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Review

The presence of PD, channels within the walls between neigh-
boring cells, can be interpreted as the main reason determined 
at least 2 continuous systems in plants: apoplast and symplasm.1 
The apoplast is an extraprotoplasmic region composed of cell 
walls with microspaces within the cell wall, some intercellular 
spaces, and the lumina of dead cells.2 The symplasm is a system 
consisting of all protoplasts interconnected by PD and bounded 
by continuous plasma membrane.3 Terminology used for the 
description of these systems in not consistent in the literature and 
because of it, the terminology proposed by Romberger et al.1 will 
be used. Namely, in this review we will use the term “symplasm,” 
and appropriate derivative terms as “symplasmic” or “symplasmi-
cally,” as we agree with Romberger et al.1 that the term “symplas-
tic” has another meaning referring to growth of cells within the 
plant tissue.4 From functional point of view, PD are the main part 
of the symplast, but we would like to point to another possible 

spatial system which can be distinguished because of PD struc-
ture. Namely, it is worth introducing into the nomenclature the 
term “endoplasmic symreticulum” as suggested previously,5 that 
would comprise a third continuous spatial system within a plant 
body. This system is composed of the endoplasmic reticulum tra-
versing through PD thus creating the unity of the endoplasmic 
reticulum within the plant body.

Plasmodesmata structure and permeability—present 
knowledge

PD are structures present in plants,6 algae,7,8 and fungi,9 
which comprise cytoplasmic channels that connect the neigh-
boring cells, and allow the communication between individual 
cells (cell-to-cell communication).10-14 The first report describ-
ing these “channels” across neighboring plant cell walls, deduced 
from observation with the use of conventional microscopy, comes 
from 1880,6 and name “plasmodesmen” was used for the first 
time in 1901 by Strasburger.15 During the last few years detailed 
ultrastructure of PD was described in review papers,16,17 so here 
we only mention that cytoplasmic channels are surrounded by 
plasma membrane (PM) internally lined with an appressed ER 
membrane, termed the desmotubule (Fig. 1).18,19

The diameter of PD is not constant and may be reduced until 
the complete closure inter alia by the deposition of callose (β-1,3-
glucan) in the neck regions of PD.20,21 Deposition of this polysac-
charide depends on the activity of 2 enzyme groups: β-1,3-glucan 
synthase that produces callose, and β-1,3-glucanase responsible 
for callose degradation.22,23 The diameter and permeability of PD 
may be modified during cell development or in response to the 
external conditions, like temperature, pathogen attack, or wound-
ing.14,21 The permeability of PD is also limited, by the diameter 
of microchannels (Fig. 1), and the value of SEL (size exclusion 
limit), described in units of mass, is used in most cases to deter-
mine which molecules can pass through the PD, what is an indi-
cator of the maximal molecular size of the molecule/molecules 
traversed through PD.24 Many studies on the communication via 
PD are based on the transport of low molecular fluorochromes, 
fluorescent labeled dextrans, or green fluorescent protein (GFP), 
which allows to compare PD permeability for molecules of dif-
ferent sizes.25-29 Sometimes to determine the maximum size of 
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Symplasmic communication via plasmodesmata (PD) is 
part of the system of information exchange between plant 
cells. Molecules that pass through the PD include ions, some 
hormones, minerals, amino acids, and sugars but also proteins, 
transcription factors, and different classes of RNA, and as such 
PD can participate in the coordination of plant growth and 
development. This review summarizes the current literature on 
this subject and the role of PD in signal exchange, the impor-
tance of symplasmic communication and symplasmic domains 
in plant cell differentiation, and highlights the future prospec-
tive in the exploration of PD functions in plants. Moreover, this 
review also describes the potential use of barley root epider-
mis and non-zygotic embryogenesis in study of symplasmic 
communication during cell differentiation.
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molecule, that may migrate through PD, GFP molecules, and 
complexes of 2 or 3 GFPs molecules (2xGFP/3xGFP) are being 
used.30,31 It is important to take into consideration that in such 
cases the SEL can be between 27–81 kDa. However, it must be 
understood not as a diameter of microchannels participating in 
GFP movement, but the parameter describing the molecule size, 
including its length, which can influence the movement of the 
molecules in question. The correlation between increasing size of 
GFP complexes and the reduced permeability of PD is obvious,30 
but it cannot be excluded that 3, connected in series, molecules of 
GFP, and one single GFP may move through PD with the same 
diameter of microchannels (Fig. 1). Moreover molecules with a 
lower molecular weight may have a larger diameter than the mole-
cules of larger weight (Table 1).32,33 This explains why the descrip-
tion of PD microchannel diameter using of the radius of molecules 
– MEL (molecular exclusion limit) is more accurate than molecule 
weight.34-38

