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INTRODUCTION

The immune system is a host defense system to protect against pathogen and 

found in animal and plant. The immune response is triggered when pathogen is 

recognized by host protein. Nucleotide-binding site leucine-rich repeat (NLR) is a 

resistance protein which recognizes specific protein of pathogen and induces the immune 

response (Maekawa et al., 2011b). Moreover, it has been reported that the structure and 

function of NLRs are similar in both animal and plant.

In animal, NLRs form multi complex protein, inflammasomes following 

detection of ROS, efflux of K+ or lysosomal damages. The complex may act as a key 

mediator of inflammation (Kufer and Published, 2015). The result of these inflammatory 

events, cell death can be induced (Davis, BK., Wen, H., Ting, 2011). The structure of the 

animal NLRs are distinguished as three parts that is the N-terminal, central and the C-

terminal domain. In the N-terminal domain, there are a lot of variations including PYD, 

CARD and BIR domains. In the central domain, NBD or NACHT have function to 

responsibility for dNTPase activity and oligomerization. The C-terminal, LRR domain, is 

composed of leucine repeatedly and is may act as ligand sensing or auto-regulation 

(Maekawa et al., 2011b). In plant, the NLRs are involved in innate immunity. When the 

pattern recognition receptor (PRR) in plant plasma membrane recognizes pathogen 

associated molecular pattern (PAMP), PAMP-triggered immunity (PTI) is induced. To 

inhibit the PTI, pathogens secrete their effectors which are small size molecules in the 
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plant cytosol. However, as plant NLR proteins recognize the effectors, effector-triggered 

immunity (ETI) is induced and plant will has resistance against pathogens. As a result of 

ETI, sometimes hypersensitive response (HR) cell death is accompanied but not always

(Dodds and Rathjen, 2010). Therefore, NLRs in plants may strongly involve in immune 

responses especially, ETI. 

The structure of plant NLRs is distinguished by the N-terminal, central and C-

terminal domain as the structure of animal NLRs. The central domain, NB-ARC 

(Nucleotide Binding Apaf-1, R proteins, and CED-4) domain is critical for 

conformational change and activation caused by binding of nucleotide at conserved 

motifs including P-loop and MHD motifs. The C-terminal domain, LRR domain is 

composed repeated leucine residues and contributed to recognition specificity of effectors

(Qu et al., 2006; Bernoux et al.). Also, the LRR domain may acts to interaction with other 

domains and the interaction is released by recognition of effector (Collier and Moffett, 

2009; Chen et al., 2016). In the case of the N-terminal domains of plant NLRs, it can be 

divided into two groups, TIR-NB-LRR (TNL) and Coiled-coil NB-LRR (CNL) type. In 

the CNLs, they can be classified into subgroups according to containing specific motifs or 

sequences. The function of the N-terminal domain is expected that signaling initiation, 

intra and inter molecular interaction by study of the N-terminal domain of NLR proteins 

and their cofactors (Collier and Moffett, 2009). Moreover, to date, there are reports that 

the over-expression of N-terminal domains of NLRs or NLRs triggered auto-active cell 

death in plants. Arabidopsis RPS4 and rice Orin1, TNL (TIR-NB-LRR) and CNL (CC-
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NB-LRR) type, respectively were reported that over-expression of the NLRs induced 

auto-active cell death in Nicotiana species (Wirthmueller et al., 2007; Césari et al., 2014). 

On the other hand, L10, NLR protein of Linum usitatissimum induced auto-active cell 

death with the N-terminal domain, Toll/Interleukin 1 Receptor (TIR) domain (Frost et al., 

2004). Also, barley MLA10 and wheat Sr33 were identified induce cell death by over-

expression of the NLRs’ coiled coil (CC) domain in N. benthamiana (Collier et al., 2011). 

These reported suggest that the potential activity of NLR proteins can be identified by 

expression of N-terminal domain. However, functions of a number of NLRs are still 

remains elucidated in plant. 

In this study, to identify whether annotated pepper NLRs have potential to 

induce auto-active cell death, NLRs of Capsicum annuum ‘CM334’ were transiently over-

expressed in N. benthaiana (Kim et al., 2014) Over-expression of 15 pepper NLRs 

triggered auto-active cell death of different level in N. benthamiana. Next, to verify over-

expression of N-terminal domain of pepper NLRs induce auto-active cell death, we first 

justified the N-terminal domain using COILS and SMART program and selected 101 N-

terminal domain of pepper NLRs. Over-expression of 21 N-terminal domain fragments 

induced auto-active cell death in N. benthamiana. Also, there was not the cell death 

correlation between pepper NLRs death and N-terminal domain triggered auto-active cell.

Interestingly, about 76% of the N-terminal domains triggering auto-active cell death 

belong to pepper CNL group 10 (CNL_10). Moreover, auto-active cell death is triggered 

through salicylic acid (SA) signaling pathways. These results indicate that unknown
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NLRs in pepper may have potential to induce cell death and their activity should be 

regulated tightly.
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LITERATURE REVIEWS

1. NLRs in plant

Nucleotide binding-site leucine rich repeat (NLR) is a protein conferring 

immune responses to defense against pathogen in animal and plant cell. In plant, NLR

proteins induce effector-triggered immunity (ETI) by recognition of pathogen effector(s)

(Jones and Dangl, 2006). Also, Hypersensitive Response (HR) cell death is general 

phenotype of ETI to inhibit proliferation of pathogens at the infected cell. In ETI 

responses, disease resistance is induced by direct or indirect interaction between Plant 

NLR(s) and pathogen effector(s). Pita, NLR protein of Oryza sativa detects AvrPita, 

effector of Magnaporthe oryzae directly. Whereas most of the NLR proteins recognize 

effectors indirectly (Collier and Moffett, 2009). For instance, Prf of Solanacea 

lycopersicum NLR proteins interact with cofactors, Ser/Thr kinase Pto and Fen to detect 

Pseudomonas syringae effectors, AvrPto, AvrPtoB and AvrPtoBΔ (Xiang et al., 2008). In 

addition, some NLRs require another NLR for defense signaling and resistance. For 

example, RPS4/RRS1 comprised of heterodimer in Arabidopsis recognizes effectors, 

Pop2 of Ralstonia solanacarum and AvrRps4 of P. syringae inducing resistance against 

pathogens (Narusaka et al., 2016). Also, Lr10 and RGA2 of wheat R proteins form a 

heterodimer for resistance to Puccinia triticina PRW 97512-19 (Eitas and Dangl, 2010).

