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Mitogen-activated protein kinases (MAPKs) are important regulators of plant immunity. Most of the knowledge about the
function of these pathways is derived from loss-of-function approaches. Using a gain-of-function approach, we investigated the
responses controlled by a constitutively active (CA) MPK3 in Arabidopsis thaliana. CA-MPK3 plants are dwarfed and display a
massive derepression of defense genes associated with spontaneous cell death as well as the accumulation of reactive oxygen
species, phytoalexins, and the stress-related hormones ethylene and salicylic acid (SA). Remarkably CA-MPK3/sid2 and CA-MPK3/
ein2-50 lines, which are impaired in SA synthesis and ethylene signaling, respectively, retain most of the CA-MPK3-associated
phenotypes, indicating that the constitutive activity of MPK3 can bypass SA and ethylene signaling to activate defense
responses. A comparative analysis of the molecular phenotypes of CA-MPK3 and mpk4 autoimmunity suggested convergence
between the MPK3- and MPK4-guarding modules. In support of this model, CA-MPK3 crosses with summ1 and summ2, two
known suppressors of mpk4, resulted in a partial reversion of the CA-MPK3 phenotypes. Overall, our data unravel a novel
mechanism by which the MAPK signaling network contributes to a robust defense-response system.

To survive under different stresses during their life
cycle, plants have developed various strategies. Their
ability to adapt to changing environments largely relies
on sensing and signaling processes that are based on
manifold receptors and complex signaling networks.
Mitogen-activated protein kinase (MAPK) cascades
were shown to be key actors in plant signal transduc-
tion in response to various biotic and abiotic stresses

(Colcombet and Hirt, 2008). The core of the MAPK
pathways is formed by three types of kinases: MAPKK
kinases (MAP3Ks), MAPK kinases (MAP2Ks), and
MAP kinases (MAPKs), which phosphorylate and ac-
tivate each other in a linear pathway. MAPKs, which
are Ser/Thr kinases, are known to phosphorylate a
wide range of substrates, including other kinases and
transcription factors, leading to major stress-related
cellular modifications. These three sets of protein ki-
nases in MAPK pathways are encoded by multigene
families (Ichimura et al., 2002). There are more than
60 MAP3Ks, 10 MAP2Ks, and 20 MAPKs in Arabidopsis
thaliana, which define functional modules for multiple
processes, including development and stress responses.

Interestingly, a given stress does not activate a single
MAPK module. For example, the microbe-associated
molecular pattern (MAMP) flg22, a derived peptide from
Pseudomonas aeruginosa flagellin that reveals the presence
of the pathogen to the plant, triggers the activation of
several MAPKs: MPK3, MPK4, MPK6, MPK11, MPK1,
and MPK13 (Meng and Zhang, 2013; Nitta et al., 2014).
This activation occurs within minutes after flg22 per-
ception by its cognate receptor complex FLS2-BAK1,
peaking around 15 min and getting back to its basal
level after 1 h (Nuhse et al., 2000; Asai et al., 2002). Up-
stream activators of theMAPKs also have been identified
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in some cases. The MAP3K MEKK1 activates the two
MAP2Ks MKK1 and MKK2, which converge to acti-
vate MPK4 (Ichimura et al., 2006; Nakagami et al.,
2006; Gao et al., 2008; Qiu et al., 2008). MPK3 and MPK6
are both activated by MKK4 and MKK5, but their up-
stream MAP3K(s) have not yet been unambiguously
identified (Asai et al., 2002).
Whereas the MKK4/5-MPK3/6 module is thought

to positively regulate immunity, the MEKK1-MKK1/
2-MPK4 module was first described as a negative reg-
ulator (Petersen et al., 2000; Brodersen et al., 2006). Indeed,
mekk1, mkk1/mkk2, and mpk4 loss-of-function mutants
display constitutively activated defense responses in the
absence of pathogens, spontaneous cell death, and the
accumulation of reactive oxygen species (ROS) and sali-
cylic acid (SA; Petersen et al., 2000; Gao et al., 2008),
resulting in growth defects and dwarfed plants (Pitzschke
et al., 2009; Frei dit Frey et al., 2014). Their altered devel-
opmental phenotypes can be partially suppressed by
mutations/transgenes reducing SA levels, such as
sid2 and NahG, as well as by growth at high temper-
ature (Brodersen et al., 2006; Su et al., 2007). Recently,
two allelic series of loss-of-function mutations able to
fully suppress autoimmune-related growth defects of
mekk1, mkk1/mkk2, and mpk4 were identified in a for-
ward genetic screen (Kong et al., 2012; Zhang et al.,
2012). summ1 (suppressor of mkk1 mkk2 1) is mutated in
MEKK2, the closest homolog ofMEKK1, and summ2 is
mutated in a nucleotide-binding leucine-rich repeat
(NB-LRR) protein. These results suggest that theMEKK1-
MKK1/2-MPK4 module is guarded by the NB-LRR
protein SUMM2 to avoid its manipulation by pathogen
effectors. In accordance with the current model, the
MEKK1-MKK1/2-MPK4 module would then be a
positive regulator of stress responses.
Despite being activated by stresses with similar ki-

netics, three iconic MAPKs, MPK3, MPK4, and MPK6,
are not functionally fully redundant. A growing num-
ber of publications describe MAPK substrates that may
be targeted specifically by a single or a combination of
several MAPKs (for review, see Bigeard et al., 2015).

