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Oxylipins have been extensively studied in plant defense mechanisms or as signal molecules. Depending
on the stress origin (e.g. wounding, insect, pathogen), and also on the plant species or organ, a spe-
cific oxylipin signature can be generated. Salt stress is frequently associated with secondary stress such
as oxidative damage. Little is known about the damage caused to lipids under salt stress conditions,
especially with respect to oxylipins. In order to determine if an organ-specific oxylipin signature could

Ilfeywords" be observed during salt stress, tomato (Solanum lycopersicum cv. Money Maker) plants were submitted
O‘Exgﬁfnase to salt stress (100 mM of NaCl) for a 30-d period. A complete oxylipin profiling and LOX related-gene
Salt stress expression measurement were achieved in leaves and roots. As expected, salt stress provoked premature

senescence in leaves, as revealed by a decrease in photosystem II efficiency (F,/Fy ratio) and sodium
accumulation in leaves. In roots, a significant decrease in several oxylipins (9- and 13-hydro(pero)xy
linole(n)ic acids, keto and divinyl ether derivatives) was initiated at day 5 and intensified at day 21 after
salt treatment, whereas jasmonic acid content increased. In leaves, the main changes in oxylipins were
observed later (at day 30), with an increase in some 9- and 13-hydro(pero)xy linole(n)ic acids and a
decrease in some keto-derivatives and in jasmonic acid. Oxylipin enantiomeric characterization revealed
that almost all compounds were formed enzymatically, and therefore a massive auto-oxidation of lipids
that can be encountered in abscission processes can be excluded here.

© 2012 Elsevier GmbH. All rights reserved.

Tomato (Solanum lycopersicum L.)

Introduction

Salinity is an increasing problem around the world, either due to
salts naturally present in the soil, irrigation practices or the clearing
of land for dryland agriculture (Munns, 2011). More than 800 mil-
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synthase; CA, colneleic acid; Cn A, colnelenic acid; DES, divinyl ether synthase; dehy,
dehydrin gene; 9-HOD, 9-hydroxy linoleic acid; 13-HOD, 13-hydroxy linoleic acid;
9-HOT, 9-hydroxy linolenic acid; 13-HOT, 13-hydroxy linolenic acid; HPL, hydroper-
oxide lyase; 9-HPOD, 9-hydroperoxy linoleic acid; 13-HPOD, 13-hydroperoxy
linoleic acid; 9-HPOT, 9-hydroperoxy linolenic acid; 13-HPOT, 13-hydroperoxy
linolenic acid; JA, jasmonic acid; 9-KOD, 9-keto linoleic acid; 13-KOD, 13-keto
linoleic acid; 9-KOT, 9-keto linolenic acid; 13-KOT, 13-keto linolenic acid; lea, late
embryogenis abundant gene; LOX, lipoxygenase; MDA, malondialdehyde; OPDA,
oxo-phytodienoic acid; OPR, oxo-phytodienoate reductase.
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lion hectares of land worldwide are affected by salinity (Qadir et al.,
2007), and improving crop salt tolerance is therefore a key goal for
global agriculture. Salt decreases crop yields by reducing growth
and inducing leaf senescence due both to an osmotic stress (plant
water deficit) and an ionic stress provoked by nutritional imbal-
ances and the accumulation of toxic ions such as sodium (Munns
and Tester, 2008).

Salinity affects plant productivity by reducing the photosyn-
thetic area through the inhibition of cell division and cell expansion
rates during leaf growth, and by affecting developmental programs
regulating leaf emergence, production of lateral primordia, and the
formation of reproductive organs (summarized in Munns, 2002).

Plant productivity under salt stress conditions depends on pho-
tosynthetic processes in the leaves, which are strongly dependent
on an adequate supply of water, mineral nutrients, small organic
molecules and hormones (Pérez-Alfocea et al., 2010). Several of
these compounds are either synthesized in the roots (i.e. hormones,
amino acids) or taken up (i.e. water and mineral nutrients) by the


dx.doi.org/10.1016/j.jplph.2012.03.015
http://www.sciencedirect.com/science/journal/01761617
http://www.elsevier.de/jplph
mailto:marie-laure.fauconnier@ulg.ac.be
dx.doi.org/10.1016/j.jplph.2012.03.015

M.E. Ghanem et al. / Journal of Plant Physiology 169 (2012) 1090-1101 1091

roots and must be transported to the shoot to enable normal leaf
functioning (see Ghanem et al., 2011 for a review).

As a consequence of the primary effects of salt stress, sec-
ondary stresses such as oxidative damage often occur. The role of
enzymatic and non-enzymatic mechanisms developed by plants to
reduce such damage has been extensively studied (Zhu, 2001). Sur-
prisingly, little is known about the damage caused to lipids under
salt stress conditions, and more precisely about oxylipins despite
their involvement in the control of membrane properties and their
potential role as signal molecules (Mosblech et al., 2010).

