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Plants have evolved different strategies to protect 
themselves against pathogens. PAMP-triggered im-
munity (PTI) acts as the frontline in the plant immune 
system. Pattern recognition receptors localized on the  
plasma membrane perceive conserved microbial com-
ponents collectively known as PAMPs to activate 
downstream defense responses (Boller and Felix,  
2009; Monaghan and Zipfel, 2012). One of the well- 
characterized PAMPs is bacterial flagellin (Felix et al., 
1999), which is perceived by the receptor-like kinase 
(RLK) FLAGELLIN-SENSITIVE 2 (FLS2) (Gómez- 
Gómez and Boller, 2000). To subvert PTI, pathogens 
deliver effector proteins into plant cells. Plants have 
evolved resistance (R) proteins to recognize pathogen 
effector proteins either directly or indirectly, which 
leads to effector-triggered immunity (Jones and Dangl, 

2006; Cui et al., 2015). Most R genes encode intracel-
lular nucleotide-binding (NB)-Leu-rich repeat (LRR) 
proteins (Li et al., 2015b).

In Arabidopsis (Arabidopsis thaliana), there are 20  
mitogen-activated protein kinases (MAPKs), 10 MAPK 
kinases (MAPKKs) and about 60 predicted MAPK kinase 
kinases (MAPKKKs) (MAPK-Group, 2002). They work in 
combinations to form distinct MAP kinase cascades that 
play diverse roles in plant development and stress sig-
naling (Rodriguez et al., 2010; Meng and Zhang, 2013). 
Several MAP kinase cascades including Yoda-MKK4/
MKK5-MPK3/MPK6, MEKK1-MKK1/MKK2-MPK4 
and ANPs (Arabidopsis NPR1-related protein kinases)- 
MKK6-MPK4 have been studied extensively.

Arabidopsis MKK4/MKK5 and MPK3/MPK6 func-
tion in regulating both development and defense 
against pathogens. They form a MAP kinase cascade 
with the MAPKKK YODA to mediate signal trans-
duction from upstream RLKs such as ERECTA and 
BRI1-ASSOCIATED KINASE1 (BAK1) to the down-
stream transcription factors in stomata development 
(Bergmann and Sack, 2007; Meng et al., 2015). In re-
sponse to flg22 (a conserved, 22‐amino acid peptide 
from bacterial flagellin, Felix et al., 1999) treatment, 
the MAP kinase cascade consisting of MKK4/MKK5, 
MPK3/MPK6, and MAPKKK3/MAPKKK5 is activated  
(Asai et al., 2002; Bi et al., 2018; Sun et al., 2018). This 
kinase cascade has been shown to play critical roles in 
regulating the biosynthesis of ethylene, phytoalexins, 
and indole glucosinolates (Liu and Zhang, 2004; Ren 
et al., 2008; Xu et al., 2016).
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The MEKK1-MKK1/MKK2-MPK4 cascade is also 
activated following flg22 treatment (Gao et al., 2008; 
Qiu et al., 2008). Components of this kinase cascade 
were originally identified as negative regulators of 
plant immunity based on the autoimmune phenotypes 
of the mekk1, mkk1 mkk2, and mpk4 mutants (Petersen 
et al., 2000; Ichimura et al., 2006; Nakagami et al., 2006; 
Suarez-Rodriguez et al., 2007; Gao et al., 2008; Qiu et al.,  
2008). Further studies on the suppressor mutants of 
mkk1 mkk2 showed that autoimmunity in these mu-
tants is caused by activation of the coiled-coil-NB-LRR 
protein SUMM2 (Zhang et al., 2012). The autoimmune 
phenotypes in the mekk1, mkk1 mkk2, and mpk4 mu-
tants are also dependent on MEKK2 (Kong et al., 2012; 
Su et al., 2013), but the mechanism underlying this 
dependence is unclear. MPK4 was recently shown to 
phosphorylate the mRNA decay factor PAT1 and the re-
ceptor-like cytoplasmic kinase CALMODULIN-BIND-
ING RECEPTOR-LIKE CYTOPLASMIC KINASE 3 
(CRCK3) (Roux et al., 2015; Zhang et al., 2017). Loss of 
CRCK3 suppresses the autoimmune phenotypes in the 
mekk1, mkk1 mkk2, and mpk4 mutants, whereas loss of 
PAT1 leads to activation SUMM2-dependent defense 
responses.

In the absence of SUMM2, mekk1, and mkk1 mkk2 
mutant plants showed enhanced susceptibility to 
pathogens, suggesting that the MEKK1-MKK1/MKK2-
MPK4 cascade functions in promoting basal resistance 
against pathogens (Zhang et al., 2012). Consistently, 
MPK4 is required for the expression of approximately 
50% of the genes induced by flg22 (Frei dit Frey et al., 
2014). MPK4 also plays a role in the negative regulation 
of flg22-induced gene expression through phosphory-
lation of the transcriptional repressor ARABIDOPSIS 
SH4-RELATED 3 (ASR3) (Li et al., 2015a).

From a functional yeast screen, mutations that render 
Arabidopsis MAPKs constitutively active have been 
identified (Berriri et al., 2012). The specificity toward 
known activators and substrates appears to be un-
changed in the constitutively active MAPK (CA-MPK) 
mutants. CA-MPK4 transgenic plants accumulate less 
salicylic acid following pathogen infection and exhib-
it enhanced susceptibility to a number of pathogens 
(Berriri et al., 2012). Interestingly, immunity specified 
by the Toll IL-1 Receptor (TIR)-NB-LRR resistance pro-
teins RESISTANT TO PSEUDOMONAS SYRINGAE 4 
(RPS4) and RECOGNITION OF PERONOSPORA PAR-
ASITICA 4(RPP4) was also found to be compromised 
in CA-MPK4 transgenic plants, suggesting that consti-
tutive activation of MPK4 inhibits resistance mediated 
by RPS4 and RPP4.

