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Abstract

Effective intercellular communication is crucial for the survival of plants. Because plant cells are 

encased in rigid cell walls, direct cell-to-cell exchange of cytoplasmic content is only possible 

through plasmodesmata (PD), membrane-lined nanotubes that connect the cytoplasm of adjacent 

cells. PD are highly dynamic communication channels that can undergo various structural and 

functional modifications. Recent findings in the field suggest that defense signaling pathways are 

tightly linked to the regulation of PD, and the restriction of PD-mediated cell-to-cell 

communication is a critical innate immune response to microbial pathogens. Moreover, several 

plasma membrane-bound signaling components, including receptor-like kinases that are known to 

have non-cell autonomous function or pathogen perception at the cell periphery, are found to also 

partition to PD. These findings hint at the novel role of PD as a signaling hub for both symplasmic 

and cross-membrane pathways.

Introduction

Direct signaling across cellular boundaries of adjacent cells in plants mainly occurs via 

receptor-mediated apoplasmic and PD-mediated symplasmic pathways. PD are membrane-

lined pores that bridge adjacent cells across the cell wall matrices, providing cytoplasmic 

and membrane continuities for direct cell-to-cell communication [1-3]. Because apoplasmic 

and symplasmic pathways have distinct characteristics in both molecular players and the 

signal trafficking mode, it has long been presumed that these two pathways mediate non-cell 

autonomous signaling in a non-overlapping manner. In the apoplasmic pathway, signal-

generating cells secrete specific ligands into the extracellular matrix, and recipient cells 

perceive the ligands by producing membrane-anchored, cognate receptors on the cell 

surface. In the symplasmic pathway, signaling molecules are commonly thought to move 

cytoplasmically through the PD that connect signal-generating cells to their adjacent 

recipient cells [4]. The protein composition and the molecular architecture of PD are yet to 

be discovered, but an increasing number of proteins has been identified to localize or 

partially associate with PD [5-7]. Certain plasma membrane (PM)-localized receptor-like 

kinases (RLKs) and membrane-anchored proteins are also found to associate with PD. Some 
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participate in non-cell autonomous signaling via the apoplasmic pathway during cell 

differentiation, and others in immune responses [8-11]. Placing such receptors right at PD 

could serve as an effective mechanism for regulating molecular trafficking while processing 

specific apoplasmic signals.

The recruitment of specific PD-associated proteins to defense signaling as well as the 

dispatch of defense proteins to PD illustrate how the regulation of PD is integrated into 

specific cellular signaling pathways during biotic stress [3]. For example, basal immune 

responses require activation of various signaling pathways, including those mediated by 

defense hormones such as salicylic acid (SA) [12]. Elevated SA concentrations during 

pathogen infection induce a restriction in cell-to-cell movement via PD by transcriptionally 

upregulating the expression of the PD regulator PD-located protein 5 (PDLP5) [13]. 

Accumulation of PDLP5 at PD restricts PD permeability by stimulating PD callose 

deposition. Feedback amplifies SA levels, further augmenting the PD closure response [14]. 

Effective innate immune responses during interactions with microbial pathogens also 

involve the recognition of pathogens via membrane-bound receptors at the cell surface 

levels [15]. Certain immune receptors, including FLAGELLIN SENSING 2 (FLS2) and 

LYSIN MOTIF DOMAIN-CONTAINING GLYCOSYLPHOSPHATIDYLINOSITOL-

ANCHORED PROTEIN 2 (LYM2), are not only partitioned to PD, but also required for 

restricting PD permeability upon pathogen infection [10]. Furthermore, when plant cells lose 

dynamic control over PD gating, both the basal defense and systemic acquired resistance are 

compromised [10, 13, 16]. Collectively, these data underscore the biological significance of 

the PD-mediated intercellular communication under biotic stress.

