst DC3000 (AAvrPto/AvrPtoB) was not
detected (Figure 3.19). These results indicate that the interactions of MOS6 with NUP50,
NUP1/NUP136 and NUP155 possibly represent a general need for nucleocytoplasmic
transport rather than a mechanism involved in biotic stress responses. Also, putative
orthologs might act redundantly with NUPs analyzed in this study (Table 3.2). The weak
(1.4-fold) upregulation of NUP155 expression in response to infection with H. a. AHCO
could therefore reflect the general need for nuclear trafficking in plant defense rather
than a direct involvement in defense regulation.

Only one of the NUPs analyzed in this work interacts with both, MOS6 and IMP-a6
(Figure 3.17), showing that MOS6 has selective as well as partially overlapping functions
with its closest homolog, IMP-a6. Differences between MOS6 and IMP-a6 interactions
and ultimately differences in their biological functions could be rooted in nuclear protein
import, transport complex formation with the IMP-B co-receptors and/or their route

through the NPC in which selective interactions with different NUPs might play a role.

4.2.1.2 MOS6 and IMP-a6 interact with karyopherins of the IMP- family

Five soluble proteins implicated in nucleocytoplasmic protein transport were among the
MOS6 interacting candidates that were selected for further analysis (Table 3.2).
AtKPNB1/IMP-B2 interacted with both MOS6 and IMP-a6 after transient expression in
N. benthamiana (Figure 3.17). This protein was one of the most abundant interactors of
MOQOS6 in the in planta affinity purification experiments (Table 3.1). The interaction of
MOS6 with an IMP-B co-receptor was expected due to the cooperative function of both
proteins in nuclear import (Figure 1.2, Stewart, 2007b; Meier and Somers, 2011).

Therefore, presence of IMP-B served as proof-of-concept for this experiment.
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AtKPNB1/IMP-B2 is the Arabidopsis homolog of human KPNB1 (Luo et al., 2013a).
Interestingly, human KPNB1 was shown to interact with nucleoporins and to directly bind
and transport cargo substrates such as histones and ribosomal proteins into the nucleus
without the aid of an IMP-a protein (Conti et al., 2006; Merkle, 2011; Jakel and Gorlich,
1998; Takizawa et al., 1999). In contrast to recent findings where IMP-a6 but not MOS6
did interact with AtKPNB1 in yeast two hybrid assays (Luo et al., 2013a), the ColP analysis
presented in this work revealed that MOS6 is able to interact with this protein in planta
(Table 3.1, Figure 3.17). Therefore, the number of IMP-a proteins interacting with this
particular IMP-B homolog could be extended. AtKPNB1/IMP-682 is expressed in various
organs and tissues (Luo et al., 2013a). These observations suggest that this IMP-B protein
is generally rather than selectively involved in nuclear transport processes. The finding
that KPNB1 interacts with several IMP-as including MOS6 and IMP-a6 likely represents
the general requirement of this IMP-B for nuclear protein import in Arabidopsis.
Consistent with this, loss of KPNB1 in Arabidopsis leads to various defects such as delayed
plant development under normal growth conditions and increased sensitivity to abscisic
acid (Luo et al., 2013a). When tested with Pst DC3000 (AAvrPto/AvrPtoB), the kpnbl
mutant did not show an aberrant phenotype (Figure 3.19). Therefore, AtKkPNB1/IMP-B2 is
probably not the only MOS6 co-receptor in nuclear import, which is consistent with the
identification of other IMP-f like proteins in the MOS6 affinity-purification (Table 3.1).

An additional putative IMP-B protein identified in the MOS6 affinity-purification is
AT3G08943/IMP-B_a and the genomically linked AT3G08947/IMP-8_b encodes a very
similar protein. Because functions in nuclear import have not yet been demonstrated,
these two proteins were named IMP-$, putative -a and -b, respectively. The two putative
IMP-B proteins both contain an importin-f N-terminal domain and a HEAT repeat domain.
The HEAT repeat domain is implicated in binding to the IBB domain of IMP-a proteins and
the interaction with nucleoporins (Cingolani et al.,, 1999; Bayliss et al., 2000). The
characteristic importin-B N-terminal domain is involved in the interaction with Ran
(Cingolani et al., 1999; Bayliss et al., 2000). Interestingly, both proteins were able to
weakly precipitate IMP-a6-3xHA-SII (Figure 3.17). MOS6-3xHA-SII weakly interacted with
IMP-B_a whereas interaction with IMP-B_b was considerably stronger. These

observations suggest that IMP-a6 and MOS6 have selective binding capacities for
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different IMP-B (or IMP-B-like) co-receptors. The interaction of IMP-a with IMP-f typically
occurs via the auto-inhibitory IBB domain of IMP-a (Cingolani et al.,, 1999). The IBB
domains of MOS6 and IMP-a6 share 83 % sequence identity on amino acid level
(Wirthmueller et al., 2013). It might be possible that small differences in the IBB domains
account for differential binding to other karyopherins. Therefore, preferential interaction
of IMP-as with certain nuclear transport factors might represent an additional level in the
regulation of nucleocytoplasmic transport.

