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Pattern-recognition receptors (PRRs), which consist of receptor kinases (RKs) and receptor-like proteins, sense microbe- and
host-derived molecular patterns associated with pathogen infection to trigger immune responses in plants. Several kinases of
the 46-member Arabidopsis (Arabidopsis thaliana) receptor-like cytoplasmic kinase (RLCK) subfamily VII play important roles
in pattern-triggered immunity, but it is unclear whether different RLCK VII members act specifically or redundantly in immune
signaling. Here, we constructed nine higher order mutants of this subfamily (named rlck vii-1 to rick vii-9) and systematically
characterized their immune phenotypes. The mutants rick vii-5, -7, and -8 had compromised reactive oxygen species production
in response to all patterns tested, indicating that the corresponding members are broadly required for the signaling of multiple
PRRs. However, rlck vii-4 was defective specifically in chitin-induced reactive oxygen species production, suggesting that RCLK
VII-4 members mediate the signaling of specific PRRs. Furthermore, RLCK VII-4 members were required for the chitin-triggered
activation of MAPK, demonstrating that these kinases link a PRR to MAPK activation. Moreover, we found that RLCK VII-6
and -8 also were required for RK-mediated root growth. Together, these results show that numerous RLCK VII members are
involved in pattern-triggered immune signaling and uncover both common and specific roles of these kinases in plant develop-

ment and immunity mediated by various RKs.

Plants rely mainly on cell surface-localized recep-
tors, which consist primarily of receptor kinases (RKs)
and receptor-like proteins (RLPs), to perceive extracel-
lular signal molecules and modulate growth, develop-
ment, and immunity. In the absence of a sophisticated
adaptive immune system, RKs and RLPs act as pattern-
recognition receptors (PRRs) that perceive microbe-
and host-derived molecular patterns that are released
during pathogen infection and activate plant immunity
(Boller and Felix, 2009; Couto and Zipfel, 2016; Li et al.,
2016; Tang et al., 2017). For instance, the Arabidopsis
(Arabidopsis thaliana) FLAGELLIN SENSING2 (FLS2)
and ELONGATION FACTOR-TU (EF-Tu) RECEPTOR
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(EFR) directly sense the bacterial flagellin epitope flg22
and EF-Tu epitope elf18, respectively (Gomez-Gémez
and Boller, 2000; Bauer et al., 2001; Kunze et al., 2004;
Zipfel et al., 2006). PEP1 RECEPTOR1 (PEPR1) and
PEPR?2 recognize plant elicitor peptides (Peps) that are
released during pathogen infection (Huffaker and
Ryan, 2007; Krol et al., 2010; Yamaguchi et al., 2010). Both
CHITIN ELICITOR RECEPTOR KINASE1 (CERK1)
and LysM-RK LYSINE MOTIF RECEPTOR KINASE5
bind fungal chitin (Liu et al., 2012; Cao et al., 2014).
In addition, RLP23 specifically perceives nlp20, a con-
served peptide of Necrosis and Ethylene-Inducing
Peptidel-like proteins (NLPs) from bacteria, fungi,
and oomycetes (Albert et al., 2015). In addition, RKs
regulate plant growth and development by perceiv-
ing diverse signals. For example, BRASSINOSTEROID
INSENSITIVE1 (BRI1) binds brassinosteroids and,
thereby, regulates growth and development (Belkhadir
et al., 2006). The phytosulfokine (PSK) receptor per-
ceives a peptide PSK and regulates cellular dediffer-
entiation and proliferation (Matsubayashi et al., 2002).
FERONIA (FER) is required for RAPID ALKALINIZA-
TION FACTOR (RALF)-triggered growth inhibition
(Haruta et al., 2014; Stegmann et al., 2017).

Several receptor-like cytoplasmic kinases (RLCKSs)
have emerged as key players in RK-mediated signal-
ing (Lin et al., 2013; Couto and Zipfel, 2016; Tang et al.,
2017; Liang and Zhou, 2018). BOTRYTIS-INDUCED
KINASE1 (BIK1) and the closely related PBS1-Likel
(PBL1), belonging to subfamily VII of the RLCKSs, me-
diate pattern-triggered immunity (PTI) by associating
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directly with FLS2, EFR, CERK1, and PEPR1 (Lu et al.,
2010; Zhang et al., 2010; Liu et al., 2013b) and con-
tribute to resistance not only to bacterial and fungal
pathogens but also to aphids (Veronese et al., 2006; Lu
et al., 2010; Zhang et al., 2010; Lei et al., 2014). Mount-
ing evidence suggests that additional RLCK VII mem-
bers also contribute to PTI. Both Pseudomonas syringae
effector AvrPphB and Xanthomonas campestris effector
AvrAC target BIK1 and multiple PBLs belonging to the
RLCK VII subfamily to inhibit PTI in plants (Zhang
et al., 2010; Feng et al., 2012). PTI-COMPROMISED
RECEPTOR-LIKE CYTOPLASMIC KINASE1 (PCRK1)
and PCRK2 were shown recently to contribute to PTI
and disease resistance to P. syringae (Sreekanta et al.,
2015; Kong et al., 2016). Moreover, the involvement of
RLCK VII members in RK-mediated signaling is not
limited to immunity. CONSTITUTIVE DIFFERENTIAL
GROWTH1 (CDG1) associates with BRI1 to regulate
brassinosteroid signaling and plant growth (Kim et al.,
2011). LOST IN POLLEN TUBE GUIDANCEL1 (LIP1)
and LIP2, two closely related RLCK VII members, are
involved in defensin-like peptide LURE1-induced pol-
len tube guidance (Liu etal., 2013a), although it remains
to be elucidated whether they function downstream
of RKs. A recent study showed that RPM1-INDUCED
PROTEIN KINASE (RIPK) functions downstream of
FER to regulate root growth (Du et al., 2016). The
RLCK VII member CAST AWAY (CST) interacts with
both HAESA and EVERSHED to negatively regulate
floral organ abscission (Burr et al., 2011).

