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SUMMARY

Pattern-triggered immunity (PTI) is broad spectrum and manipulation of PTI is believed to represent an

attractive way to engineer plants with broad-spectrum disease resistance. PTI is activated upon perception

of microbe-associated molecular patterns (MAMPs) by pattern-recognition receptors (PRRs). We have

recently demonstrated that the L-type lectin receptor kinase-VI.2 (LecRK-VI.2) positively regulates Arabidop-

sis thaliana PTI. Here we show through in vitro pull-down, bimolecular fluorescence complementation and

co-immunoprecipitation analyses that LecRK-VI.2 associates with the PRR FLS2. We also demonstrated that

LecRK-VI.2 from the cruciferous plant Arabidopsis remains functional after interfamily transfer to the Sola-

naceous plant Nicotiana benthamiana. Wild tobacco plants ectopically expressing LecRK-VI.2 were indeed

more resistant to virulent hemi-biotrophic and necrotrophic bacteria, but not to the fungal pathogen Botry-

tis cinerea suggesting that, as with Arabidopsis, the LecRK-VI.2 protective effect in N. benthamiana is bacte-

ria specific. Ectopic expression of LecRK-VI.2 in N. benthamiana primed PTI-mediated reactive oxygen

species production, mitogen-activated protein kinase (MAPK) activity, callose deposition and gene expres-

sion upon treatment with the MAMP flagellin. Our findings identified LecRK-VI.2 as a member of the FLS2

receptor complex and suggest that heterologous expression of components of PRR complexes can be used

as tools to engineer plant disease resistance to bacteria.

Keywords: Arabidopsis thaliana, Nicotiana benthamiana, lectin receptor kinase, priming, innate immunity,

pattern-triggered immunity, pattern-recognition receptor, bacteria.

INTRODUCTION

Plants are constantly exposed and threatened by a variety

of pathogenic organisms present in their environment and

diseases caused by these pathogens significantly contrib-

ute to the overall loss in crop yield worldwide (Oerke,

2007). Crop diseases combined with the threat of global

warming that increases extreme weather conditions are

important factors destabilizing the global food security.

Pesticide applications are generally used to deter patho-

gens, but more ecologically friendly methods are required.

One promising way to increase crop resistance is to boost

plant defence capabilities (Wulff et al., 2011). Plants indeed

possess defence mechanisms that are activated upon path-

ogen attack. The first layer of the plant immune response

is activated upon recognition of pathogen evolutionarily

conserved structures that are called pathogen or microbe-

associated molecular patterns (PAMPs or MAMPs). MAMPs

recognition by plant pattern-recognition receptors (PRRs)

leads to the activation of the pattern-triggered immunity

(PTI) (Jones and Dangl, 2006; Boller and Felix, 2009; Tsuda

and Katagiri, 2010). Current known examples of bacterial

MAMPs/PRRs couples are EF-Tu/EF-Tu RECEPTOR (EFR)

(Zipfel et al., 2006), the eubacterial flagellin/FLAGELLIN

SENSING2 (FLS2) (G�omez-G�omez and Boller, 2000), and

peptidoglycan/LYSIN-MOTIF1 (LYM1) and LYM3 (Willmann

et al., 2011). Recently, the RECEPTOR-LIKE PROTEIN1

(RLP1) or RECEPTOR OF eMAX (ReMAX) was shown to

detect the MAMP eMAX from Xanthomonas bacteria

(Jehle et al., 2013). Examples of fungi MAMPs/PRRs

defined pairs are the chitin/CHITIN ELICITOR RECEPTOR

KINASE1 (CERK1)(Miya et al., 2007; Wan et al., 2008), xy-

lanase/ETHYLENE INDUCING XYLANASE2 (Eix2) (Ron and

Avni, 2004), and avirulence gene Ave1/VERTICILIUM1 (Ve1)

(de Jonge et al., 2012). Upon elicitation, the PRRs FLS2

and EFR are known to rapidly associate with BRI1-ASSOCI-

ATED RECEPTOR-LIKE KINASE/SOMATIC EMBRYOGENE-

SIS RECEPTOR-LIKE KINASE3 (BAK1/SERK3), forming a
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ligand-inducible complex critical for full PTI activation

(Chinchilla et al., 2007; Heese et al., 2007). When associ-

ated with FLS2, BAK1 acts as a co-receptor by recognizing

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

BAK1–FLS2 interaction is repressed by BAK1-interacting

receptor kinase2 (BIR2). Upon flg22 perception, BIR2 is

removed allowing FLS2–BAK1 association and PTI activa-

tion (Halter et al., 2014). In addition to BAK1, other SERKs

such as SERK4 also undergo ligand-induced association

with FLS2 and EFR (Roux et al., 2011). Beside BAK1 and

others SERKs, BOTRYTIS-INDUCED KINASE1 (BIK1) plays

a key role in mediating early flagellin signalling from the

FLS2/BAK1 receptor complex (Lu et al., 2010a; Zhang et al.,

2010). BIK1 physically associates with and phosphorylates

the NADPH oxidase RBOHD upon MAMP perception.

Importantly, BIK1-dependent phosphorylation of RBOHD is

necessary for PTI-mediated reactive oxygen species (ROS)

burst and Arabidopsis resistance to bacteria (Kadota et al.,

2014; Li et al., 2014). In addition, BRASSINOSTEROID-

SIGNALING KINASE1 (BSK1) and DENN (Differentially

Expressed in Normal and Neoplastic cells) domain protein

STOMATAL CYTOKINESIS-DEFECTIVE1 (SCD1) associate

with unstimulated FLS2 (Korasick et al., 2010; Shi et al.,

2013). Lectin receptor kinases such as L-type lectin receptor

kinases (LecRKs) that possess an extracellular legume-like

lectin domain, a transmembrane domain and an intracellu-

lar kinase domain (KD)(Bouwmeester and Govers, 2009),

are also critical for the PTI response (Singh and Zimmerli,

2013). Notably, AtLecRK-I.9 maintains cell wall-plasma

membrane continuum and is essential for resistance to

pathogens and for MAMP-triggered callose deposition

(Bouwmeester et al., 2011). AtLecRK-V.5 negatively regu-

lates stomatal immunity upstream of ROS biosynthesis

(Desclos-Theveniau et al., 2012) and lecrk-V.5 mutants are

more resistant to necrotrophic Pectobacterium carotovo-

rum bacteria (Arnaud et al., 2012). Finally, the Arabidopsis

LecRK-VI.2 positively modulates early bacterium-mediated

PTI upstream of mitogen-activated protein kinases (MAP

kinases) signalling (Singh et al., 2012a), but is not critical

for Arabidopsis resistance to the fungal pathogen Botrytis

cinerea (Singh et al., 2012b).