The Arabidopsis NPK1-related Protein kinases ANP1, 
ANP2, and ANP3 are three MAPKKKs closely related 
to NPK1, which is involved in the regulation of cyto-
kinesis in tobacco (Nicotiana tabacum; Nishihama et al., 
2001). Single mutants of anp1, anp2, and anp3 appear 
wild type-like, whereas the anp2 anp3 double mutant 
displays abnormal cytokinesis (Krysan et al., 2002). 
The anp1 anp2 anp3 triple mutant cannot be obtained 
because of lethality. In Arabidopsis, MKK6 and MPK4 

function downstream of ANPs to regulate cytokinesis 
(Beck et al., 2010; Kosetsu et al., 2010; Takahashi et al., 
2010; Zeng et al., 2011). MKK6 interacted with MPK4 in 
a yeast two-hybrid assay and phosphorylates MPK4 in 
vitro (Takahashi et al., 2010). Loss of MKK6 and MPK4 
leads to severe defects in cytokinesis. In this study, we 
report that MKK6 functions together with MEKK1 and 
MPK4 to prevent autoactivation of SUMM2-mediated 
immunity, and the ANP2/ANP3-MKK6-MPK4 cas-
cade plays a critical role in regulating defense responses 
independent of SUMM2, thus establishing a novel role 
for MKK6 in regulating plant immune signaling.

RESULTS

Characterization of summ4-1D mkk1 mkk2

From a previously described suppressor screen of 
mkk1 mkk2 (mkk1/2; Zhang et al., 2012), we identified 
the dominant summ4-1D mutation, which suppresses the 
dwarf phenotype of mkk1/2 almost completely (Fig. 1).  
To determine whether the constitutive defense responses  
in mkk1/2 are suppressed by summ4-1D, we exam-
ined the expression levels of defense marker genes  
PATHOGENESIS-RELATED1 (PR1) and PATHOGENESIS- 
RELATE 2 (PR2) in summ4-1D mkk1/2. As shown in 
Figure 1, B and C, constitutive expression of PR1 and 
PR2 in mkk1/2 is completely suppressed in the summ4-
1D mkk1/2 triple mutant. We further tested whether  
summ4-1D affects pathogen resistance in mkk1/2 by 
challenging summ4-1D mkk1/2 seedlings with the oomy-
cete pathogen Hyaloperonospora arabidopsidis (H.a.) 
Noco2. As shown in Figure 1D, growth of H.a. Noco2 
on summ4-1D mkk1/2 was much higher than on mkk1/2. 
Taken together, these data demonstrate that the con-
stitutively activated defense responses in mkk1/2 are 
suppressed by the summ4-1D mutation.

Positional Cloning of SUMM4

To map the summ4-1D mutation, summ4-1D mkk1/2 
(in the Columbia-0 ecotype) was crossed with Lands-
berg erecta. Plants that were mkk1/2 homozygous in 
the F2 population were selected for linkage analysis. 
Crude mapping showed that the summ4-1D mutation 
is located between markers K19E20 and MMN10 on 
chromosome 5 (Fig. 2).

To identify the summ4-1D mutation, a genomic 
DNA library of summ4-1D mkk1/2 was prepared and 
sequenced using Illumina sequencing. Using single- 
nucleotide polymorphisms identified from the sequence  
data and progeny of F2 plants homozygous for mkk1/2 
and heterozygous for summ4-1D, we further narrowed 
the summ4-1D mutation to a region between markers 
22.8 and 23.5 on chromosome 5 (Fig. 2A). Only one mu-
tation, a C to T substitution located 107 bp upstream of 
the transcription start site of MKK6 (At5g56580), was 
identified in this region (Fig. 2A). This mutation is 
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within a predicted consensus binding site for E2F tran-
scription factors (WTTSSCSS, W = A/T, S = C/G).

To test whether the mutation can suppress the mkk1/2 
mutant phenotype, a genomic clone of MKK6 carrying 
the candidate summ4-1D mutation was transformed 
into plants homozygous for mkk1 and heterozygous 
for mkk2, as the mkk1/2 double mutant is seedling le-
thal. Transgenic plants homozygous for mkk1 and mkk2 
were identified by PCR, and they displayed wild type-
like morphology (Fig. 2B). The elevated PR gene ex-
pression levels in mkk1/2 were also suppressed in these 
transgenic lines (Fig. 2, C and D). These data suggest 
that the mutation in the promoter region of MKK6 is 
responsible for the suppression of the mkk1/2 mutant 
phenotypes in summ4-1D mkk1/2.

The summ4-1D Mutation Results in Elevated Expression 
of MKK6

Analysis of gene expression pattern using the eFP 
browser (Toufighi et al., 2005) showed that MKK6 is 

expressed at high levels in the shoot apex as well as 
at early stages of embryo development, floral devel-
opment, and formation of siliques but is expressed at 
low levels in leaf tissue. In contrast, MEKK1 and MPK4 
are both ubiquitously expressed (Supplemental Fig. 
S1). The expression level of MKK6 is not significantly 
affected by pathogen treatments, but it is rapidly in-
duced within 1 h after flg22 treatment.

Since the summ4-1D mutation is in the promoter re-
gion of MKK6, we tested whether the expression level 
of MKK6 is affected. As shown in Figure 2E, the summ4-
1D mkk1/2 triple mutant has much higher expression of 
MKK6 than wild type and mkk1/2. To make sure the 
increased MKK6 expression level is not caused by the 
suppression of the autoimmune phenotype in summ4-
1D mkk1/2, we also quantified MKK6 expression level 
in summ2-8 mkk1/2 and found that summ2-8 does not 
affect the expression of MKK6 in mkk1/2. The summ4-
1D single mutant has wild type-like morphology. In 
summ4-1D, the expression level of MKK6 is also dra-
matically increased compared to wild type, suggesting 
that the summ4-1D mutation causes increased MKK6 
expression.

From the mkk1/2 suppressor screen, we also identi-
fied a second allele of summ4 designated as summ4-2D. 
The summ4-2D mkk1/2 mutant displayed wild-type 
morphology (Supplemental Fig. S2A), and the consti-
tutive expression of PR1 and PR2 observed in mkk1/2 is 
largely suppressed in the triple mutant (Supplemental 
Fig. S2, B and C). The summ4-2D mutation was mapped 
to the same region as summ4-1D and found to also carry 
a mutation in the promoter region of MKK6 (Fig. 2A). 
The mutation is right next to where MKK6 is mutated  
in summ4-1D. In the summ4-2D mkk1/2 mutant, the 
expression level of MKK6 is also considerably higher 
than in wild type (Supplemental Fig. S2D). When a ge-
nomic clone of MKK6 carrying the summ4-2D mutation 
was transformed into mkk1/2, the dwarf morphology 
of mkk1/2 was suppressed (Supplemental Fig. S2E). 
Similarly, when a construct expressing MKK6 under 
the cauliflower mosaic virus 35S promoter was trans-
formed into mkk1/2, the dwarf morphology of mkk1/2 
was also suppressed (Supplemental Fig. S2F). These 
data confirm that overexpression of MKK6 results in 
suppression of the mutant phenotype of mkk1/2.

summ4-1D Does Not Suppress the Autoimmune 
Phenotypes of mekk1 and mpk4

Since MEKK1 functions upstream of MKK1/MKK2, 
we crossed summ4-1D into mekk1-1 to test whether 
the mekk1 mutant phenotype can be suppressed by 
summ4-1D. As shown in Figure 3, summ4-1D mekk1-
1 has similar dwarf morphology as mekk1-1. The  
expression levels of PR1 and PR2 in the double mu-
tant are also comparable to those in mekk1-1 (Fig. 
3, B and C), suggesting that summ4-1D cannot sup-
press the constitutively induced defense responses in 
mekk1-1.

