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Abstract

Key message Potato and tobacco cells are differentially
suited to study oxylipin pathway and elicitor-induced
responses.

Abstract Synthesis of oxylipins via the lipoxygenase
(LOX) pathway provides plant cells with an important
class of signaling molecules, related to plant stress
responses and innate immunity. The aim of this study was
to evaluate the induction of LOX pathway in tobacco and
potato cells induced by a concentrated culture filtrate
(CCF) from Phytophthora infestans and lipopolysaccharide
(LPS) from Pectobacterium atrosepticum. Oxylipin acti-
vation was evaluated by the measurement of LOX activity
and metabolite quantification. The basal levels of oxylipins
and fatty acids showed that potato cells contained higher
amounts of linoleic (ILA), linolenic (LnA) and stearic acids
than tobacco cells. The major oxylipin in potato cells,
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9(S),10(S),11(R)-trihydroxy-12(Z),15(Z)-octadecadienoic
acid (9,10,11-THOD), was not detected in tobacco cells.
CCF induced a sharp increase of LA and LnA at 8 h in
tobacco cells. In contrast they decreased in potato cells. In
CCF-treated tobacco cells, colneleic acid increased up to
24 h, colnelenic acid and 9(S)-hydroxyoctadecatrienoic
acid (9(S)-HOT) increased up to 16 h. In potato cells, only
colneleic acid increased slightly until 16 h. A differential
induction of LOX activity was measured in both cells
treated by CCF. With LPS treatment, only 9,10,11-THOD
accumulation was significantly induced at 16 h in potato
cells. Fatty acids were constant in tobacco but decreased in
potato cells over the studied time period. These results
showed that the two elicitors were differently perceived by
the two Solanaceae and that oxylipin pathway is strongly
induced in tobacco with the CCF. They also revealed that
elicitor-induced responses depended on both cell culture
and elicitor.

Keywords Lipoxygenase - Nicotiana tabacum -
Oxylipins - PAMPs - Solanum tuberosum

Abbreviations

CCF Concentrated culture filtrate

Cv Cultivar

HOD  Hydroxy octadecadienoic acid
HOE  Hydroxy octadecenoic acid

HOT  Hydroxy octadecatrienoic acid
HPO Hydroperoxide

HPOD Hydroperoxy octadecadienoic acid
HPOT Hydroperoxy octadecatrienoic acid
HR Hypersensitive response

LAH Lipid acyl hydrolase

LOX Lipoxygenase

LPS Lipopolysaccharide
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PAL Phenylalanine ammonia-lyase
PLA Phospholipase

Pv Pathovar

PUFA  Polyunsaturated fatty acid
ROS Reactive oxygen species
Introduction

Plant responses to pathogen attack involve early and late
defense reactions. Early signal transduction pathways
include changes of ionic fluxes (Ca®*, K+ and HY) (Garcia-
Brugger et al. 2006), production of reactive oxygen species
(ROS) and protein phosphorylation (Grant et al. 2000).
They activate many genes related to plant defense respon-
ses. Some genes encode enzymes such as phenylalanine
ammonia-lyase (PAL), which catalyze the synthesis of
phenolic compounds, and lipoxygenases, which are key
enzymes in the oxylipin pathway (Ingle et al. 2006). Oxy-
lipin is a collective name for oxidized polyunsaturated fatty
acids and their metabolites. The first step of this pathway
leads to the synthesis of polyunsaturated fatty acid (PUFA)
hydroperoxides (HPO) non-enzymatically (Hamberg 2011)
or enzymatically via the action of lipoxygenase (linoleate
oxygen oxidoreductase, LOX, E.C 1.13.11.12) or a-dioxy-
genase (E.C 1.13.11) (Blée 2002; Andreou and Feussner
2009). LOX are ubiquitous enzymes that can be found in
both animals and plants (Feussner and Wasternack 2002). In
plants, the dioxygenases catalyze oxygenation of PUFAs
such as linoleic acid (LA, C18:2) and linolenic acid (LnA,
C18:3) and mainly arachidonic acid (C20) in mammals. The
release of PUFAs starts through an action of phospholipases
(PLAs) as lipid acyl hydrolases (LAHs). In potato tubers,
patatin, the major potato storage protein, shows LAH
activity (Galliard 1971). The oxygenation of PUFAs by
LOX can occur either at carbon 9 (9-LOX) or carbon 13
(13-LOX) (Liavonchanka and Feussner 2006). Then HPO
can be metabolized by at least seven different pathways
leading to various compounds: LOX, peroxigenase, divinyl
ether synthase, hydroperoxide lyase; allene oxide synthase,
epoxy alcohol synthase and hydroperoxide reductase
(Mosblech et al. 2009).

