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ABSTRACT 

Investigating the Role of the Arabidopsis Homologue of the Human G3BP in RNA 

Metabolism, Cellular Stress Responses and Innate Immunity  

Aala Abdulaziz Abulfaraj 

Mitogen-activated protein kinases (MAPKs) belong to the most conserved signaling 

pathways and are found in all eukaryotes, including humans where they play important 

roles in various diseases and cancer. Stimulation of this signal transduction pathway by 

microbe-associated molecular patterns (MAMP) results in a multitude of events to 

regulate innate immune responses in Arabidopsis thaliana stimulating large-scale 

changes in gene expression. Starting from a phosphoproteomic screen in Arabidopsis 

thaliana wild type and mpk3, mpk4 and mpk6 mutants following microbe-associated 

molecular pattern (MAMP) treatment, several novel chromatin-associated proteins were 

identified that are differentially phosphorylated by stress-induced protein kinases.  

Arabidopsis Ras GTPase-activating protein SH3-domain-binding protein (AtG3BP-1) is a 

downstream putative substrate of the MAMP-stimulated MAPK pathway that is 

phosphorylated by MPK3, 4 and 6 in in vitro kinase assays. AtG3BP1 belongs to a highly 

conserved family of RNA-binding proteins in eukaryotes that link kinase receptor-

mediated signaling to RNA metabolism.  Here, we report the characterization of the 

Arabidopsis homolog of human G3BP1 in plant innate immunity. AtG3BP1 negatively 

regulates plant immunity and defense immune responses. Atg3bp1 mutant lines show 

constitutive stomata closure, expression of a number of key defense marker genes, and 

accumulate salicylic acid but not jasmonic acid. Furthermore, Atg3bp1 plants exhibit 

enhanced resistance to the biotrophic pathogen Pseudomonas syringae pv. tomato.  
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Pathogen resistance was mediated by stomatal and apoplastic immunity in Atg3bp1. More 

generally, our data reinforce that AtG3BP1 is a key mediator of plant defense responses 

and transient expression of AtG3BP1 delivered striking disease resistance in the absence 

of yield penalty, highlighting a potential application of this gene in crop protection.  
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Research is formalized curiosity. It is poking and prying with a purpose 

-Zora Neale Hurston 
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I. INTRODUCTION 

1. Plant-pathogen interactions 

1.1. Global challenges that threaten food production 

By 2050, the world population will reach 9.1 billion (2) necessitating a massive increase 

in agricultural food production. Plants are primary producers that generate carbohydrates 

and energy and are therefore a rich source of nutrition to organisms. Plants have evolved 

to live in their environments, but environmental stress factors often negatively affect 

growth, development, and the nutritional value of agricultural crops. Stresses can be 

classified into either abiotic stresses (heat, cold, drought, salinity, etc.), or biotic stresses 

(fungi, bacteria, viruses, nematodes, herbivorous insects, etc.), both of which have a huge 

impact on world agriculture productivity (3). Moreover, microbes have evolved 

pathogenicity to cause disease in plants.  Plant diseases caused by pathogenic organisms 

affect the quality and quantity of crop production, and therefore pose a major challenge to 

food security. Efficient approaches for controlling plant diseases are required to 

overcome these challenges and to meet the current needs for sustainable agriculture.  One 

of these approaches is based on a better understanding of plant-pathogen interactions and 

the plant defense mechanisms. Phytopathogens differ in their infection and feeding 

strategies and can be classified as – biotrophs, that obtain nutrients from living host cells, 

and as necrotrophs, that kill plants cells during invasion in order to consume their 

contents and as hemi-biotrophs, that behave as either biotrophs or necrotrophs at different 

stages of their life cycle or based on the conditions associated with their invasion (4).  

Plant-pathogen interaction involves several events before either a disease is established or 

the infection is cleared.  In order for a pathogen to cause disease, it must gain access into 
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the interior of the plant and interfere with the plant defense system. 

 

1.2. Preformed plant structural features for defense 

Unlike animals, plants do not have either the ability to escape their immediate 

environment when adverse conditions threaten their development and life cycle or 

specialized mobile immune cells. Therefore, plants have evolved specialized 

physiological structures and various effective mechanisms during evolution that allow 

them to survive under adverse conditions (Figure 1.1) (5).  The first line of defense 

against invading pathogens is non-host resistance, made of physical and chemical barriers 

that limit pathogen entry and colonization such as the cuticle and a rigid cell wall, as well 

as inhibitory chemical compounds, such as phytoalexins (6, 7). The cuticle lies over the 

epidermal cell wall and is mainly composed of polymeric lipids, soluble waxes, and 

polymeric cutin. It protects the plant from pathogens, water loss, and abiotic stresses (8).  

The leaf surface also possesses trichomes that serve as a physical barrier against 

pathogens.  These constitutive defense structures are adequate to protect plants from 

invaders.  However, pathogens are sometimes able to infect the plant though stomata or 

injury, or by secretion of hydrolytic enzymes that degrade the cuticle.  Stomata are 

natural openings whose primary function is to allow for the exchange of water and gas 

between the environment and plant tissues. Stomata and surface wounds can serve as 

entry points for pathogens, stomata however demonstrate aperture control and can close 

rapidly in response to pathogenic bacteria and fungi and therefore play an important role 

in plant physical defenses (9). When pathogens penetrate plants, either by passing 

through the cuticle or entering via the stomata, they are confronted by a rigid cell wall. 
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Plant cell walls are composed of a mixture of lignin, cellulose microfibrils, 

hemicellulose, pectin, and proteins which serve as exoskeletons for mechanical support 

and as efficient physical barrier against the ingression of pathogens (10).  Plants can also 

produce chemical compounds against pathogenic invaders that are either performed or 

induced. Performed compounds such as phytoanticipins become toxic upon recognition 

of the pathogens while induced compounds such as camalexin inhibit pathogen growth 

following pathogen attack (6, 11).  However, some pathogens have the ability to 

overcome these primary barriers and interfere with the first basal layer of plant defense 

responses.  In such cases, pathogens must interact with a wide variety of active, 

inducible, and tightly regulated defense mechanisms that are triggered upon pathogen 

recognition. Taking into account the similarities between plant and animal kingdoms, 

theses inducible defense mechanisms are described as plant innate immunity (12, 13).  

 

The inducible plant immune system that mediates interactions with microbes are 

classically separated into microbe-associated molecular pattern (MAMP)-triggered 

immunity (MTI) and effector-triggered immunity (ETI). Several recent models for the 

plant immune system have been proposed to explain plant immunity (12, 14-16).  While 

each model has distinct features, they all concur that plants rely on an innate immune 

system, which largely depends on receptors (PRRs) that directly or indirectly recognize 

microbe-associated molecular patterns (MAMPs) or effectors that are delivered into the 

host cell and are recognized by intracellular R proteins (16-19). 
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Figure 1.1 Different layers of plant defense responses.  The first layer of plant defense is the preformed 
plant structural features for defense, such as a wax layer, and inducible defenses, such as stomatal closure.  
The second layer of defense arises when the bacterial pathogen reaches the apoplastic region of 
photosynthetically active mesophyll cells. This step also involves preformed defenses, such as the 
production of antimicrobial compounds, such as phytoalexin. The third layer involves inducible defense 
responses triggered upon recognition of MAMPs, effectors, and other molecular responses (5).1.3. Plant 
innate immunity  
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1.3.1. Microbe-associated molecular patterns (MAMPs)  

Innate immune responses are induced upon recognition of MAMPs that are of microbial 

origin.  Several MAMPs that trigger different defense responses have been identified, but 

the three most commonly studied MAMPs are flagellin or a flagellin-derived peptide 

called flg22 (an evolutionarily conserved 22 amino acid peptide corresponding to the N-

terminus of bacterial flagellin) (20), bacterial elongation factor-Tu (EF-Tu), and fungal 

chitin (a component of fungal cell walls) (21). Damage-associated molecular patterns 

(DAMPs) are cell wall degradation products resulting from either the host plant 

(endogenous elicitors) or from the plant pathogen (exogenous elicitors) by hydrolytic 

enzymes produced by the plant or the pathogens (18).  DAMPs are considered as a 

another class of elicitors that are capable of triggering defense responses (8). 

Oligogalacturonates (OGs), polymers of α-1,4-galacturonic acid are an example of 

DAMPs that are produced by the action of polygalacturonase (PG) enzymes and formed 

by mechanical tissue damage or released from pectin in the cell wall  (22).  

 

The identification and recognition of theses general elicitors (MAMPs/DAMPs) is 

achieved by patterns recognition receptors (PRRs), located on the cell surface; these 

PRRs are typically receptor-like kinases (RLKs) or receptor-like proteins (RLPs) 

containing an intracellular kinase domain.  Theses receptors are members of the LRR-RK 

(leucine rich repeat receptor kinase) family that are similar in structure to the Toll-like 

receptors found in animal cells (23). Most PRRs contain an extracellular domain for 

ligand binding, connected to a receptor-like kinase domain through a transmembrane 

domain (24-26).  While the extracellular domain architecture differs depending on PRR 
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ligand, the best-characterized PRRs possess peptide-binding extracellular domains with 

variable numbers of LRRs (27).  Several members of PRRs have been identified in 

various plants such as Arabidopsis, tomato, and rice (18).  The best-characterized 

example of a RLK that interacts with a microbial elicitor is the PRR FLAGELLIN 

SENSITIVE 2 (FLS2); a leucine-rich repeat (LRR)-containing protein that is essential for 

the identification of flagellin in Arabidopsis thaliana. Other examples of PRRs in 

Arabidopsis thaliana are EFR (elongation factor Tu-receptor) that recognizes EF-Tu with 

the help of its minimal 18 amino acid epitope elf18 and the endogenous peptide elicitor 

PEPR1, the receptor of the DAMP AtPep1 (20, 21, 28).  Moreover, CERK1 is a plasma 

membrane receptor-like kinase (RLK) with three LysM motifs in the extracellular 

domain that is important for the perception of fungal chitin in plants.  However, much 

less information is available for the perception of fungal chitin in plant species (29).   

 

The recognition of MAMPs/DAMPs triggers an immune response involving a complex 

set of events that is termed MTI, which is the first layer in the active induced plant 

defense responses (17, 30).  Upon recognition of MAMPs, the extracellular LRR domains 

of FLS2 bind to MAMP and hetero-dimerizes with the co-receptor BRI1-associated 

kinase 1 (BAK1), followed by transphosphorylation and activation of immediate 

downstream signaling events (20, 31, 32). BAK1 is a plasma membrane-bound RLK that 

is required for signaling induced by MAMPs. BAK1 belongs to the larger Somatic 

Embryogenesis Receptor-like Kinase (SERK) family, and other members of this family 

also form pre-recognition complexes with FLS2 after flg22 perception that enhance 

downstream FLS2 signaling outputs (33). BAK1 instantaneously phosphorylates FLS2 as 
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well as Botrytis-induced kinase 1 (BIK1), which is rapidly released from its association 

with FLS2/BAK1 complexes upon flg22 binding (33-38).  EFR is also a BAK1-

dependent PRR that recognizes Ef-Tu whereas the fungal chitin receptor chitin elicitor 

receptor kinase 1 (CERK1) is BAK1-independent (21, 29, 33, 39).   

The perception of MAMPs/DAMPs by PPRs triggers rapid auto- and 

transphosphorylation reactions, followed by defense signaling events that lead to induced 

resistance against various pathogens (38, 40-42).    

 

1.3.1.1. Ion fluxes 

Ion fluxes through the plasma membrane are one of the earliest responses in plants 

following pathogen recognition, which is observed in the first five minutes. Amongst 

these ion fluxes, Ca2+ is considered as one of the major second messengers, which acts 

upstream of several other signaling events in plants that are activated upon pathogen 

recognition (43). Rapid increases in cytoplasmic Ca2+ promote the opening of other 

membrane channels (influx of H+, efflux of K+, CL-, and nitrate) that trigger an 

extracellular alkalinization and a depolarization of the plasma membrane (44).  Ca2+ is 

positively regulated by BIK1 and BIKI can induce calcium signaling after MAMP 

perception that leads to an influx of extracellular calcium and increases its cytosolic 

levels in a few minutes after flg22 treatment (45).  

 

1.3.1.2. Oxidative burst 

The production of reactive oxygen species (ROS) is one of the rapid defense responses 

mounted by plants. Peak ROS production has been shown to occur approximately 10 to 



 

 

28 

14 minutes after pathogen attack and extracellular ROS can be detected after only 2 to 3 

minutes (46-48). ROS are mainly superoxide anions and hydrogen peroxide that are 

produced after elicitation or pathogen attack and have a major role in plant disease 

resistance by either acting directly on the pathogen, strengthening the cell wall, or 

activating other defense signaling cascades (49). ROS production is closely related to 

other signaling defense events such as Ca+2, NO, and phosphorylation of proteins in 

response to pathogen.  Upon MAMP perception, phosphorylation of BIK1 and Ca+2 

induced CDPKs (calcium-dependent protein kinases) lead to the immediate 

phosphorylation of the NADPH dependent oxidase respiratory burst oxidase homolog 

Rboh D on different residues to activate ROS production and downstream targets that 

trigger immune responses (38, 50-52). The activity of Arabidopsis plasma membrane 

RbohD is directly regulated by the binding of Ca+2 to N-terminal EF-hand motifs (53). 

ROS are synthesized by high-energy electron transfer, and have also an antimicrobial 

effect. For example, RbohD produces ROS in response to flg22, leading to strengthening 

of the cell wall and HR-induced cell death (52, 54-56).  In addition to ROS production, 

PRX33 and PRX34 are cell wall peroxidases that are transcriptionally upregulated upon 

flg22 perception and have a role in the generation of apoplastic H2O2 (57). 

 

1.3.2. Effectors 

Successful pathogens have evolved mechanisms that interfere with the tightly regulated 

MTI as first line of induced plant defense mechanisms (58).  In order to facilitate 

infection, pathogens deliver effector molecules into plant cells that inactivate specific 

plant proteins to overcome MTI. Effectors are molecules encoded by the Avr avirulence 



 

 

29 

genes that are secreted by different types of pathogens to mediate infection. These 

molecules can be proteins, carbohydrates, nucleic acids, or metabolites that can be 

secreted either into the extracellular matrix or directly into the plant cell (59).  Theses 

effectors have many different functional activities in order to interfere with the host 

defense responses such as ubiquitin E3 ligase,such as AvrPtoB (60), transcriptional 

factors, such as TAL effectors (61), phosphatases, such as HopAO1 (62), or proteases, 

such as AvrPphB (63).   

 

Pseudomonas syringae (Pst), Xanthomonas and Ralstonia all have type III secretion 

systems (TTSS) to deliver effectors into host cells.  For example, P. syringae contains 

between 30-50 genes coding for effector proteins including AvrRpt2 and AvrRpm1 that 

target Arabidopsis RPM1-interacting protein 4 (RIN4) in plant cells. AvrRpt2 causes the 

cleavage of RIN4, while AvrRpm1 leads to the phosphorylation of RIN4 (64, 65). Some 

effectors target components of PRR directly. For example, AvrPtoB, AvrPto, and 

HopAO1 are effectors that target FLS2 directly by either decreasing its stability or by 

inhibiting flg22-induced phosphorylation (26, 66, 67).  

 

The resulting suppression of early host signaling events (MT1) by pathogen polymorphic 

effectors is referred to as effector-triggered susceptibility (ETS). As a counter 

mechanism, plants evolved resistance (R) genes to detect the presence of the pathogen 

effectors that trigger ETI, a second layer of plant immunity leading to a much more 

stronger immune response and robust disease resistance (15).  
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Even though the details of ETI are still far from being clear, it is known that plant-

pathogen ETI relies on a gene-for-gene concept (68). The presence of resistance R genes 

in the plant is required for full plant immunity.  The R genes are intracellular plant 

immune receptors that possess nucleotide-binding motifs and LRR domains (NB-LRR or 

NLR) and detect the presence of pathogen effectors in the plant cell (69-71). Depending 

on the N-terminal structures, NLR proteins are divided into two groups: the coiled-coil 

N-terminal (CNL (CC-NB-LRR)) and the Toll/interleukin-1 receptor N-terminal domain 

(TIR) (TNL (TIR-NB-LRR)).  LRR domains function in the recognition of pathogen 

effectors, while the TIR or CC domains are responsible generally for inducing signal 

transduction (70).   There are three possible methods that R proteins use to detect 

effectors secreted by host pathogens (Figure 1.2) (72), either via direct physical 

interaction (72, 73), through a guardee/decoy system (74), or by an intergraded decoy 

model and a modified the bait-and-switch model  (75).  

 

 
 
Figure 1.2: Models of direct and indirect effector recognition.  Plant nucleotide-binding (NB)-leucine-
rich repeat (LRR) receptors can recognize pathogen effectors by either direct or indirect mechanisms.  
a | In direct recognition, NB-LRR receptor proteins (purple, orange, yellow and blue) can recognize 
pathogen effectors (green) that trigger defense signaling by physically binding.  b | In the guard and 
decoy models, the effector interaction is mediated by an accessory protein (red), which is a pathogen 
virulence target (guard model) or a structural mimic of target (decoy model) that is modified by the 
effector. The NB-LRR receptor proteins recognize the modified accessory protein.  c | A further 
modification of the decoy concept is the bait-and-switch model in which the interaction of an effector 
with an accessory protein facilitates direct recognition by the NB-LRR receptor (72). 
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1.4. Defense signaling in plants 

1.4.1. Signal transduction: the early events downstream of pathogen recognition  

Receptor-mediated recognition of invading pathogens triggers plant defense responses 

that activate a complex network of intracellular signaling cascades.  These immediate and 

local immunity hallmarks are commonly conserved independent of the MAMP/DAMP 

that is recognized and not totally reliant on each other (32).  These well-established 

immunity hallmarks involve: the transient production of reactive oxygen species (ROS) 

(57) and nitric oxide (NO) (54), the alkalization of the apoplast, transient ion fluxes (44), 

and the rapid transient activation of kinase cascades involving mitogen-activated protein 

kinases (MAPKs) (46), calcium-dependent protein kinases (CDPKs) (52), and AGC 

kinases that are involved in various plant signal transduction pathways (76).  In addition, 

pathogen recognition also leads to the production of endogenous signaling hormones 

such as salicylic acid (SA) (77), jasmonic acid (JA) (78), and ethylene (ET) (79).  

Mobilization of these early events leads to the activation of downstream defense 

signaling events, which could include transcription factors (TFs) that contribute to 

genetic reprogramming and the expression of early defense genes (40). The induction of 

defense mechanisms can also involve stomatal closure (9). 

 

1.4.1.1. Small signaling molecules 

Besides Ca2+ and ROS, nitric oxide (NO) and its derivatives were shown to be involved 

in early plant defense signaling, e.g. via regulation of NPR1 (non-expresser of PR genes 

1), which is a key regulator of defense gene expression, or via the inhibition of RbohD by 

nitrosylation of cysteine residues (80, 81). Induction of the NO burst was detected just a 
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couple of minutes after MAMP treatment, along with the expression of defense related 

genes (54, 82).  It has been shown that there is a close relationship between ROS and NO 

in defense signaling upon pathogen attack (54, 83).  Influx of extracellular Ca2+ in the 

cytosol after MAMP/DAMP perception activates calmodulin (CaM) or calmodulin-like 

proteins that triggers downstream signaling events including the production of NO (84).    

 

Furthermore, some lipids such as phosphotidic acid (PA) and ceramides were shown to 

function in MAMP signaling upon pathogen infection (85). Production of NO upon 

MAMP perception is partly essential for PA generation via both the phospholipase D 

(PLD) and phospholipase C/diacylglcerol kinase (PLC/DGK) pathways (86). PA can also 

interact with several immune signaling cascades and regulates their activities at multiple 

levels, such as CDPKs (87, 88), MAPKs (89), RbohD/F and ROS production (90, 91), 

jasmonic acid (JA) production (92), and ethylene (ET) production (89, 93). 

 

1.4.1.2. Activation of protein kinases (PKs) 

Protein phosphorylation is one of the most important post-translational modifications in 

eukaryotic cells.  Phosphorylation is catalyzed by protein kinases and removed by protein 

phosphatases and is a major mechanism for controlling cellular functions (94, 95). 

Approximately 30% of all proteins in eukaryotic cells are phosphorylated (96).  The 

phosphorylation of a protein can affect its enzymatic activity, stability, or subcellular 

localization (97).  Plants, like other organisms adapt and respond to changes in 

environmental conditions in ways that promote or maintain their growth and 

development.   
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Other than the previously mentioned rapid induced immune auto- and trans-

phosphorylation responses at the level of receptors, several different protein kinases are 

activated in plants within minutes upon MAMP/DAMP perception.  The vast majority of 

them belong to the Calcium-dependent protein kinases (CDPKs) and Mitogen-activated 

protein kinases (MAPKs), which are involved in various plant signal transduction 

pathways leading to defense responses (45, 52, 76, 98).  

 

1.4.1.2.1. Calcium-dependent protein kinases (CDPKs) 

Plant CDPKs function as calcium sensors that play major roles in regulation of plant 

growth and development, response to biotic and abiotic stresses and wounding (99-101).  

A. thaliana genome encodes 34 CDPKs, which are subdivided into four groups.  Among 

the CDPKs, CPK4, 5, and 11 were shown to be activated between 5 and 30 min upon 

flg22 treatment leading to the regulation of MAMP-triggered immunity.   CDPKs are the 

convergence point of MAMP-triggered defense signaling in Arabidopsis. In response to 

flg22 treatment, cdpk mutants were impaired in CDPKs activities, compromised in ROS 

production, and were more susceptible to pathogen infections (52, 102).   

 

1.4.1.2.2. Mitogen-activated protein kinases (MAPKs) 

MAPKs are signal transduction proteins that are highly conserved in eukaryotes, 

including animals, yeasts, and plants (103).  These proteins are involved in many 

physiological processes, including cell differentiation and development, changes in gene 

expression, and stress responses (103, 104).  The MAP kinases are serine/threonine-

specific protein kinases that are activated through phosphorylation by upstream kinases 
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and inactivated by the phosphatase-mediated dephosphorylation (105).  In eukaryotes, 

MAPKs participate in a cascade of phosphorylation events involving three types of 

protein kinases: the MAP kinase kinase kinases (MAPKKKs), MAP kinase kinases 

(MAPKKs) and MAP kinases; each class is a family with multiple members (106, 107).  

The activation of MAPKKKs by upstream signals from receptors/sensors leads to the 

sequential phosphorylation of downstream MAPKKs, which in turn phosphorylate 

MAPKs that become active and transmit the signal.  MAPKKKs can phosphorylate 

conserved serine/threonine residues in a conserved S/T-X3-5-S/T motif within MAPKKs.  

MAPKKs are dual-specificity kinases that phosphorylate specific threonine and tyrosine 

residues in the TXY motif of the MAPK catalytic domain (56, 105). Therefore, activated 

MAPKs can phosphorylate specific PXT/SP motifs in different protein substrate targets 

(108, 109). The MAPK cascade is a remarkable intracellular signaling cascade activated 

during early plant defense response (Figure 1.3) (56, 110). 

 

MAPK components are particularly abundant in plants and plant genomes encode more 

MAPK genes than other eukaryotic genomes. However, in contrast to the MAPK 

cascades in animals and yeast, the composition of the plant MAPK cascades are still not 

well-characterized (110-113).  Plant MAPKs are activated by a broad range of stimuli 

(103, 114, 115). The completion of the genome sequence of the A. thaliana has allowed 

the identification of 60 putative MAPKKK (MEKK), 10 MAPKK (MKK), and at least 20 

MAPK (MPK) genes (104). The MAPKs are classified into four distinct groups, A, B, C, 

and D, based on phylogenetic analysis.  The two most well-studied MAPKs are MPK3 

and MPK6, which belong to group A (104). They are involved in both developmental and 
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hormonal responses, as well as responses to external environmental stimuli (116, 117). 

MPK4 is another well-characterized MAPK that belongs to group B and is involved in 

several environmental stress responses (118). MAPKKs (MKKs) are half in number 

compared to MPKs in the Arabidopsis genome suggesting that MAPKKs can activate 

multiple MPKs. Thus, the cross talk between various signal-transduction pathways in 

Arabidopsis might be determined at the level of MAPKKs in plant MAPK cascades. 

These MAPKKs can be divided into four groups (A-D). Based on in vitro kinase assays, 

yeast two-hybrid analysis and complementation of yeast MAPK cascade mutant, 

Arabidopsis group A MAPKKs (MKK1 and MKK2) are upstream factors for MPK4. 

Arabidopsis MKK3 belongs to group B that contains a nuclear transport factor 2 (NTF2) 

domain in the C-terminus. NTF2 is a small protein that mediates nuclear-cytoplasm 

transport.  Group C MAPKKs include stress-responsive upstream factors of group A 

MPKs. However, there is no available information on the function of group D MKKs 

(104). MAPKKKs are more heterogonous and are divided into three subgroups: MEKK 

(MAPK/ERK kinase kinase)-like MAP3Ks, Raf-like and ZIK-like MAPKKKs (56). 
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Figure 1.3: Model of flg22 induced MAPK signaling.  Upon stimulation of the FLS2 receptor by flg22 
peptide, the MEKK1–MKK1/2–MPK4 and the MEKK1? –MKK4/5–MPK3/6 modules are activated to 
phosphorylate several target substrates (56). 
 
 

1.4.1.2.2.1. MAPK cascades in pathogen signaling  

MAPK cascades link upstream receptors to their downstream targets via a phosphor-relay 

mechanism (18, 119).  In A. thaliana, the MAPK pathway is activated as an early 

signaling event after pathogen infection and MAMP recognition. Recognition of the 

bacterial elicitor flg22 by the receptor-like kinase complex FLS2-BAK1 triggers the 

activation of two MAPK signaling cascades (18). The first cascade that is activated 

Receptor(
FLS2(/(BAK1(

S2mulus(
Flg22(

MEKK(

MKK1/MKK2(

Target( Target( Target(

Response( Response( Response(

MPK4( MPK3( MPK6(

MKK4/5(

MEKK1/?(



 

 

37 

downstream of the FLS2-BAK1 receptor complex after flg22 perception comprises of a 

MAPKKK, two MAPKKs (MKK4 and MKK5), and two MAPKs (MPK3 and MPK6) 

(120, 121) and it activates the expression of the early defense genes WRKY29 (WRKY 

DNA-BINDING PROTEIN 29) and FRK1 (FLG22-INDUCED RECEPTORKINASE 1) 

(122, 123).  Flg22 has been shown to able to activate MPK3 and MPK6 in the mekk1 

background, indicating that there is a redundancy at the MAPKKK level in the MEKK1–

MKK4/MKK5–MPK3/MPK6 signaling pathway (123).  MPK3 and MPK6 are closely 

related protein kinases that share a high level of similarity across various defense 

responses. An embryonic lethal phenotype has been observed in mpk3/mpk6 double 

mutants. MPK3 and MPK6 have been reported to trigger the biosynthesis of camalexin, 

which controls the expression of the PAD3 gene to provide resistance against the fungal 

pathogen Botrytis cinerea (116).  Plants with mpk3 and mpk6 mutations are deficient in 

the camalexin production and are susceptible to B. cinerea (124).  MPK6 is activated 

upon flg22 treatment and phosphorylates ACS6 (ACC (1-amino-cyclopropane-1-

carboxylic acid) synthase 6), which is involved in ethylene (ET) biosynthesis (122, 123).  

VIP1 (VirE1-interactiong protein 1) is a TF that is also phosphorylated by MPK3 upon 

flg22 treatment. The phosphorylation of VIP1 leads to its nuclear translocation, which in 

turn results in the activation of defense genes such as PR1 (pathogenesis--related1) as 

part of the defense response (79, 125). The second MAPK cascade is comprised of 

MEKK1, MKK1 and MKK2 and the MAPK MPK4, and is activated within a few 

minutes of flg22 treatment (126, 127). Studies have shown that MKK4/MKK5-

MPK3/MPK6 are involved in the positive regulation of defense responses (119, 128), 

whereas MEKK1 and MPK4 negatively regulate biotic stress responses (129).  Studies on 
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Arabidopsis thaliana MPK4 have shown that mpk4 mutant plants display a dwarf 

phenotype, accumulate high levels of SA and H2O2, and provide resistance against 

pathogens (122, 123, 130). Subsequent studies showed that mekk1 single mutants and 

mkk1/mkk2 double mutants had dwarf phenotypes similar to those of mpk4 mutants. Both 

mekk1 and mpk4 mutants induced cell death and the up-regulation of pathogenesis-related 

genes such as PR1 and PDF1.2 (plant defensin 1.2) (122, 123).  Three MPK4 targets, 

such as MKS1 (MPK4 substrate) and the two WRKY TFs WRKY25 and WRKY33 have 

been identified.  MKS1 overexpressing plants have a weak mpk4 phenotype with regard 

to the expression of the PR1 gene, SA accumulation, the dwarf phenotype, and pathogen 

resistance (131). More recently, MPK1, MPK11 and MPK13 have also been reported to 

be transiently activated in response to MAMP treatment (120, 132, 133).   

 

Furthermore, MAPK cascades have been shown to trigger ROS production. MKK4 and 

MKK5 trigger the activation of MPK3/6 in Arabidopsis, leading to ROS generation and 

ultimately to cell death (121). Conversely, blocking MPK3/6 with the bacterial effector 

protein HopAI1 inhibits the synthesis of ROS (134). HopAI1 has also been shown to 

inhibit MPK4 (37) and HopF2 inactivates MKKs in order to suppress MAPK signaling to 

inhibit downstream defense responses (135).  Furthermore, the mpk3 single mutant 

generated ROS, but there were no significant differences between mpk6 and wild type 

plants. These results indicate that the flg22-mediated induction of ROS is negatively 

regulated by MPK3 (136). 
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The sequential activation of these signaling cascades ultimately leads to the 

phosphorylation of downstream targets and triggers defense responses. MAPK targets 

can be either cytosolic substrates such as protein enzymes and involved in cytoskeleton 

maintenance or nuclear substrates such as transcriptional factors and chromatin 

remodeling proteins. Thus, MAPKs can influence gene expression by modulating 

chromatin structure or by regulating the activity of TFs (46, 76). It has been shown that 

MAP kinases regulate chromatin, as MPK3 directly interacts with and 

phosphorylates histone deacetylase HD2B. Thus MAMPs can trigger defense gene 

expression involving modifications at the chromatin level (137).  Moreover, research has 

revealed that perception of different MAMPs activates a large group of overlapping 

transcription factors that are broadly involved in stress signaling and plant immunity 

controlling cellular reprogramming for defense (138-141). This transcriptional 

reprograming and the regulation of the defense related genes have been shown to be 

influenced by chromatin remodelers and modifiers that play a role in plant defense (142-

145).  

 

1.4.1.2.2.2. MAPK cascades in plant growth and development  

The majority of research regarding plant MAPKs has focused on immunity and stress 

responses. However, MAPKs have been shown to be crucial for a number of growth, 

development, and cell division processes. Most aspects of plant growth and development 

include MAPK cascades, including gametogenesis, embryogenesis, morphogenesis, 

senescence, abscission, fertilization, and seed formation. Cell proliferation and 

differentiation, which are vital for growth and development, also rely on MAPK signaling 
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(146).  

 

An investigation of MAPKKK YODA and its downstream MAPK components MKK4/5 

and MPK3/6 provided insight into the function of MAPKs during development (147). In 

addition, a genetic screen for plants exhibiting abnormal cell division during early 

embryonic development highlighted yoda, and further studies showed that yoda mutants 

exhibit typical stomatal clustering in the epidermis, which corresponds to a transgression 

of the ‘one-cell spacing’ rule (148).  Using reverse genetics, MKK4-MKK5 and MPK3-

MPK6 were shown to be redundant in the MAPK signaling cascade. Plant development is 

halted at the cotyledon stage in mkk4/mkk5 and mpk3/mpk6 double mutants, and stomatal 

patterning characteristic of yoda can be seen in the epidermis (116).  

 

Additionally, this module was shown to be central to regulating inflorescence 

architecture, the cascade induces localized cell proliferation downstream of the ERECTA 

(ER)-family of RLKs (149). Arabidopsis tissues undergoing active cell division have 

been shown to express high levels of three related MAPKKKs, ANP1, ANP2 and ANP3. 

These, along with downstream MKK6/ANQ1 and MPK4, have a role in cytokinesis (150-

153).  Furthermore, the MKK9-MPK6 module is thought to have a role in the regulation 

of leaf senescence, a key developmental stage in the transition from a vegetative to a 

reproductive state (154). Detached leaves from mkk9 and mpk6 mutants display delayed 

senescence, while MKK9 overexpression results in premature leaf senescence. The latter 

phenotype can be suppressed in a mpk6 background. The activation of MPK3/MPK6 by 

MKK9 induces ET biosynthesis.  Thus, MKK9-MPK6 mediated leaf senescence may be 

due to ET induction (155). 
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1.4.1.3. Role of plant hormones 

The signal transduction pathways that are central to plant innate immunity also rely on 

phytohormones. Numerous studies have highlighted the major plant hormones that 

regulate defense responses including salicylic acid (SA), jasmonic acid (JA) and ethylene 

(ET). SA plays a key role in defense against biotrophic and hemi-biotrophic pathogens as 

well as in the establishment of systemic acquired resistance (SAR).  In contrast, JA and 

ET are critical to defense against necrotrophic pathogens and herbivores (156). Infection 

by a biotrophic pathogen results in the accumulation of SA and NPR1 

(NONEXPRESSOR of PR GENES1) through SA-mediated redox changes in the cell.  

NPR1 is then translocated into the nucleus where it interacts with TGA TFs that leads to 

the activation of SA responsive genes. Infection by a necrotrophic pathogen or wounding 

caused by feeding insects leads to the accumulation of JA that induces JA-responsive 

gene expression, which can be suppressed by SA (Figure 1.4) (157).  Although SA and 

JA/ET pathways often function antagonistically (158, 159), analysis of a SA-, JA- and 

ET-defective mutant suggests synergistic mechanisms where all three hormones 

contribute to defense (160).  DDE2, EIN2 and SID2 are key components for JA 

biosynthesis, ET responses, and SA biosynthesis in response to pathogen attack, 

respectively. Moreover, PAD4 plays an important role in SA accumulation. Using a dde2 

ein2 pad4 sid2 quadruple mutant, it was found that flg22-triggered immunity is positively 

affected by each of the SA, JA and ET signaling pathways alone, and that MTI is affected 

by a combination of these pathways. (160) 
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SA has been shown to play a role in the activation of disease resistance (161). In response 

to pathogens, ICS (Isochorismate synthase) is the main precursor of SA, which was 

observed between 3 and 6 hours after flg22 treatment (77). Arabidopsis mutants such as 

acd (accelerated cell death) and ssi (suppressor of salicylate insensitivity of npr1-5), 

which express high levels of SA, are shown to be more resistant to pathogen infection 

and constitutively express PR1 (pathogenesis related protein1) whose expression is in 

turn activated by NPR1 (162). In contrast, mutants with impaired SA biosynthesis such as 

sid2 (salicylic acid induction-deficient2) and eds5 (enhanced disease susceptibility 5) 

were found to enhance disease susceptibility to various pathogens (163).  Mutations in 

SA accumulation or signaling genes and Arabidopsis transgenic plants expressing the 

bacterial gene nahG, that encodes SA hydrolase, were compromised in defense against 

pathogens (162, 164).   

 

JA is an oxylipin that is mainly involved in wounding and in response to necrotrophic 

pathogens. Some genes associated with JA signaling are regulated upon flg22 treatment. 

VSP2 (vegetative storage protein gene) and PDF1.2 (plant defensin 1.2) were identified 

as JA-responsive marker genes whose activation were observed in the JA pathway. Booth 

PDF1.2 and VSP2 can be suppressed by exogenous application of SA, highlighting the 

potential antagonistic interaction between SA- and JA-dependent signaling (165, 166). 

Thus, SA and JA play a role in modulating appropriate defense responses depending on 

the type of pathogen. Moreover, JA signaling has been shown to be negatively regulated 

by MKK3-dependent MPK6, and methyl jasmonate (MeJA), which is a JA derivative, is 

known to activate MPK1 and MPK2 (167). MPK7, but not MPK6, has been found to 
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associate with MKK3 in planta, suggesting that the activation of MPK6 by MeJA is a 

secondary consequence of MeJA-dependent MKK3–MPK1/2/7/14 activation (168).  

 

ET biosynthesis has been shown to be dependent on the MPK3 and MPK6-mediated 

phosphorylation of ACS2 and ACS6.  The expression of hyperactive MKK4 or MKK5 

induces MPK3 and MPK6 and ET production, making MKK4 and MKK5 likely 

candidates for upstream activators of the ET signaling pathway (79, 169). ET-dependent 

PCD, which is induced when ET reaches a certain threshold, has been observed following 

the inducible expression of hyperactive MKK5 (170).  

 

MPK4, meanwhile, has a role in maintaining the relative levels of SA and JA/ET- 

mediated responses (171). The features of the mpk4 mutant include SA accumulation, the 

constitutive expression of SA-related PR genes, and impaired ET- and MeJA-dependent 

gene regulation. Two mutants, enhanced disease susceptibility 1 (eds1) and phytoalexin 

deficient 4 (pad4), and transgenic plants containing reduced SA, partially revert the mpk4 

phenotype.  Double mutants are less dwarfed than mpk4 mutants, contain less SA, and 

exhibit partial restoration of MeJA-dependent PDF1.2 expression. This suggests that 

MPK4 affects the balance of hormones through the EDS1/PAD4 module (171).  

Other phytohormones that have been shown to be involved in plant immunity include 

abscisic acid (ABA), brassinosteroids, gibberellins, cytokinin and auxin.  The roles of 

theses phytohormones in immunity have been the subject of recent reviews (172-175) and 

will therefore not be treated here. 
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It was also reported that pathogen effectors can alter phytohormone signaling such as 

HopZ1a and HopX1 that both induced the upregulation of JA signaling in order to 

suppress SA mediated plant defense (176, 177). Furthermore, plant pathogens can also 

produce small toxic molecules that inhibit immune response through manipulation of 

phytohormone signaling. Some P. syringae strains produce the phytotoxin polyketide 

coronatine, which functionally mimics the action of jasmonic acid (JA) and results in the 

downregulation and suppression of SA-mediated immune defense signaling (178-181).  

Other stains produce the toxin syringolin A that inhibits the proteasome and suppresses 

the turnover of the SA receptors in order to alter SA signaling (182).   
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Figure 1.4: SA-mediated suppression of the JA pathway in the plant immune signaling network.  
Infection by a biotrophic pathogen results in the accumulation of SA and NPR1 through SA-mediated 
redox changes in the cell.  NPR1 is then translocated into the nucleus where it interacts with TGA TFs that 
leads to the activation of SA responsive genes. Infection by a necrotrophic pathogen or wounding caused 
by feeding insect lead to the accumulation of JA that induces JA-responsive gene expression, which can be 
suppressed by SA.  The green frame in Figure 1.3 highlights components for which the expression was 
shown to be SA-responsive. Solid lines indicate established interactions; dashed lines indicate hypothesized 
interactions (157) 
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1.4.1.4. Stomatal defense 

Recognition of MAMPs by PRRs also triggers stomatal closure (180, 183).  Stomata are 

the natural openings in the plant that are used by microbial pathogens for entry into the 

plant. However, these organs are essential for plant survival as they allow gas exchange 

and transpiration. The strict regulation of stomatal opening and closing is therefore 

necessary for a plant to avoid pathogen attack, while simultaneously withstanding 

drought and heat stress. Therefore, stomata are critical during both biotic and abiotic 

stress responses that are mediated by SA- and ABA-dependent pathways, respectively 

(184, 185).  The plant innate immune system limits infection by preventing the invasion 

of the apoplastic space as well as by compromising the proliferation of the pathogen post-

invasion. Adapted pathogens such as P. syringae secrete a phytotoxin, coronatine (COR) 

that promotes pathogen entry through stomata by interfering with plant stomatal 

immunity (180).  COR is a structural and functional mimic of the plant hormone 

jasmonoyl isoleucine (JA-Ile), which is a lipid-derived plant hormone that plays role in 

vegetative and reproductive growth and defense responses against abiotic and biotic 

stresses (9, 186).  COR also binds to the plant receptor COI1 (CORONATINE 

INSENSITIVE 1) leading to stomatal reopening via the three (NAM and ATAF1, 

ATAF2 and CUC2) NAC transcription factors.  In addition to disabling stomatal 

immunity, COR also inhibits apoplastic immunity through suppression of salicylic acid 

mediated defenses and activates jasmonic acid signaling (178, 187, 188).  Salicylic acid is 

one of the key regulators of stomatal aperture and SA synthesis and signaling pathways 

are necessary for bacterial and MAMP-induced stomatal closure in Arabidopsis (180, 

189). Recognition of MAMPs by PRRs activates several downstream immune signaling 
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cascades such as ROS through the NADPH oxidase RbohD and MPK3 and MPK6 that 

activate the guard cell lipoxygenase LOX1. LOX1 catalyzes the peroxidation of 

polyunsaturated fatty acids into fatty acid hydroperoxides and reactive electrophile 

species (RES) oxylipins. Booth hydroperoxides and oxylipins stimulate stomatal closure. 

Oxylipin leads also to the accumulation of SA that regulates NPR1 leading to the 

activation of the anion channel SLAC1. The ABA-mediated stomatal closure pathway 

involves the soluble PYR/PYL/RCAR (PYRABACTIN RESISTANCE/PYRABACTIN-

LIKE/REGULATORY COMPONENTS OF ABA RECEPTOR) receptors, which bind 

ABA and subsequently sequester the inhibitory protein phosphatase 2Cs (PP2Cs) that 

active OST1 (OPEN STOMATA 1). ROS is produced from the interaction of OST1 with 

the NADPH oxidase RbohF.  MPK9 and MPK12 function as positive regulators of ROS-

mediated ABA signaling and their activity is enhanced by H2O2. Finally, SLAC1 

stimulate stomatal closure in response to both, ABA and biotic signals (Figure 1.5) (185).  
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Figure 1.5: Signaling steps that mediate stomatal movements upon pathogen inoculation.  Stomata 
closure in response to abiotic and biotic stresses is mediated by ABA-dependent and oxylipin pathways, 
respectively (185).   
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1.4.2. Transcriptional reprogramming and plant defense responses 

The signaling pathways activated in plants following recognition of MAMPs/DAMPs or 

effectors alter several thousand genes that lead to the activation of plant defense. Defense 

induction involves transcriptional reprogramming (138, 139, 141), the production of 

pathogenesis-related (PR) proteins, the biosynthesis of antimicrobial phytoalexins (140, 

190-193), and the deposition of callose after several hours (36, 47, 194).  Theses 

modulations that lead to plant resistance are generally common to both MTI and ETI (15, 

195). 

Transcriptional reprogramming is a critical process in plant immunity and this is 

supported by the fact that several TFs are required for plant resistance. Several families 

of TFs have been shown to be involved in plant immunity including AP2/ERF, bHLH, 

bZIP, MYC, NAC, WRKY, MYB, and CAMTA (196). 

 

Almost half of the MAPK substrates are TFs.  Direct phosphorylation by MAPKs have 

been shown for WRKY33, ERF6/104 (ETHYLENE RESPONSE FACTOR6/104), VIP1 

(VIRE2 INTERACTING PROTIEN 1), MYB44 (196, 197). Similarly, WRKY8, 28, and 

48 are phosphorylated by several CDPKs (196). Phytohormones also regulate immune 

related transcriptional reprogramming.  NPR1 has been shown to interact with TFs of the 

TGA family to induce the expression of SA responsive genes. Moreover, the role of the 

TF MYC2 and EIN3 that are regulated by the JA and ET pathways, respectively, have 

been well studied in defense responses, which regulate the expression of some defense 

marker genes such as PDF1.2 (196). 
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Defense responses are characterized by the production of phytoalexins,.  Camalexin is the 

most well characterized phytoalexin in Arabidopsis. thaliana and camalexin deficient 

mutants (Pad) were found to be resistance to P. syringae (198). The synthesis of 

camalexin is induced by WRKY33-dependent activation of camalexin biosynthesis genes 

and the TF WRKY33 is a target of several pathogen effectors (124, 199).   

 

The deposition of callose, β-1,3 glucan polymer that is often observed near the point of 

the pathogen attack, is essential for cell wall reinforcement that is triggered by MAMPs.  

Several studies have shown the involvement of callose as a cell wall strengthening 

mechanism in plant defense against different pathogen infections (200, 201).  

