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Abstract

Nucleotide-binding leucine-rich repeat (NLR) immune receptors play crucial roles in
pathogen recognition and defense activation in animals and plants. The immune responses
mediated by NLR proteins are tightly regulated in plants so that the host effectively
responds to pathogen attack without experiencing autoimmunity. However, the
mechanisms underlying this regulation are not fully understood. To better understand this
process, a mutant snci-enhancing (MUSE) forward genetic screen was performed in
model plant Arabidopsis thaliana. This thesis describes the identification and
characterization of two genes encoding negative regulators of defense responses, MUSE1
and MUSE15, respectively.

MUSE1 encodes a previously uncharacterized RING domain protein exhibiting E3 ubiquitin
ligase activity. It has a close paralog in the Arabidopsis genome, which is MUSE2. Albeit
both musel and museZ2 single mutants are wild type (WT)-like, the musel muse2 double
knockout mutant displays severe autoimmunity, suggesting their overlapping functions in
regulating defense. Through epistatic analysis, it was found that the autoimmunity of
musel muse? is fully dependent on SNC1, suggesting that MUSE1 and MUSE2 are
specifically involved in the regulation of SNCl-mediated immunity. Genetic and
biochemical analyses excluded SNC1, bHLH84 and MOS10 from being potential
ubiquitination substrates of MUSE1 and MUSE2, and offered clues to the identity of the
substrates of MUSE1 and MUSE2. These findings add to the growing list of characterized
E3 ubiquitin ligases involved in the stringent regulation of NLR-mediated immunity.

MUSE15 encodes ADR1-L1, which belongs to the ADR1 helper NLR family. Previous studies
have demonstrated that the ADR1 family is required for defense mediated by multiple
sensor NLRs. Unexpectedly, loss of ADRI-L1 enhances immunity-related phenotypes in
multiple autoimmune mutants including snci, cpri, bal and /sd1. This immunity-enhancing
effect is not mediated by increased SNC1 protein stability, nor is it fully dependent on the
accumulation of defense hormone salicylic acid (SA). Transcriptional analysis revealed an
up-regulation of ADRI and ADRI-L2 in the adri-L1 background, which may over-
compensate the loss of ADR1-L1, leading to stronger defense responses. The complex
regulation within the ADR1 family extends our knowledge on the interplay among helper
NLRs.
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The work described in this thesis is the culmination of research from September 2010
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Chapter 2 - Two E3 ubiquitin ligases with overlapping functions, MUSE1 and
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1. Introduction

1.1 Plant immunity

In nature, plants are constantly surrounded by a broad spectrum of microbial pathogens.
Nevertheless, for a given plant host, few types of pathogens can cause diseases. This is
largely because of the existence of three major tiers of defense mechanisms in plants
(Dangl and Jones, 2001; Chisholm et al., 2006; Jones and Dangl, 2006). Firstly, physical
and chemical barriers prevent a majority of potential pathogens from accessing plant cells
(Underwood, 2012; Serrano et al., 2014). Secondly, specialized plasma membrane-
localized receptors recognize conserved molecular patterns associated with pathogens and
trigger downstream defense activation (Macho and Zipfel, 2014). Thirdly, a collection of
highly specific intracellular receptors perceive pathogen-derived effector molecules and
trigger more robust defense (Bernoux et al., 2011a; Cui et al., 2015; Li et al., 2015).
Equipped with such a multilayered immune system, plants are capable of successfully
defending themselves against attacks by pathogens in most cases to prevent diseases
(Figure 1.1).

1.1.1 Physical and chemical barriers

Preformed rigid structures in plants serve as the first obstacle to microbial pathogens. The
hydrophobic cuticle layer coats the surface of aerial plant organs, preventing many
prospective microbial pathogens from reaching the interior of a plant host (Serrano et al.,
2014). At the cellular level, the rigid cell wall acts as an additional layer of protection for
individual plant cells. In addition, plant cells are able to actively reinforce the cell wall
through the deposition of callose beneath sites of pathogen detection, forming thickened

structures called papillae (Jacobs et al., 2003).

Besides physical barriers, plants synthesize and secrete diverse secondary metabolites

with antimicrobial properties, a process usually enhanced in response to attempted
1



infection by plant pathogens (Bednarek, 2012). For instance, the indole-type
phytochemical camalexin in Arabidopsis has been shown to play a crucial role in defense
against bacterial and oomycete pathogens (Glazebrook and Ausubel, 1994; Glazebrook et
al., 1997).

Cell wall-degrading
enzymes
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Co-PRRs
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Cell wall Plasma membrane
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Figure 1.1 The plant immune system.

A schematic diagram illustrating the activation of defense responses within a plant cell. TTSS, type
III secretion system; PAMP, pathogen-associated molecular pattern; PRR, pattern-recognition
receptor; NLR, nucleotide-binding domain leucine-rich repeat protein.

1.1.2 PAMP-triggered immunity (PTI)

In order to overcome the physical barriers of plant hosts, many successful pathogens have
evolved strategies to gain access to the plasma membrane. For example, necrotrophic

pathogens often produce wall-degrading enzymes to deconstruct the cell wall, whereas

2



biotrophic pathogens often rely on penetration or secretory structures such as appressoria
or secretion systems to penetrate the physical barriers (Mendgen and Hahn, 2002; Cunnac
et al., 2009).

Pathogens usually possess conserved molecular patterns referred to as pathogen-
associated molecular patterns (PAMPs). PAMPs are common molecular features shared by
microbial plant pathogens across species. Several examples of known PAMPs are flagellin,
lipopolysaccharides (LPS), and peptidoglycans (PGNs) from bacteria and chitin from fungi
(Monaghan and Zipfel, 2012). Pathogens that overcome the host physical barriers come in
proximity to the host protoplasts, often exposing their PAMPs to the corresponding host
receptors termed pattern-recognizing receptors (PRRs) on the plasma membrane (Nicaise
et al., 2009; Macho and Zipfel, 2014). Upon PAMP recognition, PRRs activate intracellular
signal transduction pathways, usually via Mitogen-Activated Protein (MAP) kinase cascades,

to turn on downstream defense responses (Tena et al., 2001).

One well-studied PRR in Arabidopsis is FLAGELLIN-SENSITIVE 2 (FLS2), a receptor-like
kinase (RLK) with an extracellular leucine-rich repeat (LRR) domain, a transmembrane
domain and an intracellular kinase domain (Gomez-Gomez and Boller, 2000). The ligand of
FLS2 is flg22, a 22-amino acid peptide from the N-terminus of PAMP flagellin. Upon flg22
treatment, FLS2 triggers a series of phosphorylation events, eventually leading to cellular
defense responses. The f/s2 mutants fail to perceive the bacterial elicitor flagellin and thus

exhibit enhanced disease susceptibility (Gomez-Gomez and Boller, 2000).

PRRs often function together with co-receptors to transduce signal (Macho and Zipfel,
2014). The chitin receptor Chitin Elicitor Binding Protein (CeBiP) in rice, for example, lacks
an intracellular signalling domain (Kaku et al., 2006). Upon chitin perception, CeBiP
dimerize and recruits its co-receptor CHITIN ELICITOR RECEPTOR KINASE 1 (OsCERK1),
an RLK, to form a protein complex, which is required to trigger cellular anti-fungal defense
responses (Shimizu et al., 2010). OsCERK1 is also involved in the perception of PGN by
directly interacting with and phosphorylating RECEPTOR-LIKE CYTOPLASMIC KINASE 185
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(OsRLCK185). (Yamaguchi et al.,, 2013). In Arabidopsis, RLK BRI1-ASSOCIATED
RECEPTOR KINASE 1 (BAK1) functions as an essential co-receptor for multiple PRRs
including FLS2 and EF-TU RECEPTOR (EFR), the receptors of PAMP flg22 and elongation
factor (EF)-Tu, respectively (Chinchilla et al., 2007).

The downstream defense responses triggered by PRRs usually include the expression of
pathogenesis related (PR) genes, callose deposition, stomata closure and the accumulation
of defense hormone salicylic acid (SA) (Dodds and Rathjen, 2010). Defense activated
through this pathway is often referred to as PAMP-triggered immunity (PTI). Although
relatively quick, PTI is weak and often fails to prevent successful pathogens from further

colonization (Jones and Dangl, 2006).

1.1.3 Effector-triggered immunity (ETI)

1.1.3.1 Pathogens use effectors to suppress host defense

Over the evolutionary history, an “arms race” exists between plant hosts and plant
pathogens (Jones and Dangl, 2006). Plant hosts have evolved defense mechanisms to
prevent the development of diseases while successful pathogens have evolved strategies
to interfere with defense mechanisms in their corresponding hosts. One of the strategies
that is often employed by pathogens is the production and delivery of immunity-

suppressing molecules termed effectors (Kamoun, 2007; Cunnac et al., 2009).

Bacterial pathogens are often able to assemble syringe-like secretion structures to transfer
effectors. Filamentous pathogens usually form specialized infection structures known as
appressoria, which penetrate through cuticles and cell walls. This allows the subsequent
development of haustoria, invaginated feeding structures in close contact with the host

plasma membrane.



For example, tomato bacterial speck pathogen Pseudomonas syringae pv. tomato (P.s.t.)
DC3000 injects effector protein AvrPtoB into the host cells via the type III secretion
system (Gohre et al., 2008; Xin and He, 2013). AvrPtoB is an E3 ubiquitin ligase that
promotes the ubiquitination and degradation of the PRRs FLS2 and CERK1 in Arabidopsis,
thus impairing the host’s ability to perceive the corresponding PAMPs (Gohre et al., 2008;
Gimenez-Ibanez et al., 2009). Filamentous pathogen Hyaloperonospora arabidopsidis
(H.a.), the causal agent of Downy Mildew in Arabidopsis, secretes the effector HaRxL44
into host cells. HaRxL44 localizes to the nucleus and interacts with the defense component
MEDIATOR SUBUNIT 19a (MED19a), leading to its degradation (Caillaud et al., 2013).

Besides protein degradation, effectors may also interfere with host defense through
cleavage of host proteins (Shao et al., 2003), protection of PAMPs from host recognition
(van den Burg et al., 2006), suppression of stomatal immunity (Lozano-Duran et al., 2014)

or other mechanisms (Jones and Dangl, 2006).

1.1.3.2 Plant NLRs perceive effectors and trigger robust defense

As an additional layer of defense, plant resistance (R) proteins recognize their cognate
effectors secreted by pathogens and trigger robust defense responses (Chisholm et al.,
2006). Hence, effectors that are successfully detected by host R proteins confer disease
resistance in the host, and thus are often referred to as avirulence (Avr) proteins. Both Avr
genes and R genes are highly polymorphic as a result of the intense “arms race” between
pathogens and their plant hosts (Meyers et al., 2003; Jones and Dangl, 2006). This
specific genetic interaction between Avrgenes and R genes was first described by Flor in a
classic gene-for-gene model: the matching recognition between the products of a single
Avr gene from the pathogen and a single R gene from the plant host determines the
outcome of a certain plant-pathogen interaction (Flor, 1971). Successful recognition of Avr
proteins by R proteins often leads to programmed cell death at the site of Avr detection, a
process known as the hypersensitive response (HR), increased expression of defense

genes and the accumulation of SA (Dangl et al., 2013). If a pathogen strain expresses one
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or more Avrgenes whose products can be recognized by the corresponding R proteins in a
specific host, this pathogen is considered avirulent to that host strain. Conversely, a
pathogen strain without effectors that are specifically recognized by any R protein in a

certain host is considered virulent to that host strain.

The majority of the R genes that have been cloned so far encode nucleotide-binding (NB)
leucine-rich repeats proteins (NLRs) (Li et al., 2015). NLRs display considerable structural
diversity, yet their biological functions are highly similar across plant species (Maekawa et
al., 2011a). Based on the two major variant forms at the N terminus, NLRs can be
classified into Toll interleukin receptor (TIR) NLRs (TNLs), and coiled-coil (CC) NLRs
(CNLs). Genetic analyses in Arabidopsis have revealed that the function of TNLs is strongly
dependent on defense components ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1) and
PHYTOALEXIN DEFICIENT 4 (PAD4), whereas that of CNLs often relies on NON-RACE
SPECIFIC DISEASE RESISTANCE 1 (NDR1) to function (Aarts et al., 1998). Therefore, at
least two distinct signal transduction pathways exist downstream of NLR-mediated defense

in Arabidopsis.

In some cases, NLRs perceive Avr proteins through direct intermolecular recognition. For
example, rice CNL Pi-ta perceives Avr-Pita from rice blast fungus Magnaporthe grisea
through physical interaction, which leads to resistance to pathogen strains expressing Avr
-Pita (Jia et al., 2000). Alternatively, NLRs may perceive Avrs indirectly through detecting
the modification of host targets caused by Avrs. Effector perception by guarding host
proteins enables a single NLR to recognize multiple structurally diverse Avrs modifying the
same targets in the host. For example, Arabidopsis CNL RESISTANCE TO P. SYRINGAEPV.
MACULICOLA 1 (RPM1) guards its interacting protein RPM1-INTERACTING PROTEIN 4
(RIN4) against two sequence-unrelated type III effectors AvrRpm1 and AvrB, both of
which manipulate the activity of RIN4 by inducing its phosphorylation by receptor
interacting protein kinase (RIPK). Upon AvrRpm1 or AvrB-induced phosphorylation of RIN4,
RPM1 is activated and triggers downstream immune responses (Mackey et al., 2002;
Chung et al., 2011).



1.1.3.3. Regulation of NLRs

As important components of strong defense in plants, NLRs are under tight regulation at
multiple levels to ensure effective immune responses without causing autoimmunity, which

usually incurs a fitness cost.

Most NLR-encoding genes are expressed at relatively low levels (Li et al., 2015), yet the
regulation of transcription of VLR genes plays a crucial role in controlling their defense
output. For example, ARABIDOPSIS TRITHORAX-RELATED 7 (ATXR7), an H3K4 methyl
transferase, epigenetically regulates the expression of TNL-encoding genes SNCI and
RECOGNITION OF PERONOSPORA PARASITICA 4 (RPP4). In mutant atxr/, the expression
of both SNC1 and RPP4 is decreased and the disease resistance to pathogen H.a. is

severely compromised (Xia et al., 2013).

Post-transcriptional regulation also plays important roles in fine-tuning VLR expression. It
has been shown that Arabidopsis MODIFIER OF SNC1, 4 (MOS4) and MODIFIER OF SNC1,
12 (MOS12) are both required for the proper splicing of 7NL genes RESISTANT TO P.
SYRINGAE 4 (RPS4) and SNC1, as loss-of-function mutants mos4 or mos12 exhibit altered
splicing patterns of TNLs (Xu et al., 2012). Both mos4 and mos12 mutants show enhanced
disease susceptibility to virulent and avirulent pathogens, suggesting that proper splicing
of TNLs is essential to their function (Xu et al., 2012).

Importantly, NLR-mediated defense is under regulation through protein stability control,
consistent with the reported correlation between the levels of NLR proteins and the
strength of defense responses triggered by these NLRs (Xu et al., 2014a). As an example,
Arabidopsis CONSTITUTIVE EXPRESSER OF PR GENES 1 (CPRI) encodes an F-box protein,
a subunit of an E3 ubiquitin ligase (Cheng et al., 2011; Gou et al., 2012). CPR1 physically
interacts with multiple NLRs including RESISTANT TO PSEUDOMONAS SYRINGAE 2 (RPS2)
and SNC1, and mediates their ubiquitination and subsequent degradation (Cheng et al.,

2011). Knockout mutant ¢prl over-accumulates SNC1 protein and exhibits autoimmune
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phenotypes (Cheng et al., 2011; Gou et al., 2012). On the contrary, overexpressing CPR1
leads to enhanced disease susceptibility to virulent pathogen P.s.t. DC3000 and avirulent
pathogen strains A.s.t. DC3000 AvrRptZ, which produces the cognate effector of RPS2
(Cheng et al., 2011; Gou et al., 2012). Another example of stability control of NLR involves
the heat shock protein 90 family (HSP90s) in Arabidopsis. Loss-of-function mutations in
HSP90.2 and HSP90.3 lead to increased accumulation of multiple NLRs including SNC1,
RPS2 and RPS4 and cause autoimmunity (Huang et al., 2014a). On the other hand,
studies have revealed that Arabidopsis HSP90s and their co-chaperones SUPPRESSOR OF
G2 ALLELE OF SKP1 (SGT1) and REQUIRED FOR MLA12 RESISTANCE 1 (RAR1) are
required for the proper folding of a number of NLRs, a process essential to the function of
these NLRs (Shirasu, 2009). These studies on HSP90s suggest a dual role of chaperones in

maintaining NLR homeostasis.

The current model states that NLRs are normally kept in an inactive state by
intramolecular interactions among different domains. Such conformation is disrupted upon
Avr recognition, usually accompanied by an exchange of ADP for ATP at the nucleotide-
binding domain, leading to the activation of downstream defense signaling (Padmanabhan
and Dinesh-Kumar, 2014). For example, structure-function studies of the potato CNL
RESISTANCE AGAINST POTATO VIRUS X (Rx) showed that the intramolecular interaction
between the NB and the LRR domain keeps the receptor in an inactive state (Rairdan and
Moffett, 2006) and that the overexpression of NB domain without the constraint of LRR

causes elicitor-independent programmed cell death (Rairdan et al., 2008).

Emerging evidence indicates that balanced nuclear-cytosolic distribution of NLRs is
indispensable for effective defense triggered by some NLRs. Studies on the interaction
between Arabidopsis defense regulator EDS1 and NLR RPS4 have demonstrated that
forced localization of RPS4 to either the nucleus or the cytosol results in compartment-
specific defense branches, suggesting that the coordination of subcellular localization of
NLRs is essential in balancing multiple aspects of defense output (Heidrich et al., 2011).
Arabidopsis MODIFIER OF SNC1, 7 (MOS7) encodes nucleoporin Nup88, which is involved
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in nucleocytoplasmic trafficking. A study of the mos/7 mutant suggests that proper nuclear

accumulation of NLR SNC1 is required for its defense outputs (Cheng et al., 2009).

