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ABSTRACT

We have recently detected phosphatidylinositol-4-phosphate (PI4P) in the extracel-
lular medium of tomato cell suspensions. Extracellular PI4P was shown to trigger
the activation of defence responses induced by the fungal elicitor xylanase. In this
study, by applying a differential centrifugation technique, we found that extracellu-
lar PI4P is associated with fractions composed of diverse phospholipids and pro-
teins, which were pelleted from the extracellular medium of tomato cell
suspensions grown under basal conditions. Using mass spectrometry, we identified
the proteins present in these pelleted fractions. Most of these proteins have previ-
ously been characterised as having a role in defence responses. Next, we evaluated
whether PI4P could also be detected in an entire plant system. For this, apoplastic
fluids of tomato plants grown under basal conditions were analysed using a lipid
overlay assay. Interestingly, PI4P could be detected in intercellular fluids obtained
from tomato leaflets and xylem sap of tomato plants. By employing electrospray
ionisation tandem mass spectrometry (ESI-MS/MS), other phospholipids were also
found in intercellular fluids of tomato plants. These had a markedly different pro-
file from the phospholipid pattern identified in entire leaflets. Based on these
results, the potential role of extracellular phospholipids in plant intercellular com-
munication is discussed.

INTRODUCTION

Phospholipids are amphipathic molecules that constitute the
major lipids present in eukaryotic membranes. They
can be classified according to their main function into struc-
tural and signalling molecules. Phosphatidylcholine (PC),
phosphatidylglycerol (PG), phosphatidylethanolamine (PE),
phosphatidylserine (PS) and phosphatidylinositol (PI) are
structural phosphopholipids that have distinct and specific
distributions in the cellular membranes, contributing to
their identity (van Meer et al. 2008). Distinctively, phospha-
tidic acid (PA), phosphatidylinositolmonophosphate (PIP),
phosphatidylinositolbisphosphate (PIP,) and lysophospholip-
ids such as lysophosphatidylcholine (LPC), lysophosphatidy-
lethanolamine (LPE) and lysophosphatidic acid (LPA) can be
produced from structural phospholipids by specific enzymatic
pathways and are present in minor amounts in the cell mem-
branes (Meijer & Munnik 2003). They can play a role as
mediators in diverse cellular functions, such us regulation of
cell growth, proliferation, membrane trafficking and signal-
ling pathways involved in responses to hormones, biotic and
abiotic stress (Moolenaar et al. 2004; Ryu 2004; Wang et al.
2006; Balla et al. 2009; Munnik & Vermeer 2010). Particularly

in plants, phospholipids have been mainly characterised as
intracellular molecules exclusively involved in processes that
occur inside the cell. However, extracellular phospholipids
have been recently detected in intercellular fluids of sun-
flower seeds by employing electrospray ionisation tandem
mass spectrometry (ESI-MS/MS) (Regente et al. 2008). It has
been demonstrated that these phospholipids are associated to
vesicular fractions present in the apoplast of sunflower seeds
(Regente et al. 2009). In addition, we have reported the
detection of an extracellular phospholipid profile in tomato
cell suspensions, which is clearly different from the intracellu-
lar phospholipid pattern (Gonorazky et al. 2008). The most
abundant extracellular phospholipid detected by radiolabel-
ling in cell suspensions grown under basal conditions was
identified as phosphatidylinositol-4-phosphate (PI4P), previ-
ously characterised as an intracellular signal molecule in ani-
mal and plant systems (Balla et al. 2009; Munnik & Vermeer
2010). Extracellular PI4P was shown to be involved in the
activation of defence responses induced by the fungal elicitor
xylanase. Based on these results, we postulated a novel role
for PI4P as an intercellular signalling molecule involved in
the induction of plant defence responses (Gonorazky et al.
2008).
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The first aim of this work was to study whether, due
to its amphipathic nature, PI4P would be present in the
form of particles in an aqueous environment, such as the
extracellular medium of tomato cell suspensions. In this
system, we have found that extracellular PI4P is associated
with lipoproteic fractions, i.e. pellets composed of phos-
pholipids and proteins, which were obtained upon high-
speed centrifugation of the extracellular medium. We also
demonstrate the presence of PI4P in apoplastic fluids of
tomato plants by employing a lipid overlay assay. In addi-
tion, using ESI-MS/MS we detected the presence of other
phospholipids distinct from PI4P in intercellular fluids of
tomato leaflets.

MATERIAL AND METHODS

Cell suspensions

Tomato cell suspensions (Solanum lycopersicum cv. Money-
Maker, line Msk8) were grown at 25°C in the dark at
125 rpm in MS medium (Gonorazky et al. 2008). Total
extracellular medium was isolated from the cell suspensions
as previously described (Gonorazky et al. 2008). Briefly, 2 ml
of cell suspensions were carefully transferred to 2-ml reac-
tion vials and centrifuged at 100 g for 2 min. One microliter
of the supernatant, which constitutes the extracellular med-
ium, was subsequently recovered by filtering through a 5-um
and then through a 0.2-pm membrane filter in order to
avoid cell contamination. Total lipid or proteic extraction
was then performed, as indicated.

Plant material and collection of intercellular fluids
and xylem sap

Tomato plants (Solanum lycopersicum cv GCR 161) were
grown in soil under a 16-h light (200 pmol'm™*s ')/8-h
dark regime, at 25 °C. After 6-8 weeks, leaflets were cut to
obtain intercellular fluids. This was collected using a stan-
dard technique that allowed recovery of apoplastic compo-
nents based on a vacuum infiltration and centrifugation
procedure (Joosten & De Wit 1989; Regente ef al. 2008).
Briefly, leaflets were immersed in an infiltration solution
[150 mm NaCl, 0.2% (v:v) Tween 20, 0.1% (v:v) 2-mercap-
toethanol] for 45 min and subjected to 10 vacuum pulses of
20 s, at 5-s intervals. A pressure of 45 kPa was applied. Infil-
trated leaflets were carefully blotted dry on filter paper to
remove excess of infiltration solution and then were placed
on perforated-base acrylic vessels, which, in turn, were
located over collector vessels made of the same material.
These were centrifuged for 60 min at 650 g at 4 °C. Intercel-
lular fluid samples were recovered in the collector acrylic ves-
sels. One gram of fresh weight of leaflets yielded 80 ul of
intercellular fluid. Entire leaflets were also harvested in order
to extract total proteins or lipids.

