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Abstract 
 

Plants rely on innate immunity to fight pathogens. Among plant defence mechanisms, Resistance 

(R) proteins play essential roles in recognizing pathogens and mounting robust defence responses. 

snc1, a mis-regulated plant Resistance (R) gene mutant, exhibits distinctive morphological and 

autoimmune phenotypes. To identify the signalling components downstream of R protein-

mediated defence, forward genetic screens were conducted in the snc1 background. 

From the screens, fifteen novel mos (modifier of snc1) mutants were identified, of which, 

I studied mos7 and mos9 for my PhD thesis. Both mos7 and mos9 partially suppress all snc1-

related autoimmune phenotypes. MOS7 is an Arabidopsis homolog of human and Drosophila 

Nucleoporin 88 (Nup88) required for protein nuclear retention. Partial loss-of-function alleles of 

�up88 in Drosophila and mammalian cells fail to accumulate NF-κB in the nucleus and result in 

immune deficiency. We found that several defence related proteins have altered 

distribution/abundance in mos7, including snc1. This study highlights the importance of 

nucleocytoplasmic trafficking in plant immunity. 

mos9 contains a mutation in a gene encoding a protein of unknown function. 

Immunoprecipitation followed by mass spectrometry identified a SET domain-containing protein, 

ATXR7, as an interactor of MOS9. Previous studies showed that ATXR7 methylates lysine 4 of 

histone H3 (H3K4) and this methylation is required for proper transcriptional activation of 

Flowering Locus C (FLC). We found reduced expression of two R genes, S�C1 and RPP4, in 

mos9 and atxr7. Also, H3K4 marks close to S�C1 are reduced in mos9. My research on MOS9 

illustrated the importance of histone modification in regulating plant immune receptor 

transcription. 

Serendipitously, I worked on an F-box protein, CPR1. From the genetic and biochemical 

data, we found that at least two R proteins, SNC1 and RPS2, are being regulated by CPR1. Our 

study is the first report with evidence suggesting how plant R proteins are negatively regulated 

by the ubiquitin-26S proteasome. 

Overall, my PhD thesis research provides evidence that plant immunity is under tight 

control at multiple levels. My work furthers our knowledge on how plant immune responses are 

regulated. 
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Preface  
 

The work described in this thesis is the culmination of research from September 2006 through 

April 2013. Below is a list of manuscripts (published or in preparation) that comprise this thesis, 

and the contribution made by the candidate.  

 

Chapter 1, Section 3 – Ubiquitination in �B-LRR R protein-mediated immunity was 

modified from the manuscript:  

Cheng Y.T. and Li X. (2012). Ubiquitination in NB-LRR-mediated immunity. Current Opinion 

in Plant Biology. 15(4):392–399. Edited by Pamela Ronald and Ken Shirasu. 

• X. Li conceived of, wrote and prepared the manuscript. The candidate prepared Figure 

1.1 and Table 1.1 based on the text written by X. Li. 

 

Chapter 2 – �uclear pore complex component MOS7/�up88 is required for innate 

immunity and nuclear accumulation of defence regulators in Arabidopsis was modified 

from the manuscript:  

Cheng Y.T., Germain H., Wiermer M., Bi D., Xu F., Garcia A.V., Wirthmueller L., Despres C., 

Parker J.E., Zhang Y., and Li X. (2009). Nuclear pore complex component MOS7/Nup88 is 

required for innate immunity and nuclear accumulation of defense regulators in Arabidopsis. 

Plant Cell 21(8): 2503-2516.  

• The mos7 mutant was generated and isolated by Y. Zhang and X. Li. The candidate 

performed the following experiments under the instruction and supervision of X. Li and 

Y. Zhang: map-based cloning of mos7 and single mutant characterization including 

morphology, abiotic responses and disease assays. Confocal microscopy of MOS7-GFP 

(transgenic line generated by Y. Zhang) and nuclear export/import assay system (Haasen 

et al., 1999) was conducted by D. Bi; confocal microscopy images of mos7-GFP 

(transgenic line generated by the candidate) were taken by the candidate with great help 

and advice from Dr. EunKyoung Lee. Protein fraction of snc1-GFP (transgenic line 

generated by Y. Zhang) was performed by H. Germain; protein fractionation of NPR1-

GFP and EDS1 was performed by M. Wiermer. F. Xu and A. Garcia performed protein 

fractionation experiments shown in Figure 2.11A and Figure 2.11B, respectively, and 

wrote the corresponding materials and methods sections. The candidate, H. Germain, M. 

Wiermer and X. Li wrote the manuscript. X. Li supervised the work done by the 

candidate and prepared the manuscript. 
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Chapter 3 – Regulation of transcription of �B-LRR-encoding genes S�C1 and RPP4 via 

H3K4 tri-methylation was modified from the prepared manuscript:  

Xia S., Cheng Y.T., Huang S., Win J., Soards A., Jinn T-L, Jones J.D., Kamoun S., Chen S., 

Zhang Y., and Li X. Regulation of transcription of NB-LRR-encoding genes S�C1 and RPP4 via 

H3K4 tri-methylation. Manuscript in preparation. 

• The mos9 mutant was generated and isolated by Y. Zhang and X. Li. S. Xia performed 

map-based cloning and the candidate conducted TAC clone and single gene transgene 

complementation. T-L Jinn provided a construct for single gene complementation of 

mos9. The candidate performed mutant characterization including morphology, salicylic 

acid analysis, disease assays and gene expression analysis and isolated the mos9 single 

mutant. The candidate performed disease assays using At1g56420 RNAi knock-down 

lines (generated by the candidate). The candidate, J. Win, A. Soards, S. Kamoun and X. 

Li analyzed the evolutionary trends of MOS9 and the MOS9 homolog, At1g56420. The 

candidate generated the MOS9-GFP transgenic line and conducted confocal microscopy 

and protein fractionation using the line. The candidate used the same MOS9-GFP 

transgenic line for immuno-purification of MOS9-GFP associated proteins and prepared 

samples for mass spectrometry. S. Chen performed the mass spectrometry and data 

analysis. The candidate generated atxr7 snc1 and atx1 snc1 double mutant plants and 

performed mutant characterization on these plants. The candidate, S. Xia and S. Huang 

performed chromatin immunoprecipitation (ChIP) experiments; the candidate and X. Li 

analyzed the ChIP data. The candidate and X. Li wrote the manuscript. X. Li supervised 

the work done by the candidate, S. Xia and S. Huang, and prepared the manuscript. 

 

Chapter 4 – Stability of plant immune receptor Resistance proteins is controlled by SCF-

mediated protein degradation was modified from the manuscript:  

Cheng Y.T., Li Y., Huang S., Huang Y., Dong X., Zhang Y., and Li X. (2011). Stability of plant 

immune-receptor resistance proteins is controlled by SKP1-CULLIN1-F-box (SCF)-mediated 

protein degradation. Proceedings of the National Academy of Sciences of the United States of 

America. 108 (35): 14694-14699. Edited by Paul Schulze-Lefert. 

• The candidate and Y. Li performed most of the experiments under the supervision of X. 

Li and Y. Zhang. S. Huang identified the mutation in the cpr1-1 allele isolated by X. 

Dong’s group. Y. Huang isolated the 35S:CPR1 in snc1 transgenic line used in this study 

and performed disease assays using Hyaloperonospora arabidopsidis. The candidate, X. 

Dong, Y. Zhang and X. Li wrote the manuscript. X. Li supervised the work done by the 

candidate and prepared the manuscript. 
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1 Literature Review – Introduction 
 

 

1.1  Plant Immunity 
 

 

1.1.1 Non-Host Resistance 

 

 

Plants are constantly confronting pathogen challenges in nature. However, most of the plants are 

healthy most of the time; fatal diseases that kill an entire plant species are rare. This is due to the 

fact that over the long evolutionary period, plants have evolved sophisticated mechanisms to 

fight against a broad spectrum of pathogens.  

The two types of plant-pathogen interactions are non-host and host. Non-host resistance 

is the resistance shown by an entire plant species against a specific pathogen. In the non-host 

interaction, plants have physical or chemical barriers, for example, the cuticle, plant cell walls, or 

antimicrobial secondary metabolites, present on the plant surface that prevent or stop pathogens 

from initiating an infection (Fan and Doerner, 2012). A number of studies also indicate that 

certain types of non-host defence might be active and involve vesicle trafficking (Collins et al., 

2003; Lipka et al., 2005; Stein et al., 2006; Bednarek et al., 2009). The non-host defence, the 

molecular mechanisms of which remain largely unknown, provides robust protection to the 

entire plant species to all isolates of a pathogenic microbial species (Nurnberger and Lipka, 2005; 

Hardham et al., 2007). 

 

 

1.1.2 Host Immunity 

 

 

1.1.2.1 Recognition of Pathogens 

 

 

In the host-pathogen interactions, pathogens are able to overcome and breach the physical or 

chemical barriers of the host plants. However, the attempted invasion can trigger a defence 

mechanism called the basal defence. The plants use trans-membrane pattern recognition 

receptors (PRRs), which are often receptor-like kinases (RLKs) to detect broadly conserved and 

indispensable components of microbe/pathogen-associated molecular patterns (MAMPs/PAMPs). 

Well-known examples of MAMPs are prokaryotic elongation factor-Tu (EF-Tu), flagellin, and 

lipopolysaccharide (LPS) of Gram-negative bacteria, glucans and glycoproteins from oomycetes, 

and chitin of fungal pathogens (Boller and Felix, 2009).  

Over the past ten years, knowledge has been accumulated on a few PAMPs from 

pathogens and cognate plant receptors that can recognize them (Segonzac and Zipfel, 2011). 

Well-known PRRs in plants include: the flagellin receptor FLS2 and EF-Tu receptor EFR from 

Arabidopsis, chitin receptor CERK1 and CEBiP from Arabidopsis and rice, respectively, and 

rice Xa21 that recognizes Ax21 (activator of Xa21-mediated immunity) from Xanthomonas 

species and related genera (Monaghan and Zipfel, 2012).  
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Rice Xa21 disease resistance locus that confers resistance to most strains of the Gram-

negative bacterium Xanthomonas oryzae pv oryzae (Xoo) that causes bacterial blight has been 

identified almost 20 years ago (Song et al., 1995). Xa21 encodes a receptor-like kinase consisting 

of leucine-rich repeats (LRRs) in the extracellular domain and a serine/threonine kinase in the 

intracellular domain. Later it was found that Xa21 recognizes a type I secreted sulfated peptide 

derived from the Ax21 (activator of Xa21-mediated immunity) (Lee et al., 2009). Secreted 

mature Ax21 acts as a quorum sensing (QS) factor in Xoo that is important for motility, biofilm 

formation and virulence (Han et al., 2011). 

Another well-studied PRR-PAMP pair is FLS2 that has been identified in nearly all plant 

species tested so far, and flagellin, which is the building block of flagellum, an important 

structure for bacterial motility. FLS2 from the model plant Arabidopsis and rice Xa21 are both 

RLKs, and share sequence and structural similarities. FLS2 has extracellular LRR domain, a 

single membrane-spanning domain and an intracellular serine/threonine kinase domain. The 

extracellular LRR domain of FLS2 recognizes the presence of bacterial flagellin and activates 

defence responses through a series of mitogen-activated protein (MAP) kinase cascades via its 

kinase domain (Gomez-Gomez et al., 2001; Dunning et al., 2007). 

 
 
1.1.2.2 Signalling Downstream of PRR 

 

 

Perception of signature PAMPs by plant cell surface PRRs and activation of downstream defence 

responses is a quick process including ion fluxes across the plasma membrane (e.g. increase in 

Ca
2+

 influx) in 30 seconds to 2 minutes, oxidative burst within a few minutes, signal transduction 

via MAP kinase cascade and defence gene activation, callose deposition, stomatal closure and 

increased accumulation of plant defence hormone salicylic acid (Tsuda et al., 2008; Nicaise et al., 

2009). Using flagellin, one of the best characterized PAMPs, more and more mechanistic details 

are unveiled about the signalling components and events downstream of PAMP-triggered 

immunity (PTI; [Block and Alfano, 2011; Segonzac and Zipfel, 2011]).  

The described receptor-PAMP recognition triggers the defence responses to stop 

pathogens from colonization. Although the responses are relatively quick, the resistance 

activated by plants is relatively weak. This type of defence response is exerted regardless of 

species or races of pathogens. Because of its weak defence response, plants may develop disease 

symptoms under some conditions (Ingle et al., 2006; Bittel and Robatzek, 2007; Ma and 

Berkowitz, 2007; Underwood et al., 2007). 

 

 

1.1.2.3 Suppression of PAMP-Triggered Immunity by Pathogen Effectors 

 

 

Over evolutionary time, successful pathogens have acquired the ability to overcome PAMP-

Triggered Immunity (PTI), a basal level of plant defence, by secreting virulent effectors and 

mounting successful invasion. For example, one of the studies on suppression of host PTI by a 

pathogen effector comes from the bacterial type III secreted effector, AvrPtoB (Munkvold and 

Martin, 2009). AvrPtoB is one of the effectors from Pseudomonas syringae. It contains a C-

terminal E3 ligase domain that ubiquitinates plant PRRs FLS2 and CERK1, a fungal chitin 
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receptor that also plays a role in immunity against bacterial pathogens , and promotes their 

degradation (Gohre et al., 2008; Gimenez-Ibanez et al., 2009), leading to successful colonization. 

 

 

1.1.2.4 Recognizing Effectors by Host Resistance Proteins 

 

 

In the “arms race” between plants and pathogens, the selective pressure on host plants leads to 

the co-evolution of plant Resistance (R) proteins, which specifically recognize pathogen 

effectors, and trigger race-specific disease resistance, known as R protein-mediated resistance 

(the recognized effectors are also called Avirulent (Avr) factors as their presence can now trigger 

host immunity; [Chisholm et al., 2006; DeYoung and Innes, 2006; Jones and Dangl, 2006]). R 

protein-mediated resistance is believed to be an amplified version of the basal resistance (Tao et 

al., 2003; Thilmony et al., 2006; Truman et al., 2006). It exerts robust responses to fight against 

invading pathogens. In most cases, specific recognition of a pathogen attack triggers a series of 

local defence responses including generation of an oxidative burst, induction of ion exchange 

reaction, activation of defence gene expression, and ultimately culminates in a hypersensitive 

response (HR), a robust defence response that is caused by rapid programmed cell death at the 

site of infection (Nurnberger and Scheel, 2001; Greenberg and Yao, 2004). While the local plant 

tissue is battling against pathogens by R protein-mediated resistance, a danger signal is sent out 

to distal tissues to develop systemic resistance, known as systemic acquired resistance (SAR). As 

a result, the entire plant becomes more resistant to secondary infections (Durrant and Dong, 

2004).  

 

 

1.1.3 Plant R Proteins 

 

 

R protein-mediated resistance is one of the most effective defence mechanisms in plants. The 

genetics of this kind of defence mechanism was first described by H. H. Flor in the 1940’s. 

Flor’s gene-for-gene model stated that the resistance phenotype can only be observed when the 

host plant carries a dominant Resistance (R) gene and the infecting pathogen carries a cognate 

dominant Avirulent (Avr) gene. The products of R genes probably recognize, either directly or 

indirectly, the presence of specific Avr gene products produced by the pathogen; this specific R-

Avr recognition event, in turn, through complex signal transduction, elicits defensive responses 

observed as the resistant response.  

Over time, plants evolved a large collection of structurally similar R proteins, which can 

recognize a wide array of Avr effectors (Bergelson et al., 2001). With a few exceptions, most 

plant R proteins belong to the intracellular nucleotide-binding leucine-rich repeat (NB-LRR) 

protein family. They are structurally very similar to animal Nucleotide Oligomerization Domain 

(NOD) immune receptors, and are referred to as Nod-like receptors (NLRs; or nucleotide-

binding domain leucine-rich repeat containing proteins (Ting and Davis, 2005)).  

Genome sequence analyses revealed that there are 149 NB-LRR encoding genes in the 

Arabidopsis genome (Meyers et al., 2003). The presence of the NB domain suggests that R 

protein activity may require ATP/GTP binding and/or hydrolysis which could result in 

conformational changes that regulate downstream signalling (Jiang and Wang, 2000; Harton et 
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al., 2002). The variable 20-30 amino acids-long leucine-rich motifs, which are present in proteins 

ranging from viruses to eukaryotes, have been known for providing structural framework for 

protein-protein interactions (Kobe and Kajava, 2001). The amino-termini of plant NB-LRR 

proteins are thought to be involved in activating downstream signalling pathways. Plant NB-

LRR proteins can be divided into two subgroups based on their amino-termini. One group is the 

coiled-coil (CC) NB-LRR proteins that have an α-helix-rich N-terminus predicted to form 

coiled-coil structures. The other group is the TIR-NB-LRR class whose N-terminal domain has 

significant similarity to the Drosophila Toll and human interleukin-1 receptors (TIR) 

(Jebanathirajah et al., 2002; DeYoung and Innes, 2006). The wide range of the amino-terminal 

domains allows NB-LRR proteins to interact with different partners and to activate various 

signalling pathways (Aarts et al., 1998; Inohara et al., 2005). 

 

 

1.1.3.1 R Protein Structure and Regulation 

 

 

R protein-mediated plant immunity is a robust defence mechanism; however, an un-controlled 

defence response is detrimental to plant development and has a high fitness cost (Purrington, 

2000; Heil and Baldwin, 2002; Heidel et al., 2004). Experimental evidence suggests that NB-

LRR proteins are held in an auto-inhibited state through intra-molecular interactions (Rairdan 

and Moffett, 2006; Takken and Tameling, 2009; Du et al., 2012). Furthermore, proper R protein 

folding and stability are critical for its function (Kadota et al., 2010; Zhang et al., 2010). 

 The NB domain containing proteins are a subclass of the STAND superfamily proteins 

(Signal Transduction ATPases with Numerous Domains). Proteins of the STAND family are 

known to be involved in many biological processes including immunity, apoptosis (e.g. Apaf1 

and CED4) and transcriptional regulation (Danot et al., 2009). At present, no crystal structure of 

a plant NB domain is available. With the help of structurally homologous proteins, Apaf1, CED4 

and several STAND ATPases, it was predicted that plant NB domain forms a compact globular 

structure when the protein is in its resting state (Takken et al., 2006; Takken and Tameling, 

2009). 

 The C-terminal LRR domain of plant NB-LRR proteins is the most variable region of the 

protein (McHale et al., 2006). Because of its highly rich polymorphisms (e.g. repeat lengths and 

non-canonical LRR motifs) among homologous NB-LRR proteins, it is hard to construct an 

accurate structural model based on a single template. Fortunately, with the abundant plant LRR 

structures in the protein database, the composite model of LRR structure is deduced to form a 

horseshoe-like shape (Sela et al., 2012).  

 Recently, the crystal structures of the CC domain for the NB-LRR R protein Mla10 from 

barley (Maekawa et al., 2011) and the TIR domain of the NB-LRR protein L6 from flax 

(Bernoux et al., 2011) have been solved. Each CC domain forms a helix-loop-helix structure and 

then two CC domains intertwine to form a tightly rod-shaped homodimer. The crystal structure 

of TIR domain of L6 shows a globular shape similar to the structure of the Arabidopsis protein 

consisting only of a TIR domain, AtTIR (At1g72930; Chan et al., 2010). Based on the crystal 

structures and the NB-LRR R protein mutant studies, it is believed that in the absence of 

pathogens, the NB-LRR proteins are kept in an auto-inhibited state by intra-molecular 

interactions between the different domains, but are, at the same time, exquisitely competent for 

detecting pathogen effectors. Release from inhibition by an effector or endogenous stress 
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stimulus triggers a series of conformational changes to initiate downstream defence signalling 

cascades (Takken et al., 2006; Takken and Tameling, 2009). 

 Besides the auto-inhibition by the structural constraints of the R proteins, these immune 

receptors are also regulated at two levels: 1) chaperone-assisted protein folding/maturation, and 2) 

control of NB-LRR levels by targeted protein degradation. Genetic screens that looked for 

components that are essential for R protein-mediated resistance uncovered a protein complex 

with three core members, RAR1 (Required for Mla12 Resistance 1), SGT1 (Suppressor of the 

G2 allele of SKP1) and HSP90 (Heat Shock Protein 90) as key players in regulating NB-LRR 

protein stability and activity (Shirasu et al., 1999; Warren et al., 1999; Austin et al., 2002; 

Azevedo et al., 2002; Muskett et al., 2002; Tör et al., 2002; Hubert et al., 2003; Takahashi et al., 

2003). However, the mechanistic functions of the RAR1-SGT1-HSP90 complex in maintaining 

NB-LRR protein stability and activity remain elusive. 

 The involvement of SGT1 in R protein stability and the involvement of yeast SGT1 in 

Skp1-Cullin-F-box protein (SCF) ubiquitin ligases that target regulatory proteins for degradation 

(Kitagawa et al., 1999) suggest a route of R protein regulation through protein degradation. 

 

 

1.1.3.2 R Protein Signalling 

 

 

Several components have been shown to be involved in signalling downstream of an activated R 

protein. They are EDS1 (Enhanced Disease Susceptibility 1) and PAD4 (Phytoalexin Deficient 4) 

downstream of TIR-type R proteins (Wiermer et al., 2005) and NDR1 (Non-Race Specific 

Disease Resistance 1) in the CC-type R protein mediated resistance (Knepper et al., 2011) 

(Figure 1.1).  

EDS1 and its interacting partner PAD4 are essential components of both basal and TIR-

NB-LRR R proteins-mediated resistance in Arabidopsis (Feys et al., 2001). EDS1 encodes a 

protein whose amino-terminus has similarities to eukaryotic lipases and it functions upstream of 

plant defence hormone salicylic acid (SA; Falk et al., 1999). PAD4, identified in a screen for 

phytoalexin deficiency in response to pathogen attack, encodes another lipase-like protein. PAD4 

was also shown to have an important function in SA signalling (Jirage et al., 1999). In addition to 

their roles in signal transduction, EDS1 and PAD4 interaction is important in the positive 

feedback regulation of SA accumulation (Feys et al., 2001; Wiermer et al., 2005).  

NDR1 was originally identified as a component in resistance against the virulent bacterial 

pathogen Pseudomonas syringae pv tomato DC3000 (Pst DC3000) in Arabidopsis (Century et 

al., 1997). Although the biochemical and cellular function of NDR1 remains elusive, several CC-

type of NB-LRR proteins’ function require NDR1, including RPS2, RPMl, RPS5 (Century et al., 

1997; Knepper et al., 2011). 
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Figure 1.1: Signaling components downstream of TIR-type and CC-type "B-LRR R 
proteins. 
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1.2 Dissecting Plant Immunity Using snc1 and Modifiers of snc1 in 
Arabidopsis 

 

 

1.2.1 snc1: A Unique Gain-of-Function Mutant of a TIR-Type NB-LRR R Protein 

 

 

Genetic analysis of Arabidopsis mutants with impaired SAR response has led to the 

identification of a positive regulator of SAR, +PR1 (+on-Expresser of PR-1) (Cao et al., 1994; 

Cao et al., 1997). Mutations in the +PR1 gene abolish SA-induced Pathogenesis-Related (PR)-

gene expression and resistance to pathogens, whereas overexpression of +PR1 to enhance 

resistance to pathogens showed no obvious negative effects (Cao et al., 1998; Yuan et al., 2007).  

A unique gain-of-function mutant, suppressor of npr1-1, constitutive 1 (snc1) 

constitutively expresses PR genes and exhibits resistance against two virulent pathogens: the 

bacterial pathogen, Pseudomonas syringae pv maculicola ES4326 (Psm ES4326), and the 

oomycete pathogen, Ha Noco2 (Li et al., 2001) in the npr1 mutant background. SNC1, an R 

protein of the TIR-NB-LRR class, is a member of the Resistance to Peronospora parasitica 4 

(RPP4) R gene cluster on chromosome IV in Arabidopsis ecotype Columbia. In snc1, a single 

amino acid substitution in the linker region between the NB and LRR domains renders the 

SNC1-mediated signal transduction constitutively active in the absence of pathogens (Zhang et 

al., 2003). Because snc1 plants direct most of their energy toward defending against a non-

existing pathogen, they have limited resources for other biological processes (Purrington, 2000; 

Heil and Baldwin, 2002; Heidel et al., 2004). As a result, the snc1 plants have very unique 

morphological phenotypes, including small stature and curly leaves. In addition, a high level of 

SA was also detected in snc1, and it is partially responsible for the snc1 phenotypes (Zhang et al., 

2003a). Epistasis analysis of this dominant mutation showed that there are several important 

components of SNC1-mediated immunity, including EDS1 and PAD4 (Zhang et al., 2003).  

 The first plant R gene was cloned about twenty years ago (Johal and Briggs, 1992; Martin 

et al., 1993), yet little is known about the signalling components downstream of activated R 

proteins. To gain more insights on how danger signals are transduced from an activated R protein 

to downstream defence activation, a snc1 suppressor screen was conducted. 

 

 

1.2.2 The MOS Screen 

 

 

Because of the distinct morphology of snc1 and constitutive activation of defence response in 

this mutant that mimics an activated R protein-mediated resistance in the absence of a pathogen, 

snc1 has become an extraordinary tool for dissecting the signalling required for defence 

activation. Genetic screens were performed to search for suppressors of snc1. Several 

mutagenesis methods including radiation mutagenesis by fast neutron bombardment, chemical 

mutagenesis by ethyl methanesulfonate (EMS) and Agrobacteria-mediated T-DNA mutagenesis 

were carried out in the snc1 mutant background to screen for mutants that suppress or block snc1 

autoimmune phenotypes. 

In the primary screen, putative mutants that lost the snc1 small stature and stunted growth 

morphology, and restore close to wild type morphology, were selected. To validate that the 
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putative mutants that passed the primary screen are indeed defence-related mutants, the 

secondary screen was conducted to look for mutants that lost the enhanced PR gene expression 

and constitutive resistance against the virulent pathogen Ha Noco2. From these screens, several 

mutant alleles of PAD4 were obtained, suggesting that the screens were successful. A total of 

fifteen mos (modifier of snc1) mutants were identified from the screens. These  mos lines resulted 

in the identification of genes/proteins with functions in: 1) epigenetic regulation of S+C1 

transcription, 2) RNA processing and splicing, 3) nucleo-cytoplasmic trafficking of RNA 

molecules and proteins, 4) transcriptional regulation of defence related genes, and 5) protein 

modifications. The diverse array of MOS proteins identified from the snc1 suppressor screens 

demonstrates the spatial and temporal complexity of plant defence signalling pathways required 

to activate robust and finely controlled resistance responses. 