Oxylipins are a class of lipid metabolites that derive from oxi-
dation of polyunsaturated fatty acids, and in plants are mainly
linoleic acid (18:2), a-linolenic acid (18:3) or roughanic acid (16:3).
The first step of the oxylipin pathway results in the formation of
fatty acid hydroperoxides (HPO). The process can occur by chem-
ical auto-oxidation or can be catalyzed by two distinct enzymatic
reactions: the lipoxygenase (LOX) or the a-dioxygenase (Mosblech
et al,, 2010). In higher plants, LOX catalyses the dioxygenation of
polyunsaturated fatty acids in a regional and stereo-specific way,
leading to the formation 13S hydroperoxy derivatives (13-LOX) or
9S hydroperoxy derivatives (9-LOX) ((Mosblech et al., 2009). The
HPO can be further converted via several diverging pathways into
oxygenated compounds presenting various chemical structures
(volatile aldehydes, oxo-derivatives, hydroxy-derivatives, keto-
derivatives, divinyl ethers and cyclopentenones) (Mueller et al.,
2008; Mosblech et al., 2010). Hydroperoxide lyase (HPL) cleaves
HPO into a volatile aldehyde and a w-oxo fatty acid, while divinyl
ether synthase (DES) forms divinyl ethers such as colnele(n)ic acids.
Hydroxy fatty acids (HO) can be formed by both reductase and per-
oxygenase by distinct mechanisms; keto-derivatives result from
the action of the LOX itself on HPO. Allene oxide synthase (AOS)
catalyses the formation of an unstable allene oxide that can be
non-enzymatically transformed into cyclopentenone or into o-
or -ketols. The allene oxide formed from 13-hydroperoxide of
linolenic acid (13-HPOT) can be transformed by allene oxide cyclase
(AOC)into the biologically active 12-oxo phytodienoic acid (OPDA),
and further converted by several enzymatic steps into the phyto-
hormone jasmonic acid (JA). Oxylipins can be found, in plants, as
free compounds or esterified with other molecules such as phos-
pholipids or galactolipids (Andreou and Feussner, 2009; Mosblech
et al., 2009).

Oxylipins assume key functions in plant defense mechanisms
(Blée, 2002) or as signal molecules (Mosblech et al., 2010). JA,
and more particularly its derivatives (methyl ester derivative, con-
jugate of JA and isoleucine) and precursor (OPDA), have been
described for their important signaling roles in the development
process or defense mechanisms under (a)biotic stress (Browse,
2009; Seltmann et al., 2010).

It has been shown that, depending on the stress origin (e.g.
wounding, insect, pathogen agent), and also on the plant species or
organ, a specific oxylipin signature may be generated (Blée, 2002;
Fauconnier et al., 2008; Gosset et al., 2009).

In the context of salt stress, the role of JA as a signal molecule has
also been highlighted, and an increase of lipid peroxidation or LOX
activity has been described (Ben-Hayyim et al., 2001; Molina et al.,
2002; Abdala et al., 2003; Pedranzani et al., 2003; Elkahoui et al.,
2005; Delaplace et al., 2009). However, exhaustive data concerning
oxylipin profiling and/or kinetic parameters in salt-stressed plants
are still lacking.

Previous studies have addressed how phytohormone concen-
trations may be affected by salinity in tomato in relation to
leaf senescence and biomass partitioning (Ghanem et al., 2008;
Albacete et al., 2008, 2009), but have also revealed an increase
in malondialdehyde (MDA) concentration 15 days after salt stress
application (Ghanem et al., 2008). MDA is a marker of lipid oxi-
dation frequently used to assess oxidative damage to lipids in

biological samples. However, it does not allow for a distinction
between enzymatic and non-enzymatic processes, nor for the accu-
rate evaluation of damage to individual lipids that can be achieved
by oxylipin profiling.

The present study was conducted to address the following ques-
tions:

- Is there a specific organ-dependent (root vs. leaves) oxylipin sig-
nature under salt stress conditions in tomato?

- Does the oxylipin signature differ between early and late phases
of salt stress response?

- Are the main oxylipins formed enzymatically through the LOX
pathway or by a non-enzymatic oxidation process, and how is
this related to the observed physiological damage?

Accordingly, lipid peroxidation in both tomato roots and leaves
submitted to salt stress (100 mM of NaCl) for a period of 30 days
was assessed by oxylipin profiling (including enantiomeric charac-
terization)in relation to the study of the expression of LOX pathway
genes. Classical physiological and biochemical parameters, such as
the efficiency of the photosystem II in leaves, and Na* and K* con-
centrations, were quantified, and the expression of genes known to
be regulated in a salt stress context were also analyzed [dehydrin
(dehy), aquaporin (aqu) and late embryogenis abundant (lea)].

Materials and methods
Plant material and culture conditions

Seeds of tomato Solanum lycopersicum cv. Money Maker were
sown and seedlings allowed to grow in a germination cham-
ber in trays filled with vermiculite moistened regularly with a
half-strength modified Hoagland nutrient solution. The nutrient
solution contained the following chemicals (in mM): 5 KNOs, 1
NH4H2P04, 0.5 MgSO4, 5.5 Ca(NO3 )2 and (1n IM) 25K(Cl, 10 HgBO3,
1 MnSOy, 1 ZnS0Qy, 0.25 CuSOy, 10 Na;MoOy4, and 1.87 mgl-! Fe-
EDDHA. Fourteen days after sowing, seedlings were transferred
into a growth chamber and fixed on polyvinyl chloride plates float-
ing on aerated half-strength modified Hoagland nutrient solution.
Solutions were refilled every 2 days and renewed every week.

Plants were grown in a growth chamber under a 16 h daylight
period. The air temperature ranged from 25°C to 28 °C during the
day and from 17 °C to 18 °C during the night. Relative humidity was
maintained at 70 +5% during the night and at 50 £+ 5% during the
day. Light intensity at the top of the canopy was ~245 pmolm=2 s~!
[photosynthetic photon flux density]. After 5 days of acclimatiza-
tion in control conditions (18 days after sowing), the seedlings were
exposed to O (control) or 100 mM NacCl (salt) added to the nutrient
solution for 30 days. Three replicates with eight plants per repli-
cate and salt treatment were used in this study to measure different
parameters. An actively growing leaf, present when salt stress was
applied (leaf 4), and root were harvested for different analyses at
0, 5, 21 and 30 days of salt treatment.

