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ABSTRACT OF THE DISSERTATION 

Characterization of the Role of SlSERKs in Plant Defense Against Root-Knot 
Nematodes, Potato Aphids and Pseudomonas Syringae pv. Tomato 

by 

Hsuan-Chieh Peng 

Doctor of Philosophy, Graduate Program in Plant Biology 
University of California, Riverside, March 2014 

Dr. Isgouhi Kaloshian, Chairperson 

 

The Arabidopsis (Arabidopsis thaliana) SOMATIC EMBRYOGENESIS 

RECEPTOR KINASE (SERK) genes belong to a small family of five plant 

receptor kinases that are involved in at least five different signaling pathways. 

One member of this family, BRASSINOSTEROID INSENSITIVE1 (BRI1)-

ASSOCIATED KINASE1 (BAK1), also known as SERK3, is the coreceptor of the 

brassinolide (BR)-perceiving receptor BRI1, a function that is BR dependent and 

partially redundant with a second member SERK1. SERK3/BAK1 alone controls 

plant innate immunity, is the coreceptor of the flagellin receptor Flagellin Sensing 

2 (FLS2), and, together with SERK4, can mediate cell death control, all three 

functions are BR-independent. In tomato (Solanum lycopersicum), three SlSERK 

members were identified with homologies to Arabidopsis SERK1 or 

SERK3/BAK1, and were named SlSERK1, SlSERK3A and SlSERK3B. A 

previous study showed that SlSERK1 is required for Mi-1.2-mediated resistance 

against potato aphids (Macrosiphum euphorbiae) but not against root-knot 

nematodes (RKN; Meloidogyne spp.), while the roles for SlSERK3A and 
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SlSERK3B remain unknowns. Mi-1.2 encodes a coiled-coil nucleotide-binding 

leucine-rich repeat protein. In chapter one, I focus on the two members that 

exhibit particularly high levels of sequence similarity to BAK1/SERK3 the 

SlSERK3A and SlSERK3B. To characterize a role for SlSERK3A and SlSERK3B 

in defense, we suppressed each gene individually or co-silenced both using 

virus-induced gene silencing (VIGS) in the tomato cv. Moneymaker. Co-silencing 

SlSERK3A and SlSERK3B resulted in spontaneous necrotic lesions and reduced 

sensitivity to exogenous BR treatment. Silencing either SlSERK3A or SlSERK3B 

resulted in enhanced susceptibility to RKN and to the non-pathogenic 

Pseudomonas syringae pv. tomato (Pst) DC3000 hrcC indicating that both 

SlSERK3s are positive regulators of defense. Interestingly, silencing SlSERK3B, 

but not SlSERK3A, resulted in enhanced susceptibility to the pathogenic strain 

Pst DC3000 indicating distinct roles for these two SlSERK3 paralogs. SlSERK3A 

and SlSERK3B are active kinases, localized to the plasma membrane, and 

interact in vivo with the SlFLS2 receptor in a flg22-dependent manner. 

Complementation of the Atserk3/bak1-4 mutant with either SlSERK3A or 

SlSERK3B partially rescued the mutant phenotype. Thus, SlSERK3A and 

SlSERK3B are likely to constitute tomato orthologs of BAK1. Chapter two 

addresses the mechanism by which SlSERK1 contributes to Mi-1.2-mediated 

aphid defense and the dynamic of the interaction between SlSERK1 and Mi-1.2.  

We show that SlSERK1 is the rate limiting factor in Mi-1.2-mediated resistance. 

Transgenic 35S-SlSERK1-HA tomato lines in the resistant cv. Motelle displayed 
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enhanced resistance to potato aphids compared to wild-type tomato cv. Motelle. 

Moreover, we showed that potato aphid saliva and total protein could induce Mi-

1.2-dependent defense marker SlWRKY72b, indicating that aphid total protein 

can be used as the Mi-1.2 elicitor. Furthermore, co-immunoprecipitation 

experiments in both Nicotiana benthamiana, transiently expressing Mi-1.2 and 

SlSERK1, and in 35S-SlSERK1-HA Motelle tomato showed that Mi-1.2 and 

SlSERK1 are present in a complex in the microsomal fractions. In addition, by 

confocal microscopy and biochemical fractionation I showed that Mi-1.2 is 

localized to three subcellular pools including the plasma membrane, cytoplasm 

and the nucleus. Furthermore, BiFC analysis showed that Mi-1.2 does not 

directly interact with SlSERK1 in the absence of the aphid elicitor but does so 

soon after aphid treatment. Moreover, Mi-1.2 levels on the microsomal fractions 

decreased in the presence of the potato aphid elicitor suggesting Mi-1.2 dynamic 

at the plasma membrane is the trigger for the defense responses. 
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General Introduction 

Plants represent a rich source of nutrients for many organisms including bacteria, 

fungi, insects, nematodes and vertebrates. Humans depend almost exclusively 

on plants for food, and plants provide many important non-food products 

including wood, dyes, textiles, medicines, cosmetics, soaps, rubber, plastics, 

inks, and industrial chemicals. Tomato (Solanum lycopersicum) is one of the 

most important vegetable crops in the world. It originated in western South 

America, and domestication is thought to have occurred in Central America. 

Because of its importance as food, tomato has been bred to improve productivity, 

fruit quality, and resistance to biotic and abiotic stresses (Kimura and Sinha 

2008). However, widespread cultivation makes tomato plants vulnerable to 

diverse array of pathogenic agents and pests. Understanding how plants defend 

themselves from pathogens and herbivores is essential for developing 

sustainable disease-resistant crops and protecting our food supply. 

 

Plant defense 

The immune system of plants seems to be far less complicated compared to 

those of animal. Due to lack a circulatory system and mobile immune cells, plants 

cannot use circulating immune receptors like B cell immunoglobulins and T cell 

receptors (TCRs) to detect non-self molecular signature or foreign cells such as 

pathogens. Nonetheless, plants are capable of establishing immune responses 
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that are highly specific, with restricted self-reactivity, and that often provide a 

lifelong resistance to the encountered pathogens.  

The first host barrier phytopathogens encounter is the plant cell wall, 

which can be reinforced by the deposition of callose (glucan polymers) following 

activation of host defense pathways. The first active line of defense occurs at the 

plant cell surface when microbe-associated molecular patterns (MAMPs), 

conserved molecular signatures typical of a whole class of microbes, are 

detected by pattern-recognition receptors (PRRs) (Boller and Felix 2009). This 

recognition triggers a resistance response also known as pattern-triggered 

immunity (PTI). PTI is associated with the activation of downstream signaling 

pathways including mitogen-activated protein kinase (MAPK) cascades and 

WRKY transcription factors (TFs), induction of defense responses such as 

production of reactive oxygen species (ROS), accumulation of pathogen-related 

(PR) proteins and callose deposition which collectively restrict microbial growth 

(Segonzac and Zipfel 2011). To circumvent PTI, adapted pathogens can deliver 

a diverse array of effector molecules directly into the plant cell through 

specialized secretion systems. For example, Pseudomonas syringae pv. tomato 

(Pst) delivers AvrPto that has been shown to promote pathogen virulence by 

PRR such as FLS2 (FLAGELLIN SENSING-2) (Shan et al. 2008).  

Through co-evolution with pathogens, plants have acquired intracellular 

immune receptors known as resistance (R) proteins that can recognize the 

presence of certain pathogen effector or avirulence (Avr) molecules. Thus, plants 
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can use these immune receptors to detect directly or indirectly pathogen 

effectors and activate effector-triggered immunity (ETI, formerly known as gene 

for gene resistance) (Jones and Dangl, 2006). Unlike PTI, which is a general 

response to a limited number of MAMPs, ETI is specific for effectors that are 

highly polymorphic among different strains of a specific pathogen species. ETI 

leads to a vigorous defense reaction, including rapid transcriptional 

reprogramming, production of PR proteins, ROS and reactive nitrogen species 

(RNS), phytoalexins, antimicrobial compounds, and hypersensitive response 

(HR) (Torres et al. 2006; Berger et al. 2007; Coll et al. 2011; Ahuja et al. 2012). 

These immune responses are also accompanied with physiological changes 

involving cell wall reinforcement around the infection site, lignification, deposition 

of callose, and differential regulation of photosynthesis and respiration leading to 

local resistance to the pathogen (Martin et al. 2003; Jones and Dangl 2006). 

 

Pseudomonas- the ultimate bacterial pathogen 

Pseudomonas syringae is a fluorescent pseudomonad in the γ-subgroup of 

proteobacteria that infects a wide range of economically important plant species. 

P. syringae strains are known to cause blights, spots, and cankers in susceptible 

plants. A typical symptom of P. syringae infection starts with water soaked 

lesions at the site of infection, and in the case of exotoxin producers, a spreading 

chlorosis due to chlorophyll breakdown (Bender et al. 1999). This group of 
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Pseudomonads has a wide host range and most important crops are susceptible 

to at least one P. syringae strain. 

In many cases, asymptomatic epiphytic populations of the bacterium, 

growing on exposed surfaces of the plants, provide the inocula for the infection 

(Hirano and Upper 1990). Invasion of the mesophyll tissue is usually combined 

several factors such as leaf wetting and/or tissue wounding and the ability of the 

bacteria to move. During the initial colonization of tissues of a susceptible plant, 

the bacterium begins to multiply and produce virulence factors that contribute to 

symptom formation.  

Pseudomonas syringae delivers a mixture of effector proteins directly into 

plant cells via the type III secretion system (T3SS), a pilus/syringe-like structure 

(Galan and Collmer 1999; Cornelis 2006). Effectors dampen a variety of cellular 

processes related to the host defense system. In the past decade, extensive 

biochemical and functional studies have been performed to determine how T3SS 

effectors support successful growth of pathogenic bacteria and their role in 

suppressing the host immune system (Buttner and He 2009; Dowen et al. 2009).  

 

Aphids are economically important pests  

Aphids (Hemiptera: Aphididae) are among the most important insect pests of 

temperate agriculture and cause significant losses to worldwide agriculture. 

These soft-bodied insects use their piercing-sucking mouthpart to feed on plant 

sap. These phloem feeders damage plants directly by sucking their sap, 
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depleting photoassimilates and altering normal plant physiology (Blackman and 

Eastop 2000). Aphids release two types of saliva during feeding, soluble saliva 

and gelling saliva. The soluble saliva is in liquid form and is delivered along the 

penetration path and in the sieve element, whereas the gelling saliva forms a 

proteinaceous sheath around the stylets as soon as it exits the stylet tip (Miles 

1999; Tjallingii 2006). It has been shown that aphid feeding and salivary 

secretions play crucial roles in modulating plant defense responses and 

metabolism (De Vos and Jander 2009; Giordanengo et al. 2010; Wilson et al. 

2011). Aphid saliva consists of a suite of bio-reactive compounds, some of which 

may serve as cues to elicit plant defenses, while others are expected to function 

in suppressing or circumventing plant defenses (Miles 1999; Harris et al. 2003; 

Bos et al. 2010; Hogenhout and Bos 2011; Will et al. 2012).  

Besides feeding, aphids damage plants indirectly by vectoring plant 

viruses and excreting sugary honeydew on foliage, stems and fruits, which 

supports growth of the black sooty mold fungus (Van-Emden and Harrington 

2007). The black film formed by the sooty mold on plant tissues, interferes with 

photosynthesis and reduces marketability of the edible plant parts. 

Approximately, 4000 species of aphids have been described and 250 species are 

considered pest species (Blackman and Eastop 2000). Species belonging to tribe 

Macrosiphini include important agricultural pests, such as the green peach aphid 

(Myzus persicae), the Russian wheat aphid (Diuraphis noxia), the pea aphid 
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(Acyrthosiphon pisum), and the potato aphid (Macrosiphum euphorbiae) (Van 

Emden and Harrington 2007). 

Aphids have a complex life cycle, comprising of both sexual and asexual 

modes of reproduction and host alternation (Blackman and Eastop 2000). 

Asexual or parthenogenetic mode of reproduction occurs during most of the year 

while sexual reproduction happens only before winter when eggs are laid on a 

perennial plant for overwintering. During parthenogenetic reproduction, aphids 

lay first-stage instars or nymphs, which undergo several molts to become adults. 

Unlike certain insects that undergo metamorphosis, aphid nymphs and adults 

have identical features. 

 

Root knot nematodes are the most important agricultural nematode pests  

Plant parasitic nematodes can be categorized as ecto-parasites or endo-

parasites based on their feeding behaviors. The ecto-parasitic nematodes live 

outside the host plant, remain vermiform, and penetrate root tissues with their 

stylets for nutrient acquisition. Unlike ecto-parasites, endo-parasitic nematodes 

live within host plant tissues and are divided into two groups: migratory and 

sedentary. The migratory endo-parasites enter host tissue and all developmental 

stages feed while moving within the host root system. The infective-stage of the 

sedentary endo-parasites penetrates the root, finds an appropriate tissue to feed 

on, and then becomes immobile. Sedentary endo-parasites include the top two 

most damaging nematodes worldwide: Root-knot nematodes (Meloidogyne spp.; 
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RKN) and cyst nematodes (Heterodera spp. and Globodera spp.). About 98 

species of RKN have been described that infect almost all known vascular plant 

species (Jones et al. 2013). 

Root-knot nematodes hatch from eggs as second stage juveniles (J2s). 

After penetrating the root behind the root tip area, J2s migrate intercellularly 

away from the root tip, then turn around and move downward towards the root tip 

(Bird et al. 2009). Nematode salivary secretions have been implicated in 

development and maintenance of the feeding site (Davis et al. 2008). Once they 

reach the vascular differentiation zone, they establish a feeding site, also known 

as giant cells. Giant cells are composed of several large multinucleate cells 

resulting from nuclear division without cytokinesis. After the giant cell formation, 

RKN move their heads to access the giant cells and probe them with its stylet. As 

the nematode feeds, it loses its body musculature and become sedentary within 

the root. Meanwhile, the cells around the giant cells divide and swell, causing the 

formation of galls or root knots which is the characteristic symptom of roots 

infected with RKN. Nematode feeding drain the nutrients of the plant and cause 

structural changes in the vascular element resulting in inefficient absorption of 

water and nutrients (Williamson and Gleason 2003). The females lay eggs on the 

root surface in a gelatinous matrix, also known as egg mass, and J2s hatch from 

the eggs and move into the soil looking for a root tip to penetrate.  
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Plant disease resistance genes encoding NB-LRR proteins  

Functional genomic surveys of pathogen effectors indicate that these R proteins 

are highly diverse in sequence as well as in molecular function (Petnicki-Ocwieja 

et al. 2002; Baxter et al. 2010; Oliver and Solomon 2010). Surprisingly, 

R proteins in plants are in general structurally conserved. They have a tripartite 

domain architecture, with a variable amino terminus followed by a nucleotide-

binding (NB) domain and a leucine-rich repeat (LRR) domain at the carboxyl 

terminus (Caplan et al. 2008a).  

A large number of NB-LRR protein-encoding genes has been identified in 

the genomes of all sequenced plant species. For example, 150 NB-LRR 

encoding genes have been identified in Arabidopsis thaliana (Arabidopsis) (Goff 

et al. 2002; Meyers et al. 2003), 92 in Brassica rapa (Mun et al. 2009), 416 and 

535 in poplar and grapevine, respectively (Yang et al. 2008), and 464 and 483 in 

genomes of two rice  varieties Oryza sativa var. Nipponbare and O. sativa var. 

93-11 (Yang et al. 2006).  

The N-terminal domain of NB-LRR proteins consists of a coiled-coil [CC] 

or Toll/Interleukin-1 receptor [TIR] domain and is involved in downstream 

signaling (Sessa 2013). The NB domain, is part of a larger domain known as NB-

ARC that is also present in the mammalian apoptosis regulator Apaf1, the 

Caenorhabditis elegans apoptosis regulator CED4 (NB-ARC), and nucleotide-

binding oligomerization domain (NOD)-like receptors (NLRs) and belongs to the 

STAND (signal transduction ATPases with numerous domains) family of 
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nucleoside triphosphatase domains (van der Biezen and Jones 1998; Leipe et al. 

2004; Albrecht and Takken 2006; Lukasik and Takken 2009; Maekawa et al. 

2011). The overall modular architecture of metazoan STAND nucleoside 

triphosphatase is similar to that of NB-LRR R proteins, but the domains flanking 

the NB-ARC domain often differs. The third major domain of the plant NB-LRR 

immune receptors is the LRR domain which is proposed to form an arc structure 

providing a scaffold for protein-protein interaction (Padmanabhan et al. 2009). 

The N-termini of CC-NB-LRR proteins show little sequence or structural 

similarity. Within the loosely defined CC domain the only apparently widely 

conserved feature is a short ‘‘EDVID’’ motif, which defines the largest subclass of 

CC-NB-LRR proteins (Rairdan et al. 2008). This subclass includes solanaceous 

R proteins, such as Prf and Mi-1.2, with extended N-terminal domains. 

Since activation of R proteins frequently results in HR, NB-LRR proteins 

are under tight regulation to avoid spontaneous HR. Intramolecular interactions 

have been shown to regulate NB-LRR proteins. Based on structures of TIR/CC, 

NB, and LRR domains, and functional analysis with these subdomains a model 

for receptor, regulatory and signaling activities of the entire R protein have been 

postulated.  In an inactive state, intramolecular interactions occur between the 

variable N terminus, the NB and the LRR domain as well as between the NB and 

the LRR domains. This compact molecule binds ADP and limits nucleotide 

exchange in the central NB domain inhibiting the activity of the receptor (Takken 

et al. 2006a; Lukasik and Takken 2009; Baxter et al. 2010; Oliver and Solomon 
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2010; Maekawa et al. 2011). Following ligand recognition, indirectly or directly by 

binding, this intramolecular inhibition is thought to be attenuated resulting in 

receptor activation, which is associated with nucleotide exchange, ADP to ATP, 

and conformational change. This conformational change allows new interactions 

that activate downstream signaling pathways and may be involved the 

subcellular localization of activated R proteins.   

Upon pathogen recognition, conformational changes and/or translocation 

of the NB-LRR protein would activate downstream immune signaling pathways. 

Misfolded or used NB-LRR proteins are a threat to the cell and must be 

immediately inactivated and discarded to avoid inappropriate activation of 

downstream pathways. Such maintenance of NB-LRR proteins requires the 

chaperone Heat Shock Protein 90 (HSP90), and co-chaperones Suppressor of 

G2 allele of SKP1 (SGT1) and MLA12 Resistance 1 (RAR1) and proteasome-

mediated degradation (Takken et al. 2006b; Shirasu 2009). HSP90 and SGT1 

are required for most NB-LRR resistances; however, RAR1 is required for only a 

subset of R-gene-mediated resistances. 

 

NB-LRR protein localization 

There is an amazing diversity in the subcellular localization of plant immune 

receptors. It was previously thought that most NB-LRR proteins were cytoplasmic 

because they lack canonical signal sequences. In recent years, the localization of 

a few NB-LRR immune receptors has been observed in intact living cells. The 
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tobacco (Nicotiana tabacum) N immune receptor, a TIR-NB-LRR protein which 

confers resistance to Tobacco mosaic virus (TMV), was shown to be localized 

both to the nucleus and the cytoplasm even though it does not possess a 

canonical nuclear localization signal (NLS). In the presence of the viral effector 

replicase p50, a tobacco rhodanase sulfurtransferase NRIP1, localized to the 

chloroplast, is recruited by p50 which interacts with and activates the cytoplasmic 

N. Shuttling activated N from the cytoplasm to the nucleus or activating the 

nuclear N pool is required for N function (Weaver et al. 2006; Burch-Smith et al. 

2007; Caplan et al. 2008b; Rivas 2012).  

The potato Rx encodes CC-NB-LRR and confers resistance to Potato 

virus X (PVX) (Bendahmane et al. 1999). Rx does not have a canonical NLS but 

is localized both to the cytoplasm and nucleus. The CC domain alone (CC-Rx) is 

localized to the nucleus as well suggesting the mobility to the nucleus is 

mediated by this domain (Slootweg et al. 2010). Rx interacts with the Ran-

GTPase-activating protein2 (RanGAP2) which is know to regulate the 

nucleocytoplasmic trafficking of macromolecules (Sacco et al. 2007; Tameling 

and Baulcombe 2007). RanGap2 is required for Rx-mediated resistance as 

silencing RanGAP2 attenuates resistance to PVX (Sacco et al. 2007). 

