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Summary

� Mitogen-activated protein kinases (MAPKs) cascades play essential roles in plants by trans-

ducing developmental cues and environmental signals into cellular responses. Among the lat-

ter are microbe-associated molecular patterns perceived by pattern recognition receptors

(PRRs), which trigger immunity.
� We found that YODA (YDA) – a MAPK kinase kinase regulating several Arabidopsis devel-

opmental processes, like stomatal patterning – also modulates immune responses. Resistance

to pathogens is compromised in yda alleles, whereas plants expressing the constitutively

active YDA (CA-YDA) protein show broad-spectrum resistance to fungi, bacteria, and

oomycetes with different colonization modes. YDA functions in the same pathway as ERECTA

(ER) Receptor-Like Kinase, regulating both immunity and stomatal patterning.
� ER-YDA-mediated immune responses act in parallel to canonical disease resistance path-

ways regulated by phytohormones and PRRs. CA-YDA plants exhibit altered cell-wall integrity

and constitutively express defense-associated genes, including some encoding putative small

secreted peptides and PRRs whose impairment resulted in enhanced susceptibility pheno-

types. CA-YDA plants show strong reprogramming of their phosphoproteome, which con-

tains protein targets distinct from described MAPKs substrates.
� Our results suggest that, in addition to stomata development, the ER-YDA pathway regu-

lates an immune surveillance system conferring broad-spectrum disease resistance that is dis-

tinct from the canonical pathways mediated by described PRRs and defense hormones.

Introduction

Immune responses in plants can be triggered by microbe-
associated molecular patterns (MAMPs) upon extracellular per-
ception by plasma membrane-resident pattern recognition recep-
tors (PRRs) or following intracellular recognition of pathogen
effectors by intracellular nucleotide-binding domain and leucine-
rich repeat containing receptors (NLRs) (Dodds & Rathjen,
2010; Tena et al., 2011). These receptor-mediated responses feed
into calcium-dependent and mitogen-activated protein kinase
(CDPK and MAPK) signaling cascades. The latter comprises
three kinases – MAP kinase kinase kinases (MAP3Ks or

MEKKs), MAP kinase kinases (MAPKKs or MKKs), and MAP
kinases (MAPKs or MPKs) – that are highly conserved in eukary-
otes and play pivotal roles in immunity and in response to
endogenous stimuli; for example, during cell division and devel-
opmental processes (Macho & Zipfel, 2014; Bigeard et al.,
2015). Plants defective in MAPK/CDPK activation – such as
mpk/cdpkmutants or plants lacking PRRs, like FLS2 and CERK1
receptor-like kinases (RLKs) that recognize bacterial flagellin
(flg22) and fungal chitin MAMPs respectively (Macho & Zipfel,
2014; Bigeard et al., 2015) – are compromised in immune
responses and disease resistance to pathogens. By contrast, tran-
sient or stable gene expression of some constitutively active (CA)
MAPK cascade components, like Arabidopsis MKK4/MKK5 or
MEKK1, or parsley MKK5DD, triggers phosphoproteome,*These authors equally contributed to this work.
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metabolome, and transcriptome reprogramming, which results in
enhanced resistance to particular pathogens (Asai et al., 2002; del
Pozo et al., 2004; Ren et al., 2008; Berriri et al., 2012; Liu &
Whitham, 2013; Bigeard et al., 2015).

In Arabidopsis thaliana, several MAPKs (e.g. MPK3/MPK6/
MPK4/MPK11) are known to be activated upon MAMPs per-
ception by PRRs (Bethke et al., 2012; Eschen-Lippold et al.,
2012). The molecular mechanisms linking PRR perception to
MAPK activation remain elusive, though it has been suggested
that scaffold proteins – like receptor for activated C kinase, recep-
tor-like cytoplasmic kinases, the heterotrimeric G protein, or
even MAP4Ks – might be involved in this process (Bigeard et al.,
2015; Cheng et al., 2015; Liang et al., 2016; Yamada et al.,
2016). Only a few targets of immune activated MAPKs have
been identified (Lassowskat et al., 2014), but the diversity of
MAPK functions and the number of MAP3Ks and MKKs poten-
tially working upstream of these MAPKs suggest that many more
substrates remain to be discovered.

Specific MAPK modules regulate multiple biological processes
(Bigeard et al., 2015). For example, the Arabidopsis MKK4/
MKK5-MPK3/MPK6 module is activated by MAMPs (e.g.
flg22) and defense phytohormones (e.g. jasmonic acid (JA) and
ethylene (ET)), and it has also been placed downstream of
MAP3Ks regulating developmental processes (e.g. YODA) or
responses to some abiotic stresses (Bigeard et al., 2015; Xu &
Zhang, 2015). YODA (YDA), an Arabidopsis MAP3K, has been
proposed to function downstream of the ERECTA (ER) RLK
controlling stomatal and embryo patterning, inflorescence archi-
tecture, and lateral organ shape (Bergmann et al., 2004; Lukowitz
et al., 2004; Shpak, 2013; Xu & Zhang, 2015). ER has been
hypothesized to also function as a PRR, since er plants are highly
susceptible to pathogens with distinct life styles, including
necrotrophic and vascular fungi (e.g. Plectosphaerella cucumerina
BMM (PcBMM) and Verticillium longisporum respectively), the
vascular bacterium Ralstonia solanacearum, and the oomycete
Pythium irregulare (Godiard et al., 2003; Llorente et al., 2005;
Adie et al., 2007; Shpak, 2013; H€affner et al., 2014). Also, ER
and YDA indirectly regulate resistance to the bacterium
Pseudomonas syringae pv tomato DC3000 (Pto) since ER-YDA
controls the number of leaf stomata, which are bacterial entry
points (Meng et al., 2015). Together, these data place the ER sig-
naling pathway as an essential component of plant immunity.
Additional components regulating ER-mediated stomatal pat-
terning, like the Brassinosteroid insensitive 1-Associated Kinase 1
(BAK1), ER-Like (ERL1 and ERL2) RLKs and the Receptor
Like Protein (RLP) Too Many Mouths (TMM), are also
involved in ER-mediated immune responses (Jord�a et al., 2016).
By contrast, the Arabidopsis epidermal patterning factors (EPF)
peptides, which are ligands regulating ER developmental func-
tions, do not seem to modulate ER-associated defense responses,
further suggesting some degree of specificity of ER-mediated sig-
naling (Jord�a et al., 2016).

We previously demonstrated that Arabidopsis mutants elk2
(erecta-like) and elk4/agb1-1, which show development-associated
phenotypes similar to those of er plants, are compromised in
resistance to different fungi, including PcBMM (Llorente et al.,

2005). We hypothesized that ELK2 would encode an immunity
modulator, since AGB1, the heterotrimeric G protein b subunit,
is an important regulator of disease resistance and MAMP-
triggered immunity (Llorente et al., 2005; Liu et al., 2013; Liang
et al., 2016). Here, we show that elk2 is a viable, novel yda allele
(yda-11) and demonstrate that YDA is an immune regulator,
which contributes to confer broad-spectrum disease resistance to
pathogens with different colonization styles by activating
responses that differ from those modulated by canonical immu-
nity pathways.

Materials and Methods

Plant materials and growth conditions

Arabidopsis thaliana (L.) Heynh. ecotype Columbia (Col-0) and
ecotype Landsberg (La-0) were used as wild-type controls. Plants
were grown in sterilized soil (Delgado-Cerezo et al., 2012), or in
24-well plates (c. 10 seedlings per well) under long day conditions
(16 h of light) at 20–22°C in liquid MS medium
(0.59Murashige & Skoog basal salt medium (Duchefa), 0.25%
sucrose, 1 mM MES, pH 5.7). The following lines (Col-0 back-
ground) were used: elk2/yda-11 (Lease et al., 2001; Llorente
et al., 2005), agb1-2 (Ullah et al., 2003), cpr5 (Bowling et al.,
1997), NahG (Delaney et al., 1994), irx1-6 (Hernandez-Blanco
et al., 2007), er-105 (Torii et al., 1996), mpk3-DG (Miles et al.,
2005), fls2 (Zipfel et al., 2004), cerk1-2 (Miya et al., 2007), mlo2/
6/12 (Consonni et al., 2006), eds1-2 (Bartsch et al., 2006), coi1-1
(Feys et al., 1994), ein2-1 (Guzm�an & Ecker, 1990) and sid2-1
(Nawrath & M�etraux, 1999). The yda-1 and CA-YDA lines
(Lukowitz et al., 2004) were in Landsberg erecta (er-1) back-
ground. Double mutants were generated by genetic crosses. CA-
YDA line was backcrossed five times with Col-0 and yda-11 for
CA-YDA introgression. Col-0 expressing cytosolic 35S::
Apoaequorin (pMAQ2 or Col-0AEQ) was obtained from Knight
et al. (1991). The yda-11AEQ, er-105AEQ, and CA-YDAAEQ were
generated by crossing yda-11, er-105, and CA-YDA with Col-
0AEQ plants. The CA-YDA coi1-1 and CA-YDA sid2-1 plants
were generated by genetic crosses between the mutants and the
CA-YDA plants (in Col-0 background). The transfer-DNA inser-
tional mutants for SSP1 (At2g25510) (ssp1, SALK_132861),
SSP2 (At3g49550) (ssp2, SALK_011318, and SAIL_1142_G01),
and the WAKL-RLK (At1g67000) (wakl-rlk, SAIL_842_D05
and GABI_350G09) were obtained from Nottingham Arabidop-
sis Stock Centre (Alonso et al., 2003). Oligonucleotides used for
the identification of the mutants are detailed on Supporting
Information Table S1.