A total of 120 plants were evaluated in each experiment. Treat-
ments were randomly distributed across available tanks within
the growth chamber, and re-randomized for each experiment to
avoid positional effects on growth. Although the experiment was
repeated three times with similar results, the data set presented for
oxylipin profiling determination data corresponds to Experiment
#1. Indeed, similar profiles were obtained for the three indepen-
dent biological repetitions, in spite of the attention devoted to plant
culture and analytical procedures, and the absolute value slightly
differed from one repetition to another, increasing standard devi-
ation and consequently making data interpretation more difficult.
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Oxylipin analysis

Free oxylipin was extracted and analyzed according to Gobel
et al. (2002) with a three step HPLC procedure using internal stan-
dards for quantification. Extraction of free oxylipins: (6Z, 97, 11E,
13S)-13-hydroxy-6,9,11-octadecatrienoic acid (Cayman Chemical,
East Ellsworth, MI, USA) was used as the internal standard, and
2.0 g of frozen material was added to 20 mL of extraction medium
[isohexane/2-propanol, 3/2 (v/v) with 0.0025% (w/v) BHT]. After
homogenization, the extract was centrifuged at 1300 x g at 4 °C for
10 min. The clear upper phase was collected and a 6.7% (w/v) solu-
tion of potassium sulfate was added to reach a volume of 32.5 mL.
After vigorous shaking, the extract was centrifuged at 1300 x g at
4°Cfor 10 min. The upper hexane-rich layer containing the oxylipin
fatty acid derivatives was collected and used for further HPLC anal-
ysis.

Free oxylipin HPLC analysis

The first step of free oxylipin analysis, performed on the reverse
phase column, allowed group separation. Each separated fraction
was collected and then injected onto a straight-phase column,
allowing for the individual separation of oxylipins. Reverse-phase
HPLC analysis was performed on an EC250/2 Nucleosil 120-5 C18
column (250 mm x 2.1 mm, 5 pm particle size; Macherey & Nagel,
Easton, PA, USA) using the following binary gradient system: sol-
vent A (methanol:water:acetic acid (75:15:0.1, v/v) and solvent B
(methanol:water:acetic acid (100:0:0.1, v/v), with the following
gradient program: 20% solvent B for 10 min, followed by a linear
increase of solvent B up to 40% within 28 min, a linear increase of
solvent B up to 100% within 30 min and held for 15 min, a linear
decrease by up to 20% of solvent B within 5 min and, finally, by an
isocratic post-run at 15% of solvent B for 6 min. The flow rate was
0.18 mLmin~! up to 30 min and increased linearly to 0.36 mL min~!
within 35 min, held for 10 min, followed by a linear decrease to
0.18 mLmin~! within 50 min and a post-run for 6 min. The injec-
tion volume was 80 L. Straight-phase HPLC was performed on
a Zorbax Rx-SIL column (150 mm x 2.1 mm, 5 wm particle size,
Agilent, Palo Alto, CA, USA) with n-hexane/2-propanol/acetic acid
(100:1:0.1, v/v/v) as a solvent system at a flow rate of 0.2 mL min~'.
The injection volume was 25 pL and the absorbance was recorded
at 234nm. The enantiomeric composition of the hydroxy fatty
acids was analyzed by chiral-phase HPLC on a Chiral OD-H col-
umn (150 mm x 2.1 mm, 5 pm particle size; Baker, Phillipsburg, NJ,
USA) with n-hexane/2-propanol/acetic acid (100:5:0.1, v/v/v) as a
solvent system at a flow rate of 0.1 mLmin~!. The injection vol-
ume was 10 pL. Free jasmonic acid (JA) and OPDA contents were
determined using the method according to Gdbel et al. (2002).
Briefly, JA and OPDA were collected during the straight phase
HPLC step, derivatized using pentafluorobenzylbromide and ana-
lyzed by GC-MS in single ion monitoring mode with ammoniac
as chemical ionization gas. The results were expressed in terms
of nmol g~! FW. The analysis was performed in triplicate on three
independent biological assays. Results presented in the figure are
the mean =+ standard deviation for biological repetition 1.

Ribonucleic acid (RNA) extraction, cDNA macroarray preparation
and hybridization

RNA extractions from the control and stressed tomato leaves
and roots were performed following the procedure of Wang et al.
(2000). RNA quality was estimated on 1% agarose gel. RNA was
quantified using Nanodrop ND-1000. cDNA was synthesized from
400 ng of total RNA using RevertAid H Minus First Strand cDNA
Synthesis Kit (Fermentas). To perform expression analysis, specific
primer sets of S. lycopersicum were designed for Lox, Opr, AOC, AOS,

DES, HPL, dehy, aqu, lea and 18S (housekeeping gene). Table 1 indi-
cates the genes selected in this work, the corresponding gene bank
accessions and the primers used for generating the PCR products.
Reverse transcription polymerase chain reaction (RT-PCR) was per-
formed on a Bio Rad’s thermocycler. From each PCR, PCR products
were loaded onto a 1% agarose gel and the amplification prod-
ucts corresponding to the genes of interest were isolated from the
agarose gel using a protocol according to Sambrook and Russell
(2006). The ligation of the cDNA genes in a pCR4-TOPO vector
was performed with a TOPO TA Cloning Kit for Sequencing (Invit-
rogen). These plasmids were amplified into Escherichia coli cells
and finally isolated with GeneJet Plasmid Miniprep kit (Fermen-
tas). cDNA clones of interest were amplified with a specific primer
(M13Fand M13R) and immobilized on nylon membranes (Hybond-
XL from Amersham Biosciences). RNA was isolated from a selected
tissue, reverse-transcribed to cDNA in the presence of radioac-
tive nucleotides (32P-dCTP), and then incubated with the prepared
nylon membranes to allow the labeled cDNA to bind to its comple-
ment on the array. After being exposed to a phosphorlmager screen
and measured by a STORM Phosphorlmager, a membrane image file
was produced and the signal was analyzed using the ImageQuant
(Amersham Bioscience) analysis software.

