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Upon recognition of microbes, pattern recognition receptors (PRRs) activate pattern-triggered immunity. FLAGELLIN
SENSING2 (FLS2) and BRASSINOSTEROID INSENSITIVE1-ASSOCIATED KINASE1 (BAK1) form a typical PRR complex that
senses bacteria. Here, we report that the kinase activity of the malectin-like receptor-like kinase STRESS INDUCED FACTOR
2 (SIF2) is critical for Arabidopsis (Arabidopsis thaliana) resistance to bacteria by regulating stomatal immunity. SIF2
physically associates with the FLS2-BAK1 PRR complex and interacts with and phosphorylates the guard cell SLOW ANION
CHANNEL1 (SLAC1), which is necessary for abscisic acid (ABA)-mediated stomatal closure. SIF2 is also required for the
activation of ABA-induced S-type anion currents in Arabidopsis protoplasts, and SIF2 is sufficient to activate SLAC1 anion
channels in Xenopus oocytes. SIF2-mediated activation of SLAC1 depends on specific phosphorylation of Ser 65. This work
reveals that SIF2 functions between the FLS2-BAK1 initial immunity receptor complex and the final actuator SLAC1 in
stomatal immunity.

INTRODUCTION

Plants sense microbial pathogens at different stages of infection
and proliferation in a multilayered system called innate immunity.
Early detection of pathogens is performed by cell surface-
localized pattern-recognition receptors (PRRs) that sense
microbe-associated molecular patterns (MAMPs; Monaghan and
Zipfel, 2012). MAMPs are usually conserved parts of microbial
molecules, such as the lipopolysaccharide (LPS) envelope or
peptidoglycans of Gram-negative bacteria, the eubacterial fla-
gellin and the elongation factor EF, methylated bacterial DNA
fragments, fungal cell-wall-derived chitins, glucans, and proteins
(Girardin et al., 2002; Boller and Felix, 2009).

Following recognition of MAMPs, plants activate a set of
adaptive responses called pattern-triggered immunity (PTI) re-
sponses (Tsuda and Katagiri, 2010; Huang and Zimmerli, 2014).
During PTI, pathogen recognition rapidly triggers calcium influx
into the cytoplasm and nucleus (Gust et al., 2007; Ranf et al.,

2011), the production of reactive oxygen species (ROS) (Gómez-
Gómez et al., 1999), and signaling via mitogen-activated protein
kinases (MAP kinases; Zhang and Klessig, 1998; Nühse et al.,
2000). These early PTI events subsequently activate WRKY
transcription-factor-mediated transcriptional reprogramming as
well as calmodulin binding proteins (Boller and Felix, 2009; Tena
et al., 2011). Concomitant with transcriptional reprogramming,
plants activating the PTI response produce the signaling hor-
mones ethylene, jasmonic acid-isoleucine conjugate, and sali-
cylic acid (SA;DoddsandRathjen, 2010).Depositionof calloseat
the cell wall also occurs a few hours after PTI activation (Gómez-
Gómez et al., 1999).
In Arabidopsis (Arabidopsis thaliana), several PRRs have been

characterized, including FLAGELLIN SENSING2 (FLS2; Gómez-
Gómez and Boller, 2000), which recognizes the bacterial MAMP
flagellin. PRRs work in tightly regulated complexes comprising
several other proteins, notably receptor-like kinases (RLKs),
membrane-bound kinases, and phosphatases (Macho andZipfel,
2014). In PRR complexes, transphosphorylation events are
crucial fordownstreamsignaling (Petutschnigetal., 2010;Schulze
et al., 2010; Schwessinger et al., 2011). In this context, one of
the best-characterized coreceptors is BRASSINOSTEROID
INSENSITIVE1-ASSOCIATED KINASE1 (BAK1; Chinchilla et al.,
2007;Wang et al., 2008; Schulze et al., 2010; Schwessinger et al.,
2011). In addition to acting in PTI, BAK1 also functions in abscisic
acid (ABA)-mediated guard cell regulation (Ha et al., 2016).
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PRR signaling can trigger stomatal closure leading to stomatal
immunity as one aspect of PTI (Melotto et al., 2006; Singh and
Zimmerli, 2013). Notably, the recognition of bacteria through the
binding of MAMPs by PRRs in guard cells induces rapid stomatal
closure (Zeng and He, 2010). One of the key regulators of stomatal
aperture is the hormone ABA, which triggers several intracellular
messengers and signaling cascades, which ultimately acts on ion
channels that cause a change in guard cell osmotic pressure (Pei
et al., 1997; Schroeder et al., 2001; Munemasa et al., 2015). Typ-
ically, theanionchannelSLOWANIONCHANNEL1 (SLAC1)actsas
a key component of osmotic pressure regulation of guard cells
(Vahisalu et al., 2008; Geiger et al., 2009; Lee et al., 2009).
DownstreamofABAperception, the type-2Cproteinphosphatases
ABA INSENSITIVE1 (ABI1) andABI2 are negative regulators of ABA
signaling (Leung et al., 1997; Vlad et al., 2009), while OPEN STO-
MATA 1 (OST1) is a positive regulator of ABA-induced stomatal
closure, acting upstream of ROS production (Mustilli et al., 2002).

RLKs are also directly involved in stomatal regulation. Notably,
GUARD CELL HYDROGEN PEROXIDE-RESISTANT1 (GHR1)
mediates stomatal closure upon drought stress and other signals
through activation of SLAC1 (Hua et al., 2012; Sierla et al., 2018),
and BAK1 is involved in ABA-mediated guard cell signaling as it
interacts with, and phosphorylates, OST1 (Ha et al., 2016). For
bacteria-andMAMP-inducedstomatalclosure inArabidopsis,both
ABA and SA synthesis and signaling pathways are necessary
(Melotto et al., 2006; Zeng et al., 2010). In addition, an ABA-
independent oxylipin pathway controls stomatal immunity
through SLAC1 (Montillet et al., 2013). Importantly, flg22-induced
stomatal closure requires a functional SLAC1 (Guzel Deger et al.,
2015), GHR1 (Hua et al., 2012), and partially OST1, as ost1-2
mutants are insensitive to low concentrations of flg22 but show
wild-typesensitivities tohigherdoses (Montillet etal., 2013).Among

the RLKs involved in stomatal regulation, LecRK-V.5 was identified
asarepressorofstomatal immunity that likelyactsupstreamofROS
production (Desclos-Theveniau et al., 2012), and LecRK-VI.2 was
shown to act as a positive regulator of PTI, including stomatal
immunity (Singh et al., 2012; Singh and Zimmerli, 2013).
In order to identify novel players in Arabidopsis defenses, we

followedareversegeneticapproachwithgenes inducedbyMAMPs
or bacteria (Postel et al., 2010). A T-DNA insertion mutant in the
malectin-like leucine-rich repeat receptor-like kinase gene
At1g51850, known as STRESS INDUCED FACTOR 2 (SIF2; Yuan
et al., 2018), demonstrated increased sensitivity to bacteria and
impaired stomatal closure upon Pseudomonas syringae pv tomato
(Pst) DC3000 inoculation or after flg22 or ABA treatment. All the
mutant phenotypes were rescued when sif2-1was complemented
by a wild-type SIF2 protein, but not by a kinase-dead SIF2 variant.
Biochemical analyses revealed thatSIF2physically associateswith
thePRRsFLS2/BAK1andwith theanionchannelSLAC1ina ligand-
independent manner. SIF2 kinase activity was necessary for the
transphosphorylation of SLAC1 N-terminal domain, suggesting
a functional link between SIF2 and SLAC1. Patch-clamp analysis
using Arabidopsis guard cell protoplasts showed that SIF2 is re-
quired for ABA-mediated S-type anion channel activity. We also
identifiedputativephosphorylationsitesonSLAC1.Together, these
data clarify the role of SIF2 in the molecular signaling pathway
leading to stomatal closure upon bacterial attack.

RESULTS

SIF2 Is Necessary for flg22-Mediated Stomatal Immunity

To identify novel componentsof theArabidopsisPTI response,we
undertook a reverse genetic approach with LRR-RLKs similar to
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the positive regulator of PTI IMPAIRED OOMYCETE SUSCEP-
TIBILITY1 (IOS1; Yeh et al., 2016) and induced by MAMPs or
bacteria (Postel et al., 2010). We identified a mutant line
(SALK_068030) whose T-DNA insertion is in the gene At1g51850
(Supplemental Figure 1A), known as SIF2 (Yuan et al., 2018). Like
IOS1 (Yeh et al., 2016), SIF2 is characterized by an extracellular
malectin-like domain. In addition, SIF2 possesses one trans-
membrane and one RD kinase domain (Supplemental Figure 1B).
In the sif2-1 mutant, the T-DNA is inserted in the second exon at
437 base pairs downstream of the ATG start site (Supplemental
Figure 1A). Furthermore, amplification of a region spanning the
fifth and sixth exondownstreamof the T-DNA insertion site byRT-
qPCR revealed that sif2-1 is a knockout mutant (Supplemental
Figure 1C).

For complementation and overexpression studies, a Cauli-
flowermosaic virus 35S promoter-SIF2 construct was introduced
into homozygotic sif2-1 mutant or Columbia (Col-0) wild type,
respectively. Two lines homozygotic for each transformationwere
named complementation by overexpression 1 and 2 (CO1 and
CO2) andoverexpression 1 and 2 (OE1 andOE2).SIF2 expression
levels in CO1 or CO2 and OE1 or OE2 lines are shown in
Supplemental Figures 1D and 1E, respectively. Furthermore,
analysis of SIF2 transcript levels in CO and OE lines showed that
CO1 and CO2 lines harbored wild-type-like SIF2 expression
levels,whileOE1andOE2 linesdemonstratedaclear upregulation
of SIF2 expression (Supplemental Figure 1F).

