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Abstract 

The mitogen-activated protein kinase kinase kinase kinase (M4K) family is evolutionarily conserved across plants 
and animals. In Arabidopsis, the protein kinase SIK1, an M4K member, is known to positively modulate reactive oxygen 
species (ROS) production during pattern-triggered immunity (PTI) by stabilizing BIK1, a key receptor-like cytoplasmic 
kinase (RLCK). While homologs of SIK1 exhibit conserved protein domain architectures across a range of land plants, 
their functional conservation remains incompletely understood. This study investigates the functional conservation 
and divergence of SIK1 homologs, focusing particularly on NbM4K3 in Nicotiana benthamiana. Silencing NbM4K3 
resulted in an impairment of the flg22-induced ROS burst and expression of PTI marker genes. Additionally, silencing 
NbM4K3 led to diminished protein accumulation of RLCKs, while overexpression of the RLCKs prominently enhanced 
the flg22-induced ROS burst in NbM4K3-silenced plants. Furthermore, NbM4K3-silenced plants exhibited a compro-
mised hypersensitive response (HR), reduced ROS accumulation, and diminished expression of effector-triggered 
immunity (ETI) marker genes when challenged with the avirulent strains Ralstonia solanacearum GMI1000 and Pseu-
domonas syringae DC3000, suggesting that NbM4K3 is a positive regulator of ETI. The attenuated HR phenotype 
observed in NbM4K3-silenced plants upon expression of RipP1 or RipE1, two avirulent type III effectors of GMI1000, 
further supports the affirmative role of NbM4K3 in ETI. In summary, our data indicate that the M4K NbM4K3 positively 
regulates both PTI and ETI in N. benthamiana, potentially by stabilizing RLCKs. These findings not only strengthen 
the role of M4K family in plant immunity but also suggest its potential in improving disease resistance in plants.
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Background
In response to continual threats posed by patho-
gens, plants have evolved a sophisticated immune 
system to combat pathogen infections, comprising 

pattern-triggered immunity (PTI) and effector-triggered 
immunity (ETI) (Chisholm et  al. 2006; Jones and Dangl 
2006). Upon pathogen invasion, plants employ pattern-
recognition receptors (PRRs) on the cell membranes to 
initiate a cascade of signaling pathways (Zipfel 2014; Tang 
et al. 2017), including calcium influx, generation of reac-
tive oxygen species (ROS), activation of protein kinases, 
and transcriptional reprogramming (Couto and Zipfel 
2016; Wang et  al. 2020). These coordinated responses 
form the backbone of PTI. However, pathogens often 
deploy effectors to subvert PTI, prompting plants to 
evolve intracellular nucleotide-binding site and leucine-
rich repeat domain receptors (NLRs) that initiates ETI 
(Chisholm et al. 2006; Cui et al. 2015). ETI typified by a 
hypersensitive response (HR) effectively confines patho-
gen growth at the infection site (Monteiro et al. 2018).
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The extracellular ROS burst plays a vital role in both 
PTI and ETI in plants (Yuan et  al. 2021a). During PTI, 
ROS burst reinforces the cell wall and triggers down-
stream responses upon recognition of pathogen-associ-
ated molecular patterns (PAMPs) by PRRs (Kadota et al. 
2014). This process involves the activation of the recep-
tor-like cytoplasmic kinase BIK1, which phosphorylates 
respiratory burst oxidase homolog D (RBOHD), thereby 
promoting ROS production (Kadota et al. 2014; Li et al. 
2014). In addition to BIK1, other PTI-associated pro-
tein kinases, such as PBLs, CPKs, SIK1, and CRK2, also 
contribute to RBOHD phosphorylation and subsequent 
extracellular ROS production in Arabidopsis(Kadota 
et al. 2014; Li et al. 2014; Zhang et al. 2018; Kimura et al. 
2020). NLRs, upon detecting specific effectors, not only 
initiate ETI but also enhance the levels of key immune 
proteins like BIK1 and RBOHD, which are involved 
in ETI-induced cell death (Kadota et  al. 2019). The 
increased levels of these immune proteins amplify ROS 
generation and the expression of key immune genes, 
thereby reinforcing the plant’s defense mechanisms 
(Yuan et al. 2021b; Yu et al. 2024). Despite these insights, 
the regulation of ROS burst in other plant species is not 
fully understood.

