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Plasma membrane-localized pattern recognition receptors (PRRs) such as FLAGELLIN SENSING2 (FLS2), EF-TU RECEPTOR
(EFR), and CHITIN ELICITOR RECEPTOR KINASE1 (CERK1) recognize microbe-associated molecular patterns (MAMPs) to
activate pattern-triggered immunity (PTI). A reverse genetics approach on genes responsive to the priming agent
b-aminobutyric acid (BABA) revealed IMPAIRED OOMYCETE SUSCEPTIBILITY1 (IOS1) as a critical PTI player. Arabidopsis
thaliana ios1mutants were hypersusceptible to Pseudomonas syringae bacteria. Accordingly, ios1mutants showed defective
PTI responses, notably delayed upregulation of the PTI marker gene FLG22-INDUCED RECEPTOR-LIKE KINASE1, reduced
callose deposition, and mitogen-activated protein kinase activation upon MAMP treatment. Moreover, Arabidopsis lines
overexpressing IOS1 were more resistant to bacteria and showed a primed PTI response. In vitro pull-down, bimolecular
fluorescence complementation, coimmunoprecipitation, and mass spectrometry analyses supported the existence of complexes
between the membrane-localized IOS1 and BRASSINOSTEROID INSENSITIVE1-ASSOCIATED KINASE1 (BAK1)-dependent PRRs
FLS2 and EFR, as well as with the BAK1-independent PRR CERK1. IOS1 also associated with BAK1 in a ligand-independent
manner and positively regulated FLS2-BAK1 complex formation upon MAMP treatment. In addition, IOS1 was critical for chitin-
mediated PTI. Finally, ios1 mutants were defective in BABA-induced resistance and priming. This work reveals IOS1 as a novel
regulatory protein of FLS2-, EFR-, and CERK1-mediated signaling pathways that primes PTI activation.

INTRODUCTION

Plants possess multilayered recognition systems that detect
pathogens at various stages of infection and proliferation. Rec-
ognition of microbial invasion is essentially based upon the host’s
ability to distinguish between self and non-self components. Early
microbial pathogens detection is performed by cell surface-
localized pattern recognition receptors (PRRs) that sense path-
ogen- or microbe-associated molecular patterns (PAMPs or
MAMPs) (MonaghanandZipfel, 2012).Major examplesofMAMPs
are lipopolysaccharides present in the envelopeofGram-negative
bacteria, eubacterial flagellin, eubacterial elongation factor Tu
(EF-Tu), peptidoglycans fromGram-positive bacteria, methylated
bacterial DNA fragments, and fungal cell wall-derived chitins
(Girardin et al., 2002; Cook et al., 2004; Boller and Felix, 2009).
MAMP recognition promptly triggers the activation of pattern-

triggered immunity (PTI) (Tsuda and Katagiri, 2010). Early PTI
responses, such as calcium influx, production of reactive oxygen
species (ROS), and activation of mitogen-activated protein (MAP)
kinases, induce transcriptional reprogrammingmediated by plant
WRKY transcription factors aswell as calmodulin bindingproteins
(Boller and Felix, 2009; Tena et al., 2011). In addition, Arabidopsis
thaliana plants close stomata in a MAMP-dependent manner
when in contact with bacteria (Melotto et al., 2006; Singh et al.,
2012). Callose deposition and PTI marker gene upregulation are
usually observed later (Zipfel and Robatzek, 2010). Activation of
PTI leads to broad resistance to pathogens (Nicaise et al., 2009;
Tsuda and Katagiri, 2010; Zeng et al., 2010; Desclos-Theveniau
et al., 2012). Virulent bacterial pathogens inject proteins, some of
which suppress PTI (Deslandes and Rivas, 2012; Feng and Zhou,
2012). Often, recognition of microbial effectors by plant intracellular
nucleotide binding site and leucine-rich repeat proteins activates
effector-triggered immunity (ETI). ETI is a rapid and robust response,
usually associated with a hypersensitive reaction (Maekawa et al.,
2011; Gassmann and Bhattacharjee, 2012).
InArabidopsis, themost extensively studiedPRRsare the leucine-

rich repeat receptor-likekinases (LRR-RLKs)FLAGELLINSENSING2
(FLS2) and EF-Tu receptor (EFR). FLS2 and EFR recognize bacterial
flagellin (or the derived peptide flg22) and EF-Tu (or the derived
peptides elf18/elf26), respectively (Gómez-Gómez and Boller, 2000;
Zipfel et al., 2006). Upon ligand binding, FLS2 and EFR rapidly as-
sociate with another LRR-RLK, BRI1-ASSOCIATED RECEPTOR-
LIKE KINASE/SOMATIC EMBRYOGENESIS RECEPTOR-LIKE
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KINASE3 (BAK1/SERK3), forminga ligand-inducible complex that
triggers downstreamPTI responses (Chinchilla et al., 2007;Heese
et al., 2007;Rouxet al., 2011). Inaddition toassociatingwithFLS2,
BAK1 recognizes the C terminus of the FLS2-bound flg22, thus
acting as a coreceptor (Sunet al., 2013). BAK1-LIKE1/SERK4also
cooperates with BAK1 to regulate PRR-mediated signaling (Roux
et al., 2011). Interestingly, the BAK1-INTERACTING RECEPTOR
KINASE2 (BIR2) prevents BAK1 interaction with FLS2 before
elicitation. Importantly, BIR2 is released from BAK1 upon MAMP
perception, allowing FLS2-BAK1 association and PTI activation
(Halter et al., 2014). While BAK1 and other SERKs are the primary
regulators downstream of FLS2 and EFR, the perception of the
fungal MAMP chitin and signaling through CHITIN ELICITOR
RECEPTORKINASE1 (CERK1)doesnot requireBAK1 (Shanetal.,
2008; Kemmerling et al., 2011; Ranf et al., 2011). AlthoughCERK1
was considered as themajor PRR for chitin (Miya et al., 2007;Wan
et al., 2008, 2012), recent data suggest that the LYSIN MOTIF
RECEPTORKINASE5 (LYK5) is theprimary receptor forchitin (Cao
et al., 2014). Upon chitin elicitation, CERK1 and LYK5 form
a complex to activate plant innate immunity (Cao et al., 2014).
CERK1 is also involved in the recognition of peptidoglycans
(Willmann et al., 2011). Other proteins downstream of PRRs
modulate the PTI response. Typically, the receptor-like cyto-
plasmic kinase BOTRYTIS-INDUCED KINASE1 (BIK1) plays
a critical role in mediating early flagellin signaling from the
FLS2/BAK1 receptor complex and regulates responses induced
by elf18, Pep1, and chitin and thus acts as a convergent point
downstreamofmultiplePRRs (Lu et al., 2010a; Zhanget al., 2010).
Other receptor-like cytoplasmic kinase, such as PTI COMPRO-
MISEDRECEPTOR-LIKECYTOPLASMIC KINASE1 (PCRK1) and
PCRK2, function downstream of multiple PRRs (Sreekanta et al.,
2015; Kong et al., 2016). In addition, BRASSINOSTEROID-SIG-
NALINGKINASE1 (BSK1) associateswith unstimulated FLS2 (Shi
et al., 2013). The DENN (Differentially Expressed in Normal and
Neoplastic cells) domain protein STOMATAL CYTOKINESIS-
DEFECTIVE1 (SCD1) is also necessary for some FLS2- and EFR-
mediated responses and associates in a ligand-independent
manner with FLS2 in vivo (Korasick et al., 2010). Furthermore,
lectin receptor kinases (LecRKs) such as LecRK-VI.2 and LecRK-
V.5 modulate early PTI signaling (Desclos-Theveniau et al., 2012;
Singh et al., 2012; Singh and Zimmerli, 2013; Huang et al., 2014).

In addition to PTI and ETI, other resistance responses, such as
systemic acquired resistance and induced systemic resistance,
are activated after pathogen challenges (Durrant and Dong, 2004;
Van Wees et al., 2008). Organic and inorganic compounds can
also induce systemic resistance in plants. The non-protein amino
acid b-aminobutyric acid (BABA) is a potent inducer of resistance
against abiotic stress (Jakab et al., 2005; Zimmerli et al., 2008),
nematodes (Oka et al., 1999), insects (Hodge et al., 2005), and
microbial pathogens (Jakab et al., 2001; Zimmerli et al., 2001;
Cohen, 2002; Ton and Mauch-Mani, 2004; Po-Wen et al., 2013).
BABA-induced resistance is associated with a faster activation of
defense mechanisms upon stress perception, a phenomenon
known as priming (Conrath et al., 2006; Návarová et al., 2012).
Although accumulation of defense signaling components before
stress exposure (Beckers et al., 2009; Singh et al., 2012) and
epigeneticmodifications (Jaskiewiczetal., 2011;Lunaetal., 2012;
Rasmann et al., 2012; Slaughter et al., 2012; Po-Wen et al., 2013)

are suggested to be critical for priming, the identity of signaling
components involved in priming is still largely unknown.
In an effort to identify novel critical players in Arabidopsis im-

munity and priming, we used a reverse genetic approach by
testing mutants of genes whose expression levels are induced by
the priming agent BABA (Tsai et al., 2011). Three independent
insertion lines in the malectin-like/LRR-RLK IMPAIRED OOMY-
CETESUSCEPTIBILITY1 (IOS1) (Hoket al., 2011)were found tobe
hypersusceptible to bacterial pathogens. IOS1 is known to con-
tribute to disease caused by filamentous (hemi)biotrophs and to
attenuateabscisic acid (ABA) responses inArabidopsis (Hoket al.,
2011, 2014). Through loss- and gain-of-function analyses and
biochemical approaches, we show that IOS1 is an important
modulator of Arabidopsis PTI that associates with the LRR-RLKs
FLS2, EFR, and BAK1 in a ligand-independent manner, notably
controlling the complex formation between FLS2 andBAK1. IOS1
also associates with the LysM-domain RLK CERK1 and controls
chitin-mediated PTI.

