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Key message  Arabidopsis LONG-CHAIN BASE KINASE 1 (LCBK1) interacts with MEDEA, acomponent of PCR2 
complex that negatively regulates immunity. LCBK1 phosphorylatesphytosphingosine and thereby promotes stomatal 
immunity against bacterial pathogens.
Abstract  Arabidopsis polycomb-group repressor complex2 (PRC2) protein MEDEA (MEA) suppresses both pattern-trig-
gered immunity (PTI) and effector-triggered immunity (ETI). MEA represses the expression of RPS2 and thereby attenuates 
AvrRpt2 effector-mediated ETI. However, the mechanism of MEA-mediated PTI diminution was not known. By screening 
the Arabidopsis cDNA library using yeast-2-hybrid interaction, we identified LONG-CHAIN BASE KINASE1 (LCBK1) 
as an MEA-interacting protein. We found that lcbk1 mutants are susceptible to virulent bacterial pathogens, such as Pseu-
domonas syringae pv maculicola (Psm) and P. syringae pv tomato (Pst) but not the avirulent strain of Pst that carries AvrRpt2 
effector. Pathogen inoculation induces LCBK1 expression, especially in guard cells. We found that LCBK1 has a positive 
regulatory role in stomatal closure after pathogen inoculation. WT plants close stomata within an hour of Pst inoculation or 
flg22 (a 22 amino acid peptide from bacterial flagellin protein that activates PTI) treatment, but not lcbk1 mutants. LCBK1 
phosphorylates phytosphingosine (PHS). Exogenous application of phosphorylated PHS (PHS-P) induces stomatal closure 
and rescues loss-of-PTI phenotype of lcbk1 mutant plants. MEA overexpressing (MEA-Oex) plants are defective, whereas 
loss-of-function mea-6 mutants are hyperactive in PTI-induced stomatal closure. Exogenous application of PHS-P rescues 
loss-of-PTI in MEA-Oex plants. Results altogether demonstrate that LCBK1 is an interactor of MEA that positively regulates 
PTI-induced stomatal closure in Arabidopsis.
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Introduction

Plants are capable of activating immunity against invading 
pathogens. They recognize molecular patterns present in 
the microbes through pattern-recognition receptors (PRRs) 
to activate the immune response. Structural components 
of microbial pathogens, such as bacterial flagellin protein, 
lipopolysaccharides, fungal cell wall chitin, and oomycete 
glycoproteins, are examples of patterns that activate PTI in 

plants (Zhang and Zhou 2010). Successful pathogens release 
effector molecules to suppress pattern-triggered immunity 
(PTI). Plants also evolved recognition system against spe-
cific effectors for activating a stronger immunity, known as 
effector-triggered immunity (ETI). Activation of the immune 
response in plants involves a large number of receptors, 
transactivators, transcription factors, chromatin-modelers, 
biosynthetic enzymes, kinases, phytohormones, antibiotic 
peptides, and other phytochemicals. Plants recruit both posi-
tive and negative regulator defense for fine-tuning the output 
of defense response. Activation of immunity takes place at 
the cost of metabolic energy. Negative regulators help to 
keep the immunity expression at an optimal level (Huot et al. 
2014).

Arabidopsis polycomb-group repressor complex2 (PRC2) 
component MEDEA (MEA) functions as a negative regula-
tor of defense against bacterial and fungal pathogens (Roy 
et al. 2018). MEA primarily regulates female gametophyte 
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and endosperm development (Grossniklaus et al. 1998). 
MEA is genetically imprinted for which, only maternal copy 
of the gene expresses in female gametophyte and endosperm 
(Kinoshita et  al. 1999). However, pathogen inoculation 
results in ectopic expression of MEA in vegetative tissues, 
which is required for controlling defense response activa-
tion (Roy et al. 2018). MEA over-expression plants show 
reduced PTI against virulent pathogens and ETI induced by 
the avirulent Pst strain that carries bacterial effector protein 
AvrRpt2 (Pst-AvrRpt2). Experiments suggested that Di19 
protein recruits MEA at RPS2 locus for epigenetic suppres-
sion, and the reduced RPS2 expression results attenuated 
ETI against Pst-AvrRpt2 (Roy et al. 2018). However, the 
mechanism of MEA-mediated suppression of PTI was not 
known. Our work identified the possible involvement of 
MEA in PTI-induced stomatal opening.

