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Abstract In plants, plasmodesmata (PD) are intercellular
channels that function in both metabolite exchange and the
transport of proteins and RNAs. Currently, many of the PD
structural and regulatory components remain to be eluci-
dated. Receptor-like kinases (RLKs) belonging to a notably
expanded protein family in plants compared to the animal
kingdom have been shown to play important roles in plant
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growth, development, pathogen resistance, and cell death.
In this study, cell biological approaches were used to
identify potential PD-associated RLK proteins among
proteins contained within cell walls isolated from rice
callus cultured cells. A total of 15 rice RLKs were
investigated to determine their subcellular localization,
using an Agrobacterium-mediated transient expression
system. Of these six PD-associated RLKs were identified
based on their co-localization with a viral movement
protein that served as a PD marker, plasmolysis experi-
ments, and subcellular localization at points of wall contact
between spongy mesophyll cells. These findings suggest
potential PD functions in apoplasmic signaling in response
to environmental stimuli and developmental inputs.

Keywords Plasmodesmata - Receptor-like kinase -
Symplasmic signaling - Apoplasmic signaling - Cell wall
proteomics

Abbreviations

PD Plasmodesmata

PM  Plasma membrane

ER  Endoplasmic reticulum
MP  Movement protein
RLK Receptor-like kinase

Introduction

In plants, plasmodesmata (PD) are cytoplasmic channels
that play a pivotal role in both the symplasmic exchange of
metabolites and intercellular trafficking of information
molecules, including proteins and RNA (Cilia and Jackson
2004; Heinlein and Epel 2004; Kim 2005; Maule 2008).
The size exclusion limit (SEL) of PD probed by movement
of micro-injected fluorescent dyes is on the order of 1 kDa
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(Robards and Lucas 1990; Lucas 1995). However, this
intercellular movement can be regulated by modulating the
size exclusion limit of the PD microchannels through the
action of dilating proteins (Oparka 2004; Maule 2008;
Lucas et al. 2009).

Movement proteins (MP) encoded by various plant
viruses have the capacity to modulate PD SEL in order to
facilitate the cell-to-cell movement of the viral RNA
(Heinlein and Epel 2004; Lucas 2006). In addition,
developmental stages and environmental stresses are also
important factors that can modulate the SEL of diverse PD
types (Crawford and Zambryski 2001; Roberts et al. 2001;
Zambryski and Crawford 2000). For example, simple
primary PD can undergo a significant change in structure,
becoming highly branched, thereby greatly increasing the
symplasmic pathway available for exchange of metabolites
and/or signaling agents. Alternatively, during leaf develop-
ment, the PD pathway can be downregulated to reduce the
process of intercellular communication (Liarzi and Epel
2005; Oparka et al. 1999; Roberts et al. 2001). Finally,
many abiotic and biotic stresses can reduce PD SEL
through the accumulation of callose at the neck region of
the PD (Chen and Kim 2009; Levy and Epel 2009; Turner
et al. 1994). However, much still remains to be learned
about the signaling machinery involved in both develop-
mental and stress-induced regulation of PD function.

The intercellular transport of molecules through PD can
occur by two mechanistically different processes, involving
non-selective and selective movement. Evidence for the
non-selective mode of movement has been gained through
the use of fluorescent probes, including free green
fluorescent protein (GFP); provided the molecular dimen-
sions of these molecules are compatible with the physical
void spaces within the PD microchannels, cell-to-cell
movement can be driven by diffusion (Imlau et al. 1999;
Oparka et al. 1997, 1999). Evidence for selective trafficking
has been provided by studies on viral MP (Lucas 2006), as
well as from studies of endogenous proteins, such as
KNOTTEDI (Lucas et al. 1995; Kim et al. 2005) and other
transcription factors (Gallagher et al. 2004; Gallagher and
Benfey 2009; Kurata et al. 2005). Intercellular trafficking
on the selective pathway involves an interaction between
the non-cell-autonomous protein (NCAP) and components
of the non-cell-autonomous protein pathway (Lee et al.
2003; Kragler et al. 2000; Taoka et al. 2007). Such
interactions generally involve a protein-mediated increase
in the PD SEL, a step that appears to be required for
intercellular trafficking of this class of NCAPs.

