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Plasmodesmata (PD) are thought to play a fundamental role in almost every aspect of plant life, including normal growth,

physiology, and developmental responses. However, how specific signaling pathways integrate PD-mediated cell-to-cell

communication is not well understood. Here, we present experimental evidence showing that the Arabidopsis thaliana

plasmodesmata-located protein 5 (PDLP5; also known as HOPW1-1-INDUCED GENE1) mediates crosstalk between PD

regulation and salicylic acid–dependent defense responses. PDLP5 was found to localize at the central region of PD

channels and associate with PD pit fields, acting as an inhibitor to PD trafficking, potentially through its capacity to

modulate PD callose deposition. As a regulator of PD, PDLP5 was also essential for conferring enhanced innate immunity

against bacterial pathogens in a salicylic acid–dependent manner. Based on these findings, a model is proposed illustrating

that the regulation of PD closure mediated by PDLP5 constitutes a crucial part of coordinated control of cell-to-cell

communication and defense signaling.

INTRODUCTION

In plants, plasmodesmata (PD) establish symplastic conduits

through which small molecules such as ions, metabolites, and

hormones can diffuse from one cell to another, thereby allowing

the intercellular coordination of biochemical and physiological

processes (Roberts and Oparka, 2003; Lucas and Lee, 2004;

Maule, 2008; Benitez-Alfonso et al., 2010; Lee et al., 2010;

Burch-Smith et al., 2011). Each plasmodesma forms a discrete

cytoplasmic channel that is delimited by the plasma membrane

externally and the endoplasmic reticulum membrane internally.

In addition to this unique structural feature, PDs are fundamen-

tally different from intercellular communication channels found in

animals, such as gap junctions, in that PDs have the capacity to

facilitate cell-to-cell trafficking of proteins, RNAs, and protein/

RNA complexes (Zambryski and Crawford, 2000; Haywood

et al., 2002; Heinlein and Epel, 2004; Oparka, 2004; Ding, 2009).

A significant body of evidence supports the idea that PDs play

a crucial role in cell fate determination and epigenetic modifica-

tion by facilitating cell-to-cell movement of specific transcription

factors (Lucas et al., 1995; Nakajima et al., 2001; Kurata et al.,

2005) and mobile small RNAs (Carlsbecker et al., 2010; Dunoyer

et al., 2010; Molnar et al., 2010; Olmedo-Monfil et al., 2010),

respectively. However, this fundamental intercellular trafficking

machinery is exploited by opportunistic microbial pathogens,

such as plant viruses and obligate biotrophic parasites (Boevink

and Oparka, 2005; Lucas, 2006; Hofmann et al., 2007; Ding,

2009; Benitez-Alfonso et al., 2010). Notably, recent findings

suggested that a hemibiotrophic fungal pathogen might also use

PDs to spread infectious hyphae and fungal effectors (Kankanala

et al., 2007; Khang et al., 2010). If these microbial pathogens

have evolved mechanisms to recognize PD as easy cellular

gateways, it is reasonable to think that plants must have also

developed counteracting strategies. However, how PD function

is integrated into plant immunity and defense signaling is not yet

clear (Lee and Lu, 2011).

Isolation of purified, intact PD is extremely difficult because

PDs are embedded in rigid cell walls and constitute only aminute

subcellular fraction. Moreover, mutations in PD components are

thought to be either detrimental or pleiotropic, making it difficult

to screen for PD mutants. However, efforts to overcome these

hurdles are producing exciting and promising results (Maule,

2008; Lee et al., 2010). For example, various genetic screens to

identify genes that modulate intercellular trafficking have led

to the isolation of increased size exclusion limit 1 and 2, mutants
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of RNA helicases (Kim et al., 2002; Kobayashi et al., 2007;

Stonebloom et al., 2009; Burch-Smith and Zambryski, 2010); and

green fluorescent protein arrested trafficking1, a mutant of

m-type thioredoxin (Benitez-Alfonso and Jackson, 2009). These

mutants were shown to differently affect PD structure, morphol-

ogy, and/or function. In addition, the characterization of a guard

cell–patterning mutant, chorus, has led to a fortuitous identifica-

tion of a putative callose synthase implicated in intercellular

trafficking (Guseman et al., 2010). Moreover, biochemical and

molecular studies undertaken to isolate proteins that are directly

associated with PDs have contributed to the identification

of multiple proteins that affect PD permeability. These include

class 1 reversibly glycosylated polypeptides (C1RGPs) (Sagi

et al., 2005), plasmodesmata-associated b-1,3-glucanase (At-

BG_ppap) (Levy et al., 2007), PD-callosebinding proteins (PDCBs)

(Simpson et al., 2009), and PD-located protein 1 (PDLP1) (Thomas

et al., 2008).

Members of the PDLP family have been identified based on

sequence homology to PDLP1, the isoform first discovered by

surveying cell wall proteomics from Arabidopsis thaliana suspen-

sion cultured cells (Thomas et al., 2008). A further analysis of this

proteome identified additional proteins that are partially associ-

atedwith PDs (Fernandez-Calvino et al., 2011). PDLPs range from

30 to 35 kD in predicted size and are composed of two conserved

Cys-rich repeats containing DUF26 domains at the N terminus,

followed by a transmembrane domain (TMD) and a very short

cytoplasmic tail at the C terminus. The DUF26 domain, a plant-

specific protein module, is characterized by conserved Cys res-

idues and is found in a plant protein superfamily includingCys-rich

receptor-like kinases (CRKs) and Cys-rich secretory proteins

(Chen, 2001). The eight PDLPmembers constitute an intermediate

form that contains only DUF26 domain and TMD, which thus is

anchored to themembrane but lacks the cytosolic kinase domain.

Thomas et al. (2008) used fluorescent tags to show that all eight

members of the PDLP family localize to punctate structures at the

cell periphery reminiscent of PD. In addition, a comparative

analysis of cell-to-cell trafficking by employing green fluorescent

protein (GFP) as a probe in transgenic plants that either over-

express or have a knockout of PDLP1 demonstrated that increas-

ing levels of PDLP1 decrease PD permeability (Thomas et al.,

2008). A recent study, in which fluorescently labeled movement

protein (MP) of the tubule-forming virus Grapevine fanleaf virus

(GFLV) and each of eight PDLP members were coexpressed,

reported that the MP interacts with PDLPs at the PD (Amari et al.,

2010). Surprisingly, the movement of GFLV as well as its PD

association were inhibited in the pdlp1 pdlp2 pdlp3 mutant,

suggesting that this virus exploits these PDLPs as necessary

endogenous factors to infect Arabidopsis.

Meta-analysis of public transcriptome data (http://www.

genevestigator.com; http://www.weigelworld.org/resources/

microarray/AtGenExpress) suggested that the PDLP family mem-

bers have diverse expression patterns, but the specific biological

function of each PDLP member has not yet been established.

Through a proteomics analysis of a cell wall fractionprepared from

Arabidopsis seedlings, we identified two members of the PDLP

family, PDLP3 (At2g33330) and PDLP5 (At1g70690) (see Supple-

mental Figure 1 online). PDLP3 and PDLP5 show ;50 and 30%

amino acid sequence identities, respectively, with PDLP1 (see

Supplemental Figure 2 online). Interestingly, in an independent

study, Lee et al. (2008) identified the PDLP5 gene, which was

alternatively named HOPW1-1-INDUCED GENE1 (HWI1) based

on its inducible expression upon infection by Pseudomonas

syringae, as an effective marker for plant responses to P. syringae

carrying an effector, hopW1-1 (see Supplemental Table 1 online).

Whether PDLP5/HWI1 has an active role in defense responses

and what impact it might have on pathogen susceptibility was not

tested. However, the circumstantial evidence, inferred from the

public metatranscriptome analysis, RT-PCR data shown by Lee

et al. (2008), and sequence similarity of PDLP5 to PDLP1 led us to

hypothesize that PDLP5 might have a unique function, linking

PD trafficking and bacterial pathogenesis.

Here, we provide new experimental evidence that supports the

role of PDLP5 in PD regulation and innate immunity. The molecular

and genetic analyses revealed that overexpression of PDLP5 leads

to spontaneous cell death through a feedback regulation of salicylic

acid (SA). By employing an ultrastructual approach combining

correlative light electron microscopy and immunogold labeling,

the location of PDLP5 was mapped to the central region of PDs.

Assays performed by introducing various fluorescent probes re-

vealed that PDLP5 inhibits PD permeability, and this effect was

correlated with enhanced callose deposition at PD. Consistent with

the role of PDLP5 in basal defense responses, an Arabidopsis

mutant with a partial loss-of-functionmutation inPDLP5 exhibited a

greater susceptibility to virulent P. syringae. In accordance with

these data, a model is proposed that illustrates potential mecha-

nisms by which PD-mediated cell-to-cell communication is coordi-

nated with the SA signaling pathway through PDLP5.