mpk3 and mpk6 single mutants show normal develop-
ment, whereas mpk3mpk6 double mutants are barely
viable (Wang et al., 2007). This strong developmental
redundancy makes the investigation of the stress-related
roles of these kinases complicated. The fact that some
substrates, such as ACS2/6, ERF6, andWRKY22/28/33,
are targeted by both MPK3 and MPK6 indicates that
these MAPKs have at least partially similar roles in plant
defense regulation (for review, see Bigeard et al., 2015).
Interestingly, the phenotypical characterization of single
mutants showed specific functions. For example, mpk3
mutants are susceptible to the necrotrophic pathogen
Botrytis cinerea, whereas mpk6 is not (Ren et al., 2008).
Both mpk3 and mpk6 mutants are impaired in flg22-
triggered stomatal closure, suggesting that they have
collaborative functions in the regulation of guard cell
volume rather than redundant functions (Montillet
et al., 2013). mpk3 but not mpk6 overproduces RBOHD-
dependent ROS burst upon MAMP perception, suggest-
ing an MPK3-specific negative role in MAMP-triggered
immunity (MTI) responses (Ranf et al., 2011). Recently, an
extensive transcriptomic analysis of mapk mutants upon
flg22 treatment underlined the specificities of eachMAPK
in gene expression reprogramming during MTI (Frei dit
Frey et al., 2014).

Figure 1. Activity of MPK3 and MPK4 wild-type and CA plants
expressed in mesophyll protoplasts. The kinase activity shows HA im-
munoprecipitation (IP) of HA-tagged MAPK (wild type and mutant)
expressed in Columbia-0 (Col-0) mesophyll protoplasts. Western blots
(WB) show protein levels.

Figure 2. Phenotypes of plants expressing c-myc-tagged K3WT and
K3CA. A, Representative photographs of 30-d-old rosettes of the in-
dicated genotypes. Bar = 1 cm. B, Trypan Blue and DAB staining of
representative leaves from the indicated genotypes. Bar = 2 mm. C,
Kinase activity of MPK3-myc after immunoprecipitation (IP) using
anti-c-myc antibody from the indicated genotypes. Western blots
(WB) show protein levels.
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Our laboratory reported the identification of muta-
tions that render Arabidopsis MAPKs constitutively
active (CA; Berriri et al., 2012). Our previous work fo-
cused on plants expressing CA-MPK4 and demon-
strated that these point mutations do not alter substrate
specificity, making them a powerful tool to provide
complementary evidence for loss-of-function-based
analysis of MAPKs. In this study, we used the same
approach to tackle MPK3 function. Our detailed char-
acterization of CA-MPK3 lines brings new insights to
the role of MPK3 in innate immunity.

RESULTS

The Dual Mutation D193G/E197A Results in Constitutive
Activation of MPK3

We recently reported the identification of two sets of
mutations, Y144C and D218G/E222A, which trigger con-
stitutive autoactivity to recombinant Arabidopsis MPK6
(Berriri et al., 2012). In vitro expression of CA MAPKs
suggested that CA mutations may be transferrable to
other plant MAPKs but that all mutations do not system-
atically activate MAPKs in planta. To select for mutations

that trigger the strongest in vivo autoactivity in
the stress-related MPK3, we expressed human
influenza hemagglutinin (HA)-tagged MPK3WT,
MPK3T119C, and MPK3D193G/E197A, as well as MPK4WT,
MPK4Y124C, and MPK4D198G/E202A as controls, using the
mesophyll protoplast expression system. We assayed
MAPK activity after HA immunoprecipitation for their
ability to phosphorylate myelin basic protein (MBP)
and found that MPK3D193G/E197A and, to a lesser extent,
MPK3T119C were more active than MPK3WT (Fig. 1).

Plants Expressing MPK3D193G/E197A Show Higher MPK3
Activity and Dwarfism Associated with ROS Accumulation
and Cell Death

To investigate MPK3 function further, we created
Arabidopsis transgenic lines expressingMPK3D193G/E197A.
For this purpose, the mpk3-1 knockout mutant was
transformed with vectors allowing the expression of the
c-myc-tagged genomic sequence of MPK3WT and
the mutated version MPK3D193G/E197A. These lines
will be further referred to asK3WT andK3CA, respectively.
Under standard growth conditions (soil, 22°C, long
days), allK3CAT1plants showed adwarfedmorphology