  

Both MTI and ETI result in similar qualitative defense outputs, although the amplitude of 

the ETI-induced response is often significantly higher and frequently associated with a 

localized programmed cell death (PCD) response at the site of infection, called the 

hypersensitive response (HR) (15, 195, 202, 203). The HR is often used as a readout for 

ETI activation and is considered as the final phase of plant resistance against invading 

pathogens (202).  Whilst the HR in some cases contributes to restricting the growth of 

biotrophs by reducing access to available nutrients, it also promotes infection by 

necrotrophs that feed on dead tissues. Some necrotrophic pathogens secrete toxins as 

effectors and promote ETI to trigger an HR (204, 205).  HR was shown to alter several 

signaling molecules including Ca2+ fluxes and ROS production (206, 207). 
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Lastly, systemic acquired resistance (SAR) is a systemic defense at distant sites activated 

by transmission of mobile signals originating from the infection site (208, 209).  SAR is 

an evolved, systemic defense response that primes the plant immune system and its 

progeny for systemic resistance against future attack.  The presence of SAR relies on the 

local accumulation of SA that mediates defense gene expression and confers a long-

lasting protection against a broad spectrum of pathogens in the systemic healthy tissues 

of plants (36, 208).  In addition, accumulation of the expression of PR genes was 

observed in SAR, contributing to the maintenance of the state of plant resistance (164). 

Thus, pathogen recognition also induces epigenetic modifications conferring trans-

generational resistance as a result of plant innate immune system (210, 211). 

  



 

 

52 

 

 

 
Figure 1.6: Inducible defense systems in plants.  Perception of MAMPs and DAMPs, by the cognate 
PRRs activates BAK1 and BIK1 and triggers several signaling events in MTI such as MAPK cascades.  
ROS is also generated by the NADPH oxidase RBOHD that is phosphorylated by Ca2+-induced CDPKs. 
RNS, such as NO, are required for generation of PA via both PLD and PLC/DGK pathways. PA can 
interact and modulate the activity of CDPKs, MAPKs and RBOHD/F (90)and can regulate production of 
JA and ET. Bacterial and fungal pathogens may deliver effectors via the T3SS and haustoria, respectively, 
that block MTI. Plants evolved CNLs or TNLs to nullify the effect of the effectors leading to a stronger 
immune response termed ETI that involves transcriptional reprogramming, programmed cell death and 
increased levels of the hormones SA, JA and ET. The effector HopAO1 dephosphorylates the PRR and 
suppresses subsequent immune response. The effectors AvrPto and AvrPtoB suppress immunity by acting 
directly on the MAMP receptors via inhibiting BAK1 kinase activity while the effectors AvrPphB and 
AvrAC inhibit the response by cleaving or uridylylating BIK1. The effectors AvrB, HopAI1 and HopF2 
directly target different components of the MAPK cascades. The TIR-NB-LRR, RPS4 recognizes the 
effector AvrRPS4 and redistributes the EDS1-RPS4 complex between the nucleus and cytoplasm to induce 
defense responses. An example of CC-NB-LRR is RPM1 that recognizes AvrRpm1. Some MAMPs, such 
as flg22, bacterial LPS and harpin (HrpZ1) act as effectors too. Similarly, certain effector proteins such as 
NLPs, BcSpl1 and LysM domain containing proteins such as Ecp6 have a more widespread occurrence and 
function as MAMPs too (212).  
 
I contributed to a review, which has been submitted for peer review to Trends in Plant 

Science Journal.  The review article is presented hereafter. 

Plant immunity: from signaling to epigenetic control of defense 
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Abstract 

Recognition of microbe-associated molecular patterns and effectors results in the 

activation of signaling pathways that induce defense reactions. In plants, pathogen 

recognition not only induces immediate defense gene expression, but also leads to 

priming of defense reactions to subsequent pathogen attacks that may, to some extent, be 

even conveyed to subsequent generations. There is accumulating evidence that this 

immune memory in plants may be mediated by epigenetic mechanisms. We discuss how 

defense signaling pathways can directly exert epigenetic control of defense gene 

expression, thereby providing the basis to understanding how these events can be linked 

at the molecular level. We also examine how defense signaling pathways and epigenetics 

may control plant innate immunity.           
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Immunity, defense and memory 

Plants in their natural environment coexist in an intimate relationship with highly 

dynamic microbial communities, and a major determinant of plant survival and fitness is 

the outcome of such interactions [1].  As a result, plants have developed active, inducible, 

and tightly regulated immune systems that mediate interactions with microbes. Moreover, 

plants have developed a priming system whereby a previous localized attack can be 

memorized, at distal sites, and result in enhanced resistance. For the purpose of this 

review, we only briefly introduce the general concepts of innate immunity, defense 

signaling, and epigenetic memory before reviewing the crossover of these topics.  

 

Plant innate immunity 

Several models have been proposed for describing plant immune responses [2–4]. 

However, all models concur that the innate immune system is based on the perception of 

Pathogen/Microbial-associated Molecular Patterns (PAMPs/MAMPs) and/or microbial 

effector proteins [5–7]. It is generally accepted that the first line of defense reactions in 

plants is triggered by the recognition of PAMPs by cell surface located pattern 

recognition receptors (PRRs). Several PAMPs have been identified, the most commonly 

studied being flg22 (an evolutionarily conserved 22 residue peptide of bacterial flagellin) 

[8], the elf18 epitope of the bacterial elongation factor-Tu (EF-Tu), and chitin (a 

component of fungal cell walls) [9,10]. PAMP or DAMP (Damage-associated Molecular 

Patterns) detection by PRRs triggers a complex network of intracellular signaling 
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cascades, which lead to a series of defense responses known as PTI (PAMP-Triggered 

Immunity)(Figure 1). PTI involves distinct well-characterized physiological phenomena 

such as stomata closure for limiting bacterial penetration, Reactive Oxygen Species 

(ROS) and nitric oxide (NO) production, the limitation of nutritional transfer from the 

cytosol to the apoplast, callose deposition, biosynthesis of antimicrobial metabolites and 

defense hormones, [8,11] (Figure 1). Major plant hormones that regulate defense 

responses include salicylic acid (SA), jasmonic acid (JA) and ethylene (ET). SA plays a 

key role in defense against biotrophic pathogens whereas JA/ET is critical to defense 

against necrotrophic pathogens and herbivores. Although SA and JA/ET pathways often 

function antagonistically, analysis of a SA, JA and ET defective mutant suggests a 

synergistic mechanism where all three hormones contribute to defense [12,13].   

  

Due to the long coevolutionary plant-pathogen history, specialized pathogens 

have developed means to suppress PTI. In this way, pathogenic microorganisms with 

different lifestyles and evolutionary origin, generated a diverse repertoire of effector 

proteins that are translocated into the plant cell, where they can affect protein or gene 

activity and promote disease, a phenomenon known as Effector-Triggered Susceptibility 

(ETS) [2]. However, plants can use transmembrane or intracellular receptors, resistance 

(R) proteins, for the detection of these effectors. Effector recognition leads to Effector-

Triggered Immunity (ETI), a process that highly overlaps with PTI (Figure 1). It is 

generally accepted that in contrast to PTI, ETI induces stronger and long lasting 

responses, thereby inducing programmed cell death, a process known as Hypersensitive 

Response (HR) leading to pathogen resistance [3,11](Figure 1). The high overlap 

between the physiological responses involved in PTI and ETI are, at least partially, due to 
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the convergence presented between the signaling induced by both pathways: several 

proteins have been shown to act downstream of these signaling cascades, as shown for 

the transcription factors SARD1 and CBP60g [3]. This phenomenon leads to the 

activation of common immunity related genes, some of which are used as defense 

markers, including PATHOGEN RESPONSIVE-1 and 2 (PR1, PR2), and FLG22-

INDUCED RECEPTOR KINASE-1 (FRK1)[14,15]. 

 

It is thought that the transcriptional reprogramming, downstream of the signaling 

cascades involved in PTI and ETI, requires the action of a highly diverse group of 

molecules in the plant nucleus. This process includes transcription factors, long non-

coding RNAs (lncRNAs), small RNAs (sRNAs), histone modifiers, chromatin 

remodelers and transcriptional regulatory complexes, within others. Currently, only little 

is known as to how these elements interact with each other to influence transcription, and 

the molecular mechanisms by which they regulate immune responses.        
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Figure 1. Defense signaling in Plants. Perception of MAMPS (flagellin, EF-Tu and chitin by the cognate 
PRRs (FLS2, EFR and CERK) activates several signaling events such as ROS production, NO, Ca2+ flux 
and induction of different protein kinases namely MAPKs, CDPKs. Pathogens deliver effector molecules 
into the plant to suppress these early signaling events. However, certain plant varieties can recognize 
effectors with the help of R proteins (CC-NB-LRR and TIR-NB-LRR) to induce a hypersensitive response 
(HR) and systemic acquired resistance (SAR). Targets that are phosphorylated include the transcription 
factors WRKY33, WRKY8, WRKY29, VIP1, MYB51, MYB34 and ERF104 and the chromatin 
remodeling factors HD2B, GCN5 and SMC1/3. This activation plays a role in transcriptional 
reprogramming and induction of early defense related genes but also to limit pathogen infection and prime 
plants against future attack. Endogenous phytohormones such as SA, JA and Ethylene are also induced and 
contribute to plant immunity.  
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Defense and Epigenetics 

One of the first evidences for epigenomic regulation of plant immunity appeared with the 

description of virus-induced genes silencing (VIGS). In response to viral infections, 

plants are capable of recognizing viral double strand RNA molecules (dsRNAs), inducing 

their degradation into virus-derived small interference RNAs (vsiRNAs) by the DICER-

LIKE PROTEINS DCL2 and DCL4 (referred as post transcriptional gene-silencing, 

PTGS)(Figure 2A). Generally, transcript decay leads to a significant decrease in viral 

protein production, together with increased resistance [16,17]. However, another 

mechanism, transcriptional gene silencing (TGS), adds an extra and more stable —layer 

of defense against DNA viruses [18]. The process by which TGS occurs has been 

denominated as RNA-directed DNA-methylation (RdDM) and involves the deposition of 

repressive methyl groups in cytosines of target sequences. The canonical RdDM involves 

a 24nt siRNA resulting from the activity of DCL3, which is loaded into the AGO4 

protein and directs the RdDM machinery towards the target loci [19,20]. Often, the 

deposition of DNA methylation is correlated to the addition of other repressive marks, 

such as the monomethylation of lysine 9 of Histone 3 (H3K9me), which reinforces the 

repressive effect of methylcytosines [21](Figure 2A). Such correlation can be evidenced 

in Arabidopsis RdDM mutants, where histone methylation levels and virus resistance are 

decreased [22].  

 

PTGS and TGS are critical, but not limited, to virus defense; in fact, plants use such 

mechanisms for the regulation of their own gene expression. For instance, the RdDM 

pathway is essential for the repression of transposable elements (TEs), and its 
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reactivation can have detrimental effects on genome stability and integrity [23,24]. It has 

been proposed that in the absence of an adaptive immune system, plants have developed 

the most complex RNA-based regulation of gene expression within the eukaryotic taxa (4 

different pathways of RNA silencing) in order to defend themselves from foreign nucleic 

acids [25,26]. These pathways have reached such degrees of sophistication in 

angiosperms, that they involve some unique proteins and polymerases essential for TGS 

(NERD, PolIV, PolV RDM1, DMS3, SHH1, inter alia), even when this process is widely 

distributed among eukaryotes [27,28].  

 

It is equally relevant to underscore that DNA viruses are uncommon among plants, 

with single-stranded RNA viruses (ssRNA) as the most widespread group of plant 

viruses. The immune response induced by both, ssRNA and dsRNA (double-stranded 

RNA) viruses, occurring in many cases to the recognition of VAMPs (Virus-associated 

Molecular Patterns), triggers the degradation of their genomes and the consequent 

formation of vsiRNAs. However, dsRNAs can be directly targeted by DCLs (Figure 2B), 

while ssRNA genomes require the action of an RNA-dependent RNA polymerase 

(RDRP) in order to produce a dsRNAs that can be processed by these proteins [29]. 

Recently, it has been evidenced that RNA methylation –specifically N6-methyladenosine 

(m6A) –occurs in the genome of bromovirus infecting Arabidopsis. Furthermore, the 

deposition of this mark on the viral genome has been correlated with the control of viral 

infection in this plant [30] (Figure 2C). A similar phenomenon has been previously 

observed in animal cells, where m6A deposition on the genomes of different flaviviruses 

has been linked to a decrease in viral replication [31,32]. Such results suggest the 
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existence of a new epigenetic level of regulation of innate immunity, common between 

these distant phyla; however, the study of RNA post-transcriptional modifications is a 

particularly new field in plant biology, and only few of the protein complexes involved in 

this process have been depicted [33], imposing several challenges and opportunities for 

understanding new mechanisms regulating immunity in these organisms.  

  

On the other hand, the role of DNA methylation in development and immunity has 

been exhaustively characterized in plants and other organisms [34,35]. As  reviewed by 

Espinas and collaborators, the methylation of DNA has been linked with the regulation of 

PTI in various studies: in general, it has been observed that the mutation or 

downregulation of DNA methylation pathways, both in Arabidopsis (met1-3 and the 

triple drm1-2 drm2-2 cmt3-11 mutants) and rice, leads to increased pathogen resistance 

levels and increased expression of defense-related genes [36]. There is compelling 

evidence indicating that DNA methylation negatively regulates defense in plants; 

however, a recent study in Arabidopsis showed that mutants impaired in the deposition of 

these marks (ddm1, nrpe1, drd1, and cmt3) display increased resistance to the biotrophic 

pathogen Hyaloperonospora arabidopsidis, while presenting a higher susceptibility to the 

necrotrophic fungus Plectosphaerella cucumerina. Coherently, the hypermethylated ros1 

mutant presented an inverse phenotype to one of the studied hypomethylated mutants, 

suggesting that DNA methylation negatively regulates defense responses against 

biotrophic pathogens, while positively regulating immunity against necrotrophs [37].  

 

 As an additional level of complexity of the molecular networks involved in the 
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regulation of immunity, plants count on a considerable number of non-coding RNAs 

(ncRNAs) that have been associated with the transcriptional reprogramming occurring 

during stress responses. According to this, several sRNAS and lncRNAs have been 

reported to participate in TGS and PTGS, regulating several crucial aspects of defense, as 

well as hormone balance [38,39]. miR393 was the first sRNA to be involved in PTI, 

where it downregulates auxin signaling by negatively regulating receptors for this 

hormone [40]. This miRNA has also been related to the regulation of levels of camalexin 

and glucosinolates, secondary metabolites with significant roles in Arabidopsis defense 

[41]. Several other miRNAs have been associated to immunity in various plant species, 

where their role ranges from regulating auxin levels, callose deposition, R gene 

expression, ROS production, amongst others [39,42].  

 

Technical advances in sequencing methods have permitted the identification of 

various lncRNAs that are differentially induced in plants in response to specific stresses. 

These molecules, of more than 200 nt, can affect several cellular processes, including 

TGS, miRNA and protein hijack, transcription regulation of protein-coding genes in cis 

and trans, and the modification of chromatin at diverse levels [43,44]. However, in 

contrast to animals, only few lncRNAs have been functionally characterized in plants. An 

initial study identified various Arabidopsis polyadenylated lncRNAs induced by elf18 

treatment [45]. More recently, the authors characterized one of these molecules for its 

role in regulating immune responses: ELENA1 expression was shown to be induced by 

flg22 and elf18, and plants deficient in their perception did not display any increased 

levels of this lncRNA in response to these PAMPs, showing that ELENA1 transcription 
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occurs as the result of a PTI-induced signaling cascade. Furthermore, in the same study, 

ELENA1 knockdown and overexpressing lines were found to display increased 

susceptibility and resistance to Pst DC3000, respectively. Overexpressor lines of this 

locus presented higher levels of transcription in pathogen responsive genes, such as PR1, 

PR2 and other SA-induced genes, a phenomenon that appears to be occurring due to the 

interaction of ELENA1 and the MED19A subunit of the Mediator complex, which 

mediates the interaction between PolII and transcription factors. Even though there is 

strong evidence indicating that ELENA1 regulates the expression of some PTI-induced 

genes in trans, the mechanisms by which this lncRNA specifically targets these loci still 

remain unknown  [46,47]. On the other hand, through a strand-specific RNA sequencing 

approach, Zhu and collaborators detected several lncRNAs induced in Arabidopsis in 

response to the infection by the fungal pathogen Fusarium oxysporum. In this study, the 

authors detected various NATs (Natural Antisense Transcripts) and 20 Fusarium-

responsive lncTARs (Transcriptionally Active Regions), from which 10 were 

characterized through knockdowns or T-DNA insertions. Knockout mutants for some of 

these lncTARs presented higher susceptibility to this fungus, indicating their role in the 

regulation of defense. Additionally, promoter analyses suggested that some of these 

lncTARs are direct targets of transcription factor responsive to pathogen attack; however, 

and similar to ELENA1, the exact molecular mechanisms by which they act are still to be 

elucidated [48,49]. 

 

 Together with DNA methylation, lncRNAs and sRNAs, histone modifications 

play a significant role in the regulation of transcriptional regulation in eukaryotes. As 
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previously discussed, several chromatin and histone modifiers and remodelers have also 

been associated with plant defense. In fact, immunity seems to be coordinated by 

numerous epigenomic processes and histone posttranslational modifications with both 

antagonistic or synergistic activities over transcription and defense. This is how various 

histone deacetylases and acetyltransferases, methylases, demethylases, ubiquitinases, and 

chromatin remodelers have been found to act on different aspects of immunity, and some 

of them have been described by diverse studies as positive and negative regulators of 

either specific aspects of, or overall immunity [50].  

 

It is thought that histone acetylation, a mark occurring preferentially in lysines, 

perturbs the interactions between nucleosomes, leading to a more accessible chromatin 

and an increased transcription [51]. So far 2 Arabidopsis histone acetyltransferases 

(HATs) and 4 histone deacetylases (HDACs) have been reported to be directly involved 

in the regulation of defense [52–61]. The elongator complex, which facilitates 

transcription by modifying chromatin in a co-transcriptional manner, has been proposed 

to be a positive regulator of immunity. ELP3, its catalytic subunit and a protein with 

acetyltransferase activity, was found to be required for basal immunity and ETI, since its 

mutants show decreased SA levels, delayed defense gene expression, and higher 

susceptibility to P. syringae pv. maculicola (Psm) [61]. Concomitantly, another elongator 

subunit, ELP2, also proved to be necessary for the fast transcriptional reprogramming 

after pathogen attack, and the complete induction of the JA/ET pathway in response to 

necrotrophic fungi: lack of this protein leads to enhanced susceptibility to Botrytis 

cinerea and lack of induction of JA-defense marker genes, including PDF1.2, WRKY33 
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and ORA59 [62,63]. Among the Arabidopsis HDACs, HDA19 and HDA6 were proposed 

to present a redundancy in the regulation of immunity, since both proteins were reported 

as positive regulators of JA-mediated defense, while acting as repressors of SA pathways 

against biotrophs [52–57,64]. Similarly, the SRT2 deacetylase was proposed to 

negatively regulate SA-responses, and its mutant was found to presents increased 

resistance to PstDC3000 [59]. A recent integrative study reported that pathogen-triggered 

SA signaling induces the biosynthesis of nitric oxide (NO), a molecule that physically 

inhibits several histone deacetylases, including HDA19. Consequently, such inhibition 

leads to elevated acetylation levels in several SA-defense genes and their transcription 

[65], a coherent phenomenon with the described negative role of this HDAC over the SA-

mediated defense. It has been proposed that histone acetylation positively regulates SA-

mediated defenses, since most of the studied plant HDAC mutants have been so far 

reported to be more resistant to at least one biotrophic or hemibiotrophic pathogen, 

including the rice deacetylase HDT701 [36,66]. However, a recent study reported that the 

HD2B deacetylase mutant presents increased susceptibility to Pseudomonas syringae pv. 

tomato DC3000 (PstDC3000) [58], indicating that HD2B-mediated deacetylation is 

important for the establishment of appropriate basal defense. Furthermore, the study 

established a direct connection between the signaling of a pathogen to the transcriptional 

reprogramming through histone modifications. HD2B was identified as a direct MPK3 

target that is phosphorylated upon MAMP-triggered activation of the MAPK cascade. 

Once phosphorylated, HD2B is mobilized from the nucleolus to the nucleoplasm to 

perform the deacetylation and fine-tuning of defense responses [58].  
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Several histone methyltransferases and demethylases have been described as 

immunity regulators. In fact, most of the mutants of both types of enzymes display 

compromised resistance to pathogens, suggesting an important role of the regulation of 

histone methylation in defense. However, it does not seem possible to deduce whether 

these marks regulate immunity positively or negatively, as has been previously proposed 

for histone acetylation. This phenomenon may be due to the fact that the impact of 

different histone methylations over transcription is much more varied than that of 

acetylation, which is mostly an activating mark. However, similar roles in the regulation 

of immunity may occur in related proteins. For instance, some proteins belonging to the 

Jumonji-C demethylase family contribute to immunity by repressing the expression of 

negative regulators of defense: Arabidopsis JMJ27 represses WRKY25 and WRKY33 by 

removing H3K9me1/2, while the rice JMJ704 is necessary for the repression of 

OsWRKY66, NRR and Os-11N3 via H3K4me2/3 demethylation [67,68]. Among the 

methyltransferases that have been reported to play a role in immunity we can find ATX1, 

SDG25 and SDG8, mutants of which are defective in basal defense, necrotroph resistance 

and SAR, respectively [69–72].  

 

In recent years, the importance of histone ubiquitination and chromatin 

remodeling in the regulation of defense has become evident; however, these phenomena 

have been much less explored than the previously discussed histone marks. Specifically, 

H2B monoubiquitination (H2Bub1) was found to be necessary for the expression of the R 

genes RPP4 and SNC1 in Arabidopsis, as well as for effective microtubule dynamics in 

response to the fungus Verticillium dahliae [73,74]. Furthermore, the mutation of the 
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HUB1 locus, encoding one of the two Arabidopsis H2Bub1 ligases, leads to an increased 

sensitivity to necrotrophic fungi, confirming the function of these marks in plant defense 

[75]. Similar to HUB1, the Arabidopsis SWI/SNF class chromatin remodeling ATPase 

SPLAYED (SYD) was described to be crucial for defense against B. cinerea but not 

PstDC3000, mediating the expression of JA/ET-responsive genes and being a positive 

regulator of defense against necrotrophs [76]. On the contrary, the SWR1 chromatin 

remodeling complex, which performs the substitution of canonical H2A histones by the 

histone variant H2A.Z, was described as a particular regulator of immunity, since 

mutation of its subunits led to completely different phenotypes: lack of pie1 and swc6 

induced a compromised basal resistance and ETI, while arp6 loss of function enhanced it 

[77,78]. This last phenomenon represents just a hint of the high levels of complexity that 

chromatin organization has reached in the plant kingdom, for the regulation of immunity 

and, most probably, every other physiological process.  

 

Similar to RdDM, histone modifiers and chromatin remodelers have, in most 

cases, a genome-wide function, and are involved in the transcriptional reprogramming of 

highly complex processes such as flowering and immunity. For these reasons, it could be 

argued by some researchers that studying mutants of these proteins for their resistance 

levels to different pathogens, and from this classifying them as positive or negative 

regulators of defense, is both simplistic and dualistic. Alternatively, it could be proposed 

that, as immunity involves an enormous transcriptional reprogramming, it is a highly 

sensitive system, depending on hundreds of proteins and non-coding RNAs regulating 

these transcriptional changes. The elimination of one of these elements could potentially 
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lead to relatively small effects that could be interpreted as immunity phenotypes, even 

when this element is not directly involved in defense. Nevertheless, as the study of the 

epigenetic regulation of immunity in plants is a relatively new field, these 

characterizations, as simplistic as they may seem, represent a first approach towards the 

understanding of the mechanisms.    
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Figure 2. Plant defense against viral pathogens requires de activity of DCL proteins. A. Plants can 
make use of transcriptional gene silencing (TGS), or post-transcriptional gene silencing (PTGS) pathways 
in order to control de replication of DNA viruses. ssDNA viruses, as geminivirus, use the host replication 
machinery in order to produce an intermediary dsDNA molecule. Transcription from these dsDNA by the 
plant PolII leads to the formation of dsRNA molecules that can be recognized by the host immune system. 
Such recognition triggers to the recruitment DCL2 and DCL4, proteins that dice these transcripts into 24 nt 
visRNAs, inhibiting their translation and the consequent formation of viral particles (PTGS). Alternatively, 
these dsRNAs can be processed by DCL3 into 21–22 nt visRNAs, which are loaded onto AGO4 and guide 
the RdDM (RNA-directed DNA methylation) machinery towards the viral genome, where DNA and 
histone methylation marks are deposited, inhibiting its transcription. B. dsRNA viral genomes can be 
directly diced by DCL proteins, including DCL4, inhibiting viral replication. C. The genomes of ssRNA 
viruses are turned into dsRNA molecules through the activity of an RNA-dependent RNA polymerase. The 
resulting dsRNA molecules can be further processed by DCLs into visRNAs. In plants, RNA methylation 
has been recently reported as a mechanism of viral immunity against the Bromoviridae family; however, 
the proteins or complexes that perform such methylation are unknown, as well as the mechanism that 
guides them towards the viral genome. It seems reasonable to hypothesize that the visRNAs resulting from 
the viral genome degradation are implicated in the latter process.      
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Innate Immunity and Epigenetic Memory 

The term “priming” refers to the process by which an acute environmental stress modifies 

the plant responses to a future challenge. This phenomenon was first described in the 

study of biotic interactions, where an initial exposure to a pathogenic microorganism 

leads to a faster and stronger defense response after subsequent attacks, without affecting 

any DNA sequences. However, it is known that this process is also triggered by abiotic 

stresses, including cold, heat, drought and salinity [79,80]. Priming involves a subsequent 

stress memory that is partially mediated by the accumulation of inactive MAP kinases, 

changes in DNA methylation and histone modifications: in fact, MPK3 and MPK6 are 

necessary for full priming of defense genes [81]. There is also evidence that priming can 

affect somatic cells and be temporal (epigenetic sensu lato), or in some few cases, 

chromatin in gametes, having a transgenerational effect (epigenetic sensu stricto). 

However, the latter transgenerational effects have only been observed to be inherited 

through a limited number of generations in a few studies [80].    

 

SAR was shown to induce changes in histone modification levels, especially 

H3K4me2 and H3K4me3, at different loci of pathogen-inoculated and distal tissues 

[72,82]. Both histone marks are generally associated with transcriptional activation and it 

is thought that they poise specific loci for gene expression [82]. Interestingly, one type of 

stress can also prime plants for another stress (cross-priming): for instance, Arabidopsis 

plants exposed to sub-lethal levels of salt, cold and heat were found to be more resistant 

to the infection by bacterial pathogens, and to present modified histone modification 

levels and a more open chromatin state in various PTI gene markers (including WRKY53, 
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FRK1 and NHL10). Furthermore, the histone acetyltransferase 1 (hac1) mutant was 

found to be impaired in the establishment of this cross-stress priming, presenting an 

increased susceptibility than WT plants after abiotic stress challenging [60]. However, 

unchallenged mutants did not display any compromised pathogen resistance, indicating 

that the action of this histone acetyltransferase is indispensable for priming of PTI-genes 

but not for PTI per se [60]. It is pertinent to highlight that, generally, these studies use 

flower dipping or bacterial spraying as inoculation methods, since pathogen infiltration 

does not induce priming; indicating that stomatal regulation is necessary for the induction 

of this process. However, such phenomenon imposes a limitation, since with the dipping 

and spraying methods it is unlikely to ensure homogenous infection levels through the 

plant tissue. Equally, it is virtually impossible to select only infected tissue for 

performing transcriptomic or proteomic studies, a fact that could lead to artifacts and 

discrepancies for studying these processes.   

 

Because of their high energetic cost, defense responses are repressed when 

unnecessary and plants use a sophisticated system to suppress immune processes and 

priming. An Arabidopsis mutant that is deficient in the FAS2 subunit of the histone 

chaperone CAF1 shows constitutive priming of defense genes and is characterized by low 

nucleosome occupancy and increased H3K4me3 levels in defense genes. The importance 

of CAF1-mediated repression of priming can be evidenced in the developmental defects 

presented by the respective mutant, which is considerably smaller and less vigorous and 

fertile than the WT, most probably due to its increased SA responsiveness, which in 

many cases can be associated to a downregulation in auxin signaling [83]. Even when it 
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is less costly for a plant to maintain a primed state instead of a complete defense 

response, it could be advantageous to reset such state after several days of “being 

prepared” for a new stress that may or may not arrive: a constitutive priming could 

eventually represent a fitness cost instead of a benefit [80,84]. 

 

The study of transgenerational memory (epigenetics sensu stricto) of stress is a 

relatively new area of research that presents several difficulties and challenges. However, 

there is some evidence for this poorly understood phenomenon. The heritability of 

priming states has been evidenced with different stresses; however only few studies have 

demonstrated the vertical transmission of defense-induced epialleles. Two studies found 

that PstDC3000-induced epigenomic changes can be inherited to the first and second 

stress-free generations, with several SA-responsive promoters hyperacetylated in H3K9, 

and showing higher pathogen- and SA- responsiveness (Figure 3) [85,86]. A similar 

phenomenon was observed with herbivore-induced priming (which triggers JA-defense 

pathway in a similar way to necrotrophs), a phenomenon where the progeny (F1 and F2) 

of caterpillar-attacked Arabidopsis and tomato plants displayed increased herbivore 

resistance in a JA-dependent fashion [87]. More recently, a study performed in common 

bean (Phaseolus vulgaris), found that the PTI marker pvPR1 gene can be primed after the 

attack by Pseudomonas syringae pv. phaseolicola, and the new epiallele transferred to its 

progeny. The authors propose that this fact could be exploited by crop breeders, who 

could intentionally prime plants before crossing them and select for epialleles conferring 

increased disease tolerance [88]. Such a mechanism could offer interesting possibilities; 

however, so far, there are no reports of stable pathogen-induced priming persisting 
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through more than two generations, what could impose a limitation for fixing desired 

epialelles in agronomic populations. We could hypothesize that this long-term 

transgenerational instability of stress-induced priming could occur due the energetic cost 

of maintaining this priming in the absence of stress. Upon several generations without 

stress, the selection force driving the maintenance of a primed state would disappear, 

leading to a resetting in the epigenomic state of the former primed loci.            

 

 

Figure 3. Transgenerational transmission of pathogen-induced priming. Even when there is limited 
evidence for the vertical transmission of pathogen-induced epialleles, this phenomenon has been reported 
by a growing number of groups, performed in diverse plants. It is has been proposed that SAR, induced by 
pathogen detection, triggers a systemic priming of pathogen-responsive genes, which includes changes in 
histone methylation and acetylation levels in their promoter sequences. The newly generated epialleles, 
present in reproductive tissue, can be inherited to the progeny, where they display higher inducibility than 
the original epialleles upon pathogen attack, conferring increased resistance to disease. The extent to which 
such pathogen-induced transgenerational effect is stable through generations remains to be determined, 
since it could represent a considerable energetic cost in the absence of pathogen attack. 
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Concluding Remarks 

There is still a considerable lack of studies establishing the mechanisms by which 

signaling is linked to the epigenetic memory of plant defense. It is evident that we still 

have a long way towards understanding the exact function of the epigenomic machinery 

in the regulation of defense and other biological processes. Furthermore, with the current 

molecular technologies, we are able to generate correlations between a specific input (or 

stimulus), a genotype, and an output (phenotype); nevertheless the majority of cellular 

molecules, mechanisms, interactions and steps that drive physiological responses are still 

to be understood. For instance, in animal cells it is known that the activation of MAPK 

transduction pathway can lead to phosphorylation of target histones 3 [89,90]. 

Nonetheless, so far, no direct MAPK histone phosphorylation has been observed in 

plants. This phenomenon could be due to both equally interesting reasons: either we have 

not been able to detect these modifications due to technical challenges, or the innate 

immune systems of plants and animals have diverged in this aspect, generating a highly 

relevant evolutionary question. However, the innate immune system of plants, animals, 

and humans may harbor more similarities than hitherto assumed. In vertebrates, that 

dispose of an innate and adaptive immune system, the dogma that long lasting immunity 

is only conveyed by T and B cells has been challenged by recent work [91], suggesting 

that immune memory is also provided by the innate immune system. These findings add 

massive interest to understand how plants and invertebrates, that dispose only of an 

innate immune system, cannot only defend against an acute attack, but may use previous 

information to respond more effectively to subsequent challenges. Understanding the 

epigenetic basis of innate immune memory, and until which degree it may be 
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transgenerational, may thus result in unexpected ‘vaccination’ strategies, both in humans 

and in agriculture.  
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Glossary 

MAMPs: Microbe-associated molecular patterns, molecules that are typical for a microbe 

and foreign to a plant 

PRR: pattern recognition receptor, a sensor that detects the presence of a MAMP 

MTI: MAMP-triggered immunity, defense responses that are triggered by MAMP-

triggered PRR 

ETI: effector-triggered immunity, defense responses that are triggered by the direct or 

indirect recognition of a effector by a resistance protein    

SAR: systemic acquired resistance, defense responses that are triggered in the entire plant 

and over a longer period of time 

PR proteins: pathogenesis-related proteins, triggered in response to MTI and ETI  

VIGS: virus-induced genes silencing, defense response of a plant against viral infection  

TGS: transcriptional gene silencing, inhibition of expression of foreign or transgenes 
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1.5. Model organisms 

1.5.1. Arabidopsis is an excellent model plant for studying plant-pathogen 

interactions 

In the plant sciences, most of our knowledge of genetic mechanisms underlying 

organismal function has come from studies on the plant model organism Arabidopsis 

thaliana (213). A. thaliana was chosen as the model organism for this project because it 

has a small genome, a short life cycle, produces a lot of seeds, and is logistically 

attractive for genetic work because it is easy to transform and self-pollinates. Moreover, 

clear protocols have been established for genomic studies, and the complete genome 

sequence for A. thaliana has been determined (214). Moreover, large insertion mutant 

collections are available to the public as useful tools in determining gene function 

through reverse genetics approaches. This plant model has been also used to study plant-

pathogen interactions over the last 20 years. 

 

1.5.2. Virulent Pseudomonas syringae strains 

The model pathosystem of A. thaliana-Pseudomonas syringae defines critical plant-

pathogen interactions for studying the molecular basis of plant innate immunity. P. 

syringae is a Gram-negative pathogen that infects a wide range of economically 

important crops causing range of diseases, including blights, leaf spots and galls (215). 

The major determinant of P. syringae virulence involves the secretion of effectors into 

the host cytosol by the type III secretion system targeting important host components to 

impair plant immunity (216). The strain used in this study in the hemibiotrophic P. 

syringae pv. tomato DC3000 that infects tomato and Arabidopsis (217). 
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2. Ras GTPase-activating protein SH3-domain-binding proteins (G3BPs)  

2.1. Introduction  

The RasGAP SH3 domain binding proteins (G3BPs) are a highly conserved family of 

proteins found throughout eukaryotic evolution.  These highly homologues proteins seem 

to coordinate signal transduction and posttranscriptional gene regulation. G3BPs are 

comprised of two functional domains that are conserved among all eukaryotic G3BP 

family members. An N-terminally located Nuclear Transport Factor 2 (NTF2) domain, 

which is a small homodimeric protein domain that is involved in RanGTP-dependent 

nuclear import of proteins through the nuclear pore complex. This domain is highly 

conserved in G3BPs that mediates the nuclear localization of G3BPs, which are 

predominantly cytoplasmic proteins (218, 219). The interaction between NTF2 and Ran 

is crucial for efficient nuclear protein import. The small RanGTPase is critical for 

nucleocytoplasmic transport that switches inactive GDP bound form that is 

predominantly cytoplasmic to the active GTP bound form in the nucleus. Thus, cycling of 

the nucleotide-bound state of Ran forms a gradient that stimulates nucleocytoplasmic 

transport and acts as a cellular marker in distinguishing between the nuclear and 

cytoplasmic compartments of the cell in the transport machinery (Figure 1.7) (220).  

Thus, mutants in either NTF2 or Ran disrupt the NTF2-mediated import of nuclear 

protein (221, 222).  NTF2 was first identified as a factor that stimulates efficient import 

of proteins into the nucleus (223).  It was shown that the NTF2 domain is not only 

important for nuclear localization, but is also essential for auto-aggregation, which 

facilitates the recruitment of the protein to the stress granules (SGs) (224).   
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The C-terminal canonical RNA Recognition Motif (RRM) is involved in RNA binding. 

RRMs are structural domains identified by two short, loosely conserved motifs, 

octapeptide RNP1 and hexapeptide RNP2 (225).  Various mRNA-binding proteins play a 

role in the assembly of transcript-specific RNA-protein complexes, named messenger 

ribonucleoprotein particles (mRNPs) and untimely regulation of gene expression. 

Messenger ribonucleoprotein particles are dynamic ultrastructures involved in controlling 

all features of mRNAs including nuclear processing, transport, translation, metabolism, 

and decay. The importance of post-transcriptional gene regulation relies on RNA-binding 

proteins (RBPs) that play a critical role in the regulation of gene expression, a feature that 

in turn relies on their conformational plasticity and their capacity to interact with distinct 

target (226, 227).  Post-transcriptional gene regulation is a major factor contributing to 

the discrepancy between the transcriptome and proteome indicating that mRNAs are 

subjected to several modifications before functional proteins are produced (Figure 1.8) 

(228). Several RNA-binding proteins interact with a range of signal transduction 

components that facilitate rapid cellular responses to environmental stimuli as a part of 

gene regulation at the post-transcriptional level. Moreover, multiple signaling pathways 

regulate the mRNA translational machinery. For instance, phosphorylation may control 

mRNA translational activity, turnover, decay, or localization (229). 
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Figure 1.7: NTF2 in nuclear trafficking.  NTF2 binds RanGDP in the cytoplasm and translocate through 
NPCs into the nucleus where RCC1 recharges Ran with GTP.  The RanGTP is then exported to the 
cytoplasm attached to carrier molecules where its nucleotide is hydrolyzed to GDP by RanGAP1 in 
conjunction with RanBP1 (220).  
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Figure 1.8: How shuttling mRNA binding protein regulate gene expression (228). 
 

The G3BPs also contain an RGG (arginine-glycine rich) domain that isoften found in 

RNA-binding proteins to facilitate RNA binding (230). It has been shown that RGG 

domains have an influence on nuclear translocation (231).  Moreover, the region of 

highest variability among G3BPs is the central region that comprises a varying number of 

proline-rich (PxxP) motifs and an acid-rich domain.  PxxP is the minimal consensus 

target site for SH3 domain binding, which is a small protein interaction module that is 

essential for signal transducers.  The variability in the proline-rich domain among G3BPs 

suggests different interacting signaling partners (232-234). A linear representation of 

protein structure of G3BPs is illustrated in (Figure1.9). 
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Figure 1.9: G3BPs predicated domain structures.  Nuclear Transport Factor 2 (NTF2), RNA 
Recognition Motif (RRM), proline rich (PxxP) motifs and an acid-rich domain, and RGG (arginine-glycine 
rich) domains. 
 

2.2. G3BPs in Mammals 

Mammalian G3BPs are highly conserved multifunctional RNA-binding proteins that link 

kinase receptor-mediated signaling to RNA metabolism. G3BPs are located in stress 

granules (SGs), and contribute to their assembly and stability (235).    Stress granules 

(SGs) are cytoplasmic nucleoprotein aggregates that are dynamic dense structures rapidly 

formed in response to a variety of environmental stress stimuli. Extensive mRNA 

metabolism reprogramming is induced upon stress conditions including the induction of 

transcription and translation of stress-related genes. Some other genes are silenced upon 

stress by the recruitment of mRNAs into SG that are stalled in the pre-initiation 

translation complexes. Upon recovery from stress, SGs are disassembled and mRNAs are 

released into a translationally active form leading to protein synthesis (236). 

Alternatively, stalled transcripts are degraded in another granular structure named the 
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processing body (P body). Thus, the formation of SGs has been described as a cellular 

defense response that plays a role in the inhibition of abnormal transient protein synthesis 

upon stress (237, 238). Several components of SGs have been studied, but their 

composition is not fully understood. SGs are comprised of mRNAs with translation 

initiation factors, including eIF2, eIF2B, eIF4E, the 40S ribosomal subunit, and RNA 

binding proteins (239). Many RNA-binding proteins localize to SGs and most of them are 

used as markers for these cytoplasmic structures. Studies using SG proteins as markers 

suggest that SG proteins are either distributed in the cytoplasm or localized in the nucleus 

under normal conditions, but aggregate in the cytoplasm during stress (236, 240).  

 

In mammalian cells, one of the downstream events upon stress (heat, oxidative, nutrient, 

or osmotic stress) is the phosphorylation of the translation initiation factor eIF2α by 

protein kinases that trigger the formation of SGs. The assembly and stability of SGs is 

dependent on the RNA binding ability of the Ras-GAP SH3 domain-binding protein-1 

(G3BP1), which has been the most widely studied and commonly used molecular marker 

of SGs (224). Thus, G3BP1 plays a role in determining the fate of mRNAs during 

cellular stress (225).  G3BP1 interacts with 40S ribosomal subunits through the RGG 

motif, which is also required for G3BP-mediated SG formation.  Cells lacking G3BP1 are 

compromised in the formation of SGs in response to eukaryotic initiation factor 2α 

phosphorylation or eIF4A inhibition, but are SG-competent upon heat or osmotic stress 

(241).  

 

Viruses have the ability to manipulate host machineries and processes in order to 
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facilitate successful infection. Virus-host interactions interfere with host transcriptional 

controls, cell death pathways, cell signaling, protein turnover and defense pathways. An 

increasing amount of literature demonstrates the key role of SGs in anti-viral defense 

mechanisms. Upon viral infection, SGs have been shown to play both anti-viral and pro- 

viral functions. The formation of SGs was shown to be stimulated by some viral 

infections that are associated with cellular defense responses. SG accumulation during 

cellular stress activates innate immune responses. Viral proteins interact with G3BP. 

Some viruses, such as the positive-sense ssRNA alphavirus Semliki Forest virus (SFV), 

which is responsible for a considerable number of human and animal diseases, have 

developed mechanisms to interact with G3BP and sequester it into viral RNA replication 

complexes preventing the formation of SGs in order to block the activation of innate 

immune responses. In contrast, other viruses developed mechanisms to take advantage of 

the SGs and utilize SGs and their respective components for viral replication (242, 243). 

 

2.3. G3BP in Yeast 

Bre5 was identified as Saccharomyces cerevisiae homologue to human G3BP1. USP10, a 

human UBP, which is a ubiquitin-specific processing protease, was shown to interact 

with G3BP1. De-ubiquitination enzymes are a large group of proteases that 

cleave ubiquitin from proteins and other molecules, which play a role in the regulation of 

several cellular functions.  De-ubiquitination is catalysed by de-ubiquitinating proteases 

(DUBs) that are divided into ubiquitin carboxy-terminal hydrolases (UCHs) and 

ubiquitin-specific processing proteases (USPs or UBPs). Bre5 contains the two conserved 

domains in G3BPs, a conserved N-terminal that is related to NTF2 and an RNA-binding 



 

 

88 

domain in the C-terminus. High-throughput double- hybrid analysis of the yeast genome 

showed interactions between Ubp3 and Bre5, the yeast homologues of USP10 and 

G3BP1, respectively. Thus, the interaction between G3BP1 and USP10 appears to be 

conserved between their homologous yeast proteins Bre5 and Ubp3. Results from two-

hybrid assays, co-immunoprecipitation, and recombinant purified glutathione S-

transferase (GST) demonstrated that the NTF2 domain in the N-terminal of Bre5 is 

responsible for the binding and interaction with Ubp3 to form an active de-ubiquitination 

complex.  The NTF2 domain of Bre5 was found also to be important for the functional 

interaction between BRE5 and SFB3, which is necessary in the COPII vesicle budding 

that facilitate the export of newly synthesized proteins from the endoplasmic (244).  

 

2.4. G3BPs in Arabidopsis 

G3BPs are found in all eukaryotes and evidence indicates that G3BPs function in a cell 

type-specific manner, as downstream targets of several signaling pathways that play roles 

in regulation of gene expression (225).  G3BPs are essential for SG formation, which are 

protein-mRNA complexes that form part of defense responses to biotic and abiotic 

stresses (245).  Characterization of plant SGs and their role upon stresses is poor.  