1.1.3.4 Interplay among NLRs

Increasing evidence suggests that multiple NLRs often function together in triggering
defense responses (Griebel et al., 2014). Genetic dependence among NLRs has been
reported in multiple studies. In some cases, NLRs dimerize or oligomerize with each other

as part of their activation process.

Two examples of NLRs that self-associate to form oligomers are TNL L6 in flax (Bernoux et
al., 2011b) and CNL MLA10 in barley (Maekawa et al., 2011b). In both cases, the N-
terminal domains of the NLRs are capable of homodimerization, which is required for
immune signaling. Different NLRs may physically interact as well, as in the case of
Arabidopsis TNLs RPS4 and RESISTANT TO RALSTONIA SOLANACEARUM 1 (RRS1), which
form heterodimer through the N terminal TIR domains (Williams et al., 2014). Additionally,
this association was required for the formation of a signalling-competent receptor complex
for effector perception (Williams et al., 2014). By contrast, rice NLR RGA5 forms
heterodimer through its CC domain with NLR R-GENE ANALOG 4 (RGA4) to restrict RGA4-
triggered cell death (Cesari et al., 2014). This restriction is relieved upon binding of Avr-
Pia to R-GENE ANALOG 5 (RGAS5), which results in cell death activation (Cesari et al.,
2013).

The majority of plant NLRs identified thus far fit the canonical gene-for-gene definition of
R proteins, which recognize specific Avrs from pathogens. Due to the high level of
specificity in R-Avr recognitions, single R gene knockout mutants usually have no immune
defect beyond susceptibility to the specific pathogen strains expressing the corresponding
Avrs. As an exception, a number of NLRs have been reported to be required for defense
against multiple virulent and avirulent pathogens. These NLRs are often referred to as
helper NLRs for the more general role they play in defense. The ACTIVATED DISEASE
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RESISTANCE 1 (ADR1) helper NLR family in Arabidopsis consists of three CNL members
with overlapping functions (Bonardi et al., 2011). The adr! triple knockout mutant loses
disease resistance to multiple virulent pathogens, indicating the central role of the ADR1
family helper NLRs as general defense regulators (Bonardi et al., 2011). Interestingly, in
tobacco, N REQUIREMENT GENE 1 (NRG1), a CNL, shows high homology to Arabidopsis
ADR1 and is required by disease resistance mediated by TNL N (Peart et al., 2005).
Structurally, the N-terminal CC domains of the ADR1 family proteins and the NRG1 family
proteins resemble that of Arabidopsis RESISTANCE TO POWDERY MILDEW 8 (RPW8)
protein (Collier et al., 2011). These two families are thus classified as a special type of
CNLs termed CCr-NB-LRR (Collier et al., 2011). Notably, CCr-NB-LRRs are exceptionally
conserved among various monocot and dicot plant species, suggesting their conserved,

ancestral function contrary to that of most canonical NLRs (Collier et al., 2011).

Overall, the complex interplay among plant NLRs reflects their high versatility as immune

receptors.

1.2 Identifying novel defense components through forward genetic screens

1.2.1 Autoimmune mutant snci harbors a gain-of-function mutation in a TNL

In Arabidopsis, SIVC1 encodes a TNL whose cognate Avr remains unidentified (Zhang et al.,
2003). In autoimmune mutant snci, a gain-of-function mutation causes a Glu to Lys single
amino acid substitution between the NB domain and the LRR domain (Zhang et al., 2003).
As a consequence, the stability of the SNC1 protein is increased in the sncl mutant,
leading to constitutively activated defense responses in the plant (Cheng et al., 2011; Gou
et al., 2012). In addition to an elevated level of SA, increased expression of defense genes
and increased disease resistance to various pathogens, sncl mutant plants exhibit
dwarfed morphology with curled leaves, a feature commonly found in autoimmune
mutants (Li et al., 2001). A positive correlation exists between the extent of the snci-like

morphological phenotype and the defense output (Xu et al.,, 2014a). Hence, such
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morphological phenotype serves as a reliable proxy of the strength of defense, enabling

efficient genetic screens without pathogen infection experiments.

1.2.2 The MOS genetic screen

Because mutant sncl has an identifiable autoimmune morphology, it was used as the
genetic background for the modifier of snci (MOS) genetic screen to identify positive
defense regulators involved in NLR-mediated defense pathways. In total, 13 novel MOS
genes were identified from the screen (Johnson et al., 2012), characterized and found to
play diverse biological roles such as transcriptional regulation (Li et al., 2010a; Zhu et al.,
2010; Xia et al., 2013), RNA processing (Zhang et al., 2005; Palma et al., 2007; Xu et al.,
2011; Xu et al., 2012), protein modification (Goritschnig et al., 2007; Goritschnig et al.,
2008) and nucleo-cytoplasmic trafficking (Palma et al., 2005; Zhang and Li, 2005; Cheng
et al.,, 2009; Germain et al., 2010). The success of the MOS screen provided us with

additional insight into the regulation of NLR-mediated defense in plants.

1.2.3 The MUSE genetic screen

In order to identify novel negative regulators of NLR-mediated defense, the Li Lab
performed the mutant, sncz-enhancing (MUSE) screen (Huang et al., 2013). In the MUSE
screen, mutants exhibiting enhanced snci-like autoimmune phenotypes were searched for
within the mutagenized populations, as these individuals are likely to harbor loss-of-
function mutations in negative regulators of defense. The two genetic backgrounds used
for the screen are sncl mos4 and sncl mosZ2 nprl, both WT-like in morphology yet harbor
the gain-of-function mutation in snci, which makes them sensitized genetic backgrounds

for the detection of muse mutants with enhanced immune phenotypes.

Seeds of snc1 mos4 or sncl mos2 nprl were mutagenized with chemical mutagen ethyl
methanesulfonate (EMS) to randomly introduce single nucleotide mutations into the plant

genome. The M2 populations were first screened for mutants that exhibit inheritable snci-
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enhancing phenotypes, including the dwarfed morphology and curled leaves. Lines that
passed the primary screen were subjected to a secondary screen, in which the expression
of the defense marker gene PRZ and resistance to virulent pathogen H.a. Noco2 were
monitored. Mutants that were confirmed to display authentic autoimmune phenotypes

were named muse mutants and further characterized.

From the MUSE screen, loss-of-function alleles of known negative regulatory genes of
defense were expectedly identified, such as bonzail (bonl), cprl and siz1 (Hua et al.,
2001; Lee et al., 2007; Cheng et al., 2011; Gou et al., 2012). In addition, through the
study of various muse mutants, novel defense regulatory genes or discovered novel roles

of previously reported defense components were identified.

1.2.4 Regulation of NLR-mediated immunity by MUSE genes

Of the identified defense components encoded by MUSE genes, many affect NLR protein
stability, emphasizing the major role in defense regulation played by the modulation of
NLR protein levels. MUSE3 encodes an E4 ubiquitin ligase enhancing the polyubiquitination
and protein degradation of NLRs SNC1 and RPS2 (Huang et al., 2014b). Similarly, MUSE13
and MUSE14 encode a pair of functionally redundant TNF Receptor Associated Factor
(TRAF) domain proteins involved in protein turnover of SNC1 and RPS2 (Huang et al.,
2016). MUSE6 encodes a component of the NatA acetyltransferase complex, which
destabilizes SNC1 through acetylation at specific residues at the N-terminus of the NLR
(Xu et al., 2015b). MUSE10 and MUSE12 each encode an isoform of the chaperone HSP90,
which possibly assists the formation of SKP1-CULLIN-F-box (SCF) E3 ubiquitin ligase
complexes and facilitates the degradation of NLRs including SNC1, RPS2 and RPS4 (Huang
et al., 2014a).

In addition to homeostasis regulation by the aforementioned MUSE genes through protein
stability control, some other MUSE genes are involved in transcriptional and post-

transcriptional regulation of VLR genes. MUSE4 encodes a subunit of the RNA Polymerase
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IIT subunit, which is thought to play a specific role in the splicing of NMLR genes, thus
affecting their expression (Johnson et al., 2016). MUSE9 encodes the SWItch/Sucrose
Non-Fermentable (SWI/SNF) chromatin remodeler SPLAYED (SYD), which specifically
regulates SNVCI transcription (Johnson et al., 2015).

Functionally distinct from other characterized MUSE genes, MUSES5 encodes mitochondrial
protein AtPAM16, which may prevent autoimmunity by negatively regulating the
production of reactive oxygen species (ROS) (Huang et al., 2013).

1.3 Ubiquitination in NLR-mediated immunity

1.3.1 The ubiquitination pathway

Ubiquitination is a common type of eukaryotic post-translational protein modification
across kingdoms, in which the small peptide ubiquitin is covalently linked to target
proteins. Over the past two decades, ubiquitination has been shown to play a major role in
various biological processes in plants, with nearly 6% of the Arabidopsis proteome
predicted to be ubiquitinated and removed by the 26S proteasome pathway (Vierstra,
2009).

Ubiquitination usually occurs through a cascade involving three key enzymes: an E1
ubiquitin-activating enzyme, an E2 ubiquitin-conjugating enzyme and an E3 ubiquitin
ligase (Hershko and Ciechanover, 1998). The process begins with the formation of a thiol-
ester bond between a ubiquitin molecule and an E1 ubiquitin-activating enzyme. The
ubiquitin moiety associated with the E1 enzyme is then passed to an E2 ubiquitin-
conjugating enzyme. Subsequently, an E3 ubiquitin ligase mediates the transfer of the
ubiquitin moiety from the E2 enzyme onto the specific target protein to be ubiquitinated,
also known as the substrate of that E3 ligase. Often, the entire process repeats itself
several times, resulting in the formation of a chain of ubiquitin molecules on the substrate.

In some cases, the elongation of the ubiquitin chain on substrates is catalyzed by an
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additional E4 ubiquitin ligase (Kravtsova-Ivantsiv et al., 2013). On the other hand,
deubiquitinating enzymes (DUBs) catalyze the removal of ubiquitins from ubiquitinated

substrates (Neutzner and Neutzner, 2012).

The most common function of ubiquitination is marking substrates for protein degradation
mediated by the 26S proteasome (Smalle and Vierstra, 2004). Protein degradation not
only plays a housekeeping role in removing abnormal proteins, but also has important
function in controlling the amount and activity of short-lived regulatory proteins. In
addition, recycling of proteins provides a supply of free amino acids, the raw material for
synthesizing new proteins. Perturbation in the ubiquitin-proteasome protein degradation
pathway may lead to severe consequences, as exemplified by Alzheimer’s disease in

humans (Riederer et al., 2011).

During ubiquitination, an isopeptide bond is formed between the C terminal carboxyl
group of the ubiquitin molecule to be added, and the €-amino group of a lysine residue
from either the substrate or the growing ubiquitin chain. More recent studies have
revealed that the consequence of ubiquitination is highly dependent on the length of the
ubiquitin chain (Kravtsova-Ivantsiv and Ciechanover, 2012; Kulathu and Komander, 2012).
For example, monoubiquitination is often associated with vesicle trafficking and vacuole-
dependent proteolysis (Tian and Xie, 2013). Beside chain length, how the ubiquitin
elements in a chain are linked to each other also affects the fate of the ubiquitinated
substrate (Chen and Sun, 2009; Kravtsova-Ivantsiv and Ciechanover, 2012; Kulathu and
Komander, 2012). There are seven lysine residues on the ubiquitin molecule. Linkage
through all the seven lysine residues have been detected in ubiquitin chains /n vivo
(Kulathu and Komander, 2012). For example, ubiquitin chains formed through K48 linkage
often lead to 26S proteasome-dependent protein degradation (Kravtsova-Ivantsiv et al.,
2013), whereas K63-linked ubiquitin chains have been shown to regulate protein
trafficking, transcription activation and DNA repair (Haglund and Dikic, 2005). While E3

ubiquitin ligases play a major role in target specificity, the type of ubiquitin chain formed
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in a specific ubiquitination cascade is largely determined by the type of E2 ubiquitin-

conjugating enzyme involved (Ye and Rape, 2009).

1.3.2 Types of E3 ubiquitin ligases

The Arabidopsis genome encodes 2 E1 enzymes, at least 37 E2 enzymes and over 1500
E3 enzymes (Kraft et al., 2005; Hua and Vierstra, 2011). The hierarchical organization of
the E1, E2, E3 enzymes is consistent with the fact the specificity of ubiquitination is
predominantly determined by the matching between the E3 ubiquitin ligases and their

corresponding substrates.

Based on their structural features, E3 ubiquitin ligases can be divided into classes. Simple
E3 ligases include HOMOLOGOUS TO THE E6-AP CARBOXYL TERMINUS (HECT), REALLY
INTERESTING NEW GENE (RING) and U-box proteins, all of which function as single
proteins, together with E1 and E2, mediating the transfer of ubiquitin onto the
corresponding substrates (Cheng and Li, 2012). Notably, HECT E3 ligases form covalent
bonds with the ubiquitin moiety as an intermediate form before transferring the ubiquitin
to their substrates, a unique feature that is absent in all other types of E3 ubiquitin ligases
(Rotin and Kumar, 2009). Complex E3 ubiquitin ligases consist of multiple components
that are often Cullin-based (Hua and Vierstra, 2011). Common complex E3 ligases are
composed of scaffold proteins RING BOX PROTEIN (RBX), CULLIN1 (CUL1) and
SUPPRESSOR OF G2 ALLELE OF SKP1 (SKP1) and an adaptor protein with an F-box
domain (Somers and Fujiwara, 2009), which determine substrate specificity. Other classes
of complex E3 ubiquitin ligases include CULLIN3 - BR-C, TTK AND BAB (CUL3-BTB),
CULLIN4 - UV-DAMAGED DNA-BINDING PROTEIN (CUL4-DDB) and Anaphase Promoting
Complex (APC) types (Cheng and Li, 2012).
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1.3.3 E3 ubiquitin ligases play diverse roles in plants

Regulation of biological processes through ubiquitination-mediated degradation is fast and
accurate. Sessile in nature, plants need to rely on fast cellular responses to environmental
stimulations in order to compensate for their lack of motility. It is therefore not surprising
that numerous studies on the function of various E3 ubiquitin ligases in plants have
revealed their essential and diverse roles in a wide range of biological processes such as

hormone responses, circadian rhythms, abiotic stress responses and plant immunity.

E3 ubiquitin ligases play central roles in signaling pathways downstream of various plant
hormones in Arabidopsis. The F-box protein TRANSPORT INHIBITOR RESPONSE PROTEIN
1 (TIR1) mediates the ubiquitination and subsequent degradation of transcriptional
repressor protein family AUX/IAA in response to the plant growth hormone auxin, leading
to the de-repression of the transcription of auxin-responsive genes (Gray et al., 1999;
Gray et al.,, 2001). In a similar fashion, in the presence of jasmonic acid (JA), F-box
protein CORONATINE INSENSITIVE 1 (COI1) functions as part of an SCF complex to
ubiquitinate jasmonate ZIM-domain (JAZ) family proteins, transcriptional repressors of JA
responsive genes, leading to their protein degradation (Chini et al., 2007; Thines et al.,
2007). Response to gibberellic acid (GA) occurs through the ubiquitination and
degradation of DELLA family repressor proteins mediated by F-box protein SLEEPY1 (SLY1)
upon the binding of the GA receptor GID1 to the DELLA proteins (Dill et al., 2004). On the
contrary, the activation of the ethylene signaling pathway involves the stabilization of
downstream transcriptional regulator ETHYLENE-INSENSITIVE3 (EIN3) through the
prevention of its constitutive protein degradation by F-box proteins EIN3-BINDING F BOX
PROTEIN 1 (EBF1) and EBF2 (Gagne et al., 2004). In addition to the above-mentioned
examples of F-box E3 ligases involved in plant hormone signaling, U-box proteins PUB12
and PUB13 ubiquitinate ABA INSENSITIVE 1 (ABI1), a negative regulator of stress
hormone abscisic acid (ABA), in the presence of ABA (Kong et al., 2015).
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Accumulating evidence suggests that the circadian clock in plants is under regulation by
E3 ubiquitin ligases. For example, Arabidopsis RING E3 ubiquitin ligase SINATS directly
interacts and ubiquitinates circadian oscillator LATE ELONGATED HYPOCOTYL (LHY), as
mutant sinat5 exhibits late flowering phenotype due to increased LHY stability (Park et al.,
2010). Interestingly, SINATS also plays a role in ubiquitin-related degradation of NAC
DOMAIN CONTAINING PROTEIN 1 (NAC1), a transcription activator downstream auxin
signaling, thus attenuating auxin signals (Xie et al., 2002). The pleiotropic function of
SINATS suggests that E3 ubiquitin ligases may function in the cross-talk among various

biological processes in plants.

E3 ubiquitin ligases play roles in the sensing of abiotic stresses and the activation of stress
responses. For example, tomato RING E3 ubiquitin ligase SpRing functions as a positive
regulator of salt tolerance (Qi et al., 2016). Silencing SpRing in tomato leads to increased
sensitivity to salt stress while overexpression of the tomato gene confers enhanced salt
tolerance in Arabidopsis. In another example, an Arabidopsis RING ubiquitin ligase CHY
ZINC-FINGER AND RING PROTEIN 1 (CHYR1) promotes ABA-induced stomata closure
under drought conditions (Ding et al., 2015).

A number of studies have shown that E3 ubiquitin ligases play important roles in the
regulation of defense responses in plants. PUB12 and PUB13, two closely related U-box E3
ubiquitin ligases in Arabidopsis, polyubiquitinate PRR FLS2 and promote PAMP-induced
degradation of the receptor, possibly to prevent over-activation of immune signaling (Lu et
al., 2011). Notably, a recent study demonstrated the involvement of PUB12 and PUB13 in
the ubiquitination and protein degradation of ABI1 (Kong et al., 2015), another example of
E3 ubiquitin ligases involved in the cross-talk among different signaling pathways. PUB22,
PUB23 and PUB24, three Arabidopsis U-box E3 ubiquitin ligases, act as negative regulators
of PTI (Trujillo et al., 2008). PUB22 mediates the degradation of the defense component
EXOCYST SUBUNIT EXO70 FAMILY PROTEIN B2 (Exo70B2), a subunit of the exocyst
complex, and contributes to the attenuation of the PAMP-induced signaling (Stegmann et

al., 2012). In some cases, pathogens suppress host defense by synthesizing E3 ligases
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that hijack the host ubiquitination machinery to down-regulate key defense regulators.
Pseudomonas syringae secrets E3 ubiquitin ligase AvrPtoB, which ubiquitinates and
degrades RLK FLS2 and CERK1 in Arabidopsis and hence promotes pathogenesis (Gohre et
al., 2008; Gimenez-Ibanez et al., 2009).