RESULTS

IOS1 Is Required for Resistance to Hemibiotrophic Bacteria

To identify Arabidopsis genes involved in immunity to bacteria,we
followed a reverse genetic analysis of genes upregulated by the
priming agent BABA (Tsai et al., 2011). One of these genes is the
Malectin-like/LRR-RLK IOS1 (At1g51800) (Hok et al., 2011, 2014).
For our analyses, we used ios1-1, a transcriptional knockout Ds
transposon insertion line in Ler-0 background (GT_5_22250) re-
cently isolated (Hok et al., 2011), and ios1-2 (Salk_137388) and
ios1-3 (SAIL_343_B11), two independent T-DNA insertion lines in
Col-0 background still producing truncated IOS1 transcripts
(Supplemental Figure 1). To test whether IOS1 is required for
antibacterial immunity, the three insertion lines were dip-
inoculated with the virulent hemibiotrophic bacteria Pseudomo-
nas syringae pv tomato DC3000 (Pst DC3000) or Pseudomonas
syringae pv maculicola ES4326 (Psm ES4326). At 3 d post-
inoculation (dpi), ios1-1, ios1-2, and ios1-3 developed stronger
symptoms than wild-type plants, as illustrated by increased
chlorosis and necrosis formation (Figure 1A). This phenotype was
associated with significantly higher bacterial titers (Figure 1B).
Typically, the susceptibility phenotype of ios1-2 to Pst DC3000 is
similar to the mutant bak1-5 (Supplemental Figure 2). We also
evaluated the susceptibility of ios1 mutants to the Pst DC3000
hrcC-mutant, a strain defective in delivering type III effectors that
cannot repress the PTI response, and consequently is mostly
nonvirulent on Arabidopsis (Brooks et al., 2004). All three ios1
mutants tested allowed more growth of Pst DC3000 hrcC- than
wild-type plants upon syringe infiltration (Supplemental Figure 3),
suggesting a defective PTI response in ios1 mutants.
To test whether IOS1 is also required for immunity to pathogens

other thanbacteria,susceptibilityof ios1mutants to thenecrotrophic
fungal pathogens Botrytis cinerea and Alternaria brassicicola was
evaluated by droplet inoculation. The ios1-1, ios1-2, and ios1-3
mutants were as susceptible as wild-type plants to both pathogens
(SupplementalFigures4Aand4B),suggesting that IOS1 iscritical for
immunity to virulent hemibiotrophicbacteria, but not tonecrotrophic
fungi such as B. cinerea and A. brassicicola.
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The role of IOS1 in antibacterial immunity was further evaluated
by analyzing the susceptibility to Pst DC3000 of transgenic
Arabidopsis lines overexpressing IOS1 mRNA (OE1 and OE3)
(Supplemental Figure 5). Both IOS1-OE lines were significantly
lesssusceptible toPstDC3000 (Figure1C).Notably, although ios1
mutants did not show any defect in stomatal innate immunity
(Supplemental Figure 6), overexpression of IOS1 inhibited the
bacteria-mediated reopening of stomata (Figure 1D). Together,
these data are consistent with a positive role of IOS1 in anti-
bacterial immunity.

IOS1 Is Critical for Late PTI Responses

To analyze whether IOS1 is involved in PTI responses, we first
monitored IOS1 mRNA expression levels by RT-qPCR after

treatment of seedlings with 100 nM flg22 or elf18. Both MAMPs
induced IOS1 transcripts accumulation at 1 h after treatment
(Supplemental Figure 7). To evaluate the role of IOS1 in late PTI
responses, we measured callose deposition in ios1mutants after
infiltration with the bacterial MAMPs flg22 or elf26. Aniline blue
staining and image analysis indicated lower levels of callose
deposition in ios1-1 and ios1-2 than in wild-type leaves (Figure
2A). These results suggest that IOS1 is critical for PTI-induced
callose deposition. To further evaluate late PTI responses, we
monitored expression levels of the PTI marker gene FLG22-IN-
DUCEDRECEPTOR-LIKEKINASE1 (FRK1) (Asai et al., 2002; Xiao
et al., 2007; Boudsocq et al., 2010) after treatment with flg22 or
elf18. At 1 h after MAMP treatment, both ios1-1 and ios1-2 mu-
tants demonstrated lower FRK1 upregulation levels (Figure 2B).
Furthermore,weanalyzed latePTI responses in the IOS1-OE lines.

Figure 1. A Critical Role for IOS1 in Arabidopsis Resistance to Hemibiotrophic Bacteria.

(A)Disease symptoms in ios1mutants. Five-week-old Arabidopsis were dip-inoculated in a bacterial solution of 106 cfu/mLPstDC3000 or 53 105 cfu/mL
Psm ES4326. Symptoms were evaluated at 3 dpi. These experiments were repeated at least twice with similar results.
(B)Bacterialgrowth in ios1mutants. Five-week-oldArabidopsisweredip-inoculatedas in (A)andbacterial titerswereevaluatedat2dpi.Valuesaremeans6
SEof two independentexperimentseachconsistingof threeplants (n=6). Asterisks indicate asignificantdifference to the respectivewild-typecontrol based
on a paired two-tailed t test (P < 0.01).
(C)GrowthofPstDC3000 in linesoverexpressing IOS1. Bacterial titers in5-week-oldCol-0 and IOS1overexpression linesOE1andOE3weredeterminedat
3 dpi with 106 cfu/mL Pst DC3000. Values are means 6 SE of three independent biological replicates each with three plants (n = 9). Asterisks indicate
a significant difference to Col-0 wild-type based on a paired two-tailed t test (*P < 0.01).
(D)Stomatal innate immunity in linesoverexpressing IOS1. Stomatal apertures in leaf epidermal peels from5-week-oldCol-0and IOS1overexpression lines
OE1 and OE3 were analyzed after 1.5 or 3 h exposure to MgSO4 (Mock) or 108 cfu/mL Pst DC3000. Values are shown as means6 SE of three independent
experiments each consisting of at least 60 stomata (n > 180). Asterisks indicate a significant difference to respectivemock controls based on a paired two-
tailed t test analysis (P < 0.001).
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Interestingly, these lines did not exhibit constitutive callose de-
position, while more callose deposits were observed in OE1 and
OE3 upon elicitation with the MAMPs flg22 or elf18 (Figure 2C).
Similarly, constitutive upregulation of FRK1 was not observed in
IOS1-OE lines, butFRK1expression levelswere potentiated in the
OE1 and OE3 lines upon flg22 or elf18 treatments (Figure 2D).
These data suggest that overexpression of IOS1 primes late PTI
responses and that IOS1 positively regulates several late PTI
responses.

IOS1 Modulates Several Early PTI Responses

To test whether IOS1 is required for early PTI events, we analyzed
ROS production in response to 10 nM flg22 or elf26 for 30 min in
wild-type, ios1-1, ios1-2, and IOS1-OE leaves. Both mutants and
OE lines displayed wild-type levels of ROS production, while
MAMP-mediatedROSproductionwasstrongly reduced inbak1-4
(Figures 3Aand3B;Supplemental Figures8Aand8B). Treatments
withMAMPs rapidly activateArabidopsisMAPkinasesMPK3and
MPK6 (Nühse et al., 2000). Notably, both ios1-1 and ios1-2 mu-
tants demonstrated a weaker activation of MPK3 andMPK6 than
the wild type following treatment with flg22 or elf18 (Figure 3C;
Supplemental Figures 8C and 8D). On the other hand, MPK3 and
MPK6 activation was stronger than the wild type in the OE1 and
OE3 transgenic lines (Figure 3D; Supplemental Figure 8E). To-
gether, these results suggest that IOS1 is required for full MPK
activation, but not for the ROS burst after MAMP perception. This
observation is consistent with these responses being uncoupled
(Segonzac et al., 2011; Xu et al., 2014a). However, sincewedonot
provide a kinetic analysis, we cannot exclude a slower or faster
MPK response in ios1 mutants or OE lines, respectively.

IOS1 Likely Localizes to the Plasma Membrane

IOS1 is a predicted transmembrane RLK (Hok et al., 2011). We
analyzed IOS1 subcellular localization by transiently expressing
IOS1-GFP fusion protein driven by the cauliflower mosaic virus
35S promoter in Arabidopsis mesophyll protoplasts. The fluo-
rescence signal was mainly confined to the cell surface with
apatternsimilar to theplasmamembranemarkerpm-rkCD3-1007
(Nelson et al., 2007), while the control protoplasts expressingGFP
alone showed a nuclear/cytoplasmic localization (Figure 4A).
These data suggest that similarly to the PRRs FLS2 and EFR
(Robatzek et al., 2006; Häweker et al., 2010), IOS1 is likely lo-
calized at the plasma membrane.

IOS1 Associates with FLS2, EFR, and BAK1 in a
Ligand-Independent Manner

IOS1 acts upstream of MPK in flg22- and elf26- or elf18-triggered
PTI signaling cascades. We thus evaluated whether IOS1 asso-
ciates with PRRs such as FLS2 or EFR. We first used pull-down
analysis to show that a Trx-6xHis-tagged IOS1 kinase domain
interacted with MBP-tagged FLS2 and EFR in vitro (Figure 4B).
Next, interactions were evaluated by bimolecular fluorescence
complementation (BiFC)assays (Walteretal., 2004) inArabidopsis
protoplasts. To test whether our experimental conditions were
appropriate, we first analyzed the interactions between BAK1 and
FLS2orEFRthatoccuronlyuponelicitation (Chinchillaetal., 2007;

Heese et al., 2007; Roux et al., 2011). As expected, the YFP signal
was clearly observed after flg22 or elf18 treatment (Figure 4C;
Supplemental Figure 9A). YFP fluorescence was detected before
and after elicitation with flg22 or elf18 when testing IOS1 in-
teractionwith FLS2orEFR, respectively (Figure 4C;Supplemental
Figure 9A). Similarly, IOS1 interacted with BAK1 in a ligand-in-
dependent manner (Figure 4C; Supplemental Figure 9A). The low
temperature and salt-responsive protein 6B (LTI6b/RCI2B) fused
toGFP,which isknown to localize at theplasmamembrane (Cutler
et al., 2000), was used as a negative control. LTI6b is known to
dimerize (Huang et al., 2014), and YFP fluorescence was indeed
observed when Arabidopsis protoplasts were transfected with
LTI6b-YFPN and LTI6b-YFPC (Figure 4D; Supplemental Figure
9B), indicating that both constructs were functional. Importantly,
no YFP fluorescence at the plasma membrane was observed
when testing IOS1 interactionwithLTI6b, evenafterelicitationwith
flg22 or elf18 (Figure 4D; Supplemental Figure 9B). Although we
cannot exclude artifacts inherent to overexpression in proto-
plasts, these data suggest that IOS1 interacts at the plasma
membranewith thePRRsFLS2andEFRand thecoreceptorBAK1
in a ligand-independent manner.
To test whether IOS1 associates with FLS2 in vivo, we tran-

