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We isolated previously several Arabidopsis thaliana mutants
with constitutive expression of the early microbe-associated
molecular pattern-induced gene ATL2, named eca (expresion
constitutiva de ATL2). Here, we further explored the interac-
tion of eca mutants with pest and pathogens. Of all eca mu-
tants, eca2 was more resistant to a fungal pathogen (Botrytis
cinerea) and a bacterial pathogen (Pseudomonas syringae) as
well as to a generalist herbivorous insect (Spodoptera littoralis).
Permeability of the cuticle is increased in eca2; chemical char-
acterization shows that eca2 has a significant reduction of both
cuticular wax and cutin. Additionally, we determined that eca2
did not display a similar compensatory transcriptional response,
compared with a previously characterized cuticular mutant, and
that resistance to B. cinerea is mediated by the priming of the
early and late induced defense responses, including salicylic acid—
and jasmonic acid-induced genes. These results suggest that
ECAZ2-dependent responses are involved in the nonhost defense
mechanism against biotrophic and necrotrophic pathogens and
against a generalist insect by modulation and priming of innate
immunity and late defense responses. Making eca2 an interest-
ing model to characterize the molecular basis for plant defenses
against different biotic interactions and to study the initial events
that take place in the cuticle surface of the aerial organs.

During their lifespan, plants are affected by multiple envi-
ronmental stresses caused by excessive variations in water,
light, wind, or attacks by herbivores and pathogens. Plants have
evolved diverse constitutive barriers to survive such challenges.
For instance, they are equipped to perceive and build-up de-
fensive responses against microorganisms. Chemical molecules
called microbe-, pathogen-, herbivore-, or damage-associated
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molecular patterns (MAMPs, PAMPs, HAMPs, or DAMPs) re-
leased during the interaction with microbes are recognized by
pattern recognition receptors (PRRs) (Boller and Felix 2009).
This triggers a first line of defense named PAMP-triggered im-
munity (PTI) (Conrath et al. 2015; Zipfel 2014) that includes a
broad spectrum of defenses such as structural changes, antibi-
otic proteins, or metabolites. Pathogens often produce effectors
that interfere with the activation of PTI. Effectors can be rec-
ognized by specific resistance proteins, leading to a so-called
effector-triggered immunity (ETI) or gene-for-gene resistance
(Craig et al. 2009; Jones and Dangl 2006). The combined effect of
such mechanisms, called nonhost resistance, can block efficiently
the invasion of genetic variants of nonadapted pathogens, both
locally at the infection site and systemically in uninfected leaves
(Craig et al. 2009; Tsuda and Somssich 2015). Remarkably, since
nonhost resistance is typically both broad-spectrum and durable,
it has considerable value for crop improvement (Lee et al. 2016).
Interestingly, PTI and ETI share similar molecular defense-
response elements but with different dynamics in the activation
and intensity (Katagiri and Tsuda 2010).

On the aerial organs, the first events during a plant-microbe
interaction mostly take place at the level of the cuticle. Cutin
and wax monomers are the major components of the cuticle and
provide a physical barrier to avoid water loss and protection
against irradiation, xenobiotics, and pathogens (Nawrath et al.
2013). Once pathogens degrade and penetrate the cuticle, dif-
ferent chemical components are released, including DAMPs
and MAMPs, which are potentially perceived by the invading
fungi and by the plant, activating multiple processes during
pathogenesis. Several reports have shown that Arabidopsis
thaliana and Solanum lycopersicum mutants affected in the
synthesis of cutin monomers display increased cuticle perme-
ability, induction of the plant innate immunity, and resistance to
Botrytis cinerea (Serrano et al. 2014). One hypothesis to ex-
plain these responses is that once B. cinerea spores have landed
on the more permeable leaf surface, molecules such as MAMPs
and DAMPs can be, one or both, more rapidly or efficiently
recognized leading to the establishment of plant innate immu-
nity. However, the molecular details of the perception of leaf
DAMPs and induced responses are not yet well-characterized.

Perception of invaders activates a cascade of responses that
differ in their timing but culminate in the production of a barrier
that eventually blocks the invader (Boller and Felix 2009). One
to five minutes after activation of PRRs, the generation of
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reactive oxygen species (ROS), calcium (Ca”*) influx, protein
phosphorylation, and mitogen-activated protein kinase (MAPK)
signaling take place (de la Fuente van Bentem and Hirt 2007;
Lehmann et al. 2015; Nuhse et al. 2000; Wendehenne et al.
2002). Between 5 to 30 min after activation of PRRs, ethylene
(ET) accumulation, endocytosis of PRRs, and transcriptional
reprograming of early response genes (ERGs) are observed that
lead to the amplification of the immune responses (Robatzek
et al. 2006; Spanu et al. 1994; Tsuda and Somssich 2015; Tullai
et al. 2007). Additionally, programmed cell death or hypersen-
sitive response has been described as part of the immune response
and is regulated by the ROS accumulated during the plant-
pathogen interactions (Bellin et al. 2013; Lehmann et al. 2015).
Finally, after hours or days, late defense responses are induced,
including accumulation of toxic secondary metabolites, pro-
duction of histological barriers such as callose or lignin, and the
induction of phytohormone-induced signaling pathways that
bring other parts of the plant to a state of alert and defense
(Dangl et al. 2013; Garcion et al. 2007).