Mapping and cloning of ELK2/YDA

The ELK2 gene was mapped using an elk2 (Col-0)9Ws-2 F2
population of 288 individuals. F2 elk2 plants were selected based
on their development of the elk-phenotype, which was further
confirmed by the analysis of the corresponding F3 populations.
The recessive elk2/yda-11 mutation was mapped to the bottom of
chromosome 1 between markers nga128 (BAC F7A10) and
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SNP10490 (BAC T27F4). For fine mapping of ELK2 see Meth-
ods S1 and Fig. S1(a).

Pathogenicity assays

PcBMM inoculations were carried out on 18-d-old soil-grown
plants by spraying the plants with a suspension of
49 106 spores ml�1 of the fungus. Disease progression in the
inoculated plants was estimated by an average disease rating,
which varies from 0 (no symptoms) to 5 (dead plant), and by rel-
ative quantification of fungal DNA (b-tubulin of PcBMM) by
means of quantitative real-time PCR (qPCR) as described previ-
ously (Delgado-Cerezo et al., 2012). Inoculations with spore sus-
pensions of Hyaloperonospora arabidopsidis Noco2 and Cala2
isolates (29 104 spores ml�1) were performed on 12-d-old
seedlings grown under short day conditions, and progression of
the infection was scored after 7 d (Llorente et al., 2008).
P. syringae pv tomato DC3000, Erysiphe cruciferarum (isolate
CBGP1), and Golovinomyces orontii inoculations were performed
as described (Zipfel et al., 2004; Weßling & Panstruga, 2012).

Microarray analyses

Leaves from 3-wk-old Col-0 and yda-11 plants noninoculated,
mock treated, or inoculated with a spore suspension of PcBMMwere
collected at 0 and 1 d post inoculation (dpi). Each sample repre-
sented a pool of 25 rosettes, and four biological replicates were
obtained. Total RNA was extracted using a phenol–chloroform
method and purified with RNeasy Kit (Qiagen). RNA quality was
tested using a Bioanalyzer 2100 (Agilent Technologies, Santa Clara,
CA, USA). Biotinylated complementary RNA (20 lg) was prepared
from three of the four biological replicates and used to hybridize
ATH1 Arabidopsis GeneChip (Affymetrix) following the manufac-
turer’s protocol. Differentially expressed genes were identified as
described previously (Delgado-Cerezo et al., 2012;Methods S2).

For CA-YDA microarray, 18-d-old La-0 and CA-YDA plants,
mock-treated or PcBMM-inoculated, were collected at 1 dpi (25
rosettes per sample and four biological replicates) and total RNA
was extracted as described (Delgado-Cerezo et al., 2012). The
one-color microarray-based gene expression analysis protocol
(Agilent Technologies) was used to amplify and label RNA with
cyanine-3-labeled CTP (Cy3). Three of the four biological repli-
cates were independently hybridized for transcriptomic compar-
ison using Arabidopsis (V4) Gene Expression Microarrays
49 44k (G2519F, Agilent Technologies) as described previously
(Pauwels et al., 2010) and Methods S3.

Expression pattern of genes that are differentially induced in
the CA-YDA mutant across all the experiments (AtGenExpress
Consortium) were performed using the Expression Browser tool
in The Bio-Analytic Resource for Plant Biology (BAR). Gene
ontology analysis was performed using VIRTUALPLANT 1.3.

Gene expression analyses

RNA extractions and qPCR analyses were performed as reported
previously (Delgado-Cerezo et al., 2012). UBC21 (At5g25760)

expression was used to normalize the transcript level in each reac-
tion. Oligonucleotides (designed with PRIMER EXPRESS 2.0; Applied
Biosystems) used for gene expression are detailed on Table S1.

Aequorin luminescence measurements

Eight-day-old liquid-grown apoaequorin-expressing seedlings
were placed individually in 96-well plates in coelenterazine (PJK
GmbH) and water and were incubated overnight in the dark.
Luminescence was recorded with a Varioskan Flash Multimode
Reader (Thermo Scientific, Schwerte, Germany) as described
(Ranf et al., 2011).

Reactive oxygen species burst determination

Reactive oxygen species (ROS) was determined as described
(Torres et al., 2013). ROS was elicited with PcBMM spores or
flg22 (100 nM). Twelve leaf discs from 4-wk-old plants were used
for each condition. Luminescence was measured over 40 min
using a Tecan GENios Pro luminescence reader.

Immunoblot analysis of MAPK activation

Three-week-old soil-grown plants were inoculated with PcBMM
spores for 0, 0.5, 1, and 2 h and then harvested in liquid nitro-
gen. Alternatively, 12-d-old seedlings grown on liquid MS
medium in 24-well plates (10 seedlings per well) were treated
with a PcBMM spores extract or 1 lM flg22 for different time
points (2–30 min), and then harvested in liquid nitrogen. Protein
extraction and detection of activated MAPKs using the Phospho-
p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody (Cell Sig-
naling Technology, Leiden, the Netherlands) were performed as
described (Ranf et al., 2011).

Quantification of tryptophan derivatives

Three-week-old samples were collected and frozen at 2 dpi with
PcBMM or water (mock). Extraction and high-performance liq-
uid chromatography analysis of tryptophan derivatives was per-
formed as previously described (Bednarek et al., 2009).

Morphometric analyses, stomata index, and stomata
density determinations

Plants were grown in white light at 175 lmol m�2 s�1 under
short day conditions for 45 d before performing all morphomet-
ric analyses as described (Torii et al., 1996). For stomata count-
ing, fully expanded leaves of the first pair were collected from 25-
d-old plants grown under the same conditions, and stomata were
counted in epidermal cells in the abaxial side of clarified leaves
under the optical microscope.

For plant biomass determination, plants were grown for 25 d
either under short day (10 h : 14 h, day : night) or long day
(16 h : 8 h, day : night) conditions. Fresh weight from individual
rosettes was obtained and average values were calculated (n = 30).
For seed yield determination, plants were grown in individual
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pots under short day conditions for 3 wk and then transferred to
long day conditions until every plant was mature and the siliques
were ready to dehisce (fully elongated and dried). All seeds from
a single plant were harvested, sieved to remove plant debris, dried
for at least 7 d, and weighed.

Callose and trypan blue stainings

Ten leaves of 3-wk-old plants were drop-inoculated with 6 ll of a
suspension of PcBMM spores (59 105 spores ml�1). Inoculated
leaves were collected at 24 h post inoculation and staining was
performed as reported (Luna et al., 2011). Lactophenol–Trypan
blue stainings of inoculated leaves were done as described
(S�anchez-Vallet et al., 2010).

Biochemical characterization of plant cell walls and
glycome profiling

Biological material of 25-d-old plants was homogenized in 96%
ethanol. The pellet was suspended in 96% ethanol, boiled for 1 h,
and incubated overnight at 4°C. The suspension was centrifuged,
and the pellet was washed twice with acetone, followed by
methanol : chloroform (1 : 1, v/v), and finally air-dried to a con-
stant dry weight. This fraction is referred to as the alcohol-
insoluble residue (AIR). The cell-wall AIR was hydrolyzed with
2 M trifluoroacetic acid. Total sugars were determined in the sol-
uble AIR fraction (n = 4) by the phenol–sulfuric method, using
glucose equivalents as standard (Dubois et al., 1956). Uronic
acids were quantified in the same soluble fraction (n = 4) using
galacturonic acid as standard (Blumenkrantz & Asboe-Hansen,
1973). The insoluble AIR fraction was hydrolyzed with sulfuric
acid, and the cellulose was determined in this fraction (n = 4) by
the phenol–sulfuric method.

