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Abstract

Multicellularity has emerged multiple times in evolution, enabling groups of
cells to share a living space and reducing the burden of solitary tasks. While
unicellular organisms exhibit individuality and independence, cooperation
among cells in multicellular organisms brings specialization and flexibil-
ity. However, multicellularity also necessitates intercellular dependence and
relies on intercellular communication. In plants, this communication is
facilitated by plasmodesmata: intercellular bridges that allow the direct
(cytoplasm-to-cytoplasm) transfer of information between cells. Plasmodes-
mata transport essential molecules that regulate plant growth, development,
and stress responses. They are embedded in the extracellular matrix but
exhibit flexibility, adapting intercellular flux to meet the plant’s needs.

In this review, we delve into the formation and functionality of plasmo-
desmata and examine the capacity of the plant communication network to
respond to developmental and environmental cues. We illustrate how envi-
ronmental pressure shapes cellular interactions and aids the plantin adapting
its growth.
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Plant symplast:

cytosolic continuum of
cells interconnected by
plasmodesmata bridges
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1. INTRODUCTION

Achieving collective behavior and maintaining cohesion are essential for any group of individu-
als living together, requiring the exchange of information among individuals to coordinate their
responses and work toward a common objective. Likewise, in multicellular organisms such as
plants, cell-to-cell communication is crucial for enabling individual cells to coordinate their activ-
ities and operate as a cohesive unit (25). In plants, plasmodesmata bridges serve as direct physical
connections that facilitate information exchange (15, 70, 117) (Figure 1).

Plasmodesmata are nanoscopic membrane-lined conduits (Figure 1) inserted within cell walls,
establishing hundreds of cytosolic bridges between adjacent cells. These bridges collectively
form the plant symplast, facilitating the direct exchange of signaling molecules (e.g., proteins,
RNAs, and hormones) and nutrients. This connectivity within the symplast is often exploited by
pathogens (5, 56,57, 71, 137). Although multicellular organisms gain advantages from cell-to-cell
communication, such as increased access to information, there is a trade-off in effectively manag-
ing and processing this information. Unrestrained and unfiltered molecular exchange can impede
accurate decision-making by overflooding the system (79). Precise and balanced communication
is therefore needed, which implies careful consideration of when to communicate broadly ver-
sus selectively and when not to communicate at all. Plasmodesmata act as gatekeepers capable of
opening or closing communication as required.

Remarkably, plasmodesmata embody both rigidity (stemming from their location at the ex-
tracellular matrix) and flexibility as they undergo alterations in diameter and shape to regulate
communication (105, 116). The flexibility of the intercellular communication network is crucial in
plants, which are immobile and spatially constrained and thus must swiftly and precisely respond
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Plasmodesmata intercellular bridges connect plant cells, forming a communication network that is under developmental and
environmental pressures. (#—) Plasmodesmata interconnect virtually every cell throughout the plant body. () They create numerous
communication channels at the cell-cell interface, which enable the transfer of information and nutritional molecules.

(¢) Plasmodesmata are embedded in the cell wall (brown) and present a concentric arrangement of an endoplasmic reticulum tube (zeal),
named the desmotubule, surrounded by and tethered (pink spokes) to the plasma membrane domain (ye/low). The space between the two
membranes is called the cytoplasmic sleeve and is thought to be the main path allowing molecules to flow from one cell to another.

(d) Artistic representation showing that the communication network created by plasmodesmata facilitates the exchange of hormones,
nucleic acids, proteins, and small molecules such as water between cells. By dynamically modulating the transfer of information, plants
adapt and respond to different developmental and environmental cues and stressors—a concept we highlight in this review. Figure
created by Tobin Florio (https://flozbox-science.com/).
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Desmotubule:

an endoplasmic
reticulum strand
constricted to
approximately 15 nm
that forms a narrow
membrane tubule
within plasmodesmata

Size exclusion limit
(SEL): refers to the
maximum size of
molecules or particles
that can pass through
the pores of
plasmodesmata

Turgor pressure:

the pressure exerted by
the fluid inside the
cells (such as cell sap)
against the cell walls

Callose: B-1,3-glucan
that accumulates at
plasmodesmata cell
wall microdomains
and modulates
cell-to-cell trafficking
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to environmental changes. Plasmodesmata, with other cellular players such as phytohormones,
enable plants to efficiently modulate their growth and physiological responses (Figure 1). There
are many examples illustrating how plasmodesmata dynamically respond to external and internal
clues to facilitate organ and plant adaptation (10, 16, 22, 30, 31, 102, 107, 123, 135, 139, 140, 143,
145). In all cases, the symplast functions as a highly intricate and adaptable network that regulates
intercellular interactions in a dynamic and spatiotemporal manner.

Research is progressing toward understanding the mechanisms behind molecular exchange
through plasmodesmata, including the physical parameters and molecular components regulat-
ing these processes. This review offers insights into (#) plasmodesmata structure, formation, and
composition; (b) the regulation of biomechanical properties and modeling approaches; and (c) the
influence of developmental and environmental cues on plasmodesmata regulation. Our goal is
to highlight the influence of environmental and developmental pressures on the functionality of
the plasmodesmata communication network and the demand for optimal performance to support
plant growth and adaptation.

2. PLASMODESMATA STRUCTURAL DOMAINS
AND REGULATORY COMPONENTS

In most textbooks, plasmodesmata are depicted as single pores formed by a specialized ring of
cell walls surrounding two interconnected membranes: the plasma membrane (PM) and an inner
endoplasmic reticulum (ER)-derived membrane named the desmotubule (Figure 1). The space
between the PM and the ER is named the cytoplasmic sleeve, and it is the region for symplasmic
(cytoplasm-to-cytoplasm) transport. The size of the cytoplasmic sleeve is thought to determine the
size exclusion limit (SEL). Our current understanding of plasmodesmata structural and molecular
organization is based on electron microscopy and on proteomic profiling, combined with cell
biology and genetic approaches. The emerging picture is that plasmodesmata consist of interacting
layers of molecular constituents, including lipids, proteins, and wall polymers (Figure 2). These
components work together in a coordinated manner to regulate the function of plasmodesmata
(84).

In classical models, the surrounding cell wall is primarily responsible for constricting or re-
laxing the pore and determines the aperture of the cytoplasmic sleeve, which acts as a sieve for
molecular transport. Intercellular transport also depends on the number and/or density of plas-
modesmata; their spatial organization, such as clustering or random; the formation of complex
structures in mature tissues; and concentration gradients between neighboring cells (Figure 3).
Transport also depends on plasmodesmata architecture (branching), cell wall thickness, and the
radius of the mobile molecule. A computational model of plasmodesmata (PDinsight) uses these
parameters to predict plasmodesmata permeability from imaging (32). An alternative model con-
siders the influence of cell mechanics/turgor pressure on the displacement of the ER/desmotubule
and other geometric factors on permeability values (24, 111, 113, 116).

In this section, we discuss the knowledge cumulated in recent years regarding the functional
molecular players of plasmodesmata.