The mitogen-activated protein kinase kinase kinase 
kinase (M4K) family is evolutionarily conserved in both 
plants and animals. Its role in human immunity has 
been well-documented (Brenner et  al. 2009; Jiao et  al. 
2015; Zhang et al. 2018). It is conceivable that M4K pro-
teins are also involved in plant immunity. Indeed, SIK1 
(AtM4K3), an Arabidopsis M4K, has been identified as 
a positive regulator of plant immunity, which promotes 
ROS burst during PTI by stabilizing BIK1 and activating 
RBOHD activity (Xiong et  al. 2016; Zhang et  al. 2018). 
BIK1 and RBOHD are also implicated in ROS production 
during ETI, apart from their involvement in PTI (Yuan 
et al. 2021b). However, whether M4K participates in ETI 
responses remains unknown. Additionally, sik1 mutants 
exhibited enhanced resistance alongside autoimmune 
responses, suggesting a delicate balance in plant immu-
nity (Zhang et al. 2018). Similar domain architectures are 
observed in SIK1 homologs across various land plants 
(Zhang et  al. 2018), raising the question of whether the 
homologs, such as NbM4K3 in Nicotiana benthamiana, 
share similar immune functions. Unraveling the func-
tional mechanisms of these homologs could provide a 
broader understanding of plant immune regulation.

In this study, we focus on NbM4K3, a member of the 
M4K family in N. benthamiana, and investigate its roles 
in PTI and ETI responses. By silencing NbM4K3, we 
observed a reduced ROS burst triggered by flg22, and the 
plant did not exhibit autoimmunity. We further explored 
the mechanism by which NbM4K3 regulates ROS burst 

during PTI. Importantly, we also uncovered the positive 
role of NbM4K3 in regulating ETI and the involvement of 
receptor-like cytoplasmic kinases (RLCKs) in NbM4K3-
regulated ROS burst during both PTI and ETI. Our find-
ings provide insights into the functional mechanism of 
M4K3 in bridging PTI and ETI interactions.

Results
NbM4K3 positively regulates flg22‑induced ROS 
production
Previous research has elucidated the involvement of SIK1 
(AtM4K3) in flg22-triggered ROS burst in Arabidopsis 
(Zhang et  al. 2018). However, the potential contribu-
tion of NbM4K3, a homolog of SIK1, to flg22-induced 
ROS burst remains uncertain. In this study, we identi-
fied two M4K3 homologs, NbM4K3a and NbM4K3b, 
in N. benthamiana (Fig.  1a and Additional file  1: Fig-
ure S1). Since NbM4K3a and NbM4K3b share a high 
degree of nucleotide sequence similarity, we utilized a 
300-bp DNA fragment to silence both NbM4K3a and 
NbM4K3b to generate NbM4K3-silenced plants (TRV: 
NbM4K3). Notably, TRV: NbM4K3 N. benthamiana 
plants exhibited significant growth inhibition, charac-
terized by small and wrinkled leaves, and alterations in 
leaf morphology (Fig.  1b), suggesting a similar function 
of NbM4K3 to SIK1 in cell proliferation and expansion 
(Xiong et  al. 2016). RT-qPCR analysis confirmed the 
silencing of NbM4K3, evidenced by a significant decrease 
of its transcription level (Fig. 1c). Subsequently, we com-
pared the flg22-induced ROS burst in TRV: NbM4K3 
plants with that in TRV: GFP control plants. Strikingly, 
NbM4K3 silencing caused a significant decrease (about 
50%) in flg22-induced ROS burst (Fig.  1d, e), align-
ing with findings observed in sik1 mutants (Zhang et al. 
2018). In addition, the ROS burst induced by chitin was 
also impaired in NbM4K3-silenced plants (Additional 
file  1: Figure S2). In sik1 mutants, the PAMP-induced 
mitogen-activated protein kinase (MAPK) activation is 
not impaired (Zhang et  al. 2018). Here, upon exposure 
to flg22, the MAPK activation was also not impaired in 
NbM4K3-silenced plants (Additional file  1: Figure S3). 
Together, these results imply a conserved role of M4K3 in 
PAMP-induced ROS production and MAPK activation.

Silencing of NbM4K3 impairs plant immunity
The sik1 mutants display autoimmunity, activated 
salicylic acid (SA) signaling pathway, and enhanced 
resistance against Pseudomonas syringae DC3000 in 
Arabidopsis (Zhang et al. 2018). In this study, we inves-
tigated the impact of NbM4K3 silencing on N. benthami-
ana resistance to the oomycete pathogen Phytophthora 
parasitica. Results showed that the lesion size of P. para-
sitica in leaves of NbM4K3-silenced plants increased by 
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20% compared to GFP-silenced plants (Fig.  2a, b), indi-
cating the compromised disease resistance in NbM4K3-
silenced plants. To confirm this observation, we further 
compared bacterial growth in NbM4K3-silenced and 
GFP-silenced plants upon infection with the virulent 
strain P. syringae DC3000 ∆hopQ1-1, which lacks the 
type III effector HopQ1 (Schultink et  al. 2017). Similar 
to the response observed upon P. parasitica infection, 
colonization of DC3000 ∆hopQ1-1 in leaves of NbM4K3-
silenced plants was higher than that in the control 
(Fig.  2c), confirming that NbM4K3 silencing diminishes 
plant immunity. Additionally, the expression level of 

