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Abstract

Plasmodesmata traverse cell walls, generating connections between neighboring cells. They allow intercellular move-
ment of molecules such as transcription factors, hormones, and sugars, and thus create a symplasmic continuity
within a tissue. One important factor that determines plasmodesmal permeability is their aperture, which is regulated
during developmental and physiological processes. Regulation of aperture has been shown to affect developmental
events such as vascular differentiation in the root, initiation of lateral roots, or transition to flowering. Extensive re-
search has unraveled molecular factors involved in the regulation of plasmodesmal permeability. Nevertheless, many
plant developmental processes appear to involve feedbacks mediated by mechanical forces, raising the question of
whether mechanical forces and plasmodesmal permeability affect each other. Here, we review experimental data on
how one of these forces, turgor pressure, and plasmodesmal permeability may mutually influence each other during
plant development, and we discuss the questions raised by these data. Addressing such questions will improve our
knowledge of how cellular patterns emerge during development, shedding light on the evolution of complex multicel-

lular plants.

Keywords: Hydraulic conductivity, mechanical stress, permeability, plasmodesmata, turgor pressure.

Introduction

Plasmodesmata are channels that traverse the cell walls and
create symplasmic continuity. They have been shown to play
a key role in the mobilization of different types of molecules
such as hormones, sucrose, transcription factors, and viruses
(De Storme and Geelen, 2014; Sager and Lee, 2014; Han and
Kim, 2016). In opposition to animal development, which relies
partly on cell migration to establish cellular patterns, plant cells
are encased within the cell wall and therefore symplasmic con-
nectivity seems pivotal to establishing cell types. Studies have
proven that regulation of plasmodesmal permeability helps es-
tablish patterns of cell identity during plant development (De

Storme and Geelen, 2014; Sager and Lee, 2014). Accordingly,
it has been proposed that plasmodesmata may have had a key
role in the evolution of multicellular forms in plants (Lucas and
Lee, 2004; Benitez et al., 2018).

One interesting feature of plasmodesmata is that their per-
meability can vary among different types of cells, organs, and
throughout developmental stages. Changes in symplasmic
connectivity have been correlated to changes in size of the
plasmodesmal pore and in plasmodesmal number. Variations
in symplasmic connectivity have been observed under a wide
range of phenomena such as pathogen infection (Lee et al.,
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2011), mechanical stimulation (Jaffe et al., 1985), transition to
dormancy (Rinne and van der Schoot, 1998), flower initiation
(Gisel et al., 1999), the transition of leaves from sink to source
(Oparka et al., 1999), and as a response to manipulation of
mechanical forces (Oparka and Prior, 1992). Interestingly, the
interaction between mechanical forces and molecular processes
is important for the development of plants (Hamant and Traas,
2009; Moulia, 2013).

Plant growth and morphogenesis involve cell expansion,
which is driven by turgor pressure that, in turn, depends on
the supply of solutes. The amount of solutes within the cell
can vary as a result, for example, of their transport by mem-
brane transporters, the enzymatic activity of proteins that
synthesize de novo solute molecules, and intercellular trans-
port through plasmodesmata. In this Review, we put for-
ward the hypothesis that turgor pressure might also regulate
plasmodesmal permeability based on previous observations
that plasmodesmal permeability can respond to changes in
turgor (Oparka and Prior, 1992) and that osmotic treat-
ments are related to changes in the size of the plasmodesmal
channel (Schulz, 1995).We discuss the evidence that suggests
the existence of feedback interactions between turgor pres-
sure and plasmodesmal permeability. Beforehand, we explain
the concepts behind turgor pressure and briefly review the
role of plasmodesmata. Finally, we discuss the potential rele-
vance of these bidirectional interactions and identify some of
the related open questions.

Turgor pressure in the cell

Small molecules such as sucrose can move through plasmodes-
mata (Schulz, 1995) and patterns of unloading in sink tissues
have been correlated with patterns of cell expansion in Pisum
sativum stems (Schmalstig and Cosgrove, 1990). The amount
of solutes such as sucrose, 1.e. osmolytes, within the cell is im-
portant because they mix with water and thus tend to reduce
the free energy of water, that is, the water potential (W).Van’t
Hoft’s equation may be used to estimate the osmotic poten-
tial (W) for low concentrations of solutes, W =—RT¢, where
R is the gas constant (8.32 ] mol™" K™"), T is the tempera-
ture (given in kelvins), and ¢ is the concentration of osmolytes
per volume of water, i.e. the osmolarity expressed in moles of
solutes per meter cubed of solution (Niklas and Spatz, 2012).
Note that osmolarity differs from molarity, which corresponds
to the concentration (in moles per meter cubed) before dissol-
ution; for instance, sodium chloride with a molarity of 1 mol
m™ dissociates into Na® and CI™ ions corresponding to an
osmolarity of 2 mol m™>, whereas the osmolarity of glucose
in solution is equal to its molarity because there is no dissoci-
ation. The osmotic potential is negative because dissolution of
solutes is thermodynamically more favorable than pure water
(W=0). The negative of W _ is referred to as ‘osmotic pres-
sure’. As membranes are selectively permeable (i.e. they allow
free movement of water, but not of all solutes), differences in
concentration of solutes that do not move freely across the
membrane generate a gradient in water potential that drives