The entry of a pathogen into the host system is a crucial 
step for successful colonization. In plants, bacterial patho-
gens use the stomatal route for gaining entry into the host 
leaves. Plants are capable of closing stomata upon recogni-
tion of pathogens, whereas bacteria reinforce stomatal open-
ing with the help of effector molecules (Melotto et al. 2006). 
A conserved 22 aminoacid fragment of flagellin protein 
(flg22) is perceived by the FLS2 receptor for activating PTI 
in Arabidopsis (Gomez-Gomez and Boller 2000; Chinchilla 
et al. 2006). Exogenous application of flg22 induces stoma-
tal closure in WT but not in fls2 mutant (Melotto et al. 2006), 
suggesting the association of stomatal closure with PTI acti-
vation. Like other PTI responses, stomatal closure is also 
suppressed by effectors. Bacterial pathogen Pseudomonas 
syringae pv tomato DC3000 (Pst) can reopen stomata after 
3 h of inoculation (Melotto et al. 2006). Pst secretes coro-
natine toxin inside the host cell. Experiments suggest that 
the reopening of stomata by Pst is a coronatine-dependent 
response (Melotto et al. 2006). Abscisic acid (ABA) is the 
most critical plant hormone for regulating stomatal aperture 
during biotic and abiotic stress. In addition to ABA, other 
components like NO, H2O2, lipopolysaccharides (LPS), and 
phytosphingosine regulate stomatal closure during abiotic 
stress (Sah et al. 2016). In contrast to ABA-mediated stoma-
tal closure, the mechanism of stomatal aperture control dur-
ing plant-pathogen interaction is less known. Here, we report 
that LONG-CHAIN BASE KINASE 1 (LCBK1), which was 
identified as an interacting factor of MEA, positively regu-
lates stomatal immunity in Arabidopsis.

Materials and methods

Plant materials and growth condition

MEA over-expression and mutant lines are described earlier 
(Roy et al. 2018). The T-DNA insertion mutants lcbk1-2 

(Salk_152371C) and lcbk1-3 (SAIL_529_H04) were obtained 
from Arabidopsis Biological Resource Centre, Ohio State Uni-
versity, USA. Plants were grown in a growth room at 22 °C 
and 65% relative humidity with an alternate light /dark period 
of 12 h each as described previously (Roy et al. 2018).

Generation of lcbk1‑complemented lines

LCBK1 gene, along with introns, was amplified from Arabi-
dopsis Col-0 genomic DNA and cloned under cauliflower 
mosaic virus 35S promoter in pCXSN vector (Chen et al. 
2009) and mobilized into Agrobacterium tumefaciens C58 
strain. The lcbk1-2 mutant plants were transformed by the 
floral dip method, and transgenic plants were selected on 
hygromycin (25 ppm) plate. Primers used are mentioned as 
Supplementary Table S1.

Pathogen inoculation, phytosphingosine (PHS), 
phytosphingosine‑1‑phosphate (PHS‑P), and flg22 
treatment

Pathogen inoculation and method of determination of bacte-
rial load were described previously (Singh et al. 2014). In 
brief, over-night grown bacterial cultures were resuspended 
in 10 mM MgCl2 at the required concentration (described 
under each experiment). Leaves of 5-week-old Arabidopsis 
plants were inoculated either by pressure infiltration with 
a needle-less syringe or by spraying on both abaxial and 
adaxial surfaces. Typically, we inoculated 12 to 15 plants per 
line and 2 to 3 leaves per plant. For PHS (Avanti Polar Lipid 
Cat# 860499) and PHS-P (Avanti polar lipids Cat# 860491) 
treatment, plants were sprayed with PHS or PHS-P solution 
made in ethanol: DMSO (2:1), with or without pathogen 
(control). For flg22 treatment, flg22 peptide (Gen script Cat 
No RP19986) was dissolved in water and pressure infiltrated 
into the abaxial side of leaves.

DAB staining

Leaves along with petiole were detached at 15 h-post-inocu-
lation and floated on distilled water for 2 h. Further, distilled 
water was replaced by DAB staining solution (1 mg/ml in 
10 mM Na2HPO4) and vacuum (5 mm Hg pressure) infil-
trated for 5 min. Leaves dipped in DAB solution was kept 
for 4 to 5 h for staining at room temperature. Destaining was 
done in 95% ethanol and photographs were taken (Roy and 
Nandi 2017).

RNA isolation, cDNA synthesis, and expression 
analysis

Total RNA extraction, cDNA preparation, and quantita-
tive real-time PCR (qPCR) were carried out as described 
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earlier (Giri et al. 2017; Roy et al. 2018). Typically, 1.0 µg 
of DNAse-treated total RNA was used for cDNA preparation 
using a cDNA synthesis kit (Bio-Rad; catalog # 170-8891). 
qPCR was carried out by BioRad (CFX connect) system 
with gene-specific primers (Supplementary Table S1) and 
2 × SYBR Green master mix (Bio-Rad; catalog no. #172-
5124). Each experiment contained three biological samples 
at each time point with two technical replicates. The aver-
age of the two technical replicates was taken for the cal-
culation. Relative expression levels were determined after 
normalization with TUBULIN2 (At5g62690) and ACTIN2 
(At3g18780). The melting curve generated by the software 
was used to ensure the presence of a single PCR product in 
each sample.