To evaluate the potential role of SIF2 in resistance to bacteria,
the sif2-1mutantwas dip-inoculatedwith virulent, hemibiotrophic
bacteria Pst DC3000. The loss-of-function mutant sif2-1 dem-
onstrated stronger bacteria-mediated symptoms at 3 d after in-
oculation (DAI) and increased bacterial titers at 2 DAI when
compared to wild-type controls (Figure 1A). To confirm that dis-
ruption of SIF2 is responsible for the observed susceptibility to
bacteria, disease severity was evaluated in CO1 and CO2 after
dip-inoculation with Pst DC3000. CO1 and CO2 lines demon-
stratedwild-type resistance to bacteria (Figure 1A), indicating that
a functional SIF2 is necessary for resistance to Pst DC3000.
Furthermore, OE1 and OE2 were more resistant to Pst DC3000
infection (Figure 1B).

Next, we used the necrotrophic fungal pathogen Botrytis cin-
erea to investigate whether SIF2 is critical for Arabidopsis re-
sistance to another type of microbial pathogen. For that purpose,
5-week-old Arabidopsis were droplet-inoculated with B. cinerea,
and lesion perimeters were evaluated 3 d later. Lesion sizes were
similar towild type in sif2-1, CO1, andCO2plants, suggesting that
SIF2 does not play a critical role in Arabidopsis resistance to B.
cinerea (Supplemental Figure 2). Taken together, these data
suggest that SIF2 is necessary for full resistance to Pst DC3000
bacteria, but not for resistance to B. cinerea fungi.

Although sif2-1 showed increased susceptibility toPstDC3000
after surface inoculation (Figure 1A), no difference in disease
susceptibility was observed after infiltration inoculation
(Supplemental Figures 3A and 3B). Infiltration inoculation
bypasses thefirst defensebarrier, notably stomatal closure,which
restricts bacteria entry into leaves (Melotto et al., 2006; Zeng and
He, 2010). Typically,PstDC3000bacteria inducestomatal closure
within 1 to 1.5 h postinoculation. However, virulent bacteria such
as Pst DC3000 secrete the chemical effector coronatine, which

induces reopening of stomata (Melotto et al., 2006; Zeng and He,
2010). To test whether SIF2 is critical for stomatal immunity,
epidermal peels of Col-0 wild type, sif2-1, CO1, and CO2 plants
were floated in a solution containing 108 cfu/mL PstDC3000 for 1
and 3 h. As expected (Melotto et al., 2006), rapid stomatal closure
was observed in Col-0 wild type after Pst DC3000 inoculation,
while reopening occurred at 3 h postinoculation (hpi; Figure 1C).
Stomatal closure was not observed in the sif2-1mutant, while the
complementation lines CO1 and CO2 demonstrated wild-type
stomatal closure at 1 hpi (Figure 1C). Lines overexpressing SIF2
showed stomatal closure at 1 hpi and partial constitutive stomatal
closure (SupplementalFigure4A). Importantly, thestomatal length
and width of OE lines were similar to those of wild-type Col-
0 stomata (Supplemental Figure 4B), suggesting that constitutive
stomatal closure in OE lines is not a consequence of smaller
stomatal size. In addition, stomata of sif2-1 demonstrated partial
insensitivity to treatment with the MAMP flg22 (Figure 1D). To
determine SIF2 specificity towardMAMPs, epidermal peels of the
sif2-1mutantwereexposed to50mg/mLof the fungalMAMPchitin
(Lee et al., 1999) or to 100 ng/mL LPSs derived from outer
membranes of Gram-negative bacteria (Desclos-Theveniau et al.,
2012). The sif2-1 mutant demonstrated a wild-type stomatal re-
sponse (Supplemental Figure 5), suggesting that SIF2 is not
critical for chitin- and LPS-induced stomatal closure. Together,
these data suggest that SIF2 is required for stomatal movement
and positively regulates flg22-mediated stomatal immunity.
To evaluate whether SIF2 plays a role in early apoplastic PTI,

MPK3 and MPK6 phosphorylation levels (Nühse et al., 2000) and
ROS production were evaluated. The mutant sif2-1, CO, and OE
lines showedwild-type activation levels ofMPK3/MPK6 andROS
production (Supplemental Figures 6A to 6D). To test whether SIF2
is important for late PTI responses, we analyzed the up-regulation
of PTI-responsive genes FLG22-INDUCED RECEPTOR-LIKE 1
(FRK1) and CYP81F2 cytochrome P450 (Xiao et al., 2007;
Boudsocq et al., 2010) and callose deposition (Gómez-Gómez
et al., 1999). Up-regulation of these two PTI marker genes was
at wild-type levels in the sif2-1 mutant, CO, and OE lines
(Supplemental Figures 7A to 7D). By contrast, callose deposition
was at lower levels in the sif2-1mutant (Supplemental Figure 7E),
and OE lines showed significantly more callose deposition than
wild-type controls (Supplemental Figure 7F). Collectively, these
results indicate that SIF2 does not play a critical role in early
apoplastic PTI but is important for some aspects, notably callose
deposition, during the late apoplastic PTI response.

SIF2 Is Required for ABA-Dependent Guard Cell Responses

We showed that SIF2 is critical for full activation of Arabidopsis
stomatal immunity. Stomatal immunity is known tobeABAandSA
dependent (Melotto et al., 2006). To decipher the role of SIF2 in
stomatal closure, we analyzed stomatal responses of sif2-1 to
ABA and SA treatment. Similar to flg22 treatment (Figure 1D), the
sif2-1mutant largely showed a defective ABA-mediated stomatal
closure, while stomata of wild-type Col-0 and the two comple-
mentation lines CO1 and CO2 were significantly more closed
(Figure 1E). However, the sif2-1 mutant demonstrated wild-type
stomatal closure after SA treatment (Supplemental Figure 8).
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Figure 1. SIF2 Is Necessary for Full Stomatal Immunity.

(A) The sif2-1mutant is hyper-susceptible to PstDC3000. Five-week-old plants were dip-inoculated in 106 cfu/mL PstDC3000 for 15min. Symptoms and
titers were evaluated at respectively 3 and 2 DAI. Values represent average 6 SEM from three independent experiments, each with three plants (n 5 9).
Asterisks indicate significant differences from the Col-0 wild type (WT) determined by a paired two-tailed Student’s t test (P < 0.05).
(B) SIF2 OE lines are more resistant to Pst DC3000. Plants were inoculated, and disease indexes were evaluated as in (A) in Col-0, OE1, and OE2 lines.
Statistical analyses as in (A).
(C)Stomatal closure uponPstDC3000 inoculation. Epidermal peels of 5-week-old plants were floated in a suspension of 108 cfu/mLPstDC3000 in 10mM
MgSO4. Values represent average6SEM from three independent experiments, each consisting of at least 50 stomata from three plants (9 plants, n$ 150).
Asterisks indicate significant differences from the mock as determined by a paired two-tailed Student’s t test (P < 0.001).
(D)Stomatal closureuponflg22 treatment. Epidermalpeelswerefloated in stomatabufferwithflg22at the indicatedconcentration.Stomatal openingswere
evaluatedafter 1 h. Values represent average6SEM from three independent experiments, eachconsistingof at least 50stomata from threeplants (9plants,
n $ 150). Letters represent significant difference (P < 0.01) when analyzed by one-way ANOVA with post-hoc Tukey HSD.
(E) Stomatal closure upon ABA treatment. Epidermal peels of 5-week-old plants were floated in stomatal buffer supplemented with ABA at the indicated
concentrations. Stomatal openings were evaluated after 1 hour. Statistical analyses as in (C).
(F) ROS accumulation in guard cells. Epidermal peels were stained with 50 mM H2DCFDA. ABA was then added to a final concentration of 1 mM, and
H2DCFDA fluorescencewas imaged at the indicated timepoints. Values represent average6SEM from three independent experiments, eachconsistingof
at least 50 stomata of three plants (9 plants, n$ 150). Asterisks indicate significant differences from respective Col wild type determined with a Student’s
t test (P < 0.001).
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To further evaluate the role of SIF2 in the ABA-dependent
signaling in guard cells, epidermal peels of sif2-1 and Col-
0 wild type were exposed to ABA, and ROS accumulation in
guard cells was observed with the fluorescent dye 29,79-di-
chlorodihydrofluorescein diacetate (H2DCFDA; Lee et al., 1999;
Pei et al., 2000). In a time course study, accumulation of ROS after
ABA treatment was significantly reduced in the sif2-1 mutant
(Figure 1F). However, direct application of ROS closed sif2-1
stomata at a wild-type level (Supplemental Figure 9). Taken to-
gether, these data suggest that SIF2 is necessary for ABA-
mediated stomatal closure, but not for closure of stomata in re-
sponse to SA treatment.

The SIF2 Inactive Kinase Fails to Complement the sif2-1
Loss-of-Function Mutant

As a member of the Arabidopsis LRR-RLKs, SIF2 possesses
a putative cytoplasmic kinase domain (Hok et al., 2011), which
shows ahigh degree of similarity to its homolog IOS1and toBAK1
(Figure 2A).Notably, all the key residues known tobe important for
kinase activity are conserved in SIF2 (Figure 2A; Hanks and
Hunter, 1995; Johnsonet al., 1996). TheFLS2kinasedomain is the
mostdivergentof the four, and incontrast to theothers isanon-RD
kinase (Figure 2A; Johnson et al., 1996; Dardick and Ronald,
2006). SIF2 exhibited auto-phosphorylation activity when ex-
pressed in Escherichia coli (Figure 2B). By contrast, an inactive
SIF2 kinase version produced by mutating the Asp residue of the
arginine-aspartate (RD) motif, which is known to be critical for
kinaseactivity (Johnsonetal., 1996), intoanAsn (D683N;Knighton
et al., 1991; Schwessinger et al., 2011; Yeh et al., 2016) did not
demonstrate autophosphorylation activity (Figure 2B). Similar to
BAK1, a mobility shift on SDS-PAGE was observed between the
active and inactive kinase (Figure 2B; Schwessinger et al., 2011).
Theseobservations suggest that theSIF2 kinasedomain is active.