Perception of two bacterial-derived PAMPs, fig22 or elfI8 by
plant receptors FLS2 and EFR, respectively, induce similar sets
of ERGs (Zipfel et al. 2004, 2006). Remarkably, DAMPs and
MAMPs released during the interaction with one or both the
necrotrophic fungus B. cinerea or treatment with chitin also in-
duce the similar transcriptional signature of ERGs (Ferrari et al.
2007; Ramonell et al. 2002). Additionally, HAMPs released
during herbivore-plant interaction also induced a similar set of
early defense responses, including the transcriptional activation
of ERGs (Fiirstenberg-Hagg et al. 2013). This suggests that ac-
tivation of the plant innate immunity by MAMPs or HAMPs, or
both, converge at the induction of ERGs. For this reason, ERGs
can be used as a starting point to characterize the very early and
late immune responses. However, the genetic elements that partic-
ipate in ERG activation and regulation are not fully characterized.

MAMPS or DAMPs such as chitin, fIg22, or cellulose rapidly
induce several ERGs named ATLs (A. thaliana lethal) (Guzman
2012; Hondo et al. 2007; Salinas-Mondragon et al. 1999; Serrano
et al. 2006). ATL belongs to a multimembered gene family in
A. thaliana and Oryza sativa encoding RING-H2 finger proteins
(Guzman 2012; Hondo et al. 2007; Salinas-Mondragén et al.
1999; Serrano et al. 2006). A genetic approach was used to explore
the regulation of A7L2, and five mutants, called eca (expresion
constitutiva de ATL2), were identified that displayed constitutive
expression of ATL2 (Serrano and Guzman 2004). Interestingly, all
eca mutants show activation of MAMP-induced ERGs and the
late-induced defense-related genes NPRI, PAL, and CHS. While
some mutants activated other genes, including members of the
ATL family and the salicylic acid (SA)- and jasmonic acid (JA)-
induced genes PRI and PDF?2.1 (Serrano and Guzman 2004). This
initial characterization suggests that ECAs might play a role in the
regulation of early and late events of the plant innate immunity and
on SA- or JA-induced defense responses.

We further studied ECA-mediated defense responses and show
that one eca mutant, eca2, is resistant to Pseudomonas syringae,
B. cinerea, and Spodoptera littoralis. Priming of innate immune
response- and defense-associated genes were observed in eca2.
Remarkably, we determined that eca2 is a permeable cuticle
mutant with a reduced wax and cutin content and a not previously
described transcriptomic profile.

RESULTS

eca?2 is more resistant to the biotrophic bacterium
P. syringae and to the necrotrophic fungus B. cinerea.

The response of eca mutants to pathogens with different life-
styles (biotrophic, hemibiotrophic, or necrotrophic) was determined
and results of infection tests against P. syringae, Phytophthora

brassicae, and B. cinerea are shown in Figure 1. The eca mutants
were compared with transgenic Arabidopsis plant ecotype C24
carrying the transcriptional fusion of the ATL2 promoter with the
reporter B-glucuronidase (GUS) gene (Salinas-Mondragon et al.
1999), henceforth identified as wild-type (wt) plants. Infection of
eca mutants with P. syringae pv. maculicola ES4326 (Zeier et al.
2004) revealed that only eca2 was more resistant to this pathogen
compared with wt plants (Fig. 1A).

Wild-type Arabidopsis ecotype Columbia-0 (Col-0) plants
are resistant to Phytophthora brassicae; however, double mu-
tant cyp79B2/cyp79B3 defective in two cytochrome P450
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Fig. 1. Infection assay with biotrophic, hemibiotrophic, and necrotrophic
pathogens. A, Three leaf disks from three independent 4-week-old Arabi-
dopsis plants inoculated with Pseudomonas syringae pv. maculicola were
homogenized to determine colony-forming units per square centimeter 3
days postinoculation (dpi). B, Droplets containing zoospores of Phytoph-
thora brassicae isolate D were placed on 20 leaves from five 4-week-old
plants and disease resistance was scored at 5 dpi, based on symptom de-
velopment. C, Twenty leaves from five 4-week-old Arabidopsis plants were
infected with Botrytis cinerea and lesion size was measured 3 dpi; repre-
sentative pictures of necrosis caused by B. cinerea are included above each
histogram as a visual illustration. Bars represent mean values (+ standard
deviation) of three independent experiments. Asterisks indicate a statisti-
cally significant difference between wild type and mutants, according to the
Student’s 7 test (P < 0.05).
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enzymes that catalyze the conversion of tryptophan to indol-3-
aldoxime have been shown to be susceptible to this pathogen
(Schlaeppi et al. 2010; Zhao et al. 2002). To determine if eca
mutants present changes during the interaction with this path-
ogen, we compared them to the double mutant cyp79B2/
cyp79B3 and their corresponding wt plants (Fig. 1B). At
5 days postinoculation (dpi), only eca2 showed enhanced
susceptibility to Phytophthora brassicae. However, this pheno-
type was not as strong as in the double mutant but significantly
different from wt plants. At the cytological level, we observed
that cell death and hyphal penetration could be detected at 12 h
postinoculation (hpi) in eca2, while this occurred already at 6 hpi
in the cyp79B2/cyp79B3 double mutant (Supplementary Fig. 1A).

Only the eca? mutant showed significant resistance to
B. cinerea at 72 hpi (Fig. 1C). To further characterize this ob-
servation, the fungal growth was followed by trypan blue stain-
ing. At 24 hpi, no differences on hyphal development between wt
and eca?2 leaves were observed. However, at 48 hpi, hyphal
growth of B. cinerea on eca2 leaves was strongly inhibited.
This indicates that, while the initial compatible interaction be-
tween B. cinerea and A. thaliana might not be affected in eca2
mutants, the progression of the infection is inhibited.

Early and late plant defense responses are primed in eca2.

