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Abstract 
In the plant innate immune system, diverse signals from a wide range of 

pathogens converge on the same output, effector triggered immunity (ETI) and the 

associated programmed cell death (PCD). Past genetic studies have succeeded in 

uncovering the role of R-genes in recognizing the presence of pathogen effectors, and in 

identifying a number of downstream executors of the immune response. However, the 

gap between effector recognition and phenotype regulation remains poorly understood, 

with each signaling component only contributing a minor quantitative effect to the 

phenotype of ETI-PCD. In this dissertation, my goal is to fill in a portion of that gap.  

I demonstrate that there is a prolonged nuclear increase of calcium ions during 

ETI, and that that nuclear calcium signal is essential for PCD. I also utilize cpr5, a point 

mutant identified for its constitutive defense response and programmed cell death 

lesions, to identify a new role for cell cycle regulators in regulating ETI-PCD. I show that 

phosphorylation of the cell cycle regulator Retinoblastoma-Related 1 (RBR1) is 

responsive to ETI. The RBR1 target transcription factors E2Fa, E2Fb, and E2Fc have an 

additive role regulating ETI, and a triple e2fabc mutant is susceptible to pathogens. 

Using a reverse genetics approach in e2fabc, I identify repression of nonphotochemical 

quenching in the chloroplasts as a key step in ETI-PCD regulation.  
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Together, these studies emphasize the role of organelles in PCD regulation, with 

the nucleus serving as a hub of second messenger signaling and transcription and the 

chloroplasts responding to ETI by remodeling to serve a new role as a platform for ROS 

production.  In addition, they define a new pathway of ETI regulation that contributes 

quantitatively to ETI-PCD.  

 

  



 

 

vi 

Contents 

Abstract ......................................................................................................................................... iv 

List of Tables ................................................................................................................................ xii 

List of Figures ............................................................................................................................. xiii 

Acknowledgements .................................................................................................................... xv 

1. Introduction ................................................................................................................................ 1 

1.1 Cell cycle regulators and cell death in immunity ......................................................... 1 

1.1.1 Comparing effector-triggered PCD in plants and pyroptosis in mammals: 
immune receptors and consequence .................................................................................. 2 

1.1.2 Comparing effector-triggered PCD in plants and pyroptosis in mammals: 
downstream events ............................................................................................................... 7 

1.1.4 Effector-triggered PCD in plants and apoptosis in mammals: control by cell 
cycle regulators ...................................................................................................................... 9 

1.1.5 Control of Rb and E2F during cell death ................................................................ 11 

1.1.6 Why engage cell cycle regulators in immune-related cell death? ....................... 13 

1.1.7 Concluding remarks .................................................................................................. 15 

1.2 Nuclear Calcium Dynamics in Arabidopsis Effector Triggered Immunity ........... 16 

1.2.1 Calcium Signaling in Plant Innate Immunity ........................................................ 16 

1.2.2 Nuclear Calcium Dynamics in Plants ..................................................................... 20 

1.3 Chloroplasts and plant defense ..................................................................................... 22 

1.3.1 Reactive oxygen species are produced by the chloroplasts during the response 
to biotrophic pathogens ..................................................................................................... 22 

1.3.2 Light contributes to Effector-Triggered Immunity ............................................... 23 



 

 

vii 

1.3.3 Photosynthetic parameters respond to immune regulation ................................ 24 

1.3.4 Nuclear-encoded chloroplast genes are altered by biotrophic pathogen 
infection ................................................................................................................................ 25 

1.4 The gap in our understanding of ETI-PCD regulation .............................................. 27 

1.4.1 Signaling intermediates involved in ETI-PCD ...................................................... 27 

1.4.2 Executors of ETI-PCD ................................................................................................ 28 

1.4.3 Concluding remarks .................................................................................................. 29 

2. Calcium signaling after Arabidopsis recognition of hemibiotrophic effectors occurs in 
the nucleus .................................................................................................................................... 30 

2.1 Calcium signaling responds to AvrRpt2 and AvrRpm1 ........................................... 31 

2.1.1 AvrRpt2 and AvrRpm1 both induce prolonged cytosolic calcium increases ... 31 

2.1.2 Effector-triggered calcium increases are essential for PCD ................................. 32 

2.1.3 Effector-triggered calcium increases occur in the nucleus ................................... 33 

2.1.4 Effector-triggered nuclear calcium signals differ in magnitude and timing ..... 35 

2.2 Concluding Remarks ...................................................................................................... 39 

2.3 Future Directions ............................................................................................................. 39 

2.4 Methods for Chapter 2 ................................................................................................... 40 

2.4.1 Ion leakage measurement ......................................................................................... 40 

2.4.2 Generation of Aequorin reporter Arabidopsis lines ............................................... 40 

2.4.3 Confocal microscopy ................................................................................................. 41 

2.4.4 Calcium reporter recording ...................................................................................... 41 

2.4.5 Statistical analysis ...................................................................................................... 42 

2.4.6 Mathematical modeling ............................................................................................ 42 



 

 

viii 

2.5 Supplemental information ............................................................................................. 43 

3. The CKI-RB-E2F cell cycle signaling pathway mediates plant Effector-Triggered 
Immunity ...................................................................................................................................... 44 

3.1 Results ............................................................................................................................... 47 

3.1.1 CPR5 Is a Negative Regulator of Plant PCD and ETI ........................................... 47 

3.1.2 CPR5 negatively regulates ETI through association with the KRP Family of 
CKIs ....................................................................................................................................... 50 

3.1.3 CPR5 Regulates ETI-Specific Defense Gene Expression through SIM/SMR1 
and E2F ................................................................................................................................. 53 

3.1.4 SIM/SMR1 and E2F Are Required for Pathogen Effector-Triggered PCD and 
Immunity .............................................................................................................................. 56 

3.1.5 CPR5 and SIM/SMR1 Control Effector-Triggered Immunity through 
Hyperphosphorylation of RBR1 and Activation of E2F. ............................................... 59 

3.2 Discussion ........................................................................................................................ 63 

3.3 Experimental Procedures ............................................................................................... 67 

3.3.1 Plant material .............................................................................................................. 67 

3.3.2 Cytoplasmic and nuclear membrane isolation ...................................................... 67 

3.3.3 Protein analysis .......................................................................................................... 68 

3.3.4 Ion leakage measurement ......................................................................................... 68 

3.3.5 Pathogen infection ..................................................................................................... 68 

3.3.6 Mutant screen and Tiling array-based cloning ...................................................... 68 

3.3.7 Bimolecular complementation assays ..................................................................... 69 

3.3.8 Yeast two-hybrid assay ............................................................................................. 69 

3.3.9 Co-immunoprecipitation (co-IP) .............................................................................. 69 



 

 

ix 

3.3.10 Microarray procedure and analysis ...................................................................... 70 

3.3.11 Quantitative PCR ..................................................................................................... 70 

3.3.12 SA measurement ...................................................................................................... 71 

3.3.13 Trypan blue staining ................................................................................................ 71 

3.3.14 Seedling growth inhibition triggered by MAMP treatment .............................. 71 

3.3.15 Statistics ..................................................................................................................... 71 

3.3.16 Accession Numbers ................................................................................................. 72 

3.3.17 Supplemental Information ...................................................................................... 72 

3.4 Acknowledgements ........................................................................................................ 80 

3.5 Author contributions ...................................................................................................... 80 

4. RBR1 hyperphosphorylation during Effector Triggered Immunity is independent of 
CDKA1 .......................................................................................................................................... 81 

4.1 Effector recognition by the TIR-type NB-LRR RESISTANCE TO 
PSEUDOMONAS SYRINGAE 4 leads to RBR1 hyperphosphorylation ....................... 82 

4.2 RBR1 hyperphosphorylation during ETI in plants other than Arabidopsis .......... 84 

4.3 Arabidopsis RBR1 hyperphosphorylation during ETI is independent of CDKs, 
AMPK, or MAPK3/6 ............................................................................................................. 89 

4.4 Detection of a phosphorylated RBR1 peptide by mass spectrometry ..................... 93 

4.5 Methods for Chapter 4 ................................................................................................... 97 

4.5.1 Plant materials .............................................................................................................. 97 

4.5.2 Western blotting ......................................................................................................... 97 

4.5.3 Protein sequence alignment ..................................................................................... 97 

4.5.4 Arabidopsis Cell Suspension Culture Establishment and Maintenance .............. 98 



 

 

x 

4.5.5 Ion exchange chromatography ................................................................................ 98 

4.5.6 LC-MS-MS ................................................................................................................... 99 

4.6 Acknowledgments for Chapter 4 .................................................................................. 99 

5. E2F transcription factors regulate nonphotochemical quenching and ROS production 
during Effector Triggered Immunity ...................................................................................... 100 

5.1 Photosynthesis genes are repressed in wild type and less repressed in e2fabc 
plants during ETI ................................................................................................................ 100 

5.2 Chlorophyll fluorescence parameters differ between e2fabc and wild type plants
 ................................................................................................................................................ 102 

5.3 E2fc is susceptible to biotrophic and hemibiotrophic pathogens .......................... 106 

5.4 ETI-induced superoxide accumulation is increased in npq4 and decreased in e2fc
 ................................................................................................................................................ 107 

5.5 Npq4 has increased PCD and resistance to biotrophic pathogen .......................... 110 

5.6 E2Fc interacts with WRKY17 ....................................................................................... 112 

5.7 Concluding remarks ..................................................................................................... 115 

5.8 Future directions ........................................................................................................... 116 

5.8.1 Ongoing experiments .............................................................................................. 116 

5.8.2 Future directions ...................................................................................................... 117 

5.9 Methods for Chapter 5 ................................................................................................. 118 

5.9.1 Plant materials .......................................................................................................... 118 

5.9.2 Gene expression microarray ................................................................................... 118 

5.9.3 Gene Ontology enrichment .................................................................................... 118 

5.9.4 Trypan Blue staining ............................................................................................... 119 

5.9.5 Bacterial growth measurement .............................................................................. 119 



 

 

xi 

5.9.6 Ion leakage measurement ....................................................................................... 119 

5.9.7 Fv/Fm measurement ................................................................................................ 119 

5.9.8 PAM measurement .................................................................................................. 120 

5.9.9 Q-RT-PCR .................................................................................................................. 120 

5.9.10 Western blotting ..................................................................................................... 121 

5.9.11 NBT staining ........................................................................................................... 121 

5.9.12 Transcription Factor Yeast Two-Hybrid screen ................................................ 122 

5.9.13 Bimolecular Fluorescence Complementation assay .......................................... 122 

5.10 Supplemental information ......................................................................................... 123 

6. Conclusion .............................................................................................................................. 124 

References ................................................................................................................................... 125 

Biography .................................................................................................................................... 142 

 

 
 

 

 

 

 

 

 



 

 

xii 

List of Tables 
Table 1: Summary of comparable factors involved in regulating cell death as discussed 
in this manuscript. ......................................................................................................................... 5 

Table 2: Potential Arabidopsis nuclear calcium channels ........................................................ 20 

Table 3: The genes in the 24-kb deletion of cpr5 npr5 svi1 on chromosome III mapped by 
tiling array-based cloning. .......................................................................................................... 75 

Table 4: The Arabidopsis KRP family. ........................................................................................ 75 

 

 



 

 

xiii 

List of Figures 
Figure 1: Diagram of relevant similarities and differences between plant effector-
triggered PCD (left) mammalian pyroptosis (center) and mammalian apoptosis (right). . 6 

Figure 2: Effectors AvrRpm1 and AvrRpt2 elicit calcium increases as shown using a 
ubiquitously expressed reporter. .............................................................................................. 31 

Figure 3: Calcium and effector triggered immunity are necessary for programmed cell 
death. ............................................................................................................................................. 33 

Figure 4: Calcium is a nuclear signal during effector triggered immunity. ........................ 34 

Figure 5: Model of nuclear calcium signaling during ETI. .................................................... 35 

Figure 6: Curve fits for representative replicates of aequorin luminescence recording, 
based on model formula (Figure 5). .......................................................................................... 37 

Figure 7: Predicted and observed peak times and peak values of one experimental 
replicate of nuclear aequorin luminescence data. ................................................................... 39 

Figure 8: Confocal microscopy of Arabidopsis roots demonstrating localization of 
aequorins. ...................................................................................................................................... 43 

Figure 9: The nuclear envelope protein CPR5 negatively regulates effector-triggered 
PCD and resistance. ..................................................................................................................... 49 

Figure 10: CPR5 negatively regulates effector-triggered PCD and resistance through 
interactions with CKIs. ............................................................................................................... 51 

Figure 11: CPR5 regulates ETI-specific defense gene expression through SIM/SMR1 and 
E2F. ................................................................................................................................................ 54 

Figure 12: SIM/SMR1 and E2F are required for cpr5-mediated and effector-triggered 
PCD and immunity. .................................................................................................................... 58 

Figure 13: SIM and SMR1 confer plant PCD and immunity through 
hyperphosphorylation of RBR1. ................................................................................................ 61 

Figure 14: Proposed downstream signaling events in effector-triggered PCD and 
immunity. ..................................................................................................................................... 64 



 

 

xiv 

Figure 15: CPR5 is a nuclear membrane protein that negatively regulates immunity. .... 73 

Figure 16: CPR5 negatively regulates immunity through interaction with CKIs. ............. 74 

Figure 17: SIM/SMR1 and E2Fs regulate plant defense. ........................................................ 76 

Figure 18: The effects of sim smr1 and e2fabc on effector-triggered PCD and response to 
MAMP signals. ............................................................................................................................. 78 

Figure 19: Stability of CDKA1 and phosphorylation of RBR1. ............................................. 79 

Figure 20: RBR1 is hyperphosphorylated after AvrRps4 induction only in genotypes that 
exhibit robust ETI-PCD. .............................................................................................................. 84 

Figure 21: RBR1 phosphorylation may be conserved in other plants. ................................. 87 

Figure 22: RBR1 ETI hyperphosphorylation and PCD are not dependent on known RBR1 
kinases. .......................................................................................................................................... 92 

Figure 23: RBR1 phosphorylation can be detected by mass spectrometry. ........................ 95 

Figure 24: Photosynthesis transcripts are repressed in wild type and less repressed in 
E2F mutant plants after avirulent pathogen infection. ........................................................ 102 

Figure 25: Photosynthetic efficiency and nonphotochemical quenching are less altered by 
infection in E2F mutants. .......................................................................................................... 105 

Figure 26: E2Fc mutant plants are compromised in cell death and immunity. ................ 107 

Figure 27: E2F mutant plants produce less and PsbS mutant plants produce more ROS 
than wild type plants during ETI. ........................................................................................... 109 

Figure 28: PsbS mutant plants are resistant to avirulent pathogen. ................................... 111 

Figure 29: E2Fc interacts with WRKY17 in yeast and Arabidopsis. ..................................... 114 

Figure 30: Gene expression changes during ETI. .................................................................. 123 

 

  



 

 

xv 

Acknowledgements 
I would like to thank my advisor Dr. Xinnian Dong and my committee members 

Dr. Philip Benfey, Dr. Steve Haase, and Dr. Zhen Ming Pei for training, advice, and 

critical reading of this manuscript, Dr. David Tobin and Dr. Alejandro Aballay for their 

guidance during the development of my project, and Dr. Qijing Li and Dr. Bernard 

Mathey-Prevot for helpful conversations about mammalian PCD. In addition, I would 

like to thank Dr. John Withers, Dr. Paul Zwack, Christine Xiao, George Greene, Dr. 

Adam Fisher, and Dr. Colleen Drapek for technical assistance, critical reading, and 

friendship, without which this work would not have been accomplished.  



 

 

1 

1. Introduction 
1.1 Cell cycle regulators and cell death in immunity 

The following subsection is reproduced in part from a previously published 

minireview (Zebell and Dong 2015).  

Plant defense against biotrophic pathogens is strongly associated with 

programmed cell death (PCD) of infected cells, which occurs as a result of host recognition 

of one or more pathogen effectors (Jones and Dangl 2006). This effector-triggered PCD is 

an active process that  is thought to limit pathogen proliferation by eliminating its growth 

niche (Jones and Dangl 2006). In mammals, when specialized innate immune cells are 

compromised by intracellular pathogens, they are eliminated by a process of cell death 

termed pyroptosis, which in some aspects is analogous to the effector-triggered PCD in 

plants. Significant advances have been made in the field of pyroptosis research due to 

detailed studies in many pathogen systems (Jorgensen and Miao 2015). However, the 

signaling events leading to pyroptotic caspase activation are less clear compared to those 

of other mammalian death processes, such as apoptosis.   

Effector-triggered PCD in plants is regulated by plant homologs of the canonical 

cell cycle regulators Retinoblastoma (Rb) and E2F (Wang et al. 2014). Apoptosis in animals 

is also reported to be regulated by homologous cell cycle regulators (Polager and Ginsberg 

2009). Extending this comparison, here we review the involvement of cell cycle regulators 

in these different modes of cell death and discuss their relevance to immunity in plants 
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and animals.   For a systematic comparison of plant and animal cell death mechanisms, 

the reader is directed to the excellent review by Coll et al. (2011).   

1.1.1 Comparing effector-triggered PCD in plants and pyroptosis in 
mammals: immune receptors and consequence 

The ability to distinguish self from non-self is fundamental to recognition of and 

defense against pathogens. Most plant pathogens proliferate in the intercellular space 

called the apoplast, perhaps due to the presence of plant cell walls and the lack of 

phagocytosis, which make cell invasion difficult. Detection of extracellular pathogens in 

plants is through cell surface pattern recognition receptors (PRRs) that recognize 

conserved microbe-associated molecular patterns (MAMPs). Successful pathogens, 

however, can often bypass pattern triggered immunity (PTI) by directly delivering a 

collection of effectors that perturb host cell metabolic activities and promote infection 

(Jones and Dangl 2006). The host has evolved to use some of these effectors as signals for 

intracellular nucleotide-binding leucine-rich repeat proteins (NB-LRRs), which serve as 

receptors for effector-triggered immunity (ETI). Each plant genome encodes hundreds of 

NB-LRRs that are responsible for activating ETI (Hofberger et al. 2014). Regardless of 

pathogen type (viral, bacterial, fungal, or even small animals such as nematodes), ETI is 

commonly accompanied by PCD at the infection site, which is often visible to the naked 

eye. Even though its contribution to immunity at the molecular level is still up for debate, 

the ubiquitous presence of PCD during ETI suggests the importance of this defense 
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strategy. In contrast to plants, where ETI is cell autonomous, mammals recognize non-

self-signals by specialized immune cells such as dendritic cells and macrophages. 

Conserved MAMP signals from extracellular and intracellular pathogens are first detected 

by these immune cells through their membrane-bound Toll-like receptors (TLRs) or the 

intracellular NOD-like receptors (NLRs) before pathogen-specific antigens are presented 

to the adaptive immune system (Jorgensen and Miao 2015). However, when pathogens 

manage to hijack the function of these antigen-presenting immune cells to allow for 

intracellular infection, these cells signal to induce a unique form of PCD, pyroptosis, 

which leads to the release of damage-associated molecular patterns (DAMPs) to stimulate 

inflammation (Jorgensen and Miao 2015). 

One remarkable similarity between effector-triggered PCD in plants and MAMP-

triggered pyroptosis in mammals is the immune receptors involved (Table 1). NB-LRRs 

and NLRs are both members of the STAND (Signal Transduction ATPases with 

Numerous Domains) family of proteins with conserved protein architecture and a similar 

ability to trigger PCD, even though they arose from distinct evolutionary origins (Ausubel 

2005a). Both immune receptors recognize intracellular pathogen signals or activities, but 

the signals recognized by plant NB-LRRs are pathogen-specific effectors whereas the 

signals for mammalian NLRs are conserved MAMPs (Maekawa, Kufer, and Schulze-

Lefert 2011). Mammals have evolved adaptive immune mechanisms to recognize 

pathogen-specific antigens. Compared to the astronomical numbers of immunoglobulin 
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specificities present in the mammalian system (>1011 in humans), which are created 

through somatic DNA rearrangement, plants inherit only hundreds of NB-LRRs to deal 

with the wide range of pathogens (Flajnik and Kasahara 2010; Hofberger et al. 2014). 

According to the “Guard Hypothesis”, this is accomplished by NB-LRRs guarding a 

limited number of important host proteins (“hubs”) which are common targets of 

pathogen effectors, instead of binding to these effectors directly (Dangl and Jones 2001; 

Wessling et al. 2014). For instance, Arabidopsis has two NB-LRRs binding to the RIN4 

protein, which is known to be targeted by at least two bacterial effectors that modify RIN4 

by proteolytic cleavage and phosphorylation, respectively (Mackey et al. 2002; Axtell and 

Staskawicz 2003)



 

 
 

Table 1: Summary of comparable factors involved in regulating cell death as discussed in this manuscript. 

The rows represent the different factors and their roles, and the columns represent the different modes of cell death. Spaces left 
blank indicate gaps in knowledge or lack of conserved factors (between plants and animals). For relevant references, see main text. 

  Effector-triggered PCD Pyroptosis Apoptosis  
Signal Pathogen Effectors MAMPs, DAMPs   
Signal     DNA Damage, External Signals 
Signal 

Transduction  
Nucleotide-Binding Leucine-rich 

Repeat proteins (NB-LRRs) Nod-like Receptors (NLRs)   

Signal 
Transduction    Absent in Melanoma 2 (AIM2)   

Signal 
Transduction  

Retinoblastoma-related 1 
(RBR1)   Retinoblastoma (Rb) 

Signal 
Transduction  E2FA, E2FB, E2FC   E2F1 

Execution Metacaspase MC1 Caspases 1, 11 Caspases 3, 8, 9  
Inhibition Metacaspase MC2     

Inhibition 
B-cell lymphoma 2 (BCL2)-

associated athanogene 
domain-containing (BAG6) 

  B-cell lymphoma 2 (BCL2) 

Inhibition BAX-inhibitor 1  (BI1)   BAX-inhibitor 1 (BI1) 

Inhibition Inhibitor of Apoptosis-like 
protein (IAP-l)   Inhibitor of Apoptosis (IAP) 

family 

5 
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Figure 1: Diagram of relevant similarities and differences between plant effector-
triggered PCD (left) mammalian pyroptosis (center) and mammalian apoptosis (right). 