movement of water into or out of the cell. Two other factors
also contribute to water potential: gravity potential (W) and
hydrodynamic pressure potential (W ):

U=, + 0, + U,

Gravity causes water to move downward unless an op-
posite force acts. The effect of gravity potential depends on
height, the density of water, and the acceleration of gravity
(Niklas and Spatz, 2012). An upward vertical distance of 10
m is translated into an increase of 0.1 MPa in water poten-
tial. At the cellular scale, gravity is usually neglected because
a vertical distance of 1 m can cause a change in the water
potential of 0.01 MPa, which is small compared with the
contribution of other factors to changes in water potential.
The pressure potential is defined as the hydrodynamic pres-
sure of a solution and is generally quantified as a deviation
from the ambient pressure. When the hydrodynamic pressure
is higher than atmospheric pressure it applies a force on the
walls of the container, which is then ‘pressurized’ (Beauzamy
et al., 2014); such pressure is usually called ‘turgor pressure’.
Negative values (tensional force) of hydrodynamic pressure
are achieved under very specific conditions, e.g. in the xylem
(Niklas and Spatz, 2012).

Turgor pressure is important for processes like cell expansion
(Kroeger et al.,2011), closure and opening of stomata (Buckley,
2005), and transport in the phloem (Miunch, 1930; Niklas and
Spatz, 2012); developmental changes in turgor have been pro-
posed to be involved in lateral root emergence (Péret ef al.,
2012; Lucas et al., 2013;Vermeer et al., 2014). Indeed, cellular
elongation depends on the balance between turgor pressure
and the mechanics of the cell wall. The cell wall is a rigid struc-
ture made of cellulose fibers embedded in a matrix of hemi-
cellulose and pectin (Cosgrove, 2005). In normal conditions,
the wall is stretched by the protoplast, creating mechanical
stress in the load-bearing components of the cell wall that, in
turn, compress the protoplast (Cosgrove, 1985; Schopfer, 2000).
Turgor pressure is the hydrostatic internal force that acts in
opposition to the compression by the wall. When the cell wall
loosens (or relaxes) turgor drops and this, in turn, reduces the
internal water potential, which then drives water influx and
cell elongation (Schopfer, 2000).

In a simple system, water will flow through the membrane
from the compartment with the highest water potential to-
wards that with the lowest water potential, tending to equili-
brate this difference. In a plant cell, the plasma membrane is
often idealized as a semi-permeable membrane, though it par-
tially enables the movement of many osmolytes (Beauzamy
et al., 2014). Processes that regulate the internal concentration
of osmolytes can also change the water potential. For example,
the conversion of glucose into fructose and sucrose by vacu-
olar invertases (Wang ef al., 2010). Water absorption tends to
dilute osmolytes within the cell and, if this were to continue
indefinitely, osmotic and turgor pressures would fall to zero
(Cosgrove, 1985; Schopfer, 2006). The synthesis, assimilation
and movement of solutes are then important processes that
prevent this situation and thus help maintain cell expansion
for long periods.
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Plasmodesmata and their permeability

In this section, we briefly describe the structure and function
of a plasmodesma channel (Fig. 1). We then focus on ques-
tions such as how the size of the channel is regulated and why
such regulation is important for turgor pressure. Our aim is not
to provide a comprehensive discussion about plasmodesmal
permeability regulation (see e.g. Benitez-Alfonso et al., 2011;
Faulkner and Maule, 2011; Burch-Smith and Zambryski, 2012;
Knox and Benitez-Alfonso, 2014; Han and Kim, 2016) but
only to draw attention to points relevant to the links between
permeability and mechanical forces.