Bimolecular fluorescence complementation (BiFC)

BiFC constructs were generated by cloning coding 
sequences in pSPYNE(R)173 or pSPYCE(M) vector (Waadt 
et al. 2008) and were transformed in Agrobacterium tume-
faciens C58 strain. Fresh onion pieces with epidermal peel 
were fully immersed in A. tumefaciens suspension (0.8 
OD) and kept at 28 °C for 6–8 h. Onion pieces were then 
transferred on half-strength Murashige and Skoog medium 
(Sigma-Aldrich, India, Cat# M5519) and incubated for 
2–3 days. Cocultivated scales were thoroughly washed with 
sterile water. The epidermal layer was peeled off, stained 
with appropriate dye and mounted on a slide using 20% glyc-
erol for observation. Samples were observed under a con-
focal microscope and analyzed with the Olympus FV1000 
viewer software.

Yeast two‑hybrid library screening

The MEDEA CDS was cloned into the pBGKT7 vector 
between EcoRI and BamHI restriction sites to fuse with the 
GAL4 transcription factor DNA-binding domain. Screening 
of the Y2H Arabidopsis cDNA library (Clontech, USA, Cat 
# 630489) was done as described earlier (Banday and Nandi 
2018; Roy et al. 2018).

Stomatal aperture measurement

Leaf peels from the abaxial side of Arabidopsis young leaves 
were floated in the stomatal buffer (MES-KOH-10 mM, 
KCl-30 mM; pH 6.15) for 2.5 h under the light. Treatments 
for testing stomatal aperture included Pst at 108 CFU/ml, 
flg22 5 µM, ABA 10 µM, PHS 10 µM, or PHS-P 10 µM. 
PHS and PHS-P stock solutions were made as 1 mM in 
ethanol:DMSO (2:1), ABA stock solution was prepared as 
10 mM in methanol, and others were made in water and 
diluted in the stomatal buffer. After treatment, epidermal 
peels were further incubated under light from 30 min to 

3 h, as mentioned under the respective figure legends and 
observed under a light microscope. Stomatal apertures of 
80 to 100 stomata, randomly taken from microscopic views, 
were measured using ImageJ software (Arnaud et al. 2017).

LCBK1:GUS expression study

About 1.8 kb upstream region from the translational start 
site of LCBK1 was cloned into the pCAMBIA1303 vector 
between BamHI and SpeI restriction sites. pCAMBIA 1303 
and LCBK1:GUS construct was transformed in Agrobac-
terium tumefaciens C58 strains. Transient GUS activity in 
Arabidopsis leaves was done as described earlier (Lee and 
Yang 2006). In brief, 4-week-old Arabidopsis leaves were 
first infiltrated with Agrobacterium tumefaciens containing 
either 35S:GUS or LCBK1:GUS (0.4 OD) construct. After 
48 h, the same leaves were infiltrated with Pst (105 CFU/ml 
suspended in 10 mM MgCl2) or only 10 mM MgCl2 as the 
mock. After 12 h of the second infiltration, GUS staining 
was carried out as described previously (Roy et al. 2018). 
Whole leaf and epidermal peels were put in the GUS stain-
ing solution separately. The microscopic view of epidermal 
peels was observed after overnight GUS staining.

Callose deposition

Arabidopsis leaves were infiltrated with either Pst 
(5 × 108 CFU/ml) or flg22 (1 µM), and samples were col-
lected at 10 hpi and incubated overnight in 95% ethanol 
solution. Leaves were stained with 0.01% aniline blue solu-
tion (in 1.5 mM Na2HPO4 pH 9) for 10 h, photos were taken 
in the light microscope, and callose spots were counted 
using ImageJ software (Singh et al. 2018).