Symplasmic transport—route for molecules including 
macromolecules

Initially it was postulated that PD are an intracellular 
channels for the diffusion of small molecules, such as ions 

or sugars.6,39 However, subsequent stud-
ies on the PD described these structures 
as dynamic gateways actively transporting 
or blocking transport of macromolecules: 
proteins and RNAs.37,40,41 The first infor-
mation regarding macromolecules trans-
ported through PD was based on the studies 
on movement protein (MP) encoded by 
Tobacco mosaic virus.24,42 MPs interact with 
the PD and may increase their diameter, 
break symplasmic isolation of cells, and 
spread viruses through the plant tissues.43,44 
Further it was discovered that plant proteins 
may pass via PD, using a similar mechanism 
as MPs, and all proteins transported sym-
plasmically between cells have been called as 
non-cell-autonomous proteins (NCAPs).45 
To NCAPs are included for example: tran-
scription factors, like KNOTTED1 (KN1), 
which plays a crucial role in maize meri-
stem organization,46 or cell-fate-deciding 
proteins, involved for example in the root 
hair development, like TRANSPARENT 

TESTA GLABRA1 (TTG1),47 CAPRICE 
(CPC),48 or CAPRICE-LIKE MYB3 (CPL3).49 
The movement of NCAPs related to cell dif-
ferentiation is regulated by as yet unknown 
mechanisms, that precisely guide proteins to the 
specific individual cells (like TTG1, CPC, CPL) 
or cell layers (like KN1; for a review see refs. 
16,17). Interactions between NCAPs and PD 
are not well understood, although the motifs 
crucial for symplasmic transport of different 
proteins have been described.17,50,51

A second group of molecules that may be 
symplasmically transported between neighboring cells are 
RNAs including small RNA (sRNA) involved in RNA silenc-
ing.52 sRNAs are classified as short (21–24 nucleotides), non-
coding molecules that have an influence on transcriptional 
and post-transcriptional regulation of the target sequences.53 
Transport of sRNA between plant cells and their role in the 
cell differentiation or in the response to the viruses infection is 
well understood (for a review see refs. 54,55). One of the best 
documented examples is the description of 2 microRNA mol-
ecules: miR165a and miR166b, involved in the development of 
vascular tissue in Arabidopsis thaliana root.56,57 Both miRNAs 
expressed in root endodermis, non-cell-autonomously suppress 
the expression of PHABULOSA (PHB), class III HD-ZIP tran-
scription factor. And this suppression of PHB in the peripheral 
root stele is required for the xylem differentiation.56 Also the 
gradual distribution of PHB among the root stele, due to the 
miR165a/ miR166b silencing, is crucial for the differentiation 
of pericycle and ground tissue pattering in Arabidopsis roots.57 
Moreover, the expression of MIR165a/MIR166b is activated 
in the endodermis by SHORT-ROOT (SHR) transcription 
factor, that is also transported via PD,56,58 these data indicate 

Figure 1. Schematic representation of the molecular structure of PD and movement of mol-
ecules. Description is given in the text.

Table 1. Comparison of the molecular weight and diameter of some of the molecules used 
in the analysis of symplasmic communication.

Chemicals
Molecular weight

[Da]
Molecule diameter

[nm]
Ref.

5-(and-6)-Carboxyfluorescein Diacetate
(CFDA)

376.21 1.3 35

8-Hydroxypyrene-1,3,6-trisulfonic acid
(HPTS)

524.39 0.9 33

Green fluorescent protein (GFP) 27 000 2.8 34

Dextran 10 000 2.3 32
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that NCAPs play a role in cell differentiation at multiple levels 
and may interact with others NCAPs or key cell-fate deciding 
proteins.