The IMP-B-like proteins TRANSPORTIN 1 (TRN1) and NUCLEAR TRANSPORT
FACTOR 2 (NTF2) were identified as MOS6-3XHA-SII interactors by affinity-purification in
Arabidopsis (3.2.3). TRN1 proteins mediate nuclear import of cargo proteins that contain
a non-canonical M9 NLS defined by a glycine-rich amino acid motif without involvement
of IMP-a (Michael et al., 1995; Bogerd et al., 1999; Pollard et al., 1996; Lee et al., 2006;
Marfori et al.,, 2011). Arabidopsis TRN1 mediates nuclear import of the RNA-binding
protein GRP7 in digitonin-permeabilized Hela cells without contribution of Arabidopsis
IMP-a proteins (Ziemienowicz et al., 2003). Interestingly, the TRN1-cargo GRP7 selectively
binds FLS2 and EFR transcripts and this function is targeted by the Pst type lll effector
HopU1 to promote disease (Ziemienowicz et al., 2003; Nicaise et al., 2013). However, an
involvement of TNR1 in immunity against Pst DC3000 (AAvrPto/AvrPtoB) could not be
observed by analysis of a trn1 T-DNA insertion line (Figure 3.19). This suggests that either
the role of TRN1 in GRP7 mediated transport is not crucial for immunity against
Pst DC3000 (AAvrPto/AvrPtoB) or that TRN1 works redundantly with an ortholog (Table
3.2) and/or other karyopherins in GRP7 nuclear import. In contrast to the finding that
TRN1 proteins do not require IMP-a for nuclear import (Pollard et al., 1996; Marfori et al.,
2011), in planta ColP experiments revealed an interaction of MOS6 with TRN1 (Figure
3.17). TRN1 does not contain a predicted NLS (Table 3.2), suggesting that it is not an
IMP-a cargo protein. Therefore, TRN1 and MOS6 might act cooperatively in nuclear
transport. A possible scenario for the association of MOS6 and TRN1 involves cooperation
of these proteins for efficient nuclear import of GRP7. GRP7 binds FLS2 and EFR
transcripts in the nucleus for export to the cytosol and subsequent FLS2 and EFR protein
biosynthesis (Nicaise et al., 2013). It can therefore be hypothesized that reduced nuclear

import of GRP7 in mos6 mutants might lead to reduced nuclear GRP7 levels available for
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export of FLS2 and EFR transcripts. This would in turn affect protein levels of the PRRs
FLS2 and EFR. Reduced levels of these PRRs would consequently lead to reduced PTI
activation after treatment with bacterial pathogens (Bauer et al., 2001; Zipfel et al., 2004;
Zipfel et al., 2006). The interaction between TRN1 and MOS6 demonstrated in this work is
intriguing, but it remains to be shown whether TRN1 and MOS6 operate cooperatively in
GRP7 nuclear import.

Similar to TRN1, it was shown that NTF2 is able to mediate nuclear import of cargo
proteins independently from IMP-a. One prominent cargo of NTF2 is Ran-GDP and
interaction of NTF2 with both, FG repeat-containing nucleoporins and single-stranded
RNA was reported (Bhattacharya and Steward, 2002; Ribbeck et al., 1998). Interestingly,
Drosophila melanogaster NTF2 is also required for nuclear transport of NF-kB
transcription factors (Bhattacharya and Steward, 2002). Since direct binding of NTF2 to
NF-kB has not been shown, it was suggested that NTF2 indirectly regulates the function of
NTRs by controlling the nucleocytoplasmic Ran gradient (Bhattacharya and Steward,
2002). By association of NTF2 to nucleoporins, interaction with nuclear transport
receptors that travel through the NPC is conceivable (Bhattacharya and Steward, 2002).
Therefore, binding of NTF2 to MOS6 suggests a conjunction of NTF2/Ran complexes and
nuclear import complexes at the NPC. However, interaction of NTF2 with MOS6 or
IMP-a6 could not be confirmed after transient expression in N. benthamiana (Figure
3.17). This could be due to the heterologous expression system in N. benthamiana, where
putative mediators for an interaction between MOS6 and/or IMP-a6 and NTF2 might not
be present. An involvement in immunity against Pst DC3000 (AAvrPto/AvrPtoB) could not
be observed by use of an ntf2 T-DNA insertion line (Figure 3.19), suggesting that NTF2 is
either not required for plant immunity or works redundantly with other NTF2 proteins or
karyopherins.