A link between early induced ROS accumulation and resis-
tance to B. cinerea has been previously described (L'Haridon et al.
2011). To investigate if eca2-mediated resistance to B. cinerea is
linked with changes in the basal level of ROS, we performed a
histological analysis on noninfected leaves (Fig. 2A). We used 5-
(and-6)-carboxy-2,7-dichlorodihydrofluorescein diacetate (DCF-
DA) to detect a broad spectrum of ROS, 3-3" diaminobenzidine
(DAB) for H,O,, and nitroblue tetrazolium (NBT) to detect the
production of O, (Lehmann et al. 2015). Basal accumulation of
ROS was increased on eca?2 leaves for all the probes analyzed
(Fig. 2A), indicating that ROS are already present before the
plant-pathogen interaction takes place.

To further characterize ROS accumulation in eca2 during the
interaction with B. cinerea, a timecourse experiment was per-
formed (Fig. 2B). Histological analysis using the DCF-DA
probe and its densitometric quantification showed that ROS
production on wt plants started at 6 hpi and further increased at
12 hpi (Fig. 2B). However, ROS accumulation in eca2 was
already detected at O hpi and further increased at 3 hpi, reaching
the highest level at 6 hpi, which was maintained until 12 hpi
(Fig. 2B). These results suggest that, in comparison with wt
plants, the basal level of ROS in eca?2 prior to infection are in a
primed state that can be rapidly and strongly increased after the
interaction with B. cinerea.

Defense priming is defined as the sensitization of an organism
that leads to a faster and more robust activation of defense re-
sponses upon challenge (Conrath et al. 2015). To confirm the
possible primed state on eca2, the expression of early and late
induced genes related to plant defense were analyzed by quan-
titative real-time polymerase chain reaction (QRT-PCR), in-
cluding AIGI (AVRRPT2-INDUCED GENE 1), the cytochrome
P450 CYP79B2, and the pathogen-related protein PRI (Fig. 2C).
Expression of all the genes showed a significant increase in eca2
at 2 hpi compared with the wt plants. However, at 24 hpi, AIG1
and CYP79B2 expression levels were higher on wt than on eca2,
while PR] expression was similar in wt and eca? plants (Fig. 2C).

Preliminary genome-wide transcriptomic analysis

of eca2 reveals induction of DNA-binding processes

and defense-response genes and repression of JA responses.
Early and late defense-response genes are modified in eca

mutants (Serrano and Guzman 2004). To gain a more complete

overview, the transcriptome was analyzed in eca2 using the

DNA microarray of nonchallenged plants (Supplementary Ta-
ble S1; Supplementary Fig. S2). The basal expression levels of
45 and 56 genes were down- or up-regulated, respectively, in
eca? compared with wt plants. Some of the repressed genes
belonged to a group responsive to chemical stimuli including
JA, as indicated by gene ontology (GO) analysis (Supplemen-
tary Table 2A). Remarkably, within the 56 genes induced in
eca2, we identified several genes including, AIGI (AVRRPT2-
INDUCED GENE 1) (Reuber and Ausubel 1996) and MAPKI 1,
that are part of the early induced-defense signaling pathways
(Eschen-Lippold et al. 2012). This expression pattern is in agree-
ment with the previous observations related to primed defense
responses seen on eca2 (Fig. 2). Furthermore, some of the in-
duced genes in eca? are related to DNA-binding processes,
which is in agreement with the strategy used to identify the eca
mutants, since they were selected for their action on the ATL2
promoter (Serrano and Guzman 2004).

Since the transcriptome was analyzed using only one DNA
hybridization, we cannot use these results to perform a rigorous
statistical analysis by itself. Nevertheless, to validate these
microarray results, the expression of a subgroup of differentially
expressed genes (DEGs) related to plant-microbe interactions
was analyzed in more detail by qRT-PCR. The anthocyanin
biosynthesis—related dihydroflavonol 4-reductase (DFR) gene
was indeed found to be under negative regulation in eca2, as
detected on the microarray. Conversely, the glucosyltransferase
gene (UGT76B1) (von Saint Paul et al. 2011) and the plant
natriuretic peptide A (PNP-A) involved in SA-mediated de-
fense signaling were induced in eca2 (Meier et al. 2008).

eca? is more resistant to nonadapted herbivore S. littoralis.
Plant defense responses induced by herbivore attack are
driven largely by the synthesis of secondary metabolites, in-
cluding glucosinolates (GS) that are regulated by the JA path-
way (Agrawal et al. 2014; Schweizer et al. 2013). Since we
observed a repression of genes modulated by JA, we analyzed
the possible effect on the interaction between eca2 and gener-
alist and specialist herbivores, S. littoralis and Pieris brassicae,
respectively (Fig. 3). Unexpectedly, a significant reduction
by approximately 50% of larval weight of S. littoralis was
observed in eca2-fed samples but not those of Pieris brassicae
(Fig. 3). However, the cytochrome P450 CYP79B2 has been
described to regulate the biosynthesis of indolic glucosinolates
(IGs), which contribute to defense against generalist herbivores
(Frerigmann and Gigolashvili 2014). We observed a primed
induction of CYP79B2 upon B. cinerea infection in eca2 (Fig.
2C). It is possible that similar induction can be triggered after
S. littoralis infection, and this might explain the reduced larval
weight of S. littoralis (Fig. 3A). In addition, the specialist Pieris
brassicae is able to detoxify GS and performs equally well on
wt or GS mutant plants (Schlaeppi et al. 2008; Schweizer et al.
2013). This last observation supports the role of IGs (and possibly
aliphatic GS) in enhanced resistance of eca?2 to S. littoralis.

eca? is a cuticle mutant
with reduced wax and cutin amount.