2.1. The Dynamics of Plasmodesmata Cell Walls and Membranes

Plasmodesmata cell walls are regulated by the deposition and removal of callose. Callose is a
B-1,3-glucan locally synthesized by callose synthases (CALSs) and degraded by p-1,3-glucanases
[(BGs), members of glycosyl hydrolase family 17 (GH17)] (Figures 2 and 3d). Excessive callose
temporarily blocks or narrows the channels, reducing their permeability (2). At a more structural
level, callose might help to maintain the shape and position of the plasmodesmata within the cell
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Figure 2

Plasmodesmata structure and function are governed by interactions between lipids, proteins, and wall
polymers. The structure of plasmodesmata consists of a cytoplasmic sleeve delimited by a tubular structure
made of ER membrane and the surrounding PM. Both the membrane and the surrounding cell wall exhibit a
distinct molecular composition that ensures the proper functioning of plasmodesmata. Various protein
families, including GPI-anchored callose-interacting enzymes/proteins, receptor-like proteins, and lipid-
binding proteins, have been identified as components that either are embedded in the lipid bilayers (of the
ER and/or PM) or interact with the PM through surface charges. PM-anchored proteins such as callose
metabolic enzymes directly interact with wall polymers. Plasmodesmata display a layered arrangement of
lipids, proteins, and wall polymers, which collectively contribute to their structure and function.
Abbreviations: ER, endoplasmic reticulum; GIPC, glycosyl inositol phospho ceramides; GPI,
glycosylphosphatidylinositol; PM, plasma membrane.

wall, preventing collapse or distortion of the channels. Regulation of callose is associated with
responses to developmental or environmental cues and the spreading of pathogens (2, 45).
Besides callose, evidence indicates modifications of xyloglucans and pectins at plasmodesmata
microdomains (2, 47, 115). Pectin modification is supported by pectin methyl esterase activity lo-
calized at plasmodesmata. Pectin subpopulations (rich in arabinan side-chain rhamnogalacturonan
I) have been described around pit fields (clustered plasmodesmata), although their relevance re-
mains elusive. A putative pectate lyase is required for the dedifferentiation of plasmodesmata into
sieve pores (pores connecting the sieve elements to form the conductive tubes of the phloem). A
callose synthetic enzyme (CALS?7) also participates in this process, suggesting that there are inter-
actions between callose and pectin regulatory activities during phloem development (66). Besides
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Figure 3

Multiple factors influence molecular trafficking through plasmodesmata. (#) Plasmodesmata density and clustering. Face 1 represents a
cell wall with numerous randomly distributed plasmodesmata, leading to higher molecular flux compared to face 2, which has fewer
pores. While faces 2 and 3 have the same plasmodesmata count, their distribution patterns, either random or grouped in pit fields,
further impact the flux capacity at the cell—cell interface. () Plasmodesmata exhibit a range of geometries that vary depending on the
tissue type and developmental stage. These shapes include straight, with or without a central cavity; branched; and funnel-like
structures. Each of these architectures influences transport. (c) Wall thickness affects molecular transport between cells. As the cell wall
thickens, the time taken for molecules to reach neighboring cells increases. (d) The radius of the cytoplasmic sleeve. The larger the
distance between the desmotubule and the plasma membrane, the greater the available space for molecular transport. (¢) Cortical ER
positioning. The displacement of the dumbbell-shaped ER at the entrance leads to the closure of the plasmodesmata aperture.

(f) Molecular diffusion and bulk flow. (Lef) Concentration gradients can drive directional molecular diffusion between cells from a
higher to a lower concentration. (Right) Bulk flow is the directional movement of fluid such as water carrying along molecules by a
pressure gradient. Please note that bulk flow can also work against the molecular concentration gradient. Abbreviations: C, molecular
concentration; ER, endoplasmic reticulum; P, hydrostatic pressure.

pectins, analysis of plasmodesmata cell walls found the presence of fucosylated xyloglucans, al-
Glycosylphos- though their role in plasmodesmata function is still under investigation (115). Arabinogalactan
phatidylinositol proteins are also found at plasmodesmata walls, and recent data suggest that they are required for

(GPI): a lipid anchor . .
for membrane-bound plasmodesmata biogenesis (106).

proteins, consisting of Perhaps linked to cell wall modifications, the lipid composition of the plasmodesmata mem-
a glycan (sugar) chain brane also differs from other membrane domains (Figure 2). Lipidomic profiling showed an
attached to a abundance of sphingolipids and sterols as well as saturated fatty acid phospholipids (48, 90, 154).
phosphatidylinositol

These lipids are important for the localization of glycosylphosphatidylinositol (GPI)-anchored

lipid proteins, a feature found in several plasmodesmata proteins [such as BGs and plasmodesmata
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callose-binding proteins (PDCBs)]. Anionic lipids, such as the low-abundant phosphatidylinositol-
4-phosphate, are proposed as molecular determinants for the localization and activity of multiple
C2 domains transmembrane region proteins (MCTPs), which tether plasmodesmata membranes
(13, 117). However, experimental evidence supporting the presence and function of this lipid at
plasmodesmata is missing.

Mutants with disrupted sphingolipid accumulation displayed defects in plasmodesmata ultra-
structure and transport capacity (149). Lipids interact with plasmodesmata proteins, such as the
plasmodesmata-located protein 5 (PDLPS5), which binds t18:0-based sphingolipids and acts as an
important regulator of callose (90) (Figure 2). Similarly, the hypothesis that lipids may interact
with wall components is under investigation (142).

2.2. Progress Toward Defining the Plasmodesmata Proteome

The plasmodesmata proteome from Arabidopsis cell cultures (6, 13, 39) and leaves (65, 78); poplar
cells (81); virus-infected tobacco cells (114); and, more recently, the moss Physcomitrium patens
(47, 65) has been experimentally determined. The work involved cell wall fractionations, diges-
tion, and mass spectrometry of the membrane fraction. These fractions remained contaminated;
thus, comparative approaches that filter for predicted domains and validation using fluorescent
fusions are required to confirm structural components. A resource was generated that compiles
plasmodesmata proteomes of different plant species predicted and verified by independent studies
(47; see also https://pddb.uni-hohenheim.de/home.html). Using experimental information, an
in silico tool was also released [plasmodesmata in silico proteome 1 (PIP1) (69)] for the prediction
of plasmodesmata proteins in species in which proteomic information is not yet available. Us-
ing comparative phyloproteomics, Johnston et al. (65) identified evolutionarily conserved proteins
that associate with plasmodesmata (65) (Table 1). Together, in silico and experimental approaches
have generated lists of plasmodesmata proteins including BGs, CALSs, PDCBs, PDLPs, MCTPs,
tetraspanins, and leucine-rich repeat receptor-like kinases that are more abundant components
(70) (Figure 2; Table 1).

In parallel to proteomic studies, several reports have identified plasmodesmata-localized pro-
teins and contributed to our knowledge of their biological function (discussed in Section 5) (10, 13,
41, 85, 140, 153). Knowledge has been gathered about structural domains that determine protein
targeting to plasmodesmata, but, so far, a unique signature is unknown (95).

2.3. Plasmodesmata Transient Components: Mobile Proteins and Transcripts

Data are still emerging on plasmodesmata transient components, including proteins and RINAs.
Bioinformatic analysis by Kirk et al. (69) revealed significant overlap (more than 10x greater
than chance) between proteins identified in the plasmodesmata proteomes and mobile factors
exchanged between Arabidopsis thaliana and the parasitic plant Cuscuta australis (dodder) (89).
One hypothesis proposes that, during isolation, mobile proteins are captured while transiently
associated with plasmodesmata.