In the current review, I discuss recent findings with the goal of showing how PD may serve 

as a signaling hub in which receptor-mediated and other cellular signaling events are 

integrated. First, I describe the structural characteristics and subdomains of PD. I go on to 

examine how different PD-associated proteins might be targeted or partitioned to specific 

subdomains of PD. Lastly, I discuss how PD are regulated by different immure signaling 

pathways and speculate on what role the regulation of PD might play in coping with biotic 

stress.

PD form distinct subdomains to which PD-proteins differentially partition

Structurally, each plasmodesma contains a cytoplasmic sleeve formed between outer and 

inner membrane linings, which are continuous with the PM and the endoplasmic reticulum 

(ER), respectively [17] (Fig. 1). The sleeve is thought to provide a passageway for soluble 

molecules to move through. On the other hand, the two membrane linings may provide 

specialized lipophilic surfaces within which hypothetic proteinaceous materials are 

embedded, or to which cytoskeletal elements are attached [18]. Current understanding about 

the outer and inner PD membranes based on the lipid composition and trafficking studies 

holds that they likely differ in their physical and chemical properties from the PM and 

cortical ER, respectively [18]. In this review, I adopt the terms PDom for PD outer 

membrane and PDim for PD inner membrane linings to distinguish these from the PM and 

ER. I propose the use of PDim or appressed ER over desmotubule, as the latter is a historical 
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misnomer and does not reflect the fact that this inner structure is derived from the ER 

[19-21].

PD pores can be further divided into distinct spatial subdomains: orifices (two ends of the 

cytoplasmic sleeves open to the cytoplasm), neck regions (PDom at the orifices), and the 

central cavity/region (plasmodesmal bulge occurring at the middle lamella). Callose, a type 

of β 1-3 glucan polymer, is usually found surrounding the neck regions of PD in the 

extracellular space between the PM and the cell wall [22]. The levels of callose 

accumulation at PD fluctuate in response to many environmental and developmental factors, 

and negatively correlate with PD permeability [3, 23, 24]. An ultrastructural resolution using 

immunogold labeling combined with a statistical analysis is necessary to fine-map a 

subdomain with which a PD protein is specifically associated. Although this is technically 

demanding due to the nano-scale dimensions of PD, several PD-associated proteins, 

including viral and innate proteins, have been mapped to a certain subdomain or structure. 

For example, the movement protein encoded by the Tobacco mosaic virus (TMV MP) and 

the PDLP5 expressed in Arabidopsis thaliana accumulate at the PD central cavity region 

[13, 25, 26]. PDLP1, another member of the PD-located protein family, and CRINKLY 4, a 

maize receptor-like kinase (LRK), are distributed along the PDom [27, 28]. PDLP1 

negatively regulates PD permeability by an unknown mechanism [29]. Whether there are 

any effects of CRINKLY4 on PD function is not yet known. Members of PD-callose binding 

proteins (PDCBs) are located to the outer surface of the PM, but preferentially accumulate at 

the PD neck regions [30]. Certain members of the β 1-3 glucanases (BGs) that associate with 

PD, such as PdBGs, are thought to localize to the PD neck regions similar to the PDCBs 

[31]. Overexpression of PdBG2 and PDCB1 facilitates an increase in PD permeability via 

callose degradation and restricts PD permeability through heightened PD callose 

accumulation, respectively [30, 31]. Both the molecular basis for preferential targeting to 

specific PD subdomains and its differential impact on PD functionality of PD-associated 

proteins await elucidation. However, the fact that different proteins cluster at specific areas 

within PD implies that these nano-domains represent functionally, and perhaps structurally, 

distinct sections of PD.