Interestingly, co-expressing RanGAP and Rx or the CC-Rx domain inhibits 

nuclear localization of Rx and CC-Rx suggesting a role for RanGAP in cellular 

partitioning of these proteins (Tameling et al. 2010).  
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The polymorphic barley mildew A (MLA) R locus encodes CC-NB-LRR 

allelic R protein. MLA10 lacks a canonical NLS but has shown to have nuclear-

cytoplasmic localization. Like N, MLA10 nuclear localization is required for its 

function (Shen et al. 2007). In fact, presence of the powdery mildew Blumeria 

graminis MLA effector, AvrA10, induces the association of MLA10 with HvWRKY1 

and HvWRKY2 TFs in the nucleus (Shen et al., 2007). Biochemical fractionation 

experiments showed another MLA allele, MLA1, is present in the cytoplasm and 

the nucleus and appears to accumulate at higher levels in the nucleus after 

infection with B. graminis AvrA1 (Shen et al. 2007).  

A few NB-LRR R proteins have canonical NLS. RRS1-R from Arabidopsis 

is an unusual NB-LRR because it has a WRKY TF domain and a canonical NLS. 

RRS1-R confers resistance to the bacterial pathogen Ralstonia solanacearum 

effector Pop2. In the absence of Pop2, RRS1-R is localized at the cytoplasm but 

translocates to the nucleus in the presence of the effector (Deslandes et al. 

2003a). Arabidopsis RPS4, a TIR-NB-LRR conferring resistance to Pst DC3000 

expressing AvrRps4, has a canonical NLS. Microscopy analyses and 

biochemical fractionation have shown that RPS4 is localized to the nucleus and 

the endomembranes. Its NLS is required for nuclear localization and function 

(Wirthmueller et al. 2007). Interestingly, RPS4 and RRS1-R together confer 

resistance against a variety of pathogens (Birker et al. 2009; Narusaka et al. 

2009). 
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RPP1-A and RPM1 are NB-LRR R proteins from Arabidopsis that confer 

resistance to Hyaloperonospora arabidopsidis (races Cala2, Emoy2 and Noco2) 

and Pst AvrRPM1/AvrB, respectively. Both R proteins are known to be 

membrane associated by microscopy and biochemical fractionation experiments 

(Boyes et al. 1998; Weaver et al. 2006). Furthermore, RPM1 has been shown to 

interact with two membrane localized proteins, RIN4 and RPM1-induced protein 

kinase (RIPK), which activate RPM1 by effector perception (Liu et al. 2009; Liu et 

al. 2011).  

 

Direct and indirect recognition of Avr effectors by R proteins 

Resistance proteins can be grouped into two types based on Avr recognition: 

direct and indirect recognition. The first, also known as the receptor-ligand 

model, is based  on direct or physical interaction between the NB-LRR and its 

cognate effector (Ellis et al. 2007). There are only a few examples fitting the 

direct interaction model. The first direct interaction was described for the 

interaction of the rice resistance protein Pi-ta its cognate effector avrPita from the 

rice blast fungus Magnaporthe grisea. This R-Avr interaction was demonstrated 

in vitro as well as in yeast-two hybrid assays (Jia et al. 2000). Using the yeast-

two hybrid system, direct interaction between two additional R-Avr pairs have 

been demonstrated: The flax NB-LRR L and the flax rust effector AvrL456 

(Dodds et al. 2006; Ellis et al. 2007), and the Arabidopsis RRS1-R and its 

cognate effector Pop2 (Deslandes et al. 2003b). Using co-immunoprecipitation, 
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interaction between the Arabidopsis NB-LRR R protein RPP1 with its cognate 

downy mildew effector ATR1 has also been reported (Krasileva et al. 2010). 

The second type of recognition is the indirect recognition, which is the 

presumed mode of recognition because of the failure to show direct interaction. 

Many effector proteins alter or modify host proteins during pathogen infection to 

enhance their virulence. The ‘‘Guard Model’’ suggests that R proteins monitor 

these host targets and activate defenses if they are perturbed. One of the well-

characterized examples of the guard model is the interactions of the Arabidopsis 

RIN4 and two CC-NB-LRR R proteins, RPM1 and RPS2. RIN4, localized to the 

plasma membrane, is targeted in different ways by multiple bacterial effectors 

and is guarded by both RPM1 and RPS2 (Mackey et al. 2002; Mackey et al. 

2003; Belkhadir et al. 2004). Although both of these R proteins “guard” RIN4, 

they perceive different modifications of RIN4 by the bacterial effectors. The 

RPM1 surveillance and initiation of immune responses is based on recognition of 

RIN4 modifications by two P. syringae unrelated T3SS effectors, AvrRpm1 and 

AvrB (Mackey et al. 2002). Both AvrRpm1 and AvrB, also localized to the host 

plasma membrane by acylation after delivery (Nimchuk et al. 2000), 

phosphorylate RIN4 at threonine 166 position for full or partial activation of RPM1 

by AvrB and AvrRpm1, respectively (Chung et al. 2011). This effector-induced 

RIN4 phosphorylation is mediated by a plasma membrane-localized receptor-like 

kinase RIPK (Liu et al. 2011).  RIN4 is required for accumulation of RPM1 on the 

plasma membrane and functions as a negative regulator for PTI (Kim et al. 2005; 
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Liu et al. 2009). The RPS2 surveillance on the other hand is based on 

recognition of RIN4 modification by the P. syringae effector AvrRpt2. AvrRpt2 is a 

protease that cleavages RIN4 leading to the activation of RPS2-mediated 

resistance (Axtell and Staskawicz 2003; Mackey et al. 2003). RIN4 is a negative 

regulator of defense and it is not clear why bacterial effectors will target RIN4. 

An extension of the guard model is the decoy model where the plant 

attracts pathogen effectors to a trap or decoy that is guarded by an R protein. 

This is the case with the well-known tomato NB-LRR receptor Prf which engages 

a family of Pto-like kinases as “molecular traps” to intercept P. syringe pv. tomato 

effectors AvrPto and AvrPtoB and potentially expand its recognition capability 

(Dodds and Rathjen 2010; Gutierrez et al. 2010). AvrPto and AvrPtoB target the 

flagellin receptor FLS2 and AvrPtoB target the FLS2 coreceptor BAK1/SERK3 

(BRASSINOSTEROID INSENSITIVE1 [BRI1]-ASSOCIATED KINASE1/ 

SOMATIC EMBRYOGENESIS RECPETOR KINASE 3) (Shan et al. 2008). The 

C-terminal E3 ligase domain of AvrPtoB on the other hand is thought to facilitate 

degradation of FLS2. Both FLS2 and BAK1 encode extracellular LRR, a 

transmembrane domain and cytoplasmic kinase domain proteins. Based on their 

similarity to the FLS2 and BAK1 kinase domains, it has been proposed that 

proteins like Pto function as molecular mimics of host virulence targets to activate 

ETI through Prf against Pst.	  
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Mi-1.2-mediated resistance and signaling in tomato  

During the last two decades, a large number of resistance genes have been 

cloned from different plant species conferring resistance to diverse pathogens 

and pests, Mi-1.2 from tomato is the only R gene cloned that confers resistance 

to both nematodes and insects (Kaloshian and Walling 2005; DeYoung and 

Innes 2006; Spoel and Dong 2012). Introgressed into tomato from its wild relative 

Solanum peruvianum, Mi-1.2 gene confers resistance to three species of RKN 

(M. arenaria, M. incognita and M. javanica), as well as three insects including 

potato aphids, whiteflies (Bemisia tabaci) and psyllids (Bactericerca cockerelli) 

(Milligan et al. 1998; Rossi et al. 1998; Nombela et al. 2003; Casteel et al. 2006). 

Mi-1.2 encodes a CC-NB-LRR protein (Milligan et al. 1998) and is negatively 

regulated in the absence of nematodes or insects (Hwang et al. 2000). It has 

been shown that Mi-1.2 is under negative regulation, controlling unexpected 

activation which results in cell death. Using chimeric Mi constructs, developed by 

fusing together different parts of Mi-1.2 and its paralog Mi-1.1, it has been shown 

that the LRR region is involved in signaling cell death and the N-terminus region, 

the CC and possibly the NB domains, both negatively and positively regulating 

this signal (Hwang et al. 2000; Hwang and Williamson 2003; Lukasik-

Shreepaathy et al. 2012).  

The Mi-1.2 gene, recognizing taxonomically divergent organisms, is an 

interesting model among plant disease resistance genes that typically confer 

resistance to a single species of a pathogen. Although the Mi-1.2-mediated 
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resistance mechanism(s) to aphids remains unknown, available information 

suggests distinct resistance mechanisms operate against RKNs and aphids. The 

Mi-1.2-mediated resistance against RKN is active during all life stages of the 

tomato plant (Kaloshian et al. 1995). However, resistance against aphids and 

whiteflies is developmentally regulated with the resistant phenotype manifesting 

in 5 week-old tomato plants (Kaloshian et al. 1997; Nombela et al. 2003). This 

age-dependent developmental regulation of resistance against aphids is 

regulated by mechanisms other than transcriptional regulation of the Mi-1.2 gene 

itself (Martinez de Ilarduya and Kaloshian 2001; Goggin et al. 2006). A second 

difference between RKN and insect Mi-1.2-mediated resistance is that HR is 

observed in roots to RKN infection while no HR is detected in aphid or whitefly 

resistance (Dropkin 1969b; Martinez de Ilarduya et al. 2003). Oxidative bursts 

also accompany the HR in roots against RKN (Melillo et al. 2006). Mi-1.2-

mediated resistance to RKN is temperature sensitive; resistance and HR is 

attenuated by temperatures above 28 C (Dropkin 1969a). It remains unclear 

whether resistance to insects is also affected by high temperatures. 

Several components of Mi-1.2-mediated signaling have been identified. A 

MAPK cascade and TFs have been identified in downstream signaling of Mi-1.2-

mediated resistance. The MAPKs, one of the largest group of plant kinases, 

comprise of a signaling cascade that function in regulating defense reactions by 

altering the activity of different signal transduction pathways through 

phosphorylating/ dephosphorylating proteins (Taj et al. 2010). The MAPKs 
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function in a linear cascade of three consecutively acting protein kinases that are 

involved in various plant processes (Mishra et al. 2006). Using virus-induced 

gene silencing, one or more MAPK cascades were identified for Mi-1.2-mediated 

aphid resistance. Silencing MAPK kinase LeMKK and MAPKs LeMPK2 and 

LeMPK1, or LeMPK3 resulted in attenuation of Mi-1–mediated aphid resistance 

(Li et al. 2006). 

Several families of plant TFs have been implicated in plant defense 

responses acting as both negative and positive regulators of defense (Eulgem 

2005; Moore et al. 2011). One of these TF families is the WRKYs. Using 

microarray analysis with roots infected with RKN, a number of WRKY members 

were identified differentially upregulated in Mi-1.2 containing resistant roots 

compared to susceptible roots (Bhattarai et al. 2008). Three of these TFs Sl-

WRKY72a, Sl-WRKY72b and Sl-WRKY70 were shown to be differentially up-

regulated during Mi-1.2-mediated resistance and required for Mi-1.2-mediated 

RKN and aphid resistance (Bhattarai et al. 2010; Atamian et al. 2012). 

Additional components of Mi-1.2-mediated resistance have been identified 

using targeted VIGS of genes known to be required for most NB-LRRs. Using 

VIGS in tomato, the chaperone HSP90 and co-chaperone SGT1 were 

demonstrated as integral components of Mi-1.2-mediated resistance to aphids 

and RKN (Bhattarai et al., 2007). However, no role for a second co-chaperone, 

RAR1, was identified for this resistance suggesting that RAR1 function is not 

highly conserved for NB-LRR R-gene-mediated resistance.  
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Using genetic screens, two additional genes required for Mi-1.2-mediated 

resistance were discovered. Rme1 was identified in a genetic screen of a Mi-1.2-

containing mutagenized tomato population for loss of RKN resistance. Later, it 

was discovered that Rme1 is also required for aphid and whitefly resistance but 

not to other R-gene-mediated resistances suggesting that Rme1 is specific for 

Mi-1.2 resistance (Martinez de Ilarduya et al. 2001; Martinez de Ilarduya et al. 

2004). Recently, SERK1, a LRR receptor-like kinase (RLK), was identified to be 

required in Mi-1.2-mediated resistance by a suppressor screen for autoactive Mi-

1 (MiDS4) cell death (Mantelin et al. 2011). A tobacco mosaic virus infected 

Nicotiana benthamiana cDNA library, in tobacco rattle virus-based vector 

transformed into Agrobacterium tumefaciens, was used in VIGS. N. benthmanina 

plants treated with this VIGS library were screened with MiDS4. SERK1-silenced 

N. benthmanina plants abolished MiDS4 cell death. In addition, targeting tomato 

SERK1 (SlSERK1) using VIGS in resistant tomato plants, revealed a role for 

SlSERK1 in Mi-1.2-mediated resistance to potato aphid but not to RKN 

suggesting a distinct recognition process for aphids and nematodes (Mantelin et 

al. 2011). Moreover, SlSERK1-silenced plants were compromised in Mi-1.2-

dependent Sl-WRKY72 gene expression linking SERK1 with defense gene 

regulation (Mantelin et al. 2011).  

A NB-LRR encoding protein, NRC1 (NB-LRR protein required fro HR-

associated cell death 1), was recently identified to be required for Cf-4-mediated 

cell death and resistance to the fungus Cladosporium fulvum Avr4. Cf-4 encodes 
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a transmembrane protein with extracellular LRR and a short cytoplasmic domain. 

Interestingly, NRC1 was shown to be required for cell death in N. benthamiana 

mediated by a number of NB-LRR proteins including autoactive Mi (Gabriels et 

al. 2007). It remains to be determined whether NRC1 is required for Mi-1.2-

mediated resistance to insect pests and RKN. 

 

Leucine-Rich Repeat Receptor-Like Kinses  

For decades, plant disease resistance to microbial pathogens was thought to be 

essentially based on non-host resistance and R gene-mediated resistance (Keen 

1990). Plant pathogenic bacteria were experimentally proven to possess Avr 

genes which could be transferred to an aggressive virulent bacterium to render it 

avirulent on a host possessing the corresponding resistance gene (Staskawicz et 

al. 1984). In the past decade, studies have shown that receptors involved in 

MAMP recognition and PTI constitute an important part of plant immunity, and 

most of these receptors are LRR-RLK.  

In 1991, John Walker and Ren Zhang reported the cloning of a maize 

protein kinase resembling animal receptor tyrosine kinases (Walker and Zhang 

1990). This maize kinase contains a putative extracellular domain related to the 

self-incompatibility (S)-locus secreted glycoprotein, a hydrophobic 

transmembrane region and a cytoplasmic serine/threonine kinase domain. 

Walker and Zhang predicted that the discovery of these novel plant proteins 

“provides a unique opportunity to gain fresh insights into signal transduction in 
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higher plants”. In the following two decades, extensive genetic studies revealed 

diverse roles for these RLKs, ranging from control of development to stress 

responses (Walker and Zhang 1990; Walker 1994; Braun and Walker 1996; Torii 

2000; Shiu and Bleecker 2001a; Lease and Walker 2006; Morillo and Tax 2006). 

In the late 1990s, as expressed sequence tags and genomic sequence 

accumulated, more and more RLKs were found in Arabidopsis. A global 

computational analysis of Arabidopsis protein kinases then established that RLKs 

were one of the largest gene families in plants (Shiu and Bleecker 2001b). Based 

on the structural features and extracellular domain, plant RLKs classified to 

seven classes which are: S-domain, LRR class, TNFR class, EGF class, PR 

class, Lectin class. LRR-RLKs comprised the largest subfamily of 

transmembrane RLKs in plants, with over 900 members in Arabidopsis (Torii 

2004).  

When the first dozen of plant resistance genes were cloned, their similarity 

to RLKs was noticed. One of these, Xa21, conferring resistance in rice to the 

bacterial pathogen Xanthomonas oryzae, encoded an LRR-RLK (Song et al. 

1995). Later, a number of PRRs were identified some of which encode LRR-

RLKs. Both flagellin receptor FLS2 (Gomez-Gomez and Boller 2000; Asai et al. 

2002) and the elongation factor (EF)-Tu receptor EFR (Kunze et al. 2004) are 

LRR-RLKs. Shortly thereafter, a mammalian innate immunity receptor, toll-like 

receptor 5, was also found to perceive bacterial flagellin (Hayashi et al. 2001). In 

the plant community, this led to a renaissance of the concept that plants have 
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perception systems on the cell surface to detect approaching microbes through 

MAMPs (Mackey and McFall 2006), and that this is a first line of defense against 

unwanted intruders (Boller and Felix 2009; Zipfel and Robatzek 2010). 

Experimental evidence of a function for RLKs perceiving MAMPs was provided 

when it was shown that Arabidopsis mutants lacking the FLS2 receptor were 

more susceptible to the pathogenic P. syringae strain DC3000 (Zipfel et al. 

2004).  

Both FLS2 and EFR belong to Arabidopsis LRR-XII of LRR-RLKs. 

Members of the LRR-XII subfamily have broadly conserved functions, with 

subfamily members from different plant species activating similar transduction 

pathways. FLS2 have been identified in most plants with genome sequence 

including tomato and rice (Robatzek et al. 2007; Takai et al. 2008), and in these 

two plant species have been shown to perceive bacterial flagellin and its derived 

peptides. By contrast, the presence of EFR and perception of EF-Tu appears to 

be restricted to the Brassicaceae (Kunze et al. 2004). Introduction of EFR into N. 

benthamiana or tomato through transient expression and stable transformation, 

respectively, conferred broad-spectrum bacterial resistance. N. benthamiana 

plants expressing EFR  were sensitive to the EF-Tu derived peptide elf18 and 

more resistant to A. tumefaciens, P. syringae pv. syringae B728a, and P. 

syringae pv. tabaci 11528 (Lacombe et al. 2010). While tomato cultivar 

Moneymaker, which was crippled by the bacterial pathogen Ralstonia 

solanacearum, became almost completely resistant to this pathogen after being 
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transformed with EFR. EFR also conferred enhanced resistance to the 

pathogenic bacterium Xanthomonas perforans in this transgenic tomato line 

(Lacombe et al. 2010). These results demonstrated that while the signal 

perception capability of EFR is specific to Arabidopsis, the signal transduction 

brought into motion by ligand–receptor interaction is evolutionarily conserved. 

The findings that both FLS2 and EFR signal transductions depend on 

BAK1/SERK3 in Arabidopsis (Chinchilla et al. 2007; Schulze et al. 2010) as well 

as in N. benthamiana (Heese et al. 2007) also supports evolutionary 

conservation of these interactions. 

BRI1, identified from a genetic screen for loss of production of 

Brassinosteroid (BR), also encodes LRR-RLK and is a plasma membrane 

localized BR receptor. BR promotes cell growth through stimulation of cell 

expansion and cell division and plays a role in vascular cell fate. Consistently, BR 

mutants display reduced growth and have dwarf phenotype (Li and Chory 1997). 

The BR intracellular cytoplasmic region contains a juxtamembrane region (JM), a 

kinase domain, and a short C-terminal extension (Vert et al. 2005). 

SERKs are LRR-RLK and markers for embryogenic cells. In Arabidopsis, 

SERK family members consist of five LRR-RLKs belonging to subgroup II (Hecht 

et al. 2001) that contain five LRRs in their extracellular domains. The main 

feature distinguishing SERK proteins from other RLKs is the Pro-rich domain 

containing the Ser-Pro-Pro SPP motif located between the LRRs and the 

transmembrane domain (Hecht et al. 2001). SERK family members play different 
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roles in male sporogenesis, BR response, PTI and cell death control (Colcombet 

et al. 2005; Albrecht et al. 2008; Roux et al. 2011). AtSERK1 and AtSERK2 are 

expressed in the same cells throughout development and genetic evidence 

indicates that AtSERK1 and AtSERK2 are functionally redundant and control the 

formation of functional microspores together (Albrecht et al. 2005). The 

AtSERK3/BAK1 was identified as BRI1 interacting protein in a yeast two-hybrid 

screen (Nam and Li 2002) and in a genetic screen for suppressors of a weak bri1 

phenotype (Li et al. 2002). BAK1 is a positive regulator of BRI1 signaling, as null 

bak1 mutants display reduced sensitivity to BRs and reduced root growth 

inhibition by BR compared to wild type plants (Li et al. 2002; Gou et al. 2012). 

Three additional SERK members have also been implicated in BR signaling. 

AtSERK1 and AtSERK2 as well AtSERK4/BKK1 (BAK1-like 1), function in BR 

signaling in a partially redundant role with BAK1 (Karlova et al. 2006; Albrecht et 

al. 2008; Gou et al. 2012). Mutational analysis with the AtSERK1 and BAK1 

shows attenuation of sensitivity to endogenous or exogenously applied BRs 

dependent on the presence of BR (Wang et al. 2005; Albrecht et al. 2008). 

Moreover, a triple mutant of SERK1, BAK1 and BKK1 is non-responsive to BR 

(Gou et al. 2012). Taken together, SERK1, BAK1 and BKK1 are crucial for BR 

response. 