In order to investigate whether the SIF2 kinase activity is re-
quired for its function in planta, two sif2-1 complementation lines
named KD1 and KD2 for Kinase inactive/Dead form were gen-
erated by overexpression of the dead kinase SIF2 (D683N).
Transgene expression was analyzed by reverse transcription
quantitative PCR (RT-qPCR; Supplemental Figure 1F). KD1 and
KD2 could not complement the increased Pst DC3000 suscep-
tibility phenotypeof sif2-1, but theCO1did (Figure2C). In addition,
stomatal closure in KD1 and KD2 lines was not observed at 1 hpi
with Pst DC3000 bacteria, while stomatal closure in the CO1 line
was at wild type levels (Figure 2D). Similar to the sif2-1 mutant,
stomata of KD1 andKD2 lines did not close in response to flg22 or
ABA treatments (Figures 2E and 2F). Together, these results in-
dicate that the Asp residue of the RD motif (D683) of SIF2 is re-
quired for full resistance to bacteria and stomatal immunity
activation. These observations also suggest that SIF2 kinase
activity is essential for its function in defense.

SIF2 Is a Plasma Membrane-Localized Protein

SIF2 possesses a transmembrane domain (Supplemental Fig-
ure1B) and is thuspredicted tobeplasmamembrane localized. To
analyze the subcellular localization of SIF2, we evaluated the GFP

signal from the SIF2 overexpression line OE2 before and after
plasmolysis, which revealed plasma membrane localization, no-
tably in guard cells (Figure 3A). Transient expression of a PIP2-
mCherry fusion protein that is known to bemembrane localized (Li
et al., 2011) driven by the Cauliflower mosaic virus 35S promoter
in OE2 mesophyll protoplasts revealed colocalization of PIP2-
mCherry and SIF2-GFP on the plasma membrane (Figure 3B).
These observations suggest that like the PRRs FLS2, BAK1
(Robatzek et al., 2006; Häweker et al., 2010), and IOS1 (Yeh et al.,
2016), SIF2 is localized at the plasma membrane.
We then investigated the localization of endogenous SIF2 ex-

pression with a GUS reporter, driven by the SIF2 promoter. We
found distinct staining in guard cells, and this staining was further
induced upon flg22 and Pst DC3000 elicitation (Figure 3C). This
pattern suggests a specific role for SIF2 in the stomata. However,
we do not rule out the possibility that basal expression of SIF2 in
mesophyll cells (Winter et al., 2007) plays addition functions in
other tissues, for example in mediating callose deposition.

SIF2 Forms a Protein Complex with FLS2 and BAK1

Since SIF2 modulates some aspects of the flg22-mediated PTI
response and, like FLS2 and BAK1 (Robatzek et al., 2006; Hä-
weker et al., 2010), is localized at the plasma membrane, we next
asked whether SIF2 associates with FLS2 and BAK1. Toward this
goal, we performed coimmunoprecipitation (CoIP) experiments
using transgenic lines overexpressing SIF2-GFP. SIF2-GFP was
immunoprecipitated with anti-GFPmagnetic beads and analyzed
for the presence of endogenous BAK1 and FLS2 using anti-BAK1
and anti-FLS2 immunoblotting. As a negative control, anti-GFP
magnetic beads were incubated with protein extracts of un-
transformed Col-0 and transgenic plants expressing the low
temperature and salt-responsive protein 6B (LTI6B/RCI2B) fused
toGFP,which isknown to localize at theplasmamembrane (Cutler
et al., 2000) and is usually used for suchstudies (Cutler et al., 2000;
Kadota et al., 2014). Signals for FLS2 and BAK1 upon LTI6B-GFP
immunoprecipitation were largely weaker than those observed
upon SIF2-GFP immunoprecipitation (Figure 4A). In addition, no
signals for FLS2 and BAK1 were detected for untransformed Col-
0 (Figure 4A), suggesting that FLS2 and BAK1 do not non-
specifically bind to anti-GFPmagnetic beads, nor do they interact
with GFP itself at the plasma membrane. By contrast, we could
detect aclear associationofSIF2-GFPwithnativeFLS2andBAK1
(Figure 4A). Treatment with flg22 did not affect significantly or
reproducibly the associations of SIF2-GFP with FLS2 and BAK1
(Figure 4A). Interactions between SIF2 and FLS2, and BAK1 in-
dependently of flg22 treatment were also observed after CoIP
experiments performed with a strong ultra-centrifugation step
(Supplemental Figure 10; Rutter et al., 2017).
The bimolecular fluorescence complementation (BiFC) tech-

nique with Arabidopsis protoplasts was used to double confirm
the interactions (Walter et al., 2004; Lee and Gelvin, 2014). To
evaluate whether our experimental conditions were appropriate,
we first analyzed the interaction between BAK1 and FLS2 that is
known to occur only after flg22 elicitation (Chinchilla et al., 2007;
Heese et al., 2007). As expected, YFP fluorescence was only
detected inflg22-treatedprotoplasts (Figure4B).Bycontrast,YFP
fluorescence was observed before and after treatment with flg22
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Figure 2. SIF2 Kinase Activity Is Essential for SIF2 Function.

(A) SIF2 harbors the typical LRR-RLK conserved domain (I to IX) and RD kinase domain (D683 asterisk).
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when FLS2-YFPN was cotransfected with SIF2-YFPC (Figure 4B),
suggesting that SIF2 interacts with FLS2 independently of flg22
elicitation. SIF2 association specificity was evaluated by testing
SIF2 interaction with the membrane-localized LTI6B. No YFP
signal was detected when LTI6B-YFPN was cotransfected with
SIF2-YFPC (Figure4B), suggesting thatSIF2doesnot interactwith
LTI6B. Importantly, LTI6B dimerization was observed indicating
that the LTI6B constructs used were functional (Figure 4B). This
observation illustrates the specificity of theSIF2-FLS2 interaction.
Inaddition, aquantificationof thefluorescence intensitiesof the50
brightest protoplasts in each condition leads to the same con-
clusions (Figure 4C). Together, these data suggest that SIF2 in-
teracts with the PRR FLS2 in a ligand-independent manner.

We also asked whether SIF2 interacts with BAK1, the cor-
eceptor of FLS2 (Chinchilla et al., 2007; Heese et al., 2007; Sun
etal., 2013). Toward thisgoal,BAK1-YFPNwascotransfectedwith
SIF2-YFPC, and a positive signal was observed independently of
flg22 elicitation (Figures 4B and 4C), suggesting that SIF2 also
interacts with BAK1 in a ligand-independent manner. Taken to-
gether, in planta CoIP and protoplast BiFC analyses suggest
association of SIF2 with FLS2 and BAK1 independently of flg22
treatment.

SIF2 Interacts with the Guard Cell Anion Channel SLAC1

The guard cell anion channel SLAC1 regulates both ABA- and
flagellin-induced stomatal closure (Lee et al., 1999; Geiger et al.,
2009; Vahisalu et al., 2010; Guzel Deger et al., 2015) and SIF2 is
necessary for flg22- andABA-mediated stomatal closure (Figures
1D and 1E). We thus asked whether SIF2 associates with SLAC1
using the CoIP approach in Arabidopsis protoplasts by transient
coexpression of SIF2-HA3andSLAC1-GFP. AconstructwithGFP
only was used as a negative control. After immunoprecipitation
with GFP-Trap beads, we probed for SIF2-HA3 by anti-HA im-
munoblotting and observed no signals with the GFP-only con-
struct (Figure 5A). By contrast, positive association was detected
for the combination of SIF2 and SLAC1 (Figure 5A). Using similar
CoIP with a strong ultra-centrifugation step also revealed asso-
ciation between SIF2 and SLAC1 (Supplemental Figure 11). As
observed for the LRR-RLK GHR1, a regulator of ABA-mediated
stomatal closure (Hua et al., 2012), our CoIP data suggest as-
sociation of SIF2 with the guard cell anion channel SLAC1.

The interaction betweenSIF2 andSLAC1was further evaluated
byBiFC analysis. Toward this goal, SIF2-YFPNwas cotransfected

with SLAC1-YFPC in Arabidopsis protoplasts. An increase in the
fluorescent signal was observed independently of flg22 treatment
(Figure 5B and 5C), suggesting interaction between SIF2 and
SLAC1. LTI6B-YFPN was used as a negative control to confirm
that SLAC1-YFPC specifically interacts with SIF2 when analyzed
by BiFC (Figures 5B and 5C). Like SIF2, the malectin-like IOS1
interacts with FLS2 and BAK1 (Yeh et al., 2016). We thus asked
whether IOS1 also plays a role in stomatal immunity through in-
teraction with SLAC1. IOS1 did not show constitutive interaction
with SLAC1 when analyzed by CoIP and BiFC (Supplemental
Figures 11 and 12). This observation is not surprising, as IOS1 has
only a marginal role in stomatal immunity (Yeh et al., 2016).

SIF2 Phosphorylates the SLAC1 N-Terminal Domain In Vitro

To testwhetherSIF2candirectly regulate the activationofSLAC1,
a transphosphorylation assay was performed between purified
SIF2 and SLAC1 fragments. The cytoplasmic kinase domain of
SIF2 (SIF2-CD), SLAC1 N-terminal coding region from amino
acids 1 to 186 (SLAC1-N), and SLAC1 C-terminal domain from
amino acids 501 to 556 (SLAC1-C) were expressed and purified in
E. coli. As a negative control, the kinase-inactive form with the
N683D mutation (SIF2-KD) was used. Kinase activity was de-
termined by the incorporation of radiolabeled phosphate from
[g-32P] ATP into the test peptide. A strong phosphorylation of
SLAC1-N and a very mild phosphorylation of SLAC1-C by SIF2-
CDwereobserved (Figure6).ThenegativecontrolSIF2-KDdidnot
phosphorylate SLAC1 (Figure 6). These data suggest that SIF2
can phosphorylate the N-terminal domain of SLAC1.

