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Summary 

Summary 

The translocation of nuclear localization signal (NLS)-containing proteins through 

nuclear pore complexes (NPC) depends on transport adapters of the importin- 

family that recognize and directly bind NLSs to recruit their cargo proteins to the 

nuclear transport machinery. The Arabidopsis thaliana genome encodes for nine 

importin- isoforms. IMPORTIN-3/MOS6 (MODIFIER OF SNC1, 6) is required for 

basal resistance and contributes to autoimmunity of the nucleotide-binding leucine-

rich repeat (NLR) immune receptor mutant snc1 (suppressor of npr1-1, 

constitutive1). Plant NLRs generally function as intracellular immune receptors that 

detect pathogen secreted effectors to induce immunity, typically involving a 

hypersensitive cell death response (HR). Most Arabidopsis genes encoding NLRs 

are genomically linked in pairs or cluster in chromosomal regions, suggesting 

cooperative functions. NLRs that function in pairs or networks show specialization 

towards effector sensing and downstream signaling. The work presented here shows 

that, among the nine -importins in Arabidopsis, IMP-3/MOS6 is the main nuclear 

transport receptor of both the auto-active and wild-type NLR protein SNC1. In 

addition, IMP-3/MOS6 is selectively required for basal resistance to mildly virulent 

Pseudomonas syringae pv. tomato (Pst) DC3000 bacteria lacking the type-III effector 

proteins AvrPto and AvrPtoB (ΔAvrPto/PtoB), suggesting functional specialization in 

nuclear import of immunity related cargos. The truncated NLR protein TIR-NB13 

(TN13) was identified as an additional interaction partner that selectively associates 

with IMP-3/MOS6 in planta. Significantly, the gene encoding TN13 is directly linked 

to a full length TIR-NB-LRR (TNL) gene that was named TNL LINKED TO TN13 

(TLT13). Both TN13 and TLT13 are required for resistance of Arabidopsis to Pst 

DC3000 (ΔAvrPto/PtoB). TN13 and TLT13 co-localize to the membrane of the 

endoplasmic reticulum via N-terminal transmembrane domains and interact with 

each other in transient expression assays in Nicotiana benthamiana. In contrast to 

TN13, TLT13 induces a cell death response upon transient expression in N. 

benthamiana that depends on known functional motifs in the TIR and NB domains, 

the downstream defense regulators NbEDS1a and NbSAG101b, as well as the 

NbNRG1 family of helper NLRs. The interaction of TN13 and TLT13 with 

phylogenetically related NLRs, encoded by a segmentally duplicated chromosomal 

region, suggests that TN13 and TLT13 are part of a larger NLR network. 

I





Table of contents 

Table of contents 

Summary................................................................................................................ I 

Table of contents ................................................................................................ III 
1 General introduction ...................................................................................... 1 

1.1 The plant immune system .......................................................................... 1 
1.1.1 The role of the plant cell wall in immunity ............................................ 1 
1.1.2 PAMP and DAMP perception via cell surface receptors ...................... 2 
1.1.3 Metabolic changes in plant immunity ................................................... 5 
1.1.4 Intracellular immune receptors ............................................................ 7 

1.2 Plant NLR domain architecture and function .............................................. 8 
1.3 NLR singletons, pairs and networks ......................................................... 12 
1.4 Nucleocytoplasmic protein transport in plant immunity ............................ 16 

2 Thesis aims ................................................................................................... 21 

3 Manuscript and article index ....................................................................... 23 

4 First author contributions ............................................................................ 25 

4.1 Manuscript 1: Functional requirement of the Arabidopsis 

importin- nuclear transport receptor family in autoimmunity 
mediated by the NLR protein SNC1 ...................................................... 25 

4.1.1 SUMMARY ........................................................................................ 28 

4.1.2 SIGNIFICANCE STATEMENT .......................................................... 28 
4.1.3 INTRODUCTION ............................................................................... 28 
4.1.4 RESULTS .......................................................................................... 31 
4.1.5 DISCUSSION .................................................................................... 36 
4.1.6 EXPERIMENTAL PROCEDURES .................................................... 40 
4.1.7 SUPPORTING INFORMATION ......................................................... 44 
4.1.8 REFERENCES .................................................................................. 45 
4.1.9 FIGURE LEGENDS ........................................................................... 50 
4.1.10 FIGURES .......................................................................................... 54 

4.2 Article 1: The truncated NLR protein TIR-NBS13 is a 

MOS6/IMPORTIN-3 interaction partner required for plant 
immunity ................................................................................................. 73 

4.2.1 SUMMARY ........................................................................................ 74 
4.2.2 INTRODUCTION ............................................................................... 74 
4.3.3 RESULTS .......................................................................................... 75 
4.3.4 DISCUSSION .................................................................................... 79 

4.3.5 EXPERIMENTAL PROCEDURES .................................................... 83 
4.3.6 SUPPORTING INFORMATION ......................................................... 85 
4.3.7 REFERENCES .................................................................................. 85 

4.3.8 SUPPORTING FIGURES .................................................................. 88 

4.3 Manuscript 2: The genomically linked Arabidopsis NLRs TN13 
and TLT13 are required for immunity and interact with NLRs 
encoded in a segmentally duplicated genomic region ....................... 97 

4.3.1 SUMMARY ...................................................................................... 100 
4.3.2 SIGNIFICANCE STATEMENT ........................................................ 100 

4.3.3 INTRODUCTION ............................................................................. 100 
4.3.4 RESULTS ........................................................................................ 104 

III



Table of contents 

4.3.5 DISCUSSION .................................................................................. 112 
4.3.6 EXPERIMENTAL PROCEDURES .................................................. 119 
4.3.7 SUPPORTING INFORMATION ....................................................... 124 
4.3.8 REFERENCES ................................................................................ 126 
4.3.9 FIGURE LEGENDS ......................................................................... 133 
4.3.10 FIGURES ........................................................................................ 141 

5 General discussion .................................................................................... 173 

5.1 The role of MOS6/IMP-3 as transport adaptor in plant 
(auto-)immunity and NLR interaction partner ......................................... 173 

5.2 Localization, function and complex formation of the paired NLRs 
TN13 and TLT13 .................................................................................... 179 

6 Outlook ........................................................................................................ 187 

7 References .................................................................................................. 189 

8 Co-author contributions ............................................................................ 205 

9 Review article ............................................................................................. 327 

10 Acknowledgements ................................................................................ 333 

 

IV



General introduction 

1 General introduction 

1.1 The plant immune system 

The multi-layered plant immune system evolved from the constant exposure of 

plants to various pathogens and enables plants to efficiently respond to a given 

threat. The fact that most plant species are non-hosts for most pathogens outlines 

the effectiveness of the molecular resistance mechanisms, encoded in the genome 

of every plant cell, that were shaped over evolutionary time with high selective 

pressure. While biotrophic pathogens require living host tissues to acquire nutrients, 

necrotrophic pathogens extract nutrients from dead plant material, after actively 

killing infected host cells. Hemi-biotrophs combine an initial biotrophic phase with a 

subsequent necrotrophic phase to complete their life cycle. Based on the specific 

challenges imposed by various pathogens, different layers of the plant immune 

system are required to successfully prevent host colonization and nutrient 

deprivation. 

1.1.1 The role of the plant cell wall in immunity 

The cell wall surrounding every plant cell together with the cuticle of epidermal 

cells, serve as a protective structural barrier against both abiotic and biotic stresses 

(Malinovsky et al., 2014). It constitutes the first line of preformed defenses that has 

to be breached by pathogens in order to colonize the host tissue, apart from 

pathogens entering the plant through wounds or natural openings, such as stomata 

(Houston et al., 2016). Plant cell walls are mainly composed of the polysaccharide 

cellulose. Cellulose consists of -1,4-linked D-glucose monomers that form 

microfibrils (McFarlane et al., 2014). These microfibrils are interconnected to 

hemicellulose, which typically consists of a -1,4-linked hexosyl backbone with 

various side chain substitutions (Pauly et al., 2013). The cellulose-hemicellulose 

matrix is embedded in pectin, which represents the most complex polysaccharide 

within the cell wall and is subdivided into homogalacturonan (HG), 

rhamnogalacturonan I (RG-I) and rhamnogalacturonan II (RG-II; Atmodjo et al., 

2013). Whereas HG and RG-II consist of an -1,4-D-galacturonic acid backbone, 

-1,2-L-rhamnose alternates with -1,4-D-galacturonic acid residues to form the 

backbone of RG-I (Mohnen, 2008). Various side chains can decorate the pectin 

backbone and influence the properties of plant cell walls (Harholt et al., 2010). In 
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addition, plant cell walls contain proteins with cell wall modifying properties that can 

dynamically influence the side chain composition of cell wall components (Albenne et 

al., 2014; Bellincampi et al., 2014). For instance, the loss of BXL4, which acts as an 

arabinosidase and xylosidase in the apopalstic space to limit the arabinose content 

in RG-I, leads to enhanced susceptibility to the necrotrophic fungus Botrytis cinerea 

(Guzha et al., 2019). In addition, the incorporation of the phenolic polymer lignin or 

the deposition of the polysaccharide callose function as cell wall fortifications at 

attempted pathogen penetration sites, as for example the formation of appressoria 

by biotrophic or hemi-biotrophic pathogens (Bellincampi et al., 2014; Bacete et al., 

2018). This underlines that the plant cell wall is a compartment which is actively 

modified to mediate immunity to biotrophic, hemi-biotrophic as well as nectrotrophic 

pathogens.  

An attempted pathogen invasion, involving the secretion of cell wall degrading 

enzymes (CWDEs), may release host cell wall derived degradation products that are 

recognized as danger-associated molecular patterns (DAMPs, Boller and Felix, 

2009; Bellincampi et al., 2014). In addition to DAMPs, pathogen-associated 

molecular patterns (PAMPs), which are essential and highly conserved molecular 

structures of pathogens but absent in host plants, can be perceived by plant cells via 

pattern recognition receptors (PRRs) in the extracellular space, to trigger immune 

responses (Postel and Kemmerling, 2009; Monaghan and Zipfel, 2012). 

1.1.2 PAMP and DAMP perception via cell surface receptors  

PRRs that recognize PAMPs or DAMPs are generally categorized as receptor-like 

kinases (RLKs) or receptor-like proteins (RLPs; lacking an intracellular kinase 

domain) that reside in or at the plasma membrane and contain extracellular ligand 

recognition domains to detect non-self elicitors, such as peptides or carbohydrates 

(Monaghan and Zipfel, 2012; Nürnberger and Kemmerling, 2018). Whereas PRRs 

with extracellular leucine-rich repeat domains (LRRs) typically perceive 

proteinaceous PAMPs/DAMPs, lysin motif (LysM), epidermal growth factor (EGF), or 

lectin motif domains usually perceive carbohydrate PAMPs/DAMPs (Macho and 

Zipfel, 2015; Tang et al., 2017). For example, the LRR-RLK FLAGELLIN SENSING2 

(FLS2) was shown to perceive the bacterial PAMP flg22, a peptide component of 

bacterial flagella (Gómez-Gómez and Boller, 2000; Robatzek et al., 2007), whereas 

the LRR-RLK ELONGATION FACTOR THERMO UNSTABLE RECEPTOR (EFR) 
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perceives the acetylated N-terminus of the bacterial elongation factor TU (EF-TU; 

Kunze et al., 2004; Zipfel et al., 2006). Both, FLS2 and EFR interact with the LRR-

RLK BRI1-ASSOCIATED KINASE1 (BAK1) and the receptor-like cytoplasmic kinase 

(RLCK) BOTRYTIS-INDUCED KINASE1 (BIK1) in a ligand dependent manner for 

efficient downstream signaling (Chinchilla et al., 2007; Lu et al., 2010; Zhang et al., 

2010; Roux et al., 2011). Since RLPs, such as RLP23 which perceives NECROSIS- 

AND ETHYLENE INDUCING PEPTIDE1 (NEP1)-LIKE PROTEINs (NLPs), lack 

intracellular kinase domains, they require co-receptors such as the LRR-RLK 

SUPPRESSOR OF BIR1-1 (SOBIR1) as well as BAK1 for intracellular signal 

transduction (Bi et al., 2014; Albert et al., 2015). In Arabidopsis, the LRR-RLKs 

PLANT ELICITOR PEPTIDE RECEPTOR1 (PEPR1) and PEPR2 also interact with 

the co-receptors BAK1 and BIK1 for the perception of potential proteinaceous 

DAMPs, which are collectively named plant elicitor peptides (Peps; Liu et al., 2013; 

Yamada et al., 2016). Peps are potentially derived from precursor peptides 

(PROPEPs), comprising a length of about 100 amino acids (Huffaker et al., 2006; 

Bartels and Boller, 2015). 

An example of a LysM-RLK that perceives carbohydrates is the well characterized 

Arabidopsis CHITIN ELICITOR RECEPTOR KINASE1 (CERK1; Miya et al., 2007; 

Wan et al., 2008; Petutschnig et al., 2010). CERK1 functions as co-receptor for 

LysM-CONTAINIG RECEPTOR-LIKE PROTEIN1 (LYM1) and LYM3 in 

peptidoglycan perception as well as for the kinase dead LysM-RLKs LYK4 and LYK5 

in chitin perception (Postel and Kemmerling, 2009; Gimenez-Ibanez et al., 2009; 

Willmann et al., 2011; Cao et al., 2014). In addition, oligogalacturonides (OGs), 

-1,4-linked galacturonic acid fragments, can act as carbohydrate elicitors. OGs are 

probably derived from plant homogalacturonan hydrolysis and are perceived by the 

RLK WALL-ASSOCIATED KINASE1 (WAK1; Cabrera et al., 2008; Ferrari et al., 

2013). In contrast, the corresponding receptor for -1,3-glucan oligosaccharides, 

which are sufficient to induce immune responses in Arabidopsis in a CERK1 

dependent manner, is still elusive (Mélida et al., 2018). 

Elicitor perception by PRRs triggers local responses, such as the generation of 

reactive oxygen species (ROS) in the apoplastic space via plasma membrane 

localized NADPH oxidases, Ca2+ ion influx into the cytosol, the phosphorylation of 

intracellular mitogen-activated protein kinases (MAPKs) or calcium dependent 
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protein kinases (CDPKs) involved in signal transduction. After integration of defense 

signals into the host cell nucleus, extensive transcriptional reprogramming is 

initiated. Together, the defense responses activated upon PAMP-perception by 

PRRs result in PAMP-triggered immunity (PTI, Figure 1), and lead to drastic changes 

in plant metabolism. The induction of PTI is sufficient to prevent colonization by non-

adapted pathogens at local infection sites and leads to defense priming in uninfected 

systemic plant tissues (Boller and Felix, 2009; Dangl et al., 2013). 

 

 

Figure 1. Schematic representation of the plant immune system. (1) PAMP triggered immunity (PTI) 

is initiated upon extracellular pathogen recognition via pattern recognition receptors (PRRs) and 

signal transduction into the nucleus. (2) Host adapted pathogens deliver effector proteins into the host 

cell to induce effector triggered susceptibility by interfering with PTI signaling (3). Intracellular 

nucleotide-binding leucine-rich repeat (NLR) proteins detect effectors by direct interaction (4a) or via 

monitoring of either non-functional mimics of effector targets (decoys, 4b) or functional components of 

effector targets (guardees, 4c), leading to NLR activation and effector triggered immunity (ETI). Figure 

from Dangl et al. (2013). 
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1.1.3 Metabolic changes in plant immunity 

Efficient plant immunity upon perception of (hemi-)biotrophic pathogens requires 

two central defense-regulatory metabolites: Salicylic acid (SA) and N-

hydroxypipecolic acid (NHP), which are not only required for defense induction in 

local infected tissues, but also to prime distal tissues prior to pathogen contact, a 

process described as systemic acquired resistance (SAR; Hartmann and Zeier, 

2019). The biosynthesis of both components is controlled by the transcription factors 

CALMODULIN BINDING PROTEIN60G (CBP60g) and SAR DEFICIENT1 (SARD1; 

Sun et al., 2015), both of which are positively regulated by the lipase-like defense-

regulators ENHANCED DISEASE SUSCEPTIBILITY1 (EDS1) and PHYTOALEXIN 

DEFICIENT4 (PAD4; Jirage et al., 1999; Feys et al., 2001; Rietz et al., 2011; Gruner 

et al., 2013; Joglekar et al., 2018). Both proteins contain a characteristic catalytic 

triad, but the catalytic residues are dispensable for immunity, indicating that both 

proteins are not catalytically active lipases (Wagner et al., 2013). The direct 

mechanistic functions of EDS1 and PAD4 therefore remain elusive. In addition to 

EDS1 and PAD4, the basic leucine zipper transcription factors TGACG‐BINDING 

FACTOR1 (TGA1) and TGA4 positively regulate SARD1 and CBP60g expression 

(Sun et al., 2018). In contrast, CALMODULIN-BINDING TRANSCRIPTION 

FACTOR1 (CAMTA1), CAMTA2 and CAMTA3 function as negative regulators of 

SARD1 expression, as well as of SA and NHP biosynthesis genes (Kim et al., 2013; 

2020; Sun et al., 2020). Moreover, several WRKY transcription factors are involved 

in regulating the expression of genes required for SA synthesis (van Verk et al., 

2011). This outlines that the biosynthesis of these crucial defense metabolites is 

based on intricate transcriptional regulatory networks.  

Upon pathogen perception, CBP60g and SARD1 induce the expression of 

ISOCHORISMATE SYNTHASE1 (ICS1), AvrPhpB SUSCEPTIBLE3 (PBS3) as well 

as ENHANCED DISEASE SUSCEPTIBILITY5 (EDS5; Sun et al., 2015). All three 

components are required for the synthesis of SA via the ICS1 pathway that produces 

90 % of the total SA content in Arabidopsis (Wildermuth et al., 2001; Nawrath et al., 

2002; Jagadeeswaran et al., 2007; Garcion et al., 2008). The plastidial ICS1 

converts the branch point metabolite chorismate to isochrisomate, which is exported 

into the cytosol via the multidrug and toxin extrusion (MATE) family transporter EDS5 

(Rekhter et al., 2019a). Here, isochorismate-9-glutamate is formed by conjugation of 

glutamate to isochrisomate via the amidotransferase PBS3. Subsequently, SA is 
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formed via non-enzymatic decomposition of isochorismate-9-glutamate, which can 

be enhanced by the acyltransferase ENHANCED PSEUDOMONAS 

SUSCEPTIBILITY1 (EPS1; Rekhter et al., 2019a; Torrens-Spence et al., 2019). The 

accumulation of SA induces further immune responses at the local infection site and 

is perceived in the cytosol by an oligomeric complex of the SA receptor NON-

EXPRESSOR OF PATHOGENESIS-RELATED GENES1 (NPR1; Mou et al., 2003; 

Wu et al., 2012; Manohar et al., 2015). As a result of a cellular redox shift upon SA 

accumulation, NPR1 monomerizes and accumulates in the nucleus. In the 

nucleoplasm, NPR1 acts as a transcriptional co-activator, by interacting with class I 

and II TGA transcription factors to induce the expression of SA responsive genes, 

some of which encode proteins with potential anti-microbial properties, such as 

PATHOGENESIS RELATED GENE1 (PR1; Kinkema et al., 2000; Després et al., 

2003; Mou et al., 2003; Tada et al., 2008).  

In addition to SA biosynthesis genes, NHP synthesis genes are also regulated via 

EDS1-PAD4 and the transcription factors CBP60g and SAR1 (Sun et al., 2015; 

Joglekar et al., 2018). Synthesis depends on the aminotransferase AGD2-LIKE 

DEFENSE RESPONSE PROTEIN1 (ALD1), which -transaminates L-lysine to cyclic 

ketimine 1,2-dehydropipecolic acid (1,2-DP), which is further reduced to pipecolic 

acid by SAR DEFICIENT4 (SARD4; Návarová et al., 2012; Ding et al., 2016; 

Hartmann et al., 2017). Both enzymes are localized to plastids and as for the 

synthesis of SA, EDS5 is also required for the synthesis of NHP. This suggests that 

EDS5 has a central role in immunity as exporter of both, isochorismate and pipecolic 

acid from the chloroplast into the cytoplasm (Rekhter et al., 2019b). The final N-

hydroxylation step in the synthesis of NHP is catalized by the FLAVIN-DEPENDENT 

MONOOYGENASE1 (FMO1; Hartmann et al., 2018).  

The SA and NHP synthesis pathways are interconnected and involve 

transcriptional feed forward loop amplification: SA induces the expression of the 

NHP synthesis genes ALD1, SARD4 and FMO1, as well as EDS1-PAD4 and 

SARD1-CBP60g, leading to amplified expression of SA synthesis genes. Vice versa, 

NHP induces the expression of the SA synthesis genes ICS1, EDS5 and PBS3, as 

well as EDS1-PAD4 and the NHP synthesis genes ALD1, SARD4 and FMO1 (Chen 

et al., 2018a; Hartmann et al., 2018; Hartmann and Zeier, 2019). Interestingly, NHP 

accumulation in distal leaves does not depend on SA, and SAR can be induced by 
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NHP in an SA-independent manner. In contrast, SA accumulates in the systemic 

leaves in a Pip/NHP-dependent manner (Bernsdorff et al., 2016; Hartmann et al., 

2018; Hartmann and Zeier, 2019). This indicates that the mobile signal required for 

SAR induction in distal leaves is Pip/NHP derived, albeit the molecular nature of the 

mobile signal remains elusive. 

1.1.4 Intracellular immune receptors 

Host-adapted pathogens inject or secrete effector molecules in order to suppress 

plant immune responses, leading to effector triggered susceptibility (ETS; Zhou and 

Chai, 2008; Dangl et al., 2013; Figure 1). The recognition of host-adapted microbes 

is mediated by resistance (R) proteins that initiate a robust immune response, 

termed effector triggered immunity (ETI, Figure 1), upon the intracellular detection of 

pathogen effectors or effector modifications on host molecules. ETI often includes a 

local programmed cell death, known as the hypersensitive response (HR), which 

limits the spread of biotrophic pathogens inside the host tissues (Jones and Dangl, 

2006). Interestingly, PTI and ETI involve common downstream signaling pathways, 

and both lead to the accumulation of metabolites required for local and systemic 

immunity. However, the amplitudes and kinetics of the ETI response differ from PTI 

(Tsuda and Katagiri, 2010; Mine et al., 2018; Cui et al., 2018; Ding et al., 2020). The 

strict division of PTI and ETI has become more and more blurred with the increasing 

knowledge of R protein-mediated pathogen perception mechanisms (Thomma et al., 

2011; Kourelis and van der Hoorn, 2018). Indeed, recent evidence suggests that PTI 

and ETI eliciting receptors work synergistically to provide robust disease resistance 

against pathogens, by unifying both branches of immunity (Ngou et al., 2020; Yuan 

et al., 2020). Progressive approaches therefore tend to distinguish between 

extracellular/surface receptor mediated immunity (SRMI) and intracellular receptor 

mediated immunity (IRMI) (Kourelis and van der Hoorn, 2018; van der Burgh and 

Joosten, 2019; Ngou et al., 2020). 

The largest class of intracellular immune receptors in plants are nucleotide-

binding leucine-rich repeat (NB-LRR or NLR) proteins (Kourelis and van der Hoorn, 

2018). Plant NLRs share a similar architecture and mechanistic functions with animal 

NLRs, but plant NLRs recognize and respond to strain-specific pathogen effectors, 

whereas animal NLRs detect generic PAMPs and DAMPs in the cytosol (Franchi et 

al., 2009). Although plant and animal NLRs share analogous domains, they are likely 
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the result of convergent evolution of distinct linages that expanded from a common 

ancestor (Yue et al., 2012; Ausubel, 2005; Jones et al., 2016; Urbach and Ausubel, 

2017). The similarities between the innate immune systems in different kingdoms 

may therefore have evolved due to the fact that the NLR architecture functions as a 

robust “off-on” switch upon interaction with a variety of pathogen elicitors, such as 

PAMPs and DAMPs in animals, and effectors or guardees in plants (Jones et al., 

2016). 

1.2 Plant NLR domain architecture and function 

Plant NLRs have a modular, tripartite domain architecture with a central NB 

domain, C-terminal LRRs and either a Toll/Interleukin-1 receptor (TIR) domain or a 

coiled-coil (CC) domain at the N-terminus (Sukarta et al., 2016; Bentham et al., 

2016). The nature of the N-terminal domain sub-divides NLRs into the distinct 

classes of TIR-type NLRs (TNLs) and CC-type NLRs (CNLs; Shao et al., 2016). 

The NB domain of plant NLRs, including TNLs and CNLs, belongs to the family of 

signal transduction ATPases with numerous domains (STAND), and is further 

subdivided into three subunits: the NB subunit, and Apaf-1/R-protein/CED4, 1 

(ARC1) and ARC2 subunits, all of which contribute to form an ADP/ATP binding 

pocket (van der Biezen and Jones, 1998; Neuwald et al., 1999; Danot et al., 2009; 

Sukarta et al., 2016; Bentham et al., 2016). NLRs function as molecular switches 

and the nucleotide bound state of the NB-ARC subunits defines the inactive “off” or 

the active “on” state (Takken et al., 2006). The - and -phosphate of ATP is 

coordinated by the phosphate-binding loop (P-loop, Walker A motif) and the kinase 2 

motif (Walker B motif) within the NB domain, while the adenine group is coordinated 

jointly by the GxP (GLPL) motif of the ARC1 domain and the hhGRExE motif of the 

NB domain (Neuwald et al., 1999; Danot et al., 2009; Wendler et al., 2012). The -

phosphate of the nucleotides is additionally coordinated by the histidine of the 

conserved MHD motif of the ARC2 subdomain (Reubold et al., 2011). While the ADP 

bound “off” state correlates with a compact conformation, the “on” state of NLRs 

requires rotation of the ARC2 subunit to allow the exchange of ADP by ATP 

(Tameling et al., 2006; Maekawa et al., 2011; Williams et al., 2011; Zhou et al., 

2015). In steady-state conditions, NLRs exist in equilibrium of ADP- and ATP-bound 

states. Effector recognition was proposed to shift the equilibrium to the active “on” 

state to initiate defense signaling, as demonstrated for the flax TNLs L6 and L7 that 
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directly interact with the flax rust effector AvrL567 (Dodds et al., 2006; Bernoux et al., 

2011; 2016). In the absence of an effector stimulus, the ADP bound “off” state is 

proposed to be maintained by the ATPase activity of the NB domain, although 

ATPase activity has only been demonstrated for a few plant NLRs so far. Mutations 

in the kinase 2 motif of the NB domain can lead to NLR auto-activity by abolishing 

ATPase activity (Tameling et al., 2002; 2006). In contrast, mutation of the P-loop 

renders NLRs non-functional, due to strongly reduced nucleotide affinity (Tameling et 

al., 2002; Williams et al., 2011). Mutation of the MHD motif to MHV, however, was 

shown to enhance the ATP binding affinity, constantly shifting the NLR to the “on” 

state (Williams et al., 2011). Several studies therefore used MHV-containing mutant 

NLRs to study NLR signaling without the need of an additional pathogen trigger 

(Sukarta et al., 2016). This outlines that the structural properties of the NB-ARC 

domain are crucial for the proper and controlled activation of immune responses. 

The NB-ARC is directly connected to the C-terminal LRR domain via a linker 

region that shows NLR lineage specific conservation (Meyers et al., 2003). In 

contrast, the individual LRR repeats show the highest degree of variation within 

NLRs, and can vary in length and repeat number (Padmanabhan et al., 2009). In 

general, hydrophobic leucine residues alternate with hydrophilic residues and form 

the consensus sequence (LxxLxLxxNxL) within each repeat. Together, the repeats 

form an arc-shaped structure composed of parallel -sheets with a hydrophobic core 

(Padmanabhan et al., 2009; Hu et al., 2013; Reubold et al., 2014). The LRR domain 

plays a major role in the recognition of pathogen-derived effector molecules. 

Mechanistic modes of action for the recognition of effectors include the direct 

interaction of an effector by the LRR domain (Figure 1) or indirect mechanisms, such 

as the surveillance of host defense components that are operational effector targets 

(guard hypothesis), or non-functional derivatives of such components (decoy 

hypothesis, Figure 1; Dodds and Rathjen, 2010). The detection of effectors is not 

exclusively limited to the LRR domain but may involve other NLR domains, such as 

the TIR domain (e.g. Burch-Smith et al., 2007). In addition, integrated domains (ID´s) 

within the canonical domain structure of NLRs were shown to directly interact with, or 

be modified by, cognate effector molecules. These domains often represent non-

functional effector targets as integrated decoys (Cesari et al., 2013; 2018; Maqbool 

et al., 2015). Indeed, a relatively small number of Arabidopsis NLRs is sufficient to 
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detect the majority of effectors from strains of the bacterial pathogen Pseudomonas 

syringae, demonstrating the efficiency of this intracellular detection system 

(Laflamme et al., 2020). A well characterized example for the direct effector 

recognition via LRR domains is the allele-specific perception of the 

Hyaloperonospora arabidopsidis effector ATR1 by the LRR domain of the 

Arabidopsis TNL RECOGNITION OF PERONOSPORA PARASITICA1 (RPP1, 

Steinbrenner et al., 2015). The indirect recognition of effectors, by guarding effector-

mediated modifications of a host molecule, has been extensively investigated for the 

plasma membrane localized Arabidopsis CNL RESISTANCE TO PSEUDOMONAS 

SYRINGAE5 (RPS5). RPP5 monitors the status of the kinase PBS1, which is 

targeted by the Pseudomonas effector AvrPphB for cleavage (Qi et al., 2012; 

DeYoung et al., 2012). Removing or replacing the LRR of RPS5 by the LRR of the 

CNL RPS2 leads to auto-activity (Qi et al., 2012). This outlines that LRR domains 

have an intramolecular auto-inhibitory effect on NLR activity in the absence of an 

effector. In agreement with this notion, it has been shown that the dissociation of the 

LRR domain from the NB-ARC domain is required to remove auto-inhibitory effects 

upon effector detection, as demonstrated for NLRs such as Rx1 and Gpa2 (Rairdan 

and Moffett, 2006; Slootweg et al., 2013).  

While some functions of the NB-ARC and LRR domains have been elucidated, 

direct functions of the TIR and the CC domains remained largely unknown. A 

function as signaling modules in cell death execution has been postulated, based on 

the activation of an HR-like cell death response upon expression of these domains in 

heterologous systems (e.g. Swiderski et al., 2009; Collier et al., 2011; Maekawa et 

al., 2011; Bernoux et al., 2011; Cesari et al., 2013). Whether these domains have an 

analogous function to N-terminal domains found in animal NLRs, such as caspase 

activation and recruitment domains (CARDs), Apaf-1 domains or animal TIR 

domains that mainly act as scaffolds for signal transduction via the formation of 

oligomeric inflammasomes, remained unknown until recently (Li et al., 2017; 

Essuman et al., 2017). Advances in the elucidation of the protein structures and 

biochemical characteristics of these N-terminal NLR domains significantly 

contributed to understanding their potential function. 

For instance, the canonical CNL receptor HOPZ ACTIVATED RESISTANCE1 

(ZAR1), which monitors the integrity of RLCKs, including PBS1-LIKE PROTEIN2 

(PBL2; Lewis et al., 2010; 2013; Wang et al., 2015), forms a pentameric complex 
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upon ATP binding. Membrane integration and pore formation via the N-terminal 

-helices of the CC domains after pentamer formation induces a cell death response 

(Wang et al., 2019a). ZAR1 contains a MADA-motif in the first -helix that is 

conserved within a sub-group of CNLs, and it has been proposed that MADA-motif 

containing CNLs function as a death switch that perturbs the integrity of the plasma 

membrane upon integration of a resistosome-like oligomeric complex (Wang et al., 

2019a; Adachi et al., 2019a). Whether the activated NLR complex is sufficient or 

requires additional components for the induction of cell death, and how non MADA-

motif containing CNLs induce a cell death response, remains to be established.  

Plant TIR domains have a flovodoxin-like fold, with parallel -sheets that are 

surrounded by five -helices (Ve et al., 2015). Based on the presence of homo- and 

hetero-oligomerization motifs, such as the AE interface (involving helices A and E) 

or the DE interface, it has been proposed that TIR domains mainly function as 

protein adaptor domains (Williams et al., 2014; Ve et al., 2015; Zhang et al., 2017a). 

Indeed, the TIR domain interaction interfaces are required for the induction of a cell 

death response upon transient expression (e.g. Williams et al., 2014; Tran et al., 

2017). Recently, it has been revealed that (homo-)oligomerization is required for the 

enzymatic function of NLR TIR domains that depends on an essential catalytic 

glutamate residue (Wan et al., 2019; Horsefield et al., 2019). The catalytic function of 

plant TIR domains is similar to the NAD+/NADP+ degrading function of human sterile 

alpha and Toll/Interleukin-1 receptor motif containing 1 (SARM1), and produces a 

plant specific cyclic ADP-ribose variant (v-cADPR) that is required for cell death 

induction in an EDS1 dependent manner (Essuman et al., 2017; Wan et al., 2019; 

Horsefield et al., 2019). The detailed mechanism of cell death induction upon 

production of v-cADPR by plant TNL receptors, however, is not known.  
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1.3 NLR singletons, pairs and networks 

With the increasing number of characterized NLRs, it is becoming evident that 

plant NLRs rarely function as singletons, but rather as receptor pairs or in extensive 

networks (Kourelis and van der Hoorn, 2018; Adachi et al., 2019b). The mechanisms 

described for multifunctional singleton receptors, such as ZAR1, RPS5 and L6 that 

combine pathogen detection (i.e. sensor activity, see below) and immune signaling 

(i.e. helper or executor activity, see below), might represent the exception rather than 

the rule and could reflect an evolutionary ancient mechanism (Adachi et al., 2019b; 

Figure 2). Significantly, paired NLRs are often encoded by genes that cluster 

together within the genome (van Wersch and Li, 2019). Prominent examples for 

paired NLRs are the Arabidopsis TNL proteins RESISTANCE TO RALSTONIA 

SOLANACEARUM1 (RRS1-R) and RESISTANCE TO PSEUDOMONAS 

SYRINGAE4 (RPS4). RRS1-R is considered to function as a “sensor” NLR that 

directly interacts with the pathogen effectors AvrRps4 and PopP2, via its integrated 

WRKY domain at the N-terminus (Le Roux et al., 2015; Sarris et al., 2015). 

 

 

Figure 2. NLR evolution from singletons to pairs and networks. Multifunctional singleton NLRs, that 

combine sensor and executor/helper function, have evolved through specialization and diversification 

over evolutionary time into NLR pairs and networks. The functional specialization resulted in NLRs 

that directly interact with or sense effector perturbations (sensor NLRs) and NLRs that subsequently 

are required to initiate ETI downstream signaling (executor/helper NLRs). Figure adapted from Adachi 

et al. (2019b). 
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The N-terminal, DNA-binding WRKY domain of RRS1-R serves as an integrated 

decoy that was shown to be acetylated by the R. solanacearum effector PopP2. 

Since RRS1-R is lacking the catalytic glutamate residue for NAD+/NADP+ 

degradation in the TIR domain, it requires RPS4 as an “executor” NLR, which is 

catalytically active and induces a cell death response upon effector induced homo-

oligomerization (Le Roux et al., 2015; Sarris et al., 2015; Wan et al., 2019; Horsefield 

et al., 2019). Both, the heteromeric interaction between RRS1-R and RPS4, as well 

as the homo-oligomerization of RPS4 upon effector detection, require the AE 

interface (Williams et al., 2014). Transient co-expression of the RRS1-R TIR domain 

in N. benthamiana can suppress the cell death triggered by RPS4, indicating that 

NLR pairs can be inhibited by intermolecular interactions in the absence of a trigger, 

and require active de-repression to activate downstream signaling (Williams et al., 

2014; Huh et al., 2017; Ma et al., 2018). In contrast, expression of the rice NLR Pik-2 

alone does not trigger cell death in the transient expression system, but requires the 

matching NLR sensor Pik-1 that contains a HEAVY METAL-ASSOCIATED (HMA) ID 

for direct interaction with the cognate effector, in order to trigger an immune 

response (Zhai et al., 2011; Maqbool et al., 2015). This outlines that different NLR 

pairs likely co-evolved to employ specific mechanisms for pairing, intermolecular 

repression and activation of immune signaling upon pathogen perception.  

The genomic linkage and formation of cooperative NLR pairs is not restricted to 

full length TNL and CNL receptors, but has also been reported for truncated NLRs, 

that lack canonical NLR domains. For example, in addition to TNLs, the Arabidopsis 

genome also encodes for TIR-only, TIR-NB (TN) and TIR-X (TX, where X indicates 

additional C-terminal domains of various functions) proteins (Meyers et al., 2002; 

2003; Van de Weyer et al., 2019). The TN-type NLRs CHILLING SENSITIVE1 

(CHS1) and TN2 monitor the cellular homeostasis of the membrane-associated E3 

ubiquitin ligase SENESCENCE-ASSOCIATED E3 UBIQUITIN LIGASE1 (SAUL1) 

and require the full length executor TNL SUPPRESSOR OF CHS1-3 (SOC3) for 

immune signaling (Zhang et al., 2017b; Tong et al., 2017; Liang et al., 2019). 

Accordingly, SOC3 is encoded in a genomic cluster with CHS1 and TN2 in a head-

to-head orientation (Liang et al., 2019). In addition, TN2 also associates with the 

EXOCYST SUBUNIT EXO70 FAMILY PROTEIN B1 (EXO70B1), and is required for 

the auto-immune phenotype of the exo70B1-3 mutant (Zhao et al., 2015). However, 

autoimmunity of exo70b1 is not suppressed in the exo70b1 soc3 double mutant, 
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arguing against a direct guarding function of the TN2-SOC3 pair for EXO70B1 (Liang 

et al., 2019). Whereas CHS1 and SOC3 directly interact with SAUL1, no direct 

interaction between TN2 and SAUL1 has been detected (Tong et al., 2017; Liang et 

al., 2019). It has therefore been proposed that TN2-SOC3 monitor the yet unknown 

ubiquitination substrate of SAUL1, whereas CHS1-SOC3 guard SAUL1 directly 

(Liang et al., 2019). The transient expression of several TN proteins induces a cell 

death response in N. benthamiana, suggesting that truncated NLRs might have 

direct signaling functions in immunity, apart from functioning as pure sensor NLRs 

(Nandety et al., 2013; Wang et al., 2019b). This is further supported by the fact that 

the TIR-only NLR RESPONSE TO THE BACTERIAL TYPE III EFFECTOR 

PROTEIN HOPBA1 (RBA1) has NAD+ catalytic activity and is required for immunity 

against Pseudmonas syringae expressing the effector HopBA1 (Nishimura et al., 

2017). 

The formation of extensive NLR networks was recently uncovered for the NLR 

REQUIRED FOR CELL DEATH (NRC) clade of so called “helper” NLRs. Helper NLR 

signaling functions are required for a large number of genomically unlinked, but 

evolutionary related, sensor NLRs, upon detection of a diverse set of pathogen 

effectors in Solanaceae plant species (Wu et al., 2017). Indeed, also NLRs in 

Arabidopsis require the helper NLR classes N REQUIREMENT GENE1 (NRG1) and 

ACTIVATED DISEASE RESISTANCE1 (ADR1) that form a distinct subgroup of 

CNL-type NLRs with an N-terminal domain that resembles the CC motif of the R 

protein RESISTANCE TO POWDERY MILDEW8 (RPW8) for signaling (Peart et al., 

2005; Bonardi et al., 2011; Dong et al., 2016; Shao et al., 2016). Interestingly, the 

RRS1-R/RPS4 NLR pair requires both classes of helper NLRs, whereas the TNL 

pair CHS3-CONSTITUTIVE SHADE-AVOIDANCE1 (CSA1) largely depends on 

NRG1, and the CNL RPS2 mainly depends on ADR1 (Castel et al., 2019; Wu et al., 

2019). This outlines that downstream signaling upon NLR activation requires multiple 

pathways. However, direct interactions between sensor/executor NLRs and helper 

NLRs have not been described so far. 

In addition to helper NLRs, most TNLs and some CNLs require the function of the 

defense regulator EDS1 for signaling (Wiermer et al., 2005; Xiao et al., 2005; 

Wagner et al., 2013). EDS1 forms nucleocytoplasmic complexes with PAD4, which 

are spatially distinct from a nuclear EDS1 complex with another related lipase-like 

protein, SENESCENCE ASSOCIATED GENE101 (SAG101; Feys et al., 2005; Rietz 
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et al., 2011). The v-cADPR triggered cell death upon transient expression of plant 

NLR TIR domains in N. benthamiana is abolished in eds1 mutant plants. This 

indicates that EDS1 is required for the translation of the TIR domain catalytic product 

into a cell death response, besides its positive regulatory function in SA/NHP 

accumulation (Horsefield et al., 2019). It has recently been demonstrated that HR 

cell death can be uncoupled from bacterial resistance (Lapin et al., 2019). This 

prompted the authors to propose a branched TNL signaling model, in which EDS1-

PAD4-ADR1 mainly signal to restrict bacterial growth through transcriptional 

reinforcement, whereas signal transmission by EDS1-SAG101-NRG1 is essential for 

HR induction (Bonardi et al., 2011; Dong et al., 2016; Cui et al., 2018; Castel et al., 

2019; Lapin et al., 2019). In order to unravel the genetic components required for 

TNL signaling, NLR auto-immune mutants, such as Arabidopsis suppressor of npr1-

1, constitutive 1 (snc1), have been used extensively (van Wersch et al., 2016). Snc1 

mutant plants contain an E552K gain-of-function mutation within the linker region 

between the NB-ARC and the LRR domain of the canonical TNL protein SNC1 

(Zhang et al., 2003). This mutation leads to the constitutive expression of immunity-

related genes and high levels of SA, which results in enhanced resistance to 

biotrophic and hemi-biotrophic pathogens. The constitutive immune signaling results 

in a severely stunted growth morphology and curly leaves (Zhang et al., 2003). Since 

the morphological phenotype is inversely correlated with the degree of immunity, the 

snc1 mutant was used as the basis for forward and reverse genetic screens, to 

uncover essential components of snc1-mediated autoimmunity (Zhang and Li, 2005; 

Johnson et al., 2012; Xu et al., 2014a; Dong et al., 2018; Wu et al., 2019). SNC1 is 

encoded in an NLR gene cluster, and the snc1 auto-immune phenotype redundantly 

requires the TNL genes SIDEKICK OF SNC1 (SIKIC1), 2 and 3, which reside in 

tandem orientation within the NLR cluster (Dong et al., 2018). This indicates that 

SNC1 may form interconnected NLR pairs or networks with TNLs that show high 

sequence similarity and are encoded within the same gene cluster. The TIR domain 

of SNC1 is catalytically active and the snc1 auto-immune phenotype requires both, 

the NRG1 and ADR1 families of helper NLRs, as well as the nucleocytoplasmic 

immune regulators EDS1 and PAD4 (Li et al., 2001; Zhang et al., 2003; Bonardi et 

al., 2011; Dong et al., 2016; Wu et al., 2019; Horsefield et al., 2019). Interestingly, a 

forward genetic screen for modifier of snc1 (mos) mutants, that suppress the auto-

immune phenotype of snc1 uncovered several components involved in 
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nucleocytoplasmic trafficking (Palma et al., 2005; Cheng et al., 2009; Wiermer et al., 

2010; Xu et al., 2011). Subsequent analyses revealed that the MOS genes are not 

only essential for autoimmunity of snc1, but also for additional other immune 

responses (Johnson et al., 2012). This indicates that the nuclear shuttling of 

macromolecules plays a central role in the regulation of plant defense responses and 

NLR-triggered autoimmunity. 

1.4 Nucleocytoplasmic protein transport in plant immunity 

The nuclear envelope (NE) of plants as well as all other eukaryotic cells is 

composed of a lipid bilayer, which separates the nucleoplasm from the cytoplasm. 

The spatial communication between both cellular compartments, via selective 

bidirectional transport or passive diffusion of small soluble molecules <40-60 kDa, is 

enabled by the integration of membrane-spanning nuclear pore complexes (NPCs; 

Stewart, 2007; Wang and Brattain, 2007; Beck and Hurt, 2017). NPCs are composed 

of multiple copies of around 30 different, conserved proteins that are termed 

nucleoporins (NUPs) and create a central transport channel (Tamura and Hara-

Nishimura, 2013; Schwartz, 2016). The selective permeability barrier of this channel 

is governed by NUPs that contain cohesive hydrophobic phenylalanine (F)-glycine 

(G) repeat domains and form a hydrogel-like phase in the central channel. At the 

same time, FG-domains provide binding sites for nuclear transport receptors (NTRs) 

as well as NTR-cargo complexes that mediate the bidirectional translocation of 

macromolecular cargos across NPCs (Schmidt and Görlich, 2016). The molecular 

transport machinery, consisting of NPCs and NTRs, therefore provides eukaryotic 

cells with an important means to regulate diverse signaling pathways and gene 

expression in response to various cellular and environmental stimuli, including biotic 

threats. 

The class of NTRs includes importins, exportins and biportins that facilitate the 

transport of cargo proteins containing nuclear localization signals (NLSs) for nuclear 

import, or nuclear export signals (NESs) for nuclear export to the cytoplasm 

(Pemberton and Paschal, 2005; Schmidt and Görlich, 2016). For nuclear protein 

import, -importin adapter proteins directly associate with the NLS of cargos. 

-importins are superhelical solenoid-fold proteins that contain a major and minor 

NLS binding site at the inner concave surface, formed by a series of ten armadillo 

(ARM) repeats (Marfori et al., 2011; Chang et al., 2013; Christie et al., 2016). The 
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major binding site preferentially associates with the monopartite classical NLS 

(cNLS) of cargo proteins with the consensus sequence [K(K/R)X(K/R)], while both 

the major and minor site bind to bipartite cNLS with the consensus sequence 

[(K/R)(K/R)X10-12(K/R)3/5] (Chang et al., 2012; Marfori et al., 2012). In addition, “plant-

specific” non-cNLSs with the consensus sequence LGKR[K/R][W/F/Y] have been 

identified (Kosugi et al., 2009). The affinity between cargo proteins and -importins 

can be influenced by various mechanisms, including post-translational modifications 

of cargo NLSs or -importin ARM repeat motifs, as well as the oligomerization of 

cargo proteins (Christie et al., 2016). The N-terminus of -importins contains a short 

auto-inhibitory domain that is displaced from the NLS binding site upon cargo 

interaction and in turn associates with domains of the import receptor importin-, and 

is therefore termed the importin--binding (IBB) domain (Weis et al., 1996; Kobe, 

1999; Cingolani et al., 1999). The direct interaction between importin- and the FG-

NUP meshwork facilitates the translocation of the trimeric import complex into the 

nucleoplasm (Kobe, 1999; Cook et al., 2007; Chang et al., 2012; Marfori et al., 

2012). Additional, non-canonical -importin independent pathways have been 

described for cargo proteins that contain IBB-like domains and lack a cNLS 

(Lokareddy et al., 2015). Binding of the GTP-bound form of the small GTPase RAS-

RELATED NUCLEAR PROTEIN (RANGTP) to importin- displaces the IBB domain 

of importin-, and facilitates the cargo release by competition of the IBB domain with 

cargo NLSs for the ARM repeat binding site (Moroianu et al., 1996; Kobe, 1999; 

Harreman et al., 2003; Cook et al., 2007; Chang et al., 2012). In the nucleoplasm, 

importin- associates with RANGTP for translocation back to the cytoplasm, 

whereas importin- forms a trimeric export complex with RANGTP and CELLULAR 

APOPTOSIS SUSCEPTIBILITY (CAS; Goldfarb et al., 2004; Christie et al., 2016). 

GTP hydrolysis on RAN, via RAN GTPase-ACTIVATING PROTEIN (RanGAP) and 

RAN GTP BINDING PROTEIN1 (RanBP1) releases importin- and importin- from 

their respective complexes in the cytoplasm to enable another import cycle (Stewart, 

2007). 

Several immune regulatory components and NLR receptors described above 

require translocation into, and accumulation inside the nucleus, for proper function in 

immunity. This includes the transcriptional co-activator NPR1 that accumulates in the 

nucleus after monomerization to induce the expression of defense genes via TGA 
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transcription factors (Kinkema et al., 2000; Tada et al., 2008). The defense regulator 

EDS1, that associates with PAD4 and SAG101, contains NLS and NES motifs, and 

its nuclear accumulation is requires for ETI induction (Wirthmueller et al., 2007; 

García et al., 2010; Rietz et al., 2011). In addition, the nuclear localization of several 

NLRs is indispensable for efficient immunity. The NLR pair RRS1-R/RPS4 is de-

repressed in the nucleus after acetylation of the DNA-bound WRKY domain of 

RRS1-R by the effector protein PopP2 (Deslandes et al., 2002; Le Roux et al., 2015; 

Sarris et al., 2015; Ma et al., 2018). Several NLRs were shown to interact with 

transcription factors inside the nucleus. This includes the barley CNL MLA10 that 

shuttles between cytoplasma and nucleus and interacts with the transcriptional 

repressors WRKY1/2 upon effector-induced nuclear accumulation (Shen et al., 

2007), and the tabacco TNL receptor N that interacts with Squamosa Promoter 

BINDING PROTEIN-like 6 (SPL6) in a P-loop dependent manner to activate immune 

signaling (Padmanabhan et al., 2013). In addition, the well established model NLR 

SNC1 also accumulates in the nucleus and interacts with the transcriptional 

corepressor TOPLESS-RELATED1 (TPR1) that targets and represses the negative 

regulators of immunity DEFENSE NO DEATH1 (DND1) and DND2 (Zhu et al., 

2010a). SNC1 also associates with the basic Helix-loop-Helix (bHLH) transcription 

factor bHLH84 that requires SNC1 for transcriptional activation of immunity (Xu et 

al., 2014a). 

Several MOS proteins, identified from the genetic screen for suppressors of snc1-

dependent autoimmunity, were shown to be involved in the nucleocyplasmic 

partitioning of the auto-active SNC1 or of its regulatory components. For example, a 

12 bp deletion in the mos7-1 mutant results in the loss of four amino acids within the 

MOS7 protein, the homolog of human NUP88. Mos7-1 not only suppresses the auto-

immune phenotype of snc1, but also compromises resistance to biotrophic as well as 

necrotrophic pathogens (Cheng et al., 2009; Wiermer et al., 2010; Genenncher et al., 

2016). The four amino acid deletion in the mutant MOS7-1 protein impairs the 

interaction with NUP98A and NUP98B, two FG-NUPs involved in regulating the NPC 

permeability (Genenncher et al., 2016). Accordingly, mos7-1 mutant plants show 

reduced nuclear accumulation of SNC1, the SA-defense regulators EDS1 and 

NPR1, as well as MPK3, a MAP kinase which is essential for defense against 

Botrytis cinerea (Cheng et al., 2009; Genenncher et al., 2016). MOS14 encodes for 

Transportin-SR, a member of the importin- superfamily that is required for import of 
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splicing factors. The loss of MOS14 compromises ETI by influencing the splicing 

patterns of NLR transcripts, including SNC1 and RPS4 (Xu et al., 2011). 

A loss of MOS6 only partially suppresses the snc1-mediated auto-immune 

phenotype and results in enhanced disease susceptibility to the oomycete pathogen 

H. arabidopsidis Noco2 and the mildly virulent bacterium P. syringae pv. tomato (Pst) 

DC3000 lacking the effector proteins AvrPto and AvrPtoB (ΔAvrPto/AvrPtoB; Palma 

et al., 2005; Wirthmueller et al., 2015). MOS6 encodes for IMPORTIN-3, one of 

nine importin- isoforms encoded in the Arabidopsis Col-0 reference genome (Palma 

et al., 2005; Wirthmueller et al., 2013). The presence of multiple isoforms in 

Arabidopsis exemplifies the general expansion of the importin- gene family during 

the course of eukaryotic evolution. This expansion might reflect adaptation towards 

tissue- and/or stimulus-specific regulation of nuclear protein import in higher 

eukaryotes (Yano et al., 1992; Ouyang et al., 2006; Kelley et al., 2010; Wirthmueller 

et al., 2013). The Arabidopsis importin- isoforms 1 - 4, 6 and 9, however, are 

expressed ubiquitously. This suggests that subsets of -importins might have 

partially redundant functions, or evolved to mediate the preferential import of specific 

cargos or classes of cargo proteins into the nucleoplasm (Wirthmueller et al., 2013). 

Prior to this study, it was not clear whether MOS6 directly associates with SNC1 for 

nuclear import. Since a loss of MOS6 only partially suppresses autoimmunity of snc1 

and only results in mild defects in basal disease resistance (Palma et al., 2005), 

other -importins may have partially overlapping functions with MOS6 in both types 

of immune response. 
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2 Thesis aims 

The Arabidopsis genome encodes for nine importin- isoforms (Wirthmueller et 

al., 2013). IMPORTIN-3/MOS6 is required for full autoimmunity of the snc1 mutant 

and also contributes to basal disease resistance (Palma et al., 2005; Wirthmueller et 

al., 2013). The functional contribution of other importin- isoforms to snc1 

autoimmunity and disease resistance, however, remained poorly understood. A 

previous reverse-genetic approach comprising single and higher order mutant lines 

aimed to elucidate the genetic contribution of all importin- isoforms to autoimmunity 

of snc1 and to disease resistance against Pseudomonas syringae pv. tomato (Pst) 

DC3000 lacking the type-III effector proteins AvrPto and AvrPtoB (ΔAvrPto/PtoB; 

Roth, 2015). One aim of this thesis was to complement the genetic analysis by 

investigating the potential cargo-binding specificities of all nine Arabidopsis -

importins for the nucleocytoplasmic NLR protein SNC1, by using protein-protein 

interaction assays in the transient expression system Nicotiana benthamiana. In 

order to identify and characterize additional IMP-3/MOS6 cargo proteins with 

defense-regulatory functions, an in planta affinity purification approach, using stable 

transgenic Arabidopsis lines, as well as in silico database analyses, were conducted 

(Roth, 2015). This approach identified the ER-localized, truncated NLR protein TIR-

NB13 (TN13) as a selective IMP-3/MOS6 interaction partner required for resistance 

to Pst DC3000 (ΔAvrPto/PtoB). TN13 is genomically linked to a gene encoding an 

uncharacterized, predicted full length TNL protein. The genomic linkage or cluster 

formation of NLR genes indicates cooperative functions of the encoded NLRs within 

pairs or larger NLR networks (van Wersch and Li, 2019). The main objective of this 

thesis was the detailed molecular and functional characterization of TN13 and the 

genomically linked full length TNL. Therefore, pathogen interaction studies of 

Arabidopsis mutants and stable transgenic lines as well as transient expression 

assays of full length, truncated and mutated NLR protein variants in N. benthamiana 

wild-type and mutant lines were conducted. Finally, interaction studies were 

performed to investigate whether TN13 and the genomically linked TNL might 

function as an NLR pair or within a larger NLR signaling network. 
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4.1.1 SUMMARY 

IMPORTIN-3/MOS6 (MODIFIER OF SNC1, 6) is one of nine importin- isoforms 

in Arabidopsis that recruit nuclear localization signal (NLS)-containing cargo proteins 

to the nuclear import machinery. IMP-3/MOS6 is required genetically for full 

autoimmunity of the nucleotide-binding leucine-rich repeat (NLR) immune receptor 

mutant snc1 (suppressor of npr1-1, constitutive 1), and MOS6 also contributes to 

basal disease resistance. Here, we investigated the contribution of the other importin-

 genes to both types of immune responses, and we analyzed potential interactions 

of all importin- isoforms with SNC1. By using reverse-genetic analyses in 

Arabidopsis and protein-protein interaction assays in N. benthamiana, we provide 

evidence that among the nine Arabidopsis -importins, IMP-3/MOS6 is the main 

nuclear transport receptor of SNC1, and that IMP-3/MOS6 is required selectively for 

autoimmunity of snc1 and basal resistance to mildly virulent Pseudomonas syringae 

in Arabidopsis. 

4.1.2 SIGNIFICANCE STATEMENT 

Specific requirement for the Arabidopsis -importin MOS6 in snc1-mediated 

autoimmunity is explained by selective formation of MOS6-SNC1 nuclear import 

complexes. 

4.1.3 INTRODUCTION 

In eukaryotic cells, the nuclear envelope separates the nucleoplasm from the 

surrounding cytoplasm. It acts as a protective compartment boundary for the 

genome, but it also provides eukaryotic cells with an important regulatory feature to 

control the specificity and timing of signaling pathways and gene expression in 

response to both cellular and environmental stimuli (Kaffman and O’Shea, 1999; 

Orphanides and Reinberg, 2002; Gu, 2018). The nuclear envelope consists of an 

inner and outer lipid bilayer and is spanned by a multitude of nuclear pore complexes 

(NPCs) that fuse both membranes to form a central channel for the selective 

bidirectional transport of macromolecules, as well as the passive diffusion of small 

soluble molecules <40-60 kDa, between the nucleoplasm and the cytoplasm 

(Stewart, 2007; Wang and Brattain, 2007; Beck and Hurt, 2017). The approximately 

30 different protein constituents of NPCs can have predominantly structural functions 

or play active roles in nuclear transport, and are collectively termed nucleoporins 

(NUPs). NUPs containing intrinsically disordered domains of hydrophobic 
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phenylalanine (F)-glycine (G) repeats form a meshwork in the central transport 

channel, that is crucial for the function of NPCs (Grossman et al., 2012; Tamura and 

Hara-Nishimura, 2013; Beck and Hurt, 2017). This meshwork of FG-NUPs creates 

the selective permeability barrier and provides binding sites for nuclear transport 

receptors (NTRs), that traverse the central channel of the NPC during facilitated 

transport (Schmidt and Görlich, 2016). NTRs include both, importins and exportins, 

which recognize localization signals on their cargos and mediate nuclear import and 

export, respectively (Pemberton and Paschal, 2005; Wente and Rout, 2010), albeit 

NTRs that mediate bidirectional transport have also been described (Mingot et al., 

2001). 

The transport of proteins destined for active nuclear import is generally mediated 

by an importin- and importin- heterodimer. -importins function as adapter proteins 

that recognize and bind to nuclear localization signals (NLSs) of cargo proteins. The 

best characterized NLSs are comprised of one (monopartite) or two (bipartite) 

sequence motifs enriched in the basic amino acids lysine (K) and arginine (R). These 

canonical or classical NLSs (cNLSs) have the consensus sequences [K(K/R)X(K/R)] 

and [(K/R)(K/R)X10-12(K/R)3/5], respectively (Chang et al., 2012; Marfori et al., 2012). 

Importin- proteins possess a central series of ten armadillo (ARM) repeats, that 

form the NLS-binding cleft with two distinct NLS contact sites on its concave side, 

referred to as the major and minor NLS binding site. Whereas both sites 

simultaneously interact with bipartite cNLSs, monopartite cNLSs preferentially bind to 

the major site (Marfori et al., 2011; Chang et al., 2013; Christie et al., 2016). In 

addition to the ARM repeat domain, importin- family members typically contain an 

N-terminal -helix that mediates direct contact to importin- and is therefore termed 

the importin--binding (IBB) domain. The flexible IBB domain has a dual regulatory 

function. On the cytoplasmic side of the NPC, it links the importin-/NLS-cargo 

complex to the importin- carrier molecule. Importin- subsequently mediates the 

active transport of the ternary complex into the nucleus, by directly interacting with 

the FG-NUP meshwork in the central channel of the NPC (Kobe, 1999; Cook et al., 

2007; Chang et al., 2012; Marfori et al., 2012). In the nucleoplasm, the ternary import 

complex is destabilized by binding of importin- to the small GTPase RAS-RELATED 

NUCLEAR PROTEIN (RAN), in its GTP-bound form, resulting in dissociation of the 

importin- IBB domain from importin-. The IBB domain harbors a cluster of basic 

amino acids that is related to bipartite NLSs and competes with the NLSs of cargo 
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proteins, for binding to the ARM repeats (Kobe, 1999). This auto-inhibitory effect of 

the IBB domain helps to free the cargo from importin- ARM-repeats inside the 

nucleoplasm, after the IBB domain is released from importin- by RANGTP 

(Moroianu et al., 1996; Kobe, 1999; Harreman et al., 2003; Cook et al., 2007; Chang 

et al., 2012). Subsequently, the dimeric importin-/RANGTP complex is exported to 

the cytoplasm, whereas a C-terminal acidic patch of importin- interacts with the 

RANGTP-bound export carrier CELLULAR APOPTOSIS SUSCEPTIBILITY (CAS), 

for recycling of cargo-free importin- back into the cytoplasm (Goldfarb et al., 2004; 

Christie et al., 2016). In the cytoplasm, RAN GTPase-ACTIVATING PROTEIN 

(RanGAP) and its co-factor RAN GTP BINDING PROTEIN1 (RanBP1) impart GTP 

hydrolysis on RAN, to release importin- and importin- for another round of cargo 

import (Stewart, 2007). 

The importin- gene family has expanded substantially during the course of 

eukaryotic evolution, probably reflecting adaptation towards a more complex, tissue- 

and/or stimulus-specific regulation of nuclear protein import (Yano et al., 1992; 

Yasuhara et al., 2007; Hu et al., 2010; Kelley et al., 2010; Pumroy and Cingolani, 

2015). The genome of the model plant species Arabidopsis thaliana encodes nine 

importin- paralogs, of which the isoforms 1 - 4, 6 and 9 are expressed 

ubiquitously, based on publicly available gene expression data (Wirthmueller et al., 

2013). Arabidopsis IMPORTIN-3 (IMP-3), also termed MOS6 (for MODIFIER OF 

SNC1, 6), was identified in a forward genetic screen for components that contribute 

to constitutive defense activation, and related growth inhibition of the auto-immune 

mutant suppressor of npr1-1, constitutive1 (snc1; Li et al., 2001; Palma et al., 2005). 

Constitutive immune pathway activation in snc1 plants is caused by an E552K 

mutation in the nucleotide-binding leucine-rich repeat (NLR) protein SNC1 (Zhang et 

al., 2003). Plant NLR proteins function as intracellular immune receptors that 

perceive pathogen-secreted virulence factors (effectors), to activate a defense 

response termed effector-triggered immunity (ETI). ETI is commonly associated with 

a hypersensitive cell death response (HR) at the local infection site to restrict 

pathogen spread (Cui et al., 2015), albeit auto-activation of SNC1 per se does not 

cause spontaneous cell death in the snc1 mutant (Li et al., 2001; Zhang et al., 2003). 

SNC1 is a nucleocytoplasmic Toll-Interleukin Receptor (TIR)-type NLR (TNL) protein, 

and its nuclear pool is essential for the auto-immune phenotype of snc1 plants 

(Cheng et al., 2009; Zhu et al., 2010a; Wiermer et al., 2010). Therefore, the 
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identification of three mutant alleles of mos6 as genetic suppressors of snc1 auto-

immune phenotypes suggest that MOS6 imports the auto-active SNC1 or/and its 

essential downstream signaling component(s) into the nucleus (Palma et al., 2005). 

Since mutations in MOS6 only partially suppresses snc1 autoimmunity and mos6 

single mutants show only mild defects in basal resistance (Palma et al., 2005; Roth 

et al., 2017), other -importins may have partially overlapping functions with MOS6. 

Here, we investigated the genetic requirement of the nine Arabidopsis -importin 

paralogs for manifestation of the auto-immune phenotype of snc1, and we analyzed 

the nuclear import complex formation of the nine -importins with the auto-active and 

wild-type SNC1 proteins. We show that both protein variants of SNC1 strongly 

interact with MOS6/IMP-3, whereas we detected no or only very weak interactions 

with the other eight Arabidopsis -importins, when co-expressed transiently in leaves 

of N. benthamina. The preferential association of SNC1 with MOS6/IMP-3 is 

consistent with reverse-genetic analyses showing that a mutation in MOS6/IMP-3, 

but not in any other importin- gene, partially suppresses the dwarf auto-immune 

phenotype of snc1 plants. In addition, mos6, but no other importin- single mutant, is 

compromised in basal disease resistance. This suggests that MOS6/IMP-3 plays a 

major functional role in nuclear import of SNC1, and possibly of cargo proteins 

involved in the regulation of basal resistance in Arabidopsis. 

4.1.4 RESULTS 

4.1.4.1 MOS6/IMPORTIN-3 is selectively required for autoimmunity of snc1 

In Arabidopsis genetic screens, three mutant alleles of the nuclear transport 

receptor MOS6/IMPORTIN-3 (IMP-3; AT4G02150) were identified as partial 

suppressors of constitutive immunity, activated in the NLR gene mutant snc1 (Zhang 

et al., 2003; Palma et al., 2005). Whereas snc1 plants are severely stunted and have 

curly leaves, snc1 mos6 double mutants are of intermediate size between the wild-

type Col-0 and snc1, and have leaves that are less curly compared to snc1 (Palma et 

al., 2005). Since all mutant alleles of mos6 do not completely suppress snc1 

autoimmunity (Palma et al., 2005; Wirthmueller et al., 2015; Roth et al., 2017), we 

reasoned that other -importins may partially compensate for loss of MOS6 function. 

The Arabidopsis Col-0 reference genome encodes for nine importin- isoforms, of 

which IMP-1, -2, -3/MOS6, -4, -6 and -9 are expressed ubiquitously 

throughout plant tissues (Hruz et al., 2008; Wirthmueller et al., 2013). Figure 1 shows 
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the phylogenetic relationships and the schematic gene structures of Arabidopsis 

IMP-1 - IMP-9. In order to investigate their functional relevance for manifestation 

of the dwarf snc1 auto-immune phenotype, we established a collection of T-DNA 

insertion mutants for all nine individual Arabidopsis importin- genes, that were 

obtained from the Nottingham Arabidopsis Stock Centre (NASC; Scholl et al., 2000). 

If available, two independent T-DNA insertion lines for each IMP- gene were 

ordered. Homozygous mutant lines of the individual IMP- genes were isolated via 

PCR-based genotyping and analyzed for disruption of functional transcripts, via RT-

PCR, using cDNA-specific primers that flank or are downstream (upstream for imp-

9) of the T-DNA insertions (Figure S1). For each gene, one mutant line without 

detectable full length transcripts was subsequently used for further functional 

analyses (Figures 1, S1). To determine whether the imp- mutants can suppress the 

snc1 auto-immune growth morphology, we crossed snc1 with each of the imp- 

mutant lines to obtain homozygous snc1 imp- double mutants, in the F2 generation. 

As shown in Figure 2, only a defect in MOS6/IMP-3, but not in any of the other eight 

importin- genes, partially suppresses the stunted growth of snc1 irrespective of the 

photoperiod. These genetic data indicate that IMP-1, -2, -4, -5, -6, -7, -8 

and -9 are not individually essential for establishment of the snc1 auto-immune 

phenotype, whereas IMP-3/MOS6 plays a prominent role in snc1-mediated growth 

retardation. 

MOS6/IMP-3 is most closely related to IMP-6 (Figure 1). However, the available 

imp-6 mutant allele (GK_435H12; Figure 1) that we crossed with snc1 is located in 

the last exon of the gene, and we therefore cannot fully exclude the presence of a 

partially functional IMP-6 protein in this imp-6 mutant. To further investigate 

whether MOS6 functions redundantly with IMP-6 in autoimmunity of snc1, we used 

CRISPR/Cas9-based genome editing to generate an imp-6 mutation in the snc1 

mos6-1 double mutant background. This mutation, named imp-6-2, introduces a 

premature stop codon in the second exon of IMP-6/At1G02690 (Figure S2A and B). 

As the imp-6-2 mutation did not further suppress the snc1-associated stunted 

growth morphology of the snc1 mos6-1 double mutant (i.e. snc1 mos6-1 and snc1 

mos6-1 imp-6-2, as well as snc1 mos6-1 imp-6-1 (GK_435H12) plants are of 

similar size and have leaves that are less curly, compared to snc1 and snc1 imp-6 
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plants; Figures 2, S2C), our data suggest that IMP-6 does not function redundantly 

with MOS6/IMP-3, in the snc1 auto-immune pathway. 