Another important endeavor of plant immunity stud-
ies is to understand how PRRs regulate various PTI
responses. BIK1 and PBL1 are required for pattern-
triggered reactive oxygen species (ROS) production,
calcium influx, and callose deposition (Lu et al., 2010;
Zhang et al., 2010; Kadota et al., 2014; Li et al., 2014;
Ranf et al., 2014). PCRK1 and PCRK2 are required for
ROS production, callose deposition, and salicylic acid
(SA) accumulation in response to various patterns
(Sreekanta et al., 2015; Kong et al., 2016). The activation
of MAPK cascades is of profound importance in disease
resistance (Meng and Zhang, 2013). Whether RLCK VII
members play an important role in pattern-triggered
MAPK activation remains poorly understood. The
bik1 pbl1 double mutant shows slightly reduced Pep2-
triggered MAPK activation but normal flg22-triggered
MAPK activation (Feng et al., 2012; Yamada et al., 2016).
The pcrkl perk2 double mutant shows a slight reduc-
tion in flg22-triggered MAPK activation (Kong et al.,
2016). It remains to be tested whether the minor effects
of these mutations on MAPK activation are due to
functional redundancy among RLCK VII members. In
addition, it is unknown whether different RLCK VII
members are differentially coopted for distinct PRRs.
Furthermore, whether different RLCK VII members
regulate different downstream responses has not been
tested rigorously.

In an effort to systematically study RLCK VII, we
constructed nine higher order mutants and examined
their developmental and immune phenotypes triggered
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by different extracellular signal molecules. These anal-
yses revealed one subgroup of RLCK VII proteins that
specifically mediates chitin-triggered immune signal-
ing. We also identified several RLCK VII subgroups
that are commonly required for immune signaling trig-
gered by multiple patterns. We categorized a specific
subgroup of RLCK VII proteins as crucial components
in chitin-triggered MAPK activation. The genetic anal-
ysis additionally showed that the RLCK VII members
have different roles in PSK- and RALF23-regulated root
growth. These results collectively demonstrate both
the redundancy and specificity of RLCK VII subgroups
in the context of different RKs.

RESULTS

Construction of Higher Order rick vii Mutants

The RLCK subfamily VII contains 46 members in
Arabidopsis, including the previously described PBL1
to PBL28, BIK1, PBS1, and CDGI1 proteins and the
newly named PBL29 to PBL43 (Fig. 1A; Shiu and
Bleecker, 2001; Swiderski and Innes, 2001; Muto et al.,
2004; Veronese et al., 2006; Zhang et al., 2010; Kim et al.,
2011). Among these, PBL43, PBL42, PBL14, PBL30,
PBL39, and PBL40 correspond to the previously iden-
tified LIP1, LIP2, RIPK, CST, PCRK1, and PCRK2 pro-
teins, respectively (Fig. 1A; Burr et al., 2011; Liu et al.,
2011, 2013a; Sreekanta et al., 2015; Kong et al., 2016).
The RLCK VII members can be divided into nine sub-
groups, named RLCK VII-1 to RLCK VII-9 (Fig. 1A),
except for CDG1, PBL28, and PBL29, which failed to
fall into any subgroup. To study the function of RLCK
VII members in RK signaling, we collected Arabi-
dopsis lines containing T-DNA insertions of their cor-
responding genes from the Nottingham Arabidopsis
Stock Centre (http://arabidopsis.info/). We selected
a total of 45 lines with T-DNA insertions in exons, in-
trons, or 5' untranslated regions and confirmed the
lines by genotyping. However, no T-DNA insertions
were available for PBL6, PBL17, PBL25, and PBL33. To
evaluate whether the genes were disrupted by T-DNA
insertions, we detected the corresponding gene tran-
scripts using reverse transcription quantitative PCR
(RT-qPCR). For further analysis, we selected T-DNA
insertion lines representing 40 PBL genes in which the
levels of intact transcripts were reduced to approxi-
mately 10% or less of wild-type levels (Fig. 1B; Supple-
mental Fig. S1).