The oxylipin pathway is implicated in physiological
processes such as plant growth, development, and senes-
cence or response to stress (Schaller 2001). In addition,
Montillet et al. (2002) have shown that the oxylipin path-
way was also activated in tobacco during biotic stress.
Many oxylipins have been found to stimulate plant defense
genes expression (Weber 2002) or modulate hypersensitive
reaction (HR) characterized by cell death in tobacco leaves
(Rustérucci et al. 1999; Hamberg et al. 2003).
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Moreover, oxylipins have antimicrobial activity (Gobel
et al. 2001; Prost et al. 2005; Kishimoto et al. 2008) and
they are described as potential defense compounds. Prost
et al. (2005) showed that HPO (13-HPOT, 9-HPOT,
9-HPOD and 13-HPOD) and the reduced forms (13-HOT,
9-HOT, 13-HOD and 9-HOD) have antifungal and antio-
omycete activity but they had no antibacterial effect
against Pectobacterium carotovorum carotovorum.

Vellosillo et al. (2007) showed that 9-HOT regulated
stress responses during the plant’s response to pathogen. In
addition, it was demonstrated that 9-HOT enhance ROS
production suggesting the participation of the 9-LOX
oxylipin pathway in controlling oxidative stress and lipid
peroxidation (Lopez et al. 2011) and its implication in plant
resistance. Tobacco cells treated with an elicitor from
Phytophthora parasitica var. nicotianae (Ppn) showed a
rapid and transient increase in jasmonic acid levels from
the 13-LOX metabolism. It acted as a signal messenger in
the transduction chain before the activation of defense
genes expression (Rickauer et al. 1997; Kenton et al. 1999).
In Solanaceae species, oxylipins from the 9-LOX pathway
participate in the defense against oomycetes (Rustérucci
et al. 1999; Gobel et al. 2001, 2002, 2003; Fammartino
et al. 2007, 2010). 9-LOX products were preferentially
stimulated in elicitor-treated potato cells (Gobel et al.
2001) and in tobacco (Fournier et al. 1993; Rustérucci et al.
1999). Thus, the accumulation of pathogen-induced tran-
scripts was reported in potato infected by P. infestans
(Kolomiets et al. 2000; Gobel et al. 2001; Stumpe et al.
2001; Gobel et al. 2002). These results suggest a role of
these compounds in plant defense responses (Gobel et al.
2001; Weber et al. 1999). In tobacco, the accumulation of
pathogen-induced 9-LOX transcripts was reported after
infection with Ppn. Moreover, LOX gene overexpression
is sufficient to reduce susceptibility to P. nicotianae
(Méne-Saffrané et al. 2003). Other investigations in elici-
tor-treated tobacco leaves revealed that transcripts of genes
encoding patatin-like proteins (NtPat) and 9-lox accumu-
lated with similar profiles (Dhondt et al. 2002). In the same
way, Cacas et al. (2005) showed that increased levels of
transcripts of 9-lox and NrPat in cryptogein-elicited
tobacco leaves were followed by the biosynthesis of active
oxylipins.