Results

LCBK1 physically interacts with MEA

To gain insight into the mechanism of MEA-mediated sup-
pression of PTI (Roy et al. 2018), we screened MEA-inter-
acting proteins from the Arabidopsis cDNA library by yeast-
2-hybrid assay and selected three interactors having putative 
roles in controlling PTI. These interactors were VOLTAGE 
DEPENDENT ANION CHANNEL-2 (VDAC2), NDR1/
HIN1-LIKE 3 (NHL3), and LONG-CHAIN BASE KINASE 
1 (LCBK1 Fig. 1a). Arabidopsis VDAC2 and NHL3 pro-
mote basal defense against virulent bacterial pathogens 
(Varet et al. 2003; Singh et al. 2018). The role of LCBK1 in 
plant immune response was not known. LCBK1 codes for a 
sphingosine kinase (Imai and Nishiura 2005). Phosphoryla-
tion of phytosphingosine (PHS) is associated with stomatal 
closure after ABA treatment (Coursol et al. 2005), which 
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is also a component of plant immune response (Su et al. 
2017). To study the role of LCBK1 in immune response, we 
first confirmed the interaction between MEA and LCBK1 in 
planta by bimolecular fluorescence complementation assay 
(BiFC) in onion (Allium cepa) epidermal cells. LCBK1 and 
MEA coding sequences were transcriptionally fused with N- 
and C- terminal of fragments of yellow fluorescent protein 
(YFP) present in pSPYNE and pSPYCE vector respectively 
(Waadt et al. 2008). These fusion constructs were transiently 
expressed in onion epidermal layer and fluorescence was 
observed under a confocal microscope. pSPYNE-CBL1 
and pGMAS-CIPK24 were used as a positive control which 
was known to interact on the plasma membrane (Waadt 
et al. 2008). Results suggested that MEDEA interacts with 
LCBK1 on the plasma membrane (Fig. 1b). Only vectors, 
along with MEA were used as the negative control (Sup-
plementary Fig. S1).

LCBK1 expression is pathogen inducible

To investigate the association of LCBK1 expression with the 
activation of the immune response, we monitored LCBK1 

mRNA accumulation after Pseudomonas syringae pv 
tomato DC3000 (Pst; suspended in 10 mM MgCl2) inocu-
lation or only 10 mM MgCl2 (mock) in WT Arabidopsis 
plants. We observed significantly enhanced expression of 
LCBK1 in Pst inoculated leaves compared to mock-treated 
samples (Fig. 2a, b), which suggests that LCBK1 expres-
sion is induced upon pathogen inoculation. To further vali-
date, we monitored LCBK1 promoter-driven GUS reporter 
(LCBK1:GUS) expression. We cloned GUS reporter under 
1.8  kb upstream sequences of LCBK1 and transiently 
expressed in Arabidopsis leaves. As a control, we used cau-
liflower mosaic virus 35S:GUS. We observed high-level 
expression of LCBK1:GUS after pathogen treatment, which 
was negligible without pathogen (Fig. 2c).

Sphingosine kinase, for example, SPHK1 is involved in 
ABA-induced stomatal closure via phosphorylation of PHS 
(Coursol et al. 2005). PHS can also be phosphorylated by 
LCBK1 (Imai and Nishiura 2005). Thus, we hypothesize 
that LCBK1 might be induced in the guard cells and also 
be involved in stomatal movements after pathogen attack. 
To check the inducibility of LCBK1 in guard cells, we infil-
trated the LCBK1:GUS construct in Arabidopsis leaves with 

Fig. 1   Physical interaction 
between MEA and LCBK1. a 
Yeast two-hybrid interaction. 
Transformed yeast cells were 
grown on Leu − , Trp− , His − , 
, and Ade− (− LTHA) medium, 
which allows only interacting 
clones to grow. pGBKT7- p53 
and pGADT7 -T antigen were 
used as positive controls; 
pGBKT7-MEA and pGADT7 
empty vector was used as nega-
tive controls. Overnight-grown 
yeast cells were suspended at 
107 yeast/ml and serially diluted 
before spotting on the selection 
medium. Photographs were 
taken after 3 days of growth at 
28 °C. b Bimolecular fluores-
cence complementation (BiFC) 
assay in transiently expressed 
onion epidermal cells. 
pSPYNE-CBL1 and pGMAS-
CIPK24 were used as a positive 
control
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or without Pst inoculation. Epidermal layers were excised 
and stained for GUS expression. We found a significantly 
high level of GUS expression in guard cells than other epi-
dermal cells after pathogen treatment (Fig. 2d). However, 
LCBK1:GUS expression is not restricted to guard cells, as 
evident from the Fig. 2c and d.

LCBK1 promotes PTI

We studied the role of LCBK1 in disease defense in two 
T-DNA insertion lines SALK_152371 (referred to as lcbk1-
2) (Huang et al. 2017), and SAIL_529_H04 (referred to as 
lcbk1-3) obtained from Arabidopsis Biological Resource 
Centre (ABRC). In lcbk1-2 and in lcbk1-3 the T-DNA inser-
tions are in 7th exon and 4th intron respectively (Supplemen-
tary Fig. S2A). The presence of the T-DNA was confirmed 
by standard PCR techniques (Supplementary Fig. S2B, C). 
T-DNA insertion lines do not accumulate LCBK1 transcript 
as determined by reverse-transcription PCR (RT-PCR) 
(Supplementary Fig. S2D). TUB2 expression was used as 
a control for the RT-PCR experiment. We did not observe 
any morphological defect in these mutants (Supplementary 
Fig. S2E). We studied apoplastic immunity by infiltrating 
and stomatal immunity by spraying pathogens on leaves of 
WT and lcbk1 mutant plants. The npr1-1 mutant was used 
as a control. We observed that lcbk1-2 and lcbk1-3 mutant 