Xylem sap was collected from the root side of cut stems,
as previously described (Kehr & Rep 2007). In short, stems
of 6- to 8-week-old plants were cut off below the second true
leaf. The plant was placed horizontally and sap emerging
from the cut surface through root pressure was collected in
tubes placed on ice. The first 300 pl of exudate was discarded
in order to avoid contamination with cell debris.
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[**P;]-Phospholipid labelling and analysis

For **PIP production in vivo, 85 pul of cell suspension aliqu-
ots were labelled for 3 h with 5 pCi carrier-free **PO, ™. For
differential centrifugation assays, 2 ml of cell suspension
aliquots were labelled for 3 h with 40 pCi carrier-free
PO, and the extracellular medium was subsequently iso-
lated. Total lipids were extracted from 85 pl of cell aliquots,
total extracellular medium or pellets and the supernatant
obtained upon differential centrifugation of the extracellular
medium, as described earlier (Gonorazky et al. 2008). Lipids
were resolved on silica-60 thin layer chromatography (TLC)
plates employing an alkaline solvent system as a mobile phase
(Gonorazky et al. 2008). Radiolabelled phospholipids were
visualised using autoradiography or phosphoimaging (Storm;
Amersham Biosciences, Piscataway, NJ, USA).

Protein analysis of extracellular medium and tomato cells

Total proteins were extracted from filtered tomato cells fro-
zen in liquid nitrogen. Cells were ground in liquid nitrogen
and protein isolation buffer was added [50 mm Tris, pH 7.5,
80 mm NaCl, 2 mm EGTA, 1 mm EDTA, 2mm DTT,
300 mMm sucrose, 1% (v:v) PVPP, PMSF 1 mmMm] (Testerink et
al. 2004). The extract was centrifuged for 10 min at 2000 ¢ at
4 °C. The supernatant was spun again employing the same
conditions. The resulting supernatant was used for SDS-
PAGE analysis and GAPDH detection. Proteins from 500 pl
aliquots of extracellular medium were precipitated overnight
at —20 °C with three volumes of precipitation buffer [0.1 m
sodium acetate, 95% (v:v) ethanol]. Precipitated proteins
were spun down by centrifugation for 20 min at 15,000 g at
4 °C. The pellet was resuspended in 10 mm Tris-HCI pH 7.
Protein concentration was determined using the Bradford
method with serum albumin as standard. Electrophoretic sep-
aration was performed using 12% SDS-PAGE gels. Proteins
obtained from cells and extracellular medium were visualised
with colloidal Coomasie blue or transferred to nitrocellulose
membranes for GAPDH detection using an anti-GAPDH
polyclonal antibody provided by Dr M.C. Shih (Wang et al.
1997). Binding of anti-GAPDH antibody to GAPDH was
detected using anti-rabbit IgG conjugated to horseradish per-
oxidase (Amersham Biosciences) and visualised using
enhanced chemoluminescence and autoradiography.

Differential centrifugation assay

Extracellular medium isolated from two aliquots of 2 ml-
[*°P;] pre-labelled tomato cell suspensions (for phospholipid
profile analysis) or from four aliquots of 2 ml non-labelled
cell suspensions (for protein profile analysis) were subjected
to fractionation using sequential centrifugation steps at
1000 ¢ for 10 min, 10,000 g for 10 min and 50,000 g for
60 min.

Identification of proteins by mass spectrometry

Proteins from total extracellular medium were precipitated
overnight at —20 °C with three volumes of precipitation buf-
fer, as described earlier. Pellets obtained from total protein
precipitation and 50,000 g centrifugation of the extracellular
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medium were resuspended in 1x Laemmli loading buffer,
resolved with 12% SDS-PAGE and visualised by colloidal Coo-
massie staining. Bands corresponding to the 50,000 g pellet
were cut out from the gel and subsequently processed, digested
with trypsin and analysed using mass spectrometry, as previ-
ously described (Testerink et al. 2004). The identification of
the tryptic peptides was performed using a Mascot MSDB
database, release 20063108 (http://www.matrixscience.com)
or an updated version of a predicted tryptic fragment
database built up from the Sol Genomics Network (SGN)
unigene sequences database (http://www.solgenomics.net)
(Houterman et al. 2007). For this, the tomato unigene set
‘Tomato_200607_build_1.seq.gz’ was downloaded from SGN
and then the largest open reading frame contained within each
sequence was translated into protein using a homemade PERL
script. A Fasta file with these protein sequences was then que-
ried with Masslynx protein probe software (Waters Corp.,
Milford, MA, USA).

Lipid extraction and phospholipid profile analysis
by ESI-MS/MS

Total lipids were extracted from entire leaflets as previously
described (Welti et al. 2002). Lipid extraction from intercel-
lular fluids and xylem sap was performed by adding 0.5%
(viv) perchloric acid and 3.75 vol. CHCl;/MeOH/HCI
(50:100:1, wv:v:v) and subsequently processed as detailed
before (Gonorazky et al. 2008). Lipid extracts were dried
under a stream of nitrogen and stored at —80 °C. Phospho-
lipid profiles and acyl composition analysis of intercellular
fluids and entire leaflets lipid extracts were carried out
using an automated ESI-MS/MS facility available at the
Kansas Lipidomics Center.

Lipid overlay assay

Lipid extracts obtained from intercellular fluids, xylem sap
and  entire leaflets were resuspended in 1 ml
CHCl;/CH;0H/NH,COOH (5:10:2, v:v:v) and incubated
with 20 pl of neomycin beads (Echelon Biosciences, Salt Lake
City, UT, USA) in order to purify total phosphoinositides,
i.e. PI, PIP and PIP,, which further improves PI4P detection.
Phosphoinositide extracts were dried under a stream of nitro-
gen. Purified phosphoinositides were resuspended in
CHCl;/MeOH/H,0 (20:9:1, v:v:iv) and analysed by lipid
overlay assay for PI4P detection, as previously described
(Gonorazky et al. 2008).

