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Turnip mosaic virus (TuMV) reorganizes the endomembrane system of the infected cell to generate endoplasmic-
reticulum–derived motile vesicles containing viral replication complexes. The membrane-associated viral protein 6K2 plays a
key role in the formation of these vesicles. Using confocal microscopy, we observed that this viral protein, a marker for viral
replication complexes, localized in the extracellular space of infected Nicotiana benthamiana leaves. Previously, we showed that
viral RNA is associated with multivesicular bodies (MVBs). Here, using transmission electron microscopy, we observed the
proliferation of MVBs during infection and their fusion with the plasma membrane that resulted in the release of their
intraluminal vesicles in the extracellular space. Immunogold labeling with a monoclonal antibody that recognizes double-
stranded RNA indicated that the released vesicles contained viral RNA. Focused ion beam-extreme high-resolution scanning
electron microscopy was used to generate a three-dimensional image that showed extracellular vesicles in the cell wall. The
presence of TuMV proteins in the extracellular space was confirmed by proteomic analysis of purified extracellular vesicles from
N. benthamiana and Arabidopsis (Arabidopsis thaliana). Host proteins involved in biotic defense and in interorganelle vesicular
exchange were also detected. The association of extracellular vesicles with viral proteins and RNA emphasizes the implication of
the plant extracellular space in viral infection.

Proteins found in the extracellular space of eukary-
otic cells are either secreted by exocytosis or through the
release of extracellular vesicles. Extracellular vesicles
are produced in a wide variety of shapes and have been
classified into at least three groups according to their
size (György et al., 2011; Akers et al., 2013; Abels and
Breakefield, 2016; Dreyer and Baur, 2016). The larg-
est vesicles are known as apoptotic bodies, which
have diameters of .1 mm. The other two classes are

microvesicles (100–1000-nm in diameter) and exosomes
(30–150 nm in diameter). Microvesicles are shed di-
rectly from the plasma membrane, whereas exosomes
are released after the fusion of a multivesicular body
(MVB) with the plasma membrane. Exosomes were
long considered as sample processing artifacts or as
fragments of dying cells undergoing apoptosis. In-
creasing interest on those extracellular vesicles has
revealed their implication in many biological processes.
For instance, extracellular vesicles purified from dif-
ferent extracellular fluids, such as blood, urine, and
amniotic fluid, were shown to transport proteins and
different types of RNAs such as mRNAs and micro
RNA (Bern, 2017; Ciregia et al., 2017; Fleshner and
Crane, 2017; Lawson et al., 2017; Xu et al., 2017).
It was recently discovered that many mammalian
positive-sense (+) RNA viruses use exosomes to mod-
ulate the cell immune response (Masciopinto et al.,
2004; Canitano et al., 2013; Arenaccio et al., 2014;
Longatti, 2015; Ahsan et al., 2016; Kouwaki et al., 2016;
Xu et al., 2017). Furthermore, nonenveloped viruses
were thought to exit cells exclusively by inducing their
lysis. However, it was recently shown that some of
them are able to transiently acquire a membrane en-
velope and generate secondary infection foci by trans-
porting their viral RNA (vRNA) or their viral particles
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(Bukong et al., 2014) in extracellular vesicles through
long distances in the extracellular fluids (Masciopinto
et al., 2004; Canitano et al., 2013; Feng et al., 2013;
Arenaccio et al., 2014; Bukong et al., 2014; Longatti,
2015; Ahsan et al., 2016; Yang et al., 2017).

Information concerning plant-cell–derived extracel-
lular vesicles is rather limited, perhaps because of the
difficulty in obtaining large quantities of extracellular
apoplastic fluid enriched in exosomes and microvesi-
cles. Most of the available information about plant
exosomes highlights the implication of the SNARE
SYP121 (PENETRATION1 [PEN1]) protein and comes
from studies of plant–fungi interactions and more re-
cently from plant–bacteria interactions (Nielsen et al.,
2012; Rutter and Innes, 2017; Cai et al., 2018). Accu-
mulating evidence suggests that plant extracellular
vesicles transport small nucleic acids (e.g. small inter-
fering RNA, micro RNA) in different contexts as their
mammalian counterpart (Cai et al., 2018; Baldrich et al.,
2019). They also carry other specific materials (e.g.
proteins) in the extracellular space of the plant to ac-
complish still undiscovered functions (An et al., 2006b;
Regente et al., 2009; Wang et al., 2010; Rutter and Innes,
2017; Cai et al., 2018). An improved extraction protocol
has been described for obtaining extracellular vesicles
from Arabidopsis (Arabidopsis thaliana; Rutter and
Innes, 2017). Proteomic analyses of the extracellular
vesicles obtained with this procedure indicated that
they are enriched in proteins involved in biotic and
abiotic stress responses, suggesting that extracellular
vesicles may have a role in plant immune responses.
Despite the similarities between pathogenic +RNA vi-
ruses across kingdoms, there is no information linking
plant extracellular vesicles with viruses. The only in-
vestigation on the subject is the release of Rice Dwarf
Virus from insect vector cells, which involves exosomes
derived from MVBs (Wei et al., 2009)

Turnip Mosaic Virus (TuMV) is a +RNA virus that
belongs to the order Picornavirales. The 9.8-kb genome
encodes a polyprotein that is proteolytically processed
into at least 11 viral proteins. +RNA viruses reorganize
the endomembrane system to generate quasi-organelle
structures called “viral factories” (Laliberté and Zheng,
2014). In the case of TuMV, these factories are motile
vesicles of;100 nm in diameter that contain the TuMV
genome as well as viral and host proteins involved in
vRNA replication (Cotton et al., 2009). These motile
vesicles move intercellularly from infected cells to ad-
jacent healthy cells through virus-modified plasmo-
desmata until they reach the vascular tissues (Grangeon
et al., 2012, 2013; Agbeci et al., 2013). Interestingly,
replication vesicles were found in xylem vessels (Wan
and Laliberté, 2015), which challenges the general belief
that viral replication complexes are found exclusively
inside infected cells.

The membrane-associated viral protein 6K2 plays a
key role in the formation of viral replication vesicles
(Restrepo-Hartwig and Carrington, 1994). It interacts
with the coatomer protein II Sec24A protein, which al-
lows the release of replication vesicles at endoplasmic

reticulum exit sites (Jiang et al., 2015). Replication ves-
icles then bypass the Golgi apparatus and are associ-
ated with the prevacuolar compartment/MVB SNARE
Vti11 (Cabanillas et al., 2018). Of particular interest is
the finding that Vti11 is associated with Arabidopsis
extracellular vesicles (Rutter and Innes, 2017).