Cell walls (AIR) were subjected to sequential extraction with
increasingly harsh reagents in order to isolate fractions enriched in
various cell-wall components as previously described (Bacete et al.,
2017, 2018; see Methods S3): pectic fractions PC1 and PC2, and
hemicellulosic fractions HC1 and HC2. Glycome profiling of the
cell-wall fractions was carried by enzyme-linked immunosorbent
assay using a toolkit of plant cell-wall-directed monoclonal anti-
bodies as previously described (Pattathil et al., 2010). The R
language for statistical computing was used for the heat maps
(R 3.0.1; R Core Team, 2006). The monoclonal antibodies are
annotated in a database accessible on the Internet (http://www.Wa
llMabdb.net), and the antibodies (hybridoma cell culture super-
natants) are available to the cell-wall research community from
CarboSource for the CCRC, MH, PN, JIM, and MAC series of
antibodies (http://www.CarboSource.net) and from PlantProbes
for LM and JIM antibodies (http://www.PlantProbes.net). The
PC1, PC2, HC1 and HC2 fractions from wild-type plants and
CA-YDA plants were tested in Col-0AEQ lines.

Metabolite analyses

Twenty-five-day-old Col-0, yda-11 and CA-YDA plants were col-
lected, ground in liquid nitrogen, and freeze-dried for 24 h under

vacuum. Four biological replicates for each of these genotypes
were further processed and analyzed by Metabolon Corp.
(Research Triangle Park, NC, USA) for global unbiased metabo-
lite profiling as described previously (Ren et al., 2012). Salicylic
acid (SA), JA, and abscisic acid (ABA) contents in 21-d-old plants
mock treated or inoculated with PcBMM (1 dpi) were determined
as described (Loba & Pollmann, 2017; Loba et al., 2017).

Phosphoproteomic analyses

Three-week-old soil-grown plants were collected (25 g), frozen in
liquid nitrogen, ground to a fine powder, and then the subse-
quent protein extraction and phosphoprotein enrichment were
performed as previously described (Lassowskat et al., 2014).
Tryptic digested phosphoproteins were analyzed with an LC–MS
system consisting of a nano-LC (Easy-nLC II, Thermo Scientific)
coupled to a hybrid-FT-mass spectrometer (LTQ Orbitrap Velos
Pro, Thermo Scientific). MS raw data were analyzed with the
PROGENESIS LC–MS software (Nonlinear Dynamics Ltd,
Newcastle upon Tyne, UK), filtered for an ANOVA P-value of
< 0.05 and fold change of > 2.0, and searched against an
A. thaliana protein database based on TAIR10 (www.arabidopsis.
org) using an in-house MASCOT server, as described (Lassowskat
et al., 2014). Phosphopeptides were identified with the PRO-

TEOME DISCOVERER 1.4 software, which includes the PHOSPHORS
2.0 algorithm (Thermo Fisher Scientific) for phospho-site map-
ping. Parameters were set according to Lassowskat et al. (2014).

Phylogenetic analyses

Evolutionary analyses were conducted in MEGA5 (Tamura et al.,
2011). Alignments were performed using MUSCLE and inferred
using the neighbor-joining method based on the amino terminal
protein sequence of A. thaliana AtYODA (At1g63700) and puta-
tive orthologues from different plant species (described in
Fig. S1, Methods S4).

Statistical analysis

Statistical significances based on one-way ANOVA (Bonferroni
post hoc test) and Student’s t-test analyses were performed
with STATGRAPHICS CENTURION XVI (Statpoint Technologies,
Warrenton, VA, USA).

Accession numbers

Arabidopsis thaliana sequence data from this article can be found
in the GenBank/EMBL data libraries under the accession num-
bers included in Table S1.

Results

YDA regulates broad-spectrum disease resistance

We map-based cloned the recessive elk2 mutation and found that
it corresponded to a P619 to L change in the kinase domain of
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YDA, a MAP3K conserved in all flowering plant species analyzed
(Figs 1a, S1a,b). Unlike the embryo-lethal or extremely dwarf
phenotypes of null/loss of function yda-1 to yda-9 alleles
(Bergmann et al., 2004; Lukowitz et al., 2004), the elk2 plants
(renamed as yda-11 allele) were viable and did not show aberrant
phenotypes (Figs S2c, S3). The yda-11 phenotype did not differ
from that of wild-type, apart from a reduction in plant height
and pedicel and silique length, suggesting that yda-11 might be a
hypomorphic allele (Figs S2c–e, S3). As previously described for
other yda alleles (Bergmann et al., 2004; Lukowitz et al., 2004),
yda-11 plants showed an increased stomatal index and density
(Fig. S2b). We generated heterozygous yda-1 yda-11 plants that
were also viable and supported higher PcBMM growth than yda-
11 mutant as determined by quantification of fungal biomass, by
qPCR of PcBMM b-tubulin gene, and visual evaluation of plant
disease rating (DR) at different days post inoculation (Fig. S2a).
These data confirmed that elk2 is a novel yda allele and therefore
that YDA contributes to disease resistance. Similarly, stomatal
index and other yda-11-associated phenotypes, like plant height
and pedicel and silique length, are enhanced in yda-1 yda-11 in
comparison with those of yda-11 allele (Fig. S2b–e).

The YDA N-terminal domain sequence is conserved in a speci-
fic clade of plant MAP3Ks (Fig. S1b). Deletion of amino acids
184–322 from this regulatory domain results in a CA-YDA pro-
tein that causes embryo lethality when expressed in a homozy-
gous state (Bergmann et al., 2004; Lukowitz et al., 2004)
(Fig. S1c). Notably, the heterozygous CA-YDA+/� plants (here-
after CA-YDA) showed some developmental alterations, but were
viable, and their biomass and seed yield were similar to that of
wild-type plants (Fig. S3). These viable CA-YDA plants could be
tested for pathogen resistance. Remarkably, CA-YDA plants sup-
ported lower PcBMM growth than did the corresponding wild-
type plants (Col-0 and La-0 backgrounds) (Figs 1b, S4a). The
resistance level of CA-YDA plants was comparable to that of
PcBMM resistant irx1-6 plants, which are impaired in the synthe-
sis of secondary wall cellulose (Hernandez-Blanco et al., 2007).
Moreover, the expression of CA-YDA in er-1 and yda-11 (CA-
YDA er-1 and CA-YDA yda-11 plants) restored to wild-type resis-
tance levels the enhanced susceptibility to PcBMM of er-1
(Llorente et al., 2005) and yda-11, which was slightly lower than
that of the hypersusceptible agb1-2 plants (Figs 1b, S4a). Of
note, the yda-11 and CA-YDA lines were also highly susceptible
and resistant, respectively, to the biotrophic powdery mildew
fungi Golovinomyces orontii and Erysiphe cruciferarum, as deter-
mined by conidiospore production in the inoculated plants
(Figs 1c, S4d). Furthermore, trypan blue staining showed that
E. cruciferarum spore germination or PcBMM mycelial growth
was inhibited on leaf surfaces of CA-YDA lines (Fig. S4c,e). This
contrasts with efficient spore germination, but failure to invade
host cells in broad-spectrum powdery mildew resistant mlo2/6/12
triple mutant plants (Fig. S4e; Consonni et al., 2010).