4.1.4.2 MOS6/IMPORTIN-3 is selectively required for basal resistance 

Mutations in MOS6 not only suppress the stunted growth and constitutive 

immunity of snc1 (Figure 2; Palma et al., 2005), but also result in enhanced disease 

susceptibility to the oomycete pathogen Hyaloperonospora arabidopsidis (Hpa) 

Noco2 and to the mildly virulent bacterial pathogen P. syringae pv. tomato (Pst) 

DC3000 lacking the effectors AvrPto and AvrPtoB (AvrPto/AvrPtoB; Palma et al., 

2005; Wirthmueller et al., 2015; Roth et al., 2017). To test the contribution of the 

other importin- genes for basal disease resistance, we inoculated the importin- 

single mutants with Pst DC3000 (AvrPto/AvrPtoB) and analyzed their disease 

susceptibility. For the infection assay, the Col eds1-2 mutant was used as hyper-

susceptible control, whereas the snc1 mutant served as a control for enhanced 

disease resistance due to its constitutive defense activation (Zhang et al., 2003; 

Bartsch et al., 2006; Roth et al., 2017). Basal resistance against Pst DC3000 

(AvrPto/AvrPtoB) was significantly compromised in mos6 mutant plants when 

compared to the wild-type Col-0 (Figure 3). Consistent with previous data, the 

enhanced susceptibility of mos6 mutant alleles was less pronounced as the complete 

breakdown of resistance in Col eds1-2 plants (Wirthmueller et al., 2015; Roth et al., 

2017). Single mutants of the other importin- genes did not show significantly altered 

susceptibility upon inoculation with Pst DC3000 (AvrPto/AvrPtoB) and were as 

resistant as wild-type plants (Figure 3). This suggests that among the nine -

importins in Arabidopsis, MOS6/IMP-3 does not only play a predominant role in 

snc1-mediated autoimmunity (Figure 2), but also in basal disease resistance (Figure 

3). Accordingly, the individual disruption of MOS6, or of any other IMP- gene 

function, is not compensated for by increased expression of the remaining functional 

IMP- genes (Figure S3). We also did not detect an altered expression of any IMP- 

in the snc1 auto-immune mutant. Vice versa, the expression of SNC1 was also not 

obviously changed in any of the imp- single mutants, compared to the wild-type 

control (Figure S3). Similarly, the IMP- gene expression levels are not considerably 

altered after infection with pathogens, in any of the datasets available via the 

Genevestigator (Hruz et al., 2008) or the Bar Expression databases (Toufighi et al., 
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2005). Together, these data strongly suggest a preferential involvement of 

MOS6/IMP-3 in plant immune responses (Figures 2, 3, S2). 

4.1.4.3 Morphological characterization of imp- single and higher order 

mutants 

The overall rosette size and growth morphology of mos6 single mutants is 

indistinguishable from Col-0 wild-type plants (Palma et al., 2005; Roth et al., 2017), 

suggesting that loss of MOS6 function does not affect regular plant growth and 

development. To test whether this also holds true for the other IMP- genes, we 

investigated the growth phenotypes of our imp- single mutant collection. When 

cultivated under both short-day or long-day growth conditions, all examined imp- 

single mutants showed a wild-type-like growth phenotype in terms of rosette/plant 

size and morphology, and the timing of floral transition and bolting. Only imp-1 

plants had a marginally reduced rosette size (Figure 4). Together, this indicates that 

the functional loss of individual importin- isoforms does not have a major impact on 

regular plant development. 

To test whether IMP- family members have overlapping functions in plant 

development, we generated several imp- double and triple mutant combinations 

and characterized their growth phenotypes. Generally, growth of the imp- double 

mutants was indistinguishable from Col-0 wild-type plants, except for double mutants 

containing the imp-1 allele that were smaller than wild-type plants (Figure 5). This 

growth reduction was most pronounced in the double mutant of the closely related 

imp-1 and imp-2 (Figure 1). For the mos6 imp-1 combinations, this phenotype 

was most clearly seen for full-grown plants after five weeks growth under long-day 

conditions, rather than for rosette sizes. Beside this, no other obvious morphological 

defects were observed for any of the imp- double mutants that we investigated 

(Figures 5 and S2). The growth retardation that we observed for the imp-1 imp-2 

double mutant was even more extreme for imp-1 imp-2 mos6-4 triple mutant 

plants (Figure 6). In particular, when grown under short-day conditions, these plants 

were even smaller, as compared to the severely stunted snc1 control (Figure 6). The 

phenotypes of all other triple mutant combinations were similar to the wild-type 

control (Figure 6), and we did not detect an altered expression of the remaining 

functional IMP- genes in any of the triple mutants, as compared to the wild-type 

control (Figure S4). Together, these mutant analyses show that IMP-1, IMP-2 and 
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MOS6/IMP-3 have partially redundant functions, important for regular plant growth 

and development. However, when we infected triple mutants containing mos6-4 with 

Pst DC3000 (AvrPto/AvrPtoB), their susceptibility was similar to that of the mos6-1 

single mutant, suggesting that MOS6 plays a major functional role in maintaining the 

basal resistance layer to Pst DC3000 (AvrPto/AvrPtoB) (Figure S5). 

4.1.4.4 NLR protein SNC1 preferentially associates with MOS6/IMPORTIN-3 

The preferential genetic requirement of MOS6/IMP-3 for basal resistance (Figure 

3) and constitutive immunity caused by the E552K mutation in the TNL protein SNC1 

(Figure 2) is intriguing, and the latter suggests that MOS6/IMP-3 is responsible for 

transport of the auto-active SNC1 (SNC1E552K) or/and its essential downstream 

signaling component(s) into the nucleus. 

Bioinformatic analyses with default stringency settings revealed no strong 

candidate sequences for an NLS in the SNC1 protein sequence (Nguyen Ba et al., 

2009; Kosugi et al., 2009). Lowering the thresholds for NLS prediction in 

NLStradamus and NLSmapper identified three lower-scoring sequences that might 

function as NLS and mediate active nuclear import of this 163 kDa 

nucleocytoplasmic TNL protein (Figure 7A, Table S1; Zhang et al., 2003; Cheng et 

al., 2009). As there are nine importin- isoforms in Arabidopsis (Figure 1; 

Wirthmueller et al., 2013), and mutations in MOS6 suppress autoimmunity of snc1 

only partially (Figure 2; Palma et al., 2005; Wirthmueller et al., 2015; Roth et al., 

2017), other -importins may cooperate with MOS6 in transporting auto-active 

SNC1E552K or its downstream signal transducers. To investigate the potential 

interactions of MOS6/IMP-3 and the other eight -importins with SNC1E552K in 

planta, we used Agrobacterium-mediated transient co-expression in leaves of 

Nicotiana benthamiana eds1a-1 plants (Ordon et al., 2017), and conducted co-

immunoprecipitation (Co-IP) analyses two days after Agrobacterium infiltration. Since 

a C-terminal 3xHA-StrepII (3xHA-SII) epitope tag of MOS6/IMP-3, and a C-terminal 

fluorescent protein tag of SNC1, do not interfere with the respective protein functions 

(Cheng et al., 2009; Roth et al., 2017), we co-expressed the 3xHA-SII-tagged 

-importins with mYFP-tagged SNC1E552K. We used the N. benthamiana eds1a-1 

mutant to investigate IMP-/SNC1 transport complex formations, because the 

transient expression of both the auto-active and the wild-type SNC1 (SNC1wt, see 

below) triggers a HR-like cell death response in N. benthamiana wild-type plants that 
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depends on the essential TNL downstream signaling component EDS1 (Figure S6; 

Wiermer et al., 2005; Ordon et al., 2017). Transient expression of the mYFP-tagged 

SNC1E552K and SNC1wt confirmed a previously reported nucleocytoplasmic 

localization (Cheng et al., 2009). As expected for -importins, we also observed a 

nucleocytoplasmic distribution when we transiently expressed IMP-1 to IMP-9 in 

N. benthamina eds1a-1, albeit IMP-1, IMP-2, IMP-3/MOS6 showed a 

predominantly nuclear localization, as reported previously for other -importins 

(Figure S7, S8; Kanneganti et al., 2007; Chen et al., 2018). 

Using GFP-Trap® magnetic agarose beads (Chromotek) for immunoprecipitation 

of SNC1E552K-mYFP and subsequent detection of co-purifying 3xHA-SII-tagged 

-importins by anti-HA western blot analysis revealed that the auto-active SNC1 

strongly interacts with MOS6/IMP-3, whereas we detected only very weak 

interactions with the other -importins (Figure 7B, left). As the E552K mutation of the 

auto-active SNC1 protein variant is located in close proximity to one of the predicted 

NLSs of SNC1 (Figure 7A), we investigated whether the mutation might influence 

recognition specificities by importin- proteins. Therefore, we also analyzed the 

interaction of the wild-type SNC1 protein (SNC1wt) with the nine Arabidopsis 

-importins. As shown in Figure 7B, the association pattern of the wild-type SNC1 

protein was highly similar to the auto-active protein variant, i.e. SNC1wt strongly 

interacts with MOS6/IMP-3, but only very weakly associates with the other 

importin- isoforms. These analyses show that both the auto-active and wild-type 

SNC1 proteins preferentially interact with MOS6/IMP-3 in planta and suggest that, 

among the nine -importins in Arabidopsis, MOS6 is the main isoform that mediates 

the import of SNC1 into the nucleus. The considerably weaker associations between 

SNC1 and the other isoforms may collectively provide sufficient nuclear import of 

SNC1E552K to partially compensate for loss of MOS6 function in snc1-mediated 

immunity. 

4.1.5 DISCUSSION 

Nuclear translocation and accumulation of certain NLR proteins, signal 

transducers and/or transcription factors are important regulatory steps in controlling 

diverse cellular defense pathways in plants (Gu, 2018). Cytoplasmic proteins 

containing cNLSs are recruited to the nuclear transport machinery, via importin- 

transport adapters that recognize and bind the exposed cNLSs of their cargos. The 
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sequenced genomes of higher plants usually encode several importin- isoforms, 

suggesting either that subsets of -importins function redundantly, or that multiple 

isoforms have evolved to confer preferential nuclear entry of specific cargos 

(Wirthmueller et al., 2013). The latter functional diversification may arise from tissue-

specific and/or temporally distinct expression patterns, or from isoform-specific 

affinities for particular cargo substrates. 

In Arabidopsis, autoimmunity of the NLR gene mutant snc1 partially depends on 

MOS6/IMP-3, one of nine members of the importin- gene family (Palma et al., 

2005; Wirthmueller et al., 2013). Here, we made use of the dwarf morphology of snc1 

to investigate the individual contribution of the other eight importin- genes for 

manifestation of this characteristic growth phenotype. We show that MOS6 plays an 

eminent role in snc1-mediated growth retardation, since the other importin- genes 

are not individually essential for establishment of this auto-immune phenotype 

(Figure 2). However, mutations in MOS6 do not fully suppress the dwarfism of snc1 

(Figure 2; Palma et al., 2005). We therefore cannot exclude the possibility that one or 

several other -importin(s) may partially compensate for loss of MOS6 function in 

snc1-dependent autoimmunity, albeit the higher order mutant combinations of mos6 

that we investigated do not further impair basal defense responses, and the dwarfism 

of snc1 is not further suppressed in snc1 mos6 imp-6 triple mutants, as compared 

to snc1 mos6 double mutant plants (Figure S2). Alternatively, an importin- 

independent nuclear transport pathway may operate redundantly with MOS6. For 

instance, some NTRs of the importin- family are capable to directly bind to cargo 

proteins and mediate nuclear import independently of importin- (Christie et al., 

2016; Zhang et al., 2017; Liu et al., 2019). Given that the SNC1 sequence does not 

harbor strong candidates for a cNLS, it remains possible that direct binding to MOS6 

is mediated by an atypical NLS. It is also conceivable that SNC1 might employ a 

piggy-back mechanism and binds to MOS6 indirectly, via an NLS-containing 

interaction partner or specific adapter protein, as shown for nuclear import of 

Arabidopsis phyA (Genoud et al., 2008). 

Our co-immunoprecipitation assays suggest that, among the nine importin- family 

members in Arabidopsis, MOS6 is the main nuclear import receptor of SNC1, 

providing evidence for functional specialization of MOS6 (Figure 7). Support of this 

idea comes from a report showing that nuclear accumulation of GFP-tagged SNC1-4 

(a variant of the auto-active SNC1E552K that harbors an additional E640K mutation) is 
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affected in mos6 mutant protoplasts, when compared to protoplasts of Arabidopsis 

wild-type plants (Zhu et al., 2010b). To obtain insights into possible specificity 

determinants that could explain the high preference of SNC1 for MOS6 as NTR, we 

analyzed the crystal structure of the MOS6 ARM repeat domain (Wirthmueller et al., 

2015) for amino acid polymorphisms that are not shared with any other -importin 

isoform. At the MOS6 major and minor NLS binding sites, all core residues that can 

be predicted to make direct contact to cNLS are conserved and therefore cannot 

explain specificity for SNC1 (Wirthmueller et al., 2013; 2015). The only two surface-

exposed residues within the MOS6 inner solenoid that are not shared with any other 

Arabidopsis -importin are N275 and V444. Based on crystal structures of rice 

importin- in complex with cNLS peptides (Chang et al., 2012; 2013), neither of these 

two residues directly contributes to the NLS binding sites. However, N275 maps to the 

third helix of MOS6 armadillo repeat 5 and is located in proximity to the cleft that 

accommodates the K in the P4' position of cNLS peptides binding to the minor NLS 

binding site (Marfori et al., 2011). Whether these polymorphic residues outside of the 

core NLS binding grooves can explain the predominant role of MOS6 as NTR for 

SNC1 is currently not known. However, from our protein interaction assays we 

conclude that the considerably reduced associations of SNC1 with the other 

importin- isoforms may collectively be sufficient for transporting enough of the 

SNC1E552K pool into the nucleus to partially compensate for loss of MOS6 function in 

snc1 mos6 plants (Figures 2, 7). This would explain why mos6 only partially 

suppresses snc1, and why the additional mutation of the closely related IMP-6 in 

snc1 mos6 imp-6 triple mutants is not sufficient to further suppress the snc1-

associated growth retardation of snc1 mos6 double mutants (Figure S2C). 

It should be noted that our conclusion is based on the formation of SNC1/IMP- 

transport complexes in the heterologous expression system N. benthamiana. We 

therefore cannot fully exclude that the differential complex formations are, at least in 

part, due to competition by other NLS-cargos in the cytosol of N. benthamiana cells. 

Yet our reverse-genetic analysis in Arabidopsis are consistent with the preferential 

co-purification of MOS6 with immunoprecipitated SNC1 (Figure 7). Our Co-IP results 

further suggest that the E552K mutation, located in proximity to one of the predicted 

NLSs of SNC1, does not obviously alter the importin- binding affinities/specificities 

for the auto-active SNC1E552K, as compared to SNC1wt (Figure 7). Nuclear transport 

rates of cargos are directly related to their binding affinities for their import receptors 
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(Hodel et al., 2006; Timney et al., 2006; Christie et al., 2016). Therefore, it is unlikely 

that the snc1 auto-immune phenotype induced by the E552K mutation is simply 

caused by altered nuclear import rates of the SNC1E552K protein. 

Considering near identity in the core residues forming the NLS-binding sites of 

MOS6 and the leaf-expressed isoforms 1, 2, 4 and 6 (Wirthmueller et al., 2015), 

it is intriguing that MOS6 preferentially associates with SNC1 (Figure 7), and that the 

knock-out of a single importin- gene causes a specific phenotype such as the 

immunity defects of mos6 (Figures 2, 3, S2, S5). In another example, Bhattacharjee 

et al. (2008) reported that the loss of IMP-4, but not of other importin- genes, 

impairs host transformation by Agrobacterium tumefaciens, albeit several importin- 

isoforms are able to interact with the NLS-containing A. tumefaciens effectors VirD2 

and VirE2 that mediate nuclear translocation of the T-complex. IMP-4 has the 

highest expression level in Arabidopsis roots, compared to the other -importin 

genes (Wirthmueller et al., 2013). Significantly, Bhattacharjee et al. (2008) also show 

that the imp-4 phenotype can be complemented by overexpression of not only IMP-

4, but also of several other isoforms. This suggests that, although IMP-4 appears 

to be the most crucial isoform for transfer of the T-complex, other isoforms can 

compensate the loss of IMP-4 function when their cellular abundance is increased 

(Bhattacharjee et al., 2008). Thus, nuclear import kinetics are influenced not only by 

the affinity of a particular cargo for the NTR, but can also be modified by the 

cytoplasmic concentrations of both the NTRs and the cargo proteins (Timney et al., 

2006; Bhattacharjee et al., 2008; Cardarelli et al., 2009; Wirthmueller et al., 2015). 

In plants, there are more prior examples of importin- cargo selectivity as well as 

of redundancy (Jiang et al., 2001; Kanneganti et al., 2007; Bai et al., 2008; 

Wirthmueller et al., 2015; Gerth et al., 2017; Roth et al., 2017; Chen et al., 2018; 

Contreras et al., 2019). Accordingly, in addition to the selective role of MOS6/IMP-3 

in plant (auto-)immunity (Figures 2, 3, 7, S2 and S5), our genetic analysis also 

revealed that MOS6 has partially overlapping functions with IMP-1 and IMP-2 in 

regular plant growth and development (Figure 6). The molecular basis for this 

functional specialization/redundancy in nuclear import pathways remains elusive. We 

speculate that polymorphic residues outside of the core NLS binding grooves of 

MOS6/IMP-3 may explain the predominant role as NTR for SNC1 and possibly 

other cargos involved in basal defense regulation. 
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Nuclear import rates are regulated at several levels, including post-translational 

modifications that can modulate cargo binding affinities by introducing direct changes 

to the NLS, or by blocking importin-/cargo interactions through intra- or 

intermolecular masking of NLSs (Christie et al., 2016). For example, phosphorylation 

of residues in vicinity of NLSs can result in cytoplasmic retention of the modified 

cargo variant by preventing its association with importin- (Rona et al., 2013; Helizon 

et al., 2018). Vice versa, phosphorylation of residues in the linker region of bipartite 

NLSs can enhance the affinity of an NLS for importin- binding, and increase nuclear 

translocation rates (Hübner et al., 1999; Christie et al., 2016). Whether the 

SNC1/IMP- affinities, and/or binding specificities in Arabidopsis are modulated via 

post-translational modifications according to the actual cellular needs, in response to 

environmental stimuli, remains to be determined. 

4.1.6 EXPERIMENTAL PROCEDURES 

Plant material and growth conditions 

Arabidopsis thaliana plants were grown on soil in environmentally controlled 

chambers with 65 % relative humidity. Short day conditions (SD) with an 8/16 h 

light/dark regime or long day conditions (LD) with a 16/8 h light/dark regime at 

22/18 °C were used for growth morphology assessments. Nicotiana benthamiana 

plants were grown under a 16/8 h light/dark regime at 25/22 °C, 4-5 week old plants 

were used for transient expression assays. The N. benthamiana eds1a-1 mutant was 

previously described (Ordon et al., 2017). A. thaliana T-DNA insertion lines were 

obtained from the Nottingham Arabidopsis Stock Centre (NASC, 

http://arabidopsis.info). PCR‐based genotyping, using T-DNA flanking primers, was 

used to identify and isolate homozygous mutants (Table S2). The snc1 (Li et al., 

2001), Col eds1-2 (Bartsch et al., 2006), mos6-1 and mos6-2 (Palma et al., 2005), 

and mos6-4 (Wirthmueller et al., 2015) mutants were previously described. For the 

generation of imp-6-2 mutant lines, transgenic plants were generated by 

transforming snc1 mos6‐1 double mutant with Agrobacterium tumefaciens strain 

GV3101 pMP90RK, carrying a binary vector for CRISPR/Cas9-based gene editing 

(see below), by floral‐dip (Clough and Bent, 1998). Homozygous snc1 mos6‐1 

imp-6-2 mutants were isolated using a T7-endonuclease assay, before determining 

the mutation via sequencing of the PCR amplified target region. mos6‐1 imp-6-2 

40

http://arabidopsis.info/


Manuscript 1 

 

double and imp-6-2 single mutant plants were isolated by PCR-based genotyping, 

after backcrossing of snc1 mos6‐1 imp-6-2 with Col-0 wild-type plants. 

 

Pseudomonas infection assay 

Plant infection assays were performed as previously described (Roth et al., 2017). 

Briefly, rosette leaves of 5‐week‐old soil grown plants were vacuum‐infiltrated with a 

suspensions of Pst DC3000 (AvrPto/AvrPtoB; Lin and Martin, 2005), with a bacterial 

density of 1 × 105 cfu ml−1 in 10 mM MgCl2 and 0.001 % (v/v) Silwet L‐77. Titers were 

determined 1 h (d0) and 3 days (d3) after infiltration. 

 

Construction of plasmids 

The Gateway compatible binary destination vectors pXCSG-mYFP or pXCSG-

3xHA-StrepII were used for transient expression assays in N. benthamiana (Witte et 

al., 2004; Feys et al., 2005; García et al., 2010). Genomic sequences were PCR 

amplified using gene specific primers, listed in Table S2, and cloned into pENTR/D‐

TOPO (ThermoFisher Scientific, https://www.thermofisher.com) entry vectors. 

Sequenced entry vectors were used in LR-reactions with the respective destination 

vectors to receive expression vectors. The binary vector for CRISPR/Cas9-based 

gene editing is derived from pHEE401 (Wang et al., 2015) and was provided by C. 

Thurow and C. Gatz (University of Goettingen). The sgRNA was created via golden-

gate cloning of annealed complementary oligos 

5´-GATTGAGACTTACAATTGGAGGCGA-3´ and 

5´-AAACTCGCCTCCAATTGTAAGTCTC-3´, determining the target site (overhangs 

for golden gate ligation sites are marked with bold letters). All sequence confirmed 

vectors were transformed into Agrobacterium tumefaciens strain GV3101 pMP90RK 

using electroporation. 

 

Transient expression in N. benthamiana 

Agrobacteria were grown over night, harvested by centrifugation, resuspended in 

infiltration buffer (10 mM MgCl2, 10 mM MES pH 5.5, 150 µM acetosyringone), and 

incubated for 2-3 h at room temperature. For co-expression, Agrobacterium strains 

carrying the desired constructs were mixed with infiltration buffer to obtain a 

respective final optical density (OD600) of 0.3, for each strain. Infiltration into the 

abaxial side of 4-5 week old N. benthamiana leaves was conducted using a 
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needleless syringe. The silencing suppressor p19 was co-infiltrated in all transient 

expression experiments. For cell death assays, the infiltrated leaf areas were 

photographed 5 days after infiltration. Co-immunoprecipitation and confocal laser 

scanning microscopy were performed 2 days after infiltration of Agrobacteria. 

 

Co‐immunoprecipitation, total protein extracts and immunoblot analysis 

For co-immunoprecipitation, infiltrated N. benthamiana leaf tissue was harvested, 

frozen in liquid nitrogen, homogenized by using a TissueLyser LT (Qiagen) and 

stainless steel beads, and mixed with protein extraction buffer (250 mM sucrose, 100 

mM HEPES-KOH, pH 7.5, 5 % (v/v) glycerol, 2 mM Na2MoO4, 25 mM NaF,10mM 

EDTA, 1mM DTT, 0.5 % (v/v) Triton X-100, plant protease inhibitor cocktail (#P9599, 

Sigma)). Cell debris was removed by centrifugation at 17.000 g and filtering through 

a 95-µm nylon mesh. 7.5 µl GFP-trap magnetic agarose beads (Chromotek) were 

equilibrated in protein extraction buffer, added to the total protein extract, and 

incubated for 3 h at 4°C under constant rotation. Magnetic agarose beads were 

isolated using a magnetic rack and washed 3 times in 1 ml extraction buffer. 

Immunoprecipitated proteins were eluded by boiling in 4x SDS loading dye (250 mM 

Tris-HCl (pH 6.8), 8 % (w/v) SDS, 40 % (v/v) Glycerol, 0.04 % (w/v) Bromophenol 

blue, 400 mM DTT). An aliquot of the input samples were mixed with SDS loading 

dye, before adding GFP-trap beads. For total protein extracts, homogenized plant 

material was boiled directly in 2x SDS loading dye, debris was removed by 

centrifugation at 17.000 g, and the supernatant was used for immunoblot analysis. 

Total protein extracts, and input or IP samples were separated on 7.5 % or 10 % 

SDS polyacrylamide gels. Proteins were transferred onto nitrocellulose membranes 

(Amersham Protran, 0.45 μm; GE Healthcare Life Sciences) and incubated with 

primary -GFP (monoclonal, #11814460001, Roche) or ‐HA (H9658; Sigma‐

Aldrich) antibody. The secondary goat anti-mouse IgG-poly-HRP (polyclonal, 

#32230; ThermoFisher Scientific) antibody was incubated and detected using 

SuperSignal West Femto chemiluminescence substrate (#34095; ThermoFisher 

Scientific) on a ChemiDoc imaging system (BioRad). 

 

Confocal laser scanning microscopy  

Microscopy was performed 2 days post infiltration of Agrobacteria with leaf discs 

embedded in water using a 20x/0.70 objective (PL APO, CS) of a Leica TSC-SP5 
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confocal laser-scanning microscope, controlled by Leica LAS AF software. YFP was 

excited using 514 nm of an argon laser line and mCherry was excited using 561 nm 

of a DPSS laser. Emitted fluorescence was detected at 525 – 555 nm for YFP and 

580 – 620 nm for mCherry using Leica HyD detectors. Images were sequentially 

scanned (512x512 at 400 Hz). Channels were merged using ImageJ (Schindelin et 

al., 2012). 

 

RNA isolation and RT-PCR analyses 

Total RNA was isolated as described in Genenncher et al. (2016). Briefly, RNA 

was isolated from soil grown plants using Trizol. Reverse transcription was 

performed, using RevertAid H Minus reverse transcriptase (Fermentas) and an 

oligo(dT)18V primer at 42 °C in a 20 µL reaction volume with 1.5 µg of DNaseI-treated 

RNA, as input. RT-PCRs, to analyze disruption of full length transcripts, were 

performed using primers listed in Table S2. 

 

In silico analyses 

Protein domain predictions of SNC1 were performed using the InterProScan 5 web 

tool (Zdobnov and Apweiler, 2001). In addition, a Phyre2 (Kelley et al., 2015) 

homology model was used to determine the beginning of the unstructured region 

after the MHD-like motif to assess the boundary of the NB-ARC domain (Steele et al., 

2019). NLS-predictions were performed using NLStradamus (Nguyen Ba et al., 2009) 

and NLSmapper (Kosugi et al., 2009). Exon-intron structures for schematic gene 

models are based on the Araport11 genome annotation (Cheng et al., 2017). 

Phylogenetic analysis was performed in MEGA X (v10.0.5; Kumar et al., 2018), using 

the maximum likelihood method and Whelan and Goldman model (WAG; Whelan 

and Goldman, 2001) with 3 Gamma categories. 

 

Statistical analyses 

Statistical differences were determined using R (http://www.R-project.org). One‐

way analysis of variance (ANOVA) followed by Tukey's HSD was performed after 

analysis of normal distribution using Shapiro-Wilk´s test and analysis of variance 

using Levene´s test on log-transformed data. Statistically significant differences (P < 

0.05) are marked by asterisks. The data is presented using boxplots, with outliers 
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defined as data points outside 1.5 times the interquartile range above/below the 

upper/lower quartile. 
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4.1.7 SUPPORTING INFORMATION 

Figure S1. Schematic gene structures of Arabidopsis -importins and their gene 

expression in wild-type and respective mutants as investigated by RT-PCR analysis. 

Figure S2. Independent mutant alleles of imp-6 do not further suppress the snc1-

associated stunted growth morphology. 

Figure S3. Imp- single mutants do not show obviously altered expression of the 

remaining functional IMP- genes or SNC1. 

Figure S4. Imp- triple mutants or snc1 mutants do not show obviously altered 

expression of the remaining functional IMP- genes. 

Figure S5. Only the mos6 allele contributes to immunity against mildly virulent Pst in 

imp- triple mutant lines. 

Figure S6. SNC1wt and SNC1E552K can be transiently expressed to detectable levels 

in the Nicotiana benthamiana eds1a-1 mutant without induction of a cell death 

response. 
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Figure S7. Transiently expressed -IMPORTINS, SNC1wt and SNC1E552K show a 

nuclear-cytoplasmic localization in Nicotiana benthamiana. 

Figure S8. Accumulation of full length mYFP-tagged IMPORTIN- proteins upon 

transient expression in N. benthamiana. 

Table S1. NLS predictions for SNC1. 

Table S2. Primers used in this study. 
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4.1.9 FIGURE LEGENDS 

Figure 1. Phylogenetic tree and schematic gene structures of -importins in 

Arabidopsis. (A) Bootstrap consensus tree using the WAG maximum likelihood 

method, based on a manually refined MUSCLE alignment of the full length amino 

acid sequences, performed in MEGA X (v10.0.5). IMP-9 was used to root the tree, 

numbers at nodes indicate support from 100 bootstraps. -IMPs with strong 

expression in rosette leaves are highlighted in green (Wirthmueller et al., 2013). (B) 

Gene structure drawn to scale with exons as black boxes and introns as solid lines. 

Start (ATG) and Stop codons are indicated as triangles above, positions of the 

respective T-DNA insertions as triangles below gene structures. The solid line below 

the MOS6 gene structure marks the approximate region of the genomic 

rearrangement in the mos6-1 mutant, the deletion in the mos6-2 mutant is indicated 

by an asterisk (Palma et al., 2005) ), and the premature Stop codon in the imp-6-2 

CRISPR/Cas9 mutant is indicated by an open triangle. 

Figure 2. Only a loss of MOS6 partially suppresses the snc1-associated stunted 

growth morphology. Representative images of plants grown in parallel for three or 

five weeks under short day (SD) and long day (LD) conditions, respectively. Scale 

bar = 1 cm. 

Figure 3. Only mos6 alleles but no other imp- mutant lines show enhanced 

susceptibility to mildly virulent P. syringae. Four week old plants of the indicated 

genotypes were vacuum infiltrated with a Pst DC3000 (AvrPto/AvrPtoB) suspension 

of 1 x 105 cfu ml-1. Colony-forming units (cfu) within the infiltrated plant tissues were 

quantified immediately (day 0), or three days after infiltration (day 3). Data is 

presented as boxplots (day 0: n=6; day 3: n=9), outliers are indicated as black dots, 

asterisks indicate statistically significant differences to Col-0 (one‐way ANOVA; 

Tukey's test, P < 0.05). The experiment was repeated three times with similar results. 

Figure 4. Imp- single mutants do not show obvious growth defects. Representative 

images of plants grown in parallel for three or five weeks under short day (SD) and 

long day (LD) conditions, respectively. Scale bar = 1 cm. 

Figure 5. Growth morphology of imp- double mutant combinations. Representative 

images of plants grown in parallel for four or five weeks under short day (SD) and 

long day (LD) conditions, respectively. Scale bar = 1 cm. 
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Figure 6. Growth morphology of imp- triple mutant combinations. Representative 

images of plants grown in parallel for four or five weeks under short day (SD) and 

long day (LD) conditions, respectively. Scale bar = 1 cm. 

Figure 7. SNC1E552K and SNC1wt predominantly interact with IMP-3/MOS6. (A) 

Schematic protein domain structure with predicted beginning and end of the 

respective domains, indicated by the amino acid positions within the sequence of 

SNC1. The auto-activating E552K point mutation and the predicted NLS sequences 

(Table S1, highlighted in green) are indicated. (B) 3xHA‐StrepII (3xHA-SII)‐tagged -

IMPORTINS or GUS control were transiently co‐expressed in Nicotiana benthamiana 

eds1a-1 with mYFP‐tagged SNC1E552K (left) or SNC1wt (right), together with the 

silencing suppressor p19. Two days post‐infiltration of Agrobacterium tumefaciens, 

mYFP‐tagged proteins were immunoprecipitated using GFP‐Trap® magnetic agarose 

beads (IP: ‐GFP). Co‐immunoprecipitation of 3xHA-SII‐tagged IMP‐ proteins was 

detected by ‐HA immunoblots. The upper two blots show total protein extracts 

(Input) probed with ‐GFP and ‐HA, respectively. Ponceau S (PonS) staining of the 

membrane was used to monitor loading. Similar results were obtained in three 

independent experiments. 

Figure S1. Schematic gene structures of Arabidopsis -importins and their gene 

expression in wild-type and respective mutants, investigated by RT-PCRs. Gene 

structures of imp- mutants used in this study (Figure 1), drawn to scale with exons 

as black boxes and introns as solid lines. Start (ATG) and Stop codons are indicated 

as triangles above, positions of the respective T-DNA insertions as triangles below 

gene structures. The solid line below the MOS6 gene structure marks the 

approximate region of the genomic rearrangement in mos6-1 (Palma et al., 2005). 

Arrows above gene structure mark the position of primers used to amplify fragments 

from cDNA, by RT-PCRs, to investigate disruption of functional transcripts. For 

analysis of mos6 transcripts, different primer combinations are labeled as A, B and C. 

-RT samples without reverse transcription were used as controls for gDNA 

contamination. Col-0 cDNA was used as a wild-type control. PCR products were 

separated by agarose gel electrophoresis and stained by ethidium bromide. 

Figure S2. Independent mutant alleles of imp-6 do not further suppress the snc1-

associated stunted growth morphology. (A) Schematic overview of the IMP-

6/AT1G02690 gene, drawn to scale with exons as black boxes and introns as solid 

lines. Start (ATG) and Stop codon are indicated as black triangles above, positions of 
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the T-DNA insertion as black triangle below gene structure. The position of the 

CRISPR/Cas9 target site of imp-6-2 is indicated by an open triangle below the gene 

structure. (B) Target site position of the single guide RNA (sgRNA) with protospacer 

adjacent motif (PAM), within the second exon of IMP-6/AT1G02690. The 

CRISPR/Cas9 induced gene editing that introduces premature stop codons (marked 

by an asterisk in the translation), and abolishes a BmtI restriction site that was used 

for PCR-based genotyping of imp-6-2 mutant plants are indicated. (C) 

Representative images of plants of the indicated genotypes grown in parallel on soil 

for five weeks under short day (SD) conditions. Scale bar = 1 cm. 

Figure S3. Imp- single mutants do not show obviously altered expression of the 

remaining functional IMP- genes or SNC1. RT-PCRs were performed with the 

indicated number of PCR cycles, using primers for the nine Arabidopsis -IMPs 

indicated in Figure S1, and cDNA transcribed from RNA of four week old plants of the 

indicated genotypes. ACTIN1 (ACT1) and UBIQUITIN5 (UBQ5) were used as 

controls. PCR products were separated by agarose gel electrophoresis and stained 

by ethidium bromide. 

Figure S4. Imp- triple mutants or snc1 mutants do not show obviously altered 

expression of the remaining functional IMP-´s. RT-PCRs were performed with the 

indicated number of PCR cycles, using primers indicated in Figure S1, and cDNA 

transcribed from RNA of four week old plants of the indicated genotypes. ACTIN1 

(ACT1) was used as a control. PCR products were separated by agarose gel 

electrophoresis and stained by ethidium bromide. 

Figure S4. Imp- triple mutants or snc1 mutants do not show obviously altered 

expression of the remaining functional IMP-´s. RT-PCRs were performed with the 

indicated number of PCR cycles, using primers indicated in Figure S1, and cDNA 

transcribed from RNA of four week old plants of the indicated genotypes. ACTIN1 

(ACT1) was used as a control. PCR products were separated by agarose gel 

electrophoresis and stained by ethidium bromide. 

Figure S6. SNC1wt and SNC1E552K can be transiently expressed to detectable levels 

in the Nicotiana benthamiana eds1a-1 mutant without induction of a cell death 

response. (A) Agrobacterium-mediated transient expression of mYFP-tagged or 

3xHA-StrepII (3xHA-SII)-tagged SNC1wt and SNC1E552K in Nicotiana benthamiana 

wild-type or eds1a-1 mutant plants, together with the p19 silencing suppressor. Cell 

death was visualized 4 d after infiltration (4 dpi) of Agrobacteria. p19 only expression 
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was used as a control. (B) Immunoblots of total protein extracts derived from 

Nicotiana benthamiana eds1a-1 plants, infiltrated with Agrobacteria for transient 

expression of mYFP-tagged or 3xHA-SII-tagged SNC1wt and SNC1E552K. Total 

extracts were taken from infiltrated areas of Nbeds1a-1 plants 4 dpi, and separated 

on 10 % SDS polyacrylamide gels, blotted onto nitrocellulose membranes and 

probed with -GFP or -HA primary antibodies. Ponceau S (PonS) staining of the 

membrane was used to monitor loading. 

Figure S7. Transiently expressed -IMPORTINS, SNC1wt and SNC1E552K show a 

nuclear-cytoplasmic localization in Nicotiana benthamiana. Confocal laser scanning 

microscopy images of Nicotiana benthamiana eds1a-1 plants, transiently co-

expressing free mCherry, together with mYFP-tagged -IMPORTINS, SNC1wt and 

SNC1E552K, respectively, 2 days after Agrobacterium infiltration. GUS-mYFP 

expression was used as control. All constructs were expressed together with the 

silencing suppressor p19. mYFP fluorescence is shown in yellow and mCherry 

fluorescence is shown in red. Respective laser power and detector gain are 

indicated. Sections defocusing the nuclei are shown in addition for IMP-1, IMP-2 

and IMP-3 to visualize cytoplasmic localization. Scale bars = 25 μm. 

Figure S8. Accumulation of full length mYFP-tagged IMPORTIN- proteins upon 

transient expression in N. benthamiana. Immunoblot analysis of total protein extracts 

derived from Nicotiana benthamiana eds1a-1 plants, transiently co-expressing free 

mCherry together with mYFP-tagged -IMPORTINS for confocal laser scanning 

microscopy, 2 days after Agrobacterium infiltration (Figure S7). Total extracts were 

taken from infiltrated areas 2 dpi, and were separated on 10 % SDS polyacrylamide 

gels, blotted onto nitrocellulose membranes and probed with -GFP primary antibody 

for IMP--mYFP detection. Ponceau S (PonS) staining of the membrane was used to 

monitor loading. 

Table S1. NLS predictions for SNC1. NLS sequences and their locations within the 

SNC1 protein sequence are shown. A low cut-off value (0.5) for two-state Hidden 

Markov Model static prediction was used in NLStradamus. The respective scores for 

NLS predictions in NLSmapper are indicated. 

Table S2. Primers used in this study. The name, sequence and use of each primer is 

indicated. 
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4.1.10 FIGURES 

Figure 1 

 
Figure 1. Phylogenetic tree and schematic gene structures of -importins in Arabidopsis. (A) 
Bootstrap consensus tree using the WAG maximum likelihood method, based on a manually 
refined MUSCLE alignment of the full length amino acid sequences, performed in MEGA X 

(v10.0.5). IMP-9 was used to root the tree, numbers at nodes indicate support from 100 

bootstraps. -IMPs with strong expression in rosette leaves are highlighted in green 
(Wirthmueller et al., 2013). (B) Gene structure drawn to scale with exons as black boxes and 
introns as solid lines. Start (ATG) and Stop codons are indicated as triangles above, 
positions of the respective T-DNA insertions as triangles below gene structures. The solid 
line below the MOS6 gene structure marks the approximate region of the genomic 
rearrangement in the mos6-1 mutant, the deletion in the mos6-2 mutant is indicated by an 

asterisk (Palma et al., 2005) and the premature Stop codon in the imp-6-2 CRISPR/Cas9 
mutant is indicated by an open triangle. 
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Figure 2 

 
Figure 2. Only a loss of MOS6 partially suppresses the snc1-associated stunted growth 
morphology. Representative images of plants grown in parallel for three or five weeks under 
short day (SD) and long day (LD) conditions, respectively. Scale bar = 1 cm. 
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Figure 3 

 
Figure 3. Only mos6 alleles but no other imp- mutant lines show enhanced susceptibility to 
mildly virulent P. syringae. Four week old plants of the indicated genotypes were vacuum 

infiltrated with a Pst DC3000 (AvrPto/AvrPtoB) suspension of 1 x 105 cfu ml-1. Colony-
forming units (cfu) within the infiltrated plant tissues were quantified immediately (day 0), or 
three days after infiltration (day 3). Data is presented as boxplots (day 0: n=6; day 3: n=9), 
outliers are indicated as black dots, asterisks indicate statistically significant differences to 
Col-0 (one‐way ANOVA; Tukey's test, P < 0.05). The experiment was repeated three times 
with similar results. 
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Figure 4 

 
Figure 4. Imp- single mutants do not show obvious growth defects. Representative images 
of plants grown in parallel for three or five weeks under short day (SD) and long day (LD) 
conditions, respectively. Scale bar = 1 cm. 
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Figure 5 

 
Figure 5. Growth morphology of imp- double mutant combinations. Representative images 
of plants grown in parallel for four or five weeks under short day (SD) and long day (LD) 
conditions, respectively. Scale bar = 1 cm. 
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Figure 6 

 
Figure 6. Growth morphology of imp- triple mutant combinations. Representative images of 
plants grown in parallel for four or five weeks under short day (SD) and long day (LD) 
conditions, respectively. Scale bar = 1 cm. 
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Figure 7 

 
 

Figure 7. SNC1E552K and SNC1wt predominantly interact with IMP-3/MOS6. (A) Schematic 
protein domain structure with predicted beginning and end of the respective domains, 
indicated by the amino acid positions within the sequence of SNC1. The auto-activating 
E552K point mutation and the predicted NLS sequences (Table S1, highlighted in green) are 

indicated. (B) 3xHA‐StrepII (3xHA-SII)‐tagged -IMPORTINS or GUS control were transiently 
co‐expressed in Nicotiana benthamiana eds1a-1 with mYFP‐tagged SNC1E552K (left) or 

SNC1wt (right), together with the silencing suppressor p19. Two days post‐infiltration of 
Agrobacterium tumefaciens, mYFP‐tagged proteins were immunoprecipitated using GFP‐
Trap® magnetic agarose beads (IP: ‐GFP). Co‐immunoprecipitation of 3xHA-SII‐tagged 

IMP‐ proteins was detected by ‐HA immunoblots. The upper two blots show total protein 

extracts (Input) probed with ‐GFP and ‐HA, respectively. Ponceau S (PonS) staining of the 
membrane was used to monitor loading. Similar results were obtained in three independent 
experiments. 
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Figure S1 

 
 

Figure S1. Schematic gene structures of Arabidopsis -importins and their gene expression 

in wild-type and respective mutants, investigated by RT-PCRs. Gene structures of imp- 
mutants used in this study (Figure 1), drawn to scale with exons as black boxes and introns 
as solid lines. Start (ATG) and Stop codons are indicated as triangles above, positions of the 
respective T-DNA insertions as triangles below gene structures. The solid line below the 
MOS6 gene structure marks the approximate region of the genomic rearrangement in mos6-
1 (Palma et al., 2005). Arrows above gene structure mark the position of primers used to 
amplify fragments from cDNA, by RT-PCRs, to investigate disruption of functional transcripts. 
For analysis of mos6 transcripts, different primer combinations are labeled as A, B and C. -
RT samples without reverse transcription were used as controls for gDNA contamination. 
Col-0 cDNA was used as a wild-type control. PCR products were separated by agarose gel 
electrophoresis and stained by ethidium bromide. 
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Figure S2 

 
Figure S2. Independent mutant alleles of imp-6 do not further suppress the snc1-

associated stunted growth morphology. (A) Schematic overview of the IMP-6/AT1G02690 
gene, drawn to scale with exons as black boxes and introns as solid lines. Start (ATG) and 
Stop codon are indicated as black triangles above, positions of the T-DNA insertion as black 

triangle below gene structure. The position of the CRISPR/Cas9 target site of imp-6-2 is 
indicated by an open triangle below the gene structure. (B) Target site position of the single 
guide RNA (sgRNA) with protospacer adjacent motif (PAM), within the second exon of 

IMP-6/AT1G02690. The CRISPR/Cas9 induced gene editing that introduces premature 
stop codons (marked by an asterisk in the translation), and abolishes a BmtI restriction site 

that was used for PCR-based genotyping of imp-6-2 mutant plants are indicated. (C) 
Representative images of plants of the indicated genotypes grown in parallel on soil for five 
weeks under short day (SD) conditions. Scale bar = 1 cm. 
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Figure S3 

 
Figure S3. Imp- single mutants do not show obviously altered expression of the remaining 

functional IMP- genes or SNC1. RT-PCRs were performed with the indicated number of 

PCR cycles, using primers for the nine Arabidopsis -IMPs indicated in Figure S1, and cDNA 
transcribed from RNA of four week old plants of the indicated genotypes. ACTIN1 (ACT1) 
and UBIQUITIN5 (UBQ5) were used as controls. PCR products were separated by agarose 
gel electrophoresis and stained by ethidium bromide. 
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Figure S4 

 
Figure S4. Imp- triple mutants or snc1 mutants do not show obviously altered expression of 

the remaining functional IMP-´s. RT-PCRs were performed with the indicated number of 
PCR cycles, using primers indicated in Figure S1, and cDNA transcribed from RNA of four 
week old plants of the indicated genotypes. ACTIN1 (ACT1) was used as a control. PCR 
products were separated by agarose gel electrophoresis and stained by ethidium bromide. 
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Figure S5 

 
Figure S5. Only the mos6 allele contributes to immunity against mildly virulent Pst in imp- 
triple mutant lines. Four week old plants of the indicated genotypes were vacuum infiltrated 

with a Pst DC3000 (AvrPto/AvrPtoB) suspension of 1 x 105 cfu ml-1. Colony-forming units 
(cfu) within the infiltrated plant tissues were quantified immediately (day 0) or three days after 
infiltration (day 3). Data is presented as boxplots (day 0: n=6; day 3: n=9), outliers are 

indicated as black dots, asterisks indicate statistically significant differences to Col-0 (one‐
way ANOVA; Tukey's test, P < 0.05). The experiment was repeated three times with similar 
results. 
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Figure S6 

 
 
Figure S6. SNC1wt and SNC1E552K can be transiently expressed to detectable levels in the 
Nicotiana benthamiana eds1a-1 mutant without induction of a cell death response. (A) 
Agrobacterium-mediated transient expression of mYFP-tagged or 3xHA-StrepII (3xHA-SII)-
tagged SNC1wt and SNC1E552K in Nicotiana benthamiana wild-type or eds1a-1 mutant plants, 
together with the p19 silencing suppressor. Cell death was visualized 4 d after infiltration (4 
dpi) of Agrobacteria. p19 only expression was used as a control. (B) Immunoblots of total 
protein extracts derived from Nicotiana benthamiana eds1a-1 plants, infiltrated with 
Agrobacteria for transient expression of mYFP-tagged or 3xHA-SII-tagged SNC1wt and 
SNC1E552K. Total extracts were taken from infiltrated areas of Nbeds1a-1 plants 4 dpi, and 
separated on 10 % SDS polyacrylamide gels, blotted onto nitrocellulose membranes and 

probed with -GFP or -HA primary antibodies. Ponceau S (PonS) staining of the membrane 
was used to monitor loading. 

  

66



Manuscript 1 

 

Figure S7 

 
 

Figure S7. Transiently expressed -IMPORTINS, SNC1wt and SNC1E552K show a nuclear-
cytoplasmic localization in Nicotiana benthamiana. Confocal laser scanning microscopy 
images of Nicotiana benthamiana eds1a-1 plants, transiently co-expressing free mCherry, 

together with mYFP-tagged -IMPORTINS, SNC1wt and SNC1E552K, respectively, 2 days 
after Agrobacterium infiltration. GUS-mYFP expression was used as control. All constructs 
were expressed together with the silencing suppressor p19. mYFP fluorescence is shown in 
yellow and mCherry fluorescence is shown in red. Respective laser power and detector gain 

are indicated. Sections defocusing the nuclei are shown in addition for IMP-1, IMP-2 and 

IMP-3 to visualize cytoplasmic localization. Scale bars = 25 μm.  
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Figure S8 

 

Figure S8. Accumulation of full length mYFP-tagged IMPORTIN- proteins upon transient 
expression in N. benthamiana. Immunoblot analysis of total protein extracts derived from 
Nicotiana benthamiana eds1a-1 plants, transiently co-expressing free mCherry together with 

mYFP-tagged -IMPORTINS for confocal laser scanning microscopy, 2 days after 
Agrobacterium infiltration (Figure S7). Total extracts were taken from infiltrated areas 2 dpi, 
and were separated on 10 % SDS polyacrylamide gels, blotted onto nitrocellulose 

membranes and probed with -GFP primary antibody for IMP--mYFP detection. Ponceau S 
(PonS) staining of the membrane was used to monitor loading. 
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Table S1. NLS predictions for SNC1. NLS sequences and their locations within the SNC1 
protein sequence are shown. A low cut-off value (0.5) for two-state Hidden Markov Model 
static prediction was used in NLStradamus. The respective scores for NLS predictions in 
NLSmapper are indicated. 

  

 NLStradamus NLSmapper (score) 

1  17GSRRYDVFPSFRGEDVRDSFLSHLLKELRGK47 (2.8) 

2 497AKSKGNPGKR506 502NPGKRRFLTNF512 (2.5) 

3  1360RSEKRMRMT1368 (3.0) 
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Table S2. Primers used in this study. The name, sequence and use of each primer is 
indicated. 

Name  Sequence 5´-3´ Use 

IMP-α6_CRISPR_Fwd GATTGAGACTTACAATTGGAGGCGA sgRNA/target site 

IMP-α6_CRISPR_Rev AAACTCGCCTCCAATTGTAAGTCTC sgRNA/target site 

IMP-α1_Fwd (RP) GCGTGATCAATAGTGGTGC RT-PCR/genotyping 

IMP-α1_Rev (LP) GAGAACCATCAACACCTGGAG RT-PCR/genotyping 

IMP-α2_Fwd (LP) AATCTGTCATTGAGGCAGGTG RT-PCR/genotyping 

IMP-α2_Rev (RP) TCAAACCAGCTTCACACACAG RT-PCR/genotyping 

mos6-1/IMP-α3_A_Fwd CATTAATAACGAACCTGCCAC genotyping 

mos6-1/IMP-α3_A_Rev TGCTAGAACCAAATTGCAGC genotyping 

mos6-2/IMP-α3_B_Fwd TATCTGATCTGCATTTCCAGC genotyping 

mos6-2/IMP-α3_B_Rev CTCCTAAGTACACGCTCTTG genotyping 

mos6-4/IMP-α3_C_Fwd (RP) TCATTCGTCGCCATCAGTGC RT-PCR/genotyping 

mos6-4/IMP-α3_C_Rev (LP) GAACATTGGTGCTTCCGAAC RT-PCR/genotyping/ 

IMP-α4_Fwd (LP) GCTGCATGGGCTTTGAC RT-PCR/genotyping 

IMP-α4_Rev (RP) GCAAGCATCAGTGAGAACCTC RT-PCR/genotyping/ 

IMP-α5_LP CTTCGCCGGAGAAAACACTAC genotyping 

IMP-α5_RP AACAAAGAGTGGCACAACACC genotyping 

IMP-α6-1_LP GGCAATCTCTAATGCAACTTCTGG genotyping 

IMP-α6-1_RP GACATGTAGATGTTGATTCTGC genotyping 

IMP-α6-2_LP ATGTCTTACAAACCAAGCGCGAAG genotyping 

IMP-α6-2_RP CCAATTGTACGGAGAGCTGGAATCA genotyping 

IMP-α7_LP GCCATAGCTGGAGGCTCTTAC genotyping 

IMP-α7_RP AAAACTCATTAAACCCAGCCG genotyping 

IMP-α8_LP CTTCTCCAGTGGTGCTTGTTC genotyping 

IMP-α8_RP TCTTCAAACCAATTCGTCACC genotyping 

IMP-α9_LP AAGCTGCTAGGCTTGGTCTTC genotyping 

IMP-α9_RP TCATGACGTCGAAACCCTAAC genotyping 

snc1_LP TGGTTTTGAAGTCAGTTACG genotyping 

snc1_RP CAAGTTGAGATCGGTTGG genotyping 

mos6-1/IMP-α3_A_Fwd CTCAGACCTAGCGCGAAGAC RT-PCR 

mos6-1/IMP-α3_A_Rev TCCAGCAACCATAGCAGGTAG RT-PCR 

mos6-2/IMP-α3_B_Fwd CTAGTGAAGATGTCCGCGAAC RT-PCR 

mos6-2/IMP-α3_B_Rev AAGCGCTTGCTGGTCG RT-PCR 

IMP-α5_Fwd ATACTTGGTGGAGCAGAATTGC RT-PCR 

IMP-α5_Rev CAACCATCACCACCTTCATCT RT-PCR 

IMP-α6_Fwd GTTTCTCGTGAGCCAAGGC RT-PCR 

IMP-α6_Rev ACCAAAGTTGAATCCACCCG RT-PCR 

IMP-α7_Fwd TGCATCAAACCGTTGTGCGA RT-PCR 

IMP-α7_Rev AGGTCCGCAGTGCATCTC RT-PCR 
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IMP-α8_Fwd ATACATGGCGGAGCAGAGTT RT-PCR 

IMP-α8_Rev CACCTGAAAGTCCACATCATCAC RT-PCR 

IMP-α9_Fwd AAGCTGCTAGGCTTGGTCTTC RT-PCR 

IMP-α9_Rev TTCATCGATTCCATAATCTTCACC RT-PCR 

ACTIN1_RT-PCR_Fwd CGATGAAGCTCAATCCAAACGA RT-PCR 

ACTIN1_RT-PCR_Rev CAGAGTCGAGCACAATACCG RT-PCR 

UBQ5_RT-PCR_Fwd GACGCTTCATCTCGTCC RT-PCR 

UBQ5_RT-PCR_Rev GTAAACGTAGGTGAGTCCA RT-PCR 

SNC1_RT-PCR_Fwd CATTTTCAGACTTACAAGACTTGAGC RT-PCR 

SNC1_RT-PCR_Rev GTAAGTTGATATCTTCTTCAGATGTCC RT-PCR 

gIMP-α1.D‐TOPO_Fwd CACCATGTCACTGAGACCCAACG cloning 

gIMP-α1.D-TOPO_Rev.Δstop GCTGAAGTTGAATCCTCCG cloning 

gIMP-α2.D‐TOPO_Fwd CACCATGTCTTTGAGACCTAACGC cloning 

gIMP-α2.D-TOPO_Rev_Δstop CTGGAAGTTGAATCCACCTG cloning 

gIMP-α4.D‐TOPO_Fwd CACCATGTCGCTGAGGCCGAG cloning 

gIMP-α4.D-TOPO_Rev.Δstop GGCAAATTTGAATCCACCAACG cloning 

gIMP-α5.D‐TOPO_Fwd CACCATGTCCTTGCGACCGAGC cloning 

gIMP-α5.D-TOPO_Rev.Δstop ACGAGAAAAATCAAACTGGAATTCC cloning 

gIMP-α7.D‐TOPO_Fwd CACCATGAAGGGAGGAGAGACAATG cloning 

gIMP-α7.D-TOPO_Rev.Δstop AGGTCCGCAGTGCATCTC cloning 

gIMP-α8.D‐TOPO_Fwd CACCATGGCTTGGAAAACAGAG cloning 

gIMP-α8.D-TOPO_Rev.Δstop CACCTGAAAGTCCACATCATC cloning 

gIMP-α9.D‐TOPO_Fwd CACCATGGCGGATGATGGCTC cloning 

gIMP-α9.D-TOPO_Rev.Δstop TTCATCGATTCCATAATCTTCACC cloning 

gSNC1.D‐TOPO_Fwd CACCATGGAGATAGCTTCTTCTTCTGGC cloning 

gSNC1.D-TOPO_Rev.Δstop GTTACCAGAAACAGGAAACAAGATAGG cloning 
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SUMMARY

Importin-a proteins mediate the translocation of nuclear localization signal (NLS)-containing proteins from

the cytoplasm into the nucleus through nuclear pore complexes (NPCs). Genetically, Arabidopsis IMPOR-

TIN-a3/MOS6 (MODIFIER OF SNC1, 6) is required for basal plant immunity and constitutive disease resis-

tance activated in the autoimmune mutant snc1 (suppressor of npr1-1, constitutive 1), suggesting that

MOS6 plays a role in the nuclear import of proteins involved in plant defense signaling. Here, we sought to

identify and characterize defense-regulatory cargo proteins and interaction partners of MOS6. We conducted

both in silico database analyses and affinity purification of functional epitope-tagged MOS6 from pathogen-

challenged stable transgenic plants coupled with mass spectrometry. We show that among the 13 candi-

date MOS6 interactors we selected for further functional characterization, the TIR-NBS-type protein TN13 is

required for resistance against Pseudomonas syringae pv. tomato (Pst) DC3000 lacking the type-III effector

proteins AvrPto and AvrPtoB. When expressed transiently in N. benthamiana leaves, TN13 co-immunopreci-

pitates with MOS6, but not with its closest homolog IMPORTIN-a6, and localizes to the endoplasmic reticu-

lum (ER), consistent with a predicted N-terminal transmembrane domain in TN13. Our work uncovered the

truncated NLR protein TN13 as a component of plant innate immunity that selectively binds to MOS6/

IMPORTIN-a3 in planta. We speculate that the release of TN13 from the ER membrane in response to patho-

gen stimulus, and its subsequent nuclear translocation, is important for plant defense signal transduction.

Keywords: MOS6, IMPORTIN-a3, TIR-NBS13, nucleocytoplasmic transport, plant immunity, Arabidopsis.

INTRODUCTION

Microbial plant pathogens face a multilayered system of

inducible defense responses. A crucial first step in plant

disease resistance is the perception of pathogens at the

cell surface by membrane-localized pattern recognition

receptors (PRRs). These receptors perceive pathogen-asso-

ciated molecular patterns (PAMPs) and activate intracellu-

lar defense signaling cascades that result in PAMP-

triggered immunity (PTI; Jones and Dangl, 2006; Couto

and Zipfel, 2016). PAMP-triggered basal immune responses

usually serve as a sufficient protection against non-

adapted pathogens. Host-adapted pathogens secrete effec-

tor molecules to evade PTI and cause effector-triggered

susceptibility (ETS). Plants have evolved intracellular Resis-

tance (R) proteins, most of which are nucleotide-binding/

leucine-rich repeat immune sensors (NB-LRRs or NLRs)

that directly or indirectly recognize the presence of effector

molecules and activate effector-triggered immunity (ETI;

Jones and Dangl, 2006). NB-LRR receptors are the most

common class of R proteins and typically contain either a

coiled-coil (CC) or toll/interleukin-1 receptor (TIR) domain

at the N terminus (Maekawa et al., 2011). Signals from acti-

vated TIR-NB-LRRs (TNLs) usually converge on the nucleo-

cytoplasmic defense regulator EDS1 (ENHANCED DISEASE

SUSCEPTIBILITY 1), whereas CC-NB-LRR (CNL) signaling

requires the plasma membrane-localized NDR1 (NON-

RACE SPECIFIC DISEASE RESISTANCE 1) (Aarts et al.,

1998; Feys et al., 2005). Significantly, the balance of EDS1

present in the cytosol and nucleus is important for efficient
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basal resistance and TNL-triggered immunity (Garcia et al.,

2010; Heidrich et al., 2011). Also, several R proteins such

as the EDS1-dependent RPS4 (RESISTANCE TO PSEUDO-

MONAS SYRINGAE 4), and the auto-active TNL variant

SNC1 (suppressor of npr1-1, constitutive 1), are nucleocy-

toplasmic proteins that function inside the nucleus (Wirth-

mueller et al., 2007; Cheng et al., 2009; Zhu et al., 2010;

Heidrich et al., 2011).

The exchange of macromolecules across the nuclear

envelope (NE) depends on highly regulated import and

export processes through nuclear pore complexes (NPCs;

Meier and Somers, 2011). These supramolecular protein

assemblies create tunnels that span the NE, and are com-

posed of multiple copies of ~30 nucleoporin proteins

(Nups) that form distinct subcomplexes assembled in an

eightfold symmetry (Alber et al., 2007; Tamura et al., 2010;

Hoelz et al., 2011; Tamura and Hara-Nishimura, 2013).

Selective transport through NPCs is regulated by intrinsi-

cally disordered FG-repeat Nups [named after hydrophobic

phenylalanine-glycine (FG)-rich motifs] that line the inner

side of the NPC and only allow small soluble molecules

and proteins of less than ~40–60 kDa to translocate

through nuclear pores by passive diffusion (Wang and

Brattain, 2007; Schmidt and G€orlich, 2016). The transport

of larger proteins across the NE is usually aided by nuclear

transport receptors (NTRs) of the karyopherin family that

recognize localization signals on their cargos. For nuclear

protein import, a ternary complex is formed between an

importin-a that binds to nuclear localization signals (NLSs)

of cytoplasmic cargo proteins via its armadillo (ARM)

repeat domain and bridges the interaction to importin-b
through its N-terminal auto-inhibitory importin-b-binding
(IBB) domain (Kobe, 1999; Harreman et al., 2003; Cook

et al., 2007; Marfori et al., 2011; Chang et al., 2013). The

best-characterized NLSs are basic lysine (K)/arginine (R)-

rich sequences that can be monopartite with the consen-

sus sequence [K(K/R)X(K/R)] or bipartite [(K/R)(K/R)X10–12(K/

R)3/5] (Chang et al., 2012; Marfori et al., 2012). Active trans-

port of the trimeric import complex across the NPC is

mediated by the ability of importin-b to interact with FG-

Nups (Terry and Wente, 2009). On the nucleoplasmic side

of the NPC, binding of the small GTPase Ran in its GTP-

bound form to importin-b results in the dissociation of the

IBB domain of importin-a from importin-b. The auto-inhibi-

tory IBB domain in turn binds to the ARM-repeat domain

to displace the cargo from importin-a for release into the

nucleus (G€orlich et al., 1996; Moroianu et al., 1996; Harre-

man et al., 2003). After dissociation of the import complex

and cargo release in the nucleus, importin-b bound to Ran-

GTP is recycled to the cytoplasm, whereas importin-a inter-

acts with the RanGTP-bound export receptor Cellular

Apoptosis Susceptibility protein (CAS) for the recycling of

cargo-free importin-a back to the cytoplasm. In the cyto-

plasm, Ran GTPase-activating protein (RanGAP) stimulates

GTP hydrolysis on Ran to release the importins for another

import cycle. Ran-GDP is returned to the nucleus by

NUCLEAR TRANSPORT FACTOR 2 (NTF2), where it is con-

verted back to Ran-GTP by Ran guanine nucleotide

exchange factor (RanGEF; Ribbeck et al., 1998; Zhao et al.,

2006; Stewart, 2007).

In Arabidopsis, the nuclear transport receptor IMPOR-

TIN-a3/MOS6 (MODIFIER OF SNC1, 6) was identified in a

forward-genetic screen for suppressors of autoimmune

responses activated in the deregulated TNL R gene mutant

snc1 (Palma et al., 2005). MOS6 is one of nine predicted a-
importins in Arabidopsis, and is required for full basal

resistance to Hyaloperonospora arabidopsidis (Hpa) Noco2

and to mildly virulent Pseudomonas syringae pv. tomato

(Pst) DC3000 lacking the effector proteins AvrPto and AvrP-

toB (DAvrPto/AvrPtoB; Palma et al., 2005; Wirthmueller

et al., 2013, 2015). The identification of mos6 as a genetic

suppressor of snc1 autoimmune phenotypes together with

the enhanced disease susceptibility of mos6 single

mutants suggest that MOS6 imports cargo proteins

involved in cellular defense signaling into the nucleus

(Palma et al., 2005, 2009). However, MOS6-mediated resis-

tance has only been characterized genetically so far (Palma

et al., 2005), and cargo proteins of MOS6 that mediate

resistance against pathogens have not yet been described.

Here, we aimed to identify and characterize defense-

related cargo proteins and interaction partners of MOS6.

To address this, we (i) explored the Arabidopsis Interac-

tome 1 (AI-1) and Plant–Pathogen Immune Network 1

(PPIN-1) databases (Arabidopsis Interactome Mapping

Consortium, 2011; Mukhtar et al., 2011), and (ii) affinity-

purified epitope-tagged functional MOS6 from Hpa Noco2-

infected stable transgenic mos6-1 plants in order to iden-

tify in planta MOS6 transport complexes by mass spec-

trometry (MS). Our reverse-genetic analyses of 13 MOS6

interactor candidates revealed that mutations in

At 3g04210 encoding the TIR-NBS protein TN13 lead to

impaired resistance against Pst DC3000 with reduced effec-

tor repertoire (DAvrPto/AvrPtoB). TN13 localizes to the

endoplasmic reticulum (ER) when expressed transiently in

N. benthamiana and co-immunoprecipitates with MOS6,

but not with its closest homolog IMPORTIN-a6. Our find-

ings demonstrate a previously unknown involvement of

the MOS6-interacting protein TN13 in plant innate

immunity.

RESULTS

Identification of MOS6 interaction partners

The Arabidopsis nuclear protein import receptor MOS6/

IMPORTIN-a3 is required genetically for constitutive dis-

ease resistance activated in the autoimmune mutant snc1,

and contributes to basal plant immunity in wild-type plants

(Palma et al., 2005; Wirthmueller et al., 2015). This
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suggests that MOS6 recruits defense-regulatory proteins

destined for active nuclear import to the nuclear transport

machinery. Therefore, we sought to identify and character-

ize MOS6 cargo substrates and interaction partners

involved in plant defense signaling. For this purpose, the

yeast two-hybrid based AI-1 and PPIN-1 databases (Ara-

bidopsis Interactome Mapping Consortium, 2011; Mukhtar

et al., 2011) were used for an in silico search of MOS6

interaction candidates and yielded 73 proteins (Appedix

S1, 2012 status). For further functional analysis, MOS6-

interacting candidates were selected based on the follow-

ing criteria: (i) selective interaction with MOS6 but no other

importin-a family member in AI-1/PPIN-1; (ii) presence of a

predicted NLS in the amino acid sequence; (iii) prediction

of subcellular localization in the nucleus and/or cytoplasm;

(iv) transcription in rosette leaves (i.e. the tissue where

MOS6 contributes to basal resistance against Hpa Noco2

and Pst DC3000 (DAvrPto/AvrPtoB); and (v) indication for

an involvement in plant immune responses. Based on

these selection criteria, five candidate MOS6 interactors

were selected for functional characterization [Appendix S1

(bold); Figure 3a].

In addition to this in silico approach, an affinity purifica-

tion of in planta-expressed MOS6 coupled with a subse-

quent analysis of purified protein complexes by SDS-PAGE

and MS was carried out. For this, we stably expressed

MOS6 with a C-terminal 3xHA-StrepII affinity tag (MOS6-

3xHA-SII) in the mos6-1 mutant under the control of 1.5 kb

of native MOS6 promoter (Np) sequence or the constitu-

tively active cauliflower mosaic virus double 35S promoter.

Immunoblot analysis of total protein leaf extracts was used

to confirm the expression of full-length MOS6-3xHA-SII

fusion proteins in two stable transgenic lines that are

homozygous for a single insertion of the respective trans-

gene (Figure 1a). To test whether the MOS6-3xHA-SII

fusion protein is functional, transgenic Arabidopsis lines

were analyzed for their defense phenotype against Pst

DC3000 (DAvrPto/AvrPtoB). We used this mildly virulent

Pst strain lacking the effectors AvrPto and AvrPtoB for our

infection studies, because it allowed us to monitor the dif-

ference between wild-type and mos6 plants in basal resis-

tance more robustly as compared to pathology assays with

Hpa Noco2. For the infection assay, the Col eds1-2 mutant

was used as a hypersusceptible control, whereas the snc1

mutant served as a control for enhanced disease resis-

tance. The increased susceptibility of the mos6-1 mutant to

Pst DC3000 (DAvrPto/AvrPtoB) was complemented by

MOS6-3xHA-SII when expressed by either Np or 35S, sug-

gesting that the fusion protein is functional (Figure 1b). To

obtain additional evidence for the functionality of the

MOS6-3xHA-SII fusion protein, snc1 mos6-1 double

mutants were transformed with Np::MOS6-3xHA-SII and

35S::MOS6-3xHA-SII, respectively. Whereas snc1 single

mutants have curly leaves and are stunted, snc1 mos6-1

plants are of intermediate size between Col-0 and snc1 and

have leaves that are less curly than snc1 (Figure 1c; Palma

et al., 2005). This partial suppression of the snc1 pheno-

type by mos6-1 was reverted back to snc1-like morphology

by the expression of MOS6-3xHA-SII in snc1 mos6-1 under

the control of both Np and 35S (Figure 1c). The re-estab-

lishment of the snc1 autoimmune morphology by the

expression of MOS6-3xHA-SII further indicates that this

fusion protein is fully functional.

The stable transgenic Arabidopsis line #16-11 expressing

MOS6-3xHA-SII under control of the 35S promoter in the

mos6-1 background (Figure 1) was used for StrepII-affinity

purification, based on higher levels of the MOS6-3xHA-SII

fusion protein detected by silver staining of the SDS gel

when compared with levels expressed under control of the

native MOS6 promoter (arrow in Figure S1). Two-week-old

transgenic plants and Col-0 controls (expressing untagged

MOS6) were inoculated with Hpa Noco2 to induce an inter-

action between MOS6 and potential defense-related inter-

action partners, and StrepII-affinity purification was carried

out 8 days after inoculation when conidiophore formation

and pathogen sporulation was visible all over the infected

leaves. As MOS6 was shown to interact with the Hpa effec-

tor HaRxL106 (Wirthmueller et al., 2015), we reasoned fur-

ther that using Hpa Noco2-infected leaf tissues might also

allow us to identify additional Hpa effector proteins that

interact with MOS6 either for nuclear import or to interfere

with its function as an NTR. Separation by SDS-PAGE and

analysis by silver staining of SDS gels revealed several dif-

ferential bands in the MOS6-3xHA-SII transgenic line that

were absent in the Col-0 control (Figure 2). Whole lanes of

the silver-stained gel were cut into six pieces for in-gel

tryptic digestion and subsequent LC-MS/MS analysis. For

protein identification, raw MS data files were analyzed with

PROTEOME DISCOVERER (ThermoFisher Scientific, https://www.

thermofisher.com), running the Sequest and Mascot

search engines against the Arabidopsis TAIR10 fasta data-

base. Two missed cleavage sites and mass deviations up

to 10 ppm for MS and 0.8 Da for MS2 were considered.