Influx of calcium, the production of ROS, and signalling

via mitogen-activated protein kinases (MAPKs) are consid-

ered as early PTI responses, while callose deposition and

marker gene up-regulation are observed later during PTI

activation (Boller and Felix, 2009; Zipfel and Robatzek,

2010; Tena et al., 2011). Successful, virulent pathogens

secrete effectors to repress PTI (Deslandes and Rivas, 2012;

Feng and Zhou, 2012). The recognition by plants of viru-

lence effectors from pathogens usually through intracellu-

lar resistance proteins (R proteins) leads to the activation

of a fast and strong defence response generally associated

with the development of an hypersensitive response

known as effector-triggered immunity (ETI) (Maekawa

et al., 2011; Gassmann and Bhattacharjee, 2012). ETI

occurs between plant cultivars possessing a specific R

gene that recognizes a matching virulence effector from a

limited number of pathogenic strains. ETI is largely used in

breeding programs to improve crop resistance to diseases.

Unfortunately, this type of resistance confers very specific

disease resistance and is overcome by rapidly evolving

pathogens (Leach et al., 2001; McDonald and Linde, 2002).

Plants can also increase their resistance to disease

through the activation of the systemic acquired resistance

and induced systemic resistance (Sticher et al., 1997;

Van Wees et al., 2008). Such resistance mechanisms rely

largely on priming of defence responses. The priming

phenomenon is usually associated with a potentiated

defence response upon pathogen challenge and conse-

quently priming boosts plants resistance to microbes

(Conrath et al., 2006). Priming is often associated with an

accumulation of defence signalling components before

stress exposure (Beckers et al., 2009; Singh et al., 2012a)

and epigenetic modifications (Jaskiewicz et al., 2011;

Luna et al., 2012; Rasmann et al., 2012; Po-Wen et al.,

2013).

PTI is activated upon plant recognition of MAMPs that

are conserved within a class of pathogens and essential for

microbe’s life. By contrast with ETI that is activated upon

recognition of highly specific pathogen virulence effectors

and is thus very specific and consequently short lasting,

PTI is believed to be long lasting and of broad range (Wulff

et al., 2011). PTI manipulation through biotechnological

approaches thus looks promising. One recent example of

PTI engineering is the successful transfer of the PRR EFR

that is restricted to the Brassicaceae family to

Nicotiana benthamiana and tomato plants from the

Solanaceae family that do not possess EFR (Lacombe

et al., 2010). Transgenic tobacco and tomato plants ectopi-

cally expressing EFR become responsive to the MAMP

elf18 and are more resistant to a wide range of bacterial

pathogens (Lacombe et al., 2010).

As LecRK-VI.2 positively regulates PTI upstream of

MAPK signalling (Singh et al., 2012a), we asked whether

LecRK-VI.2 associates with the PRR FLS2. LecRK-VI.2 was

found to indeed interact with the PRR FLS2. PTI is

repressed by virulent pathogens and thus only marginally

participate to plant resistance during a susceptible interac-

tion. Reinforcement of PTI by over-expression of LecRK-

VI.2 however enhances Arabidopsis resistance to virulent

bacteria (Singh et al., 2012a). These findings prompted us

to test whether heterologous expression of LecRK-VI.2 in

N. benthamiana increases its resistance to bacteria. Our

data show that interfamily transfer of Arabidopsis LecRK-

VI.2 to the Solanaceous plant N. benthamiana confers

increased resistance to a broad range of bacteria.

Enhanced resistance was correlated with priming of PTI.

Our data suggest that LecRK-VI.2 is a component of the
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FLS2 receptor complex and can be used in Solanaceous

plants to increase resistance to bacteria.

RESULTS

Arabidopsis LecRK-VI.2 associates with the PRR FLS2 in a

ligand-independent manner

LecRK-VI.2 positively regulates FLS2-dependent PTI

upstream of MAPK signalling (Singh et al., 2012a), sug-

gesting possible association of LecRK-VI.2 with the PRR

FLS2. Interaction was first evaluated by pull-down assays

that revealed binding of the KD of LecRK-VI.2 with FLS2 KD

(Figure 1a), suggesting that LecRK-VI.2 can directly interact

with FLS2 in vitro. To further test LecRK-VI.2 and FLS2 pos-

sible association, we used bimolecular fluorescence com-

plementation (BiFC) assays (Walter et al., 2004) in

Arabidopsis protoplasts. As a first control, we analysed the

interaction between BAK1 and FLS2 that is known to occur

after flg22 elicitation (Chinchilla et al., 2007; Heese et al.,

2007). As expected, YFP fluorescence was detected only

after flg22 treatment (Figure 1b), suggesting that our

experimental conditions are appropriate. When testing Lec-

RK-VI.2 interaction with FLS2, YFP fluorescence was

detected before and after elicitation with flg22 (Figure 1b).

Analysis of the association of LecRK-VI.2 with the plasma

membrane localized RARE-COLD-INDUCIBLE 2B (RCI2B)

(Medina et al., 2007) also known as LTI6B (Cutler et al.,

2000) was used to evaluate the specificity of LecRK-VI.2

binding to FLS2. YFP fluorescence was detected when Ara-

bidopsis protoplasts were transfected with RCI2B–YFPN

and RCI2B–YFPC, demonstrating that both constructs were

functional. Importantly, no YFP fluorescence was observed

(a)

(c)

(b)

Figure 1. LecRK-VI.2 interacts with FLS2.

(a) In vitro maltose-binding protein (MBP) pull-down assay of LecRK-VI.2 interaction with FLS2. Escherichia coli-expressed MBP (negative control) or MBP-

FLS2KD was incubated with GST-LecRK-VI.2KD and pulled down with amylose resin beads. Input and bead-bound proteins were analysed by western blotting

with specific antibodies. Experiments were repeated three times with similar results.

(b) Bimolecular fluorescence complementation (BiFC) analysis. Arabidopsis protoplasts were co-transfected with FLS2–YFPN and BAK1–YFPC or LecRK-VI.2–
YFPC, and visualized under a confocal microscope 16 h after transfection. RCI2B–YFPN and –YFPC were used for self-association and RCI2B–YFPN was co-trans-

fected with LecRK-VI.2–YFPC as the negative control. The protoplasts were treated with (+) or without (–) 1 lM flg22 for 15 min. Experiments were repeated three

times with similar results.

(c) Co-immunoprecipitation (Co-IP) analysis of LecRK-VI.2 association with FLS2. Total proteins (input) of Nicotiana benthamiana leaves transiently expressing

LecRK-VI.2–HA3 or BAK1–HA3 with FLS2–GFP were immunoprecipitated (IP) with anti-GFP antibodies (WB: a-GFP) and then analysed by western blot with an

anti-HA antibody (WB: a-HA). Leaves were treated with (+) or without (–) 100 nM flg22 for 5 min. This experiment is one of three independent biological repeats.