We previously focused on the biochemical and physio-
logical reactions induced in cell suspensions of three
Solanaceae species (tobacco, tomato and potato) by puri-
fied lipopolysaccharide (LPS) from Pectobacterium atro-
septicum (Pa) (pectinolytic Gram-negative bacterium,
causing soft rot on potato tubers). LPS caused a significant
acidification of potato, tomato and tobacco extracellular
media, but it did not induce the formation of ROS in any of
the cell suspensions. We also reported that LOX activity is
induced in both cell suspensions, by a concentrated culture
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filtrate (CCF) of P. infestans (Pi) (an oomycete, causal
agent of potato late blight) (Desender et al. 2006, 2007; Val
et al. 2008). We therefore chose elicitor preparations
derived from two pathogens inducing disease symptoms on
potato (host), but not in tobacco (non host), and able to
generate defense responses as pathogen-associated molec-
ular patterns (PAMPs) without the presence of the patho-
gen itself. The aim of this study was to assess the induction
of oxylipin pathway in tobacco BY and potato cv Bintje
cell suspensions induced by CCF and LPS. To confirm
the cell viability, we measured the PAL activity, a key
enzyme of the phenylpropanoid pathway after induction.
We studied oxylipin induction by measurement of 9-LOX
activity, fatty acids and metabolite quantification. We
therefore wondered (i) if LPS and CCF induced the oxy-
lipin pathway in both cell cultures and (ii) if this potential
activation is different between potato and tobacco cells.

Materials and methods
Plant cell cultures

Cell suspension cultures of Nicotiana tabacum cv. BY-2
and Solanum tuberosum cv Bintje were maintained in
80 ml of liquid, sterile MS medium at pH 5.8 and multi-
plied as described by Desender et al. (2006). Tobacco and
potato cells were grown at 25 °C in the dark on a rotary
shaker (130 rpm). Both cell cultures were subcultured
before the stationary phase: tobacco cells were subcultured
every week and potato cells every 2 weeks. Elicitation
experiments were performed on the day before the sta-
tionary phase.

Elicitor preparation and elicitation

LPS of Pa (strain CFBP 5889, INRA Angers, France) were
extracted using the hot phenol-water method of Westphal
and Jann (1965) modified as described by Desender et al.
(2006). CCF of Pi (strain isolated from Ploudaniel, France)
was prepared as described by Desender et al. (2006).
P.infestans was grown on sterile pea broth for 3 weeks.
The culture broth was prepared by boiling 125 g of frozen
peas in 1.2 L of distilled water, discarding the peas and
autoclaving the broth for 20 min at 120 °C. The filtrate was
obtained by separating the mycelium from the culture broth
on 0.45 pm Whatman filter paper and lyophilized before
use. For LOX activity, CCF concentrations were previously
tested in potato cells from 0.1 to 100 pg ml~'. No differ-
ences were observed in LOX activity after induction by 1
or by 100 pg'ml~". For all LOX activity experiments, we
adjusted CCF concentration to 1 pg ml~'. CCF and LPS
concentrations were adjusted to 200 pg.ml~" for oxylipin

analysis. Cryptogein from P. cryptogea and capsicein from
P. capsici (provided by INRA Antibes, France) were used
at 10 pg ml™" as positive controls of LOX induction.
Elicitors or water (control) were added to tobacco and
potato cell suspensions. After 0, 8, 16, 18, 24, 42, 48 or
72 h cells were harvested by filtration and aliquots of
300 mg were frozen at —20 °C. One, two or three inde-
pendent experiments with two independent replicates were
realized for each analysis.

PAL activity measurement

PAL activity is estimated measuring the formation of
cinnamic acid from phenylalanine as described by Zucker
(1968) with some modifications. Cells (300 mg) were
ground with extraction buffer (25 mM boric acid,
10 mg mL™" polyvinylpyrrolidone and 0.3 % f-mercap-
toethanol, pH 8.8). The homogenate was centrifuged at
10,000g at 4 °C for 30 min. The modified method of
Bradford (1976) was applied to quantify the proteins in
supernatants and adjusted to 300 pg per sample. PAL
activity was measured in continuous for 50 mn in super-
natants at 290 nm on a spectrophotometer, using phenyl-
alanine as substrate. The reaction mixture contained 50 uM
phenylalanine, 25 mM borate buffer (pH 8.8) and 335 pL
of enzymatic supernatant. PAL activity was calculated in
pmol of t-cinnamic acid produced per min and mg fresh
weight (FW) with a molar absorption coefficient of
¢ = 10,000 L mol ™' ecm™".