1.3.4 E3 ubiquitin ligases are involved in NLR-mediated defense

Emerging evidence indicates that NLR-mediated defense is under regulation by the
ubiquitination-proteasome pathway and E3 ubiquitin ligases play important roles in the

stability control of key defense regulators involved.

Arabidopsis F-box protein CPR1 physically interacts and promotes the protein degradation
of multiple NLRs including SNC1 and RPS2 based on genetic and biochemical analyses.
Loss-of-function ¢prl mutant exhibits autoimmune phenotypes, which can be partially
suppressed by knocking out SNVCI. In addition, overexpression of CPR1 leads to enhanced
disease susceptibility to virulent pathogen A.s.t. DC3000, suggesting the existence of
additional defense regulators as the ubiquitination substrates of CPR1 (Cheng et al., 2011;
Gou et al., 2012).

RING1 encodes a RING E3 ubiquitin ligase in Arabidopsis, which is involved in the
pathogen-induced programmed cell death. Overexpression of RINGI in Arabidopsis leads
to spontaneous HR (Lin et al., 2008). The pepper RINGI homolog CaRINGI, plays a
similar role in defense responses, as silencing of CaRING1 in pepper leads to compromised
HR and lowered SA accumulation upon infection with avirulent pathogen Xanthomonas
campestris pv vesicatoria (Lee et al., 2011). On the other hand, overexpression of
CaRING1 in Arabidopsis results in enhanced disease resistance against Pseudomonas

syringae pv. maculicola (P.s.m.) and H.a. (Lee et al., 2011).

Tobacco Avr9/Cf-9 Rapidly Elicited gene 276 (ACREZ276) encodes a U-Box E3 ubiquitin

ligase, whose function is required for the HR triggered by elicitor Avr9 from fungal
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pathogen Cladosporium fulvum, the causal agent of the tomato leaf mold (Yang et al,,
2006). Furthermore, PUB17, the Arabidopsis homolog of ACRE276, also plays a key role in
RPM1- and RPS4-mediated ETI against avirulent A.s.t. DC3000 strains expressing AvrB and
AvrRps4, respectively (Yang et al., 2006).

1.4 Thesis objectives

The primary goal of my thesis research was the isolation, through map-based cloning, of
two muse mutants, musel and musel5, from the mutant snci-enhancing genetic screen,
and the subsequent functional studies of the MUSE1 and MUSE15 genes in the context of
plant immunity. Through the study of the mechanisms underlying how these two MUSE
genes regulate plant innate immunity, I aimed to gain additional insights into the complex
regulation of ETI in plants.
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2. Two E3 ubiquitin ligases with overlapping functions, MUSE1 and
MUSE2, negatively regulate SNC1-mediated plant immunity

2.1 Introduction

Plants are under constant threats from diverse microbial pathogens. To effectively defend
themselves, plants have evolved complex mechanisms to perceive pathogens and trigger
defense responses (Chisholm et al., 2006; Jones and Dangl, 2006; Dangl et al., 2013).
However, successful pathogens usually deliver effectors into host cells that help overcome
defense in hosts (Kamoun, 2007; Cunnac et al., 2009; Xin and He, 2013). Some effectors
are recognized by plant resistance (R) proteins, which trigger rapid and robust defense
responses, usually accompanied by the localized programmed cell death event termed
hypersensitive response. The majority of R proteins identified so far belong to the
nucleotide-binding domain leucine-rich repeat (NLR) class. Typical plant NLR proteins can
be further classified based on the presence of either a Toll/Interleukin-1-receptor-like (TIR)

or CC domain at their N-terminus (Dangl and Jones, 2001; Maekawa et al., 2011a).

In the autoimmune mutant suppressor of npri-1, constitutive 1 (sncl), a gain-of-function
mutation in the TIR-type NLR (TNL)-encoding gene SNCI increases the stability of the TNL,
resulting in constitutively activated defense responses (Li et al., 2001; Zhang et al., 2003;
Cheng et al., 2011). The sncl mutant plants exhibit immune defects including elevated
expression of defense marker genes PRI and PRZ, increased defense hormone SA levels,
and enhanced resistance to virulent pathogens (Li et al., 2001). Morphologically, snci
plants are dwarfed with curly leaves, which is a phenotype commonly observed in
Arabidopsis autoimmune mutants (Alcazar and Parker, 2011). The inverse correlation
between the size of sncl plants and the degree of disease resistance (Xu et al., 2014a)
makes sncl an enabling tool for mutant screening, as its size can serve as an accurate
proxy for immune outputs. Both suppressor screens and enhancer screens have been

carried out with sncl in order to dissect TNL-mediated immunity (Johnson et al., 2012;
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Huang et al., 2013; Li et al., 2015).

Protein ubiquitination plays a major role in the regulation of plant immunity (Trujillo and
Shirasu, 2010; Cheng and Li, 2012; Furlan et al., 2012). Ubiquitination occurs through
step-wise reactions catalyzed by three enzymes: an E1 ubiquitin-activating enzyme, an E2
ubiquitin-conjugating enzyme, and an E3 ubiquitin ligase, resulting in the transfer of one
or more ubiquitin molecules to a substrate protein (Hershko and Ciechanover, 1998;
Pickart, 2001). Most often, ubiquitination marks substrate proteins for degradation via the
26S proteasome (Smalle and Vierstra, 2004). However, more recent studies have revealed
non-proteolytic functions of ubiquitination such as enzyme activity regulation and protein
trafficking (Chen and Sun, 2009). During the ubiquitination process, substrate specificity is
largely determined by the E3 ligase (Pickart, 2001). There are more than 1500 predicted
E3 ligases encoded in the Arabidopsis genome (Hua and Vierstra, 2011), compared to over
600 annotated E3 ubiquitin ligases in the human genome (Li et al., 2008). The larger
number of E3-encoding genes in Arabidopsis reflects more diverse and intricate
regulations of biological processes through ubiquitination in plants. Based on their
structural features and modes of activation, E3 ligases can be classified into several major
classes: RING, U-box, HECT, and various complex E3s which are often Cullin-based
(Cheng and Li, 2012). A number of these E3 ligases have previously been shown to be
involved in regulating plant immunity (Cheng and Li, 2012). For example, the F-box
protein CPR1 is part of an E3 ubiquitin ligase complex involved in the turnover of NLR

proteins (Cheng et al., 2011).

Negative regulation of plant immunity is crucial to plant survival, as uncontrolled activation
of defense responses can lead to autoimmunity, loss of overall fitness, and potentially
lethality. Previous studies have shown that NLR-mediated defense in plants is under tight
negative regulation (Li et al., 2015), although the mechanisms underlying this regulation
remain largely unexplored. In this chapter, I report the identification and functional
analysis of MUSE1 (Mutant, sncil-enhancing 1), which encodes a novel E3 ligase that

negatively regulates immunity in Arabidopsis. MUSE1 and its paralog, MUSE2, are two
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RING E3 ubiquitin ligases which have overlapping functions in controlling SNC1-mediated

defense responses.

2.2 Results

2.2.1 Isolation and characterization of musei-1 from a modified sncZ enhancer screen

To identify novel negative regulators of plant immunity, the Li Lab conducted mutant,
sncl-enhancing (MUSE) genetic screens in the mos4 sncl and mos2 sncl nprl genetic
backgrounds, both of which are morphologically and immunologically WT-like (Huang et al.,
2013). sncl provides a sensitized background for the screen, while the presence of the
mos4 or mos2 and nprl mutations reduces the likelihood of lethality caused by severe
autoimmunity from the immunity-enhancing mutations in the sncl background. A number
of mutants with enhanced autoimmune phenotypes were isolated from the mutagenized
mos4 sncl M2 population, one of which was designated musel-1. Compared with WT-like
mos4 sncl, the musel-1 mos4 sncl triple mutant plants exhibit snci-like dwarfism with
curled leaves (Figure 2.1A). Reverse transcription (RT)-PCR revealed that the expression of
the defense marker genes PRI and PRZ is significantly elevated in museil-1 mos4 sncl
plants (Figure 2.1B). To examine whether the snci-like phenotypes of the musei-1 mos4
sncl are associated with enhanced disease resistance, infection assay was performed with
the virulent oomycete pathogen Hyaloperonospora arabidopsidis (H.a.) Noco2. While mos4
sncl plants are as susceptible as WT (Palma et al., 2007), disease resistance in musei-1
mos4 sncl was restored to a similar level as that in snci (Figure 2.1C). Taken together,
these results suggest that the mutation in musei-1 enhances the autoimmune phenotypes
of sncl.

2.2.2 Positional cloning of musei-1
To map the musel-1 mutation, homozygous musel-1 mos4 sncl (in the Col-0 ecotype

background) was crossed with Landsberg erecta (Ler). F1 individuals were self-fertilized to
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produce F2 seeds. 16 F2 plants with sncZ-enhancing phenotypes were used for crude
mapping. Linkage was found between the mutant phenotypes and the molecular marker
F15G16 at the bottom of chromosome 3. Further mapping revealed that the mutation was
between markers F18021 and F17]16. A fine mapping population consisting of 1008 F3
individuals was generated from F2 plants that were homozygous for snci and MOS4, but

heterozygous for musel-1. The region containing musel-1 was further narrowed down to
a 50kb region.

muse1-1 mos4 snct

B C
e H.a. Noco2
*:9 50
240 a
a
E 30
()]
» 20
2
910
N\
@600 T
O o
0° O
NI
N
&
\

Figure 2.1: musel-1 enhances immunity in the mos4 snc1 background.

(A) Morphology of four-week-old soil-grown Col-0 (WT), sncl, mos4 sncl and musel-1 mos4 sncl
plants.

(B) Expression of PRI and PRZ in WT, sncl, mos4 sncl and musel-1 mos4 sncl plants. RT-PCR
was performed on two-week-old seedlings grown on 1/2 MS plates. AC77 was included as a
loading control. PCR cycle numbers were: 25 for PR1, 25 for PR2 and 28 for ACT7.

(C) Growth of H.a. Noco2 was measured seven days after spray-inoculation with 10> spores/ml
inoculum on WT, sncl, mos4 sncl and musel-1 mos4 sncl plants. Four replicates were included
for each genotype. One-way analysis of variance (ANOVA) was used to calculate the statistical

significance among genotypes, as indicated by different letters (P < 0.005). Error bar represents
mean * Standard Deviation (SD) (n = 4).
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To identify the molecular lesion in musel-1, genomic DNA was extracted from
homozygous musei-1 plants from the mapping population and sequenced using an
Illumina Sequencer. When the sequence of museil-1 was compared with that of the
Arabidopsis reference sequence, only one G to A mutation was identified in the mapped
musel-1 region. This mutation is predicted to cause a Pro to Leu amino acid change
(Figure 2.2A, B).

Five additional recessive muse mutants were later mapped to the musel region (Figure
2.2A, B; 2.3A, B). Direct Sanger sequencing revealed that these mutants all carried non-
synonymous mutations in the same gene (Figure 2.2A, B). Furthermore, in an allelism test
from pair-wise crosses, these mutants all failed to complement each other in F1 (Figure
2.30), indicating that they carry mutations in the same gene. I also crossed snc1 with a T-
DNA knockout mutant allele of muse! and found that the T-DNA allele enhances the
autoimmune phenotypes in sncl similarly as all six musel alleles mentioned above (Figure
2.2A, B, C). The T-DNA allele was therefore named musel-/. Taken together, these results
indicate that the six muse mutants identified are all loss-of-function alleles of the same
gene MUSEL.

To further confirm the proper cloning of MUSE1, a transgenic complementation test was
performed. The genomic sequence of the putative MUSE1 gene with its native promoter
was cloned from WT and transformed into musel-1 mos4 snci. Two out of three
independent T1 transformants restored the mos4 snci-like phenotype (Figure 2.2D). In
addition, the presence of the transgene co-segregated with the WT-like phenotypes in the

T2 generation of both transformants, confirming the cloning of MUSEI.
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Figure 2.2: Positional cloning of muse1-1.

(A) A list of musel mutant alleles and the corresponding consequences of mutations.

(B) A schematic diagram showing the predicted MUSE1 protein structure with arrows indicating the
sites of the mutations in different musel alleles. The yellow colored box at the C terminus
indicates a predicted nuclear localization signal (NLS).

(C) Morphology of four-week-old soil-grown WT, snci, musel-7and musel-7 sncl plants.

(D) Morphology of four-week-old soil-grown mos4 snci, musel-1 mos4 sncl and two T1 lines of
musel-1 mos4 sncl expressing pMUSE1::MUSE1.

2.2.3 MUSE1 encodes a RING domain E3 ubiquitin ligase

MUSEI encodes a protein with a predicted RING domain (Figure 2.2B). Phylogenetic
analysis of the amino acid sequences of MUSE1-like peptides revealed that MUSE1 is
present in all dicots (Figure 2.4). In contrast to its central C3HC4 RING domain which is
highly conserved, its N- and C-termini are only moderately conserved among plant species.
The 28 amino acid sequence at the C terminus of MUSEL1 is predicted to contain a nuclear
localization signal according to NLS Mapper (Kosugi et al., 2009) (Figure 2.2B), which is
conserved among species, suggesting that MUSEL1 is likely a protein that can localize to

the nucleus.
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Figure 2.3: Alleles of musel identified from the MUSE screens.

(A) Morphologies of four-week-old musel alleles identified from the mos4 snc1 background.
(B) Morphologies of four-week-old musel alleles identified from the mos2 snc1 nprl background.

(C) Four-week-old F1 plants from pair-wise crosses among the four musel alleles identified in the
mos4 sncl background. m1-1 = musel-1; m.s. = mos4 sncl.
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Figure 2.4: Phylogenetic analysis of the MUSE1 and MUSE?2 peptides.

Maximum likelihood tree generated using amino acid alignments of MUSE1-like peptides in various
selected plant species.

Since the RING domain is a signature of a major class of E3 ligases, MUSE1 was tested for
its E3 ubiquitin ligase activity in an /n vitro ubiquitination assay. E.colFexpressed GST-
tagged MUSE1 was co-incubated with or without AtUBA2 (E1), ATUBCS8 (E2), and Ubiquitin
in vitro, followed by immunoblotting assays (Figure 2.5A). A tail corresponding to
increased molecular weight appeared above MUSE1 on the blot when detected with either
anti-Ub or anti-GST antibody, indicating self-ubiquitination of MUSE1. This result suggests
that MUSEL it is a bona fide E3 ligase.

Substitution of the Cys or His residues within the RING domain usually disrupts the RING
structure (Xie et al., 2002; Dong et al., 2006; Zhang et al., 2007b; Peng et al., 2013), often
resulting in a dominant-negative form of the E3 (Xie et al., 2002; Peng et al., 2013). To
further test whether MUSE1 functions as a RING-type E3 ubiquitin ligase, I transformed
site-mutagenized MUSE1 constructs encoding either MUSE1H156Y or MUSE1¢15%S into sncl
plants with the expectation that these dominant-negative mutations would confer the
same phenotype as musel-1. Indeed, 14 out of 60 MUSE1"7%6¥ T1 transformants and 20
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out of 60 MUSE1?5%° T1 transformants exhibited snci-enhancing phenotypes (Figure 2.5B)
resembling that of musei1-7 snci1 (Figure 2.2C). These results indicate that the E3 ligase

activity of MUSEL1 is required for its function.
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Figure 2.5: MUSE1 exhibits E3 ubiquitin ligase activity.

(A) In vitro ubiquitination assays were performed in the presence or absence of E.colexpressed
MUSE1 (E3), AtUBC8 (E2), AtUBA2 (E1) or ubiquitin (+ indicates added samples). Ubiquitination
was detected by immunoblotting with an anti-ubiquitin antibody. AtUBA2 was detected with
Coomassie Brilliant Blue (CBB) staining. AtUBC8 and MUSE1 were detected by immunoblotting with
anti-GST antibody. Molecular mass markers are indicated on the left (kDa).

(B) Morphology of three-week-old soil-grown snci, musel-7 sncl and representative sncl lines
expressing the dominant-negative MUSE17*%%Y or MUSE1“*** transgenes, respectively.
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2.2.4 MUSE1 and MUSE2 have overlapping functions

A Basic Local Alignment Search Tool (BLAST) search with MUSE1 identified a close paralog
of MUSEI1, which encodes another RING domain-containing protein that shares 56%
amino acid sequence identity and 68% similarity with MUSE1. A knockout T-DNA mutant
of the homolog of MUSE1 enhances the sncl morphological phenotypes to the same level
as musel alleles do (Figure 2.6A). Due to its snci-enhancing capability, this MUSE1
homolog was named MUSEZ and the T-DNA allele muse2-1. To test whether MUSE1 and
MUSE2 are functionally redundant, I created the musei-7 muse2-1 double mutant by
crossing the two T-DNA knockout lines. Although both single mutants appear WT-like, the
musel-7 muse2-1 double mutant is extremely dwarfed and has curled leaves (Figure 2.6B).
Macroscopic lesions can often be observed in the cotyledons of musei1-7 muse2-1 plants.
As with sncl, the dwarfism of musel-7 muse2-1 can be fully rescued by growing the
plants at 28°C (Figure 2.7), indicative of autoimmunity. Consistent with their morphology,
musel-7 muse2-1 plants constitutively express defense marker genes PRI and PRZ
(Figure 2.6C). In contrast, single mutant musel-7 and muse2-1 plants exhibit slightly
increased expression of PRZ2 but not PRI compared to WT (Figure 2.6C). To test whether
the musei1-7 muse2-1 double mutant exhibits enhanced disease resistance, I challenged
the mutant seedlings with the virulent pathogen H.a. Noco2. No growth of the oomycete
was observed on musel-7 muse2-1 seedlings, whereas the musel-7 and museZ2-1 single
mutants showed the same level of susceptibility as WT (Figure 2.6D). These data
demonstrate that MUSE1 and MUSE2 are negative regulators of plant immunity with
overlapping functions, as when they are both knocked out the plant mounts a strong

autoimmune response.
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Figure 2.6: MUSE1 and MUSE2 have overlapping functions.