siently coexpressed FLS2-HA3 with GFP epitope-tagged IOS1 in
Arabidopsis protoplasts. Equal amounts of IOS1 were im-
munoprecipitated with GFP-Trap beads and analyzed for pres-
ence of FLS2-HA3 using anti-HA immunoblotting. FLS2 could be
detected in mock- and flg22-treated samples (Figure 5A). Simi-
larly, we analyzed the possible association of IOS1 with EFR and
BAK1 before and after elicitation with elf18 (for EFR) or flg22 and
elf18 (for BAK1). For that purpose, IOS1-GFP was transiently
coexpressed with EFR-HA3 or BAK1-HA3 in Arabidopsis proto-
plasts, and IOS1 was immunoprecipitated with GFP-Trap beads.
EFR and BAK1 could also be detected in the IOS1 immunopre-
cipitate before and after MAMP treatment (Figure 5A). As a neg-
ative control, we tested the association of IOS1 with LTI6b by
immunoprecipitating equal amounts of LTI6b with GFP-trap
beads and by analyzing the presence of FLS2-HA3, EFR-HA3, and
BAK1-HA3 using anti-HA immunoblotting. FLS2, EFR, and BAK1
could not be detected, suggesting that they do not associate with
GFP at the plasma membrane (Figure 5A). These observations
suggest that IOS1 associates with FLS2, EFR, and BAK1 in
a ligand-independent manner. Of note, IOS1 homodimerized
independently of flg22 treatment (Supplemental Figure 10), as
previously reported for FLS2 (Sunet al., 2012). In addition, theGFP
fusionof IOS1doesnotaffect its functionas it cancomplement the
defectiveMPK3andMPK6activationobserved in ios1-1and ios1-
2 mutants (Supplemental Figure 11).
To test whether IOS1-GFP associateswith FLS2 in Arabidopsis

as well, we performed coimmunoprecipitation experiments using
transgenic lines overexpressing IOS1-GFP. IOS1-GFP was im-
munoprecipitatedwith anti-GFPmagnetic beadsandanalyzed for
thepresenceofendogenousBAK1andFLS2usinganti-BAK1and
anti-FLS2 immunoblotting. As negative controls, anti-GFP
magnetic beads were incubated with protein extracts of un-
transformed Col-0 and transgenic plants expressing LTI6b fused
to GFP. Signals for FLS2 and BAK1 upon LTI6b-GFP immuno-
precipitationwere largelyweaker than thoseobservedupon IOS1-
GFP, suggesting that FLS2 and BAK1 do not nonspecifically bind
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to anti-GFPmagnetic beads, nor do they interactwithGFP itself at
the plasma membrane (Figure 5B). In contrast, we could detect
a clear association of IOS1-GFP with native FLS2 and BAK1
(Figure 5B). Treatment with flg22 did not affect significantly or
reproducibly the associations of IOS-GFP with FLS2 and BAK1
(Figure 5B). Moreover, we found IOS1 as part of the in vivo EFR
complex in an unbiased manner while searching for EFR-
associated proteins in planta by proteomics analysis. In these

experiments, anti-GFP immunoprecipitates were prepared from
untreated and elf18-treated transgenic efr-1/EFRp:EFR-eGFP
seedlings, as well as from untreated efr-1 null mutant or Col-0
seedlings, in order to reveal proteins that nonspecifically bind to
GFP beads. Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis identified eight different peptides matching
IOS1 in the EFR-eGFP immunoprecipitates, but none in the
negative controls (Supplemental Table 1). The IOS1peptideswere

Figure 2. Altered Late PTI Responses in ios1 Mutants and IOS1-OE Lines.

(A) and (C)Callose deposition. Leaves of 5-week-old ios1-1 and ios1-2 (A)were syringe infiltrated with 1 mM flg22 or elf26 and samples were collected 9 h
(flg22) or 24 h (elf26) later for aniline blue staining. For IOS1-OE lines (C), leaves of 5-week-old Arabidopsis or 10-d-old seedlings were respectively syringe
infiltratedwith 1mM flg22or treatedwith 100 nMelf18 and sampleswere collected 6 h (flg22) or 16 h (elf18) later for aniline blue staining.Mock sampleswere
infiltrated with MgSO4 (for flg22 and elf26) or water (for elf18). Numbers under the pictures are average6 SD of the number of callose deposits per square
millimeter from at least two independent experiments each consisting of 6 plants (n = 12). Bar = 200 mm.
(B) and (D) PTI-responsive gene FRK1 upregulation. Relative FRK1 expression levels were evaluated at 30min posttreatment with 100 nM flg22 or elf18 in
ios1-1 and ios1-2mutants (B) or at 45 min posttreatment with 50 nM flg22 or elf18 in IOS1-OE lines (D).UBQ10was used for normalization. Relative gene
expression levels were compared with wild-type mock (Ler-0 or Col-0) (defined value of 1) by RT-qPCR analyses. The values are means 6 SD of two
independent experiments each with three batches of 20 plantlets (n = 6). Asterisks indicate a significant difference to wild-type controls based on a paired
two-tailed t test (P < 0.01).
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found in both untreated and elf18-treated samples, corroborating
the fact that IOS1 associates with the PRRs FLS2 and EFR in
a ligand-independent manner in vivo.

IOS1 Is Required for Optimal flg22-Induced FLS2-BAK1
Association, but Functions Independently of BIK1

To test whether associations between IOS1 and both FLS2 and
BAK1 impactotherbiochemical eventswithin theFLS2complex,we
analyzed ligand-induced FLS2-BAK1 association (Chinchilla et al.,
2007; Heese et al., 2007). Toward this goal, BAK1 was first im-
munoprecipitatedfrom ios1-2plants treatedornotwith100nMflg22
and associated FLS2 was revealed by anti-FLS2 immunoblotting.
After flg22 treatment, the mutant ios1-2 displayed significantly less

FLS2 coimmunoprecipitated with BAK1 than the wild-type
control (Figures 6A and 6B). By contrast, a significant increase in
coimmunoprecipitated FLS2 was observed in Arabidopsis
overexpressing IOS1 treatedwith twodifferent concentrationsof
flg22 (Figures 6Cand6D). Thesedata show that theactive kinase
IOS1 (Supplemental Figure 12) positively regulates the associ-
ation of BAK1 with FLS2. However, flg22-mediated phosphor-
ylation of BIK1, which is a direct substrate of FLS2 (Lu et al.,
2010a;Zhanget al., 2010),wasnot affected in ios1-2and theOE3
line (Figures 7A to 7D). Together, these results indicate that IOS1
modulates FLS2-BAK1 association upon elicitation but is not
critical for BIK1 phosphorylation. We further evaluated IOS1
dependency to BAK1 and BIK1 by analyzing callose deposition
in lines overexpressing IOS1 in bak1-5 and bik1 mutant

Figure 3. Early PTI Responses.

(A)ROSproduction in ios1mutants. Responsiveness of 5-week-old Ler-0 andCol-0 wild-type controls and respectivemutants ios1-1 and ios1-2 to 10 nM
flg22.bak1-4wasusedas anegative control. ProductionofROS inArabidopsis leaf discs is expressed as relative light units (RLU) for a period of 30min after
elicitation.Valuesaremeans6 SEof three independentexperimentseachwithsix leafdiscs (n=18).Differencesbetween ios1mutantsand thewild typewere
not statistically significant based on a paired two-tailed t test (P < 0.01).
(B) ROS production in IOS1-OE lines. Responsiveness of 5-week-old overexpression lines OE1 and OE3 and Col-0 wild-type control to 10 nM flg22.
Production of ROS in Arabidopsis leaf discs is expressed as relative light units for a period of 30 min after elicitation. Values are means 6 SE of three
independent experiments eachwith six leaf discs (n=18). Differences betweenOE lines and thewild typewere not statistically significant based on apaired
two-tailed t test (P < 0.01).
(C)MPK activation in ios1mutants. Ten-day-old Ler-0 and ios1-1 or Col-0 and ios1-2were treated with 100 nM flg22 for 5min. Immunoblot analysis using
phospho-p44/42MPK antibody is shown in top panel. Lines indicate the positions of MPK3 andMPK6. Coomassie blue staining is used to estimate equal
loading in each lane (bottom panel). Similar results were observed in another independent repeat.
(D)MAPKactivation in IOS1-OE lines. Ten-day-oldCol-0 and IOS1 overexpression linesOE1 andOE3were treatedwith 50 nM flg22 for 5min. Immunoblot
analysis usingphospho-p44/42MAPkinase antibody is shown in the toppanel. Lines indicate thepositions ofMPK3andMPK6.Coomassie blue staining is
used to estimate equal loading in each lane (bottom panel). Similar results were observed in another independent repeat.
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Figure 4. IOS1 Localization, Pull-Down, and BiFC Analyses of IOS1 Interaction with PRRs.

(A) Subcellular localization of IOS1-GFP fusion protein in Arabidopsis mesophyll protoplasts. IOS1-GFP expression was driven by the cauliflower mosaic
virus 35S promoter and transiently expressed in Arabidopsis mesophyll protoplasts. The images of the GFP fluorescence (GFP), the chlorophyll auto-
fluorescence (chlorophyll), the bright-field image (bright), the plasma membrane marker (pm-rk CD3-1007)-mCherry fluorescence localization, and the
combined images (merged) are shown. Similar observations were made in another independent repeat. Bars = 10 mm.
(B) In vitro MBP pull-down assay of IOS1 interaction with FLS2 and EFR. E. coli expressed MBP (negative control), MBP-FLS2KD, or MBP-EFRKD were
incubated with Trx-6xHis-IOS1KD and pulled down with amylose resin beads. Input and bead-bound proteins were analyzed by immunoblotting with
specific antibodies. Experiments were repeated three times with similar results.
(C) BiFC analyses of IOS1 interactions with FLS2 and BAK1. Arabidopsis protoplasts were cotransfected with BAK1-YFPN + FLS2-YFPC, IOS1-YFPN +
FLS2-YFPC, and IOS1-YFPN + BAK1-YFPC and treated with (+) or without (–) 100 nM flg22 for 10 min. The YFP fluorescence (yellow), chlorophyll au-
tofluorescence (red), bright-field, and the combined imageswere visualized under a confocalmicroscope 16 h after transfection. Images are representative
of multiple protoplasts. Experiments were repeated at least twice with similar results. Bars = 10 mm.
(D) BiFC of LTI6b and IOS1 interaction. Arabidopsis protoplasts were cotransfected with LTI6b-YFPN + LTI6b-YFPC or IOS1-YFPN + LTI6b-YFPC and
treated with (+) or without (2) 100 nM flg22 for 10 min. The YFP fluorescence (yellow), chlorophyll autofluorescence (red), bright-field, and the combined
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backgrounds. The bak1-5 and bik1mutants are largely defective
in flg22-mediated callose deposition (Figure 7E; Zhang et al.,
2010). While overexpression of IOS1 strongly primed callose
deposition in the Col-0 wild-type control, bak1-5 mutation
completely abolished IOS1-mediated priming of callose depo-
sition (Figure 7E). However, lines overexpressing IOS1 in the bik1
mutant background still displayed a large increase in callose
deposits after flg22 treatment (Figure 7E). Collectively, these
results suggest that IOS1 functions in a BAK1-dependent, but
BIK1-independent, manner in the FLS2 complex.