Incubation of tomato leaves with in vivo-produced **PIP

The **PIP produced in vivo by tomato cell suspensions was
scrapped from the TLC plate, eluted from the silica gel and
resuspended in water using sonication. Tomato leaves were
cut from a 6-week-old plant and their petioles were
subsequently submerged in the *?PIP suspension for 5 h.
Total lipids were extracted from the petiole portion that had
not been in contact with the **PIP suspension and from
the leaflets, as described above. Lipids were resolved using
TLC, employing an alkaline solvent system as a mobile
phase, and radiolabelled phospholipids were visualised with
phosphoimaging.

Extracellular phospholipids in tomato

RESULTS

In animal systems, extracellular phospholipids are generally
detected in microparticles or vesicles (Meziani ef al. 2008;
Schorey & Bhatnagar 2008). Therefore, the identification of
extracellular PI4P in tomato cell suspensions (Gonorazky et
al. 2008) prompted us to study whether, due to its amphi-
pathic nature, this phospholipid would be associated with
lipidic or lipoproteic particles in an aqueous environment
such as the extracellular medium. To this aim, extracellular
medium isolated from [**P;]-pre-labelled tomato cell suspen-
sions grown under basal conditions was sequentially centri-
fuged at 1000 ¢ 10 min, 10,000 ¢ 10 min and 50,000 g
60 min. Phospholipid profiles of total extracellular medium,
1000, 10,000, 50,000 g pellets and 50,000 g supernatant were
analysed with TLC. Figure 1 shows that the phospholipid
pattern of the extracellular medium was different from the
intracellular phospholipid profile, as previously described
(Gonorazky et al. 2008). This indicates that the extracellular
medium was not contaminated with cellular debris, in which
case similar extracellular and intracellular phospholipid pat-
terns would be expected, as demonstrated in snap-freezing
experiments (Figure S1). As we reported earlier (Gonorazky
et al. 2008), Fig. 1 shows that the most abundant extracellular
phospholipid was *’PIP, which, in addition, proved to be
stable in the extracellular medium (Figure S2). Phospholipids
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Fig. 1. Detection of PI4P in fractions pelleted from the extracellular med-
ium of tomato cell suspensions. Extracellular medium was isolated from
[32P,]-prelabelled tomato cell suspensions and sequentially centrifuged at
1000 g 10 min, 10,000 g 10 min and 50,000 g 60 min. Total lipids were
extracted from extracellular medium (Total EM), from the 1000 g,
10,000 g and 50,000 g pellets (Pellet) and from the 50,000 g supernatant
(S) obtained upon centrifugation. Phospholipids were resolved by TLC and
visualised by phosphoimaging. Phospholipids extracted from tomato cells
(cells) were employed as markers. Results of a typical experiment are
shown (n = 5).
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could not be detected in the 1000 and 10,000 g pellets
(Fig. 1). In contrast, >*PIP was detected in the 50,000 g pellet
as the most abundant phospholipid. Upon longer TLC expo-
sure, radioactive PA, PC and PE could also be observed in
the 50,000 g pellet fraction. Interestingly, none of these phos-
pholipids were detected in the 50,000 g supernatant, suggest-
ing that they would be entirely associated with the fractions
pelleted from the extracellular medium of tomato cell suspen-
sions. To determine the nature of these 50,000 g pelleted
fractions, we analysed their proteic profile using SDS-PAGE.
Figure 2a shows that proteic bands (indicated with the num-
bers 1-7) were observed in the 50,000 g pellet. These proteins
did not originate from cell damage, since the patterns
observed in the total extracellular medium and 50,000 g pellet
were different from the intracellular protein pattern (Fig. 2a).
Moreover, the cytosolic enzyme glyceraldehyde phosphate
dehydrogenase (GAPDH) was not detected in total extracellu-
lar medium or in the 50,000 g pellet fraction (Fig. 2b). Mass
spectrometry analysis of bands 1-7 observed in the 50,000 g
pellet (Fig. 2a) allowed the identification of six proteins in
bands number 2, 3, 4, 5 and 7, which presented significant
scores, having similar theoretical and experimental molecular
weights (Table 1). All have been previously identified in
tomato as extracellular proteins and most of them are poten-
tially involved in defence responses. These sequences include
an inhibitor protein of Aspergillus acueleatus xyloglucan-spe-
cific endoglucanase, previously detected in the extracellular
medium of tomato cell suspensions (Qin et al. 2003; Barg-
mann et al. 2006) and in xylem sap of tomato plants, where
it accumulates upon infection with Fusarium oxysporum
(Houterman et al. 2007), an aspartyl protease (Bindschedler
et al. 2008), an inhibitor protein of Botrytis cinerea polygalac-
turonase (Stotz et al. 1994), a pectin acetylesterase that plays
a role in plant cell wall extension (Bordenave et al. 1995; Bre-
ton et al. 1996), a peroxidase that accumulates during the
compatible interaction between tomato and Pseudomonas sy-
ringae (Coego et al. 2005) and an osmotin-like protein that
belongs to the PR-5 family of pathogenesis-related proteins
(Chen ef al. 1996). No significant hit was obtained for band
1, whereas a pectin acetylesterase was identified in band 6
but its score was low. On the other hand, no intracellular
proteins were detected in bands 1-7 of the 50,000 g pellet of
the extracellular medium. This confirms that the results
obtained could not be due to contamination with cellular
debris. Other bands different from those indicated in Fig. 2a
could not be identified because the amount of protein was
too limited for mass spectrometry analysis.