Only peptides with strict target false discovery rate (FDR)

values of 0.01 or below were considered, and protein iden-

tification required at least two unique high-scoring pep-

tides. The subtraction of peptide hits derived from LC-MS/

MS analyses of corresponding Col-0 samples from pep-

tides purified from transgenic plants yielded the proteins

that putatively interacted with MOS6-3xHA-SII. 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 Appendix S2. MOS6-interacting proteins were

selected for further functional analysis based on the fol-

lowing criteria: (i) prediction of subcellular localization in

the nucleus and/or cytoplasm; (ii) transcription in rosette

leaf tissue; and (iii) indication for an involvement in nucleo-

cytoplasmic transport [Appendix S2 (bold); Figure 3a].
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In summary, a total of 13 MOS6-interaction candidates

were selected for further analysis from both the in silico

analysis and the affinity purification approach of in planta-

expressed MOS6-3xHA-SII. These 13 candidates are listed

in Figure 3(a) according to their functional category: nucle-

oporins, karyopherins, transcription factors and R-like pro-

teins of the TIR-NB/TIR-NB-LRR family.

The TIR-NBS type protein TN13 is required for basal

resistance

To investigate whether the MOS6 interaction candidates are

involved in plant immunity, homozygous T-DNA insertion

mutants were isolated via PCR-based genotyping and for

each candidate a mutant line showing disruption of full-

length transcripts was inoculated with Pst DC3000 (DAvrPto/
AvrPtoB) (Figures 3b,c and S2a). Resistance against Pst

DC3000 (DAvrPto/AvrPtoB) did not significantly differ from

that of the wild type in any of the candidate mutants, except

for tn13 (GABI_154D04) that shows enhanced susceptibility

against this mildly virulent Pst strain to an extent compara-

ble with mos6-1 (Figure 3b,c). To validate the phenotype of

the tn13 mutant (tn13-1, GABI_154D04), we isolated an addi-

tional homozygous T-DNA mutant allele of tn13 (tn13-2,

SALK_044806; Figure 4a), and confirmed the absence of

Figure 1. Transgenic expression of MOS6 fused to a 3xHA-StrepII tag complements mos6-1 mutant phenotypes. (a) Immunoblot analysis of total protein

extracts derived from 4-week-old stable transgenic mos6-1 plants expressing MOS6 with a C-terminal 3xHA-StrepII (3xHA-SII) tag under the control of the native

MOS6 promoter (Np) and the 35S promoter, respectively. Col-0 was included as the wild-type control. Numbers represent homozygous transgenic lines express-

ing a single insertion of the indicated construct. Blots were probed with hemagglutinin (HA) antibody and Ponceau S staining of the membrane was used to

monitor equal loading. (b) Transgenic expression of MOS6::3xHA-SII in mos6-1 complements the enhanced susceptibility of mos6-1 to Pst DC3000 (DAvrPto/
AvrPtoB). Five-week-old plants of the indicated genotypes were vacuum-infiltrated with a bacteria suspension of Pst DC3000 (DAvrPto/AvrPtoB) at 1 9 105 col-

ony forming units (cfu) ml�1. To quantify bacterial growth, leaf discs within the inoculated areas were taken 1 h (d0) and 3 days after infection (d3). Bars repre-

sent mean values of viable bacteria per cm2 of leaf tissue +SDs, using two replicate samplings for d0 (white bars) and three replicate samplings for d3 (black

bars). Different letters indicate statistically significant differences between genotypes (one-way ANOVA; Tukey’s test, P < 0.05). Col eds1-2 and snc1 are hypersus-

ceptible and resistant controls, respectively. The experiment was repeated twice with similar results. (c) Transgenic expression of MOS6::3xHA-SII complements

partial suppression of the stunted growth of snc1 by mos6-1. Morphology of 5-week-old soil-grown Col-0, mos6-1, snc1, snc1 mos6-1 and homozygous trans-

genic plants expressing a single insertion of MOS6::3xHA-SII under the control of the native MOS6 promoter (Np) or the 35S promoter in the mos6-1 and snc1

mos6-1 mutant backgrounds, respectively. Scale bar: 1 cm. [Colour figure can be viewed at wileyonlinelibrary.com].

© 2017 The Authors
The Plant Journal © 2017 John Wiley & Sons Ltd, The Plant Journal, (2017), 92, 808–821

MOS6 and TN13 in plant immunity 811

77



TN13 full-length transcripts for both tn13-1 and tn13-2 by

RT-PCR, using multiple primer combinations that either

flank the T-DNA insertion or bind upstream or downstream

of the inserted T-DNA (Figure S2b). We found that both tn13

mutants are compromised in basal resistance against Pst

DC3000 (DAvrPto/AvrPtoB) to a level seen for mos6-1 (Fig-

ure 4b). We also inoculated the tn13 mutants with Pst

DC3000 expressing the effector proteins AvrRps4 or

AvrRpm1 that are recognized by the TNL protein RPS4 and

the CNL protein RPM1, respectively, but we did not observe

a significant alteration in resistance of the tn13 mutants to

these avirulent Pst strains when compared with the wild-

type control (Figure 4c,d). In addition, we did not observe

an enhanced susceptibility of tn13-1 and tn13-2 in response

to the avirulent Hpa isolates Cala2 and Emwa1 that are rec-

ognized in Col-0 by the TNL R proteins RPP2 and RPP4,

respectively (Figure 4e,f). As mutations in MOS6 suppress

the stunted growth phenotype of the TNL autoimmune

mutant snc1 (Palma et al., 2005), we tested whether a muta-

tion in the MOS6 interacting candidate TN13 also sup-

presses this snc1 autoimmune phenotype; however, snc1

tn13-1 double mutant plants are indistinguishable from the

snc1 single mutant (Figure 4g). Together, these results

demonstrate that the predicted TIR-NBS protein TN13 is

required for basal resistance to Pst DC3000 (DAvrPto/AvrP-
toB), but is dispensable for immunity conferred by the CNL

protein RPM1, the TNL proteins RPS4, RPP2 and RPP4, and

for the growth inhibition of the TNL autoimmune mutant

snc1.

TN13 interacts with MOS6 in planta but not with its

closest homolog IMPORTIN-a6

We next investigated whether TN13 and MOS6 interact in

planta, using transient expression in Nicotiana benthami-

ana and co-immunoprecipitation (co-IP) analysis. In addi-

tion, the transient expression system was used to test

whether the closest homolog of MOS6, IMPORTIN-a6 (IMP-

a6), also interacts with TN13. For this purpose the genomic

sequence of TN13 without stop codon was amplified from

Col-0 genomic DNA and cloned into a binary vector that

allows the expression of TN13 with a C-terminal CFP tag

under the control of the 35S promoter. CFP-tagged TN13

fusion proteins were transiently co-expressed in N. ben-

thamiana with 35S promoter-driven MOS6-3xHA-SII or

IMP-a6-3xHA-SII, respectively. A construct expressing

b-glucuronidase (GUS)-CFP under the control of the 35S

promoter was used as a negative control for our co-IP anal-

yses using GFP-Trap� magnetic particles (Chromotek,

http://www.chromotek.com). To monitor the abundance of

fusion proteins after transient co-expression, total protein

(input) fractions were probed with a-GFP (for TN13-CFP

and GUS-CFP fusion proteins) or a-HA (for MOS6-3xHA-SII

and IMP-a6-3xHA-SII) in immunoblot analyses (Figure 5).

In addition, we confirmed the expression of all full-length

fusion proteins and the absence of truncated proteins or

free CFP by immunoblot analysis (Figure S3; also with

respect to subsequent subcellular localization studies of

TN13-CFP described below). The analysis of immunopre-

cipitated samples by a-GFP immunoblot was used to moni-

tor the efficient precipitation of TN13-CFP and GUS-CFP

fusion proteins (Figure 5). The detection of protein bands

corresponding either to MOS6-3xHA-SII or IMP-a6-3xHA-SII
with a-HA was used to reveal the co-immunoprecipitation

of these importins with CFP-tagged TN13 or GUS (Fig-

ure 5). MOS6-3xHA-SII successfully co-immunoprecipitated

with TN13, demonstrating that MOS6 is able to interact

with TN13 in planta (Figure 5). In contrast, we did not

detect an interaction between TN13 and the closest MOS6

homolog, IMP-a6 (Figure 5), suggesting selective binding

of TN13 to MOS6 when transiently co-expressed in N. ben-

thamiana.

Figure 2. Identification of MOS6-associated proteins. MOS6-3xHA-SII-inter-

acting proteins were isolated by affinity purification from a mos6-1 trans-

genic line expressing MOS6-3xHA-SII under the control of the 35S promoter

(#16-11, Figure 1) and the wild-type control Col-0, using StrepTactin�-

Macroprep�. Protein extracts for affinity purification were generated from

3-week-old leaf tissues of Hyaloperonospora arabidopsidis (Hpa) Noco2-

infected plants (at 8 days post-inoculation, 8 dpi). MOS6-3xHA-SII-contain-

ing protein complexes were eluted, separated by SDS-PAGE and

silver-stained. The image shows silver-stained SDS acrylamide gel. The

arrowhead indicates the MOS6-3xHA-SII-containing band, and differential

bands visible in the lane of the transgenic line but absent in Col-0 are

marked by asterisks. Lanes of silver-stained purifications from Col-0 and the

transgenic line were each cut into six pieces (dashed lines) for tryptic diges-

tion and the digested samples were analyzed by LC-MS/MS. Molecular

weight markers in kDa are shown on the left.
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Protein domain predictions and subcellular localization of

TN13

The predicted TIR-NBS protein TN13 is an in planta interac-

tor of MOS6/IMP-a3, and is required for full resistance

against the bacterial pathogen Pst DC3000 (DAvrPto/AvrP-
toB). To assess the presence of intrinsic functional protein

modules in TN13, the INTERPROSCAN 5 protein domain predic-

tion tool was used (http://www.ebi.ac.uk/Tools/pfa/iprsca

n5; Zdobnov and Apweiler, 2001; Goujon et al., 2010). In

addition to the TIR and NBS domains, an N-terminal

hydrophobic transmembrane helix was predicted that

might be involved in membrane insertion (Figures 6a and

S4). Interestingly, two bipartite NLSs that could mediate

the interaction with MOS6 were predicted by the CNLS MAP-

PER tool (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Ma

pper_form.cgi; Kosugi et al., 2009; Figures 6a and S4).

In order to investigate the subcellular localization of

TN13, the TN13-CFP fusion protein construct that was used

to validate the interaction with MOS6 in planta by co-IP

analysis (Figures 5 and S3) was expressed transiently in N.

benthamiana. Subsequent confocal laser scanning micro-

scopy (CLSM) revealed a reticulate, network-like localiza-

tion pattern in addition to a fluorescence signal

surrounding (but not inside) the nucleus, suggesting local-

ization at the ER, and possibly at the nuclear envelope (NE)

that is continuous with the ER (Figure 6b). To validate this

hypothesis, an established ER-marker (ER-yk; Nelson et al.,

2007) was co-expressed with TN13-CFP in N. benthamiana

for 2 days. CLSM analysis showed that TN13-CFP co-loca-

lized with the ER-yk marker protein (Figure 6c). The local-

ization of TN13 to the ER membrane is consistent with the

predicted hydrophobic transmembrane domain at its N ter-

minus (Figures 6a and S4).

DISCUSSION

Translocation of NLS-containing proteins from the cyto-

plasm into the nucleus is generally mediated by a-impor-

tins that recognize and bind to cargos in the cytoplasm

and link them to importin-b, which facilitates the passage

of the ternary complex through NPCs into the nucleus. In

plants, importin-a cargo selectivity has been demonstrated

for some pathogen effector proteins that co-opt the nuclear

import machinery of the host cell for delivery into the

nucleus (Kanneganti et al., 2007; Bhattacharjee et al., 2008;

Bai et al., 2009; Mukhtar et al., 2011; Wirthmueller et al.,

2015). By contrast, there is little information on the specific

binding of plant cargos that are involved in cellular

defense signaling to importin-a. IMPORTIN-a3/MOS6 is

one of nine importin-a paralogs in Arabidopsis that is

required genetically for snc1-mediated autoimmunity and

basal resistance against Hpa Noco2 and Pst DC3000

DAvrPto/AvrPtoB (Palma et al., 2005; Wirthmueller et al.,

2013, 2015), suggesting that MOS6 mediates the nuclear

import of defense-regulatory cargos.

In this study, we combined in silico database searches

and mass spectrometry after affinity purification of MOS6

Figure 3. Reverse-genetic analysis of MOS6 interaction candidates uncovered the TIR-NBS gene TN13 as a component of basal resistance to Pst DC3000

(DAvrPto/AvrPtoB). (a) MOS6-interaction candidates were identified either by affinity purification of transgenically expressed MOS6-3xHA-StrepII and mass spec-

trometry or by in silico analysis of the AI-1/PPIN-1 interactome databases. Candidates for reverse-genetic analysis were selected based on the additional pres-

ence of a predicted NLS and/or predicted nuclear/nucleocytoplasmic localization, as well as their expression in rosette leaves. Candidates with respective gene

IDs are listed according to their functional categories. T-DNA insertion lines that were used for Pst DC3000 (DAvrPto/AvrPtoB) infection assays (b, c) based on

the absence of full-length transcripts (Figure S2a) are listed. (b, c) Plants (5 weeks old) of the indicated genotypes were vacuum-infiltrated with a bacteria sus-

pension of Pst DC3000 (DAvrPto/AvrPtoB) at 1 9 105 colony forming units (cfu) ml�1, and bacterial growth was quantified at day 0 (d0, white bars) and day 3

(d3, black bars), as described in Figure 1b. (b) Growth of Pst DC3000 (DAvrPto/AvrPtoB) on nucleoporin, karyopherin and transcription factor candidate T-DNA

insertion lines. (c) Growth of Pst DC3000 (DAvrPto/AvrPtoB) on TIR-NBS domain-containing candidate T-DNA insertion lines. Error bars denote SDs and different

letters indicate statistically significant differences between genotypes (one-way ANOVA; Tukey’s test, P < 0.05). Col eds1-2 and snc1 are hypersusceptible and

resistant controls, respectively. The experiments were repeated with similar results.

© 2017 The Authors
The Plant Journal © 2017 John Wiley & Sons Ltd, The Plant Journal, (2017), 92, 808–821

MOS6 and TN13 in plant immunity 813

79

http://www.ebi.ac.uk/Tools/pfa/iprscan5
http://www.ebi.ac.uk/Tools/pfa/iprscan5
http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi
http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi


Figure 4. Independent T-DNA insertion mutants of the TIR-NBS gene TN13 show enhanced susceptibility to Pst DC3000 (DAvrPto/AvrPtoB), but are not impaired

in immunity mediated by the TNL proteins RPS4, RPP2 and RPP4 or the CNL protein RPM1, and do not suppress growth inhibition of the TNL autoimmune

mutant snc1. (a) Schematic gene structure of TN13/At3g04210, with exons represented as black boxes and intron represented as solid line. Locations of T-DNA

insertions (black triangles) of tn13-1 (GABI_154D04) and tn13-2 (SALK_044806) are indicated, and were confirmed by DNA sequencing. (b–d) Plants (5 weeks old)

of the indicated genotypes were vacuum-infiltrated with a bacteria suspension [1 9 105 colony forming units (cfu) ml�1] of Pst DC3000 lacking the effector pro-

teins AvrPto and AvrPtoB (b), Pst DC3000 expressing the effector AvrRps4 (c) or Pst DC3000 expressing the effector AvrRpm1 (d), and bacterial growth was

quantified at day 0 (d0, white bars) and day 3 (d3, black bars), as described in Figure 1b. Error bars denote SDs and different letters indicate statistically signifi-

cant differences between genotypes (one-way ANOVA; Tukey’s test, P < 0.05). Col eds1-2 (b, c) or ndr1-1 (d) plants were used as hypersusceptible controls, and

snc1 was used as a resistant control. Experiments were repeated twice with similar results. (e, f) Plants (2 weeks old) of the indicated genotypes were spray-

inoculated with Hyaloperonospora arabidopsidis isolates Cala2 (e) or Emwa1 (f) at a concentration of 4 9 104 conidiospores ml�1 water and sporulation levels

were quantified 6 days after inoculation. Error bars denote SDs and different letters indicate statistically significant differences between genotypes (one-way

ANOVA; Tukey’s test, P < 0.05). Cala2 is recognized by RPP2 in Col-0 but is virulent on Ler-0. Emwa1 is recognized by RPP4 in Col-0 but is virulent on Ws-0. Col

eds1-2 was used as a susceptible mutant control. Experiments were repeated twice with similar results. (g) A T-DNA insertion in TN13 does not suppress snc1-

related growth inhibition. Plants of the indicated genotypes were grown in parallel on soil for 7 weeks under long-day conditions (16-h photoperiod). Scale bar:

1 cm. [Colour figure can be viewed at wileyonlinelibrary.com].

© 2017 The Authors
The Plant Journal © 2017 John Wiley & Sons Ltd, The Plant Journal, (2017), 92, 808–821

814 Charlotte Roth et al.

80



protein complexes from Hpa Noco2-infected Arabidopsis

leaf tissues to identify immunoregulatory cargo substrates

and interaction partners of MOS6. Out of 13 interaction

candidates analyzed by reverse genetics, only TN13 was

required for full basal resistance to Pst DC3000 DAvrPto/
AvrPtoB (Figure 3), albeit we were able to confirm the

interaction of most candidates with MOS6 by co-IP analysis

after transient co-expression in N. benthamiana (Figure S5).

However, we cannot exclude the possibility of genetic

redundancies in resistance against Pst DC3000 (DAvrPto/
AvrPtoB) for candidate genes that are part of larger gene

families. TN13 contains predicted TIR-NB (TN) domains,

but is lacking a C-terminal LRR domain commonly found in

plant TIR-NB-LRR (TNL) R proteins (Meyers et al., 2002;

Nandety et al., 2013; Figure 5). Typically, TNL proteins

function as immune receptors that recognize pathogen

effectors and engage the nucleocytoplasmic defense regu-

lator EDS1 to trigger ETI (Aarts et al., 1998; Feys et al.,

2005). The Arabidopsis Col-0 reference genome contains a

multitude of predicted TIR domain-encoding genes,

including classical TNLs, 30 TIR-unknown site/domain (TX)

and 21 TN proteins (Meyers et al., 2003; Nandety et al.,

2013). TN and TX proteins have been hypothesized to func-

tion as adapters in plant defense signaling, similar to TIR-

containing MyD88 and MyD88-adapter like (Mal) adapter

proteins in mammalian and Drosophila innate immunity

(Medzhitov et al., 1998; Horng and Medzhitov, 2001; Mey-

ers et al., 2002, 2003), and were proposed to fine-tune ETI

(Griebel et al., 2014). Although the systematic analysis of

TN-encoding genes in Arabidopsis implies a role in plant

defense (Meyers et al., 2002; Nandety et al., 2013), the

specific functions of TN proteins are just beginning to

emerge. For example, TN2 was identified as an essential

component of enhanced resistance and HR-like cell death

activated in exo70B1-3, a loss-of-function mutant of a sub-

unit of the exocyst complex that is involved in vesicle exo-

cytosis (Zhao et al., 2015). As TN2 interacts with EXO70B in

a yeast two-hybrid assay and transient assays in N. ben-

thamiana, Zhao et al. (2015) proposed that TN2 acts as part

of an immune receptor complex that monitors the integrity

of EXO70B1 and activates plant immunity upon pathogen-

induced manipulations of the plant’s secretion machinery.

TN2 occurs in a genomic cluster with TN1/CHS1 and the

TNL gene SOC3 and, interestingly, SOC3 interacts with

TN1/CHS1 and is required for temperature-dependent

autoimmunity activated in chs1 mutant plants (Zhang

et al., 2016). Constitutive overexpression of TN2 in stable

transgenic Arabidopsis results in stunted plant growth, and

certain TN proteins or truncated TNLs lacking their LRR

domains induce EDS1- and SA-dependent HR-like

responses when overexpressed transiently in N. benthami-

ana (Weaver et al., 2006; Swiderski et al., 2009; Nandety

et al., 2013). We did not observe spontaneous cell death

upon transient expression of TN13-CFP, suggesting that

overexpression of TN13 alone is not sufficient to trigger

cell death in N. benthamiana. Consistently, Nandety et al.

(2013) reported that the overexpression of TN13 in N. ben-

thamiana and Arabidopsis Col-0 plants did not induce cell

death or lead to aberrant plant growth phenotypes, respec-

tively. The gene expression of TN13 is induced upon

exogenous treatment of plants with SA, suggesting that

TN13 is involved in SA-dependent defense pathways (Nan-

dety et al., 2013). Genetically, TN13 is not required for

growth retardation of the TNL autoimmune mutant snc1

that accumulates high levels of SA and requires the TN13

interactor MOS6 for the full manifestation of autoimmunity

(Figures 4g and 1c; Palma et al., 2005); however, T-DNA

insertion mutants of TN13 are compromised in basal resis-

tance to Pst DC3000 DAvrPto/AvrPtoB (Figure 4b). Interest-

ingly, Nandety et al. (2013) reported that TN13 interacts

with the Pst effector HopY in yeast two-hybrid analysis.

This suggests a hypothetical role for TN13 as either an

effector sensor or effector target, which would be consis-

tent with its involvement in basal resistance against Pst

Figure 5. TN13 and MOS6 interact selectively in planta. 3xHA-StrepII-

tagged MOS6 or its closest homolog IMP-a6 were transiently co-expressed

with CFP-tagged TN13 or GUS control in Nicotiana benthamiana. At 2 days

post-infiltration (2 dpi) with Agrobacterium tumefaciens, CFP-tagged pro-

teins were immunoprecipitated using GFP-Trap� magnetic particles (IP: a-
GFP), and co-immunoprecipitation of 3xHA-StrepII-tagged MOS6 or IMP-a6
was detected by a-HA immunoblots. Mock-treated N. benthamiana leaves

were infiltrated with an A. tumefaciens strain carrying the silencing suppres-

sor p19 that was co-infiltrated with the A. tumefaciens strains carrying the

desired expression constructs. The top two gels show total protein extracts

(Input) probed with a-GFP and a-HA, respectively. Ponceau S staining of the

membrane was used to show equal loading. Similar results were obtained

in three independent experiments.
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DC3000 DAvrPto/AvrPtoB (Figure 4b). The function of HopY

and whether it associates with TN13 in planta is not known.

As TN13 has a predicted domain structure of an R-like pro-

tein, it is conceivable that TN13 mediates ʹweak ETIʹ as part

of the basal defense response (Jones and Dangl, 2006).

Different subcellular localizations have been reported for

TN proteins, such as the nucleus, the cytoplasm and the

plasma membrane, suggesting functional diversity of TN

family members (Nandety et al., 2013; Wang et al., 2013;

Zhao et al., 2015; Zhang et al., 2016). We show that TN13-

CFP localizes to the ER when expressed transiently for

2 days in N. benthamiana (Figure 6). Albeit we do not yet

know whether the TN13-CFP fusion protein is fully

functional, the localization of TN13 to the ER membrane

that is continuous with the membrane of the NE is consis-

tent with the presence of a predicted N-terminal hydropho-

bic transmembrane helix (Figures 6a and S4). Interestingly,

the TNL-type R protein RPP1-WsA shares ~52% identity on

the amino acid level with TN13, and also contains a stretch

of hydrophobic amino acids at its N terminus that directs

the protein into ER and Golgi membranes (Figure S4; Wea-

ver et al., 2006; Takemoto et al., 2012). During pathogen

infection the host plant’s endomembrane trafficking is

reorganized for the secretion of defense proteins into the

apoplast (Wang et al., 2005; Teh and Hofius, 2014). NLRs

and truncated NLRs that locate to endomembrane

Figure 6. TN13-CFP localizes in the endoplasmic reticulum (ER) in Nicotiana benthamiana. (a) Schematic representation of the predicted protein domain struc-

ture of TN13. Domains were predicted with INTERPROSCAN 5 (http://www.ebi.ac.uk/Tools/pfa/iprscan5/) and nuclear localization signals (NLSs) were predicted with

CNLS MAPPER (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi). Abbreviations: NBS, nucleotide binding site; NLS, bipartite nuclear localization sig-

nal; TIR, Toll/Interleukin-1 Receptor homology domain; TM, transmembrane domain. (b) Single-plane confocal laser scanning microscopy (CLSM) images of

N. benthamiana leaf epidermal cells transiently expressing TN13 fused to CFP (TN13-CFP) under the control of the 35S promoter 2 days after infiltration with

Agrobacterium tumefaciens. Upper row, TN13-CFP fluorescence is shown in blue; middle row, chloroplast auto-fluorescence; bottom row, bright-field images.

Asterisks indicate the positions of the nuclei. Scale bars: 10 lm. (c) Maximum z-projections of CLSM images of N. benthamiana leaf epidermal cells transiently

co-expressing TN13-CFP and an established ER marker fused to YFP (ER-yk; Nelson et al., 2007) 2 days after infiltration with A. tumefaciens. TN13-CFP fluores-

cence is shown in blue, fluorescence of co-expressed ER-yk is shown in yellow and chloroplast auto-fluorescence is shown in red. Asterisks indicate the position

of the nucleus. Scale bar: 10 lm.
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compartments, such as the ER or the Golgi system, may

therefore play a role in sensing perturbations of the host0s
secretory system caused by pathogenic effectors (Take-

moto et al., 2012; Zhao et al., 2015).

It should be noted that TN13 was initially uncovered as a

MOS6 interactor by in silico analysis of the yeast two-

hybrid based PPIN-1 database (Mukhtar et al., 2011), but

was not among the proteins that were identified in our

MOS6 affinity-purification approach (Appendixes S1 and

S2; Figure 3a). Moreover, the partial suppression of snc1-

mediated phenotypes by mos6-1 (Figure 1; Palma et al.,

2005) implies a role of MOS6 in the nuclear transport of

either the auto-active SNC1 itself or an essential down-

stream regulator, such as the nucleocytoplasmic EDS1 (Li

et al., 2001). Like TN13, neither SNC1 nor EDS1 or other

known defense regulators were identified in MOS6 affinity

purifications from Hpa Noco2-infected tissues. We also did

not identify the known MOS6 interactor HaRxL106 (Wirth-

mueller et al., 2015) or other Hpa Noco2 effector proteins.

Generally, this might be because of the fact that the inter-

actions of a-importins with their cargos are transient (e.g.

cargo proteins are released inside the nucleus), and

defense proteins as well as pathogenic effectors are typi-

cally of low abundance. Also, we cannot exclude the possi-

bility that MOS6 interactions at earlier time points during

infection with Hpa Noco2 or those that exist only in unchal-

lenged tissues might have been missed. For EDS1, we rea-

son further that this could be because of its relatively weak

nuclear accumulation in basal defense responses com-

pared with TNL-mediated resistance or snc1-dependent

autoimmunity (Garcia et al., 2010). We speculate that

nuclear import rates of EDS1 might have been too low for

detection by mass spectrometry after MOS6 affinity purifi-

cation, or that nuclear import of EDS1 operates indepen-

dently of MOS6. The affinity purification was conducted

with transgenic plants expressing MOS6-3xHA-StrepII in

the mos6-1 mutant background that lacks the auto-active

SNC1 variant but expresses wild-type SNC1. Auto-active

SNC1 harbors an E552K mutation in close proximity to a

predicted NLS and NES, and its nuclear accumulation is

required for the autoimmune phenotype of snc1 plants

(Cheng et al., 2009). Thus, it will be interesting to test

whether MOS6 is able to bind the auto-active SNC1 and to

identify MOS6 cargos upon constitutive activation of TNL-

triggered immunity, using the snc1-like transgenic plants

that express MOS6-3xHA-StrepII in snc1 mos6-1 (Fig-

ure 1c).

Using co-IP assays after transient expression in N. ben-

thamiana we show that TN13 interacts selectively with

MOS6 in planta (Figure 5). MOS6 localizes to the cyto-

plasm and the nucleus, and belongs to the importin-a pro-

tein family that binds to NLS-containing cargo proteins in

the cytoplasm and releases them upon delivery into the

nucleus (Palma et al., 2005; Wirthmueller et al., 2013).

Therefore, we speculate that the interaction of MOS6 and

TN13 should occur on the cytoplasmic side of the ER mem-

brane. This idea was further substantiated when we used

bimolecular fluorescence complementation (BiFC) as an

independent assay to validate the interaction between

TN13 and MOS6, and observed YFP fluorescence at the ER

and around the nucleus (Figure S6). The interaction

between TN13 and MOS6 is consistent with the presence

of two predicted NLSs in the TIR and NBS domains of

TN13 (Figures 6a and S4); however, we did not observe an

obvious localization of TN13-CFP in the nucleoplasm when

expressed transiently for up to 3 days in N. benthamiana.

Therefore, the localization of TN13 to the ER membrane

and its association with the nuclear import receptor MOS6

raises the possibility that nuclear accumulation of TN13 is

stimulus dependent, and suggests that infiltration with

Agrobacteria for transient expression is either not an

appropriate stimulus or is a stimulus that is too weak. As

TN13 binds to the Pst effector HopY in yeast (Nandety

et al., 2013), and is required for basal resistance to Pst

DC3000 DAvrPto/AvrPtoB (Figure 4b), the interaction of

Arabidopsis plants with Pst expressing HopY or activation

of a basal defense pathway might be two potential stimuli

that trigger TN13 nuclear translocation.

This study identified the truncated NLR protein TIR-

NBS13 as a new component of plant immunity and in

planta interaction partner of the importin-a3, MOS6.

Remarkably, TN13 interacts with MOS6, but not with the

closely related IMPORTIN-a6, when co-immunoprecipitated

after Agrobacterium-mediated transient expression in

N. benthamiana leaves (Figure 5; Wirthmueller et al.,

2013), implying MOS6 cargo selectivity in plant nucleocyto-

plasmic defense signaling. Therefore, the comparably high

number of nine a-importins in Arabidopsis may reflect

adaptation towards a complex and/or stimulus-specific reg-

ulation of nuclear import pathways, rather than a generally

redundant nuclear protein import machinery. Future

research on identifying biochemical and genetic interactors

of TN13 and exploring its subcellular dynamics in response

to pathogen attack will broaden our understanding of cel-

lular defense signal transduction in plants.

EXPERIMENTAL PROCEDURES

Plants and growth conditions

Arabidopsis thaliana plants were grown in soil at 22°C with an 8-h
photoperiod in environmentally controlled chambers. Nicotiana
benthamiana plants were grown in environmentally controlled
chambers at 25°C with a 16-h photoperiod. The mos6-1, snc1 and
Col eds1-2 mutants have been described previously (Zhang et al.,
2003; Palma et al., 2005; Bartsch et al., 2006). T-DNA insertion
mutants were obtained from the Nottingham Arabidopsis Stock
Centre (NASC, http://arabidopsis.info), and homozygous mutant
lines were identified by PCR-based genotyping using primers
flanking the insertion. Transgenic mos6-1 plants expressing
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MOS6-3xHA-StrepII under the control of the native MOS6 pro-
moter (Np) or the 35S promoter were generated by transforming
mos6-1 mutants with Agrobacterium tumefaciens strain GV3101
pMP90RK carrying the binary vectors pXCG Np::MOS6::3xHA-Stre-
pII or pXCSG 35S::MOS6::3xHA-StrepII (for vector construction
details, see below), using the floral-dip method (Clough and Bent,
1998).

Pathogen assays

For bacterial growth assays, suspensions of Pst DC3000 (DAvrPto/
AvrPtoB) (Lin and Martin, 2005), Pst DC3000 (AvrRps4) or Pst
DC3000 (AvrRpm1) (Aarts et al., 1998) were vacuum-infiltrated into
the rosette leaves of five 5-week-old soil-grown plants at
1 9 105 cfu ml�1 10 mM MgCl2 and 0.001% (v/v) Silwet L-77 for
inoculation. Bacterial titers were determined at 1 h (d0) and 3 days
(d3) after inoculation, using two replicate samplings for d0 and
three replicate samplings for d3. Hyaloperonospora arabidopsidis
isolates Cala2 and Emwa1 (Aarts et al., 1998) were spray-inocu-
lated onto 2-week-old soil-grown seedlings at a concentration of
4 9 104 conidiospores ml�1 water. For each Arabidopsis genotype
tested, 40–50 seedlings were inoculated per experiment. Six days
after inoculation, spores were harvested from all seedlings and
counted under a light microscope using a ʹNeubauer improvedʹ
counting cell chamber with sporulation levels expressed as the
number of conidiospores per gram of leaf tissue.

Construction of plasmids

A binary vector construct for the expression of MOS6-3xHA-StrepII
under the control of the endogenous MOS6 promoter was gener-
ated by PCR amplification of a Col-0 genomic DNA fragment con-
taining the MOS6 coding region, without the stop codon and
1.5 kb upstream of the start codon, using the primers prom-
MOS6.D-TOPO.F (50-CACCATTGTAATTCTATTCACTGAAGC-30) and
gMOS6.R.Dstop (50-AATAAAGTTGAATTGACCAGGAGG-30). The
fragment was cloned into pENTR/D-TOPO (Invitrogen, now Ther-
moFisher Scientific, https://www.thermofisher.com) and
sequenced, and an LR reaction was made with the binary destina-
tion vector pXCG-3xHA-StrepII (Witte et al., 2004) to generate the
expression vector pXCG Np::MOS6::3xHA-StrepII. Binary vectors
for the expression of MOS6-3xHA-StrepII, IMPORTIN-a6-3xHA-
StrepII and TN13-CFP, under the control of the 35S promoter,
were generated by PCR amplification of the coding regions of the
respective genes without stop codons from Col-0 genomic DNA,
using the primers gMOS6.D-TOPO.F (50-CACCATGTCTCTCAGACC-
TAGCGCGAAGACG-30) and gMOS6.R.Dstop for MOS6/At4g02150,
gIMPa6.D-TOPO.F (50-CACCATGTCTTACAAACCAAGC-30) and gIM-
Pa6.R.Dstop (50-ACCAAAGTTGAATCCACCC-30) for IMPORTIN-a6/
At1g02690 and gTN13.D-TOPO.F (50-CACCATGGATTCT-
TATTTTTTCC-30) and gTN13.R.Dstop (50-ATGATTCAACGACTCC
GC-30) for TN13/At3g04210. The intron-containing b-glucuronidase
(GUS) gene was PCR-amplified without stop codon from a
pBIN19-derived vector construct (Vancanneyt et al., 1990), using
the primers GUS.D-TOPO.F (50-CACCATGTTACGTCCTGTA-
GAAACCC-30) and GUS.R.Dstop (50-TTGTTTGCCTCCCTGC-30). All
fragments were cloned into pENTR/D-TOPO and sequenced, and
an LR reaction was made with the binary destination vectors
pXCSG-3xHA-StrepII (Witte et al., 2004) or pXCSG-CFP (Feys et al.,
2005) to generate the expression vectors pXCSG 35S::
MOS6::3xHA-StrepII, pXCSG 35S::IMP-a6::3xHA-StrepII, pXCSG
35S::TN13::CFP and pXCSG 35S::GUS+intron::CFP, respectively.
For BiFC analysis LR reactions were made between pENTR/D-
TOPO containing gMOS6Dstop or gTN13Dstop and the binary des-
tination vectors pBaTL-YFPn and pBaTL-YFPc, respectively (Uhrig
et al., 2007).

StrepII affinity purification and mass spectrometry

StrepII affinity purification from 2 g of 3-week-old Arabidopsis leaf
material was carried out according to Witte et al. (2004), using
StrepTactin�-Macroprep� resin (IBA, https://www.iba-lifesciences.c
om). Proteins were separated by SDS-PAGE and silver staining of
SDS gels and in-gel tryptic digestion were conducted as described
by Shevchenko et al. (1996). LC-MS analysis for protein identifica-
tion was performed on an Orbitrap Velos ProTM Hybrid Ion Trap-
Orbitrap mass spectrometer. Peptide solutions (1–5 ll) were loaded
and washed on a pre-column (10 lm 9 2 cm, C18, 3 lm, 100 �A)
with 100% loading solvent A (98% H2O, 2% acetonitrile, 0.07% tri-
fluoracetic acid, TFA) at a flow rate of 25 ll min�1 for 6 min. Pep-
tides were separated by reverse-phase chromatography on an
analytical column (75 lm 9 15 cm, C18, 3 lm, 100 �A) with a gradi-
ent from 98% solvent A (H2O, 0.1% formic acid) and 2% solvent B
(80% acetonitrile, 20% H2O, 0.1% formic acid) to 42% solvent B for
95 min, and to 65% solvent B for the following 26 min at a flow rate
of 300 nl min�1. Peptides eluting from the chromatographic col-
umn were on-line ionized by nanoelectrospray at 2.4 kV with the
Nanospray Flex Ion Source (ThermoFisher Scientific). Full scans of
the ionized peptides were recorded within the Orbitrap FT analyzer
of the mass spectrometer within a mass range of 300–1600 m/z at a
resolution of 30 000. Collision-induced dissociation (CID) fragmen-
tation of data-dependent top-five peptides was performed within
the LTQ Velos Pro linear ion trap. Method programming and MS
data acquisition was performed with XCALIBUR 2.2 (ThermoFisher
Scientific). Protein identification was performed with PROTEOME DIS-

COVERER
TM 1.3.0.339 (ThermoFisher Scientific). An Arabidopsis

TAIR10 fasta database was used for the search with the SequestHT
algorithm. The digestion mode trypsin/P was used, the maximum
missed cleavage sites were set to two, carbamidomethylation of
cysteins was considered a fixed modification, and acetylation of
the N terminus and oxidation of methionines were set as variable
modifications. The mass tolerance was 10 ppm for precursor ions
and 0.8 Da for fragment ions. The decoy mode was revert with a
false-discovery rate (FDR) of 0.01. Protein identification required
two distinct high scoring peptides (FDR 0.01).

Transient expression in N. benthamiana, co-

immunoprecipitation and immunoblot analysis

Agrobacterium-mediated transient expression of the desired fusion
proteins in N. benthamiana and immunoprecipitation using GFP-
Trap_M magnetic particles (Chromotek) was carried out as
described by Genenncher et al. (2016) using leaf material that was
harvested 2 days after infiltration of A. tumefaciens. For immuno-
blot analysis, proteins were separated by SDS-PAGE on 10% gels
and transferred onto nitrocellulose membranes (Amersham Pro-
tran, 0.45 lm; GE Healthcare Life Sciences, http://www.gelifescie
nces.com). Membranes were incubated with the monoclonal anti-
bodies a-GFP (11814460001; Roche, http://www.roche.com), a-HA
(H9658; Sigma-Aldrich, https://www.sigmaaldrich.com) or a-Myc
(#2276; Cell Signaling, https://www.cellsignal.com) and the sec-
ondary antibody goat anti-mouse IgG-HRP (#32430; ThermoFisher
Scientific). HRP activity was detected using SuperSignal West
Femto chemiluminescence substrate (#34095; ThermoFisher Scien-
tific). For subcellular localization and BiFC studies, N. benthamiana
leaf samples were analyzed by confocal microscopy (see below)
after 2 days of Agrobacterium-mediated transient expression.

Confocal microscopy

Confocal laser-scanning microscopy of N. benthamiana leaf discs
was conducted on a Leica SP5-DM6000 confocal microscope
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equipped with an argon ion laser (Leica, http://www.leica.com).
Samples were mounted in water and confocal images were
obtained at 22°C, with excitation at 514 nm for YFP (525–600 nm
emission), 458 nm for CFP (465–485 nm emission) and 561 nm for
chlorophyll auto-fluorescence (680–700 nm emission). Images were
acquired with a Leica HyD-detector and Leica LAS AF software.

In silico analyses

The AI-1 and PPIN-1 databases were used to search for putative
MOS6 interaction partners (Arabidopsis Interactome Mapping
Consortium, 2011; Mukhtar et al., 2011; http://interactome.dfci.ha
rvard.edu/A_thaliana/index.php). For NLS prediction, the CNLS MAP-

PER tool was used (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Ma
pper_form.cgi; Kosugi et al., 2009). For the prediction of subcellu-
lar protein localization, the subcellular localization database for
Arabidopsis proteins SUBA3 (http://suba3.plantenergy.uwa.edu.a
u; Tanz et al., 2013) and the subcellular localization prediction tool
YLOC+ (http://abi.inf.uni-tuebingen.de/Services/YLoc/webloc.cgi;
Briesemeister et al., 2010a,b) were used. To assess whether MOS6
interactor candidates are expressed in rosette leaves, the eFP
browser (http://bar.utoronto.ca; Winter et al., 2007) and the Gen-
evestigator database (https://genevestigator.com/gv/; Hruz et al.,
2008) were used. TN13 protein domains were predicted with INTER-

PROSCAN 5 (http://www.ebi.ac.uk/Tools/pfa/iprscan5; Zdobnov and
Apweiler, 2001; Goujon et al., 2010).

Gene expression analyses

Total RNA was extracted from leaves of 4-week-old soil-grown
plants using QIAzol� (Qiagen, https://www.qiagen.com). DNaseI-
treated RNA (1 lg) was reverse transcribed using RevertAid H
Minus reverse transcriptase (Fermentas, now ThermoFisher Scien-
tific, https://www.thermofisher.com) and 0.5 lg oligo(dT)18V pri-
mer at 42°C in a 20-ll reaction volume. Aliquots (2 ll) of 1 : 5-
diluted cDNAs were used for semi-quantitative PCR. Primers used
for RT-PCR analysis are listed in Table S1.

Statistical analysis

Data are presented as means, with error bars denoting SDs (stan-
dard deviations). One-way analysis of variance (ANOVA) followed by
Tukey’s test was conducted for all statistical analysis using R

statistical software (https://www.r-project.org). Data of bacterial
propagation rates were log-transformed before analysis of
variance was conducted. Different letters indicate statistically
significant differences between genotypes (P < 0.05).
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Figure S1 Silver-stained SDS gel of StrepII affinity-purifications
from mos6-1 transgenic plants expressing MOS6-3xHA-StrepII
under the control of the native MOS6 promoter or the 35S
promoter.

Figure S2 RT-PCR analyses of T-DNA insertion lines of genes
encoding MOS6 interaction candidates.

Figure S3 Immunoblot analysis showing expression of full-length
fusion proteins ER-yk, TN13-CFP, GUS-CFP, MOS6-3xHA-StrepII
and IMPa6-3xHA-StrepII.

Figure S4 Amino acid sequence alignment of TN13 and RPP1-
WsA.

Figure S5 Co-immunoprecipitation analysis of MOS6 and 13 inter-
action candidates after transient expression in Nicotiana ben-
thamiana.

Figure S6 Bimolecular fluorescence complementation (BiFC) anal-
ysis of MOS6 and TN13.

Table S1 List of gene accession numbers and oligonucleotides
used for RT-PCR analysis in Figure S2.

Appendix S1 MOS6 interaction candidates identified by analysis
of the yeast two-hybrid based AI-1 and PPIN-1 protein–protein
interaction databases.

Appendix S2 Proteins that exclusively co-purified with MOS6-
3xHA-StrepII in StrepII affinity purifications.
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Table S1. List of oligonucleotides used for RT-PCR analyses in Figure S2. Forward primers containing 5´-
CACC were also used for cloning of the respective genes into pENTR/D-TOPO. 

 

Gene Forward primer (5´3´) Reverse primer (5´3´) 
NUP155 (AT1G14850) TTAAGTTCCGAGGAGACCTCC ATGAAGCTGTTGTCTGCTTGC 

NUP50 (AT1G52380) CACCATGGGTGACTCGGAAAACG TTACTGTCAACTTCATCGCCC 

NUP1/NUP136 (AT3G10650) ATTCTGGAGGCTTTTGAGAGC TACCTTGTTGCGTTCAAAAGC 

TRN1 (AT2G16950) CACCATGGCGGCGACGGCGGTGGTCTGGC TACTGGTTCACAGAACCCAGG 

IMP-_a (AT3G08943) CACCATGGCTATGGAGATCACAC GAGCACGAGTCTTGCG 

IMP-_b (AT3G08947) CACCATGGCGATGGAGATCACAC TGATGGGTGCATGAGCCTTG 

NTF2 (AT5G43960) CAAGTGTTGCAGCAGCAGCCAG CGCAGCCAGCTGAGGGGAAG 

IMP-2 (AT5G53480) CATTGTTCCACATGTCATGC CCTTCTCGGCAACATTAGGC 

MYB70 (AT2G23290) CACCATGTCTGGTTCGACCCGG CTCGATCCTACCTAATCC 

WRKY60 (AT2G25000) CACCATGGACTATGATCCCAAC TGTTCTTGAATGCTCTATC 

ORS1 (AT3G29035) CACCATGGATTACAAGGTATCAAG GAATTTCCAAACGCAATC 

TNL (AT3G44670) TCAGCTTTTGGTTGGTGAAAG AAAAGAGGGAAGCTCCACAAG 

TN13 (AT3G04210) (a) fp GCTGATGCTATTTGGTGCTTC CTGATGTAAGGAAGCAGACCG 

TN13 (AT3G04210) (b) RT-PCR1 GAAGGAGTTCAAAAGCAAGGG TAAGACCGTGTTCATCCGAAC 

TN13 (AT3G04210) (b) RT-PCR2 CACCATGGATTCTTATTTTTTCC CCCTCGATCCTCTGATAGCTTCTG 

TN13 (AT3G04210) (b) RT-PCR3 GGATTTACCACCACCTGATGATGC ATGATTCAACGACTCCGC 

ACT1 (AT2G37620) CGATGAAGCTCAATCCAAACGA CAGAGTCGAGCACAATACCG 

TUB4 (AT5G44340) ACGTATCGATGTCTATTTCAACG ATATCGTAGAGAGCCTCATTGTCC 
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MOS6 interaction candidates listed on http://interactome.dfci.harvard.edu/A_thaliana/
Accession Number
AT1G01260 TF (bHLH)  not ABA regulated
AT1G06510 chloroplast --Ethylen
AT1G07400 stress response
AT1G16500 unknown
AT1G18040 cell cycle
AT1G26660 protein folding
AT1G31350 F-box
AT1G34430 embryonic development
AT1G48320 FA matabolism
AT1G52340 ABA biosynthesis
AT1G52560 stress response
AT1G54060 seed and seedling development
AT1G60650 RNA binding
AT1G63970 DOXP pathway ?
AT1G71230 TF AUXIN RESPONSE
AT2G02450 ORS1
AT2G17350 unknown
AT2G23290 MYB70
AT2G24020 chloroplast
AT2G25000 WRKY60
AT2G31410 unknown
AT2G41350 unknown
AT2G45820 DNA binding (Remorin)
AT2G47610 structural constituent of ribosome
AT3G04210 TIR-NBS class Receptor
AT3G08530 clathrin heavy chain, putative
AT3G09250 DNA binding (NER)
AT3G15540 AUXIN
AT3G19895 unknown
AT3G21215 RNA binding
AT3G22440 hydroxyproline-rich glycoprotein family
AT3G25882 NPR1/NIM1 interactor
AT3G29035 TF (NAC)
AT3G44670 TNL
AT3G44940 unknown
AT3G48550 unknown
AT3G49160 stress response
AT3G60360 megagametogenesis
AT3G61950 TF (bHLH)
AT4G02550 defense-related
AT4G04020 defense-related
AT4G13180 stress response
AT4G14560 AUXIN
AT4G15730 zinc ion binding
AT4G15900 TF Repressor
AT4G17220 microtubule associated
AT4G17680 zinc ion binding/protein binding
AT4G20730 transposable element gene
AT4G22240 chloroplast, structural
AT4G24840 protein transport/Golgi
AT4G25660 unknown
AT4G25920 unknown
AT4G26270 PFK3
AT4G29220 PFK1
AT4G30940 K+ transport
AT4G32570 increased transcripts during RNA virus infection and significantly altered by CaLCuV infection. ascenio-ibanez et al. 2008
AT4G37790 TF (Homebox) Cytokinin
AT5G06290 chloroplast/bacterial resistance --> pseudomonas (eFP)
AT5G06780 ENT domain-containing protein
AT5G08330 TF (TCP)
AT5G08560 transducin family protein / WD-40 repeat family protein
AT5G09250 TF (Coregulator)
AT5G09790 cell-cycle regulation or progression
AT5G15490 UDP-glucose 6-dehydrogenase
AT5G15800 TF (MADS box)  flower and ovule development
AT5G17690 meristem identity ao/ EPIGENETIC
AT5G19150 chloroplast: carbohydrate kinase family
AT5G19960 RNA binding
AT5G46840 RNA binding
AT5G47790 FHA domain-containing protein
AT5G47810 PFK2
AT5G57120 unknown
AT5G64780 unknown
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Proteins identified by LC-MS/MS in affinity-purifications of MOS6-3xHA-StrepII transgenic mos6-1 plants in at least two of three independent 
biological experiments.

Experiment 1
Experiment 2

Experiment 3

Accession
Name/Description

  % 
Coverage

  Σ 
Proteins
  Σ 
Unique 
Peptides
  Σ 
Peptides

  Σ PSMs

  % 
Coverage

  Σ 
Proteins
  Σ 
Unique 
Peptides
  Σ 
Peptides

  Σ PSMs

  % 
Coverage

  Σ 
Proteins
  Σ 
Unique 
Peptides
  Σ 
Peptides

  Σ PSMs

AT4G02150
IMP-α3/MOS6

52.5
9

20
30

1215
26.2

3
13

14
60

40.3
1

16
19

154
AT4G17330

G2484-1 protein 
27.5

1
13

56
191

16.5
3

27
27

38
16.1

1
24

24
90

AT5G46070
Guanylate-binding family protein 

53.4
2

26
71

235
7.4

2
7

7
9

19.0
1

19
19

42
AT3G08943

IMPβ, putative
34.6

2
22

30
190

19.6
1

16
16

36
23.2

1
16

16
49

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 
53.2

11
5

26
75

12.8
2

5
5

5
40.2

1
7

16
99

AT1G64790
ILITYHIA 

24.8
2

15
67

164
3.3

2
8

8
12

AT1G04820
tubulin alpha-4 chain 

37.8
3

3
19

122
29.8

2
3

9
48

AT3G18780
actin 2 

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
IMP-β2

26.2
1

19
19

64
22.0

2
17

17
38

18.7
1

14
14

45
AT1G79990

structural molecules 
32.8

3
5

32
100

8.6
4

3
7

15
7.9

3
3

6
11

AT4G28470
26S proteasome regulatory subunit S2 1B 

35.9
1

2
30

98
12.2

2
3

10
12

12.5
1

2
9

11
AT2G28290

Nucleoside triphosphate hydrolases superfamily protein 
20.0

12
1

68
104

1.6
3

4
4

8
AT3G54760

dentin sialophosphoprotein-related 
40.7

2
15

28
91

17.9
2

10
10

14
4.9

1
2

2
3

AT3G10650
NUP1/NUP136

32.0
1

11
43

93
6.5

1
6

6
11

AT4G29060
elongation factor Ts family protein

32.0
6

27
27

87
11.0

1
7

7
14

AT5G56010
heat shock protein 81-3 

45.5
5

9
43

89
8.4

4
5

5
9

AT1G14850
NUP155 

22.5
1

6
31

52
25.4

2
2

9
40

AT1G47900
Plant protein of unknown function (DUF869) 

34.4
2

1
42

76
5.6

2
4

4
7

AT1G67140
HEAT repeat-containing protein 

18.7
3

6
39

80
1.4

3
2

2
2

AT5G22770
alpha-adaptin 

32.1
2

1
36

75
6.3

2
5

5
7

AT3G55220
Polyadenylation specificity factor A subunit protein 

25.5
1

8
30

75
3.1

1
3

3
3

2.7
1

2
2

2
AT2G47940

DEGP protease 2 
27.6

2
7

23
70

3.6
2

2
2

2
7.6

2
4

4
6

AT1G52380
NUP50 

40.5
1

13
20

65
32.3

1
10

10
11

AT2G16950
TRN1

26.4
2

8
27

59
12.9

4
11

11
17

AT3G62310
RNA helicase family protein 

31.8
1

1
26

69
7.6

1
4

4
6

AT3G57890
Tubulin binding cofactor C domain-containing protein 

35.0
4

9
23

69
5.2

2
2

2
3

AT2G18940
Tetratricopeptide repeat (TPR)-like superfamily protein 

33.5
1

1
29

69
3.2

1
2

2
2

AT4G31490
coatomer subunit beta-2 

18.7
4

17
17

58
9.5

1
1

9
13

AT1G21630
Calcium-binding EF hand family protein 

23.7
2

1
30

64
3.6

3
3

3
3

AT3G22520
unknown protein

25.5
1

1
18

39
3.8

1
2

2
2

22.8
1

11
11

25
AT4G34430

DNA-binding family protein 
32.6

3
1

30
60

3.9
3

3
3

5
AT1G48900

Signal recognition particle, SRP54 subunit protein 
56.6

3
2

29
53

18.3
2

6
6

11
AT5G51070

Clp ATPase 
25.1

1
1

21
48

3.9
1

2
3

3
3.9

1
2

3
13

AT5G64270
splicing factor, putative 

20.7
1

1
30

53
3.0

1
3

3
5

AT2G34040
Apoptosis inhibitory protein 5 

33.8
2

1
22

47
7.7

2
3

3
5

AT1G18450
actin-related protein 4 

33.1
2

2
15

40
11.8

1
4

4
6

AT3G09200
Ribosomal protein L10 family protein 

28.8
4

5
10

22
25.1

2
7

7
23

AT5G13680
IKI3 family protein 

21.1
1

1
27

40
3.6

1
4

4
5

AT1G54920
unknown protein

17.6
3

5
16

36
3.3

3
2

2
6

AT5G55230
microtubule-associated proteins 65-1 

22.2
2

2
14

40
3.8

2
2

2
2

AT3G42170
BED zinc finger domain-containing protein

10.6
2

6
6

28
12.4

1
6

6
13

AT1G20370
Pseudouridine synthase family protein 

32.2
3

2
19

33
7.0

6
3

3
5

AT5G24350
uncharacterized protein

5.0
2

10
10

19
5.7

2
11

11
17

AT1G27750
nucleic acid binding 

19.2
1

1
20

29
3.3

1
3

3
5

AT5G09390
CD2-binding protein-related 

30.4
2

4
12

31
10.9

2
3

3
3

AT3G22990
ARM repeat superfamily protein 

19.8
1

1
12

31
6.5

1
2

2
2

AT5G43960
NTF2

26.9
2

3
8

28
9.0

2
3

3
3

7.4
2

2
2

2
AT2G25010

Aminotransferase-like family protein 
23.4

1
1

14
23

11.6
1

5
5

9
AT3G03630

cysteine synthase 26 
24.5

1
1

9
21

6.2
1

2
2

4
AT5G40200

DegP protease 9 
18.9

1
1

11
16

6.6
1

4
4

7
AT1G04170

eukaryotic translation initiation factor 2 gamma subunit 
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3
2
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6.2
1

2
2

2
AT3G24430

ATP binding 
30.1

1
1

13
17

4.5
1

2
2

4
AT1G30470

SIT4 phosphatase-associated-like protein
12.7

4
8

8
14

5.1
3

2
2

2
AT4G38225

unknown protein
15.9

3
1

4
6

10.1
3

2
2

2
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4.3.1 SUMMARY 

Plant nucleotide-binding leucine-rich repeat (NLR) immune receptors detect 

pathogen secreted effectors inside host cells and induce a robust immune response, 

typically involving programmed cell death. NLR genes are often linked on the 

chromosome with one or several other NLRs and can function as cooperative pairs 

or within larger NLR networks. We previously showed that the ER-localized 

truncated NLR TIR-NB13 (TN13; AT3G04210) is required for resistance of 

Arabidopsis to Pseudomonas syringae pv. tomato (Pst) DC3000 lacking the type-III 

effector proteins AvrPto and AvrPtoB. Here, we report on the molecular and 

functional characterization of a full length TIR-NB-LRR (TNL) protein that is linked 

genomically to TN13. This TNL LINKED TO TN13 (TLT13; AT3G04220) co-localizes 

with TN13 to the ER membrane. TLT13 is also required for resistance to Pst DC3000 

(ΔAvrPto/AvrPtoB) and interacts with TN13 in transient expression assays in 

Nicotiana benthamiana. In contrast to TN13, TLT13 induces a cell death response 

when expressed transiently in N. benthamiana that depends on the downstream 

defense regulators NbEDS1a and NbSAG101b, as well as the NbNRG1 family of 

helper NLRs. TLT13 contains an atypical MHV motif in its NB-ARC domain that is 

associated with NLR auto-activation and essential for TLT13 mediated cell death 

induction. Execution of the cell death response also depends on a predicted catalytic 

glutamate residue within the TIR domain is implicated in NAD+ cleavage, the TIR 

domain serine-histidine (SH) oligomerization motif, and a functional phosphate-

binding (P)-loop in the NB-ARC domain of TLT13. As TLT13 and TN13 interact with 

phylogenetically related NLRs encoded by a segmentally duplicated region on 

chromosome 5, our data suggest that TN13 and TLT13 are part of a larger NLR 

immune regulatory network. 

4.3.2 SIGNIFICANCE STATEMENT 

The truncated NLR TN13 and the genomically linked full length NLR TLT13 are 

required for plant disease resistance and form heteromeric associations with 

phylogenetically related NLRs, encoded by a segmentally duplicated chromosomal 

region. 

4.3.3 INTRODUCTION  

Plants evolved a multilayered, cell autonomous immune system to efficiently 

detect and respond to pathogen threats (Dangl et al., 2013). At the cell surface, 
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plasma-membrane localized pattern recognition receptors (PRRs) with extracellular 

ligand recognition domains detect conserved pathogen-associated molecular 

patterns (PAMPs), to induce PAMP-triggered immunity (PTI). In addition to PRRs 

that sense generic PAMPs, Resistance (R) proteins function as intracellular immune 

receptors to sense pathogen-secreted effector molecules that contribute to pathogen 

virulence, if they remain undetected (Cesari, 2018). Recognition of specific effectors 

by R proteins initiates a robust defense response, termed effector-triggered immunity 

(ETI). ETI often includes a locally restricted programmed cell death, known as the 

hypersensitive response (HR), to restrict the growth of biotrophic pathogens that 

require living host tissues (Dangl et al., 2013).  

Nucleotide-binding leucine-rich repeat (NB-LRR or NLR) immune receptors 

represent the largest class of plant R proteins (Kourelis and van der Hoorn, 2018). 

NLR receptors have a modular, multi-domain architecture with a central NB domain 

that contains Apaf-1/R-protein/CED4 (ARC1/2) subunits (NB-ARC), a C-terminal 

LRR-domain and either a Toll/Interleukin-1 receptor (TIR) domain or a coiled-coil 

(CC) domain at the N-terminus. Based on the N-terminal domain, NLRs can be 

divided into distinct main classes, referred to as TIR-type NLRs (TNLs) and CC-type 

NLRs (CNLs; Shao et al., 2016).  

Plant NLRs belong to the family of signal transduction ATPases with numerous 

domains (STAND) and are proposed to function as ATP-hydrolyzing molecular 

switches (Leipe et al., 2004; Takken et al., 2006; Danot et al., 2009). In the absence 

of a cognate effector molecule or an activating trigger, NLRs are kept in a repressed 

“off” state that is associated with ADP bound to the NB-ARC domain (Williams et al., 

2011). An effector triggered switch to the active “on” state requires the substitution of 

ADP by ATP (Zhou et al., 2015). The importance of the ADP-ATP exchange and the 

stabilization of ATP for NLR activation is outlined by the fact that mutations within the 

conserved ATP - and -phosphate coordinating motif, termed the phosphate-

binding loop (P-loop), within the NB domain, renders many NLRs non-functional 

(Sukarta et al., 2016). In addition to the P-loop, the histidine of the conserved MHD 

(Met-His-Asp) motif within the ARC2 domain also interacts with the ADP/ATP 

-phosphate (Reubold et al., 2011). An amino acid substitution from MHD to MHV 

can render plant NLRs auto-active, presumably by shifting the binding preference 

from ADP towards the ATP-bound “on” state (Tameling et al., 2006; Williams et al., 
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2011). The nucleotide-bound state also correlates with intra-molecular interactions 

between different NLR domains (Ve et al., 2015; Bentham et al., 2018). It has been 

proposed that the LRR domain directly interacts with parts of the NB-ARC domain to 

maintain the NLR in the ADP-bound “off” state (Slootweg et al., 2013; Schreiber et 

al., 2016). Direct interactions with effectors, or sensing of effector-induced host 

protein modifications by LRR domains, have been reported to release intra-

molecular auto-inhibitory effects of the NB-ARC domain, presumably fostering a 

switch to the ATP-bound “on” state (Slootweg et al., 2013; Ntoukakis et al., 2013).  

Increasing evidence shows that plant NLRs rarely function as singletons, but 

rather form NLR pairs or complex networks for the detection of pathogen effectors 

and the activation of downstream signaling and immunity. Accordingly, the concerted 

action of “sensor” NLRs that perceive effector actions, and “helper” or “executor” 

NLRs that initiate immune signaling, appears to be required for efficient ETI 

(Le Roux et al., 2015; Sarris et al., 2015; Wu et al., 2017). Inhibitory inter-molecular 

interactions between sensor and executor NLR pairs can form an additional 

regulatory layer to prevent signaling in the absence of a pathogen (Cesari et al., 

2014; Huh et al., 2017). For instance, effector perception by the inhibitory 

Arabidopsis TNL sensor RESISTANCE TO RALSTONIA SOLANACEARUM1 

(RRS1-R) leads to dissociation from the executor NLR RESISTANCE TO 

PSEUDOMONAS SYRINGAE4 (RPS4), which induces an immune response that 

depends on the helper NLR N REQUIREMENT GENE1 (NRG1; Le Roux et al., 

2015; Sarris et al., 2015; Huh et al., 2017; Ma et al., 2018; Castel et al., 2019). The 

helper NLR classes NRG1 and ACTIVATED DISEASE RESISTANCE1 (ADR1) form 

a subgroups of CNL-type NLRs, in which the N-terminal CC domain resembles the 

CC motif of the R protein RESISTANCE TO POWDERY MILDEW8 (RPW8; Peart et 

al., 2005; Bonardi et al., 2011; Dong et al., 2016). These two subgroups of RPW8-

NLRs (RNLs) indeed form an NLR class that diverges from canonical CNLs which 

function as sensors or executors (Shao et al., 2016). Both NRG1 and ADR1 play 

essential signaling roles that are required for several CNLs and TNLs. While some 

Arabidopsis NLRs require both ADR1 and NRG1, others require either NRG1 or 

ADR1 for immune signaling (Castel et al., 2019; Wu et al., 2019). Beside helper 

NLRs, the defense regulator ENHANCED DISEASE SUSEPTIBILITY1 (EDS1) is 

essential for TNL-mediated immunity, and is also required for signaling of some 

CNLs (Wiermer et al., 2005; Xiao et al., 2005; Wagner et al., 2013). The EDS1 
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related proteins PHYTOALEXIN DEFICIENT4 (PAD4) and SENESCENCE 

ASSOCIATED GENE101 (SAG101) function together with EDS1 and form spatially 

distinct complexes that are exclusively nuclear (EDS1-SAG101) or 

nucleocytoplasmic (EDS1-PAD4; Feys et al., 2005). Recent studies further suggest a 

branched TNL resistance signaling model that involves distinct EDS1-helper NLR 

complexes. Whereas signaling via an EDS1-PAD4-ADR1 module restricts bacterial 

growth through transcriptional reinforcement, EDS1-SAG101-NRG1 were proposed 

to signal mainly for HR induction (Bonardi et al., 2011; Dong et al., 2016; Cui et al., 

2018; Castel et al., 2019; Lapin et al., 2019). The detailed mechanisms on how 

effector recognition is translated into downstream signaling and HR induction remain 

elusive. 

Recent studies on both plant and animal TIR domain containing proteins showed 

that TIR domains are not only important for mediating protein homo- and/or 

hetero-oligomerization, but also have a catalytic function as NAD+/NADP+ degrading 

enzymes. This catalytic activity produces a cyclic ADP-ribose variant (v-cADPR) that 

is required for cell death induction (Williams et al., 2014; Zhang et al., 2017a; Wan et 

al., 2019; Horsefield et al., 2019). Beside full length TNLs, catalytic activity has also 

been reported for the TIR-only NLR RESPONSE TO THE BACTERIAL TYPE III 

EFFECTOR PROTEIN HOPBA1 (RBA1). RBA1 is required for immunity to 

Pseudomonas syringae expressing the effector protein HopBA1, and induces a HR-

like cell death response when expressed transiently in Nicotiana benthamiana 

(Nishimura et al., 2017; Wan et al., 2019). Other truncated NLRs encoded by the 

Arabidopsis genome include TIR-NB (TN) and TIR-X (TX) proteins that lack NB 

and/or LRR domains, but might contain additional (X) domains (Meyers et al., 2002; 

2003; Van de Weyer et al., 2019). A functional role of truncated NLRs in immunity 

has been described for TN2, which is required for defense signaling in the 

exo70b1-3 auto-immune mutant, suggesting that TN2 monitors the integrity of 

EXOCYST SUBUNIT EXO70 FAMILY PROTEIN B1 (EXO70B1), involved in vesicle 

exocytosis (Zhao et al., 2015). In addition, TN2 monitors the cellular homeostasis of 

the E3 ligase SENESCENCE-ASSOCIATED E3 UBIQUITIN LIGASE1 (SAUL1) 

together with the TN-type NLR CHILLING SENSITIVE1 (CHS1/TN1), both of which 

signal via the executor TNL SUPPRESSOR OF CHS1 (SOC3; Zhang et al., 2017b; 

Tong et al., 2017; Liang et al., 2019). Significantly, SOC3 forms a genomic cluster 
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with CHS1 and TN2, a chromosomal arrangement commonly observed among NLRs 

that function cooperatively (Meyers et al., 2003; van Wersch and Li, 2019). 

We previously uncovered that the ER-localized truncated NLR TIR-NB13 (TN13) 

is required for immunity of Arabidopsis to mildly virulent Pseudomonas syringae pv. 

tomato (Pst) DC3000 (Roth et al., 2017). The gene encoding TN13 (AT3G04210) is 

linked genomically in a head-to-tail orientation, to a yet uncharacterized, predicted 

full length TNL gene (AT3G04220). Here, we report on the functional and molecular 

characterization of this full length TNL LINKED TO TN13 (TLT13). TLT13 interacts 

and co-localizes with TN13 to the ER membrane via its N-terminal transmembrane 

domain. Pathogen infection studies show that TLT13 is also required for immunity to 

mildly virulent Pst DC3000. The wild-type TLT13 protein contains an atypical MHV 

motif in its NB-ARC domain, and induces an HR-like cell death when expressed 

transiently in N. benthamiana. The cell death response depends on NbEDS1a, 

NbSAG101b and NbNRG1, but not on NbPAD4, NbSAG101a or NbADR1. A 

predicted NAD+/NADP+ degrading catalytic glutamate residue present in the TIR 

domain is essential for cell death induction. The genomic region containing TN13 

and TLT13 on chromosome 3 was segmentally duplicated in the Arabidopsis 

genome and contains an expanded number of TNL genes on chromosome 5. TN13 

and TLT13 interact with phylogenetically closely related NLRs of the duplicated 

region, suggesting the formation of a functional NLR network regulating plant 

immunity. 

4.3.4 RESULTS 

4.3.4.1 TN13 and TLT13 mutants show enhanced susceptibility to Pst DC3000 

(ΔAvrPto/AvrPtoB) 

We previously identified the truncated NLR protein TIR-NB13 (TN13) as a 

component of immunity against mildly virulent Pseudomonas syringae pv. tomato 

(Pst) DC3000 lacking the type‐III effector proteins AvrPto/PtoB (Roth et al., 2017). 

On Arabidopsis chromosome 3, TN13 is directly linked, in a head-to-tail orientation, 

to a predicted full length TNL gene that we named TNL LINKED TO TN13 (TLT13, 

Figure 1A). The genomic linkage or clustering of NLR genes suggests cooperative 

functions in immunity (van Wersch and Li, 2019). We therefore investigated the 

requirement of the uncharacterized TLT13 in immunity by inoculating homozygous 

T-DNA insertion mutants that show disruption of full length transcripts with Pst 
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DC3000 (ΔAvrPto/AvrPtoB) (Figures 1, S1A). Both tlt13 mutant lines showed 

enhanced susceptibility towards Pst DC3000 (ΔAvrPto/AvrPtoB) to an extend that is 

comparable to tn13 mutants (Figure 1). The Col eds1-2 mutant was used as a hyper-

susceptible control, whereas the auto-immune mutant snc1 (suppressor of npr1-1, 

constitutive 1) served as control for enhanced resistance (Figure 1B). The enhanced 

susceptibility of the tn13 and tlt13 mutant lines was complemented by stable 

expression of the respective wild-type proteins with a C-terminal mYFP tag, under 

control of either the native (Np) or the constitutively active 35S promoter (Figure 

S1B). Stable transgenic expression of the fusion proteins had no impact on plant 

morphology, except for plants expressing TN13-mYFP under control of the 35S 

promoter, which appeared slightly stunted (Figure S1C and D). The tn13 and tlt13 

mutant lines all appeared wild-type-like and did not display signs of autoimmunity 

(Figure S1C). We conclude, that the truncated NLR TN13, and the genomically 

linked predicted full length TNL TLT13, are both required for immunity against mildly 

virulent Pseudomonas bacteria.  