Early work identified mobile proteins serendipitously by characterizing their subcellular lo-
calization. For example, the transcription factors SHORTROOT (SHR) (103) and KNOTTED
1 (KN1) (94, 140) were identified by comparing their promoter and protein expression domains.
Similarly, microRNAs (e.g., miRNA165/miRNA166) that move in a plasmodesmata-dependent
manner were identified by comparing their expression (using in situ hybridization) and the
degradation of their targets (18, 140).

The discovery that proteins such as KN1 traffic (likely as a ribonucleoprotein complex) with
their messenger RNAs (mRNAs) made a fundamental conceptual contribution to the field (68, 94).
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Table 1 Evolutionarily conserved plasmodesmata proteins®

Example of verified

Panther family Family name protein (reference) At-1 [ At-2 [At-3 | Pt | Nb

PTHR32227 GLUCAN ENDO-1,3-p-GLUCOSIDASE AT3G13560/PdBG1 (10) 8 6 2 6 3

PTHR31279 PROTEIN EXORDIUM-LIKE 5 Pp3c19_8770/ EXOL1 (47) 0 4 1 8 1

PTHR32191 TETRASPANIN-8-RELATED At3g45600/TET3 (39) 3 4 0 4 1

PTHR31707 PECTINESTERASE Pp3c18_22120/PME (47) 0 3 2 6 1

PTHR31682 UDP-ARABINOSE MUTASE RGP2 (124) 1 2 0 5 1

PTHR45648 GDSL LIPASE/ACYLHYDROLASE Pp3cl2_25610 (47) 1 3 3 0 1

PTHRI11119 XANTHINE-URACIL/VITAMIN C Pp3c16_840 (47) 6 7 0 7 0
PERMEASE

PTHR31235 PEROXIDASE 25-RELATED Pp3c12_19290/PRX71 (47) 0 7 3 5 0

PTHR31867 EXPANSIN-A1S5 NbEXP1 (114) 0 1 0 7

PTHR31425 PHOSPHORIBOSYLANTHRANILATE AT1GS51570/MCTP4 (13) 4 3 0 2
TRANSFERASE ISOFORM 1

PTHR31062 XYLOGLUCAN Pp3c6_480/XTH_1 (47) 3 1 0 0 2
ENDOTRANSGLUCOSYLASE

PTHR22298 ENDO-1,4-3-GLUCANASE Pp3c3_7980 (47) 0 1 0 3

PTHR10774 EXTENDED SYNAPTOTAGMIN- AT2G20990/SYTA (82) 0 3 0 3 0
RELATED

PTHR31238 GERMIN-LIKE PROTEIN SUBFAMILY 3 | Nt-PDGLP1 (52) 0 0 3 3 0

PTHR31044 CARBOHYDRATE-BINDING X8 DOMAIN | AT5G61130/PDCBI (131) 3 0 0 0
SUPERFAMILY PROTEIN

PTHR23050 CALCIUM-BINDING PROTEIN CMLA41 (1406) 0 1 0 2 0

PTHR33734 LYSM DOMAIN-CONTAINING AT2G17120/LYM2 (38) 1 1 0 0 0

GPI-ANCHORED PROTEIN 2

*The table lists Panther protein families identified in the moss proteome (47, 65), containing at least one member with verified plasmodesmata localization.
These protein families are also identified in plant proteomes obtained for Arabidopsis thaliana [At-1 (13); At-2 (39); At-3 (65)], Populus trichocarpa [Pt (81)],
and Nicotiana benthamiana [Nb (114)]. An example of a family member with confirmed localization is mentioned (reference in parentheses) as well as the

number of family members identified in each of the plant proteomes.
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More recent evidence supports the importance of mobile transcripts and miRNAs in diverse pro-
cesses (reviewed in 56, 72, 76), including leaf patterning (55), meristem development (e.g., 93),
and sink-source relations (e.g., 23, 150). To identify transcripts that move for long distances from
shoot to root and root to shoot, researchers have used grafting and/or profiling of phloem sap ex-
udates (reviewed in 67). Grafting involves connecting the upper part of one plant with the lower
section of another plant, leading to the formation of new plasmodesmata, reconnection of the
vascular tissue, and restoration of molecular trafficking. RNA sequencing and mapping of single-
nucleotide polymorphisms after grafting two different Arabidopsis ecotypes detected thousands of
transcripts, ribosomal RNAs, transfer RINAs, and various classes of small RNAs that moved uni-
or bidirectionally across the graft (junction), suggesting that they were transported via the newly
formed plasmodesmata. These molecules are unlikely to move alone in the phloem sap, and it
is hypothesized that they form complexes with ribosome and proteasome components present
in the exudate (74, 110). The mechanism for transport and unloading of silencing RINAs from
source-to-sink tissues was found coupled to ARGONAUTE (AGO) proteins and their consump-
tion mechanism (34). Interestingly, up to a quarter of identified mobile transcripts move against
the source-to-sink gradient, which indicates alternative mechanisms for transport.
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How the plant controls the long-distance transport of RNAs and proteins in the phloem and
their unloading is still under investigation. A screen based on trichome rescue of the glabrous 1
(¢/1) mutant, via mesophyll expression of the cell-autonomous protein GL1 fused with the mo-
bile KN1 homeodomain, was used to identify factors affecting symplasmic transport. This screen
identified chaperonins (147) and an RNA exosome subunit (73) presumably involved in binding
and modifying the structure of protein and mRNA targets preceding their intercellular move-
ment. A separate study in Arabidopsis proposes that plasmodesmata targeting of mobile RNAs is
mediated by organelle-localized RNA-binding proteins [such as rotamase cyclophilins (ROCs)]
and dependent on actin and microtubules (96). MS2-based mRINA live cell imaging (a tagging
technique based on the affinity between the MS2 coat protein and the hairpin RNAs) showed that
mobile mRNA colocalizes with a marker for multivesicular bodies and plasmodesmata targeting
is impaired in the quadruple 7oc mutants. Despite these advances, many questions remain about
the mechanisms underlying plasmodesmata targeting and transport of both RNA molecules and
proteins.

3. CURRENT INSIGHT INTO THE FORMATION OF PLASMODESMATA

Plants continuously generate plasmodesmata, and their regulated insertion is important in shaping
communication pathways between plant tissues. In this section, we delve into our current under-
standing of plasmodesmata formation and emphasize the plasticity and intricate interplay between
the emergence of plasmodesmata, plant growth, and development.

3.1. Failing to Insert Plasmodesmata During Cytokinesis

Plant cells undergo simultaneous division and establishment of cell-cell connections, synergis-
tically integrating these two cellular processes that are essential for multicellularity. When cells
divide, plasmodesmata are inserted into the new cell wall, and, once cellular replication is com-
plete, the twinned daughter cells are linked by hundreds of plasmodesmata, allowing immediate
cell-to-cell communication (46, 58, 155).