LOX activity measurement

LOX activity was measured as described by Desender et al.
(2006). Harvested cells (300 mg) of potato and tobacco
were ground in 0.6 ml of cold Tris buffer (0.1 % Triton
X-100, 3 mM EDTA, 0.04 % Na,S,0s, and 0.1 % poly-
vinylpyrrolidone, pH 6.8). The homogenate was centri-
fuged at 10,000g at 4 °C for 15 min. LOX activity in
supernatants was measured at 234 nm on a spectropho-
tometer, using linolenic acid as substrate. The reaction
mixture contained 100 uM of linolenic acid, 0.1 M Tris
buffer (pH 6.8) and 200 pl enzyme. The increase in
absorbance was followed for 15 min and the rate of
increase was calculated from the initial slope. LOX activity
was evaluated in nkat g~' FW. Experiments were per-
formed twice.

Analysis of oxylipin content
Oxylipin extraction

Oxylipin extraction was performed according to Gaquerel
et al. (2007) with modifications: 1 ml of phosphate buffered
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saline (PBS) was added to 300 mg of cells filtered and
ground in a hemolysis tube. Ethyl acetate (2 ml) containing
internal standard (12-hydroxylauric acid at 0.05 mg ml™")
was added. The mixture was shaken for 1 h at 4 °C and put
on ice for 5 min. Tubes were centrifuged at 4,000g for
10 min at 4 °C. The upper phase was removed and evap-
orated under nitrogen flux and then the dry extract was
suspended in 200 pl of methanol.

Oxylipin derivatization

The samples were subjected to two derivatization proce-
dures according to Christie (1993) and Pinot et al. (1992).
For the methylation by diazomethane in ether, the reaction
took place at room temperature for 15 min on 50 pl of
extract in methanol with 300 pl of diazomethane. Then
the excess of diazomethane was rapidly cold-evaporated.
The dry residues were silylated with Sylon BFT [N-O-
bis-silyltrifluoroacetamide (BSTFA)/trimethylchlorosilane
(TMCS); 99:1] (Supelco, Bellafonte) for 1 h at 60 °C. The
excess of reactive was evaporated under nitrogen flux and
oxylipin derivates were suspended in hexane. For quanti-
fication, standards were established according to the same
procedure using commercially available linoleic, linolenic,
colneleic and colnelenic acids, 9(S),10(S),11(R)-trihy-
droxy-12(Z),15(Z)-octadecadienoic (9,10,11-THOD) and
9(S)-hydroxyoctadecatrienoic acid (9(S)-HOT) (Larodan
Fine Chemicals, Sweden).

Oxylipin analysis by GC-MS

Derivatized oxylipins were analyzed by GC-MS (Le Quéré
et al. 2004) on an Agilent GC 6890+coupled to a 5973 MS
Detector (Agilent, Les Ullis, France) and with a DB-5MS
column (low-bleeding, 5 % phenyl/95 % dimethylpoly-
siloxane phase) 30 m x 0.25 mm ID. x 0.25 pm film
thickness (J and W Scientific, Agilent) in the electron
ionization mode at 70 eV. The temperature gradient was
60 °C for 5 min, 60-120 °C at 30 °C min~"', 120-290 °C
at 4 °C min~', and 290 °C for 10 min.