RESULTS

Overexpression of PDLP5 Induces Spontaneous Cell Death

and Chlorosis

To gain insight into the biological function of PDLP5, we examined

the morphological phenotypes brought about by modulating its

expression level. For 35S:PDLP5, which expresses PDLP5 under

the control of the Cauliflower mosaic virus 35S promoter, over

50 independent transgenic lines were produced and analyzed,

and ;40% of the T1 lines exhibited visible growth and morpho-

logical phenotypes. In a search for a potential knockout mutant

from a public database, we identified one T-DNA insertion line,

SAIL_46_E06, which is predicted to contain T-DNA in the first

intron of PDLP5. Genomic and transcriptional analyses confirmed

the presence of the insertion and showed that the expression of

PDLP5 is severely knockeddown in thismutant,whichwasnamed

pdlp5-1 (seeSupplemental Figure 3 online). Thepdlp5-1plantsdid

not exhibit any obvious growth defect compared with the wild

type, but constitutive expression of PDLP5 in 35S:PDLP5 plants

led to growth inhibition and chlorosis (Figure 1A). In addition,

spontaneous lesions that resemble the hypersensitive response

(HR), cell death induced by avirulent pathogens, were often

observed in mature leaves of these plants, implying a potential

role for PDLP5 in a cell death program. The chlorotic and inhibited

growthcausedbyoverexpressionofPDLP5was fully evident even

at the seedling stage (Figure 1B).
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There is always some concern that expressing a gene under a

constitutively strong promoter that is active from the earliest

stages of growth could lead to indirect sickness and growth

inhibition of the transgenic plants. Thus, we examined whether

overexpression of PDLP5 using inducible constructs under the

control of the non-plant steroid estradiol, Es:PDLP5 and Es:

PDLP5-GFP (Zuo et al., 2000), specifically causes the same

symptoms observed in the 35S:PDLP5 line. All seedlings grew

normally in the absence of estradiol treatment (Figure 1C);

however, in the presence of 5 mM estradiol, both Es:PDLP5

and Es:PDLP5-GFP seedlings were severely affected in aerial

tissue growth and became chlorotic, while the growth of wild-

type or Es:GFP control seedlings remained unaffected (Figure

1D). Collectively, our results demonstrated that the observed

plant phenotype is caused by the ectopic induction of PDLP5

and supports its negative impact on plant fitness.

Punctate Localization of PDLP5-GFP Correlates with

PD Channels

Next we confirmed the localization of PDLP5 by examining trans-

genic 35S:PDLP5-GFP seedlings. Here, we note that because

overexpression of PDLP5 caused a growth phenotype (Figure 1),

we selected transgenic lines with a relatively low expression level

for the localization studies. Also, the growth phenotype was

independent of whether PDLP5 was expressed as the native

form or as a GFP fusion, indicating that PDLP5-GFP likely forms a

functional construct that faithfully reports the intrinsic subcellular

localization of PDLP5. Fluorescent signals produced by PDLP5-

GFP were detected as punctate particles at the cellular bound-

aries of leaf epidermal cells (see Supplemental Figure 4 and

Supplemental Movie 1 online), consistent with the previous report

on its homolog, PDLP1 (Thomas et al., 2008). Serial z-section

images (see Supplemental Figure 4A online) revealed that the

punctate signals were only found at the cross-wall boundaries,

supporting that the signals were likely associated with PD. This

localization pattern was consistent in both the constitutive 35S:

PDLP5-GFP and inducible Es:PDLP5-GFP lines. Within expand-

ing lateral wall junctions between epidermal and cortex cells of the

hypocotyl, PDLP5-GFP signals were detected as large, discrete

structures reminiscent of PD pit fields (Seagull, 1983; Faulkner

et al., 2008a) (Figures 2A and 2B). Each pit field–like fluorescent

area varied in diameter and was composed of rosettes of smaller

fluorescent foci (Figure 2B). A similar spatial organization of

PDLP5-GFP signals also was detected at the cell wall junctions

between leaf epidermal and mesophyll cells (see Supplemental

Figure 1. Constitutive or Induced Overexpression of PDLP5 Produces Necrotic Lesions and Chlorosis.

(A) Wild-type (WT) and a 35S:PDLP5 line with a strong chlorotic and cell death phenotype at the 3-week stage. Spontaneous lesion formation

(arrowheads) observed in the leaf of the 35S:PDLP5 plant.

(B) Seedlings grown on MS agar 6 d after germination.

(C) and (D)Wild-type and estradiol-inducible transgenic lines expressing GFP, PDLP5, or PDLP5-GFP grown onMS agar for 10 d in the absence (C) and

presence (D) of 5 mM estradiol.

[See online article for color version of this figure.]
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Figure 5 and Supplemental Movie 1 online). By contrast, only

smaller and more dispersed fluorescent foci were detected at the

crosswalls between epidermal or cortex cells within the hypocotyl

(Figures 2A to 2C). Consistent with the punctate PDLP5-GFP

signals thatwere associatedwithPD, theyalsoweredetectedonly

at the cross-walls in hypocotyl cells (Figures 2C to 2F).

Next, to validate the punctate PDLP5-GFP signals as PD at an

ultrastructural resolution, we applied the correlative light electron

microscopy technique (van Rijnsoever et al., 2008) (Figure 3). A

cross-wall segment containing PDLP5-GFP signals (Figure 3A)

was selected for serial ultrathin sectioning to visualize the same

wall region under a transmission electron microscope (TEM) as a

Figure 2. PDLP5-GFP Localizes to PD Pit Fields.

Confocal images of PDLP5-GFP showing its association with PD pit fields. Closed arrowheads, PD pit fields; open arrowheads, cross-walls between

epidermal cells.

(A) Confocal images shown in z-series optical sections, which span through a 14.49-mm-thick region of hypocotyl tissue across lateral wall junctions

between epidermal (Ep) and cortex (Co) cells. Images show merged green, red, and transmitted channels. Illustration is included to help visualize the

orientation of z-sections.

(B) A 3D maximum intensity projection reconstructed from the z-series displayed in (A). Images show merged green and red channels. Dashed lines,

contour of epidermal cells; inset, high magnification of the boxed region.

(C) A reconstructed confocal image illustrating a longitudinal view of the hypocotyl tissue. Punctate PDLP5-GFP signals were only found in cross-walls.

Images show merged green and red channels. Arrowheads, PD pit fields labeled by PDLP5-GFP.

(D) to (F) Confocal images showing punctate PDLP5-GFP signals within propidium iodide–stained cross-wall between epidermal hypocotyl cells,

presented in red (D), green (E), and merged (F) channels. CW, cell wall.

[See online article for color version of this figure.]
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reconstructed three-dimensional image (Figures 3B to 3D). The

clusters of PD revealed in this three-dimensional (3D) TEM image

completely correlated with the fluorescent signals (Figures 3B to

3F), providing compelling ultrastructural evidence that the punc-

tate signals produced by PDLP5-GFP were indeed associated

with PD.

PDLP5 Localizes to the Central Region of PD Similar to

Viral MPs

Immunogold studies of Tobaccomosaic virus (TMV)MPor PDCB

have previously shown that these proteins localize to specific

subdomains of PD (i.e., the median cavity) (Ding et al., 1992) or

neck region (Simpson et al., 2009), respectively. To determine

the PD subdomain that PDLP5 occupies, we first tried employing

peptide antibodies specific to PDLP5 for conventional immuno-

gold labeling. However, the results were not satisfactory in terms

of resolving the location of PDLP5 within PD. As an alternative

approach in improving the ultrastructural resolution of the im-

munogold labeling, we applied an antigen recovery method

(Stirling and Graff, 1995), in which the tissue samples were

processed according to a chemical fixation and epoxy resin em-

bedding method, followed by chemical removal of the resin from

ultrathin sections.

To validate the suitability of this approach for our experimental

goal, we performed two control experiments. First, wild-type

sections processed for the antigen retrieval were incubated with

gold-conjugated secondary a-rabbit alone, without exposure to

primary antibody. This experiment confirmed that the morphol-

ogy of intracellular compartments, including PD, was well pre-

served and that nonspecific labeling of the secondary antibody

was absent (Figure 4A). A second control experiment was

performed on transgenic Arabidopsis expressing GFP-tagged

TMV-MP (TMP-GFP) under the control of the 35S promoter.

Here, we used high-titer, affinity-purified a-GFP prepared in-

house as the primary antibody and the gold-conjugated a-rabbit

Figure 3. Correlative Light Electron Microscopy Analysis Showing That PDLP5-GFP Signals Overlap with PD Structures.

(A) Confocal image of a fixed, 50-mm-thick cryosection from hypocotyl tissue exposing the face-on view (boxed area) of dispersed PD at the cross-wall

between cortex cells. Red, chlorophyll autofluorescence; green, PDLP5-GFP signals. Co, cortex; Ep, epidermis; Va, vasculature.

(B) to (F) Correlation between confocal image of PDLP5-GFP and electron microscopy images. PDs were false-colored in magenta for contrast. Dotted

lines, boundary of cell wall area; arrowheads, correlated small clusters of PDs.