In plants, effector-triggered PCD is initiated by NB-LRR-mediated perception of the 
presence of specific intracellular effectors secreted by pathogens. Effector recognition 
signals CKI release, which promotes RBR1 hyperphosphorylation, release of E2Fs, and 
transcription of pro-PCD genes. PCD results in cytoplasmic shrinkage and leakage of 
ions and DAMPs, and production of the immune signal salicylic acid to stimulate the 
immune response. In mammals, during pyroptosis, NLRs recognize intracellular 
pathogens through conserved MAMPs, triggering assembly of the inflammasome and 
activation of pyroptotic caspases. Pyroptotic death results in cell lysis and the release 
of DAMPs and inflammatory cytokines, leading to a full inflammatory response. DNA 
damage checkpoint-induced apoptosis includes an accumulation of 
hyperphosphorylated Rb as well as phosphorylation and stabilization of E2F1 by ATM 
and ATR, deregulating the Rb/E2F cell cycle pathway. The apoptosome is formed by 
interaction of procaspase 9 and cytochrome c, leading to activation of apoptotic caspases 
and a PCD phenotype that includes the formation of an apoptotic body. 
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Activation of NB-LRRs in plants and NLRs in mammals leads to PCD with parallel 

immune outcomes (Figure 1). Hallmarks of the effector-triggered PCD mediated by plant 

NB-LRRs is the leakage of ions due to cytoplasmic shrinkage and production of the 

immune signal, salicylic acid, for systemic acquired resistance (Mackey et al. 2002; Jones 

and Dangl 2006).  Activation of NLRs in mammals leads to assembly of the inflammasome 

and execution of pyroptosis, which involves membrane rupture and leakage of cytosolic 

contents, resulting in a full inflammatory response (Martin, Henry, and Cullen 2012). 

Pyroptosis is distinct from apoptosis.  During apoptosis, the cellular contents remain 

sealed in an apoptotic body, which is then cleared away by phagocytosis. It is believed 

that death by apoptosis has little to no immunological consequence (Jorgensen and Miao 

2015). In contrast to mammals, plant cells are fixed in space with no mechanism for the 

clearance of apoptotic bodies as there is in animals. The currently described effector-

triggered PCD in plants has an outcome similar to pyroptosis, in which cellular contents 

are released into the surrounding tissue, possibly leading to the release of DAMPs and 

immune signals to trigger systemic defense responses (Boller and Felix 2009).  

1.1.2 Comparing effector-triggered PCD in plants and pyroptosis in 
mammals: downstream events 

A defining factor for a programmed, rather than passive necrotic, cell death in 

mammals is the activation of caspases, which execute PCD through proteolytic cleavage 

of cellular substrates. In pyroptosis, the inflammasome forms a platform for activation of 

a caspase, canonically caspase-1, which serves a dual role in processing pro-inflammatory 
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cytokines interleukin-1b (IL-1b) and IL-18 and in executing PCD (Schroder and Tschopp 

2010). Analogous to the apoptosome, which is comprised of initiator procaspase 9 and 

cytochrome c and activates apoptotic caspases, an inflammasome either contains a 

caspase activation and recruitment domain (CARD) or a pyrin domain, for example 

NLRC4 and NLRP3, respectively (Schroder and Tschopp 2010). In addition to NLRs, an 

inflammasome can also be formed by absent in melanoma 2 (AIM2), which recruits 

caspase-1 similarly to NLRP3 (Schroder and Tschopp 2010). In plants, no close homologs 

of caspases have been found, suggesting that effector-triggered PCD in plants is executed 

through a distinct mechanism. The involvement of the distantly related metacaspases in 

regulating PCD is not clear. Two Arabidopsis metacaspases have been shown to function 

antagonistically. Knocking out AtMC1 (METACASPASE 1) or mutating its caspase-like 

catalytic residues moderately reduced effector-triggered PCD, whereas an activity 

inhibitory of PCD and independent of any known caspase-like domains was detected for 

AtMC2 (METACASPASE 2)  (Coll et al. 2010). In some aspects, effector-triggered PCD in 

plants is similar to mammalian necroptosis, yet another form of PCD that occurs in the 

absence of caspase activity but is regulated by the death domain kinase RIPK1 (Silke, 

Rickard, and Gerlic 2015). In addition to the immune inducing properties of both cell 

death programs, plant effector-triggered PCD is also similar to necroptosis with regard to 

mitochondrial swelling and significant ROS production (Coll, Epple, and Dangl 2011). 
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Despite the limited involvement of caspases in plant effector-triggered PCD, 

certain inhibitors of mammalian apoptosis are conserved in plants. For instance, anti-

apoptotic Bax-inhibitor 1 attenuates effector-triggered PCD caused by recognition of 

fungal and bacterial pathogens in a number of plants (Kawai-Yamada et al. 2009). 

Overexpression of the Arabidopsis B-cell lymphoma 2 (BCL2)-associated athanogene 

domain-containing BAG6 causes PCD-like phenotypes in plants, demonstrating a role in 

PCD regulation similar to pro-apoptotic BCL2-domain containing BH3 proteins (Kang et 

al. 2006). Finally, the mammalian Inhibitor of Apoptosis (IAP) family, which inhibit 

caspase-dependent PCD signaling, has at least one Arabidopsis homolog, IAP-like protein, 

which inhibits bacterial effector-triggered PCD when overexpressed (Kim et al. 2011). The 

conservation of these inhibitors suggests the existence of an apoptosis-like signaling 

cascade in plants, although the precise function of these regulators during effector-

triggered PCD requires further investigation.  

1.1.4 Effector-triggered PCD in plants and apoptosis in mammals: 
control by cell cycle regulators  

Recently it was shown that although effector-triggered PCD in plants is similar in 

activation and phenotype to pyroptosis and necroptosis in mammals, the signaling for 

PCD induction is in fact partially analogous to that of apoptosis (Figure 1) (Wang et al., 

2014). Plant homologs of E2Fs, a family of mammalian cell cycle checkpoint transcription 

factors, were found to be essential for full development of PCD upon pathogen challenge. 

Furthermore, RETINOBLASTOMA-RELATED 1 (RBR1), the plant homolog of the E2F 
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regulator Rb, was hyperphosphorylated during ETI. Increased hyperphosphorylation of 

RBR1 leads over-activation of E2F, resulting in PCD instead of cell cycle progression 

(Wang et al. 2014). There is ample evidence that mammalian Rb, first identified as a tumor 

suppressor, and E2Fs, especially E2F1, are involved in the induction of apoptosis caused 

by a variety of stimuli (Polager and Ginsberg 2009). E2F1 targets regulators of apoptosis 

at both the transcriptional and post-translational levels, including activation of pro-

apoptotic caspase genes and BH3 genes and repression of anti-apoptotic BCl2 (Polager 

and Ginsberg 2009). As some of the apoptosis-related targets of E2F1 in mammals are 

conserved in plants, such as the BCL2-family genes mentioned previously (Kang et al. 

2006), the role of E2F1 as a central regulator of PCD may be directly comparable between 

apoptosis and effector-triggered PCD.  

Despite the usual association of inflammasome activation with pyroptosis, there 

is evidence indicating that the inflammasome can activate not only pyroptotic but also 

apoptotic caspases (caspases 1, 11 and caspases 3, 8, 9, respectively) under different 

conditions. In caspase-1 knockout cells, apoptosis occurs in the presence of pyroptotic 

stimuli, suggesting that apoptosis may be employed as a back-up to the more 

immunologically useful pyroptotic death (Pierini et al. 2012). Alternatively, recent work 

on DNA-dependent inflammasome activation suggests that the induction of apoptosis 

over pyroptosis is biased by dose, with lower doses of the stimulus leading to the 

immunologically subtle apoptotic response (Sagulenko et al. 2013). It is currently 
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unknown whether Rb and E2F play any regulatory role in this inflammasome-mediated 

apoptosis. However, there is recent evidence for Rb and E2F playing a role in innate 

immunity in mammals in a different context. Loss of Rb in epithelial and liver cells has 

been found to significantly reduce responsiveness to a number of TLR ligands. This effect 

probably results from removal of Rb inhibition on E2F1, which is a repressor of TLR 

expression in these cells (Taura et al. 2012).  

1.1.5 Control of Rb and E2F during cell death 

Rb and E2F are core cell cycle components and are activated during the cell cycle 

by upstream cyclin/cyclin-dependent kinase (CDK) complexes. Their mechanism of 

activation during PCD is less clear.  In the processes of apoptosis during mammalian brain 

development and apoptosis induced by mitochondrial dysfunction, Rb is 

hyperphosphorylated by the metabolic and oxidative stress sensor AMP-activated protein 

kinase, indicating that noncanonical Rb-inactivating kinases can play a role in the 

induction of death in certain contexts (Dasgupta et al. 2012; Raimundo et al. 2012). 

However, in the case of antigen-induced death of T-cells, which occurs due to the absence 

of inflammatory cytokines, it has been shown that cells need to enter into the cell cycle up 

to the G1-S transition before they can undergo apoptosis (Lissy et al. 1998). Additionally, 

during antigen-stimulated T-cell proliferation, NF-κB biases E2F1 regulation toward 

proliferation and away from apoptosis in a CDK-dependent manner (Wan and DeGregori 
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2003). Together these results suggest that in T cells, Rb is regulated to induce apoptosis in 

a cell cycle-dependent manner.  

Upstream cell cycle regulators are also involved in effector-triggered PCD and 

immunity in plants (Wang et al. 2014; Chandran et al. 2014; Bao, Yang, and Hua 2013). 

Bao et al. reported that repressors of anaphase promoting complex/cyclosome (APC/C), a 

ubiquitin E3 ligase complex that regulates cell-cycle progression, facilitate PCD through 

upregulation of NB-LRR gene expression (Bao, Yang, and Hua 2013). The involvement of 

APC/C is also supported by Chandran et al., who found that the Arabidopsis atypical DP-

E2F-like 1 (DEL1) is a repressor of immunity (Chandran et al. 2014). These authors 

attribute the DEL1 immune effect to a reduction in basal expression of Enhanced Disease 

Susceptibility 5, a transporter of the plant immune hormone salicylic acid. However, since 

DEL1 is known to block endoreduplication and promote cell proliferation through 

repression of APC/C activator CCS52A2, a homolog of mammalian CDH1 (Lammens et 

al. 2008), DEL1 may also influence plant immunity through the APC/C. In the Wang et al. 

study, mutants of CDK inhibitors (CKIs), sim (siamese) and smr1 (siamese-related 1), which 

were originally found to affect development of trichomes (Walker et al. 2000), were 

identified as genetic suppressors of effector-triggered PCD. The loss-of-function sim smr1 

double mutant blocks, rather than stimulates, RBR1 hyperphosphorylation during PCD, 

a result opposite of that which would be expected according to the canonical cell cycle 

pathway. How do the same CKIs block RBR1 phosphorylation during cell cycle but 
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promote RBR1 phosphorylation during effector-triggered PCD? During PCD, SIM and 

SMR1 stabilize the CDKA1 protein, a homolog of mammalian CDK2, which is known to 

regulate Rb (van den Heuvel and Dyson 2008), suggesting that these CKIs inhibit CDKA1 

kinase activity during the cell cycle but stabilize the CDKA1 protein during PCD. Further 

investigation is required to elucidate the underlying molecular mechanism. However, it 

is possible that a novel kinase is activated by SIM and SMR1, either directly or indirectly, 

during PCD to hyperphosphorylate RBR1 independent of the activity of CDKA1 in cell 

cycle control. 

1.1.6 Why engage cell cycle regulators in immune-related cell death? 

The biological significance of engaging cell cycle regulators Rb and E2F in plant 

effector-triggered PCD has yet to be fully elucidated. During cell cycle in animals and 

plants, Rb and E2Fs function at the G1-S phase checkpoint, where they exert critical 

control over a cell’s commitment to replicate DNA (van den Heuvel and Dyson 2008). If 

too much DNA damage has accumulated during the last round of the cell cycle, Rb and 

E2F1 are able to form both activator and repressor complexes that work to repress the 

progression of the cell cycle and activate pro-apoptotic signaling at a transcriptional level 

(Biswas and Johnson 2012). Additionally, E2F1 is phosphorylated by Ataxia 

Telangiectasia-Mutated (ATM) and ATM- and Rad3-related (ATR) kinases and targeted 

to the sites of double-stranded breaks to assist the recruitment of DNA repair enzymes 

(Biswas and Johnson 2012). The role of E2Fs in DNA damage repair is particularly 
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interesting for researchers studying innate immunity, as DNA damage can serve as a 

signal for innate immune receptor activation and it has been demonstrated that the DNA 

damage repair machinery is utilized during immune responses in both plants and 

mammals (Yan et al. 2013; Fontes et al. 2015).  

Due to the importance of DNA damage responses at the G1-S transition, the status 

of a cell, whether it is actively dividing, in a Gap phase, or endocycling, is integrally 

related to its commitment to DNA repair. Vegetative growth in plants occurs 

predominantly in endoreduplicating cells. These cells have made the switch from normal 

cell division to DNA replication without mitosis, resulting in increased ploidy (John and 

Qi 2008). Endoreduplication seems to be employed in Arabidopsis to avoid apoptosis 

during normal cell cycles in response to DNA damage, and in Drosophila endocycles also 

repress apoptosis due to DNA damage (Mehrotra et al. 2008; Adachi et al. 2011). 

Therefore, the ability to endocycle may lessen the need for an Rb/E2F-regulated cell-cycle 

checkpoint in plants, which mainly contain cells of high ploidy.  In animal immune cells, 

active cell cycles may prohibit Rb and E2F from taking on a role as positive regulators of 

pyroptosis. We hypothesize that in addition to DNA damage, other signals are required 

to activate RBR1 and E2F to trigger PCD in plants.   

Intriguingly, ploidy has been shown to further increase in Arabidopsis leaf 

mesophyll cells interacting with the feeding structure of the powdery mildew fungal 

pathogen Golovinomyces orontii, and many mutants resistant to this pathogen have 
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reduced basal or pathogen-induced cell ploidy (Chandran et al. 2013). This pathogen-

induced increase in ploidy has been suggested to be necessary to support the high 

metabolic activity required in cells being utilized by a biotrophic pathogen, and ploidy 

has also been found to be a determinant for susceptibility to many other biotrophic 

pathogens and symbionts that utilize a sustained site of nutrient acquisition in plants 

(Wildermuth 2010). It is reasonable to speculate that the biological significance of using 

cell cycle regulators that sit at the crux of the decision to divide or to endoreduplicate as 

regulators of effector-triggered PCD is to turn cells from endoreduplication, which favors 

pathogen infection, to cell death, a part of this major defense mechanism in plants.  

1.1.7 Concluding remarks  

Although effector-triggered PCD in plants is analogous to inflammasome-

mediated pyroptosis in mammals with regard to the immune receptors involved and 

immune outcomes, plant PCD is controlled by the same cell cycle regulators RBR1 and 

E2F as those controlling apoptosis in animals. These cell cycle components are worth 

investigating in relation to other immune cell death programs, including mammalian 

pyroptosis and necroptosis. Careful consideration of the age, growth stage, and perhaps 

even cell-cycle synchrony of cells used in immune research may lead to new discoveries 

in this arena. The identification of E2F as a required transcription factor for effector-

triggered PCD in plants may serve as a starting point to identify the genes that execute 

PCD in plants. 
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1.2 Nuclear Calcium Dynamics in Arabidopsis Effector Triggered 
Immunity 

1.2.1 Calcium Signaling in Plant Innate Immunity 

Calcium ions are widely regarded as one of the most important second 

messengers in biological signaling. Calcium is already well known for its role in 

Arabidopsis innate immunity as an early responder to MAMP perception; a cytosolic 

calcium transient peaking around 5 minutes post treatment has been documented for 

various elicitors, including flg22 and harpin (Ranf et al. 2012). Adding interest to the 

MAMP-triggered calcium signaling paradigm is the necrotrophic elicitor cryptogein, 

which elicits a biphasic calcium signature in tobacco cells. The first peak of the 

cryptogein calcium signature corresponds to the conserved MAMP-triggered cytosolic 

calcium transient, whereas the second peak is unique to cryptogein, and if calcium 

transients in cryptogein-treated plants are pharmacologically inhibited after the first 

peak but before the onset of the second, cell death but not ROS accumulation is inhibited 

(Manzoor et al. 2012; Lecourieux 2002). Cytoplasmic calcium bursts have also been 

documented as a later response related to the perception of the Pseudomonas syringae 

effector AvrRpm1, but not another, better studied effector AvrRpt2 (perhaps due to the 

relatively insensitive method of detection, where whole plants were imaged using a 

CCD camera) (Grant and Mansfield 2000). In this case, whole leaves were infiltrated 

with virulent and avirulent Pseudomonas, leading to a cytosolic calcium signature in 
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which the MAMP-triggered transient is followed by a later, broader peak related to R-

gene detection of a secreted bacterial effector.   

Whether the effector-triggered calcium transient requires the MAMP-triggered 

calcium transient is unknown, as are the downstream effects of the second transient. 

Coinfiltration of avirulent Pseudomonas and calcium channel blocker has been shown to 

prevent the development of ETI-PCD (Ali et al. 2007). However, this experiment does 

not clarify if only one or both recorded calcium transients is necessary for the PCD 

response. Studies have suggested that many of the known responses downstream of 

MAMP perception, such as defense gene induction and oxidative burst development, 

are downstream of the first MAMP-triggered calcium response (Ma et al. 2013).  If the 

effector-triggered calcium increase results in cell death, much like the second transient in 

cryptogein-mediated immunity, the role of this second calcium peak will be very 

interesting to study with respect to ETI. 

Calcium serves as a second messenger for more than just immune signaling, and 

the plant utilizes calcium in responses to stimuli as diverse as MAMPs, cold, and touch. 

The specificity of calcium as a second messenger likely arises from a combination of 

parallel signals, spatiotemporal specificity of the magnitude and “code” of the calcium 

transient, and the competence of the cell to receive the calcium signal. One group of 

strong candidates for “decoders” of calcium signals in innate immunity is calmodulin-

binding proteins (CaM-binding proteins). Along with calcium dependent protein 



 

 18 

kinases (CPKs) and calcineurin B-like proteins, CaM-binding proteins may be able to 

relay information from calcium transients into gene expression and other forms of post-

translational regulation. The CaM-binding activity of transcription factor CBP60g has 

been shown to be necessary for wild type levels of resistance to avirulent Pseudomonas 

syringae pathovar maculicola (Wang, Tsuda, et al. 2011). Nuclear CPK phosphorylation 

of WRKY transcription factors 8, 28, and 48 increases basal WRKY transcriptional 

activation of W-box containing defense genes (Gao and He 2013).  

The nuclear localization of these essential calcium-responsive proteins suggests 

that they may receive the calcium signal not in the cytosol, where most documented 

calcium transients occur in response to defense elicitors, but in the nucleus. Although 

current models of CBP60g and CPK activity in plant defense involve perception of 

cytosolic calcium leading to nuclear import and activity, these models are not supported 

by convincing localization data (in the case of CBP60g), temporal correlation between re-

localization and calcium transients, or pharmacological manipulation of calcium altering 

normal localization. Furthermore, although conventional thought holds that nuclear 

calcium homeostasis was unregulated in plants due to the presence of large and 

nonselective nuclear pores, recent evidence suggests that in fact nuclear calcium 

concentration is independently regulated and elevations in nuclear calcium can occur 

independent of cytosolic transients (Bootman et al. 2009; Charpentier and Oldroyd 2013; 

Mazars et al. 2011). As the nucleus is surrounded by a double membrane, with the outer 
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nuclear membrane contiguous with the endoplasmic reticulum and the inner nuclear 

membrane enclosing the circular nucleus, calcium released into the nucleus would likely 

be stored in the perinuclear space (Mazars et al. 2011). This scenario requires the 

presence of actively regulated nuclear membrane localized calcium channels. While not 

yet characterized, candidates for such channels can be found among the known families 

of plant calcium-permeable channels.  

There are two main families of ligand-gated calcium channels that have been 

characterized in plants; Cyclic Nucleotide Gated ion Channels (CNGCs) and Glutamate 

Receptor-like (GLRs) (Hedrich 2012). The CNGCs have 20 members found in Arabidopsis, 

classified into four groups (I-IV). Among group I is CNGC2, the null mutant of which is 

dnd1, an autoimmune mutant characterized by increased resistance and an absence of 

HR-PCD (Clough et al. 2000). Other members of the same group are CNGC4, identified 

as a suppressor of dnd1 which can form heterotetrameric channels with CNGC2, and 

CNGC11 and CNGC12, a chimeric fusion of which occurred in the constitutive cell 

death mutant cpr22 (Chin et al. 2013; Yoshioka et al. 2006). In addition, overexpression of 

CNGC11 or CNGC12 can induce PCD in Nicotiana benthamiana (Urquhart et al. 2007). 

The phenotypes of these group I CNGC mutants point strongly to a group-level, non-

redundant role in PCD regulation. CNGCs 11 and 12 have been demonstrated to channel 

calcium and have been localized to the plasma membrane (Urquhart et al. 2007). 

However, other channels of group I have not been convincingly localized, and cryptic 
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nuclear localization signals are predicted in candidates throughout the known channel 

families (Table 2). The NLS found in dnd1 has been shown to localize free GFP to the 

nucleus in a transient expression system, providing exciting evidence that dnd1 may in 

fact localize to the nuclear membrane (Matzke et al. 2009).  