4.3.4.2 Expression of TLT13 induces a cell death response in Nicotiana 

benthamiana that depends on NbEDS1, NbSAG101b and NbNRG1 

Since our analysis revealed that TLT13 is required for plant immunity, we 

analyzed the predicted domain structure of the TLT13 protein to obtain a better 

understanding of its potential molecular functions. Domain prediction tools indicate 

the presence of canonical NLR domains (TIR, NB-ARC and LRR) in TLT13 (Figure 

S2A-C). As observed for TN13 (Roth et al., 2017), TLT13 also contains a predicted 

N-terminal hydrophobic transmembrane (TM) helix that shows high similarity to that 

of TN13 (Figures S2, S3). We previously reported that TN13 localizes to the 

membranes of the endoplasmic reticulum (ER) and the nuclear envelope after 

transient expression in N. benthamiana leaves (Roth et al., 2017). To investigate the 

subcellular localization of TLT13, we performed transient expression assays of 

mYFP-tagged TLT13 in N. benthamiana. Two days after Agrobacterium-infiltration 

for expression of 35S promoter or Np driven TLT13-mYFP, we noticed the induction 

of a cell death response that resulted in complete tissue collapse five days after 

infiltration (Figure 2A). Cell death was also observed upon transient expression of a 

C-terminal 3xHA-StrepII tagged version of TLT13, whereas the transient 

overexpression of TN13-mYFP did not induce a cell death response after prolonged 
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expression (Figures 2A, S4A). To further investigate whether the cell death response 

is a consequence of deregulated TIR-NLR signaling, we transiently expressed the 

TLT13-mYFP fusion protein in the Nbeds1a-1 mutant background (Ordon et al., 

2017). No cell-death could be observed five days after Agrobacterium-infiltration, 

although the full length fusion protein was expressed (Figures 2B, S4B). We utilized 

several N. benthamiana single, double and triple mutant combinations of the EDS1 

interaction partners PAD4 and SAG101, as well as the helper NLRs NRG1 and 

ADR1 to elucidate the requirements for cell death induction upon TLT13-mYFP 

expression in the transient system. Since an adr1 mutant was not available, we 

complemented the adr1 nrg1 double mutant by co-expressing an untagged version 

of NbNRG1 (Lapin et al., 2019). HR-like cell death upon TLT13-mYFP expression 

fully depends on NbSAG101b and NbNRG1, whereas NbSAG101a, NbPAD4 and 

NbADR1 are dispensable (Figures 2B, S4B). The transient expression assays 

indicate that the TLT13-induced cell death is indeed a consequence of activated TIR-

NLR signaling. In addition, these results support the previous notion that the 

SAG101-NRG1 branch is responsible for TNL-mediated HR signaling in the transient 

expression system N. benthamiana, whereas the PAD4-ADR1 branch is not (Lapin 

et al., 2019). 

4.3.4.3 TN13 and TLT13 co-localize to membranes of the ER and the nuclear 

envelope 

For subcellular localization studies, we transiently expressed TLT13-mYFP 

together with an established CFP-tagged ER marker (ER-ck) in the Nbeds1a-1 

mutant background, since the full length TLT13-mYFP fusion protein can be 

expressed in Nbeds1a-1 without the induction of a cell death response (Figures 2, 

S4). Confocal laser scanning microscopy (CLSM) revealed that TLT13-mYFP, like 

TN13-mYFP, co-localizes with the ER-ck marker (Figure 3). The same localization 

was observed when expressing the NLRs transiently under control of the respective 

Np (Figure S5). In order to analyze the subcellular localization of TN13-mYFP and 

TLT13-mYFP in Arabidopsis, we conducted CLSM studies on stable transgenic 

complementation lines that express the respective full length mYFP fusion constructs 

under control of the Np or 35S promoter (Figure S1). Fluorescence signals could not 

be detected for lines expressing the fusion protein constructs under control of the 

respective Np. For lines expressing TN13-mYFP or TLT13-mYFP under control of 
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the 35S promoter, we detected a fluorescence signal (albeit much weaker as 

compared to the transient expression system) at the nuclear periphery and in a 

network‐like pattern, indicative for an ER-localization (Figure S6). This is consistent 

with the observed localization in N. benthamiana and the in silico prediction of N-

terminal TM domains for TN13 and TLT13, which further suggests that the C-

terminal part of both proteins is cytosolic (Figures 3, S2, S3). Indeed, the predicted 

cytosolic orientation of the C-terminus of TN13 is supported by an interaction of 

TN13 at the ER membrane with the -importin MOS6 (MODIFIER OF SNC1, 6), 

which shuttles between the cytoplasm and the nucleus (Roth et al., 2017). Therefore, 

our data suggest that both TN13 and TLT13 localize to the ER membrane via their 

N-terminal TM domains. 

4.3.4.4 TLT13-induced cell death depends on a functional P-loop, an SH 

oligomerization motif and an atypical MHV motif  

In order to investigate whether TLT13-triggered cell death in N. benthamiana 

depends on previously described functional NLR motifs, we analyzed the TLT13 

protein sequence for respective motifs and conducted site directed mutagenesis for 

functional characterization. The identified motifs include the Ser-His (SH) hetero-

/homo-oligomerization motif of the TIR domain, the ATP/ADP coordinating motif of 

the phosphate-binding loop (P-loop), as well as the MHD-like motif within the 

NB-ARC domain (Figure 4A; Sukarta et al., 2016). We found that the wild-type form 

of TLT13 contains an atypical MHV motif (Figures 4B, S2A). This is of particular 

interest, because mutation of MHD-like motifs to MHV can render NLRs auto-active 

(Tameling et al., 2006; Williams et al., 2011). Mutating the wild-type MHV-motif of 

TLT13 to MHD or MHH abolished the cell death response upon transient expression 

in N. benthamiana wild-type plants, albeit protein accumulation was not affected by 

the mutations and was comparable to levels of the TLT13 wild-type protein 

expressed in Nbeds1a-1 (Figures 4, S7A). Mutagenesis of the P-loop in the wild-type 

TLT13 protein (containing the MHV motif) also abolished the cell death induction in 

wild-type N. benthamiana (Figures 4, S7B). The SH motif of TIR domains was shown 

to form a homo-oligomerization interface that is required for cell death induction of 

NLRs in N. benthamiana (Williams et al., 2014; Horsefield et al., 2019). In order to 

test whether TLT13 forms an SH motif dependent homo-oligomer in planta, we co-

expressed TLT13-mYFP together with TLT13-3xHA-SII, either as wild-type or SH-
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mutated (TLT13SH/AA) versions, for co-immunoprecipitation studies in Nbeds1a-1 

plants. After immunoprecipitation of TLT13-mYFP, we detected co-

immunoprecipitated TLT13-3xHA-SII (Figure S7D). Homo-oligomer formation was 

observed for the wild-type and the SH motif mutant variant of TLT13 (Figure S7D), 

albeit no cell death was induced upon expression of the SH mutant variant in 

N. benthamiana wild-type plants (Figures 4, S7C). We conclude that TLT13 requires 

the MHV and SH motifs to induce cell death in a P-loop dependent manner. The 

homo-oligomerization of the mutated SH motif variant further suggests that TLT13 

contains additional motifs for oligomerization, which is not sufficient for cell death 

induction without a functional SH motif. 

4.3.4.5 The TIR-domain of TLT13 is sufficient to trigger cell death in 

N. benthamiana 

Expression of the TIR domain of executor NLRs was shown to be sufficient to 

trigger a cell death response in N. benthamiana (Bernoux et al., 2011; Williams et al., 

2014). In order to analyze which domains of TLT13 are sufficient for the induction of 

cell death, we expressed single NLR domains, as well as various truncated versions 

of TLT13 in wild-type N. benthamiana as mYFP-tagged fusion proteins. Expression 

of a construct lacking the predicted TM domain (TIR-NB-LRR-mYFP) failed to induce 

cell death (Figures 5, S8A). In addition, CLSM suggests that the TIR-NB-LRR-mYFP 

variant without TM domain is no longer ER localized, but shows a cytoplasmic 

localization (Figure 5). Microsomal fractionation, followed by immunoblot analysis, 

further revealed that the ΔTM variant (TIR-NB-LRR-mYFP) partially lost association 

with the endomembrane system, in contrast to the wild-type variant containing the 

predicted TM domain (Figure S8B). Since the LRR domain of NLRs can have an 

auto-inhibitory effect on HR induction (Slootweg et al., 2013; Schreiber et al., 2016), 

we expressed a construct lacking both, the TM and the LRR domain (TIR-NB-

mYFP). Additional removal of the LRR domain from the TM variant (TIR-NB-LRR-

mYFP) shifted the localization from exclusively cytoplasmic to nucleocytoplasmic, 

and induced a cell death response (Figures 5, S8A and B). Cell death was also 

induced upon expression of the ER-associated TM-TIR-NB-mYFP and TM-TIR-

mYFP, or a mYFP fusion of the TIR-only variant that showed strong nuclear 

accumulation (Figures 5, S8A and B). While the TM-TIR-NB-mYFP and TM-TIR-

mYFP variants are predominantly found in the endomembrane fraction, the TIR-only 
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mYFP fusion is predominantly soluble (Figure S8B). The NB-ARC (NB-mYFP) and 

LRR-mYFP proteins are nucleocytoplasmic or exclusively cytoplasmic, whereas the 

expression of a mYFP fusion to the predicted TM domain, followed by the C-terminal 

flanking region (amino acids 1-43), is sufficient to anchor the protein to the ER-

membrane (Figure 5, S8A and B; Lee et al., 2011). No cell death was visible after 

expression of the NB, LRR- or TM-only mYFP fusions (Figure 5). 

Since the expression of truncated TLT13 versions influenced the subcellular 

localization and ability of trigger cell death, we also analyzed domain truncations and 

single domains of the TN13 protein for their localization and cell death response. 

Expression of a truncated version lacking the predicted TM domain (TIR-NB-mYFP) 

completely abolished the localization of TN13 to the ER, but not its endomembrane 

association (Figure S8C-E). Whereas TM-TIR-mYFP or the predicted TM domain 

together with the C-terminal flanking region (amino acids 1-43) fused to mYFP, 

showed an ER-localization, the TIR-only as well as the NB-ARC (NB) domain fused 

to mYFP, did not localize to the ER, but remained partially associated with the 

endomembrane system (Figure S8C-E). None of the TN13 protein variants led to the 

induction of cell death upon transient expression in N. benthamiana wild-type plants 

(Figure S8C). 

Together, these domain truncation experiments show that expression of the 

TLT13 TIR domain is sufficient to trigger a cell death response in N. benthamiana. 

The predicted TM domain of TLT13 and TN13 is required and sufficient for the 

localization of both proteins to the ER membrane. An ER localization of the full 

length TLT13 protein, but not of the TIR domain-containing truncated TLT13 protein 

variants, appears to be required for cell death induction (Figure 5), suggesting 

suppressive effects of the LRR domain on cell death execution.  

4.3.4.6 The predicted catalytic glutamate residue of the TLT13 TIR domain is 

required for cell death induction in N. benthamiana 

Recent studies indicate that plant and animal TIR domains contain a conserved 

catalytic glutamate (E) residue that is required for degrading NAD+/NADP+, leading 

to the accumulation of a cyclic ADP-ribose variant (v-cADPR) in plants (Horsefield et 

al., 2019; Wan et al., 2019). The TIR enzymatic function is required for HR induction, 

and it has been proposed that TIR-type executor NLRs depend on the NADase 

function to transduce the recognition of pathogens into a HR (Wan et al., 2019). We 
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found that the TLT13 TIR domain also contains the conserved catalytic glutamate 

residue at amino acid position 136 (Figures 6A and B, S2A). Consistent with its 

proposed function, site-directed mutagenesis of the glutamate into alanine (E136A) 

completely abolished the cell death induction upon transient expression of the 

mYFP-tagged full length TLT13, TM-TIR or TIR-only protein variants in 

N. benthamiana wild-type plants (Figures 6, S8F). This suggests that TLT13 induces 

cell death via TIR domain enzymatic activity. 

4.3.4.7 The genomic region containing TN13-TLT13 was duplicated and 

encodes NLRs that interact with TN13 and TLT13 

The co-expression of a sensor NLR TIR domain can be sufficient to suppress cell 

death induction upon expression of an executor NLR TIR domain (Williams et al., 

2014; Césari et al., 2014; Huh et al., 2017). TN13, however, does not suppress 

TLT13 induced cell death when co-expressing the full length proteins in 

N. benthamiana (Figure S9). In some reported cases, single helper NLRs function 

together with multiple evolutionary related sensor NLRs in effector recognition and 

immune signaling (Wu et al., 2017). This underpins that NLRs can form signaling 

networks with multiple components involved. The overexpression of TLT13-mYFP in 

Arabidopsis does not induce autoimmunity, albeit overexpression of the protein 

triggers cell death in N. benthamiana (Figures 2, S1C). We therefore speculate that 

TLT13 and/or TN13 interact with unknown NLRs that may suppress cell death 

induction in the Arabidopsis overexpression lines.  

Arabidopsis chromosome 3 does not encode for other NLRs within close 

chromosomal proximity to the TN13-TLT13 pair that could be considered as 

additional genomically linked interaction candidates (Meyers et al., 2003). 

Interestingly, the genomic region containing TN13 and TLT13 shows persistence of 

NLR gene presence in a segmentally duplicated chromosomal region (Simillion et 

al., 2002; Meyers et al., 2003). This chromosomal region between AT5G14060 and 

AT5G18490 on chromosome 5 was duplicated segmentally from AT3G01015 to 

AT3G04350 on chromosome 3, and therefore contains potential syntenic regions, as 

outlined by plotting the alignment of both genomic regions (Meyers et al., 2003; 

Figure S10). The duplicated region of chromosome 5 contains an expanded number 

of TNL genes, consisting of an uncharacterized singleton (AT5G17680) and two NLR 

clusters (Figure 7A; based on the cluster definition by Meyers et al., 2003): The first 
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cluster encodes the head-to-head sensor-executor pair CHS3/CONSTITUTIVE 

SHADE-AVOIDANCE1 (CSA1) (AT5G17890/80) and an uncharacterized TNL 

(AT5G17970). The second cluster contains DOMINANT SUPRESSOR OF CAMTA3 

NUMBER2 (DSC2, AT5G18370) that is required for the camta3 autoimmune 

phenotype (Lolle et al., 2017), HOPB-ACTIVATED RESISTANCE1 (BAR1, 

AT5G18360) that recognizes the Pseudomonas effector HopB1 (Laflamme et al., 

2020), and an uncharacterized TNL (AT5G18350) in tandem orientation (Figure 7A). 

Synteny analysis suggests that the tandem cluster components 

AT5G18350/BAR1/DSC2 are potential syntelogs of TLT13 (Figures 7, S11A). 

Phylogenetically, AT5G18350/BAR1/DSC2 are the closest relatives of TLT13 within 

the duplicated chromosomal region, based on the NB-ARC, TIR-NB and full length 

amino acid sequences (Figures 7B, S11B-C). In addition to the close phylogenetic 

relationship of DSC2 to TLT13, DSC2 also contains a predicted N-terminal 

transmembrane domain and localizes to the ER when transiently expressed in 

Nbeds1a-1 plants (Figures 7B, S11, S12, S13, S14, S15). The other NLRs encoded 

in the duplicated region show a nuclear, cytoplasmic or nucleocytoplasmic 

distribution in Nbeds1a-1 (Figures 7B, S12, S15). Expression of all NLRs from the 

segmentally duplicated region on chromosome 5 triggered a cell death response in 

wild-type N. benthamiana plants, with the exception of CHS3 (Figures 7B, S16). Co-

expression of the NLRs together with TLT13 did not suppress cell death induction 

(Figure S16). 

To investigate potential NLR complex formations, we conducted co-

immunoprecipitation experiments after co-expression of TN13-mYFP, or TLT13-

mYFP, together with 3xHA-SII tagged candidate NLRs of the duplicated region in 

Nbeds1a-1 plants (including 3xHA-SII tagged versions of TN13 and TLT13 to 

monitor potential TN13 and TLT13 homo-associations). Co-detection of 3xHA-SII 

tagged NLRs, after immunoprecipitation of mYFP-tagged proteins, suggests that 

both TN13 and TLT13 are able to form homo-oligomers (Figure 7C). TN13 and 

TLT13 can also interact with each other as well as with DSC2 (Figure 7C). In 

addition, TLT13, but not TN13, co-immunoprecipitates BAR1 and the 

uncharacterized NLR encoded by AT5G17970 (Figure 7). GUS-mYFP and the 

CFP-tagged ER marker (ER-ck) were used as a negative control (Figure 7). As the 

immunoprecipitation via the C-terminal mYFP tag was inefficient for CHS3 and 

CSA1, as well as for the uncharacterized NLRs encoded by AT5G17680 and 

111



Manuscript 2 

 

AT5G18350, no final conclusion on their interaction with TN13 and TLT13 can be 

made. Nevertheless, the identified interactions suggest that TN13 and TLT13 

together with NLRs from the segmentally duplicated cluster on chromosome 5 may 

form an NLR receptor network in Arabidopsis. 

 

4.3.5 DISCUSSION 

Recognition of pathogen effector actions by NLRs and the activation of 

downstream defense responses constitutes an important mechanism of plants to 

restrict the growth of host-adapted (hemi-)biotrophic pathogens (Dangl et al., 2013). 

NLRs form the largest class of plant intracellular immune receptors, but the detailed 

molecular signaling mechanisms, and the cognate effectors of most NLRs remain 

elusive (Kourelis and van der Hoorn, 2018). In particular, our knowledge of 

intermolecular interactions between pairs of NLRs and the dynamic interplay of 

NLRs within networks is just beginning to emerge (Le Roux et al., 2015; Sarris et al., 

2015; Wu et al., 2017; Cesari, 2018). An additional level of complexity in NLR 

function was revealed by the requirement of RNL-type helper NLRs for downstream 

signaling (Peart et al., 2005; Bonardi et al., 2011; Dong et al., 2016; Qi et al., 2018; 

Castel et al., 2019; Wu et al., 2019). Recent examples also show the functional 

involvement of truncated NLRs in immunity. Truncated NLRs were proposed to act 

as sensors that interact with and require an executor NLR for efficient downstream 

signaling (Zhao et al., 2015; Zhang et al., 2017b; Tong et al., 2017; Liang et al., 

2019), albeit direct contributions to immune signaling have also been demonstrated 

(Staal et al., 2008; Nandety et al., 2013; Nishimura et al., 2017). 

4.3.5.1 TN13 and TLT13 are required for full immunity to mildly virulent 

P. syringae 

Our analysis revealed that TLT13, like TN13, is required for full resistance to Pst 

DC3000 (AvrPto/AvrPtoB), and also localizes to the ER and perinuclear membrane 

(Figures 1B, 3, S5, S6; Roth et al., 2017). TN13 and TLT13 not only form homo-

oligomers but also interact with each other when co-expressed in N. benthamiana 

(Figures 7C, S7C). This suggests that TN13 and TLT13 may form a cooperative NLR 

pair involved in regulating defense responses at the ER (Cesari, 2018; van Wersch 

and Li, 2019). Since both NLRs are genetically required for full resistance to mildly 

virulent Pst (Figure 1), a potential role of TN13 and TLT13 may involve the 
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recognition of Pst effector(s), and the subsequent initiation of weak ETI to restrict 

growth of virulent bacteria (Jones and Dangl, 2006; Thomma et al., 2011). Yeast 

two-hybrid assays by Nandety et al. (2013) suggest that TN13 interacts with the Pst 

effector HopY1 and the nematode effector Rbp001. This would be consistent with a 

potential sensor function of TN13. However, immunoprecipitation of HopY1, after 

delivery via Pseudomonas fluorescence into Arabidopsis leave tissues stably 

expressing TN13-mYFP, did not co-immunoprecipitate TN13, arguing against a 

direct interaction in planta (Figure S17). Notably, BAR1 is required for recognition of 

the Pst effector HopB1 (Laflamme et al., 2020) and BAR1 interacts with TLT13 in 

N. benthamiana (Figure 7C), suggesting that TLT13 might also be involved in 

regulating HopB1-triggered defense responses. 

The transient expression of TLT13 in wild-type N. benthamiana triggers a cell 

death response that depends on NbEDS1a, NbSAG101b and NbNRG1, whereas no 

cell death is induced by TN13 (Figures 2, S4, S8C, S9). It has been proposed that 

the EDS1-SAG101-NRG1 branch mainly regulates HR cell death induction upon 

effector recognition by TNLs (Cui et al., 2018; Castel et al., 2019; Lapin et al., 2019). 

We therefore consider TLT13 being the executor NLR, while TN13 could represents 

the sensor NLR that perceives an effector either directly, or together with TLT13 

guards an unknown effector target at the ER (Cesari, 2018). Examples of TN-type 

sensor NLRs include CHS1 and TN2, which both monitor the cellular homeostasis of 

the membrane-associated E3 ubiquitin ligase SAUL1 and signal independently via 

the executor TNL SOC3 (Zhang et al., 2017b; Tong et al., 2017; Liang et al., 2019). 

CHS1 and SOC3 directly interact with SAUL1, indicating a direct guarding function 

(Tong et al., 2017; Liang et al., 2019). TN2 is also required for autoimmunity of 

exo70B1-3, a mutant compromised in a subunit of the exocyst complex involved in 

vesicle exocytosis (Zhao et al., 2015). Since autoimmunity of exo70b1 is not 

suppressed in a exo70b1 soc3 double mutant, a direct function of TN2 and SOC3 in 

guarding EXO70B1 seem unlikely, although a direct interaction between TN2 and 

EXO70B1 has been reported (Zhao et al., 2015; Liang et al., 2019). A recent study 

identified TN13 as a potential interaction partner of the ER localized ANAC013 

transcription factor, using an IP-MS approach (Shapiguzov et al., 2019). Whether 

ANAC013 plays a role in immunity and is a potential effector target that is guarded 

by a TN13-TLT13 complex at the ER membrane, remains to be investigated. 
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4.3.5.2 The predicted transmembrane domains of TN13 and TLT13 are required 

for ER localization 

TN13 and TLT13 both harbor predicted N-terminal transmembrane (TM) domains 

that are required and sufficient to localize the mYFP-tagged fusion proteins to the ER 

in transient expression assays (Figures 5, S2, S3, S6, S8A-E). Multiple alleles of the 

TNL RPP1 from different Arabidopsis accessions also contain a hydrophobic 

extension N-terminal of the TIR domain (Schreiber et al., 2016). RPP1-WsA localizes 

to ER and/or Golgi membranes, and the N-terminal extension is partially required for 

membrane localization and function in immunity (Weaver et al., 2006). In addition, 

multiple CNLs such as RESISTANCE TO PSEUDOMONAS SYRINGAE PV 

MACULICOLA1 (RPM1; Gao et al., 2011), RPS2 (Elmore et al., 2012), RPS5 (Qi et 

al., 2012) and Tm-22 (Chen et al., 2017) associate with the plasma membrane, 

demonstrating that membrane associations can be observed across NLR 

subclasses. In a recent example, cell death mediated by the CNL HOPZ 

ACTIVATED RESISTANCE1 (ZAR1) is induced upon ATP binding and membrane 

integration of a pentameric ZAR1 resistosome. Membrane integration requires an N-

terminal MADA motif within the first -helix of ZAR1 that was shown to be conserved 

within 20% of CNLs in the analyzed plant genomes (Wang et al., 2019a; Adachi et 

al., 2019). It has therefore been proposed that the membrane association of MADA 

motif containing CNLs functions as a death switch that influences membrane stability 

and/or integrity (Adachi et al., 2019). As expression of the TLT13 transmembrane 

domain fused to mYFP was not sufficient to induce cell death in N. benthamiana 

(Figure 5), this outlines that TLT13 employs a mechanism distinct to MADA motif 

containing CNL receptors (Adachi et al., 2019). 

The inability of a TLT13 truncation, lacking the TM domain, to induce cell death 

was reestablished by additional deletion of the LRR domain. This probably reflects a 

suppressive function of the LRR on TIR domain activity, as previously described for 

Rx1, Gpa2, Prf and RPP1 (Figure 5; Slootweg et al., 2013; Ntoukakis et al., 2013; 

Schreiber et al., 2016). As an ER membrane localization of TIR-containing TLT13 

truncations is not essential for cell death induction, the ER membrane association 

might represent an additional mechanism for regulating the activation of the full 

length NLR that otherwise would be suppressed by the LRR domain (Figure 5). 

TLT13 cell death induction in N. benthamiana depends on NbSAG101b and the 

114



    Manuscript 2 

 

helper NLR NbNRG1, but not on NbPAD4 and NbADR1 (Figure 2). Accordingly, the 

EDS1-SAG101-NRG1 branch of TNL-mediated immunity was proposed to be mainly 

responsible for HR signaling, while the EDS1-PAD4-ADR1 branch is mainly required 

for restricting bacterial growth (Lapin et al., 2019; Castel et al., 2019), albeit 

exceptions exist where NRG1 is required for both (Qi et al., 2018). As Arabidopsis 

NRG1A and NRG1B were shown to localize to the ER (Wu et al., 2019), it is 

conceivable that TN13 or/and TLT13 may directly associate with NRG1. Whether 

helper NLRs interact with TN13/TLT13 or other NLRs is not known, although a clear 

dependency for signaling of some TNLs has been reported (Wu et al., 2019; Castel 

et al., 2019). 

4.3.5.3 Cell death induction upon transient expression of TLT13 requires the 

predicted catalytic glutamate of the TIR domain and depends on NLR 

functional motifs 

The predicted catalytic glutamate residue within the TIR domain of TLT13 is 

required for cell death induction in N. benthamiana (Figure 6), suggesting that TLT13 

is capable of degrading NAD+/NADP+ as previously described for the TIR domains of 

SNC1, RECOGNITION OF XOPQ1 (ROQ1), RESISTANCE TO PLASMOPARA 

VITICOLA1 (RPV1), RBA1, RPP1, L6, RESISTANCE TO UNCINULA NECATOR 

(RUN1) and RPS4 (Wan et al., 2019; Horsefield et al., 2019). A variant of cyclic 

ADP-ribose (v-cADPR) as the TIR domain enzymatic product was proposed to be 

required for translation of effector perception into HR (Wan et al., 2019). The TIR 

domains of the known sensor NLRs CHS3 and RRS1 lack the catalytic glutamate 

residue, enzymatic activity, and do not induce cell death in N. benthamiana (Figure 

S16; Wan et al., 2019; Horsefield et al., 2019), whereas the TN-type sensor CHS1 

contains the catalytic glutamate residue, but does not induce cell death upon 

expression in N. benthamiana (Liang et al., 2019). Likewise, TN13 also contains the 

predicted catalytic glutamate and the neighboring residues follow the consensus 

sequence (Wan et al., 2019; Horsefield et al., 2019), but expression of TN13 in 

N. benthamiana does not trigger a cell death response (Figures 2A, S8C, S9). It is 

currently not understood why the catalytic motif-containing TIR domains of TN13 and 

CHS1 do not induce a cell death response when expressed in N. benthamiana. TN2 

induced cell death in N. benthamiana is suppressed by co-expression of EXO70B1 

(Wang et al., 2019b). It therefore remains possible that cell death induction upon 
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expression of TN13 in N. benthamiana is suppressed via association with a potential 

interaction partner present in N. benthamiana. 

TIR domain catalytic activity was also shown to depend on homo-oligomerization 

(Horsefield et al., 2019). Both TN13 and TLT13 show homo-oligomer formation, and 

both TIR domains contain an SH motif that functions as TIR domain homo- or 

hetero-oligomerization interface (Figures 4, 7, S2A and D, S7D). Site directed 

mutagenesis of the TLT13 SH motif abolished the cell death induction, while homo-

oligomerization was still detected after transient expression of the full length 

TLT13SH/AA protein in N. benthamiana (Figures 4, S7C). In addition to an SH motif 

that typically forms the AE interface (involving the TIR domain helices A and E), 

TIR domains can contain a second oligomerization domain, forming a DE interface 

(Zhang et al., 2017a). Indeed, mutation of the SH motif within the TIR domain of the 

TNL DANGEROUS MIX1 (DM1) still permits residual TIR-TIR association in yeast 

two-hybrid assays (Tran et al., 2017). Structure-guided mutagenesis of the 

corresponding DE interface residues abolished homo-oligomerization and cell death 

triggered by the TIR domains of DM1, L6 and RPS4 (Williams et al., 2014; Tran et 

al., 2017). The corresponding DE helices within the TIR domain of TLT13 may 

therefore function as additional oligomerization interfaces that are sufficient for 

oligomer formation. The fact that cell death induction is abolished upon mutation of 

the TLT13 SH motif (Figure 4) suggests that structural integrity within the oligomer is 

affected. This could be sufficient to abolish the potential TIR domain catalytic 

function of TLT13. 

Remarkably, the TLT13 protein contains an MHV motif within the NB-ARC domain 

that diverges from the canonical MHD motif in other TNLs, and is required for cell 

death induction (Figures 4, S2A, S14). We screened the protein sequence of the 

predicted NB-ARC domain of TLT13 against all non-redundant Arabidopsis GenBank 

coding sequence translations, using PSI-BLASTp (6 iterations, 1580 hits) and 

subsequently extracted TNLs that also contain MHV motifs in the full length amino 

acid sequence. In addition to TLT13, ten other TNLs contained an MHV motif within 

their amino acid sequence. However, none of the MHV motifs is situated within the 

NB-ARC domain, except for TLT13 and its ortholog in the ecotype Landsberg erecta 

(Figure S18). To our knowledge, TLT13 is the only reported case of an Arabidopsis 

TNL containing an MHV motif within the NB-ARC domain of the wild-type protein. 
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The presence of the MHV motif may confer higher affinity for ATP, rather than ADP, 

and constitutively shift TLT13 to an active state (Sukarta et al., 2016). We further 

conclude that TLT13 would thus require efficient intra- or/and intermolecular 

repression to avoid inadvertent cell death signaling in the absence of a pathogen 

trigger. Since the TLT13-triggered cell death also depends on a functional P-loop 

(Figure 4), we speculate that ATP binding is required to relief suppressive effects to 

enable potential TIR domain catalytic activity. 

4.3.5.4 TN13 and TLT13 interact with NLRs from a duplicated chromosomal 

segment 

The region of chromosome 3 that contains the TN13-TLT13 cluster was 

duplicated segmentally to chromosome 5 (Figure 7, S10; Simillion et al., 2002; 

Meyers et al., 2003). The duplicated region on chromosome 5 contains syntenic 

regions with an expanded number of NLR genes (Meyers et al., 2003, Figures 7, 

S10, S11A). The NLR genes of the tandem cluster AT5G18350/BAR1/DSC2 were 

identified as potential syntelogs of TLT13 (Figures 7, S11), and recent phylogenetic 

analysis based on the NB domains of the complete repertoire of Arabidopsis (Col-0) 

TNLs suggest that TN13 and TLT13 are indeed closely related to NLRs of the 

tandem cluster, including AT5G17970 (Figure 7; Van de Weyer et al., 2019). This is 

expected based on a model of conserved synteny, where physical proximity 

correlates with close phylogenetic relationship (Baumgarten et al., 2003), and would 

further support that the tandem cluster components AT5G18350/BAR1/DSC2, and 

potentially AT5G17970, originated from TN13 and/or TLT13. It has been proposed 

that tandem gene duplications play a major role in the evolution of plant NLRs, while 

segmental duplications are less prevalent, but partially explain the expansion of 

NLRs within the Arabidopsis genome to distinct chromosomal regions (Richly et al., 

2002; Leister, 2004; Cannon et al., 2004). Since local tandem duplications are 

considered recent evolutionary events, we propose that DSC2 arose from a 

segmental duplication of the genomic region containing TLT13. Subsequently, 

BAR1, AT5G18350, and possibly AT5G17970, arose locally as tandem duplications 

of DSC2 on chromosome 5, while TN13 arose via tandem duplication of TLT13 on 

chromosome 3. The presence of AT5G17680 and CSA1/CHS3 within the duplicated 

cluster can most likely be explained by small scale ectopic duplication events after 

the segmental duplication. Based on phylogenetic evidence, Richly et al. (2002) 
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proposed that AT5G18350 may have been duplicated from DSC2, and AT5G17970 

from BAR1. In an alternative scenario, BAR1 and DSC2 may have arisen by 

segmental duplication of the TN13 and TLT13 cluster, which formed via local tandem 

duplication of TLT13, before the segmental duplication of chromosome 3. 

Subsequently, AT5G18350 and AT5G17970 emerged from either local tandem 

duplications or unequal crossover events at the site of chromosome 5. For both 

scenarios, TN13 would have undergone evolutionary modification (e.g. 

SNPs/INDELs) to result in a truncated TN variant.  

The duplication of NLRs can be considered as a mechanism by which 

diversification is generated, to produce NLR variants that are able to fulfill new 

functions as effector sensing intracellular receptors. This is collectively described as 

the “red queen hypothesis” and suggests that the A. thaliana genome (and plant 

genomes in general) is under selective pressure to diversify offspring, thus enabling 

genomic adaptation to rapidly evolving pathogens (Bell, 1982; Dangl and Jones, 

2001; Leister, 2004; Lively, 2010). We were interested in how conserved the two 

clusters on chromosome 3 and 5 are within other accessions of A. thaliana, 

considering that the genes arose in a common ancestor. A recent study analyzed 65 

Arabidopsis accessions to define a near species wide inventory of NLR genes (Van 

de Weyer et al., 2019). Distinct NLRs were classified as orthogroups and assigned 

as core, shell or cloud NLRome, based on the presence of these orthogroups within 

different accessions. All NLRs within the segmentally duplicated clusters of 

chromosome 3 and 5 belong to the Arabidopsis core NLRome, with the exceptions of 

TN13, AT5G17970 and AT5G18350 that are part of the shell NLRome (and 

potentially arose via tandem duplication; Figure S19; Van de Weyer et al., 2019). 

This further suggests that tandem duplicated NLRs are under strong diversifying 

pressure. Expanded tandem duplicated regions, such as the RPP1 cluster, were also 

identified as DANGEROUS MIX (DM) loci. These loci can lead to hybrid necrosis 

upon crossing of different accessions due to NLR repertoire incompatibility caused 

by diversifying pressure on loci in the NLR clusters (Bomblies et al., 2007; Chae et 

al., 2014; Alcázar et al., 2014; Stuttmann et al., 2016; Atanasov et al., 2018).  

Both TN13 and TLT13 interact with DSC2 (AT5G18370). In addition, TLT13 

interacts with BAR1 (AT5G18360) and the uncharacterized TNL protein encoded by 

AT5G17970 (Figure 7). These findings suggests that TN13 and TLT13 are part of a 

larger NLR signaling network that involves, but might not be limited to, interacting 
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NLRs from the duplicated cluster. The hetero-pairing of TN13 and TLT13 with NLRs 

of the duplicated cluster on chromosome 5 might be explained by sequence 

homology. In fact, several sensor-executor NLR pairs that are genomically linked are 

similar to each other, and can be found in neighboring phylogenetic clades (Césari et 

al., 2014; Van de Weyer et al., 2019). Since tn13 single mutants as well as TLT13 

over-expression in stable transgenic plants did not show an auto-immune phenotype 

(Figure S1), we speculate that TLT13 is repressed by additional (sensor) NLRs. Most 

NLRs encoded in the duplicated cluster contain a predicted catalytic glutamate 

residue within the TIR domain and trigger a cell death response when expressed 

individually, or together with TLT13, in N. benthamiana (Figures S14, S16). Whether 

NLRs of the duplicated region function as executors or sensors, and potentially 

influence cell death induction of TLT13 upon co-expression of multiple NLR 

combinations, remains to be investigated. Future experiments involving genome 

editing to generate single and higher order NLR mutants, and the identification of 

additional interaction partners via proximity labeling in Arabidopsis, will certainly 

enhance our understanding of interconnected NLR networks and network dynamics 

in the regulation of cell death and immunity upon effector perception.  

4.3.6 EXPERIMENTAL PROCEDURES 

Plant materials 

All plants were grown in environmentally controlled growth chambers with 65 % 

relative humidity. Arabidopsis thaliana plants were grown on soil for infection studies, 

or on ½ MS agar-plates for microscopy analyses, under an 8/16 h light/dark regime 

at 22/18°C. Nicotiana benthamiana plants were grown under a 16/8 h light/dark 

regime at 25/22 °C. The N. benthamiana eds1a-1 mutants (Ordon et al., 2017), pad4 

and sag101a/b (single, double and triple) mutant combinations (Gantner et al., 2019; 

Lapin et al., 2019), as well as the Arabidopsis tn13 (Roth et al., 2017), snc1 (Li et al., 

2001) and Col eds1-2 (Bartsch et al., 2006) mutants were previously described. The 

N. benthamiana adr1 nrg1 and nrg1 mutant lines were kindly provided by Jane 

Parker (MPIPZ, Cologne) and Johannes Stuttmann (MLU, Halle-Wittenberg). The 

tlt13-1 and tlt13-2 mutant lines were obtained from the Nottingham Arabidopsis 

Stock Centre (NASC, http://arabidopsis.info). Homozygous mutants were isolated via 

PCR‐based genotyping, using primers listed in Table S1. Stable transgenic 
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Arabidopsis plants were generated by using the floral dip method (Clough and Bent, 

1998). 

 

Plasmid constructions 

The full length genomic sequences (with or without promoter region) were PCR 

amplified without stop codon, using gene specific primers listed in Table S1, and 

cloned into pENTR/D‐TOPO (ThermoFisher Scientific, 

https://www.thermofisher.com) Gateway entry vectors. The generation of truncations, 

or site-directed mutagenesis, was conducted by sub-cloning into pENTR/D‐TOPO 

and/or mutagenesis PCR (Q5® Site-Directed Mutagenesis Kit, NEB), using primers 

listed in Table S1 and respective pENTR/D‐TOPO entry clones as templates. The 

pENTR/D‐TOPO GUS+intron and TN13 entry vectors (Roth et al., 2017), the ER-ck 

(Nelson et al., 2007), and NRG1 (Lapin et al., 2019) expression vectors were 

described previously. All expression constructs were generated via Gateway LR-

reactions with pXCSG-GW-mYFP, pXCG-GW-mYFP or pXCSG-GW-3xHA-StrepII 

destination vectors (Witte et al., 2004; Feys et al., 2005) and respective pENTR/D‐

TOPO sequence-verified entry vectors. All generated expression vectors were 

transformed into Agrobacterium tumefaciens strain GV3101 pMP90RK (Koncz and 

Schell, 1986), using electroporation. Plasmids for HopY1 delivery were generated by 

sub-cloning of HopY1 into pCK014 (Gantner et al., 2018) via Golden-Gate cloning 

using pGWB14-35S::HopY1::HA (Üstün et al., 2016) as a template, and primers 

listed in Table S1 for PCR amplification. For delivery without the AvrRPS41-134 fusion, 

the AvrRPS4 reading frame was deleted via deletion PCR, before Golden-Gate 

ligation of the HopY1 fragment, using primers listed in Table S1. All pCK014 

plasmids were transformed into Pseudomonas fluorescence Pf0-1 (EtHAN, Thomas 

et al., 2009) using electroporation. 

 

Pseudomonas infection assays 

A bacterial suspensions of Pst DC3000 (ΔAvrPto/AvrPtoB; Lin and Martin, 2005) 

with a density of 1 × 105 cfu ml−1 in 10 mM MgCl2 was infiltrated into rosette leaves of 

five 5‐week‐old soil grown Arabidopsis plants, using a needleless syringe. Colony 

forming units were determined 1 h (d0) and 3 days (d3) after infiltration. For effector 

delivery, a Pf0-1 (EtHAN) suspension with an OD600 of 0.3 in 10 mM MgCl2 was 
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infiltrated into rosette leaves of five 5‐week‐old soil grown Arabidopsis plants, using a 

needleless syringe. Samples for co-immunoprecipitation (Co-IP) analysis were taken 

1 day after infiltration. 

 

Transient expression in N. benthamiana 

Agrobacterium overnight cultures were harvested by centrifugation, resuspended 

in infiltration buffer (10 mM MgCl2, 10 mM MES pH 5.5, 150 µM acetosyringone), 

and incubated for 2-3 h at room temperature. For co-expressions, the bacterial 

suspension was adjusted to an OD600 of 0.3 for each strain and infiltrated into the 

abaxial side of 4-5 week old N. benthamiana leaves, using a needleless syringe. An 

Agrobacterium strain expressing the silencing suppressor p19 was co-infiltrated in all 

transient expression experiments. For HR cell death assays, the infiltrated leaf areas 

were photographed 5 days after infiltration. Confocal laser scanning microscopy was 

performed 2 days after Agrobacterium infiltration.  

 

Confocal laser scanning microscopy  

For confocal microscopy, leaf discs of Agrobacterium-infiltrated N. benthamiana 

tissues or stable transgenic Arabidopsis plants were embedded in water. A Leica 

TSC-SP5 confocal laser-scanning microscope controlled by the Leica LAS AF 

software was used with a 20x/0.70 objective (PL APO, CS). An argon laser line at 

514 nm was used for excitation of mYFP, and 458 nm for CFP. Emitted fluorescence 

was detected at 525 – 570 nm for mYFP, and 465 – 485 nm for CFP, using Leica 

HyD detectors. Chlorophyll auto‐fluorescence was detected at 680–720 nm, using a 

Leica PMT detector. All channels were scanned sequentially. ImageJ was used to 

merge channels (Schindelin et al., 2012). 

 

Total protein extracts, co‐immunoprecipitation, microsomal fractionation and 

immunoblot analysis 

To generate total protein extracts from Arabidopsis samples, leaf tissues were 

frozen in liquid nitrogen, homogenized and mixed with protein extraction buffer (250 

mM sucrose, 100 mM HEPES-KOH (pH 7.5), 5 % (v/v) glycerol, 2 mM Na2MoO4, 25 

mM NaF, 10 mM EDTA, 1 mM DTT, 0.5 % (v/v) Triton X-100, plant protease inhibitor 

cocktail (#P9599, Sigma)), cell debris was removed by centrifugation and filtration 
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through a 95 µm nylon mesh. Protein concentrations were quantified using Bradford 

reagent (Biorad). Protein samples were adjusted to equal concentrations, mixed with 

4x SDS-PAGE loading dye (250 mM Tris-HCl (pH 6.8), 8 % (w/v) SDS, 40 % (v/v) 

Glycerol, 0.04 % (w/v) Bromophenol blue, 400 mM DTT) and boiled. For co-

immunoprecipitation analysis (Co-IP) after Agrobacterium-mediated transient 

expression in N. benthamiana, 7.5 µl GFP-trap magnetic agarose beads 

(Chromotek) were equilibrated in protein extraction buffer, and added to each total 

protein extract generated as described for Arabidopsis samples, without adjusting 

total protein concentrations. Incubation was performed for 3 h at 4 °C under constant 

rotation before the magnetic agarose beads were isolated and washed 3 times in 

1 ml extraction buffer, using a magnetic rack. Proteins were eluded by boiling in 4x 

SDS loading dye. For Co-IPs after Pf0-1 mediated effector delivery into Arabidopsis 

leaf tissues, total protein extracts were prepared as described, without adjusting total 

protein concentrations. ‐MYC (#2276, Cell Signaling, 1:1000) antibody was added 

to each total protein extract and incubated for 2 h at 4 °C under constant rotation, 

before adding pre-equilibrated immobilized protein G agarose beads (ab174816, 

Abcam). Protein isolation was performed by centrifugation at 800 g, after incubating 

for 3 h at 4 °C under constant rotation. Agarose beads were centrifuged and washed 

3 times in 1 ml extraction buffer. Proteins were eluded by boiling in 4x SDS loading 

dye. For microsomal fractionation after Agrobacterium-mediated transient expression 

in N. benthamiana, total protein extracts were prepared as described for Arabidopsis 

samples, without adjusting total protein concentrations, using a buffer without Triton 

X-100. Total protein extract were subjected to ultra-centrifugation at 100.000 g, and 

an aliquot of the supernatant (soluble fraction) was mixed with 4x SDS loading dye. 

The endomembrane pellet was washed 3 times in 1 ml extraction buffer and 

dissolved in extraction buffer containing 0.5 % (v/v) Triton X-100, before mixing with 

4x SDS loading dye and boiling. For total protein extraction from N. benthamiana, 

leaf tissues were frozen in liquid nitrogen, homogenized and boiled in 2x SDS-PAGE 

loading dye. Cell debris was removed by centrifugation at 17.000 g, and the 

supernatant was used for SDS-PAGE and immunoblot analysis. All protein samples 

were separated on SDS polyacrylamide gels and transferred onto nitrocellulose 

membranes (Amersham Protran, 0.45 μm; GE Healthcare Life Sciences). Primary -

GFP (#11814460001, Roche, 1:5000), ‐HA (H9658; Sigma‐Aldrich, 1:5000), ‐
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MYC (#2276, Cell Signaling, 1:5000) and ‐PEPC (100-4163, Rockland, 1:7500) 

antibodies and secondary goat anti-mouse IgG-poly-HRP (polyclonal, #32230; 

ThermoFisher Scientific, 1:5000) or goat anti-rabbit IgG-poly-HRP (polyclonal, 

#32260; ThermoFisher Scientific, 1:5000) antibodies were incubated and detected 

using SuperSignal West Femto chemiluminescence substrate (#34095; 

ThermoFisher Scientific) on a ChemiDoc imaging system (BioRad). 

 

RNA isolation and RT-PCR analysis 

Isolation of total RNA and RT-PCR analyses were conducted as described by 

Genenncher et al. (2016), using primers listed in Table S1 in a 20 µl reaction volume. 

HDGreen (Intas) was used for staining of the gel. 

 

In silico analyses 

Protein sequence alignments were performed using MUSCLE (Edgar, 2004) and 

visualized using Jalview (Waterhouse et al., 2009). Phylogenetic maximum likelihood 

analysis was conducted using the Whelan and Goldman model (WAG; Whelan and 

Goldman (2001)) with 3 Gamma categories in MEGA X (v10.0.5; Kumar et al., 

2018). Domain predictions are based on InterProScan 5 (Zdobnov and Apweiler, 

2001), and homology modeling was performed using Phyre2 in intensive mode 

(Kelley et al., 2015). Transmembrane domains were predicted using the TMHMM 

Server v. 2.0 (Krogh et al., 2001). The sequence alignment and dot plots for 

chromosome 3 and chromosome 5 were generated using the BLASTn server with 

megablast settings (Morgulis et al., 2008). The MHV-motif search was performed 

with standard settings for Position-Specific Iterated BLASTp searches, allowing 

20.000 max. target sequences, using the non-redundant protein sequence database 

of Arabidopsis (taxid:3701), until convergence was reached (Schäffer et al., 2001). 

All hits were imported into Geneious software (v 8.1.8, https://www.geneious.com) 

and screened for MHV motifs. The SynFind web server was used to identify syntenic 

regions for the submitted query (Tang et al., 2015). The Araport11 genome 

annotations (Cheng et al., 2017) were used to create schematic exon-intron 

structures.  
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Statistical analysis 

One‐way analysis of variance (ANOVA) followed by Tukey's HSD was conducted 

in R (http://www.R-project.org/) software to determine statistical differences (P < 

0.05). Shapiro-Wilk´s test and Levene´s test were used on log-transformed data to 

analyze normal distribution and variance, before preforming ANOVA. The data is 

presented using boxplots, with outliers defined as data points outside 1.5 times the 

interquartile range above/below the upper/lower quartile. 

 

ACKNOWLEGDEMENTS 

We thank Johannes Stuttmann (MLU, Halle-Wittenberg) and Jane Parker (MPIPZ, 

Cologne) for N. benthamiana mutant seeds. We also thank Jane Parker for the 

pXC(S)G Gateway destination vectors and Johannes Stuttmann for providing the 

pCK014 vector ahead of publication. Vardis Ntoukakis is thanked for providing the 

pGWB14-35S::HopY1::HA construct. We acknowledge Volker Lipka and Elena 

Petutschnig (Plant Cell Biology and Central Microscopy Facility of the Faculty of 

Biology and Psychology, University of Goettingen) for support and access to a 

confocal microscopy platform (Deutsche Forschungsgemeinschaft (DFG) grant INST 

186/824-1 FUGG to V.L.). We are also grateful to Xin Li (UBC, Vancouver) for useful 

discussion. This research was funded by the DFG IRTG 2172 “PRoTECT” program 

of the Goettingen Graduate Center of Neurosciences, Biophysics, and Molecular 

Biosciences and the DFG research grant WI 3208/4-2 to M.W. 

 

CONFLICT OF INTEREST 

None of the authors has declared a conflict of interest. 

4.3.7 SUPPORTING INFORMATION 

Figure S1. Analysis of tn13 and tlt13 mutants and transgenic complementation lines. 

Figure S2. Protein sequences and domain predictions of TLT13 and TN13.  

Figure S3. Predicted transmembrane domains of TLT13 and TN13.  

Figure S4. TLT13-mYFP protein accumulation upon transient expression in tissues 

of N. benthamiana mutant lines not showing cell death.  

Figure S5. Localization of TN13-mYFP and TLT13-MYFP upon Agrobacterium-

mediated transient expression in Nbeds1a-1 leaves under control of the respective 

native promoters.  
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Figure S6. Localization of TN13-mYFP and TLT13-mYFP in stable transgenic 

Arabidopsis lines, expressing the fusion protein constructs under control of the 35S 

promoter.  

Figure S7. Immunoblot analysis of total protein extracts, derived from tissues 

transiently expressing TLT13-mYFP wild-type and mutant variants.  

Figure S8. NLR domain truncation and mutation analysis.  

Figure S9. Agrobacterium-mediated transient co-expression of TN13-mYFP and 

TLT-mYFP in wild-type N. benthamiana does not suppress TLT13 induced cell 

death.  

Figure S10. Dot plot matrix analysis of genomic regions.  

Figure S11. Syntenic and phylogenetic relationship of NLRs encoded within the 

segmentally duplicated regions of chromosome 3 and 5.  

Figure S12. Transmembrane domain predictions of NLRs within the duplicated 

cluster on chromosome 5.  

Figure S13. Protein sequence and domain predictions of DSC2.  

Figure S14. Protein sequence alignment of NLRs within the segmentally duplicated 

regions of chromosome 3 and 5.  

Figure S15. Localization of mYFP-tagged NLRs encoded in the segmentally 

duplicated cluster on chromosome 5.  

Figure S16. Cell death induction upon transient expression of NLRs encoded in the 

segmentally duplicated cluster on chromosome 5.  

Figure S17. Co-immunoprecipitation analysis of the Pst effector HopY1 and TN13-

mYFP in stable transgenic Arabidopsis lines.  

Figure S18. Protein sequence alignment of Arabidopsis NLRs containing an MHV 

motif.  

Figure S19. NLR presence analysis within Arabidopsis accessions.   
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4.3.9 FIGURE LEGENDS 

Figure 1. TLT13 and TN13 mutants show enhanced susceptibility to Pseudomonas 

syringae pv. tomato (Pst) DC3000 (ΔAvrPto/AvrPtoB). (A) Gene structures of 

genomically linked TN13 and TLT13 drawn to scale. Exons are represented as black 

boxes and introns as solid lines, start (ATG) and stop codons (TAG and TAA) as 

open triangles. The positions of the T-DNA insertions in mutant lines, used in 

infection studies, are marked by filled triangles below the gene structures. (B) Plants 

of the indicated genotypes were infiltrated with a Pst DC3000 (ΔAvrPto/AvrPtoB) 

suspension of 1 x 105 cfu ml-1. Colony-forming units (cfu) were quantified 1 hour (day 

0) and three days after infiltration (day 3). Data is presented as boxplots (day 0: n=2; 

day 3: n=6), outliers are indicated as black dots, underlined asterisks indicate 

statistically significant differences to Col-0 (one‐way ANOVA; Tukey's test, P < 0.05). 

Figure 2. Transient expression of TLT13 in N. benthamiana induces a cell death 

response that depends on NbEDS1, NbSAG101b and NbNRG1. (A) N. benthamiana 

plants of the indicated genotypes were photographed 5d after Agrobacterium-

infiltration for transient expression of mYFP or 3xHA-StrepII (3xHA-SII) tagged 

versions of TLT13 or TN13, under control of the 35S or native (Np) promoter. (B) N. 

benthamiana plants of the indicated genotypes were infiltrated with Agrobacteria for 

expression of TLT13-mYFP under control of the 35S promoter. The adr1 nrg1 double 

mutant was complemented with NRG1 via transient co-expression. pss: pad4 

sag101a sag101b. Cell death was photographed 5d after Agrobacterium infiltration. 

Figure 3. TN13-mYFP and TLT13-mYFP are ER membrane localized proteins. 

Localization of TN13 (A) and TLT13 (B) upon Agrobacterium-mediated transient 

expression in Nbeds1a-1 leaves under control of the 35S promoter. Confocal laser 

scanning microscopy was performed 2 days after Agrobacterium infiltrations. The top 

panels in (A) and (B) show z-stacks, the panels below show a single confocal plane 

crossing the nucleus. TN13-mYFP and TLT13-mYFP are shown in yellow, the co-

expressed CFP-tagged ER marker (ER-ck, Nelson et al., 2005) is shown in cyan. 

Scale bar = 25 µm. 

Figure 4. Cell death induction by TLT13 depends on the atypical MHV-motif, a 

functional P-loop and the SH oligomerization motif of the TIR domain. (A) Schematic 

representation of the canonical TNL protein domain organization, with amino acid 

consensus motifs depicted as single letter code in the respective protein domains. 

(B) Schematic representation of the TLT13 protein domain structure with predicted 
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beginning and end of the respective domains, indicated by the amino acid positions 

within the TLT13 sequence. Amino acid exchanges introduced by site-directed 

mutagenesis are indicated in red. (C) Agrobacterium-mediated transient expression 

of the indicated TLT13 wild-type and mutant variants in N. benthamiana wild-type 

plants under control of the 35S promoter. Cell death was photographed 5d after 

Agrobacterium infiltration. 

Figure 5. The TIR domain of TLT13 is sufficient for cell death induction. A schematic 

overview of the predicted TLT13 protein domain structure, with beginning and end of 

the respective domains indicated by amino acid positions at the top. The amino acids 

and domains of TLT13 expressed as mYFP fusions are indicated above CLSM 

images showing z-stacks (upper panel), and single confocal planes (middle panel). 

Confocal images were taken 2 d after Agrobacterium-infiltration of Nbeds1a-1 

leaves. Transient expression for cell death assays (bottom panel) was performed in 

leaves of N. benthamiana wild-type plants, infiltrated leaf areas were photographed 5 

d after Agrobacterium infiltration. Confocal images showing the localization of the full 

length TLT13 protein are also displayed in Figure 3B. 

Figure 6. Cell death induction of TLT13 in N. benthamiana wild-type plants depends 

on the predicted catalytic glutamate residue of the TIR domain. (A) Schematic 

representation of the TLT13 protein domain structure. The predicted beginning and 

end of the respective protein domains is indicated by amino acid positions at the top. 

Amino acids 132-140 of the predicted catalytic motif in the TIR domain, containing 

the essential catalytic glutamate residue (E136), are depicted in single letter code. 

The amino acid exchange introduced via site-directed mutagenesis is indicated in 

red (A and B). (B) Agrobacterium-mediated transient expression of the indicated 

TLT13 wild-type and E136A mutant variants in N. benthamiana wild-type plants under 

control of the 35S promoter. Cell death was photographed 5d after Agrobacterium 

infiltration. 

Figure 7. TN13 and TLT13 interact with each other and with NLRs encoded by a 

segmentally duplicated genomic region on Arabidopsis chromosome 5. (A) 

Schematic representation of the position of the segmental duplication of 

chromosome (chrm) 3 and chromosome 5. Full length TNLs are depicted as blue 

arrows, TN-type NLRs in magenta. The corresponding gene names or loci are 

indicated. (B) Bootstrap consensus tree using the WAG maximum likelihood method, 

based on a MUSCLE alignment of the predicted NB-ARC domain, performed in 
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MEGA X (v10.0.5). The NB-ARC domain of the CNL AT1G58602 was used as an 

outgroup, numbers at nodes indicate support from 100 bootstraps. Positive (green 

check mark) or negative (red X) predictions of TM domains (see Figure S12) are 

indicated, together with the observed localization upon transient expression in 

Nbeds1a-1 leaves (see Figure S14). (C) mYFP‐tagged proteins were 

immunoprecipitated from protein extracts obtained 2 days after Agrobacterium-

infiltration for transient expression of the indicated fusion proteins in Nbeds1a-1 

plants, using GFP‐Trap magnetic agarose beads (IP: ‐GFP). Co‐

immunoprecipitation of 3xHA‐StrepII (3xHA-SII)‐tagged NLRs was detected by ‐HA 

immunoblots. Total protein extracts (Input) were probed with ‐GFP and ‐HA 

antibodies, respectively. GUS-mYFP and a CFP-tagged ER marker (ER-ck; Nelson 

et al., 2007) served as negative controls. All samples were separated on 7.5 % SDS 

polyacryamide gels, blotted onto nitrocellulose membranes and probed with the 

indicated primary antibodies. Horseradish peroxidase coupled secondary antibodies 

were used for detection. PonceauS (PonS) staining of the membranes was used as 

loading control. 

Figure S1. Analysis of tn13 and tlt13 mutants and transgenic complementation lines. 

(A) RT-PCR analysis with cDNAs, transcribed from RNA of four week old plants of 

the indicated genotypes, grown on soil under short day conditions. TUBULIN (TUB) 

was used as control. PCR products were separated by agarose gel electrophoresis 

and stained by HDGreen. (B) Plants of the indicated genotypes were infiltrated with a 

Pst DC3000 (ΔAvrPto/AvrPtoB) suspension of 1 x 105 cfu ml-1. Colony-forming units 

(cfu) were quantified 1 hour (day 0) and three days after infiltration (day 3). Data is 

presented as boxplots (day 0: n=2; day 3: n=6-8), outliers are indicated as black 

dots, underlined asterisks indicate statistically significant differences to Col-0 (one‐

way ANOVA; Tukey's test, P < 0.05). (C) Representative images of soil grown plants 

of the indicated genotypes, grown in parallel for four weeks under short day (SD) 

conditions. Scale bar = 1 cm. (D) Immunoblot analysis of immunoprecipitated 

proteins (from Np driven complementation lines) and total protein extracts (from 35S 

driven complementation lines), derived from plants of the indicated genotypes. For 

35S driven TN13-mYFP complementation lines, 25 µg of total protein extract was 

loaded on the gel. For 35S driven TLT13-mYFP complementation lines, 100 µg of 

total protein extract was loaded. For Np driven complementation lines, 1/10 of GFP-
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trap magnetic agarose beads (Chromotek) immunoprecipitated protein samples, 

derived from 4 mg of total protein, was loaded on the gel. Samples were separated 

on a 7.5 % SDS polyacryamide gel, blotted onto a nitrocellulose membrane and 

probed with ‐GFP primary antibody and horseradish peroxidase coupled secondary 

antibody. Loading for total protein extracts was monitored by PonceauS (PonsS) 

staining of the membrane. 

Figure S2. Protein sequences and domain predictions of TLT13 and TN13. The 

amino acid sequence of TLT13 (A) and TN13 (D) are shown. Domain predictions (B 

and E) are based on InterProScan 5, transmembrane domain predictions are derived 

from Figure S3, NLSs predictions for TN13 were conducted previously (Roth et al., 

2017). Homology modeling of the TLT13 (C) and TN13 (F) TM-TIR domains were 

performed using Phyre2 in intensive mode. 

Figure S3. Predicted transmembrane domains of TLT13 and TN13. The TMHMM 

web server was use to predict transmembrane domains of TLT13 (top) and TN13 

(bottom), submitting the full length amino acid sequences. Graphical plots and 

results in text format are shown. Transmembrane regions are shown as a red line, 

membrane compartment regions (inside) as a blue line and cytoplasmic regions 

(outside) in magenta. 

Figure S4. TLT13-mYFP protein accumulation upon transient expression in tissues 

of N. benthamiana mutant lines not showing cell death. (A) Immunoblot analysis of 

total protein extracts derived from infiltrated Nbeds1a-1 leave tissues, expressing 

TN13-mYFP, TLT13-mYFP or TLT13-3xHA-SII under control of the native (Np) or 

35S promoter. (B) Immunoblot analysis of total protein extracts derived from 

infiltrated tissues of the indicated mutant lines, 5 days after infiltration with 

Agrobacteria. Samples were separated on a 7.5 % SDS polyacryamide gel, blotted 

onto nitrocellulose membrane and probed with ‐GFP primary antibody and 

horseradish peroxidase coupled secondary antibody. Loading was monitored by 

PonceauS (PonsS) staining of the membrane. 

Figure S5. Localization of TN13-mYFP and TLT13-MYFP upon Agrobacterium-

mediated transient expression in Nbeds1a-1 leaves under control of the respective 

native promoters. (A) Confocal laser scanning microscopy was performed 2 days 

after Agrobacterium infiltration. The top panels show z-stacks, the panels below 

show a single confocal plane crossing the nucleus. TN13-mYFP and TLT13-mYFP 
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are shown in yellow, the co-expressed CFP-tagged ER marker (ER-ck, Nelson et al., 

2005) is shown in cyan. Scale bar = 25 µm. (B) Immunoblot analysis of total protein 

extracts derived from infiltrated Nbeds1a-1 leave tissues expressing TN13-mYFP 

and TLT13-mYFP under control of the native (Np) or 35S promoter. Samples were 

separated on a 7.5 % SDS polyacryamide gel, blotted onto a nitrocellulose 

membrane and probed with ‐GFP primary antibody and horseradish peroxidase 

coupled secondary antibody. Loading was monitored by PonceauS (PonsS) staining 

of the membrane. 

Figure S6. Localization of TN13-mYFP and TLT13-mYFP in stable transgenic 

Arabidopsis lines, expressing the fusion protein constructs under control of the 35S 

promoter. (A) Confocal laser scanning microscopy was performed on 2 week old 

plants, grown on ½ MS agar plates. The top panels show z-stacks, the panels below 

show a single confocal plane crossing the nucleus. TN13-mYFP and TLT13-mYFP 

are shown in yellow. Scale bar = 25 µm. (B) Immunoblot analysis of total protein 

extracts, derived from plants used for CLSM in (A). Samples were separated on a 

7.5 % SDS polyacryamide gel, blotted onto a nitrocellulose membrane and probed 

with ‐GFP primary antibody and horseradish peroxidase coupled secondary 

antibody. Loading was monitored by PonceauS (PonsS) staining of the membrane. 

Figure S7. Immunoblot analysis of total protein extracts, derived from tissues 

transiently expressing TLT13-mYFP wild-type and mutant variants. Samples in (A), 

(B) and (C) were taken 5 days after Agrobacterium infiltration of N. benthamiana 

wild-type plants (for TLT13-mYFP mutant variants) or Nbeds1a-1 mutant plants (for 

the TLT13-mYFP wild-type variant). (D) Immunoprecipitation of mYFP‐tagged wild-

type and SH/AA mutant variants of TLT13 proteins. Proteins were 

immunoprecipitated from protein extracts, 2d after Nbeds1a-1 plants were infiltrated 

with Agrobacteria for expression of the indicated fusion proteins, using GFP‐Trap 

magnetic agarose beads (IP: ‐GFP). Co‐immunoprecipitation of 3xHA‐StrepII 

(3xHA-SII)‐tagged proteins was detected by ‐HA immunoblots. Total protein 

extracts (Input) were probed with ‐GFP and ‐HA antibodies, respectively. GUS-

mYFP served as negative control. All samples were separated on 7.5 % SDS 

polyacryamide gels, blotted onto nitrocellulose membranes and probed with the 

indicated primary antibodies. Horseradish peroxidase coupled secondary antibodies 
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were used for detection. PonceauS (PonS) staining of the membrane was used as a 

loading control. 

Figure S8. NLR domain truncation and mutation analysis. Immunoblot analysis of 

total protein extracts, derived from tissues transiently expressing mYFP-tagged 

TLT13 wild-type and truncated versions (A) and TN13 wild-type and truncated 

versions (D). Samples were derived from N. benthamiana wild-type plants (for TN13 

expression) or Nbeds1a-1 mutant plants (for TLT13 expression) 2 days after 

infiltration of Agrobacteria. Immunoblots of protein extracts subjected to microsomal 

fractionation after expression of mYFP-tagged TLT13 wild-type and truncated 

versions (B) and TN13 wild-type and truncated versions (E). S = soluble fraction, M = 

membrane fraction. PEPC served as a cytoplasmic marker. (C) CLSM images of z-

stacks and single confocal planes of the respective mYFP-tagged TN13 wild-type 

and truncated versions (shown in yellow), 2 days after infiltration of Agrobacteria into 

N. benthamiana wild-type plants. The ER marker fused to CFP (ER-ck, Nelson et al., 

2005)) was co-infiltrated to mark the nuclear envelope (shown in cyan). Confocal 

images showing the localization of the full length TN13 protein are also displayed in 

Figure 3A. For cell death assays, the infiltrated leave areas were photographed 5 

days after infiltration of Agrobacteria. (F) Immunoblot analysis of total protein 

extracts, derived from infiltrated tissues expressing mYFP-tagged TLT13 full length 

or truncated versions, containing an E136A mutation of a predicted catalytic 

glutamate. Samples were taken 2 days after Agrobacterium infiltration of N. 

benthamiana wild-type plants. All protein samples were separated on 7.5 % SDS 

polyacrylamide gels, blotted onto nitrocellulose membranes and probed with ‐GFP 

primary antibody and horseradish peroxidase coupled secondary antibody. Loading 

was monitored by PonceauS (PonS) staining of the membranes. 

Figure S9. Agrobacterium-mediated transient co-expression of TN13-mYFP and 

TLT-mYFP in wild-type N. benthamiana does not suppress TLT13 induced cell 

death. The infiltrated leave areas were photographed 5 days after infiltration of 

Agrobacteria. Expression of the silencing suppressor p19 alone served as additional 

control. 

Figure S10. Dot plot matrix analysis of genomic regions. Dot matrix of alignment hits 

between the genomic sequences (based on TAIR10) of the regions between 

AT3G01015 to AT3G04350 on Arabidopsis chromosome 3 (Chr3_3.5.1), and 
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AT5G14060 to AT5G18490 on chromosome 5 (Chr5_3.5.1), using the megablast 

settings in BLASTp. Numbers of bases are indicated. 

Figure S11. Syntenic and phylogenetic relationship of NLRs encoded within the 

segmentally duplicated regions of chromosome 3 and 5. (A) Synteny analysis using 

SynFind (Tang et al., 2015). Green indicates potential query (top row)-syntelog 

matches with the indicated synteny score (Tang et al., 2015). Bootstrap consensus 

trees of all NLRs present in the duplicated regions, using the WAG maximum 

likelihood method, based on a MUSCLE alignment of the (TM-)TIR-NB domains (B) 

or the full length amino acid sequence (C) performed in MEGA X (v10.0.5). The CNL 

AT158602 was used as an outgroup, numbers at nodes indicate support from 100 

bootstraps. 

Figure S12. Transmembrane domain predictions of NLRs within the duplicated 

cluster on chromosome 5. The TMHMM web server was use to predict 

transmembrane domains, submitting the full length amino acid sequence. Graphical 

plots and results in text format are depicted. Transmembrane regions are shown as 

a red line, membrane compartment regions (inside)  as a blue line, and cytoplasmic 

regions (outside) in magenta. 

Figure S13. Protein sequence and domain predictions of DSC2. (A) The amino acid 

sequence of DSC2 is shown. (B) Predicted protein domains are based on 

InterProScan 5 and alignments with TLT13 (see Figure S14). Beginning and end of 

the respective domains are indicated by amino acid positions at the top. (C) 

Homology modeling of the TM-TIR domain of DSC2 was performed using Phyre2 in 

intensive mode. 

Figure S14. Protein sequence alignment of NLRs within the segmentally duplicated 

regions of chromosome 3 and 5. Alignment was performed using MUSCLE. The SH 

motif, the potential catalytic glutamate residue, the P-loop and MHD-like motif are 

indicated by black boxes, the predicted NB-ARC domain is underlined in black. 

Alignment of the LRR domains was omitted. 

Figure S15. Localization of mYFP-tagged NLRs encoded in the segmentally 

duplicated cluster on chromosome 5. The localization of mYFP-tagged NLRs, 

encoded in the segmentally duplicated cluster on chromosome 5 was analized after 

Agrobacterium-mediated transient expression in Nbeds1a-1 leaves, under control of 

the 35S promoter. Confocal laser scanning microscopy was performed 2 days after 

infiltration of Agrobacteria. Z-stack and single confocal planes crossing the nucleus 
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are shown. mYFP signals are shown in yellow, chlorophyll auto-fluorescence is 

shown in red. Scale bar = 25 µm. 

Figure S16. Cell death induction upon transient expression of NLRs encoded in the 

segmentally duplicated cluster on chromosome 5. Agrobacterium-mediated transient 

expression of mYFP-tagged NLRs, encoded in the segmentally duplicated cluster on 

chromosome 5 under control of the 35S promoter. Upper panel shows individual 

expression of the NLRs and lower panel shows co-expression with TLT13-mYFP. 

Cell death was photographed 5 days after Agrobacterium-infiltration. 