 

 

1.2.3 Modifiers of snc1 (MOSes) 

 

 

1.2.3.1 Epigenetic Regulation of S+C1 Transcription: MOS1 

 

 

MOS1, the first MOS identified, is a HLA-B Associated Transcript 2 (BAT2) domain-containing 

protein that is conserved in plants and animals (Li et al., 2010b); none of the BAT2-containing 

proteins have been previously functionally characterized. Analysis of snc1 transcription level in 

mos1 revealed that snc1 transcript is greatly reduced when MOS1 is mutated, and this 

suppression of snc1 expression by mos1 can be released in the Decrease in D+A methylation 1 

(DDM1) mutant background. The ddm1 mutant has drastically reduced levels of DNA 

methylation, and a change of H3K9 methylation (the ninth lysine residue of histone H3; a 

transcription repression mark) with H3K4 methylation (transcription activation mark; [Gendrel et 

al., 2002]). Further analysis revealed that DNA methylation is altered in the upstream region of 

endogenous S+C1 in mos1 mutant background; however, the expression level of snc1 transgene 

is not affected, suggesting that MOS1 may function in regulating gene expression through 

chromatin remodelling. The identification and functional studies of MOS1 show that the 

expression level of R genes is under tight regulation (Li et al., 2010b; Li et al., 2011). Like 

MOS1, BAT2-containing proteins in other systems could also function in regulating gene 

expression through chromatin modification. 

 

 

1.2.3.2 R+A Processing/Metabolism and Splicing Machinery: MOS2, MOS3, MOS4,  

MOS11, and MOS12 

 

 

a) RNA processing: MOS2 

mos2 is a partial suppressor of snc1. Unlike mos1, which has no defects in basal and R 

protein mediated resistance, mos2 mutant plants are more susceptible to virulent pathogens and 

are compromised in R protein resistance mediated by RPM1, RPS4, and RPP4 (Zhang et al., 

2005). Map-based cloning revealed that MOS2 encodes a nuclear protein that contains a G-patch 

(glycine-rich nucleic acid binding domain) and two KOW (Kyprides, Ouzounis, Woese) domains. 
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G-patch is a conserved domain that has been shown to mediate RNA-protein interactions 

(Aravind and Koonin, 1999). KOW, another conserved domain, could function in protein-protein 

interactions (Steiner et al., 2002). The exact role that MOS2 plays in plant immunity remains 

elusive; however, the presence of G-patch and KOW domains suggests that MOS2 may function 

through binding to certain RNA molecules.  

 

b) RNA splicing machinery: MOS4 and MOS12 

 RNA splicing is a process in eukaryotes that modifies nascent pre-messenger RNA (pre-

mRNA) molecules by removing introns and adjoining exons to generate mature mRNA 

molecules for translation. Proper RNA splicing is not only essential for biological functions of a 

gene, but also generates alternative splice variants for proper spatial and temporal expression of a 

gene (Kelemen et al., 2013).  

MOS4 is a conserved nuclear protein in both plant and animal kingdoms (Palma et al., 

2007). Its homolog in humans is Breast Cancer-Amplified Sequence 2 (BCAS2). BCAS2 is a 

member of spliceosome-associated PRP Nineteen Complex (NTC) (Neubauer et al., 1998). Like 

BCAS2, MOS4 associates with NTC through direct interaction with AtCDC5 (Arabidopsis Cell 

Division Cycle 5), a key component of the NTC. Like mutation in MOS4, mutation in AtCDS5 

can also suppress the auto-immune phenotypes of snc1. Analyses of transcript variants in several 

alternatively spliced genes in mos4 and atcdc5 mutant backgrounds revealed that splicing 

patterns of S+C1 and RPS4, two TIR-type NLR encoding genes, were altered, whereas the 

splicing patterns of several house-keeping genes were unaffected (Palma et al., 2007; Xu et al., 

2012). This result suggests that MOS4 and AtCDC5 have specific roles in regulating splicing 

patterns of defence related genes. 

Another MOS found to be involved in RNA splicing is MOS12 (Xu et al., 2012). MOS12 

is a protein with two conserved cyclin domains at the N terminus. Its closest homolog in humans 

is cyclin L, which is required for pre-mRNA splicing (Loyer et al., 2008). Analysis of transcript 

variants in mos12 mutant background found that the splicing patterns of S+C1 and RPS4 are 

changed. These changes in splicing pattern are associated with suppression of snc1 autoimmune 

phenotypes and compromised RPS4-mediated immunity. Immunoprecipitation of MOS12 

followed by western blot analysis showed that MOS12 associates with MOS4, consistent with 

the role of MOS12 in RNA splicing. 

 

c) mRNA export: MOS3 and MOS11 

Once the transcript of a gene is fully processed, it needs to be translocated from the 

nucleus to the cytoplasm for translation. This translocation process through the nuclear pore 

complex, which is highly conserved across eukaryotes, plays an important role in regulation of 

gene expression (Chinnusamy et al., 2008). Two MOS proteins identified in the suppressor 

screen, MOS3 and MOS11, are involved in mRNA export from the nucleus.  

MOS3 (also known as NUP96 or SAR3) is a member of the Nup107-160 nuclear pore 

sub-complex (Zhang and Li, 2005; Parry et al., 2006). Mutations in MOS3 lead to partial 

suppression of snc1’s autoimmunity and compromised basal immunity, as well as RPP4-, RPM1-, 

and RPS4-mediated immunity. In vertebrate and yeast cells, defects in the Nup107-160 complex 

result in the accumulation of mRNA within the nucleus (Fabre et al., 1994; Dockendorff et al., 

1997; Vasu et al., 2001). A similar defect was also observed in mos3/sar3 mutant plants (Parry et 

al., 2006; Germain et al., 2010). 
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MOS11 is a conserved eukaryotic protein; its homologous human protein is the RNA 

binding protein CIP29 (Germain et al., 2010). CIP29 is a member of the TREX (TRanscription-

EXport) mRNA export complex (Dufu et al., 2010), which was first identified as a complex that 

functions in messenger ribonucleoprotein (mRNP) export (Reed, 2003). Like MOS3, mutations 

in MOS11 lead to accumulation of mRNA within the nucleus (Germain et al., 2010). Epistasis 

analysis between mos3 and mos11 revealed that MOS3 and MOS11 might function in the same 

pathway (Germain et al., 2010). It is possible that MOS11 binds to mRNA molecules and 

facilitates their translocation from the nucleus, where they are generated, to the cytoplasm, where 

they are translated, through the Nup107-160 nuclear pore complex. Interestingly, although 

accumulation of poly(A) mRNAs was observed in the nucleus, null mutations of MOS3 and 

MOS11 are not lethal (Zhang and Li, 2005; Parry et al., 2006; Germain et al., 2010). This 

suggests that MOS3 and MOS11 may play roles in specifically exporting certain, likely defence 

related, mRNA molecules.  

The identification of a large number of MOS proteins with roles in RNA processing and 

splicing in the snc1 suppressor screen demonstrates the importance of RNA metabolism and 

translocation of mature mRNA molecules, from the nucleus to the cytoplasm, in plant defence 

signalling. 

 

 

1.2.3.3 +ucleo-Cytoplasmic Trafficking: MOS6 and MOS14 

 

 

Another class of MOS proteins identified are those involved in nucleo-cytoplasmic trafficking. 

MOS6 (Palma et al., 2005) is an essential component of the nuclear import machinery. MOS6 

encodes one of eight importin α homologs in Arabidopsis. The function of importin α is to 

recognize and facilitate the transport of proteins bearing nuclear localization signal (NLS) from 

the cytoplasm to the nucleus (Lange et al., 2007). One potential function of MOS6 is to 

recognize and import proteins involved in disease response signalling into the nucleus.  

An additional MOS that plays a role in nucleo-cytoplasmic trafficking and defence is 

MOS14 (Xu et al., 2011). MOS14 is a nuclear protein that has high homology to animal 

Transportin-SR (TRN-SR) proteins. TRN-SR shows amino acid sequence homology to members 

of the importin β superfamily, and it functions specifically as the nuclear import receptor for 

serine-arginine rich (SR) proteins, which are important components of the pre-mRNA splicing 

machinery (Reed and Cheng, 2005). In mos14 background, several SR proteins fail to properly 

localize inside the nucleus. Also, splicing patterns of two R genes, S+C1 and RPS4, whose 

splicing patterns are important for their functions, are altered in mos14. Altered snc1 and RPS4 

splicing patterns in snc1 mos14 and mos14, respectively, all correspond with compromised 

SNC1- and RPS4-mediated defence responses. 

Identification of essential components of the nuclear import machinery through the snc1 

suppressor screen reveals the importance of nuclear-cytoplasmic trafficking in plant innate 

immunity.  
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1.2.3.4 Transcriptional Repressor: MOS10 

 

 

One unique MOS gene identified in the snc1 suppressor screen was MOS10 (also known as TPR1; 

Topless-Related 1). MOS10 encodes a protein with an N-terminal Lissencephaly type-1-like 

homology (LisH) domain, a C-terminal to LisH (CTLH) domain and twelve WD (tryptophan-

aspartic acid)-40 repeat at the C terminus (Zhu et al., 2010). MOS10 is closely related to Topless 

(TPL). TPL together with TRPs (TOPLESS-related proteins) are thought to be involved in 

transcription repression of auxin-dependent genes during embryogenesis (Long et al., 2006; 

Szemenyei et al., 2008). SNC1 is found to associate with MOS10/TPR1, and MOS10/TPR1 

represses the expression of negative regulators of immunity, including Defense no Death 1 

(D+D1) and Defense no Death 2 (D+D2) (Zhu et al., 2010). The identification of MOS10/TRP1 

suggests that the expression of negative immune regulators needs to be repressed in R protein-

mediated immune responses.  

 

 

1.2.3.4 Protein Modifications: MOS5 and MOS8 

 

 

mos8, another suppressor of snc1 that completely abolishes resistance against virulent pathogens, 

identified a gene found to be allelic to Enhanced Resistance to Abscisic acid 1 (ERA1). ERA1 

encodes the β subunit of plant farnesyl-transferase (Cutler et al., 1996). Protein farnesylation is a 

post-translational modification process that prenylates the carboxy-terminus of specific cellular
 

signalling proteins (Sorek et al., 2009). The era1 mutant phenotypes, first described by Pei et al. 

(1998), have prolonged
 
seed dormancy and stomatal closure due to an enhanced response to 

abscisic acid (ABA). mos8 plants have enhanced susceptibility to virulent bacterial pathogen 

Psm ES4326 and oomycete pathogen Ha Noco2, indicating the importance of prenylation in 

basal resistance. Responses to avirulent pathogens mediated by R proteins of RPM1, RPS4 and 

RPP4, are partially compromised in mos8, demonstrating the involvement of prenylation in the 

highly divergent pathogen-specific signalling pathways (Goritschnig et al., 2008).  

MOS5 encodes UBA1, one of two ubiquitin-activating (E1) enzymes in Arabidopsis 

(Goritschnig et al., 2007). mos5 mutant plants exhibit somewhat enhanced disease susceptibility, 

indicating a minor involvement of MOS5 in basal resistance against virulent bacterial pathogens. 

Also, mutations in MOS5 compromise the RPS2-mediated resistance but not resistance mediated 

by other R proteins tested (RPM1 and RPS4). This differential susceptibility to avirulent 

pathogens suggests that ubiquitination pathway mediated by MOS5 is required in activation and 

downstream signalling of certain R proteins (Goritschnig et al., 2007). The identification of 

MOS5 in the snc1 suppressor screen, as well as other defence related components of the 

ubiquitination pathway by other research groups, suggest that protein ubiquitination plays an 

important role in plant immunity. 
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1.3 Ubiquitination in "B-LRR R Protein-Mediated Immunity1 
 

 

1.3.1 Introduction 

 

 

Ubiquitination is a common protein modification where the 76-amino-acid ubiquitin (Ub) moiety 

is covalently attached to the lysine (Lys) residues of a substrate protein. More than 5% of the 

Arabidopsis proteome is predicted to be involved in the ubiquitination-26S proteasome pathway 

(Smalle and Vierstra, 2004), suggesting that this pathway plays essential roles in diverse 

biological processes and cellular signalling. The consequences of ubiquitination vary and often 

depend on the ubiquitination site of the substrate, the position of the Lys in the Ub moiety being 

utilized, and the length of the Ub attachments. Monoubiquitination is usually associated with 

endocytosis or histone modification (Schnell and Hicke, 2003; Umebayashi, 2003; Weissman et 

al., 2011). By contrast, polyubiquitination with four or more Ubs typically results in the targeting 

of the substrate for degradation by the 26S proteasome, although it can occasionally activate the 

protein (Thrower et al., 2000; Pickart and Fushman, 2004; Sun and Chen, 2004). After 

degradation of the protein substrate by the proteasome, Ubs are recycled through 

deubiquitinating enzymes (DUBs). DUBs counteract ubiquitination and play a key role in 

determining the fate and activities of the target substrates. Thus, besides their housekeeping roles, 

DUBs may potentially regulate signal transduction through monitoring the balance of their 

ubiquitinated and non-ubiquitinated protein substrates (Komander et al., 2009).  

The covalent attachment of Ub is a multi-step biochemical reaction performed by an 

ATP-dependent conjugation cascade involving an E1 (Ub-activating enzyme, UBA), an E2 (Ub-

conjugating enzyme, UBC), and an E3 (Ub ligase) (Weissman, 2001; Smalle and Vierstra, 2004). 

Substrate specificity is mainly determined by the E3s, therefore it is not surprising that the 

Arabidopsis genome encodes only two E1s and 37 E2s, but 1415 E3s (Kraft et al., 2005). The 

E3s can be further subdivided into six classes depending on their different conserved domains 

and mode of action (Figure 1.2A and 1.2B). HECT, RING-type, and U-box proteins are simple 

E3s that can work alone with an E1 and an E2. The transfer of Ub by the RING or U-box E3s is 

direct and does not involve ubiquitination of the E3, while HECT E3s are ubiquitinated first 

before transferring the Ub to the substrate. There are also more elaborate E3s that are composed 

of protein complexes with multiple components that are often Cullin-based (Figure 1.2B) 

(Vierstra, 2009; Hua and Vierstra, 2011). The best known complex E3s in plant biology contain 

F-box proteins. In Arabidopsis, there are over 700 F-box protein-encoding genes, which function 

in almost all biological processes (Somers and Fujiwara, 2009).  

 
 

                                                 
1
 A version of this section has been published. Yu Ti Cheng and Xin Li. (2012) Current Opinion in Plant Biology 15: 

392–399 
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Figure 1.2: Ubiquitination pathway and different classes of E3s. 
 

(A) Diagrams of the simple E3s and their different modes of actions. HECT (Downes et al., 

2003), RING-type (Kraft et al., 2005; Stone et al., 2005), and U-box (Yee and Goring, 

2009) proteins can work alone with the E1 and E2. The transfer of Ub by the RING or U-

box E3s is direct, while that by HECT E3s is indirect. The RING finger (also called zinc 

finger) domain is stabilized by Zn
2+ 

in coordination
 
with its Cys and His residues, while 

the U-box is mostly stabilized through salt-bridges and hydrogen bonds.  

(B) Complex E3s, which are often Cullin-based.  

The number of different E3-encoding genes predicted in the Arabidopsis genome is in 

parentheses along with the E3 types (Capron et al., 2003; Gingerich et al., 2005; Lee et 

al., 2008; Hua et al., 2011).  
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1.3.2 E3s in R Protein-Mediated Immunity 

 
 
E3s are the major specificity determinants in ubiquitination reactions. A number of E3s are 

implicated in the regulation of plant immunity (Table 1.1A). These E3s were typically identified 

from analysis of knockout or over-expression phenotypes of the encoding genes. In most cases, 

the target proteins of the E3s are unknown which makes it difficult to define the exact roles of 

these E3s in the regulation of plant defence.  

 

 

1.3.2.1 Light Regulation of R Protein Stability 

 

 

Light is required for resistance against turnip crinkle virus (TCV) mediated by the Arabidopsis 

NB-LRR R protein HRT (Jeong et al., 2010). Analysis of HRT protein levels under different 

light conditions showed that its stability is regulated by light. HRT proteins are degraded under 

dark or blue-light induction, resulting in susceptibility to TCV. Blue-light-dependent HRT 

degradation can be blocked by the proteasome inhibitor MG132, indicating that the degradation 

of HRT is 26S proteasome-specific. Although HRT interacts with the E3 ligase COP1, the exact 

role of COP1 in HRT1 degradation remains to be determined. Regulation of the HRT levels by 

protein degradation raises interesting questions on whether other plant growth parameters, such 

as humidity and temperature, could also affect the stability of NB-LRR R proteins. 

 

 

1.3.2.2 F-Box Protein ACIF1 in R Protein-Mediated Immunity 

 

  

ACRE189/ACIF1 is an F-box protein with LRR repeats identified from the Avr9/Cf-9 Rapidly 

Elicited (ACRE) screen in tomato. It was shown to be recruited to Skp1-Cullin-F-box (SCF) E3 

ubiquitin ligase complexes. Silencing of tobacco ACIF1 suppresses the HR responses by various 

elicitors such as Avr9, Avr4, AvrPto, Inf and the p50 helicase of Tobacco mosaic virus. 

Silencing of ACIF1 in tomato attenuates Cf-9-dependent HR, but not Cf-9-mediated resistance, 

suggesting that ACIF1 targets a negative regulator of HR for degradation (van den Burg et al., 

2008). Future identification of the target protein of ACIF1 may help us better understand how 

HR is activated during R protein-mediated defence responses. 

 

 

1.3.2.3 MAC3A/MAC3B in the Splicing of R Genes 

 

 

Arabidopsis MAC3A and MAC3B are two redundant U-box E3 ligases homologous to yeast and 

human PRP19, implicated in mRNA splicing. MAC3 is a core member of the MOS4-associated 

complex (MAC) containing MOS4, AtCDC5, PRL1, MAC5 and other proteins (Monaghan et al., 

2009). Knocking out both MAC3A and MAC3B phenocopies mos4, and not only suppresses 

autoimmunity mediated by snc1, but also attenuates resistance mediated by other R proteins. The 

MAC was recently found to associate with MOS12, a cyclin L homolog that is critical for 
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splicing (Xu et al., 2012). Splicing patterns of TIR-NB-LRR-type R genes S+C1 and RPS4 are 

altered in mos12-1, mos4, Atcdc5 mutants, as well as mac3a mac3b, indicating that MOS12 and 

the MAC regulate proper splicing of target R genes. How the MAC3 E3 controls R gene splicing 

remains unclear. Future identification of the MAC3 targets will help us illuminate its role in 

splicing regulation.  

 

 

1.3.2.4 Other E3s  

 

 

Arabidopsis BAH1 and Pepper RING1 (CaRING1) are two RING-type E3s recently shown to be 

involved in regulating plant immunity (Lin et al., 2008; Lee et al., 2011). However, their mode of 

action and therefore their contribution to R protein-mediated resistance remains to be determined. 

CaRING1 exhibits E3 ligase activity and localizes to the plasma membrane. It is induced 

by Xanthomonas infection. VIGS silencing of CaRI+G1 causes enhanced susceptibility, reduced 

Pathogenesis-Related (PR) gene expression and decreased salicylic acid accumulation, while 

over-expression of CaRI+G1 enhances resistance to both Pseudomonas and oomycete pathogens. 

These data suggest that the CaRING E3 probably targets a negative regulator of defence for 

degradation. When CaRI+G1 is silenced, the negative regulator accumulates and causes 

enhanced susceptibility (Lin et al., 2008; Lee et al., 2011).  

BAH1 encodes an E3 ligase with RING and SYG1/Pho81/XPR1 (SPX) domains of 

unknown function. It was identified from a forward genetics screen searching for mutants 

hypersensitive to benzoic acid, which was suggested to contribute to Isochorismate Synthase 1 

(ICS1)-independent SA synthesis. The bah1 mutant plants accumulate higher SA after bacterial 

infection and are more resistant to pathogen infections. SA accumulation in bah1 is only partly 

dependent on ICS1 (Yaeno and Iba, 2008). So far, there is no biochemical data supporting its E3 

ligase role. Whether it targets a positive regulator of SA synthesis for degradation remains to be 

determined.  

 

 

1.3.2.5 Components Associated with E3: SRFR1 and SGT1 in Stability Control of  

+B-LRR R Proteins 

 

 

SRFR1 is a protein involved in the regulation of NB-LRR R protein-mediated defence responses 

(Kim et al., 2010; Li et al., 2010a; Bhattacharjee et al., 2011). The srfr1 mutant plants display 

constitutive defence responses. The constitutive defence responses in srfr1 can be largely 

suppressed by loss-of-function mutations in S+C1. SRFR1 associates with SNC1, RPS4 and 

RPS6 in planta (Kim et al., 2010; Li et al., 2010a; Bhattacharjee et al., 2011). In srfr1 mutants, 

levels of multiple NB-LRR R proteins, including SNC1, RPS2 and RPS4, are increased (Li et al., 

2010a), suggesting that SRFR1 functions in the negative regulation of NB-LRR R protein 

accumulation.  

 SGT1 was originally identified as a co-chaperone of HSP90. The HSP90-RAR1-SGT1 

chaperone complex is required for proper folding and accumulation of NB-LRR R proteins 

(Shirasu, 2009). Surprisingly, a deletion mutant of SGT1b can suppress the reduced 

accumulation and loss of function of the NB-LRR R protein RPS5 in rar1 (Holt et al., 2005). 
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SGT1 also interacts with SRFR1 (Li et al., 2010a). Like in srfr1 mutants, the SNC1 protein level 

is similarly increased in sgt1b, suggesting that SRFR1 and SGT1 function together to negatively 

regulate the SNC1 protein levels (Li et al., 2010a). In yeast, SGT1 is a member of the SCF 

complex (Kitagawa et al., 1999). SGT1 was also found to associate with components of the 

SKP1-Cullin1-F-box (SCF) complex in plants (Liu et al., 2002). Thus, it is likely that SGT1 and 

SRFR1 serve as chaperones or scaffolds in the SCF complex to target a group of R proteins. 

They may also be critical in determining the substrate specificity of SCF complex through their 

protein-protein interaction interface.  

 

 

1.3.3 E1s and E2s in R Protein-Mediated Immunity 

 

 

Arabidopsis has two E1s, UBA1/MOS5 and UBA2. The mos5 mutant was identified in a 

suppressor screen of snc1 (Goritschnig et al., 2007). It is required for snc1-mediated defence 

responses. The mos5 mutant plants also have defects in resistance specified by the NB-LRR R 

protein RPS2, and display enhanced disease susceptibility. While uba2 single mutant plants have 

no obvious phenotypes, the mos5 uba2 double mutant is lethal, indicating that UBA1 and UBA2 

have partially redundant functions. In the Arabidopsis genome, there are 37 E2s. No individual 

E2s have been identified to be required for the regulation of plant immunity, suggesting high 

levels of redundancy among these E2 enzymes. 

A requirement for MOS5 in resistance mediated by SNC1 suggests the existence of at 

least one E3 functioning as a positive regulator of defence responses in snc1. It either targets a 

key negative regulator(s) for degradation or activates a positive regulator by mechanisms like 

monoubiquitination. Since E1 participates in a large number of ubiquitination reactions, 

mos5/uba1 probably affects the stability of many proteins targeted by different E3s.  

 

 

1.3.4 DUBs in R Protein-Mediated Immunity 

 
 
In Arabidopsis, the 27 ubiquitin-specific proteases (UBPs) form one of the largest classes of de-

ubiquitinating enzymes (DUBs) (Yan et al., 2000). Like the E2s, they fall into distinctive 

subfamilies of two to five members, suggesting a high level of redundancy. Only one pair of 

UBPs, UBP12 and UBP13, have been implicated in plant immunity (Ewan et al., 2011). Loss of 

both UBP12 and UBP13 leads to seedling lethality, indicating a crucial role for these proteins in 

plant growth and development. In Arabidopsis, the RNAi-co-silenced UBP12/UBP13 plants 

exhibit enhanced PR gene expression and disease resistance against virulent Pseudomonas 

bacteria. In tobacco, silencing the UBP12 homolog +tUBP12 leads to increased Cf-9-mediated 

HR, while overexpression of AtUBP12 or +tUBP12 suppresses the HR response. These data 

suggest that UBP12/13 has a conserved function in regulating plant defence responses.  

The targets of UBP12/13 that are involved in regulating plant defence remain to be 

determined. Since UBPs de-ubiquitinate their targets, reduction of the activity of UBP12/13 

should lead to increased ubiquitination and degradation of target proteins. Thus, the target 

proteins of UBP12/13 are most likely negative regulators of plant immunity. Because the 
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ubiquitinated form of a target sometimes is the active form of the protein, it is also possible that 

UBP12/13 is involved in de-ubiquitination of a positive regulator of plant immunity. 

 

 

1.3.5 Conclusions and Perspectives 

 
 
In recent years, ubiquitination has emerged as one of the key mechanisms involved in regulating 

NB-LRR R protein-mediated plant defence responses. At the level of the immune receptor, 

control of the stability of NB-LRR proteins by SCF-mediated protein degradation appears to be 

critical for preventing over-accumulation of the receptors and constitutive activation of immune 

responses without the presence of pathogens. Downstream of plant R proteins, increasing 

evidence suggests that ubiquitin-26S proteasome system (UPS) is also critical for both positive 

and negative regulation of defence responses. As ubiquitination-mediated protein degradation 

leads to rapid changes in protein levels in response to stimuli, it could be used to regulate the 

stability of many downstream components of NB-LRR proteins. 

