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Plant pathogens secrete cell wall-degrading enzymes that degrade various components of the plant cell wall. Plants sense this
cell wall damage as a mark of infection and induce immune responses. However, the plant functions that are involved in the
elaboration of cell wall damage-induced immune responses remain poorly understood. Transcriptome analysis revealed that a
rice (Oryza sativa) receptor-like kinase, WALL-ASSOCIATED KINASE-LIKE21 (OsWAKL21.2), is up-regulated following
treatment with either Xanthomonas oryzae pv oryzae (a bacterial pathogen) or lipaseA/esterase (LipA; a cell wall-degrading
enzyme of X. oryzae pv oryzae). Overexpression of OsWAKL21.2 in rice induces immune responses similar to those activated
by LipA treatment. Down-regulation of OsWAKL21.2 attenuates LipA-mediated immune responses. Heterologous expression of
OsWAKL21.2 in Arabidopsis (Arabidopsis thaliana) also activates plant immune responses. OsWAKL21.2 is a dual-activity kinase
that has in vitro kinase and guanylate cyclase activities. Interestingly, kinase activity of OsWAKL21.2 is necessary to activate rice
immune responses, whereas in Arabidopsis, OsWAKL21.2 guanylate cyclase activity activates these responses. Our study

reveals a rice receptor kinase that activates immune responses in two different species via two different mechanisms.

The plant cell wall acts as a formidable barrier for
pathogens. Plant pathogens secrete a battery of cell
wall-degrading enzymes (CWDEs) to degrade different
components of the plant cell wall (Albersheim and
Anderson-Prouty, 1975; Hématy et al., 2009). CWDEs
act as a double-edged sword for pathogens, as the ac-
tivity of these enzymes leads to cell wall degradation,
but this also releases cell wall degradation products
that can elicit plant immune responses (Jha et al., 2007).
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Such host-derived molecules that can elicit immune
responses are called damage-associated molecular
patterns (DAMPs). External application of oligoga-
lacturonides (OGs), xyloglucan oligomers, cellobiose,
or cellotriose has been shown to induce immune re-
sponses in plants. These compounds might serve as
DAMPs that are released upon the action of microbial
hydrolytic enzymes on plant cell walls (Davis et al.,
1986; de Azevedo Souza et al., 2017; Gust et al., 2017;
Claverie et al., 2018). DAMPs also include molecules
that are secreted by plants in response to the perception
of danger. Such DAMPs include extracellular ATP and
secreted peptides (e.g. plant elicitor peptide [Pep],
systemin, etc.; Pearce et al., 1991; Huffaker et al., 2006;
Chen et al., 2017). These DAMPs are sensed by membrane-
localized receptor-like kinases and receptor-like proteins
that activate defense response-associated signaling. Some
known receptors of DAMPs are AtPEPR1/2 for Pep,
AtDORNI1 for extracellular ATP, SYR1 for systemins, and
AtWAK1/2 for OGs (Brutus et al., 2010; Krol et al., 2010;
Choi et al., 2014; Gust et al., 2017; Wang et al., 2018).

The wall-associated kinases (WAKS) constitute a
unique class of receptor kinases that are known to be
closely associated with the plant cell wall (Verica and
He, 2002). WAKSs are known to be involved in many
physiological processes, including cell elongation, pol-
len development, and abiotic and biotic stress tolerance
(Kohorn, 2016). Members of the WAK gene family have
been known to interact with pectin and pectin degra-
dation products (OGs). AtWAK1 and AtWAK2 have
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been reported to interact with pectin and OGs in vitro
(Kohorn et al., 2006, 2009). Some proteins of the WAK
gene family have also been known to be involved in
immune responses in many plant species, such as
Arabidopsis (Arabidopsis thaliana), rice (Oryza sativa),
maize (Zea mays), and wheat (Triticum aestivum; He
et al.,, 1998; Li et al.,, 2009; Hurni et al.,, 2015; Zuo
et al., 2015; Harkenrider et al., 2016; Hu et al., 2017;
Zhang et al., 2017b; Saintenac et al., 2018). In most cases,
a receptor kinase or receptor-coreceptor complex
recognizes the ligand and triggers phosphorylation
events leading to the activation of MAP kinase sig-
naling and its downstream targets (Meng and Zhang,
2013). However, some recent studies also indicate the
presence of an alternate signaling system in plants,
which is mediated by cyclic nucleotides such as cy-
clic guanosine monophosphate (cGMP) and cAMP
(Gehring and Turek, 2017). cGMP is generated by
guanylate cyclases (GCs), and most of the reported
plant GCs are membrane-localized receptor kinases
that also contain a functional GC motif inside the
kinase domain (Gehring and Turek, 2017). Such ki-
nases showing these dual activities are called
moonlighting kinases (Wong et al., 2015). However,
there have been some concerns regarding the pres-
ence of GC activities in plant receptor kinases, as they
exhibit relatively less in vitro biochemical activity as
compared with their counterparts in animals (Ashton,
2011; Bojar et al., 2014). Nevertheless, a growing num-
ber of reports indicate the importance of cyclic nucleo-
tides and their synthases in plants (Gehring and Turek,
2017). In Arabidopsis, some receptor kinases, including
a wall-associated kinase-like gene (AtWAKL10), are
reported as moonlighting kinases (Meier et al., 2010).
In a recent observation, Shen et al. (2019) indicated
the role of a cGMP-responsive dual-activity protein
kinase in GA signaling and salt-stress response in rice
(Shen et al., 2019).

Rice serves as a staple food for more than half of the
global population. Xanthomonas oryzae pv oryzae (Xoo)
causes a serious bacterial blight disease of rice. CWDEs
secreted by Xoo include cellulases, xylanases, and li-
pase/esterase (LipA; Rajeshwari et al., 2005; Jha et al.,
2007). LipA is an important CWDE of Xoo, and deletion
of the LipA gene results in a reduction in the virulence
of Xoo in rice (Jha et al., 2007). Treatment of rice leaves
with purified LipA leads to the activation of plant im-
mune responses, including callose deposition, pro-
grammed cell death, and an enhanced tolerance toward
Xoo (Aparna et al., 2009). Heat inactivation or mutation
of the active-site residues of LipA abolishes its bio-
chemical activity as well as its ability to induce immune
responses in rice, indicating that the enzymatic activity
of LipA is essential for the induction of the immune
response (Jha et al., 2007; Aparna et al., 2009). However,
rice functions involved in the perception and elabora-
tion of LipA-induced immune responses remain to be
identified.

In this study, transcriptome analysis was initially
performed to identify gene expression changes that
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occur during LipA-induced immune responses in rice.
An enhanced transcript level of a wall-associated kinase-
like gene, OsWAKL21.2, was observed after treatment of
rice leaves with either purified LipA or the pathogen Xoo
but not after treatment with a LipA mutant of Xoo. Se-
quence alignment and biochemical studies indicated that
OsWAKL21.2 is a dual-function receptor-like kinase that
has in vitro kinase as well as GC activities. OsWAKL21.2
is a key component of signaling involved in LipA-
induced immunity, as its down-regulation leads to at-
tenuation of the LipA-induced immune response.
Overexpression of OsWAKL21.2 in rice and its heterol-
ogous expression in Arabidopsis induce plant defense
responses and confer enhanced tolerance to subsequent
bacterial infection. However, we have observed that the
mode of action of the protein is dissimilar in rice and
Arabidopsis. Our results suggest that the kinase activity
of OsWAKL21.2 is required to induce the immune re-
sponse in rice, whereas its GC activity activates immune
responses in Arabidopsis.

RESULTS

Expression of OsWAKL21.2 Is Enhanced after Treatment of
Rice Leaves Either with LipA or Xoo

In order to identify rice functions that are potentially
involved in early stages of LipA-induced immune re-
sponses, we performed transcriptome analysis of rice
leaves after 30 min and 2 h of infiltration with LipA.
After 30 min, no significantly altered gene expression
was observed, whereas 78 genes (78 probes covering 74
unique genes) were differentially expressed (68 up and
10 down; fold change [FC] > 1.5-fold) after 2 h of LipA
treatment (Supplemental Fig. S1A; Supplemental Table
S1). These differentially expressed genes included those
with potential roles in signaling, defense responses, or
transcription/translation (Supplemental Fig. S1B).
When compared with a previous microarray (Ranjan
et al., 2015) performed after 12 h of LipA treatment,
we observed that 38 of these 78 genes are differentially
expressed (37 up and 1 down) at both time points
(Fig. 1A; Supplemental Table S2). We compared these
data with a publicly available microarray data set that
was performed 24 h after treatment of rice leaves with
various X. oryzae strains (Gene Expression Omnibus
[GEQO] accession no. GSE36272) and observed that some
of these 38 genes were commonly up-regulated fol-
lowing X. oryzae treatment (Supplemental Table S3).
The up-regulation of six of these commonly up-
regulated genes was validated by reverse transcrip-
tion quantitative PCR (RT-qPCR) after treatment of rice
leaves with either Xoo or LipA (Supplemental Fig. S1C).
Three of the 37 genes that were most commonly up-
regulated after X. oryzae treatments include a putative
wall-associated receptor kinase-like gene (OsWAKL21,
LOC_0Os12g40419), a putative ubiquitin ligase (OsPUB38,
LOC_0s04g35680), and a putative Fru-bisphosphate al-
dolase (LOC_0Os08g02700; Supplemental Table S3). In this
study, we have focused on exploring the function of
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Figure 1. Expression of OsWAKL21.2 is en-
hanced in rice leaves after treatment with either
LipA or Xoo. A, Venn diagram indicating the
number of genes that are differentially expressed
after 2 and 12 h of LipA treatment. B, Three splice
variants of OsWAKL21 as shown in the Rice-MSU
database. C, RT-qPCR analysis of the expression of
all three splice variants of OsWAKL21T after 2 and
12 h of LipA treatment and after 24 h of Xoo
treatment in rice leaves. Asterisks represent sig-
nificant differences in FC using Student’s t test
with P < 0.05. n.s. indicates no significant differ-
ence in relative expression. D, RT-qPCR analysis of
the expression of OsWAKL21.2 in rice leaves after
24 h of treatment with Xoo, LipA mutant of Xoo
(Xoo LipA-), or LipA-complementing clone of Xoo
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the wall-associated kinase OsWAKL21 in plant immune
responses.