In this study, we revealed that TuMV components
could be released in the extracellular space of infected
Nicotiana benthamiana and Arabidopsis leaves and that
they are linked to extracellular vesicles. Transmission
electron microscopy (TEM) immuno-gold labeling and
focused ion beam-extreme high-resolution scanning
electron microscopy (FIB-EHRSEM) on N. benthamiana
leaves showed abundant MVBs releasing intraluminal
vesicles containing vRNA into the extracellular space
and penetrating the cell wall. Proteomic analyses of
purified extracellular vesicles from N. benthamiana and
Arabidopsis revealed the presence of viral proteins to-
gether with host factors, many of them involved in
plant immune response. This discovery challenges the
notion that no viral components, besides viral particles,
are found outside of plant cells and highlights the im-
plication of extracellular vesicles in viral infection.

RESULTS

6K2 Is Observed in the Extracellular Space of
TuMV-Infected Leaves

Recently, we reported that the trafficking of the rep-
lication vesicles of TuMV requires MVB SNARE Vti11
(Cabanillas et al., 2018). Because Vti11 is also found in
Arabidopsis extracellular vesicles (Rutter and Innes,
2017), we therefore wondered if TuMV components
could be released in the extracellular space of infected
leaves. N. benthamiana leaves were first agroinfiltrated
with a suspension ofAgrobacterium tumefaciens containing
the infectious clone pCambiaTuMV/6K2:GFP (Cotton
et al., 2009). In this infectious clone, the 6K2:GFP coding
sequence is inserted between the P1 and HC-Pro cistrons
in the TuMV genome and the fusion protein is released
from the polyprotein during viral replication. 6K2:GFP
was also shown to be a marker for membrane-enclosed
viral replication complexes (Cotton et al., 2009; Grangeon
et al., 2012; Wan et al., 2015). Six days after infiltration
(dpi), infected cells were observed by confocal micros-
copy. The plasma membrane was stained with the FM4-
64 dye to delineate the extracellular space between
neighboring cells (Fig. 1A). Mainly detected as dispersed
punctae within cells, 6K2:GFP were also found in the ex-
tracellular space (Fig. 1A, white rectangle). A three-
dimensional (3D) image of Figure 1B was reconstructed
using the image analysis software Imaris (https://imaris.
oxinst.com/) and is shown in Figure 1, C and D. This
reconstruction shows the presence in the extracellular
space of one large 6K2 structure of 1.5 mm in length. This
large structure is likely a cluster of 6K2 punctae, as was
previously observed in the xylem of TuMV infected
plants (Wan et al., 2015). There was no overlap between
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the green and the red signals, indicating that the release of
6K2 in the extracellular space does not involve fusion of
the lipids embedding 6K2 with the plasma membrane.

Numerous Vesicular Structures Are Present in the
Extracellular Space of TuMV-Infected Leaves

To study the extracellular space of TuMV infected
leaves in detail as well as to confirm the confocal obser-
vation, sections of TuMV-infected N. benthamiana leaves
were processed for TEM.We observed numerous circular
vesicular structures of 60–150-nm in diameter in the ex-
tracellular space of TuMV-infected leaves (Fig. 2A, ar-
rows). Although extracellular vesicular structures were
also observed inmock-infected leaves (Fig. 2B), theywere
statistically found less frequently than in infected leaves
(Fig. 2E). We further observed several MVBs fusing with
the plasma membrane in TuMV-infected samples
(Fig. 2C). Figure 2D shows a close-up view of a fusion
event of one MVB with its intraluminal vesicles appar-
ently being released into the extracellular space during
TuMV infection. The occurrence of cells with MVBs fus-
ing with the plasma membrane was quantified and was
found to take place at a higher frequency in TuMV-
infected cells than in mock-infected cells (Fig. 2F).

Multivesicular Bodies and Extracellular Vesicular
Structures Contain vRNA

To determine if the extracellular vesicular structures
are related to TuMV, we performed immuno-gold la-
beling using the J2 anti-double stranded RNA (dsRNA)
monoclonal antibody that recognizes vRNA. The va-
lidity of using the anti-dsRNA J2 monoclonal antibody
for labeling vRNA of TuMV was demonstrated in
Cotton et al. (2009) and Wan et al. (2015). The RNA

signal was always associated with 6K2 vesicles during
infection, and no background noise was observed in
mock conditions or unrelated to viral factories during
infection inWan et al. (2015). At 6 dpi, a limited number
of gold particles were found in cells of mock-infected
samples (Fig. 3A). However, in TuMV-infected sam-
ples, gold particles were abundantly decorating
intracellular single membrane vesicular structures
and MVBs (Fig. 3B). Additionally, MVBs fusing with the
plasma membrane and releasing their intraluminal vesic-
ular structures as well as extracellular vesicular structures
were labeled with gold particles (Fig. 3C). Quantification
of gold particles per mm2 in mock- and TuMV-infected
samples showed that mock-infected sections did not
show any significant labeling as compared to TuMV-
infected sections (Fig. 3D).

Extracellular Vesicles Are Found in the Cell Wall of
TuMV-Infected Leaves

Although it was proposed that the extracellular ves-
icles of TuMV move in the paramural space, how they
move through the cell wall is not clear (Wan and
Laliberté, 2015). In our TEM-based analysis, we found
that the extracellular vesicular structures were not only
present in the extracellular space, but also apparently
within the cell wall during TuMV infection (Fig. 4A).
FIB-EHRSEM, which is capable of serially imaging
cells at spatial resolutions approximately an order-of-
magnitude higher than those currently achieved with
optical microscopy, was then used for a 3D reconstruc-
tion to examine if the circular configuration of vesicular
structures observed is spherical. We collected 250 slices
of 7 nm represented in Figure 4B. A 3D reconstruction
and a spatial analysis based on these images were then
carried out (Fig. 4C; Supplemental Movie S1). Clusters
of vesicles (in blue) associated with viral cylindrical

Figure 1. 6K2 observed in the intercel-
lular space of TuMV-infected leaves. N.
benthamiana leaveswere agroinfiltrated
with A. tumefaciens containing pCam-
biaTuMV/6K2:GFP and observed by
confocal microscopy at 6 dpi. A, Left,
plasmamembrane stainedwith FM4-64;
middle, expression of 6K2:GFP; right,
merged image. B, Enlargement of the
boxed region of the image in (A), which
has been used for 3D reconstruction
shown in (C) and (D). Scale bars = 2mm.