Table 2: Potential Arabidopsis nuclear calcium channels 

Gene Phenotype Predicted NLS Localization Shown 

CNGC2 dnd1 Yes (Matzke et al. 2009) 

CNGC4 dnd2 Yes  

CNGC3 
Fusion with CNGC4 has 

constitutive HR 
Yes  

CNGC12 Suppressor of cpr22 No (Urquhart et al. 2007) 

CNGC7 None documented Yes  

CNGC15 None documented Yes  

GLR1.1 None documented Yes  

GLR1.4 
None documented, 

defense induced gene 
expression 

Yes (2)  

GLR3.1 Stomatal closure Yes  

GLR3.2 Lateral root initiation Yes  

 

1.2.2 Nuclear Calcium Dynamics in Plants   

Nuclear calcium homeostasis has been investigated in relation to defense related 

cell death in isolated tobacco nuclei and tobacco protoplasts. When treated with the 

necrotrophic elicitor cryptogein, but not non-necrotrophic elicitors oligogalacturonides 

and laminarin, a large nuclear calcium spike, distinct from cytoplasmic calcium 

transients, is triggered (Lecourieux et al. 2005). This nuclear calcium flux is dependent 
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on the second cryptogein-mediated cytoplasmic calcium peak described previously, but 

it is not the result of passive diffusion of calcium ions across the nuclear membrane, as 

its timing and amplitude are unique. This nuclear calcium transient appears to be 

responsible for cryptogein-mediated cell death in tobacco, however the “decoder” of this 

signal and the upstream regulators of nuclear homeostasis, including calcium-specific 

nuclear membrane channels, are unknown. 

The role of nuclear calcium homeostasis in plant microbe interactions has already 

been well characterized in one system; the story of Nod-factor signaling in legume 

rhizobial interactions is an example of the full picture that could be developed in 

defense signaling (Peiter et al. 2007). In Medicago truncatula, nuclear calcium controls the 

function of MtDMI3, a Nod factor-responsive CaM-binding transcription factor that 

regulates the expression of genes important for forming nodules of rhizobium (Sieberer 

et al. 2009). MtDMI1 is a nuclear membrane cation channel essential for nuclear calcium 

transients in response to rhizobial Nod factor association with roots. However, it is not 

the channel directly regulating calcium release into the nucleus. Recently, a targeted 

mutant screen approach uncovered MtCNGC15, the nuclear membrane channel that 

regulates calcium release into the nucleus during nodulation (Charpentier et al. 2016). If 

the MtDMI1 and MtCNGC15 scenario is paralleled in other plant-microbe interactions, 

then nuclear calcium regulation may also be important for plant immunity, especially in 

regulating the expression of known calcium-associated transcription factor targets.  
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1.3 Chloroplasts and plant defense  

1.3.1 Reactive oxygen species are produced by the chloroplasts 
during the response to biotrophic pathogens 

It has long been known that mitochondrial production of reactive oxygen species 

(ROS) is essential to the development of mammalian apoptosis, and to a lesser extent in 

plant PCD (Van Aken and Van Breusegem 2015). Like mitochondria, the role of 

chloroplasts in energy production suggests a close relationship between this organelle 

and the production of ROS such as singlet oxygen (1O2), superoxide (O2-•), and hydrogen 

peroxide (H2O2). These species serve as signaling intermediates, interconnecting with 

kinase cascades, calcium signaling, and organellar-nuclear retrograde signaling 

pathways. In addition, they likely contribute to general cellular damage and 

cytotoxicity, working in tandem with proteases to execute PCD.  

While most of the work on ROS during plant immunity has focused on H2O2 

produced by the extracellular RESPIRATORY BURST OXIDASE HOMOLOGs D and F 

(AtRBOHD/F), chloroplast-derived ROS have been implicated in both basal and effector-

triggered immune signaling, as well as and ETI-PCD regulation. In the case of basal 

immunity, inhibition of electron transport out of photosystem II (PSII) with the herbicide 

DCMU inhibited chloroplast-derived ROS accumulation and increased susceptibility of 

plants to nonpathogenic type-III-secretion mutant Pseudomonas syringae pv. tomato 

strain DC3000 (Pst DC3000) hrpA (de Torres Zabala et al. 2015). By targeting a bacterial 

flavodoxin to chloroplasts, Zurbriggen and colleagues were able to demonstrate that 
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tobacco ETI due to Xanthomonas infection depends on chloroplastic ROS (Zurbriggen et 

al. 2009). A similar approach using overexpression of thylakoid membrane ascorbyl 

peroxidase dramatically reduced H2O2 accumulation and ETI-PCD caused by 

Pseudomonas syringae, whereas overexpression of this same gene also reduced H2O2-

responsive gene expression in response to high light, suggesting a complex regulation of 

ROS during different stress responses (Yao 2006; Maruta et al. 2012).  

1.3.2 Light contributes to Effector-Triggered Immunity 

A number of reports suggest that ETI relies on light, and plants kept in the dark 

after infection do not develop discrete lesions of ETI-PCD, nor do they mount a full 

defense response (Zeier et al. 2004; Chandra-Shekara et al. 2006). The light dependence 

of ETI-PCD is not due to reduced accumulation of the defense-regulatory phytohormone 

salicylic acid (SA) in darkness, despite the biosynthesis of SA occurring in the 

chloroplast. Instead, decreasing light fluence is correlated with reduced production of 

H2O2 in Pst AvrRpm1-infected leaves (Mur et al. 2010).  In addition, a number of 

Arabidopsis constitutive or enhanced cell death mutant phenotypes have been shown to 

interact with light fluence.  The runaway cell death phenotype of lesion simulating disease 

1 plants requires light, as does ectopic death in accelerated cell death 2 (Mateo et al. 2004; 

Yao 2006). It is interesting to note that despite its importance for ETI-PCD, light seems to 

only subtly contribute to plant resistance to avirulent pathogens (Zurbriggen et al. 2009; 

Mur et al. 2010). This suggests that chloroplastic ROS generation processes may function 
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without significant energetic input during the infection process, perhaps through 

pathways such as cyclic electron flow.  

1.3.3 Photosynthetic parameters respond to immune regulation  

In line with a role for chloroplasts in generating ROS during immune responses, 

it has been reported that the efficiency and activity of the chloroplasts are altered by the 

different stages of infection and the immune response. During PTI there is an increase in 

the quantum efficiency of PSII (Fv/Fm, the ratio of chlorophyll fluorescence relative to 

the maximum fluorescence at a given time). In addition, PTI correlates with a decrease 

in non-photochemical quenching (NPQ, the process by which excess excitation energy in 

PSII is dissipated as heat). These concurrent changes in the chloroplasts would likely 

lead to an increase in production of singlet oxygen (1O2) (Gohre et al. 2012; Stael et al. 

2015). In contrast, ETI-PCD triggered by Pst delivered effector AvrRpm1 is correlated 

with decreased Fv/Fm, increased photochemical quenching (qP, the amount of energy 

being transferred to the photosynthetic electron transport chain via plastoquinone), and 

increased NPQ measurement qN (Mur et al. 2010). This alteration of the chloroplast 

would likely lead to an increase in chloroplast-localized H2O2, as observed during ETI 

(Stael et al. 2015). A similar paired decrease in Fv/Fm and increase in NPQ is observed in 

cpr5 mutant plants, which also have increased accumulation of H2O2 and increased 

activity of the ROS detoxifying enzyme superoxide dismutase (SOD), the primary role of 

which is to convert highly reactive PSII-derived O2-• into H2O2 (Mateo et al. 2006). It is 
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important to note, however, that decreases in Fv/Fm have been repeatedly shown to 

correlate with the leakage of ions into solution and are used as a proxy measurement of 

PCD in plant cells (Su et al. 2018). This suggests that overall photosynthetic efficiency is 

useful more as a marker of PCD than an active change that precedes PCD during ETI in 

specific.   

1.3.4 Nuclear-encoded chloroplast genes are altered by biotrophic 
pathogen infection 

Along with changes to photosynthetic parameters, transcriptomic and proteomic 

studies have indicated that coordinated changes occur to transcript and protein 

abundance of nuclear encoded chloroplast genes during plant-pathogen interactions. 

The origin and function of these changes have been the subject of some disagreement. 

An increasing number of pathogen effectors has been found to target chloroplast 

proteins, either to prevent immune activation by circumventing ROS and hormone 

biosynthesis pathways that take place in the chloroplast or to remodel the plant energy 

production to suit pathogenesis (Rodriguez-Herva et al. 2012; Jelenska et al. 2007). De 

Torres Zabala and colleagues recently demonstrated that Pst effectors work to suppress 

basal defense mechanisms by inhibiting chloroplast-derived ROS. Infection with Pst 

DC3000, but not the Type III Secretion-deficient Pst DC3000 hrpA, leads to suppression 

of a host of nuclear-encoded chloroplast genes (NECGs), and a reduction in the quantum 

efficiency and operating efficiency of PSII.  In line with previous studies, the authors 

surmise that this change in PSII efficiency could be due to an increase in qP and NPQ 
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(de Torres Zabala et al. 2015). This work further underlines the potential for chlorophyll 

fluorescence parameters to not only describe the state of photosynthesis, but also aid in 

the generation of hypotheses about causative changes in the chloroplast that may 

contribute to the production of ROS.  

In contrast to the finding that pathogen effectors suppress chloroplast transcripts, 

proteomics characterization of plants after treatment with the PAMP flg22 found that 

one of the earliest responses is a reduction in the abundance of key chloroplast proteins, 

including some of those found to be reduced by Pst DC3000 effectors (Gohre et al. 2012; 

de Torres Zabala et al. 2015). Recently, Su et al. clarified the situation by demonstrating 

that the key immune regulators MITOGEN ACTIVATED PROTEIN KINASEs 3 and 6 

(MAPK3/MAPK6) are essential for changes in expression of NECGs, and subsequent 

active photosynthetic inhibition and chloroplastic ROS production during ETI (Su et al. 

2018). In addition to changes in chlorophyll fluorescence and ROS, they show that 

MAPK3 and 6 activation leads to disassembly of the photosystems prior to any 

observable PCD (Su et al. 2018). Crucially, this study adds essential controls that allow 

the authors to attribute most changes in NECG regulation after avirulent pathogen 

infection to the plant immune response, rather than activity of effectors to the benefit of 

the pathogen. In addition, the photosynthetic inhibition they observed was correlated 

with a specific reduction in NPQ, in contrast to previous findings and more in line with 
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the alterations in NECG expression observed (Su et al. 2018; de Torres Zabala et al. 2015; 

Mur et al. 2010; Mateo et al. 2006).  

1.4 The gap in our understanding of ETI-PCD regulation 

In the plant innate immune system, diverse signals from a wide range of 

pathogens converge on the same output, effector-triggered immunity and programmed 

cell death. The signaling mechanism of ETI is relatively unknown; unlike PTI, where 

responses such as bursts of ROS and calcium are fast and easily recorded, the precise 

timing of effector recognition is less speedy and concerted, and thus signaling 

intermediates are more difficult to pin down. Genetic studies in Arabidopsis have 

identified a wide variety of low-effect loci that contribute to PCD regulation. Receptors, 

signaling intermediates at various levels of the response, and executors have all been 

identified, however no unified theory of plant ETI-PCD has been proposed, and very 

few regulators have been demonstrated to be both necessary and sufficient for ETI-PCD, 

none of which are transcription factors.  

1.4.1 Signaling intermediates involved in ETI-PCD 

A sustained period of MAPK3 and 6 activity is necessary for a strong ETI-PCD 

response, and they have been demonstrated to signal upstream of changes in nuclear-

encoded chloroplast genes and of gene expression regulation by key immune WRKY 

transcription factors (Chapter 1.3) (Meng and Zhang 2013; Su et al. 2018). In addition to 

MAPKs, CPKs also translocate to the nucleus upon defense activation and 
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phosphorylate the WRKY TFs in a calcium-dependent manner, contributing to a robust 

ETI-PCD (discussed further in Chapter 1.2) (Gao et al. 2013).  

Downstream of these signaling kinases, a number of members of the WRKY 

transcription factor family have been identified as regulators of ETI, although no 

combination of these factors currently identified is sufficient to cause death when 

ectopically expressed. In addition, early calcium signals induced in the chloroplast 

regulate the thylakoid-membrane associated calcium signaling receptor CAS, which 

regulates 1O2 retrograde signaling and nuclear gene expression through unknown 

transcription factor intermediates (Nomura et al. 2012). The set of gene expression 

targets during these transcriptional responses, and whether their changes in expression 

would be sufficient for the phenotype of ETI-PCD or if the gene expression requires an 

external signal, is unknown.  

1.4.2 Executors of ETI-PCD  

In parallel to its role in signaling, the chloroplast has been identified as a site of 

production of putatively cytotoxic ROS during ETI (reviewed in Chapter 1.3) (Van Aken 

and Van Breusegem 2015). This role for the chloroplasts is similar to the identified role 

for mitochondria in mammalian PCD, although a core feature of mitochondrial PCD 

regulation, the release of cytochrome c, does not seem to be paralleled in the plant (Van 

Aken and Van Breusegem 2015). In keeping with the cytotoxic potential of the 

chloroplasts, a large number of the constitutive-defense, lesion-mimic mutants identified 
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by forward genetic screens are involved in photoprotective responses (Bruggeman et al. 

2015). These photoprotective responses are differentially regulated to varying degrees 

during ETI. Aside from ROS, autophagy components have been shown to be necessary 

for a full ETI-PCD response (Hofius et al. 2009). In addition, metacaspases (reviewed in 

Chapter 1.1) contribute to the strength of the PCD response.     

1.4.3 Concluding remarks  

Unlike mammalian PCD, for which caspase cleavage is sufficient, it seems likely 

that plant PCD is executed through a number of parallel contributory pathways, 

activating modules of death within the cell. In this dissertation, I address signaling 

occurring in the nucleus by measuring nuclear calcium ions during ETI, and by 

performing transcriptomic profiling on a mutant of the E2F transcription factor family, 

which functions downstream of the nuclear-membrane-localized signaling protein 

CPR5. I also address the involvement of nuclear-encoded chloroplast genes in ROS 

production during ETI. My findings suggest that quantitative differences in the extent of 

PCD during ETI in Arabidopsis mutants reflect the high degree of complexity in the 

signaling that leads to this response.  
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2. Calcium signaling after Arabidopsis recognition of 
hemibiotrophic effectors occurs in the nucleus  

Early profiles of calcium dynamics during immune responses provided evidence 

that this ubiquitous second messenger responds not just to Microbe Associated 

Molecular Pattern (MAMP) perception, but also to effector recognition. In Nicotiana 

benthamiana, studies of responses to the necrotrophic elicitor cryptogein may have 

provided the most compelling clue to the nature of ETI signaling yet. Treatment with 

cryptogein elicits a biphasic calcium response, with early signaling mirroring PTI and a 

second, more sustained peak developing later (Lecourieux 2002). Inhibition of calcium 

channels in between these two peaks blocks PCD, but not the ROS burst, suggesting the 

second signal is more related to the effector-like role of cryptogein (Manzoor et al. 2012). 

Even more interestingly, the second cryptogein peak was shown to occur in the nucleus, 

where many of the downstream signals are localized (Manzoor et al. 2012). Similar to 

cryptogein treatment, inoculation of Arabidopsis leaves with Psm AvrRpm1 caused a 

biphasic cytosolic calcium signal, although Psm AvrRpt2 inoculation did not, despite 

leading to the same downstream phenotype (Grant and Mansfield 2000). The association 

between these delayed calcium ion releases and ETI phenotypes made me interested in 

profiling nuclear calcium dynamics after Psm AvrRpm1 infection.  

The following work was conducted in collaboration with Hannah McMillan, 

Davidson College undergraduate researcher, and is described in part in a Davidson 

College honors thesis (McMillan 2015).  
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2.1 Calcium signaling responds to AvrRpt2 and AvrRpm1 

2.1.1 AvrRpt2 and AvrRpm1 both induce prolonged cytosolic calcium 
increases 

 

Figure 2: Effectors AvrRpm1 and AvrRpt2 elicit calcium increases as shown 
using a ubiquitously expressed reporter.  

Col-aequorin plants were treated with coelenterazine followed by either MgCl2, 
PsmES4326, PsmAvrRpm1, or PsmAvrRpt2.  Luminescence was measured over 9 hours. 
Magnitude of luminescence was calculated using a Reimann sum and plotted as area 
under the curve.  Each point represents the normalized area under the curve for one 
sample with a total of 12 sample replicates per treatment.  The line through the middle 
of each box plot represents the median area under the curve for all samples within that 
treatment.  Either end of the box represents the 25th and 75th quartile.  The grey line 
through the middle of the plot area represents the grand mean. Treatment medians 
were compared using Kruskal-Wallis and Steel-Dwass tests.  Letters represent groups 
of statistical difference, p≤0.05. 

 

We first sought to repeat the result of Grant and Mansfield that AvrRpm1 

induces an effector-recognition-specific intracellular calcium increase in wild type (Col-

0) plants (Grant and Mansfield 2000). We utilized a ubiquitously expressed aequorin 

calcium reporter line described previously (Tang et al. 2007). Unexpectedly, we found 
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that in our hands both AvrRpm1 and AvrRpt2, but not virulent pathogen or mock 

treatment, induced similar calcium increases (Figure 2). This finding increased our 

interest in calcium signaling after effector recognition, suggesting the response may be 

conserved among Arabidopsis ETI signaling pathways.  

2.1.2 Effector-triggered calcium increases are essential for PCD 

Effector-triggered calcium signaling occurs after the MAMP-triggered calcium 

ion (Ca2+) spike, which peaks 5 minutes after infection and has cleared by 15 minutes 

after infection. We hypothesized that this second calcium release is important for ETI. To 

address this, we hand infiltrated plants with a high dose (OD600 0.02) of Psm carrying 

the effector AvrRpt2 (Psm AvrRpt2). We then collected discs of infected leaves and 

incubated them ex vivo with lanthanum chloride (LaCl3), a nonspecific cation channel 

inhibitor with size preference for calcium. We washed away excess LaCl3 and measured 

conductivity of the solution over 24 hours to monitor the death of cells. We found that 

treatment of leaves with calcium channel blocker reduced Col-0 cell death to the level of 

the receptor mutant rps2, suggesting that the second wave of calcium signaling is 

distinct from the early signal and essential for ETI-PCD (Figure 3).  
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Figure 3: Calcium and effector triggered immunity are necessary for 
programmed cell death.   

Col-0 or rps2 plants were infiltrated with PsmAvrRpt2 and treated with LaCl3 or water, 
then ion leakage was quantified over 24 hours after infection and normalized to boiled 
samples. Data is represented as mean of three biological replicates plus standard error. 

 

2.1.3 Effector-triggered calcium increases occur in the nucleus  

Previous characterization of nuclear calcium signaling in N. benthamiana after 

treatment with the PCD-inducing elicitor cryptogein, as well as nuclear localization of 

many of the calcium-responsive signaling factors that play a role in ETI, led us to 

hypothesize that the AvrRpm1 and AvrRpt2-induced calcium release we observed may 

occur specifically in the nucleus (Manzoor et al. 2012; Wang et al. 2009; Gao et al. 2013). 

To test this hypothesis, we generated Col-0 Arabidopsis plants expressing cytosolic and 

nuclear-targeted aequorins under the control of a ubiquitous promoter using binary 

vectors described previously (Mehlmer et al. 2012). We chose lines expressing the 

highest levels of the reporter (data not shown) and confirmed proper subcellular 

localization by confocal microscopy using a YFP tag fused to the aequorin (Figure 8). We 
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then monitored calcium signaling in the nucleus and cytosol separately after infiltration 

with virulent Psm ES4326 and avirulent Psm AvrRpm1 and Psm AvrRpt2. We found that 

while nuclear and cytosolic signals could both be recorded, only nuclear signals differed 

significantly in magnitude between the effector-treated and virulent or mock-treated 

leaves (Figure 4). 

 

Figure 4: Calcium is a nuclear signal during effector triggered immunity.   

Col-NYA and Col-CYA plants were reconstituted with coelenterazine and treated with 
either MgCl2, PsmES4326, PsmAvrRpm1, or PsmAvrRpt2.  Col-NYA and Col-CYA data 
were analyzed separately with Kruskal-Wallis and Steel-Dwass statistical tests.  Each 
point represents the normalized area under the curve for one sample with a total of 12 
sample replicates per treatment.  The line through the middle of each box plot 
represents the median area under the curve for all samples within that treatment.  Either 
end of the box represents the 25th and 75th quartile.  The grey line through the middle 
of the plot area represents the grand mean. Treatment medians were compared using 
Kruskal-Wallis and Steel-Dwass tests.  Different letters represent groups of statistical 
difference, p≤0.05. 

 



 

 35 

2.1.4 Effector-triggered nuclear calcium signals differ in magnitude 
and timing  

We sought to further describe the differences between virulent and avirulent 

pathogen nuclear calcium signals by modeling the response in collaboration with Dr. 

Sargis Karapetyan.  

Dr. Karapetyan constructed a simple model describing exponential growth of bacteria, 

exponential decay of signal, with a logistical curve fit overall (Figure 5). The model was 

able to fit the avirulent data very effectively, and the fit the virulent pathogen data 

somewhat, as determined by the high degree of agreement between predicted and 

observed peak times and values for avirulent pathogen calcium data (Figure 6, Figure 7). 

With this model, we were able to quantify parameters that differ most between the 

treatments. For instance, peak time and peak value, which together indicate that for 

mock treated samples, calcium signaling observed generally peaked early in the 

If ! < ∆!,  

$ = &',   

Else 

 $ = &' +
)*×,-./

010∆12* 3.)4×,-./
010∆124 3

-5/06(1018)  

 

 

Figure 5: Model of nuclear calcium signaling during ETI.  

t represents time, C0 represents basal calcium signal, a1 represents the rate of type three 
secretion and signal perception, a2 represents the rate of calcium channel activation, 
and k represents the rate of bacterial growth.  
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experiment and with a very low peak value (Figure 7). This signal is likely due to 

wounding and touch responses related to mechanical handling of the leaves during the 

experiment. In contrast, nearly half of the virulent pathogen treated samples did not 

reach their predicted signal peak during the experimental time, and their curves suggest 

moderate to low maximum values (Figure 7). It is unknown what this signal could 

mean, however it may be the result of recognition of other effectors secreted by the 

virulent pathogen to which the plant is unable to mount a full ETI response. Notably, 

AvrRpm1 and AvrRpt2 treated samples peaked later in the experiment, with higher 

average peak values than virulent pathogen-treated samples (Figure 7). It is of especial 

interest that the average AvrRpm1-treated sample peaked earlier than the average 

AvrRpt2-treated sample, which correlates with the known discrepancy in timing 

between AvrRpm1 and AvrRpt2-induced ETI-PCD responses (Mackey et al. 2003).  