The structure of plant NLRs was generally consist of central NBARC domain 

(nucleotide-binding adaptor shared by Apaf-1, resistance proteins, and CED-4) (van der 
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Biezen and Jones, 1998), C-terminal leucine rich repeat (LRR) domain and diverse N-

terminal domain. The N-terminal domain have either Toll/interleukin 1 receptor (TIR) 

domain or a coiled-coil (CC) domain (Meyers et al., 2003). While TIR domain is 

conserved in animal and plant, CC domain possesses diverse forms. Genus specific 

domain such as Solanaceae domain (SD) and BED DNA binding domain can be joined or 

replaced by CC domain (Mucyn et al., 2006; Bai et al., 2002). Also, the CC domains can 

be categorized according to conserved EDVID motif (Rairdan et al., 2008) and other non-

EDVID CC variant, CCRPW8 is reported as well. NRG1, tobacco NLR act as a helper 

for N protein and the CC domain of NRG1 is highly similar to RPW8, non-NLR protein 

of Arabidopsis (Peart et al., 2005). The N-terminal domain both TIR and CC domain play 

an important role of signaling in immune response. The TIR domain of flax R protein, L6, 

and the CC domain of Barley R protein, MLA10 are reported that the N-terminal domains 

are necessary for downstream defense signaling leading to HR cell death. Homo-

dimerization of L6 and MLA10 by crystal structure analysis also show that the N-

terminal domains have potential to form intermolecular as well as intramolecular 

interaction (Hagemann et al., 2008; Bernoux et al., 2011). The NBARC domain functions 

to activate NLR. When NLRs are inactivate, the NBARC domain physically interact with 

the LRR domain and ADP is bound to NB domain. After recognition of effector, 

conformational change is occurred by releasing LRR domain and ATP is bound to 

nucleotide binding site (Bernoux et al., 2011). Then, NLR is activated and triggers 

immune responses (Lukasik and Takken, 2009). The LRR domain consisted of highly 
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variable and repetitive sequence relate to protein-protein interaction. Especially, the LRR 

domain recognize effector of pathogen (Farnham and Baulcombe, 2006; Sela et al., 2012). 

For instance, artificially modified LRR domain of Rx protein which is resistance (R) 

protein of potato confers their resistance against potato virus X (PVX) and other virus 

(Farnham and Baulcombe, 2006).

2. Auto-active cell death induced by plant NLRs

Generally, NLRs induce cell death by recognition of pathogen effectors in plant 

innate immunity, ETI. However, although effector is not expressed with NLR, over-

expression of the NLRs under the control of cauliflower mosaic virus (CaMV) 35S 

promoter induce cell death responses in various plant species. This effector-independent 

cell death called auto-active cell death. Arabidopsis NLR protein, RPS4, induces auto-

active cell death when over-expressed in N. tabacum showing requirements of the 

localization to the nucleus (Wirthmueller et al., 2007). Also, rice CNL, Orin1 was 

reported that over-expression of Orin1 in Nicotiana species triggered auto-active cell 

death (Césari et al., 2014). Besides, the N-terminal domain of NLRs are considered act to 

signaling leading to auto-active cell death. The CC domains of Rp1 which is corn NLR 

protein, is sufficient for inducing cell death in N. benthamiana (Wang and Balint-kurti, 

2015). In the case of MLA10, CC domain and linker sequence between CC and NB-ARC 

domain are required to confer cell death in N. benthamiana (Maekawa et al., 2011a). The 

flax NLR proteins, L6, L7 and L10 require at least 248 amino acids of the TIR domain for 



８

induce cell death independent of the presence of a pathogen in Hoshangabad flax plant 

(Frost et al., 2004; Bernoux et al., 2011). Furthermore, NB-ARC domain is crucial for 

auto-active cell death induced by Rx, potato R protein (Rairdan et al., 2008).

As functional study of domains by point mutation in conserved motifs, auto-

active cell death can be induced. MHD motif conserved in NBARC domain is known for 

NLR activation by binding of ATP or ADP. When ATP bound to NBARC domain, NLRs 

are active state while NLRs are inactive state when ADP bound to this domain (Lukasik 

and Takken, 2009). In tobacco, flax NLR proteins, M and L6, drive cell death by 

exchange of amino acid Asp to Val showing preference binding ATP (Bernoux et al., 

2011). Also, conserved RNBS-A and Walker B motifs in NBARC domain contribute to 

causing of auto-active cell death (Tameling et al., 2006). For instance, NB-LRR domain 

without N-terminal domain of Sw-5b, tomato R protein, induces cell death by itself as 

exchanging of amino acid in the RNBS-A and Walker B motifs as well as in the MHD 

motif in N. benthamiana (Chen et al., 2016).

3. Signaling components related to NLRs in cell death responses

In plant, cell death called hypersensitive response (HR), a form of programmed 

cell death (PCD), is strongly associated with plant defense responses against (hemi) 

biotrophic pathogens. HR is occurred in invaded cells to inhibit proliferation of pathogen 

(Jones and Dangl, 2006). As outcome of the cell death, cell components are released into 

surrounding tissue resulting in defense responses systemically (Boller and Felix, 2009).
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In the downstream events of the defense responses, HR cell death is regulated 

by various components including co-chaperons, mitogen-activated protein kinase (MAPK) 

cascades and hormones in complex signaling manner. Co-chaperons such as SGT1, HSP 

and RAR1 which has function in protein folding and assembly are reported involved in 

HR cell death response. HR cell death induced by interaction between Rpiblb2 of potato

NLR protein and Avrblb2, Pytophthora infestans effector was not detected in SGT1 

knock down mutant by virus induced gene silencing (VIGS) methods (Oh et al., 2014).

Also, HSP90 was reported that contribute to HR cell death mediated by potato NLR 

protein, Pto and Pseudomonas syringae pv tomato effector, AvrPto (Oh and Martin, 2011). 

In addition, MAPKs are identified play important factor for HR cell death responses. 

Loss-of-function studies based on VIGS demonstrated that MEK2 (MAPKKs), WIPK

(Wound induce protein kinase) and SIPK (Salicylic acid induce protein kinase) are 

required for HR cell death induced by N and tobacco mosaic virus (TMV) (Jin et al., 

2003). MKKKKα was also reported that require for HR cell death induced by tomato 

NLR, Cf9, and Cladosporium fulvum effector, Avr9 pair (Pozo et al., 2004). Moreover, 

knock out mutants in defense signaling pathways showed hormones including salicylic 

acid (SA), ethylene (ET) and jasmonic acid (JA) contribute to HR responses interacting 

molecules such as reactive oxygen species (ROS) and MAPK. SA, ET and JA are 

accumulated by interaction between non-race-specific disease resistance 1 (NDR1) and 

CC-NB-LRR (CNL) and interaction between enhanced disease susceptibility 1(EDS1)/ 

phytoalexin deficient 4 (PAD4) and TIR-NB-LRR (TNL) in downstream of NADPH 
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oxidase (Centre et al., 1998). Accumulated hormones induce activation of cell death 

signaling pathways and expression of defense genes such as jasmonic acid dependent 

defesin gene, PDF1.2, and salicylic acid dependent pathogen related gene, PR1 (Lorrain 

et al., 2003). 
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MATERIALS AND METHODS

Plant materials 

Nicotiana benthamiana, N. tabacum, N. rustica and Capsicum annuum cv ‘ECW30R’ 

were used for in planta expression. Tobacco seeds were germinated on the autoclaved soil 

in controlled chambers with a 16 hour photoperiod and 8 hour dark at room temperature. 