© 2014 The Authors
The Plant Journal © 2014 John Wiley & Sons Ltd, The Plant Journal, (2014), 79, 243–255

Interfamily transfer of a PRR component 245



when testing LecRK-VI.2 interaction with RCI2B showing

that LecRK-VI.2 association with FLS2 observed by BiFC is

specific (Figure 1b). Together these results suggest that

LecRK-VI.2 associates with the PRR FLS2 in a ligand-inde-

pendent manner.

To further test possible association of LecRK-VI.2 with

FLS2 in vivo, we used the co-immunoprecipitation (Co-IP)

technique in Nicotiana benthamiana. First, equal amounts

of FLS2 were pulled down with GFP-Trap beads from

N. benthamiana transiently co-expressing FLS2–GFP

(green fluorescent protein) and HA3 epitope-tagged BAK1.

As expected, detection of BAK1–HA3 through anti-HA

immunoblotting revealed BAK1 only after flg22 elicitation

(Chinchilla et al., 2007; Heese et al., 2007) (Figure 1c). We

then transiently co-expressed FLS2–GFP with HA3 epitope-

tagged LecRK-VI.2 in N. benthamiana. After pulling down

equal amounts of FLS2 with GFP-Trap beads and anti-HA

immunoblotting, we observed a clear LecRK-VI.2 signal

before and after flg22 elicitation (Figure 1c). To ensure that

LecRK-VI.2 does not bind non-specifically to anti-GFP aga-

rose beads, we expressed LecRK-VI.2–HA3 alone. As

expected, no signal was observed in the negative control

that expressed LecRK-VI.2–HA3 only (Figure 1c). In addi-

tion, the FLS2–GFP signal localized at the cell periphery

suggesting a correct FLS2 subcellular localization at the

plasma membrane upon transient expression in N. benth-

amiana (Figure S1). Taken together, these experiments

strongly suggest that LecRK-VI.2 associates with the PRR

FLS2 in a ligand-independent manner.

Arabidopsis LecRK-VI.2 protects N. benthamiana against

hemi-biotrophic and necrotrophic bacteria, but not against

the fungus Botrytis cinerea

Over-expression of LecRK-VI.2 increases Arabidopsis resis-

tance to bacteria (Singh et al., 2012a). To test whether the

protective effect of LecRK-VI.2 can be transferred to other

plant species, we evaluated the resistance response of

N. benthamiana transgenics ectopically expressing LecRK-

VI.2 to microbial pathogens. For that purpose, we gener-

ated N. benthamiana carrying the 35S::LecRK-VI.2 con-

structs. LecRK-VI.2 was also expressed in N. benthamiana

under the control of the inducible N. glutinosa promoter

EAS4 (Lin et al., 2014). While inducible in N. glutinosa,

N. benthamiana transgenics expressing LecRK-VI.2 under

the EAS4 promoter demonstrated constitutive expression

of LecRK-VI.2 (Figure S2). Although Arabidopsis lines over-

expressing LecRK-VI.2 develop a stunted phenotype (Singh

et al., 2012a), N. benthamiana ectopically expressing Lec-

RK-VI.2 did not demonstrate growth or developmental

defects when grown in non-sterile soil over several genera-

tions (Figure S3). Five-week-old wild-type (WT) and

transgenic N. benthamiana were dip-inoculated with hemi-

biotrophic bacteria Pseudomonas syringae pv. syringae

(Pss) B728a, the causal agent of bacterial brown spot

disease on beans also virulent on N. benthamiana (Vinat-

zer et al., 2006), or Pseudomonas syringae pv. tabaci (Pta)

11528 that causes wild-fire disease in soybean and tobacco

plants (Ribeiro et al., 1979; Gasson, 1980), and symptoms

were evaluated 3 days later. WT and Vector control plants

exhibited severe disease symptoms with spreading lesions

necrosis, while independent transgenic lines harbouring

the 35S::LecRK-VI.2 or EAS4::LecRK-VI.2 constructs devel-

oped less disease symptoms (Figure 2a, b). In addition,

bacterial growth assays were used to quantify bacterial

proliferation at 3 h post inoculation (HPI) or at 1, 2, 3 and

4 days post inoculation (DPI). N. benthamiana transgenics

harboured significantly less Pss B728a or Pta 11528 then

WT and empty Vector controls (Figure 2c, d). Pta 11528-

mediated symptoms were also evaluated 2 weeks after

inoculation. At such a late time point, growth of WT and

empty Vector control plants was strongly affected, while

transgenic N. benthamiana harbouring the 35S::LecRK-VI.2

or EAS4::LecRK-VI.2 constructs showed only weak disease

symptoms and mock-like flowering (Figure S4). These

results suggest that ectopic expression of LecRK-VI.2 in

N. benthamiana enhanced resistance to hemi-biotrophic

virulent P. syringae bacteria. To investigate whether the

protective role of Arabidopsis LecRK-VI.2 in N. benthami-

ana applies to necrotrophic microbial pathogens, we inoc-

ulated N. benthamiana transgenics with Pectobacterium

carotovorum ssp. carotovorum SCC1 (Pcc SCC1) bacteria

or the fungal pathogen B. cinerea. Ectopic expression of

LecRK-VI.2 in N. benthamiana increased resistance to Pcc

SCC1, but not to B. cinerea. Typically disease symptoms

were less pronounced and lower disease indexes were

observed in N. benthamiana harbouring the 35S::LecRK-

VI.2 or EAS4::LecRK-VI.2 constructs, while WT and Vector

controls were dramatically damaged by Pcc SCC1

(Figure 3a,b). No differences in lesion perimeters were

however observed after B. cinerea inoculation (Figure S5a,

b). Collectively these results suggest that LecRK-VI.2

protective effect in N. benthamiana is bacteria specific.

Potentiation of flg22-induced ROS burst in

N. benthamiana lines expressing LecRK-VI.2

As LecRK-VI.2 positively regulates Arabidopsis PTI (Singh

et al., 2012a), we hypothesized that N. benthamiana trans-

genics ectopically expressing LecRK-VI.2 constructs have a

reinforced PTI response. We first evaluated whether Lec-

RK-VI.2 modulates PTI-mediated ROS production in

N. benthamiana. Transient production of ROS such as

H2O2 is rapidly induced upon MAMP treatment and is con-

sidered as an early PTI response (Zipfel and Robatzek,

2010). To test whether LecRK-VI.2 plays a role in MAMP-

triggered ROS production in N. benthamiana, we analysed

H2O2 production in WT and transgenic N. benthamiana

plants in response to 10 nM of the peptide MAMP flg22,

which is derived from bacterial flagellin (Felix et al., 1999).
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N. benthamiana transgenics harbouring the 35S::LecRK-

VI.2 or EAS4::LecRK-VI.2 constructs produced significantly

higher levels of ROS within 30 min after flg22 treatment

than WT and empty Vector controls (Figure 4a,b). Impor-

tantly, ROS production in the mock controls was at WT lev-

els in N. benthamiana ectopically expressing LecRK-VI.2.