(B) High magnification of punctate PDLP5-GFP signals on a cross-wall from the rotated, boxed region in (A).

(C) A 3D rendering of nine serial ultrathin TEM sections of the imaged cell wall junction, corresponding to the same region in (B).

(D) Overlay of (B) and (D).

(E) Single section TEM image of boxed region in (B).

(F) Overlay of the PDLP5-GFP (boxed region in [B]) and TEM image in (E).
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as the secondary antibody. Examination of both longitudinal and

cross sections (Figures 4B and 4C) revealed specific targeting of

TMP-GFP to the median cavity of PD at a reasonably high

resolution of PDmorphology (see Supplemental Figure 6 online).

Importantly, this localization was comparable and consistent

with the previous report performed on transgenic tobacco by

employing high-pressure freezing and freeze substitution (Ding

et al., 1992), validating our experimental approach.

Next, we processed 35S:PDLP5-GFP plants using the same

fixation, antigen retrieval, and immunogold labelingmethod. This

experiment showed that PDLP5 was localized inside the PD

channels similar to TMP-GFP (Figures 4E and 4F; see Supple-

mental Figure 6 online). A quantitative analysis of the gold labels

for TMP and PDLP5 showed that the labeling was highly specific

in terms of its association with PD (Figures 4D and 4G): a total of

227 out of 242 gold particles from 34 TEM images and 218 out of

235 from 59 images were found within PD of TMP-GFP and

PDLP5-GFP sections, respectively.

The finding that both TMP-GFP and PDLP5-GFP localized to

the central region of the PD raised the possibility that they might

occupy the same PD subdomain. In an attempt to test this notion

by colocalizing TMP and PDLP5, we produced PDLP5-specific

peptide antibodies and tested for immunogold labeling because

the TMP-specific antibody that was proven to be suitable for

immunogold analysis (Ding et al., 1992) was not available.

However, the peptide antibodies were not compatible with

etched epoxy sections. As an alternative approach, we used

high-resolution confocal microscopy of PDs colabeled by TMP-

GFP and PDLP5-mRFP in transgenic Arabidopsis. We examined

the cell wall interface between epidermal and cortex cells of

hypocotyl tissue as this junction allowed for optimal visualization

of the cross sections of PD. Fluorescent signals produced by

Figure 4. PDLP5-GFP Specifically Localizes within PD.

(A) Representative immunogold TEM image of secondary antibody control.

(B) to (G) Representative immunogold TEM images performed using a-GFP as primary antibody and quantitative analysis of gold particles. Longitudinal

(B) and cross sections (C) of PD revealing the localization of TMP-GFP. Detection of PDLP5-GFP at the longitudinal (E) and cross sections (F) of PD.

Quantification of gold particles ([D] and [G]).

CW, cell wall; Misc., miscellaneous subcellular compartments; PM, plasma membrane. Arrowheads, gold particles found within PD. Bars = 100 nm.
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TMP-GFP and PDLP5-mRFP partially overlapped within the

clusters of PD (Figure 5A). A careful examination of the PD at

the epidermal cell junctions by serial z-sections consistently

showed that not all fluorescent speckles were evenly marked by

both TMP-GFP and PDLP5-mRFP but that some spots were

exclusively labeled by one or the other signal (Figure 5B). Al-

though these results did not resolve whether the two proteins

occupied the same subdomains of PD, we speculated that these

proteins might either compete for the same plasmodesmal

strand and becomemutually exclusive or have a slightly different

preference for a specific type of PD (see Discussion).

PDLP5 Modulates Both Basal and Induced PD Permeability

Experiments using GFP as a reporter for cell-to-cell diffusion

have shown that PDLP1 negatively regulates PD permeability

(Thomas et al., 2008). Based on the conserved domain structure,

one can speculate that PDLP5 might also decrease PD perme-

ability. However, given the low amino acid sequence identity

between PDLP1 and PDLP5 (30%), it is possible that their

functional characteristics differ. To gain insight into the potential

role of PDLP5 at PD, we introduced three different types of

reporters for cell-to-cell movement: a 560-D fluorescent probe

for basal PDpermeability, GFP formacromolecular diffusion, and

viral MPs for active movement.

To assay basal PD permeability, we redesigned the dye-

loading assay employing carboxy-fluorescine diacetate (CFDA),

which is used as a symplastic tracer (Wright and Oparka, 1996).

The nonmembrane-permeable fluorescent formof the dye, CF, is

released from membrane-permeable, nonfluorescent CFDA

by cellular esterases within the loaded cells, ensuring that

any intercellular spread of CF in plants is through symplastic

connections provided by PD. Our assay, which we named Drop-

ANd-See (DANS) dye loading, used a noninvasive dye applica-

tion method: a drop of CFDA was released onto the adaxial

epidermal surface of an intact plant leaf and the cell-to-cell

diffusion of cleaved CF was observed in the abaxial epidermis.

The extent of fluorescent dye movement was quantified by

measuring the diameter of the fluorescent area in the abaxial

epidermis after 5 min of loading. As expected for a membrane-

permeable dye, both guard cells and pavement cells within the

adaxial epidermis, on which CFDA was directly loaded, showed

Figure 5. PDLP5 Localization Pattern at PDs Does Not Completely Overlap with TMP.

(A) Merged confocal image of coexpressed TMP-GFP (green) and PDLP5-mRFP (red) at face-on view of cross-walls between epidermal and cortex

cells of the hypocotyl. Arrowheads, a small cluster of PDs; boxed region, a larger cluster of PD; broken circles, speckles exhibiting only red signals from

PDLP5-mRFP; insets, higher magnification of the boxed region (split into red and green channels and merged).

(B)Confocal images of coexpressed TMP-GFP (green) and PDLP5-mRFP (red) at the side view of cross-walls between epidermal cells of the hypocotyl.

Left panel: serial z-sections capturing longitudinal PDs through cell wall junctions were reconstructed as a 3Dmaximum intensity projection and viewed

in merged channel. Right panel, a z-axis merged view of the 3D maximum intensity projection. Closed arrowheads, nonoverlapping TMP-GFP signals;

open arrowheads, nonoverlapping PDLP5-mRFP signals.
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fluorescent signals of released CF (Figure 6A). By contrast, no

fluorescent signals were detected in mature guard cells on the

abaxial side of the leaf epidermis, demonstrating that CF diffu-

sion into these cells was prevented because they lack functional

PD; hence, they were symplastically isolated (Figure 6B).

After establishing that the DANS dye loading assay was

reliable and effective in quantifying PD permeability by perform-

ing control experiments using wild-type plants, we applied the

technique to address how the basal level of PD permeability

might be affected in plants with altered levels of PDLP5. To this

end, 35S:PDLP5 and pdlp5-1 were used. Compared with wild-

type plants, CF movement was reduced by 70% in 35S:PDLP5

but enhanced by 25% in pdlp5-1 plants (Figures 6C to 6I).

Consistent with the dye diffusion data, nongated trafficking of

GFP between epidermal cells, which was assayed by employing

a biolistic DNA delivery method, also was affected by PDLP5;

overexpression of PDLP5 restricted GFP movement, and reduc-

tion led to an increased intercellular spread (Figures 6J to 6L; see

Supplemental Figure 7 online). These results revealed an inverse

relationship between the level of PDLP5 expression and the PD

permeability, similar to the effects of altered PDLP1 levels as

reported by Thomas et al. (2008).

It is notable that downregulation of PDLP5 alone was sufficient

to enhance PD permeability; this is in contrast with PDLP1, which

apparently shows a functional redundancy with other closely

related isoforms (Thomas et al., 2008). In addition, Thomas et al.

(2008) did not address whether PDLP1 or its close homologs

could interfere with gated protein movement. Therefore, to test

the effect of PDLP5 expression on gated macromolecular traf-

ficking, two different viral MPs, TMP andCucumber mosaic virus

MP (CMP), along with a GFP control, were employed in a tran-

sient expression system using biolistic DNA delivery. Compared

with the wild-type control, 35S:PDLP5 plants showed an overall

10 to 30% reduction in trafficking of bothMPs, but pdlp5-1 had a

10 to 20% enhancement (Figure 6J; see Supplemental Figure 7

online). However, the extent to which the trafficking of these two

MPs was affected by PDLP5 was quite dissimilar, especially

when their extensive movement (e.g., protein trafficking into two

ormore cell layers from a single target cell) was analyzed (Figures

6K and 6L). A statistical analysis using Fisher’s LSD method

showed that whereas CMP movement was minimally altered in

35S:PDLP5 or pdlp5-1 background (approximately 65% varia-

tion relative to wild-type control), TMP trafficking was influenced

significantly (approximately 620%) (Figure 6L).