The data summarized above suggest that selective interactions of MOS6 and other
IMP-as with various co-receptors as for example IMP-Bs, TRN1 or NTF2 could represent
different routes through the NPC that might be required for modulation of specific plant
responses. Differential routes of nuclear import complexes through the NPC could involve
selective interaction with specific nucleoporins. This is further supported by the finding

that MOS6 and IMP-a6 interact with different subsets of nucleoporins (4.2.1.1).
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4.2.1.3 MYB70, ORS1 and WRKY60 interact with MOS6 but not with IMP-a6

All three transcription factors (MYB70, ORS1 and WRKY60) that were selected for further
analysis from the PPIN-1 database co-immunoprecipitated MOS6-3xHA-SII but not
IMP-a6-3xHA-SIl in N. benthamiana (Figure 3.17). These results are consistent with data
from the yeast two hybrid assays of the PPIN-1 network (Mukhtar et al., 2011). In this
work, altered susceptibility towards Pst DC3000 (AAvrPto/AvrPtoB) was not observed for
the myb70 T-DNA line (Figure 3.19). The function of MOS6 in basal responses towards Pst
DC3000 (AAvrPto/AvrPtoB) infection is therefore probably independent of MYB70.
However, interestingly, MYB70 is targeted by various H. a. effectors and loss of MYB70
renders Arabidopsis more susceptible to H. a. NOCO2 (Welling et al., 2014; Mukhtar et
al.,, 2011). This suggests a central role for MYB70 in basal defense against this virulent
oomycete. MOS6 is also involved in basal resistance against this pathogen (Palma et al.,
2005), and both proteins interact in planta (Figure 3.17). Therefore, it is tempting to
speculate that MOS6 mediates nuclear transport of MYB70 for basal defense against H. a.
NOCO2. However, whether MOS6 influences nuclear localization of MYB70 remains to be
assessed.

The MOS6-interacting NAC transcription factor ORS1 (ORESARA1 SISTER1) was
found to regulate senescence in Arabidopsis and its transcription is strongly induced by
H,0, treatment (Balazadeh et al., 2011; Matallana-Ramirez et al., 2013). Loss of ORS1
function in the ors1 T-DNA line did not result in altered susceptibility against Pst DC3000
(AAvrPto/AvrPtoB, Figure 3.19). Notably, the expression of WRKY40 was upregulated
upon nuclear localization of ORS1 (Balazadeh et al., 2011) which suggests that ORS1 is
involved in regulating WRKY40 gene expression. Interestingly, in addition to ORS1,
WRKY60-cCFP also co-precipitated MOS6-3xHA-SII but not IMP-a6-3xHA-SII (Figure 3.17).
WRKY60 co-operates with WRKY18 and WRKY40 in plant defense regulation (Chen et al.,
2010; Xu et al., 2006). Loss of WRKY60 has no effect on resistance against virulent
Pst DC3000 and virulent powdery mildew pathogens (Xu et al., 2006). This coincides with
the finding that susceptibility to Pst DC3000 (AAvrPto/AvrPtoB) was not altered in the
wrky60 single mutant (Figure 3.17). The wrkyl8 wrky60 and wrky18 wrky40 double
mutants and the wrky18 wrky40 wrky60 triple mutant, however, are more resistant to Pst

DC3000 and more susceptible to the necrotrophic pathogen Botrytis cinerea than
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wild-type plants (Xu et al., 2006). Additionally, wrky18 wrky40 is more resistant to
Golovinomyces orontii (Shen et al., 2007). These findings demonstrate partially redundant
roles for the three WRKY TFs in immunity towards biotrophic and necrotrophic
pathogens. It would be interesting to test whether MOS6 also interacts with WRKY18 and
WRKY40. However, the opposite phenotypes of mos6 mutants (more susceptible towards
Pst DC3000 (AAvrPto/AvrPtoB)) and the wrky18 wrky40 wrky60 triple mutant (more
resistant towards Pst DC3000) imply that MOS6-mediated nuclear transport is either
dispensable for nuclear localization of these WRKY TFs or that other IMP-as act
redundantly with MOS6 in nuclear import of WRKY18, WRKY40 and WRKY60.

In addition to their role in plant defense, WRKY18, WRKY40 and WRKY60 act as
repressors of abscisic acid (ABA) signaling (Liu et al., 2012). Interestingly, high levels of
ABA relocate WRKY40, and probably WRKY18 and WRKY60 as well, from the nucleus to
the cytoplasm to release inhibition of ABA-responsive genes (Shang et al., 2010). This is
accomplished by interaction of WRKY40 with the chloroplast envelope ABA receptor (the
magnesium-protophorphyrin IX chelatase H subunit, Shang et al., 2010). These data
further underline the importance of dynamic nuclear-cytoplasmic localization of WRKY
transcription factors. Another link between ABA-responses and disease resistance is
represented by the finding that ABA deficiency leads to accumulation of the TIR-NB-LRR
R proteins SNC1 and RPS4 in the nucleus (Mang et al., 2012). Whether MOS6-dependent
nuclear transport of SNC1 and RPS4 is involved in these processes is an interesting
question to pursue.