Two weeks later, seedlings were transplanted to pot (104 mm diameter X 79 mm height). 

The pepper seeds were germinated at 30℃ dark incubator after sterilization with 0.2% 

sodium hypochlorite. Pepper plants with fully expanded cotyledon were transplanted to 

50-plug form tray and grow in a chamber with 16/ 8hr light/ dark condition and 24 ℃.

DNA and RNA isolation

Total DNA was extracted according to the standard cetytrimethylammonium 

bromide (CTAB) method described in kang et al (2010). Total RNA was extracted from 

pepper plant using TRIZOL method according to the manufacturer’s instructions

(Invitrogen, Carlsbad, CA, USA). First strand cDNA was synthesized using 3 μg total 

RNA with oligo (dT) and Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA, 

USA) for RT-PCR.
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Cloning of N-terminal domain fragments of C. annuum ‘CM334’ NLRs by ligase-

independent cloning  

To select cloning candidates in each group of pepper NLRs, coiled coil (CC) 

structure and motifs of the N-terminal domain was predicted by COILS program and 

modeling program using Rx or MLA10. TIR domain was predicted by SMART program. 

Length of N-terminal domain was determined by P-loop motif in NBARC domain. One 

hundred and one N-terminal domain fragments of C. annuum ‘CM334’ NLRs were 

selected and cloned into ligase independent cloning (LIC) vector, pC2300-LIC vector by 

LIC method (Kim et al., 2010) (Table 3). Specific primers to amplify each candidate were 

designed for use in the LIC method by adding adapter sequences with: 5’-

CGACGACAAGACCCT (adaptor sequence) – gene specific sequence - 3’ and 5’ –

GAGGAGAAGAGCCCT (adaptor sequence) – gene specific sequence – 3’ (Kim et al., 

2010). All amplified PCR products were cloned into the pC2300-LIC vector containing 

the CaMV (Cauliflower mosaic virus) 35S promoter and the NOS (nopaline synthase) 

terminator cassette. A total 15 fmol of purified PCR product was treated with T4 DNA 

polymerase (NEB, Ipswich, MA, USA) in 10X reaction buffer containing 10 mM dATP at 

22℃ for 30 min and followed by 70℃ for 20min for inactivation of T4 DNA 

polymerase. The pC2300-LIC vector was digested with PstI and treated with T4 DNA 

polymerase with 10 mM dTTP. T4 DNA polymerase-treated PCR products and pC2300-

LIC vector were mixed and incubated at room temperature for 30 min. The mixture was 

transformed into E. coli DH5a competent cells. The entire sequence of cloned candidates 
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was confirmed by DNA sequencing at the NICEM (Seoul National University, Seoul, 

Korea). Each cloned vector was transformed into Agrobacterium tumefaciens strain 

GV3101 and C58C1 for transient in planta expression assays.  

In planta expression assay 

After Agrobacterium transformation by heat shock, the cultured cells were 

centrifuged and re-suspended in induction buffer (10 mM MgCl2, 10 mM MES pH 5.6, 

and 200 μM Acetosyringone), and cells were incubated at room temperature for 4 h 

before agro-infiltration. pC2300:35S binary vector and vector with necrosis-inducing 

protein (NIP) from Phytophthora sojae were used as a negative and positive control, 

respectively. The concentration of Agrobacterium cells was adjusted to 1.0 and 0.5 at 

OD600 for expression in Nicotiana species and pepper, respectively, and then the cells 

were subjected to pressure infiltration using needleless syringe. All experiments were 

performed at least three biological replicates. Cell death on the leaves was observed at 

two or three days after Agrobacterium infiltration. To visualize the cell death of N. 

benthamiana, photo was taken using UVP software (SLB) under the white light and UV 

light with red filter. For visualizing of the phenotype on the pepper leaves, photo was 

taken by FOBI software (ISS) under white and Red filter. Inoculated pepper and N. 

benthamiana leaves were cleared in 100% ethanol to remove chlorophyll. 
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Virus-induced gene silencing (VIGS) in N. benthamiana

The pTRV vector and Agrobacterium tumefaciens for VIGS were prepared as 

described by Senthil-Kumar et al. (2007). TRV::dGFP, TRV::NbHSP90, TRV::NbRAR1, 

TRV::NbSGT1, TRV::NbICS1, TRV::NbCOI1 and TRV::NbWIPK were provided from the 

lab (Kim et al., 2015). A 5 ml culture of each strain was grown overnight at 28°C in YEP 

broth (yeast extract 10 g, peptone 10 g, NaCl 5 g) with appropriate antibiotics (50 mg /ml 

of kanamycin and 50 mg / ml of rifampicin). The cell was inoculated into 50 ml of YEP 

medium and incubated at 28°C by shaking overnight. The cells were collected by 

centrifugation (3000rpm, 10 min, 20°C), resuspended into Agrobacterium infiltration 

buffer [10 mM MgCl2, 10 mM 2-(N-morpholine)-ethanesulphonic acid, pH 5.7] and 

adjusted to OD600 = 0.3. They were then exposed to 150 μM acetosyringone at room 

temperature with shaking for 3 h. Agrobacterium with the pTRV1 vector and pTRV2 

containing individual genes were mixed at a 1:1 ratio and then infiltrated into the abaxial 

sides of the expanded leaves of 2-week-old wild type N. benthamiana leaves using a 1 ml 

syringe without a needle. The Agrobacterium-infiltrated plants were grown at 25°C with a 

16 h light and 8 h dark photoperiod cycle and used after 6 weeks of VIGS treatment. To 

confirm gene silencing by RT-PCR, total RNA was extracted from gene silenced N. 

benthamiana leaves. RT-PCR was conducted using gene specific primer (Table 1).