Figure S17. Co-immunoprecipitation analysis of the Pst effector HopY1 and TN13-

mYFP in stable transgenic Arabidopsis lines. The MYC-tagged wild-type HopY1 

effector (A) or a AvrRPS41-134 fusion variant, containing the secretion signal of 

AvrRPS4 (B) were immunoprecipitated from total protein extracts, 1d after 

Pseudomonas fluorescence (Pf0-1 EtHAN)-mediated delivery into leaves of stable 

transgenic Arabidopsis plants expressing TN13-mYFP under control of the 35S 

promoter (line #15-3), using ‐MYC incubated agarose beads (IP:MYC). Co‐

immunoprecipitation of mYFP‐tagged proteins was detected by ‐GFP immunoblots. 

Total protein extracts (Input) were probed with ‐GFP and ‐MYC antibodies, 

respectively. The AvrRPS41-134-HopY1-MYC fusion protein contains an in planta 

cleavage site between amino acids 133 and 134 (Sohn et al., 2009). All samples 

were separated on 7.5 % SDS polyacryamide gels, blotted onto nitrocellulose 

membranes and probed with the indicated primary antibodies. Horseradish 

peroxidase coupled secondary antibodies were used for detection. PonceauS 

(PonS) staining of the membrane was used as a loading control. 

Figure S18. Protein sequence alignment of Arabidopsis NLRs containing an MHV 

motif. Alignment was performed using MUSCLE. The MHV/MHD-like motifs within 

the NB-ARC domain (underlined in black) are indicated by a black box. Alignment of 

the LRR domains was omitted. 

Figure S19. NLR presence analysis within Arabidopsis accessions. Presence (in %) 

of the respective orthogroups within the 65 Arabidopsis accessions used by Van de 

Weyer et al. (2019) to define core (>79 %, green), shell (>20 %, yellow) or cloud 

(<20 %, red; not applicable) NLRs within the pan-genome NLRome of Arabidopsis 

thaliana. 

Table S1. Primers used in this study. The name, sequence and use of each primer is 
indicated. SDM = site-directed mutagenesis, GT = genotyping, RT = RT-PCR. 
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4.3.10 FIGURES 

Figure 1 
 

 
 
Figure 1. TLT13 and TN13 mutants show enhanced susceptibility to Pseudomonas syringae 
pv. tomato (Pst) DC3000 (ΔAvrPto/AvrPtoB). (A) Gene structures of genomically linked 
TN13 and TLT13 drawn to scale. Exons are represented as black boxes and introns as solid 
lines, start (ATG) and stop codons (TAG and TAA) as open triangles. The positions of the T-
DNA insertions in mutant lines, used in infection studies, are marked by filled triangles below 
the gene structures. (B) Plants of the indicated genotypes were infiltrated with a Pst DC3000 
(ΔAvrPto/AvrPtoB) suspension of 1 x 105 cfu ml-1. Colony-forming units (cfu) were quantified 
1 hour (day 0) and three days after infiltration (day 3). Data is presented as boxplots (day 0: 
n=2; day 3: n=6), outliers are indicated as black dots, underlined asterisks indicate 

statistically significant differences to Col-0 (one‐way ANOVA; Tukey's test, P < 0.05).   
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Figure 2 
 

 
 
Figure 2. Transient expression of TLT13 in N. benthamiana induces a cell death response 
that depends on NbEDS1, NbSAG101b and NbNRG1. (A) N. benthamiana plants of the 
indicated genotypes were photographed 5d after Agrobacterium-infiltration for transient 
expression of mYFP or 3xHA-StrepII (3xHA-SII) tagged versions of TLT13 or TN13, under 
control of the 35S or native (Np) promoter. (B) N. benthamiana plants of the indicated 
genotypes were infiltrated with Agrobacteria for expression of TLT13-mYFP under control of 
the 35S promoter. The adr1 nrg1 double mutant was complemented with NRG1 via transient 
co-expression. pss: pad4 sag101a sag101b. Cell death was photographed 5d after 
Agrobacterium infiltration.   
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Figure 3 
 

 
 
Figure 3. TN13-mYFP and TLT13-mYFP are ER membrane localized proteins. Localization 
of TN13 (A) and TLT13 (B) upon Agrobacterium-mediated transient expression in 
Nbeds1a-1 leaves under control of the 35S promoter. Confocal laser scanning microscopy 
was performed 2 days after Agrobacterium infiltrations. The top panels in (A) and (B) show 
z-stacks, the panels below show a single confocal plane crossing the nucleus. TN13-mYFP 
and TLT13-mYFP are shown in yellow, the co-expressed CFP-tagged ER marker (ER-ck, 
Nelson et al., 2005) is shown in cyan. Scale bar = 25 µm.  
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Figure 4 
 

 
 
Figure 4. Cell death induction by TLT13 depends on the atypical MHV-motif, a functional 
P-loop and the SH oligomerization motif of the TIR domain. (A) Schematic representation of 
the canonical TNL protein domain organization, with amino acid consensus motifs depicted 
as single letter code in the respective protein domains. (B) Schematic representation of the 
TLT13 protein domain structure with predicted beginning and end of the respective domains, 
indicated by the amino acid positions within the TLT13 sequence. Amino acid exchanges 
introduced by site-directed mutagenesis are indicated in red. (C) Agrobacterium-mediated 
transient expression of the indicated TLT13 wild-type and mutant variants in N. benthamiana 
wild-type plants under control of the 35S promoter. Cell death was photographed 5d after 
Agrobacterium infiltration.   
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Figure 5 
 

 
 
Figure 5. The TIR domain of TLT13 is sufficient for cell death induction. A schematic 
overview of the predicted TLT13 protein domain structure, with beginning and end of the 
respective domains indicated by amino acid positions at the top. The amino acids and 
domains of TLT13 expressed as mYFP fusions are indicated above CLSM images showing 
z-stacks (upper panel), and single confocal planes (middle panel). Confocal images were 
taken 2 d after Agrobacterium-infiltration of Nbeds1a-1 leaves. Transient expression for cell 
death assays (bottom panel) was performed in leaves of N. benthamiana wild-type plants, 
infiltrated leaf areas were photographed 5 d after Agrobacterium infiltration. Confocal images 
showing the localization of the full length TLT13 protein are also displayed in Figure 3B.  
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Figure 6 
 

 
 
Figure 6. Cell death induction of TLT13 in N. benthamiana wild-type plants depends on the 
predicted catalytic glutamate residue of the TIR domain. (A) Schematic representation of the 
TLT13 protein domain structure. The predicted beginning and end of the respective protein 
domains is indicated by amino acid positions at the top. Amino acids 132-140 of the 
predicted catalytic motif in the TIR domain, containing the essential catalytic glutamate 
residue (E136), are depicted in single letter code. The amino acid exchange introduced via 
site-directed mutagenesis is indicated in red (A and B). (B) Agrobacterium-mediated 
transient expression of the indicated TLT13 wild-type and E136A mutant variants in N. 
benthamiana wild-type plants under control of the 35S promoter. Cell death was 
photographed 5d after Agrobacterium infiltration.   
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Figure 7 
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Figure 7. TN13 and TLT13 interact with each other and with NLRs encoded by a 
segmentally duplicated genomic region on Arabidopsis chromosome 5. (A) Schematic 
representation of the position of the segmental duplication of chromosome (chrm) 3 and 
chromosome 5. Full length TNLs are depicted as blue arrows, TN-type NLRs in magenta. 
The corresponding gene names or loci are indicated. (B) Bootstrap consensus tree using the 
WAG maximum likelihood method, based on a MUSCLE alignment of the predicted NB-ARC 
domain, performed in MEGA X (v10.0.5). The NB-ARC domain of the CNL AT1G58602 was 
used as an outgroup, numbers at nodes indicate support from 100 bootstraps. Positive 
(green check mark) or negative (red X) predictions of TM domains (see Figure S12) are 
indicated, together with the observed localization upon transient expression in Nbeds1a-1 
leaves (see Figure S14). (C) mYFP‐tagged proteins were immunoprecipitated from protein 
extracts obtained 2 days after Agrobacterium-infiltration for transient expression of the 
indicated fusion proteins in Nbeds1a-1 plants, using GFP‐Trap magnetic agarose beads (IP: 

‐GFP). Co‐immunoprecipitation of 3xHA‐StrepII (3xHA-SII)‐tagged NLRs was detected by 

‐HA immunoblots. Total protein extracts (Input) were probed with ‐GFP and ‐HA 
antibodies, respectively. GUS-mYFP and a CFP-tagged ER marker (ER-ck; Nelson et al., 
2007) served as negative controls. All samples were separated on 7.5 % SDS 
polyacryamide gels, blotted onto nitrocellulose membranes and probed with the indicated 
primary antibodies. Horseradish peroxidase coupled secondary antibodies were used for 
detection. PonceauS (PonS) staining of the membranes was used as loading control.   
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Figure S1 
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Figure S1. Analysis of tn13 and tlt13 mutants and transgenic complementation lines. (A) RT-
PCR analysis with cDNAs, transcribed from RNA of four week old plants of the indicated 
genotypes, grown on soil under short day conditions. TUBULIN (TUB) was used as control. 
PCR products were separated by agarose gel electrophoresis and stained by HDGreen. (B) 
Plants of the indicated genotypes were infiltrated with a Pst DC3000 (ΔAvrPto/AvrPtoB) 
suspension of 1 x 105 cfu ml-1. Colony-forming units (cfu) were quantified 1 hour (day 0) and 
three days after infiltration (day 3). Data is presented as boxplots (day 0: n=2; day 3: n=6-8), 
outliers are indicated as black dots, underlined asterisks indicate statistically significant 
differences to Col-0 (one‐way ANOVA; Tukey's test, P < 0.05). (C) Representative images of 
soil grown plants of the indicated genotypes, grown in parallel for four weeks under short day 
(SD) conditions. Scale bar = 1 cm. (D) Immunoblot analysis of immunoprecipitated proteins 
(from Np driven complementation lines) and total protein extracts (from 35S driven 
complementation lines), derived from plants of the indicated genotypes. For 35S driven 
TN13-mYFP complementation lines, 25 µg of total protein extract was loaded on the gel. For 
35S driven TLT13-mYFP complementation lines, 100 µg of total protein extract was loaded. 
For Np driven complementation lines, 1/10 of GFP-trap magnetic agarose beads 
(Chromotek) immunoprecipitated protein samples, derived from 4 mg of total protein, was 
loaded on the gel. Samples were separated on a 7.5 % SDS polyacryamide gel, blotted onto 

a nitrocellulose membrane and probed with ‐GFP primary antibody and horseradish 
peroxidase coupled secondary antibody. Loading for total protein extracts was monitored by 
PonceauS (PonsS) staining of the membrane.   
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Figure S2 
 

 
 
Figure S2. Protein sequences and domain predictions of TLT13 and TN13. The amino acid 
sequence of TLT13 (A) and TN13 (D) are shown. Domain predictions (B and E) are based 
on InterProScan 5, transmembrane domain predictions are derived from Figure S3, NLSs 
predictions for TN13 were conducted previously (Roth et al., 2017). Homology modeling of 
the TLT13 (C) and TN13 (F) TM-TIR domains were performed using Phyre2 in intensive 
mode.  
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Figure S3 
 

 
 
Figure S3. Predicted transmembrane domains of TLT13 and TN13. The TMHMM web 
server was use to predict transmembrane domains of TLT13 (top) and TN13 (bottom), 
submitting the full length amino acid sequences. Graphical plots and results in text format 
are shown. Transmembrane regions are shown as a red line, membrane compartment 
regions (inside) as a blue line and cytoplasmic regions (outside) in magenta.  

152



    Manuscript 2 

 

Figure S4 
 

 
 
Figure S4. TLT13-mYFP protein accumulation upon transient expression in tissues of N. 
benthamiana mutant lines not showing cell death. (A) Immunoblot analysis of total protein 
extracts derived from infiltrated Nbeds1a-1 leave tissues, expressing TN13-mYFP, TLT13-
mYFP or TLT13-3xHA-SII under control of the native (Np) or 35S promoter. (B) Immunoblot 
analysis of total protein extracts derived from infiltrated tissues of the indicated mutant lines, 
5 days after infiltration with Agrobacteria. Samples were separated on a 7.5 % SDS 

polyacryamide gel, blotted onto nitrocellulose membrane and probed with ‐GFP primary 
antibody and horseradish peroxidase coupled secondary antibody. Loading was monitored 
by PonceauS (PonsS) staining of the membrane.   
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Figure S5 
 

 
 
Figure S5. Localization of TN13-mYFP and TLT13-MYFP upon Agrobacterium-mediated 
transient expression in Nbeds1a-1 leaves under control of the respective native promoters. 
(A) Confocal laser scanning microscopy was performed 2 days after Agrobacterium 
infiltration. The top panels show z-stacks, the panels below show a single confocal plane 
crossing the nucleus. TN13-mYFP and TLT13-mYFP are shown in yellow, the co-expressed 
CFP-tagged ER marker (ER-ck, Nelson et al., 2005) is shown in cyan. Scale bar = 25 µm. 
(B) Immunoblot analysis of total protein extracts derived from infiltrated Nbeds1a-1 leave 
tissues expressing TN13-mYFP and TLT13-mYFP under control of the native (Np) or 35S 
promoter. Samples were separated on a 7.5 % SDS polyacryamide gel, blotted onto a 

nitrocellulose membrane and probed with ‐GFP primary antibody and horseradish 
peroxidase coupled secondary antibody. Loading was monitored by PonceauS (PonsS) 
staining of the membrane.   

154



    Manuscript 2 

 

Figure S6 
 

 
 
Figure S6. Localization of TN13-mYFP and TLT13-mYFP in stable transgenic Arabidopsis 
lines, expressing the fusion protein constructs under control of the 35S promoter. (A) 
Confocal laser scanning microscopy was performed on 2 week old plants, grown on ½ MS 
agar plates. The top panels show z-stacks, the panels below show a single confocal plane 
crossing the nucleus. TN13-mYFP and TLT13-mYFP are shown in yellow. Scale bar = 25 
µm. (B) Immunoblot analysis of total protein extracts, derived from plants used for CLSM in 
(A). Samples were separated on a 7.5 % SDS polyacryamide gel, blotted onto a 

nitrocellulose membrane and probed with ‐GFP primary antibody and horseradish 
peroxidase coupled secondary antibody. Loading was monitored by PonceauS (PonsS) 
staining of the membrane.   
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Figure S7 
 

 
Figure S7. Immunoblot analysis of total protein extracts, derived from tissues transiently 
expressing TLT13-mYFP wild-type and mutant variants. Samples in (A), (B) and (C) were 
taken 5 days after Agrobacterium infiltration of N. benthamiana wild-type plants (for TLT13-
mYFP mutant variants) or Nbeds1a-1 mutant plants (for the TLT13-mYFP wild-type variant). 
(D) Immunoprecipitation of mYFP‐tagged wild-type and SH/AA mutant variants of TLT13 
proteins. Proteins were immunoprecipitated from protein extracts, 2d after Nbeds1a-1 plants 
were infiltrated with Agrobacteria for expression of the indicated fusion proteins, using GFP‐
Trap magnetic agarose beads (IP: ‐GFP). Co‐immunoprecipitation of 3xHA‐StrepII (3xHA-

SII)‐tagged proteins was detected by ‐HA immunoblots. Total protein extracts (Input) were 

probed with ‐GFP and ‐HA antibodies, respectively. GUS-mYFP served as negative 
control. All samples were separated on 7.5 % SDS polyacryamide gels, blotted onto 
nitrocellulose membranes and probed with the indicated primary antibodies. Horseradish 
peroxidase coupled secondary antibodies were used for detection. PonceauS (PonS) 
staining of the membrane was used as a loading control.  
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Figure S8 
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Figure S8. NLR domain truncation and mutation analysis. Immunoblot analysis of total 
protein extracts, derived from tissues transiently expressing mYFP-tagged TLT13 wild-type 
and truncated versions (A) and TN13 wild-type and truncated versions (D). Samples were 
derived from N. benthamiana wild-type plants (for TN13 expression) or Nbeds1a-1 mutant 
plants (for TLT13 expression) 2 days after infiltration of Agrobacteria. Immunoblots of protein 
extracts subjected to microsomal fractionation after expression of mYFP-tagged TLT13 wild-
type and truncated versions (B) and TN13 wild-type and truncated versions (E). S = soluble 
fraction, M = membrane fraction. PEPC served as a cytoplasmic marker. (C) CLSM images 
of z-stacks and single confocal planes of the respective mYFP-tagged TN13 wild-type and 
truncated versions (shown in yellow), 2 days after infiltration of Agrobacteria into N. 
benthamiana wild-type plants. The ER marker fused to CFP (ER-ck, Nelson et al., 2005)) 
was co-infiltrated to mark the nuclear envelope (shown in cyan). Confocal images showing 
the localization of the full length TN13 protein are also displayed in Figure 3A. For cell death 
assays, the infiltrated leave areas were photographed 5 days after infiltration of 
Agrobacteria. (F) Immunoblot analysis of total protein extracts, derived from infiltrated 
tissues expressing mYFP-tagged TLT13 full length or truncated versions, containing an 
E136A mutation of a predicted catalytic glutamate. Samples were taken 2 days after 
Agrobacterium infiltration of N. benthamiana wild-type plants. All protein samples were 
separated on 7.5 % SDS polyacrylamide gels, blotted onto nitrocellulose membranes and 

probed with ‐GFP primary antibody and horseradish peroxidase coupled secondary 
antibody. Loading was monitored by PonceauS (PonS) staining of the membranes.  
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Figure S9 
 

 
 
Figure S9. Agrobacterium-mediated transient co-expression of TN13-mYFP and TLT-mYFP 
in wild-type N. benthamiana does not suppress TLT13 induced cell death. The infiltrated 
leave areas were photographed 5 days after infiltration of Agrobacteria. Expression of the 
silencing suppressor p19 alone served as additional control.  
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Figure S10 
 

 
 
Figure S10. Dot plot matrix analysis of genomic regions. Dot matrix of alignment hits 
between the genomic sequences (based on TAIR10) of the regions between AT3G01015 to 
AT3G04350 on Arabidopsis chromosome 3 (Chr3_3.5.1), and AT5G14060 to AT5G18490 
on chromosome 5 (Chr5_3.5.1), using the megablast settings in BLASTp. Numbers of bases 
are indicated.  
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Figure S11 
 

 
 
Figure S11. Syntenic and phylogenetic relationship of NLRs encoded within the segmentally 
duplicated regions of chromosome 3 and 5. (A) Synteny analysis using SynFind (Tang et al., 
2015). Green indicates potential query (top row)-syntelog matches with the indicated synteny 
score (Tang et al., 2015). Bootstrap consensus trees of all NLRs present in the duplicated 
regions, using the WAG maximum likelihood method, based on a MUSCLE alignment of the 
(TM-)TIR-NB domains (B) or the full length amino acid sequence (C) performed in MEGA X 
(v10.0.5). The CNL AT158602 was used as an outgroup, numbers at nodes indicate support 
from 100 bootstraps.  
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Figure S12 

 
 
Figure S12. Transmembrane domain predictions of NLRs within the duplicated cluster on 
chromosome 5. The TMHMM web server was use to predict transmembrane domains, 
submitting the full length amino acid sequence. Graphical plots and results in text format are 
depicted. Transmembrane regions are shown as a red line, membrane compartment regions 
(inside)  as a blue line, and cytoplasmic regions (outside) in magenta.  
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Figure S13 
 

 
 
Figure S13. Protein sequence and domain predictions of DSC2. (A) The amino acid 
sequence of DSC2 is shown. (B) Predicted protein domains are based on InterProScan 5 
and alignments with TLT13 (see Figure S14). Beginning and end of the respective domains 
are indicated by amino acid positions at the top. (C) Homology modeling of the TM-TIR 
domain of DSC2 was performed using Phyre2 in intensive mode.  
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FigureS14 
 

 
 
Figure S14. Protein sequence alignment of NLRs within the segmentally duplicated regions 
of chromosome 3 and 5. Alignment was performed using MUSCLE. The SH motif, the 
potential catalytic glutamate residue, the P-loop and MHD-like motif are indicated by black 
boxes, the predicted NB-ARC domain is underlined in black. Alignment of the LRR domains 
was omitted.  
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Figure S15 

 
Figure S15. Localization of mYFP-tagged NLRs encoded in the segmentally duplicated 
cluster on chromosome 5. The localization of mYFP-tagged NLRs, encoded in the 
segmentally duplicated cluster on chromosome 5 was analized after Agrobacterium-
mediated transient expression in Nbeds1a-1 leaves, under control of the 35S promoter. 
Confocal laser scanning microscopy was performed 2 days after infiltration of Agrobacteria. 
Z-stack and single confocal planes crossing the nucleus are shown. mYFP signals are 
shown in yellow, chlorophyll auto-fluorescence is shown in red. Scale bar = 25 µm.  
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Figure S16 
 

 
 
Figure S16. Cell death induction upon transient expression of NLRs encoded in the 
segmentally duplicated cluster on chromosome 5. Agrobacterium-mediated transient 
expression of mYFP-tagged NLRs, encoded in the segmentally duplicated cluster on 
chromosome 5 under control of the 35S promoter. Upper panel shows individual expression 
of the NLRs and lower panel shows co-expression with TLT13-mYFP. Cell death was 
photographed 5 days after Agrobacterium-infiltration.  
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Figure S17 
 

 
 
Figure S17. Co-immunoprecipitation analysis of the Pst effector HopY1 and TN13-mYFP in 
stable transgenic Arabidopsis lines. The MYC-tagged wild-type HopY1 effector (A) or a 
AvrRPS41-134 fusion variant, containing the secretion signal of AvrRPS4 (B) were 
immunoprecipitated from total protein extracts, 1d after Pseudomonas fluorescence (Pf0-1 
EtHAN)-mediated delivery into leaves of stable transgenic Arabidopsis plants expressing 

TN13-mYFP under control of the 35S promoter (line #15-3), using ‐MYC incubated 
agarose beads (IP:MYC). Co‐immunoprecipitation of mYFP‐tagged proteins was detected by 

‐GFP immunoblots. Total protein extracts (Input) were probed with ‐GFP and ‐MYC 
antibodies, respectively. The AvrRPS41-134-HopY1-MYC fusion protein contains an in planta 
cleavage site between amino acids 133 and 134 (Sohn et al., 2009). All samples were 
separated on 7.5 % SDS polyacryamide gels, blotted onto nitrocellulose membranes and 
probed with the indicated primary antibodies. Horseradish peroxidase coupled secondary 
antibodies were used for detection. PonceauS (PonS) staining of the membrane was used 
as a loading control.   
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Figure S18 
 

 
 
Figure S18. Protein sequence alignment of Arabidopsis NLRs containing an MHV motif. 
Alignment was performed using MUSCLE. The MHV/MHD-like motifs within the NB-ARC 
domain (underlined in black) are indicated by a black box. Alignment of the LRR domains 
was omitted.  

168



    Manuscript 2 

 

Figure S19 
 

 
 
Figure S19. NLR presence analysis within Arabidopsis accessions. Presence (in %) of the 
respective orthogroups within the 65 Arabidopsis accessions used by Van de Weyer et al. 
(2019) to define core (>79 %, green), shell (>20 %, yellow) or cloud (<20 %, red; not 
applicable) NLRs within the pan-genome NLRome of Arabidopsis thaliana.   
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Table S1. Primers used in this study. The name, sequence and use of each primer is 
indicated. SDM = site-directed mutagenesis, GT = genotyping, RT = RT-PCR. 

Name  Sequence 5´-3´ Use 

TN13_Np_Fwd CACCCCTTTGTTATTGCTTGTCCG cloning 

TN13_TM_Fwd CACCATGGATTCTTATTTTTTCC cloning 

TN13_TIR_Fwd CACCATGGTTTATAGAAAATTCAGGTTACACC cloning 

TN13_NB_Fwd CACCATGACGTTGAACATCTCAACGCCG cloning 

TN13_TM_Rev.Δstop AGAAGAATCATTTTCTTTGTTTTCTCG cloning 

TN13_TIR_Rev.Δstop AATATCAGTGGTGACTATTCCG cloning 

TN13_NB_Rev.Δstop ATGATTCAACGACTCCGC cloning 

TLT13_Np_Fwd CACCCTTCTTCTCCCTCTCACTTTGC cloning 

TLT13_TM_Fwd CACCATGGATTCTTCTTTTTTACTCGAAACTG cloning 

TLT13_TIR_Fwd CACCATGGTTTACAGAAAATTCAAAGACC cloning 

TLT13_NB_Fwd CACCATGCTGAATCATTCGACGCCG cloning 

TLT13_LRR_Fwd CACCATGGGCAGTAGAAGTGTAATAGGCATAG cloning 

TLT13_TM_Rev.Δstop AGATGATATGTTGTTCTTCTCTTGG cloning 

TLT13_TIR_Rev.Δstop CGTCGAATGATTCAGCATTTCCG cloning 

TLT13_NB_Rev.Δstop CGTATTGAAGTCGAAATCTATGCC cloning 

TLT13_LRR_Rev.Δstop GCATTTATAAAACTTCAATCTCTTGAG cloning 

TLT13_SH->AA_Fwd AGACTTCCTCgctgccATTCAGAAGGAGTTTCAAAGACAAGGAATC SDM 

TLT13_SH->AA_Rev TTGCGGACATCTTCCCCG SDM 

TLT13_MHV->MHD_Fwd CGTATGCATGaTCTGCTGGCA SDM 

TLT13_MHV->MHD_Rev TATCAGTCTTAAATCCATATGTATAAGC SDM 

TLT13_MHV->MHH_Fwd ACGTATGCATcaTCTGCTGGCAC SDM 

TLT13_MHV->MHH_Rev ATCAGTCTTAAATCCATATGTATAAG SDM 

TLT13_GVGKTT->GVAATT_Fwd CCTGGGGTTGccgcAACCACCATTG SDM 

TLT13_GVGKTT->GVAATT_Rev AGGACCCCATATTCCTATC SDM 

TLT13_E->A_Fwd TGCTTAGACGcATTGGTGGAG SDM 

TLT13_E->A_Rev CCAGCTTGAAGAAGCGTAG SDM 

AT5G17680_Fwd CACCATGGCTTCTCTTCCTTCTTCTTC cloning 

AT5G17680_Rev.Δstop CTTTCGTATGACATTTCGCTGATG cloning 

AT5G17880_Fwd CACCATGACAAGCTCCTCCTCCTG cloning 

AT5G17880_Rev.Δstop ATGGCTATACATTTCATAAAGCACG cloning 

AT5G17890_Fwd CACCATGGAACCACCAGCTGCTC cloning 

AT5G17890_Rev.Δstop TAACTTTGAATATTGTGGAGTCTTGG cloning 

AT5G17970_Fwd CACCATGGCTTCTGTTTCGTCCTC cloning 

AT5G17970_Rev.Δstop TATGTCCACGATCTCTATACTTGCAG cloning 

AT5G18350_Fwd CACCATGCAACCTAATCGAGCCTCG cloning 

AT5G18350_Rev.Δstop TTCTCTTTCTTGCTGGAGATTGATCC cloning 

AT5G18360_Fwd CACCATGGAAGAATCTTCATCTTTGTCATTG cloning 
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AT5G18360_Rev.Δstop TTTATCGAACCAGATGAAATCATTCTC cloning 

AT5G18370_Fwd CACCATGGCTATTGCAGAGGTGATTG cloning 

AT5G18370_Rev.Δstop ATCGTCTCCATGAGCATGAGG cloning 

HopY1_Fwd GGTCTCAAATGAACATTACGCCGCTCACGT cloning 

HopY1_Rev.Δstop GGTCTCTCGAACCCTGGTAGTTGATGCCCGTG cloning 

pCK014_delta_Fwd GCAATGAGAGACCTGAGAC deletion 

pCK014_delta_Rev AATTCTCCTGTGTGAAATTG deletion 

tlt13-1_Fwd (LP) TTGTAAAGAAGCTGACCGGTG RT/GT 

tlt13-1_Rev (RP) CGCCAAGGCATCTACTTGTAC RT/GT 

tlt13-2_Fwd (LP) GGCACTACCAAGGGTAAGGAC RT/GT 

tlt13-2_Rev (RP) TTTAACAAGGAACTCCGCATG GT 

tlt13-2_Rev_RT GAGGGTAATTCCACCAGAGATAAGC RT 

TUB_Fwd ACGTATCGATGTCTATTTCAACG RT 

TUB_Rev ATATCGTAGAGAGCCTCATTGTCC RT 
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5 General discussion 

The first study presented in this thesis (Manuscript 1) focused on the contribution 

of Arabidopsis IMPORTIN- transport adaptors to the auto-immune phenotype of the 

snc1 mutant and to immunity against Pseudomonas syringae pv. tomato (Pst) 

DC3000 lacking the type-III effector proteins AvrPto and AvrPtoB (ΔAvrPto/AvrPtoB). 

This study revealed that, among the nine importin- isoforms in Arabidopsis, 

IMPORTIN-3/MOS6 is the main nuclear transport receptor of the nucleocytoplasmic 

NLR protein SNC1 and shows a selective requirement of MOS6 for snc1 

autoimmunity and for resistance to Pst DC3000 (ΔAvrPto/PtoB). The second and 

third study constitute the main focus of this thesis (Article 1 (Roth et al., 2017) and 

Manuscript 2), and describe the functional and molecular characterization of the 

genomically linked NLRs TN13 and TLT13. The ER-localized truncated NLR protein 

TN13 was initially uncovered as a MOS6 interactor required for resistance to Pst 

DC3000 (ΔAvrPto/PtoB; Article 1). Like TN13, TLT13 is required for resistance to Pst 

DC3000 (ΔAvrPto/PtoB) and co-localizes with TN13 to the membrane of the ER via 

an N-terminal transmembrane domain. TLT13 and TN13 interact with each other as 

well as with phylogenetically related NLRs encoded by a segmentally duplicated 

chromosomal region, suggesting that both NLRs are part of a larger NLR network 

(Manuscript 2). The results presented in the three studies will be summarized, 

evaluated and discussed in the following paragraphs. 

5.1 The role of MOS6/IMP-3 as transport adaptor in plant (auto-)immunity 

and NLR interaction partner 

Multiple components involved in the regulation of diverse plant immune responses 

dynamically translocate to and function inside the nucleus (Wang et al., 2016). This 

includes the monomeric form of the transcriptional co-activator and SA receptor 

NPR1 (Kinkema et al., 2000; Tada et al., 2008), as well as defense regulatory 

complexes, such as EDS1-PAD4 and EDS1-SAG101 (Feys et al., 2005; 

Wirthmueller et al., 2007; García et al., 2010; Heidrich et al., 2011). In addition, 

several NLR proteins, such as the Arabidopsis TNL receptors SNC1 and RRS1-

R/RPS4 or the barley CNL MLA10 show dynamic nucleocytoplasmic partitioning and 

accumulate in the nucleoplasm upon effector detection (Deslandes et al., 2002; 

2003; Shen et al., 2007; Wirthmueller et al., 2007; Sarris et al., 2015; Le Roux et al., 

2015). However, the molecular mechanisms and cellular transport components 
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regulating nucleocytoplasmic translocation dynamics of these proteins in a stimulus-

dependent manner are not well characterized. The canonical nuclear protein import 

pathway depends on the association of an importin- transport adaptor with the NLS 

of cargo proteins. The subsequent association of the cargo-NLS/importin- complex 

with an importin- transport receptor mediates the nuclear translocation of the 

ternary complex through the NPC (Christie et al., 2016). While the genome of the 

yeast Saccharomyces cerevisiae only encodes for a single importin- gene, higher 

plants, and higher eukaryotes in general, encode for an expanded number of 

importin- isoforms (Yano et al., 1992; Ouyang et al., 2006; Ratan et al., 2008; Hu et 

al., 2010; Merkle, 2011). For example, the genome of the model plant species 

Arabidopsis thaliana encodes for a total of nine -importin isoforms (Manuscript 1, 

Figure 1; Wirthmueller et al., 2013; 2015). The expansion of the importin- gene 

family suggests that higher eukaryotes have evolved tissue- and/or stimulus-specific 

nuclear import mechanisms as adaptation towards a more complex regulation during 

development and upon environmental cues (Pumroy and Cingolani, 2015; 

Wirthmueller et al., 2015). This also includes isoform-specific nuclear import 

strategies (Christie et al., 2016). However, so far there are only a few examples of 

cargo specificity for -importins in plants. For instance, nuclear import of the 

repressor of photo-morphogenesis CONSTITUTIVE PHOTOMORPHOGENIC1 

(COP1) in rice is preferentially mediated by IMP-1B (Jiang et al., 2001). In 

Arabidopsis, the PHOSPHATIDYLINOSITOL 4-PHOSPHATE 5-KINASE2 (PIP5K2) 

interacts with IMP-6 and -9 in yeast-two hybrid assays, but not with IMP-1 - 4 

(Gerth et al., 2017). Recent reports outlined that several Arabidopsis cargo proteins 

preferentially or specifically interact with IMP-4. This includes MINIYO, a 

transcription elongation factor that is essential for cell differentiation. MINIYO 

specifically interacts with IMP-4, but not with IMP-3 or IMP-6 in transient BiFC 

assays (Contreras et al., 2019). In addition, the POLY(ADP-RIBOSE) 

POLYMERASE2 (PARP2), that contributes to DNA-damage repair, associates with 

multiple importin- isoforms, but shows preferential binding to IMP-2 and IMP-4 

(Chen et al., 2018b). Importin- binding preferences were also revealed for pathogen 

effector proteins that exploit the nuclear import machinery for efficient translocation 

into the host cell nucleoplasm. In Arabidopsis, multiple importin- isoforms interact 

with the Agrobacterium tumefaciens effectors VirD2 and VirE2, which mediate 
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nuclear translocation of the T-complex for T-DNA integration into plant genomes. 

However, only the loss of IMP-4 but not of any other isoform reduces host 

transformation rates, indicating that IMP-4 is preferentially targeted by Agrobacteria 

for nuclear import of the T-DNA effector complex (Bhattacharjee et al., 2008). 

A direct role of Arabidopsis IMP-3 in immunity was uncovered by Palma et al. 

(2005), demonstrating that autoimmunity mediated by the constitutively active TNL 

receptor variant SNC1E552K partially depends on IMP-3. Accordingly, IMP-3 was 

named MODIFIER OF SNC1, 6 (MOS6; Palma et al., 2005). The requirement of 

MOS6 for the auto-immune phenotype of snc1 mutant plants suggested that the 

auto-active SNC1E552K is a direct cargo protein of MOS6. The contributions of other 

importin- isoforms to snc1-mediated autoimmunity and to plant immune regulatory 

pathways, however, were poorly understood. The study, presented in Manuscript 1, 

now provides experimental evidence that IMP-3/MOS6 is indeed the main nuclear 

transport adaptor of the NLR protein SNC1 (Manuscript 1, Figure 7). Binding 

preference of both the auto-active and wild-type versions of SNC1 for MOS6 is 

demonstrated by the fact that other importin- isoforms show considerably reduced 

association with SNC1E552K/wt in Co-IP analyses (Manuscript 1, Figure 7). This is 

corroborated by genetic evidence showing that the snc1 auto-immune phenotype is 

suppressed only by a loss of MOS6, but not by a loss of any other importin- gene 

(Manuscript 1, Figure 2). Additional evidence for the functional specialization of 

MOS6 comes from Zhu et al. (2010b), demonstrating that the nuclear accumulation 

of GFP-tagged SNC1-4 (a variant of SNC1E552K with an additional E640K substitution) 

is reduced in protoplasts of mos6 mutants, as compared to wild-type protoplasts. 

The protein-protein interaction data presented in Manuscript 1 (Figure 7) further 

suggest that the partial suppression of the snc1 auto-immune phenotype by mos6 

results from the contribution of the remaining functional importin- isoforms, which 

together are sufficient for transporting part of the cellular SNC1E552K pool into the 

nucleus when MOS6 is absent. 

In addition to the TNL protein SNC1, we demonstrate that the truncated TIR-NB 

type NLR protein TN13 also interacts preferentially with IMP-3/MOS6, but not with 

the phylogenetically closest homolog of MOS6, IMP-6 (Manuscript 1, Figure 1; 

Article 1, Figure 5). TN13 localizes to the membrane of the ER and is required for 

resistance of Arabidopsis to Pst DC3000 (ΔAvrPto/AvrPtoB; Article 1, Figures 4, 6; 
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Manuscript 2, Figures 1, 3, S5, S6). The interaction between TN13 and MOS6 was 

independently validated using a BiFC assay that resulted in a fluorescence signal at 

the ER and the perinuclear membrane, suggesting the formation of a preformed 

complex at these cellular compartments (Article 1, Figure S6; Review article (Lüdke 

et al., 2018)). Interestingly, we observed a nuclear localization of the full length TN13 

protein five days after infiltration of Agrobacteria for transient expression of TN13 in 

N. benthamiana (Lüdke, 2016). The results of the transient expression assays 

suggest that TN13 is capable of translocating into the nucleus, as proposed in a 

recent model (Review article). Since MOS6 was not co-expressed with TN13 in 

these transient assays, the nuclear localization indicates that TN13 is able to interact 

with N. benthamiana -importins. It can therefore be concluded, that the slow 

nuclear accumulation of TN13 is likely the result of weak associations and thus 

inefficient transport of TN13 by N. benthamina -importins. However, a nuclear 

localization of TN13 was not observed in unchallenged stable transgenic Arabidopsis 

tn13-1 lines expressing mYFP-tagged TN13 (Manuscript 2, Figure S6). We 

speculate that a nuclear translocation of TN13 requires a specific pathogen stimulus 

(Review article). It will therefore be interesting to analyze the detailed nuclear 

translocation dynamics of TN13 in the generated stable transgenic lines upon 

treatment with diverse pathogens. We were not able to confirm an in planta 

interaction of the Pseudomonas syringae effector HopY1 with TN13, as previously 

indicated by a yeast-two-hybrid assay (Nandety et al., 2013; Manuscript 2, Figure 

S17). Therefore, it remains to be investigated whether a specific effector of 

Pseudomonas, or another pathogen, functions as a trigger for nuclear translocation 

of TN13, either by directly interacting with TN13 or by targeting a protein that is 

guarded by TN13 and/or its interaction partner TLT13 (Manuscript 2, Figure 7). 

Using an IP-MS approach, several additional cargo candidates of MOS6 that are 

potentially implicated in plant immunity, such as the transcription factors MYB70 and 

WRKY60, were identified (Article 1, Figure 3, S5). Notably, the full length TNL DM2H 

(AT3G44670) was also identified as additional MOS6 interactor (Article 1, Figures 3, 

S5). DM2H is part of the Col-0 RPP1-like cluster that shows tandem expansion in 

other Arabidopsis accessions (Bomblies et al., 2007; Chae et al., 2014). Orthologs of 

DM2H are responsible for hybrid necrosis phenotypes upon crossing of different 

accession, outlining strictly regulated functions of these orthologs in immunity (Chae 
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et al., 2014). However, none of the isolated mutant lines encoding for the identified 

MOS6 interacting proteins, except for tn13, showed increased susceptibility towards 

mildly virulent Pseudomonas in our assays (Article 1, Figure 3). Whether the 

identified candidate interactors are required for other defense pathways and whether 

they interact preferentially with MOS6, or are also able to associate with other 

importin- isoforms for nuclear translocation, remains to be established. 

Nevertheless, the analyses revealed that only a loss of MOS6, but not of any other 

importin- isoform, suppresses autoimmunity of the snc1 mutant plant and leads to 

enhanced susceptibility towards Pseudomonas with reduced effector repertoire, thus 

indicating a major functional involvement of MOS6 in Arabidopsis innate immunity 

(Manuscript 1, Figures 2, 3, 5, 6, S5). Together, the results gathered from our 

studies suggest a functional specialization of MOS6 in nuclear import of immunity 

related cargo proteins. However, partial redundancy of MOS6 with IMP-1 and IMP-

2 in plant development has also been demonstrated (Manuscript 1, Figures 4 - 6). 

How cargo selectivity of -importins in plants is governed at the molecular level 

remains elusive. No major differences in the amino acid composition of the ARM 

repeat motifs, that constitute the NLS binding sites, were detected among the 

Arabidopsis -importins, which would explain isoform-specific affinities towards 

cargo NLSs (Wirthmueller et al., 2013). Examples from the animal field outline that 

several regulatory mechanisms can influence the specificity of cargos towards 

-importins (Pumroy and Cingolani, 2015; Christie et al., 2016). For example, post-

translational modifications such as phosphorylation, methylation or acetylation of 

cargo NLSs and/or importin- ARM repeat motifs can modulate binding affinities that 

are directly related to nuclear translocation rates (Hodel et al., 2006; Timney et al., 

2006; Pumroy and Cingolani, 2015; Christie et al., 2016). These modifications may 

thus also act as specificity determinants for the binding of cargos towards particular 

importin- isoforms. It will therefore be interesting to investigate whether common 

predictions for post-translational modifications exist within the NLSs (or in the vicinity 

of NLSs) of cargo proteins that preferentially associate with MOS6. The mammalian 

signal transducer and activator of transcription 1 (STAT1), which is required for the 

expression of host defense associated genes, for example, shows enhanced binding 

affinity to importin-5 upon phosphorylation (Nardozzi et al., 2010). In addition, the 

post-translational modification pattern of amino acids within the ARM repeats of 
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MOS6 might be distinct from other importin- isoforms, providing a possible 

explanation for cargo specificity. Strikingly, the binding specificity of cargos towards 

importin- isoforms can also be determined via the three dimensional conformation 

of the NLS or adjacent domains of the cargo protein (Sankhala et al., 2017). 

Moreover, the structural positioning of the -importin ARM repeat domains can be an 

important determinant for mediating specificity (Smith et al., 2018). Oligomerization 

induced variation in the NLS copy-number of oligomeric cargo protein complexes 

has further been described to affect nuclear accumulation. A higher number of 

accessible NLSs on homo-oligomeric cargo complexes was shown to increase the 

cargo association with its importin- adaptor protein and therefore the nuclear 

accumulation efficiency of the cargo (Rona et al., 2014). Vice versa, intermolecular 

NLS masking can reduce nuclear accumulation (Christie et al., 2016). The MOS6 

interacting NLRs SNC1 and TN13 both form homo-oligomers (Xu et al., 2014b; 

Manuscript 2, Figure 7). In addition, SNC1 associates with the TNL SIKIC2 (Dong et 

al., 2016), while TN13 interacts with TLT13 as well as with DSC2, which is encoded 

in a segmentally duplicated cluster on chromosome 5 (Manuscript 2, Figure 7). 

Whether a dynamic complex formation of NLRs can influence the nuclear 

translocation dynamics or affinities for certain importin- adaptors has not been 

investigated so far. Autoimmunity of snc1 also relies on SIKICs, which are encoded 

in a tandem duplicated cluster with SNC1. Since SIKIC2 directly interacts with SNC1, 

it would be interesting to investigate whether a nuclear localization of SIKIC2 is 

required for snc1 autoimmunity and whether SIKIC2 also associates preferentially 

with MOS6. While TN13 contains two predicted high scoring bipartite NLSs, only low 

scoring monopartite and bipartite NLS candidate sequences can be predicted for 

SNC1 (Article 1, Figure 6; Manuscript 1, Figure 7, Table S1). This suggests that 

TN13 and SNC1 could be subject to different nuclear translocation mechanisms and 

kinetics. However, it also has to be considered that non-cNLSs could be responsible 

for the association of these cargo proteins with MOS6 (Christie et al., 2016). 

Therefore, the elucidation of potential non-cNLS interaction site of cargo proteins 

with -importins, as well as post-translational modifications and the three-

dimensional structures of cargos and -importin adaptors have to be considered to 

elucidate why certain cargos display binding specificity towards certain importin- 

isoforms. 
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Albeit both, SNC1 and TN13, preferentially interact with MOS6 (Manuscript 1, 

Figure 7; Article 1, Figure 5), it should be noted that neither SNC1, nor TN13, were 

detected in the affinity purification approach, aiming to identify in planta interactors of 

MOS6 via mass spectrometry (Article 1, Appendix S2). Since the associations of 

cargo proteins with -importins are of transient nature and can vary significantly in 

their binding affinities (Kosugi et al., 2009), it can be speculated whether additional 

cargo proteins, including SNC1 and TN13, might have been below the detection limit 

in the IP-MS approach. In addition, low abundant cargo proteins, such as NLR 

proteins, or temporally and stimulus-dependent interactions, might be difficult to 

detect in planta. Indeed, the H. arabidopsidis effector protein HaRxL106, that was 

previously described to interact with several importin- isoforms, including MOS6, 

was not detected in our affinity-purification approach using H. arabidopsidis isolate 

Noco2-infected plants (Wirthmueller et al., 2015, Article 1, Appendix S2). It is also 

conceivable that the recognition of different pathogen isolates by the plant immune 

system triggers stimulus-dependent importin- interactions with immune regulatory 

cargos, or modifications on cargo and/or importin- adapters, to generate transport 

specificities (Pumroy and Cingolani, 2015; Wirthmueller et al., 2015; Christie et al., 

2016). We found that TN13 is required for immunity to a mildly virulent 

Pseudomonas syringae strain, but not for immunity against avirulent P. syringae 

expressing the effectors AvrRps4 or AvrRpm1, or avirulent H. arabidopsidis isolates 

(Article1, Figure 4). TN13 thus appears to be required within a specific immune 

pathway. As the IP-MS approach was conducted after treatment of transgenic plants 

expressing tagged MOS6 with H. arabidopsidis Noco2, it is conceivable that this 

virulent pathogen induces the formation of distinct cargo-importin- complexes that 

might not include TN13-MOS6. The elucidation of specific immunity related 

cargo-importin- complexes and the future analysis on how transport specificity is 

governed will further improve our understanding of the dynamic intracellular 

translocation processes required for plant immunity. 

5.2 Localization, function and complex formation of the paired NLRs TN13 

and TLT13 

Several components of the nucleocytoplasmic trafficking machinery are required 

for the establishment of the snc1 auto-immune phenotype and contribute to diverse 

immune responses in Arabidopsis (Palma et al., 2005; Cheng et al., 2009; Wiermer 
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et al., 2010; Xu et al., 2011; Genenncher et al., 2016). This includes the nucleoporin 

MOS7/NUP88, that promotes nuclear accumulation of SNC1, which is required for 

the SNC1 function in (auto-)immunity (Cheng et al., 2009; Wiermer et al., 2010; Zhu 

et al., 2010a; Genenncher et al., 2016). The identification of MOS6/IMP-3 as the 

main nuclear import adaptor of SNC1 further outlines the requirement of SNC1 in the 

nucleus for activation of immunity (Manuscript 1; Palma et al., 2005). Besides SNC1, 

several other NLRs have been shown to accumulate and function inside the nucleus. 

This includes Arabidopsis RRS1-R/RPS4, barley MLA10, potato Rx and tabacco N 

(Deslandes et al., 2003; Burch-Smith et al., 2007; Shen et al., 2007; Wirthmueller et 

al., 2007; Slootweg et al., 2010; Tameling et al., 2010; Le Roux et al., 2015). Inside 

the nucleus, SNC1 and MLA10 interact with transcriptional regulators to activate 

immune signaling. SNC1 associates with the transcriptional co-repressor TOPLESS-

RELATED1 (TPR1) to represses the expression of the negative regulators of 

immunity, DND1 and DND2 (Zhu et al., 2010a). In addition, SNC1 also associates 

with the positive defense regulator bHLH84, to induce transcription of immunity 

related genes, outlining the involvement of multiple pathways for transcriptional 

regulation (Xu et al., 2014a). The CNL MLA10 interacts with the transcriptional 

repressors of PTI responses, WRKY1 and WRKY2 (Shen et al., 2007). Recently, 

TN13 was identified as a potential interactor of the transcription factor ANAC013 in 

an affinity purification approach coupled to mass spectromertry (Shapiguzov et al., 

2019). At steady-state, ANAC013 localizes to the ER via a C-terminal 

transmembrane domain. Upon mitochondrial stress, ANAC013 accumulates inside 

the nucleus where it regulates the expression of mitochondrial dysfunction stimulon 

(MDS) genes, outlining a role in retrograde signaling (De Clercq et al., 2013). 

Interestingly, several Pseudomonas effectors are predicted to contain mitochondrial 

targeting signals, suggesting potential targeting of this host organelle (Guttman et al., 

2002). Since we found TN13 to localize to the ER membrane, as well as to the 

nucleus when expressed transiently for an extended time period (Article 1, Figure 6; 

Manuscript 2, Figure 3, S5, S6, Lüdke, 2016), it is conceivable that TN13 and 

ANAC013 could either associate at the cytoplasmic site of the ER, or in the 

nucleoplasm. Upon nuclear complex formation, TN13 could influence the 

transcriptional regulation mediated by ANAC013. Alternatively, ANAC013 might be 

guarded by TN13 at the ER. We demonstrated that TN13 interacts with the 
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genomically linked full length TNL TLT13, which exclusively localizes to the ER 

membrane (Manuscript 2, Figures 3, 7). Both, TN13 and TLT13 are required for 

resistance of Arabidopsis to Pseudomonas with reduced effector repertoire 

(Manuscript 2, Figure 1). Based on the finding that TLT13 is capable to induce a cell 

death response upon transient expression (Manuscript 2, Figure 2), it can be 

speculated that TN13 and TLT13 form a sensor-executor pair to guard ANAC013 

integrity at the ER in order to maintain proper communication between mitochondria 

and the nucleus. Whether ANAC013 plays a role in immunity and is guarded by 

TN13/TLT13, or whether TN13 or/and TLT13 engage in the downstream signaling 

function of ANAC013 to influence transcription upon pathogen interaction remains to 

be determined.  

With the identification of TN13 as a component that is required for full immunity to 

P. syringae, our work further outlines a role of truncated NLR proteins in immunity. 

Since TN13 does not induce a cell death response in N. benthamiana, TN13 might 

act as a sensor NLR (Article 1, Manuscript 2). Previously, sensor functions have 

been described for the TN-type NLRs CHS1 and TN2, that function together with the 

executor NLR SOC3 (Zhao et al., 2015; Zhang et al., 2017b; Tong et al., 2017; Liang 

et al., 2019). In contrast to TN13, the expression of TN2 in N. benthamiana induces 

a cell death response (Wang et al., 2019b). TNL-mediated cell death is proposed to 

be induced via production of a cyclic ADP-ribose variant (v-cADPR) upon NAD+ 

catalytic activity that requires a glutamate residue, present within the TIR domain of 

most Arabidopsis TIR-type NLRs (Wan et al., 2019; Horsefield et al., 2019). It is, 

however, unclear whether all TIR-type NLRs are capable of v-cADPR production and 

whether catalytic activity is restricted to a subset, possibly only comprising certain 

executor NLRs. Both TN2 and TN13 contain a predicted catalytic glutamate residue. 

It therefore remains to be investigated whether proposed TN-type sensor NLRs that 

contain designated catalytic glutamate residues contribute directly to v-cADPR 

production via TIR domain enzymatic function, and how such function might be 

regulated. Interestingly, cell death induced upon expression of TN2 in N. 

benthamiana is suppressed by co-expression of the potential guardee EXO70B1 

(Wang et al., 2019b). The possibility that cell death induction upon expression of 

TN13 in N. benthamiana is suppressed via interaction with an unknown guardee that 

is present in N. benthamiana can therefore not be excluded. The cell death induced 

upon transient expression of TLT13 is not abolished by co-expression of TN13 in 
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N. benthamiana (Manuscript 2, Figure S9), as for example, previously described for 

co-expression for the RPS4/RRS1-R sensor-executor pair (Williams et al., 2014; Huh 

et al., 2017). This might suggest that additional, inhibitory components are required 

for TLT13 cell death suppression. 

The genomic region on chromosome 3 encoding TN13 and TLT13, was 

segmentally duplicated and encodes for an extended number of NLRs (Simillion et 

al., 2002; Meyers et al., 2003; Manuscript 2, Figure 7, S10). Some of these NLRs 

might be direct syntelogs of TLT13 or TN13, or arose via tandem duplications after 

the segmental duplication to chromosome 5 (Manuscript 2, Figure S11). We 

proposed that the interactions of TN13 and TLT13 with NLRs from the duplicated 

cluster on chromosome 5 are based on sequence similarity, given the fact that both 

TN13 and TLT13 are capable of forming homo-oligomers and interact with each 

other (Manuscript 2, Figure 7). Since TLT13 interacts with BAR1 (Manuscript 2, 

Figure 7), which is required for immunity against Pseudomonas expressing the 

effector HopB1 (Laflamme et al., 2020), a possible function of TLT13 in the detection 

of HopB1, or in signaling of HopB1 triggered immunity, is conceivable. As TLT13 

also interacts with the uncharacterized TNL encoded by AT5G17970 (Manuscript 2, 

Figure 7), it will also be interesting to investigate whether this TNL is required for 

immunity against Pseudomonas and functions together with TLT13. Both, TN13 and 

TLT13 interact with DSC2 (Manuscript 2, Figure 7), which is required for 

autoimmunity of the camta3 mutant (Lolle et al., 2017). CAMATA3 acts as repressor 

of the master transcription factors of SA and NHP-mediated defense, SARD1 and 

CBP60g (Kim et al., 2013; Kim et al., 2020; Sun et al., 2020). Significantly, SARD1 

binds to the promoter regions of both TN13 and TLT13 (Sun et al., 2015), suggesting 

transcriptional regulation of these NLRs via SA responsive elements. Consistent with 

this idea, Nandety et al. (2013) demonstrated that the expression of TN13 is strongly 

increased upon SA treatment. Whether TN13 and TLT13 function together with 

DCS2 in camta3-dependent autoimmunity remains to be investigated. Strikingly, all 

three NLRs contain (predicted) N-terminal TM domains and localize to the 

membrane of the ER (Manuscript 2, Figure 7, S15), supporting potential functional 

cooperativity. All other NLRs encoded in the segmentally duplicated cluster, 

however, show a nucleocytoplasmic, cytoplasmic or nuclear localization (Manuscript 

2, Figure S15). Given that some of these NLR might have arisen via duplication from 

TN13, future work aims to investigate whether these NLRs also interact preferentially 
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with MOS6. The presence of potential N-terminal TM domains or a localization to 

endomembranes has been described for CNLs as well as TNLs (Weaver et al., 

2006; Gao et al., 2011; Elmore et al., 2012; Qi et al., 2012; Chae et al., 2014; 

Schreiber et al., 2016; Chen et al., 2017; Wang et al., 2019a; Adachi et al., 2019a). 

Interestingly, different modes of action have been reported for endomembrane 

localized NLRs. For example, the localization of the CNL receptor ZAR1 to the 

plasma membrane is induced after effector detection and pentamer formation (Wang 

et al., 2019a). It was proposed that the resulting cell death is caused via membrane 

destabilization by the pentameric ZAR1 complex (Wang et al., 2019a; Adachi, et al., 

2019a). In contrast, the CNL RPS5 forms a preformed complex with the kinase 

PBS1 at the plasma membrane. RPS5 signaling is activated upon AvrPphB 

mediated cleavage of PBS1, suggesting that RPS5 guards the effector-target PBS1 

at the plasma membrane (Qi et al., 2012). Membrane localizations have also been 

described for the truncated NLRs TN11 and TN21 (Nandety et al., 2013). 

The accumulating evidence on NLR functions suggests that NLRs acting as 

singletons represent an evolutionary ancient mechanism and that specialized NLR 

pairs or networks evolved from multifunctional singletons over evolutionary time 

(Adachi, et al., 2019b). The functional bifurcation into sensor NLRs and executor or 

helper NLRs thus requires additional mechanisms for NLR inhibition, in the absence 

of the cognate effectors. The endomembrane system, including the ER, could 

therefore function as an interface to locally promote homo- and/or hetero-

oligomerization of NLRs or NLR-guardee complex formations, which are required for 

inhibition or activation of NLR signaling, depending on effector presence (Cui et al., 

2015). Interestingly, a sub-pool of the TNL RPS4 localizes to the endomembrane 

system (Wirthmueller et al., 2007; Heidrich et al., 2011). It has been suggested that 

the membrane localization of RPS4 could limit the nuclear RPS4 pool in order to 

maintain a stoichiometric balance with its interacting sensor NLR RRS1-R in the 

nucleus, thus preventing immune signaling in the absence of the appropriate trigger 

(Cui et al., 2015). A similar regulatory mechanism might also apply to TN13, 

although it needs to be determined whether TN13 has a function inside the nucleus. 

The elucidation of potential interaction candidates that are guarded by TN13, TLT13 

or DSC2 at the site of the ER, as well as NLR subcellular localization and interaction 

dynamics will certainly improve our understanding of NLR functions at the 

endomembrane system. 
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The association of TN13 and TLT13 with each other and with NLRs encoded in 

the duplicated cluster on chromosome 5 suggests the formation of a larger NLR 

network (Manuscript 2, Figure 7). The molecular functions of the individual NLRs as 

well as the interplay between these receptors are currently not clear. Although both, 

TN13 and TLT13 are required for immunity to P. syringae (Manuscript 2, Figure 1), 

we proposed that TN13 functions as a sensor NLR, based on the lack of cell death 

upon transient expression in N. benthamiana. In this scenario, the TN13 interactor 

TLT13 could function as executor NLR, based on the induction of a cell death 

response upon expression in N. benthamiana (Manuscript 2, Figure 2). A function as 

executor is supported by the intramolecular requirement of a functional P-loop, the 

presence of the potential catalytic glutamate within the TIR domain, as well as 

potential oligomerization interfaces for cell death induction (Manuscript 2, Figure 4, 

6). All NLRs encoded in the duplicated cluster on chromosome 5 trigger a cell death 

response upon expression in N. benthamiana, with the exception of CHS3 

(Manuscript 2, Figure S16), which has previously been described as a sensor NLR 

(Xu et al., 2015; Castel et al., 2019). The induction of cell death by these NLRs 

coincides with the presence of the predicted catalytic residue in the TIR domain 

(Manuscript 2, Figure S14). Therefore, the cell death inducing NLRs probably 

function as executor NLRs. However, cell death induction has also been reported for 

NLRs that were proposed to act as sensors, but contain the predicted catalytic 

glutamate, such as TN2 (Wang et al., 2019b). In addition, only a very small number 

of Arabidopsis NLRs have been identified that do not contain the potential catalytic 

glutamate residue and were therefore considered definitive sensors (including RRS1 

and CHS3; Wan et al., 2019). These results question whether a definition as 

TIR-type sensor and executor NLRs can simply be based on the presence of the 

potential catalytic residue. This also implies that defining NLRs as sensors or 

executors, based on the induction of cell death in the transient system, requires 

additional careful examination of the intra- and intermolecular requirements to trigger 

cell death. Co-expression of TN13, BAR1 or DSC2 with TLT13, for example, did not 

suppress cell death (Manuscript 2, Figure S16). This might argue against a 

one-to-one pairing mechanism as described for RRS1-R/RPS4, albeit we cannot 

excluded the possibility of slightly different expression levels in N. benthamiana that 

would result in an unpaired, trigger-active sub-pool of the NLR showing higher 

expression (Manuscript 2, Figure 7; Deslandes et al., 2002; 2003; Sarris et al., 2015; 
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Ma et al., 2018). It can therefore be considered that the transient co-expression of 

multiple, potentially network forming NLRs, might be required to suppress cell death 

signaling. The careful dissection of the molecular requirements for cell death 

induction in N. benthaminana, the generation of single and higher order NLR mutant 

combinations, as well as the generation of stable transgenic lines in Arabidopsis can 

contribute to functionally investigate potential NLR network components, including 

their localization and interaction dynamics in the regulation of cell death and 

immunity upon effector perception. 

Strikingly, TLT13 is the only reported TNL that contains an atypical MHV motif in 

the NB-ARC domain of the wild-type protein (Manuscript 2, Figures 4, S18). It can 

therefore be speculated that TLT13 represents an auto-active NLR with higher 

binding-affinity for ATP which defines the active state of NLRs (Sukarta et al., 2016). 

However, overexpression of TLT13 does not trigger autoimmunity in stable 

transgenic Arabidopsis lines, arguing for strong negative regulation of the protein 

(Manuscript 2, Figure S1). Recent studies also indicate that the transcripts of TN13, 

TLT13 and the duplicated cluster components AT5G17970, AT5G18350, BAR1 and 

DSC2 are potential targets of miRNA and phasiRNA silencing mechanisms (Nie et 

al., 2019; López-Márquez et al., 2020). These findings, together with the potential 

transcriptional regulation of TN13 and TLT13 by SARD1 (Sun et al., 2015), further 

suggest that multiple mechanism at the transcriptional, post-transcriptional and 

protein-protein interaction level are involved in the positive and negative NLR 

network regulation (Halter and Navarro, 2015; Wu et al., 2017; Lai and Eulgem, 

2018). In addition, it has recently been uncovered that TLT13 is also required for 

resistance to Botrytis cinerea, suggesting an involvement of TLT13, and possibly 

additional NLR network members, in multiple immune response pathways (Nie et al., 

2019). 

The transient expression of the TIR domain of TLT13 is sufficient to induce a cell 

death reaction. In addition, the induction of cell death depends on the presence of 

the potential catalytic glutamate residue of the TIR domain (Manuscript 2, Figure 5, 

6). This strongly suggests that TLT13 is capable of producing v-cADPR upon NAD+ 

degradation to induce cell death (Wang et al., 2019a; Horsefield et al., 2019). 

Strikingly, the localization of the TLT13 TIR domain has no influence on cell death 

induction. The ER localized full length TLT13 protein or the TM-TIR and TM-TIR-NB 

protein variants, as well as the nucleocytoplasmic TIR-only and TIR-NB variants, are 
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all capable of inducing a cell death response (Manuscript 2, Figure 5, 6). Cell death 

induction further requires the NbEDS1-NbSAG101B-NbNRG1 signaling branch 

(Manuscript 2, Figure 2). Based on the generally abolished cell death induction in 

Nbeds1 mutant plants, EDS1 was proposed to translate the c-vADPR signal into a 

cell death response upon effector detection (Horsefield et al., 2019). It has previously 

been shown that EDS1 further requires SAG101 and NRG1 for cell death induction 

after TNL-mediated effector recognition (Gantner et al., 2019; Lapin et al., 2019). 

Based on the fact that the ER localized TIR domain-containing TLT13 protein 

variants are capable to induce a cell death response in N. benthamiana, and since 

the EDS1-SAG101 complex is exclusively nuclear (Feys et al., 2005; Rietz et al., 

2011), c-vADPR either acts as a mobile signal capable of nuclear translocation, or is 

perceived by EDS1 in the cytoplasm, before EDS1 nuclear translocation and 

complex formation with SAG101. Indeed, EDS1 is a nucleocytoplasmic protein and 

interacts with several TNLs, such as RPS4, RPS6, SNC1 and VARIATION IN 

COMPOUND TRIGGERED ROOT GROWTH RESPONSE (VICTR) in the cytoplasm 

(or at endomembranes; Feys et al., 2005; Bhattacharjee et al., 2011; Heidrich et al., 

2011; Kim et al., 2012). It remains to be determined whether a direct interaction of 

TNLs with EDS1 is a requirement for TNL signaling and cell death execution. The 

Arabidopsis helper NLRs NRG1A and NRG1B, however, were shown to localize to 

the ER, but so far no interaction between NRG1 helper NLRs and TNLs has been 

demonstrated (Wu et al., 2019). Qi et al. (2018) reported that NbNRG1 interacts with 

NbEDS1 in Co-IP assays. In addition, NbNRG1 functions downstream of NbEDS1 

and is required for transcriptional activation in ETI (Qi et al., 2018). It currently 

remains elusive how the nuclear EDS1-SAG101 pool and the cytoplasmic EDS1-

NRG1 pool are connected upon TNL-mediated v-cADPR production to induce cell 

death. Our future work therefore also aims to investigate whether potential 

associations of the ER localized NLRs TN13, TLT13 and DSC2 with NRG1 helper 

NLRs, as well as EDS1, are part of a NLR signaling network at the ER membrane. 
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6 Outlook 

The findings presented here suggest a selective requirement of 

MOS6/IMPORTIN-3 in innate immunity of Arabidopsis thaliana and uncovered the 

TIR-type NLR proteins SNC1 and TN13 as specific interaction partners of MOS6. To 

investigate how importin- cargo specificity is generated at the molecular level, 

stable transgenic Arabidopsis lines expressing the respective affinity-tagged 

importin- isoforms in the corresponding mutant backgrounds will provide a useful 

tool to analyze potential differences in post-translational modifications of the 

-importin ARM repeats. This could be combined with pathogen interaction studies, 

using a variety of biotrophic, hemi-biotrophic and necrotrophic pathogens, to analyze 

stimulus-specific modifications that could influence cargo-importin- transport 

complex formations. Moreover, proximity labeling approaches, combined with site-

directed mutagenesis and NLS binding site exchanges could be conducted to 

identify specific and common cargos of Arabidopsis -importins at various stages of 

plant development, and upon different biotic and abiotic stimuli, to unravel the 

trigger-dependent nuclear “importome” of respective NTRs. 

In the main project of this thesis, the molecular functions of the genomically linked 

NLRs TN13 and TLT13 were characterized. Both NLR proteins co-localize to the 

membrane of the ER and are required for resistance to Pst DC3000 

(ΔAvrPto/AvrPtoB). The presented findings suggest that TN13 and TLT13 are part of 

a larger NLR network that comprises interacting NLRs, encoded by a segmentally 

duplicated region on Arabidopsis chromosome 5. To further enhance our 

understanding of the NLR network interactions and functions, proximity labeling 

approaches with the individual NLRs in Arabidopsis stable transgenic lines, as well 

as the generation of higher order NLR mutant combinations, should be conducted. 

This will help to functionally investigate potential NLR network components, and 

should also provide insights into whether such network components have common 

interaction partners that could represent effector targets guarded by the respective 

NLR network components. 

The transcription factor ANAC013 localizes to the ER membrane and the nucleus 

and was recently identified as a potential TN13 interaction partner (De Clercq et al., 

2013; Shapiguzov et al., 2019). ANAC013 may therefore be guarded by a TN13-

TLT13 complex. Protein-protein interaction studies between TN13/TLT13 and 
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ANAC013 using Co-IP, BiFC and/or FRET analyses could be conducted to study 

potential association dynamics at the ER or inside the nucleus. In addition, 

Pseudomonas infection assays and gene expression studies on anac013 mutant 

lines could be conducted to investigate the involvement of ANAC013 in immunity. 

By performing Co-IP assays after transient expression in N. benthamiana 

interaction between TN13, TLT13 and DSC2 were demonstrated. In addition, TLT13 

interacts with BAR1 and the uncharacterized NLR encoded by AT5G17970. TN13 

and TLT13 are required for resistance to Pst DC3000 (ΔAvrPto/AvrPtoB), whereas 

BAR1 is required for resistance towards Pst DC3000 expressing the effector HopB1 

(Laflamme et al., 2020). DSC2 was shown to be required for the camta3 auto-

immune phenotype (Lolle et al., 2017). It would therefore be interesting to investigate 

whether these NLRs also play a role in the immune pathways regulated by the 

respective NLR interaction partners, using single mutants as well as higher order 

mutant combinations in pathogen infection assays, and in the camta3 auto-immune 

mutant background. 

Significantly, TN13, TLT13 and DSC2 co-localize to the membrane of the ER. 

Investigating the cellular localization and interaction dynamics of these NLRs upon 

pathogen challenge via FRET-based assays in stable Arabidopsis lines would further 

improve our understanding of TIR-type NLR functions at the endomembrane system. 

Interaction analysis of the ER localized NLRs described in this study with the 

immune regulator EDS1 and the class of NRG1 family of helper NLRs might further 

help to understand how the nuclear EDS1-SAG101 pool and the cytoplasmic pool of 

EDS1-NRG1 could be functionally connected. 
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Summary

� In both plants and animals, intracellular nucleotide-binding leucine-rich repeat proteins

(NLRs; or Nod-like receptors) serve as immune receptors to recognize pathogen-derived

molecules and mount effective immune responses against microbial infections. Plant NLRs

often guard the presence or activity of other host proteins, which are the direct virulence tar-

gets of pathogen effectors. These guardees are sometimes immune-promoting components

such as those in a mitogen-activated protein kinase cascade. Plant E3 ligases serve many roles

in immune regulation, but it is unclear whether they can also be guarded by NLRs.
� Here, we report on an immune-regulating E3 ligase SAUL1, whose homeostasis is moni-

tored by a Toll interleukin 1 receptor (TIR)-type NLR (TNL), SOC3.
� SOC3 can associate with SAUL1, and either loss or overexpression of SAUL1 triggers

autoimmunity mediated by SOC3. By contrast, SAUL1 functions redundantly with its close

homolog PUB43 to promote PAMP-triggered immunity (PTI).
� Taken together, the E3 ligase SAUL1 serves as a positive regulator of PTI and its homeosta-

sis is monitored by the TNL SOC3.