OsWAKL?1 has three splice variants (OsWAKL21.1
[LOC_0s12g40419.1], OsWAKL21.2 [LOC_Os12g40419.2],
and OsWAKL21.3 [LOC_Os12g40419.3]; Fig. 1B). RT-qPCR
analyses indicated that the second splice variant
(OsWAKL21.2) is mainly up-regulated in rice leaves
after either LipA or Xoo treatment (Fig. 1C). Interest-
ingly, treatment of rice leaves with the LipA mutant of
Xoo did not enhance the expression of OsWAKL21.2,
whereas introduction of a LipA-complementing clone
into the LipA mutant restored its ability to enhance the
expression of OsWAKL21.2 (Fig. 1D).

Overexpression of OsWAKL21.2 in Rice Induces
Immune Responses

Treatment of rice leaves with LipA induces immune
responses such as callose deposition, enhanced ex-
pression of defense-related genes, activation of the jas-
monic acid (JA) pathway, and enhanced tolerance
against subsequent Xoo infection (Jha et al., 2007;
Ranjan et al., 2015). Agrobacterium tumefaciens-mediated
transient overexpression of OsWAKL21.2 in young rice
leaves significantly induced callose deposition, which is
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comparable to callose deposition induced by LipA
treatment (Fig. 2, A and B). Transient overexpression of
OsWAKL21.2 in rice leaves also enhanced tolerance
against subsequent Xoo infection, leading to reduced
lesion length caused by Xoo, which was also observed
following treatment with LipA (Fig. 2C; Supplemental
Fig. S2A). The overexpression of OsWAKL21.2 was
confirmed by RT-qPCR and immunoblot analysis
(Supplemental Fig. S2, B and C).

Plant immune responses are known to be modulated
via the expression of defense-related genes. Therefore,
we tested the expression of some key defense-related
genes of rice after the transient overexpression of
OsWAKL21.2 in midveinal regions of rice leaves.
OsWAKL21.2 overexpression in rice enhanced the ex-
pression of three pathogenesis-related genes (OsPR1a,
OsPR10/0sPBZ14, and OsPR10a/OsPBZ1), a somatic
embryogenesis receptor kinase (OsSERK2), and a Phe
ammonia lyase (OsPAL3; Fig. 2D). OsPR10, OsPR10a,
OsSERK2, and OsPAL3 were also reported to be up-
regulated in the microarray performed after 12 h of
LipA treatment. We also tested the expression of 10
genes that are up-regulated following LipA/Xoo treat-
ment (Supplemental Table S3) through microarray
analysis and observed that seven of these 10 genes are
also significantly up-regulated following overexpression
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Figure 2. Overexpression of OsWAKL21.2 in rice leaves induces plant immune responses. A, Callose deposition in rice leaves
after treatment with various A. tumefaciens constructs or controls. The images shown are representative of one viewing area for
each category. Numbered images are as follows: (i) 0.1% (v/v) dimethyl sulfoxide (DMSO); (ii) 20 um Est; (iii) A. tumefaciens
containing pMDC7 (empty vector [EV]) with 0.1% (v/v) DMSO; (iv) A. tumefaciens containing pMDC?7 (empty vector) with 20 um
Est; (v) A. tumefaciens containing pMDC7::OsWAKL21.2 with 0.1% (v/v) DMSQO; (vi) A. tumefaciens containing pMDC7::Os-
WAKL21.2 with 20 um Est; and (vii) 0.5 mg mL~" LipA. Images were taken at 20X magnification. Bars = 100 um. B, Quanti-
fication of callose deposition in rice leaves after treatment with various A. tumefaciens constructs or controls as shown in A. Bar
diagram shows the quantification of the number of callose deposits per area in rice leaves. Numbers of callose deposits in eight
viewing areas (at 10X magnification) per leaf were considered. Each bar represents the average, and error bars represent se of 10 to
15 leaves per treatment in one set of experiments. Similar results were obtained in three independent experiments. C, Lesion
length caused by Xoo in rice leaves when midveins of the leaves were previously treated with various A. tumefaciens constructs or
controls. Midveins of rice leaves of 60-d-old plants were injected with MilliQ or water (MQ), LipA, or A. tumefaciens carrying
empty vector or OsWAKL21.2 and also with (20 um Est) or without (0.1% [v/v] DMSO) inducer. After 24 h, the leaves were pin-
prick inoculated with Xoo 1 cm above the point of A. tumefaciens injection. Lesion length was measured after 10 d of infection
with Xoo (Supplemental Fig. S2A). Each bar indicates the average, and error bars represent se of more than 20 leaves per treatment
in one set of experiments. Similar results were obtained in three independent experiments. D, Relative expression of key defense-
related genes after transient overexpression of OsWAKL21.2 in rice leaves. Each bar represents the average FC, and the error bars
indicate st of three independent experiments (n = 12 in each experiment). For each gene, the transcript level of the uninduced
condition (treatment with A. tumefaciens carrying OsWAKL21.2 with 0.1% [v/v] DMSO) was considered as 1 and was compared
with the induced condition (treatment with A. tumefaciens carrying OsWAKL21.2 with 20 um Est). OsSACTINT was used as an
internal control for RT-qPCR. The relative FC was calculated by using the 2722t method. Asterisks represent significant difference
in FC using Student’s ttest with P<< 0.05. In Aand B, 12- to 14-d-old rice leaves were infiltrated with MQ, A. tumefaciens carrying
empty vector, or vector containing OsWAKL21.2 and also with (20 um Est) or without (0.1% [v/v] DMSO) inducer. In B and C,
lowercase letters (a and b) above the bars indicate significant differences with P < 0.05 using one-way ANOVA followed by the
Tukey-Kramer multiple comparison test. MQ treatment indicates control without any A. tumefaciens treatment. In A, B, and C,
leaves treated with LipA were used as positive controls.
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of OsWAKL21.2 in rice leaves (Supplemental Fig. S2D).
These results indicate that A. tumefaciens-mediated
transient overexpression of OsWAKL21.2 in rice leaves
induces immune responses that are at least in part sim-
ilar to immune responses activated following LipA
treatment.

Transient Down-Regulation of OsWAKL21.2 Attenuates
LipA-Induced Immune Responses in Rice

We subsequently assessed the effect of transient
knockdown of OsWAKL21.2 by virus-induced gene si-
lencing (VIGS) on LipA-induced immune responses.
It was observed that the down-regulation was not
retained by all leaves over time, which was also ob-
served previously using this vector system (Kant
and Dasgupta, 2017). So, an alternative approach
was used for the assessment of callose deposition in
RNA interference (RNAI) lines after LipA treatment
(Supplemental Fig. S3B). We categorized the leaf
samples into three classes based on the amount of cal-
lose deposition as low (less than 30 deposits per leaf),
medium (approximately 30-80 deposits per leaf), or
high (more than 80 deposits per leaf; Fig. 3A). Follow-
ing LipA treatment, about 30% to 40% of the leaf sam-
ples showed high callose deposition, 10% to 15%
showed low callose deposition, and the remainder
(about 50%) showed a medium level of callose deposi-
tion (Fig. 3B). A similar ratio was observed if the
seedlings were previously treated with VIGS-empty
vector (Fig. 3C). The number of leaves showing low
callose deposition significantly increased to more than
50% in WAKL-RNAI lines (WRi 1-300, WRi 451-600,
and WRi 1-600 correspond to the fragments of
OsWAKL21.2 that were used for down-regulation),
whereas there was a reduction in the leaves that
showed high or medium callose deposition (Fig. 3C). In
RNAI lines, the leaves that exhibit low callose deposi-
tion following LipA treatment also exhibited signifi-
cantly lower transcript/protein level of OsWAKL21.2,
which was not observed in the leaves that showed high
callose deposition (Fig. 3D; Supplemental Fig. S4A).