PR1a, a marker gene for SA signaling (Dean et al. 2005), 
in NbM4K3-silenced plants was comparable to that in 
the control plants (Fig. 2d), suggesting that unlike SIK1, 
silencing of NbM4K3 does not induce autoimmunity.

NbM4K3‑silenced plants exhibit decreased expression 
of PTI‑related genes upon flg22 induction
The above results showed that the ROS burst and dis-
ease resistance were compromised in NbM4K3-silenced 
plants. To elucidate the impact of NbM4K3 silencing on 
PTI, we examined the expression of PTI marker genes, 
ACRE31, CYP71D20, and PTI5 (Heese et al. 2007; Zhong 

Fig. 1 Involvement of NbM4K3 in flg22-induced ROS burst in Nicotiana benthamiana. a The protein domain of AtM4K3, NbM4K3a, and NbM4K3b 
predicted by SMART. S_TKc stands for Serine/Threonine protein kinases, catalytic domain. b Phenotype of 4-week-old NbM4K3-silenced plants. c 
NbM4K3 expression analysis in b by RT-qPCR. d The curve of ROS burst in NbM4K3-silenced and GFP-silenced plants after treatment with 100 nM 
flg22. e Total ROS accumulation in d. Data are shown as mean ± SE (n=12). Experiments were repeated three times with similar results. The statistical 
analysis was performed using Student’s t-test, with * p < 0.05 and *** p < 0.001 indicating significance
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et al. 2018). The results showed that silencing of NbM4K3 
resulted in significant downregulation of CYP71D20 and 
PTI5 transcription (Fig. 3). After treatment with flg22 for 
1 h, the expression levels of all three PTI marker genes 
in NbM4K3-silenced plants were significantly decreased 
compared to those in GFP-silenced plants (Fig.  3). The 
decreased expression of PTI marker genes in NbM4K3-
silenced plants indicated that NbM4K3 positively reg-
ulates PTI, and importantly, no autoimmunity was 
observed in NbM4K3-silenced plants.

Accumulation of BIK1 homologous RLCKs was reduced 
in NbM4K3‑silenced plants
The RLCK BIK1 plays a crucial role in the innate 
defense response of plants and ROS generation (Yuan 
et  al. 2021a; Liu and Tang 2023). SIK1 positively reg-
ulates PTI by interacting with and stabilizing BIK1 
(Zhang et al. 2018). Given the conservation of NbM4K3 
and SIK1 in PTI regulation, we hypothesized that 
NbM4K3 may also function through modulating 

homologs of BIK1 in N. benthamiana. We identified 
four BIK1 homologous RLCKs in N. benthamiana, 
which share the same domain as BIK1 (Fig.  4a and 
Additional file  1: Figure S4). Luciferase complementa-
tion assays (LCA) showed that NbM4K3b interacted 
with these BIK1 homologs in N. benthamiana (Addi-
tional file  1: Figure S5). Remarkably, the abundance 
of these BIK1 homologs was significantly reduced in 
NbM4K3-silenced plants compared to the control, 
while the accumulation of NbCRK42, a homolog of 
AtCRK42, remained unchanged (Fig. 4b and Additional 
file 1: Figure S6). These findings suggest that NbM4K3 
silencing leads to instability of the BIK1 homologous 
RLCKs.

Over‑expression of BIK1 homologous RLCKs enhances 
flg22‑induced ROS burst in NbM4K3‑silenced N. 
benthamiana
To investigate the role of BIK1 homologous RLCKs in 
NbM4K3-mediated ROS burst during PTI responses, 

