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ABSTRACT Cell-to-cell signal transduction is vital for orchestrating the whole-body physiology of multi-cellular organ-

isms, and many endogenous macromolecules, proteins, and nucleic acids function as such transported signals. In plants,

many of these molecules are transported through plasmodesmata (Pd), the cell wall-spanning channel structures that

interconnect plant cells. Furthermore, Pd also act as conduits for cell-to-cell movement of most plant viruses that have

evolved to pirate these channels to spread the infection. Pd transport is presumed to be highly selective, and only a limited

repertoire of molecules is transported through these channels. Recent studies have begun to unravel mechanisms that

actively regulate the opening of the Pd channel to allow traffic. This macromolecular transport between cells comprises

two consecutive steps: intracellular targeting to Pd and translocation through the channel to the adjacent cell. Here, we

review the current knowledge of molecular species that are transported though Pd and the mechanisms that control this

traffic. Generally, Pd traffic can occur by passive diffusion through the trans-Pd cytoplasm or through the membrane/lu-

men of the trans-Pd ER, or by active transport that includes protein–protein interactions. It is this latter mode of Pd trans-

port that is involved in intercellular traffic of most signal molecules and is regulated by distinct and sometimes

interdependent mechanisms, which represent the focus of this article.
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INTRODUCTION

Plasmodesmata (Pd) are unique channel structures plants have

evolved to allow exchange of signals and other macromole-

cules between cells otherwise separated by the rigid cell wall.

The ultrastructure of Pd is relatively well characterized at the

electron microscopic level; they represent membrane-lined cy-

toplasmic bridges, the central region of which is occupied by

the trans-Pd ER, termed desmotubule, that forms a continuum

between the adjacent cells. The space between the ER and the

plasma membrane contains cytoplasmic channels, through

which soluble molecules move from cell to cell (for review,

see Benitez-Alfonso et al., 2006; Bell and Oparka, 2011).

Non-vascular cells in a plant are connected by Pd to each other

and to the plant vascular system, the phloem, which acts as

a long-distance molecular conduit. Thus, Pd provide

a whole-body macromolecular transport network, which is col-

lectively termed the symplastic transport pathway.

In addition to the endogenous macromolecules, Pd serve as

gateways for most plant viruses, which pirate this route using

their movement proteins (MP) to modify the Pd channel and

spread from cell to cell (Figure 1) (Lazarowitz and Beachy,

1999; Waigmann et al., 2004; Boevink and Oparka, 2005; Lucas,

2006; Epel, 2009; Niehl and Heinlein, 2011). Linking their struc-

ture to function, Pd have been demonstrated to transport

soluble proteins through their cytoplasmic sleeves and

membrane proteins through the trans-Pd ER and plasma

membrane (Lazarowitz and Beachy, 1999; Waigmann et al.,

2004; Boevink and Oparka, 2005; Lucas, 2006; Epel, 2009; Niehl

and Heinlein, 2011). The ER-associated Pd transport mode is

especially relevant for cell-to-cell transport of plant viruses,

many of which encode MPs that associate with the ER

(Lazarowitz and Beachy, 1999; Waigmann et al., 2004; Boevink

and Oparka, 2005; Lucas, 2006; Epel, 2009; Niehl and Heinlein,

2011).
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Trafficking through Pd can be classified into two distinctive

types: passive transport by diffusion and active transport by

dilating the channel. Probably the most important determi-

nant for the passive molecular transport is the size exclusion

limit (SEL) of Pd, which defines the largest size of the molecule

that can fit through the undilated channel. In many cases, the

SEL is described in terms of the molecular mass of a transported

molecule, but the shape of the molecule, namely its hydrody-

namic or Stokes radius, is more important as the transport de-

terminant. Passive Pd transport is exemplified by translocation

of such marker molecules as dextrans and green fluorescence

protein (GFP), often used to monitor Pd permeability (Kim

et al., 2005a, 2005b). This type of transport functions for car-

goes that are below the SEL, and it most likely occurs directly,

without involvement of other cellular components. In con-

trast, active Pd transport target molecules that are larger than

SEL, and it presumably involves specific interactions between

the cargo and the Pd transport machinery, which lead to the

dilation of Pd. The example of such active Pd traffic is plant

viral movement. Plant viruses are equipped with the movement

factors, namely MPs that are capable of modifying Pd at the mo-

lecular level to aid traffic of viral genomes. Most viral MPs dilate

Pd without causing major morphological changes in these chan-

nels, presumably by activating the cellular pathway for the ac-

tive Pd transport. Some MPs, however, permanently modify Pd,

forming trans-Pd tubules and eliminating the innate Pd struc-

ture. For detailed information about MPs from a wide spectrum

of plant virus species, the reader is referred to many excellent

and comprehensive reviews (Lazarowitz and Beachy, 1999;

Waigmann et al., 2004; Boevink and Oparka, 2005; Scholthof,

2005; Lucas, 2006; Epel, 2009; Niehl and Heinlein, 2011).

One critical aspect of the Pd transport, the understanding of

which has advanced dramatically in recent years, is its regula-

tion. Thus, we focus here on the regulatory mechanisms of cell-

to-cell transport of non-cell-autonomous cellular proteins and

plant viruses (Figure 2). For intercellular traffic of RNA mole-

cules, including mRNA, siRNA, and miRNA, the reader is di-

rected to a recent review (Hyun et al., 2011).

Figure 1. Cell-to-Cell Transport of Viral MPs.