SIF2 Is Required for the Activation of ABA-Induced S-Type
Anion Channel Activity

Phosphorylation induces activation of SLAC1 anion channels,
mediating anion efflux, membrane depolarization, and stomatal
closure (Vahisalu et al., 2008; Geiger et al., 2009). We applied
steady-state whole-cell patch clamp to investigate the effect of
SIF2 disruption on ABA activation of S-type anion channels in
guard cell protoplast. ABA treatment induces S-type anion cur-
rents in wild-type guard cell protoplast (Figure 7). By contrast, the
current induced by ABA in the sif2-1 mutant is indistinguishable
from mock treatment (ethanol), indicating that SIF2 acts as an
upstream activator of anion channels such as SLAC1.

Figure 2. (continued).

(B) D683N substitution abolished SIF2 autophosphorylation activity. SIF2 cytoplasmic kinase domain (SIF2-CD) and a kinase dead version with D683N
substitution (SIF2-KD) were expressed inE. coli.Phosphorylationwas revealed by SDS-PAGE anda-pThr immunoblotting. Coomassie Brilliant Blue (CBB)
is used as loading control. This experiment was repeated twice with similar results.
(C)Overexpression of SIF2 dead kinase does not complement the hypersusceptibility phenotype of sif2-1. The Col-0 wild type (WT), sif2-1, CO1, and two
lines overexpressing the SIF2 kinase dead in sif2-1 (KD1 and KD2) were dip-inoculated with 106 cfu/mL Pst DC3000 for 15 min, and bacterial titers were
evaluated at 2DAI. Values represent average6SEM from three independent experiments, eachwith three plants and three leaves fromeachplant (9 plants,
n $ 9). Asterisks indicate significant differences from the Col-0 wild type determined by a paired two-tailed t test (P < 0.05).
(D) to (F) The SIF2 dead kinase cannot complement sif2-1defective stomatal closure. Epidermal peels were floated in a suspension of 108 cfu/mL Pst
DC3000 in 10mMMgSO4 (D) or treated with flg22 (E) or ABA (F) at the indicated concentrations. Stomatal openings were evaluated after 1 h in plant lines
described in (C). Values represent average6SEM from three independent experiments, each consisting of at least 70 stomata frompeels of three plants (9
plants, n $ 210). Asterisks indicate significant differences from respective Col-0 wild type determined by a paired two-tailed t test (P < 0.001).
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Figure 3. SIF2 Localization.

(A)SIF2 is localized at the plasmamembrane. 10-d-old seedlings of the SIF2 overexpression lineOE2were used for imaging. Plasmolysis (Suc) is shown to
visualize the plasmamembrane localization. Similar observationsweremade in three randomviews and in another independent repeat. Scale bar5 20mm.
(B) SIF2-GFP colocalized with PIP2-mCherry on the plasma membrane of mesophyll cell protoplast. OE2 protoplast was transfected with 35S:PIP2-
mCherry.TheGFPfluorescence (green), chlorophyll autofluorescence (red),mCherryfluorescence (blue), bright-field,andcombined imageswerevisualized
under a confocal microscope after 16 h. Representative images of protoplasts from three random views and three independent experiments are shown.
Scale bar 5 10 mm.
(C)SIF2 is expressed inguardcells.ProSIF2:GUS activity is visible in guard cells andGUSactivity is increased after inoculationwith 108 cfu/mLPstDC3000
or treatmentwith 1mM flg22. Pictureswere taken 1 h after flg22 and at 1 hpiwithPstDC3000. The experimentwas repeated twicewith similar observations.
Scale bar 5 50 mm.
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Figure 4. SIF2 Associates with Unstimulated and Stimulated FLS2 and BAK1.

(A) In planta ligand-independent association of SIF2with FLS2 andBAK1. Transgenic Arabidopsis seedlings overexpressing SIF2-GFP (OE2) were treated
(1) or not (2) with 100 nM flg22 for 10min. For the CoIP, SIF2-GFPwas immunoprecipitated with anti-GFPmagnetic beads. Endogenous FLS2 and BAK1
were detected by a-BAK1 anda-FLS2 immunoblotting. As a negative control, plants overexpressing LTI6B-GFPwere used. The experiment was repeated
three times with similar observations.
(B)BiFCanalysis ofSIF2 interactionwithFLS2andBAK1.Arabidopsis protoplastswerecotransfectedwithFLS2-YFPC1BAK1-YFPN,SIF2-YFPC1FLS2-
YFPN, SIF2-YFPC1BAK1-YFPN, LTI6B-YFPC1LTI6B-YFPN, or SIF2-YFPC1LTI6B-YFPN, and treatedwith (1) orwithout (2) 100nM flg22 for 10min. The
YFP fluorescence (yellow), chlorophyll autofluorescence (red), bright-field, and combined images were visualized under an LSM 780 confocal mi-
croscope (Zeiss) after 16 h. Representative images of protoplasts from three random views and three independent experiments are shown. Scale bar 5
10 mm.
(C) Fluorescence intensities of BiFC protoplasts. YFP fluorescence intensities of the brightest protoplasts are shown. Conditions were as described in (B).
Double-blind image analysis was performedwith LSMsoftware ZEN (Black edition). Values represent average6SEM from three independent experiments
(n 5 50). Letters represent significant differences (P < 0.05) when analyzed by one-way ANOVA with post-hoc Tukey HSD.
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SIF2-Mediated Stomatal Closure Depends on SLAC1 but
Not OST1

Since SIF2 associates with the anion channel SLAC1 (Figure 5),
transphosphorylates SLAC1 (Figure 6), and is required for anion
channel activity (Figure 7), we tested whether SIF2-mediated
stomatal closure depends on SLAC1 and the other well-known
player in stomatal closure, OST1 (Geiger et al., 2009; Vahisalu
et al., 2010; Brandt et al., 2012). Since overexpression of SIF2

leads to constitutive stomatal closure (Supplemental Figure 4A),
plants overexpressing SIF2 in slac1-4 and ost1-2 mutant back-
grounds were analyzed for a possible constitutive stomatal clo-
sure phenotype. OE2 was used as a positive control. BASTA-
resistant T1 individuals with decreasing SIF2 expression levels
(Supplemental Figure 13A and 13B) were used for this assay. As
expected, stomata in OE2were constitutively closed, while slac1-
4 and ost1-2 stomata were open at a wild-type level (Figures 8A
and8B).OverexpressionofSIF2 inslac1-4didnot inducestomatal
closure in all the three transgenic lines tested (Figure 8A), in-
dicating that SLAC1 is required for SIF2-mediated stomatal clo-
sure. On the other hand, lines overexpressing SIF2 in ost1-2
showedconstitutivestomatalclosure (Figure8B).Bycontrast,OE/
ost1-k, a transgenic linewith lowSIF2 expression levels, harbored
a wild-type stomata phenotype (Figure 8B). These data suggest
that SIF2-mediated stomatal closure depends on SLAC1, but not
on OST1.

SIF2 Phosphorylates Specific SLAC1 Ser Residues

Based on in vivo interaction (Figure 5), in vivo function (Figure 7),
and in vitro phosphorylation (Figure 6) analyses, the identification
of specific phosphorylation sites of SLAC1 by SIF2 using in vitro
phosphoproteomics coupled with electrophysiology was per-
formed.Trypsin-digestedSLAC1-N,phosphorylatedbySIF2,was
analyzed by high-pressure liquid chromatography coupled to
tandem mass spectroscopy (LC-MS/MS) using nanospray ioni-
zation. Potential SIF2-mediated phosphorylation sites of SLAC1
were identified (Figure 9A).
Ser to Ala mutants were designed for all the potential phos-

phorylation sites, and these mutant constructs were tested for
SIF2-mediated SLAC1 activation using oocyte patch clamp. SIF2

Figure 5. SIF2 Interacts with the Anion Channel SLAC1.

(A)CoIP analysis of SIF2 association with SLAC1 in Arabidopsis protoplasts. SIF2-HA3 construct was cotransfected to protoplasts together with SLAC1-
GFP (lane 1) or GFP only (lane 2). Total proteins were subjected to immunoprecipitation with anti-GFP magnetic beads. The presence of SIF2-HA3 was
detected by a-HA immunoblotting. The experiment was repeated three times with similar observations.
(B) BiFC analysis of SIF2 interaction with SLAC1. Arabidopsis protoplasts were cotransfected with SIF2-YFPN1 SLAC1-YFPC or LTI6B-YFPN1 SLAC1-
YFPC, and treated with (1) or without (2) 100 nM flg22 for 10 min. The YFP fluorescence (yellow), chlorophyll autofluorescence (red), bright-field, and
combined images were visualized under a confocal microscope after 16 h. Representative images of protoplasts from three random views and three
independent experiments are shown. Scale bar 5 10 mm.
(C) Fluorescence intensities of BiFC protoplasts. YFP fluorescence intensities of the brightest protoplasts are shown. Conditions were as described in (B).
Double-blind image analysis was performedwith LSMsoftware ZEN (Black edition). Values represent average6SEM from three independent experiments
(n 5 50). Letters represent significant differences (P < 0.05) when analyzed by one-way ANOVA with post-hoc Tukey HSD.

Figure 6. SIF2 Phosphorylates the SLAC1 N-Terminal Peptide In Vitro.