Fig. 2 Reduced plant basal defense in NbM4K3-silenced N. benthamiana. a Phenotype of P. parasitica-inoculated leaves of NbM4K3- or GFP-silenced 
plants at 2 days post-inoculation (dpi) under UV light. Scale bars: 10 mm. b Quantification of the lesion diameters in a. Data are shown as mean ± SD 
(n=12). c The bacterial population at 3 dpi in NbM4K3-silenced plants that were leaf-inoculated with P. syringae DC3000 ∆hopQ1-1. Data are shown 
as mean ± SD (n=6). d The expression levels of NbPR1a in 4-week-old N. benthamiana leaves. Experiments were repeated three times with similar 
results. The statistical analysis was performed using Student’s t-test, with *** p < 0.001 indicating significance
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we individually overexpressed these RLCKs in NbM4K3-
silenced N. benthamiana and examined their effects on 
flg22-induced ROS burst. LTI6b, a protein unrelated to 
plant immunity, was used as the negative control (Marti-
nière et al. 2011; Lee et al. 2020). Compared with LTI6b, 

the expression of three BIK1 homologs significantly 
enhanced flg22-induced ROS burst in NbM4K3-silenced 
plants, whereas NbBIK1d did not (Fig. 5), suggesting that 
NbBIK1d may not contribute to NbM4K3-mediated ROS 
burst. Additionally, protein expression of NbBIK1d was 

Fig. 3 Reduced expression levels of PTI marker genes in NbM4K3-silenced plants upon flg22 treatment. The relative expression levels of PTI marker 
genes, ACRE31, CYP71D20, and PTI5, in 5-week-old NbM4K3-silenced plants. Leaves were treated with 1 µM flg22 for 1 h, and gene expression at 0 
h and 1 h were measured by RT-qPCR. Experiments were repeated three times with similar results. The statistical analysis was performed using 
Student’s t-test, with ** p < 0.01 and *** p < 0.001 indicating significance

Fig. 4 Decreased protein accumulation of BIK1 homologous RLCKs in NbM4K3-silenced N. benthamiana. a The protein domains of AtBIK1 
and NbBIK1 predicted by SMART. Both Pkinase and STYKc stand for protein kinase domain. b The protein abundance of NbBIK1s in 5-week-old 
NbM4K3- and GFP-silenced plants. NbBIK1-HA-nluc was expressed in 5-week-old N. benthamiana leaves. Samples were collected at 48 h 
after infiltration. NbBIK1 was detected by an anti-HA antibody. Experiments were repeated three times with similar results
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confirmed in the silenced plants by western blot (Addi-
tional file 1: Figure S7). These results imply that similar to 
SIK1, NbM4K3 regulates PTI by enhancing the stability 
of RLCKs in N. benthamiana.

NbM4K3 regulates ETI
Recent studies have highlighted the involvement of 
BIK1 and RBOHD in ROS burst during ETI (Ngou et al. 
2021; Yuan et al. 2021b). Given that SIK1 and NbM4K3 
positively regulate ROS burst by stabilizing BIK1 or its 

Fig. 5 Enhanced flg22-induced ROS burst in NbM4K3-silenced plants by expressing of BIK1 homologous RLCKs. a–d The effect of transiently 
expressed NbBIK1a, NbBIK1b, NbBIK1c, and NbBIK1d on flg22-induced ROS burst in NbM4K3-silenced plants. LTI6b was used as a negative control. 
GV3101 cells containing NbBIK1 or LTI6b with an  OD600 of 0.4 were infiltrated into the leaves of NbM4K3-silenced plants. Then the leaves were used 
for 100 nM flg22-induced ROS burst assays 48 h after agroinfiltration. Data of total ROS accumulation are shown as mean ± SE (n=12). Experiments 
were repeated three times with similar results. The statistical analysis was performed using Student’s t-test, with * p < 0.05 and *** p < 0.001 
indicating significance
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homologs in plants, we propose that M4K3 may also be 
involved in ETI. Ralstonia solanacearum GMI1000 and 
P. syringae DC3000 can be recognized in N. benthami-
ana (Thomas et al. 2020) and induce typical HR (Pouey-
miro et  al. 2009; Liu et  al. 2013). We injected DC3000 
and GMI1000 into TRV: GFP and TRV: NbM4K3 plants, 
respectively, and observed the HR phenotypes at three 
days post-inoculation (dpi) to investigate the role of 
M4K3 in ETI.

Compared to the GFP-silenced plants, DC3000-
induced HR was noticeably weaker in NbM4K3-
silenced plants (Fig.  6a). The significantly lower ion 
leakage in NbM4K3-silenced plants supports the 
reduced HR in plants (Fig.  6b). We further assessed 
the effect of NbM4K3 silencing on hydrogen peroxide 
 (H2O2) production during ETI using the DAB stain-
ing method (Scharte et  al. 2005). Results showed that 
DC3000-triggered  H2O2 accumulation in NbM4K3-
silenced plants was significantly lower than that in 
control plants (Fig.  6c). Furthermore, the expression 
levels of ETI-related genes, NbHIN1 and NbHsr203J 
(Kumar et  al. 2015), were monitored. We observed a 
significant decrease in both NbHIN1 and NbHsr203J 
expression at 3 and 6 hours post-DC3000 inoculation 

in NbM4K3-silenced plants compared to control plants 
(Fig.  6d). These results collectively demonstrate an 
impaired ETI response to DC3000 in NbM4K3-silenced 
plants.

