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Abstract

Insight into how plants simultaneously cope with multiple stresses, for example, when challenged
with biotic stress from pathogen infection and abiotic stress from drought, is important both for
understanding evolutionary trade-offs and optimizing crop responses to these stresses.
Mechanisms by which initial plant immune signaling antagonizes abscisic acid (ABA) signal
transduction requires further investigation. Using a chemical genetics approach, the small
molecule [5-(3,4-dichlorophenyl)furan-2-yl]-piperidine-1-ylmethanethione (DFPM) has
previously been identified due to its ability to suppress ABA signaling via plant immune signaling
components. Here, we have used forward chemical genetics screening to identify DFPM-
insensitive loci by monitoring the activity of ABA-inducible pRAB18::GFP in the presence of
DFPM and ABA. The ability of DFPM to attenuate ABA signaling was reduced in rda mutants
(resistant to DFPM inhibition of ABA signaling). One of the mutants, rdaZ, was mapped and is
defective in a gene encoding a lectin receptor kinase. RDAZ functions in DFPM-mediated
inhibition of ABA-mediated reporter expression. RKDAZis required for DFPM-mediated activation
of immune signaling including phosphorylation of MAP kinase 3 (MPK3) and MPK6 and
induction of immunity marker genes. Our study identifies a previously uncharacterized receptor
kinase gene that is important for DFPM-mediated immune signaling and inhibition of abscisic acid
signaling. We demonstrate that the lectin receptor kinase RDA2 is essential for perceiving the
DFPM signal and activating MAP kinases, and that MKK4 and MKKS5 are required for DFPM
interference with ABA signal transduction.
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By activating plant immune signaling, the synthetic small molecule [5-(3,4-
dichlorophenyl)furan-2-yl]-piperidine-1-ylmethanethione (DFPM) inhibits signaling by the
drought-response hormone abscisic acid (ABA). DFPM thus provides a powerful tool for
dissecting mechanisms that enable initial biotic signals to interfere with ABA signal transduction.
We have used DFPM to identify, by a forward chemical genetics screen, a lectin receptor kinase
that is essential to this process.
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Introduction

Plants are continuously challenged with environmental stresses that result in significant
impact on plant growth and crop yields. Plants have evolved sophisticated stress tolerance
mechanisms to minimize damage and to conserve resources for growth and reproduction. To
investigate mechanisms of stress tolerance in plants, traditional research has focused on
single stress conditions, for example by imposing individual stresses (Mittler et al., 2010).
However, when plants face more than one stress simultaneously, their responses are not
easily predictable based on responses to single stresses (Fujita et al., 2006, Atkinson et al.,
2012, Ramegowda et al., 2015). Different pairs of environmental stresses result in different
physiological and molecular responses, suggesting that plants utilize specific tolerance
mechanisms depending on different stress combinations, which cannot be directly inferred
from individual stress studies (Mittler et al., 2010, Suzuki et al., 2014). Therefore, detailed
investigation of stress tolerance signaling pathways in defined combinations of stresses will
be required.

Drought and pathogen infections are two major types of stresses that result in significant
reduction in plant growth and yield (Wang et al., 2003, Bruce, 2010, Maxmen, 2013,
Hatfield et al., 2015). Agricultural production will increasingly suffer from abiotic stresses
including drought (Melillo et al., 2014) and biotic stresses (Oerke, 2005, Fischer et al.,
2009). When plants are exposed to drought and pathogens at the same time, overall plant
resistance is more reduced than by single stress conditions (Suzuki et al., 2014, Deutsch et
al., 2018) and tolerance mechanisms against the two stresses often negatively regulate each
other (Mauch-Mani et al., 2005, Prasch et al., 2013).

The phytohormone abscisic acid (ABA) is a major stress hormone that regulates plant
responses to abiotic stresses including drought (Cutler et al., 2010, Finkelstein, 2013, Hauser
etal., 2017). Roles of ABA and components of ABA signal transduction on regulating plant
defense signaling have been discovered (Mauch-Mani et al., 2005, Yasuda et al., 2008, Ton
et al., 2009, Bostock et al., 2014). ABA treatment increases pathogen susceptibility
(Audenaert et al., 2002, Mohr et al., 2003, Asselbergh et al., 2008a, Fan et al., 2009, Ulferts
et al., 2015, Buhrow et al., 2016). Negative roles of ABA in pathogen defense were also
suggested by Arabidopsis and tomato mutants deficient in ABA synthesis (Asselbergh et al.,
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20083, Fan et al., 2009). Abiotic stress signaling pathways often act antagonistically on
pathogen defense signaling under combinations of stresses (Asselbergh et al., 2008b).

Conversely, pathogen infections of plants often result in increased susceptibility to drought
(Olson et al., 1990, Atkinson et al., 2015) and reduced responsiveness to ABA (Kim et al.,
2011). Plants with increased levels of salicylic acid (SA), an important hormone for plant
innate immunity and systemic acquired resistance (SAR), exhibited decreased drought
resistance and ABA signal transduction (Németh et al., 2002, Yasuda et al., 2008, Mosher et
al., 2010). However, other reports suggest that SA signaling enhances ABA signaling (Hayat
etal., 2010, Khan et al., 2015). Therefore, this antagonistic interaction remains very
complex and the underlying molecular mechanisms by which immune signaling pathways
can interfere with ABA signal transduction remain largely elusive (Atkinson et al., 2015).
Since pathogen infections induce complex, layered signaling pathways in plants depending
on the pathogen species and time after infection (Fujita et al., 2006), imitating natural
conditions to investigate interactions of tolerance mechanisms under drought and pathogen
infection events has been difficult.

Chemical genetics is a powerful approach for dissecting signal transduction pathways
through bypassing genetic redundancy, mutant lethality and network robustness (Park et al.,
2009, Toth et al., 2010). The small molecule DFPM ([5-(3,4-dichlorophenyl)furan-2-yl]-
piperidine-1-ylmethanethione) was isolated in a chemical genetics screen and interferes with
ABA signal transduction by activating immune signaling (Kim et al., 2011). DFPM rapidly
represses ABA-mediated gene expression, activation of slow-type anion channels, and ABA-
induced stomatal closing (Kim et al., 2011). Early ABA signaling, including the interaction
between the ABA receptor PYRABACTIN RESISTANCE1 (PYR1) and the protein
phosphatase type 2C (PP2C) ABA INSENSITIVEL (ABI1), and ABA-dependent activation
of the protein kinase OPEN STOMATA1 (OST1), was not affected by DFPM (Kim et al.,
2011). DFPM requires core components of effector-triggered immunity including £057 and
PAD4 (Bhattacharjee et al., 2011, Heidrich et al., 2011) for DFPM-mediated inhibition of
ABA signal transduction (Kim et al., 2011) and for an effector-triggered immune signaling
components-requiring growth arrest response that is specific to roots (Kim et al., 2012, Kunz
et al., 2016). The co-chaperons RARI and SGT1bare also important for DFPM-mediated
ABA interference signaling (Kim et al., 2011, Kim et al., 2012). Moreover, a Toll-
Interleukinl Receptor—nucleotide binding—Leucine-rich repeat (TIR-NB-LRR) protein
VICTR is essential for DFPM-mediated root growth arrest (Kim et al., 2012, Kunz et al.,
2016). Studies using DFPM provide evidence for a ‘cross-interference’ signal, which occurs
from biotic stress signaling to inhibit ABA signal transduction and a platform to further
dissect the molecular mechanisms for biotic-to-abscisic acid interference signaling.

Here we performed a forward genetic screen to find mutants with reduced levels of ABA
signal transduction interference in response to DFPM. r esistant to D FPM-inhibition of ABA
signaling (rdd) mutant plants showing decreased sensitivity to DFPM in inhibiting ABA
reporter expression were isolated. We mapped one of the rga mutants, radaZ, to a previously
uncharacterized lectin receptor-like kinase. RDA2 plays an important role in activating
immune signaling and inhibits ABA signal transduction. RDAZ is required for perceiving a
signal derived from DFPM and subsequently transducing immune signaling. Furthermore,
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components of MAPK cascades including MAP kinase kinase 4 (MKK4) and MKKS5 are
involved in DFPM-mediated interference signaling.