CA-YDA and yda-11 plants also showed slightly enhanced
resistance and susceptibility, respectively, to the biotrophic
oomycete H. arabidopsidis (Hpa, isolates Noco2 and Cala2), as
determined by Hpa conidiospore production in the inoculated
plants (Fig. 2a,b). In CA-YDA lines the Hpa mycelia growth was

(a)

(b)

(c)

Fig. 1 YODA (YDA) regulates Arabidopsis resistance to necrotrophic and
biotrophic fungi. (a) Scheme of the YDA gene: boxes correspond to exons,
and gaps to introns; N-terminal, kinase, and C-terminal domains of the
YDA protein are shown, and the amino acids mutated in yda-1 and yda-11
or deleted in constitutively active-YODA (CA-YDA) are indicated. (b)
Resistance of yda-11, CA-YDA and er-1 plants to the necrotrophic fungus
Plectosphaerella cucumerina BMM (PcBMM) determined by quantitative
real-time PCR quantification of fungal biomass (PcBMM b-tubulin) in the
indicated genotypes at 5 d post inoculation (dpi). Data shown are relative
levels of fungal b-tubulin to Arabidopsis UBC21 (At5g25760) normalized
to wild-type plant values. Values are means� SE, n = 3. (c) Resistance to
the biotrophic fungus Golovinomyces orontii of the indicated genotypes
determined as conidiospores per milligram FW at 6 dpi. Values are
means� SD (n = 8). Letters indicate genotypes with statistically different
resistance to the fungi (ANOVA P < 0.05, Bonferroni test). Experiments
were performed three times with similar results.
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associated with plant trailing necrosis that hampers pathogen
growth (Fig. 2b). In the hypersusceptible yda-11 allele, gene-for-
gene resistance was not impaired since the formation of cell-
death-associated hypersensitive response took place, like in Col-0
wild-type plants, upon inoculation with the incompatible Cala2
isolate (Fig. 2b). Moreover, in CA-YDA plants spray-inoculated
with the virulent bacterium P. syringae pv tomato DC3000 (Pto),
the bacterial multiplication and the disease symptoms were simi-
lar to those of cpr5 resistant mutant (Bowling et al., 1997) and
lower than those determined in wild-type plants (Fig. 2c,d), as
previously described (Meng et al., 2015). Together, these data
indicate that YDA has a relevant function in Arabidopsis

immunity, since its constitutive activation results in broad-
spectrum disease resistance to pathogens with different infection
modes.

ER-YDA-MKK4/5-MPK3/6 module is common to the
signaling pathways regulating immunity and stomatal
patterning

Next, we sought to clarify whether the previously described ER-
YDA-MKK4/5-MPK3/6 module regulating developmental pro-
cesses (Meng et al., 2012) confers immunity in an analogous fash-
ion to pathways initiated by PRRs, like FLS2 or CERK1

(a) (b)

(c) (d)

Fig. 2 Constitutively active-YODA (CA-YDA)
plants show enhanced resistance to the
oomycete Hyaloperonospora arabidopsidis
and to the hemibiotrophic bacterium
Pseudomonas syringae pv tomato DC3000.
(a) Growth of H. arabidopsidis (Hpa) isolates
Noco2 and Cala2 on plants of the indicated
genotypes, determined by conidiospores
count per gram of leaf FW at 7 d post
inoculation (dpi). NahG/eds1-2, and cpr5

and Col-0 were included as susceptible and
as resistant controls respectively. Letters
indicate genotypes with significant
differences in their level of resistance
(ANOVA P < 0.05, Bonferroni test). (b)
Trypan blue staining of Cala2 inoculated
leaves at 7 dpi showing plant cell
hypersensitive response (HR), trailing
necrosis (TN), and Hpa hyphae (h). Bars,
200 lm. (c) Growth of spray-inoculated
P. syringae pv tomato DC3000 (108 colony
forming units (CFU) ml�1) in leaves of the
indicated genotypes. Bacterial numbers were
determined at 2 and 4 dpi. Values are
means� SE, n = 3. Hypersusceptible fls2 and
resistant cpr5mutants were included as
controls. Asterisks indicate mean values
significantly different from wild-type plants;
triangles indicate mean values significantly
different from yda-11mutant (Student’s t-
test, P < 0.05). (d) Macroscopic symptoms of
P. syringae pv tomato DC3000-inoculated
plants at 7 dpi. Experiments were performed
three times with similar results.
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(Bigeard et al., 2015) (Fig. 3a). We generated the yda-11 er-105
and yda-11 mpk3 double mutants that were found to support
similar PcBMM growth and DR as the single mutants (Figs 3b,c,
S4b), indicating that ER, YDA, and MPK3 are components of
the same immune pathway, as previously described for stomata
development (Meng et al., 2012). Stomatal index and density
were also measured in yda-11 er-105, yda-11 and er-105 plants
and they were found to be similar (Fig. 4a,b), further demonstrat-
ing the genetic interaction between YDA and ER in the control of
stomatal pattern, as previously suggested (Bergmann et al., 2004;
Meng et al., 2012, 2015; Shpak, 2013). Together, these data
indicate that the described ER-YDA-MKK4/5-MPK3/6 signal-
ing module is common to immunity and stomatal patterning.
However, other er/yda-associated phenotypes, like inflorescence
architecture, silique length, and plant height, were more severe in
yda-11 er-105 plants than in the single yda-11 and er-105
mutants, suggesting a cooperative and more complex ER-YDA
interaction in the regulation of these developmental processes
(Fig. 4c–e).

Canonical defense responses are not impaired in yda-11
plants

Since YDA is required for bacterial and fungal resistance, we
tested whether YDA might be the MAP3K functioning upstream
of the MKK4/5-MPK3/6 module, which positively regulates
immune responses downstream of PRRs, like CERK1 and FLS2.
We found that yda-11 and er-105 plants were not defective in the
activation of early immune response, like cytoplasmic Ca2+ eleva-
tion (Figs 5a, S5a–e), upon perception of microbial MAMPs (e.g.
flg22, chitin, elf18, or those contained in PcBMM spores extract),
or plant damage-associated molecular patterns (DAMPs; e.g.
Pep1) released upon pathogen infection (Macho & Zipfel,
2014). Similarly, we found that cytoplasmic Ca2+ elevation upon
MAMP treatment (e.g. flg22) was similar in CA-YDAAEQ and
Col-0AEQ lines (Fig. 5a). The phosphorylation of MPK3/MPK6/
MPK4/MPK11 upon MAMP (e.g. flg22) treatment was found
to be slightly delayed in yda-11 in comparison with wild-type
seedlings, whereas it was enhanced in CA-YDA and CA-YDA yda-
11 (Fig. 5b). By contrast, upregulation of immune response genes
(e.g. FRK1, PHI-1, CYP81F2 and WRKY33) at different time
points was similar in yda-11, CA-YDA, CA-YDA yda-11 and Col-
0 seedlings upon flg22 treatment (Fig. 5c).

We next determined the putative genetic interaction between
CERK1 and FLS2, and YDA by generating the yda-11 cerk1-2
and yda-11 fls2 double mutants, which were tested for disease
resistance to PcBMM and Pto respectively. The yda-11 cerk1-2
plants supported higher PcBMM growth than the single mutants,
whereas Pto growth in fls2 and yda-11 fls2 was found to be similar
(Fig. S6a,b). Immune responses (e.g. MAPKs phosphorylation
and expression of MAMP-triggered genes) were found to be
defective in cerk1-2 and yda-11 cerk1-2 treated with PcBMM
spores, and in fls2 and yda-11 fls2 after flg22 application
(Fig. S6a–d). This contrasted with the activation of these
immune responses in yda-11 and wild-type seedlings treated with
these MAMPs (Fig. S6a–d). These results suggest that YDA is

(a)

(b)

(c)

Fig. 3 ERECTA (ER), YODA (YDA) and mitogen-activated Protein Kinase 3
(MPK3) are components of the signaling immune pathway regulating
Arabidopsis resistance to Plectosphaerella cucumerina. (a) Scheme of the
involvement of pattern recognition receptors (PRRs), mitogen-activated
protein kinase kinase kinase (MAP3K), mitogen-activated protein kinase
kinases (MKKs), and MPKs in the activation of pattern-triggered immunity
(PTI). The ER signaling pathway, involving ER, YDA, MKK4/MKK5 and
MPK3/MPK6, has been suggested to participate in the regulation of
Arabidopsis immunity and resistance to fungi. (b, c) ER, YDA and MPK3
are shown to be components of the same signaling pathway.
Determination by quantitative real-time PCR of P. cucumerina BMM
(PcBMM) biomass at 5 d post inoculation (dpi) in the indicated genotypes.
Data shown are relative levels of fungal b-tubulin to Arabidopsis UBC21
(At5g25760) normalized to wild-type plant values. Values are means� SE,
n = 3. Letters indicate genotypes with statistically different resistance to
the fungus (ANOVA P < 0.05, Bonferroni test). Experiments were
performed three times with similar results.
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not the, or at least not the sole, MAP3K acting downstream of
CERK1 and FLS2, and the PRRs regulating the perception of
the MAMPs and DAMPs tested.