 

 37 

 

Figure 6: Curve fits for representative replicates of aequorin luminescence 
recording, based on model formula (Figure 5).  

 



 

 38 



 

 39 

 

2.2 Concluding Remarks 

This work has demonstrated for the first time that calcium ions are released 

specifically in the nucleus during Arabidopsis immunity. We show that this nuclear 

calcium signal is induced by effectors AvrRpt2 and AvrRpm1, and that blocking this 

signal blocks ETI-PCD.    

2.3 Future Directions  

NYA and CYA reporter lines generated in this study have been crossed to 

various defense mutant plants, including the R-gene mutants rps2 and rpm1. 

Experiments described here will be repeated with these controls to confirm that the 

calcium spike observed is specifically due to effector recognition by the plant, and thus 

is likely a part of the ETI response.  

NYA and CYA reporter lines have also been crossed to T-DNA insertion mutants 

of the putative calcium channels of interest described in Table 1. Homozygous mutant 

reporter plants are in various stages of confirmation currently, and in the future can be 

screened for their effect on effector-triggered nuclear calcium release. In addition, GFP 

fusion lines of Table 1 channels have been generated, screened, and brought to 

Figure 7: Predicted and observed peak times and peak values of one 
experimental replicate of nuclear aequorin luminescence data.  

Values are generated from curve fits to model (Figure 5) for 12 biological replicates. 
Arrow indicates endpoint of measured experiment, time past arrow is predicted. Dark 
purple bars indicate overlap between predicted and observed values, suggesting a 
better fit of the curve.  

 



 

 40 

homozygosity. If a channel that is necessary for effector-triggered nuclear calcium 

release is identified, characterization would be necessary to demonstrate that it is a bona 

fide calcium channel and that it is localized at the nuclear envelope.  

2.4 Methods for Chapter 2  

2.4.1 Ion leakage measurement 

Between Zeitgeber Time (ZT)1 and ZT2, abaxial side of leaves five and six of 

three-week-old Col-0 and rps2 plants were infiltrated with 0.02 OD 600 Psm AvrRpt2. 

Discs were collected from leaves and pooled into three tubes per treatment, eight discs 

per tube.  Leaf disks from the same plant were placed in the same tube to reduce 

homogenization of the results in a biased manner.  All tubes were allowed to sit for 1 

hour to allow leaves to equilibrate.  All water was removed from all tubes and 5 ml 10 

mM LaCl3 was added to the 4 tubes corresponding to that treatment.  All remaining 

tubes received 5 ml deionized water.  All tubes were allowed to sit for 1 hour to allow 

the LaCl3 to fully penetrate the leaf disks, then washed twice with 30 ml deionized water 

and resuspended in 8 ml total final volume deionized water, and equilibrated for 30 

minutes. Conductivity of the water in each tube was measured and recorded every 3 

hours for 24 hours using an Orion Star A212 conductivity probe. 

2.4.2 Generation of Aequorin reporter Arabidopsis lines 

Binary vectors containing Cytoplastmic-YFP-Aequorin (CYA), and Nuclear-YFP-

Aequorin (NYA) under the control of a Ubiquitin10 promoter were obtained from the 
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Vothknecht lab, transformed into Agrobacterium tumefaciens strain GV3101, and then 

introduced into Col-0 Arabidopsis by floral dip as described previously (Mehlmer et al. 

2012; Clough and Bent 1998). Homozygous single-insertion lines with the highest 

expression of positively selected transformants were used for this study.  

2.4.3 Confocal microscopy 

Microscopy was conducted using a Zeiss 510 confocal microscope on five-day-

old Arabidopsis roots grown on ½ MS media containing 5% sucrose. Cells were marked 

using propidium iodide stain.  

2.4.4 Calcium reporter recording 

The abaxial side of leaves five and six of three-week-old Arabidopsis aequorin, 

CYA, or NYA plants grown in 16 hours light/8 hours dark conditions were infiltrated 

with 0.1 mM coelenterazine in water to reconstitute the aequorin. Plants were then kept 

in the dark overnight to prevent light degradation of the coelenterazine. The following 

morning between ZT1 and ZT2, the abaxial side of the same leaves were then infiltrated 

with OD 600 0.02 of one of the following: Psm ES4326, Psm AvrRpm1, Psm AvrRpt2, or 

10 mM MgCl2. Twelve discs per treatment were then punched from the infiltrated leaves 

and placed into separate wells of a black 96-well plate containing 100 microliters of 

deionized water. A Perkin Elmer Victor X5 plate reader was used to monitor 

luminescence in the plate 300 times per well, taking a measurement once every two 

minutes.  Experiments were repeated five times with similar results.  
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2.4.5 Statistical analysis 

Aequorin luminescence data was normalized by subtracting the average of the 

first ten luminescence measurements from each sample. A Reimann sum was used to 

calculate area under the curve for each sample. For each experiment, all 96 areas under 

the curve were plotted as a histogram to test for normality and found to be non-

normally distributed, so nonparametric tests were used. A Kruskal-Wallis One-way 

Analysis of Variance test and a Steel-Dwass All Pairs test were performed in the JMP 

statistical environment to determine which treatments varied significantly.  

2.4.6 Mathematical modeling 

Modeling was conducted by Dr. Sargis Karapetyan of Duke University in 

Matlab.  



 

 43 

2.5 Supplemental information 

 

Figure 8: Confocal microscopy of Arabidopsis roots demonstrating localization 
of aequorins.  

a, Cytoplasmic Yellow Aequorin (CYA), magenta, propidium iodide (PI), green. b, 
Nuclear Yellow Aequorin (NYA), magenta, PI, green. 
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3. The CKI-RB-E2F cell cycle signaling pathway 
mediates plant Effector-Triggered Immunity 

Each plant genome encodes hundreds of NB-LRR proteins, which are 

structurally similar to the mammalian intracellular innate immune receptors, NOD-LIKE 

RECEPTORs (NLRs) (Ausubel 2005b). In the mammalian system, activation of NLRs can 

trigger PCD through recruitment of caspases (Ting, Willingham, and Bergstralh 2008). In 

plants, the presence of a pathogen effector detected by the cognate NB-LRR triggers ETI 

accompanied with rapid and often visible PCD, known as the hypersensitive response 

(HR) (Jones and Dangl 2006). However, plant genomes do not carry close homologs of 

caspases, but more distant metacaspases. The Arabidopsis metacaspases have been shown 

genetically to play both a positive and a negative role in controlling PCD, but their 

underlying molecular mechanisms are unknown (Coll et al. 2010). Therefore, PCD is 

likely executed in plants through a unique mechanism.  

In mammals, expression of caspases is tightly controlled by two transcription 

factors (TFs): p53 and E2F (Polager and Ginsberg 2009).  Although a homolog of the p53 

protein has not been found in plants, all of the core E2F signaling proteins, including 

CDK INHIBITORS (CKIs), CYCLIN-DEPENDENT KINASES (CDKs), 

RETINOBLASTOMA (RB) and E2Fs, are present and have been demonstrated to 

function as their mammalian counterparts in cell cycle regulation (De Veylder et al. 2001; 

De Veylder et al. 2002; De Veylder, Beeckman, and Inze 2007; Wildwater et al. 2005; 

Ebel, Mariconti, and Gruissem 2004; Nowack et al. 2006; Harashima, Dissmeyer, and 
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Schnittger 2013). However, whether the plant E2Fs play a role in regulating effector-

triggered PCD and immunity is not known. 

Genetic screens performed in Arabidopsis have identified ENHANCED 

DISEASE SUSCEPTIBILITY 1 (EDS1) as a key downstream signaling component for the 

Toll Interleukin 1 Receptor (TIR)-NB-LRR class of immune receptors (Parker et al. 1996). 

To confer full immunity, the nucleocytoplasmic coordination of the effector /NB-

LRR/EDS1 protein complex is required (Bhattacharjee et al. 2011; Heidrich et al. 2011).  

This requirement was also implicated genetically through isolation of the modifier of 

snc1 (mos) mutants. Mutations in the nuclear transport receptor (mos6) and nuclear pore 

complex (mos3 and mos7) blocked nuclear retention of some NB-LRRs as well as EDS1 

and compromised resistance (Cheng et al. 2009). These data suggest that the nuclear 

membrane is a potential regulatory site of plant immune signaling.  

Besides EDS1 and MOSs, which are positive regulators of NB-LRR-mediated 

immunity, “lesion mimic” mutants have also been studied extensively in searches for 

negative regulators of effector-triggered PCD and resistance. The lesion simulating 

disease 1 (lsd1) mutant was found to have runaway PCD upon pathogen challenge due 

to improper activation of a class of “helper” NB-LRR proteins which act downstream of 

effector-specific NB-LRRs (Bonardi et al. 2011). Recently, a cell death enhancer mutant 

screen discovered that misregulation of the ANAPHASE-PROMOTING 

COMPLEX/CYCLOSOME (APC/C), a ubiquitin E3 ligase complex controlling cell cycle 
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progression, could lead to upregulation of NB-LRR gene expression (Bao, Yang, and 

Hua 2013). Since these negative regulators function upstream of EDS1, as the mutant 

phenotypes could be suppressed by eds1(Bao, Yang, and Hua 2013; Rusterucci et al. 

2001), the signaling components linking EDS1 to activation of PCD genes remain to be 

discovered. 

The Arabidopsis lesion-mimic mutant constitutive expresser of pathogenesis-

related genes 5 (cpr5) may shed light on this downstream signaling pathway. The cpr5 

mutant has enhanced resistant to biotrophic pathogens Psm and Hyaloperonospora 

arabidopsidis (Hpa) (Bowling et al., 1997; Kirik et al., 2001). However, unlike the other 

lesion mimic mutants, the cpr5 phenotype could not be suppressed by eds1 (Clarke et al., 

2001), suggesting that the mutation affects a component either downstream of EDS1 or 

independent of it (Figure 15a). Nor was the phenotype of cpr5 affected by non-expresser 

of pathogenesis-related genes 1 (npr1), a mutant insensitive to the immune signal 

salicylic acid (SA) (Clarke et al. 2000). However, blocking SA accumulation with the eds5 

mutant did suppress the disease resistance phenotype of cpr5, but not its lesioning 

phenotype nor the stunted growth morphology, placing cpr5 upstream of SA synthesis 

(Figure 15a). These results are consistent with the fact that SA, which is often produced 

during ETI (Vlot, Dempsey, and Klessig 2009), not only is an essential signal in 

conferring NPR1-dependent resistance, but also is involved in augmenting ETI in an 
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NPR1-independent manner (Feys et al. 2001). Apparently, in the cpr5 mutant, this NPR1-

independent defense is sufficiently activated to confer disease resistance.  

In this study, we show that mutations of two CKIs, SIAMESE (SIM) and 

SIAMESE-RELATED 1 (SMR1), fully suppressed pleiotropic phenotypes of cpr5. CPR5 is 

localized to the nuclear envelope where it physically interacts with SIM and this 

interaction is dynamically regulated during ETI. In both cpr5 mutant and wild-type 

(WT) plants undergoing ETI, SIM and SMR1 are involved in hyperphosphorylation of 

the cell cycle regulator RETINOBLASTOMA RELATED 1 (RBR1) and overexpression of 

E2F target genes. In addition, both sim smr1 and the e2f mutants are compromised in 

resistance. Our study, therefore, reveals a cell cycle-related nuclear signaling pathway 

for ETI. 

3.1 Results 

3.1.1 CPR5 Is a Negative Regulator of Plant PCD and ETI 

CPR5 was first discovered in a genetic screen for mutants with spontaneous PCD 

and constitutively enhanced resistance to biotrophic pathogens (Bowling et al. 1997).  

The CPR5 protein has 4-5 predicted transmembrane domains (TMs) (Figure 15b) and 

was detected predominantly in the nuclear membrane but not the plasma membrane 

fraction (Figures 15c and 15d). To address whether CPR5 plays a direct role in defense, 

we analyzed independent 35S:GFP-CPR5 Arabidopsis transgenic lines in cpr5 mutant 

background. We found that transgenic lines with different levels of the GFP-CPR5 
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protein (Figure 9a) could fully complement the cpr5 mutant morphology, similar to 

those with the transgene driven by the native CPR5 promoter (Figure 15e).  In contrast 

to the loss-of-function cpr5 mutant, the transgenic lines overexpressing CPR5 showed 

compromised PCD and diminished immunity against bacterial pathogen Psm ES4326 

carrying the effector gene AvrRpt2 (Figures 9b and 9c), indicating that CPR5 is a 

negative regulator of PCD and immunity against biotrophic pathogens. In contrast to the 

loss-of-function cpr5 mutant, the transgenic lines overexpressing CPR5 showed 

compromised PCD and diminished immunity against the bacterial pathogen Psm 

ES4326 carrying the effector gene AvrRpt2 (Figures 9b and 9c). These data demonstrate 

that CPR5 is a negative regulator of PCD and immunity against biotrophic pathogens. 
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Figure 9: The nuclear envelope protein CPR5 negatively regulates effector-
triggered PCD and resistance.  

a, Nuclear proteins were purified from 2-week-old WT and three independent 
35S:GFP-CPR5 transgenic plants in the cpr5-1 mutant background (L1, L2 and L3). The 
western blot was probed with α-CPR5 and α-histone H3. b, Three-week-old WT, rps2 
and 35S:GFP-CPR5 transgenic plants were inoculated with Psm ES4326/AvrRpt2 
(OD600 = 0.02). Leaf discs were harvested 30 minutes after inoculation and ion leakage 
was measured every 2 hours using the conductivity assay. Error bars represent SEs. 
Experiments were carried out two times with similar results. c, WT, rps2 and 35S:GFP-
CPR5 transgenic plants were inoculated with Psm ES4326/AvrRpt2 (OD600 = 0.002). 
Bacterial growth (cfu, colony forming unit) was measured right after inoculation (Day 
0) and 3 days later (Day 3). Error bars represent 95% confidence intervals (n = 8). 
Experiments were conducted three times with similar results.  
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3.1.2 CPR5 negatively regulates ETI through association with the KRP 
Family of CKIs   

To further understand CPR5 function, we carried out a genetic screen for 

suppressors of cpr5 in NPR1-independent Hpa resistance (svi mutants; Figures 10a and 

16a). The recessive svi1 mutation was mapped to a deletion containing 6 putative genes 

(Figure 16b and Table 3). Among them, KIP-RELATED PROTEIN 2 (KRP2) belongs to 

the KRP family of CKIs. Both KRP2 and a close member of this family, KRP1, have been 

found previously to control cell cycle progression, cell death and trichome development 

(Schnittger et al. 2003; Verkest et al. 2005; De Veylder et al. 2001), which is relevant to the 

phenotype of cpr5. Similar to svi1, a krp2 T-DNA insertion mutation also partially 

restored Hpa Noco2 susceptibility when crossed into the cpr5 npr1 mutant (Figure 10b). 

 

 



 

 51 

 

Figure 10: CPR5 negatively regulates effector-triggered PCD and resistance 
through interactions with CKIs.  

a, Arabidopsis seedlings (7 to 10-day-old) were inoculated with Hpa Noco2 spores (5×104 
spores/ml). Hpa sporangiophores (pink arrow) and cpr5-mediated early senescence (red 
arrow) were visualized 7 days later. b and c,  Arabidopsis seedlings were inoculated 
with Hpa Noco2 spores (5×104 spores/ml). After 7 days, the sporangiophores were 
counted after trypan blue staining. Error bars represent SEs. Experiments were 
conducted three times with similar results. d, BiFC assay was carried out in N. 
benthamiana leaves. The N- and C-terminus of yellow fluorescent protein (YFP) were 
fused to SIM (SIM-nYFP) and full-length CPR5 (cYFP-CPR5), respectively. Free 
mCherry served as a nuclear marker. e, Split luciferase assay was performed in N. 
benthamiana leaves. The N-terminus of luciferase (LUC-N) was fused to the C-terminus 
of CPR5 (N-terminal 339 amino acids), and the C-terminal half of luciferase (LUC-C) 
was fused to the N-terminus of KRP2, SIM or SMR1. f, Leaves of 35S:GFP-CPR5 plants 
were infiltrated with Psm ES4324 or Psm ES4326/AvrRpt2 at OD600 = 0.02. Total 
proteins were extracted at indicated hour past infiltration (hpi) and were co-
immunoprecipitated (co-IP) with wheat germ synthesized HA-SIM. The binding of 
HA-SIM to GFP-CPR5 was detected by western blot (WB) using the antibodies α-GFP 
and α-HA. 
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The KRP family contains at least 18 members and is homologous to the human 

Cip/Kip (CDK interacting protein/Kinase inhibitory protein) proteins (Figure 16c and 

Table 4) (Wang, Fowke, and Crosby 1997). To determine the functional redundancy of 

Arabidopsis KRP genes in resistance observed in cpr5, we crossed cpr5 with other krp 

mutants. While the krp1 krp2 double mutant was not viable, the siamese (sim) siamese-

related 1 (smr1) double mutant dramatically suppressed cpr5 morphological phenotypes 

including spontaneous lesions, dwarfism and abnormal trichome development (data not 

shown). In addition, sim smr1 fully suppressed the resistance conferred by cpr5 (Figure 

10b). Therefore, SIM and SMR1 function redundantly downstream of CPR5 and play a 

positive role in defense against Hpa. 

To determine the relationship between CPR5 and SIM/SMR1, we first ruled out a 

possible regulation at the transcriptional or the translational level (Figures 16d and 16e). 

We then tested whether CPR5 and SIM/SMR1 function in the same protein complex. 

Bimolecular Fluorescence Complementation (BiFC) assay showed that they could 

interact in vivo surrounding the nucleus (Figure 10d and 16f). This interaction was 

further verified by a split luciferase assay (Figures 10e and 16g) and yeast two-hybrid 

analysis (Figure 16h). These results demonstrate that CPR5 not only genetically but also 

physically interacts with CKIs. 

To reveal the regulatory mechanism of this interaction, we performed a semi-in 

vitro co-immunoprecipitation experiment by adding recombinant SIM protein to 
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extracts prepared from leaves infected with either Psm ES4326 or Psm ES4326/AvrRpt2. 

While no degradation of the recombinant SIM protein was detected, we found that its 

association with CPR5 was reduced in response to Psm ES4326/AvrRpt2, but not to Psm 

ES4326 (Figure 10f). This result suggests that CPR5 may negatively regulate SIM 

through the physical interaction, which can be disrupted upon ETI induction. However, 

detailed molecular mechanism and the kinetics of the dynamic interaction at 

physiological level require further investigation.  

3.1.3 CPR5 Regulates ETI-Specific Defense Gene Expression through 
SIM/SMR1 and E2F 

The epistatic relationship of sim smr1 to cpr5 was further confirmed by the whole 

genome microarray analysis (GEO#: GSE40322). As shown in Figure 11a, WT, sim smr1 

and cpr5 sim smr1 shared expression patterns at the whole genome level, which were 

largely distinct from that of the cpr5 mutant. Volcano plots of differentially expressed 

genes in cpr5 and cpr5 sim smr1 also revealed an overwhelming dependency of the cpr5-

induced transcriptomic changes on SIM/SMR1 (Figures 11b and 11c). To further quantify 

this dependency, we built a series of statistical models and performed factorial analysis. 

As shown in Figure 17a, in all cases, ~90% of cpr5-upregulated genes were dependent on 

SIM/SMR1, further confirming our conclusion that SIM and SMR1 are required for cpr5-

mediated gene expression.  
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Figure 11: CPR5 regulates ETI-specific defense gene expression through 
SIM/SMR1 and E2F. 

a, Principal component analysis of the microarray data and hierarchical clustering of 
the averaged genomic expression pattern. Genotypes with replicates were color 
labeled. The microarray experiments were conducted using 10-day-old plants in three 
biological replicates. b, Volcano plots illustrating differentially expressed genes (p-
value <0.01) with permutation (n=1000) in cpr5 and cpr5 sim smr1 compared to WT. 
James-Stein shrinkage estimates of the error variance were used. c, Summary of 
differential gene expression in the cpr5 mutant comparing to WT. Student’s t-test is 
used and p-values are computed asymptotically and subject to Benjamini-Hochberg 
adjustment. FC, fold change. d, Comparative analysis of cpr5 microarray data with 
defense-related data sets (GSE34047, GSE58954). cpr5-induced genes have significant 
overlaps with AvrRpt2- or SA-induced genes but limited overlap with elf18-induced 
genes. Lists generated using t-test with p-value <0.05, FC>2. e, Heatmap of top 20 cpr5-
induced genes (p-value<0.05) including 14 defense-related (named in blue) and 9 
E2Fa/DPa-target genes (Vandepoele et al. 2005) (reported fold induction in E2Fa/DPa-
overexpressing plants is shown in red). f, Quantitative RT-PCR was performed in 10-
day-old seedlings. Error bars represent SEs. Experiments were conducted in triplicate. 
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Further characterization of cpr5-mediated differential expressed genes (t-test, p-

value < 0.05, FC > 2) (Figure 17b) revealed that the most significantly enriched gene 

ontology term (http://www.geneontology.org/) was “defense-related” (hypergeometric 

test, p-value ≈ 0). Comparative analysis with three other defense-related microarray data 

sets (GSE34047, GSE58954) revealed significant overlaps with Psm ES4326/AvrRpt2-

induced genes as well as the SA-induced genes, but limited overlap with the MAMP 

signal elf18-induced genes (Figure 11d and Figure 17c). Since the SA signaling mutant 

npr1 had little effect on cpr5-mediated gene expression at the genomic level (GSE5745, 

Figure 17d), we concluded that the cpr5 mutation could cause defense gene induction in 

an NPR1-independent manner consistent with the genetic data (Clarke et al. 2000) 

(Figure 15a).  

The microarray data clearly support our hypothesis that CPR5 and SIM/SMR1 

are negative and positive regulators of ETI, respectively. Since SA is produced during 

ETI, it is not surprising that there was a significant overlap between Psm 

ES4326/AvrRpt2- and SA-induced genes, which comprised the majority of cpr5-induced 

gene list (Figures 11d and 17c). Moreover, in the cpr5 sim smr1 triple mutant, both the SA 

synthesis gene expression and the SA level were restored to WT (Figures 17e and 17f) 

supporting the genetic data showing that sim smr1 is a suppressor of cpr5.  