Constructs encoding CaLCuV MP-GFP (A, B) or TMV MP–YFP (C, D) were transiently expressed in N. benthamiana epidermal cells by biolistic
bombardment (Ueki et al., 2009, 2010a). In some cases, the expressed proteins remained confined in single cells (A, C), indicating the lack of
movement. In other cases, the proteins moved from cell to cell, resulting in signal clusters composed of several cells (B, D). These differences
in the movement capacity most likely reflect the host mechanisms that restrict viral movement as described in the text. Bars are 100 and
50lm in panels (A) and (C), respectively. All images represent single confocal sections.
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CALLOSE AS A UNIVERSAL Pd
REGULATOR

Callose, a beta-1,3-glucan, is the best-studied regulatory com-

ponent of Pd. When callose accumulates at high levels at the

neck region of Pd, it acts as a molecular sphincter that con-

stricts the channel and limits macromolecular traffic (Zavaliev

et al., 2011). Callose levels are determined by the balance be-

tween its biosynthesis by callose synthases, degradation by

beta-1,3-glucanases, and possible retention by other factors

(Sagi et al., 2005; Simpson et al., 2009; Zavaliev et al., 2010).

Also, elevated levels of reactive oxygen species (ROS) are

known to increase callose deposits and, in turn, restrict cell-

to-cell transport in the root (Benitez-Alfonso et al., 2009).

Perhaps the most extensively characterized example of cell-

to-cell transport of macromolecules regulated by callose is the

movement of Tobacco mosaic virus (TMV). During this process,

TMV MP presumably associates with the viral genomic RNA to

form a movement ribonucleocomplex (Citovsky et al., 1990),

targets this complex to Pd (Meshi et al., 1987; Tomenius

et al., 1987; Ding et al., 1992; Heinlein et al., 1995), and

increases the Pd size exclusion limit to translocate the move-

ment complex through the Pd channel (Wolf et al., 1989;

Waigmann et al., 1994). TMV MP has been shown to interact

with several very diverse host factors, including cytoskeletal

elements, calreticulin, pectin methylesterases, and DnaJ chap-

erones; these interactions have been suggested to participate

in MP targeting to Pd (Heinlein et al., 1995; McLean et al., 1995;

Dorokhov et al., 1999; Chen et al., 2000; von Bargen et al.,

2001; Chen et al., 2005; Shimizu et al., 2009). For Pd gating,

TMV MP likely interacts with a plant ankyrin repeat-containing

protein ANK; although ANK itself is a cytoplasmic protein, its

complexes with TMV MP localize at Pd (Ueki et al., 2010b).

Importantly, the TMV MP–ANK interaction leads to a decrease

in Pd callose levels and enhances cell-to-cell movement of TMV

MP (Ueki et al., 2010b), potentially via recruitment and/or

activation of cellular beta-1,3-glucanases. Consistent with this

idea, TMV MP itself has been suggested to recruit beta-1,3-

glucanases for Pd movement (Epel, 2009).

Besides viral transport, callose Pd sphincters may be essen-

tial to confine SPEACHLESS (SPCH), a bHLH protein that speci-

fies the initiation of stomatal lineage, to the expressing cell for

regulation of stomatal patterning (Guseman et al., 2010). An

Arabidopsis double mutant in the ERECTA (ER) and ERECTA-

LIKE1 (ERL1) receptor-like kinases, er erl1, with a weak pheno-

type of elevated stomatal density was used in a sensitized ge-

netic screen for more severe stomatal patterning. This

approach isolated a mutant, designated chorus (chor), with

clustered stomata and incomplete development of precursor

cells (Guseman et al., 2010). CHOR was identified as a callose

synthase, GSL8, and the chor mutant showed incomplete cyto-

kinesis and was defective in callose formation at the cell plate

and Pd in leaf epidermal cells (Guseman et al., 2010). This lack

of callose was accompanied by increased Pd transport of a tri-

metric GFP marker; more importantly, the normally cell-auton-

omous SPCH moved from cell to cell in the chor plants

(Guseman et al., 2010), demonstrating the role of callose

and callose-synthesizing enzymes in controlling Pd transport

during stomatal development.

REGULATION OF Pd BY ROS

Increasing evidence points to an important role of the intracel-

lular levels of reactive oxygen species (ROS), which represent

a by-product of photosynthesis and photorespiration, in Pd

regulation (Kim et al., 2002a; Benitez-Alfonso and Jackson,

Figure 2. Summary of Major Regulatory Mechanisms of Pd Transport of Non-Cell-Autonomous Cellular Proteins and Plant Viruses.

(A) Pd transport of some of the MADS domain transcription factors, such as AP3 and PI, occurs by diffusion.
(B) Having been transported through Pd, SHR can be anchored in a cell by binding to SCR.
(C) Numerous proteins that actively move through Pd, such as KN1 and its homologs, phloem non-cell-autonomous proteins, and viral MPs,
have the capacity to increase Pd permeability.
(D) Pd transport of proteins is restricted by callose sphincters, which can be regulated by ROS. ROS can also up-regulate Pd permeability by
an as-yet unknown pathway.
(E) Actin is found in and around Pd.
(F) Depolymerization of actin leads to elevated Pd permeability.
(G) The traffic of some viral proteins through Pd is mediated by the ER and secretion pathways.
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2009; Benitez-Alfonso et al., 2009; Stonebloom et al., 2009). In

the gfp arrested trafficking 1 (gat1) mutant in the gene coding

for thioredoxin-m3 (TRX-m3), the diffusion of GFP out of the

companion cells in the root phloem was blocked (Benitez-

Alfonso and Jackson, 2009; Benitez-Alfonso et al., 2009).

GAT1/TRX-m3 is likely involved in the regulation of redox ho-

meostasis because gat1 mutants accumulated high levels of

ROS; importantly, these mutant plants also exhibited higher

levels of callose in their root tips (Benitez-Alfonso and Jackson,

2009; Benitez-Alfonso et al., 2009), functionally linking ROS to

callose formation. Conversely, overexpression of GAT1/TRX-m3

enhanced Pd transport in mature epidermal cells (Benitez-

Alfonso and Jackson, 2009; Benitez-Alfonso et al., 2009). Thus,

GAT1/TRX-m3 and, by implication, ROS appears to have both

positive and negative effects on Pd transport, most likely

depending on the type of plant tissue that expresses this pro-

tein.