Independent identifications of different members of the G3BPs in Arabidopsis by several 

groups and the use of different naming systems have inhibited progress on these proteins. 

AtG3BP-like protein (At5g43960) was identified as an Arabidopsis thaliana protein 

homologue to HsG3BP containing NTF2 and RRM domains. AtG3BP-like protein is a 

stress granule component that plays a role in Arabidopsis virus resistance. It has been 

shown that SG formation and function is conserved between mammalian and plant cells 

during stress. AtG3BP-like protein fused to GFP was co-localized with TZFI, which is a 
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plant SG marker protein. The formation of SGs was observed upon transient expression 

of AtG3BP-like protein fused to GFP upon stress (heat shock or chemical treatment).  

AtG3BP-like protein also has a RGG motif in its C-terminal similar to HsG3BP, which 

interacts with 40S ribosomal subunits mediating the formation of SG. Moreover, plant 

viruses have the ability to bind to AtG3BP-like protein homologue of HsG3BP 

preventing the formation of SGs, as it has been shown in mammals. Co-localization of 

the nuclear shuttle protein (NSP) of the begomovirus abutilon mosaic virus (AbMV) and 

pea necrotic yellow dwarf virus (PNYDV) with AtG3BP-like protein was observed in 

plant cells during stress. AtG3BP-like protein was also shown to interact with UBP24, 

the putative plant homologue to mammalian USP10 that inhibits SG formation upon 

binding to G3BP (246).  
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II. RATIONALE AND OBJECTIVES 

1. The identification of MAPK substrates in plant innate immunity 

Although the research on pathogen-triggered plant defense signaling networks involving 

the activation of MAPKs via phosphorylation cascades, and the progress that has been 

made in the field is impressive, novel approaches are needed to fully understand defense-

signaling network. MAPKs are implicated in a myriad of cellular signaling processes in 

eukaryotic cells ranging from regulating the cell cycle, growth and development and in 

responses to biotic and abiotic stresses (152, 247).  To gain an insight into this signaling 

process mediated by dynamic phosphorylation events, it is essential to elucidate the 

sequential steps involved and to assign the downstream phosphorylation targets to their 

upstream kinases.  Plants like other eukaryotes have multiple MAPKKKs, MAPKKs and 

MAPKs which makes it difficult to assign the upstream kinases to their downstream 

kinases and as a consequence to the downstream substrates phosphorylated by the 

kinases. With the redundancy at each level of the MAPK signaling pathway the repertoire 

of MAPK substrates runs into a few thousand substrates if not more. But so far only a 

few tens of substrates have been identified. What makes their identification a difficult 

task is that while components of the MAPK cascades from MAPKKKs to MAPKs are 

evolutionarily conserved across eukaryotes, the same cannot be said about their 

downstream targets.  

 

So far, most of the MAPK targets identified have come fromtargeted biological 

experiments or courtesy of scientific serendipity. Several biochemical and genetic 

approaches have been used to identify bona fide MAPK substrates that are involved in 
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several cellular functions in Arabidopsis. Recently, there have been several systematic 

attempts on a large scale towards the identification of MAPK target proteins by several 

research groups using different in vivo and in vitro approaches, including yeast two-

hybrid assays, protein microarrays, peptide microarrays and in-gel kinase assays. 

However, these approaches may not allow for the identification of specific protein 

phosphorylation sites (248-250). More recently, phosphoproteomic approaches have 

identified in vivo MAPK downstream targets (76, 251-253). Our group performed an in 

vivo phosphoproteomic study and identified several potential proteins in Arabidopsis. 

thaliana that are differentially phosphorylated by defense-related MAPKs upon a 15-

minute flg22 treatment (97). The method is based on quantitative LC-MS/MS analysis to 

identify differentially phosphorylated cytosolic and nuclear targets of MPK3, MPK4 and 

MPK6. 

 

2. Scope of the project 

The large-scale phosphoproteomic data analysis revealed 198 phosphoproteins of which 

52 novel phosphosites identified after flg22 treatment that were either sensitive to flg22 

or the genetic background.  From gene ontology studies these phosphoproteins belong to 

proteins mainly involved in chromatin remodeling, transcriptional regulation of gene 

expression, RNA splicing and miRNA biogenesis.  For in depth characterization of some 

of the putative substrates several criteria were used to shortlist the most interesting 

candidates. These criteria are  
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a) F/M ratio, where F is the abundance of a given phosphopeptide-X in the flg22-treated 

sample compared to the abundance of the same phosphopeptide in the mock-treated 

sample 

b) The number of SP/TP sites present in the protein of interest  

c) The length of the protein for ease of expression and purification from E. coli  

d) The availability of T-DNA insertion mutants for functional analysis 

e) Known substrates of MAPKs were eliminated from the list 

 

Based on the above-mentioned criteria, AtG3BP1 was chosen as my PhD project. It is 

now important to assign AtG3BP1 to specific kinases and to reveal its role in plant innate 

immunity.  In the scope of the large project, the milestones that need to be achieved are: 

Characterize AtG3BP1 and understand its role in the immune response 

Assign AtG3BP1 as a substrate to its corresponding MAPK 

Unravel the role of AtG3BP1 in the MAPK signaling pathway and in the regulation of 

gene expression in the context of biotic stress. 

 

For this purpose, I followed the below strategy for the analysis of the AtG3BP1 
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Scheme 2.1: Strategy for the analysis of the putative MAPK candidate 
 

 
 

The biochemical analysis of AtG3BP1 by phosphorylation and interaction assays is 

designed to validate the phosphoproteomics approach.  Characterizations of AtG3BP1 are 

done through functional analysis of loss-of-function and overexpressor lines.  Various 

genetic and biochemical assays are done to understand the role of AtG3BP1 as a putative 

MAPK substrate in pathogen signaling and plant immune response.  
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III. MATERIALS AND METHODS 

1. Materials 

1.1. Plant materials 

1.1.1. Arabidopsis thaliana 

All experiments were performed using Arabidopsis thaliana (A. thaliana) ecotype 

Columbia-0 (Col-0) (NASC ID: N1092). 

Mutant A. thaliana lines used in this study 
Mutant Accession Mutagen Reference/Source 

Atg3bp1-1 Col-0 T-DNA SAIL_1153_H01 

Atg3bp1-2 Col-0 T-DNA SALK_027468 

sid2-1 Col-0 EMS (254) 

 

Transgenic A. thaliana lines used in this study 
Name Accession Construct Reference/Source 

AtG3BP1 OE2 Col-0 Pro35S: AtG3BP1-GFP This study 

AtG3BP1 OE3 Col-0 Pro35S: AtG3BP1-GFP This study 

AtG3BP1-Gus Col-0 Pro AtG3BP1: Gus This study 

 

1.1.2. Nicotiana benthamiana 

Nicotiana benthamiana (310A) plants were used for transient expression studies by 

Agrobacterium mediated transformation of leaf tissue. 

 

1.2. Bacterial stains 

Bacterial strains used for cloning, stable transformation of Arabidopsis, pathogen assay, 

and stomata aperture studies are listed below 
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Agrobacterium tumefaciens 

Strain Purpose Source 

Agrobacterium 

tumifaciens C58 
A. thaliana transformation, transient expression in N. benthamiana ATCC 33970 

 

Pseudomonas syringae pv. tomato (Pst) DC3000 

Strain Purpose Source 

pst DC3000 Inoculation of A. thaliana Jane Parker Lab 

pst DC3000 hrcC- Inoculation of A. thaliana Jane Parker Lab 

pst DC3000 COR- Inoculation of A. thaliana Jane Parker Lab 

 

Escherichia coli 

Strain Purpose Source 

DH10B Plasmid amplification Invitrogen 

 

1.3. Vectors and constructs  

Vectors and constructs used in this study are listed in Annexure Table 7.1. 

 

1.4. Oligonucleotides 

Primers used in this study are listed in Annexure Table 7.2. Lyophilised primers, 

synthesized by Sigma-Aldrich, were resuspended in sterile water to a final concentration 

of 100µM. Working stocks were diluted in ddH2O to 10µM.  
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1.5. Enzymes  

Standard PCR reactions were performed using Hot Star Taq DNA Polymerase from QIAGEN.  

For   higher accuracy Phusion High-Fidelity DNA Polymerase was used to generate PCR 

products for cloning and/or sequencing.  Enzymes and suppliers are listed below:  

Enzyme Supplier 

Hot Star Taq DNA Polymerase QIAGEN 

Phusion High-Fidelity DNA Polymerase New England Biolabs 

pENTR/D-Topo vector topoisomerase 1 Thermo Fisher Scientific 

Gateway LR Clonase Thermo Fisher Scientific 

 

1.6. Antibiotics 

Antibiotic stock solutions (1000x) were prepared as indicated below and stored at -20°C.  

Aqueous solutions were filter sterilized. 

Name Description 

Ampliciline 100mg/ml in dH2O 

Kanamycin 50mg/ml in dH2O 

Gentamycin 25mg/ml in dH2O 

Spectinomycin 50mg/ml in dH2O 

Rifampicin 100mg/ml in DMSO 

Hygromycin 50mg/ml in dH2O 

 

1.7. Media 

Media were sterilized by autoclaving for the growth of bacteria and Arabidopsis.  

Antibiotics were added into the media after cooling down.   
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Escherichia coli media Luria-Bertani (LB) broth or agar plates; SOC 

Agrobacterium tumefaciens media Luria-Bertani (LB) broth or agar plates 

Pseudomonas syringae media 
NYGA ((5g/L bactopeptone, 3g/L yeast extract, 20 mL/L 

glycerol, and 15 g/L agar) 

Arabidopsis thaliana media Murashige and Skoog (MS) agar plates 

 

1.8. Antibodies 

Antibodies used for western blot are listed below: 

Primary antibody α –pTpY rabbit polyclonal 1:5000 

Secondary antibody rabbit α -goat IgG-HRP HRP-conjugated 1:20000 

 

1.9. Bioinformatic tools 

• The Arabidopsis Information Resource (TAIR) (https://www.arabidopsis.org) 

• T-DNA Express: Arabidopsis Gene Mapping Tool (http://signal.salk.edu/cgi-

bin/tdnaexpress) 

• RIKEN ARABIDOPSIS Full-Length Clone Database 

(http://www.brc.riken.go.jp/lab/epd/plant/cdnaclone.cgi?db=imdpaiwgxkpn&key

0=&key1=&key2=&key3=&curt=703) 

• qPCR primer designing tool-NCBI-NIH 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) 

• Mann-Whitney U Test Calculator 

(http://www.socscistatistics.com/tests/mannwhitney/Default2.aspx ) 

• Venn’s diagrams drawing tool (http://bioinfogp.cnb.csic.es/tools/venny/) 
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• agriGO: GO analysis toolkit and database for agricultural community 

(http://systemsbiology.cau.edu.cn/agriGOv2/ ) 

• Volcano Plot https://paolo.shinyapps.io/ShinyVolcanoPlot/ 

• Protein sequence analysis and classification (InterPro) 

(https://www.ebi.ac.uk/interpro/entry/IPR002075/taxonomy 

• Alignment search tool (BLAST-Protein blast) 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) 

• MEGA7 for conducting phylogenetic tree  (http://www.megasoftware.net) 
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2. Methods 

2.1. DNA methods  

2.1.1. Bacterial transformation 

2.1.1.1. E.coli transformation  

20µ of competent cells DH10B were mixed with 100 ng of plasmid DNA and incubated 

for 15 minutes on ice.  Bacteria were subjected to heat shock at 42°C for 45 seconds on 

water bath and immediately transferred to ice for another 2 minutes.  100µl of SOC was 

added and the cells were incubated for 1 hour at 37°C with gentle shacking.  50 µl of cell 

suspension was plated on LB agar with appreciate antibiotic and incubated overnight at 

37°C.  Colonies were picked and inoculated in 10 ml LB with appropriate antibiotic for 

bacteria multiplication and glycerol sock.   

 

2.1.1.2. A. tumefaciens transformation  

500ng—1 µl of plasmid DNA was mixed with 50µl of electro-competent A. tumefaciens 

C58 cells and kept on ice for 5 minutes.  The mixture was transferred into an 

electroporation cuvette on ice (1 mm electrode distance).  Electroporation was performed 

with the BioRad Gene Pulse™ apparatus, which was set to the standard A. tumefaciens 

setting (25 µF, 2400 V, and 200 Ω).  After the pulse, the cells were recovered quickly on 

ice in 500 µl LB broth and transferred to a 2 ml microcentrifuge tube and incubated for 2 

h at 28°C with shaking (600 rpm). 50 µl of the transformation mixture was plated onto 

LB agar plates containing appropriate antibiotic. 
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2.1.2. DNA extraction from bacteria and plants  

For isolation of Arabidopsis genomic DNA, 1-2 young cauline leaves were placed into 2 

ml microcentrifuge tube together with 2 steel beads, frozen into liquid nitrogen and 

homogenized 2x1 min at (20 Hz for 30 s) using a Tissue-Lyser.  Samples were 

centrifuged for 1 min to pellet the plant powder. 300 µL DNA Extraction Buffer (200 

mM Tris-HCl pH 7.5, 250 mM NaCl, 25 mM EDTA, 0.5% SDS) was added to the 

powder.  Samples were vortexed and centrifuge for 5 min to pellet the debris. 75 µL of 

sample supernatants were mixed with 75 µL isopropyl-alcohol 100%, mixed, incubated 5 

min at RT, and then centrifuged for 1h at RT at maximum speed. Then, samples were 

dried at 37°C for 40 min. The pellets were washed with 250 µL 70% ethanol, vortexed, 

and centrifuged for 10 min at RT at 4000 xg.  The ethanol was removed and the pellets 

were allowed to air dry.  Finally, the pellets were resuspended in 100 µL sterile H2O, 

incubated for 30 min at 37°C, and centrifuged for 2 min.  Samples were used for PCR 

right away or stored at -20°C. 

 

High quality plasmid DNA was isolated from bacteria by using the modified alkaline cell 

lysis procedure using QIAGEN plasmid kit (Cat. No. 27106) according to the 

manufacture instructions.  

 

2.1.3. Polymerase chain reaction (PCR)  

Standard PCR reactions were performed using Hot Star Taq DNA Polymerase 

(QIAGEN) (Cat. No. 203203).  For cloning of PCR products, Phusion High-Fidelity 

DNA Polymerase (New England Biolabs) (Cat. No. M0530L) was used according to the 



 

manufacturer instructions.  PCRs were carried out using C1000 Touch Thermal Cycler 

(BIO-RAD). 

 

2.1.4. Agarose gel electrophoresis for DNA migration 

Gels were prepared with 1–2% (w/v) ULTRA PureTM Agarose (Invitrogen) in 1xTAE 

buffer.  Agarose was melted in TAE buffer by heating in a microwave.  Molten agarose 

was cooled to 50° C and SYBR Safe DNA gel stain (Invitrogen) was added to a final 

concentration of 0.75µl/10 ml of the gel.  The agarose was poured on to a casting tray and 

allowed to solidify before being placed in TAE in an electrophoresis tank. DNA samples 

were mixed with DNA loading dye (6x), loaded onto an agarose gel, and run at 100 V.  

Separated DNA fragments were visualized on a ChemoDoc MP Imaging System (BIO-

RAD) and imaged.  I kb Plus DNA ladders (Invitrogen) (Cat. No. 10787-018) were used 

as DNA size standards.   

 

2.1.5. Site directed mutagenesis 

PCR reaction with primers containing the designed mutation was carried out with 5-20 ng 

of the template DNA plasmid using Phusion High-Fidelity DNA Polymerase (New 

England Biolabs).  After the PCR reaction, the DNA was digested with Dpn1 (Promega) 

that selectively degrades the methylated (non-mutated) parental DNA.  5 µl of the 

purified DNA was mixed with 1 µl of Dpn1 (10U/ µl) and incubated at 37 ° C for 1h.  

The entire digest was then transformed in to E.coli.  by heat shock.  Transformants were 

selected and checked by sequencing. 
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2.1.6. Cloning of DNA fragments in to pENTR/D-Topo vector 

All the cloning work described in this study was preformed using Gateway technology. 

DNA fragments generated by PCR were transferred into pENTR/D-Topo entry vector 

using the pENTR/D-Topo cloning kit (Invitrogen) (Cat. No. K2400-20) according to the 

manufacturer’s instructions.  2 µL of the resulting product were used for transformation 

into E.coli.   

 

2.1.7. Site specific recombination of DNA in Gateway-compatible vectors 

LR reaction between the entry clones and the Gateway destination vectors were 

performed using Gateway LR clonase II enzyme (Invitrogen) (Cat. No. 11791-020) 

according to the manufacturer’s instructions.  2 µL of the resulting product was used for 

transformation into E.coli.   
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2.2. RNA methods 

2.2.1. Isolation of total RNA from A. thaliana 

14 days Arabidopsis seedlings grown on ½ MS agar were frozen in 2 mL microcentrifuge 

tube together with 2 steel beads in liquid nitrogen and homogenized 2x1 min at (20 Hz 

for 30 s) using a Tissue-Lyser.  Samples were centrifuged for 1 min to pellet the plant 

powder.  Total RNA was extracted using NucleoSpin® Plant RNA kit (REF 740949.50, 

LOT 1609/001) according to manufacturer’s instructions.  Quantification of RNAs was 

carried out using a NanoDrop. 

 

2.2.2. Reverse transcription (RT) reaction and qPCR 

First-strand complementary DNA was synthesized from 1 µg of total RNA using reverse 

transcriptase, SuperScript® III First-Strand Synthesis SuperMix kit (Invitrogen) (Cat. No. 

11904-018) following manufacturer’s protocol. For reverse transcription, oligo (dT) 

primers were used.  cDNAs were diluted 10 times with autoclaved H2O.    

 

Quantitative RT-PCR (qRT-PCR) analyses were preformed using SsoAdvanced 

Universal SYBR Green Supermix (BIO-RAD) (Cat. No. 172-5247).  2 µL diluted cDNA 

were mixed with 5 µL SYBR Green Supermix and 2 µL 330nM primers mix.  Technical 

triplicates were performed for every individual reaction.  qPCR reactions were carried out 

in CFX96 Real-Time System C1000 Touch Thermal Cycler PCR (BIO-RAD).  Data 

were analyzed using Bio-Rad CFX manager software. AT3g18780 (Actin) and 

At4g05320 (UBQ10) were used as reference genes for normalization of gene expression 

levels in all samples. Normalized gene expression was expressed relative to wild-type 
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controls in each experiment (expression level = 1).  

 

2.2.3. RNA-seq and RNA-seq data analysis 

For the RNA-seq data generated in this study, mRNA sequencing libraries were prepared 

using the TruSeq RNA Sample preparation Kit (Illumina). Three independent biological 

replicates were carried out. RNA-seq sequencing was performed on HiSeq 4000 platform 

resulting in 150 bps paired-end reads. Approximately 40 million reads were obtained for 

each sample. Reads were quality checked using FASTQC v0.11.5 (255).  Adapters and 

reads with low sequencing quality were filtered using Trimmomatic 0.36 (256), retaining 

first 100 bps and by using other default settings for paired-end sequences. The trimmed 

reads were then aligned to the Arabidopsis reference genome (TAIR10) using Tophat 

v2.1.1 (257, 258) with –N 2 –g 1. The annotation file was provided as reference for reads 

alignment. MultibamSummary from deepTools2 package (259) was used on the bam files 

derived from the previous step, to check for the correlation between the replicates. 

Summary of read counts at gene level was calculated using feature Counts v1.5.1 (260).  

Cufflinks v.2.2.1 (258) was used to calculate the FPKM values for individual replicates 

and CuffDiff v2.2.1 (258) with quartile normalization to find the significant differential 

gene expression. Genes with 2-fold change and P value <= 0.05 were considered as 

significantly different between samples with and without Pst DC3000 hrcC treatment. 

Hierarchical clustering of these genes was performed using Mev v4.8.1 (261).  GO term 

enrichment in each gene list was carried out using AgriGO (262) with a cutoff for 

significant enrichment is P value < 0.01 and calculation false discovery rate < 0.5.  
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To identify the alternate splicing events: 

Alternate splicing events between WT and Atg3bp1-1 mock treated and Pst DC3000 

hrcC- treated samples were identified using rMATS version 3.2.5 (263-265).  Five 

different splicing events were identified using this tool. We used a cutoff parameter of –c 

0.0001 and events that have FDR <=0.05 (or 5%) were filtered out from each event. 

 

To compare differentially expressed genes (DEG) and differentially alternatively 

spliced  (DAS) 

Differentially expressed genes ((DEG) Up/Down regulated) were overlapped with 

differentially alternatively spliced (DAS) (all five events combined together), using 

Venny V1.0 http://bioinfogp.cnb.csic.es/tools/venny/index.html 

 

2.3. Protein methods 

2.3.1. A. thaliana total protein extraction for immunoblot analysis 

Plant material (80-100 mg) was frozen in liquid nitrogen in 2 ml microcentrifuge tubes 

together with 2 steal beads.  Samples were homogenized 2 x 1 min at 30 Hz to a fine 

powered using a Tissue-Lyser. Frozen plant powder was resuspended in 2X of extraction 

buffer containing 50 mM Tris-HCL pH7.5, 150 mM Nacl, 0.1% NP40, 5 mM EGTA, 0.1 

mM DTT (Sigm-Aldrich chemicals), vortexed, spun down and incubated on ice for 15 

min.  Extract was then centrifuged at high speed for 15 min at 4 ° C.   The supernatant 

(150 µL) was collected and protein quantification was carried out by bradford assay (5 

µL of the supernatant) (B6916, Sigma-Aldrich).  Finally, protein amount was normalized 

for all samples and denatured with Laemmli 6X buffer (SDS loading buffer): 10% 
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glycerol, 3% SDS, .0.2 MDTT, 0.004% Bromophenol blue, 0.12 M Tris-HCL pH 6.8 by 

boiling at 75° C for 10 min.   Samples were used for western blots or stored at -20 ° C.    

 

2.3.2. Bradford protein assay 

A BSA standard curve (0.01 to 0.20 mg/ml) was prepared in a 96 wells ELISA plate, 10 

µL of protein extract (diluted 10 or 20 times) was mixed with 1X Bradford reagent.  

Samples were vortexed, and OD 595 nm was measured using TECAN reader.  

 

2.3.3. SDS-PAGE and Western blot 

Denaturing SDS-PAGE was carried out using Mini-Protean system (BIO-RAD).  

Polyacrylamide gels were placed in the electrophoresis tank and submerged in 1X SDS 

running buffer.  A 5 µL of prestained molecular weight marker and 20 µL denatured 

protein samples were loaded onto the gel and run at a constant amperage 15 mA and 

transferred onto ethanol-activated PVDF membranes (GE Healthcare) for 120 min at a 

constant voltage of 100 V. Blots were blocked with 5 % BSA (A9647), Sigma-Aldrich) 

in 1 x TBST at RT for 1 h.  Then, blots were probed with primary antibody O/N at 4 ° C 

on a rotary shaker.  The membranes were washed three times for (5 min each) with 1 x 

TBST and then were incubated with the appropriate secondary antibody conjugated to 

horseradish peroxidase with 5 % BSA in 1 x TBST for 1 h.  The membranes were washed 

again three times for (5 min each) with 1 x TBST and the antigen-antibody interactions 

were detected using with enhance chemiluminescence reagent (ECL Prime, GE 

Healthcare) using a ChemoDoc MP Imaging System (BIO-RAD) and imaged.  

Coomassie blue or Ponceau-S staining of blots was then carried out for protein 
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visualization. 

 

2.3.4. Protein purification under native conditions (from E. coli) 

The full-length coding sequences (CDS) were amplified from RIKEN full length cDNA 

clones using primers spanning the ATG to the stop codon by PCR.  Amplicon was 

purified and cloned into Gateway entry vector pENTR-D/Topo (Invitrogen) and 

subsequently cloned into bacterial protein expression vectors (pDEST17 or pDEST-His-

MBP) by LR Clonase reaction for recombinant protein expression. The His6-tagged or 

His6-MBP-tagged of candidate proteins and the constitutively active forms of MPK3, 

MPK4 and MPK6 (provided by J. Colcombet) (266) were expressed in E.coli BL21-A1 

or Rosetta strain, respectively, and purified under native conditions using Ni-NTA 

agarose beads (Invitrogen Cat.No. R901-15) following manufacturer’s instructions.  

Briefly, 10 ml of the starter culture was incubated over night at 37 oC in a shaker 

incubator.  The 10 ml starter culture was subcultured in 500 ml fresh LB media at 37 oC 

till the OD reaches 0.7-0.8.  Then, protein expression was induced by adding Arabinose 

to a final concentration of 0.2% or IPTG to a final concentration of 1 mM.  The culture 

was then incubated for 16-18h at 20-22 oC and centrifuge at 4000xg for 5-10min and the 

supernatant was discarded. The resulting pellet was resuspended in 40 ml lysis buffer (50 

mM NaH2PO4, 300 mM NaCl, and 10 mM imidazole-pH was adjusted to 8.0 by NaOH) 

together with the protease inhibitor cocktail.  Cells were frozen at -20 oC O/N in order to 

facilitate cell lysis. The next day, lysozyme was added to the 40 ml bacterial suspension 

to a final concentration of 2 mg/ml, incubated on ice for 60 min, and sonicated on ice 

(runtime 3 min, amplitude 20%, pulse on for 2 sec, and pulse off for 1 sec).   Lysate was 
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centrifuged at 15000xg for 10 min at 4°C to pellet the cellular debris and then filtered 

through a 0.45 micron filter.  Recombinant proteins were then purified using the 6x His 

tag on the proteins and Ni-NTA affinity resin.  2 ml of Ni-NTA resin was taken in a 50 

ml tube and washed with 8 ml lysis buffer and centrifuged at 800 g for 1 min to pellet the 

Ni-NTA resin. This step was repeated twice.  The supernatant was discarded and 40 ml of 

supernatent was added to the Ni-NTA resin, incubated at 4°C O/N on a vertical mixer.  

The following day, sample was centrifuged at 800xg for 1 min and the supernatant was 

stored as the non-retained fraction in -20°C (for gel verification).  The Ni-NTA resin was 

washed 3 times with 25 ml of wash buffer (50 mM NaH2PO4, 300 mM NaCl, and 20 mM 

imidazole-pH was adjusted to 8.0 by NaOH).  After the final wash, the Ni-NTA resins 

were transferred to a column and the flow through was discarded. The bound protein was 

eluted 10 times with 500 µl elution buffer (50 mM NaH2PO4, 300 mM NaCl, and 250 

mM imidazole-pH was adjusted to 8.0 by NaOH). 20 µl of the protein loading dye was 

added to each ~20µl that was set aside from each step to verify using SDS-PAGE. 

 

2.3.5. In vitro kinase assays  

In vitro kinase assays were performed in a mixture containing 10 µl protein mixture 

(purified recombinant proteins and constitutively active MAPKs with a ratio of kinase: 

substrate of 1:10) and 10 µl kinase reaction buffer (20 mM Tris-HCl pH 7.5, 10 mM 

MgCl2, 5 mM EGTA, 1 mM DTT and 50 µM ATP) in a total volume of 20 µl and 

incubated for 30 min at RT.  SDS-sample buffer was added to stop the reaction followed 

by boiling at 95°C for 10 min.  After the phosphorylation reaction with the kinase, 

protein samples were resolved by SDS-PAGE.  The gel was stained with SimplyBlue™ 



 

 

109 

SafeStain (Novex Cat. No. LC6065) and the band corresponding to the protein of interest 

was excised out, cut into small pieces of 0.5 mm3 and destained with four successive 

washes of 15 min each with ACN and 100 mM NH4HCO3.  Proteins were reduced with 

10 mM Tris(2-carboxyethyl) phosphine (TCEP, C-4706 Sigma) in 100 mM NH4HCO3 at 

37°C for 1 h, alkylated with 20 mM S-Methyl methanethiosulfonate (MMTS, 64306 

Sigma) at ambient temperature for 30 min.  Protein were then digested with trypsin 

(Porcine trypsin, Promega) at 37°C overnight. 1% formic acid were added to stop the 

digestion and the peptides were recovered by incubating the gel pieces in acetonitrile. 

The recovered peptide solution was desalted using C18 ZipTip® (Millipore Cat. No. 

ZTC18S096).  The peptides were subsequently analyzed by LC-MS/MS and searched 

using the Mascot server against the TAIR10 database to identify the phosphorylation 

sites. 

 

2.3.6. Yeast two-hybrid screening  

The ULTImate Y2H screen was performed by Hybrigenics Services  (Paris, France) 

(https://www.hybrigenics-services.com/) using an A. thaliana seedling cDNA library 

(ecotype Columbia, 1-week-old seedlings). ATG3BP1-AT5G48650 was cloned into 

pB27 as a C-terminal fusion to the LexA DNA-binding domain (N-LexA- AT5G48650 -

C) and used as a bait to screen the Universal Arabidopsis Normalized library.  
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 2.4. Plant methods  

2.4.1. Seeds sterilization 

Seed were sterilized prior to germination on ½ MS media.  Arabidopsis seeds were 

incubated for 15 min with 70% ethanol and 0.01% triton at room temperature, and then 

washed three times with 97% ethanol and allowed to dry on sterile Whatman paper in a 

laminar hood. Seeds were placed directly onto appropriate ½ MS media and stratified for 

at least 2 days at 4°C.  Plates were subsequently transferred to a controlled environment 

growth chamber at 23°C with a 16-h-8h photoperiod. 

 

2.4.2. Crossing and generation of Arabidopsis F1 and F2 progeny 

Male flower organs were removed with fine tweezers.  To prevent self-pollination, only 

flowers with well-developed stigma and immature stamens were used for crossing.  Fresh

pollen from donor flowers was dabbed onto each single stigma. F1 seed from mature 

siliques were harvested and allowed to dry. F1 seeds were grown, genotyped, and 

allowed to self-pollinate. F2 seeds produced were collected and stored. 

 

2.4.3. Plant transformation and selection of transformants 

Plant transformation 

The method for Agrobacterium-mediated stable transformation of Arabidopsis, used in 

this study, is based on the floral dip protocol described by Clough and Bent (267).  

Arabidopsis plants were grown for 4 - 5 weeks.  Plants were used for transformation 

when they had a maximum number of young flower heads. Already formed siliques were 

cut off.  Agrobacterium harboring the desired construct was grown in LB broth 
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containing appropriate antibiotics at 28°C overnight in orbital shaker.  The next day 200 

ml LB broth with appropriate antibiotics was inoculated with all of the overnight culture 

and grown overnight at 28°C in an orbital shaker.  The bacteria were pelleted and 

resuspended in 5% sucrose to OD600 ~ 0.8 and 0.01% (v/v) Silwet L-77 (Lehle 

seeds,USA).  Plants were inverted into the cell-suspension for approximately 10-20 sec 

ensuring all flower heads were submerged.  Plants were then placed horizontal on a 

plastic tray and covered. The plants were incubated overnight at RT without direct light. 

Afterwards covers were removed and pots were moved to direct light.  The dipping was 

repeated one week later and the plants were grown to set seed.   

 

Selection of transformed lines 

Seeds were collected and dried at least for one week in paper bags at RT.  Transgenic 

plants were selected on ½ MS medium containing appreciate antibiotics and propagated 

to obtain homozygotic T3 lines. 

 

2.4.4. MAMP and hormone treatments 

Flagellin 22 peptide (QRLSTGSRINSAKDDAAGLQIA) was synthesized (GenScript 

Inc.,) and used at the concentration of 1µM for the treatment. ABA was used at the 

concentration of 20 µM and SA was used at the concentration of 100 µM.  Water/Ethanol 

only treatment was used as mock treatment.  For treatment, plants or leaf disks were 

either previously equilibrated overnight in liquid ½ MS media or treated directly in 

appropriate buffer. 
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2.4.5. ROS burst assay 

Rapid and transient production of Reactive Oxygen Species (ROS) was monitored by a 

luminol-based assay (268).  Twelve leaf discs (0.4 cm diameter) from 4 weeks-old 

Arabidopsis wild type and mutant plants were incubated adaxial side up in 150 µL of 

sterile water in white 96-well plates (Thermo Fisher) overnight. Water was then replaced 

with a 100 µL of reaction solution containing 50 µM of luminol, 10 µg/mL of horseradish 

peroxidase (Sigma), and supplemented either with 1 µM of flg22 or water as a mock 

control.  ROS evaluation was conducted immediately at every 1 min intervals after the 

addition of MAMPs for a period of 40 min using TECAN Infinite M200 PRO microplate 

reader and signal integration time was 0.5s. ROS measurements were expressed as means 

of RLU (Relative Light Units). 

 

2.4.6. Callose deposition assay 

Callose staining was performed as described previously (194). Briefly, Arabidopsis wild 

type and mutant seedlings were grown on ½ MS agar plates for 11 days, transferred to 

multiwell plates containing liquid ½ MS medium, treated with water as a mock control or 

with 1 µM flg22 as an elicitor, and further kept aside in the growth chamber for 24 h.  

After incubation for 24 h, seedlings were cleared by incubation overnight in acetic acid: 

ethanol (1:3) at room temperature followed by 30% ethanol for 1 h.  Finally, samples 

were washed two times (0.5–1 h for each washing) with sterilized H2O. Cleared seedlings 

were stained overnight in the dark with 0.01% aniline blue in 150 mM phosphate buffer 

(pH 9).  Stained material was mounted using 50% glycerol and images taken using a UV 

epifluorescence microscope.  Callose deposits were quantified after processing the 
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microscope images using Photoshop and the “analyze particles” function of ImageJ 

(http://rsb.info.nih.gov/ij/). 

 

2.4.7. DAB and NBT staining 

Fully expanded leaves of 5-week-old Arabidopsis were stained with either nitroblue 

tetrazolium (NBT) (N6876, Sigma-Aldrich) or 3,3'diaminobenzidine (DAB) (D5637, 

Sigma-Aldrich) for superoxide radical and hydrogen peroxide staining, respectively, as 

described in (269).  Briefly, detached leaves were incubated 4 hours on the dark under 

shaking with the staining solution after being vacuum infiltrated for 5 minutes leaves 

were destained O/N in ethanol: acetic acid: glycerol (3:1:1).  Leaves were then mounted 

on slides with 50% glycerol.  Pictures were taken using Nikon SMZ25 stereomicroscope. 

 

2.4.8. Pathogen assays 

Bacteria culture was prepared in NYGA- rifampicin agar plates from glycerol stock and 

incubated in 28°C for 2 d.  Syringe and spray inoculations were performed as described 

(217).  Briefly, five-week-old Arabidopsis wild type and mutant plants were grown on 

jiffy 7 under short day conditions (16h/8h) at 23°C and 60% RH and challenged with 

bacterial stains (OD600nm = 0.2 in 10 mM MgCl2 containing 0.04% (v/v) Silwet L-77) 

by either spray inoculation or infiltration into leaves with a needleless syringe.  Plants 

were then covered with lid to ensure high humidity and placed in the growth chamber.  

Disease symptoms were evaluated at 3 and 48 or 72 hours post infection (hpi).  For 

bacterial titers, leaf discs (0.5 cm diameter) from three different leaves per plant (five 

plants per genotype for 3hpi and 10 plants for 48 or 72 hpi were used as technical 
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replicates per experiment) were harvested, washed (only for 3hpi), and then bacteria 

extracted using 10 mm MgCl2 containing 0.04% (v/v) Silwet L-77. Quantification was 

done by plating appropriate dilutions on LB agar media containing rifampicin (50 

mg/liter) and incubated at 28°C for 2 d, after which the bacterial numbers were counted 

and cfu/leaf cm2 were calculated. 

 

2.4.9. Hormone measurements 

14 days old Arabidopsis seedlings grown on ½ MS agar were frozen in liquid nitrogen, 

lyophilized, and ground in a bead beater (Biospec Products, Bartlesville, Okla., USA). 

Aliquots (about 5 mg dry weight) of powdered tissues were extracted with 400 µL of 

10% methanol containing 1% acetic acid and internal standards (1.05 ng of 2H6-ABA, 

11.1 ng of 2H4-SA and 0.25 ng of 2H2-JA, purchased from OlchemIm Ltd., Olomouc, 

Czech Republic). The samples were extracted in the bead beater for 1 min, placed in ice 

for 30 min, and then centrifuged at 13,000 g for 10 min at 4oC (Eppendorf centrifuge 

5424, Hamburg, Germany). The supernatant was carefully removed and the pellet re-

extracted with 400 µL of 10% methanol containing 1% acetic acid. Following further 30 

min incubation on ice, the extracts were centrifuged and the supernatants combined. The 

samples were filtered through 0.22 µm PTFE filters before LC-MS/MS analysis. Analysis 

of ABA, SA and JA was performed by comparing retention times and mass transitions 

with the standards using an Agilent 1200 HPLC (Agilent Technologies, Waldbronn, 

Germany) coupled to an Q-TRAP 5500 MS (AB SCIEX, MA, USA) with an electrospray 

source. Chromatographic separation was carried out at 35oC on a Phenomenex (Torrance, 

CA, USA) Gemini C18 (150×2.0 mm, 5 µm) column with the solvent system formic 
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acid/acetonitrile/water (0.1/94.9/5, v/v/v; mobile phase A) and formic acid/ 

acetonitrile/water (0.1/5/94.9, v/v/v; mobile phase B). The gradient used was 0-20 min, 

0%-100% A; 20-25 min, 100%A; 25-26 min, 100%-0% A; 26-36 min, 0% A. To reduce 

contamination of the MS, the first 5 min of the run was directed to waste using the inbuilt 

Valco valve. Analysis of ABA, SA and JA was based on appropriate Multiple Reaction 

Monitoring (MRM) of ion pairs for labeled and endogenous ABA, SA and JA using the 

following mass transitions: 2H6ABA 269>159, ABA 263>153; 2H4SA 141>97, SA 

137>93; 2H2JA 211>61, JA 209>59. The MS was operated in negative ionization mode. 

The conditions were as follows: Temperature 500oC, Ion source gas 1 50 psi, Ion source 

gas 2 60 psi, Ion Spray Voltage -4500 V, curtain gas 40 psi, Collision Gas Medium; DP (-

25 V), EP (-9) and CXP (-2) were the same for all compounds. CE (-17), and DT (100) 

for 2H6ABA and ABA; CE (-38), and DT (50) for 2H4SA and SA; CE (-25), and DT 

(100) for 2H2JA and JA. Data were acquired and analyzed using Analyst 1.4 software 

(Applied Biosystems) (270).  

 

2.4.10. Stomata physiology 

Abaxial epidermal peels from fully expanded leaves of 5-week-old Arabidopsis wild type 

and mutant plants were floated on stomatal opening buffer solution (10 mM KCl in 10 

mM MES buffer, pH 6.15 (KOH)).  The peels were incubated for 2 hours under light 

(100 µmol m−2s−1) to open stomata before stomatal aperture measurements were 

performed as described (271).  The treatment with MAMP flg22 and the hormones ABA 

or SA were then followed at the indicated concentrations.  Water/ethanol were added as 

mock controls.  For Pst DC3000 and Pst DC3000 COR- inoculation, bacterial suspension 
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at a concentration of 0.2 at OD600 nm with 0.04% (v/v) Silwet L-77 were added to the 

stomata opening buffer.  The peels were mounted on slides and microscopic images of 

stomata were taken at the indicated time points using a Zeiss AX10 Imager.Z2.   Internal 

widths of stomatal apertures and mean pore depth, which is assumed to be equivalent to 

guard cell width, were measured as described in (272) using the “measure” function of 

ImageJ (http://rsb.info.nih.gov/ij/). Peels from at least 3 plants were used for each sample 

and measurements from forty stomata were expressed as averages.   

Stomatal measurements  

 

 

Figure 3.1: Stomatal apertures measurements in µm 
 
 
 

 
Figure 3.2: Stomata parameters measurements.  Stomata densities of leaf abaxial surfaces. stomatal 
density (D, stomata per mm2).  Stomata size of leaf abaxial surfaces. mean pore depth (l, mm), which is 
assumed to be equivalent to guard cell width. (272).  
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2.4.11. Confocal laser scanning microscopy 

2.4.11.1. Subcellular localization assays  

Subcellular localization assay was performed using Arabidopsis stable transgenic lines 

with the gene under its native promoter or 35S were fused to GFP. Samples were 

visualized for GFP expression using confocal laser-scanning microscope imaging system 

(LSM 710 Zeiss) with a 20X objective (Plan-Apochromat, NA 1.0).  

 

2.4.11.2. Bi-molecular fluorescence complementation (BiFC) assays 

Appropriate positive and negative controls were carried out for all combinations.  

Recombined vectors were individually transformed into N. benthamiana by 

Agrobacterium mediated transformation for transient expression. Leaves were infiltrated

with Agrobacterium harbouring the candidate gene, a MAPK, and p19.  Interaction 

resulting in YFP fluorescence was checked 72 h post infiltration using confocal laser-

scanning microscope imaging system (LSM 710 Zeiss) with a 20X objective (Plan-

Apochromat, NA 1.0).  All images were acquired using Argon laser with 514-nm 

excitation. 
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IV. RESULTS AND DISCUSSION 

1. G3BPs are a highly conserved family of proteins in eukaryotes 

Researchers over the past decade have made rapid progress in understanding the 

mechanisms of gene expression with important functions in plants at the genetic, 

molecular and cellular levels.  Much of our understanding relies on the use of 

Arabidopsis thaliana as a model organism.  The identification of some genes with 

important functions in plants was based on the homology approach to other organisms. 

This approach helps in understanding how certain mechanisms evolved and provide a 

foundation for analyzing the variation of functions in the different kingdoms. My study 

focuses on the Arabidopsis G3BP1 gene, which is evolutionarily conserved in 

eukaryotes.  Based on the distribution of G3BP proteins in several organisms, it seems 

likely that G3BPs arose very early in eukaryotic evolution.  Characterization of the 

composition and the functions of these highly conserved G3BP proteins among different 

organisms will aid in the understanding of how post-transcriptional mechanisms 

contribute to the global regulation of gene expression. 

 

1.1. Phylogeny of the G3BP superfamily 

Members of the G3BP superfamily share significant sequence homology and predicted 

structural similarity by containing two well-characterized domains, namely, a nuclear 

transport factor 2 (NTF2) domain and RNA recognition motifs (RRMs). The genomes of 

the lower organisms Caenorhabditis elegans and Saccharomyces cerevisiae code for a 

single G3BP whereas the human (Homo sapiens) genome codes for two G3BPs, and 

surprisingly the Arabidopsis genome codes for eight G3BPs (Table 4.1). A phylogenetic 
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tree for the evolutionary relationships of G3BPs in several organisms including A. 

thaliana, C. elegans, S. cerevisiae, and human was generated using MEGA7 based on the 

amino acid sequences (Figure 4.1) (273).  The phylogenetic tree was reconstructed using 

the Neighbor-Joining method (274). Most of the genes and proteins that encompass the 

G3BP superfamily have multiple names.  Furthermore, some of the genes belonging to 

separate subfamilies have the same name. Alternatively spliced isoforms from a single 

gene were eliminated in the phylogenetic tree for simplicity. Based on amino acid 

homologies, members of the G3BP superfamily can be divided into two major 

groups (Figure 4.1).  Members from Arabidopsis thaliana are clustered together with 

Caenorhabditis elegans and Human (Homo sapiens) G3BPs. The second group consisted 

of a single Arabidopsis member that clustered together with Saccharomyces cerevisiae. 

The percent identities at the amino acid levels across different organisms are summarized 

in Table 4.2. 
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Table 4.1: Number of G3BP genes in different organisms. Arabidopsis thaliana, Caenorhabditis 
elegans, Saccharomyces cerevisiae, and Homo sapiens 
 

 

 

 

 

 

 

 

 

Table 4.2: G3BPs identities at the amino acid levels across different organisms 

AtG3BP HsG3BP1 HsG3BP2 Yeast G3BP (BRE5) 

AtG3BP1 (At5G48650) 32% 32% 29% 

AtG3BP2 (At1G13730) 34% 31% 35% 

AtG3BP8 (At5G60980) 35% 36%  

 

 

Organism Members 

Homo sapiens 2 

Arabidopsis thaliana 8 

Saccharomyces cerevisiae 1 

Caenorhabditis elegans 1 
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Figure 4.1: Neighbor-joining phylogenetic tree of the G3BP superfamily based on amino acid 
sequences. The optimal tree with the sum of branch length = 7.64137750 is shown. The tree is drawn to 
scale, with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree.  Evolutionary analyses were conducted in MEGA7 (273).  The evolutionary distances 
were computed using the Poisson correction method and are in the units of the number of amino acid 
substitutions per site. The analysis involved 12 amino acid sequences. All positions containing gaps and 
missing data were eliminated. The tree shows G3BP genes in Arabidopsis thaliana, Caenorhabditis 
elegans, Saccharomyces cerevisiae, and humans (Homo sapiens). 
 