Plant Physiol. Vol. 180, 2019 1377

Turnip Mosaic Virus is Released into Extracellular Space

http://www.plantphysiol.org/cgi/content/full/pp.19.00381/DC1


inclusion bodies (in magenta; Movahed et al., 2017) and
apposed to the plasmamembrane (in green) can be seen
in both cells (Fig. 4C). An extracellular vesicle in the
extracellular space (cream color) was also viewed
(Fig. 4C), whereas several distorted vesicles (in blue) in
the cell wall (brown) were visible (Fig. 4C). This result
confirmed that the extracellular vesicular structures
revealed in Figures 2 and 3 were indeed spherical, and
they can be considered as extracellular vesicles. The
spatial imaging of extracellular vesicles in the extra-
cellular space of a TuMV-infected plant by FIB-EHR-
SEM (Supplemental Movie S1) also suggested that
these extracellular vesicles move within the cell wall.

TuMV Components Are Present in the Apoplastic Fluid of
Infected Plants

Wenext collected the apoplastic fluid ofN. benthamiana
leaves infected with TuMV expressing 6K2:GFP to

confirm that viral components are present in the extra-
cellular space. The collected fluid was ultracentrifuged to
isolate the membrane fraction. An aliquot of the
suspended membrane pellet was observed by con-
focal microscopy and showed green fluorescent
punctae of the size expected for 6K2:GFP (Fig. 5A).
No fluorescent punctae was observed in apoplastic
fluid collected from mock-infected plants, indicat-
ing that the observed signal is not the result of
autofluorescence.

We also purified extracellular vesicles from infected
Arabidopsis according to Rutter and Innes (2017). We
first carried out apoplastic fluid extraction from Ara-
bidopsis expressing PEN1-GFP, which is a marker for
extracellular vesicles (Rutter and Innes, 2017). Green
fluorescence punctae produced by PEN1-GFP were
observed by confocal microscopy (Fig. 5B). To ensure
that the detection of viral components was not the
result of contaminating damaged cells, we also col-
lected apoplastic fluid from Arabidopsis expressing the

Figure 2. Extracellular vesicles present
in the intercellular space of TuMV-
infected leaves. N. benthamiana leaves
were agroinfiltrated with A. tumefaciens
containing pCambiaTuMV/6K2:GFP or
empty pCambia and processed for TEM
at 6 dpi. A, Extracellular vesicles and
one MVB fusing with the plasma
membrane in a TuMV-infected cell. B,
Extracellular vesicles in mock-infected
samples. C, Low magnification image
of MVBs fusing with the plasma
membrane in a TuMV-infected section.
D, Fusion event with intraluminal
vesicles from one MVB being released
in the extracellular space during TuMV
infection. Scale bars = 500 nm. E,
Quantification of the extracellular
vesicles observed in mock- and
TuMV-infected cells; each error bar =
6SD. F, Quantification of cells show-
ing MVBs fusing with the plasma
membrane during mock and TuMV
infection; each error bar = 6SD. As-
terisks indicate significant difference
is found (Student’s t test, n = 150, P
value , 0.05). A, apoplast; CW, cell
wall; EV, extracellular vesicle; MP,
modified plasmodesmata.
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Figure 3. Extracellular vesicles and multivesicular bodies la-
beled with anti-dsRNA gold particles in TuMV-infected sam-
ples. Immunogold labeling was carried out on mock- and
TuMV-infected N. benthamiana leaf sections by using an anti-
dsRNA-specific antibody. A and B, TEM representative images
showing gold labeling in (A) mock-infected condition and (B)
TuMV-infected condition. C, Gold-labeled extracellular vesi-
cles and MVBs fusing with the plasma membrane. Scale
bars = 500 nm. D, Quantification of gold particles per mm2 in
mock- and TuMV-infected cells; each error bar = 6SD. Asterisk
indicates significant difference is found (Student’s t test, n= 200,
P value , 0.05). EV, extracellular vesicle; A, apoplast; Chl,
chloroplast; CW, cell wall; M,mitochondria; P, plasmodesmata;
SMV, single-membrane vesicle.
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intracellular Golgi marker GmManI49-s yellow fluo-
rescence protein (YFP; Rutter and Innes, 2017) and saw
no YFP fluorescence (Fig. 5C). We also did not observe
chloroplast autofluorescence emission in apoplastic
fluid extracts, confirming that the extraction liquid was
free of detectable cellular contamination.

Apoplastic fluid was then processed for extracellular
vesicle purification. The collected membrane fraction
was analyzed for the presence of 6K2:GFP by confocal
microscopy. Green fluorescence punctae of an average
diameter of 300 nm, as well as larger structures
(;5–20 mm) likely resulting from clumped vesicles,
were detected in extracts from infected plants (Fig. 5D).
No green fluorescence was observed in mock-infected
extracts. We then performed an immunoblot analysis
with anti-GFP serum on purified extracellular vesicle
extracts from mock- and TuMV/6K2:GFP-infected
plants (Fig. 5E). The analysis confirmed that the green
fluorescent punctae observed by confocal microscopy is
the consequence of the presence of 6K2:GFP in the
apoplastic fluid. We noted that there was proteolytic
degradation of 6K2:GFP in the apoplast fraction. This
degradation is likely a result of proteolytic degradation
that occurred in the extracellular space (Zheng et al.,
2004). Total RNA was also extracted from purified ex-
tracellular vesicles and subjected to reverse transcrip-
tion PCR (RT-PCR) using primers for 6K2-coding
sequence amplification. A fragment of 162 bp, which is
the expected size for the RT-PCR amplification of the
6K2-coding sequence, was detected only in infected
plants (Fig. 5F). These data indicate that 6K2-tagged
extracellular vesicles containing vRNA are produced
during infection.