Chemical genetic screening for DFPM hypo-sensitive mutants

The small molecule DFPM ([5-(3,4-dichlorophenyl)furan-2-yl]- piperidine-1-
ylmethanethione) was identified through its ability to rapidly inhibit ABA signal
transduction by activating an immune signaling pathway (Kim et al., 2011). To dissect
DFPM-mediated ABA interference signaling and to find genetic elements involved in this
interference signaling, a forward-genetic screen was performed using DFPM (Figure S1).
Columbia-0 (Col-0; wild-type) Arabidopsis seeds expressing the ABA response reporter
PRABI18::GFP (Kim et al., 2011) were mutagenized with 1.5 to 3 % ethyl methanesulfonate
(EMS). Two to three week-old M2 EMS mutant plants were exogenously treated with ABA
and DFPM in which ABA-mediated induction of pRAB18::GFPfluorescence signal was
inhibited in wild-type plants (Figure S1). Over 26,000 M2 lines were screened to isolate
mutant plants which showed an ABA-induced pRABI18.:GFP fluorescence signal in leaves
despite treatment with 10 uM DFPM. During the first round of screening, 62 putative
mutants were isolated and they were further tested in a second round of screening. Several
criteria were used to select mutants for further studies: i) plants exhibited a wild-type level
of ABA-mediated pRAB18::GFP reporter expression; ii) plants showed less sensitivity to
DFPM inhibition of ABA reporter expression over 3 generations and iii) plants did not show
a severe growth defect or morphological alteration throughout developmental stages.
Isolated mutant plants were named r esistant to D FPM-inhibition of ABA signaling (rda)
mutants. Among three rda mutants rdal, rda2and rda3that were isolated during the screen,
rdaZ showed the highest reduction in sensitivity to DFPM in leaf epidermal cells (Figure
S2).

rda2 is tolerant to DFPM inhibition of ABA signal transduction

rdaZ exhibits a reduced sensitivity to DFPM in inhibiting ABA-induced reporter expression
(Figure 1). When treated with DFPM and ABA, rdaZplants showed increased levels of
PRABI18::GFP fluorescence signal compared to wild-type controls. Confocal microscope
images showed enhanced fluorescence in the epidermal layer of true leaves in rdaZ2 (Figure
1A). The difference between rda2and wild-type leaves was clearly visible in epidermal
pavement cells where wild-type leaves showed inhibition of ABA-mediated pRAB18::GFP
fluorescence expression in response to DFPM (Figure 1A, B). In the absence of DFPM,
ABA-mediated reporter expression was indistinguishable from rga2and wild type leaves.
The strong pRAB18::GFP fluorescence in guard cells (Figure 1 A, B) has been suggested to
result from elevated basal ABA concentration in this cell type (Lahr et al., 1988, Waadt et
al., 2014, Waadt et al., 2015, Hsu et al., 2018). The intensity of fluorescence signals was
measured from multiple images of leaf epidermal layers showing that rda2has a reduced
sensitivity to DFPM (Figure 1C).

In addition to the ABA response reporter, other ABA responses of rga2 were investigated.
Treatment of ABA resulted in stomatal closure, whereas pre-exposure to DFPM for 30 min
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followed by ABA exposure slightly inhibited ABA-mediated stomatal closing in wild-type
leaves at 90 min after ABA treatment (Figure 1D). Time-resolved stomatal movement
analyses in intact leaves provide a more robust and kinetic method for investigating stomatal
responses (Hsu et al., 2018). Time-resolved stomatal conductance was monitored in intact
leaves in the presence of DFPM and ABA by whole leaf gas exchange experiments (Figure
1E). Addition of 2 pM ABA to the transpiration stream via petioles resulted in a rapid
decrease in stomatal conductance in wild-type leaves. When wild-type leaves were pre-
exposed to DFPM via the transpiration stream for 60 min followed by ABA treatment,
stomatal closing in response to ABA was partially inhibited (Figure 1E). Average maximum
rates in stomatal conductance reduction in figure 1E were —0.0385 min~2 for wild-type
leaves treated with ABA, and —0.0151 min~1 for wild type with DFPM/ABA (P = 0.002,
two-way ANOVA and Sidak’s multiple comparison test). The relatively weaker effect of
DFPM in stomatal aperture assays (Figure 1D) is consistent with the effect of DFPM on the
kinetics of stomatal closing. In rda2 mutant leaves, pre-incubation in DFPM did not result in
a clear inhibition of ABA-mediated stomatal closing (Figure 1F). Average maximum rates in
stomatal conductance reduction were —0.0232 min~1 for rda2 leaves treated with ABA, and
-0.0306 min~1 for rda2with DFPM/ABA (P= 0.279, two-way ANOVA and Sidak’s
multiple comparison test), showing reduced sensitivity of rda2to DFPM.

ABA-induced gene expression was examined in 2 week-old wild-type and rdaZ plants in the
presence or absence of DFPM using real-time quantitative PCR (Figure 1G, H). Pre-
exposure of wild-type seedlings to 10 uM DFPM for 1 hour followed by 10 uM ABA
exposure for 5 hours or 9 hours inhibited ABA-mediated increase in gene expression (Figure
1G, H). In contrast, radaZ seedlings exhibited a less severe DFPM inhibition of ABA-induced
RESPONSIVE TO ABA 18 (RAB18) and EARLY RESPONSIVE TO DEHYDRATION10
(ERD10) expression at 5 hours after ABA treatment, while there was no clear change at 9
hours after ABA treatment (Figure 1G, H). The described results demonstrate that rda2
mutants are not impaired in ABA responses, but altered in their ABA responses after DFPM
exposure.

rdaZ carries a recessive mutation, as F1 generation plants after backcrossing rda2to the
parental (bRABI18::GFP) wild type plants exhibited wild type-like DFPM sensitivity. When
self-pollinating F1 progeny, 88 F, plants among 387 (22.7%, X2:1-055) showed rdaz-like
reduced DFPM sensitivity suggesting that r0aZ2 carries a single recessive mutation. The
sequence of the promoter region in the ABA responsive reporter pRABI18..GFP was also
determined in rda2and showed no mutation. This suggests the integrity of the reporter
expression construct in rda2. raa2was not allelic with the other rda mutants, rdaZ and rda3.
Crossing rda2 with rdal resulted in F, progeny with a wild-type level DFPM response. As
rda3was isolated after rda2was mapped, the genomic DNA region of the RDAZ gene was
sequenced in rda3and no mutation was found.

We investigated whether rdaZ carries any mutation in genes that are necessary for DFPM
signaling including core components of diseases resistance signaling, £051 and PAD4, co-
chaperone genes SG71band RARI, and the TIR-NB-LRR gene encoding VICTR (Kim et
al., 2011, Kim et al., 2012). Genomic DNA regions of these 5 genes were PCR-amplified in
the raa2 mutant and sequenced. rda2 does not carry mutations in £DS1, PAD4, SGT1b,

Plant J. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Park et al.

Page 6

RAR1and VICTRI suggesting that it harbors a mutation in a novel genetic component that
is required for the interference signal that inhibits ABA signal transduction by DFPM.

Previous studies showed that edsi, pad4, sgtib, and rar1 mutants exhibited reduced
sensitivity to DFPM in inhibiting ABA-mediated gene expression in whole seedlings (Kim
et al., 2011). Note that victr mutants have not yet been analyzed for DFPM sensitivity in
inhibiting ABA-induced gene expression. V/CTR expression is strongly induced in roots
and V/CTR is a member of four homologous tandem repeat TIR-NB-LRR genes (Kim et al.,
2012). To examine DFPM sensitivity with ABA reporter expression in leaves, mutant plants
of EDSI1, PAD4, SGT1b, RAR1, VICTRI and its closest homolog gene VICTR Like 1
(VICTLI) (Kimetal., 2011, Kim et al., 2012) were introduced with the pRAB18::GFP
reporter by cross-pollination. The mutant plants showed inhibition of ABA-mediated
PRABI18::GFP fluorescence levels in epidermal pavement cells in response to DFPM,
similarly to the corresponding wild type (Figure S3), showing a difference in whole seedling
RT-qPCR analyses of RAB18expression (Kim et al., 2011) and leaf pavement cell
PRABI18::GFPreporter protein activity. These results suggest that £0S1, PAD4, SGT1b,
RARI, VICTRand VICTL1 are not primarily necessary for DFPM inhibition of ABA-
mediated pRAB18::GFPexpression at least in leaf epidermal pavement cells. raaZ2is a single
locus exhibiting the strongest DFPM-insensitive mutant phenotype in leaves, whereas
VICTR and early ETI signaling components are required for the DFPM response in roots.

Mapping of rda2 via whole genome sequencing

To map the causative mutation for reduced DFPM sensitivity in raaZ, the rda2 mutant plants
(named rda2-1 from here onwards) were backcrossed into the wild-type parent line
expressing pRAB18::GFP. F, plants from self-pollinating F1 progeny were screened for
individuals with an rdaZ-like phenotype showing higher ABA-mediated pRABI18.:GFP
fluorescence levels in leaves pre-treated with DFPM. Eighty-six F, plants with reduced
sensitivity to DFPM were selected for a mapping population.