ROS accumulation, induction of plant innate immunity, re-
sistance to B. cinerea, and increased cuticular permeability have
been observed in A. thaliana and Solanum lycopersicum mutants
of cutin monomers biosynthesis (Serrano et al. 2014). Thus, we
questioned whether eca2 was a cuticular mutant. Therefore, the
permeability of eca mutants was determined by analyzing chlo-
rophyll leaching and the retention of toluidine blue (Fig. 4A). The
eca2 mutant showed more retention of toluidine blue and sig-
nificantly more chlorophyll leaching compared with wt plants,
suggesting an increased cuticle permeability (Fig. 4A). To relate
this observation to other mutants in cuticle formation, the
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Fig. 2. Analysis of primed defense responses on eca2. A, Leaves from 4-week-old unchallenged Arabidopsis plants were stained using 5-(and-6)-carboxy-2,7-
dichlorodihydrofluorescein diacetate (DCF-DA), 3-3’ diaminobenzidine (DAB), and nitroblue tetrazolium (NBT) to detect basal reactive oxygen species
(ROS) levels. Representative pictures of three independent experiments are shown. B, Densitometric quantification of ROS production at indicated timepoints
after infection with Botrytis cinerea. Representative pictures of ROS detected after DCF-DA staining are included above each histogram as a visual illustration.
Bars represent mean values (+ standard deviation) of three independent experiments. Asterisks indicate a statistically significant difference compared with 0 h
postinoculation (hpi), according to the Student’s # test (P < 0.05). C, Quantitative real-time polymerase chain reaction (QRT-PCR) analysis of defense response
genes. The expression of selected genes was determined at 0, 2, and 24 hpi with B. cinerea and was normalized with respect to the reference gene AT4G26410,
previously described as a stable reference gene (Czechowski et al. 2005). Histograms represent mean values (+ standard error) of three independent
experiments with three technical replicates for each qRT-PCR assay. Asterisks indicate statistical significant differences between wild type and eca2 at the
indicated timepoints, according to Student’s ¢ test (P < 0.01). Scale bar = 200 um.
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Larval weight (mg)

permeability of eca2 was compared with bodyguard (bdg) (a
member of the o/f-hydrolase fold protein superfamily) and
lacs2-3 (long-chain acyl-CoA synthetase 2) (Bessire et al.
2007; Kurdyukov et al. 2006). lacs2-3 and bdg showed an in-
crease in cuticle permeability when compared with their corre-
sponding Col-0 wt plants. Interestingly, no significant differences
between eca2, bdg, and lacs2.3 were observed, indicating a strong
impairment in cuticle formation (Fig. 4B).

Cutin and wax are the main constituents of the cuticle and both
contribute to the formation of the diffusion barrier (Schreiber
2010). Cutin and wax components of Arabidopsis have been
described previously (Li-Beisson et al. 2013; Nawrath et al.
2013). The cuticular components of fully expanded rosette leaves
were analyzed in the eca2 and wt plants (Fig. 5). Typical oxy-
genated monomers of Arabidopsis leaf cutin were quantified
(Nawrath et al. 2013). Most oxygenated C18 monomers were
reduced by 20 to 40%, while C16 monomers were unaltered
or increased in their amounts, leading to a total reduction in
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Fig. 3. Performance of a generalist and a specialist herbivore on eca2.
Larval performance was tested in no-choice experiments on wild-type
plants (wt) and eca2 mutant plants. A, Freshly hatched larvae of the gen-
eralist Spodoptera littoralis or B, of the specialist Phytophthora brassicae
were placed on 5-week-old plants and larval weight (mean =+ standard error)
was measured after 10 days of feeding. The number of larvae measured for
each genotype is shown in each bar. Asterisks indicate a statistically sig-
nificant difference of weight between wt- and eca2-fed larvae, according to
the Student’s ¢ test (P < 0.001).

wit

oxygenated cutin monomers by 35%. In contrast, the chemical
analysis of the aliphatic wax components deposited on expanded
leaves revealed a decrease of components of all main wax
classes, i.e., alkanes, acids, alcohols, aldehydes, and esters as
well as of different chain lengths (Fig. 5C; Supplementary Fig.
S3), summing up to a total decrease of the wax load by 55% (Fig.
5D). The eca2 mutant has, thus, a reduction in the amounts of
both wax and cutin being the likely cause of the increased per-
meability of the cuticle of eca2 plants (Sadler et al. 2016).

eca?2 did not present similar compensatory transcriptional
response to the reduction of wax and cutin
as the cuticular mutant bdg.

To compare the transcriptional profile between eca? and
other previously characterized cuticular mutants, we identified
the commonly expressed genes on noninfected plants (Supple-
mentary Fig. S4). The Arabidopsis thaliana cuticular mutants
lacerata (Icr), fiddlehead (fdh), and bdg previously showed, as
part of a compensatory transcriptional response, a set of DEGs
related to the synthesis of wax, cutin, cell-wall, and defense
responses (Voisin et al. 2009). DEGs induced in eca2 are not
part of the same core of genes present in these mutants, and
only one gene was found in common with fdh. Additionally, no
common downregulated genes were detected among the three
mutants. Since the transcriptome was analyzed using only one
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Fig. 4. A and B, Cuticle permeability is modified in eca2. Upper panels, a
droplet of toluidine blue was placed on the leaf surface for 2 h and was then
rinsed with water. The blue stain remains attached to the cell wall if the
plant has a more permeable cuticle. Representative pictures of three inde-
pendent experiments are included. Lower panels, leaves from six 4-week-
old plants were placed in ethanol and the release of chlorophyll was followed
over the indicated time. The values represent mean of three independent
samples + standard deviation.
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DNA hybridization, we cannot use these results to perform a
rigorous statistical analysis by itself. However, to validate these
microarray results, the expression of four genes expressed in the
previously characterized cuticular mutant bdg (Voisin et al. 2009)
were analyzed (Fig. 6). The expression of a member of the 3-
ketoacyl-CoA synthase family involved in the biosynthesis of
very long chain fatty acids (DAISY), the alcohol-forming fatty
acyl-CoA reductase (CER4), glucose-methanol-choline oxido-
reductase family protein (H7L7), and the lipid transfer protein 4
(LTP4), involved on the synthesis of cuticle were analyzed by

gRT-PCR (Fig. 6). No significant differences in the expression
level of DAISY and LPT4 were detected between wt and Col-
0 control plants, while CER4 and HTL7 shown a slight induction
on Col-0, suggesting a possible background-dependent regula-
tion. Nevertheless, interestingly, all the analyzed genes were
statistically significantly up-regulated in bdg but not in eca2,
compared with the respective control wt plants (Fig. 6). These
results suggest that, compared with the other mutants, eca2 did
not present similar compensatory transcriptional responses re-
lated to its cuticle defects.
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DISCUSSION