Proteomic Analysis Shows the Presence of Viral Proteins
and Host Immune Response-Related Proteins in
Extracellular-Vesicle–Enriched Fractions

To better characterize the content of 6K2-tagged ex-
tracellular vesicles and identify its associated proteins,
we isolated them as described earlier, solubilized the
membranes to release all associated proteins (periphe-
ral, transmembranous, and internal), and carried out
tandem mass spectrometry (MS/MS) proteomic anal-
ysis on extracellular vesicle-enriched fractions from
mock- and TuMV-infected N. benthamiana. Because
vRNA associates with multiple proteins to form a ri-
bonucleoprotein complex, called a “viral replication
complex” that is nested into viral factories, we bio-
informatically analyzed the proteomes to primarily
search for potential viral proteinmatches. Viral proteins
were exclusively detected in TuMV-infected conditions
but not in mock conditions. Peptides spanning the
TuMV polyprotein were detected in the infected ex-
tracellular vesicle-enriched fractions, with the excep-
tion of 6K1 and 6K2 (Fig. 6; Supplemental Fig. S1).
Nevertheless, the presence 6K2 can be inferred owing to
the detection of GFP tryptic peptides in infectious
conditions (Supplemental Table S1). Because no TuMV
filamentous viral particleswere observed by TEM in the
extracellular space in the vicinity of TuMV-induced
extracellular vesicles (Figs. 2–4) and the tryptic pep-
tides from the proteomic analysis were not exclusively
from the viral coat protein, but derived from the TuMV
polyprotein (Fig. 6; Supplemental Fig. S1), it would

Figure 4. Three-dimension rendered image of extracellular vesicles in
TuMV-infected sections. A, TEM image showing extracellular vesicles
present within the cell wall of TuMV-infected cells. B, One image
chosen from 350 images taken for FIB-EHRSEM. C, 3D rendered image
showing vesicles in the extracellular space and the cell wall of TuMV-
infected cells. A, apoplast; CI, cylindrical inclusion body; CW, cell wall;
EV, extracellular vesicle; PM, plasma membrane; V, intracellular vesi-
cle. Scale bar = 500 nm (A and 100 nm (B and C).
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indicate that at least a subset of the extracellular vesicle
fractions contains TuMV replication complexes. We
also identified ;100 host proteins with a probability
.95% and from at least two tryptic peptide matches
when compared to the N. benthamiana proteome
(Supplemental Table S1). Comparison of mock-infected
and TuMV-infected sample proteomes through the
Venn diagram representation revealed that 62% of the
proteins were present in both conditions (Fig. 7A).
Twenty-six host proteins were exclusively detected in
infectious conditions. Poly-A binding protein (PABP)
and heat shock protein Hsp70, previously characterized
as being in TuMV replication factories to support viral
replication (Léonard et al., 2004; Dufresne et al., 2008),
were exclusively detected in extracts from TuMV-
infected conditions (Supplemental Table S2), which
supports the idea that the isolated extracellular vesicles

likely contain TuMV replication complexes. In addition
to PABP, other proteins of nuclear origin were also
detected. Interestingly, in TuMV extracellular vesicle-
enriched fractions, we found that some enzymes in-
volved in lipid and secondary metabolite biosynthesis
pathways were present (e.g. sesquiterpene synthase, 9-
lipoxygenase; Supplemental Table S2). During host-
pathogen interactions, plants secrete a plethora of
proteases from diverse subcellular origins (cytosolic,
nuclear, vacuolar) into the apoplastic space, but little is
known about the means used for their release. For in-
stance, cathepsin B was detected exclusively in TuMV-
infected conditions. Cathepsin B is a cysteine protease
secreted in the apoplast to counteract pathogens and
regulate the hypersensitive response (Gilroy et al., 2007).
We identified many proteins involved in plant defense
and immunity, such as the plant pathogenesis-related

Figure 5. 6K2 isolated from apoplastic fluid during TuMV infection. A–D, Confocal microscopy performed on purified extra-
cellular membrane fractions from (A) TuMV- (left andmiddle zoom in inset) andmock- (right) infectedN. benthamiana leaves; (B)
PEN1-GFP expressed Arabidopsis; (C) GmManI49-sYFP expressed Arabidopsis; (D) Col-0 Arabidopsis plants inoculated with
pCambiaTuMV/6K2:GFP (upper- and lower-left zoom for insets 1–3) or pCambia1380 (mock, lower right). E, Western-blot
analysis with anti-GFP antibodies of extracellular-vesicle–purified fractions and total protein extractions from mock- and
TuMV-infected Arabidopsis Col-0 wild-type plants. F, Agarose gel electrophoresis of the RT-PCR performed on RNA from
extracellular-vesicle–purified fractions from mock- and TuMV-infected conditions. Scale bars = 10 mm.
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protein 10, and proteins belonging to the silencing path-
way such as the argonaute protein AGO2 (Supplemental
Tables S1 and S2).

Because the total proteome of N. benthamiana is not
fully characterized, we also performed a proteomic
analysis on Arabidopsis TuMV-induced extracellular
vesicle extracts to have a better idea of their content. It is
generally acknowledged that almost all cells potentially
produce extracellular vesicles in particular contexts,
conditions, or stimuli. Importantly, different organisms
or hosts, as well as cells from different organs from the
same organism, likely produce diverse subpopulations
of extracellular vesicles with different contents in terms
of proteins and nucleic acids (Willms et al., 2016) that
may display different functions. Similarly to what was
observed in N. benthamiana, we also detected multi-
ple viral protein peptides in Arabidopsis exclusively
in TuMV-enriched extracellular fractions (Fig. 6;
Supplemental Fig. S1). In addition to TuMV proteins,
we identified ;400 host proteins from at least two
tryptic peptide matches when compared to the entire
Arabidopsis proteome and a probability of identifi-
cation .95% (Supplemental Tables S3 and S4).
Comparison of mock-infected and TuMV-infected
sample proteomes through the Venn diagram repre-
sentation revealed that 72% of the proteins were
present in both conditions (Fig. 7B). We also noticed
the presence of host proteins (e.g. eEF1A) known to be
associated with proteins belonging to TuMV replication
vesicles, such asHsp70-3 (Dufresne et al., 2008; Thivierge
et al., 2008). We also detected the presence of other
transcription factors in TuMV-induced extracellular
vesicles such as eIF3, which may play a role during in-
fection. We also detected multiple proteins involved in
vesicle trafficking, for instance the exocyst protein
Exo70-A1. Exocyst proteins are long tethering factors
involved in membrane remodeling and are likely in-
volved in extracellular vesicle production (Chacon-
Heszele et al., 2014; Goring, 2017).