The finding that TMP movement was affected by PDLP5

expression led us to ask whether PDLP5 may also impact TMV

infection.We first attempted to address this question by infecting

Arabidopsis (Columbia-0) with GFP-tagged TMV (TMV-GFP) (Liu

et al., 2002). However, no fluorescent infection foci were detect-

able in either infected or systemic leaves. Therefore, as an

alternative approach, we examined specifically whether over-

expression of PDLP5 could impact systemic viral infection by

employing a heterologous system, Nicotiana benthamiana, in

which TMV-GFP was previously shown to effectively spread (Liu

et al., 2002) (Figure 7). To this end, leaves of N. benthamiana

plants were coinfiltrated with two strains of agrobacteria: one

transformed with the binary vector pMLBart carrying 35S:PDLP5

and the other transformed with a vector carrying p19 (Voinnet

et al., 2003) to boost PDLP5 expression over the experimental

time frame. Control plants were treated the same except that the

empty vector (pMLBart) was substituted for 35S:PDLP5. Three

days later, the plants were infected with TMV-GFP via infiltration

of agrobacteria carrying 35S:TMV-GFP (Figure 7A).

To confirm that PDLP5 expression was persistent in the

agroinfiltrated leaves at the time of the viral infection, RT-PCR

analysis using PDLP5-specific primers was performed 3 d after

agroinfiltration (Figure 7B). This experiment validated the ectopic

expression of PDLP5 at the time of viral infection. Next, to

examine the impact of PDLP5 on systemic viral spread, TMV-

GFP–infected plants weremonitored at early and late time points

(Figure 7C). At early time points (4 to 5 d after infection [DAI]),

TMV-GFP spread to systemic leaves was clearly detectable only

in vector control and not in PDLP5-overexpressing plants. How-

ever, at late time points (10 to 14 DAI), systemic infection of TMV-

GFP also became evident in PDLP5-overexpressing samples. By

contrast, PDLP5 ectopic expression in N. benthamiana did not

affect the systemic movement of Cucumber mosaic virus (CMV)

either at early or late time points (Figure 7D). These results were

consistent with the trafficking data that TMP movement, but not

CMPmovement, was affected by PDLP5 (Figure 6). Collectively,

our data demonstrated that the changes in PDLP5 expression

were sufficient to alter both basal PD permeability and gated

movement of MPs, which suggests that PDLP5 has more potent

effects on PD regulation than some other previously character-

ized isoforms (see Discussion).

PDLP5 Alters Callose Deposition at PD

One of the mechanisms thought to regulate PD gating involves

reversible callose deposition around PDs (Radford et al., 1998;

Zavaliev et al., 2011). Correlations between the level of PD

callose and the effect on PDgating have beenmade for other PD-

associated proteins, such as C1RGP2 (Sagi et al., 2005), At-

BG_ppap (Levy et al., 2007), and PDCB1 (Simpson et al., 2009).

However, it is not known whether PDLP1 or other PDLP mem-

bers also affect callose accumulation at PD. Thus, to gain new

insight into how the change in PD permeability was brought

about in pdlp5-1 and 35S:PDLP5 plants, we compared the level

of PD callose in these plants.

We postulated that the physiological stresses from the chlorotic

and lesion-forming phenotype observed in 35S:PDLP5 (Figure 1)

could induce accumulation of callose as an indirect effect. If this

was the case, pdlp5-1, having similar overall morphological phe-

notype as the wild type, would show no difference in callose

deposition from the wild-type control. To test this, we performed

aniline blue staining and quantifiedPDcallose based onmore than

80 imagescollected fromeachgenetic background (Figure 8). This

experiment showed that 35S:PDLP5-expressing leaf tissues con-

tained approximately fourfold higher PD callose level than the wild

type (Figures 8A, 8B, and 8D), but pdlp5-1 plants contained a

twofold lower callose accumulation than the wild type (Figures 8A,

8C, and 8D). These results revealed an inverse relationship be-

tween the level of PDLP5 and callose deposition. Therefore, we

postulated that PDLP5 has the capacity to modulate the accu-

mulation of PD callose, which is likely necessary for its function in

controlling PD permeability.
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Figure 6. PDLP5 Acts as a Negative Regulator for PD Permeability.

(A) to (I) PD permeabilities examined by employing CFDA-based DANS dye loading assays.

(A) and (B) Close-up confocal images of adaxial surface loaded with CFDA (A) and abaxial surface showing exclusion of fluorescent signals from

symplasmically isolated guard cells (arrowheads) (B).

(C) to (H) Confocal images showing CFDA loaded onto adaxial surfaces ([C], [E], and [G]) of intact leaf and CF movement observed in abaxial surfaces

([D], [F], and [H]). The wild type ([C] and [D]), 35S:PDLP5 ([E] and [F]), and pdlp5 ([G] and [H]]. Red circle is used to illustrate the extent of dye diffusion.

Bars = 20 mm in (A) and (B) and 200 mm in (C) to (H).

(I) Quantification of CF movement in the three genotypes. At least 10 plants were used per assay and more than three repeats were performed. The

extent of dye diffusion was quantified by measuring diameters of diffusion area with respect to the fluorescent intensity distribution. Levels not

connected by same letter are significantly different at the a = 0.05 level according to the LSD test following one-way ANOVA. Bars indicate SE. WT, wild

type.

(J) to (L) Quantification of cell-to-cell protein trafficking of GFP, TMP-GFP, or CMP-GFP in the wild type, 35S:PDLP5, and pdlp5. This assay used a
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Overexpression of PDLP5 Triggers Cell Death through

Hyperaccumulation of SA

The formation of HR-like cell death or lesions is known to

involve genes that are activated by a hyperaccumulation of SA

(Glazebrook, 2005; Vlot et al., 2009). To test whether the lesions

and chlorosis induced by PDLP5 overexpression are linked to

an induced SA production, we measured the level of SA in

35S:PDLP5 and pdlp5-1 plants. The SA content in pdlp5-

1 plants was similar to the wild-type control. However, 35S:

PDLP5 plants accumulated 15-fold higher total SA (both free

active SA and an inactive conjugated form, SAG) compared

with the wild-type control; the total free SA alone was three-

fold higher (Figure 9A). This result suggested that the necrotic

cell death caused by PDLP5 overexpression could be attrib-

uted to the high level of SA accumulation in these plants. To test

this possibility, we introduced NahG, which encodes the SA-

degrading bacterial enzyme salicylate hydroxylase (Friedrich

et al., 1995), into 35S:PDLP5 plants by genetic cross. As antic-

ipated, the cell death phenotype associated with overexpression

of PDLP5 was suppressed in F2 progenies that expressed both

NahG and PDLP5 (Figures 9B and 9C). Moreover, a marker gene

for SA accumulation, PR1, was highly induced in 35S:PDLP5 and

was suppressed by coexpression of NahG (Figure 9D). These

results supported a positive role for PDLP5 in SA accumulation

and spontaneous cell death.

PDLP5 Is Restricted to Vasculature during Normal

Development but Is Highly Induced during Senescence and

by Exogenous SA

To further elucidate the relationship between PDLP5 and SA, we

investigated how PDLP5 expression was connected to the SA

defense pathway by performing histochemical analysis. First, we

analyzed the expression pattern of PDLP5 under normal devel-

opmental conditions using PDLP5pro:GUS (for b-glucuronidase)

plants. This experiment showed that the GUS activity wasmostly

associated, though at a low level, with vascular tissues of

petioles and the hypocotyl of seedlings (Figure 10A). GUS

staining was stronger overall in roots but was almost excluded

from the meristematic and elongation zones of primary and

lateral roots (Figure 10B). Only a very low level of GUS staining

associated with the provasculature was detectable in root tips

(Figure 10C). A basal level of vascular expression revealed by

GUS staining also was observed in the leaves of seedlings and

mature plants (Figure 10D).

Contrary to the low, vascular expression ofPDLP5 in seedlings

and mature leaves, its expression pattern and level were altered

in senescing leaves as exhibited by a strong GUS staining

throughout the whole leaf tissue (Figure 10E). This was in

agreement with public transcriptome data predicting a relatively

high expression of PDLP5 in senescing tissues (http://www.

genevestigator.com). As SA signaling is known to be involved in

senescence (Vlot et al., 2009), we then tested whether an

exogenous application of SA could induce PDLP5 expression.

A strong GUS staining in SA-treated PDLP5pro:GUS leaves

compared with mock-treated leaves demonstrated that PDLP5

expression was highly upregulated by SA (Figure 10F). Consis-

tent with this result, immunoblot analysis using PDLP5-specifc

antibodies revealed that SA treatment of wild-type Arabidopsis

resulted in an approximately fivefold upregulation of PDLP5

protein (Figure 10G). Collectively, these results suggested the

possibility that a positive feedback regulatory loop exists be-

tween PDLP5 expression and accumulation of SA.

Next, to further demonstrate SA-dependent PDLP5 induction,

RT-PCR analysis was performed by employing several known

SA mutants (Figure 10H). These include genes encoding an SA

biosynthetic enzyme, isochorismate synthase1 (Wildermuth

et al., 2001); a lipase-like protein required for accumulation of

SA, enhanced disease susceptibility1 (Falk et al., 1999); and a

central regulator of SA signal transduction, nonexpressor of PR1

(Cao et al., 1994). PDLP5 transcript was downregulated in all

three tested SA mutants even with exogenous SA application,

showing that induction of PDLP5 was dependent on both SA

biosynthetic and signaling components.