Hence, expression of Arabidopsis LecRK-VI.2 in N. benth-

amiana potentiates the flg22-mediated ROS burst.

Increased MAPK activities in N. benthamiana transgenics

expressing LecRK-VI.2

Arabidopsis treated with MAMPs demonstrate a rapid acti-

vation of MAP kinase MPK3 and MPK6 (Nuhse et al., 2000).

Similarly, N. benthamiana MAPK activity is increased after

treatment with flg22 (Segonzac et al., 2011). We thus

tested the activities of NbSIPK and NbWIPK, the N. benth-

amiana homologs of respectively MPK3 and MPK6, before

and after flg22 elicitation in N. benthamiana transgenics

harbouring the 35S::LecRK-VI.2 or EAS4::LecRK-VI.2 con-

structs. Ectopic expression of LecRK-VI.2 in N. benthami-

ana did not affect NbSIPK and NbWIPK activities before

PTI elicitation, while a stronger NbSIPK signal was

observed in N. benthamiana transgenics after flg22 treat-

ment (Figure 5a,b). As already observed (Segonzac et al.,

2011), very low NbWIPK signals were visible after flg22

elicitation suggesting that NbWIPK activity is not signifi-

cantly increased by flg22. NbSIPK and NbWIPK mRNAs

were not up-regulated in N. benthamiana transgenics

expressing LecRK-VI.2 (Figure S6). Ectopic expression of

LecRK-VI.2 thus primes N. benthamiana MAPK activities

upon PTI elicitation.

Ectopic expression of LecRK-VI.2 in N. benthamiana

primes PTI-mediated callose deposition

To further investigate the molecular mechanisms underly-

ing the increased resistance phenotypes observed in

N. benthamiana transgenics, we evaluated whether ectopic

expression of LecRK-VI.2 in N. benthamiana affects callose

deposition, a typical late PTI response (Gomez-Gomez

et al., 1999). PTI-mediated callose deposition in N. benth-

amiana ectopically expressing LecRK-VI.2 was analysed

24 h after treatment with 40 lM of the peptide MAMP flg22.

No statistically significant increase in callose deposition

was observed in mock-treated N. benthamiana transgenics,

suggesting that ectopic expression of LecRK-VI.2 does not

induce constitutive callose deposition (Figure 6). By con-

trast, callose deposition was potentiated in N. benthamiana

transgenics after infiltration with flg22 (Figure 6). These

results indicate that transgenic N. benthamiana lines

expressing LecRK-VI.2 have the ability to accumulate

(a) (b)

(c) (d)

Figure 2. Ectopic expression of LecRK-VI.2 in Nicotiana benthamiana confers resistance to hemi-biotrophic bacteria.

(a, b) Disease phenotypes of N. benthamiana transgenics expressing LecRK-VI.2 under the control of the CaMV 35S promoter (35S) or the N. glutinosa promoter

EAS4 photographed 4 days after dip-inoculation with 106 cfu ml-1 Pss B728a (a), or Pta 11528 (b). Wild-type (WT) and plants carrying the vector pCAMBIA1300

only (Vector) were used as controls. (1) and (2) represent two independent transgenic lines for each constructs. Experiments were repeated at least three times

with similar results.

(c, d) Growth of Pss B728a (c) and Pta 11528 (d) in N. benthamiana leaves. Five-week-old plants were dip-inoculated with 106 cfu/ml bacteria. Numbers of bacte-

ria in the leaves were quantified at 3 hours post innoculation (HPI), and 1, 2, 3, and 4 days post innoculation (DPI). Data represent the means � standard error

(SE) of three independent experiments each with five biological replicates (n = 15). Asterisks denote values significantly different from empty Vector control

(*P < 0.01, Student’s t-test). (1) and (2) represent two independent transgenic lines for each constructs.
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callose in a faster and stronger manner than WT and empty

Vector controls in response to the MAMP flg22. PTI-medi-

ated callose deposition is thus primed by ectopic expres-

sion of LecRK-VI.2 in N. benthamiana.

Increased flg22-responsive gene up-regulation in

N. benthamiana expressing LecRK-VI.2

In Arabidopsis, transgenics with high levels of LecRK-VI.2

expression exhibit constitutive up-regulation of several PTI

marker genes (Singh et al., 2012a). We therefore examined

the expression of the N. benthamiana PTI marker genes

NbCYP71D20 and NbACRE132 in transgenic lines

ectopically expressing LecRK-VI.2 (Lacombe et al., 2010;

Segonzac et al., 2011). Both NbCYP71D20 and NbACRE132

are up-regulated within 30 min of MAMP treatment (Heese

et al., 2007; Lacombe et al., 2010). In the mock controls,

expression levels of the NbCYP71D20 and NbACRE132 PTI-

responsive genes were at WT levels in N. benthamiana

transgenics (Figure 7a,b). By contrast, NbCYP71D20 and

NbACRE132 expression levels were significantly higher

than WT and Vector controls 6 h after treatment with

100 nM flg22 in N. benthamiana transgenics harbouring

the 35S::LecRK-VI.2 or EAS4::LecRK-VI.2 constructs (Fig-

ure 7a,b). These data indicate that ectopic expression of

LecRK-VI.2 in N. benthamiana potentiates PTI-responsive

gene expression.

DISCUSSION

LecRK-VI.2 positively regulates Arabidopsis PTI upstream

of MAPK signalling (Singh et al., 2012a). We thus asked

whether LecRK-VI.2 belongs to PRR complexes. LecRK-VI.2

indeed was found to associate with the PRR FLS2 that rec-

ognizes the bacterial MAMP flagellin (G�omez-G�omez and

Boller, 2000; Chinchilla et al., 2006). However, LecRK-VI.2 is

not critical for early PTI signalling events such as ROS

accumulation, ligand-mediated BAK1-FLS2 complex

formation and BIK1 phosphorylation (Singh et al., 2012a).

LecRK-VI.2 may thus function in the PRR FLS2 complex

independently of these early PTI events. BIK1 and the clo-

sely related PBL1 are not critical for flg22-induced MAPK

activation (Feng et al., 2012). Thus, a BIK1-independent

signalling cascade should regulate, possibly through other

receptor-like cytoplasmic kinases, flg22-mediated MAPK

activation (Lu et al., 2010b). LecRK-VI.2-dependent res-

ponses may thus signal through this BIK1-independent

pathway. BIK1-dependent phosphorylation of the NADPH

oxidase RBOHD is critical for the ROS burst observed after

flg22 treatment (Kadota et al., 2014; Li et al., 2014). LecRK-

VI.2 independency towards BIK1 may thus explain WT lev-

els of PTI-mediated ROS accumulation in the lecrk-VI.2

mutant (Singh et al., 2012a). In agreement with the idea

that LecRK-VI.2 functions independently of BIK1, bik1 and

lecrk-VI.2 mutants behave differently towards Pst DC3000.