Defective Chitin Responses in ios1 Mutants

To evaluate whether IOS1 function is uniquely linked with BAK1,
we analyzed MPK3/6 activities upon elicitation with the MAMP
chitin. Fungal chitin recognition is mediated by LysM-domain

RLKs such as CERK1 (Miya et al., 2007; Wan et al., 2008, 2012),
andBAK1 is not required for chitin perception and signaling (Shan
et al., 2008; Kemmerling et al., 2011; Ranf et al., 2011). Reduced
MPK3/6 activitieswere observed after chitin treatment in the ios1-
1 and ios1-2mutants (Figure 8A), suggesting that IOS1 also plays
a role in PRR complexes that do not recruit BAK1. To further in-
vestigate whether IOS1 is necessary for the chitin-mediated PTI
response, callose deposition in ios1-1 and ios1-2 mutants was
analyzed. Both mutants accumulated less callose than wild-type
Arabidopsis at 16 h after chitin treatment (Figure 8B), indicating
that IOS1 is necessary for chitin-mediated callose deposition. The
fungal pathogen B. cinerea produces the MAMP chitin (Windram
et al., 2012) and A. brassicicola is commonly used in chitin per-
ception studies (Miya et al., 2007), but ios1mutants demonstrated
wild-type resistance to both pathogens (Supplemental Figure 4).
We thus tested the resistance response of the OE1 and OE3 lines

Figure 4. (continued).

imageswere visualized under a confocal microscope 16 h after transfection. Images are representative ofmultiple protoplasts. Experiments were repeated
twice with similar results. Bars = 10 mm.

Figure 5. IOS1 Associates with Unstimulated and Stimulated FLS2, EFR, and BAK1.

(A) Coimmunoprecipitation of IOS1, FLS2, EFR, and BAK1 proteins. Arabidopsis protoplasts expressing IOS1-GFP and FLS2-HA3 (lanes 2 and 3), IOS1-
GFP and EFR-HA3 (lanes 5 and 6), or IOS1-GFP and BAK1-HA3 (lanes 8 to 10) constructs were treated (+) or not (2) with 100 nM flg22 or elf18 for 10 min.
LTI6b-GFP,aknownplasmamembraneprotein,wasusedasacontrol to illustrate thatFLS2-HA3,EFR-HA3, andBAK1-HA3donotassociatewithGFPat the
plasmamembrane (lanes 1, 4, and 7). Total proteins (input) were subjected to immunoprecipitation with GFP trap beads followed by immunoblot analysis
with anti-HA antibodies to detect FLS2-HA3, EFR-HA3, andBAK1-HA3. Anti-GFP antibodies detect IOS1-GFPand LTI6b-GFP. Experimentswere repeated
twice with similar results.
(B) Coimmunoprecipitation of FLS2, BAK1, and IOS1 proteins in Arabidopsis. Transgenic Arabidopsis seedlings overexpressing IOS1-GFP (OE3) were
treated (+) or not (2) with 100 nM flg22 for 10min. Total proteins (input) were subjected to immunoprecipitation with anti-GFPmagnetic beads followed by
immunoblot analysis with anti-FLS2 antibodies, anti-BAK1 antibodies, or anti-GFP antibodies to detect FLS2, BAK1, and IOS1-GFP. UntransformedCol-0
Arabidopsis tissue was used as a control to show that FLS2 and BAK1 do not adhere nonspecifically to anti-GFPmagnetic beads (lane 1). LTI6b, a known
plasma membrane protein was used as a control to illustrate that FLS2 and BAK1 do not associate with GFP at the plasma membrane (lane 2). This
experiment is one of two independent replicates.
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toward these necrotrophic pathogens. Both OE lines harbored
smaller B. cinerea-mediated disease lesions (Figure 8C), while
they did not show increased resistance toward A. brassicicola
(Supplemental Figure13). Taken together, thesedata suggest that
IOS1 is critical for chitin-mediated PTI and plays a positive role in
Arabidopsis resistance to some, but not all, pathogens that
produce the MAMP chitin.

IOS1 Associates with CERK1

Possible association of IOS1 with CERK1 was tested by coim-
munoprecipitation in Arabidopsis protoplasts. The previously
described CERK1 dimerization (Liu et al., 2012) was observed,
indicating that the CERK1-GFP and CERK1-HA3 constructs were
functional (Figure 9A). Association of IOS1 with CERK1 was then
performed by immunoprecipitating equal amounts of IOS1 with
GFP-Trap beads and by analyzing CERK1-HA3 presence using
anti-HA immunoblotting. CERK1 could clearly be detected before
and after elicitation with chitin (Figure 9A), suggesting ligand-
independent association. We also coexpressed CERK1-HA3 with
empty vector (EV)-GFP. No signal was observed in this negative
control, suggesting that theassociationbetweenCERK1-HA3and
IOS1-GFP is not due to a direct binding of CERK1-HA3 with GFP

proteins or GFP-Trap beads (Figure 9A). As an additional negative
control, we tested the association of CERK1 with LTI6b after
elicitation with chitin by immunoprecipitating an equal amount of
LTI6b with GFP-trap beads and by analyzing CERK1-HA3 pres-
ence using anti-HA immunoblotting. CERK1-HA3 could not be
detected or at very low levels (Figure 9A). Together, these data
suggest specific association of IOS1 with CERK1 at the plasma
membrane.
These observations suggest that IOS1 is part of the CERK1

receptor complex. To further verify the IOS1-CERK1 complex,
we used BiFC in Arabidopsis protoplasts to examine the direct
interaction of IOS1withCERK1. The dimerization of CERK1was
first used to demonstrate that CERK1-YFPN and CERK1-YFPC

constructs are functional (Liu et al., 2012). As expected, the YFP
signal was observed when both CERK1-YFPN and CERK1-
YFPCwere cotransfected in Arabidopsis protoplasts before and
after chitin treatment indicating dimerization of CERK1 (Figure
9B). Similarly, a clear YFP signal was visible independently of
chitin treatment with the CERK1-YFPN and IOS1-YFPC con-
structs (Figure 9B), suggesting that both proteins can directly
interact in Arabidopsis protoplasts. Collectively, these results
suggest that in addition to FLS2 and EFR, IOS1 also interacts
with CERK1.

Figure 6. IOS1 Regulates Ligand-Induced FLS2/BAK1 Association.

(A) and (B)Ligand-dependent association of FLS2 toBAK1 is reduced in the ios1-2mutant. Col-0 or ios1-2 seedlingswere treated (+) or not (2) with 100 nM
flg22 for 10min. Total proteins (input)were subjected to immunoprecipitation (IP)withanti-BAK1antibodiesand IgGbeads followedby immunoblot analysis
using anti-FLS2 and anti-BAK1 antibodies. For (A), Coomassie blue (CBB) is used to estimate equal loading (bottom panel). The experiment shown in (A) is
one of three independent replicates pooled together in (B).
(C) andD) Ligand-dependent association of FLS2 to BAK1 is augmented in the IOS1-OE3 line. Col-0 or OE3 seedlingswere treatedwithMgSO4 (0) or 10 or
50 nM flg22 for 10 min. Total proteins (input) were subjected to immunoprecipitation with anti-BAK1 antibodies and IgG beads followed by immunoblot
analysis using anti-FLS2 and anti-BAK1 antibodies. The experiment shown in (C) is one of three independent replicates pooled together in (D). For both (B)
and (D), signals were evaluated with the ImageJ software. Values are means6 SD of three independent biological replicates (n = 3). Different letters denote
significant difference based on a one-way ANOVA with post-hoc Tukey HSD (P < 0.05).
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IOS1 Is Necessary for BABA-Induced Resistance
and Priming

Since overexpression of the BABA-responsive IOS1 primes
Arabidopsis PTI (Figures 2C, 2D, and 3D), we testedwhether IOS1
is required for induced resistance toPstDC3000andPsmES4326
triggered by the priming agent BABA (Zimmerli et al., 2000; Tsai
et al., 2011). While BABA treatments protected both Col-0 and
Ler-0 wild type against Pst DC3000 and Psm ES4326 infection,
ios1-1 and ios1-2 mutants demonstrated a defective BABA-
induced resistance toward these hemibiotrophic bacteria (Figure
10A). BABA is known to prime the PTI response in Arabidopsis
(Singh et al., 2012; Po-Wen et al., 2013).We thus tested the role of
IOS1 in BABA-induced priming of PTI responses. Notably, the
priming effect of BABA on flg22-induced callose deposition and
FRK1 expression was largely abolished in ios1-1 and ios1-2, in
comparison to thewild type (Figures10Band10C). IOS1positively
modulates flg22-mediated FLS2-BAK1 association (Figure 6) and
BABA treatment upregulates IOS1 expression (Tsai et al., 2011).
We thus asked whether BABA affects FLS2-BAK1 association
uponflg22elicitation.Noclear increase inFLS2-BAK1association
upon flg22 treatment was observed in BABA-treated Col-0 plants
(Supplemental Figure 14).
Since BABA inhibits bacteria-mediated stomatal reopening

(Tsai et al., 2011), we tested whether IOS1 is involved in this
phenomenon. While BABA inhibited bacteria-mediated stomatal
reopenings in Col-0 and Ler-0 wild type, it did not in ios1-1 and
ios1-2mutants (Figure 10D). Taken together, these data suggest
a positive role for IOS1 in BABA-induced resistance and BABA-
mediated priming of PTI, including strengthening of stomatal in-
nate immunity.

DISCUSSION

PRRs are critical to elicit PTI responses and to restrict pathogen
ingress (Boller and Felix, 2009; Nicaise et al., 2009; Zhang and
Zhou, 2010; Huang and Zimmerli, 2014). To date, all known plant
PRRs are modular transmembrane proteins containing ligand
binding ectodomains that function as part of multiprotein com-
plexes (Böhm et al., 2014; Zipfel, 2014). In this work, we analyzed
the role of the Arabidopsis malectin-like/LRR-RLK IOS1 in innate
immunity and priming with genetic and biochemical approaches.
The results support the following conclusions.