(A) Morphology of four-week-old WT, snc1, muse2-1 and muse2-1 sncl plants.
(B) Morphology of three-week-old WT, muse1-7, muse2-1 and musel-7 muse2-1 plants.

(C) Expression of PR1 and PRZ in WT, sncl, musel-7, muse2-1 and musel-7 muse2-1 plants.
gRT-PCR was performed on two-week-old seedlings grown on 1/2 MS plates. AC71 was used to
normalize the transcript levels. Arbitrary units were used to show the abundance of the transcript
levels relative to WT. One-way ANOVA was used to calculate the statistical significance between
genotypes, as indicated by different letters (P < 0.01). Error bar represents mean £SD (n = 3).

(D) Growth of H.a. Noco2 was measured seven days after spray-inoculation with 10° spores/ml
inoculum on the indicated genotypes. Four replicates were included for each genotype. One-way
ANOVA was used to calculate the statistical significance between genotypes, as indicated by
different letters (P < 0.005). Error bar represents mean £SD (n = 4).
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Figure 2.7: The autoimmune dwarfism of musel-7 muse2-1 is temperature-
sensitive.

Morphology of four-week-old sncl and musel-7 muse2-1 plants grown at 22°C and 28°C,
respectively.

2.2.5 Overexpression of MUSE1 fully suppresses the autoimmune phenotypes of snc?

As the loss-of-function musel alleles enhance sncl phenotypes, I examined the
overexpression phenotype of MUSEI in the snci background. Interestingly, when MUSE!
with its native promoter was transformed into snci plants, 15 out of 21 T1 plants
exhibited WT-like morphology. Two of the representative transgenic lines were used for
further characterization (Figure 2.8A). Increased MUSE1 expression was verified in both
transgenic lines through qRT-PCR (Figure 2.8B). Decreased expression of PRI and PRZ
(Figure 2.8C), and loss of enhanced disease resistance against H.a. Noco2 (Figure 2.8D)
and Ps.m. ES4326 (Figure 2.8E) were observed in these plants. These results show that
overexpression of MUSE1 fully suppresses the autoimmune phenotypes of sncli, indicating
that MUSE1 negatively regulates a process that is fully required for SNC1-mediated

immunity, likely through ubiquitination and protein degradation of its E3 target.
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Figure 2.8: Overexpression of MUSE1 fully suppresses snci-mediated autoimmunity.

(A) Morphology of four-week-old soil-grown WT, sncl and two sncl transgenic lines expressing
MUSE1 under its native promoter.

(B) MUSEI1 transcript levels in plants described in (A). gRT-PCR was performed on two-week-old
seedlings grown on 1/2 MS plates. ACT1 was used to normalize the transcript levels. Arbitrary
units were used to show the abundance of MUSE1 transcript levels relative to WT. Endogenous
and transgenic MUSE1 transcripts were not distinguished. Error bar represents mean £SD (n = 3).

(C) Expression of PRI and PRZ in the plants in (A). RT-PCR was performed on two-week-old
seedlings grown on 1/2 MS plates. AC77 was included as loading control. PCR cycle humbers were:
28 for PR1, 30 for PR2 and 31 for ACT7.

(D) Growth of H.a. Noco2 was measured seven days after spray-inoculation with 10> spores/ml
inoculum on ten-day-old seedlings. One-way ANOVA was used to calculate the statistical
significance between genotypes, as indicated by different letters (P < 0.005). Error bar represents
mean £SD (n = 4).

32



(E) Growth of P.s.m. ES4326 was measured three days after infection of four-week-old plants by
leaf-infiltration. Bacterial suspension of ODeoo = 0.001 was used as inoculum. Leaf discs within the
infected area were taken at Day 0 and Day 3 to quantify colony-forming units (cfu). One-way
ANOVA was used to calculate the statistical significance between genotypes, as indicated by
different letters (P < 0.005). Error bar represents mean £SD (n = 5).

2.2.6 The autoimmunity of musei-7 muse2-1is fully dependent on SNC1

To test whether MUSE1 acts as a general negative regulator of plant immunity, I
transformed WT Arabidopsis plants with MUSE1 with its native promoter. Increased
expression of MUSE1 was verified in four independent T3 homozygous transgenic lines by
gRT-PCR (Figure 2.9A). These transgenic lines exhibited WT level of resistance to virulent
pathogens H.a. Noco2 and Rs.m. ES4326, or avirulent pathogens H.a. Emwal and As.t
DC3000 AvrRps4 (Figure 2.9B, C, D). These results suggest that MUSE1 does not seem to
negatively regulate basal defense or defense responses mediated by the TNLs RPP4 or
RPS4 (Aarts et al., 1998).

To further test the relationship between MUSE1 and SNC1, I crossed musel-7 muse2-1
with the loss-of-function deletion alleles snci-r1 and edsi-2, respectively. EDS1 is known
to play a crucial role in defense responses mediated by many TNLs (Aarts et al., 1998).
Interestingly, both snci-ri and edsi-2 fully suppressed the dwarf phenotype (Figure
2.10A), the constitutive expression of PR genes (Figure 2.10B) and the enhanced disease
resistance to As.m. ES4326 (Figure 2.10C) of musel-7 muse2-1. These epistasis analyses
suggest that the role of MUSEL1 is fully dependent on SNC1.
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Figure 2.9: Overexpression of MUSE1 in WT does not lead to enhanced disease
susceptibility.

(A) MUSE1 transcript levels in WT and four independent MUSEI transgenic lines. qRT-PCR was
performed on two-week-old seedlings grown on 1/2 MS plates. AC71 was used to normalize the
transcript levels. Arbitrary units were used to show the abundance of MUSEI transcript levels
relative to WT. Endogenous and transgenic MUSEI transcripts were not distinguished. Error bar
represents mean £SD (n = 3).

(B) Growth of H.a. Noco2 and H.a. Emwal was measured seven days after spray-inoculation (10*
spores/ml for Noco2 and 10° spores/ml for Emwal) on ten-day-old seedlings. edsi-2 was included
as a susceptibility control. One-way ANOVA was used to calculate the statistical significance among
genotypes, as indicated by different letters (P < 0.005). Error bar represents mean £SD (n = 4).

(C) Growth of RPs.m. ES4326 was measured three days after infection of four-week-old plants by
leaf-infiltration. Bacterial suspension of ODsyo = 0.0001 was used as inoculum. Leaf discs within
the infected area were taken at Day 0 and Day 3 to quantify cfu. One-way ANOVA was used to
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calculate the statistical significance among genotypes, as indicated by different letters (P < 0.005).
Error bar represents mean £SD (n = 5).

(D) Quantification of the growth of As.t. DC3000 AvrRps4 by infection assay as described in (C).
Bacterial suspension of ODspo = 0.002 was used as inoculum. One-way ANOVA was used to
calculate the statistical significance among genotypes, as indicated by different letters (P < 0.005).
Error bar represents mean £SD (n = 5).
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Figure 2.10: The autoimmune phenotypes of musel-7 muse2-1 are fully
suppressed by loss-of-function snc1-r1 or eds1-2.

(A) Morphology of WT, musel-7 muse2-1 (m. m.), musel-7 muse2-1 sncl-r1 (m. m. sncl-ri),
musel-7 muse2-1 eds1-2 (m. m. eds1-2), sncl-rl and edsi-2 plants. Soil-grown plants were
photographed four weeks after germination.

(B) Expression of PRI and PRZ in the genotypes as described in (A). RT-PCR was performed on
two-week-old seedlings grown on 1/2 MS plates. AC77 was included as loading control. PCR cycle
numbers were: 24 for PRI, 24 for PR2 and 26 for ACT7.

(C) Growth of P.s.m. ES4326 three days after infection of four-week-old plants by leaf-infiltration.
Bacterial suspension of ODsoo = 0.001 was used as inoculum. Leaf discs within the infected area
were taken at day 0 and day 3 to quantify cfu. One-way ANOVA was used to calculate the
statistical significance among genotypes, as indicated by different letters (P < 0.005). Error bar
represents mean £SD (n = 5).

NLRs often guard positive regulators of plant immunity, activating defense responses upon
detecting modifications made to these positive regulators (Zhang et al.,, 2012). To test

whether MUSE1 and MUSE2 function as positive regulators of basal immunity guarded by
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SNC1, bacterial infection assays were performed on the musel-7 muse2-1 snci-r1 triple
mutant. As shown in Figure 2.10C, musel-7 museZ2-1 sncl-r1 is not more susceptible to
virulent pathogen Rs.m. ES4326 compared to WT. I also performed an infection assay with
a type III secretion-deficient strain APs.t. DC3000 ArcC- and the avirulent pathogen As.t.
DC3000 AvrRps4, respectively. Again, no enhanced disease susceptibility was observed in
either assay (Figure 2.11). From these observations, I conclude that MUSE1 and MUSE2
do not seem to play general, positive roles in mediating basal defense, PTI, or RPS4-

mediated defense. Their function is rather SNC1-specific.
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Figure 2.11: MUSE1 and MUSE2 do not function in PTI or RPS4-mediated
defense.

(A) Growth of P.s.t. DC3000 ArcC- after infection of four-week-old plants by leaf-infiltration.
Bacterial suspension of ODsoo = 0.002 was used as inoculum. Leaf discs within the infected area
were taken at Day 0 and Day 3 to quantify cfu. One-way ANOVA was used to calculate the
statistical significance among genotypes, as indicated by different letters (P < 0.05). Error bar
represents mean £SD (n = 5).

(B) Growth of P.s.t. DC3000 AvrRps4 after infection of four-week-old plants by leaf-infiltration.
Bacterial suspension of ODsoo = 0.001 was used as inoculum. Leaf discs within the infected area
were taken at Day 0 and Day 3 to quantify cfu. One-way ANOVA was used to calculate the
statistical significance among genotypes, as indicated by different letters (P < 0.005). Error bar
represents mean £SD (n = 5).
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2.2.7 MUSE1 does not influence the protein accumulation of SNC1, MOS10 or bHLH84

Since MUSE1 encodes an E3 ligase and it is SNC1-specific, I predicted that it is likely
involved in the degradation of a positive regulator of SNC1-mediated immunity. I therefore
tested three candidate proteins including SNC1, basic Helix-Loop-Helix 84 (bHLH84) (Xu et
al., 2014b) and MOS10 (Zhu et al., 2010).

The phenotypes associated with mutations in MUSE1 somewhat resemble those of the
previously characterized E3 ligase mutant ¢pr! (Cheng et al., 2011). Specifically, the loss
of MUSE1 and MUSE2 induces autoimmunity similar to that observed in c¢pri, and
overexpression of MUSE1 fully suppresses sncl as does the overexpression of CPR1. As
overexpression of CPR1 leads to decreased SNC1 levels, I tested whether MUSE1 and
MUSE2 also regulate SNC1 accumulation using a western blot performed with anti-SNC1
antibody. As shown in Figure 2.9A and Figure 2.12A, SNC1 protein levels in all four
independent MUSE1 transgenic lines were comparable to that of WT. These data suggest

that MUSE1 does not regulate SNC1 protein accumulation.

bHLH84 functions as a transcription factor that confers autoimmunity in the WT
background when overexpressed (Xu et al.,, 2014b). bHLH84 was found to interact with
SNC1 (Xu et al., 2014b). To test if MUSE1 is involved in the degradation of bHLH84,
MUSEI-HA was transformed into a transgenic line expressing bHLH84-HA in the eds1-2
genetic background (Xu et al., 2014b). As neither N- or C-terminal-tagged MUSE1
transgenes could suppress the autoimmune phenotypes of snci, 1 generated a MUSE1-HA
transgene with a single HA tag inserted between amino acids Ala292 and Ala293, within a
weakly conserved region among MUSE1 homologs. This MUSEI-HA transgene suppresses
the autoimmune phenotypes of sncl to a similar degree as the untagged MUSEI
transgene does (Figure 2.8; 2.13), suggesting that the HA tag does not affect the function
of MUSEL. In a western blot analysis, I did not observe a significant alteration in bHLH84
protein level in edsi-2 upon transgenic expression of MUSEI-HA (Figure 2.12B). This
suggests that bHLH84 accumulation is unlikely to be regulated by MUSEL1.
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Figure 2.12: SNC1, MOS10 and bHLH84 levels are not altered by overexpression
of MUSEL1.

(A) Western blot analysis using the anti-SNC1 antibody. Total protein was extracted from two-
week-old soil-grown plants. Numbers below the blot represent the relative intensity of the SNC1
band relative to the Ponceau S band, with WT set as 1.

(B) Western blot analysis using the anti-HA antibody to examine the levels of bHLH84-HA. Total
protein was extracted from two-week-old plants grown on 1/2 MS plates.

(C) Western blot analysis using the anti-HA antibody to examine the levels of MOS10-HA. Total
proteins were extracted from four-week-old plants on soil.

38



A MUSE1-HA in snct
snc1 T1-7 T1-9

72 =
A oA

EEEEEE o

WT snct T1-7 T1-9
MUSE1-HA in snc1
C _160 3
A
e
=120
b a
s a
24
8 60t
o
Q.
()
0

WT snct  T1-7 T1-9
MUSE1-HA in snct

Figure 2.13: The internal HA tag in MUSE1-HA does not affect the function of
the protein.

(A) Western blot analysis using the anti-HA antibody. Total proteins were extracted from three-
week-old plants grown on 1/2 MS plates.

(B) Morphologies of four-week-old soil-grown plants of the indicated genotypes.

(C) Growth of H.a. Noco2 seven days after spray-inoculation with 10° spores/ml inoculum on ten-
day-old seedlings. One-way ANOVA was used to calculate the statistical significance among
genotypes, as indicated by different letters (P < 0.005). Error bar represents mean £SD (n = 4).

MOS10 encodes a transcriptional co-repressor TOPLESS-RELATED 1 (TPR1), which
functions with SNC1. Overexpression of MOS10 leads to autoimmunity, which can be
suppressed by the loss-of-function allele snci-ri (Zhu et al.,, 2010). To test if MUSE1
affects the accumulation of MOS10, MUSEI-HA was transformed into a transgenic line
expressing MOS10-HA (Zhu et al.,, 2010). In a western blot analysis using the anti-HA
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antibody, I did not observe a significant difference in MOS10 protein levels in the 9
independent MUSE1-HA T1 transformants compared to that in the MOS10-HA background
line (Figure 2.12C). This suggests that MUSE1 does not regulate MOS10 protein turnover.

In conclusion, overexpression of MUSE1 did not lead to decreased levels of all tested
candidate proteins (Figure 2.12), indicating that these proteins are not likely ubiquitination

and degradation substrates of MUSEL1.

2.3 Discussion

This chapter reports the identification and characterization of two RING-type E3 ubiquitin
ligases with overlapping functions, which specifically regulate defense responses in
Arabidopsis mediated by the NLR protein SNC1.

The single knockout mutants musel and muse2 are WT-like whereas the musei1-7 musez-
1 double mutant exhibits extreme autoimmune phenotypes (Figure 2.6B, C, D), indicating
that MUSE1 and MUSE2 have overlapping functions. Despite this redundancy, multiple
mutant alleles of musel were successfully identified as snci enhancers from the MUSE
genetic screen (Figure 2.2A). This is reminiscent of the isolation of muse13 from the MUSE
screen, as MUSE13 also has a functionally redundant paralog MUSE14 (Huang et al., 2016).
One explanation to this phenomenon is that the gain-of-function snc? allele serves as a
sensitized genetic background for the screen, allowing isolation of mutants with otherwise
subtle phenotypes. Another observation of note from the MUSE screen is that although a
number of musel alleles were isolated, no museZ alleles were found. This could be due to
as-of-yet unexamined differences in the genomic architecture surrounding the two loci. For
example, the MUSE1 chromatin region may be less densely packed, thus more vulnerable

to EMS mutagenesis.

Analysis of the microarray data from AtGenExpress was performed (Schmid et al., 2005;
Winter et al., 2007) to provide insight into the expression pattern of MUSE1 and MUSEZ.
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The expression profile of MUSE1 was not available while MUSEZ displayed no significant
change in its expression level upon infection by various pathogens including Pseudomonas
syringae, Botrytis cineara, Phytophthora infestans or Hyaloperonospera arabidopsidis
when compared to the corresponding mock infected groups. It is thus possible that the
regulation of the immunity-related activity of MUSE1 and MUSE2 occurs post-

transcriptionally.

To determine the nature of the negative regulatory role of MUSE1 and MUSE2, I
conducted a series of genetic and phenotypic analyses. Overexpression of MUSE1
completely supresses the autoimmune phenotypes in sncl (Figure 2.8), but does not
render these plants more susceptible to virulent pathogens including Rs.m. ES4326 or H.a.
Noco2 (Figure 2.8D, E). Similarly, expression of MUSEI in WT does not enhance the
susceptibility to As.m. ES4326 or H.a. Noco2 (Figure 2.9B, C). These results suggest that
although MUSE1 does not seem to regulate general defense, it has a more SNC1-specific
role. Moreover, from the infection assay using avirulent pathogens H.a. Emwal and As.t.
DC3000 AwrRps4 (Figure 2.9B, D), no significant difference in disease resistance was
observed between MUSEI transgenic lines when compared to non-transgenic WT plants.
Thus, MUSE1 does not seem to affect immunity mediated by other NLR proteins such as
RPP4 or RPS4. In addition, the musel-7 muse2-1 sncl-r1 triple mutant is WT-like and
exhibits no enhanced disease resistance compared with WT (Figure 2.10), suggesting that
the SNC1-mediated defense pathway is fully responsible for the autoimmunity caused by
loss of MUSE1 and MUSE2. Based on these exhaustive genetic analyses, I deduced that
MUSE1 and MUSE2 likely contribute to the degradation of one or more positive defense

regulators specifically involved in SNC1-mediated defense.

