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It is generally accepted that in order to
establish a systemic infection in a

plant, viruses move from the initially
infected cell to the vascular tissues by
cell-to-cell movement through plasmo-
desmata (PD), and load into the vascular
conducting tubes (i.e. phloem sieve ele-
ments and xylem vessel elements) for
long-distance movement. The viral unit
in these movements can be a virion or a
yet-to-be-defined ribonucleic protein
(RNP) complex. Using live-cell imaging,
our laboratory has previously demon-
strated that membrane-bound replication
complexes move cell-to-cell during tur-
nip mosaic virus (TuMV) infection. Our
recent study shows that these membrane-
bound replication complexes end up in
the vascular conducting tubes, which is
likely the case for potato virus X (PVX)
also. The presence of TuMV-induced
membrane complexes in xylem vessels
suggests that viral components could also
be found in other apoplastic regions of
the plant, such as the intercellular space.
This possibility may have implications
regarding how we approach the study of
plant innate immune responses against
viruses.

Introduction

Plant viral spread throughout a plant
involves short distance, cell-to-cell,
movement through plasmodesmata
(PD) and long-distance trafficking
through vascular tissues. The moving
entities are thought to be viral particles
or ribonucleic protein (RNP) com-
plexes. However, the exact nature of the
trafficking RNP complexes has not been
defined. An emerging concept is that

viral RNA replication and movement
are tightly linked processes. For exam-
ple, it has been proposed that tobacco
mosaic virus (TMV) moves from cell to
cell as intact replication complexes.1

Replication and trafficking of potato
virus X (PVX) have also been shown to
be coupled at the entrances of PD.2

Furthermore, turnip mosaic virus
(TuMV) -induced membrane-bound
replication complexes have been
observed by live-cell imaging to move
from one cell to another.3 Thus, the
plant virus life cycle may not be easily
separated into several distinct stages.

Most plant viruses move systemically
through the phloem along the source-
to-sink flow of photoassimilates for
long-distance movement (reviewed in4).
The viral entity loads into phloem sieve
elements through pore-plasmodesmata
units (PPUs) that connect the sieve ele-
ments and companion cells in all vein
classes of source leaves.5,6 The viral
phloem unloading pattern is similar to
the phloem-mobile dye 5(6)-carboxy-
fluorescein diacetate (CFDA), which is
limited to major veins of sink leaves.5-7

Some viruses have also been observed in
xylem vessels. It has been proposed that
viruses enter into immature xylem vessel
elements. Upon apoptosis, these become
hollow vessels, thereby releasing viruses
into the water flow.8 Viral uploading
into xylem parenchymal cells would
then take place through pit mem-
branes.8,9 Both virus particles and yet-
to-be-defined RNP complexes have
been implicated as the unit for plant
virus long-distance movement. Virus
particles have been detected in phloem
sieve elements10-13 and phloem sap,14,15

as well as in the xylem vessel elements
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and guttation fluid.16-18 Alternatively,
some viruses are believed to move as
RNP complexes since systemic move-
ment was observed in coat protein (CP)
deletion mutants.19-22

Brief Summary of the Recently
Published Manuscript

TuMV is a positive strand RNA virus
belonging to the family Potyviridae.

TuMV remodels cellular membranes into
viral factories, which are intracellular com-
partments involved in viral replication as
well as in intra- and intercellular move-
ments. These compartments take the form
of vesicles of »100 nm in diameter origi-
nating from the endoplasmic reticulum
(ER). These vesicles contain viral RNA
(vRNA) and viral and host proteins
involved in vRNA replication. The viral
membrane 6K2 protein is involved in the
membrane alterations and vesicle produc-
tion, and is thus a marker for the presence
of the membrane-bound replication com-
plex. In our recent publication,23 we ana-
lyzed the distribution of 6K2 vesicles in
vascular tissues during TuMV infection to
test whether membrane-bound replication
complexes are involved in long-distance
movement. Through cryohistological
observations of TuMV-infected plants,
6K2 vesicle aggregates were found in both
phloem sieve elements and in xylem ves-
sels (Fig. 1A and B). Moreover, 6K2

vesicles were observed in TuMV-infected
xylem sap (Fig. 1C). Stem girdling experi-
ments, which leave xylem vessels intact
but destroy the surrounding tissues, con-
firmed that TuMV could move long-dis-
tance through xylem vessels. Hence, we
showed that membrane-bound replication
complexes might be the viral entity for
TuMV long-distance movement. Interest-
ingly, the presence of membrane-associ-
ated replication complexes in the phloem
and xylem may not be limited to TuMV,
since PVX-induced membrane-associated
double-stranded viral RNA complexes
were also observed in both phloem sieve
elements and xylem vessels. In other
words, we observed membrane-associated
viral replication complexes that were
located in the extracellular space of a
plant. This contrasts with the general
belief that viral replication complexes are
found exclusively inside infected cells.