IOS1 Is Necessary for Full Activation of PTI in Arabidopsis

Our reverse genetic approach identified three independent IOS1
insertion mutants with hypersusceptibility to virulent hemi-
biotrophic Pst DC3000 and Psm ES4326 bacteria, but with wild-
type sensitivity to the necrotrophic fungal pathogens B. cinerea
and A. brassicicola. These observations suggest that IOS1 is
critical for resistance to hemibiotrophic bacteria, but not to ne-
crotrophic fungi. However, lines overexpressing IOS1 were more
resistant to B. cinerea, suggesting a role for IOS1 in Arabidopsis
resistance to this necrotrophic pathogen. A partially defective PTI
response in ios1mutantsmaynotbesufficient toproduceavisible
increased susceptibility phenotype upon infection by B. cinerea.
Necrotrophic fungalpathogenssuchasB.cinereaproduce toxins,

Figure 7. IOS1 Functions in a BAK1-Dependent but BIK1-Independent
Manner in the FLS2 Complex.

(A) to (D) Immunoblot analysis of BIK1 phosphorylation revealed by gel
mobility shift. Nonphosphorylated (BIK1) and phosphorylated (pBIK1) BIK1
signals are indicated. Protoplasts fromCol-0 leaves and ios1-2 ([A] and [C])
orOE3 ([B]and [D])were treated4hafter transfectionusing0.75mMflg22 for
3.5, 7, and 10min. The reactionwas stopped by immersion in liquid nitrogen
following concentration by low speed centrifugation. Experiments were
repeated at least five times with similar results. For (C) and (D), phosphor-
ylatedover nonphosphorylatedBIK1 fractionswerecalculatedbymeasuring
digital signals with the ImageJ software. Values are means 6 SD of five in-
dependent biological replicates (n = 5). For each time point, differences
between the wild type and the ios1-2 mutant or the OE3 line were not sta-
tistically significant based on a paired two-tailed t test (P < 0.01).
(E) Callose deposition upon elicitation with flg22. Fourteen-day-old Col-
0 wild-type, IOS1-OE3 (OE), bak1-5orbik1mutants, and IOS1-OE inbak1-5
orbik1mutantbackgroundwere treatedwith100nMflg22andsampleswere
collected16h later foranilinebluestaining.Eachbar representsaverage6 SE

of callose deposits per squaremillimeter from two independent experiments
each with six plants (n = 12). For IOS1-OE lines in the bak1-5 and bik1
backgrounds, data represent two independent transformation events
for each genotype. Different letters denote significant differences among
different lines based on a one-way ANOVA with post-hoc Tukey HSD
(P < 0.01).
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cell wall degrading enzymes, and ROS to promote disease and
macerate plant tissue (Prins et al., 2000), possibly hiding the effect
of a defective PTI. By contrast, a strongerPTI in IOS1OE linesmay
restrict earlyB. cinerea infection at least partially independently of
toxins, cell wall degrading enzymes, and ROS produced by

B. cinerea, leading to increased resistance. Redundancymay also
explain the lack of increased sensitivity in ios1 loss-of-function
mutants. Lines overexpressing IOS1 demonstrated a wild-type
resistance to A. brassicicola, suggesting that Arabidopsis re-
sistance to this necrotrophic fungus occurs independently of
IOS1. The mutant ios1-1 is known to be more resistant to the
filamentous oomycete pathogens Hyaloperonospora arabidop-
sidis and Phytophthora parasitica (Hok et al., 2011, 2014). IOS1
could be a direct or indirect target of oomycete effectors nec-
essary for pathogen virulence. IOS1 absence in ios1-1 would not
allowH. arabidopsidis or P. parasitica to fully repress Arabidopsis
PTI (Hok et al., 2014). Taken together, these observations suggest
that IOS1 is involved in Arabidopsis immunity to variousmicrobial
pathogens.
Increased susceptibility of ios1mutants to virulent bacteria was

associatedwith a defective PTI response. Typically, bacteria- and
MAMP-induced callose depositions were dramatically reduced in
ios1mutants. In addition, upregulation of thePTI-responsive gene
FRK1wasdelayed inplantswith adefective IOS1.Consistentwith
this, Arabidopsis overexpressing IOS1 demonstrated increased
accumulation of callose and potentiated expression levels of
FRK1 uponMAMP elicitation. By contrast, both FRK1 expression
andcallose depositionwere not affected in the ios1-1mutant after
inoculation with filamentous pathogens (Hok et al., 2014). These
discrepancies may be explained by early (this work) versus late
time point analyses (Hok et al., 2014). MPK3/6 activation was
reduced in ios1 mutants and augmented in IOS1 overexpression
lines, suggesting that IOS1 acts upstream of MPK3/6 in PTI
signaling. These observations point to the fact that IOS1 is nec-
essary for full activation of both early and late PTI responses.
Similarly, LecRK-VI.2 is necessary for full activation of some early
and late PTI responses (Singh et al., 2012). However, while Ara-
bidopsis overexpressing LecRK-VI.2 demonstrate a constitutive
PTI response, IOS1 overexpression lines showed a strengthened
PTI only upon elicitation by bacteria or MAMPs, suggesting
adifferentmechanismofaction for these twopositive regulatorsof
PTI. Importantly, PTI-mediated ROS production was at wild-type
levels in ios1mutants and in IOS1-OE lines, suggesting that IOS1
may not regulate all aspects of the PTI response. The PRR-
associated kinase BIK1 directly regulates apoplastic ROS pro-
duction during PTI (Kadota et al., 2014, 2015; Li et al., 2014). So,
the apparent absence of IOS1 regulation of ROS production
could be explained by the fact that IOS1 acts largely in a BIK1-
independent manner (Figures 7). The ios1mutants demonstrated
wild-type bacteria-mediated stomatal closure, while IOS1-OE
lines harbored a strengthened stomatal immunity. Redundancy
may explain stomatal innate immunity discrepancy between ios1
mutants and IOS1-OE lines (compared with Figure 1D and
Supplemental Figure 6). Other malectin-like/LRR-RLKs may in-
deed play a redundant role in stomatal closure (Hok et al., 2011),
thus masking the possible function of IOS1 in this early PTI re-
sponse.Stomataof the ios1-1mutant arehyperresponsive toABA
(Hok et al., 2014), and ABA signaling is critical for stomatal im-
munity (Melotto et al., 2006; Desclos-Theveniau et al., 2012), but
we observed wild-type stomatal closure in ios1-1 after Pst
DC3000 inoculation. As suggested by Hok et al. (2014), IOS1may
use different signaling pathways for the activation of PTI in re-
sponse to bacteria and in the downregulation of ABA upon

Figure 8. A Role for IOS1 in the Chitin Response.

(A)MPKactivation upon elicitationwith chitin. Fourteen-day-old seedlings
from Ler-0 or Col-0wild type, ios1-1, or ios1-2were syringe-infiltratedwith
0.2 mg/mL chitin for 5 min. Immunoblot analysis using phospho-p44/42
MPK antibody is shown in top panel. Lines indicate the positions of MPK3
and MPK6. Coomassie blue staining is used to estimate equal loading in
each lane (bottom panel). An independent experiment showed similar
results.
(B) Callose deposition upon elicitation with chitin. Fourteen-day-old
seedlings from Ler-0 and ios1-1 or Col-0 and ios1-2 were treated with
0.2 mg/mL chitin and samples were collected 16 h later for aniline blue
staining. Numbers are averages 6 SE of callose deposits per square mil-
limeters from two independent experiments each including six seedlings
(n = 12). Asterisks indicate a significant difference to wild-type controls
based on a paired two-tailed t test (P < 0.01).
(C) B. cinerea-mediated lesions. Arabidopsis leaves of Col-0 and IOS1
overexpression lines were droplet-inoculated (10 mL) with 105 B. cinerea
spores/mL and lesion diameters were evaluated at 3 dpi. Data are aver-
age6 SE of lesion diameters from two independent experiments each with
six plants (n = 12). Asterisks indicate a significant difference to wild-type
controls based on a paired two-tailed t test (P < 0.01).
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infection with filamentous pathogens. Taken together, these data
reveal IOS1 as a major positive regulator of Arabidopsis PTI
against bacteria, acting upstream of MPK3/6 in FLS2- and EFR-
dependent defense signaling pathways. Noteworthy, typical
concentrations of MAMPs were used for each PTI assay resulting
in the use of various concentrations of MAMPs in different ex-
periments.We thus cannot fully exclude dose-dependent effects.

IOS1 Associates with FLS2, EFR, and BAK1 in a
Ligand-Independent Manner

Having genetically demonstrated the importance of IOS1 in
bacteria-, flg22-, and elf26/elf18-triggered PTI upstream of
MPK3/6, and also considering that IOS1 is a LRR-RLK with two
LRR motifs, a transmembrane domain, and a complete extra-
cellular malectin-like domain (Hok et al., 2011), we further in-
vestigated whether IOS1 is part of PRR complexes recognizing
bacterial MAMPs.We first showed that the kinase domain of IOS1
associates invitrowith theKDsofFLS2andEFRusingapull-down
approach. In addition, in vivo association of IOS1with FLS2, EFR,
and/or the regulatory LRR-RLKBAK1were evaluatedbyBiFCand
coimmunoprecipitation analyses.WeperformedBiFCassays and
coimmunoprecipitation experiments in Arabidopsis protoplasts
and found that IOS1 constitutively associates with FLS2 and EFR
and that elicitation with flg22 or elf18 does not significantly affect
the association. The constitutive IOS1 and FLS2 association was
further confirmed in Arabidopsis using transgenic lines over-
expressing IOS1-GFP, while IOS1 was also found to be part of
unstimulated and stimulated EFR complexes by in planta pro-
teomics analysis on EFR-associated proteins (Supplemental
Table 1). In addition to associating with PRRs, IOS1 interacts with
the BSK3 in Arabidopsis (Xu et al., 2014b). In Arabidopsis, only
few proteins are known to be present in PRR complexes be-
fore elicitation by MAMPs. Notably, the cytoplasmic kinases
BIK1/PBLs and BSK1 interact constitutively with FLS2 and are
released upon elicitation (Lu et al., 2010a; Zhang et al., 2010; Shi
et al., 2013). Both PCRK1 and PCRK2 associate with FLS2 (Kong
et al., 2016), and heterotrimeric G proteins directly interact with
FLS2 to regulate PTI (Liang et al., 2016). Additionally, the DENN
domain protein SCD1 that negatively regulates innate immunity
associates in a ligand-independent manner with FLS2 in vivo
(Korasick et al., 2010). Furthermore, the ubiquitin E3 ligases
PUB12/13 interact with BAK1 prior elicitation and ubiquitinate
FLS2uponflg22-inducedFLS2/BAK1complex formation, leading
to FLS2 degradation (Lu et al., 2011), and BIR2 negatively regu-
lates Arabidopsis PTI by association before elicitation with BAK1
(Halter et al., 2014). This work thus identifies a component of the
FLS2 and EFR protein complexes.