supported more bacterial growth and developed a higher 
level of disease symptoms than WT plants after the infiltra-
tion of the virulent bacterial pathogen Pseudomonas syrin-
gae pv maculicola ES4326 (Psm) (Fig. 3a). A similar loss-
of-resistance phenotype in lcbk1 mutants was observed after 
spraying Psm into the leaves (Fig. 3b). To further confirm, 
we tested immunity against another virulent pathogen, P. 
syringae pv tomato DC3000 (Pst). We found that both the 
allelic lcbk1 mutant lines supported more bacterial growth 
and showed more severe symptoms than WT plants after 
Pst infiltration (Fig. 3c) or spraying (Fig. 3d). Results sug-
gested that LCBK1 is a positive regulator of both stomatal 
and apoplastic immunity in Arabidopsis. To further ascer-
tain, we generated transgenic plants expressing LCBK1 in 
the lcbk1-2 mutant background (Supplementary Fig. S3). 
The expression of LCBK1 rescued the loss-of-resistance 
phenotype in lcbk1-2 plants (Fig. 3e). Activation of PTI 
results enhanced callose deposition. In agreement with the 
reduced defense against virulent pathogens, we observed 
reduced callose deposition in lcbk1 after Pst inoculation or 
treatment with flg22 (Fig. 3f, Supplementary Fig. S4), a part 
of bacterial flagellin protein that activates PTI in Arabidop-
sis (Gomez-Gomez and Boller 2000). Reduced immunity in 
lcbk1 is also associated with the reduced expression of PR1 
gene (Fig. 3g), and apoplastic ROS production (Fig. 3h). 
We also studied the role of LCBK1 in ETI by challenging 

Fig. 2   LCBK1 expression. a, b 
qRT-PCR to show LCBK1 tran-
script accumulation after mock 
or Pst inoculation. Each point 
in the line plot represents ± S.D. 
of three biological replicates 
having two technical replicates. 
*(P < 0.05) and **(P < 0.001) 
indicate the mean values of 
LCBK1 transcripts after patho-
gen inoculation are significantly 
different from mock-treated 
samples as determined by 
student’s t-test. c 35S:GUS or 
LCBK1:GUS activity in Arabi-
dopsis leaves after Pst or mock 
inoculation. d GUS staining 
in the WT epidermal peel of 
Arabidopsis transiently express-
ing 35S:GUS or LCBK1:GUS. 
In each experiment, Pst was 
suspended in 10 mM MgCl2 at 
106 CFU/mL and only 10 mM 
MgCl2 was used as mock
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Fig. 3   PTI in WT and lcbk1 mutant. a Psm counts and disease symp-
toms in the indicated genotypic plants. Psm was pressure infiltrated 
at 5 × 105 CFU/ml. b Psm counts and disease symptoms after 4 days 
of spray inoculation at 5 × 108  CFU/ml. c Pst counts, and disease 
symptoms after 3 days of pressure infiltration at 5 × 105  CFU/ml. d 
Pst counts, and disease symptoms after 4  days of spray inoculation 
at 5 × 108 CFU/ml. e Pst count, and disease symptoms after 4 days of 
spray inoculation at 5 × 108 in. WT, empty vector transformed con-
trol (VC), LCBK1 complemented (Com), and npr1-1 plants. In A 
to E, each bar represents mean ± S.D. (n = 4). Different letters above 
the bars indicated a statistically significant difference (P < 0.001) as 

obtained by one-way ANOVA (Holm-Sidak method). f Callose depo-
sition after Pst and flg22 treatment after 10 h post-inoculation (hpi). 
Each bar represents the mean ± SD (n = 10). g Relative PR1 tran-
script level after Pst inoculation (at 5 × 105 CFU/ml) in lcbk1-2 and 
WT, as determined by qPCR. Each point in the line plot represents 
mean ± S.D. (n = 3). h ROS production in WT and lcbk1-2 mutant at 
12 h-post Pst inoculation (5 × 105 CFU/ml). Each bar represents the 
mean ± SD (n = 5). *(P < 0.05) and **(P < 0.001) indicate the mean 
values that are significantly different from WT samples as determined 
by student’s t-test
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with the avirulent pathogen Pst carrying AvrRpt2 effector 
(Pst-AvrRpt2). Contrary to the enhanced growth of the viru-
lent pathogen in lcbk1-2, no difference was observed in the 
bacterial count between WT and lcbk1-2 after Pst-AvrRpt2 
spray or infiltration inoculation (Supplementary Fig. S5). 
The above results suggested that LCBK1 promotes resist-
ance against virulent pathogens and promote PTI.