PDLP5 Is Linked to Innate Immunity against

Bacterial Pathogens

The findings that SA induced PDLP5 expression and that over-

expression of PDLP5 conferred a SA-dependent spontaneous

HR-like cell death suggested that PDLP5 might play a positive

role in defense responses. For a proof of concept, we chose P.

syringae pv maculicola ES4326 (Pma), a virulent bacterial path-

ogen, along with isogenic avirulent strains Pma avrRpt2 and Pma

avrRpm1 (Dong et al., 1991; Guttman and Greenberg, 2001), for

infection of pdlp5-1 and analyzed the pathogen susceptibility of

the plants. Upon bacterial infection, PDLP5 was highly induced

(see Supplemental Figure 8 online), which was consistent with

the published data (Lee et al., 2008). Pma bacterial growth was

increased in pdlp5-1 plants by over 10-fold at 3 DAI, revealing a

greater susceptibility in pdlp5-1 compared with the wild-type

control (Figure 11A). By contrast, the avirulent Pma strains did

not show much difference in their growth between pdlp5-1 and

the wild type. To further examine the role of PDLP5 in innate

Figure 6. (continued).

biolistic DNA delivery-mediated transient expression system. More than three biological repeats per genotype were performed to collect a total of 969,

2146, and 1321 cell transformation events for GFP, CMP-GFP, and TMP-GFP, respectively (three to four leaves were collected from a single plant, and

at least five plants from each genotype were used for each repeat). Protein movements out of each transformed cell are differentially illustrated by

scoring total movements (percentage of the total number of transformed cells showing protein movement) regardless of the extent of the movement (J)

and by counting only extensive movement beyond two cell layers ([K] and [L]). Levels not connected by same letter are significantly different at the a =

0.05 level according to the LSD test following one-way ANOVA.

[See online article for color version of this figure.]
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Figure 7. Ectopic Expression of PDLP5 Delays Systemic Movement of TMV-GFP in N. benthamiana.

(A) A schematic illustration showing the experimental setup for agro-mediated PDLP5 expression and viral infection: (1) agroinfiltration of PDLP5 or

empty vector control at experimental day 0 into 4th and 5th leaves (red); (2) agroinfection of the leaves (blue with TMV-GFP [or CMV inoculation] 3 d after

primary agroinfiltration; (3) movement of TMV-GFP (or CMV) in systemic leaves (green) at early time points (4 to 5 DAI [dpi]); (4) systemic movement of

TMV-GFP (or CMV) at late time points (10 to 14 DAI). Black and gray bars indicate the time frames for PDLP5 expression and TMV-GFP infection,

respectively.

(B) RT-PCR analysis confirming the expression of PDLP5 in the leaves agroinfiltrated with GV3101 mixture carrying 35S:PDLP5 and p19 at the time of

viral infection. PCR products were electrophoresed in ethidium bromide–containing 0.8% agarose gel and visualized under UV. Lanes 1 to 3, three

independent plant samples that were untreated; lanes 4 to 6, three independent plant samples that were infiltrated with GV3101 mixture carrying empty

vector and p19; lanes 7 to 9, three independent plant samples that were infiltrated with GV3101 mixture carrying 35S:PDLP5, and p19. N. benthamiana

ACTIN (Nb ACT) was used as control for RT-PCR.

Plasmodesmata in Innate Immunity 3363



immunity, we then investigated whether overexpression of

PDLP5-conferred resistance against bacterial infection by ex-

amining the bacterial growth in 35S:PDLP5. Compared with the

wild-type control,Pma growth in 35S:PDLP5 plants was reduced

by 10-fold (Figure 11B), indicating that PDLP5 overexpression

brought about an enhanced basal defense in Arabidopsis.

Our findings that PDLP5 was induced by bacterial infection

and played a role in controlling PD permeability while affecting

the susceptibility to Pma suggested that the regulation of PD

constitutes a part of the innate immune response. Moreover, this

model predicted that bacterial infection would induce a pheno-

type similar to 35S:PDLP5 in terms of aberrant PD closure and

callose deposition. To test this notion, DANS dye loading assay

and callose staining were performed on systemic leaves of

3-week-old wild-type Arabidopsis plants at 24 h after Pma

infection (Figures 11C and 11D). The result of this experiment

revealed that Pma infection caused changes in PD permeability

as well as PD callose deposition. Collectively, our data support

the idea that the control of PD permeability is integrated into

innate immune response and that this process is mediated by

PDLP5.

DISCUSSION

Localization of PDLP5 within the Central Region of PD

It was predicted that PDLP5, as a transmembrane protein, may

distribute along the endoplasmic reticulum or plasmamembrane

of the PD. To our surprise, PDLP5 localizes to the central part of

the PD channels, similar to TMP (Figure 4). Intriguingly, however,

fluorescently tagged PDLP5-mRFP and TMP-GFP did not show

a complete overlap of their signals when examining their colo-

calization pattern in either the face-on view of PD pit fields at the

epidermal and cortex cellular junctions or the PDat the epidermal

junctions in hypocotyl tissue (Figure 5).

We speculate that multiple factors might be responsible for

this apparent discrepancy. For example, even though both

PDLP5 and TMP associate with PD, characteristics determining

their positioning at the ultrastructural level may be unique, so that

they occupy different subdomains of PD. Simple PD can undergo

structural modifications over time, forming complex PD with

various morphologies (Ehlers and Kollmann, 2001; Faulkner

et al., 2008b; Burch-Smith et al., 2011), providing potentially

heterogeneous binding sites. With regard to this point, it is also

possible that the lack of complete overlap has to do with

specific types of PD at different cell junctions that are differen-

tially preferred by PDLP5 or TMP whether they target the

same or different subdomain(s). An alternative possibility is that

PDLP5 and TMP simply compete for the same sites such

that one is excluded from the site if the other gets to that site

first.

Given the similarity between PDLP5 and TMP in terms of their

PD localization, it is tantalizing to speculate as to whether

PDLP5 also moves between cells like TMP. Trafficking of

PDLP5 might provide a mechanism to induce closure of PD or

to enhance innate immune responses in neighboring cells.

Likewise, one could reason that the range of PDLP5 activity

might be controlled by confining PDLP5 to a specific subdo-

main of PD, limiting its function to the local tissues where its

expression is induced. However, our examination performed by

a biolistic DNA delivery, in which over 100 transformed Arabi-

dopsis epidermal cells were analyzed, showed that PDLP5

does not have the capacity to traffic cell to cell (see Supple-

mental Figure 9 online).

Figure 7. (continued).

(C) Systemic TMV-GFP infection detected by GFP fluorescence under UV illumination using a Black Ray UV lamp. Representative images are shown

from at least three independent repeats using 10 plants for each treatment.

(D) Systemic CMVmovement detected by RT-PCR. The expression level of CMV was normalized to Nb ACT. No statistical difference in CMV detection

was found between vector- and PDLP5-infiltrated samples at either early or late infection time points. Bars indicate SE.

[See online article for color version of this figure.]

Figure 8. PDLP5 Modulates Callose Accumulation.

(A) to (C) Representative images of callose staining in the wild type (WT)

(A), 35S:PDLP5 (B), and pdlp5 (C). Bars = 20 mm.

(D) Quantitative comparison of fluorescence foci intensity per unit

area in the three genotypes (two-tailed P values < 0.0001). Bars

indicate SE.
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Figure 9. Growth Inhibition and Cell Death in 35S:PDLP5 Are Induced by a Hyperaccumulation of SA.

(A) Measurement of total and free SA content in the wild type (WT), 35S:PDLP5, and pdlp5. Bars indicate SE. FW, fresh weight.

(B) to (D) NahG suppresses the growth (B), cell death lesion formation (C), and molecular phenotypes (D) observed in 35S:PDLP5. Growth comparison

of 4-week-old 35S:PDLP5 and 35S:NahG with F2 progenies (35S:PDLP5 3 35S:NahG) carrying both ectopic PDLP5 and NahG from the parental lines

(B). Confocal images of the leaves showing microlesions, which were visualized using autofluorescence under UV, detected only in 35S:PDLP5

collected from 35S:PDLP5, but not from 35S:NahG or 35S:PDLP5 X 35S:NahG plants (C). Chl, chlorophyll channel; Tra, transmitted light channel; UV,

UV channel; and Mer, merged image. Arrowheads indicate cell death lesions. Molecular phenotyping using RT-PCR showing loss of PR1 induction in

35S:PDLP5 by introducing NahG (D).
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If PDLP5 and TMP indeed occupy the same PD subdomain,

this would raise other interesting questions: What is the molec-

ular basis that supports association of PDLP5, a transmembrane

protein (unlike TMP) to a particular subdomain of PD? Do all

PDLP members localize to the same site within PD? What is

special about the median cavity area? Addressing these ques-

tions would help substantiate the functional significance of the

association of PDLP5 with the central region of PD. Future

investigation aided either by dual immunogold labeling or super-

resolution fluorescent microscopy techniques, which have re-

cently been developed to allow nanoscale imaging of cells (Bates

et al., 2008; Chi, 2009; Lippincott-Schwartz and Patterson,

2009), might be helpful to discern between those possibilities.