Introduction

Plant immune responses against microbial pathogen infections
can be initiated by two types of immune receptors (Jones &
Dangl, 2006; Dodds & Rathjen, 2010). Plasma membrane-
localized pattern recognition receptors (PRRs) recognize
pathogen-associated molecular patterns (PAMPs), such as bacte-
rial flagellin and fungal chitin to activate PAMP-triggered immu-
nity (PTI) (Boller & Felix, 2009; Monaghan & Zipfel, 2012). By
contrast, intracellular nucleotide-binding leucine-rich repeat
receptors (NLRs; or Nod-like receptors) confer disease resistance
by monitoring the presence or activity of pathogen effectors to ini-
tiate effector-triggered immunity (ETI). In Arabidopsis, there are
two classes of typical NLR proteins depending on their N-
terminal structure, one with a coiled-coil (CC) domain, and the
other with a Toll interleukin-1 receptor (TIR) domain (Li et al.,
2015). Suppressor of NPR1, Constitutive 1 (SNC1) encodes a TIR-

type NLR (TNL). Mutant snc1 carries a gain-of-function muta-
tion resulting in the constitutive activation of immune responses,
with constitutive expression of Pathogenesis-Related (PR) defense
marker genes and enhanced resistance against virulent pathogens
such as the bacterium Pseudomonas syringae pv. maculicola (P.s.m.)
ES4326 and the oomycete Hyaloperonospora arabidopsidis (H.a.)
Noco2 (Li et al., 2001a; Zhang et al., 2003). Furthermore, unlike
many other autoimmune mutants, snc1 plants exhibit a dwarf
morphology without cell death lesions, making it a useful sensi-
tized background for genetic screening (Johnson et al., 2012).

Ubiquitination is a common post-translational modification in
eukaryotes, which is most often utilized to regulate the stability
of protein substrates (Vierstra, 2009). By covalently attaching
ubiquitin linked via the Lys48 residue to its substrate, the protein
is marked and subsequently targeted for degradation by the 26S
proteasome. The ubiquitination reaction involves three sequen-
tial steps catalyzed by three enzymes, a ubiquitin activating
enzyme (E1), a ubiquitin conjugating enzyme (E2) and a ubiqui-
tin ligase (E3). Among these proteins, E3 ligases are key factors*These authors contributed equally to this work.
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in determining substrate specificity (Hershko & Ciechanover,
1998). Compared to fewer than 700 E3-encoding genes in the
human genome, higher plants have largely expanded E3 gene
families. For example, the Arabidopsis genome contains over
1400 E3-encoding genes (Cheng & Li, 2012). Such expansion
suggests their probable roles in plant-specific processes and/or the
potential existence of genetic redundancy.

Recent studies revealed that E3 ligases play important roles in
immune signaling in both PTI and ETI (Zhou & Zeng, 2016).
For example, the Arabidopsis Plant U-box (PUB) proteins
PUB12 and PUB13 were identified to negatively regulate flag-
ella-induced PTI responses through the degradation of flagellin
receptor FLS2 (Flagellin-Sensitive 2) (Lu et al., 2011). A triplet
of U-box protein paralogs PUB22, PUB23 and PUB24 are
involved in PTI regulation through redundantly targeting exocyst
complex component EXO70B2 (Exocyst subunit EXO70 B2)
for degradation (Stegmann et al., 2012). In ETI, the F-box pro-
tein CPR1 (Constitutive expressor of PR genes) was found to
control the stability of NLRs including SNC1 and RPS2 (Cheng
et al., 2011). The process of the polyubiquitination and degrada-
tion of SNC1 and RPS2 was facilitated by the E4 ubiquitin ligase
MUSE3 (Mutant, snc1-enhancing 3) (Huang et al., 2014). Fur-
thermore, the E3 ligase mutant saul1-1 (Senescence-Associated
E3 Ubiquitin Ligase 1; also named as PUB44) was identified as
an autoimmune mutant whose autoimmunity can be suppressed
by environmental factors such as high temperature and high light
conditions (Vogelmann et al., 2012; Disch et al., 2016). Interest-
ingly, the leaf necrosis/seedling lethality phenotype of saul1-1
fully depends on PAD4 and EDS1 (Vogelmann et al., 2012;
Disch et al., 2016), suggesting that knocking out SAUL1 pro-
motes PAD4- and EDS1-dependent immune responses.

To search for novel E3s involved in plant immunity regulation,
we conducted a snc1-influencing plant E3 ligase reverse genetic
screen (SNIPER), which identified SAUL1/SNIPER3/PUB44.
When overexpressed, SAUL1 enhances snc1 phenotypes and also
results in autoimmunity in wild-type background, suggesting that
SAUL1 positively regulates immune responses. Suppressor screens
of the saul1-1 mutant reveal that loss of SAUL1 leads to the activa-
tion of a typical TNL protein SUSA1 (Suppressor of saul1 1),
which was previously named SOC3 (Suppressors of chs1-2, 3)
(Zhang et al., 2016). SOC3 can associate with SAUL1 in planta.
Interestingly, the autoimmunity of plants overexpressing SAUL1
also relies on SOC3. The triple mutant saul1 soc3 pub43 exhibits
enhanced susceptibility to type-III secretion defective Pseudomonas
syringae pv. tomato (P.s.t.) hrcC� and reduced mitogen-activated
protein kinase (MAPK) activation upon treatment with the PAMP
flg22, suggesting that SAUL1 and PUB43 function redundantly
in PTI. These results indicate that SAUL1 is a positive PTI regula-
tor, whose homeostasis is monitored by the TNL SOC3.

Materials and Methods

Plant materials and growth conditions

All plants for assays were grown at 22°C in growth chambers
under long day conditions (16 h : 8 h, light : dark). As saul1

phenotypes are temperature-sensitive (Disch et al., 2016), they
were grown at 25–28°C under long day conditions for seeds. The
suppressor lines were grown at 25°C under long day conditions
for 14 d in a growth cabinet and then transferred to 20–22°C.
For protoplast isolation, Arabidopsis thaliana Col-0 plants were
grown at 22°C under short day conditions (8 h : 16 h,
light : dark).

Ethyl methanesulfonate (EMS) mutagenesis, saul1 suppres-
sor screen and next generation sequencing (Li Lab)

In total, 100 mg (c. 5000) of saul1-1 seeds were soaked in a solu-
tion of 0.1 M sodium phosphate (pH 5), 5% dimethyl sulphox-
ide and 0.25% EMS for 16 h with constant shaking. After
incubation, the seeds were washed twice in 100 mM sodium thio-
sulphate for 15 min and three times in distilled water for 15 min.

The mutagenized saul1 seeds were planted on half-strength
Murashige and Skoog (MS) plates for 10 d. Then c. 4000
seedlings were transplanted on soil and grown at 28°C for seeds.
M2 seeds from 25 M1 plants were harvested in each pool. For
screening, c. 500 M2 seeds from each pool were planted. Seeds
from putative mutants reverted partially or completely to wild-
type sizes were kept.

The genomic DNA from the candidate suppressors was
extracted using the CTAB method (Li et al., 2001b) followed by
purification using a Qiagen plant DNA extraction kit. The
library preparation and Illumina sequencing were carried out by
BGI (Beijing Genomic Institute, Beijing, China).

EMS mutagenesis, suppressor screen and next generation
sequencing (Hoth Lab)

For EMS mutagenesis, 500 mg of seeds of saul1-1 mutants were
incubated in 0.3% EMS for 15 h with gentle agitation. After
incubation, the seeds were washed in double distilled H2O
(ddH2O) 10 times.

The M2 plants rescuing the saul1-1 phenotype were back-
crossed into saul1-1 mutants twice. The genotype of the suppres-
sor lines was confirmed for the T-DNA insertion using the
SAUL1-specific primers 50-TGAGGCCAATCAAATGATTT
C-30 and 50-TTTCCCCATTCATGAGTGAAG-30 as well as the
T-DNA insertion (SALK)-specific primer LBa1 (50-TGGTT
CACGTAGTGGGCCATCG-30), respectively.

For next generation sequencing, total genomic DNA was
extracted from 24-d-old mutant plants. Two hundred plants were
pooled and ground in liquid nitrogen in aliquots of 10 plants per
pool. To each sample, 800 ll extraction buffer (1% N-
laurylsarcosine, 100 mM Tris-HCl (pH 8.0), 10 mM EDTA (pH
8.0), 100 mM NaCl) and 800 ll phenol/chloroform/isoamyl
alcohol (25 : 24 : 1) were added and mixed. The samples were cen-
trifuged for 10 min at 13 500 g and room temperature. The super-
natant was precipitated with 80 ll 3 M sodium acetate (pH 5.2)
and 800 ll isopropanol for 30 min at�20°C. After centrifugation
for 10 min at 13 500 g and 4°C the pellet was washed with 1 ml
80% ethanol twice. The genomic DNA was incubated with 50 ll
R100 (100 lg ml�1 RNase A in Tris-EDTA buffer ) for 30 min at
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37°C. To remove the RNase A, the samples were mixed again with
equal amounts of phenol/chloroform/isoamyl alcohol (25 : 24 : 1)
and were centrifuged for 10 min at 13 500 g and 4°C. The super-
natants were washed with chloroform three times and were precip-
itated with 1/10 volume of 3M sodium acetate (pH 5.2) and 2.5
volumes of ethanol for 4 h at �80°C. After centrifugation for
30 min at 13 500 g and 4°C the pellet was washed with 1 ml 80%
ethanol twice. The genomic DNA was resuspended in 50–100 ll
ddH2O. Library preparation, HiSeq Illumina sequencing and the
bioinformatic analysis were carried out by Eurofins Genomics
(Ebersberg, Germany).

Infection assays

For oomycete infection, 2-wk-old soil-grown seedlings were
sprayed with an H.a. Noco2 conidiospore suspension at a concen-
tration of 50 000 or 100 000 spores ml�1. The infected plants were
then domed and maintained at 18°C, with 80% humidity in a
long-day growth chamber. After 7 d, oomycete growth was quanti-
fied following a previously described protocol (Zhang & Li, 2005).

For bacterial infection, leaves of 4-wk-old plants were infil-
trated with a suspension of P.s.m. ES4326, P.s.t. DC3000, P.s.t.
DC3000 (AvrRpt2) or P.s.t. DC3000 (AvrRps4) at the dosage
indicated in the figure legend, respectively. Bacterial growth was
assayed by quantification of colony-forming-units (CFU) at 0 d
post inoculation (dpi) and 3 dpi, respectively, as described previ-
ously (Li et al., 2001a).

Gene expression analysis

Total RNA was extracted from 4-wk-old soil-grown plants using
an EZ-10 Spin Column Plant RNA Mini-Preps Kit (Bio Basic,
Markham, ON, Canada). The extracted RNA was then reverse
transcribed to cDNA with Easy Script reverse transcriptase (RT)
(ABM, Milton, ON, Canada). RT-PCR was conducted using
total cDNA as template to determine expression of the tested
genes. Gene expression analysis by quantitative PCR was per-
formed as previously described (Disch et al., 2016).

Reactive oxygen species (ROS) assay

The Arabidopsis leaf disks from 4-wk-old soil-grown plants were
sliced by six cuts with a razor blade to increase surface area, and
were placed into distilled H2O-containing 96-well plate for
overnight incubation under dim light conditions. After incuba-
tion, the water was removed; elicitation buffer containing 20 mM
luminol, 10 mg ml�1 horseradish peroxidase with 100 nM flg22
was added into the plate. Quantification of luminescence was
determined using a 96-microplate luminometer.

Construction of plasmids

For the construction of pCambia1300 SAUL1, SAUL1 cDNA
was amplified from the wild-type cDNA using primers 50-CG
CGCTCTAGAATGGTTGGAAGCTCGGATG-30 and 50-CG
CCGGGATCCTGCGATGTTTGGGAATATACTTG-30. The

amplified fragment was then digested with XbaI and BamHI and
ligated into pCambia1300 vector. For the construction of
pCambia1300 SAUL1ΔU-box, the SAUL1 cDNA was amplified
from the wild-type cDNA using primers 50-CGCGCT
CTAGAATGAGATCCAGGAATGATGCTGC-30 and 50-CG
CCGGGATCCTGCGATGTTTGGGAATATACTTG-30. The
amplified fragment was then digested with XbaI and BamHI and
ligated into pCambia1300 vector. The HA-SAUL1 construct was
described previously (Drechsel et al., 2011). For cloning GFP-
SOC3, SOC3 (At1g17600) was amplified from genomic DNA
using primers 50-CACCATGGTGTCCTCCTCTGCAC-30 and
50-GGATCMCTTGAAAACACGCAGGAG-30. The PCR frag-
ment was cloned into the pENTR/D-TOPO vector (Thermo
Fisher Scientific, Waltham, MA, USA) and the construct was
confirmed by sequencing. Using the gateway cloning technology
(Thermo Fisher Scientific), the genomic SOC3 fragment was
recombined into the destination vector pMDC43 for N-terminal
fusion (Curtis & Grossniklaus, 2003). The GFP-PUB43 con-
struct was described previously (Drechsel et al., 2011). The con-
structs, pCambia1300 SAUL1, pCambia1300 SAUL1ΔU-box and
GFP-PUB43, were electroporated in Agrobacterium tumefaciens
GV3101 and transformed into Arabidopsis by a floral dipping
method (Clough & Bent, 1998). For cloning SAUL1-RFP,
SAUL1 cDNA was amplified as previously described (Drechsel
et al., 2011). Using the gateway technology (Thermo Fisher Sci-
entific), SAUL1 was recombined from the pENTR/D-TOPO
vector into the destination vector pH7RWG2.0 for N-terminal
fusion with red fluorescent protein (RFP) (Karimi et al., 2007).
The binding domain vector for the yeast two-hybrid experiments
was cloned from the previously described pENTR_
SAUL1DNDC vector (Drechsel et al., 2011). The SAUL1DNDC
fragment was cloned into the pGBT9 vector (provided by Fred-
erik B€ornke, Leibniz-Insitut f€ur Gem€use- und Zoerpflanzenbau
Großbeeren, Germany) by using the gateway cloning technology
(Thermo Fisher Scientific). We truncated the N-terminus of
SAUL1 to prevent E2 binding and thus any degradation of the
interacting protein. From the long-standing experience with yeast
two-hybrid experiments of the B€ornke lab that provided the vec-
tor system and from our own experience it was also recom-
mended to truncate some amino acids at the C-terminus of
SAUL1 to strengthen interactions. The coding sequence of SOC3
was amplified using primers 50-CACCATGGTGTCCTCCTC
TGCAC-30 and 50-GGATCMCTTGAAAACACGCAGGA
G-30. For cloning the TIR domain, SOC3-TIR was amplified from
cDNA using the primers 50-CACCATGGTGTCCTCCTCTG
CAC-30 and 50-GTGGCTTGAAACCACGCC-30. SOC3 and
the TIR domain of SOC3 (SOC3-TIR, CDS 1-462 (exon 1))
were recombined from the entry vector into the destination vec-
tor pGAD-CF with a C-terminally fused activation domain (pro-
vided by F. B€ornke) by using the gateway cloning technology
(Thermo Fisher Scientific).

Transformation of yeast cells

Transformation of the yeast strain AH109 was carried out
according to Gietz et al. (1997). In brief, the binding and
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activation domain vectors were transformed simultaneously and
the cells were spread on yeast minimal medium (SD medium:
0.66% yeast nitrogen base without amino acids, 0.066% amino
acid mix, 2% glucose) lacking leucine and tryptophan (SD-L-
W). After 3 d of incubation at 29°C, overnight cultures of single
colonies were grown in double dropout medium (SD-L-W)
under continuous shaking for 24 h at 29°C. The optical density
was set to an OD600 of 4 and a dilution series from 10�1 to 10�3

was dripped on selection agar plates lacking histidine (SD-L-W-
H) and containing 0.5 mM 3-amino-1,2,4-triazole (3-AT) as
well as on SD-L-W as a control. As a positive control for transfor-
mation, pGAD-424_KNU 30 untranslated region and
pGBKT7_TPL were transformed, and as a negative control
pGAD-424_KNUDEAR and pGBKT7_TPL (Causier et al.,
2012).

Protoplast isolation

Protoplast isolation was carried out as per previous protocols with
minor changes (Drechsel et al., 2011). Mesophyll protoplasts
were isolated from leaves of 6-wk-old plants in protoplasting
buffer (500 mM sorbitol, 1 mM CaCl2, 0.25% macerozym R10,
1% cellulase R10, 10 mM MES-KOH, pH 5.7). The protoplast
transformation was performed with 150 ll protoplasts, 20 lg
plasmid DNA and 165 ll PEG-Ca buffer (40% PEG 4000,
200 mM sorbitol, 100 mM CaCl2). The transformation sample
was mixed completely by gently rotating the tube and was incu-
bated for 30 min at room temperature in the dark. To stop this
process, the sample was diluted with W5 buffer (154 mM NaCl,
125 mM CaCl2, 5 mM KCl, 5 mM glucose, 2 mM MES, pH
5.7) in three steps of 500 ll, 1 ml and 1.5 ml. The sample was
centrifuged at 60 g for 3 min (without brake) and was washed
with 3 ml W5 buffer twice. The protoplasts were incubated for
24 h at room temperature in the dark and fluorescence signals
were analysed by confocal laser scanning microscopy.

Confocal laser scanning microscopy

To detect fluorescence of green fluorescent protein (GFP)- or
mCherry/RFP-fusion proteins in living cells, confocal laser scan-
ning microscopy was applied by using the Leica TCS SP8 Confo-
cal Platform (Leica Microsystems, Wetzlar, Germany). The
cytosol/nucleus marker Wave1RmCherrypNIGEL (Geldner et al.,
2009) and the endoplasmic reticulum (ER) marker ER-rk CD3-
959 (Nelson et al., 2007) were used for co-localization experi-
ments. For excitation of GFP and mCherry/RFP, laser light of
488 and 561 nm was used, respectively. The detection windows
ranged from 496 to 511 nm (GFP), 569 to 591 nm (mCherry/
RFP) and 690 to 708 nm for detection of chlorophyll auto-
fluorescence.

Transient protein expression and co-immunoprecipitation
in Nicotiana benthamiana

Transient protein expression in N. benthamiana leaves was car-
ried out as previously described (Drechsel et al., 2011). The

infiltration buffer was adjusted to 0.1M Na-phosphate buffer
(pH 6.0), with 10 mM MgCl2 and 0.01 mM acetosyringone.
GFP-SOC3 and pBIN19-35S::GFP (Tan, 2012) were co-
infiltrated with vector P19 (Lakatos et al., 2004), respectively.
The nucleus marker H2B-RFP and SAUL1-RFP were used for
co-localization experiments. The Co-IP protocol was followed as
previously described (Moffett et al., 2002; Xu et al., 2014b).

Isolation of total protein from N. benthamiana leaves

For total protein isolation, infiltrated N. benthamiana leaves were
ground in liquid nitrogen. To each sample, 700 ll phenol and
700 ll crude extract buffer (30% sucrose, 2% sodium dodecyl
sulfate (SDS), 5% dithiothreitol, 0.1 M Tris-HCl, pH 8.0) were
added. The samples were centrifuged for 5 min at 10 000 g at
room temperature. The supernatant was precipitated with 1.5 ml
0.1M ammonium acetate (in methanol) for 45 min at �20°C.
After centrifugation for 8 min at 10 000 g, the pellet was washed
with 800 ll 0.1 M ammonium acetate (in methanol) and 800 ll
80% acetone twice, respectively. The pellet was resuspended in
100 ll Laemmli buffer.

SDS-PAGE and immunoblotting

For SDS-polyacrylamide gel electrophoresis (PAGE), the
TruPAGE Precast Gels (gradient: 4–20%) (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Deutschland) were used and the
proteins were transferred to nitrocellulose membrane. For
immunodetection the anti-GFP antibody (dilution 1 : 3500; rab-
bit IgG; Sigma-Aldrich) and goat anti-rabbit IgG antibody with
horseradish peroxidase (dilution 1 : 5000; peroxidase-conjugated;
Merck Millipore, Merck Chemicals GmbH, Darmstadt, Ger-
many) were used.

MAPK activation

Seeds of the indicated genotypes were grown on half-strength MS
medium plates under long day conditions (16 h : 8 h, light : dark)
for 10 d and then sprayed with 1 lM flg22. Samples were har-
vested 15 min after flg22 treatment. Protein bands were analyzed
by immunoblots using anti-Erk antibody (Cell Signaling, Dan-
vers, MA, USA; #4370S).

Split-luciferase assay

The split-luciferase assay system has been previously described
(Chen et al., 2008). pCambia1300-SUSA1-Cluc construct was
made using primers SUSA1-KpnI_F 50-CGGGGTACCATG
GTGTCCTCCTCTGCACCT-30 and SUSA1-SalI-R 50-ACGC
ACGCGTCGACTCACTTGAAAACACGCAGGAG-30. pCam-
bia1300-SAUL1-Nluc was made using primers SAUL1-KpnI-F
50-CGCGCGGTACCA TGGTTGGAAGCTCGGATG-30 and
SAUL1-SalI-R 50-GCGGCCGTCGACTGCGATGTT TGGG
AAT-30. Briefly, the constructs were transformed into
A. tumefaciens GV3101 cells. The cells were collected and resus-
pended in an infiltration medium (10 mM MES, pH 5.6,
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150 lM acetosyringone) to a final concentration of OD600 = 0.6.
Four-wk-old N. benthamiana leaves were infiltrated using 1 ml
syringes with different combinations of bacterial suspensions.
The plants were incubated at room temperature with dim light
for 48 h. 1 mM of D-luciferin (Sigma-Aldrich) dissolved in
dimethyl sulfoxide, 10 mM MgCl2 and 10 mM MES, pH 5.6,
were infiltrated into the Agrobacteria-infiltrated leaves before cut-
ting the leaves for exposure. Luminescence was visualized after a
20–30 min exposure using a CCD camera with a low-light imag-
ing system (ChemiDocTM XRS+; Bio-Rad, http://www.bio-rad.c
om/) using a 39 3 binning setting for all images.

Accession numbers

The T-DNA alleles of saul1-1, soc3-7, soc3-21 and pub43-1 are
SALK_063974, SALK_069931, SALK_200339 and
SALK_112870, respectively.

Results

Overexpression of SAUL1 enhances snc1 and leads to
autoimmunity in wild-type background

To search for E3 ligases involved in plant immunity, a SNIPER
screen was conducted. We selected 50 candidate E3-encoding
genes whose transcripts are up-regulated upon plant defense,
according to TAIR Microarray Expression databases. The chosen
candidates were overexpressed in the autoimmune mutant snc1
background. In the primary screen, we searched for transgenic
enhancers or suppressors that altered snc1-mediated dwarfism.

From the SNIPER screen, we identified SNIPER3/SAUL1
(also named as PUB44/AT1G20780, hereafter SAUL1) as an snc1
enhancer. When overexpressed in snc1, it enhanced snc1 dwarfism
(Supporting Information Fig. S1A,B). To examine its overexpres-
sion phenotypes in the wild-type (WT) Col-0 background, inde-
pendent transgenic plants carrying SAUL1 driven by the
Cauliflower Mosaic Virus (CaMV) 35S promoter were obtained.
The majority of the transformants exhibited stunted growth,
curly leaves and necrosis (Fig. 1a), indicative of autoimmunity.
In the 35S::SAUL1 transgenic plants, the expression of PR1 was
significantly up-regulated compared with Col-0 (Fig. 1b). Con-
sistently, growth of the virulent pathogens H.a. Noco2 (Fig. 1c)
and P.s.m. ES4326 (Fig. 1d) was reduced. Taken together, these
data suggest that SAUL1 plays a positive role in promoting
immune responses. When overexpressed, the plants exhibit
autoimmunity.

Identification and molecular cloning of SUSA1

saul1-1 knockout mutants exhibit autoimmunity that is depen-
dent on PAD4 and EDS1 (Vogelmann et al., 2012; Disch et al.,
2016). Because E3 ligases mostly target proteins for degradation,
loss-of-function of an E3 would probably result in higher accu-
mulation of its target protein. The E3 substrate could therefore
be identified by screening for genetic suppressors of the E3
mutant phenotype, where loss of the substrate gene would

abolish the knockout E3’s phenotypes. Additionally, such a sup-
pressor screen may also identify component(s) that function
downstream of or in parallel with SAUL1 to reveal its signaling
mechanism. Two independent suppressor screens were carried
out with saul1-1, one in Germany (Hoth Lab) and the other in
Canada (Li Lab). As shown in Fig. 2(a), these saul1-1 suppressor
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Fig. 1 Overexpression of SAUL1 confers autoimmunity in wild-type Col-0
background. (a) Morphology of 4-wk-old Col-0 and two independent
35S::SAUL1 transgenic Arabidopsis plants in Col-0 background. (b) SAUL1
and PR1 gene expression in the indicated genotypes as determined by RT-
PCR. ACTIN7 serves as loading control. The fragments of SAUL1 and PR1

were amplified from cDNA templates by 31 and 26 cycles of PCR,
respectively. (c) Quantification of Hyaloperonospora arabidopsidis (H.a.)
Noco2 sporulation on the indicated genotypes. Three-week-old plants
were spray-inoculated with H.a. Noco2 conidiospores at a concentration
of 100 000 spores per milliliter of water. Quantification of conidia growth
on leaf surface was determined 7 d post inoculation (dpi). Data represent
means of four replicates. Error bars are � SD. ***, P < 0.001 (Student’s t-
test, GraphPad PRISM 6). (d) Bacterial growth of Pseudomonas syringae pv.
maculicola (P.s.m.) ES4326 in the indicated genotypes. Leaves of 4-wk-
old plants were infiltrated with P.s.m. ES4326 at OD600 = 0.001.
Quantification of colony-forming-units (CFU) in the infected area was
examined at 0 and 3 dpi, respectively. Data represent means of five
replicates. Error bars are � SD. ***, P < 0.001 (Student’s t-test, GraphPad
PRISM 6).
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Fig. 2 Characterization of saul1 suppressors. (a) Morphology of 4-wk-old Col-0, saul1-1 and saul1 susa1 Arabidopsis mutant plants. (b) List of susa1/soc3
alleles identified from independent screens carried out in Canada or Germany. The predicted consequences of the mutations at the protein level are
included. (c) Predicted protein structure of SOC3 with amino acid changes in each soc3 allele indicated as arrows. SOC3 encodes a typical Toll interleukin 1
receptor (TIR)-type NLR (TNL). (d) Morphology of 4-wk-old Col-0, saul1-1, saul1-1 soc3-21 and soc3-21 plants. (e) Relative transcript levels of PR1 in the
indicated genotypes as determined by RT-PCR. Total RNA was extracted from 4-wk-old plants grown at 22°C under long day conditions (16 h : 8 h,
light : dark). ACTIN7was used to normalize the transcript levels. Data represent means of three replicates. Error bars are � SD. The saul1-1 plants were
grown at 28°C for 3 wk before being removed to 22°C to rescue the seedling lethal phenotype.
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mutants completely or partially reverted saul1-1 to wild-type size
and abolished its necrosis phenotype. They were named as
suppressor of saul1-1 (susa1) mutants.

To map susa1, the saul1-1 susa1-2 mutant in Columbia
(Col-0) background was crossed with Landsberg erecta (Ler) to
generate an F2 segregating population. However, among 288 F2
plants, none exhibited saul1-like phenotypes, indicating a tight
genetic linkage between saul1 and susa1. This was further con-
firmed with crosses between saul1-1 susa1-2, saul1-1 susa1-7,
saul1-1 susa1-8, or saul1-1 susa1-10 and Col-0. Among 100–400
F2 plants from each cross, no saul1-like progeny was identified. In
addition, when saul1-1 susa1-2 was crossed with saul1-1 susa1-5,
failed complementation was observed in F1 progeny, suggesting
that these two susa1 mutants carry mutations in the same gene.
Pairwise allelism tests among saul1-1 susa1-7, saul1-1 susa1-8,
saul1-1 susa1-9, saul1-1 susa1-10, saul1-1 susa1-12 and saul1-1
susa1-13 further confirmed that the susa1 mutants identified in
the Hoth Lab were allelic to each other.

To identify the molecular lesions in susa1 mutants, whole
genome re-sequencing was carried out on saul1-1 susa1-2 and
saul1-1 susa1-5 identified in the Li Lab and on saul1-1 susa1-7,
saul1-1 susa1-12 and saul1-1 susa1-13 from the Hoth Lab. Close
examination of mutations in the genomic region close to saul1 in
all mutants identified only one common candidate, AT1G17600
(which was recently named SOC3) (Zhang et al., 2016), where
independent mutations were found in all of the susa1 alleles. In
susa1-2, a C to T mutation caused a leucine to phenylalanine
change at amino acid position 455. In susa1-5, a C to T mutation
resulted in a leucine to phenylalanine change at amino acid posi-
tion 922. In susa1-7, a G to A mutation resulted in a change from
glycine to arginine at amino acid position 212. In susa1-12, a C
to T mutation resulted in a change from serine to phenylalanine
at amino acid position 960. In susa1-13, a G to A mutation
resulted in a change from valine to methionine at amino acid
position 712. Eight more alleles of susa1 were further identified
by Sanger sequencing of SOC3 with genomic DNAs from other

saul1-1 susa1 alleles (Fig. 2b). Collectively, these data indicate
that SUSA1 is probably SOC3.

SOC3 encodes a typical TNL immune receptor protein.
Among the 13 soc3 alleles isolated from the screens, one missense
mutation was found in the TIR domain, five in the NB domain,
six in the LRR domain and one at the C-terminus (Fig. 2c), sug-
gesting that each domain of the TNL is important for its func-
tion. A canonical NLR protein requires an intact P-loop motif
that facilitates ATP binding and hydrolysis (Takken & Tameling,
2009). From the screen, there are two P-loop mutant alleles,
susa1-7/soc3-14 (G212R) and susa1-8/soc3-15 (G214R)
(Fig. S2A), suggesting that the P-loop motif is indispensable for
the proper functioning of SOC3.

To further confirm the proper identification of SOC3, we
obtained two exonic T-DNA knockout alleles of soc3,
SALK_200339 designated as soc3-21, and SALK_069931 previ-
ously designated as soc3-7 (Fig. 2b,c) (Zhang et al., 2016). The
saul1-1 soc3-21 double mutant completely reverted saul1 to WT
morphology (Fig. 2d). Additionally, the higher expression of PR1
in saul1 was completely suppressed in the saul1-1 soc3 plants
(Fig. 2e). Taken together, these data indicate that SUSA1 is
SOC3/AT1G17600, which encodes a P-loop-dependent TNL
immune receptor.

PAMP-triggered responses are impaired in the saul1-1 soc3
pub43 triple mutant

As SAUL1 seems to serve a positive role in immune regulation
(Fig. 1), loss of SAUL1 function should yield an enhanced suscepti-
bility phenotype. As the autoimmunity of saul1-1 is mediated by
SOC3, the real phenotype of saul1-1 is probably masked by the
activation of SOC3. To investigate the function of SAUL1 in basal
defense, we challenged saul1-1 soc3 double mutants with virulent
pathogen P.s.m. ES4326 (Fig. 3a) and P.s.t. DC3000 (Fig. 3b). We
consistently observed a slight but not always significant increase in
bacterial growth in saul1-1 soc3 double and soc3 single mutants.

Fig. 3 Characterization of saul1-1 soc3 double and saul1-1 soc3-12 pub43-1 triple Arabidopsis mutants. (a, b, d, e) Bacterial growth of Pseudomonas

syringae pv.maculicola (P.s.m.) ES4326 (a), Pseudomonas syringae pv. tomato (P.s.t.) DC3000 (b), P.s.t. DC3000 AvrRps4 (d) and P.s.t. DC3000 AvrRpt2
(e) in leaves of the indicated genotypes. Leaves of 4-wk-old plants were infiltrated with bacterial culture of P.s.m. ES4326, P.s.t. DC3000, P.s.t. DC3000
AvrRps4 and P.s.t. DC3000 AvrRpt2 at a dosage of OD600 = 0.0001, 0.0001, 0.002 and 0.002, respectively. Quantification of colony-forming-units (CFU)
was carried out at 0 and 3 d post inoculation (dpi). Data represent means of five replicates. Error bars are � SD. Different superscripts indicate significant
differences between groups, whereas identical superscripts denote no significant differences (ANOVA, GraphPad PRISM 6, P < 0.05). (c) Quantification of
Hyaloperonospora arabidopsidis (H.a.) Noco2 sporulation on the indicated genotypes. Two-week-old plants were spray-inoculated with H.a. Noco2
conidiospores at a concentration of 100 000 spores per milliliter of water. Quantification of sporulation on the leaf surface was determined 7 d post
inoculation (dpi). Data represent means of four replicates. Error bars are � SD. Different superscripts indicate significant differences between groups,
whereas identical superscripts denote no significant differences (one-way ANOVA, GraphPad PRISM 6, P < 0.05). (f) Bacterial growth of P.s.t.
DC3000 hrcC� in the indicated genotypes. Leaves of 4-wk-old plants were infiltrated with P.s.t. DC3000 hrcC� at OD600 = 0.001. Quantification of CFU
was examined at 0 and 3 dpi. Data represent means of five replicates. Error bars are � SD. Different superscripts indicate significant differences between
groups, whereas identical superscripts denote no significant differences (one-way ANOVA, GraphPad PRISM 6, P < 0.05). The mutant agb1-2 (Arabidopsis
G-protein s-subunit 1) was previously shown to have PTI defects (Liu et al., 2013), and it served as a susceptible control in P.s.t. DC3000 hrcC� growth
and reactive oxygen species (ROS) assays. (g) Time course of ROS production in response to flg22 in the indicated genotypes. Excised leaves of 4-wk-old
plants were treated with 100 nM flg22. Relative light units (RLU) were quantified using a luminometer. Data represent means of 12 replicates. Error bars
are � SD. (h) flg22-induced MPK activation. The seeds of indicated genotypes were grown on half-strength MS medium plates for 10 d and the seedlings
were sprayed with 1 lM flg22. Samples were harvested 15min after flg22 treatment. Protein bands were analyzed by immunoblots using anti-Erk
antibody that recognizes the activated MAP kinases MPK6, MPK3 and MPK4 (Cell Signaling; #4370S). The experiment was repeated twice with similar
results. (i) Quantifications of the band intensity of MPKs are shown in (h). Image J was used to quantify the band intensity of MPK3 and MPK4/11 from
three different biological repeats (normalized to loading control, relative to Col-0). Different superscripts indicate significant differences between groups,
whereas identical superscripts denote no significant differences. Bars represent means � SD (n = 3) (one-way ANOVA, SPSS Statistics, P < 0.05).
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This suggests that SOC3 might be involved in recognizing an effec-
tor of P.s.m. ES4326 or P.s.t. DC3000, as loss of SOC3 leads to
enhanced susceptibility to these two bacterial strains. However,
saul1-1 soc3 double mutants and soc3 single mutants showed wild-
type levels of susceptibility against the virulent oomycete pathogen
H.a. Noco2 (Fig. 3c), suggesting that SAUL1 and SOC3 are not
required for basal resistance to H.a. Noco2.

To further determine whether SAUL1 is required for immu-
nity mediated by known NLR proteins, we conducted pathogen
growth assays on saul1-1 soc3 double mutants with avirulent bac-
teria P.s.t. DC3000 expressing the effectors AvrRps4 or AvrRpt2.
These pathogen effectors are recognized by the TNL protein
RPS4 (resistance to Pseudomonas syringae 4) (Axtell & Staskawicz,
2003) or the CNL protein RPS2 (Mackey et al., 2003),
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respectively. Growth of neither P.s.t. DC3000 AvrRps4 nor
AvrRpt2 was significantly affected in the saul1 soc3 double
mutant (Fig. 3d,e), suggesting that SAUL1 is not required for
RPS4- or RPS2-mediated immunity.

As SAUL1 was previously shown to associate with the plasma
membrane (Drechsel et al., 2011; Vogelmann et al., 2014), we
tested the role of SAUL1 in PRR-mediated PTI by challenging
saul1-1 soc3 double mutant with the type III secretion system
(T3SS)-deficient bacterial strain P.s.t. DC3000 hrcC-. As no
effectors can be delivered into host cells by the P.s.t. DC3000
hrcC- mutant, enhanced growth of this strain in planta suggests
defective PTI. No alteration of the growth of hrcC- was observed
in saul1 soc3 plants (Fig. 3f). Since SAUL1 shares 73% amino
acid identity with its closest homolog PUB43 (Fig. S3), we fur-
ther tested a potential functional redundancy between SAUL1
and PUB43 by generating the saul1-1 soc3-12 pub43-1 triple
mutant for P.s.t. DC3000 hrcC- growth assays. As shown in
Fig. 3(f), bacterial growth on day 3 after inoculation was signifi-
cantly increased in saul1-1 soc3-12 pub43-1 triple mutants com-
pared to WT, saul1 soc3 and pub43 soc3 double mutant plants,
suggesting that SAUL1 and PUB43 work redundantly in positive
regulation of PTI.

ROS production and MAPK activation are two responses asso-
ciated with PTI (Boller & Felix, 2009). To examine whether
SAUL1 and PUB43 are required for ROS production, we con-
ducted a time-course ROS assay on saul1-1 soc3 and saul1-1 soc3-
12 pub43-1 plants in response to flg22. As shown in Fig. 3(g),
ROS production in saul1-1 soc3 and saul1-1 soc3-12 pub43-1
accumulated to a similar level as the WT, suggesting that
SAUL1 and PUB43 are not required for ROS production trig-
gered by flg22. However, when MAPK activation by flg22 was
examined, we observed a significant reduction in the triple
mutant (Fig. 3h,i). Taken together, these data indicate that
SAUL1 and PUB43 are redundantly required for PTI responses.

SAUL1 overexpression phenotypes are dependent on
SOC3

As saul1-1 knockout phenotypes are fully dependent on SOC3,
we investigated whether SAUL1 overexpression autoimmune
phenotypes are also dependent on SOC3. To test this, we crossed
35S::SAUL1 T1-7 with soc3-21. Intriguingly, soc3-21 completely
suppressed the dwarf phenotype of the SAUL1 overexpression
line (Fig. 4a). In addition, the enhanced immunity of SAUL1
transgenic line 35S::SAUL1 T1-7 against H.a. Noco2 reverted to
the WT level by the presence of the soc3-21 mutation (Fig. 4b).
Moreover, the decreased bacterial growth in the SAUL1 overex-
pression line in response to P.s.m. ES4326, P.s.t. DC3000 and
P.s.t. DC3000 (AvrRps4 and AvrRpt2) was also fully suppressed
in the 35S::SAUL1 T1-7 soc3-21 transgenic line (Fig. 4c–f). With
regard to P.s.t.DC3000 hrcC- growth, we did not observe altered
growth of the bacteria in the 35S::SAUL1 T1-7 plants (Fig. 4g).
Overall, these data suggest that SAUL1 overexpression autoim-
mune phenotypes are dependent on SOC3. In addition, when
35S::SAUL1 was transformed in soc3-21 and Col-0 backgrounds,
among the T1 plants obtained, 67% (14/21) in Col-0 showed

dwarfism, whereas all (35/35) of the T1 in the soc3-21 back-
ground showed a WT morphology, confirming that the SAUL1
overexpression phenotypes rely on SOC3.

Subcellular localization of SOC3

As SAUL1 associates with the plasma membrane (Drechsel et al.,
2011; Vogelmann et al., 2014), we examined the subcellular
localization of SOC3. Full-length genomic SOC3 was cloned in-
frame with an N-terminal GFP tag driven by the CaMV 35S pro-
moter. When transformed into saul1-1 soc3-12 double mutant,
the T1 GFP-SOC3 transformants were able to fully complement
the phenotypes of soc3-12 (Fig. 5a), suggesting that the GFP-
SOC3 fusion protein is functional and localizes to its correct sub-
cellular compartments. From Western blot experiments, the full-
length GFP-SOC3 was properly expressed (Fig. S4). When GFP-
SOC3 was expressed in Arabidopsis leaf protoplasts, GFP fluores-
cence was observed in the cytosol in some protoplasts, but in the
ER in others (Fig. 5b). The GFP signal could represent localiza-
tion of both the full-length and the degradation products of
SOC3. When GFP-SOC3 was co-expressed with red-fluorescent
cytosol/nucleus or ER markers, respectively, merging green and
red fluorescence indicated that in both cases the signals largely
overlapped (Fig. 5b). We did not observe overlap of GFP-SOC3
with the cytosol/nucleus marker in the nucleus of protoplasts.
However, when transiently expressing GFP-SOC3 in
N. benthamiana leaf epidermal cells, GFP fluorescence indicated
the presence of the fusion protein in some nuclei, whereas other
nuclei were only surrounded by the GFP fluorescence signal. This
was different from the GFP control that showed GFP fluores-
cence in all nuclei as expected (Fig. 5c). GFP-SOC3 was also con-
firmed to co-localize to the nucleus marker H2B-RFP (Fig. 5c).
Collectively, these data suggest that SOC3 localizes to cytosol,
ER and nucleus. When GFP-SOC3 and SAUL1-RFP were tran-
siently co-expressed in N. benthamiana, partial co-localization of
SOC3 and SAUL1 at or near the plasma membrane was observed
(Fig. S5A), suggesting a potential interaction of SAUL1 and
SOC3 in the co-localized area. We also tested whether SAUL1-
GFP re-localizes upon pathogen infection. As shown in Fig. S5
(B), SAUL1-GFP does not seem to re-localize in response to
P.s.t. DC3000 infiltration.

SAUL1 associates with SOC3 in N. benthamiana

To test whether SAUL1 and SOC3 interact, we transiently co-
expressed 35S::HA-SAUL1 and Super::SOC3-HA-FLAG in
N. benthamiana. Co-immunoprecipitation (co-IP) by FLAG
agarose beads pulled down HA-SAUL1 protein (Fig. 6a), suggest-
ing that SAUL1 and SOC3 associate with each other in planta.
However, in a reverse co-IP experiment, we were not able to pull
down HA-SOC3 using SAUL1-FLAG (Fig. 6b). This is probably
because of the much lower expression level of SOC3 compared
with that of SAUL1. The amount of SAUL1-associated SOC3
protein may be too low to be detected in the reverse IP. Alterna-
tively, the FLAG epitope could be masked in the SAUL1–SOC3
complex, and only free SAUL1 is being pulled down.
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To examine whether SAUL1 and SOC3 interact directly with
each other, a yeast two-hybrid assay was carried out. SAUL1DNDC
was fused to the binding domain (BD) of the GAL4 transcription
factor, and the SOC3 full-length and the TIR domain of SOC3
were fused to the GAL4 activation domain (AD), respectively. Co-
transformed yeast cells with BD-SAUL1DNDC and SOC3-AD or
SOC3-TIR-AD were unable to grow on selection agar plates con-
taining 3-AT (Fig. 6c). This suggests that the interaction between
SAUL1 and SOC3 may be indirect. Alternatively, their interaction
may require plant factors that are absent in yeast.

To further investigate the SAUL1–SOC3 interaction in planta, a
split-luciferase (Luc) complementation assay was carried out. SAUL1
was fused with the N-terminus of Luc and SOC3 was fused with the
C-terminus of Luc. As shown in Fig. 6(d), no luciferase activity was
detected when both fusion proteins were transiently expressed in
N. benthamiana. Taken together, these data suggest that SAUL1 and
SOC3 probably reside in the same protein complex, but they appear
not to have direct contact with each other.

The U-box and its conserved Cys residue of SAUL1 is
required for both the SAUL1 knockout and overexpression
autoimmune phenotypes

SAUL1 contains a conserved U-box domain and has been shown
to exhibit E3 ligase activity (Raab et al., 2009). For plant PUB fam-
ily of E3s, the U-box and its conserved Cys residues are predicted
to be essential for their E3 activities (Yee and Goring, 2009). It
remains unclear whether the U-box is required for the activation of
SOC3-dependent immunity when it is knocked out or overex-
pressed. To test this, we made E3-deficient mutants of SAUL1 by
deleting the U-box domain (SAUL1ΔU-box) or mutating the con-
served Cys29 to Ala (C29A) in the conserved U-box domain.
These mutant forms were transformed in saul1-1, Col-0 or soc3-21
backgrounds, respectively. The results showed that: (1) SAUL1ΔU-
box or SAUL1 C29A cannot complement saul1-1 (Fig. 7a,b). The
T1 transgenic plants obtained in saul1 background resembled
saul1-1, suggesting that the U-box of SAUL1 is required for its
function related to SOC3 activation. Without an intact U-box
domain, SAUL1ΔU-box or C29A constructs cannot complement
the saul1-1 defects. (2) None of the 35S::SAUL1ΔU-box or C29A
T1 transgenic lines exhibited the dwarf, curly leaf phenotypes of
SAUL1 overexpression plants (Fig. 7c,d), indicating that U-box
mediated E3 activity is probably also needed for the SAUL1

1 cm

Col-0

35S::SAUL1 T1-7

35S::SAUL1 T1-7
soc3-21

soc3-21

(a)

Col-0

35
S::S

AUL1 T1-7

35
S::S

AUL1 T
1-7

so
c3

-21

so
c3

-21

so
c3

-7
ed

s1
-2

0

500

1000

1500
H. a. Noco2

a

b b
b b

c

Col-0

35
S::S

AUL1 T1-7

35
S::S

AUL1 T
1-7

so
c3

-21

so
c3

-21

so
c3

-7
ed

s1
-2
Col-0

35
S::S

AUL1 T1-7

35
S::S

AUL1 T
1-7

so
c3

-21

so
c3

-21

so
c3

-7
ed

s1
-2

0
1
2
3
4
5
6
7
8
9

10
P.s.t. DC3000

a
b

c c c

dDay 3

Day 0

Col-0

35
S::S

AUL1 T1-7

35
S::S

AUL1 T
1-7

so
c3

-21

so
c3

-21

so
c3

-7
ndr1

Col-0

35
S::S

AUL1 T1-7

35
S::S

AUL1 T
1-7

so
c3

-21

so
c3

-21

so
c3

-7ndr1
0
1
2
3
4
5
6
7
8

P.s.t. DC3000 AvrRpt2

ab b b

c

Day 0

Day 3

b

Col-0

35
S::S

AUL1 T1-7

35
S::S

AUL1 T
1-7

so
c3

-21

so
c3

-21

so
c3

-7
ed

s1
-2
Col-0

35
S::S

AUL1 T1-7

35
S::S

AUL1 T
1-7

so
c3

-21

so
c3

-21

so
c3

-7
ed

s1
-2

0
1
2
3
4
5
6
7
8
9

10
P.s.m. ES4326

ab c c c
dDay 3

Day 0

Col-0

35
S::S

AUL1 T1-7

35
S:: S

AUL1 T1-7
so

c3
-21

so
c3

-21

so
c3

-7
ed

s1
-2
Col-0

35
::S

AUL1 T1-7

35
S::S

AUL1 T
1-7

so
c3

-21

so
c3

-21

so
c3

-7
ed

s1
-2

0
1
2
3
4
5
6
7
8
9

10
P.s.t. DC3000 AvrRps4

a
b b b b

c

Day 0

Day 3

Col-0

35
S::S

AUL1 T1-7

35
S::S

AUL1 T
1-7

so
c3

-21

so
c3

-21

ag
b1-2

Col-0

35
S::S

AUL1 T1-7

35
S::S

AUL1 T
1-7

so
c3

-21

so
c3

-21

ag
b1-2

0
1
2
3
4
5
6
7
8

P. s. t. DC3000 hrcC-

a a a a

b
Day 0

Day 3

Lo
g 

(C
FU

 c
m

–2
)

Lo
g 

(C
FU

 c
m

–2
)

Lo
g 

(C
FU

 c
m

–2
)

Lo
g 

(C
FU

 c
m

–2
)

Lo
g 

(C
FU

 c
m

–2
)

(b) (c)

(d) (e)

(f) (g)

Sp
or

es
 m

g–1
 F

W

Fig. 4 The autoimmune SAUL1 overexpression phenotypes are dependent
on SOC3 in Arabidopsis. (a) Morphology of 4-wk-old Col-0, 35S::SAUL1
T1-7, 35S::SAUL1 T1-7 soc3-21 and soc3-21 plants. (b) Quantification of
Hyaloperonospora arabidopsidis (H.a.) Noco2 sporulation on the
indicated genotypes. Three-week-old plants were spray-inoculated with
H.a. Noco2 conidiospores at a concentration of 100 000 spores per
milliliter of water. Quantification of sporulation levels on the leaf surface
was determined 7 d post inoculation (dpi). Data represent means of four
replicates. Error bars are � SD (one-way ANOVA, GraphPad PRISM 6,
P < 0.05). (c–f) Bacterial growth of Pseudomonas syringae pv.maculicola

(P.s.m.) ES4326 (c), Pseudomonas syringae pv. tomato (P.s.t.) DC3000
(d), P.s.t. DC3000 AvrRps4 (e) and P.s.t. DC3000 AvrRpt2 (f) in leaves of
the indicated genotypes. Leaves of 4-wk-old plants were infiltrated with
bacterial culture of P.s.m. ES4326, P.s.t. DC3000, P.s.t. DC3000 AvrRps4
or P.s.t. DC3000 AvrRpt2 at a dosage of OD600 = 0.0001, 0.0001, 0.002
and 0.002, respectively. Quantification of CFU was carried out at 0 and
3 dpi. Data represent means of five replicates. Error bars are � SD.
Different superscripts indicate significant differences between groups,
whereas identical superscripts denote no significant differences (one-way
ANOVA, GraphPad PRISM 6, P < 0.05). (g) Bacterial growth of P.s.t.
DC3000 hrcC� in the indicated genotypes. Leaves of 4-wk-old plants were
infiltrated with P.s.t. DC3000 hrcC� at OD600 = 0.002. Quantification of
CFU was examined at 0 and 3 dpi. Data represent means of five replicates.
Error bars are � SD. Different superscripts indicate significant differences
between groups, whereas identical superscripts denote no significant
differences (one-way ANOVA, GraphPad PRISM 6, P < 0.05).
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overexpression phenotype. (3) Among T1 plants of 35S::
SAUL1ΔU-box or SAUL1 C29A transformed in the Col-0 back-
ground, about half of them exhibited a seedling lethality phenotype
resembling saul1-1 plants (Fig. 7c,d), suggesting that deletion or
point mutation of the U-box domain probably causes a dominant-

negative effect. Agreeing with this idea, all transformants of 35S::
SAUL1ΔU-box or SAUL1 C29A in the soc3-21 background exhib-
ited wild-type morphology (Fig. 7c,d), suggesting that the domi-
nant-negative phenotypes of 35S::SAUL1ΔU-box are dependent on
SOC3, as with saul1-1mutants.

(a)

(b)

(c)

Fig. 5 Subcellular localization of GFP-SOC3.
(a) Morphology of 4-wk-old Col-0, saul1-1,
saul1-1 soc3-12, and two independent
complementing 35S::GFP-SOC3 transgenic
T1 plants in saul1-1 soc3-12 background. (b)
Co-localization of GFP-SOC3 with the
cytosol marker Wave1RmCherrypNIGEL and
the endoplasmic reticulum (ER) marker ER-rk
CD3-959 in Arabidopsis leaf protoplasts.
From left to right, images show GFP
fluorescence in green, the respective marker
fluorescence in red, chlorophyll fluorescence
in blue and the merged picture. Bars, 10 lm.
(c) Localization of GFP-SOC3 following
transient expression in Nicotiana

benthamiana leaf epidermal cells,
represented in a maximum projection (upper
left). White and yellow arrows indicate the
localization of GFP-SOC3 in the nucleus or
only around the nucleus. The GFP control is
represented in a single section (upper right).
From left to right, lower images show H2B-
RFP fluorescence in red, GFP-SOC3
fluorescence in green, and the merged
picture. Chlorophyll fluorescence is always
depicted in blue. Bars, 25 lm (upper images)
and 10 lm (lower images).

New Phytologist (2017) 215: 1516–1532 � 2017 The Authors

New Phytologist� 2017 New Phytologist Trustwww.newphytologist.com

Research

New
Phytologist1526

217



Discussion

From our SNIPER overexpression reverse genetic screen, we identi-
fied SAUL1/SNIPER3 as a snc1 enhancer when overexpressed
(Fig. S1A,B). SAUL1 encodes a U-box type E3 ubiquitin ligase
with 12 ARM repeats at its C-terminus (Mudgil et al., 2004).
SAUL1 overexpression also leads to enhanced resistance to
pathogens in wild-type background (Fig. 1), indicating that SAUL1

is a positive regulator of immunity. However, loss-of-function of
SAUL1 results in EDS1-/PAD4-dependent seedling lethality in
Arabidopsis (Raab et al., 2009; Vogelmann et al., 2012; Disch
et al., 2016), suggesting that SAUL1 is a negative regulator of
immunity that represses EDS1-/PAD4-mediated defense. How can
these seemingly opposite conclusions on SAUL1 function be
explained? From two independent saul1 suppressor screens con-
ducted in Canada and Germany, we identified many alleles of the
saul1 suppressor susa1. Interestingly, SUSA1 encodes a TNL pro-
tein, named SOC3 (Zhang et al., 2016), which is able to interact
with SAUL1 in planta. The autoimmune responses of both knock-
out and overexpression of SAUL1 rely on SOC3. Since SAUL1 has
a close homolog, PUB43, further phenotypic immune analysis of
the saul1 soc3 pub43 triple mutant revealed that the E3 ligase
SAUL1 functions redundantly with PUB43 in positive regulation
of PTI. SOC3 seems to act as a TNL immune sensor to monitor
the cellular homeostasis of SAUL1 (Fig. 8). Either loss or overex-
pression of SAUL1 activates SOC3-mediated immunity.

Positive regulators of PTI can be guarded by NLR immune
receptors. As a consequence, loss-of-function of these regulators
would trigger autoimmunity through the activation of NLRs, mask-
ing the true susceptibility phenotypes of their knockout mutants.
For example, the mekk1 and mpk4 single mutants and mkk1 mkk2
double mutant exhibit lesion mimic phenotypes with enhanced
resistance to virulent pathogens (Gao et al., 2008; Qiu et al., 2008).
These phenotypes are dependent on the CNL SUPPRESSOR OF
MKK1 MKK2, 2 (SUMM2), suggesting that the MEKK1-MKK1/
MKK2-MPK4 kinase cascade is guarded by SUMM2 (Zhang et al.,
2012). mkk1 mkk2 summ2 triple mutant plants exhibit enhanced
susceptibility to pathogens, revealing the true function of MKK1/
MKK2 as positive regulators of PTI. Another well-studied guardee
is RIN4 (RPM1-INTERACTING 4). RIN4 is targeted by two
unrelated P. syringae effectors AvrB and AvrRpm1, leading to phos-
phorylation of RIN4 which triggers the activation of the CNL pro-
tein RPM1 (RESISTANCE TO P. SYRINGAE PV
MACULICOLA 1) (Chung et al., 2011; Liu et al., 2011). In addi-
tion, P. syringe effector AvrRpt2 cleaves RIN4, activating CNL
RPS2 (RESISTANT TO P. SYRINGAE 2)-mediated immunity
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Fig. 6 SOC3 associates with SAUL1 in Nicotiana benthamiana. (a, b) Co-
immunoprecipitation of HA-SAUL1 by HA-FLAG-SOC3 (a) and co-IP of
HA-SOC3 by SAUL1-FLAG (b). Leaves of 5-wk-old N. benthamiana were
infiltrated with Agrobacterium carrying the constructs expressing the
indicated proteins. Total protein was harvested 48 h after infiltration. Total
protein extracts were immunoprecipitated with anti-FLAG beads and
subjected to Western blot analysis. (c) A yeast two-hybrid assay showed
negative interactions between BD-SAUL1DNDC and SOC3-AD or SOC3-
TIR-AD. AD, GAL4 activation domain fusions; BD, GAL4 DNA binding
domain fusions; -L-T-H, medium without leucine, tryptophan and
histidine. (d) Split luciferase assay showed negative interaction between
SAUL-NLuc and SOC3-CLuc. N. benthamiana leaves were co-infiltrated
with Agrobacterium tumefaciens carrying the indicated constructs.
Pictures were taken 48 h post infiltration. MPK4-Nluc +MPKK6-Cluc
serves as a positive control. (e) Relative transcript levels of SAUL1 and
SOC3 in N. benthamiana leaves expressing the indicated constructs as
determined by real-time PCR. Total RNA was extracted 48 h after
infiltration. The hygromycin resistance gene (Hph) was used to normalize
transcript levels. Bars, means� SD (n = 3).
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(Axtell & Staskawicz, 2003; Mackey et al., 2003; Chung et al.,
2011). Knocking out RIN4 leads to lethality due to extreme
autoimmunity caused by activation of RPS2 and RPM1. However,
recent studies on rpm1 rps2 rin4 plants revealed that RIN4 func-
tions to promote stomata opening through activation of the plasma
membrane H+-ATPase AHA1, which can be manipulated by bacte-
rial effectors to facilitate pathogen entry into plants (Lee et al., 2015;
Zhou et al., 2015).

From our current study, loss of SAUL1 results in the activation
of TNL SOC3, leading to a seedling lethality phenotype.

Therefore, the real biological function of SAUL1 is masked by
the autoimmunity mediated by SOC3 (Fig. 8). Although SAUL1
shares 73% amino acid identity with its closest homolog PUB43
(Fig. S3), loss of PUB43 does not seem to be monitored by NLRs
as pub43 single mutant plants do not exhibit any abnormal
immune phenotypes. Moreover, PUB43 cannot rescue the saul1
defects (Fig. S6A), suggesting that PUB43 is not guarded by
SOC3. In respect of being guarded by NLRs, these two E3s are
apparently not redundant. However, overexpression of PUB43
does lead to strong autoimmunity (from Fig. S6B–E), suggesting
that its accumulation could be guarded by SOC3 or other
unknown NLRs. The saul1-1 soc3 pub43 triple mutant exhibits
increased P.s.t. DC3000 hrcC- growth and reduced MAPK acti-
vation upon flg22 treatment, revealing that SAUL1 and PUB43
work redundantly as positive regulators of PTI. However, how
SOC3 monitors SAUL1 homeostasis is unclear. As we did not
detect direct protein–protein interaction between SAUL1 and
SOC3 in yeast two-hybrid or split-luciferase complementation
assays (Fig. 6c,d), this monitoring of SAUL1 homeostasis is prob-
ably through an indirect manner. For example, there could be an
intermediate protein in the same complex that is in between
SAUL1 and SOC3. Zhang et al. (2016) detected a direct interac-
tion between SOC3 and CHS1. CHS1 could thus be such a can-
didate intermediate in regulating the activity of SOC3.
Alternatively, SOC3 may directly guard the ubiquitination sub-
strate of SAUL1.

Positive regulators of PTI can be targeted by pathogen effec-
tors to suppress basal immunity. For example, Phytophthora
infestans AVR3a and Xanthomonas oryzae pv. oryzae XopPXoo tar-
get the positive defense regulatory U-box E3 ubiquitin ligases
CMPG1 and OsPUB44, respectively, to promote virulence (Bos
et al., 2010; Ishikawa et al., 2014). AVR3a directly binds
CMPG1 to inhibit its E3 ligase activity, whereas XopPXoo specifi-
cally binds to the U-box domain of OsPUB44 to interfere with
its activity (Bos et al., 2010; Ishikawa et al., 2014). Therefore, as
a positive regulator of PTI, SAUL1 may also be an effector target.
This yet-to-be identified effector could then be indirectly recog-
nized by the TNL immune receptor SOC3 to trigger ETI
(Fig. 8). In this model, SAUL1 serves as the guardee of SOC3
that is an intermediate protein between the effector and the NLR
immune receptor. As the soc3 single mutant exhibit enhanced
susceptibility against both P.s.m. ES4326 and P.s.t. DC3000, it
will be interesting to identify the corresponding effectors of
SOC3 in those bacteria strains.

One major question to be answered is the identity of the pro-
tein substrate of SAUL1. SAUL1 is a membrane-associated PUB-
ARM E3 ligase (Drechsel et al., 2011; Vogelmann et al., 2014).
Although SOC3 was identified as a genetic suppressor of saul1, it
is unlikely to be an ubiquitination substrate of SAUL1 that tar-
gets SOC3 for degradation. This conclusion is based on the find-
ing that the SOC3 protein level was not altered upon transient
co-expression with SAUL1 in N. benthamiana (Fig. S7). We also
did not observe ubiquitinated forms of SOC3 (Fig. S7). Based
on the phenotypes of saul1 pub43 soc3 triple mutant plants, we
propose that SAUL1 regulates PTI through ubiquitinating one or
more membrane-associated negative regulator(s) of PTI, leading
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Fig. 7 E3 ligase activity is required for the autoimmunity of both the saul1-
1 knockout and the SAUL1 overexpression phenotypes in Arabidopsis. (a)
Morphology of 3-wk-old Col-0, saul1-1 and two representative transgenic
plants of 35S:: SAUL1DU-box in saul1-1. (b) Morphology of 3-wk-old
Col-0, saul1-1 and two representative transgenic plants of 35S:: SAUL1
C29A in saul1-1. (c) Morphology of 4-wk-old Col-0 and two
representative transgenic plants of 35S::SAUL1DU-box in Col-0 or soc3-
21 background, respectively. (d) Morphology of 4-wk-old Col-0 and two
representative transgenic plants of 35S::SAUL1 C29A in Col-0 or soc3-21
background, respectively. In (a, b, d) the plants were germinated and
grown on half-strength MS medium for 7 d before being transplanted on
soil, rendering the autoimmune plant morphology slightly different from
the plants in (c) and in Figs 2 and 5.
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to their degradation by the proteasome (Fig. 8). We certainly
cannot exclude the possibility that SAUL1 may direct non-
canonical ubiquitination events that affect the activity, subcellular
localization or interactions of its substrate with other proteins
which do not result in target degradation. Hence, future identifi-
cation of the ubiquitination substrate(s) of SAUL1 will be a criti-
cal step to understand how exactly SAUL1 regulates PTI.
Interestingly, from the CCSB interactome database (Dreze et al.,
2011), one of SAUL1’s alleged interactors is LORE1/SD1.29.
LORE1 encodes a bulb-type lectin S-domain-1 receptor-like
kinase, which was shown to confer the recognition of lipopolysac-
charide (LPS) from Gram-negative bacteria (Ranf et al., 2015). It
can therefore be speculated that SAUL1 may act downstream of
LORE1 upon LPS elicitation to trigger PTI.

SOC3 encodes a typical TNL. Two motifs essential for proper
NLR activity are the P-loop (phosphate-binding loop) motif and
the MHD motif. The P-loop presumably coordinates ATP binding
and works as a molecular switch to turn on (ATP-bound) or off
(ADP-bound) NLR proteins (Hanson &Whiteheart, 2005). Muta-
tions in the P-loop often result in loss of NLR function (Tameling
et al., 2006; Xu et al., 2014a). From the current study, two P-loop

mutants, soc3-14 and soc3-15, have been identified through the
saul1-1 suppressor screens (Fig. S2A), suggesting that SOC3 is a
typical TNL protein that requires an intact P-loop. The MHD
motif is a conserved plant-specific motif that locates in the ARC2
sub-domain of the extended NB-ARC domain. In contrast to the
effects of P-loop mutations, mutation of the aspartic acid (D) in the
MHD motif often results in auto-activated NLR proteins that
induce pathogen-independent, constitutively activated defense
responses in plants (van Ooijen et al., 2008; Williams et al., 2011;
Zhang et al., 2012). Interestingly, the SOC3 protein contains a nat-
ural D to K mutation in the MHD motif (Fig. S2B), presumably
conferring auto-activation. In support of this notion, expression of
SOC3 in N. benthamiana alone indeed triggers the hypersensitive
response (HR) (Fig. S8) . This is reminiscent of a recent report
showing that in the rice NLR pair RGA4 and RGA5, RGA4 is an
auto-active NLR, while RGA5 functions as an NLR for effector
recognition that represses RGA4 in the absence of the effector
(C�esari et al., 2014). As soc3 mutants were also identified from the
chs1 suppressor screen, and SOC3 interacts with CHS1 directly,
SOC3 is probably the auto-active NLR whose activity is normally
repressed by pairing with CHS1 (Zhang et al., 2016).
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Fig. 8 A working model for SAUL1 and SOC3 function in Arabidopsis. ‘Substrate’ indicates SAUL1 E3 ligase substrate, predicted to be a negative regulator
of PAMP-triggered immunity (PTI) (see the Discussion section). This model assumes that SAUL1 is targeting its protein substrate for ubiquitination,
resulting in substrate degradation. However, we cannot exclude the possibility that SAUL1 may direct non-canonical ubiquitination which regulates the
activity, subcellular localization or interaction of its ‘substrate’ with other proteins, which does not result in the degradation of its ‘substrate’. (a) In
uninfected wild-type (WT) plants, SAUL1 is expressed at a low level. The SAUL1 substrate accumulates and negatively regulates PTI, and hence basal
resistance is off. By contrast, SAUL1 associates with SOC3-CHS1, and SOC3-mediated effector-triggered immunity (ETI) is off. (b) When WT plants are
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SOC3-mediated ETI. As a consequence, saul1 plants exhibit strong autoimmunity.
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SOC3 forms a head-to-head triplet cluster with two TIR-NB
(TN) genes: CHS1 (CHILING SENSITIVE 1, AT1G17610) and
TN2 (AT1G17615) (Fig. S9). The head-to-head arrangement indi-
cates a possible co-regulation between these genes as suggested by
recent studies (Gassmann et al., 1999; van der Biezen et al., 2002;
Jander et al., 2002; Deslandes et al., 2003; Birker et al., 2009;
Narusaka et al., 2009; Bi et al., 2011; Williams et al., 2014; Le Roux
et al., 2015; Sarris et al., 2015; Xu et al., 2015). For example, the
TNL RPS4 (Resistance to Pseudomonas syringae 4) is genomically
linked head-to-head with RRS1 (Resistance to Ralstonia solanacearum
1). RPS4 pairs with RRS1 to confer resistance to bacteria expressing
the effectors AvrRps4 or PopP2. Similarly, CHS3 (CHILLING
SENSITIVE 3), which encodes an atypical TNL with an additional
LIM (Lin-11, Isl-1 and Mec-3) domain, requires its adjacent head-
to-head TNL gene CSA1 (CONSTITUTIVE SHADE-
AVOIDANCE 1) (Bi et al., 2011; Xu et al., 2015). As we did not
isolate any alleles of chs1 or tn2 from the exhaustive saul1 suppressor
screens, saul1 phenotypes do not seem to require the functionality
of either CHS1 or TN2. The exact genetic and biochemical relation-
ship between CHS1/TN2 and SAUL1 will be an interesting ques-
tion to be addressed in the future.
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Figure S1. Overexpression of SAUL1 enhanced snc1-mediated immunity. 
  
(A) SAUL1 expression in the indicated genotypes as determined by RT-PCR. ACTIN7 serves as 

a loading control. The fragments of SAUL1 and ACTIN1 were amplified from cDNA 
templates by 31 cycles of PCR. The PCR products were then analyzed by agarose gel 
electrophoresis. 

(B) Morphology of four-week-old Col-0, snc1 and two independent 35S::SAUL1 transgenic 
plants in the snc1 background. 

New Phytologist Supporting Information  

E3 ligase SAUL1 serves as a positive regulator of PAMP-triggered immunity and its homeostasis 
is monitored by TNL SOC3 
Meixuezi Tong, Tanja Kotur, Wanwan Liang, Katja Vogelmann, Tatjana Kleine, Dario Leister, Catharina Brieske, Shuhua Yang, 

Daniel Lüdke, Marcel Wiermer, Yuelin Zhang, Xin Li and Stefan Hoth 

Acceptance date: May 26, 2017 

224



B

A

* *
soc3-14

soc3-15

P-loop: GXXXGKT/S

*
MHD motif

Figure S2. Amino acid sequence alignment of the SOC3 with that of SOC3-like proteins and 
selected TNLs from Arabidopsis.  
Amino acid sequence alignment of 1-273 aa (A) and 441-560 aa (B) of SOC3 with SOC3-like 
proteins and selected TNLs was carried out with ClustalW (BioEdit Sequence Alignment 
Editor). The positions of the P-loop and MHD motif are indicated with a black line. The 
mutation sites of soc3-14 and soc3-15 in the P-loop region are specified by the asterisks. 
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Figure S3.  Amino acid alignment of full length SAUL1 and PUB43.

Amino acid sequence alignment was carried out with ClustalW (BioEdit Sequence Alignment 
Editor).
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Figure S4. The expression of full-length of GFP-SOC3 protein. 
Western blot showed the expression of full-length of GFP-SOC3 protein at the predicted size. 
Coomassie Brilliant Blue Staining served as the loading control. 
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Figure S5. SAUL1 colocalizes with SOC3 in N. benthamiana and SAUL1 does not relocalize 
in response to P.s.t. DC3000 infection. 
 
(A) SAUL1 colocalizes with SOC3 in N. benthamiana. N. benthamiana leaves were co-

infiltrated with Agrobacterium tumefaciens carrying 35S::GFP-SOC3 and 35S::SAUL1-
RFP constructs, respectively. Co-localization was analyzed by confocal laser scanning 
microscopy 72 h after infiltration. The merge (right) of GFP fluorescence (green, middle), 
RFP fluorescence (red, left), and chlorophyll fluorescence (blue, middle) indicated some 
partial overlap of GFP-SOC3 and SAUL1-RFP (arrows). The scale bar represents 25 μm. 

(B) P.s.t. DC3000 infection does not cause relocalization of SAUL1. GFP fluorescence of 
35S::SAUL1-GFP saul1-1 plants (Drechsel et al., 2011) was monitored 0, 24, 48 and 72 
hours post inoculation (hpi) with P.s.t. DC3000 at 5 x 105 cfu ml-1 MgCl2 (upper images). 
Plasmolysis following treatment with 1 M NaCl supported the plasma membrane 
localization of SAUL1-GFP 0, 24, 48 and 72 hpi (lower images). The scale bars represent 
10 μm. 