Figure 3. Characterization of MAPK protein levels and PAMP-triggered immunity in K3WT and K3CA lines. A, Kinase activity of
MPK3-myc after immunoprecipitation (IP) using anti-c-myc antibody from in vitro plantlets of the indicated genotypes treated
with flg22 for 15min.Western blots (WB) show protein expression levels. B, Kinase phosphorylation in theMAPK activation loop
monitored by western blot using anti-pTpY antibody from K3WT1 and K3CA1 transgenic lines treated with 1 mM flg22 for the
indicated times. Note that the anti-pTpYantibody does not detect the phosphorylated MPK3 activation loop when it is mutated
(D193G/E197A). C,Western blot analyses of MPK4/6 levels usingMAPK-specific antibodies in rosettes of pot-grown plants of the
indicated backgrounds. D, Kinase activity of MPK4 and MPK6 after immunoprecipitation using specific antibody from rosettes of
the indicated genotypes. Western blots show protein expression levels. E, Representative photographs of 1-month-old K3CA2/
mpk6-2 plants compared with parental lines and Col-0. Plants were cultivated at 22°C on soil in a culture chamber. Bar = 2 cm.
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associated with leaf serration and reduced fertility,
whereas K3WT T1 plants did not show any noticeable
morphological phenotype when compared with Col-0
(n . 20 for both genotypes). This phenotype was main-
tained in homozygous lines carrying a single insertion
(Fig. 2A). Trypan Blue and 3,39-diaminobenzidine (DAB)
staining showed that this dwarfism is associated with
spontaneous cell death and constitutive ROS accumu-
lation (Fig. 2B). To characterize MPK3 protein levels
in the different genetic backgrounds, we performed
western-blot analysis of 15-d-old plantlets grown in vitro
(Supplemental Fig. S1A). Unluckily, MPK3 antibody,
which is raised against the 11 C-terminal residues of
MPK3, does not detect the C-terminally c-myc-tagged
MPK3 fusion proteins, making the comparison of MPK3
protein level between Col-0 and transgenic lines un-
achievable.Western immunoblots using c-myc antibodies
showed that the level of MPK3-myc varies from one
transgenic line to another, as expected when T-DNA in-
sertion occurs randomly in the genome. As an alternative
to direct MPK3 protein detection, we performed reverse
transcription-quantitative PCR (RT-qPCR) analyses and
found that the level of expression of MPK3-myc tran-
scripts in transgenic lines, which also varies from one line
to another, is overall similar to the level of MPK3 tran-
scripts in Col-0 (Supplemental Fig. S1B). c-myc-based
immunoprecipitation from K3WT and K3CA plantlets
grown in vitro followed by kinase assays showed that
K3CA lines exhibit a higher MPK3 activity than K3WT
lines (Supplemental Fig. S1C). Similar results were
obtained when the c-myc-based immunoprecipitation
was performed from rosettes of pot-grown plants show-
ing the strong dwarf phenotype (Fig. 2C). Importantly,
the MPK3 kinase activities, as well as the dwarf pheno-
type of the K3CA plants, were specific for the CA muta-
tion and apparently independent of MPK3 protein
abundance levels (Fig. 2; Supplemental Fig. S1). Remark-
ably, K3CA plantlets grown in vitro showed no obvious
phenotype while pot-grown plants showed a dwarfed
morphology, suggesting that, in addition to the constitu-
tive MPK3 activity, environmental factors are required for
its full establishment.

K3CA Plants Still Respond to flg22 and Do Not Affect
MPK4/6 Activities

To determinewhether the constitutive activity ofK3CA
plants interferes with MTI signaling, we challenged
in vitro seedlingswith themodelMAMP flg22. As shown
in Figure 3A,MPK3 activities in K3CA lines still increased
drastically in response to flg22 compared with K3WT
lines, demonstrating that the constitutive activity ofMPK3
does not lead to a desensitized MPK3 pathway. It also
indicates that the MPK3 activity increase triggered by
CA mutations is mild compared with the MPK3 activity
after MAMP treatment and that CA mutations, which
are located in the activation loop close to the TEY activa-
tion motif, do not affect its phosphorylation by upstream
MAP2Ks. As cross talk and compensatory mechanisms

between MTI-related MAPK modules exist (Frei dit Frey
et al., 2014), we were curious to see whether the constitu-
tive activity of MPK3 might provoke changes in MPK6
and MPK4 activation. For this purpose, we used western

Figure 4. Misregulated genes in K3CA lines. A, Top enriched GO terms
among the up-regulated genes. B, Top enriched GO terms among the
down-regulated genes. C to F, SID2, PR1, F6ʹH1, and PAD3 transcript
levels in K3CA and K3WT lines. Data are means6 SD of three technical
repetitions.
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immunoblots to monitor flg22-dependent activation loop
phosphorylation of MPK4 and MPK6 in representative
K3WT and K3CA lines (Fig. 3B). We did not observe any
differences between these lines, as MPK4 and MPK6 had
the typical kinetics of phosphorylation, with a rapid in-
crease, a plateau at 15 to 30 min, and a decrease after 1 h
(Fig. 3B). MPK4 and MPK6 protein levels also were not
affected in in vitro-grown plantlets of K3CA lines com-
pared with Col-0 and K3WT lines (Supplemental Fig.
S1A). On the other hand, in the case of dwarfed plants
grown on soil, we monitored an increase in the amount of
MPK4/6 proteins inK3CA lines comparedwith Col-0 and
K3WT lines (Fig. 3C). To exclude that K3CA dwarfism
could be due to a higher accumulation of MPK4/6, which
would trigger stronger MPK4/6 activities, we measured
their activity after immunoprecipitation but did not see
any increases in the K3CA line (Fig. 3D). Finally, we
crossedK3CA2 plantswithmpk6-2 but found that a lack of
MPK6 does not suppress K3CA dwarfism (Fig. 3E). These
results suggest that MPK6 likely does not mediate K3CA
dwarfism.

K3CA Lines Show Induction of Stress-Related Genes

In order to identify the genes misregulated in K3CA
lines, we performed a global transcriptome analysis.
Plants of K3CA and K3WT lines, three independent
lines for each, were grown on soil for 30 d. RNA was
extracted and hybridization was performed on micro-
arrays according to an experimental design limiting the
positional effect of T-DNA insertions (Supplemental
Fig. S2). A total of 1,848 up-regulated and 1,483 down-
regulated CATMA probes, corresponding to 1,769 and
1,436 unique genes, were found in K3CA lines com-
pared with K3WT lines, respectively (adjusted with a
false discovery rate P , 0.05; Supplemental Tables S1
and S2). To identify the physiological processes that are
altered in K3CA lines, we performed a Gene Ontology
(GO) analysis of the differentially expressed genes.
Notably, the set of up-regulated genes showed a sig-
nificant enrichment of GO categories related to re-
sponses to pathogens, defense and immunity, and cell
death as well as responses to oxidative stress and to the
stress-related hormones ethylene and SA (Fig. 4A;
Supplemental Table S3). Among the down-regulated