As mentioned earlier, BAK1 has been shown to control innate immunity 

independent from its function in BR signaling (Li et al. 2002; Nam and Li 2002; 

Kemmerling et al. 2007). In Solanaceous plants, SERK3 homologs have been 
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characterized from N. benthamiana, N. attenuata and tomato. In N. benthamiana, 

two AtSERK3/BAK1 homologs, NbSERK3A and NbSERK3B were identified 

(Chaparro-Garcia et al. 2011), while a single homolog NaBAK1 has been 

reported from N. attenuata (Yang et al. 2011). Similar to N. benthamiana, tomato 

has also two SERK3 member; SlSERK3A and SlSERK3B (Mantelin et al., 2011).  

Flagellin-triggered immunity shows that NbSERK3 is required for NbFls2-

dependent responses. VIGS of NbSERK3 can severely reduce the flagellin-

derived peptide flg22-dependent ROS production and activation of the MAPK 

cascade induced by salicylic acid which indicates similar function in immunity as 

AtSERK3/BAK1 (Heese et al. 2007). In addition, both BAK1 and BKK1 contribute 

to basal disease resistance to Pst and the oomycete pathogen 

Hyaloperonospora arabidopsidis (Roux et al. 2011). 

SERKs also have been shown to play a role in resistance in rice. 

OsSERK1, a SERK gene in rice, was induced by pathogen infection and by 

defense hormones such as salicylic acid, jasmonic acid, and abscisic acid and 

constitutive overexpression of OsSERK1 led to an increase in host resistance to 

the blast fungus M. grisea (Hu et al. 2005). Expression of,OsBISERK1, encoding 

a protein belonging to SERK type of LRR-RLK, induced by defense chemical 

inducers, has similar patterns as in rice-pathogen interactions (Song et al. 2008; 

Park et al. 2011). OsSERK1 and OsBISERK1 together may play a role in 

signaling leading to disease resistance in rice.  
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In combination with BKK1/AtSERK4, BAK1/AtSERK3 also controls plant 

cell death (He et al. 2007; Kemmerling et al. 2007). A kinase domain truncated 

Arabidopsis Atsek3/bak1-4 null mutant plants show enhanced cell death 

phenotype after pathogen treatment, which is not seen on Atserk4/bkk1-1 null 

mutant (Kemmerling et al. 2007; Albrecht et al. 2008). However, the bak1-4  

bkk1-1  double mutant plants look dwarf, show spontaneous cell death and 

seedling lethality (He et al. 2007; Albrecht et al. 2008). Furthermore, the bak1-5, 

a non-RD kinase mutant, has no enhanced cell death phenotype after pathogen 

infection. In addition, the bak1-5 bkk1-1 double mutant does not exhibit cell death 

or lethal phenotype, suggesting the importance of the kinase domain 

(Schwessinger et al. 2011). Moreover, most AtSERK members can be present in 

a single complex as co-immunoprecipitation analysis of the AtSERK members 

identified four of the five SERKs in a complex including, SERK1, SERK2, 

BAK1/SERK3, and BKK1/SERK4 (Roux et al. 2011).  

Gao et al. identified Arabidopsis BIR1 as a BAK1-interacting receptor-like 

kinase (Gao et al. 2009). Loss-of-function mutant in BIR1 leads to constitutive 

defense response, cell death, and seedling lethality phenotypes, similar to the 

phenotypes exhibited by bak1-4 bkk1-1 double null mutant. In addition, a 

calcium-dependent phospholipid binding protein, BON1, was found to interact 

with both BAK1/SERK3 and BIR1 (Wang et al. 2011). BON1 can be 

phosphorylated by BAK1 in vitro. The phenotypic resemblance of bir1, bak1-4 

bkk1-1, and bon1 mutants and the reciprocal physical interactions among BIR1, 
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BAK1 and BON1 suggest that these proteins may regulate the same signaling 

pathway to control cell death. 

 

Virus-Induced Gene Silencing: A convenient reverse genetics tool 

VIGS is a rapid virus-mediated transient gene knockdown approach or reverse 

genetics approach that has emerged as a powerful tool to study gene function in 

plants (Lu et al. 2003). As apparent from its name, VIGS involves modification of 

viruses that naturally infect plants to carry portions of plant genes to knockdown 

their expression. The recombinant virus vector, carrying a plant sequence is 

placed between right border (RB) and left border (LB) sites of the T-DNA, and 

transformed into A. tumefaciens. This enables the rapid generation of 

recombinant virus and its delivery into plant by A. tumefaciens infiltration 

(agroinfiltration) (Liu et al. 2002). VIGS results in rapid gene silencing effect and 

has been performed in numerous plant species including monocots, legumes, 

cucurbits and Rosaceae fruit tree species using different viral vectors (Holzberg 

et al. 2002; Brigneti et al. 2004; Fofana et al. 2004; Ding et al. 2006; Sasaki et al. 

2011). 

VIGS target transcripts for degradation using the inherent characteristic of 

plants to control virus infection. In plants agroinfiltrated with a recombinant virus 

vector, dsRNAs are produced as an intermediate step during virus replication, 

which triggers RNAi that leads to degradation of the endogenous mRNA 

homologous to the inserted plant sequences. In general the effectiveness of 
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VIGS depends on the virus vector, the host plant species and the targeted gene 

sequence. 

VIGS has many advantages compared to other loss-of-function gene 

mutation approaches. These include, the rapid generation of phenotype and no 

need for plant transformation, characterization of lethal phenotypes, potential to 

silence either individual or multiple members of a gene family, low cost of 

experiments and the possibility of conducting large-scale screening studies 

(Burch-Smith et al. 2004; Unver and Budak 2009) However, a major 

disadvantage of VIGS is that incomplete silencing results in plants that are 

mosaic of silenced and non-silenced tissues evident by patchy photobleaching 

symptoms observed by silencing the phytoene desaturase (PDS) gene involved 

in carotenoid biosynthesis (Bhattarai et al. 2007). This VIGS-associated effect, 

which has been observed with all plant species tested, is an impediment to the 

broad application of this technique (Liu and Page 2008).This means that in the 

absence of a visual phenotype, it is impossible to know which part of a tissue is 

efficiently silenced requiring the use of a large number of plants in a single 

experiment and multiple replication of experiments before drawing definite 

conclusions. Orzaez et al. developed an anthocyanin-guided VIGS for tomato 

fruit in order to overcome this limitation of efficiency and patchiness (Orzaez et 

al. 2009). However this approach did not gain popularity due to the fact that 

disturbing anthocyanin production can interfere with function of certain genes and 

pathways not related directly to anthocyanin production. 
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Tobacco mosaic virus (TMV) was the first viral vector used to successfully 

elicit VIGS in plants (Kumagai et al. 1995). Another early VIGS vector was based 

on Potato virus X (PVX) (Ruiz et al. 1998). Although more efficient than TMV, its 

use was not extensive due to inability to infect meristematic tissue and a more 

limited host range (Burch-Smith et al. 2006). Tobacco rattle virus (TRV), a single-

stranded RNA virus with a bipartite genome, was developed as a very successful 

plant VIGS vector (Ratcliff et al. 2001; Liu et al. 2012). Advantages of this vector 

include efficient spreading over the entire plant tissues including the meristem, 

ability to infect a large number of plant species and to induce very mild host 

symptoms. Therefore, TRV has been the VIGS vector of choice in many crop 

species including tomato and has allowed functional characterization of genes in 

these crops with unprecedented speed. 

 

Objectives of the dissertation research  

In depth understanding of plant biology and plant-microbe –pest interactions at 

the molecular level will enable us to exploit plant innate immune responses to 

improve crop production. During plant innate immunity, NB-LRR proteins play 

important role and Mi-1.2 is one of these R proteins. In our previous study our lab 

showed that  tomato has only three SERK members and one of these, SlSERK1, 

is required for Mi-1.2-mediated resistance against potato aphids but not RKN. In 

this research, my goal is to characterize the role of the three tomato SERK 

members in both PTI and ETI. The first objective of this dissertation research 
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was to functionally characterize the role of SlSERK3A and SlSERK3B in tomato 

PTI against Pst and RKN. Moreover, a role for SlSERK1 has been reported in Mi-

1.2-mediated resistance to potato aphids but the role for SlSERK3A and 

SlSERK3B in Mi-1.2-mediated resistance remains unknown. Therefore, the 

second objective of my dissertation was to identify whether the two SlSERK3s 

play a role in Mi-1.2-mediated resistance to RKN and potato aphids. Although a 

role for SlSERK1 in Mi-1.2-mediated resistance is identified it is not clear how 

SlSERK1 is involved in this signaling and whether SlSERK1 and Mi-1.2 interact. 

To answer this question, the third objective of my research was to elucidate the 

mechanistic relationship between SlSERK1 and Mi-1.2 to induce resistance. 
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ABSTRACT 

The Somatic Embryogenesis Receptor Kinase 3 (SERK3)/Brassinosteroid (BR) 

Insensitive 1-Associated Kinase 1 (BAK1) is required for pattern-triggered 

immunity (PTI) in Arabidopsis thaliana and Nicotiana benthamiana. Tomato 

(Solanum lycopersicum) has three SlSERK members. Two of them exhibit 

particularly high levels of sequence similarity to AtSERK3, and therefore, were 

named SlSERK3A and SlSERK3B. To characterize a role for SlSERK3A and 

SlSERK3B in defense, we suppressed each gene individually or co-silenced both 

using virus-induced gene silencing (VIGS) in the tomato cv. Moneymaker. Co-

silencing SlSERK3A and SlSERK3B resulted in spontaneous necrotic lesions 

and reduced sensitivity to exogenous BR treatment. Silencing either SlSERK3A 

or SlSERK3B resulted in enhanced susceptibility to root knot-nematode and to 

non-pathogenic Pseudomonas syringae pv. tomato (Pst) DC3000 hrcC indicating 

that both SlSERK3s are positive regulators of defense. Interestingly, silencing 

SlSERK3B, but not SlSERK3A, resulted in enhanced susceptibility to the 

pathogenic strain Pst DC3000 indicating distinct roles for these two SlSERK3 

paralogs. SlSERK3A and SlSERK3B are active kinases, localized to the plasma 

membrane, and interact in vivo with the Flagellin Sensing 2 receptor in a flg22-

dependent manner. Complementation of the Atserk3/bak1-4 mutant with either 

SlSERK3A or SlSERK3B partially rescued the mutant phenotype. Thus, 

SlSERK3A and SlSERK3B are likely to constitute tomato orthologs of BAK1. 
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INTRODUCTION 

Innate immunity is the genetically determined and inheritable ability of any given 

host organisms to discriminate between self or non-self and activate defense 

responses against attempted microbial or pest/parasite infection. Plants utilize a 

multilayered immune system to protect themselves from invading pathogens or 

pests. One of the first layers of plant active defense is their ability to sense 

microbes by perceiving molecular patterns shared by a group of microbes, known 

as microbial-associated molecular pattern (MAMP). This type of recognition is 

mediated by pattern recognition receptors (PRRs) present at the cell surface and 

triggers a resistance response known pattern-triggered immunity (PTI) (Jones 

and Dangl 2006; Zipfel 2008; Boller and Felix 2009). MAMP perception elicits a 

variety of defense responses including phosphorylation and dephosphorylation of 

proteins, production of reactive oxygen species (ROS), callose deposition and 

defense gene expression (van Loon et al. 2006; Boller and He 2009). 

Effector-triggered immunity (ETI) is activated by the direct or indirect 

recognition of pathogen effectors by resistance (R) proteins (Jones and Dangl 

2006). During indirect recognition, the R protein guards the host innate immunity 

components. Modifications of the innate immunity components by the pathogen 

effectors are perceived by R proteins triggering fast and strong defense 

responses, resulting in hypersensitive cell death. Variations of the guard model 

have been proposed that include the “decoy” and the “bait-and-switch” models  



	   48	  

(van der Hoorn and Kamoun 2008; Collier and Moffet 2009). Frequently, ETI 

responses are dependent on the defense hormone salicylic acid (SA). 

Root-knot nematodes (RKN; Meloidogyne spp.) are sedentary 

endoparasites of great agricultural importance. RKN are obligate biotrophs, 

penetrate the host roots behind the root cap and move towards the vascular 

cylinder where they initiate feeding on the cytoplasm of live cells and develop an 

elaborate feeding site known as giant cells. Cells around the feeding site undergo 

hyperplasia and hypertrophy resulting in the formation of galls, root symptoms 

associated with this group of nematodes (Williamson and Kumar 2006). 

Nematode salivary secretions have been implicated in development and 

maintenance of the feeding site (Davis et al. 2008).  Once feeding is initiated, 

RKN become sedentary and mature females lay eggs in gelatinous sacs 

protruding on the root surface. Although no information exists about PTI by 

nematodes, host defense responses against RKN are similar to biotrophic 

microbial pathogens and resistance to this pest is mediated by classical R gene 

responses frequently associated with cell death (Kaloshian et al. 2011; Smant 

and Jones 2011). 

Receptor like kinases (RLKs) are among the well characterized PRRs. 

Common features of the RLKs are the presence of an N-terminal signal 

sequence, an extracellular domain that varies in structure, a single membrane-

spanning region, and a cytoplasmic protein kinase catalytic domain.  RLKs with 

leucine-rich repeat (LRR)-containing extracellular domains comprise the largest 
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subfamily of transmembrane RLKs in plants with over 200 members in 

Arabidopsis thaliana (Arabidopsis) (Shiu and Bleecker 2001; Torii 2004). 

The LRR-RLK FLS2 (FLAGELLIN SENSING 2 (FLS2), belonging to LRR-

RLK subfamily XII, was first identified in Arabidopsis by its ability to perceive the 

bacterial flagellin including the minimal epitope flg22 (Gomez-Gomez and Boller 

2002). Responsiveness to flg22 is shared by members of all major clades of 

higher plants indicating that the PRR for this bacterial epitope is evolutionarily 

ancient and critical for antibacterial immunity. Interestingly, Arabidopsis fls2 

mutant plants, compromised in flg22 perception, are more susceptible to the 

bacterial pathogen Pseudomonas syringae pv. tomato (Pst) DC3000 only when 

spray inoculated and not when syringe infiltrated (Zipfel et al. 2004). In contrast, 

Fls2-silenced Nicotiana benthamiana plants were more susceptible to both 

virulent and nonpathogenic Pst strains when syringe infiltrated (Hann and 

Rathjen 2007). Besides N. benthamiana, orthologs of FLS2 have been identified 

in several plant species including tomato (Solanum lycopersicum) (Robatzek et 

al. 2007) 

In Arabidopsis, the SOMATIC EMBRYOGENESIS RECEPTOR KINASE  

(SERK) family consists of five LRR-RLKs belonging to subfamily II that share the 

presence of five LRRs in their extracellular domain (Hecht et al. 2001). These 

SERK family members play diverse roles in male sporogenesis, brassinosteroid 

(BR) response, PTI and cell death control (Albrecht et al. 2008). The best-studied 

member of this family is AtSERK3. This kinase was independently identified as 
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the BRASSINOSTEROID INSENSITIVE1 (BRI1)-ASSOCIATED KINASE1 

(BAK1) in a genetic screen for suppressors of a weak bri1 phenotype (Li et al. 

2002) as well as a BRI1 interacting protein in a yeast two-hybrid screen (Nam 

and Li 2002). In addition, BAK1 directly interacts with BRI1 in vivo and the BAK1-

BRI1 herterooligomers initiate BR-induced downstream signaling (Bucherl et al. 

2013). bak1 null mutant plants display reduced sensitivity to BRs and reduced 

root growth inhibition by BR compared to wild type plants (Li et al. 2002; Gou et 

al. 2012). Additional member of the family, AtSERK1, AtSERK2 and 

AtSERK4/BKK1 (BAK1-like 1), have also been implicated in BR signaling in a 

partially redundant role with BAK1 (Karlova et al. 2006; Albrecht et al. 2008; Gou 

et al. 2012). BAK1 also controls innate immunity independent from its function in 

BR signaling (Chinchilla et al. 2007; Heese et al. 2007; Kemmerling et al. 2007; 

Shan et al. 2008; Roux et al. 2011). In combination with BKK1, BAK1 regulates a 

cell-death signaling pathway as bak1 bkk1 null double mutants display a dwarf 

phenotype, spontaneous cell death and seedling lethality (He et al. 2007). In 

addition, both BAK1 and BKK1 contribute to basal disease resistance to the 

hemibiotrophic pathogen Pst and the biotrophic oomycete pathogen 

Hyaloperonospora arabidopsidis (Roux et al. 2011). 

BAK1 forms flg22-induced complexes with FLS2, directly interacts with 

FLS2 and recognizes the C-terminus of the FLS2-bound flg22 (Sun et al. 2013). 

bak1 null mutants exhibit reduced flg22-responses including production of ROS, 

activation of mitogen-activated protein kinases (MAPK) and induction of defense 
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genes indicating a role for this kinase in FLS2-mediated PTI (Chinchilla et al. 

2007; Heese et al. 2007; Roux et al. 2011). BAK1 also forms complexes with 

additional PRRs and is required for responses triggered by a number of MAMPs 

from bacteria, fungi and oomycete as well as signals generated from abiotic 

stresses such as cold shock and damage-associated molecular patterns 

indicating its role as a master regulator of stress responses (Monaghan and 

Zipfel 2012). 

In Solanaceous plants, SERK3 homologs have been characterized from 

N. benthamiana, N. attenuata and tomato. In N. benthamiana, two 

AtSERK3/BAK1 homologs, NbSERK3A and NbSERK3B were identified 

(Chaparro-Garcia et al. 2011) while a single homolog NaBAK1 has been reported 

from N. attenuata (Yang et al. 2011). The entire tomato SERK family members 

have been identified (Mantelin et al. 2011; Sakamoto et al. 2012). However, 

unlike Arabidopsis, tomato has only three SERKs (SlSERK) members. These 

were named based on their phylogenetic relationship to the Arabidopsis SERKs 

as SlSERK1, SlSERK3A and SlSERK3B (Mantelin et al. 2011). Interestingly, 

SlSERK1 is required for potato aphid (Macrosiphum euphorbiae) resistance 

mediated by the presumed cytoplasmically localized nucleotide-binding-site (NB)-

LRR R protein Mi-1, indicating a role for LRR-RLK in NB-LRR-mediated ETI 

(Mantelin et al. 2011). Surprisingly, SlSERK1 is not required for Mi-1-mediated 

resistance to RKN suggesting a distinct recognition process for aphids and 

nematodes. 
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Here, we describe the functional characterization of the remaining two 

SlSERKs, SlSERK3A and SlSERK3B, and their role in PTI to a bacterial 

pathogen and RKN. Using virus-induced gene silencing targeting SlSERK3A and 

SlSERK3B individually or combined revealed overlapping and unique roles for 

these SlSERK3 paralogs in plant defense, cell death control and BR response. In 

addition, we show that both SlSERK3A and SlSERK3B co-immunoprecipitate 

with SlFLS2 and partially complement the bak1-4 null mutant. 
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MATERIALS AND METHODS 

Plant material and growth conditions. 

One-week-old tomato (Solanum lycopersicum) cv. Moneymaker seedlings were 

transplanted into California mix II or sand. Plants were maintained in plant growth 

rooms at 24°C before VIGS treatment and then at 19°C until use in bioassays 

with a 16 h light and 8 h dark photoperiod. Nicotiana benthamiana plants were 

maintained in a plant growth room at 24°C at a similar photoperiod. Plants were 

fertilized biweekly with MiracleGro (Stern’s MiracleGro). Arabidopsis thaliana 

(Arabidopsis) Col-0 and T-DNA insertion null mutant bak1-4 (SALK_116202) 

plants were grown in soil under fluorescent lights (10 h light and 14 h dark, 100 

µEinstein/m2 /s) at 22ºC. 

 

Virus-induced gene silencing (VIGS) constructs and Agrobacterium-

mediated virus infection. 

VIGS was performed using the bipartite TRV (pTRV1 and pTRV2; Liu et al., 

2002a) vector in Agrobacterium tumefaciens and syringe infiltration 

(agroinfiltration) of 2-week-old tomato leaflets. Equal volumes (OD600 = 1) of A. 

tumefaciens pTRV1 and suspensions containing pTRV2-derived constructs, 

pTRV2 empty vector or TRV-PDS were mixed before infiltration (Liu et al., 

2002a,b). The TRV-SlSERK3A (contains 152 bp of the SlSERK3B gene (+1837 

to +1988)), TRV-SlSERK3B [contains 174 bp of the SlSERK3B gene (+1844 to 

+2017)], TRV-SlSERK3AB [contains 178 bp of the SlSERK3B gene (+1289 to 
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+1466)] and TRV-SlFLS2 [contains 111 bp of the SlFLS2 gene (+3460 to +1570)] 

were constructed by amplifying the desired fragments using gene-specific 

primers (Table 1.2) and tomato cv. Moneymaker cDNA, and recombining into 

Gateway compatible pDONR207 vector (Invitrogen) and finally into pTRV2. After 

sequence verification, constructs were transformed into A. tumefaciens strain 

GV3101. 

