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Vesicular fractions of sunflower apoplastic fluids are associated with potential
exosome marker proteins
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a b s t r a c t

Based on the presence of phospholipids in the extracellular fluids (EFs) of sunflower seeds, we have
hypothesized on the existence of vesicles in the apoplastic compartment of plants. Ultracentrifuga-
tion of sunflower EF allowed the isolation of particles of 50-200 nm with apparent membrane orga-
nization. A small GTPase Rab was putatively identified in this vesicular fraction. Since Rab proteins
are involved in vesicular traffic and their presence in exosomes from animal fluids has been demon-
strated, evidence presented here supports the existence of exosome-like vesicles in apoplastic fluids
of sunflower. Their putative contribution to intercellular communication in plants is discussed.
� 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction addition, some cytoskeleton related proteins and proteins involved
Mammalian cells release membrane vesicles into the extracel-
lular environment. Among them, the best known are exosomes,
which are derived from multivesicular bodies (MVB) and can fuse
the plasma membrane resulting in the secretion of their luminal
vesicles of 40–100 nm [1]. Although the physiological role of exo-
somes in vivo is still a matter of study, it is apparent that they func-
tion in a multitude of processes, including cell–cell communication
and tissue developmental processes [2–4]. Particularly, a relevant
role of exosomes in intercellular communication is being recog-
nized [5,6]. These secreted membranes have been characterized
for their protein composition revealing several transmembrane or
peripherals proteins with affinity for ligands on other cell
membranes that may direct exosomes to their target cells [7]. In
chemical Societies. Published by E
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in membrane traffic and fusion have been found [5,8].
With the discovery of exosome-like vesicles in Drosophila, it has

become clear that they have conserved functions in evolution
[9,10]. Moreover, spherical vesicles of unknown function are also
released from the outer membrane by certain bacteria [11]. On
the other hand, plant exosomes have not been described yet. How-
ever, it has recently been shown that MVBs participate in a cell
wall-associated defense response in barley leaves attacked by the
fungus Blumeria graminis f. sp. hordei [12]. These MVBs would be
able to fuse to the plasma membrane to release their internal con-
tent into the paramural space. This evidence has lead to speculate
on the existence of exosomes in plants [13], although no demon-
stration of their presence was reported.

We have recently shown the existence of of phospholipids in
extracellular fluids (EF) of imbibed sunflower (Helianthus annuus)
seeds [14]. Lipid profiling using electrospray ionization tandem
mass spectrometry (ESI-MS/MS) revealed a particular phospholipid
composition, with phosphatidic acid and phosphatidylinositol as
major components. Besides, phosphatidylinositol phosphate was
also found in the extracellular milieu of tomato cell suspensions
by using a labelling strategy [15]. To our knowledge, these were
the first reports on the presence of phospholipids as extracellular
components of plants and their origin and significance in an aque-
ous medium constitutes a relevant issue for plant sciences. The
lsevier B.V. All rights reserved.
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occurrence of several phospholipid types in the EF of sunflower
seeds may be indicative of the existence of bilayers or micelles, that
in an aqueous compartment such as the apoplast, could be orga-
nized in vesicular structures, as it is the case in animal fluids. How-
ever, to our knowledge this possibility has not been explored in
plants. The purpose of this work was to analyze the existence of exo-
some-like vesicles in sunflower fluids. To that aim, we have applied
a biochemical approach already established for exosomes of animal
origin, which allowed the isolation of vesicles in EFs of seeds.

2. Materials and methods

2.1. Plant material and collection of extracellular fluid

Intact sunflower seeds (H. annuus L., line 10347 Advanta Semi-
llas) were subjected to imbibition during 2 h in water and then
carefully peeled to remove the pericarp previous to the extraction
of the EF. The EF was collected by a standard technique based in a
vacuum infiltration-centrifugation procedure. Briefly, seeds were
immersed in 50 mM Tris–HCl pH 7.5, 0.6% NaCl, 0.1% 2-mercap-
toethanol (infiltration buffer) and subjected to three vacuum
pulses of 10 s, separated by 30 s intervals. The infiltrated seeds
were recovered, dried on filter paper, placed in fritted glass filters
and centrifuged for 20 min at 400�g at 4 �C. The EF was recovered
in the filtrate and evaluated for the absence of intracellular con-
tamination as previously described [14].

A seed extract (SE) was obtained by pulverization of decoated
seeds previously imbibed in water for 2 h. The resultant powder
was immersed in 5 vol. of infiltration buffer and clarified by centri-
fugation at 10 000�g for 15 min.

2.2. Preparation of vesicles

The EF from 20 g of seeds was filtrated through a 0.5 lm
membrane and subjected to fractionation by successive centrifuga-
tion steps at 10 000�g for 30 min, 40 000�g for 60 min and
100 000�g for 60 min according to a procedure described previ-
ously for animal exosomes [16]. The first pellet was discarded
while the 40 000�g and 100 000�g pellet fractions were sus-
pended in 30 ll of 20 mM Tris–HCl pH 7.5, being the fractions
potentially enriched in vesicular material. As a control, the SE ob-
tained from 1 g of seeds was also filtrated and subjected to frac-
tionation by successive centrifugation as described for EF.