genes, we found an enrichment in the categories of
metabolism (photosynthesis, starch, and secondary
metabolism) as well as the hormones auxin and jas-
monic acid (Fig. 4B; Supplemental Table S3). The tran-
scriptomic data obtained were confirmed by RT-qPCR
using a set of relevant genes. Notably, the defense-
related genes SID2 (SALICYLIC ACID INDUCTION-
DEFICIENT2), PR1 (PATHOGENESIS-RELATED GENE1),
PAD3 (PHYTOALEXIN DEFICIENT3), and F6ʹH1
(FERULOYL-COA 6ʹ-HYDROXYLASE1) were all up-
regulated in K3CA lines (Fig. 4, C–F). Comparing our
transcriptomic data with previously published ones
revealed that about 40% and 30% of the genes up-
regulated upon MAMP perception (30-min flg22
treatment) and bacterial infection (2 h post Pseudomonas
syringae inoculation), respectively, were also up-regulated
in K3CA lines (Supplemental Fig. S3, A–E). This result
indicates that K3CA lines display active defenses due to
MPK3 activation. It also suggests that MPK3 activity is
important for the transcriptional reprograming during
the first steps of pathogen perception.

K3CA Plants Produce Ethylene and Accumulate SA,
Camalexin, and Scopoletin

To understand the extent to which the transcriptomic
data translate into a physiological phenotype, we quanti-
fied the levels of some defense-related hormones in K3CA
plants. Ethylene production by 1-aminocyclopropane-1-
carboxylic acid synthases (ACS) was reported to be
up-regulated by the expression of a Nicotiana tabacum CA
MEK2,which activatesMPK3 andMPK6 (Liu and Zhang,
2004). Ethylene measurements were carried out using a
photoacoustic detector. Surprisingly, it revealed only a
minor increase of ethylene production in K3CA compared
with K3WT lines (Supplemental Fig. S4A). In contrast, we
found that total and free SA accumulated 10 to 20 and 2 to
3 times, respectively, in K3CA compared with K3WT and
Col-0 plants (Fig. 5, A and B). Finally, camalexin and
scopoletin, two major phytoalexins, were about 160 and
7 times more abundant, respectively, in K3CA than in
K3WT andCol-0 plants (Fig. 5, C andD). Altogether, these
findings established that MPK3 activity results in altered
accumulation of defense compounds like defense hor-
mones and phytoalexins.

Figure 5. Characterization of SA and phytoalexin
contents in K3CA lines. Total SA (A), free SA (B),
camalexin (C), and scopoletin (D) contents were
measured by HPLC in the indicated lines. Average
contents of four independent biological replicates
are represented. Error bars show SE. FW, Fresh
weight.
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K3CA Phenotypes Are Mostly Dependent of SA Signaling
But Independent of Ethylene Signaling

To further investigate the role of MPK3 in ethylene
and SA production and the extent to which they con-
tribute to K3CA phenotypes, we crossed K3CA1 plants
with the ein2-50 (ethylene insensitive2) mutant impaired
in ethylene-mediated signaling (Xu et al., 2008) and
with sid2-2, a mutant impaired in SA accumulation
during pathogen infection (Nawrath and Métraux,
1999). We did not observe any suppression of K3CA
dwarfism by ein2-50 (Supplemental Fig. S4B), meaning
that ethylene signaling is not of major importance for
establishing the K3CA phenotype. In contrast, sid2-2
abolished SA accumulation in K3CA plants (Fig. 6, A
and B) and led to a partial reversion of the dwarfed
phenotype (Fig. 6C). Although K3CA1/sid2-2 plants
were 3 to 5 times bigger than K3CA1 plants, they still
remained affected in their development. In line with
this observation, spontaneous ROS accumulation and
cell death inK3CA1 also were only partially suppressed
by sid2-2 (Fig. 6D), as was the up-regulation of PR1,
which dropped about 100 times inK3CA/sid2 compared
with K3CA but still remained severalfold higher com-
pared with Col-0 (Fig. 6E). Additionally, although the
decrease of PAD3 expression in K3CA/sid2 compared
with K3CA correlated with the decrease in camalexin
contents, the decrease of F6ʹH1 apparently had no effect
on the level of scopoletin (Fig. 7). These results indicate
that scopoletin accumulation, unlike camalexin, is SA
independent. Interestingly, the partial suppression of
theK3CA phenotypes in K3CA1/sid2-2 plants correlated
with the mild decrease in MPK3 activity (Fig. 6F),
suggesting that sustainableMPK3 activity is ensured by
a positive feedback loop involving SA. Overall, our
results show that MPK3 function in plant immunity is
dependent on SA signaling.

Comparison of K3CA and mpk4 Phenotypes Shows That
the Two Mutants Are Closely Related

The similarity in the dwarf, cell death, and enhanced
SA level phenotypes of the autoimmune mpk4 mutant
and the K3CA lines prompted us to characterize these
lines in close detail. The mpk4 phenotype is similarly
related to high levels of the defense hormone SA and is
suppressed by growth under high temperature. We
grew K3CA plants at 28°C and observed an identical
suppression of the autoimmune features (Supplemental
Fig. S5, A and B). A comparison of the transcriptomes
between K3CA lines grown on soil and mpk4 seedlings
grown in vitro (Frei dit Frey et al., 2014) revealed 35%
and 10% overlaps among the up- and down-regulated
genes, respectively (Supplemental Fig. S3B). Interest-
ingly, besides SA, mpk4 accumulates both scopoletin
and camalexin (Fig. 8, A–D). To obtain an overview of
the metabolic changes, we performed gas chromatog-
raphy/mass spectrometry-time of flight profiling of
Col-0, K3CA, K3WT, andmpk4 plants. We also included
themips1mutant, which was shown previously to have

a SA-related autoimmune phenotype (Meng et al.,
2009). Overall, 99 peaks were identified corresponding
to 91 metabolites (Supplemental Table S4). K3CA lines
showed 26 and 11 metabolites to be significantly in-
creased and reduced, respectively, comparedwithK3WT
(P , 0.05). A more careful look to these metabolites