Ion (Na* and K*) quantification

Leaf and root tissues were weighed to determine their fresh
weight (FW), then oven-dried at 70 °C for 48 h and 50 mg dry weight
(DW) was digested in 35% (v/v) HNO3 at 80 °C. Ions were dissolved
in 0.1 M HCI and concentrations determined (in triplicate for each
sample) using an inductively coupled argon plasma emission spec-
trophotometer (Y]48; Jobin Yvon, Edison, NJ, USA) calibrated with
certified standard solutions.

The results were expressed in terms of mM as they took into
account the physiological water status of leaves and roots.

Chlorophyll fluorescence

Modulated chlorophyll fluorescence was measured in dark-
adapted (30min) leaves using a pulse-modulated chlorophyll
fluorometer FMS-2 (Hansatech Instruments Ltd., Norfolk, UK) as
reported previously (Ghanem et al., 2008). An excitation source
intensity of 3000 wmolm=2s~! was used and Fy was measured
in the presence of a far-red light background to favor rapid oxi-
dation of intersystem electron carriers. The maximal fluorescence
intensities in the dark-adapted state were measured after a 0.8 s
saturating pulse. The maximum quantum yield of open photosys-
tem II (PSIl) (Fy/Fm) was calculated as (Fy — Fg)/Fm as reported
previously (Ghanem et al., 2008).

Statistical analysis

Data were subjected to an analysis of variance (ANOVA II) using
the SAS software (SAS System for Windows, version 8.02), with
mean discrimination achieved using the Student-Newman-Keuls
test at the 5% level.

Results
Chlorophy!ll fluorescence and sodium and potassium contents

The phenotype of salinized tomato plants was similar to what
was observed in our previous studies (Ghanem et al., 2008). Salin-
ity decreased both the total number of leaves and the growth of
individual leaves and the fresh and dry weight of shoots. Shoot
growth was more affected than root growth (data not shown).
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Table 1

Genes and oligonucleotide specific primers of Solanum lycopersicum used in reverse transcription polymerase chain reaction (RT-PCR).

Primer type  Oligonucleotide sequences (forward

primer) primer)

Oligonucleotide sequences (reverse

GenBank accession Gene
number

Lox A 5-GCCTAATCATGGCAAGGTCC-3'

Lox B 5'-GAGGCAGGACAGGCCGCGAACC-3’
Lox D 5'-GCAAAGGGCTACTTGTGAAG-3’

Lox E 5-GAATCAAGTTGCCTCAGGGGC-3’
Oprl 5'-CTGCACAGACAGAGGACTAACACC-3’

Opr2 5'-CGATCGGCATTGGCTGGTCC-3'

Opr3 5'-CGAGCAGAGAGCGACGGCCG-3’

AOS 5-CGACGGCAAGAGTTTTCCGG-3’
AOC 5'-GCCTCTGCTGCTCTTAGAACC-3’

HPL 5'-GGTTACTCTGCCCGTCCGTTCG-3'

DES 5'-CGGTGGTTATCGTCCCGTCG-3'
Dehy1 5'-GCACGGGTACTGGCGGTATG-3'
Dehy2 5'-GCAGCTCTAGTAGCTCCAGTG-3'

Dehy3 5'-CGTGGAAGCTACTGATCGTG-3'

Aqul 5'-GCTCCACTGTTGCTTGCCTCC-3'
Aqu2 5'-GGCACTGCTTTGGGTGC-3’
lead4 5'-CGGTTTCGACGGCCTTGC-3'

lea5 5-CCGGAGGCTGACATCACG-3’

18S 5'-GTAGTCATATGCTTGTCTC-3’

5'-CCTATCCCACGCCTCGCGC-3'

5'GCCTTAAACGCAGGGAGGAGCG-3’

5'-GTGAACTTGGACCAGTCTGGG-3’

5'-CTGACATCAGGCATCAGGATG-3'

5'-ATGCGCAAATGGGGATATCC-3'

5-CCAGGGCAAGACGACAACG-3'

5'-GGCTTCTCAGTGGATGATATTGG-3’

5'-CGCAGCTTGATCACTGCCG-3’

5'-CGAAGATAAGCAGGGCTTCC-3'

5'-GCTCTTTAAGTAGTGTAGGCACC-3’

5-GCCAAGAACTGTATCAGACG-3'

5'-GCATCCCAGGGATCTTGTCC-3"

5'-CCTCTTCAGCCTTTGAGTG-3’

5'-CGATTCTTCGTTGTGATCAC-3’

5'-GAAGTGGTGTGTGGCATCC-3’

5'-GGCCTTAATAGCTGCAGC-3'

5'-GGTGATGTTGCCAATGAC-3’

5'-GCTTGATCTCGCCGCTATGTG-3’

5'-GGCTGCTGGCACCAGACTTGC-3’

U09026.1 Lycopersicon esculentum lipoxygenase (Lox
A) mRNA, complete cds

Lycopersicon esculentum lipoxygenase (Lox
B) mRNA, complete cds

Lycopersicon esculentum lipoxygenase (Lox
D) mRNA, complete cds

Lycopersicon esculentum lipoxygenase
mRNA, complete cds

Lycopersicon esculentum mRNA for
12-oxophytodienoate reductase (Opr gene)
Lycopersicon esculentum mRNA for putative
12-oxophytodienoate reductase 2 (Opr2
gene)

Lycopersicon esculentum mRNA for
12-oxophytodienoate reductase 3 (Opr3
gene)

Lycopersicon esculentum allene oxide
synthase (AOS) mRNA, complete cds
Lycopersicon esculentum allene oxide
cyclase (AOC) mRNA, complete cds
Lycopersicon esculentum fatty acid
hydroperoxide lyase (HPL) mRNA,
complete cds

Lycopersicon esculentum divinyl ether
synthase (DES) mRNA, complete cds
Lycopersicon esculentum dehydrin TAS14
(tas14) gene, complete cds