Regulation of PD Permeability by PDLP5

Our findings that PDLP5 impacts both gated and nongated PD

trafficking with correlative callose accumulation suggest that

PDLP5 could control PD permeability via the recruitment of

callose. This interpretation is consistent with the aniline blue

staining and dye-loading results of the pdlp5-1mutant, in which

reduced PDLP5 lowered the callose deposition and promoted

PD trafficking activity. It could be that PDLP5 accumulation at PD

elicits a change in the microenvironment at the plasma mem-

brane lining or extracellular matrix, an event that then generates

secondary messengers or chemicals to directly affect the activ-

ities of callose synthases or hydrolases (Brownfield et al., 2009;

Figure 10. Control of PDLP5 Expression by SA Pathway.

(A) to (E)GUS-stained PDLP5pro:GUS under normal growth conditions. Arial tissue of 6-d-old seedling (A); primary root and elongated secondary roots

(B); primary root tip (C); and young (D) and senescing rosette leaves (E).

(F) and (G) Histochemical and immunoblot analyses showing PDLP5 induction by exogenous SA. Mock and 100 mMSA-treated PDLP5pro:GUS leaves

(F). Immunoblot analysis with a-PDLP5 showing the PDLP5 protein induction in wild-type leaves by SA treatment (G). CW, cell wall; Sup, supernatant

fractions.

(H) PDLP5 expression in various SA pathway mutants in the presence and absence of exogenous SA application. RT-PCR products were

electrophoresed in ethidium bromide–containing 0.8% agarose gel and visualized under UV (top). Quantification of PDLP5 transcript level was

normalized to the corresponding UBQ level using ImageJ software (bottom). The data set between treatments is significantly different at P < 0.0001.

Bars indicate SE. Col, Columbia-0.

[See online article for color version of this figure.]
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Zavaliev et al., 2011). It is also possible that the defense or cell

death signaling induced by PDLP5 overexpression could have

reinforced the callose deposition by way of SA amplification; in

fact, multiple isoforms of putative callose synthases have been

shown to be upregulated by SA (Dong et al., 2008).

Apart from the role of callose, we speculate that the specific

localization of PDLP5 within the central region of PD could

provide an important clue as to howPDLP5 controls PD gating. A

simple model can be drawn on the basis of a physical clogging,

which predicts that accumulation of PDLP5 will cause obstruc-

tion of PD channels. With this model, however, the specificity is

an issue because not all proteins that accumulate at PD have a

negative effect on PD permeability. Given the targeting of TMP to

the seemingly similar location and the opposite effects of PDLP5

and TMP on PD permeability, it is tempting to speculate whether

this region may provide a structural platform that acts in mod-

ulation of PD size exclusion limits. For example, we could

hypothesize that the central site might serve as a diaphragm of

the PD. In this model, the capacity to open or close the dia-

phragm is attributed to the characteristics of specific proteins

that associate with the site to bring about a desired effect.

The overall pattern and characteristics of PDLP5 expression

seem to indicate that it is intended as a PD-gating control mech-

anismmeant to close PD during a defense response. However, a

reduction in PD permeability stimulated by the PDLP5 accu-

mulation and accompanying PD callose deposition may not lead

to a complete blockage of PD. We argue that two lines of

circumstantial evidence provide support for the latter notion. One

is that the overexpression of PDLP5 led to a reduction in PD

permeability but not a full inhibition (Figure 6; see Supplemental

Figure 7 online). Second, the effect of PDLP5 on viral MPs was

not uniformly potent. When the movements of CMP and TMP

beyond two cell layers were compared, there was 620% differ-

ence in pdlp5-1 or 35S:PDLP5 from the wild type for TMP ver-

sus65% for CMP (Figure 6L). Furthermore, our analyses clearly

indicated that the influence on TMP movement was statistically

Figure 11. PDLP5 Is Required for Basal Immunity against Bacterial Pathogen.

(A) Susceptibility of pdlp5 to bacterial infection with virulent Pma and its avirulent derivatives. Asterisk indicates a significant difference (P < 0.005; n = 6)

between two samples infected with the same pathogen. Bars indicate SE. Col, Columbia-0.

(B) Comparison of Pma growth in 35S:PDLP5 and wild-type Arabidopsis. Asterisk indicates a significant difference (P < 0.001; n = 4). Bars indicate SE.

FW, fresh weight.

(C) DANS assay showing a reduction in PD permeability upon Pma infection. Three-week-old Arabidopsis wild-type plants were infected with Pma, and

DANS assay was performed on systemic leaves at 48 h after inoculation. Two systemic leaves from at least five different plants were used for DANS

assay per repeat. The data set between treatments is significantly different at P < 0.0001. Bars indicate SE.

(D) Aniline blue staining showing an increased PD callose accumulation upon Pma infection. Three-week-old Arabidopsiswild-type plants were infected

with Pma, and systemic leaves were stained at 48 h after inoculation for callose quantification. Two to three systemic leaves from at least five different

plants were used for callose staining per repeat. The data set between treatments is significantly different at P < 0.0001. Bars indicate SE.
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significant but that on CMP movement was not. Besides, our

study points out that trafficking capacities or characteristics of

CMP and TMP were distinct even in the wild-type Arabidopsis

background: CMP movement was predominantly limited to a

single cell layer and showed the least capacity among the three

proteins tested (i.e., GFP, TMP, and CMP) to traffic two or more

cell layers. By contrast, TMP exhibited the highest percentage

of extensive movement in wild-type plants. Differential traffick-

ing behavior of these two MPs, however, is consistent with

other observations from independent studies (Cooper and

Dodds, 1995; Cooper et al., 1996; Kragler et al., 2000; Murphy

and Carr, 2002; Lee et al., 2003; Su et al., 2010). Therefore, we

speculate that the differential effect of PDLP5 on TMP and CMP

likely stems from their intrinsically different molecular charac-

teristics and mechanisms to pass through PD.

Our results showing that themovement of TMP, but not CMP,

was affected by PDLP5 indicated also that these viral proteins

might have a distinct capacity to interfere with or reverse the

effect of PDLP5 on PD. In our study, we found that the systemic

accumulation of TMV was decreased by overexpression of

PDLP5 in N. benthamiana. This impact on TMV systemic

movement could be interpreted as the result of the inhibitory

effect of PDLP5 on TMP movement. Alternatively, it is possible

that TMV spread was affected indirectly by PDLP5-induced

accumulation of SA. SA treatment of tobacco has been shown

to inhibit TMV spread (Murphy and Carr, 2002). Here again,

these authors found that CMV infection was not affected by SA.

A recent study by Amari et al. (2010) demonstrated that the viral

tubule formation by GFLV MP at PD is dependent on PDLPs.

Moreover, the infection of the tubule-forming GFLV was unex-

pectedly aided by the interaction between GFLV MP and

PDLPs, whereas the infection of Oil-seed rape mosaic virus, a

nontubule virus and close relative of TMV, was not affected in

pdlp1/2/3 triple mutant (Amari et al., 2010). Perhaps different

plant viruses exploit the same endogenous component to

different ends within a plant host and, thus, PDLP members,

for example, have varying effects on infection hindrance or

spread, depending on the virus.

Role of DUF26 Proteins in Biotic and Abiotic Stresses

The DUF26 domain is unique to plant systems and constitutes a

large gene family:;100 and over 250 DUF26-containing genes

are encoded by Arabidopsis and rice (Oryza sativa), respectively

(Chen, 2001). The findings presented in our study together with

previously published data (Czernic et al., 1999; Du and Chen,

2000; Ohtake et al., 2000; Chen et al., 2003; Acharya et al., 2007;

Sawano et al., 2007; Zhang et al., 2009) support the possibility

that the DUF26-containing proteins might have evolved to cope

with various biotic and abiotic stresses in plants. For example,

several DUF26-containing CRKs have been implicated in SA-

dependent defense pathways, oxidative stress, and resistance

to bacterial pathogens in Arabidopsis (Czernic et al., 1999; Du

and Chen, 2000; Ohtake et al., 2000; Chen et al., 2003; Acharya

et al., 2007). Overexpression of these CRK isoforms was shown

to induce accumulation of SA and HR-like cell death (Chen et al.,

2003; Acharya et al., 2007) similar to PDLP5. A secreted DUF26

domain–containing Cys-rich secretory protein isolated from

the endosperm of Ginko seeds, ginkbilobin-2 (Gnk2), has been

reported to exhibit a novel antifungal effect (Sawano et al., 2007).

Another secreted DUF26 protein has been implicated in salt

stress response in rice (Zhang et al., 2009), extending the role of

the DUF26 domain to abiotic stresses.