IOS1 Positively Regulates FLS2-BAK1 Complex Formation

Since the malectin-like LRR-RLK IOS1 constitutively associates
with the PRRs FLS2 and EFR and the regulatory LRR-RLK BAK1,
and since ios1 mutants demonstrate a defective PTI, we hy-
pothesized that IOS1 affects early events at PRR complexes. The
flg22-mediated association of FLS2 and BAK1 was indeed re-
duced in ios1-2and increased in theOE3 linewhencomparedwith
wild-type Col-0 controls. By contrast, the positive regulator of PTI

Figure 9. IOS1 Associates with CERK1.

(A) Coimmunoprecipitation of IOS1 with CERK1 proteins in Arabidopsis
protoplasts. Arabidopsis protoplasts expressing CERK1-GFP and
CERK1-HA3 (lanes 1 and 2), IOS1-GFP and CERK1-HA3 (lanes 3 and 4),
EV-GFP and CERK1-HA3 (lane 5), or LTI6b-GFP and CERK1-HA3 (lane 6)
constructs were treated with (+) or without (2) 0.2 mg/mL chitin for 10min.
Total proteins (input) were subjected to immunoprecipitation (IP) with GFP
trap beads followed by immunoblot analysis with anti-HA antibodies to
detect CERK1-HA3. EV-GFP and LTI6b-GFP, a known plasma membrane
protein, were used as controls to illustrate that CERK1-HA3 does not stick
toGFPbeadsorassociatewithGFPat theplasmamembrane, respectively.
This experiment was repeated twice with similar results.
(B) BiFC analyses of IOS1 interactions with CERK1. Arabidopsis proto-
plastswere cotransfectedwith CERK1-YFPN+CERK1-YFPC andCERK1-
YFPN + IOS1-YFPC, and treatedwith (+) or without (2) 0.2mg/mL chitin for
10min. The YFP fluorescence (yellow), chlorophyll autofluorescence (red),
bright-field, and the combined images were visualized under a confocal
microscope 16 h after transfection. Images are representative of multiple
protoplasts. At least two independent experiments were performed with
similar results. Bars = 10 mm.
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LecRK-VI.2 does not modulate flg22-mediated association of
FLS2 and BAK1 (Singh et al., 2012). The heterodimerization be-
tween FLS2 and BAK1 occurs within seconds (Schulze et al.,
2010) with BAK1 acting as coreceptor for flg22 (Sun et al., 2013),
indicating that both LRR-RLKsmost likely exist in close proximity
at the plasma membrane, as recently suggested in the case of
BAK1 and BRI1 (Bücherl et al., 2013). We thus propose that the
plasmamembrane-localized IOS1 is required for promoting rapid
FLS2-BAK1 complex formation upon flg22 binding. Importantly,
the flg22-mediated association between FLS2 and BAK1was not
completely abolished in ios1-2. Other players such as other
malectin-like LRR-RLKs may generate the partial FLS2-BAK1
association observed upon flg22 elicitation in ios1-2. IOS1 con-
stitutively interacts with both FLS2 andBAK1; however, FLS2 and
BAK1 complex formation only occurs after flg22 treatment. In

addition, FLS2-FLS2 and IOS1-IOS1 homodimerization could
be observed independently of elicitation (Sun et al., 2012;
Supplemental Figure 10). IOS1 monomers or dimers may thus
bind both FLS2 and BAK1 in different complexes before PTI
elicitation. Upon flg22 treatment, IOS1 may participate in the
formation of a new complex that integrates both FLS2 and BAK1.
Contrarily to IOS1, BIR2 negatively regulates FLS2-BAK1 com-
plex formation (Halter et al., 2014). Thus, BIR2 may directly or
indirectly antagonize IOS1.
Treatments with flg22 induce rapid phosphorylation of BIK1,

which further increases phosphorylation of FLS2 and BAK1 (Lu
et al., 2010a; Zhang et al., 2010). BIK1 phosphorylation occurs
withinminutes after flg22 treatment and is thus considered a good
marker of PRRsactivities. Surprisingly, BIK1phosphorylationwas
at wild-type levels in flg22-treated ios1-2 mutant and in the OE3

Figure 10. BABA Action Is Defective in ios1 Mutants.

(A)BABA-induced resistance. Bacterial titers in 5-week-old Ler-0, ios1-1,Col-0, and ios1-2weredeterminedat 2dpiwith 106cfu/mLPstDC3000or 53105

cfu/mL Psm ES4326. Two days before bacterial inoculation, plants were soil-drenched with water as a control or 225 mMBABA. Values are means6 SE of
three independent experiments eachwith threeplants (n=9). Asterisks indicate asignificantdifference to respectivewater-treatedcontrol basedonapaired
two-tailed t test (P < 0.01).
(B) BABA priming of PTI-mediated callose deposition. Leaves of water- or BABA-pretreated (225 mM) Ler-0 and ios1-1 or Col-0 and ios1-2 were syringe-
infiltrated with 1 mM flg22 and samples were collected 6 h later for aniline blue staining. Values are average6 SD from three independent experiments each
consistingof nineplants (n=27). Asterisks indicate a significant difference towater-treated respective controls basedonapaired two-tailed t test (P <0.01).
(C)BABAprimingofPTI-mediatedFRK1expression.Ten-day-oldLer-0and ios1-1orCol-0and ios1-2seedlingsgrownon0.53MSmediumsupplemented
with 30 mM BABA (BABA) or not (Water) were submerged with water (Mock) or 1 mM flg22, and FRK1 expression levels were analyzed 60 min later by
RT-qPCR. UBQ10 was used for normalization. Relative gene expression levels were compared with respective water + mock-treated wild type (defined
value of 1). Values aremeans6 SD of two independent experiments eachwith three plants (n= 6). Asterisks indicate a significant difference towater-treated
respective controls based on a paired two-tailed t test (P < 0.01).
(D)BABA inhibition ofbacteria-mediatedstomatal reopening.Stomatal apertures in epidermal peels fromwater- (W)orBABA-treated (225mM) (B) Ler-0and
ios1-1 or Col-0 and ios1-2 were analyzed after 1.5 and 6 h exposure to MgSO4 (Mock) or 108 Pst DC3000. Results are shown as mean 6 SE of three
independent experiments each consisting of at least 60 stomata (n > 180). Asterisks indicate a significant difference to respectivemock controls based on
a paired two-tailed t test analysis (P < 0.001).
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line. Since MPK3/6 activities were altered in ios1 mutants and in
IOS1-OE lines, aBIK1-independent signalingcascade that affects
MPK3/6 activitiesmust be present in ios1-2 and in IOS1-OE lines.
This observation is in agreement with Zhou and colleagues, who
demonstrated that BIK1 and the closely related PBL1 are not
required for flg22-induced MAPK activation (Feng et al., 2012).
Therefore, other receptor-like cytoplasmic kinases could play
a role in regulating different branches of PTI signaling (Lu et al.,
2010b). In addition, Arabidopsis overexpressing IOS1 in the bik1
mutant background still demonstrated a strong priming of callose
deposition. By contrast, augmented callose deposition after flg22
treatment was strongly abolished in lines overexpressing IOS1 in
the bak1-5 background. Taken together, these data suggest that
an altered FLS2-BAK1 association in ios1-2 impacts MPK3/6
activation independently of BIK1 phosphorylation.

IOS1 Is Necessary for Chitin-Mediated PTI Responses and
Associates with CERK1

IOS1playsacritical role inBAK1-dependentPRRcomplexessuch
as FLS2 and EFR in a BIK1-independent manner. We next asked
whether IOS1 is also necessary for a full PTI response activatedby
PRR complexes functioning in a BAK1-independent manner.
Contrary to FLS2 that associates with the BAK1 coreceptor to
sense flagellin (Sun et al., 2013), the LysM-domain RLK CERK1
that is part of PRR complexes that recognize chitin (Miya et al.,
2007;Wanet al., 2008, 2012;Caoet al., 2014) andpeptidoglycans
(Willmann et al., 2011) functions in a BAK1-independent manner.
Notably, BAK1 is not required for chitin perception and signaling
(Shan et al., 2008; Kemmerling et al., 2011; Ranf et al., 2011). Both
ios1-1 and ios1-2 mutants demonstrated defective MPK3/6 ac-
tivation and reduced callose deposition after chitin treatment. In
addition, coimmunoprecipitation and BiFC analyses suggested
direct associationof IOS1withCERK1.We thuspropose that IOS1
acts at the CERK1 receptor complex to positively regulate chitin-
mediated PTI responses. IOS1 thus regulates the PTI response at
both BAK1-dependent and BAK1-independent PRR complexes.
Similarly, BIK1 is involved in both FLS2/EFR and CERK1 com-
plexes to activate downstream PTI responses (Lu et al., 2010a;
Zhang et al., 2010). Notably, BIK1 regulates CERK1-mediated
chitin responses, including the accumulation of ROS and the
induction of defense genes (Zhang et al., 2010). Since CERK1
does not associate with BAK1 upon elicitation, IOS1 should
modulate the chitin-mediated PTI response through other regu-
latory mechanisms than PRR association with BAK1 as observed
for FLS2 (Figure 6). CERK1 is also involved in bacterial resistance
(Gimenez-Ibanez et al., 2009) and is a critical member of the PRR
complex that recognizes bacterial peptidoglycans (Willmann
et al., 2011), suggesting that IOS1plays a role in at least threePRR
complexes recognizing bacterial MAMPs. This may explain the
strong phenotypes of ios1 mutants and IOS1-OE lines observed
upon bacterial infection. By contrast, the role of IOS1 in Arabi-
dopsis resistance against necrotrophic fungi such as B. cinerea
andA. brassicicolawas ratherweak. In addition, the ios1-1mutant
is more resistant to the biotrophic fungus Erysiphe cruciferarum
(Hok et al., 2014). Theseobservations suggest that IOS1 role in the
Arabidopsis resistance against pathogens producing the MAMP
chitin is not critical. As suggested for oomycete pathogens (Hok

et al., 2011), fungal pathogens may produce effectors that target
IOS1,andtheabsenceof IOS1may result inwild-typeorenhanced
Arabidopsis resistance levels even though IOS1 is critical for a full
chitin-mediated defense response.

