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Transmembrane receptor-like kinases characterized by the presence of one or more lysin motif (LysM) domains in the
extracytoplasmic portion (LysM-containing receptor-like kinases [LYKs]) mediate recognition of symbiotic and pathogenic
microorganisms in plants. The Arabidopsis (Arabidopsis thaliana) genome encodes five putative LYKSs; among them, AtLYK1/
CHITIN ELICITOR RECEPTOR KINASEI is required for response to chitin and peptidoglycan, and AtLYK4 contributes to
chitin perception. More recently, AtLYK3 has been shown to be required for full repression, mediated by Nod factors, of
Arabidopsis innate immune responses. In this work, we show that AtLYK3 also negatively regulates basal expression of
defense genes and resistance to Botrytis cinerea and Pectobacterium carotovorum infection. Enhanced resistance of atlyk3
mutants requires PHYTOALEXIN-DEFICIENT3, which is crucial for camalexin biosynthesis. The expression of AfLYK3 is
strongly repressed by elicitors and fungal infection and is induced by the hormone abscisic acid (ABA), which has a negative
impact on resistance against B. cinerea and P. carotovorum. Plants lacking a functional AtLYK3 also show reduced physiological
responses to ABA and are partially resistant to ABA-induced inhibition of PHYTOALEXIN-DEFICIENT3 expression. These
results indicate that AtLYKS is important for the cross talk between signaling pathways activated by ABA and pathogens.

Plants must recognize potential pathogens and mount
effective defense responses in a timely manner to re-
strict microbial growth. Molecules conserved among
microbes are recognized by plant cells and activate
an immune response that contributes to resistance
against infections. These molecules are often referred
to as microbe-associated molecular patterns (MAMPs),
analogous to those that trigger an immune response in
animals (Mackey and McFall, 2006). MAMPs are often
structural components of the pathogen cell wall or
other conserved macromolecules (Boller and Felix,
2009). A prototypical MAMP is flg22, a 22-amino acid
peptide derived from the N-amino terminal region of
bacterial flagellin that is able to induce defense re-
sponses in different plants (Gémez-Gémez et al., 1999;
Gomez-Goémez and Boller, 2000). Other well-characterized
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bacterial MAMPs are peptidoglycans (PGNs; Gust
et al., 2007; Erbs et al., 2008), lipopolysaccharides
(Newman et al., 2007), and the bacterial elongation
factor thermo-unstable (Ef-Tu) and its derived 18-
amino acid peptide elf18 (Zipfel et al., 2006), whereas
fungal MAMPs include the cell wall polymer chitin
(Zhang et al., 2002; Kaku et al., 2006; Wan et al., 2008)
and its deacetylated derivative chitosan (Doares et al.,
1995; Povero et al., 2011). Molecules released from the
plant cell upon damage or pathogen infection can also be
perceived and activate defense responses and are indi-
cated as damage-associated molecular patterns (DAMPs;
Bianchi, 2007; Boller and Felix, 2009). Well-characterized
DAMPs are the oligogalacturonides (OGs), long-chain
pectin fragments released from the plant cell wall by
microbial polygalacturonases (De Lorenzo and Ferrari,
2002; Federici et al., 2006; Galletti et al., 2009; Ferrari
et al., 2013). Defense responses induced by MAMPs and
DAMPs are qualitatively similar to those activated
during the gene-for-gene resistance (Tao et al., 2003), and
plants unable to perceive specific MAMPs often dis-
play enhanced susceptibility to virulent microbial strains
(Zipfel et al., 2004, 2006; Miya et al.,, 2007; Wan et al.,
2008), indicating that this line of defense contributes to a
great extent to basal resistance to pathogens.

Activation of defense responses after MAMP/DAMP
perception is at least partly independent of salicylic acid
(SA), ethylene, and jasmonic acid (JA), three hormones
important for resistance to infections (Glazebrook, 2001).
For instance, Arabidopsis (Arabidopsis thaliana) plants
impaired in responsiveness to these three signaling
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molecules are still protected against the fungal pathogen
Botrytis cinerea by treatments with OGs or flg22 (Ferrari
et al., 2007). Notably, expression of the PHYTOALEXIN-
DEFICIENT3 (PAD3) gene is also induced by OGs and
flg22 independently of SA, JA, and ethylene signaling
(Ferrari et al., 2007). PAD3 is a cytochrome P450 that
catalyzes the last biosynthetic step of camalexin (Zhou
et al., 1999), a phytoalexin required for both basal and
MAMP /DAMP-triggered resistance to B. cinerea (Ferrari
et al., 2003, 2007). These data suggest that, in addition to
those involving SA, ethylene, and JA, additional signal-
ing pathways regulate plant immunity.

In the past years, significant advances in the un-
derstanding of MAMP and DAMP perception and
transduction have been made (Boller and Felix, 2009).
Recognition of these molecules by plants is often me-
diated by receptor-like kinases (RLKs), integral plasma
membrane proteins containing an extracytoplasmic
receptor domain (ectodomain), a single transmem-
brane domain, and a cytoplasmic protein kinase do-
main. The first identified plant MAMP receptor is
FLAGELLIN-SENSITIVE2 (FLS2), which is responsible
for flg22 perception in Arabidopsis (Gémez-G6émez
and Boller, 2000). Another well-characterized Arabi-
dopsis MAMP receptor is EF-TU RECEPTOR (EFR),
which recognizes elf18 (Zipfel et al., 2006). The ecto-
domains of FLS2 and EFR contain Leu-rich repeats,
which are common structural motifs amenable to protein-
protein interaction (Padmanabhan et al., 2009). RLKs
that have one or more lysin motifs (LysMs) in their
ectodomain (LysM-containing RLKs [LYKs]) also me-
diate the perception of MAMPs and other microbial
signals (Gust et al., 2012; Tanaka et al., 2012). LysM is
42 to 48 amino acids long and was originally identified
in bacterial proteins, where it recognizes PGN, a major
structural component of the bacterial cell walls com-
posed of alternating 8-1,4-linked N-acetylglucosamine
(NAG) and N-acetylmuramic acid residues (Bateman
and Bycroft, 2000). Structurally, LysM contains two
a-helices on one side of a two-stranded antiparallel
B-sheet (Bateman and Bycroft, 2000). This motif has
been found in most living organisms, except Archaea,
though only in plants it is associated to a kinase do-
main to form LYKs (Zhang et al., 2007). LYKs were
first identified in legumes as receptors of the Nod
factors, lipochitooligosaccharides secreted by nitrogen-
fixing rhizobacteria that are major determinant of host
specificity (Limpens et al., 2003; Madsen et al., 2003;
Radutoiu et al., 2007). More recently, perception of chitin
has also been shown to depend on LYKs, namely LYSM-
CONTAINING RECEPTOR-LIKE KINASE1 (AtLYK1)/
CHITIN ELICITOR RECEPTOR KINASE1 (AtCERK1)
in Arabidopsis (Miya et al., 2007; Wan et al., 2008) and
OsCERK1 in rice (Oryza sativa; Shimizu et al., 2010). The
structure of chitin, a linear polymer of 8-1,4-linked NAG
units, is identical to that of the carbohydrate backbone of
Nod factors (Limpens et al., 2003). Perception of chitin in
rice cells also requires O. sativa chitin elicitor-binding
protein (OsCEBiP), a LysM transmembrane receptor-
like protein (LYP) lacking a kinase domain (Kaku et al.,
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2006). Both OsCEBiP and AtLYK1/AtCERKI1 can di-
rectly bind chitin (Iizasa et al., 2010; Petutschnig
et al., 2010). Chitin binding induces the dimerization
of AtLYK1/AtCERK1, and this step is essential for
downstream signaling (Liu et al., 2012). Another Arabi-
dopsis LYK, AtLYK4, can be pulled down by chitin
magnetic beads and eluted by chitooctaose, and null
mutants for this protein are partially insensitive to
chitin (Wan et al.,, 2012). AtLYK1/AtCERK1 also me-
diates perception of PGN, which also requires LYSM
DOMAIN GPI-ANCHORED PROTEIN1 (LYM1) and
LYM3, two LYPs that physically interact with PGN
(Willmann et al., 2011). These data suggest that Arabi-
dopsis LYKs and LYPs may interact to form receptor
complexes involved in the perception and transduction
of different NAG-containing MAMPs.
AtLYK1/AtCERK1 and AtLYK4 belong to a family of
five Arabidopsis LYK genes, and the function of the
other three members (AtLYK2, AtLYK3, and AtLYKD5)
is currently unclear. Single mutants for these genes, as
well as triple atlyk2 / atlyk3 /atlyk5 mutants, show wild-
type expression of marker genes in response to chitin
treatment (Wan et al., 2008, 2012), suggesting that
they are not involved in the perception of this MAMP.
A recent paper shows that AtLYK3 is required for
the repression of MAMP-triggered immunity by Nod
factors (Liang et al., 2013). Here, we show that AtLYK3
negatively regulates basal resistance to pathogen in-
fection. Furthermore, lack of a functional AtLYKS3 in-
creases basal levels of defense gene transcripts and
reduces responses to abscisic acid (ABA). These results
point to a role of AtLYK3 in the negative cross talk
between this hormone and the plant immune response.