Plasmodesmata encase a tube of endoplasmic reticulum
(ER), known as the desmotubule. Plasmodesmata are divided
into two types, primary, which form during cytokinesis, and
secondary, which form during cell expansion; they may be
simple (a single tube), occur in pairs (two neighboring tubes),
or be branched (multiple interconnected tubes) (Burch-Smith
and Zambryski, 2012). Plasmodesmata may allow the move-
ment of molecules between cells through their central cavity
(the cytoplasmic sleeve around the desmotuble) or through
the desmotubule (Barton ef al., 2011). Symplasmic connect-
ivity has been related to changes in the diameter of the pore,
which is related to the size exclusion limit (the size of the
largest molecule that freely moves through the pore), to the
type of plasmodesma, and to their density. For example, a
decrease in green fluorescent protein (GFP) movement was
observed in leaves that transitioned from sink to source that
coincided with an increase in the formation of branched
plasmodesmata (Oparka ef al., 1999). Regarding the size of the
plasmodesmal channel, it is important to note that the move-
ment of molecules that are small enough to pass through in
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a passive way, called non-targeted transport, is differentiated
from the targeted transport that may involve structural modi-
fications of the channel or of the molecules in movement
(Lucas et al., 1995). The molecular size of fluorescent dyes has
been used to study symplasmic transport and can be expressed
in terms of molecular mass (in kDa) or physical size (in nm).
5(6)-Carboxyfluorescein (CF) is a dye whose molecular size
(0.61 nm) is considered small enough for it to pass through the
plasmodesmal pore (Wang and Fisher, 1994); it is confined to
the phloem and its fluorescence pattern is similar to the distri-
bution of ['*CJsucrose (Grignon et al., 1989). Furthermore, the
molecular sizes of sucrose (0.47 nm) (Wang and Fisher, 1994,
Terry et al., 1995) and CF are comparable and therefore CF
has been used as a fluorescent dye for live imaging of phloem
unloading (Oparka et al., 1994).

The observation of movement of fluorescent molecules small
enough to pass through plasmodesmata has led to the discovery
of symplasmic fields. These can be conceptualized as cells or
tissues that are more connected among themselves than with
surrounding cells, which implies a certain degree of discon-
tinuity that can be incomplete and modified during develop-
ment (Gisel ef al., 1999). For example, symplasmic fields were
inferred in Arabidopsis from the patterns of movement of 1X-,
2%, and 3X-GFP fusions during embryo development, which
represented three molecular sizes (i.e. 27, 54, and 81 kDa) ex-
pressed under the SHOOT MERISTEMLESS (STM) pro-
moter (Kim and Zambryski, 2005). At the early heart stage
1X-, and 2X-GFP could move throughout the whole em-
bryo, but by the late heart stage 2X-GFP could not enter into
the cotyledons (Kim et al., 2005). Also at the late heart stage,
2%~ but not 3X-GFP could move into the root tip, thereby
suggesting the existence of a third symplasmic field (Kim and
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Fig. 1. Schematic representation of the plasmodesmal pore that connects two neighboring cells through their common cell wall. (A) As a result of a
lower levels of callose at plasmodesmal necks, the pore is widened and molecules that do not exceed the size of the neck can freely pass. (B) Callose
accumulates at plasmodesmal neck thus narrowing the channels and limiting free movement of molecules from one cell to its neighbor. GSL: GLUCAN
SYNTHASE-LIKE; PDCB: PLASMODESMATA CALLOSE-BINDING PROTEIN.
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Zambryski, 2005; Kim et al., 2005). These experiments led to
the conclusion that plants generate symplasmic fields that can
spatiotemporally vary during development.

Plasmodesmal permeability has been related to levels of
callose, a B-glucan that is incorporated into the cell wall at
the plasodesmal neck (Drake ef al., 1978; Guseman et al., 2010;
Vatén et al., 2011; Benitez-Alfonso et al., 2013; Han et al.,
2014). GLUCAN SYNTHASE-LIKE (GSL) proteins, also
called Callose Synthases (CalS), have been established as the
putative family for the synthesis of callose, while the degrad-
ation of callose was ascribed to plasmodesmal-localized [3-1,3-
glucanases (PdBGs) (Levy et al., 2007; Guseman et al., 2010).
Mutation of the callose synthase GSL8 was linked to decreased
callose levels at the cell plate and at plasmodesmata, defects in
cell division, disruption of cellular and tissue patterning, for-
mation of islands of excessive cell proliferation, and cell wall
stubs (Chen et al., 2009; Guseman et al., 2010). In the leaves
of Arabidopsis, the chor mutant, a weak allele of GSLS, has ab-
normal stomatal clusters that are assumed to result from the
leakage of cell-fate determinants from stomatal lineage cells to-
wards surrounding epidermal cells due to higher plasmodesmal
permeability (Guseman et al., 2010). Conversely, a mutation of
a PdBG gene would be expected to produce a less permeable
plasmodesmal channel and reduce symplasmic movement of
molecules. This was reported in pdbg1,2 double mutants, which
showed a decreased movement of GFP from the phloem to
neighboring tissues in comparison with wild type Arabidopsis
roots (Benitez-Alfonso et al., 2013). Moreover, pdbg1,2 double
mutant presented formation of lateral root clusters, suggesting
that lower permeability of the plasmodesmal channel im-
paired the specification of lateral root founder cells, prob-
ably by altering the movement of cell-specifying molecules
(Benitez-Alfonso et al., 2013). In agreement with the expected
callose levels of these two mutants, the two studies reported
lower (in the GSLS mutant) and higher callose levels (in
pdbg1,2 double mutant) by means of aniline blue staining and
immunolocalizations (Guseman et al., 2010; Benitez-Alfonso
et al., 2013). In summary, these findings support the idea that
some members of the GSL and PdBG families of proteins
regulate plasmodesmata opening by modulating callose levels.