Figure 1.  Characterization of summ4-1D mkk1/2. A, Morphological 
phenotypes of 3-week-old wild type (WT), mkk1/2, and summ4-1D 
mkk1/2. B and C, Expression levels of PR1 (B) and PR2 (C) in wild 
type, mkk1/2, and summ4-1D mkk1/2. Values were normalized rel-
ative to the expression of ACTIN1. Error bars represent standard de-
viations from three measurements. D, Growth of H.a. Noco2 on wild 
type, mkk1/2, and summ4-1D mkk1/2. Error bars represent standard 
deviations from three replicates. Statistical differences among the 
samples are labeled with different letters (P < 0.01, one-way ANOVA/
Tukey’s test, n = 3).

Lian et al.

http://www.plantphysiol.org/cgi/content/full/pp.18.00592/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00592/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00592/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00592/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00592/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00592/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00592/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00592/DC1


Plant Physiol.  Vol. 178, 2018 � 1287

We also generated the summ4-1D mpk4-3 double mu-
tant to test whether the mpk4 mutant phenotype can 
be suppressed by summ4-1D. Morphologically, the 
summ4-1D mpk4-3 double mutant is indistinguishable 
from mpk4-3 (Fig. 3D). Analysis of the expression levels 
of PR1 and PR2 in summ4-1D mpk4-3 showed that they 
are also similar to those in mpk4-3 (Fig. 3, E and F), in-
dicating that the autoimmune phenotypes associated 
with mpk4-3 cannot be suppressed by the summ4-1D 
mutation.

MKK6 Interacts with MEKK1 and MPK4

Previously, MKK1 and MKK2 were shown to inter-
act with MEKK1 and MPK4 (Gao et al., 2008). To test 
whether MKK6 interacts with MEKK1 and MPK4, 
luciferase complementation assays were conducted 
using constructs expressing MKK6 fused to the C-ter-
minal domain of luciferase (MKK6CLuc) and MEKK1 
and MPK4 fused to the N-terminal domain of lucifer-
ase (MEKK1NLuc and MPK4NLuc) under a 35S promoter. 
If MKK6 associates with MEKK1 or MPK4, a func-
tional luciferase complex would be formed. Consis-
tent with a previous report that MPK4 interacts with 
MKK6 in bimolecular fluorescence complementation 
assays, strong luciferase activity was observed when 
MKK6CLuc and MPK4NLuc were coexpressed in Nicotia-
na benthamiana (Fig. 3G). Luciferase activity was also 
observed when MKK6CLuc and MEKK1NLuc were co-
expressed in N. benthamiana, although at lower levels 
(Fig. 3G). These data suggest that MKK6 interacts with 
both MEKK1 and MPK4.

To further confirm the interaction between MEKK1 
and MKK6, we coexpressed FLAG-tagged MEKK1 
and HA-tagged MKK6 in N. benthamiana and carried 
out coimmunoprecipitation analysis using anti-FLAG 
agarose beads. As shown in Figure 3H, MKK6-3HA co-
immunoprecipitated with MEKK1-3FLAG, indicating 
that MEKK1 and MKK6 associate with each other  
in vivo.

Overexpression of MKK6 Restores MAP Kinase 
Activation in mkk1 mkk2

To test whether the summ4-1D mutation restores 
MAP kinase activation in mkk1/2, we analyzed flg22- 
induced activation of MAP kinases in summ4-1D mkk1/2 
by western blot analysis. Following flg22 treatment, 
three immunoreactive bands corresponding to acti-
vated MAPKs can be detected in wild-type samples. 

Figure 2.  Positional Cloning of SUMM4. A, Positional cloning of 
SUMM4. Markers 21.3, 22.8, 23.5, and 23.9 were based on single nu-
cleotide polymorphisms (SNPs) between wild type (WT) and summ4-
1D. The summ4 mutations are underlined. The boxed sequence is 
a predicted E2F binding site. B, Morphology of 3-week-old mkk1/2 
plants expressing MKK6 driven by its native promoter containing 
the summ4-1D mutation. T2 plants of three independent transgenic 
lines are shown. C and D, Expression levels of PR1 (C) and PR2 (D) 

in wild-type, mkk1/2, and mkk1/2 transgenic lines expressing MKK6 
with the summ4-1D mutation. Values were normalized relative to the 
expression of ACTIN1. Error bars represent standard deviations from 
three measurements. E, MKK6 expression levels in wild-type, mkk1/2, 
summ2-8 mkk1/2, summ4-1D mkk1/2, and summ4-1D plants. Values 
were normalized relative to the expression of ACTIN1. Error bars rep-
resent standard deviations from three repeats. Statistical differences 
among the samples are labeled with different letters (P < 0.01, one-
way ANOVA/Tukey’s test, n = 3).
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Figure 3.  MEKK1, MKK6, and MPK4 function in a MAPK cascade. A, Morphology of 3-week-old wild-type (WT), summ4-
1D, mekk1-1, and summ4-1D mekk1-1 plants. B and C, Expression levels of PR1 (B) and PR2 (C) in wild type, mekk1-1, and 
summ4-1D mekk1-1. Values were normalized relative to the expression of ACTIN1. Error bars represent standard deviations 
from three measurements. D, Morphology of 3-week-old wild-type, summ4-1D, mpk4-3, and summ4-1D mpk4-3 plants. E and 
F, Expression levels of PR1 (E) and PR2 (F) in wild-type, mekk1-1, and summ4-1D mekk1-1. Values were normalized relative to 
the expression of ACTIN1. Error bars represent standard deviations from three measurements. G, Interactions between MKK6 
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The top and middle bands represent phosphorylated 
MPK6 and MPK3, respectively, whereas the bottom 
band contains mostly phosphorylated MPK4 and a 
small amount of phosphorylated MPK1, MPK11, and 
MPK13 (Bethke et al., 2012; Nitta et al., 2014). Consis-
tent with MKK1 and MKK2 being required for activa-
tion of MPK4 by flg22 (Gao et al., 2008; Qiu et al., 2008), 
there are almost no phosphorylated MPKs detected 
at the position of the third band in the flg22-treated 
summ2-8 mkk1/2 (Fig. 3I). In contrast, phosphorylated 
MPKs were detected at the position of the third band in 
the flg22-treated summ4-1D mkk1/2 (Fig. 3I), suggesting 
that increased expression of MKK6 leads to restoration 
of MPK4 activation by flg22 in summ4-1D mkk1/2.