1.2. The G3BP family in Arabidopsis 

Compared to other organisms, the G3BP superfamily in plants is notable for its expanded 

size. The genome of Arabidopsis encodes a particularly large and diverse complement of 

G3BP proteins in comparison with other organisms.   As mentioned earlier, Arabidopsis 

contains eight G3BP proteins. The eight Arabidopsis G3BPs are named AtG3BP1 to 
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AtG3BP8 as indicated in Table 4.3. The independent identification of different members 

of the AtG3BP family by several groups and the use of different naming systems have 

presented conflicts in the available literature and a unified classification of AtG3BPs is 

desirable for further studies. A multiple alignment of the amino acid sequences and 

phylogenetic tree for the relationships of G3BPs in Arabidopsis thaliana was generated 

using MEGA7 by neighbor-joining method  (Figure 4.2) (273, 274). 

  

Among the Arabidopsis G3BPs, only AtG3BP7 has been characterized so far. AtG3BP7, 

which is also known as AtG3BP-like protein (At5G43960), localizes to plant SGs and is 

involved in Arabidopsis virus resistance (246). All Arabidopsis G3BPs contain a single 

NTF2 and RRM domain except At3G07250 (AtG3BP5) that contains an NTF2 domain 

and three RRMs. 

This study focuses on investigating the role of AtG3BP1 in Arabidopsis innate immunity 
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Table 4.3: Arabidopsis G3BPs indicating the AGI number, length in amino acids and the domain 
organization.  Nuclear Transport Factor 2 (NTF2) and RNA Recognition Motif (RRM). 
 

AGI Arabidopsis G3BPs Amino acids length Domain organization 

At2G03640 AtG3BP4 453 NTF2-RRM 

At1G13730 AtG3BP2 428 NTF2-RRM 

At1G69250 AtG3BP3 427 NTF2-RRM 

At5G60980 AtG3BP8 459 NTF2-RRM 

At3G25150 AtG3BP6 587 NTF2-RRM 

At5G43960 AtG3BP7 391 NTF2-RRM 

At5G48650 AtG3BP1 458 NTF2-RRM 

At3G07250 AtG3BP5 677 NTF2- 3 RRMs 
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Figure 4.2: Neighbor-joining phylogenetic tree of the AtG3BP superfamily and Schematic 
comparison of the domain architecture of the AtG3BPs superfamily. The following domains are 
indicated: Nuclear Transport Factor 2 (NTF2) and RNA Recognition Motif (RRM). The optimal tree with 
the sum of branch length = 4.44010765 is shown. The percentage of replicate trees in which the associated 
taxa clustered together in the bootstrap test (500 replicates) are shown next to the branches (275).  The tree 
is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer 
the phylogenetic tree. Evolutionary analyses were conducted in MEGA7 (273).  The evolutionary distances 
were computed using the Poisson correction method and are in the units of the number of amino acid 
substitutions per site. The analysis involved 8 amino acid sequences. All positions containing gaps and 
missing data were eliminated. 
 
 

1.3. Anatomical and developmental expression pattern of the AtG3BP gene family 

Large gene families might perform either similar cell- or tissue-specific roles or assume 

novel roles through extensive modification of their structures. Analysis of the expression 

patterns of the entire Arabidopsis family of G3BPs using Genevestigator revealed that the 

expression profiles of the different members exhibit very different regulation in 

development, tissue specificity and environmental perturbations. From these patterns, the 

genes might be assumed to perform similar biochemical functions in a tissue- and 

developmental-specific manner and respond to different conditions.  Considering the 
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expression in different anatomical parts, AtG3BP1 (At5G48650) and AtG3BP6 

(At3G25150) are mostly expressed in the reproductive structures. AtG3BP7 

(At5G43960), AtG3BP8 (At5G60980), AtG3BP2 (At1G13730) and AtG3BP3 

(At1G69250) are predominantly expressed in primary roots and root tissues (Figure 4.3).   

 

Looking at the expression profile during different developmental stages, AtG3BP5 

(At3G07250) is barely expressed in any of the developmental stages. AtG3BP6 

(At3G25150) is expressed during most of the developmental stages.  AtG3BP6 

(At3G25150) and AtG3BP1 (At5G48650) were expressed in mature flowers and siliques 

(Figure 4.4). 

 

 
Figure 4.3: Hierarchical clustering of AtG3BPs in anatomical parts.  Genevestigator analysis of 25 
anatomical parts from Arabidopsis mRNASeq data showing 8 measurements of 8 AtG3BP genes. 
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Figure 4.4: Hierarchical clustering of AtG3BPs in development. Genevestigator analysis of nine 
developmental stages from Arabidopsis mRNASeq data showing 8 measurements of 8 AtG3BP genes. 
 

1.4 Conclusions 

While AtG3BPs are part of a class of proteins that is highly conserved during eukaryotic 

evolution, it is unclear what role individual AtG3BPs play in Arabidopsis. The expression 

patterns of the AtG3BP gene family suggests that different AtG3BP members might play 

a tissue-, development- and environment-specific role, but genetic and biochemical 

studies are necessary to confirm this hypothesis. In any case, the classification and 

unified naming of members in the AtG3BP superfamily should facilitate connectivity and 

coherence in future studies.  
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2. Characterization of AtG3BP1 in pathogen signaling and plant innate immunity 

The main objective of the lab was to identify and characterize novel MAPK targets with a 

role in plant innate immunity. So far, several immune MAPK substrates have been 

reported in the literature, but it is generally agreed upon that many more need to be 

identified based on the role and involvement of MAPKs in immunity. Starting from a 

large scale phosphoproteomics screen to identify flg22 induced phosphorylation events in 

Arabidopsis WT and mpk plants, several novel putative MAPK substrates were identified 

in the cytosolic as well as the nuclear fractions (76, 97, 276). MAPK targets that are 

nuclear localized were of particular interest as we wanted to understand how MAPKs 

interact with chromatin-associated proteins and regulate gene expression in the context of 

plant immunity. Several transcription factors, chromatin remodeling factors, histone 

modifying enzymes such as histone acetylase and deacetylase were identified in the 

screen. One of the proteins that were also significantly phosphorylated in response to 

flg22 treatment was AtG3BP1. This instigated us to characterize the role of this protein in 

plant immunity. This work resulted in the generation of a manuscript, which has been 

submitted for peer review to Life Science Alliance Journal. The research article is 

presented hereafter. 

 

2.1. The Arabidopsis homolog of human G3BP1 is a key regulator of stomatal and 

apoplastic immunity  
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ABSTRACT 

Mammalian Ras GTPase-activating protein SH3-domain-binding proteins (G3BPs) are 

highly conserved family of RNA-binding proteins that link kinase receptor-mediated 

signaling to RNA metabolism. Mammalian G3BP1 is a multifunctional protein that 

functions in viral immunity. Here we show that the Arabidopsis homolog of human 

G3BP1 negatively regulates plant immunity. Arabidopsis g3bp1 mutants showed 

enhanced resistance to the virulent bacterial pathogen Pseudomonas syringae pv. tomato. 

Pathogen resistance was mediated in Atg3bp1 mutants by altered stomatal and apoplastic 

immunity. Atg3bp1 mutants restricted pathogen entry into stomates showing insensitivity 

to bacterial coronatine mediated stomatal reopening. AtG3BP1 was identified as a 

negative regulator of defense responses, which correlated with moderate upregulation of 

the salicylic acid (SA) signaling, biosynthesis and SA accumulation without growth 

penalty.  

 

Significance statement 

G3BPs are RNA-binding proteins that link kinase receptor-mediated signaling to RNA 

metabolism. We report here the Arabidopsis homolog of human G3BP1 as a key 

regulator of stomatal and apoplastic immunity. 

 

Keywords: Arabidopsis, Signaling, Stomatal immunity, Salicylic acid, G3BP1  
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INTRODUCTION 

RNA-binding proteins (RBPs) play a critical role in the regulation of gene expression, a 

feature that relies on their conformational plasticity and their capacity to interact with 

distinct targets (Castello, Fischer et al., 2016, Jonas & Izaurralde, 2013). In mammals, 

Ras GTPase-activating protein SH3-domain-binding protein 1 (G3BP1) belongs to a 

family of RBPs (Tourriere, Gallouzi et al., 2001) that is located in stress granules (SGs) 

and contributes to their assembly (Tourriere, Chebli et al., 2003). SGs are cytoplasmic 

aggregates containing stalled pre-initiation complexes, which are thought to serve as sites 

of mRNA storage during the cell stress response (Anderson & Kedersha, 2008). Cells 

lacking G3BP1 are compromised to form SGs in response to eukaryotic initiation factor 

2α phosphorylation or eIF4A inhibition, but are SG-competent upon heat or osmotic 

stress. G3BP1 interacts with 40S ribosomal subunits through the RGG motif, which is 

also required for G3BP-mediated SG formation (Kedersha, Panas et al., 2016). G3BP1 is 

also involved in virus multiplication and modulates initiation of translation (Katsafanas & 

Moss, 2007, Panas, Varjak et al., 2012, White, Cardenas et al., 2007). G3BP1 is a 

multifunctional protein that is highly conserved in all eukaryotes, but so far only one 

protein, AtG3BP-like protein (At5g43960) was identified as an Arabidopsis G3BP like 

protein that localizes to plant SGs and plays a role in the Arabidopsis virus resistance 

(Krapp, Greiner et al., 2017). Here, we identify the Arabidopsis G3BP1 homolog that 

belongs to a family of 8 proteins and functions in plant immunity.  

 

As in mammals, plants protect themselves against a wide variety of invading pathogens 

with different resistance strategies. This is accomplished by the sophisticated multi-
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layered plant innate immune system (Dangl & Jones, 2001). Plants possess integrated 

immune signaling networks to facilitate rapid defense responses upon pathogen 

recognition, which in turn restrict the further growth and spread of pathogens. In 

Arabidopsis thaliana, a pathogen attack or treatment with a microbe-associated molecular 

pattern (MAMP) such as flg22 (the conserved 22–amino-acid peptide derived from 

Pseudomonas aeruginosa flagellin), leads to the recognition of the MAMP by the pattern 

recognition receptor (PRR) that activates MAMP-triggered immunity (MTI). Receptor-

mediated recognition of MAMP leads to the induction of a battery of defense responses 

that include production of reactive oxygen species (ROS) (Torres, Jones et al., 2006), an 

increase in intracellular calcium concentration (Liese & Romeis, 2013), and activation of 

four mitogen-activated protein kinases namely MPK3, MPK4, MPK6 and MPK11 (Frei 

dit Frey, Garcia et al., 2014, Ranf, Eschen-Lippold et al., 2011, Zipfel, Kunze et al., 

2006). These early events after MAMP perception in turn lead to intermediate defense 

responses mediated by transcriptional reprogramming of defense-related genes (Zipfel, 

Robatzek et al., 2004), production of antimicrobial compounds including phytoalexins 

such as camalexin (Dixon, 2001), callose deposition (Gomez-Gomez & Boller, 2000), 

biosynthesis of stress related hormones salicylic acid (SA), jasmonic acid (JA), and 

ethylene (Grant & Jones, 2009), and production of pathogen related proteins such as PR1 

(van Loon, Rep et al., 2006).  

 

Recognition of MAMPs by PRRs also triggers stomatal closure (Melotto, Underwood et 

al., 2006, Singh & Zimmerli, 2013).  Stomata are natural openings in the plant that are 

used by microbial pathogens for entry into the plant. However, these organs are essential 
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for plant survival as they allow gaseous exchange and transpiration. Stomata are critical 

during both biotic and abiotic stress responses (Acharya & Assmann, 2009). The plant 

innate immune system limits infection by preventing the invasion of the apoplastic space 

as well as by compromising the proliferation of the pathogen post-invasion. P. syringae 

secretes the phytotoxin coronatine that interferes with plant stomatal immunity (Melotto 

et al., 2006). In addition to disabling stomatal immunity, coronatine also inhibits 

apoplastic immunity through suppression of SA-mediated defenses (Geng, Jin et al., 

2014, Zheng, Spivey et al., 2012). SA is one of the key regulators of stomatal opening 

and closing. SA is a defense signal molecule against biotrophic and hemibiotrophic 

pathogens and regulates plant immune responses against several pathogens (Chen, Lin et 

al., 2009, Ding, Shaholli et al., 2014, Love, Laval et al., 2007, Wang, Bouwmeester et al., 

2013). MAMPs also have been shown to induce SA accumulation (Mishina & Zeier, 

2007, Tsuda, Sato et al., 2008). SA synthesis and signaling pathways are necessary for 

bacterial and MAMP-induced stomatal closure in Arabidopsis (Melotto et al., 2006, 

Zeng, Melotto et al., 2010). SA enhances defense signaling that leads to transcriptional 

reprogramming (Moore, Loake et al., 2011) and ROS accumulation (Sato, Tsuda et al., 

2010, Xu, Xie et al., 2014). Furthermore, Arabidopsis mutants such as acd (accelerated 

cell death) and ssi (suppressor of salicylate insensitivity of npr1-5), which express high 

levels of SA, are shown to be more resistant to pathogen infection and constitutively 

express defense genes including PR (pathogenesis-related) genes. In contrast, mutants 

with impaired SA biosynthesis such as sid2 (salicylic acid induction-deficient2) and eds5 

(enhanced disease susceptibility5) were found to enhance disease susceptibility to various 

pathogens (Ding et al., 2014). Mutations in SA accumulation or signaling genes and 
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Arabidopsis transgenic plants with bacterial gene nahG that encodes SA hydrolase were 

compromised in defense against pathogens (Durrant & Dong, 2004, Lu, 2009).   

 

In this study, we characterize G3BP1 that belongs to a family of 8 proteins in 

Arabidopsis. By studying loss of function mutants, we show that G3BP1 plants were 

resistant to Pst DC3000 infection, had higher levels of SA, exhibited closed stomata and 

constitutive defense gene expression. Additionally, overexpressor lines exhibited 

stomatal opening as in the WT but were more susceptible to P. syringae infection. Our 

results establish that AtG3BP1 negatively regulates plant stomatal and apoplastic 

immunity via SA-mediated defense.   

 

RESULTS 

AtG3BP1 is a homologue of the human HsG3BP1 

Human G3BP1 protein contains two well characterized domains, namely the nuclear 

transport factor 2 (NTF2) domain and an RNA recognition motif (RRM). We searched 

the TAIR10 database for all proteins with these two conserved domains. The Arabidopsis 

genome codes for 8 proteins, which satisfy these criteria. The 8 Arabidopsis G3BPs are 

named AtG3BP1 to AtG3BP8 as indicated in (Figure S1A). The independent 

identification of different members of the AtG3BP family by several groups and the use 

of different naming systems have presented conflicts in the available literature and a 

unified classification of AtG3BPs is desirable for further studies. A multiple alignment 

and phylogenetic tree for the relationships of G3BPs in Arabidopsis thaliana and human 

was generated using MEGA7 based on the amino acid sequences (Figure 1A) (Kumar, 
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Stecher et al., 2016).  The phylogenetic tree was reconstructed using the Neighbor-

Joining method (Saitou & Nei, 1987). Spliced isoforms from a single gene were 

eliminated in the phylogenetic tree for simplicity. AtG3BP1 is a homologue to the human 

HsG3BP1 with an amino acid identity of 32 % (Figure S1B).  

 

Atg3bp1 mutant lines show normal developmental phenotype 

Two T-DNA insertion lines in the gene AT5G48650 were obtained from the National 

Arabidopsis Stock Center (NASC), Atg3bp1-1 (SAIL_1153_H01) and Atg3bp1-2 

(SALK_027468). Using allele-specific primers, homozygous Atg3bp1-1 and Atg3bp1-2 

mutants were identified and the site of insertion was determined by sequencing. In 

Atg3bp1-1, the T-DNA was inserted in the fifth exon 844 bp downstream of the ATG 

start site. In Atg3bp1-2 the T-DNA was inserted in the ninth exon 1280 bp downstream of 

the ATG start site (Figure 1C). Determination of the relative transcript levels by qPCR 

indicated that both Atg3bp1-1 and Atg3bp1-2 were loss of function mutants (Figure 1D). 

For overexpression studies, a cauliflower mosaic virus 35S promoter-AtG3BP1-GFP 

construct was introduced into Col-0 wild type (WT) background to give homozygous 

overexpression lines OE2 and OE3. OE2 and OE3 showed higher expression levels of 

AtG3BP1 transcripts compared to WT controls (Figure 1E). Neither the loss of function 

mutants nor the overexpression lines showed visible growth or developmental phenotype 

(Figure 1F). 
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Figure 1. AtG3BP1 is a homologue of the human HsG3BP1 

A. Neighbor-joining phylogenetic tree of the AtG3BPs superfamily and HsG3BP1 and Schematic 
comparison of the domain architecture of the AtG3BPs superfamily. The following domains are 
indicated: Nuclear Transport Factor 2 (NTF2) and RNA Recognition Motif (RRM). The optimal 
tree with the sum of branch length = 5.30337989 is shown. The percentage of replicate trees in 
which the associated taxa clustered together in the bootstrap test (500 replicates) are shown next to 
the branches (Felsenstein, 1985).  The tree is drawn to scale, with branch lengths in the same units 
as those of the evolutionary distances used to infer the phylogenetic tree. Evolutionary analyses 
were conducted in MEGA7 (Kumar et al., 2016).  The evolutionary distances were computed 
using the Poisson correction method and are in the units of the number of amino acid substitutions 
per site. The analysis involved 9 amino acid sequences. All positions containing gaps and missing 
data were eliminated.  

B. AtG3BP1 protein structure showing the relative position of nuclear transport factor 2 (NTF2) and 
RNA recognition motif (RRM) domains. 

C. The intron/exon structure of AT5G48650 and T-DNA insertional mutation sites in Atg3bp1-1 and 
Atg3bp1-2 mutant lines. Filled box represent exons and AA155 and AA156 denote the positions of 
the primers used in the gene expression analysis.  

D. Atg3bp1-1 and Atg3bp1-2 are loss of function mutants: expression levels of Atg3bp1-1 and 
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Atg3bp1-2 by qPCR relatively to Col-0 WT (set at 1) with primers spanning the third exon 
(AA155 and AA156).  UBQ10 and Actin expression levels were used for normalization.  

E. Expression levels of AtG3BP1 OE2 and OE3 by qPCR relatively to Col-0 WT (set at 1) with 
primers spanning the third exon (AA155 and AA156).  UBQ10 and Actin expression levels were 
used for normalization 

F. Morphological phenotype of wild-type (Col.0), Atg3bp1-1 and Atg3bp1-2 mutants, and 
35S::AtG3BP1-GFP (OE2) and 35S::AtG3BP1-GFP (OE3) transgenic lines.  Four weeks old jiffy 
peat pellets grown plants are shown 

 
 

AtG3BP1 is expressed and localized to different cellular compartments  

To study the in planta expression of AtG3BP1, stably transformed promotor-GUS (ß-

glucuronidase) reporter lines were produced. GUS analysis was performed on seedlings 

of 8 – 14 days and staining was carried out from 1 – 6 hours. AtG3BP1 is expressed in all 

tissues under these conditions (Figure 2A). Expression was also observed in the stomata. 

 

We then assessed the subcellular localization using several in silico prediction tools, 

AtG3BP1 potentially sorted to the chloroplast and nucleus (Figure S2). To validate these 

predictions, we expressed an AtG3BP1-GFP fusion protein under the cauliflower mosaic 

virus 35S promoter in Arabidopsis thaliana stable lines (OE3). Confocal images 

indicated that AtG3BP1 is localized to various compartments within the cytoplasm and 

occasionally we could also detect expression in the nucleus (Figure 2C). 
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Figure 2 AtG3BP1 is expressed and localized to different cellular compartments. 
A. Expression patterns for the GUS reporter gene under the control of the AtG3BP1 promoter in 

transgenic Arabidopsis seedlings of 8-14 days stained for 1 – 6 hours. Histochemical GUS staining 
at seedling stage. i: 8 days old seedling stained for 2h. ii: 12 days old seedling stained for 3h.  iii 
and iv: Leaves of 14 days old seelings stained for 6h.  Scale bar: i = 1000 µm, ii=500 µm, iii=50 
µm and iv=20 µm. 

B. Immunoblot of WT and OE3 plants expressing 35S::AtG3BP1-GFP probed with anti-GFP 
antibody (upper panel) and protein loading control is shown with Ponceau-S staining (lower 
panel). 

C. AtG3BP1 expression and protein localization in Arabidopsis roots and leaves. Confocal laser 
scanning microscopy images of GFP fluorescence (green) and propidium iodide (PI) fluorescence 
(red) in the root epidermis of 5-day-old seedlings (i and ii) and leaves (iii). Stable transgenic plants 
overexpressing AtG3BP1 fused to GFP, 35S::AtG3BP1-GFP( OE3) reveal AtG3BP1 mainly in 
the cytoplasm (i) and in the nucleus (ii). Enlargement of boxed area, showing details of nuclear 
localization. Scale bar: 20 µm 
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AtG3BP1 alters classical MTI responses 

To evaluate the role of AtG3BP1 in MTI, Atg3bp1 mutant lines were challenged with 

Pseudomonas syringae pv. tomato DC3000 hrcC- (Pst hrcC-) that lacks the type III 

secretion system (T3SS) by spray inoculation. Arabidopsis Atg3bp1-1 and Atg3bp1-2 

mutants had reduced bacterial titers 3 hpi as well as 72 hpi compared to WT plants 

(Figure 3A). Conversely, the AtG3BP1 overexpressor lines OE2 and OE3 harbored 

higher bacterial titers 72 hpi compared to WT plants (Figure 3B). Taken together, these 

data suggest that AtG3BP1 negatively regulates disease resistance to Pst hrcC-. In 

addition, the difference in bacterial titers in the Atg3bp1-1 and Atg3bp1-2 mutants after 3 

hpi suggests that AtG3BP1 regulates the entry of Pst hrcC- into the plant.  

 

Because Arabidopsis resistance to Pst hrcC- was increased in both Atg3bp1 mutant 

alleles Atg3bp1-1 and Atg3bp1-2 (Figure 3A), we looked for cellular responses involved 

in MTI that were deregulated. We first evaluated an early MTI response, the production 

of reactive oxygen species (ROS) (Kadota, Sklenar et al., 2014) in both alleles and 

observed a stronger ROS burst in Atg3bp1 mutant lines compared to WT plants after 

treatment with flg22 (Figure 3C).   

 

Since MTI has been reported to be associated with transcriptional reprogramming 

(Navarro, Zipfel et al., 2004, Zipfel et al., 2004), we investigated the role of AtG3BP1 in 

MAMP-triggered transcriptional response. Quantitative RT-PCR analysis showed that the 

classical MTI markers (Asai, Tena et al., 2002, Yang & Klessig, 1996) FRK1, PR1, and 

WRKY29 were significantly more induced in untreated Atg3bp1-1 when compared to WT 



 

 

139 

plants. Besides, flg22 treatment further induces the expression of FRK1 and PR1 in the 

mutants compared to WT plants. Although the expression of WRKY29 and MYB51 was 

higher in the mutants compared to the WT after flg22 treatment, this was statistically not 

significant (Figure 3D).  

 

In plants, ROS act as signaling molecules and have been shown to play a role in multiple 

stress responses (Dalton, Shertzer et al., 1999). ROS can also induce a variety of auto-

oxidative chain reactions leading to signaling events and ultimately to the destruction of 

organelles and macromolecules (Mittler, Vanderauwera et al., 2004, O'Brien, Daudi et 

al., 2012). To further clarify the role of AtG3BP1 in stress responses, WT plants and 

Atg3bp1 mutants were specifically stained for superoxide radical using the nitroblue 

tetrazolium (NBT) and for hydrogen peroxide using 3,3'-diaminobenzidine (DAB). 

Polymerization of DAB and NBT can be detected as a brown precipitate in the presence 

of hydrogen peroxide and as a blue precipitate in the presence of superoxide, 

respectively. Compared to WT plants, a strong DAB and NBT stain appeared in Atg3bp1-

1 and Atg3bp1-2 mutants (Figures 3E and 3F). 
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Figure 3. The Atg3bp1 mutants display enhanced disease resistance and alter classical MTI responses 
A. Bacterial titers evaluated 3 and 72 hours after spray inoculation with 1x108 cfu.ml-1 Pst DC3000 

hrcC- in WT and two Atg3bp1 mutant lines (Atg3bp1-1 and Atg3bp1-2). Values represent SEM 
from 3 independent experiments.  Asterisks indicate significant differences from the WT as 
determined by Mann-Whitney U two-tailed test (p≤ 0.01). 

B. Bacterial titers evaluated 3 and 72 hours after spray inoculation with 1x108 cfu.ml-1 Pst DC3000 
hrcC- in WT, Atg3bp1-1, and two AtG3BP1 overexpressing lines (OE2 and OE3). Values 
represent SEM from 3 independent experiments.  Asterisks indicate significant differences from 
the WT as determined by Mann-Whitney U two-tailed test (p≤ 0.01). 

C. flg22-induced ROS burst in the WT and Atg3bp1 mutant lines. Leaf discs from 4-week-old plants 
were treated with 1 µM flg22 over 40 min. The data where shown as means from 12 leaf discs. 

D. flg22-induced marker gene expression in the WT and Atg3bp1-1 plants. 14-day-old seedlings were 
treated with 1 µM flg22 for 1 hour. Transcripts levels were determined by qRT-PCR relatively to 
Col-0 WT (set at 1).  UBQ10 and Actin expression levels were used for normalization. 

E. And F. Detection of hydrogen peroxide accumulation by DAB staining (F) and of superoxide 
anion accumulation by NBT staining (G) in WT and Atg3bp1 mutants. 
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AtG3BP1 is a negative regulator of stomatal immunity  

Plants restrict the invasion of bacteria after sensing the MAMPs through stomatal closure 

(Melotto et al., 2006, Zeng et al., 2010). We then hypothesized that the lower bacterial 

titers that we observed 3 hpi in Atg3bp1 mutant lines compared to WT after spray 

inoculation (Figure 3A) result from the prevention of bacterial entry into the leaves via 

the stomata. To test this hypothesis, we examined the stomatal aperture in Atg3bp1-1 

mutants. Consistent with expectations, the stomata of Atg3bp1-1 were more closed 

compared to those of WT plants (Figure 4A), suggesting that diminished levels of 

AtG3BP1 caused the stomatal response phenotype observed in Atg3bp1-1 and Atg3bp1-2.  

We then treated Atg3bp1-1 mutant lines with flg22 or abscisic acid (ABA), both of which 

are known to promote stomatal closure. After 1 h of ABA treatment, the stomata in both 

WT and Atg3bp1-1 plants closed to the same extent, whereas the stomatal closure in 

Atg3bp1-1 mutant lines was compromised in response to MAMP treatment (Figure 4A). 

This observation shows that while the ABA-dependent stomatal closure is not affected in 

the Atg3bp1-1 mutants, the flg22-dependent pathway is compromised, confirming a role 

for AtG3BP1 in the stomatal immune pathway. 

 

Arabidopsis plants close stomata when they sense Pst within 1 hpi. However, Pst and 

other virulent bacteria induce the stomata to reopen via secretion of the chemical effector 

coronatine (COR). Thus, WT Arabidopsis are found to be resistant to COR-deficient Pst 

mutants of Pst DC3000 COR- (Melotto et al., 2006, Zeng & He, 2010). To test the role of 

AtG3BP1 in stomatal reopening, leaf pieces were incubated with Pst or Pst COR- 

bacteria. Stomatal apertures in leaf epidermal peels of WT and Atg3bp1-1 plants were 
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subsequently assessed after 1 h and 3 h. In WT plants, the stomata rapidly closed after 

treatment with Pst, and reopened to normal levels after 3 hpi (Figure 4B). However, 

when compared with WT plants, Atg3bp1-1 mutants were compromised in stomatal 

closure in non-treated controls at 0 hpi and 1 h after treatment (Figure 4B and 4C at 0 and 

1 hpi, respectively). Importantly, Atg3bp1-1 plants were completely insensitive to Pst-

mediated stomatal reopening at 3 hpi (Figure 4C, 3 hpi). These data indicate that 

Atg3bp1-1 mutants counteract COR-dependent reopening of stomata and that resistance 

to Pst hrcC- in Atg3bp1 mutant lines may therefore be due to the stomatal closure 

response. 

 

To further evaluate the role of AtG3BP1 in stomatal immunity, WT plants and Atg3bp1-1 

mutant lines were challenged with Pst and Pst COR- (Pst COR-) by spray inoculation. 

Bacterial titers were evaluated at 3 hpi. Bacterial titers were significantly reduced in 

Atg3bp1-1 compared to WT plants when challenged with Pst (Figure 4D). However, no 

significant differences in the bacterial titers of Atg3bp1-1 and WT were found when 

challenged with Pst COR- (Figure 4D). We also measured the stomatal density and size 

in Atg3bp1-1 for developmental defects. However, Atg3bp1-1 mutant and WT showed 

similar stomatal density and size (Figure 4E and 4F), indicating that the reduced bacterial 

titers in Atg3bp1-1 were not the result of smaller stomatal size or density but due to 

differences in stomatal behavior. 

 

We further tested the disease phenotype of Atg3bp1 mutant lines with the virulent 

bacterial pathogen Pst. Atg3bp1-1 developed less disease symptoms and had lower 
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bacterial titers 3 hpi and 72 hpi than WT controls when challenged with Pst by spray 

inoculation (Figure 4G). Next, we investigated whether AtG3BP1 is critical for 

Arabidopsis resistance even when the stomatal barrier was breached by infiltration 

inoculation of Pst which bypasses the first barrier of defense, namely stomatal closure, 

that restricts the passage of bacteria into the plant (Melotto et al., 2006, Zeng et al., 

2010). However, Atg3bp1-1 showed an enhanced resistance phenotype when challenged 

with Pst by infiltration inoculation (Figure 4H), indicating that AtG3BP1 also negatively 

regulates post-invasive disease resistance in mesophyll cells.  
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Figure 4. AtG3BP1 is associated with stomatal immunity 

A. Stomata closure upon ABA and flg22 treatment.  Epidermal peels of 5-week-old WT and 
Atg3bp1-1 plants were floated in stomata buffer with either 20 µM ABA or 1 µM flg22. Stomatal 
apertures were evaluated after 1 hour. Values represent SEM from 3 independent experiments. 
Asterisks indicated significant differences from the WT plants determined by a Mann-Whitney U 
two-tailed test (p≤ 0.01). 

B. and C. Stomata closure upon Pst DC3000 or Pst COR- inoculation.  Epidermal peels of 5-week-
old WT and Atg3bp1-1 plants were floated in a suspension of 1x108 cfu.ml-1 Pst DC3000 or Pst 
COR- in stomata buffer.  Stomatal apertures were evaluated at the indicated time points. Values 
represent SEM from 3 independent experiments. Asterisks indicate significant differences from 
the WT plants determined by a Mann-Whitney U two-tailed test (p≤ 0.01). 

D. Bacterial titers evaluated 3 hours after spray inoculation with 1x108 cfu.ml-1 Pst DC3000 or Pst 
COR- in WT and Atg3bp1-1 plants. Values represent SEM from 3 independent experiments. 
Asterisks indicate significant differences from the WT plants as determined by a Mann-Whitney U 
two-tailed test (p≤ 0.05). 

E. Stomata density in leaf abaxial surfaces of WT and Atg3bp1-1. stomatal density (D, stomata per 
mm2) 
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F. Average stomata size in leaf abaxial surfaces of WT and Atg3bp1-1. Mean pore depth (l, mm), 
which is assumed to be equivalent to guard cell width. 

G. Bacterial titers evaluated 3 and 72 hours after spray inoculation with 1x108 cfu.ml-1 Pst DC3000 in 
WT and Atg3bp1-1. Values represent SEM from 3 independent experiments.  Asterisks indicate 
significant differences from the WT plants as determined by a Mann-Whitney U two tailed test 
(p≤ 0.01). 

H. Bacterial titers evaluated 3 and 48 hours after infiltration inoculation with 1x108 cfu.ml-1 Pst 
DC3000 in WT and Atg3bp1-1 plants. Values represent SEM from 3 independent experiments. 
Asterisks indicate significant differences from the WT plants as determined by a Mann-Whitney U 
two-tailed test (p≤ 0.01). 

 
 
Global transcriptomic profile shows that AtG3BP1 negatively regulates defense gene 

expression 

To identify the AtG3BP1-dependent genes, we performed whole transcriptome analysis 

(RNA-seq) with 14-day-old seedlings of WT and Atg3bp1-1 genotypes treated for 24 h 

with or without 1x108 cfu.ml-1 Pst hrcC- by spray inoculation. Samples from three 

independent biological experiments were collected for RNA extraction and RNA-seq was 

carried out on Illumina HiSeq. The data discussed in this publication have been deposited 

in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession 

number GSE 107786 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE107786)

. Differentially expressed genes were based on at least a 2-fold change in gene expression 

and the false discovery rate value (P ≤ 0.05) as described in the Bioinformatics part of 

Materials and Methods. All the down/up-regulated genes were overlapped to obtain the 

unique down/up-regulated genes in mock-mock and mock- Pst hrcC- treated conditions 

(Figure 5A).   

 

Performing hierarchical clustering by combining all the 1937 unique genes that are 

differentially expressed (Figure 5A) revealed several clusters as depicted in (Figure 5B). 

Focusing on three specific clusters of interest, cluster IV comprised 160 DEGs that were 
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highly upregulated in Atg3bp1-1 upon Pst hrcC- treatment but not in WT (Figure 5C). 

Enrichment analysis of Gene Ontology (GO) categories of cluster IV revealed genes 

associated with response to stress, biotic stimulus and defense (Figure 5C). Therefore, 

Atg3bp1 mutants respond more strongly to microbial challenge than WT. A constitutive 

defense response in Atg3bp1-1 was observed for cluster VI, with 261 DEGs, which were 

highly upregulated already in the absence of Pst hrcC- treatment (Figure 5C). Another 

large set of genes, cluster VII with 597 DEGs, all related to ROS, hydrogen peroxide 

metabolism, oxidation-reduction process, peroxidase activities, and oxidoreductase 

activities, was also found to be constitutively upregulated in untreated Atg3bp1-1 plants 

(Figure 5C).  

 

The expression of several immunity-related genes in Atg3bp1 mutants, including WAK1 

(AT1G21250), WRKY40 (AT1G80840), WRKY8 (AT5G46350), AZI1 (AT4G12470), and 

defensin-like protein (AT3G59930) was confirmed by quantitative RT-PCR (qRT-PCR) 

analysis (Figure S3B). Taken together, the global gene expression data suggest that 

AtG3BP1 plays a negative role in a large subset of immunity related genes.   
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Figure 5. Global transcriptomic profile shows that AtG3BP1 is associated with defense responses 

A. Venn diagrams showing the number of the unique differentially expressed genes.  The numbers in 
the Venn diagrams were obtained by overlapping the unique down/up regulated genes in mock-
mock and mock-treated conditions (WT versus WT-treated, Atg3bp1-1 versus Atg3bp1-1-treated, 
WT versus, Atg3bp1-1, and WT-treated versus Atg3bp1-1-treated).  

B. Heat map of AtG3BP1-induced genes with and without Pst DC3000-hrcC-  treatment in WT and 
Atg3bp1-1 plants. The original FPKM values were subjected to data adjustment by normalizing 
genes/rows and hierarchical clustering was generated with the average linkage method using 
MeV4.0.  Red color indicates upregulation and green indicates downregulation.  Clusters are 
defined in the text.  

C. Expression profiles and enrichment of genes with GO terms for interesting clusters of AtG3BP1-
induced genes with and without Pst DC3000-hrcC- treatment in WT and Atg3bp1-1 plants.  Right 
panel: for each interesting cluster, enrichment in genes with GO terms related to immune response. 
The fold enrichment was calculated based on the frequency of genes annotated to the term 
compared to their frequency in the genome. 
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AtG3BP1 is a key negative regulator of genes involved in SA biosynthesis and 

signaling  

The transcriptome data indicated that a large set of immunity-related genes are either 

constitutively or more highly induced in Atg3bp1 mutants upon microbial challenge. 

Among these genes, a strong enrichment was observed for SA-related genes (Figure S3C 

and D). For this purpose, we evaluated the expression levels of several known SA-

mediated defense genes in Atg3bp1-1 and WT seedlings by qRT-PCR. We found that the 

basal transcript levels of the CaM-binding protein 60g (CBP60g) and SAR deficient1 

(SARD1) were higher in Atg3bp1-1 compared to WT. CBP60g and SARD1 are members 

of the CaM-binding protein family that regulate the expression of the SA biosynthetic 

gene isochorismate synthase 1 (ICS1) (Wang, Tsuda et al., 2011, Zhang, Xu et al., 2010). 

The expression of ICS1 was also significantly higher in Atg3bp1-1 compared with WT 

(Figure 6A). For SA signaling related genes, the expression levels of NIM1 interacting 1 

(NIMIN1), transcription factor WRKY38, and PR2 were tested and found to be higher in 

Atg3bp1-1 compared with WT (Figure 6B). Expression of some of the SA marker genes, 

PAD4, EDS1, and EDS5 were also elevated in Atg3bp1-1 compared to WT (Figure 6C). 

The transcription factors WRKY40 and AZI1 (azelaic acid induced 1) are often used as 

markers for SA-dependent host defense responses (Baker, Zambryski et al., 1997, Lamb, 

Lawton et al., 1989). WRKY40 and AZI1 were also upregulated in Atg3bp1-1 compared 

with WT controls (Figure S3B). Overall, the hyper-induction of SA defense-related genes 

correlates with the resistance to Pst observed in the Atg3bp1 mutants. 
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AtG3BP1 regulates stomatal immunity via SA signaling  

We showed that Arabidopsis G3BP1 is critical for stomatal immunity and that AtG3BP1 

is a negative regulator of SA biosynthesis and signaling gene expression. Since SA is 

required for innate immunity-mediated stomatal closure (Zeng, Brutus et al., 2011), we 

thus quantified endogenous SA levels in Atg3bp1 mutant lines and found significant 

increase in SA levels in Atg3bp1-1 mutants compared with WT seedlings (Figure 6D). 

 

Because an increase in endogenous SA can trigger stomatal closure, we hypothesized that 

an increase in the expression of SA-related genes might trigger stomatal closure and in 

turn lead to immune resistance in Atg3bp1 mutants. For this purpose, stomatal apertures 

were assessed in WT and Atg3bp1-1 after a 1-hour pre-treatment of SA followed by 

inoculation with either Pst or Pst COR-. The inoculation with Pst did not reopen the 

stomata in WT when pre-treated with SA. But in WT leaves that had not been treated 

with SA, stomata completely reopened to normal sizes after 3 h of inoculation with Pst 

due to coronatine produced by the pathogen. In WT leaves pretreated with SA followed 

by inoculation with Pst COR-, the stomata remained closed due to the lack of coronatine. 

In contrast, the stomata in Atg3bp1-1 leaves remained closed and the treatment with 

either Pst or Pst COR- had no effect on the stomata (Figure 6E). Collectively, these 

results confirm that AtG3BP1 functions in SA-mediated stomatal closure and opening in 

response to bacterial pathogens. 
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Figure 6. Endogenous salicylic acid triggers stomatal closure and immune defense in Atg3bp1 
mutants 

A. Expression of SA-biosynthesis-related genes in the WT and Atg3bp1-1 14–day-old seedlings. 
Transcript levels were determined by qPR-PCR relatively to Col-0 WT (set at 1). UBQ10 and 
Actin expression levels were used for normalization. 

B. Expression of SA-signaling-related genes in the WT and Atg3bp1-1 14–day-old seedlings. 
Transcript levels were determined by qPR-PCR relatively to Col-0 WT (set at 1). UBQ10 and 
Actin expression levels were used for normalization. 

C. Expression of SA-accumulation-related genes in the WT and Atg3bp1-1 14-day-old seedlings.  
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Transcript levels were determined by qPR-PCR relatively to Col-0 WT (set at 1). UBQ10 and 
Actin expression levels were used for normalization. 

D. Endogenous salicylic acid (SA) levels in 14-day-old seedlings of WT and Atg3bp1-1 mutant 
plants. Values represent SEM from 3 independent experiments. 

E. Stomatal aperture in epidermal peels of 5-week-old WT and Atg3bp1-1 plants were floated in 
stomata buffer and treated 1h with 100 µM SA followed by inoculation with either Pst DC3000 or 
Pst COR-. Stomatal apertures were evaluated after 3 hours. Values represent SEM from 3 
independent experiments.  Asterisks indicate significant differences from WT plants determined 
by a Mann-Whitney U two-tailed test (p≤ 0.01). 

 
 

DISCUSSION 

In this study, we report the identification of the Arabidopsis G3BP1 as an important 

player in SA-dependent stomatal immunity. AtG3BP1 is a member of a family of 8 

proteins in Arabidopsis that are orthologs to the human G3BP gene family. Mammalian 

G3BP1 is an evolutionarily highly conserved RNA-binding protein that was identified 

through its interaction with a Ras-GTPase–activating protein (Tourriere et al., 2003). 

G3BPs have been mainly studied in mammals where they are involved in many 

processes, such as the formation of stress granules and the involvement in virus resistance 

(Katsafanas & Moss, 2007, Panas et al., 2012, Tourriere et al., 2003). However, so far no 

G3BP has been functionally characterized in plant stomatal and apoplastic immunity. 

Expression profiles of the different members of the family in Arabidopsis are subjected to 

changes according to developmental stages, tissue specificity and environmental 

perturbations. From these patterns, the genes might perform similar biochemical 

functions in a tissue- and developmental-specific manner and respond to different 

conditions (Figure S4).  AtG3BP-like protein (At5g43960) was identified as an 

Arabidopsis G3BP like protein that localizes to plant SGs and plays a role in the 

Arabidopsis virus resistance. It has been shown that SG formation and function is 

conserved between mammalian and plant cells during stress.  Moreover, plant viruses 
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have the ability to bind to an AtG3BP-like protein of the G3BP family preventing the 

formation of SGs, as in mammals (Krapp et al., 2017).   

 

The enhanced disease resistance to Pst observed in two independent Atg3bp1 loss of 

function mutant lines confirmed the role of AtG3BP1 in plant innate immunity. Several 

lines of evidence also showed that Arabidopsis G3BP1 is involved in MTI. Atg3bp1 

mutants have reduced sensitivity to Pst hrcC-, a non-virulent pathogen used to study 

MTI. Atg3bp1 mutants also showed enhanced ROS accumulation in response to flg22. 

ROS production is an early MTI response that acts as an anti-microbial agent as well as a 

secondary messenger that triggers downstream defense responses, including stomatal 

closure and up-regulation of MTI marker genes (Kadota et al., 2014, Melotto et al., 

2006). Finally, up-regulation of classical MTI marker genes and stomatal innate 

immunity were enhanced in Atg3bp1 mutants.  

 

Atg3bp1-1 mutants showed the activation of defense responses leading to constitutive 

stomatal closure. More importantly, the striking insensitivity to COR-dependent stomatal 

reopening in Atg3bp1 mutants explains the enhanced resistance phenotype of Atg3bp1 

mutants to Pst by spray inoculation. Moreover, in spite of overcoming the stomatal 

barrier by infiltration of Pst DC3000, the Atg3bp1 mutants showed enhanced disease 

resistance. Taken together, these data indicate that Arabidopsis G3BP1 is a regulator of 

stomatal and apoplastic immunity.    
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The analysis of the SA-deficient nahG mutant and SA-biosynthetic sid2/eds16 mutant 

revealed that SA biosynthesis is required for MAMP-induced stomatal closure (Melotto 

et al., 2006, Zeng & He, 2010). Atg3bp1 mutant plants showed upregulation of SA 

biosynthesis and signaling marker genes and accumulated SA. It was also shown that SA 

induces stomatal closure by peroxidase-mediated extracellular ROS production (Khokon, 

Okuma et al., 2011, Mori, Pinontoan et al., 2001). Consistent with a role of AtG3BP1 in 

SA-induced ROS production, Atg3bp1 mutants showed constitutive upregulation of genes 

related to ROS production and enhanced DAB and NBT staining for hydrogen peroxide 

and superoxide, respectively. The SA-dependent pathway is also critical in mediating Pst 

resistance in the coronatine-insensitive coi-20 mutants (Kloek, Verbsky et al., 2001). 

