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Upregulation of the plant protein remorin correlates
with dehiscence and cell maturation
A link with the maturation of plasmodesmata!
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Remorins are plant-specific proteins found associated with plasma membrane microdomains, called lipid rafts. Recently,
we have shown that this lipid raft marker also accumulated at plasmodesmata, likely within the plasma membrane lining
these structures. Here, we have investigated the gene expression and protein accumulation patterns of remorin at the
organ and cell type levels. We show that remorin level is significantly increased in dehiscent, mature and ageing tissues, as
well as in source parts of the leaves, where mature branched plasmodesmata are in majority. These results suggest that
remorin predominantly associates with mature branched plasmodesmata.

Introduction

“At the battle of Actium, it is said, a fish of [remora’s] kind
stopped the pretorian ship of Antonius in its course [...]. Hence
it was, that the fleet of Casar gained the advantage in the onset”
wrote Pliny the Elder in his Natural History.! In ancient times,
the remora was believed to stop a ship from sailing. In Latin rem-
ora means “delay”, while the genus name Echeneis comes from
Greek echein (“to hold”) and nawus (“a ship”). When Reymond
and colleagues, in the mid 1990s, named the protein they were
working on “remorin” (REM), they must have experienced some
premonitory inspiration.? Not only the protein binds to the inner
leaflet of the membrane, like the fish to boats bark, but also, as
we have recently demonstrated, it influences PVX virus cell-to-
cell spreading thereby playing an potentially important role in the
battle between the plant and the virus.?> The exact mechanisms
of remorin actions are still unknown but data strongly suggest
that REM may negatively influence viral movement by directly
binding the viral movement Triple gene block 1 protein (TGBpl1).
This is the first role described for a REM protein, but this is likely
not the only one.

The first described REM from potato belongs to a large fam-
ily of proteins with conserved C-terminal domain.? Bariola et
al. detected REM by immunolocalization in most cell types of
aerial tissues and roots of healthy tomato and potato plants,’
suggesting that REM “primary” role in plants is unlikely to
be related to viral infection. Interestingly, Bariola et al. also
described strong REM accumulation in vascular tissues, partic-
ularly around internal phloem, leaves midribs, and in root stele

near the root tip.’> As for REM in tomato, its homologs from
tobacco, medicago and Arabidopsis are also found enriched in
plasma membrane (PM) lipid rafts (reviewed in ref. 3). We dem-
onstrated that lipid raft REM is found in domains of ca. 70 nm
diameter in PM preparation in vitro, and associates in patchy
PM domains in vivo.?

In good agreement with its role in virus movement, REM
was also found to be associated with plasmodesmata, PDs.
Plasmodesmata (singular plasmodesma) are microscopic nar-
row channels that traverse the cell walls enabling transport and
communication between plant cells. PDs have been implicated
in cell-to-cell gating of various macromolecules including tran-
scription factors, micro RNAs and viral ribo-nucleoproteins,
possibly impacting on a wide variety of plant biology processes,
for review.® PDs can either form during cell division, at cytoki-
nesis (primary PDs), or de novo across existing walls (secondary
PDs). Primary PDs, abundant in young meristematic tissues, are
randomly distributed on the wall surface and are simple rod-
shaped conduits made of a central desmotubule derived from
endoplasmic reticulum, a cytoplasmic sleeve and surrounded
by the PM. As cells elongate and differentiate primary PDs are
progressively converted to mature branched structures by the
addition of secondary strands.” These branched PD often have a
central cavity,and are usually occurring in clusters in cellulose-
depleted regions of the walls called pit fields.

The transition from sink to source mesophyll tissue during
leaf development is a well-illustrated example of the PD matura-
tion process. In the sink part of a leaf primary simple PD prevail
whereas in the source tissues simple PD are almost absent and
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Figure 1. REM gene expression and protein accumulation through-
out tobacco plant. (A) Top: NtREMI.2 gene expression in various
plant organs. Bottom: Anti-REM western blot perform on protein
extract from the same organs using polyclonal antibodies to REM™
as described in.? (B) Variations of NtREMI.2 expression with leaves
development, nature of flower tissues and BY-2 cells time of culture.
(C) Left: REM protein accumulation monitored by western Blot
does significantly vary between limb and nerve tissues of the leaf.
Right: NtREM|.2 expression increases between sink (a), sink-source
transition (b) and source (c) areas of the leaf. Gene expression is
monitored by Q-RT-PCR, relative to eFlc. gene expression in the
same sample. Error bars show standard deviation for 9 technical/
biological replicates.

to source transition in leaves but rather seems to be a gen-
eral rule in plant development.®>!® Interestingly differences
between simple primary and branched PD were also observed
in their capacities to interact with viral movement proteins
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(MPs). Hence, whereas branched PD accumulated viral MPs
during leaf infection, simple PD do not.®'"'? Altogether these
data indicate that simple primary and branched mature PD
behave differently with respect to their capacities to traffic
macromolecules.