The cytoplasmic domain of SIF2 (SIF2-CD) was expressed and purified in
E. coli. As a negative control, the dead kinase versionwithN683Dmutation
(SIF2-KD) is shown. The test peptide SLAC1-N (amino acid 1 to 186) and
SLAC-C (amino acid 501 to 556) were produced similarly. Coomassie
Brilliant Blue (CBB) stainingwas used as a loading control. The experiment
was repeated twice with similar observations.
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with thewild-type SLAC1or SLAC1mutantswere coexpressed in
oocytes, and macroscopic anion currents were measured
(Figure 9B; Supplemental Figure 14). OST1 with SLAC1 wild type
was used as a positive control, and SLAC1 wild type without
kinase was used as a negative control (Figure 9B; Supplemental
Figure14).Asexpected (Geiger etal., 2009;Brandtetal., 2012),we
observed significant current induction in OST1/SLAC1 wild type
(Figure 9B; Supplemental Figure 14). Similarly, significant current
induction in SIF2/SLAC1wild typewhen compared to SLAC1wild
type alone was observed (Figure 9B; Supplemental Figure 14),
suggesting that SIF2 can activate SLAC1. When SIF2 was
coexpressed with SLAC1 mutants, significant current reduction
was observed in SIF2/SLAC1 S65A when compared to SIF2/
SLAC1 wild type (Figure 9B; Supplemental Figure 14), indicating
that S65 is important for SIF2 to activate SLAC1. To date, the only
characterized residues important forSLAC1activity areSer59and
Ser120, required by CPK6 (Brandt et al., 2012) and OST1 (Geiger
et al., 2009; Vahisalu et al., 2010), respectively. This work thus
identified an additional Ser residue crucial for SLAC1 activation.

To confirm the physiological significance of SLAC1 phos-
phorylation sites, we first generated 6xHis-SLAC1-N-6A (all six
sites toA)and testedSIF2-mediated transphosphorylation invitro.
As expected, SIF2 transphosphorylated 6xHis-SLAC1-N, but
phosphorylation of 6xHis-SLAC1-N-6A was strongly reduced
(Figure 9C). Next, we asked whether the phosphomimicking
SLAC1 gives a constitutive stomatal closure phenotype. Toward

this goal, the slac1-4 mutant was transformed with SLAC1-6D-
GFP (all six sites to D) constructs and T1 individuals harboring
GFP-positive transgene expression (Figure 9D), were evaluated
for their stomatal immunity response to flg22 (Figure 9E). As ex-
pected, wild-type stomatal closure was observed in Col-0 plants,
andslac1-4mutantswere irresponsive to100nMflg22 (Figure9E).
In addition, the wild-type SLAC1 transgene successfully com-
plemented the stomatal closure defect of slac1-4 in response to
flg22 treatment (Figure 9E). By contrast, stomata of SLAC1-6D/
slac1-4 transgenics were already closed before treatment with
flg22 (Figure 9E), suggesting a constitutive stomatal closure in
these transgenic lines. Consistent with this, patch-clamp ex-
periments using oocytes with the SLAC1-6D construct showed
constitutive activation of SLAC1 without the addition of an active
kinase (Figure 9F). These data suggest that the SLAC1 Ser/Thr

Figure 8. SIF2-Mediated Stomatal Closure Depends on SLAC1 but Not
OST1.

(A) SIF2-mediated stomatal closure is abolished in the slac1 mutant
background.Epidermalpeelsof5-week-oldplantswerefloated instomatal
buffer, and stomatal openings were evaluated after 2.5 h. OE/slac1-b, OE/
slac1-e, and OE/slac1-l are BASTA-resistant T1 plants overexpressing
SIF2 in the slac1-4mutant background. Values represent average6 SEM
from three independent experiments, each consisting of at least 50 sto-
mata from peels of three leaves (9 leaves, n $ 150). Letters represent
significant differences (P < 0.05) when analyzed by one-way ANOVA with
post-hoc Tukey HSD.
(B) SIF2-mediated stomatal closure is retained in the ost1 mutant back-
ground. OE/ost1-c, OE/ost1-g, and OE/ost1-k are BASTA resistant T1
plants overexpressing SIF2 in ost1-2 mutant background. Landsberg
erecta (Ler) is the wild-type background of ost1-2. Stomatal assays and
statistical analyses were performed as in (A).

Figure 7. SIF2 Is Required for ABA-Mediated Activation of S-type Anion
Channels.

Patch-clamp whole-cell recording of S-type anion channel currents in
Arabidopsis guard cell protoplast of Col-0 wild type and sif2-1 were
performed with or without 50 mM ABA in the bath solution. Equivalent
volumes of ethanol were used asmock controls. Values represent average
6 SD (n 5 3).
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Figure 9. SIF2 Activates SLAC1 through Specific Phosphorylation Sites.

(A) Identification of putative SLAC1 phosphorylation sites by LC/MS-MS.
(B) Amutation in S65 decreases SIF2-mediated current intensity. Elicited currents were measured by two-electrode voltage-clamp (TEVC) using Xenopus
oocytes injected with indicated SLAC1 variants and kinases. Values represent means6 SEM. The total n numbers are merged data from six independent
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sites identified by LC-MS/MS are critical for SIF2-mediated
phosphorylation, stomatal closure, and activation of SLAC1.

DISCUSSION

A reverse genetic approach with LRR-RLKs that are MAMPs or
bacteria responsive (Postel et al., 2010) allowed us to identify the
ML-RLK SIF2 as an important player in the Arabidopsis defense
response against bacteria and notably in stomatal immunity
(Figure 1). Importantly, this work suggests a model where SIF2 is
required for ABA- and flg22-mediated stomatal closure through
interaction with and phosphorylation of the guard cell anion
channel SLAC1 (Figure 10). Supporting its role in stomata, his-
tochemical GUS analyses revealed that the SIF2 promoter was
active in guard cells (Figure 3C). Since sif2-1 showed defective
stomatal immunity and stomata of SIF2 OE lines were hyper-
responsive to bacteria and flg22, we concluded that SIF2 acts as
a positive regulator of stomatal immunity. Known regulators of the
stomatal immunity response include members of the lectin re-
ceptor kinase family (Desclos-Theveniau et al., 2012; Singh et al.,
2012; Arnaud and Hwang, 2015) and IOS1, another ML-RLK in-
volved in PTI (Yeh et al., 2016); bacterial effectors and targets,
such as HopM1 (Lozano-Durán et al., 2014) and RIN4 (Lee et al.,
2015); regulators of endocytosis such as CHC2 (Mbengue et al.,
2016) andESCRT-I (Spallek et al., 2013); aswell asSUSCEPTIBLE
TO CORONATINE-DEFICIENT PST DC3000 (Zeng et al., 2011).
This increasing number of stomatal immunity players, including
SIF2, illustrates the critical role of stomata in the Arabidopsis
defense responseagainst bacteria.SIF2wasshown toact inABA-
, but not in SA-dependent signaling (Figure 1E; Supplemental
Figure 8). Although an ABA-independent oxylipin pathway reg-
ulates stomatal immunity (Montillet et al., 2013), ABA nonetheless
plays a central role in MAMP-induced stomatal closure (Melotto
et al., 2006; Desclos-Theveniau et al., 2012; Lim et al., 2015; Lim
and Lee, 2015). In contrast to the overexpression of the ML-RLK
IOS1, which did not affect mock-treated stomatal closure (Yeh
et al., 2016), overexpressionof SIF2 inducedconstitutive stomatal
closure. Plants overexpressing LecRK-VI.2 (Singh et al., 2012) or
BAK1 (Domínguez-Ferreras et al., 2015) show constitutive acti-
vation of defense mechanisms. Similarly, the higher-than-normal

SIF2 protein concentrations in OE lines may overcome negative
regulatory players such as LecRK-V.5 (Desclos-Theveniau et al.,
2012), inducing a constant stimulus leading to constitutive sto-
matal closure. Although we did not uncover a role for SIF2 inmost
apoplasticPTI responses (Supplemental Figures6and7), a recent
study showed that At1g51850 might be involved in early and late
apoplastic PTI (Yuan et al., 2018). The STRESS INDUCED FAC-
TOR (SIF) gene familyencodes four leucine-rich repeatRLKs,SIF1
to SIF4, which are differentially regulated under abiotic and biotic
stresses (Yuan et al., 2018). In accordance with these recent re-
sults, flg22-mediated callose deposition was defective in the
sif2-1 mutant, and SIF2 OE lines showed high callose levels
(Supplemental Figures 7E and 7F). Thus, the basal level of SIF2
expression inmesophyll cells (Winter et al., 2007;Yuanetal., 2018)
and hence its contribution to Arabidopsis bacterial resistance
through apoplastic mechanisms cannot be excluded.
Since SIF2 is involved in stomatal immunity and specifically in

flg22-mediated stomatal closure, we further investigated the role
of SIF2 in PTI by testing whether SIF2 is part of the FLS2-BAK1
PRR complex that recognizes the MAMP flg22 (Sun et al., 2013).
Toward this goal, associations of SIF2 with FLS2 and the regu-
latory LRR-RLKBAK1were evaluated byCoIP andBiFC analyses
(Figure 4; Supplemental Figure 10). In planta CoIP experiments
performed with Arabidopsis transgenic lines overexpressing
SIF2-GFP showed that SIF2 constitutively associated with FLS2
and BAK1 and that elicitation with flg22 did not affect the asso-
ciation further (Figure 4A). BiFC analyses further suggested a li-
gand-independent direct interaction of SIF2 with FLS2 and BAK1
(Figures 4B and 4C), supporting the idea that SIF2 is part of the
FLS2-BAK1 PRR complex. A growing number of Arabidopsis
proteins are suggested to belong to PRR complexes in-
dependently of elicitation. For example, heterotrimeric G proteins
(Lianget al., 2016), thecytoplasmic kinasesBOTRYTIS-INDUCED
KINASE 1 (BIK1)/PBS1-like and BRASSINOSTEROID-SIGNAL-
INGKINASE 1 (Lu et al., 2010; Zhang et al., 2010; Shi et al., 2013),
PTI-COMPROMISED RECEPTOR-LIKE CYTOPLASMIC KINASE
1 (PCRK1) and PCRK2 (Kong et al., 2016), and the DENN domain
protein STOMATAL CYTOKINESIS DEFECTIVE 1 (Korasick et al.,
2010) directly interact with FLS2 to regulate PTI. The positive
regulator of PTI, LecRK-VI.2 (Singh et al., 2012), also associates