To better understand the potential biological function
of the proteins identified in the extracellular vesicle
fractions, we processed the proteomic data for gene
ontology (GO) classification. Protein classification was
made for the extracellular vesicle proteome from

noninfected and infected conditions both for N. ben-
thamiana and Arabidopsis in terms of different cate-
gories of biological processes through The Arabidopsis
Information Resource (www.arabidopsis.org) using the
“GO Term Enrichment for Plants” bioinformatics tool
(Fig. 7, C and D). The bioinformatic analysis provides
results in terms of percentages of the total proteome for
each category. Detected proteins harbor different
functions where somemay have a supportive action for
viral replication (e.g. PABP) whereas some others may
display an antiviral effect (e.g. AGO2). Interestingly,
comparison of the GO category distribution between
mock- and TuMV-infected proteomes highlighted that
host factors involved in the response to abiotic/biotic
stresses, in interorganelle vesicular exchanges, as well
as in regulation of translation processes were more
represented in infectious conditions.

DISCUSSION

We report in this study that TuMV proteins and RNA
are released in the extracellular space of infected plants
as replication complexes within extracellular vesicles.
This investigation and that of Wan et al. (2015) may
thus change our way of looking at how viruses may
spread within a plant.

Replication complexes of TuMV are initially as-
sembled within endoplasmic-reticulum–derived 6K2-
tagged vesicles (Grangeon et al., 2012; Jiang et al., 2015).
These 6K2 replication vesicles aremotile andmove from
one cell to another (Cotton et al., 2009; Grangeon et al.,
2013). Here, we observed 6K2 as aggregates in the ex-
tracellular space of infected leaves (Fig. 1). 6K2 was also
observed as similar aggregates in xylem-conducting
tubes and were shown to consist of an amalgamation
of vesicles containing vRNA and the viral RdRp (Wan
et al., 2015). Because the extracellular space is connected
to the xylem (Ligat et al., 2011), it reasonable to think
that the 6K2 aggregates found in the extracellular space
and the xylem are related. Therefore, what is observed
in the intercellular space in the form of 6K2 aggregates
would likely be membrane-associated viral replication
complexes.

Figure 6. Distribution of tryptic peptides on TuMV polyprotein. TuMV polyprotein is depicted as a blue rectangle with individual
fully processed proteins indicated. The number below the arrow indicates the number of peptides identified for a given protein in
the proteome analysis of extracellular vesicle purified fractions of N. benthamiana. P1, Ser protease protein1; HC-Pro, Helper
component proteinase; P3, protein3; PIPO, Pretty Interesting Potyviridae ORF (open reading frame); 6K1, 6kDa protein1; CI,
cylindrical inclusion protein; 6K2, 6kDa protein2; VPg, genome-linked viral protein; Pro, Nuclear inclusionA protease Pro; RdRp,
vRNA-dependent RNA polymerase; CP, coat protein.
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This assertion is supported by the observation of
Cabanillas et al. (2018) that replication complexes of
TuMV after their initial assembly into endoplasmic-
reticulum–derived vesicles bypass the Golgi appara-
tus and that a subset of those replication vesicles ends
up inMVBs.MVBs proliferate and fuse with the plasma
membrane for the release of their intraluminal vesicles
in the extracellular space after fungal and bacterial at-
tack (An et al., 2006a, 2006b;Wang et al., 2014; Cai et al.,
2018). Similarly, we observed in TuMV-infected sam-
ples that MVBs containing vRNA fused with the
plasma membrane and released their vesicular content
in the extracellular space (Figs. 2 and 3). The absence of
6K2:GFP and FM4-64 signal overlap (Fig. 1) further
supports the idea that the presence of 6K2 in the

extracellular space results from the release of intralu-
minal vesicles after fusion of MVBs with the plasma
membrane. It is the outer membrane ofMVBs that fuses
with the plasma membrane. 6K2, being associated with
intraluminal vesicles within MVBs, does not come into
direct contact with the plasma membrane and are thus
not stained by FM4-64. Proliferation of extracellular
vesicles was also reported for plants infected by Barley
stripe mosaic virus (McMullen et al., 1977).
The idea that plant extracellular vesicles could be

involved in any plant biological processes has been
challenged because of the presence of the cell wall,
which should presumably prevent vesicles from pass-
ing through it. One argument given against this con-
ception is the capacity of isolating vesicles from

Figure 7. Proteomic analysis of purified
extracellular vesicles. A and B, Venn
diagram of protein distribution from
the extracellular vesicle proteome from
mock-inoculated and TuMV/6K2:GFP-
inoculated N. benthamiana plants (A)
and Arabidopsis Col-0 wild-type plants
(B) based on their presence or absence in
each condition. EV, extracellular vesi-
cle. C, GO classification by biological
processes of purified extracellular ves-
icle proteome from mock- and TuMV/
6K2:GFP-inoculated N. benthamiana
plants. D, GO classification by biolog-
ical processes of purified extracellu-
lar vesicle proteome from mock and
TuMV/6K2:GFP-inoculated Arabidopsis
plants.
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apoplastic fluid (Rutter and Innes, 2017). In support of
this argument, we observed that vesicles penetrated the
cell wall (Fig. 4) and proteomic data revealed the
presence of cell-wall–modifying proteins such as pectin
acetylesterase (Supplemental Table S3). As lipid struc-
tures, it is possible that extracellular vesicles contain
different subsets of lipids that confer special membrane
fluidity properties and can compress as they move
through pores in the cell wall. This may explain the
distorted shape of some of the extracellular vesicles
within the cell wall.

The association of TuMV components in extracellular
vesicles was also confirmed by biochemical means both
in N. benthamiana and Arabidopsis (Fig. 5). Further-
more, proteomic data indicated that the viral pep-
tides spanned the whole TuMV polyprotein (Fig. 6;
Supplemental Fig. S1). Host proteins associated with
TuMV replication proteins were also detected in the
extracellular vesicle extracts from infectedmaterial (e.g.
PABP; Supplemental Tables S1–S4), which supports the
idea that extracellular vesicles contain TuMV replica-
tion factories.