To understand how SIM/SMR1 positively controls defense gene expression, we 

considered the canonical core cell cycle signaling pathway CKI-CDK-RB-E2F (Sherr and 



 

 56 

Roberts 1999; Zhao et al. 2012) because the CKI function of SIM/SMR1 has been 

previously demonstrated (Walker et al. 2000).  We found that among the top 20 induced 

genes in cpr5 (based on p-values), 9 are also significantly induced in E2Fa/DPa-

overexpressing transgenic plants (Vandepoele et al. 2005) (Figure 11e). E2Fs are known 

downstream transcription factors (TFs) of cell cycle, cell death and immune response in 

mammals (Polager and Ginsberg 2008). To study the role of E2F genes in plants, we first 

examined the mutants of all three canonical E2F genes of Arabidopsis. We found that 

the double mutants were indistinguishable from WT in plant growth (data not shown) 

while the e2fa e2fb e2fc triple mutant (e2fabc) showed near normal vegetative growth, but 

severely compromised fertility (Figure 17G). This result indicates that these three E2Fs 

play a redundant role in Arabidopsis reproduction. We then crossed cpr5 into e2fabc and 

found that defense genes up-regulated in the cpr5 mutant were fully restored to WT 

levels in the cpr5 e2fabc quadruple mutant (Figure 11f). Moreover, similar to the sim smr1 

mutant, e2fabc was more susceptible to Psm ES4326 than the WT control (Figure 17h). 

Taken together, these data suggest that CPR5 and SIM/SMR1 may signal through E2F 

during plant immune response.  

3.1.4 SIM/SMR1 and E2F Are Required for Pathogen Effector-
Triggered PCD and Immunity 

Our microarray data suggest that like mammalian Cip/Kip proteins, which are 

known to play a key role in integrating stress signals into cell fate determination 

(Besson, Dowdy, and Roberts 2008), plant CKIs and E2Fs may be important regulators of 
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PCD in response to pathogen challenge. This is consistent with the genetic data showing 

that the cpr5-associated PCD phenotypes in cotyledons were fully suppressed by both 

sim smr1 and e2fabc (Figures 12a and 12b). To further test whether the CPR5-SIM/SMR-

E2F signaling pathway plays a role in effector-triggered PCD and defense, we inoculated 

sim smr1 and e2fabc with Psm ES4326/AvrRpt2. After 24 hours, a strong effector-triggered 

PCD was observed in WT plants, but not in the resistant to pseudomonas syringae 2 (rps2) 

mutant lacking the cognate coiled coil (CC)-NB-LRR immune receptor for AvrRpt2 

(Figures 12c and 18a). Similar to the rps2 mutant, the sim smr1 and e2fabc plants were 

also compromised in mounting PCD (Figure 12c) and resistance (right panel, Figure 

12d), indicating that SIM/SMR1 and E2Fs are downstream components required for the 

onset of ETI. The defense phenotype of the mutants was unlikely to be due to a 

deficiency in SA synthesis, which was only slightly delayed in the sim smr1 mutant after 

Psm ES4326/AvrRpt2 inoculation (Figure 18b). We also performed infection experiment 

using Hpa EMWA1 for which the Arabidopsis Col-0 accession carries the TIR-NB-LRR 

class of immune receptor, RPP4.  We found that similar to the RPP4-deficient Ws 

accession, sim smr1 and e2fabc plants were compromised in RPP4-mediated ETI (Figure 

12e), indicating that SIM/SMR1 and E2Fs are positive regulators of ETI mediated by both 

CC-NB-LRR (e.g., RPS2) and TIR-NB-LRR (e.g., RPP4) classes of immune receptors. 
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Figure 12: SIM/SMR1 and E2F are required for cpr5-mediated and effector-
triggered PCD and immunity.  

a, Two-week-old plants were examined and photographed for early senescence of 
cotyledons (arrow heads). b, Two-week-old cotyledons were stained using trypan 
blue for cells that have undergone PCD. c, Four-week-old plants were infected with 
Psm ES4326/AvrRpt2 (OD600 = 0.02). Leaf discs were harvested 30 minutes after 
inoculation, and ion leakage was measured every 2 hours. Error bars represent SEs. 
Experiments were carried out three times with similar results. d, Four-week-old plants 
were inoculated with Psm ES4326 (left panel) or Psm ES4326/AvrRpt2 (right panel) 
(OD600 = 0.002; a high dosage normally used for observing ETI). Bacterial growth 
(cfu) was measured right after inoculation (Day 0) and 3 days later (Day 3). Error bars 
represent 95% confidence intervals (n = 8). Experiments were conducted three times 
with similar results. e, Seven-day-old seedlings were inoculated with a suspension of 
asexual spores (5 x 105 spores per ml) of Hpa EMWA1. The RPP4-deficient Ws 
accession was used as a negative control. Plants were collected 7 days post inoculation 
(dpi), stained with trypan blue, and scored for the presence of sporangiophores (SPP). 
Error bars represent SD, *** p-value <0.001 compared to WT by binomial distribution. 
Experiment was repeated three times with similar results. 
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Even though the sim smr1 and e2fabc mutants were also defective in basal 

resistance as shown in Figure 17h, this phenotype was not discernible at the higher 

inoculant of Psm ES4326 without the effector gene (left panel, Figure 12d). Since the sim 

smr1 and e2fabc mutants responded normally to MAMPs, flg22 and elf18 (Figure 18c), 

the enhanced disease susceptibility observed in these mutants may be caused by a 

deficiency downstream of the MAMP-triggered defense. Whether it involves a 

deficiency in the synthesis of SA, an inducer of general disease resistance in plants 

(Durrant and Dong 2004), or compromised ETI triggered by other minor effectors in the 

pathogens remains to be tested. 

3.1.5 CPR5 and SIM/SMR1 Control Effector-Triggered Immunity 
through Hyperphosphorylation of RBR1 and Activation of E2F. 

We next investigated the signaling mechanism by which SIM and SMR1 control 

ETI. In mammals, the transcriptional activity of E2F is regulated by CKIs through CDK-

mediated phosphorylation of RB. RB is normally bound to E2F to repress E2F activity. 

Phosphorylation of RB by CDK results in E2F release to activate G1 to S cell cycle 

transition. However, hyperphosphorylation of RB can instead lead to PCD (Harbour and 

Dean 2000). To test the possibility that SIM and SMR1 regulate E2F activity through 

CDK-mediated phosphorylation of the RBR1 protein in Arabidopsis, we first examined 

the level of CDKA1, a known regulator of RBR1 (Harbour and Dean 2000). We found 

that while the CDKA1 transcript level was unaffected in the cpr5 mutant (Figure 19a), 

more CDKA1 protein was detected in cpr5 than WT, but not in the cpr5 sim smr1 triple 
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mutant (Figure 19b).  This result indicates that in absence of a functional CPR5, SIM and 

SMR1 positively affect the accumulation of CDKA1. Overexpression of another CKI, 

KRP2, also had a similar effect on the CDKA1 protein (De Veylder et al. 2001), 

suggesting that these CKIs have contrasting effects on CDKs; they can not only inhibit 

the CDK activity, but also lead to the stabilization of CDK (e.g., CDKA1) protein. 

The CDK target sequence in RB is highly conserved in both animals and plants 

(Figure 19c), allowing the antibody raised against the phosphorylated serine 807 (S807) 

of the human RB protein (α-P-RB) to recognize the phosphorylated serine 911 (S911) of 

the Arabidopsis RBR1 (Magyar et al. 2012; Abraham et al. 2011). As shown in Figure S5D, 

the E. coli-produced phosphorylated RBR1 C-terminal domain (CTD) could be detected 

by α-P-RB. Either substitution of the serine 911 by an alanine (S911A) or treatment with 

calf intestinal phosphatase (CIP) abolished detection of the RBR1 protein by α-P-RB, 

confirming the specificity of the antibody to the Arabidopsis RBR1 S911. The identity of 

RBR1 was also verified using an antibody raised against the Arabidopsis protein (α-

RBR1) (Horvath et al. 2006) (Figure 19d). 

Using α-P-RB, we next examined the RBR1 phosphorylation status in the cpr5 

and sim smr1 mutants. As shown in Figure 13a, RBR1 phosphorylation was increased in 

sim smr1, consistent with their role as CKIs. Intriguingly, in the cpr5 mutant, RBR1 

phosphorylation was also increased, consistent with the higher CDKA1 protein level 

detected in this mutant (Figure 19b). Moreover, an additional protein band was detected 
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in the cpr5 mutant. Since this upshifted band disappeared after CIP treatment, we 

postulated that it was RBR1 hyperphosphorylated at the additional CDK target sites 

(Figure 19e). More importantly, this additional band was diminished in the cpr5 sim smr1 

triple mutant (Figure 13a), indicating that in the cpr5 background, SIM and SMR1 

acquired a novel activity of facilitating RBR1 hyperphosphorylation, possibly through 

CDKA1.

 

Figure 13: SIM and SMR1 confer plant PCD and immunity through 
hyperphosphorylation of RBR1. 

 a, Western blot of extracts from 10-day-old plants. α-P-RB and α-RBR1 were used to 
detect phosphorylated and total AtRBR1, respectively. The hyperphosphorylated 
AtRBR1 in cpr5 is indicated by an arrow. CIP (+) treatment to dephosphorylate the 
protein shown right. b, Seven-day-old seedlings were inoculated with Hpa EMWA1. 
Samples were taken at 0, 1 and 2 days post inoculation (dpi). α-P-RB was used to 
detect phosphorylated AtRBR1. Hyperphosphorylated AtRBR1 is marked by an 
arrow. * nonspecific band used as a loading control. c, Three-week-old plants were 
inoculated with 10 mM MgCl2 (Mock), Psm ES4326 (Psm; OD600 = 0.02) and Psm 
ES4326/AvrRpt2 (Psm AvrRpt2; OD600 = 0.02). α-P-RB western blot is shown. A 
longer exposure of the film is also shown (right panel). Hyperphosphorylated 
AtRBR1 is marked by an arrow. * nonspecific band used as a loading control 
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Based on these data, we hypothesize that RBR1 hyperphosphorylation (Figure 

13a) and aberrant elevation of E2F activities (Figures 11e and 12) result in spontaneous 

PCD in cpr5. To investigate whether RBR1 hyperphosphorylation is a physiological 

response in pathogen-triggered PCD, we performed a western blot on the WT Col-0 

plants carrying the TIR-NB-LRR gene, RPP4, and the rpp4 mutant plants after 

inoculation with Hpa EMWA1.  As shown in Figure 13b, the upshifted RBR1 band was 

also observed using α-P-RB one day after inoculation when effector-triggered cell death 

was expected to occur (Wang, Barnaby, et al. 2011) and this band was significantly 

weakened in the rpp4 mutant. We then tested RBR1 phosphorylation in ETI triggered by 

the CC-NB-LRR protein, RPS2. As shown in Figure 13c, while RBR1 phosphorylation 

and hyperphosphorylation were induced after virulent Psm ES4326 infection, RBR1 

hyperphosphorylation was markedly enhanced in WT plants inoculated with the 

avirulent Psm ES4326/AvrRpt2, where effector-triggered PCD occurred. This RBR1 

hyperphosphorylation was blocked in the rps2 mutant. In support of our hypothesis that 

SIM and SMR1 are signaling components downstream of this NB-LRR protein (i.e., 

RPS2), the AvrRpt2-induced RBR1 hyperphosphorylation was also absent in the sim 

smr1 mutant (right panel, Figure 13c). These data demonstrate that recognition of 

pathogen effectors by both the TIR-NB-LRR and the CC-NB-LRR classes of immune 

receptors can trigger plant cell death and immunity probably through SIM/SMR1-

mediated RBR1 hyperphosphorylation and subsequent over-activation of E2Fs.  
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3.2 Discussion 

Through this study, we revealed a nuclear signaling cascade leading to PCD and 

immunity in plants and propose a working model shown in Figure 14. Recognition of a 

pathogen effector by the cognate NB-LRR triggers the nucleocytoplasmic trafficking of 

signals that can be sensed by the nuclear envelope protein CPR5. CPR5 interacts the 

CKIs, SIM and SMR1 (Figures 10d-10f), to prevent spurious induction of immune 

response. Upon ETI induction, CKIs are released from CPR5 (Figure 10f) to cause 

excessive activation of E2F TFs and induction of effector-triggered PCD and immunity 

(Figure 12).  
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Figure 14: Proposed downstream signaling events in effector-triggered PCD 
and immunity.  

Under normal conditions, SIM and SMR1 serve as CDK inhibitors in regulation of 
cell cycle progression. Recognition of a pathogen effector by the cognate NB-LRR 
triggers dissociation of SIM and SMR1 from the nuclear envelope protein CPR5. 
Consequently, SIM and SMR1 acquire a novel activity of facilitating RB 
hyperphosphorylation through an unknown kinase (?), resulting in E2F over-
activation and effector-triggered PCD and disease resistance. 

The fundamental mechanism of cell cycle regulation is highly conserved among 

eukaryotes (Harashima, Dissmeyer, and Schnittger 2013; Cross, Buchler, and Skotheim 

2011). SIM and SMR1 are the plant counterparts of the mammalian Cip/Kip family of 
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CKIs, which includes the founding member p21 as well as p27 and p57 (Walker et al. 

2000). These CKIs are known to control RB phosphorylation by inhibiting CDK activity 

to regulate the G1/S phase transition which determines one of five cell fates: 

proliferation, differentiation, quiescence, senescence, and apoptosis (Blomen and 

Boonstra 2007). Inhibition of RB phosphorylation by CKIs can lead to either temporary 

cell cycle arrest at the G1 phase or permanent cell cycle cessation (Besson, Dowdy, and 

Roberts 2008). Only when RB is phosphorylated by CDKs, is E2F released to initiate the 

transition to S phase. Our study shows that besides their canonical CKI function in cell 

cycle regulation, SIM and SMR1 acquire a new function of facilitating RBR1 

hyperphosphorylation upon pathogen challenge.  Whether this is achieved through 

stabilization of CDKA1 (Figure 19b) or activation of a different kinase requires further 

investigation. This latter scenario is quite plausible given the fact that CKIs have flexible 

structures allowing them to bind different partners besides CDKs (Starostina and 

Kipreos 2012).  

Strikingly, activation of both the TIR-NB-LRR class (RPP4) and the CC-NB-LRR 

class (RPS2) NLR proteins induces strong hyperphosphorylation of RBR1 (Figures 13b 

and 13c) suggesting a general role for this regulatory mechanism in ETI. RBR1 

hyperphosphorylation is correlated with the deregulation of E2F target genes (Figures 

11e and 11f), which we propose leads to PCD and pathogen resistance (Figure 12). Like 

their counterparts in mammals (Polager and Ginsberg 2009), the plant E2Fs can induce 
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opposing biological processes, i.e., cell proliferation during normal development and 

PCD during ETI.  For the immune response, higher levels of E2F may be required as 

well as additional TFs, such as WRKYs, which can be specifically induced or activated 

upon pathogen challenge.  

The sim smr1 and e2fabc mutants are not only defective in ETI (Figure 12), but 

also more susceptible to virulent pathogens (Figures 10c and 17h). The underlying 

mechanism is not clear since basal resistance could be conferred by different immune 

mechanisms and the interplay between these mechanisms is not completely understood. 

In a recent report, an atypical E2F, DEL1, was found to be a transcriptional repressor of 

SA biosynthesis (Chandran et al. 2014). Since the sim smr1 and e2fabc mutants could only 

block SA biosynthesis induced in cpr5 (Figure 17f), not by Psm ES4326/AvrRpt2 (Figure 

18b for sim smr1), which may contain other SA-inducing signals besides AvrRpt2, a 

defect in SA synthesis is unlikely the explanation for the enhanced disease susceptibility 

in the mutants. Alternatively, Figure 13c shows that in the absence of the effector, 

AvrRpt2, moderate levels of SIM/SMR1-mediated hyperphosphorylation of RBR1 were 

observed upon Psm ES4326 infection. This may be due to other NB-LRR-effector 

interactions that are less effective than RPS2-AvrRpt2 in conferring resistance or MAMP 

signals in Psm ES4326. Since the sim smr1 and e2fabc mutants are intact in their response 

to the MAMP signals, flg22 and elf18 (Figure 18c), the former scenario is more likely. 
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Thus, the CPR5-CKI-RBR1-E2F signaling pathway is directly involved in ETI and affects 

basal resistance through an unknown mechanism. 

3.3 Experimental Procedures 

3.3.1 Plant material 

All Arabidopsis mutants used in this study are of the Columbia (Col-0) 

background. The cpr5-1 (referred to as cpr5) mutant is as described (Bowling et al. 1997). 

The krp1 (SALK_100189), krp2 (SALK_130744, designated as krp2T), krp3 (CS858744), krp4 

(SALK_102417), krp5 (SALK_053533), krp6 (CS874737), krp7 (CS873342), sim (CS23884), 

smr1 (SALK_033905), smr2 (SALK_006098), and e2fc (CS468892) mutants were obtained 

from the ABRC (Ohio State University, Columbus, OH). Mutants of e2fa and e2fb are as 

described (Berckmans et al. 2011). 

3.3.2 Cytoplasmic and nuclear membrane isolation 

The cytoplasmic membrane isolation was carried out as described (Santoni 2007). 

The nucleus isolation was adapted from the one used for chromatin 

immunoprecipitation (Wang et al. 2010), and the subsequent nuclear membrane 

fractionation was performed as described (Franke 1966). Briefly, the sonicated nuclei 

were centrifuged at 150 g for 5 min. The supernatant was then layered on 66% (w/v) 

sucrose and centrifuged at 75,000 g for 90 min. The interface was collected, diluted with 

10 mM Tris-HCI (pH 7.2), and centrifuged at 110,000 g for 120 min. The pellet contains 

the nuclear membrane. 
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3.3.3 Protein analysis 

Protein extraction and western blotting were performed as described (Wang et al. 

2010). The antibodies used were Peroxidase-Anti-Peroxidase (Sigma, P1291), α-α-tubulin 

(Sigma, T5168), α-Histone H3 (Abcam, ab1791), anti-PIP2 (Agrisera, AS09491), α-

phospho-RB (Ser807/811) (Cell Signaling Technology, Inc., 9308), α-RBR1 (Agrisera, 

AS111627), α-PSTAIR (Sigma, P7962). The anti-WIP1 antibody was provided by Dr. Iris 

Meier (The Ohio State University) (Xu, Meulia, and Meier 2007). The antibody against 

CPR5 (α-CPR5) was produced using the N-terminus (amino acids 11-223) of the CPR5 

protein as an antigen (GenWay Biotech, San Jose, California). 

3.3.4 Ion leakage measurement 

Psm ES4326/AvrRpt2-induced ion leakage was measured as previously described 

(Mackey et al. 2002). 

3.3.5 Pathogen infection 

Infection of Arabidopsis plants with Hpa Noco2, Hpa EMWA1, and Psm ES4326 

with or without AvrRpt2 was carried out as previously described (Wang, Barnaby, et al. 

2011; Fu et al. 2012). 

3.3.6 Mutant screen and Tiling array-based cloning 

The cpr5-1 npr1-1 seeds were mutagenized using fast neutron bombardment at a 

dose of 60.2 Gray by the KFKI Atomic Energy Research Institute (Budapest, Hungary). 

The genetic screen for svi mutants was carried out as described (Parker et al., 1996). The 
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GeneChip Arabidopsis Tiling 1.0R Array (Affymetrix, Santa Clara, CA) was used for 

Tiling array-based cloning as described (Wang et al., 2010). The threshold of p-values 

calculated by comparing hybridization signals between the control and mutant to each 

probe was set at 0.01 (-10 x log p-value = 20) for the interval analysis.  

3.3.7 Bimolecular complementation assays 

The split luciferase assay was carried out as described (Chen et al. 2008). The 

bimolecular fluorescence complementation assay (BiFC) using the yellow fluorescence 

protein (YFP) was performed as described (Qi, DeYoung, and Innes 2012). 

3.3.8 Yeast two-hybrid assay 

The Matchmaker Yeast Two-Hybrid System (Clontech, Mountain View, CA) was 

used according to the manufacturer’s instructions. 

3.3.9 Co-immunoprecipitation (co-IP) 

Four-week-old plants were infiltrated with pathogen. Total protein was extracted 

from 250 mg of the infiltrated leaves in 1 ml IP buffer consisting 50 mM Tris (pH = 7), 

150 mM NaCl, 0.1% Triton X-100, 0.2% NP-40, 40 µM MG115 and protease inhibitor 

(Sigma). The HA-SIM protein (~ 0.5 µg) (synthesized using a wheat germ-based TnT 

system, BioSieg, Tokushima, Japan) was added to the plant extract and incubated with 

GFP-Trap agarose beads (ChromoTek, Martinsried, Germany) for the indicated hours at 

4°C. While 40 µl IP reaction was taken for the SIM protein input control, beads in the 
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remaining reaction were washed four times with the IP buffer and then mixed with 

protein loading buffer containing 50 mM DTT. 

3.3.10 Microarray procedure and analysis 

For the cpr5, sim smr1 and cpr5 sim smr1 microarray dataset, 10-day-old seedlings 

were used for RNA preparation. For the ETI microarray dataset, four-week-old plants 

were mock treated or treated with Psm ES4326 carrying AvrRpt2 at OD600 0.01 for 0 and 

6 hours. The SA and elf18 microarray datasets were published in Pajerowska-Mukhtar et 

al., 2012. The GeneChip Arabidopsis ATH1 Genome Arrays (Affymetrix, Santa Clara, 

CA) were processed as described (Wang et al. 2010; Pajerowska-Mukhtar et al. 2012). 

Array data were summarized using the Robust Multi-array Average (RMA) method 

with the baseline transformed to the median of all samples. Statistical analysis was 

performed using GeneSpring (Agilent) and R packages.  