Thus, SA signaling pathway is required for stomatal immunity as well as apoplastic 

defenses against Pst DC3000 (Kloek et al., 2001, Melotto et al., 2006, Zeng, Chen et al., 

2011, Zeng et al., 2010).  Our data support the idea that Atg3bp1 immunity against Pst 

DC3000 including stomatal defense is correlated with the activation of SA signaling.   

 

Recently, coronatine was found to induce the NAC transcription factors (petunia NAM 

and Arabidopsis ATAF1, ATAF2, and CUC2) ANAC019, ANAC055, and ANAC07 to 

repress ICS1 and induce BSMT1 to inhibit SA accumulation, thus mediating reopening of 

the stomata to facilitate bacterial entry (Zheng et al., 2012). Interestingly, in Atg3bp1-1 

mutants two of these NAC TFs (ANAC019 and ANAC055) were upregulated in untreated 

plants (Figure S5), but nonetheless result in accumulation of SA, requiring another 

explanation for the insensitive phenotype to coronatine-induced stomatal reopening. 
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Collectively, this work reveals that plants and mammals possess a set of highly conserved 

G3BP proteins with a role in immunity and further investigations are warranted to 

unravel the roles of G3BPs in plants. 

 

Materials and methods 

Biological materials and growth conditions 

Arabidopsis thaliana ecotype Columbia-0 plants were used as wild type (WT) in all 

experiments. Two T-DNA mutant lines Atg3bp1-1 (SAIL_1153_H01) and Atg3bp1-2 

(SALK_027468) were obtained from the National Arabidopsis Stock Center (NASC) and 

genotyped by PCR amplification of insertion-specific or WT-specific fragments with 

primers listed in Supplemental Table 1. Plants were grown on soil at 21°C with a 12-h 

photoperiod or as seedlings on sterile one-half-strength Murashige and Skoog (MS) 

medium with a 16h/8h photoperiod for 14 days.  

 

Bacterial strains Pseudomonas syringae pv.tomato Pst DC3000, Pst DC3000 hrcC, and 

Pst DC3000 COR- were cultured at 28°C from glycerol stock on NYGA agar plate (5g/L 

bactopeptone, 3g/L yeast extract, 20 mL/L glycerol, and 15 g/L agar) containing 50 

mg/mL rifampicin. 

 

Cloning and generation of overexpressor plants 

All the details are described in SI Materials and Methods. 

 

Various treatments, Pathogen infection and PTI assays 
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MAMP and hormone treatments, Bacterial pathogen infection assays, Stomatal aperture 

assay, Oxidative burst assay, Superoxide radical and hydrogen peroxide staining, and 

Salicylic acid quantification are described in detail in SI Materials and Methods.  

 

RNA extraction, RNA-seq, data analysis and gene expression analysis 

The experimental details and the relevant methods are described in SI Materials and 

Methods. 
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Supplementary Information 

Materials and methods 

AtG3BP1 cloning and generation of AtG3BP1 overexpression transgenic plants 

The coding sequence (CDS) of AtG3BP1 was amplified from a cDNA clone (pda12652 - 

RIKEN Biosciences) using primers spanning the ATG to the stop codon by PCR with 

Phusion High-Fidelity DNA Polymerase (New England Biolabs). Amplicon was purified 

and cloned into Gateway entry vector pENTR-D/Topo (Invitrogen) to generate pNR 24-2 

(without stop codon) and subsequently cloned into the Gateway-compatible binary 

expression destination vector pGWB5 containing GFP tag driven by cauliflower mosaic 

virus 35S promoter by LR reaction following the manufacturer’s instructions (Invitrogen) 

to obtain pMHN 275. 

 

Transgenic Arabidopsis overexpressor stable lines were generated by floral dip 

transformation using Agrobacterium tumefaciens C58 harboring pMHN 275 (Zhang, 

Henriques et al., 2006). Transgenic plants were selected on ½ MS medium containing 50 

µM hygromycin and propagated to obtain homozygotic T3 lines. All primer sequences 

are shown in Supplementary Table 1. 

 

MAMP and hormone treatments 

Flg22 peptide (QRLSTGSRINSAKDDAAGLQIA) was synthesized (GenScript Inc.,) 

and used at the concentration 1 µM for the treatment.  ABA was used at the concentration 

of 20 µM and SA was used at the concentration of 100 µM.  Water or Ethanol only 

treatment was used as mock treatment.    
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Gus staining and subcellular localization assays 

To construct ProAtG3BP1::Gus, the native promoter of AtG3BP1 (1 kb upstream of the 

start codon) was PCR amplified from a RIKEN TAC clone (pdg06741 – RIKEN 

Biosciences) and subcloned to pENTR-D/Topo (Invitrogen) to generate pAA(B1) 

(without stop codon) and subsequently recombined into pGWB433 vector by LR reaction 

following the manufacturer’s instructions to obtain pAA(B1-2). The construct 

ProAtG3BP1::Gus was confirmed by sequencing and used to stably transform Col-0 via 

floral dip-inoculation using Agrobacterium tumefaciens C58. Transgenic plants were 

selected on ½ MS medium containing 50 µM kanamycin. Glucuronidase activity was 

determined on seedlings of 8 – 14 days and staining was carried out from 1 – 6 hours as 

described in (Zimmerli, Stein et al., 2004).  All primer sequences are shown in 

Supplementary Table 1. 

  

Subcellular localization assay was performed using 6-day-old AtG3BP1 transgenic 

Arabidopsis overexpressor stable homozygotic T3 lines under 35S promoter fused to 

GFP. Samples were visualized for GFP expression using a confocal laser-scanning 

microscope imaging system (Zeiss). 

 

Immunoblot 

Total protein from wild type and 35S::AtG3BP1-GFP (OE3) 14 days old seedlings were 

extracted from (80-100 mg) plant material and frozen in liquid nitrogen.  Samples were 

homogenized to a fine powered using a Tissue-Lyser. Frozen plant powder was 

resuspended in extraction buffer containing 50 mM Tris-HCL pH7.5, 150 mM Nacl, 
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0.1% NP40, 5 mM EGTA, 0.1 mM DTT, vortexed and incubated on ice for 15 min.  

Extract was then centrifuged at high speed for 15 min at 4 °C.   The supernatant (150 µL) 

was collected and protein quantification was carried out by Bradford assay (5 µL of the 

supernatant) (B6916, Sigma-Aldrich).  Finally, protein amount was normalized for all 

samples and denatured with Laemmli 6X buffer by boiling at 75° C for 10 min.   Samples 

were resolved by SDS-PAGE using Mini-Protean system (BIO-RAD) at a constant 

amperage 15 mA and transferred onto ethanol-activated PVDF membranes (GE 

Healthcare) for 120 min at a constant voltage of 100 V. Blots were blocked with 5 % 

milk in 1 x TBST at RT for 1 h.  Then, blots were probed with anti-GFP antibody O/N at 

4 °C on a rotary shaker.  The membranes were washed three times for (5 min each) with 

1 x TBST and then were incubated with the appropriate secondary antibody conjugated to 

horseradish peroxidase with 2 % milk in 1 x TBST for 1 h.  The membranes were washed 

again three times for (5 min each) with 1 x TBST and the antigen-antibody interactions 

were detected using with enhance chemiluminescence reagent (ECL Prime, GE 

Healthcare) using a ChemoDoc MP Imaging System (BIO-RAD. Ponceau-S staining of 

blots was then carried out for protein visualization 

 

Bacterial pathogen infection assays 

The bacterial strains used in this study were Pseudomonas syringae pv.tomato DC3000, 

Pst DC3000 hrcC-, and Pst DC3000 COR-. Syringe and spray inoculations were 

performed as described (Katagiri, Thilmony et al., 2002).  Briefly, five-week-old 

Arabidopsis WT and mutant plants were grown on jiffy 7 under short day conditions (8 

h/16 h) at 23°C and 60% RH and challenged with bacterial strains (OD600nm = 0.2 in 10 
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mM MgCl2 containing 0.04% (v/v) Silwet L-77) by either spray inoculation or 

infiltration into leaves with a needleless syringe. Disease symptoms were evaluated at 3 

and 48 or 72 h post infection (hpi). For bacterial titers, leaf discs (0.5 cm diameter) from 

three different leaves per plant (five plants per genotype for 3 hpi and 10 plants for 48 or 

72 hpi were used as technical replicates per experiment) were harvested, washed, and 

then bacteria were extracted using 10 mM MgCl2 containing 0.04% (v/v) Silwet L-77. 

Quantification was done by plating appropriate dilutions on LB agar media containing 

rifampicin (50 mg/l) and incubated at 28°C for 2 days, after which the bacterial numbers 

were counted. 

 

Stomatal aperture assay 

Abaxial epidermal peels from fully expanded leaves of 5-week-old Arabidopsis WT and 

mutant plants were floated on stomatal opening buffer solution (10 mM KCl in 10 mM 

MES buffer, pH 6.15 (KOH)). The peels were incubated for 2 h under light (100 µmol 

m−2s−1) to open stomata before stomatal aperture measurement was performed as 

described (Desclos-Theveniau, Arnaud et al., 2012). The treatments with the MAMP 

flg22 and with the hormones ABA or SA were then performed at the indicated 

concentrations. Water/ethanol was added as mock control. For Pst DC3000 and Pst 

DC3000 COR- inoculation, bacterial suspensions at an OD600 of 0.2 with 0.04% (v/v) 

Silwet L-77 were added to the stomata opening buffer. The peels were mounted on slides 

and microscopic images of stomata were taken at the indicated time points using a Zeiss 

AX10 Imager.Z2. Internal width of stomatal apertures and mean pore depth, which is 

assumed to be equivalent to guard cell width, were measured as described in (Dow & 
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Bergmann, 2014) using the “measure” function of ImageJ (http://rsb.info.nih.gov/ij/). 

Peels from at least 3 plants were used for each sample and forty images were used per 

biological replicate. 

 

Oxidative burst assay 

Rapid and transient production of ROS was monitored by a luminol-based assay (Huang, 

Desclos-Theveniau et al., 2013). Twelve leaf discs (0.4 cm diameter) from 4-week-old 

Arabidopsis WT and mutant plants were incubated adaxial side up in 150 µL of sterile 

water in a white 96-well plate (Thermo Fisher) overnight. Water was then replaced with 

100 µL of reaction solution containing 50 µM of luminol, 10 µg/mL of horseradish 

peroxidase (Sigma), and supplemented either with 1 µM of flg22 or water as a mock 

control. ROS evaluation was conducted immediately at 1 min interval reading time after 

the addition of MAMPs for a period of 40 min using TECAN Infinite 200 PRO 

microplate reader; signal integration time was 0.5 s. ROS measurements were expressed 

as means of RLU (Relative Light Units). 

 

Superoxide radical and hydrogen peroxide staining 

Fully expanded leaves of 5-week-old Arabidopsis WT and mutant plants were stained 

with either nitroblue tetrazolium (NBT) (N6876, Sigma-Aldrich) or 3,3'diaminobenzidine 

(DAB) (D5637, Sigma-Aldrich) for superoxide radical and hydrogen peroxide staining 

method, respectively, as described in (Ramel, Sulmon et al., 2009). Leaves were then 

mounted on slides with 50% glycerol. Pictures were taken using Nikon SMZ25 

stereomicroscope. 
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RNA extraction and gene expression analysis 

For MAMP-induced defense gene expression, 14-day-old Arabidopsis WT and Atg3bp1-

1 mutant seedlings grown on ½ MS agar were transferred on liquid ½ MS overnight 

before flg22 treatment. Seedlings were treated with either 1 µM flg22 or water (mock) for 

1 hour.  For RNA-seq analysis, 14-day-old Arabidopsis WT and mutant seedlings were 

spray inoculated with Pseudomonas syringae pv tomato DC3000-hrcC- for 24 h. Total 

RNA was extracted using NucleoSpin® Plant RNA kit and first-strand complementary 

DNA was synthesized from 1 µg of total RNA using reverse transcriptase, SuperScript® 

III First-Strand Synthesis SuperMix kit (Invitrogen). Quantitative RT-PCR (qRT-PCR) 

analysis was performed using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). 

Data were analyzed using Bio-Rad CFX manager software. AT3g18780 (Actin) and 

At4g05320 (UBQ10) were used as reference genes for normalization of gene expression 

levels in all samples. Normalized gene expression was expressed relative to wild-type 

controls in each experiment (expression level = 1). Primers are listed in Supplementary 

Table 1. 

 

RNA-seq and Data Analysis 

Three independent biological replicates were carried out for RNA-seq analysis. RNA-seq 

library preparation and sequencing was performed on HiSeq 4000 platform resulting in 

151 bps paired-end reads. Approximately 40 million reads were obtained for each 

sample. Reads were quality checked using FASTQC v0.11.5 (Bioinformatics, November 

5, 2017). Adapters and reads with low sequencing quality were filtered using 

Trimmomatic 0.36 (Bolger, Lohse et al., 2014), retaining first 100 bps and by using other 



 

 

166 

default settings for paired-end sequences. The trimmed reads were then aligned to the 

Arabidopsis reference genome (TAIR10) using Tophat v2.1.1 (Trapnell, Pachter et al., 

2009, Trapnell, Roberts et al., 2012) with –N 2 –g 1. The annotation file was provided as 

reference for reads alignment. MultibamSummary from deepTools2 package (Ramirez, 

Ryan et al., 2016) was used on the bam files derived from the previous step, to check for 

the correlation between the replicates. Summary of read counts at gene level was 

calculated using featureCounts v1.5.1 (Liao, Smyth et al., 2014).  Cufflinks v.2.2.1 

(Trapnell et al., 2012) was used to calculate the FPKM values for individual replicates 

and CuffDiff v2.2.1 (Trapnell et al., 2012) with quartile normalization to find the 

significant differential gene expression. Genes with 2-fold change and P value <= 0.05 

were considered as significantly different between samples with and without Pst hrcC- 

treatment. Hierarchical clustering of these genes was performed using Mev v4.8.1 

(Howe, Sinha et al., 2011). GO term enrichment in each gene list was carried out using 

AgriGO (Du, Zhou et al., 2010) with a cutoff for significant enrichment is P value < 0.01 

and calculation false discovery rate < 0.5. Venny diagrams were generated using 

(http://bioinfogp.cnb.csic.es/tools/venny/). 

 

Salicylic acid quantification 

Arabidopsis WT and Atg3bp1-1 mutant 14-day-old seedlings were harvested into liquid 

nitrogen, freeze dried, and ground to a fine powder. Total SA was extracted and 

quantified by LC-MS/MS based on a comparison with the standard SA as previously 

described (Forcat, Bennett et al., 2008) 
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Statistical Analysis 

Microsoft Excel software was used for statistical analysis. Statistically significant groups 

were determined by a Mann Whitney test sterisks indicate significant differences from 

the WT as * for P ≤ 0.05, ** for P ≤ 0.01, and *** for P ≤ 0.001. 
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Supplementary figures 

 

 
Figure S1.  

A. Arabidopsis G3BPs indicating the AGI number, length in amino acids and the domain 
organization.  Nuclear Transport Factor 2 (NTF2) and RNA Recognition Motif (RRM). 

B. Alignment of the AtG3BP1 and HsG3BP1 amino acid sequences.  Red box indicates the NTF2 
domain and blue box indicates the RRM domain. 
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Figure S2. AtG3BP1 subcellular localization 
A. Predicting subcellular localization of AtG3BP1 protein based on its amino-acid sequence. 
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Figure S3. RNAseq – Volcano plots, qPCR validation, GO enrichment analysis 
A. Volcano plots of the transcriptomes of wild-type and Atg3bp1-1 plants with and without Pst 

DC3000-hrcC- treatment (WT vs WT-treated, Atg3bp1-1 vs Atg3bp1-1-treated, WT vs Atg3bp1-1, 
and WT-treated vs Atg3bp1-1-treated). The horizontal line and vertical lines indicate the 
significance threshold (FDR < 0.05) and two-fold change threshold (log2FoldChange>1), 
respectively. 

B. Expression of AtG3BP1-regulated genes in the WT and Atg3bp1-1 14-day-old seedlings. 
Transcript levels were determined by qRT-PCR relatively to Col-0 WT (set at 1). UBQ10 and 
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Actin expression levels were used for normalization 
C. and D. GO enrichment analysis of genes induced upon microbial treatment using AgriGO V2. The 

fold enrichment was calculated based on the frequency of genes annotated to the term compared to 
their frequency in the genome. 
 
 
 
 

 
 

 

Figure S4. Expression profiles of AtG3BPs in development and different organs 
A. Developmental stage specific expression pattern of the members of Arabidopsis G3BP family 

generated using Genevestigator. 
B. Anatomical part expression pattern of the members of Arabidopsis G3BP family generated using 

Genevestigator. 
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Figure S5. qPCR of the NAC TFs 

A. Transcript levels of ANAC019, ANAC055, and ANAC072 were measured in the WT and 
Atg3bp1-1 14-day-old seedlings. Transcript levels were determined by qRT-PCR relatively to Col-
0 WT (set at 1).  UBQ10 and Actin expression levels were used for normalization. 

 

Supplementary table 

Table S1 Plasmids and Primers 

• A list of all the plasmids and primers used in this study Plasmids 

S. No. ATG No. Vector used 
STOP 

codon 

Cloned  

from 
by Purpose Tag 

pNR24_2 AT5G48650 pENTR-D/TOPO 
without 

stop 
PDA-12652 

PCR and 

TOPO cloning 
Gateway entry None 

pMHN275 AT5G48650 pGWB5 No stop pNR24_2 LR Clonase Localization/OE lines GFP 

pAA(B1) 
Promoter of 

AT5G48650 
pENTR-D/TOPO 

without 

stop 
pdg06741 

PCR and 

TOPO cloning 

Promoter Gateway 

entry 
None 

pAA(B1-2) 
Promoter of 

AT5G48650 
pGWB433 No stop pAA(B1) LR Clonase Promoter analysis Gus 

 

• Primers used for cloning  
 

Name Sequence Target gene Purpose 

N0030 CACCATGGATTCTACTGCTGCAACCA AT5G48650 For cloning into Gateway pENTR-TOPO-F 

N0031 CTWGTACGAGTTGATGCTGGCGA AT5G48650 For cloning into Gateway pENTR-TOPO-R 

AA013 GGGGACAAGTTTGTACAAAAAAGCA AT5G48650 Cloning the gene under native promoter-F 
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GGCTTCGAAGGAGATAGAACCtttttccg

gtagaccgtcgag 

AA014 

GGGGACCACTTTGTACAAGAAAGCT

GGGTCTCCACCTCCGGATCMGTACG

AGTTGATGCTGGC 

AT5G48650 Cloning the gene under native promoter-R 

AA090 CAC CTT TTT CCG GTA GAC CGT C AT5G48650 
Only promoter before ATG for cloning into 

Gateway pENTR-TOPO-GUS-F 

 

• Primers used for genotyping 
 

Name Sequence Target gene Purpose 

N0107 AGATGGGGAAGTTGTTTCTGG AT5G48650 LP1for genotyping Atg3bp1-1  for WT 

N0118 CTCTACCAACTGGTGAGTCGC AT5G48650 LP1for genotyping Atg3bp1-2  for WT 

N0165 CGTTTTGCTACTTTGCTCACC AT5G48650 RP1-for genotyping Atg3bp1-1 or HM 

N0167 TGAAAGTTTATGCAGATGGGG AT5G48650 RP1-for genotyping Atg3bp1-2 for HM 

N0200 ATTTTGCCGATTTCGGAAC AT5G48650 Primer T-DNA-LBb1.3 for SALK 

 

• Primers used for qPCR 
 

Name Sequence Target gene Purpose 

AA155 TGGAGATTGCAACTCGGCTG AT5G48650 AtG3BP1-F  
AA156 TCTTGCGGGGCAAGGAAAAA AT5G48650 AtG3BP1-R 
AA021 ACCACCTGAAAGGAAGTACAGTG AT3g18780 Refrence gene-Actin-F 
AA022 CTGTGAACGATTCCTGGACCTGC AT3g18780 Refrence gene-Actin-R 
AA111 GGCCTTGTATAATCCCTGATGA At4g05320 Refrence gene-UBQ10-F 
AA112 AAAGAGATAACAGGAACGGAAA At4g05320 Refrence gene-UBQ10-R 
AA115 ACGGGCATAGTTCCACAAAG AT2G19190 FRK1-F 
AA116 CGTCAAAAGAACGACGATGA AT2G19190 FRK1-R 
AA117 ACAAATGGTCTGCTATAGCT AT1G18570 MYB51-F 
AA118 CTTGTGTGTAACTGGATCAA AT1G18570 MYB51-R 
AA119 GCGTAAATACGGGCAGAAAC AT4G23550  WRKY29-F 
AA120 GGTTTGGGTTGGGAAGTTTT AT4G23550  WRKY29-R 
392s GGCGAGAAGTGAAGCTTTTG AT5G26920   CBP60g-F 
392as GCACGGAGGATGATGTTTTT AT5G26920   CBP60g-R 
193s AGACATCGTTGCTCTTCACG AT1G73805 SARD1-F 
193as CACACTTACTTCTCCGGCAA AT1G73805 SARD1-R 
196s GACGGGTATCTTTGGAGGAA AT5G22570 WRKY38-F 
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196as AAACCGGAGGATTGTCTTTG AT5G22570 WRKY38-R 
ksk-145 TATGGGGGATAAGGGGTTCT AT1G74710  ICS1-F 
ksk-146 GCCCTAGTTACAACCCGAAA AT1G74710  ICS1-R 
HA238 CTCATACACTCTGGTGGG  AT2G14610 PR1-F 
HA239 TTGGCACATCCGAGTC AT2G14610 PR1-R 
ksk-155 ATCGTTGGAAATCGTGGTGT AT3G57260 PR2-F 
ksk-156 TCGGTGATCCATTCTTCACA AT3G57260 PR2-R 
R195S CACGGAAACGTAGACGAGAA  AT1G02450 NIMIN1-F 
R195AS CCCGTACGACACTGAGAGAA AT1G02450 NIMIN1-R 
AA147 CAAGAGCCTTGATCGATCATTG AT4G18170 WRKY28-F 
AA148 GCAAGCCCAACTGTCTCATTC AT4G18170 WRKY28-R 
AA139 TTCATGGATCCAAAAATCCTAGA  AT2G46400 WRKY46-F 
AA140 TGTGGTTTCCGAGATACTTCACT  AT2G46400 WRKY46-R 
AA191 GGTCTTGGCGATACAAT AT4G39030 EDS5-F 
AA192 CAGCGAGTGCAGAGATC AT4G39030 EDS5-R 
N0429 ACTCCGTTAGCTTCACCGTT AT3G59930 defensin-like protein-F 
N0430 CATGCAGCATCGCTCTTCAG AT3G59930 defensin-like protein-R 
AA141  ACAGCACTTGTCTCGATTCT AT1G21250 WAK1-F 
AA142 TCTTTACGCTTGCAGCTCAT AT1G21250 WAK1-R 
AA149 ATGATCTCTTCCGTGTGCCA AT5G46350 WRKY8-F 
AA150 ATCATCAAGGCTCTTGTTTGAAGA  AT5G46350 WRKY8-R 
AA143 GATCCACCGACAAGTGCTT AT1G80840 WRKY40-F 
AA144 AGGGCTGATTTGATCCCTCT AT1G80840 WRKY40-R 
AA145 CATTGGAAACCAGATGGAAG AT4G12470 AZI1 -F 
AA146 TCTGAGGGCTAACGTTCTTG AT4G12470 AZI1 -R 
AA193 TTAGCCGTTGAAGCTCT AT3G52430 PAD4 -F 
AA194 ATGCATCGCAACGATCT AT3G52430 PAD4 -R 
AA195 CTGAGTTAGCCGGTGT AT3G48090 EDS1-F 
AA196 TTTCATGTACGGCCCTG AT3G48090 EDS1-R 
AA183 GCATCTCGTCGCTCAG At1g52890 ANAC019-F 
AA184 CTCGACTTCCTCCTCCG At1g52890 ANAC019-R 
AA185 GCGCTGCCTCATAGTC At3g15500 ANAC055-F 
AA186 CGAGGAATCCCCTCAGT At3g15500 ANAC055-R 
AA187 TGGGTGTTGTGTCGAAT At4G27410 ANAC072-F 
AA188 ATCGTAACCACCGTAACT At4G27410 ANAC072-R 
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2.2. SA-mediated suppression of JA responses 
 
It was observed in this study that Arabidopsis G3BP1 is critical for stomatal immunity 

and that AtG3BP1 is a negative regulator of SA biosynthesis and signaling genes.  It has 

been shown that JA and SA signaling pathways antagonize each other in plants (Figure 

4.5) (1, 159, 277) and the SA signaling pathway is required for stomatal immunity as well 

as apoplastic defenses against Pst DC3000 (180, 189, 277, 278). Therefore, we extended 

our approach and quantified the endogenous JA levels in Atg3bp1-1 mutant lines. JA 

levels were decreased in Atg3bp1-1 mutants compared with WT seedlings (Figure 4.6).  

Since SA may induce the expression of transcriptional regulators that interfere with 

JA/ET signaling and responsive genes (1), we evaluated the expression levels of several 

known JA/ET biosynthesis and signaling in Atg3bp1-1 and WT seedlings by quantitative 

RT-PCR. JA biosynthesis and signaling primary response genes were down-regulated in 

the Atg3bp1-1 mutants when compared to WT plants (figure 4.7, 4.8, and 4.9). The 

suppression of the JA pathway correlated well with the increased stomatal closure and the 

apoplastic resistance in Atg3bp1 plants inoculated with Pst DC3000 suggesting that 

induction of SA represses the JA signaling pathway in Atg3bp1 mutants. This is also 

consistent with previous studies showing that Pst DC3000 producing COR, which is a 

functional and structural mimic of JA-Ile, induces the upregulation of JA and the 

suppression of stomatal and apoplastic defenses (180, 277, 279).  Collectively, these 

results support the idea that Atg3bp1 immunity against Pst DC3000 including stomatal 

defense is correlated with the activation of SA signaling and inhibition of JA/ET 

signaling. These results show the involvement of the SA and JA hormones in defense 

signaling to determine the outcome of the plant-pathogen interaction (280).   
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Figure 4.5: Simplified model of the molecular machinery involved in the transcriptional regulation of 
the SA signaling pathway (A), the JA signaling pathway (B), or the antagonism of SA on the JA 
signaling pathway(C). After the reduction and monomerization of NPR1, SA activates NPR1 that triggers 
gene expression in the nucleus.  In the absence of JA, JAZ repressors suppress JA-responsive genes.  JA-
responsive genes are activated in the presence of JA, MYC or ERF transcription factors, but only if SA is 
absent. Activation of both the SA and JA signaling pathways leads to antagonism of JA-responsive gene 
expression by SA. There are indications for roles in SA/JA crosstalk for cytosolic NPR1, and nuclear 
localized TGAs, GRX480, and WRKYs. Established (in) activities are indicated by solid lines and 
hypothesized (in) activities are indicated by dashed lines.   Black arrows denote activation and red blocks 
suppression. Red crosses indicate that gene transcription is blocked (1).  
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Figure 4.6:  Endogenous jasmonic acid (JA) levels in 14-day-old seedlings of WT and Atg3bp1-1 
mutant plants.  Values represent SEM from 3 independent experiments. 
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Figure 4.7: Expression of JA-biosynthesis-related genes in the WT and Atg3bp1-1 14-day-old 
seedlings.  Transcript levels were determined by qPR-PCR relatively to Col-0 WT (set at 1). UBQ10 and 
Actin expression levels were used for normalization. 
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Figure 4.8: Expression of signaling-related genes in the WT and Atg3bp1-1 14-day-old seedlings.  
Transcript levels were determined by qPR-PCR relatively to Col-0 WT (set at 1). UBQ10 and Actin 
expression levels were used for normalization. 
 
 

 
 
Figure 4.9: Expression of JA & Ethylene signaling -related genes in the WT and Atg3bp1-1 14-day-
old seedlings.  Transcript levels were determined by qPR-PCR relatively to Col-0 WT (set at 1). UBQ10 
and Actin expression levels were used for normalization. 
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3. Biochemical Characterization of AtG3BP1  

3.1. AtG3BP1 is a potential target of MPK3, 4, and 6  

The in vivo phosphorylation of AtG3BP1 on S257 (SP site) suggested that it is a potential 

substrate of MAPKs. To test the ability of the MAPKs to phosphorylate AtG3BP1 at the 

in vivo identified site, AtG3BP1was produced as recombinant protein in E. coli and in 

vitro kinase assays were carried out with the three immune MAPKs namely MPK3, 

MPK4 and MPK6.   

 

A recombinant fusion of AtG3BP1 to a His6-MBP tag was over-expressed in the Rosetta 

strain of E. coli and purified under native conditions using Ni-NTA agarose beads. The 

protein was visualized by Coomassie blue stained SDS-‐‑polyacrylamide gel 

electrophoresis (PAGE) before and after desalting. Arrows indicate the bands 

corresponding to His6-MBP-AtG3BP1 (MWt 93.027 kDa) (Figure 4.10 A and B).   

 

Purified recombinant proteins of AtG3BP1-His6-MBP and constitutively active MAPKs 

were mixed together in the presence of ATP and incubated at ambient temperature for 30 

min (Figure 4.10 C).  Protein samples were resolved by SDS-PAGE and stained with 

SimplyBlue™ SafeStain. The protein band corresponding to AtG3BP1-His6-MBP was 

excised (Figure 4.10 D, F, and H) and the gel pieces were destained. Subsequently the gel 

pieces were subjected to reduction, alkylation and digestion with trypsin. Tryptic peptides 

were recovered, desalted, and analyzed by LC-MS/MS.  Results showed that AtG3BP1 is 

phosphorylated by MPK3, 4, and 6 at Ser-257 of the peptide [DKFGVPAVSLP(s)*PK] 

(Figure 4.10 E, G, and I).  This result confirmed and validated the phosphosite identified 
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in the in vivo phospho-proteomic screen after 15 min flg22 treatment, indicating that 

AtG3BP1 is a true substrate of MAPKs. 
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Figure 4.10: AtG3BP1 is phosphorylated by MPK3, 4 and 6 in vitro kinase assays.  A: Coomassie blue 
stained polyacrylamide gel of the purification of His6-MBP-AtG3P1. Lane 1, M: molecular weight marker; 
lane 2, pellet; lane 3, S: soluble fraction; lane 4, NR: Non-Retained fraction; lane 5 and 6, W: washes; lane 
7-11, E: elutions; lane 11, B: proteins bound to Ni-NTA beads. B: Coomassie blue stained polyacrylamide 
gel of the purified His6-MBP-AtG3P1 after desalting. C: Schematic representation of the kinase assay 
workflow.  Purified AtG3BP1 was used as a substrate. D, F, and H show stained SimplyBlue™ SafeStain 
SDS-PAGE of AtG3BP1 with MPK3, 4, and 6, respectively. Arrows indicate band corresponding to 
AtG3BP1 were excised out.  E, G, and I: LC-MS/MS spectra showing AtG3BP1 Ser-257 phosphorylated 
by MPK3, 4, and 6, respectively. On the right of each LC-MS/MS spectra is the corresponding Mascot and 
Mascot Delta (MD) scores. Arrows indicates His6-MBP-AtG3BP1 (MWt 93.027 kDa). 
 
 

3.2. Bi-molecular fluorescence complementation (BiFC) interaction study  

The interaction between the three MAPKs and AtG3BP1 was tested in vivo by 

bimolecular fluorescence complementation (BiFC) assays in N. benthamiana.  BiFC 

employs two non-fluorescent fragments of YFP on separate proteins. When the proteins 

come into close proximity, YFP is reconstituted and a fluorescence signal can be 

observed. No YFP signals were observed for neither N-terminal- nor C-terminal 

constructs of AtG3BP1 and MPK3, 4, or 6 (all combinations and orientations of  

interaction were tested).   

 

3.3. Yeast two-hybrid screen  

To gain a better understanding of the function of AtG3BP1 and to find protein interaction 

partners of AtG3BP1 in Arabidopsis, a yeast-two-hybrid screen was carried out using N-

terminally fused AtG3BP1 as bait (BD-ATG3BP1) and an Arabidopsis seedling library 

of prey fragments by Hybrigenics, (http://www.hybrigenics.com/).  Of the 92.9 million 

analyzed interactions, 258 clones were processed, of which 234 positive hits 

corresponded to19 different proteins presented in Table 4.4. 
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Resulting interacting proteins with AtG3BP1 were found to belong to proteins mainly 

involved in transcriptional regulation of gene expression including the transcription 

factors GT-1, WRKY47, and WRKY9, or proteins that enhance the binding affinities of 

DNA binding (GIP1).  Moreover, proteins involved in mRNA binding (dentin 

sialophosphoprotein) and processing (TUT1) also physically interacted with ATG3BP1.  

Among the resulting proteins was the translation initiation factor 4G (EIF4G).  

Eukaryotic translation initiation factors are scaffold proteins that regulate the initiation of 

protein synthesis from nuclear-encoded mRNAs. These initiation factors function to 

recruit the 40 S ribosomal subunit to mRNA, assist in the recognition of the initiation 

codon, and promote the assembly of the 80 S ribosome (281, 282). Phosphorylation of 

EIF4G is essential to control the initiation of translation for selective mRNA translation 

under various stress conditions (283, 284).  Moreover, EIF4G has been shown to interact 

with some viruses during viral infection (285). This suggests that AtG3BP1 might have a 

function similar to their mammalian G3BP counterparts in the formation of SGs that are 

initiated by the phosphorylation of the translation initiation factor under stress conditions.  

 

To further confirm and validate AtG3BP1 interaction partners that were identified in the 

Y2H screen, I will perform BiFC assays using transient expression 

in N. benthamiana leaf cells. I will also preform Co-immunoprecipitation (co-IP) to 

identify physiologically relevant protein–protein interactions between AtG3BP1 and its 

interacting partners.  Further studies are required to determine how AtG3BP1 is involved 

in the formation of SGs and how this links to the observed resistance phenotypes and 

apoplastic immunity of Atg3bp1 mutants. 
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Table 4.4: Yeast-2-hybrid interactions of Arabidopsis G3BP1 (amino acids 1-458) screened as a bit 
against a fragment library of seedling cDNA. 

AT code 

(TAIR) 
Protein name 

Number 

of hits 
Frame PBS Cellular localization1 

AT1G55820 Lysine-specific demethylase 21 IF A Nucleus 

AT3G50370 Hypothetical protein 97 IF A Cytoplasm 

AT5G35100 
Cyclophilin-like peptidyl-prolyl 

cis-trans isomerase family protein 
12 IF A 

Chloroplast and 

thylakoid lumen 

AT3G13222 GBF-interacting protein 1 (GIP1) 27 IF A Nucleus 

AT2G45620 
Nucleotidyltransferase family 

protein (TUT1) 
13 IF A P-body,and nucleus 

AT3G07660 Flocculation protein 19 IF A Nucleus 

AT5G19860 Transmembrane protein 4 IF B 
Chloroplast and 

vacuole 

AT3G60240 
Translation initiation factor 4G 

(EIF4G) 
7 IF B 

Cytoplasm and 

extracellular region 

AT4G37870 
Phosphoenolpyruvate 

carboxykinase 1 (PCK1) 
5 IF B 

Cytoplasm, cytosol, 

membrane, nucleolus, 

and nucleus 

AT4G30890 
UBIQUITIN-SPECIFIC 

PROTEASE 24, UBP24 
8 IF B Nucleus 

AT3G13990 Dentin sialophosphoprotein 3 IF B Cytosol and nucleus 

AT5G06590 Hypothetical protein 4 IF D Cellular component 

AT1G13450 GT-1, a plant transcription factor 3 IF D Nucleus 

AT4G01720 
WRKY47, a plant transcription 

factor 
1 IF D Nucleus 

AT1G68150 
WRKY9, a plant transcription 

factor 
3 IF D Nucleus 

AT3G13990 Dentin sialophosphoprotein 4 IF D Cytosol and nucleus 

AT1G07310 
Calcium-dependent lipid-binding 

(CaLB domain) family protein 
1 IF D Nucleus 

AT1G08560 
ATSYP111, KN, KNOLLE, 

SYNTAXIN OF PLANTS 111 
1 IF D SNARE complex 

AT2G40000 HSPRO2 1 IF E 
Cytoplasm and 

mitochondria 
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1= based on TAIR  

The PBS column shows the confidence of interaction: 
A: Very high confidence in the interaction       
B: High confidence in the interaction       
D: Moderate confidence in the interaction       
E: Interactions involving highly connected (or relatively highly connected) prey domains, warning of non-
specific interaction.  The total number of screens performed on each organism is taken into account to set 
this connectivity threshold: 20 
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4. AtG3BP1 regulates alternative splicing events 

4.1. Background 

Post-transcriptional regulations are important processes in eukaryotes that enable them to 

adapt to changes in their environment and human G3BP1 seems to play an important role 

in mRNA processing and translation (225).  Given the sessile growth habit of plants, they 

demonstrate strong plasticity at the epigenome and transcriptome levels to cope with 

environmental stresses (286, 287).  Plants under stress conditions precisely regulate their 

gene expression and metabolism at multiple levels in order to reach balance between 

growth, development, and survival.  Pre-mRNA splicing is an essential post-

transcriptional mechanism involving the removal of intronic sequences to join the 

neighboring exons and finally generating an uninterrupted open reading frame (ORF) for 

translation. Splicing is accomplished by the spliceosome, an extremely dynamic 

macromolecular complex, which is composed of five small nuclear ribonucleoprotein 

particles (snRNPs) and over 200 associated proteins, that recognizes specific sequences at 

the splice sites (288). Alternative splicing (AS) is a molecular phenomenon of the cell to 

generate more than one mRNA isoform from a single gene by using different splice sites. 

Thus, AS contributes significantly to enhancing the encoding capacity of eukaryotic 

genomes and as a consequence to the complexity of the proteome.  AS events can be 

grouped into four main types: exon skipping, alternative 5′ and alternative 3′ splice sites 

(5′SS, 3′SS), and intron retention (IR).  This variation in the splicing forms involves 

major consequences for the resulting mRNA isoforms (Figure 4.11) (289).  Exon 

skipping represents the majority of splicing events in mammals while IR makes up for the 

vast majority of AS isoforms in plants (286).  Alternative splicing events have been 
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proposed as a powerful mechanism for the regulation of various stress responses in 

plants. Effects of the different types of alternative splicing in the plant response to stress 

are shown in figure 4.12 (289). Several receptor-like kinase proteins and disease 

resistance genes undergo AS and are also regulated by AS in Arabidopsis thaliana.  

Many truncated proteins produced by AS events of known resistance genes have a 

positive role in the defense.  An Arabidopsis TIR-NBS-LRR gene RPS4 (RESISTANCE 

TO PSEUDOMONAS SYRINGAE4) plays a role in the resistance to Pseudomonas 

syringae pv. tomato DC3000. Truncated proteins generated from alternative transcripts of 

RPS4 have roles in the induction of cell death (290). Another example for the role of AS 

in the plant’s resistance to pathogens is EDS1, a member of the R gene family (resistance 

genes), that undergo AS in response to biotic stresses (291).  Moreover, AS participates 

in regulating the basal level of the expression of disease resistance genes in away that the 

amount of which needs to be balanced between resistance and to limit cellular damage 

and metabolic cost (292).   
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Figure 4.11: Main types of alternative splicing events.  A, fully spliced transcript; B, exon skipping; C, 
alternative 5′ splice site; D, alternative 3′ splice site; E, intron retention (289). 
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Figure 4.12: Scheme illustrating the main effects of the different types of alternative splicing in the 
plant response to stress. Some examples of genes for which the role of alternative splicing has been 
demonstrated are reported for responses to abiotic (blue ovals) and biotic (red ovals) stress. PTC, premature 
termination codon; TFs, transcription factors; R, resistance (289).   
 
 

4.2. AS events in Atg3bp1 

To investigate the global dynamics of AS in AtG3BP1, we analyzed RNAseq data that 

were generated with mock and Pseudomonas syringae pv. tomato DC3000 hrcC- (Pst 

hrcC-) treatment of WT and Atg3bp1-1 plants.  Alternate splicing events between WT 

and Atg3bp1-1 mock treated and Pst DC3000 hrcC- treated samples were identified using 

rMATS version 3.2.5 (263-265).  Five different splicing events were identified using this 

tool. We used a cutoff parameter of –c 0.0001 and events that have FDR <=0.05 (or 5%) 

were filtered out from each event.  After comparing all the confident junctions to the 
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annotated genes, we identified all the AS events, these comprised of 316 alternative 3' 

splice sites (SSs), 159 alternative 5'SSs, 94 exon skipping, and 1350 intron retention 

events in Atg3bp1-1 compared to WT under mock treatment. Additionally, we also 

identified 195 alternative 3' splice sites (SSs), 96 alternative 5'SSs, 66 exon skipping, 1 

mutually exclusive, and 772 intron retention events in Atg3bp1-1 compared to WT after 

Pseudomonas syringae pv. tomato DC3000 hrcC- (Pst hrcC-) treatment.  Based on all 

identified events, we found that AS events were decreased in the Atg3bp1-1 treated 

samples suggesting a role for AtG3BP1 in AS under biotic stress (Figure 4.13). Knowing 

that several AS events in Arabidopsis are generated by resistance genes, this result might 

coordinate with the observed role of AtG3BP1 in Arabidopsis innate immunity under 

biotic stress.  AS events under Pst hrcC- treatment were not a random process.  Rather, 

alteration of AS in stress-responsive genes might impact plant defense to biotic stress.  

Intron retention events were the most predominant AS events both in the untreated and 

Pst DC3000 hrcC- treated samples. This is consistent with the observation that intron 

retention events constitute the majority of splicing events in Arabidopsis (286).  
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Figure 4.13:  Comparison of global alternative splicing events between control and Pst hrcC-  
treatment in Atg3bp1-1.  The AS events include alternative 3'SSs, alternative 5'SSs, mutually exclusive 
exons, and intron retentions.   
  
 
 
4.3. AS and gene expression are regulated independent of each other  
 
From the RNA-seq data, 855 and 525 genes were differentially expressed (DE) 

(Up/Down regulated) in the Atg3bp1-1 mock treated and Pst hrcC- treatment, 

respectively, relative to WT (fold change >2 and p < 0.05).  Moreover, we found 1586 

and 948 genes were differentially alternatively spliced (DAS) (all five events combined 

together), in the Atg3bp1-1 control and Pst hrcC- treatment, respectively, when we 

compared to WT. We looked for an overlap between the differentially alternatively 

spliced genes and differentially expressed genes, interestingly, only 30 genes were 

common between the two groups in the untreated condition and 8 in the Pst hrcC- 

treatment condition, respectively (Figure 4.14). This low overlap between the different 

classes suggested that differentially expressed genes and alternatively spliced genes are 

primarily regulated independently of each other.  
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Figure 4.14: Venn diagrams of the overlap of differentially expressed genes (DEG) and differentially 
alternatively spliced (DAS) genes in Atg3bp1-1 control and Pst hrcC- treatment.   
 
 

GO enrichment analysis was performed on unique DEG and DAS genes independently. 

Considering the 25 most significant categories showed that the over-represented 

functional categories differed largely between the two groups, confirming the 

independent regulation of gene expression and AS in response to biotic stress in Atg3bp1-

1.  In the comparison of categories enriched between DAS and DEG groups in the 

untreated samples, some functional categories such as response to chemical and cellular 

response to stimulus were presented only among DEG genes, while other categories, such 

as gene expression and nucleobase-containing compound metabolic process, were found 

among the DAS genes (Figure 4.15).  In contrast, in the Pst DC3000 hrcC- treated 

samples, macromolecule metabolic process, cellular macromolecule metabolic process, 

nitrogen compound metabolic process, cellular response to stimulus, and cellular nitrogen 

compound metabolic process were found in the DEG group and heterocycle metabolic 

process, nucleic acid metabolic process, nucleobase-containing compound metabolic 

process, organic cyclic compound biosynthetic process, and RNA metabolic process were
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found among the DAS group (Figure 4.16).  