Statistical analysis

All statistical analyses were performed using the statistical
software R GUI version 2.10.1. Analyses of variance were
performed using the function ‘aov.” Transformations were
performed if necessary to approximate normality. Multiple
comparisons of means were carried out using the Tukey-
HSD (honestly significant difference) Test (p = 0.05 **,
p = 0.01 ***) with the glht () function of the package
‘multcomp’.
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Results
Effect of CCF and LPS on PAL activity

In potato cells, CCF, but not LPS, induced a significant
increase of PAL activity with a maximum activity 8 h after
treatment (Fig. la). PAL activity then slowly decreased
until 48 h reaching almost the control level. In tobacco
cells, the challenge with CCF and LPS induced a signifi-
cant and transient activation of PAL that increased from
8 h and slowly decreased until 48 h (Fig. 1b). For both
elicitors, the maximum activity is reached 8 h after treat-
ment (35 and 15 pmol min~' g~' FW, respectively).

This preliminary experiment confirmed the viability of
the cell culture used during all the experiments.

Effect of CCF and LPS on the concentrations of LOX
substrates and 9-LOX products

At the initial time (0 h), comparison of basal levels of free
PUFAs and oxidation products showed high differences
between potato and tobacco cells (Fig. 2) (F value of
21.18). Large amounts of linoleic and linolenic acids were
found in potato cells, 12-fold higher for linoleic acid
(60 nmol g~' FW against 5 nmol g~' FW) and 5-fold for
linolenic acid (25 nmol g~' FW against 5 nmol g~' FW)
than in tobacco cells, whereas stearic acid was undetectable
in tobacco suspensions. It can be noticed that in tobacco,
both precursors of oxylipins, LA and LnA, were equally
represented at a low concentration. 9-hydroxyoctadecatri-
enoic acid (9(S)-HOT) amounts were similar (approxi-
mately 3 nmol g~' FW) in both cell suspensions and
9(S),10(S),11(R)-trihydroxy-12(Z),15(Z)-octadecadienoic
acid (9,10,11-THOD) was highly represented in potato
cells (120 nmol g71 FW) and undetectable in tobacco
suspensions. Colneleic and colnelenic acids were not found
in either cell suspensions.

In potato cells after treatment with CCF and LPS
(Fig. 3a), the linoleic and linolenic acid contents signifi-
cantly decreased from 8 to 72 h. No significant effect on
stearic acid is observed after elicitors’ treatment (Table 1).
In contrast, in tobacco, the challenge with CCF induced a
rapid and transient increase of the release of free fatty acids
with a maximum 8 h after treatment (Fig. 3b), and then the
amounts slowly decreased until 72 h reaching almost
the basal level (0 h). The linoleic acid contents reached
80 nmol g71 FW (16-fold more than at Oh) and
55 nmol g~' FW for the linolenic acid (about 16-and
11-fold more than at O h respectively). LPS had no effect
on tobacco cells.

A slight increase of 9(S)-HOT was observed 8 and 16 h
after treatment by CCF (5 nmol g~' FW) in potato cells,
whereas no accumulation was significantly increased after
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Fig. 1 Phenylalanine a 9 - b 2 -
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(% - Colnelenic amounts varied in the same way and the
maximum was reached at 16 and 24 h (6 nmol gf1 FW).
B Potato Both colneleic and colnelenic acids were not induced
3 [ Tobacco in potato and tobacco cells treated with LPS or in
controls.
=
i
o ..
% S Effect of CCF and LPS on LOX activity
IS
c
All challenges with elicitors were tested in comparison
o _| . .
© with water-treated cells (negative control). In potato cells
challenged with CCF 1 pg ml™', LOX activity reached a
- maximum rapidly, 18 h after treatment, and then decreased
o - ND ——— ND ND ND ND ND A . . .
& . < to the basal rate at the end of time (Fig. 7a). Capsicein
& v Q@*o & T (10 pg ml™") alone induced a significant and strong acti-