Host proteins involved in RNA silencing were
detected in extracellular vesicle extracts (Fig. 7;
Supplemental Tables S1 and S2), which might or might
not be associated with the TuMV extracellular vesicles.
Of particular interest, we found proteins involved in
plant response to viral infection, such as S-adeno-
sylhomo-Cys hydrolase (Cañizares et al., 2013; Lionetti
et al., 2014a, 2014b) and AGO2, which is involved in
TuMV infection (Garcia-Ruiz et al., 2015). We also
identified the 14-3-3 protein that has a role in plant
signal transduction and immunity response and can be
induced during Tobacco mosaic virus infection (Wang
et al., 2016). Furthermore, proteins essential for endo-
membrane remodeling and interorganelle vesicular
exchanges were detected. For example, synaptotagmin
A, known to be important for endoplasmic reticulum–
plasma membrane contacts and vesicle trafficking, was
found at similar levels in mock- and TuMV-infected
extracellular-enriched fractions and may have an im-
portant role in extracellular vesicle tethering. Further-
more, synaptotagmin A was found to be important for
TuMV infection (Uchiyama et al., 2014) andmight have
a role in TuMV-induced–extracellular vesicle traffick-
ing. Also, Rab proteins, such as RabG3E, RabD2B, and
Rab7, as well as the SNARE proteins SYP71, SYP132,
and SYP121, the exocyst EXO70-A1, and COP I coat-
omer protein were detected and may display an im-
portant role once the extracellular vesicles reach their
destination for membrane interaction. Several ATPases,
including the vesicle-fusing ATPase protein, were
detected and are likely required for providing the en-
ergy for the membrane fusion events. A semiquantita-
tive comparison of peptide abundance based on
exclusive peptide spectrum counts for individual pro-
teins suggested that some proteins are preferentially
found in extracellular vesicles from TuMV-infected
plants. For instance, we found that some enzymes, such
as glyceraldehyde-3-P dehydrogenase and lipoxygenases,

were present in the TuMV extracellular vesicle fraction
proteome. In addition to its role in primary metabo-
lism, the presence of glyceraldehyde-3-P dehydro-
genase in viral factories and its importance during
viral replication was previously shown for Tomato
Bushy Stunt Virus (Wang and Nagy, 2008). Also, the
presence of lipoxygenases (e.g. 9-lipoxygenase) in
TuMV-extracellular–enriched fractions may have an im-
portant role in the viral replication complex. For instance,
a lipoxygenase was found to interact with the eIF4E
transcription factor and eIF4E is known to be crucial for
Potyvirus replication (Freire et al., 2000). Furthermore, we
identified a tetraspanin protein seeminglymore present in
TuMV-extracellular–enriched fractions. Also, increas-
ing evidence on animal and plant extracellular vesicles
are pointing out that tetraspanin transmembrane
proteins could be a hallmark of at least a subset of
extracellular vesicles produced in different contexts
(Perez-Hernandez et al., 2013; Guix et al., 2017; Cai et al.,
2018). We also found translation factors seemingly pre-
sent more often in infected extracts, such as eIF5A and
eIF3, which have been associated with viral infections
(Bureau et al., 2004; Ryabova et al., 2004; Chen et al.,
2017). Interestingly, extracellular vesicles across king-
doms carry a variety of proteins with multiple functions
and intracellular origin, nevertheless some turned out to
be associated with extracellular vesicles. For instance,
some nuclear proteins were found to be associated with
animal exosomes such as the RNA-binding protein
Y-box protein1 (Buschow et al., 2010; Shurtleff et al., 2016).
In this study,we found that some transcription factors and
nuclear GTPases (e.g. Ran) where present in TuMV in-
fectious conditions. Some molecular channels regulating
membrane permeability, such as aquaporins (e.g. PIP1,2
and TIP2,1), were likely more present in TuMV-infectious
conditions (Supplemental Table S3). Recent evidence in-
dicates that aquaporins from different subcellular origin
associate with extracellular vesicles and could potentially
be used as markers for diagnostic assays (Pegtel et al.,
2014). Also, it is known that some aquaporins interact
with SNARE proteins for their trafficking, including
SYP121 (Hachez et al., 2014), and notably, SYP121 was
present exclusively in TuMV-enriched extracellular vesi-
cles. Finally, we compared our total proteome to the ex-
tracellular vesicle proteome characterized by Rutter and
Innes (2017). In addition to PEN1, we found that;41% of
the proteins, including vacuolar proteins,were in common
for both proteomes. This suggests that some proteins
might form part of a general mechanism whereby certain
proteins are recruited to extracellular vesicles for a broad
range of pathogen infections.

These findings not only support the idea that extra-
cellular 6K2-tagged vesicles contain TuMV replication
complexes, but also suggest that a plant defense response
is possibly taking place against TuMV in the extracellular
space. Pathogen perception by the plant innate immune
system is mediated by microbe/danger-associated mo-
lecular patterns (MAMPs/DAMPs) that are recognized
by pattern recognition receptors (PRRs) on the plasma
membrane (Macho and Zipfel, 2014). Ligand binding to
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PRRs for nonviral pathogens takes place on the apoplastic
side of the membrane. Although the recognition of
MAMPs/DAMPs is believed to occur intracellularly in
the case of viruses (Ding and Voinnet, 2007), a recent
study reported on the possible involvement of plasma
membrane-localized receptor-like kinases in MAMP rec-
ognition by PRRs in plant-virus interactions (Kørner et al.,
2013). Thus, it will be interesting to see if any of the
components of TuMV could act as extracellularMAMPs/
DAMPs.
It is also possible that viral infection can spread sys-

temically through extracellular replication vesicles.
Stem girdling experiments showed that TuMV infection
can proceed from xylem vessels and that xylem sap is
infectious (Wan and Laliberté, 2015). However, isolat-
ing a large volume of apoplastic fluid devoid of cellular
debris, in addition to the instability of purified extra-
cellular vesicles, will be a challenging task for demon-
strating if vRNA-containing extracellular vesicles are
indeed infectious.

MATERIALS AND METHODS

Plant Materials

The leaves of 6- to 8-week–old Nicotiana benthamiana plants were used for
transient expression analyses and virus inoculations.N. benthamiana seeds were
grown directly on soil at 20°C to 22°C under constant light. Wild-type Arabi-
dopsis (Arabidopsis thaliana) plants were ecotype Col-0. Transgenic plant lines
were of theCol-0 background andwere obtained fromRoger Innes’s laboratory:
35S::GFP-PEN1 (Meyer et al., 2009) and 35S::GmMANI49-sYFP transgenic lines
(Gu and Innes, 2012). Seeds were stratified for 2 d at 4°C and plants were grown
at 22°C with a photoperiod of 16-h light and 8-h dark.