Figure 6. SA-related phenotypes of K3CA lines. A and B, Total (A) and
free (B) SA contents measured by HPLC in the indicated genetic back-
grounds. Data are means 6 SD of four biological repetitions. FW, Fresh
weight. C, Representative photographs of 1-month-old K3CA1/sid2-2
plants comparedwith parental lines and Col-0. Plantswere cultivated at
22°C on soil in a culture chamber. Bar = 1 cm. D, Representative
photographs of K3CA1/sid2-2 leaves compared with parental lines and
Col-0 stained with DAB and Trypan Blue to visualize ROS and cell
death. Bars = 2 mm. E, PR1 transcript levels in the indicated back-
grounds. Data are means 6 SD of four biological repetitions. F, Kinase
activity toward MBP of MPK3-myc immunoprecipitated (IP) from the
indicated lines. Western blots (WB) show MPK3-myc levels.
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showed that 11 amino acids and several molecules of the
Krebs cycle, including citric acid, a-ketoglutaric acid, and
malic acid, accumulated in K3CA plants. Among the re-
duced metabolites, there were important sugars, such as
Glc and Fru, as well as spermidine. Interestingly, we ob-
served a significant correlation between metabolite con-
tents in K3CA andmpk4, which is another confirmation of
the similarities of the responses activated in these two
mutant lines (Fig. 8). No correlation was found between
K3CA and mips1 (Supplemental Fig. S6), suggesting that
the metabolome changes in these autoimmune mutants
are not due to the high SA levels and thatK3CA plants are
phenotypically more similar tompk4 than tomips1 plants.

Mutations That Suppress mpk4 Are Modifiers of the
K3CA Phenotype

Several mutations have been reported to fully sup-
press mpk4 dwarfism (Kong et al., 2012; Zhang et al.,

2012). In order to test whether these mutations also
could suppress K3CA dwarfism, we crossed K3CA2
with summ1-1 and summ2-8. Both K3CA2/summ1-1 and
K3CA2/summ2-8 were 2 to 3 times bigger than K3CA2
plants but still much smaller than control plants (K3WT
and Col-0; Fig. 9A). Cell death and ROS accumulation
were partially reduced in K3CA2/summ2-8 and K3CA2/
summ1-1 (Fig. 9B). Whereas total SA levels also were
partially reduced, free SA accumulation was not im-
pacted by the summ1 or summ2 mutation (Fig. 9, C and
D). Consistently, the transcript levels of the PR1 gene,
which is a marker of SA signaling, were not signifi-
cantly affected in K3CA2/summ1 and K3CA2/summ2
compared with control lines (Supplemental Fig. S7). In
contrast, camalexin and scopoletin levels were both
reduced in K3CA2/summ1-1 and K3CA2/summ2-8
compared with K3CA2, with a stronger reduction in
camalexin, as were the biosynthetic marker genes of

Figure 7. SA-related phytoalexin phenotypes of K3CA lines. A and B,
PAD3 (A) and F6ʹH1 (B) transcript levels in the indicated backgrounds.
Data are means6 SD of four biological repetitions. C and D, Camalexin
(C) and scopoletin (D) contents measured by HPLC in the indicated ge-
netic backgrounds. Data are means6 SD of four biological repetitions.

Figure 8. Comparison of metabolite contents of mpk4 versus K3CA
plants. A to D, Total SA (A), free SA (B), scopoletin (C), and camalexin
(D) contents of mpk4 measured by HPLC. Data are means 6 SD of four
biological repetitions. FW, Fresh weight. E, Metabolite analysis of K3CA
and mpk4 plants. Means of fold changes (log2) of K3CA/K3WT (x axis)
are plotted against means of fold changes (log2) of mpk4/Col-0 (y axis).
Gray dots show metabolites that are significantly misaccumulated in
K3CA plants (Wilcoxon, Mann-Whitney test with P, 0.05). For clarity,
compound names are indicated for fold changes (log2) higher than 1.5
or lower than 21.5.
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these pathways (Fig. 9, E and F; Supplemental Fig. S7).
Besides, unlike what was observed in K3CA/sid2, the
partial suppression of the K3CA phenotypes in K3CA1/
summ1 and K3CA/summ2 plants did not appear to be
linked to a decrease in MPK3 kinase activity or protein
level (Fig. 9G). Altogether, these results indicate a bi-
furcation of the innate immunity pathway at the level of
MPK3 for scopoletin and camalexin biosynthesis on the
one hand and the MPK4-dependent SUMM1 and
SUMM2 regulation on the other hand.

DISCUSSION

MAPKs play central roles in MTI (Bigeard et al.,
2015). Recent data suggest that they also have an im-
portant function during effector-triggered immunity
(ETI; Tsuda et al., 2013). The main difference between
these two processes lies in their kinetics of activation.
MPK3 and MPK6 are rapidly and transiently activated
upon MAMP perception, whereas this activation takes
longer and is sustained for hours after the detection of a
pathogenic effector (Tsuda et al., 2013). MPK4 also is
activated transiently by MAMPs, but only indirect data
suggest its activation during ETI (Berriri et al., 2012).

These data fit the idea that MTI and ETI correspond to
similar responses, differing mainly by their temporal
pattern and amplitude of activation. The identification
of particular roles of the MAPKs in the context of MTI
and ETI is complex. A widely used strategy consists of
using loss-of-function or gain-of-function protein ki-
nase mutants. The gain-of-function strategy has been
used extensively to investigate the role of MAP2Ks, for
which replacing the two phosphorylated residues in
the activation loop by phospho-mimicking residues
usually triggers constitutive activity. We recently ap-
plied a gain-of-function strategy to the MAPK level by
identifying mutations triggering constitutive activation
(Berriri et al., 2012). As an alternative to inducible lines,
which result in high protein accumulation and, thereby,
possible nonspecific events, we created Arabidopsis
lines expressing CA MAPKs under the control of their
native promoter using genomic loci.