RESULTS

Mutants Lacking a Functional AfLYK3 Show Increased
Expression of Defense Genes and Enhanced
Pathogen Resistance

Previous transcript profile analyses indicate that, in
contrast to the other members of the Arabidopsis LYK
gene family, AfLYK3 (At1g51940) is transcriptionally
repressed in response to B. cinerea infection and to
treatments with OGs or flg22 (Ferrari et al., 2007;
Denoux et al., 2008). A metaanalysis of public micro-
array data using Genevestigator (Zimmermann et al.,
2004) showed that expression of this gene is also
repressed by pathogens as diverse as Pseudomonas
syringae and Phytophthora infestans and by different
elicitors, including chitin and bacterial lipopolysac-
charides (Supplemental Fig. S1A). The only exception
to this pattern was Alternaria brassicicola infection,
which represses all Arabidopsis LYK genes but induces
AtLYK3 expression (Supplemental Fig. S1A). Quanti-
tative PCR (qPCR) experiments indicated that AtLYK3
expression was significantly reduced 24 h after inoc-
ulation with B. cinerea, when disease symptoms were
not yet visible, and was almost completely abolished at
48 h post infection (Fig. 1A). Moreover, we confirmed
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Figure 1. Expression of AtLYK3 is repressed in response to fungal infec-
tion and elicitor treatment. Expression of AtLYK3 was analyzed by qPCR in
Arabidopsis leaves inoculated for the indicated times with B. cinerea (A) or
in liquid-grown seedlings treated for 3 h with water (control) or 100 ug
mL™" OG (B). The UBQ5 gene was used as reference. Bars indicate av-
erage expression * sb of three independent biological replicates.

that expression of AfLYK3 is also significantly re-
pressed in seedlings treated for 3 h with OGs (Fig. 1B)
or chitin (Supplemental Fig. S1B). By contrast, AtLYK1/
AtCERK1 expression increased after OG treatment,
in accordance with the available microarray data
(Supplemental Fig. S1C). These data suggest that
AtLYK3 has an important role in plant immunity. To
investigate this hypothesis, we obtained two homozy-
gous insertional lines for AfLYK3, WiscDsLox318C07
and SALK 140374, which were renamed atlyk3-1 and
atlyk3-3, respectively (Supplemental Fig. 52, A-C).
AtLYK3 contains 11 predicted exons, and atlyk3-1 and
atlyk3-3 were annotated in the SIGNAL database
(Alonso et al., 2003) as carrying an insertion in exon 3
and exon 10, respectively. Reverse transcription (RT)-
PCR analysis confirmed the transfer DNA (T-DNA)
localization in atlyk3-1 and revealed that the insertion
in atlyk3-3 was instead in the last exon (Supplemental
Fig. 52, D and E). Inoculation of both atlyk3-1 and
atlyk3-3 plants with B. cinerea resulted in smaller lesions
compared with wild-type plants (Fig. 2A), suggesting
that AtLYK3 plays a negative role in defense against
fungal infection. Similarly, disease symptoms caused
by the necrotrophic bacterial pathogen Pectobacterium
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carotovorum were significantly reduced in both mutants
compared with the parental line (Fig. 2B). These data
indicate that AtLYK3 is required for full susceptibility to
different necrotrophic pathogens.

To investigate the cause of the enhanced resistance
of plants lacking a functional AtLYK3, we evaluated
the expression of the defense-related genes PADS3,
PLANT DEFENSIN1.2 (PDF1.2), and PATHOGENESIS-
RELATED1 (PR1), which are regulated by different
signaling pathways. PAD3 is up-regulated by fungal
infection and elicitors independently of SA-, JA-, and
ethylene-mediated pathways (Ferrari et al., 2007);
PDF1.2 encodes a defensin, and its expression is de-
pendent on JA and ethylene (Penninckx et al., 1996);
and PR1 is a marker gene for responses mediated by SA
(Maleck et al., 2000). Basal expression of PAD3 was
higher in atlyk3-1 and atlyk3-3 than in wild-type leaves
(Fig. 3A). After infection with B. cinerea, expression of
PAD3 was induced in atlyk3-1 and atlyk3-3 leaves to a
much greater extent than in wild-type leaves at both
1 and 2 d post infection (dpi; Fig. 3A), suggesting that
lack of AtLYKS3 increases both basal and early inducible
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Figure 2. Increased resistance to pathogen infection in atlyk3 mutants.
Wild-type (WT), atlyk3-1, and atlyk3-3 rosette leaves were inoculated
with B. cinerea (A) or with P. carotovorum for 24 h (B), and lesion
areas were measured after 24 and 48 h, respectively. Values are
means * s& (n = 30). Asterisks indicate statistically significant differ-
ences between wild-type and mutant plants, according to Student’s t
test (***P =<1 x 107,
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Figure 3. Expression of defense genes in atlyk3 mutants inoculated
with B. cinerea. Wild-type (WT; empty bars), atlyk3-1 (light-gray bars),
and atlyk3-3 (dark-gray bars) rosette leaves were inoculated with B.
cinerea, and total RNA was extracted at the indicated times. Expression
of PAD3 (A), PDF1.2 (B), and PR1 (C) was analyzed by qPCR using
UBQ5 as reference. Bars indicate average expression * sp of three
independent biological replicates. Asterisks indicate significant dif-
ferences between the wild type and mutants, according to Student’s ¢
test (*P < 0.05, **P < 0.02, ***P < 0.01).