Figure 9. (continued).

experiments. The asterisk indicates a significant difference (P < 0.05) when compared to the SLAC1 wild-type-injected oocytes. The number sign (#)
indicates a significant difference (P < 0.05) to the oocytes coinjected with SLAC1 wild type and SIF2. Statistical analyses were performed by a paired two-
tailed Student’s t test.
(C)SIF2cannot fullyphosphorylate aSLAC1N-terminal peptidemutated in thesixputativephosphorylationsitesdescribed in (A). The recombinant proteins
6xHis-SIF2-CD, 6xHis-SLAC1-N-WT, and6xHis-SLAC1-N-6Awereused toperforman in vitro phosphorylation assay asdescribed in Figure 6.Coomassie
Brilliant Blue (CBB) staining was used as a loading control. The experiment was repeated twice with similar results.
(D) SLAC1-GFP transgene expression. Total proteins of Col-0 wild type, slac1-4, SLAC1-GFP/slac1-4, SLAC1-6D/slac1-4#1, and SLAC1-6D/slac1-4#11
were subjected to SDS-PAGE and analyzed by anti-GFP immunoblotting. CBB staining was used as a loading control.
(E) Stomata of slac1-4 transformed with SLAC1 constructs mutated to D in the six putative phosphorylation sites from (A) are constitutively closed.
Epidermal peels were floated in stomatal buffer (mock) or treated with flg22, and stomatal openings were evaluated after 1 h. SLAC1/slac1-4, SLAC1-6D/
slac1-4#1, andSLAC1-6D/slac1-4#11areBASTA resistantT1plants.Values representaverage6SEMfromtwo independentexperiments, eachconsisting
of at least 30stomata frompeelsof three leaves (6 leaves,n$60). Letters represent significant differences (P<0.05)whenanalyzedbyone-wayANOVAwith
post-hoc Tukey HSD.
(F) Constitutive high currents by SLAC1-6D mutation. Elicited currents were measured by two-electrode voltage-clamp using Xenopus oocytes as in (B).
Values represent means6 SEM. The total n numbers are merged data from three independent experiments. The asterisk indicates a significant difference
(P < 0.05) when compared with the SLAC1 wild type-injected oocytes. Statistical analyses were performed by a paired two-tailed Student’s t test.
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with FLS2 in a ligand-independent manner (Huang et al., 2014),
and the SIF2 homolog IOS1 belongs to the FLS2 PRR complex,
too (Yeh et al., 2016). This study thus uncovered a component of
the FLS2 PRR complex.

Like the RLK GHR1 (Hua et al., 2012), SIF2 regulates guard cell
movement. Importantly, GHR1 interacts with SLAC1 (Hua et al.,
2012), a key S-type anion channel in ABA-dependent stomatal
signaling (Negi et al., 2008; Vahisalu et al., 2008), to regulate
dehydration stress and stomatal closure triggered by the air
pollutant ozone and elevated CO2 (Sierla et al., 2018). We thus
asked whether SIF2 also interacts with SLAC1. CoIP and BiFC
analyses in Arabidopsis protoplasts suggested that SIF2 asso-
ciates (CoIP) and directly interacts (BiFC) with the anion channel
SLAC1 (Figure 5).

As predicted, SIF2 possesses an active kinase domain required
for its in planta function. This observation suggests that SIF2
function in stomatal regulation is primarily exerted through its
kinase activity. Supporting this hypothesis, phosphorylation
cascades are known to be key in signaling events (Murata et al.,
2015). For example, the kinase activity of the multipurpose cor-
eceptor BAK1 is required for both defense and growth regulation
(Wangetal., 2008;Schwessingeret al., 2011).However, sinceML-
RLKs can function through other mechanisms than substrate
phosphorylation, such as extracellular domain cleavage for

SYMBIOSIS RECEPTOR-LIKE KINASE (SYMRK; Antolín-Llovera
et al., 2014), we cannot exclude other mechanisms of action
for SIF2.
Activation of the SLAC1 ion channel requires phosphorylation

by an active kinase (Chen et al., 2010). Specific phosphorylation
sites have indeed been identified, including Ser120 phosphory-
lation by OST1 (Vahisalu et al., 2010) and Ser59 phosphorylation
by CPK6 (Brandt et al., 2012). Observed N-terminal phosphory-
lation of SLAC1 by SIF2 (Figure 6) provides important evidence to
fill the missing link between MAMP elicitation of guard cells and
stomatal closure upon activation of stomatal immunity. Of note,
activation of SLAC1 through N-terminal phosphorylation is
common (Geiger et al., 2009; Brandt et al., 2012). SIF2 thus ap-
pears to regulate SLAC1 similarly to OST1 and CPK6. Using the
patch-clamp technique in sif2-1 guard cell protoplasts and in
oocytes,weconfirmed theessential roleofSIF2 inmediatingABA-
dependent S-type anion channel activation (Figures 7 and 9).
Notably, we identified the putative phosphorylation site Ser65 as
critical for SIF2-mediated SLAC1 activation. The repression in
Ser65mutant is strong, suggesting that theSer65 site is critical for
SLAC1 activity, at least under the action of SIF2.
A genetic approach confirmed that SIF2 mediates stomatal

closure throughSLAC1. Lossof SLAC1 function in slac1-4mutant
indeed abolished the constitutive stomatal closure phenotype

Figure 10. A Model for the Role of SIF2 in Innate Immunity.

SIF2 associates with the FLS2/BAK1 receptor complex on the plasma membrane. Stomatal closure upon bacteria, flg22, and ABA perception requires
functional SIF2. SIF2 is also required for apoplastic callose deposition, but not for other aspects of apoplastic PTI responses such as ROS burst, MAPK
activation, and defense gene expression. SIF2 expression is predominantly in the guard cell after MAMP perception, which is critical for ROS production in
the guard cell, SLAC1 phosphorylation, and activation that leads to stomatal closure. SLAC1 is known to be regulated by multiple kinases through
phosphorylation, including OST1, GHR1, and CPKs.
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observed inSIF2overexpression lines (Figure8A).SLAC1appears
to be regulated by multiple kinases through phosphorylation,
including GHR1 (Hua et al., 2012), OST1 (Geiger et al., 2009;
Vahisalu et al., 2010), CPK6 (Brandt et al., 2012), and SIF2. The
specificity and relative importance for each kinase in response to
various environmental cues remain largely unknown. Surprisingly,
SIF2-mediated stomatal closure acted independently of OST1
(Figure 8B), a key player in ABA-mediated stomatal closure
(Mustilli et al., 2002). Although SIF2 was shown to directly
phosphorylate SLAC1, ABA-induced ROS production is lost in
sif2-1 guard cells (Figure 1F), suggesting that SIF2 acts upstream
of ROS in controlling ABA-mediated stomatal closure. This reg-
ulation is guard cell specific, as the ROS burst during the apo-
plastic PTI response is at a wild-type level in the sif2-1 mutant.

How can SIF2 regulate ROS production and directly phos-
phorylate SLAC1? SIF2 may function at multiple levels in the
signaling pathway leading to ABA-mediated stomatal closure. In
a similar manner, OST1 acts upstream of ABA-mediated ROS
production (Mustilli et al., 2002) and directly phosphorylates
SLAC1 (Vahisalu et al., 2010). In the ROS production signaling,
OST1 regulates the activity of the NADPH oxidase AtrbohF
through phosphorylation of AtrbohF Ser13 and Ser174
(Sirichandraetal., 2009).SinceBIK1, anotherRLKassociatedwith
FLS2 (Lu et al., 2010; Zhang et al., 2010), directly phosphorylates
the NADPH oxidase RbohD to control plant stomatal immunity
(Kadota et al., 2014; Li et al., 2014), SIF2 may regulate RbohD
activity in addition to the direct phosphorylation of SLAC1. SIF2-
mediatedphosphorylationofSLAC1wasstronglyabolishedwhen
all Ser/Thr sites identified by LC-MS/MS were mutated to A
(Figure 9C). In addition, a phosphomimicking version of SLAC1
with all LC-MS/MS identified sites mutated to Asp (6D) showing
constitutive closure of stomata and high patch-clamp current
(Figures 9E and 9F). Together, these data further underline the
critical role of SIF2 on SLAC1 phosphorylation and in SLAC1-
mediated stomatal closure. Overall, we present a comprehensive
study of a receptor-like protein kinase, SIF2, which is required for
ABA-mediated stomatal closure and stomatal immunity through
interaction with and phosphorylation of the guard cell anion
channel SLAC1.

METHODS

Growth Conditions and Biological Materials

Arabidopsis (Arabidopsis thaliana) plants were grown in commercial
potting soil with perlite in 3:2 ratio, at 22 to 24°C day and 17 to 19°C night
temperature, under ;100 mE m22 s21 illumination using bulb-type fluo-
rescent light with 9-h light/15-h night photoperiod. The T-DNA insertion
mutant sif2-1 (SALK_068030) and slac1-4 (SALK_137265) are in the
ecotype Columbia (Col-0) background. sif2-1 and slac1-4 seeds were
obtained from the Arabidopsis Biological Resource Center (ABRC; http://
abrc.osu.edu/; Alonso et al., 2003). Genotyping was performed by PCR
amplification of insertion-specific or wild-type-specific DNA fragments
with primers listed in Supplemental Table 1. ost1-2 seeds were used in
a previous publication (Yekondi et al., 2018). Plants were grown under
standard conditions as previously described by Yeh et al. (2016).