EST336465 tomato breaker fruit, TIGR
Solanum lycopersicum cDNA clone
cLEG30G1 similar to Lycopersicon chilense
DUN dehydrin (pLC3015), mRNA sequence
EST361002 tomato nutrient deficient roots
Solanum lycopersicum cDNA clone
cLEW19K23 5-sequence similar to
Lycopersicon chilense DUN dehydrin, mRNA
sequence

Lycopersicon esculentum putative
aquaporin TIP-type mRNA, partial cds
Lycopersicon esculentum putative
aquaporin PIP-type mRNA, partial cds

L. esculentum Marmande mRNA for late
embryogenesis-like protein

Lycopersicon esculentum
ethylene-responsive late
embryogenesis-like protein (ER5) mRNA,
complete cds

Tomato 17S rRNA gene

U09025.1
U37840.1
AY008278.1
AJ242551.1

AJ278331.1

AJ278332.1

AF230371.1
AF384374.1

AF230372.1

AF317515.1
U26423.1

BE431649.1

BF097038.1

AY731066.1
AY725511.1
746654.1

U77719.1

X51576.1

Consequently, salinization increased the root/shoot ratio up to
twofold compared to control plants (data not shown).

Evolution of chlorophyll fluorescence and senescence-related
parameters [as measured by the maximum quantum efficiency of
PSII (Fy/Fm)] during salt stress is shown in Fig. 1. In leaf 4 of the
control plants, the maximum quantum efficiency of PSII (F,/Fn)
was more or less constant during the growing period, whereas in
salt-treated plants, these values sharply decreased below those of
control plants at two weeks (day 15) after salinization.

Sodium was accumulated at a level of up to 60 mM during the
first 5 days of salt treatment. A strong increase (until 150 mM)
occurred at the second harvest time (21 days) (Fig. 2). Salinity
induced a strong reduction in K* content in leaf 4 at the fifth day of
salt treatment (Fig. 2). This decrease continued until the end of the
third harvest period (30 days).

Oxylipin analysis

Overall, it was noted that oxylipin contents were higher in roots
(Figs. 3 and 4) compared to leaves (Figs. 5 and 6), which can be
partially explained by the respective water contents of the below

0,85

0,80 4

0,75

0,70 4

Fv/IFm

0,65

0,60

0,55

1 5 15 22 30

Days after stress

Fig.1. Evolution of maximum photochemical efficiency (F,/Fn ) inleaves 4 of tomato
plants grown for 30 days on half-strength Hoagland medium in the absence (filled
circles) or in the presence of 100 mM NaCl (open circles). Data are means of 8
plants + SE. Asterisks indicate significant differences between control and salinized
leaves according to Student-Newman-Keuls test at P<0.05.
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Fig. 2. Evolution of sodium (Na*) and potassium (K*) concentrations in leaves 4 of tomato plants grown for 30 days on half-strength Hoagland medium in the absence (filled
circles) or in the presence of 100 mM NaCl (open circles). Data are means of 5 plants + SE. Asterisks indicate significant differences between control and salinized leaves

according to Student-Newman-Keuls test at P<0.05.

ground and above ground organs. The major oxylipins found in
roots (Fig. 3) were, in decreasing order: 9-hydroxy linoleic acid (9-
HOD, 9-hydroperoxy linoleic acid (9-HPOD), 13-hydroxy linoleic
acid (13-HOD) and 9-hydroxy linolenic acid (9-HOT); while in
leaves (Fig. 5) four major oxylipins were present at nearly the
same range of concentrations: 13-HOD, 13-hydroxy linolenic acid
(13-HOT), 9-HOD and 9-HOT. In addition to hydroxy fatty acids
(HOD/T) and hydroperoxy fatty acids (HPOD/T), keto-derivatives
(KOD/T), jasmonic acid and its precursor, OPDA, were encoun-
tered both in leaves and roots while the divinyl ethers (colneleic
acid (CA) and colnelenic acid (Cn A)) were detected only in roots
(Figs. 4 and 6). In roots (Figs. 3 and 4), the oxylipin derived from
linoleic acid (D) constituted the major class; both D and T deriva-
tives were found in leaves (Figs. 5 and 6). Depending on the LOX
isoforms, 9-, 13- or 9- and 13-oxylipins can be formed. In roots,
9-derivatives (9-HOD, 9-HPOD, 9-HOT, 9-hydroperoxy linolenic
acid (9-HPOT), 9-keto linoleic acid (9-KOD), 9-keto linolenic acid
(9-KOT)) were much more abundant than the corresponding 13-
derivatives (Figs. 3 and 4); in leaves (Figs. 5 and 6), both 9- and
13-oxylipins were present.

During development of tomato plants in control conditions, a
significant increase was observed in the roots from day 0 to day
5 for 13-keto linolenic acid (13-KOT), and for several oxylipins
(13-hydroperoxy linoleic acid (13-HPOD), 13-HPOT, 9-HPOD, 9-
HPOT, 9HOT, 13-keto linoleic acid (13-KOD)) from day 5 to day
21, followed by a significant decrease from day 21 to day 30 for
13-HPOD, 13-HPOT, 9-HPOD, 9-HPOT, 9-HOT, 13-KOD and 9-KOD
(Figs. 3 and 4). In leaves (Figs. 5 and 6), the following statisti-
cally significant modifications were observed during development
of control plants: from day O to day 5, JA decreased while OPDA
increased; from day 5 to day 21, there was a decrease for 13-HPOD,
9-HPOD and 9-HOD; and from day 21 to day 30, a decrease was
found for 13-HOD and an increase for 13-KOT and JA.