The mutant bik1 is indeed more resistant (Veronese et al.,

2006), while lecrk-VI.2 is more sensitive to Pst DC3000 bac-

teria (Singh et al., 2012a). Alternatively, other LecRKs may

play a redundant role in ROS production, ligand-induced

BAK1-FLS2 complex formation and BIK1 phosphorylation,

thus masking in the lecrk-VI.2 mutant a possible role for

LecRK-VI.2 in these early PTI responses. Redundancy was

recently shown in bkk1 mutant that demonstrates WT ROS

accumulation after treatment with flg22 or elf18 (Roux

et al., 2011). The double bak1-5 bkk1-1 mutant however

shows a stronger reduction of ROS production than each

single mutant (Roux et al., 2011). The observed interaction

between LecRK-VI.2 and FLS2 has important implication

for our understanding of PRR complexes, notably

emphasizing that kinases not belonging to the leucine-rich

(a)

(b)

Figure 3. Nicotiana benthamiana transgenics ectopically expressing LecRK-

VI.2 are more resistant to necrotrophic Pcc SCC1 bacteria.

(a) Pictures of Pcc SCC1-mediated symptoms 2 days after vacuum infiltra-

tion with 2 9 105 cfu ml-1 Pcc SCC1 of N. benthamiana transgenics express-

ing LecRK-VI.2 under the control of the CaMV 35S promoter (35S) or the

N. glutinosa promoter EAS4. Wild-type (WT) and empty vector (Vector)

were used as controls. (1) and (2) represent two independent transgenic

lines for each constructs. Experiments were performed four times with simi-

lar results.

(b) N. benthamiana transgenics were inoculated as in (a) and disease rank-

ings were determined 2 days post innoculation (DPI). Bars represent the

percentage of infected plants with the grey-coded disease rank. Data repre-

sent three independent experiments each with six biological replicates

(n = 18). The distribution of the disease rank proportions among the lines

was analysed using the chi-squared test. Asterisks denote values signifi-

cantly different from the empty Vector control (*P < 0.05). (1) and (2) repre-

sent two independent transgenic lines for each constructs.
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repeat receptor-like kinase (LRR-RLK) family may partici-

pate in the regulation of PRRs.

Transgenic expression of LecRK-VI.2 in N. benthamiana

conferred strong resistance to two strains of hemi-bio-

trophic bacteria. Surprisingly, N. benthamiana resistance

to Pcc SCC1 necrotrophic bacteria was weaker. During

infection, necrotrophs generate an arsenal of tissue macer-

ating enzymes that could overcome a strengthened PTI

explaining why N. benthamiana transgenics ectopically

expressing LecRK-VI.2 were only moderately resistant to

Pcc SCC1 infection (Kim et al., 2011; Davidsson et al.,

2013). However, resistance of N. benthamiana to the necro-

trophic fungal pathogen B. cinerea was not increased by

ectopic expression of LecRK-VI.2. Compared to bacteria,

fungal pathogens generate different MAMPs that are rec-

ognized by other PRRs (Newman et al., 2013). For example,

the fungal pathogen B. cinerea does not generate the

MAMP flg22, but produces among others, the MAMP chitin

that is recognized by the LysM-domain RLK CERK1 (Miya

et al., 2007; Wan et al., 2008). Thus, ectopic expression of

LecRK-VI.2 in N. benthamiana may not affect fungal PTI,

explaining why N. benthamiana transgenics expressing

LecRK-VI.2 did not demonstrate increased resistance to

B. cinerea. Overall, these results show that interfamily

transfer of Arabidopsis LecRK-VI.2 to the Solanaceous

plant N. benthamiana confers increased resistance to

adapted foliar phytopathogenic bacteria.

To date, only a few examples of successful interfamily

transfer of resistance genes have been reported (Wulff

et al., 2011). Notably, Maekawa et al. (2012) showed that

the MLA1 immune receptor from the monocotyledonous

barley protects immunocompromised dicotyledonous Ara-

bidopsis against the barley powdery mildew fungus,

Blumeria graminis f. sp. hordei. Similarly, ectopic expres-

sion of the tomato resistance gene Ve1 in Arabidopsis

increases Arabidopsis resistance to the fungal pathogens

Verticillium dahliae and Verticillium albo-atrum (Fradin

et al., 2011). In addition, transgenic expression of the Ara-

bidopsis LecRK-I.9 in the Solanaceous plants N. benthami-

ana and potato increases resistance to the oomycete

pathogen Phytophthora infestans (Bouwmeester et al.,

2014). The successful interfamily transfer of the Arabidopsis

(a)

(b)

Figure 4. Priming of ROS production after flg22

elicitation in Nicotiana benthamiana transgen-

ics.

(a, b) Leaf discs from N. benthamiana trans-

genic lines harbouring the 35S::LecRK-VI.2 (a),

or EAS4::LecRK-VI.2 (b) constructs and wild-

type (WT) or empty vector (Vector) controls

were treated with 10 nM flg22. Production of

ROS is expressed as relative light units (RLU)

for a period of 35 min after elicitation. Values

are expressed as means � standard error (SE)

of six leave discs (n = 6). (1) and (2) represent

two independent transgenic lines for each con-

structs. Each experiment is one of three inde-

pendent biological replicates.
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PRR EFR to the Solanaceous plants N. benthamiana and

tomato represents the only known example of engineered

disease resistance through the use of PTI (Lacombe et al.,

2010). Our results show that ectopic expression of LecRK-

VI.2, a positive regulator of Arabidopsis PTI that associates

with the PRR FLS2 enhances resistance of the Solanaceous

plant N. benthamiana to phytopathogenic bacteria. These

data demonstrate the feasibility of interfamily transfer of

not only PRRs, but also components of PRR complexes. A

frequent problem associated with heterologous expression

of defence-related genes is that it often results in sponta-

neous necrosis and/or a dwarf phenotype and constitutive

activation of plant defence responses (Hammond-Kosack

and Parker, 2003; Gurr and Rushton, 2005). Similarly to

transgenic expression of EFR (Lacombe et al., 2010),

N. benthamiana transgenics expressing LecRK-VI.2 did not

demonstrate constitutive PTI activation and harboured a

WT growth pattern under laboratory conditions. By con-

trast, over-expression of LecRK-VI.2 in Arabidopsis leads to

a constitutive activation of the PTI response and a dwarf

phenotype (Singh et al., 2012a). Downstream PTI signalling

cascades may only be partially conserved between Arabid-

opsis and N. benthamiana resulting in a weakened PTI sig-

nalling in N. benthamiana. For example, LecRK-VI.2 is

known to be critical for Arabidopsis FLS2- and EFR-depen-

dent PTI activation (Singh et al., 2012a). As EFR is absent

in Solanaceous plants such as N. benthamiana (Kunze

et al., 2004), ectopic expression of LecRK-VI.2 in N. benth-

amiana may thus only affect the FLS2-dependent PTI sig-

nalling while both FLS2- and EFR-dependent PTI responses

are activated in Arabidopsis over-expressing LecRK-VI.2.