Considering the high degree of similarity among
RLCK VII members, single mutants may or may not
exhibit altered phenotypes. We thus combined mutant
genes within each subgroup by crossing (Supplemental
Table S1). We further introduced pbl6, pbl17, and pbl25
mutations into higher order mutants of RLCK VII-1, -6,
and -2, respectively, using the CRISPR-Cas9 method
(Supplemental Fig. S2; Supplemental Table S1). Over-
all, nine higher order mutants were constructed and
named rlck vii-1 to rick vii-9 (Supplemental Table S1).
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%0 AT1G14370.1 PBL2 7 Exon Zhang et al., 2010
AT2G02800.1 PBL3 5UTR 0.1
70 AT1G69790.1 PBL18 9 Exon 0.13
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—

Figure 1. Phylogenetic clustering of the Arabidopsis RLCK subfamily VIl and detailed information on mutant lines. A, Phyloge-
netic tree of RLCK VII in Arabidopsis. The full-length sequences of RLCK VIl members were used to generate the phylogenetic
tree using MEGA. B, Summary of RLCK VIl mutant lines, including the locations of the -DNA insertion in the genes (for detailed
information, see Supplemental Fig. S1) and the levels of intact RLCK transcripts in the corresponding mutants relative to that
in the wild type detected by RT-qPCR (primers are listed in Supplemental Table S2). Under Insertion location, a indicates the
absence of any available insertion lines, b indicates a fast neutron mutant, and c indicates a family member not included in our

analysis. UTR, Untranslated region.

Roles of Different Subgroups in Signaling Mediated by
Different PRRs

To investigate the roles of these RLCK members in plant
innate immunity, we collected microarray data sets from
ArrayExpress (https://www.ebi.ac.uk/arrayexpress/)
and analyzed them for pattern-induced gene expression
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(Supplemental Fig. S3). More than 20 RLCK VII genes
were up-regulated by at least one pattern, and approx-
imately one-third of the genes were induced by two or
more patterns (Supplemental Fig. S3), indicating that
many members of this subfamily may be involved in PTL

We first examined pattern-triggered ROS production,
a robust immune signaling readout, in these higher
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order mutants. rick vii-5, -7, and -8 mutants accumulated
40% to 60% less flg22-triggered hydrogen peroxide
(H,O,) than did wild-type plants, while the reduced
H,O, triggered by flg22 in rick vii-1 mutants was ob-
served in only two of four independent experiments
(Fig. 2A; Supplemental Fig. S4A). Similarly, elf18- and
chitin-induced H,O, production was reduced signifi-
cantly in rlck vii-5, -7, and -8 (Fig. 2, B and C; Supple-
mental Fig. 5S4, B and C), indicating that RLCK VII-5,
-7, and -8 are commonly required for ROS production
triggered by multiple patterns. Interestingly, ROS pro-
duction triggered by chitin, but not other patterns,
was nearly abolished in rick vii-4 and was reduced
modestly in rick vii-1 mutants (Fig. 2C; Supplemental
Fig. 54C), indicating that these two subgroups have a
specific role in chitin-triggered ROS production. Taken
together, these results support the notion that RLCK
VII-5, -7, and -8 members are common components act-
ing downstream of multiple PRRs, while RLCK VII-4
and -1 play specific roles downstream of chitin recep-
tors. Interestingly, rlck vii-6 mutants showed higher
flg22-triggered H,O, production than did the wild type
(Fig. 2A; Supplemental Fig. S4A). These results suggest
that the RLCK VII-6 members have a negative role in
flg22-triggered signaling.

To further assess the functional redundancy of RLCK
VII members, we examined chitin-triggered ROS pro-
duction in both single and higher order mutants of
RLCK VII-4, -5, -7, and -8. In general, the rick vii-4, -5,
-7,and -8 higher order mutants were more severely im-
paired in chitin-triggered ROS production than were
the single mutants (Supplemental Fig. S5), indicating
the functional redundancy within each clade. No sin-
gle mutants of RLCK VII-4 members displayed signifi-
cant ROS defects, indicating that RLCK VII-4 members
are completely redundant in chitin-triggered ROS pro-
duction (Supplemental Fig. S5A). Among the RLCK
VII-5, -7, and -8 members, reduced ROS production
was observed in pbl34, pbl35, pbl36, pbl31, bik1, and pbl1
single mutants (Supplemental Fig. S5, B-D). These re-
sults indicate that the RLCK VII members are function-
ally redundant both within and across different clades
in chitin signaling. Individual members of RLCK VII-5,
-7, and -8 do not have equal functions, as pbl35, pbl36,
pbl31, and bik1 displayed greater defects than did the
other single mutants of genes from the same clades.

To confirm that these ROS defects were caused by
the disruption of these RLCK VII members, we comple-
mented higher order mutants with individual RLCK
VII members under the control of their native promot-
ers. For each construct, multiple T1 transgenic plants
expressing the transgenes were identified and chitin-
induced ROS production was examined (Fig. 3). In each
case, all transgenic plants tested showed partial to full
restoration of ROS production. The T1 transgenic plant
expression of PBL19, PBL36, and PBL31 completely re-
stored ROS production in rick vii-4, -5, and -7 mutants
(Fig. 3, A-C). This was unexpected, since members of
these RLCK clades should act in an additive manner.
One possible explanation is that the transgenic plants
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tested had higher expression levels of PBLs than in the
wild type. The two T1 transgenic plants carrying BIK1
fused with the hemagglutinin (HA) epitope tag coding
sequence partially restored ROS production in the rick
vii-8 mutant, which was expected (Fig. 3D). Thus, these
data demonstrate that the RLCK VII-4, -5, -7, and -8
members have important roles in chitin-triggered ROS
production.