１５

Table 1. List of primers used for VIGS constructs

Primer name Forward sequence (5’→3’) Reverse sequence (5’→3’) Reference

NbdGFP ACGTAAACGGCCACAAGTT

C

GGGGTGTTCTGCTGGTAGT

G

NbRAR1 ATGGAGAGACTTCGTTGCC

AGA

GGTTTTTCTGTTGTGTGCTT

TCCT

NbSGT1 ATATACGAGAGCGTCTGC

TG

CAGTCCCATTAGATTCCACA

NbICS1 TTGATGAGCTTGAAGGAAG

T

TAAAGCCTCGCTACAAATG

C

Yoon et al., 2009

NbCOI1 TCAGTGGCAACAACTCGTC

T

AGAGGTTGCTATAAGCTTAG

A

Yoon et al., 2009

NbWIPK CGCCAGCAGTTAGCAAATG GTCGAAGGAGAATGG AAC 

G

NbSIPK GCTGCAATTGATCTTGTCGA
G

GGCATGCTGTTCAAAGTCG
A

NbMEK2 TAGCTTTAACAAGATTACCC
AAAAC

CTAAGGAGCCACCATCCAT
GTACTC 

NbEDS1 GAGAATCCAGATGCTGTTCT

GCAG

GAACCACATCCTGCATCTCT

AAGC

NbNDR1 CATGTCAAACTATGGATCCA

A

GTCATGACCTTGGTAAAAG

CCAGGTA



１６

Semi-quantitative RT-PCR analysis

Semi-quantitative PCR was conducted using 0.5 ul of the newly synthesized 

cDNA with gene specific primer (Table 2). To determine the relative expression levels of 

the genes in the cell death signaling pathways, genes (NbPR1a, NbSAR8.2, NbCSD3, 

NbCAT3, NbHin1 (Yeom et al., 2011), NbRbohD (Yoshioka et al., 2003), NbWRKY8

(Huh et al., 2015), NbWIPK, NbPDF1.2 and NbEAS) were selected. To normalize the 

expression, actin transcript was used as an endogenous control. 
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Table 2. List of primers used for qRT-PCR

Primer name Forward sequence (5’→3’) Reverse sequence (5’→3’) Reference

NbPR1a CCTTCATTTCTTCTTGTC

TC

AGGTTACAATCTGCAGC

CAA

NbPDF1.2 CACACTCTCAAAGATTT

GTC

GTTGCTATCTCTTGAGCA

TG

NbHin1 AAAGGACTATGAGCGCAAG

C

TTGTGAGGAAAGACCGATC

A

NbSAR8.2m TGCTCCAATTACCCAAG

GA

AATGTTGTGCCTTATTTT

GGA

NbCSD3 TGAGGATGATCTTGGAA

AGG

GCAAAGTTGGGAGGAGA

TACA

NbCAT4 TTAATGCTCCCAAGTGTG

CT

GCCTGCTTGAAGTTGTTC

TC

NbRbohD GGTCTTGGAATTGGAGC

CACACC

TCGTGCCAGAAACAATG

TCAACACC

NbWIPK-con CGCCAGCAGTTAGCAAA

TG

GTCGAAGGAGAATGGAA

CG

RT-NbEAS TCGAGACCCGATTCTT

CATC

TTAACGAGCATGACAC

GAGC

NbActin CCAGGTATTGCTGATAGAAT

GAG

CTGAGGGAAGCCAAGATAG

AG

Yoon et al., 2009
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Ion conductivity measurement

Measurement of ion leakage was modified from methods as described by Oh et 

al (2011). After pathogen inoculation, leaf discs (1-cm diameter) were incubated in 6 ml 

distilled water for 30 minutes at room temperature. The distilled water was washed out 

and added 6 ml distilled water in the same tube with washed leaf discs. The leaf discs 

were incubated 3 h at room temperature. After incubation, incubated water and distilled 

water were mixed in a 1:1 ratio. Six leaf discs with 6 ml water were autoclaved and used 

as positive control. The ion conductivity from the leaf discs was measured using a 

conductivity meter (model Orion Star A215 of Thermo Scientific).
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RESULTS

Over-expression of pepper NLR genes induces auto-active cell death in N.

benthamiana.

The pepper C. annuum“Criollo de Morelos-334” (CM334) genome sequencing  

was completed recently, and 755 NLR coding genes were identified in the genome of 

pepper (Seo et al., 2016). Among them, 422 NLR proteins having both NB and LRR 

domains were considered full type proteins predicted to to function.

In previous studies, there are reported that overexpression of several NLR 

receptors resulted in auto-activation of immune responses in plant. Over-expression of 

Arabidopsis RPS4 and rice Orin1 induced cell death in effector-independent manner 

(Césari et al., 2014; Wirthmueller et al., 2007). To investigate if pepper NLRs also induce 

auto-active cell death or not, transient over-expression assay was performed in N.

benthamiana. Four hundred fifteen of 755 annotated NLRs were cloned into the binary 

vector pCAMBIA2300 LIC method and the transcription was driven by the constitute 

cauliflower mosaic virus (CaMV) 35S promoter. As a result, fifteen of the 415 NLRs 

showed different levels of auto-active cell death responses that from without cell death to 

totally cell death by transient over-expression (Table 3 and Fig. 1). To monitor intensity 

of cell death, cell death index was set 0 to 3 by the extent of the strength of cell death 

responses. The cell death response showing both abxial and adaxial sides of infiltrated 

area was indicated index 3. The weak cell death responses observed in the only abaxial 

side was indicated index 2. The index 1 indicates cell death with glittering surface on the 
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abaxial side of the leaves. None of cell death phenotype is indicated index 0 (Fig 2A). 

The cell death index was assessed by auto-active cell death induced by over-expression of 

fifteen pepper NLRs (Fig. 2B). Among them, over-expression of NLR620, belonging to 

CNL-G10 of pepper NLRs, induced strong cell death than other NLRs. In non-group of 

pepper NLRs, over-expression of NLR95 also induced strong cell death similar to NLR62 

(Fig. 1 and 2B). NLR530 and NLR_T1 belonging to group TNL seemed to induce less cell 

death response compared to NLR620. Although auto-active cell death induced by over-

expression of genes (NLR110, NLR5, NLR287, NLR10-2, NLR174 and NLR168) were 

weakly observed under the light, there were not detected under the UV light (Fig. 1). The 

NIP (Necrosis-inducing protein) identified from Phytophthora sojae was used as positive 

control and pCAM2300 vector was used as negative control (Fig. 1).

To support observation of cell death lesions with naked eyes, ion leakage was 

measured using leaf discs which were infiltrated in N. benthamiana. Overall, the level of 

ion conductivity was correlated with intensity of cell death. Auto-active cell death 

wasobserved at more than 20% of measurements in ion conductivity on the adaxial side 

of the N. benthamiana leaves. The ion conductivity levels of NLR620, NLR95, NLR530, 

NLR_T1, NLR_T2 and NLR582 were as high as positive control, NIP. However, NLR578, 

NLR198, NLR_NG-1, NLR208 showed no cell death in N. benthamiana and ion 

conductivities were also measured as low as negative control, empty vector (EV) (Fig. 3). 

The value of ion conductivity from negative control and some NLRs with no cell death 

may be caused by effect of Agrobacterium infiltration or wound occurred at cross section 
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of leaf discs. 