The identification of the ubiquitination substrate proteins of MUSE1 and MUSE2 will be the
key to understanding the mechanism underlying their regulation of SNC1-specific immunity.
The genetic and biochemical assays have ruled out SNC1, bHLH84 or MOS10 for being the
ubiquitination and degradation substrate of MUSE1 and MUSE2 (Figure 2.12). To search
for potential substrate(s) of MUSE1 and MUSE2, I conducted a yeast two-hybrid (Y2H)
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screen using MUSEL1 as bait. However, no meaningful interactors of MUSE1 was identified,
except for ubiquitin, which is an expected interactor (data not shown). This could be
explained by the transient nature of the E3 ligase-substrate interaction. It is also possible
that the substrate is a low abundance protein that is under-represented in the cDNA
library used and thus was missed in the Y2H screen. In addition, internally tagged MUSE1
could not be overexpressed even with a 35S promoter, suggesting a tight regulation of the
protein levels of MUSE1 itself. Such technical difficulties prevent us from using
immunoprecipitation-mass spectroscopy (IP-MS) analysis to search for potential MUSE1
interactors /in vivo. Furthermore, I also attempted to isolate the MUSE1l target by
conducting a musel muse2 suppressor screen. However, all I identified from the screen
were loss-of-function alleles of snci. Thus MUSE1 and MUSE2 may ubiquitinate multiple
substrates with overlapping functions and promote their degradation. Such a situation
would have prevented the mutants of these substrates from being isolated from the

genetic screen due to functional redundancy.

What could be the ubiquitination and degradation substrate of MUSE1/2? Since MUSE1
carries an NLS at its C-terminus, I propose that it likely ubiquinates an unknown protein
that works together with SNC1 in the nucleus. In light of recent reports that NLR proteins
often work in pairs (Narusaka et al.,, 2009; Cesari et al., 2013; Xu et al.,, 2015a), these
substrates may be NLRs with overlapping functions that work together with SNC1 (Figure
2.14). Future identification of the protein substrates of MUSE1 and MUSE2 will reveal their

precise roles in regulating SNC1-mediated immunity.
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Figure 2.14: A hypothetical model illustrating the role of MUSE1 and MUSE2 in
SNC1-mediated defense.

SNC1 likely triggers defense responses together with a pair of NLRs with overlapping functions,
designated X and Y. These unknown NLRs are the protein ubiquitination substrates of functionally
redundant E3 ubiquitin ligases MUSE1 and MUSE2. In musel muse2 double mutant, X and Y
accumulates, leading to autoimmunity.

2.4 Materials and methods

2.4.1 Plant growth, transformation, and genotyping

Arabidopsis plants were grown at 22°C under 16hr light/8hr dark regime, unless otherwise
specified. Binary vectors were constructed and transformed into Agrobacterium strain
GV3101 by electroporation. Plant transformation was performed by the floral dip approach
as previously described (Clough and Bent, 1998). Knockout T-DNA lines musel-7 and
muse2-1 were obtained from ABRC. All homozygous mutants or mutant combinations
were confirmed by PCR genotyping. Homozygous musel-7was crossed with muse2?-1, and
the musei-7 muse2-1 double mutant was isolated from the F2 generation. The musei1-7

muse2-1 double mutant was crossed with homozygous snci-r1 and edsi-2 to obtain
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homozygous musel-7 muse2-1 snci-r1 and musel-7 muse2-1 edsl-2 mutants,
respectively. To genotype snci-ri, primers F: 5-CCT GGT GCC TGA ATG AAT TG-3"and R:
5-ATC ATC CGA TGG TGT CAT AG-3' were used. To genotype edsi-Z, primers F: 5-ACA
AGC CAA AGT GTC AAG CC-3" and R: 5-CAA GCA TCC CTT CTA ATG TC-3" were used.

2.4.2 Construction of plasmids

The genomic sequence of MUSEI with 1596 bp upstream of the start codon was amplified.
The amplified fragment was digested with Bam HI and Sa/I and cloned into the binary
vector pCambial305 to create the pMUSE1::MUSEI construct. To generate the HA-tagged
MUSE1 recombinant protein, a DNA sequence encoding an HA tag was inserted at a
predicted loop site through site-directed mutagenesis. The amplified MUSEI-HA coding
sequence with 1596 bp upstream the start codon was digested with Apn'I and Sa/1 and
cloned into binary vector pGreen229. Alternatively, the amplified MUSE1-HA coding
sequence was digested with Sa/1 and Bam HI and cloned into binary vector pGreen229-
Han which contains a 35S promoter. The coding sequence of MUSEI was amplified and
digested with £co RI and Sa/I and cloned into expression vector pGEX-47-1 to create the
PGEX-GST-MUSE1 construct. To generate the dominant negative MUSE1H156Y and
MUSE1€15%S constructs, mutations were introduced by site-directed mutagenesis. The
genomic sequences of MUSE1"1%6Y and MUSE1¢5%°> with 1596 bp upstream of the start
codon were amplified. The amplified fragment was digested with Bam HI and Sa/1 and

cloned into binary vector pCambial305.
2.4.3 Positional cloning of musei-1
Primers used in mapping were designed based on Monsanto Arabidopsis polymorphism

and Landsberg sequence collections (Jander et al.,, 2002). Map-based cloning was

performed as previously described (Zhang et al., 2007a).
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2.4.4 RNA extraction and quantitative RT-PCR

Total RNA was extracted from two-week-old seedlings grown on 2 MS medium using the
Totally RNA kit (Ambion). Reverse transcription was performed using Superscript III
(Invitrogen). RT-PCR was performed as described before (Zhang et al., 2003). Real-time
PCR was performed using the Perfect Realtime Kit (TAKARA). The primers used for
amplification of PRI, PR2, ACT1 and ACT/ were described previously (Cheng et al., 2009).

2.4.5 Pathogen infection assays

Infection assays by Hyaloperonospora arabidopsidis (H.a.) were performed as previously
described (Clarke et al., 2000). Ten-day-old soil grown seedlings were spray-infected with
freshly harvested H.a. spores re-suspended in water. Infected plants were kept at 18°C
with 80% humidity for 7 days before data collection. Growth of the pathogen was
measured by counting the number of conidia spores per gram fresh weight. Pseudomonas
syringae infection assays were performed as previously described (Bowling et al., 1997).
Four-week-old soil grown plants were infected with various Pseudomonas syringae strains
by leaf infiltration. Leaves were either harvested immediately after infection as Day 0 or
harvested 72 hours after infection as Day 3 samples. Leaf discs from infected leaves were
collected using a hole puncher and were ground in 10mM MgCl;, solution and plated on LB
medium with 50 pg/ml Streptomycin (for ES4326), Rifamycin (for DC3000 ArcC-) or
Kanamycin (for DC3000 AwrRps4). The growth of the bacteria was quantified by the

numbers of cfu per square centimeter.

2.4.6 In vitro ubiquitination assay

In vitro ubiquitination assay was performed according to previously described (Zhao et al.,
2013), with modifications. Recombinant AtUBA2-His, GST-AtUBC8 and GST-MUSE1 were
expressed in £. coli and purified by Ni-NTA chromatograph (QIAGEN) or GST affinity

chromatograph (GSTrap FF, GE Healthcare), respectively. Ubiquitination reactions were
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performed in a total volume of 30 pl, consisting of 50 mM Tris-HCI (pH 7.5), 10 mM MqgCl,,
10 mM ATP (Sigma), 100 ng AtUBA2-His, 200 ng GST-AtUBCS8, 375 ng of GST-MUSE1 and
2 ug ubiquitin (Boston Biochem). Reactions were incubated at 30°C for 2 hours and
terminated by adding sodium dodecyl sulfate (SDS) loading buffer (50 mM Tris-HCl (pH
6.8), 1% B-mercaptoethanol, 0.1% SDS, 0.1% bromophenol blue, 10% glycerol).

2.4.7 Plant protein quantification

Plant total protein was extracted from 100 mg of twelve-day-old 1/2 MS plate-grown
plants by homogenization followed by addition of extraction buffer (100 mM Tris-HCI pH
8.0, 0.1% SDS and 2% B-mercaptoethanol). SDS loading buffer was added to each protein
sample and boiled for 5 min. The resulting protein samples were subjected to western blot

analyses. Bands were quantified using Image J.

2.4.8 Antibodies used

Anti-ubiquitin (Sigma U0508) or anti-GST (Sigma U7781) antibodies were used for the
ubiquitination assay. The anti-SNC1 antibody was generated against a SNC1-specific
peptide in rabbit (Li et al., 2010b). Anti-HA (Roche 11867423001) antibody was used to
detect MUSE1-HA, MOS10-HA or bHLH84-HA.

2.4.9 Phylogenetic analysis

MUSE1-like peptides from Zea mays, Solanum lycopersicum, Fragaria vesca, Medicago
truncatula, Glycine max, Ricinus communis, Theobroma cacao, Arabidopsis thaliana and
Arabidopsis lyrata were identified by a BLASTp search using the amino acid sequence of
Arabidopsis thaliana MUSE1 using database Plaza Dicot 3.0 (Proost et al.,, 2015) at
http://bioinformatics.psb.ugent.be/plaza/versions/plaza_v3_dicots. Amino acid sequences
of the MUSE1-like peptides in the above-mentioned species were obtained from Plaza

Dicot 3.0. Amino acid sequences of the two MUSE1-like peptides from Salix pupurea were
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download from Phytozome v11 at https://phytozome.jgi.doe.gov/pz/portal.html
(Goodstein et al., 2012). The alignment was generated by MUSCLE with default settings
(Edgar, 2004b, a). Maximum likelihood tree was generated by RAxXML v7 (Stamatakis,
2014). Substitution model JTT+G+I+F based on prottest was adopted (Abascal et al.,
2005).
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3. TNL-mediated immunity in Arabidopsis requires complex

regulation of the redundant ADR1 gene family?

3.1 Introduction

Defense responses against pathogens in plants are mainly initiated by two types of
immune receptors (Chisholm et al., 2006; Jones and Dangl, 2006). Plasma membrane-
localized receptors perceive common pathogen associated molecular patterns (PAMPs) and
initiate downstream signal transduction events, leading to host responses including the
production of ROS, the deposition of callose and the increased expression of defense
genes (Macho and Zipfel, 2014). Defense initiated through PAMP recognition is also known
as PAMP-triggered immunity (PTI). In contrast, pathogen-encoded virulence factors
(termed effector proteins) that have been delivered into host cells can be perceived by
specific plant receptors typically belonging to the nucleotide-binding leucine-rich repeat
protein (NLR; also as Nod-like receptor) family. Activation of NLRs usually triggers more
rapid and robust defense responses, and is often characterized by the occurrence of cell
death at the site of infection termed the hypersensitive response (HR). Immunity triggered
by NLR activation is also known as effector-triggered immunity (ETI). NLR proteins have
important functions in plant immunity, yet the molecular mechanisms by which they are

activated remain largely unclear.

Based on their N-termini, typical plant NLRs can be further classified into Toll-
like/Interleukin 1 receptor (TIR)-type NLRs (TNLs) and coiled-coil NLRs (CNLs) (Dangl and
Jones, 2001; Li et al., 2015). In the mutant sncZ, a gain-of-function mutation caused by a
single amino acid substitution in TNL SNC1 leads to constitutive defense responses (Li et

al., 2001; Zhang et al., 2003). Mutant snci plants exhibit a characteristic autoimmune

! This chapter is based on part of a published article. Oliver Xiaoou Dong, Meixuezi Tong, Vera
Bonardi, Farid El Kasmi, Virginia Woloshen, Lisa K. Wiinsch, Jeffery L. Dangl and Xin Li. (2016).
TNL-mediated immunity in Arabidopsis requires complex regulation of the redundant ADR1 gene
family. New Phytologist. 10.1111/nph.13821
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morphology including stunted growth and curled leaves (Li et al., 2001). The severity of
the snci phenotypes correlates with the level of defense output, making snc! a useful tool
for genetic screening. Indeed, from the previous modifier of snci (mos) screen, 13 MOS
proteins were identified that contribute to SNCI-mediated immunity (Johnson et al., 2012).

In Arabidopsis, ACTIVATED DISEASE RESISTANCE 1 (ADR1, At1g33560), ADRI1-LIKE 1
(ADR1-L1, At4g33300) and ADRI-LIKE 2 (ADR1-L2, At5g04720) all encode CNLs (Bonardi
et al., 2011). ADR1 family members function redundantly as positive regulators of basal
defense and ETI mediated by the CNL protein RPS2 and TNLs RECOGNITION OF
PERONOSPERA PARASITICA 2 (RPP2) and RPP4 (Bonardi et al., 2011). A common feature
of all three ADR1 family members is their N terminal coiled-coil domain, which resembles
Arabidopsis RPW8 and is referred to as CCr (Collier et al., 2011). Another CCr-NB-LRR
protein is NRG1 in Nicotiana benthamiana, which is required for the function of tobacco
TNL N (Peart et al., 2005; Collier et al., 2011). These studies defined CCr-NB-LRRs as
helper NLRs in the signaling of other NLR proteins. It is important to note that their
designation as helper NLRs does not discount a possible additional function as sensor
NLRs in the context of as yet undiscovered effectors that could be recognized by this

fascinating NLR class (Bonardi et al., 2011).

This chapter reports that loss-of-function adri-L1 mutants enhance sncl. Quantitative RT-
PCR analysis indicates that the enhanced autoimmunity may be due to transcriptional
over-compensation by ADR1 and ADRI-L2 in the adri-L1 background. These results
suggest that homeostasis of the ADR1 family is a key feature of their combined function

as helper NLRs.
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3.2 Results

3.2.1 Isolation and characterization of two allelic muse mutants from a modified snci

enhancer screen

Novel negative regulators of plant immunity were screened for in either snci mos4 or snci
mosZ2 nprl genetic backgrounds using EMS as mutagen (Huang et al., 2013). Two muse
mutants, musel5-1 and musel5-2, were isolated independently from the sncl mos4 and
sncl mosZ2 nprl genetic backgrounds, respectively (Figure 3.1A, B). Both mutants altered
the sncl mos morphology back to snci-like. Segregation from backcrossed F2 populations
suggested the presence of a single recessive mutation in each mutant. snci mos4
musel5-1 and sncl mos2 nprl musel5-2 failed to complement each other in an F1
allelism test (Figure 3.1C), suggesting that they carry mutations in the same gene. Besides
their dwarf stature and curled leaves (Figure 3.1A, B), both mutants exhibited increased
expression of defense marker genes PRI and PRZ (Figure 3.1D), and enhanced disease
resistance to the virulent oomycete pathogen H.a. Noco2 (Figure 3.1E). As both muse15
alleles are recessive, they likely carry loss-of-function mutations that enhance the snc?

autoimmune phenotypes.

3.2.2 MUSE15 encodes ADR1-L1, a CCr-NB-LRR protein

To map the musel5-1 and musel5-2 mutations, the original enhancer mutants (in Col-0
ecotype) were crossed with Landsberg erecta (Ler). The F1 individuals were selfed to
generate a mapping population. Among F2s, individuals displaying enhanced snci
phenotypes were selected for linkage analysis. Consistent with the allelism test result
(Figure 3.1C), crude mapping revealed that musei15-1 and musel5-2 are both located at
the bottom of chromosome 4. Subsequently, musei15-1 was further mapped between
markers F26P21 and F17I5 (Figure 3.2A). To identify the molecular lesion in muse15-2,
nuclear DNA from plants homozygous for musei15-2 was used for whole-genome re-

sequencing by an Illumina sequencer. When the muse15-2 sequence was compared with
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Figure 3.1: Two allelic muse15 mutants enhance immunity in the snc1 mos4 or
sncl mos2 npri1 background.

(A) Morphological phenotypes of four-week-old Col-0 (WT), snci, sncl mos4 and sncl mos4
musel5-1 plants grown at 22°C under long day conditions (16hr light/8hr dark).

(B) Morphological phenotypes of four-week-old WT, snci, sncl mos2 nprl and sncl mos2 nprl
musel5-2 plants grown at 22°C under long day conditions.

(C) Morphological phenotypes of three-week-old WT, sncli, sncl mos4 musel5-1, sncl mos2 nprl
musel5-2 and an F1 plant from the cross between snci mos4 musel5-1 and sncl mos2 nprl
musel5-2 grown at 22°C under long day conditions.

(D) Expression of defense marker genes PRI and PR2 in WT, sncl, sncl mos4, sncl mos4
musel5-1, sncl mos2 nprl and sncl mos2 nprl musel5-2 plants. Reverse Transcription (RT)-PCR
was performed on two-week-old seedlings grown on 1/2 MS plates. AC77 was included as loading
control.

(E) Growth of H.a. Noco2 seven days after spray-infection with 10° spores/mL inoculum on WT,
sncl, sncl mos4, sncl mos4 musel5-1, sncl mos2 nprl and sncl mos2 nprl musel5-2 plants.
One-way ANOVA was used to calculate the statistical significance between genotypes, as indicated
by different letters (P < 0.01). Bars represent mean £SD (n = 4).
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WT Col-0 reference sequence in the region between F26P21 and F17I5, a single G to A
mutation was identified, which is consistent with EMS mutagenesis. This mutation is
predicted to cause a single amino acid Pro513 to Leu change in the polypeptide encoded
by ADR1-L1 (At4g33300) (Figure 3.2B). I then sequenced ADRI-LI in homozygous
musel5-1 plants by Sanger method and identified a separate G to A mutation located at
an exon-intron junction (Figure 3.2C). This mutation presumably alters the splicing pattern

of the gene, leading to early truncation of the encoded protein.

To further confirm that the two mutations identified in muse15 alleles are responsible for
the snci-enhancing phenotypes, snci was crossed with a known loss-of-function T-DNA
adri-L1 allele, SAIL_302_CO06 (Bonardi et al., 2011). Compared with snc! plants, the snci
adri-L1 double mutant exhibits more severe stunted growth and curled leaves, which is
consistent with the sncl-enhancing phenotypes of musel5-1 and musel5-2 mutants
(Figure 3.2D, E). Taken together, MUSE15is ADR1-L1 and that the new, herein identified

adri1-L1 alleles are also loss-of-function mutants.