As mentioned earlier, we identified PI4P as the most abun-
dant extracellular phospholipid present in the medium of
tomato cell suspensions using a radiolabelling technique
(Gonorazky et al. 2008). To further determine the signifi-
cance of this observation, the presence of extracellular PI4P
in planta was evaluated. For this, intercellular fluids and
xylem sap samples were analysed, since these represent the
apoplastic system that transports distinct molecules along the
plant (Kehr & Rep 2007; Seifert & Blaukopf 2010). Intercellu-
lar fluids were extracted from tomato leaflets while xylem sap
was obtained from cut stems of tomato plants grown under
basal conditions. As revealed by GAPDH analysis, no con-
tamination with intracellular components could be detected
in intercellular fluids or in xylem sap (Figure S3). Since it
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Fig. 2. SDS-PAGE analysis of the proteins associated with phospholipid
fractions pelleted from the extracellular medium of tomato cell suspen-
sions. Extracellular medium of tomato cell suspensions was sequentially
centrifuged at 1000 g 10 min, 10,000 g 10 min and 50,000 g 60 min. a:
Twenty micrograms of proteins isolated from total extracellular medium
(Total EM), 50,000 g fractions pelleted from the extracellular medium
(50,000 g pellet) and total proteins obtained from tomato cells (Cells)
were resolved with 12% SDS-PAGE and visualised using colloidal Cooma-
sie staining. The protein bands in the 50,000 g pellet (1-7) were cut from
the gel, digested with trypsin and further analysed using mass spectrome-
try. b: Immunodetection of glyceraldehyde phosphate dehydrogenase
(GAPDH, 40 kDa) with 1:50,000 anti-GAPDH antibody.

was not possible to use a radiolabelling method in an entire
plant system to detect extracellular PI4P, we employed a lipid
overlay assay using a PI4P-specific antibody (Gonorazky et al.
2008). Total lipids were extracted from intercellular fluids,
xylem sap and also from entire leaflets as a positive control.
Figure 3 shows that positive PI4P signals were observed in
intercellular fluids when employing four hundred times more
of these samples compared to entire leaflets. Similar results
were obtained when xylem sap was analysed (Fig. 3). This
indicates that PI4P is present in apoplastic fluids of tomato
plants, although at substantially lower levels compared to
entire leaflets.

In plants, PI4P can play a role as signal molecule per se or
it could act as a substrate for the production of PI(4,5)P,
(Munnik & Vermeer 2010). Hence, the detection of PI4P in
intercellular fluids and xylem sap prompted us to analyse
whether extracellular PI4P would be metabolised to PI(4,5)P,
in planta. To this aim, we employed radiolabelled **PIP pro-
duced in vivo by [**P;]-labelled tomato cell suspensions, since
PI4P constitutes the most abundant monophosphorylated
isoform of the PIP pool (Munnik et al. 1994; Gonorazky
et al. 2010). This was resuspended in water through sonica-
tion and subsequently supplied to a tomato leaf by submerg-
ing the basal portion of the petiole in the **PIP suspension
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Table 1. Identification of proteins associated with phospholipid fractions pelleted from the extracellular medium of tomato cell suspensions.

band theoretical experimental matching
number® protein identity SGN unigen® MW (kDa) MW (kDa) peptides® score references
2 Xyloglucan-specific U314071 51 53 4 298 Qin et al. (2003),
fungal endoglucanase Bargmann et al. (2006),
inhibitor protein (*) Houterman et al. (2007)
3 Aspartyl protease (+) U322187 45 47 1 685 Bindschedler et al. (2008)
Polygalacturonase inhibitor U315727 35-41 47 6 336 Stotz et al. (1994)
protein (*)
4 Pectinacetyl estearase (+) U318294 43 43 15 1045 Bordenave et al. (1995),
Polygalacturonase U315727 35-41 43 2 274 Breton et al. (1996)
inhibitor protein (*) Stotz et al. (1994)
5 Peroxidase (*) U313714 33 32 4 389 Coego et al. (2005)
7 Osmotin-like protein (*) U318558 24 17 3 178 Chen et al. (1996)

“Numbers correspond to bands in Fig. 2a.

bAs defined by Sol Genomics Network (SGN) unigen sequences database (http://www.solgenomics.net).
“Molecular weight predicted from the coding sequence after removal of the predicted signal peptide.

9Molecular weight estimated from the position in the SDS-PAGE gel.

*Number of tryptic peptides, obtained by mass spectrometry, matching the protein sequence
(*) Tryptic peptides identified with Mascot MSDB database, release 20063108 (http:/www.matrixscience.com).
(+) Tryptic peptides identified using a predicted tryptic fragment database built up from SGN.

(Fig. 4a). After 5 h of incubation, the incorporation of **PIP
into the leaf was evaluated by analysing the phospholipid
profiles obtained from the petiole portion that had not been
in contact with the **PIP suspension and from leaflets 1, 2, 3
and 4, as indicated in Fig. 4a. Total lipids were extracted
from the leaflets and the petiole and resolved using TLC. Fig-
ure 4b shows that *’PIP was taken up by the tomato leaf,
being detected in the petiole and in leaflets 1 and 2. The
*’PIP signal diminished from the bottom part of the leaf,
where the **PIP uptake began, and moved to the upper part.
The phospholipid profile of the petiole was similar to the
applied **PIP, in which **lysoPIP, probably as an artefact,

100 25

pmoles (PIP isoforms)

PI3P

Pl4P

PISP

Entire leflets

Intercellular
fluids

Xylem sap
10° 10" Sample dilutions

Fig. 3. Detection of PI4P in intercellular fluids and xylem sap of tomato
plants. Total lipids were extracted from 0.24 g of entire leaflets, 5.5 ml of
intercellular fluids obtained from 100 g of leaflets, and 5.5 ml of xylem
sap of tomato plants. Phosphoinositides were isolated from each lipid
extract using neomycin beads. Phosphoinositide extracts and synthetic
PI3P, PI4P and PI5P were spotted on a nitrocellulose membrane. PI4P was
immunodetected with 1 pg:ml™" purified mouse monoclonal anti-PI4P anti-
body. Representative results are shown (n = 2).

was also detected (Fig. 4b). Similarly, only **PIP was detected
in the leaflets (Fig. 4b). These results suggest that the incor-
porated 32PIP was not metabolised to >2PI(4,5)P, during the
incubation. Similar results were obtained when the **PIP sus-
pension was supplied to the tomato leaf by infiltrating one of
its leaflets with a needless syringe (data not shown).