Additional support for the role of ROS in regulation of Pd

transport is lent by the studies of an Arabidopsis DEAD-box

RNA helicase INCREASED SIZE EXCLUSION1 (ISE1). Mutations

in the ISE1 gene produced higher ROS levels and caused in-

creased Pd traffic of 10-kDa fluorescent dextrans in embryos

at the mid-torpedo stage (Kim et al., 2002a; Stonebloom

et al., 2009). The homozygous ise1 mutant was embryo-lethal,

suggesting an essential function for this gene. ISE1 contains an

N-terminal mitochondrial targeting signal and the fluores-

cently tagged protein exhibited mitochondrial localization.

Consistently with its expected defective mitochondrial func-

tion, the ise1 mutant accumulated elevated levels of ROS

(Stonebloom et al., 2009). Interestingly, the homozygous

ise1 mid-torpedo embryos showed high content of morpho-

logically altered Pd, suggesting that these ultrastructural alter-

ations of the channel changed its conductivity (Stonebloom

et al., 2009). Silencing of the ISE1 gene in mature leaves repro-

duced the increased macromolecular trafficking, confirming

the involvement of ISE1 and, by implication, ROS in Pd regu-

lation.

How can ROS affect Pd transport both positively and nega-

tively? One possibility is that different degrees of increase in

ROS content may exert opposing effects on the regulatory ma-

chinery of Pd; this is by analogy to the inverted ‘bell-shaped’

dose response of tobamoviral systemic movement to the heavy

metal cadmium (Ghoshroy et al., 1998).

ACTIN MICROFILAMENTS AND MYOSIN
MOTORS AS Pd REGULATORS

Several immunolocalization studies suggested that actin and

myosin localize at Pd (White et al., 1994; Blackman and Overall,

1998; Radford and White, 1998; Overall et al., 2000; Volkmann

et al., 2003). Furthermore, actin microfilaments, alone or to-

gether with myosin and/or ER elements, are likely involved

in Pd targeting of viral proteins (Kawakami et al., 2004; Sheahan

et al., 2004; Liu et al., 2005; Prokhnevsky et al., 2005; Wright

et al., 2007; Avisar et al., 2008; Hofmann et al., 2009). Consistent

with these observations, actin is emerging as a central player in

regulation of Pd trafficking. For example, microinjection of ac-

tin-depolymerazing agents into plant cells increases Pd perme-

ability (Ding and Kwon, 1996). But perhaps the most compelling

evidence for the role of actin in Pd transport was provided by

the recent study showing thatCucumbermosaic virus (CMV) MP

and TMV MP, which are known to gate Pd, can sever actin micro-

filaments in vitro (Su et al., 2010). When the cells were treated

with phalloidin, which stabilizes actin filaments and inhibits de-

polymerization of the cytoskeleton, these two viral MPs lost

their effect on Pd permeability, linking between Pd gating

and actin depolymerization (Su et al., 2010). Both TMV MP

and CMV MP bind actin in vitro (McLean et al., 1995; Su

et al., 2010), and CMV MP may cap the plus end of the actin

filament (Su et al., 2010). It is tempting to speculate that the

cellular actin-binding proteins capable of actin filament depo-

lymerization and/or capping (Higaki et al., 2007; Yoneda et al.,

2007) may act as endogenous regulators of Pd transport.

REGULATION OF Pd TRANSPORT AND
SECRETION

Possible involvement of the secretion pathways in Pd transport

is indicated by the presence of desmotubule, a trans-Pd strand

of the ER that connects the endomembrane systems of the ad-

jacent cells. Indeed, the ER/Golgi secretion pathway has been

implicated in Pd targeting of viral proteins (Lazarowitz and

Beachy, 1999; Oparka, 2004; Waigmann et al., 2004;

Verchot-Lubicz, 2005; Epel, 2009; Niehl and Heinlein, 2011)

as well as endogenous proteins (Lee et al., 2003; Sagi et al.,

2005; Levy et al., 2007; Wright et al., 2007; Thomas et al.,

2008; Simpson et al., 2009). Notably, TMV MP associates with

the ER (Brill et al., 2000; Fujiki et al., 2006), and its cell-to-cell

transport may involve diffusion along the trans-Pd ER mem-

brane down the MP concentration gradient (Guenoune-Gelbart

et al., 2008; Barton et al., 2011). In contrast, cell-to-cell move-

ment of Tomato mosaic virus (ToMV) MP was not affected by

treatment of plant tissues with the ER/Golgi secretion pathway

inhibitor, brefeldin A (Tagami and Watanabe, 2007); the reasons

for this difference in Pd transport of these two closely related

MPs remain unclear.

A more intricate link between the host secretory system and

Pd transport of viral MPs was uncovered in a recent study that

reported specific interaction between synaptotagmins and

MPs of several plant viruses (Lewis and Lazarowitz, 2010). Syn-

aptotagmins, a family of proteins predominantly found in an-

imal cells, function as calcium sensors that regulate exo- and

endocytosis of synaptic vesicles. The function of plant synap-

totagmins is just beginning to emerge. Arabidopsis synapto-

tagmin A (SYTA) was reported to interact with MPs of three

plant viruses, two begomoviruses Cabbage leaf curl begomo-

virus (CaLCuV) and Squash leaf curl virus (SqLCV), and an un-

related tobamovirus, TMV (Lewis and Lazarowitz, 2010).