LCBK1 is required for pathogen‑induced stomatal 
closure

To investigate the role of LCBK1 in stomatal defense, we 
monitored pathogen-induced stomatal aperture in lcbk1-
2 mutant and WT plants. Activation of PTI leads to rapid 
closure of stomata. (Melotto et al. 2006, 2017). Coronatine 
secreted by Pseudomonas syringae leads to the reopening of 
stomata after initial closure (Melotto et al. 2006). We also 
observed stomatal closure in Pst-treated WT leaves in 1 h, 
which reopens at three hours post-inoculation (Fig. 4a). In 
contrast to WT, the lcbk1-2 leaves were not able to close 
stomata after pathogen inoculation. Additionally, no differ-
ence was found in stomatal aperture size after mock and 
Pst treatment in lcbk1-2 at both the time points. In contrast 
to pathogen inoculation, activation of PTI by flg22 allows 
retaining of stomata in a closed state for a more extended 
period of time (Fig. 4b; Melotto et al. 2006, 2017). However, 
we observed no significant difference in stomatal aperture 
between flg22 or mock-treated lcbk1-2 samples, suggesting 
the involvement of LCBK1 in stomatal immunity. We also 
applied ABA on epidermal peels of WT and lcbk1-2 to study 
ABA-induced stomatal closure. As expected, exogenous 
application of ABA resulted in a reduction in the stomatal 
aperture in WT plants (Supplementary Fig. S6). The lcbk1 
mutant also responded to the ABA application, but the sto-
matal opening was bigger than WT, suggesting that ABA-
mediated stomatal closure is partially dependent on LCBK1.

Phytosphingosine‑phosphate (PHS‑P) 
but not phytosphingosine (PHS) induce stomatal 
closure in WT and lcbk1 mutants

LCBK1 encodes a sphingosine kinase that specifically 
phosphorylates D-erythro-dihydrosphingosine (DHS), but 
not N-acetyl-DHS or D-threo-DHS. It also phosphorylates 
D-erythro-sphingosine, trans-4, trans-8-sphingadienine 
(found exclusively in plants) and phytosphingosine (PHS) 
(Imai and Nishiura 2005). PHS level increases in Arabidop-
sis leaves within one hour after Pst inoculation (Peer et al. 
2010). Results described in the previous section (Fig. 4a and 
b) showed that lcbk1-2 is defective in stomatal immunity. 
To gain an insight into the mechanism of stomatal defense 
pathway, we checked the effect of phytosphingosine (PHS) 
and phosphorylated-phytosphingosine (PHS-P) on the 

flg22-mediated stomatal aperture of lcbk1-2. We observed 
that PHS application does not affect stomatal opening in 
WT or lcbk1 mutant plants when applied alone (Fig. 5a) or 
in combination with flg22 (Fig. 5b). However, the applica-
tion of PHS-P alone was sufficient for closing stomata both 
in WT and lcbk1-2 mutant (Fig. 5c), and flg22 application 
does not alter PHS-P-mediated stomata closure (Fig. 5d). 
Thus, phosphorylation of PHS is a downstream event of 
flg22-mediated stomatal closure. Results demonstrated that 
phosphorylation of PHS mediated by LCBK1 is essential for 
closing the stomata during pathogen attack.

Exogenous application of PHS‑P rescues 
pathogen‑susceptibility of lcbk1‑2

The results described above suggest that PHS-P is able 
to close the stomata in lcbk1-2. So we wanted to check 
whether PHS-P is able to rescue the susceptible phenotype 
of lcbk1-2. To examine this hypothesis, we sprayed the WT 
and lcbk1-2 with different combinations like Mock+Pst, 
PHS+Pst, and PHS-P+Pst. We observed that bacterial 
load is high in lcbk1-2 after mock and PHS-treated plants 

Fig. 4   Pathogen-induced stomatal closure in WT and lcbk1 plants. 
Stomatal aperture sizes were observed through microscopy at 1  h 
and 3  h post-inoculation in WT and lcbk1-2 with Pst (a) flg22 (b). 
Each bar represents the mean ± SD (n =  ~ 80). Different letters above 
the bars indicated a statistically significant difference (P < 0.001) as 
obtained by one-way ANOVA (Holm-Sidak method)
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as compared to WT while bacterial load in PHS-P treated 
lcbk1-2 plant is almost similar to WT treated with mock 
(Fig. 6a). The lcbk1 mutant plants are also defective in PTI-
induced callose deposition (Fig. 3f). To examine whether 
PHS-P can rescue the callose deposition defect of lcbk1-
2 plants, we infiltrated PHS-P along with Pst or flg22 and 
monitored callose deposition. PHS-P application alone 
induced callose deposition only to a modest level in WT or 
lcbk1-2 plants (Fig. 6b). However, when applied along with 
Pst or flg22, PHS-P completely rescued callose deposition 
defect of lcbk1-2 plants (Fig. 6b). The results demonstrated 
that PHS-P is able to rescue the susceptible phenotype of 
lcbk1-2 and is required for closing the stomata as a defense 
response during pathogen attack.