Symplasmic communication/isolation—basic definition
The discovery that the plant body is divided into regions 

consisting of cells which are not connected by PD, or in which 
such connections are temporally closed or diminished, resulted 
in the terms “symplasmic domains” and “subdomains” or “sym-
plasmic fields” being used.59 A symplasmic domain is a cell or 
group of cells which are connected by PD between each other, 
but on the border of a domain is not connected by functional 
PD with the neighbor cells or connection is diminished. If 
such a lack of connection by PD is permanent the domain is 
called “permanent symplasmic domain” and the best example 
is stomata cells.60 Much more interesting are the “temporary 
symplasmic domains,” which consist of cells, or group of cells 
which only temporally closed PD on the domain border or the 
movement of molecules through PD is diminished quantitative 
or qualitative.61 Sometimes within the domain, subdomains 
can be distinguished.62 Temporal domains are more interesting 
because the analysis of their appearance/disappearance and the 
mechanisms involved in their function can provide answers to 
the role of symplasmic domains in plant growth and develop-
ment and the spatio-temporal correlation between symplasmic 
domains and cell differentiation.59

It must be noticed that apart from “symplasmic domain,” 
the term “symplasmic field” exists. This term was introduced 
for the description of symplasmic isolated areas present in the 
apical meristem.63,64 The authors proposed such a nomencla-
ture because apical meristem is different from mature tissues 
(for which term symplasmic domain was introduced)65 in the 
way that apical meristem is continuously renewing its cellular 
composition.64

Correlation between symplasmic communication/isolation 
and cell differentiation

It is worthy of note that changes in gene expression are corre-
lated with the changes in symplasmic communication based on 
the number of PD, or their permeability as demonstrated dur-
ing crown gall development, where no PD exists on the border 
between the tumor and the rest of the plant,66 in Chara vulgaris 
closing of PD is the necessary for proper spermatogenesis67 or 
in the case of Onoclea sensibility where disturbing of the con-
nection by PD resulted in possessing of the cells totipotency.68

As noted previously, the role of PD in cell differentiation 
is based on the discovery that plant cells can communicate by 
PD with neighboring cells within the symplasmic domain and 
share with each other common components and behavior.69 It 
is known that cell differentiation is correlated with the forma-
tion of symplasmic domains or subdomains (for a review see 
refs. 17,70,71). It is also known that cells in symplasmic con-
nection (within symplasmic domain) are characterized by the 
same direction and frequency of cell division,72 that the more 
advanced the state of cell differentiation the lower symplasmic 
connection,30,62,73 and disturbance in symplasmic transport 
causes changes in normal plant growth and development.74,75 It 
is postulated, that changes in the direction of cell differentiation 

are correlated with the changes in symplasmic communication. 
For example, in callus of Cocos nucifera embryogenic cells were 
separated symplasmically from the explant at the globular stage 
of somatic embryo development suggesting that the acquisi-
tion of embryogenic competence is preceded by closing of PD.76 
Another example from studies on somatic embryogenesis of 
symplasmic isolation as a main factor allowing changes in cell 
fate comes from studies on Quercus suber L. callus where divid-
ing cells (future somatic embryos) were symplasmically isolated 
from the explant.77

Zygotic and non-zygotic embryogenesis—a good model for 
symplasmic communication studies

The hypothesis about the role of the symplasmic isolation of 
cells during zygotic embryogenesis was first postulated after an 
analysis of the ultrastructure of developing embryos in differ-
ent plant species. It was shown that during the early stages of 
zygotic embryogenesis, the embryo sac-forming meiocyte is not 
connected to adjacent cells by PD.78 Moreover, for the embryo 
sac of Capsella bursa-pastoris it was shown that the egg is con-
nected by PD to the synergids at first but that these connections 
disappear after fertilisation, and from that moment the young 
zygote is not connected to other cells by PD and additionally 
that the sac is isolated from the nucellar cells by the absence 
of PD.78 A detailed analysis of the symplasmic communica-
tion using f luorescent tracers before and after fertilisation of a 
Torenia fourieri embryo sac confirmed that the functional con-
nection between the central cell and the egg apparatus cells by 
PD decreased after fertilisation.79 These results point not only 
to the problem of cell-to-cell communication during morpho-
genesis, but also to the important role of the symplasmic isola-
tion of different genotypes and generations.80