Since down-regulation of OsWAKL21.2 attenuated
LipA-induced callose deposition, we decided to test its
effect on LipA-induced tolerance toward Xoo. VIGS-
mediated down-regulation of OsWAKL21.2 in rice
midvein attenuates LipA-induced tolerance against
subsequent Xoo infection (Fig. 3E; Supplemental Fig.
54B). RT-qPCR and immunoblot analysis using anti-
OsWAKL21 antibodies indicated down-regulation of
OsWAKL21.2 in the midveinal region following VIGS-
mediated OsWAKL21.2 down-regulation (Fig. 3F;
Supplemental Fig. S4C). There was a slight but usually
nonsignificant reduction in transcript level of the other
splice variants, and no significant difference was ob-
served in transcript levels of other predicted off-target
genes (Supplemental Fig. S5). This suggests that opti-
mal expression of OsWAKL21.2 in rice leaves is re-
quired for LipA-induced tolerance against Xoo.
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Heterologous Expression of OsWAKL21.2 in Transgenic
Arabidopsis Lines Induces Plant Inmune Responses

In order to determine whether the expression of
OsWAKL21.2 activates immune responses in other
plants, we generated stable Arabidopsis transgenic
lines expressing OsWAKL21.2 under the control of a 17-
B-estradiol (Est)-inducible promoter. Expression of
OsWAKL21.2 in transgenic lines was examined after
treatment with the inducer (Est) through RT-qPCR and
immunoblotting (Supplemental Fig. S6, A and B). We
observed that heterologous expression of OsWAKL21.2
in Arabidopsis results in enhanced callose deposition
(Fig. 4, A and B) and enhanced tolerance against sub-
sequent Pseudomonas syringae pv tomato DC3000 (Pst
DC3000) infection (Fig. 4C). As there was a possibility
that wounding caused during infiltration was eliciting
defense responses, we tested callose deposition in
leaves of transgenic Arabidopsis plants that had been
sprayed with 20 um Est. We observed a significant in-
crease in callose deposition and OsWAKL21.2 transcript
levels in transgenic Arabidopsis plants in which heter-
ologous expression of OsWAKL21.2 was induced by
spraying Est (Supplemental Fig. 56, C and D). In Ara-
bidopsis, the salicylic acid (SA) and JA pathways are
widely known to be involved in immune responses. We
examined the expression of key genes linked to these
two pathways in Arabidopsis transgenic lines. The
heterologous expression of OsWAKL21.2 in Arabi-
dopsis resulted in significant increases in the transcript
levels of key SA pathway-related genes (AtPR2, AtPRS5,
and AtWRKY33) and AtGSL5, encoding a major callose
synthase of Arabidopsis (Fig. 4D; Jacobs et al., 2003;
Janda and Ruelland, 2015), whereas the transcript level
of the key JA-responsive gene AtPDF1.2 was decreased.
Overall, these data imply that heterologous expression
of OsWAKL21.2 in Arabidopsis enhances callose de-
position, enhances the expression of SA pathway-
related genes, and, in addition, enhances tolerance
against subsequent Pst DC3000 infection.

OsWAKL21.2 Is a Membrane-Localized Moonlighting
Receptor Kinase That Has in Vitro Kinase and
GC Activities

Sequence analysis of OsWAKL21.2 indicated that it is
a receptor-like Ser/Thr kinase that accommodates an
N-terminal extracellular galacturonan-binding domain,
an epidermal growth factor-like repeat, and an intra-
cellular C-terminal kinase domain, resembling other
known wall-associated kinases (Fig. 5A). The analyses
of OsWAKL21.2 also revealed the presence of a puta-
tive GC motif (residues 569-585) inside the kinase do-
main (Supplemental Fig. S7, A and B; Xu et al., 2018).
Enhanced GFP (EGFP)-tagged recombinant OsWAKL21.2
(OsWAKIL21.2:EGFP) colocalized with the cell membrane
in onion (Allium cepa) epidermal cells and Nicotiana ben-
thamiana leaf cells, indicating that it is a membrane-bound
receptor (Fig. 5B; Supplemental Fig. S7D).
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Figure 3. Down-regulation of OsWAKL21.2 attenuates LipA-induced immune responses inrice. A, Categorization of the number
of callose deposits in three different groups: low, medium, and high. The images shown are representative of one viewing area for
each group. Eight such areas per leaf were viewed for categorization. Images were captured at 20X magnification. Bars = 100
um. B, Fraction of leaves showing low, medium, or high callose deposition after LipA treatment. C, Fraction of leaves showing
callose deposits after LipA infiltration that were previously treated with MilliQ or water (MQ; mock treatment) or A. tumefaciens
containing VIGS-empty vector (EV) or WAK-RNAI constructs (OsWAKL21.2-RNAi 1-300 [WRi 1-300], OsWAKL21.2-RNAi 451-
600 [WRi 451-600], or OsWAKL21.2-RNAi 1-600 [WRi 1-600]) in 12- to 14-d-old rice leaves. D, RT-qPCR analysis of
OsWAKL21.2 transcript levels in leaves showing either low (L) or high (H) callose deposits. Each bar represents the average FC,
and error bars indicate st observed in three biological replicates. For each sample, four to five leaves showing each callose
phenotype were used for RNA isolation. The transcript level in mock (MQ)-treated leaves was considered as 1, and FC in A.
tumefaciens-treated leaves was calculated with respect to it. E, Lesion length caused by Xoo in midveins of 60-d-old rice leaves
that were pretreated with either buffer and LipA alone or along with A. tumefaciens strain WRi 1-300 or WRi 1-600. Each bar
represents the average lesion length, and error bars show st of at least 20 leaves in one experiment. Similar results were obtained in
three independent experiments. F, Expression levels of OsWAKL21.2 in rice leaves after 24 h of injection with either buffer and
LipA alone or along with A. tumefaciens strain WRi 1-300 or WRi 1-600. Each bar represents the average of three independent
experiments, n > 10 in each experiment. The transcript level of buffer-injected leaves was considered as 1, and FC in A.
tumefaciens with buffer/LipA-treated leaves was calculated with respect to it. In B, C, D, and F, each bar represents the average
and error bars denote the st of three different biological replicates. In B and C, each bar denotes the ratio of leaves showing each
phenotype in at least 40 leaves. In C and E, lowercase letters (a and b) above the bars indicate significant differences with P < 0.05
using one-way ANOVA followed by the Tukey-Kramer multiple comparison test. In D and F, lowercase letters (a, b, and c)
represent significant differences in FC using Student’s ttest with P < 0.05. In D and F, OsACTINT was used as an internal control
for RT-gPCR and the relative FC was calculated by using the 2722t method.
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Figure 4. Heterologous expression of OsWAKL21.2 in Arabidopsis induces immune responses. A, Callose deposition in leaves of
wild-type Columbia (Col-0) or OsWAKL21.2 transgenic Arabidopsis lines following treatment with 20 um Est (inducer) or 0.1% (v/
v) DMSO (control). Numbered images are as follows: (i) Col-0 treated with DMSO; (ii) Col-0 treated with Est; (iii) OsWAKL21.2
transgenic line 7 treated with DMSO; (iv) OsWAKL21.2 transgenic line 7 treated with Est; (v) OsWAKL21.2 transgenic line 14
treated with DMSO; and (vi) OsWAKL21.2 transgenic line 14 treated with Est. Images were taken at 10X magnification. Bars =
100 um. B, Quantification of the number of callose deposits in wild-type Col-0 and two different Arabidopsis OsWAKL21.2
transgenic lines after treatment with control or inducer. Leaves were treated with either 20 um Est (inducer) or 0.1% (v/v) DMSO
(control). Each bar represents the average, and error bars represent st of three different leaves for each treatment in an experiment.
C, Effects of heterologous expression of OsWAKL21.2 on the growth of Pst DC3000 after subsequent infection. Each bar rep-
resents the average, and error bars represent s of five leaves for each treatment in an experiment. CFU, Colony-forming units. D,
Effects of heterologous expression of OsWAKL21.2 in transgenic Arabidopsis lines on the expression of SA or JA pathway-
responsive genes. Expression in 0.1% (v/v) DMSO-treated leaves was considered as 1, and relative expression in 20 um Est-
treated leaves was calculated with respect to it. Each bar represents the average, and error bars represent st of three independent
experiments for each line. For each sample, RNA was isolated from three leaves for every treatment. AtACTIN2 was used as an
internal control for RT-qgPCR. The relative FC was calculated by using the 2722t method. Asterisks represent significant differ-
ences in FC using Student’s ttest with P < 0.05. Transgenic or wild-type plant leaves were treated with 0.1% (v/v) DMSO (control)
or 20 um Est (inducer). Following 12 h of treatment, leaves were collected for callose deposition or transcript/protein analysis or
were infected with Pst DC3000. Similar results were obtained in three independent experiments for A, B, and C. In B and C,
asterisks represent significant differences when calculated using one-way ANOVA followed by the Tukey-Kramer multiple
comparison test with P < 0.05. n.s. indicates no significant difference.
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Figure 5. Biochemical characterization and localization of OsWAKL21.2. A, Domain architecture of OsWAKL21.2 using the
SMART tool (http://smart.embl-heidelberg.de/). EGF, Epidermal growth factor-like repeat; GC, GC motif; GUB, galacturonan-
binding domain; Pkinase_Tyr, kinase domain; SP, signal peptide; TM, transmembrane region. Pink boxes represent low-
complexity regions as indicated by the SMART tool. B, OsWAKL21.2:EGFP localizes on the cell membrane in onion peel
after transient expression. OsWAKL21.2:EGFP was transiently transformed to onion peel cells using A. tumefaciens, and peels were
visualized after 2 d using an epifluorescence microscope. Plasmolysis was done by incubating onion peel in 0.8 m mannitol for 30
min. The experiment was repeated three times, and similar results were obtained. FM4-64 staining was done by incubating in 10
png mL~" dye for 10 min. Images were captured at 60X. Bars = 10 um. C, Kinase assay. The kinase domain of OsWAKL21 cloned
and purified from E. coli shows autophosphorylation activity. Fifty micrograms of affinity-purified recombinant protein was used
for assays with or without radiolabeled ATP. After 1 h, denatured samples were loaded onto a 10% SDS-PAGE gel. The gel was
further subjected to autoradiography and Coomassie Brilliant Blue staining. The experiment was repeated three times, and similar
results were obtained. D, GC assay. Fifty micrograms (in 50 ul) of affinity-purified recombinant protein was used for GC assay
with or without GTP. After 1 h, 5 uL of the sample was directly used for cGMP quantification. GTP alone and GC buffer + GTP
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The biochemical characterization was performed by
cloning the intracellular kinase domain of OsWAKL21.2
(OsWAKL21376_75) with an N-terminal 6X His tag and
expressing this in Escherichia coli. The purified cytoplas-
mic domain of OsWAKL21.2 showed autophosphor-
ylation activity when incubated with [y-*?P]ATP,
indicating that it is an active kinase (Fig. 5C). For analysis
of GC activity, the same purified protein was incubated
with GTP and ¢cGMP was detected by qualitative and
quantitative assays. cGMP was detected only when GTP
was incubated with purified OsWAKL21374 725 (Fig. 5D;
Supplemental Fig. S7C). The rate of cGMP synthesis was
21 = 0.75 pm pg ! protein h™! (Fig. 5D), which is
comparable to other known plant GCs such as AtPEPR1,
AtPSKR1, and AtWAKL10 (Meier et al., 2010; Qi et al.,
2010; Kwezi et al., 2011). These biochemical analyses
strongly suggest that OsWAKL21.2 is a dual-function
enzyme with both kinase and GC activities.