To confirm the role of NbM4K3 in ETI responses, 
we investigated the effect of NbM4K3 knockdown on 
HR induced by GMI1000. Similarly, significant reduc-
tions were found in HR phenotype (Fig. 7a), ion leakage 
(Fig.  7b),  H2O2 accumulation (Fig.  7c), and expression 
of ETI marker genes (Fig.  7d) in NbM4K3-silenced 
plants. Additionally, silencing of NbM4K3 signifi-
cantly impaired the cell death phenotype induced by 
two avirulent type III effectors of GMI1000, RipP1 
and RipE1 (Landry et al. 2020) (Fig. 7e). These findings 
provide direct evidence that NbM4K3 not only partici-
pates in PTI responses but also positively regulates ETI 
responses in plants.

Discussion
Plants resist pathogen invasion through a two-layered 
innate immune system, PRRs-mediated PTI, and NLRs-
mediated ETI (Jones and Dangl 2006). Both PTI and ETI 
have been extensively studied over the past three decades. 
It is well-established that PTI and ETI share numerous 

Fig. 6 NbM4K3 positively regulates ETI induced by P. syringae DC3000. a Phenotype of HR induced by inoculation of DC3000  (OD600=0.001) at 3 dpi. 
b Cell death was evaluated by the degree of ion leakage. The degree of ion leakage from the leaf discs was measured 2 days after infiltration using 
a conductivity meter. Data are mean ± SD (n=3). c  H2O2 accumulation at 1 dpi by DAB staining in a. d Expression levels of NbHIN1 and NbHsr203J 
induced by DC3000  (OD600=0.001). Experiments were repeated three times with similar results. Data are means ± SD (n=12). The statistical analysis 
was performed using Student’s t-test, with * p < 0.05, ** p < 0.01, and *** p < 0.001 indicating significance
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similar responses, such as ROS burst and MAPK activa-
tion. The intricate interplay between PTI and ETI is cru-
cial for achieving effective plant disease resistance (Ngou 
et al. 2022). However, the precise mechanisms underlying 
their interaction remain elusive. The M4K protein family, 
known for its evolutionary conservation, has been impli-
cated in human immune systems (Brenner et  al. 2009; 
Jiao et al. 2015; Zhang et al. 2018). Previous research has 
unveiled the positive involvement of the M4K SIK1 in 
PTI in Arabidopsis (Zhang et al. 2018). In this study, we 

demonstrate that a M4K member, NbM4K3, positively 
regulates not only PTI but also ETI in N. benthamiana, 
suggesting NbM4K3 as a crucial candidate that orches-
trates the mutual potentiation between PTI and ETI.

In Arabidopsis, SIK1 acts as a positive regulator of PTI 
by enhancing BIK1 stability to promote PAMP-induced 
ROS burst (Zhang et  al. 2018). In this study, we found 
that NbM4K3 shares a similar domain architecture with 
SIK1, and its knockdown resulted in significant sup-
pression of flg22-induced ROS burst in N. benthamiana 

Fig. 7 NbM4K3 positively regulates ETI induced by R. solanacearum GMI1000. a Phenotype of HR induced by GMI1000  (OD600=0.05) at 3 dpi. b 
Cell death is evaluated by the degree of ion leakage. The degree of ion leakage from the leaf discs was measured 2 days after infiltration using 
a conductivity meter. Data are means ± SD (n=3). c  H2O2 accumulation at 1 dpi by DAB staining in a. d Expression levels of NbHIN1 and NbHsr203J 
induced by GMI1000. Data are mean ± SD (n=3). e HR induced by avirulent effectors RipP1 and RipE1 at 3 dpi. LTI6b was used as a negative control. 
GV3101 cells containing pER8-effector or LTI6b with an  OD600 of 0.4 were infiltrated into the leaves. The estradiol was applied to the leaves 24 h 
after agroinfiltration. The leaves were photographed at 3 d after estradiol treatment. Circles indicate the infiltrated area. The fraction represents 
the number of HR over the total number of the infiltrated leaves. Experiments were repeated three times with similar results. The statistical analysis 
was performed using Student’s t-test, with ** p < 0.01 and *** p < 0.001 indicating significance
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(Fig. 1), similar to the findings in sik1 (Zhang et al. 2018). 
Concurrently with the generation of ROS, PTI also trig-
gers the activation of MAPKs (Couto and Zipfel 2016). 
However, in sik1 mutant, the PAMP-induced MAPK acti-
vation is not impaired (Zhang et al. 2018). Here, a similar 
result was obtained in NbM4K3-silenced plants, indicat-
ing that M4K3 primarily regulates PAMP-induced ROS 
production.