The best-described correlation between symplasmic com-
munication and development is the zygotic embryogenesis of 
Arabidopsis.74 These studies showed that the zygotic embryo is 
a single symplasmic domain during all of the stages of develop-
ment only in the case of low molecular weight molecules (0.5 
kDa). However, their movement through PD decreased with 
the more advanced developmental stages in the case of larger 
molecules (10 kDa F-dextran).74 The use of transgenic lines 
with GFP allowed the symplasmic subdomains that are cor-
related with the embryo tissues and organ development to be 
determined.25,30,74,81 It is important to note that other phenom-
ena such as the unidirectional movement through PD during 
zygotic embryogenesis have also been described. It has been 
shown that substances move between the suspensor and embryo 
in both directions in the case of globular stage zygotic embryos. 
When embryos shift in symmetry from radial to bilateral sym-
metry, communication by PD was only from the embryo to 
the suspensor.30,81 Detailed information about symplasmic iso-
lation/communication during the zygotic embryogenesis has 
been well described in the literature recently.82

During zygotic embryogenesis, it is difficult to study the 
mechanism underlying the regulation of this developmental 
process for many reasons.83,84 That is why non-zygotic embryo-
genesis (including somatic embryogenesis and androgenesis) 
has become a very good experimental system for studies on the 
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mechanisms that control embryogenesis and embryo develop-
ment at different organization levels including symplasmic 
communication between the explant and embryogenic cells and 
within non-zygotic embryos during histo – and organogenesis.

Somatic embryogenesis can be divided into at least 2 phases: 
1) changes that take place within the explant that lead to the 
resumption of totipotency, thus allowing somatic embryo devel-
opment, and 2) within the somatic embryo during the develop-
ment of the embryo tissues and organs. In the case of explant 
cells, the main question is what influences the cells within the 
explant to develop in different directions and why will only 
some of them develop into somatic embryos? Many factors/rea-
sons have been postulated and among them symplasmic com-
munication seems to play an important role in the regulation 
of explant cell differentiation during somatic embryogenesis.85 
It has been postulated that such isolation is a prerequisite for 
changes in the cell developmental program.86 The information 
that is available in the literature concerns an ultrastructural 
analysis of the explant with attention being paid to the presence 
of PD between groups of explant cells with different features of 
their walls and cytoplasm. However, it must be noted that the 
presence of PD does not mean that intercellular connections 
are involved in the exchange of “information” because PD can 
be not functional, but the lack of PD on the “borders” between 
different groups of cells within the explant indicates a lack of 
symplasmic communication.

Some information about the role of cell-to-cell communication 
by PD within the explant comes from experiments using plasmoly-
sis as a factor that disturbs the cytoplasmic connection by PD. In 
the case of Panax ginseng,87 pretreatment with sucrose caused plas-
molysis, and the number of somatic embryos increased 4-fold in 
comparison to untreated explants.87,88 Moreover, such results also 
showed that somatic embryos that developed from a preplasmo-
lysed explant were of a single-cell origin in comparison to untreated 
explants. Similar results were obtained for Eleutherococcus senti-
cosus, Oncidium Sharry Baby, Panax japonicas, or Daucus carota 
where plasmolysis of an explant caused an increase in the frequen-
cies of somatic embryos.89-91 Plasmolysis as a factor that breaks 
the PD connection between explant cells may suggest that each 
explant cell behaves as a single cell, which allows these cells to 
develop in different directions and in this case allows the repro-
gramming of explant cells into embryogenically competent cells 
and finally induces somatic-embryo development.90 According to 
these results, changes in the cell-to-cell communication between 
the explant cells are a prerequisite to changing cell fate.

An analysis of the morphology of Theobroma cacao L. explants 
showed that the frequency of PD influences somatic embryogen-
esis.92 Namely, that in the epidermal cells within the staminodes, 
tissues that are involved in primary somatic embryogenesis, the 
frequencies of PD were higher in comparison to the tissue explants 
for secondary embryo production. The authors suggested that it 
is possible that the higher level of intercellular connections that 
is seen in staminode tissues is in part responsible for the higher 
degree of cellular co-ordination that is seen in primary embryo-
genesis as compared with secondary embryogenesis.92 In the cal-
lus of Panax quinquefolium in which the authors distinguished a 

few kinds of cells such as parenchymatous, initial embryogenic, 
grouped embryogenic cells, and embryoid cells, only in the last 
were many PD detected.93