Roles of Specific Members in MAPK Activation

Microbial or plant molecular patterns commonly in-
duce MAPK activation within minutes (Pitzschke et al.,
2009; Yamaguchi and Huffaker, 2011). We investigated
whether different RLCK VII members are required
for MAPK activation in response to different patterns.
MAPK activation triggered by chitin was reduced
strongly in the rick vii-4 mutant compared with the wild
type (Fig. 4A; Supplemental Fig. S6A). Surprisingly,
flg22-, elf18-, and Pep2-triggered MAPK activation
were normal in rlck vii-4 mutants (Fig. 4B; Supplemen-
tal Figs. S6B and S7), indicating that RLCK VII-4 is
required specifically for chitin-triggered MAPK activa-
tion. PBL27 was reported previously to be required for
chitin-triggered MAPK activation (Shinya et al., 2014).
However, we failed to reproduce this result for the same
allele, even when we tested the rick vii-1 quintuple mu-
tant (Fig. 4C; Supplemental Fig. S6C). These results in-
dicated that RLCK VII-4 rather than RLCK VII-1 plays a
specific role in chitin-triggered MAPK activation.

To test whether RLCK VII-4 members additively con-
tribute to chitin-triggered MAPK activation, we identi-
fied homozygous double (pbl19,20 and pbl39,40) and
quadruple (pbl19,20,39,40) mutants and examined their
MAPK activation. Lines carrying the pbl19,20 mutations
displayed greater defects in chitin-triggered MAPK
activation than did lines carrying wild-type PBL19,20,
whereas the rick vii-4 sextuple mutant was nearly un-
responsive to chitin (Fig. 4D; Supplemental Fig. S6D).
These results showed that RLCK VII-4 members are par-
ticularly important for chitin-triggered MAPK activation.

We additionally found that Pep2-triggered MAPK ac-
tivation was reduced slightly in the triple (bik1 pbl1,11)
and rlck ii-§ quadruple mutants, a result consistent with
a previous report on the bik1 pbl1 double mutant (Sup-
plemental Fig. S8D; Yamada et al., 2016), while flg22-,
elf18-, and chitin-triggered MAPK activation were nor-
mal in triple and quadruple mutants of RLCK VII-8 (Sup-
plemental Fig. S8, A—C), which was consistent with our
previous report that flg22-induced MAPK activation
is normal in bik1 pbll mutants (Feng et al., 2012). The
MAPK activation in response to flg22 and chitin was
unaffected in the other higher order mutants (Supple-
mental Fig. S9). These results suggest that RLCK VII-4
and RLCK VII-8 link specific PRRs to MAPK activation.

Members of RLCK VII Contribute to Pattern-Triggered
Defense Gene Expression and Disease Resistance

We analyzed defense-related gene expression in the
higher order mutants to determine the roles of RLCK VII

Plant Physiol. Vol. 177, 2018
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Figure 2. Differential roles of RLCK VII subgroups in ROS production.
Pattern-triggered ROS production is shown in all higher order mutants
compared with the wild type (WT). Leaf strips were treated with flg22
(A), elf18 (B), or chitin (C), and H,O, production was measured as
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members in pattern-triggered defense gene expression.
The chitin-induced expression of FLG22-INDUCED
RECEPTOR-LIKE KINASE1 (FRK1) was reduced to
50% of wild-type levels in rick vii-3, -4, -5, and -7 higher
order mutants (Fig. 5A). The expression of NDR1/HIN1-
LIKE10 (NHL10) also was reduced in rlck vii-2, -3, -4, -6,
and -7 mutants (Fig. 5B). By contrast, the chitin-induced
expression of FRK1 and NHL10 was about 3-fold higher
in the rlck vii-§ mutant than in the wild-type (Fig. 5, A
and B), indicating that these family members are dif-
ferentially required for the chitin-triggered expression
of FRK1 and NHL10.

Only the rick vii-2 mutant consistently showed slightly
lower expression of flg22-induced FRK1, whereas the
rlck vii-8 mutant exhibited higher expression (Fig. 5C).
The pcrk1,2 double mutant was reported previously to
show a reduction in flg22-triggered FRK1 expression
(Kong et al., 2016). However, we failed to observe the
reduced FRK1 expression in the rick vii-4 sextuple mu-
tant. This disparity may be due to the differences in the
treatments (i.e. 1 pm flg22 for 4 h versus 0.1 pm flg22 for
3 h) and/or in the materials used. FRK1 and NHLI10 ex-
pression in response to flg22 were unaffected in most of
these higher order mutants (Fig. 5, C and D), suggesting
that these RLCK VII subgroups have overlapping roles
in this process. Alternatively, these PBL genes may not
be required for the activation of FRK1 and NHL10.

To further determine the functions of these sub-
groups in pattern-induced resistance to P. syringae,
higher order mutants and the wild type were spray
inoculated with the nonadapted bacterial pathogen
P. syringae hrcC-, which lacks a functional type III
secretion system and is unable to inhibit PTI. Three
days after inoculation, the bacterial populations in
the rlck vii-3, -4, and -8 mutants were approximately
8- to 20-fold greater than in the wild type, with the
highest population found in rick vii-8. The rick vii-5
mutant also supported a 3-fold greater bacterial pop-
ulation than wild-type plants (Fig. 6A). This is con-
sistent with the previous finding that bik1 single and
bik1 pbl1 double mutants were more susceptible than
the wild type when spray inoculated with P. syringae
hreC™ (Lu et al., 2010; Zhang et al., 2010; Li et al., 2014).
The remaining higher order mutants displayed normal
disease resistance to this bacterial strain (Fig. 6A). To-
gether, these results indicate that RLCK VII-3, -4, -5,
and -8 members play primary roles in resistance to
P. syringae.