Among the 1415 E3s in Arabidopsis, most are still without an assigned biological 

function, perhaps due to redundancy and/or subtle E3 mutant phenotypes that are difficult to 

observe. Many of these E3s may potentially be involved in plant immunity. Future research 

using targeted reverse genetics approaches and carefully-designed novel forward genetic screens 

may enable us to find these elusive E3 regulatory components of plant immunity and decipher 

how they control the defence output in response to pathogen attack. As always, one of the 

biggest challenges is to find the protein substrates of the E3s involved in plant immunity. New 

methods, such as global protein stability profiling (Yen and Elledge, 2008), can potentially be 

adapted for use in plants to address this predicament. 
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Table 1.1: List of E3 ubiquitin ligases from plants and pathogens that have been shown to 
play roles in plant immunity. 
 

a) Plant E3s that have been shown to be involved in ETI. PM: Plasma membrane, TGN: trans-

Golgi network. 
 
Name Type of E3 Substrates Positive (+) or 

negative (-) 

regulation 

Localization References 

CMPG1/ACRE74 U-box   +  (Gonzalez-

Lamothe et 

al., 2006; Bos 

et al., 2010) 

RHC1 RING-type  + PM (Cheung et 

al., 2007) 

DRF1 F-box   +  (Cao et al., 

2008) 
ACIF1/ACRE189 F-box   +  (van den 

Burg et al., 

2008) 
RIN2/RIN3 RING-type  +  PM (Kawasaki 

et al., 2005) 
RING1 RING-type  + PM (Lin et al., 

2008; Lee et 

al., 2011) 
PRP19/MAC3 U-box   +  (Monaghan 

et al., 2009) 
HUB1 RING-type H2B +   (Dhawan et 

al., 2009) 
ACRE276/PUB17/

ARC1 

U-box   +  (Yang et al., 

2006) 
SON1 F-box   −  (Kim and 

Delaney, 

2002) 
BAH1/NLA RING-type  −  (Yaeno and 

Iba, 2008) 
COP1 CUL4-RING HRT − Nucleus  (Jeong et 

al., 2010) 
SPL11 U-box   − Entire cell (Zeng et al., 

2004) 
KEG RING-type  − in ABA signaling TGN (Stone et al., 

2006; Gu 

and Innes, 

2011) 
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b) Plant E3s that are involved in PTI. 

 
Name Type of E3 Substrates +/− Localization References 

HP1/DDB1 CUL4-DDB1  +  (Liu et al., 

2012) 

BBI1 RING-type  +  (Li et al., 

2011) 

XB3 RING-type  +  (Wang et 

al., 2006) 

ATL9 RING-type  + ER (Berrocal

-Lobo et 

al., 2010) 

PUB22/PUB23/PUB24 U-box   − cytosol (Trujillo 

et al., 

2008) 

PUB12/PUB13 U-box  FLS2 −  (Lu et al., 

2011) 

 

 

c) Pathogen E3s or proteins from pathogen that target host E3s to promote disease in the host 

plant. 

 
Name Organism Type of E3/Protein Substrates References 

Avr3a P. infestans RxLR containing secreted 

effector protein 

CMPG1 (Bos et al., 

2010; Yaeno 

et al., 2011) 

AvrPtoB P. syringae pv 

tomato 

 CERK1, Fen, FLS2 (Gohre et al., 

2008; 

Gimenez-

Ibanez et al., 

2009) 

VirF Agrobacterium F-box  VIP1 

VirE2 

(Tzfira et al., 

2004) 

P0 Polerovirus F-box  AGO1 (Baumberger 

et al., 2007) 
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1.4 Thesis Objectives 
 

 

The snc1 suppressor screen has uncovered a number of novel players in plant immunity. The 
primary aim of this thesis research was to positionally clone and perform functional studies 
on two MOS mutants, mos7 and mos9, identified in the snc1 suppressor screen. mos7 and 

mos9 were identified from the same mutagenized snc1 population generated using fast neutron 

bombardment. By studying the functions that MOS7 and MOS9 play in plant immunity, we hope 

to gain better insights in how plants, which are sessile organisms, strive for survival by 

responding rapidly to pathogenic microbial invasions. 

 While studying MOS7 and MOS9, a paper published in the Plant Journal by Dr. Guoying 

Wang’s group (Gou et al., 2009) attracted our attention. This study described an F-box protein 

encoding gene, CPR30, which plays a negative role in plant defence. Prior to this study little was 

known about how stability of plant R proteins is controlled, and there were very few reports on 

the relationship between ubiquitin-proteasome pathway and plant immunity. The data of Guo et 

al. (2009) suggested that SNC1 may be a target of CPR30. This interesting finding prompted me 

to further pursue the role CPR30 plays in plant immunity, and led to the third objective of my 

thesis research: to understand how S"C1 stability is controlled and the function of CPR30 
in plant immunity. 
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2 "uclear Pore Complex Component MOS7/"up88 is Required 
for Innate Immunity and "uclear Accumulation of Defence 
Regulators in Arabidopsis2

 
 
 
2.1 Introduction 
 

 

Innate immunity in plants against microbial pathogen infection is a dynamic process that requires 

stimulus-dependent spatial and temporal action of its defence regulatory components. One of the 

most effective disease resistance mechanisms is mediated by resistance (R) proteins. Upon 

infection, an R protein recognizes a specific pathogen effector (termed Avirulence [Avr] protein) 

and mounts a fast and robust response leading to a local hypersensitive response, a form of 

programmed cell death, to restrict pathogen growth and spread (Jones and Dangl, 2006). Many R 

genes have been cloned and the majority encodes proteins containing NB-LRR domains in which 

the NB is a central nucleotide binding site and LRRs are C-terminal leucine-rich repeats. There 

are two subclasses of NB-LRR proteins, varying according to their N termini (Martin et al., 2003; 

Belkhadir et al., 2004; McHale et al., 2006). TIR-NB-LRR type R proteins carry an N-terminal 

Toll interleukin receptor (TIR) domain, while the CC-type has a predicted coiled-coil domain 

(also called leucine zipper domain) at its N terminus. These two NB-LRR classes differ in their 

initial mode of signalling since TIR-NB-LRR proteins activate resistance and cell death through 

EDS1/PAD4/SAG101 (for Enhanced Disease Susceptibility1/Phytoalexin-Deficient4/Senescence 

Associated Gene 101) complexes, whereas CC-NB-LRR proteins commonly use NDR1 (for Non 

Race-Specific Disease Resistance1) (Century et al., 1997; Aarts et al., 1998; Feys et al., 2005; 

Wiermer et al., 2005). NDR1 associates with the plasma membrane, while EDS1 interacts with 

PAD4 and SAG101 in distinct complexes in the cytosol and nucleus (Coppinger et al., 2004; 

Feys et al., 2005). Downstream of EDS1 and NDR1, pathways converge at the synthesis of the 

defense hormone salicylic acid (SA), a sufficient and necessary signal for systemic acquired 

resistance (SAR) (Vernooij et al., 1994). SAR represents systemic responses induced throughout 

the plant to enhance resistance. NPR1 (for Nonexpresser of PR genes 1) is a key positive 

regulator of SAR whose monomerization and nuclear accumulation is essential for its activity in 

stimulating defence gene expression (Cao et al., 1997; Mou et al., 2003; Tada et al., 2008).  

The detailed biochemical functions of NB-LRR proteins have started to emerge in recent 

years. They are normally under tight negative control, but upon infection, the release of 

repression seems to be the driving force for the resistance responses. For example, the 

Arabidopsis thaliana defence modulator RPM1-interacting protein 4 (RIN4) negatively regulates 

two different CC-NB-LRR type R proteins, RPM1 and RPS2 (Mackey et al., 2002; Axtell and 

Staskawicz, 2003; Mackey et al., 2003; Kim et al., 2005). Although most NB-LRR proteins are 

predicted to be cytosolic (Jones and Dangl, 2006), the CC-NB-LRR class proteins MLA1 and 

MLA6 localize partially to and function inside the nucleus (Shen et al., 2007). Upon infection, 

recognition of its cognate fungal effector induces MLA interaction with repressive WRKY 

                                                 
2
 A version of this chapter has been published. Yu Ti Cheng, Marcel Wiermer, Hugo Germain, Dongling Bi, Fang 

Xu, Ana V. Garcia, Lennart Wirthmueller, Charles Despres, Jane E. Parker, Yuelin Zhang, and Xin Li. (2009) The 

Plant Cell 21:2503-2516. 
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transcription factors, leading to deregulation of downstream defense gene expression. Also, the 

TIR-type NB-LRR proteins, N in tobacco (+icotiana tabacum) and RPS4 in Arabidopsis, need to 

accumulate in nuclei to function (Burch-Smith et al., 2007; Wirthmueller et al., 2007). These 

recent discoveries suggest there may be a general requirement for nuclear localization of R 

proteins or their downstream signalling components in R-mediated resistance.  

Previous studies of MOS3 (for Modifier of snc1,3; Zhang and Li, 2005), MOS6 (Palma et 

al., 2005), and RanGAP2 (Sacco et al., 2007; Tameling and Baulcombe, 2007) reveal the 

importance of two nucleocytoplasmic trafficking pathways in plant innate immunity: mRNA 

export and nuclear localization signal (NLS)-dependent nuclear protein import. It is not known 

whether other nucleocytoplasmic trafficking machineries, such as the one governing nuclear 

export signal (NES)-mediated nuclear protein export, contribute to plant disease resistance. 

MOS3/NUP96/SAR3 is required for mRNA export (Dong et al., 2006; Parry et al., 2006), and 

mutations in MOS3 confer enhanced susceptibility to both virulent and avirulent pathogens. Also, 

mutations in MOS6, an Importin α homolog responsible for importing proteins with an NLS to 

the nucleus, compromise plant defense against pathogen infection. RanGAP2, another 

component of the protein nuclear import machinery, interacts with the NB-LRR protein Rx, and 

silencing of RanGap2 impairs Rx-mediated resistance (Sacco et al., 2007; Tameling and 

Baulcombe, 2007).  

Both MOS3 (Zhang and Li, 2005) and MOS6 (Palma et al., 2005) were identified in a 

forward genetic screen aimed at finding components that function downstream of R protein 

activation. In snc1 (for suppressor of npr1-1, constitutive 1), a point mutation resulting in an E-

to-K change in the linker region between the NB and LRR of an RPP4 homolog, renders this 

TIR-type R protein constitutively active without pathogen recognition (Zhang et al., 2003a). As a 

consequence, snc1 mutant plants are dwarf, accumulate high levels of SA, and exhibit enhanced 

disease resistance against virulent pathogens (Li et al., 2001; Zhang et al., 2003a). As a TIR-NB-

LRR protein, snc1 was accordingly found to be fully dependent on EDS1/PAD4, whose 

nucleocytoplasmic partitioning and complex formation is probably under tight control (Feys et 

al., 2005; Wiermer et al., 2005).  

In this study, we report the isolation, positional cloning, and detailed functional analysis 

of MOS7. A partial loss-of-function mutation, mos7-1, suppresses snc1 autoimmune phenotypes, 

while complete loss of MOS7 in mos7-2 and mos7-3 mutants causes lethality. In the mos7-1 

single mutant, basal defence against virulent pathogens, local resistance conditioned by several 

TIR- and CC-type NB-LRR R proteins, and SAR responses are impaired. MOS7 encodes a 

protein homologous to the human Nup88 nucleoporin. In Drosophila melanogaster and human, 

mutations in Nup88 enhance CRM1 (for Chromosomal Region Maintenance 1; also named 

Exportin 1; XPO1)-dependent nuclear export of activated NF-κB transcription factors (Roth et 

al., 2003; Xylourgidis et al., 2006). In this study, we establish that MOS7 is required for 

appropriate nuclear accumulation of the autoactivated R protein snc1, as well as the downstream 

defence signalling components EDS1 and NPR1.  
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2.2 Results  
 
 
2.2.1 Identification of the mos7-1 Mutant 

 

 

The mos7-1 mutant was identified from a MOS (modifier of snc1) forward genetic screen with 

fast neutrons, as described earlier (Zhang and Li, 2005). snc1 plants have a stunted stature and 

curly leaves due to constitutive defense activation (Zhang et al., 2003a). The suppressor screen 

was designed to search for mutants that resemble wild-type morphology and abolish constitutive 

pathogen resistance in snc1. mos7-1 snc1 double mutant plants are larger than snc1 plants 

(Figure 2.1A). In snc1 plants, several Pathogenesis Related (PR) defense marker genes are 

constitutively expressed. Analysis using RT-PCR showed that PR-1 and PR-2 expression was 

suppressed in mos7-1 snc1 compared with snc1 (Figure 2.1B). 

snc1 plants exhibit enhanced resistance against virulent pathogens, including the 

bacterium Pseudomonas syringae pv. maculicola (Psm) ES4326 and the oomycete pathogen 

Hyaloperonospora arabidopsidis (H.a.; previously named Peronospora parasitica or 

Hyaloperonospora parasitica) Noco2 (Zhang et al., 2003a). To determine whether the mos7-1 

mutation alters the snc1 autoimmune response, we inoculated mos7-1 snc1 double mutant plants 

with these pathogens. As shown in Figures 2.1C and D, mos7-1 snc1 double mutants had lost 

enhanced resistance to both pathogens. Bacterial growth in mos7-1 snc1 was even higher than in 

wild-type plants (Figure 2.1D).  

SA levels are elevated in the snc1 mutant (Li et al., 2001). To determine whether mos7-1 

affects SA accumulation in snc1, SA was extracted and measured from mos7-1 snc1 plants. As 

shown in Figures 2.1E and F, levels of free and total SA in mos7-1 snc1 were similar to those of 

wild-type plants and approximately fourfold lower than in snc1. Therefore, mos7-1 fully 

suppresses all known autoimmune phenotypes of snc1.  

 When mos7-1 snc1 was backcrossed with snc1, the F1 progeny had snc1 morphology. Of 

40 F2 plants, 28 were snc1-like, whereas 12 were wild type–like. The 1:3 wild type to snc1-like 

ratio (χ
2
 = 0.53; P > 0.1) together with the F1 phenotype are consistent with mos7-1 being a 

single, recessive nuclear mutation.  
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Figure 2.1: mos7-1 suppresses the autoimmune responses in snc1. 
 
(A) Morphology of five-week-old soil-grown plants of Col, snc1, and mos7-1 snc1. 

(B) PR gene expression in mos7-1 snc1. RNAs were prepared from three-week-old plants grown 

on MS media and reverse transcribed to obtain total cDNA. The cDNA samples were normalized 

by real-time PCR using Actin1. PR-1, PR-2, and Actin1 were amplified by 31 cycles of PCR 

using equal amounts of total cDNA, and the products were analyzed by agarose gel 

electrophoresis with ethidium bromide staining. 

(C) Two-week-old soil-grown seedlings were inoculated with Ha Noco2 at a concentration of 

50,000 conidia per ml of water and the number of conidia was quantified 7 days post inoculation 

(dpi). Bars represent means of four replicates ± standard deviation (SD). 

(D) Five-week-old soil-grown plants were infiltrated with Psm ES4326 (OD600=0.0001) and 

colony forming units (cfu) were quantified at 0 and 3 dpi, respectively. Bars represent means of 

six replicates ± SD. All data were analyzed by one-way analysis of variance (one-way ANOVA). 

Different letters indicate statistically significant differences between genotypes (P<0.05). 

(E) Free and (F) total SA were extracted from five-week-old plants and analyzed by HPLC. Bars 

represent the average of four replicates ± SD. 
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2.2.2 Map-Based Cloning of mos7-1 

 

 

A positional cloning approach was used to identify the mutation in mos7-1 leading to the 

suppression of snc1. To map mos7-1, mos7-1 snc1 in Columbia (Col) ecotype was crossed with 

Landsberg erecta (Ler) containing the introgressed snc1 mutation, Ler-snc1 (Zhang and Li, 

2005). Linkage analysis was performed on 24 F2 plants that had lost the snc1 morphology. The 

mos7-1 locus was found to have linkage with markers on the top arm of chromosome 5 that 

unfortunately was not introgressed from Ler to Ler-snc1. Therefore, a population of 1056 F3 

plants was generated for fine mapping from F2 progeny that were homozygous for snc1 and 

heterozygous for mos7-1 from another cross between mos7-1 snc1 and Ler. The mos7-1 mutation 

was narrowed to the region between markers MOP10 and MJJ3 on chromosome 5 (Figure 2.2A). 

To identify the molecular lesion in mos7-1, a set of overlapping PCR fragments covering coding 

sequences in this region were amplified from mos7-1 snc1 and sequenced. Comparing sequences 

from the mutant with the Arabidopsis genome sequence revealed a 12-bp deletion in the fourth 

exon of At5g05680 (Figure 2.2 B and C) that leads to an in-frame deletion of four amino acids at 

the N terminus of MOS7 (Figure 2.3). BLAST analysis showed that MOS7 is related to human 

Nup88 and Drosophila Mbo (Members only) proteins (Figure 2.3). MOS7 is the only Nup88 

homolog in Arabidopsis. The homology between MOS7 and Nup88 and Mbo extends  

throughout the entire length of the protein.  

To confirm that MOS7 is At5g05680, a wild-type copy of At5g05680 under the control of 

its own promoter was transformed into mos7-1 snc1. Among 12 T1 transgenic plants obtained, 

all displayed snc1-like morphology (Figure 2.2D). Progeny of T1 plants carrying the MOS7 

transgene were tested for resistance against Ha Noco2. Constitutive resistance to Ha Noco2 was 

restored in the transgenic plants (Figure 2.2E), indicating that At5g05680 is able to complement 

mos7-1 and that MOS7 is At5g05680. Two additional mutant alleles of MOS7 were obtained 

from the ABRC. mos7-2 (SALK_129301) contains a T-DNA insertion in the third intron and 

mos7-3 (SALK_085349) has a T-DNA inserted in the sixth exon of MOS7 (Figure 2.2B). We 

were unable to identify plants that are homozygous for either mos7-2 or mos7-3 from >200 

progeny of plants heterozygous for the mutations, indicating that null mutations of MOS7 are 

lethal. This is consistent with the lethality phenotype of null mbo alleles in Drosophila (Uv et al., 

2000). The viability and recessive nature of mos7-1 suggest that it is a partial loss-of-function 

allele of MOS7.  
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Figure 2.2: Map-based cloning of mos7-1. 
 

(A) Map position of the mos7-1 locus on chromosome 5. BAC clones and number of 

recombinants are indicated. Asterisk indicates the physical location of the mos7-1 locus. 

(B) Gene structure of At5g05680. The exons are indicated by boxes, and the introns are 

represented by solid lines. Locations of mos7-1 deletion and T-DNA insertions of mos7-2 

(SALK_129301) and mos7-3 (SALK_085349) are indicated. 

(C) mos7-1 deletion site in the MOS7 gene. Lower and upper case letters indicate intron and 

exon, respectively. 

(D) Morphology of wild type Col, snc1, mos7-1 snc1, and a representative transgenic line 

containing MOS7 transgene driven by its native promoter in snc1 mos7-1. 

(E) Resistance of Col, snc1, mos7-1 snc1, and a MOS7 complementing line in snc1mos7-1 

against Ha Noco2. The infection was rated as follows on 20 plants 7 days after infection by 

counting the number of conidiophores per infected leaf: 0, no conidiophores on the plants; 1, no 

more than 5 conidiophores per infected leaf; 2, 6 to 20 conidiophores on a few of the infected 

leaves; 3, 6 to 20 conidiophores on most of the infected leaves; 4, 5 or more conidiophores on all 

infected leaves; 5, 20 or more conidiophores on all infected leaves. 
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Figure 2.3: Amino acid alignment of MOS7, human "up88, and Drosophila "up88. 
 

Amino acid sequences from Arabidopsis MOS7 (accession number NP_196187), 

Drosophila DNup88 (Mbo; accession number NP_524330), and human hNup88 (accession 

number NP_002523) were aligned using ClustalW2 (Larkin et al. 2007). Sequence identities and 

similarities were shaded using Genedoc. Red bar indicates the 4 amino acids deleted in mos7-1. 

Identical amino acids are shaded in black, and amino acids with similar properties are shaded in 

grey. 
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2.2.3 mos7-1 Single Mutant Plants Exhibit Enhanced Disease Susceptibility 
 

 

To test whether MOS7 contributes to basal defence against virulent pathogens, mos7-1 plants 

were challenged with Psm ES4326 at a concentration of OD600 = 0.0001. Wild-type plants 

usually develop no disease symptoms at this low dose; however, subtle disease symptoms were 

observed on mos7-1 plants 3 days after inoculation. When bacterial growth was determined, ∼10-

fold more bacteria accumulated in mos7-1 than in wild-type leaves (Figure 2.4A). Therefore, 

MOS7 contributes to basal resistance. 

 
 
2.2.4 MOS7 is Required for Resistance Mediated by Multiple R Proteins 

 

 

To determine whether MOS7 is involved in resistance mediated by other TIR-NB-LRR R 

proteins, we challenged the mos7-1 single mutant with Ha Emwa1 and P.s. tomato DC3000 

carrying avrRps4 that are recognized by RPP4 (van der Biezen et al., 2002) and RPS4 (Hinsch 

and Staskawicz, 1996), respectively. As shown in Figures 2.4B and C, the mos7-1 mutation 

markedly reduced resistance mediated by RPP4. By contrast, RPS4 resistance was only slightly 

compromised.  

We then tested whether resistance mediated by CC-NB-LRR–type R proteins is also 

impaired in mos7-1 by inoculating plants with Psm ES4326 carrying avrB or Pst DC3000 

carrying avrPphB that encode effector proteins recognized by RPM1 (Grant et al., 1995) and 

RPS5 (Simonich and Innes, 1995), respectively. The mos7-1 mutant supported ∼30-fold more 

bacterial growth compared with wild-type plants when challenged with Psm ES4326 carrying 

avrB (Figure 2.4D). Also, mos7-1 was highly susceptible to Pst DC3000 carrying avrPphB, the 

extent of bacterial growth being the same as in susceptible ndr1 plants (Figure 2.4E). These data 

show that mos7-1 compromises resistance mediated by both TIR- and CC-NB-LRR proteins, 

although the degree of its effect varies depending on the R protein tested.  

 

 

2.2.5 mos7-1 is Compromised in SAR 

 

 

Initiation of local R protein-mediated resistance primes uninfected tissues against subsequent 

infections by a broad range of pathogens, a process termed systemic acquired resistance (SAR). 

As a result, the entire plant becomes more resistant to secondary infections (Durrant and Dong, 

2004). To test whether SAR is affected in mos7-1 plants, we first treated leaves locally with Psm 

ES4326 expressing avrB at a density of OD600 = 0.2 to trigger a hypersensitive response. A high 

dose of virulent Psm ES4326 (OD600 = 0.001) was then infiltrated into the distal leaves 24 hours 

after SAR induction. Wild-type plants showed a significant decrease in bacterial growth in avrB 

pretreated plants compared with mock-inoculated ones. By contrast, leaves of mos7-1 supported 

bacterial growth in systemic leaves of both avrB pretreated and untreated plants; this bacterial 

growth was similar to that seen in the SAR-defective npr1-1 mutant (Figure 2.5A). Therefore, 

the SAR response is abolished in mos7-1. A defect in SAR was also reflected by the inability of 

mos7-1 to boost PR-1 expression in systemic tissue after local avrB induction (Figure 2.5B). 
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Figure 2.4: Altered basal and R-protein mediated resistance in mos7-1 single mutant plants. 
 

(A) Enhanced disease susceptibility to Psm ES4326 in mos7-1. The plants were infiltrated with 

the bacteria at OD600 = 0.0001. Leaf discs within the infiltrated area were taken at Day 0 and Day 

3 to measure the bacterial growth. Bars represent means of six replicates ± SD. Susceptibility 

toward Psm ES4326 in mos7-1 is significantly enhanced compared to Col as indicated by the 

asterisk (p<0.0001, t test). 

(B to E) mos7-1 mutant plants were challenged with the indicated avirulent pathogens carrying 

effectors that can trigger the cognate R protein-mediated resistance. (B) 50,000 conidia/ml was 

used for Ha Emwa1 inoculation. (C-E) For bacterial pathogens, an inoculation dose of OD600 = 

0.002 was used. Bars represent means of six replicates ± SD. Statistical analyses of the bacterial 

growth assays in C, D, and E were done by using one-way ANOVA provided by StatsDirect 

statistical software (StatsDirect Ltd. http://www.statsdirect.com. England: StatsDirect Ltd. 2008). 

Statistical differences among the samples are labelled with different letters (P<0.05). 
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Figure 2.5: Systemic acquired resistance is compromised in mos7-1. 
 

(A) Growth of Psm ES4326 in five-week-old Col, npr1-1 and mos7-1 plants pre-inoculated with 

Psm ES4326 avrB in 10 mM MgCl2 (grey bars) or 10mM MgCl2 alone (mock; white bars). Bars 

represent means of four replicates ± SD. Different letters indicate statistically significant 

differences between genotypes (P<0.05). 

(B)RT-PCR for PR-1 on RNA extracted from local and systemic leaves of the indicated 

genotypes pre-treated with Psm ES4326 avrB. Actin1 was used as control. 
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2.2.6 MOS7 Localizes to the Nuclear Rim 
 

 

To explore the roles of MOS7 in plant innate immunity further, we investigated its subcellular 

localization. Initially we used the native promoter of MOS7 to drive expression of MOS7 with 

green fluorescent protein (GFP) fused to its C terminus. Although MOS7-GFP expressed under 

the native promoter complemented the mos7-1 mutation in regards to all snc1-suppressing 

phenotypes, we did not observe any green fluorescence using confocal fluorescence microscopy, 

probably due to low abundance of the fusion protein. A construct containing MOS7 fused to a C-

terminal GFP tag under the control of the constitutive 35S promoter was then made and 

transformed into the mos7-1 snc1 mutant. A green fluorescence signal was observed at the 

nuclear rim (Figures 2.6A and B). The nuclear rim localization was observed in all cell types 

examined, including root cells (Figures 2.6A and B) and leaf pavement cells (Figure 2.6A). 