MEA negatively regulates stomatal immunity

The previous report suggested that the mea-6 mutant plants 
were resistant, and MEA-Oex lines were susceptible to Pst 
(Roy et al. 2018). Here, we already discussed that LCBK1 
has a positive role in stomatal defense and it interacts with 
MEA at the plasma membrane. Thus, we checked the role 
of MEA in stomatal defense. We treated mea-6 and C24 
(WT) epidermal peels with flg22 (Fig. 7a) and Pst (Fig. 7b). 
We found that both mea-6 and WT were able to close the 
stomata after flg22 treatment, but there was a significant 

difference in the stomatal aperture size between them. WT 
has a wider stomatal aperture than mea-6 after both 1 h and 
3 h post-inoculation. Additionally, we also observed a simi-
lar pattern in both WT and mea-6 after Pst treatment. We 
observed stomata reopens during late hours of Pst inocula-
tion in WT plants due to coronatine toxin released by the 
pathogen, but it remains closed in mea-6 at 3 h-post-inocula-
tion. Hence, we observed an increased difference in the sto-
matal aperture size in WT and mea-6 at 3 h post-inoculation 
of Pst. Further, we treated the epidermal peels of WT and 
MEA-Oex lines (Line no #1,#3 and #6) with flg22 (Fig. 7c) 
and checked the stomatal aperture size. Similar to lcbk1-2 
plants, flg22-treated MEA-Oex epidermal peels also showed 
a defect in stomatal closure. Interestingly, the application 
of PHS-P activates stomatal closure in MEA-Oex plants as 
does for WT plants (Fig. 7d). The results altogether suggest 
that MEA being associated with LCBK1 inactivates its func-
tion, which results in a loss of stomatal defense and PTI.

PHS‑P application restores loss‑of‑defense 
against Pst in MEA‑Oex plants

MEA-Oex plants are susceptible to Pst (Fig. 8; Roy et al. 
2018). Exogenous application of PHS-P restores the sto-
matal closure defect of lcbk1 as well as MEA-Oex plants 
(Figs. 5 and 7). To further confirm the role of LCBK1 in the 

Fig. 5   Effect of phytosphin-
gosine (PHS) and phytosphin-
gosine -1-phosphate (PHS-P) 
on the stomatal aperture of 
WT and lcbk1. a Mock and 
PHS treatment; b Mock and 
flg22+PHS treatment; c Mock 
and PHS-P treatment; d Mock 
and PHS-P+flg22 treat-
ment. Each bar represents the 
mean ± SD (n =  ~ 80). Different 
letters above the bars indicated 
a statistically significant differ-
ence (P < 0.001) as obtained by 
one-way ANOVA (Holm-Sidak 
method)
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susceptibility phenotype of MEA-Oex plants, we monitored 
Pst counts after the PHS-P application. We observed that 
when PHS-P was sprayed along with Pst, MEA-Oex plants 
showed immunity similar to that of WT plants (Fig. 8). 
Results demonstrated the association of LCBK1 in the sus-
ceptibility phenotype of MEA-Oex plants.

Discussion

We identified LCBK1 as a positive regulator of basal immu-
nity in Arabidopsis. Expression of LCBK1 increases upon 
pathogen inoculation (Fig. 2). Results suggest the positive 
regulatory role of LCBK1 both in apoplastic and stomatal 
immunity. The lcbk1 mutant plants support higher loads of 
virulent bacterial pathogens and are compromised for cal-
lose deposition, PR1 gene expression, and ROS production 
(Fig. 3). Plant hormone ABA regulates stomatal opening, 