What biophysical processes determine permeability of a
plasmodesma? Two processes play a role in the movement of
molecules in the symplasm: diffusion and advection (Squires
and Quake, 2005; Verchot-Lubicz and Goldstein, 2009). On
the one hand, diffusion is the net motion of molecules from
regions of high to regions of low concentration. As a transport
mechanism, diffusion becomes slower and slower as system
size increases. Differences in concentration between neigh-
boring cells drive diffusive movement of molecules through
the plasmodesmata connecting the two cells. On the other
hand, advection corresponds to molecule transport by co-
herent fluid movement, such as the active cytoplasmic move-
ment known as ‘cytoplasmic streaming’ or bulk flow in phloem
or in xylem, which is generally much more efficient for trans-
port than diffusion (Squires and Quake, 2005;Verchot-Lubicz
and Goldstein, 2009). Turgor pressure differences between
neighboring cells cause a flow through the plasmodesmata
that connect the two cells, driving advective transport of

molecules in the direction of the flow. Blake (1978) exam-
ined the contributions of fluid properties (viscosity varying
with flow rate), of the desmotubule, and of the geometry of
the cavity to plasmodesmal permeability and found that the
diameter of the neck was the main determinant of perme-
ability, suggesting that changes in neck opening are sufficient
to modulate plasmodesma-dependent fluxes. More generally,
it is expected that both advection and diffusion are involved
in molecular movement through plasmodesmata, with rela-
tive weight that depends on the system and process of interest.
For instance, phloem loading by sugars through plasmodes-
mata appears dominated by diffusion in trees and partially
involves advection in herbs (Comtet et al., 20174, b). In the
leaf epidermis, no pressure differences are expected between
pavement cells, and so non-targeted transport of molecules
through plasmodesmata is believed to be diffusion-driven
(Crawford and Zambryski, 2001; Schénknecht et al., 2008).
In particular, Schonknecht and coworkers (2008) found that
GFP movement in tobacco leaves depends exponentially on
the inverse of temperature, like an Arrhenius function with a
well-defined activation energy, leading them to ascribe move-
ment to diffusion. Nevertheless, the existence of an activation
energy means that the process is not simple diffusion—GFP
movement would be driven by differences in concentrations
between cells and would involve a limiting step (with a spe-
cific activation energy), which could be a change in GFP con-
formation before traversing the plasmodesma. Altogether, the
movement of small molecules through the plasmodesma likely
involves molecular diffusion and advection due to turgor pres-
sure differences, whereas the movement of large molecules is
likely limited by interactions with the channel. Note, however,
that more complex processes might lead to transport through
plasmodesmata, such as electroosmosis whereby ion movement
is driven by electrostatic fields (Squires and Quake, 2005) due,
for instance, to differences in membrane potential between
neighboring cells.

Plasmodesmal permeability seems to be key to establishing
patterns of cell types, which is a necessary process for the evo-
lution of vascular tissues and complex multicellular plants. For
example, ectopic expression of callose accumulation prevented
intercellular movement of the transcription factor SHORT-
ROOT and the microRNAs miR165/6 between stele and
ground tissues (Vatén et al., 2011). In light of the above, one
could hypothesize that the role of plasmodesmal perme-
ability in cell type specification and tissue development had
important evolutionary significance. Plasmodesmata evolved
several times in the plant lineage. Plasmodesmal permeability
in some multicellular green algae, like Bulbochaete hiloensis
(Fraser and Gunning, 1969), can also change during ontogeny
yielding well-defined symplasmic fields (Raven, 1997; Cook
and Graham, 1999; Kwiatkowska, 1999). This suggests, along
with other lines of evidence, that plasmodesmata can fulfill
similar functions in very diverse groups and that they might
have enabled similar functions in early plant evolution (Benitez
et al., 2018). For instance, the specification of cell identities
dependent on the creation of symplasmic fields may have
led to the evolution of vascular tissues that are able to trans-
port nutrients through long distances, which could have been
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instrumental in the expansion of the plant lineage on land
(Benitez et al.,2018).