It is notable that some proteins that target the same subdomain may not necessarily 

colocalize within the same PD. When TMV MP and PDLP5 are coexpressed as 

fluorescently-tagged proteins, their signals do not completely overlap, seemingly excluding 

each other from occupying the same PD [13]. The proteins' mutual exclusion or competition 

for the same PD subdomain may be attributed to their opposing functions. For example, both 

TMV MP and PDLP5 function in altering PD permeability, but in an opposite manner: TMV 

MP facilitates an increase in PD permeability, and PDLP5 facilitates a decrease. PDLP5 

induces a PD closure by stimulating PD callose deposition [14], and overexpression of 

PDLP5 interrupts cell-to-cell trafficking of the MP alone or the whole TMV [13]. It is not 

known whether TMV MP exerts PD gating by modulating PD callose levels. However, 

given that TMV movement is subjected to altered PD callose levels determined by 

endogenous genetic factors [13, 32], it is unlikely that TMV MP induces PD opening by 

manipulating callose-dependent PD gating mechanism.
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Sterol-rich PD subdomain may attract certain GPI-linked extracellular proteins

A recent PD lipidomics study showed that the primary PD isolated from A. thaliana 

suspension cultured cells were enriched with PDom, and that this membrane fraction 

contained relatively higher levels of sterols and complex sphingolipids than the PM [33]. 

This study also demonstrated that altering sterol content blocks PD partitioning of two 

glycosylphosphatidylinositol (GPI)-anchored PD-associated proteins: PDCB1 and PdBG2. 

GPI attachment is a post-translational modification that tethers secretory proteins to the 

extracellular periphery of the PM. Transgenic Arabidopsis seedling roots treated with sterol 

inhibitors decreased PD-association and increased PM distribution of PDCB1-GFP and 

PdBG2-GFP. Given that PDCB1 partitions to the neck region of PD, it seems reasonable to 

interpret this finding as evidence that sterol-rich lipids might be more concentrated within 

the neck region of PDom.

The drug treatment had no impact on the localization pattern of the type I transmembrane 

(TM) protein PDLP1, which distributes along the PDom [28] and has PD targeting 

dependentent on the TM helix [29]. This observation raises the interesting question of 

whether or not the sterol-rich PD neck regions form some sort of a membrane border that 

separates PDom from the PM. This separation could help prevent lateral diffusion of PM 

proteins into PDom, while permitting a localized accumulation of GPI-anchored PD 

proteins. Along these lines, it is noteworthy that although PDLP family members are 

characterized by a single TM helix flanked by two Cys-rich ectodomains and a short 

cytoplasmic tail, they slightly differ in their localization patterns: PDLP5 localizes to the 

central region of PD and does not have PM association, whereas PDLP1 is distributed along 

the PDom and also the PM. Furthermore, the C-terminal tail as well as the TM are necessary 

for PDLP5 to associate with PD (J.-Y. Lee, unpublished data), whereas the TM domain 

alone is sufficient for the PD targeting of PDLP1 [29]. It is plausible that although the lipid 

interaction through TM domains is an important aspect of their PD targeting, other factors 

may determine the specificity of PD subdomains that they each can associate with. This 

point may apply to other integral membrane proteins that are associated with PDom via their 

TM domain, including certain LRKs.

Sterol inhibition also differentially affected PD callose deposition in the outer root tissues 

versus in the vasculature. This effect is difficult to directly correlate with the dissipation of 

PDCB1 and PdBG2 from the neck regions, because although both PDCB1 and PdBG2 bind 

to callose and tend to concentrate at PD neck regions, they affect PD-callose levels in 

opposite manners [30, 31]. The former facilitates PD callose deposition, whereas the latter 

inhibits it by hydrolysis. Still, sterol inhibition could prove to be a highly useful approach in 

determining how many different PD-proteins partition to the neck region of PDom in a 

given cell types and tissues.