Bacterial strain Pseudomonas syringae pv tomato DC3000 was kindly
provided by Barbara N. Kunkel (Washington University, St. Louis, Mis-
souri). The fungus Botrytis cinerea (B071) was obtained from Chao-Ying

Chen (National Taiwan University, Taipei, Taiwan). Bacteria were cultured
at 28°Cand200 rpm inKing’sBmediumwith50mg/L rifampicin.B. cinerea
was grown at room temperature on potato dextrose agar plates as de-
scribed by Zimmerli et al. (2001).

SIF2 Cloning, Overexpression, and Mutant Complementation

The full-lengthgenomicsequenceofSIF2wasPCRamplifiedusingprimers
spanning the predicted ATG to the stop codon (not included; SIF2-F and
SIF2-R, Supplemental Table 2). The PCR product was cloned into pCR8/
GW/TOPO vector (Invitrogen) and subsequently recombined into the
Gateway-compatible destination binary vector pEarlyGate 103 (ABRC;
http://abrc.osu.edu/), harboring the 35S promoter and a C-terminal GFP-
6x-His tag, through the LR reaction according to the manufacturer’s in-
structions (Invitrogen). Theconstructwas transformed intoCol-0andsif2-1
by Agrobacterium tumefaciensGV3101-mediated transformation (Clough
and Bent, 1998) to generate OE and CO lines, respectively. Lines stably
expressing SIF2 transcript and protein, with single-insertion (T2, 3:1
segregation ratio) and homozygous (T3, no segregation) were used in
subsequent experiments. The kinase-inactivating mutation D683N was
introduced through primer extension (primers are listed in Supplemental
Table 2) on the binary vector pEarleyGate103 containing the full-length
SIF2 genomic sequence. SIF2 dead kinase complemented lines were
generated by transforming this construct into sif2-1 using A. tumefaciens
GV3101 as above.

Pathogen Infection Assays

Five-week-oldplantsweredip-inoculated for15min in106cfu/mLbacterial
suspensions and then kept at 100% relative humidity for one night.
Symptomswere evaluated 3DAI. Bacterial titers were quantified on King’s
B agar plates as described previously (Yeh et al., 2016).

B. cinerea spores were diluted to 105 spores/mL in half-strength potato
dextrose broth medium. Ten-microliter droplets of this suspension were
deposited on leaf surfaces of three leaves per plant of 5-week-old plants.
Leaves of the sameagewere used for droplet inoculation. Plantswere then
kept at 100%humidity, and disease symptoms and lesion perimeterswere
determined at 3 DAI (Zimmerli et al., 2001).

MAMP and Hormone Treatments

The flg22 peptide was purchased from Biomer Technology and dissolved
in water. The concentrations used are indicated in each figure legend.
Water-only treatment was used as mock control. ABA and SA were dis-
solved in 99% (v/v) ethanol to give 100 mM stock solution and diluted in
water to the respectiveworking concentrations. Equivalent volume of 99%
(v/v) ethanol was used as mock control.

Stomatal Aperture Assay

Abaxial epidermal peels were collected from fully expanded leaves of 5-
week-oldplants andfloatedonstomatalbuffer (25mMMES/KOH,pH6.15,
10mMKCl). Thepeelswere incubated for3hunder light.TheMAMPsflg22,
chitin, and LPSs, H2O2, and the hormones ABA or SA were then added at
the indicated concentrations. For mock treatments, equivalent volumes of
water (MAMPsandH2O2)or99%ethanol (ABAandSA)wereadded.ForPst
DC3000 inoculation, stomatal buffer was exchanged with 10 mM MgSO4

(mock) orwith108cfu/mLbacterial suspension in10mMMgSO4. Thepeels
were mounted on microscope slides and imaged at the indicated time
points with an Olympus BX51 microscope. The width of the stomatal
aperture was measured using ImageJ (Wayne S. Rasband, ImageJ, NIH,
https://imagej.nih.gov/ij/, 1997 to 2016). For each sample, peels from at
least three plants were used as previously described by Tsai et al. (2011).
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RT-qPCR

ForMAMP-induced gene expression, 10-d-old seedlings were transferred
to liquid half-strength Murashige and Skoog (MS) one night before flg22
treatments. Total RNA isolation, cDNA biosynthesis, and real-time PCR
analyses were performed as described by Yeh et al. (2016). Normalization
of gene expression was conducted with At4g05320 (UBQ10). Primers are
listed in Supplemental Table 3.

MAP Kinase Assay

Seedlings were grown for 13 d on half-strength Murashige and Skoog
plates and transferred to liquid half-strength Murashige and Skoog me-
dium1dprior toflg22 treatment.Liquidhalf-strengthMurashigeandSkoog
was changed to 0.5 mM flg22 in water or with sterile water only (mock) for
10 min. Samples were then snap frozen in liquid nitrogen. MAP kinase
assay was performed as described by Singh et al. (2012).

ROS Burst

TheROSassaywasperformedasdescribedbyHuanget al. (2013). In brief,
nine0.25cm2 leafdiscswereexcised from fully expanded leavesof three5-
week-old plants. The discswere incubated overnight in a 96-well platewith
100 mL of sterile water. The water was then replaced with 100 mL reaction
solution (2 mM luminol [Sigma-Aldrich], 10 mg/mL horseradish peroxidase
[Sigma-Aldrich]) and 100 nM flg22 orwater (mock). The platewas analyzed
at the indicated intervals for a period of 30min using aCentroLIApc LB 692
plate luminometer (Berthold Technologies).

Callose Deposition

Twelve leaf discs of 5-week-old plantswere collected 9 hpostin-infiltration
with 1 mM flg22 diluted in sterilized water. Sterilized water was used as
mock control. Harvested leaf samples were cleared overnight by in-
cubation in 95% (v/v) ethanol at room temperature and then washed three
times (2 h for each washing) with sterilized water. Cleared leaf discs were
stainedwith0.01%(w/v) aniline blue in0.15Mphosphatebuffer, pH9.5, for
24 h. Callose deposits were visualized under UV light illumination using an
Olympus BX51 microscope. Quantification of callose deposits was per-
formed on the acquired digital images using ImageJ (W.S. Rasband, Im-
ageJ, NIH, https://imagej.nih.gov/ij/, 1997 to 2016).

Measurement of ROS Production in Guard Cells

ROS in guard cells were analyzed as previously described by Desclos-
Theveniau et al. (2012) with modifications. In brief, epidermal peels were
incubated in stomatal buffer (25 mM MES/KOH, pH 6.15, 10 mM KCl) for
2.5 h before transfer to 50 mM H2DCFDA in 10 mM Tris-HCL, pH 7.2, for
15min. The peelswere thenwashed three times in 10mMTris-HCl, pH7.2.
One mM ABA or 1 mM SA were then added, and H2DCFDA fluorescence
was imagedat the indicated timepointswithanOlympusBX51microscope
with excitation at 460 to 480 nm and emission at 495 to 540 nm. Pixel
intensity was evaluated by ImageJ (W.S. Rasband, ImageJ, NIH, https://
imagej.nih.gov/ij/, 1997 to 2016) and normalized to initial fluorescence
intensities.

Recombinant Protein and Autophosphorylation Assays

The SIF2 kinase domain was amplified from the ABRC clone
X1G51850AEHK and subcloned into pET-28a expression vector (Nova-
gen). To produce an inactive version of the kinase, aD683Nmutation at the
kinase activation residue was introduced. The fusion proteins were ex-
pressed in Escherichia coli BL21 and purified with HisTrap FF column (GE
Healthcare) according to manufacturer’s instructions. Proteins were

separated on 10% (w/v) SDS-PAGE and transferred on a polyvinylidene
difluoride membrane (Immobilon-P; Millipore). Membranes were blocked
with 3% (w/v) BSA in Tris-Buffered Saline and 0.1 % (v/v) Tween 20, fol-
lowed by addition of primary antibody anti-pThr (1:10,000) and incubated
overnight at 4°C. After washing three times with TBST, membranes were
incubated with secondary antibody anti-rabbit horseradish peroxidase
(1:5000) for 1 hat room temperature. Afterwashingwith TBST, signalswere
visualized with an enhanced chemiluminescence system (Immobilon
Western, Millipore) and a LAS-3000 (Fujifilm) scanner following the man-
ufacturer’s instructions.

GUS Staining and Subcellular Localization

The;1 kb promoter region of SIF2wasPCRamplified (primers are listed in
Supplemental Table 4), subcloned into pCR8/GW/TOPO vector (In-
vitrogen), and subsequently recombined into pMDC163 vector (Curtis and
Grossniklaus, 2003) by the LR reaction following the manufacturer’s in-
struction (Invitrogen). The construct was transformed into Col-0 by A.
tumefaciens GV3101-mediated transformation (Clough and Bent, 1998),
and positive transformants were selected on half-strength Murashige and
Skoog agar plates supplemented with 15mg/mL hygromycin B. Seedlings
were harvested in cold 90% (v/v) acetone, followed by vacuum infiltration
for 10min. The tissuewas allowed to stand and fix at room temperature for
20 min. Acetone was then replaced by staining buffer without X-Gluc
(50 mM phosphate buffer, 0.2% [v/v] Triton-X, 1 mM potassium ferrocy-
anide, 1mMpotassium ferricyanide) and vacuum infiltrated for 10min. The
buffer without X-Gluc was then replaced by staining buffer containing
X-Gluc (50 mM phosphate buffer, 0.2% [v/v] Triton-X, 1 mM potassium
ferrocyanide, 1mMpotassium ferricyanide, 2mMX-Gluc) and incubatedat
37°C overnight. Tissue was then washed successively in 25, 50, and 75%
(v/v) ethanol series and imaged with an Olympus BX51 microscope.