A door closes: plasmodesmal permeability
may help build turgor pressure

The regulation of plasmodesmal permeability can affect the
movement and accumulation of solutes and probably, by exten-
sion, osmotic pressure. It has been reported that a decrease of
the plasmodesmal diameter at the neck is correlated with lower
levels of import of '*C-labelled sucrose in pea root tips (Schulz,
1995). Due to the role of osmotic pressure in generating turgor,
one could expect that plasmodesma-dependent movement
of solutes affects turgor pressure and, by extension, cell ex-
pansion. Nevertheless, thorough exploration of the effects of
plasmodesmal permeability on turgor pressure and cell expan-
sion has not been carried out.

Cotton fibers provide an ideal system to test the role of
plasmodesma-dependent effects on turgor pressure and cell
elongation. Some experiments have correlated changes in
plasmodesmal permeability, phloem unloading of CF, and cell
elongation patterns in cotton fibers (Ruan et al., 2001, 2004,
Zhang et al., 2017). A cotton fiber is a single trichome-like
epidermal cell that elongates about 1000-fold from its initial
size, without dividing. CF translocation via the phloem was
observed at different times of cotton fiber elongation (Ruan
et al., 2001); CF was detected in the phloem of the seed coat
of cotton and inside the fibers, except between 10 and 15 days
after anthesis during which CF was reported absent from the
fibers (Ruan et al., 2001). These results led the authors to hy-
pothesize that CF could no longer enter the fibers due to a
closure of the plasmodesmal pore.To test this idea, the authors
carried out aniline blue staining and immunolocalization,
which showed accumulation of callose at the time of the sup-
posed plasmodesmal closure, and they also reported an increase
in expression of a fiber-specific $-1,3-glucanase at the time of
re-opening (Ruan et al., 2004). This time window also coin-
cided with a higher expression of sucrose and potassium trans-
porters that, together, resulted in larger values of osmotic and
turgor pressures (Ruan ef al., 2001). The closure of plasmodes-
mata might be necessary for fast elongation of the fibers, by
preventing leakage of osmolytes out of the cell and enabling
turgor pressure buildup.

The hypothesis that plasmodesmal closure is necessary for
the influx of water would be testable by using mutations or
treatments that induce abnormal callose accumulation. Some
evidence along these lines is provided by the consequences of
changes in the composition of plasma membrane as explained
hereafter. It has been shown that plasmodesmal membranes
are enriched with detergent-insoluble membrane (DIM)
components such as sterols and sphingolipids (Grison et al.,
2015). There are two proteins that are specifically localized at
plasmodesmata, possibly due to their glycophosphatidylinositol
anchors—callose-binding protein 1 (PDCB1) and (-1,3-
glucanase (PdBG2)—whose mutations or misexpression af-
fects callose levels and symplasmic movement of proteins (Levy
et al., 2007; Simpson et al., 2009; Benitez-Alfonso et al., 2013).

Moreover, these two proteins are known to specifically bind
to DIMs of plasmodesmal membrane. It was recently observed
that plasmodesmal permeability is altered when the overall
composition of sterols is impaired (Grison et al., 2015). In
cotton, fiber length was reduced in plants with downregulation
of a putative sterol carrier; these plants showed reduced ex-
pression of GhPdBG3-2A/D, a plasmodesmal 3-1,3-glucanase
that likely anchors to DIMs, and closed plasmodesmata from
5 to 25 days after anthesis, based on CF assay (Zhang et al.,
2017). These results point to the importance of plasmodesmal
membranes for proper function of proteins that regulate callose
levels. They also support the hypothesis that plasmodesmal per-
meability may be important for cell elongation, though further
experiments would be needed to directly test this hypothesis,
for example by manipulating expression of a GSL gene in

fibers.

Turgor strikes back: pressure may induce
changes in plasmodesmal permeability

In the previous section we discussed the evidence supporting
the hypothesis that plasmodesmal closure is necessary to build
turgor pressure during cell elongation. In this section we will
present the experiments that suggest that turgor pressure can
induce changes in the permeability of plasmodesmata.