PD may provide hubs for specific receptor-mediated signaling components

Certain apoplasm-mediated, non-cell autonomous signaling components, including 

ARABIDOPSIS CRINKLY4 (ACR4), CLAVATA1 (CLV1), STRUBBELIG (SUB)/

SCRAMBLED (SCM), and QUIRKY (QKY), are recently found to associate with PD in 

addition to their PM localization. CLV1, an RLK containing an leucine-rich repeat (LRR) 
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ectodomain, plays a crucial role in stem cell maintenance, both in the shoot and root 

meristem. ACR4, another RLK containing a non-LRR type ectodomain, controls distal stem 

cell proliferation and differentiation in the root [34]. Both CLV1 and ACR4 are expressed in 

the distal root meristem, and function together under the control of the signaling peptide 

CLAVATA3/EMBRYO SURROUNDING REGION40 (CLE40), which binds to CLV1 [8]. 

CLV1 is mostly localized to the PM, while ACR4 is not only targeted to the PM, but also 

associated with PD when ectopically expressed in Nicotiana benthamiana leaf epidermal 

cells. SUB/SCM, an LRK containing an atypical LRR ectodomain, functions in inter-cell 

layer communication during tissue morphogenesis. It also regulates organ shapes and 

morphology of shoot and floral meristems, and the patterning of root hairs in Arabidopsis 

[35]. Non-cell autonomous function of SUB/SCM in mediating tissue morphogenesis 

requires an interaction with the membrane protein QKY [36]. QKY contains four repeats of 

C2-domain—a calcium-dependent phospholipid-binding module—and two TMDs 

embedded in the so-called phosphoribosyltransferase C-terminal region [37]. Both 

SUB/SCM and QKY were previously determined to localize to the PM using a conventional 

confocal microscopy [36, 38]; however, a higher resolution confocal microscopy in 

conjunction with immunogold labeling revealed that both QKY and SUB/SCM are also 

associated with PD at both PDom and PD neck regions [9]. Although further studies are 

required to draw any conclusions about the significance of these proteins' PD partitioning, 

the possibility that apoplasmic and symplasmic signaling may not be parallel cellular 

processes is tantalizing.

The TM domain serves as a major molecular determinant for PD partitioning of PD-

associated proteins that contain at least one TM domain. However, it is not always sufficient 

for the PD localization. For some PD-associated proteins, the TM domain is also important 

for additional functions. Replacement of the TM domain in ACR4 with that of a PM-

localized but non-PD partitioning RLK abolishes the PD-association of ACR4. It will be 

interesting to find out if the TM domain of ACR4 is also sufficient for PD association, as 

shown for PDLP1. Interestingly, fluorescence resonance energy transfer (FRET) analysis 

measured using fluorescence lifetime imaging microscopy indicates that ACR4 and CLV1 

form both homomeric and heteromeric complexes through their TM domain. Although these 

complexes can form at both the PM and PD, they occur as higher-order complexes at PD 

[34]. It is yet to be discovered whether ACR4 and CLV1 are active at PD, and if so, how 

their activities/roles differ from those of the complexes formed at the PM. The TM domains 

are also necessary for the PD targeting of QKY and SUB/SCM [9], corroborating TM-

dependent PD-association. However, the TM domains alone were not sufficient for PD 

partitioning of SUB/SCM and QKY—other domains such as the ectodomain for SUB/SCM 

and part of the C2-domains for QKY were also required. Thus it appears that the non-TM 

domains may provide molecular interfaces for stable positioning or anchoring of these 

proteins at PD. Molecular interactions between QKY and SUB/SCM were shown to occur at 

PD based on a FRET analysis, indicating that their PD partitioning might have functional 

significance. However, whereas the TM domains of ACR4 and CLV1 are required for both 

PD partitioning and complex formation, the cytosolic domain of SUB/SCM and the C2-

domain-containing region of QKY contribute to their intermolecular interaction. Given that 

QKY and SUB/SCM are not mutually dependent for their PD association [9], finding other 
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proteins they might interact with could provide important insight into the specific 

mechanisms underlying their PD association.