Concentration of GFP signal at the nuclear envelope is consistent with MOS7 being a member of 

the nuclear pore complex, as predicted by its similarity to nuclear pore components human 

Nup88 and Drosophila Mbo. The 35S∷MOS7-GFP transgene not only complemented the 

morphological phenotypes of mos7-1 snc1 (Figure 2.6C) but also restored a constitutive defense 

response against virulent Ha Noco2 (Figure 2.6D), suggesting that the MOS7-GFP fusion protein 

localizes correctly inside the cell. 

 

 

2.2.7 Nuclear Accumulation of snc1 Resistance Protein is Reduced in mos7-1 

 

 

Recent studies on tobacco N and Arabidopsis RPS4, two TIR-type NB-LRR proteins, revealed 

that both are present in the cytoplasm and nucleus and that their nuclear pools are important for 

triggering immune responses (Burch-Smith et al., 2007; Wirthmueller et al., 2007). However, the 

mechanism that regulates their partitioning between the cellular compartments remains elusive. 

The TIR-type R protein SNC1 contains a predicted NLS and two NES motifs. Since mos7-1 was 

identified as a genetic suppressor of snc1, one obvious candidate protein whose cellular 

distribution could be affected by mos7-1 is snc1. We therefore made a snc1-GFP fusion gene 

construct driven by its own promoter and transformed this into snc1-r3 that contains a deletion of 

the entire RPP4 cluster. snc1-r3 was identified as an snc1 revertant allele from the MOS screen 

(Zhang et al., 2003a) and was used in this study to avoid potential interference by endogenous 

SNC1-related proteins. Of many transgenic plants obtained, we were unable to find lines that 

consistently exhibited green fluorescence, probably due to low levels of the fusion protein. We 

selected one line with a single insertion site that exhibits a snc1-like morphology and crossed it 

with mos7-1 to generate a mos7-1 snc1-r3 line expressing the identical snc1-GFP transgene. 

Homozygous snc1-GFP transgenic plants were much smaller than snc1 plants, probably due to 

overexpression of the transgene in this particular line. mos7-1 partially suppressed the 

morphological phenotypes of snc1-GFP in snc1-r3 (Figure 2.7A) and constitutive defence 

against virulent Ha Noco2 (Figure 2.7B). Immunoblot analysis showed that total snc1-GFP 

levels were similar in snc1-r3 and mos7-1 snc1-r3 (Figure 2.7C). Further fractionation revealed 

that snc1-GFP was present in both the nuclear-depleted and nuclear fraction (Figure 2.7D). 

When band intensities were measured by Quantity One 4.6.1 software (Bio-Rad), we estimated 

from repeated experiments that the majority of snc1 protein accumulates in the cytoplasmic 
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compartment with 5.6 to 11.5% in the nucleus (Figure 2.7D). In mos7-1, there was a significant 

increase of snc1-GFP protein in the cytoplasm, whereas the nuclear pool of snc1-GFP was 

reduced (Figure 2.7D), ranging between 2.5 and 2.9% of total snc1 protein. We reasoned that the 

altered cellular distribution of snc1-GFP likely contributes to the snc1-suppressing phenotype of 

mos7-1.  

In Drosophila and human, mutations in Nup88 enhance NES-mediated nuclear export 

(Roth et al., 2003; Xylourgidis et al., 2006). We further tested whether adding an NES to snc1-

GFP would affect snc1-mediated resistance. When a construct expressing snc1-GFP-NES driven 

by its native promoter was transformed into wild-type Col, none of the T1 transgenic plants 

showed snc1-like morphology, while 61% of the transgenic plants carrying the control snc1-GFP 

transgene in Col showed snc1-like morphology. The numbers here support that snc1 nuclear 

localization might be critical for its autoimmunity. Enhancing nuclear export of snc1-GFP results 

in reduced autoimmunity, a similar effect as observed in mos7-1. 

 

 

 
 

 

Figure 2.6: Subcellular localization of MOS7-GFP. 
 

(A) MOS7-GFP fluorescence in leaf pavement and root cells of mos7-1 snc1 transgenic plants 

expressing MOS7-GFP under the control of 35S promoter. Plant cell walls were stained with 

5mg/ml propidium iodine (red) in the left panel. 

(B) MOS7-GFP fluorescence, DAPI staining of the nucleus, bright-field, and merged 

fluorescence channels in root cells. Pictures in (A) and (B) were taken on 2-week-old plate-

grown plants. 

(C) Complementation of mos7-1 by MOS7-GFP expressed by the 35S promoter. 

(D) Restoration of enhanced disease resistance in mos7-1 snc1 transformed with MOS7-GFP 

driven by 35S promoter. The disease ratings are as described in Figure 2.2E. 
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Figure 2.7: Abundance and cellular distribution of snc1-GFP in mos7-1 snc1-r3. 
 

(A) Morphology of three-week-old plants of snc1-r3, mos7-1, snc1-GFP in snc1-r3, and snc1-

GFP in mos7-1 snc1-r3. 

(B) Ha Noco2 growth on the same genotypes as (A). 

(C) Immunoblot analysis of snc1-GFP expressed under its native promoter in total protein 

extracts of unchallenged leaf tissues in snc1-r3 and mos7-1 snc1-r3. Equal loading was 

monitored by probing the membrane with anti-PEPC. 

(D) Immunoblot analysis of snc1-GFP in nuclei-depleted (∆N) and nuclear (N) protein extracts 

of the indicated genotypes. Anti-PEPC was used as a cytosolic marker and anti-Histone H3 was 

used as a nuclear marker. Nuclear protein extracts (N) were 25x concentrated as compared to 

nuclei-depleted fractions (∆N) 
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2.2.8 Nuclear Accumulation of NPR1 is Reduced in mos7-1 

 

 

In Drosophila, the MOS7 homolog DNup88/Mbo affects an immune response against bacterial 

infection through nuclear retention of master immune regulators of the NF-κB family (Uv et al., 

2000; Xylourgidis et al., 2006). Upon infection, the I-κB homolog Cactus becomes degraded, 

allowing the Rel/NF-κB proteins Dorsal and Dif to translocate to the nucleus and activate gene 

expression. During this process, DNup88 attenuates CRM1-mediated nuclear export of Dorsal 

and Dif, leading to their nuclear accumulation, whereas nup88 mutant larvae exhibit enhanced 

nuclear export of the Rel/NF-κB proteins and fail to activate an immune response (Uv et al., 

2000; Roth et al., 2003; Xylourgidis et al., 2006).  

The plant defence regulator NPR1 controls basal resistance and SAR downstream of the 

defence hormone SA and displays a somewhat analogous pattern of activation as NF-κB. Using 

35S promoter-driven +PR1-GFP, it was shown that under non-inducing conditions, NPR1 is 

sequestered in the cytoplasm as an oligomeric complex (Mou et al., 2003; Tada et al., 2008). 

Upon SA application, increased SA levels result in a change of the cellular redox state that in 

turn leads to monomerization of NPR1, allowing it to translocate from the cytosol to the nucleus 

to regulate downstream PR gene expression. The SAR defect observed in mos7-1 mutant plants 

(Figures 2.5) prompted us to investigate the contribution of MOS7 to NPR1 nuclear 

accumulation.  

To avoid artifacts that can result from overexpression from the 35S promoter, we 

constructed an +PR1-GFP fusion gene driven by its native promoter. When the +PR1-GFP 

transgene was transformed into the null npr1-3 mutant, none of the transgenic lines consistently 

exhibited green fluorescence even upon SAR induction, suggesting that levels of the fusion 

protein in the transgenic plants are very low. We selected one line that carried a single transgene 

insertion and complemented fully all npr1 phenotypes, suggesting that NPR1-GFP expressed by 

its own promoter functions similarly to wild-type NPR1 protein. The +PR1-GFP transgenic line 

was then crossed with mos7-1 to create a mos7-1 npr1-3 double mutant expressing the same 

NPR1-GFP protein. As shown in Figure 2.8A, NPR1 total protein levels increased markedly in 

both the wild type and the mos7-1 mutant upon SAR induction by spraying plants with the SA 

analog 2,6-dichloroisonicotinic acid (INA). Lower amounts of NPR1 protein accumulated in 

mos7-1 before and after SAR induction compared with the wild type. No differences in +PR1 

transcript abundance were observed between uninduced npr1-3 and mos7-1 npr1-3 tissues 

determined by RT-PCR (Figure 2.8B), suggesting that reduced NPR1 accumulation in mos7-1 

likely results from decreased protein synthesis or stability rather than reduced transcription.  

We further investigated the cellular distribution of NPR1-GFP in mos7-1 before and after 

INA induction by comparing NPR1-GFP levels in nuclear and nuclei-depleted protein extracts of 

untreated and INA-induced tissues. As shown in Figure 2.8C, lower levels of NPR1-GFP 

accumulated in nuclei of both healthy and INA-induced mos7-1 plants than in the wild type. In 

contrast with the preferential depletion of nuclear snc1 in mos7-1 tissues, lower amounts of 

NPR1-GFP were also observed in nuclei-depleted (cytosolic) extracts of INA-treated mos7-1 

compared with the wild type (Figure 2.8C). Since mos7-1 plants exhibit a SAR defect and 

nuclear accumulation of NPR1 is required for SAR induction, these data suggest that NPR1 may 

not be able to attain sufficient abundance in the nucleus for activation of SAR in mos7-1.  

It is notable that NPR1-GFP expressed under its native promoter was detected in the 

nucleus of uninduced tissues (Figure 2.8C); this pattern was observed in multiple independent 
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+PR1-GFP transgenic lines. This partitioning contrasts with data derived from +PR1-GFP 

expressed under control of the 35S constitutive promoter that showed a cytoplasmic localization 

of NPR1 without SAR induction (Mou et al., 2003). To rule out the possibility that unchallenged 

plants were already stressed, causing increased nuclear translocation of NPR1-GFP, we analyzed 

the expression of the SAR marker gene PR-1 in the same uninduced tissues from which nuclear 

extracts were generated. No PR-1 transcripts were detected in uninduced tissues, whereas strong 

expression was detected after INA induction (Figure 2.8B), suggesting that the observed nuclear 

pool of NPR1 represents its uninduced state. These data suggest that NPR1 is present in the 

nucleus of both uninduced and INA-induced tissues.  

 

 

2.2.9 EDS1 Nuclear Accumulation is Reduced in mos7-1 

 

 

Another key plant immune regulator known to localize to both cytosol and nucleus is EDS1 

(Feys et al., 2005). We investigated whether accumulation and cellular distribution of native 

EDS1 is affected by mos7-1. As with NPR1, EDS1 total protein was reduced in mos7-1 mutant 

plants compared with Col wild type (Figure 2.9A), although the wild type and mos7-1 have 

comparable EDS1 transcript levels (Figure 2.9B). In mos7-1, the ratio of EDS1 distributing in the 

cytosol and nucleus was not strongly affected. However, overall lower accumulation of EDS1 

resulted in only very low levels being detected in mos7-1 nuclei (Figure 2.9C). We conclude that 

MOS7 is also necessary for EDS1 protein accumulation in the nucleus. The effect of mos7-1 on 

EDS1 nuclear accumulation may also contribute to the ability of mos7-1 to suppress snc1. 
 

 

2.2.10 Nuclear Accumulation of HDA19, CDC5, and TGA2 is Not Affected in mos7-1 

 

 

One enigma to mos7-1 is its specificity. Lethality of MOS7 null alleles indicates that wild-type 

MOS7 is probably required for general nuclear export. While mos7-1 appeared not to exhibit 

pleiotropic phenotypes, we could not rule out a global effect on protein export. To test this, we 

fractionated proteins from mos7-1 and the wild type and examined the localization and relative 

protein abundance of the known nuclear proteins CDC5, HDA19, and TGA2 using respective 

antibodies. CDC5 is a myb-like transcription factor, containing a strong NES and belonging to a 

nuclear MOS4-associated complex (Palma et al., 2007). HDA19 is a histone deacetylase, and 

TGA2 is a transcription factor that interacts with NPR1 (Zhang et al., 1999). Neither HDA19 nor 

TGA2 contains a strong NES. As shown in Figure 2.10A, nuclear accumulation of these proteins 

(as well as histone H3) is unaffected in mos7-1. These data suggest that the defects we observe in 

mos7-1 in nuclear retention of snc1, NPR1, and EDS1 are rather selective.  
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Figure 2.8: "PR1 protein abundance and subcellular localization in mos7-1. 
 

(A) NPR1-GFP expressed by its native promoter in mos7-1. Immunoblot analysis of NPR1-GFP 

in total protein extracts of unchallenged leaf tissues (-) and leaf tissues harvested 24 h after 

spraying plants with 0.65 mM INA (+). Equal loading was monitored by staining the membrane 

with Ponceau S. 

(B)RT-PCR for +PR1 on RNA extracted from 4-week old plants of the indicated genotypes 

treated with or without INA. Actin1 expression was used as control. 

(C) Immunoblot analysis of NPR1-GFP in nuclei-depleted (∆N) and nuclear (N) protein extracts 

of unchallenged (-) and INA treated (+) tissues of the indicated genotypes. Anti-PEPC was used 

as a cytosolic marker and anti-Histone H3 was used as a nuclear marker. Nuclear protein extracts 

(N) were 35x concentrated as compared to nuclei-depleted fractions (∆N). 
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Figure 2.9: EDS1 protein abundance and subcellular localization in mos7-1. 
 

(A) EDS1 in mos7-1. Immunoblot analysis of EDS1 in total protein extracts of unchallenged leaf 

tissues. Equal loading was monitored by staining the membrane with Ponceau S. 

(B)RT-PCR for EDS1A on RNA extracted from 4-week old unchallenged plants of the indicated 

genotypes. Actin1 expression was used as control. 

(C) Immunoblot analysis of EDS1 in nuclei-depleted (∆N) and nuclear (N) protein extracts of 

unchallenged leaf tissues. Anti-PEPC was used as a cytosolic marker and anti-Histone H3 was 

used as a nuclear marker. Nuclear protein extracts (N) were 35x concentrated as compared to 

nuclei-depleted fractions (∆N). 
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Figure 2.10: CDC5, PEPC, HDA19, TGA2 and Histone H3 protein abundance and 
subcellular localization, and RPS4 nuclear abundance are unaltered in mos7-1. 
 

(A) Immunoblot analysis of CDC5, PEPC, HDA19, TGA2 and Histone H3 in nuclei-depleted 

(∆N) and nuclear (N) protein extracts of unchallenged leaf tissues. Nuclear protein extracts (N) 

were 35x concentrated as compared to nuclei-depleted fractions (∆N). 

(B) Nuclear abundance of RPS4 is not altered in mos7-1. Immunoblot analysis of RPS4 in 

nuclear protein extracts of unchallenged leaf tissues. rps4-2 is a transcriptional null allele; it 

contains a T-DNA insertion in the second exon of RPS4. Equal loading was monitored by 

probing the membrane with anti-Histone H3. 
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2.3 Discussion 
 

 

Several recent lines of evidence suggest that nucleocytoplasmic trafficking pathways play 

important roles in plant innate immunity through dynamic partitioning of signalling regulators 

between the nucleus and cytosol. Studies of MOS3/SAR3 indicate that mRNA export, regulated 

by nucleoporins of the Nup107-160 complex, is required for both basal defense and R protein-

mediated resistance (Zhang and Li, 2005; Dong et al., 2006; Parry et al., 2006). Also, a 

requirement for MOS6 and RanGAP2 in R protein-triggered resistance points to import to the 

nucleus of protein regulators that have NLSs as an important process in plant immunity (Palma 

et al., 2005; Sacco et al., 2007; Tameling and Baulcombe, 2007). However, contributions of 

other nucleocytoplasmic trafficking pathways or components controlling nuclear protein export 

and retention are unclear. In this study, we identified mos7-1 as a genetic suppressor of the 

autoimmune mutant snc1. We isolated the MOS7 gene and found it to encode a plant homolog of 

human and Drosophila Nup88. Our analysis reveals that MOS7 contributes to several aspects of 

plant immunity. Importantly, resistance defects of mos7-1 mutants correlate specifically with 

reduced nuclear accumulation of the autoactivated TIR-NB-LRR immune receptor, snc1. 

Nuclear pools of the downstream signalling components NPR1 and EDS1 are also strongly 

depleted in mos7-1, although unlike snc1, reduced abundance in nuclei appears to reflect lower 

total steady state levels of these defence regulators.  

While only limited studies have been performed on nucleoporins in plants, nuclear pore 

complexes seem to be conserved among eukaryotes, in both structure and functionality (Terry et 

al., 2007). For example, Nup107-160 complex components in yeast and animals are critical for 

mRNA export (Dockendorff et al., 1997; Emtage et al., 1997). In Arabidopsis, mutations in 

homologs of Nup160 and Nup96, both belonging to the corresponding Nup107-160 complex, 

similarly affect mRNA export (Dong et al., 2006; Parry et al., 2006). Mutations in Arabidopsis 

MOS3/+up96/SAR3 partially disable innate immunity (Zhang and Li, 2005). In mice, although a 

complete knockout of +up96 causes lethality, knockdown of Nup96 exhibits defects in both 

innate and adaptive immunity (Faria et al., 2006). Our studies on MOS7 suggest that the function 

of Nup88 is also conserved between plants and animals since Nup88s in Drosophila and human 

are critical for the regulation of innate immunity. Consistent with this idea, MOS7-GFP fusion 

protein resides mainly at the nuclear rim (Figures 2.6A and B). In animals, Nup88 interacts 

directly with CAN/Nup214 and Nup358/RanBP2. The major function of Nup88 is to anchor 

Nup214 and CRM1 on the nuclear envelope to attenuate NES-mediated nuclear export (Roth et 

al., 2003; Bernad et al., 2004; Xylourgidis et al., 2006). The lethality phenotype of null mos7 

mutations agrees with its potential function in general NES-mediated nuclear export. Partial loss-

of-function mutations in Drosophila mbo or depletion of mammalian Nup88 lead to increased 

nuclear export, resulting in reduced retention of Drosophila Rel protein Dorsal and NF-κB, 

respectively (Uv et al., 2000; Xylourgidis et al., 2006; Takahashi et al., 2008). Our analysis 

suggests that nuclear accumulation of snc1, NPR1, and EDS1 is controlled in part by MOS7. 

mos7-1 affects nuclear levels of all three proteins but did not affect the NES-containing CDC5, 

indicating that the partial loss-of-function mutation in mos7-1 enhances NES-mediated nuclear 

export in plants with some degree of specificity.  

Previous studies revealed nuclear pools of the plant NB-LRR proteins MLA, N, and 

RPS4 and showed that their nuclear accumulation is required for disease resistance (Burch-Smith 

et al., 2007; Shen et al., 2007; Wirthmueller et al., 2007). Future in-depth nuclear partitioning 
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analysis of wild-type SNC1 should resolve whether SNC1 has nuclear activity, and if so whether 

the nuclear activity of SNC1 is essential for activation of defense responses. We find that snc1 

(an autoactivated NB-LRR protein) localizes to both the cytosol and the nucleus. Nuclear 

accumulation of snc1 is disproportionately reduced in mos7-1, and adding an NES to snc1-GFP 

abolishes its autoimmunity, suggesting that MOS7/Nup88 promoting retention of snc1 in the 

nucleus is a critical process in defence activation. It is notable that resistance mediated both by 

CC (RPM1 and RPS5) and TIR-NB-LRR (RPP4) proteins was strongly compromised in mos7-1, 

suggesting that some R proteins may require MOS7 for nuclear retention. Whether these tested 

NB-LRR receptors have a nuclear activity remains to be characterized. On the other hand, RPS4 

resistance was only marginally compromised in mos7-1, and no detectable change in RPS4 

nuclear accumulation was observed in mos7-1 (Figure 2.10B). Further analysis should establish 

whether regulation of nucleocytoplasmic partitioning of NB-LRR proteins by MOS7 is a general 

phenomenon or whether MOS7 is selective for certain R proteins depending on their intracellular 

abundance, spatial dynamics, and activities.  

One striking phenotype of mos7-1 is its defect in SAR. Similar to the SAR-deficient npr1 

mutants, mos7-1 plants had reduced PR gene expression and systemic resistance after SAR 

induction and exhibited reduced tolerance to high levels of SA. Since NPR1 nuclear 

accumulation is essential for SAR and lower NPR1 levels were observed in nuclei of mos7-1 

plants after SAR induction, the SAR defects in mos7-1 are likely caused by the reduced nuclear 

NPR1 pool. Nuclear accumulation of EDS1 was also reduced in mos7-1. Reducing the nuclear 

EDS1 pool partially disables plant defences (A.V. García and J.E. Parker, unpublished data); 

therefore, lower amounts of nuclear EDS1 probably contribute to the enhanced disease 

susceptibility phenotype of mos7-1. For both EDS1 and NPR1, there is a general decrease in 

protein accumulation in both nonnuclear and nuclear compartments of the mos7-1 mutant. Thus, 

the influence of mos7-1 on these proteins is different to its effect on snc1. The data support 

selective retention of snc1 inside the nucleus by MOS7. By contrast, MOS7 may act more 

indirectly on EDS1 and NPR1. One scenario is that lower cellular accumulation of EDS1 and 

NPR1 reflects an indirect influence of MOS7 by lowering basal resistance and, thus, the flux 

through various positive feedback loops (Feys et al., 2001; Shah, 2003). However, mos7-1 did 

not affect expression of +PR1 or EDS1 mRNAs, suggesting that such feedback mechanisms are 

not operating at the transcriptional level. Alternatively, MOS7 may act directly on these proteins, 

but they are subject to increased degradation after being exported from the nucleus, thereby 

reducing the amount in a cytosolic pool available for nuclear import.  

Plant defence responses rely on dynamic translocation of signalling components across 

the nuclear envelope, and nucleocytoplasmic trafficking might constitute a central regulatory 

node for the integration of distinct signalling pathways. Although mos7-1 exhibits strong 

immunity defects, overexpression of MOS7 did not lead to enhanced disease resistance, 

indicating that MOS7 itself is probably not a rate-limiting defence signalling component. The 

identification of MOS7 reveals how the nuclear protein export pathway contributes to cellular 

innate immune responses and provides us with a system to test the relevance of different cellular 

compartments in plant pathogen recognition and defence activation.  
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2.4 Material and Methods 
 

 

2.4.1 Plant Growth Conditions, Gene Expression Analysis, and Mutant Phenotypic 

Characterization 

 

 

All plants were grown at 22°C under 16-hour light/8-hour night or 10-hour light/14-hour night 

cycles. The snc1 suppressor screen was described previously (Zhang and Li, 2005). Gene 

expression analysis was done by extracting RNA from 3-week-old plate-grown or 4-week-old 

soil-grown plants using the Totally RNA kit (Ambion). The extracted RNA was then reverse 

transcribed using the RT-for-PCR kit (Clontech) or SuperScript II reverse transcriptase 

(Invitrogen). Expression analysis for PR-1, PR-2, and Actin1 was as previously described by 

Zhang et al. (2003a) with cDNA samples being normalized by real-time PCR using Actin1 and 

the QuantiTect SYBR Green PCR kit (Qiagen). For EDS1 and +PR1 expression analysis, 0.5 µg 

of total RNA were reverse transcribed using SuperScript II reverse transcriptase and 0.5 µg of 

oligo(dT)18 primer at 42°C in a 20-µL reaction volume. Aliquots of 1 µL RT reaction products 

were subsequently used for PCR analysis with PCR conditions as follows: 94°C for 3 min and 29 

cycles of 94°C for 30 s, 57°C for 30 s, and 72°C for 45 s. Single-band PCR products were 

analyzed by agarose gel electrophoresis and ethidium bromide staining. Actin1 expression was 

used to standardize transcript levels in each sample. Gene-specific primers for RT-PCR analyses 

used in this study are as follows:  

PR-1F, 5'-GTAGGTGCTCTTGTTCTTCCC-3',  

PR-1R, 5'-CACATAATTCCCACGAGGATC-3';  

PR-2F, 5'-GCTTCCTTCTTCAACCACACAGC-3',  

PR-2R 5'-CGTTGATGTACCGGAATCTGAC-3';  

Actin1-F, 5'-CGATGAAGCTCAATCCAAACGA-3',  

Actin1-R, 5'-CAGAGTCGAGCACAATACCG-3';  

Actin7-F, 5'-GGTGTCATGGTTGGTATGGGTC-3',  

Actin7-R, 5'-CCTCTGTGAGTAGAACTGGGTGC-3';  

EDS1A-F, 5'-ATCATCATAGCTATGAGGAACTGG-3',  

EDS1A-R, 5'-CAGCTCTCTTGACGTTTGC-3'; and  

+PR1-F, 5'-AGAAGACAAACGAGAACAAATTCC-3',  

+PR1-R, 5'-TCAGCAGTGTCGTCTTCTCC-3'.  

Infection experiments with Pseudomonas syringae and Hyaloperonospora arabidopsidis 

(previously Hyaloperonospora parasitica) were performed as described (Li et al., 2001; Feys et 

al., 2005). Endogenous SA levels were determined as described by Li et al. (1999). 

 
 
2.4.2 Map-Based Cloning of mos7-1 

 

 

Positional cloning of mos7-1 was performed according to procedures described by Zhang and Li 

(2005). The markers used to map mos7-1 were derived from insertion-deletion polymorphisms 

(Table 2.1) identified from the genomic sequences of Col and Ler ecotypes provided by 

Monsanto on The Arabidopsis Information Resource homepage (Jander et al., 2002). 
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Table 2.1: Molecular markers used for map-based cloning of mos7-1. 
 