Cell division involves two main processes: mitosis and cytokinesis. During mitosis, the nuclear
components are divided, while cytokinesis involves the partitioning of cytoplasmic and membrane
components, resulting in the physical separation of daughter cells and the loss of membrane and
cytosolic continuity. In contrast to textbook models, cell division in plants does not terminate with
the complete separation of daughter cells. Instead, twinned cells remain interconnected through
plasmodesmata, ensuring cytoplasmic, PM, and ER continuity, through incomplete cytokinesis.
Cytokinetic cytoplasmic bridges are not exclusive to plants but are also found in various eukaryotic
lineages, including animals, fungi, and red and brown algae, presenting clonal multicellularity (19).
Consequently, they have been suggested as a crucial structural basis for multicellularity, enabling
cells to remain connected and exchange signals following division (19). Although incomplete cy-
tokinesis occurs in specific cell types in animals (97), plants employ this mechanism systematically
to establish their communication network.

The molecular mechanisms of plasmodesmata insertion during cytokinesis remain poorly
understood. Most of the foundational work on this subject was performed in the 1970s and 1980s
using electron microscopy and chemical fixation (54, 58, 125) and, more recently, by applying
high-pressure freezing (130). Plant cytokinesis involves the formation of the cell plate, a primary
structure built through the cooperation of the post-Golgi endomembrane system and the phrag-
moplast, an array of microtubules and actin filaments (134). The cell plate originates as a disk and
gradually grows outward until it reaches and fuses with the side walls, creating a new wall that
separates the parental cell into two daughter cells. Electron microscopy suggests entanglement of
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the ER in the cell plate, contributing to the prevailing notion of accidental entrapment. However,
given the highly dynamic nature of the ER (112), cellular coordination of both ER positioning
and maintenance across the cell plate is likely necessary. Members of the reticulon family, with
ER-shaping function, were reported to associate with cytokinetic plasmodesmata (75). To date,
however, their implication in plasmodesmata biogenesis is unknown. Likewise, the molecular
mechanisms responsible for incomplete cytokinesis in plants are currently unknown.

3.2. Shaping the Intercellular Landscape: The Emergence of Plasmodesmata
During Development

In the mature plant body, cells are interconnected by plasmodesmata, but the density of these
connections varies depending on cell type, tissue, and developmental stage. Not all cell-cell inter-
faces have the same capacity to transfer molecules, hormones, or nutrients to neighboring cells.
This distribution reflects preferential symplasmic transport pathways that are important for main-
taining auxin gradients (101) or facilitating communication within specific cell groups (44). The
intercellular communication network requires modularity, where not all cells should be equally
connected.

Communication capacity varies even at early stages of a cell’s life. For example, in the root apical
meristem, plasmodesmata density differs in division walls of adjacent cell types but also within a
single tissue/cell lineage (155). Root epidermal cells have more plasmodesmata in their apical and
basal walls than in their side walls, and macromolecule transport primarily occurs longitudinally
(44).

Plasmodesmata distribution also changes during cell expansion and differentiation (40). As cells
elongate, the walls undergo significant surface area increases, sometimes reaching magnitudes
that are many hundredfold larger than the initial cell (27). Without additional communication
channels, plasmodesmata formed during cytokinesis could become diluted, compromising cell-
to-cell communication. During cell expansion and differentiation, the architecture and structure
of plasmodesmata are also changing. Plasmodesmata go from type I single-stranded pores with a
narrow diameter to a more complex structure with a modification of their trafficking properties,
such as directionality for funnel-shaped plasmodesmata (105, 111).

The insertion of plasmodesmata in postmitotic cells involves wall perforation, ER strand in-
sertion, and PM tube reformation. The molecular machinery behind this phenomenon is still
unknown, but primary plasmodesmata were proposed to act as priming sites for secondary plas-
modesmata insertion. Wall expansion triggers the insertion of new plasmodesmata along existing
ones, and this iterative process leads to the formation of clustered plasmodesmata (pit fields) (37).
It is important to note that, according to modeling, the clustering of plasmodesmata reduces the
capacity for cell-to-cell transport in comparison to a random distribution (32) (Figure 3). In ad-
dition to wall expansion, hormones such as cytokinin influence plasmodesmata formation (109).
In the vegetative shoot apical meristem, the application of cytokinin leads to an approximately
threefold increase in plasmodesmata occurrence within just 20 h. A similar increase in density was
observed during the transition from vegetative to floral stages, occurring 24 h after exposure to
long-day conditions. Although we still do not know how this translates into the modification of
transport capacity, these findings collectively suggest that plasmodesmata formation is regulated
by multiple pathways.

Removal of plasmodesmata is equally important in shaping the intercellular landscape. For
instance, during the maturation of stomata, the guard cells lose their plasmodesmata connec-
tions, leading to symplasmic isolation (30). This process allows the stomatal complex to attain
autonomy and control over internal solute concentration, enabling the buildup of turgor pressure
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essential for gas exchange and water balance. Removal of cytokinetic plasmodesmata also occurs
during cell differentiation in the root meristem, most likely contributing to the experimentally
observed decrease in cell-to-cell diffusion in the elongation zone (44). The mechanisms and
speed of plasmodesmata removal are still poorly understood. These aspects deserve attention
as they confer an additional layer of flexibility to the adaptive characteristics of the intercellular
network.

4. PLASMODESMATA MECHANOBIOLOGY AND BIOMECHANICS

Plasmodesmata exhibit structural plasticity, meaning that they can change their architecture and
distribution in response to developmental or environmental signals. Fast opening/closing mech-
anisms and rapid changes in symplasmic transport rely on plasmodesmata mechanical properties
(their deformability or the resistance to deformation when subjected to mechanical forces), which
are, in turn, under the influence of structural components (protein/lipid/wall polymers) and
changes in turgor pressure (59, 113). In this section, we review the ongoing research in plas-
modesmata mechanobiology and biomechanics, establishing correlations and comparisons with
other physical systems.

4.1. Plasmodesmata Under Cell Wall Pressure

Callose accumulation reduces plasmodesmata permeability as shown by genetic studies [e.g., cal-
lose synthase 3 mutant (cals3m), plasmodesmatal beta 1,3 glucanase 1 (pdbgl), pdgh2, and gfp-altered
trafficking 1 (gatl)] (9, 10, 140). Both callose synthetic and degrading enzymes are localized at
plasmodesmata; thus, callose are assumed to experience a rapid turnover underpinning a tight
regulatory mechanism. Callose accumulation is thought to impose physical barriers that constrict
the channel aperture (Figure 3d), although callose may also play a role in channel shape and
influence wall thickness.

Knowledge from other systems, such as pollen cell walls and fungal-induced papillae, has
contributed to a widely accepted model suggesting that callose strengthens plant cell walls (45).
Experimental evidence testing the properties of callose (using $-1,3-glucan analogs) in ionic liquid
and hydrogel mixtures contradicts this model (1). Increasing the callose concentration in cellu-
lose mixtures led to a decrease in the Young’s modulus (i.e., elastic modulus) and a displacement
in the fracture point, suggesting an increase in ductility and elasticity. This result was supported
by a decrease in cellulose organization when comparing cell walls extracted from wild type and
seedlings expressing the callose synthase-activated version cals3m. Another important conclusion
from this study (45) indicates the capacity of cellulose to interact with callose, a concept further
corroborated using molecular simulations (78a). The degree of callose deposition at plasmodes-
mata is thought to determine the level of restriction imposed on molecular transport. However,
the proposed cellulose—callose interactions indicate that this effectis nonlinear (very small changes
in callose can exponentially impact wall properties). Predictions from the molecular simulation
also indicate that callose hydrophilicity might strongly impact cell wall mechanical properties.
This aligns well with the increased degradability (enzymatic accessibility) of transgenic poplar
woody biomass ectopically expressing a hyperactive callose synthase (12). Together, the data point
to callose as a plasticizer, making cellulosic walls more flexible to accommodate the passage of
macromolecules through plasmodesmata.