After salinization, the oxylipin pattern of tomato plants was
affected in the following way when comparing plants of the same
harvest period. In roots (Figs. 3 and 4), after 5 days of salt treat-
ment no significant modification was noted while, after 21 days of
salinization, a decrease was observed for 13-HOD, 13-HPOD, 13-
HOT, 13-HPOT, 9-HPOD, 9-HPOT, 9-HOD, 9-HOT, 9-KOD, CA and
an increase for JA. After 30 days of treatment, the only difference
between control and treated plants consisted in a 13-HOD, 9-HPOD
and 9-HPOT decrease. In leaves (Figs. 5 and 6), after 5 days of treat-
ment, 13-HPOT and 13-KOD increased significantly; after 21 days,
9-HPOD, 9-HPOT, 9-HOT increased; while, after 30 days, 13-HOD,
13-HPOT, 9-HPOD, 9-HPOT, 9-HOT, 9-KOT increased and 13-KOT,
9-KOD and JA decreased.

As oxylipins can be formed either enzymatically or not,
the enantiomeric composition analysis allowed us distinguishing
between the two mechanisms. A high S percentage (>80%) is typ-
ical for enzymatic mechanism while an increased proportion of R
form indicates an auto-oxidation phenomenon. Due to analytical
restrictions, only the more abundant oxylipins can be collected and
analyze on chiral phase HPLC column to determine the R/S ratio. As
revealed in Table 2, 13-HOD, 13-HOT, 13-HPOD, 13-HPOT, 9-HPOD,
9-HPOT, 9-HOD, 9-HOT were all of enzymatic origin in roots of both
stressed and non-stressed plants for all kinetic points. In leaves, 13-
HOD, 13-HOT, 13-HPOT, 9-HPOD, 9-HPOT, 9-HOD, 9-HOT were also
formed enzymatically in all conditions, while 13-HPOD with its low
S/R ratio was clearly synthesized by auto-oxidation.

Gene expression

Gene expression of both the main lipoxygenase isoforms and
main enzymes of the lipoxygenase pathway was quantified using
macro-array membranes. As a positive control, three classes of
genes usually reported to be up-regulated under salt-stress condi-
tions were included in the study (dehy, aqu and lea). Quantification
was performed on two independent biological assays and the aver-
age value is presented in Table 3. It is generally assumed that a
significant modification is observed when an increase or decrease
of a factor at least of two is measured. It can be noted from
Table 3 that neither lipoxygenase genes nor fatty acid hydroper-
oxide decomposing enzymes correspond to this criterion in either
roots or leaves. dehy, aqu and lea gene expression revealed a
contrasting difference between roots and leaves. In leaves, no
significant up or down-regulation of gene could be observed
while in roots, a clear increase was observed after 5 days of salt
stress for dehy2, aqu2, lea4 and lea5. The increase was observed
after 21 days for dehy3 and aqul. Thirty days after salinization,
dehy3, aqul, aqu2, lea4 gene were still significantly overexpressed.
The aqu2 gene demonstrated, under our experimental conditions,
the earliest and the strongest response to salt stress in tomato
roots.

Discussion

A specific organ-dependent (root vs. leaves) oxylipin signature
could be observed under salt stress conditions in tomato

It has been shown previously that LOX activity and lipid perox-
idation (MDA content) increase in tomato cell suspension cultures
adapted to salt stress by successive subcultures (Molina et al.,



M.E. Ghanem et al. / Journal of Plant Physiology 169 (2012) 1090-1101

ROOTS

*

13-HOD  «

0

13-HPOD

—&— Control
—0O— Salt

e

13-HOT

N

13-HPOT

nmol/ g FW
o

20 1

9-HPOD

1y

9-HPOT

30 4

20 4

9-HOD »

9-HOT

0 5 21 30

0 5

Days after stress

30

1095

14

112

10

(=]
nmol/ g FW

120

15

10

as

130

25

20

15

10
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2002). An increase in lipid peroxidation was also observed in
Catharanthus roseus suspension cells after salt treatment (Elkahoui
etal., 2005), while a particular isoform of LOX was induced in Citrus
sinensis tolerant cells after salinization (Ben-Hayyim et al.,2001). In
a previous preliminary work, we explored oxylipin concentrations
and LOX pathway in young tomato seedlings (8 days old) subjected
to salt stress for 4 days (Delaplace et al., 2009). An increase in LOX
activity was observed without any oxylipin accumulation which
led us to extend the investigations.

The present study revealed a contrasted organ-dependent
oxylipin signature in response to salt stress in tomato plants.
Indeed, as far as roots were concerned, 11 oxylipins out of the
14 analyzed decreased significantly 21 days after salinization (13-
HOD/T, 13-HPOD|/T, 9-HPOD/T, 9-HOD/T, 13-9-KOD, and CA), while

this remained the case for only three of them 30 days after saliniza-
tion (13-HOD, 9-HPOD/T). In leaves, three oxylipin concentrations
increased after 21 days of salt stress application (9-HPOD/T and 9-
HOT), and six after 30 days (13-HOD, 13-HPOT, 9-HPOD/T, 9-HOT,
9-KOT).

In agreement with the previously reported increase in MDA
in salinized tomato leaves by Ghanem et al. (2008), a significant
increase in concentrations of its precursor 13-HPOT (and its cor-
responding reduced form 13-HOT) was observed at day 5 in the
leaves of salinized tomato plants; 13-HPOT was the only oxylipin
that significantly accumulated at day 5 of salt treatment. This last
result reveals the importance of assessing lipid peroxidation as a
whole and not only focusing on a particular metabolite (Gébel and
Feussner, 2009).