Fig. 2 Basal levels of studied LOX products [9(S)-HOT, 9,10,11-
THOD, colneleic (CA) and colnelenic acids (CnA)] and their
substrates [linoleic (LA) and linolenic acids (LnA)] in potato (black
bars) and tobacco (white bars) cells induced by water (control) at 0 h.
Values are means of two independent experiments =+ standard error.
ND is for non-detected

induction by LPS or in control (Fig. 4a). In tobacco cells
elicited by CCF, 9(S)-HOT increased transiently with a
maximum at 16 h (about 15 nmol g~' FW) (Fig. 4b).
Then the amounts slowly decreased until 72 h. No sig-
nificant variation was observed after treatment by LPS or
in control. In LPS-treated potato cells, 9,10,11-THOD
accumulated with a maximum 16 h after treatment. No
significant variation was observed after treatment by CCF
(Fig. 5).

Colneleic acid increased in CCF-treated potato cells
(Fig. 6a). The maximum is reached 16 h after treatment
(1.3 nmol g_1 FW) and then CA was no more detectable.
In our experiments colnelenic acid was not induced. In
tobacco cells, CCF induced a rapid and transient increase
of the two divinyl ether colneleic and colnelenic acids
(Fig. 6b, c). The most significant increase was observed
for colneleic acid, 24 h after treatment. Its amount raised
to 100 nmol g~' FW and slowly decreased until 72 h.

vation of LOX activity with a maximum 24 h after treat-
ment. This activity then decreased at 42 h (about
4 nkat g~' FW to 2 nkatal g~' FW). Cryptogein induced a
slight but not significant activity of LOX. In contrast, in
tobacco cells, the challenge with 1 pg ml~' CCF induced a
significant increase of LOX from 18 h to reach a maximum
(2.5 nkat g~' FW) 72 h after treatment (Fig. 7b). Cryp-
togein and capsicein used as positive controls induced
similar patterns of LOX activation. With both elicitors,
LOX activity increased to 3 nkat g~' FW and it decreased
42 h after treatment with capsicein.

Discussion

In our study, we compared the induction of the oxylipin
pathway in tobacco and potato cells by analysis of 9-LOX
products and LOX activity. To confirm the cell viability,
PAL activity was measured in the two Solanaceae cell
suspensions challenged by LPS and CCF. PAL activity was
strongly induced in tobacco cells by both elicitors while
only CCF activated PAL in potato cells. This is in accor-
dance with Kroner et al. (2011) who showed that in potato
tubers, PAL activity increased and reached a maximum
7.5 h after CCF treatment, but not with LPS.
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Basal levels of PUFAs varied between potato
and tobacco cells

At 0 h, in potato cells induced with water (control), GC—
MS analysis revealed a high amount of free PUFAs
(stearic, linoleic and linolenic acids). The same results
were reported by Griffiths et al. (2000) in potato leaves but
the LA and LnA concentrations are inversed. Our results
showed that linoleic acid quantities were more abundant
than linolenic acid quantities that were found predominant
in potato leaves (Griffiths et al. 2000; Gobel et al. 2002). In
tobacco cells basal levels are very low. Basal level of
PUFAs could depend on Solanaceae species.

LPS only induced 9,10,11 THOD in oxylipin pathway

LPS only induced 9,10,11-THOD at 16 h in potato cells but
had no effect on the other studied oxylipins. This tri-
hydroxyoxylipin could have an antimicrobial activity as
shown by Kato et al. (1985) for 9,12,13-THOD and
9,12,13-THOE. These compounds were induced in the rice
inoculated by Pyricularia grisea. LPS did not induce
LOX activity in both cell suspensions. In the same way,
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Desender et al. (2006) showed that LPS did not induce
LOX activity in both potato and tobacco cells but only in
tomato cells. However, these authors showed that LPS
caused a significant acidification of potato extracellular
media, but did not induce the formation of ROS. In our
study, PAL activity increased in tobacco cells treated with
LPS, but not in potato cells. Such results were also
observed for PAL induction in different potato cultivars
elicited by LPS (Kroner et al. 2011). On the contrary, in
potato cells, LPS induced a decrease of free PUFAs.