Change of Paradigm?

The apoplast, which includes cell walls,
intercellular spaces and conducting dead
cells of the xylem, is a dynamic compart-
ment involved in plant signaling and com-
munication. The intercellular fluids and
xylem sap are connected, since a large

Figure 1. TuMV membrane-bound complexes are present in phloem sieve elements, xylem vessels
and xylem sap. (A and B) Longitudinal-sections of 6K2:GFP-producing TuMV-infected N. benthami-
ana stem internodes above the inoculated leaf, were observed with a Zeiss LSM-780 confocal
microscope using a 63x objective. Aniline blue-stained sieve plate (A) and Fluorescent brightener
28-stained cell wall (B) are shown in false-color magenta. 6K2:GFP is shown in green. Panel (A) is a
single optical slice, and Panel (B) is a 3-dimensional image. (C) shows xylem sap collected from
6K2:GFP producing TuMV-infected N. benthamiana plants observed with a Zeiss LSM-780 confocal
microscope using a 20x objective. SP, sieve plate; XV, xylem vessel.

Figure 2. A model for exosome-like vesicle movement in the paramural space for bypassing the cell
wall. First, exosome-like vesicles from cell 1 are released in the paramural space (1), and then travel
until they encounter the apoplastic face of a plasmodesma (2) to cross over to the paramural space
of cell 2 (3).
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number of xylem sap proteins have been
found to originate from the proteins
secreted in the intercellular fluids.24

Transmission electron microscopy (TEM)
studies have shown that paramural vesicles
situated between the plasma membrane
and the cell wall occur in various cell wall-
associated processes, and are similar to
exosomes both in location and in mor-
phology.25 Accumulating evidence sug-
gests that exosome-like vesicles carry
specific materials to be delivered into the
paramural space of the plant to accom-
plish still undiscovered functions.26-28

The exosome-like paramural vesicles may
be released from the plasma membrane by
at least 2 mechanisms. They could be
released through a multivesiclular body-
plasma membrane (MVB-PM) fusion, as
shown for the pathogenic powdery mil-
dew fungus27 and barley stripe mosaic
virus (BSMV)29 induced cell wall-associ-
ated defense response. Alternatively, they
could be released through an exocyst posi-
tive organelle (EXPO)-plasma membrane
fusion, which is involved in non classical
protein secretion.28

Exosome-mediated transmission of
human viruses have been reported.30,31

Could it also be the case for plant viruses,
despite the presence of a thick surround-
ing cell wall that would act as a barrier for
virus movement? Vesicular transport
across the cell wall has been demonstrated
in fungi.32 Could a similar situation be
operating in plants? Alternatively, the exo-
some-like vesicles could spread through-
out the paramural space and bypass the
cell wall as depicted in Fig. 2.

In support to the above hypothesis, we
observed numerous electron-translucent
vesicles that are morphologically similar to
the paramural vesicles formed through
MVB-PM fusion in the paramural space
of TuMV-infected leaves (Fig. 3A, empty
arrowheads). We also observed some elec-
tron-dense vesicles that appeared to pinch
out from the plasma membrane into the
paramural space (Fig. 3B, arrowheads).
Only a few exosome-like paramural
vesicles were observed in mock-infected
leaves. Additionally, 6K2:GFP in the form
of aggregates were collected from the apo-
plast. These observations suggest that
there might indeed be an additional mech-
anism by which plant viruses exit cells.

Virus Components Located in the
Apoplast and Their Relationship

with Plant Innate Immune
Responses

The presence of intricate membrane
structures containing viral replication
complexes in the xylem vessels may also
change our way of looking at plant immu-
nity against viruses. Pathogen perception
of the plant innate immune system is
mediated by microbe/danger-associated
molecular patterns (MAMPs/DAMPs)
that are recognized by pattern recognition
receptors (PRRs) on the plasma mem-
brane.33 Ligand binding to PRRs for non-
viral pathogens takes place on the apoplas-
tic side of the membrane. Although the
recognition of MAMPs/DAMPs is
believed to occur intracellularly in the case
of viruses,34 a recent study reported on the
possible involvement of receptor-like kin-
ases in MAMP recognition by PRRs in
plant-virus interactions.35 This finding
indirectly suggests the presence of some
viral components in apoplast. Thus, it will

be interesting to see if any of the compo-
nents of TuMV structures found in xylem
vessels could act as apoplastic MAMPs/
DAMPs.
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