Additionally, the expression of PTI marker genes, 
ACRE31, CYP71D20, and PTI5 (Heese et al. 2007; Zhong 
et al. 2018), was markedly compromised upon NbM4K3 
silencing in response to flg22 treatment (Fig.  3). These 
results underscore the conserved function of M4K3 in 
modulating ROS burst during PTI in plants.

BIK1, a member of the RLCK family, plays a crucial role 
in SIK1-mediated ROS burst and PTI (Zhang et al. 2018). 
BIK1 has emerged as a key regulator of ROS accumula-
tion in plants (Kadota et al. 2019; Ngou et al. 2021; Yuan 
et al. 2021b). In this study, NbM4K3 interacts with BIK1 
homologs in N. benthamiana, and NbM4K3 knockdown 
caused the instability of these BIK1 homologs (Fig. 4 and 
Additional file  1: Figure S5). Furthermore, the expres-
sion of 3 out of 4 BIK1 homologous RLCKs significantly 
promoted ROS burst upon flg22 treatment in NbM4K3-
silenced plants (Fig.  5). These findings suggest that 
NbM4K3 facilitates ROS burst during PTI by stabilizing 
BIK1 homologous RLCKs. The stability of BIK1 is known 
to mainly rely on the phosphorylation of S236 (Wang 
et  al. 2018; Zhang et  al. 2018), a site conserved among 
BIK1 homologs (Additional file 1: Figure S4). Therefore, 
it is plausible that NbM4K3 can phosphorylate BIK1 
homologous RLCKs at S236 to stabilize these proteins.

In sik1 mutant, there is a notable accumulation of 
SA, leading to the activation of the SA signaling path-
way (Zhang et al. 2018). Consequently, sik1 mutant dis-
plays increased resistance against P. syringae, indicating 
the triggering of an autoimmune response (Zhang 
et al. 2018). In contrast, our study observed a substan-
tial decrease in resistance of NbM4K3-silenced plants 
to P. parasitica and DC3000 ∆hopQ1-1, implying that 
silencing NbM4K3 does not induce an autoimmune 
response. It is important to note, however, that we 
cannot rule out the possibility that the observed non-
autoimmune phenotype could be attributed to residual 
expression levels of NbM4K3 (Fig. 1). Additionally, we 
did not observe a significant alteration in the expres-
sion of PR1a, a SA marker gene (Dean et  al. 2005), in 
NbM4K3-silenced plants (Fig. 2). These findings under-
score the functional distinctions between NbM4K3 and 
its Arabidopsis homolog SIK1, despite their conserva-
tion in regulating PTI. Similar studies about the func-
tional discrepancy between homologs of important 
immune proteins have been reported. For instance, the 

autoimmune phenotype present in the maize G protein 
beta subunit mutant was not observed in the Arabidop-
sis homologs (Wu et  al. 2020). It is worth uncovering 
the mechanisms underlying such differences. In Arabi-
dopsis, it is conceivable that an evolutionary mecha-
nism, such as the presence of a NLR, has emerged to 
monitor SIK1. Mutations in SIK1 may be perceived by 
the plant, subsequently triggering autoimmunity. How-
ever, this regulatory system may not be present in N. 
benthamiana, as the SIK1 homolog NbM4K3 may not 
be subjected to similar regulation mechanisms. Further 
research is needed to fully understand the functional 
discrepancies among M4K3 homologs across differ-
ent plant species and to elucidate the mechanisms that 
account for these differences.