Importantly, cell-to-cell movement of TMV MP and CaLCuV

MP was significantly suppressed in the syta-1 line background
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compared to wild-type (WT), demonstrating that SYTA is es-

sential for the Pd transport of these viral MPs. Interestingly,

a SYTA deletion mutant that lacks the C2B domain interfered

with the MP movement and inhibited the formation of plasma

membrane-derived endosomes. That this SYTA mutant did not

affect the Pd localization of the viral MPs suggests that SYTA

potentiates Pd transport of MPs via an endocytic recycling

pathway (Lewis and Lazarowitz, 2010), possibly by a mecha-

nism similar to budding of retroviruses (Morita and Sundquist,

2004). Thus, vesicular endocytosis and Pd transport may share

at least some regulatory mechanisms.

REGULATION OF Pd BETWEEN
COMPANION CELLS AND SIEVE
ELEMENTS IN THE PHLOEM

The plant phloem consists of companion cells (CC) and sieve

elements (SE); because SE is enucleated, its proteins are

encoded by the CC genome and transported from CC to SE

through Pd connecting these two cell types. Furthermore,

some proteins and RNA molecules that arrive to SE from CC

continue their travel through the vascular system, spreading

throughout the plant systemically and functioning in a non-

cell-autonomous fashion (Ishiwatari et al., 1998; Ruiz-

Medrano et al., 1999). Thus, the CC/SE system represents

a unique tool to study both cell-to-cell and systemic transport

of macromolecules. For example, the leaf sucrose transporter

SUT1 is essential for phloem loading and long-distance trans-

port of photoassimilates. Both SUT1 and its mRNA are found in

SE, and the transcript preferentially associates with Pd be-

tween SE and CC, suggesting that the SUT1 mRNA as well as

the SUT1 protein are transported into SE through Pd (Kühn

et al., 1997).

Protein transport from CC to SE most likely involves up-reg-

ulation of Pd permeability because several proteins in the

phloem sap of pumpkin (Cucurbita maxima) and castorbean

(Ricinus communis), which are presumed to have moved there

from CC, increased Pd SEL when microinjected to mesophyll

cells (Balachandran et al., 1997). For example, CmPP16 from

pumpkin phloem exudate, which is functionally similar to

MP of Red clover necrotic mosaic virus (RCNMV), gates Pd,

binds its mRNA and the genomic RNA of RCNMV, possibly

transporting these molecules to distant tissues (Xoconostle-

Cázares et al., 1999).

An glimpse into the regulatory mechanisms that govern Pd

transport within the CC/EE system was afforded by the study of

non-cell-autonomous heat shock cognate 70 (Hsc70) chaper-

ones isolated from pumpkin sap (Aoki et al., 2002). Functional

analysis of mutant forms of these Hsc70s identified a C-terminal

motif that, when engineered into a human Hsp70, potentiated

Pd transport of this normally cell-autonomous protein (Aoki

et al., 2002). Although this Hsc70 domain was necessary for

transport through Pd, it was not sufficient for this process

because fusing it to GFP did not promote the GFP movement

between cells, suggesting that another domain within Hsc70/

Hsp70 is also required to induce Pd transport (Aoki et al., 2002).

The ability of the plant Hsc70/Hsp70 protein family members

to up-regulate Pd may have been adopted during the evolu-

tion by some plant viruses for their movement between cells.

Specifically, closteroviruses, such as Beet yellow virus (BYV), en-

code proteins with homology to the Hsp superfamily (Karasev,

2000). In the case of BYV, its Hsp70-related p65 protein binds

microtubules (Karasev et al., 1992), localizes to Pd (Medina

et al., 1999), and forms Pd transport-competent complex with

the viral genome (Alzhanova et al., 2001).

DEVELOPMENTAL REGULATION OF Pd
TRANSPORT

Pd permeability and, hence, traffic through these channels, are

tightly regulated, depending on the developmental stage of

the plant, tissue type, and biotic and/or abiotic stress condi-

tions (Kim et al., 2002a, 2005a, 2005b). One critical develop-

mental point at which Pd SEL is altered is during structural

changes in Pd as cells elongate and tissues mature (Burch-

Smith et al., 2011). Initially, Pd are generated during cytokine-

sis, and then continue to form as tissue develops; the former

structures are termed primary Pd, while the latter are termed

secondary Pd (Ehlers and Kollmann, 2001). In addition to this

developmental classification, the Pd can be classified based on

their structural features as simple and branched. Branched Pd

are formed by interconnecting the existing simple Pd, and they

often have central cavities that simple Pd lack and that are

formed by the intersecting channels (Burch-Smith et al., 2011).

Historically, traffic through primary Pd has been presumed

less selective as compared to transport through branched Pd

(Oparka et al., 1999). On the other hand, Arabidopsis shoot

apical meristem, which contains predominantly simple Pd,

exhibits higher SEL than other tissues (Sessions et al., 2000;

Wu et al., 2003). However, recent studies revealed more com-

plex relationships between the origin, structure, and regula-

tion of Pd permeability (for review, see Burch-Smith et al.,

2011). This notion is illustrated by the recently discovered Ara-

bidopsisprotein INCREASED SIZE EXCLUSION2 (ISE2), a putative

DEVH box RNA helicase that localizes at stress-induced gran-

ule-like structures in the cytoplasm. ISE2 was suggested to play

a crucial role in Pd permeability control because ise2 mutant

mid-torpedo embryos traffic 10-kDa fluorescent dextrans

whereas the WT embryos at the same developmental stage

do not (Kobayashi et al., 2007). Importantly, the ise2 embryos

contain both simple and branched Pd while WT embryos con-

tain only simple Pd, suggesting that branched Pd may in fact be

more permeable than simple Pd (Kobayashi et al., 2007; Burch-

Smith et al., 2011) and challenging the existing dogma of

branched Pd being more selective (Oparka et al., 1999).