The association of REM with one or both types of PDs
would certainly bring insights into REM function in relation
to PD biogenesis and function. Because of the strong connec-
tion that exists between tissue type and age, and PD matura-
tion, measuring REM expression levels in different tissues may
indicate a preferential association of the protein with young or
branched modified PD. In this addendum, we have investi-
gated REM gene expression and protein accumulation at the
organ and cell type level using western blot and Q-RT-PCR.
We detected enhanced REM level in dehiscent and aging tis-
sues, as well as in source parts of leaves, sites where mature
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branched PDs prevail. Although additional evidences will be
required to establish a clear correlation, these results raises the
possibility that REM predominantly associates with second-
ary branched PDs. Implications of this finding on hypotheses
about REM function are discussed.

Results

Remorin is ubiquitously expressed and accumulates
throughout the plant. To get a general picture of REM sites
of action within the plant, we first monitored N:tREMI.2
gene expression and NtREMI1.2 protein accumulation,
in various organs of tobacco plants. For that, we collected

entire organs, namely roots, shoot apices, flowers, stems

instead branched modified PD often grouped into pit fields are
the rule.® These structural changes are correlated with variations
in the Size Exclusion Limit (SEL) or the maximum size of a mol-
ecule that can pass through PD. Simple PDs in the sink part of
tobacco leaves have a very high SEL up to 50 kD. However, dur-
ing the sink-source transition, the size of the molecules that can
transit by diffusion decreases dramatically down. This reduction
of PD SEL during tissue maturation is not restricted to the sink
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and leaves, onto which we performed RNA and proteins

extractions. RNAs were reverse transcribed and quantified
by Q-RT-PCR, normalized to the elongation factor 1o (EFIo)
gene expression level. The protein extracts from the different
organs were loaded, in equal amount, on SDS-PAGE gel and
NtREMI.3 protein accumulation was monitored by western
blot analysis. NtREM1.2 appeared to be ubiquitously expressed
at a high level (similar to EFIa) in all five organs investigated
(Fig. 1A). NtREMI.2 protein was also found to accumulate at
high levels in the various tissues, though slightly lower levels

Volume 4 Issue 10



were measured in roots and flowers (Fig. 1A, bottom). These
results indicate that the lipid raft marker REM is occurring in
an ubiquitous manner throughout to the plant.

Remorin gene expression increases with organ ageing and
in dehiscent tissues. To then get insight into REM function at
the organ level, we performed more precise dissections of plant
tissues (leaves, flowers) in which we monitored NtREMI.2 gene
expression. We noticed a 10-fold increase of NtREM]I.2 expres-
sion level from very young 1 cm-long leaves to 25 cm-long
mature leaves, and even a 100-fold increase in senescing leaves
(Fig. 1B). Dissection of flower tissues also revealed dramatic
variations in NtREMI.2 expression pattern from green vegeta-
tive or reproductive tissues (sepals and carpels) to dehiscent tis-
sues such as petals and especially stamens (Fig. 1B). To confirm
the correlation between cell ageing and NtREM1.2 expression
level, independently of the nature of the organ, we used BY-2
cell cultures in which we monitored NtREM1.2 expression
at different time points during growth; i.e., at the beginning
and the end of the exponential phase, and at the plateau of the
growth curve. Although less dramatic than in plant tissues, we
noticed a 25-fold increase in gene expression levels after six and
nine days of culture compared to three days old cultures (Fig.
1B). These results suggest that gene expression increases with
cells ageing, and that higher expression occurs in dehiscent tis-
sues of tobacco plant.

Remorin gene expression increases in source parts of the
leaves. Leaves are the usual entry points for most viruses which
exploit PD to move from cell-to-cell until they reach the leaf
vasculature from which they are then transported along with the
photoassimilates (i.e., from source to sink tissues). In Raffaelle
et al. we have shown that altered levels of REM influence the
cell-to-cell propagation of PVX, a potyvirus, in Tobacco leaves.?
This result prompted us to analyze into more details the varia-
tions of expression and accumulation of REM in leaves, espe-
cially in relation to the transition between sink and source
tissues when PD are known to undergo major structural and
morphological modifications. We collected samples from limb
of 8 cm long leaves (Fig. 1C). In such leaves, the region near
the petiole (a) has been described to correspond to sink tissue,®
whereas the tip of the leaf (c) as turned to source tissue. We also
collected samples in the middle of the leaf limb (b) where the
transition from sink to source occurs. We measured a two-fold
increase in NtREM]I.2 expression in the area of the leaf undergo-
ing the sink-source transition compared to sink part of the leaf.
The source part of the leaf showed a three times higher expres-
sion of NtREM]I.2 compare to the sink part.