In recent years, a number of studies have focused on
identifying the molecular constituents of higher plant PD. A
novel high-throughput screen was conducted using a cDNA
library tagged with GFP (Escobar et al. 2003). However,
further characterization of the identified putative PD
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proteins remains to be performed. A range of biochemical
methods have also been developed to enrich for PD
constituents from cell wall preparations. This strategy
yielded a number of NCAP pathway components (Lee et
al. 2003, 2005; Sagi et al. 2005; Levy et al. 2007a).
Proteomic analyses of PD-enriched cell wall preparations
from Arabidopsis, Chara corallina, and tobacco plants
have also identified PD proteins (Bayer et al. 2006;
Faulkner et al. 2005; Levy et al. 2007a).

Subcellular localization of these putative PD proteins has
generally been confirmed using confocal laser scanning
microscopy (CLSM) to detect the co-localization of the
candidate protein, as a fusion with fluorescent reporters
such as GFP, with a bona fide PD protein, such as a tagged
viral MP (Levy et al. 2007a; Thomas et al. 2008). These
CLSM analyses have also been complemented with
transmission electron microscopy-based immunological
experiments (Raffaele et al. 2009; Simpson et al. 2009).
Currently, these biochemical and proteomic studies have
identified some 30 PD-associated proteins from a range of
plant species. Considering the likely complexity of the PD
structure, which may well be comparable to the nuclear
pore complex that is approximately 120 MDa in size and
contains some 100 subunits (Lee et al. 2000), it would seem
that many more PD proteins remain to be isolated and
characterized.

A potential role for PD-localized proteins in apoplasmic
signaling was recently raised based on the identification of
a family of PD-located proteins (PDLP) belonging to a
class of type I membrane receptor-like proteins (Thomas et
al. 2008). This family contains two domains of unknown
function (DUF26) that are located on the extracellular side
of the plasma membrane. This general orientation is found
in a wide array of receptor-like protein kinase (RLK)
families. In plants, members of such RLKs have been
shown to play important roles in plant growth, develop-
ment, pathogen resistance, and cell death (Stone et al. 1998;
Chen et al. 2003; Searle et al. 2003; Chinchilla et al. 2007,
Wan et al. 2008). Typically, an RLK is comprised of an
extracellular receptor domain that binds to a signal ligand, a
trans-membrane domain that anchors the protein within the
membrane, and a cytoplasmic kinase domain for signal
transduction. It was reported that the Arabidopsis genome
encodes for at least 610 RLKs, representing more than ten
subfamilies (Chae et al. 2009).

Here, we report that six RLKs among 15 rice RLKs
tested are associated with plasmodesmata based on their
co-localization with a PD marker, the viral MP encoded
by Turnip vein-clearing mosaic virus (TVCV). These
findings are discussed in terms of potential signaling
between the apoplasm and PD in terms of control over
symplasmic signaling in response to environmental stimuli
and developmental inputs.
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Results
Subcellular localization of receptor-like protein kinases