To further confirm that overexpression of MKK6 re-
stores flg22-induced MPK4 activation, we transformed 
wild-type, summ2-8 mkk1/2, and summ2-8 mekk1 pro-
toplasts with a construct expressing MPK4 with an 
HA-YCE double tag as previously reported (Gao et al.,  
2008). The HA tag (derived from the hemagglutinin 
corresponding to amino acids 98–106) is about 1 kD, 
and the YCE (the C-terminal fragment of yellow flu-
orescent protein) tag is about 9.5 kD in size. Fusing 
MPK4 to the double tag increases the size of the protein 
by approximately 10.5 kD, allowing detection of phos-
phorylated MPK4 apart from the endogenous MAPKs 
with similar sizes. As shown in Figure 3J, MPK4-HA-
YCE expressed in wild-type but not summ2-8 mkk1/2 or 
summ2-8 mekk1 protoplasts was activated upon treat-
ment with flg22. However, when the 35S-MKK6-HA 
plasmid was cotransformed with the MPK4-HA-YCE 
construct, treatment with flg22 resulted in activation of 
MPK4-HA-YCE in summ2-8 mkk1/2 protoplasts. In con-
trast, coexpression of MKK6-HA and MPK4-HA-YCE 
in summ2-8 mekk1 protoplasts did not restore flg22- 
induced activation of MPK4-HA-YCE, suggesting that 
activation of MPK4 by MKK6 requires the upstream 
MEKK1.

PR1 and PR2 Are Constitutively Expressed in mkk6 
Mutant Plants

The transfer DNA (T-DNA) insertion mutants of 
MKK6 exhibit severe dwarf morphology (Takahashi  
et al., 2010). As shown by 3,3′-diaminobenzidine stain-
ing, the cotyledons of mkk6-2 accumulate high levels of 
H2O2 (Supplemental Fig. S3A). Microscopic cell death 

was also observed in the cotyledons of mkk6-2 (Supple-
mental Fig. S3B). To identify genes that are differen-
tially expressed in wild-type and mkk6 loss-of-function 
mutant plants, we carried out RNA-sequencing (RNA-
seq) analysis on wild type and mkk6-2. Six hundred 
fifty-seven genes showed over 2-fold increase (Supple-
mental Table S1), and 216 genes showed over 2-fold 
reduction in expression in mkk6-2 compared to wild 
type (Supplemental Table S2). Gene ontology (GO) 
analysis of the biological functions of the differentially 
expressed genes showed that genes responsive to biotic 
stress are significantly enriched (Fig. 4).

Both PR1 and PR2 are among the genes up-regulated  
in mkk6-2. Quantitative RT-PCR (RT-qPCR) analysis 
confirmed that they are constitutively expressed in 
mkk6-2 (Fig. 4, B and C). Similarly, mkk6-3 also has el-
evated PR gene expression (Supplemental Fig. S4). To 
determine whether constitutive activation of defense 
gene expression is caused by reduced MPK4 activity, 
we crossed mkk6-2 with a transgenic line expressing 
the constitutively active MPK4D198G/E202 (CA-MPK4) 
mutant and obtained the mkk6-2 MPK4-CA double 
mutant. The mkk6-2 MPK4-CA double mutant has 
wild-type morphology (Fig. 4D). As shown in Figure 
4, E and F, constitutive expression of PR1 and PR2 in 
mkk6-2 is largely blocked by the MPK4-CA transgene, 
suggesting that MPK4 functions downstream of MKK6 
in regulating plant defense responses.

Defense Responses Are Constitutively Activated in the 
anp2 anp3 Double Mutant

ANPs have previously been shown to interact with 
MKK6 and function upstream of MKK6 in regulat-
ing cytokinesis (Krysan et al., 2002; Beck et al., 2010; 
Kosetsu et al., 2010; Takahashi et al., 2010). Microarray 
analysis showed that PR1 and PR2 are up-regulated in 
the anp2-1 anp3-1 double mutant (Wassilewskija back-
ground; Krysan et al., 2002). According to data from the 
eFP browser, ANP2 is ubiquitously expressed, whereas 
ANP3 is expressed at high levels in the shoot apex and 
low levels in leaf tissue. To determine whether ANP2 
and ANP3 are involved in the regulation of plant im-
munity, we assayed defense responses in the anp2-2  
anp3-3 double mutant (Col-0 background). Compared to 
wild type and the anp2-2 and anp3-3 single mutants, the 
anp2-2 anp3-3 double mutant exhibits dwarf morphology 

and MEKK1 or MPK4. Luciferase activities from split luciferase complementation assays represented in relative light units 
(RLUs). Error bars represent standard deviations from eight replicates. Statistical differences among the samples are labeled 
with different letters (P < 0.05, one-way ANOVA/Tukey’s test, n = 8). H, Analysis of the interaction between MKK6-3HA and 
MEKK1-3FLAG by coimmunoprecipitation. The proteins were transiently expressed in N. benthamiana using Agrobacteria 
strains carrying 35S-MKK6-3HA or a native promoter driven MEKK1-3FLAG (np-MEKK1-3FLAG). Immunoprecipitation was 
carried out using anti-FLAG beads. Western blot was carried out using anti-FLAG or anti-HA antibodies. I, MAPK activation in 
wild type (WT), summ2-8 mkk1/2, and summ4-1D mkk1/2. Plants were sprayed with 100 nm flg22. Samples were harvested at 
0 and 15 min after flg22 treatment. MAPK activation was detected by immunoblotting with antip44/42 ERK antibody. Input was 
visualized by Ponceau S staining of Rubisco. J, The 35S-MPK4-HA-YCE construct was cotransfected with 35S-MKK6-3HA into 
protoplasts isolated from wild-type, summ2-8 mkk1/2, and summ2-8 mekk1-1. The samples were treated with or without 100 
nm flg22 for 15 min before they were collected for western blot analysis using antip44/42 ERK or anti-HA antibodies.