expression of this gene. Expression of PDF1.2 was
similar to the wild type in atlyk3-1 plants, whereas,
in atlyk3-3 plants, it was significantly higher at 0 and
2 dpi, but it was induced to a lesser extent at 1 dpi
(Fig. 3B), suggesting that this gene may also be affected
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by AtLYKS, but it probably plays a minor role in the
mutant-resistant phenotype. PR1 expression in healthy
leaves or after fungal infection did not significantly
differ in wild-type and atlyk3 plants at all time points
analyzed (Fig. 3C), though a slight increase compared
with the wild type, was observed in both mutants at
2 dpi; this suggests that SA-mediated responses are
affected to a limited extent by the absence of a func-
tional AtLYK3. Taken together, these data suggest
that mutations in AfLYK3 derepress the expression of
some defense-related genes, in particular PAD3. Di-
aminobenzidine staining of uninfected rosette leaves
did not reveal a constitutively high basal accumulation
of reactive oxygen species (ROS) in atlyk3-1 or atlyk3-3
plants (Supplemental Fig. S3); moreover, after fungal
infection, staining was comparable in wild-type and
mutant plants, suggesting that ROS production is little
affected by AtLYK3 and therefore does not play a
major role in the resistant phenotype of the mutants.
Because PAD3 is important for basal resistance to
B. cinerea (Ferrari et al.,, 2003), we speculated that the
elevated expression of this gene in plants mutated in
AtLYK3 gives a major contribution to their enhanced
resistance to infection. To verify this hypothesis, we
generated double mutants by crossing atlyk3-1 with pad3,
a line carrying a point mutation in PAD3 that results in a
dramatic reduction of expression of this gene and an
almost complete lack of camalexin production after
B. cinerea infection (Zhou et al., 1999; Ferrari et al., 2003).
Homozygous atlyk3-1 pad3 double mutant plants did not
accumulate AtLYK3 transcripts and, after B. cinerea in-
fection, displayed very low levels of expression of PAD3
compared with wild-type plants (Supplemental Fig. S4).
Notably, double mutants also showed enhanced sus-
ceptibility to the fungus, with an average lesion size
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Figure 4. Enhanced resistance against B. cinerea of atlyk3-1 plants is
dependent on PAD3. Wild-type (WT), atlyk3-1, pad3-1, and atlyk3-1 pad3
rosette leaves were inoculated with B. cinerea, and lesion areas were
measured 48 h after inoculation. Values are means * st (n = 10). Different
letters indicate statistically significant differences, according to one-way
ANOVA followed by Tukey’s honestly significant difference test (P =
0.01). This experiment was repeated twice with similar results.
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similar to that observed in the pad3 single mutant (Fig. 4).
These results suggest that the enhanced resistance to
B. cinerea of atlyk3-1 depends on the increased expression
of PAD3 observed in this mutant.

AtLYK3 Affects Responses Regulated by ABA

Previous reports indicate that ABA plays a negative
role in defense against B. cinerea and that mutants
impaired in the biosynthesis or in the transduction of
this hormone display increased resistance to this fun-
gus (Audenaert et al., 2002a; Asselbergh et al., 2007).
Furthermore, it is known that pretreatments with ABA
repress flg22-induced expression of several defense-
related genes (Clay et al., 2009), also pointing to ABA
as a negative regulator of defense. Therefore, we in-
vestigated whether increased resistance of atlyk3 mu-
tants is due to a defective response to ABA. We found
that, whereas a treatment of 24 h with 10 um ABA
decreased PAD3 transcripts to almost undetectable
levels in wild-type seedlings, the same treatment was
less effective in atlyk3-1 and atlyk3-3 (Fig. 5A). To
corroborate the observation that responses to ABA are
altered in the absence of a functional AtLYK3, other
typical responses to this hormone were analyzed. The
germination rate in the presence of ABA was signifi-
cantly higher for atlyk3-1 and atlyk3-3 than for wild-
type seeds (Fig. 5B), and inhibition of primary root
growth by this hormone was also reduced in both
mutants (Fig. 5C). We also analyzed the ability of atlyk3
mutants to cope with salt stress, which is largely de-
pendent on ABA (Koornneef et al., 1998). Both atlyk3-1
and atlyk3-3 seedlings displayed a significant reduction
of primary root elongation in the presence of 75 mm
NaCl, a concentration that did not affect wild-type
seedlings (Supplemental Fig. S5). Notably, sensitivity
to salt of atlyk3 mutants was similar to that of aba2-3, a
mutant impaired in ABA biosynthesis as a consequence
of a mutation in a gene encoding the enzyme that
converts xanthoxin to abscisic aldehyde (Laby et al.,
2000; Gonzalez-Guzman et al, 2002). Altered physio-
logical responses to ABA in plants carrying mutations
in AtLYK3 were not dependent on the enhanced ex-
pression of PAD3 because mutations in this gene did
not affect ABA responsiveness both in the wild type
and in atlyk3-1 background (Supplemental Fig. S6).

Because our results indicate that AtLYK3 is required
for full late responses to ABA, we examined whether
earlier responses to this hormone are also affected by
the loss of this gene. Wild-type, atlyk3-1, and atlyk3-3
seedlings were treated for 4 h with a low dose (1 um)
of the hormone, and the expression of two well-
characterized ABA-induced marker genes, ie. RAB
GTPASE HOMOLOG B18 (RAB18; Lang and Palva,
1992) and ABA INSENSITIVE1 (ABI1; Meyer et al,,
1994), was analyzed. We did not observe significant
differences in the levels of expression of both genes in
wild-type and mutant plants (Supplemental Fig. S7,
A and B). Moreover, transcript levels for PYRABACTIN
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Figure 5. AtLYK3 is required for full response to ABA. A, Wild-type (WT),
atlyk3-1, and atlyk3-3 liquid-grown seedlings were treated for 24 h with
0.01% MeOH (control, white bars) or 10 um ABA (black bars). Total RNA
was extracted, and expression of PAD3 was analyzed by qPCR, using UBQ5
as reference. Bars indicate average expression * sp of three independent
biological replicates. For each genotype, the percentage of expression in
ABA-treated samples, with respect to the control, is indicated above bars. B,
Wild-type, atlyk3-1, and atlyk3-3 seeds were stratified for 3 d at 4°C and
sown on solid medium supplemented with 0.05% MeOH (control) or 5 um
ABA. Germination rate was determined after 3 d. Bars indicate average
percentage of germinated seeds in three independent experiments = sp (n >
30 for each experiment). C, Wild-type, atlyk3-1, and atlyk3-3 seedlings were
germinated on solid medium, and after 4 d, they were transferred to plates
containing solid medium supplemented with 0.05% MeOH (control) or
2.5 um ABA. Elongation of the primary root was measured after 2 d. Bars in-
dicate the average elongation of roots from seedlings grown on ABA or on
control plates = sp (n > 10). The percentage of reduction of root elongation,
with respect to the controls, is indicated above bars. Asterisks indicate sig-
nificant differences between the wild type and mutants treated with the same
conditions, according to Student’s ttest (***P < 0.01).

RESISTANCE1 (PYR1) and PYRI1-LIKE4 (PYL4), which
encode two ABA receptors whose expression is
repressed by the hormone (Ma et al., 2009; Park et al.,
2009), were similar in untreated wild-type, atlyk3-1,
and atlyk3-3 seedlings and, after ABA treatment,
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decreased in a similar way in all three genotypes
(Supplemental Fig. S7, C and D). Thus, mutations in
AtLYK3 appear to affect only a set of late, ABA-dependent
responses but not perception or early responses to this
hormone. Enhanced resistance to B. cinerea observed in
Arabidopsis mutants impaired in ABA biosynthesis or
transduction has been linked to increased cuticle per-
meability (Bessire et al., 2007, Chassot et al., 2007;
Curvers et al., 2010; L'Haridon et al., 2011). However, we
could not observe an altered cuticle permeability in
atlyk3-1 or atlyk3-3 rosette leaves, as determined by
measuring the rate of chlorophyll extraction with
ethanol, whereas, as expected, permeability of aba2-3
leaves was significantly increased (Supplemental Fig.
S8). We therefore conclude that the enhanced resis-
tance observed in atlyk3 mutants is not due to an al-
tered cuticle permeability.

Because our results point to AtLYK3 as a player in
the late signal transduction cascade triggered by ABA,
we analyzed whether AtLYK3 expression in wild-type
plants is also regulated by this hormone; as a control,
we measured transcript levels for RAB18. In wild-type
seedlings treated for 24 h with different ABA concen-
trations (0, 1, 10, and 100 um), expression of RAB18
increased, as expected, in a dose-dependent manner
(Fig. 6A), indicating that the treatments were effective.
Expression of AfLYK3 also increased after treatment
with ABA; however, induction was maximal at a dose
of 10 uM and decreased at 100 um (Fig. 6B), suggesting
that expression of this gene is subject to negative feed-
back at high doses of the hormone. Moreover, basal
AtLYK3 expression levels were significantly reduced in
aba2-3 seedlings (Fig. 6C). These results indicate that
AtLYK3 expression is positively regulated by ABA.