The suppression of sncl-mediated phenotypes by mutations in MOS6 (Figure 3.1,
Palma et al., 2005) suggests a role for MOS6 in nuclear transport of auto-active sncl.
However, SNC1 was not identified as MOS6 interaction partner in the affinity-purification
approach. This might be due to the fact that wild-type SNC1 but not the auto-active sncl
variant were present in the transgenic mos6-1 line expressing MOS6-3xHA-SII. The amino
acid substitution that leads to the sncl phenotype is located in the linker region between
the NBS and LRR domains and possibly alters sncl protein conformation (Zhang et al.,
2003). Interestingly, the sncl mutation is located in close proximity to a predicted NLS
and NES. Therefore, it is conceivable that the constitutively active conformation might

lead to enhanced nuclear import of sncl by MOS6. Consistent with this scenario, it was
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shown that sncl needs to accumulate in the nucleus for activation of auto-immunity
(Cheng et al., 2009). To test whether MOS6 is able to bind the auto-active sncl variant,
affinity purification could be executed with the transgenic lines expressing MOS6-3xHA-SI|
in snc1 mos6-1 (Figure 3.15). Notably, these lines have been shown to express functional
3xHA-Sll-tagged MOS6 by reconstitution of the growth phenotype back to sncl
morphology (3.2.2, Figure 3.15). This will allow purifying MOS6 cargo proteins and
interaction partners in the sncl auto-immune background that shows constitutive
activation of defense responses. This may vyield further information on MOS6-mediated
nuclear transport in TNL-mediated immunity.

Auto-immunity in sncl fully depends on the defense regulator EDS1, but like SNC1,
EDS1 was not found in MOS6 affinity purifications from H. a. NOCO2 infected samples.
This could be due to relatively weak nuclear accumulation of EDS1 in basal defense
responses compared to TNL-mediated resistance or sncl auto-immunity (Garcia et al.,
2010). Consequently, nuclear import rates of EDS1 might have been too low to detect
EDS1 in mass spectrometric analyses after MOS6 affinity purification. To tackle the
problem of detecting low-abundant or weakly interacting NLS-cargo substrates,
transgenic lines should be generated that express AIBB-MOS6-3xHA-SII (MOS6 without its
IBB domain) in mos6-1 or sncl mos6-1 background. It was shown previously that
mutation or deletion of the IBB domain responsible for interaction with IMP- leads to
accumulation of IMP-a proteins in the cytoplasm (Gorlich et al., 1996; Zannini et al.,
2003). Cytoplasmic retention subsequently inhibits cargo-release because of the spatial
separation from nuclear localized Ran-GTP (Gorlich et al.,, 1996; Zannini et al., 2003).
Accordingly, the advantage of AIBB-MOS6-3xHA-SII expressing lines is the cytoplasmic
retention/accumulation of MOS6/cargo complexes. Such lines would provide a useful tool

to enhance the efficiency of future MOS6 affinity purification experiments.

4.2.1.4 MOS6 but not its closest homolog IMP-a6 interacts with the TIR-NBS protein

TN13 which is involved in plant innate immunity

The Arabidopsis genome contains a large number of TIR-domain encoding genes

(estimations range from 82 to 93 genes, Sun et al., 2014; Meyers, 2003; Yang et al., 2008).
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Typically, TIR-NB-LRR family proteins function in ETl as immune receptors that indirectly
or directly recognize pathogenic effector proteins. Signals from TNLs converge on the
lipase-like protein EDS1 (Aarts et al., 1998; Garcia et al., 2010).

Two members of the TIR-NBS-domain family of defense related proteins were
analyzed in this study: a not yet characterized TIR-NBS-LRR (TNL) protein and TIR-NBS 13
(TN13, Table 3.2). TN13 is lacking a C-terminal LRR protein domain. Therefore, it belongs
to the group of Arabidopsis TIR-NBS (TN) proteins (Nandety et al., 2013; Meyers et al.,
2002). Both proteins co-precipitated MOS6-3xHA-SII (Figure 3.17). Interestingly TNL
interacted with IMP-a6-3xHA-SII after transient expression in N. benthamiana (Figure
3.17), suggesting redundant functions in TNL-nuclear transport for MOS6 and IMP-a6.
TN13 selectively interacted with MOS6 in ColP analyses, reinforcing the idea of MOS6-
substrate specificity. Blast searches revealed that TNL shares 80 % identity on amino acid
level with RPP1-WsB (RECOGNITION OF PERONOSPORA PARASITICA1 from Arabidopsis
accession Wassilewskija, Altschul et al., 1990). For TN13 60 % identity with RPP1-WsA was
detected (supplementary Figure S1). RPP1 confers resistance to different H. a. isolates in
Arabidopsis accession Ws-0 through direct binding of the cognate effector ATR1 via its
LRR repeat domain (Rehmany et al., 2005; Botella et al., 1998; Krasileva et al., 2010;
Steinbrenner et al., 2015). Effector triggered immunity of Col-0 against the H. a. isolates
CALA2 and EMWAL1 is mediated by the TNLs RPP4 and RPP2, respectively (Botella et al.,
1998; Caillaud et al., 2012b). However, the tn/ and tn13 mutant lines did not show altered
resistance towards these avirulent oomycetes (Figure 3.19), indicating that TNL and TN13
are not required for RPP2 and RPP4 mediated immunity. To assess their involvement in
basal resistance, susceptibility towards Pst DC3000 (AAvrPto/AvrPtoB) was analyzed.
Bacterial proliferation was not altered by loss of TNL (Figure 3.19). In contrast to the tn/
mutant, the T-DNA insertion mutant of the TN13 gene was more susceptible against Pst
DC3000 (AAvrPto/AvrPtoB, Figure 3.19). Notably, a similar phenotype was demonstrated
for mos6 mutants (Figure 3.2). Together with the finding that TN13 interacts with MOS6
in planta these results suggest collaborative roles of MOS6 and TN13 in basal plant
immunity. To address the question whether both proteins function together in plant

defense, double mos6 tn13 mutants should be generated for gene interaction analysis.