Figure 3.  (Continued.)
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(Fig. 5). Both PR1 and PR2 are constitutively expressed 
in anp2-2 anp3-3, but not in the single mutants (Fig. 5, 
B and C). To test whether anp2-2 anp3-3 exhibits en-
hanced pathogen resistance, double mutant plants 
were challenged with the virulent oomycete pathogen 
H.a. Noco2. As shown in Figure 5D, H.a. Noco2 growth 
is greatly reduced in anp2-2 anp3-3 compared to the 
wild type and the single mutants, suggesting that 
ANP2 and ANP3 function redundantly in regulating 
plant defense responses.

The Autoimmune Phenotype of anp2 anp3 Can Be 
Partially Suppressed by the CA-MPK4 Mutant

To test whether the autoimmunity observed in anp2-
2 anp3-3 is due to reduced activity of MPK4, the anp2-2 
anp3-3 double mutant was crossed with a transgenic 
line expressing the CA-MPK4 mutant to obtain the 
anp2 anp3 CA-MPK4 triple mutant. As shown in Figure 
6, the dwarf morphology of anp2-2 anp3-3 is partially 
suppressed by CA-MPK4. Analysis of PR gene expres-
sion showed that the expression levels of both PR1 and 

Figure 4.  Analysis of defense gene expression in mkk6 and CA-
MPK4 mkk6-2. A, GO enrichment analysis of the biological functions 
of genes differentially expressed in mkk6-2 compared to wild type. 
The top 10 significantly enriched GO terms (determined through  
the PANTHER statistical overrepresentation test, P < 0.05) ranked by 

enrichment scores are shown. Blue bars represent significantly en-
riched GO terms for upregulated genes, and red bars represent signifi-
cantly enriched GO terms for downregulated genes. B and C, PR1 (B) 
and PR2 (C) expression levels in wild type (WT) and mkk6-2. Error bars 
represent standard deviations from three measurements. D, Morphol-
ogy of 3-week-old wild-type, mkk6-2, and CA-MPK4 mkk6-2 plants. E 
and F, PR1 (E) and PR2 (F) expression levels in wild-type, mkk6-2, and 
CA-MPK4 mkk6-2. Error bars represent standard deviations from three 
measurements.

Figure 5.  Characterization of the anp2-2 anp3-3 double mutant. A, 
Morphology of 3-week-old wild-type (WT), anp2-2, anp3-3, and anp2-2  
anp3-3 plants. B and C, PR1 (B) and PR2 (C) expression levels in wild-
type, anp2-2, anp3-3, and anp2-2 anp3-3. Error bars represent stan-
dard deviations from three measurements. D, H.a. Noco2 growth on 
wild-type, anp2-2, anp3-3, and anp2-2 anp3-3. Statistical differences 
among the samples are labeled with different letters (P < 0.01, one-
way ANOVA/Tukey’s test, n = 3).
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PR2 are also lower in the anp2 anp3 CA-MPK4 triple 
mutant (Fig. 6, B and C). In addition, growth of H.a. 
Noco2 is much higher in the triple mutant than in the 
anp2-2 anp3-3 double mutant (Fig. 6D). These data sug-
gest that ANP2/ANP3 function upstream of MPK4 in 
a defense-signaling pathway.

Constitutive Defense Response Activation in anp2 anp3 Is 
Independent of SUMM2

As constitutive defense responses in mpk4 are largely  
dependent on SUMM2, we tested whether the SUMM2- 
dependent defense pathway is activated in anp2 anp3. 
The anp2-2 anp3-3 summ2-8 triple mutant was obtained 
by crossing summ2-8 into anp2-2 anp3-3. As shown in 
Figure 7, summ2-8 has no effects on the morphology of 
anp2-2 anp3-3. It also has no effect on the expression of PR 
genes (Fig. 7B and Figure 7C) or resistance to H.a. Noco2 
(Fig. 7D), suggesting that the autoimmune phenotype of 
anp2 anp3 is independent of SUMM2.

PHYTOALEXIN DEFICIENT 4 (PAD4) and ENHANCED 
DISEASE SUSCEPTIBILITY 1 (EDS1) Are Required for 
the Autoimmune Phenotype of anp2 anp3

Constitutive activation of MPK4 was previously 
shown to compromise effector-triggered immunity 
specified by the TIR-NB-LRR resistance proteins RPS4 

Figure 6.  CA-MPK4 partially blocks the constitutive defense responses  
in anp2-2 anp3-3. A, Morphology of 3-week-old wild-type (WT), 
anp2-2 anp3-3, and CA-MPK4 anp2-2 anp3-3 plants. B and C, PR1 (B) 
and PR2 (C) expression levels in wild type, anp2-2 anp3-3, and CA-
MPK4 anp2-2 anp3-3. Error bars represent standard deviations from 
three measurements. D, H. a. Noco2 growth on wild-type, anp2-2 
anp3-3, and CA-MPK4 anp2-2 anp3-3. Statistical differences among 
the samples are labeled with different letters (P < 0.01, one-way  
ANOVA/Tukey’s test, n = 3).

Figure 7.  Constitutive defense responses in anp2-2 anp3-3 are in-
dependent of SUMM2 but dependent on PAD4. A, Morphology of 
3-week-old wild type (WT), anp2-2 anp3-3, and summ2-8 anp2-2 
anp3-3. B and C, PR1 (B) and PR2 (C) expression levels in wild type, 
anp2-2 anp3-3, and summ2-8 anp2-2 anp3-3. D, H. a. Noco2 growth 
on wild type, anp2-2 anp3-3, and summ2-8 anp2-2 anp3-3. Statistical 
differences among the samples are labeled with different letters (P < 
0.01, one-way ANOVA/Tukey’s test, n = 3). E, Morphology of 3-week-
old wild-type, anp2-2 anp3-3, and pad4-1 anp2-2 anp3-3. F and G, 
PR1 (F) and PR2 (G) expression levels in wild type, anp2-2 anp3-3, and 
pad4-1 anp2-2 anp3-3. Error bars represent standard deviations from 
three measurements. H, H. a. Noco2 growth on wild type, anp2-2 
anp3-3, and pad4-1 anp2-2 anp3-3. Statistical differences are labeled 
with different letters (P < 0.01, one-way ANOVA/Tukey’s test, n = 3).
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and RPP4. To test whether resistance mediated by TIR-
NB-LRR proteins is activated in anp2 anp3, we crossed 
loss-of-function mutants of PAD4 and EDS1, which 
are required for resistance mediated by TIR-NB-LRR 
proteins (Glazebrook et al., 1996; Feys et al., 2001), into 
anp2-2 anp3-3. As shown in Figure 7E, the pad4-1 mu-
tation partially suppresses the dwarf morphology of 
anp2-2 anp3-3. Elevated expression levels of PR1 and 
PR2 in anp2-2 anp3-3 are also largely suppressed in the 
anp2-2 anp3-3 pad4-1 triple mutant (Fig. 7, F and G). 
Furthermore, the enhanced resistance to H.a. Noco2 in 
anp2 anp3 is abolished in the anp2-2 anp3-3 pad4-1 triple 
mutant (Fig. 7H). Similarly, the dwarf morphology and 
constitutive expression of PR1 and PR2 in anp2-2 anp3-
3 are also suppressed by eds1-2 (Supplemental Fig. S5). 
These data suggest that the autoimmune phenotype of 
anp2-2 anp3-3 is dependent on PAD4 and EDS1.