We next performed a flg22 protection assay to
determine the roles of these RLCK VII members

luminescence. The line numbers (#) refer to alleles created by CRISPR-
Cas9. All experiments were repeated at least three times, and data from
one representative experiment are shown. Luminescence units refer to
arbitrary units recorded by a luminometer. Values are means of the sum
of luminescence units collected from all 20 time points over 30 min
following the addition of patterns + sp; n = 6. Significant differences
relative to the wild type are indicated by asterisks (*, P < 0.05; **, P <
0.01; and ***, P < 0.001, Student’s t test).
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Figure 3. Molecular complementation of rick vii
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in pattern-induced resistance to P. syringae DC3000
(Zipfel et al., 2004). In the absence of flg22 treatment,
bacterial growth in rlck vii-5 mutant plants was sig-
nificantly greater than in the wild type (Fig. 6B),
suggesting that these plants had a defect in basal re-
sistance unrelated to FLS2 signaling. However, bacte-
rial population numbers in rlck vii-8 plants were the
same as in bik1 plants and lower than in the wild type
in the absence of flg22 (Fig. 6B; Veronese et al., 2006;
Zhang et al., 2010). Flg22 treatment failed to protect
rick vii-8 plants from P. syringae DC3000, consistent
with the reported role of BIK1 in pattern-induced
resistance to P. syringae DC3000 (Zhang et al., 2010).
However, flg22-induced resistance to P. syringae DC3000
in other higher order mutants was comparable to
that in the wild type, indicating that RLCK VII-8
members are the most important in FLS2-mediated
disease resistance.

Roles of RLCK VII Members in Growth and Development

In addition to their roles in plant immunity, RLCK
VII members regulate plant growth and development
(Liang and Zhou, 2018). An examination of the mor-
phological phenotypes showed that most of the higher
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WT rick vii-8 #1 #3

PBL31/rlck vii-7 BIK1/rick vii-8

order mutants displayed no visible defects in growth
and development. rlck vii-5 and -8 were slightly smaller
than wild-type plants (Fig. 7A). The phenotype of rlck
vii-8 is likely attributable to the bik1 mutation, which
was reported to cause increased accumulation of SA
and reduced plant size (Veronese et al., 2006). We also
examined silique length in these higher order mutants
and found that rlck vii-8 mutants had shorter siliques
than wild-type plants (Fig. 7B).

We further sought to determine the roles of RLCK
VII members in peptide-regulated growth and devel-
opment by examining the responses of seedlings to
RALF23 and PSK (Kutschmar et al., 2009; Stegmann
et al., 2017). Root growth inhibition assays showed
that rlck vii-6 and -8 had impaired sensitivity to RALF23
compared with the wild type, whereas other higher
order mutants did not (Fig. 7C). These results indicated
that RLCK VII-6 and -8 may function downstream
of FER to regulate root growth. An examination of
PSK-induced root growth showed that rick vii-6 and
-8 also were significantly less sensitive than the wild
type to PSK, whereas other higher order mutants were
comparable to the wild type (Fig. 7D). Together, these
results indicated that RLCK VII-6 and -8 members
are likely required for RK-regulated plant growth.
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Figure 4. Mutants of RLCK VII-4 are compromised in chitin-triggered MAPK activation. A, Chitin-triggered MAPK activation in
the rick vii-4 mutant compared with the wild type (WT). B, Flg22-triggered MAPK activation in the rick vii-4 sextuple mutant. C,
Chitin-triggered MAPK activation in the pb/27 and rlck vii-1 quintuple mutants. D, Additive effects of RLCK VII-4 members in
chitin-triggered MAPK activation. rlck vii-4 sextuple, quadruple (pb/19,20,39,40), and double (pb/39,40 and pb/19,20) mutants
were used for this analysis. Seedlings of the indicated genotypes were treated with chitin or flg22 and harvested at the indicated
time points. MAPK activation was analyzed by immunoblotting using anti-pERK antibody. cerk? and fls2 mutated in PRR genes
relevant to chitin and flg22 were included as controls, respectively. Equal loading is demonstrated by Ponceau staining of Ru-
bisco (bottom). The results shown are representative of three independent experiments.

DISCUSSION

In this study, we constructed nine higher order
mutants of proteins from RLCK subfamily VII and
systematically characterized their immune and devel-
opmental phenotypes. Various previous reports have
shown that single mutants of RLCK VII members
have weak phenotypes in PTI (Zhang et al., 2010;
Sreekanta et al., 2015; Kong et al., 2016). By contrast,
the expression of bacterial effectors that target multi-
ple RLCK VII members leads to strong suppression
of PTI (Zhang et al., 2010; Feng et al., 2012), suggest-
ing that these subfamily members have overlapping
roles in plant immunity. Given the size of the RLCK
VII subfamily, it has been difficult to empirically an-
alyze the redundancy and specificity of its members
in different RK signaling pathways and their roles in
various downstream responses. The construction and
analysis of higher order mutants allowed us to uncover
the functions of previously uncharacterized RLCK VII
members. We found that several higher order mutants
were more severely impaired in chitin-triggered ROS
production than the single mutants. Furthermore,
multiple higher order mutants displayed impaired PTI
responses to each pattern tested, indicating that there
is a great degree of functional redundancy within and
across different clades of RLCK VII members.