Genomic DNA pooled from the 86 F5 lines of the mapping population was used for whole
genome sequencing. The parental Col-0 plants that express the ABA responsive reporter
PRABI18::GFPand the non-allelic rdaZ mutant were also used for whole genome sequencing
for comparison. Single nucleotide polymorphisms (SNPs) of rdaZalso found in the parental
line and rda were excluded. Occurrence ratios of rdaz-specific SNPs and reference type
bases for each base position were plotted throughout the five chromosomes of Arabidopsis
thaliana (Figure 2)(Schneeberger et al., 2009), and showed a clear single peak with high
density of rda2 SNPs in chromosome 1, ranging from 2.2 to 4.8 Mb. This region contains 26
EMS-type C-to-T or G-to-A mutations, and among them 16 mutations resulted amino acid
substitutions, premature stop codons or predicted splicing errors (Figure 2, Table S1). None
of the 16 genes which carry rda2-specific SNPs was reported previously to have a function
in ABA signal transduction or immune responses.

T-DNA insertion mutant lines for the 16 genes containing SNPs were used to identify the
causative mutation for rda2. Homozygous T-DNA knockout lines were tested for DFPM
sensitivity in inhibiting ABA-mediated gene expression. We were not able to isolate
homozygous mutants in two of the T-DNA lines, At1g11330 (SALK 143489) and
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At1909750 (GABI_565C02). Instead, their heterozygous lines were crossed with the rda2
mutant to determine allelism between the causative mutation of rda2and the T-DNAs
(Figure S4). If any T-DNA is allelic with the rda2 mutant, F; progeny after these crosses
would include 50% of plants exhibiting an rdaZ-like DFPM response. When heterozygous
plants of the GABI_565C02 T-DNA insertion line, mutated in AtZg09750 were crossed with
radaZ, all Fq generation plants showed a WT-like DFPM response (Figure S4B). However,
half of the F1 population from the cross between heterozygous SALK_143489 and rda2
exhibited a phenotype similar to ragaZ2, showing a reduced sensitivity to DFPM (Figure S4A).
Genotyping of the Fy lines revealed that half of the F4 lines showing the rda2-like DFPM
response carried a T-DNA insertion in AtZg11330. As a control, the same heterozygous T-
DNA insertion line plants (SALK_143489) were crossed with the wild-type parent
PRABI18::GFPline, and all Fq plants tested showed wild type-like DFPM sensitivity (Figure
S4A). These results suggest that the T-DNA insertion line SALK_143489 in the At1g11330
gene is allelic to rda2 The SALK 143489 line was later named as rgaZ2-3.

RDAZ2 encodes a putative lectin receptor kinase

In rdaZ, a C-to-T mutation in AtZg11330resulted in change of Glutamine 574 to a
premature stop codon (Q574*) (Figure 3A, Table S1). To independently investigate whether
At1g11330is responsible for the observed phenotypes of the rga2-1 mutant, an additional
homozygous T-DNA insertion line rda2-2 (SALK_122993) was isolated (Figure 3A). This
suggests that the inability to isolate homozygous rda2-3 (SALK_143489) may result from a
linked second site mutation. rga2-2was transformed with the ABA response marker
PRABI18::GFPto examine the DFPM response in inhibiting ABA-mediated reporter
expression. Similarly to the rda2-1 EMS mutant, leaves of the rda2-2 T-DNA insertion
mutant exhibited a wild-type level of ABA-mediated reporter expression (Figure 3B). When
treated with DFPM, rda2-2showed a reduced sensitivity in inhibiting the ABA-mediated
GFP fluorescence signal in epidermal pavement cells of leaves, when compared to wild-type
Col-0 plants transformed with the pRABI18..GFPreporter (Figure 3B). The ABA-mediated
decrease in stomatal conductance was examined in intact wild-type and rdaZ2-2 leaves after
pre-exposure to DFPM or a solvent control (Figure 3C, D). In DFPM-treated wild-type
leaves, stomatal closing in response to ABA was partially inhibited compared to the solvent
control (Figure 3C). In rda2-2leaves, DFPM did not result in a strong inhibition in ABA-
induced stomatal closing (Figure 3D). DFPM sensitivity of rda2-2was also tested in ABA-
mediated gene expression by real-time gPCR. In the wild type, ABA-induced expression of
RABI18and ERDI10was inhibited by DFPM (Figure 3E, F). In rda2-2, the decrease in ABA-
mediated gene expression levels by DFPM was smaller than in the wild type after 1 hour of
DFPM pre-treatment followed by 5 hours of ABA treatment (Figure 3E, F). A clear
difference was not observed at 9 hours after ABA treatment. Together, these results showed
that the r0da2-2 T-DNA insertion line resembles reduced DFPM sensitivity of the raa2-1
EMS mutant, and suggest that the mutations in the At1g11330gene are responsible for the
rdaZ phenotypes.

DFPM-mediated immune MAPK activation requires RDA2

RDAZencodes a putative lectin receptor kinase (LecRK) (Figure 3A). Lectin receptor
kinases are composed of an extracellular lectin domain known to bind carbohydrates and an
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intracellular protein kinase domain, separated by a single hydrophobic transmembrane
domain (Figure 3A) (Bellande et al., 2017). In Arabidopsis thaliana and other plant species,
LecRKs play a role in pathogen-associated molecular pattern (PAMP)-triggered immune
signaling (PTI) by perceiving PAMPs or molecules released to the apoplast during pathogen
infection (Chrispeels et al., 1991, Chen et al., 2006, Singh et al., 2013, Vaid et al., 2013,
Lannoo et al., 2014, Ranf et al., 2015, Bellande et al., 2017, Chen et al., 2017, Wang et al.,
2017).

Plants exposed to DFPM activate immune signaling including expression of Pathogenesis-
related 5 (PR5) gene in an EDS1 and PAD4-dependent manner (Kim et al., 2011, Kim et al.,
2012). Note that PR5 expression is also induced by PAMPs including flg22 in the PTI
response (Asai et al., 2002). Therefore, we analyzed whether DFPM treatment can activate
mitogen-activated protein kinases (MAP kinases), which is one of the earliest cellular
responses in PTI signaling (Meng et al., 2013, Frei dit Frey et al., 2014). Wild-type plants
treated with flagellin 22 (flg22) for 15 min to 2 hours phosphorylated MPK3 and MPKG6 at
the highest levels at 15 and 30 min after flg22 treatment (Figure 4A). Levels of
phosphorylated MPK3 and MPKG6 were then reduced (Figure 4A), similarly to previously
reported findings for PTI signaling responses (Frei dit Frey et al., 2014). When wild-type
Col-0 plants were exposed to DFPM for the same time periods, phosphorylation levels of
MAP kinases increased to the highest level at 15 and 30 min after DFPM treatment and then
decreased (Figure 4A). The DFPM-mediated activation of MAP kinases was weaker than
that mediated by flg22, but the temporal dynamics were comparable (Figure 4A). The lower
band of the two phosphorylated MAP kinase bands by DFPM was significantly reduced in
the mpk3-1 mutant allele (Figure 4B) (Wang et al., 2007), whereas the upper band was
reduced in the mpk6-2 mutant (Figure 4B) (Liu et al., 2004) supporting that the two bands
are MPK3 and MPK®6. These results suggest that DFPM could activate the MAP kinases
MPK3 and MPK®6 with a time-dependence similar to flg22-triggered MAPK activation.

To determine whether RDA2 functions in DFPM-mediated activation of MAP kinases, rda2
mutant plants exposed to DFPM were examined along with wild-type plants. Levels of
phosphorylated MPK3 and MPK6 were clearly reduced in the rda?-1 and rda2-2 mutants
treated with DFPM, when compared to wild type (Figures 4C, S5). In some experiments,
DFPM activation of MAP kinase phosphorylation remained high in wild type between 15
and 60 minutes (Figure S5). But in these experiments, rdaZ2 exhibited strong reduction in
DFPM-mediated MAP kinase phosphorylation (Figure S5). To examine whether rda2
mutants are capable of activating MAP kinases upon exposure to other stimuli, /622 mutant
plants were treated with the pathogen elicitor flg22 (Figure S6A). rda2 mutant plants showed
flg22-mediated phosphorylation in MAP kinases, similar to wild type plants (Figure S6A).
These results together show that rga2 mutants are defective in DFPM-mediated activation of
MAP kinases.

To further dissect whether DFPM-mediated activation of MAPKSs via RDA? is affected by
genes required for DFPM signaling (Kim et al., 2011, Kim et al., 2012), we investigated
mutant plants in edsi, pad4, edsl pad4, sgtib, rarl and victrl (Kim et al., 2012) (Figure 5).
The near-isogenic line NIL-Bu-5, which lacks V/CTR, VICTL 1 and two tandem
homologous 7/R-NB-LRR genes, was generated by backcrossing Arabidopsis thaliana
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accession Bu-5 with Col-0 five times (Ariga et al., 2017) and analyzed for DFPM-mediated
MAPK activation with the corresponding control (NIL-Col-0) (Ariga et al., 2017). All tested
mutants showed phosphorylation of the MAP kinases in response to DFPM, which were
comparable to the wild type (Figure 5). Also, the NADPH oxidase genes RbohD and RbohF
that are required for rapid production of ROS upon pathogen infection (Couto et al., 2016)
were examined for their involvement in DFPM-mediated MAPK activation. A double
mutant allele rbohD rbohF-F3 (Kwak et al., 2003) did not exhibit a strong reduction in levels
of phosphorylated MAP kinases in response to DFPM, when compared to the wild type
(Figure 5C). Therefore, EDS1, PAD4, SGT1B, RARI1, VICTR, RbohD and RbohF appear
not to be necessary for DFPM-mediated activation of MAP kinases.