Developmental regulation of Pd is necessitated by their crit-

ical role in transport of signal molecules, such as those involved

in positional signaling during morphogenesis. The first such

signal protein discovered is the maize homeodomain protein
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KNOTTED1 (KN1) (Lucas et al., 1995). The initial discovery of

KN1 cell-to-cell movement was based on the observations that

KN1 mRNA is expressed in the inner meristem cell layers, but

not in the surface L1 layer, whereas the protein is found all cell

layers, including L1 (Lucas et al., 1995). KN1 was also shown to

bind its mRNA in a sequence-specific manner and increase Pd

SEL, suggesting that this protein can transport its own mRNA

through Pd (Lucas et al., 1995; Jackson, 2002; Kim et al., 2002b).

Importantly, the Pd-mediated traffic of KN1 is directional. For

example, when GFP–KN1 is expressed in leaf mesophyll cells,

the fusion protein moves into the epidermal layer, but it does

not move into the mesophyll when expressed in the epidermis

(Kim et al., 2002b). KNOTTED1-like homeodomain protein

1/BREVIPEDICELLUS (KNAT1/BP) and SHOOTMERISTEMLESS

(STM) represent the most closely related Arabidopsis orthologs

of maize KN1. While STM, similarly to KN1, functions in initi-

ation and maintenance of shoot apical meristem, KNAT1/BP is

involved in flower development (Long et al., 1996; Bharathan

et al., 1999; Reiser et al., 2000; Douglas et al., 2002; Venglat

et al., 2002). Similarly to GFP–KN1, GFP–KNAT1/BP and GFP–

STM traffic from the L1 to the L2/L3 layers of the shoot apical

meristem (Kim et al., 2003). Furthermore, the L1-specific ex-

pression of non-cell-autonomous KN1 and KNAT1 partially

complements the stm-11 mutant, but the cell-autonomous

GUS–KN1, which does not traffic out of the L1 layer, does

not complement stm-11 when expressed in L1, demonstrating

the non-cell-autonomous function of KNAT1 (Kim et al., 2003).

The homeodomain of KN1 was found to interact with the

movement protein binding protein 2C (MPB2C), and it was es-

sential for cell-to-cell transport of KN1 (Bolduc et al., 2008).

Thus, KN1 most likely is specifically recognized by the Pd trans-

port machinery through its homeodomain, although the mo-

lecular mechanism by which this recognition leads to Pd gating

and intercellular transport remains unknown.

Another important example of developmentally regulated

Pd transport is the cell-to-cell trafficking of some MADS box

transcription factors. Specifically, an Arabidopsis type-C MADS

box factor, AGAMOUS (AG), expressed in meristem L1 layer,

moves from cell to cell and functions non-cell-autonomously

(Urbanus et al., 2010). Type-B MADS box proteins DEF and

GLO of Antirrhinum majus also traffic between cell layers

and likely function non-cell-autonomously (Perbal et al.,

1996), while their Arabidopsis orthologs APETALA3 (AP3)

and PISTILLATA (PI) do not seem to have this capacity (Irish

and Jenik, 2001; Jenik and Irish, 2001). That a GFP dimer similar

in size to AP3 and PI can diffuse between several cell layers of

the meristem indicates that the Pd SEL in this tissue is large

enough to allow also diffusion of AP3 and PI and suggests that

the inability of AP3 and PI to function non-cell-autonomously

may be due to their intracellular anchoring (Irish and Jenik,

2001; Jenik and Irish, 2001). Similarly, a plant-specific floral

transcription factor LEAFY, also known to function non-

cell-autonomously, has been suggested to move through Pd

passively (Kim et al., 2003; Bolduc et al., 2008). Collectively,

these data raise an interesting possibility that passive diffusion

within meristem may be the default cell-to-cell transport path-

way for proteins smaller than the SEL of Pd in this tissue, and

that it is the inability of such proteins to move through Pd that

is actively effected by an as-yet unknown cell-anchoring mech-

anism.

The molecular basis for the developmental regulation of Pd

permeability remains unknown. Potentially, it may involve

a specific subset of the recently described eight members of

the Pd-located proteins, PDLPs, two of which are expressed

in the shoot apical meristem (Bayer et al., 2008). One of them,

At2g33330, is expressed predominantly in the L1 layer, where

the directional transport of KN1 was observed (Bayer et al.,

2008), and the other, At1g04520, is expressed throughout

the tissue (Bayer et al., 2008). Whereas the role for PDLPs in

Pd transport of the plant endogenous proteins remains to

be elucidated, their involvement in plant viral movement

has been demonstrated. Specifically, PDLPs likely participate

in movement of Grape fan leaf virus (GFLV) and Cauliflower

mosaic virus (CaMV), the MPs of which form tubular structures

that span Pd and destroy their structure (Ritzenthaler and

Hofmann, 2007). A recent study revealed that all eight PDLPs

interact with GFLV MP and serve as anchoring points for

initiating the tubule formation (Amari et al., 2010). In the

triple pdlp1/2/3 mutant, which does not show obvious devel-

opmental phenotypes, both GFLV and an evolutionally distant

CaMV showed delayed local and systemic spread, demonstrat-

ing the important role of PDLPs in cell-to-cell and long-

distance movement of these viruses (Amari et al., 2010).

The developmental stage of the tissue may also regulate the

ability of some viral MPs to gate Pd. For example, TMV MP is

phosphorylated at its C-terminal by a Pd-associated protein ki-

nase (PAPK) (Lee et al., 2005). MP phosphorylation at the

C-terminal Ser-258, Thr-261, and Ser-265 residues negatively

regulates its Pd gating activity (Waigmann et al., 2000), and,

in tobacco leaves, this phosphorylation has been shown to

occur in a developmentally controlled basipetal fashion

(Citovsky et al., 1993), namely from tip to base, with the tip

being the most mature and the base the least developed part

of the leaf (Turgeon, 1989).

REGULATION OF DEVELOPMENT BY Pd
TRANSPORT

The relationship between Pd transport and plant development

is bidirectional: while Pd transport is regulated by plant devel-

opment (see previous section), plant development also is reg-

ulated by Pd transport. The best-studied examples of such

regulation are the effects of Pd transport of transcription

factors on root and trichome development in Arabidopsis.