Although molecular mechanisms by which PDLP5 and CRKs

bring about defense responses are not yet known, important

structural and functional insights into the DUF26 domains were

recently provided (Miyakawa et al., 2009). The crystal structure

of Gnk2 revealed that the core DUF26 together with the

N-terminal extension formed compact single-domain architec-

ture with an a+b fold, which provided two surface areas: two

a-helices on one side and one antiparallel b-sheet on the

opposite side. This fold was apparently stabilized by three

intramolecular disulfide bridges involving six conserved Cys

residues. In terms of the structure and function relationship of

Gnk2, the authors postulated that positively charged a-helix on

one surface could associate with negatively charged fungal cell

surface for antifungal activity. They also proposed to define the

Gnk2 homologous sequence as a new functional proteinmodule.

Consistent with this idea, the sequence analysis of PDLP5

showed that the extracellular domain, which constituted over

80% of the protein, contained two repeats of extended DUF26

sequences similar to Gnk2. Considering the tertiary structure of

theGnk2, it is tempting to speculate that the extracellular domain

of PDLP5 might provide a potential interface for interacting with

specific cell wall proteins. For example, it is conceivable that this

domain might interact with a specific component of callose

synthases or glucanases to affect their activities if PDLP5 has a

direct effect on callose synthesis.

Figure 12. A Model Illustrating the PDLP5-Mediated Crosstalk between

the Control of Cell Communication and Innate Immunity during Bacterial

Infection.

PDLP5 is induced by bacterial infection in an SA-dependent manner.

PDLP5 protein (blue ovals) is targeted to and accumulates at PD, which is

indicated by broken arrows. The cell undergoing death owing to a hyper-

SA production via the feedback amplification induced by PDLP5 is

colored yellow to differentiate from healthy neighboring cells. Potential

but unknown pathways or signals are denoted by question marks.

[See online article for color version of this figure.]
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PDLP5, a Potential Molecular Link between PD Regulation

and Innate Immunity

In this study, we presented experimental evidence showing that

PDLP5 is localized within PD channels and modulates PD per-

meability and defense signaling. Similar to many known disease

resistance genes, PDLP5 expression is highly inducible by bac-

terial infection and SA application. Likewise, overproduction of

PDLP5 leads to spontaneous cell death and chlorosis via stim-

ulation of SA production, compromising overall plant fitness.

It is quite intriguing how a PD-localized protein could bring about

such defense signaling responses. Whether these phenotypes are

direct or indirect consequences of PDLP5 accumulation at PD

remains to be resolved. However, it is notable that the cellular and

morphological phenotypes manifested by 35S:PDLP5 plants ap-

parently require PD association of the protein (J.-Y. Lee, unpub-

lished data). Thomas et al. (2008) showed that TMD is necessary for

PD targeting of PDLP1, but whether this domain is essential for

PDLP1 function was not reported. We found that although the TMD

sequences of these two isoforms were not highly conserved (see

Supplemental Figure 2B online), TMD was required for PD associ-

ation of PDLP5, consistent with the role of this domain in PD

association as shown by Thomas et al. (2008). However, over-

expression of a mutant lacking TMD did not mimic the cellular and

morphological phenotypes (e.g., growth retardation and sponta-

neous lesion formation) manifested by overexpression of full-

length PDLP5, indicating that the targeting of PDLP5 to PD was

important for those PDLP5 overexpression phenotypes (J.-Y. Lee,

unpublished data). Nonetheless, a systemic mutagenesis and

characterization will be necessary in future investigations to map

the exact functional domains and/or motifs of PDLP5. These

studies could help answer interesting questions about the signif-

icance of PD localization for PDLP5 to perform its biological

function in defense signaling.

It has been shown by various analyses, including gene expres-

sion studies, that a shift from normal growth to defense mode

altersbothbiochemical andphysiological processes inanaffected

plant (Wang et al., 2005; Kwonet al., 2008).While undergoing such

changes, a decision needs to be made at a tissue level that

determines the fate of infected and healthy cells, killing some to

deter the spread of pathogens and allowing the survival of others

to prepare for transmitting systemic signals. Under this scenario,

effective, local cell communications are inevitable. With this view,

we propose a working model that the accumulation of PDLP5 at

PD upon microbial infection recruits downstream molecules that

feed into an SA amplification pathway, which in return will prepare

the cells for death and defense responses (Figure 12). Concom-

itantly, PDLP5 accumulation at PD, either directly or indirectly

recruiting callose, constricts PD, eventually leading to the loss of

cell–cell coupling. Enhanced SA production also might indirectly

help augment the callose level at PD. These responses might help

the affected cells to isolate themselves from adjacent cells and

safely execute death. In the neighboring healthy cells, signals that

are transmitted from the infected cells prior to their isolation or

generated by disconnection from the infected/dying cells via

PDLP5 at PD might lead to immunity. The exact molecular

mechanisms controlling how these responses are brought about

by PDLP5 are under investigation.

METHODS

Plants

Arabidopsis thaliana plants were grown in controlled environment growth

chambers at 228C under 16-h-light conditions. Seedling culture was

performed under sterile conditions on agar plates supplemented with

0.53Murashige and Skoog (MS) salts. Transgenic plants were produced

by the floral dip method (Clough and Bent, 1998) in wild-type ecotype

Columbia-0. T-DNA insertion line (SAIL_46_E06.v1) was obtained from

the ABRC.

Plasmid Constructs

Fluorescently tagged fusion constructs were produced using the pdFN(C)

vector system (Ben-Nissan et al., 2008). To clone thePDLP5 open reading

frame (ORF), cDNAswere synthesized from 5mg total RNA prepared from

10-d-old Arabidopsis seedlings using M-MLV reverse transcriptase (New

England Biolabs) and subsequently PCR amplified using a high-fidelity

DNA polymerase, Phusion (New England Biolabs), and PDLP5 ORF

primers containing restriction enzyme sites (see Supplemental Table 2

online). To produce PDLP5-GFP, PDLP5 ORF DNA fragment and the

vector plasmid (pdGC) were ligated through XhoI and SalI sites. PDLP5-

GFP was then subcloned into pMLBart binary vector plasmid using the

NotI site. pPDLP5pro:GUS was constructed by subcloning the entire 59

upstream sequence (3335bp) of PDLP5 ORF, which was PCR amplified

using PDLP5pro Fw and Rv primers (see Supplemental Table 2 online)

into pRITA-GUS. Estradiol inducible constructs were subcloned into

pER8 vector using XhoI and blunt-ended SpeI.

Cell Wall Preparation from Arabidopsis Seedlings

Clean cell wall proteins were prepared from Arabidopsis seedlings grown

in liquid culture media supplemented with Gamborg salt (Sigma-Aldrich)

for 7 to 9 d. Seedlings were homogenized in cold H buffer containing 100

mM Tris-HCl, pH 8.0, 100 mM KCl, 10 mM EDTA, 10% glycerol, and 13

protease mix containing 5 mg/mL Leupeptin (USB), 10 mg/mL Aprotinin

(Fisher Scientific), and 1 mM PMSF(Amresco). Samples were examined

under a phase-contrast microscope for a desired purity.

Protein Identification by Mass Spectrometry Analysis

Cell wall proteins were extracted using Tris-buffered phenol, pH 8.0,

precipitated with 0.1 M NH4OAC made in methanol, and washed with

80% acetone. Peptides were extracted, following reduction, alkylation,

in-gel digestion with trypsin, from 12%SDS-PAGE gels (30 mg of cell wall

proteins per lane) (Shevchenko et al., 2006). The peptide extracts

resuspended in 15 to 20 mL 5% formic acid were analyzed by data-

dependent tandem mass spectrometry using an online LC-LTQ-Orbitrap

(Thermo Electron) (Olinares et al. 2010). Based on the mass spectrometry

data, peak lists were generated and searched with Mascot v2.2 (Matrix

Science) against The Arabidopsis Information Resource ATHdatabase v8

as described (Fiala, 2005).

Antibody Production and Purification

PDLP5-specific peptide polyclonal antibodies were produced by immu-

nizing rabbits (Covance) with the peptide derived from amino acid residues

289 to 297. IgGs were purified from the sera through an affinity column

produced by sephadex beads conjugated with protein G (Pharmacia). GFP

polyclonal antibodies were raised against 5 mg pure GFP produced in

Escherichia coli. The sera bled from rabbits immunized with GFP were

affinity purified against a GFP column prepared by cross-linking pure GFP,
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prepared according to Cristea et al. (2005), to UltraLink sepharose beads

(Pharmacia).