Our analysis of the cell wall proteome of rice (unpublished)
identified a number of membrane-associated proteins,
including some RLKs. Since cell wall preparations can be
substantially free of extraneous membrane, while at the
same time retaining PD as membrane-rich wall components
(Bayer et al. 2006), we decided to investigate whether some
of these membrane proteins may reside in PD. A similar
strategy, followed previously, identified the receptor-like
molecule, PDLP, as a membrane-associated PD protein
(Bayer et al. 2006; Thomas et al. 2008). The rice genome
encodes more than 600 RLKs which are targeted by the
secretory pathway to the plasma membrane and cell
periphery. Using all the identified peptides from the
proteomic analysis as preliminary evidence for the occur-
rence of RLKs (single and multiple hits) in the cell wall, we
selected a subset of RLKs to study for their subcellular
targeting to PD. The selection was also influenced by the
availability of full length cDNAs for rapid and convenient
cloning. On this basis, 15 RLKs were studied for targeting
as fluorescent protein fusions with GFP using an Agro-
bacterium-based transient expression system. 15 RLK
cDNAs were obtained from the rice PIPELINE database
(http://cdna01.dna.affrc.go.jp/PIPE/; Yazaki et al. 2004).

Table 1 presents the genomic information for these 15 RLK
genes.

The SMART program (http://smart.embl-heidelberg.de/;
Letunic et al. 2009) was employed to identify the conserved
domains within each of these 15 candidate RLKs. Each
protein appeared to contain a single N-terminally located
signal peptide and a kinase domain housed in the C-terminal
region (Fig. 1). Transmembrane domains (TMDs) were
present in 14 proteins, but Os04g51050 had two, whereas
0s04g01874 did not have a predicted TMD. These RLKs
were assigned to the respective subfamilies, according to
their conserved domains (Lehti-Shiu et al. 2009; Table 1).
These 15 RLKs were members of 13 subfamilies and that
they contained a broad array of additional domains,
including epidermal growth factor (EGF), lectin, PAN,
DUF26, and leucine-rich repeat (LRR) domains. Interesting-
ly, eight of these 15 RLKs belonged to the LRR RLK family.

To determine the subcellular localization of the RLKs,
they were translationally fused to fluorescent proteins and
expressed under control of the strong cauliflower mosaic
virus 35S promoter upon agroinfiltration into Nicotiana
benthamiana leaves. TVCV MP-red fluorescent protein
(RFP) (Kim et al. 2003) was used as a PD marker for co-
localization studies. First of all, to validate TVCV MP-RFP
as a PD marker, co-localization experiments were per-
formed with two bona fide PD markers, namely callose
(Turner et al. 1994) and PLRV MP-GFP (Schmitz et al.

Table 1 Candidate PD-associated receptor-like kinases identified based on a rice cell wall proteome

Index c¢DNA accession no. Rice accession no. RLK subfamily® SpP TMD® Length Subcellular localization®
1 AK107192 0s05g25540 RLCK-X Y 1 478 PM

2 AK101690 0s03g12470 WAK_LRKI0L-1 Y 1 704 PD

3 AKI111508 Os04g51050 WAK Y 2 712 PD

4 AK060765 0s03g12150 SD-2b Y 1 843 PM, ER
5 AK065935 0s04g01874 L-LEC Y 0 731 PD

6 AK060565 0s07g35004 SD1 Y 1 674 PM, Nuc
7 AKI111650 0s07g35690 DUF26 Y 1 695 PM

8 AK100000 0s07g41140 LRR-XV Y 1 1,084 PM

9 AKI111558 Os11g12530 LRR-XI Y 1 987 PM

10 AK110462 0s06g47750 LRR-Xb Y 1 1,066 PD

11 AKI111546 0s02g05960 LRR-Xb Y 1 1,051 PD

12 AK111516 0s10g25090 LRR-V Y 1 719 PM

13 AK103598 0s07g48310 LRR-III Y 1 640 PM

14 AK106346 0s09g02250 LRR-III Y 1 794 PD

15 AK100532 0s08g10330 LRR-VIII-2 Y 1 1,023 PM

SP signal peptides, TMD trans-membrane domains, PM plasma membrane, ER endoplasmic reticulum, Nuc nucleus, PD plasmodesmata

# Subfamilies for each candidate RLK were categorized according to Lehti-Shiu et al. (2009)
®SP were predicted by SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP/) with two algorithms (NN and HMM methods)
°TMD were predicted by a TMHMM v. 2.0 program (http://www.cbs.dtu.dk/services/ TMHMMY/)