ADRI-L1 encodes a RPW8 CCr-type CNL protein (Figure 3.2B). Together with ADR1 and
ADR1-L2, these three NLRs function redundantly to regulate the accumulation of the
defense hormone SA (Bonardi et al.,, 2011). adrl triple mutants exhibit enhanced
susceptibility to virulent and avirulent pathogens, suggesting ADR1 proteins function
redundantly in immune signaling (Bonardi et al.,, 2011). However, the sncI-enhancing
phenotypes of adri-L1 observed here are seemingly opposite to the adr! triple mutant
phenotypes, suggesting that ADR1-L1 has a unique negative regulatory role in defense
besides its redundant positive functions with ADR1 and ADR1-L2.
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Figure 3.2: Positional cloning of musel15.

(A) Map position of musel15. The asterisk indicates the site of muse15-2 mutation.

(B) Schematic diagram showing the predicted ADR1-L1 protein structure with arrows indicating the
sites of mutations in muse15-2 and adri-L1 (SAIL_302_CQ06).

(C) Schematic diagram showing the predicted ADRI-L1 gene structure with arrows indicating the
sites of mutations in muse15-1, muse15-2 and SAIL_302_CO06.

(D) Morphological phenotypes of four-week-old WT, sncli, sncl adri-L1 and adrI-L1 plants grown
at 22°C under long day conditions.

(E) Fresh weights of four-week-old WT, sncl, sncl adri-L1 and adri-L1 plants grown at 22°C
under long day conditions. One-way ANOVA was used to calculate the statistical significance
between genotypes, as indicated by different letters (P < 0.01). Bars represent mean £SD (n =
20).
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3.2.3 ADR1-L1 does not affect SNC1 protein turnover

Several previously described muse mutants exhibit increased SNC1 protein accumulation
(Huang et al., 2014a; Huang et al., 2014b; Xu et al., 2015b), therefore these MUSE
proteins contribute to SNC1 turnover. To address why adri-L1 enhances sncl, 1 first
tested whether ADR1-L1 regulates the autoimmune phenotypes in snci through affecting
SNC1 protein accumulation. SNC1 protein level is increased significantly in sncl adri-L1
compared to that in snc! (Figure 3.3A). However, this accumulation correlates with the
enhanced SNCI transcription observed in the double mutant (Figure 3.3B). To avoid the
feedback up-regulation of SNVCI transcription as in sncl adri-L1, I examined SNC1 protein
accumulation in adri-L1. No difference in steady-state SNC1 levels was observed between
WT and adri-L1 (Figure 3.3C). Similarly, in the WT like sncl pad4 adri-L1 triple mutant,
where the SA-dependent positive feedback transcriptional up-regulation of SNCI is
blocked, no significant difference in SNC1 protein level was observed when compared to
sncl pad4 (Figure 3.3D, E). These results suggest that ADR1-L1 does not enhance the

autoimmune phenotypes in sncl through affecting SNC1 protein turnover.

3.2.4 The autoimmune-enhancing phenotype of snci adri-L1 is not fully dependent on SA

accumulation

SA plays a major role in defense amplification. Since the autoimmune phenotypes of snci
are partly dependent on SA levels (Zhang et al., 2003), and the ADR1 family regulates SA
accumulation (Bonardi et al., 2011), I tested whether the snci-enhancing phenotypes in
sncl adri-L1 depend on SA accumulation. The SA deficient mutant enhanced disease
susceptibility 5 (eds5) was crossed with sncl adri-L1 to generate the sncl eds5-3 adr1-L1
triple mutant. Although the triple mutant partially rescued the snci adri-L1 phenotype, it
was significantly smaller than sncl eds5-3 (Figure 3.4), suggesting that the snci-

enhancing effects observed from adri-L1 are not fully dependent on SA accumulation.
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Figure 3.3: ADR1-L1 does not affect SNC1 turnover.

(A) Upper: western blot analysis using an anti-SNC1 antibody. Leaf total protein was extracted
from four-week-old plants grown at 22°C under long day conditions. Lower: Quantification of the
relative intensity of the SNC1 bands to a nonspecific band in Ponceau S staining in the upper panel.
Pairwise t-test was used to calculate the statistical significance between genotypes, as indicated by
different letters (P < 0.05). Bars represent mean £SD (n = 3).

(B) SNC1 transcript levels in WT, adri-L1, sncl and sncl adr1-L1 plants. gRT-PCR was performed
on four-week-old plants grown at 22°C under long day conditions. AC77 was used to normalize the
transcript levels. Arbitrary unit was used to show the relative abundance of SNVCI transcript levels
as compared to that in WT. Bars represent mean £SD (n = 3).
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(C) Upper: western blot analysis using an anti-SNC1 antibody. Leaf total protein was extracted
from four-week-old plants grown at 22°C under long day conditions. Lower: Quantification of the
relative intensity of the SNC1 bands to a nonspecific band from CBB staining in the upper panel.
Pairwise t-test was used to calculate the statistical significance between genotypes, as indicated by
different letters (P < 0.01). Bars represent mean £SD (n = 3).

(D) Morphological phenotypes of four-week-old WT, sncl, sncl pad4-1 and sncl pad4-1 adri-L1
plants grown at 22°C under long day conditions.

(E) Western blot analysis using an anti-SNC1 antibody on the indicated genotypes. Leaf total
protein was extracted from four-week-old plants grown at 22°C under long day conditions.
Numbers underneath indicate the relative intensity of the SNC1 band to a nonspecific band in
Ponceau S staining.
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Figure 3.4: The defense-enhancing phenotypes in snci1 adri-L1 are not fully
dependent on SA accumulation.

(A) Morphological phenotypes of four-week-old WT, snci, sncl eds5-3, sncl adri-L1 and sncl
eds5-3 adri-L1 plants grown at 22°C under long day conditions.

(B) Fresh weights of three-week-old WT, snci, sncl eds5-3, sncl adri-L1 and sncl eds5-3 adri-
L1 plants grown at 22°C under long day conditions. One-way ANOVA was used to calculate the
statistical significance between genotypes, as indicated by different letters (P < 0.001). Bars
represent mean £SD (n = 10).
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3.2.5 Loss of ADR1-L1 leads to transcriptional up-regulation of ADRI and ADR1-L2

Constitutive increase in steady state NLR protein levels often results in autoimmune
phenotypes (Tang et al., 1999; Tao et al., 2000; Frost et al., 2004; Cheng et al., 2011;
Gou et al., 2012). Not surprisingly, over-expression of ADR1 also leads to autoimmunity
(Grant et al., 2003). I therefore tested if the loss of ADR1-L1 could be over-compensated
by increased expression of its paralogs, ADR1 and ADR1-L2. When the transcript levels of
ADR1 and ADRI-L2 in WT, adri-L1, sncl and sncl adri-L1 were compared, I noted a
consistent two-fold increase in ADR1 transcript levels, and a 50% increase in ADR1-L2
expression in sncl adri-L1 compared to sncl (Figure 3.5A, B). I also consistently
observed a slight, yet not always significant, increase of both ADRI and ADRI-L2
transcripts in adri-L1 compared to WT (Figure 3.5A, B; 3.6). ADR1 seems to compensate
more than ADRI-L2.

3.2.6 adr1-L1 enhances the autoimmune phenotypes in some, but not all autoimmune

mutants

To test the specificity of the immunity-enhancing effects of adri-L1, I crossed the T-DNA
knockout allele of adri-L1 with a collection of autoimmune mutants. Increased SNC1
protein level leads to a similar autoimmune phenotype as that observed in mutant snc?
(Xu et al., 2014a). Therefore, I crossed adri-L1 with a set of genetic backgrounds that
exhibit increased SNC1 protein levels. These included cpri, ba/and SNCI1 transgenic over-
expression lines. CPRI encodes an F-box protein that facilitates the degradation of SNC1
and RPS2 (Cheng et al., 2011). In knockout mutant c¢pri-3, over-accumulation of SNC1
contributes partly to its autoimmune phenotypes (Cheng et al., 2011). In the cpr1-3 adri-
L1 double mutant, the autoimmune phenotypes of cpri-3 were significantly enhanced by
adri-L1, as illustrated by plant size (Figure 3.5C), fresh weight (Figure 3.5D) and total SA
measurements of the mutant plants (Figure 3.5E). A duplication within the RPP4 cluster
also results in heightened expression of SNCI in the ba/ mutant, resulting in snci-like

autoimmunity (Stokes et al., 2002; Yi and Richards, 2009). Similarly, transgenic
57



overexpression of WT SNCI or mutant snci in Col-0 results in severe autoimmune
phenotypes (Xu et al., 2014a). The autoimmune phenotypes of ba/ and transgenic SNVCI-
or sncl-overexpression lines were all enhanced by adri-L1 (Figure 3.5F, G), suggesting
that SNC1-mediated defense can be enhanced by knocking out ADRI1-L1, independent of
the gain-of-function mutation in snciZ. Such enhancement does not rely on the
chromosomal location of the SNCI gene, as manifested by the phenotypic enhancement of

transgenic SNVCI- or snci-overexpression lines by adri-L1.

Lesion Simulating Disease 1 (LSDI) encodes a zinc finger protein involved in the negative
regulation of pathogen-induced cell death (Dietrich et al., 1997). Loss-of-function mutant
/sd1-2 plants exhibit abnormal superoxide accumulation and excessive cell death upon
induction (Jabs et al., 1996). Under the growth conditions in the Li Lab, the /sd1-2 adr1-L1
double mutant exhibited a snci-like autoimmune phenotype (Figure 3.5H), which was
absent in the /sd1-2 single mutant. The /sdZ-2 mutant exhibited spontaneous cell death
(Figure 3.5H), which differs from the previously reported inducible cell death phenotype of
Isd1-2 (Jabs et al., 1996). This could be due to the difference in the light regime used for
plant growth. Interestingly, the cell death phenotype of /sdZ-2 is suppressed by adri-L1
(Figure 3.7A). Overall, the /sd1 adri-L1 phenotypes suggest that the immunity-enhancing

effect of adri-L1is also active in the /sd1-2 background, and is not specific to snci.

In the autoimmune mutant suppressor of npri-1, constitutive 2 (snc2-1D), a gain-of-
function mutation in a receptor-like protein (RLP) confers constitutively activated defense
responses (Zhang et al., 2010). SNC2 likely functions with other membrane-bound
proteins in the perception of unidentified PAMPs (Yang et al., 2012). As shown in Figure
3.8A, the autoimmune phenotype of snc2-1D was not enhanced by adri-L1. Similarly, the
autoimmune phenotypes of snc4-10, a gain-of-function mutation in the RLK SUPPRESSOR
OF NPR1-1, CONSTITUTIVE 4 (SNC4) that leads to constitutive defense responses (Bi et
al., 2010), were not enhanced by adri-L1 either (Figure 3.8B). These results suggest that
adri-L1 does not enhance autoimmunity triggered by gain-of-function mutants of these
specific RLP and RLK.
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Figure 3.5: adri-L1 enhances the autoimmune phenotypes of some, but not all,
autoimmune mutants tested, leading to increased ADR1I and ADRI1-L2
transcript levels.

(A, B) ADR1 and ADRI1-L2 transcript levels in the indicated genotypes. gqRT-PCR was performed on
two-week-old seedlings grown on 1/2 MS plates. AC77was used to normalize the transcript levels.
Values for WT were set as 1.0. Pairwise t-tests were used to calculate the statistical significance
between genotypes, as indicated by different letters (P < 0.05). Bars represent mean £SD (n = 3).
The whole experiment involving all four genotypes was biologically repeated twice. Experiment
with WT and adr1-L1 was biologically repeated for two additional times (four times in total). Please
refer to Figure 3.6 for data from the other three biological repeats on WT and adri-L1.

(C) Morphological phenotypes of four-week-old WT, cpri-3, cpri-3 adri-L1 and adri-L1 plants
grown at 22°C under long day conditions.

(D) Fresh weights of four-week-old WT, ¢pri-3, ¢pri-3 adri-L1 and adri-L1 plants grown at 22°C
under long day conditions. One-way ANOVA was used to calculate the statistical significance
between genotypes, as indicated by different letters (P < 0.01). Bars represent mean £SD (n =
20).

(E) Total SA levels of four-week-old WT, ¢pri1-3, cpri-3 adri-L1 and adri-L1 plants grown at 22°C
under long day conditions. Multiple t-tests were used to calculate the statistical significance
between genotypes, as indicated by different letters (P < 0.01). Bars represent mean £SD (n = 4).

(F) Morphological phenotypes of four-week-old WT, adri-L1, bal, bal adri-L1, SNCI1-GFP, SNCI-
GFP adri-L1 (S. adri-L1), sncl-GFP and sncl-GFP adri-L1 (s. adri-LI) plants grown at 22°C
under long day conditions.

(G) Fresh weights of four-week-old WT, adri-L1, bal, bal adr1-L1, SNC1-GFP, SNCI1-GFPin adri-L1,
sncl-GFP and sncl-GFP in adr1-L1 plants grown at 22°C under long day conditions. Pairwise t-
tests were used to calculate the statistical significance between genotypes, as indicated by
asterisks (P < 0.001). Bars represent mean £SD (n = 5).

(H) Morphological phenotypes of three-week-old WT, /sd1-2, Isd1-2 adri-L1 and adri-L1 plants
grown at 22°C under long day conditions.

(I, J) ADRI and ADRI-L2 transcript levels in the indicated genotypes. gqRT-PCR was performed on
three-week-old soil-grown plants grown at 22°C under long day conditions. AC77 was used to
normalize the transcript levels. Values for WT were set as 1.0. Pairwise t-tests were used to
calculate the statistical significance between genotypes, as indicated by asterisks (P < 0.05). Bars
represent mean £SD (n = 3). The whole experiment was biologically repeated twice with similar
trends.
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Figure 3.6: Three additional biological repeats showing that transcript levels of
ADR1 and ADR1-L2 are consistently up-regulated in adri1-L1.

(A-C) ADR1 and ADRI-L2 transcript levels in WT and adri-L1 plants in three independent
biological repeats. qRT-PCR was performed on two-week-old seedlings grown on 1/2 MS plates.
ACT7 was used to normalize the transcript levels. Values for WT were set as 1.0. Bars represent

mean £SD (n = 3).
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Figure 3.7: adri-L1 fully suppresses the cell death phenotype of /sd1-2 and
chs3-1, but not that of chs1-2.

(A) Ion leakage measurements for WT, /sd1-2 and /sd1-2 adr1-L1 plants. Six leaf discs from four-
week-old plants grown at 22°C under long day conditions were used for each genotype. Three
consecutive measurements were performed. Values are means +£SD (n = 3). The whole
experiment was repeated with independent samples twice, with similar results.

(B) Ion leakage measurements for WT, adri-L1, chs1-2, chs1-2 adrl-L1, chs3-1 and chs3-1 adrl-
L1 plants. Seeds were germinated at 22°C under long day conditions and one-week-old seedlings
were transferred to 18°C for the cell death phenotypes to be observed. Two two-week-old
seedlings were used for each genotype. Three consecutive measurements were performed. Values
are means £SD (n = 3). The whole experiment was repeated with independent samples twice,
with similar results.
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Figure 3.8: adri1-L1 does not enhance the autoimmune phenotypes of snc2-1D,
snc4-1D, chs1-2, chs2-1or chs3-1.

(A) Morphological phenotypes of four-week-old WT, snc2-1D, snc2-1D adri-L1 and adr1-L1 plants
grown at 22°C under short day conditions (9hr light/15hr dark).

(B) Morphological phenotypes of four-week-old WT, snc4-1D, snc4-1D adri-L1 and adr1-L1 plants
grown at 22°C under short day conditions.

(C) Morphological phenotypes of four-week-old WT, chsi-2, chsi-2 adri-L1 and adri-L1 plants
grown at 22°C under long day conditions.

(D) Morphological phenotypes of four-week-old WT, chs2-1, chs2-1 adri-L1 and adri-L1 plants.
Seeds were germinated at 22°C. One-week-old seedlings were transferred to 18°C for
autoimmune phenotypes to be observed.

(E) Morphological phenotypes of four-week-old WT, chs3-1, chs3-1 adrl-L1 and adrI-L1 plants
grown at 22°C under long day conditions.
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In the mutant chilling sensitive 1 (chs1-2), a missense mutation in a TIR-NB protein
causes autoimmune phenotypes under chilling conditions (Wang et al., 2013). Under the
growth condition in the Li Lab, chsi-2 exhibited dwarfed stature and curled leaves, yet
these phenotypes were not enhanced in c¢hsi-2 adri-L1 (Figure 3.8C). The difference
between the chsi-2 phenotypes observed under 22°C and those as previously reported
(Wang et al., 2013) are likely due to differences in growth condition. Another chilling
sensitive mutant chilling sensitive 2 (chs2-1) harbors a gain-of-function mutation in RPP4,
which encodes a typical TNL (Huang et al., 2010). The autoimmune phenotypes of chs2-1
were not enhanced by adri-L1 either (Figure 3.8D). In the mutant chilling sensitive 3
(chs3-1), a mutation in the C-terminal LIM domain of the atypical TNL protein CHS3 leads
to chilling sensitivity and constitutive activated defense responses, which can be alleviated
at higher temperatures (Yang et al., 2010). I did not detect enhancement of chs3-1 by
adri-L1 (Figure 3.8E). Additionally, the cell death phenotype under chilling condition in
chs3-1, but not in ¢chsi1-2, was suppressed by adri-L1 (Figure 3.7B). These results suggest
that loss of ADR1-L1 function does not affect defense responses mediated through CHS1,
CHS2 or CHS3. Taken together, the autoimmunity-enhancing ability of adri-L1 seems to

be specific to only certain autoimmune mutant backgrounds.

To further test whether the up-regulation of ADR1I and ADRI-L2 transcription over
compensates the loss of ADR1-L1, I compared the transcript levels of ADR1 and ADR1-L2
in additional autoimmune mutants with or without adri-L1 mutation (Figure 3.5I, J).
Significantly increased ADRI transcription with adri-L1 was observed under all mutant
backgrounds tested except for snc2-1D, and significantly increased ADRI-L2 transcription
in adri-L1 under all mutant backgrounds tested except for the SNCi-overexpressing line
(difference insignificant) and snc2-1D (Figure 3.51, J). Therefore, the up-regulation of

ADRI and ADR1-L2 transcription is not specific to the sncZ mutant background.