To investigate whether AtLYK3 affects responses
to exogenously applied elicitors, we infiltrated rosette
leaves of wild-type, atlyk3-1, and atlyk3-3 plants with
water or OGs, and after 24 h, we stained them with
aniline blue for callose deposits. UV fluorescence mi-
croscopy revealed that after treatment with the elicitor,
both mutants displayed reduced staining with respect
to the wild type (Fig. 7, A and B). A similar reduced
accumulation of callose was observed in atlyk3-1 and
atlyk3-3 leaves infiltrated with the bacterial MAMP
flg22 (Supplemental Fig. S9A). This indicates that their
resistance to pathogens is not due to enhanced callose
deposition; furthermore, our data suggest that AtLYK3
is required for full activation of this defense response.
To determine whether other elicitor-induced responses
are impaired in atlyk3 mutants, we analyzed the ex-
pression of PAD3 in control- and OG-treated seed-
lings. As previously reported (Ferrari et al., 2007), PAD3
expression significantly increased in wild-type seed-
lings treated with the elicitor (Fig. 7C). PAD3 transcript
levels in untreated atlyk3-1 and atlyk3-3 seedlings were,
as already observed, higher than in the wild type and,
in response to OGs, further increased to values com-
parable to those observed in OG-treated wild-type
seedlings (Fig. 7C). Levels of PAD3 transcripts ac-
cumulating in response to flg22 were also similar in
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Figure 6. Expression of AtLYK3 is regulated by ABA. A and B, Wild-
type (WT) seedlings were treated for 24 h with 0.1% MeOH (control)
or ABA at the indicated concentrations, and expression of RAB18 (A)
and AtLYK3 (B) was analyzed by qPCR, using UBQ5 as reference. C,
Expression of AtLYK3 was analyzed as in A in untreated wild-type and
aba2-3 seedlings. Bars indicate average expression = sp of three
technical replicates. These experiments were repeated at least three
times with similar results.

wild-type and mutant seedlings (Supplemental Fig. S9B).
Finally, we tested whether OG-induced resistance to
B. cinerea is affected in the absence of a functional
AtLYK3. Wild-type and atlyk3-1 plants were sprayed
with water or OGs, and after 24 h, leaves were inoc-
ulated with the fungus. As expected, water-treated
atlyk3-1 plants developed smaller lesions than the
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Figure 7. Responses to OGs in atlyk3 mutants. A and B, Rosette leaves of adult wild-type (WT), atlyk3-1, and atlyk3-3 plants
were infiltrated with water or 100 ug mL™" OG. Leaves were harvested after 24 h, and callose deposits were stained with aniline
blue. A, Representative pictures of treated leaves obtained with a fluorescence microscope. B, Quantification of callose ac-
cumulation. Bars represent average fluorescence * sp of at least six different samples. Asterisks indicate significant differences
between water- and OG-treated samples, according to Student’s t test (*P < 0.05, ***P < 0.01). #, Significant difference be-
tween wild-type and mutant leaves treated with OGs, according to Student’s t test (P < 0.05). This experiment was repeated
twice with similar results. C, Expression of PAD3 was analyzed by qPCR in wild-type, atlyk3-1, and atlyk3-3 liquid-grown
seedlings treated for 3 h with water or 100 ug mL™" OGs. The UBQS5 gene was used as reference. Bars indicate average ex-
pression = sp of three independent biological replicates. Asterisks indicate significant differences between water- and OG-
treated samples, according to Student’s t test (*P < 0.05, ***P < 0.01). D, Four-week-old wild-type and atlyk3-1 plants were
sprayed with water or 200 ug mL™ OGs, and after 24 h, they were inoculated with B. cinerea. Lesion size was measured at 48 h
post infection. Bars indicate average lesion area =+ st of at least 12 lesions. Different letters indicate statistically significant
differences, according to one-way ANOVA followed by Tukey’s honestly significant difference test (P = 0.01). This experiment

was repeated three times with similar results.

wild type (Fig. 7D). Notably, OG pretreatments effec-
tively increased resistance to similar levels in all tested
genotypes (Fig. 7D). Taken together, these data indi-
cate that pathogen resistance and increased PAD3 ex-
pression in atlyk3 mutants is not due to an enhanced
response to elicitors.

An AtLYK3-GFP Fusion Is Localized in the Plasma
Membrane and Complements atlyk3 Phenotypes

All LYK proteins so far characterized are localized in
the plasma membrane, where they act as bona fide
receptors or coreceptors of MAMPs or other molecules
released by plant-interacting microbes. To determine
the subcellular localization of AtLYK3, we generated
transgenic Arabidopsis plants expressing a translational
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fusion of the protein with the GFP under the control
of the constitutive promoter Cauliflower mosaic virus
(CaMV) 35S. Confocal laser scanning microscopy anal-
yses of cotyledons of primary transformants revealed a
strong green fluorescence in correspondence of the
plasma membrane, as confirmed by colocalization
experiments with the plasma membrane-specific dye
FM4-64 (Brandizzi et al., 2004; Fig. 8) and by plasmol-
ysis experiments (Supplemental Fig. S10). We therefore
concluded that AtLYKS3 is likely localized mainly on the
plasma membrane.

To verify that the AtLYK3-GFP fusion protein was
functional, we expressed it in the atlyk3-3 background
and determined if it was able to complement the mu-
tant phenotypes. Expression of the transgene was de-
termined by qPCR in leaves of three independent
transgenic lines (2, 3, and 8) and, as a control, atlyk3-3
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Figure 8. AtLYK3-GFP is localized in the plasma membrane. Ten-day-
old transgenic seedlings expressing AtLYK3-GFP under the control of
the CaMV 35S promoter were stained with the plasma membrane-
specific dye FM4-64, and images of epidermal cells were taken by
confocal laser scanning microscopy. A, GFP. B, FM4-64. C, Merge of A
and B. Bars = 20 um. Images are representative of five independent
transgenic lines.
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plants transformed with the empty vector (EV). The
latter line showed a low but detectable expression of
AtLYK3, as expected for atlyk3-3 plants (Fig. 9A). Two
lines transformed with AtLYK3-GFP (lines 2 and 8)
showed a segregation ratio of 3:1 for their resistance
to phosphinothricin, and herbicide-resistant plants
expressed AtLYK3 at high levels, whereas line 3, which
had a segregation ratio of 15:1 and therefore is likely to
carry at least two copies of the transgene, did not show
any detectable expression of AtLYK3 (Fig. 9A), possi-
bly as a consequence of silencing of both the transgene
and the endogenous copy of the gene. These lines were
first tested for root sensitivity to inhibition by exoge-
nous ABA. As shown in Figure 9B, like untransformed
atlyk3-3 seedlings, both EV and line 3 were almost
completely insensitive to 5 um ABA, in terms of pri-
mary root growth; by contrast, like the wild type, lines
2 and 8 displayed a significant reduction of root elon-
gation in the presence of ABA compared with control-
grown seedlings. B. cinerea susceptibility was also deter-
mined in the parental and transgenic lines. As expected,
lesion size in untransformed atlyk3-3 plants was sig-
nificantly reduced compared with the wild type; a
similar degree of resistance was also observed in
the EV line as well as in the silenced line (Fig. 9C).
By contrast, lesion size in leaves of lines 2 and 8 were
not significantly different from those in the wild type,
indicating that AtLYK3-GFP restored susceptibility to
the fungus. Taken together, these data suggest that the
AtLYK3-GFP fusion protein is functional and able to
complement both ABA insensitivity and increased re-
sistance to infection in the atlyk3-3 mutant.