9 Subcellular localization for each RLK was determined by transient expression assays: PM, ER, Nuc, and PD
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Fig. 1 Predicted domain structures of 15 candidate PD-associated
receptor-like kinases identified based on a rice cell wall proteome. The
SMART program (http://smart.embl-heidelberg.de/) was employed to
identify the domains for each RLK. Signal peptide, blue box; trans-
membrane domain, red box; conserved kinase catalytic domain,
STYKc; variable elongation growth factor domains (EGF and
EGF _CA), green pentagon; B_lectin domain; Lectin_legB domain;

Fig. 2 Validation of TVCV
MP-RFP as a PD marker.
Co-localization between TVCV
MP-RFP and callose stained by
aniline blue (a). Co-localization
between TVCV MP-RFP and
PLRV MP-GFP (b). Represen-
tative co-localized spots are
indicated by arrowheads. Scale
bar=10 pum, common to all
images

TVCV MP-RFP

TVCV MP-RFP
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plasminogen/hepatocyte growth factor family domain (PAN_2), P2 in
orange box; domain of unknown function 26 (DUF26), D in orange
box; N-terminal leucine-rich repeats (LRR) domain (LRRNT 1), deep
green box; variable leucine-rich repeat domains (LRR and LRR 1),
bright green and yellow-green box, respectively. Scale bar=100
amino acid residues

Callose Overlaid/DIC

PLRV MP-GFP



http://smart.embl-heidelberg.de/

Plasmodesmata-associated receptor-like kinases in rice

195

1997). Red fluorescence from TVCV MP-RFP overlapped
with callose stained with aniline blue (Fig. 2a, yellow
signal). In addition, TVCV MP-RFP was also found to be
co-localized with PLRV MP-GFP (Fig. 2b). The observed
co-localization between TVCV MP-RFP and two bona fide
PD markers, callose and PLRV MP17, confirmed the utility
of this tobamovirus MP as a PD marker in a tobacco
transient expression system.

To identify the appropriate timeframe over which to
conduct these subcellular localization screens, protein
localization was assessed at 12, 24, 36, and 48 h post-
agroinfiltration (Fig. 3). Based on these studies, 36 h post-
agroinfiltration was optimal and selected for all localization
studies.

Based on these experiments, six RLKs were identified as
being targeted to PD (Fig. 3), and nine RLKs were found to

Fig. 3 Six rice cell wall-
associated RLKs are co-
localized to PD. Indicated rice
RLK-GFP fusion proteins were
transiently co-expressed with a
TVCV MP-RFP PD marker in
N. benthamiana leaves. Punctate
green fluorescent signals (left
panels) were observed for 2
WAK-RLKs (a, b), a lectin RLK
(¢), and 3 LRR-RLKs (d—f). Red
fluorescent signal (central pan-
els) indicates the subcellular
localization of the TVCV MP-
RFP reporter. Merged images of
GFP and RFP (right panels)
confirm that these six RLKs
were co-localized to PD. All
CLSM images were collected
36 h post-agroinoculation. Scale
bar=10 pm, common to all
images

be targeted to the PM (Fig. 4 and Supplemental Fig. 1).
Here, it is important to note that images presented in Figs. 3
and 4 and Supplemental Fig. 1 are representative of three
replicate experiments. We could not observe significant red
fluorescences of six PDRLK-RFPs at cortical position or at
the upper side of epidermis, at our optimized condition.
Interestingly, two members of the LRR-Xb subfamily,
0s06g47750 and its homolog, 0s02g05960, were targeted
to PD. In contrast, although Os07g48310 and Os09g02250
are homologous and belong to the LRR-III RLK family,
0s09g02250 was targeted to PD, whereas Os07g48310 was
localized to the PM. A number of these RLKs were also
detected within the cytoplasm. For example, an SD-2b RLK
(0s03g12150) localized to both the cytoplasm surrounding
the nucleus, probably the endoplasmic reticulum (ER) and
the PM (Supplemental Fig. lc, d). An SD1 RLK

0s03g12470

0s04g51050

0s04901874
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Fig. 3 continued.