CCF induced the oxylipin pathway differentially
in potato and tobacco cells

In both cell cultures, CCF induced LOX activities and
oxylipin accumulation. We used different concentrations of
CCF for the experiments. For oxylipin induction we used
CCF and LPS at 200 pg ml~' to compare the effect of two
elicitors. For LOX activity, we previously tested different
concentrations for CCF but no difference was observed
between 1 pg ml™' and the highest concentration. This
result suggests that a minimal concentration is necessary to
induce LOX activity and probably oxylipin pathway.
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Table 1 Accumulation of stearic acid (nmol/g FW) in potato cells after treatment with CCF (200 pg mlfl), LPS (200 pg mlfl) and water

(control)

Hour 0 8 16 24 48 72

Stearic acid (nmol/FW)
Control 6.5+ 1.0 9.5+ 1.0 82+ 13 103 £ 1.6 8.0+ 28 89 +£03
CCF 7.8 +£3.0 9.3+ 1.1 145 + 4.8 84+ 1.2 7.5 +08 7.8+ 1.8
LPS 6.5+ 1.0 70+ 1.6 143 + 3.5 84+ 1.2 129 £ 5.2 7.0+ 1.0

Values are mean =+ standard error of two or three independent experiments. Results with different stars superscript are significantly different

(Tukey HSD, ***p = 0.001)

Fig. 4 Time course of

accumulation of 9(S)-HOT in a
potato (a) and tobacco (b) cells
after treatment with CCF

(200 pg m1™Y), LPS

(200 pg ml™") and water
(control). Values are the means
of replicates of two or three
independent

experiments =+ standard error.
Bars with different stars
superscript are significantly w0
different (Tukey HSD,
*#%kp = 0.001, **p = 0.05)

15 20
1

nmol/g FW
10

hours

Our results showed in elicitor-treated potato cells an
activation of LOX activity with a maximum at 18 h as
described by Desender et al. (2006). Metabolite profiling
using GC-MS revealed that high amounts of free PUFAs
are constitutively present but these high amounts of LA
and LnA are not correlated with an increase of oxylipins
after elicitation. CCF and LPS induced a decrease of LA
and LnA amounts suggesting that (i) this response is not
elicitor-specific (ii) lipases which release free unsaturated
fatty acids are not activated in potato cell suspensions.
These enzymes, crucial for the production of oxylipins, are
often involved in the regulation of defense reactions in
higher plants (Roy et al. 1995; Kallenbach et al. 2010) and
mammals (Schaloske and Dennis 2006). No subsequent
increase of LOX products was observed except for 9(S)-
HOT at 8 h suggesting that (i) other enzymes involved in
the formation of LOX products (such as divinyl ether
synthase, epoxy alcohol synthase or reductase) are not
present or induced or (ii) fatty acids are metabolized by
other reactions, such as conjugation with the most abun-
dant cellular thiol, glutathione or remobilized in phos-
pholipids and thus are not implicated in the oxylipin
pathway.

In contrast, in tobacco cells, basal levels of PUFAs are
very low and the release of high amounts of substrates is
followed by a rise of LOX activity from 8 h and an
increase in LOX products upon elicitation. Accumulation
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Fig. 5 Time course of accumulation of 9,10,11-THOD in potato
cells after treatment with CCF (200 pg ml™"), LPS (200 pg ml™")
and water (control). Values are the means of replicates of two or three
independent experiments + standard error. Bars with different stars
superscript are significantly different (Tukey HSD, ***p = 0.001)

of oxylipins is often correlated with increased amounts of
LnA and LA (Conconi et al. 1996; Ryu and Wang 1998;
Zien et al. 2001). High release of LA and LnA probably
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Fig. 7 Lipoxygenase (LOX) activity induced in potato (a) and
tobacco (b) cells after treatment with CCF (1 pg ml™Y), elicitins
(capsicein and cryptogein 10 pg ml™") and water (control). LOX
activity was calculated in nkatal/g FW. Values are means of one or