110



Discussion

4.3 Possible roles for the TIR-NBS protein TN13 in plant defense signaling

In addition to TIR-NB-LRR (TNL), TIR-X (TX) and TIR-NBS (TN) proteins were described that
either contain various domains (TX) or only the NBS-domain in addition to the TIR-domain
(TN, Meyers et al., 2002; Nandety et al., 2013). Arabidopsis TN proteins are suggested to
function as adaptor proteins in plant defense signaling similar to MyD88 (MYELOID
DIFFERENTIATION PRIMARY RESPONSE GENE 88) and MyD88-adapter-like proteins in
mammalian and Drosophila immune responses (Horng and Medzhitov, 2001; Medzhitov
et al., 1998; Meyers et al., 2002). Interestingly, the Arabidopsis TN protein TN2 was found
to directly interact with the exocyst complex subunit EXO70B1 which mediates vesicle
exocytosis (Zhao et al., 2015). Since exo70b1 mutants show enhanced resistance against
Pst DC3000, virulent oomycetes and powdery mildews, it was suggested that TN2
functions as a guard for EXO70B1 (Zhao et al., 2015; Stegmann et al., 2012). Although
effector targeting to EXO70B1 has not been shown, it is tempting to speculate that
guarding of proteins involved in PTI is a function executed by TN proteins (Zhao et al.,
2015). Nandety et al. (2013) demonstrated effector binding to various TN proteins by
yeast two hybrid analyses. Interestingly, the MOS6-interactor TN13 was shown to interact
with the Pst DC3000 effector HopY and nematode effector Rbp001 (Nandety et al., 2013).
This suggests a hypothetical role for TN13 as an effector target which is consistent with its
involvement in basal immunity against Pst DC3000 (AAvrPto/AvrPtoB, Figure 3.19).
Certain TN proteins were shown to induce EDS1-dependent HR responses upon
transient expression in N. benthamiana and this was also shown for truncated TNL
proteins that only contained TIR and NBS domains (Nandety et al., 2013; Weaver et al.,
2006; Swiderski et al., 2009). This effect was not observed upon transient expression of
TN13-cCFP, suggesting that expression of TN13 alone is not sufficient to trigger cell death
in N. benthamiana. Overexpression of TN13 in Col-O did not lead to altered immune
responses upon challenge with Pst DC3000 nor to aberrant plant growth phenotypes
(Nandety et al.,, 2013). A genetic requirement of TN13 for growth-retardation in the
TIR-NB-LRR auto-immune mutant sncl that accumulates high levels of SA was not
observed (Figure 3.19). Interestingly, TN13 gene expression is ten-fold increased at
4 and 52 h after SA treatment suggesting an involvement of TN13 in SA-dependent

defense pathways (Nandety et al., 2013).
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The Arabidopsis genome contains genetically linked pairs of TN and TNL genes which are
discussed to be cooperatively required for defense responses in plants (Eitas and Dangl,
2010; Meyers et al., 2002; Zbierzak et al., 2013). Interestingly, the TN13 gene (encoded by
AT3G04210) is located head-to-tail next to AT3G04220, encoding a predicted TNL protein
(Figure 3.20 A). This resembles the situation of two TNL R genes, RRS1 and RPS4, that are
genomically linked head-to-head (Narusaka et al., 2009). Recently, direct interaction of
the TIR domains of RPS4 and RRS1, individually and as a heterodimeric complex was
revealed (Williams et al., 2014). Also, binding of the effectors AvrRps4 and PopP2 to the
RPS4/RRS1 complex and RRS1 alone was demonstrated (Williams et al., 2014). In addition
to TIR-NB-LRR domains, RRS1 contains a WRKY domain that negatively regulates disease
resistance signaling (Noutoshi et al.,, 2005). Consistent with the findings that
nucleotide-binding by RPS4 is required for function of the RPS4/RRS1 complex and that
RRS1 seems to be the prime effector target, it was suggested that RPS4 guards RRS1
(Nishimura and Dangl, 2014; Williams et al., 2014). Similarly, the rice CNL pairs RGA4/5,
Pi5-1/2 and Pik-1/2 are encoded by genes linked tail-to-tail and co-operate in immunity
against Magnaporthe oryzae (Ashikawa et al., 2008; Cesari et al., 2013; Lee et al., 2009;
Okuyama et al., 2011; Yuan et al., 2011; Zhai et al., 2011). These data raise the question
whether TN13 is part of a TN/TNL pair together with AT3G04220. The finding that TN13
binds to a Pst effector (HopY, Nandety et al., 2013) suggests that TN13 either directly
recognizes this effector or that it is an effector-target and guarded by AT3G04220.
Typically, TNL R protein activation leads to ETI, but TN13 was found to be required
for basal immunity against Pst DC3000 (AAvrPto/AvrPtoB, Figure 3.19). Therefore, it is
tempting to speculate that TN13 is involved in a defense mechanism comparable to
MLA10-mediated de-repression of PTI in barley (Shen et al., 2007). Recognition of the
Blumeria graminis effector Avraip by the barley CC-NB-LRR (CNL) R protein MLA10 leads
to Avrap-dependent association between MLA10 and WRKY1/2 in the nucleus to
de-repress PAMP-triggered basal defense (Shen et al., 2007). Hence, Shen et al., describe
a mechanistic link between ETI and PTI represented through the interference with WRKY
PTl-repression by association with NB-LRR proteins (Shen et al., 2007). Interestingly,
barley WRKY1 and WRKY2 are homologs of Arabidopsis WRKY18 and WRKY40 (Shen et al.,