 

Constructs. 

All tomato constructs were generated from cv. Moneymaker. The coding 

sequences (CDS) of SlSERK3A and SlSERK3B were PCR amplified from tomato 

cDNA using the primers given in Table 1.2. The BAK1 promoter was amplified 

from Arabidopsis genomic DNA using primers listed in Table 1.1 and fused with 

the CDS of either SlSERK3A or SlSERK3B and cloned into pDONR207 (pBAK1-

SlSERK3A and pBAK1-SlSERK3B). The CDS without stop of SlSERK3A, 

SlSERK3B and SlFLS2 were PCR amplified from tomato cDNA using primers 

listed in Table 1.1 and cloned into pDONR207. All resulting constructs were 

sequence verified. 

pENTR207 (pBAK1-SlSERK3A) and pENTR207(pBAK1-SlSERK3B) were 

recombined into pEarleyGate303. pENTR207-SlFLS2, pENTR207-SlSERK3A 

and pENTR207-SlSERK3B were recombined into pEarleyGate103 generating C-

terminal GFP-His-tag fusion constructs behind the 35S promoter. pENTR207-

SlSERK3A and pENTR207-SlSERK3B were also recombined into pGWB14 
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generating C-terminal HA-tag fusion constructs behind the 35S promoter. All 

resulting constructs were sequence verified and transformed into A. tumefaciens 

strain GV3101. 

The cytoplasmic domains (CD) of SlSERK3A and SlSERK3B were 

amplified from tomato cDNA using gene-specific primers (Table 1.2). Single point 

mutation variants of SlSERK3A CD (D418N) and SlSERK3B CD (D420N) were 

generated by PCR-based site-directed mutagenesis (Allemandou et al. 2003). 

The amplified products were cloned into the pGEX4T-1 vector (Pharmacia) using 

EcoRI and NotI (NEB) to generate N-terminal GST fusion constructs. The 

resulting constructs were sequence verified. 

 

Recombinant protein purification and in vitro phosphorylation assays. 

Recombinant fusion proteins were produced in Escherichia coli strain BL21 

(DE3). Bacteria were induced with 0.5 mM isopropyl-b-D-1-thiogalactopyranoside 

(IPTG) at 30°C for 4 h and extracted with lysis buffer containing 1X PBS, 1 M 

DTT, 0.1M ATP and 1 tablet protease inhibitor cocktail (Roche) for 10 ml buffer. 

The soluble fraction was used to enrich for the fusion proteins. GST-tagged 

fusion proteins (GST-SlSERK3A, GST-SlSERK3B) were enriched using 

glutathione-agarose beads (BD Biosciences) according to the manufactures 

protocol. The eluted fusion proteins were adjusted to the same concentration in 

1x PBS and 10% glycerol and incubated in the kinase buffer immediately. The in 

vitro phosphorylation of each kinase (1 mg) with [γ-32P] ATP was assayed (Shah 
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et al. 2001a). Purified GST alone was used as control. After incubation for 30 min 

at 30°C, samples were heat denatured and subjected to 12% SDS-PAGE. The 

gel was stained with Coomassie Brilliant Blue, dried and 32P incorporation was 

exposed to X-ray film. Trans-phosphorylation of artificial substrate was tested by 

incubating 1 µg of myelin basic protein (Sigma-Aldrich) in the presence of kinase 

(1 µg) in the above conditions. 

 

RNA extraction and quantitative RT-PCR. 

RNA from leaves was extracted using TRIzol (Invitrogen) and treated with DNase 

I (New England Biolabs), while RNA from roots was extracted using hot phenol 

(Verwoerd et al. 1989). Five µg RNA was reverse-transcribed using SuperScript 

III reverse transcriptase (Invitrogen) and oligo-dT primer. For quantitative PCR, 

transcripts were amplified from 1 µl of a 5x diluted cDNA in a 15 µl reaction using 

gene-specific primers (Table 1.1) and iQ SYBR Green Supermix (Bio-Rad). 

PCRs were performed with three biological replicates. The PCR amplification 

consisted of 3 min at 94°C, 40 cycles of 30 sec at 94°C, 30 sec at 58°C and 1 

min at 72°C, 15 min at 72°C, followed by the generation of a dissociation curve. 

The generated threshold cycle (CT) was used to calculate transcript abundance 

relative to tomato Ubi gene as described previously (Ginzinger 2002). DNase-

treated RNA was used as template for control. 
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Bacterial virulence assay. 

To prepare bacterial inoculum, a lawn of Pseudomonas syringae pv. tomato (Pst) 

DC3000 or Pst DC3000 hrcC was grown overnight at 30°C on King’s medium B 

plates with appropriate antibiotics. Cells were scraped from the plates into 10 mM 

MgCl2 and adjusted to the desired colony-forming units (CFU) per ml. Five-week-

old tomato VIGS plants were vacuum infiltrated with bacterial suspension (Pst 

DC3000 104 CFU/ml and Pst DC3000 hrcC 5 x 104 CFU/ml). To assess bacterial 

titer, five 1 cm2 leaf discs were harvested and ground in 1 ml 10 mM MgCl2, 

diluted and plated (Anderson et al. 2006). 

 

Nematode virulence assay. 

Meloidogyne incognita was maintained on susceptible tomato cv. UC82B. 

Nematode eggs were extracted from infected roots in 0.5% NaOCl and eggs 

were hatched as described in Martinez de Illarduya et al. (2001). Three weeks 

after agroinfiltration, tomato roots were infected with freshly hatched 1000 

infective-stage juveniles and maintained at 24°C. Six weeks later, roots were 

washed from soil particles, weighed and stained in 0.001% erioglaucine (Sigma). 

Individual roots were chopped into small pieces, mixed and egg masses were 

counted in two 10 g subsamples and the average calculated. 
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Oxidative burst assay. 

For tomato, one leaf sample (two 2 mm2 per sample) from four 5-week-old plants 

was dissected with a sharp blade. For Arabidopsis, one leaf disc (4 mm 

diameter) from eight 4-week-old plants was sampled using a cork borer. Leaf 

samples were floated overnight in sterile water. The next day, water was 

replaced with a solution of 1.7 mg/ml luminol (Sigma) and 10 mg/ml horseradish 

peroxidase (Sigma) containing 1 mM flg22. Luminescence was captured using a 

multiplate reader (BMG LUMIstar Galaxy Luminometer or BertholdTech TriStar). 

 

BL assays. 

For Arabidopsis root inhibition assays, sterilized seeds were vernalized at 4°C 

then sown on 1/2 MS medium supplemented with 1 nM epibrassinolide (BL) 

(Sigma) and 0.8% agar. Plates were incubated at 22ºC, 16 h light and 8 h dark, 

100 µEinstein/m2 /s, for 9 days. Root length was measure for 50 seedlings per 

genotype and plotted as inhibition percentage compared with untreated roots 

(Ntoukakis et al. 2011). 

For SlCPD expression analysis, tomato leaflets were syringe infiltrated 

with 10 μM BL 12 h before use. 
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Transient expression in N. benthamiana for microscopy and 

immunoprecipitation. 

Agrobacterium tumefaciens containing constructs pEARLEYGATE103-SlFLS2, 

pEARLEYGATE103-SlSERK3A, pEARLEYGATE103-SlSERK3B, pCAMBIA-

AtBAK1-mCherry, pGWB14-SlSERK3A and pGWB14-SlSERK3B were grown 

overnight in LB medium supplemented with appropriate antibiotics. Cultures were 

resuspended in 10 mM MgCl2, 10 mM MES, and 150 mM acetosyringone to a 

final OD600 = 0.2 to 0.5. After 3 h induction, cultures were infiltrated into 3-week-

old N. benthamiana leaves using a needleless syringe. 

 

Microscopy. 

For localization, 35S-SlSERK3A-GFP or 35S-SlSERK3B-GFP (pEarleyGate103) 

and 35S-AtBAK1-mCherry (pCambia) proteins were transiently co-expressed in 

N. benthamiana leaves by agroinfiltration. Fluorescence was monitored 48 h later 

in lower epidermal cells. Tissues were mounted in 30% glycerol and visualized 

using a 20X objective lens on a Leica SP2 Confocal microscope. Microscopy was 

performed with laser set using 488- and 563-nm to excite the GFP and mCherry, 

respectively, and images were collected through band emission filters at 500-530 

and 600-630 nm, respectively. 

For callose visualization, leaf discs were cleared using hot 95% ethanol, 

stained with 150 mM K2P04 (pH 9.5), 0.01% aniline blue for 2 h, and examined 

for UV fluorescence using Olympus BX51 microscope. 
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For H202 accumulation, leaf discs were vacuum infiltrating with 1 mg/ml solution 

of 3,3’-diamaminobenzidine (DAB), pH 3.8, for 20 min and incubated in DAB for 

16 h at 24ºC (Martinez de Ilarduya et al., 2003). Tissues were cleared with 

ethanol and examined under a bright-field microscope. 

 

Co-immunoprecipitation and immunoblot analysis. 

Leaves were powdered in liquid N2 and 5 ml extraction buffer [50 mM Tris-HCl 

pH 7.5; 150 mM NaCl; 10% glycerol; 10 mM DTT; 10 mM EDTA; 1 mM NaF; 1 

mM Na2MoO4.2H2O; 1% (w/v) PVPP; 1% (v/v) P9599 protease inhibitor cocktail 

(Sigma); 1% (v/v) Nonidet P-40 (ND-40)] added. Samples were centrifuged at 

13000 g for 20 min at 4°C, adjusted to 2 mg/ml total protein concentration, and 

pretreated with Protein A-agarose (Roach) for 3 to 4 h. Immunoprecipitations 

were performed on 1.5 ml total protein by adding anti-HA (Santa Cruz; 1:100) or 

anti-GFP (Roach; 1:100) overnight at 4°C. After incubation with 20 ml protein A-

agarose at 4°C for 3 to 4 h, beads were washed 4 times with Tris-buffered saline 

(TBS) containing 0.5% (v/v) ND-40, immunoprecipitates were analyzed by 

immunobloting. 

Samples were electrophoresed on 8% SDS-acrylamide gels and proteins 

electroblotted onto nitrocellulose membranes (BIO-RAD). After blocking, 

membranes were incubated overnight with primary antibody [anti-GFP (Roach) 

1:5000; anti-HA-HRP (Santa Cruz) 1:2000]. Membranes were washed in TBST 

(TBS with 0.1% (w/v) Tween-20).  For anti-GFP, blots were incubated with a 
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secondary antibody anti-mouse-HRP [(Santa Cruz) 1:5000]. Signals were 

visualized using chemiluminescent substrate (Thermo Scientific) before exposure 

to X-ray film. 

 

Arabidopsis transgenic plants. 

Agrobacterium tumefaciens GV3101 containing pBAK1-SlSERK3A or pBAK1-

SlSERK3B in pEARLEYGATE303 were transformed into the bak1-4 mutant by 

the floral-dip method (Clough and Bent 1998). 
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RESULTS 

Molecular structure of SlSERK3A and SlSERK3B 

The protein coding sequence (CDS) of SlSERK3A (1,848 bp) and SlSERK3B 

(1,854 bp) and their chromosome localization (chromosome 10 and 1, 

respectively) have been reported earlier (Mantelin et al. 2011). The genomic 

sequences of both SlSERK3A and SlSERK3B were obtained from tomato cv. 

Moneymaker by amplifying overlapping regions based on cDNA sequences. 

Sequence analysis indicated that SlSERK3A genomic (KC261564) sequence is 

10,874 bp in length while the SlSERK3B genomic (KC261565) sequences is 

7,965 bp. As predicted, SlSERK3A and SlSERK3B contain 11 exons (Fig. 1.7). 

The predicted proteins of SlSERK3A (616 amino acids, 68.28 kD) and 

SlSERK3B (618 amino acids, 68.27 kD) have domains characteristic of SERK 

proteins including a signal peptide (with a putative cleavage site between amino 

acids 24 and 25 for SlSERK3A or amino acids 29 and 30 for SlSERK3B), a LRR 

N-terminal domain followed by four successive LRR domains, a Pro-rich region 

including a SPP motif, a single membrane-spanning domain and 11 conserved 

subdomains of a putative Ser/Thr protein kinase, followed by a short C-terminal 

(CT) tail (Sakamoto et al. 2012) (Fig. 1.8). Similar to BAK1, BKK1 and AtSERK5, 

both SlSERK3A and SlSERK3B lack the LRR-CT domain present in AtSERK1 

and AtSERK2. The levels of protein sequence identity of SlSERK3A with N. 

benthamiana SERK3s and BAK1 and BKK1 proteins are: NbSERK3A (96%), 

NbSERK3B (96%), AtSERK3/BAK1 (84%) and AtSERK4/BKK1 (78%); while 
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those of SlSERK3B are: NbSERK3A (91%), NbSERK3B (89%), AtSERK3/BAK1 

(85%) and AtSERK4/BKK1 (77%) (Fig. 1.8). 

 

SlSERK3A and SlSERK3B are localized at the plasma membrane (PM) 

Analysis of SlSERK3A and SlSERK3B protein sequences and their 

hydrophobicity profiles predicted a single transmembrane (TM) helix between the 

receptor-like part and the kinase domain, suggesting that SlSERK3A and 

SlSERK3B are TM proteins that are likely anchored to the PM, analogous to 

other SERK proteins (Shah et al. 2001b; Li et al. 2002; Russinova et al. 2004; 

Mantelin et al. 2011; Sakamoto et al. 2012) The subcellular localization of 

SlSERK3A and SlSERK3B was determined in vivo using translational fusions to 

green fluorescent protein (GFP) expressed by the p35S-SlSERK3A-GFP and 

p35S-SlSERK3B-GFP constructs. Confocal microscopy of N. benthamiana 

leaves transiently expressing these constructs in combination with the p35S-

BAK1-mCherry construct, revealed that SlSERK3A-GFP and SlSERK3B-GFP 

are localized at a similar location as BAK1-mCherry mainly at the PM (Fig. 1.1). 

 

SlSERK3A and SlSERK3B are active protein kinases 

The presence of an Arg-Asp (RD) motif at the catalytic site in kinase subdomain 

VI and the conserved DFG motif in the kinase subdomain VII indicate that the 

LRR-containing SlSERK3A and SlSERK3B belong to the RD kinase LRR type-II 

subfamily of plant RLKs (Johnson et al. 1996). Comparison of the individual 
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kinase subdomains of SlSERK3A and SlSERK3B with AtSERKs revealed that 

the critical catalytic loop, which comprises a short stretch of residues in the 

kinase subdomain VI, is conserved. Recently, it has been shown that the 

cytoplasmic domains (CD) of SlSERK3B to have kinase activity with the ability to 

autophosphorylate and transphosphorylate kinase inactive SlBRI1-CD (Bajwa et 

al. 2013). To test whether SlSERK3A is also an active kinase, the CD of both 

SlSERK3A (residues 263 to 615), including the juxtamembrane, kinase domain 

and C-terminal parts, was produced in a heterologous system as GST-fusion 

proteins (GST-SlSERK3A). As a control, the CD of SlSERK3B (residues 259 to 

616) was also produced as a GST fusion protein  (GST-SlSERK3B). We also 

developed the respective kinase-dead mutant variants SlSERK3A* CD (D418N) 

and SlSERK3B* CD (D420N), by introducing point mutations in the kinase 

catalytic loop based on a BAK1 kinase dead mutant (Schwessinger et al. 2011), 

as GST- fusion proteins. 

Purified proteins were subjected in vitro to an auto-phosphorylation assay 

as well as a trans-phosphorylation assay using the artificial substrate myelin 

basic protein (MBP). Analysis of the GST fusion proteins by SDS PAGE showed 

that both CD domains (66.32 and 67.64 kD) were soluble, and migrated as single 

bands at their predicted molecular masses (Fig. 1.2, lower panel). A band 

corresponding to each of the auto-phosphorylated SlSERK3A and SlSERK3B 

proteins was observed when the kinase domains were used alone or in 

combination with MBP (Fig. 1.2). In the presence of the wild type kinase 
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domains, a phosphorylated MBP band was observed. As expected, both auto-

phosphorylation and trans-phosphorylation of MPB were abolished by the kinase 

dead mutants of each SlSERK3* CD (Fig. 1.2).  Although the kinase activity, both 

auto-phosphorylation and trans-phosphorylation, is stronger for SlSERK3A CD 

compared to SlSERK3B CD (Fig. 1.2), this enhanced kinase activity was not 

consistently observed in replicated experiments. Taken together these results 

indicate that similar to SlSERK3B, SlSERK3A is also an active kinase catalyzing 

in vitro both auto- and trans-phosphorylation. 

 

SlSERK3A and SlSERK3B control cell death 

To assess the functional roles of SlSERK3A and SlSERK3B, we developed 

gene-specific silencing constructs able to suppress SlSERK3A or SlSERK3B 

transcripts using virus-induced gene silencing (VIGS). A third construct was 

developed to co-silence both SlSERK3A and SlSERK3B (Fig. 1.9). The target 

specificities of the VIGS constructs in tomato were confirmed using quantitative 

RT-PCR (Fig. 1.3A and Fig. 1.10). Co-silencing both SlSERK3A and SlSERK3B 

in tomato cultivar Moneymaker resulted in plants exhibiting reduced growth (Fig. 

1.3B) and spontaneous cell death in leaves (Fig. 1.3C). Silencing SlSERK3A also 

reduced plant growth albeit to a lesser degree than the co-silenced plants, while 

silencing SlSERK3B did not have any obvious effect on plant growth (Fig. 1.3B). 

Silencing either SlSERK3A or SlSERK3B individually did not result in 

spontaneous cell death (Fig. 1.10B). 



	   66	  

To investigate the molecular mechanism leading to the cell death phenotype in 

the co-silenced plants, we examined the expression of the defense and 

senescence-related genes SlPR1b1, SlPR2, SlPR5, and SlACS2 (Liang et al. 

1992; Supplementary Table 1.1). Expression of all four genes was upregulated in 

SlSERK3A SlSERK3B co-silenced leaves (Fig. 1.3D). This overall expression is 

similar to transcript patterns for the respective Arabidopsis orthologs reported for 

bak1-4 bkk1-1 double mutant (He et al. 2007). Strikingly, expression of none of 

these four genes was upregulated in plants individually silenced for SlSERK3A or 

SlSERK3B (Fig. 1.3D). Tomato leaflets individually silenced for SlSERK3A or 

SlSERK3B or co-silenced, were further evaluated for callose deposition a known 

cell death-associated defense response. Aniline blue staining of individually 

silenced leaflets did not reveal callose deposition (Fig. 1.10C), while callose 

deposits were detected in co-silenced leaflets in areas near tissues exhibiting cell 

death (Fig. 1.3E). Co-silenced leaflets were also evaluated for cell-death 

associated H2O2 accumulation. In similar regions near dead tissues, H2O2 

accumulation was detected as brown spots using 3,3′-diamino benzidine (DAB) 

staining (Supplementary Fig. 1.11A). Taken together, these results indicate that 

SlSERK3A and SlSERK3B have a redundant function in suppressing cell death. 

Because of the spontaneous nature of the cell death phenotype, co-silenced 

plants were not included in defense related experiments. 

SlSERK3A and SlSERK3B co-silenced plants were smaller in overall 

stature compared to TRV-empty vector (TRV) control plants (Fig. 1.3B). The 
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semi-dwarf stature suggested BR-deficiency or -response in these plants. In 

Arabidopsis, expression of the CPD gene, involved in BR biosynthesis, is 

downregulated by BR treatment and this downregulation is compromised in the 

bri1 mutant as well as in most double and triple mutants of bak1 with other 

Atserks but not in any single Atserk mutant (Mathur et al. 1998; Gou et al. 2012). 

To assess whether SlSERK3 silenced plants were affected in BR response, 

SlCPD gene expression was evaluated in plants treated or untreated with BR. 

Similar to Arabidopsis, SlCPD transcript levels were downregulated in TRV 

control plants by BR (1. 3F). In addition, downregulation of SlCPD transcript 

levels in response to BR was not affected in tomato plants individually silenced 

for SlSERK3A or SlSERK3B (Fig. 1.3F; Fig. 1.11B). In contrast, downregulation 

of SlCPD transcript levels was greatly compromised in the SlSERK3A and 

SlSERK3B co-silenced plants treated with BR (Fig. 1.3F; Fig. 1.11B) suggesting 

a redundant function for these two paralogs in BR signaling. 