Our data demonstrate that, while the RLCK VII-5, -7,
and -8 members are involved in signaling downstream

Plant Physiol. Vol. 177, 2018

of multiple PRRs, including FLS2, EFR, and CERK1,
the RLCK VII-4 members function specifically in chitin-
induced immunity. These findings indicate that, al-
though multiple RLCK VII subgroups are commonly
employed by different PRRs for immune signaling, one
RLCK VII subgroup is recruited by chitin receptors.
The activation of MAPK cascades is critical for the
establishment of disease resistance (Meng and Zhang,
2013). However, the molecular link between RKs and
MAPK activation remains elusive. There is conflict-
ing evidence regarding whether RLCKs play a major
role in MAPK activation. For example, BIK1 and PBL1
have been shown to have a modest role specifically
in Pep2-triggered MAPK activation (Yamada et al.,
2016), which was confirmed in this study. PCRK1 and
PCRK2, which correspond to PBL39 and PBL40 of the
RLCK VII-4 subgroup, have been shown previously to
play a minor role in flg22-triggered MAPK activation
(Kong et al., 2016), but that result was not reproduced
in this study. In addition, PBL27 of the RLCK VII-1 sub-
group was reported recently to mediate chitin-induced
MAPK activation (Shinya et al., 2014), but our exten-
sive analyses failed to provide support for the involve-
ment of PBL27, or any RLCK VII-1 members, in MAPK
activation. In these studies, single or double mutants
were used for the analyses, which may explain sub-
tle phenotypes that are difficult to reproduce. By us-
ing higher order mutants, we have demonstrated that
RLCK VII-4 members are profoundly important for
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Figure 5. FRKT and NHL10 expression triggered by chitin and flg22 in higher order rick vii mutants. A and B, Chitin-induced
defense gene expression in higher order mutants. C and D, flg22-induced defense gene expression in higher order mutants.
Eight-day-old seedlings of the indicated genotypes were treated with chitin or flg22 and harvested at 0 and 3 h. FRKT and
NHL10 transcripts were quantified by RT-qPCR using ACTINS as the internal standard. The line numbers (#) refer to alleles
created by CRISPR-Cas9. Values are means =+ sp of three biological replicates, and significant differences between mutants and
the wild type (WT) are indicated by asterisks (*, P < 0.05 and **, P < 0.01, Student’s ¢ test).

chitin-triggered MAPK activation, but they play no
detectable role in MAPK activation triggered by other
patterns. We were unable to support a role for RLCK

VII-1 members in MAPK activation by any patterns,
including chitin. These results collectively support the
idea that RLCK VII-4 members specifically link the
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Figure 6. Pattern-induced resistance of RLCK VIl members to P syringae. A, Four-week-old plants of the indicated genotypes were
spray inoculated with P syringae hrcC, and bacterial growth was measured 3 d post inoculation. The line numbers (#) refer to alleles
created by CRISPR-Cas9. Values are means of log (colony-forming units [CFU] cm leaf tissue) + sp; n = 10. Significant differences
relative to the wild type (WT) are indicated by asterisks (*, P < 0.05 and **, P < 0.01, Student’s t test). B, Four-week-old plants were
pretreated with water or flg22 and infiltrated 1 d later with P syringae DC3000. The bacterial population was determined 2 d post
inoculation. Values are means of log (CFU cm™ leaf tissue) + sp. Different letters indicate significant differences between higher order
mutants and the wild type in the absence of flg22, and significant differences between higher order mutants and the wild type are
indicated by asterisks (**, P < 0.001, Student’s t test); n = 6. The results shown are representative of three independent experiments.
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by asterisks (***, P < 0.001, Student’s t test); n = 12. D, Root elongation response to PSK in rlck vii higher order mutants. Values
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0.05, Student’s t test); n = 12. The results shown are representative of three independent experiments.

chitin receptors to MAPK activation, whereas RLCK
VII-8 members are employed by PEPR1 and PEPR?2 for
MAPK activation.

BIK1 and PBL1, two members of the RLCK VII-8
subgroup, play positive roles in PTI (Lu et al., 2010;
Zhang et al.,, 2010; Kadota et al., 2014; Li et al., 2014;
Ranf et al., 2014). However, the rick vii-8 quadruple
mutant exhibited elevated FRK1 expression in response
to chitin and flg22 and increased resistance to P. syringae
(Figs. 5, A and C, and 6B). This seems to be at odds
with the positive function of BIK1 and PBL1 in PTL
However, bikl mutants are known to accumulate SA
(Veronese et al., 2006), which might have led to the
increased defenses in rlck vii-8 higher order mutants.
The rick vii-6 triple mutant exhibited increased ROS
production in response to flg22. Interestingly, PBL13,
another RLCK VII-6 member, also has been reported to
negatively regulate ROS production triggered by flg22
and elf18 (Lin et al., 2015). Whether certain RLCK VII-
6 members are negative regulators of ROS production
downstream of specific PRRs remains to be examined.

