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ABstrAct
Plasmodesmata (Pd), coaxial membranous channels that connect adjacent plant cells, 

are not static, but show a dynamic nature and can be opened or closed. These controlled 
changes in Pd conductivity regulate plant symplasmic permeability and play a role both 
in development and defense processes. One of the mechanisms shown to produce these 
changes is the deposition and hydrolysis of callose by β-1-3-synthase and glucanase, 
respectively. Recently we have identified the first β-1,3-glucanase Arabidopsis enzyme 
that is associated to the macromolecular Pd complex, termed AtBG_pap. When fused to 
GFP, this previously identified GPI-anchored protein localizes to the ER and the plasma 
membrane where it appears in a punctuate pattern that colocalizes with callose present 
around Pd. In T-DNA insertion mutants that do not transcribe AtBG_pap, GFP cell-to-cell 
movement between epidermal cells is reduced and callose levels around Pd are elevated. 
In this addenda we review the plant developmental processes of symplasmic regulation 
that have been shown to include callose deposition and β-1,3-glucanase activity, and 
suggest a role for AtBG_pap in these processes. Additionally, based on the ability of 
viral movement proteins (MPs) to interact with ankyrin repeat proteins, and together with 
our recent findings showing the involvement of viral particles in callose degradation, we 
also purpose a new model for the ability of viruses to overcome Pd-callose deposition, 
and mediate their cell-to-cell movement. 

cALLosE turnovEr As A rEGuLAtor of PD
Plasmodesmata (Pd), plasma-membrane-lined channels that connect plant cells, are 

not static organelles, but rather show a high degree of plasticity and can change in a  
transient manner from having ‘closed’ to ‘open’ to ‘dilated’ state. The dynamic properties 
of Pd play an important role in regulating the direct cell-to-cell transport of molecules 
between cells, in providing a cell-to-cell passageway for plant viruses and in the organi-
zation and functioning of symplasmic domains. One of the mechanisms proposed to 
produce these focused changes in the channels is the deposition and hydrolysis of the 
β-1,3-glucan poly-sugar molecule callose found in the cell-wall sheath surrounding Pd 
orifices.1,2 Reversible deposition of callose in the Pd is found both during developmental 
processes3,4 and in response to stress.5,6 Several studies have shown that accumulation of 
callose around Pd results in decreased cell-to-cell movement of fluorescent dyes,5,7,8 while 
treatments inhibiting callose deposition resulted in a doubling in the diameter of Pd 
orifices and a higher Pd size exclusion limit (SEL, the size of the largest molecule that 
will move cell-to-cell).6,7 Additional support for this proposed model comes from works 
employing β-1,3-glucanases, enzymes that degrade callose. In studies with a tobacco 
mutant that had decreased levels of class I β-1,3-glucanase, generated by antisense trans-
formation, and which exhibited increased levels of callose, monitoring the cell-to-cell 
movement of dextrans and peptides showed that SEL of Pd was reduced.9

Recently, we published a paper10 describing the identification of the first β-1,3-glucanase 
enzyme that is associated with Pd from Arabidopsis. This protein, termed AtBG-pap 
(plasmodesmal associated protein) was found by MS/MS proteomic analysis of a Pd 
enriched fraction that was obtained by cellulase enzymatic digestion of isolated cell walls 
from Arabidopsis.

AtBG-pap, when expressed as a fusion protein to green fluorescent protein (GFP) 
in transgenic Nicotiana tabacum epidermal cells, localizes to the cell membrane, and is 
highly enriched at Pd sites, presumably in the plasma-membrane component. In spongy 
mesophyll cells the punctuate fluorescence is seen only in walls that connect adjacent cells. 
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AtBG-pap is a glycosylphosphatidylinositol (GPI) lipid-anchored 
protein, and thus is expected to be attached to the outer leaflet of 
the plasma membrane. This localization places the enzyme facing 
the cell wall sheath around the Pd (which contains callose), enabling 
it to degrade callose in the extracellular wall region adjacent to the 
cellular membrane.

If callose hydrolysis indeed increases the aperture of the Pd channels, 
then abolishing the expression of β-1,3-glucanase should result in a steady 
state increase in callose accumulation around Pd reducing the free space 
available for passage. To test this influence, we measured the diffusive 
movement of free GFP expressed in a single cell to surrounding 
epidermal leaf cells of AtBG-pap T-DNA mutant Arabidopsis plants. 
Both the number of cells to which GFP diffused and the coefficient of 
conductivity of Pd were lower in the AtBG-pap mutants. In addition, 
the AtBG-pap mutants accumulate higher levels of callose around Pd 
two days after wounding.