ROS generation plays pivotal roles not only in PTI but 
also in ETI. The RLCK BIK1 has been identified as a criti-
cal regulator of ROS accumulation in both PTI and ETI 
responses (Kadota et  al. 2019; Ngou et  al. 2021; Yuan 
et  al. 2021b; Yu et  al. 2024). SIK1 and NbM4K3 regu-
late the stability of BIK1 in Arabidopsis and its homol-
ogous RLCKs in N. benthamiana. It is reasonable to 
speculate that M4K3 may also positively regulate ETI. 
R. solanacearum GMI1000 and P. syringae DC3000 can 
induce ETI in N. benthamiana (Thomas et  al. 2020). In 
this study, silencing NbM4K3 significantly impaired 
GMI1000- and DC3000-induced HR, validating our 
hypothesis of M4K3’s involvement in ETI (Figs. 6 and 7). 
The HR phenotypes induced by the expression of RipP1 
and RipE1, two avirulent effectors in GMI1000, were also 
suppressed in NbM4K3-silenced plants. Moreover, the 
expression of ETI-related genes was significantly down-
regulated in NbM4K3-silenced plants during GMI1000- 
and DC3000-induced ETI. These results confirm the 
positive role of NbM4K3 in ETI. Furthermore, ROS pro-
duction during GMI1000- and DC3000-induced ETI was 
also significantly decreased (Figs. 6 and 7). These findings 
demonstrate that NbM4K3 is involved in not only PTI 
but also ETI. Considering the enhancement of the stabil-
ity of BIK1 homologous RLCKs by NbM4K3 and the piv-
otal role of these RLCKs on ROS regulation, it is plausible 
to conclude that NbM4K3 positively regulates both PTI 
and ETI through manipulation of RLCK stability. In light 
of the pivotal role that NbM4K3 plays in both PTI and 
ETI, our findings underscore the potential of this protein 
and its homologs as targets for enhancing disease resist-
ance in plant breeding programs.

Conclusions
In summary, our study highlights the significant contri-
bution of NbM4K3 in plant immunity in N. benthami-
ana, impacting both PTI and ETI. NbM4K3 facilitates 
ROS burst during both PTI and ETI by stabilizing 
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RLCKs. These findings shed lights on the role of the 
M4K family in plant immunity, and position it as a cru-
cial mediator in the crosstalk between PTI and ETI. 
This finding prompts further exploration into the pre-
cise molecular mechanisms underlying its functions in 
future research endeavors.

Methods
Plant materials and bacterial strains
N. benthamiana plants were grown at 24°C under a 
long-day (16 h light/ 8 h dark) photoperiod. Agrobac-
terium tumefaciens strain GV3101 and Escherichia 
coli strain DH5α were cultured on Luria-Bertani (LB) 
agar plates or in LB liquid medium supplemented with 
appropriate antibiotics at 28°C and 37°C, respectively. 
R. solanacearum strain GMI1000 was cultivated at 28°C 
using Bacto-agar and Glucose (BG) medium. P. syrin-
gae DC3000 ∆hopQ1-1 and DC3000 were grown in 
modified Luria-Bertani liquid medium (LM) at 28°C. 
P. parasitica was cultured at 28°C in V8 Juice Broth 
medium.

Vector construction
The coding sequences of NbM4K3a, NbM4K3b, or 
NbBIK1 were amplified from N. benthamiana cDNA. 
The DNA fragments of NbM4K3a and NbM4K3b were 
cloned into pCambia1300-cCLuc, respectively. The 
DNA fragments of NbBIK1a, NbBIK1b, NbBIK1c, or 
NbBIK1d were cloned into the vector pCambia1300-
HA-nCLuc, respectively. All sequences were confirmed 
by Sanger sequencing. Primers used were listed in 
Additional file 2: Table S1.

Bacterial inoculation assay
The bacterial inoculation assays for P. syringae strain 
DC3000 ∆hopQ1-1 were performed according to the 
previously described method (Ouyang et al. 2023).

Phytophthora inoculations
The mycelial plugs were transferred from the original 
P. parasitica culture plate onto fresh V8 agar medium 
and placed in a constant temperature incubator set at 
28°C for 3–4 days. An inoculation tray was prepared 
with three layers of filter paper saturated with 80 mL 
of sterile water. Inoculation involved using at least six 
leaves from 4-week-old plants, with each leaf having a 2 
cm-long petiole wrapped in moistened cotton and posi-
tioned on the tray. Mycelial plugs of Phytophthora were 
then placed on the underside of the leaf, and 18 μL of 
sterile water was added to ensure complete contact 
between the plug and the leaf surface. The inoculation 
tray was sealed, covered with plastic, and incubated 
in a constant temperature incubator at 22°C for 36–60 

hours in darkness. Leaf lesions were examined at 2 dpi 
using a handheld ultraviolet lamp, and the size of each 
lesion was quantified using ImageJ software (http:// rsb. 
info. nih. gov/ ij).

Virus‑induced gene silencing
A 300-bp DNA fragment shared between NbM4K3a and 
NbM4K3b was cloned into the pTRV2 vector to silence 
both genes simultaneously. A combination of the pTRV2-
GFP and pTRV1 vector was used as a control. Two-week-
old N. benthamiana seedlings were utilized for gene 
silencing, and the gene-silenced plants were subjected to 
assays two weeks later. Gene-specific primers (Additional 
file 2: Table S1) were used for amplification purposes.