Plants Expressing CA-MPK3 Show Up-Regulation of SA-
Dependent and Independent Defense Responses

Plants expressing CA-MPK3 showed autoimmune
phenotypes characterized by dwarfism associated with
spontaneous cell death, accumulations of ROS and SA,

Figure 9. Phenotypes of K3CA2 crossed with
summ mutants. A, Representative photographs of
K3CA2/summ1-1 and K3CA2/summ2-8 plants
compared with parental lines and Col-0. Plants
were cultivated at 22°C on soil in a culture
chamber. Bar = 1 cm. B, Representative photo-
graphs of K3CA-2/summ1-1 and K3CA-2/summ2-
8 leaves compared with parental lines and Col-0
stained with DAB and Trypan Blue to visualize
ROS and cell death. Bars = 2 mm. C to F, Free (C)
and total (D) SA, scopoletin (E), and camalexin (F)
contents measured by HPLC in the indicated ge-
netic backgrounds. Data are means 6 SD of four
biological repetitions. FW, Fresh weight. G, Ki-
nase activity of MPK3-myc immunoprecipitated
(IP) from the indicated genetic background.
Western blots (WB) show protein expression
levels.
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and modification of metabolism to produce the phyto-
alexins scopoletin and camalexin. MPK3 and MPK6 are
thought to play redundant roles during immunity, as
they share several features, notably their kinetics of
activation and some of their substrates. For this pur-
pose, it would have been interesting to compare the
phenotypes of K3CA and K6CA plants. However, so
far, we have been unable to create lines expressing
CA-MPK6, possibly because, in our case, a constitutive
activation of MPK6 in planta is deleterious. The en-
hanced production of camalexin by CA-MPK3 plants
agrees with the findings that, upon B. cinerea infection,
MPK3 and MPK6 have been proposed to phosphory-
late the transcription factor WRKY33, which binds
camalexin biosynthetic gene promoters and triggers
camalexin accumulation (Ren et al., 2008; Mao et al.,
2011). Moreover, our work confirms the report that
Arabidopsis plants expressing dexamethasone-inducible
CA-MKK5DD or NtMEK2DD, MAP2Ks upstream of MPK3
and MPK6, accumulate intermediate levels of camalexin
(Ren et al., 2008; Lassowskat et al., 2014). We also found
that CA-MPK3 is able to induce the accumulation of the
phytoalexin scopoletin, which is known to have a role in
defense in tobacco (Chong et al., 2002) and in iron uptake
in Arabidopsis (Schmidt et al., 2014). K3CA plants accu-
mulate intermediate compounds of the Krebs cycle, such
as citric, malic, and a-ketoglutaric acids, suggesting
an enhanced turnover of the tricarboxylic acid cycle.
In agreement, sugars such as Glc and Fru were under-
accumulated in K3CA lines. We also noticed a signifi-
cant increase in several amino acids, which could be the
consequence of cell death-related protein degradation.

K3CA plants produce slightly more ethylene than
wild-type plants. However, ein2 was unable to sup-
press the K3CA dwarf phenotype, suggesting that eth-
ylene is not a major player in MPK3 responses. This
contradicts data reporting that ethylene is an important
actor in the MKK5-dependent cell death (Liu et al.,
2008) and the fact that ACS2/6 are MPK3/6 substrates
(Liu and Zhang, 2004; Han et al., 2010). Although these
contrasting results may depend on the use of different
experimental systems, different outcomes also may
stem from different expression and activation levels. In
our work, MPK3 was expressed at endogenous levels
and moderately activated by CAmutations. In contrast
to ethylene, K3CA plants strongly accumulated SA, and
consistently, mutation of the SID2 gene partially sup-
pressed the morphological defects in CA-MPK3 plants,
such as ROS accumulation and cell death. SA over-
accumulation often is observed in autoimmune mu-
tants and, therefore, is believed to be a crucial factor for
inducing cell death (Bruggeman et al., 2015), as most of
the mutant phenotypes are indeed suppressed by
inhibiting SA biosynthesis. For example, the cell death
phenotypes of mpk4 and mips1 are suppressed by the
expression of the bacterial SA hydrolase nahG or by the
introgression of a sid2 mutation (Brodersen et al., 2006;
Meng et al., 2009). Nevertheless, not all MPK3 functions
depend on SID2-triggered SA accumulation. First,
while totally abolishing SA accumulation, sid2 did not

fully revert K3CA-dependent dwarfism. Additionally,
only camalexin accumulation was partially reduced by
sid2, whereas scopoletin was unchanged. SA-dependent
genes, such as PR1, which are highly expressed in K3CA
lines, are only partially reduced by sid2. This result is in
agreement with other studies. For example, cytokinin
treatment induces scopoletin synthesis independently
of SA (Grosskinsky et al., 2011), and the auxin 2,4-D
but not SA or methyl jasmonate treatment triggered
scopoletin synthesis in Arabidopsis (Kai et al., 2006).
In line with a previous report (Tsuda et al., 2013), this
result also illustrates the robustness and complexity of
the defense signaling pathways modulated by a sus-
tained activity of MPK3 that is both SA dependent and
independent.