Cellulose, pectins, hemicelluloses, and other structural proteins might also contribute to plas-
modesmata stability, positioning, and function. In contrast to callose, nothing is known about the
properties of these components at plasmodesmata or how changes in the callose structure modify
its biophysical properties.
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4.2. Plasmodesmata and Changes in Cell Turgor Pressure

In plants, turgor pressure is crucial for maintaining cell shape and rigidity and for supporting phys-
iological processes such as nutrient transport and cell expansion (59). Turgor pressure is generated
by the influx of water into the cells through osmosis, driven by the concentration of intracellu-
lar solutes (59). When water enters the cells, it fills the vacuole and exerts pressure on the walls.
This pressure is transmitted to neighboring cells through plasmodesmata, creating a balance of
turgor pressure across the plant tissue. Plasmodesmata play an essential role in maintaining turgor
pressure equilibrium because they allow the free flow of water and solutes between cells. As they
move, water and solutes help equalize the turgor pressure among neighboring cells, ensuring that
it is evenly distributed throughout the tissue and protecting the mechanical integrity of tissues.

A recent study measured the translational water diffusion through plasmodesmata in maize
roots, using the nuclear magnetic resonance spin echo method (3) to find that the rate of water
flow via plasmodesmata along a linear cell chain was in the range of 4.5 x 1077 t0 8.8 x 1077 m/s.
Methods were also developed to quantify symplasmic (cell-to-cell) transport of water in 12-day-
old lupin roots (152). Zarebanadkouki et al. (152) combined the quantification of deuterated water
distribution imaged by rapid neutron tomography with an inverse simulation of water transport
across root tissues to calculate the total flow of water across the apoplastic and the symplasmic
pathways. They found a higher radial flux through the apoplastic pathway (104 & 73 x higher at
0.06 cm from the root center), but, at the endodermis, the overall contribution was rather simi-
lar in both pathways at a flow rate of ~0.03 cm?/s. Accessible models [e.g., MECHA (28)] were
developed to compute the flow of water across the root. The model predicts that radial hydraulic
conductivity values are particularly sensitive to changes in plasmodesmata conductance, especially
after endodermal suberization (i.e., the reinforcement of apoplastic barriers by the addition of
suberins).

The importance of turgor pressure on the dumbbell-shaped desmotubule and its capacity to
obstruct molecular flow was considered by Park et al. (113). The authors developed a model
of pressure-regulated plasmodesmata permeability, where the position of the dumbbell-shaped
desmotubule changes to obstruct plasmodesmata apertures (113) (Figure 3e). Using this model,
the authors predict slow decreases in permeability at low pressure but dramatic modifications
when changes in pressure are >150kPa. These predictions align well with experimental observa-
tions and explain responses that are presumably faster (on the order of seconds) than changes in
callose metabolism.

4.3. Symplasmic Molecular Flow Driven by Changes
in Plasmodesmata Architecture

Changes in the architecture of plasmodesmata influence the rate at which molecules flow through
plasmodesmata (i.e., the symplasmic molecular flow). Plasmodesmata can undergo remodeling,
such as expansion or contraction, and branching in response to developmental and environmental
cues. In rare cases, the desmotubule can be removed, eliminating obstacles for transport, such as
in nitrogen-fixing actinorhizal root nodules of the Australian tree Casuarina glauca (33).

It is not difficult to conceptualize how changes in shape can influence flow mechanics across
plasmodesmata. Plasmodesmata geometry determines their resistance to diffusion and convective
flow as well as the SEL. For instance, funnel-shaped, instead of simple cylindrical, plasmodesmata
connect the protophloem cells with surrounding cells in multiple species (111). These conical
geometries reduce the physical resistance to symplasmic phloem unloading by bulk flow and
molecular diffusion (Figure 3f). Theoretical evaluations indicated that small opening angles of
about 3° reduce the hydraulic resistance by over 90%, and the diffusive resistance by some 70%
when compared to cylindrical straight geometries (111). The effect of structural shape on
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plasmodesmata permeability is so relevant that it can override the effect of increasing
plasmodesmata density or SEL.

Plasmodesmata shape changes have also been suggested to be linked to modifications in PM-
ER membrane contact sites (MCSs) (105, 149). Looking for protein tethers bridging the two
membranes, Brault et al. (13) identified MCTPs that specifically associated with plasmodesmata
(13). Other proteins, such as SYNAPTOTAGMIN 1 (SYT1), SYT5, and SYT7, have also been
described as general (cortical ER-bulk PM) and plasmodesmata-associated tethers and shown to
positively regulate virus movement from cell to cell without affecting the symplasmic molecular
flow between cells (20, 63, 82). A tight PM-ER tethering is correlated with type I plasmodesmata.
Theoretical models suggest that tight PM-ER tethering together with type I plasmodesmata ge-
ometry affects symplasmic permeability differently depending on whether it is present in thin
(approximately 100 nm in width) or thick (average 200 nm) cell walls (32). Defects in the transition
from type I to type II (with a visible cytoplasmic sleeve) plasmodesmata (as found in mutants in the
PHLOEM UNLOADING MODULATOR gene) increased symplasmic trafficking (149). Insights
obtained from theoretical models suggest that transport time scales quadratically with the radius
of the central region, whereas the relative transport volume depends on length. Thus, straight
(type I-like) plasmodesmata perform better in thin cell walls (32). Other modifications, such as
branching and clustering, create physical and mechanical constrictions to symplasmic transport
(Figure 3a,b). Some models have considered these factors, but experimental and ultrastructural
evidence is missing to dissect quantitatively their impacts on cell-to-cell trafficking.

5. PLASMODESMATA UNDER DEVELOPMENTAL
AND ENVIRONMENTAL PRESSURES

Plasmodesmata formation and function are under the continuous influence of developmental and
environmental cues. In this section, we explore recent research linking growth, plant responses to
stress, and cell-to-cell trafficking.