The temporal and spatial variations of plasmodesmal per-
meability, during development and across tissues, raise the
question of what factors can regulate the permeability of the
channel. Olesen (1979) stained plasmodesmata in leaves of
Salsola kali and in roots of Epilobium hirsutum and observed a
ring-like structure at the entrance of the channel that led him
to hypothesize that plasmodesmata served as ‘sphincters with
a valve function’. Such a valve function could be mediated by
deformation of the desmotubule (Blake, 1978), of the plasma
membrane, or of the cell wall. Coté et al. (1987) measured the
electric resistance between the vacuoles of two neighboring
internodal cells in Chara corallina, and found that the resistance
increased significantly when one of the two cells was bathed in
a hyperosmotic solution, inducing a turgor pressure of about
0.24 MPa between the two cells. Because the electric con-
ductance between cells is mostly dependent on symplasmic
conductivity, they ascribed their observation to the difference
in turgor pressure inducing gating of plasmodesmata. Oparka
and Prior (1992) conducted a series of experiments with a
pressure probe aimed at inducing pressure differentials between
pairs of neighboring cells of tobacco trichomes. They punc-
tured a cell to release turgor and also performed the reciprocal
experiment by injecting a drop of oil inside to increase the
pressure. To test whether there were any changes in the sym-
plasmic connectivity after these changes of pressure, they in-
jected Lucifer Yellow CH (LYCH) dye in the most apical cell
of the trichome and observed its movement between cells. In
control treatments, LY CH could move through the cells all the
way down towards the base of the trichome. After puncturing
one of the trichome cells, they measured turgor pressure of the
apical and basal neighbors and found that these other cells also
reduced their turgor. Furthermore, the pressure difterentials
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found correlated with LY CH movement, namely, LY CH could
not enter the cell with the smallest turgor pressure, suggesting
that plasmodesmata respond to turgor differentials. This phe-
nomenon was recently modelled by Park er al. (2019) who
hypothesized that fast closing of plasmodesmata would be due
to higher turgor pressure on one side pressing the endoplasmic
reticulum against the cell membrane; using plausible values of
physical parameters, they recovered variations of relative per-
meability with pressure that are in semi-quantitative agreement
with experiments.

When plants were treated with osmotic solutions intended
to induce plasmolysis, callose levels increased in oat coleoptiles
(Drake et al., 1978), plasmodesmal pores narrowed in pea root
tips (Schulz, 1995), and symplasmic continuity was disrupted
in Egeria densa leaves (Erwee and Goodwin, 1984). However,
in the study performed by Schulz (1995), moderate treatments
with mannitol that did not plasmolyse cells were shown to
transiently increase the size of the plasmodesmal pore and en-
hance movement of sugars to osmotically stressed tissues. These
findings suggest that osmotic treatments can induce two op-
posite responses on plasmodesmal permeability depending
on the intensity of the stress. Schulz (1995) proposed that a
transient enhancement of sugar import after a moderate os-
motic stress was needed to lower the water potential to pre-
vent plasmolysis. But when the stress is sufficient to plasmolyse
the cell, plasmodesmata close, potentially preventing further
cytoplasmic leakage. Hence, changes in turgor pressure can af-
fect the permeability of plasmodesmal channels but the evi-
dence suggests that the response is not linear. Further work is
needed to fully understand plasmodesmal response to changes
in turgor and determine what threshold values of turgor can
close the plasmodesmal channel.

An analysis of the biochemical networks that regulate
plasmodesmal permeability and turgor pressure reveals fac-
tors shared between these two processes. Reactive oxygen
species (ROS) have been shown to play an important role in
cell expansion. ROS production in the apoplast is linked to
the loosening of cell walls through cleavage by hydroxyl rad-
icals of polysaccharides such as pectins and homogalacturans
(Fry et al., 2001; Schopfer et al., 2001), though ROS may
also lead to cell-wall stiffening by creating new cross-links
(Passardi et al., 2004). Accordingly, ROS regulate turgor pres-
sure through their effects on cell wall relaxation. In addition,
ROS accumulation in roots of Arabidopsis and cucumber has
been related to intracellular trafficking of aquaporins and a
reduction in water transport, adding another layer to the rela-
tionship between ROS and turgor (Lee et al., 2004; Boursiac
et al., 2008). ROS seem to also regulate plasmodesmal per-
meability as their accumulation is correlated to increases
in callose deposition and plasmodesmal closure (Cui and
Lee, 2016). CF movement was restricted after mechanical
wounding and H,O, spraying of Arabidopsis plants (Cui
and Lee, 2016). Furthermore, ROS production seems to be
downstream of mechanical signals. Mechanically wounded
Arabidopsis plants that were pretreated with ascorbic acid—a
reducing agent intended to block ROS production—did not
show the mechanically induced plasmodesmal closure that
was observed in non-pretreated plants (Cui and Lee, 2016).