BAC Name Primer Name Primer Sequence (5’�3’) Polymorphism (Col/Ler) 

K18I23 K18I23-F AGATTCCAGCTCCGACGATG 172bp/205bp 

 K18I23-R ACGCGCCAAAAGTGCGTGTC  

MOP10 MOP10-F CTACATGTCCATAGAACCTTC 118bp/129bp 

 MOP10-R CAGTTCTATCATGTATCCACC  

MJJ3 MJJ3-3F TCTGACTCAATATGAGAGTCC 117bp/108bp 

 MJJ3-3R ATAACTTTATGGGCTGCAGTG  

K18J17 K18J17-F CGCGATTAAAGATCCGGTA 119bp/107bp 

 K18J17-R TCGAGCAATAAGAGTGATTCC  

MHF15 MHF15-F CAGAAAGGTCATGAAACCTAG 212bp/159bp 

 MHF15-R GAGCACCAATAAGGTTTCCTC  

 

 

2.4.3 Construction of Plasmids 

 

 

The construct used to complement the mos7-1 mutation was generated by PCR amplifying a 

genomic fragment containing the MOS7 coding region and its promoter 1.1 kb upstream of the 

ATG start codon. The primers MOS7 pro-F (5'-ccaatacacaaaatactctggc-3') and MOS7-3' (5'-

cgcGGATCCtgcgtccctgttacagtga-3') were used for PCR, and the fragment was subsequently 

cloned into pGreen0229 (Hellens et al., 2000) to obtain pG229-MOS7 for complementation 

analysis. To generate 35S-driven MOS7-GFP construct, full-length At5g05680 cDNA lacking a 

stop codon was cloned into the pBS-GFP5 vector with GFP in frame at the C terminus (Haseloff 

et al., 1997). The resulting MOS7-GFP fusion construct was subsequently excised and cloned 

into pBI1.4 containing the 35S promoter to obtain pBI-MOS7-GFP. To localize mos7-1, a 35S-

driven mos7-1-GFP construct was generated by cloning full-length At5g05680 cDNA lacking a 

stop codon from mos7-1 using the following primers: 

MOS7-CDS-F, 5'-CGGGGTACCATGAAATTTAACTTTAACGAGAC-3',  

MOS7-CDS-R, 5'-CGCGGATCCCATGAAACTGCTTTCTTGC-3' into the binary vector 

pCAMBIA-1300 (http://www.cambia.org.au) with GFP in frame at the C terminus. +PR1-GFP 

construct was generated by PCR amplifying +PR1 cDNA without a stop codon and a 1.6-kb 

genomic region upstream of the +PR1 ATG start codon. These two fragments were subsequently 

cloned into a modified pGreen0229 vector that has a sequence encoding GFP in frame at the C 

terminus. To generate promS+C1-snc1-GFP, pG229-snc1 (Zhang et al., 2003a) lacking a stop 

codon was used as the template for PCR amplification. The amplified fragment was subsequently 

cloned into pGreen0229-GFP vector with GFP in frame at the C terminus. All constructs were 

sequenced to ensure accuracy in PCR and cloning. All constructs were transformed into 

designated genotypes using the floral dip method (Clough and Bent, 1998) to generate transgenic 

lines for subsequent analysis. 
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2.4.4 Systemic Acquired Resistance Experiments 

 

 

The infection experiment used to test SAR was performed as described by Cao et al. (1994) with 

minor modifications. In brief, two leaves of each 5-week-old soil-grown plant were infiltrated 

with Psm ES4326 expressing avrB at an OD600 = 0.2 in 10 mM MgCl2 to induce SAR or 10 mM 

MgCl2 without bacteria (mock). Twenty-four hours after inoculation, the upper uninoculated 

leaves were challenged with Psm ES4326 at OD600 = 0.001. Leaf discs within the infiltrated 

systemic area were taken immediately (day 0) and 3 days after inoculation (day 3) to measure the 

bacterial growth in those leaves. 

 

 

2.4.5 Cellular Distribution of snc1-GFP 

 

 

Three-week-old plants (0.5 g) were harvested and ground to a fine powder in liquid nitrogen and 

mixed with 2 volumes of lysis buffer (20 mM Tris-HCl, pH 7.4, 25% glycerol, 20 mM KCl, 2 

mM EDTA, 2.5 mM MgCl2, 250 mM sucrose, and 1 mM PMSF). The homogenate was filtered 

through a 95- and 37-µm nylon netting successively. The flow-through was spun at 1500g for 10 

min, and the supernatant consisting of the cytosolic fraction was collected and mixed with 5x 

Laemmli loading buffer and heated at 95°C for 5 min. The pellet was washed four times with 5 

mL of nuclear resuspension buffer NRBT consisting of 20 mM Tris-HCl, pH 7.4, 25% glycerol, 

2.5 mM MgCl2, and 0.2% Triton X-100. The final pellet was mixed with 50 µL of 1x Laemmli 

buffer and heated at 95°C for 5 min. Fifty microliters of each fraction was loaded on an 8% SDS-

PAGE gel for protein separation. Antibodies used for immunoblot analyses were as described: 

anti-Histone H3 (Feys et al., 2005), anti-GFP (Wirthmueller et al., 2007), and anti-PEPC (Noël et 

al., 2007). Band intensities were measured by Quantity One 4.6.1 software (Bio-Rad). The 

experiment was repeated five times; a figure representative of all repetitions is shown. Various 

exposure times on films were used to make sure that the exposure used was in the linear range. 

 

 

2.4.6 NPR1 and EDS1 Protein Expression and Localization Analyses 

 

 

For NPR1 protein extraction from INA-induced tissues, 4-week-old plants were sprayed to 

imminent runoff with an aqueous solution of 0.65 mM INA with 0.01% Silwett L-77 surfactant. 

Plants were harvested 24 h after being sprayed for the first time and 3 hour after being treated a 

second time with INA. Total protein extracts and preparation of nuclear/nuclei-depleted protein 

extracts were described previously (Feys et al., 2005). Anti-EDS1 antibody used for immunoblot 

analysis was described earlier (Feys et al., 2005). 
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2.4.7 Nuclear Protein Export Assay in Protoplast 

 

 

Protoplast were prepared and transformed from 3- to 4-week-old Arabidopsis plants as 

previously described (Sheen, 2001; Yoo et al., 2007). Plasmid construct encoding NES, NLS 

variant of chalcone synthase were kindly provided by Thomas Merckle (Universitat Bielefeld, 

Germany; Haasen et al., 1999). Transformed protoplasts were kept in the dark overnight and 

observed using a confocal microscope the following day. 

 

 
2.4.8 Accession Numbers 
 

 

Sequence data from this article can be found in the GenBank/EMBL data libraries under the 

following accession numbers: At5g05680, NP_196187 (MOS7); NP_002523 (hNup88); 

NP_524330 (DNup88/Mbo); At4g16890 (S+C1); At2g14610 (PR-1); At3g57260 (PR-2); 

At2g37620 (Actin1); At5g09810 (Actin7); At3g48090 (EDS1A); and At1g64280 (+PR1). 
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3 Regulation of Transcription of "B-LRR Encoding Genes 
S"C1 and RPP4 via H3K4 Tri-Methylation 

 

 

3.1 Introduction 
 

 

Plants are constantly threatened by pathogens, yet they are healthy most of the time. During their 

long evolutionary history, plants have developed elegant mechanisms to fend off pathogen 

infections. Conceptually, plants possess two layers of innate immunity (Chisholm et al., 2006; 

Jones and Dangl, 2006). The first layer is dependent on membrane residing pattern recognition 

receptors (PRRs), which recognize conserved pathogen-associated molecular patterns (PAMPs; 

or MAMPs, microbe-associated molecular patterns) to activate defence responses termed PAMP-

triggered immunity (PTI) (Boller and Felix, 2009). Successful pathogens have evolved effectors 

to suppress PTI in order to promote pathogen virulence. During the arms race between plants and 

pathogens, plants have developed a second layer of immunity that is mediated by Resistance (R) 

proteins. R proteins can specifically recognize the activities of pathogen effectors and effector-

triggered immunity (ETI). ETI is a robust defence response that usually results in the induction 

of the hypersensitive response (HR), a type of localized cell death that may contribute to 

restriction of pathogen proliferation. Most R proteins have a central nucleotide binding (NB) 

domain and C-terminal leucine-rich repeats (LRRs). These nucleotide-binding domain leucine-

rich repeat-containing proteins (NLRs) share structural similarity with animal immune receptors 

such as Nod proteins, possibly due to convergent evolution (Ausubel, 2005). NB-LRR R proteins 

can be further grouped into the TIR-type (Toll/Interleukin-1-receptor-like) or the CC-type 

(coiled-coil) based on their different N-termini. Although resistance mediated by plant R proteins 

is rapid and robust, and effectively restricts pathogen growth, the molecular events surrounding 

R protein activation are largely unknown. 

An Arabidopsis gain-of-function autoimmune mutant snc1 (suppressor of npr1-1, 

constitutive 1) constitutively expresses defence marker PR genes and exhibits enhanced disease 

resistance against the virulent bacterial pathogen Pseudomonas syringae pv. maculicola (Psm) 

ES4326 and the oomycete pathogen Hyaloperonospora arabidopsidis (H.a.) Noco2 (Li et al., 

2001). As a consequence, snc1 plants are severely dwarfed. The autoimmune phenotypes in snc1 

are caused by a point mutation that results in a glutamic acid (E) to lysine (K) substitution in the 

linker region between the NB and LRR domains of a TIR-type NB-LRR protein (Zhang et al., 

2003). This unique mutation renders the NLR protein more stable, leading to autoimmunity of 

the mutant plants (Cheng et al., 2011).  

To identify components required for TIR-type NLR protein-mediated immunity, forward 

genetic screens were employed to identify mutants that can suppress the autoimmune phenotypes 

of snc1. From these MOS (modifier of snc1) screens, important cellular and molecular processes 

were found to be critical for R protein-mediated resistance. These include RNA processing, 

nucleo-cytoplasmic trafficking, transcriptional reprogramming  and protein modifications (Palma 

et al., 2005; Zhang and Li, 2005; Zhang et al., 2005; Goritschnig et al., 2007; Palma et al., 2007; 

Goritschnig et al., 2008; Cheng et al., 2009; Germain et al., 2010; Li et al., 2010b; Zhu et al., 

2010; Xu et al., 2011; Xu et al., 2012). The diverse components identified from the MOS screens 

suggest that NLR activities are regulated at multiple levels to achieve appropriate immune 

response.  
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R gene transcription is an early regulatory node in the modulation of NLR activities. The 

example of S+C1 illustrates the importance and delicacy of transcriptional regulation of R genes. 

Less than two-fold increase or decrease in S+C1/snc1 gene expression can dramatically alter the 

outcome of the immune response. The homozygous snc1 mutant is severely dwarfed, while the 

heterozygous snc1/S+C1 plant with 50% transcriptional activity of the snc1 allele, is 

morphologically wild-type-like (Li et al., 2001). Conversely, a duplication of the S+C1 locus in 

bal that leads to a one-fold increase in the transcriptional activity of S+C1 results in 

autoimmunity (Yi and Richards, 2009). Adequate R gene transcription is required to mount an 

appropriate degree of resistance, whereas excessive R gene transcription results in an over-

accumulation of R proteins leading to autoimmunity, which is detrimental to development and 

growth. Although the transcriptional regulation of R genes is a critical step in plant immunity, 

little is known about the details of the mechanisms controlling this process. Here we report the 

identification, characterization, and functional study of mos9 (modifier of snc1, 9). MOS9 is a 

plant-specific nuclear protein that plays an important role in regulating the expression level of 

S+C1 and RPP4, both TIR-type NLR-encoding genes. MOS9 was found to associate with 

Arabidopsis Trithorax-Related, 7 (ATXR7), a histone methyl transferase that activates FLC 

expression through tri-methylation of the fourth lysine of histone H3 (H3K4me3), close to the 

start codon of FLC (Tamada et al., 2009). We show that ATXR7 is also required for the 

regulation of S+C1 and RPP4 expression, suggesting that MOS9 functions together with ATXR7 

to regulate the expression of these R genes.  

 
 
3.2 Results 
 
 
3.2.1 Identification of the mos9 Mutant 

 

 

The mos9 (modifier of snc1, 9) mutant was identified from a suppressor screen of snc1 single 

mutant (Zhang and Li, 2005). The size of the mos9 snc1 double mutant plant is much bigger than 

that of snc1, but still exhibits snc1-like twisted leaves (Figure 3.1A). Quantitative RT-PCR 

analysis showed that the elevated PR1 and PR2 expression in snc1 is largely reduced by mos9, 

although not to wild-type levels (Figure 3.1B and 3.1C). The free and total salicylic acid (SA) 

content in mos9 snc1 double mutant plants was noticeably lower when compared to that of snc1 

plants (Figure 3.1D and 3.1E), but still significantly higher than those of wild type. When mos9 

snc1 double mutant plants were challenged with the virulent oomycete pathogen Ha Noco2 or 

the bacterial pathogen Psm ES4326, they produced more spores and supported more bacterial 

growth than snc1 plants but not to the level of wild-type (Figure 3.1F and 3.1G). Taken together, 

mos9 partially suppresses all autoimmune phenotypes of snc1. 
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Figure 3.1: Mutation in mos9 partially suppresses the autoimmune phenotypes of snc1. 
 

(A) Morphology of four-week old soil-grown Col wild type (WT), snc1 and mos9 snc1 plants.  

(B and C) Relative PR1 (B) and PR2 (C) expression in WT, snc1 and mos9 snc1 plants. Two-

week-old seedlings grown on ½ MS were collected for total RNA extraction and reverse 

transcribed to obtain cDNA. The cDNA amounts were quantified with real-time PCR as 

described in Zhang et al., 2003.  

(D and E) Free (D) and total (E) SA levels in leaves of WT, snc1 and mos9 snc1 plants. SA was 

extracted and measured from 4-week-old soil-grown plants using a previously described 

procedure (Li et al., 1999).  

(F) Growth of Ha Noco2 on WT, snc1 and mos9 snc1 plants. Two-week-old seedlings were 

sprayed with Ha Noco2 at a concentration of 100,000 spores per ml of water. The infection was 

scored 7 days after inoculation. The values presented are averages of four replicates ± standard 

deviation.  

(G) Psm ES4326 bacterial growth in WT, snc1 and mos9 snc1 plants. Leaves were infiltrated 

with a bacterial suspension at OD600 = 0.0001 (Day 0). Bacterial growth was measured 3 days 

after infiltration (Day 3) as previously described (Zhang et al., 2003).  
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3.2.2 Map-Based Cloning of mos9  

 

 

To identify the molecular lesion in mos9 that leads to the suppression of snc1, mos9 snc1 (in 

Columbia [Col] accession) was crossed with Landsberg erecta (Ler) with snc1 introgressed (Ler-

snc1; (Zhang and Li, 2005)). Linkage analysis on 24 F2 plants that had lost the snc1 morphology 

revealed that the mos9 locus is located on the top arm of chromosome 1 between markers T28P6 

and F3F19 (Figure 3.2A). Further mapping with over 1,000 F2 plants narrowed the mos9 

mutation to the region between markers T28K15 and T12C24. Unfortunately, with this 

population, we could not narrow the region beyond this 250 kb interval.  

To further resolve the position of the mos9 mutation, we transformed mos9 snc1 plants 

with a set of overlapping TAC clones (JAtY, John Innes Center) covering the 250kb region. 

Only one clone, JAtY51H02, complemented the mos9 phenotype (Figure 3.2B and Table 3.1). 

By subtracting the regions covered by the non-complementing clones from JAtY51H02, the 

mos9 lesion could be confined to a small interval containing 6 candidate genes (Figure 3.2C). 

Since mos9 was identified from a fast neutron-mutagenized population and fast neutron induces 

deletion mutations, the coding sequences of these candidate genes were amplified from mos9 

snc1 to test whether any of them has been deleted in the mutant. Two genes, At1g12520 and 

At1g12530, could not be PCR-amplified from mos9 snc1, suggesting that mos9 contains a 

deletion mutation affecting both genes. Direct transgenic complementation using the genomic 

region of At1g12520 or At1g12530 driven by their native promoters was used to test which gene 

is MOS9 (Chu et al., 2005). As shown in Figures 3.2D and 3.2E, only mos9 snc1 transgenic 

plants carrying At1g12530 exhibited snc1-like morphology and enhanced resistance against Ha 

Noco2, indicating that MOS9 is At1g12530.  

Sequence analysis of MOS9 revealed that it encodes a plant-specific protein of 193 amino 

acids with no discernible motifs or domains. In Arabidopsis, MOS9 has a remote paralog, 

At1g56420 (Figures 3.3A and 3.4). MOS9 and At1g56420 seem to have evolved at different 

rates (Figure 3.4). MOS9 homologs in other plant species, including A. lyrata, are more 

divergent, while those of At1g56420 are highly conserved. A survey of coding regions of MOS9 

in 75 A. thaliana accessions revealed that there are at least 11 alleles present in the population 

containing 24 polymorphic sites, 15 of which are non-synonymous changes resulting in amino 

acid substitutions. In contrast, At1g56420 shows 7 alleles with 6 polymorphic sites, only two of 

which lead to amino acid substitutions. Codeml analysis (Yang, 2007) indicates that two of the 

individual amino acid residues (39D and 156 K) in MOS9 could be positively selected under 

Positive Selection Model 8 with posterior probabilities 0.703 and 0.707, respectively (Table 3.2). 

However, there was no indication of positive selection in At1g56420 (Table 3.3). 
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Figure 3.2: Positional cloning of mos9. 

 

(A) The rough position of mos9 locus on chromosome 1 between markers T28P6 (3.77 Mb) and 

F3F19 (4.48 Mb) determined by using a small mapping population. Positions of the markers used 

for mapping are indicated. The more defined position between markers T28K15 and T12C24 

was achieved using a larger mapping population with over 1,000 plants.  

(B) Overlapping JAtY clones used to transform mos9 snc1 for complementation. 

(C) Candidate genes in the final interval containing mos9. Arrows indicate transcription direction. 

Black arrows are genes that can be PCR-amplified whereas dashed arrows indicate genes which 

failed to be amplified using PCR. 

(D) Morphology of WT, snc1, mos9 snc1, and mos9 snc1 transformed with genomic sequences 

of At1g12520 or At1g12530 driven by their native promoters.  

(E) Disease ratings of plants of the indicated genotypes infected with Ha Noco2. Two-week-old 

seedlings were sprayed with Ha Noco2 at a concentration of 100,000 spores per ml of water. The 

infection was scored 7 days after inoculation. A total of 20 plants were scored for each genotype. 

Disease rating scores are as follows: 0, no conidiophores on the plants; 1, one leaf infected with 

no more than five conidiophores; 2, one leaf infected with more than five conidiophores; 3, two 

leaves infected, but with no more than five conidiophores on each infected leaf; 4, two leaves 

infected with more than five conidiophores on each infected leaf; 5, more than two leaves 

infected with more than five conidiophores (Jing et al., 2011). 
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Table 3.1: Transgenic complementation of mos9 snc1 using overlaying JAtY clones 
covering the final mapped region containing mos9 mutation (see Figure 3.2B for details). 
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Figure 3.3: Protein sequence analysis between MOS9 and its paralog At1g56420 and 
contribution of At1g56420 in defence. 
 

(A) Protein sequence alignment of MOS9 (At1g12530) and its paralog At1g56420. Similar 

amino acids are highlighted. 

(B) Psm ES4326 bacterial growth in WT, snc1 and mos9 snc1 and four independent transgenic 

lines of mos9 snc1 carrying artificial microRNA that targets At1g56420 (At1g56420 amiRNA). 
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Figure 3.4: Evolutionary tree of MOS9 (At1g12530) and its paralog At1g56420. 
 

Amino acid sequences of the proteins were used to generate the tree (bootstrap = 1000).  
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Table 3.2: Codeml analysis of MOS9 sequences from 75 Arabidopsis thaliana accessions. 
 

 

codeml 
(w = 0.4) 

Model LnL3 
Positively selected sites (Bayes 

Empirical Bayes analysis)4 
Model 

Comparison 
2∆L5 

χ2 Critical 
value 

Degrees of 
freedom 

75 seqs  M0  -976.52  Not allowed      

 M1  -974.70  Not allowed      

 M2  -974.63  39D (0.598); 156K (0.603)  M2 Vs. M1  0.139398  9.21  2  

 M3  -975.23  N/A  M3 Vs. M0  2.582882  13.28  4  

 M7  -975.35  Not allowed      

 M8  -974.63  39D (0.703); 156 K(0.707)  M8 Vs. M7  1.440424  9.21  2  

 

 
 
Table 3.3: Codeml analysis of MOS9 paralog sequences from 74 Arabidopsis thaliana 

accessions. 
 

codeml 
(w = 0.4) 

Model LnL 
Positively selected sites (Bayes 

Empirical Bayes (BEB) analysis) 
Model 

Comparison 
2∆L 

χ2 Critical 
value Degrees of 

freedom 

74 seqs  M0  -784.39  Not allowed      

 M1  -784.70  Not allowed      

 M2  -784.39  None  M2 Vs. M1  0.605296  9.21  2  

 M3  -784.39  N/A  M3 Vs. M0  0.000266  13.28  4  

 M7  -785.00  Not allowed      

 M8  -784.70  None  M8 Vs. M7  0.606448  9.21  2  

 

                                                 
3
 InL 1/4 log likelihood value. 

4
 Amino acid sites inferred to be under diversifying selection (Posterior probabilities are shown in parenthesis). 

5
 Likelihood ratio test: 2∆L 1/4 2(InL alternative hypothesis-InL null hypothesis). 
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3.2.3 Characterization of the mos9 Single Mutant  

 

 

To obtain the mos9 single mutant, mos9 snc1 was crossed with wild-type Col-0 plants. Lines 

homozygous for mos9 and wild type for S+C1 were selected as the mos9 single mutant. As 

shown in Figure 3.5A, mos9 is morphologically indistinguishable from wild-type plants. 

To test whether MOS9 contributes to basal defence against virulent pathogens, mos9 

plants were challenged with Psm ES4326 at a concentration of OD600 = 0.0001. Wild-type plants 

usually develop no disease symptoms at this low dose. Like wild-type plants, mos9 plants 

support similar bacterial growth 3 days after inoculation, whereas the susceptible control, Col-

eds1, carries 1000-time more bacteria (Figure 3.5B). Therefore, MOS9 does not seem to 

contribute to basal resistance.  

To determine whether MOS9 is required for resistance mediated by other TIR-type R 

proteins, we challenged mos9 single mutant plants with H.a. isolates Emwa1 and Cala2, and 

P.s.tomato (Pst) DC3000 carrying avrRps4 that can be recognized by TIR-type RPP4 (van der 

Biezen et al., 2002), RPP2 (Sinapidou et al., 2004), and RPS4 (Hinsch and Staskawicz, 1996), 

respectively. Resistance mediated by RPP4 is compromised in mos9 plants (Figure 3.5C). mos9 

supported growth of ~1500 spores per seedling, while less than 200 spores were observed on 

wild type. However, resistance mediated by RPS4 (Figure 3.5D) and RPP2 (data not shown) is 

not affected in mos9 plants.  

Another large class of plant NLRs is the CC-type. To test whether MOS9 contributes to 

resistance mediated by CC-type NLRs, we challenged mos9 single mutant plants with Pst 

DC3000 carrying the avirulent effectors, avrRpt2, avrRpm1, or avrPphB that can be recognized 

by plant CC-type NLRs RPS2 (Kunkel et al., 1993; Yu et al., 1993), RPM1 (Debener et al., 

1991), and RPS5 (Simonich and Innes, 1995), respectively. As shown in Figures 3.5E to 3.5G, 

mos9 single mutant plants were as resistant as wild-type Col-0 plants when challenged with 

bacterial pathogens carrying these avirulent effectors. These data suggest that MOS9 does not 

contribute to resistance mediated by these CC-type NLR R proteins. 

Because mos9 only affects resistance responses mediated by snc1 and RPP4, we tested 

whether the expression of snc1 and RPP4 is affected in the mos9 mutant background. As shown 

in Figure 3.5H, the expression level of snc1 is about half in the mos9 snc1 double mutant as that 

in snc1. In addition, RPP4 transcript is also similarly reduced in the mos9 single mutant (Figure 

3.5I). These data suggest that MOS9 affects the expression levels of snc1 and RPP4.  

 

 

3.2.4 Subcellular Localization of MOS9 

 

 

Since protein sequence analysis of MOS9 yielded very little information, we first investigated its 

subcellular localization. MOS9 was expressed by its native promoter and with green fluorescent 

protein (GFP) fused to its C-terminus. MOS9-GFP fully complemented phenotypes associated 

with the mos9 mutation, and mos9 plants carrying the MOS9-GFP construct restored resistance 

against Ha Emwa1 (Figure 3.6A). This suggests that the construct expressing MOS9-GFP fusion 

protein localizes and functions as the wild-type MOS9 in planta. Very weak GFP signal was 

observed inside the nuclei in both root cells and leaf pavement cells (Figure 3.6B).  
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Because we could not exclude the possibility that MOS9 also localizes to other cellular 

compartments, we also carried out subcellular fractionation on complementing mos9 mutant 

plants expressing MOS9-GFP. As shown in Figure 3.6C, MOS9-GFP signal can be detected in 

both nuclear and nuclei-depleted fractions. Taken together, MOS9 seems to be a protein 

predominantly localizing to the nucleus.  

 

 

3.2.5 Identification of MOS9-Associated Proteins 

 

 

To better understand how MOS9 affects the expression levels of snc1 and RPP4, we searched for 

MOS9-associating proteins by affinity purification and mass spectrometry analysis. Because a 

large portion of MOS9-GFP protein is located inside the nucleus, the affinity purification 

experiments were carried out on the nuclear fractions of MOS9-GFP plants using anti-GFP 

microbeads. A nuclear fraction of wild type plants was used as negative control. 

SDS-PAGE followed by silver staining showed that two proteins, one about 150 kD and 

the other about 65 kD co-purified with the MOS9-GFP bait protein (Figure 3.7A). Mass 

spectrometry analysis showed that the large protein is Arabidopsis Trithorax-Related 7 (ATXR7), 

a nuclear Set1 class H3K4 methylase of 159 kD and the smaller protein is High Chlorophyll 

Fluorescence Phenotype 173 (HCF173; 66 kD), a protein with weak similarities to the short-

chain dehydrogenases/reductases (Figure 3.7B). Neither protein was detected in the wild type 

control sample. Because HCF173 localizes to the chloroplasts (Schult et al., 2007), it is likely a 

false positive interactor. We therefore focused our further analysis on ATXR7. 