IOS1 Plays a Critical Role in Priming of PTI

Accumulation of positive regulators of defense suchasMPK3/6or
LecRK-VI.2 prior to stress challenge is critical for priming (Beckers
et al., 2009; Singh et al., 2012). Plants overexpressing IOS1
demonstrated potentiated expression of PTI-responsive genes,
primed callose deposition, and increasedMPK3/6 activities upon
PTI elicitation. These observations further suggest that increased
accumulation of positive regulators of PTI before elicitation is
sufficient to prime PTI and consequently to increase resistance to
pathogens. BABA-mediated accumulation of IOS1 mRNA (Tsai
et al., 2011)may thus be critical for BABA-mediatedpriming of PTI
(Singh et al., 2012; Po-Wenet al., 2013).We therefore investigated
whether ios1 mutants are defective in BABA-mediated priming.
While the lecrk-VI.2-1 mutant is only partially defective in BABA
priming (Singhet al., 2012), ios1-1and ios1-2mutantswere largely
deficient inBABA-induced resistance tobacteria, primingofFRK1
expression and callose deposition, and in BABA-mediated
strengthening of stomatal innate immunity. These results suggest
that IOS1 plays a predominant role during priming of PTI by the
non-protein amino acid BABA. Surprisingly, BABA had no effect
on flg22-mediated FLS2-BAK1 association, suggesting that the
reported role of IOS1 in BABA-triggered priming involves another
regulatory mechanism.
LRR-RLKs such as FLS2, EFR, and CERK1 or PEPR1/2 are

receptors for MAMPs or DAMPs, respectively (Huffaker et al.,
2006; Yamaguchi et al., 2006, 2010; Miya et al., 2007; Ryan et al.,
2007;Wanet al., 2008;Krol et al., 2010). Another LRR-RLK,BAK1,
functions in several PRR complexes as a coreceptor (Chinchilla
et al., 2007; Heese et al., 2007; Boller and Felix, 2009; Schulze
et al., 2010; Sun et al., 2013). Our data identified the malectin-like
LRR-RLK IOS1 as a novel member of FLS2 and EFR PRR com-
plexes that also associates in a ligand-independent manner
with BAK1. In addition, IOS1 regulates CERK1-dependent PTI
responses that are BAK1-independent (Shan et al., 2008;
Kemmerling et al., 2011; Ranf et al., 2011). This work identifies
a novel LRR-RLK regulating BAK1-dependent and -independent
PTI responses and further reveals the intricate regulation of the
PRR complex dynamics needed for transmitting and regulating
PTI signaling, which requires additional components beyond the
ligand binding receptor and coreceptor.

METHODS

Biological Materials and Growth Conditions

Arabidopsis thaliana ecotypes Col-0 and Landsberg erecta (Ler-0) were
grown in commercial potting soil/perlite (3:2) at 22 to 24°C day and 17 to
19°C night temperature under a 9-h-light/15-h-dark photoperiod. The
lighting was supplied at an intensity of ;100 mE m–2 s–1 by fluorescence
tubes (TOA, model FL40D/38). The Ds transposon insertion line (Ler-0)
ios1-1 (GT_5_22250) and the T-DNA insertion mutants (Col-0) ios1-2
(Salk_137388) and ios1-3 (SAIL_343_B11) were obtained from the
ABRC. The mutant bak1-4 (Salk_116202) and bik-1 have been described
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elsewhere (Chinchilla et al., 2007; Lu et al., 2010a; Zhang et al., 2010).
Bacterial strains Pst DC3000 and the Pst DC3000 hrcC- mutant (CB200)
wereprovidedbyB.N.Kunkel (WashingtonUniversity,St. Louis,MO),while
Psm ES4326was a gift from J. Glazebrook (Minnesota University, St. Paul,
MN). All bacteria were cultivated at 28°C and 340 rpm in King’s B medium
with 50 mg/L rifampicin (Pst DC3000), 50 mg/L rifampicin and kanamycin
(CB200), or 50mg/L streptomycin (PsmES4326). The fungiBotrytis cinerea
andAlternaria brassicicolawere obtained fromC.Y. Chen (National Taiwan
University,Taipei, Taiwan)andgrownat roomtemperature (18°C to;25°C)
on PDA-agar plates (Zimmerli et al., 2001).

Pathogen Infection Assays

Five-week-old Arabidopsis were dipped in 106 cfu/mL Pst DC3000 or 53

105 cfu/mL Psm ES4326 in 10 mM MgSO4 containing 0.01% Silwet L-77
(Lehle Seeds) for 15 min. After inoculation, plants were kept at 100%
relative humidity, and symptoms were evaluated 3 d later. Bacterial titers
were determined as previously described (Zimmerli et al., 2000). For
B. cinerea and A. brassicicola infection, spores were diluted to105 and 53

105 spores/mL in 0.53 potato dextrose broth medium, respectively.
Droplets of 10 mL 0.53 potato dextrose broth with B. cinerea or A. bras-
sicicola sporeswere depositedon leaf surfaces of 5-week-old plants (three
leaves per plant). Leaves of same age were used for droplet inoculation.
Disease symptoms and lesion diameters were determined at 3 dpi. At least
18 lesion diameters were evaluated for each independent experiment (six
plants).

IOS1 Overexpression Plants

TheDNAplasmids (pH35GWG) expressing IOS1protein fusedwithGFP at
the C terminus under the control of the cauliflower mosaic virus 35S
promoter were obtained from the ABRC (Gou et al., 2010; ABRC stock
S1G51800HGF). Agrobacterium tumefaciens strain GV3101 was used for
the transformation of Col-0 plants. Successful transformations were de-
termined by selecting on 0.6% Murashige and Skoog (MS) agar plates
containing 50 mg/mL hygromycin B and raised to homozygous T3
lines. For the generation of IOS1-OE lines in the bak1-5 or bik1 mutant
background, mutant plants were dip-inoculated with Agrobacterium
strains GV3101 carrying Pro35S-IOS1-GFP (pFAST-R05) using OLE1-
TagRFP as a screenable marker (Shimada et al., 2010) and raised to T2 for
analyses.

BABA and MAMP Treatments

For bacteria titer, callose deposition, and stomatal aperture evaluations,
5-week-old Arabidopsis was soil drenched with BABA (Fluka) at a final
concentration of 225 mM 2 d before bacteria inoculation or MAMP treat-
ments. BABAwas dissolved in water and controls were soil drenched with
water only. For FRK1 expression and ligand-induced FLS2-BAK1 asso-
ciation, seedlingsgrownon0.53MSplateswithorwithout30mMBABA for
10 d were submerged in a 1 mM or 100 nM flg22 solution, respectively, for
60 min before sample collection.

The flg22 and elf26 or elf18 peptides were purchased from Biomer
Technology and dissolved in 10 mM MgSO4, MgSO4 only, or water for
seedling treatment was used as control. Chitin from shrimp shells (Sigma-
Aldrich) was dissolved in water. Water-only treatments were used as
controls. MAMPs were syringe-infiltrated into leaves and samples were
harvest at indicated time points.

Callose Deposition

Five-week-oldArabidopsis leavesweresyringe infiltratedwith1mMflg22 in
10 mM MgSO4. Control plants were infiltrated with 10 mM MgSO4 only.
Nine leaf discs from three different plants were selected for analyses at the

indicated time points. Callose deposition evaluation on seedlings was
performed on 14-d-old Arabidopsis grown on 0.53 MS plates that were
transferred to 0.53 MS liquid medium one night before treatment with
100nM flg22, 100nMelf18, or 0.2mg/mLchitin for 16h.Six seedlingswere
selected for analyses for each sample. Callose deposits were visualized as
described (Singh et al., 2012).

RT-qPCR

For RT-qPCR, Arabidopsis seedlings grown on 0.53 MS plates for 10 d
were transferred to liquid0.53MSonenightbefore treatmentswith100nM
flg22 or elf26 for ios1mutants andwith 50 nM flg22or elf18 for theOE lines,
and samples were collected at the indicated time points. Total RNA iso-
lation, cDNA biosynthesis, and real-time PCR analyses were performed as
described (Wu et al., 2010). Normalization of gene expression was con-
ductedwith At4g05320 (UBQ10). For RT-PCR, onemicroliter of cDNAwas
used as template and standard PCR conditions were applied as described
(Singh et al., 2012). At4g05320 (UBQ10) was used as a loading control.
Primers used are in Supplemental Table 2.

MAP Kinase Assay

Twenty 10-d-old plants were incubated in 0.53 MS supplemented with
100 nM (ios1mutants) or 50 nM (OE lines) flg22 or elf18 dissolved inwater
or with water only (control), 0.2 mg/mL chitin, or water (control) for 5 min
before being pooled for harvest. For complementation assays, proto-
plasts from 5-week-old Arabidopsis were transfected with plasmids
(pH35GWG) carrying Pro35S-IOS1-GFP or the vector only by polyethylene
glycol (Sigma-Aldrich), and samples were collected 5min after flg22 or water
treatment. MAP kinase assays were performed as described (Singh et al.,
2012).

ROS Burst

ROS assays were performed as previously described (Huang et al., 2013).
Briefly, six leaf discs (10 mm diameter) from three 5-week-old Arabidopsis
(two discs/plant) were incubated in double-distilled water in 96-well plates
overnight. The followingday, thewaterwas replacedby10nMflg22orelf26
in 10 mM MgSO4 buffer or by 10 mM MgSO4 buffer only for the mock
controls containing2mMluminol (Sigma-Aldrich) and10mg/mLperoxidase
(Sigma-Aldrich). The plateswere analyzed every 2min formutants or every
2.5 min for OE lines after addition of MAMPs for a period of 30 min using
a CentroLIApc LB 692 plate luminometer (Berthold Technologies).

Stomatal Assay

Five-week-oldplantswerekept under light (100mEm–2 s–1) for at least 3h to
open stomata before the beginning of the experiments. For each biolog-
ical replicate, stomatal apertures were evaluated from 12 epidermal peels
from four plants (three epidermal peels/plant) as described (Tsai et al.,
2011).

Subcellular Localization in Protoplasts

For transient expression of theGFP fusion proteins, constructs expressing
35S-IOS1-GFP (plasmid pH35GWG, ABRC stock S1G51800HGF) or
vector alone were transfected into Arabidopsis mesophyll protoplasts
according to He et al. (2007). The GFP-fusion constructs were co-
transfected with the plasma membrane marker pm-rkCD3-1007 (Nelson
et al., 2007). Transfectedprotoplastswere visualized usingaconfocal laser
scanningmicroscope (Zeiss LSM780Confocal; Carl Zeiss) with excitation
at 488 nmand emission at 490 to 515 nm; autofluorescencewas observed
at 650 to 700 nm. The plasma membrane marker was detected with ex-
citation at 594 nm and emission at 595 to 650 nm.
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BIK1 Phosphorylation

Mesophyll protoplastswereobtainedasdescribedbyHeet al. (2007). BIK1
phosphorylationassaysonprotoplasts treatedwith0.75mMflg22 for3.5,7,
and 10 min were performed as described (Singh et al., 2013).