These results provide strong support to the supposition that callose 
turnover regulates Pd SEL, and that this turnover is the result of 
synthesis vs. hydrolysis activities. The identity of the Pd specific callose 
synthase is still unresolved.

β-1,3-GLucAnAsEs, symPLAsmic rEGuLAtion  
AnD DEvELoPmEnt

The Arabidopsis β-1,3-glucanase family is comprised of 50  
individual genes. A recent work grouped 44 genes from this large 
family into 13 expression clusters denoted A–M based on microarray 
data.11 Groups A–D contain β-1,3-glucanases specific to leaves 
(A–C) and roots (D). Proteins of these groups displayed the most 
significant responses to fungal pathogens, and are most likely to 
contain pathogenic related (PR)-genes whose transcription is upregu-
lated following pathogen infection. Groups H and K include genes with 
expression pattern specific to flower organs, and which are likely to 
be involved in reproductive processes such as microspore maturation 
and pollen tube growth. AtBG‑pap belongs to the largest identified 
group (M), which contains 13 genes whose expression products are 
abundant in a variety of tissues with a high relative expression in the 
shoot-apex. Members of this group are thus suggested to be involved 
in cell wall morphogenesis or cell division. Group M members 
display only a minimal response to most stresses and hormones, and a 
slight negative response to biotic stresses, and thus are not likely to 
have a PR role. AtBG-pap RNA measurements following infection 
with either Cucumber mosaic virus (CMV) or Pseudomonas syringae 
pv. tomato showed no induction or repression of transcription of 
AtBG‑pap gene (unpublished data), also excluding a PR role. The Pd 
location of AtBG-pap thus suggests a role in constitutive regulation 
of Pd conductivity.

Several processes of symplasmic communication regulation have 
been shown to include callose deposition and β-1,3-glucanase activity. 
For example, during dormancy development in birch, a perennial 
plant, which is activated by exposure to short days, the Pd of the 
shoot apical meristem are firmly closed by intra- and extra-cellular 
structures that contain callose.4,12 After adequate chilling Pd regain 
their capacity to transport fluorescent dyes between cells, and callose 
containing sphincters disappear. During this process β-1,3-glucanase 
proteins were upregulated, and were localized in spherosome-like 
vacuoles or lipid bodies in the vicinity of the cell membrane and in 
contact with Pd.12 Similar events take place in the phloem of peren-
nials in which the sieve-plate pores become plugged in autumn by the 
deposition of β-1,3- glucan, and reopen in spring by the activation 
of β-1,3-glucanase.13

Another process that involves induction of β-1,3-glucanase is 
germination. In germinating tobacco seeds β-1,3-glucanase protein 
and RNA levels are induced just prior to endosperm rupture. This 
induction is highly localized in the micropylar endosperm at the 
site of radicle emergence, and is effected by physiological factors 
known to affect the incidence and timing of germination (light, 
gibberellins, ethylene, abscisic acid).14 While the specific activity of 
β-1,3-glucanase in germination is still unknown, it was proposed that 
β-1,3-glucanase may contribute to the release of seed dormancy by 
the hydrolysis of Pd callose, thus activating the symplasmic connec-
tions between cells.

In all the examples above the involvement of β-1,3-glucanase in 
symplasmic regulation has been described mainly in processes that 
are more persistent and permanent. This may indicate that the plant 
uses the callose turnover mechanism for longer-lasting and stable 
closure of Pd, and may utilize other mechanisms for faster changes 
in the channels.

β-1,3-GLucAnAsEs AnD virAL cELL-to-cELL sPrEAD
Many viruses move cell-to-cell with the help of one or more 

viral encoded movement proteins (MPs) that target to and dilate 
Pd.15 It was proposed that this activity enables movement of the 
virus through the channel. However, the mechanism by which MP 
increases Pd SEL is still unknown.

Measurements of callose levels around Pd, revealed that infection 
of N. tabacum with a minimal replicon of tobacco mosaic virus lacking 
coat protein and MP (TMVDCPDMP) led to the deposition of callose 
around the channels. While expression of the TMV MP alone had no 
effect on callose levels and Pd opening in MP transgenic N. tabacum, 
infection of the MP transgenic plants with the TMVDCPDMP replicon 
led to reduced callose accumulation (unpublished data). This 
suggests that callose deposition arise largely as a result of a plant 
defense mechanism aimed at restricting virus spread, and that MP 
synergistically with viral replicase function in mediating the degrada-
tion of the callose, thus opening Pd. To achieve this, the virus must 
somehow recruit and/or activate β-1,3-glucanase at the Pd.