Discussion

Here we show that the tobacco REM is constitutively, ubiqui-
tously and highly expressed in healthy plant organs. Remarkably,
we have consistently observed higher expression levels in older
tissues, namely in mature leaves, dehiscent parts of the flower,
and in ageing BY-2 cell cultures. In leaves, we have measured an
increase of REM expression during the sink to source transition
correlating with a developmental stage where PDs are converted
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from simple structures randomly dispersed on the wall surface
to branched ones grouped into pit fields. REM being present
both in the PM sricto sensu as well as in the PM lining PD, two
hypotheses can be considered regarding REM sites of action dur-
ing the sink—source transition: (1) REM accumulates in mature
branched PDs, (2) REM accumulates in lipid rafts of the PM
(outside PD). Although present data do not allow us to distin-
guish unambiguously between these two hypothesizes, in situ
endogenous localisation of REM (by immunofluorescence and
immunogold) have already shown that REM is mainly associated
with PD when compared with the PM, in young and mature
leaves.® It is therefore tempting to speculate that the observed
increase of REM expression during the sink source transition is
mainly due to its preferential association with PD, and that the
association with the PM sricto sensu remains the same in the dif-
ferent tissues. Our data would then point toward a predominant
association of REM with modified branched PD that prevails in
mature source parts of the leaves, leading us to consider a pos-
sible role of REM in the PD maturation process. This hypoth-
esis is further supported by data from Bariola et al.> who have
shown that the protein was accumulating around fully differen-
tiated vascular tissues where PD are mainly branched. Beside,
antheridia were shown to be sites of conversion from simple to
branched PD in chara species,” for review. Consistently, expres-
sion in flowers is at his highest in antheridia. As mentioned in the
introduction modified branched PD exhibit trafficking proper-
ties that are different from the young ones in term of SEL as well
as protein targeting. The identification of protein involved into
this process would certainly lead to a better understanding of PD
function.

The prototype REM from Solanaceae plants is a PM lipid
raft protein found in PDs that interferes with PVX virus cell-to-
cell spreading presumably by direct binding to the movement
protein TGBpl1.% In animal cells, the lipid raft hypothesis pro-
poses that the recruitment and aggregation of rafts is an impor-
tant driving force for virus spreading.'* As seen in mammalian,
plant PM rafts could be used by viruses as platforms for viral
cell-to-cell movement through PD. Considering the dynamic
nature of lipid rafts, their association with PDs, and with dif-
ferent PD types, may be transient.

The control of SEL as a dynamic process can also be regulated
by signals. Expression of virus movement proteins in plants was
used to demonstrate their ability to increase PD permeability.
The movement protein from TMYV is able to increase the SEL
1516 Comparable SEL increase is
documented in when the alfalfa mosaic virus movement pro-

in mesophyll cells by ten-fold.

tein is overexpressed in Nicotiana."” Similarly, cell-to-cell prop-
agation of the PVX in Nicotiana requires a at least two-fold
increase of PDs SEL mediated by the TGBpl protein.'® A pos-
sible effect of restricting PD permeability is consistent with its
ability to reduce PVX cell-to-cell spreading. Besides the control
of PD SEL, several processes accompany cell maturation and
can be correlated in increase in level. Whether other aspects of
senescence and dehiscence, such as cell-wall elongation and the
induced change in PD morphology, also involve remain to be
investigated.
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If either plays a role in conversion to mature PD and/or in
restricting PD permeability more generally, how can be this func-
tion achieved? The options are very diverse considering that, as
A.]. Maule wrote in a recent review “it seems unlikely that PD
will be less complex than the nuclear pore complex that com-
prises many proteins for its structure and operation”.'” Until now,
approximately thirty proteins were shown to have some associa-
tion with PDs." Building up and functioning of PDs require
cytoskeleton elements like F-actin, centrin, kinesin-like proteins,
and myosin VIII that may constitute a motor for opening/dilat-
ing/closing of PDs.” Energy to activate such motor could be
provided by PD ATPases” and regulated through calcium sig-
naling involving calreticulin and PD specific kinases. This likely
involves connections with the ER forming the desmotubule. PD
functioning also relies on cell wall modifications involving nota-
bly callose synthesis, B-1,3-Glucanase, pectin methylesterase, for
review see.!? Finally particular PM domains are defined within
PDs that share properties with lipid rafts® and contain and a GPI-
anchored callose-binding protein? as well as a PD-specific type I
membrane receptor like protein named PDLP1.%