Root hair positioning is determined by an intricate mecha-

nism that defines two-dimensional patterning of root hair cells

(H cells) and hairless cells (N cells) in the initially uniform root

epidermal cells. N cell differentiation is regulated by an acti-

vator-inhibitor system, which includes WEREWOLF (WER),

GLABRA2 (GL2), basic helix-loop-helix (bHLH) factors GLABRA3
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(GL3) and ENHANCER OF GLABRA3 (EGL3), CAPRICE (CPC), and

a WD40 repeat protein TRANSPARENT TESTA GLABRA1 (TTG1)

(Masucci et al., 1996; Wada et al., 1997; Walker et al., 1999;

Payne et al., 2000; Lee and Schiefelbein, 2002; Bernhardt

et al., 2003; Kurata et al., 2003; Zhang et al., 2003; Kang

et al., 2009). WER, forming the trimetric complex with TTG1

and GL3 or EGL3, promotes expression of GL2 and CPC (Payne

et al., 2000; Bernhardt et al., 2003; Zhang et al., 2003;

Bernhardt et al., 2005). The cells that express GL2 differentiate

into N cells, because GL2 suppresses root hair formation (Lee

and Schiefelbein, 1999; Koshino-Kimura et al., 2005). The CPC

gene is predominantly expressed in the N cells, but not in the

adjacent H cells, whereas the CPC protein moves to the H cells

and represses the GL2 expression (Wada et al., 2002). CPC con-

tains a distinctive amino acid motif required for its Pd transport,

suggesting that this transport occurs by an active mechanism,

rather than via passive diffusion (Wada et al., 2002). Thus, Pd

transport of CPC plays a critical role in root hair development.

Trichome spacing is also determined by an activator–

inhibitor mechanism, which involves R2R3 MYB transcription

factors GLABRA1 (GL1) or MYB23 (Kirik et al., 2004b, 2005),

bHLH factors GLABRA3 (GL3), or ENHANCER OF GLABRA3

(EGL3) (Payne et al., 2000; Bernhardt et al., 2003; Zhang

et al., 2003; Bernhardt et al., 2005), and the TRANSPARENT

TESTA GLABRA1 (TTG1) (Galway et al., 1994; Walker et al.,

1999). These proteins form a ternary transcriptional activation

complex composed of a R2R3 MYB factor, TTG1, and a bHLH fac-

tor. This complex promotes GL2 transcription, which leads the

cell to differentiate into a trichome. On the other hand, forma-

tion of trichomes is inhibited by one of R3 repeat MYB-like tran-

scription factors, such as TRIPTYCHON (TRY) (Schellmann et al.,

2002), CAPRICE (CPC) (Wada et al., 1997), ENHANCER OF TRY

AND CPC1 (ETC1) (Kirik et al., 2004b), ETC2 (Kirik et al.,

2004a), TRICHOMELESS1, and CAPRICE LIKE MYB3 (CPL3)

(Tominaga et al., 2008), which presumably compete for the

binding of R2R3 MYB to bHLH. The formation of the activation

complex in the cells undergoing trichome development is ac-

companied by the inhibition of this process in the surrounding

cells. The need to coordinate the correct trichome spacing

implies involvement of cell-to-cell transport of the regulatory

factors. Indeed, the TTG1 gene is transcribed in most epidermal

cells while the TTG1 protein levels are significantly higher in the

trichome than in the surrounding epidermis (Bouyer et al.,

2008). This discrepancy in the TTG1 transcript and protein levels

was explained based on the ability of TTG1 to bind GL3 and on

trichome-specific expression of GL3. The TTG1 protein was pro-

posed to move between cells and become trapped within GL3-

expressing trichomes yet depleted from the surrounding cells

that lack GL3 (Bouyer et al., 2008). Consistent with this hypoth-

esis, TTG1 was shown to increase Pd permeability and move

from cell to cell (Bouyer et al., 2008). Thus, as in the case of root

epidermal cell differentiation, differentiation of trichomes

depends on Pd transport of a transcriptional regulator.

Patterning of root endodermis is also regulated by Pd trans-

port of a transcription factor. SHORTROOT (SHR) is a plant-

specific GRAS-type transcription factor, which is expressed in

stele, but not in endodermis, where the SHR protein is

expected to function. Thus, SHR is expected to function in

a non-cell-autonomous manner. Indeed, SHR has been shown

to move, presumably through Pd, from the stele to adjacent

cells (Nakajima et al., 2001). Importantly, SHR does not diffuse

through Pd freely; rather, it accumulates in just one layer of

endodermal cells. This precise and limited Pd transport is

governed by the SHR interaction with SCARECROW (SCR) that

sequesters SHR in the nucleus (Cui et al., 2007). Since SHR

activates the SCR promoter (Nakajima et al., 2001), the SCR-

dependent SHR nuclear trapping provides positive feedback

for SCR transcription as well as prevents Pd transport of SHR

into other cell layers (Cui et al., 2007). A similar regulatory

mechanism was observed with SHT and SCR homologs in rice,

suggesting that the strategy of specifying tissue differentia-

tion via Pd transport of transcription factors is evolutionally

conserved among different plant species (Cui et al., 2007).

CONCLUDING REMARKS

Perhaps one of the most intriguing aspects of intercellular

communication and transport in most higher eukaryotes, from

plants to mammals, is traffic of macromolecular complexes

through direct cytoplasmic bridges between the adjacent cells.

In plants, these cytoplasmic intercellular connections are rep-

resented by Pd, and here we reviewed recent major advances

in our understanding of the regulatory mechanisms that gov-

ern Pd transport and their involvement in plant development,

morphogenesis, and interactions with the invading viruses.