5.1. Plasmodesmata in the Development of Plant Organs

The density and permeability of plasmodesmata determine symplasmic domains within tissues,
leading to the exchange and confinement of signals and cell fate transitions. Apical meristem
development, the initiation of lateral organs, stomata and root hair formation, sink-to-source tran-
sitions, and distinction between abaxial and adaxial sides in leaves, among other processes, are
all preceded by symplasmic domain formation (71, 126). The development of sink tissues relies
on sugar unloading via plasmodesmata, which is regulated by the TARGET OF RAPAMYCIN
(TOR) metabolic signaling network in leaves (14). The FLOWERING LOCUS T (FT) family
members are loaded in the phloem of source leaves and unloaded via the symplast in the apex
where they induce flowering (151). Recent work has focused on the role of FT and plasmodes-
mata in the break of bud dormancy in response to photoperiod (121, 133). Another developmental
process controlled by FT-like proteins and the formation of symplasmic domains is tuberization
(104). Recent research found that the FT-like SELF-PRUNING 6A (SP6A) protein interacts
with the conserved transcription factor BRC1b, and this interaction blocks tuberization in aerial
nodes of potato. BRC1b promotes bud dormancy, preventing the formation of sugar sinks in the
bud that compete with the stolons (enlarged stems that thicken to develop into potato tubers).
The mechanism involves the hormone abscisic acid (ABA), the expression of ABA-related genes,
and a reduction in the number of plasmodesmata, which blocks SP6A movement into the buds.
RNA interference lines reducing BRC1b expression led to the formation of more plasmodesmata,
enhancing the expression of SP6A in the bud and the formation of aerial tubers (104).

www.annualreviews.org o Plasmodesmata: Channels Under Pressure

Membrane contact
site (MCS):

the physical apposition
of two membranes
driven by tether
proteins without
membrane fusion

Symplasmic
domains:
interconnected regions
within a plant’s tissues
where movement of
substances occurs
through the
cytoplasmic
continuum created by
plasmodesmata

Abscisic acid (ABA):
a key signaling
hormone that helps
plants adapt and
respond to changing
environmental cues
such as temperature
changes and water
stress

303



Brassinosteroid
(BR): a class of plant
hormones that plays
crucial roles in
promoting plant
growth and
development,
including cell
elongation, cell
division, and
differentiation; BR
precursors move
through

plasmodesmata

304

Plasmodesmata also serve as conduits for other mobile proteins and RNAs that regulate devel-
opment. For example, mobility of the transcription factor WUSCHEL (WUS) within the shoot
apical meristem and the WUS-RELATED HOMEOBOX 5 (WOX5) in the root apical meristem,
together with miR394 targeting repression factors, generates a feedback loop that promotes meris-
tem development while maintaining the stem cell pool (see 71 and references therein). However,
plasmodesmata-mediated regulation of the mobile transcription factor SPEECHLESS (SPCH),
which controls stomatal formation and patterning, is required to avoid the formation of clustered
stomata and disorganized cell divisions in the stomatal lineage (50, 77).

The relationship of plasmodesmata with relevant phytohormones such as auxins, cytokinins
and, more recently, brassinosteroids (BRs) has emerged (126). A new article highlights the im-
portance of short-distance intercellular movement of BR precursors through plasmodesmata to
establish and maintain BR signaling maxima in the root elongation zone (8, 144). In turn, the
cellular BR content modifies plasmodesmata permeability to optimize its own transport.

Auxins control the expression of plasmodesmata proteins (including CALSs, PdBGs, and
PDCBs) and the formation of symplasmic domains during lateral root development and in the
tropic response (53, 98). Meanwhile, the ectopic expression of a hyperactive CALS3 (cals3m) in
the quiescent center led to a failure in the formation of local auxin maxima and in the expression
gradient of PLETHORA proteins (transcription factors essential for root meristem maintenance)
(36, 91, 127). Computational modeling predicted that symplasmic transport is critical for the for-
mation of informative auxin gradients across root tissues (101). Consideration of auxin transport
via the symplasm improves the predictions of auxin cellular concentrations by computer models.
This is also true when generating predictions for auxin transport from leaf tips to the petioles:
a signal mediating the shade-avoidance response (41). A model based on photoactivation assays
indicates that the rate of symplasmic transport is higher in the longitudinal versus the transversal
direction in elongated petiole cells, and this directionality was essential for proper auxin distribu-
tion in response to shade. Supporting the model, gs/§ (a mutant in a CALS gene) was impaired in
auxin distribution and, concomitantly, in leaf movement upon application of radioactive auxin at
the tp.

The links between auxin transport and plasmodesmata remain of interest as auxin is a key regu-
latory factor in the development of multiple organs. Blocking plasmodesmata in the root cap using
the icals3m system (i.e., the induction of hyperactive cals3m) altered auxin distribution and root
meristem development (83). Linh & Scarpella (86) indicate that regulated symplasmic movement
of auxin or an auxin-dependent signal is required for proper leaf vein patterning (86). Lateral root
emergence is also controlled by the transport of auxin which, in turn, triggers a feedback loop that
regulates the expression of the PDLPS5 in the tissue overlying the primordia (123). Besides auxins
and ABA, cytokinins are also regulators of symplasmic transport, providing another hormone-
mediated mechanism with implications for the development of multiple plant organs (61).

In summary, plasmodesmata control the transportation of developmental signals, including
sugars and phytohormones, while being affected by the concentrations of these same phytohor-
mones. This interaction influences RNA and protein expression domains crucial for cell fate
transitions, cell specification, and organogenesis.

5.2. Plasmodesmata in Environmental Signaling

Plants need to adapt to fluctuations in their environment, including temperature shifts, wa-
ter and nutrient availability, and light intensity. To thrive in their ever-changing environment,
plants modify their growth pattern, and these adaptative measures involve changes in cell-to-cell
communication (70, 129).
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Due to the escalating impact of global warming, there is growing interest in studying how
plants respond to temperature fluctuations. Each plant species has an optimal temperature range
for growth and development, and deviations from this range can hinder or even halt growth, pri-
oritizing survival over growth (35, 60). In addition to short-term temperature stress, plants such as
perennial trees also protect themselves from the cold winter through dormancy, an adaptative pro-
cess that involves the suspension of active growth, shedding of leaves, and slowdown of metabolic
processes (99). Dormancy allows plants to conserve energy, protect themselves from harsh winter
conditions, and resume growth when conditions improve in spring.

How does cell-cell communication contribute to plant responses to temperature stress? Recent
research has revealed the influence of short-term cold or heat stress on intercellular transport and
its effects on shoot and root meristems.

For instance, exposing Arabidopsis seedlings to high temperatures (around 30°C) for 3—4 days
hinders phloem unloading, disrupting the supply of photosynthetic products to the root and in-
hibiting growth (87). This blockage of phloem unloading involves CALS8, which operates at the
interface between the sieve element and the phloem pole pericycle, a key interface facilitating
photosynthetic product unloading (122). The significance of CALSS8 extends beyond temperature
stress, as it has been previously identified as regulating plasmodesmata trafficking in response to
pathogen infection and wounding (29). A similar reduction in the export of photosynthesis assim-
ilates in maize leaves is linked to callose-induced plasmodesmata closure in response to moderate
chilling [14°C; 28 h (11)]. In both scenarios, changes in cell-to-cell communication happen in
specific cell types. In a similar line, cold stress leads to an increase in callose accumulation in both
the shoot apical and floral meristems of tomatoes (145). This callose build up leads to symplas-
tic isolation and altered intercellular movement of WUS, expressed in the organizing center that
non-cell-autonomously activates the expression of CLAVATA 3 (CLV3) and AGAMOUS in the
L1 and L2 layers (31, 92, 128, 148). Similarly, inhibition of cell-to-cell transport of Solanum ly-
copersicurn WUS (SIWUS) prevents the activation of SICLV3 and TAGI (the homologous gene
of AGAMOUS in tomato) genes, resulting in an expanded stem cell population and malformed
fruits (145).