 

 

Figure 4.15: Functional categorization (biological process) of genes with only DEG or DAS in 
Atg3bp1-1 
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Figure 4.16: Functional categorization (biological process) of genes with only DEG or DAS in 
Atg3bp1-1 with Pst hrcC- treatment. 
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4.4. Defense responsive genes are regulated both transcriptionally and post- 

transcriptionally in Atg3bp1-1 

Overlapping the DEGs with DAS genes revealed 30 common genes between the two 

catergories (Table 4.5). These co-regulated genes that are both transcriptionally and post-

transcriptionally regulated in Atg3bp1-1 are specific to the mutant genotype and not 

dependent on the Pst Dc 3000 hrcC- treatment. Functional categories of these common 

30 genes between DEG and DAS in Atg3bp1-1 revealed that they are enriched in several 

important functional pathways, such as response to stimulus, response in stress, and 

response to oxidative stress (Figure 4.17). Some of these co-regulated genes play an 

important role in response to oxidative stress and disease resistance such as 

ARABIDOPSIS GLUTATHIONE-S-TRANSFERASE 6, ATGSTF11, ATGSTF6, 

GSTF11 (AT3G03190) (293) and peroxidase superfamily proteins including AT2G37130 

and AT5G64100 (294).  Others were shown to play a role in SA signaling in plants such 

as ATNUDT8 (AT5G47240) (295) and systemic acquired resistance such as ATBXL4 

(AT5G64570) (296).  Kinase-like protein (AT3G46280) and protein kinases superfamily 

protein (AT3G59110) are protein kinases involved in phosphorylation (297, 298) that 

were also found among these co-regulated genes. Moreover, zinc-binding ribosomal 

protein (AT1G15250) that is a structural component of the ribosome (299) was found 

also to be co-regulated in Atg3bp1-1.  Visualization of the alternative splicing metadata 

of several of these co-regulated genes of DEG and DAS in Atg3bp1-1 by the IGV 

program is shown in (Figure 4.18).  Validation of these co -regulated genes will be 

performed by qPCR for DEG and RT-PCR for DAS. In conclusion, theses results suggest 

that a subset of genes with defense response related to Atg3bp1-1 are regulated both 
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transcriptionally and post-transcriptionally. Nonetheless, these co-regulated genes 

account only for a small number compared to the genes that are specific to either DEG or 

DAS.   
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Table 4.5: List of co regulated genes of DEG and DAS in Atg3bp1-1 
 

Gene ID Gene description 

AT2G30600 BTB/POZ domain-containing protein 

AT1G62310 Transcription factor jumonji (jmjC) domain-containing protein 

AT5G64100 Peroxidase superfamily protein 

AT5G44585 Hypothetical protein 

AT4G18340 Glycosyl hydrolase superfamily protein 

AT1G21400 Thiamin diphosphate-binding fold (THDP-binding) superfamily protein 

AT3G59110 Protein kinase superfamily protein 

AT1G19540 NmrA-like negative transcriptional regulator family protein 

AT1G15250 Zinc-binding ribosomal protein family protein 

AT3G46280 Kinase-like protein 

AT2G37130 Peroxidase superfamily protein 

AT1G52100 Mannose-binding lectin superfamily protein 

AT5G37000 Glycosyltransferase family exostosin protein 

AT3G06850 BCE2-dihydrolipoamide branched chain acyltransferase 

AT2G02500 ISPD-Nucleotide-diphospho-sugar transferases superfamily protein 

AT2G28630 Encodes KCS12, a member of the 3-ketoacyl-CoA synthase family 

AT4G34970 A member of actin polymerizing factors (ADFs) family 

AT3G13750 beta-galactosidase, glycosyl hydrolase family 

AT5G64570 Encodes a beta-d-xylosidase that belongs to family 3 of glycoside hydrolases 

AT5G63160 BT1-BTB and TAZ domain protein 

AT3G13450 DIN4-branched chain alpha-keto acid dehydrogenase E1 beta 

AT3G03190 Encodes glutathione transferase belonging to the phi class of GSTs 

AT5G47240 Nudix hydrolase homolog 8 

AT4G03510 RMA1 encodes a RING finger motif and a membrane-anchoring domain 

AT5G02020 Encodes a protein involved in salt tolerance. SIS (Salt induced Serine rich) 

AT2G39250 SNZ-encodes a AP2 domain TF that repress flowering 

AT3G57520 SIP2-encodes a raffinose-specific alpha-galactosidase 

AT3G02850 Encodes SKOR, a member of Shaker family potassium ion (K+) channel 

AT4G08290 Nodulin MtN21-like transporter family protein 

AT5G50200 Wound-responsive gene 3 (WR3). Encodes a high-affinity nitrate transporter 
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Figure 4.17: Functional categorization (biological process) of co-regulated genes with both DEG and 
DAS in Atg3bp1-1 
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Figure 4.18: Visualization of some of the co-regulated genes of DEG and DAS in Atg3bp1-1 by IGV 
browser.  A: Alternative 3′ splice sites (3′SS).  B: Alternative 5′ splice sites (5′SS).  C: Exon skipping.  D: 
Intron retention (IR). 
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4.5. Conclusion 

Our data indicates that AtG3BP1 has an impact on post-transcriptional processing of 

mRNA and may reflect distinct developmental mechanisms or variations in pre-mRNA 

splicing demands.  Several studies show that many genes and proteins that have been 

characterized to play role in stress signaling and in the regulation of the expression of 

stress related genes also undergo AS (289).  Moreover, AS in general and IR in particular 

has been reported to play role in plant stress responses observed to include mostly RNA 

processing and metabolism in Arabidopsis thaliana (300).  AtG3BP1 has a specific RRM 

domain and belongs to RNA-binding proteins that are required for post-transcriptional 

control for gene expression that regulate plant development and interactions with the 

surrounded environment.  Based on the data presented here, it is evident that AtG3BP1 is 

involved in pre-mRNA splicing, mRNA transport, and mRNA translation and 

stability/decay as levels of post-transcriptional gene regulation.  Theses levels of post-

transcriptional gene regulation are mainly accomplished either directly by RNA-binding 

proteins or indirectly, whereby RNA-binding proteins control the function of other 

regulatory factors. A full understanding of the roles of AtG3BP1 in snRNP metabolism 

and pre-mRNA splicing awaits further investigation.  Understanding the genetic 

foundation of AS in AtG3BP1 can be used as a suitable tool in generating more resistant 

crop varieties with the balance between growth, development, and survival.
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V. MANUSCRIPTS 

1. Defense Signaling and Epigenetic Control-submitted to Trends in Plant Science 

2. The Arabidopsis homolog of human G3BP1 is a key regulator of stomatal and 

aploplastic immunity-submitted to EMBO 

3. Function and evolution of the G3BP protein superfamily in Arabidopsis -in 

progress   

4. The role of MAPK-mediated phosphorylation of AtG3BP1 in plant innate 

immunity- in progress  

5. The role of AtG3BP1 in differential splicing- in progress 
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VI. CONCLUDING REMARKS AND PRESPECTIVES 

Plants are the richest source of nutrients for many organisms including bacteria, fungi, 

protists, and insects.  Even though plants are sessile organisms that don’t possess a proper 

immune system as present in animals, they have developed several strategies of defense 

mechanisms, which involve different structural, biochemical and physiological 

adjustments to identify pathogens and prevent damage.  Therefore, plants are mainly 

dependent on the innate immunity and efficient signaling pathways that regulate gene 

expression (74).  Understanding molecular mechanisms underlying plant immune 

response is an essential factor to develop highly disease resistant plant species.  However, 

designing plants that are able to respond to pathogen attack without developmental 

penalties is a major challenge.  Our knowledge of stress perception and downstream 

components of the signaling cascade are limited.  The signal is transmitted by ROS, 

hormones, Ca2+ and activates enzymes involved in post-translational modifications 

including protein phosphorylation by kinases (197). The aim of this project was to 

identify new downstream protein kinase targets involved in plant stress tolerance.  

Assigning a given protein substrate to its bona fide kinase will aid in the understanding 

the sophisticated network of plant immune MAPK signaling cascades.   Among the 

chromatin associated proteins differentially phosphoryated after flg22 treatment, 

AtG3BP1 was chosen for further functional characterization of its role in modulating 

plant immunity. 

 

The studies presented in this thesis provide novel data about the role of AtG3BP1, which 

is a downstream MAPK target, in Arabidopsis stomatal and apooplastic immunity. T-
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DNA insertion mutants of Arabidopsis G3BP1 exhibited constitutive stomatal closure 

and up regulation of defense marker genes, elevated salicylic acid (SA) levels, increased 

resistance to virulent pathogens, and constitutive expression of pathogenesis-related 

genes. Our studies demonstrated that Atg3bp1 mutants induce SA-dependent defense 

signaling in Arabidopsis. We showed that AtG3BP1 is a novel, negative regulator that 

affects the capability of plants to respond to a biotic stress.  Moreover, we were able to 

demonstrate crosstalk between the plant hormone defense signaling pathways and show 

that enhanced SA-dependent defenses and resistance in Atg3bp1 mutants had also an 

antagonistic effect on JA/ET signaling.  SA was found to mediate the suppression of JA 

and ET responses in Atg3bp1 mutants.  Most of the Arabidopsis mutations that enhanced 

disease resistance exhibit HR-like lesions in the absence of pathogen challenge (130). 

Atg3bp1 mutants exhibited constitutive defense responses without spontaneous necrotic 

lesions and significant seed yield penalty, highlighting the potential utility of this gene in 

crop protection. The long-term objective of the plant-pathogen interactions studies is to 

enhance the development of stress-resistant crop plants. To this end, transient expression 

of AtG3BP1 conveyed striking disease resistance that could be applied to crop protection.  

However, several facts should be taken in mind. Plants in the field are challenged with 

more than one stress at a time with either combinations of several biotic stresses or 

conditions where simultaneous biotic and abiotic stresses occur, which is different than 

the case in the laboratory.   

 

In terms of perspectives, at a short term, some results regarding stomatal and apoplastic 

immunity needed to be confirmed that loss of AtG3BP1 protein is responsible for the 
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observed immunity related phenotype by rescue this phenotype using Atg3bp1 

complementation lines with the wild type gene.  Moreover, since AtG3BP1 

phosphorylates by MPK3, 4, and 6 in vitro kinase assays, functional characterization of 

AtG3BP1 phosphorylation site needs to be analyzed in stomatal and appoplastic 

immunity by complementation of Atg3bp1 mutants with the phospho-dead and phospho-

mimic mutants. It is important to understand the role of AtG3BP1 in cellular signaling 

processes activated in plants during biotic stresses.   

 

At a longer term, we will identify potential protein interacting partners and investigate the 

molecular function of AtG3BP1 and molecular mechanisms by which Atg3bp1 mutants 

enhance disease resistance to virulent pathogens.   Moreover, we wanted to see if plant 

molecular mechanisms of SGs formation are functionally similar to their mammalian 

counterparts and investigate if AtG3BP1 localizes to plant SGs.  This is will be done by 

crossing Atg3bp1 mutant lines with several stress granules markers. Finally, we want to 

know whether plant viruses have the ability to bind to AtG3BP1 in order to inhibit the 

formation of SGs as it has been shown in mammalian. In conclusion, further 

investigations are warranted to unravel the roles of G3BPs in plants. 
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VII. PREVIOUS PROJECTS 

During the first two years of my PhD I worked in the Genome Engineering group, under 

the guidance of Prof. Magdy M. Mahfouz, to develop a highly efficient and specific 

targeted genome modification platform using CRISPR/Cas9 system that can be applied to 

different plant species. I used CRISPR/Cas9 system for virus interference, providing new 

possibilities for engineering plants resistant to DNA viruses.   

 

Gene editing technologies are used to generate site specific genomic modifications for 

biotechnological and functional genomics studies. Targeted genome editing in plants 

holds much promise for accelerating trait discovery and development in agricultural 

biotechnology (301).  Double-strand DNA breaks (DSBs) is the most widely used 

approach for targeted editing in plant genomes. The two main DSB repair pathways are: 

imprecise non-homologous end joining and precise homology-directed repair (302).  

Different technologies have been used to enable highly efficient site-specific genome 

editing based on de novo generated synthetic chimeric proteins.  These proteins contain a 

DNA-binding module, which is engineered to bind a user-defined sequence, and a DNA-

cleaving module, which induces DSB. However, the efficiency of these technologies 

largely depends on the customizability of the DNA binding module and its binding 

specificity.  Customization of these genome-editing technologies requires protein 

engineering, a time-consuming and labor-intensive process (303).  Furthermore, delivery 

of genome engineering reagents into plant cells is a major challenge for the effective use 

of these technologies to create novel traits (304). Very recently there has been a new 

addition to the genome editing toolkit based on RNA guided endonuclease from the 
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CRISPR/Cas system, which has been used in targeted genome editing in diverse 

eukaryotes (305).  This system comprises of the Cas9 endonuclease of Streptococcus 

pyrogenes and a synthetic guide RNA (gRNA), which combines the functions of CRISPR 

RNA (cRNA) and trans-activating cRNA (tracrRNA). The gRNA directs the Cas9 

endonuclease to a target sequence complementary to 20 nucleotides preceding the 

protospacer-associated motif (PAM) (NGG) required for Cas9 activity. The specificity of 

the system, and the fact that targeting is determined by the 20-nucleotide sequence of the 

gRNA, allows for unprecedented, facile genome engineering. Furthermore, the 

CRISPR/Cas9 system is amenable to making multiple, simultaneous targeted 

modifications (multiplexing).  

 

Tobacco rattle virus (TRV) is an efficient vector in plants for virus-induced gene 

silencing, facilitating functional genomics in diverse plant species.  TRV is a bipartite 

virus with two positive-sense single-stand RNAs, meaning that one vector carries the 

origin of replication and the information responsible for the viral movement, while the 

other, the helper vector, harbors the sequence encoding the coat protein. Virus can only 

function as a whole when both vectors are delivered to the plant. The spread of the virus 

within the plant is systemic, quick and uniform (306).  In my study, we developed a 

TRV-mediated gRNA delivery system to deliver the gRNAs to Nicotiana benthamiana 

transgenic lines over-expressing the Cas9 endonuclease. TRV system makes a good 

delivery platform due to its mild infection symptoms to the plant. Therefore, this platform 

bypasses the requirement for transformation and/or regeneration of each user-defined 

target sequence, amenable to multiplexing, and in which editing efficiencies and 
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applicability across plant species would be significantly improved. This work was 

published in the journal Molecular Plant. The research article is presented hereafter. 

 

Efficient Virus-Mediated Genome Editing in Plants using the CRISPR/Cas9 System. 
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Dear Editor,

Targeted genome editing in plants will not only facilitate func-

tional genomics studies but also help to discover, expand, and

create novel traits of agricultural importance (Pennisi, 2010).

The most widely used approach for editing plant genomes

involves generating targeted double-strand DNA breaks (DSBs)

and harnessing the two main DSB repair pathways: imprecise

non-homologous end joining and precise homology-directed

repair (Voytas, 2013). Enzymes that specifically bind the user-

selected genomic sequences to create DSBs can be generated

de novo as synthetic bimodular proteins containing a DNA-

binding module, engineered to bind a user-defined sequence,

along with a DNA-cleaving module, capable of making DSBs.

Several classes of nucleases have been developed with DNA-

binding domains engineered to confer sequence specificity,

including homing endonucleases, zinc finger nucleases (ZFNs),

and transcription activator-like effector nucleases (TALENs).

Customization of these genome editing platforms, however,

requires protein engineering, a time-consuming and labor-

intensive process (Puchta and Fauser, 2014). Furthermore,

delivery of genome engineering reagents into plant cells is a

major barrier to the effective use of these technologies for

creating novel traits (Baltes et al., 2014).

The recently developed CRISPR/Cas9 system has been used in

diverse eukaryotes for targeted genome editing (Cong et al.,

2013). This system comprises the Cas9 endonuclease of

Streptococcus pyogenes and a synthetic guide RNA (gRNA),

which combines the functions of CRISPR RNA (cRNA) and

trans-activating cRNA (tracrRNA). The gRNA directs the Cas9

endonuclease to a target sequence complementary to 20

nucleotides preceding the protospacer-associated motif (PAM)

(NGG) required for Cas9 activity. The specificity of the system,

and the fact that targeting is determined by the 20-nucleotide

sequence of the gRNA, allows for unprecedented, facile genome

engineering. Furthermore, the CRISPR/Cas9 system is amenable

to making multiple, simultaneous targeted modifications

(multiplexing). Several studies have reported the applicability of

the CRISPR/Cas9 system to genome editing in planta in species

such as rice, Nicotiana benthamiana, and Arabidopsis (Nekrasov

et al., 2013; Shan et al., 2013). In these studies, to achieve plants

with heritable modifications, it was necessary to generate

transgenic lines that stably expressed the Cas9 and gRNA;

progeny with targeted modifications were then recovered

in subsequent generations. The production of transgenics is

time consuming and, therefore, efficient delivery methods are

needed to expedite and maximize the usefulness of this

technology for trait discovery and development.

In plants, Tobacco rattle virus (TRV) is an efficient vector for

virus-induced gene silencing, facilitating functional genomics
1288 Molecular Plant 8, 1288–1291, August 2015 ª The Author 2015.
in diverse plant species. TRV has a bipartite genome, consisting

of two positive-sense single-stranded RNAs, designated RNA1

and RNA2. The RNA2 genome can be modified to carry exonic

gene fragments for post-transcriptional gene silencing (Dinesh-

Kumar et al., 2003). TRV was also shown to have promise as

a vector for genome engineering: when RNA2 was replaced

with an RNA for the Zif268:FokI ZFN, targeted genome

modifications were recovered in somatic tobacco and petunia

cells at an integrated reporter gene (Marton et al., 2010).

However, for TRV to have the most utility as a vector for

genome engineering, it would be desirable if the virus infected

germline cells, making it possible to harvest mutant seed from

infected plants.

We attempted to develop a TRV-mediated gRNA delivery system

that bypasses the requirement for transformation and/or

regeneration of each user-defined target sequence, amenable

to multiplexing, and in which editing efficiencies and applicability

across plant species would be significantly improved. To

construct this virus-mediated genome editing system, we gener-

ated Cas9-overexpressing (Cas9-OE) Nicotiana benthamiana

transgenic lines. First, we optimized the human codon-

optimized Cas9 sequence (Supplemental Sequence 1) for in

planta expression by generating the pK2GW7.Cas9 clone

(Supplemental Figure 1A), and then used Agrobacterium

tumefaciens to transform N. benthamiana leaf discs. We

validated the Cas9 clone by Sanger sequencing, and confirmed

its proper localization by transient expression of a GFP-fusion

variant in N. benthamiana leaves (Supplemental Figure 1A and

1B). In addition, we analyzed the transgenic N. benthamiana

plants at the molecular level to determine the expression

levels of the Cas9 transcript and protein (Supplemental

Figure 1C and 1D).

Next, we constructed and optimized a TRV RNA2 genome-

derived vector (Supplemental Sequence 6) for gRNA delivery.

The TRV RNA2 constructs contained the gRNA under the

control of the pea early browning virus (PEBV) promoter

(PEBV::gRNA) to permit the expression of the gRNA from

the virus RNA-dependent RNA polymerase (Figure 1A).

Subsequently, we reconstituted the TRV virus in tobacco leaves

by agroinfiltration of mixed Agrobacterium cultures harboring

the RNA1 genome (pYL192) (Supplemental Sequence 7) in

combination with different RNA2 vectors in which a gRNA with

binding specificity for the phytoene desaturase (PDS) gene

(Supplemental Sequences 2 and 3) was driven by the PEBV

promoter (pRNA2.PEBV::PDS.gRNA) (Figure 1A and 1B). Ten

days post-infiltration, we confirmed by RT–PCR the presence of



Figure 1. TRV-Mediated Genome Editing in N. benthamiana.
(A) Schematic representation of TRV RNA1 and RNA2 genome organization and modification for targeted genome editing. RNA1 in the Agrobacterium

binary vector system: LB (left border), 2Xp35S (2X CaMV 35S promoter), RdRNAP (134/194 kDa RNA-dependent RNA polymerase), MP (movement

protein), 16k (cysteine rich protein), Rz (self-cleaving ribozyme), Tnos (nopaline synthase terminator), RB (right border). RNA2 in the Agrobacterium binary

vector system: LB, p35S, CP (coat protein), Rz, Tnos, and RB. In RNA2, the gRNA was cloned under the pea early browning virus (PEBV) promoter

(pPEBV::gRNA).

(B) Experimental scheme of the TRV-mediated genome editing. A 20-nucleotide target sequence preceding the PAM sequence can be cloned, in the

gRNA backbone under the PEBV promoter, in the RNA2 genome. Agrobacterium cultures carrying the engineered TRV RNA2 genome, conferring user-

selected sequence specificity, and the RNA1 genome are co-infiltrated into leaves of N. benthamiana overexpressing Cas9 (Cas9-OE) via agroinfection.

Alternatively, multiple targets can be simultaneously edited by mixing RNA2 cultures that confer sequence specificities for multiple targets with RNA1

culture. After agroinfection, plants can be analyzed for the presence of the targetedmodification; plant leaf discs carryingmodified genomes can be either

(legend continued on next page)
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the TRV RNA1 and RNA2 genomes in the inoculated as well as

systemic leaves (Supplemental Figure 2). We then assayed for

genomic editing of our target sequence in both inoculated and

systemic leaves using the Surveyor assay with T7EI nuclease.

We detected significant levels of editing in inoculated and

systemic leaves (Figure 1C). In both types of leaves, editing

efficiencies were higher than those reported in previous

studies. Moreover, the method design included selection of a

PDS genomic target containing a recognition site for the NcoI

endonuclease to facilitate the modification-detection analysis

(Supplemental Sequence 3). To validate the T7EI results, NcoI

restriction digestion analysis was performed. Genomic DNA

was extracted and treated with NcoI followed by PCR

amplification of the fragment flanking our target sequence

(797 bp), and the PCR amplicons were digested with NcoI to

determine the presence of sequence modification. Three bands

were detected, of which two corresponded to the restriction

pattern of the wild-type (WT) amplicon, and one band resistant

to the NcoI cleavage indicated resistance to endonuclease

activity due to sequence modification (Supplemental Figure 3).

Furthermore, to corroborate our T7EI and restriction-protection

assays, we PCR-cloned our target sequence from inoculated

and systemic leaves, and then subjected 30 of the resultant

clones to Sanger sequencing (Supplemental Figure 4). The

sequencing analyses confirmed the results of our T7EI and

restriction-protection assays, and demonstrated that modi-

fication ratios were high: indels were present in 17 clones derived

from inoculated leaves (56%) and in 9 clones from systemic

leaves (30%). Sanger sequencing chromatograms of repre-

sentative clones show the sequence modifications at the

intended target site in inoculated and systemic leaves, respec-

tively (Supplemental Figures 5 and 6). To further validate our

system, we designed and constructed a gRNA (Supplemental

Sequence 4) molecule that targets the proliferating cell nuclear

antigen (PCNA) gene (Supplemental Sequence 5). Using this

construct, we were able to achieve targeted modifications in

the PCNA gene in both inoculated and systemic leaves, as

demonstrated by T7EI assays (Supplemental Figure 7).

One of the primary advantages of virus-mediated delivery of

gRNA molecules is its amenability to multiplexing. To determine

whether multiplexed genome editing is feasible in our editing

platform, we co-delivered gRNA molecules targeting PCNA

and PDS by mixing Agrobacterium tumefaciens bacterial cul-

tures harboring RNA2 vector clones with specificities for PDS

and PCNA genes. Two weeks post-infiltration, we assayed

genomic modifications in systemic leaves using the T7EI

assay (Figure 1D). Sanger sequencing analysis indicated the

presence of modifications at both of the intended target sites

(Supplemental Figure 8), although efficiencies were lower

when more than one gRNA was used simultaneously. Since it
regenerated to recover mutant plants or the seed progeny can be screened fo

culture. The virus-mediated genome editing in this report was performed in a

(C) T7EI-based mutation detection analysis of PDS gene in inoculated and sy

inoculated (lane 2) and systemic (lane 3) leaves co-infiltrated with RNA1 and R

(D)Multiplex editing ofPDS andPCNAgenes: DNAsampleswere isolated from

RNA2.pPEBV::PDS.gRNA, RNA2.pPEBV::PCNA.gRNA, and RNA1 cultures. PC

of the PCNA gene were subjected to T7EI mutation detection analysis. The PC

7 and 8, and vector controls in lanes 1 and 5. Mutation efficiency (as a perc

Arrowheads indicate restriction products.
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is established that TRV is capable of infecting germline cells

(Martin-Hernandez and Baulcombe, 2008), we tested whether

the progeny of plants infected with pRNA2.PEBV::PDS.gRNAs

would carry genomic modifications in the PDS gene target.

We screened progeny plants and recovered two lines, from

early-developed flowers, carrying sequence modification at

the intended target site in the PDS gene (Supplemental

Figure 9). The detection of germinal transmission only in

progeny seed from early flowers indicates that TRV infection

and persistence in meristematic cells might be optimized to

improve the recovery of mutant plants from the seed progeny.

Further studies of germinal transmission are required;

improvements in the method may increase the frequency of

transmission and recovery of mutant plants from the seed

progeny.

The virus-mediated genome editing platform we describe in this

study is not limited to vectors derived from TRV; other RNA

viruses could also be used to deliver the gRNA molecules to

various plant species. Our demonstration that TRV can serve

as a vehicle to deliver genome engineering reagents to all

plant parts, including meristems, provides a general method

for easily recovering seeds with the desired modifications,

obviating the need for transformation and/or tissue culture.

Furthermore, our virus-mediated genome editing system meets

several important requirements for highly efficient and multi-

plexed editing: (1) TRV can systematically infect a large number

of plant species, both naturally and under laboratory conditions;

(2) the virus is easily introduced into plants via Agrobacterium

and delivery into growing points of the plant; (3) the small

genome size of TRV facilitates cloning, multiplexing, library

constructions, and agroinfections; and (4) the virus RNA

genome does not integrate into plant genomes. In conclusion,

our work expands the utility of the CRISPR/Cas9 system

for plant functional genomics and agricultural biotechnology

applications.
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r the presence of the modification, thereby bypassing the need for tissue

N. benthamiana transgenic line overexpressing Cas9.

stemic leaves of N. benthamiana. Targeted mutagenesis was detected in

NA2 carrying a pPEBV::PDS.gRNA compared with vector control (lane 1).

the leaves ofN. benthamianaCas9overexpressionplants co-infiltratedwith

R products of the 797-bp fragment of thePDS gene and 1098-bp fragment

NAmutagenesis is shown in lanes 3 and 4, the PDSmutagenesis in lanes

entage) was calculated using ImageJ software (http://imagej.nih.gov/ij/).
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We used the optimized virus-mediated genome-editing platform for virus interference in 

plants conferring molecular immunity against DNA viruses.  Gemini viruses, a large 

family of plant DNA viruses, cause severe crop losses and economic consequences that 

threaten food security worldwide, especially in underdeveloped regions like sub-Saharan 

Africa (307, 308).  Members of the Geminiviridae possess a twin icosahedral capsid 

structure that encapsulates a circular single-stranded DNA (ssDNA) genome between 2.3 

and 3 kb in length.  We delivered sgRNAs specific for coding and non-coding sequences 

of tomato yellow leaf curl virus (TYLCV) into Nicotiana benthamiana plants stably 

overexpressing the Cas9 endonuclease, and subsequently challenge these plants with 

TYLCV.   Our data demonstrated that the CRISPR/Cas9 system targeted TYLCV for 

degradation and introduced mutations at the target sequences.  N. benthamiana plants 

expressing CRISPR/Cas9 exhibit delayed or reduced accumulation of viral DNA, 

abolishing or significantly attenuating symptoms of infection. This work was published in 

the journal Genome Biology.  The research article is presented hereafter.  
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Abstract

Background: The CRISPR/Cas9 system provides bacteria and archaea with molecular immunity against invading
phages and conjugative plasmids. Recently, CRISPR/Cas9 has been used for targeted genome editing in diverse
eukaryotic species.

Results: In this study, we investigate whether the CRISPR/Cas9 system could be used in plants to confer molecular
immunity against DNA viruses. We deliver sgRNAs specific for coding and non-coding sequences of tomato yellow
leaf curl virus (TYLCV) into Nicotiana benthamiana plants stably overexpressing the Cas9 endonuclease, and
subsequently challenge these plants with TYLCV. Our data demonstrate that the CRISPR/Cas9 system targeted
TYLCV for degradation and introduced mutations at the target sequences. All tested sgRNAs exhibit interference
activity, but those targeting the stem-loop sequence within the TYLCV origin of replication in the intergenic region
(IR) are the most effective. N. benthamiana plants expressing CRISPR/Cas9 exhibit delayed or reduced accumulation
of viral DNA, abolishing or significantly attenuating symptoms of infection. Moreover, this system could
simultaneously target multiple DNA viruses.

Conclusions: These data establish the efficacy of the CRISPR/Cas9 system for viral interference in plants, thereby
extending the utility of this technology and opening the possibility of producing plants resistant to multiple viral
infections.

Keywords: Plant genome engineering, CRISPR/Cas9 system, Synthetic site-specific nucleases, Viral-mediated
genome editing, Virus resistance, Tomato yellow leaf curl virus, Tobacco rattle virus

Background
In bacteria and archaea, the clustered regularly inter-
spaced palindromic repeat (CRISPR)/ CRISPR-associated
(Cas) 9 (CRISPR/Cas9) system confers molecular im-
munity against nucleic acids of invading conjugative
plasmids or phages [1–6]. The CRISPR/Cas9 system has
recently been harnessed in diverse eukaryotic species, in-
cluding plants, for the purpose of targeted genome edit-
ing and regulation [7, 8]. The CRISPR/Cas9 molecular
immunity system comprises the Cas9 endonuclease of
Streptococcus pyogenes and a synthetic single guide RNA
(sgRNA), which directs the Cas9 endonuclease to a tar-
get sequence complementary to the 20 nucleotides pre-
ceding the protospacer-associated motif (PAM) NGG,
which is required for Cas9 activity [9, 10]. Thus,

engineering of the system for a user-selected target re-
quires only the addition of 20 nucleotides to the sgRNA
molecule, allowing facile targeted genome editing and
regulation. Furthermore, simultaneous targeting of sev-
eral genomic loci (multiplexing) is feasible using mul-
tiple sgRNAs [7].
Geminiviruses, a large family of plant DNA viruses,

cause severe crop losses and economic consequences
that threaten food security worldwide, especially in
underdeveloped regions like sub-Saharan Africa [11, 12].
Members of the Geminiviridae possess a twin icosahe-
dral capsid structure that encapsidates a circular single-
stranded DNA (ssDNA) genome between 2.3 and 3 kb
in length. Geminiviridae viruses replicate their genome
either by a rolling-circle amplification (RCA) mechanism
via a double-stranded DNA (dsDNA) replicative form
(similar to that of Φ174 phage), or by recombination-
mediated replication [13]. Geminiviruses do not encode
their own DNA polymerase, but instead reactivate S
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phase and the cellular machinery to facilitate replication
of their own genome [14]. Upon infection of plant cells,
the viral Rep protein binds to the origin of replication,
thereby initiating viral replication in the nucleus [15].
Based on their genome organization, host range, insect
vectors, and genome-wide pairwise sequence identity,
members of Geminiviridae are classified into seven gen-
era: Begomovirus, Mastrevirus, Curtovirus, Becurtovirus,
Eragrovirus, Turncurtovirus and Topocuvirus. Members
of the genus Begomovirus, which infect dicotyledonous
plants via whitefly transmission vectors, include bipartite
and monopartite viruses [16]. Bipartite viruses, such as
African cassava mosaic virus and cabbage leaf curl virus,
have genomes comprising two components (A and B)
that differ in sequence (except for the common region, a
200–250-bp sequence that is nearly identical) [14]. The
common region forms part of the highly conserved
intergenic region (IR), which contains the origin of repli-
cation and promoter sequences for RNA polymerase II
[17]. By contrast, monopartite viruses, such as tomato
yellow leaf curl virus (TYLCV), have a single genomic
component. A conserved nucleosome-free IR is present
in the minichromosome of all geminiviruses [17, 18].
TYLCV, a member of the genus Begomovirus, causes

widespread destruction of tomato crops worldwide [19].
TYLCV is a ssDNA virus, with a genome of approxi-
mately 2.7 kb [20, 21]. The genomic structure of TYLCV
(Fig. 1a) consists of six bi-directionally organized, par-
tially overlapping open reading frames (ORFs), with an
IR containing the origin of replication [15]. Disease
symptoms caused by TYLCV include chlorotic leaf mar-
gins; cupped, thick, and rubbery small leaves; significant
fruit abscission; and overall stunting of plants [20]. Con-
trol and management of the disease caused by TYLCV
have proven both challenging and expensive. Previous
approaches to developing disease resistance focused on
insecticides targeting the viral transmission vector, the
silverleaf whitefly (Bemicia tabaci) [16]. Breeding for re-
sistance has been equally challenging due to linkage be-
tween the resistance locus and genes associated with
poor fruit quality [22, 23]. Several attempts have been
made to engineer tomato plants that are resistant to
TYLCV, including over-expressing the viral capsid pro-
tein (CP) and C4 protein or the non-coding IR se-
quences [24]; the latter approach is based on the idea
that binding of the Rep protein to the origin of replica-
tion might interfere with viral replication. A synthetic
zinc finger protein has been used to block the repli-
cation protein (Rep, C1) of beet severe curly top
virus from binding to the origin of replication, result-
ing in virus resistance [25]. A similar approach was
applied to TYLCV [26, 27]. Nonetheless, there is cur-
rently no effective means of controlling or managing
TYLCV disease. Therefore, to increase the yield of

crops infected by this and related viruses, it will be
necessary to develop efficient technologies for conferring
viral resistance [28].
Targeted DNA mutagenesis using site-specific endonu-

cleases has been used against a variety of mammalian
DNA viruses [29]. Very recently, the CRISPR/Cas9 sys-
tem was used to target different mammalian viruses. For
example, this technology was used to efficiently eradicate
HIV proviral DNA from the host genome and prevent
HIV infection [30]. It was also used to disrupt the
hepatitis B virus, treat latent infection by Epstein-Barr
virus, and engineer the large genome of the herpes
simplex virus [31–34]. A recent report showed the
feasibility of targeting a eukaryotic RNA virus using
the CRISPR/Cas machinery [35]. In this work, we
demonstrate the use of CRISPR/Cas9 for in planta
viral interference against TYLCV. Both the TYLCV
ORFs and the IR sequence could be targeted for
cleavage and mutagenesis by the CRISPR/Cas9 sys-
tem. Targeting of the TYLCV genome resulted in sig-
nificant reduction or attenuation of disease symptoms.
Further, the CRISPR/Cas9 system was able to target
multiple virus sequences simultaneously. Therefore, it
may be generally possible to use the CRISPR/Cas9
system to develop plants that are resistant to TYLCV
and other DNA viruses.

Results
CRISPR/Cas9-mediated interference with TYLCV
In this study, we investigated whether the CRISPR/Cas9
system can be used in plants to impart molecular im-
munity against DNA viruses. To this end, we used our
recently developed system for genome editing, which in-
volves systemic delivery of sgRNA molecules via tobacco
rattle virus (TRV) into N. benthamiana plants overex-
pressing Cas9 endonuclease (NB-Cas9OE) [36]. We de-
signed sgRNAs specific for different TYLCV coding and
non-coding sequences (Fig. 1a), and inserted them into the
TRV RNA2 genome. Next, we delivered the sgRNAs via
agroinfection of TRV into NB-Cas9OE plants. Seven days
post-infiltration (dpi) with TRV, we challenged the NB-
Cas9OE plants with an infectious TYLCV clone via agroin-
fection (Fig. 1b) [37]. Ten days later, we isolated total RNA
and DNA from the NB-Cas9OE plant systemic leaves for
various molecular studies. To determine TYLCV titer, we
performed semi-quantitative PCR using primers encom-
passing the IR region (Table S1 in Additional file 1). The
titer was lower in samples co-infiltrated with sgRNA tar-
geting the IR region than in those infiltrated with TRV vec-
tor controls and TYLCV (Fig. 1c). TYLCV replicates
through a RCA mechanism that exploits the plant machin-
ery [38]. An RCA assay revealed that targeting of the IR
via the CRISPR/Cas9 system prevented accumulation of
the TYLCV genome (Fig. 1d). Because TYLCV is a ssDNA
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virus that is converted to dsDNA inside the plant cell nu-
cleus, interference with TYLCV replication by targeting
the IR within replicating viral dsDNA should significantly
reduce the accumulation of both the ssDNA and dsDNA
forms. To test for interference with TYLCV replication, we
performed dot blot assays. The results showed that the
titer of TYLCV in IR-sgRNA plants was lower than that of
the TRV vector control (Figure S1 in Additional file 2). In
addition, we validated our dot blot results by Southern
blotting, which confirmed that targeting the IR of TYLCV
prevented accumulation of both ssDNA and dsDNA
(Fig. 1e).
We further confirmed our findings by using a different

method for TYLCV inoculation, namely, the sap trans-
mission method (Additional file 3). Sap from young
leaves of TYLCV-infected wild-type N. benthamiana
plants was directly applied to N. benthamiana Cas9OE
plants 7 days after infection with TRV-sgRNA. DNA was
extracted from the systemic leaves after 21 days of sap
application and then subjected to different types of mo-
lecular analysis. Non-specific sgRNA (possessing no se-
quence similarity to the TYLCV genome; Supplementary
sequence 9 in Additional file 4) rather than an empty
TRV vector was used in the sap transmission experi-
ments. The RCA results revealed a reduction in TYLCV
genome accumulation in both samples treated with IR-
sgRNA or CP-IR-sgRNA compared with samples treated
with non-specific sgRNA or TYLCV alone (Figure S2a in
Additional file 2). To confirm the RCA results, we next
performed semi-quantitative PCR to amplify a 560-bp
fragment encompassing the TYLCV IR. The results re-
vealed lower amplification of TYLCV with specific
sgRNAs than with controls (Figure S2b in Additional file
2), thereby confirming the RCA results. Both the RCA
and semi-quantitative PCR assays are based on the amp-
lification of available TYLCV genome. To further con-
firm these data, we next performed Southern blotting,
which confirmed lower accumulation of TYLCV in the
presence of specific sgRNAs than in the presence of con-
trols (Figure S2c in Additional file 2).

CRISPR/Cas9 mediates targeted cleavage of the TYLCV
genome
We subsequently investigated whether the attenuated
replication of TYLCV was indeed due to targeted cleav-
age or modification of the genome, rather than simply to
interference with the replication machinery resulting
from binding by the CRISPR/Cas9 complex. To this end,
we employed T7EI and restriction site loss assays to con-
firm targeting and determine the efficiency of modifica-
tions within the selected sequences. The 20-nucleotide
target sequence of the IR of the TYLCV contains a recog-
nition sequence for SspI endonuclease at the predicted
cleavage site 3 bp upstream of the PAM sequence. We iso-
lated genomic DNA at 10 dpi with the TYLCV infectious
clone and PCR amplified a 560-bp fragment encompass-
ing the IR target sequence, which contains two additional
SspI sites (Supplementary sequence 1 in Additional file 4).
Complete SspI digestion of the wild-type sequence pro-
duced four fragments of 53, 92, 189, and 216 bp; targeted
modification of the IR sequence and subsequent repair via
non-homologous end joining eliminated the SspI site
within the IR, generating a 269-bp SspI-resistant band.
We observed the 269-bp band only in the IR-sgRNA sam-
ples, indicating successful targeted modification of the IR
by the CRISPR/Cas9 system (Fig. 2a). To confirm the
presence of indels, we cloned the 560-bp PCR amplicons
into the pJET 2.1 cloning vector and performed Sanger se-
quencing. Alignment of the sequencing reads of 300
clones indicated that 42 % of the clones carried targeted
modifications within the IR sequence (Fig. 2c; Table S2 in
Additional file 1). Furthermore, to determine whether tar-
geting ORFs could also mediate interference with TYLCV,
we designed sgRNAs targeting the CP and RCRII motif of
the Rep ORF. The T7EI assays and Sanger sequencing in-
dicated that different ORFs could be targeted for modifi-
cation to interfere with TYLCV accumulation (Fig. 2b, d;
Figure S3 in Additional file 2; Table S2 in Additional
file 1). We confirmed the results of the T7EI assays by per-
forming RCA and Southern blotting assays (Figures S4 and
S5 in Additional file 2). In nature, DNA viruses are

(See figure on previous page.)
Fig. 1 CRISPR/Cas9-mediated interference with accumulation of the TYLCV genome. a Genome organization of TYLCV. The six partially overlapping
ORFs are represented by black filled arrows, and the IR is represented by an open box. The three CRISPR/Cas9 targets are represented by
red arrowheads. The sequences of the three targets (IR, CP, and RCRII) are shown on the right. b Schematic representation of the
experimental design. Agrobacterium containing engineered tobacco rattle virus (TRV) with sgRNA specific for the TYLCV genome was
infiltrated into Cas9-expressing plants. TYLCV was subsequently infiltrated to Cas9OE plants harboring an established TRV infection. Samples were
collected at 10–21 days post-infiltration (dpi) for molecular analysis. c Semi-quantitative PCR of TYLCV genomic DNA. TYLCV infiltration into Cas9OE
plants harboring IR-sgRNA accumulated lower levels of TYLCV than plants infiltrated with the TRV empty vector. Actin genomic DNA from N. benthamiana
was used for normalization. d Assay for rolling-circle amplification (RCA) of the TYLCV genome in plant extracts. Accumulation of TYLCV genomic DNA in
plants harboring IR-sgRNA was lower than that in plants inoculated with TYLCV and the TRV empty vector. e Southern blot analysis of TYLCV genomic
DNA accumulation in Cas9OE plants. TYLCV genomic DNA was detected with a DIG-labeled probe against a 560-bp sequence within the IR
region. All six individual IR-sgRNA-harboring plants that were infiltrated with TYLCV showed lower accumulation of the TYLCV genome than
plants inoculated with the TRV empty vector and TYLCV. Arrowheads in (d, e) indicate the expected size of the TYLCV genome. DIG Digoxigenin,
M DNA size marker, NB N. benthamiana, PEBV pea early browning virus promoter, RE restriction enzyme
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transmitted by different means and vectors. Therefore, we
wondered whether our system was capable of targeting the
sap-transmitted TYLCV genome. DNA was extracted from
sap-transmitted TYLCV and used to infect N. benthami-
ana Cas9OE plants expressing IR-sgRNA, CP-IR-sgRNA,
or controls. The corresponding CP fragment (642 bp) from
CP-IR-sgRNA and the IR fragment (560 bp) from CP-IR-
sgRNA or IR-sgRNA were PCR amplified and subjected to
BsmBI (CP) and SspI (IR) recognition site loss assays. DNA
fragments resistant to BsmBI in CP amplicons and to SspI
in IR amplicons were detected in CP-IR-sgRNA samples
but not in controls (Figure S2d in Additional file 2). The
corresponding SspI-resistant fragment was also observed
in IR-sgRNA samples but not in controls (Figure S2e in
Additional file 2).