To verify whether pepper NLRs also induce auto-active cell death in pepper, 

transient over-expression of 15 pepper NLRs which showed cell death in N. benthamiana

were performed in Capsicum annuum ‘ECW30R’. In the C. annuum ‘ECW30R’, 13 of 15 

pepper NLRs also induced auto-active cell death. Over-expression of NLR5 and NLR95

which showed weak cell death responses corresponding index 1 in N. benthamiana could 

not induce cell death in pepper due to lower efficiency of Agrobacterium-mediated 

expression than in N. benthmaina (Fig. 4).

Taken together, these results indicated that 15 of pepper NLRs have auto-activity 

leading to cell death in N. benthamiana and pepper.  
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Table 3. List of cell death-inducing pepper NLRs and N-terminal domains in N. 

benthamiana
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Figure 1. Auto-active cell death responses induced by over-expression of pepper 

NLRs in N. benthamiana.

Auto-active cell death induced by pepper NLRs were observed by Agrobacterium-

mediated transient over-expression assay in N. benthamiana. The cell death phenotype 

was visualized under white and UV light condition. Pictures of N. benthamiana leaves 

were taken at 4 day post infiltration (dpi). NIP and empty vector (EV), were used as 

positive and negative control, respectively. For this and subsequent figures, cell death and 

no cell death phenotype marked as ‘+’ and ‘-‘, respectively.
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Figure 2. Intensity of auto-active cell death induced by over-expression of pepper 

NLRs in N. benthaminana.

(A) Cell death index from 0 (no cell death, no color) to 3 (a strong cell death induced 

similar to NIP at both adaxial and abaxial sides of leaf). Index 1 indicates week glitterred

cell death observed only at abaxial side. Index 2 indicates cell death observed at adaxial 

and abaxial side but week at abaxial side.

(B) Graphs represent average of occurrence and intensity of auto-active cell death

induced by over-expression of pepper NLRs based on (A) criteria. The error bars 

represent standard deviations.
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Figure 3. Relative ion conductivity of auto-active cell death induced by over-

expression of pepper NLRs.

Ion conductivity was measured from pooled six N. benthamiana leaf discs of pepper 

NLRs inducing auto-active cell death. The leaf discs were harvested at 2 d post-

infiltration. The electrical conductivity was measured with a conductivity meter and is 

indicated as a relative value. n=18. Error bar, ±SD.
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Figure 4. Auto-active cell death responses induced by over-expression of pepper

NLRs in C. annuum ‘ECW30R’.

Auto-active cell death was induced by over-expression of pepper NLRs in C. annuum

‘ECW-30R’. To visualize the cell death phenotype, 3dpi pepper leaves were bleached 

using 99% ethyl alcohol for 3 days in a 60  ℃ dry oven. The photographs of pepper leaves 

were taken under white light condition. 



２７

Over-expression of the N-terminal domain fragments of the pepper NLRs induces

auto-active cell death in N. benthamiana.

Several previous studies reported that N-terminal domain of NLR proteins is 

sufficient to induce auto-active cell death. Hordeum vulgare MLA10 encoding CC-NB-

LRR protein conferring resistance to the powdery mildew fungus showed auto-active cell 

death when the CC domain of the MLA10 was transiently expressed in N. benthamiana

(Bai et al., 2012). L6, L7 and L10 proteins of Linum usitatissimum wihich have another

type of N-terminal domain, TIR domain, were reported that the TIR domain were also 

sufficient to induce auto-active cell death in flax plant (Frost et al., 2004; Bernoux et al., 

2011). These reports gave rise to questions whether over-expressions of N-terminal 

fragments of pepper NLRs also induce auto-cell death.

To answer the questions, we defined the N-terminal region of pepper NLRs 

following specific criteria. First, the coiled coil and TIR motifs were predicted using 

COILS and SMART program, respectively. Also, crystal structure of MLA10 and Rx,

were used as template in structure modeling program. Second, length of the N-terminal 

domain has to be longer than 150 amino acids to establish proper structure. Finally, the 

end of N-terminal domain was designated ahead of the conserved p-loop motif (5’-

GMGG-3’) of NBARC domain (Fig. 5). According to this simple definition, the N-

terminal fragments of about 10% in each pepper NLRs group as representative were 

cloned into binary vector, pCAMBIA (Table 3) and their expression were controlled by 

35S promoter. Twenty one out of 101 N-terminal fragments of pepper NLRs induced auto-

active cell death when the N-terminal fragments were over-expressed in N. benthamiana
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(Fig. 6). The name of the N-terminal domain fragments were indicated according to the 

type of NLRs. For example, N-terminal domain fragment of NLR620, NLR530 and 

NLR405 which belong to group CNL_G10, TNL and Non-group, were named CC620, 

TIR530 and NG405, respectively. Among the N-terminal domain fragments inducing 

auto-active cell death, over-expression of CC281 of CNL-G11 induced auto-active cell 

death. In TNL group, auto-active cell death was observed in over-expressed leaves of 

TIR530 and TIR2. Also, over-expression of NG405 and NG595 belonging to non-group 

induced auto-active cell death. Although amino acids of NG405, NG540 and NG595 are 

similar with CC domains of Arabidopsis RPW8, over-expression of NG540 did not induce 

auto-active cell death (data not shown). In previous study, all CC620 and CC403 in CNL-

G10 showed auto-cell death in N. benthamiana. Based on this result, to investigate

whether the other N-terminal domain fragments of pepper NLRs in group CNL_G10

induce auto-active cell death or not, 22 N-terminal domain fragments were more obtained 

(Table 3). Including CC620 and CC403, over-expression of 16 of 24 N-terminal domain 

fragments induced auto-active cell death in N. benthamiana. The differences among the

auto-active cell death responses induced by over-expression of the N-terminal fragments

of pepper NLRs were exhibited within CNL-G10 (Table 3 and Fig. 6). Auto-active cell 

death induced by over-expression of CC620, CC10-2, CC333, CC466, CC516, CC287

and CC309 in CNL-G10 showed much higher than positive control, Pvr4-CC, indicating 

cell death index 3. In addition, over-expression of CC773, CC436, CC585, CC223 and

TIR530 conferred the cell death similar to Pvr4-CC, indicating cell death index 2 (Fig 7). 
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Auto-active cell death induced by over-expression of the others was not even observed at 

abaxial side of the N. benthamiana leaves under white light condition (Fig. 6 and Fig 7). 

Moreover, to verify auto-active cell death induced differently by the N-terminal 

fragments of pepper NLRs, ion conductivity assay was performed. Auto-active cell death 

was observed at more than about 5% of measurements (empty vector) in ion conductivity

on the adaxial side of the N. benthamiana leaves. The ion conductivity values of CC620, 

CC10-2, CC516, CC287 and CC309 were similar to positive control, NIP (Fig. 8). Pvr4-

CC, CC436 and CC585 indicated cell death index around 2 also were similar to NIP. The 

electrolyte leakages emitted by CC773 and TIR530 which indicated cell death index 

around 2 and CC403, CC380, CC398, CC328, CC281, TIR2, NG405 and NG595 which 

were indicated cell death index around 1 were measured range from 5% to 15%. 