To examine whether DFPM mediates other types of PTI responses, reactive oxygen species
(ROS) production in response to DFPM was analyzed, as ROS production is one of the first
physiological outputs after PAMP perception (Couto et al., 2016). When leaves of wild type
plants were treated with DFPM, levels of ROS production were not clearly distinguishable
from ones treated with the solvent control (Figure S6B). Likewise, there was no clear change
in ROS production in rda2 mutant plants treated with DFPM (Figure S6B) suggesting that
DFPM does not induce a strong oxidative burst in leaves. We further analyzed the PAMP-
induced rapid burst of ROS in rga2 mutants in response to flg22 or the endogenous Plant
Elicitor Peptide 1 (PEP1) (Yamaguchi et al., 2011, Bartels et al., 2015). In rda2-1 and raa2-2
mutant plants, ROS production in response to flg22 or PEP1 was not different from that of
wild-type plants (Figure S6C). These data provide positive controls for PAMP-induced ROS
burst and suggest that RDAZ2 is not involved in perception of flg22 and PEP1.

To further investigate whether RDA2 is required for DFPM-induced immune-responsive
gene expression, transcript levels of PAMP-responsive genes including PR5, NDR1/HIN-
LIKE10(NHL10), cytochrome P450 monooxygenase CYP81F2and FAD-LINKED
OXIREDUCTASE (FOX) (Boudsocq et al., 2010, Couto et al., 2016) were examined in
wild-type and rda2-2 mutant plants treated with DFPM (Figure 4D). After 1 to 6 hours of
DFPM treatment, the transcript levels of all four genes were induced by DFPM in wild type
seedlings. In rda2-2 seedlings, DFPM-mediated expression of NHL10, CYP81F2and FOX
was severely impaired (Figure 4D). The expression levels of the PR5 transcript in rda2-2
were compromised after 3 hours of DFPM treatment, compared to wild type controls (Figure
4D). These results suggest that DFPM induces expression of PAMP-responsive genes, and
RDAZis important for DFPM-induced expression of PAMP-responsive genes.

In the same time periods, we also investigated whether DFPM induces expression of genes
reported to be specifically induced in response to effector-triggered immune (ETI)
stimulation (Mine et al., 2018) (Figure 4E). Expression levels of a TIR-NB-LRR gene
At1g72940, WRKY33and MPK3were increased in wild type plants treated with DFPM
(Figure 4E). In the rda2-2 mutant, DFPM-mediated expression of At1g72920 and WRKY33
was lower than in the wild type at 1 to 4 hours of DFPM treatment. A difference in DFPM-
mediated MPK3 expression between wild type and rga2-2 plants was observed at 1 and 4
hours after DFPM exposure (Figure 4E). These results suggest that DFPM-mediated
induction of the ETI-linked transcript levels At1g72940, WRKY33and MPK3is partly
dependent on RDAZ.
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To assess whether RDAZis involved in bacterial resistance, leaves of rda2-1 and wild type
plants were infiltrated with Pseudomonas syringae pv. tomato strain DC3000 (Ps?). Pst
growth at 2 days after infection was not different between rada2and the wild type (Figure
6A) suggesting that loss-of-function in KDAZalone does not affect Psttolerance in plants.
We also tested whether RDAZis involved in Psttolerance when leaves are pre-treated with
flagellin 22 (flg22). Wild type plants pre-treated with flg22 exhibited increased tolerance to
Pst. A mutant allele of FLAGELLIN-SENSITIVE 2 (FLS2) that encodes a receptor for flg22
did not show increased tolerance by flg22 pre-treatment (Figure 6B), as described previously
(zipfel et al., 2004). In response to pre-treatment with flg22, raa2 showed increased
tolerance to Pstcompared to the non-pretreatment control, similarly to the wild type control
(Figure 6B), suggesting that RDA2 is not responsible for FLS2-mediated immune signaling.
Furthermore, we examined whether DFPM treatment can improve pathogen tolerance /n
planta. Leaves of wild-type and rda2 plants were infiltrated with DFPM or solvent control at
the time as Psttreatment (Figure 6C). Wild type plants treated with DFPM did not show a
clear change in Psttolerance at 2 and 5 days after infection compared to solvent control
(Figure 6C). rdaZ2also showed no apparent change in Pstgrowth between DFPM and solvent
treatment conditions. The results suggest that DFPM does not enhance plant tolerance to
Pseudomonas syringae DC 3000 (Psf), when infiltrated into leaves. DFPM causes a
substantial immune signaling effect in roots (Kim et al., 2012) and future research with
diverse root pathogens would be of interest.

Protein kinase activity of RDA2

To investigate whether the putative lectin receptor kinase RDA2 has a protein kinase activity,
the intracellular domain that contains the protein kinase domain of RDA2 was fused with an
N-terminal Strepll tag and a C-terminal GST tag, and expressed and purified from
Escherichia coli (Figure 7). In vitro kinase analyses revealed that the recombinant
intracellular kinase domain of RDA2 exhibits ATP-dependent auto-phosphorylation and
trans-phosphorylation activity of the synthetic substrate, myelin basic protein (MyBP)
(Figure 7). The protein kinase activity of RDA2 was greatly reduced when the lysine residue
K552 in the ATP-binding domain that is conserved within RDA2 and the receptor kinases
FLS2 and BRI1-ASSOCIATED RECEPTOR KINASE (BAK1) (Li et al., 2014), was
mutated to a glutamic acid (K552E) (Figure 7). The protein kinase activity of the
recombinant RDA2 intracellular domain was also reduced by kinase inhibitors K252a (10
UM) and staurosporine (10 uM) (Figure 7). To investigate whether DFPM affects the protein
kinase activity of the intracellular kinase domain of RDA2, 50 to 200 uM DFPM was added
to protein phosphorylation reactions. DFPM did not increase or decrease the /n vitro protein
kinase activity of the recombinant intracellular kinase domain of RDA2 (Figure 7). This
result suggests that the protein kinase activity of the intracellular domain of RDA2 does not
directly respond to DFPM.

To analyze involvement of MAP kinase kinase kinase (MAPKKK) and MAP kinase kinase
(MAPKK) in DFPM signaling, DFPM-mediated MAPK activation was examined in the
presence of inhibitors for MAPKKKs and MAPKKSs (Figure 8A). Wild-type plants were
treated with DFPM in the presence or absence of GW5074, Sorafenib or PD098059.
Sorafenib, an inhibitor for Raf-type MAPKKKSs, inhibited DFPM-mediated activation of
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MPK3 and MPK® in wild type plants, while another Raf-type MAPKKK inhibitor GW5074
did not show a clear effect (Figure 8A). The PD098059 MAPKK inhibitor did not abolish
DFPM activation of the MAP kinases (Figure 8A). These results suggest that Sorafenib-
sensitive Raf-type MAPKKKSs may be involved in DFPM-mediated MAP kinase activation.

As DFPM enhanced phosphorylation of MPK3 and MPK®6 in an RDA2-dependent manner
(Figure 4) and RDAZ2 is required for DFPM inhibition of ABA signaling (Figures 1, 3), we
explored whether MAPK cascades have a role in interfering with ABA signaling by DFPM.
A double mutant allele in the MAP kinase kinases MKK4and MKK5 which function
upstream of MPK3 and MPKG6 (Zhang et al., 2018) was used. When mkk4-18 mkk5-18
mutant plants (Zhao et al., 2014) were pre-treated with DFPM for 1 hour and treated with
ABA for additional 5 hours, ABA-induced transcription of RABI8and ERD10was less
inhibited by DFPM compared to the wild type (Figure 8B). This reduced sensitivity to
DFPM suggests roles of MKK4and MKK5in DFPM-mediated inhibition in ABA signal
transduction.

Discussion

The small molecule DFPM activates plant immune signaling and thereby interferes with the
ABA signaling pathway (Kim et al., 2011). We aimed to gain further insight into the
molecular basis for the DFPM-mediated immune signaling and inhibition in ABA signaling
in this study. By screening EMS mutant plants for reduced sensitivity to DFPM in inhibiting
ABA-mediated pRAB18::GFP reporter protein expression, we identified RDAZthat is
required for inhibiting ABA signal transduction by DFPM. Two alleles of rda2 mutant plants
exhibited higher levels of ABA-mediated reporter expression in leaves in response to DFPM
than the wild type, while responses to ABA were not altered in raaZ (Figures 1, 3). The raa2
mutant plants also showed a reduced sensitivity to DFPM in inhibiting ABA responses
including ABA-induced stomatal closure and gene expression (Figures 1, 3). Whole genome
sequencing based mapping revealed that RDAZencodes a previously uncharacterized
Galanthus nivalis agglutinin-type (G-type) (Bellande et al., 2017) lectin receptor kinase.