Our data demonstrate that RLCK VII-6 (PBLS, -16,
and -17) and RLCK VII-8 specifically link the RALF23
and PSK receptors to regulate root growth in Ara-
bidopsis. Interestingly, a different member of RLCK
VII-6, RIPK, has been shown to mediate responses to
RALF1 in seedlings (Du et al., 2016), suggesting that
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RLCK VII-6 may be particularly important for RALF
signaling. Moreover, we found that rlck vii-8 mutants
also had smaller siliques, which is consistent with the
reported role of BIK1 in fertility (Veronese et al., 2006).

Together, our data uncover a large number of RLCK
VII members that modulate plant immune signaling.
We identified two subgroups of RLCK VII that link
PRRs to MAPK activation. This work provides import-
ant genetic resources for future studies on plant im-
munity and growth mediated by diverse RKs. Because
RLCK VII members are commonly targeted by multi-
ple pathogen effectors (Zhang et al., 2010; Feng et al,,
2012), and several of them have been shown to mediate
effector-triggered immunity (Shao et al., 2003; Liu et al.,
2011; Guy et al., 2013; Wang et al., 2015), these materi-
als also will be useful in analyses of effector-mediated
virulence and effector-triggered immunity.

MATERIALS AND METHODS
Plant Materials

Arabidopsis (Arabidopsis thaliana) plants used in this study included the
wild type (Columbia-0), bik1 (Veronese et al., 2006), ripk (Columbia-0; Liu et al.,
2011), pbs1-1 (Warren et al., 1999), pbl1 and pbl2 (Zhang et al., 2010), and other
PBL T-DNA insertion lines obtained from the Nottingham Arabidopsis Stock
Centre (http:/ /www.arabidopsis.info).
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The higher order mutants were generated by combining mutant genes
within each subgroup. The rick vii-3, -4, -5, -7, -8, and -9 mutants were generated
by crossing homozygous T-DNA lines. Homozygous mutations were identi-
fied by genotyping (primers are listed in Supplemental Table S2). Some of the
mutations were loosely linked, and these T-DNA lines were first combined to
generate homozygous double or triple mutants by crossing, and then these
double or triple mutants were crossed to the unlinked T-DNA lines to generate
higher order mutants. Two PCRs were performed to identify the homozygous
mutation for each gene. The first reaction was carried out with gene-specific
primers flanking the T-DNA insertion (left genomic primer and right genomic
primer), and the second reaction was performed with a right genomic primer
and a T-DNA-specific primer. A homozygous mutation was indicated by a
lack of PCR product in the first reaction and the presence of PCR product in
the second reaction. For rick vii-1, -2, and -6 higher order mutants, pbl5,7,27,
pbs1-1, pbl24,26, and pbl8,16 homozygous T-DNA mutants were generated be-
fore the remaining mutations were introduced using the CRISPR-Cas9 system
(Supplemental Fig. S2). The generation and identification of CRISPR-Cas9 mu-
tations are described below.

Arabidopsis plants were grown at 22°C in a greenhouse with a 10-h-light/
14-h-dark photoperiod. Four- to 5-week-old plants were used for oxidative
burst detection and the bacterial infection assay.

CRISPR-Cas9-Mediated Mutations

To generate mutations in PBL6, PBL17, and PBL25 using the CRISPR-Cas9
system, corresponding single guide RNAs were cloned into a CRISPR-Cas9 vec-
tor (Xing et al., 2014) and transformed into plants by Agrobacterium tumefaciens-
mediated transformation.

To genotype these mutated lines, total DNA was extracted from T1 trans-
genic plants, and fragments containing the target sites were amplified by PCR
using gene-specific primers (Supplemental Table S2). The PCR products were
digested with appropriate restriction enzymes (Hhal, Hphl, and BstUI for
PBL6, PBL17, and PBL25, respectively), and plant lines carrying completely or
partially undigested bands were selected. The PCR products of homozygous
T2 lines, for which restriction enzyme treatment produced no digested bands,
were sequenced to confirm mutation.

Phylogenetic Analysis

The full-length sequence of each RLCK VII member was aligned using
MUSCLE in MEGA (Kumar et al., 2016), and this alignment was used to gen-
erate a phylogenetic tree with the neighbor-joining method (Saitou and Nei,
1987). The evolutionary distances were computed using the Poisson correction
method (Zuckerkandl and Pauling, 1965). The bootstrap analyses were con-
ducted with 500 replicates. The numbers associated with each branch repre-
sent the bootstrap support.

Molecular Complementation

The indicated full-length genes were amplified from wild-type genomic
DNA and subcloned into a modified pCAMBIA1300 binary vector that harbors
an HA epitope tag, to generate PBL-HA constructs. These constructs were then
introduced into the indicated higher order mutants using an A. tumefaciens-
mediated floral dip transformation method (Clough and Bent, 1998).

RNA Isolation and Gene Expression Analysis

Eight-day-old seedlings grown on one-half-strength Murashige and Skoog
(MS) medium were sprayed with 0.1 um flg22 or 200 ug mL* chitin in deion-
ized water containing 0.01% (v/v) Silwet L-77. For each treatment, eight to
15 plants were harvested for RNA isolation. To detect PBL transcripts in pbl
mutants, RNA was extracted from untreated 8-d-old seedlings.

Total RNA was extracted using an RNeasy Plant Mini Kit (Qiagen), and 2 ug
of total RNA was reverse transcribed using a Maxima First Strand cDNA Synthe-
sis Kit (Thermo Scientific). Subsequently, RT-qPCR was performed using a SYBR
Premix Ex Tagll Kit (Takara). Primers used are listed in Supplemental Table S2.