DISCUSSION

ABA is involved in several developmental pro-
cesses, such as seed dormancy, root geotropism, and
stomata opening, and its role in the response to abiotic
stresses, such as high salt, drought, and low temper-
ature, is well known (Wasilewska et al., 2008). How-
ever, only recently, the importance of this hormone as a
regulator of defense responses against pathogens has
emerged (Mauch-Mani and Mauch, 2005; Asselbergh
et al., 2008b; Bari and Jones, 2009; Cao et al., 2011). It
was observed that ABA increases susceptibility in some
plant-pathogen interactions (Audenaert et al,, 2002b;
Asselbergh et al., 2007, 2008a; de Torres-Zabala et al.,
2007; Curvers et al., 2010), while it promotes resistance
in others (Ton and Mauch-Mani, 2004; Adie et al., 2007).
It is therefore likely that different components of the
ABA signaling pathways, as well as downstream ele-
ments regulated by this hormone, may exert a negative
or positive influence on the different layers of defense
against bacteria, fungi, and pathogens. The molecular
and biochemical mechanisms linking ABA perception
to the regulation of specific defense responses are how-
ever still poorly understood.

In this paper, we have demonstrated that the
Arabidopsis RLK AtLYK3 plays an important role
in the cross talk between pathogen resistance and
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Figure 9. AtLYK3-GFP complements atlyk3-3 phenotypes. A, atlyk3-3
plants were transformed with a construct for the expression of AtLYK3-
GFP under the control of the 35S promoter or with the EV. Expression
of AtLYK3 in 10-d-old seedlings of the wild type (WT), three inde-
pendent AtLYK3-GFP lines (numbers 2, 3, and 8), and one EV line was
determined by qPCR, using UBQ5 as control. Bars indicate average
expression = sp of three technical replicates. B, Wild-type and atlyk3-
3 untransformed (unt) or transgenic lines were germinated on solid
medium and, after 6 d, were transferred to plates supplemented with
0.05% MeOH (white bars) or 5 um ABA (black bars). For each seed-
ling, primary root length was measured before transfer and at 3 d. Bars
indicate the average relative root elongation * st (n > 10). Asterisks
indicate significant differences between control- and ABA-grown
seedlings, according to Student’s t test (***P < 0.01). C, Leaves from
wild-type and untransformed and transgenic atlyk3-3 4-week-old
plants were inoculated with B. cinerea. Lesion area was determined 72
h after infection. Values are means * st (n = 12). Asterisks indicate
statistically significant differences between wild-type and mutant
plants, according to Student’s ¢ test (*P = 0.05, ***P = 0.01). This
experiment was repeated twice with similar results.
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physiological responses mediated by ABA. This con-
clusion is supported by the following lines of evidence:
(1) plants lacking a functional AtLYK3 show enhanced
expression of defense genes and increased resistance
to B. cinerea and P. carotovorum infection; (2) AtLYK3
expression is repressed in response to infection and
elicitor treatment, increases after treatment with ex-
ogenous ABA, and is reduced in the aba2-3 mutant,
which is impaired in ABA biosynthesis; and (3) atlyk3
mutants show reduced sensitivity to ABA in two dif-
ferent bioassays (inhibition of seed germination and
of primary root elongation) and a decreased ABA-
induced repression of PAD3 expression; furthermore,
atlyk3 mutants show increased sensitivity to salt stress,
similarly to mutants impaired in ABA synthesis or
transduction (Koornneef et al., 1998). Taken together,
these results indicate that AtLYK3 acts both as a pos-
itive regulator of ABA signaling and as a negative
regulator of defense responses, in particular those
effective against the fungal necrotroph B. cinerea. Inter-
estingly, in contrast to B. cinerea, A. brassicicola infection
appears to increase AtLYK3 expression (Supplemental
Fig. S1A). This is consistent with the previous observa-
tion that ABA promotes resistance to A. brassicicola (Ton
and Mauch-Mani, 2004).

The contribution of ABA to plant susceptibility to B.
cinerea has been previously demonstrated in sitiens
tomato (Solanum lycopersicum) plants, which are
defective for the enzyme that converts the ABA-
aldehyde in ABA and are more resistant to this pathogen
(Audenaert et al., 2002a). Also, Arabidopsis plants
defective in ABA biosynthesis or signaling exhibit an
increased resistance to B. cinerea (Adie et al., 2007).
More recently, Arabidopsis mutants impaired in ABA
biosynthesis or perception/transduction have been
shown to have increased resistance to another necro-
trophic fungus, Plectosphaerella cucumerina, as well as
constitutive expression of defense responses (Sanchez-
Vallet et al., 2012). However, the mechanisms linking a
reduced ABA accumulation or perception/transduction
to resistance to fungal infection are not fully elucidated.
In both tomato and Arabidopsis, resistance to B. cinerea
in ABA-deficient mutants is accompanied by an in-
crease in the accumulation of ROS during the early
stages of penetration and has been linked to an in-
creased cuticle permeability compared with the wild
type (Asselbergh et al., 2007; Curvers et al., 2010;
L’Haridon et al., 2011). Alterations of cuticle that lead
to increased permeability, as in the case of transgenic
plants expressing a fungal cutinase or mutants for the
biosynthesis of cutin, greatly enhance resistance to
B. cinerea (Chassot et al., 2007, L'Haridon et al., 2011),
likely due to a faster diffusion of elicitors or of antimi-
crobial substances. However, we could not observe a
significant increase in cuticle permeability in atlyk3-1 or
atlyk3-3 leaves compared with wild-type plants. Further-
more, atlyk3 mutant leaves did not constitutively ac-
cumulate high levels of ROS, and accumulation of ROS
upon infection was similar in wild type and mutant
plants.
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Our results suggest that the absence of a functional
AtLYK3 rather affects the signaling pathways that
normally repress defense responses and that these
pathways are regulated by ABA. Several lines of evi-
dence indicate that this hormone negatively regulates
the immune response. ABA suppresses SA-dependent
signaling in tomato, and this suppression is required
for the elevated resistance to B. cinerea of sitiens plants
(Audenaert et al., 2002a). Moreover, ABA pretreat-
ments strongly reduce the expression of several early
flg22-induced genes (Clay et al., 2009), and under
specific growth conditions, ABA is able to prevent
flg22-induced deposition of callose in Arabidopsis
cotyledons (Luna et al., 2011). We have shown that
PAD3 expression is significantly repressed by ABA
and that this repression is at least partially dependent
on AtLYK3. Because PAD3 is a major determinant of
resistance to B. cinerea (Ferrari et al., 2003) and is re-
quired for the resistant phenotype of atlyk3-1 plants
(this work), it is likely that repression of PAD3 ex-
pression, mediated by AtLYK3, contributes to the in-
creased susceptibility to this fungus caused by ABA.
Endogenous ABA, which negatively regulates re-
sistance to B. cinerea, positively regulates AtLYK3
expression, as shown by the analysis of the aba2-3
mutant. It must be noted that publicly available
microarray experiments, such as those in the Gene-
vestigator database (Zimmermann et al., 2004), do not
show an induction of AtLYK3 expression in response
to ABA. We ascribe this apparent discrepancy to the
fact that our experiments were performed treating
seedlings with ABA for 24 h, instead of a few hours as
in previous reports. This is consistent with our results
that indicate that early ABA responses are unaffected
in atlyk3 mutants. On the other hand, the reduced ex-
pression of AtLYK3 in aba2-3 supports our conclusion
that ABA levels positively regulate this gene. These
observations suggest that AtLYK3 modulates long-
term responses to ABA, such as growth inhibition or
repression of defense responses, but is not necessary
for ABA perception or early downstream signaling
events and that its expression is differently regulated
by short- or long-term treatments with ABA.