DFPM causes signaling in an £DS1/ PAD4 SGT1bl RARI-dependent manner (Kim et al.,
2011, Kim et al., 2012). Additionally, here we show that DFPM also induces activation of
the MAP kinases MPK3 and MPK®6 with temporal dynamics similar to flg22-mediated
MAPK activation (Figure 4). Activation of MPK3 and MPKG6 is one of the earliest signaling
responses upon pathogen perception in PAMP-triggered immunity (PTI) (Meng et al., 2013).
It is noteworthy that DFPM induces PTI-like responses including MAP kinase activation and
gene expression (Figure 4), while DFPM did not induce a rapid ROS burst (Figure S6B).
These data suggest that DFPM induces an atypical PTI response. DFPM-mediated MAPK
activation was not altered in edsl, pad4, eds1 pad4, sgt1b, rarl and victr mutants (Figure 5).
EDSI1, PAD4, SGT1b, RARIand VICTR are required for DFPM-mediated ETI signaling, as
mutant in these five genes were insensitive to DFPM in inhibiting root growth (Kim et al.,
2012, Kunz et al., 2016). Our results suggest that DFPM activation of MAP kinases does not
require signaling components of effector-triggered immunity (ETI) mediated immune
signaling, and DFPM also mediates components of immune signaling that are not mediated
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by EDS1/PADA4-dependent ETI signaling. DFPM activation of ETI mechanisms appears to
lie downstream of or parallel to MAPK activation.

Furthermore, we observed that mutant plants of EDS1, PAD4, SGT1b, RAR1, VICTR and
VICTL 1showed wild-type levels of DFPM sensitivity in inhibiting ABA-mediated
PRABI18::GFPreporter protein levels in leaves (Figure S3), which differs from transcript
level analyses in whole seedlings (Kim et al., 2011). It is conceivable that the effect of the
ETI signaling components is weaker in terms of interference with ABA signaling in leaf
pavement cells and ETI signaling may be less central to the DFPM-ABA response. However,
a major ETI dependent response of DFPM occurs in roots (Kim et al., 2012, Kunz et al.,
2016). Therefore, the present findings in leaves show difference in these responses. DFPM
further strongly upregulates the expression of V/CTR specifically in roots which itself
regulates the native VICTR gene (Kim et al., 2012, Kunz et al., 2016).

In rda2 mutants, DFPM-mediated MAPK activation and induction of PAMP-responsive
genes were severely abolished (Figure 4C and D). These results suggest that the lectin
receptor kinase RDA2 functions in early DFPM signaling thus transducing the signal to
downstream pathways including MAPK activation and transcriptional regulation. DFPM-
mediated expression of ETI-specific genes was partly dependent on RDAZ (Figure 4E).
Interestingly, rda2 mutant plants showed a wild-type response to DFPM in inhibiting root
growth (Figure S7) suggesting that RDA2 may not be fully involved in DFPM-mediated ETI
signaling (Kim et al., 2011, Kim et al., 2012, Kunz et al., 2016). Note however that RDAZis
a member of 3 tandemly repeated lectin receptor kinase (LecRK) genes and higher order
LecRK mutants may need to be investigated in future analyses.

Lectin receptor kinases (LecRKSs) activate plant immune signaling by perceiving and sensing
molecules in the apoplast that are released from pathogens or released during pathogen
infection (Van Holle et al., 2018). There is only a handful of LecRKs whose carbohydrate
binding activity has been identified thus far (Willmann et al., 2011, Liu et al., 2012, Kouzai
etal., 2014, Ranf et al., 2015). G-type LecRK LIPOOLIGOSACCHARIDE-SPECIFIC
REDUCED ELICITATION (LORE) was shown that it can sense lipopolysaccharides (LPS)
(Ranf et al., 2015). Recent studies have also shown that LecRK can recognize extracellular
ATP and nicotinamide adenine dinucleotide (NAD™) that could be a sign of pathogen
infection (Choi et al., 2014, Wang et al., 2017). This binding activity of LecRKs to non-
carbohydrate ligands has been suggested as a result of neofunctionalization of duplicated
LecRK genes (Van Holle et al., 2018). Whether RDA2 can perceive the DFPM signal and
whether DFPM or its metabolized products can directly bind to RDA2 will require further
investigation.

Plasma membrane localization of RDA2 has been suggested by experimental evidence
including plasma membrane proteomic studies (EImore et al., 2012, de Michele et al., 2016,
Hooper et al., 2017), and supports a role of RDA2 in perceiving exogenous cues. Our
experiments to examine the subcellular localization of the RDA2-GFP fusion protein were
not successful due to possible mis-localization at endosomal organelles, because of high
expression of the ectopically expressed proteins. A study with a lectin receptor kinase
LecRK-1.8 failed to observe LecRK-1.8 fused with GFP in stably transformed plant lines,
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suggesting tight regulation of LecRK protein expression (Wang et al., 2017). Furthermore,
examining natural ligands of RDA2 will open deeper insights into roles of the LecRK in
immune signaling and biotic-to-abscisic acid cross interference signaling.

MAPK cascades transduce and amplify immune signals from receptor kinases (Tena et al.,
2011). Here we show that mkk4 mkk5 double mutant plants exhibited reduced sensitivity to
DFPM-mediated inhibition of ABA marker gene expression (Figure 8B). The results suggest
that MKK4 and MKKS5 are involved in DFPM-mediated inhibition of ABA signal
transduction. Further, DFPM-mediated activation of MPK3 and MPK6 was strongly
impaired in rda2 mutant alleles (Figure 4C), which indicates that the lectin receptor kinase
RDA2 activates MAPKs MPK3 and MPKG® in response to DFPM. Receptor-like kinases
including FLS2 and EF-TU RECEPTOR (EFR) were shown to function upstream of MPK3
and MPKG®6 (Xu et al., 2015). Rice LecRK SALT INTOLERANCEL (SIT1) binds and
directly phosphorylates rice MAP kinases MPK3 and MPKG®6 (Li et al., 2014). Rice lysine
motif (LysM)-containing receptor kinase OSCERK1 interacts with the receptor-like
cytoplasmic kinase RLCK185 which activates rice MPK3 and MPKG6 (Kishi-Kaboshi et al.,
2010, Yamaguchi et al., 2013). The receptor-like cytoplasmic kinase VII (RLCK VII)
together with MAPKKK3 and MAPKKKS5 is important for PAMP-induced activation of
MPK3 and MPKG6 via receptor kinases (Bi et al., 2018). The RDAZ2 lectin receptor kinase
could transduce immune signals to downstream MAPK cascades, and may work with
receptor-like cytoplasmic kinases (RLCKSs) (Jurca et al., 2008, Bi et al., 2018).

MAPK cascades including MPK3 and MPKG® are thought to be convergence points of PAMP
signaling and other immune signaling, since both FLS2- and EFR-mediated PAMP
responses and the damage-associated molecular pattern (DAMP) oligogalacturonic acids
(OGs) activate MAP kinases (Meng et al., 2013). The exact mechanisms by which MKK4
and MKKS5 are involved in biotic-to-abscisic acid interference signaling are yet to be
determined. Further investigation using viable loss-of-function mutants of MPK3and MPK6
would help examine their role in this response. Since rbohd rbohfdouble mutant plants did
not show an altered response in DFPM-mediated MAPK activation, apoplastic ROS may not
function upstream of DFPM-mediated activation of MAP kinases. However, we cannot rule
out roles of ROS and NADPH oxidases in cross interference signaling between biotic and
abiotic stress signaling transduction in tissues other than those tested in this study. Further
characterization of the genes defective in other rda mutants will provide additional insights
into the molecular mechanisms of DFPM-mediated inhibition of the ABA signal
transduction.

In conclusion, the present study identifies the lectin receptor kinase RDA2, which is
important for DFPM-mediated immune signaling and interference signaling that inhibits
ABA signal transduction. RDAZ2 is required for transducing the DFPM-mediated signal to
activate MAP kinases and subsequently suppress ABA-mediated responses.
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Experimental procedures

Plant materials, growth conditions and chemicals

The Arabidopsis thaliana accession Columbia-0 (Col-0) was used throughout this study
unless indicated otherwise. Arabidopsis seeds were surface-sterilized in 70% EtOH and
0.004% SDS for 15 min, then rinsed with 100% EtOH 5 times and sown on 1/2 Murashige
and Skoog (MS) media (pH 5.8) supplemented with 1% sucrose and 0.8% Phyto Agar.
Plates with sterilized seeds were stratified in the dark for 2 to 3 days at 4 °C and then
transferred to a growth chamber under a 16/8 h light/dark cycle at 60-80 pmol/m?2-st light
intensity at 19-21 °C.