Oxidative Burst

The leaves of 5-week-old plants were sliced into 1-mm strips and incubated
in deionized water on a 96-well plate for 10 to 12 h and then treated with
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0.1 um flg22, 0.1 um elf18, or 200 ug mL™" chitin in 200 uL of buffer (20 um
Luminol and 1 ug mL" horseradish peroxidase) as described (Zhang et al.,
2007). Luminescence was recorded immediately with an integration time of
0.5 s using a GloMax 96 Microplate Luminometer (Promega). Data from a total
of 20 time points were collected for each sample over the course of 30 min, and
the sum of the total luminescence units measured was used as a measurement
of total ROS production. All experiments were repeated two to four times.

MAPK Activity Assay

Eight-day-old seedlings grown on one-half-strength MS medium were
sprayed with 0.1 um flg22, 0.1 pm elf18, 0.1 um Pep2, or 200 pg mL™" chitin
(containing 0.01% Silwet L-77). About 10 seedlings were harvested at 0, 5, and
10 min after each treatment and ground thoroughly in liquid nitrogen. Protein
was extracted from these seedlings with extraction buffer (50 mm HEPES, pH
7.5,150 mm KCl, 1 mm EDTA, 0.5% Triton X-100, 1 mm DTT, and 1x protease
inhibitors [Roche]), and the phosphorylation of MAPKs was detected by anti-
PERK (Cell Signaling) immunoblotting. All experiments were repeated at least
three times.

Bacterial Growth Assay

Pseudomonas syringae DC3000 and the hrcC- mutant were cultured in King’s
medium B (King et al., 1954) containing 50 mg L' rifampicin at 28°C. For the
flg22 protection assay, 5-week-old plants were preinfiltrated with 1 um flg22
or deionized water and then, 1 d later, infiltrated with 1 x 10° CFU mL™!
P. syringae DC3000. The bacterial populations were determined after 2 d as
described previously (Katagiri et al., 2002). Two leaf discs of 0.6 cm in diameter
from different leaves served as one replicate, and each data point represented
at least six replicates. For spray inoculation, plant leaves were sprayed with
P. syringae mutant hrcC- (Yuan and He, 1996) at 5 x 108 CFU mL™" containing
0.017% Silwet L-77. The bacterial populations were determined after 3 d. All
experiments were repeated at least three times.

Root Growth Responses to RALF23 or PSK Peptide

For the RALF23-induced root growth inhibition assay, seedlings were
germinated, grown vertically on one-half-strength MS medium for 4 d, and
then transferred to 600 pL of one-half-strength MS liquid medium containing
1 um RALF23 on a 24-well plate and incubated at 22°C with mild shaking for
3 d. For the PSK-triggered root growth assay, seedlings were germinated and
grown vertically on one-half-strength MS medium containing 1 um PSK for 7
d. All experiments were repeated at least three times.

Accession Numbers

Sequence data from this article can be found in the TAIR database (https:/ /
www.arabidopsis.org): At2G28590 (PBL6), At1G07870 (PBL5), At5G02800
(PBL7), At5G18610 (PBL27), AT5G13160 (PBS1), AT1G61860 (PBL41),
AT3G20530 (PBL23), AT4G13190 (PBL24), AT3G24790 (PBL25), AT3G07070
(PBL26), AT5G16500 (PBL43), AT3G02810 (PBL42), AT1G76370 (PBL22),
AT1G20650 (PBL21), AT3G26940 (CDG1), AT1G24030 (PBL28), AT5G03320
(PBL40), AT3G09830 (PBL39), AT2G39110 (PBL38), AT2G28940 (PBL37),
AT5G47070 (PBL19), AT4G17660 (PBL20), AT5G15080 (PBL34), AT3G01300
(PBL35), AT3G28690 (PBL36), AT1G72540 (PBL33), AT2G26290 (PBL12),
AT5G35580 (PBL13), AT2G05940 (PBL14), AT1G61590 (PBL15), AT2G07180
(PBL17), AT5G56460 (PBL16), AT5G01020 (PBLS), AT2G17220 (PBL32),
AT1G76360 (PBL31), AT4G35600 (PBL30), AT2G28930 (PBL10), AT1G07570
(PBL9), AT5G02290 (PBL11), AT3G55450 (PBL1), AT2G39660 (BIK1),
AT1G74490 (PBL29), AT1G26970 (PBL4), AT1G69790 (PBL18), AT2G02800
(PBL3), and AT1G14370 (PBL2).

Supplemental Data
The following supplemental materials are available.

Supplemental Figure S1. Gene structures of PBL genes and locations of
T-DNA insertions.

Supplemental Figure S2. CRISPR-Cas9-mediated mutations of PBL6,
PBL17, and PBL25.
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Supplemental Figure S3. Expression profiles of RLCK VII members in re-
sponse to different molecular patterns.

Supplemental Figure S4. Replicate ROS production data for Figure 2.
Supplemental Figure S5. Chitin-triggered ROS production in single mutants.
Supplemental Figure S6. Replicate blots for Figure 4.

Supplemental Figure S7. RLCK VII-4 members are not required for elf18-
and Pep2-triggered MAPK activation.
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