 

SlSERK3A and SlSERK3B are required for disease resistance 

To investigate a possible role for a single SlSERK3 gene in disease resistance, 

we evaluated SlSERK3A or SlSERK3B silenced plants for resistance to the 

tomato pathogen Pst DC3000 and its nonpathogenic hrcC mutant derivative Pst 

DC3000 hrcC. To develop a control, we targeted the tomato flagellin receptor 

SlFLS2 (Fig. 1.9; Robatzek et al. 2007) for silencing in tomato and vacuum 

infiltrated the silenced plants (Fig. 1.12) with Pst DC3000 hrcC and Pst DC3000. 
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Silencing SlFLS2 enhanced the growth of both Pst DC3000 hrcC and Pst 

DC3000 relative to TRV control plants (Fig. 1.4, A and B). Importantly, silencing 

either SlSERK3A or SlSERK3B (Fig. 1.10A) also enhanced growth of Pst 

DC3000 hrcC indicating non-redundant roles for SlSERK3s in PTI against non-

pathogenic Pst (Fig. 1.4A). Interestingly, silencing SlSERK3B, but not silencing of 

SlSERK3A, resulted in enhanced Pst DC3000 growth, too, suggesting an 

additional role for SlSERK3B in bacterial defense that may be distinct from its 

role in PTI against the non-pathogenic Pst strain (Fig. 1.4B). 

Root-knot nematodes are serious tomato pests and no information exists 

on PTI for this group of pests. We wondered whether resistance to nematodes 

might also involve PTI and the likely requirement for the master PTI regulator 

SERK3. To address this, we infected tomato plants silenced for SlSERK3A or 

SlSERK3B with Meloidogyne incognita infective-stage juveniles and evaluated 

the roots for nematode infection and reproduction. Tomato roots silenced for 

either SlSERK3A or SlSERK3B (Fig. 1.13A) did not exhibit significant weight 

difference (Fig. 1.13B). Interestingly, roots silenced for either SlSERK3A or 

SlSERK3B exhibited enhanced susceptibility to RKN compared to TRV control 

indicating a likely role for PTI in RKN resistance (Fig. 1.4C). As reported earlier 

(Bhattarai et al. 2007), VIGS in tomato roots was patchy (Fig. 1.13A) suggesting 

that the enhanced susceptibility values reported in this assay are likely an 

underestimate. 
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SlSERK3A and SlSERK3B are required for flg22-triggered immunity 

To further characterize the role of SlSERK3s in bacterial defense, we evaluated 

ROS production in SlSERK3A-, SlSERK3B- or SlFLS2-silenced plants. Tomato 

silenced for SlSERK3A or SlSERK3B were severely reduced in flg22-triggered 

ROS production, similar to SlFLS2 silenced plants, consistent with their role as 

positive regulators of bacterial PTI (Fig. 1.4D). To confirm attenuation of PTI in 

SlSERK3-silenced plants, expression of known PTI marker genes (Kim et al. 

2009; Nguyen et al. 2010) was investigated. Transcripts of both SlPTI5 and 

SlWRKY28 were upregulated within 6 h after Pst DC3000 hrcC treatment in 

TRV-treated leaves (Fig. 1.4E). In contrast, silencing SlFLS2, SlSERK3A or 

SlSERK3B severely reduced this up-regulation of both genes (Fig. 1.4E). The 

observed attenuation of ROS production and reduction in defense marker gene 

induction further confirmed the role of SlSERK3s in tomato PTI. 

 

SlSERK3A and SlSERK3B form a flg22-induced complex with SlFLS2 in N. 

benthamiana. 

To test whether SlFLS2 heterodimerizes with SlSERK3A and SlSERK3B in vivo, 

we transiently co-expressed a SlFLS2-GFP fusion protein with either SlSERK3A-

HA or SlSERK3B-HA fusion proteins in N. benthamiana for co-

immunoprecipitation (Co-IP) experiments. Within 5 minutes after flg22-treatment, 

interactions between SlFLS2 and either SlSERK3A or SlSERK3B were detected 

by Co-IP with anti-GFP and immunoblotting with anti-HA, (Fig. 1.5). Neither 
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SlSERK3A or SlSERK3B were detected in the untreated anti-GFP 

immunoprecipitates (Fig. 1.5). Reciprocal Co-IP using anti-HA to precipitate 

SlSERK3A or SlSERK3B and immunoblotting with anti-GFP, detected SlFLS2 

only in flg22-treated samples (Fig. 1.5). These results suggest flg22-induced 

complex formation between SlFLS2 and SlSERK3A or SlSERK3B consistent with 

the ligand dependency of the AtFLS2-BAK1 association (Chinchilla et al. 2007; 

Heese et al. 2007; Schulze et al. 2010; Ntoukakis et al. 2011). 

 

Heterologous expression of SlSERK3A and SlSERK3B 

To determine whether SlSERK3A or SlSERK3B are the functional orthologs of 

BAK1, we performed complementation tests with the A. thaliana bak1-4 mutant. 

We introduced SlSERK3A or SlSERK3B expression constructs containing the 

Arabidopsis BAK1 promoter, into the bak1-4 null mutant background and 

developed stable transgenic plants. The bak1-4 mutant has reduced sensitivity to 

exogenous BR treatments and displays semi-dwarf phenotype when grown 

under short-day conditions (Chinchilla et al. 2007). Root growth assays showed 

that transgenic bak1-4 mutant plants expressing SlSERK3A or SlSERK3B (Fig. 

1.6A) exhibited restored wild-type sensitivity to exogenous BR treatment (Fig. 

1.6B; Fig. 1.14). These complementation lines also exhibited an intermediate 

growth phenotype compared to wild type Col-0 and the bak1-4 mutant (Fig. 

1.6C). In addition, the complemented plants showed enhanced flg22-induced 
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ROS production compared to the bak1-4 mutant albeit ROS levels were lower 

than in wild type Col-0 (Fig. 1.6D). 
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DISCUSSION 

In Solanaceae, SERK members have been identified in tomato, N. benthamiana 

and N. attenuata. However, it is not clear how many SERKs members Nicotiana 

species have. Only for tomato, all members of this family have been identified 

and unlike Arabidopsis, that has five members, tomato was found to have only 

three members  (Mantelin et al. 2011). In both tomato and N. benthamiana, two 

members have particularly high levels of sequence similarity to AtSERK3/BAK1 

suggesting recent duplication events in the lineage of these solanaceous 

species. Although a role for NbSERK3 has been identified in microbial pathogen 

defense (Heese et al. 2007; Chaparro-Garcia et al. 2011), it is unclear which of 

the two NbSERK3 paralogs contribute to the resistance and whether the two 

members have redundant roles in defense.  Similarly, SlSERK3 is required for 

the resistance to the vascular fungal pathogen Verticillum mediated by the 

receptor like protein (RLP) Ve1 and for defense responses induced by the fungal 

Ethylene-induced xylanase (Eix) mediated by RLP LeEix (Fradin et al. 2009; Bar 

et al. 2010). In these tomato and N. benthamiana studies, VIGS was used to 

evaluate the defense related roles of SERK3 and because of the high level of 

sequence identity between the two SERK3 paralogs from each plant species, the 

VIGS constructs used are capable to silence both members. However, the 

specificity of silencing was not evaluated in these experiments, consequently, the 

specific function of the individual paralog remains unclear. In this work, we were 

able to specifically silence individual SlSERK3A and SlSERK3B and co-silenced 
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them by designing VIGS constructs partially targeting the respective untranslated 

gene regions. This allowed us to dissect the contributions of each of these gene 

paralogs and identify common and distinct roles for them. 

SlSERK3A silenced plants are smaller in size compared to TRV control or 

SlSERK3B silenced plants which could be due to pleiotropic effect on BR 

signaling. However, molecular data indicate that individually silenced SlSERK3A 

plants are not affected in BR signaling (Fig. 1.3F). Although it is unclear the 

reason for SlSERK3A silenced plant short stature, our data indicate that BR 

signaling is not affected at a detectable level in either SlSERK3A or SlSERK3B 

silenced plants. 

Interestingly, vacuum infiltration of FLS2-silenced tomato plants with Pst 

resulted in significant increase in bacterial growth a similar phenotype seen in 

FLS2-silenced N. benthamiana plants (Hann and Rathjen 2007).  This is in 

contrast to Arabidopsis fls2 mutant on which, compared to wild-type plants, no 

bacterial growth difference was observed after syringe infiltration (Zipfel et al. 

2004). Lower bacterial growth was seen on the fls2 mutant only when bacteria 

were spray inoculated (Zipfel et al. 2004). Our result with tomato combined with 

that from N. benthamiana indicates that, flagellin perception by FLS2 in 

Solanaceae functions in the mesophyll cells while this perception in Arabidopsis 

is active in the guard cells. It remains to be determined whether FLS2 perception 

in Solanaceae functions also in the guard cells. 
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Our results showed that both SlSERK3 paralogs contributed to resistance 

against the non-pathogenic Pst DC3000 hrcC strain and to RKN, while only 

SlSERK3B promoted resistance against virulent Pst DC3000. This indicates that 

these two SERK3 members have evolved distinct immune related functions. The 

bacterial defense related role of SlSERK3B is similar to that of BAK1, as shown 

with the bak1-5 mutant, suggesting that this tomato SERK member is an 

authentic BAK1 ortholog (Roux et al. 2011).  However, no clear SlSERK3A 

Arabidopsis ortholog can be identified based only on its defense function in 

tomato. Although a role in bacterial defense has been demonstrated for 

AtSERK4/BKK1, the closest BAK1 paralog, this role is only detectable in the 

bak1-5 bkk1 double mutant infected by a weekly virulent coronatine defective Pst 

strain (Roux et al. 2011). Thus, BKK1 appears only to play a minor role in 

bacterial defense, unlike SlSERK3A which strongly contributes to basal 

resistance against Pst DC3000 hrcC. Both BAK1 and BKK1 have non-redundant 

basal resistance functions against fungal and oomycete pathogens (Roux et al. 

2011). Although SERK3 paralogs have been implicated in fungal resistance in 

tomato it remains unclear which one of them contributes to this defense function, 

because of the reasons stated above. 

Recently the presence of PTI in roots was demonstrated using the well-

known MAMPs chitin, flg22 and peptidoglycans and the immune responses to 

the latter two MAMPs were BAK1-dependent (Millet et al. 2010).  In addition, 

immunity function has been attributed to the bak1-4 Arabidopsis mutant to 
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Verticillium indicating a role for BAK1 in basal defense to vascular pathogens 

(Fradin et al. 2011). Our results showing enhanced susceptibility of SlSERK3 

silenced plants indicates a role for BAK1 in resistance to RKN and the likely 

existence of PTI by nematode-associated molecular pattern(s). Although a 

number of nematode parasitism genes have been reported that play roles in 

virulence and suppression of host defenses, no nematode molecular patterns 

have been yet identified and it is difficult to speculate as to the nature of this 

pattern (Smant and Jones 2011; Haegeman et al. 2012; Quentin et al. 2013). 

Proteinaceous salivary secretions originating from esophageal gland cells have 

been implicated in nematode root invasion and migration as well as initiation and 

maintenance of the elaborate feeding site (Davis et al. 2008). Other sources of 

secretions from the nematode could be from sensory structures such as amphids 

or phasmids, or the excretory pore or the cuticle, none of which have been 

implicated in interactions with their hosts. Moreover, nematode penetration, 

feeding and secretion of cell wall degrading enzymes potentially produce 

damage-associated molecular patterns which could be the source of nematode 

induced PTI. New research is needed to investigate nematode-induced PTI and 

to identify the nature of the nematode-associated molecular pattern(s) and its 

cognate PRR. 

Our results showed that SlSERK3A and SlSERK3B have a redundant 

function in suppressing cell death. A similar function has been attributed to BAK1 

and BKK1 (He et al. 2007), indicating that these SERK paralogs share similar cell 
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death control functions in both Arabidopsis and tomato.  In Arabidopsis, it is 

speculated that these two SERK members suppress cell death through their 

interaction with the RLK, BIR1 (BAK1-Interacting Receptor Like Kinase 1) that 

possibly perceives an endogenous survival signal(s) (Gao et al., 2009). As an 

alternative, it is discussed that SERK-associated PTI signaling complexes are 

guarded by R proteins (Gao et al., 2009; Wang et al., 2011). In the latter case, 

the absence of both BAK1 and BKK1 may constitutively activate R protein-

mediated defense responses, including cell death. Such a scenario is supported 

by the fact that the cell death phenotype in the bak1 bkk1 double mutant is 

dependent on the defense hormone SA which is required for many R protein-

dependent immune responses (He et al. 2007). The constitutive activation of the 

SA-regulated gene, SlPR1b1 (Tornero et al., 1997), we observed in SlSERK3A 

and SlSERK3B co-silenced plants suggests that the cell death phenotype in 

these tomato plants is also SA-regulated and could be triggered by an R protein. 

It remains to be seen whether an R protein guards SERK3-associated PTI 

signaling complexes in tomato. 

SlSERK3A and SlSERK3B belong to the RD class of Ser/Thr kinases that 

share a conserved catalytic core. All AtSERK family members are active kinases 

and able to autophosphorylate in vitro (Li et al. 2002; Karlova et al. 2009).  

Similarly, both SlSERK3A and SlSERK3B are active kinases able to auto-

phosphorylate and trans-phosphorylate MPB in vitro. Multiple Ser and Thr 

residues are auto-phosphorylated in  SlSERK3B-CD only a subset correspond to 
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auto-phosphorylated Arabidopsis BAK1-CD residues (Bajwa et al. 2013). It 

remains to be seen whether these additional conserved residues are also auto-

phosphorylated in SlSERK3A-CD. 

As the single amino acid mutation that eliminated the kinase activity of 

BAK1 also eliminated the kinase activities of both SlSERK3A and SlSERK3B 

(Schwessinger et al. 2011), our data showed that the catalytic kinase core 

between BAK1 and the two SlSERK3 paralogs are structurally and functionally 

conserved. Although the substrates of most SERK members are not well defined, 

it is well documented that BAK1 trans-phosphorylates a number of RLKs (Li et al. 

2002; Nam and Li 2002; Wang et al. 2008; Schulze et al. 2010; Schwessinger et 

al. 2011).  Recently it has been shown that SlSERK3B can trans-phosphorylate 

SlBRI (Bajwa et al. 2013). Based on the high sequence similarity between the 

SlSERK3A and SlSERK3B catalytic domains, and their redundant role in BR 

signaling, we hypothesis that SlSERK3A can also trans-phosphorylate SlBRI.  

Since SlSERK3 is required for signaling and immunity mediated by the tomato 

RLP LeEix2 and Ve1, respectively, it is likely that SlSERK3A or SlSERK3B 

individually or together are capable of trans-phosphorylating multiple receptors in 

a manner similar to BAK1. 

Both SlSERK3A and SlSERK3B formed flg22-dependent complex with 

SlFLS2. Several AtSERK members are able heterodimerize with FLS2, albeit at 

variable levels of association, in ligand dependent manner (Heese et al. 2007; 

Roux et al. 2011).  Further investigations should reveal whether SlSERK3A and 
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SlSERK3B form a heterodimer in this interaction and whether SlFLS2 also 

heterodimerizes with SlSERK1. 

The ability of SlSERK3A and SlSERK3B to form a ligand induced complex 

with SlFLS2 suggested a role for these two SERK paralogs in FLS2-dependent 

signaling. Indeed, both SlSERK3A and SlSERK3B have non-redundant functions 

in flg22-induced ROS production and activation of defense related genes. Among 

Arabidopsis SERK members, a similar function is only demonstrated for BAK1. 

Only bak1 single mutants are compromised in flg22-induced ROS and none of 

the remaining individual serk null mutants are impaired in ligand induced ROS 

production (Chinchilla et al. 2007; Roux et al. 2011). A minor role in flg22-

induced ROS production was uncovered for bkk1 in the bak1-5 bkk1 double 

mutant (Roux et al. 2011). Taken together, this information indicates that 

SlSERK3A and SlSERK3B have BAK1-related functions and seem to be true 

orthologs of this Arabidopsis gene. Indeed, in complementation experiments 

either SlSERK3A or SlSERK3B partially rescued the bak1 mutant phenotype. 

The lack of full bak1 complementation is likely due to sequence divergence 

between these Arabidopsis and tomato orthologs. 

Our data further indicate that SlSERK3A and SlSERK3B also have 

redundant function in BR signaling. Since the SlSERK3A and SlSERK3B co-

silenced plants had residual BR signaling competence, it suggests that the only 

other family member SlSERK1 also contributes to BR response.  Based on CPD 

expression analysis, it is not clear the contribution of BKK1/SERK4 to BR 
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signaling as BR effect on CPD expression have been analyzed in the double 

mutant bak1 serk1 or the triple mutant bak1 bkk1 serk1 (Gou et al. 2012). 

Nonetheless, our results show that SlSERK3A and SlSERK3B contribute to most 

of the BR effect on CPD expression. 