2007). It is conceivable, to postulate that TN13 may mediate “weak ETI” as part of the
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basal defense response (against Pst DC3000 (AAvrPto/AvrPtoB)) as has been suggested by
Jones and Dangl (2006). Thomma et al. (2011) argue that the definitions used to
distinguish between PAMP- and effector triggered immunity become blurred the more
knowledge about the underlying mechanisms of plant defense is gained. They suggest
that some evolutionarily ancient effectors that are present in different pathogen species
and contribute to pathogenicity might act as PAMPs (Thomma et al., 2011). The function
of the TN13 associated effector HopY has not yet been elucidated (Marin et al., 2013;
O'Brien et al., 2011; Baltrus et al., 2011; Marin et al., 2013). It would be interesting to
analyze whether the interaction of TN13 with HopY plays a role in plant defense and
whether the TNL protein AT3G04220 is involved in this process. A simplified hypothetical

model of how TN13 might be activated by HopY is summarized in Figure 4.1.

4.3.1 The TIR-NBS protein TN13 localizes to the endoplasmic reticulum when
expressed transiently in N. benthamiana
Diverse sub-cellular localizations have been found for TN and TX family members, such as
the nucleus, cytoplasm and plasma membrane, suggesting different functions for these
proteins (Nandety et al., 2013). Interestingly, TN13-cCFP was found to localize to the
endoplasmic reticulum (ER) and nuclear envelope (NE) when transiently expressed in
N. benthamiana although it contains two predicted bipartite NLS motifs (Figure 3.20).
TN13 localization to the ER that is continuous with the NE can be explained by the
presence of a hydrophobic peptide at its N-terminus that might be responsible for
membrane insertion (Figure 3.20 B) similar to what was shown for RPP1-WsA (Weaver et
al., 2006). TN13 was identified as an interactor of MOS6 (Figure 3.17), and since MOS6
localizes to the cytoplasm and the nucleus, interaction between both proteins probably
takes place in either or both of these subcellular compartments (Palma et al., 2005;
Mukhtar et al., 2011). However, no obvious nuclear accumulation of TN13 was observed
after transient expression in N. benthamiana leaves (Figure 3.20 C and D). This raises the
guestion whether nuclear accumulation of TN13 is stimulus dependent (Figure 4.1).
Interaction with Pst expressing the HopY effector could be an example for such a stimulus
(Nandety et al., 2013). It is important to note that the transient localization studies of

TN13-cCFP in N. benthamiana were conducted in the absence of MOS6. Therefore, an
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important question that remains to be assessed is whether Agrobacterium-mediated
transient co-expression together with MOS6 leads to nuclear localization of TN13-cCFP.

During pathogen infection the host plant’s endomembrane trafficking is
reorganized for secretion of defense proteins into the apoplast (Wang et al., 2005; Teh
and Hofius, 2014). NLRs that locate to endomembrane compartments such as the ER or
the Golgi system possibly play a role in sensing perturbations caused by pathogenic
effectors (Takemoto et al., 2012; Qi et al., 2012). Intriguingly, in Linum usitatissimum
(flax), two TNLs were found to localize to the Golgi system and the tonoplast, respectively
(Takemoto et al., 2012). These TNLs have been demonstrated to recognize specific rust
fungal effectors (Takemoto et al., 2012). Additional TNLs that localize to the ER or other
endomembranes and activate ETl upon cognate effector recognition in Arabidopsis are
RPS4 and RPP1-WsA (Takemoto et al., 2012; Weaver et al., 2006; Krasileva et al., 2010;
Steinbrenner et al,, 2012; Gassmann et al., 1999; Wirthmueller et al., 2007; Deslandes et
al., 2003). RPS4 contains a NLS and nuclear localization of RPS4 is necessary for
AvrRps4-triggered immunity (Wirthmueller et al., 2007). Recently, EDS1 was identified as
effector target that associates with RPS4 at endomembranes and RPS4/EDS1 complexes
were shown to mediate different defense branches dependent on localization either to
the nucleus or the cytosol (Heidrich et al., 2011; Bhattacharjee et al., 2011). RPP1-WsA
was shown to contain a hydrophobic peptide at its N-terminus that directs the protein
into ER and Golgi membranes (Weaver et al., 2006). As mentioned above, TN13 shares
60 % identity on amino acid level with RPP1-WsA (supplementary Figure S1) and also
contains a stretch of hydrophobic amino acids at its N-terminus (Figure 3.20 B).