ROS burst assay
The flg22- and chitin-induced ROS burst were carried out 
according to a previously described method (Zhang et al. 
2018; Li et al. 2022). ROS burst was analyzed by quantify-
ing the accumulation of ROS triggered by 100 nM flg22 or 
0.01% chitin over 30 minutes using luminescence meas-
ured with a multimode reader. The luminescence signals 
were detected for 500 ms per well, and the data were ana-
lyzed and presented based on the kinetics of ROS produc-
tion, reported as relative luminescence units (RLU).

Luciferase complementation assay (LCA)
LCA was performed as previously described (Cao et  al. 
2022).

DAB staining
DAB staining was performed following a previously 
described protocol (Scharte et  al. 2005). Leaves were 
immersed in 50 mL DAB solution (1 mg/mL DAB, pH3.8) 
with 25 μL Tween 20 (0.05% v/v), and 2.5 mL 200 mM 
 Na2HPO4. Subsequently, the leaves were subjected to 
vacuum infiltration for 10 min to ensure thorough uptake 
of the DAB solution. Finally, the leaves were immersed in 
boiling ethanol (96%, v/v) for 10 min. A dark-brown spot 
indicates the reaction of DAB with  H2O2.

Hypersensitive response (HR) assay
The HR assay was conducted following a previously 
described method with a slight modification (Zhang et al. 
2024). A. tumefaciens GV3101 cells containing pER8-
effectors were adjusted to an  OD600 of 0.4 and the cells 
were infiltrated into tobacco leaves using a needleless 
syringe. Subsequently, 50 μM estradiol was applied to 
the leaves 24 hours after infiltration. Photographs of the 
leaves were taken 4 days after estradiol treatment.

For DC3000, bacterial suspensions were adjusted to 
 OD600 of 0.001 and infiltrated into tobacco leaves using 
a needleless syringe. Similarly, for GMI1000, bacterial 

http://rsb.info.nih.gov/ij
http://rsb.info.nih.gov/ij
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suspensions were adjusted to  OD600 of 0.05 and infiltrated 
into tobacco leaves using a needleless syringe. Three days 
after infiltration, the leaves were photographed.

Western blot
Proteins extracted from N. benthamiana leaves were 
separated via SDS-PAGE and transferred onto PVDF 
membranes obtained from Thermo Fisher. The PVDF 
membranes were then blocked using a solution of 5% 
defatted milk in TBST buffer (1× TBS with 0.05% Tween 
20) for 60 minutes at room temperature. Subsequently, 
the membranes were incubated with anti-HA (1:10,000; 
Abmart, China), anti-flag (1:10,000; Abmart, China), or 
anti-phospho-p44/42 MAPKs (1:1000; Cell Signaling 
Technologies, USA) at room temperature for 1 h, respec-
tively, followed by treatment with a horseradish peroxi-
dase-conjugated secondary antibody (1:10,000; Sigma, 
China) for an additional 45 minutes. The resulting signals 
were visualized and captured using the SuperSignal West 
Pico Chemiluminescent substrate (Thermo Scientific, 
USA) with the Bio-Rad ChemiDoc Touch Imaging Sys-
tem (Bio-Rad, USA).

RT‑qPCR analysis
Total RNA was isolated utilizing the Total RNA Extrac-
tion Kit following the manufacturer’s instructions from 
Sangon Biotech (Shanghai, China). Subsequently, the 
RNA samples were reverse transcribed in a 20 μL reac-
tion using the ABScript II cDNA First-Strand Synthesis 
Kit from ABclonal Technology (ABclonal, China). PCR 
analysis was conducted using SYBR Green to evaluate the 
relative expression levels of genes associated with defense 
and growth, with NbEF1α serving as the internal control. 
Changes in gene transcript levels were quantified uti-
lizing the  2-ΔΔCt method. The primer sequences for RT-
qPCR can be found in Additional file 2: Table S1.

Statistical analysis
Each experiment was performed with a minimum of 
three biological duplicates. Duncan’s multiple range tests 
were used with a significance level set at p < 0.05. Inter-
group comparisons were statistically evaluated through 
Student’s t-test, with significance levels denoted as * p < 
0.05, ** p < 0.01, and *** p < 0.001.

Abbreviations
ETI  Effector-triggered immunity
HR  Hypersensitive response
M4K  Mitogen-activated protein kinase kinase kinase kinase
NLRs  Nucleotide-binding site and leucine-rich repeat domain receptors
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