M.E. Ghanem et al. / Journal of Plant Physiology 169 (2012) 1090-1101 1099

Table 2
S percentage of the main oxylipins determined by chiral phase HPLC analysis. The data presented are the average of three repetitions and their corresponding standard
deviations.
Compounds Roots Roots Roots Roots Roots Roots Roots
Day 0 Day 5 Day 5 Day 21 Day 21 Day 30 Day 30
Control Nacl Control Nacl Control Nacl
13-HOD 94 +5 97 +5 90 + 6 90 + 4 89 +7 91+6 91+7
13-HOT 90 + 4 88 +5 89+5 915 96 + 5 94+5 90 +5
13-HPOD 90 +6 94+ 6 91+7 91+6 89+6 88 +4 94+ 6
13-HPOT 91+5 91 +4 94 +6 94 +7 90 +3 91+6 90 + 10
9-HPOD 89+5 88 +5 98 +4 92+6 92+7 89+5 93 +7
9-HPOT 92 +4 98 +5 86+5 93+5 94 +4 90 +5 96 + 8
9-HOD 96 + 6 94+ 8 87 +6 88+9 93+5 88+ 6 89+5
9-HOT 92 +7 93+5 96 +5 91+5 89+5 96 + 7 92 +7
Compounds Leaves Leaves Leaves Leaves Leaves Leaves Leaves
Day 0 Day 5 Day 5 Day 21 Day 21 Day 30 Day 30
Control Nacl Control Nacl Control Nacl
13-HOD 90 + 4 94 +5 86+5 94 + 4 90 + 4 92 +8 87+6
13-HOT 88 +5 96 + 3 95+ 4 96 + 4 89+5 84 +4 91+7
13-HPOD 62 +4 65+5 60 +5 49 +5 56 + 6 66 + 6 61 +4
13-HPOT 87 +4 93+5 95 +5 93 +4 94 + 4 94 +7 94 +4
9-HPOD 94 + 4 89+3 88+ 6 88+ 6 92 +4 86+ 5 94 + 4
9-HPOT 90 + 4 92 +4 97 +£5 98 +7 94 +4 93+6 89 +7
9-HOD 94+3 94 +4 94 +4 84+6 94 +4 96 + 6 91+5
9-HOT 85+5 94 + 4 89+ 4 87 +6 98 +6 93 +4 93 +7

In roots, oxylipins that decreased after salinization belong both
to the 13- and 9-LOX pathways. The phenomenon cannot thus be
attributed to the regulation of a particular LOX isoform (e.g. LOX A is
a9-LOX and LOX D is a 13-LOX, Andreou and Feussner, 2009), as is
the case in the Ben-Hayyim et al. (2001) study. In leaves, the oxylip-
ins that accumulated in salinized plants also belonged to the two
pathways. When comparing oxylipin profiles and LOX gene expres-
sion patterns, no clear correlation could be established between the
two, despite the fact that there were some tendencies observed.
Among oxylipins, some of the compounds are end products such
as HOD/T, KOD/T and Cn A, while HPOT/D is an intermediate
compound that can be further transformed into other oxylipins
or esterified to complex lipids, therefore making the establish-
ment of a clear correlation between metabolite concentrations and
the related gene expression difficult. As mentioned before, only a
decrease or increase by a factor of two in gene expression levels
is commonly considered as a significant change. Nevertheless, the
data can be interpreted, with prudence, in terms of tendency. In
leaves, three of the four LOX isoforms measured (Lox A, Lox B and

Table 3

Lox E) tended to increase (day 30) while all of them (Lox A, Lox B,
Lox D and Lox E) tended to decrease in roots (day 30), which is con-
sistent with the respective oxylipin organ-dependent increase or
decrease upon salt stress application.

When regarding, more particularly, the LOX pathway phyto-
hormones, it has been shown that jasmonic acid and its precursor
accumulate in tomato hairy roots culture after salt stress applica-
tion (Abdala et al., 2003). The same phenomenon was observed in
tomato plants in the hours following salt stress application, to a
higher extent in salt-tolerant cultivars (Pedranzani et al., 2003).

In our study, JA content increased significantly in roots 21 days
after salinization, while its precursor OPDA remained unchanged.
In leaves, JA decreased significantly at day 30 of salt stress, and
OPDA content was not modified.

JA results from a cascade of enzymatic reactions in the follow-
ing order: LOX-AOS-AOC-several oxo-phytodienoate reductases
(Oprs). AOS and AOC gene expression exhibited a tendency to
increase both in leaves and roots, while the evolution of Opr is not
clear. Free JA is a key intermediate leading to the volatile methyl

Relative gene expression of lipoxygenase pathway enzymes and stress related proteins. The data are the average of two independent biological repetitions. LOX, lipoxygenase;
Opr, oxo-phytodienoate reductase; AOS, allene oxide synthase; AOC, allene oxide cyclase; DES, divinyl ether synthase; HPL, hydroperoxide lyase; dehy, dehydrin; aqu,

aquaporin; lea, late embryogenesis abundant.

Leaves 5 days Leaves 21 days Leaves 30 days Roots 5 days Roots 21 days Roots 30 days
stressed/control stressed/control stressed/control stressed/control stressed/control stressed/control