Although the number of actors is increasing, little is known
of the maturation of PD and branching. Morphological aspects
of this process have been proposed by Faulkner et al.” that imply
significant changes in all the structural components of PDs.
Considering the known localization of in the inner leaflet of the
PM, it is more likely to mediate connection between the PM of
PDs and either element transiting through the cytoplasmic sleeve
or the desmotubule and its associated proteins that could include
actin and myosins. This disposition argues toward a possible role
of in a cytoskeleton/desmotubule dependant reduction of the per-
meability of the PD cytoplasmic sleeve. Such hypothesis would
be consistent with reduction of virus spreading in overexpressing
plants and predominant association with secondary, less perme-
able, PDs. Examination of the SEL of tomato transgenic plant
would provide valuable information regarding this hypothesis.
Many unknowns remain before we can picture the mechanisms
involved. The question of the specificity of REM-driven reduced
PD permeability toward types of viruses, nature and size of mol-
ecules is one of the most urging. Possible dynamics underlying
this effect, likely exploiting membrane micro-domains dynamics,
may participate in assembling motor complexes for permeability
regulation or alternatively sensing or receptor complexes regulat-
ing selectivity of PD conductance for instance.

Across evolution, primary PD were reported in some charo-
phyceans that also generate a phragmoplast at cytokinesis but not
in zygnematalean taxa which only exhibit a rudimental phrag-
moplast, by contrast secondary PD formation seems to be specific
of higher plants.?® Interestingly REM belongs to a vast family
of proteins that seems to have arisen with land colonization and
therefore be restricted to higher plants.” This correlation may
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suggest the evolution of a dedicated set of proteins related to cell-
to-cell communication in higher plants. Future investigations on
other members of the family will be required to test if this prop-
erty can be generalized or if diversification allowed these proteins
to encompass a wider variety of functions.

Material and Methods

Plant material, protein extraction and western blot. Nicotiana
tabacum cv Xanthi were grown for ten weeks in a growth cham-
ber at 25°C under 16/8 hours day/night conditions for RNA and
protein sampling. Eight-week old plants were used for agroin-
filtration and confocal microscopy. Procedures for these experi-
ments are as described in.>* Anti-REMF" antibodies were used for
western blot detection. N. tabacum cv Bright Yellow-2 suspension
cultured cells were grown in a modified Murashige and Skoog
medium as described in.*

Cloning of NtREM1.2. The full length cDNA of NtREM1.2
was cloned in pDONR221 vector from tobacco cDNAs using the
primers 5-AAA AAA GCA GGC TTA ATG GCA GAA GTA
GAA GTT AAG-3" and 5-TTT GTA CAA GAA AGC TGG
GTA TCA AAA ACATCC AAG GAG TTT CTT-3' that were
design based on the sequence of EST KT7C.104L22 (Accession
number EB449751).

Measure of gene expression by Q-RT-PCR. Plant tissues
for RNA extraction were grinded in liquid nitrogen and powder
sampled as 500 UL samples. RNAs were extracted from plant tis-
sues using RNeasy Plant mini kit (Qiagen). Purified RNA was
treated with DNase I using the DNA-free kit (Ambion, Austin,
TX) according to manufacturers’ instructions. RNAs were quan-
tified by spectrophotometry and checked for DNA contami-
nation on agarose gel and by PCR of eFlo gene. cDNAs were
synthesized from 200 ng total RNA using Quiagen Superscript
IT Reverse transcriptase. 2 uL of 1/10" diluted cDNAs were used
as a template for Q-RT-PCR performed on 96-well plates with
SYBR Green Master Mix kit (Bio-Rad) on a iCycler™ (Bio-Rad,
Hercules, CA). Decimal dilution series of plasmids containing
either eFIot or NtREM1.2 genes were included with every reac-
tion to serve as standards. All reactions were performed as three
technical replicates. Three RNA extractions were performed
on three sets of plant dissections. Values shown are standard
deviations for the nine technical/biological replicates. Primers
for eFIo. are described in,” primers for N(REM1.2 are 5'-GGA
GAG TGA GAA AGT TGT GG-3' and 5-CTG CTG CTT
TAT CTT CGA CC-3".
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