The modulation of callose dynamics in response to cold employs a mechanism akin to
bud dormancy, involving changes in the hormonal balance of ABA and gibberellic acid (GA)
(Figure 44). During winter, perennial plants enter dormancy, ceasing growth and intercellular
communication. Growth resumes in spring after dormancy is released, triggered by prolonged
exposure to cold and the restoration of intercellular communication (119, 133, 139). As winter
progresses, the cell-cell network transitions from a lock-down state to an open state in preparation
for spring growth. The survival of trees depends on precise timing and response to cold, which
itself relies on the restoration of cell-to-cell communication. In perennial trees, as in tomato
meristem, callose deposition/degradation is linked with ABA and GA signaling (139, 141).

Bud dormancy is activated through the ABA pathway, upregulating CALS1 and suppressing
BG proteins to block plasmodesmata (139). GA signaling counteracts callose, promoting the dor-
mancy break by restoring the symplastic route through BG upregulation (42, 120, 133). In seeds,
however, ABA has an opposite effect by inducing BG14, which reduces callose at plasmodesmata,
influencing seed longevity and dormancy in Arabidopsis (143).

Plasmodesmata also play a significant role in adaptive plant responses to water availability
(100) (Figure 4b). Treatment of Arabidopsis seedlings with osmolytes such as polyethylene gly-
col, NaCl, and mannitol, which reduces the water potential, triggers plasmodesmata closure via
the deposition of callose (48, 69). This mechanism integrates with hormonal pathways to control
root branching in response to changes in water availability. Hence, when roots lose contact with
moist soil, lateral root formation is repressed through a process called xerobranching (108). The
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Dynamic response and adaptation of plasmodesmata cell-to-cell communication to environmental pressure. (#) Plasmodesmata
undergo a lockdown during winter dormancy resulting from ABA-triggered callose deposition (119, 133, 139). Closed plasmodesmata
are indicated by red x symbols. To break dormancy, buds require extended exposure to low-temperature conditions, simulating a winter
cue. Prolonged cold induces the reopening of plasmodesmata and movement of growth factors into the bud. The regulation of the
opening and closing of plasmodesmata in response to cold is modulated by the plant hormones ABA and GA. (§) Inhibition of lateral
root growth during transient water deficit. The growth of lateral roots is hindered under water scarcity conditions, a phenomenon
known as xerobranching (108). Lateral roots typically emerge from cells located in the pericycle layer of the root and are regulated by
the hormone auxin and ABA. However, when roots no longer have access to moist soil, the direction of water transport changes, along
with changes in the distribution of the hormone ABA. ABA-triggered callose deposition results in the closure of plasmodesmata, which
prevents the inward movement of auxin. Consequently, the concentration of auxin in pericycle cells decreases, leading to the inhibition
of lateral root formation in the air gap regions. (c) Plants engage in continuous interactions with a diverse array of microorganisms,
including fungi, oomycetes, bacteria, and viruses (reviewed in 21, 45, 64, 88). These interactions can be either advantageous, as seen
with the soil bacteria rhizobia, or hazardous. As part of the plant’s defense response, plasmodesmata are initially closed upon pathogen
detection through PAMP-triggered signaling involving the production of ROS and SA, along with the involvement of
plasmodesmata-associated protein nodes such as PDLPs/NHL3 that regulate callose production via CALSs. However, microbial
pathogens counteract this defense mechanism by producing virulent effector proteins that target the plasmodesmata defense layer.
Abbreviations: ABA, abscisic acid; CALS, callose synthase; ETT, effector-triggered immunity; GA, gibberellic acid; NHL3, NON-
RACE-SPECIFIC DISEASE RESISTANCE/HIN1 HAIRPIN-INDUCED-LIKE protein 3; PAMP, pathogen-associated molecular
pattern; PDLP, plasmodesmata-located protein; PTT, PAMP-triggered immunity; ROS, reactive oxygen species; SA, salicylic acid.
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regulation of root branching in response to soil water variations involves the redistribution of ABA
and auxin hormones and adjustments in plasmodesmata permeability. In situations where roots
lose contact with moist soil, the phloem-derived hormone ABA moves from inner to outer root tis-
sues, causing plasmodesmata closure. This disrupts the inward movement of auxin with water flow,
inhibiting lateral root formation. Once the root regains contact with moisture, the ABA response
diminishes, plasmodesmata open, and auxin moves inward with the water flow, reactivating lateral
root initiation. Mutants unable to close plasmodesmata (e.g., cals7 and pdip2 pdip3) show defects in
the xerobranching response. Plasmodesmata regulation enables plants to optimize water uptake
during drought or limited moisture conditions by controlling the radial mobilization of hormones.

In all these instances, hormones, callose, and cell-to-cell transport form a cohesive network,
with ABA emerging as a key regulator of plasmodesmata permeability in response to environ-
mental pressure (7). Understanding this network will provide valuable insights into how plants
adapt and cope with fluctuating temperatures and water stresses.

5.3. Plasmodesmata in Plant—-Microbe Interactions

Throughout their life span, plants interact with a multitude of microorganisms (Figure 4c).
These interactions can be mutually beneficial or detrimental, leading to pathogenesis. Plants de-
tect microorganisms through microbial signatures, activating extracellular pathogen-associated
molecular pattern (PAMP)-triggered immunity (PTT) and intracellular effector-triggered immu-
nity (ETI) recognition and immune signaling (136). PTT acts as the primary line of defense,
recognizing extracellular conserved molecular patterns (PAMPs) such as flagellin (flg22; from
Pseudomonas syringae bacteria) or chitin (from fungi) through plant receptors on the cell surface.
Host-adapted pathogens deploy virulent factors called effectors that are delivered inside the cells
to impede host defense. In response, plants employ intracellular immune receptors to unleash a
potent second line of defense known as ETT. In both PTT and ETT, a crucial element of the cellu-
lar defense response involves modifying plasmodesmata to counteract invading microbes. Viruses,
bacteria, oomycetes, and fungi also possess the ability to manipulate plasmodesmata to invade
plants (reviewed in 21, 45, 64, 88). A battle ensues between the plant and microorganisms as they
strive to gain control over plasmodesmata.

Among these pathogens, viruses represent one of the earliest and possibly most thoroughly
explored areas in the context of plasmodesmata—pathogen interactions. Viruses utilize plasmodes-
mata as conduits for cell-to-cell movement of their viral genome and encode movement proteins to
force their way through the channels. This field of study holds historical significance in recogniz-
ing the transport capacity of plasmodesmata, together with the discovery that plasmodesmata can
be dynamically regulated (recently reviewed in 62). In response to viral infection, plants produce
callose to limit viral spreading, but viruses manipulate callose levels to counteract this defense. This
strategy, relying on plasmodesmata and callose, is also applicable to bacterial, oomycete, and fungal
infections as PAMPs and effectors induce modifications in callose at plasmodesmata (17, 21, 88).