 
 
3.3.6 Suppression of snc1 Mutant Phenotypes by atxr7-1 

 

 

H3K4 methyl transferases ATXR7 and ATX1 are required for proper activation of FLC through 

H3K4 methylation (Tamada et al., 2009). The identification of ATXR7 as a protein associated 

with MOS9 prompted us to test whether ATXR7 is required for snc1 mutant phenotypes. We 

first introduced atxr7-1 into snc1 to determine whether a mutation in ATXR7 can suppress snc1 

like mos9. As shown in Figure 3.8, atxr7-1 not only partially suppresses the stunted growth 

morphology of snc1 (Figure 3.8A), but also suppresses the enhanced disease resistance of snc1 

against the virulent oomycete pathogen, Ha Noco2 (Figure 3.8B). The suppression of enhanced 

disease resistance of snc1 is also reflected by reduced S+C1 and PR gene expression in atxr7-1 

snc1 double mutant plants (Figure 3.8C to 3.8E). Unlike mos9 and atxr7, a mutation in the 

ATXR7 paralog, ATX1, cannot suppress the stunted growth morphology or the autoimmune 

phenotypes of snc1 (Figure 3.9). These data suggest that both MOS9 and ATXR7 are required 

for full expression of S+C1 and snc1-mediated autoimmunity. Consistent with reduced 

transcripts of S+C1, SNC1 protein levels were reduced in both mos9 and atxr7 single mutants 

when compared with that of wild type (Figure 3.8F).  
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Figure 3.5: Characterization of the mos9 single mutant. 
 

(A) Morphology of four-week old soil-grown WT and mos9 plants.  

(B) Psm ES4326 bacterial growth in WT, mos9, and Col-eds1 plants. Leaves were infiltrated 

with a bacterial suspension at OD600 = 0.0001 (Day 0). Bacterial growth was measured 3 days 

after infiltration (Day 3) as previously described in Zhang et al., 2003.  

(C) Growth of Ha Emwa1 on seedlings of the indicated genotypes. Two-week-old soil-grown 

plants were sprayed with Ha Emwa1 at spore suspension 100,000 spores per ml of water. At 

least 20 plants were collected for spore counting 7 days after inoculation. 

 (D to G) Bacterial growth of Pseudomonas strains carrying avirulent effectors avrRPS4 (D), 

avrRpm1 (E), avrRpt2 (F), and avrPphB (G) on the indicated genotypes. Plants from each 

genotype were infiltrated with a bacterial suspension at OD600 = 0.002. Wild type Col (WT) and 

Col-eds1 or ndr1 plants were used as controls. 

(H) Relative S+C1 and snc1 expression level in the indicated genotypes. 

(I) Relative RPP4 expression levels in WT and mos9. 
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Figure 3.6: "uclear localization of MOS9-GFP. 
 

(A) Growth of Ha Emwa1 on seedlings of WT, mos9, and mos9 transformed with MOS9-GFP. 

Two-week-old soil-grown plants were sprayed with Ha Emwa1 at a spore suspension 100,000 

spores per ml of water. At least 20 plants were collected for spore counting 7 days after 

inoculation. 

(B) Confocal microscopy images of MOS9-GFP localization in root and leaf pavement cells. 

Propidium iodide (PI) was used as cell wall stain. 

(C) Western blot analysis of fractioned protein samples from WT and MOS9-GFP transgenic 

plants. PEPC and Histone H3 were used as cytosolic and nuclear protein markers, respectively. 

N: nuclear fraction; ∆N: nuclei-depleted fraction. 
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Figure 3.7: Identification of proteins associated with MOS9-GFP. 
 

(A) Silver-stained SDS-PAGE gel of the anti-GFP microbeads-immunoprecipitated protein 

samples from WT and MOS9-GFP transgenic plants. Two specific protein bands shown in 

MOS9-GFP IP sample are indicated with arrows.  

(B) List of the specific proteins identified from the MOS9-GFP immuneprecipitated sample. 
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Figure 3.8: Mutation in ATXR7 suppresses snc1. 
 

(A) Morphology of WT, snc1, mos9 snc1, and atxr7 snc1 plants. The picture shows four-week-

old soil-grown plants. 

(B) Growth of H. a. Noco2 on the indicated genotypes. Two-week-old seedlings were sprayed 

with H. a. Noco2 at a concentration of 100,000 spores per ml of water. The infection was scored 

7 days after inoculation. The values presented are averages of four replicates ± standard 

deviation.  

(C) Relative S+C1 transcript levels in the indicated genotypes. 

(D and E) Relative expression of PR1 (D) and PR2 (E) levels in the indicated genotypes.  

(F) SNC1 protein levels in the indicated genotypes as detected by western blot analysis using a 

SNC1-specific antibody (Li et al., 2010a). 



 62 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 3.9: Mutation in ATX1 does not affect snc1-mediated immunity.  
 

(A) Morphology of WT, snc1, mos9 snc1, and atx1 snc1 plants. The picture was taken on 4-

week-old soil-grown plants.  

(B) Growth of H. a. Noco2 on the above genotypes. Two-week-old seedlings were sprayed with 

H. a. Noco2 at a concentration of 100,000 spores per ml of water. The infection was scored 7 

days after inoculation. The values presented are averages of four replicates ± standard deviation.  
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3.3.7 ATXR7 is Required for RPP4 Expression and RPP4-Mediated Immunity  

 

 

We further tested whether ATXR7 is required for RPP4-mediated disease resistance toward Ha 

Emwa1. As shown in Figure 3.10A, atxr7 mutant plants supported much higher growth of Ha 

Emwa1 than wild type. Similar as with S+C1, expression of RPP4 is also reduced in atxr7 

(Figure 3.10B), suggesting that reduced expression of RPP4 results in compromised resistance to 

Ha Emwa1 in atxr7-1.  

 

 

3.3.8 Analysis of H3K4me3 Levels in the Promoter Regions of S+C1 and RPP4 

 

 

Because H3K4 methylation is correlated with transcriptional activation and ATXR7 functions as 

a H3K4 tri-methyl transferase, we further investigated whether MOS9 plays a role in the 

regulation of H3K4me3 levels in the promoter regions of S+C1 and RPP4 by chromatin 

immunoprecipitation (ChIP) assays using an antibody that specifically recognizes H3K4me3 

marks. Real-time PCR was carried out on the DNA samples from the ChIP assays using primers 

specific to DNA close to the start codon of S+C1 and RPP4. As shown in Figure 3.10C, mos9 

plants have reduced H3K4me3 levels in RPP4 and S+C1 compared to wild type, suggesting that 

MOS9 functions together with ATXR7 to regulate H3K4 tri-methylation.  
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Figure 3.10: Compromised RPP4-mediated resistance in atxr7 and mos9 plants, and 
reduced H3K4me3 levels in mos9 at S�C1 and RPP4 loci. 
 

(A) Growth of Ha Emwa1 on WT, mos9, and atxr7 mutant plants. Two-week-old soil-grown 

plants were sprayed with Ha Emwa1 at spore suspension 100,000 spores per ml of water. At 

least 20 plants were collected for spore counting 7 days after inoculation. 

(B) Relative RPP4 expression level in the indicated genotypes. 

(C) Relative levels of H3K4me3 at S+C1 and RPP4 as determined by ChIP-PCR analysis in WT 

and mos9 mutant seedlings. The y axis indicates relative levels of modifications. Each 

experiment was normalized to no antibody treatment. Bars indicate standard deviations. 

(D) A conceptual model on the regulation of S+C1 or RPP4 expression by MOS9 and ATXR7. 

MOS9 associates with ATXR7 in a multi-protein complex. This association is probably 

responsible for the specificity of the target genes, such as S+C1 and RPP4, for H3K4 bulk 

methylation by ATXR7.  
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3.4 Discussion 
 

 

From the MOS forward genetics screens intended to isolate positive regulators of snc1-mediated 

immunity, we have identified mos9. This modifier partially suppresses the autoimmune 

phenotypes of snc1, including dwarfism, constitutive PR gene expression, elevated SA levels, 

and enhanced resistance against bacterial and oomycete pathogens. Positional cloning followed 

by transgene complementation revealed that MOS9 encodes a small plant-specific protein with 

no known conserved domain or function. More detailed analysis on the mos9 single mutant 

uncovered that MOS9 is not only required for snc1-mediated autoimmunity, it is also essential 

for RPP4-mediated resistance against the oomycete Ha Emwa1. MOS9 is not required for basal 

resistance. Further expression analysis of S+C1 and RPP4 in the mos9 background revealed that, 

in mos9 plants, the expression of both TIR-NB-LRR-encoding genes is significantly reduced, 

leading to attenuated resistance mediated by the encoded NLR proteins. Thus, MOS9 seems to 

be a nuclear regulator specifically required for proper transcription of S+C1 and RPP4.  

The regulation of R protein-mediated immunity is very complex. However, stringent 

control has to be imposed at R gene and R protein levels to ensure appropriate degree of 

immunity outcome conferred by these receptors. Despite the importance of R gene 

transcriptional regulation, its mechanisms are poorly understood. From past expression analysis 

and various microarray experiments, it has been taken for granted that most R genes are 

expressed at low level without pathogen interaction. Upon infection, many R genes, but not all, 

are moderately up-regulated, presumably to amplify immune signals and enhance immunity 

against pathogen attack (de Torres et al., 2003; Navarro et al., 2004). From the RPP7 suppressor 

screen, EDM2 was identified as a transcriptional regulator of RPP7 (Eulgem et al., 2007). EDM2 

is a plant-specific nuclear protein with plant homeodomain (PHD)-finger-like domains. Loss of 

EDM2 renders plants more susceptible to Ha Hiks1 due to reduced RPP7 expression (Tsuchiya 

and Eulgem, 2010). MOS1, identified in the same screen as MOS9, encodes a conserved nuclear 

protein with a BAT2 domain of unknown function (Li et al., 2010b). Mutations in MOS1 

attenuate the expression of S+C1. The exact mechanism of how EDM2 and MOS1 regulate R 

gene transcription is unclear; however, regulation at the chromatin level is speculated for both 

proteins.  

MOS9 is annotated as an unknown protein. Its only Arabidopsis paralog is At1g56420, 

which shares 39% identity and 60% similarity at amino acid level with MOS9 throughout the 

protein sequence (Figure 3.3A). As shown by phylogenetic analysis (Figure 3.4), MOS9 and 

At1g56420 are both plant-specific proteins although, curiously, they belong to two separate 

clades. The cluster including MOS9 exhibits longer branches, suggesting that MOS9 has evolved 

faster compared to its paralog. This was confirmed by the maximum likelihood analysis 

implemented in the CODEML package (Yang, 2007) which shows at least two amino acid 

residues in MOS9 may be positively selected whereas there is no indication of positive selection 

in the paralogs (Table 3.2 and 3.3). Faster evolving genes are often under positive selection such 

as biotic stresses. The evolution pattern of MOS9 somewhat mimics the fast-evolving NB-LRR-

encoding R genes. It is possible that as a transcriptional regulator, MOS9 has coevolved with its 

target R genes to properly regulate their transcription.  

The biological function of the MOS9 paralog At1g56420 is unclear. It seems to be highly 

conserved in higher plants (Figure 3.4). Unfortunately, there is no null knockout line available 

from the public resources. RNAi lines for At1g56420 did not exhibit any obvious defects with 
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regards to plant morphology, growth or development. When the RNAi construct was transformed 

into the mos9 snc1 double mutant, no enhanced or suppressed snc1-mediated autoimmunity was 

observed either (Figure 3.3B). These data suggest that At1g56420 does not share redundancy 

with MOS9. Conceivably, like MOS9, At1g56420 may be specifically involved in the regulation 

of proper transcription of unknown target genes.  

MOS9 is a nuclear protein associating with SET domain-containing protein, ATXR7 

(Figure 3.7). Although we did not detect direct protein-protein interaction between MOS9 and 

ATXR7 in our yeast-two-hybrid analysis (data not shown), it is possible that there exist 

additional intermediates between the two proteins in the same protein complex (Figure 3.10D). 

The SET domain was named after Drosophila Su(var)3-9, Enhancer of zeste [E(z)], and 

Trithorax. Highly conserved amongst eukaryotes, most of the SET domain-containing proteins 

exhibit histone lysine methyl transferase (HKMT) activity. In recent years, histone modifications, 

in particular histone methylation marks, have been shown to be associated with different 

transcriptional activities of their target genes. For example, H3K4, H3K36, and H3K79 

methylation is correlated with transcriptional activation, whereas methylation at H3K9, H3K20 

and H4K27 is associated with transcriptional silencing or repression. In addition, each lysine 

residue of H3 can be mono-, di-, or trimethylated, and each methylation status may have a 

different biological relevance (Liu et al., 2010). These add more complexity to fine-tune the 

expression of a target gene at various developmental stages or during different cellular responses 

such as an immune response. 

Specifically, SET1/COMPASS/ATXR7 proteins are H3K4 methyl transferases, where 

H3K4me3 are most often histone marks for actively transcribed genes. There are three 

SET1/COMPASS orthologs in Drosophila and six in human. They serve diverse roles in 

regulating gene expression in various biological processes such as development, diseases 

including cancer, aging, and pathogenesis (Shilatifard, 2012). In Arabidopsis, ATXR7 is the only 

homolog of yeast SET1/COMPASS, which regulates flowering time by modifying the 

methylation status of histones close to the ATG start codon of the master flowering time 

repressor FLOWERI+G LOCUS C (FLC) (Tamada et al., 2009). Like mos9, atxr7 suppresses the 

stunted growth and autoimmune phenotypes of snc1 (Figure 3.8). The expression level of S+C1 

and RPP4 is also lower in both mos9 and atxr7 mutant backgrounds (Figure 3.5H, 3.8C and 

3.10B). These data suggest that both MOS9 and ATXR7 are required for full expression of S+C1 

and RPP4, which is crucial for providing the appropriate level of immunity mediated by these 

TIR-NB-LRR-encoding genes. Such transcriptional control is probably brought about through 

ATXR7 by H3K4 bulk methylation. Since mos9 does not exhibit any flowering time defects 

(data not shown), and MOS9 does not have obvious DNA-binding motifs, it is possible that 

MOS9 is responsible for directing ATXR7 specifically to its target genes such as S+C1 and 

RPP4. Agreeing with this hypothesis, less H3K4me3 was detected around the promoter region of 

S+C1 and RPP4 in mos9 mutant plants (Figure 3.10C). 

One intriguing fact about S+C1 and RPP4 is that they are highly homologous TIR-type 

NLR-encoding genes residing in the RPP4 cluster on chromosome 4 (Noel et al., 1999). We 

speculate that MOS9 could co-regulate these two R genes through histone modification due to 

close proximity. Such speculation is supported by an independent study of LAZARUS 5 (LAZ5; 

(Palma et al., 2010)). While searching for mutations that can suppress the autoimmunity and 

spontaneous cell death phenotype of acd11, Palma et al. found that acd11 is suppressed by 

mutations in LAZ2 and LAZ5. Further studies revealed that the expression of LAZ5, a TIR-NB-

LRR-encoding gene, is under the control of LAZ2, which encodes another SET domain protein, 
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SDG8. SDG8 is responsible for H3K36 di- and tri-methylation, also a histone mark for actively 

transcribing genes. Interestingly, it was found that not all R genes tested are affected by the laz2 

mutation. Besides LAZ5, the expression level of another TIR-NB-LRR-encoding gene, 

At5g45230, located very close to LAZ5 (At5g44870), is also affected by the laz2 mutation. Thus, 

co-expression regulation through histone modifications could be a common theme in regulating 

R gene activity, especially when they are in close proximity. This type of regulation shares 

resemblance with a phenomenon observed in cancer cells where tumor suppressor genes are 

coordinately silenced during carcinogenesis – a process called Long Range Epigenetic Silencing 

(LRES). LRES can affect megabases of DNA, and can result in heterochromatin formation and 

hypermethylation of contiguous CpG islands inside the region (Clark, 2007; Coolen et al., 2010). 

Recent cancer epigenomics studies revealed that LRES might be achieved through a combination 

of reinforcement of repressive histone marks in genomic regions that are normally silenced and 

gain of repressive marks in regions that are transcriptionally active in normal cells. In addition, 

exchange of repressive marks on genes that are inactive or expressed at low levels in normal 

cells was also observed. It can be speculated that co-activation of R genes in close proximity may 

be achieved through coordinated opposite types of histone modifications such as H3K4, H3K36, 

and H3K79 methylations that are associated with transcriptional activation. This type of 

coordination probably involves protein factors such as MOS9. 

Due to the nature of R protein-mediated responses, it is essential that the proper level of 

R gene expression is achieved with or without pathogen infection. Without infection, R genes are 

expressed at low levels  – presumably to be prepared for immunity and take part in basal defence. 

With pathogen attack, proper expression has to be maintained to ensure the production of enough 

R protein molecules to take care of pathogen recognition, defence activation, and defence 

amplification and maintenance. Excessive R gene expression would lead to autoimmunity while 

insufficient expression would lead to disease. Our study of MOS9 revealed that it is required for 

full expression of S+C1 and RPP4. This positive regulation of expression likely involves 

H3K4me3 histone modifications by ATXR7, which associates with MOS9 (Figure 3.10D). We 

anticipate that there are other regulators in addition to H3K4 and H3K36 methylation events 

involved in R gene expression, and that there must also be repressive forces that hold the R genes 

under check to prevent autoimmunity. Future in-depth studies on these mechanisms will reveal 

the full picture of the intricate epigenetic regulation of expression of R genes. 
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3.5 Material and Methods 
 

 

3.5.1 Plant Growth Conditions, Mutant Screen and Mutant Phenotypic Characterization 

 

 

All plants were grown at 22°C under a 16-hour light/8-hour dark regime. mos9 snc1 was 

identified from a fast neutron-treated snc1 mutant population previously described (Zhang and Li, 

2005). In brief, the M2 population of fast neutron treated snc1 (carrying pPR2::GUS reporter 

gene system) was first screened for suppression of snc1’s dwarf and stunted growth morphology. 

These putative mutants were further tested for suppression of constitutive defence phenotype of 

snc1 by carrying out GUS staining. Mutants that showed reduced or no GUS staining were 

studied further.  

Gene expression analysis was carried out by extracting RNA from 2-week-old plate-

grown or 4-week-old soil-grown plants using the Totally RNA kit (Ambion). The extracted total 

RNA (~0.4µg) was then reverse transcribed using SuperScript II reverse transcriptase 

(Invitrogen). Expression analysis for PR1, PR2, and Actin1 was performed as previously 

described by Zhang et al., 2003, with cDNA samples being normalized by real-time PCR using 

Actin1 and the QuantiTect SYBR Green PCR kit (Qiagen). Gene-specific primers for RT-PCR 

analyses used in this study are listed in Table 3.4.  

Infection experiments with Pseudomonas and Hyaloperonospora strains were performed 

as described (Li et al., 2001). In brief, infection of Ha Noco2 was performed on 2-week-old 

seedlings by spraying with an Ha Noco2 spore suspension at a concentration indicated in figure 

legends. Plants were maintained at 18°C under 12-hour light/12-hour dark cycles with 80% 

humidity, and the infection was scored 7 days after inoculation by counting the number of 

conidiospores per gram of tissue (when plants of different treatments are of different sizes) or per 

plant (when plants of different treatments are of similar sizes) using a haemocytometer or using a 

0 to 5 disease rating system as previously described (Jing et al., 2011).  

 

 

3.5.2 Map-Based Cloning 

 

 

Positional cloning of mos9 was performed as previously described (Zhang and Li, 2005). The 

markers used to map mos9 were designed according to the insertion-deletion (InDel) 

polymorphisms between the genomic sequences of Col and Ler ecotypes provided by Monsanto 

on The Arabidopsis Information Resource homepage  

(https://www.arabidopsis.org/Blast/cereon.jsp). Primer sequences for these markers are listed in 

Table 3.4.  
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3.5.3 Construction of Plasmids 

 

 

For the construction of pGreen0229-pMOS9::MOS9 which was used for transgene 

complementation of mos9 snc1, the genomic sequence covering the MOS9 coding region plus 

1.8 kb 5’-upstream and ~0.4 kb 3’-dowstream sequence was PCR amplified using primers  

5’-CGCGGATCCGACGTGGAGACGATCGGGAG-3’ and  

5’-CCGGAATTCCATCCGACACTAGGTTCTTG-3’.  

The amplified fragment was digested with BamHI and EcoRI and the digested fragment was 

cloned into pGreen0229 vector.  

For construction of pCambia1305-pMOS9::MOS9-GFP which was used for subcellular 

localization of MOS9-GFP and immunoprecipitation of MOS9-GFP experiments, the genomic 

sequence covering the MOS9 coding region without the stop codon plus 1.8 kb 5’-upstream 

sequence was PCR-amplified using primers 5’-ccgGAATTCcatccgacactaggttcttg-3’ and  

5’-CGCggatccGCCAAAGCCAGGAGGGAGTTC-3’. The amplified fragment was digested 

with BamHI and EcoRI and the digested fragment was cloned into a modified pCAMBIA1305 

vector that contained a GFP tag. 

All constructs were transformed into designated genotypes using the floral dip method 

(Clough and Bent, 1998) to generate transgenic lines for subsequent analysis. 

 

 

3.5.4 Mutant Genotyping 

 
 
Mutants described in this study were PCR genotyped using the following primers. For 

genotyping mos9, which was generated using fast neutron bombardment, primer pairs  

4269391_F: GGCGTAGACGGATTGAACGG and  

At1g12530_R: TGATGCATCATGAAGCCCTG were used. A fragment with ~1.4 kb can be 

amplified from wild-type MOS9 but not from homozygous mos9 mutant. Seeds of ATX1 and 

ATXR7 mutants were obtained from Dr. Amasino (Tamada et al., 2009); they are T-DNA 

insertional mutant alleles and were genotyped by using the primer pairs listed in Table 3.4.  
 

 

3.5.5 Total Protein Extraction 

 

 

For total protein extraction, 0.1 g leaf tissue of 4-week-old soil grown plants was harvested in 

liquid nitrogen and ground into fine powder. Samples were homogenized in extraction buffer 

(100mM Tris-HCl pH8, 0.2% SDS, 2% β-mercaptoethanol). After 5 min of centrifugation at 4°C 

at 13,200 rpm, the supernatant was transferred to a new tube containing 4x Laemmli loading 

buffer and heated at 95°C for 5 min. Protein samples were loaded onto SDS-PAGE and followed 

by western blot analysis. 
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3.5.6 Nuclear Fractionation 

 
 
Approximately 3g of 2-week-old plate-grown plants were frozen in liquid nitrogen, ground to 

fine powder and homogenized in 1.5V of lysis buffer (20mM Tris-HCl, pH 7.4, 25% glycerol, 

20mM KCl, 2mM EDTA, 2.5mM MgCl2, 250mM sucrose) at 4°C. The homogenate was 

sequentially filtered through a 100- and 30-µm nylon mesh. The nuclei were pelleted by 

centrifugation at 1500 g for 10 minutes. The nuclei pellet was washed three times with nuclei 

resuspension buffer with Triton X-100 (NRBT; 20 mM Tris-HCl, pH 7.4, 25% glycerol, 2.5 mM 

MgCl2, 0.2% Triton X-100) at 4°C, and then washed once with nuclei resuspension buffer 

without Triton X-100 (NRB). The final nuclei pellet was resuspended in 300µl 2x Laemmli 

loading buffer and heated at 95°C for 5 min. For western blot analysis, the nuclear fraction was 

loaded 20x more than the nuclei-depleted fraction. 

 

 

3.5.7 Nuclear Extraction and Immunoprecipitation 

 

 

Approximately 20 g of 2-week-old plate-grown plants were frozen in liquid nitrogen, ground to 

fine powder and homogenized in lysis buffer (20mM Tris-HCl, pH 7.4, 25% glycerol, 20mM 

KCl, 2mM EDTA, 2.5mM MgCl2, 250mM sucrose) at 4°C. Two samples were prepared 

simultaneously. Wild-type Col plants were used as negative control, and MOS9-GFP transgenic 

plants were used for immunopurification. Nuclei were purified as above and then resuspended in 

2 mL ice-cold buffer NE-2 (20mM HEPES-KOH, pH 7.9, 2.5mM MgCl2, 250mM NaCl, 20% 

glycerol, 0.2% Triton X-100, 0.2mM EDTA, 1mM DTT and protease inhibitor cocktail (Sigma) 

and then subjected to sonication for 4 minutes with 5 seconds ON and 10 seconds OFF intervals 

to completely release nuclear proteins. The supernatant was mixed with 50 µL of anti-GFP 

MicroBeads (Miltenyi Biotec) and incubated at 4°C for one hour; the MicroBeads-bound target 

protein was magnetically precipitated on columns according to the manufacturer’s instructions 

(µMACs; Miltenyi Biotec). The columns were then washed 8 times, each time with 1mL NE-3 

buffer (20mM HEPES-KOH, pH 7.9, 2.5mM MgCl2, 150mM NaCl, 20% glycerol, 0.2% Triton 

X-100, 0.2mM EDTA, 1mM DTT and protease inhibitors) before proteins were eluted with 60 

µL 95°C pre-heated 1xSDS loading buffer. The samples were subsequently analyzed by SDS-

PAGE followed by silver staining using ProteoSilver
TM

 Plus Silver Stain Kit (Sigma). The 

protein bands specific to MOS9-GFP were excised for MS analysis. Gel bands at the same 

positions of the Col treatment were also excised. The MS data from MOS9-GFP were compared 

with that of Col to rule out false-positive identifications. 
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3.5.8 Chromatin Immunoprecipitation (ChIP) 

 

 

ChIP was performed as described previously (Lee et al., 2007) with some modifications. In brief, 

~8g of two-week-old seedlings grown on MS plate were collected and cross-linked with 1% 

formaldehyde for 20 min and the cross-linking was terminated by adding 2M glycine to final 

concentration of 0.125M and vacuumed for 5 min. After rinsing seedlings with distilled water for 

5 times, tissues were ground into fine power using liquid nitrogen and nuclei purified as 

described above. Nuclei pellet was re-suspended in 1mL ChIP lysis buffer (50 mM Tris-HCl, pH 

8.0, 10mM EDTA, pH 8.0, 1% SDS, 1x Protease inhibitor, 1 mM PMSF) and sonicated with a 

Fisher 550 Sonic Dismembrator for 2  min (15 sec ON and 60 sec OFF , power 4.0) to yield 

DNA of an average fragment size of ~0.5 to 1.0kb. Sonicated chromatin was centrifuged at 

13000 rpm at 4°C for 5 min to pellet the debris and the supernatant was collected into a new 

1.5ml eppendorf tube. The soluble chromatin solution was diluted 10-fold with ChIP dilution 

buffer (16.7 mM Tris-HCl, pH8.0, 167mM NaCl, 1.1% Triton X-100, 1.2 mM EDTA, 1x 

Protease inhibitor, 1mM PMSF) to decrease the SDS concentration to 0.1%. Chromatin solution 

was pre-cleared with no antibody conjugated Protein A Sepharose (GE Healthcare ; 17-1279) at 

4°C for 1 hour with gentle rotation and 1 µL of α-H3K4me3 (Abcam, ab8580) antibody was 

added to ~2.5 mL of diluted chromatin solution and incubated at 4°C overnight. 30µl pre-washed 

Protein A Sepharose beads (GE Healthcare; 17-1279) were added to each sample to pull down 

the antibody for 2 hours at 4 °C. After washing with different washing buffers, immunocomplex 

was eluted twice from the beads with 250 µL of elution buffer (0.1M NaHCO3, 1% SDS). Eluted 

immunocomplex was reverse cross-linked by adding 5M NaCl to a final concentration of 

200mM at 65°C overnight. Protein was removed by adding proteinase K and DNA was extracted 

using phenol/chloroform/isoamyl alcohol (25:24:1) followed by chloroform/isoamyl alcohol 

(24:1) extraction methods and precipitated by ethanol. The immunoprecipitated DNA was 

resuspended in TE buffer and subjected to real-time PCR analysis with primers listed in Table 

3.4. 