This may result in less impact in N. benthamiana than in

Arabidopsis that possesses FLS2 and EFR PRRs (Zipfel

et al., 2004, 2006; Singh et al., 2012a). Upon elicitation with

the MAMP flagellin, potentiation of ROS accumulation,

MAPK activities, callose deposition and gene expression

were observed in transgenic N. benthamiana expressing

LecRK-VI.2 indicating priming of PTI. A faster activation of

the PTI response upon flg22 elicitation in N. benthamiana

transgenics may explain the observed increased resistance

to bacteria.

Our data show that a component of a PRR complex can

be transferred from one plant family to another to engineer

increased resistance to bacteria. Current knowledge sug-

gests that LecRK-VI.2 is specific for resistance to bacteria

(Singh et al., 2012a,b), possibly by targeted association

with bacterial PRRs. Engineering crops with a combination

of different positive regulator of PTI that are efficient

against different type of pathogens may generate crop

plants with broad-spectrum resistance to multiple genera

of pathogens. The discovery of proteins associated with

and/or modulating PRRs is thus critical for the future

(a)

(b)

Figure 5. Augmented MAPK activities in Nicotiana benthamiana expressing

LecRK-VI.2.

(a) Leaves of 5-week-old N. benthamiana transgenic lines harbouring the

35S::LecRK-VI.2 (35S::LecRK) or EAS4::LecRK-VI.2 (EAS4::LecRK) were infil-

trated with either 50 nM flg22 (+) or mock-treated with water (–) for 10 min.

Extracted proteins were subjected to immunoblot analysis using an anti-

phospho-p44/42-MAPK antibody, which cross-reacts with phosphorylated

NbSIPK and NbWIPK, the homologs of Arabidopsis MPK3 and MPK6,

respectively (top panel). Ponceau staining of Rubisco is shown to assess

equal loading in each lane (bottom panel). Experiments were performed

three times independently. Transgenic lines (1) were used for this assay.

(b) Relative band intensities of phosphorylated NbSIPK and NbWIPK were

analysed using Image J software. Relative band intensities were compared

to the mock-treated empty vector control (Vector) (defined value of 1). Val-

ues represent the averages � standard error (SE) from three independent

experiments (n = 3). a–cBars with different letters are significantly different

from each other (two-way analysis of variance (ANOVA), P < 0.05).

Figure 6. Potentiation of flg22-mediated callose deposition in Nicotiana

benthamiana ectopically expressing LecRK-VI.2.

Leaves of 5-week-old plants were infiltrated with 40 lM flg22 or water

(Mock) and samples were collected 24 h later for aniline blue staining. Data

represent the average number of callose deposits per square mm � stan-

dard error (SE) from three independent experiments each with 16 biological

repeats (n = 48). Asterisks denote values significantly different from the

empty vector control (Vector) (*P < 0.01, Student’s t-test). (1) and (2) repre-

sent two independent transgenic lines for each constructs.
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development of novel biotechnological approaches to pro-

duce pathogen resistant crops.

EXPERIMENTAL PROCEDURES

Biological materials and growth conditions

Arabidopsis thaliana (L. Heyhn.) plants ecotype Columbia (Col-0)
were grown in commercial potting soil/perlite (3:2) at 22°C day and
19°C night temperature under a 9-h-light period. The lighting was
supplied at an intensity of ~100 lE m�2 sec�1 by fluorescence
tubes. N. benthamiana plants were grown in a controlled-environ-
ment growth chamber at 25°C under 16 h of light. Bacterial strain
Pss B728a and Pta 11528 were a kind gift from N.C. Lin (National
Taiwan University, Taipei, Taiwan). We obtained Pcc SCC1 bacteria
(Kariola et al., 2005) expressing the GFP (Kwon et al., 2009) from O.
K. Park (Korea University, Seoul, Korea). To prepare the bacterial
inoculum, Pseudomonas or Pcc SCC1 bacteria were cultivated

overnight at 28°C with constant shaking (340 rpm) in King’s B med-
ium with 100 mg/L rifampicin or Luria-Bertani medium (Bioman
Scientific Co. Ltd, http://www.bioman.com.tw/) with 100 mg/L
ampicillin, respectively. Bacteria were washed twice and resus-
pended in 10 mM MgSO4 at an OD600 of 0.2 (Pseudomonas) or 0.25
(Pcc SCC1) corresponding to 1 9 108 cfu ml-1. The fungus B. cine-
rea obtained from C.Y. Chen (National Taiwan University, Taipei,
Taiwan) was grown at room temperature (18–25°C) on potato dex-
trose broth-agar plates as described (Zimmerli et al., 2001).

Pathogen infection assays

Disease assays with Pss B728a and Pta 11528 were as previously
described (Vinatzer et al., 2006). Briefly, 5-week-old N. benthami-
ana plants were dipped in bacterial solutions of 106 cfu/ml con-
taining 0.01% Silwet L-77 (Bioman Scientific Co., Ltd.) for 5 min.
The infected plants were kept at 100% relative humidity for 1 day,
and symptoms were photographed 3 days later (i.e. 4 days after
inoculation). To assess bacterial populations, three leaves per
plant were marked before inoculation and 15 leaf discs from the
marked leaves (0.2827 cm2/disc) were harvested from five differ-
ent plants 3 HPI, or 1, 2, 3 or 4 days after dip-inoculation. Leaf
discs were washed twice with sterile distilled water and homoge-
nized in 10 mM MgSO4. Four 10-ll droplets of appropriate dilu-
tions were applied on King’s B plates containing 100 mg L-1 of
rifampicin. Bacterial colonies were counted after 48 h at 28°C. For
infections with Pcc SCC1, 5-week-old N. benthamiana plants were
vacuum infiltrated with a bacterial solution of 2 9 105 cfu ml-1

containing 0.005% Silwet L-77. The infected plants were kept at
100% relative humidity for 1 day, and disease development was
scored at 2 DPI using a disease rating scale. Six plants were used
in each experimental replicates. For infections with B. cinerea, 5 ll
droplets of spore suspension (105 spores ml-1 in 1/4 PDB) were
deposited on each side of the leaf midvein on three leaves per 5-
week-old plants (six droplets per plants). Leaves of same age were
used for droplet-inoculation. The infected plants were kept at
100% relative humidity throughout the assay. Disease symptoms
and lesion perimeters were determined at 3 DPI. Perimeters were
measured in pixels with IMAGEJ software (http://rsb.info.nih.gov/ij/),
by the freehand selection tool and calibrated to centimeters using
a ruler in the photo.