It is noteworthy that atlyk3 mutants show in-
creased resistance also against P. carofovorum, a bacterial
necrotroph. It was previously shown that ABA defi-
ciency leads to a faster and stronger activation of
defense responses in tomato plants inoculated with
the closely related pathogen Erwinia chrysanthemi
(Asselbergh et al., 2008a). Furthermore, Arabidopsis
plants overexpressing EARLY TO DEHYDRATION
RESPONSIVE15, a small protein of unknown function
essential in several stress responses, show increased
resistance against P. carofovorum and reduced sensi-
tivity to ABA (Kariola et al., 2006). Defense responses
that are negatively regulated by components of the
ABA signaling pathway therefore appear to be effec-
tive against a wide range of necrotrophic pathogens.
Activation of the ABA signaling pathway, either by
increasing its biosynthesis in the host cells or through
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microbial production, may be used by different path-
ogens as a strategy to favor infection (Cao et al., 2011).
For example, the capability of B. cinerea of synthesizing
ABA (Siewers et al., 2004) may contribute to suppress
host defenses, possibly by increasing AtLYK3 expres-
sion. It is noteworthy that atlyk3 mutants show re-
duced accumulation of callose after infiltration with
OGs (this work). This is not in contrast with the ob-
served resistance to B. cinerea, because infection by this
pathogen is not affected by callose levels (Galletti et al.,
2008). ABA has been previously proposed to be nec-
essary for callose biosynthesis after pathogen or elici-
tor recognition, at least under some environmental
condition (Ton and Mauch-Mani, 2004; Luna et al.,
2011); the reduced callose deposition that we observed
in the absence of a functional At{LYK3 may therefore be
due to the reduced sensitivity to ABA of atlyk3 mu-
tants. An alternative possibility is that atlyk3 mutants
have reduced responsiveness to MAMPs/DAMPs.
However, our results indicate that loss of AtLYK3 does
not affect other responses to elicitors. Pretreatments
with OGs are equally effective in promoting resistance
to B. cinerea in atlyk3 and wild-type plants. Moreover,
in atlyk3, OG-induced expression of PAD3 is similar to
that observed in the wild type, even if its basal ex-
pression is increased. The latter observation suggests
that transduction and/or regulatory elements that
mediate up-regulation of PAD3 expression in response
to elicitors are partially activated in the mutant in the
absence of stress stimuli to become fully activated
upon elicitation like in the wild type. AtLYK3 may
therefore play a role in preventing the inappropriate
expression of defense responses in normal conditions.
Taken together, these results suggest that AtLYKS3 is
required for full elicitor-induced expression of defense
responses that are positively regulated by ABA, such
as callose deposition. On the other hand, AtLYK3 ap-
pears to maintain the low basal expression of other
defense responses, such as PAD3 expression, that are
negatively regulated by ABA, with no major role,
however, in their elicitor-induced expression. A cor-
ollary of this is that ABA is unlikely to contribute to the
regulation of PAD3 expression by elicitors. The ele-
vated basal defenses may be sufficient to slow down
pathogen growth and explain the reduced suscepti-
bility of atlyk3 mutants; in addition, the relief of the
ABA- and AtLYK3-mediated repression of the ex-
pression of PAD3 and other defense responses may
contribute to the reduced susceptibility. Additional
work is however required to verify this hypothesis.
The fine balance between ABA-promoted inhibition
of defenses, in part mediated by AtLYK3, and MAMP/
DAMP-induced innate immune responses may there-
fore contribute to determine the final outcome of a
pathogen infection: when this balance is tipped off, for
instance with treatments with exogenous elicitors or
exogenous ABA, plant resistance appears to increase
or decrease, respectively. It has been recently reported
that AtLYK3 is required for Nod factor-induced sup-
pression of flg22-triggered defense responses, including
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production of ROS and phosphorylation of mitogen-
activated protein kinases (Liang et al., 2013). Because
Arabidopsis is not infected by rhizobia (Remy et al.,
1994), the authors suggested that AtLYK3-mediated
suppression of defenses may be one of the first steps
in the evolution of the recognition mechanisms for these
symbiotic bacteria (Liang et al., 2013). In this paper, we
show that AtLYK3 does suppress basal defenses ef-
fective against at least some fungal and bacterial
pathogens and may therefore have evolved to avoid
unchecked expression of defense responses in the
absence of a potential pathogen. Whether ABA is also
involved in the Nod-induced repression of Arabi-
dopsis innate immunity still needs to be investigated.
AtLYKS is not the only RLK that acts as a negative
regulator of defense responses against pathogens. For
instance, Lectin Receptor Kinase V.5 negatively regulates
resistance to bacterial pathogens and MAMP-induced
stomatal closure (Arnaud et al., 2012; Desclos-Theveniau
et al., 2012), and mutants for the PHYTOSULFOKIN
RECEPTORI gene show enhanced responses triggered
by MAMPs (Igarashi et al., 2012). This suggests that
plant cells actively maintain basal defenses at low
levels in uninfected conditions through a variety of
signaling networks that involve surface receptor-like
proteins. However, the mechanisms underlying the
role of these proteins in defense are still poorly de-
fined. How AtLYK3 modulates defense responses is
also currently unknown, though possible mechanisms
can be envisioned. AtLYK3, like AtLYK1/AtCERK]1, is
predicted to possess an intact kinase domain (Tanaka
et al., 2012). Because AtLYK3-GFP localizes on the
plasma membrane and plant LYKs and LYPs can co-
operate to recognize different ligands (Willmann et al.,
2011; Wan et al,, 2012), likely forming hetero- and
homo-oligomers (Shimizu et al., 2010; Liu et al., 2012),
it can be speculated that AtLYK3 is part of a multi-
protein complex, where it may act as a negative reg-
ulator and keep downstream defense responses
repressed in the absence of infection. Activation of the
innate immune response during pathogen infection
may involve a derepression of the complex, through
posttranslational modifications and/or through the
reduction of AtLYK3 expression, as we have observed
in response to B. cinerea or to OGs. In this scenario,
ABA contributes to keeping elevated levels of AtLYK3
in uninfected plants and therefore avoids elevated
expression of defenses in healthy tissues.
Alternatively, AtLYK3 may be a bona fide receptor
of a still unidentified endogenous signal. In contrast to
AtCERK1, AtLYKS3 possesses a single LysM motif in
its ectodomain (Zhang et al., 2007, 2009), which is
likely sufficient to bind a tetrasaccharide moiety, such
as that of Nod factors, but not sufficient to bind-
chitooligosaccharides with eliciting activity. It is there-
fore tempting to speculate that an unidentified short
oligosaccharide, likely containing NAG in its structure,
can negatively modulate plant defenses through its
binding to AtLYK3. Endogenous carbohydrates pos-
sessing NAG in their backbone have been previously
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proposed to play important signaling roles in plants. For
instance, fragments of NAG-containing arabinogalactan
proteins may be released in carrot (Daucus carota) plants
by endogenous chitinases to regulate embryogen-
esis (van Hengel et al., 2001), and endogenous Nod
factor-like lipochitooligosaccharides are able to pro-
mote somatic embryogenesis in Norway spruce (Picea
abies; Dyachok et al., 2002). Notably, overexpression
of a fungal chitinase in Arabidopsis increases re-
sistance to salt stress, and this resistance is mediated
by AtCERK1 (Brotman et al.,, 2012), suggesting that
this protein is able to perceive molecules endogenously
released by chitinases (de las Mercedes et al., 2006;
Kumar et al., 2009). The exact nature of these mole-
cules, and the role of AtLYKS3 or other LYKSs in their
perception, is still not known.