An ultrastructural analysis of embryogenic cell clusters of 
Cephalotaxus harringtonia showed differences in the outer cell 
wall thickness of embryogenic masses, and the frequencies of PD, 
which were abundant in the walls between embryogenic cells.94 
Similar results were obtained earlier in callus that was derived 
from Citrus sinensis, which showed that cells that were destined to 
form new proembryoids became surrounded by greatly thickened 
cell walls without PD.95 An analysis of androgenesis in Zea mays 
and Triticum aestivum also showed that cells that realize the same 
developmental program are connected by numerous intercellular 
connections.96,97

To date, the only information about cell-to-cell movement 
through PD between explant cells and the somatic embryo comes 
from analyses using low-molecular weight fluorochrome on the 
example of Arabidopsis somatic embryogenesis, which showed 
that at least for some time, the somatic embryo is symplasmi-
cally isolated from the explant.85 These results also showed that 
the physical isolation of cells by the deposition of cutin may be a 
factor that allows the changes in the direction of cell differentia-
tion within the explant.85 An analysis of the distribution of the 
low-molecular weight symplasmic tracers (HPTS and uncaged 
fluorescein) during barley androgenesis indicates the symplasmic 
isolation of the protodermis from the underlying cells of the late 
globular embryo stage onwards, and the embryonic organs at 
the mature stage of development, which allows the conclusion 
that in androgenic embryos in Hordeum vulgare the existence of 
symplasmic domains correlates with tissue and organ develop-
ment.62 Similar studies were performed on the somatic embryos 
of Arabidopsis.85,98,99 An analysis of symplasmic communication 
was performed using various fluorescent tracers with different 
molecular weights and cytoplasm soluble GFP being expressed 
under the control of an STM promoter.99 An analysis of symplas-
mic communication showed that at the beginning of the culture, 
PD connectivity between the cells of explants increased. Further 
changes in symplasmic communication were observed after the 
next few days of the culture and were correlated with the cells 
divisions of explants. The changes manifested themselves as a 
restriction of symplasmic communication on the borders between 
the dividing and non-dividing cells, which indicated that the 
parts of the explants that were engaged in morphological pro-
cesses were isolated from those that were not involved in cell fate 
changes. Moreover, symplasmic isolation between the somatic 
embryos and explants was detected. Isolation of the dividing cells 
from the rest of the plant body was also observed in the case of 
35S::BBM transgenic seedlings. Meristematic cells at the cotyle-
dons were isolated from the remaining cells. Furthermore, small 
groups of dividing cells, which give rise to somatic embryos, were 
symplasmically isolated from the neighborhood.99 These results 
suggest that the symplasmic connection of embryogenic compe-
tent cells is restricted at this stage of embryogenesis. The results 
that were obtained showed a correlation between the decrease in 
symplasmic communication and changes in cell fate and somatic 
embryogenesis.
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Studies using low-molecular symplasmic 
transport fluorochromes in both species, 
Arabidopsis and barley, showed that symplas-
mic domains correlated with the differentia-
tion in the first place, the protodermis, and 
afterwards other embryo tissues and organs. 
In general, these data showed a correlation 
between the decrease in symplasmic commu-
nication and changes in the cell differentiation 
of non-zygotic embryos.99 The data obtained 
from these studies of somatic embryogenesis 
and androgenesis indicate that in this type of 
embryogenesis, the general rules related to the 
correlation between symplasmic communication and plant devel-
opment are the same or similar as in the case of zygotic embryo-
genesis. These data also suggest that cell-to-cell communication 
is a universal mechanism that is involved in regulation of cell 
differentiation.

On the whole, therefore, the critical evidence supports the 
view that resumption of totipotency that leads to embryogenesis 
in cultured cells is preceded by cell isolation and that differentia-
tion of somatic embryo cells into tissues and the formation of a 
somatic embryo organ is correlated with changes in symplasmic 
communication.