In summary, our work provides functional characterization of SlSERK3A 

and SlSERK3B in an important crop and demonstrates differences and 

similarities in the role of BAK1 and  SlSERK3A and SlSERK3B paralogs in 

immunity and BR signaling. This work also provides a foundation for future 

characterization of PTI against RKN in roots. 
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Fig. 1.1. SlSERK3A and SlSERK3B co-localize with BAK1 at the plasma 
membrane (PM). Agrobacterium-mediated transient expression of SlSERK3A-
GFP or SlSERK3A-GFP with BAK1-mCherry in Nicotiana benthamiana leaves. 
Localization of PM-associated BAK1-mCherry was compared with that of 
SlSERK3A and SlSERK3B (merged). Differential interference contrast (DIC) 
image. Leaf epidermal cells were imaged by confocal microscopy 72 h after 
infiltration with Agrobacterium. Bar = 20 µm. 
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Fig. 1.2. SlSERK3A and SlSERK3B are active protein kinases. Auto-
phosphorylation and trans-phosphorylation of MBP were tested in vitro using 
freshly expressed and purified GST-tagged fusion proteins corresponding to the 
cytoplasmic domain of both SlSERK3A and SlSERK3B and their respective 
kinase dead mutants, SlSERK3A* CD (D418N) and SlSERK3B* CD (D420N). 
Proteins were fractionated on 12% SDS-PAGE. Coomassie blue stained and 
dried gel, lower panel; radiolabeled bands were revealed by autoradiography, 
upper panel. This experiment was repeated twice. 
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Fig. 1.3. SlSERK3A and SlSERK3B co-silenced plants are compromised in cell 
death control and BR sensitivity. A, Transcript levels of VIGS-silenced genes 
were evaluated using qRT-PCR. Tomato cv. Moneymaker plants treated with 
TRV empty vector (TRV), TRV-SlSERK3A, TRV-SlSERK3B or TRV-SlSERK3AB 
were evaluated. Expression was normalized against UBI3. Two independent 
samples were analyzed per construct. Values are average + SE of three 
technical replicates. *P < 0.05 significant difference from TRV (two-sample t-test). 
Experiment was repeated three times with similar results. B, Phenotype of 
individually silenced SlSERK3A, SlSERK3B and co-silenced plants. C, Cell death 
lesions in SlSERK3A and SlSERK3B co-silenced tomato leaflets. D, Defense and 
senescence-related SlPRIa, SlPR2, SlPR5, and SlACS2 gene regulation in 
SlSERK3A or SlSERK3B silenced and co-silenced plants. Transcript levels were 
evaluated using qRT-PCR normalized against SlUBI3. Values are average + SE 
(n=3). * denotes significance difference from TRV at P < 0.05 (two-sample t-test). 
Experiment was repeated twice with similar results. E, Aniline blue-stained 
tomato leaf discs. Callose accumulation was detected near the edges of leaf 
patches showing cell-death in co-silenced SlSERK3A and SlSERK3B plants and 
TRV control. Leaves treated with 1 mM flg22 for 24 h were used as control. F, 
Leaflets of tomato plants silenced for SlSERK3A, SlSERK3B or co-silenced and 
TRV control were treated with 10 �M BL for 12 h for SlCPD expression 
evaluation.  Transcript levels were evaluated using qRT-PCR normalized against 
SlUBI3. Values are average + SE (n=3). This experiment was repeated twice 
with similar results. 
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Fig. 1.4. SlSERK3A and SlSERK3B are involved in PTI in tomato. Five-week-old 
tomato plants cv. Moneymaker silenced for SlFLS2, SlSERK3A or SlSERK3B 
and TRV control were used. A and B, Plants were vacuum infiltrated with Pst 
DC3000 hrcC or Pst DC3000 and bacterial counts were performed at 0 and 3 
days post infiltration (dpi). Results are average (±) SE (n=5). Letters above the 
graphs denote significance difference at P < 0.01 (ANOVA Tukey HSD test). 
These experiments were repeated twice with similar results. C, Plants were 
infected with 1,000 J2 each and evaluated 6 weeks later. No FLS2 silenced 
plants were used in this assay. Results are average (±) SE (n=9). Letters above 
the graphs denote significance difference at P < 0.05 (ANOVA Tukey HSD test). 
This experiment was repeated once with similar results. D, Leaf samples were 
floated on water overnight. ROS burst was measured as relative light units 
(RLUs) emitted in a luminol-based assay within 15 min after 1 mM flg22 
treatment.  Values are average + SE (n=4). * denotes statistically significant 
difference from TRV at P < 0.05  (two-sample t-test). This experiment was 
repeated once. E, TRV-treated plants were vacuum infiltrated with Pst DC3000 
hrcC and harvested 6 h later.  Expression was evaluated using qRT-PCR 
normalized against SlUBI3. Values are average + SE (n=3). *P < 0.05 and ** P < 
0.001 significant difference from TRV (two-sample t-test). This experiment was 
repeated twice with similar results. 
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Fig. 1.5. SlFLS2 co-immunoprecipitates with SlSERK3A and SlSERK3B. 
Nicotiana benthamiana leaves transiently expressing SlSERK3A-HA or 
SlSERK3B-HA constructs and SlFLS2-GFP were elicited (+) or not (-) with 100 
nM flg22 for 5 min. Total proteins (input) were subjected to reciprocal 
immunoprecipitation and immunoblotting. Immunoprecipitation with anti-GFP 
Protein A agarose beads (upper panel) or anti-HA (middle panel). This 
experiment was repeated once with similar results. WB: Western blot. 
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Fig. 1.6. SlSERK3A and SlSERK3B partially complemented the Arabidopsis 
bak1-4 null mutant. A, SlSERK3A and SlSERK3B transcript levels in transgenic 
bak1-4 plants expressing pBAK1-SlSERK3A (bak1-4 SlSERK3A) or pBAK1-
SlSERK3B (bak1-4 SlSERK3B) were evaluated using qRT-PCR. Values are 
average + SE (n=3) normalized relative to AtActin and calibrated to expression of 
BAK1 in Col-0. *P < 0.05 and ** P < 0.001 significant difference from Col-0 (two-
sample t-test). B, Relative root growth of 9-day-old seedlings grown on medium 
with or without 1 nM BL. Root length is presented relative to untreated control for 
each genotype. Values are average + SE (n=50). Values were arcsine 
transformed for statistical analysis. Letters above the graphs denote significance 
difference at P < 0.01 (ANOVA Tukey HSD test). This experiment was repeated 
twice with similar results. C, Leaf discs were floated on water overnight. ROS 
burst was measured as relative light units (RLUs) emitted in a luminol-based 
assay within 25 min after 1 mM flg22 treatment. Values are average + SE (n=8). 
D, A photo of representative short-day grown 4.5-week-old Arabidopsis plants of 
the indicated genotypes. 
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Fig. 1.7. The SlSERK3s have conserved SERK gene structure.  SlSERK3A 
and SlSERK3B gene structures with introns and exons shown as lines and 
boxes, respectively. Areas of the proteins coded by each exon are indicated 
beneath the boxes. SP, signal peptide; LRR, leucine-rich repeat; LRRNT, LRR 
N-terminal domain; SPP, proline-rich region; TM, transmembrane; & kinase 
subdomains (I–XI). 
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Fig. 1.8. The characteristic domains of SERK proteins are conserved in 
SlSERK3s. The deduced amino acid sequence of tomato SlSERK3s protein 
was aligned with the five Arabidopsis and two Nicotiana benthamiana SERK 
members. Conserved and most conserved amino acids residues are 
highlighted in black and grey, respectively. The protein domains are indicated 
below the sequences. Roman numerals indicate the position of the protein 
kinase catalytic subdomains. LRR, Leucine-rich repeat; LRRNT, LRR N-
terminal domain. Double line in red indicate LRR C-terminal (LRRCT) domain. 
Single underline in black indicates the catalytic loop. Red star indicates the 
mutation to generate kinase dead mutants (D to N). 
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Fig. 1.9. Gene fragments used in VIGS. A, Position of TRV-SlFlS2 VIGS 
fragment used for silencing relative to the full-length open reading frame 
(ORF). B, Upper panel, position of TRV-SlSERK3A VIGS fragment used for 
silencing relative to the ORF. Lower panel, line-up of the TRV-SlSERK3A 
fragment with the corresponding region in SlSERK3B. C, Upper panel, position 
of TRV-SlSERK3B VIGS fragment used for silencing relative to the ORF. 
Lower panel, line-up of the TRV-SlSERK3B fragment with the corresponding 
region in SlSERK3A. D, Upper panel, position of TRV-SlSERK3AB VIGS 
fragment (originating from SlSERK3B) used for co-silencing SlSERK3A and 
SlSERK3B relative to their ORF. Lower panel, line-up of the TRV-SlSERK3AB 
fragment with the corresponding regions in SlSERK3A and SlSERK3B. 
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Fig. 1.10. Silencing individually SlSERK3A or SlSERK3B does not result in cell 
death. A, Transcript levels of VIGS-silenced genes were evaluated using qRT-
PCR. Additional samples (to those presented in Fig. 3A) of tomato cv. 
Moneymaker plants (used in the bacterial screens) treated with TRV empty 
vector (TRV), TRV-SlSERK3A, TRV-SlSERK3B, and TRV-SlSERK3AB were 
evaluated. Expression was normalized against UBI3. Values are average + SE 
of three technical replicates. *P < 0.05 significant difference from TRV (two-
sample t-test). B, Tomato cv. Moneymaker leaflets from plants silenced with 
the indicated TRV constructs. Photos were taken 3 weeks after TRV 
treatment. C, Aniline blue-stained tomato leaf discs. No callose deposits were 
detected in leaflets silenced for either SlSERK3A or SlSERK3B. Leaves 
treated with 1 mM flg22 for 24 h were used as control. 
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Fig. 1.11. Co-silencing SlSERK3A and SlSERK3B result in cell death and 
reduced BR sensitivity. A, DAB-stained tomato leaf discs. Leaflets of tomato 
cv. Moneymaker plants co-silenced for SlSERK3A and SlSERK3B showing 
cell death and TRV empty vector (TRV) control were evaluated for H2O2 
accumulation. B, Leaflets of tomato cv. Moneymaker plants silenced for 
SlSERK3A, SlSERK3B or co-silenced and TRV control were evaluated for BR-
sensitivity. Leaflets were infiltrated with 10 �M BL 12 h before use. Transcript 
levels of VIGS-silenced genes and SlCPD were evaluated using qRT-PCR 
normalized against UBI3. Values represent the average and + SE of three 
replicates. *P < 0.05 indicates significant difference from the respective – BL 
control (two-sample t-test). This experiment was repeated once with similar 
results. 
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Fig. 1.12. SlFLS2 transcript levels in TRV- SlFLS2 treated plants. Transcript 
levels were evaluated in leaflets of tomato cv. Moneymaker silenced for 
SlFLS2 and TRV empty vector (TRV) control using qRT-PCR. Expression was 
normalized against UBI3. Four independent samples were analyzed per 
construct. Values are average + SE of three technical replicates. *P < 0.05 
significant difference from TRV (two-sample t-test). 
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Fig. 1.13. SlSERK3A and SlSER3B transcript levels in silenced roots and root 
weight. A, Transcript levels of VIGS-silenced genes were evaluated using 
qRT-PCR. Tomato cv. Moneymaker plants, treated with TRV empty vector 
(TRV), TRV-SlSERK3A, or TRV-SlSERK3B, were evaluated. Expression was 
normalized against UBI3. A subsample from three different roots were 
analyzed per construct per experiment. This experiment was performed twice 
and data from both experiments are presented. Values are average + SE of 
three technical replicates. *P < 0.05 significant difference from TRV (two-
sample t-test). B, Root weight of RKN infected plants. Values are average (±) 
SE (n=9) from a single experiment. No significance difference (ANOVA 
Tukey’s HSD test) was observed in root weight. 
  



	   103	  

 
 
 
 
 
 

 
 
Fig. 1.14. SlSERK3A and SlSERK3B complemented the Arabidopsis bak1-4 
mutant BR-induced root length inhibition. Transgenic bak1-4 plants expressing 
pBAK1-SlSERK3A (bak1-4 SlSERK3A) or pBAK1-SlSERK3B (bak1-4 
SlSERK3B) and bak1-4 mutant plants were evaluated for root growth. Nine-
day-old Arabidopsis seedlings root grown on medium with (right panel) or 
without (left panel) 1 nM BL. 
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Chapter 2 Interaction of Mi-1.2 and SERK1 and molecular dynamic of Mi-1.2 
activation and signaling  
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Abstract 

Somatic embryogenesis receptor kinases (SERKs) are receptor like kinases 

required for pathogen-associated molecular pattern (PAMP)-triggered immunity 

(PTI). Tomato has three SERK members. One of them is Sl-SERK1 which has 

been shown to be required for Mi-1.2-mediated resistance to potato aphids in 

tomato. Mi-1.2, encodes a coiled-coil nucleotide-binding leucine-rich repeat  

protein and confers resistance to root-knot nematodes (RKN; Meloidogyne spp.) 

and three phloem-feeding insects, including potato aphids (Macrosiphum 

euphorbiae). The mechanism by which Sl-SERK1 participates in Mi-1.2-mediated 

resistance remains unknown. Here we elucidate the mechanistic role for Sl-

SERK1 in Mi-1.2-mediated resistance. Transgenic 35S-SlSERK1-HA tomato 

lines in the resistant cv. Motelle displayed enhanced resistance to potato aphids 

compared to wild-type tomato cv. Motelle. Moreover, we showed that potato 

aphid saliva and total protein could induce Mi-1.2-dependent defense marker 

SlWRKY72b, indicating that aphid total protein can be used as the Mi-1.2 elicitor. 

Furthermore, co-immunoprecipitation experiments in both Nicotiana 

benthamiana, transiently expressing Mi-1.2 and Sl-SERK1, and in 35S-SlSERK1-

HA Motelle tomato, showed that Mi-1.2 and Sl-SERK1 are present in a complex 

in the microsomal fractions. In addition, by confocal microscopy and biochemical 

fractionation I showed that Mi-1.2 is localized to three subcellular pools including 

the plasma membrane, cytoplasm and the nucleus. Furthermore, BiFC analysis 

showed that Mi-1.2 does not directly interact with Sl-SERK1 in the absence of 
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aphid elicitor but does so soon after aphid treatment. Moreover, Mi-1.2 levels on 

the microsomal fractions decreased in the presence of the potato aphid elicitor 

suggesting Mi-1.2 dynamic at the plasma membrane is the trigger for the defense 

responses. 
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Introduction 

Plants are exposed to an environment rich of pathogenic microbes and pests. To 

protect themselves from these intruders, plant immunity relies on two major 

forms of active defense responses. The first form relies on recognition of 

conserved molecular patterns, defining a certain class of microbes, also known 

as microbe-associated molecular pattern (MAMP), by cell surface located 

transmembrane pattern recognition receptors (PRR) (Boller and Felix 2009). 

PRRs include receptor like kinases (RLK) and receptor like proteins.  Recognition 

of MAMP by the PRRs triggers a pattern-triggered immunity (PTI). To circumvent 

PTI, adapted pathogens can deliver a diverse array of virulence effectors directly into 

the plant cell through specialized secretion systems. For example, bacterial 

pathogens use type three secretion system while nematode and aphid pests use 

specialized mouthparts or stylets to deliver effectors inside the plant cells. These 

effectors suppress or avoid PTI.  Plants have evolved a second layer of defense 

or effector-triggered immunity (ETI) to recognize virulence effectors. ETI is 

mediated by resistance (R) genes frequently encoding intracellular nucleotide-

binding (NB) LRR proteins (Jones and Dangl 2006). ETI triggers a highly 

effective defense response that includes rapid transcriptional reprogramming, 

production of PR proteins, ROS and reactive nitrogen species (RNS), 

phytoalexins, antimicrobial compounds. Frequently, ETI is associated with 

hypersensitive response (HR) a form of program cell death that limits pathogen 

spread.  
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Recognition of effectors by R proteins can be direct or indirect. There are 

only a few examples of direct interaction between effectors and R proteins. The 

emerging model suggests that R proteins indirectly recognize effectors by 

detecting the modifications by the effectors to plant targets associated with R 

proteins. The majority of R proteins encode intracellular nucleotide binding-

leucine-rich repeat domains. The most variable domain among NB-LRR proteins 

is the N terminal domain while the most conserved domain is the NB domain 

which is shared by human Apaf-1, plant R proteins, and the Caenorhabditis 

elegans Ced-4 protein and is also called the NB-ARC domain (van der Biezen 

and Jones 1998; Leipe et al. 2004; Albrecht and Takken 2006; Lukasik and 

Takken 2009; Maekawa et al. 2011). Biochemical analyses have shown that R 

proteins can bind nucleotides. 

The tomato Mi-1.2 R gene encodes a NB-LRR protein and confers 

resistance to root-knot nematodes (Meloidogyne spp.), potato aphids 

(Macrosiphum euphorbiae), whiteflies (Bemisia tabaci) and psyllids (Bactericerca 

cockerelli) (Milligan et al. 1998; Rossi et al. 1998; Nombela et al. 2003; Casteel 

et al. 2006). Using biochemical and genetic approaches aspects of Mi-1.2 

activation regulation have been characterized (Hwang et al. 2000; Hwang and 

Williamson 2003; Lukasik-Shreepaathy et al. 2012). The N-terminal half, 

containing the NB-ARC domain, has been shown to bind and hydrolyze ATP 

(Tameling et al. 2002). Subclones of Mi-1.2 have autoactive phenotype when 

used in transient expression in Nicotiana benthamiana. For example, removal of 
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the first 161 amino acid of the N-terminus of Mi-1.2 induced cell-death response 

48 hr post-infiltration (Lukasik-Shreepaathy et al. 2012) By overexpression and 

transcomplementation of subdomains or developing chimeric clones between Mi-

1.2 and its non-functional homolog Mi-1.1, it has been shown that Mi-1.2 

activation is a multistep process and that the LRR domain is involved in 

pathogen/pest recognition and signal transduction while N-terminal domains act 

as negative or positive regulators of cell death. Since Mi-1.2 effectors have not 

been identified from any of the pests Mi-1.2 confers resistance to, most of this 

regulatory work have been performed with autoactive Mi clones.  

 Components of Mi-1.2-mediated RKN and aphid resistance have been 

identified using virus-induced gene silencing (VIGS). Most of these are common 

components of NB-LRR R gene-mediated defense including Hsp90, Sgt1, 

members of mitogen-activated protein kinase cascade (Li et al. 2006; Bhattarai et 

al. 2007). WRKY transcription factors (TFs) WRKY70 as well as WRKY72a and 

WRKY72b are also required for Mi-1.2-mediated aphid and RKN resistance 

(Bhattarai et al. 2010; Atamian et al. 2012). These transcription factors are 

upregulated faster and at higher levels in resistant compared to susceptible 

tomato early after RKN or aphid exposure (Bhattarai et al. 2010; Atamian et al. 

2012). Recently, Somatic Embryogenesis Receptor Kinase1 (SERK1) was 

identified to be required in Mi-1.2-mediated resistance by a suppressor screen for 

autoactive Mi (MiDS4) cell death (Mantelin et al. 2011). SERK1 is a RLK and 

encodes an extracellular LRR, a transmembrane domain and a cytoplasmic 
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kinase domain. SERK1-silenced N. benthmanina plants abolished MiDS4 cell 

death. In addition, targeting tomato SERK1 (Sl-SERK1) using VIGS in resistant 

tomato plants, revealed a role for Sl-SERK1 in Mi-1.2-mediated resistance to 

potato aphid but not to RKN suggesting a distinct recognition process for aphids 

and nematodes (Mantelin et al. 2011). 

 To characterize the SERK1 interaction with Mi-1.2, we developed 

transgenic resistant tomato cv. Motelle plants with Mi-1.2 overexpressing a 

hemagglutinin (HA) tagged Sl-SERK1 (SERK1-HA) from the 35S promoter. For 

this purpose, we also performed transient expression studies in N. benthamiana. 

In the absence of a known Mi-1.2 effector, we used aphid total protein to activate 

Mi-1.2-mediated response. In this process, we identified the subcellular 

localization Mi-1.2 and the dynamic of Mi-1.2 activation. 
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Material and method 

Plant materials and growth conditions 

Tomato (S. lycopersicum) plants of near-isogenic cultivars (cv.) Motelle (Mi-1/Mi-

1), Moneymaker (mi-1/mi-1), and 35S-Sl-SERK1-HA transgenic Motelle were 

grown in California mix II or sand. Nicotiana benthamiana plants were grown in 

sunshine mix. Plants were maintained in plant growth rooms at 22-24°C with 

16hr light/8hr dark photoperiod under a light intensity of 700 µmol m-2 sec-1 

(Mantelin et al. 2011). Plants were supplemented with a slow release fertilizer 

Osmocote (The Scotts Company) and fertilized biweekly with MiracleGro (Stern’s 

MiracleGro). 

VIGS treated plants were maintained at 19°C until aphid or nematode 

bioassays. 

 

Constructs 

The coding sequences (CDS) without stop of Sl-SERK1 in pENTR221 was 

published earlier (Mantelin et al. 2011). Similarly,  the Mi-1.2 construct pG54 was 

published earlier and was obtained from Dr. Frank Takken (Lukasik-Shreepaathy 

et al. 2012) 

To develop transgenic tomato overexpressing a hemagglutinin (HA)- 

tagged	   Sl-SERK1 (Sl-SERK1-HA), a binary clone pBIN61-35S-Sl-SERK1-HA 

(P35S:Sl-SERK1-HA) was developed. Sl-SERK1 HA tag was fused to the C-
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terminus by PCR using overhanging primers and ligated into 5’XbaI and 3’BamHI 

sites of the pBIN61 binary vector.   

Split yellow fluorescent protein (YFP)-tagged proteins, Sl-SERK1-cYFP 

and Mi-1.2-nYFP, were generated for bi-molecular fluorescence 

complementation analysis (BiFC). pENTR221-Sl-SERK1 was recombined into 

pSAT5(A)-DEST-cEYFP175–end-N1 (pE3132) to produce Sl-SERK1-cYFP. 

pG54(Mi-1.2) clone was recombined into pSAT4(A)- DEST-nEYFP1–174-N1 

(pE3134) to produce Mi-1.2-nYFP.  

For localization, pENTR221-Sl-SERK1 was recombined into 

pEarleyGate101 generating a C-terminal cyan fluorescent protein (CFP)-HA-tag 

fusion while pG54 (Mi-1.2) was recombined into pEarleyGate102 using one-tube 

recombination protocol generating a C-terminal YFP-Histidine (His)-tag fusion 

construct, both behind the 35S promoter. 

BiFC expression cassettes from these satellite plasmids were transferred 

into the I-SceI or I-CeuI sites of the pPZP-RCS1 binary vector (Goderis et al. 

2002). All resulting constructs were sequence verified and transformed into 

Agrobacterium tumefaciens strain GV3101.  

 

Tomato transformation 

The pBIN61-35S-Sl-SERK1-HA construct was used to transform tomato cv. 

Motelle. Transgenic tomato lines were generated by UC Riverside, Plant 

Transformation Research Center (PTRC) using standard A. tumefaciens-
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mediated gene transfer procedure. Independent transformed plant pools were 

kept separate for selection of independent transgenic lines based on their 

kanamycine resistance. Plants of T2 and T3 generation were chosen for 

experiments. To assay transgene expression, western-blot analysis was 

performed on crude leaf protein extracts using a monoclonal anti-HA-HRP (Santa 

Cruz) 1:2000. 

 

VIGS constructs and Agrobacterium-mediated virus infection 

Virus-induced gene silencing (VIGS) was performed by infiltration with A. 

tumefaciens strain GV3101 containing the bipartite tobacco rattle virus (pTRV1 

and pTRV2 vectors; Liu et al., 2002a). Two to 3-week-old tomato or 4-week-old 

N. benthamiana seedlings were infiltrated. Bacteria were prepared as described 

previously (Li et al., 2006). Equal volumes of A. tumefaciens (OD600 = 1) with 

pTRV1 and suspensions containing pTRV2-derived constructs or pTRV2 empty 

vector were mixed before infiltration. The TRV-SERK1 construct is a subclone of 

the P47-G3 clone, spanning nucleotides +706 to +1077 and TRV-Nb-SERK1 

(contains +1477 to +1623) in pTRV2 (Mantelin et al. 2011). 

 

Transient expression in N. benthamiana 

A. tumefaciens containing constructs pEARLEYGATE101-Sl-SERK1, 

pEARLEYGATE102-Mi-1.2, pGWB14-Sl-SERK1, pG54(Mi-1.2), and pFP2221 

(autoactive Mi-1) were grown overnight in LB medium supplemented with 
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appropriate antibiotics. Cultures were resuspended in 10 mM MgCl2, 10 mM 

MES, and 150 µM acetosyringone to a final OD600 = 0.2 to 0.5. After 3 h 

induction, cultures were infiltrated into 3- to 4-week-old N. benthamiana leaves 

using a needleless syringe. 