AtLYK3 appears to be important also for physio-
logical responses to ABA, likely acting downstream of
the perception of this hormone. This hypothesis is
supported by the observation that transcript levels for
ABI1, RAB18, PYR1, and PYL4 show similar changes
when the wild type and atlyk3 mutants are treated
with ABA for a few hours. AtLYK3 may directly act in
a branch of the ABA signaling pathway that regulates
some late responses to this hormone, including inhi-
bition of seed germination, root growth, and of PAD3
expression. Alternatively, reduction of these responses
in atlyk3 mutants may be a consequence of the en-
hanced activation of defense in these plants. Increas-
ing evidence suggests that activation of plant immune
responses negatively regulates ABA signaling. For in-
stance, chemically induced activation of systemic ac-
quired resistance suppresses the expression of ABA
biosynthesis-related and ABA-responsive genes in
Arabidopsis (Yasuda et al., 2008). The constitutive ex-
presser of PR genes22 lesion mimic mutant, which has
as a deletion that fuses two cyclic nucleotide-gated ion
channel-encoding genes, exhibits elevated levels of SA,
constitutive expression of defense genes, and enhanced
resistance to pathogens (Yoshioka et al., 2006). Interest-
ingly, this mutant also shows SA-dependent alterations
in ABA signaling (Mosher et al., 2010). Furthermore,
the small molecule [5-(3,4-dichlorophenyl)furan-2-yl]-
piperidine-1-ylmethanethione rapidly down-regulates
ABA-induced responses and stimulates expression of
defense-related genes in an SA-independent fashion
(Kim et al., 2011). This molecule does not interfere with
the earliest events in ABA perception and signaling, like
ABA-dependent interaction of PYR1 with ABI1 and ac-
tivation of sucrose nonfermenting-1-related protein ki-
nase2 (SnRK2), but seems to disrupt cytosolic Ca**
signaling. Notably, the suppressor of nonexpresser of pr
genesl-1, constitutivel (sncl) mutant, which shows
constitutive activation of defense responses and path-
ogen resistance as a consequence of a point mutation
in a gene encoding a Toll-like/Interleukinl Receptor-
Nucleotide Binding-Leu-Rich Repeat protein (Zhang
et al., 2003), is also partially insensitive to ABA (Kim
et al, 2011). These observations suggest that ABA
signaling may be negatively affected by the activation
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of both SA-dependent and SA-independent defense
responses. We did not observe a significant increase of
expression of PRI in healthy and infected atlyk3 mu-
tants; however, we cannot rule out that the effects of
AtLYKS3 on resistance and on ABA signaling are partly
dependent on the SA signaling pathway.

CONCLUSION

Our results indicate that AtLYK3 is a negative regu-
lator of basal Arabidopsis defense responses effective
against microbial infections. This protein appears to
negatively regulate basal and early pathogen-induced
expression of defense genes, in particular PAD3, which
is important for the enhanced resistance against B. cin-
erea observed in the absence of a functional AtLYKS.
AtLYKS3 is also required for a subset of late responses to
ABA, and its expression is positively regulated by this
hormone. These observations suggest that AtLYK3
plays an important role in the negative cross talk be-
tween the plant innate immunity and the activation of
responses mediated by ABA. Our results indicate that
AtLYKS3 affects a subset of late responses to ABA, in-
cluding the repression of defenses. This could be
explained either assuming that this protein directly af-
fects specific components of the ABA signaling path-
way or, alternatively, that unchecked activation of the
innate immunity negatively influences physiological
responses mediated by this hormone. Future studies
will help discriminate between these two hypotheses
and determine the biochemical function of AtLYK3.

MATERIALS AND METHODS
Plant Material and Growth Conditions

All Arabidopsis (Arabidopsis thaliana) plants used in this work belong to the
ecotype Columbia. Seeds of the T-DNA insertional mutants atlyk3-1 (WiscD-
sLox318C07) and atlyk3-3 (SALK_140374C) were obtained from the Salk Institute
Genomic Analysis Laboratory (Alonso et al., 2003). The aba2-3 mutant (Laby
et al, 2000) was obtained from the Nottingham Arabidopsis Stock Centre
(University of Nottingham). The pad3 mutant (Glazebrook and Ausubel, 1994)
was kindly donated by Frederick M. Ausubel (Massachusetts General Hospital).

Plants were grown on soil (Einheitserde) in a climatic chamber at 22°C and
70% relative humidity with a 16-h-light/8-h-dark cycle (approximately 120
wmol m? s™). For in vitro growth, seeds were surface sterilized and either
germinated in 12-well plates (about 10 seeds per well) containing 1 mL of
liquid Murashige and Skoog (MS) basal medium (Sigma-Aldrich) supple-
mented with 0.5% (w/v) Suc, pH 5.5 (Murashige and Skoog, 1962), or on solid
medium containing one-half-strength MS basal salts, 1% agar (w/v), and 1%
(w/v) Suc, pH 5.7. Plates were incubated at 22°C with a 16-h/8-h light/dark
cycle and a light intensity of 120 umol m™2 s™".

Mutant Genotyping and Generation of Double Mutants

Genomic DNA was extracted from rosette leaves as previously described
(Edwards et al., 1991) and subjected to PCR using primer pairs for the AtLYK3
wild-type allele (RP1 + LP1 for atlyk3-1 and RP3 + LP3 for atlyk3-3) or for the T-
DNA insertion (P745 + RP1 for atlyk3-1 and Lbal + RP3 for atlyk3-3). The sequences
of the primers are as follows: Lbal, ATTTTTGTCAACAATGGCCTG; P745,
AACGTCCGCAATGTIGTTATTAAGTTGTC; RP1, GTTCAGCTTCTTIGTGGITGG;
LP1, CTTTTCAGCATTCCCTTTCG; LP3, TGGGAATCGAAAAAGATTACAAC;
and RP3, GGACTTGCAAAACTCGTTGAG. PCR products were separated by
agarose gel electrophoresis and visualized by ethidium bromide staining.
Plants homozygous for the mutations were propagated and used for all subse-
quent experiments.
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Crosses between atlyk3-1 and pad3-1 plants were made by emasculation of
the flowers and manual pollination. All the flowers that were not manually
pollinated were removed, as well as the apex of the flowering stem. Homo-
zygous double mutants were identified in the F2 generation by genotyping for
the atlyk3-1 allele (as described above) and by RT-PCR analysis for AfLYK3
and PAD3 expression before and after Botrytis cinerea infection (see below).

Elicitor Treatments and Pathogen Infections

OGs (degree of polymerization = 10-15) were obtained as previously de-
scribed (Galletti et al., 2008). Crab shell chitin (Sigma-Aldrich) was prepared by
dissolving 10 mg of the same in 37% (w/w) HCl and adjusting the pH to 5 to 6
with NaOH 12M. Treatments were performed on 10-d-old liquid-grown seed-
lings. The medium was replaced with a fresh one the day before the experi-
ment, and after 24 h, the elicitor was added to the medium to a final
concentration of 100 ug mL™ OG or 50 ug mL™ chitin. Seedlings were incu-
bated for 3 h at room temperature. Water was used as control for the OG
treatments, whereas a mock solution, obtained by adding to 37% HCI the same
amount of NaOH used to adjust the pH of the elicitor stock solution, was used.

All pathogen infections were conducted on rosette leaves of 4-week-old plants
grown in soil. B. cinerea growth and inoculation were performed as previously
described (Ferrari et al., 2007; Galletti et al., 2008). For elicitor-induced protection
experiments, plants were sprayed with water or 200 ug mL™ OGs 24 h before
inoculation as previously described (Ferrari et al, 2007). Pectobacterium car-
otovorum subsp. carotovorum (strain DSMZ 30169) was obtained by DSMZ
GmbH. Bacteria were cultivated in Luria-Bertani (LB) liquid medium (Duchefa
Biochemie) for 16 to 18 h at 28°C and 340 rpm. Bacteria were then collected by
centrifugation (8,000¢ for 10 min) and suspended in a 50 mm potassium-
phosphate buffer (pH 7.0) at a final optical density at 600 nm of 0.05, corre-
sponding to a concentration of 5 X 107 colony forming units mL™. Arabidopsis
leaves were detached with a scalpel and placed on water-soaked filter paper in
petri dishes. Two scratches of about 5 mm were made on the epidermis of the
adaxial surface of each leaf, at the sides of the mid rib, using a sterile needle. A
droplet of 5 uL of the bacterial suspension was placed on each scratch. Plates
were wrapped with transparent plastic film and incubated at the same condi-
tions as the leaves inoculated with B. cinerea. The area of water-soaked lesions
was determined 24 h after inoculation.