The canonical defense pathways controlled by phytohormones,
like SA, ET and JA, which are required for resistance to fungal
and bacterial pathogens (Dodds & Rathjen, 2010), were not
defective in yda-11, since upon PcBMM inoculation (1 dpi) the
SA contents increased similarly in the mutant and in Col-0 wild-
type plants, whereas JA contents in yda-11 and Col-0 plants did
not differ significantly (Fig. S7a). These data were further

corroborated by generating yda-11 sid2-1, yda-11 ein2-1 and
yda-11 coi1-1 double mutants, impaired in SA, ET, and JA path-
ways respectively. The susceptibility of these double mutants to
PcBMM was clearly higher than that of the single mutants, sug-
gesting complementary disease resistance functions of these two
layers of defense (Fig. S7c).

Moreover, the synthesis of tryptophan-derived metabolites,
such as camalexin, 4-methoxyindol-3-ylmethyl glucosinolate
(4MI3G), and compounds derived from indole-3-carboxylic acid
(I3CA), like the glucoside of 6-hydroxy-I3CA (6OGlc-I3CA)

(a)

(c) (d) (e)

(b)

Fig. 4 YODA (YDA) and ERECTA (ER) are components of the signaling pathway regulating plant developmental processes. (a) Stomatal density and index
in rosette leaves of wild-type, yda-11, er-105 and yda-11 er-105 plants. Values are means� SE, n = 20. (b) Epidermal patterning in the abaxial surface of
25-d-old rosette leaves from the indicated genotypes. Bars, 50 lm. (c) Plant height determined in 45-d-old plants. Values are means� SE, n = 15. (d)
Length of siliques from the main stem of 45-d-old plants. Values are means� SE, n = 50. (e) Phenotype of adult plants and representative siliques, pedicels,
and inflorescence apices from the indicated genotypes. Letters in (a, c, d) indicate different statistically significant groups (ANOVA P < 0.05, Bonferroni
test). Experiments were performed three times with similar results.

New Phytologist (2018) 218: 661–680 � 2018 Universidad Polit�ecnica de Madrid (UPM)

New Phytologist © 2018 New Phytologist Trustwww.newphytologist.com

Research

New
Phytologist668



and the acid glucose ester of I3CA (I3CA-Glc), which are essen-
tial for basal resistance to PcBMM and powdery mildew
(S�anchez-Vallet et al., 2010), was not defective in yda-11 plants
upon PcBMM inoculation (Fig. S8a,b). The accumulation of
such metabolites (e.g. camalexin, 4MI3G, and I3CA) and the
expression of key genes involved in their biosynthetic pathways
(e.g. PAD3) were either similar or enhanced in yda-11 in compar-
ison with wild-type plants (Table S2; Fig. 6c).

To further corroborate that yda-11 plants were not impaired
in canonical defense responses required for Arabidopsis resistance
to pathogens (e.g. PcBMM) we performed a comparative tran-
scriptomic analysis of 3-wk-old yda-11 and wild-type plants upon
PcBMM inoculation (1 dpi). As shown in Table S2, a significant
number of the genes differentially regulated in inoculated wild-
type plants (950) showed a similar expression pattern in yda-11
plants (828 genes; 482 upregulated and 346 downregulated).

(a)

(c)

(b)

Fig. 5 Immune responses are triggered in yda-11 and constitutively active-YODA (CA-YDA) seedlings treated with flg22. (a) Increases in cytoplasmic
calcium concentrations ([Ca2+]cyt) in Col-0AEQ, yda-11AEQ and CA-YDAAEQ seedlings upon treatment with 1 lM flg22. Data are representative of three
independent experiments with similar results (means� SD, n = 24). The fls2AEQ line was included for comparison. (b) Immunoblot analyses of
phosphorylated mitogen-activated protein kinases 6, 3 and 4/11 (MPK6, MPK3, MPK4/11) after treatment of seedlings of the indicated genotypes with
1 lM flg22. Phosphorylation was determined at the indicated time points (min) by Western blot using the anti-pTEpY antibody. Amido black-stained
membranes show equal loading. Numbers on the left axis of the blot represent marker size (molecular mass in kilodaltons). (c) Quantitative real-time PCR
analyses of microbe-associated molecular patterns (MAMPs)-induced genes in seedlings from the indicated genotypes after treatment with flg22 (1 lM) for
0 (white bars), 30 (grey bars) and 60min (black bars). Expression levels relative to the UBC21 gene (At5g25760) are shown. Values are means� SE, n = 3.
Asterisks indicate mean values significantly different from mock treated plants (Student’s t-test, P < 0.05). Experiments were performed three times with
similar results.
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(a)

(c)

(d)

(b)

Fig. 6 Microbe-associated molecular pattern (MAMP)-mediated immune responses are not activated in non-inoculated, constitutively active-YODA (CA-
YDA) plants. (a) Mitogen-activated protein kinases (MPKs) activation upon application of Plectosphaerella cucumerina BMM (PcBMM) spores in 3-wk-
old plants of the indicated genotypes. The phosphorylation of MPK6, MPK3 and MPK4/MPK11 was determined at the indicated time points (h) by
Western blot using the anti-pTEpY antibody. Amido black-stained membranes show equal loading. The same molecular mass region of the blot is shown as
in Fig. 5(b). (b) Reactive oxygen species (ROS) production in the indicated genotypes. Total photon counts produced during 40min after treatment with
PcBMM spores or 100 nM flg22 are represented as relative luminescence units (RLU). Values are means� SE, n = 12 (ANOVA P < 0.05, Bonferroni test).
(c) Quantitative real-time PCR analyses of defense and MAMP-induced genes in mock treated and PcBMM-inoculated plants at 1 and 3 d post inoculation
(dpi). Expression levels relative to the UBC21 gene (At5g25760) are shown. Values are means� SE, n = 3. Asterisks indicate mean values significantly
different from mock treated plants (Student’s t-test, P < 0.05). (d) Callose deposition in leaves of the indicated genotypes at 24 h post-inoculation (hpi)
with spores of PcBMM. Bars, 50 lm. Experiments were performed three times with similar results.
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Among the upregulated genes in yda-11 there were sets of genes
whose expression is either triggered by defensive phytohormones,
like SA, JA or ET (Fig. S9a,b), or MAMPs, as well as genes
encoding enzymes required for the tryptophan-derived metabo-
lites biosynthesis. Among the hormone-regulated genes found in
yda-11, only the SA-regulated ones were overrepresented in the
mutant (Fig. S9a–c), probably as a consequence of the enhanced
susceptibility of yda-11 to the fungus (Fig. 1b). These results
indicate that these defensive pathways are not impaired in yda-
11. Remarkably, only a reduced number of genes (48 upregulated
and 74 downregulated) were specifically regulated in inoculated
wild-type plants, but not in yda-11 mutant (Table S2). However,
among these genes, defensive functions were not overrepresented.
Moreover, in noninoculated yda-11 plants just a few dozens of
genes were up-/downregulated compared with wild-type plants,
and overrepresented functional categories were not found
(Table S3).

CA-YDA plants constitutively express defense-associated
genes and have a reprogrammed phosphoproteome

We next studied the molecular mechanisms underlying CA-
YDA-mediated resistance. MAMP- and defense phytohormone-
mediated immune responses were not constitutively activated in
3-wk-old CA-YDA plants (Col-0, La-0 and yda-11 backgrounds)
since phosphorylation of MAPKs and expression of immune
response genes were similar in untreated CA-YDA and wild-type
plants (Fig. 6a,c). This contrasted with the previously described
constitutive phosphorylation of MPK3/MPK6 in CA-YDA plants
(Bergmann et al., 2004) or the constitutive phosphorylation of
MPK3/MPK6 observed in plants expressing other CA-MAP3Ks,
like MEKK1 or ARABIDOPSIS NUCLEUS- AND
PHRAGMOPLAST-LOCALIZED KINASE1 (NPK1)-
RELATED PROTEIN KINASEs (Kovtun et al., 2000; Asai
et al., 2002). However, upon treatment with PcBMM spores,
MAPK phosphorylation was slightly enhanced in CA-YDA plants
in comparison with wild-type and yda-11 plants (Fig. 6a), but
other immunity responses, such as rapid production of ROS
upon treatment with flg22 or PcBMM spores (Fig. 6b) and accu-
mulation of tryptophan-derived metabolites after PcBMM infec-
tion (Fig. S8b), were not significantly enhanced in CA-YDA lines.
Of note, upon PcBMM inoculation callose deposition, a cell-
wall-associated immune response that is defective in er (Llorente
et al., 2005) was also found to be impaired in yda-11 plants, and
this defect was not restored to wild-type levels by CA-YDA
expression, indicating that callose deposition was not one of the
immune responses contributing to the broad-spectrum enhanced
resistance of CA-YDA plants (Fig. 6d).