 

Hypersensitive response assays in N. benthamiana 

N. benthamiana plants silenced for SERK1 (by TRV-SERK1) or Nb-SERK1 (by 

TRV-Nb-SERK1) were assayed for HR. Three to 4 weeks after TRV infection, the 

third and fourth leaves above the inoculated leaves were spot infiltrated with A. 

tumefaciens expressing either pFP2221 autoactive Mi-1 (OD600 = 0.5) or 

coinfiltrated with A. tumefaciens expressing different constructs of tagged and 

native Sl-SERK1 (Sl-SERK1, Sl-SERK1-HA, Sl-SERK1-CFP) (OD600 = 0.25). 

Plants were kept under low light exposure, and HR symptoms were recorded 4 to 

5 days after spot infiltration. Clones resulting in an altered HR phenotype were 

re-assayed at least twice with a minimum of three plants per construct.  

 

Aphid culture and bioassays 

A Mi-1-avirulent potato aphid (M. euphorbiae) colony was maintained on tomato 

cv. UC82B in a pesticide-free glasshouse. Age-synchronized one-day-old adult 

aphids were developed as described in Bhattarai et al. (2010). Six- to seven-

week-old tomato plants were infested with four apterous one-day-old adults in a 

cage on a single leaflet, and aphid survival and fecundity were monitored daily. 
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Four leaves were caged per plant and four to six plants were used per genotype.  

 

Aphid protein extraction 

Aphid soluble proteins were extracted from mixed developmental stages of 

potato aphids. Aphids, stored at -80°C, were placed in a cold mortar and 

immediately covered with liquid nitrogen. The aphids were homogenized to a dry 

frozen powder with a chilled pestle. An extraction buffer (50mM Tris-HCl pH 7.5, 

150mM NaCl), was added to the aphid powder at a ratio of 1 ml of buffer to 1 

gram of aphids. The aphid extract was homogenized further in the extraction 

buffer on ice. The homogenates were transferred into plastic tubes, frozen at - 

80°C overnight, and thawed at 4°C the next day. The homogenates were 

centrifuged at 13,000 g for 30 min, at 4°C.  The supernatants were used for 

assays immediately after adjusting the protein concentration to 1 mg/ml 

determined with Bradford using bovine serum albumin as a standard. 

 
RNA extraction and quantitative RT-PCR 

RNA was extracted using TRIzol (Invitrogen) and treated with DNase I (New 

England Biolabs, http://www.neb.com). A 5 µg of RNA was reverse-transcribed 

using SuperScript III reverse transcriptase (Invitrogen) and oligo-dT primer. For 

quantitative PCR, transcripts were amplified from 1 ml of a 5X diluted cDNA, 

except for Sl-WRKY72b where undiluted cDNA template was used, in a 15 µl 

reaction using gene-specific primers and iQ SYBR Green Supermix (Bio-Rad, 

http://www.bio-rad.com). PCRs were performed with three biological replicates. 
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The PCR amplification consisted of 3 min at 94°C, 40 cycles of 30 sec at 94 °C, 

30 sec at 58°C and 1 min at 72°C, 15 min at 72°C, followed by the generation of 

a dissociation curve. The generated threshold cycle (CT) was used to calculate 

the transcript abundance relative to tomato Ubi3 gene, as described previously 

(Ginzinger 2002). DNase-treated RNA was used as template for control. 

 

Protein isolation and microsomal membrane protein preparation 

Five grams of leaves were blade chopped for 2min in 20 ml of Buffer 1 [50 mM 

MOPS, 5 mM EDTA, 0.33 M sucrose 1X plant protease cocktail (Sigma), 20 mM 

dithiothreitol (DTT), 0.04 g PVPP, 1mM PMSF, adjust pH to 6.8 with KOH] then 

were ground with a mortar and pestle. The plant debris was filtered out using two 

layers of Miracloth (Calbiochem) and the remaining solution cleared via 

centrifugation at 10,000 x g for 20 min at 4ºC. The supernatant was then 

centrifuged at 50,000 x g in an SW 28 rotor (Beckman) for 1 hour at 4ºC. The 

proteins from the microsomal pellet were extracted in 700 µl of extraction buffer  

[50 mM Tris-HCl pH 7.5; 150 mM NaCl; 10% glycerol; 10 mM DTT; 10 mM 

EDTA; 1 mM NaF; 1 mM Na2MoO4.2H2O; 1% (v/v) P9599 protease inhibitor 

cocktail (Sigma); 1% (v/v) Nonidet P-40 (ND-40] 1X plant protease cocktail 

(Sigma)) and incubated overnight on an orbital shaker at 4ºC. The insoluble 

debris remaining after this re-suspension was removed from the microsomal 

extracts by centrifugation at 10,000 x g for 15min at 4ºC. Protein concentration 

was quantified using the Bradford protein assay. 
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Co-immunoprecipitation and immunoblot analysis 

Microsomal fraction proteins were adjusted to 1 mg/ml total protein 

concentration. Immunoprecipitations were performed on 1 ml microsomal fraction 

protein by adding 20 µl anti-HA affinity matrix (Roche) overnight at 4°C. Beads 

were washed 3 times with Tris-buffered saline (TBS) containing 0.5% (v/v) Triton 

X-100. For proteomics analysis, instead of Triton, 0.1%(v/v) n-Octyl-β-D-

glucopyranoside (Sigma)	   plus	   0.1mg/ml	   DDDD-‐peptide	   (Sigma)	   was	   used. 

Immunoprecipitates were eluted by HA-peptide (1mg/ml) and analyzed by 

immunobloting or run on a gel for proteomics analysis.  

Samples were electrophoresed on 8% SDS-acrylamide gels and proteins 

electroblotted onto nitrocellulose membranes (BIO-RAD). After blocking, 

membranes were incubated overnight with primary antibody [anti-Mi (1:3500); or 

anti-HA (Santa Cruz; 1:2000)]. Membranes were washed in PBST (PBS with 

0.1% (w/v) Tween-20).  For anti-Mi, blots were incubated with a secondary 

antibody anti-Rabbit-HRP (Santa Cruz; 1:3000). Signals were visualized using 

chemiluminescent substrate (Thermo Scientific) before exposure to X-ray film. 

For proteomics analysis, sample were concentrated by strataclean resin 

(Agilent) according to manufacturer’s recommendation, loaded onto a precast gel 

(BIO-RAD, TGX Precast Gel) and run until samples were 5-6mm into the 

separating gel. 
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Microscopy 

For co-localization, A. tumefaciens GV3101 strains containing the 

pEARLEYGATE101-Sl-SERK1-CFP or pEARLEY102-Mi-1-YFP constructs were 

co-infiltrated into 3-week-old N. benthamiana leaves as described previously. 

Fluorescence was visualized in epidermal cell layers after 2-3 days of infiltration, 

using a Leica SP5 confocal microscope (http://www.leica.com/). 

For BiFC analysis, A. tumefaciens GV3101 strains containing the BiFC 

constructs were co-infiltrated into 3-week-old N. benthamiana leaves as 

described previously. At 2-days post A. tumefaciens treatement, fluorescence 

was visualized in epidermal cell layers  after 0 min, 10 min and 30 min infiltration 

with potato aphid total protein using a Leica SP5 confocal microscope. 

 

Mass spectrometry and protein identification  

Proteins were submitted to the Genome Center Proteomics Core at the 

University of California, Davis, for mass spectrometry (LC/MS/MS)-based protein 

identification. LC/MS/MS with Eksigent Nano LC 2-D system (Eksigent) coupled 

with an LTQ ion trap mass spectrometer (Thermo-Fisher) and Picoview Nano-

spray source was employed to identify proteins. MS/MS-based peptide and 

protein were identified using the XTandem algorithm to search the tomato ‘Heinz 

1706’ genome.  
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Results 

Characterization of tomato transgenic lines overexpressing SERK1-HA 

To develop transgenic Motelle tomato overexpressing a C-terminal HA-tagged 

Sl-SERK1 (P35S:Sl-SERK1-HA) lines, we first evaluated the Sl-SERK1-HA 

construct for SERK1 function. Since SERK1 is required for cell death induced by 

autoactive Mi constructs in N. benthamiana, we silenced specifically Nb-SERK1 

using TRV-based VIGS and transiently expressed P35S:Sl-SERK1-HA using 

Agroinfiltration. We also developed a second C-terminal Sl-SERK1-tagged 

construct with a larger tag, P35S:Sl-SERK1-GFP. As control, we used a TRV-

SERK1 construct that is able to silence both N. benthamiana and tomato SERK1 

(Mantelin et al. 2011). As expected, agroinfiltration autoactive Mi alone or 

coagroinfiltration with P35S:Sl-SERK1 without a tag resulted in HR (Fig. 2.1A 

and D). Similarly, coagroinfiltration autoactive Mi and P35S: Sl-SERK1-HA or 

P35S:Sl-SERK1-GFP also resulted in HR indicating that these constructs did not 

interfere with autoactive Mi induced cell death (Fig. 2.1A and D). Silencing Nb-

SERK1 attenuated autoactive Mi induced cell death (Fig. 2.1B and E). In 

contrast, coagroinfiltration autoactive Mi and P35S: Sl-SERK1-HA or P35S:Sl-

SERK1-GFP in the Nb-SERK1-silenced leaves induced cell death indicating both 

tagged SERK1 constructs are able to complement Nb-SERK1 function (Fig. 2.1B 

and E). Cosilencing Nb-SERK1 and Sl-SERK1 attenuated autoactive Mi induced 

cell death irrespective of coagroinfiltrated constructs confirming the requirement 

of SERK1 for autoactive Mi induced cell death (Fig. 2.1C and F). Taken together, 
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Sl-SERK1-HA or Sl-SERK1-GFP tagged constructs maintained SERK1 function 

and therefore Sl-SERK1-HA was used to develop the transgenic lines. 

 Transgenic Motelle plants harboring P35S:Sl-SERK1-HA construct were 

characterized. Eight independent transgenic T1 plants were identified for the 

presence of the transgene using PCR (data not shown). T2 transgenic lines were 

also evaluated for the presence of the transgene using both PCR and/or western 

blot analysis. In T2 and T3 of three of these transgenic lines, lines 1, 10 and 27, 

Sl-SERK1 protein levels were evaluated. Using western blot analysis and HA 

antibody, different levels of Sl-SERK1 was detected in these lines with the 

highest levels detected in line 1 (Fig. 2.2A). OE SERK1-HA plants looked similar 

to wild-type cv. Motelle plants and did not exhibit any obvious altered phenotype 

(Fig. 2.2B). Therefore, transgenic line 1 was used for all studies described in this 

chapter. 

 

Transgenic Motelle tomato overexpressing SERK1-HA are more resistant to 

aphids 

 To functionally characterize transgenic Motelle OE SERK1-HA, we used these 

plants in aphid performance bioassay. Plants were infested with age-

synchronized one-day-old adult potato aphids and aphid survival and 

reproduction was monitored on daily basis. Aphids reproduce 

parthenogenetically by laying progeny or nymphs.  Wild-type cv. Motelle and 

near isogenic susceptible cv. Moneymaker were used as control. Interestingly, 
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aphids started dying earlier and faster on OE SERK1-HA compared to Motelle. 

Most aphids were dead by day 5 on OE SERK1-HA while similar proportion of 

aphid died on day 7 on wild-type Motelle plants indicating OE SERK1-HA plants 

exhibit enhanced aphid resistance. Most aphids were alive on the susceptible 

Moneymaker plants on day 8 when all aphids on Motelle plants were dead.  

Similarly, aphid reproduction measured as total number of nymphs laid, 

was significantly lower on OE SERK1-HA Motelle compared to wild-type Motelle 

plants. As expected the highest number of aphid progeny were observed on the 

susceptible cv. Moneymaker.  

 

Potato aphid saliva induced Mi-1.2-mediated defense response 

R gene-mediated defenses are triggered by direct or indirect perception of 

pathogen/pest effectors. No Mi-1.2 effectors have been identified from either 

insect or nematode pests. SERK1 and Mi interaction may require an effector 

trigger. Aphid saliva should contain the Mi-1.2 effector as saliva is delivered into 

the plant apoplast, intracellulary during stylet puncture of cells in the stylet path, 

as well as in the phloem element where they feed. Therefore, we tested whether 

saliva collected in feeding pouches in vitro, are able to induce Mi-1.2-mediated 

resistant response evaluated by Sl-WRKY72b expression. 

 Similar to potato aphid feeding, infiltration of potato aphid saliva 

significantly induced expression of Sl-WRKY72b in tomato cv. Motelle (Fig. 2.4). 

Interestingly, Sl-WRKY72b induction was higher in OE SERK1-HA Motelle 
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compared to wild-type Motelle plants. No significant different in Sl-WRKY72b 

expression was detected on tomato cv. Moneymaker by aphid saliva compared 

to extraction buffer control (Fig. 2.4).  

 

Potato aphid total protein induced Mi-1.2-mediated defense response 

Collection of aphid saliva involves special skill of handling large number of aphids 

without damaging their stylets. Since in vitro collected aphid saliva triggered the 

Mi-1.2 defense response, Mi-1.2 effector must be constitutively expressed. We 

wondered whether aphid total protein would be able to serve as the source of Mi-

1.2 effector and trigger a defense response. We isolated crude protein extract 

from mixed developmental stages of potato aphids and infiltrated OE SERK1-HA 

Motelle, wild-type cv. Motelle and susceptible cv. Moneymaker.  As with saliva, 

expression of Sl-WRKY72b was significantly upregulated in both OE SERK1-HA 

Motelle and wild-type Motelle but at higher levels in OE SERK1-HA Motelle 

indicating that aphid total protein can be used to trigger Mi-1.2 response (Fig. 

2.5). To test the specificity of this response, we prepared total protein from green 

peach aphid (Myzus persicae) that Mi-1.2 does not confer resistance to and 

infiltrated the leaflets of the same tomato genotypes. Green peach aphid total 

protein did not induce Sl-WRKY72b expression in all tomato genotypes indicating 

specificity of the trigger (Fig. 2.5). 
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SERK1 and Mi-1.2 are present in the same complex in microsomal fractions 

To perform western blot analysis to detect Mi, we acquired an existing anti-Mi 

polyclonal antibody from Dr. Frank Takken (van Ooijen et al. 2008). To test 

whether this antibody detects Mi homologs in N. benthamiana, we transiently 

overexpressed the full length Mi-1.2 and performed western blot analysis. A band 

of 155 kDa corresponding to the predicted molecular weight of Mi-1.2 was 

detected in N. benthamiana leaves expressing Mi-1.2 (Fig. 2.6A). No signal was 

detected in control leaves infiltrated with empty vector control indicating that Mi 

polyclonal antibody does not detect N. benthamiana Mi homologs.  

 To test whether Sl-SERK1 associates with Mi-1.2 in planta, we first 

coexpressed an autoactive form of Mi-1.2 with full-length HA-tagged Sl-SERK1 

(Sl-SERK1-HA) in N. benthamiana leaves for immunoprecipitation analysis. 

Since SERK1 is plasma membrane localized, we predicted that the interaction 

between Sl-SERK1 and Mi-1.2 will happen at the plasma membrane. Therefore, 

for immunoprecipitation, we enriched for microsomal fractions using high-speed 

centrifugation. Sl-SERK1-HA was pulled down using anti-HA trap beads and the 

immunoprecipitates were probed with anti-Mi antibody to detect Mi. A band of 

145 kDa corresponding to the predicted molecular weight of autoactive Mi-1.2 

was detected in N. benthamiana leaves expressing autoactive Mi-1.2 (Fig. 2.6B). 

In the control leaves, in the absence of Sl-SERK1-HA, no autoactive Mi-1.2 was 

detected (Fig. 2.6B). To confirm that Sl-SERK1 association with autoactive Mi-

1.2 is specific, we coexpressed Sl-SERK1-HA with GFP and performed 
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immunoprecipitation. Sl-SERK1-HA was pulled down using anti-HA trap beads 

and the immunoprecipitates were probed with anti-GFP antibody. Although GFP 

was expressed, no GFP was detected in the immunoprecipitates (Fig. 2.6C).  

 To evaluate the dynamic of SERK1-HA and Mi-1.2 association during 

immune response, we coexpressed full length Mi-1.2 and Sl-SERK1-HA. After 48 

hrs, we infiltrated the leaves with aphid total protein or buffer and processed 

immediately for isolation of the microsomal fractions. As earlier, Sl-SERK1-HA 

was pulled down using anti-HA trap beads and the immunoprecipitates were 

probed with anti-Mi antibody. A band of 155 kDa corresponding to the predicted 

molecular weight of Mi-1.2 was detected in N. benthamiana leaves expressing 

Mi-1.2 irrespective of aphid total protein infiltration (Fig. 2.6D). In the control 

leaves, in the absence of Sl-SERK1-HA, no Mi-1.2 was detected (Fig. 2.6D).  

 

Mi-1.2 does not interact with Sl-SERK3A or Sl-SERK3B 

In addition to Sl-SERK1, tomato has two SERK members, Sl-SERK3A and Sl-

SERK3B.  We tested whether Mi-1.2 also associates with either Sl-SERK3A or 

Sl-SERK3B. We coexpressed Mi-1.2 with either HA-tagged Sl-SERK3A (Sl-

SERK3A-HA) or Sl-SERK3B (Sl-SERK3B-HA) and 48 hrs later, leaves were 

infiltrated with aphid total protein or buffer and processed for microsomal 

fractionation and used in pull down using HA-trap beads. Western blot analysis 

with the immunoprecipitates using anti-Mi antibody did not detect Mi-1.2 in either 

Sl-SERK3A or Sl-SERK3B immunoprecipitates irrespective of application of 
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aphid total proteins (Fig. 2.7). Similarly, Mi-1.2 was not detected in control GFP 

pull down immunoprecipitates (Fig. 2.7).  

 

Mi-1.2 and Sl-SERK1 associate at the plasma membrane on N. benthamiana 

To further confirm Mi-1.2 and Sl-SERK1 association, we utilized the bimolecular 

fluorescence complementation (BiFC) assay. We coexpressed Sl-SERK1 fused 

with C-terminal residues of yellow fluorescent protein (YFP) (Sl-SERK1-cYFP) 

and Mi-1.2 fused to the N-terminal residues of YFP (Mi-1.2-nYFP). Performing 

confocal microscopy 48 hrs after infiltration, no fluorescent signal was detected 

indicating Sl-SERK1 and Mi-1.2 do not constitutively directly interact (Fig. 2.8). 

We then infiltrated the coexpressed leaves with aphid total protein and performed 

microscopy. Within 15 min, infiltration of total aphid protein reconstituted YFP 

fluorescence, indicating that following activation by aphid total protein, Mi-1.2 

associates directly with Sl-SERK1 (Fig. 2.8). This reconstituted YFP fluorescence 

seemed to be mainly localized at the plasma membrane although a few strong 

punctuations were observed distributed in different compartments (Fig. 2.8). 

 

Mi-1.2 and Sl-SERK1 associate at the plasma membrane on tomato 

We next explored Mi-1.2 and Sl-SERK1 association in the transgenic OE 

SERK1-HA tomato. Since in immunoprecipitation experiments Mi-1.2 associates 

with Sl-SERK1 in N. benthamiana in the absence of the aphid elicitor, leaves 

were not infiltrated with aphid protein. As earlier, we harvested leaves from 
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transgenic OE SERK1-HA tomato and wild-type cv. Motelle and processed for 

microsomal fractionation. Proteins were used in pull down using HA-trap beads 

and immunoprecipitates were used in western blot analysis using anti-Mi 

antibody. As expected, Mi-1.2 was detected only in the transgenic OE SERK1-

HA immunoprecipitates (Fig. 2.9), although native Mi-1.2 was detected in the 

input of the cv. Motelle (Fig. 2.9). 

 

Mi-1.2 dynamic in microsomal fractions in the presence of aphid elicitor 

Mi-1.2 associates with Sl-SERK1 in the presence or absence of the aphid elicitor. 

However, the BiCF analysis indicated that Mi-1.2 directly interacted with Sl-

SERK1 only after treatment with the aphid elicitor. To understand the Mi-1.2 and 

Sl-SERK1 interaction dynamic, we performed immunoprecipitation and 

iummunoblotting analysis after aphid total protein treatment with microsomal 

proteins normalized for Sl-SERK1 levels. 

We coexpressed full length Mi-1.2 and Sl-SERK1-HA and 48 hrs later, we 

infiltrated the leaves with aphid total protein or buffer and processed for 

separation of microsomal and cytoplasmic fractions at 0, 15 and 90 min after 

aphid total protein treatment. As earlier, Sl-SERK1-HA was pulled down using 

anti-HA trap beads. First, the immunoprecipitates were used in western blotting 

probed with anti-HA to determine Sl-SERK1 levels. This information was used to 

normalized for equal amount of SERK1, and proteins were used for a second 

immunoblot (Fig. 2.10) and probed with anti-Mi antibody. Surprisingly, in 
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microsomal fractions, a decrease in Mi-1.2 levels was observed at both 15 and 

90 min after aphid elicitor treatment (Fig. 2.10). This decrease coincided with 

appearance of different size of bands in the cytoplasmic fractions, treated with 

the aphid elicitor, detected with anti-Mi antibody (Fig. 2.10).   