especially during abiotic stresses. However, the role of ABA 
in plant immunity depends on the stage of infection. At the 
preinvasive stage, ABA acts positively in plant resistance 
by enhancing stomatal immunity (Ton et al. 2009). At the 
post-invasive stage, ABA promotes bacterial growth by 
suppressing SA mediated plant defense and callose deposi-
tion. In WT plants, exogenous application of flg22 or LPS 
induces stomatal closure but not in ABA-deficient aba3-1 
mutant or in open stomata 1 (ost1) mutant that is defec-
tive in ABA-induced stomatal closure (Melotto et al. 2006). 
These results indicate a connection between PTI-induced 
closure of stomata in the guard cell and ABA signaling 
pathways. However, peptide elicitor receptor1 (PEPR1) and 
PEPR2-mediated PTI induces stomatal closure in ABA- 
and OST1-independent manner (Zheng et  al. 2018). In 
addition to ABA, SA also influences stomatal closure. SA 
biosynthesis mutant eds16-2/sid2-2 and SA-deficient NahG 
transgenic plants were defective in PTI-induced stomatal 
closure (Melotto et al. 2006). Arabidopsis RIN4 protein is 
a negative regulator of basal immunity and a component 
of several R-Avr interactions. RIN4 functions along with 
plasma membrane H+-ATPases to control stomatal aperture 
during pathogen invasion (Liu et al. 2009; Lee et al. 2015). 
Stomata not only regulate the entry of pathogens but also 
influence post-invasive immunity (Zhang et al. 2019). Thus, 
stomatal immunity plays a critical role in the overall basal 
defense of plants. The identification of LCBK1 provided 
a new mechanism of stomatal immunity. Exogenous appli-
cation of PHS-P but not PHS induced stomatal closure in 
lcbk1 plants. Though WT plants contain a functional LCBK1 
gene, its expression remains low without pathogen inocula-
tion (Fig. 2a, b). Low basal level expression of LCBK1 in 
WT plants is the probable reason for not getting stomatal 
closure after PHS application. Nevertheless, the results dem-
onstrated that phosphorylation of phytosphingosine is a pos-
sible mechanism for LCBK1-mediated stomatal immunity.

Our results also established the possible role of MEA in 
pathogen-induced stomatal closure. We found that MEA-
Oex lines were defective in stomatal closure after flg22 treat-
ment (Fig. 7). Also, mea-6 plants were able to close the 
stomata for a longer period of time than WT plants after Pst 
inoculation (Fig. 7). These observations are in agreement 
with loss- and gain-of-PTI in MEA-Oex and mutant plants, 
respectively (Roy et al. 2018). However, the mechanism 
by which the MEA-LCBK1 complex influences stomatal 
aperture is not known. One probable hypothesis could be 
related to the orientation of cytoskeleton elements, which is 
critical for the closing and opening of stomata. Actin fila-
ments become radially oriented to open the stomata (Eun 
and Lee 1997). In plants, ABA-mediated stomatal closure 
also induces rapid depolymerization and random orienta-
tion of actin filaments to close the stomata (Eun and Lee 
1997). Additionally, lipid-based secondary messengers like 

Fig. 6   PTI in WT and lcbk1 plants after PHS or PHS-P treatment. 
a Bacterial numbers and disease symptoms in WT and lcbk1-2 after 
spraying Pst (5 × 108  CFU/ml.) along with water (mock) or PHS or 
PHS-P. Bacterial colonies were counted and symptoms recorded on 
the fourth day after inoculation. Each bar represents the mean ± SD 
(n = 4). Different letters above the bars indicated a statistically signifi-
cant difference (P < 0.001) as obtained by one-way ANOVA (Holm-
Sidak method). b Callose deposition after combinatorial treatment of 
Pst (106 CFU/ml), flg22 (1 µM), or PHS-P at 10 hpi. Each bar repre-
sents the mean ± SD (n = 10). *(P < 0.05) and **(P< 0.001) indicate 
the mean values that are significantly different from WT samples as 
determined by student’s t-test
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phosphatidylinositol 3-phosphate and phosphatidylino-
sitol 4-phosphate are required for rearrangement of actin 
in guard cells and the stomatal closure triggered by ABA 
(Choi et al. 2008). Also, in yeast and mammals sphingolipids 
play an important role in actin dynamics during endocyto-
sis (Lamaze et al. 1997; Friant et al. 2000; Zanolari et al. 
2000; Dickson 2010). Moreover, in mammals, most of the 

interactors of cytosolic PRC2 take part in regulating actin 
organization. For example, Enhancer of zeste homolog-2 
(EZH2), a PRC component functions as a transcriptional 
repressor through chromatin remodeling in Drosophila 
(Kuzmichev et al. 2002; Ringrose and Paro 2004). EZH2 
also has been shown to interact with cytosolic proteins in 
megakaryocytes and T cells for regulating actin dynamics 
(Su et al. 2005; Roy et al. 2012). Interestingly, MEA is a 
structural homolog of the Enhancer of Zeste of Arabidop-
sis (Grossniklaus et al. 1998; Luo et al. 1999). Thus, the 
involvement of phytosphingosine and MEA in actin dynam-
ics for stomatal closure is not very unlikely. MEA having a 
non-PRC2-like function is not surprising as well. Indeed, 
MEA forms a complex with FIE both in the nucleus and the 
cytoplasm (Oliva et al. 2016). Though the function of the 
cytoplasmic FIE-MEA complex is not known, a non-nuclear 
function beyond chromatin methylation is intuitive (Oliva 
et al. 2016). Our work demonstrated one non-nuclear func-
tion of MEA.
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