3.3.11 Quantitative PCR 

Arabidopsis RNA was extracted using TRIzol Reagent (Invitrogen), and cDNA 

was synthesized using the SuperScript III cDNA Synthesis Kit (Invitrogen). Quantitative 

PCR (qPCR) was performed using SYBR Green PCR Kit (Roche Applied Science, 

Indianapolis, IN) in Mastercycler ep realplex (Eppendorf, New York, NY). The UBQ5 

transcript was used as an internal control. 
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3.3.12 SA measurement 

SA was measured as described (Pan et al., 2010) using the Agilent 1200 LC 

systems and the 6520 Accurate-Mass Q-TOF system. A reverse-phase Zorbax XDB-C18 

(4.6×50mm, 1.8 µm) column was set at 0.2 ml / min flow. SA (Sigma, W398500) was used 

as a standard. Free SA levels in infected leaves were also measured using the 

Acinetobacter sp_ADPWH_lux SA biosensor as previously described (Defraia, Schmelz, 

and Mou 2008). 

3.3.13 Trypan blue staining 

Trypan blue staining was carried out as described (Bowling et al. 1997). 

3.3.14 Seedling growth inhibition triggered by MAMP treatment 

Seedlings were grown five days on Murashige and Skoog (MS) plus 1% sucrose 

plates and transplanted to MS plus 1% sucrose liquid media. Two days post-transplant, 

seedlings were treated with 150 nM flg22 or 100 nM elf18 and weighed seven days post-

treatment. 

3.3.15 Statistics 

Unless otherwise stated, statistical analysis was performed by one-way analysis 

of variance (ANOVA) with Bonferroni post hoc test. The letter above the bar indicates a 

statistically significant difference between groups at p-value < 0.01.  
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3.3.16 Accession Numbers 

The Gene Expression Omnibus accession numbers for the microarray data 

reported in this paper are GSE40322, GSE34047 (Pajerowska-Mukhtar et al. 2012), 

GSE58954, and GSE5745 (Anderson 2006). 

3.3.17 Supplemental Information 
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Figure 15: CPR5 is a nuclear membrane protein that negatively regulates 
immunity.   

a, Epistasis studies (Clarke et al. 2000; Clarke et al. 2001) show that the cpr5 mutation 
affects ETI downstream of EDS1 but upstream of SA synthesis. NB-LRR, nucleotide-
binding leucine-rich repeat; EDS1/EDS5 (ENHANCED DISEASE SUSCEPTIBILITY 
1/5); SA, salicylic acid; SAR, systemic acquired resistance. b, The transmembrane 
(TM) domains of Arabidopsis CPR5 predicted by TMHMM. c, P-26000g containing 
chloroplasts (C), mitochondria (M) and nuclei (N)) and supernatant (S-26000g). P-
84000g (microsomes) and supernatant (S-84000g). Plasma membranes (PM) were 
further isolated from microsomes. PAP (Peroxidase Anti-Peroxidase; Sigma, P3039) 
was used to detect GS-CPR5. Antibodies (α-) against α-tubulin, histone H3, and PIP2 
were used to indicate cytoplasmic, nuclear, and plasma membrane proteins, 
respectively. d, Two-week-old wild type plants were used for extracting total protein 
(Total), nuclear proteins (Nuclei) and nuclear membrane proteins (NM), which were 
blotted with α-CPR5, α-WIP1 (a NM marker) and α-α-tubulin (a cytoplasmic marker). 
e, The mCherry-CPR5 under the native CPR5 promoter (CPR5:mCherry-CPR5) and the 
protein G and GS-CPR5 and GFP-CPR5 proteins under the 35S promoter (35S:GS-
CPR5 and 35S:GFP-CPR5) all complemented the cpr5 mutant phenotypes. Plants 
shown in the photos were 10 days old. 
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Figure 16: CPR5 negatively regulates immunity through interaction with CKIs.  

a, Hpa Noco2 spore counting performed by submerging infected leaves in water, 
vortexing and then counting the number of spores using a hemocytometer. Error bars 
represent SEs. Experiments were conducted three times with similar results. b, 
Interval analysis of Tiling Array hybridization data using the genomic DNA of wild 
type and cpr5 npr1 svi1 plants. Black bars represent -10 × log p-values calculated by 
comparing hybridization signals between mutant (cpr5 npr1svi1) and wild type 
(control) to each probe. The red lines highlight the intervals with at least two 
consecutive probes with p-values over the set threshold (p-value = 0.01). c, Alignment 
of human and Arabidopsis Cip/Kip class of CKIs (known in plants as KRPs, SIM, and 
SMRs) in the cyclin A-binding and Cdk2-binding motifs identified in human Cip/Kip 
p21, p27 and p57. Inset: a conserved motif in the SMR subfamily of proteins found by 
MEME. d, RNA was extracted from 10-day-old seedlings. qPCR was performed on 
SIM and SMR1. ACT7 was used as an internal control. Error bars represent SEs. 
Experiments were conducted in triplicate. e, Nuclear proteins were purified from 2-
week-old WT and sim smr1 plants and analyzed by western blot probed with α-CPR5 
and α-histone H3. f, Interactions between CPR5 (N-terminal 339 amino acids) and the 
KRP/SMR proteins as detected using split luciferase assay. Empty vectors with the 
split luciferase (LUC-N or LUC-C) were used as negative controls. g, The interaction 
between CPR5 (N-terminal 339 amino acids) and KRP2 was examined using yeast 
two-hybrid analysis. AD, activation domain; DB, DNA-binding domain. -LeuTrp, 
leucine and tryptophan drop-out; -LeuTrp His Ade, leucine, tryptophan, histidine and 
adenine drop-out.  
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KRP2  158 ETVKEAELEDFFQVAEKDLRNKLLECSMKYNFDFEKDEPLGG-GRYEWVKL 207
KRP3  175 VIPTTSEMEEFFAYAEQQQQR---LFMEKYNFDIVNDIPLSG--RYEWVQV 220
KRP4  242 RRPTTPEMDEFFSGAEEEQQK---QFIEKYNFDPVNEQPLPG--RFEWTKV 287
KRP5  142 SKSIQSEIEDFFASAEQQQQR---FFIQKYNFDIVSDNPLPG--RYEWVKV 187
KRP6  149 KTPTAAEIEDLFSELESQDDKKK-QFIEKYNFDIVNDEPLEG--RYKWDRL 196
KRP7  148 KSPTQAELDDFFSAAERYEQK---RFTEKYNYDIVNDTPLEG--RYQWVSL 193
SIM   85  IIVNKDEIERFFSSVY 100 
SMR1   94  IIMNREEIDRFFSSVY 109 
SMR2  84  TDVGSQEVETLFVHEP  99 
SMR3  91  PIDLSREIEMFFEDLD 106 
SMR4  51  GYFQPPDLETLFYAQP  66 
SMR5  61  GYFQPPDLDLFFSVVA  76 
SMR6  97  FFTPPSDLETVFLRRR 112 
SMR7  90  EFFSPPDLETVFIYRT 105 
SMR8  93  DYFSPPDLETVFIQRA 108 
SMR9  107 CWLDHQNFNEYEGQWC 122 
SMR10 132 SFLPEDDVNSFITDLQ 147 

SIM   34 TTPTSSDHKIPPTTATTPPPP  54
SMR1  42 STPTSQEHKIPAVVDSPPPPP  62
SMR2  40 CTPTSSDHKIPEVETCPPPPR  60
SMR3  45 KTPTSSDHKIPEVKYTLCPPA  65
SMR4  16 TTPRSTMYRIPVASVCPPPPR  36
SMR5  23 TTPTRDDCRIPAYPPCPPPVR  43
SMR6  61 TTPTAKETKIPELLECPPAPR  81
SMR7  56 TTPTADSVRIPTVIPCPPAPK  76
SMR8  57 TTPTAVSVRIPRVPPCPAAPK  77
SMR9  17 MSPTRHYWRPPSALAPPPPFP  37
SMR10 97 KTPTRPENRIPIVRECPPAPM 117

C Cyclin A-binding motif Cdk2-binding motif
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Table 3: The genes in the 24-kb deletion of cpr5 npr5 svi1 on chromosome III 
mapped by tiling array-based cloning. 

AGI Annotation 
AT3G50625 copia-like retrotransposon 
AT3G50630 KRP2, Kip-related protein (KRP) gene, encodes 

CDK inhibitor (CKI), negative regulator of cell 
division. 

AT3G50640 unknown protein 
AT3G50650 scarecrow-like transcription factor 7 (SCL7) 
AT3G50651 unknown protein 
AT3G50660 DWF4 (DWARF 4), CLM (clomanone-

resistant), encodes a 22α hydroxylase in 
brassinosteroid biosynthetic pathway. It is a member 

of cytochomeP450 90B1 family. 
 

Table 4: The Arabidopsis KRP family. 

Gene symbol AGI 
KRP1 AT2G23430 
KRP2 AT3G50630 
KRP3 AT5G48820 
KRP4 AT2G32710 
KRP5 AT3G24810 
KRP6 AT3G19150 
KRP7 AT1G49620 
SIAMESE AT5G04470 
SMR1 AT3G10525 
SMR2 AT1G08180 
SMR3 AT5G02420 
SMR4 AT5G02220 
SMR5 AT1G07500 
SMR6 AT5G40460 
SMR7 AT1G60783 
SMR8 AT1G10690 
SMR9 AT2G10380 
SMR10 AT2G37610 
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Figure 17: SIM/SMR1 and E2Fs regulate plant defense.  

a, Statistical analyses of differential gene expression using three differential 
algorithm designs: Linear regression (in green), GeneSpring Analysis (in purple) and 
mixed effect ANOVA (in red). Selection of SIM/SMR1-dependent, cpr5-misregulated 
genes (solid line) is based on p-values (<0.05) of the SIM/SMR1-CPR5 interaction 
factor in models. Selection of cpr5-misregulated genes (broken line) is based on both 
p-values (<0.05) of the CPR5 factor in models and fold changes (>2). All statistical 
values are subject to Benjamini-Hochberg adjustment. The overlaps (%) between the 
SIM/SMR1-dependent (denominator) and the cpr5-misregulated (numerator) genes 
are shown. b, qPCR was performed on PR1 (PATHOGENESIS-RELATED GENE 1), 
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PR2, ICS1 (ISOCHORISMATE SYNTHASE 1), PBS3 (AVRPPHB SUSCEPTIBLE 3), 
EDS1 (ENHANCED DISEASE SUSCEPTIBILITY 1), PAD4 (PHYTOALEXIN 
DEFICIENT 4), AIG1 (AVRRPT2-INDUCED GENE 1), DMR6 (DOWNY MILDEW 
RESISTANT 6), and LURP1 (LATE UPREGULATED IN RESPONSE TO 
HYALOPERONOSPORA PARASITICA 1) to validate the microarray results. UBQ5 
was used as an internal control. Relative gene expression is shown (Y axis). Error bars 
represent SEs. Experiments were conducted in triplicate. c, Overlaps between genes 
induced in the cpr5 mutant (t-test, p-value < 0.05, fold change > 2) and those in 
response to Psm ES4326/AvrRpt2 or SA-treatment based on microarray data sets (i.e., 
cpr5 vs. WT, GSE40322; PsmES4326/AvrRpt2 vs. mock, GSE58954; and SA vs. H2O, 
GSE34047). d, Hierarchical clustering of significantly upregulated genes in the cpr5 
mutant (t-test, p-value < 0.05, fold change > 2) among the four indicated genotypes 
with two replicates (1 and 2). e, The influence of the cpr5 mutation on SA 
biosynthesis. Left panel: the known pathway for SA biosynthesis and metabolism. 
Right panel: heatmap showing the microarray data of the SA biosynthesis and 
metabolism genes. Gene symbols: ICS1 (ISOCHORISMATE SYNTHASE 1), PBS3 
(AVRPPHB SUSCEPTIBLE 3), MES9, EDS5 (ENHANCED DISEASE SUSCEPTIBILITY 
5), WES1 (WESO 1), SAGT1 (SALICYLIC ACID GLUCOSYLTRANSFERASE 1), BSMT1 
(BA & SA CARBOXYL METHYLTRANSFERASE). The genes coded for enzymes 
catalyzing biosynthesis and metabolism of SA are colored in blue and red, 
respectively. f, Free SA levels in 10-day-old plants were measured using liquid 
chromatography-mass spectrometry (LC-MS). Error bars represent SEs. Experiments 
were conducted in triplicate. g, Inflorescence of WT and the e2fabc mutant. Arrows 
indicate seed pods. h, Four-week-old Col-0, sim smr1, e2fabc and npr1 plants were 
inoculated with Psm ES4326 infection (OD600 = 0.0001; a low dosage normally used 
for observing basal resistance). Bacterial growth (cfu) was measured 3 days later. Error 
bars represent 95% confidence intervals (n = 8). Experiments were conducted three 
times with similar results. 
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Figure 18: The effects of sim smr1 and e2fabc on effector-triggered PCD and 
response to MAMP signals.  

a, Three-week-old plants were inoculated with OD600 = 0.02 of Psm ES4326 carrying 
AvrRpt2 and photos were taken 12 hpi. Experiments were conducted three times with 
similar results. b, Four-week-old WT (Col-0), sim smr1, and rps2 plants were 
inoculated with PsmES4326/AvrRpt2 (OD600 = 0.02). Free SA levels in infected leaves 
were measured 0, 6 and 10 hours after infection using the Acinetobacter 
sp_ADPWH_lux SA biosensor (Defraia, Schmelz, and Mou 2008). Levels are shown as 
arbitrary units of luminescence/1000. Error bars represent SD. Statistical significance 
was determined using the Holm-Sidak method of multiple t-tests, with alpha = 
5.000%. (* p-value > 0.01, *** p-value > 0.0001)   Experiments were conducted in 
triplicate and repeated twice with similar results. c, Fresh weights of 2-week-old 
seedlings were measured one week after addition of flg22 (150 nM) or elf18 (100 nM). 
Values represented are averages +/- SE (n=8) relative to water-treated control plants. 
Letters represent statistically significant groups as determined by Two-way ANOVA 
with Holm Sidak post test, p-value > 0.001. Experiment was repeated 3 times with 
similar results.  
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Figure 19: Stability of CDKA1 and phosphorylation of RBR1.  

a, RNA was extracted from 10-day-old seedlings. qPCR was performed on CDKA1. 
ACT7 was used as an internal control. Relative gene expression is shown. Error bars 
represent SEs. Experiments were conducted in triplicate. b, The CDKA1 protein levels 
were measured in 10-day-old WT, cpr5, sim smr1, and cpr5 sim smr1 plants by western 
blotting using α-PSTAIR (CDKA1) and α-α-tubulin (α-TUB, an internal control). 
Image J was used to quantify the blotting signals, and the numbers show the relative 
CDKA1 protein levels normalized to those of α-tubulin. c, In the alignment of CDK 
target sequences in RB proteins from different species, the phosphorylated serine 807 
in human RB is indicated by an asterisk. Homo sapiens (Hs), Arabidopsis thaliana 
(At), Populus trichocarpa (Pt), Vitis vinifera (Vv), Oryza sativa Japonica (Os), Zea 
mays (Zm), Selaginella moellendorffii (Sm), Physcomitrella patens (Pp), Micromonas 
pusilla (Mp), Ostreococcus lucimarinus (Ol). d, The specificity of α-P-RB (raised 
against phosphorylated hsRB) to phosphorylated AtRBR1 was confirmed by western 
blotting using the E. coli-produced recombinant C-terminal domain (amino acid 
residues 859 to 1013) of both WT (RB-CTD) and serine 911 to alanine mutant (RB-
CTD-S/A) AtRBR1 (S/A) proteins and by treating the proteins with calf intestinal 
phosphatase (CIP; +). RB-CTD, AtRBR1 C-terminal domain (amino acid residues 859 
to 1013). α-RBR1 (an antibody against AtRBR1) was used to detect total AtRBR1 
protein. e, Full length AtRBR1 protein sequence with consensus CDK 
phosphorylation sites as predicted by NetPhosK 1.0 highlighted in yellow (Blom et al. 
2004). 
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4. RBR1 hyperphosphorylation during Effector Triggered 
Immunity is independent of CDKA1 

 
After publication of Wang, Gu, and Zebell et al., I had many outstanding 

questions about the role of RBR1 in ETI (Wang et al. 2014).  We had previously 

demonstrated that RBR1 hyperphosphorylation occurs upon recognition effector 

recognition of both bacterial and oomycete pathogens by both TIR-type (RPP4) and CC-

type (RPS2) NB-LRRs (Chapter 2). However, the ETI signaling pathways mediated by 

these NB-LRRs diverge downstream of effector recognition. Most TIR-type NB-LRRs 

require ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1) for downstream signaling 

that leads to ETI-PCD, whereas CC-type NB-LRRs function independent of EDS1 except 

when salicylic acid biosynthesis is also inhibited (Aarts et al. 1998; Cui et al. 2017). 

Conversely, CC-type NB-LRRs require NONRACE SPECIFIC DISEASE RESISTANCE 1 

(NDR1) for resistance, while TIR-type NB-LRRs exhibit varying degrees of NDR1-

dependence, likely reflecting differential crosstalk between these two pathways at 

different developmental times (van der Biezen et al. 2002). RPP4-mediated resistance is 

partially compromised by ndr1, whereas RPS4-mediated resistance is exclusively 

dependent on EDS1 (Aarts et al. 1998). The complex, age-and-subcellular-localization-

dependent interactions between these pathways makes determination of conserved 

downstream signaling components both non-trivial and also of particular interest, as 

convergence of these disparate pathways on a common phenotype suggests shared 
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machinery downstream of EDS1/NDR1. I hypothesized that the CPR5-SIM/SMR-RBR1-

E2F module of defense signaling is downstream of NB-LRRs regardless of type and 

plant.  

One of the key outstanding questions in Chapter 3 was what kinase is being 

activated by SIM and SMR1, leading to hyperphosphorylation of RBR1 during ETI. The 

remarkable similarity between the regulation of RBR1 and the E2Fs in ETI to their 

regulation during the cell cycle led me to wonder how these processes, with their very 

different outputs, are differentially regulated. One possibility is that differential 

regulation of cell cycle and cell death roles for these factors could occur at the level of 

RBR1 phosphorylation. In mammals, phosphorylation of RBR1 on different sites changes 

its interactions with E2Fs, in some cases causing the complex to stay together at the 

chromatin and recruit chromatin remodeling factors to repress transcription of E2F 

targets (DeGregori and Johnson 2006; Burke et al. 2014). I was interested in identifying 

this kinase, and in clarifying whether ETI phosphorylation of RBR1 occurs on similar 

phosphorylation sites to cell-cycle phosphorylation of RBR1.    

4.1 Effector recognition by the TIR-type NB-LRR RESISTANCE 
TO PSEUDOMONAS SYRINGAE 4 leads to RBR1 
hyperphosphorylation 

The TIR-type NB-LRR RESISTANT TO PSEUDOMONAS SYRINGAE 4 (RPS4) 

recognizes AvrRps4, however, the ETI-PCD response to this effector requires the 

presence of both RPS4 and a specific allele of the helper NB-LRR RESISTANCE TO 
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RALSTONIA SOLANACEARUM 1 (RRS1). In accordance with this, the Columbia 0 

(Col) accession of Arabidopsis lacks a robust ETI-PCD response to AvrRps4, the 

Wassilewskija 0 (Ws) accession of Arabidopsis has a strong ETI-PCD response to 

AvrRps4, and Col expressing the Ws allele of RRS1 has an ETI-PCD phenotype 

intermediate between the two accessions (Sohn et al. 2014). I found that RBR1 

hyperphosphorylation was induced in Ws but not Col plants eight hours after 

inoculation with Pseudomonas fluorescens carrying a Type III Secretion System (Pfo) and 

AvrRps4 (Figure 20a). Col plants expressing the Ws allele of RRS1 (RRS1) may have very 

faint accumulation of hyperphosphorylated RBR1. This correlates with the ETI-PCD 

symptoms of RRS1 plants, which, in my hands, are milder than previously reported 

(data not shown).  

Induction of ETI-PCD by AvrRps4 has been previously demonstrated to require 

an N-terminal KRVY amino acid motif (Sohn, Zhang, and Jones 2009). I inoculated Col, 

Ws, and RRS1 plants with Pfo AvrRps4 and Pfo AvrRps4 KRVYAAAA, in which the KRVY 

box is mutated to alanine (Sohn, Zhang, and Jones 2009). Only inoculation of Ws plants 

with fully-functional AvrRps4 triggered robust RBR1 hyperphosphorylation eight hours 

after infection (Figure 20b). This corroborates that accumulation of RBR1-P is correlated 

with the extent of ETI-PCD in Arabidopsis. 
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Figure 20: RBR1 is hyperphosphorylated after AvrRps4 induction only in 
genotypes that exhibit robust ETI-PCD. 

a, anti P-Rb western blot of Arabidopsis leaves uninfected, 4 hours after inoculation 
and 8 hours after inoculation with Pfo AvrRps4. b, anti P-Rb western blot of 
Arabidopsis leaves 8 hours after inoculation with Pfo AvrRps4 or Pfo AvrRps4 
KRVYAAAA mutant. Experiments were repeated three times with similar results.  

 

4.2 RBR1 hyperphosphorylation during ETI in plants other than 
Arabidopsis  

In addition to testing the conservation of RBR1 hyperphosphorylation among 

different NB-LRR responses, I was also interested in testing if plants other than 

Arabidopsis also accumulate hyperphosphorylated Rb during their ETI responses. This 

question is more difficult to assess, as it requires the ability to detect Rb-P in different 

plant systems. I performed an alignment of the amino acid sequences of Rb homologs 

from across plant lineages, and found that of the of the 15 proline-directed 
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serine/threonine phosphorylation sites predicted in the Arabidopsis RBR1 sequence, all 15 

are conserved through land plants, 12 are conserved through mosses and lycophytes, 

and 5 are conserved as far back as charophytic algae (Figure 21a).  The group of most 

conserved phosphorylation sites include AtRBR1 S911, the phosphorylation site 

recognized by the P-Rb antibody used in this study (Chapter 2). This suggested that this 

P-Rb antibody could be used to detect RBR hyperphosphorylation in other plant-

pathogen systems.  