The CalS8 gene seems to mediate the response to mechan-
ical wounding via extracellular ROS, as a cals§ mutant was
defective in both ROS- and mechanical wounding-induced
plasmodesmal regulation (Cui and Lee, 2016). The produc-
tion of ROS species, therefore, seems to be an important
factor linking mechanical signals coming from cell expansion
and wounding to responses like plasmodesmal permeability
and turgor pressure regulation.

Ca®" is a structural component of the cell wall and acts
as a second messenger responding to environmental sig-
nals. Experimental evidence suggests that Ca> might play a
role in the regulation of callose synthesis through its inter-
actions with annexins (ANNs), calmodulins (CaM), and
caltireticulins. ANNs are membrane-bound proteins with
GTPase activity dependent on Ca®". They are expressed
in elongating cotton fibers and were found to potentially
interact with callose synthases (Andrawis ef al., 1993; Shin
and Brown, 1999). Also a group of proteins that resemble
plant and animal ANNs were related to the activity of callose
synthase in vitro in a Ca**-dependent manner (Andrawis
et al., 1993). ANNs seem to respond to accumulation of
ROS in Arabidopsis roots by regulating cytoplasmic Ca**
through permeable channels, thus serving as a link between
ROS and Ca®" (Richards ef al., 2014). CaM are Ca”* sensors
that show conserved regulatory activity in eukaryotic cells.
In root hairs of Arabidopsis, ROS and Ca** are involved in
a positive feedback loop. First, ROS accumulation activates
calcium influx (Foreman et al., 2003) that, in turn, activates
CaM, which then targets NADPH-dependent production of
ROS (Harding et al., 1997; Takeda et al., 2008). In cotton fi-
bers, overexpression of a cotton calmodulin, GhCaM?7, leads
to higher concentrations of ROS and promotes early fiber
elongation, while exogenous H,O, application in WT plants
enhanced the expression of GhCaM?7 as well as early fiber
elongation (Tang ef al., 2014). The calcium-binding protein
calreticulin was found to be located in ER of plasmodesmal
channels (Baluska ef al., 1999), there is a correlation between
calreticulin and callose accumulation at plasmodesmata
(Bilska and Sowinski, 2010), and calreticulin interacts with
a glucosaminyl transferase-like (GnTL), which co-localizes
with PDCB (Zalepa-King and Citovsky, 2013). This suggests
that calreticulin may interact with enzymes that regulate
callose levels at plasmodesmata.

Ca®™ might also close plasmodesmata in a callose-
independent manner. This hypothesis stems from the ob-
servation that increases in cytoplasmic Ca®" induced by
microinjection of mastoparan in staminal hair cells of Setcreasea
purpurea transiently close plasmodesmata within seconds, with
plasmodesmata remaining closed for less than a minute (Tucker
and Boss, 1996). Calreticulin might associate with acto-myosin
and centrin at plasmodesmal necks to translate calcium fluctu-
ations into transient contractions of the pore (Sager and Lee,
2014), which would constitute a callose-independent form of
plasmodesmal permeability regulation.

Put together, experimental evidence discussed here suggests
that the biochemical interactions that connect turgor pressure,
plasmodesmal permeability, and cell elongation constitute a
tightly coupled network (Fig. 2).
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Fig. 2. Network of interactions between biochemical, mechanical factors,
and processes that connect plasmodesmal permeability, turgor pressure,
and cell wall expansion. Blue rectangles represent processes, and red
ovals represent molecules. Arrows correspond to upregulation, T-ending
lines to down-regulation; dotted arrows and lines indicate hypothetical
interactions.

Questions and future directions

We have summarized available evidence suggesting that
plasmodesmal permeability and turgor pressure are linked and
put forward two hypotheses about how these two factors might
interact. Namely, plasmodesmata permeability may contribute
to osmolyte accumulation and hence turgor-driven cell expan-
sion; turgor, in turn, can also affect plasmodesmal permeability,
possibly through mechanically induced ROS accumulation
and calcium signaling or directly by pushing the endoplasmic
reticulum against the plasma membrane. However, there are
many gaps to fill. In this section we discuss particular questions
that need to be addressed.