We performed a comparative metabolomics analysis of non-
inoculated CA-YDA and wild-type plants that revealed minor
changes among the 330 metabolites tested, with the exception of
a slightly enhanced accumulation of gentisic acid and a few other
secondary metabolites in CA-YDA plants (Fig. S10; Table S4).
Notably, the constitutive levels of defensive phytohormones (e.g.
SA) or some of their precursors (e.g. abscisate) in CA-YDA plants
did not differ from those in wild-type plants, indicating that the

levels of the defensive hormones SA, JA and ABA (Dodds &
Rathjen, 2010) were not significantly enhanced in CA-YDA lines.
These hormones were also determined in CA-YDA plants upon
PcBMM inoculation, and we found that SA levels were similarly
increased in CA-YDA and wild-type plants and that JA levels
were higher in CA-YDA than in wild-type plants (Fig. S7a,b),
whereas ABA levels were not altered upon PcBMM infection, as
previously reported (data not shown; S�anchez-Vallet et al., 2010,
2012). The expression (at 1 and 3 dpi) of phytohormones- or
pattern-triggered immunity (PTI)-associated defense genes (e.g.
PR1, PDF1.2, FRK1 and PAD3) in CA-YDA and wild-type
plants were found to be similar, including that of the JA-
regulated gene PDF1.2 (Fig. 6c). To further confirm that CA-
YDA-mediated resistance was not dependent on SA and JA path-
ways, we generated the CA-YDA coi1-1 and CA-YDA sid2-1
plants. The resistance to PcBMM of these double mutants signifi-
cantly differed from the hypersusceptible phenotypes of coi1-1
and sid2-1 (Fig. S7d). Of note, fungal colonization of CA-YDA
sid2-1 plants was similar to that of CA-YDA lines, whereas fungal
growth in CA-YDA coi1-1 was similar to that of wild-type plants
(Fig. S7d), suggesting a minor, but significant, contribution of JA
to CA-YDA-mediated resistance.

Transient or inducible overexpression of gene constructs
encoding MAP3Ks or CA-MAP3Ks/MKKs have been used to
stimulate the in planta activation of MAPKs, such as MPK3 and
MPK6 (Asai et al., 2002; del Pozo et al., 2004; Lassowskat et al.,
2014). For example, inducible expression in A. thaliana of the
parsley CA-MKK5DD led to the identification of potential phos-
phoproteins downstream MPK3/MPK6 by using the prefraction-
ation-assisted phosphoprotein enrichment (PAPE) procedure
(Lassowskat et al., 2014). Using PAPE, a comparative phospho-
proteome analysis was carried out in 3-wk-old, noninoculated
CA-YDA and wild-type plants (La-0 background), and 717 pro-
teins were found to be differentially phosphorylated in CA-YDA/
La-0 plants (n = 430 in CA-YDA and n = 287 in La-0 plants;
Fig. S11a; Table S5). Of the 430 proteins found in CA-YDA,
only 78 (Fig. S10a) overlapped with the set of 704 proteins iden-
tified in the phosphoproteome of CA-MKK5DD plants (Las-
sowskat et al., 2014). Based on Gene Ontology classification, the
CA-YDA proteins were found to be enriched in some biological
processes (e.g. different metabolic processes, response to abiotic
stimuli and stress and translation) and cell components (e.g.
apoplast, ribosome and cell wall; Fig. S11b).

Expression of CA-MKK5DD is sufficient to trigger hormone-
mediated resistance (Han et al., 2010) and the production of
major defense-related antimicrobial metabolites, including
camalexin, various indole glucosinolates (e.g. 4MI3G and I3CA)
and agmatine derivatives (Lassowskat et al., 2014), that are not
accumulated in noninoculated CA-YDA plants (Figs S8, S10;
Table S4). Together, these data strongly support the hypothesis
that CA-YDA-mediated resistance differs from the defense
responses activated by the inducible overexpression of CA-
MKK5DD (Lassowskat et al., 2014).

To further determine the molecular bases of CA-YDA broad-
spectrum resistance we performed global transcriptional profil-
ing analyses of noninoculated and PcBMM-inoculated CA-YDA
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and wild-type plants. We identified a set of 586 genes (P < 0.05,
fold change > 2) differentially expressed in noninoculated CA-
YDA plants in comparison with wild-type plants (La-0 back-
ground; Fig. 7a; Table S6). The upregulated genes in this set
(n = 359) showed a high degree of concordance with genes
induced by PcBMM (1 dpi; 116 genes, P < 9.849 10�48) or by
the powdery mildew fungi Golovinomyces cichoracearum
(1 dpi; 21 genes, P < 4.479 10�15; Fig. 7a,b; Table S6) and
Golovinomyces orontii (5 dpi; 58 genes, P < 3.689 10�36;
Fig. S12a; Table S6). By contrast, no significant correlation was
found with genes induced by MAMPs (e.g. chitin or elf18),
hormones (e.g. SA, JA or ET) or infection with virulent/aviru-
lent Pto strains (Figs 7a,b, S12b,c; Table S6). Among the genes
constitutively upregulated in CA-YDA, several functional cate-
gories were overrepresented (Table S7), such as response to
biotic stimulus and defense (e.g. antimicrobial peptides
(THI2.2), putative small secreted peptides (SSPs; At2g25510
and At3g49550) that might be either novel antimicrobials or
ligands recognized by PRRs, apoptosis/cell death proteins
(MC2), and NLR (RPP4 and RPS2) and PRR (At5g59680 and
WAKL-RLK) immune receptors), and also proteins associated

with cell wall biosynthesis, such as FUT6 and FUT8 (Fig. 7c;
Table S8). Some of these constitutively upregulated genes (42 of
359) were also induced in CA-YDA upon PcBMM infection
(1 dpi; Figs 7c, 8a, Tables S6, S9). Remarkably, 94% of the
genes upregulated in PcBMM-inoculated CA-YDA plants (570
of 606) were also induced by fungal pathogens in wild-type
plants (n = 1605; Fig. 7a,b; Tables S9, S10). Among these genes,
the number of SA- and ET-regulated genes in CA-YDA and
wild-type plants was similar, whereas JA-regulated genes were
found overrepresented in CA-YDA plants (Fig. S9d–f), which is
in accordance with the enhanced accumulation of JA in these
plants upon PcBMM infection (Fig. S7). Since CA-YDA plants
are fully resistant to fungal infection and do not develop disease
symptoms, these two sets of genes (constitutively expressed and
induced upon infection in CA-YDA; Figs 7, S12; Tables S6, S9)
might represent a cluster of defense genes required for an effec-
tive immune response against fungal infection.

To determine the contribution to broad-spectrum immunity
of some of these putative defense genes that are constitutively
upregulated in CA-YDA plants, we selected three knock-out
mutants impaired in SSP1 and SSP2, and in a WAKL-RLK

Fig. 7 Fungal pathogen-inducible genes are
upregulated in constitutively active-YODA
(CA-YDA) plants. (a, b) Venn diagrams
showing overlapping of genes constitutively
upregulated in (a) noninoculated or (b)
Plectosphaerella cucumerina BMM
(PcBMM)-inoculated CA-YDA plants with
those induced in wild-type plants after
PcBMM or Golovinomyces cichoracearum