To generate an ethyl methanesulphonate (EMS)-mutagenized pool, seeds of Col-0
expressing pRAB18:.GFPwere incubated in 1.5 to 3 % EMS overnight and thereafter M2
plants were used for forward genetic screening. mpk3-1 (SALK_151594), mpk6-2
(SALK_073907) and mkk4-18 mpk5-18 were gifts of Prof. Shuqun Zhang (University of
Missouri). NIL-Bu-5 and NIL-Col-0 seeds were gifts from Prof. Teruaki Taji (Tokyo
University of Agriculture, Japan). eds1-2, pad4-1, eds1-2 pad4-1, sgtib (eta3), rarl-21,
victr-1, vict/1-1 (Kim et al., 2012) and rbohd rbohf-f3 (Kwak et al., 2003) were previously
reported. To obtain edsI-2, pad4-1, eds1-2 pad4-1, sgtib (eta3), rarl-21, victr-1, victl1-1
mutant plants expressing pRAB18::GFP, the mutant plants were crossed with wild-type
Col-0 expressing pRAB18.:.GFP. rda2-2 (SALK_122993), rda2-3 (SALK_143489),
GABI_565C02 and other T-DNA insertion lines were ordered from the Arabidopsis
Biological Resource Center. To obtain raa2-2 expressing pRABI18::GFFR, rda2-2 plants were
transformed with pRABI18.:.GFP via Agrobacterium-mediated floral dipping. For
comparison, wild-type Col-0 plants were also transformed with pRAB18::GFP at the same
time.

DFPM ([5-(3,4-dichlorophenyl)furan-2-yl]-piperidine-1-ylmethanethione) was purchased
from ChemBridge (chemical ID 6015316) and Innovapharm (Ukraine, chemical 1D
STT-00334837). A 23 amino acid peptide corresponding to AtPepl active sequence (PEP1)
was purchased from Genscript.

ABA response reporter pRAB18::GFP microscopy

Arabidopsis plants expressing pRABI18.:GFPwere germinated in 2 MS plates with 1%
sucrose and 0.8% Phyto agar, and grown in the growth chamber at 60-80 pmol/m?2-s light
intensity at 19-21 °C for 7 days. Plants were then transferred to soil and grown in a growth
chamber under a 12/12 h light/dark cycle at 60-80 pmol/m2.st light intensity at 19-21 °C for
additional 7 days. First and second true leaves, the first pair of true leaves developed after
cotyledons, were detached and floated on %2 MS liquid medium with 1% sucrose. Each leaf
was placed in one well of 96-well plates with its adaxial side up. DFPM was added to a final
concentration of 10 uM, and after one hour ABA was added to a final concentration of 20
UM. DMSO was used as a solvent control for DFPM and ethanol (EtOH) was used as a
solvent control for ABA. After 24-26 hours of ABA addition, GFP fluorescence signals were
observed from abaxial epidermal layers of leaves using confocal microscopes, LSM 800,
LSM 710 (Zeiss), or Eclipse TE2000-U (Nikon). Constant gain and pinhole values, or
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exposure time were used for each experiment and comparisons of genotypes. Average
fluorescence intensity of each image was calculated using Image J software in a genotype
and chemical treatment blind manner. Statistical analyses were performed with Prism
(Graphpad).

Whole genome sequencing and mapping

Genomic DNA from 86 independent F2 backcrossed lines displaying the rda2 phenotype
was isolated by DNeasy Plant kit (Qiagen). The concentration of gDNA of each F2 line was
quantified using Qubit™ dsDNA HS Assay kit and Qubit® Fluorometer (Invitrogen) by the
manufacturer’s protocol, and equal amounts of gDNA from individual lines were pooled for
whole genome sequencing. One pg genomic DNA of the Col-0 pRAB18::GFP parental line
and of the two rda mutants raal and rda2was used to construct ~450 bp insert size
sequencing libraries with the Truseq Nano DNA kit (Illumina). The three libraries were
sequenced in a single lane on an Illumina Hiseq2000 instrument with 2x101-bp paired-ends
reads (200-cycle kit v3) and a single 7 bp index read.

Identification of a linked genomic interval and identification of candidate mutations within
this interval were done by a custom-made mapping pipeline similar to SHOREmap
(Schneeberger et al., 2009). Briefly, paired FASTQ reads were aligned to the Arabidopsis
thaliana reference genome (TAIR10) by Bowtie 2 (Langmead et al., 2012). Single nucleotide
polymorphisms (SNPs) were called by comparison with the reference genome using
BCFtools and VVCFtools (Danecek et al., 2011). Only EMS type mutations, whichare Cto T
and G to A mutations, were included. SNPs of ragaZ that were also found in the Col-0
PRABI18::GFP parental line or rdal were excluded. Ratios of rdaZ-specific SNPs over the
reference-type base (TAIR 10) were analyzed for every base position by R-values which
were quantified by dividing the number of reads with a non-reference base by [the number
of reads with a reference base multiplied by the total read number at each position]
(Schneeberger et al., 2009). A moving average was calculated to display a candidate interval.
Within this interval, mutations were prioritized according to their anticipated effect using the
SnpEff tool (Cingolani et al., 2012).

Stomatal movement analyses

Fully expanded leaves of 4-5 week-old plants were detached and floated in stomatal assay
buffer (5 mM KCI, 50 uM CaCl,, and 10 mM MES-Tris, pH 5.6) for 2.5 h. Epidermal peels
were then prepared using a perforated-tape epidermal detachment method (Ibata et al.,
2013). Images of guard cells from the abaxial side of leaves were taken using an inverted
light microscope as “Control”. The same epidermal peels were then treated with 30 UM
DFPM or solvent, and after 30 min ABA was added to a final concentration of 10 uM. 1.5 h
after ABA addition, the same guard cells observed in “Control” images were identified and
taken as “ABA” or “DFPM/ABA” images. Stomatal apertures were measured using Image J
software independently by two different persons in a blind manner. Statistical analyses were
performed with Prism (Graphpad).
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Whole leaf time-resolved gas exchange analyses

Gas exchange analyses were performed as published previously (Hauser et al., 2018) with
mild modification. Briefly, fully expanded rosette leaves of 6-8 week-old plants were cut at
the end of the petiole with a fresh razor blade and immediately dipped in water. Another cut
was made in the middle of the petiole to avoid clogging of the transpiration stream and
petioles were immediately dipped in microcentrifuge tubes with 30 uM DFPM solution. In
experiments without DFPM, petioles of detached leaves were dipped in a 0.02% DMSO
solution as a solvent control. Stomatal conductance was evaluated using portable gas
exchange analyses systems, LI-6800 or LI1-6400XT (LI-COR). Detached leaves were
clamped with a plant chamber of LI-6800 or LI-6400XT and equilibrated for 40-60 min at a
relative humidity of 75%, airflow of 200 rpm and CO, concentration of 400 ppm. Once
stabilized, steady-state stomatal conductance was measured for 10 min. ABA was then
added to a final concentration of 2 uM to the petiole-exposed solution while not touching
clamped leaves. Stomatal conductance (mmol m=2min~1) was measured for additional 40-60
min. Stomatal conductance is normalized by averages of 10 min steady-state stomatal
conductance before ABA addition. Maximum rates of stomatal conductance reduction were
analyzed by calculating maximum slopes of each graph and were averaged.

Quantitative gene expression analyses

Two week-old Arabidopsis seedlings were treated with 10 uM DFPM for 1 hour, then ABA
was added to a final concentration of 10 pM. DMSO was used as a solvent control for
DFPM and EtOH was used as a solvent control for ABA. After the indicated time periods,
total RNA was extracted using Spectrum™ Plant Total RNA Kit (Sigma-Aldrich), treated
with TURBO™ DNase (Thermo-Fisher) and reverse-transcribed using First-Strand cDNA
Synthesis Kit (GE Healthcare). gPCR analyses were performed on a BioRad CFX96 qPCR
System using SYBR® Green JumpStart (Sigma) with gene specific primers (Table S2).
Levels of transcript were normalized against the housekeeping gene PDF2. Statistical
analyses were performed with Prism (Graphpad).