Experimental data support the assumption that narrowing
the neck of the pore is necessary for building turgor pres-
sure (Ruan et al., 2001, 2004); however, it is important to
consider that symplasmic connectivity can also vary due to
changes in plasmodesmal number, for instance by de novo for-
mation of branched plasmodesmata (Oparka et al., 1999), as
observed during cotton fiber elongation (Ruan ef al.,2001). It
is therefore necessary to investigate whether turgor is affected
because of changes in diameter of simple plasmodesmata, for-
mation of branched plasmodesmata, or a combination thereof.
These possibilities also apply to the effects of turgor pressure
on plasmodesmal permeability because loosening of the cell
wall might be involved in the formation of branched plasmo-
desmata (Ehlers and van Bel, 2010). Using 3D reconstructions
from transmission electron microscopy (Nicolas ef al., 2017), it
is now possible to examine the physical structure of plasmo-
desmata and examine their nature, helping to clarify the afore-
mentioned issues.

It would be interesting to test whether changes in turgor
pressure induced by chemical treatments can alter the patterns
of non-targeted symplasmic movement. Even considering the
evidence provided by Schulz (1995) of osmotic treatments al-
tering plasmodesmal diameter and sucrose unloading, actual

turgor pressure was not measured in this study to corroborate
this link. This is particularly important because osmotic treat-
ments can trigger many physiological responses in plants. It is
then necessary to measure turgor pressure in osmotic treat-
ments and verify whether those osmotic stress-induced values
can alter callose deposition and symplasmic movement of
molecules. These experiments can also be applied not only to
the non-targeted but also to the targeted movement of tran-
scription factors that are known to control the structure of
plasmodesmata, e.g. KNOTTED1 (KN1) (Xu et al., 2011).
Such measurements of turgor pressure might be eased by
indentation-based approaches that were recently developed
(Beauzamy et al., 2015; Weber et al., 2015).

Osmotic stress can either increase or decrease permeability
depending on intensity (Schulz, 1995), which means that the
response of plasmodesmata to changes in turgor pressure may
be non-linear. In this context, it would be interesting to test
how much turgor pressure needs to drop to activate the callose-
dependent closure of plasmodesmata. Oparka and Prior (1992)
found that a pressure differential of 300 kPa prevented sym-
plasmic movement of LYCH, but it is unknown whether this
response is mediated by deposition of callose at plasmodesmal
necks. An approach combining chemical treatments, turgor
measurements, the observation of symplasmic movement of
fluorescent molecules, and mathematical or computational
models can help elucidate this question. Computational models
are particularly useful to provide mechanistic explanations in
processes that are based on non-linear interactions and to elu-
cidate the relative contribution of each of its components.
As we propose in Fig. 2, there are many factors and processes
connecting turgor and plasmodesmal permeability of different
nature (e.g. mechanical, molecular), with different time re-
sponses (seconds, minutes, hours), and that seem to interact
in non-linear ways, which could be integrated together in a
computational model to put forward testable predictions. For
example, a computational model that studies the changes in
callose levels to turgor pressure could help find what type of
function best describes this response and how this, in turn,
could affect turgor.

Studies on the effects of turgor pressure on plasmodesmal
permeability have been carried out with different systems.
Cotton fibers would be appropriate to perform these studies
in a single system, though it may not be the easiest choice be-
cause of its allopolyploidy and, until recently, because of the
low efficiency of genetic transformation of cotton (Chen et al.,
2017). Nevertheless, the CRISPR/Cas9 system is becoming
an efficient strategy for targeted mutagenesis of cotton and
could help generate mutations of proteins that regulate callose
levels to see how they affect cotton fiber elongation (Chen
et al., 2017; Gao et al., 2017). An alternative system could be
trichoblasts (and/or trichomes) of Arabidopsis, which are also
single cells, and mutants of genes that code for proteins that
regulate callose levels at plasmodesmata are readily available. To
test the role of plasmodesmata in the elongation of trichoblasts,
it would be necessary to follow the approaches of Ruan and
coworkers (2001, 2004) for cotton fibers, evaluating the ex-
pression of GSLs and/or PdGBs and then testing the effects of
mutations of these genes on root hair elongation.
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Conclusions

Turgor pressure and plasmodesmal permeability can affect
each other during plant development. Plasmodesmata con-
trol the content of osmolytes and water within the cell and
turgor pressure can affect the levels of callose levels and the
non-targeted movement of molecules. These interactions have
important consequences for plant growth and development.
Because plasmodesmal permeability helps establish patterns
of cell types, for instance during differentiation of stomata or
of vascular tissues, the study of how turgor pressure regulates
plasmodesmal permeability can improve our understanding of
how multicellular plants, and notably vascular plant, evolved.
In this review, we have compiled the evidence that supports
our hypothesis and we have identified some of the key ques-
tions that remain open in an attempt to bring attention to the
subject.
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