(1]

(0Os07g35004) was detected within the nucleus and the PM
(Supplemental Fig. 1m, n).

The PM localization of the nine RLKs was further
confirmed by co-expression with a known PM-RFP marker
(Nelson et al. 2007). These experiments were performed
with a subset of putative PM-targeted RLK-GFP constructs.
As shown in Fig. 4, green fluorescent signals associated
with all four RLKs were found to be highly co-localized
with the red fluorescent signal from the PM marker.

To also confirm that the six PD-targeted RLKs were
localized within the region of the cell wall, leaves
previously infiltrated with Agrobacterium expressing
RLK-GFP constructs were incubated with propidium iodide
(PI). As illustrated in Fig. 5, the Os04g51050-GFP and
0s03g12470-GFP signals overlapped with the PI red
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fluorescence; the merged images clearly demonstrated that
this PD-targeted RLK was localized within the cell wall
(Fig. 5, right panels). Equivalent results were obtained for
the other four PD-targeted RLKs.

Mesophyll cells have a unique feature in that PD are
only located in points of cellular contact. Hence, this
system was next employed to test whether the candidate
RLKs were targeted specifically to PD. Signal from all
six PD-targeted RLK-GFP fusion proteins was detected
only in the contact region between neighboring meso-
phyll cells (Fig. 6a—f). No signal was observed along the
PM facing the intercellular air space. By contrast, the two
PM-targeted RLKs that served as a control for these
experiments were localized along the periphery of the
mesophyll cell (Fig. 6g, h).
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Fig. 4 Subset of rice cell wall-
associated RLKs are
co-localized to the plasma
membrane. Indicated rice
RLK-GFP fusion proteins were
transiently co-expressed with an
RFP-tagged plasma membrane
(PM) marker in N. benthamiana
leaves. Green fluorescent signals
associated with expression of
0s05g25540-, Os03g12150-,
0s07g35004-, and Os07g35690-
GFP (left panels) were localized
to the cell periphery. PM
visualized using a PM-RFP
reporter (central panels).
Merged GFP and PM-RFP
images establish that all four
RLK proteins were co-localized
to the PM (right panels). All
images were collected 36 h
post-agroinoculation. Scale
bar=10 pm, common to all
images

0s05g25540

0s03g12150

0s07935004

0507935690

Plasmolysis experiments confirm PD localization of RLKs iments were next performed using a 0.45 M mannitol

solution. GFP punctate signals from PD-targeted RLKs

A routine test for proteins targeted to PD is whether the = were retained within the wall after plasmolysis (Fig. 7a—e¢),
fluorescent signal associated with the tagged putative PD-  whereas GFP signal from PM-associated RLKs was dis-
localized protein is retained within the wall after plasmol-  placed from the wall and remained localized over the
ysis (Tilney et al. 1991; Thomas et al. 2008). Such exper-  retracted PM (Fig. 7f).
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Fig. 5 PD-associated RLKs are
located within the cell wall.
Green fluorescent signal shows
RLK-GFP expression (left
panels) and red fluorescent
signal (central panels) reflects
propidium iodide staining within
the wall of epidermal cells.
Merged images of green and red
fluorescent signals (right panels)
confirm that Os04g51050 and
0s3g12470 proteins are located
within the wall. /nset, magnified
image of wall GFP punctae.
Scale bars=10 pm

Discussion

A range of experimental approaches have been developed
to identify the molecular components of both algal and
higher plant PD. A combination of cellular and proteomic
tools has provided a high-throughput method to screen for
PD proteins (Faulkner et al. 2005; Lee et al. 2005; Levy et
al. 2007b; Bayer et al. 2008; Thomas et al. 2008). Although
this approach has proven successful, it has certain draw-
backs. For example, the protocols developed to isolate
plasmodesmal enriched cell wall proteins (PECP) still yield
protein populations containing a significant number of cell
wall-specific proteins (Bayer et al. 2006). Furthermore,
because of the unique structural features of PD that include
various components of the cell wall, PM, and ER, it is a
challenge to select potential PD proteins from these PECP
preparations for in depth study.