It would also be interesting to determine whether either ACR4 or SUB/SCM is active at PD 

as well, and, if so, how accumulation of these RLKs at PD might impact intercellular signal 

trafficking. Could they function to regulate PD permeability and/or trafficking of specific 

non-cell autonomous proteins? Or could their accumulation at PD be necessary for the 

phosphorylation of a non-cell autonomous signaling protein that can be activated while 

passing through the cellular boundary of quiescent cells in order to control the 

differentiation of distal stem cells? It was previously speculated that phosphorylation of 

TMV MP by a host kinase at PD could help alter MP's affinity to viral RNAs, freeing viral 

RNAs so that they could undergo replication in the neighboring cells [39, 40]. In the absence 

of phosphorylation, the MP-viral RNA complex could move farther, passing multiple cell 

boundaries. This subsequent cell-to-cell movement, however, would result in a futile 

infection because the vRNAs tightly bound to TMV MP could not be released for replication 

in those cells—a process that is critical for amplifying infectious viral components while 

spreading them throughout the host. Perhaps, there are specific non-cell autonomous 

proteins functioning in the distal meristem, whose movements or activities are modulated by 

PD-partitioned ACR4 (or SUB/SCM in its functional cellular domains).

PD-associated proteins may partition to non-PD membranes for dual functions

PDLP1 is known to function in restricting PD, but localizes to the PM as well as to PD. A 

recent study showing that PDLP1 is involved in enhancing innate immunity through 

stimulating callose accumulation at fungal infection sites has shed some light on the 

importance of the relocation of PDLP1 to the infection sites. Hyper-accumulation of callose 

at the pathogen penetration or wound sites in Arabidopsis is mediated by the POWDERY 

MILDEW RESISTANT 4, which encodes Callose Synthase 12 (CalS12) [41]—the 

Arabidopsis genome encodes a total of twelve callose synthases. PMR4/CalS12 is 

constitutively expressed and localizes to the PM, but is enzymatically inactive However, 

following a powdery mildew infection, PMR4-GFP relocates from the PM to the site of 

infection [42]. This transport is an important mechanism underlying PMR4 activation as 

well as the formation of a callose-filled structure called papilla in the invasive fungal 

structure called haustoria. Similarly, PDLP1-GFP signals are also found at the membranes 

surrounding haustoria upon a powdery mildew infection of Arabidopsis [43] (Fig. 2). The 

infection increases the expression of the PDLP1 transcript, which in turn affects callose 

accumulation within the haustorial membrane encasement. However, PDLP1 partitioning to 

this membrane occurs transiently prior to callose biosynthesis by PMR4, suggesting that 

there is no direct impact of PDLP1 on PMR4 activity, per se. The papillary callose does not 

form in pmr4 mutants [41]. Similar to this response, haustorial callose encasement is 

impaired in pdlp1,2,3 triple mutants, and these mutants are more susceptible to the fungal 

disease compared to the wild type plants [43], indicating that papilla callose accumulation is 

an important immune response. pdlp1,2,3 mutants have increased PD permeability under a 

normal growth condition [29], but whether the PD permeability remains compromised when 

these mutants are infected by powdery mildew is not yet known. Along these lines, it would 
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be interesting to see if PDLP1 participates in PD control during fungal infection and, if so, 

whether its PD-related function contributes to defense responses against powdery mildew.

Defense signaling pathways regulate PD by recruiting specific PD-associated proteins

Many environmental signals and challenges alter PD dynamics [2, 3]. Recent studies have 

just begun to unravel how various cell signaling pathways might be integrated with the 

regulation of PD permeability, especially during biotic stress. These suggest that PD closure 

is linked to basal defense via proteins that associate with or partition to PD from the PM 

(Fig. 2). For example, recognition of pathogenic bacteria leads to an elevation of SA 

concentration via ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1), which upregulates 