Three major points are highlighted by this body of studies.

First, the mechanisms for Pd gating, a process that has long

been almost a complete enigma, are starting to emerge,

and they include relaxation of callose sphincter and severing

of actin filaments. It remains unclear, however, whether these

pathways are interdependent, able to cross-talk, or they func-

tion separately to each other. Second, the regulation of Pd per-

meability becomes positioned as one of the major mechanisms

for determination of tissue patterning. Furthermore, the rep-

ertoire of the developmental cues that traverse Pd during

these developmental events is becoming ever complex. Third,

plant viruses in general and their MPs in particular remain one

of the premiere tools for study of Pd transport, and the

information gleaned from these studies is often directly appli-

cable to the cellular processes that employ similar transport

strategies.

Whereas, in plants, the notion of traffic of cellular macro-

molecules as well as pathogens through cytoplasmic bridges

between cells has been established for decades, it is just

emerging in mammalian systems (Gallagher and Benfey,

2005). In mammals, these intercellular connections, termed

tunneling nanotubes (TNTs), represent a relatively recent dis-

covery (Onfelt et al., 2005; Davis and Sowinski, 2008; Rustom,

2009). Like Pd, TNTs traffic proteins (Onfelt et al., 2005; Davis

and Sowinski, 2008; Rustom, 2009) and serve as conduits for
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pathogens, such as prions (Gerdes, 2009), and, potentially, hu-

man immunodeficiency virus (HIV) particles (Eugenin et al.,

2009a, 2009b). Also similarly to Pd transport, TNT transport

is regulated by actin filaments (Zhu et al., 2005; Gurke

et al., 2008; Veranic et al., 2008) and, possibly, ROS (Zhu

et al., 2005). Based on these conceptual and mechanistic sim-

ilarities, future investigation of TNTs may be informed by the

Pd research. Thus, the impact of the studies of Pd transport and

regulation reaches beyond the already broad fields of plant

biology and plant–pathogen interactions.
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Ruiz-Medrano, R., Xoconostle-Cázares, B., and Lucas, W.J. (1999).

Phloem long-distance transport of CmNACP mRNA: implications

for supracellular regulation in plants. Development. 126,

4405–4419.

Rustom, A. (2009). Hen or egg? Some thoughts on tunneling nano-

tubes. Ann. N Y Acad. Sci. 1178, 129–136.

Sagi, G., Katz, A., Guenoune-Gelbart, D., and Epel, B.L. (2005). Class 1

reversibly glycosylated polypeptides are plasmodesmal-associated

proteins delivered to plasmodesmata via the Golgi apparatus.

Plant Cell. 17, 1788–1800.

Schellmann, S., Schnittger, A., Kirik, V., Wada, T., Okada, K.,

Beermann, A., Thumfahrt, J., Jurgens, G., and Hulskamp, M.

(2002). TRIPTYCHON and CAPRICE mediate lateral inhibition dur-

ing trichome and root hair patterning in Arabidopsis. EMBO J.

21, 5036–5046.

Scholthof, H.B. (2005). Plant virus transport: motions of functional

equivalence. Trends Plant Sci. 10, 376–382.

Sessions, A., Yanofsky, M.F., and Weigel, D. (2000). Cell-cell signal-

ing and movement by the floral transcription factors LEAFY and

APETALA1. Science. 289, 779–782.

Sheahan,M.B., Staiger, C.J., Rose, R.J., andMcCurdy, D.W. (2004). A

green fluorescent protein fusion to actin-binding domain 2 of

Arabidopsis fimbrin highlights new features of a dynamic actin

cytoskeleton in live plant cells. Plant Physiol. 136, 3968–3978.

Shimizu, T., Yoshii, A., Sakurai, K., Hamada, K., Yamaji, Y.,

Suzuki, M., Namba, S., and Hibi, T. (2009). Identification of

a novel tobacco DnaJ-like protein that interacts with the move-

ment protein of Tobacco mosaic virus. Arch. Virol. 154,

2959–2067.

Simpson, C., Thomas, C., Findlay, K., Bayer, E., and Maule, A.J.

(2009). An Arabidopsis GPI-anchor plasmodesmal neck protein

with callose binding activity and potential to regulate cell-to-cell

trafficking. Plant Cell. 21, 581–594.

Stonebloom, S., Burch-Smith, T., Kim, I., Meinke, D., Mindrinos, M.,

and Zambryski, P. (2009). Loss of the plant DEAD-box protein ISE1

leads to defective mitochondria and increased cell-to-cell trans-

port via plasmodesmata. Proc. Natl Acad. Sci. U S A. 106,

17229–17234.

Su, S., Liu, Z., Chen, C., Zhang, Y., Wang, X., Zhu, L., Miao, L.,

Wang, X.C., and Yuan, M. (2010). Cucumber mosaic virus move-

ment protein severs actin filaments to increase the plasmodes-

mal size exclusion limit in tobacco. Plant Cell. 22, 1373–1387.

Tagami, Y., and Watanabe, Y. (2007). Effects of brefeldin A on the

localization of Tobamovirus movement protein and cell-to-cell

movement of the virus. Virology. 361, 133–140.

Thomas, C.L., Bayer, E.M., Ritzenthaler, C., Fernandez-Calvino, L.,

andMaule, A.J. (2008). Specific targeting of a plasmodesmal pro-

tein affecting cell-to-cell communication. PLoS Biol. 6, e7.

Tomenius, K., Clapham, D., and Meshi, T. (1987). Localization by

immunogold cytochemistry of the virus coded 30 K protein in

plasmodesmata of leaves infected with Tobacco mosaic virus.

Virology. 160, 363–371.

Tominaga, R., Iwata,M., Sano, R., Inoue, K., Okada, K., andWada, T.