In pepper, C. annuum ‘ECW30R’, auto-active cell death responses induced by 

over-expression of N-terminal fragments also were observed at 3 days post inoculation 

(dpi) (Fig. 9). Sixteen of 21 N-terminal fragments inducing auto-active cell death in N. 

benthamiana triggered auto-active cell death. Furthermore, to analyze phylogenetic 

relationships among the N-terminal fragments of pepper NLRs, phylogenetic tree was 

obtained using NB-ARC domain sequences of NLRs which were used to clone N-terminal 

fragments (Fig. 9). Interestingly, I found that 16 of 21 N-terminal fragments inducing 

auto-active cell death belonged to group CNL-G10. 

These data suggest that pepper NLRs of certain group (CNL_G10) have 

potential to trigger cell death by over-expression of N-terminal domain fragments.
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Figure 5. Schematic criteria for N-terminal domain definition.

The N-terminal domains were predicted by motif and structure analysis using COILS and 

structure modeling program. TIR motifs were predicted by SMART program. The length 

of N-terminal domain is defined as 150 amino acids before to the P-loop motif (5’-

GMGG-3’) of NBARC domain.

Full length

TIR/CC

P-loop
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Figure 6. Auto-active cell death responses by over-expression of N-terminal domain 

fragments of pepper NLRs in N. benthamiana.

Auto-active cell death induced by over-expression of the N-terminal domain fragments 

was observed in N. benthamiana. The cell death phenotype was visualized as described in 

Figure 1. Pvr4-CC and EV (empty vector) were used as negative and positive control, 

respectively.
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Figure 7. Intensity of auto-active cell death induced by over-expression of the N-

terminal domain fragments of pepper NLRs in N. benthaminana.

Graphs represent average of auto-active cell death strength induced by over-expression 

of the N-terminal domain fragments of pepper NLRs according to cell death scoring scale 

(Fig. 2A). The graph bar shows a cell death frequency and intensity of each gene by 3 

replicate experiments in 3 independent plants. Pvr4-CC and EV (Empty Vector) marked 

as positive and negative control, respectively. Error bar, ±SD.
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Figure 8. Relative ion conductivity of auto-active cell death induced by over-

expression of N-terminal domain fragments of pepper NLRs.

Ion conductivity was measured described in Figure 3. The leaf discs were obtained by 

pooling from leaves which expressed N-terminal domain fragments at 2 days post 

inoculation (dpi). Graph bar represent percentage of average of three repeated ion 

conductivity. n=18. Error bar, ±SD.
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Figure 9. Phylogenetic relationships of pepper NLRs selected for over-expression of 

N-terminal domain fragments

Intact NB domains of pepper NLRs which was cloned N-terminal domains were used for 

the construction. The tree was constructed by neighbor-joining method with MEGA6. 

Each color bars around tree indicates subgroups and the red dot were marked as N-

terminal domain fragments inducing auto-active cell death. 
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Over-expression of N-terminal domain fragments of the pepper NLRs induces auto-

active cell death in other Nicotiana species and C. annuum ‘ECW-30R’.

Previous studies report that N-terminal domain of NLRs are sufficient to 

induced auto-active cell death in plants (Frost et al., 2004; Bernoux et al., 2011; Wang 

and Balint-kurti, 2015). Over-expression of N-terminal domains of I2 (Solanacea 

lycopersicum, CNL), R3a (Solanacea demisum, CNL) and N’ (Nicotiana sylvestris, CNL)

induced auto-active cell death in N. benthamiana not in N. tabacum (Hamel et al., 2016). 

These reports lead to question whether over-expression of N-terminal domain fragments

of pepper NLRs induce auto-active cell death in other Nicotiana species or not. Therefore, 

transient over-expression of the N-terminal domains which induced cell death in N. 

benthamiana was performed in other Nicotiana species and C. annuum ‘ECW-30R’.

Upon transient expression in N. rustica and N. tabacum, 21 N-terminal domain

fragments of pepper NLRs induce auto-active cell death. In Figure 6, CC380, CC773 and 

CC281 did not show distinguishable phenotype with negative control under UV light 

condition. However, weak cell death showing glittering phenotype was observed at the 

abaxial side of the leaf of infiltrated area in both Nicotiana species (Fig 10A and 10B). To 

further investigate the cell death responses induced N-terminal domain fragments of 

pepper NLRs, the N-terminal clones were transiently over-expressed in C. annuum ‘ECW-

30R’. As a result, the N-terminal domain fragments inducing auto-active cell death in 

Nicotiana species also induced cell death in C. annuum ‘ECW-30R’ (Fig. 11). Due to 

lower expression efficiency of Agrobacterium-mediated expression in pepper, auto-active 

cell death induced by over-expression of CC380, CC773, CC328 and TIR2 may not be 
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observed as mentioned previously. Overall, twenty one N-terminal domain fragments of 

pepper NLRs induce in three Nicotiana species (Fig. 10). In pepper, C. annuum ‘ECW-

30R’, only 16 of 21 N-terminal domain fragments of NLRs which induced auto-active cell 

death in N. benthamiana triggered cell death (Fig. 11). 

These results indicate that N-terminal domain fragments of pepper NLRs may

induce cell death through conserved signaling pathways in Solanecea species.
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Figure 10. Auto-active cell death induced by over-expression of the N-terminal 

domain fragments of pepper NLRs in N. rustica and N. tabacum.

Auto-active cell death was observed by Agro-mediated infiltration in N. rustica (A) and N. 

tabacum (B). Twenty one N-terminal domain fragments inducing auto-active cell death in 

N. benthamiana were expressed by Agrobacterium-mediated infiltration. The cell death 

phenotype was visualized as described in Figure 1. Pvr4-CC and EV (Empty Vector) were 

used as negative and positive control, respectively. Black and white dotted circle indicate 

cell death and no cell death phenotype, respectively.

(A)

(B)
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Figure 11. Auto-active cell death responses induced by over-expression of the N-

terminal domain fragments of pepper NLRs in C. annuum ‘ECW30R.

Auto-active cell death induced the N-terminal domain fragments in C. annuum

‘ECW30R’. To visualize the cell death phenotype, cell death on the inoculated leaves was 

monitored at 2dpi. Cell death was observed by destaining chlorophyll with 99 % ethanol. 
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Various signaling components are involved in auto-active cell death.

Although auto-active cell death induced by the N-terminal domains of known 

NLR proteins has been reported previously, the signaling pathways still remain elucidated.