A limitation of this approach is that there are limited genetic resources for 

reductionist approaches in non-model plant systems. For this reason, I was unable to 

examine many plant-pathogen systems with this approach. First, I obtained maize seed 

segregating for Rp1-D21, a temperature-sensitive autoactive CC-NB-LRR mutation 

(Collins et al. 1999). At the permissive temperature (32° C), Rp1-D21 plants grow 

normally. However, when shifted to 22° C, plants carrying at least one Rp1-D21 allele 

develop lesions similar to ETI-PCD. I found that three days after temperature shift, a 

band of the expected size of maize RBR1 (96 kda) accumulated in both WT and Rp1-D21 

plants (genotype determined by presence or absence of lesions) (Figure 21b). This 

increased accumulation of RBR running at a normal size could be correlated with 

presence of more cells in G1 due to the cold temperature, in which maize grows more 

slowly. Leaves used in this experiment were not fully expanded, due to the limitation of 

space and time for growth of maize, so the cells processed would be expected to be 
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actively cycling. In addition, a broad upper band was further upshifted in Rp1-D21 

plants than WT, corresponding to a reduction in the intensity of the lower band. Maize 

has three copies of RBR homologs, and all three copies are conserved at the level of the 

peptide against which the P-Rb antibody was raised (Chapter 2, Clustal W alignment, 

data not shown). The inability to distinguish between maize RBR homologs, as well as 

the lack of genetic resources to address the specificity of the antibody, make this result 

challenging to interpret. However, it does suggest that Rp1-D21 plants have a 

differential response to cold treatment, perhaps including the accumulation of increased 

hyperphosphorylated RBR upon activation of the R-gene.  
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Figure 21: RBR1 phosphorylation may be conserved in other plants. 

a, Alignment of RBR proteins from a wide range of plants suggests that predicted 
CDK phosphorylation sites are highly conserved. b, Maize Rp1D21 plants develop 
lesions when shifted to 22°C (red arrows), and anti-P-Rb western blot of this tissue. c, 
anti P-Rb western blot of N. benthamiana leaves uninfected, six, and 12 hours after 
infection with Pst. DC3000 and Pst. DC3000 DHopQ1-1. 
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I also sought to investigate whether the single RBR1 homolog of N. benthamiana 

becomes hyperphosphorylated during ETI. Pst strain DC3000 causes ETI-PCD in N. 

benthamiana due in large part to the activity of the effector HopQ1-1, and a strain in 

which HopQ1-1 is mutated is able to cause disease, despite the presence of other less-

immunogenic effectors (Wei et al. 2007). I inoculated N. benthamiana with Pst and Pst 

DHopQ1-1. A lower band of the expected size was detected by western blot with anti-P-

Rb, and uninfected samples collected at the time of inoculation showed a faint upshifted 

band, likely due to the cell-cycle state of the infected tissue and corresponding to 

hyperphosphorylated RBR1 (Figure 21c). However, this hyperphosphorylated band 

disappeared six hours after infection with both pathogen strains, and no 

hyperphosphorylation was observed 12 hours after infection (Figure 21c). By 24 hours 

after infection mild collapse was observed in Pst inoculated leaves, but not Pst DHopQ1-

1 (data not shown). This result suggests that either HopQ1-1-triggered ETI in N. 

benthamiana does not cause an accumulation of hyperphosphorylated RBR1, that the 

infection pressure in my experimental conditions was not high enough to observe this 

response, or that the growth program of N. benthamiana leaves, which continue to 

expand for considerably longer than Arabidopsis leaves, makes them unsuited to 

performing these experiments due to conflicting roles for NbRBR1 in growth and 

defense. I have previously observed that infection experiments with fully expanded 

Arabidopsis leaves are more predictable and have more interpretable results with respect 
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to RBR1 phosphorylation, suggesting that tissues simultaneously growing and receiving 

effector are less concerted in their response.  

4.3 Arabidopsis RBR1 hyperphosphorylation during ETI is 
independent of CDKs, AMPK, or MAPK3/6 

The role of RBR1 in cell cycle progression is well characterized (Chapter 2). 

Hyperphosphorylation of RBR1 by CDKs leads to S-phase progression, and CDKA1, 

thought to be responsible for RBR1 phosphorylation during the cell cycle in Arabidopsis, 

is stabilized in cpr5 in a sim smr1-dependent manner (Chapter 2). To determine whether 

stabilized CDKA1 is responsible for RBR1 hyperphosphorylation during ETI, I first took 

a pharmacological approach, utilizing the CDK inhibitor roscovitine. The RBR1 cell-

cycle kinase has been shown to be sensitive to roscovitine in plants (Boniotti and 

Gutierrez 2001). I treated asynchronous Arabidopsis Col cell suspension culture cells 

expressing a dexamethasone-inducible AvrRpt2 (Col Dex AvrRpt2) with roscovitine and 

dexamethasone. Concurrently, I also tested the role of the putative Arabidopsis 5' 

adenosine monophosphate-activated protein kinase (AMPK), SNF1-Activating Kinase-

Related 1 (SNRK1), using the inhibitor dorsomorphin, which has been demonstrated to 

inhibit the activity of Arabidopsis SNRKs (Emanuelle et al. 2015; Yuan et al. 2016). In 

mammals, AMPK has been shown to phosphorylate Rb during mitochondrial stress, 

leading to PCD (Raimundo et al. 2012). I observed that cells treated for 24 hours with 

either drug divided less rapidly than DMSO-treated cells, with roscovitine-treated cells 

completely arresting division (data not shown). Co-treatment of cells with roscovitine 
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and dexamethasone or dorsomorphin and dexamethasone both did not prevent 

accumulation of hyperphosphorylated RBR1, as determined by shift of protein from the 

lower to the upper band detected by anti-P-Rb (Figure 22a).   

The large accumulation of hyperphosphorylated RBR1 in cell culture cells made 

inhibitor results difficult to interpret, so I performed a similar experiment treating 

Arabidopsis leaves prior to infection. I found that eight hours after infection, DMSO-

treated leaves and roscovitine-treated Col leaves all showed hyperphosphorylated 

RBR1, however roscovitine-treated leaves of the NB-LRR mutant rps2 did not (Figure 

22b). This result suggests that roscovitine was able to block the cell-cycle 

phosphorylation of RBR1 but not the ETI phosphorylation. Unfortunately, the antibody 

used for these experiments is also targeted to a cell-cycle-related phosphorylation site, so 

the detection of protein is possibly dependent on phosphorylation by a CDK having 

occurred. I was unable to determine if the phosphorylation required for detection is 

dependent on CDK activity.  

To test if CDK activity is important for ETI-PCD, I performed ion leakage on 

plants treated with roscovitine or DMSO and then inoculated with Psm AvrRpt2. I found 

that roscovitine treatment did not alter the cell death response in Col plants, but it did 

cause a modest but significant increase in rps2 ion leakage beginning at 12 hours after 

infection (Figure 22c). This observation could correlate with the stress and cell death that 

prolonged treatment with roscovitine can cause in cells; if so, the roscovitine-induced 
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PCD is epistatic to HR-PCD, as roscovitine did not cause an increase above DMSO in 

Col plants. Overall, this result suggests that CDK activity is unlikely to be important for 

ETI-PCD.  
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Figure 22: RBR1 ETI hyperphosphorylation and PCD are not dependent on 
known RBR1 kinases.  

a, Anti P-Rb western blot of Arabidopsis cell suspension culture treated with 
dexamethasone and dorsomorphin or roscovitine. b, Anti P-Rb western blot of 
Arabidopsis plants eight hours after infection with Psm AvrRpt2 and treated with 
roscovitine. c, Ion leakage experiment of Arabidopsis plants after infection with Psm 
AvrRpt2 and treated with roscovitine. Data is mean of three biological replicates +/- 
SEM. d, Anti P-Rb western blot of Arabidopsis kinase mutant plants eight hours after 
infection with Psm AvrRpt2. e, Ion leakage experiment of Arabidopsis plants after 
infection with Psm AvrRpt2. Data is mean of three biological replicates +/- SEM. All 
experiments were repeated twice with similar results.  
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In addition to pharmacological manipulation, I was interested in using a genetic 

approach to test potential candidates for the ETI RBR1 kinase. Aside from CDKA1;1 and 

SNRK1, MAPK 3 and 6 are both known to have a role in ETI regulation, and this class of 

kinases also preferentially phosphorylates proline-directed serines (Meng and Zhang 

2013). I obtained T-DNA insertion mutants for CDKA1;1 (a hypomorphic allele, 

CDKA1;1 null is lethal) and SNRK1.1 (the catalytic subunit of SNRK1), and mapk3 

MAPK6 drug-inducible null plants (mapk3 mapk6 SR) (Weimer et al. 2012; Emanuelle et 

al. 2015; Xu et al. 2014). Eight hours after infection with Psm AvrRpt2, all of these kinase 

mutant plants exhibited robust accumulation of hyperphosphorylated RBR1, suggesting 

again that this hyperphosphorylation is due to an unknown kinase playing a role in ETI-

PCD (Figure 22d). Furthermore, ETI-PCD, as measured by ion leakage, was normal in 

cdka1;1 plants (Figure 22e). 

4.4 Detection of a phosphorylated RBR1 peptide by mass 
spectrometry 

The seeming independence of RBR1 upshift during ETI from the RBR1 cell cycle 

kinase CDKA1;1 highlighted the need for more information about what modifications 

cause this shift to occur. As RBR1 is gametophytic lethal and very sensitive to 

overexpression, I was unable to obtain viable tagged complementation lines for this 

gene. In addition, experiments in which RBR1 was synthesized in vitro and added to 

active plant extract resulted in rapid degradation of RBR1 (data not shown). For this 

reason, I undertook a chromatography-based approach to purify RBR1 from extract of 
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infected plant leaves. I began purification with anion exchange chromatography (Figure 

23a). As unphosphorylated RBR1 has a predicted isoelectric point of 8.17 and maximally 

phosphorylated RBR1 could drop to an isoelectric point of around 6, this approach had 

the advantage of separating the upshifted band of RBR1 from the lower, putative 

monophosphorylated band, both of which were detectable in the input (Figure 23b, 

Scansite 4.0). The upshifted RBR1 band was detectable in fraction five of the elution from 

anion exchange, which contained less than 10% of the proteome as determined by curve 

integration (Figures 23a and 23b). The Duke Proteomics shared resource performed a 

trypsin digest, titanium oxide phosphopeptide enrichment and LC-MSMS with and 

without enrichment on fraction 5, and were able to detect nine peptides of RBR1, 

including one phosphorylated peptide, for which the modification could be placed at 

serine 885 (S885) (Figure 23c).  
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Figure 23: RBR1 phosphorylation can be detected by mass spectrometry.  

a, Chromatography run showing protein collected during elution of ion exchange 
column. Purple line (UV) is absorbance in mAU (y axis), green line is concentration of 
1M NaCl elution buffer, fractions indicated along x axis in red. b, Anti P-Rb blot of 
eluted fractions from ion exchange. c, AtRBR1 sequence with conserved predicted 
phosphorylation sites in grey (see Figure 9), peptides detected by mass spectrometry in 
orange, phosphorylated peptide detected by mass spectrometry in yellow.  
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This result is significant because it is strong experimental evidence that the 

upshifted band detected by the P-Rb antibody is indeed RBR1. Furthermore, to my 

knowledge, it marks the first detection of a phosphorylated peptide of RBR1 in 

Arabidopsis by mass spectrometry. It is of interest that I was able to detect unmodified 

forms of multiple peptides predicted to be phosphorylated by CDKs or MAPKs, 

suggesting that the putative hyperphosphorylated band is not phosphorylated 

uniformly on all predicted sites, despite the large gel mobility shift (Figure 23c). While it 

is tempting to ascribe a linear relationship to numbers of phosphorylations and size of 

gel shift, this experiment fits with the reality that these features are imperfectly 

correlated. Despite the remarkable 55 above-threshold predicted Serine/Threonine 

phosphorylation sites found on RBR1, I identified no phosphorylated peptides other 

than the proline directed S885 phosphorylation (prediction by NetPhos 2, data for all 

predicted sites not shown) (Blom et al. 2004). 

The disappointing lack of peptide coverage in this experiment can be attributed 

in part to the fact that trypsin protease, used to digest proteins in the Duke Proteomics 

standard workflow, cleaves peptides mainly at the carboxyl side of lysine and arginine, 

which appear extremely frequently in RBR1. For this reason, many peptides generated 

by trypsin digest of RBR1 are too small for accurate identification by LCMSMS. In 

addition, the presence of many other abundant proteins in fraction five may have 

diluted the signal for some RBR1 peptides below detectable levels. This signal:noise 
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issue could be in part resolved by another step of purification, such as anion exchange 

followed by size exclusion chromatography. However, the issue of peptide cleavage is 

more challenging to address, as other common proteases such as Glu-C and LysN fail to 

address the trypsin coverage challenges for the RBR1 sequence. For this reason, I did not 

undertake measures to further purify RBR1 by chromatography.  

4.5 Methods for Chapter 4 

4.5.1 Plant materials  

T-DNA lines were obtained from the Arabidopsis Biological resource center. 

Salk_127939, snrk1.1. Salk_106809, cdka1;1. Mapk3 MAPK6 SR plants were obtained from 

Suqun Zhang (Su et al. 2018). Prior to infection, these plants were sprayed with 10 µM 

NA-PP1 and returned to growth conditions for two hours to inactivate MAPK6.  

4.5.2 Western blotting  

Western blots were performed as previously described (Chapter 2).  

4.5.3 Protein sequence alignment  

ClustalW alignment was performed in Lasergene 10. Sequences used were 

obtained from Phytozome. RBR1 homologs from Brachypodium distachyon, Oryza sativa, 

Arabidopsis thaliana, Physcomitrella patens, Selaginella moellendorffi, Ostreococcus 

lucimarinus, Ostreococcus tauri, Micromonas pusilla, and Candidatus subterraneum. CDK 

phosphorylation sites were predicted by NetPhosK (Blom et al. 2004). 
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4.5.4 Arabidopsis Cell Suspension Culture Establishment and 
Maintenance  

Cotyledons from five-day old Arabidopsis seedlings grown on ½ MS media were 

excised, cut to expose edges, and placed on MSMO supplemented with 50 mM 2-4-

Dichlorophenoyxacetic acid, 50 mM 6-Benzylaminopurine, and 1% agar. Plates were 

kept in 12 hours light/12 hours dark for two weeks, until calli form. Calli were chopped 

under sterile conditions, transferred into liquid MSMO with 50 mM 2-4-

Dichlorophenoyxacetic acid and 50 mM 6-Benzylaminopurine, and grown shaking 

gently (approximately 60 rpm) in 24-hour light conditions. Cells were moved to fresh 

media every 14 days and clumps were chopped and sieved to retain relatively dispersed 

cultures.  

4.5.5 Ion exchange chromatography 

Whole rosettes of Col Dex AvrRpt2 and rps2 Dex AvrRpt2 plants were grown 

four weeks, sprayed with 30µM dexamethasone, and harvested six hours after 

treatment. Tissue was homogenized frozen and protein was extracted in 50 mM Tris-

HCl pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.1% Triton X-100 and 0.2% Nonidet P-40 

supplemented with Roche Complete EDTA-free protease inhibitor and Roche 

phosphatase inhibitor. Extract was centrifuged at 7800 rpm two times to remove debris, 

then filtered through a 0.45 µm filter, loaded onto an ÄKTA Pure chromatography 

system, and buffer exchanged into Tris-HCl pH 7.6. Buffer was chosen for separation of 

monophosphorylated and hyperphosphorylated RBR1, isoelectric points predicted by 
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Scansite 4.0 (Obenauer, Cantley, and Yaffe 2003). Protein was passed through a HiPrep 

Q FF column (GE Life Sciences), washed with one column volume of binding buffer, 

then stepwise eluted with NaCl up to 1M and collected in two mL fractions. Fractions 

were concentrated to 100 µl using Amicon Ultra 30 K spin columns and analyzed by 

western blotting with anti-P-Rb (Cell Signaling #9038).  

4.5.6 LC-MS-MS 

The Duke Proteomics and Metabolomics shared resource performed trypsin 

digestion, titanium oxide phosphopeptide enrichment, and LC-MS-MS analysis. 

Peptides identified were identified using MASCOT and Scaffold.  

4.6 Acknowledgments for Chapter 4 
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5. E2F transcription factors regulate nonphotochemical 
quenching and ROS production during Effector 
Triggered Immunity  

As described in Chapter 2, the observed ETI-induced hyperphosphorylation of 

RBR1 and the rescue of cpr5 by e2fabc suggested to me that the E2F TFs actively regulate 

transcription of defense-related targets upon effector perception. I was interested in 

identifying processes regulated by E2Fs during ETI, and in understanding how E2Fs are 

regulated in an ETI-specific manner to lead to phenotypes as divergent as cell division 

and cell death. 

5.1 Photosynthesis genes are repressed in wild type and less 
repressed in e2fabc plants during ETI 

I began my study of the role of the E2F transcription factors in ETI with a gene 

expression microarray. I chose to profile expression in Col, rps2, and e2fabc plants before 

infection, six hours after infection with a high dose of Psm AvrRpt2, when I expected to 

begin to see ETI-specific gene expression begin, and ten hours after infection, 

immediately before macroscopic PCD begins to develop. I found that in rps2 plants, very 

few gene expression changes occur in these conditions, suggesting that the majority of 

gene expression changes recorded in Col plants are due to ETI (Figure 30a). 

Unexpectedly, the genes altered in expression in Col plants six hours after infection are 

largely the same as those altered in expression ten hours after infection, with the ten-

hour time point showing only greater magnitude of expression changes (Figure 30b). 
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This suggested that heterogeneity in the timing of response on the cellular level may 

present a challenge for profiling gene expression changes in this system more finely.  

By two-way ANOVA, six hours after infection 1252 genes were differentially 

responsive to pathogen infection between e2fabc and Col, and ten hours after infection 

1567 genes were differentially responsive. Among those genes differentially expressed 

ten hours after infection, 1348 were not differentially expressed without infection, 

suggesting that the majority of expression changes are during pathogen response, with 

relatively minor expression differences in the fully-expanded leaves of e2fabc plants. This 

observation fits with the unexpectedly normal growth pattern of these plants; gene 

ontology enrichment of genes differentially expressed in e2fabc plants without infection 

suggests that these genes are largely those expected to be involved in cell cycle 

progression (Figure 30c).  

Among the 1348 genes differentially responsive ten hours after infection, 

approximately equivalent numbers of these genes were induced and repressed in wild 

type plants. Gene ontology enrichment of these genes uncovered photosynthesis as the 

most enriched ontology term (Figure 24a). Within this term, both Photosystem I and 

Photosystem II genes were differentially expressed, with a common theme of 

downregulated expression in Col and less downregulated expression in e2fabc (Figure 

24b). The concerted regulation of photosynthesis-related gene expression made 

photosynthesis a process of particular interest in the e2fabc mutant plants.  
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Figure 24: Photosynthesis transcripts are repressed in wild type and less 
repressed in E2F mutant plants after avirulent pathogen infection.  

a, Gene ontology enrichment of genes differentially expressed between e2fabc and 
Col ten hours after infection with Psm AvrRpt2. Color corresponds to log10 p-value, 
size of node corresponds to size of GO term, weight of edges corresponds to degree of 
semantic similarity between go terms as determined by ReviGO. b, Heat map of 
grand mean-adjusted fold change of transcripts in Col and e2fabc ten hours after 
infection with Psm AvrRpt2. 

 

5.2 Chlorophyll fluorescence parameters differ between e2fabc 
and wild type plants  

The quantum efficiency of PSII, denoted as Fv/Fm, is commonly used as a 

marker of plant stress. It is well established that Fv/Fm decreases in wild type plants 
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during ETI, perhaps due to the stress of cells preparing to die (Mur et al. 2010). I found 

that Fv/Fm decreased in Col but not rps2 plants ten hours after infection, just preceding 

the onset of PCD (Figure 25a). Surprisingly, Fv/Fm decreased more in e2fabc plants, 

despite less PCD and higher expression of photosynthesis-related transcripts than wild 

type plants. Interestingly, the e2fc single mutants also exhibit significantly more reduced 

Fv/Fm than wild type plants, while e2fab and rps2 plants have unaffected Fv/Fm. This 

suggests that for this aspect of ETI, e2fc is largely responsible for the e2fabc phenotype. 

One possible explanation for the discrepancy between Fv/Fm and the 

macroscopic PCD phenotype in the e2fabc and e2fc plants lies in the derivation of the 

Fv/Fm measurement; the maximum fluorescence (Fm), which contributes to both the 

numerator (Fv=Fm-Fo) and the denominator, can be reduced in the event of a closed 

photosystem due to damage, but also by the protective activity of nonphotochemical 

quenching (NPQ), which diverts energy from chlorophyll fluorescence and dissipates it 

as heat. I measured NPQ six hours after infection and ten hours after infection and 

found that while NPQ is normal in all genotypes tested early in the infection process, by 

ten hours NPQ has dropped precipitously in Col but not in rps2 (Figure 25b). e2fabc 

plants exhibit slightly less reduced NPQ than wild type plants, and, remarkably, e2fc 

mutants retain almost rps2-level NPQ ten hours after infection. Retention of normal 

NPQ, combined with whatever other changes may be occurring in wild type plants, 
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could lead to the drastic reduction of photosynthetic outputs I observed in e2fabc and 

e2fc plants. 