In studies investigating plasmodesmata modifications during plant-microbe interactions, cal-
lose is consistently identified as the primary target, regardless of the specific signaling pathway
activated by pathogens. However, a remaining question is how plants integrate multiple signal-
ing pathways to achieve the common outcome of plasmodesmata closure. For example, fungal
PAMP chitin and bacterial PAMP flg22 trigger distinct immune signaling pathways through dif-
ferent receptors, but both converge on callose-dependent plasmodesmata closure (22, 38, 80).
At the top of the signaling cascade, flg22 and chitin perception by the plant triggers the pro-
duction of reactive oxygen species (ROS) through NADPH oxidase RESPIRATORY BURST
OXIDASE HOMOLOG D (RBOHD), which, in turn, leads to callose deposition (22, 38, 146).
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In parallel, the defense hormone salicylic acid (SA) also triggers callose deposition at plasmodes-
mata, likely serving to relay or amplify the PAMP-triggered response. The production of ROS
by RBOHD and the SA-induced signal both converge at PDLP1 and PDLPS5, which, in coordi-
nation with their interacting partner NON-RACE-SPECIFIC DISEASE RESISTANCE/HIN1
HAIRPIN-INDUCED-LIKE protein 3 (NHL3), integrate the information and activate CALS1
(135) (Figure 4c). As pathogen infection progresses, effectors are produced and secreted into host
cells to suppress plant defenses, including plasmodesmata responses. For instance, the Pseudomnonas
syringae effector protein HopO1-1 destabilizes PDLP5 and PDLP7, key components of the
PAMP-triggered responses regulating callose levels upon flg22 perception (4, 135). The oomycete
Phytophthora brassicae secretes the effector protein RxRL3, which targets callose synthases and sup-
presses callose accumulation, thereby promoting its intercellular movement (138). Similarly, the
tungus Fusarium oxysporum utilizes the Avr2-Six5 effectors to modify the plasmodesmata SEL,
facilitating the movement of Avr2 and enhancing virulence (17).

Plants face a delicate balance between closing plasmodesmata to restrict pathogen spread and
maintaining intercellular communication to prime defense responses to neighboring cells (132).
Distantly located, uninfected cells will then activate systemic acquired resistance (SAR), serv-
ing as an immune memory to enhance the speed and effectiveness of defense responses upon
pathogen encounter (49, 51, 118). Mobile signaling molecules, including azelaic acid and glycerol-
3-phosphate, play a crucial role in SAR establishment through plasmodesmata transport (132).
How plants balance the need to close plasmodesmata to limit pathogen propagation while main-
taining communication for non-cell-autonomous defense response is still not well understood.
Precise spatiotemporal regulation of plasmodesmata closure may be critical. In addition, the
apoplastic trafficking of immune molecules could serve as an alternative transport pathway, with
SA being preferentially transported via the apoplast, whereas phloem loading of azelaic acid and
glycerol-3-phosphate occurs via the symplast (85, 132).

Plant—microbe interactions are not always detrimental and can also be a bonus for the plants
when a symbiotic mutualistic interaction is engaged. So far, limited research has been conducted
on plasmodesmata in mutualistic symbioses. However, the available data suggest that when plants
are colonized by beneficial microorganisms such as nitrogen-fixing bacteria, they promote sym-
plastic communication within the colonized tissue (26, 43, 69). For example, within 24 h of
Medicago truncatula infection by the soil-borne bacteria rhizobia, the expression of the endoge-
nous plasmodesmata-located BG protein MtBG2 increases, leading to reduced callose levels (43).
Nodulation is stimulated by ectopic expression of MtBG2, whereas silencing MtBG2 or overex-
pressing cals3m at the infection site reduces infection events and the number of nodules. PDLPs
also play a role in this mechanism as the ectopic expression of a PDLP-like protein identified in
M. truncatula modifies callose levels and improves infection and nodulation, particularly in the
presence of nitrate (69).

Opverall, itis evident that the regulation of plasmodesmata is vital in plant-microbe interactions,
with plants and microbes having evolved intricate strategies to control plasmodesmata permeabil-
ity for their benefit. Understanding the specific responses of plasmodesmata to different stress-
related stimuli is crucial for comprehending how organism-level responses are regulated in a mul-
ticellular context. Future research will be instrumental in advancing our knowledge in this field.

6. SUMMARY AND FUTURE PERSPECTIVES

Ongoing research is investigating how plants control the transport of RNAs and proteins between
cells over short and long distances. Plasmodesmata play a key role in regulating intercellular com-
munication through their formation, regulation, and removal. However, there is still a lack of
detailed understanding regarding the molecular factors and developmental/environmental cues
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that finely tune these processes. Cell wall composition, properties such as elasticity and ductil-
ity, and the presence of proteins that interact with lipids and bridge the ER and the PM, as well
as the desmotubule, are recognized as significant factors. Recent advances in electron tomog-
raphy (for determination of plasmodesmata structure and geometric features), photoactivatable/
photoswitchable probes (applied to calculate plasmodesmata permeability or symplasmic molecu-
lar flow rate), super-resolution approaches (for characterizing plasmodesmata components and
protein—protein interactions), and modeling (to predict, for example, changes in permeabil-
ity driven by changes in plasmodesmata geometries, density, and distribution) have improved
our understanding of these enigmatic structures. Single-cell transcriptomics and new grafting
methodologies are rapidly discovering a compendium of mobile proteins and RNA molecules.
New technologies to study structural mechanics and the development of physical models and
computer simulations are applied to unlock plasmodesmata regulation. Using these technologi-
cal advances, future research will reveal how plasmodesmata components (protein, lipid, and wall
polymers) integrate to regulate mechanical properties and transport capabilities across different
tissues and in varying physiological and environmental conditions.

1. Plasmodesmata are communication bridges essential for plant development and
responses to the environment.

2. Plasmodesmata structure and molecular composition are dynamic and required for fine
tuning cell-cell molecular trafficking.

3. Cell wall microdomains surrounding plasmodesmata are enriched in callose and
experience structural modifications that control symplasmic permeability.

4. The expression, activity, and localization of plasmodesmata regulatory proteins are mod-
ified in response to changes in the developmental, physiological and environmental
conditions.

5. Computational modeling and bioinformatic approaches aid in understanding intercellu-
lar transport at the micro and macro levels and how plasmodesmata geometric features
and tissue distribution contribute to effective transport.

6. Cell turgor pressure and flow mechanics influence symplasmic connectivity.

7. The density and permeability of plasmodesmata determine symplasmic domains within
tissues, leading to the exchange and confinement of signals and cell fate transitions.

8. Plants face a delicate balance between closing plasmodesmata to restrict pathogen spread
and maintaining intercellular communication to prime defense responses in neighboring
cells.

1. More research should focus on the function of ER-PM contacts in plasmodesmata
structure and function and interplay with the extracellular matrix.

2. What are the mechanisms underpinning callose action as part of different environmental
and developmental responses?
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1. Investigates for the
first time the
physicomechanical
properties of callose
analogs in cellulosic
mixture.
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3. Researchers should dig further into the interplay between plasmodesmata and hormonal
signaling.

4. Researchisrequired to unlock the physicomechanical factors influencing plasmodesmata
communication.

5. Further research should be done on the interactions between the symplasmic and the
apoplastic pathway and how they influence the establishment of information and water
gradients.

6. How does the plant control the long-distance transport of RNAs and proteins in
the phloem and integrate multiple biotic and abiotic signaling pathways to achieve
plasmodesmata regulation?

7. Solving the challenge of in vivo visualization and coordination of plasmodesmata
biogenesis, structural modifications, and function should be a priority.

8. Researchers should develop new system biology approaches that integrate knowledge
on plasmodesmata.
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