Taken together, these results suggest that the transcription levels of ADRI and ADR1-L2
are both up-regulated in mutant adrz-L1, which may compensate for the loss of ADR1-L1.

This over-compensation becomes more obvious in autoimmune backgrounds.
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3.2.7 Genetic interplay among the three redundant ADR1 gene family members

To further address whether the immunity-enhancing effects of adri-L1 are dependent on
ADR1 and ADR1-L2, knockout mutations in adrl and adri-L2 were introduced into the
sncl adri-L1 background by my colleague. The snci-enhancing phenotypes in sncl adri-
L1 are largely suppressed by adri and fully suppressed by adri adri-L2 as observed in
morphology, fresh weight and the expression of PRI and PRZ (Figure 3.9A-C), suggesting
that ADR1 and ADR1-L2 are indeed responsible for the enhanced immunity in adri-L1.

ADR1 and ADRI1-L2 transcript levels were also quantified in various sncl adr mutant
combinations by gPCR (Figure 3.9D). ADR1 transcript level is elevated in sncl adri-L1 but
not in sncl adri-L2 when compared to sncl (Figure 3.9D). Similarly, ADR1-L2 transcript
level is elevated in sncl adri-L1 but not in sncl adrl when compared to sncl (Figure
3.9D). These results suggest that the over-compensation effect seems to be specific to
adri-L1, but not with adri or adri-L2.

3.3 Discussion

This chapter reports immunity-enhancing phenotypes of the loss-of-function helper NLR
mutant adri-L1 in combination with snci. Interestingly, the ADR1-L1 paralogs ADR1 and
ADR1-L2 are required for this phenotype. Transcripts of ADR1 and ADRI-L? are up-
regulated in adri-L1 mutant. Thus, it is plausible that transcriptional up-regulation of
ADRI and ADRI1-L2 may over-compensate for the loss of ADRI-L1, leading to the defense-
enhancing phenotypes observed in snci. This study extends our knowledge on the

functional interplay among helper NLRs.

65



snct adr1-L2 snct adri

snc1adr1 -L1
‘ 5 % 18

snc1 adri adri-L1 snct adr1-L1 adr1-L2

3

snct adr1 adr1-L2 snct adri triple

B 200 - Fresh Weight

150 -

100 -

mg / plant

50 -

e PR1/ACT1 c
2 200 .0 15000
a » 12500
QO 150 o )
S o S
x
@ 100 " ()
o )
= 50 >
© =
© @©
 ° 3 & "
é\ ’\ 'L "\ A \/{L‘Q\Q é\ '\ \:\ ’1,6"\ N q,Q\Q
(\ & & WA NS &Y, s & {\\0
& Fy éé\\\:\ i\\ b&" ?\'A&\ & 60\ 66‘\0\/ i‘\ 66‘ i)'bc\
IR P £ & T (T
,\'b é\f: \’A ‘\0
D ?
ADR1/ACT1
c C
.2 10 Q
[2) c C n
9O 8 %)
[} [0}
— —
a6 a
x b x
[} 4 b ()
g 2
522 Bllalics 5
o 0 [0}
K CON PR F® B oM 0 WJ®
é‘&'\ W o&\&\ 6\ R S AT &" &'\“
© \ »\ & '\% ’\Ib 5‘\ ’\ ’\ '\ 'b6
Pl RN & & vt e
© AV o S & N, e
T T FATATS & & &
é\o\ §© «° 6(\(:‘ g 9

(Contributed by Meixuezi Tong)
66



Figure 3.9: Characterization of combinatory mutants between snc1 and adrs.

(A) Morphological phenotypes of four-week-old WT, sncli, sncl adri-L1, sncl adr1-L2, sncl adrl,
sncl adri-L1 adr1-L2, sncl adrl adrl-L1, sncl adrl adri-L2 and sncl adrl triple plants grown at
22°C under long day conditions.

(B) Fresh weights of four-week-old plants of the indicated genotypes grown at 22°C under long
day conditions. One-way ANOVA was used to calculate the statistical significance between
genotypes, as indicated by different letters (P < 0.05). Bars represent mean £SD (n = 6).

(C, D) Relative transcript levels of PRI and PRZ (C); ADRI and ADRI-L2 (D) in the indicated
genotypes as determined by gqRT-PCR. Total RNA was extracted from four-week-old plants grown
at 22°C under long day conditions. AC71 was used to normalize the transcript levels. One-way
ANOVA was used to calculate the statistical significance between genotypes, as indicated by
different letters (P < 0.05). Bars represent mean £SD (n = 3).
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Figure 3.10: adr1, adri1-L1 or adri-L2 affects /sd1-2 phenotypes differently.

Morphological phenotypes of four-week-old WT, /sd1-2, [sd1-2 adrl, Isd1-2 adrl-L1, Isd1-2
adri-L2, Isd1-2 adrl adri-L1, Isd1-2 adrl adr1-L2, Isd1-2 adri-L1 adri-L2 and /sd1 adrl triple
plants grown at 22°C under long day conditions.

ADR1-L1 serves as a positive regulator of immunity redundantly with ADR1 and ADR1-L2
(Bonardi et al., 2011). Using snci-suppressing phenotype as a criterion, these three ADR

genes seem to exhibit unequal redundancy, where ADRI seems to be the leading while

ADR1-L1is the least contributor (Figure 3.9). The unexpected snci-enhancing phenotypes
67



of adri-L1 loss-of-function alleles reveal an apparent negative role in plant defense. I
sought to define the mechanism for this unexpected autoimmunity-enhancing effect. I first
examined the possibility that ADR1-L1 regulates SNC1 turnover, as do several muse
mutants identified in the same screen that exhibit enhanced autoimmune phenotypes due
to increased SNC1 protein levels (Huang et al., 2014a; Huang et al., 2014b; Xu et al.,
2015b; Huang et al., 2016). Although heightened SNC1 level was observed in sncl adri-
L1 double mutant plants compared to snci (Figure 3.3A), steady state SNC1 protein
accumulation was unaffected in adri-L1 or when the feedback transcriptional up-
regulation of SNCI was blocked by pad4-1 (Figure 3.3C, E). Therefore ADR1-L1 does not

seem to be involved in the stability control of steady state SNC1 protein.

Secondly, I tested the specificity of the autoimmunity-enhancing effect of adri-L1.
Although adri-L1 did not enhance the autoimmunity of snc2-1D, snc4-1D, chs1-2, chs2-1,
or chs3-1 (Figure 3.8), it did exhibit enhanced autoimmunity in ba/ and other SNC1/snci-
overexpression contexts, and in /sdZ-2 (Figure 3.5; 3.10). These observations suggest that
the enhancement of the autoimmune phenotypes in snci by adri-L1 is unlikely through a

direct regulation of SNC1-mediated immunity.

How does the specificity of ADR1-L1 come about? One possibility is that the autoimmune-
enhancing effects from adri-L1 rely on a certain threshold level of immune signaling
(Figure 3.11) defined by immune outputs such as the expression of defense-related genes.
When the autoimmune phenotypes are weak, the level of enhancement from adri-L1 is
not enough to be transformed into a significant plant size difference. On the other hand,
when the background autoimmunity is too strong, it is more difficult to detect a marginal

decrease in plant size due to increased immunity caused by the loss of ADR1-L1.
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Figure 3.11: Working model: ADR1 and ADR1-L2 over-compensate the loss of
ADR1-L1 in defense regulation.

Among the three ADR genes, ADR1-L1 and ADRI-L2 are expressed at higher levels, while ADR1 is
expressed at a lower level (Figure 3.12)(Roberts et al., 2013). Therefore, there are potentially
different amounts of the paralogous ADR proteins in WT plants required for their normal function.
Loss of ADR1-L1 leads to heightened expression of ADRI and ADRI-L2, resulting in
overcompensation of defense outputs. In WT, this overcompensation is not sufficient to lead to
autoimmune response and enhanced disease resistance. However, in sncl, enhancement of the
autoimmune phenotype becomes apparent. On the other hand, as in chAsi-2 where the
autoimmunity is weak, the over-compensated ADR1 levels are insufficient to cross the
autoimmune-enhancing threshold. By contrast, the autoimmunity as in c¢hs3-1 has reached a
maximal limit and enhancement by adri-L1 is not observable at the level of plant size.
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Gene expression may be up-regulated to compensate for the loss of their functionally
redundant paralogs (Diss et al.,, 2014). The Arabidopsis R-SNARE (soluble N-
ethylmaleimide sensitive factor attachment protein receptor) genes VESICLE-ASSOCIATED
MEMBRANE PROTEIN 721 (VAMP721) and VAMP722 are transcriptionally upregulated in
the respective mutant to compensate for the loss of the other (Kwon et al., 2008). In
tomato, silencing of one ethylene receptor gene, VR, results in increased mRNA level of its
redundant paralog LeETR4 (Tieman et al., 2000). In a more recent example, Bethke et al.
reported that Arabidopsis pectin methylesterases (PMEs) contribute to disease resistance
against Pseudomonas syringae. Two PME loss-of-function mutants, pme3 and pmel’,
exhibited enhanced disease resistance to Pseudomonas syringae, possibly by a similar
over-compensation effect (Bethke et al., 2014). Another example involves two human
retinoblastoma family members, p107 and p130. Loss-of-function p130 in T lymphocytes
leads to higher levels of p107, and the predominant p130-E2F protein complex is replaced
by a p107-E2F complex (Mulligan et al., 1998). Similar examples were also reported for
redundant mammalian gene families, including retinoic acid receptor and connexin gene
families (Berard et al., 1997; Minkoff et al., 1999).

Consistent with the paralogous gene over-compensation hypothesis, I repeatedly observed
increased expression of ADRI1 and ADRI-L2 in the adri-L1 mutant compared to WT
(Figure 3.5A, B; 3.6). This increase is magnified in the snci autoimmune mutant
background (Figure 3.5A, B). Similar to a previous report (Roberts et al., 2013), it was
observed that individual adri, adri-L1 and adri-L2 knockout mutants affect /sdi1-2
phenotypes differently under the growth conditions in the Li Lab(Figure 3.10), suggesting
an unequal redundancy among the ADR1 family members. Further analyses of the
microarray data from AtGenExpress (Schmid et al., 2005; Winter et al., 2007) revealed
that the three ADR1 gene family members are not expressed at the same level, nor do
their expression levels respond to abiotic stresses to the same magnitude (Figure 3.12). It
is therefore possible that transcriptional up-regulation of ADR1 and ADR1-L2 in the adrl-
L1 mutant would yield more ADR1 and ADR1-L2 proteins to replace ADR1-L1, thus over-

70



compensating for the loss of ADR1-L1 due to higher gross activity of the other two ADR1

family proteins.
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Figure 3.12: ADR1, ADR1-L1 and ADR1-L2 have different expression levels.

Expression of ADR1, ADR1-L1 and ADRI-L2 extracted from microarray data from AtGenExpress. All
bars represent means £SD (n = 3). Samples are as follows: (A) Root or vegetative rosette from
15-day-old Arabidopsis seedlings grown on MS medium. (B) Five-week-old Arabidopsis leaves 24
hours after infiltration with either 10mM MgCl, (Mock) or virulent pathogen Pseudomonas syringae
pv. tomato DC3000. (C) Two-week-old Arabidopsis mutant rpp4 or WT seedlings six days after
spray inoculation of avirulent pathogen Hyaloperonospora arabidopsidis Emwal spores. (D) Five-
week-old Arabidopsis leaves one hour after infiltration with either water (Mock) or 1uM bacterial-
derived elicitor flg22.

To search for potential transcription factors involved in the proposed transcriptional over-

compensation, sequence analysis of the predicted promoter plus 5-UTR regions of the
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three ADR1 gene family members was performed. Within 1500 bp upstream the start
codon of ADR1, a W-box motif (C/TTGACC/T) (Pandey and Somssich, 2009) was identified,
whereas five W-box motifs were identified within 1500 bp upstream the start codon of
ADRI-L1. W-box motifs are recognized by WRKY transcription factors, which are notably
involved in the regulation of biotic and abiotic stress responses in plants (Pandey and
Somssich, 2009). In addition, three predicted SARD1 binding sequence (GAAATTT) (Sun et
al., 2015) was identified in the ADRI1-L1 promoter plus 5-UTR region. SARD1 function as
master transcriptional regulator of plant immune responses (Sun et al., 2015). In fact, a
chromatin immunoprecipitation-sequencing (ChIP-Seq) assay using SARD1 as bait has
identified all three ADR1 gene family members as binding targets of SARD1 (Sun et al.,
2015). These evidences suggest that the proposed transcriptional over compensation
within the ADRI gene family may involve interplay among multiple transcriptional
regulators such as SARD1 and WRKY. No conspicuous sequence similarity was observed
among the predicted promoter plus 5-UTR regions of the three ADRI gene family
members, indicating a unique regulatory mechanism may exist for each of the three

individual members of the ADRI gene family.

In addition, we cannot exclude the possibility that the functional over-compensation
proposed involves unequal protein stability or activity among the ADR1 family members.
ADR1 and ADR1-L2 protein function or stability might be enhanced, for example, by the

elimination of the potentially less-effective family member ADR1-L1 as a competitor.

How exactly loss of ADR1-L1 leads to up-regulation of ADR1 and ADR1-L2 will be an
interesting question to pursue in the future. It could be possible that the expression of the
three ADR genes is coordinated by a common transcription factor that is able to sense the
loss of ADR1-L1 and to enhance the expression of the other two paralogs. It is plausible
that ADR1-L1 may be directly involved in transcriptional repression of its two paralogs. In
both scenarios, loss of ADR1-L1 would lead to an up-regulation in the expression of ADR1
and ADR1-L2, leading to enhanced immunity.
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3.4 Materials and methods

3.4.1 Plant materials used

Arabidopsis thaliana (L.) Heynh. mutants used in this chapter include snci (Li et al., 2001),
adri-1 (Bonardi et al., 2011), adri-L1-2 (Bonardi et al., 2011), adri-L2-4 (Bonardi et al.,
2011), bal (Yi and Richards, 2009), SNCI-GFP and sncI-GFP (Xu et al., 2014a), cpri-3
(Cheng et al., 2011), /sd1-2 (Jabs et al., 1996), chs1-2 (Wang et al., 2013), chs2-1 (Huang
et al., 2010), chs3-1 (Yang et al., 2010), pad4-1 (Glazebrook et al., 1996), and eds5-3
(Nawrath and Metraux, 1999; Igari et al., 2008).

3.4.2 Growth conditions

For soil grown plants, seeds were vernalized at 4°C for two days, sown onto sterile soil
and transferred to plant growth rooms for either long day (22°C/18°C, 16h light/8h dark;
~50% relative humidity) or short day (21°C/18°C, 9Sh light/15h dark; ~50% relative
humidity) or continuous light (22°C) conditions as specified in figure legends. Phenotypes
were scored at indicated time points. For all agar plate-grown seedlings, seeds were
surface sterilized and sown on 1/2 MS agar plates, vernalized for two days and grown

under long day at 22°C.

3.4.3 Plant genotyping

Mutant genotyping primers used are as follows: adr1 (SAIL_842_B05) ADR1-1_s-Gen: CAA
AGG ACG ATG ATG TTC GAG, ADR1-1_as: CGG ATT GTT CAC TAT AGT AAG G, LB_SAIL:
TTT CAT AAC CAA TCT CGA TAC AC; adr1-L1-1 (SAIL_302_C06) L1_1-s: ATG GCC ATC
ACC GAT TTT TTC, adrl-L1_as: GTC AGG AAC AGG ATT TCC AG, LB_SAIL; adri-L2-4
(Salk_126422) PHX21_1_s: ATG GCA GAT ATA ATC GGC GG, PHX_ReT4_as: TGG GAG
ATT GTG ACA CAG TC, LB1.3: ATT TTG CCG ATT TCG GAA C;; chs2 (RPP4) VB12: GAT
TGA CCT TGT ATA TGA GGT GG, VB13: CAC TCA TCT TTG TCC CTT CCT TTT GAA, cut
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amplicon with Mboll at 37°C o/n, Col-0 138 bp and 35 bp, ¢hs2 138 bp and 60 bp; chs3
VB10: TCC TCC TTA CTC CTT GTG AGA C, VB11: TCT CTC TCT CAC TCT CTT CGT AGT
TCC CA, cut amplicon with Bci130I at 37°C or 8hr, Col-0 170 bp and 25 bp, ¢hs3 194 bp;
cprl (SALK_045148) LP: TTT CGT AAA TTT TTA CAC AAA ATC G, RP: TGT GAG TAG CCT
TGT CTT GGG. To genotype homozygous eds5-3, SNP primers F: ACT TCA GAG CGG TGA
TCA GA and R: CAT CAA CGG TCC ACA AGT C were used. All mutant combinations were
confirmed by genotyping.

3.4.4 Map-based cloning of musel5

Rough and fine mapping of muse15 was performed as previously described (Huang et al.,
2013). Primers involved in mapping were designed based on Monsanto Arabidopsis
polymorphism and Landsberg sequence collections (Jander et al., 2002). Marker primers
used include: FCA8 F: CTC CAA GCT TAG TGC AAC TC, R: TGA ACT GCA TTA ACA TGG
AAC; T13J8 F: ATG TTC CCA GGC TCC TTC CA, R: GAG ATG TGG GAC AAG TGA CG;
F8D20 F: TTG ATC TGA ATA GGT CCC CC, R: ACT GTT GCG ATA ATG CAG TG; F26P21 F:
TCT TCA ATG ATA CCC ATC CC, R: ATA TTT GCG ATT TCT ATT TTG GAG; F17I5 F: ATG
GGC TAG ATA ATT TCT AAG G, R: AAT GAA TTG TTA CAT GAG GTC G.