Measurement of phosphorylated MAP kinases

Ten to fourteen day-old seedlings were incubated in % MS liquid media with 1% sucrose
containing 30 uM DFPM, 0.06% DMSO (solvent control) or 1 uM flg22 (GenScript) for the
indicated time periods. For experiments with kinase inhibitors, plants were pre-treated with
10 uM of GW5074 (Sigma), Sorafenib (Sigma) or PD098059 (Sigma) 30 min before DFPM
treatment. Total proteins were extracted in extraction buffer (25 mM Tris-HCI (pH 7.8), 75
mM NaCl, 10 mM MgCl,, 15 mM EGTA, 1 mM DTT, 1 mM NaF, 0.5 mM NaVOs, 15 mM
B-glycerolphosphate, 15 mM p-nitrophenylphosphate, 0.1% Tween 20, 0.5 mM
phenylmethylsulfonyl fluoride, 5 pg/ml leupeptin). 20 ug of total proteins for each genotype
and treatment were subjected to SDS-PAGE. Western blotting was performed with the anti-
phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) monoclonal antibody (9101, Cell
Signaling Technology) and the secondary anti-rabbit antibody (BioRad) by the
manufacturer’s protocol. The intensity of phosphorylated MAP kinase bands was quantified
using Image J software. The band intensities were presented as ratios to the DFPM control

Plant J. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Park et al.

Page 17

without inhibitor treatment. Blots were stained with Coomassie blue solution to visualize the
amount of loaded proteins.

Recombinant protein purification and in vitro kinase assay

The coding sequence of the RDAZ2 intracellular domain was PCR amplified using RDA2-
pGEX-USER-F and RDA2-pGEX-USER-R primers (Table S2), and cloned into the
modified pGEX-6P1 vector with a C-terminal GST tag and an additional N-terminal Strep Il
tag (Brandt et al., 2012) using USER® enzyme (New England Biolabs) resulting in
pPGEX-6P1-RDA2_intracellular-Strepll. The lysine 552 to glutamic acid mutation (K552E)
was introduced to pGEX-6P1-RDAZ2_intracellular-Strepll by PCR with K552E-F and
K552E-R primers (Table S2), resulting in pGEX-6P1-RDA2_intracellular-K552E-Strepl|.

Escherichia coli strain BL21 (DE3) was transformed with the plasmids and grown to ODggg
~0.6. Protein expression was induced by adding isopropyl-p-D-thiogalactopyranoside
(IPTG) to a final concentration of 0.5 mM and growth overnight at room temperature. £. coli
cells were harvested by centrifugation at 4000 x g for 15 min at 4 °C and resuspended in
buffer W (100 mM Tris, 150 mM NacCl, pH 8.0) supplemented with 1 mg/mL lysozyme and
protease inhibitor cocktail (Roche). After sonicating £. coli cells by three 30-s pulses,
insoluble cell debris was removed by centrifugation at 25000 x g for 30 min at 4 °C. RDA2-
intracellular domain and RDA2-intracellular-K552E domain proteins were purified with
Strep-Tactin® Macroprep® (IBA) following the manufacturer’s protocol.

10 ng/uL of recombinant RDA2 intracellular domain was incubated in the phosphorylation
buffer (50 mM Tris-HCI pH 7.5, 10 mM MgCl,, 1 mM EGTA, 0.1% Triton X-100, 1 mM
DTT) containing 50 ng/uL MyBP together with 50, 100 or 200 UM DFPM or DMSO
(control) for 30 min at room temperature. For experiments with kinase inhibitors K252a
(Calbiochem) and staurosporine (Sigma), protein samples were pre-incubated with 20 pM of
the inhibitors for 30 min before phosphorylation reactions. 200 pM ATP and 0.05 pCi/uL [y
—32p]-ATP (PerkinElmer) were then added to start phosphorylation reactions.
Phosphorylation reactions were stopped by addition of SDS-PAGE sample buffer after 30
min incubation at room temperature. Phosphorylated proteins were detected by
autoradiography after SDS-PAGE.

ROS production measurements

Leaf discs from 3-4 week-old Arabidopsis plants were floated on sterile water in white 96-
well plates overnight at room temperature under light. At least 12 plants were used per
genotype per condition. Each leaf disc was placed in one well of 96-well plates with its
adaxial side up. After 20-24 hours, water in 96-well plates was replaced with 50 pL of fresh
sterile water and leaf discs were incubated for additional 1 hour. 50 uL of the 2x elicitation
solution (100 pg/mL Horseradish Peroxidase (Sigma, P6782), 4 uM L-012 (Wako chemical,
120-04891)) was added to each well. Luminescence was measured with a Mithras LB940
micro plate reader (Berthold). FIg22, PEP1 or DFPM were added to individual wells with a
built-in injector in the plate reader to a final concentration of 100 nM flg22, 100 nM PEP1
and 30 uM DFPM. Water control was injected to examine mechanical-induced ROS
production. DMSO (0.06%) was used as a solvent control for DFPM.
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Pathogen tolerance assays

Pseudomonas syringae pv. tomato DC3000 (Ps?) culture was grown overnight at 28°C in
liquid low salt LB media containing 50 pg/mL rifampicin to the ODggg ranging from 0.6 to
1.0. The bacterial cells were collected by centrifugation at 2600 x g for 10 min, room
temperature, and resuspended in 10 mM MgCl, to the ODggq of 0.2. The bacterial solution
was diluted 1000-fold (10° colony forming units per mL) in 10 mM MgCl, and then
infiltrated into the abaxial side of Arabidopsis leaves with a needleless syringe. Four week-
old Arabidopsis plants were used, and the leaves were either first infiltrated with 1 pM flg22
or H,0 one day prior infiltration with Pst, or infiltrated with Pstsupplemented with 30 uM
DFPM or 0.02% v/v DMSO (mock treatment). The inoculated plants were covered with lids
to maintain a high humidity. Two 6 mm-diameter leaf disks from eight different plants per
treatment were collected and homogenized in 10 mM MgCls. Serial dilutions were plated on
low salt LB agar media containing 50 pg/mL rifampicin and 12.5 pg/mL cycloheximide. The
plates were incubated for 2 days at 28°C and the colonies were counted manually.
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Figure 1. rda2 exhibits reduced sensitivity to DFPM.
(A) ABA-mediated pRAB18::GFPfluorescence levels were less inhibited by DFPM in

epidermal pavement cells of rdaZ2 leaves, when compared to those of wild-type Col-0

expressing pRAB18..GFP (WT pRAB18::GFP). First and second true leaves of two week-

old plants were pre-treated with 10 pM DFPM or solvent control for 1 hour, and then 2

0uMm

ABA or solvent control was added. GFP fluorescence was observed from abaxial epidermal

layers of leaves using a confocal microscope after 24-26 hours of ABA addition. Scale

bar,

20 pm. Representative images from at least 5 biological repeats are shown. (B) Enlarged
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images of leaf epidermal layers treated with ABA and DFPM. Scale bar, 20 um. (C) The
intensity of pRAB18::GFP fluorescence signal in raa2and wild type treated with ABA
and/or DFPM was quantified. Averages of 5-8 independent experiments, and each are
averages of 5-27 images of 3-9 plants per condition per genotype. Data were normalized to
the fluorescence intensity of the wild type treated with ABA for each experiment. Error bars
= SEM. Asterisk represents £ < 0.05 based on two-way ANOVA and Sidak’s test. (D) Effect
of DFPM in ABA-induced stomatal closing. Stomatal apertures were measured before
(Control) and after 30 min treatment of solvent control or 30 uM DFPM followed with
additional 1.5 h treatment of 10 uM ABA (ABA or DFPM/ABA, respectively). Each control
bar and their corresponding right bar represent the average widths of the same apertures
before and after the chemical treatment, respectively. n = 4 independent experiments, each
experiments: 10-27 stomates. Error bars = SEM. Means with different letters are grouped
based on two-way ANOVA and Sidak’s test, < 0.05. (E-F) Time resolved stomatal
conductance of wild type (E) and raaZ2 (F) in response to DFPM and ABA. Leaves were pre-
treated with 30 pM DFPM or DMSO solvent control via the transpiration stream, and after
60 min 2 uM ABA was added at time=0 (grey line). Stomatal conductance was measured for
an additional 50 min. Data are averages of three independent biological repeats, and error
bars are SEM. Stomatal conductance was normalized by averaging 10 min steady-state
stomatal conductance before ABA addition. (G-H) ABA-mediated gene expression was less
inhibited by DFPM in rda2. Expression levels of ABA responsive RAB18(G) and ERD10
(H) in wild-type and rgaZ2 plants were monitored via real-time qPCR after pre-treated with
30 uM DFPM or solvent control for 1 hour and then incubated in 10 uM ABA or solvent
control for the indicated time points. Expression levels were normalized with the
housekeeping gene PDF2. Results are averages of n=4 biological replicates. Asterisk
represents £ < 0.05 based on two-way ANOVA and Sidak’s test.
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Figure 2. Genome-wide SNPs of rda2 identified by whole genome sequencing-based mapping.
rdaZ-specific single nucleotide polymorphisms (SNPs) were identified from whole genome