Transgene construction

Phusion High-Fidelity DNA Polymerase (New England BioLabs,
https://www.neb.com/) was used for all PCR reactions. To gener-
ate ectopic expression construct for stable N. benthamiana trans-
genics, 35S promoter and CDS of LecRK-VI.2 amplified from
pEarleyGate 100 gateway clone containing LecRK-VI.2 (Singh
et al., 2012a) and NOS terminator amplified from p35SN were
cloned into pGEM-T vector (Promega). Fragment of 35S::LecRK-
VI.2-NOS was then cloned into T-DNA binary vector pCAMBIA1300
(http://www.cambia.org/daisy/cambia/home.html) using XbaI/PstI
digestion. In parallel, EAS4 promoter amplified from pHGWFS7-
EAS4 construct (Lin et al., 2014) was first cloned into pCAM-
BIA1300 using EcoRI/XbaI restriction enzyme. LecRK-VI.2-NOS
fragment was then introduced into this vector using XbaI/PstI to
create EAS4::LecRK-VI.2-NOS construct.

Generation of N. benthamiana transgenics

To create transgenic lines, seeds of N. benthamiana were surface
sterilized by incubation in 20% of household bleach for 10 min fol-
lowed by five washes with sterile distilled water. The surface ster-
ilized seeds were sowed on Murashige and Skoog (MS) medium
(#M0222, Duchefa Biochemie, http://www.duchefa-biochemie.com/)

(a)

(b)

Figure 7. Nicotiana benthamiana transgenics demonstrate increased flg22-

mediated up-regulation of PTI marker genes.

Expression of PTI marker genes NbCYP71D20 (a) and NbACRE132 (b) were

analysed in N. benthamiana leaves 6 h after infiltration with 100 nM flg22

or water (Mock). ELONGATION FACTOR�1 ALPHA (NbEF-1a) was used for

normalization. Relative gene expression levels were compared to the mock-

treated empty vector control (Vector) (defined value of 1). Values represent

the averages � standard error (SE) from three independent experiments

each with three biological repeats (n = 9). Asterisks indicate a significant dif-

ference to the empty vector control (Vector) based on a t-test (*P < 0.01). (1)

and (2) represent two independent transgenic lines for each constructs.
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plates containing 1% sucrose and grown for 1 month. Colonies of
A. tumefaciens strain LBA4404 carrying either the constructs or
the empty vector were grown into 50 ml liquid YEP medium
(10 g L-1 yeast extract, 10 g L-1 bacto peptone, 5 g L-1 NaCl, pH
7.0) containing 100 mg L-1 rifampicin and 50 mg L-1 kanamycin at
28°C with constant shaking (340 rpm) overnight. After centrifuga-
tion, the bacterial pellet was suspended to a final OD600 of 0.6 to
0.8 in co-culture medium (MS with vitamins, 3% sucrose,
0.1 mg L-1 1-naphthaleneacetic acid, 1 mg L-1 benzoic acid, 100 lM
acetosyringone). For plant transformation, the upper leaves of
sterile N. benthamiana were excised and cut into pieces of 1 cm2

in area by avoiding leaf margins and midveins. The explants were
immersed in the prepared Agrobacterium inoculum on a Petri
plate for 1 min. After inoculation, the explants were blotted dried
on sterile tissue paper and placed, the adaxial side up, on to co-
culture plates (co-culture medium containing 0.2% phytagel). The
explants were co-cultivated in the dark for 2 days. After co-cultiva-
tion, the explants were transferred to shooting medium (MS with
vitamins, 3% sucrose, 0.1 mg L-1 1-naphthaleneacetic acid,
1 mg L-1 benzoic acid, 200 mg L-1 timentin, 15 mg L-1 hygromycin,
0.2% phytagel) for transformant selection. The regenerating ex-
plants were transferred to fresh shooting medium every 2 weeks.
Shoots were excised once they reached a length of 5–10 mm and
transferred to rooting medium (MS with vitamins, 3% sucrose,
200 mg L-1 timentin, 0.2% phytagel). Two independent single
insertion lines per construct were further screened for homozy-
gous progenies using segregation analyses of hygromycin resis-
tance. Homozygous T3 plants were used for the assays presented.

Expression and purification of recombinant proteins

A maltose-binding protein (MBP)-tagged FLS2 kinase domain
(MBP-FLS2KD) construct was generated as described by Schwes-
singer et al. (2011). Glutathione S-transferase (GST)-tagged Lec-
RK-VI.2 kinase domain (GST-LecRK-VI.2KD) construct was
produced as described in Singh et al. (2012b). MBP was expressed
from pMALTM-c5X (New England BioLabs). E. coli strain BL21
(DE3) pLysS (Millipore, http://www.emdmillipore.com/life-science-
research/novagen/c_YTKb.s1OFbwAAAEjSGVXhFCX) was used to
express MBP and MBP-FLS2KD, and GST-LecRK-VI.2KD was
expressed in BL21 (DE3) strain (Novagen). For protein expression,
cells were grown in Luria-Bertani medium containing 0.4% glu-
cose and either 100 mg L-1 ampicillin and 34 mg L-1 chloramphe-
nicol for BL21 (DE3) pLysS strain or 100 mg L-1 ampicillin for BL21
(DE3) strain at 28°C. When OD600 was around 2, isopropyl b-D-1-
thiogalactopyranoside (IPTG) was added to a final concentration
of 0.4 mM to induce protein expression. The bacterial cultures
were then incubated at 16°C for 16 h (MBP), 2 h (MBP-FLS2KD), or
8 h (GST-LecRK-VI.2KD). MBP-tagged and GST-tagged proteins
were purified following manufacturer’s instructions using MBP-
TrapTM HP or GSTTrapTM HP (GE Healthcare, http://www3.gehealth-
care.com/en), respectively. All proteins were dialyzed against
dialysis buffer (20 mM Tris–HCl, 200 mM NaCl, 1 mM EDTA, pH
7.4).

In vitro pull-down assay

One microgram of MBP or MBP-FLS2KD was incubated with 2 lg
of GST-LecRK-VI.2KD in a binding buffer (20 mM Tris–HCl, 200 mM

NaCl, 1 mM EDTA, pH 7.4) under agitation at 4°C. After 2 h, 50 ll
of amylose resin beads (GE Healthcare) were added, and the incu-
bation continued for another 2 h. The beads were then washed
five times with the washing buffer (20 mM Tris–HCl, 200 mM NaCl,
1 mM EDTA, 0.6% Triton X-100, pH 7.4). Input and pulled-down
proteins were resolved by 8% SDS-PAGE and detected by western

blotting. Anti-MBP (#M6295, SIGMA) and anti-GST (#sc-138 HRP,
Santa Cruz Biotechnology Inc., http://www.scbt.com/) antibodies
were used to detect MBP and GST fusion proteins, respectively.