The detection of extracellular PI4P in tomato plants
prompted us to analyse the presence of other phospholipids
in the apoplast using ESI-MS/MS. This technique allows the
identification and quantification of various phospholipid
molecules, with the exception of PIP and PIP, (Welti &
Wang 2004). The phospholipids detected are resolved into
their molecular species, which differ in the number of car-
bons and degree of saturation of their fatty acid chains (Welti
& Wang 2004). Hence, total lipids were extracted from 3 ml
of intercellular fluids and 0.35 g of entire leaflets of tomato
plants grown under basal conditions. Lipid extracts were sub-
jected to ESI-MS/MS in order to perform a comparative
analysis. The sum of the molecular species identified (Table
S1) was used to calculate the content of each phospholipid
class and total phospholipid amounts. In this way, we deter-
mined that total phospholipid content in intercellular fluids
was in the order of 37 pmol-g~', whereas in entire leaflets it
was 14 umol-g™', ie approximately 4 x 10°-fold lower in
intercellular fluids than in entire leaflets. For this reason, the
phospholipid composition of these samples was expressed as
a percentage of each phospholipid class in relation to the
total content. Figure 5 shows the results obtained from five
intercellular fluid and three entire leaflet independent sam-
ples. It can be seen that PC was the most abundant phospho-
lipid in both intercellular fluids and entire leaflets.
Nevertheless, while PG, PE and PI were present in major pro-
portions in entire leaflets, as previously described in Arabid-
opsis leaves (Welti et al. 2002), in intercellular fluids these
phospholipids were significantly lower (Fig. 5). Moreover, in
intercellular fluids PA was the second most abundant phos-
pholipid detected, making up approximately 15% of the total
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Fig. 4. Analysis of supplied *?PIP incorporation and metabolism in tomato
leaves. 32PIP was produced in vivo by [32P]-labelled tomato cell suspen-
sions and resolved using TLC as described in Material and Methods. The
32p|p spot was isolated from the TLC plate and resuspended in water. A
tomato leaf was cut from a 6-week-old plant and its petiole was sub-
merged in the 32PIP suspension. After 5 h of incubation, total lipids were
extracted from the leaflets and the upper part of the petiole that had not
been in contact with the 3?PIP suspension. The extracted lipids were
resolved using TLC and the radiolabelled phospholipids were visualised
with phosphoimaging. a: Schematic representation of the tomato leaf that
was incubated in 22PIP suspension. Numbers (1-4) indicate the leaflets
from which total lipids were subsequently extracted. b: Phospholipid pro-
files obtained from the upper part of the petiole (Pe) and leaflets 1, 2, 3
and 4. 32PIP isolated from a TLC plate was used as a control. The expected
position of PIP, is indicated. Ry values: PIP, 0.35; lysoPIP, 0.24; PIP,, 0.13.

(Fig. 5). In addition, the intercellular fluid phospholipid pro-
file revealed significantly higher percentages of PS, LPC and
LPE than those observed in entire leaflets, where they were
present at very low percentages (Fig. 5). These results indicate
that phospholipids are present in intercellular fluids
constituting a particular profile, in which the proportion of
potential phospholipid signal molecules, such as PA, LPC
and LPE, is higher than in entire leaflets.

The molecular species profile of each phospholipid class
was further analysed by performing a comparative study of
their molecular species. This was expressed as the sum of
total carbons and double bonds, since the ESI-MS/MS
method cannot identify specific acyl groups (Welti & Wang
2004). Figure 6 shows that for most molecular species pat-
terns, differences could be detected between intercellular flu-
ids and entire leaflets. For PC molecular species profiles, only
slight differences between intercellular fluids and entire leaflet
samples were detected. These include PC 36:2 and PC 36:5,
whose proportions respectively were twice higher and three-
fold lower in intercellular fluids than entire leaflets (Fig. 6a).
More extensive dissimilarities were detected between intercel-
lular fluids and entire leaflets in the patterns of PG, PI, PE,
PS, PA and LPC (Fig. 6). Regarding PG, the most abundant
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molecular species in intercellular fluids were 32:0 and 32:1,
which were present in only minor amounts in entire leaflets
(Fig. 6a). For PI, 32:2 was detected at higher percentages in
intercellular fluids compared to entire leaflets, together with
32:0, 32:1, 34:4 and 36:3 (Fig. 6a). PE 40:2, 42:2 and 42:3
species were also present in higher amounts in intercellular
fluids than in entire leaflets (Fig. 6a). Regarding PS, 36:2 and
36:6 were twice and twenty times higher in intercellular fluids
than in entire leaflets, respectively (Fig. 6a). Concerning the
molecular species of PA, the ratio of 32:0 was around fifty
times higher in intercellular fluids than entire leaflets (Fig. 6
a). The comparison between molecular species profiles of PA
and the structural phospholipids detected in intercellular flu-
ids may be indicative of potential sources for the production
of extracellular PA (Welti & Wang 2004). For instance, PA
32:0 could be produced from PG 32:0, which is a substrate of
phospholipase D (PLD), and/or PI 32:0 via phospholipase C
(PLC), while the source of PA 34:2 could be PC 34:2 or PE
34:2, which could be hydrolysed by PLD, and/or PI 34:2 via
PLC. Regarding LPC, 16:0 was the major species detected in
intercellular fluids, while 18:0 was 25-fold higher in intercel-
lular fluids than in entire leaflets (Fig. 6b). The proportions
of LPE molecular species in both samples were found to be
similar (Fig. 6b).

DISCUSSION

In this study, we show that extracellular PI4P can be com-
pletely pelleted together with PA, PC, PE and various pro-
teins when the extracellular medium of tomato cell
suspensions is subjected to high-speed centrifugation. Inter-
estingly, the proteins associated with this pelleted fraction
have been previously identified as extracellular proteins, and
most of them are potentially involved in defence responses.
These include a xyloglucan-specific endoglucanase inhibitor
protein (Qin ef al. 2003; Bargmann et al. 2006, Houterman
et al. 2007), an aspartyl protease (Bindschedler et al. 2008), a
polygalacturonase inhibitor protein (Stotz et al. 1994), a pec-
tinacetylesterase (Bordenave et al. 1995; Breton et al. 1996), a
peroxidase (Coego et al. 2005) and an osmotin-like protein
that belongs to the PR-5 family of pathogenesis-related pro-
teins (Chen et al. 1996). These results suggest the existence of
putative lipoproteic particles in the extracellular medium.
Interestingly, extracellular vesicular bodies of 50-200 nm have
been recently detected in 40,000 and 100,000 g pellets of cen-
trifuged intercellular fluids of sunflower seeds (Regente et al.
2009). On the other hand, the association of signalling phos-
pholipids, such as PI4P and PA, and defence proteins to
extracellular particles could constitute a mechanism for deliv-
ery of these molecules in a concentrated manner. This could
enable more efficient induction of responses in a target cell.
This hypothesis has been previously postulated in animal sys-
tems, in which extracellular vesicles composed of diverse
phospholipids and proteins have been described (Meziani
et al. 2008; Schorey & Bhatnagar 2008). Interestingly, extra-
cellular vesicles have also recently been described in plants
(An et al. 2007; Regente et al. 2009; Wang et al. 2010).