anp2-2 anp3-3 Is More Susceptible to Pseudomonas 
syringae pv. Tomato DC3000 hrcC−

To test whether PTI is affected by the loss of ANP2 
and ANP3 function, the single anp2-2 and anp3-3 mu-
tants as well as the double anp2-2 anp3-3 mutant were 
infiltrated with P. syringae pv. tomato (Pto) DC3000 
hrcC−, a bacterial strain deficient in the delivery of type 
III effectors that is often used to assess PTI. As shown 
in Supplemental Fig. S6, growth of Pto DC3000 hrcC− is 
comparable in anp2-2, anp3-3, and wild type but much 
higher in the anp2-2 anp3-3 double mutant, suggesting 
that ANP2 and ANP3 function redundantly in the pos-
itive regulation of PTI.

DISCUSSION

Despite the fact that MEKK1, MKK1/MKK2, and 
MPK4 function in the same MAP kinase pathway, mekk1 
knockout mutant plants display a much more severe 
dwarf phenotype than mkk1/2 and mpk4 (Rodriguez 
et al., 2010). Loss of function of MPK11 enhances the 
dwarf phenotype of mpk4, suggesting that it func-
tions redundantly with MPK4 (Bethke et al., 2012). In 
this study, we identified two gain-of-function summ4 
mutants that suppress the autoimmune phenotypes 
of mkk1/2. Both mutations occur in a predicted bind-
ing site for E2F transcription factors in the promoter 
of MKK6 and result in increased MKK6 expression. 
MKK6 interacts with MEKK1 and MPK4, and elevated 
expression of MKK6 in the summ4 mutants suppresses 
the autoimmune phenotypes of mkk1/2, but not those 
associated with the mekk1 and mpk4 loss-of-function 
mutations. These data suggest that MKK6 functions in 
parallel with MKK1/MKK2 to transduce signals from 
MEKK1 to MPK4 (Fig. 8).

Arabidopsis ANPs and MKK6 have previously been 
shown to function together with MPK4 to regulate cy-
tokinesis (Krysan et al., 2002; Beck et al., 2010; Kosetsu 
et al., 2010; Takahashi et al., 2010). Our data suggest 
that ANP2/ANP3 and MKK6 also play important roles 

in plant immunity. The anp2 anp3 and mkk6 mutants 
constitutively express PR genes and exhibit enhanced 
pathogen resistance. These autoimmune phenotypes 
can be suppressed by a constitutively active MPK4 
mutant protein, suggesting that ANP2/ANP3 and 
MKK6 function together with MPK4 in a MAP kinases 
cascade that prevents autoactivation of plant defense 
(Fig. 8).

Arabidopsis has 60 predicted MAPKKKs, but only 
10 MKKs and 20 MAPKs (MAPK-Group, 2002), sug-
gesting that some of the MKKs and MAPKs may have 
multiple functions and can form distinct MAP kinase 
cascades with different MAPKKKs to regulate different 
biological processes. This is supported by the diverse 
roles of MKK4/MKK5 and MPK3/MPK6 in plant de-
fense as well as in development (Meng and Zhang, 
2013). Our study revealed that MKK6 also has multiple 
functions. In addition to its role in cytokinesis, MKK6 
is involved in two MAPK kinase cascades important to 
plant immunity.

Both the MEKK1-MKK1/MKK2-MPK4 and ANPs-
MKK6-MPK4 cascades lead to activation of MPK4. 
Mutations in summ2 suppress the autoimmune pheno-
types of mekk1 and mkk1 mkk2, but not anp2 anp3, sug-
gesting that these two MAP kinase cascades function 
independently in the regulation of plant immunity 
(Fig. 8). This is consistent with the observation that the 
mutant phenotypes of mekk1 and mkk1 mkk2 are com-
pletely dependent on SUMM2, whereas the constitu-
tive defense responses in mpk4 can only be partially 
blocked by mutations in summ2 (Zhang et al., 2012). It 
is unclear why two kinase cascades both leading to ac-
tivation of MPK4 cannot compensate each other. Previ-
ously, it was shown that MEKK1 interacts with MKK1 
and MKK2 on the plasma membrane (Gao et al., 2008), 
whereas the ANPs-MKK6-MPK4 cascade functions in 
regulating cytokinesis in the nucleus (Beck et al., 2010; 

Figure 8.  A working model for the roles of MKK6 in plant immunity. 
MKK6 functions in parallel with MKK1 and MKK2 to form a MAPK cas-
cade to prevent activation of SUMM2-mediated immunity. MKK6 also 
functions together with ANP2/ANP3 and MPK4 in a separate MAPK 
cascade that inhibits a PAD4-dependent defense pathway. Arrows in-
dicate activation and dashed lines with perpendicular lines indicate 
repression.
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Kosetsu et al., 2010; Takahashi et al., 2010; Zeng et al., 
2011). It is possible that the MEKK1-MKK1/MKK2-
MPK4 and ANPs-MKK6-MPK4 cascades are active in 
different subcellular localizations to prevent constitu-
tive activation of immune responses.

The mechanism of how the ANP2/ANP3-MKK6-
MPK4 cascade regulates plant immunity is unknown. 
Previously, it was shown that expression of a consti-
tutively active MPK4 leads to compromised pathogen 
resistance mediated by TIR-NB-LRR proteins (Berriri 
et al., 2012). The autoimmune phenotype of anp2 anp3 
is dependent on PAD4 and EDS1, which are critical 
positive regulators of TIR-NB-LRR protein-mediated 
resistance (Glazebrook et al., 1996; Feys et al., 2001). It 
is likely that activation of MPK4 through the ANP2/
ANP3-MKK6-MPK4 cascade is required for its func-
tions in regulation of immunity mediated by one or 
more TIR-NB-LRR proteins.