sequencing of rda2 mapping population and the corresponding wild type Col-0 expressing
PRABI18::GFP. Occurrence ratios of rdaZ-specific SNPs and wild-type reference bases
(TAIR 10) for each base position were plotted through the five Arabidopsis thaliana
chromosomes. Note that the gray area of chromosome 1 shows a peak with higher ratios of
rdaZ-specific SNPs. This area is shown in the right bottom graph in detail. Y axis: R-values
of each base position. R-values are calculated by dividing the number of reads with a non-
reference base by [the number of reads with a reference base multiplied by the total read
number at each position] as previously reported (Schneeberger et al., 2009).
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Figure 3. Identification of RDA2 as a putative lectin receptor kinase gene.
(A) Location of the causative mutation in rga2-1 (*) and T-DNA insertion (arrowheads) in

rda2-2and raa2-3 mutant alleles. Predicted protein domains including a lectin domain and a
protein kinase domain in RDA2 are also presented. (B) DFPM-mediated inhibition of ABA
reporter pRAB18::GFP expression was less pronounced in leaf epidermal pavement cells of
rda2-2 compared to the wild type Col-0 expressing pRAB18::GFP (WT pRABI18::GFP).
First and second true leaves of 2 week-old plants expressing pRAB18.:GFP were pre-treated
with DFPM or solvent control for 1 hour and then 20 uM ABA or solvent control was added.
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After 24-26 hours of ABA addition, GFP fluorescence signals were observed from abaxial
epidermal layers of leaves using a confocal microscope. Scale bar, 20 um. Representative
images from at least 3 biological repeats are shown. (C-D) rda2-2 exhibited reduced
sensitivity to DFPM-mediated inhibition of ABA-induced stomatal closing. Leaves of Col-0
wild type (C) and rda2-2 (D) were pre-treated with 30 pM DFPM or solvent control for 60
min, and then treated with 2 uM ABA treatment at time=0 (grey line) via the transpiration
stream. Stomatal conductance was measured for an additional 50 min. Data are averages of
3-4 independent biological replicates, and error bars are SEM. Stomatal conductance is
normalized by averages of 10 min steady-state stomatal conductance before ABA addition.
(E-F) ABA-induced expression levels of RAB18(E) and ERDI0 (F) were less suppressed
by DFPM in rda2-2 mutants than in wild type plants. For real-time gPCR, plants were pre-
treated with 30 pM DFPM or solvent control for 1 h and then incubated in 10 uM ABA or
solvent control for the indicated time points. Expression levels were normalized with the
housekeeping gene PDF2. Results are averages of n=4 biological repeats. Error bars = SEM.
Asterisk represents £< 0.05 based on two-way ANOVA and Sidak’s test.
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Figure 4. Involvement of RDA2 in DFPM-mediated PAM P-triggered immune signaling.
(A) DFPM activates MAP kinases (MPKs) within 15 min in wild-type plants. Arrowheads

represent two MAP kinases, MPK3 and MPK®6, which were activated by flg22. Wild-type
Col-0 plants were treated with 30 uM DFPM or 1 uM flagellin 22 (flg22) for the indicated
time periods. Whole proteins were used for Western blotting with anti-phospho-p44/42
MAPK (Erk1/2) (Thr202/Tyr204) antibody (a.-phospho-p44/42 ERK). Loading controls:
coomassie blue staining of the membrane. A representative blot from three biological
repeats is shown. (B) The lower band of the two bands (open arrowheads) shown in DFPM-
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treated wild type plants was reduced in the mpk3-1 mutant. The upper band (filled
arrowheads) was weaker in the mpk6-2 mutant. Plants were treated with 30 uM DFPM or
solvent control for 30 min. (C) DFPM-mediated activation of MAP kinases was diminished
in rda2-1 and rda2-2 mutants compared to the corresponding wild-type plants. Col-0
expressing pRABI18..GFP (WT pRAB18::GFP) was used as a wild-type control for raa2-1
and Col-0 (WT) was used as a wild-type control for raa2-2. Plants were treated with 30 UM
DFPM for the indicated time periods. (D) Transcription of PAMP-responsive genes PR5,
NHL10, CYP81F2and FOXwas induced by DFPM in wild type plants. DFPM-induced
gene expression was strongly impaired in the rda2-2 mutant. For real-time gPCR, plants
were treated with 30 /M DFPM for 1, 2, 3, 4 and 6 hours. Expression levels were
normalized with the housekeeping gene PDF2. n=3 biological replicates. Error bars = SEM.
(E) Expression of ETI-specific genes (Mine et al., 2018) a TIR-NB-LRR gene At1g72940,
WRKY33and MPK3was induced by DFPM in the wild type. DFPM-mediated induction of
these genes is partly impaired in rda2-2. Real-time gPCR was performed as in (D). n=3
biological replicates. Error bars = SEM.
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Figure 5. DFPM-mediated activation of MAP kinasesin immune-deficient and DFPM signaling-
deficient mutants.

DFPM-mediated activation of MAP kinases was examined in edsl, pad4, eds1 pad4 (A),
sgt1b, rarl (B), victrl, and rbohd rbohf (C) mutants. A near-isogenic line of Col-0 and Bu-5
that lacks V/ICTR and 3 homolog TIR-NB-LRR genes (NIL-Bu-5) and its corresponding
control (NIL-Col-0) (D) plants were also tested. Col-0 was used as wild type (WT). None of
the tested mutants exhibited a clear alteration in DFPM-mediated activation of MAP kinases
(arrowheads). Plants were treated with 30 uM DFPM for the indicated time points and used
for whole protein extraction and subsequent Western blotting. Phosphorylated MAP kinases
were detected using anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody.
Loading controls: coomassie blue staining of membranes. Representative results from three
independent repeats are shown.
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Figure 6. Growth of syringe-infiltrated Pseudomonas syringae pv. tomato DC3000 (Pst) in rosette
leaves.

(A-B) Leaves of rda2-1, wild-type and f/s2 plants were infiltrated with 1 uM flg22 (B) or
water control (A), and after one day the same leaves were infiltrated with Pst. Growth of
bacteria was determined at the indicated time points. n=4 independent experiments for WT
and rda2-1and n=3 for fls2. Each experiment contains 7-8 plants per genotype. Error bars =
SEM. (C) Leaves of rda2-1 and wild-type plants were infiltrated with 30 uM DFPM or
solvent control when treated with Pst. Growth of bacteria was determined at the indicated
time points. Two-way ANOVA and Tukey’s test showed no difference between genotypes.
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n=3 independent experiments which contain 8 plants per genotype. Error bars = SEM. CFU:
colony-forming units.
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(Lane 1-2) The recombinant intracellular kinase domain of RDA2 exhibited an
autophosphorylation activity and a trans-phosphorylation activity to a synthetic substrate
myelin basic proteins (MyBP). The intracellular kinase domain of RDA2 was expressed in
E. coli, purified and used for /n vitro phosphorylation assay with [y—32P]-ATP.
Phosphorylated proteins were detected by autoradiography after SDS-PAGE. (Lane 3) The
kinase activity of the recombinant RDA2 protein was strongly diminished, when a conserved
lysine residue in the ATP binding domain was mutated to a glutamic acid (K552E). Note
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that K552E mutation resulted in a slight shift of the recombinant protein on SDS-PAGE gel.
(Lanes 4-6) Addition of 50 to 200 uM DFPM to phosphorylation assay reactions did not
alter the kinase activity of the recombinant intracellular kinase domain of RDA2. (L anes
7-8) Pre-incubation with protein kinases K252a and staurosporine (Stau) for 30 min before
phosphorylation reactions suppressed the kinase activity of RDA2. Loading control:
coomassie blue staining of SDS-PAGE gel.
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Figure 8. Involvement of MAP kinase cascadesin DFPM signaling.
(A) Sorafenib, an inhibitor for Raf-type MAPKKKSs suppressed DFPM-mediated activation

of MAP kinases (arrowheads), while other MAPK cascade inhibitors GW5074 and
PD098059 did not exhibit a clear inhibition. Wild-type Col-0 plants were treated with 30 uM
DFPM or solvent control in the presence of 10 uM of inhibitors for MAPKKSs and
MAPKKKs, GW5074 (GW), Sorafenib (Sora) or PD098059 (PD). Phosphorylated MAPKSs
were detected by Western blotting using anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/
Tyr204) antibody. A representative result from two biological repeats is shown. The intensity
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of phosphorylated MPK3 and MPK®6 bands was quantified and is presented as ratios to the
DFPM control without inhibitor treatment.

(B) DFPM-mediated inhibition of ABA marker gene expression was less pronounced in
mkk4 mkk5 mutant plants when compared to Col-0 wild type plants (WT). Plants were pre-
treated with 30 uM DFPM or solvent control for 1 hour and then incubated in 10 uM ABA
or solvent control for additional 5 hours. Expression levels were normalized with the
housekeeping gene PDF2. Averages of 4 biological replicates are shown. Error bars = SEM.
Asterisks represent £< 0.05 based on two-way ANOVA and Sidak’s test.
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