These examples highlight the endomembrane system as site for dynamic R protein
signaling. Together with the notion that some TN and TNL genes constitute genomic pairs
that are required for defense responses and the interaction of TN13 with the HopY
effector and MOS6 (Figure 3.17), a hypothetical model for the function and subcellular
localization dynamics of TN13 is presented in Figure 4.1 (Eitas and Dangl, 2010; Meyers et
al., 2002; Griebel et al., 2014; Nandety et al., 2013).

From the ColP experiments it can be deduced that TN13 and MOQOS6 interact in
unstressed N. benthamiana leaves upon Agrobacterium-mediated transient expression

(Figure 3.17). Since TN13 localizes to the ER in this tissue (Figure 3.20), interaction with
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MOS6 can only take place at the cytoplasmic side of the ER membrane. Therefore, MOS6
could associate with the predicted C-terminal bipartite NLS of TN13 (Figure 3.20 B). This
hypothesized interaction of MOS6 and TN13 might represent a preformed nuclear import
complex that is sequestered at the ER (Figure 4.1). Pathogen attack might trigger release
of such a complex from the ER membrane by proteolytic cleavage mediated by

interaction with a hypothetical protease. Release of TN13 from the ER membrane would
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Figure 4.1 Simplified, hypothetical model summarizing the cellular localization of identified MOS6
interactors and the association of MOS6 and TN13 in plant immunity. A) Predicted localization of
identified MOS6 interactors in unchallenged cells. The MOS6 interactors characterized in this study are
grouped into karyopherins, nucleoporins, transcription factors and TIR-NBS proteins (Table 3.2). The TIR-
NBS protein TN13 localizes to the ER in uninfected cells (Figure 3.20). B) Hypothetical model for nuclear
translocation of TN13 in basal immunity. TN13 localizes to the ER in unstressed cells and might associate
with MOS6 in a preformed import complex via a NLS motif at its C-terminus. Pathogen attack might trigger
release of TN13 from the ER-membrane by proteolytic cleavage by a hypothetical protease and thus release
of TN13 from the ER membrane. Cytosolic TN13 could be imported into the nucleus by MOS6 and
association of IMP-B. The formation of a preformed import complex provides the possibility of rapid
stimulus-induced nuclear localization. In the nucleus, putative activation of defense responses that are
required for maintaining the basal resistance layer to Pst DC3000 (AAvrPto/AvrPtoB) might occur. The
genomically linked TIR-NB-LRR (TNL) protein might associate with TN13 in the cytosol and/or at the ER
membrane. It is also conceivable that this TNL protein is transported into the nucleus as well and guards
TN13 since TN13 was shown to associate with the Pseudomonas effector HopY (Nandety et al., 2013).

115



Discussion

allow access of MOS6 to a second putative NLS in TN13 located at the N-terminus which
might accelerate nuclear transport.

In order to assess whether this model holds true and TN13 undergoes a pathogen-
induced re-localization from the ER to the nucleus in Arabidopsis, stable transgenic tn13
plants expressing TN13-cCFP are currently generated. Also, expression of TN13-cCFP in
the mos6 mutant background will help to further elucidate subcellular localization
dynamics of TN13 in response to pathogen challenge and its dependency on MOS6 for

nuclear transport.

4.4 Outlook

The findings presented in this study revealed preferential binding of MOS6 to the TIR-NBS
protein TN13. TN13 localizes to the ER when transiently expressed in N. benthamiana and
is required for basal resistance against Pst DC3000 (AAvrPto/AvrPtoB).

To further analyze the involvement of TN13 in plant immunity, the tn13 T-DNA
insertion mutant should be inoculated with avirulent strains of the bacterial pathogen
Pseudomonas syringae. This will allow to directly test the requirement of TN13 in R gene
mediated resistance against these pathogens. The TNL gene AT3G04220 is genomically
linked with TN13, suggesting cooperative functions in plant immunity. The genetic
requirement of AT3G04220 in plant disease resistance should be assessed by use of
respective T-DNA insertion mutants.

Stable transgenic Arabidopsis tn13 plants expressing TN13-cCFP should provide a
powerful tool to analyze the subcellular localization dynamics of TN13 in response to
pathogen attack. This will test the hypothesis that TN13 relocates from the ER to the
nucleus upon pathogen induction. If this model holds true, stable expression of TN13-
cCFP in mos6 tn13 double mutant plants would allow investigating the requirement of
MOS6 for TN13 nuclear localization upon pathogen challenge.