The Kinase Activity of OsWAKL21.2 Induces Immune
Responses in Rice But Not in Arabidopsis

Considering that OsWAKL21.2 is a receptor kinase,
we hypothesized that kinase activity of the protein
would be required for the induction of immune re-
sponses. Based on homology with other plant receptor
kinases, we mutated four active-site residues (Lys-407,
Asp-504, Thr-542, and Thr-547) to Ala and generated a
kinase-deficient mutant (OsWAKL21.2-kinase deficient
or OsWAKL21.2-kd). The purified kinase domain of
OsWAKL21.2-kd had almost no kinase activity but it
retained GC activity (Supplemental Fig. S8, A-C).
Furthermore, we observed that A. tumefaciens-mediated
transient overexpression of the full-length OsWAKL21.2-
kd in rice leaves did not induce rice immune responses
such as callose deposition, enhanced tolerance against
Xoo, or increased expression of key defense-related genes
(Fig. 6, A—C; Supplemental Fig. S9, A and B). These re-
sults indicate that the kinase activity of OsWAKL21.2 is
required for the induction of immune responses in rice.

In order to further investigate the role of OsWAKL21.2
kinase activity in the induction of plant immune re-
sponses, we generated transgenic Arabidopsis lines
expressing OsWAKL21.2-kd. Interestingly, we observed
that the heterologous expression of OsWAKL21.2-kd in
Arabidopsis caused an increase in callose deposition
(Fig. 6D; Supplemental Fig. 59, C and D). Similar results
were observed in four different transgenic lines. In Ara-
bidopsis, the heterologous expression of OsWAKL21.2-kd
resulted in enhanced tolerance toward Pst DC3000 and
also changed the expression of defense-related genes in a
similar pattern to OsWAKL21.2 (Fig. 6, E and F). As
mentioned above, this mutant version did not induce
immune responses in rice, indicating that the kinase
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activity of OsWAKIL21.2 induces immune responses in
rice but not in Arabidopsis.

GC Activity of OsWAKL21.2 Induces Immune Responses
in Arabidopsis But Not in Rice

Owing to the fact that the kinase-deficient mutant
of OsWAKL21.2 retained the ability to induce im-
mune responses in Arabidopsis, we decided to in-
vestigate whether the GC activity of OsWAKL21.2
had a role in the induction of immune responses in
Arabidopsis. In order to test this hypothesis, we initially
induced the expression of OsWAKL21.2 in Arabidopsis
in the presence of the GC inhibitor LY83583 and observed
that GC activity inhibition attenuates OsWAKL21.2- and
OsWAKL21.2-kd-induced callose deposition in Ara-
bidopsis (Supplemental Fig. S10). We then generated
a mutant of OsWAKL21.2 that lacked GC activity
(OsWAKL21.2-GC deficient or OsWAKL21.2-gcd) but
retained its kinase activity (Supplemental Fig. S8, A-C;
Ma et al., 2012). Heterologous expression of OsWAKL21.2-
ged in Arabidopsis did not induce callose deposition or
lead to enhanced tolerance toward Pst DC3000 (Fig. 7, A
and B; Supplemental Fig. 59, C and D).

Furthermore, OsWAKL21.2-gcd failed to significantly
alter the expression of the majority of defense-related
genes that are induced following heterologous expression
of OsWAKL21.2 in Arabidopsis (Fig. 7C). Heterologous
expression of OsWAKL21.2 in Arabidopsis leaves also
enhanced the in planta cGMP level, which was not ob-
served when OsWAKL21.2-gcd was expressed in trans-
genic Arabidopsis plants (Supplemental Fig. S11, A-C).
However, transient overexpression of OsWAKL21.2-gcd
induced immune responses in rice that were similar
to the ones induced by wild-type OsWAKL21.2
(Fig. 7, D-F; Supplemental Fig. S9, A and B). These
observations clearly indicate that the GC activity of
OsWAKL21.2 induces immune responses in Arabi-
dopsis but not in rice.

OsWAKI21.2 Possibly Induces the JA Pathway in Rice,
Whereas It Activates the SA Pathway in Arabidopsis

The results in this study indicate that kinase activity
of OsWAKL21.2 is required to induce rice immune
responses and that its GC activity is required for the
induction of Arabidopsis immune responses. Our pre-
vious report indicated that the JA pathway is activated
in rice leaves after treatment with LipA (Ranjan et al.,
2015). We selected a subset of 10 genes that were
previously predicted to be associated with the JA
pathway in rice and were found to be up-regulated
after 12 h of LipA infiltration (Ranjan et al., 2015). We

Figure 5. (Continued.)