 

 

3.5.9 Phylogenetic Analyses of MOS9 and Its Homologs 

 

 

To identify whether MOS9 or MOS9 paralogs have been positively selected due to selection 

pressure such as biotic stress, we used maximum likelihood models of codon substitution that 

allow for heterogeneous selection pressures among amino acid residues along the protein 

(Nielsen and Yang, 1998; Yang and Bielawski, 2000; Yang et al., 2000). Analyses were 

performed with the computer program ‘codeml’ in the PAML package (Yang, 2007). 
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Table 3.4: Primer sequences used in the study. 
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4 Stability of Plant Immune Receptor Resistance Proteins is 
Controlled by SCF-Mediated Protein Degradation6 

 

 

4.1 Introduction 
 

 

Plants and animals rely on innate immunity to defend against microbial pathogen infections. 

Although plant surface-residing receptors often recognize common features of the microbes, 

intracellular receptors detect specific effectors from pathogens to initiate a downstream defense 

cascade (Jones and Dangl, 2006). Remarkably, plants and animals use immune sensors with 

similar structural features, such as nucleotide-binding (NB) and leucine rich repeats (LRR) 

domains (Eitas and Dangl, 2010). These immune receptors are commonly named Nod-like 

Receptors (NLRs; or nucleotide binding and leucine-rich repeat-containing) after the human 

innate immunity receptor Nod1 and Nod2 (Magalhaes et al., 2011). In plants, they are designated 

as NB-LRR resistance proteins (NLR R proteins). Upon detection of specific pathogen effectors, 

R proteins mount a quick and robust reaction, usually culminating in a hypersensitive response, a 

type of programmed cell death, to defend against and restrict further spread of the pathogen 

(Jones and Dangl, 2006). Because of the detrimental effects of R protein activation on plant cell 

growth and development, normally R protein-mediated immunity has to be under multiple levels 

of tight negative control. Overaccumulation of R proteins often leads to autoimmunity, implying 

the importance of stability control of R protein levels. In addition, gain-of-function mutants of 

NLRs, such as snc1 (suppressor of npr1-1, constitutive 1) and ssi4 (suppressor of salicylic acid 

insensitivity of npr1-5, 4), can render the NLR proteins constitutively active without pathogen 

interaction (Li et al., 2001; Shirano et al., 2002). These mutations are speculated to enhance the 

stability or activities of the NLRs. Constitutive expression of defense marker Pathogenesis 

Related (PR) genes, enhanced pathogen resistance, and altered plant development, such as 

dwarfism, are general features of plant autoimmunity. 

The Arabidopsis genome contains about 170 genes encoding NLRs (Tan et al., 2007), 

with either Toll/IL-1 receptor (TIR) or coiled-coil (CC) domains at their N terminus. The 

detailed activation mechanism of NLR R proteins is unclear. During the past decade, intensive 

studies on RAR1, SGT1, and HSP90 using genetic and biochemical approaches established these 

components as members of fold and stabilize NLR R proteins (Shirasu, 2009; Zhang et al., 2010). 

Interestingly, mammalian SGT1 and HSP90 were also shown to be required for NLR mediated 

immune responses. Some NLRs, including Nod1 and Nod2, form complexes with HSP90 and 

SGT1 (Mayor et al., 2007). 

Aside from the positive roles SGT1 plays in R protein folding, it is also involved in the 

negative regulation of R protein stability. A loss-of-function mutation in SGT1b restores reduced 

accumulation of CC-type NLR RPS5 in rar1 mutant plants (Holt et al., 2005). In addition, level 

of SNC1 is increased in sgt1b mutant plants. Recently, the evolutionarily conserved SRFR1 was 

shown to interact directly with SGT1 (Li et al., 2010). Loss-of-function of SRFR1 results in 

increased accumulation of SNC1 and activation of SNC1-mediated defence responses (Kim et al., 

                                                 
6
 A version of this chapter has been published. Yu Ti Cheng, Yingzhong Li, Shuai Huang, Yan Huang, Xinnian 

Dong, Yuelin Zhang and Xin Li. (2011) Proceedings of the +ational Academy of Sciences USA 108(35):14694-9. 
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2010; Li et al., 2010). However, the mechanism on how SGT1 and SRFR1 negatively regulate 

the accumulation of R proteins is unclear. 

Besides interactions with HSP90 and RAR1, SGT1 was also shown to associate with 

SKP1 and CULLIN1 (CUL1) (Azevedo et al., 2002; Shirasu, 2009), members of the SCF 

(SKP1-CUL1-F-box protein) E3 ubiquitin ligase complex that targets specific substrate proteins 

for ubiquitination and most often subsequent protein degradation. The F-box protein usually 

interacts directly with the protein substrate and serves as the substrate determinant of SCF. The 

association between SGT1 and SCF suggests potential connections between SCF and R protein-

mediated immunity. Here we provide experimental evidence that Arabidopsis F-box protein 

CPR30/CPR1 targets NLR proteins SNC1 and RPS2 for degradation, revealing how some NLR 

R protein levels are controlled mechanistically. 

 
 
4.2 Results 
 
 
4.2.1 snc1 Mutation Affects the Stability of SNC1 

 

 

The gain-of-function mutant snc1 carries a mutation in S+C1, an NLR R-like gene that leads to 

constitutive activation of defense responses in Arabidopsis (Li et al., 2001; Zhang et al., 2003). 

Like other TIR-type R proteins, snc1 signals through PAD4 (Wiermer et al., 2005). Mutations in 

PAD4 can completely suppress the dwarfism of snc1 caused by autoimmunity (Figure 4.1A). To 

investigate how the E552 to K552 change in the linker region causes constitutive activation of 

SNC1, we first examined the snc1 transcript level in the mutant and found only a moderate 

increase (Figure 4.1B). This increase is fully suppressed when PAD4, an essential signaling 

component downstream of S+C1, is mutated (Figure 4.1B), indicating that the increased snc1 

transcription is caused by feedback up-regulation from downstream defense signaling. With the 

availability of an antibody specific to the endogenous SNC1 protein (Li et al., 2010), we 

analyzed snc1 protein levels in snc1 and snc1 pad4 plants. To our surprise, snc1 protein levels 

are still considerably higher in the snc1 pad4 double mutant plants than in the wild-type (Figure 

4.1C), suggesting that the snc1 mutation renders the R protein more stable. 
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Figure 4.1: Increased snc1 protein levels in snc1 and snc1 pad4 double mutant. 
 
(A) Morphology of wild-type Col (WT), snc1 (gain-of-function allele of S+C1), and snc1 pad4 

double-mutant plants (Zhang et al., 2003). The picture was taken with 4-week-old soil-grown 

plants. (B) qRT-PCR analysis of SNC1 transcript levels in WT, snc1, and snc1 pad4 plants. (C) 

Western blot analysis of SNC1/snc1 protein levels in snc1-r1 (a loss-of-function deletion allele 

of S+C1), WT, snc1, and snc1 pad4 plants (Zhang et al., 2003). Rubisco levels serve as loading 

control.
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4.2.2 cul1-7 Exhibits Increased SNC1 Level and Constitutive Defence Responses 

 

 

Because a mutation in SGT1b also results in increased SNC1 protein level and SGT1 associates 

with SKP1 and CUL1 (Azevedo et al., 2002; Shirasu, 2009; Li et al., 2010), two shared members 

of the SCF E3 ubiquitin ligase complex, we asked whether the stability of SNC1 could be 

controlled by SCF-mediated protein degradation. In Arabidopsis, null mutations in CUL1 are 

lethal (Shen et al., 2002). A partial loss-of-function allele of CUL1, cul1-7, was found to exhibit 

a dwarf phenotype similar to snc1 (Gilkerson et al., 2009) (Figure 4.2A). In cul1-7, the T510 to 

I510 substitution seems to affects the C terminus of the protein, as well as the stability of CUL1, 

thus resulting in the misregulation of SCFs. The mutant exhibited accumulation of target proteins 

of many known SCF complexes, including AUS/IAA1 and RGA1 for auxin and gibberellic acid 

signaling, respectively (Gilkerson et al., 2009). Additionally, cul1-7 plants express high levels of 

defence-marker PR genes, PR1 and PR2 (Figure 4.2B and C), suggesting that the mutation 

causes activation of defence responses. The dwarfism of cul1-7 is more severe than that of snc1 

and can be partially complemented by a transgene expressing the CUL1-FLAG fusion protein 

(Gilkerson et al., 2009) (Figure 4.2A). Although the transcript level of S+C1 in cul1-7 is not 

significantly different from that of wild-type (Figure 4.2D), Western blot analysis showed that 

the SNC1 protein level in cul1-7 was much higher than that in wild-type and this increased 

accumulation of SNC1 can be partially complemented by the CUL1-FLAG transgene (Figure 

4.2E), indicating that CUL1 contributes to the control of SNC1 levels.  

 

 

4.2.3 SNC1 Protein Levels are Increased in cpr1 and cpr30 Mutants 

 

 

The substrate specificity of the SCF complexes is most often determined by the F-box proteins. 

Previously it was shown that mutations in the F-box protein, CPR30 [At4g12560; Constitutive 

PR gene expression, 30 (cpr30)], lead to constitutive activation of PR genes, accumulation of the 

defence hormone salicylic acid, and a dwarf phenotype strikingly similar to that of snc1 (Gou et 

al., 2009) (Figure 4.3A). Western blot analysis revealed that SNC1 overaccumulates in the cpr30 

mutant plants (Figure 4.3B). Another well-known mutant with constitutive defence responses 

and snc1-like morphology is cpr1 (Bowling et al., 1994) (Figure 4.3A). Although cpr1 was 

isolated over 15 years ago, its identity was unknown. Interestingly, similar to the cpr30 alleles, 

the SNC1 protein level in cpr1 was much higher than that in wild type (Figure 4.3B). The levels 

of SNC1 in cpr1 and two alleles of cpr30 are very similar.  

 

 

4.2.4 cpr1 and cpr30 are Allelic Mutations 

 

 

Because cpr1 and cpr30 are both recessive mutations mapped to chromosome 4 (Bowling et al., 

1994; Gou et al., 2009), we crossed cpr1 and cpr30-2 to test for allelism. As shown in Figure 

4.3C, cpr1 and cpr30-2 failed to complement in F1, indicating that they are allelic to each other. 

Because cpr1 was identified as the founding member of the cpr-type mutants, for simplicity and 

to avoid confusion in the literature, we renamed cpr1 as cpr1-1, the allele obtained by Gou et al. 
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(Gou et al., 2009) (previously named cpr30-1) as cpr1-2, and the T-DNA allele (SALK_045148; 

previously named cpr30-2) as cpr1-3. Further sequence analysis of cpr1-1 revealed a G to A 

point mutation in At4g12560. This mutation is located at an intron-exon junction (Figure 4.4), 

leading to a shift of the splicing site which results in a reading frame change in the gene. When a 

construct expressing At4g12560 under the control of a 35S promoter was transformed into cpr1-1, 

all transgenic plants exhibited wild-type morphology (Figure 4.3D); this confirms that the cpr1-1 

mutant phenotype was caused by the mutation in At4g12560.  

 

 

 

4.2.5 Constitutive Defence Responses in cpr1-3 Are Largely Suppressed by Knocking Out 

S+C1  

 

 

To test whether the increased SNC1 protein accumulation contributes to the activation of defence 

responses in the cpr1 mutants, we crossed snc1-r1, a loss-of-function deletion allele of S+C1 

(Zhang et al., 2003), into cpr1-3. As shown in Figure 4.5A, the snc1-r1 mutation reverted cpr1-3 

to wild-type morphology. Analysis of PR gene expression showed that constitutive expression of 

both PR1 and PR2 was reduced in snc1-r1 cpr1-3 (Figure 4.5B and C). In addition, enhanced 

resistance against the virulent oomycete pathogen Hyaloperonospora arabidopsidis Noco2 in 

cpr1-3 was also attenuated by the snc1-r1 mutation (Figure 4.5D). These data suggest that 

overaccumulation of SNC1 in cpr1-3 is one of the main factors leading to the cpr1 autoimmune 

mutant phenotypes. 

 

 

4.2.6 Overexpression of CPR1 Results in Reduced snc1 Protein Levels and Suppression of 

snc1 Mutant Phenotypes 

 

 

Increased accumulation of SNC1 protein in cpr1 mutants and suppression of cpr1-3 phenotypes 

by snc1-r1 suggest that CPR1 might target SNC1 for degradation. Because the F-box proteins 

are usually the limiting factor in SCF-mediated target protein degradation, we tested whether 

overexpression of CPR1 would reduce the accumulation of SNC1 by overexpressing CPR1 in 

the snc1 mutant background. As shown in Figure 4.6A, snc1 transgenic lines T1-5 and T1-6 

carrying 35S::CPR1 exhibit wild type-like morphology. Both lines expressed high levels of 

CPR1 (Figure 4.6B) and modestly reduced level of S+C1 (Figure 4.6C) because of reduced 

feedback up-regulation in snc1. In addition, enhanced resistance against H. arabidopsidis Noco2 

(Figure 4.6E) and constitutive PR gene expression (Figure 4.6F and G) in snc1 were completely 

suppressed in the CPR1 overexpression lines. Western blot analysis revealed that snc1 protein 

accumulation was clearly reduced even below the wild-type level in the two CPR1 

overexpression lines (Figure 4.6D). These data support that CPR1 is the F-box protein targeting 

SNC1 for degradation. 
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Figure 4.2: Increased accumulation of S"C1 proteins in cul1-7 mutant.  
 

(A) Morphology of WT, snc1, cul1-7 and cul1-7 carrying the partially complementing transgene 

CUL1-FLAG. The picture was taken with five-week-old soil-grown plants.  

(B-C) qRT-PCR analysis of the expression of PR1 (B) and PR2 (C) in the indicated genotypes. 

(D) Western blot analysis of SNC1/snc1 protein levels in snc1-r1, wild type (WT), snc1, cul1-7 

and a transgenic line expressing CUL1-FLAG in cul1-7 (CUL1-FLAG in cul1-7) (Gilkerson et al., 

2009).  
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Figure 4.3: cpr1 and cpr30 are alleles of At4g12560.  
 

(A) Morphology of WT, cpr1 (later renamed to cpr1-1), cpr30-1 (renamed to cpr1-2), cpr30-2 

(renamed to cpr1-3), and snc1. 

(B) Western blot analysis of SNC1 protein levels in cpr1 (renamed cpr1-1), cpr30-1 (renamed 

cpr1-2) and cpr30-2 (renamed cpr1-3). snc1-r1, wild type (WT) and snc1 plants were used as 

controls.  

(C) Allelism test between cpr30-2 and cpr1. Morphology of two F1 plants from the cross 

between cpr30-2 and cpr1, with WT, cpr30-2 and cpr1 plants as controls. 

(D) Complementation of cpr1-1 by the CPR1 transgene under 35S promoter. Morphologies of 

two independent transgenic lines (T1-2 and T1-4) are shown. 
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Figure 4.4: Sequence analysis of cpr1.  
 

(A) Gene structure of At4g12560. Gray boxes indicate untranslated regions, black boxes are 

exons, and black lines are either intergenic region or introns. Uppercase letters are exons and 

lowercase letters are introns. Letters with underline are predicted splicing acceptor sites. (B) 

Protein alignment of wild-type CPR1 and cpr1-1. The asterisks at the end of the amino acid 

sequences indicate stop codons. 
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Figure 4.5: CPR1 regulates S"C1-mediated defense responses.  
 

(A) Morphology of WT, snc1-r1, cpr1-3 and snc1-r1 cpr1-3 mutant plants.  

(B-C) qRT-PCR analysis of PR1 (B) and PR2 (C) expression in snc1-r1, cpr1-3 and snc1-r1 

cpr1-3. 

(D) Growth of H. a. Noco2 spores on the indicated genotypes.  



 83 

 

 

 

 

 

 
 

 
 
 
 
 
Figure 4.6: Overexpression of CPR1 in snc1 alleviates the enhanced disease resistance 
phenotypes of snc1 and reduces the protein levels of snc1.  
 

(A) Morphology of WT, snc1 and two independent transgenic lines (T1-5 and T1-6) 

overexpressing CPR1 in the snc1 mutant background.  

(B) Expression levels of CPR1 in the indicated genotypes. 

(C) Expression levels of S+C1 in the indicated genotypes 

(D) Western blot analysis of snc1/SNC1 protein levels in the transgenic lines overexpressing 

CPR1. snc1-r1, wild type (WT) and snc1 plants were used as controls.  

(E) Growth of oomycete H. a. Noco2 spores on the indicated genotypes.  

(F-G) Expression levels of PR1 (F) and PR2 (G) in snc1 transgenic lines overexpressing CPR1. 
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4.2.7 Overexpression of CPR1 Affects R Protein-Mediated Resistance 

 

 

Although snc1-r1 completely suppresses the dwarfism of cpr1-3, constitutive PR gene 

expression and enhanced resistance against H. arabidopsidis Noco2 in cpr1-3 is only partially 

attenuated by snc1-r1 (Figure 4.5), suggesting that CPR1 may also target R proteins other than 

SNC1 for degradation. The residual enhanced resistance in snc1-r1 cpr1-3 is probably caused by 

increased accumulation of the other R proteins. To test this hypothesis, we generated transgenic 

lines overexpressing CPR1 in the wild-type Columbia (WT) background (Figure 4.7A) and 

challenged the transgenic plants with pathogens carrying different effectors that activate specific 

R protein-mediated resistance. The two CPR1 overexpression lines were slightly more 

susceptible to the virulent bacterial pathogen Pseudomonas syringae pv. tomato DC3000 (Figure 

4.7B). Overexpression of CPR1 also has modest effects on resistance mediated by RPS5, RPS4, 

RPP2, and RPP4 (Figure 4.7C to F). In contrast, resistance mediated by RPS2 and RPM1 is 

severely compromised when CPR1 is expressed at high levels (Figure 4.8A and B), suggesting 

that CPR1 may also target R proteins, such as RPS2 and RPM1, for degradation. Because the 

expression levels of RPS2 and RPM1 are not significantly affected in these transgenic plants, the 

defects in RPS2- and RPM1-mediated resistance in CRP1 overexpressing lines are not likely 

caused by reduced RPS2 and RPM1 transcription (Figure 4.8C and D).  

 

 

4.2.8 CPR1 Regulates the Stability of RPS2 

 

 

RPS2 and RPM1 are both CC-type NLR R proteins. RPS2 was chosen for further testing because 

the RPS2-HA transgenic line was available to us (Axtell and Staskawicz, 2003) (a kind gift of B. 

Staskawicz, University of California at Berkeley). To test whether over-expression of CPR1 

affects the accumulation of RPS2, we transformed plants expressing the RPS2-HA fusion protein 

with a construct expressing CPR1 with a C-terminal 3×FLAG tag, under its own promoter. As 

shown in Figure 4.8E, increased expression of CPR1-FLAG protein correlated with reduced 

accumulation of RPS2-HA. Next we tested whether loss of CPR1 function leads to increased 

accumulation of RPS2 by crossing cpr1-3 into the RPS2-HA transgenic line. Western blot 

analysis showed that RPS2-HA protein level dramatically increased in cpr1-3 (Figure 4.8F). 

Because RPS2 transcript level in cpr1-3 was only moderately higher than in wild-type (Figure 

4.8G), the increase in RPS2-HA protein level is most likely due to increased stability of RPS2-

HA in cpr1-3. A similar approach was used to test for the correlation between CPR1 and RPS4, 

where minor effect was observed for RPS4-mediated immunity in CPR1 overexpression lines 

(Figure 4.7D). When we transformed the RPS4-HA transgenic line (Wirthmueller et al., 2007) (a 

gift of Jane Parker, MPI, Köln) with the same CPR1-3×FLAG construct. As shown in Figure 4.9, 

the RPS4-HA level remains the same in cpr1 and CPR1 overexpression backgrounds as in wild 

type. In contrast, when the same samples were probed with anti-SNC1 antibody, reverse 

correlation between CPR1 and SNC1 levels was observed (Figure 4.9). Thus CPR1 does not 

seem to regulate RPS4 stability. 
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Figure 4.7: Analysis of basal resistance and resistance mediated by RPS5, RPS4, RPP2, and 
RPP4 in two independent transgenic lines (T1-4 and T1-5) overexpressing CPR1 in wild 
type Col background.  
 

(A) qRT-PCR analysis of the transcript levels of CPR1 in WT, T1-4 and T1-5.  

(B) Growth of Pseudomonas syringae pv. tomato DC3000 in WT, T1-4 and T1-5; eds1-2 plants 

were used as susceptible controls. 

(C-D) Growth of Pseudomonas syringae pv. tomato DC3000 carrying avrPphB (C), and avrRps4 

(D) in T1-4 and T1-5. WT, eds1-2, and ndr1-1 plants were used as controls. (E and F) Growth of 

Hyaloperonospora arabidopsidis Cala2 (E) and H. arabidopsidis Emwa1 (F) on T1-4 and T1-5 

plants. WT and eds1-2 plants were used as controls. fH, free hyphae; HR, hypersensitive 

response; O, oospores; and TN, trailing necrosis. 
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Figure 4.8: Regulation of RPS2-mediated resistance and RPS2 protein accumulation by 
CPR1.  
 

(A-B) Growth of Pst DC3000 carrying avrRpm1 (A) and avrRpt2 (B) that is recognized by 

RPM1 and RPS2, respectively, in two independent transgenic lines (T1-4 and T1-5) 

overexpressing CPR1 in wild type Col background. Wild type (WT) and ndr1-1 plants were used 

as controls.  

(C-D) Expression analysis of RPM1 and RPS2 in the indicated genotypes using qRT-PCR  

(E) Western blot analysis of RPS2-HA protein levels in two CPR1-FLAG transgenic lines (T1-7 

and T1-18) expressing CPR1-FLAG under its own promoter.  

(F) Western blot analysis of RSP2-HA protein levels in cpr1-3. The RPS2-HA transgene was 

crossed into cpr1-3 from a previously described RPS2-HA transgenic line (Axtell and Staskawicz, 

2003). 

(G) Expression analysis of RPS2-HA in the indicated genotypes using qRT-PCR 
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Figure 4.9: RPS4 protein level is not affected by CPR1. 
 

RPS4-HA and SNC1 levels in two independent RPS4-HA lines (T1-2 and T1-3) transformed 

with CPR1-FLAG (A) and in cpr1-3 with RPS4-HA transgene (Wirthmueller et al., 2007) 

crossed into it (B). Total proteins were extracted from the indicated genotypes and probed with 

the specific antibodies to detect levels of CPR1-FLAG, RPS4-HA, and SNC1. Rubisco bands 

were used as loading controls. 
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4.2.9 CPR1 Interacts with SNC1 and RPS2 in vivo 

 

 

F-box proteins are known to form SCF complexes with their substrates. The genetic interaction 

between CPR1 and S+C1, plus the negative correlations between CPR1 protein level and 

accumulation of SNC1 and RPS2, prompted us to test whether CPR1 associates with SNC1 and 

RPS2 in vivo. Constructs expressing SNC1-HA and CPR1-FLAG fusion proteins were 

cotransformed into Arabidopsis mesophyll protoplasts and immunoprecipitation was 

subsequently performed on the protein extracts using anti-FLAG agarose beads. As shown in 

Figure 4.10A, SNC1-HA coimmunoprecipitated with the CPR1-FLAG protein. When RPS2-HA 

and CPR1-FLAG were coexpressed in Arabidopsis mesophyll protoplasts, RPS2-HA also 

coimmunoprecipitated with CPR1-FLAG (Figure 4.10B). These data suggest that CPR1 does 

associate with SNC1 and RPS2 in vivo, probably in SCF complexes, to target SNC1 and RPS2 

for degradation. Because the point mutation in snc1 stabilizes the SNC1 protein, we asked 

whether it caused a reduction of affinity with CPR1. As shown in Figure 4.10C, in Arabidopsis 

mesophyll protoplasts coexpressing CPR1-FLAG and SNC1-HA or snc1-HA, when 

immunoprecipitation was performed on the protein extracts using anti-HA microbeads, SNC1-

HA and snc1-HA are both able to pull down CPR1. The snc1 mutation does not seem to have 

any obvious effect on interactions between CPR1 and SNC1 in this assay. However, when the 

immunoprecipitated samples were probed with an anti-ubiquitin (Ub) antibody, much less 

ubiquitination was observed in the immunoprecipitated snc1-HA, suggesting that SNC1 is a 

better substrate for ubiquitination than snc1. 
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Figure 4.10: Interactions between CPR1 and S"C1 (A) or RPS2 (B).  
 