Barley root epidermis: a new model for symplasmic com-
munication studies

The recent data has suggested that barley root epidermis may 
be a useful model for investigation of the role of symplasmic com-
munication in plant cell differentiation.73 The root epidermis is 
composed of 2 types of cells: those producing root hairs (tricho-
blasts) and non-root hair cells (atrichoblasts).100 In the meriste-
matic zone of root all epidermal cells are similar in: size, shape, 
composition, and number of organelles, amount of cytoplasm, 
or number of molecules localized in cytoplasm.101 Later, in the 
differentiation zone of root, cells start to differentiate into tricho-
blasts and atrichoblasts,102 and 2 neighboring cells can realize dif-
ferent developmental programmes.103 From the previous studies, 
it is known that in this situation the neighboring cells are usually 
symplasmically isolated.74 Similar results were obtained in stud-
ies on Arabidopsis root epidermis, where after microinjection into 
the individual root hair or non-root hair cell, fluorescent tracers 
(Lucifer Yellow and carboxyfluorescein) were not transported to 
the surrounding cells.104 It was also shown that, during the differ-
entiation of barley root epidermal cells, symplasmic communica-
tion is restricted in wild type plants and in the mature root hair 
zone epidermal cells are still symplasmically isolated.73 Moreover, 
for 2 allelic root hairless mutants rhl1.a and rhl1.b isolation of 
epidermal cells was not present. Immunogold detection of callose 
with the use of the transmission electron microscope revealed 
that in PD localized between epidermal cells in the differentia-
tion zone of wild type root higher number of callose molecules 
were deposited, in comparison to the comparable zone of root in 
root hairless mutant. In mutant plants only single callose mol-
ecules were present, and their number was similar to this in the 
meristematic zone of root.73 Results obtained for Arabidopsis and 
barley clearly indicate a strong correlation between differentiation 

of root epidermal cells and restriction of symplasmic communi-
cation.73,104 However, there are a few alternative mechanisms of 
establishing the root epidermal patterns in plants: symmetrical 
or asymmetrical division of mother cell, asymmetrical expan-
sion of daughter cells, or some unknown factor that induce root 
hair development of individual cells.105 In the Arabidopsis root, 
epidermal cells are arranged in files of trichoblasts and atricho-
blasts, and in the early stage of development, in the meristematic 
region, the fate of cells is determined.101 Whereas in barley the 
shootward-last division of epidermal cell (division localized the 
furthest from the root meristem) is symmetric and both daugh-
ter cells are identical, but afterwards cells start to expand asym-
metrically (Fig. 2).106 The rootward cell (localized closer to the 
root meristem) is shorter, contains more dense cytoplasm, as well 
as higher number of mitochondria in comparison to the longer 
shootward cell. During the differentiation process only shorter 
cells produce root hairs, what indicates that asymmetric cell 
expansion plays a key role in root epidermal pattering in bar-
ley.106 Additionally, in barley root hairless mutants rhl1.b107 and 
brb (bald root barley)108 all epidermal cells are similar in size and 
cytoplasm density, what confirms the hypothesis about impor-
tance of asymmetrical expansion in root hair development.106 
Current data indicate that the root epidermis of barley may be a 
new useful model for the studies of symplasmic communication, 
because in this case, 2 identical daughter cells start asymmetric 
expansion, which is related to the restriction of symplasmic com-
munication. Disturbances in symplasmic isolation and/or asym-
metric cell expansion are responsible for root hairless phenotype 
– trait that is easily observed during phenotypic analysis.

Future Perspectives

Since plant development primarily depends upon positional 
information, it would be useful to know the influence of this 
factor on PD function. Our knowledge regarding the mecha-
nism by which some molecules can pass through the PD and 
others cannot is still obscure. Currently, information about 
the proteins connected with the PD structure and function is 
limited. However, recent data indicate that intercellular con-
nections are not just conduits for macromolecular transport, 
but also represent sites for glycan synthesis and, potentially, 
post translational modification.109 Recent studies of grafting 
have shown that cells exchange chloroplasts by PD between 

Figure 2. illustration of the early stage of cell differentiation of barley root epidermal cells, 
which is correlated with the restriction of symplasmic isolation.
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genetically distinct cell types,110,111 which points to an open 
question regarding the similarity between PD and tunneling 
nanotubules (TNT) discovered in animal cells in the correla-
tion of growth and development. The future direction of studies 
must answer the question as to how PD function and formation 
are integrated with intracellular signaling pathways and plant  
physiology.16
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