2.3. Transmission electron microscopy (TEM)

The pellets obtained by successive centrifugation steps
(40 000�g and 100 000�g) were subjected to phosphotungstic acid
negative staining on Formvar carbon-coated electron microscopy
grids [17]. Twenty microliters of each sample were applied to the
Fig. 1. Presence of vesicles in the extracellular fluids (EFs) of sunflower seeds. TEM image
fraction. Left panel: whole mount. Right panel: detailed visualization of a vesicle. Bars i
grid and after 5 min excess solution was wicked off the grid with
filter paper. An equal part of 2% phosphotungstic acid was added
to the grid and after 2 min the grids were placed in a Petri dish con-
taining filter paper for 15 min. The preparations obtained were
examined at 90 kV with a JOEL 1200 EXII electron microscope
(INTA Castelar, Argentina).

2.4. Protein and lipid analysis

The 40 000�g and 100 000�g pellet fractions of EF obtained
from 20 g of seeds or SE obtained from 20 mg of seeds were
suspended in 20 microliters of standard sample buffer [18]. Elec-
trophoretic separation was performed in 12% SDS–PAGE gels
[18]. Gels were then stained with Sypro reagent and bands were
automatically excised from the gel (Investigator ProPic robotic
workstation, Genomic Solutions). The gel pieces were digested
with trypsin and MS analyses of peptides were performed in a
4700 Proteomics Station (Applied Biosystems, USA) as previously
described [19]. Protein identification was assigned by comparing
the obtained peptide mass fingerprinting with the non-redundant
plant database, using Mascot 1.9 search engine (Matrixscience,
UK). Immunodetection of GAPDH was assayed by Western blot
according to standard procedures [14].

Lipid extraction and phospholipid measurement were per-
formed as previously described [14]. Briefly, the vesicular fraction
was subjected to lipid extraction with 4.5 vol. of chloroform:meth-
anol:HCl (200:100:1, v/v/v) and 1 vol. of 0.9% (w/v) NaCl. The or-
ganic phase was obtained by centrifugation, washed with 4.5 vol.
of chloroform:methanol:1 M HCl, 3:45:47, v/v/v and finally evapo-
rated under nitrogen stream. The lipid pellets obtained were ana-
lyzed by ESI-MS/MS at the Facility of the Kansas Lipidomics
Research Center (Kansas State University, USA).

3. Results

Taking into account our previous results demonstrating the
existence of phospholipids in the apoplast of H. annuus seeds, we
decided to explore whether vesicular structures were present in
EFs. To that aim, seeds were imbibed for 2 h and the EF, containing
the apoplastic fraction of the seeds, was isolated by infiltration-
centrifugation. This fraction was tested for the absence of signifi-
cant intracellular components as previously described [14] and
showed the absence of detectable levels of actin, oleosin and
Glu-6-P dehydrogenase. The EF was then fractionated by sequen-
tial centrifugation at 10 000�g, 40 000�g and 100 000�g. The first
pellet was discarded and the 40 000�g and 100 000�g pellets, ex-
pected to be enriched in exosome-like vesicles [16], were further
analyzed. Electron transmission microscopy (TEM) showed the
presence of vesicular bodies of 50–200 nm in diameter in both
fractions, although a higher density of vesicles was apparent in
s obtained by negative staining with phosphotungstic acid of the EF 40 000�g vesicle
ndicate the scale in nm.



Fig. 2. SDS–PAGE analysis of EF vesicles. (A) Protein profile of SE 40 000�g and EF
40 000�g fractions. Twenty-five micrograms of protein was subjected to SDS–PAGE
and Sypro stained. The arrows on the right panel indicate the EF 40 000�g protein
bands identified by MALDI-TOF peptide mass fingerprinting. The migration of
molecular weight markers is indicated on the left. (B) SE proteins obtained of 4 mg
of seeds (positive control) or EF 40 000�g proteins obtained from 400 mg of seeds
were immunodetected with 1:25 000 anti-GAPDH antiserum.

Fig. 3. A putative sunflower Rab11A protein in the EF vesicular fraction. Amino acid
sequence of FSGTP1, a Rab11A GTPase from F. sylvatica, and matching peptides from
sunflower band 1. Peptides detected upon MALDI-TOF/MS analysis from sunflower
EF vesicles are presented in gray boxes.
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the 40 000�g pellet (Fig. 1). TEM images also revealed the presence
of a phospholipid layer, visualized by negative staining with phos-
photungstic acid [17] (Fig. 1, right panel). In addition, the content
of phospholipids in the vesicular fraction was assessed by ESI-
MS/MS analysis and resulted in 3.2 pmol/g seed. These vesicles
do not stem from cell damage and membrane release, since the
protein profile observed in the 40 000�g pellet isolated from the
EF is completely different from that obtained in the microsomal
pellet resulting from centrifuging total SEs (Fig. 2A). Moreover,
the cytosolic marker glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) is not detected in the vesicular fraction (Fig. 2B).