were used as controls. Each bar indicates the average, and error bars represent st of three independent experiments. Lowercase letters
(a and b) above the bars indicate significant differences when analyzed using Student’s ¢ test with P < 0.05.
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Figure 6. Kinase activity of OsWAKL21.2 is required for the induction of immune responses in rice but not in Arabidopsis. A,
Quantification of callose deposition after transient overexpression of either wild-type (wt) OsWAKL21.2 or kinase-deficient
mutant OsWAKL21.2-kd in rice leaves. Each bar represents the average, and error bars represent st of at least 12 leaves per
treatment in an experiment. B, Lesion lengths after 10 d of Xoo pin-prick inoculation when OsWAKL21.2 or OsWAKL21.2-kd was
transiently overexpressed prior to infection by Xoo. Each bar represents the average, and error bars represent st of lesion length in
20 to 30 leaves in an experiment. C, Relative expression of key defense-related genes after transient overexpression of either
OsWAKL21.2 or OsWAKL21.2-kd inrice leaves. For each gene, the transcript level of the uninduced condition (treatment with A.
tumefaciens carrying OsWAKL21.2 or OsWAKL21.2-kd with 0.1% [v/v] DMSO) was considered as T and was compared with the
induced condition (treatment with A. tumefaciens carrying OsWAKL21.2 or OsWAKL21.2-kd with 20 um Est). Each bar repre-
sents the average FC, and error bars indicate st of three independent experiments (n = 12 in each experiment). D, Quantification
of callose deposition in leaves of four different OsWAKL21.2-kd Arabidopsis transgenic lines (lines 1, 4, 11, and 12) treated with
either 20 um Est (inducer) or 0.1% (v/v) DMSO (control). Each bar represents the average, and error bars represent st of three leaves
in an experiment. E, Effects of heterologous expression of OsWAKL21.2-kd on the growth of Pst DC3000 after subsequent in-
fection. Leaves of wild-type OsWAKL21.2 and two different OsWAKL21.2-kd Arabidopsis transgenic lines (lines 1 and 11) were
infiltrated with either 20 um Est (inducer) or 0.1% (v/v) DMSO (control) and were subsequently inoculated with Pst DC3000 12 h
post infiltration. Each bar represents the average, and error bars represent se of five leaves in each sample. CFU, Colony-forming
units. F, Effects of heterologous expression of OsWAKL21.2-kd on the expression of key defense-related OsWAKL21.2-responsive
genes in transgenic Arabidopsis lines. Expression in 0.1% (v/v) DMSO-treated leaves was considered as 1, and relative expression
in 20 um Est-treated leaves was calculated with respect to it. Each bar represents the average FC, and error bars indicate st in three
independent experiments (n = 3 in each experiment). In C and F, OsACTINT and AtACTIN2 were used, respectively, as internal
controls for RT-qPCR. The relative FC was calculated by using the 2722 method. Similar results were obtained in three different
experimentsin A, B, D, and E. In A, B, D, and E, asterisks represent significant differences when calculated using one-way ANOVA
followed by the Tukey-Kramer multiple comparison test with P < 0.05. In C and F, asterisks represent significant differences in FC
using Student’s t test with P < 0.05. n.s. indicates no significant difference.
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Figure 7. GC activity of OsWAKL21.2 is required for the induction of immune responses in Arabidopsis but not in rice. A,
Quantification of callose deposition in leaves of two different Arabidopsis transgenic lines (lines 3 and 6) expressing GC-deficient
OsWAKL21.2-gcd that were treated with either 20 um Est (inducer) or 0.1% (v/v) DMSO (control). Each bar represents the av-
erage, and error bars represent st of three leaves in an experiment. B, Effects of heterologous expression of OsWAKL21.2-gcd on
the growth of Pst DC3000 after subsequent infection. Leaves of wild-type (wt) OsWAKL21.2 and two different OsSWAKL21.2-gcd
Arabidopsis transgenic lines (lines 3 and 6) were infiltrated with either 20 um Est (inducer) or 0.1% (v/v) DMSO (control) and were
subsequently inoculated with Pst DC3000 12 h post infiltration. Each bar represents the average, and error bars represent st of five
leaves in each sample. CFU, Colony-forming units. C, Effects of heterologous expression of OsWAKL21.2-gcd on the expression
of key defense-related OsWAKL21.2-induced genes in transgenic Arabidopsis lines. Expression in 0.1% (v/v) DMSO-treated
leaves was considered as 1, and relative expression in 20 um Est-treated leaves was calculated with respect to it. Each bar rep-
resents the average FC, and error bars indicate st of three independent experiments (n = 3 in each experiment). D, Quantification
of callose deposition after transient overexpression of either wild-type OsWAKL21.2 or OsWAKL21.2-gcd in rice leaves. Each bar
represents the average, and error bars represent se of at least 12 leaves per treatment in an experiment. E, Lesion lengths after 10 d
of Xoo pin-prick inoculation when OsWAKL21.2 or OsWAKL21.2-gcd was transiently overexpressed prior to infection by Xoo.
Each bar represents the average, and error bars represent st of lesion length in 20 to 30 leaves in an experiment. F, Relative
expression of key defense-related genes after transient overexpression of either OsWAKL21.2 or OsWAKL21.2-ged in rice leaves.
For each gene, the transcript level under uninduced conditions (treatment with A. tumefaciens carrying OsWAKL21.2 or
OsWAKL21.2-gcd with 0.1% [v/v] DMSO) was considered as 1 and was compared with that under the induced conditions
(treatment with A. tumefaciens carrying OsWAKL21.2 or OsWAKL21.2-gcd with 20 um Est). Each bar represents the average FC,
and error bars indicate st of three independent experiments (n = 12 in each experiment). In C and F, AtACTIN2 and OsACTINT
were used, respectively, as internal controls for RT-qPCR. The relative FC was calculated by using the 2724t method. Similar
results were obtained in three different experiments in A, B, D, and E. In A, B, D, and E, asterisks represent significant differences
when calculated using one-way ANOVA followed by the Tukey-Kramer multiple comparison test with P < 0.05. In C and F,
asterisks represent significant differences in FC using Student’s t test with P < 0.05. n.s. indicates no significant difference.
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tested the expression of these 10 genes and observed
that eight out of 10 genes showed significant up-
regulation after OsWAKL21.2 overexpression (Fig. 8A),
whereas none of these showed significantly altered ex-
pression following overexpression of the kinase-
deficient version of OsWAKL21.2 (OsWAKL21.2-kd) in
rice (Supplemental Fig. S12A). We also assessed the ex-
pression of four key SA pathway-responsive WRKY genes
in rice and found that overexpression of OsWAKL21.2
does not significantly alter the expression of any of these
SA pathway-related genes (Supplemental Fig. S12B; Lan
et al.,, 2013; Takatsuji, 2014). These results indicate that
overexpression of OsWAKL21.2 in rice enhances the ex-
pression of JA pathway-related genes.

The results described above (Fig. 4D) suggest that the
expression of SA-related genes is enhanced after het-
erologous expression of OsWAKL21.2 in Arabidopsis.
We further tested the expression of a few SA and JA
pathway-related Arabidopsis genes (SA: AtSID2,
AtCBP60g, AtSARD1, AtSH3, AtNPR3, and AtWRKY38;
JA: AtAOS, AtCOI1, AtEEF1, AtJAZ1, AtJAZ10, AtJAR1,
AtLOX2, AtPR2, and AtPR3) after heterologous ex-
pression of OsWAKL21.2 (Janda and Ruelland, 2015;
Huang et al., 2016; Zhang et al., 2017a). We observed
significantly enhanced expression of SA pathway-
related genes, whereas the expression of most of
the JA pathway-related genes was not significantly
altered (Fig. 8B; Supplemental Fig. S12C). The JA
biosynthetic gene AtCOI1 was significantly down-
regulated, whereas a negative regulator of the JA
pathway, AtJAZ1, was significantly up-regulated
(Supplemental Fig. S12C). Heterologous expression
of GC-deficient versions of OsWAKL21.2 (OsWAKL21.2-
gcd) did not lead to significant changes in the ex-
pression of SA pathway-related genes in Arabidopsis
(Supplemental Fig. S12D). In order to validate the role
of the SA pathway in OsWAKL21.2-induced immune
responses in Arabidopsis, we performed crosses be-
tween OsWAKL21.2 transgenic lines and NahG trans-
genic lines that do not accumulate SA (Delaney et al.,
1994). Transgenic offspring lines that express both
OsWAKL21.2 and NahG did not show enhanced callose
deposition, whereas sister lines that expressed only
OsWAKL21.2 showed enhanced callose deposition after
treatment with Est (Fig. 8C; Supplemental Fig. S513).
This observation indicates that OsWAKL21.2 induces
immune responses in Arabidopsis via activation of the
SA pathway.

DISCUSSION

CWDEs are important for the virulence of microbial
plant pathogens. Xoo secretes several CWDEs such as
cellulase A, cellobiosidase, and LipA, which are im-
portant for virulence. Treatment with these purified
enzymes leads to the induction of rice immune re-
sponses (Jha et al., 2007). At least for the LipA protein,
biochemical activity has been shown to be important for
the induction of immune responses (Aparna et al.,

1356

2009). The molecular players involved in the percep-
tion and elaboration of LipA-induced immune re-
sponses in rice are yet to be identified. To discern the
functions involved in LipA-induced immune re-
sponses, we performed transcriptome analyses at vari-
ous time points following LipA treatment. Comparisons
with microarray data available online indicated a
handful of genes that are commonly up-regulated fol-
lowing LipA or Xoo treatment. One such gene was the
second splice variant of a rice wall-associated kinase-
like gene (OsWAKL21.2). The WAK genes are the only
gene family known to recognize plant cell wall-derived
DAMPs (Kohorn, 2016). Our study suggests that the
expression of OsWAKL21.2 is enhanced after treatment
of rice leaves with either LipA or Xoo but not after
treatment with a LipA mutant of Xoo. This indicates
that the increase in OsWAKL21.2 expression after Xoo
treatment is specifically because of the presence of LipA
in Xoo. We also observed that OsWAKL21.2 is a
membrane-localized receptor kinase that has in vitro
kinase and GC activities.

Down-regulation of some WAK gene family mem-
bers in rice, such as OsWAK14, OsWAK91, OsWAK92,
or Xa4-WAK, has been reported to enhance the sus-
ceptibility of rice plants toward subsequent infection
(Delteil et al., 2016; Hu et al., 2017). We down-regulated
the expression of OsWAKL21.2 in rice leaves using
VIGS. Although down-regulation of OsWAKL21.2 did
not alter susceptibility to Xoo, it attenuated LipA-
induced tolerance to Xoo and callose deposition in
rice, indicating that it is involved in the elaboration of
LipA-induced immune responses. Since optimal ex-
pression of OsWAKL21.2 is essential for LipA-induced
immune responses, it might be an upstream component
in signaling activated following LipA treatment.

Treatment of rice leaves with LipA leads to callose
deposition, activation of the JA pathway, enhanced
expression of some defense-related genes, and en-
hanced tolerance against subsequent Xoo infection (Jha
et al., 2007; Ranjan et al., 2015). Callose deposition is a
hallmark of the immune response that is observed after
treatment of the plant tissue with either CWDEs (in-
cluding LipA) or DAMPs (Jha et al., 2007; Galletti et al.,
2008). We also observed that the overexpression of
OsWAKL21.2 in rice and its heterologous expression in
Arabidopsis leaves lead to fortification of the cell wall in
the form of callose deposition. Activation of the im-
mune response leads to an increased tolerance toward
subsequent infection in plants. We also observed that
OsWAKL21.2-induced immune responses led to en-
hanced tolerance against subsequent bacterial infection
in rice and Arabidopsis. Overexpression of several
other WAKSs, such as OsWAK1 (Li et al., 2009),
OsWAK25 (Harkenrider et al.,, 2016), OsWAK14,
OsWAKOI1, or OsWAK92 (Delteil et al., 2016), as well as
AtWAK?2 (Kohorn et al., 2009), AtWAK1 (Brutus et al.,
2010), and TaWAKL4 (Saintenac et al., 2018), has been
reported to enhance tolerance toward subsequent in-
fections in different plant species. Overexpression of
OsWAKL21.2 induces immune responses even in the
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absence of elicitor. Similar results have been reported
after overexpression of OsWAK25 in rice (Harkenrider
et al.,, 2016). We also observed a high number of callose
deposits near the zone of infiltration of DMSO/Est,
indicating that wounding could have an additive
effect in total callose deposit density observed after
infiltration. Moreover, we observed enhanced callose
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deposition after spray of Est in stable transgenic lines
expressing OsWAKL21.2, indicating that wounding is
not necessary for OsWAKL21.2-induced immune
responses.