228



A

B

C

1 cm

Col-0 saul1-1 35S::GFP-PUB43 in saul1-1
T1-1 T1-2

D

E

Col-0             T1-11        T1-12
35S::GFP-PUB43

1 cm

PR1 PR2

Col-0

35
S::G

FP-P
UB43

 
Col-0

35
S::G

FP-P
UB43

 
0

500
1000
1500
2000
2500
3000
3500
4000

Sp
or

es
/F

W
 (m

g)

H.a. Noco2

b

a
a

c

Figure S6. Overexpression of PUB43 leads to autoimmunity and cannot complement saul1-1. 
 
(A) Morphology of three-week-old Col-0, saul1-1 and two representative transgenic plants of 

35S::GFP-PUB43 in saul1-1. Plants were grown at 28°C for two weeks and 22°C for one 
week to reveal the yellowing phenotypes of saul1-1. 

(B) Morphology of four-week-old Col-0, two independent 35S::GFP-PUB43 transgenic plants 
in the Col-0 background. 

(C) Quantification of H.a. Noco2 sporulation on the indicated genotypes. Two-week-old plants 
were spay-inoculated with H.a. Noco2 conidia spores at a concentration of 100,000 conidia 
spores per ml water. Quantification of conidia growth on leaf surface was determined 7 days 
post inoculation (dpi). Data represent means of four replicates. Error bars are standard 
deviations. (One-way ANOVA, SPSS Statistics, p<0.05). 

(D) Morphology of two-week-old Col-0 and 35S::GFP-PUB43 plants. In 35S::GFP-PUB43 
plants, GFP fluorescence and the GFP-PUB43 protein were detectable, as indicated by 
detection of GFP fluorescence through confocal laser scanning microscopy and of the GFP-
PUB43 protein level by Western blotting using anti-GFP antibodies (inset). Ponceau S 
staining of Rubisco was used as loading control. 

(E) PR gene expression in 35S::GFP-PUB43 plants. Quantification of PR1 and PR2 gene 
expression by qPCR indicated the induction of defense genes in 35S::GFP-PUB43 plants. 
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Figure S7. SAUL1 does not target SOC3 for degradation. 
 
(A) HA-SAUL1 or an EV (empty vector) was co-expressed with SOC3-HA-FLAG in N. 

benthamiana leaves. Leaf tissue was harvested 48 hours after infiltration. Total protein 
extracts were subjected to western blot analysis. Ponceau staining serves as a loading 
control. 

(B) Quantification of protein levels of SOC3-HA-FLAG in the presence of HA-SAUL1 or EV 
in N. benthamiana. The band intensity was determined by ImageJ and was normalized to 
the Ponceau loading control. Data represent means of three replicates. Error bars are 
standard deviations. 
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Figure S8. Transient expression of SOC3 in N. benthamiana causes HR, and the HR is not 
suppressed when SOC3 is co-expressed with SAUL1. 
 
(A and B) Nicotiana benthamiana leaves were co-infiltrated with Agrobacterium tumefaciens 
carrying the indicated constructs at a concentration of OD600= 0.6. Transient expression of 
SOC3-HA-FLAG in N. benthamiana leaves caused hypersensitive responses (HR), which 
cannot be suppressed when co-expressed with SAUL1. SAUL1-HA alone sometimes causes HR 
(B). The picture was taken 60 hours after infiltration.  
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Figure S9. Genomic arrangements of SOC3, CHS1 and TN2.

Boxes denote exons; lines denote introns; arrows indicate orientations of transcription.
The encoded protein domains are indicated below the corresponding genomic regions. 
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PLANT SCIENCE

Isochorismate-derived biosynthesis
of the plant stress hormone
salicylic acid
Dmitrij Rekhter1, Daniel Lüdke2, Yuli Ding3, Kirstin Feussner1,4, Krzysztof Zienkiewicz1,
Volker Lipka5,6, Marcel Wiermer2*, Yuelin Zhang3*, Ivo Feussner1,7*

The phytohormone salicylic acid (SA) controls biotic and abiotic plant stress responses.
Plastid-produced chorismate is a branch-point metabolite for SA biosynthesis. Most
pathogen-induced SA derives from isochorismate, which is generated from chorismate by
the catalytic activity of ISOCHORISMATE SYNTHASE1. Here, we ask how and in which
cellular compartment isochorismate is converted to SA. We show that in Arabidopsis,
the pathway downstream of isochorismate requires only two additional proteins:
ENHANCED DISEASE SUSCEPTIBILITY5, which exports isochorismate from the plastid to
the cytosol, and the cytosolic amidotransferase avrPphB SUSCEPTIBLE3 (PBS3).
PBS3 catalyzes the conjugation of glutamate to isochorismate to produce isochorismate-
9-glutamate, which spontaneously decomposes into SA and 2-hydroxy-acryloyl-N-
glutamate. The minimal requirement of three compartmentalized proteins controlling
unidirectional forward flux may protect the pathway against evolutionary forces and
pathogen perturbations.

T
he plant hormone salicylic acid (SA) is re-
quired for adaptive responses to biotic and
abiotic stresses (1). The plant-specific SA-
biosynthesis pathway(s) remain unclear (1).
Plants can produce SA via two metabolic

processes, which diverge in plastids after the
metabolite chorismic acid. To execute signaling
functions, either SA or one of its precursors
needs to be transported out of the plastids. The
multidrug and toxin extrusion (MATE) family
transporter ENHANCED DISEASE SUSCEPTI-
BILITY5 (EDS5) localized in the chloroplast en-
velope is required in this process (2). In the
model plant Arabidopsis thaliana, ~10% of
defense-related SA is produced by the cytosolic
PHENYLALANINE AMMONIA LYASE pathway,
whereas ~90% is derived from isochorismate gen-
erated by the plastid-localized ISOCHORISMATE
SYNTHASE1 (ICS1) (fig. S1) (3). SA-producing
bacteria use an isochorismate pyruvate lyase
(IPL) to convert isochorismate to SA (4). How
plants convert plastidial isochorismate to SA

remains unclear, as no plant IPL homologs are
evident from genomic analyses (5).
Similar to plants with defects in ICS1 (6)

and EDS5 (2), plants carrying mutations in the
avrPphB SUSCEPTIBLE3 (PBS3) gene also show
reduced accumulation of SA in response to
pathogens (7–9). PBS3 belongs to the GH3 acyl-
adenylase gene family, whose founding member
JASMONIC ACID RESPONSE1 (JAR1; AtGH3.11)
catalyzes conjugation of isoleucine to jasmonic
acid, yielding the active hormone conjugate
jasmonoyl-isoleucine (10). Although SA is a
poor substrate of PBS3 (11), transcriptional co-
regulation of PBS3 with ICS1 and EDS5 (fig. S2)
suggests that all three gene products contribute
coordinately to modification, transport, or biosyn-
thesis of SA or its precursors. Key to SA signaling is
NONEXPRESSOR OF PATHOGENESIS-RELATED
GENES1 (NPR1), which encodes an SA-dependent
regulator of defense gene expression (12). Con-
sequently, npr1 mutant plants show compro-
mised defense against diverse pathogens (12).
A suppressor screen in the npr1-1 mutant back-
ground identified a gain-of-function mutation
in the receptor-like protein SNC2. This snc2-1D
(suppressor of npr1-1, constitutive 2) mutant shows
an autoimmune phenotype accompanied by a con-
stitutive excess of SA and stunted plant growth
(13) (Fig. 1, A and B). We used this mutant as a
tool to investigate the contribution of PBS3 and
EDS5 to SA accumulation in the snc2-1D npr1-1
background (Fig. 1, B to D).
Both triple mutants snc2-1D npr1-1 pbs3-1 and

snc2-1D npr1-1 eds5-3 retained the dwarf pheno-
type (Fig. 1A), which is indicative of constitutive
activation of SA-dependent and SA-independent
resistance pathways in the snc2-1D npr1-1 mu-
tant (13). However, SA and its glycosylated
storage form SA glycoside (SAG), which over-

accumulated at 20-fold and 120-fold excess in
the snc2-1D npr1-1 double mutant, respectively,
regained wild-type quantities in both triple mu-
tants (Fig. 1, B and C). In contrast, the snc2-1D
npr1-1 pbs3-1 triple mutant showed elevated
levels of isochorismate (the ICS1 reaction pro-
duct), accumulating threefoldmore thanwild-type
and 20-fold more than the snc2-1D npr1-1 eds5-3
triple mutant (Fig. 1D). Thus, we hypothesized
that isochorismate is the substrate of PBS3.
Isochorismate did not accumulate in the snc2-1D
npr1-1 eds5-3 mutant, most likely because ICS1 op-
erates near equilibrium and isochorismate cannot
be exported from the plastid in the mutant (14).
To test our hypothesis, we purified recombi-

nant PBS3 and ICS1 to homogeneity (figs. S3 and
S4). As isochorismate is not commercially avail-
able, we used ICS1 to produce isochorismate from
chorismate (fig. S5). This isochorismate prepara-
tion, which included residual amounts of choris-
mate, was incubated with PBS3 (Fig. 2D). The
reaction monitored by liquid chromatography
coupled to high-resolution mass spectrometry
yielded four signals for the extracted ion chroma-
togram of mass-to-charge ratio (m/z) 354.083
(Fig. 2A). Three minor signals represented cho-
rismate conjugates and isochorismate-7-glutamate
(Fig. 2, A and B, and fig. S6, A to F). The signal
at 2.85 min was identified as isochorismate-9-
glutamate by fragmentation analyses and 15N
labeling (Fig. 2, A and B, and fig. S7, B to F).
We concluded that isochorismate-9-glutamate
was the preferred product of PBS3. The incuba-
tion of PBS3 with chorismate confirmed the
structure of two minor products (Fig. 2, A and B)
(11). Isochorismate decomposes in aqueous solu-
tion into SA and pyruvate (15).We confirmed this
observation by detecting small amounts of SA in
the absence of glutamate, adenosine triphos-
phate (ATP), or PBS3 (Fig. 2C). However, in the
complete PBS3 assay, we detected four times
more SA within 1 hour (Fig. 2C). This difference
is most likely higher in planta, because we detected
nonenzymatic decomposition of isochorismate
into SA before adding PBS3 to the reaction (Fig. 2,
C, D, and F). Lyase activity has not been reported
for GH3 proteins so far, suggesting that formation
of isochorismate-9-glutamate accelerates the non-
enzymatic decomposition of isochorismate by elim-
ination, leading to increased accumulation of SA.
GH3 enzymes are bifunctional (10) and cata-

lyze the adenylation of carboxyl groups, which
react with an amino group to form an amide
bond. The kinetic parameters for the reaction
of PBS3 with isochorismate and glutamate were
determined spectrophotometrically to compare
the data with those described for 4-hydroxy-
benzoic acid (Fig. 2E) (11). The catalytic efficiency
of PBS3 was 737 times as high when isochoris-
mate was used as the carboxyl substrate instead
of 4-hydroxy-benzoic acid. This higher substrate
affinity and enhanced turnover rate are required
to produce SA in sufficient amounts, because
isochorismate rearranges chemically into iso-
prephenate eight times as fast as it decom-
poses into SA (15). To confirm that isochorismate
is the preferred substrate for PBS3, we used
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structural modeling to assess the fit of iso-
chorismate into the binding pocket of PBS3
(fig. S8B) using a published crystal structure in
complex with SA and adenosine monophos-
phate (fig. S8A) (16). Superimposition of the
ring structure of SA with that of isochorismate
revealed that (i) there is space to accommodate
isochorismate and isochorismate-9-glutamate in
the binding pocket (figs. S8, C and D, and S9);
and (ii) the two reaction partners (the phosphate
group of adenosine monophosphate and the C9-
carboxyl group of isochorismate) are in close prox-
imity (fig. S8B). We monitored the nonenzymatic
decomposition of isochorismate-9-glutamate or
isochorismate into SA over a 24-hour time course.
During the first 6 hours, formation of SA from
isochorismate-9-glutamate was 10 times as high
as SA formation from isochorismate (Fig. 2F). To
explain this accelerated decomposition, we used
molecular modeling. This suggested the formation
of two additional hydrogenbondsbetween the two
glutamate carboxyl groups of isochorismate-9-
glutamate and the C2-hydroxyl and C7-carboxyl
group of isochorismate (fig. S10A). The closer
proximity of the amide hydrogen of the peptide
bond and the oxygen of the ether bridge likely
enhances the reaction rate of the hydrogen trans-
fer.We propose that this protonation followed by
base-initiated aromatization and subsequent
elimination yield SA and 2-hydroxy-acryloyl-N-
glutamate as final products (fig. S10B).
Besides SA, we detected 2-hydroxy-acryloyl-N-

glutamate (m/z 216.051) as the second product of
the nonenzymatic decomposition of isochorismate-
9-glutamate in the in vitro assays and confirmed
its structure by 15N labeling (figs. S7, E and F,
and S11). This process was corroborated by de-
tecting isochorismate-9-glutamate and 2-hydroxy-
acryloyl-N-glutamate in snc2-1D npr1-1 double
mutants but not in any of the triple-mutant com-
binations (Fig. 2, G and H, and fig. S7A). Neither
any other amino acid conjugate of isochorismate
nor isochorismate-7-glutamate were found in
planta. We concluded that isochorismate-9-
glutamate is the in planta precursor of SA.
This was underpinned by the accumulation of
isochorismate-9-glutamate, SA, and 2-hydroxy-
acryloyl-N-glutamate in wild-type plants upon
Pseudomonas syringae infection (fig. S12).
Previous evidence suggested that biosynthesis

of SA occurred in plastids, where ICS1 is localized
(3) (fig. S1). However, sequence analyses using
the in silico online tools TargetP (www.cbs.dtu.
dk/services/TargetP/) and Predotar (https://urgi.
versailles.inra.fr/predotar/) predicted a cytosolic
localization for PBS3. We used Arabidopsis efr
mutant plant leaves, which allow higher rates of
Agrobacterium-mediated transformation (17), for
transient coexpression of PBS3C-terminally tagged
with YELLOWFLUORESCENTPROTEIN (PBS3-
YFP) and ICS1 fused to CYAN FLUORESCENT
PROTEIN (ICS1-CFP). Confocal laser scanning
microscopy confirmed the presence of ICS1-CFP
in plastids and PBS3-YFP in the cytosol (Fig. 3A).
Fluorescence-lifetime imaging validated the iden-
tity of the corresponding fluorescence signals in
the respective cellular compartments (fig. S13A).

Immunoblot analyses demonstrated production
of full-length fusion proteins (fig. S13C). Function-
ality of thePBS3-YFP fusionproteinwas confirmed
by transient expression in the pbs3-1 mutant,
which restored Agrobacterium-induced SA accu-
mulation (fig. S14). Our data suggest a spatial
separation of cytosolic PBS3 from its substrate
isochorismate, which is produced by plastid-
localized ICS1. We therefore hypothesized that
EDS5, residing in the plastid envelope, exports
isochorismate and not SA into the cytosol and
that the exported isochorismate is metabolized
into SA in the cytosol by PBS3 and spontaneous
decomposition (Fig. 3D). Evidence for this path-
way includes the observations that SA does not
accumulate in eds5mutants (2) and that expres-
sion of native PBS3 alone or in combination with
ICS1 does not restore SA accumulation in eds5-3
mutants (Fig. 3C).
We reasoned that forced mistargeting of PBS3

into plastids would allow restoration of SA accu-

mulation in the transport-deficient eds5mutant.
To test this hypothesis, we fused the plastid tran-
sit peptide of ICS1 (3) to the N terminus of PBS3-
YFP (chloroPBS3-YFP). Transient coexpression
of ICS1-CFP and chloroPBS3-YFP in Arabidopsis
efrmutant leaves confirmed colocalization of the
full-length fluorescent fusion proteins in plastids
(Fig. 3B and fig. S13, B and C). The subcellular
localization of chloroPBS3-YFP in plastids (and
PBS3-YFP in the cytosol) was independently val-
idated in stable transgenic plants (fig. S15). Plas-
tidial colocalization of both ICS1 andPBS3 restored
Agrobacterium-inducedSA synthesis inArabidopsis
eds5-3 mutants (Fig. 3C). Individual expression
of ICS1 and PBS3 protein variants or combined
expression of ICS1 with cytosolic PBS3 did
not. The observation that plastid-targeted PBS3
alone does not restore SA production can be
explained by feedback inhibition of SA on PBS3
activity (11). On the basis of the published three-
dimensional structure of PBS3 (16), we postulate
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Fig. 1. Analysis of SA-related metabolites in autoimmune mutants. (A) Morphology of 4-week-old
plants.Col0,wild type. Absolute amounts of (B) SA and (C) SAGand relative amounts of (D) isochorismate
(IC).The highest mean value was set 100%. Bars represent mean ± SD of three biological replicates.
Statistical differences among replicates are labeled with different letters [P < 0.05, one-way analysis of
variance (ANOVA) and post-hocTukey’s test; n = 3 independent pools of 10 individual plants].
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Fig. 2. PBS3 catalyzes the formation of isochorismate-9-glutamate,
which nonenzymatically decomposes into SA. (A) Analysis of the in vitro
products of PBS3.The assays were performed with chorismate (CA) and
glutamate (Glu) (red); with CA, Glu, and ICS1, which converts CA to
isochorismate (IC) (black); or without substrates (blue).The extracted ion
chromatogram for the amido conjugates (m/z 354.083) is shown. (B) Formula
of amido conjugates formed by PBS3 with Glu (green) and CA (labeled a
and d) or IC (labeled b and c). Structures were solved by tandem mass spec-
trometry (figs. S6, S7, and S11). (C) SA (m/z 137.024) accumulates in the
assay with PBS3 in the presence of IC, Glu, and ATP (black) but only in
minor amounts in the absence of Glu (red), ATP (blue), or PBS3 (brown).
SA in the control assays results from the chemical decomposition of IC in

solution during experimental procedure (D). (E) Kinetic parameters of
PBS3 for 4-hydroxy-benzoate (4HBA) or IC. Data were obtained spectro-
photometrically in triplicates.The turnover number (kcat) was calculated from
the maximal reaction rate (V) for the total enzyme concentration (Et).The
Michaelis constant (Km) was measured by using different concentrations of
4HBA and IC. (F) Time course for the formation of SA from the chemical
decomposition of IC (red) and IC-9-glutamate (IC-9-Glu) (black). (G and H)
Accumulation of IC-9-Glu and 2-hydroxy-acryloyl-N-glutamate (2HNG) in
double and triple mutants. Bars represent mean ± SD of three biological
replicates.The highest mean value was set 100%. Statistical differences
among replicates are labeled with different letters (P < 0.05, one-way ANOVA
and post-hocTukey’s test; n = 3).
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that the binding pocket can accommodate
either SA or isochorismate, confirming the
described feedback inhibition by SA (figs. S8
and S9). To overcome competitive inhibition,
ectopic overexpression of ICS1 is required to
produce sufficient isochorismate and to allow
for quantitative displacement of SA from the
active site of PBS3.
By studying SA formation in the autoimmune

mutant snc2-1D npr1-1 pbs3-1, we were able to
identify isochorismate as the substrate for PBS3
(Fig. 2E). We confirmed that recombinant PBS3
metabolizes isochorismate and glutamate to
yield isochorismate-9-glutamate (Fig. 2A). Kinetic
analyses (Fig. 2E) as well as in silico studies
(figs. S8 and S9) corroborated the preference of
PBS3 for isochorismate as its native substrate.
SA formation via PBS3-derived isochorismate-
9-glutamate is ~2 × 106 times as fast as its for-
mation via direct chemical decomposition from
its precursor isochorismate (15). The detection of
isochorismate-9-glutamate as well as 2-hydroxy-
acryloyl-N-glutamate in planta supported our in
vitro findings (Fig. 2, G and H, and fig. S12). Our
study suggests that EDS5 exports isochorismate
from the plastid into the cytosol, where PBS3
metabolizes it to isochorismate-9-glutamate. Sub-
sequent nonenzymatic decomposition results in
SA formation and efficient metabolite channeling

(Fig. 3D). The minimal requirement of only three
proteins (ICS1, EDS5, and PBS3), their spatial
separation, and the unidirectional fluxmay pro-
tect the pathway against evolutionary forces and
pathogenic effectors.
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Fig. 3. PBS3 and ICS1 are localized in
different compartments. Confocal
laser scanning microscopy 3 days after
Agrobacterium infiltration for transient
coexpression of (A) ICS1-CFP and PBS3-YFP
or (B) ICS1-CFP and chloroPBS3-YFP in
Arabidopsis efr leaves. Scale bars, 10 mm.
(C) Transient expression of ICS1 and chloroPBS3
in Arabidopsis eds5-3 leaves restores
Agrobacterium-induced SA accumulation.
Twenty-four hours after infiltration, leaves
were collected, and metabolites were extracted
as described for the metabolite fingerprint
analysis. Infiltration medium was used as mock
treatment. The SA content was analyzed
by liquid chromatography–mass spectrometry,
and the highest mean value was set 100%.
Bars represent mean ± SD of three biological
replicates. Statistical differences among
replicates are labeled with different letters
(P < 0.05, one-way ANOVA and post-hoc
Tukey’s test; n = 3). (D) Model summarizing
pathogen-induced SA biosynthesis
in plants.
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Materials and Methods 

Plant Material and Growth Condition  

All Arabidopsis mutants used are in the Columbia (Col-0) ecotype. The npr1-1, eds5-3, snc2-1D 

npr1-1 and snc2-1D npr1-1 eds5-3 mutants were reported previously (13, 18, 19). pbs3-1 

(salk_018225) and efr-1 (salk_044334) were obtained from the Arabidopsis Biological Resource 

Center. The snc2-1D npr1-1 pbs3 triple mutant was obtained by crossing snc2-1D npr1-1 with 

pbs3-1. Plants were grown under 16 h light at 23°C and 8 h dark at 19°C unless specified. 

 

Metabolite fingerprint analysis 

The non-targeted metabolite analysis was performed as described (20). In short, metabolites were 

extracted from ~100 mg leaf material or from two-week-old seedlings growing on tissue culture 

plates by two-phase extraction with methyl-tert-butylether (MTBE). Extracts were separated with 

an Ultra Performance Liquid Chromatography (UPLC, ACQUITY UPLC System; Waters 

Corporation, USA) equipped with an ACQUITY UPLC HSS T3 column (1.0 x 100 mm, 1.8 μm 

particle size, Waters Corporation, USA), coupled to a time-of-flight mass spectrometer (TOF-

MS, LCT Premier; Waters Corporation, USA). 

For peak picking and alignment, MarkerLynx Application Manager 4.1 for MassLynx software 

was used. For subsequent data processing, ranking, filtering, adduct correction, clustering and 

database analysis, MarVis software (MarkerVisualization, http://marvis.gobics.de) was utilized. 

Bars represent the mean ± STD of three biological replicates. Statistical differences among 

replicates are labeled with different letters (P<0.05, one-way ANOVA and post-hoc Tukey’s 

Test; n=3). All experiments were repeated at least twice with similar results. 

 

Accurate mass high resolution MS/MS analysis  

The chemical structures of chorismate, isochorismate, SA, 2HNG, CA-7-Glu, CA-9-Glu, IC-7-

Glu, IC-9-Glu and 15N-labelled IC-9-Glu were elucidated by high resolution accurate mass 

MS/MS analyses (mass accuracy ±3 mDa) with an 1290 Infinity UHPLC system coupled to a 

6540 UHD Accurate-Mass Q-TOF (Agilent Technologies, USA) as previously described (20). 

Data acquisition was monitored with Mass Hunter Workstation Acquisition software B.05.01 

(Agilent Technologies, USA). For data analysis, Mass Hunter Qualitative Analysis software 

B.05.01 was used (Agilent Technologies, USA). Authentic standards for SA (BioXtra, ≥99.0%, 

S5922 Sigma, Germany) and chorismate (≥80%, C1761 Aldrich, Germany) were obtained from 

Merck, Germany. All fragment analyses were carried out in the negative ionization mode. 

 

Quantitative SA and SAG measurements 

The absolute amounts of SA and SAG were determined as previously described (21). All 

experiments were repeated at least twice with similar results. 

 

Protein expression and purification 

AtGH3.12 was amplified by PCR from A. thaliana ecotype Col-0 cDNA derived from systemic 

leaves after Psm-infection (22). AtICS1 without the sequence of the transit peptide was amplified 
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from cDNA of infected WT leaves. AtGH3.12 was subcloned into pET24 (Novagen, Germany), 

and AtICS1 into pET28a (Novagen, Germany). Both His-tagged proteins were expressed in E. 

coli Rosetta2 (DE3) and purified with affinity and size-exclusion chromatography. Bacteria were 

handled as described in (22). The cells were disrupted by pulsed ultrasonic with micro-tip 

(Branson Sonifier Cell Disruptor B15, Branson Ultrasonics Corporation, USA) in a solution 

containing 100 mM Tris-HCl, pH 7.4, 500 mM NaCl, 1 mM phenylmethylsulfonyl fluoride 

(PMSF) and 1 mM dithiothreitole (DTT). Cell debris was removed by centrifugation (50000 x g, 

4 °C, 30 min). The supernatant was applied onto a HisTrap column (GE Healthcare, GB) pre-

equilibrated with 100 mM Tris-HCl, pH 7.4, 500 mM NaCl, 1 mM DTT. For elution, 30 % 

elution buffer (100 mM Tris-HCl, pH 7.4, 200 mM NaCl, 500 mM imidazole, 1 mM DTT) was 

used. Fractions containing the protein of interest were pooled and applied onto a size exclusion 

chromatography S200 gel filtration column (GE Healthcare, GB), which were pre-equilibrated 

with 50 mM Tris-HCl, pH 8.0, 10 mM MgCl2, 1 mM DTT. Both chromatographic purification 

steps were operated with an ÄKTAprime plus system (GE Healthcare, GB) at 4 °C. The 

expression levels as well as the purity of the proteins were verified by SDS-PAGE and visualized 

with Coomassie Brilliant Blue staining. Protein aliquots were stored at -80 °C without noticeable 

loss of activity. 

 

Activity assays 

Isochorismate was synthesized by incubating 0.4 mg/ml His-ICS1 with either 1 or 0.1 mM 

chorismate in 100 µL of 50 mM Tris-HCl, pH 7.4 with 5 mM MgCl2, 10 mM NaCl and 1 mM 

DTT for 10 min at 30 °C and shaking at 150 rpm. The protein was subsequently removed from 

the solution by ultrafiltration (25 °C, 16000 xg) using a SpinX UF 500 concentrator (10,000 

MWCO; Corning, USA). The product of the ICS1 reaction was monitored by UHPLC-Q-TOF-

MS analyses. 

For the qualitative PBS3 activity assay, reactions were performed in 100 µL of 50 mM Tris-HCl, 

pH 7.8 with 5 mM MgCl2, 4 mM glutamic acid, 5 mM ATP, 0.6 mg/mL His-PBS3 and 6 µM 

isochorismate or 50 µM chorismate. The reaction was performed for 1 h at 30 °C, shaking at 150 

rpm and subsequently stopped by addition of 20 µL acetonitrile. The products were monitored by 

UHPLC-Q-TOF-MS analyses. All experiments were repeated at least twice with similar results. 

 

Determination of the kinetic constants 

To monitor the activity of PBS3 quantitatively, a spectrophotometric assay was employed. The 

formation of AMP by the PBS3 reaction was coupled to the reactions of pyruvate kinase, 

myokinase and lactate dehydrogenase (23). The assays were performed at 30 °C in 200 µL of 

50 mM Tris-HCl, pH 7.8 with 5 mM MgCl2, 50 mM KCl, 0.5 mM phosphoenolpyruvate, 4 mM 

glutamic acid, 2 mM ATP, 4 units of rabbit muscle pyruvate kinase (P1506, Sigma, Germany), 4 

units of rabbit muscle myokinase (M3003, Sigma, Germany) and 4 units of rabbit muscle lactate 

dehydrogenase (L2500, Sigma, Germany) and 125 µM NADH. The kinetic constants of PBS3 

were determined for 4HBA (99%, H20059, Aldrich, Germany) and isochorismate as carboxyl-

substrates. Thereby, 0-1000 µM of 4HBA and 50 µg/mL His-PBS3 or 0-35 µM isochorismate 

and 0.5 µg/mL His-PBS3 were used. The activity of His-PBS3 at lower protein concentration was 

stabilized with 0.13% (w/v) BSA (8076.2, Roth, Germany). The initial velocity was measured 
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using a V-630 spectrophotometer (Jasco, Germany) by monitoring the absorbance change at 

340 nm over 600 s at 30 °C. All experiments were repeated at least twice with similar results. 

 

Ligand docking 

The crystal structure of PBS3 (16), co-crystalized with AMP and SA (PDB ID 4eql) was used to 

superimpose isochorismate (PDB ID ISC) respectively isochorismate-9-glutamate on the ring 

structure of SA. The conformation of the flexible molecules was adjusted manually. The distance 

between atoms as well as the visualization was performed with PyMOL (version 2.2.0, 

Schrödinger, USA). 

 

Pseudomonas inoculation 

For bacterial inoculation, Pseudomonas syringae pv. tomato (Pst) avrRpm1 was grown at 28 °C 

in NYG medium with appropriate antibiotics. Log-phase cultures were pelleted by centrifugation 

and washed in 10 mM MgCl2. Inoculation was performed on 4 week old plants grown in soil 

under short day conditions (22 °C, 8 h photoperiod in environmentally controlled chambers) 

between 10 and 12 am with a bacterial suspension at a final OD of 0.001 by syringe infiltration. 

Infiltration with 10 mM MgCl2 served as a control. All experiments were repeated at least three 

times with similar results. 

 

Transient expression and subcellular localization 

PBS3 was sub-cloned from pET-PBS3 into the pENTR vector utilizing the pENTR/D-TOPO 

Cloning Kit (Invitrogen, USA). The sequence confirmed constructs were used in an LR reaction 

with the binary destination vector pXCSG-YFP (24) to generate pXCSG 35S::PBS3::YFP. This 

construct was used for the SA induction. To determine potential co-localization, full length ICS1 

was amplified from cDNA of Psm-infected WT leaves (22). Full length ICS1 was ultimately 

cloned into pXCSG-CFP (3) to generate pXCSG 35S::ICS1::CFP. For the construction of a 

plastidial PBS3, a cDNA fragment encoding the first 47 amino acids of ICS1 were cloned 

upstream of PBS3. The full construct was transformed into the pXCSG-YFP vector to generate 

pXCSG 35S::chloroPBS3::YFP. Additionally, a pUC18-derived pEntry vector containing a C-

terminal eYFP coding sequence was utilized to prepare a pEntry-35S::PBS3::YFP construct. By 

an LR reaction, this construct was integrated into the binary pCambia vector to yield pCambia-

35S::PBS3::YFP. For transient expression in Arabidopsis leaves, we followed the protocol from 

(25) but used a higher Agrobacterium tumefaciens GV3101 concentration (OD600 = 0.4) to enable 

SA quantification by UHPLC-Q-TOF-MS 24 hours after infiltration.  

Confocal laser-scanning microscopy was performed on 4 week old transiently transformed A. 

thaliana efr leaves, 3 days after co-infiltration of Agrobacteria carrying the pXCSG 

35S::ICS1::CFP and pCambia-35S::PBS3::YFP, or plastidial pXCSG 35S::chloroPBS3::YFP 

constructs. The efr mutant background was used to achieve higher transformation efficiencies to 

allow fluorescence detection (17). Bacterial strains were co-infiltrated with a respective final 

OD600 of 0.3 together with a p19 silencing suppressor. All images for localization were taken 

with a 20x/0.75 objective (HC PL APO, CS2) of the TSC-SP8 FALCON microscope (Leica, 

Bensheim, Germany) operated by the LAS X Software (v3.5.1). For fluorescence-lifetime 

imaging (FLIM) of transiently transformed or stable transgenic plant tissues, images were taken 
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with a 63x/1.20 water immersion objective with correction collar (HC PL APO, CS2). ICS1-CFP 

was excited using a 440 nm diode laser with a pulse rate of 40 kHz, PBS3-YFP and chloroPBS3-

YFP were excited using 514 nm of a white light laser with a pulse rate of 40 kHz. Emission was 

detected at 454-491 nm for CFP and 525-560 nm for YFP using Leica HyD SDM detectors, 

while chlorophyll auto-fluorescence was detected at 690-770 nm using a Leica HyD detector. To 

generate FLIM data, 1000 photons were collected in a 512 x 512 pixel format in the brightest 

channel for co-infiltrated tissues, while for mock infiltrated tissues the average number of frames 

obtained for the respective co-infiltration was detected using the same laser and detector settings. 

The average photon arrival times, as an overlay on intensity for every pixel, were calculated and 

displayed using the FALCON LASX/FLIM/FCS Software (v3.5.5). Images were sequentially 

scanned. Merging of images was performed using Fiji software (https://imagej.net/Fiji). All 

experiments were repeated at least three times with similar results. 

 

Immunoblot analyses 

For isolation of total protein extracts from transiently transformed or stable transgenic Arabidopsis 

thaliana plants, the leaf tissue was frozen in liquid nitrogen, homogenized and mixed with protein 

extraction buffer (250 mM sucrose, 100 mM HEPES-KOH, pH 7.5, 5% (v/v) glycerol, 2 mM 

Na2MoO4, 25 mM NaF, 10 mM EDTA, 1 mM DTT, 0.5% (v/v) Triton X-100, plant protease 

inhibitor cocktail (#P9599, Sigma). Total Protein concentration was determined using Bradford 

reagent (Roti®-Quant, Carl Roth) and adjusted samples were mixed with 4x SDS loading dye (250 

mM Tris-HCl (pH 6.8), 8% (w/v) SDS, 40% (v/v) Glycerol 0.04% (w/v) Bromophenol blue, 

400 mM DTT). Proteins were separated on a 7.5% SDS-gel by standard SDS-PAGE and blotted 

onto nitrocellulose membranes (Amersham Protran, 0.45 μm; GE Healthcare Life Sciences). 

Primary α-GFP (monoclonal, #11814460001, Roche) and secondary goat anti-mouse IgG-poly-

HRP (polyclonal, #32230; ThermoFisher Scientific) antibodies were used to incubate the 

membrane. Detection of HRP activity was performed using SuperSignal West Femto 

chemiluminescence substrate (#34095; ThermoFisher Scientific) on a ChemiDoc imaging system 

(BioRad). 

 

Gene co-expression analysis 

Gene co-expression data was retrieved from the ATTED-II web server (http://atted.jp/; Version: 

9.2) by using ICS1 (At1g74710) as bait query. The presented list is based on the microarray-dataset 

(Version: Ath-m c7.1) without filtering for supportability.   
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Fig. S1. Alternative SA biosynthetic routes in plants. Upon pathogen infection, SA synthesis 
derives from aromatic amino acid biosynthesis in plastids (Shikimate pathway) and may follow 
two alternative pathways. PAL pathway: synthesis starts from phenylalanine via cinnamic acid. 
ISOCHORISMATE SYNTHASE (ICS) pathway: starts from chorismate via isochorismate (1). 
Analysis of SA formation in ics1 suggests that at least 90% of the SA is being synthesized from 
chorismic acid in Arabidopsis leaves (3).   
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Fig. S2. Expression of EDS5 (At4g39030) and PBS3 (At5g13320) is co-regulated with ICS1 
(At1g74710). Co-expression analysis was performed using ICS1 as bait (marked red) with 
ATTED-II (http://atted.jp/; Version: 9.2). The top 70 ranked co-expressed genes from 
microarray-based datasets (Version: Ath-m c7.1) are displayed. EDS5 and PBS3 are marked in 
green, immunity-related genes are marked in yellow. Supportability is displayed by numbers (0-
3) according to the p-value threshold (0=>1E-01, 1=<1E-01, 2=<1E-02, 3=<1E-03) as a measure 
of reproducibility. The mutual rank (MR) index is indicated as a measure of co-expression. 

 LOCUS NAME FUNCTION    
0 At1g74710 ICS1 ADC synthase superfamily protein 3 0 
1 At5g13320 PBS3 Auxin-responsive GH3 family protein 3 2.8 
2 At4g39030 EDS5 MATE efflux family protein 3 10 
3 At3g47480 Calcium-binding EF-hand family protein Calcium-binding EF-hand family protein 3 16.3 

4 At1g33960 IAN8 
P-loop containing nucleoside triphosphate hydrolases superfamily 
protein 3 19 

5 At2g04450 NUDX6 nudix hydrolase homolog 6 3 19 
6 At4g23150 CRK7 cysteine-rich RLK (RECEPTOR-like protein kinase) 7 3 27 
7 At2g18660 PNP-A plant natriure�c pep�de A 3 27.1 
8 At3g48090 EDS1 alpha/beta-Hydrolases superfamily protein 3 28 
9 At2g46400 WRKY46 WRKY DNA-binding protein 46 3 28.1 

10 At3g52430 PAD4 alpha/beta-Hydrolases superfamily protein 3 30.4 
11 At5g52760 Copper transport Copper transport protein family 3 30.8 
12 At1g21240 WAK3 wall associated kinase 3 3 31.2 
13 At4g11890 ARCK1 Protein kinase superfamily protein 3 33.6 
14 At1g19250 FMO1 flavin-dependent monooxygenase 1 3 36.9 
15 At3g48640 Transmembrane protein Transmembrane protein 3 42.4 
16 At5g39670 Calcium-binding EF-hand family protein Calcium-binding EF-hand family protein 3 42.5 
17 At4g38560 Arabidopsis phospholipase-like protein (PEARLI 4) family Arabidopsis phospholipase-like protein (PEARLI 4) family 3 44.5 
18 At4g14365 XBAT34 XB3 ortholog 4 in Arabidopsis thaliana 3 46.3 
19 At4g04490 CRK36 cysteine-rich RLK (RECEPTOR-like protein kinase) 36 3 46.3 
20 At3g57260 PR2 beta-1,3-glucanase 2 3 49 
21 At4g04500 CRK37 cysteine-rich RLK (RECEPTOR-like protein kinase) 37 3 49.1 
22 At1g13470 Protein of unknown func�on (DUF1262) Protein of unknown func�on (DUF1262) 3 51.8 
23 At3g13100 MRP7 mul�drug resistance-associated protein 7 3 52.6 
24 At5g64000 SAL2 Inositol monophosphatase family protein 3 54.7 

25 At4g23610 LEA 
Late embryogenesis abundant (LEA) hydroxyproline-rich glycoprotein 
family 3 54.8 

26 At2g37710 RLK receptor lec�n kinase 3 59.5 
27 At1g66880 Protein kinase superfamily protein Protein kinase superfamily protein 3 61.6 
28 At4g03450 Ankyrin repeat family protein Ankyrin repeat family protein 3 63.5 
29 At1g73805 SARD1 Calmodulin binding protein-like 3 63.6 
30 At1g08450 CRT3 calre�culin 3 3 65.6 
31 At1g09080 BIP3 Heat shock protein 70 (Hsp 70) family protein 3 66.4 
32 At1g57630 Toll-Interleukin-Resistance (TIR) domain family protein Toll-Interleukin-Resistance (TIR) domain family protein 3 66.4 
33 At1g35230 AGP5 arabinogalactan protein 5 3 66.7 
34 At2g32680 RLP23 receptor like protein 23 3 67.3 
35 At3g47540 Chi�nase family protein Chi�nase family protein 3 70.5 
36 At5g10760 AED1 Eukaryo�c aspartyl protease family protein 3 72.5 
37 At5g26920 CBP60G Cam-binding protein 60-like G 3 72.9 
38 At3g60420 Phosphoglycerate mutase family protein Phosphoglycerate mutase family protein 2 76.8 
39 At4g23210 CRK13 cysteine-rich RLK (RECEPTOR-like protein kinase) 13 3 78.4 
40 At2g14610 PR1 pathogenesis-related gene 1 3 78.4 
41 At2g24850 TAT3 tyrosine aminotransferase 3 3 87.7 
42 At5g17990 TRP1 tryptophan biosynthesis 1 3 95.7 
43 At2g19190 FRK1 FLG22-induced receptor-like kinase 1 3 96.6 
44 At3g25010 RLP41 receptor like protein 41 3 98.8 
45 At1g75040 PR5 pathogenesis-related gene 5 3 100.2 
46 At1g35710 Protein kinase with LRR domain Protein kinase family protein with leucine-rich repeat domain 3 100.8 

47 At3g28540 
P-loop containing nucleoside triphosphate hydrolases superfamily 
protein 

P-loop containing nucleoside triphosphate hydrolases superfamily 
protein 3 101 

48 At2g17040 NAC036 NAC domain containing protein 36 3 101.4 
49 At5g24210 alpha/beta-Hydrolases alpha/beta-Hydrolases superfamily protein 3 101.4 
50 At1g21250 WAK1 cell wall-associated kinase 3 104.3 
51 At1g10340 Ankyrin repeat family protein Ankyrin repeat family protein 3 106.7 
52 At1g44130 Eukaryo�c aspartyl protease family protein Eukaryo�c aspartyl protease family protein 3 107.6 
53 At5g52810 SARD4 NAD(P)-binding Rossmann-fold superfamily protein 3 110 
54 At3g01830 Calcium-binding EF-hand family protein Calcium-binding EF-hand family protein 3 111.4 
55 At5g03350 LLP1 Legume lec�n family protein 3 112.4 
56 At2g20142 Toll-Interleukin-Resistance (TIR) domain family protein Toll-Interleukin-Resistance (TIR) domain family protein 3 112.7 
57 At3g13950 Ankyrin repeat family protein  3 113.6 
58 At2g31880 SOBIR1 Leucine-rich repeat protein kinase family protein 3 115.6 
59 At4g33050 IQM1 calmodulin-binding family protein 3 117.8 
60 At5g01540 LECRK-VI.2 lec�n receptor kinase a4.1 3 119 
61 At5g61010 EXO70E2 exocyst subunit exo70 family protein E2 3 122.5 
62 At1g01560 MPK11 MAP kinase 11 3 124.3 
63 At1g76040 CPK29 calcium-dependent protein kinase 29 3 126.5 
64 At5g19240 Glycoprotein membrane precursor GPI-anchored Glycoprotein membrane precursor GPI-anchored 3 127.3 
65 At5g10380 RING1 RING/U-box superfamily protein 3 130.8 

66 At3g28510 
P-loop containing nucleoside triphosphate hydrolases superfamily 
protein 

P-loop containing nucleoside triphosphate hydrolases superfamily 
protein 3 131.6 

67 At2g04430 NUDT5 nudix hydrolase homolog 5 3 132.4 
68 At2g29120 GLR2.7 glutamate receptor 2.7 3 133.9 
69 At1g78410 VQ mo�f VQ mo�f-containing protein 3 135.1 

70 At4g10500 DLO1 
2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase superfamily 
protein 3 137.9 

Supportability MR
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Fig. S3. Protein purification of His6-tagged AtPBS3 via affinity- and size exclusion 
chromatography. PBS3 was heterologously expressed in E. coli and subsequently purified via 
affinity chromatography (A). Fractions corresponding to the area marked in red were collected 
and applied to size exclusion chromatography (B). Fractions containing proteins were collected 
and examined by SDS-PAGE (C) to verify the purity. Pure protein containing fractions marked in 
red were pooled, concentrated by filter centrifugation and used for enzymatic assays. 
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Fig. S4. Protein purification of His6-tagged AtICS1 via affinity- and size exclusion 
chromatography. ICS1 was heterologously expressed in E. coli and subsequently purified via 
affinity chromatography (A). Fractions corresponding to the area marked in red were collected 
and applied to size exclusion chromatography (B). Fractions containing proteins were collected 
and examined by SDS-PAGE (C) to verify the purity. Pure protein containing fractions marked in 
red were pooled, concentrated by filter centrifugation and used for enzymatic assays. 
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Fig. S5. Incubation of ICS1 with chorismate yields isochorismate. LC-MS analyses were 
performed on reactions of purified ICS1 with chorismate. (A) The extracted ion chromatogram 
for chorismate/isochorismate (m/z 225.042) in the negative ionization mode is shown. Upper 
panel without enzyme, lower panel with enzyme. (B) High resolution MS/MS fragment spectrum 
for isochorismate (at 2.79 min) from the reaction of chorismate with ICS1. (C) High resolution 
MS/MS fragment spectrum for chorismate (at 2.83 min) from the negative control (assay without 
ICS1). Isochorismate and chorismate are distinguishable based on retention time shift and 
differences in their fragmentation pattern. RT: retention time.  
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Fig. S6. MS/MS fragment analysis of the minor in vitro products of the PBS3 reaction: 
chorismate-7-glutamate (CA-7-Glu), chorismate-9-glutamate (CA-9-Glu) and isochorismate-7-
glutamate (IC-7-Glu). PBS3 activity assay was performed with glutamate, ATP and chorismate 
(A, C) or isochorismate (E) as substrates. High resolution MS/MS fragment patterns obtained in 
negative ionization mode for CA-7-Glu (A), CA-9-Glu (C) and IC-7-Glu (E). The indicative 
fragments for each conjugate are marked by an orange line. The elemental composition derived 
from the accurate mass information of the depicted fragments (mass accuracy ±3 mDa) are listed 
in (B, D, F).  
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Fig. S7. MS/MS fragment analysis of the main PBS3 product isochorismate-9-glutamate (IC-9-
Glu) detected in the in vitro assay as well as in planta. High resolution MS/MS analyses show an 
identical fragment pattern for IC-9-Glu detected in extracts of snc2-1D npr1-1 plant lines (A) as 
well as in the PBS3 in vitro assay (B). IC-9-Glu has an adsorption maximum of 278 nm as 
previously described for isochorismate (26). (C) The elemental composition derived from the 
accurate mass information of the depicted fragments (mass accuracy ±3 mDa) of IC-9-Glu 
detected in snc2-1D npr1-1 plant extracts are listed. (D) The two indicative fragments of IC-9-
Glu are depicted. (E) High resolution MS/MS analyses of 15N-labelled IC-9-Glu (F) generated by 
PBS3 in vitro assay with isochorismate and 15N-labelled Glu showed the expected fragments and 
confirmed the structure of IC-9-Glu.  
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Fig. S8. Isochorismate fits into the active site of PBS3. For substrate modeling, the crystal 
structure of PBS3-AMP-SA (PDB ID 4eql) was used (16). Residues in a radius of 4 Å are shown 
as gray surface to visualize the binding pocket of AMP and the carboxy-substrate. C-atoms of 
AMP and SA are shown in yellow and for isochorismate in green. (A) The large distance between 
the carboxy-group of SA and the phosphate group of AMP was previously proposed to be the 
reason why SA is a poor substrate of PBS3 (16). (B) The hydroxy acrylic group of isochorismate 
points towards the phosphate-group of AMP. The presented model is based on the SA position in 
the crystal structure and shows the proximity between the carboxyl- and the phosphate group 
(~2.1 Å). (C, D) Overlay of SA (yellow) and isochorismate (green) in the binding pocket of 
PBS3. Although isochorismate is slightly larger than SA, there appears to be no negative 
interference with any surrounding residues. This figure was generated with PyMOL (version 
2.2.0, Schrödinger, USA).  
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Fig. S9. Isochorismate-9-glutamate is likely to be coordinated into the binding pocket of PBS3 by 
three amino acids. For substrate modeling, the crystal structure of PBS3-AMP-SA (PDB ID 4eql) 
was used (16). C-atoms of isochorismate-9-glutamate are shown in green, O-atoms in red and the 
N-atom is colored in blue. Carboxy-group of the cyclohexadiene moiety of isochorismate-9-
glutamate is oriented towards Tyr120, while the carboxy-groups of the glutamyl-moiety could be 
coordinated by the γ-amino group of Lys428. The aromatic ring of Phe218 supports carboxy-group 
substrate binding. The figure was generated with PyMOL (version 2.2.0, Schrödinger, USA). 
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Fig. S10. Molecular model of isochorismate-9-glutamate (IC-9-Glu) and its decomposition to SA 
and 2-hydroxy-acryloyl-N-glutamate (2HNG). (A) Molecular modeling was used to generate a 
3D model of IC-9-Glu. This figure was generated with Chem3D (version 17.1 PerkinElmer, 
USA). (B) The formation of the intramolecular hydrogen bonds facilitates the hydrogen transfer 
from the amide hydrogen onto the ether oxygen. Subsequently, the non-enzymatic decomposition 
of IC-9-Glu probably follows an E1 elimination mechanism. In the first part of the reaction, a 
heterolytic C-O cleavage occurs, which is enhanced by the previous protonation of the linker-
oxygen. In the second part, we propose a base initiated aromatization of the ring structure. The 
final products of this elimination are SA and 2HNG.
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Fig S11. MS/MS fragment analysis of 2-hydroxy-acryloyl-N-glutamate (2HNG), which 
originates from the chemical decomposition of isochorismate-9-glutamate. (A) High resolution 
MS/MS spectrum of 2HNG from the in vitro assay with PBS3 is shown with the structure of the 
indicated fragments. (B). Elemental composition derived from the accurate mass information of 
the depicted fragments (mass accuracy ±3 mDa) of 2HNG are listed. (C) High resolution MS/MS 
spectrum of 15N-labelled 2HNG (D) generated by PBS3 in vitro assay with isochorismate and 
15N-labelled Glu showed the expected fragments and confirmed the structure of 2HNG. 
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Fig. S12. Accumulation of isochorismate-9-glutamate (IC-9-Glu), 2-hydroxyl-acryloyl-N-
glutamate (2HNG) and SA in leaves of WT A. thaliana inoculated with Pseudomonas syringae 
pv. tomato (Pst) avrRpm1 at OD 0.001. Infiltration medium was used as mock treatment. 8 h 
after bacterial infiltration, leaves were collected and metabolites were extracted as described for 
metabolite fingerprint analysis. The metabolite content was analyzed by LC-MS. Bars represent 
mean ±STD of three biological replicates and highest mean value was set 100%. Statistical 
differences among replicates are labeled with different letters (P<0.05, one-way ANOVA and 
post-hoc Tukey’s Test; n=3).  
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Fig. S13. Fluorescence intensity and lifetime images of transiently transformed A. thaliana efr 
leaf tissue. Fluorescence intensity and average fluorescence-lifetime imaging (FLIM) was 
performed three days after Agrobacterium-infiltration for transient co-expression of ICS1-CFP 
with PBS3-YFP (A) or ICS1-CFP with chloroPBS3-YFP (B) under control of the 35S promoter 
in Arabidopsis efr. The average lifetime of the detected fluorescence signal is displayed by the 
hue corresponding to the depicted scale (0 to 6 ns). All constructs were co-expressed together 
with a p19 silencing suppressor. The same laser and detector settings were applied to analyze 
mock (p19 only) infiltrated tissues. The scale bar in the merged image of the fluorescence 
intensity represents 10 μm. (C) Immunoblot analysis of 60 µg total protein extracts of 
Arabidopsis efr infiltrated with Agrobacteria for transient co-expression of the indicated fusion 
proteins. Total extracts were taken three days after Agrobacterium-infiltration and were separated 
on 7.5 % SDS polyacrylamide gels, blotted onto nitrocellulose membranes and probed with α-
GFP primary antibody and (α-mouse) secondary antibody coupled to horseradish peroxidase. 
Loading was monitored by PonceauS (PonS) staining of the membrane.  
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Fig. S14. Agrobacterium-induced salicylic acid (SA) accumulation in WT and pbs3-1. PBS3-
YFP or chloroPBS3-YFP was transiently expressed in Arabidopsis WT or pbs3-1 leaves to 
determine whether they can restore the Agrobacterium tumefaciens induced SA accumulation. 
24 h after infiltration, leaves were collected and metabolites were extracted as described for 
metabolite fingerprint analysis. Infiltration medium was used as mock treatment. The SA content 
was analyzed by LC-MS. Bars represent mean ±STD of three biological replicates and highest 
mean value was set 100%. Statistical differences among replicates are labeled with different 
letters (P<0.05, one-way ANOVA and post-hoc Tukey’s Test; n=3).  
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Fig. S15. Fluorescence intensity and lifetime images of stable transgenic Arabidopsis eds5-3 leaf 
tissue. Fluorescence intensity and fluorescence-lifetime imaging (FLIM) was performed on three 
week old eds5-3 plants stably transformed with PBS3-YFP (A) or chloroPBS3-YFP (B) under 
control of the 35S promoter. The segregating single insertion T2 population was selected on ½ 
MS-Plates containing PPT and was transferred to soil after germination. The average lifetime of 
the detected fluorescence signal is displayed by the hue corresponding to the depicted scale (0 to 
6 ns). The same laser and detector settings were applied to analyze untransformed mutant 
background (eds5-3) tissues. The scale bar in the merged image of the fluorescence intensity 
represents 10 μm. (C) Immunoblot analysis of 20 µg total protein extracts of the indicated plant 
lines. Total extracts were separated on 7.5 % SDS polyacrylamide gels, blotted onto 
nitrocellulose membranes and probed with α-GFP primary antibody and (α-mouse) secondary 
antibody coupled to horseradish peroxidase. Loading was monitored by PonceauS (PonS) 
staining of the membrane.  
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Table S1. Fragmentation data for investigated metabolites. The mass accuracy of all 
described fragment masses was ±3 mDa. 

 
 
Table S2. Primers used in this study. 

 

Type of ion Elemental composition Exact mass [Da] MS/MS fragmentation CE [eV]
CA-7-Glu [M-H]- C15H17NO9 355.090 336.072, 222.077, 163.04 8

CA-9-Glu [M-H]- C15H17NO9 355.090 336.072, 216.051, 172.061 8

ISC-7-Glu [M-H]- C15H17NO9 355.090 292.082, 274.072, 135.045 10

ISC-9-Glu [M-H]- C15H17NO9 355.090 292.082, 216.051, 172.061, 137.024 10

SA [M-H]- C7H6O3 138.032 93.034 10

2HNG [M-H]- C8H11NO6 217.059 172.061, 136.040, 86.024 10

CA [M-H]- C10H10O6 226.048 137.026, 121.029, 93.034 10

ISC [M-H]- C10H10O6 226.048 137.026, 135.045, 119.050, 93.034 10

Primer 5'-3' sequence Purpose

ICS1-D47_EcoRI_fwd ACGGAATTCATGAATGGTTGTGATGGAGA cloning

ICS1-D47_HindIII_rev ACGAAGCTTTCAATTAATCGCCTGTAGAGA cloning

ICS1_w_Tag_SalI_fwd ACGGTCGACATGGCTTCACTTCAATTTTCTTCT cloning

ICS1-TAG-SalI_rev ACGGTCGACGAAATCTCCATCACAACCATT cloning

ICS1_TOPO_fwd CACCATGGCTTCACTTCAATTTTCTTC cloning

ICS1_TOPO_rev ATTAATCGCCTGTAGAGATGTTG cloning

PBS3_BamHI_fwd ACGGGATCCATGAAGCCAATCTTCGATATCAACG cloning

PBS3_HindIII_rev ACGAAGCTTAATACTGAAGAATTTGGCTACCACAC cloning

PBS3_TOPO_fwd CACCATGAAGCCAATCTTCGATATC cloning

PBS3_TOPO_rev AATACTGAAGAATTTGGCTACCAC cloning
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SUMMARY 

 Plant cell walls constitute physical barriers that restrict access of 

microbial pathogens to the contents of plant cells. The primary cell wall of 

multicellular plants predominantly consists of cellulose, hemicellulose and 

pectin and its composition can be changed upon stress. BETA-XYLOSIDASE 4 

(BXL4) belongs to a seven-member gene family in Arabidopsis, one member of 

which encodes a protein involved in cell wall remodelling.  

 We assayed the intracellular localization and enzymatic activity of BXL4 

and tested the influence of BXL4 on plant immunity making use of mutant and 

overexpression lines.  

 Ectopic expression of the BXL4 gene in Arabidopsis seed coat 

epidermal cells showed its localization in the apoplast, its ability to rescue a 

bxl1 mutant phenotype, suggesting that, like BXL1, BXL4 has both xylosidase 

and arabinosidase activity. BXL4 was induced upon infection with Botrytis 

cinerea in a jasmonoyl isoleucine (JA-Ile) dependent manner and bxl4 mutants 

showed a reduced resistance to B. cinerea, while resistance was increased in 

conditional overexpression lines.  

 We conclude that BXL4 is an xylosidase/arabinosidase that is secreted 

to the apoplast in response to pathogen attack and contributes to immunity 

against B. cinerea, possibly by removal of arabinose and xylose side-chains of 

polysaccharides in the primary cell wall. 

 

Key words: Arabidopsis thaliana, Botrytis cinerea, camalexin, cell wall, pectin, JA-

isoleucine.  

 

INTRODUCTION 

Plants are continuously exposed to a plethora of biotic threats such as 

herbivorous insects and microbial pathogens. To help mitigate these threats, plants 

have evolved various inducible and constitutive defence mechanisms against biotic 

and abiotic perturbations (Jones and Dangl, 2006; Dangl et al., 2013). Induced 

immune responses are diverse and include the production of various phytohormones 

that are activated by different classes of microbial pathogens, insect pests and 

abiotic stresses (McDowell & Dangl, 2000; Lebeis et al., 2015). Important constitutive 
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barriers that plant pathogens must overcome to access cellular contents are the 

cuticle and the plant cell wall (Vorwerk et al., 2004; Underwood, 2012; Engelsdorf et 

al., 2017; Escudero et al., 2017). The importance of cell walls for plant defence is 

demonstrated by both the abundance of cell wall degrading enzymes (CWDEs) that 

microbial pathogens secrete in order to successfully invade plant tissues (Glass et 

al., 2013; Quoc & Bao Chau, 2017; Hao et al., 2019) and a plant immune system 

that reacts to cell wall degradation products such as oligogalacturonides (Ferrari, 

2013; Davidsson et al., 2017). Plant cell walls consist of a complex meshwork of 

polysaccharides, where cellulose microfibrils are cross-linked by various 

hemicelluloses and embedded in a pectic matrix. Cellulose consists of (1-4)-β-linked 

D-glucose residues and is synthesised by cellulose synthase complexes located in 

the plasma membrane (Somerville, 2006; Carpita, 2011). Hemicelluloses are a 

diverse group of polysaccharides. In Arabidopsis, the most abundant hemicellulose 

is xyloglucan, which is characterised by a (1,4)-β-linked glucan regularly substituted 

with (1-6)- -xylosyl residues (Zablackis et al.. 1995; Scheller and Ulvskov, 2010; 

Pauly and Keegstra, 2016; Höfte and Voxeur, 2017). 

Pectin is the most complex cell wall polysaccharide and its biosynthesis involves 

at least 67 different enzyme activities (Harholt et al., 2010). Pectin consists of four 

types of polysaccharides: homogalacturonan (HG), xylogalacturonan, and 

rhamnogalacturonan (RG) I and II (Mohnen, 2008). HG, xylogalacturonan, and RG-II 

are all characterised by the presence of a (1-4)- -D-galacturonic acid backbone, 

whereas RG-I, has a backbone alternating in (1-2)- -L-rhamnose and (1-4)- -D-

galacturonic acid residues (O’Neill et al., 1990; Ridley et al., 2001; Mohnen, 2008; 

Mohnen, et al., 2008). RG-I is also characterised by arabinan, galactan and 

arabinogalactan side chains, and xylan side chains were recently proposed to exist 

as well (Ralet et al., 2016). In Arabidopsis, pectin is most abundant in the primary 

cell walls (Zablackis et al., 1995) and it is important for the regulation of cell wall 

mechanical properties during growth and development (Moore et al., 2008). It also 

influences water imbibition of seeds, pollen tube growth, leaf and flower abscission, 

fruit ripening, and cell wall integrity induced signalling (Mohnen, 2008; Arsovski et al., 

2009; Harholt et al., 2010; Kohorn and Kohorn, 2012). 

In addition to polysaccharides, plant cell walls also contain various proteins 

(Albenne et al., 2014). These proteins are an integral part of the cell wall, as they 
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contribute to its structural integrity, or modify cell wall composition during plant 

development and in response to environmental cues (Fry, 2004; Passardi et al., 

2004). One major group of cell wall modifying proteins are pectin methylesterases 

(PMEs), which demethylesterify the pectin HG after its biosynthesis (Lionetti et al., 

2014). At least 67 PME isoforms are thought to be present in Arabidopsis (Lionetti et 

al., 2017). The activity of these PMEs is tightly regulated by pectin methylesterase 

inhibitor (PMEI) proteins which exist in families equally as large as the PMEs 

(Wormit & Usadel, 2018). HG is also modified by polygalacturonases that hydrolyse 

the glycosidic linkages of the galacturonic acid backbone (Xiao et al., 2014).  

The modifications occurring on pectin such as demethylesterification and 

acetylation (Liu et al., 2018) are known to play a role in cell wall integrity 

maintenance and resistance to pathogens. For example, Arabidopsis rwa2 (reduced 

wall acetylation 2) mutants, that have reduced pectin acetylation, are more resistant 

to B. cinerea (Manabe et al., 2011). Arabidopsis plants overexpressing PMEI-1 and 

PMEI-2 show enhanced resistance to the phytopathogens B. cinerea and 

Pectobacterium carotovorum (Lionetti et al., 2007). Another pectin modification 

important for pathogen defence is the oxidation of oligogalacturonides (OGs) derived 

from HG hydrolysis (Benedetti et al., 2018). In Arabidopsis, four members of a 

berberine bridge enzyme-like family were found to be responsible for this oxidation. 

Although the oxidised OGs trigger weaker immune responses, they are more 

resistant to hydrolysis by B. cinerea enzymes. Accordingly, Arabidopsis plants 

overexpressing these oxidases are less susceptible to this pathogen (Benedetti et 

al., 2018).  

As highlighted above, many defence mechanisms involving pectin are attributed 

to HG and its methylation status. However, several questions still exist about how 

the minor pectins together with their modification affect plant pathogen interactions. 

In this study, we investigated the role of the Arabidopsis protein BXL4 (BETA-D-

XYLOSIDASE 4, AtBXL4, XYL4) and its impact on plant immunity. All seven 

Arabidopsis BXL family members (termed as BXL1-BXL7) possess predicted 

glycosyl hydrolase domains whilst some have predicted signal peptides for 

extracellular localisation (Goujon et al., 2003). Only BXL1 has been studied in any 

detail. It was shown to be a bifunctional β-D-xylosidase/-L-arabinofuranosidase 

(Goujon et al., 2003; Minic et al., 2004; Arsovski et al., 2009) that is important for 
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extrusion of mucilage upon hydration of Arabidopsis seeds (Arsovski et al., 2009) as 

it modifies the side chains present in RG-I (Williams et al., 2020) and is associated 

with tissues undergoing secondary cell wall thickening (Goujon et al., 2003). We 

provide evidence that another member of this protein family, BXL4, localises to the 

plant cell wall, where it most likely acts on both xylans and arabinans. We show that 

BXL4 expression is induced by B. cinerea infection and by mechanical wounding in a 

jasmonoyl-isoleucine (JA-Ile) dependent manner. Accordingly, bxl4 mutants are 

more susceptible when challenged with B. cinerea and display reduced levels of JA-

Ile and camalexin after infection. Conversely, overexpression of BXL4 results in 

increased transcript accumulation of the B. cinerea-responsive marker genes 

PDF1.2 and PAD3 and enhanced resistance to B. cinerea. Taken together, these 

data provide evidence of BXL4 important role in plant immunity. 

 

MATERIAL AND METHODS 

Plant and B. cinerea growth conditions 

Arabidopsis plants used for infection assays were grown on semi-sterile soil 

heated in an oven at 80°C for 8 h. The plants were grown under short day conditions 

(8 h light and 16 h darkness) at a temperature of 22°C and a relative humidity of 65% 

in a growth cabinet (Percival Scientific, Perry, USA). Arabidopsis plants for seed 

propagation were grown under long day conditions (16 h light and 8 h darkness), 

light intensity of 120-150 μmol m-2 s-1, at 22°C and 60% relative humidity in a climate 

chamber (York Industriekälte, Mannheim, Germany). The bxl1-1 mutant and lines 

created from this mutant were in the Ws ecotype background. All other lines used in 

this study were in the Columbia-0 (Col-0) ecotype background. bxl1-1 (Ws ecotype; 

CS16299, Feldmann, 1991), mpk3-DG (Li et al., 2002) and dde2-2 (von Malek et al., 

2002) were used. T-DNA mutant lines of bxl4-1 (SALK_071629) and bxl4-2 

(SAIL_331_B06) were sourced from Nottingham Arabidopsis Stock Centre and 

homozygous mutants where confirmed through genotyping PCR on genomic DNA 

using REDTaq® ReadyMix™ (Sigma) following their protocol. Primers used are 

listed in Table S1. 

Spores of the B. cinerea strain B05-10 (Staats and van Kan, 2012) were cultured 

on potato dextrose broth (Sigma) plus agar, grown at RT for 10 d and harvested by 

washing the spores off the plates using ¼ potato dextrose broth (PDB) and sieving 

through Miracloth (Sigma) to collect the conidiospores. Conidiospores were counted 
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using a hemacytometer (Sigma) and stocks in 25% glycerol were made and stored 

at -80°C.  

 

Gene expression analysis (qRT-PCR) 

RNA was extracted from leaves using Spectrum™ Plant Total RNA Kit (Sigma). 

cDNA was made from RNA treated with DNaseI (Thermo Scientific, Waltham, MA, 

USA) using Revert Aid™ H minus Reverse Transcriptase (Thermo Scientific). cDNA 

derived from leaf RNA was used for qRT-PCR using Takyon™ No Rox SYBR® 

MasterMix dTTP Blue (Eurogentec, Lϋttich, Belgium) following the manufacturers 

instructions. The 2−△△CT method (Livak and Schmittgen, 2001) was used to 

estimate relative gene expression which was normalised to the reference gene 

ACTIN8 (Ralhan et al., 2012). The primers used are listed in Table S1. 

 

Molecular cloning and Arabidopsis transformation 

The R4 Gateway Binary Vectors (R4pGWB; Nakagawa et al., 2008) were 

employed to make several constructs used in this work. The chimeric constructs with 

and without a Citrine tag were assembled by first amplifying the TBA2 promoters 

(1293bp) using PCR and cloning into the entry vector pDONRP4-P1R. The cDNA 

constructs were made by amplifying the cDNA from wild-type Arabidopsis plants with 

PCR (primers used are shown in Table S1) and cloning into entry vector pDONR207 

(Invitrogen). A tripartite LR reaction was performed to incorporate the TBA2 promoter 

and cDNA into R4pGWB501 (modified vector) with and without Citrine tag 

(Nakagawa et al., 2008). The BXL4 inducible overexpression lines were generated 

using pER8-GW-3’HAStrep, a plant binary gateway destination / 35S-inducible 

expression vector with a pER8-vector backbone (Breitenbach et al., 2014). 

Arabidopsis plants were transformed by floral dipping as described (Clough and 

Bent, 1998) and the subsequent T1 seeds were germinated on MS medium 

supplemented with hygromycin for selection. The induction of BXL4 in the inducible 

BXL4 overexpression lines was carried out by spraying 6 weeks old Arabidopsis 

plants with 50 µM β-estradiol in 0.01% (v/v) Tween20. Mock induction was 

performed by spraying the lines with 0.01% Tween20. 

 

Confocal microscopy 
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The transformed Arabidopsis T2 seeds were visualised using a confocal 

microscope for localisation of BXL proteins. Confocal images were recorded using 

confocal microscope Zeiss LSM 780 with a 63x objective (Carl Zeiss Inc., Jena, 

Germany). Citrine was excited at 488 nm through a 488 nm major beam splitter 

(MBS). Detection of fluorophore was done at a wavelength of 514 – 530 nm.  

 

B. cinerea infection assay 

B. cinerea spores were diluted to 5x 104 spores per millilitre in ¼ PDB (Sigma-

Aldrich) for drop inoculation assay, or 2 x 105 spores per millilitre in Vogel buffer 

(Vogel, 1956) for spray inoculation assay used for qRT-PCR analysis. The spores 

were pre-germinated for 4 h before inoculations were carried out. For drop 

inoculations, 6 µL of spore suspension in ¼ PDB was carefully placed on the adaxial 

side (away from the midrib) of a fully expanded rosette leaf of 6-7 weeks old 

Arabidopsis plants (at least 30 leaves were used from 10 independent plants). For 

spray inoculation, plants were sprayed until droplets began to run off the leaves 

(Mengiste et al., 2003). Inoculated plants were covered and grown under high 

humidity conditions for 3 or 4 days. Lesion diameters of drop-inoculated leaves were 

measured using a digital calliper and used to calculate lesion area. Spray-inoculated 

rosette leaves were harvested at 3 dpi. For fungal DNA quantification, fungal DNA 

was extracted using a plant/fungi DNA isolation kit (Norgen Biotek Corp) following 

the manufacturer’s protocol. The fungal β-ACTIN genomic DNA was quantified by 

qPCR (Ettenauer et al., 2014) using primers listed in Table S1.  