Cloning, Expression, and Purification of Recombinant Proteins

In order to generate a Trx-6xHis N-terminal fusion of the IOS1 kinase
domain, the sequence coding for the IOS1 cytosolic domainwas amplified
from the pH35GWG vector expressing the IOS1-GFP fusion using primers
carrying BamHI and XhoI restriction sites (Supplemental Table 2) and in-
troduced into thepolylinkerof thepET-32a(+) expressionvector (Novagen).
To produce an inactive kinase fusion protein, a pointmutation at the kinase
active site (D710N) was introduced into the expression vector by primer
extension (Supplemental Table 2) using the Phusion polymerase (New
England Biolabs), followed by DpnI (New England Biolabs) digestion
according tomanufacturer’s instructions. The Trx-6xHis-IOS1KD and Trx-
6xHis-IOS1KDm (kinase dead) fusion proteins were expressed in the
Escherichia coli strain Rosetta (DE3) pLysS (Novagen). After overnight in-
duction at 16°C with 0.4 mM IPTG, the bacteria were pelleted by centrifu-
gation, resuspended in 100 mL binding buffer (20 mM sodium phosphate,
0.5MNaCl,20mMimidazole,and0.04%2-mercaptoethanol), andsonicated.
The soluble His-tagged proteins were affinity purified using a HisTrap FF
column (GE Healthcare) according to the manufacturer’s instructions. All
constructs were confirmed by Sanger sequencing and purified Trx-6xHis-
IOS1KD and Trx-6xHis-IOS1KDm were analyzed by LC-MS/MS.

The production of MBP-tagged FLS2 and EFR kinase domain con-
structs was performed as described by Schwessinger et al. (2011). MBP
was expressed from pMAL-c5X (New England Biolabs). MBP and the two
MBP-tagged proteins were expressed as described above, but using the
E.colistrainBL21 (DE3)pLysS (Novagen)andpurifiedusingamylose resins
(MBPTrap HP; GE Healthcare) following the manufacturer’s instructions.
Finally, MBP and the two MBP-tagged proteins were dialyzed against
dialysis buffer (20 mM Tris-HCl and 100 mM NaCl, pH 7.4).

In Vitro Pull-Down Assay

One microgram of MBP, MBP-FLS2KD, or MBP-EFRKD was incubated
with2mgofTrx-6xHis-IOS1KD inabindingbuffer (20mMTris-HCl, 200mM
NaCl, and 1 mM EDTA, pH 7.4) under agitation at 4°C. After 2 h, 50 mL of
amylose resin beads (GE Healthcare) were added, and the incubation
continued for another 2 h. The beads were then washed five times with
washing buffer (20 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA, and 0.6%
Triton X-100, pH7.4). Input andpulled-downproteinswere resolvedby8%
SDS-PAGE and detected by immunoblotting using appropriate antibodies.

BiFC Assay

Full-length coding sequences of FLS2, EFR, BAK1, CERK1, LTI6b, and
IOS1 without stop codon amplified from cDNA of Arabidopsis Col-0 were
inserted into the entry vector pCR8/GW/TOPO and subcloned into YN
(pEarleyGate201-YN) or YC (pEarleyGate202-YC) vectors (Lu et al., 2010c)
through LR reaction (Invitrogen). The constructs were transfected into
Arabidopsis protoplasts by polyethylene glycol (Sigma-Aldrich) for tran-
sient expression (Yoo et al., 2007). Sixteen hours later, transfected cells
were treatedwithorwithout100nMflg22,100nMelf26,or0.2mg/mLchitin
for10minbeforebeing imagedusingaconfocal laserscanningmicroscope
(Zeiss LSM 780 Confocal).

Transient Expression in Arabidopsis Protoplasts

For the coimmunoprecipitation, TOPO plasmid containing full-length
coding sequences of FLS2, EFR, BAK1, CERK1, LTI6b, or IOS1 without
stop codon were recombined into GFP (pEarlyGate103) or HA (modified

pEarleyGate100 with a AvrII-3xHA-SpeI fragment introduced after the
attR2 recombination site) vectors. Amplification of the coding sequences
was performed using the primers described in Supplemental Table 2. All
constructs were confirmed by DNA sequencing. The 35S-FLS2-GFP-His
and 35S-EFR-GFP-His constructswere as described (Schwessinger et al.,
2011).

Protein Extraction and Immunoprecipitation in
Arabidopsis Protoplasts

Protein extraction and immunoprecipitation were performed as described
(Yeh et al., 2015). Briefly, plasmids containing HA3 or GFP tag constructs
were cotransfected into Arabidopsis protoplasts by polyethylene glycol
(Sigma-Aldrich) for transient expression (Yoo et al., 2007). Total proteins
were extracted with 0.5 mL protein extraction buffer (50 mM Tris-HCl, pH
7.5, 150 mM NaCl, 10% glycerol, 10 mM DTT, 10 mM EDTA, 1 mM NaF,
1 mMNa2MoO4$2H2O, 1% [v/v] IGEPAL CA-630 [Sigma-Aldrich], and 1%
[v/v] Roche protease inhibitor cocktail) and incubated with gentle shaking
at 4°C for 1 h. Samples were then centrifuged at 14,000 rpm for 15 min at
4°C. Supernatants (1.5 mL) were adjusted to 2 mg/mL protein and in-
cubated for 2 h at 4°C with 20 mL GFP Trap-A beads (Chromotek). Fol-
lowing incubation, beads were washed four times with TBS containing
0.5% (v/v) IGEPALCA-630. Total proteins (input) or immunoprecipitated
proteins were separated by 10% SDS-PAGE and then transferred to
apolyvinylidene fluoridemembrane (Immobilon-P;Millipore). GFPandHA3

fusion proteins were detected by immunoblotting with anti-GFP and
anti-HA primary antibodies, respectively

Protein Extraction and Immunoprecipitation in Arabidopsis

The protocol for protein extraction was described by Roux et al. (2011).
Arabidopsis seedlings grown in liquid 0.53 MS medium were used for
immunoprecipitation assays. For immunoprecipitation of endogenous
BAK1, supernatants were incubated with 25 mL true-blot anti-rabbit Ig
beads (Ebioscience)and20mLanti-BAK1antibody (Schulzeetal., 2010) for
4 h at 4°C. For immunoprecipitation of IOS1-GFP, supernatants were
incubated with 50 to 200 mL of anti-GFP magnetic beads (Miltenyi Biotec)
for 2 h at 4°C (Kadota et al., 2014, 2016). Following incubation, beadswere
washed three to five times with extraction buffer, before adding SDS
loading buffer (Schwessinger et al., 2011).

SDS-PAGE and Immunoblotting

For immunoblotting, 8 to 10% SDS-PAGE gels were run at 80 to 140 V for
2 h before electroblotting on PVDFmembrane (Millipore) at 100 V for 1 h at
4°C. Membranes were rinsed in TBS and blocked in 5% (w/v) nonfat milk
powder in TBS-Tween 0.1% (v/v) for 2 h. Primary antibodieswere diluted in
TBS-Tween solution to the following ratios: mouse anti-His (Santa Cruz
Biotechnology sc-8036) 1:1000; rabbit anti-MBP 1:4000 (Sigma-Aldrich
SAB2108749); rabbit anti-GFP (Santa Cruz Biotechnology sc-9996)
1:3000; mouse anti-HA (Santa Cruz Biotechnology sc-7392) 1:3000; anti-
BAK1 1:500 and anti-FLS2 1:1000 (Schwessinger et al., 2011), and in-
cubated overnight. Membranes were washed three times in TBS-Tween
before 1-h incubation with secondary antibodies anti-mouse-HRP (Santa
Cruz Biotechnology sc-2005; 1:3000) or anti-rabbit-HRP (Santa Cruz
Biotechnology sc-2004; 1:3000). Signals were visualized using an en-
hanced chemiluminescence system (Immobilon Western; Millipore) and
a LAS-3000 (Fujifilm) scanner following the manufacturer’s instructions.

Mass Spectrometry

Proteins were separated by SDS-PAGE (Nupage precast gel system;
Invitrogen) and after staining with Coomassie Brilliant Blue (SimplyBlue
SafeStain; Invitrogen), the proteins were cut out and were digested by
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trypsin as described previously (Ntoukakis et al., 2009). LC-MS/MS
analysiswas performed using a LTQ-Orbitrapmass spectrometer (Thermo
Scientific) and a nanoflow-HPLC system (nanoAcquity; Waters) as de-
scribed previously (Ntoukakis et al., 2009). The entire TAIR10 (www.
arabidopsis.org) and E. coliO157 databases were searched using Mascot
(with the inclusion of sequences of common contaminants, such as ker-
atins and trypsin). Parameterswere set for 65 ppmpeptidemass tolerance
and allowing for Met oxidation and two missed tryptic cleavages.
Carbamidomethylation of Cys residues was specified as a fixed modifi-
cation, and oxidized Met and phosphorylation of Ser or Thr residues were
allowed as variable modifications. Scaffold (v2_06_01; Proteome Software)
was used to validate MS/MS-based peptide and protein identifications.

In Vitro Kinase Assay

The in vitro kinase assay was performed as described previously (Singh
et al., ý2013). Briefly, 2 mg of purified Trx-6xHis-IOS1KD and Trx-6xHis-
IOS1KDmwas incubated for 30 min at 28°C in 30 mL kinase buffer (50 mM
Tris-Cl, pH7.5, 50mMKCl, 2mMDTT, 10%[v/v] glycerol, 5mMMnCl2, and
5mMMgCl2).Phosphorylationwas initiatedwith theadditionof10mMATP
and terminated by adding 30 mL of 23 SDS page loading buffer. Of these,
30mLwere separatedona8%polyacrylamidegel and thephosphorylation
level of the proteins was detected using the Pro-Q Diamond Phospho-
protein Gel Stain (Invitrogen) according to themanufacturer’s instructions.
The fluorescent signal was imaged using a Typhoon 9400 scanner
(Amersham Biosciences), and the same gel was subsequently stained for
total protein with Coomassie Brilliant Blue.
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Sequence data from this article can be found in the Arabidopsis Genome
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