The capacity to integrate cell wall proteomics with
bioinformatics and cell biological tools, in order to use
rational screens to filter the proteomic database, has proven
successful in identifying bona fide PD proteins (Thomas et
al. 2008; Simpson et al. 2009). In the current study, using a
cell biological approach, we identified six PD-associated
RLKs, with three belonging to the LRR-RLK family, the
largest subfamily of RLKs comprising some 200 members
in Arabidopsis (Lehti-Shiu et al. 2009).

A number of ways have been developed to determine
subcellular localization of proteins targeted to PD. Al-
though transient expression of proteins tagged with various
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fluorescence proteins, such as GFP, can provide infor-
mation on potential subcellular targets, the use of strong
promoters like the CaMV 35S must be used with caution.
As found in the present study, protein overexpression can
lead to mistargeting of a PD-associated protein. Time
course experiments are essential to identify the sites
within the cell first targeted by a candidate protein. As
the capacity of the PD to accept newly synthesized
proteins is likely to vary depending on the protein, the
situation can be envisaged where the level of tagged
protein is low and even on the margin of detection. In this
case, overexpression would result in accumulation of
signal along the PM, leading to a false negative. Thus,
the possibility exists that some of the RLKs characterized
as PM-targeted might well be PD-associated proteins.
The use of endogenous promoters would avoid this
complication.

A second method to detect PD-associated proteins involves
the co-expression of the candidate protein along with a bona
fide PD protein. Here, viral MPs that accumulate within PD
have served as effective markers (Blackman et al. 1998; Chen
et al. 2000; Roberts et al. 2001; Vogel et al. 2007). In our
studies, we used the TVCV MP-RFP, which was co-
localized with bona fide PD markers, PLRV MP17-GFP
(Schmitz et al. 1997) and callose (Turner et al. 1994), to
screen the 15 RLK-GFP proteins (Fig. 3). This system,
combined with analyses performed on mesophyll cells,
provided evidence in support of our conclusion that six
RLKSs are targeted to PD. Plasmolysis experiments (Fig. 7)
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a 0s03g12470 b 0s04951050

0509902250

Fig. 6 Rice PD-associated RLKs accumulate in the contact region
between neighboring mesophyll cells. Indicated rice RLK-GFP fusion
proteins were transiently expressed within N. benthamiana leaves.
Punctate green fluorescent signals associated with the 6 PD-targeted
RLKs were only detected within the contact walls of neighboring
mesophyll cells (a—f). Control experiments performed with
Os07g41140 (g, h) and yielded GFP signal along the PM in both
contact regions and the wall facing the intercellular air space. All
CLSM images were collected 36 h post-agroinoculation. Scale bars=
10 um

further supported this assignment. Once transgenic rice
plants are available for these newly identified PD-
associated RLKSs, high-resolution immunogold localization
studies can be performed to identify the location occupied by
these proteins within the PD.