infection, or after chitin treatment
(Supporting Information Tables S6, S9, S10).
Differentially upregulated genes (fold change
> 2, P < 0.05) in CA-YDA plants and in wild-
type plants treated with PcBMM, chitin, and
G. cichoracearum are labeled in purple, red,
green, and yellow respectively. Differentially
expressed genes upon treatment with chitin
(GSE8319, 30min) or G. cichoracearum
(GSE3220, 1 d) were selected using
moderated t-test (P < 0.05, fold change > 2,
treatment vs mock). Statistical analyses were
performed using GENESPRING 13.0 (Agilent
Technologies) and R 3.0.1 (2013). (c)
Expression analysis by quantitative real-time
PCR of genes differentially regulated in
mock-inoculated (M) or PcBMM-infected
(Pc, 1 d post inoculation (dpi)) CA-YDA
plants compared with their expression in
wild-type (WT) plants. Expression levels
relative to the UBC21 gene (At5g25760) are
shown. Values are means� SE, n = 3. Two-
tailed Student’s t-test for pairwise
comparison of infected and noninfected
plants (*, P < 0.05), and mutant and wild-
type plants (triangles, P < 0.05) were
performed.
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that harbors an ectodomain with two Wall-Associated Kinase-
like domains (At1g67000). Notably, the expression of these
genes in yda-11 was either similar or lower than that deter-
mined in mock or PcBMM-inoculated wild-type plants
(Fig. S13a). The level of resistance to PcBMM, Hpa (Noco2
isolate), and Pto was tested in these mutants and compared
with that of wild-type plants (Fig. 8). Remarkably, the ssp1,
ssp2, and wakl-rlk mutants showed enhanced growth of
PcBMM fungus, increased production of Hpa spores, and
higher bacterial multiplication than the values determined in
wild-type plants (Fig. 8). These disease resistance phenotypes
were further confirmed in additional alleles of ssp2 and wakl-
rlk mutants (Fig. S13b,c). The level of susceptibility of ssp1,
ssp2, and wakl-rlk was lower than that of the hypersusceptible
agb1-2 and NahG plants. Notably, the ssp1, ssp2, and wakl-rlk
mutants did not show other yda/er-associated developmental
phenotypes, such as alterations in stomatal pattern, with the
exception of a small increase in stomata index in wakl-rlk

plants (Fig. S14). These results suggest that SSP1, SSP2 and
WAKL-RLK specifically modulate disease resistance responses.

CA-YDA plants constitutively exhibit altered cell wall integrity

Constitutive expression in CA-YDA plants of genes encoding pro-
teins involved in cell wall biosynthesis and remodeling (n = 53
genes, P < 3.689 10�36; Fig. 7c; Table S8) is in line with the
described overrepresentation of these functions in the transcrip-
tomes of yda-1 and CA-YDA seedlings (Bergmann et al., 2004),
and with the alteration of wall integrity previously described for
er-1 and ser1/ser2 (suppressor of er-1) mutants (Llorente et al.,
2005; Sanchez-Rodriguez et al., 2009). We first determined global
carbohydrate compositions of nonfractionated cell walls from yda-
11, er-1, CA-YDA and wild-type plants (Col-0 and La-0), but the
minor differences found among genotypes did not correlate with
their resistant/susceptible phenotypes (Fig. S15). Subsequently, in-
depth glycome profiling was performed on four differential wall

Fig. 8 Small Secreted Peptides 1 and 2 (SSP1 and SSP2) andWall-Associated Kinase Like-Receptor Like Kinase (WAKL-RLK) genes play a function in
Arabidopsis disease resistance to several pathogens. (a) Expression analysis by quantitative real-time PCR of SSP1, SSP2, andWAKL-RLK in mock-
inoculated (M) or Plectosphaerella cucumerina BMM (PcBMM) infected (P, 1 d post inoculation (dpi)) constitutively active-YDA (CA-YDA) plants
compared with their expression in wild-type (WT) plants. Expression levels relative to the UBC21 gene (At5g25760) are shown. Values are means� SE,
n = 3. Two-tailed Student’s t-test for pairwise comparison of infected and noninfected plants with mock-treated WT plants (*, P < 0.05) were performed.
(b) Quantitative real-time PCR quantification of fungal biomass (PcBMM b-tubulin) in the indicated genotypes at 5 dpi. agb1-2 and irx1-6 plants were
included as susceptible and resistant controls respectively. Data shown are relative levels of fungal b-tubulin to Arabidopsis UBC21 (At5g25760)
normalized to wild-type plant values. Values are means� SE (n = 3) from one out of three independent experiments. (c) Growth of Hyaloperonospora
arabidopsidis isolate Noco2 on the ssp1, ssp2, and wakl-rlk, determined by conidiospores count per gram (g) of leaf FW at 7 dpi. NahG and La-0 were
included as susceptible and resistant controls respectively. Data represent average values of two biological replicates; at least 24 plants were analyzed on
each replicate. Letters in (b, c) indicate data significantly different from the wild-type plants (ANOVA P < 0.05; Bonferroni test). (d) Growth of spray-
inoculated Pseudomonas syringae pv tomato DC3000 (108 CFUml�1) in leaves of the indicated genotypes. Bacterial numbers were determined at 2 and
4 dpi. Values are means� SE, n = 6. Susceptible agb1-2 and resistant cpr5mutants were included as controls. Asterisks indicate mean values significantly
different from Col-0 plants at 2 dpi, and triangles at 4 dpi (Student’s t-test, P < 0.05). Experiments were performed three times with similar results.
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fractions (PC1, PC2, HC1 and HC2) that were obtained by
sequential extraction using increasingly harsh reagents. In PC1
and PC2, the relative abundances of some specific wall epitopes
(e.g. fucosylated/nonfucosylated xyloglucans and rhamnogalactur-
onans) showed opposite patterns in the susceptible (yda-11/er-1) vs
the resistant (CA-YDA) genotypes (Figs 9, S16; Table S11). Of
note, CA-YDA expression in La-0 and Col-0 backgrounds resulted
in similar increased abundances of wall epitopes (e.g. n = 72 in
PC2, P < 2.549 10�91; Fig. 9b; Table S11). The changes in fuco-
sylated/nonfucosylated xyloglucans contents in CA-YDA plants
correlated with the constitutive expression of genes (e.g. FUT6
and FUT8) encoding enzymes thought to be involved in fucosyla-
tion of wall glycans (Fig. 7c). We tested whether these cell wall
fractions might contain some specific DAMPs regulating CA-
YDA-mediated resistance. Remarkably, PC1 and PC2 fractions
from CA-YDA plants activated Ca2+ increases in Col-0AEQ sensor
lines that were higher than those triggered by the wild-type wall
fractions (Fig. S17). These data suggest that YDA and ER might
regulate Arabidopsis wall composition and integrity.

Discussion

The YDA MAP3K described here represents the first example of a
plant kinase whose constitutive activation results in a broad-
spectrum disease resistance to pathogens, including fungi,
oomycetes, and bacteria, with different infection modes. YDA
belongs to a group of plant MAP3Ks with a specific N-terminal
domain that seems to be subjected to complex regulation (Kim
et al., 2012), since it contains multiple putative phospho-sites that
may be targeted by different kinases (Fig. S1c). Deletion of some
of these putative phosphorylation sites in the CA-YDA protein
results in constitutive activation of resistance responses, which are
distinct from those activated by canonical immune pathways, such
as those regulated by defense phytohormones or by MAMPs, like
chitin (Figs 7, S12a–c). These constitutive resistance responses of
CA-YDA plants include the upregulation of defense genes that sig-
nificantly overlap with those upregulated in wild-type plants upon
infection with necrotrophic and biotrophic fungi (Fig. 7). Notably,
these CA-YDA-mediated immune responses differ from those of
Arabidopsis or tobacco plants engineered with enhanced MAPK
activities (constitutively or transiently), since these transgenic lines
showed enhanced resistance to specific pathogens, constitutive acti-
vation of canonical immune responses, and synthesis of antimicro-
bial secondary metabolites (Asai et al., 2002; del Pozo et al., 2004;
Ren et al., 2008; Liu & Whitham, 2013; Lassowskat et al., 2014).
In noninoculated CA-YDA plants a phosphoproteome reprogram-
ming takes place, but the set of protein targets identified in these
plants does not significantly overlap with the set of proteins identi-
fied in the phosphoproteome of CA-MKK5DD (Lassowskat et al.,
2014), indicating that the protein targets of CA-YDA and CA-
MKK5DD are not identical (Fig. S10). Despite CA-YDA plants
showing some developmental alterations, such as reduced stomata
density and index (Bergmann et al., 2004; Lukowitz et al., 2004;
Meng et al., 2012), it is unlikely that these alterations would
explain the enhanced resistance of these plants to pathogens, since

with the exception of the bacterium P. syringae the rest of them do
not colonize plants through stomata (Ramos et al., 2013).