Agrobacterium Infiltration of N. benthamiana

pCambiaTuMV/6K2:GFP was transformed into Agrobacterium tumefaciens
by electroporation. A. tumefaciens containing the plasmid was grown in Ly-
sogeny broth supplemented with kanamycin overnight at 28°C with shaking.
The cells were centrifuged at 2000g for 10 min and resuspended in infiltration
buffer (10 mM of MgCl2 and 150 mM of acetosyringone). The cell suspension was
incubated for 4 h at room temperature before infiltration. The OD600 was ad-
justed to 0.40 for infiltration.

Confocal Microscopy

Agroinfiltrated leaf sectionswere imagedusingamodel no. SP8with the 633
immersion objective (Leica). A laser of 488 nm was used to excite GFP and the
capture was done at 500–540 nm. For FM4-64, the excitation/emission maxima
were 543/640 nm. Image processing to reconstruct a 3D image was done using
the image analysis software Imaris (Bitplane). For detection of GFP fluorescence
from purified extracellular vesicles, a small volume of resuspended pellets was
observed using a model no. LSM780 Inverted Confocal Microscope with a 633
oil immersion objective (Zeiss). GFP and YFP chromophores were excited at 488
nm, and the emission light was acquired from 495-nm to 550-nm wavelengths.
Chloroplast autofluorescence was acquired from 630 nm to 680 nm. Plasma
membrane staining with FM4-64 was done as follows: N. benthamiana leaves
were cut at 6 dpi and dipped in 1 mg/mL of FM4-64 (N-[3-triethylammonium-
propyl]-4-[6-(4-[diethylamino]phenyl)hexatrienyl]-pyridinium dibromide) dye.
Leaves were incubated at room temperature for 30min and observed by confocal
laser microscopy.

TEM

Small pieces (1.5 3 2 mm) of TuMV systemically infected (upper-non-
infiltrated) leaves of N. benthamiana were cut and fixed in 2.5% (w/v)

glutaraldehyde in 0.1 M of sodium cacodylate buffer, at pH 7.4, for 24 h at 4°C as
described in Movahed et al. (2017). The sections were examined in a Tecnai T12
Transmission Electron Microscope (FEI) operating at 120 kV. Images were
recorded using an AMT XR80C charge-coupled-device camera system (FEI).
The number of various TuMV replication vesicles during systemic infectionwas
counted manually from the TEM images. For immuno-gold labeling, large
pieces (1.53 5 mm) of mock- and TuMV-infected leaves ofN. benthamianawere
cut at 6 dpi and fixed in 4% (w/v) formaldehyde and 0.25% (w/v) glutaral-
dehyde in 0.1-M Sorensen’s phosphate buffer, pH 7.4, for 4 h at 4°C. After
rinsing the samples three times for 10 min each in washing buffer at room
temperature, samples were postfixed in 0.1% (w/v) reduced osmium tetroxide
for 15 min at 4°C (Kopek et al., 2007). The samples were then rinsed in water at
room temperature (three times for 10 min each) and dehydrated in a graded
alcohol series (30%, 50%, 70%, 80%, 90%, 95%, and 100%, v/v) for 20min at each
step at 4°C on a rotator. Rinsing in 100% alcohol was repeated one more time.
The samples were then gradually infiltrated with increasing concentrations of
London Resin white resin (50%, 75% ,and 100%, v/v) mixed with acetone for a
minimum of 8 h for each step at 4°C on a rotator. The samples were finally
embedded in pure London Resin white resin and polymerized at 50°C for 48 h.
Next, 90–100-nm sections were incubated in 20-mM Gly in Dulbecco’s
phosphate-buffered saline (DPBS [137 mM of NaCl, 2.7 mM of KCl, 1.5 mM of
KH2PO4, 6.5 of mM Na2HPO4, 1 mM of CaCl2, 0.5 mM of MgCl2, at pH 7.4]) for
10 min to inactivate residual aldehyde groups, and then in blocking solution
(DPBS-BCO: 2% [w/v] bovine serum albumin, 2% [w/v] casein, and 0.5% [w/v]
ovalbumin in DPBS) for 5 min. Sections were then incubated with the mouse
monoclonal anti-dsRNA antibody J2 (stock solution is 1 mg/mL; English and
Scientific Consulting Kft./SCICONS) diluted in DPBS-BCO (1:20) for 1 h at
room temperature. After six washings (5 min each) in DPBS and 5 min in
blocking buffer, sections were incubated with the goat anti-mouse secondary
antibody, conjugated to 10-nm gold particles (Sigma-Aldrich), diluted in DPBS-
BCO 1:20. After washing with DPBS and distilled water, grids were stained
with 4% (w/v) uranyl acetate for 2 min and Reynolds lead citrate for 2 min.
Background labeling was determined using mock-infected leaf cross sections.
Quantification of the distribution of the gold particles per mm2 and relative
labeling distribution were performed over mock-infected and TuMV-infected
sections according to Lucocq et al. (2004). Two different labeling experiments
were considered, and 20 different cells were studied for each treatment and 200
gold particles were counted per experiment.

FIB–SEM

The sample block for the FIB-SEM was prepared using the same protocol as
TEM processing. The trimmed Epon block of TuMV-infected leaf was mounted
on a 45° pretitled SEM stub and then coatedwith 4 nm of Pt to enhance electrical
conductivity. The principle of imaging is based on using a FIB to create a cut at a
designated site in the specimen (TuMV-infected cell), followed by viewing the
newly generated surface with a scanning electron beam. Iteration of these two
steps 350 times resulted in the generation of a series of surface maps of the plant
cell at regularly spaced intervals, which was converted into a 3D map. The
experiment was performed using a dual-beam FIB (Helios Nanolab 660; FEI)
equipped with a gallium ion source. A rectangular section (2-mm thick) of a Pt
protection layer was deposited on the top of the surface of the area of interest to
protect the resin volume and correct for stage and/or specimen drift; i.e. per-
pendicular to the image face, of the volume to be milled. Trenches on each side
have been created to minimize the redeposition during slice and view. Distinct
imaging fiducials were generated for both ion beam and electron beam imaging
and were used to dynamically correct for any drift in x and y during a run by
applying appropriate SEM beam shifts. Slicing was obtained at 30 kV with an
ion beam current of 2.5 nA at a stage 6.5° tilt and working distance of 4 mm.
With each step, 7 nm of the material was removed with the ion beam and the
newly occurring block face was imaged with the electron beam at an acceler-
ating voltage of 2 kV and beam current of 0.4 nA using the backscattered
electron signal recorded with a through-the-lens detector at a stage tilt of 41.5°
and working distance of 3 mm. The pixel size was 8 nm with a dwell time of
30 ms and pixel dimensions of the recorded image were 1,536 3 1,024 pixels.
This process was collected using the software module Auto Slice and View G3
1.5.3 from FEI. Finally, 350 back-scattered images were collected, and the
contrast of the images was inversed. The imaging parameters were set to op-
timize for best signal-to-noise ratios and resolution in images. Image stacks
were aligned and reconstructed using Amira 6.0 (FEI). The Volrenmodule from
Amira was applied for direct 3D visualization. Snapshots and movies were
generated on various areas of interest.
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Extracellular Vesicle Purification