To demonstrate signaling components relate to the N-terminal domain fragment of pepper 

NLRs, two genes (NLR95 and Pvr4-CC) inducing auto-active cell death response were 

selected. Furthermore, to identify the different expression pattern between HR cell death 

and auto-active cell death, Pvr4 and NIb of PepMoV (Pepper Mottle Virus) combination 

showing typical HR cell death was compared to auto-active cell death induced over-

expression of NLR95 and Pvr4-CC. pC2300 of empty vector and NLR575 not inducing 

cell death were used as negative control. After infiltration, expression pattern of cell death 

signaling components were analyzed by quantitative RT-PCR and VIGS were performed 

to confirm whether auto-active cell death is mediated via known signaling components.

Leaf discs were sampled at 0, 1, 2 days post inoculation (dpi) from N. benthamiana which 

each genes were transiently over-expressed and total RNA were extracted. Expressions of 

genes (WRKY8 of transcription factor; WIPK; RbohD of a NADPH oxidase; EAS of

capsidol synthesis enzyme; CAT4 of catalase; CSD3 of Copper/zinc Superoxide 

Dismutase 3; SAR8.2 of defense gene; PDF1.2 of defensin gene; Hin1 of cell death 

marker; Actin as a endogenous control) were analyzed by quantitative RT-PCR in N. 

benthamiana. Except NbCAT4 and NbActin, different gene expression patterns between 

constructs (Pvr4 with PepMoV-NIb, NLR95 and Pvr4-CC) inducing cell death and 

constructs (pC2300 and NLR575) not inducing cell death were observed. In comparison 
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with pC2300 and NLR575, NbWRPK8, NbRbohD, NbEAS and NbHin1 were strongly 

expressed in Pvr4 and PepMoV-NIb combination, NLR95 and Pvr4-CC at 1, 2 dpi. Also, 

expressions of NbWIPK at 1dpi in Pvr4 with PepMoV-NIb, NLR95 and Pvr4-CC were

higher in other time point and constructs. In case of NbPR1a, it was expressed strongly in 

the constructs inducing cell death at 2dpi. In addition, while expression of NbPDF1.2 was 

very week, it was relatively more expressed in over-expression of NLR575 at 2dpi (Figure 

12). To understand the role of known signaling components in auto-active cell 

death, virus induced gene silencing (VIGS) were performed in N. benthamiana. SGT1 

and RAR1 which are known to chaperon proteins were silenced by Tobacco Rattle virus

(TRV) system. COI1 (jasmonic acid receptor), ICS1 (isochorismate synthase), SIPK, 

WIPK and MEK2 are also silenced in N. benthamiana. Moreover, expression of EDS1 

and NDR1 which are known to TNL and CNL associated signaling components, 

respectively, were silenced. After four weeks of gene silencing, a few constructs were 

over-expressed by Agro-mediated infiltration. First, one set was configured with NG405, 

Pvr4-CC, Pvr4 and PepMoV-NIb and NIP. Second, another set was configured with 

TIR530, Pvr4-CC, Pvr4 with PepMoV-NIb and NIP (Figure 13A, 13C). NIP was used as 

a positive control. While HR cell death induced by co-expression of Pvr4 and PepMoV-

NIb was disappeared in the TRV::SGT1, auto-active cell death induced by Pvr4-CC was 

still observed. In addition, in the ICS1 down-regulated N. benthamiana, cell death 

induced by NG405, TIR530 and Pvr4-CC was stronger than in the TRV::ΔGFP. These 

results suggest that auto-active cell death by N-terminal domain fragments may be 
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associated with salicylic acid-related signaling pathways. However, silencing of RAR1, 

COI1, MEK2, WIPK, SIPK, EDS1 and NDR1 do not affect auto-active cell death in 

N. benthamiana (Figure 13A, 13C). To confirm whether gene transcription were 

decreased or not, RT-PCR was conducted (Figure 13B, 13D). Expression of the genes in 

silenced plants was significantly decreased than in TRV::ΔGFP N. benthamiana.

Taken together, these results suggest that auto-active cell death-mediated 

signaling pathway may be differently regulated with typical HR cell death or via other 

components. 
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Figure 12. Differential expression of cell death-related genes following transient 

expression of cell death-inducing NLR components.

NLR95 (full type with auto-activity), Pvr4-CC (CC domain with their auto-activity), 

NLR575 (full type with non-auto-activity) were used for qRT-PCR. RNA was extracted 

from N. benthamiana leaf discs at 0 dpi, 1dpi and 2dpi. Expression pattern of cell death 

signaling related genes NbWRKY8, NbWIPK, NbbohD, NbEAS, NbCAT4, NbCSD3, 

NbSAR8.2, NbPDF1.2, NbHin1 and NbPR1a were identified by RT-PCR. NbActin was 

used as control. 
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(A)

(B)
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(C)

(D)
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Figure 13. Effect of cell death signaling component gene silencing on cell death 

induced by over-expression of N-terminal domain fragments of pepper NLRs.

(A) Wild type N. benthamiana plants were inoculated with mixture of TRV1 and TRV2-

dGFP, TRV2-RAR1, TRV2-SGT1, TRV2-ICS1 and TRV2-COI1, respectively. (C) Wild 

type N. benthamiana plants were inoculated with mixture of TRV1 and TRV2-MEK2, 

TRV2-WIPK, TRV2-SIPK, TRV2-EDS1 and TRV2-NDR1, respectively. After 2 weeks, 

leaves of gene-silenced plants were infiltrated with TIR530 (A) and NG405 (C)-

containing Agrobacterium. Pvr4-CC, Pvr4 and PepMoV-NIb, and NIP is commonly 

expressed in both (A) and (C). NIP was used as positive control.

(B), (D) Silencing of target genes was confirmed by RT-PCR with gene-specific primers 

using at least three separate leaves. NbActin was used as a control. 
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DISCUSSION

NLR is considered as important factor for immunity in both animal and plant. In 

plant, NLRs is believed that play a key role in ETI which induce strong immune 

responses. NLR activated with pathogen perception often accompanies HR cell death to 

inhibit proliferation of pathogens at infected cell. Interestingly, auto-active cell death 

induced by full length NLRs has been reported. For example, over-expression of RPS4 of 

Arabidopsis NLR gene induced cell death in N. tabacum (Wirthmueller et al., 2007).

Moreover, the N-terminal domain, TIR and CC in NLR have been reported that interact 

with other components or NLRs as well as to induce auto-active cell death (Collier and 

Moffett, 2009). The N-terminal domain such as TIR domain of AtRPP1A and CC domain 

of StR3a of potato is sufficient to induce auto-active cell death with in a pathogen-

independent manner (Michael Weaver et al., 2006; Hamel et al., 2016). 