 

Mi-1.2 is present in different cellular compartments and co-localized with 

Sl-SERK1 on the plasma membrane 

To determine the subcellular localization of Mi-1.2 and co-localization with Sl-

SERK1, we coexpressed C-terminal tagged Sl-SERK1 fused with cyan 

fluorescent protein (CFP) (Sl-SERK1-CFP) and Mi-1.2 fused to YFP (Mi-1.2-

YFP). Confocal microscopy was performed 48 hrs after infiltration. FM4-64 dye 

was applied immediately before processing samples for microscopy to demark 

the plasma membrane. As expected, Sl-SERK1-CFP was detected only on the 

plasma membrane overlapping clearly with the FM4-64 dye (Fig. 2.11).  Mi-1.2-

YFP was also present in the plasma membrane as well as the cytoplasm (Fig. 

2.11). Surprisingly, Mi-1.2-YFP was also detected in the nucleus indicating that 

Mi-1.2 is present in three distinct subcellular pools. 

 

Identification of Mi-1.2 in the Sl-SERK1 complex using mass spectrometry 

 To further confirm the Mi-1.2 and Sl-SERK1 association and to identify additional 

proteins involved in the Sl-SERK1 immune signaling complex, we investigated 

the Sl-SERK1 protein complex in tomato. We isolated microsomal proteins from 



	   128	  

the OE SERK1-HA Motelle and wild-type Motelle and used in HA- trap beads for 

Sl-SERK1 complex purification in two biological replicates. Sl-SERK1 containing 

complex, run 1-2 centimeter into a SDS PAGE staking gel, stained with colloidal 

blue, was used for in gel digestion. Samples were analyzed using high 

performance liquid chromatography coupled to tandem mass spectrometry. 

Proteins were identified using the XTandem algorithm to search tomato Heinz 

1706 genome. In both biological replicates, mass spectrometry identified several 

spectra matching peptides to different members of Mi gene family, HSP90 and 

phototropine 2. 
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Discussion 

In this study, we show that Mi-1.2 and Sl-SERK1 are present in the same protein 

complex at the plasma membrane. In the presence of the aphid elicitor, Mi-1.2 

and Sl-SERK1 directly interact which trigger downstream immune response 

resulting in upregulation of Sl-WRKY72b TF resulting in resistance.  

Based on transcriptome information of the salivary glands of aphid, the 

main source of saliva, aphids produce a cocktail of salivary proteins that are 

delivered into the plant host. In addition, aphid saliva has been shown to induce 

plant defense responses (de Vos and jander, 2007). However, no work has 

shown that aphid saliva can induce R-gene mediated defense responses. Here 

we show that potato aphid saliva, collected in vitro, does contain the Mi-1.2 

elicitor and is able to induce Mi-1.2-regulated TF Sl-WRKY72b indicating that Mi-

1.2 elicitor is constitutively expressed in aphid saliva. In addition, crude protein 

extracts prepared by grinding aphids is able to trigger  a similar response. More 

importantly, this defense gene activation is aphid species specific as Sl-

WRKY72b is not upregulated by green peach aphid that Mi-1.2 doesn’t confer 

resistance to. The identification that aphid total protein could be used as a source 

of R-gene elicitor will assist with developing new experiments to study R-gene 

regulation in many plant systems.  

Mi-1.2 encodes a protein with no localization signal and was presumed to 

be cytoplasmic. The identification of Sl-SERK1 as a component of Mi-1.2-

mediated resistance to aphids suggested that either Sl-SERK1 associates with 
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Mi-1.2 or another proteins mediates the connection between them.  In this 

chapter, I provide several lines of evidence that Mi-1.2 and SlSERK1 are present 

in the same protein complex. Confocal microscopy showed that Mi-1.2 and Sl-

SERK1 colocalize on the plasma membrane. In addition, Mi-1.2 is present in Sl-

SERK1-HA immunopreciptates detected by Western blotting as well as by mass 

spectrometry.  Interestingly, although Mi-1.2 and Sl-SERK1 are present in the 

same protein complex, these two proteins do not directly interact in the absence 

of the aphid elicitor as demonstrated with BiFC data. This suggests that 

recognition of aphid elicitor trigger conformational change in this immune 

complex that brings Mi-1.2 to direct proximity of Sl-SERK1. This proximity 

between Mi-1.2 and Sl-SERK1 could be the trigger for activation of downstream 

defense responses.    

Using aphid total protein, we were able to study Mi-1.2 dynamic after 

exposure to elicitor. Interestingly, after aphid elicitor treatment significant 

decrease in Mi-1.2 levels was seen in the microsomal fractions. This decrease 

coincided consistently, in two experiments, with the appearance of faint bands 

similar in size to full length Mi-1.2 as well as additional bands of lower molecular 

weight. It is not clear what these lower molecular bands are and whether they are 

Mi-1.2 degradation products. Nevertheless, this works shows that aphid elicitor 

does change Mi-1.2 dynamic at the plasma membrane. It remains to be 

determined whether the decrease in Mi-1.2 levels involves proteasome-mediated 

degradation or movement to a different cellular compartment.   
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Surprisingly, Mi-1.2 was found in three distinct subcellular pools namely in 

the plasma membrane, cytoplasm as well as the nucleus. Several R proteins 

have been recently shown to localize to the nucleus in the absence of a nuclear 

localization signal (Shen et al. 2007; Padmanabhan and Dinesh-Kumar 2010; 

Zhu et al. 2010). It remains to be seen whether a balance in Mi-1.2 levels 

between the different subcellular pools is important for Mi-1.2 function. 

Two additional proteins were identified in the Sl-SERK1 and Mi-1.2 

complex. One of these is the chaperonin Hsp90 which has been shown to 

directly interact with several NB-LRR proteins and seems to be universally 

required for R-gene mediated resistance (Shirasu 2009). Although it is not known 

whether Mi-1.2 directly interacts with Hsp90, it has been shown that Hsp90 is 

required for Mi-1.2-mediated resistance to both potato aphids and RKN 

(Bhattarai et al. 2007). The second protein identified in the Sl-SERK1 and Mi-1.2 

is phototropin2, a photoreceptor that are known to perceive changes in light 

intensity and directions (Jeong et al. 2010). Phototropins encode membrane 

localized receptor kinases and play a role in stomatal opening. No role in 

immunity have been attributed to phototropin2 and It is unclear what role it can 

play in Mi-1-mediated resistance.    

The transgenic OE SlSERK1-HA Motelle plants displayed enhanced 

resistance to potato aphids compared to the resistant wild-type cv. Motelle 

suggesting that Sl-SERK1 is the limiting factor in Mi-1.2-mediated resistance to 

both potato aphids. Although Mi-1.2-mediated resistance to nematodes is highly 
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effective and RKN seem to die fast or exit resistant Mi-1.2-containing tomato 

roots, potato aphids are able to survive several days on resistant Mi-1.2-

containing tomato. It is likely therefore to develop tomato lines with enhanced 

resistance to potato aphids by deploying OE SlSERK1 tomato plants that might 

provide sustained aphid resistance in the field.  
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Figure 2.1. SlSERK1-tagged constructs retain SERK1 function. 
Overexpression of SlSERK1-tagged constructs rescue autoactive Mi-1 triggered 
HR  in TRV-NbSERK1 silenced N. benthamiana. N. benthamiana VIGS leaves 
co-agroinfiltrated with autoactive Mi-1 and SlSERK1(top left), autoactive Mi-1 and 
SlSERK1-GFP (top right), autoactive Mi-1 alone (bottom left), and autoactive Mi-
1 and SlSERK1-HA (bottom right). At 3 days post agroinfiltration a representative 
leaf was photographed (top panel) and stained with trypan blue to visualize cell 
death (bottom panel). A and D, TRV control. B and E, NbSERK silenced only. C 
and F, Silenced for both NbSERK1 and SlSERK1. 
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Figure 2.2. Transgenic Motelle tomato overexpressing  (OE) Sl-SERK1-HA. 
P35S-Sl-SERK1-HA was introduced into tomato cv. Motelle using Agrobacterium 
tumefaciens based transformation. A. Sl-SERK1-HA protein expression levels in 
different tomato transgenic lines. B. Transgenic tomato plants show similar 
phenotype as wild-type Motelle plants. 
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Figure 2.3. Tomato cv. Motelle OE-Sl-SERK1-HA are more resistance to 
potato aphid than wild-type Motelle. Aphid survival and fecundity on tomato 
cv. Motelle plants overexpressing Sl-SERK1-HA, the wild-type cv. Motelle and 
near isogenic susceptible cv. Moneymaker. Four age-synchronized one-day-old 
adult potato aphids were caged on a single leaflet of seven-week-old tomato. 
Three leaflets per plants were infested and 4 plants per genotype were used. 
Aphid survival and fecundity was monitored on a daily basis until all aphids were 
dead. Experiment was performed three times. Error bars indicate ± standard 
error. A, Daily aphid survival. B, Aphid reproduction. Different letters denote a 
significant difference at P <0.05 (ANOVA). 
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Figure 2.4. Transcripts of Mi-1.2-mediated resistance related gene Sl-
WRKY72b was induced by potato aphid saliva. Leaflets of tomato cv. Motelle 
OE Sl-SERK1-HA, the wild-type cv. Motelle and near isogenic susceptible cv. 
Moneymaker were infiltrated with potato aphid saliva collected in vitro in water. At 
6 h after infiltration, total RNA was extract from leaves and transcript levels were 
evaluated using qRT-PCR normalized against SlUBI3. Values are average + SE 
(n=3). *P < 0.05 and ** P<0.01 significant difference from tomato cv. 
Moneymaker infiltrated with aphid saliva (two-sample t-test).  
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Figure 2.5. Transcripts of Mi-1.2-mediated resistance related gene Sl-
WRKY72b was induced by potato aphid total protein. Leaflets of tomato cv. 
Motelle OE Sl-SERK1-HA, the wild-type cv. Motelle and near isogenic 
susceptible cv. Moneymaker were infiltrated with potato aphid pr green peach 
aphid total protein. At 6 h after infiltration, total RNA was extract from leaves and 
transcript levels were evaluated using qRT-PCR normalized against SlUBI3. 
Values are average + SE (n=3). *P < 0.05 and ** P<0.01 significant difference 
from tomato cv. Moneymaker infiltrated with potato aphid total protein (two-
sample t-test). Experiment was performed three times with similar results.  
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Figure 2.6. Mi-1.2 co-immunoprecipitated with Sl-SERK1 in N. benthamiana 
microsomal fractions. A. N. benthamiana total protein were extracted with or 
without transiently expressed Mi-1.2. B. Membrane fraction proteins were 
extracted from N. benthamiana leaves transiently coexpressing Sl-SERK1-HA 
and autoactive Mi-1.2 or C. Sl-SERK1-HA and eGFP, or D. Mi-1.2 alone. Potato 
aphid total protein or extraction buffer control were infiltrated 15 min before 
sample harvest. Total proteins (input) were subjected to immunoprecipitation and 
immunoblotting. Immunoprecipitation was performed with anti-HA affinity beads. 
This experiment was performed three times with similar results.  
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Figure 2.7. Mi-1.2 did not co-immunoprecipitate with Sl-SERK3s in N. 
benthamiana microsomal fractions. Membrane fraction proteins were 
extracted from N. benthamiana leaves transiently coexpressing HA-tagged Sl-
SERK3, A. Sl-SERK3A-HA or B. Sl-SERK3B-HA and Mi-1.2 or eGFP, 
respectively. Potato aphid total protein or extraction buffer control were infiltrated 
15 min before sample harvest. Total proteins (input) were subjected to 
immunoprecipitation and immunoblotting. Immunoprecipitation was performed 
with anti-HA affinity beads. This experiment was performed twice with similar 
results. 
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Figure 2.8. Sl-SERK1 associated with Mi-1.2 after infiltration with potato 
aphid total protein. BiFC analysis of N. benthamiana leaves transiently 
coexpressing Mi-1.2-nYFP and Sl-SERK1-cYFP after 0 min and 15 min 
infiltration with potato aphid total protein. Leaf samples were used 48 hrs post 
agroinfiltration for confocal microscopy.  
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Figure 2.9. Mi-1.2 co-immunoprecipitated with Sl-SERK1 in tomato 
microsomal fractions. Tomato cv. Motelle leaves overexpressing (OE) Sl-
SERK1-HA or wild-type Motelle were infiltrated with potato aphid total protein or 
extraction buffer control 15 min before sample harvest.  Total proteins (input) 
were subjected to immunoprecipitation and immunoblotting. Immunoprecipitation 
with anti-HA affinity beads. Anti-pGAMi antibody was used as negative control for 
microsomal fraction. Membranes were exposed 2 hrs to X-ray film. This 
experiment was repeated once with similar results. 
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Figure 2.10. Mi-1.2 levels decreased in microsomal fractions after 
infiltration with potato aphid total protein. Mi-1.2 transient expression levels 
on N. benthamiana. N. benthamiana leaves coexpressing Sl-SERK1-HA and Mi-
1.2 were infiltrated with potato aphid total protein 48 hrs after Mi-1.2 and Sl-
SERK1-HA co-agroinfiltration. Sample were harvested 0 min, 15 min, and 90 min 
after potato aphid infiltration and were processed for microsomal and cytoplasmic 
fraction isolation. Microsomal fraction normalized with Sl-SERK1-HA, and 
cytoplasmic fraction has the same proportion. 
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Figure 2.11. Mi-1.2 is present in different cellular compartments and co-
localized with Sl-SERK1 on the plasma membrane. N. benthamiana leaves 
transiently coexpressing Mi-1.2-YFP and Sl-SERK1-CFP, were used in confocal 
microscopy 48 hrs post agroinfiltration. Leaves were infiltrated with FM4-64 20 
min before observation. 
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General Conclusions 

Plant cultivation is challenged by diverse biotic agents ranging from 

insects to viruses, which depend on plants for their survival. The coexistence of 

plants with these biotic agents is the outcome of complex and continuous 

changes, adaptations, and counter-adaptations among the interacting organisms 

(Schneider and Collmer 2010). Plant adaptation includes physical barriers and 

chemical weapons as well as PTI, that limit the growth of pathogen or pest 

(Segonzac and Zipfel 2011). To adapt to new conditions, microbial pathogens, 

pests, and infectious agents evolved more complex life cycles, avoidance 

mechanisms, and counter-chemical substances that affect components of the 

innate immune system or metabolic pathways of their hosts (Walling 2008; 

Deslandes and Rivas 2012). Included in these substances, are effector 

molecules that have the ability to suppress PTI resulting in effector triggered 

susceptibility (ETS) (Jones and Dangl 2006). Plants in turn have evolved 

resistance proteins to counteract ETS resulting in ETI (Eitas and Dangl 2010). 

Several biotic agents have evolved mechanisms to evade or suppress the ETI 

continuing the evolutionary arms race for survival. Plants being essential for 

human survival, humans side with plants in this arms race, applying various 

strategies to improve the chance of crops to gain the upper hand. 

Nematodes and aphids cause extensive yield losses in a large number 

of crops. Root-knot nematodes (RKNs) are root endoparasites with a broad 

host range and are a major pest worldwide (Koenning et al. 1999). Potato 
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aphid is one of the major aphid species that infests tomato and potato in 

relatively colder regions (McKinlay et al. 1992; Walgenbach 1997) and is a 

major virus vector species (Branch et al. 2004). Mi-1 is a resistance gene that 

is effective in conferring resistance to both of these pests (Roberts and 

Thomason 1986; Rossi et al. 1998). It is tempting to know how a single gene 

confers resistance to multiple pathogens with a very diverse mode of life style. 

Also, there are various crop species that are affected by RKN and aphids but 

lack an effective resistance gene. In this situation the ability to deploy Mi-1.2 

gene in those crops will help in saving huge crop losses in an environmental 

friendly way.  

A previous study showed that one of the tomato SERK members, 

SlSERK1, is required for Mi-1-mediated resistance against potato aphids but 

not RKN. The function of SlSERK1 in Mi-1.2-mediated resistance or the role of 

SlSERK3A and SlSERK3B, the tomato orthologs of the PTI-associated 

Arabidopsis gene BAK1, were unknown. Therefore, this dissertation research 

attempts to characterize the role of the three SERK members in both PTI and 

ETI in tomato. 

Plants respond to pest and pathogen attack by sensing a PAMP or 

MAMP to trigger innate immune responses or PTI. In this process, plants use 

receptors to perceive these indispensable molecular signature or MAMPs. For 

example, the FLS2, identified in Arabidopsis, perceived the bacterial flagellin 

including the minimal epitope flg22 (Gomez-Gomez and Boller 2002). 
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Moreover, BAK1 forms flg22-induced complexes with FLS2, directly interacts 

with FLS2 and recognizes the C-terminus of the FLS2-bound flg22 (Sun et al. 

2013). Responsiveness to flg22 is shared by members of all major clades of 

higher plants, including tomato, indicating that the PRR for this bacterial 

epitope is evolutionarily ancient and critical for antibacterial immunity.  

In chapter one of this dissertation, two SlSERK3s, SlSERK3A and 

SlSERK3B, and their role in PTI to a bacterial pathogen and RKN was 

investigated. Co-silencing SlSERK3A and SlSERK3B resulted in spontaneous 

necrotic lesions and reduced sensitivity to exogenous BR treatment. Silencing 

either SlSERK3A or SlSERK3B resulted in enhanced susceptibility to RKN and 

to non-pathogenic Pseudomonas syringae pv. tomato (Pst) DC3000 hrcC 

indicating that both SlSERK3s are positive regulators of defense. Interestingly, 

silencing SlSERK3B, but not SlSERK3A, resulted in enhanced susceptibility to 

the pathogenic strain Pst DC3000 indicating distinct roles for these two 

SlSERK3 paralogs. SlSERK3A and SlSERK3B are active protein kinases, 

localized to the plasma membrane, and interact in vivo with the FLS2 in a 

flg22-dependent manner. Complementation of the Atserk3/bak1-4 mutant with 

either SlSERK3A or SlSERK3B partially rescued the mutant phenotype. Thus, 

SlSERK3A and SlSERK3B are likely to constitute tomato orthologs of BAK1. 

Mi-1 encodes a protein containing nucleotide-binding (NB) and leucine-

rich repeat (LRR) domains (Milligan et al. 1998). Although Mi-1 may recognize 

the putative RKN Avr effector Cg1, no Mi-1-recognized aphid Avr effector has yet 



	   151	  

been identified (Gleason et al. 2008). How Mi-1 recognizes RKN and aphid 

infections, and triggers ETI, remains elusive. Moreover, the mode of activation of 

Mi-1 and the subsequent signal transduction events that occur after pest 

recognition are largely unknown. In a previous study, we identified the 

involvement of SlSERK1 during Mi-1-mediated resistance to aphids. The exact 

relationship between Mi-1 and SlSERK1 and whether SlSERK1 is present in a 

complex with Mi-1 or works as a downstream regulator is currently unknown. To 

address this question, in chapter two of this dissertation, a mechanistic role for 

SlSERK1 in Mi-1-mediated resistance was explored. We generated transgenic 

35S-SlSERK1-HA tomato lines in the resistant cv. Motelle and used it in aphid 

infestation. 35S-SlSERK1-HA tomato cv. Motelle plants had dramatic enhanced 

resistance to potato aphids as aphids die faster on these plants, in five days, 

compare to eight days on wild-type tomato cv. Motelle. Moreover, we showed 

that potato aphids saliva and total protein can induce Mi-1-dependent defense 

marker SlWRKY72b, indicating that aphid total protein can be used as the Mi-1 

elicitor. Furthermore, co-immunoprecipitation on both Nicothiana benthamiana 

and tomato proved that Mi-1 and SlSERK1 but not SlSERK3A or SlSERK3B are 

present in a complex in the microsomal fractions. These results indicated 

SlSERK1 is the rate limiting in the Mi-1-mediated resistance and interact with Mi-

1 as a complex. In addition, by confocal microscopy and biochemical 

fractionation, I showed that Mi-1 is localized to three subcellular pools including 

the plasma membrane, cytoplasm and the nucleus. Furthermore, BiFC analysis 
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showed that Mi-1 did not directly interact with SlSERK1 in the absence of aphid 

elicitor but does so soon after aphid treatment. Moreover, Mi-1 levels on the 

microsomal fractions decreased in the presence of the potato aphid elicitor 

suggesting that the Mi-1 dynamic at the plasma membrane changes after 

perceiving the aphid effector and this might be the trigger to induce defense 

responses. 
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