Our discovery of extracellular PI4P associated with a phos-
pholipid profile different from the intracellular pattern in
tomato cell suspensions (Gonorazky et al. 2008) prompted us
to analyse whether this reflects an entire plant system. Here,
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Fig. 5. Intercellular fluids of leaflets and entire leaflets of tomato plants
are different in their phospholipid composition. Total lipids were extracted
from 3 ml intercellular fluids obtained from 45 g of leaflets, and 0.35 g of
entire leaflets of tomato plants. Lipid extracts of intercellular fluids and
entire leaflets were analysed using ESI-MS/MS to determine their phos-
pholipid composition. The quantity of each phospholipid class was calcu-
lated by adding the molecular species detected (Table S1) and is expressed
as a percentage of total phospholipids. Error bars indicate standard devia-
tion of mean values of five intercellular fluid and three entire leaflet inde-
pendent samples. Asterisks denote that means are significantly different
(P < 0.05, ttest). PC, phosphatidylcholine; PG, phosphatidylglycerol; PI,
phosphatidylinositol; PE, phosphatidylethanolamine, PS, phosphatidylserine;
PA, phosphatidic acid; LPC, lysophosphatidylcholine; LPE, lysophosphatidy-
lethanolamine; LPG, lysophosphatidylglycerol.

we demonstrate, for the first time, the presence of PI4P in
intercellular fluids and xylem sap of tomato plants. From the
results obtained in lipid overlay assays, it was estimated that
the content of apoplastic PI4P would be 6 pmol-g™" of leaf-
lets. This would represent 14% of total phospholipids
detected in intercellular fluids using ESI-MS/MS. This esti-
mation suggests that PI4P would be among the major extra-
cellular phospholipids identified in tomato plants.
Extracellular PI4P could act as a signal molecule per se or as
a substrate for the production of PI(4,5)P,, which, in turn,
can be used by the PLC—diacylglycerol kinase (DGK) enzy-
matic pathway to yield PA (Munnik & Vermeer 2010). We
could not, however, detect the metabolism of exogenously
incorporated PIP into PIP, in planta. Interestingly, similar
results were obtained in tomato cell suspensions (Gonorazky
et al. 2010). Hence, it could be that extracellular PI4P acts as
a direct substrate of the PLC-DGK pathway for the produc-
tion of PA, as previously postulated (Munnik & Testerink
2009; Gonorazky et al. 2010). In this sense, the potential
metabolism of apoplastic PI4P to PA should be further analy-
sed. Recently, Kale et al. (2010) reported that phosphatidyl-
inositol-3-phosphate (PI3P) is present in the outer surface of
plant cell plasma membranes, where it enables entry of
pathogens into the cells through its binding to host protein
effectors (Kale et al. 2010). PI4P also binds to oomycete and
fungal protein effectors in vitro, although it has not been
detected in the outer surface of plasma membranes. The
detection of both, PI3P and PI4P, has been analysed by pep-
tide-binding studies (Kale et al. 2010). Nevertheless, Kale
et al. (2010) have not chemically measured the presence of
PI4P or PI3P, as we have, to demonstrate the existence of
PI4P in the extracellular medium of tomato cell suspensions
(Gonorazky et al. 2008).

Extracellular phospholipids in tomato

In this study, we also show that phospholipids distinct
from PI4P are present in intercellular fluids of tomato leaf-
lets. Total phospholipid content was approximately 4 x 10°-
fold lower in intercellular fluids than in extracts of entire
leaflets. Similar results were obtained earlier from intercellu-
lar fluids of sunflower seeds (Regente et al. 2008). Moreover,
the phospholipid profile identified in intercellular fluids of
tomato plants was clearly different from that observed in
extracts of entire leaflets, showing that the detection of extra-
cellular phospholipids is not due to contamination with
intracellular material. Most importantly, the levels of each
phospholipid detected in entire leaflets were at the nanomo-
lar scale, while the levels of the distinct apoplastic phospho-
lipids were at the picomolar scale (Table S1). Therefore, any
contamination with cell debris, even at a picomolar level,
should be reflected in the extracellular profile. In this sense,
PA, LPC and LPE, which were detected in minor amounts in
entire leaflets, were significantly enriched in intercellular flu-
ids. In contrast, extracts of entire leaflets were mainly com-
posed of structural phospholipids, as previously reported for
other plant species (Welti et al. 2002; Regente et al. 2008). In
addition, the molecular species composition of most phos-
pholipids of intercellular fluids revealed differences compared
to those of extracts of entire leaflets. A distinct phospholipid
profile was identified as well in intercellular fluids of sun-
flower seeds (Regente et al. 2008). There, PA and LPE were
also enriched in the apoplast, with PA representing the high-
est proportion (Regente et al. 2008). In spite of these similar-
ities between intercellular fluids of tomato plants and
sunflower seeds, differences were observed in their extracellu-
lar molecular species composition. For instance, in the case
of extracellular PA, PA 34:6 and 34:1 were the most abundant
in intercellular fluids of sunflower seeds (Regente et al.
2008), whereas in tomato plants PA 32:0 and 34:2 were the
major molecular species. In plants, PA has been shown to be
involved in diverse biological processes, such as germination,
stomatal movement, growth regulation, wounding, biotic and
abiotic defence responses (Wang et al. 2006). LPC and LPE
have been less characterised. Nevertheless, different reports
indicate that they play a role in the regulation of plant
growth and defence responses (Ryu 2004). Therefore, the
presence of these phospholipids in intercellular fluids of
tomato plants may suggest their potential role as intercellular
signalling molecules. In this sense, PA and LPC have been
previously described as extracellular phospholipids in mam-
malian systems (Moolenaar et al. 2004). We have also
observed an enrichment of PS in intercellular fluids of
tomato plants. Interestingly, extracellular PS has been charac-
terised as an intercellular signal molecule in animal systems
(Freyssinet 2003; Meziani ef al. 2008).