CRISPR/Cas9 system mediates specific and multiple
targeting of viral genomes
We next asked whether the CRISPR/Cas9 is capable of
mediating specific interference with TYLCV. Notably,
the RCRII motifs of the Rep ORFs of geminiviruses are
conserved at the amino acid level but variable at the nu-
cleotide level. To confirm that our RCRII-sgRNA tar-
geted only the TYLCV RCRII region and interfered
specifically with TYLCV genome replication, we co-
infiltrated another monopartite geminivirus, beet curly
top virus (BCTV) strain Worland (Supplementary se-
quence 7 in Additional file 4), along with the TYLCV-
RCRII-sgRNA. We tested for modifications of the RCRII se-
quences of both TYLCV and BCTV using T7EI assays. The
results confirmed that TYLCV-RCRII-sgRNA specifically

Fig. 2 CRISPR/Cas9-mediated targeted cleavage of the TYLCV genome. a Mutation analysis using a restriction site loss assay. The TYLCV IR
(560 bp) was analyzed for loss of the SspI recognition site at the targeted locus. The arrow indicates the presence of a 269-bp SspI-resistant DNA
fragment only in samples harboring IR-sgRNA, but not in samples harboring the TRV empty vector. b T7EI assay for detecting indels in the RCRII
domain of the TYLCV genome. The T7EI assay detected mutations only in RCRII PCR amplicons from plants infiltrated with TRV containing
RCRII-sgRNA, but not in plants infiltrated with TRV empty vector. DNA fragments A and B were resolved on a 2 % agarose gel and stained with
ethidium bromide. Arrows show the expected DNA fragments. c Alignment of reads from PCR amplicons encompassing the IR region, which were
subjected to Sanger sequencing. d Alignment of reads from the PCR amplicons encompassing the RCRII motif, which were subjected to Sanger
sequencing. The wild-type (WT) TYLCV sequences are shown at the top. The target sequence is shown in red, the SspI site is indicated by a line,
and the protospacer-associated motif (PAM) is indicated in green. This is followed by the various indels, which are indicated by the numbers to
the right of the sequence (−x indicates deletion of x nucleotides; +x indicates insertion of x nucleotides; and T > G indicates change of T to G).
Arrows indicate the expected sizes of the cleavage products
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targeted the TYLCV genome, but not the BCTV genome
(Fig. 3a). We confirmed that BCTV-RCRII-sgRNA tar-
geted the BCTV genome but not the TYLCV genome
(Fig. 3a). Sanger sequencing data confirmed the results of
T7EI assays with regard to specific targeting of each
genome (Fig. 3b, c).
Because the stem-loop sequence of the origin of repli-

cation in the IR is conserved in all geminiviruses, we in-
vestigated the possibility of targeting different viruses
with a single sgRNA. We designed an IR-sgRNA that
contains the invariant TAATATTAC sequence common
to all geminiviruses (Fig. 4a) [39] and tested this IR-
sgRNA against TYLCV and BCTV. Sanger sequencing
confirmed the presence of indels and targeted modifica-
tions in both viruses (Fig. 4b, c; Table S2 in Additional
file 1). Because monopartite and bipartite geminiviruses
share the same conserved stem-loop sequence in the ori-
gin of replication within the IR (Fig. 4a), we next tar-
geted a bipartite virus, the Merremia mosaic virus
(MeMV) (Supplementary sequence 8 in Additional file

4) [40]. Sanger sequencing confirmed that IR-sgRNA
specific to TYLCV but containing the invariant TAA-
TATTAC sequence targeted a similar sequence in the
MeMV genome (Fig. 4d; Table S2 in Additional file 1).
Thus, a single sgRNA is capable of targeting multiple
viruses.

The CRISPR/Cas9 system attenuates or represses TYLCV
symptoms
Interference with TYLCV replication by the CRISPR/
Cas9 machinery is predicted to eliminate or reduce
TYLCV symptoms, reminiscent of the CRISPR/Cas9 sys-
tem’s originally evolved function in natural immunity of
bacteria against phages. Accordingly, we assessed and
evaluated TYLCV symptoms in NB-Cas9OE plants ex-
pressing sgRNAs against TYLCV coding and non-coding
sequences. In these experiments, we challenged three
groups of NB-Cas9OE plants, which expressed sgRNAs
specific to the IR, CP, or Rep regions, with an infectious
TYLCV clone. NB-Cas9OE plants expressing sgRNA

Fig. 3 Specific targeting of different viral genomes. RCRII sgRNAs specific for TYLCV and BCTV sequences target only the TYLCV and BCTV
genomes, respectively. a T7EI assays showing specific targeting of the TYLCV or BCTV genomes. b Alignment of Sanger sequenced reads from
the TYLCV-targeted RCRII region. c Alignment of Sanger sequenced reads from the BCTV-targeted RCRII region. The various indels are indicated
by the numbers to the right of the sequences (−x indicates deletion of x nucleotides; +x indicates insertion of x nucleotides; and X > Y indicates
change of nucleotide X to nucleotide Y). Arrows indicate the expected sizes of the cleavage products. WT wild type
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targeting the IR exhibited significantly reduced TYLCV
symptoms relative to the TRV vector control (Figure S6
in Additional file 2; Table S2 in Additional file 1). More-
over, NB-Cas9OE plants expressing sgRNA targeting the
CP or Rep ORF also exhibited a reduction of TYLCV
symptoms, but the magnitude of this reduction was
smaller than that achieved by targeting the IR-sgRNA
(Figure S7 in Additional file 2; Table S2 in Additional
file 1). In a second set of experiments, we investigated
whether targeting more than one sequence of the
TYLCV genome would lead to greater reduction of
TYLCV symptoms. To test this, we co-infiltrated a pair
of TRV RNA2 genomes carrying sgRNAs targeting the
CP region and IR. Targeting two different sequences
did not have an additive effect on the reduction of
TYLCV symptoms (Figure S8 in Additional file 2; Table S2
in Additional file 1).
Because co-infiltration of two RNA2 genomes carrying

two different sgRNAs does not ensure the delivery of
both sgRNAs into a single cell (and their subsequent ac-
tivities against single molecules of the viral genome), we
multiplexed our sgRNA delivery using the recently de-
veloped polycistronic tRNA–gRNA (PTG) system [41].
Subsequently, to determine the activity of both gRNAs

in this system, we delivered a single RNA2 genome car-
rying both IR-sgRNA and CP-sgRNA. This TRV system
was capable of expressing two sgRNAs that can target
both IR and CP sequences. Restriction site loss assays
(Figure S9 in Additional file 2) and Sanger sequencing
confirmed the targeted modification of both IR and CP
sequences (Figure S10 in Additional file 2). Furthermore,
simultaneous targeting of two sequences by PTG-based
expression led to greater reduction of virus titer and re-
covery of disease symptoms in NB-Cas9OE plants (Figure
S11 in Additional file 2; Table S2 in Additional file 1).
Next, we performed Southern blotting to confirm
the absence or reduced accumulation of the TYLCV
genome in IR-CP-sgRNA infiltrated plants relative to
that in plants infiltrated with the vector control. The
molecular analyses showed a significant reduction in
viral genome levels when the IR and CP region were
simultaneously targeted for cleavage. This confirmed
the phenotypic data regarding the TYLCV symptoms
(Figure S12 in Additional file 2).

Discussion
The CRISPR/Cas9 system confers molecular immunity
in bacterial and archaeal species, enabling these

Fig. 4 Targeting of different geminivirus genomes using a single sgRNA. A single IR-sgRNA was capable of targeting the TYLCV, BCTV, and MeMV
genomes. a IR-sgRNA (upper sequence) identical to the TYLCV IR sequence but harboring mismatches with the BCTV and MeMV IR sequences
(blue) was used to target all three viral genomes. b–d Alignment of Sanger sequenced reads from the IR-targeted region in the TYLCV, BCTV, and
MeMV genomes showing the respective targeted modifications. The wild-type (WT) sequence is shown at the top (red) and the PAM is shown
in green
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prokaryotes to fend off viral infections [42]. In this
study, we demonstrated the portability of the CRISPR/
Cas9 system to plants, where it is capable of conferring
molecular immunity against invading DNA viruses. To
evaluate the feasibility of using CRISPR/Cas9-mediated
interference against DNA viruses in plants, we per-
formed TRV-mediated systemic delivery of sgRNAs into
NB-Cas9OE plants. Targeting of the coding and non-
coding sequences of TYLCV resulted in specific modifi-
cation of viral sequences, and subsequently attenuated
viral replication and accumulation. Because binding of
the CRISPR/Cas9 system to the IR can attenuate viral
replication, we investigated the presence and efficiency
of genomic modification at the IR. Our data demonstrate
considerable levels of genomic modification at the IR,
indicating that the Cas9 endonuclease was catalytically
active. However, it remains to be determined whether
binding of catalytically inactive Cas9 (dCas9) could
interfere with virus replication and accumulation.
We tested sgRNAs targeting the CP, the RCRII motif

of Rep, and the IR sequences, and compared their effi-
ciency to interfere with TYLCV. All sgRNAs were cap-
able of mediating targeted cleavage of the TYLCV
genome. Extensive molecular analysis using RCA, semi-
quantitative PCR, and Southern blotting assays revealed
that targeting the IR led to a significant reduction in
viral replication and accumulation relative to other
TYLCV targets. Targeting of CP and RCRII attenuated
symptoms to a lesser extent than targeting of the IR,
possibly because both CP and RCRII encode proteins,
and a small amount of protein may be sufficient for
TYLCV to complete its cycle and develop symptoms.
Furthermore, because the IR contains the stem-loop
invariant sequence (TAATATTAC) of the TYLCV IR,
occupation or modification of this region by Cas9 makes
it inaccessible to Rep and/or other binding proteins
responsible for viral replication.
Subsequently, we investigated whether the co-delivery

of multiple sgRNAs via the TRV system would have an
additive effect, leading to higher interference levels than
obtained with single sgRNAs. The results demonstrated
that targeting CP and IR using separate RNA2 genomes
reduced viral replication and accumulation to levels
similar to those obtained with a single sgRNA targeting
either the IR or CP. Although we did not observe any
additive effect on the accumulation of the TYLCV gen-
ome, this might be due to the nature of the TRV infection;
i.e., because the two sgRNAs are not made in the same
cell, they are unable to simultaneously cleave the TYLCV.
On the other hand, construction of a TRV RNA2 genome
containing multiple sgRNAs led to multiplexed editing in
single cells, resulting in an additive effect.
One important criterion for in planta viral interfer-

ence is specificity against particular viral strains. We

investigated the specificity of our CRISPR/Cas9-medi-
ated viral interference system using sgRNAs targeting
either TYLCV or BCTV. When we used sgRNA tar-
geting TYLCV sequences, only the TYLCV genome
was modified, whereas when we used sgRNA target-
ing the BCTV, only the BCTV genome sequence was
modified, demonstrating the specificity of interference.
Such specificity is of particular importance when targeting
newly evolved viral variants.
Engineered resistance of the plant host to viral infec-

tion might place selection pressure on the virus, leading
to generation of variants with better adaptation, e.g., by
altering the PAM tri-nucleotide sequence or abrogating
recognition of the target sequence by the CRISPR/Cas9
system. For example, TYLCV recombinant variants that
overcome resistance have emerged in Ty-I resistant
plants [22]. Because the CRISPR/Cas9 system targets
viral DNA for destruction, DNA repair can lead to the
generation of viral variants with different PAM se-
quences that can evade the activity of the CRISPR/Cas9
system. Moreover, because particular DNA sequences
(e.g., the IR) are key to viral replication, mutagenesis of
these sequences will lead to significant reduction in viral
replication [43]. To maintain the replication of a new
viral variant, the target sequence must mutate to escape
recognition by the CRISPR/Cas9 system, and the key
replication enzymes that bind to this sequence must also
mutate to recognize the new sequence. Targeting two
viral sequences for cleavage will lead to the destruction
of the viral genome, reducing the likelihood of DNA re-
pair and generation of infectious viral variants. The
emergence of variants can be combated through the de-
sign and application of sgRNA molecules specific for the
new variant sequences.
We subsequently tested whether the CRISPR/Cas9

system is capable of targeting multiple viral strains by
co-infiltration of sgRNAs targeting TYLCV, BCTV, and
MeMV. The results showed that it was possible to target
more than one virus with a single sgRNA. Recent work
demonstrated the feasibility of expressing several
sgRNAs simultaneously [41]. Such a system could be
used to express sgRNAs with specificity for multiple
DNA viruses, enabling engineering of plants resistant to
multiple viruses or viral strains. This strategy should be
effective in developing resistance to mixed infections. It
should be noted that when using TRV-mediated delivery
of sgRNAs targeting coding and noncoding sequences,
the CRISPR/Cas9 system resulted in efficient interfer-
ence of TYLCV. However, we observed less accumula-
tion of the TYLCV genome when empty TRV vector was
used in NB-Cas9OE plants challenged with TYLCV
compared with NB-Cas9OE plants challenged with
TYLCV but carrying no TRV vectors (Fig. 1d, e; Figure
S12 in Additional file 2). Therefore, we do not entirely
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exclude other contributing silencing factors caused by
the presence of TRV vector due to more complex phe-
nomena at play, which requires further studies.
In summary, CRISPR/Cas9-mediated virus interference

in plants has numerous important features, including: 1)
the ability to target multiple DNA viruses simultaneously
using a single sgRNA targeting a conserved sequence
preceding the PAM tri-nucleotide sequence; 2) the cap-
acity for multiplexed editing of single or multiple viruses
using multiple sgRNAs; 3) the potential to overcome re-
sistance by targeting newly evolved viral revertants with
new sgRNAs; 4) applicability to all plant DNA viruses;
and 5) applicability to all transformable plant species.
Establishing the efficacy and extending the utility of the
CRISPR/Cas9 system for viral interference in plants will
create a platform for dissecting natural resistance and
immune functions. At the same time, it will provide bio-
technologists with a powerful tool for producing crop
plants resistant to multiple viral infections.

Conclusions
The data presented here show that the CRISPR/Cas9
system can be used for targeted interference and cleav-
age of the TYLCV genome. Targeting the TYLCV IR led
to a significant reduction in TYLCV accumulation and
disease symptoms. CRISPR/Cas9-mediated interference
is virus strain-specific, and can therefore be used to tar-
get multiple viruses. Our results confirm the efficacy of
the CRISPR/Cas9 system for virus interference, provid-
ing new possibilities for engineering plants resistant to
DNA viruses.

Materials and methods
Vector construction
To clone sgRNAs targeting the TYLCV genome in the
TRV RNA2 vector, we used a PCR-based restriction
ligation procedure. A fragment containing the 20-
nucleotide target sequence, the 84-bp Cas9 binding loop
for sgRNA, and a 7 T repeat (as a terminator) was
amplified by PCR. A forward primer containing an
XbaI recognition site, 20-nucleotide target sequence,
and 23-nucleotide Cas9-binding sgRNA scaffold was
used with a reverse primer containing an XmaI recog-
nition site to amplify a 116-bp PCR fragment. Primer
sequences are provided in Table S1 in Additional file 1.
The 116-bp PCR fragment of the sgRNA for each target
was cloned into the TRV RNA2 vector under the control
of the pea early browining virus promoter using the XbaI
and XmaI restriction enzymes. Sanger sequencing was
used to confirm all clone sequences.

Mutation detection by restriction site loss
To test for targeted modification in the TYLCV genome
by the CRISPR/Cas9 system, we subjected PCR products

encompassing the target sequence to the restriction site
loss assay. Genomic DNA was isolated from samples
collected at 10 or 15 dpi. A fragment flanking the target
region of TYLCV was PCR amplified using a specific
primer set and Phusion high-fidelity polymerase (Supple-
mentary sequence 1 in Additional file 4). DNA of PCR
products was gel purified, and 200 ng was subjected to re-
striction enzyme protection analysis to detect the presence
of indels. The digested products were separated on 2 %
agarose gel. The PCR product was cloned into the pJet2.1
vector and subjected to Sanger sequencing.

T7EI mutation detection assay
To determine and quantify the activity of the CRISPR/
Cas9 system on the TYLCV genome, we measured mu-
tations resulting from double strand break repair
through the non-homologous end joining pathway, as
described previously [36]. Briefly, genomic DNA was
prepared from samples collected at 10 and 15 dpi and
used as a template for PCR amplification of fragments
encompassing the target sequences (Supplementary
sequence 1 in Additional file 4). PCR amplicons were
denatured, renatured, and treated with T7EI. To cal-
culate the frequency of modification, the PCR ampli-
cons were cloned into the pJET2.1 cloning vector and
successful cloning was confirmed by colony PCR and
BglII restriction digestion of the extracted plasmids.
The percentage of modified clones was calculated after
Sanger sequencing.

RCA assay
Total genomic DNA extracted from plants was quanti-
fied using a NanoDrop spectrophotometer, adjusted to a
concentration of 50 ng/μl, and analyzed using the RCA
amplicon kit (GE Healthcare). Genomic DNA (50 ng)
was incubated for 3 min at 95 °C in sample buffer and
placed on ice for 5 min. Enzyme mix and reaction buffer
were added, and the samples were incubated at 30 °C for
18 h for amplification, followed by incubation at 65 °C
for 15 min to inactivate the enzyme. NcoI was added to
the samples and incubated for 1 h at 37 °C, and the
digested samples were resolved on 1 % agarose gels.

Additional files

Additional file 1: Table S1. Primers used in this study. Table S2 Summary
of different sgRNA used for targeting of TYLCV genome. (PDF 3026 kb)

Additional file 2: Figure S1. Dot blot analysis of the TYLCV genome
accumulation in NBCas9OE. Figure S2 CRISPR/Cas9-mediated virus
interference in TYLCV sap inoculated plants. Figure S3. Targeting of CP
region of TYLCV by CRISPR/Cas9. Figure S4. RCA analysis of the TYLCV
genome accumulation. Figure S5. DNA blot analysis of the TYLCV
genome accumulation. Figure S6. Reduction of TYLCV symptoms on
NB-Cas9OE plants expressing IR-sgRNA. Figure S7. Reduction of TYLCV
symptoms in NB-Cas9OE plants expressing CP-gRNA or RCRII-gRNA.
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Figure S8. Reduction of TYLCV symptoms in NB-Cas9OE plants
coexpressing IR-sgRNA and CP-sgRNA. Figure S9. Restriction enzyme
recognition site loss analysis from multiplexed targeting of IR and CP
sequences. Figure S10. Alignment of the Sanger sequence reads of IR
and CP regions of TYLCV from multiplexed targeting of IR and CP
sequences. Figure S11. Recovery of TYLCV symptoms in NB-Cas9OE
plants expressing IR-CP-gRNA. Figure S12. Southern blot analysis for the
TYLCV genome accumulation. (PDF 3075 kb)

Additional file 3: Supplementary methods. (PDF 71 kb)

Additional file 4: Supplementary sequences and maps.
Supplemental sequence 1. TYLCV 2.3 genome sequence and map.
Supplemental sequence 2. IR-gRNA (TYLCV) sequence and map.
Supplemental sequence 3. CP-gRNA (TYLCV) sequence and map.
Supplemental sequence 4. RCRII-gRNA (TYLCV) sequence and map.
Supplementary sequence 5. IR-gRNA (BCTV Worland) sequence and
map. Supplementary sequence 6. RCRII-gRNA (BCTV Worland) sequence
and map. Supplementary sequence 7. BCTV (Worland) sequence and
map. Supplementary sequence 8. MeMV sequence and map.
Supplementary sequence 9. Non-specific-sgRNA sequence and map.
(PDF 3031 kb)
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Activity and specificity of TRV-mediated gene editing in plants
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Plant trait engineering requires effi-
cient targeted genome-editing tech-

nologies. Clustered regularly interspaced
palindromic repeats (CRISPRs)/
CRISPR associated (Cas) type II system
is used for targeted genome-editing
applications across eukaryotic species
including plants. Delivery of genome
engineering reagents and recovery of
mutants remain challenging tasks for in
planta applications. Recently, we
reported the development of Tobacco rat-
tle virus (TRV)-mediated genome editing
in Nicotiana benthamiana. TRV infects
the growing points and possesses small
genome size; which facilitate cloning,
multiplexing, and agroinfections. Here,
we report on the persistent activity and
specificity of the TRV-mediated
CRISPR/Cas9 system for targeted modi-
fication of the Nicotiana benthamiana
genome. Our data reveal the persistence
of the TRV- mediated Cas9 activity for
up to 30 d post-agroinefection. Further,
our data indicate that TRV-mediated
genome editing exhibited no off-target
activities at potential off-targets indicat-
ing the precision of the system for plant
genome engineering. Taken together,
our data establish the feasibility and
exciting possibilities of using virus-medi-
ated CRISPR/Cas9 for targeted engineer-
ing of plant genomes.

Efficient technologies for targeted engi-
neering of plant genomes are highly
needed to discover and develop novel
traits in key plant species important for
food security. Site-Specific nucleases
(SSNs) have been used to generate tar-
geted double strand breaks (DSBs) and
harnessing the DNA repair machinery of
the imprecise non-homologous end-join-
ing (NHEJ) and precise homology-

directed repair (HDR).1-4 Zinc finger
nucleases (ZFNs) and transcription activa-
tor-like effector nucleases (TALENs) have
been used for targeted editing of plant
genomes.1,5-7 Customization of ZFNs and
TALENs require protein engineering for
each user-selected targeted, a resource
intensive and time-consuming process.8

Different repeat assembly protocols have
been developed for TALENs engineering
but the requirement of using 2 TALENs
monomer to bind to the sense and anti-
sense strands simultaneously complicates
its application in plants.3 Recently, bacte-
rial and archaeal natural immunity system
that targets and destroys invading nucleic
acids has been adapted for genome engi-
neering across eukaryotic species. The
clustered regularly interspaced palin-
dromic repeat (CRISPR)/ CRISPR associ-
ated (Cas) 9 system has been used in
diverse plant species such as rice, Nicoti-
ana benthamiana, and Arabidopsis for tar-
geted genome editing.9-11 The CRISPR/
Cas9 system is comprised of the Cas9
endonuclease of Streptococcus pyogenes and
a synthetic guide RNA (gRNA), which
combines functions of CRISPR RNA
(cRNA) and trans-activating cRNA
(tracrRNA) to direct the Cas9 protein to
the DNA target sequence preceding the
protospacer-associated motif (PAM)
(NGG).12,13 Because the specificity of the
system is determined by the 20-nucleotide
sequence of the gRNA, it allows for
unprecedented and facile genome engi-
neering. Further, the CRISPR/Cas9 sys-
tem is used to simultaneously edit
multiple genomic targets.12

Delivery of genome engineering
reagents into plant cells is a major barrier
for efficient and effective use of these tech-
nologies for targeted improvement of crop
traits. Tobacco rattle virus (TRV) is used as
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an efficient vector for virus-induced gene
silencing (VIGS) for functional genomics
studies in diverse plant species.14,15 TRV
has a bipartite RNA1 and RNA2
genomes, and the RNA2 genome can be
modified to carry exonic gene fragments
for post-transcriptional VIGS.16 The
cargo capacity of TRV is limited to 2–
3 kb, and cannot be used to deliver Cas9
endonuclease into plants but it can be
used to deliver one or more gRNAs.
Recently, we developed TRV as vector to
systemically deliver gRNA and demon-
strated high efficiency of targeted modifi-
cation in Nicotiana benthamiana.17 Here,
we report on the activity and specificity of
the TRV-mediated CRISPR/Cas9 system
for targeted genome editing. To deter-
mine whether the TRV was capable of
producing and delivering the gRNA mole-
cules systemically and the persistence of

genomic modification in growing tissues,
the TRV virus was delivered by agroinfil-
tration and reconstituted in the leaves of
N.benthamiana expressing Cas9. This was
performed using mixed Agrobacterium cul-
tures harboring the RNA1 genome
(pYL192) in combination with an RNA2
vector, in which a gRNA with binding
specificity for the PDS gene was driven by
the PEBV promoter (pRNA2.PEBV::
PDS.gRNA) (Fig. 1A). A gRNA empty
vector clone was used as the negative con-
trol. Samples were collected at 7, 15 and
30 d post-infiltration (dpi), and targeted
editing of the PDS target sequence was
assessed in 3 independent plants by PCR
amplifying a 797 bp fragment flanking
the target site. Then, PCR products were
directly subjected to the T7EI assay. Our
results showed high levels of genome edit-
ing at 7, 15 and 30 d (Fig. 1B). The

modification efficiency was analyzed using
ImageJ software as described previously
(http://imageJ.nih.gov/ij/).17 The high
efficiency of TRV-mediated CRISPR/
Cas9 editing indicated a persistent activity
of the system, which is important for the
modification of germline cells and recov-
ery of mutant seed progeny.

Since TRV is capable of infecting
whole plant parts including meristematic
tissues, we tested whether the seed prog-
eny of plants infected with pRNA2.
PEBV::PDS.gRNAs would carry genomic
modifications in the PDS gene target.18

Three early-matured seed capsules next to
the infiltrated leaves were collected as one
pool. Small leaf discs from 50 progeny
plants of each pool were collected in one
tube as one pool for a total of 4 pools
including a WT control. The correspond-
ing 404 bp DNA PCR fragments were

Figure 1. Persistence of TRV-mediated CRISPR/Cas9 targeted mutagenesis of the PDS3 gene. (A) Establishment of TRV infection in B14 plants, Nicotiana
benthamiana Cas9 overexpression line. Agrobacterium cultures containing RNA1 and engineered RNA2 harboring gRNA for targeting PDS gene were
mixed 1: 1 (OD600 0.1 each) and co-infiltrated to 2 fully expanded true leaves. Systemic leaves were collected 7, 15 and 30 d post-infiltration (dpi). (B)
T7EI assay for indels detection. Genomic DNA was extracted from the systemic leaves and purified PCR product (200ng) of PDS fragment flanking the tar-
geted locus was subjected to T7EI analysis. All three leaves collected at different time points showed high efficiency of targeted mutagenesis (43– 61 %)
compared to vector control systemic leaves collected at 30 dpi. (C) Analysis of progeny plants for the presence of targeted modification using NcoI rec-
ognition site loss assay. DNA was extracted from progeny plants (50 seedlings pooled in one tube) and PCR was performed with a primer set to amplify
404 bp fragment encompassing the target site. Purified PCR product (300 ng) was treated with NcoI and separated on 2% agarose gel. Progeny pool 1
and 2 clearly showed a resistant DNA fragment of 404 bp indicating the targeted mutagenesis. (D) Alignment of Sanger sequencing reads showing the
presence of indels at the PDS target sequence. Numbers to the right of sequence alignment indicates the number of nucleotides deleted by targeting
the PDS genomic target.
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subjected to NcoI restriction digestion to
assess for targeted sequence modification
in these pools. An NcoI enzyme-resistant
band (404 bp) appeared only in pools
derived from plants infected with the
pRNA2:pEBV::gRNA.PDS construct
compared to the WT plants, indicating
the presence of genomic modification in
seed progeny (Fig. 1C). To confirm these
data, the PCR product was cloned into a
topo cloning vector and the resultant
clones were subjected to Sanger sequenc-
ing, which confirmed the presence of
modification at the intended target site
(Fig. 1D). These data indicate the feasibil-
ity of recovering plants carrying the tar-
geted modification, albeit at very low
efficiency, and bypassing the need for
transformation and tissue culture
(Fig. 1D). The detection of germinal
transmission only in early flowers indi-
cates that TRV infection and persistence
in meristematic cells need to be optimized
to improve the recovery of mutated plants
from the seed progeny. We did not
recover plants carrying the targeted muta-
genesis from capsules produced later in

development. Further improvements
might increase the frequency of germinal
transmission and recovery of mutant
plants from the seed progeny.17,18

A primary concern in applications of
CRISPR/Cas9 genome editing is off-tar-
get activities.19,20 Although this issue is
less important in plant than in human
applications, we attempted to determine
whether our system exhibited off-target
activities. To identify candidate unin-
tended targets of genome editing, the
draft genome of N. benthamiana was
screened for imperfect matches (i.e.,
allowing several mismatches) to the 20-
nucleotide gRNA sequence (Fig. 2A),
and 13 candidates were then subjected
to T7EI and restriction-protection
assays. Consistent with previous reports,
no genomic modifications were detected
at any of the predicted unintended tar-
gets (Fig. 2B).4,10,21 Therefore, we con-
cluded that either our system exhibits no
off-target activities, or that any such
activities occurred at levels too low to be
detected by the modification-detection
assays used.

In conclusion, our work demonstrates
the persistence of TRV-mediated
CRISPR/Cas9 editing and the possibility
of optimizing this method to recover
progeny plants carrying the targeted mod-
ifications thereby bypassing the need for
tissue culture or repeated transformation.
This method will expand the utility of the
CRISPR/Cas9 system for plant functional
genomics and targeted improvements of
crop traits. Further, the use of heterozy-
gous Cas9 overexpressing plants with this
facile and versatile genome-editing plat-
form allows the engineering and produc-
tion of plants free of foreign DNA. This
might overcome the regulatory hurdles
that impede the commercialization of
engineered plants.
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Summary
Targeted genomic regulation is a powerful approach to accelerate trait discovery and

development in agricultural biotechnology. Bacteria and archaea use clustered regularly

interspaced short palindromic repeats (CRISPRs) and CRISPR-associated (Cas) regulatory systems

for adaptive molecular immunity against foreign nucleic acids introduced by invading phages and

conjugative plasmids. The type II CRISPR/Cas system has been adapted for genome editing in

many cell types and organisms. A recent study used the catalytically inactive Cas9 (dCas9)

protein combined with guide-RNAs (gRNAs) as a DNA-targeting platform to modulate gene

expression in bacterial, yeast, and human cells. Here, we modified this DNA-targeting platform

for targeted transcriptional regulation in planta by developing chimeric dCas9-based transcrip-

tional activators and repressors. To generate transcriptional activators, we fused the dCas9 C-

terminus with the activation domains of EDLL and TAL effectors. To generate a transcriptional

repressor, we fused the dCas9 C-terminus with the SRDX repression domain. Our data

demonstrate that dCas9 fusion with the EDLL activation domain (dCas9:EDLL) and the TAL

activation domain (dCas9:TAD), guided by gRNAs complementary to selected promoter

elements, induce strong transcriptional activation on Bs3::uidA targets in plant cells. Further, the

dCas9:SRDX-mediated transcriptional repression of an endogenous gene. Thus, our results

suggest that the synthetic transcriptional repressor (dCas9:SRDX) and activators (dCas9:EDLL and

dCas9:TAD) can be used as endogenous transcription factors to repress or activate transcription

of an endogenous genomic target. Our data indicate that the CRISPR/dCas9 DNA-targeting

platform can be used in plants as a functional genomics tool and for biotechnological

applications.

Introduction

Plants have evolved sophisticated molecular mechanisms that

control their adaptive responses to dynamically changing envi-

ronments. These responses are spatiotemporally controlled at the

transcriptional level by transcription factors, activators or repres-

sors, which modulate gene transcript levels, coordinate the

transcriptional levels of genes within a single genetic pathway

and orchestrate genomic expression at the cellular and system

levels (Stam et al., 1997). Several methods have been developed

to regulate gene transcription patterns in transformed plants,

including generation of overexpression lines using constitutive or

inducible promoters (Potenza et al., 2004). In the early 1990s,

the phenomenon of cosuppression was observed when attempts

to overexpress the chalcone synthase (CHS) gene in petunia

flowers unexpectedly resulted in down-regulation of gene

expression (Napoli et al., 1990; Vanderkrol et al., 1990), and

subsequent approaches utilized overexpression of antisense

genes to down-regulate gene expression (Di Serio et al., 2001).

During the late 1990s, pioneering experiments using short

double-stranded RNA (dsRNA) introduced into Caenorhabditis

elegans led to gene silencing; this approach was designated as

RNA interference (RNAi) (Fire et al., 1998). The observed CHS

silencing induced by cosuppression in the early petunia study

(Napoli et al., 1990) was reminiscent of RNAi-mediated gene

silencing in C. elegans.

The ability to specifically and simultaneously activate or repress

single or multiple genes will enable the molecular investigation of

gene and genome functions in their natural environment in

response to different growth or stress signals (Hiratsu et al.,

2003; Streubel et al., 2012). Therefore, the development of new

molecular tools to regulate gene function could also open new

bioengineering strategies to express highly beneficial traits in

agricultural crop species (Juillerat et al., 2014). This goal is

feasible using synthetic transcriptional regulators, which are

generated as chimeric proteins containing a DNA-binding domain

fused to functional domain(s) that regulate transcriptional

machinery (Mahfouz et al., 2012). Developing these synthetic-

biology approaches will enable highly efficient and precise

interrogation of gene functions. This technology could discover

novel traits and accelerate trait development in important crop

species (Mojica et al., 2009).

Synthetic transcriptional regulators have been generated using

programmable DNA-binding modules such as zinc-finger domains

and transcriptional activator (TA)-like (TAL) effectors, which are

fused to a variety of activation or repression domains. These

synthetic transcriptional regulators selectively activate or repress

target genes (Bartsevich et al., 2003; Li et al., 2013b; Mahfouz

et al., 2012; Sanchez et al., 2002). The engineering of zinc-finger

arrays capable of binding to a user-selected sequence is a difficult,

expensive, laborious process and suffers from low reproducibility

(Durai et al., 2005). TAL effectors provide a good alternative to
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zinc-finger arrays because the DNA-binding repeat is highly

predictable, and many types of repeats with different nucleotide-

binding specificities are available in Xanthomonas and Ralstonia

species (Boch and Bonas, 2010; Boch et al., 2009; Li et al.,

2013b; Streubel et al., 2012). However, the DNA-binding spec-

ificities of the TAL domains could be context dependent and may

exhibit off-target binding (Juillerat et al., 2014). Both zinc-finger

and TAL-based synthetic transcriptional regulators require

re-engineering for every user-selected target, which severely

limits their biotechnology applications (Li et al., 2013b). The

simultaneous activation or repression of several genes may be

possible using TAL synthetic regulators; however, it may require

the overexpression of one or more TAL synthetic regulator genes.

Therefore, there is an immense need to develop host-factor-

independent synthetic transcriptional regulators that can be easily

programmed to bind single or multiple targets.

Bacteria and archaea have evolved molecular immunity systems

to defend against invading phages and conjugative plasmids

(Barrangou et al., 2007). Prokaryotic molecular immunity systems

utilize clustered regularly interspaced short palindromic repeats

(CRISPRs) and CRISPR-associated (Cas) regulatory systems to

protect against foreign nucleic acids. CRISPR/Cas systems exist in

40% of bacteria and 90% of archaea. Several CRISPR systems

have been identified; the most simple is the type II CRISPR/Cas

system. Plasmid interference experiments have determined that

the type II CRISPR/Cas system can cleave DNA, and this provides

protection against invading plasmids. The type II system includes a

Cas9 endonuclease and two RNA species designated as CRISPR

RNA (crRNA) and trans-activating RNA (tracrRNA) (Jinek et al.,

2012). RNaseIII mediates maturation of crRNA to a functional

guide-RNA (gRNA). A synthetic RNA molecule, which mimicked

the matured crRNA and tracrRNA complex, was generated by

combining the two RNA species and was demonstrated to guide

the Cas9 endonuclease to its genomic targets in prokaryotic and

eukaryotic species (Cho et al., 2013; Cong et al., 2013; DiCarlo

et al., 2013; Friedland et al., 2013; Hwang et al., 2013; Jiang

et al., 2013a; Jinek et al., 2013; Mali et al., 2013) including plant

cells (Feng et al., 2013, 2014; Jiang et al., 2013b; Li et al.,

2013a; Miao et al., 2013; Nekrasov et al., 2013; Shan et al.,

2013). The gRNA directs Cas9 protein to its complementary DNA

sequence that precedes a protospacer-associated motif (PAM)

sequence (Jinek et al., 2013; Mali et al., 2013). The PAM

nucleotide sequence may vary depending on the Cas9 endonu-

clease variant. For example, the Cas9 protein of Streptococcus

pyogenes requires the NGG PAM sequence (Mojica et al., 2009),

whereas that of Streptococcus thermophilus requires the NGGNG

sequence (Horvath et al., 2008).

Recent work demonstrated that a catalytically inactive Cas9

protein (dCas9) could be combined with guide-RNAs and used as a

synthetic DNA-targeting module, because the binding of dCas9 to

selected targets interfered with gene transcription (Bikard et al.,

2013;Qi et al., 2013). Precisely targetedmutations of the twoCas9

endonuclease domains, RuvC D10A and HNH domain H841A,

converted the prokaryotic CRISPR/Cas system from a site-specific

genome-editing tool to a specifically targeted genome-regulation

tool. This repurposed CRISPR/Cas system is designated as CRISPR

interference (CRISPRi). CRISPR systemwas also reported to regulate

endogenous gene expression in natural context in Francisella

novicida through the interaction between Cas proteins and small

CRISPR/Cas-associated RNA (scaRNA) (Sampson et al., 2013).

CRISPRi has been used for selective transcriptional repression of

target genes in E. coli (Qi et al., 2013). Either alone or fused to a

transcriptional repressor Mxi1, dCas9 effectively silenced gene

expression in Saccharomyces cerevisiae (Gilbert et al., 2013).

Attempts were made to fuse dCas9 to the VP64 domain to

regulate expression of the GFP transgene under control of the

CYC1 promoter integrated into the yeast genome. The outcome

depended on the positional targeting of dCas9 to the promoter,

and the results showed either up-regulation or repression

(Farzadfard et al., 2013). Using an optimized system for mam-

malian cells, modest levels of transcriptional repression were

observed in targeted genomic genes. The system was less

efficient in mammalian cells primarily due to the complex

genome with various epigenetic modifications and complex

regulation. Attempts to improve transcriptional modulation

utilized fusion constructs of dCas9 with functional domains that

might recruit transcriptional repressors. The repression activities in

both systems were reversible (Larson et al., 2013).

In this study, we developed the CRISPR/dCas9 system as a tool

for targeted genome regulation of plants by building a suite of

synthetic transcriptional regulators that selectively regulated

target genes in planta. To generate synthetic transcriptional

activators, we fused the dCas9 C-terminus to the EDLL domain

(Tiwari et al., 2012) and the TAL activation domain (TAD)

(Mahfouz et al., 2011) to generate dCas9:EDLL and dCas9:TAD

synthetic transcriptional activators. To generate a synthetic

transcriptional repressor, we fused the dCas9 C-terminus to the

SRDX repression domain from the ERF transcription factor

(Hiratsu et al., 2003). We measured the transcriptional regulation

conferred by these chimeric dCas9-based transcriptional regula-

tors using gRNA molecules directed to the promoter regions of

Bs3::uidA and genomic target genes. To test the functionality of

our synthetic transcriptional regulators, we used the agroinfiltra-

tion transient-assay system to deliver effector, guide and target

molecules into Nicotiana benthamiana leaves. Our data reveal

that the CRISPR/dCas9 system achieved targeted gene regulation

of Bs3::uidA and genomic targets in leaf transient-expression

assays. Therefore, this system can be used as a platform for

genome-wide interrogation of molecular functions of single or

multiple genes and to study their phenotypic effects. Future work

will assess adaptations of this system for trait-discovery applica-

tions in important crop species.

Results

Design and construction of dCas9-based synthetic
transcriptional regulators

To test whether dCas9 can be used as a DNA-targeting module

for site-specific transcriptional modulation in plants, we designed

and constructed chimeric dCas9-based transcriptional activators

and repressors. The human-codon-optimized dCas9 was PCR

amplified from pdCas9-humanized plasmid (Qi et al., 2013)

(Sequence S1), subcloned into pENTR-D/TOPO and subsequently

cloned into the pK2GW7 plant expression vector by LR-Gateway

recombination cloning. The pK2GW7/dCas9 construct was used

to generate dCas9 C-terminal fusions with functional transcrip-

tional activation and repression domains. We constructed two

chimeric transcriptional activators. First, we selected the EDLL

domain from the ERF/EREBP family of transcriptional regulators

because it functions as a strong activation domain, is transferable

to other proteins and active in proximal and distal positions from

the target promoter (Tiwari et al., 2012). To generate the dCas9:

EDLL chimeric transcriptional activator, we fused a custom-

synthesized DNA fragment encoding the EDLL domain
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(EVFEFEYLDDKVLEELLDSEERKR) (Sequence S2) in-frame to the C-

terminus of dCas9 using MluI and EcoRI restriction enzymes

(Figure 1). The second transcriptional activator was based on TAL

effectors, which function as transcription factors in planta (Boch

et al., 2009; Morbitzer et al., 2010). To generate the dCas9:TAD

chimeric transcriptional activator, we fused a custom-synthesized

DNA fragment encoding the dHax3 TAL activation domain (amino

acids 683-960) (Sequence S3) in frame to the C-terminus of

dCas9 using MluI and XhoI restriction enzymes (Figure 1). To

generate a transcriptional repressor, we selected the SRDX motif

because it is a potent and dominant repressor that could be fused

to a variety of transcription factors and used for gene silencing

(Hiratsu et al., 2003). We constructed the chimeric dCas9

repressor by fusing the SRDX EAR motif (LDLDLELRLGFA)

(Sequence S4) to the dCas9 C-terminus using MluI and EcoRI

restriction enzymes, to generate dCas9:SRDX (Figure 1).

To test the effects of the transcriptional activators, we

constructed a target composed of the Bs3 minimal promoter

(Sequence S5) driving the uidA reporter gene in the pKGWFS7

vector for transient transcriptional activation assays (Figure 2a).

Targeting of dCas9 requires guide-RNA molecules; therefore, we

constructed synthetic U6::gRNAs, that are a fusion of crRNA and

tracrRNA, and subcloned them into the pYL156 binary vector

(Sequence S6–S11). The synthetic gRNAs, 104 bp long with a

20nt sequence in the 50 end conferring target specificity, were

designed to bind to several sites in the Bs3 promoter on the sense

and antisense strands. To test the activity of a synthetic

transcriptional regulator on an endogenous target, we selected

the Nicotiana benthamiana phytoene desaturase gene (PDS)

(Sequence S12). We generated three gRNAs that were capable of

directing dCas9 to several positions in the PDS promoter or first

exon (Figure 2b). The NGG PAM sequence (indicated in light

blue), requirement for the Streptococcus pyogenes Cas9, was

taken into consideration while designing all targets. To test the

functionality of the transcriptional effectors, we separately

transformed all binary constructs containing effectors, target,

and gRNAs into Agrobacterium tumefaciens and co-delivered

them in different combinations into N. benthamiana leaves via

agroinfiltration for transient-expression analysis (Figure S1).

The dCas9 synthetic activators mediate strong
transcriptional activation

We assessed whether the chimeric dCas9:EDLL and dCas9:TAD

transcriptional activators were guided by the gRNAs to the

complementary sequence elements of the Bs3 promoter and

whether they successfully activated expression of the uidA target

gene (Figure S2). The chimeric dCas9 transcriptional activators,

Bs3::uidA target, and gRNAs were co-delivered in different

combinations into 3- to 4-week-old N. benthamiana leaves via

agroinfiltration. The gRNAs were targeted to different promoter

elements on the sense and antisense strands of the Bs3 promoter.

Infiltrated leaf discswere collected36-48 hpostinfiltration. Relative

transcript abundance of uidA gene was then measured using the

real-time quantitative PCR method (Bruggeman et al., 2014).

Additionally, samples were also collected and subjected to quali-

tative and quantitative GUS analysis. The RT-qPCR results indicated

that the dCas9:EDLL synthetic transcriptional activator significantly

mediated site-specific transcriptional activationof theuidA reporter

gene (Figure 3a). Several controls were used in this experiment,

including gRNAs with noncomplementary sequence to the Bs3

promoter, Bs3::uidA target alone, and gRNA alone. Minimal

background activation was observed when Bs3::uidA was sepa-

rately agroinfiltrated intoN. benthamiana leaves. Co-infiltration of

dCas9:EDLLwith gRNA6,whichwas noncomplementary to theBs3

sequence, produced slightly higher level of background expression

than theBs3::uidA control alone. Althoughbackground levelswere

observed with the control gRNA, the target gRNAs mediated

significantly stronger and reproducible transcriptional activation.

To corroborate these transcriptional activation results with

dCas9:EDLL function, we performed a similar set of experiments

using the dCas9:TAD synthetic transcriptional activator. These

results demonstrated that dCas9:TAD was guided to the Bs3::

uidA promoter by gRNA2, and mediated significant site-specific

transcriptional activation compared with that of control combi-

nations (Figure 3b). These data indicate the versatility and

reproducibility of the modified CRISPR/dCas9 system for targeted

gene activation in plants.

Next, we investigated whether the dCas9 chimeric activators

could enhance expression levels of the endogenous N. benth-

amiana PDS gene. We used the chimeric dCas9:EDLL and dCas9:

TAD constructs with three gRNA molecules designed to target the

sense and antisense strands of the PDS promoter and first exon.

RT-qPCR analysis indicated that the PDS expression level were

markedly higher in cells transiently expressing dCas9:EDLL tran-

scriptional activator compared with relative PDS transcript abun-

dance of mock control. Co-delivery of all three gRNAs

synergistically enhanced PDS expression levels (Figure S3a).

Agroinfiltration of single gRNAs with dCas9:TAD significantly

Figure 1 Schematic representation of dCas9 synthetic transcriptional regulators. The catalytically inactive Cas9 harbouring the D10A and H841A

nuclease-domain mutations was cloned into the pK2GW7 binary vector; dCas9 expression is driven by the 35S promoter and terminated by the 35S

terminator. Only the T-DNA region is depicted. The EDLL activation domain (shown in green) was fused to the dCas9 C-terminus to generate the dCas9:

EDLL transcriptional activator. The dCas9 C-terminus was fused to the dHax3 transcriptional activator-like (TAL) activation domain (shown in red) to

generate the dCas9:TAL activation domain (TAD) transcriptional activator. The SRDX domain (shown in purple) was fused to the dCas9 C-terminus to

generate the dCas9:SRDX transcriptional repressor.
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increased the PDS transcript levels only when guided to the sense

strand of exon 1 (gRNA6) or when guided by all three gRNAs

simultaneously. Similarly, as in dCas9:EDLL-mediated activation,

multiple gRNAs induced a significant synergistic effect on the

level of PDS transcript abundance when compared with gene

expression driven by a single gRNA molecules (Figure S3b).