Finally, stable transgenic plants expressing MOS6-3xHA-SII in the sncl auto-
immune mutant background as well as lines stably expressing AIBB-MOS6-3xHA-SII might
be powerful tools to identify additional and potentially low-abundant/low-affinity cargo

proteins of MOS6 that are involved in nucleocytoplasmic defense signaling.
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6 Supplemental material

hydrophobic region

TN13 MDSYFFLGTVVVVALAIYTLLGTISFMVYRKFRLHQERNNISSCFSFSSCFSFSSSSSTS 60
RPP1-WsA MDSSFFL---VLVAAATG-————— FFMLFRKFRFHQDNRESN-——-—-— SSSLSRPTRAATSV 46
R i:iﬁ - ii::*i*i:i*:::: - *i.:i o SiEs e
TIR
TN13 SPGRRHQVFPSFHGADVRRSFLSHIMREFRSKGIDIFIDKDIRRGKSIGPELTEAIRGSR 120
RPP1-WsA SRNWKHDVFPSFHGADVRRTFLSHILESFRRKGIDTFIDNNIERSKSIGPELKEAIRGSK 106
- g ii:iﬁiiiiii*ii::iiﬁii::-*: - iii::i:i.iiiiiii.*ii:iﬁ:
TN13 VAIVFLSRKYASSSWCLNELALIMRCRRELGLTVMTLEFYDLDPTDVRRQTGDFGMAFKET 180

RPP1-WsA IAIVLLSRKYASSSWCLDELAEIMRCREVLGQIVMTIFYEVEPTDIRKRQTGEFGRAFTKT 166

8 Wkl o v vl v ol o v e e e e vl o el e el o ok LA SR L ENEE AL ENE AL ER L B A US|

TN13 CRGKTRDEIGRWRHALEEVAKIAGYHSSIWDNEADMIGIVTTDISNTLNISTPSSDESDL 240
RPP1-WsA CRGKTREHIERWRKALEDVATIAGYHSHRWSNEAEMIERISTDVSNMLDLSIPSKDEDDE 226
i:i*ii:_ﬁ iiﬁ:i*i:ii_*iiiii *_iﬁi:ii ::ii:*i i::i i*.iﬁ_ﬁ:
NBS
TN13 VGMEDHMRKLERMLYLDLNDVRMIGIWGPPGIGRTSIARVLFRRHSDSFDLSVFMETVKG 300
RPP1-WsA VGMAAHMERTEQLLRLDLDEARMIGIWGPPGIGRTTIARFLENQVSDRFQLSAIMVNIKG 286
. *i:: i::i ii*::.iﬁiiiiiiﬁiiﬁii:iii'ii.: L i:ii':i .:*i
TN13 -YTRPGCSDEHGLKLHLQQQFLSQIFNQRDVEVPHLGVVQDRLRDRRVLVVLDDVDQSAQ 359
RPP1-WsA CYPRP-CFDEYSAQLQLONQMLSQMINHRDIMISHLGVAQERLRDRKKVFLVLDEVDQLGQ 345
*.*i - *i:_ :*:ii:*:*ii::ﬁ:ﬁ*: :.iiii'i:ﬁ*ﬁ**:i::iiﬁ:*** .i
TN13 LEAMARENRWFGPGSRIIITTQDRRLLKAHGIKDVYRKVDLPPPDDAFQIFCMYAFGKTSP 419
RPP1-WsA LDALARDTRWFGPGSRIIITTEDQGILKAHGINHVYKVEYPSNDEAFQIFCMNAFGQRQP 405

Vo ode o WWWWWWRWR RN e We ol s doddede e W | e s ool ek s | o

TN13 RHGFEELAWEATYLSGIHPSGIKSMGSYFRRMSKPEWVNALQRLRTS---KLDSESPRTH 476

RPP1-WsA YEGFCDLAWEVKALAGELPLGLKVLGSALRGMSKPEWERTLPRLRTSLDGKIGGIIQFSY 465
.ﬁi :wﬁii % w . - i - ii i R i R i:..

TN13 RRLINR-—======== LRN----- VEQRMLSNTLSRIRK--HQIASAAARAASVYETSIK 519

RPP1-WsA DALCDEDKYLFLYIACLFNNESTTRKVEEVLANKFLDVGQGIHVLAQRSLISFEGEEIQMH 525
* . * % s el aW s 88 MW s 2l 5 W as

TN13 EEVDSSAESLNH--- 531

RPP1-WsA TLLEQFGRETSRRQF 540

Figure S1 Amino acid sequence comparison of TN13 and RPP1-WsA. The full-length amino acid sequence
of TN13 was aligned to N-terminal sequence of RPP1-WsA (amino acids 1 - 540) containing the TIR and NBS
domains with ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/; Larkin et al., 2007). N-terminal
hydrophobic region depicted in green, location of predicted TIR and NBS domains in blue and red,
respectively. Yellow areas indicate amino acids that are predicted to contribute to bipartite NLS binding
sites in TN13. Consensus symbols are depicted according to ClustalW2 formate: asterisks indicate positions
which have a single, fully conserved residue. Colons indicate conservation between groups of strongly
similar properties (scoring > 0.5 in the Gonnet PAM 250 matrix). Periods indicates conservation between
groups of weakly similar properties (scoring =< 0.5 in the Gonnet PAM 250 matrix, Larkin et al., 2007).
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