Meanwhile, ANPs have been shown to function as 
positive regulators of elicitor-triggered defense re-
sponses and protection against the necrotrophic fun-
gus Botrytis cinerea (Savatin et al., 2014). Increased 
growth of Pto DC3000 hrcC− in the anp2-2 anp3-3 dou-
ble mutant also supports a positive role of ANP2 and 
ANP3 in PTI. It is likely that components of the ANP2/
ANP3-MKK6-MPK4 cascade are targeted by certain 
pathogens and plants have evolved resistance proteins 
to sense disruption of this kinase cascade. Similar to 
protection of the MEKK1-MKK1/ MKK2-MPK4 cas-
cade by the NB-LRR protein SUMM2 (Zhang et al.,  
2012), loss of function of ANP2/ANP3, MKK6, or MPK4 
likely results in activation of immunity mediated by 
as-yet-unknown resistance proteins.

MATERIALS AND METHODS

Plant Materials

The summ4-1D mkk1/2 triple mutant was isolated from an ethylmethanesul-
fonate (EMS) mutagenized M2 population of mkk1/2 (Zhang et al., 2012). The 
mkk1/2, mpk4-3, mekk1-1, summ2-8, summ2-8 mkk1/2, mkk6-2, mkk6-3, and pad4-
1 mutants and CA-MPK4 transgenic line were described previously (Glaze-
brook et al., 1996; Ichimura et al., 2006; Nakagami et al., 2006; Gao et al., 2008; 
Takahashi et al., 2010; Berriri et al., 2012; Zhang et al., 2012). The summ4-1D 
single mutant was isolated through backcrossing the triple mutant summ4-1D 
mkk1/2 to wild-type Col-0 plants. The summ4-1D mekk1-1 double mutant was 
obtained by crossing summ4-1D mkk1/2 with mekk1-1. The summ4-1D mpk4-3 
double mutant was obtained by crossing summ4-1D mkk1/2 with mpk4-3. The 
anp2-2 anp3-3 double mutant was obtained by crossing anp2-2 (Salk_144973) 
and anp3-3 (Salk_081990) obtained from the Arabidopsis Biological Resource 
Center. The anp2-2 anp3-3 CA-MPK4, anp2-2 anp3-3 summ2-8, and anp2-2 anp3-
3 pad4-1 triple mutants were obtained by crossing anp2-2 anp3-3 with CA-MP-
K4CA, summ2-8, and pad4-1, respectively. Plants were grown at 23°C under 16 
h light/8 h dark on soil or 1/2 Murashige and Skoog (MS) media (Murashige 
and Skoog, 1962).

Mutant Characterization

To determine gene expression levels, RNA was extracted from 2-week-
old seedlings grown on 1/2 MS media using the EZ-10 Spin Column Plant 
RNA Mini-Preps Kit (Bio Basic). Each sample consists of RNA from about six 
seedlings. Genomic DNA contamination was removed by treatment with RQ1 

RNase-Free DNase (Promega). Reverse transcription was carried out using 
M-MuLV reverse transcriptase (New England Biolabs). RT-qPCR was per-
formed using SYBR Premix Ex Taq II (Takara). Each experiment was repeated 
three times with independently grown plants. Primers of PR1, PR2, and AC-
TIN1 used for RT-qPCR were previously described (Sun et al., 2015). Primers 
used for MKK6 expression are listed in Supplemental Table S3.

RNA-seq analysis was carried out using services provided by Beijing Ge-
nomics Institute. Three independent RNA samples from each genotype were 
mixed prior to library preparation and used for library preparation and se-
quencing. An average of ∼23 million raw RNA-seq reads were checked for 
quality and filtered for low-quality reads, adapter sequences, and contami-
nation. The clean reads of each sample were aligned to the publicly available 
reference genome of Arabidopsis (Arabidopsis thaliana; TAIR10) using HISAT 
(Hierarchical Indexing for Spliced Alignment of Transcripts)(Kim et al., 2015). 
Gene expression levels were quantified for each gene using the RSEM software 
package (Li and Dewey, 2011). Differentially expressed genes were determined 
through the NOISeq method (Tarazona et al., 2011). GO analysis was com-
pleted using the statistical enrichment test from the PANTHER classification 
system (Thomas et al., 2003). The RNA-seq experiment was repeated twice.

Hyaloperonospora arabidopsidis (H. a.) Noco2 infection was performed on 
2-week-old seedlings. The seedlings were sprayed with spore suspensions at 
a concentration of 50,000 spores per mL water. The plants were covered with 
a clear dome and kept at 18°C under 12-h light/12-h dark cycles in a growth 
chamber. Samples were collected 7 d later, and spores on the plants were resus-
pended in water and counted using a hemocytometer. Infection results were 
scored as previously described (Bi et al., 2010). Each infection experiment 
was repeated at least twice. 3,3′-diaminobenzidine staining and trypan blue 
staining were performed on 2-week-old seedlings according to previously de-
scribed procedures (Parker et al., 1996; Thordal-Christensen et al., 1997).

Map-Based Cloning of SUMM4

For crude mapping of summ4-1D, the summ4-1D mkk1/2 triple mutant was 
crossed with Landsberg erecta. F2 plants homozygous for mkk1/2 were selected 
for linkage analysis. summ4-1D mkk1/2 was also crossed with wild-type Col-0 
plants to obtain the summ4-1D single mutant. Plants homozygous for mkk1/2 
and heterozygous for summ4-1D were also identified in the F2 generation, and 
their progeny were used for fine mapping of summ4-1D. Markers for fine map-
ping were designed based on single nucleotide polymorphisms identified by 
sequencing the genome of summ4-1D mkk1/2 using Illumina sequencing. All 
primer sequences are listed in Supplemental Table S1.

For testing whether the summ4-1D mutation is responsible for the sup-
pression of the mkk1/2 mutant phenotype, the SUMM4 gene, including the 
mutation in the promoter region, was amplified from the genomic DNA of 
summ4-1D mkk1/2 by PCR using primers MKK6-BamHI-F and MKK6-PstI-R. 
The DNA fragment was cloned into a modified pCambia1305 vector by the 
BamHI and PstI sites to express MKK6 under the mutant version of its native 
promoter. The construct was transformed into plants homozygous for mkk1 
and heterozygous for mkk2 by the floral-dip method (Clough and Bent, 1998). 
Transgenic plants homozygous for mkk1 mkk2 were identified by PCR in the 
T1 generation.