The nature of the cell-to-cell signal(s) in plants has been
the subject of decades of research and, although several can-
didates have emerged (Vlot ef al. 2008), this major question
still remains largely unresolved. In this report, the association
of extracellular PI4P to lipoproteic fractions pelleted from the
extracellular medium is described, as well as the detection of
a distinct apoplastic phospholipid profile in tomato plants,
which includes PI4P together with an enrichment of PA,
LPC, LPE and PS. These phospholipids may act in still
unidentified intercellular signalling pathways, contributing to
communication between plant cells.

Plant Biology © 2011 German Botanical Society and The Royal Botanical Society of the Netherlands 7
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Fig. 6. Comparative analysis of the molecular species composition of each
phospholipid detected in intercellular fluids of leaflets and entire leaflets of
tomato plants. Total lipids were extracted from intercellular fluid of leaflets
(grey bars) and entire leaflets (black bars) of tomato plants and analysed
using ESI-MS/MS, as described in Fig. 5. The molecular species detected in
intercellular fluids and entire leaflets are expressed as a percentage of the
total for each phospholipid class and are identified by chain length (total
number of carbon atoms) and degree of unsaturation (total number of
double bonds in the acyl chains), separated by a colon. Error bars indicate
standard deviation of mean values of five intercellular fluid and three
entire leaflet independent samples.
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Fig S1. Phospholipid profile of the extracellular medium of snapfrozen tomato cells. Tomato cell
suspensions were prelabelled with [*2Pi] for 180 min and subsequently snapfrozen in liquide nitrogen and
thawed for the indicated times in order to cause mechanical damage of the cells, as previously described
(Bargmann et al. 2009). Phospholipids were extracted from the extracellular medium of snapfrozen cells,
resolved by alkaline TLC and visualized by phosphoimaging.
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Fig. S2. PIP is not hydrolyzed upon over night incubation in extracellular medium. Radioactive
extracellular PIP originated from [*Pi]-prelabelled tomato cells was isolated from a TLC silica plate,
resuspended in 10 mM HCI-Tris pH 7.5, sonicated and incubated with or without extracellular medium
(EM) for 15 hours at 25°C. Lipids were then extracted, separated by alkaline TLC and visualized by
phosphoimaging.
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Fig. S3. Analysis of GAPDH detection in apoplastic fluids obtained from non-damaged and
damaged tomato plant tissues. (a) Total proteins extracted from 4 mg of entire leaflets; 500 pL of
intercellular fluids obtained from 6.25 g of leaflets through soft extraction conditions as described in
materials and methods (ten 45 kPa vacuum pulses of 20 s followed by 60 min centrifugation at 650g); and
from 500 pL of xylem sap collected from the root side of cut stems, upon discarding the first 300 uL of
exudates. (b) Total proteins extracted from 500 pL of intercellular fluids obtained from 6.25 g of leaflets
by performing more stringent extraction conditions (two 45 kPa vacuum pulses of 6 min each followed by
60 min centrifugation at 1,5009); and from the first 300 uL of xylem sap exudated from cut stems of
tomato plants. Twenty micrograms of proteins from each sample were resolved by SDS-PAGE,
transferred to a nitrocellulose membrane and visualized by red ponceau staining (upper panels).
Glyceraldehyde phosphate dehydrogenase (GAPDH, 40 kDa) was immunodetected with 1:50,000 anti-
GAPDH antibody (lower panels).



Supplementary Data Table S1

*Molecular ZIntercellular fluids ®Entire leaflets
species (pmoles.g™) (nmoles.g™)
PC 32:.0 0.12 + 0.05 1.68 + 0.00
PC 34:1 1.03 + 0.71 7.61 + 0.00
PC 34:2 4.87 + 1.00 169.64 + 0.03
PC 34:3 4.94 + 1.44 194.00 + 0.02
PC 34:4 0.09 + 0.03 4.01 + 0.00
PC 36:1 0.36 + 0.35 0.00 + 0.00
PC 36:2 1.31 + 0.30 15.98 + 0.00
PC 36:3 1.03 + 0.42 24.35 + 0.00
PC 36:4 2.14 + 0.80 100.00 + 0.02
PC 36:5 1.64 + 0.98 16154 + 0.02
PC 36:6 0.52 + 0.46 47.54 + 0.00
PC 38:2 0.39 + 0.13 3.20 + 0.00
PC 38:3 0.17 + 0.18 2.80 + 0.00
PC 38:4 0.05 + 0.09 1.72 + 0.00
PC 38:5 0.21 + 0.11 1.01 + 0.00
PC 38:6 0.04 + 0.02 0.70 + 0.00
PC 40:2 0.33 + 0.10 1.28 + 0.00
PC 40:3 0.07 + 0.06 0.83 + 0.00
PC 40:4 0.02 + 0.04 0.15 + 0.00
PC 40:5 0.02 + 0.03 0.17 + 0.00
Total PC 19.35 + 5.88 738.19 + 0.10
PG 32:0 0.37 + 0.05 2.11 + 0.00
PG 32:1 0.23 + 0.08 18.51 + 0.00
PG 34:0 0.01 + 0.01 0.11 + 0.00
PG 34:1 0.06 + 0.06 5.74 + 0.00
PG 34:2 0.04 + 0.05 23.43 + 0.00
PG 34:3 0.04 + 0.03 103.70 + 0.02
PG 34:4 0.04 + 0.05 81.68 + 0.02
PG 36:1 ND 0.00 + 0.00
PG 36:2 ND 0.21 + 0.00
PG 36:3 ND 0.38 + 0.00
PG 36:4 ND 1.01 + 0.00
PG 36:5 0.02 + 0.01 0.65 + 0.00
PG 36:6 0.04 + 0.01 0.17 + 0.00
Total PG 0.86 + 0.28 238.15 + 0.04
PI32:0 0.19 T 012 042 * 000
Pl 32:1 0.06 + 0.04 0.44 + 0.00
Pl 32:2 0.42 + 0.08 0.46 + 0.00
Pl 32:3 0.05 + 0.05 2.31 + 0.00
Pl 34:1 0.02 + 0.05 1.05 + 0.00
Pl 34:2 0.39 + 0.12 52.92 + 0.01
Pl 34:3 0.30 + 0.07 77.06 + 0.01
Pl 34:4 0.07 + 0.03 0.52 + 0.00
Pl 36:1 0.02 + 0.02 0.13 + 0.00
Pl 36:2 0.03 + 0.05 2.56 + 0.00
Pl 36:3 0.12 + 0.03 3.32 + 0.00
Pl 36:4 0.02 + 0.01 1.70 + 0.00
Pl 36:5 0.05 + 0.09 2.49 + 0.00
Pl 36:6 0.06 + 0.04 1.93 + 0.00
Total PI 1.72 + 0.24 147.31 + 0.03