Immune responses are usually correlated with en-
hanced expression of defense-related genes. The over-
expression of OsWAKL21.2 in the midveinal regions of
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Figure 8. OsWAKL21.2 induces the expression of JA pathway-related genes in rice, whereas it activates SA pathway-related
genes in Arabidopsis. A, Relative expression of 10 JA pathway-related genes after transient overexpression of OsWAKL21.2 inrice
leaves. These genes include three ZIM domain-containing proteins (LOC_0s03g08310, LOC_0Os03g08330, and
LOC_Os10g25230), two lipoxygenases (LOC_Os08g39840 and LOC_Os08g39850), one allene oxide synthase
(LOC_0Os03g55800), one basic helix-loop-helix transcription factor (LOC_Os04g23550), one ethylene-responsive transcription
factor (LOC_Os02g43790), one chitinase (LOC_Os06g51050), and an AP2 domain-containing transcription factor
(LOC_0Os08g36920). For each gene, the transcript level under uninduced conditions (treatment with A. tumefaciens carrying
WAK-wt [wild type] with 0.1% [v/v] DMSO) was considered as 1 and was compared with that under the induced conditions
(treatment with A. tumefaciens carrying WAK-wt with 20 um Est). Each bar represents the average FC, and error bars indicate st of
three independent experiments (n = 12 in each experiment). OsACTINT was used as an internal control. The relative FC was
calculated by using the 244t method. Asterisks represent significant differences in FC using Student’s ¢ test with P < 0.05. n.s.
indicates no significant difference in relative expression. B, Effects of heterologous expression of OsWAKL21.2 on the expression
of SA pathway-related genes in transgenic Arabidopsis lines. Expression in 0.1% (v/v) DMSO-treated leaves was considered as 1,
and relative expression in 20 um Est-treated leaves was calculated with respect to it. Each bar represents the average FC, and error
bars indicate st of three independent experiments (n = 3 in each experiment). AtACTIN2 was used as an internal control for RT-
gPCR. The relative FC was calculated by using the 2724t method. Asterisks represent significant differences in FC using Student’s
ttest with P<0.05. C, Quantification of callose deposits in Arabidopsis crossing lines expressing NahG and OsWAKL21.2 (lines
2 and 3) or either one of those (NahG only, line 12; OsWAKL21.2-wt only, line 8). Leaves were treated with either 20 um Est
(inducer) or 0.1% (v/v) DMSO (control). Each bar represents the average, and error bars represent st of three leaves in an ex-
periment. The asterisk represents a significant difference when calculated using one-way ANOVA followed by the Tukey-Kramer
multiple comparison test with P < 0.05. n.s. indicates no significant difference. D, Model depicting the predicted role of
OsWAKL21.2 in the induction of immune responses in rice and Arabidopsis. OsWAKL21.2 seems to be either directly or indi-
rectly involved in the activation of immune responses following treatment with LipA. The kinase activity of OsWAKL21.2 is
required for the induction of immune responses and the activation of the JA pathway in rice. On the other hand, in Arabidopsis,
the GC activity of OsWAKL21.2 is required for the induction of immune responses that appear to be through the SA pathway.
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rice leaves enhanced the expression of five defense-
related and LipA-responsive genes. The key defense-
related genes up-regulated by OsWAKL21.2 over-
expression include OsPR1a (Park et al., 2008), OsPR10a
(Bai et al., 2011), OsPR10 (Harkenrider et al., 2016),
OsSERK?2 (Chen et al., 2014), and OsPAL3 (Chen et al.,
2018), which are well categorized as defense-related
genes implicated in tolerance to Xoo. Interestingly,
four of these five key defense genes (except OsPR1a)
that are up-regulated by OsWAKL21.2 overexpression
are also up-regulated after 12 h of LipA treatment
(Ranjan et al., 2015). Overexpression of OsWAKL21.2
also enhances the expression of most of the tested LipA-
responsive genes (seven of 10) and most of the tested JA
pathway-related LipA-responsive genes (eight of 10),
indicating that the overexpression of OsWAKL21.2
partially mimics LipA treatment conditions. These re-
sults establish that the overexpression of OsWAKL21.2
in rice induces immune responses that are similar to
LipA treatment-induced immune responses.

Heterologous expression of OsWAKL21.2 in Arabi-
dopsis leads to enhanced expression of SA-responsive
genes such as AtPR2, AtPR5, and AtWRKY33 and
down-regulation of the JA-responsive gene AtPDF1.2,
indicating that OsWAKL21.2 likely activates the SA
pathway in this species. We observed enhanced ex-
pression of several other SA biosynthesis-, regulation-,
and response-related genes in Arabidopsis (AtSID2,
AtSARD1, AtCBP60G, AtNPR3, AtWRKY33, AtWRKY 38,
and AtSH3) following OsWAKL21.2 heterologous ex-
pression (Janda and Ruelland, 2015), indicating up-
regulation of the SA pathway. Expression analysis of
most of the JA pathway-related genes was not signifi-
cantly altered. We also found that transgenic plants
expressing OsWAKL21.2 and NahG together did not
show callose deposition, demonstrating that SA accu-
mulation is required for the OsWAKL21.2-induced im-
mune responses in Arabidopsis. These outcomes also
explain the enhanced tolerance to Pst DC3000, as acti-
vation of the SA pathway in Arabidopsis leads to in-
creased tolerance to Pst DC3000 (Xin and He, 2013).
Activation of the SA pathway in Arabidopsis enhances
the expression of the biotic stress-responsive callose
synthase gene AtGSL5 (Dong et al., 2008), which was
also up-regulated following heterologous expression of
OsWAKL21.2. These results indicate that OsWAKL21.2,
when expressed heterologously in Arabidopsis, acts as
a defense gene and activates SA pathway-mediated
immune responses. Some members of the WAK gene
family in Arabidopsis, such as AtWAKI, AtWAK2,
AtWAK3, AtWAKS5, and AtWAKL10, are known as SA-
responsive genes; treatment with SA leads to the en-
hanced expression of these genes, indicating correlation
of the SA pathway and WAKSs in Arabidopsis (He et al.,
1998, 1999; Meier et al., 2010).

Ligand binding onto receptor kinases triggers phos-
phorylation that is further conveyed downstream via
phosphorylation by/of kinases and their targets (Macho
and Zipfel, 2014). A number of receptor kinases, such as
AtBRI1, AtPSKR1, AtPEPR1, AtWAKL10, and HpPEPR1
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(Hippeastrum hybridum PEPR1), are also known to possess
dual enzymatic activity (i.e. they possess GC activity
along with kinase activity; Meier et al., 2010; Ma et al.,
2012; Swiezawska et al., 2015, 2017; Gehring and Turek,
2017). When compared with the animal GCs, plant GCs
show very low in vitro GC activity, leading to a contro-
versy about the actual existence and functional role of GC
activity within plant receptor kinases (Ashton, 2011; Bojar
et al, 2014). However, a growing number of reports
confirm the existence of low GC activity in plant receptor
kinases (Swiezawska et al., 2017; Wheeler et al., 2017).
OsWAKL21.2 also possesses such a dual activity, which is
comparable with other plant GCs. Treatment with a GC
inhibitor and mutation of active-site residues of the GC
motif showed that the GC activity of OsWAKL21.2 is
required to induce immune responses in Arabidopsis but
not in rice. GCs convert GTP to cGMP, which acts as a
secondary signaling molecule (Gehring and Turek, 2017).
Overexpression of AtBRI1, AtPSKR1, and AtPEPRI
(having GC activity) in Arabidopsis leads to a partial in-
crease in cytoplasmic cGMP concentrations (Gehring and
Turek, 2017), which was also observed following heter-
ologous expression of OsWAKL21.2 in Arabidopsis. Some
of the moonlighting kinases, such as AtPEPR1, AtBRI1,
and AtPSKRI1, are already known for their direct or
modulatory role in Arabidopsis immune responses
(Igarashi et al.,, 2012; Lozano-Duran and Zipfel, 2015).
AtPEPR1 is a receptor of DAMP (Peps), and its GC ac-
tivity is required for the activation of immune responses
(Ma et al., 2012). AtWAKL10 has also been predicted as a
defense-related gene that belongs to a similar gene family
to OsWAKL21.2. These observations point toward the
possible involvement of GCs in Arabidopsis immune re-
sponses. We have observed that, in rice, OsWAKL21.2
requires its kinase activity to induce immunity, whereas,
in Arabidopsis, it requires its GC activity. Although the
GC activity of OsWAKL21 is not essential for elaboration
of the immune responses that we have studied in rice, it is
possible that it might be involved in some other functions
not studied here.