BiFC assay

Full-length coding sequences (CDS) of FLS2, BAK1, and LecRK-
VI.2 without stop codon amplified from cDNA of Arabidopsis Col-
0 were inserted into entry vector pCR8/GW/TOPO, and subcloned
into vectors containing N-terminal (YFPN) or C-terminal (YFPC)
YFP (Lu et al., 2010c) through an LR reaction (Invitrogen). The con-
structs were transformed into Arabidopsis protoplasts by polyeth-
ylene glycol (Sigma, http://www.sigmaaldrich.com/) for transient
expression (Yoo et al., 2007). Transfected cells were imaged using
a TCS SP5 confocal spectral microscope imaging system (Leica).

Co-IP assay in N. benthamiana

Entry clones containing CDS of FLS2, BAK1, and LecRK-VI.2 with-
out stop codon were subcloned into pEarleyGate 103 destination
vector with 35S promoter and C-terminal GFP fusion (Earley et al.,
2006) or into the pGWB14 vector with C-terminal triple HA fusion
(Nakagawa et al., 2007) using LR reaction. The constructs were
electroporated into A. tumefaciens competent cells strain GV3101.
Transient expression and Co-IP were performed as previously
described (Roux et al., 2011).

FLS2–GFP localization

FLS2–GFP transient expression in N. benthamiana was performed
as described (Roux et al., 2011). The GFP signal was observed
with a Zeiss LSM 780 confocal microscope (http://www.zeiss.com/
corporate/en_de/home.html).

ROS evaluation

Detection of ROS production was monitored by a luminol-based
assay on leaf disc samples (Keppler et al., 1989). Leaf discs (3 mm
in diameter) from fully expanded leaves of 5-week-old N. benth-
amiana were incubated in 100 ll distilled water in a 96-well plate
overnight. Before measurement, the water was removed and
100 ll of assay solution (100 lM luminol, 1 lM ml-1 peroxidase,
and 10 nM flg22) was added to the wells. Luminescence was mea-
sured using CentroLIApc LB 692 plate luminometer (Berthold
Technologies, https://www.berthold.com/) with a measuring time
of 2.5 sec on each well at indicated time points.

MAPK activation assay

Fully expanded leaves of 5-week-old N. benthamiana were syr-
inge-infiltrated with 50 nM flg22 or mock-treated with water for
10 min. Leaf samples were flash frozen in liquid N2 and ground to
fine powder. Total proteins were extracted from 300 mg of frozen
samples in 300 ll modified Lacus buffer (Bogre et al., 1999)
(50 mM Tris–HCl, pH 7.5, 10 mM MgCl2, 15 mM EGTA, 100 mM
NaCl, 2 mM dithiothreitol, 1 mM NaF, 0.5 mM Na3VO4, 0.1% Triton-
X100, and 0.5 mM phenylmethylsulfonyl fluoride) supplemented
with protease inhibitor cocktail (Roche, http://www.roche.com/
index.htm) and were quantified with the Bradford assay (Bio-Rad,
http://www.bio-rad.com/). Forty micrograms of proteins were
used per lane in western blots. Phosphorylated MAPK were
detected with anti-phospho-p44/42 MAPK primary antibodies
(#9101, Cell Signaling Technology, http://www.cellsignal.com/)
following the manufacturer’s instructions. Western blot band
intensities were quantified using IMAGEJ software (http://imagej.-
nih.gov/ij/).
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Callose deposition assays

Callose deposition assays for N. benthamiana were modified
from Nguyen et al. (2010). Fully expanded leaves of 5-week-old
N. benthamiana were infiltrated with 40 lM of flg22 dissolved in
water with a needleless syringe. Control plants were infiltrated
with water only. After 24 h, leaf disks from infiltrated areas were
excised with a cork borer (0.2827 cm2 in area). The collected leaf
disks were incubated in 95% ethanol at 37°C until the leaf discs
were cleared of chlorophyll, with the ethanol being replaced
until the clearing was complete. The cleared leaf disks were
washed two times with 70% ethanol and then three times with
distilled water. The leaf disks were then vacuum-infiltrated with
1% aniline blue in 150 mM K2HPO4 (pH 9.5/KOH) and incubated
in the dark overnight. Callose deposits were visualized under UV
illumination using a Nikon Optiphot-2 microscope. Callose
deposits were counted using the ‘analyse particles’ function of
IMAGEJ.

RNA extraction and gene expression analysis

Total RNA was extracted and purified using the MaestroZol
reagent according to the manufacturer’s instructions (Omics Bio-
technology Co., Ltd, http://www.omicsbio.com/) with the addition
of PLUS reagent for polysaccharides and proteoglycans elimina-
tion. Genomic DNA contaminations were removed using Qiagen
RNase-free DNase Set (http://www.qiagen.com/). For cDNA syn-
thesis, 2 lg of total RNA were prepared in a volume of 22 ll
DEPC and denatured at 65°C for 5 min. Eighteen ml of master
mix (16 M-MLV buffer, 1 mM dNTP, 5 mM oligo(dT), 100 U M-
MLV reverse transcriptase, [Invitrogen]) was added into each
tube and then incubated at 37°C for 1 h followed by 70°C for
10 min. RT-PCR amplification was done with 1 ll of the first-
strand cDNA as template, 10 ll of Taq PLUS PCR MasterMix
(#KT205, Tiangen Biotech, http://www.tiangen.com/en/), 1 ll of
10 mM each forward and reverse primers in a total volume of
20 lL. The cycling conditions were 94°C for 5 min for one initial
step followed by 94°C for 30 sec, 58°C for 30 sec and 72°C for
1 min, for 35 cycles. The PCR was terminated with one extra
step at 72°C for 10 min. Real-time PCRs were conducted on a
CFX Real-Time PCR Detection System (Bio-Rad). SYBR Green
fast qPCR master mix (Kapa Biosystems; 1 ll of cDNA, 9 ll SYBR
Green supermix, 6 ll deionized water, 1 ll of 10 mM forward pri-
mer, 1 ll of 10 mM reverse primer, in a total volume of 18 ll per
well) was employed for the analysis. The cycling conditions were
composed of an initial 3 min denaturation step at 95°C, followed
by 40 cycles of 95°C for 3 sec, 60°C for 30 sec. Melting curves
were run from 65°C to 95°C with 0.5-sec time interval. Data were
analysed using the Bio-Rad CFX manager software. N. benthami-
ana ELONGATION FACTOR-1 ALPHA (NbEF-1a) was used as ref-
erence genes for normalization. The details of primers used are
summarized in Table S1.
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Figure S1. Subcellular localization of transiently expressed FLS2-
GFP in N. benthamiana leaves.

Figure S2. Transgenic expression of LecRK-VI.2 in N. benthami-
ana.

Figure S3. Growth phenotype of N. benthamiana ectopically
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