The analysis of ERGs characteristic for a physiological re-
sponse has proven useful for a further description and under-
standing of its molecular basis. For example, auxin-responsive
ERGs have led to the identification and characterization of
molecular elements that participate in the perception and action
induced by this phytohormone (Dinesh et al. 2016). Here, we
further studied ERGs belonging to the plant-specific multigene
family ATL that are induced during plant-pathogen interactions
after perception of MAMPs such as chitin or fIg22 (Guzman
2012; Hondo et al. 2007; Salinas-Mondragén et al. 1999; Serrano
et al. 2006). To investigate the regulation of ATL2, we isolated a
set of eca mutants that constitutively expressed ATL2 (Serrano and
Guzman 2004). A preliminary characterization indicated that ECAs
play a role not only on the transcriptional regulation of ATL2 but
also of other ATL members and MAMP-induced ERGs. However,
detailed characterization of eca mutants during plant-microbe in-
teractions was missing. In this work, the response of eca mutants
was examined during the interaction with pathogens of different
lifestyles, and we showed that eca?2 is more resistant to the bio-
trophic pathogen P. syringae, to the necrotrophic B. cinerea, as
well as to the generalist herbivore S. littoralis but is susceptible to
Phytophthora brassicae, a hemibiotrophic organism, and does
not affect performance of the specialist herbivore Pieris brassicae
(Figs. 1 and 3). These results indicate that ECA2-dependent re-
sponses appear to be involved in defenses against biotrophic and
necrotrophic but not hemibiotrophic pathogens and against a
generalist herbivore but not an adapted herbivore. The mutant
eca? is, therefore, an interesting model to analyze both early
and late defense responses induced by Arabidopsis during the
interaction with highly diverse pests and pathogens (Fig. 7).

ROS accumulation and early activation of defense response
genes are modified in eca2? during the plant innate immune
response (Fig. 2). In eca2, ROS are constitutively accumulated
in noninfected plants and increased faster and further (com-
pared with wt) after interaction with B. cinerea, suggesting a
primed defense response. ROS have been involved in multiple
processes during plant-microbe interactions, including the
reinforcement of the cell wall, regulation of plant hormone
signaling pathways, and triggering of programmed cell death
(Lehmann et al. 2015). Interestingly, NADPH oxidase mutants
AtRbohD and AtRbohF, which show low production of ROS,
are impaired in innate immune responses (Kadota et al. 2015),
and an inhibition of SA biosynthesis is observed in these mu-
tants that exhibit susceptibility against P. syringae (Chaouch
et al. 2012). Interestingly, a direct link between ROS increase
and resistance to B. cinerea has been previously reported
(Benikhlef et al. 2013; Chassot et al. 2007; L’Haridon et al.
2011; Survila et al. 2016). On the other hand, eca2 plants shown
a constitutive expression of early PAMP-induced defense-
response genes AIGI (AVRRPT2-INDUCED GENE 1) and
MAPKI11.AIGI is expressed after P. syringae infection (Reuber
and Ausubel 1996), while MAPKI1I has been described to be
induced during the ETI and PAMP-triggered immunity (Bethke
et al. 2012; Eschen-Lippold et al. 2012, 2016). Recently, similar
phenotypes to eca2 have been reported for the ET-responsive
transcription factor AtERF 15, which regulates different layers of
plant immunity to P. syringae and B. cinerea, including ROS
accumulation and activation of defense-response genes (Zhang
et al. 2015). Several reports have shown that activation of plant
innate immunity by MAMPs from different organisms converges
at the induction of a similar set of ERGs (Ferrari et al. 2007;
Ramonell et al. 2002; Zipfel et al. 2004, 2006). Hence, we sug-
gest that ECA2 is part of a negative regulatory machinery that
regulates the transcriptional activation of early-induced defense-
response genes and its mutation causes priming of the plant

defense responses that leads to a broad resistance against bio-
trophic, necrotrophic, and generalist herbivore pathogens (Fig. 7).