ISOCHORISMATE SYNTHASE 1 that encodes an SA-biosynthetic enzyme [12]. Cytosolic 

SA accumulation activates the downstream master regulator NONEXPRESSOR OF PR1, 

which in turn switches the transcriptional program from the normal growth and development 

mode to that of defense [44]. Drop And See (DANS) dye-loading assay [13, 45], which 

allows for a real-time, non-invasive, in situ measurement of cell-to-cell dye diffusion, 

showed that virulent pathogen infection decreases PD permeability in systemic leaves of 

Arabidopsis [13]. An exogenous application of SA by spraying Arabidopsis plants also 

results in a PD closure response within a few hours [14]. This PD closure response induced 

by either bacterial infection or SA treatment requires intact PDLP5 gene function as well as 

functional SA signaling pathway. The SA-mediated EDS1/ICS1/NPR1-dependent pathway 

upregulates PDLP5 expression, and increased PDLP5 protein accumulation at PD restricts 

PD permeability via enhancing PD callose synthesis. Accumulation of PDLP5 at PD 

feedback-amplifies SA biosynthesis, further reinforcing PD restriction [13]. Although 

PDLP5 expression is inducible by the SA pathway, there is a very low, but detectable, level 

of expression under normal growth conditions without biotic stress. This low expression is 

critical for maintaining basal PD-permeability and –callose deposition, as evidenced by 

severe knock-down pdlp5-1 mutants that exhibit more extensive PD trafficking of both CF 

dye and fluorescent protein reporters and less PD callose deposition [13]. Two novel callose 

synthases are non-redundantly required for PDLP5-dependent basal and SA-dependent PD 

regulation, underscoring the important role of PD callose deposition as a physical 

mechanism for PD restriction, (W. Cui and J.-Y. Lee, unpublished data).

During interactions with pathogenic microbes, plant cells recognize pathogen-associated 

molecular patterns (PAMPs), such as bacterial flagellins or fungal cell wall fragments like 

chitin. Consistent with the critical role that PD play in innate immunity as demonstrated by 

PDLP5 studies, a treatment of Arabidopsis plants with fls22, a bacterial flagellin-derived 

peptide, induces a PD closure. However, flagellin-elicited defense responses requires 

FLAGELLIN SENSING 2 (FLS2), a PM-localized RLK containing an ectodomain that 

binds to flagellins, for the PD regulation [10]. FLS2 is a pattern-recognition receptor, 

perceiving bacterial pathogens at the cell surface and initiating an immune signaling cascade 

[46]. The fls22-induced PD closure is compromised in fls2 mutants, and FLS2-GFP is found 

to partition to PD in addition to its predominant PM localization, which may be critical for 

the protein's effect on PD permeability [10]. Similarly, the chitin-binding protein LYSIN 

MOTIF DOMAIN-CONTAINING GLYCOSYLPHOSPHATIDYLINOSITOL-

ANCHORED PROTEIN 2 (LYM2) localizes at the PM and PD and mediate a chitin-
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dependent PD closure response [10]. Notably, LYM2 is required for fungal resistance in 

parallel to the CHITIN ELCITOR RECEPTOR KINASE 1 [47], which localizes to the PM 

but does not associate with PD. Based on these results, it is tempting to speculate whether 

localized recognition of the PAMPs by FLS2 and LYM2 (and perhaps other unidentified 

PAMP receptors) occurring at PD provides an effective mechanism for direct or immediate 

closure of PD upon microbial infection. Along these lines, it would be informative to further 

test whether the PD-association of PAMP receptors is required for their effects on PD 

permeability and plant immunity. It would also be interesting to uncover the mechanism by 

which FLS2 or LYM2 affects PD permeability (e.g., is the PD-callose deposition altered by 

FLS2 or LYM2?), and what the functional relationships might be, if any, between these 

receptors and the SA/PDLP5 pathway in restricting PD permeability during basal defense.