The importance of β-1,3-glucanase in the cell-to-cell movement 
of viruses was shown in studies with a tobacco mutant that had 
decreased levels of a class I β-1,3-glucanase generated by antisense 
transformation. In this mutant line, susceptibility to virus infection 
was decreased.9 Moreover, when the β-1,3-glucanase coding sequence 
was cloned into TMV, the virus spread faster through the cells, and 
cloning of the gene in an antisense formation led to the opposite 
results.16 However, class I β-1,3-glucanase enzymes are targeted to 
the endoplasmic reticulum (ER) lumen and the vacuole, so their 
potential activity at Pd requires the presence of a still unknown 
targeting mechanism.

In a yeast two-hybrid screen to identify proteins that bind to 
the potato virus x (PVX) triple-block protein TGB12K required for 
cell-to-cell movement, three tobacco host factors termed TBG 12K 
interacting proteins (TIPs) were identified.17 All three TIPs were 
also shown to interact with the class I vacuolar β-1,3-glucanase. In 
Nicotiana plumbaginifolia a yeast two hybrid screen had identified 
two Glucanohydrolase Binding Proteins (GBPs) that bind class I 
β-1,3-glucanase and chitinase.18 All five identified proteins belong 
to the family of ‘ankyrin-repeats’ (AKR), which contains domains 
that serve for protein-protein interactions. From these results it 
seemed likely that AKR could serve as a link between MPs and  
β-1-3-glucanases. It can be purposed that by binding of AKR 
with both MP and β-1,3-glucanase, viral MP is able to direct class 
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I β-1,3-glucanase to Pd. However, the ability of AKR to bind 
β-1,3-glucanase may only occur in vitro. While AKRs identified 
are cytoplasmic proteins,17,18 class I β-1,3-glucanase are vacuolar 
or ER luminal proteins prior to being trafficked to the vacuole.12,19 
As AKRs and class I β-1,3-glucanases localize at different cellular 
compartments, an in vivo interaction between them seems, at 
present, unlikely.18

So can the virus use AKRs to target class I β-1,3-glucanases to the 
Pd? Unlike β-1,-3-glucanase, viral MPs are membranal proteins local-
ized in the ER membrane system.15 Thus, an interaction between the 
cytoplasmic region of MP and AKR in-vivo is possible. We suggest 
that the binding of PVX MP by AKR could serve as a mechanism to 
target ER-derived vesicles that contain class I β-1,3-glucanases to the 
cell wall (Fig. 1). This model fits with the findings that PVX MP induces 
the deposition of additional cytoplasm (that contains TIP AKRs) at the 
cell periphery.17 We further suggest that when MP is bound to viral 
RNA it is targeted to the cortical ER allowing the protein complex to 
move cell-to-cell associated with the Pd ER compartment.

A deeper knowledge of the mechanisms that control β-1,3 
glucanase activity and callose turnover in the Pd will enrich our 
understanding of all the plant processes which involve symplasmic 
transport and communication.
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Figure 1. Hypothesized model for viral Pd targeting and callose hydrolysis in tobacco. Early in infection, viral RNA replicates in association with ER mem-
branes through viral replicase. Viral replication induces a PR reaction resulting in callose accumulation around Pd. Viral RNA synthesizes MP which incor-
porates as a intrinsic membrane protein into ER and ER derived vesicle bodies, both of which also contain β-1,3-glucanase (e.g., ER-derived sphrosome-like 
bodies ref. 12). MPs can then function in two different pathways; 1. MP binds TIPs cytoplasmic proteins which are involved in directing ER-vesicles to the 
cell periphery (see ref. 17) adjacent to the Pd. The vesicles, containing β-1,3-glucanase cargo, fuse to plasma membrane and deliver β-1,3-glucanase to 
the cell wall. Callose is hydrolyzed allowing Pd to dilate. Vesicles recycle back to the ER; 2. The ER with embedded MP binds viral RNA and replicase. 
Vesicles are formed and transported to the cortical ER and Pd. Vesicles fuse to cortical ER. The complex of MP with viral RNA and virus replicase diffuse in 
ER to adjacent cell.
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