Likewise, the auto-active cell death induced by over-expression of 15 pepper

NLRs and 21 N-terminal domain fragments were observed in Solanceae plants including 

N. benthamiana (Fig. 1, 4, 6, 10 and 11). Ten out of 15 full type NLRs conferred auto-

active cell death in N. benthamiana but the auto-active cell death was not induced by their 

N-terminal domain fragments (Fig. 1 and 6). In this case, these 10 NLRs may require 

other domain or region to trigger cell death such as potato NLR protein, Rx. NB domain

of Rx, potato R protein, was sufficient for inducing cell death when Rx was over-

expressed in N. benthamiana (Rairdan et al., 2008). Furthermore, including NRG1/N and 
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RGA2/Lr10 NLR protein pairs, some of the known NLR proteins formed homo- or 

hetero-dimer for conferring cell death and resistance against pathogens (Eitas and Dangl, 

2010). Therefore, NLRs and their N-terminal domain fragments of pepper not induced 

auto-active cell death require other NLRs to form oligomer. Besides, other components 

such as WRKY in RPS4 and C14 of tomato (Solanacea lycopersicum) are required for

defense signaling. In RPS4/RRS1 pair R proteins, each functions for reception of effector 

and signaling are divided. RPS4 has additional WRKY domain to mediate signal 

transduction in C-terminal region while RRS1 recognizes effectors of P. syringae and C. 

higginsianum (Narusaka et al., 2009). The component, C14 encoding papain-like cysteine 

protease, plays positively in the interaction between Avrblb2 effector of P. infestans and 

potato (Solanum bulbocastanum) NLR protein, Rpiblb2.

Among 21 N-terminal domain fragments, 16 N-terminal domain fragments (not 

full type NLRs) led to auto-active cell death (Fig. 1 and 6).  For example, over-

expression of CC333, CC466, CC281 and NG405 induced cell death at least abaxial side 

of N. benthamiana but over-expression of their full length NLRs were not induced cell 

death. These results indicate that the N-terminal domain fragments crucial for inducing 

auto-active cell death. And these cell death may require conformational change by 

recognition of effector or cofactor for their activation (Collier and Moffett, 2009). While 

over-expression of CC domain fragments of R3a and I2 induced auto-active cell death in 

N. benthamiana, auto-active cell death was not induced in N. tabacum (Hamel, Louis-

Philippe et al., 2016). In my study, over-expression of N-terminal domain fragments 
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induced auto-active cell death in N. rustica, N. tabacum and C. annuum ‘ECW-30R’ as 

well as in N. benthamiana (Fig. 10 and 11). It is considered that the signaling components 

to mediate cell death might be conserved in Solanaceae species. However, in C. annuum

‘ECW-30R’, auto-active cell death induced by over-expression of CC380, CC773, CC328

and TIR2 were not clearly observed, resulting from the weak cell death (cell death index 1) 

even in N. benthamiana (Fig. 6 and 10). It is supposed that efficiency of Agrobacterium-

mediated expression is lower in pepper than Nicotiana species. 

In the auto-active cell death phenotype induced by full length and N-terminal 

domain fragments of pepper NLRs, differences of cell death intensity can arise from 

different affinity between cofactors but it is still remain elucidated. Moreover, among N-

terminal domain fragments of pepper NLRs inducing auto-active cell death, about 76 % of 

the N-terminal domain fragments belong to CNL-G10 and the others belong to TNL and 

Non-group (Figure 9). Previous analysis of phylogenetic relationships shows that the 

NLRs belonging to CNL-G10, TNL and Non-group are thought to ancestral NLRs in 

pepper (Seo et al., 2016). Therefore, originally ancient pepper NLRs may have potential 

as a weapon for resistance against pathogens or helper for activation of other NLRs. 

However, further study is needed to determine why a large number of the N-terminal 

domain fragments to CNL-G10 induced auto-active cell death rather than TNL and Non-

group. 

Quantitative RT-PCR and VIGS assay showed that salicylic acid (SA) is a 

crucial signal molecule to mediate auto-active cell death (Fig. 12 and 13). SA is known to



４９

interact with various cell death-mediating signaling components including ROS, MAPKs 

cascades and other hormones (Boatwright and Pajerowska-Mukhtar, 2013; Rojas et al., 

2014). In previous research that SA contribute to resistance against P. syringae and HR 

cell death (Alvarez, 2000). However, the function of SA in this study could be expected 

that SA acts as an negative regulator of auto-active cell death, resulting from the stronger 

cell death phenotype in ICS1 down regulated N. benthamiana than in control plant (Fig.

13). Therefore, the relationship between N-terminal domain fragments-mediated auto-

active cell death and SA require investigated. 

Overall, this study provides possibility to understand plant immunity associated 

with NLRs and downstream signaling. Therefore, pepper NLRs and N-terminal domain 

fragments of pepper NLRs inducing auto-active cell death can be candidates for study to 

understand cell death mechanisms involved in plant immunity.
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초 록

식물의 Nucleotide-binding site Leucine-rich repeat (NLRs)은 병원균의 침입 시

유도되는 면역반응에 관여하는 세포질 내 단백질로, N-말단 도메인, NBARC

도메인 그리고 C-말단 도메인으로 이루어져 있다. 또한 NLRs은 강력한 면역

반응의 하나로 흔히 국지적 세포사멸을 유도하기도 한다. Arabidopsis의 RPS4

와 벼의 Orin1과 같이 NLRs이 과발현 되었을 때 자가 세포 사멸을 유도한다

는 보고가 있다. 뿐만 아니라, 아마의 L6와 밀의 Sr33처럼 NLR의 N-말단 도

메인이 식물체에 과발현 되었을 때 자가 세포 사멸을 유도한다는 선행 연구가

있다. 따라서 본 연구에서 고추에 존재하는 NLRs을 과발현 시켜 세포사멸을

유도하는지 확인하고자 하였다. 고추 Capsicum annuum ‘CM334’에 존재하는

755개 NLRs 가운데 415개의 NLRs이 동정되었고 Nicotiana benthamiana를 포함

한 Solanaceae 식물 종에서 15개의 NLRs이 자가 세포 사멸을 유도하는 것이

확인되었다. 또한, 101개 NLRs의 N-말단 도메인 중 21개가 과발현 되었을 때

자가 세포 사멸이 유도됨을 확인하였다. 세포사멸과 관련된 유전자들의 발현

양상과 Virus induced gene silencing 실험을 수행한 결과, 각각의 NLRs이 서로

다른 신호전달 단백질을 경유하고 N-말단에 의한 세포 사멸 신호 경로에

Salicylic acid가 관여되어 있음을 확인하였다. 따라서, 고추의 NLR 과 N- 말단

은 식물의 면역반응에서 나타나는 세포사멸의 기작을 이해하는데 도움이 될

후보 유전자가 될 수 있을 것이다.
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