After recognition and induction of early responses, amplifi-
cation of the signal involves SA-, JA-, and ET-dependent sig-
naling pathways (Dangl et al. 2013; Garcion et al. 2007). For
instance, resistance against P. syringae has been described
to rely on SA-dependent signaling (Grant and Jones 2009;
Verhage et al. 2010), while the plant defenses against B. cinerea
and herbivore attack are dependent on one or both JA or ET
(Agrawal et al. 2014; Glazebrook 2005; Schweizer et al. 2013;
Thomma et al. 2001). To determine if ECA2-dependent defense
responses are involved in the regulation of one or both the SA-
or JA-signaling pathways, we have analyzed the expression of
SA- and JA-induced genes. Under nonchallenging conditions,
the SA-responsive genes UGT76B1 and PNP-A were induced in
eca2, while PRI expression was primed after the interaction
with B. cinerea (Fig. 2). Interestingly, we observed a repression
of genes modulated by JA, but, once eca2 plants were infected
with B. cinerea, we detected a primed induction of CYP79B2
that is involved in GS biosynthesis that is regulated by the JA
pathway (Agrawal et al. 2014; Schweizer et al. 2013). Taken
together, these results suggest a priming of SA- and JA-induced
genes in eca2. Primed plants respond to very low levels of a
stimulus, including the perception of PAMPs, MAMPs, HAMPs,
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Fig. 7. Hypothetical model of ECA2-dependent defense responses. Plants
are always under the effect of different abiotic stimuli, including different
lifestyle pathogens. Once these pathogens arrived on the leaf surface,
damage-, microbe-, and herbivore-associated molecular patterns (DAMPs,
MAMPs and HAMPs) are released and detected by plant receptors inducing
the plant innate immunity. We proposed that ECA?2 is part of the regulatory
machinery that regulates plant innate immunity and, subsequently, the
amplification and establishment of the late defense responses. These de-
fense mechanisms are primed on eca2, probably due to a more permeable
cuticle, caused by a decrease in cutin and wax content, that leads to an
inhibition of the infection of biotrophic and necrotrophic pathogens and
herbivory insects. The precise mechanism causing the reduction in cutin
and wax load is still unknown.
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or DAMPs, singly or in combination, in a faster and stronger
manner than do unprimed plants in the local and systemic or
unchallenged parts of the plant (Conrath 2009). For this reason,
primed plants can show more rapid and robust activation of de-
fense responses once interacting with pathogens and pests, which
leads to a more efficient establishment of the resistance
(Conrath et al. 2015). The often-contradictory results observed
in phytohormone-dependent defenses against biotrophic and
necrotrophic pathogens likely results from complex cross-talks
between the defense-signaling pathways (Koornneef and
Pieterse 2008; Pieterse et al. 2009). Thus, ECA2 is involved in
the fast activation of SA- and JA-induced defenses responses;
however, the precise level of regulation on the primed pathway
modified by ECA2 now needs further clarification.

Changes on the major components of the cuticle, cutin and
wax, have an important role during abiotic and biotic interactions,
in particular regulating plant-pathogen interactions (Aragon et al.
2017; Reina-Pinto and Yephremov 2009). For instance, defense
mechanisms against B. cinerea are enhanced in mutants with
increased leaf permeability and modified cutin biosynthesis
(Bessire et al. 2007; Chassot et al. 2007; Ju et al. 2017; Li et al.
2007; Nawrath et al. 2013; Serrano et al. 2014; Tang et al. 2007;
Voisin et al. 2009). One hypothesis to explain these responses is
that once B. cinerea spores have landed on the more permeable
leaf surface, molecules such as MAMPs and DAMPs can be more
rapidly or efficiently recognized, leading to the establishment of
plant innate immunity (Serrano et al. 2014). Additionally, alter-
ation in the wax composition also has consequences on the in-
teraction with other fungal pathogens. For example, the mutant
cer3 has a more permeable cuticle and parts of the pathogenesis
process are inhibited, including germination and appressorium
formation of powdery mildew Golovinnomyces orontii (Inada
and Savory 2011). Additionally, transgenic plants overexpressing
the gene CERI, involved in alkane biosynthesis, showed reduced
cuticle permeability but increased susceptibility to the fungus
Sclerotinia sclerotiorum (Bourdenx et al. 2011). Moreover, the
acyl carrier protein ACP4, involved in the biosynthesis of cutic-
ular fatty acids, is required to perceive the mobile systemice
acquired resistance (SAR) signal in distal tissues of A. thaliana.
The acp4 mutant is able to generate the mobile signal required for
SAR induction but was unable to induce a systemic response
against the bacterium P. syringae, suggesting that loss of signal
perception in acp4 is related to defective cuticles (Xia et al.
2009). Remarkably, to our knowledge, there is no evidence
showing that cuticle mutants are resistant to the herbivorous
caterpillar S. littoralis, as we observed on eca2. Finally, we de-
termined that eca2 is more susceptible to Phytophthora brassicae
(Fig. 1B). It is worth to mentioning that we have determined that
the cuticular mutants bdg and lacs2.3 are also susceptible to
Phytophthora brassicae (data not shown), suggesting that im-
pairment of cuticle permeability might be important for re-
sistance against this hemibiotrophic organism; however, further
experiments would be needed to clarify this observation.

eca? has a strong reduction in both wax and cutin but did not
present transcriptional compensatory mechanisms related to
this phenotype, which have not been described before (Nawrath
et al. 2013; Sadler et al. 2016). A previous transcriptional
analysis of the cuticle mutants Icr, fdh, and bdg revealed a set of
DEGs related to the synthesis of wax, cutin, cell wall, and
defense response (Voisin et al. 2009). Comparing these DEGs,
we showed that the basal genome-wide transcriptional profile
of eca2? did not share a similar signature, in particular to the
cuticular mutant bdg (Fig. 6). Interestingly, these previously
characterized mutants presented organ fusion, and this suggests
that the transcriptional changes are part of compensatory
mechanisms related to this development-related phenotype
(Voisin et al. 2009), which is not present on eca2. Nevertheless,

in a comparison of the eca? transcriptional profile with another
cuticle mutant with no organ fusion, lacs2, which is only
compromised in cutin formation (Bessire et al. 2007), once
more, no similarities are observed on DEGs (data no shown),
suggesting that eca2 possesses a different transcriptional pro-
file, in particular to the cuticular mutant bdg. Interesting, fatty
acids have been described not only as a source of reserve energy
and essential components of membrane lipids but to play a role
during plant defense mechanisms (Kachroo and Kachroo
2009). Additionally, modification of the carbon flux through
cytosolic acetyl-CoA by the synthesis of polyhydroxybuturate
has been shown to reduce the amount of wax and cutin to
similar extents (Xing et al. 2014). Thus, the specific reduction
in C18-derived cutin monomers and C18 derived metabolites
(wax components and JA) might indicate a modification of the
early fatty acid metabolism in eca2.