resulted in an activation of galactolipases (EC 3.1.1.26)
from chloroplastic membranes. Cacas et al. (2005) showed
that fatty acids hydroperoxide accumulation in cryptogein-
elicited leaves was preceded by the coordinated rise in
9-LOX and galactolipase activities. Besides, Yaeno et al.
(2004) found that LnA activated in vitro NADPH oxidase
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two independent experiments with two replicates each + standard
error. Bars with different stars superscript are significantly different
(Tukey HSD, ***p = 0.001, **p = 0.05). NM is for non measured

responsible for ROS generation. They pointed out the
major role of these PUFAs in plants responses. In addition
it was demonstrated that 9-HOT enhances ROS production
suggesting the participation of the 9-LOX oxylipin path-
way in controlling oxidative stress and lipid peroxidation
and plant defense (Lopez et al. 2011).
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LPS and CCF perception is different in potato
and tobacco cells

LPS and CCF were differently perceived by the two cell
suspensions. The CCF contained an a-elicitin, infestin, and
a mix of oligosaccharides (data not shown). Ponchet et al.
(1999) showed that elicitins induced defense reactions.
They are generally structurally similar to lipid-transfer
proteins of plant cells (Blein et al. 2002). A biochemical
characterization of a specific binding site to cryptogein on
tobacco cell membranes revealed that it is a glycoprotein
(Bourque et al. 1999). For N. benthamiana, Kanzaki et al.
(2008) suggested that the “lectin-like receptor kinase”
(NbLRKT1) contribute to the perception of infestin INF1. In
the same way, Kim et al. (2010) identified in N. glutinosa,
NgRLK1, a potential receptor to capsicein from P. capsici.
In tobacco cells, the perception of cryptogein from
P. cryptogea is followed by activation of protein kinases or
inhibition of protein phosphatases. These modifications
trigger early signaling events including fluxes of ions,
variations in free calcium concentrations, MAPK activa-
tion, and production of nitric oxide or active oxygen spe-
cies (Garcia-Brugger et al. 2006; Pleskova et al. 2011). In
most Nicotiana species, these events lead to HR (Attard
et al. 2008). All these results suggest that cell suspensions
of N. tabacum cv. BY-2 have receptors for elicitins which
could be involved in the activation of the oxylipin pathway.
In potato cells elicitin receptors have never been described.

After treatment with LPS, only 9,10,11-TriHOD is
induced in potato cells. In tobacco cells, neither LOX
activity nor oxylipin accumulation was observed. These
results could reflect the ability of the cells to recognize the
LPS. The mechanisms of recognition of LPS in plants are
still unknown and the consequent transduction steps remain
unclear (Erbs and Newman 2012). Gross et al. (2005)
showed that the LPS from Xanthomonas campestris pv
campestris was internalized 2 h after its addition in tobacco
cells. The authors suggested that the LPS could contribute
to the defense responses regulation. In mammals, Poltorak
et al. (1998) identified a Toll-like receptor 4 (TLR4) as a
lipid A receptor, but to date no LPS receptor has been
isolated in plants. A potentially different perception
between potato and tobacco could explain the differential
activation of the oxylipin pathway.

In conclusion, we showed that CCF strongly activated
the oxylipin pathway in tobacco cells and in a lesser extent
in potato cells. LPS induced only 9,10,11-THOD in potato
cells. The oxylipin pathway could be involved in the
defense responses against pathogens in both cell suspen-
sions. Our results showed that cell cultures could dis-
criminate between LPS and CCF. Major differences in the
PAMPs perception between tobacco and potato cells could
induce plant-specific signal transduction cascades. Tobacco

cell cultures are well suited to study CCF induction of the
oxylipin pathway. To confirm the potential involvement of
the oxylipin pathway in potato cells, we could test other
PAMPs as P. atrosepticum culture filtrate. On the other
hand, to compare the role of the oxylipin pathway in potato
and tobacco defense responses, it is now necessary to use
whole plants inoculated with specific pathogens.
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