Plants Expressing CA-MPK3 Phenocopy Loss-of-Function
Mutants of the MEKK1-MKK1/2-MPK4 Pathway

Overall, the K3CA phenotype strongly resembles
to loss-of-function mutants of the MEKK1-MKK1/
2-MPK4 module (Petersen et al., 2000; Ichimura et al.,
2006; Nakagami et al., 2006; Gao et al., 2008; Qiu et al.,
2008). Like mpk4 plants (Brodersen et al., 2006), K3CA
lines accumulated SA, camalexin, and scopoletin as
well as ROS, but not to the same extent. Both K3CA and
mpk4 show spontaneous cell death and comparable
transcriptomes and metabolomes. On the other hand, the
SA-dependent cell death phenotype ofmips1 (Meng et al.,

Figure 10. Working model for MPK3 function.
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2009) was not correlated with a similar metabolome, as
found for mpk4 and K3CA lines. Altogether, these data
indicate the specificity of the MAPK immune phenotype
and how constitutive activation of MPK3 alone results in
the deregulation of similar aspects of defense asmutations
in the MEKK1-MKK1/2-MPK4 module.
The phenotype of mutants impaired in the MEKK1-

MKK1/2-MPK4 module has been attributed to the acti-
vation of a guarding pathway containing SUMM1/
MEKK2andSUMM2 (Kong et al., 2012; Zhang et al., 2012).
Consequently,mutations impairing one of these two genes
fully suppressmpk4 dwarfism as well as SA accumulation
and the deregulation of defense marker genes (Kong et al.,
2012; Zhang et al., 2012). The SUMM1/2 module was
introgressed into K3CA plants to investigate whether it
also regulates MPK3-related functions. The K3CA dwarf-
ism, metabolite and ROS accumulation, as well as cell
death phenotypes were partially reverted, but not to the
same extent as in the summ1 and summ2 crosseswithmpk4.
This suggests that MPK3 regulates stress responses both
dependently and independently of SUMM1/2 (Fig. 10).
Our group recently showed that MPK3 also functions to
restrictMAPK activation duringMAMP signaling (Frei dit
Frey et al., 2014). Indeed, in mpk3 plants, flg22-triggered
MPK4 andMPK6 activation lasts longer than in wild-type
plants. A possible mechanism is provided by various
MAPK-triggered phosphatases that act on the immune
MAPKs in a negative feedback loop. MAP Kinase Phos-
phatase1 (MKP1), Protein Tyr Phosphatase1, and AP2C1
all have been shown to reduce stress-triggered MAPK
activation (Schweighofer et al., 2007; Bartels et al., 2009;
Anderson et al., 2011). MKP1 itself is actually phosphory-
lated by MPK6, suggesting that it functions in negatively
regulatingMAPKkinetics duringMAMPperception (Park
et al., 2011). Therefore, it is possible that, in K3CA plants,
the reduced basal activity of MPK4 is sufficient to trigger
the activation of the guarding module SUMM1/2 and,
thereby, leads to an autoimmune phenotype similar to that
ofmpk4. This could account for the partial reversion of the
K3CA phenotype by summ1 and summ2. It is also plausible
that MPK3 directly activates the SUMM1/2 module. In-
deed, we observed an up-regulation of SUMM1 in K3CA
plants that might be independent of MPK4 function. The
fact that summ1 and summ2donot fully suppress theK3CA
phenotype also suggests that not all MPK3 responses de-
pend on SUMM1/2. For example, the accumulation of
camalexin and scopoletin is poorly suppressedby summ1/2
mutations in the K3CA lines. Since these two phytoalexins
also accumulate inmpk4, it would be informative to know
the extent to which their accumulation is suppressed in
mpk4 by the summ1/2mutations. Interestingly, SUMM2, an
R gene of the CC-NB-LRR family, most likely triggers an
NDR1-dependent signaling cascade leading to ETI (Aarts
et al., 1998). Itwould be interesting to examinewhether the
K3CA phenotype also is suppressed by ndr1 and, thus,
genetically define how the signaling cascades are con-
nected. Furthermore, MPK3/6 kinases also have been
unambiguously shown to be activated during the per-
ceptionof theXanthomonas effectorAvrRPT2by its cognate
TIR-NB-LRR-type receptor RPS2 (Tsuda et al., 2013). One

possibility is that the SUMM1/SUMM2-independent part
of K3CA corresponds to the MPK3 function in ETI sig-
naling. Overall, our study provides new insights into
MAPK signaling in innate immunity but also raises a
number of new questions that require future studies
in this field.

MATERIALS AND METHODS

Genetic Material and Growth Conditions

The Arabidopsis thalianawild-type ecotype Col-0, mpk3-1 (Wang et al., 2007),
mpk4-2 (Nakagami et al., 2006), mips1 (Meng et al., 2009), sid2-2 (Nawrath and
Métraux, 1999), and summ2-8 and summ1-1 (Kong et al., 2012; Zhang et al., 2012)
were used in this study.

To generate transgenic lines expressing CA-MPK3, two 3,056- and 723-bp
PCR products, corresponding to MPK3 loci upstream and downstream of the
stop codon, were amplified using the iProof (Bio-Rad) polymerase and Pr0112/
Pr0113 and Pr0114/Pr0115 sets of primers (Supplemental Table S5) from Col-0
genomic DNA. Fragments were cloned in pGEMTeasy following the manufac-
turer’s protocol (Promega) and fully sequenced. The MPK3 locus was then
reassembled in pGREEN0229 (Hellens et al., 2000) using appropriate restriction
enzymes to create pGREEN-MPK3wt. A PCR fragment containing the PC2 tag
(Bigeard et al., 2014) was then amplified using Pr0159/Pr0160 primers, digested
with BglII, and inserted in the unique compatible BamHI site of pGREEN-
MPK3wt to create pGREEN-MPK3wt-PC2. Finally, point mutations were created
as described previously using Pr0317/Pr0318 primers to create the pMPK3::
MPK3D193G/E197A-PC2 vector (Berriri et al., 2012). Whole constructs were se-
quenced before Agrobacterium tumefaciens transformation. mpk3-1 was then
transformed by floral dipping (Clough and Bent, 1998). Positive transformants
were selected on glufosinate. Based on the segregation of glufosinate resistance,
lines carrying a single insertion were first selected and, in the next generation,
plants carrying a homozygous T-DNA insertion were identified. With the ex-
ception of K3WT and K3CA transgenic lines and crosses, which were generated
in a greenhouse, all described experiments were performed using plants grown
in a growth cabinet (Percival) in long-day conditions, with a humidity of 70% at
22°C, if not mentioned otherwise.