Plants were grown for 5–6 weeks and inoculated with A. tumefaciens con-
taining either the pCambia 1380 vector for mock conditions or the infectious
clone pCambiaTuMV/6K2:GFP before being harvested at 15 dpi. The Agro-
bacterium suspension was adjusted to an OD600 of 0.015. Vesicles were isolated
from rosettes and the apoplastic wash was performed with vesicle isolation
buffer (VIB) solution as described in Rutter and Innes (2017). Briefly, infiltrated
plants were centrifuged at 700g for 20 min at 4°C. The apoplastic wash was
filtered through a 0.45-mmmembrane and centrifuged at 10,000g for 30min and
ultracentrifuged at 100,000g for 60 min at 2°C. The obtained pellet was resus-
pended in VIB solution for further analyses by MS, western blot, or RNA ex-
traction.Western-blot analysis was performed as described in Jiang et al. (2015).

RNA Extraction and RT-PCR

The extracellular vesicle-isolated pellets from mock- and TuMV-infectious
conditions were washed twice in VIB buffer by ultracentrifugation at 100,000g
for 60 min at 2°C. Total RNA extraction was performed on the extracellular
vesicle-isolated pellet with phenol/chloroform/isoamyl alcohol (UltraPure
15593031; Invitrogen). Phenol/chloroform/isoamyl alcohol was mixed to the
resuspended pellet at a 1:1 (v/v) ratio, respectively, and centrifuged for 15 min,
16,000g at 4°C. The resulting aqueous phase was mixed with sodium acetate
and anhydrous ethanol, at a 20:1:2.5 ratio (v/v), respectively, and was kept at
220°C for 3 h and then centrifuged for 1 h, 16,000g at 4°C. The obtained pellet
was resuspended in ethanol 70%, centrifuged, and dried before its final solu-
bilization in Ultrapure RNAse-free water. Reverse transcription was performed
with the iScript cDNA Synthesis Kit (Bio-Rad). PCR was performed on the
resulting cDNAs with specific primers targeting the 6K2 viral protein encoding
sequence (forward sequence: 59-CACCATGAACACCAGCGACATGAGC-39;
reverse sequence: TTCATGGGTTACGGGTTCGGACATC-39).

MS

Extracellular vesicles were isolated from Arabidopsis Col-0 inoculated with
pCambiaTuMV/6K2:GFP or pCambia1380. Membranes were solubilized, and
proteins denatured with the Protease Max thermosensitive surfactant (Prom-
ega). Solubilized samples were processed for trypsin digestion and liquid
chromatography-coupled to MS/MS, similarly as described in Cloutier et al.
(2014). All MS/MS samples were analyzed using the software Mascot (v2.5.1;
Matrix Science). Mascot was set up to search the NCBI_Arabidop-
sis_Thaliana_txid3702 database (unknown version, 73,710 entries) assuming
the digestion enzyme trypsin. Mascot was searched with a fragment ion mass
tolerance of 0.60 D and a parent ion tolerance of 10.0 mL21. O+18 of pyrro-Lys
and carbamidomethyl of Cys were specified in Mascot as fixed modifications.
Oxidation of Met was specified in Mascot as a variable modification. Scaffold
software (Proteome Software) was used to validate MS/MS-based peptide and
protein identifications. Peptide identifications were accepted if they exceeded
specific database search engine thresholds. Mascot identifications required that
at least ion scores must be greater than both the associated identity scores and
30, 30, 25, and 25 for singly, doubly, triply, and quadrupally charged peptides.
Protein identifications were accepted if they contained at least two identified
peptides (except for PEN1, where one-peptide–match identification was con-
sidered). Proteins that contained similar peptides and could not be differenti-
ated based on MS/MS analysis alone were grouped to satisfy the principles of
parsimony. Only proteins identified with a probability .95% were considered
for further analyses. All proteome analyses were further processed for GO
categorization in terms of biological processes by using the “GO Term En-
richment for Plants” bioinformatics tool available on The Arabidopsis Infor-
mation Resource website (www.arabidopsis.org).

Accession Numbers

Sequence data from this article can be found in the GenBank database under
the following accession numbers for TuMV 1494058 for N. benthamiana: gi|
400234898; gi|48716124; gi|594551320; gi|505490393; gi|94958151, gi|
661761869, gi|332649837; gi|387861274; gi|115315688; and for Arabidopsis:
gi|145323788; gi|15228840, gi|22326587, gi|18415308; gi|12230867; gi|1345592;
gi|330252015; gi|332194293; gi|18422766; gi|332192158; gi|28380165; gi|
18415701; gi|332195054; gi|28380149; gi|186528371; gi|332190895; gi|

332644528; gi|145324016; gi|1175011; gi|32363275; gi|28380149. Accession
numbers for other genes are reported in the Supplemental Tables S1–S4.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Tryptic peptide sequences aligned on the TuMV
polyprotein sequence.

Supplemental Movie S1. Spatial imaging of extracellular vesicles in the
extracellular space of a TuMV-infected plant by FIB-EHRSEM.

Supplemental Table S1. Proteome of purified extracellular vesicles from
mock- and TuMV-infected N. benthamiana.

Supplemental Table S2. Proteome of purified extracellular vesicles exclu-
sive to TuMV-infected conditions in N. benthamiana.

Supplemental Table S3. Proteome of purified extracellular vesicles from
mock- and TuMV-infected Arabidopsis.

Supplemental Table S4. Proteome of purified extracellular vesicles exclu-
sive to TuMV-infected conditions in Arabidopsis.
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