Treatment with CWDEs such as LipA leads to the
induction of rice immune responses. The rice func-
tions involved in the elaboration of LipA-induced
immune responses remain to be identified. We have
found that knockdown of the rice receptor kinase
OsWAKL21.2 attenuates plant immune responses fol-
lowing LipA treatment. This suggests that OsWAKL21.2
could be involved in the elaboration of immune re-
sponses following LipA treatment. Overexpression of
OsWAKL21.2 in plants induces immune responses and
enhances tolerance toward hemibiotrophic pathogens.
We observed that this receptor kinase is a moonlighting
kinase that has in vitro GC activity along with kinase
activity, making it one of the few moonlighting kinases
known in plants. An interesting observation about
OsWAKL21.2 is that for the induction of immune re-
sponses in rice, its kinase activity is required, but in
Arabidopsis, its GC activity is needed. Figure 8D rep-
resents a mechanistic model of the role of OsWAKL21.2
in the induction of immune responses in rice and
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Arabidopsis. It should be noted that the analyses in
rice reported in this article were performed by tran-
sient overexpression/down-regulation. These results
need to be confirmed in stable overexpression and
gene-edited knockdown lines. Future studies could
also be aimed at identifying interacting partners of
OsWAKL21.2 that are involved in the elaboration
of immune responses. Furthermore, the possibility of
using this gene to provide enhanced tolerance to
bacterial pathogens in a variety of crops, including
monocots and dicots, can be explored.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Rice (Oryza sativa ssp. indica) variety Taichung Native 1, which is susceptible
to Xanthomonas oryzae pv oryzae, was used for plant experiments. All rice ex-
periments were performed in either a growth chamber (12-h/12-h day/night
cycle) or a greenhouse at 28°C. Arabidopsis (Arabidopsis thaliana) ecotype Co-
lumbia and NahG lines were used for Arabidopsis experiments. Transgenic
lines were generated using the floral dip method (Clough and Bent, 1998).
Transgenic plants were selected by adding hygromycin and/or kanamycin
(NahG lines) to a final concentration of 20 or 50 ug mL~, respectively. Plants
were maintained in a growth chamber at 22°C/18°C day/night temperatures at
about 70% humidity and with a 12-h/12-h day/night cycle. Leaves of 4- to 5-
week-old plants that were in the rosette growth stage were used for
experiments.

Bacterial Cultures

Xoo wild-type strain BXO43 (lab isolate) was used as a rice pathogen. The
LipA mutant (BXO2001) of Xoo (BXO43) and its complemented strain
(BX0O2008) were also used in this study (Rajeshwari et al., 2005). Pseudonionas
syringae pv tomato DC3000 was used as an Arabidopsis pathogen. Transient
transformation in rice and floral dip of Arabidopsis were performed using
Agrobacterium tumefaciens strain LBA4404. Escherichia coli BL21-Al was used for
recombinant protein expression for biochemical assays.

LipA Purification from Xoo Culture Supernatant

Xoo BXO2008, a LipA-overproducing strain derived from BX02001, was
used for LipA overproduction and purification, and LipA was purified by the
protocol described previously (Aparna et al., 2007). The purity and activity of
the enzyme were tested by running it on an SDS-PAGE gel and testing on
tributyrin-containing plates, respectively.

Microarray Analysis

The leaf treatment and microarray analysis were performed as described
previously (Ranjan et al., 2015). RNA was isolated from 25 to 30 leaves after
30 min or 2 h of treatment either with LipA (0.5 mg mL™1) or buffer. Processed
data and .cel files were also submitted to GEO-National Center for Biotech-
nology Information (accession no. GSE53940). RMA and PLIER16 algorithms
were used for analysis, and probes showing significant differential expression
(FC = 1.5-fold and P < 0.05) in both analyses were considered as differentially
expressed genes.

Vector Construction and Site-Directed Mutagenesis

Gateway cloning technology was used for cloning. OsWAKL21.2 was am-
plified using rice cDNA and cloned into pENTR/D-TOPO (Invitrogen). The
gene was subcloned using the LR clonase reaction (Invitrogen) into pMDC7
plasmid (Curtis and Grossniklaus, 2003) for plant expression studies and in
pH7FWG2 plasmid (Karimi et al., 2002) for localization experiments. In
pMDC7, the target gene sequence is cloned downstream to the XVE promoter,
which is Est inducible. A concentration of 20 um Est (Sigma-Aldrich) was used
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in all overexpression studies as an inducer, whereas 0.1% (v/v) DMSO was
used as a control (uninduced condition). The kinase domain OsWAKL21374_755
was cloned into bacterial expression vector pDEST17 (Invitrogen) and trans-
formed into E. coli BL21-AI for recombinant protein expression. The constructs
in pENTR/D-TOPO were used for site-directed mutagenesis (Zheng et al.,
2004). The mutant versions were then transferred into the desired destination
vectors using the LR clonase reaction. All the clones and mutations were con-
firmed using Sanger sequencing. All the plant expression constructs were in-
troduced into A. tumefaciens strain LBA4404. LBA4404:XVE,,;OsWAKL21.2,
LBA4404:XVE,,;,;OsWAKL21.2-kd, and LBA4404:XVE,;;OsWAKL21.2-gcd
were used for transient transformation in rice and for the generation of Ara-
bidopsis transgenic lines.

Callose Deposition Assay in Rice and Arabidopsis

For callose deposition assays in rice, 12- to 14-d-old leaves were used for A.
tumefaciens-mediated transient transformation (Jha et al., 2010; Pillai et al.,
2018). The suspension was infiltrated in the third rice leaf using a needleless
1-mL syringe with inducer (20 um Est; Sigma-Aldrich) or control (0.1% [v/v]
DMSO). Leaves collected for callose deposition were stained with Aniline Blue
according to Millet et al. (2010). Callose deposition was visualized under blue
light (excitation wavelength, 365 nm) using an ECLIPSE Ni-E epifluorescence
microscope (Nikon) with 10X magnification. Eight images (~1 mm? each) were
captured from each leaf from the zone of infiltration and proximal region. The
number of callose deposits in all eight images for a leaf was added to get callose
deposition per leaf (per 8 mm?). The average was calculated for 10 to 12 leaves
for each treatment. Representative images were captured at 20X magnification
for better indication of callose deposits.

For callose deposition in Arabidopsis transgenic plants, similar-sized rosette-
stage leaves were infiltrated either with 100 uL of 0.1% (v/v) DMSO or 20 um
Est (inducer) using a needleless 1-mL syringe. After 12 h, leaves were collected
and stained for callose deposition and then observed with the microscope as
mentioned above for rice. Nearly 40 to 50 images per leaf were captured, and
the number of callose deposits in each image was added to calculate the number
of callose deposits in one leaf. For each sample, the average was calculated for
three such leaves obtained from three separate plants.

Virulence Assay in Rice and Arabidopsis

Approximately 60-d-old Taichung Native 1 rice plants were used for in-
fection of Xoo. For transient overexpression in rice midvein, 200 uL of actively
growing A. tumefaciens (LBA4404) resuspended in 10 mm MES + 10 mm MgCl,
+ 200 um acetosyringone (final OD of 0.8; either with [20 um Est] or without
[0.1% {v/v} DMSO] inducer) was injected using a 1-mL syringe. After 24 h,
about 1 cm above the A. tumefaciens injection site, the midveins of leaves were
pin pricked with a needle touched to a fresh Xoo colony. Lesion length caused
by Xoo was measured after 10 d of Xoo infection.

Pst DC3000 was used for infection in Arabidopsis leaves. Similar-sized
leaves from five different rosette-stage plants were infiltrated with either
0.1% (v/v) DMSO or 20 um Est. After 12 h, leaves were infected with actively
growing culture of Pst DC3000 (diluted to OD of 0.02 in 10 mm MgCl,) by in-
filtration using a needleless 1-mL syringe. Leaves were harvested after 20 min
(0 d post infiltration) or after 48 h (2 d post infiltration), crushed in 1 mL of
autoclaved water, and dilutions were spread on Luria-Bertani medium plates
containing 25 pug mL~! rifampicin. Colony-forming units were calculated after
incubation of plates at 28°C.

Down-Regulation of OsWAKL21.2 using VIGS

VIGS was used for A. tumefaciens-mediated transient down-regulation of
OsWAKL21.2 in rice. Three RNAi constructs of different lengths from the
unique 5" end of OsWAKL21.2 were cloned in pRTBV-MVIGS (Supplemental
Fig. S3A; Purkayastha et al., 2010). Down-regulation was performed according
to a modified protocol mentioned previously (Purkayastha et al., 2010; Kant
and Dasgupta, 2017). For callose deposition studies, newly germinated rice
seedlings (1 d old) were dipped in activated A. tumefaciens culture (in 10 mm
MES + 10 mm MgCl, + 200 um acetosyringone) for 24 h (Supplemental Fig.
S3B). Ten days after A. tumefaciens treatment, the third leaf of each plant was
infiltrated with LipA using a needleless syringe (0.5 mg mL~; at least 40 leaves
for each A. tumefaciens strain). After 16 h, a small piece (~1.5 cm) of each leaf
around the zone of infiltration was collected for callose deposition, whereas the
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rest of the leaf piece was stored for transcript/protein quantification. Each leaf
was collected separately for callose and transcript/protein quantification and
labeled. Callose deposition was observed as mentioned above for the callose
deposition assay. The remainder of the four to five leaves that showed either
low or high callose deposition were pooled, and RNA /protein was isolated
from those pooled leaves for RT-qPCR or immunoblotting.

For virulence assay after down-regulation of OsWAKL21.2, midveins of 60-d-
old rice plants were injected with 200 uL of A. tumefaciens containing the VIGS
construct along with either buffer or LipA (0.5 mg mL~'; n > 40). After 24 h,
midveins of 10 leaves were collected (3 cm each) for OsWAKL21.2 transcript/
protein quantification, whereas the remaining 20 to 30 leaves were infected with
a freshly growing colony of Xoo as mentioned above. Lesion length caused by
Xoo was measured after 10 d of infection.