The functions of more than 30 LRR-RLKs have been
studied, and in Arabidopsis, individual members have been
shown to play roles in a wide range of biological processes.
For example, CLAVATA1 (CLV1) plays an important role
in meristem and floral development (Clark et al. 1993).
BRASSINOSTEROID-INSENSITIVE 1 (BR1) and BRI1-
ASSOCIATED RECEPTOR KINASE 1 (BAKI1) are
involved in brassinosteroid (BR) signaling (Li and Chory
1997; Li et al. 2002). It will be of great interest to determine
the roles played by the three rice PD-associated LRR-
RLKs. As pointed out by Thomas et al. (2008), locating
such membrane receptor-like proteins within the PD could
well mediate in direct signaling between apoplasmic
signaling ligands and PD constituents to regulate various
aspects of the symplasmic pathway. Future studies will be
performed to further test the hypothesis that these PD-
associated RLKs function in mediating apoplasmic signal-
ing to regulate cell-to-cell communication. An alternative
hypothesis is that PD, as symplasmic bridges, might act as
target sites to receive environmental or developmental
apoplasmic signals.

A fourth PD-associated RLK, Os04g01874, a member of
the Lectin LegB subfamily, is noteworthy as it does not
contain a trans-membrane domain. This is interesting as our
bioinformatic analysis also failed to detect a trans-
membrane domain for PDLPI. Either this RLK has a
trans-membrane domain similar to PDLP1 or it may be
secreted and subsequently targeted/anchored to PD by a
novel mechanism.

Two of the identified PD-associated RLKs (Os04g51050
and 0s03g12470) are members of the WAK-RLK subfam-
ily that contain EGF repeats in their extracellular domain
(Anderson et al. 2001). The rice genome contains some 125
WAKSs (Zhang et al. 2005), and based on studies with other
species, these rice kinases will likely function in develop-
ment as well as in various stress-related signaling modules
(He et al. 1999; Kohorn et al. 2006; Wagner and Kohorn
2001). The role of these RLKs in stress response pathways
is further supported by a recent gene expression analysis
which demonstrated that, in Arabidopsis, RLK transcript
levels were dramatically changed in response to various
abiotic and biotic stresses, as well as by applied hormones
(Chae et al. 2009). Future studies will be performed to
probe the role of these two PD-targeted WAK-RLKs.

In summary, we have identified a new class of PD
proteins, PDRLKs, belonging to the WAK, LEC, and LRR
subfamilies. These rice PDRLKs now provide an opportu-
nity to identify orthologs in other plant species. Finally, a
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Fig. 7 PD localized RLKs
remain at the cell wall after
plasmolysis. Yellow-colored
arrowheads indicate putative
PD-localized GFP signal within
the cell wall; white-colored
arrowheads indicate location
of plasmolyzed PM. Scale
bar=10 pm, common to all
images except inset image.
Boxed images are shown in
insets

0s03g12470

Cc

0s049g51050 0s04901874

functional characterization of these PDRLKSs will provide
important insights into the evolution of signaling be-
tween the apoplasm and PD in terms of control over
symplasmic signaling in response to environmental
stimuli and developmental inputs.

Materials and methods
Plant material

Seeds of N. benthamiana were sown in a vermiculite/soil
mixture, and plants were grown in a growth chamber under a
16:8-h light/dark regime at a constant temperature of 25°C.
Three-week-old plants were used for Agrobacterium-medi-
ated transient expression studies.

Cloning of TVCV MP-mCherry fusion construct

The mCherry ORF was amplified by PCR from the
pRSETB vector (Shaner et al. 2004) using the following
primers: mCherry-Sal-dl (AAATGTCGACATGGTGAG
CAAGGGCG) and mCherry-SmBgl-rl (CTAGCCTA
GAT-CTGCCCGGGTGCCCTTGTACAGCTCGTCC).
The amplified mCherry was then used to replace GFP in
p35S-TVCV MP-GFP (a gift from David Jackson), using
the Sall and Smal enzyme sites, to yield pCCL133
containing p35S-TVCV MP-mCherry. The fragment carry-
ing the p35S-TVCV MP-mCherry was obtained from the
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pCCL133 vector by enzyme digestion using HindlIll and
Pvul. Using blunt end ligation, the p35S-TVCV MP-
mCherry fragment was inserted at the Hindlll site of
pCAMBIA1300 to produce pCCL162. In this study, we
used RFP to describe our mCherry results as it is a modified
member of the RFP family.