PE 34:1 0.00 + 0.00 071 + 0.00
PE 34:2 0.92 + 052 5165 + 0.01
PE 34:3 0.42 + 028 36.87 + 0.01
PE 34:4 0.01 + 0.00 0.66 + 0.00
PE 36:1 ND 0.11 + 0.00
PE 36:2 ND 3.75 + 0.00
PE 36:3 0.18 + 014 2096 + 0.00
PE 36:4 0.25 + 0.09 5537 + 0.01
PE 36:5 0.20 + 011 4194 + 0.00
PE 36:6 0.08 + 0.05 12.02 + 0.00
PE 38:2 0.07 + 0.03 1.92 + 0.00
PE 38:3 0.03 + 001 139 + 0.00
PE 38:4 0.01 + 0.01 0.80 + 0.00
PE 38:5 0.01 + 001 094 + 0.00
PE 38:6 ND * 0.27 + 0.00
PE 40:2 0.17 + 0.06 1.60 + 0.00
PE 40:3 0.04 + 0.03 0.68 + 0.00
PE 42:2 0.41 + 011 119 + 0.00
PE 42:3 0.10 + 0.04 048 + 0.00
PE 42:4 0.02 + 003 0.22 + 0.00
Total PE 2.93 + 133 21554 + 0.03
PS 34:1 0.01 + 0.01 0.00 + 0.00
PS 34:2 0.11 + 001 191 + 0.00
PS 34:3 0.07 + 0.03 155 + 0.00
PS 34:4 0.02 + 001 0.01 + 0.00
PS 36:1 0.01 + 0.01 0.02 + 0.00
PS 36:2 0.50 + 004 223 + 0.00
PS 36:3 0.14 + 0.08 149 + 0.00
PS 36:4 0.02 + 0.02 0.62 + 0.00
PS 36:5 0.02 + 0.04 046 + 0.00
PS 36:6 0.25 + 004 011 + 0.00
PS 38:1 0.02 + 001 0.01 + 0.00
PS 38:2 0.40 + 0.09 465 + 0.00
PS 38:3 0.16 + 0.07 255 + 0.00
PS 38:4 0.002 + 0.003 0.04 + 0.00
PS 38:5 0.01 + 0.01 0.02 + 0.00
PS 38:6 0.01 + 0.01 0.05 + 0.00
PS 40:1 0.01 + 0.01 0.00 + 0.00
PS 40:2 0.28 + 0.06 343 + 0.00
PS 40:3 0.12 + 0.03 152 + 0.00
PS 40:4 0.04 + 0.01 0.04 + 0.00
PS 42:1 0.06 + 0.06 0.00 + 0.00
PS 42:2 0.25 + 0.18 0.06 + 0.00
PS 42:3 0.11 + 015 0.03 + 0.00
PS 42:4 0.04 + 005 288 + 0.00
PS 44:2 0.03 + 004 186 + 0.00
PS 44:3 0.004 + 0.005 0.02 + 0.00
Total PS 2.68 + 046 2556 + 0.00
PA 32:0 0.94 + 048 0.19 + 0.00
PA 34:1 0.24 + 025 1.04 + 0.00
PA 34:2 1.12 + 050 1242 + 0.00
PA 34:3 0.52 + 056 13.82 + 0.00
PA 34:4 0.12 + 010 011 + 0.00
PA 34:5 0.16 + 011 0.02 + 0.00
PA 34:6 0.25 + 016 0.07 + 0.00
PA 36:2 0.10 + 0.09 1.56 + 0.00




PA 36:3 0.29 + 0.09 133 + 0.00
PA 36:4 0.28 + 020 6.36 + 0.00
PA 36:5 0.49 + 032 558 + 0.00
PA 36:6 0.32 + 019 136 + 0.00
Total PA 4.84 + 2.07 43.86 + 0.01
LysoPC 16:0 2.10 + 1.06 3.17 + 0.00
LysoPC 16:1 ND 0.02 + 0.00
LysoPC 18:0 0.24 + 015 0.05 + 0.00
LysoPC 18:1 0.00 + 0.01 0.29 + 0.00
LysoPC 18:2 1.09 + 094 855 + 0.00
LysoPC 18:3 0.24 + 019 6.80 + 0.00
Total LysoPC 3.67 + 2.06 18.88 + 0.01
LysoPE 16:0 0.38 + 026 1.68 + 0.00
LysoPE 16:1 0.04 + 0.03 0.002 + 0.00
LysoPE 18:1 0.004 + 001 o0.18 + 0.00
LysoPE 18:2 0.41 + 021 1.82 + 0.00
LysoPE 18:3 0.10 + 011 0.64 + 0.00
Total LysoPE 0.93 + 054 431 + 0.00
LysoPG 16:0 ND 1.33 + 0.00
LysoPG 16:1 ND 2.77 + 0.00
LysoPG 18:1 ND 0.00 + 0.00
LysoPG 18:2 ND 2.71 + 0.00
LysoPG 18:3 ND 1.28 + 0.00
Total LysoPG ND 8.09 + 0.01

Table S1. Molecular species composition of each phospholipid detected in intercellular fluids of
leaflets and entire leaflets of tomato plants.

! Each molecular species is identified by its chain length (total number of carbon atoms) and degree of
unsaturation (total number of double bonds in the acyl chains), separated by a colon denote.

2 Total lipids were extracted from 3 ml of intercellular fluids obtained from 45 g of tomato leaflets. The
results shown are mean values + SD of five independent samples analyzed by ESI-MS/MS.

® Total lipids were extracted from 0.35 g of entire tomato leaflets. The results shown are mean values +

SD of three independent samples analyzed by ESI-MS/MS
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