BS3 promoter uidA

5’    TTTAACCGATAGATTAACCATTTCTGGTTCAGTTTATGGGTTAAACCACAATTTGCACACCCTGGTTAAACAATGAACACGTTTGCCTGA    3’
3’    AAATTGGCTATCTAATTGGTAAAGACCAAGTCAAATACCCAATTTGGTGTTAAACGTGTGGGACCAATTTGTTACTTGTGCAAACGGACT    5’

Target 1 Target 2

Target 3

GFP
gRNA1 gRNA2

gRNA3

Exon 1

Promoter PDS
gRNA5

5’
3’

3’
5’

Target 4 

Target 5
Target 6

Exon 2

CAGAAGTGGCCAAACCACCAAATTCAGGCATCTCCACCAAATATTAGTTTTTTATACACAAAAGATTCAACAC

GTCTTCACCGGTTTGGTGGTTTAAGTCCGTAGAGGTGGTTTATAATCAAAAAATATGTGTTTTCTAAGTTGTG

AAACAGTTAAGTACTTCTTTAATCGTTCCTAATTCTTTGTTCAGGGGTATCTTTTTGTGGGTAACGGCCAAAC

TTTGTCAATTCATGAAGAAATTAGCAAGGATTAAGAAACAAGTCCCCATAGAAAAACACCCATTGCCGGTTTG

gRNA4
gRNA6

(a)

(b)

Figure 2 Schematic representation of transient and endogenous guide-RNA (gRNA) target sequences used in this study. (a) Bs3 basal promoter driving

uidA expression in the pKGWFS7 binary vector was used as a target for transient assays to test the synthetic transcriptional regulator activities on sense and

antisense strands. The gRNA target sequences were selected on both sense and antisense strands preceding the protospacer-associated motif (PAM) NGG

sequence (highlighted in light blue). (b) Nicotiana benthamiana phytoene desaturase (PDS) was used as an endogenous genomic target, and three gRNAs

were designed to target the promoter region and first exon.

(a) (b)

Figure 3 Transcriptional activation mediated by chimeric dCas9 transcriptional activators. (a) The dCas9:EDLL synthetic transcriptional activator strongly

promoted transcription from the Bs3 promoter compared with that of controls (nonspecific guide-RNA (gRNA6) and Bs3::uidA). (b) The dCas9:TAL

activation domain (TAD) synthetic transcriptional activator promoted a higher level of transcription compared with that of controls (nonspecific gRNA

(gRNA6) and Bs3::uidA). Quantitative analysis of uidA transcript levels are shown in both charts. Represented results were normalized to the relative

expression of the actin housekeeping gene. Error bars indicate standard error. Asterisks denote significantly different values according to the Student’s

t-test. *** P < 0.001.
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Transcriptional activation is influenced by gRNA binding
position in the promoter and enhanced by multiple
gRNAs

The previous experiment demonstrated that chimeric CRISPR/

dCas9 transcriptional regulators successfully activated transcrip-

tion of a target gene in planta. Next, we assessed whether

transcriptional activation was influenced by the gRNA-binding-

site positions in the promoter relative to the transcriptional start

site (TSS) (Hu et al., 2014). Three gRNAs, complementary to Bs3

promoter elements, were designed which bound to the promoter

with variable distances from the TSS as follows: gRNA1, -297;

gRNA2, -259; and gRNA3, -239. These gRNAs were co-delivered

via agroinfiltration with each of the transcriptional activators

(dCas9:EDLL and dCas9:TAD) and with Bs3::uidA in the

pKGWFS7 target vector. We determined the level of transcrip-

tional activation using the N. benthamiana transient-expression

system. The RT-qPCR results and GUS quantitative and qualitative

assays using dCas9:EDLL indicated that gRNA1 and gRNA2,

which targeted the sense strand, mediated higher transcriptional

activation compared with that of gRNA3, which targeted the

antisense strand (Figure 4a and c). The results using dCas9:TAD

indicated that transcriptional activation mediated by gRNA1

(target located further upstream of TSS on the sense strand)

was lower than that of gRNA3 (target located on the antisense

strand), whereas the highest level of transcriptional activation

was mediated by gRNA2 (Figure 4b and d). These results

indicate that the specific gRNA binding distance from the TSS

might be important and might influence transcriptional activity

conferred by the CRISPR/dCas9 platform. Additional character-

ization of these parameters using different promoters and

widely spaced gRNA binding sites is required for further

(a) (c)

(b) (d)

Figure 4 Positional effect of dCas9 promoter-binding elements on transcriptional activation of the Bs3::uidA target gene. (a) RT-qPCR analysis of uidA

transcript abundance mediated by dCas9:EDLL; gRNA 2 (targeting the sense strand closer to the transcriptional start site (TSS)) mediates stronger

transcriptional activation of uidA gene than that of gRNA1 (targeting further away from the TSS) and gRNA3 (which targets the antisense strand). All three

gRNAs separately induce significantly stronger transcriptional activation of uidA gene when compared with that of the Bs3::uidA control. Infiltration of

gRNA2 alone did not yield any uidA transcripts. (b) RT-qPCR analysis of uidA transcript abundance mediated by dCas9:TAD; the highest level of

transcriptional activation is mediated by gRNA2, which targets the sense strand closer to the TSS. All gRNA targets mediate significantly higher levels of

transcriptional activation compared with that of the Bs3::uidA control; however, the lowest activation is achieved with the gRNA 1. Quantitative analysis of

uidA transcript levels are shown in both charts. Represented results were normalized to the relative expression of the actin housekeeping gene. Error bars

indicate standard error. Asterisks denote significantly different values according to the Student’s t-test. * P < 0.05; ** P < 0.01; *** P < 0.001. (c)

Qualitative and quantitative GUS assay mediated by dCas9:EDLL transcriptional activation. gRNA1 and gRNA2 target sequences on the sense strand

mediate stronger transcriptional activation than that of gRNA3, which targets the antisense strand of the Bs3 promoter, compared with that of the Bs3::

uidA control. Infiltration of gRNA2 alone did not yield any GUS-positive signal. Statistical analysis using the Student’s t-test were performed to confirm the

significance of the uidA gene activation by the dCas9:EDLL, guided by gRNA2, gRNA1 and gRNA3, when compared to Bs3::uidA control, with

P = 0.000024, P = 0.000042, P = 0.0012, respectively. (d) Qualitative and quantitative GUS assay mediated by dCas9:TAD transcriptional activation; the

highest level of transcriptional activation is mediated by gRNA2, which targets the sense strand of the Bs3 promoter, closer to the TSS. All gRNA targets

mediate significantly higher levels of transcriptional activation compared with that of the Bs3::uidA control. Statistical analysis using the Student’s t-test

were performed to confirm the significance of the uidA gene activation by the dCas9:TAD, guided by gRNA2, gRNA1 and gRNA3, when compared to Bs3::

uidA control with P = 0.00082, P = 0.01, P = 0.02, respectively. Error bars indicate standard error. Representative leaf discs used for the qualitative GUS

assays are shown.
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optimization and refinement of this promising targeted gene

regulation technology.

To test whether multiple gRNAs could synergistically enhance

transcriptional activation, we co-delivered dCas9:EDLL, Bs3::uidA

target, and multiple gRNAs in different combinations into

N. benthamiana leaves. We used the dCas9:EDLL and dCas9:

TAD transcriptional activators and a combination of gRNAs that

bound to the sense and antisense strands of the Bs3 promoter.

In the dCas9:EDLL experiments, we observed different levels of

transcriptional activation using different combinations of sense-

and antisense-strand-binding gRNAs. For example, gRNA2

together with gRNA1 promoted the highest level of transcrip-

tional activation. Mix of gRNA2 (targeting closer to the TSS on the

sense strand) and gRNA3 (on the antisense strand) induced higher

levels of uidA transcript than the mix of gRNA1 (further from the

TSS) and gRNA3 (on the antisense strand). Surprisingly, mix of all

three gRNA simultaneously did not induce the highest level of

uidA transcript level suggesting that it might not be beneficial to

add many gRNAs, targeted to sense and antisense strands, in

close proximity. Overall, all four tested combinations significantly

induced the uidA transcript levels when compared with the Bs3::

uidA control alone (Figure 5a).

The same set of experiments was performed using dCas9:TAD.

The highest transcriptional activation level was obtained using

gRNA1 and gRNA2, which targeted the sense strand at proximal

positions, similarly to that observed when using dCas9:EDLL.

Combinations of the gRNAs targeting sense and antisense strands

at positions closer to the TSS (gRNA2 and gRNA3) promoted

higher transcriptional activation levels compared with those of

gRNAs targeting positions further upstream of the TSS (gRNA1

and gRNA3) (Figure 5b). These results were consistent with those

observed using the dCas9:EDLL transcriptional activator. Our data

indicate that using sense-strand-binding gRNAs promoted higher

transcriptional activation levels of the uidA target gene compared

with those obtained using other gRNA combinations targeting

sense and antisense strands simultaneously.

Transcriptional repression of phytoene desaturase by
dCas9:SRDX

The CRISPR/dCas9 system has been used to functionally repress

several target genes in bacterial and mammalian cells (Qi et al.,

2013). Here, we tested whether dCas9 fused to the repressor

domain SRDX (dCas9:SRDX) could mediate site-specific repres-

sion of plant genes. We constructed a chimeric dCas9:SRDX

synthetic transcriptional repressor and three gRNA molecules

designed to target and bind to the promoter region and first exon

of the genomic phytoene desaturase in N. benthamiana. We

co-delivered dCas9:SRDX together with the designed gRNAs via

agroinfiltration of 3- to 4-week-old N. benthamiana leaves.

Infiltrated leaf samples were collected 36-48 h postinfiltration,

and gene expression levels were determined by RT-qPCR analysis.

Previous reports indicated that dCas9 alone could repress target

genes, possibly by interfering with the transcriptional machinery

or due to structural hindrance of RNA PolII (Figure 6a) (Gilbert

et al., 2013; Larson et al., 2013; Qi et al., 2013). Therefore, we

tested if dCas9 alone could induce transcriptional repression in

planta. The results showed that, PDS transcript levels were

markedly reduced when dCas9 was targeted to the sense and

antisense strands on the promoter region of PDS gene as well as

the sense strand of the first exon, when compared to the PDS

expression levels in control conditions. The strongest repression of

the PDS gene was observed when dCas9 was guided by all three

gRNAs simultaneously (Figure 6b).

Next, we tested the activity of dCas9:SRDX repressor on PDS

transcription. dCas9:SRDX markedly reduced the gene transcript

abundance when dCas9:SRDX was targeted to the sense strand

on the promoter region of PDS gene as well as the sense strand of

the first exon, when compared to the PDS expression levels in the

mock control (Figure 6c). dCas9:SRDX clearly repressed PDS

transcription when combined with all three gRNAs targeting exon

1 and the promoter region sense and antisense strands. These

data demonstrate that the dCas9 alone and dCas9:SRDX

(a)

(b)

Figure 5 Synergistic effects of dCas9 complexes on transcriptional

regulation of the Bs3 promoter. (a) Using dCas9:EDLL, the highest

transcriptional activation level was observed with gRNA1 and gRNA2,

which targeted the Bs3-promoter sense strand when compared with to

Bs3::uidA control. Combining gRNAs that targeted sense and antisense

strands promoted higher transcriptional activation levels when targets

were in proximal positions (gRNA2 and gRNA3) compared with those in

distal positions (gRNA1 and gRNA3). Co-infiltration of all three gRNAs into

3- to 4-week-old Nicotiana benthamiana leaves did not promote the

highest activation level, however, markedly induced transcription when

compared to Bs3::uidA control. (b) Using dCas9:TAL activation domain

(TAD), the highest transcriptional activation level was obtained using

gRNA1 and gRNA2, which targeted the sense strand at proximal positions,

similarly to that observed when using dCas9:EDLL. Lower transcriptional

activation levels were obtained using gRNA1 and gRNA3, which targeted

the sense and antisense strands at distal locations. Co-infiltration of all

three gRNAs activated the uidA gene at a similar level as that observed in

the experiment using dCas9:EDLL and all three gRNAs. Quantitative

analysis of uidA transcript levels are shown in both charts. Represented

results were normalized to the relative expression of the actin

housekeeping gene. Error bars indicate standard error. Asterisks denote

significantly different values according to the Student’s t-test. * P < 0.05;

** P < 0.01; *** P < 0.001.
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synthetic transcriptional repressor can effectively mediate tran-

scriptional repression of genomic PDS target in planta.

Synthetic transcriptional repressor interferes and/or
competes with transcriptional activation machinery

The SRDX domain is a dominant repressor that retains its function

when fused to transcription factors containing activation domains

(Heyl et al., 2008; Hiratsu et al., 2003; Mahfouz et al., 2012;

Takada, 2013). Therefore, we analyzed the effect of dCas9:SRDX

on transcriptional activation mediated by dCas9:EDLL and dCas9:

TAD synthetic transcriptional activators by co-delivering repressor

and activator constructs simultaneously with single or multiple

gRNAs targeting the Bs3 promoter driving the uidA reporter gene

in transient assays. This system can test dCas9:SRDX transcrip-

tional interference with dCas9:EDLL and dCas9:TAD, because a

single gRNA can guide either the repressor or activator to the

Bs3::uidA target. RT-qPCR data show that co-delivery of dCas9:

SRDX with dCas9:EDLL and gRNA2 induced significantly lower

(a)

(b)

(c)

Figure 6 Transcriptional repression of genomic phytoene desaturase in Nicotiana benthamiana mediated by dCas9 and dCas9:SRDX. (a) Schematic

representation of the transcriptional repression mechanism. The dCas9 synthetic transcriptional repressor is guided to the target site by guide-RNAs

(gRNAs). Binding to the target DNA sequence is mediated by dCas9, whereas the SRDX repressor domain recruits transcription factors that block phytoene

desaturase (PDS) expression. Repression could occur due to a blockage of transcriptional initiation when dCas9:SRDX binds to the promoter region or due

to interruption of transcriptional elongation when binding takes place downstream of the transcriptional start site. (b) RT-qPCR analysis of PDS expression

levels repressed by dCas9. PDS expression pattern using dCas9 alone is significantly reduced when dCas9 is targeted to the sense and antisense strands on

the promoter region of PDS gene as well as the sense strand of the first exon, when compared to the PDS expression levels of the mock control. The

strongest repression of the PDS gene is observed when dCas9 is guided by all three gRNAs simultaneously. (c) RT-qPCR analysis of PDS expression levels

repressed by dCas9:SRDX. PDS expression pattern using dCas9:SRDX is more prominent than of that when using dCas9 alone. dCas9:SRDX significantly

reduces the gene transcript abundance when dCas9:SRDX is targeted to the sense strand on the promoter region of PDS gene as well as the sense strand of

the first exon, when compared to the PDS expression levels in the mock control. Similarly to the dCas9 alone experiment, dCas9:SRDX reduces PDS

transcript levels the most when guided by all three gRNAs simultaneously. Quantitative analysis of PDS transcript levels are shown in both charts.

Represented results were normalized to the relative expression of the actin housekeeping gene. Error bars indicate standard error. Asterisks denote

significantly different values according to the Student’s t-test. * P < 0.05; ** P < 0.01.
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transcriptional activation levels of uidA gene when compared

with those normally mediated by dCas9:EDLL (Figure 7a). Simi-

larly, co-delivery of dCas9:SRDX significantly reduced the normal

transcriptional activation mediated by dCas9:TAD when guided

by gRNA2 (Figure 7b). Both experiments were confirmed by the

data obtained from the qualitative and quantitative GUS stain

assays (Figure S4). These results indicate that dCas9:SRDX

interferes with transcriptional activation mediated by both of

the synthetic transcriptional activators.

Our previous experiments showed that using multiple gRNAs

resulted in significant activation of the target gene (Figure 5).

Therefore, we tested whether dCas9:SRDX could reduce the

transcriptional activation mediated by multiple gRNAs by

co-delivering dCas9:SRDX with either dCas9:EDLL or dCas9:TAD

guided with two or three different gRNAs. This approach enables

formation of the CRISPR/dCas9 activation and repression com-

plexes at every promoter element. The results exhibited a

significant reduction in transcriptional activation of uidA gene

when gRNA1 and gRNA2 were used together as well as when

gRNA1, gRNA2 and gRNA3 were used simultaneously, indicating

the dCas9:SRDX interference with transcriptional activation

(Figures 8 and S5).

Discussion

The CRISPR/dCas9 system successfully targeted DNA in bacterial

and human cells (Bikard et al., 2013; Qi et al., 2013), and dCas9

chimeras fused to transcriptional domains mediated targeted

transcriptional regulation (Perez-Pinera et al., 2013). Previous

work showed that dCas9 functioned as a transcriptional repressor

by interfering with the transcriptional machinery or by hindering

RNA PolII (Qi et al., 2013). In the present work, we showed that

the CRISPR/dCas9 system can be used as a platform for targeted

gene regulation in planta. We employed the catalytically inactive

dCas9 combined with gRNA molecules that target specific DNA

sequences in the promoter of target genes. We optimized the

CRISPR/dCas9 system for in planta expression by subcloning

dCas9 into a binary vector driven by the tandemly duplicated 35S

constitutive promoter (pK2GW7).

We generated two dCas9 synthetic transcriptional activators.

The EDLL domain of the ERF/EREBP family of plant transcription

factors was selected because it is a strong transcriptional

activator, easily transferable to other proteins and binds positions

either proximal or distal to the TATA box (Tiwari et al., 2012). The

dHax3 TAL effector protein (TAD) of phytopathogenic Xantho-

monas spp. was selected due to extensive characterization and

strong activation of plant target genes. We selected the Bs3

promoter, of the resistance (R) gene from pepper plants (Romer

et al., 2009), as a target fused to uidA of a GUS reporter vector.

Transcriptional activation levels were measured by RT-qPCR and

qualitatively and quantitatively using GUS transient-expression

assays. gRNAs complementary to either the Bs3 promoter sense

or antisense strand were designed and constructed into the

pYL156 binary vector under control of the U6 promoter.

Real-time quantitative PCR analysis of the uidA gene transcript

indicated that dCas9:EDLL and dCas9:TAD both mediated 14-fold

transcriptional activation compared with that of Bs3::uidA control

(Figure 3), whereas quantitative GUS assays revealed that dCas9:

EDLL mediated fivefold and dCas9:TAD mediated sixfold tran-

scriptional activation when guided by gRNA2 compared with that

of Bs3::uidA control (Figure 4c and d). Using a control that

targeted DNA outside of the Bs3 promoter, we observed some

level of transcriptional activation with dCas9:EDLL and dCas9:

TAD, respectively (Figure 3). This can be explained by the fact that

the high copy numbers of the transiently expressed target are

scanned by the CRISPR/dCas9 synthetic transcriptional activators

to find complementary sequences of gRNAs, (Hu et al., 2014;

Jinek et al., 2014; Sternberg et al., 2014) and thus, the process of

scanning for and binding the complementary target could mildly

activate gene expression. This interpretation will require further

studies and analysis. These data demonstrate successful targeting

and transcriptional regulation of plant gene expression as

determined by the activation of uidA gene detected by the

relative transcript abundance as well as qualitative and quanti-

tative presence of the GUS enzyme.

We assessed whether gRNA molecules targeted to the

antisense strand could induce activation of Bs3::uidA target

similar to those targeting the sense strand. The results showed

that transcriptional activation of gRNAs targeting the sense strand

closer to the TSS was higher than that of gRNAs targeting the

antisense strand, possibly due to structural flexibility with respect

to the transcriptional machinery and RNA polymerase (Figure 4).

We then tested the effects of gRNA binding relative to the TSS on

transcriptional activation of Bs3::uidA target driven by dCas9:

(a) (b)

Figure 7 Analysis of dCas9:SRDX transcriptional repressor interference with dCas9:EDLL and dCas9:TAD transcriptional activators. (a) Co-delivery of

dCas9:EDLL and gRNA2 induced high expression levels of the transient uidA target; these levels decreased significantly in the presence of the dCas9:SRDX

transcriptional repressor. (b) Co-delivery of dCas9:SRDX along with dCas9:TAD and gRNA2 also significantly reduces the transcriptional activation

conferred by dCas9:TAD and gRNA2. Quantitative analysis of uidA transcript levels are shown in both charts. Represented results were normalized to the

relative expression of the actin housekeeping gene. Error bars indicate standard error. Asterisks denote significantly different values according to the

Student’s t-test. *** P < 0.001.
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EDLL and dCas9:TAD. The gRNA2 bound closest to the TSS on the

sense strand and mediated higher expression compared with that

of gRNA1 by twofold when delivered with dCas9:EDLL and sixfold

when delivered with dCas9:TAD. This difference was more

significant with dCas9:TAD than with dCas9:EDLL. These data

indicate that different dCas9 synthetic transcriptional activators

could require targeting to different positional distances from the

TSS for optimum transcriptional activation levels, primarily due to

structural requirements for the chimeric dCas9 fusions.

We assessed potential synergistic effects of multiple gRNAs,

when used simultaneously, targeted to sense and antisense

strands on transcriptional activation of Bs3::uidA target (Fig-

ure 5). Using dCas9:EDLL, co-delivery of gRNA1 and gRNA2

targeting the sense strand resulted in the strongest transcriptional

activation of Bs3::uidA target compared with those of other

combinations. Similar results were obtained when using dCas9:

TAD, (Figure 5b). The weakest transcriptional activation mediated

by dual gRNAs was obtained with gRNA1 targeting the proximal

sense strand and gRNA3 targeting the antisense strand. These

data indicate that gRNAs targeted to the promoter antisense

strand might structurally hinder RNA PolII binding and the

transcriptional initiation machinery. Co-delivery of multiple gRNAs

that assemble transcriptional complexes on different promoter

regions appears to elevate transcriptional activation. However, it

may not be necessary to simultaneously use several gRNAs for

optimum transcriptional activation; the number of gRNAs and

dCas9 complexes may reach a saturation point beyond which

transcriptional activity could be attenuated due to structural

interference of neighbouring complexes.

These experiments demonstrated CRISPR/dCas9 transcriptional

activation of transient targets. Next, we generated a transcrip-

tional repressor to specifically down-regulate a genomic target.

We fused the SRDX dominant repression domain, which belongs

to the ERF family of transcription factors (Kagale and Rozwa-

dowski, 2011; Ohta et al., 2001), to the dCas9 C-terminus. The

SRDX domain down-regulated target genes when fused to

transcription factors or TAL effectors (Mahfouz et al., 2012).

The dCas9:SRDX synthetic transcriptional repressor was co-deliv-

ered with gRNAs targeting different positions on the PDS

promoter and exon 1 in N. benthamiana. The RT-qPCR results

showed that dCas9 alone and dCas9:SRDX mediated transcrip-

tional repression of genomic PDS (Figure 6).

Our study provides the first evidence that the CRISPR/dCas9

platform can be used for targeted plant genome regulation. We

designed and generated two synthetic transcriptional activators

and one transcriptional repressor, and demonstrated targeted

transcriptional regulation on transient and genomic targets in

planta. Several parameters require further optimization, including

generating shorter functional versions of dCas9 that could resolve

some of the observed effects of structural interference. However,

this system possesses advantages over the existing platforms

including the amenability to multiplexing and possibility of using

viruses to systemically deliver gRNAs. Generation of dCas9

synthetic transcriptional regulators in model plants such as

Arabidopsis could facilitate functional analysis of genes under

different nutritional, hormonal or environmental conditions. The

gRNAs can be delivered using symptomless viral vectors, like

tobacco rattle virus (TRV), that mediate systemic plant infection.

This approach could enable construction of a functional genomics

platform applicable for many plant species. A trait-discovery

platform could be generated by co-delivery of multiple gRNAs

targeting single, multiple or all members of a gene family (Figure

S6). The present study opens exciting possibilities to address

important questions in plant biology and gene regulation, and

provides a foundation for future development of potentially

powerful applications in agricultural biotechnology.

Experimental procedures

Plasmid construction

Human-codon-optimized dCas9 was obtained from AddGene

(Product number 44246) (https://www.addgene.org/44246/). The

dCas9 was amplified from the original plasmid with primers

50dCas9-F and 30dCas9-R (Table S1) and subcloned into the pENTR-
D/TOPO vector (Invitrogen, Paisley, UK). The dCas9 clone was

verified by Sanger sequencing and subcloned into the destination

vector pK2GW7 by the Gateway-LR reaction using LR Clonase II

(Invitrogen). Expression of dCas9 was driven by a constitutive,

tandemly duplicated cauliflower mosaic virus 35S promoter.

(a)

(b)

Figure 8 Competition between chimeric dCas9 activators and repressor

using multiple combinations of guide-RNAs (gRNAs). (a) The dCas9:SRDX

transcriptional repressor markedly reduced dCas9:EDLL-induced

transcriptional activation using gRNA1 and gRNA2, which targeted the

Bs3 promoter sense strand. Co-delivery of gRNAs, into 3- to 4-week-old

Nicotiana benthamiana leaves, targeting both sense and antisense strands

of the Bs3 promoter (gRNA1, gRNA2, and gRNA3) resulted in competition

and also significant repression of uidA gene. (b) The dCas9:SRDX

transcriptional repressor competed with and reduced dCas9:TAD-induced

transcriptional activation. The repression of transcriptional activation

conferred by dCas9:SRDX was significant when multiple gRNAs targeting

both sense and antisense strands were used. Quantitative analysis of uidA

transcript levels are shown in both charts. Represented results were

normalized to the relative expression of the actin housekeeping gene.

Error bars indicate standard error. Asterisks denote significantly different

values according to the Student’s t-test. * P < 0.05; ** P < 0.01;

*** P < 0.001.
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To generate chimeras with transcriptional activators and

repressors, in-frame fusions of EDLL, TAD and SRDX domains

with the dCas9 C-terminus were custom-synthesized by BlueH-

eronBio. To generate the dCas9:EDLL transcriptional activator, we

custom-synthesized a fragment containing the dCas9 C-terminus

fused to the EDLL domain flanked by MluI and EcoRI restriction

sites (Sequence S2). The EDLL restriction fragment was subcloned

to dCas9/pK2GW7 digested with MluI and EcoRI. A similar

strategy was used to generate the dCas9:SRDX transcriptional

repressor using MluI and EcoRI (Sequence S4). Due to the

presence of an EcoRI restriction site within the TAD sequence, we

custom-synthesized a fragment containing the dCas9 C-terminus

fused to TAD flanked by MluI and XhoI restriction sites (Sequence

S3). Then,MluI and XhoI were used to directly exchange the EDLL

domain in dCas9/pK2GW7 with TAD.

A chimeric RNA containing CRISPR RNA and trans-activating

RNA was used in this study. Chimeric RNA cores were custom-

synthesized and expressed under control of the U6 Arabidopsis

thaliana RNA polymerase III promoter. All chimeric RNA cores

containing the U6 promoter, 20-nucleotide targets and

gRNA sequences were custom-synthesized (Sequence S6–11).
20-nucleotide targets were designed for Bs3 promoter and PDS

endogenous gene (http://solgenomics.net/ Niben044Scf000

14185). Chimeric RNAs containing specific targets were PCR

amplified with the forward primer carrying BamHI restriction site

and the reverse primer carrying the XbaI recognition sequence

(Table S1). The PCR product integrity was confirmed by Sanger

sequencing. These fragments were cloned into the multiple

cloning site (MCS) of the pYL156 destination vector using

restriction–ligation reactions and the BamHI and XbaI sites. The

Bs3 promoter was fused to uidA in the pKGWFS7 vector as

described previously (Li et al., 2013b).

Agroinfiltration

All dCas9 chimeric transcriptional regulators, U6:gRNAs and Bs3:

uidA constructs were separately transformed into A. tumefaciens

strain GV3101 by electroporation. Agrobacteria were separately

cultured overnight in 5 mL LB medium containing gentamicin

(50 lg/mL), spectinomycin (100 lg/mL) and rifampicin (50 lg/
mL) antibiotics for bacteria containing the effector constructs,

and in gentamicin (50 lg/mL), kanamycin (50 lg/mL) and rifam-

picin (50 lg/mL) antibiotics for bacteria containing the gRNA

constructs. Subsequently, Agrobacteria were separately cultured

in 20 mL LB and grown to OD600 = 1.0–1.5. Agrobacteria were

collected and resuspended in infiltration buffer (10 mM MgCl2,

5 mM MES, 0.1 mM acetosyringone). To study target binding and

activation or repression, combinations of Agrobacteria containing

effectors, transient targets and gRNAs were grown separately and

then mixed together, to equal OD600 = 0.6 and co-delivered into

3- to 4-week-old N. benthamiana leaves by agroinfiltration.

Qualitative and quantitative GUS assays

Agroinfiltrated leaf discs were collected 36–48 h postinfiltration,

immersed in GUS staining buffer [10 mM NaH2PO4, 10 mM EDTA,

0.1% Triton-X100, 0.1% X-gluc, 1 mM K4Fe(CN)6, 1 mM K3Fe

(CN)6] and kept at 37° C for 24 h. The following day, discs were

destained with 70% ethanol. For quantitative assays, proteins

were extracted from two leaf discs using 150 lLof GUS extraction
buffer (50 mM NaH2PO4, 10 mM EDTA, 10 mM b-mercaptoetha-

nol, 0.1% Triton-X100, 0.1% SDS). Protein concentrations in the

sample extracts were quantified by Bradford assay. For the

fluorometric assay, 90 lL of assay buffer [50 mM NaH2PO4,

10 mM EDTA, 10 mM b-mercaptoethanol, 0.1% Triton-X100,

0.1% SDS, 5 mM 4-methylumbelliferone b-D-galactopyranoside
(MUG)] was mixed with 10 lL of sample and incubated at 37 °C
for 60 min. Reactions were stopped by adding 900 lL of 0.2 M

sodium carbonate (pH 9.5). Fluorescence was measured in a

Tecan microplate reader at 360 nm (excitation) and 465 nm

(emission) with 4-methyl-umbelliferon (MU) dilutions as standard.

In all experiments, background fluorescence (autofluorescence)

was subtracted from the sample fluorescence measurements.

RNA isolation and real-time quantitative PCR

Total RNA was isolated from two leaf discs using the RNeasy Plant

Mini Kit (Qiagen, Manchester, UK) according to manufacturer’s

instructions. DNA digestion was performed on column during the

RNAextractionwith theuseofRNase-FreeDNaseSet (Qiagen). 1 lg
of total RNA was used for reverse transcription with SuperScript

First-Strand Synthesis System for RT-qPCR (Invitrogen) to generate

cDNA. qPCR was performed, as previously described (Bruggeman

et al., 2014), using the Power SYBR� Green PCR Master Mix

(Invitrogen) with the following conditions: hold step at 95 °C for

10 min, denature step at 95 °C for 15 s, anneal/extend step at

60 °C for 1 min. Primers used for RT-qPCR are listed in Table S1.
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VIII. ANNEXES 

Table 8.l: List of constructs 

S. No. ATG No. Vector 
used 

STOP 
codon Cloned from By Purpose Tag 

pNR24_2 AT5G48650 pENTR-
D/TOPO No PDA-12652 PCR and TOPO 

cloning Gateway entry None 

pNR24_4 AT5G48650 pENTR-
D/TOPO Yes PDA-12652 PCR and TOPO 

cloning Gateway entry None 

pMHN275 AT5G48650 pGWB5 No pNR24_2 LR Clonase Localization/O
E lines GFP 

pAA(B1) Promoter of 
AT5G48650 

pENTR-
D/TOPO No pdg06741 PCR and TOPO 

cloning 
Promoter 

Gateway entry None 

pAA(B1-2) Promoter of 
AT5G48650 

pGWB43
3 No pAA(B1) LR Clonase Promoter 

analysis Gus 

pMN-74-1 AT5G48650 pBiFC2 Yes pNR24-4 LR Clonase BiFC Partial 
YFP 

pMN-74-2 AT5G48650 pBiFC2 Yes pNR24-4 LR Clonase BiFC Partial 
YFP 

pMN-82-1 AT5G48650 pBiFC3 Yes pNR24-4 LR Clonase BiFC Partial 
YFP 

pMN-82-2 AT5G48650 pBiFC3 Yes pNR24-4 LR Clonase BiFC Partial 
YFP 

pMN-90-1 AT5G48650 pBiFC1 No pNR24-2 LR Clonase BiFC Partial 
YFP 

pMN-90-2 AT5G48650 pBiFC1 No pNR24-2 LR Clonase BiFC Partial 
YFP 

pMN-98 AT5G48650 pBiFC4 No pNR24-2 LR Clonase BiFC Partial 
YFP 

 

Table 8.2: List of oligonucleotides 

Cloning 

Name Sequence Target gene Purpose 

N0030 CACCATGGATTCTACTGCTGCAACCA AT5G48650 For cloning into Gateway pENTR-TOPO-F 
N0031 CTWGTACGAGTTGATGCTGGCGA AT5G48650 For cloning into Gateway pENTR-TOP-R 

AA013 
GGGGACAAGTTTGTACAAAAAAGCA
GGCTTCGAAGGAGATAGAACCtttttccgg
tagaccgtcgag 

AT5G48650 Cloning the gene under native promoter-F 

AA014 
GGGGACCACTTTGTACAAGAAAGCTG
GGTCTCCACCTCCGGATCMGTACGAG
TTGATGCTGGC 

AT5G48650 Cloning the gene under native promote-R 

AA034 CCAGCTGTCTCTTTACCTGCTCCAAA
GAAGATACCTAAA AT5G48650 Phospho dead-Site directed mutagenesis-F 

AA035 TTTAGGTATCTTCTTTGGAGCAGGTA
AAGAGACAGCTGG AT5G48650 Phospho dead-Site directed mutagenesis-R 

AA062 CCAGCTGTCTCTTTACCTGATCCAAA
GAAGATACCTAAA AT5G48650 Phospho mimic-Site directed mutagenesis-

F 
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AA063 TTTAGGTATCTTCTTTGGATCAGGTAA
AGAGACAGCTGG AT5G48650 Phospho mimic-Site directed mutagenesis-

R 

AA090 CAC CTT TTT CCG GTA GAC CGT C AT5G48650 Only promoter before ATG for cloning into 
Gateway pENTR-TOPO-GUS-F 

AA091 TGT ATC GCC AAC TTC CAG AGA 
ATA AAC AT5G48650 Only promoter before ATG for cloning into 

Gateway pENTR-TOPO-GUS-R 
 
Sequencing    

 
Name Sequence Target gene Purpose 

N0067 CAGCTTGCTCCGAACCCTTCAT AT5G48650 To check expression, 492 - 513-R 
N0068 GGAGCTATTACCAATGGTGGGATT AT5G48650 To check expression, 1027 - 1050-F 

AA093 TTTTTCCGGTAGACCGTCGAG AT5G48650 Native promoter-for sequncing at the 
start-F 

AA094 GTCAAACATGGTCCGTTGCA AT5G48650 Native promoter-for sequncing 980-
1000-R 

AA095 TGACACGTGAGAGTCAAAAAGGCA AT5G48650 Native promoter-for sequncing 997-
1020-F 

AA096 TTA GTT ACT AAT CCT TAA CAT CAT 
AAA AAT GAT AT5G48650 Native promoter-for sequncing 1993-

2025-R 

AA097 CATTTTTATGATGTTAAGGATTAGTA
ACTAA AT5G48650 Native promoter-for sequncing 1995-

2025-F 

AA098 ATCTTCAGATCCTTCTCAAGTGATAG
AA AT5G48650 Native promoter-for sequncing 2981-

3008-R 

AA099 CTCAAGTGATAGAATCTGATACAGTT AT5G48650 Native promoter-for sequncing 2995-
3020-F 

AA100 GTA TTC ATT GCC TCT ACG GTT AAA 
A AT5G48650 Native promoter-for sequncing end no 

stop from 3844-3868-R 

AA121 TGC CCC GGT TTT ATC AAG AGA 
TCA AT5G48650 Native promoter-for sequncing-F 

AA122 TGT AGT TCA TGA ATT ACG TTT TCT 
ACG G AT5G48650 Native promoter-for sequncing-F 

AA123 TTCAATCGAAGCTCCAATTTCACTAA
TTT AT5G48650 Native promoter-for sequncing-F 

AA124 TTATGTGCTAACCCAAGTTAAAATCT
AAT AT5G48650 Native promoter-for sequncing-F 

AA125 TTA TGT GCT AAC CCA AGT TAA 
AAT CTA ATG AT5G48650 Native promoter-for sequncing-F 

AA132 TAA CCC AAG TTA AAA TCT AAT 
GTA CTC ATT AAT AT5G48650 Native promoter-for sequncing-F 

AA133 TTTTTCAATTATGGGGTTTCTTCTCCT
T AT5G48650 Native promoter-for sequncing-F 

AA134 CTC CCA ACC TAT ATT AAC CAA 
ACC AT5G48650 Native promoter-for sequncing-R 

AA135 ATCAATGAGAGACACTTTTAGCAAGT
TA AT5G48650 Native promoter-for sequncing-R 

AA136 GTG AGA CAT CTT CCT TTT AAT GCC AT5G48650 Native promoter-for sequncing-F 
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Genotyping 
 

Name Sequence Target gene Purpose 
N0107 AGATGGGGAAGTTGTTTCTGG AT5G48650 LP1for genotyping Atg3bp1-1  for WT 
N0118 CTCTACCAACTGGTGAGTCGC AT5G48650 LP1for genotyping Atg3bp1-2  for WT 
N0165 CGTTTTGCTACTTTGCTCACC AT5G48650 RP1-for genotyping Atg3bp1-1 or HM 
N0167 TGAAAGTTTATGCAGATGGGG AT5G48650 RP1-for genotyping Atg3bp1-2 for HM 
N0200 ATTTTGCCGATTTCGGAAC AT5G48650 Primer T-DNA-LBb1.3 for SALK 

N0201 TAGCATCTGAATTTCATAACCAATCT
CGATACAC AT5G48650 Primer T-DNA-LB3 for SAIL 

 
qPCR 

 
Name Sequence Target gene Purpose 

AA155 TGGAGATTGCAACTCGGCTG AT5G48650 AtG3BP1-F 
AA156 TCTTGCGGGGCAAGGAAAAA AT5G48650 AtG3BP1-R 
AA021 ACCACCTGAAAGGAAGTACAGTG AT3g18780 Reference gene-Actin-F 
AA022 CTGTGAACGATTCCTGGACCTGC AT3g18780 Reference gene-Actin-R 
AA111 GGCCTTGTATAATCCCTGATGA At4g05320 Reference gene-UBQ10-F 
AA112 AAAGAGATAACAGGAACGGAAA At4g05320 Reference gene-UBQ10-R 
AA115 ACGGGCATAGTTCCACAAAG AT2G19190 FRK1-F 
AA116 CGTCAAAAGAACGACGATGA AT2G19190 FRK1-R 
AA117 ACAAATGGTCTGCTATAGCT AT1G18570 MYB51-F 
AA118 CTTGTGTGTAACTGGATCAA AT1G18570 MYB51-R 
AA119 GCGTAAATACGGGCAGAAAC AT4G23550 WRKY29-F 
AA120 GGTTTGGGTTGGGAAGTTTT AT4G23550 WRKY29-R 
392s GGCGAGAAGTGAAGCTTTTG AT5G26920   CBP60g-F 
392as GCACGGAGGATGATGTTTTT AT5G26920   CBP60g-R 
193s AGACATCGTTGCTCTTCACG AT1G73805 SARD1-F 
193as CACACTTACTTCTCCGGCAA AT1G73805 SARD1-R 
196s GACGGGTATCTTTGGAGGAA AT5G22570 WRKY38-F 
196as AAACCGGAGGATTGTCTTTG AT5G22570 WRKY38-R 
ksk-145 TATGGGGGATAAGGGGTTCT AT1G74710 ICS1-F 
ksk-146 GCCCTAGTTACAACCCGAAA AT1G74710 ICS1-R 
HA238 CTCATACACTCTGGTGGG AT2G14610 PR1-F 
HA239 TTGGCACATCCGAGTC AT2G14610 PR1-R 
ksk-155 ATCGTTGGAAATCGTGGTGT AT3G57260 PR2-F 
ksk-156 TCGGTGATCCATTCTTCACA AT3G57260 PR2-R 
R195S CACGGAAACGTAGACGAGAA AT1G02450 NIMIN1-F 
R195AS CCCGTACGACACTGAGAGAA AT1G02450 NIMIN1-R 
AA147 CAAGAGCCTTGATCGATCATTG AT4G18170 WRKY28-F 
AA148 GCAAGCCCAACTGTCTCATTC AT4G18170 WRKY28-R 
AA139 TTCATGGATCCAAAAATCCTAGA AT2G46400 WRKY46-F 
AA140 TGTGGTTTCCGAGATACTTCACT AT2G46400 WRKY46-R 
AA191 GGTCTTGGCGATACAAT AT4G39030 EDS5-F 
AA192 CAGCGAGTGCAGAGATC AT4G39030 EDS5-R 
N0429 ACTCCGTTAGCTTCACCGTT AT3G59930 Defensin-like protein-F 
N0430 CATGCAGCATCGCTCTTCAG AT3G59930 Defensin-like protein-R 
AA141 ACAGCACTTGTCTCGATTCT AT1G21250 WAK1-F 
AA142 TCTTTACGCTTGCAGCTCAT AT1G21250 WAK1-R 
AA149 ATGATCTCTTCCGTGTGCCA AT5G46350 WRKY8-F 
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AA150 ATCATCAAGGCTCTTGTTTGAAGA AT5G46350 WRKY8-R 
AA143 GATCCACCGACAAGTGCTT AT1G80840 WRKY40-F 
AA144 AGGGCTGATTTGATCCCTCT AT1G80840 WRKY40-R 
AA145 CATTGGAAACCAGATGGAAG AT4G12470 AZI1 –F 
AA146 TCTGAGGGCTAACGTTCTTG AT4G12470 AZI1 –R 
AA193 TTAGCCGTTGAAGCTCT AT3G52430 PAD4 –F 
AA194 ATGCATCGCAACGATCT AT3G52430 PAD4 –R 
AA195 CTGAGTTAGCCGGTGT AT3G48090 EDS1-F 
AA196 TTTCATGTACGGCCCTG AT3G48090 EDS1-R 
AA183 GCATCTCGTCGCTCAG At1g52890 ANAC019-F 
AA184 CTCGACTTCCTCCTCCG At1g52890 ANAC019-R 
AA185 GCGCTGCCTCATAGTC At3g15500 ANAC055-F 
AA186 CGAGGAATCCCCTCAGT At3g15500 ANAC055-R 
AA187 TGGGTGTTGTGTCGAAT At4G27410 ANAC072-F 
AA188 ATCGTAACCACCGTAACT At4G27410 ANAC072-R 
HA264 TATCTCCGACGTCTCCCAAC AT5G61600 ERF104-F 
HA265 GAGTGACGCAAGTGAAAACG AT5G61600 ERF104-R 
HA266 GCCAAGAAGAACCTCACTGC AT3G25770 AOC2-F 
HA267 TCCGAGACCGAACATTAAGC AT3G25770 AOC2-R 
HA270 CACCGTCTGATTTGATATGGG AT1G17380 JAZ5-F 
HA271 TCATCGTTATCCTCCCAAGC AT1G17380 JAZ5-R 
HA274 TGCGTAGTCTTCTACCGTAATCCG AT3G45140 LOX2-F 
HA275 TGGAGGGCATAACTTGGTCGAG AT3G45140 LOX2-R 
HA282 CTTCACTGCTGGTGCATACGG AT1G17420 LOX3-F 
HA283 TCGTTGGCGTACGGATAGTC AT1G17420 LOX3-R 
HA316 TCTTCGGATCATCGTCCTCTTC AT5G47230 ERF5-F 
HA317 GGTTTGCATACGGATTCAGAGAA AT5G47230 ERF5-R 
HA320 AGAGAGTTT CGTGGCTCCAA AT5G44210 ERF9-F 
HA321 CCACCGTCGTTAACCGTAGT AT5G44210 ERF9-R 
HA334 CTTACCGGCGCATTGTTTAT AT5G42650 AOS-F 
HA335 AAGTCAAAGCCGGTGAAATG AT5G42650 AOS-R 
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