SDS–PAGE reveled similar protein patterns in the 40 000�g and
100 000�g pellet obtained from the EF. Hence, further studies were
only performed on the 40 000�g pellet fraction (Fig. 2A). In an ef-
fort to identify proteins present in this fraction, bands were sub-
mitted to trypsin digestion followed by matrix-assisted laser
desorption/ionization – time of flight (MALDI-TOF) and identity
assignment by peptide mass fingerprinting. These analyses pro-
vided limited information as most bands gave low scores on data-
base searching, thus avoiding their putative identification. It must
be taken into account the scarce number of sequences from Helian-
thus and other Compositae available in databases. However, two
bands showed a good agreement between the expected and ob-
served molecular weight (MW) and resulted above the cut off Mas-
cot score of 63. Table 1 summarizes the data obtained. Band 2
(Fig. 2) matched agglutinin I, a lectin from Helianthus tuberosus
Table 1
Proteins identified in the 40 000�g vesicle fraction by peptide mass fingerprinting.

Band No. Matched
protein

Origin UniProt
accession

Experimenta
(theoretical)

1 FSGTP1 Fagus sylvatica Q39755_FAGSY 22.4 (24.1)
2 Agglutinin I Helianthus

tuberosus
Q9FS32_HELTU 17.9 (15.5)
belonging to the jacalin-related protein family [20]. In addition, a
24 kDa protein (band 1 in Fig. 2) was putatively identified as sim-
ilar to FSGTP1, a small GTPase from Fagus sylvatica whose gene
product accumulates in dormant seeds [21]. In fact, FSGTP1 dis-
plays 68% identity with human Rab11A and is 81% identical to Ara-
bidopsis thaliana Rab GTPase 11C. As shown in Fig. 3, a high
sequence coverage was observed between FSGTP1 and the sun-
flower protein detected in the vesicular fraction of EFs, including
the N-terminal residues perfectly conserved in the Rab family.

4. Discussion

Exosomes are routinely isolated from mammalian fluids by
ultracentrifugation. Hence, we have applied this technique in order
to verify if similar structures could be present in sunflower apoplas-
tic fluids. TEM has shown the presence of 50–200 nm vesicle-like
particles with apparent phospholipid membrane in the EFs. Several
controls allowed to discard that these vesicles could result from
contamination with cellular debris. A striking observation is the
presence of a protein similar to Rab11 GTPases in the vesicular
extracellular fraction. Rab-related proteins have been implicated
in regulating the formation of vesicles at the donor membrane,
the movement, tethering and docking of vesicles, as well as their fu-
sion with the acceptor membrane, not only in animal systems but
also in plants [22–24]. Rab11 GTPases are key regulators of vesicu-
lar trafficking events in the eukaryotic cell and play a central role in
exosomes [25]. In fact, Rab proteins have already been detected in
exosomes derived from several cell types [8,5]. Concerning Rab11
GTPases in plants, several lines of evidence indicate that they are in-
volved in secretion and recycling of cell wall components [23]. In
tomato, for instance, the inhibition of Rab11 results in complex
developmental abnormalities and delayed ripening, attributed to
impaired cell wall deposition [26]. On the other hand, the role of
Rab11 GTPases during germination has not been studied yet.

A lectin was also found in the vesicular fraction of sunflower
apoplast. It is intriguing that lectins such as galectin-3 have already
been described in exosomes from animal origin [8]. Galectins are
glycan-binding proteins that appear to be a novel class of adhe-
sion-modulating proteins, clearly involved in cancer, inflamma-
tion, and autoimmunity [27,28]. It is tempting to speculate that
lectins can help driving exosomes to their targets.

Among its multiple functions, the apoplast of plants (including
cell walls, intercellular spaces and conducting cells of the xylem) is
a dynamic compartment involved in plant signalling and commu-
nication. We have already reported that seeds treated with the
l MW
in kDa

Matching
peptides

Sequence
coverage (%)

Mascott
score

8 44 63
3 35 189
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plant hormones abscisic acid and jasmonic acid modulate the
levels of apoplastic phosholipids [14]. In fact, phospholipids in-
volved in signalling events such as phosphatidic acid and phos-
phatydilinositol phosphate are accumulated in the EF upon
hormonal treatments. This observation has prompted us to suggest
that these phospholipids may be contributing to the intercellular
communication [14]. We now present evidence that at least part
of the phospholipids present in sunflower fluids are organized in
vesicular structures. Taking into account that animal exosomes
are considered ‘‘bioactive vesicles” that function to promote inter-
cellular communication [1] and act as signalling device [29], the
occurrence of similar structures in the plant apoplast point out
for a new concept related to intercellular signalling. In this sense,
the presence of a cell wall in plant cells may be considered an
impediment for the production and perception of vesicles. How-
ever, since vesicular transport across cell wall has already been
demonstrated in fungi [30], an analog mechanism could be operat-
ing in plants. Alternatively, vesicles could reside near to the plasma
membrane without moving through the cell wall. In conclusion,
our description of exosome-like vesicles in sunflower fluids high-
lights a still unexplored aspect of intercellular communication:
the vesicle-based information transfer in plants.
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