(A) In vivo pull-down of SNC1-HA by CPR1-FLAG.  

(B) In vivo pull-down of RPS2-HA by CPR1-FLAG. 

(C) Immunoprecipitation of SNC1-HA or snc1-HA and ubiquitination levels of SNC1-HA or 

snc1-HA proteins. 

Arabidopsis mesophyll protoplasts were transfected with the indicated constructs. Total protein 

extracts were subjected to immunoprecipitation with anti-FLAG agarose beads. Crude lysates 

(Input) and immunoprecipitated proteins (Elute) were detected with anti-FLAG or anti-HA 

antibodies.
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4.3 Discussion 
 
 
In plants, SCF-mediated protein degradation is involved in the regulation of diverse biological 

processes. The most well studied examples are from auxin signaling. SCF
TIR1

 and its 

homologous F-box proteins serve as auxin receptors and modulate Aux/IAA proteins for 

degradation (Santner and Estelle, 2009). There is evidence that SCFs are also involved in the 

regulation of plant immunity. In tobacco, N mediated resistance response to TMV was 

compromised when SKP1 was silenced (Liu et al., 2002). In addition, the tobacco F-box protein 

ACIF1 is required for the Cf-9- and Cf-4-mediated hypersensitive response, whereas the 

Arabidopsis F-box protein SON1 plays a negative role in defence (Kim and Delaney, 2002; van 

den Burg et al., 2008). 

Recently it was shown that mutations in the F-box protein CPR30/CPR1 lead to 

constitutive expression of PR genes and enhanced pathogen resistance (Gou et al., 2009), but the 

mechanism of how CPR1 regulates plant defence responses was unclear. In this study, we 

provide strong evidence that SCF
CPR1

 targets the NLR R-like protein SNC1 for degradation to 

prevent overaccumulation of SNC1 and autoimmunity. Loss-of-function mutations in CPR1 

result in increased SNC1 accumulation, and the constitutive defence responses in cpr1 are 

largely dependent on S+C1. In addition, overexpression of CPR1 reduces the accumulation of 

SNC1 protein and suppresses the autoimmunity phenotype in snc1. Previously it was shown that 

SRFR1 and SGT1b are also involved in the negative regulation of SNC1 accumulation (Li et al., 

2010). Because SRFR1 interacts with SGT1 and SGT1 associates with SKP1 and CUL1 in vivo 

(Azevedo et al., 2002; Shirasu, 2009; Li et al., 2010), SRFR1 and SGT1b may regulate the 

stability of SNC1 through modulating the activity of SCF
CPR1

. In support of this hypothesis, 

association of SNC1 and SRFR1 was detected from coimmunoprecipitation experiments in 

transient expression system in tobacco (Kim et al., 2010). 

In addition to SNC1, SCF
CPR1

 also negatively regulates the stability of RPS2. Loss of 

CPR1 function leads to increased RPS2 levels, whereas overexpression of CPR1 reduces the 

accumulation of RPS2 and severely compromises RPS2-mediated immunity. Furthermore, 

overexpression of CPR1 abolishes immunity mediated by RPM1 and slightly compromises 

resistance specified by several other R proteins, such as RPP2 and RPP4, suggesting that 

SCF
CPR1

 may also target these R proteins for degradation. In contrast, overexpression of CPR1 

hardly affects the resistance mediated by RPS4 and RPS5. Whether the stability of these R 

proteins is controlled by other F-box proteins remains to be determined. It was surprising to us 

that CPR1 targets SNC1 and RPS2, two quite different NLR proteins, yet doesn’t target RPS4, 

which is more closely related to SNC1. It is possible that CPR1 may recognize a common feature 

shared between SNC1 and RPS2, but not with RPS4. 

Previous studies on RAR1-SGT1-HSP90 demonstrated that correct folding and 

maintaining NLR R proteins above a threshold level are required for quick induction of defence 

responses when under pathogen attack. Meanwhile, the activities and protein levels of NLR R 

proteins need to be tightly controlled to prevent activation of defence responses without the 

presence of pathogens because constitutive activation of defence responses is detrimental to 

growth and development (Shirasu, 2009). Our study identified SCF-mediated protein degradation 

as a critical mechanism for regulating the stability of plant NLR R proteins, suggesting that NLR 

R proteins are maintained at proper levels by balanced activities from the RAR1-SGT1-HSP90-

mediated assembly and proteasome-mediated degradation. Because overexpression of NLR 
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immune receptors also results in autoactivation of immune responses in animals, and plant and 

animal NLRs are structurally similar, it will be interesting to test whether the stability of NLR 

proteins in animals is also controlled by a similar SCF-mediated mechanism. 

 
 
4.4 Material and Methods 
 
 
4.4.1 Plant Growth Conditions and Mutant Phenotypic Characterization 

 

 

All plants were grown at 22 °C under a long-day (16-hour light/8-hour night) regime. Gene 

expression analysis was carried out by extracting total RNA from 2-week-old plate-grown plants. 

The extracted RNA was then reverse-transcribed to obtain cDNA. Real-time PCR was performed 

and the expression levels of Actin1, PR1, and PR2 were determined as described previously 

(Zhang et al., 2003). Infection experiments with P. syringae and H. arabidopsidis (previously 

Hyaloperonospora parasitica) were performed as previously described (Li et al., 2001). H. 

arabidopsidis infection details were visualized under a light microscope after staining leaves 

with lactophenol Trypan blue (Koch and Slusarenko, 1990). 

 

 

4.4.2 Construction of Plasmids and Arabidopsis Transformation 

 

 

The coding sequence of At4g12560 (CPR1/CPR30) was PCR-amplified using primers  

5’ cggGGTACCATGGCGACGATTCCAATGGA 3’ and  

5’ CGCggatccTTATAAGACCAGCTTGAATC 3’ from wild-type Col cDNA. The amplified 

fragment was then digested with KpnI and BamHI and cloned into pHA+-35S to generate 

pHA+-35S::CPR1. For the construction of pCAMBIA1305-pCPR1::CPR1-3×FLAG, the 

fragment containing 1,914 bp upstream of the start codon of CPR1 and the CPR1 genomic 

sequence was amplified by using primers  

5’ cggGGTACCaaatcacaagtcacctgacc 3’ and  

5’ CGCggatccTAAGACCAGCTTGAATCCTTTGG 3’ from wild-type Col genomic DNA. The 

fragment was digested with KpnI and BamHI and cloned into pCAMBIA-3×FLAG to generate 

pCAMBIA1305-pCPR1::CPR1-3×FLAG. The above plasmids were electroporated into 

Agrobacterium and subsequently transformed into the appropriate Arabidopsis genotypes by 

floral dipping method (Clough and Bent, 1998). 

Transient expression vectors pUC19-35S-FLAG-RBS and pUC19-35S-HA-RBS (kindly 

provided by Dr. Jian-Min Zhou, National Institute of Biological Sciences, Beijing, People’s 

Republic of China) containing the cauliflower mosaic virus 35S promoter, 3×FLAG or 3×HA, 

and a Rubisco Small Subunit terminator were used for transient expression of CPR1 and R 

protein-coding genes in protoplasts. CPR1, S+C1, and RPS2 coding sequences were PCR-

amplified using primers listed in Table 4.1. The amplified fragments were digested with 

restriction enzymes indicated in the same table and ligated into pUC19-35SFLAG-RBS or 

pUC19-35S-HA-RBS. The resulting constructs were used in the Arabidopsis mesophyll 

protoplasts transient expression system (Yoo et al., 2007). 



 92 

 

Table 4.1: List of primers used in constructing protoplast transient expression constructs 
 

Primer Name primer sequence (5'-->3') 

restriction enzyme 

used for cloning 

CPR1-KpnI-F cggGGTACCaaatcacaagtcacctgacc 

CPR1-BstBI-R gccGGATCCTTCGAATAAGACCAGCTTGAATCCTTT KpnI and BstBI 

SNC1-KpnI-F ccgGGTACCATGGAGATAGCTTCTTCTTC 

SNC1-SalI-R gccGGATCCgtcgacGTTACCAGAAACAGGAAACA KpnI and SalI 

RPS2-KpnI-F ccgGGTACCATGGATTTCATCTCATCTCTTAT 

RPS2-SalI-R gccGGATCCgtcgacATTTGGAACAAAGCGCGGTA KpnI and SalI 

 

 

4.4.3 Generation of Arabidopsis Protoplasts 

 

 

Arabidopsis mesophyll protoplasts were generated by following the protocol from Yoo et al. 

(Yoo et al., 2007), with minor modifications. Leaf strips were digested in enzyme solution (0.4 

M mannitol, 20 mM KCl, 20 mM Mes pH 5.7, 10 mM CaCl2 and 0.1% BSA) with 1.3% 

cellulose R10 (Yakult Pharmaceutical Ind. Co., Ltd.) and 0.3% Macerozyme R10 (Yakult 

Pharmaceutical Ind. Co., Ltd.) for 2.5 hours with gentle shaking. The protoplast solution was 

filtered through a 100 µm nylon mesh and washed once with W5 solution (154 mM NaCl, 125 

mM CaCl2, 5 mM KCl, and 2 mM Mes pH 5.7). Isolated protoplasts were resuspended in W5 

solution and incubated on ice for 30 minutes. After incubation, protoplasts were pelleted down 

and resuspended in MMG solution (0.4 Mmannitol, 15 mM MgCl2, and 4 mM Mes pH 5.7). For 

coimmunoprecipitation, we used 2 mL of protoplasts (in MMG solution), 100 µL of plasmid A 

(1 µg/µL), 100 µL of plasmid B (1 µg/µL; or H2O for controls), and 2.2 mL PEG solution [40% 

PEG4000 (Fluka; cat. no. 81240), 0.2 M mannitol and 100 mM CaCl2]. The resulting 

transfection mix was well mixed and allowed to react for 10 minutes. The mix was then diluted 

with 8 mL W5 solution to stop the reaction. 

 

 
4.4.4 Plant Total Protein Extraction, Protein Immunoprecipitation, and Western Blot Analyses 

 

 

Plant total protein was extracted from 100 mg of 12-day-old plate-grown plants using extraction 

buffer (100 mM Tris-HCl pH 8.0, 0.2% SDS and 2% β-mercaptoethanol). Laemmli buffer (4×) 

was added to each protein sample and boiled for 5 to 10 minutes. The resulting protein samples 

were subjected to Western blot analyses.  

For protein immunoprecipitation, proteins in the tranfected protoplasts were extracted 

using 1.5 mL grinding buffer [50 mM Tris-HCl pH 7.5, 10 mM MgCl2, 150 mM NaCl, 0.1% 

Nonidet P-40, 1 mM PMSF, 1× Protease Inhibitor Coctail (Roche; Cat. #11873580001), and 100 

µM MG132]. The sample was spun at 16,000 × g for 10 min at 4 °C to remove cellular debris. 

40µL of the supernatant was saved as input. The rest of the supernatant was transferred to a tube 

containing 35 µL anti-FLAG M2 beads (Sigma; Cat. #A2220) and incubated for 2 hours at 4 °C 

with gentle rotation. After incubation, the beads were spun down at 1,500 × g for 30 seconds at 4 
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°C. The beads were washed thoroughly with 1 mL of grinding buffer three times before 

immunoprecipitated proteins were eluted with 60 µL 3 × FLAG peptide (150 µg/mL; Sigma, Cat. 

#F4799).  

The anti-SNC1 antibody was generated against a SNC1-specific peptide in rabbit (Li et 

al., 2010). The anti-HA antibody was from Roche (Cat. #11867423001). The anti-FLAG 

antibody and the anti-Ubiquitin antibody were both from Sigma (Cat. # F1804 and U0508, 

respectively). 
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5 Final Summary and Future Perspectives 
 
 
Land plants, which are sessile organisms, rely entirely on the innate immune system to protect 

themselves against pathogen invasions. Among host-pathogen interactions, the R protein-

mediated resistance is the most effective defence mechanism. Most of the R proteins are 

intracellular nuclear-binding (NB) and leucine-rich repeat (LRR) containing proteins (Chisholm 

et al., 2006; DeYoung and Innes, 2006; Jones and Dangl, 2006). These NB-LRR proteins often 

recognize the presence of pathogen effectors and activate a series of defence responses that 

usually culminate in localized programmed cell death, hypersensitive response (HR), to restrict 

spreading of pathogens to unaffected tissues (Nurnberger and Scheel, 2001; Greenberg and Yao, 

2004).  

snc1, which carries a gain-of-function mutation in a TIR-type NB-LRR R protein, 

exhibits constitutive defence responses in the absence of pathogens (Li et al., 2001; Zhang et al., 

2003). Interestingly, unlike other gain-of-function R protein mutants, which often show 

uncontrollable cell death/HR (Hwang et al., 2000; Bendahmane et al., 2002; Shirano et al., 2002; 

Palma et al., 2010), snc1 plants do not exhibit any macroscopic or microscopic HR (Li et al., 

2001). Beside autoimmune phenotypes, snc1 mutant plants also show very distinctive 

morphological phenotypes, including stunted growth and curled leaves. The autoimmune 

phenotypes of snc1 with no HR and its distinctive morphological phenotypes make snc1 a unique 

tool for identifying signalling components downstream of the R protein. To search for these 

signalling components, snc1 suppressor screens were conducted. From the screens, fifteen 

extragenic mos (modifier of snc1) mutants were found. The MOS genes identified by mos 

mutations encode proteins that participate in various cellular functions including epigenetic 

regulation (MOS1 [Li et al., 2010; Li et al., 2011]), transcriptional repression (MOS10 [Zhu et 

al., 2010]), nucleo-cytoplasmic trafficking (MOS6 [Palma et al., 2005] and MOS14 [Xu et al., 

2011]), protein modifications (MOS5 [Goritschnig et al., 2007] and MOS8 [Goritschnig et al., 

2008]), and a large class of MOS proteins involved in RNA processing/metabolism (MOS2 

[Zhang et al., 2005], MOS3 [Zhang and Li, 2005], MOS4 [Palma et al., 2007], MOS11 [Germain 

et al., 2010], and MOS12 [Xu et al., 2012]). 

 

 
5.1 "uclear-Cytoplasmic Trafficking and Plant Immunity – MOS7 
 

 

mos7-1, a mutant generated by fast neutron bombardment, partially suppresses all snc1 

associated defence and morphological phenotypes (Figure 2.1). Positional cloning followed by 

direct single gene sequencing identified an in-frame twelve-base-pair deletion in the fourth exon 

of At5g05680 in mos7-1 (Figure 2.2). The predicted MOS7 protein shows amino acid sequence 

homology to human and Drosophila nuclear porin 88 (Nup88 or Mbo [members only]; Figure 

2.3). In humans and Drosophila, Nup88 is required for binding and sequestering the exportin 

CRM1/XPO1, which is an export receptor for proteins with leucine-rich nuclear export signals 

(NES), at the nuclear rim. Failure to sequester CRM1/XPO1 would result in insufficient 

retention of nuclear proteins bearing NES (Roth et al., 2003; Bernad et al., 2004; Xylourgidis et 

al., 2006). While knock-out of Nup88 results in lethality, knock-down studies in these two 
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systems showed that NFκB, a key immune regulator in animal cells, failed to accumulate inside 

the nucleus and resulted in impaired defence activation (Uv et al., 2000).  

Consistent with its homology with Nup88, MOS7 localizes to the nuclear rim (Figure 

2.6). Like its animal homologs, null mutations in MOS7 are lethal; the partial loss-of-function 

allele mos7-1 showed compromised basal resistance and resistance mediated by several R 

proteins (Figure 2.4). Further investigation of nuclear-cytoplasmic distribution of EDS1 and 

NPR1, two important plant immune receptors, revealed that in mos7-1 mutant background, the 

overall levels of EDS1 and NPR1 are markedly reduced (Figure 2.8 and 2.9). Interestingly, while 

studying the mechanistic function that MOS7 plays in plant innate immunity, we found that the 

majority of SNC1 localizes in the cytoplasm, whereas a small portion (~5-10%) of SNC1 protein 

resides in the nucleus. In mos7-1, this nuclear-cytoplasmic distribution of SNC1 is altered 

(Figure 2.7). The suppression of snc1 autoimmune and morphological phenotypes by mos7-1 is 

likely a combined effect of altered SNC1 nuclear-cytoplasmic distribution and markedly reduced 

protein levels of EDS1 and NPR1. 

Nuclear-cytoplasmic trafficking plays essential roles in immunity in animals (Ting et al., 

2006). However, its roles in plant immunity remain elusive. This study highlights NES-mediated 

nuclear export as a component in regulating defence outputs. Identification of MOS7, together 

with previous studies on MOS6, from the same snc1 suppressor screen, reveals the importance of 

nuclear-cytoplasmic trafficking in plant innate immunity. The striking similarity of the roles that 

nuclear-cytoplasmic trafficking plays in plant and animal immunity suggests a conserved 

function of Nup88/MOS7 in regulating innate immunity in both kingdoms.  

The intracellular NB-LRR R proteins serve as immune receptors to recognize pathogens 

and activate disease resistance. However, the site of pathogen effector recognition and the 

signaling transducing mechanisms employed by R proteins are largely unknown. Several recent 

studies suggested that the nuclear pool of numerous plant NB-LRR R proteins are important in 

defence activation, including the TIR-type RPS4 (Wirthmueller et al., 2007), RRS1 (Tasset et al., 

2010) and N (Burch-Smith et al., 2007), and the CC-type MLA10 (Shen et al., 2007) and Rx 

(Sacco et al., 2007; Tameling and Baulcombe, 2007); however, the exact role that these NB-LRR 

immune receptors play inside the nucleus is not clear. Besides RRS1, which is predicted to have 

the ability to bind to DNA molecules because of its C-terminal WRKY domain, none of the 

above mentioned NB-LRR R proteins are annotated to have the ability to bind to DNA (Meyers 

et al., 2003).  

Although a number of studies suggested that nucleo-cytoplamisic trafficking is important 

for R protein function, this is not to restrict the cellular compartment of where NB-LRR proteins 

function. A recent study on the CC-type NB-LRR R protein RPM1 suggested that RPM1 is 

activated on the plasma membrane and does not relocalize to the nucleus (Gao et al., 2011). This 

study adds the diversity of the sites of R protein recognition and signaling transduction 

mechanisms to achieve the final outcome as immunity. 

During the investigation of MOS7, we found that a sub-pool of snc1 also localizes inside 

the nucleus (Figure 2.7). Similar to most of the nuclear localized R proteins, SNC1 lacks DNA 

binding ability judging by its predicted protein sequence. Like its name suggests, MOS7/Mbo 

(members only) acts as the doorkeeper controlling the molecular traffic across the nuclear pore. 

It would be interesting to know how the NB-LRR proteins gain access to the nucleus, and what 

the dynamics of these R proteins in response to pathogen invasion is. Do they travel alone or are 

they shuttled in as a complex, and what are their functions inside the nucleus? A combination of 
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genetic and biochemical approaches may help to decipher the molecular functions of SNC1 

inside the nucleus, and enhance our understanding on how plants achieve immunity.  

 

  

5.2 Epigenetic Regulation of R Genes – MOS9 
 

 

Like mos7-1, mos9 was identified from the same snc1 suppressor screen generated using fast 

neutron bombardment. mos9 partially suppresses all snc1-associated autoimmune and 

morphological phenotypes (Figure 3.1). Crude mapping followed by Agrobacteria-mediated 

transformation of overlapping TAC clones covering the region of interest suggested that mos9 

mutation is in an interval containing six genes on the top arm of chromosome I (Figure 3.2). 

Direct single gene complementation indicated that MOS9 is At1g12530. MOS9 encodes a plant 

specific protein with no known domains and previously unknown function. Subcellular 

localization of MOS9 using MOS9-GFP fusion protein construct revealed that it localizes to both 

nucleus and cytoplasm (Figure 3.6).  

Immunoprecipitation using MOS9-GFP complemented transgenic plants, followed by 

mass spectrometric analysis showed that one of the MOS9 interacting proteins is a SET domain 

containing protein, ATXR7 (Arabidopsis trithorax-related protein 7). Like mos9, mutation in 

ATXR7 partially suppresses all snc1-associated autoimmune and morphological phenotypes 

(Figure 3.8). Studies of ATXR7 showed that it is required for tri-methylation of lysine 4 of 

histone H3 (H3K4me3) and for transcriptional activation of Flowering locus C (FLC; Tamada et 

al., 2009). Identification of ATXR7 as an interacting partner of MOS9 led us to ask whether 

MOS9 role in plant immunity is to regulate methylation status of histone proteins. Supporting 

our hypothesis, the transcription levels of S+C1 and a neighbouring R protein-encoding gene 

RPP4 are reduced in mos9 and atxr7 mutant backgrounds (Figure 3.5H, 3.8C and 3.10). The 

reduced RPP4 expression level in mos9 and atxr7 is associated with compromised RPP4-

mediated resistance against Ha Emwa1 (Figure 3.10). A chromatin immunoprecipitation (ChIP) 

experiment using specific antibodies against H3K4me3 revealed that H3K4me3 levels around 

the S+C1 and RPP4 genes are remarkably reduced (Figure 3.10). 

MOS1, the first MOS gene cloned from the snc1 suppressor screen, encodes a protein 

with a BAT2 domain at its N terminus. Studies of MOS1 found that it is involved in epigenetic 

transcriptional regulation of S+C1 (Li et al., 2010). In the absence of pathogen infections, R 

genes are expressed at low levels (Tan et al., 2007), presumably to maintain plants’ competency 

to prepare for immunity and take part in basal defence. When they encounter pathogens, plants 

must achieve and maintain proper R gene expression to ensure the production of enough R 

protein molecules in the battle for pathogen recognition, defence activation, and defence 

amplification and maintenance. Excessive R gene expression would lead to autoimmunity and 

fitness loss, while insufficient expression would lead to disease. Hitherto, little was known on 

how epigenetic regulation plays a role in plant immunity (Berr et al., 2012; Gutzat and Mittelsten 

Scheid, 2012).  

The identification of two MOS proteins, MOS1 and MOS9, from snc1 suppressor screens 

that function in epigenetic regulation of S+C1 transcription emphasizes the importance of 

epigenetic regulation in plant immunity. It would be interesting to know if MOS1 and MOS9 

function co-ordinately in regulating R gene expression. MOS9 localizes both in the cytoplasm 

and in the nucleus. MOS9 interactor ATXR7 functions as chromatin remodelling protein and it is 
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believed that ATXR7 is a nuclear-localized protein; however, there is no experimental evidence 

that the subcellular localization of ATXR7 is solely nuclear. It would also be interesting to know 

the dynamics of MOS9 and ATXR7 during defence responses. Do they stably associate as a 

protein complex, or do they form a “defensome” in response to pathogenic cues? Future in-depth 

studies should reveal the complete picture of the intricate epigenetic regulation of expression of 

R genes. 

 

 

5.3 Regulation of R Protein Stability – SCFCPR1 
 

 

The activity of R proteins, how R proteins are structurally regulated, and how danger signals are 

transduced from activated R proteins to downstream components have been the focus of R 

protein-mediated resistance studies in the past decade. Detailed studies in the HSP90-SGT1-

RAR1 complex suggested that these three highly conserved eukaryotic proteins are involved in 

the following three aspects of NB-LRR R protein quality control: 1) assembly/folding of R 

proteins, 2) preparing R proteins in the effector recognition competent state and 3) regulating the 

stability/turnover of these proteins (Kadota et al., 2010; Kadota and Shirasu, 2012). However, 

negative regulation of NB-LRR immune sensors through disassembly/degradation has long been 

the missing piece in both animal and plant immunity (Coll and O'Neill, 2010). Serendipitously, 

we came across the data published by Dr. Guoying Wang’s group on CPR1 (previously named 

CPR30 [Gou et al., 2009]). This publication describes positional cloning and genetic 

characterization of the mutant cpr1-2. CPR1 encodes an F-box containing protein, a member of 

the SCF E3 ubiquitin ligase that functions in recognizing protein substrates for 26S proteasome-

mediated degradation (Ho et al., 2006; Hua and Vierstra, 2011). cpr1-2 phenocopies snc1 in all 

aspects. Also, like snc1, the phenotypes of cpr1-2 depend on EDS1 and PAD4 (Gou et al., 2009). 

While mapping the cpr1-2 locus, the recombinant frequencies flanking the mapping region 

(chromosome IV; 7.4-7.5Mb) were skewed, suggesting that a locus close to cpr1-2 is affecting 

the mutant phenotype. Indeed, S+C1 (chromosome IV; 9.5Mb) is located very close to cpr1-2 

locus. These interesting data led us to hypothesize that SNC1 may be a target of the F-box 

protein, CPR1. Supporting our hypothesis, overexpression of CPR1 is able to suppress all snc1-

associated phenotypes (Figure 4.6), whereas cpr1 autoimmune phenotypes can be largely 

suppressed by S+C1 loss-of-function mutation (Figure 4.5). In addition to our genetic data, we 

were able to demonstrate that CPR1 physically associates with SNC1 (Figure 4.10). Our study on 

CPR1 was the first to report how plant NB-LRR immune receptors are negatively regulated by 

the ubiquitin-26S proteasome.  

The identification of RPS2, a CC-type NB-LRR R protein, as another target of CPR1 but 

not RPP4 or RPS4, which are TIR-type NB-LRR proteins highly homologous to SNC1, was 

unexpected. This finding led us to ask what determines substrate specificity of CPR1 for NB-

LRR proteins. Future in-depth mutational analysis on SNC1 and RPS2 may help us pinpoint the 

domain/consensus amino acid sequence of NB-LRR proteins being recognized by CPR1. 

Knowing how substrate specificity is determined by CPR1 could also help us identify other NB-

LRR proteins that are potential substrates of CPR1. 

Overall, my studies on MOS7, MOS9 and CPR1 have increased our understanding of the 

importance of nucleo-cytoplasmic trafficking, epigenetic regulation and protein stability in 

SNC1-mediated immunity. By using the autoimmune mutant, snc1, in the model plant 
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Arabidopsis thaliana, my thesis work provides new insights and a starting point for dissecting 

the intricate and sophisticated regulatory mechanisms plants employ in protecting themselves 

against diverse pathogenic attacks. 
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