 

Mucilage staining with ruthenium red 

5 mg of Arabidopsis seeds were placed in 500 µl ddH2O in an Eppendorf tube 

before being gently shaken for 1 h on a rotary shaker. Water was gently removed 

and 500 µl 0.02% ruthenium red (Sigma) was added (Dean et al., 2007) to the tubes, 

which were then shaken for another 15 min before the ruthenium red solution was 

removed and seeds were again resuspended in 500 µl ddH2O. A droplet with stained 

seeds was placed on a microscopic slide and viewed under a light microscope 

(BX51, Olympus, Shinjuku, Japan, equipped with an R6 Retiga camera, Q imaging, 

Surrey, BC, Canada) using a 4x objective.  

 

Monosaccharide analysis-mucilage 
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Mucilage was extracted by agitating 5 mg of seeds in water for 2 h on a rotary 

shaker. Seeds were then allowed to settle for a few minutes before 1 ml mucilage 

solution was removed and placed in a glass tube. Mucilage solution was evaporated 

in a water bath at 40°C under nitrogen stream. Dry samples were hydrolysed for 1 h 

at 121°C using 2 M trifluoroacetic acid, before being evaporated again. 100 µl allo-

inositol was added as an internal standard and 500 µl ddH2O were added to 

resuspend the hydrolysed mucilage. 20 µl sample was evaporated under a nitrogen 

stream before overnight derivatisation in 15 µl methoxyamide (MOX, 30mg/ml in 

anhydrous pyridine). The next day, 30 µl MSTFA (N-Methyl-N-

(trimethylsilyl)trifluoroacetamide) were added and samples were analysed GC-MS 1-

6 h after MSTFA addition.  

 

GC-MS analysis 

Samples were analysed with a 7890B GC-System coupled to a 5977B MSD 

quadrupole set-up from Agilent Technologies. GC-separation was achieved on a HP-

5 column (Agilent Technologies) using the following temperature gradient: 150°C for 

2 min, 5 K/min gradient for 20 min, 15 K/min to a final temperature of 320°C, which 

was held for 3 min. For each run, 1 µl of the derivatized sample was injected. 

Identification of compounds was done by a combination of retention times compared 

to external standards and MS-spectra. Prepared mucilage samples were quantified 

relative to the internal standard allo-inositol. In parallel runs, monosaccharide 

standards of different concentration were used to determine response factors for 

area-to-molar amount conversion allowing absolute quantification.  

 

Monosaccharide analysis of the alcohol insoluble residue of leaves 

The alcohol insoluble residue (AIR) was extracted from plant leaves (6-7 weeks 

old plants) grown in the dark for 2 days. The AIR was extracted as described (Gille et 

al., 2009). The leaves were flash frozen in liquid nitrogen before they were 

pulverised using mortar and pestle. The ground material was washed 2 times with 

70% (v/v) ethanol, washed thrice with a chloroform:ethanol mixture (1:1 [v/v]), and 

lastly with acetone, before being air dried. Hot water pectin extraction (Yeoh et al., 

2008) was used by shaking 2 mg of AIR in 1.4 ml ddH2O at 90°C for 2 h. 

Monosaccharide analysis was then carried out on AIR using the same GC-MS 

method used on mucilage as described above. 
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Calculation of adherent mucilage volume 

The shape of the seed was taken as a spheroid as described in (Yu et al., 2014). 

The total length (2A) and width (2B) of the seed including the mucilage was 

measured and the volume calculated. The length of the seed alone without mucilage 

(2a) and the width without mucilage (2b) was measured and used to calculate the 

volume of the seed. The volume of the adherent mucilage was calculated by 

subtracting the volume of the seed alone from the total volume of the seed with 

mucilage using the formula: volume = 4/3 × 1/8 × length × width² (Fig. S13). 

 

Pectin dot-blot assay  

The dot blot assay was performed as described in Bethke et al. (2016). Pectin 

was extracted using a pectin extraction buffer (50 mM Trizma and 50 mM CDTA, pH 

7.2) at 50 µl per mg AIR. Serial dilutions were done before spotting 1 µl on 

nitrocellulose membranes. Overnight drying of the membrane was done before the 

membranes were blocked by adding 5% milk powder (w/v) dissolved in 1× PBS (8 g 

L−1 NaCl, 0.2 g l−1 KCl, 1.44 g l−1 Na2HPO4, and 0.24 g l−1 KH2PO4, pH 7.4). The 

membranes were probed with LM13, an anti-arabinan (Verhertbruggen et al., 2009), 

LM19, an anti-HG (Verhertbruggen et al., 2009) and CCRC-M7, an anti-RG-I 

(Steffan et al., 1995) antibodies. LM13 and LM19 antibodies were diluted 1:250 and 

CCRC-M7 diluted 1:500 in 5% milk powder (w/v) dissolved in 1 x PBS. Rabbit anti-

rat IgG antibody (Sigma) diluted 1:30000 in 5% milk powder (w/v) in 1 x PBS was 

used for the LM antibodies. Goat anti-mouse IgG antibody (Sigma) diluted 1:30000 

in 5% milk powder (w/v) in 1 x PBS was used for CCRC-M7 antibodies. Blots were 

developed by equilibrating in AP buffer (100 mM Tris, 100 mM NaCl, 5 mM MgCl2, 

pH 9.5) before incubating in 10 ml AP buffer with 33 µl BCIP and 66 µl NBT in the 

dark until spots were visible. 

 

Phytohormone measurements 

Extraction of phytohormones, separation and analysis was carried out as 

described in Herrfurth and Feussner, (2020) using the described mass transitions 

with some modifications specified in Table S2.  

 

Creation of phylogenetic tree 
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Phylogenetic trees were created with MEGA version X software using MUSCLE 

alignment with gap penalties set to -9 for gap open and to -3 for gap extension 

(Kumar et al., 2018). The aligned protein sequences were used for phylogenetic tree 

construction using the maximum likelihood method based on the JTT matrix-based 

model (Jones et al., 1992). The phylogeny was tested with the Bootstrap method set 

for 1000 replicates (Felsenstein, 1985). 

 

RESULTS 

BXL4 expression is induced by wounding and B. cinerea infection  

According to publicly available databases, the expression of BXL4 is upregulated 

by infection with various pathogens (Winter et al., 2007; Hruz et al., 2008). To 

confirm that BXL4 is a stress-induced gene, its expression pattern after mechanical 

wounding and infection with B. cinerea was analysed (Fig. 1). Generally, BXL4 gene 

expression is relatively low in Col-0 grown under normal conditions (Fig. S1). 

However, the BXL4 gene expression was induced 16-fold upon mechanical 

wounding of the rosettes of Col-0 (Fig. 1a). BXL4 expression was also investigated 

in the jasmonoyl-isoleucine (JA-Ile) deficient mutant line dde2-2 (von Malek et al., 

2002), because JA-Ile regulates the expression of many wounding responsive genes 

(Howe et al., 2018). Relative to wild-type expression, upregulation of BXL4 transcript 

levels after wounding was greatly reduced in the dde2-2 mutant with a 2-fold 

induction at 5 h after wounding compared to the16-fold induction in the wild-type 

(Fig. 1a). Because Arabidopsis defence against necrotrophic pathogens is 

associated with JA-Ile (Pieterse et al., 2012, Zhang et al., 2017), accumulation of 

BXL4 transcript after infection with B. cinerea was quantified. There was a significant 

12 to 20-fold induction of BXL4 transcript accumulation in Arabidopsis 3 d post 

inoculation (dpi) with B. cinerea (Fig. 1b, c). To investigate whether the induction of 

BXL4 expression after B. cinerea infection also occurs in unchallenged systemic 

tissues, the BXL4 expression was analysed in distal leaves after a local B. cinerea 

drop-inoculation. This analysis revealed that the BXL4 expression is induced in the 

uninfected distal leaves as well (Fig. 1c). 

 

BXL4 localises to the apoplast 

Cell wall modification in muro is one important aspect of plant defence (Ferrari et 

al., 2012; Lionetti et al., 2017). The Arabidopsis protein BXL4 possesses a predicted 
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signal peptide for secretion (Goujon et al., 2003) and showed increased abundance 

in the Arabidopsis apoplast after P. syringae and B. cinerea infection (Breitenbach et 

al., 2014; Sham et al., 2014). To confirm cell wall localization, BXL4-CITRINE was 

stably expressed in seed coat epidermal cells, where the apoplast can be easily 

distinguished from the plasma membrane as it forms large pockets of mucilage in a 

specific domain of the apoplast (reviewed in Šola et al., 2019a). A BXL4 construct 

with a C-terminal CITRINE fusion (BXL4-CITRINE), driven by the strong seed coat 

specific TBA2 (TESTA ABUNDANT2) promoter (Tsai et al., 2017; McGee et al., 

2019) was generated and transformed into Arabidopsis Col-0 wild-type plants. 

Arabidopsis seed coat epidermal cells of T2 transgenic seeds expressing 

pTBA2:BXL4-CITRINE in Col-0 were visualised under a confocal microscope 7 d 

post anthesis. The BXL4-CITRINE fluorescence could be detected in the mucilage 

pocket and radial cell walls but not in the cytoplasm (Fig. 2). The confocal data 

confirms that BXL4 is a secreted protein that is indeed localized to the cell wall. 

 

BXL4 rescues the mucilage phenotype of bxl1 when expressed under the 

TBA2 promotor that drives expression in seed coats 

Before investigating the physiological function of BXL4, we aimed to gain 

information on its enzymatic activity. BXL4 might be capable of carrying out 

enzymatic functions similar to its homolog BXL1 (57 % identity on the amino acid 

level, Fig. 2) that has been shown to have arabinosidase/xylosidase activity (Goujon 

et al., 2003; Minic, 2004). The BXL1 protein was detected in the mucilage collected 

from seed coat epidermal cells (Tsai et al., 2017), where BXL1 modifies mucilage 

RG-I during seed development (Williams et al., 2020) by reducing the amount of (1-

5)-linked arabinans (Arsovski et al., 2009). The bxl1 knockout mutant has mucilage 

that extrudes much more poorly from the seed coat after hydration of the seeds in 

comparison to wild-type mucilage (Arsovski et al., 2009; Fig. 3). Since BXL4 has not 

been identified in the seed mucilage (Tsai et al., 2017) and the bxl4 knockout mutant 

lines had no obvious mucilage defect (Fig. S3), we were able to determine indirectly 

whether BXL4 has an enzymatic activity similar to that of BXL1 by testing the ability 

of BXL4 to complement the bxl1 mucilage phenotype when expressed in the seed 

coat using pTBA2. The pTBA2:BXL4 and as a positive control, pTBA2:BXL1 

chimeric genes with and without a C-terminal CITRINE tag were stably transformed 

into the bxl1 mutant. T2 transgenic bxl1 seeds containing either the pTBA2:BXL1-
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CITRINE or the pTBA2:BXL4-CITRINE construct showed apoplastic localisation of 

CITRINE in seed coat epidermal cells (Fig. S4). The ability of all constructs to 

complement the bxl1 mucilage extrusion defect was determined by placing T2 

transgenic seeds in water and staining the mucilage with ruthenium red, a dye that 

stains acidic polysaccharides such as pectin (Steeling, 1970). Sixteen out of 17 

independent transformants carrying pTBA2:BXL1 (Fig. 3c and Fig. S5a) and all 21 

independent transformants carrying the pTBA2:BXL4 (Fig. 3d and Fig. S5b) 

constructs with and without the CITRINE tag, showed normal mucilage extrusion. In 

contrast, BXL6, a BXL4 homolog (Fig. S2) that does not possess a signal peptide for 

extracellular targeting (Based on SignalP-5.0 analysis; Armenteros et al., 2019) 

under control of the TBA2 promoter failed to rescue the mucilage defect of bxl1 (Fig. 

S6).  

The Arabidopsis bxl1 knockout mutant produces mucilage with a higher content of 

arabinose than the wild type (Arsovski et al., 2009). To investigate if the bxl1 

transgenic lines carrying pTBA2:BXL4-CITRINE had mucilage with a 

monosaccharide composition more similar to the wild type (Ws) than to bxl1, we 

analysed the water-extracted mucilage from T2 seeds after mild shaking. Mucilage of 

Arabidopsis seeds is composed mainly of the pectin RG-I (Dean et al., 2007; 

Arsovski et al., 2009; Arsovski et al, 2010; Haughn & Western, 2012). Consistent 

with this, our monosaccharide analysis of the mucilage showed that rhamnose and 

galacturonic acid were the most abundant sugars (Fig. S7). The bxl1 mutant 

exhibited a 4-fold increase in abundance of arabinans in comparison to the wild type 

Ws, whereas the bxl1 transgenic lines complemented with pTBA2:BXL1-CITRINE or 

pTBA2:BXL4-CITRINE showed arabinose levels similar to the wild type (Fig. 3e). 

Interestingly, the bxl1 mutant line expressing pTBA2:BXL4-CITRINE showed a 

xylose content that was not only reverted to the wild-type levels but that were even 

lower (Fig. 3e). Taken together the mucilage complementation data show that BXL4 

is a putative xylosidase/arabinosidase. 

 

Expression of BXL4 in Arabidopsis Col-0 seed coat epidermal cells results in 

less adherent mucilage  

To enhance our understanding of the effects of BXL4 on Arabidopsis mucilage 

properties, and to test if the above observed putative xylosidase/arabinosidases 

activity could also be observed in wild-type Col-0 plants, Arabidopsis lines carrying 
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the pTBA2:BXL4 construct were made by transforming wild-type Col-0. The T2 

seeds were shaken vigorously in water for 2 h before ruthenium red staining was 

done. The Col-0 lines with a pTBA2:BXL4 construct had an apparent reduction in the 

volume of adherent mucilage compared to the wild-type control (Fig. 4a-d) that was 

shown to be significant through quantification of the adherent mucilage volume using 

ImageJ v.1.84 (Schneider et al., 2012) (Fig. 4e). The mucilage from the T2 

transgenic seeds was extracted and analysed for monosaccharide composition using 

GC-MS. Col-0 lines expressing pTBA2:BXL4 had lower levels of xylose compared to 

wild-type Col-0 (Figure 4F), which was also observed in bxl1-1 transformed with 

TBA2p:BXL4-Citrine (Fig. 3e), pointing towards BXL4 having xylosidase activity. On 

the other hand, mucilage arabinose levels remained wild type-like in the WT lines 

ectopically expressing BXL4 (Fig. 4f), even though our previous data pointed 

towards BXL4 having arabinosidase activity (Fig. 3e) arabinose levels similar to the 

wild type, whilst the xylose composition was further depleted compared to Col-0 (Fig. 

4f).  

 

Disruption of BXL4 does not affect plant growth 

Alteration of the cell wall composition may impair normal growth and development 

of Arabidopsis plants (Noguchi et al., 1997). To test if the disruption of BXL4 gene 

function affects the normal growth of Arabidopsis, two independent Arabidopsis T-

DNA insertion lines, bxl4-1 and bxl4-2, that carry insertions in exon 4 and 5, 

respectively, were obtained from the Nottingham Arabidopsis stock centre (Fig. 5a) 

and the position of the T-DNA insertion was confirmed. BXL4 transcript levels were 

analysed in the T-DNA insertion lines by quantitative reverse transcription 

polymerase chain reaction (qRT-PCR) and primers that amplify regions of BXL4 both 

upstream and downstream of the T-DNA insertion locus. Whereas we could not 

detect full length BXL4 transcripts using primers downstream of the T-DNA insertion 

in the bxl4-1 line, BXL4 transcript accumulation was detectable, but significantly 

reduced, in bxl4-2 plants (Fig. 5b). Use of primers upstream of the T-DNA insertion 

site revealed a significant reduction of BXL4 transcript accumulation in the bxl4 

mutants compared to Col-0 (Fig. 5c and d). To evaluate if the disruption of BXL4 

gene function in bxl4-1 and bxl4-2 affects the monosaccharide composition of pectin 

in unchallenged tissues, water-extracted pectin from alcohol insoluble residues of 

leaf material was analysed for monosaccharide composition using a modified work-
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flow based on gas chromatography-mass spectrometry (GC-MS) (Biswal et al., 

2017). The monosaccharide compositions were normalised to rhamnose as its 

content is about proportional to the amount of RG-I (Saffer et al., 2017). The bxl4-1 

mutant showed a significantly increased relative abundance of arabinose compared 

to Col-0, and bxl4-2 a similar but not significant trend. There was no significant 

difference in the xylose or any other pectin monosaccharide measured of either line 

(Fig. 5e and Fig. S8). Dot blot assays carried out on pectin extracted from the three 

genotypes also indicate in the bxl4 mutants an increased abundance of long 

stretches of 1,5-linked arabinosyl residues that are believed to be side chains of RG-

I (Fig. S9) (Arsovski et al., 2009). Despite these effects on leaf cell wall pectin 

composition, neither bxl4 mutant exhibited any obvious growth defects and were 

comparable to Col-0 (Fig. S10).  

 

BXL4 contributes to resistance against B. cinerea 

As the expression of BXL4 is induced after B. cinerea infection (Fig. 1), we tested 

if the bxl4 mutants are compromised in resistance to B. cinerea by drop inoculating 

plants with B. cinerea conidiospore suspensions and measuring the lesion area 3 dpi 

(Fig. 6). The bxl4 mutants developed significantly larger lesions compared to Col-0 

(Fig. 6a and c). The mpk3 mutant was used as a control with enhanced susceptibility 

(Galletti et al., 2011). An additional method was used to quantify the disease 

susceptibility to B. cinerea. Plants were sprayed with B. cinerea conidiospore 

suspension and the fungal β-ACTIN genomic DNA 3 dpi after spray inoculation (3 

dpi) was quantified using qPCR (Ettenauer et al., 2014). The bxl4 mutants showed a 

significantly higher abundance of fungal genomic DNA as compared to Col-0 (Fig. 

6b).  

To assess the effects of BXL4 overexpression on Arabidopsis defence reactions, 

three independent transgenic lines (OE1, OE2, and OE3) containing a BXL4 

transgene under control of an estradiol-inducible promoter were generated in the 

Col-0 background. The expression of BXL4 was evaluated by qRT-PCR in six week 

old Arabidopsis plants 4 days after spraying with 0.01% Tween 20 (mock) or 50 µM 

β-estradiol (Fig. 7a and b). The mock treated plants did not show any induction of 

BXL4 expression (Fig. 7a), but there was a15-60-fold increase compared to Col-0 in 

the β-estradiol induced lines (Fig. 7b). 
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We then tested if the overexpression of BXL4 also had an effect on immunity to B. 

cinerea. The inducible BXL4 overexpression lines were drop inoculated with B. 

cinerea conidiospores 4 days after β-estradiol induction, and the lesion area was 

determined 3 days after inoculation. The BXL4 overexpression lines developed 

smaller lesions compared to Col-0 (Fig. 7c). In the mock-induced BXL4 

overexpression lines, there was no significant difference in lesion size compared to 

Col-0 (Fig. 7c). The fungal genomic DNA was quantified 3 days after spraying the 

plants with B. cinerea conidiospores. Compared to Col-0, the BXL4 overexpression 

lines induced by spraying with β-estradiol once per week for six weeks prior to the 

spraying with the pathogen showed a decreased abundance of the fungal DNA (Fig 

7d) and showed weaker symptoms (Fig. 7e). In contrast, the transgenic plants 

exposed to mock induction, did not result in any significant difference from Col-0 in 

fungal genomic DNA accumulation (Fig. 7d) or symptoms (Fig. 7e). 

 

Disruption of BXL4 alters the induction of plant defence associated genes upon 

mechanical wounding and B. cinerea infection  

Mechanical wounding and attack of necrotrophic pathogens in Arabidopsis 

triggers defence responses, some of which are regulated via JA-Ile signalling (Howe 

et al., 2018). To test if the bxl4 mutants are impaired in JA-Ile signalling, the 

transcript abundance of the JA-Ile marker genes JAZ10 (Yan et al., 2007; Chung et 

al., 2008) and PDF1.2 (Penninckx, 1998; Zarei et al., 2011) was tested in 

mechanically wounded Col-0 and bxl4 mutants (Fig. 8). There was a significant 

induction of PDF1.2 and JAZ10 in Col-0 at 2 h post wounding, whereas the bxl4 

mutants had a significantly decreased transcript accumulation of PDF1.2 (Fig. 8a) 

and JAZ10 (Fig. 8b) at 2 h post wounding compared to Col-0. The transcript 

accumulation of JAZ10 and PDF1.2 was also evaluated after B. cinerea spray 

inoculation. The expression of PDF1.2 was greatly induced in Col-0 at 1, 2 and 3 dpi, 

whereas the bxl4 mutants had expression that was compromised (Fig. 8c). This 

trend was observed in three other independent experiments (Fig. S11). Transcript 

accumulation of JAZ10 showed a significant difference between the wild type and 

the bxl4 mutants especially at 2 dpi (Fig. 8d). The relative expression of the B. 

cinerea-responsive marker gene PAD3, encoding an enzyme involved in 

antimicrobial camalexin biosynthesis, was also reduced significantly in bxl4 plants 

especially at 2 dpi compared to Col-0 (Fig. 8e).  
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bxl4 mutant plants have a slightly reduced accumulation of JA-Ile and 

camalexin after infection with B. cinerea 

We next assayed if the reduced expression of PDF1.2 and PAD3 in bxl4 mutants 

correlates with a reduced accumulation of JA-Ile and camalexin upon infection with 

B. cinerea (Fig. 9) (Ferrari et al., 2003, 2007; Scalschi et al., 2015; Nie et al., 2017). 

The bxl4 mutants showed a slight reduction in JA-Ile abundance especially at 3 dpi 

compared to Col-0 (Fig. 9d). The abundance of camalexin after B. cinerea infection 

was reduced especially at 1 dpi in the bxl4 mutants compared to Col-0 (Fig. 9f). 

There was no significant increase in the abundance of JA-Ile and camalexin after 

mock inoculation of the different genotypes. Other plant hormones or defence-

related compounds did not show particular trends in bxl4 plants after inoculation 

(Supplemental dataset 1). The bxl4 mutants also had a slightly reduced 

accumulation of JA-Ile compared to Col-0 after wounding (Fig. S12).  

 

BXL4 overexpression results in higher expression of PDF1.2 and PAD3 after B. 

cinerea infection 

To test the effect of BXL4 overexpression on the induction of PDF1.2 and PAD3 

expression, the inducible BXL4 overexpression lines were sprayed with β-estradiol or 

mock-induced by spraying 0.01% Tween20, and four days later the plants were 

infected with B. cinerea. Mock induction of the inducible lines did not result in any 

induction of PDF1.2 or PAD3 prior to infection (Fig 10a, c, time-point 0 h). Induction 

of BXL4 by β-estradiol treatment, however, resulted in a strong upregulation of 

PDF1.2 expression in the inducible overexpression lines compared to Col-0 (Fig. 

10b, time point 0 h) prior to infection. In addition, a significant increase of PAD3 

expression was observed in one line (Fig. 10d, time-point 0 h). The transcript 

accumulation of PDF1.2 and PAD3 was then evaluated at 1, 2 and 3 dpi. The mock-

treated overexpression lines plants did not show strong differences from the wild 

type (Fig. 10a, c). When treated with β-estradiol four days prior to infection, however, 

differences could be observed. Here, the overexpression lines had a significantly 

increased PDF1.2 transcript abundance at 1 dpi (Fig. 10b) and PAD3 transcript was 

significantly higher especially at 2 and 3 dpi (Fig. 10d). 

 

DISCUSSION 
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The role of pectin modification in plant defences has been elucidated in several 

previous publications (Bethke et al., 2014; Lionetti et al., 2014, 2017) that highlighted 

the importance of HG methylation. Here, we provide evidence that BXL4 acts in the 

apoplast and can remove arabinoses and possibly xyloses from polysaccharides in 

the cell wall and show that BXL4 contributes to immunity against B. cinerea.  

While our work was mostly concerned with the role of BXL4 in pathogen defence, 

we first investigated its molecular function in cell wall remodelling. The complexity of 

cell wall matrix polysaccharides is generated by a plethora of biosynthetic enzymes 

localized in the Golgi (Harholt et al., 2010). However, matrix polysaccharides can 

also be remodelled in muro (Micheli, 2001; Bosch, 2005) giving the plant more 

flexibility in the regulation of its cell wall architecture (Rui et al., 2018; Wu et al., 

2018). Previous data on the cell wall proteome of Arabidopsis leaves expressing a P. 

syringae effector AvrRpm1 indicated that BXL4 is such an enzyme acting in muro 

(Breitenbach et al., 2014). The apoplast localisation of BXL4 was predicted based on 

the algorithm of SignalP-5.0 (Armenteros et al., 2019), which indicated that the first 

38 amino acids of BXL4 act a signal peptide for the secretory pathway. Our analyses 

confirm an apoplastic localization when BXL4 is introduced into seed coat epidermal 

cells (Fig. 2 and Fig. S4) suggesting that BXL4 indeed has a signal sequence in vivo.  

Seed coat epidermal cells were also used to investigate the enzymatic function of 

BXL4 (Fig. 3b) (Šola et al., 2019a, b). BXL4, expressed in the seed coat epidermal 

cells, was able to complement the mucilage extrusion and mucilage composition 

phenotype of the bxl1 mutant (Fig. 3d; Fig. 3e) strongly suggesting that like BXL1 

(Minic et al., 2004) BXL4 has -L-arabinofuranosidase activity and acts on the side 

chains present in RG-I (Williams et al., 2020). This hypothesis is further supported by 

the increased levels of arabinans observed in the leaf cell walls of the bxl4-1 mutant 

(Fig. 5e and Fig. S9). Similarly, ectopic expression of BXL4 under the strong TBA2 

promoter in a WT background also decreased the amount of xylose in the 

pectinacious mucilage especially in the Col-0 background (Fig. 4f). This also led to a 

reduced volume of adherent mucilage after vigorous shaking (Fig. 4a-e), implying 

that the mucilage is more loosely attached to the seed coat than in the wild type. 

These data are consistent with studies of the MUM5 gene, which encodes a xylosyl 

transferase. The mum5 mutant has seed mucilage with reduced xylose levels that is 

more loosely attached to the seed coat (Ralet et al., 2016) and it was hypothesized 
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that mucilage RG-I has xylan side chains that mediate the interaction with mucilage 

cellulose through non-covalent linkages thus resulting in strong mucilage adherence 

to the seed surface following mucilage extrusion. It is therefore conceivable that 

BXL4, like BXL1 (Minic et al., 2004) also has β-D-xylosidase activity that acts on the 

xylan side chains of mucilage.  

Like BXL1, which acts on the RG-I side chains in muro (Williams et al., 2020), 

BXL4 likely candidate are arabinan and xylan side chains of RG-I, given that the 

altered cell wall polysaccharides were extracted using hot water, a procedure that 

extracts pectin but not hemicelluloses (Broxterman & Schols, 2018). However, we 

cannot rule out that other polysaccharides or glycosylated proteins are substrates of 

BXL4. 

The expression of BXL4 in leaves is upregulated after wounding and after 

infection with B. cinerea (Fig. 1). The upregulation after wounding is partially JA-Ile 

dependent (Fig. 1a) similar to many genes involved in wound responses and 

pathogen defence (Howe et al., 2018). The induction of BXL4 expression indicates 

that it plays a role in cell wall remodelling after wounding and pathogen attack. Cell 

wall remodelling has been previously described to occur after both these stresses. 

For example, the degree of pectin methylesterification is altered in Arabidopsis in 

response to attack from fungal pathogens (Lionetti et al., 2012). In many interactions 

between plants and pathogens, it was noted that a high degree of 

methylesterification results in reduced susceptibility of the plants to pathogen as the 

pectin is more resistant to pectic enzymes (Lionetti et al., 2012, 2017; Liu et al., 

2018). Wounding is also thought to trigger the induction of endogenous 

polygalacturonases that generate OGs important for defence responses (León et al., 

2001). Similarly, we show genetic evidence for the involvement of BXL4 in plant 

biotic stress tolerance, as the resistance to B. cinerea infection was compromised in 

the bxl4 mutants (Fig. 6), while the conditional overexpression of BXL4 resulted in 

decreased susceptibility to this pathogen (Fig. 7). 

While the mode of action of BXL4 in plant defense remains to be determined, 

upregulation of BXL4 expression appears to be JA-Ile dependent, as detected in the 

dde2-2 JA-Ile deficient mutant (Fig. 1). Conversely, JA-Ile levels were less strongly 

increased in the bxl4 mutants than in the wild type at some time points after infection 

(Fig 9b-d). Further, the loss and gain of BXL4 function influence JA-Ile signalling 

processes since the expression levels of the jasmonate regulated genes PDF1.2 and 
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JAZ10 are influenced by both overexpression and downregulation of BXL4 (Fig. 8-

10). These data suggest that BXL4 expression is activated by JA-Ile and in turn, 

BXL4 action contributes to the synthesis of JA-Ile in as part of the feed forward loop 

(Wasternack and Feussner, 2018). BXL4 may influence resistance only through an 

activation of JA-Ile synthesis. More likely, however, the cell wall modifications of 

BXL4 have a more direct effect on the ability of the pathogen to infect.  

Arabinan side chains that are likely trimmed by BXL4 play a role in cell wall 

architecture (Verhertbruggen et al., 2013). In Arabidopsis, the interspacing of HG 

with arabinan-rich RG-I reduces crosslinking with Ca2+, thus making cell walls more 

flexible (Jones et al., 2003; Moore et al., 2008; Merced and Renzaglia, 2019). 

Trimming of arabinan side chains in wild-type plants could result in greater pectin 

crosslinking by Ca2+ thus making the cell walls more recalcitrant to penetration by 

fungal hyphae. In addition, the degradation of this cross-linked homogalacturan by 

polygalacturonases (Bellincampi et al., 2014; Sénéchal et al., 2014), would result in 

the formation of Ca2+ cross-linked oligogalacturonides, which elicit strong biological 

responses such as production of ROS, phytoalexins, callose and JA-Ile production 

(Kohorn and Kohorn, 2012; Bethke et al., 2014; Savatin et al., 2014; Mielke and 

Gasperini, 2019). It is also plausible that changes in the cell wall composition 

induced by BXL4 are perceived by some plasma membrane bound receptor kinases 

resulting in the activation of plant defence responses (Bacete et al., 2018; Engelsdorf 

et al., 2018; Franck et al., 2018) Furthermore, BXL4 activity on the cell wall 

polysaccharides may result in the generation of other non pectic fragments for 

instance xyloglucan derived fragments which act as DAMPs that trigger plant 

immune responses (Claverie et al., 2018). He mutants with a compromised BXL4 

activity are unable to produce these DAMPs resulting in increased susceptibility to B. 

cinerea.  

Another gene influenced by BXL4 and partially regulated by JA-Ile signalling is 

PAD3 (Rowe et al., 2010) that catalyses the final step in camalexin synthesis 

(Schuhegger et al., 2006). Camalexin has been shown to act as a phytoalexin not 

only against B. cinerea (Ferrari et al., 2007; Shlezinger et al., 2011) but also various 

other phytopathogens (Sanchez-Vallet et al., 2010; Schlaeppi et al., 2010). The 

reduction in the accumulation of camalexin in bxl4 mutants, especially at early time-

points after infection (Fig. 9f), could be one of the factors that lead to enhanced 

susceptibility to B. cinerea. Accordingly, estradiol inducible BXL4 overexpression 
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lines (OE1, OE2 and OE3), have a higher abundance of PAD3 transcript especially 

at the later time points after B. cinerea infection (Fig. 10d) and consequently they are 

more resistant to the pathogen. 

In conclusion, our study indicates that the modification of cell wall polysaccharides 

by BXL4 is a factor in plant resistance.  
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FIGURE LEGENDS 

 

Fig. 1 BXL4 is induced upon mechanical wounding and B. cinerea infection.(a) 

Expression pattern of BXL4 in Col-0 and the JA-Ile-deficient mutant dde2-2. RNA 

extracted from 6 weeks old plants before wounding (0 h) and at 0.5, 2 and 5 h post 

wounding. (b) Relative expression of BXL4 in leaves of 6 week-old Col-0 plants after 

leaves were drop inoculated with B. cinerea conidiospores suspension or Vogels 

buffer (mock). (c) Relative expression of BXL4 in infected or unchallenged systemic 

(distal) leaves at 0 d (before inoculation) and 1, 2, and 3 days post infection (dpi). 

Error bars show SE (n=3 biological replicates); statistical differences to the WT at 0 d 

were determined (Student‘s t-test; * indicates P<0.05, ** P<0.01). Experiments were 

conducted three times with similar results. 

 

Fig 2 BXL4-CITRINE localises to the apoplast in Arabidopsis Col-0 seed coat 

epidermal cells.BXL4-CITRINE stably expressed under the control of the TBA2 

promoter localises to the mucilage pocket (see arrows), a section of the apoplast of 

Arabidopsis seed coat epidermal cells, at 7 days post anthesis. (a) Tangential 

confocal section. (b) Radial confocal section. Scale bars, 10 µm.  

 

Fig. 3 BXL4 can complement the mucilage phenotype of bxl1.In Ws wild-type 

plants, the extrusion of the mucilage forms a halo around the seeds that can be 

visualised by staining with ruthenium red (a). bxl1 seeds extrude their mucilage in a 

patchy manner (b). The bxl1 mucilage extrusion defect can be complemented by 

transgenic expression of pTBA2:BXL1-CITRINE (c) or pTBA2:BXL4-CITRINE (d). 

Scale bars, 200 µm. (e) Relative monosaccharide composition of mucilage extracted 

from Ws, bxl1, bxl1 pTBA2:BXL1-CITRINE (line 1 and 6) and bxl1 pTBA2:BXL4-

CITRINE (line 2, 6 and 8). Monosaccharide composition was determined by GC-MS 

and normalised to rhamnose. n=3 biological replicates. Error bars show SD; 

statistical analysis was done by one-way ANOVA with Tukey's post-hoc test. Xylose 

and arabinose were analysed independently of each other; different letters indicate 

significant differences with p<0.05. 

 

Fig. 4 BXL4 expression in Col-0 seed coat epidermal cells results in less 

adherent mucilage after vigorous shaking in water.Adherent mucilage of Col-0 
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(a), pTBA2:BXL4 in Col-0 line 3, 4 and 5 (b-d) after vigorous shaking in water and 

staining with ruthenium red. Scale bar = 250 μm. (e) Quantification of the volume of 

adherent mucilage of Col-0, pTBA2:BXL4 expression lines 3, 4 and 5 after vigorous 

shaking and staining with ruthenium red. n=10 seeds. (f) Monosaccharide 

composition of mucilage extracted from wild type Col-0 and the three pTBA2:BXL4 

transgenic lines (3, 4 and 5). Monosaccharide composition was determined by GC-

MS and normalised to rhamnose. n=3 biological replicates. Error bars show SD, 

statistical differences to the WT were determined (Student‘s t-test; * indicates 

p<0.05, ** p<0.01, *** p<0.001). 

 

Fig. 5 The disruption of BXL4 has mild effects on the cell wall composition. (a) 

The intron-exon structure of BXL4 and the positions of T-DNA insertions in bxl4-1 

and bxl4-2. The exons are represented by grey boxes, introns by black lines, black 

triangles show positions of the T-DNA insertions that were confirmed by sequencing. 

The 5’ UTR is represented by a black box. Arrows indicate primers used for qRT-

PCR analysis. (b-d) Relative expression of BXL4 in leaves of 4 week old WT and 

bxl4 mutant plants as determined by qRT-PCR using primers as indicated and 

shown in Supplementary table 1. Expression values were normalised to ACTIN8 and 

are shown relative to levels in Col-0. Error bars show SE (n=3 biological replicates), 

statistical differences to the WT were determined (Student‘s t-test, * indicates 

P<0.05; ** P<0.01). (e) Monosaccharide composition of water extracted pectin from 

Arabidopsis leaves of 6 week old wildtype Col-0, bxl4-1 and bxl4-2 mutant lines. The 

monosaccharides were normalised to rhamnose. Extracted pectin was analysed by 

GC-MS. Error bars show SD (n=4 biological replicates), statistical differences to the 

WT were determined (Student‘s t-test, * indicates P<0.05). Experiments were 

conducted three times with similar results. 

 

Fig. 6 bxl4 mutant lines are more susceptible to B. cinerea infection.(a) 

Infection phenotype of Col-0, bxl4-1 and bxl4-2 after B. cinerea infection. A minimum 

of 30 leaves from 5 independent plants were drop inoculated with 6 µl B. cinerea 

conidiospores, and lesion diameter measured with a digital caliper 3 days post 

infection (dpi). mpk3 was used as the susceptible control. Error bars show SE (n ≥ 

30 leaves), statistical differences to the WT were determined (Student‘s t-test, ** 

indicates P<0.01). Experiment was conducted four times with similar results. (b) 
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Infection phenotype measured after spraying plants with B. cinerea conidiospores 

and quantifying fungal genomic DNA by qPCR. Fungal genomic DNA was quantified 

3 dpi. Error bars represent SE (n=3 biological replicates), statistical differences to the 

WT were determined (Student‘s t-test, * indicates P<0.05; ** P<0.01). The 

experiment was conducted three times with similar results. (c) Lesion phenotype of 

detached leaves of Col-0, mpk3, bxl4-1 and bxl4-2 at 3 dpi with B. cinerea. Scale 

bar, 10 mm. 

 

Fig. 7 The overexpression of BXL4 results in increased resistance to B. 

cinerea. The relative expression of BXL4 at 4 days after mock induction (a) and after 

β-estradiol induction (b) of BXL4 inducible overexpression lines 1, 2 and 3 (OE1, 

OE2 and OE3). (c) Lesion diameter of Col-0, mpk3 and inducible overexpression 

lines 1, 2 and 3. Plants were treated with β-estradiol for four days prior to infection 

with B. cinerea and lesion diameters were scored 3 days post infection (dpi). Error 

bars show SE (n ≥ 30 leaves), statistical differences to the WT were determined 

(Student‘s t-test, * indicates P<0.05, **P<0.01). (d) Quantification of fungal genomic 

DNA measured after spraying plants with B. cinerea conidiospores and quantifying 

with qPCR. Fungal genomic DNA was quantified 3 dpi. The overexpression of BXL4 

was either mock induced or continuously induced once per week for 6 weeks before 

spraying with B. cinerea conidiospores. Error bars represent SD (n=3 biological 

replicates), statistical differences to the WT were determined (Student‘s t-test ** 

indicates P<0.01). (e) Infection phenotype of Arabidopsis plants: Col-0, mpk3, OE1, 

OE2 and OE3 at 3 days post infection with B. cinerea. BXL4 overexpression was 

continuously induced. 

 

Fig. 8 BXL4 influences jasmonoyl-isoleucine signalling upon wounding and B. 

cinerea infection. Relative expression of JA-Ile marker genes PDF1.2 (a) and 

JAZ10 (b) in Col-0, bxl4-1, and bxl4-2 at 0 and 2 h post wounding. Relative 

expression of PDF1.2 (c), JAZ10 (d) and PAD3 (e) in 6 week old Col-0, bxl4-1 and 

bxl4-2 Arabidopsis plants at 0, 1, 2 and 3 d after infection (dpi) with B. cinerea. 

Expression values were normalised to the reference gene ACTIN8 and are shown 

relative to the wild type levels at 0 h. Error bars show SE (n=3 biological replicates), 

statistical differences to the WT were determined for each time point (Student‘s t-test 
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* indicates P<0.05, ** P<0.01). Experiments were conducted three times with similar 

results. 

 

Fig. 9 bxl4 mutants show a slightly decreased accumulation of JA-Ile and 

camalexin upon infection with B. cinerea. Col-0 and bxl4 mutant lines were spray 

inoculated with B. cinerea and the leaves were sampled at 0, 1, 2, and 3 days post 

infection (dpi). Extracted levels of JA-Ile (a-d) and camalexin (e-h) were analysed 

using nanoelectrospray coupled to a tandem mass spectrometer. Error bars 

represent standard deviation of 6 biological replicates, Statistical differences to the 

WT were determined for each time point (Student‘s t-test * indicates P<0.05, 

**P<0.01). Experiments were performed three times with similar results. 

 

Fig. 10 BXL4 inducible overexpression lines have high induction of PDF1.2 and 

PAD3. Relative expression of PDF1.2 after mock induction of BXL4 (a) and β-

estradiol induction of BXL4 (b) in wild type Col-0 and β-estradiol inducible BXL4 

overexpression lines 1, 2, and 3 (OE1, OE2 and OE3). PAD3 expression measured 

in mock (c) and BXL4 induced lines (d). Plants were induced with β-estradiol four 

days prior to B. cinerea inoculation and expression was measured in leaf samples 

collected right before (0 d) or 1, 2 and 3 days post infection (dpi). Relative 

expression was measured by qRT-PCR, normalised to the reference gene ACTIN8, 

and relative to wild type 0 h. Error bars show SE of 3 biological replicates, statistical 

differences to the WT were determined for each time point (Student‘s t-test, * 

indicates P<0.05, **P<0.01). 

 

SUPPORTING INFORMATION 

Fig. S1: Expression of BXL4 in Arabidopsis rosette leaves. 

Fig. S2: Phylogenetic tree of betaxylosidases (BXLs) from Arabidopsis thaliana. 

Fig. S3: bxl4 mutants show normal extrusion of mucilage. 

Fig. S4: BXL1-CITRINE and BXL4-CITRINE localise to the apoplast in Arabidopsis 

bxl1 seed coat epidermal cells. 

Fig. S5: BXL4 without a CITRINE tag complements the mucilage phenotype of bxl1. 

Fig. S6: BXL6 fails to complement the mucilage phenotype of bxl1. 

Fig. S7: Mucilage monosaccharide composition.  
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Fig. S8: Monosaccharide composition of pectin extracted from leaf alcohol insoluble 

residue. 

Fig. S9: Dot blot analysis of pectin extracted from leaf alcohol insoluble residue. 

Fig. S10: Morphological phenotypes of Col-0, bxl4-1 and bxl4-2. 

Fig. S11: BXL4 acts upstream of jasmonoyl-isoleucine signalling upon B. cinerea 

infection. 

Fig. S12: JA-Ile accumulation after mechanical wounding of Arabidopsis leaves.  

Fig. S13: Calculation of adherent mucilage volume.  

Table S1: List of primers 

Table S2: Mass transitions and corresponding conditions for determination of the 

phytohormones. 

Supplemental dataset1: Phytohormone analysis 
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Fig. 1 BXL4 is induced upon mechanical wounding and B. cinerea infection.
(a) Expression pattern of BXL4 in Col-0 and the JA-Ile-deficient mutant dde2-2. RNA extracted from 6 weeks
old plants before wounding (0 h) and at 0.5, 2 and 5 h post wounding. (b) Relative expression of BXL4 in
leaves of 6 week-old Col-0 plants after leaves were drop inoculated with B. cinerea conidiospores suspension
or Vogels buffer (mock). (c) Relative expression of BXL4 in infected or unchallenged systemic (distal) leaves
at 0 d (before inoculation) and 1, 2, and 3 days post infection (dpi). Error bars show SE (n=3 biological
replicates); statistical differences to the WT at 0 d were determined (Student‘s t-test; * indicates P<0.05, **
P<0.01). Experiments were conducted three times with similar results.
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(b)

pTBA2:BXL4-CITRINE

Tangential 
Section

Radial 
Section

Fig. 2 BXL4-CITRINE localises to the apoplast in Arabidopsis Col-0 seed coat epidermal cells.
BXL4-CITRINE stably expressed under the control of the TBA2 promoter localises to the mucilage pocket
(see arrows), a section of the apoplast of Arabidopsis seed coat epidermal cells, at 7 days post anthesis. (a)
Tangential confocal section. (b) Radial confocal section. Scale bars, 10 µm.
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Fig. 3 BXL4 can complement the mucilage phenotype of bxl1.
In Ws wild-type plants, the extrusion of the mucilage forms a halo around the seeds that can be visualised by
staining with ruthenium red (a). bxl1 seeds extrude their mucilage in a patchy manner (b). The bxl1 mucilage
extrusion defect can be complemented by transgenic expression of pTBA2:BXL1-CITRINE (c) or
pTBA2:BXL4-CITRINE (d). Scale bars, 200 µm. (e) Relative monosaccharide composition of mucilage
extracted from Ws, bxl1, bxl1 pTBA2:BXL1-CITRINE (line 1 and 6) and bxl1 pTBA2:BXL4-CITRINE (line 2, 6
and 8). Monosaccharide composition was determined by GC-MS and normalised to rhamnose. n=3 biological
replicates. Error bars show SD; statistical analysis was done by one-way ANOVA with Tukey's post-hoc test.
Xylose and arabinose were analysed independently of each other; different letters indicate significant
differences with p<0.05.
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Fig. 4 BXL4 expression in Col-0 seed coat epidermal cells results in less adherent mucilage after
vigorous shaking in water.
Adherent mucilage of Col-0 (a), pTBA2:BXL4 in Col-0 line 3, 4 and 5 (b-d) after vigorous shaking in water and
staining with ruthenium red. Scale bar = 250 μm. (e) Quantification of the volume of adherent mucilage of Col-
0, pTBA2:BXL4 expression lines 3, 4 and 5 after vigorous shaking and staining with ruthenium red. n=10
seeds. (f) Monosaccharide composition of mucilage extracted from wild type Col-0 and the three
pTBA2:BXL4 transgenic lines (3, 4 and 5). Monosaccharide composition was determined by GC-MS and
normalised to rhamnose. n=3 biological replicates. Error bars show SD, statistical differences to the WT were
determined (Student‘s t-test; * indicates p<0.05, ** p<0.01, *** p<0.001).
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Fig. 5 The disruption of BXL4 has mild effects on the cell wall composition.
(a) The intron-exon structure of BXL4 and the positions of T-DNA insertions in bxl4-1 and bxl4-2. The exons
are represented by grey boxes, introns by black lines, black triangles show positions of the T-DNA insertions
that were confirmed by sequencing. The 5’ UTR is represented by a black box. Arrows indicate primers used
for qRT-PCR analysis. (b-d) Relative expression of BXL4 in leaves of 4 week old WT and bxl4 mutant plants
as determined by qRT-PCR using primers as indicated and shown in Supplementary table 1. Expression
values were normalised to ACTIN8 and are shown relative to levels in Col-0. Error bars show SE (n=3
biological replicates), statistical differences to the WT were determined (Student‘s t-test, * indicates P<0.05; **
P<0.01). (e) Monosaccharide composition of water extracted pectin from Arabidopsis leaves of 6 week old
wildtype Col-0, bxl4-1 and bxl4-2 mutant lines. The monosaccharides were normalised to rhamnose.
Extracted pectin was analysed by GC-MS. Error bars show SD (n=4 biological replicates), statistical
differences to the WT were determined (Student‘s t-test, * indicates P<0.05). Experiments were conducted
three times with similar results.
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Fig. 6 bxl4 mutant lines are more susceptible to B. cinerea infection.
(a) Infection phenotype of Col-0, bxl4-1 and bxl4-2 after B. cinerea infection. A minimum of 30 leaves from 5
independent plants were drop inoculated with 6 µl B. cinerea conidiospores, and lesion diameter measured
with a digital caliper 3 days post infection (dpi). mpk3 was used as the susceptible control. Error bars show
SE (n ≥ 30 leaves), statistical differences to the WT were determined (Student‘s t-test, ** indicates P<0.01).
Experiment was conducted four times with similar results. (b) Infection phenotype measured after spraying
plants with B. cinerea conidiospores and quantifying fungal genomic DNA by qPCR. Fungal genomic DNA
was quantified 3 dpi. Error bars represent SE (n=3 biological replicates), statistical differences to the WT were
determined (Student‘s t-test, * indicates P<0.05; ** P<0.01). The experiment was conducted three times with
similar results. (c) Lesion phenotype of detached leaves of Col-0, mpk3, bxl4-1 and bxl4-2 at 3 dpi with B.
cinerea. Scale bar, 10 mm.
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Fig. 7 The overexpression of BXL4 results in increased resistance to B. cinerea.
The relative expression of BXL4 at 4 days after mock induction (a) and after β-estradiol induction (b) of BXL4
inducible overexpression lines 1, 2 and 3 (OE1, OE2 and OE3). (c) Lesion diameter of Col-0, mpk3 and
inducible overexpression lines 1, 2 and 3. Plants were treated with β-estradiol for four days prior to infection
with B. cinerea and lesion diameters were scored 3 days post infection (dpi). Error bars show SE (n ≥ 30
leaves), statistical differences to the WT were determined (Student‘s t-test, * indicates P<0.05, **P<0.01). (d)
Quantification of fungal genomic DNA measured after spraying plants with B. cinerea conidiospores and
quantifying with qPCR. Fungal genomic DNA was quantified 3 dpi. The overexpression of BXL4 was either
mock induced or continuously induced once per week for 6 weeks before spraying with B. cinerea
conidiospores. Error bars represent SD (n=3 biological replicates), statistical differences to the WT were
determined (Student‘s t-test ** indicates P<0.01). (e) Infection phenotype of Arabidopsis plants: Col-0, mpk3,
OE1, OE2 and OE3 at 3 days post infection with B. cinerea. BXL4 overexpression was continuously induced.
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Fig. 8 BXL4 influences jasmonoyl-isoleucine signalling upon wounding and B. cinerea infection.
Relative expression of JA-Ile marker genes PDF1.2 (a) and JAZ10 (b) in Col-0, bxl4-1, and bxl4-2 at 0 and
2 h post wounding. Relative expression of PDF1.2 (c), JAZ10 (d) and PAD3 (e) in 6 week old Col-0, bxl4-1
and bxl4-2 Arabidopsis plants at 0, 1, 2 and 3 d after infection (dpi) with B. cinerea. Expression values were
normalised to the reference gene ACTIN8 and are shown relative to the wild type levels at 0 h. Error bars
show SE (n=3 biological replicates), statistical differences to the WT were determined for each time point
(Student‘s t-test * indicates P<0.05, ** P<0.01). Experiments were conducted three times with similar
results.
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Fig. 9 bxl4 mutants show a slightly decreased accumulation of JA-Ile and camalexin upon infection
with B. cinerea.
Col-0 and bxl4 mutant lines were spray inoculated with B. cinerea and the leaves were sampled at 0, 1, 2,
and 3 days post infection (dpi). Extracted levels of JA-Ile (a-d) and camalexin (e-h) were analysed using
nanoelectrospray coupled to a tandem mass spectrometer. Error bars represent standard deviation of 6
biological replicates, Statistical differences to the WT were determined for each time point (Student‘s t-test *
indicates P<0.05, **P<0.01). Experiments were performed three times with similar results.
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Fig. 10 BXL4 inducible overexpression lines have high induction of PDF1.2 and PAD3.
Relative expression of PDF1.2 after mock induction of BXL4 (a) and β-estradiol induction of BXL4 (b) in wild
type Col-0 and β-estradiol inducible BXL4 overexpression lines 1, 2, and 3 (OE1, OE2 and OE3). PAD3
expression measured in mock (c) and BXL4 induced lines (d). Plants were induced with β-estradiol four days
prior to B. cinerea inoculation and expression was measured in leaf samples collected right before (0 d) or 1,
2 and 3 days post infection (dpi). Relative expression was measured by qRT-PCR, normalised to the
reference gene ACTIN8, and relative to wild type 0 h. Error bars show SE of 3 biological replicates, statistical
differences to the WT were determined for each time point (Student‘s t-test, * indicates P<0.05, **P<0.01).
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Fig. S1 Expression of BXL4 in Arabidopsis rosette leaves.
RNA was extracted from the different Arabidopsis (Col-0) leaves starting from the oldest rosette leaf (1) to the
youngest (12). Expression of BXL4 was determined by qRT-PCR and normalised to the expression of
ACTIN8. Error bars represent SE of three biological replicates.
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Fig. S2 Phylogenetic tree of betaxylosidases (BXLs) from Arabidopsis thaliana.
Phylogenetic tree derived from protein sequences. The phylogeny was tested with the Bootstrap method set
for 1000 replicates.
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Fig. S3 bxl4 mutants show wild type-like extrusion of mucilage.
The extrusion of the ruthenium red-stained mucilage from Ws, bxl1, bxl4-1 and bxl4-2 (a, b, c and d
respectively). Scale bars, 200 µm.
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Fig. S4 BXL1-CITRINE and BXL4-CITRINE localise to the apoplast in Arabidopsis bxl1 seed coat 
epidermal cells.
(a) BXL1-CITRINE stably expressed under control of the TBA2 promoter localises to the apoplast (deposited
predominantly in the mucilage pocket) of Arabidopsis bxl1 seed coat epidermal cells at 7 days post anthesis.
Single plane images of the seed coats were obtained by confocal microscopy. The apopolast of seed coat
epidermal cells appears like a doughnut ring (arrow) that surrounds the cytoplasm when imaged tangentially.
(b) Visualisation of the seed coat epidermal cells radially shows the apoplast as two pockets in the apical
corners of the cells (arrow). BXL4-CITRINE expressed by the TBA2 promoter also localises to the apoplast of
Arabidopsis seed coat epidermal cells (c, d). Scale bars, 10 µm.
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bxl1 pTBA2:
BXL1_29

Fig. S5 BXL4 without a CITRINE tag complements the mucilage phenotype of bxl1.
Seeds of bxl1 transformed with pTBA2:BXL1 (a) and of bxl1 transformed with pTBA2:BXL4 (b) were hydrated
and stained with ruthenium red. Images can be compared to wild type and bxl1 seeds shown in figure 3, as
images derive from the same experiment.
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bxl1 pTBA2:
BXL4_78

(a)
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Fig. S6 BXL6 fails to complement the mucilage phenotype of bxl1.
Transgenic bxl1 plants expressing pTBA2:BXL6 fail to extrude their mucilage in a wild-type manner. Seeds of
two independent bxl1 transgenic lines expressing pTBA2:BXL6-CITRINE (a) and pTBA2:BXL6 (b) were
hydrated and stained with ruthenium red. Scale bars, 200 µm. Images can be compared to wild type and bxl1
seeds shown in figure 3, as images derive from the same experiment.
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Fig. S7 Mucilage monosaccharide composition.
(a) Relative monosaccharide composition of mucilage extracted from Ws, bxl1, bxl1 pTBA2:BXL1-CITRINE
(line 1 and 6) and bxl1 pTBA2:BXL4-CITRINE (line 2, 6 and 8) seeds.
(b) Monosaccharide composition of mucilage extracted from wild type Col-0 and three BXL4 overexpression
lines (pTBA2:BXL4 line 3, 4 and 5) seeds.
Monosaccharide composition was determined by GC-MS and normalised to rhamnose. n=3 biological
replicates. n=3 biological replicates. Error bars show SD, statistical differencea to the WT were determined
(Student‘s t-test, * indicates p<0.05, ** p<0.01) 318



0

200

400

600

800

1000

1200

Xyl Ara Rha Fuc Man Gal GalA

m
o
l %

 r
e
la

ti
ve

 t
o
 r

h
a
m

n
o
se

Relative composition  

WT bxl4-1 bxl4-2

*

WT Col-0

Fig. S8 Monosaccharide composition of pectin extracted from leaf alcohol insoluble residue.
Monosaccharide composition of water extracted pectin from Arabidopsis leaves of wildtype, bxl4-1 and bxl4-2
mutant lines. The monosaccharides were normalised to rhamnose. Extracted pectin was analysed by GC-MS.
Error bars show SD (n=4 biological replicates), statistical differences to the WT were determined (Student‘s t-
test * indicates p<0.05). Experiments were done three times with similar results
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Fig. S9 Dot blot analysis on pectin extracted from leaf alcohol insoluble residue.
Pectin was extracted from the AIR of the three indicated genotypes using pectin extraction buffer. The pectin
was serially diluted before 1 µL was spotted onto a nitrocellulose membrane. The dot blot was carried out
using the antibodies LM19 (A), CCRC-M7 (B) and LM13 (C) that target the cell wall components as indicated.
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Fig. S10 Morphological phenotypes of Col-0, bxl4-1 and bxl4-2. 
The morphological phenotypes of 3 weeks (A) and 8 weeks old (B) Col-0, bxl4-1 and 
bxl4-2 grown under long day conditions (16 h light/8 h dark).
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Fig. S11 BXL4 acts upstream of JA-Ile signalling upon B. cinerea infection.
Relative expression of PDF1.2 in RNA extracted from 6 week old WT Col-0, bxl4-1 and bxl4-2 Arabidopsis
plants at right before (0 d) or 1, 2 and 3 days post infection (dpi) with B. cinerea. Data shown is from 3
independent experiments (a-c). Expression values were normalised to the reference gene ACTIN8 and are
shown relative to the wild type 0 h levels. Error bars show SE (n=3 biological replicates), statistical
differences to the WT were determined for individual time points (Student‘s t-test, * indicates P<0.05, **
P<0.01).
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Fig. S12 JA-Ile accumulation after mechanical wounding of Arabidopsis leaves.
The leaves of Col-0 and bxl4 mutant lines were mechanically wounded and sampled at 0, 2, 24 h after
wounding. Extracted levels of JA-Ile were analysed using nanoelectrospray coupled to a tandem mass
spectrometer. Error bars represent SD of 3 biological replicates
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Fig. S13 Calculation of adherent mucilage volume.
The shape of the seed was taken as a spheroid as described in Yu et al., (2014). The total length (2A) and
width (2B) of the seed including the mucilage was measured and the volume calculated. The length of the
seed alone without mucilage (2a) and the width without mucilage (2b) was measured and used to calculate
the volume of the seed. The volume of the adherent mucilage was calculated by subtracting the volume of the
seed alone from the total volume of the seed with mucilage using the formula: volume = 4/3 × 1/8 × length ×
width × depth. The width of the seed was used as the depth.
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Supplemental table 1: List of primers  

Cloning primers 
 

Forward 5’-3’ 
 

Reverse 5’-3’ 
 

BXL1 GGGGACAAGTTTGTACAAAAAAG
CAGGCTATGTCTTGTTATAATAAA
GCACTATTG 

GGGGACCACTTTGTACAAGAAAG
CTGGGTAAAGTTGCGGTTGGACC
AA 

BXL4 GGGGACAAGTTTGTACAAAAAAG
CAGGCTTGGGCTCTTCTTCTCCAT
TA 

GGGGACCACTTTGTACAAGAAAG
CTGGGTAGATTCTAATGCTTAAG
GAATGTTTTA 

BXL6 GGGGACAAGTTTGTACAAAAAAG
CAGGCTATGAATCTTCAGTTGACT
CTAATC 

GGGGACCACTTTGTACAAGAAAG
CTGGGTAGAATTCAACAGAGAGA
GAATGT 
 

BXL4 (OE) CACCATGGGCTCTTCTTCTCC GATTCTAATGCTTAAGGAATGTTT
TAAATCTCCG 

Genotyping 
primers 

LB RB 

bxl1 ATTTTGCCGATTTCGGAAC 
(LBb1.3) 

AACCGTCGCGTCGGCTTCAC 
 

bxl4-1 LBb1.3 ATCTCCGACATGAAGAAGATGC 

bxl4-2 
 

TAGCATCTGAATTTCATAACCAAT
CTCGATAC 
 

ATCTCCGACATGAAGAAGATGC 
 

bxl6 
 

LBb1.3 
 

TACCACAGCATTGAAGTCGTATC 
 

qRT-PCR primers 
 

Forward 5’-3’ 
 

Reverse 5’-3’ 
 

BXL4 GGTGGATCGGCGTTTGAAGT  TACCAAATGCTTCCTCGGCG  

BXL4a TCAACGCCGTGGTGACTCAA CGCATGTCGGTTTGCCGTTA 

BXL4b CCCACACCTGTTTTCAGTGCC TACATTGCCCTCGCTTCCGT 

PDF1.2 TTGCTGCTTTCGACGCA TGTCCCACTTGGCTTCTCG 

JAZ10 ATCCCGATTTCTCCGGTCCA ACTTTCTCCTTGCGATGGGAAGA 
(Benthke et al., 2016) 

PAD3 TGCTCTCAAGTTCACCACT CGAATCTCGTCTTGCACTT 
(Benthke et al., 2016) 

ACTIN8 GGTTTTCCCCAGTGTTGTTG CTCCATGTCATCCCAGTTGC 
(Ralhan et al., 2012) 

Botrytis ACTIN TGGAGATGAAGCGCAATCCA AAGCGTAAAGGGAGAGGACG   

Botrytis TUBULIN CCGTCATGTCCGGTGTTAC CGACCGTTACGGAAATCGG 
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Supplemental Table 2: Mass transitions and corresponding conditions for determination  of 
the  phytohormones. 

 

MRM 

Transitions 

 

Analyte 

DP 

[declustering 
potential] 

EP 

 
[entrance 
potential] 

CE 

 
[collision 
energy] 

Q1 Q3 

209 59 JA -30 -4.5 -24 

225 59 11,12-0H-JA -35 -9 -28 

263 165 dinor-oPDA -40 -5 -20 

296 170.2 D5-oPDA -65 -4 -28 

305 97 12-HS04-JA -30 -4 -32 

308 116 JA-Val -45 -5 -28 

322 130 JA-lle/Leu -45 -5 -28 

325 133 D4-JA-Leu -80 -4 -30 

324 116 120H-JA-Val -45 -10 -30 

338 130 120H-JA-lle -45 -10 -30 

352 130 12COOH-JA-lle -45 -10 -30 

387 59 12-0-Gluc-JA -85 -9 -59 
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ABSTRACT
The Arabidopsis nuclear transport receptor IMPORTIN-a3/MOS6 (MODIFIER OF SNC1, 6) is required for
constitutive defense responses of the auto-immune mutant snc1 (suppressor of npr1-1, constitutive 1) and
contributes to basal disease resistance, suggesting a role in nuclear import of defense-regulatory cargo
proteins. We recently showed that MOS6 selectively interacts with TN13, a TIR-NBS protein involved in
basal resistance to Pseudomonas syringae pv. tomato (Pst) DC3000 lacking the effectors AvrPto and
AvrPtoB. Consistent with a predicted N-terminal transmembrane domain, TN13 localizes to the
endoplasmic reticulum (ER) and the nuclear envelope (NE) where it interacts with MOS6 in a transient
expression assay. Here, we propose a model that summarizes the subcellular localization, association and
function of TN13 and MOS6 in plant defense signaling.
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TIR-NBS13; IMPORTIN-a3;
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Plants rely on two classes of immune receptors to perceive
the presence of pathogen-derived molecules and trigger
downstream defense signaling. The first class consists of
plasma membrane-localized pattern recognition receptors
(PRRs) that directly recognize pathogen-associated molecular
patterns (PAMPs) via extracellular ligand recognition
domains and activate PAMP-triggered immunity (PTI).1

Recognition of PAMPs by PRRs is usually sufficient for
defense against non-adapted pathogens. Host-adapted viru-
lent pathogens however are able to suppress PTI by secretion
of effector molecules, leading to effector-triggered suscepti-
bility (ETS) of the infested host plants.2 In such compatible
interactions, PRRs still confer weak immune responses that
contribute to the ability of susceptible plants to reduce the
disease severity of virulent pathogens, and is referred to as
basal defense or basal resistance.2

Intracellular nucleotide binding site-leucine rich repeat
proteins (NBS-LRRs or NLRs) represent the second class of
plant immune receptors that perceive pathogen-derived
effector molecules inside host cells.3 Effector recognition
occurs either by direct association, or indirectly by sensing
effector modifications of a guarded host protein that can
have a direct function in host defense (termed guardee) or
be a non-functional mimic of an intended effector target
(termed decoy).2,4 Canonical NLRs are characterized by a
common domain organization with a central NBS, C-termi-
nal LRRs and a varying N-terminal Toll/Interleukin-1
receptor (TIR) or coiled-coil (CC) domain.3,5 Recognition
of effectors by TIR-NBS-LRRs (TNLs) or CC-NBS-LRRs
(CNLs) typically induces a strong immune response termed

effector-triggered immunity (ETI), albeit a defense reaction
in form of a PTI-like “weak ETI” has also been proposed
for the detection of evolutionary ancient effectors and may
contribute to basal resistance.2,6 Beside full-length TNLs
and CNLs, plant genomes also encode truncated NLR pro-
teins that lack one or two of the canonical domains, includ-
ing TN proteins lacking an LRR domain, TIR-only and
TIR-unknown site/domain (TX) proteins,7-9 some of which
have a reported function in immunity.10-13 In addition, it
has become evident that some NLRs can form homomeric
complexes or heteromeric associations with other canonical
or truncated partner NLRs. In heteromeric NLR complexes,
the two partner NLRs cooperate functionally in effector
detection (termed sensor NLRs) and initiation of down-
stream ETI signaling (termed executor NLRs), and are often
encoded by genes that are physically linked on the chromo-
some.14,15 Both effector- and PAMP-triggered immune
responses are highly dynamic processes and involve multi-
ple cellular compartments and organelles. In particular, the
translocation of NLRs, signal transducers and transcrip-
tional regulators into the nucleus has emerged as an essen-
tial regulatory mechanism for host cell transcriptional
reprogramming and defense activation.16-20

Nuclear import of proteins >40–60 kDa generally requires
nuclear transport receptors (NTRs) of the importin-a/b
class.21,22 Importin-a proteins act as adapters that directly bind
the nuclear localization signal (NLS) of cargo proteins and con-
nect the importin-a/cargo complex to importin-b in the
cytoplasm. Importin-b subsequently facilitates passage of the
ternary import complexes through nuclear pore complexes
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(NPCs) that span the double membrane of the nuclear envelope
(NE).23,24 In Arabidopsis, IMPORTIN-a3/MOS6 (MODIFIER
OF SNC1, 6) is one of nine predicted a-importins.25 MOS6 is
required genetically for auto-immunity of the deregulated TNL
mutant snc1 (suppressor of npr1-1, constitutive 1) and contrib-
utes to basal resistance to the oomycete Hyaloperonospora ara-
bidopsidis Noco2 and the mildly virulent bacterium

Pseudomonas syringae pv. tomato (Pst) DC3000 lacking the
effectors AvrPto/AvrPtoB, suggesting that MOS6 shuttles
defense-regulatory cargo proteins into the nucleus.25-27

In a recent effort to identify and characterize cargo proteins
and interaction partners of MOS6 with relevance to plant
immunity, we uncovered the truncated NLR protein TIR-
NBS13 (TN13) that selectively binds to MOS6 in planta, but

Figure 1. MOS6 and TN13 in plant immunity. (A) Schematic representation of the predicted protein domain structure of TN13. Domains were predicted as pre-
viously described.28 NBS, nucleotide binding site; NLS, bipartite nuclear localization signal; TIR, Toll/Interleukin-1 Receptor homology domain; TM, transmem-
brane domain. (B) Hypothetical model summarizing the function, subcellular localization and association of TN13 and MOS6 in plant immunity. TN13 localizes
to the ER membrane and the nuclear envelope through its N-terminal TM domain, where it associates with MOS6 in a preformed complex at the cytoplasmic
side of the ER via its C-terminal bipartite NLS. Upon pathogen stimulus the TN13-MOS6 complex is released from the ER membrane allowing access of MOS6
to the second NLS at the N-terminus of TN13 to promote nuclear import together with Importin-b (IMP-b). Inside the nucleus TN13 could activate defense
responses. Whether the Pseudomonas effector HopY1, which was shown to associate with TN13 in a yeast two-hybrid assay,9 or activation of a basal defense
pathway triggers changes in the subcellular localization of TN13 remains to be established. ER, endoplasmic reticulum; PM, plasma membrane; PRR, pattern rec-
ognition receptor; TF, transcription factor; TTSS, type III secretion system.
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not to its closest homolog IMPORTIN-a6, and is required for
basal resistance to Pst DC3000 DAvrPto/AvrPtoB.28 TN13 has
a predicted N-terminal transmembrane (TM) domain and
accordingly, TN13 localizes to the endoplasmic reticulum (ER)
and the NE, where it also interacts with MOS6 in a transient
interaction assay in Nicotiana benthamiana.28

Here, we present our current working model that summa-
rizes the function, subcellular localization and association of
TN13 and MOS6 in plant immunity (Fig. 1): In unchallenged
tissues, TN13 localizes to the ER membrane and the NE
through its N-terminal TM domain, where it associates with
MOS6 in a preformed complex at the cytoplasmic side of the
ER via its C-terminal bipartite NLS. Upon pathogen stimulus,
TN13 is released from the ER membrane by a hypothetical pro-
tease. Accordingly, putative cleavage sites for cysteine-, met-
allo- and serine-proteases are predicted in the primary amino
acid sequence of TN13, including the region between the pre-
dicted TM and TIR domains (https://prosper.erc.monash.edu.
au).29 As TN13 binds to the Pst effector HopY1 in a yeast two-
hybrid assay,9 and TN13 is required for basal resistance to Pst
DC3000 DAvrPto/AvrPtoB,28 the interaction of TN13 with
HopY1 (possibly as part of a heteromeric NLR complex), or
activation of a basal defense pathway are two potential stimuli
that trigger release of TN13 from the ER membrane by proteo-
lytic cleavage. Release of the TN13-MOS6 complex from the
ER membrane might allow access of another MOS6 molecule
to the second NLS at the N-terminus of TN13 and accelerate
nuclear import by MOS6 and importin-b. The formation of a
preformed TN13-MOS6 nuclear import complex at the ER
membrane provides the opportunity of rapid stimulus-induced
transport into the nucleus, where TN13 may activate defense
responses.

Our current research efforts probe the proposed model and
aim to understand the spatiotemporal localization and associa-
tion dynamics of TN13 in Arabidopsis responding to pathogen
challenge. By analyzing biochemical and genetic interactors of
TN13 we aim to gain further insights into the specific function
of TN13 in plant cellular defense signaling.
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