Plasmid construction

The cDNAs for the selected 15 RLKs were obtained from
the rice PIPELINE (http://cdna0l.dna.affrc.go.jp/PIPE/).
Table 1 provides the accession numbers for each cDNA
and protein. For the C-terminal GFP fusion constructs, all
cDNAs without stop codons were again amplified by PCR
using gene-specific primers. Detailed information for PCR
primers is provided in Supplemental Table 1. Purified PCR
products were cloned into the pDONR207 entry vector with
gentamicin resistance by the BP reaction, according to the
manufacturer’s instructions (Invitrogen, Darmstadt, Ger-
many). Entry clones were transformed into Escherichia coli
DH10B competent cells by electroporation, using a Gene
Pulser Plus (Bio-Rad, Hercules, CA, USA) with settings of
2.5 kV, 200 €, and 25 pF. Cells were then grown in Luria—
Bertani medium containing gentamicin (25 pg/ml). Plasmid
DNAs were prepared using Solgent Miniprep kit, according
to the manufacturer’s instructions (Solgent, Daejeon, South
Korea), and all constructs were verified by sequencing
(Solgent, Daejeon, South Korea). LR clonase reactions
were performed to transfer each cDNA from the entry clone
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into a pMDCS83 gateway compatible destination vector
containing an N-terminal GFP-his¢-tagged fusion driven by
the 35S promoter, according to the manufacturer’s instruc-
tions (Invitrogen; Curtis and Grossniklaus 2003). The
product of recombination reactions (LR reactions) was
used to transform competent E. coli strain DHI0B by
electroporation. Purified plasmids were finally transformed
into competent Agrobacterium strain GV3101 by electro-
poration. PM marker fused with RFP (Nelson et al. 2007)
was obtained from the Arabidopsis Biological Resource
Center.

Agrobacterium-mediated transient expression assays

Agrobacterium cells containing each RLK-GFP fusion
construct were grown to an OD600 of 1.0 in liquid yeast
extract peptone medium (10 g of peptone, 5 g of NaCl, and
10 g yeast extract in 1 1 volume) supplemented with
antibiotics (kanamycin 50 pg/ml and gentamicin 25 pg/ml)
and 100 uM acetosyringone. Cultured cells were centrifuged
at 4,000 rpm for 15 min at 4°C, and then the cell pellet was
resuspended in infiltration buffer (10 mM MES, pH 5.6,
10 mM MgCl,, 200 uM acetosyringone). Cell density was
adjusted with infiltration buffer to give an OD of approxi-
mately 1.0. Agrobacterium harboring the Tomato bushy stunt
virus P19 silencing suppressor was also co-infiltrated in
order to minimize the gene silencing effects on RLK-RFP
expression. Aliquots (1 ml) of Agrobacterium cells contain-
ing a RLK-GFP fusion construct and P19 construct were
mixed together, and then a syringe was used to infiltrate the
mixture into the lower surface of N. benthamiana leaves.
Transient expression was monitored from 12 to 48 h post
infiltration, using 12 h increments.

Confocal microscopy

Aniline blue staining for callose detection and PI staining
were performed just before microscopic observation
using 0.1% and 10 pg/ml, respectively. Blue, green,
and red fluorescent signals were observed using an
Olympus (Tokyo, Japan) confocal laser scanning micro-
scope (model FV1000). Excitation and emission wave-
lengths for GFP, RFP, aniline blue, and PI were 488/
510-540, 543/587-625, 405/425-525, and 543/555-
655 nm, respectively.

Plasmolysis experiments

Cut leaf sections from N. benthamiana leaves transiently
expressing RLK-GFP were incubated in 0.45 M mannitol
until epidermal cells were plasmolyzed. After a short
incubation period, GFP signals were observed using a
CLSM.
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