Lox A 1.49 1.34 1.48 145 1.49 0.6

Lox B 0.93 1.00 1.09 1.30 0.97 0.78
Lox D 1.48 1.16 0.77 134 1.81 0.70
Lox E 0.94 0.79 1.30 0.71 145 0.70
Opri1 1.02 0.70 0.93 1.10 1.15 0.71
Opr2 0.80 1.53 1.38 0.65 0.78 0.67
Opr3 1.51 1.16 0.67 1.52 0.89 0.99
AOS 0.86 1.73 1.48 1.13 1.54 1.28
AOC10 0.77 1.40 1.17 1.29 1.32 1.33
DES 1.19 1.35 1.29 1.68 0.79 0.67
HPL 1.24 1.37 1.17 1.15 1.32 1.09
dehy1 1.14 1.4 1.29 0.61 1.33 0.89
dehy2 1.09 0.73 1.49 2.04 349 1.48
dehy3 0.79 0.71 1.13 1.93 5.06 3.49
aqul 0.66 1.39 1.87 1.47 4.04 2.80
aqu2 1.12 0.83 1.02 347 4.24 6.76
lea4 0.76 1.61 0.85 3.49 1.80 4.37
lea5 1.46 0.73 1.28 2.13 4.86 0.75
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JA, or different forms conjugated to sugars or amino acids or ester-
ified in complex lipids. Interpretation of the role of JA is thus not
simple: methyl JA, free JA, conjugated and esterified forms can all
exhibit biological activities, while conjugated and esterified forms
can also be a storage form allowing the release of the free form
in stress contexts (Browse, 2009; Mueller et al., 2008). Our results
are compatible with a signaling role for JA in salt stress, but fur-
ther experiments are required to strengthen this hypothesis. It has
been shown that various oxylipins, in addition to jasmonates, can
be found in the phloem revealing a potential signaling role (Harmel
et al.,, 2007). Nevertheless, the difference between the signature
of root and leaf oxylipins under salt stress does not support the
hypothesis of a translocation via the phloem sap.

Changes in oxylipin signature differ between early and later stage
of salt stress response in tomato

From a kinetic point of view, it is generally assumed that salt
stress can be decomposed in two distinct phases: the first one,
called the osmotic effect, is due to the reduction of plant capac-
ity to take up water. The second phase of the growth response (the
ionic phase) results from the toxic effect of salt inside the plant.
If excessive amounts of Na* or ClI~ enter the plant, they may rise
to toxic levels in the older transpiring leaves, causing premature
death of leaves (Munns, 2005). Salinity reduces plant productivity
firstly by reducing plant growth during the osmotic stress phase,
and secondly by inducing leaf senescence during the toxicity phase
when excessive salt is accumulated in transpiring leaves (Munns,
2002).

Following the imposition of salinity, shoot growth arrest usually
occurs very quickly (within seconds to minutes) but recovers (over
several hours) to lead to a new steady state that can be consider-
ably lower than under non-stress conditions, thus inhibiting cell
expansion and cell division and promoting stomatal closure for the
duration of exposure to salinity (Munns, 2005; Pérez-Alfocea et al.,
2010).

As almost no modification in oxylipin pattern could be observed
atday 5 in either roots or leaves, it can be concluded that the organ-
dependent oxylipin signature is mainly associated with the latest
phase of salt stress in which the ionic effect predominates. It can
also be noted that the oxylipin profile modification appeared first
in roots (day 21), and then in leaves (day 30). Hence, other pro-
cesses or endogenous factors than those occurring in the first days
of salinization, when the osmotic effect predominated, were prob-
ably influencing the evolution of leaf senescence and root growth.
The capacity of the plant to regulate the accumulation of toxic
ions may thus noticeably influence the stress-induced changes in
oxylipin signature.

Main oxylipins seem to be formed enzymatically through the LOX
pathway

As revealed by physiological observations (Fy/Fy,), leaf senes-
cence was physiologically observed at day 21 after salt stress
application. Up-regulation of dehy, aqu and lea gene expression in
salt-stressed plants, when compared to the control, confirmed that
exogenous NaCl application induced a physiological constraint in
stressed plants. Indeed, late embryogenis abundant proteins can
accumulate under salt stress conditions, contributing to protect
proteins and the membrane during periods of water deficit (Hand
et al., 2011); dehydrin is a particular group of late embryogenis
abundant proteins (Kosova et al., 2007). Aquaporins are involved
in the regulation of water movement through the membranes and
contribute to reduce cellular osmotic stress (Martinez-Ballestra
et al., 2006).

Our study reveals that in roots, a significant decrease in sev-
eral oxylipin concentrations was initiated at day 5, and that such a
decrease was reinforced at day 21 after salt treatment. Moreover,
the enantiomeric characterization of oxylipins revealed that they
are all formed enzymatically. This indicates that no massive auto-
oxidation of lipids occurred in the organs that were in direct contact
with salt and that membranes were thus probably not subjected to
a strong peroxidation process. In leaves where physiological dam-
age can be clearly established, slight increases in oxylipin content
were observed in salt-stressed plants, and all oxylipins (except 13-
HPOD) were formed enzymatically, as revealed by their high S/R
ratios. In the context of abscission, where leaves also undergo a
senescence process, a drastic increase in oxylipin concentrations of
auto-oxidation origin has been demonstrated (Berger et al., 2001).
Such a non-enzymatic oxidation process was clearly not observed,
here, in the salt stress context.

The role of JA in natural senescence is not as clear, given that
divergent results have been published to date. An accumulation
of free JA and OPDA occurred in natural and induced-senescence in
Arabidopsis leaves, while modification of the esterified JA form, was
not systematic (Seltmann et al., 2010). In our study, no OPDA or JA
accumulation could be observed in salt-induced senescing leaves.

Concluding remarks

Numerous studies on salt stress in plants have revealed the
complexity of the response to this abiotic stress, including the dis-
tinct response to the osmotic and ionic components, the various
molecules involved in the signalization, and also the multigenic
nature of the response.

As has been demonstrated before for other (a)biotic stresses,
we have shown in this study that clear organ-dependent oxylipin
signatures are generated in roots and leaves under salt-stress
conditions. The modifications appear in the late phase of plant
response, first in the roots, then in the leaves. As oxylipins are
formed enzymatically, and as their contents decrease in roots and
accumulate only to a minor extent in leaves, it can be concluded that
plants have developed efficient processes to avoid a massive per-
oxidation process that could potentially damage their membranes.
Moreover, the leaf senescence observed under salt stress in tomato
is not due to a massive lipid peroxidation. The potential role of the
oxylipin phytohormones (JA) in salt stress is hypothesized, indi-
cating that the LOX pathway is more important in signaling in salt
stress response than in being a source of peroxidation.
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