In summary, we found that the cuticle mutant eca? is resistant
to B. cinerea, P. syringae, and S. littoralis. This suggests that
ECA2-dependent responses are involved in the nonhost defense
mechanism against biotrophic and necrotrophic pathogens and
against a generalist insect. These phenotypes might be due to the
efficient and fast activation of the defense responses on eca2,
including ROS accumulation and transcriptional induction of the
early and late induced defense-response genes (Fig. 7). Addi-
tionally, we have shown that eca? is the first described cuticular
mutant with reduced cutin and wax content and with a differ-
ent transcriptional profile among the previously characterized
cuticle-related mutants, in particular to bdg. These results make
eca?2 an interesting model to characterize the molecular basis of
defenses against various pathogens and to study the initial events
during the plant-pathogen interactions that take place in the cu-
ticle surface of the aerial organs. It also shows that screening for
mutants with different pests and pathogens is a powerful method
to identify cuticle mutants. Nevertheless, we are still far from
understanding the precise mechanisms causing the reduction in
cutin and wax load on eca?2, and further studies are warranted to
learn how these changes lead to primed defense responses. Fi-
nally, it is worthy to note that eca2 was characterized as a single
recessive mutation (Serrano and Guzman 2004). However, we
cannot be completely sure that we are dealing with a single
mutation until the genetic identity of ECA2 is revealed; future
work is directed to this objective.

MATERIALS AND METHODS

Plant material and growth conditions.

A. thaliana ecotype C24 carrying a fusion of the ATL2 pro-
moter to the GUS reporter gene (pATL2::GUS), as previously
described (Salinas-Mondragén et al. 1999), was used as the wt
plant. A. thaliana Col-0 seeds were obtained from the Not-
tingham Arabidopsis Stock Centre (Nottingham, U.K.). The
ecal, eca3, ecad, eca5, lacs2.3, and bdg mutants were pre-
viously described (Bessire et al. 2007; Kurdyukov et al. 2006;
Serrano and Guzman 2004). Seeds were grown on a pasteurized
soil mix of humus and perlite (3:1), were kept at 4°C for 2 days,
and then, were transferred to the growth chamber. Plants were
grown for 4 weeks in a 12-h light and 12-h dark cycle with 60 to
70% relative humidity, with day temperatures of 20 to 22°C and
night temperatures of 16 to 18°C.

Pathogen inoculation and analysis.

P. syringae pv. maculicola infection was performed as pre-
viously described (Zeier et al. 2004). Briefly, overnight log-
phase cultures were pelleted, were washed three times with
10 mM MgCl,, and were diluted in 10 mM MgCl, to 5 x 10°
CFU per milliliter. The bacterial solutions were infiltrated from
the abaxial side into one half of a sample leaf, using a 1-ml
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needleless syringe. Bacterial growth was assessed by homog-
enizing disks originating from infiltrated areas of three different
leaves in 1 ml of 10 mM MgCl,, plating appropriate dilutions,
and quantifying colony numbers 3 dpi.

Infection with Phytophthora brassicae isolate D (CBS179.89)
was performed as previously described (Schlaeppi et al. 2010).
Four-week-old Arabidopsis leaves were droplet-inoculated with a
zoospore suspension (50,000 zoospores per milliliter in 10 mM
dextrose). Inoculated leaves were scored for disease resistance on a
scale of 0 to 4 as follows: 0 = completely susceptible leaf, 1 =
outgrowing lesion, 2 = confined lesion covering droplet or plug
zone, 3 = a few spots observed within the droplet or plug zone,
4 = no disease symptoms. Mean disease resistance scores were
transformed into percent values for comparison of replicate inoc-
ulations as previously described (Schlaeppi et al. 2010). Pathogen
penetration and dead cells were stained with a solution of ethanolic
lactophenol and trypan blue (Roetschi et al. 2001) and were ob-
served using a Leica DMR microscope with bright-field settings.
Representative images were selected as visual illustrations.

Strains of B. cinerea BMM, provided by B. Mauch-Mani
(University of Neuchatel, Switzerland), were grown on 39 g of
Difco (Becton Dickinson) potato dextrose agar per liter. Growth
and infection were performed as previously described (L"Haridon
et al. 2011). Fungal hyphae and dead plant cells were stained by
boiling inoculated leaves for 5 min in a solution of ethanolic
lactophenol trypan blue. Stained leaves were cleared in chloral
hydrate (2.5 g per milliliter), at room temperature, by gentle
shaking until a colored solution was no longer released. Then,
leaves were imbibed in 20% glycerol for 1 h and were observed
using a Leica DMR microscope with bright-field settings.
Representative images were selected as a visual illustration.

Insect bioassays.

Spodoptera littoralis (Egyptian cotton worm) eggs were
obtained from Syngenta (Stein AG) and Pieris brassicae (large
white butterfly) was reared in a greenhouse on Brassicae
oleracea as described previously (Schlaeppi et al. 2008). Eval-
uation of insect performance was conducted in nonchoice ex-
periments as described previously (Bodenhausen and Reymond
2007). Experiments were performed with 5-week-old plants in
transparent Plexiglas boxes. Briefly, freshly hatched S. litroralis
or Pieris brassicae were placed on each genotype for 10 days of
feeding. Larvae were then collected and were weighed on a pre-
cision balance (Mettler-Toledo). Similar results were obtained in
two independent experiments.

Statistical analysis.

Differences were evaluated using Student’s  tests, as indicated
in the figures legends. Asterisks above each bar represent sta-
tistically significant differences (P value <0.05 or <0.01).

Detection of ROS.