GFP localization was observed by examining seedlings of the SIF2 OE
line OE2. In brief, 10-d-old seedlings of OE2weremounted onmicroscopy
slides with water, and GFP signal was captured with an LSM 780 confocal
microscope (Zeiss). Plasmolysis was performed by preincubation of the
seedlings with 25% Suc for 3 min. Colocalization by transient expression
was performed by transforming OE2 protoplast with 35S:PIP2-mCherry
construct using standard polyethylene glycol approach as described by
Yeh et al. (2016).

BiFC Assay

SIF2genomicsequence, full-lengthcodingsequencesofFLS2,BAK1, and
LTI6B without stop codon, amplified from cDNA of Col-0 plants, were
inserted into the entry vector pCR8/GW/TOPO and subcloned into YN
(pEarleyGate201-YN) or YC (pEarleyGate202-YC) vectors (Lu et al., 2010)
through the 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 treated with or without 100 nM flg22 for 10 min before being imaged
using a Zeiss LSM 780 confocal microscope (Germany). Image analysis
was performed with LSM software ZEN (Black edition). The experimenter
and the person doing the analysis were different individuals.

CoIP and Immunoblotting

For protein extraction and immunoprecipitation, young leaves from 5-
week-old Arabidopsis were used. The protocol for protein extraction is
already described by Roux et al. (2011). For immunoprecipitation of SIF2-
GFP, supernatantswere incubatedwith 50 to 200mLof anti-GFPmagnetic
beads (Miltenyi Biotec) for 2 h at 4°C (Kadota et al., 2014, 2016). Following
incubation, beads were washed three to five times with TBS containing
0.5% (v/v) IGEPALCA-630 before adding SDS loading buffer
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(Schwessinger et al., 2011). Endogenous BAK1 and FLS2 were
detected by native antibody (Schulze et al., 2010).

Protein extraction and immunoprecipitation in Arabidopsis protoplasts
were performed as described by Yeh et al. (2016). In brief, plasmids
containingHA3 orGFP tag constructswere cotransfected into Arabidopsis
protoplasts bypolyethyleneglycol (Sigma-Aldrich) for transient expression
(Yoo et al., 2007). Total proteins were extracted with 0.5 mL protein ex-
traction buffer (50 mM Tris-HCl, pH 7.5, 150 mMNaCl, 10% [v/v] glycerol,
10 mM DTT, 10 mM EDTA, 1 mM NaF, 1 mM Na2MoO4$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 15min (or as specified in figure legends,
at 40,0003 g for 60 min using Optima L-1000K Ultracentrifuge, Beckman
Coulter) at 4°C. Supernatants (1.5 mL) were adjusted to 2 mg/mL protein
and incubated for 2 h at 4°C with 20 mL GFP Trap-A beads (Chromotek).
Following 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% (w/v) SDS-PAGE and then transferred to
polyvinylidene difluoride membrane. GFP and HA3 fusion proteins were
detected by immunoblotting with anti-GFP and anti-HA primary anti-
bodies, respectively.

In Vitro Kinase Assay

For in vitro kinase assays, SLAC1 C terminus was cloned into pGEX-4T-1
vector (GE Healthcare) with primers listed in Supplemental Table 5. The
plasmid for the SLAC1 N-terminal coding region for amino acids 1 to 186
was established previously (Vahisalu et al., 2010). Proteins 6xHis-SLAC1-
N, 6xHis-SIF2-CD (cytoplasmic domain), 6xHis-SIF2-KD (kinase dead),
andGST-SLAC1-Cwereexpressed inE. coliBL21 (DE3) cells. Thecultures
were grown in 23 yeast extract tryptone medium at 37°C to OD600;0.6.
Recombinant protein expressionwas inducedwith 0.4mM isopropyl b- d-
1-thiogalactopyranoside at 16°C for 16 h, and 6xHis-tagged proteins were
purified by nickel-affinity chromatography. GST-tagged proteins were
purified by glutathione-affinity chromatography. SIF2 kinase activity assay
was performed by incubating 2 mg of purified recombinant SIF2 and
SLAC1-N (5 mM) or GST-SLAC1-C (5 mM) in 10 mL reaction buffer (50 mM
Tris-HCl [pH7.4], 150mMNaCl, 10mMMgCl2, 10mMMnCl2, 500mMATP,
1 mM DTT, 0.2 mg/mL insulin, and 100 mCi/mL 32P-g-ATP) at room
temperature for 30min. Reactionswere stoppedby the addition of 33SDS
loading buffer. Proteins were separated by 10% (w/v) SDS-PAGE and
visualized by Coomassie Brilliant Blue G-250 (Sigma-Aldrich) staining.
SIF2 activity was determined by autoradiography.

Patch-Clamp Experiments with Arabidopsis Guard Cell Protoplasts

Arabidopsis guard cell protoplasts were isolated enzymatically from epi-
dermal strips of 5-week-old plants. Standard whole-cell recordings were
madeusinganAxoclamp900Aamplifier (Axon Instrument).Gigaohmseals
(>10 GV) were obtained by suction. All assays were conducted at room
temperature. The bath solution contained 30 mM CsCl, 2 mM MgCl2,
10 mM MES-Tris (pH 5.6), and 1 mM CaCl2, with an osmolarity of 485
mmol/kg. The pipette solution contained 5.58 mM CaCl2, 6.7 mM EGTA,
2 mM MgCl2, 10 mM HEPES-Tris (pH 7.1), and 150 mM CsCl, with an
osmolarity of 500 mmol/kg. The final osmolarity in both bath and pipette
solutionwas adjustedwith D-sorbitol. FreshMg-ATP (5mM)was added to
the pipette solution before use. For analysis of theABAactivation of S-type
anion channels, the guard cell protoplasts were preincubated with 50 mM
ABA for 20minbefore patch clamping, andpatch-clampexperimentswere
performed in the presence of 50mMABA in the bath solution. S-type anion
current was measured 10 min after whole-cell configurations became
accessible. The membrane voltage was stepped to potential starting from
135 to2115mVwith 30-mVdecrements, and the holdingpotential was30

mV. The interpulse period was 10 s. Steady-state currents were the cur-
rents before 400 ms from the end of pulses.

LC-MS/MS

Purified recombinant 6xHis-NSLAC1 was phosphorylated by 6xHis-SIF2-
CD. An aliquot from kinase reaction was pooled together with SDS-PAGE
loading buffer (1:1). Proteins were separated by 10% (w/v) SDS-PAGE, the
gel was stained with Coomassie Brilliant Blue G-250 (Sigma-Aldrich), and
the NSLAC1 protein band was excised from gel. In-gel digestion of
NSLAC1 protein was performed by Trypsin/P (10 ngmL21; Sigma-Aldrich).
Peptides were purified with C18 StageTips and were loaded onto a fused
silica emitter (75 mm3 150 mm, Proxeon) packed in house with Reprosil-
Pur C18-AQ 3-mm particles (Dr. Maisch HPLC). Peptides were separated
by Agilent 1200 series nanoflow system (Agilent Technologies) with a 30-
min 3 to 40% buffer B (0.5% [v/v] acetic acid and 80% [v/v] acetonitrile)
gradient at a flow rate of 200 nL min21, and eluted peptides were sprayed
directly into an LTQ Orbitrap XL classic mass-spectrometer (Thermo
Electron) with a spray voltage of 2.2 kV. TheMSscan rangewasm/z 300 to
1,800,and the topfiveprecursor ionswereselected forsubsequentMS/MS
scans. A lock mass of 445.0003 was used for the LTQ Orbitrap to obtain
constant mass accuracy during the gradient analysis.

Peptides were identified with the Mascot (http://www.matrixscience.
com/) search engine. Peptide mass tolerance of 7mg/kg and fragment ion
mass tolerance of 0.5 Dwere used. Twomissed cleavage sites for Trypsin/
P was allowed. The carbamidomethylation of cysteine was set as fixed
modification. TheoxidationofMetandphosphorylationofSer andThrwere
set as variable modifications.

Site-Directed Mutagenesis and In Vitro Transcription

SLAC1, SIF2, OST1, ABI1, and ABI2 coding sequences were subcloned
into pGEMHE expression vector by standard approaches. Site-directed
mutagenesis was performed using primers listed in Supplemental Table 6.
The constructswere linearizedwith the appropriate restriction enzymeand
purified by commercial kits. In vitro transcription was performed using
mMESSAGE mMACHINE T7 transcription kit (Thermo Fisher Scientific).
Twenty-five nanograms of cRNA, for each gene, in 50 nL diethyl
pyrocarbonate-treated water was injected per cell.

Electrophysiological Analyses Using Xenopus Oocytes

The two-electrodevoltage-clampmethodwasused tomeasure theelicited
current from injected Xenopus oocytes. cRNA was transcribed in vitro
using mMESSAGE mMACHINE kits (Amion). Oocytes were isolated, in-
jected with 25 ng of SLAC1 cRNAwith or without 25 ng of SIF2 cRNA in 50
nL of water, and incubated at 16°C for one day. The perfusion buffer and
recording program are modified from previous study (Geiger et al., 2009;
PNAS 106, 21,425). The perfusion buffer contained 10 mM MES/Tris (pH
5.6), 1mMCaCl2, 1mMMgCl2, 96mMNaCl, and 12mMMannitol (220mM
osmolality). The microelectrodes were filled with 3 M KCl. Steady-state
currents were recorded starting from a holding potential of 0 mV and
ranging from160 to2160 mV in 10-mV decrements for 100 ms, followed
by a 2120 mV pulse. The whole-cell currents were recorded by a Cor-
nerstone (Dagan) TEV-200 two-electrode voltage-clamp amplifier. Data
were processed with an Axon Instruments Digidata 1440A low-noise data
acquisition system (Molecular Devices and Clampfit software).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GeneBank/EMBL data libraries under the following accession
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numbers: At1g51850 (SIF2), At2g19190 (FRK1), At5g57220 (CYP81F2),
At4g05320 (UBQ10), At1g12480 (SLAC1).
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