Our understanding of the relationship between PD-mediated cell-to-cell communication and 

biotic stress is currently limited to only the few examples discussed above. Based on these 

data, pathogen infection stimulates PD closure via recruiting specific proteins to PD, and 

lack of this response correlates with a loss of basal immunity (Fig. 2). For example, pdlp5-1 

and lym2 loss-of-function mutant plants are unable to restrict PD upon infection and are 

more susceptible to Pseudomonas syringae pv. maculicola and Botrytis cinerea, 

respectively. Intriguingly, PD seem to be closed by different regulators in a manner specific 

to the mode of immune signaling or pathogen perception. Perhaps a particular protein or 

proteins are recruited as PD regulators that could interact with certain defense molecules. By 

adopting this mode of action, plants could not only integrate PD regulation into an array of 

cellular signaling pathways, but also achieve multi-level and dynamic control over cell-to-

cell communication under various biotic (or abiotic) stress conditions. On the other hand, 

given that pathogens are thought to co-evolve with hosts, it would not be surprising to find 

that bacterial and fungal pathogens also produce effectors that either mimic or inhibit PD 

regulators to counteract plant defense responses. In this regard, some of the fungal effectors 

that have been shown to move cell-to-cell in rice [48,49], or yet unidentified effectors might 

turn out to impact the maintenance or even enhancement of PD permeability in uninfected 

cells prior to hyphal growth into those cells. Alternatively, pathogen effectors may interfere 

with defense signaling pathways, short-circuiting the PD closure response.

Perspectives

Many recently characterized PD-associated proteins include RLKs and novel receptor-like 

proteins that mediate non-cell autonomous signaling during cell differentiation and function 

in innate immunity, suggesting the possibility that PD form an intercellular signaling hub. 

The integration of immune signaling pathways with PD regulation at different levels of the 

signaling cascade likely indicates that PD gating is highly dynamic throughout the 

deployment of defense responses. The PD closure and opening during defense could also be 

multiphasic depending on waves of different signals, intensity, and spatial location, e.g., 

local infection sites versus systemic tissues. Testing these possibilities and teasing out their 

mechanisms will require holistic approaches combining multiple analysis tools and 

techniques. Given that PD are intercellular channels that are essential for sharing of nutrients 

and exchanging signaling molecules in plants, many more novel PD components in addition 

to the PM (or perhaps ER)-localized receptors may likely be discovered in the coming years. 
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Here, one of the challenges is to gain insight into their possible functions at PD and the 

mechanisms underlying their PD association. For this, validating PD-association of those 

proteins in their native cellular expression domains and fine-mapping specific membraneous 

subdomains within PD would be one of the essential tasks.
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Highlights

PD serve as a signaling hub for both symplasmic and cross-membrane pathways.

Innate immune signaling pathways are linked to the regulation of PD.

PM-localized receptors and receptor-like proteins are partitioned to PD.

PD-associated proteins accumulate at specific subdomains within PD.
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Figure 1. Structure of PD and movement of soluble molecules through PD
Subdomains of PD include: PDom, PD outer membrane; PDim (PD inner membrane); APR, 

appressed ER; neck region; central cavity; and cytoplasmic sleeve. Green and red balls 

represent soluble molecules that can move through the cytoplasmic sleeve of PD when PD 

are open. Increased callose accumulation from basal levels leads to a PD closure. CW, cell 

wall; ML, middle lamella; PM, plasma membrane.
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Figure 2. Integration of immune signaling pathways with PD regulation
Recognition of different PAMPs by FLS2 or LYM2 leads to a PD closure. Whether these 

two receptors require callose-mediated mechanism in closing PD is not known. Elevated SA 

concentration in response to microbial infection induces the expression of PDLP5, whose 

feedback amplifies SA accumulation by unknown mechanism. PDLP5 partitions to PD and 

activates PD-callose deposition, which results in a PD closure. PDLP1 facilitates immune 

responses during fungal infection through relocation to the haustorial membrane 

surrounding infection sites.
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