ROS were detected using the fluorescent probe DCF-DA
(Sigma-Aldrich) as previously described (L'Haridon et al.
2011). Accumulation of O3 and H,O, was determined using
NBT staining and DAB staining, respectively, as previously
described (Chen et al. 1993; Thordal-Christensen et al. 1997).
Microscope images of leaves stained with DCF-DA were pro-
cessed for densitometric quantification with Image J version
1.44 (NIH). NBT- and DAB-destained leaves were observed
using a Leica DMR microscope with bright-field settings.
Representative images were selected as visual illustrations.

RNA extraction and
genome-wide transcriptomic analysis.

The wt and eca2 plants were infected with B. cinerea by
spraying a spore suspension of 2 x 10° spores per milliliter in '/

potato dextrose broth (PDB). PDB alone was sprayed on plants
for mock control samples. Leaves were collected at 0, 2, and
24 h postinfection for mock- and Botrytis-infected plants. For
genome-wide transcriptomic analysis, total RNA from leaves of
five plants and from two independent experiments were extracted
and mixed. RNA extraction was performed according to the
manufacturer’s instructions with the RNeasy mini kit from Qia-
gen. RNA of wt and eca2 noninfected plants were sent, for fur-
ther quality check, preparation of biotin-labeled RNA probes,
hybridization (one per sample) to GeneChip Arabidopsis ATH1
Genome Arrays, and scanning of the slides, to the Integrated
Functional Genomics Core Unit of the Interdisciplinary Center
for Clinical Research at the Medical Faculty of the University
of Muenster, Germany. All of the above steps were performed
according to the manufacturer’s instructions. The preprocessing
of raw data and the Affymetrix quality control tests and gene
expression normalization were performed using the software
FlexArray 1.4.1 (McGill University and Génome Québec In-
novation Centre, Montreal). Identification of up- and down-
regulated DEGs from published (Voisin et al. 2009) and from the
present data was done from normalized data using the software
FiRe 2.2 (Garcion et al. 2006). All DEGs were selected based on
their expression ratio =2 or <0.5.

GO analysis.

DEGs identified by genome-wide transcriptomic analysis
were analyzed and classified into GO classes using the analysis
toolkit agriGO, previously described by Du et al. (2010).

Confirmation of microarray results by qRT-PCR.

From three independent experiments, total RNA from leaves
of five plants were extracted and mixed according to the
manufacturer’s instructions with the RNeasy Mini Kit from
Qiagen. Total RNA (1 pg) of each sample was retro-transcribed
into cDNA according to manufacturer’s indications (Omni-
script RT kit, Qiagen). For each independent experiment, qRT-
PCR was performed using Sensimix SYBR green kit (Bioline).
qRT-PCR was conducted using a Rotor-Gene 6000 PCR ma-
chine. RT-PCR conditions were as follows: an initial 95°C
denaturation step for 15 min, followed by denaturation for 15 s
at 95°C, annealing for 30 s at 60°C, and extension for 30 s at
72°C for 45 cycles, and analyzed on the Corbett Rotor-Gene
6000 application software. Gene expression values were nor-
malized using the gene AT4G26410, previously described as a
stable reference gene (Czechowski et al. 2005). Normalized
gene expression was determined using the comparative cyclel
threshold method previously described (Schmittgen and Livak
2008). The primers were designed using the Primer3 software,
and primers used to analyze the expression of the indicated
gene were DFR (AT5G42800) DFR-fw 5'-GACGACTTATG
CAACGCTCA and DFR-rev 5'-TCCGTCAGCTTCTTGGAA
CT, UGT76B1 (AT3G11340) UGT76B1-fw 5'-TTTAGCTCACC
GTGCAACAG and UGT76B1-rev 5'-CCTTCCGAGCTCGTCA
TTAG, PNP-A (AT2G18660) PNP-A-fw 5'-AGCTGCTCAAGG
AAAAGCTG and PNP-A-rev 5'-TCCCGGCAGAAATCAACT
AC, CYP79B2 (AT4G39950) CYP79B2-fw 5'-ACGATCATTTA
ACCGCTTGG and CYP79B2-rev 5'-CAGTGAGCATCGGCAG
ATAA, AIGI (AT1G33960) AIGI-fw 5'-TGCCGGACTTCCTA
AAGAGA and AIG1-rev 5'-TGCTCTTCTGAATGCCCTTT,
PRI (AT2G14610) PR1-fw 5'-TTCTTCCCTCGAAAGCTCAA
and PRI-rev 5'-AAGGCCCACCAGAGTGTATG. Expression
analysis of DAISY, CER4, HTL7, and LPT4 was performed using
the primers previously described (Voisin et al. 2009).

Cuticle permeability analysis.
Toluidine blue staining was carried out by placing 6-ul
droplets on the leaf surface of 0.025% toluidine blue solution
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dissolved in l/4 PDB. After incubation for 2 h, leaves were
washed gently with distilled water to remove excess of the
solution from leaves. Representative images were selected as a
visual illustration. Chlorophyll extraction and quantification
was performed as previously described (Benikhlef et al. 2013).
Briefly, leaves were weighed and immersed in 30 ml of 80%
ethanol. Chlorophyll suspension was sampled in the dark at
room temperature with gentle agitation at 10, 20, 30, 40, 50,
and 60 min after immersion. The chlorophyll content was de-
termined by measuring absorbance at 647 and 664 nm and was
expressed as the micromolar concentration of total chlorophyll
per gram of leaf fresh weight.

Biochemical analysis of cutin and wax composition.

The composition of wax components and cutin was de-
termined from expanded leaves of 6-week-old rosette plants
raised in a 10-h light and 14-h dark cycle with 60 to 70%
relative humidity, with a day temperature of 20°C and a night
temperature of 18°C. The preparation and analysis of cutin
monomers was described previously (Garroum et al. 2016).
Total cuticular wax extracts were prepared as described pre-
viously (Greer et al. 2007). The quantification of wax compo-
nents was performed as previously described (Sadler et al.
2016; Voisin et al. 2009).
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