Purification of Recombinant Protein and in Vitro
Biochemical Assays

The recombinant kinase domain of OsWAKL21.2, OsWAKL210.237¢ 725,
with a 6X His tag was cloned, expressed, and purified from E. coli BL21-Al
Fifty micrograms of purified recombinant protein was used for kinase or GC
assays in a 50-uL reaction. For kinase assays, the purified protein was incubated
with 10 uCi of [y-*2P]ATP in kinase assay buffer (50 mm Tris [pH 7.5], 10 mm
MgCl,, 2 mm MnCl,, 0.5 mm CaCly, 1 mm DTT, and 20 mm ATP) for 1 h at room
temperature (Li et al., 2009), run on a 10% SDS-PAGE gel, and the gel was
subsequently exposed to a phosphoimager screen that was later scanned in a
phosphoimager (Personal Molecular Imager; Bio-Rad) instrument.

GC assays were also performed from the same purified recombinant protein
in GC assay buffer (50 mm Tris [pH 7.5], 2 mm MgCl,, 1 mm MnCl,, 0.5 mm CaCl,,
and 0.2 mm NONOate [Sigma]) modified from the protocol described previ-
ously (Meier et al., 2010). The reaction was incubated at 37°C for either 1 or 12 h.
The 1-h reaction was used for quantitative analysis, whereas 12-h reactions
were used for qualitative analysis. cGMP produced after 1 h was quantified
using a cGMP enzyme immunoassay kit (Sigma-Aldrich, catalog no. CG201)
according to the manufacturer’s protocol, and the data were analyzed using the
online tool Elisaanalysis. For qualitative analysis, the resultant product was
blotted on a nitrocellulose membrane (Amersham, catalog no. RPN203E) and
dried in the laminar hood with the UV light on for 1 h. The nucleotides were
further cross-linked to the membrane in a UV transilluminator for 30 min. The
membrane was blocked, washed, further incubated with anti-cGMP antibody
(1:1,000; Sigma-Aldrich, catalog no. G4899), and processed as mentioned in the
immunoblot section.

RNA Isolation and Gene Expression Analysis

For RT-qPCR, RNA was isolated by the protocol of Ofiate-Sanchez and
Vicente-Carbajosa (2008) with some modifications (Couto et al., 2015). For rice,
10 to 12 leaf pieces (or midvein pieces) were crushed together for each treatment
unless mentioned otherwise. For Arabidopsis, three leaf pieces from separate
plants were ground together for each treatment. cDNA was made from 5 ug of
total RNA (RNA to cDNA EcoDry Premix [Oligo dT]; Clontech]) according to
the manufacturer’s protocol. RT-qPCR was performed with diluted cDNA
using Power SYBR Green PCR Master Mix (Thermo Fisher Scientific) in the ViiA
7 Real-Time PCR System (Applied Biosystems). Relative expression was cal-
culated in enzyme- or Est-treated leaves with respect to mock/ control (buffer or
0.1% [v/v] DMSO)-treated leaves. The FC was calculated using the 2744Ct
method (Livak and Schmittgen, 2001). OsACTIN1 and AtACTIN2 were used as
internal controls for rice and Arabidopsis, respectively. All the primers for RT-
qPCR were designed using QuantPrime (Arvidsson et al., 2008; Supplemental
Table S4).

Protein Isolation and Immunoblotting

For immunoblotting, total protein was isolated from 10 to 12 leaf pieces of rice
or three leaves of Arabidopsis using the protocol described previously with
minor modifications (Rohila et al., 2006). Twenty micrograms of total protein
was loaded onto 10% SDS-PAGE gels for immunoblotting/Coomassie Brilliant
Blue staining. The protein was transferred to a polyvinylidene difluoride
membrane (Millipore) and processed for blotting. Anti-OsWAKL21374 7,5 an-
tibodies were generated in rabbit in our institute animal house facility and used
in a dilution of 1:100. Horseradish peroxidase-tagged anti-rabbit IgG secondary
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antibody (Abcam; dilution, 1:50,000) was used, and the blot was visualized in
chemidoc (Vilber Lourmat).

Localization of OsWAKL21.2

The localization of OsWAKL21.2 was observed by transient transformation
of onion (Allium cepa) peel cells and Nicotiana benthamiana leaves as described
previously (Sun et al., 2007; Li, 2011). OsWAKL21.2 was cloned into Gateway-
compatible vector pH7FWG2 (Karimi et al., 2002) and transformed in onion
peel or N. benthamiana leaves by A. tumefaciens-mediated transient transfor-
mation. Plasmolysis was performed by incubating in 0.8 M mannitol for 30 min.
Plasma membrane was stained by 10 ug mL~! FM4-64. The GFP signal was
visualized under a GFP filter using an ECLIPSE Ni-E epifluorescence micro-
scope (Nikon), and images were captured at 60X magnification.

¢GMP Quantification

c¢GMP was quantified in leaves of rosette-stage transgenic Arabidopsis plants
by the method reported previously (Dubovskaya et al., 2011; Nan et al., 2014;
Chen et al., 2018) with minor modifications. Six similar-sized leaves (total ~200
mg) were collected from different plants for the untreated control. Three
similar-sized leaves each from three different plants were infiltrated either with
0.1% (v/v) DMSO or 20 um Est. Two leaves from each plant (total six leaves,
~200 mg) were collected for cGMP quantification, whereas the third leaf was
used for testing the expression of OsWAKL21.2. After 3 h of infiltration, leaves
were collected and ground to a fine powder under liquid nitrogen. The powder
was resuspended in 2 mL of ice-cold 6% (v/v) TCA and was collected in a 5-mL
tube. After brief vortexing (10 s), tubes were centrifuged twice at 1,000g for
15 min at 4°C, and the supernatant was collected each time in 5-mL tubes. The
aqueous supernatant was washed seven to eight times with water-saturated
diethyl ether. The solvent was evaporated in a cold vacuum centrifuge at 4°C
(SCANVAC; CoolSafe). cGMP was quantified in the extract using a cGMP
enzyme immunoassay kit (Sigma-Aldrich, catalog no. CG201) according
to the manufacturer’s protocol. Data were analyzed using the online tool
Elisaanalysis.

Analyses of Publicly Available Transcriptome Data

Rice microarray data performed after X. oryzae treatment was obtained from
GEO-National Center for Biotechnology Information (accession no. GSE36272).
The .cel files were downloaded, analyzed, and processed using expression
console (Affymetrix) using RMA-based normalization. The .chp files obtained
after analysis were used in Transcriptome Analysis Console v3.0 software
(Affymetrix) for relative expression analysis. Genes that show differential ex-
pression = 1.5-fold with P < 0.05 were considered as differentially expressed.

Statistical Analysis

All experiments were independently performed at least three times. All data
represented here indicate means *+ sk. The results of lesion length, callose de-
position, and bacterial growth in colony-forming units were analyzed by one-
way ANOVA (P < 0.05) followed by the Tukey-Kramer test. The results of RT-
qPCR were analyzed by Student’s t test, and the genes that showed significantly
altered expression (P < 0.05) between control and treated were considered as
differentially expressed.

Accession Numbers

The PLIER16- and RMA-processed microarray data files generated and used
in this experiment have been submitted to GEO (https:/ /www.ncbi.nlm.nih.
gov/geo/) under the accession number GSE53940. Other publicly available
microarray data used in our analysis were harvested from GEO under the ac-
cession numbers GSE49242 and GSE36272. The accession numbers of genes
referred to in this study are provided in Supplemental Table S5.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Transcriptome profiling of rice leaves after treat-
ment with LipA.
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Supplemental Figure S2. Overexpression of OsWAKL21.2 induces rice im-
mune responses.

Supplemental Figure S3. Methodology for down-regulation of OsWAKL21.2
in rice using VIGS.

Supplemental Figure S4. Transient down-regulation of OsWAKL21.2
in rice.

Supplemental Figure S5. VIGS-mediated transient down-regulation of
OsWAKL21.2 does not have a significant effect on the expression of
predicted off-target genes.

Supplemental Figure S6. RT-qPCR and immunoblot validation for heter-
ologously expressing OsWAKL21.2 transgenic Arabidopsis plants.

Supplemental Figure S7. Biochemical characterization of OsWAKL21.2.

Supplemental Figure S8. Biochemical activities of the purified kinase do-
main of mutant versions of OsWAKL21.2.

Supplemental Figure S9. RT-qPCR and immunoblot validation of the ex-
pression of mutant versions of OsWAKL21.2 by transient transformation
in rice and heterologous expression in Arabidopsis transgenic lines.

Supplemental Figure S10. Treatment with GC inhibitor attenuates
OsWAKL21.2-induced callose deposition in transgenic Arabidopsis
leaves.

Supplemental Figure S11. Heterologous expression of OsWAKL21.2 in
Arabidopsis enhances the in planta cGMP level by its GC activity.

Supplemental Figure S12. Expression of JA pathway-related genes in rice
and SA pathway-related genes in Arabidopsis following overexpression
of mutant versions of OsWAKL21.2.

Supplemental Figure S13. Immunoblot validation of heterologous expres-
sion of OsWAKL21.2 in Arabidopsis transgenic lines generated after
crossing with NahG lines.

Supplemental Table S1. List of probe sets that show differential expres-
sion after 2 h of LipA treatment.

Supplemental Table S2. List of differentially expressed genes after 2 and
12 h of LipA treatment.

Supplemental Table S3. Frequency of differentially expressed genes after
LipA treatment in the microarray data performed after 24 h of X. oryzae
treatment in GEO submission GSE36272.

Supplemental Table S4. List of primers used in this study.

Supplemental Table S5. Accession numbers of the genes mentioned in
this study.
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