Confocal Microscopy Imaging

For confocal microscopy, intact plant samples were placed in a single-

welled Nalge Nunc chambered cover glass system and imaged on a Zeiss

AxioObserver inverted lightmicroscopeusing either the LM780orLSM510

META scanhead on a Zeiss LSM 5 DUO confocal microscope. Targeted

plant structures were documented with either a 310 Plan-Apochromat

(0.45 numerical aperture) or 340 C-Apochromat (1.2 numerical aperture)

water immersion objective lens with appropriate laser and filter combina-

tions as follows: 488-nm laser line with a 500- to 550-nm band-pass

emission filter (for enhanced GFP or CFDA); 636- to 754-nm emission

wavelengths with META detector (for chloroplast autofluorescence); the

561-nm laser line with a 575-to 615-nm band-pass emission filter (for

mRFP-Cherry); and 405-nm laser excitation and a 505-nm long-pass

emission filter for aniline blue. All multilabeled imageswere acquired in fast-

line switch mode to eliminate crosstalk. A series of optical sections were

acquired as Z-stacks and rendered as 3D maximum intensity projections

with Zeiss LSM 510 AIM software (Rel. 4.2).

Correlative Light Electron Microscopy

Arabidopsis seedlingswere fixed in the dark in 4%paraformaldehyde and

0.1% glutaraldehyde in 0.2 M Sorensen’s phosphate buffer, pH 7.2,

overnight at 48C and washed and infiltrated with a gradient of 2.3 M

sucrose in 0.1 M Sorensen’s phosphate buffer. Cryoprotected seedlings

were embedded in TFM tissue freezing medium embedding matrix and

frozen at 2308C in a Leica CM3050 S cryostat. Fifty-micron sections of

hypocotyl were collected onto cold adhesive Permanox microscope slides

using the CryoJane tape-transfer system. Following confocal mapping,

samples were processed for TEM and embedded in Embed-812 resin,

followed by serial sectioning on a Reichert-Jung Ultracut E ultramicrotome.

Sections were poststained with Reynolds’ lead citrate and methanolic

uranyl acetate, imaged with a Zeiss Libra 120 Plus TEM at 120 kV, and

digital images were acquired with a Gatan Ultrascan 1000 2k 3 2k CCD

camera. A subset of serial section micrographs were aligned with Recon-

struct (Fiala, 2005) and then modeled with IMOD (Kremer et al., 1996).

Confocal-TEM and confocal-model overlays were generated in Adobe

Photoshop CS3.

Immunogold Electron Microscopy

Arabidopsis seedlings were fixed and processed as described above for

correlative fluorescence microscopy. Ultrathin sections were collected

onto 200-mesh formvar-carbon coated nickel grids. Antigen retrieval

treatmentwas performed basically as described (Stirling andGraff, 1995).

Briefly, grids were incubated on a saturated aqueous solution of sodium

metaperiodate for 1 h at room temperature, washed on eight drops of

water, and then exposed to 10 mM sodium citrate buffer, pH 6.0, heated

to 95 to 1008C for 10 min and washed on eight drops of water. Following

antigen retrieval, samples were blocked for 1 h in filtered 5% nonfat milk

buffer in 13 TBS and then incubated with primary antibody, polyclonal

a-GFP (see the Antibody Production and Purification section of Methods)

or a commercial a-GFP (catalog number ab6556; Abcam), diluted 1:200

in block for 2 h at room temperature. Grids were washed on eight drops of

13 TBS containing 0.05% Tween 20 (TTBS) and incubated in a 1:20

dilution of Aurion goat anti-rabbit 6-nm gold-conjugated secondary an-

tibody in block for 1 h at room temperature. Samples were washed on

eight drops of TTBS followed by 12 drops of water, air-dried, poststained

with 0.5% aqueous uranyl acetate for 5 min, washed on five drops of

water, dried, and imaged by TEM. Secondary antibody alone was in-

cluded as a control. Specificity of a-GFP was tested on wild-type plant

materials.

PD Permeability Assays

DANS dye loading and biolistic DNA delivery assays were performed on

3- or 4-week-old plants grown in 12-h-light conditions. DANS dye loading

assaywas performed by loading 1mLdrop of 1mMCFDA (Sigma-Aldrich)

on the adaxial side of intact rosette leaf and incubating for 5 min before

withdrawal. Subsequently, the leaf was cut and mounted on a glass slide

for a confocal imaging using the Fluar 35/0.25 objective. The extent of

dye diffusion was quantified by measuring diameters of diffusion area

with respect to the fluorescent intensity distribution tool. Biolistic DNA

delivery was performed as described elsewhere (Ben-Nissan et al., 2008).

Statistical difference among samples was analyzed using analysis of

variance (ANOVA) test in conjunction with Fisher’s LSD test.

Callose Staining and Quantification

Mature leaves of 3-week-old Arabidopsis were cleared with ethanol

followed by staining in 0.1% aniline blue (Acros). Callose quantification

was performed using Volocity 3.1.1 (Perkin-Elmer) by automatically

extracting PD-associated puncta based on size and a background

threshold and plotting fluorescence intensity per unit area.

RT-PCR and Quantification

Total RNAwas isolated using Trizol (Invitrogen) from leaf tissues collected

from 3- to 4-week-old Arabidopsis. For RT-PCR, cDNA was synthesized

using M-MuLV reverse transcriptase (New England Biolabs) from 1 mg of

RNA, followed by PCR amplification using DyNAzyme II DNA polymerase

(DyNAzyme) for 20 cycles. Ethidium bromide–stained PCRproducts were

visualized by Alpha Imager HP and quantified by densitometric analysis

with Image J software. All samples were normalized against their respec-

tive UBQ or NbACT band intensities as a control. At least three biological

plus three technical repeats were performed for each experiment. Sta-

tistical significance was analyzed with ANOVA test.

Pathogen Infection

For viral infection study, 3-week-old Nicotiana benthamiana plants were

coagroinfiltrated with Agrobacterium tumefaciens GV3101 transformed

with 35S:PDLP5 or empty vector plasmid mixed with GV3101 carrying

p19 (Voinnet et al., 2003) adjusted to OD600 = 1.0. Transformed agro-

bacteria were cultured at 288C and resuspended in infiltration buffer

containing 10 mM MES, pH 5.7, 10 mM MgCl2, and 200 mM acetosyr-

ingone. After 3 d of incubation, the infiltrated leaves were either infected

with TMV-GFP by performing a second agroinfiltration with GV3101

carrying TMV-GFP adjusted to OD600 = 0.02 or rub-inoculated with CMV

containing extract (10 mL per leaf). To detect PDLP5 expression at the

time of viral infection, total RNA ofN. benthamiana leaves were extracted

using Trizol reagent. RT was performed with 1 mg total RNA andM-MuLV

reverse transcriptase (New England Biolabs). N. benthamiana ACTIN (Nb

ACT) and PDLP5 DNA fragments were PCR amplified using Genscript

Taq polymerase and the following gene-specific primer sets: 59-ATGG-

CAGACGGTGAGGATATTCA-39 and 59-GCCTTTGCAATCCACATCTG-

TTG-39 as forward and reverse primers, respectively, for Nb ACT

(Zhang et al., 2008) and 59-CCGCTACGCCAACTTCACAG-39 and

59-CTTCTCTCCATGACCAAAGT-39 as forward and reverse primers, re-

spectively, for full-length PDLP5. PCR reactions were performed using

a Bio-Rad DNA Engine under the following conditions: 948C for 5min (one

cycle); 948C for 30 s, 598C (for Nb ACT) or 558C (for PDLP5) for 45 s, and

728C for 90 s (22 cycles). CMV was prepared from infected pumpkin

tissue by grinding the tissue in 10mMphosphate buffer, pH 7.2. To detect
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CMV CP DNA fragment, RT and PCR were performed using CP

gene-specific RV1 (59-CACGACTGACCATTTTAGCC-39) and a pair of

FW1 (59-GATAAGAAGCTTGTTTCGCGCA-39) and RV2 (59-AAGCTG-

GATGGACAACCCGTTC-39) primers, respectively. RV1 and RV2

are nested reverse primers. For normalization of the RT-PCR, Nb ACT

wasPCR amplified fromcDNAs synthesized in RT using oligo(dT). At least

three biological and two technical repeats were performed for each time

point. Student’s t test was employed to analyze statistical difference

between samples.

Bacterial strains were derived from Pma ES4326 (Guttman and

Greenberg, 2001). For bacterial growth assay, 25-d-old plants, grown

in an Enconair growth chamber with 12-h-light/12-h-dark cycle were

infected with Pma ES4326 (OD600 = 0.0001), Pma avrRpt2 (OD600 =

0.0004), or Pma avrRpm1 (OD600 = 0.0004) through infiltration and

incubated for 3 d before bacterial measurement. Alternatively, 21-d-old

plants, grown in a Conviron growth chamber with 16-h-light/8-h-dark

cycle were infiltrated with Pma (OD600 = 0.001), and bacterial growth

was measured at 2 DAI. Leaf discs from the infected fifth to seventh

leaves were taken for bacterial growth measurement and analysis as

described previously (Lu et al., 2003). Statistical difference between

samples was analyzed with Student’s t test.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome

Initiative or GenBank/EMBL databases under accession numbers

AT1G70690, AT2G33330, AT2G14610, and AT3G62250.
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