Coimmunoprecipitation Analysis

A MEKK1 genomic fragment containing its promoter and coding region was 
amplified using primers AtMEKK1-genomic-KpnI-F and AtMEKK1-35S-Bam-
HI-R. The fragment was cloned into pCambia1305-3FLAG using the KpnI and 
BamHI sites. The coding sequence of MKK6 in pCamiba1300-MKK6-CLuc was 
subcloned into pCamiba1300-35S-3HA using the KpnI and BamHI sites. Agro-
bacteria strains carrying pCambia1305-MEKK1-3FLAG, pCambia1305-3FLAG 
(empty vector), or pCambia1300-35S-MKK6-3HA were cultured overnight 
individually in LB Miller media (10 g tryptone, 5 g yeast extract, and 10 g 
NaCl per L) containing 50 μg/mL kanamycin, 50 μg/mL gentamycin, and  
25 μg/mL rifamycin. The cells were collected by centrifugation and resus-
pended in 10 mm MgCl2 at optical density at 600 nm (OD600) = 0.6. Agrobacteria 
carrying 1300-35S-MKK6-3HA were mixed with Agrobacteria carrying empty 
vector (EV) or pCambia1305-MEKK1-3FLAG at a 1:1 ratio. One hundred fifty 
millimolar acetosyringone was also added to the Agrobacteria mixtures. The 
bacteria were incubated for 3 h at room temperature before being infiltrated 
into Nicotiana benthamiana leaves. The leaf tissue was collected 40 h after infil-
tration. Two grams of tissue for each sample was collected and ground in liq-
uid nitrogen. Two and one-half volumes of extraction buffer (25 mm Tris-HCl 
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pH 7.5, 150 mm NaCl, 10% Glycerol, 1 mm EDTA, 0.15% Nonidet-P40) plus 10 
mm dithiothreitol (DTT), 2% (w/v) polyvinylpolypyrrolidone, 1 mm NaF, 1 
mm phenylmethylsulfonyl fluoride, and 1× protease inhibitor cocktail (Roche) 
was added into the ground tissue. After thawing at 4°C for 20 min, the lysates 
were centrifuged at 13,000g for 30 min, and the supernatants were transferred 
into new tubes. The anti-FLAG M2 beads (Sigma) were then added into the 
supernatants and incubated at 4°C for 3 h. After washing with extraction buf-
fer four times, the proteins were eluted by adding 2× sodium dodecyl sulfate 
(SDS) buffer (100 mm Tris-Cl pH 6.8, 4% [w/v] SDS, 0.2% [w/v] bromophenol 
blue, 20% [v/v] glycerol, 200 mm DTT) to the beads and denatured at 99°C for 
5 min. The samples were separated by SDS-polyacrylamide gel electrophoresis 
(PAGE) and analyzed by western blot using anti-FLAG or anti-HA antibodies.

Split Luciferase Assay

Complementary DNA (cDNA) of MKK6 was amplified by PCR using 
primers MKK6-cLuc-F and MKK6-cLuc-R and cloned into pCamiba1300 CLuc 
(Chen et al., 2008) using the KpnI and BamHI sites to express MKK6CLuc un-
der a 35S promoter. The cDNA fragment of MEKK1 was excised from pME-
KK1-YCE (Gao et al., 2008) using the restriction enzymes BamHI and XhoI 
and cloned into pCamiba1300 NLuc using the BamHI and SalI sites, and the 
cDNA fragment of MPK4 was excised from pMPK4-YCE (Gao et al., 2008) 
using the restriction enzymes KpnI and BamHI and cloned into pCambia1300 
3HA-NLuc using the KpnI and BamHI sites (Chen et al., 2008) for expression 
of MEKK1NLuc and MPK4NLuc under a 35S promoter. N. benthamiana leaves 
were infiltrated with Agrobacteria (OD600 = 0.2) carrying constructs expressing  
MKK6CLuc and MEKK1NLuc or MKK6CLuc and MPK4NLuc, along with the negative 
controls. Plants were kept at 23°C under 16 h light/8 h dark for 2 d before 
assaying for luciferase activity.

Analysis of MAPK Activation

To analyze flg22-induced MAPK activation, 12-d-old plants grown on 1/2 
MS agar plates were sprayed with 100 nm flg22. Samples were collected 0 
and 15 min after flg22 treatment. Total protein was extracted from seedlings 
ground in liquid nitrogen with protein extraction buffer (50 mm HEPES pH 
7.5, 150 mm KCl, 1 mm EDTA, 0.5% [v/v] Trition-X 100, 1 mm DTT, 1× pro-
teinase inhibitor cocktail). Supernatants were collected by centrifugation at 
13,000g for 15 min. The supernatant was added with the same volume of 2× 
SDS buffer and then boiled at 99°C for 10 min. The proteins were separated 
by SDS-PAGE, and phosphorylated MAPKs were detected by immunoblots 
using antip44/42-ERK antibody (Cell Signaling, #4370S).

To express the MPK4-HA-YCE fusion protein, mesophyll protoplasts were 
isolated from wild-type (Col-0), summ2-8 mkk1/2, and summ2-8 mekk1-1 plants 
as previously described (Wu et al., 2009). The protoplasts were transfected 
with 10 μg of pUC19-MPK4-HA-YCE together with 10 μg of pCambia1300-
35S-MKK6-3HA or empty vector. After 16 h of incubation, the transfected cells 
were treated with 100 nm flg22 for 15 min and then collected by spinning at 
120g for 2 min. The cell pellets were added with 30 μL of 2× SDS buffer and 
boiled for 5 min. The samples were separated by SDS-PAGE and analyzed by 
western blot using antip44/42-ERK or anti-HA antibodies.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome 
Initiative or the GenBank/EMBL data libraries under accession numbers: 
At4g08500 (MEKK1), At4g26070 (MKK1), At4g29810 (MKK2), At4g01370 
(MPK4), At1g54960 (ANP2), At3g06030 (ANP3), At5g56580 (MKK6), 
At1g12280 (SUMM2), AAD20950 (EDS1), At3g52430 (PAD4), At3g20600 
(NDR1), At2g14610 (PR1), At3g57260 (PR2), and At2g37620 (Actin1).
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Supplemental Figure S1. eFP browser view of MKK6 expression during 
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