Analysis of Sensitivity to ABA and Salt Stress, Cuticle
Permeability, and Accumulation of ROS

For the analysis of the germination rate, sterilized seeds were stratified for
4 d in the dark at 4°C in sterile water and then distributed in petri dishes
containing solid MS medium supplemented with ABA (Sigma-Aldrich) at
different concentrations or, as a control, 0.01% (v/v) MeOH. After 2 d of in-
cubation under the conditions described above, the number of seeds that had
germinated was determined with the aid of a stereoscope.

To measure the sensitivity of primary roots to ABA, seeds were germinated
on solid medium as indicated above. After 4 d, seedlings were transferred
under sterile conditions on new plates containing solid MS medium supple-
mented with 5 um ABA or, as control, 0.05% (v/v) MeOH. The plates were
placed vertically in the growth chamber after marking the position of the root
apex of each seedling. After 2 d, the elongation of the primary root was
measured with a ruler. For salt stress, seeds were germinated on solid MS and,
after 4 d, transferred to control plates or plates that were supplemented with
75 mm NaCl. Elongation of the primary root was measured after 2 d as de-
scribed above. For the analysis of gene expression in response to ABA, liquid-
grown 10-d-old seedlings were treated for the indicated times with ABA or
MeOH (as control) and frozen in liquid nitrogen.

The permeability of the cuticle of 4-week-old rosette leaves was performed
as previously described (Curvers et al., 2010). For visualization of ROS accu-
mulation, leaves were stained with 3,3’-diaminobenzidine (Sigma-Aldrich) as
previously described (Ferrari et al., 2008), with the only difference that sam-
ples were incubated in the presence of the dye

Gene Expression Analysis

Leaves or seedlings were frozen in liquid nitrogen and homogenized with a
MM301 Ball Mill (Retsch) for about 2 min at 30 Hz, and total RN A was extracted
with Isol-RNA Lysis Reagent (5'-Prime) according to the manufacturer’s in-
structions. RNA was treated with RQ1 DNase (Promega), and first-strand
complementary DNA (cDNA) was synthesized using ImProm-II reverse
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transcriptase (Promega). PCR analysis was performed in 30 uL of reaction
containing 2 uL of cDNA, 1X reaction buffer, 25 mm MgCl,, 100 um each
deoxynucleotide triphosphate, 0.5 uM of each primer, and 1 unit of Taqg DNA
Polymerase (RBC-Bioscience). Primer sequences are shown in Supplemental
Table S1. Twenty-eight, 30, and 35 cycles were performed for each primer pair
to verify linearity of the amplification. PCR products were separated by aga-
rose gel electrophoresis and stained with ethidium bromide.

qPCR analysis was performed using a CFX96 Real-Time System (Bio-Rad).
One microliter of cDNA (corresponding to 50 ng of total RNA) was amplified
in 30 uL of reaction mix containing 1X Go Taq qPCR Master Mix (Promega)
and 0.4 um of each primer. Expression levels of each gene, relative to the
UBIQUITINS (UBQb5) gene, were determined using a modification of the Pfaffl
method (Pfaffl, 2001) as previously described (Ferrari et al., 2006).

Metaanalysis of publicly available microarray data were performed using
the Genevestigator database (https:/ /www.genevestigator.com/gv/plant.jsp;
Zimmermann et al., 2004).

Generation of Transgenic Plants and Imaging

A 2,849-bp DNA fragment corresponding to the genomic sequence of
AtLYK3 from the start to the last codon of the predicted open reading frame,
excluding the stop codon, was amplified with GoTaq DNA Polymerase
(Promega) from ecotype Columbia genomic DNA using the following primer
pair: L3FB1, GGGGACAAGTTTGTACAAAAAAGCAGGCTCAATGAATC-
TTACCTTCTACATCTTCTTC; and L3RB2, GGGGACCACTTTGTACAAGA-
AAGCTGGGTATCTTCCTTGGACTAGACCACTAAAG (the attB sequences,
which were introduced for subsequent recombination in Gateway-based plas-
mids [Karimi et al., 2007a, 2007b], are underlined). The PCR product was cloned
into the pDONR221/Zeo vector (Life Technologies) using BP Clonase (Life
Technologies), following the manufacturer’s instructions. The resulting plasmid
(PENTR-AtLYK3) was introduced in Escherichia coli JM109, and transformants
were selected on low-salt LB medium containing 30 ug mL™ zeocin. After
plasmid purification, a three-fragment recombination was performed using LR
Clonase 1II (Life Technologies) to generate a binary vector for the consti-
tutive expression of AtLYK3 translationally fused at the C terminus to GFP.
The reaction included, in addition to pENTR-AtLYK3, the Gateway-compatible
plasmids pEN-L4-2-R1,0, containing the CaMV 35S promoter sequence; pEN-R2-
F-L3,0, containing the GFP sequence; and the binary destination vector
pB7m34GW,0, which were all obtained from the Department of Plant Systems
Biology of the Vlaams Instituut voor Biotechnologie-Ghent University (http://
gateway.psb.ugent.be/). The recombination reaction was then used to transform
E. coli OmniMAX 2-T1 electrocompetent cells (Invitrogen), and transformed cells
were selected on low-salt LB medium containing 120 ug mL™ spectinomycin
(Duchefa-Biochemie). The obtained plasmid was introduced in Agrobacterium
tumefaciens GV3101 by electroporation. Arabidopsis plants were transformed
by floral dip (Clough and Bent, 1998), and transgenic seedlings were selected on
MS plates containing 20 ug mL™ phosphinothricin.

For colocalization experiments, detached cotyledons of T1 seedlings were
stained for 15 min with 4 mm FM4-64 (Life Technologies; Brandizzi et al., 2004),
and images were obtained using a confocal laser scanning microscope (LSM
780 NLO; Zeiss). For plasmolysis experiments, an inverted spinning-disc
confocal microscope (CarvX, CrEST) was used. Imaging was performed us-
ing CFI Planfluo 40X (Numerical Aperture: 1,4) oil immersion objectives
(Nikon) through a 70-um pinhole disc set at 6,000 rpm. GFP was excited using
473-nm wavelength laser light, while FM4-64 was excited with 532-nm laser
light, and both were detected using a cooled CCD camera (CoolSNAP HQ2,
Photometrics) through o band-pass filters (XF100-2 and XF101-2, respec-
tively). The CCD camera, Z-motor, and confocal head were controlled with
Metamorph software (Molecular Devices).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers At1g51940 (AtLYK3), At3g62250 (UBQ5),
At3g26830 (PAD3), At2g14610 (PR1), At5g44420 (PDF1.2), At5g66400
(RAB18), At4g26080 (ABI1), At4g17870 (PYRI), At2g38310 (PYL4), At1g52340
(ABA2), and At3g21630 (AtCERKT).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Expression of Arabidopsis AtLYK genes in re-
sponse to pathogens and elicitors.

274

Supplemental Figure S2. Isolation of insertional mutants for AfLYK3.

Supplemental Figure S3. Accumulation of ROS in response to fungal in-
fection is not affected by AtLYK3.

Supplemental Figure S4. Expression of AtLYK3 and PAD3 in atlyk3-1 pad3
double mutants.

Supplemental Figure S5. AtLYK3 is required for resistance to salt stress.

Supplemental Figure S6. ABA-induced physiological responses are inde-
pendent of PAD3.

Supplemental Figure S7. AtLYK3 is not required for early responses to
ABA.

Supplemental Figure S8. Cuticle permeability is unaffected in atlyk3-1 and
atlyk3-3 plants.

Supplemental Figure S9. Responses to flg22 in atlyk3 mutants.
Supplemental Figure S10. AtLYK3-GFP localization in plasmolyzed cells.
Supplemental Table S1. Primers for RT-PCR and qPCR used in this work.
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