Kinase Assay and Western Blot from Plants

For the protoplast experiment, appropriate wild-type and mutant open
reading frames (MPK3, MPK3T119C, MPK3D193G/E197A, MPK4WT, MPK4Y124C, and
MPK4D198G/E202A) in pDNR207were recombined in pHaGWF7 using LR enzyme
mix following the manufacturer’s protocol (Invitrogen). Protoplasts were prepared
from Col-0 leaves and transformed following published protocols (Yoo et al., 2007).

Kinase assays and western-blot analyses were performed as described
previously (Berriri et al., 2012). Briefly, for kinase assays, proteins were
extracted in a nondenaturant buffer and normalized to 1 mg mL21 using Brad-
ford reagent. A total of 100 mg was then used for the immunoprecipitation/
kinase assay onMBP and 20 mg for related western blots. In the figures 1, 2, 3, 6,
and 9, the top image shows the radioactive labeling of MBP and the bottom one
shows the blot demonstrating protein concentrations and its cognate Coo-
massie Blue staining of the membrane at the level of the large subunit of
Rubisco. If samples were used only for western blots, proteins were extracted
using Laemmli 23 buffer (v/w), and 10 mL was loaded on SDS gels.

DAB and Trypan Blue Staining

ROS staining was performed as described previously (Daudi and O’Brien,
2012). For Trypan Blue staining, plant leaves were boiled 1 min in Trypan Blue
solution (3.3 mg mL21 Trypan Blue, 33.3% acetic acid, 33.3% phenol, and 33.3%
glycerol) diluted in 1 volume of 100% ethanol. Leaves were then bleached in
choral hydrate (2.5 g mL21) and conserved in 50% glycerol. Photographs were
taken using a binocular loop Leica MZ16F apparatus.

Transcriptome and qPCR Experiments

The transcriptomic experiment was performed in Transcriptome Platform
following an established protocol (Danquah et al., 2015). Rosettes of 1-month-old
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plants grown in Percival were collected. RNAs were extracted using the
NucleoSpin RNA kit (Macherey-Nagel). cRNA were synthesized, labeled, and
hybridized on CATMAv7 Agilent arrays (Two-Color Microarray-Based Gene
Expression Analysis). Differentially expressed genes were identified using a
previouslydescribedpipeline inwhich data normalization is doneusing the Loess
procedure and differential expression assessed by Limma with an adjusted P #

0.05 (Danquah et al., 2015). Data analysis (GO term enrichment) was carried out
with DAVID Bioinformatics Resources (Huang et al., 2009).

For quantitative reverse transcription-PCR analysis, cDNAwas synthetized
from 1 mg of DNase-treated RNA using SuperScript II reverse transcriptase
(Invitrogen) following the manufacturer’s protocol. For reverse transcription,
oligo(dT) primers were used. The SYBR FAST Universal qPCR Kit (Kapa Bio-
systems) was used to prepare qPCRmix. Primers (Supplemental Table S4) were
used at 100 nM final concentration. Biological triplicates were performed. The
following PCR program was used: 95°C for 30 s and then 40 cycles of 95°C for
5 s and 60°C for 20 s; a dissociation step also was programmed to validate the
PCR products. qPCRwas carried out on a CFX384 Touch Real-Time PCR device
(Bio-Rad) and analyzed with CFX Manager Software (Bio-Rad).

Metabolite Measurements

The experiment was performed in Platform Metabolism-Metabolome of the
Institute of Plant Sciences Paris Saclay. To reduce the variability linked to the
position of T-DNA insertion, samples were pooled from three independent
K3CA and K3WT lines. Three biological replicates were done. Aerial parts were
collected, and samples were lyophilized and extracted before being injected
into the gas chromatography-time of flight apparatus according to the Plat-
form Metabolism-Metabolome protocol (Tcherkez et al., 2012). SA, cama-
lexin, and scopoletin assays were performed as described previously
(Bruggeman et al., 2014).

For ethylene measurement, transgenic plants were grown in a 12-h photo-
period at 22°C on peat pellet substrate (Jiffy). At the start of the experiments, the
peat pellets were treated once with NPK fertilizer (Wuxal liquid; Algukon).
Light was cold white (80 mmol m22 s21). Seven- to 9-week-old plants with
substrate were enclosed in a 150-mL cuvette with a flat glass lid. Cuvettes were
flushed every 2 h for 20 min with synthetic air containing 350 mL L21 CO2 (Air
Liquide). Ethylene in the headspace was detected using a photoacoustic de-
tector (ETD300; Sensor Sense; Schellingen et al., 2014). Measurements on
plant-containing cuvettes were compared among them and with a cuvette
containing only a peat pellet as a background control.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession num-
bers: At3g45640 (MPK3), At4g01370 (MPK4), At4g08480 (SUMM1), At1g12280
(SUMM2), At1g74710 (SID2), At5g03280 (EIN2), At3g26830 (PAD3), At3g13610
(F6ʹH1), and At2g14610 (PR1).
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