3.4.5 Infection assay

Infection assays by Hyaloperonospora arabidopsidis (H.a.) were performed as previously
described (Clarke et al., 2000). Ten-day-old soil-grown Arabidopsis seedlings were spray-
inoculated with freshly harvested H.a. Noco2 spores re-suspended in water. Infected
plants were kept at 18°C with 80% humidity for seven days before data collection. Growth
of the pathogen was measured by totaling the number of spores per gram of fresh weight

of host tissue.
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3.4.6 Total SA measurement

Leaf tissue was harvested from four-week-old Arabidopsis plants and homogenized and
mixed with 0.2 mL 90% methanol. Samples were sonicated using a water bath sonicator
for 20 minutes and centrifuged at 15000 g for 20 minutes. 0.3 mL 100% methanol was
added to the debris for a second extraction. Samples were thoroughly vortexed, spun
down again and the supernatants from the two extractions were combined and left to dry
overnight at room temperature. The next day, 0.1 mL B-glucosidase solution (80 unit/mL
B-glucosidase (Sigma G0395), in 0.1M NaAc, pH 5.2) was added to each sample. Samples
were vortexed and sonicated for 5 minutes and incubated at 37°C for 90 minutes. 0.5 mL
0.5% trichloroacetic acid (Sigma T6399) was added to the samples. Samples were spun
down at 15000 g for 15 minutes and the supernatant was transferred to a new set of
tubes and was extracted 3 times using extraction medium (ethylacetate : cyclopentane :
isopropanol = 100 : 99 : 1). The combined extraction product was left to dry overnight at
room temperature. SA samples were dissolved in mobile phase (0.2 M KAc, 0.5 mM EDTA,
pH 5.0) and the quantity of SA was measured using HPLC as previously described (Li et al.,
1999).

3.4.7 RNA extraction and gene expression analyses

Total RNA was extracted from two-week-old seedlings grown on 1/2 MS medium or four-
week-old soil grown plants using Totally RNA Kit (Ambion). Reverse transcription was
performed using Easyscript Reverse Transcription Kit (ABM). Semi-quantitative PCR was
performed as described before (Zhang et al., 2003). Real-time PCR was performed using
Perfect Realtime Kit (TAKARA). Sequences of the primers used are AC71 F: CGA TGA AGC
TCA ATC CAA ACG A, R: CAG AGT CGA GCA CAA TAC CG; ACT7 F: GGT GTC ATG GTT
GGT ATG GGT C, R: CCT CTG TGA GTA GAA CTG GGT GC; PRI F: GTA GGT GCT CTT GTT
CTT CCC, R: CAC ATA ATT CCC ACG AGG ATC; PR2 F: GCT TCC TTC TTC AAC CAC ACA
GC, R: CGT TGA TGT ACC GGA ATC TGA C; SNCI F: CTG GGA TAA GTT GTA TCG TGT TG,
R: AGA TGT CCC CGA TGT CAT CCG; ADRI F: ATA GTG AAC AAT CCG AGG TT, R: TTT
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CAT CCATTT CCC CTG T; ADRI-L2 F: CTT GTG AAA GAT CCA AGG TT, R: TGA GTC ATT
TCT CCT GTG T.

3.4.8 Ion leakage measurement

Rosette leaves were harvested from four-week-old plants and 6 leaf discs (6 mm diameter)
were collected and then floated in 20 mL water for 30 min. These leaf discs were
transferred to tubes containing 6 mL distilled water. Conductivity of the solution
(USiemens/cm) was determined with a conductivity meter (Model 2052, Amber Science) at
the indicated time points. For mutants that exhibit cell death (those with chsi-2 or chs3-1)
at earlier developmental stages, the experiment was performed with two whole two-week-

old seedlings.

3.4.9 Protein extraction and western blot analysis

Total protein was extracted from two-week-old Arabidopsis seedlings grown on 1/2 MS
medium. The whole extraction was performed either on ice or in a 4°C cold room. Tissues
were homogenized and mixed with extraction buffer (100 mM Tris-HCI pH 8.0, 0.1% SDS
and 2% B-mercaptoethanol). Samples were vortexed and centrifuged at 15000 g for 10
minutes. SDS loading buffer was added to supernatants and samples were boiled for 5
minutes before loading onto a SDS polyacrylamide gel electrophoresis (SDS-PAGE) gel.
After electrophoresis, separated protein samples were transferred to a membrane and
subjected to western blot analyses. The anti-SNC1 antibody was generated against a
SNC1-specific peptide from rabbit (Li et al., 2010b). Protein bands were quantified using

Imagel.
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4. Final summary and future perspectives

Current plant disease control in the agriculture industry relies heavily on the application of
chemical agents to directly inhibit the growth of the pathogens (Handford et al., 2015).
Crop protection by using such strategies poses high risk to the environment and the health
of the consumers (Lu et al., 2015). In depth understanding of how ETI is regulated in
plants lays the foundation for the development of novel crop protection strategies that
exploits the robust host defense mechanism. The application of these strategies in the
agricultural industry would not only reduce the damage to the ecosystem caused by

excessive use of pesticides, but also provide us with heathier food on tomorrow’s tables.

My thesis research describes the identification and functional characterization of two ETI-
enhancing mutants in Arabidopsis, musel and musel5, from a forward genetic screen.
Multiple loss-of-function alleles were independently isolated for both mutants, all of which
exhibited enhanced autoimmune phenotypes (Figure 2.3; 3.1). Through map-based
cloning, it was determined that MUSEI encodes an E3 ubiquitin ligase (Figure 2.2)
whereas MUSE15 encodes the helper NLR ADR1-L1 (Figure 3.2). MUSE1 and its paralog
MUSE2 are specifically involved in the negative regulation of SNC1-mediated immunity,
possibly by promoting the degradation of multiple NLRs required by SNC1 (Figure 2.14).
On the contrary, MUSE15 plays a more general role in fine-tuning defense, as the adri-L1
mutant enhanced the defense phenotypes of multiple autoimmune mutants, likely through
over-compensation by the other two members of the ADR helper NLR family, ADR1 and
ADR1-L2 (Figure 3.11).

The discovery of the functions of MUSE1/2 and MUSE15 in the regulation of SNC1-
mediated defense in this thesis research provides new insight into the complex mechanism
underlying ETI regulation. The discovery that the E3 ubiquitin ligases MUSE1 and MUSE2
are involved in the SNC1-meidated defense as is CPR1 (Cheng et al., 2011; Gou et al.,
2012) provides evidence that defense mediated by a single NLR may be controlled by
multiple ubiquitination pathways. The exclusion of SNC1 itself as the substrate of MUSE1
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and MUSE2 suggests that regulation through ubiquitination may occur at multiple steps in

signalling pathway mediated by a single NLR.

The results on the enhancement of the autoimmune phenotypes in snc1 by knocking out
ADRI helper NLR gene family member ADRI-L1 revealed the complex regulation among
plant NLRs. This unexpected enhancement may be due to over-compensation by ADR1
and ADR1-L2, the other two family members of the ADR helper NLR family (Figure 3.11).
The elevated ADRI and ADRI-L2 transcript levels observed in the adri-L1 mutant
backgrounds suggest that the proposed over-compensation might occur through

transcriptional regulation.

4.1 Using sncl in the MUSE genetic screen to dissect ETI

NLRs play central roles in ETI, as they account for the majority of the canonical R proteins,
which mediate isolate-specific effector recognition (Li et al., 2015). In Arabidopsis, RPP4
NLR gene cluster member SNVCI encodes a TNL showing high similarity to canonical R
proteins RPP4 and RECOGNITION OF PERONOSPORA PARASITICA 5 (RPP5) in amino acid
sequence (Zhang et al., 2003). The functional SNCI locus is specific to the Columbia
ecotype, indicating that SNVCI is highly polymorphic. These features suggest that SNC1 is
likely a canonical R protein. Thus, the SNC1-mediated defense pathway is representative

of ETI pathways.

The gain-of-function mutation in mutant snc’ causes autoimmune phenotypes due to the
constitutive activation of the SNC1-mediated defense pathway (Zhang et al., 2003). This
feature makes sncl a useful tool in genetic screens to study NLR regulation (Johnson et
al., 2012; Huang et al., 2013), as subtle changes in defense regulation are often amplified
under sncl background, resulting in an observable change in morphology. Despite the fact
that musel and musel15 loss-of-function single mutants are both WT-like (Figure 2.2C;
3.2D), they were successfully isolated from the MUSE screen. In addition, mutants

corresponding to gene pairs with overlapping functions such as MUSE1/MUSE2 and
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MUSE13/MUSE14 (Huang et al., 2016) were isolated from the muse screen. These cases
emphasize the power of using sncl as a sensitized genetic background to identify of
otherwise indistinguishable mutants. Furthermore, six loss-of-function musel alleles
(Figure 2.2A, B) and two loss-of-function muse15 alleles (Figure 3.2A, B, C) were isolated
independently from the MUSE screen, indicating that the Arabidopsis genome is well

covered in the mutagenesis process.

4.2 Ubiquitination catalyzed by MUSE1 and MUSE2

In an /n wvitro ubiquitination assay, E. coli -expressed recombinant MUSE1 exhibited
ubiquitin ligase activity by poly-ubiquitinating itself (Figure 2.5). However, I was not able
to determine whether MUSE1 catalyzes mono-ubiquitination or poly-ubiquitination /n vivo.
Also, it remains unclear how the ubiquitins added by MUSE1 are linked to each other and
to the substrate. Knowledge of the type of ubiquitination catalyzed by MUSE1 an MUSE2 is
crucial to understanding their function in the regulation of plant immunity, as different
types of ubiquitination perform diverse functions (Hicke, 2001; Chen and Sun, 2009;
Kravtsova-Ivantsiv and Ciechanover, 2012; Kulathu and Komander, 2012; Sadanandom et
al., 2012; Tian and Xie, 2013).

The most frequently reported type of ubiquitination, the K48-linked poly-ubiquitination,
usually directs substrate for 26S proteasome-mediated protein degradation (Kravtsova-
Ivantsiv et al., 2013). On the contrary, atypical ubiquitin chains may form through linkage
via the other 6 lysine residues on an ubiquitin molecule: K6, K11, K27, K29, K33 and K63
(Walsh and Sadanandom, 2014). The functions of these atypical ubiquitin chains in plants
have been less well-understood. In one case, K29-linked ubiquitin chains have been
reported to target Arabidopsis DELLA proteins for 26S proteasome-mediated protein
degradation (Wang et al., 2009). In another example, Arabidopsis auxin transporter PIN2
is marked by K63-liked ubiquitin chains for endocytosis followed by a vacuolar proteolysis
pathway (Leitner et al., 2012). In animals, atypical ubiquitin chains have also been

reported to play roles non-proteolytic pathways such as DNA repair and kinase activation,
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although these functions have not yet been reported in plants. In addition, mono-
ubiquitination has been shown to play a crucial role in histone modification and

transcriptional control in animals (Pham and Sauer, 2000; Robzyk et al., 2000).

Most of the previously characterized Arabidopsis E3 ubiquitin ligases involved in defense
promote protein degradation (Cheng et al., 2011; Lu et al.,, 2011; Gou et al., 2012;
Stegmann et al., 2012). It is therefore highly plausible that MUSE1 and MUSE2 negatively
regulate defense by promoting the turnover of positive defense components. However, it
is also possible that MUSE1 and MUSE2 activate negative defense regulators repressing

the SNC1-mediated defense pathway, through non-canonical ubiquitination.

Since the type of ubiquitination is largely determined by the E2 enzyme involved (Ye and
Rape, 2009), it would be informative to identify the MUSE1l-interacting E2 enzyme in
future experiments. This may be achieved by /n vivo immunoprecipitation (IP) of MUSE1
followed by mass spectrum (MS) analysis. A major challenge is to overcome the low

expression level of transgene MUSE1-HA to yield sufficient protein for IP-MS assay.

4.3 Possible substrates of MUSE1 and MUSE2

Identification of the ubiquitination substrates of E3 ubiquitin ligases is crucial to studying
the underlying mechanism by which the E3s regulate biological processes. Epistatic
analyses indicated that MUSE1 and MUSE2 are specifically involved in the negative
regulation of the SNC1-mediated defense pathway (Figure 2.9, 2.10, 2.11). Therefore, the
substrates of MUSE1 and MUSE2 are likely specific regulators involved in defense
mediated by SNC1.

MUSE1 was used as bait in a yeast two-hybrid screen against an Arabidopsis cDNA library
generated under the pathogen-induced condition. I did not isolate meaningful candidate
interactors of MUSE1 besides ubiquitin, possibly due to the transient nature of the

interaction between E3 ligases and substrates proteins. Specific mutations in the RING
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domain often abolish E3 ligase activity by disrupting the RING domain (Xie et al., 2002;
Dong et al., 2006; Zhang et al., 2007b; Peng et al., 2013) (Figure 2.5B). Such mutations
often result in dominant-negative forms of E3 ligases through unclear mechanisms (Xie et
al., 2002; Peng et al.,, 2013). Usually, the RING domain is where an E2 ubiquitin
conjugating enzyme binds (Deshaies and Joazeiro, 2009). Hence, a plausible explanation
for the dominant-negative effect observed in the RING domain mutant E3s is that these
E3s compete with the endogenous RING E3s for the substrate proteins and protect them
from being ubiquitinated and degraded by the 26S proteasome pathway. In addition,
dominant-negative MUSE1-H156Y-HA tends to accumulate to a higher level when
transiently expressed in tobacco compared to native MUSE1-HA (data not shown), possibly
due to stabilized protein through the prevention of auto-ubiquitination (Galan and Peter,
1999; Stegmann et al., 2012). Taken together, the potentially transient interaction
between MUSE1 and its substrates in yeast may be enhanced by using the dominant-
negative form MUSE1-H156Y as bait.

If the consequence of the ubiquitination catalyzed by MUSE1 and MUSE?2 is proteolytic, the
autoimmune phenotypes observed in the musel muse2 double mutant are likely the result
of the over-accumulation of the substrates of MUSE1 and MUSE2. Under this situation,
MUSE1 and MUSE2 ubiquitinate positive regulators specific to the SNC1-mediated defense
pathway (Figure 2.14). Three candidate proteins that satisfy this criterion, SNC1, MOS10
and bHLH84, were tested for being the potential substrates of MUSE1 in biochemical
assays, but none of them exhibited reduced protein level upon increased expression of
MUSEI (Figure 2.12). Besides, over-accumulation of SNC1, MOS10 or bHLH84 each results
in snci-like autoimmune phenotypes (Zhu et al., 2010; Cheng et al., 2011; Xu et al.,
2014b), different from the WT-like phenotypes of the musel or muse2 knockout mutant
(Figure 2.6). These results suggest that it is unlikely that SNC1, MOS10 or bHLH84 is the
substrate of MUSE1 and MUSE2. In search of the substrates whose turnover is promoted
by MUSE1 and MUSE2, a suppressor screen by using EMS mutagenesis under the musel
museZ2 double mutant background was performed. I was not able to identify suppressors

of the autoimmune phenotype of musel museZ2 other than loss-of-function snci alleles.
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This indicates that more than one MUSE1/MUSE2 substrate with overlapping functions
may exist (Figure 2.14), as mutants corresponding to genes with redundant function tend
to be missed in forward genetic screens in which EMS is used as the mutagen (Zhang et
al., 2007a).

If, on the other hand, MUSE1 and MUSE2 promote the activities of substrate proteins
through uncanonical ubiquitination, the substrates of MUSE1 and MUSE2 would be
negative defense regulators specifically involved in the repression of the SNC1 pathway.
The autoimmune mutant phenotypes of musel muse2? are thus due to the failure in
activation of the substrate proteins of the substrate proteins of MUSE1 and MUSE2.
Furthermore, under this scenario, a musel museZ2 suppressor screen would not yield loss-
of-function mutants of substrates of MUSE1 and MUSE2. Instead, a suppressor screen
may be conducted using the “snci with transgene MUSE1 (WT-like)” background (Figure
2.8). In such screen, mutants that restores snci-like phenotypes may harbor mutations in
the substrates of MUSE1 and MUSE?2.

4.4 SNC1 may form heterodimers with additional TNLs

Multiple studies have reported the co-operation between plant NLR pairs through physical
interaction (Cesari et al.,, 2014; Williams et al., 2014). In addition, functional NLR
interaction without identified physical association have been reported in plants (Aarts et al.,
1998; Peart et al., 2005; Eitas et al., 2008; Bonardi et al., 2011; Xu et al., 2015a). It is
thus entirely plausible that the function of SNC1 relies on one or more additional NLRs.
Furthermore, in both reported cases where plant NLRs form heterodimers, the two
corresponding loci are in proximity to each other in the genome and the two NLRs have

the same type of N terminal domain (Cesari et al., 2014; Williams et al., 2014).

Future experiments will focus on testing whether 7VL knockout mutants would suppress

the sncl autoimmune phenotypes. This can be performed by a reverse genetic screen in
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which 7ML genes with similar expression pattern as SNVCI are knocked out under the snci

background.

4.5 Complex interplay among helper NLRs

The three functional members of the ADR1 NLR family have been previously shown to
have overlapping functions in the regulation of defense mediated by multiple NLRs, and
were thus designated as helper NLRs (Bonardi et al., 2011). However, additional interplay
among these ADR1 family members beyond their functional redundancy was not reported.
My thesis research concludes that loss of ADR1-L1 may lead to the increased expression of

ADRI and ADR1-L2, possibly through transcriptional regulation.

A major challenge in the future is to determine the specific transcription factors involved in
such over-compensatory regulation. This may be accomplished by a yeast one-hybrid
assay using promoters of ADRI and ADRI1-L2. Besides, IP-MS assay using ADR1-L1 as bait
may shed light on the underlying mechanisms by which the ADR helper NLR family
members are co-ordinated. It would be interesting to determine whether the over-
compensatory phenomenon exists among other NLR family members in plants. NRG1, a
helper NLR first identified in tobacco, is required for the activation of TNL N (Peart et al.,
2005). Three orthologues of NRG1 exist In Arabidopsis as a gene cluster. The NRG1 family
and the ADR1 family NLRs both belong to the RPW8 CNL subtype of NLRs and share high
similarity in amino acid sequences (Collier et al., 2011). It is worth testing whether the
NRG1 family members function as helper NLRs in Arabidopsis, whether the ADR1 and
NRG1 family members function synergistically in regulating ETI and whether the over-

compensation effect is also observed among members of the NRGI gene family.
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