(2008). Arabidopsis CAPRICE-LIKE MYB 3 (CPL3) controls endor-

eduplication and flowering development in addition to tri-

chome and root hair formation. Development. 135, 1335–1345.

Turgeon, R. (1989). The sink-source transition in leaves. Annu. Rev.

Plant Physiol. Plant Mol. Biol. 40, 119–138.

Ueki, S., Lacroix, B., Krichevsky, A., Lazarowitz, S.G., and

Citovsky, V. (2009). Functional transient genetic transformation

of Arabidopsis leaves by biolistic bombardment. Nature Proto-

cols. 4, 71–77.

Ueki, S., Meyer, B., Yasmin, F., and Citovsky, V. (2010a). A cell-to-cell

macromolecular transport assay in planta utilizing biolistic bom-

bardment. J. Visual Exper. 42, 2208.

Ueki, S., Spektor, R., Natale, D.M., and Citovsky, V. (2010b). ANK,

a host cytoplasmic receptor for the Tobacco mosaic virus cell-

to-cell movement protein, facilitates intercellular transport

through plasmodesmata. PLoS Pathog. 6, e1001201.

Urbanus, S.L., Martinelli, A.P., Dinh, Q.D., Aizza, L.C.,

Dornelas, M.C., Angenent, G.C., and Immink, R.G. (2010). Inter-

cellular transport of epidermis-expressed MADS domain tran-

scription factors and their effect on plant morphology and

floral transition. Plant J. 63, 60–72.

Venglat, S.P., Dumonceaux, T., Rozwadowski, K., Parnell, L.,

Babic, V., Keller, W., Martienssen, R., Selvaraj, G., and

Datla, R. (2002). The homeobox gene BREVIPEDICELLUS is

a key regulator of inflorescence architecture in Arabidopsis.

Proc. Natl Acad. Sci. U S A. 99, 4730–4735.

Veranic, P., Lokar, M., Schutz, G.J., Weghuber, J., Wieser, S.,

Hagerstrand, H., Kralj-Iglic, V., and Iglic, A. (2008). Different

types of cell-to-cell connections mediated by nanotubular struc-

tures. Biophys. J. 95, 4416–4425.

Verchot-Lubicz, J. (2005). A new cell-to-cell transport model for

Potexviruses. Mol. Plant–Microbe Interact. 18, 283–290.

Volkmann, D., Mori, T., Tirlapur, U.K., König, K., Fujiwara, T., Ken-

drick-Jones, J., and Baluska, F. (2003). Unconventional myosins of

the plant-specific class VIII: endocytosis, cytokinesis, plasmodes-

mata/pit-fields, and cell-to-cell coupling. Cell Biol. Int. 27,

289–291.

von Bargen, S., Salchert, K., Paape, M., Piechulla, B., and

Kellmann, J. (2001). Interactions between the Tomato spotted

wilt virus movement protein and plant proteins showing homol-

ogies to myosin, kinesin, and DnaJ-like chaperons. Plant Physiol.

Biochem. 39, 1083–1093.

Wada, T., Kurata, T., Tominaga, R., Koshino-Kimura, Y.,

Tachibana, T., Goto, K., Marks, M.D., Shimura, Y., and

Okada, K. (2002). Role of a positive regulator of root hair devel-

opment, CAPRICE, in Arabidopsis root epidermal cell differenti-

ation. Development. 129, 5409–5419.

Wada, T., Tachibana, T., Shimura, Y., and Okada, K. (1997). Epider-

mal cell differentiation in Arabidopsis determined by a Myb ho-

molog, CPC. Science. 277, 1113–1116.

Waigmann, E., Chen, M.H., Bachmaier, R., Ghoshroy, S., and

Citovsky, V. (2000). Phosphorylation of Tobacco mosaic virus

cell-to-cell movement protein regulates viral movement in

a host-specific fashion. EMBO J. 19, 4875–4884.

Waigmann, E., Lucas, W.J., Citovsky, V., and Zambryski, P.C. (1994).

Direct functional assay for Tobacco mosaic virus cell-to-cell

792 | Ueki & Citovsky d To Gate, or Not to Gate



movement protein and identification of a domain involved in

increasing plasmodesmal permeability. Proc. Natl Acad. Sci.

U S A. 91, 1433–1437.

Waigmann, E., Ueki, S., Trutnyeva, K., and Citovsky, V. (2004). The

ins and outs of non-destructive cell-to-cell and systemic move-

ment of plant viruses. Crit. Rev. Plant Sci. 23, 195–250.

Walker, A.R., Davison, P.A., Bolognesi-Winfield, A.C., James, C.M.,

Srinivasan, N., Blundell, T.L., Esch, J.J.,Marks,M.D., andGray, J.C.

(1999). The TRANSPARENT TESTA GLABRA1 locus, which regu-

lates trichome differentiation and anthocyanin biosynthesis in

Arabidopsis, encodes a WD40 repeat protein. Plant Cell. 11,

1337–1350.

White, R.G., Badelt, K., Overall, R.L., and Vesk, M. (1994). Actin as-

sociated with plasmodesmata. Protoplasma. 180, 169–184.

Wolf, S., Deom, C.M., Beachy, R.N., and Lucas, W.J. (1989). Move-

ment protein of Tobacco mosaic virus modifies plasmodesmatal

size exclusion limit. Science. 246, 377–379.

Wright, K.M., Wood, N.T., Roberts, A.G., Chapman, S., Boevink, P.,

MacKenzie, K.M., and Oparka, K.J. (2007). Targeting of TMV

movement protein to plasmodesmata requires the actin/ER net-

work: evidence from FRAP. Traffic. 8, 21–31.

Wu, X., Dinneny, J.R., Crawford, K.M., Rhee, Y., Citovsky, V.,

Zambryski, P.C., and Weigel, D. (2003). Models of intercellular

transcription factor movement in theArabidopsis apex. Develop-

ment. 130, 3735–3745.
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