I was interested in determining if the observed persistence of NPQ correlated 

with altered transcription in the E2F mutants. In Arabidopsis, fast NPQ is accomplished 

solely by a single genetic locus, PsbS, the mutant of which has no measurable NPQ and 

is named npq4 (Li et al. 2000). I found that expression of PsbS was dramatically reduced 

in Col but not rps2 ten hours after infection, and that expression of PsbS in e2fabc, e2fab, 

and e2fc after infection correlated perfectly with their observed NPQ phenotypes (Figure 

25c). In addition, western blotting with an antibody for native PsbS protein showed a 

58% reduction in PsbS in Col plants, no reduction in rps2 or e2fc, and a mild 20% 

reduction in e2fabc eight hours after infection (Figure 25d). These results suggest that the 

E2F transcription factors together regulate PsbS transcript levels in a complex manner, 

which likely also holds true for other transcripts differentially expressed between Col 

and e2fabc during defense. Importantly, western blotting of three biological replicates of 

Col Dex AvrRpt2 and rps2 Dex AvrRpt2 demonstrated that there is a significant 

reduction of PsbS protein levels in wild type plants six hours after dex induction of 

effector (Figure 25e). This is significant, because PsbS transcription was also found to be 

repressed during MAMP-triggered immunity, however, this result suggests that effector 
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perception reduces PsbS in the absence of MAMP (Gohre et al. 2012)

 

Figure 25: Photosynthetic efficiency and nonphotochemical quenching are less 
altered by infection in E2F mutants.  

a, Fv/Fm measurement of leaves ten hours after infection with Psm AvrRpt2, data 
represented as mean of eight replicate values +/- SEM, ** indicates p-value <0.005 by 
two-way ANOVA. b, PAM quenching measurement of leaves ten hours after 
infection with Psm AvrRpt2, data represented as mean of eight replicate values +/- 
SEM, *** indicates p-value <0.0005 by two-way ANOVA. c, Q-RT-PCR of PsbS 
transcript expression ten hours after infection with Psm AvrRpt2. d, Anti-PsbS 
western blot eight hours after infection with Psm AvrRpt2. Anti-RPN6 is probed as a 
control for loading, band intensity noted under blot is normalized 8HPI/normalized 
mock. e, Quantification of three biological replicates of anti-PsbS western blot six 
hours after Dex AvrRpt2 induction represented as mean +/- SEM, ** indicates p-value 
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<0.005 by Student’s T test. All experiments were repeated three times with similar 
result.  

 

5.3 E2fc is susceptible to biotrophic and hemibiotrophic 
pathogens             

The unique role of E2Fc among the E2Fs in regulating PsbS transcription 

suggested that although a triple e2fabc mutant was necessary to rescue the cpr5 

phenotype, e2fc alone may have a phenotype in immunity. I found that e2fc plants have 

less PCD than wild type plants as stained by trypan blue 24 hours after infection with 

Psm AvrRpt2, and that this reduction in PCD was measurable as leakage of ions into 

solution (Figure 14 a, b). The reduction in ETI-PCD in e2fc was correlated with increased 

growth of Psm AvrRpt2 and Hyaloperonospora arabidopsidis (Hpa) isolate EMWA1 (Figures 

26c and 26d).  
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Figure 26: E2Fc mutant plants are compromised in cell death and immunity.  

a, Trypan blue staining of plants 24 hours after infection with OD600 0.02 Psm 
AvrRpt2. b, Ion leakage measurement after infection with OD600 0.02 Psm AvrRpt2. 
Data is represented as mean +/- SEM of five biological replicates. c, Colony forming 
unit enumeration 24 hours after infection with OD600 0.02 Psm AvrRpt2. Data is 
represented as mean +/- SEM of six biological replicates, **** represents p-value 
<0.00005, * represents p-value less than 0.05, by Student’s T-test. d, Population 
analysis of cotyledons with at least one sporangiophore after infection with 2 x 106 
spores/mL Hpa EMWA1. Data is mean of three replicates +/- SEM. All experiments 
were repeated three times with similar results.   

 

5.4 ETI-induced superoxide accumulation is increased in npq4 
and decreased in e2fc 

As PsbS transcript is reduced during ETI, I hypothesized that active removal of 

the protective effect of NPQ may be necessary to allow for production of cytotoxic levels 
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of ROS. To address this, I first measured the transcription of H2O2-responsive marker 

transcripts UGT73B3, HSP17, and GSTU24 after infection in e2f and npq4 plants 

(Sewelam et al. 2014). I found that all three marker transcripts were expressed at 

similarly low levels in the mutants basally, corroborating previously published results 

that suggested that npq4 plants are relatively normal in consistent growth conditions 

(Figures 27a-c) (Roach and Krieger-Liszkay 2012). After infection, Col plants have 

strongly increased expression of all three H2O2-responsive markers, and rps2 plants are 

unchanged in marker expression, suggesting that H2O2 accumulates in Col plants during 

ETI in my conditions. As expected, e2fabc plants accumulate less H2O2-responsive 

transcripts. However, e2fc plants unexpectedly accumulate similar levels of markers to 

wild type, and npq4 plants accumulate significantly less marker than wild type.  
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Figure 27: E2F mutant plants produce less and PsbS mutant plants produce 
more ROS than wild type plants during ETI. 

a-c, Q-RT-PCR of three different H2O2-responsive marker genes ten hours after 
infection with OD600 0.02 Psm AvrRpt2. Graph is mean of five biological replicates 
+/- SEM, *,**,***,**** correlate to statistical significance by Student’s T-test of log 
transformed data, p-value <0.05, 0.005, 0.0005, 0.00005, respectively. d, NBT stained 
mesophyll cells of leaves ten hours after infection with OD600 0.02 Psm AvrRpt2. e, 
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Quantification of stained pixels, data is mean of 15 cells from each of three areas of 
the leaf +/- SEM. Experiment was repeated three times with similar result. 

 

The lack of agreement between the three H2O2-responsive markers in the 

phenotypes of the mutants of interest suggested to me that H2O2-responsive marker 

expression could be too far removed from the physical phenotype of H2O2 production. 

Additionally, H2O2 is not the main form of ROS produced by PSII. Instead, PSII 

produces superoxide, which in the presence of the enzyme superoxide dismutase (SOD) 

is rapidly converted into H2O2 (Stael et al. 2015). To measure the production of ROS 

closer to the source in photosystem II, I conducted nitro-blue tetrazolium staining (NBT) 

in the presence of sodium azide, to block the activity of SOD. I found that Col 

accumulates mild blue staining of mesophyll chloroplasts ten hours after infection with 

Psm AvrRpt2, while rps2 is essentially unstained (Figures 27d and 27e). In fitting with 

my hypothesis, npq4 and plants overexpressing E2Fc in the e2fc background (E2Fc 3) 

both stained significantly more than Col in their mesophyll chloroplasts, and e2fc plants 

had rps2-like staining.  

5.5 Npq4 has increased PCD and resistance to biotrophic 
pathogen 

The increased accumulation of superoxide in the mesophyll chloroplasts of npq4 

plants after infection suggested to me that npq4 plants may have enhanced resistance to 

pathogens due to being primed for PCD. Wild type Col plants are already highly 
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resistant to pathogens for which it has a strong ETI response, such as Psm AvrRpt2 and 

Hpa EMWA1. As such, it is challenging to demonstrate a hyperimmune phenotype in 

this highly resistant background. To overcome this issue, I performed two experiments. 

First, I utilized Psm carrying the effector AvrRpm1, which elicits an ETI response that is 

faster to peak but also somewhat less robust. I found that npq4 plants exhibited higher 

levels of ion leakage than Col, especially early in the response before Col plants have 

had the opportunity to significantly down regulate the PsbS transcript (Figure 28a). This 

suggests that npq4 does have a mild priming effect on the immunity, clearing a potential 

impediment to efficient production of ROS. 

 

Figure 28: PsbS mutant plants are resistant to avirulent pathogen. 

 a, Ion leakage of leaves after infection with OD600 0.1 of Psm AvrRpm1. Data 
represented as mean of five biological replicates +/- SEM. b, Sporangiophore 
enumeration 7 days after spray with 10 x 106 spores/mL Hpa EMWA1. Data 
represented as mean of 60 cotyledons +/- SEM, * indicate significance by Student’s T-
test (performed on Log(n+1) transformed data). Experiments were repeated three 
times with similar results.   
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Next, I infected seedlings with a very high dose of Hpa EMWA1. As Hpa 

infection is a natural pathogen system requiring relatively less inoculum for successful 

infection than Psm, the infection pressure can be varied significantly based in the 

concentration of inoculum. With a high dose of infection, Col plants exhibit a small 

amount of susceptibility, and npq4 plants are significantly more resistant (Figure 28b). It 

is worth noting, under this high infection pressure e2fabc plants remain significantly 

more susceptible than Col plants, but Col susceptibility has risen to the level of e2fc. This 

corroborates other results suggesting the E2F transcription factors have an additive 

effect on immunity, despite their opposing roles in regulating PsbS.  

5.6 E2Fc interacts with WRKY17  

The large amount of evidence supporting defense-specific gene regulation by the 

E2F transcription factors (TFs) caused me to wonder how these cell-cycle regulators 

acquire new targets during ETI. I hypothesized that the E2Fs may interact with other 

defense-inducible TFs to form complexes that localize to promoter motifs with low 

homology to the canonical E2F promoter motif, in an assisted binding model. To identify 

TF binding partners of E2Fc, I performed a TF specific yeast two hybrid assay utilizing a 

library built for yeast one hybrid screening (Sparks et al. 2016). I found 26 unique 

interactors of E2Fc, 13 of which have defense-inducible gene expression or are annotated 

to have a phenotype related to defense or chloroplasts (Figure 29a). Among these, three 

MYB-family TFs were of particular interest due to their defense-inducible gene 
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expression and due to the fact that other MYBs interact with E2Fs as part of the DREAM 

complex, regulating cell division and quiescence (Magyar, Bogre, and Ito 2016). 

Additionally, WRKY17 was of interest because it is a known regulator of immunity 

(Wang, Amornsiripanitch, and Dong 2006).  

To assess the ability of these TFs to interact with E2Fc in planta, I performed a 

Bimolecular Fluorescence Complementation assay in Arabidopsis protoplasts. I found 

that E2Fc interacted strongly with DPB, it’s known binding partner (Figure 29b) (Inze 

and De Veylder 2006). Despite interaction in yeast, MYB45 and E2Fc did not interact in 

protoplasts, providing a useful negative control for YFP self-assembly in my assay. 

WRKY17 and E2Fc interacted strongly in protoplasts, suggesting WRKY17 could work 

together with E2Fc to regulate defense-specific targets, such as PsbS, during ETI.  
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Figure 29: E2Fc interacts with WRKY17 in yeast and Arabidopsis.  

a, Summary of specific interactors of E2Fc from yeast two-hybrid screening. Large 
nodes are defense-inducible gene expression or annotated to be involved in 
chloroplast gene regulation or defense gene regulation, orange nodes are annotated to 
have defense or chloroplast-related phenotypes. b, Transient BiFC in Arabidopsis 
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protoplasts. Images shown are representative of at least 15 positive transformants. 
Experiment was repeated three times with similar result.  

 

5.7 Concluding remarks 

This study has identified a new pathway contributing to the development of 

PCD during the plant immune response. Although chloroplast-derived ROS have been 

implicated in PCD for a long time, the connection between transcriptional changes in 

nuclear-encoded chloroplast genes and ROS production has only recently been 

recognized, and no transcriptional regulators for such a response have been identified 

(Su et al. 2018).  

Genetic manipulation of ETI through the e2fabc and e2fc mutants has allowed me 

to identify a crucial step of ROS production in the chloroplasts, inhibition of NPQ. In 

fact, these mutants have separated the phenotype of photoinhibition (reduction in 

Fv/Fm) from that of PCD, indicating that photoinhibition is not the causative change in 

the chloroplast contributing to the development of PCD. My data suggests that the 

photosynthetic apparatus is not merely dismantled during ETI, but actively remodeled 

to allow a switch from its role converting energy to a usable form for cellular processes 

to a new role producing cytotoxic ROS to efficiently execute PCD. By removing the 

brakes on photosystem II, PsbS, E2Fc activates the chloroplastic pathway of effector-

triggered immunity; with the brakes still applied, quenching diverts energy from ROS 

production, significantly reducing PCD in e2fc.  
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5.8 Future directions  

5.8.1 Ongoing experiments 

Further characterization of ROS production in the e2f and npq4 plants is currently 

underway. I am currently developing a second method of quantitative measurement of 

superoxide production, using the superoxide-specific luminophore coelenterazine 

(Lucas and Solano 1992). In addition, all plant lines used in this study have been 

transformed with HyPER, a ratiometric FRET-based H2O2 reporter (Caplan et al. 2015). 

These tools will improve my ability to quantify ROS production.  

Additionally, further characterization of the role of PsbS in regulating immunity 

is underway. I have generated lines overexpressing PsbS in the npq4 background, and I 

have acquired overexpression lines previously published (Li et al. 2002). I am testing the 

susceptibility of these lines to pathogens used in this study. Interestingly, PsbS 

overexpression has previously been demonstrated to increase yield in Arabidopsis (Li et 

al. 2002). As hyperimmune plants frequently have reduced yield, it will be interesting to 

assess if a similar tradeoff occurs for immunity in higher yielding plants.  

Finally, I am currently testing interactions between E2Fc and other WRKY-family 

TFs known to have a role in immune regulation. WRKY17 has been described to have a 

role mainly in regulation of basal immune responses, but other WRKY-family TFs have 

been described to be necessary for ETI, and I am interested in the possibility of these TFs 

interacting with E2Fc (Knoth et al. 2007; Eulgem and Somssich 2007). In addition, I am 



 

 117 

testing if WRKY17 and E2Fc directly interact with the PsbS promoter using an 

electrophoretic mobility shift assay (EMSA).  

5.8.2 Future directions 

In the further future, I am interested in the whole complex in which E2Fs and 

possibly WRKYs regulate gene expression. E2Fa has been shown to function both in and 

out of complex with RBR1 to differentially regulate gene expression, stimulating 

proliferation or endocycles, respectively (Magyar et al. 2012). These differential RBR1 

interactions are further complicated by other members of the DREAM complex, 

including MYB3R TFs and DPs (Magyar, Bogre, and Ito 2016). Beyond interaction with 

classical cell cycle regulators, E2F transcription activation is inhibited by binding of 

SNI1, a subunit of the SMC5/6 DNA damage repair complex in Arabidopsis, directly 

linking the DNA damage checkpoint with DNA damage repair (Wang et al. 2018). It is 

clear from these data as well as my own results that the E2Fs are participating in 

protein-protein interactions with a high degree of complexity, likely change binding 

partners depending on their role in cell division, checkpoint regulation, or cell death 

regulation.  

I have generated plants expressing E2Fa or E2Fc fused to the BioID2 proximity 

labeling system, with which biotin-pulldown mass spectrometry could be performed. 

Further characterizing E2F protein-protein interactions both on and off of DNA during 

immunity will be essential to understanding how these TFs diversify their targets to 
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regulate both cell division and cell death, and to clarifying the opposing roles of E2Fa, 

E2Fb, and E2Fc in regulating gene expression.  

5.9 Methods for Chapter 5 

5.9.1 Plant materials 

The coding sequence of E2Fc was introduced into pEarleyGate103 by Gateway 

cloning and transformed into e2fc plants by floral dip (Clough and Bent 1998). npq4 

plants were obtained from ABRC, stock number CS66021. All other plant materials were 

previously described (Chapter 3).   

5.9.2 Gene expression microarray  

Leaves five and six of three-week-old Arabidopsis plants grown in 12 hours light 

12 hours dark were inoculated with OD 600 0.02 Psm AvrRpt2 at ZT1. Four samples per 

genotype and treatment of three leaves from different plants were collected and frozen 

at time of infection, six hours after infection, and ten hours after infection. Samples were 

homogenized in Trizol and RNA was extracted, treated with Ambion DNA-free, and 

quantified by spectrophotometry. Affymetrix Arabidopsis ATH1 Microarray chips were 

processed for three replicate samples per genotype and treatment by the Duke 

Microarray Core Facility.  

5.9.3 Gene Ontology enrichment 

Two Way ANOVA was conducted using GeneSpring Software, and genes with a 

Genotype-Treatment interaction p value of less than 0.05 after Benjamini Hochberg FDR 
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correction were selected. Of these genes, genes less than two-fold differentially 

expressed between Col and e2fabc at time zero and more than two-fold differentially 

expressed in Col ten hours-post-treatment were kept for further analysis. Gene 

ontologies and annotations were acquired from GeneOntology.org and analyzed with 

the BiNGO extension of Cytoscape. Ontologies with p values of less than 1x10-5 

(hypergeometric test, Benjamini Hochberg FDR correction) were analyzed for semantic 

similarity using ReviGO and reduced to a non-redundant, medium-sized list, which was 

visualized using Cytoscape.  

5.9.4 Trypan Blue staining 

Assay was performed as previously described (Chapter 3).  

5.9.5 Bacterial growth measurement 

Four-week-old plants grown in 12 hours light 12 hours dark were inoculated at 

ZT1 with Psm AvrRpt2 OD600 0.02 and returned to growth chamber for 24 hours. After 

24 hours, discs were punched from infected leaves and ground, serially diluted, and 

plated for colony enumeration as previously described (Chapter 3).  

5.9.6 Ion leakage measurement 

Assay was performed as previously described (Chapter 3).  

5.9.7 Fv/Fm measurement 

Plants were grown in 16 hours light 8 hours dark for three weeks, then 

inoculated with OD 600 0.02 Psm AvrRpt2 at ZT1. Plants were returned to growth 
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chamber and leaf six from each plant was clipped with an Opti-Sciences dark adaptation 

clip. Clips were left open except for one half hour before each measurement, when 

leaves were dark adapted. Fv/Fm was measured after dark adaptation with an Opti-

Sciences OS30p chlorophyll fluorimeter.  

5.9.8 PAM measurement 

Plants were grown in 16 hours light 8 hours dark for three weeks, then 

inoculated with OD 600 0.02 Psm AvrRpt2 at ZT1. Plants were returned to growth 

chamber for six hours, then discs were punched from leaves five and six, placed on agar 

plates, and dark adapted for 30 minutes. Measurements were taken every 4 hours using 

a Waltz Imaging PAM MAXI.  

5.9.9 Q-RT-PCR 

Four-week-old plants grown in 12 hours light 12 hours dark were inoculated in 

leaves five and six at ZT1 with Psm AvrRpt2 OD600 0.02 and returned to growth 

chamber for specified time, after which point four leaves from two plants were pooled 

per sample. Five biological replicates were collected for each time point, genotype, and 

treatment. Samples were extracted in Trizol, treated with Ambion DNA-free, and 

reverse transcribed with Oligo dT priming and Superscript III reverse transcriptase. Q-

RT-PCR was performed with three technical replicates per reaction.  
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5.9.10 Western blotting  

Anti-PsbS antibody was obtained from Agrisera. Anti-RPN6 antibody from 

Agrisera was used as a control for equal loading. A BioRad GelDoc system was used for 

chemiluminescent imaging and band quantification.  

5.9.11 NBT staining  

NBT staining was performed according to Jabs et al. with some modification 

(Jabs, Dietrich, and Dangl 1996). Leaves five and six of four-week old Arabidopsis plants 

were inoculated with OD600 0.02 Psm AvrRpt2 at ZT1 and returned to the growth 

chamber. Ten hours after treatment, leaves were resected and submerged into 10 mM 

KH2PO4 pH 7.8 containing 1 mg/mL NBT, 10 mM NaN3, and 0.05% Silwet L77. Leaves 

were infiltrated in darkness under vacuum for 5 minutes or until all leaves were 

saturated, then incubated in darkness 30 minutes with gentle shaking. Leaves were then 

boiled in ethanol 10 minutes, fixed in 3.5% glutaraldehyde, and single-layer mesophyll 

cells were prepared for imaging as previously described with minor modification 

(Okazaki et al. 2009). After fixation leaves were stored in 100 mM EDTA ph 9.0 over 

night to soften. The following day, three micro punches per leaf were placed on a 

microscope slide and covered with a coverslip, which was then tapped vigorously to 

release mesophyll cells in a single layer. Cells were imaged on a Zeiss AxioImager 

microscope at 20x magnification. Quantification of stained pixel area was performed in 

ImageJ as previously described (Sekulska-Nalewajko et al. 2016). 
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5.9.12 Transcription Factor Yeast Two-Hybrid screen 

Yeast Two-Hybrid assay was performed as described for the Yeast One-Hybrid 

assay in with the following modifications: the E2FC ORF was cloned into pGBKT7 

(Clontech) and transformed into yeast strain AH109. AH109 E2FC (bait) and AH109 

pGBKT7 empty vector were mated to the TF library described in Sparks et al., 2017 

(prey) and selected on SD-LeuUra. Four independent successful matings were replica-

plated to quadruple dropout SD-LeuUraHisAde with and without 100 µM 3-amino-

1,2,4-triazol and scored for colony growth over a period of four days. Positive 

interactions were scored as those matings with colony growth of at least ¾ spots on 

E2FC-mated but not empty vector control-mated plates.  

5.9.13 Bimolecular Fluorescence Complementation assay  

 cDNA sequence of E2Fc, MYB45, and WRKY17 Arabidopsis genes were cloned 

into pDOE05 vector system (Gookin and Assmann 2014). Protoplasts were prepared and 

transfected as previously described (Yoo, Cho, and Sheen 2007). Microscopy was 

performed 15 hours after transfection on Zeiss Axio Imager fluorescence stereoscope. 

Images shown are representative of at least 15 positively transfected (CFP-expressing) 

cells.   
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5.10 Supplemental information 

 

Figure 30: Gene expression changes during ETI.  

a, Heat map of mean-adjusted normalized expression values of transcripts 
differentially expressed by Two-Way ANOVA between Col and rps2 plants zero and 
ten hours after infection with Psm AvrRpt2. Samples are clustered by transcript 
expression pattern and sample. b, Plot of mean-adjusted log2(fold change) of Col 
transcripts differentially expressed between zero and six HPI and zero and ten HPI by 
Student’s T-test (asymptotic, Benjamini Hochberg FDR) with p-value <1 x 10-8 in at 
least one comparison.  c, ReviGO semantic similarity-reduced BiNGO gene ontology 
enrichment of genes differentially expressed by Student’s T-test between Col and 
e2fabc plants without infection. Node size correlates to size of GO term, edge weight 
correlates to similarity of GO terms, color correlates to p-value.  
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6. Conclusion 
Unlike mammalian PCD, for which caspase cleavage is sufficient, it seems likely 

that plant PCD is executed through a number of parallel contributory pathways, 

activating modules of death within the cell. In this dissertation, I contribute a description 

of one of these modules, in which cell cycle regulators RBR1 and E2F either directly or 

indirectly regulate the nuclear transcription of chloroplast photosystem components, 

contributing to ROS production and ETI-PCD. I also identify a novel subcellular 

localization of another aspect of ETI-PCD, calcium signaling. My work emphasizes a 

core feature of ETI-PCD; its signaling is coordinated across organelles, with each 

contributing to the robust, fast PCD observed during ETI.   
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