Fig. 9 Cell wall integrity is regulated by the constitutively active-YODA
(CA-YDA) protein. (a) Heatmap of glycome profiling of pectin 2 fraction
(PC2) from cell wall extracts of rosette leaves of 25-d-old plants of the
indicated genotypes analyzed with cell wall glycan-directed monoclonal
antibodies (Supporting Information Table S11). The monoclonal antibodies
used are grouped according to the principal glycan recognized. The
strengths of the signals are represented in a blue to red scale, with bright
red depicting strongest binding and blue no binding. Data represent
average values of two independent experiments. (b) Glycome profiling of
the pectin wall fractions 1 and 2 (PC1 and PC2) of wild-type plants (Col-0
and La-0), yda-11 and er-1mutants, and CA-YDA plants. Data
(means� SD, n = 2) represent arbitrary units of epitopes (fucosylated (F)
and nonfucosylated (NF) xyloglucan (XG), rhamnogalacturonans (RG),
and arabinogalactans (AG)) detected with the indicated antibodies in the
enzyme-linked immunosorbent assay analyses performed (Table S11).
Two-tailed Student’s t-test for pairwise comparison of yda-11/er-1/CA-
YDA and wild-type plants was performed, and statistically significant
differences are shown (*, Col-0; triangles, La-0; P < 0.05).
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Here, we also show that the ER-YDA pathway might regulate
Arabidopsis wall composition and as a result cell wall integrity,
since opposite patterns in the relative abundances of some specific
wall epitopes were found between the susceptible (yda-11/er-1)
and the resistant (CA-YDA) genotypes (Fig. 9). These data are in
line with the previously described alteration of wall integrity
found in er-1 and ser1/ser2 (suppressor of er-1) mutants (Llorente
et al., 2005; Sanchez-Rodriguez et al., 2009). The alteration of
wall integrity in CA-YDA plants might contribute to their
enhanced resistance to pathogens and to the release of yet to be
identified wall-derived DAMPs (Fig. S17), which is in line with

the emerging functions of wall integrity and plant wall-derived
DAMPs in immune responses (Hamann, 2015; Bethke et al.,
2016; Van der Does et al., 2017; Bacete et al., 2018). The altered
wall composition of yda-11/er-1, and CA-YDA plants, might
explain their deficient accumulation of callose upon pathogen or
MAMP treatment.

PTI and hormone defense responses are not defective in fungal
infected CA-YDA plants, since production of ROS, the induction
of immune marker genes (e.g. regulated by MAMPs/DAMPs or
defensive hormones), or the synthesis of tryptophan-derived
metabolites (e.g. camalexin and indole glucosinolates) occurs

Fig. 10 Model of ERECTA-YODA (ER-YDA) signaling pathway regulating plant immunity and development. ER, a receptor-like kinase (RLK) and YDA, a
mitogen-activated protein kinase kinase kinase (MAP3K), define a novel immune pathway regulating broad-spectrum disease resistance against pathogens
with different infection modes. ER-YDA immune pathway is independent of the defensive responses regulated by FLS2 and CERK1 pattern recognition
receptors (PRRs), which recognize flg22 and chitin microbe-associated molecular patterns (MAMPs) and activate plant resistance to bacterial and fungal
pathogens, respectively. These immune pathways involve two mitogen-activated protein kinase (MAPK) modules comprising MAP3K/MEKK, mitogen-
activated protein kinase kinases (MKKs), and mitogen-activated protein kinase (MPKs): MEKK1-MKK1/MKK2-MPK4 and MKK4/MKK5-MPK3/MPK6
with an uncharacterized MAP3K. ER activates YDA after sensing not yet characterized MAMPs or damage-associated molecular patterns (DAMPs), that in
turn regulate a downstream MAPK cascade involving MKK4/MKK5 and MPK3/MPK6, which modulate noncanonical immune responses conferring broad-
spectrum disease resistance. The ER-YDA pathway also contributes to the regulation of stomatal patterning through the perception of peptides known as
epidermal patterning factors (EPFs and EPFLs). The ER paralogs (ER-Like 1 (ERL1) and ERL2), the receptor like protein (RLP) Too-Many-Mouths (TMM),
and somatic embryogenesis receptor kinases (SERKs; e.g. BAK1), required for ER-mediated stomatal patterning, are also involved in ER-mediated
immunity. Additionally, YDA has a role in regulating silique development and inflorescence architecture, probably through a signaling pathway involving
additional components (e.g. RLKs and RLPs) distinct from those involved in ER-YDA-mediated signaling in immunity and stomatal patterning. Dotted lines
indicate uncharacterized genetic or biochemical interactions.
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similarly in CA-YDA and wild-type plants, with a few exceptions
(Fig. S7b). Notably, specific immune responses are constitutively
activated in CA-YDA plants or induced upon fungal infection,
and these responses clearly overlap with those activated in
infected wild-type plants upon infection with either PcBMM or
powdery mildew fungi (Fig. 7a). For example, a slight enhanced
accumulation of JA occurs in PcBMM-inoculated CA-YDA plants
in comparison with wild-type plants, but JA signaling seems to
have a minor but significant contribution to CA-YDA broad-
spectrum disease resistance as revealed by the PcBMM disease
resistance phenotypes of CA-YDA coi1-1 plants (Fig. S7d).
Among the putative CA-YDA-associated defensive responses,
there are genes, like SSP1 and SSP2, which encode putative small
secreted peptides, whose mature and biologically active sequences
are unknown, but they seem differ from previously described
peptidic DAMPs (Zhang et al., 2016). Also, a group of genes
encoding potential PRRs were upregulated in CA-YDA, and
among these there was an RLK with two wall-associated kinase-
like domains that have been involved in the recognition of cell-
wall-derived oligogalacturonides (Kohorn et al., 2009, 2016;
Brutus et al., 2010). Remarkably, mutants impaired in these
genes (ssp1, ssp2, and wakl-rlk) show an enhanced susceptibility
to the pathogens to which the CA-YDA plants are resistant to:
PcBMM, H. arabidopsidis and P. syringae (Figs 8, S13c). Of note,
these mutants do not show alteration in other developmental
phenotypes regulated by the ER-YDA pathway, such as stomatal
development and silique and pedicel lengths (Fig. S14), further
indicating that these constitutively upregulated genes in CA-YDA
plants have specific immune functions.

We hypothesized that the altered cell wall composition of CA-
YDA plants described herein may trigger the expression of SSP1,
SSP2,WAKL-RLK, and other immune- related genes (Fig. 7) that
would regulate the disease resistance responses in CA-YDA plants
(Fig. 10). The increase of Ca2+ levels found in Col-0AEQ plants
treated with wall fractions from CA-YDA plants suggests the pres-
ence of novel or enriched, yet to be characterized, DAMPs in
these fractions in comparison with those of wild-type plants
(Fig. S17). Moreover, it has been shown that in plants treated
with MAMPs there is an upregulation of a set of genes encoding
PRRs and peptidic DAMPs, which regulate immune responses
(Macho & Zipfel, 2014; Bigeard et al., 2015). Thus, we conclude
that some noncanonical immune responses are constitutively acti-
vated in CA-YDA plants.

The immunity and stomatal patterning processes regulated by
ER-YDA signaling share additional components, like BAK1, ERL1,
and ERL2 RLKs and TMM RLP (Jord�a et al., 2016), which might
form a multiprotein signalosome complex with ER (Fig. 10). Also,
the MAPK cascade that has been described to regulate stomatal
patterning mediated by ER-YDA (Bergmann et al., 2004; Meng
et al., 2012, 2015; Shpak, 2013) seems to be required for YDA-
mediated immune responses (Fig. 3). In contrast to immunity and
stomatal patterning signaling pathways, other ER-YDA-associated
developmental phenotypes, like pedicel and silique lengths and
plant height, might require additional regulatory components and
distinct biochemical interactions since these phenotypes were
enhanced in yda-11 er-105 double mutant (Figs 4c–e, 10).

One evolutionary and physiological interpretation of our find-
ings is that plants co-opted the ER-YDA pathway to generate a
novel immune surveillance system linked to the development of
stomata, since these surface apertures permit pathogen entry
(Fig. 10). In line with this hypothesis, stomatal development reg-
ulated by ER signaling has been shown to be targeted by bacterial
effectors (Meng et al., 2015). The biological nature of the cues
activating ER-YDA immune function remains to be determined,
since EPF peptides regulating ER developmental functions have
been excluded to have this function (Jord�a et al., 2016). The ER-
YDA immune pathway could be activated by specific PRRs upon
recognition of either MAMPs or DAMPs, such as wall glycans or
SSPs (Fig. 10). The identification and characterization of these
ligands and their specific PRRs would contribute to understand-
ing the molecular mechanism(s) triggered by this previously
uncharacterized immune pathway regulated by ER-YDA.
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