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Background: The pathway to form green leaf volatiles is important for plant defense against pathogens and herbivores.
Results: Galactolipids with truncated oxoacids are formed as counterparts of green leaf volatiles.
Conclusion: Galactolipid-hydroperoxides are substrates for hydroperoxide lyase.
Significance: The biosynthetic pathway partly proceeds directly with galactolipids, without the involvement of lipases, to form
free fatty acids.

Green leaf volatiles (GLVs) consisting of six-carbon aldehydes,
alcohols, and their esters, are biosynthesized through the action of
fatty acid hydroperoxide lyase (HPL), which uses fatty acid
hydroperoxides as substrates. GLVs form immediately after dis-
ruption of plant leaf tissues by herbivore attacks and mechanical
wounding and play a role in defense against attackers that attempt
to invade through thewounds. The fates and the physiological sig-
nificance of the counterparts of the HPL reaction, the 12/10-car-
bonoxoacids that are formed from18/16-carbon fatty acid 13-/11-
hydroperoxides, respectively, are largely unknown. In this study,
we detected monogalactosyl diacylglycerols (MGDGs) containing
the 12/10-carbonHPL products in disrupted leaf tissues ofArabi-
dopsis, cabbage, tobacco, tomato, and common bean. They were
identified as an MGDG containing 12-oxo-9-hydroxy-(E)-10-do-
decenoic acid and 10-oxo-7-hydroxy-(E)-8-decenoic acid and
an MGDG containing two 12-oxo-9-hydroxy-(E)-10-dode-
cenoic acids as their acyl groups. Analyses of Arabidopsis
mutants lacking HPL indicated that theseMGDGs were formed
enzymatically through an activeHPL reaction. Thus, our results
suggested that in disrupted leaf tissues,MGDG-hydroperoxides
were cleaved by HPL to form volatile six-carbon aldehydes and
non-volatile 12/10-carbon aldehyde-containing galactolipids.
Based on these results, we propose a novel oxylipin pathway that
does not require the lipase reaction to form GLVs.

Green leaf volatiles (GLVs),2 which consist of six-carbon
(C6) aldehydes, alcohols, and their esters, are ubiquitous in the

leaves ofmost plants (1). GLVs form rapidly after the disruption
of plant tissues (2, 3). Insecticidal, fungicidal, and bactericidal
activities have been reported for (Z)-3-hexenal and its
related aldehydes (4–7). A portion of the C6 aldehydes that
form in disrupted tissues diffuses into adjacent intact tissues,
where they are reduced to C6 alcohols and further acetylated
to C6 acetates (8). They function as airborne infochemicals
in specific plant-herbivore, plant-carnivore, and plant-plant
relationships (9).
The biosynthetic pathway that produces GLVs (Fig. 1) is

widespread in the plant kingdom. Lipoxygenase (LOX) adds
dioxygen (O2) at position 13 of �-linolenic acid to produce
�-linolenic acid 13-hydroperoxide (13-HPOT). The hydroper-
oxide (HPO) is cleaved by fatty acid hydroperoxide lyase (HPL)
at the C12–C13 bond to produce two carbonyl compounds;
(Z)-3-hexenal and 12-oxo-(Z)-9-dodecenoic acid ((9Z)-trau-
matin) (10). Hexadecatrienoic acid 11-hydroperoxide (11-
HPHT) is also a substrate for HPL, yielding (Z)-3-hexenal and
10-oxo-(Z)-7-decenoic acid ((7Z)-dinortraumatin) as the pri-
mary products. If allene oxide synthase (AOS) acts on
13-HPOT, the hydroperoxide is diverted into the jasmonate
pathway to form 12-oxophytodienoic acid and jasmonic acid
(JA) after several enzymatic reaction steps (11).
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In general, GLVs and the corresponding traumatins, as well
as JAs, are thought to be formed from free fatty acids that are
released from glycerolipids by lipases; however, there are only a
few reports on the identification of lipases involved in JA syn-
thesis (11). Mono- and digalactosyldiacylglycerols (MGDGs
and DGDGs) that contain 12-oxophytodienoic acid and/or
12-oxodinorphytodienoic acid (collectively known as arabi-
dopsides) have been identified in Arabidopsis (Col-0) (12, 13).
The oxidative modification of MGDG to yield arabidopsides
occurs on esterified fatty acids (14). Thus, the first enzyme act-
ing on the lipidmay be LOX, especially AtLOX2 inArabidopsis,
because this LOX is known to contribute the major portion of
arabidopsides formed after leaf wounding (15). The oxylipin
galactolipids containing divinyl ether residues (linolipins) that
are present in flax were thought to be biosynthesized without
free fatty acid intermediates derived from the lipase reaction
(16). Therefore, in some plant species, lipases are not essential
to form oxylipins.
Nonenzymatic oxidation of lipids can also occur, especially

in chloroplasts, because reactive oxygen species such as 1O2 are
inevitably formed as by-products of photosynthesis (17). The
chloroplast-abundant lipids, such as MGDGs and DGDGs,
are prone to conversion into their peroxides, a portion of which
are modified by radical-catalyzed fragmentation reactions to
yield a wide variety of compounds (e.g. malondialdehyde (18),

trioxygenated products, phytoprostanes, or even MGDGs har-
boring C12 or C9 oxoacids) (19–20).
Studies with purified HPL and 13-HPOT as substrate

showed that the C6 and C12 aldehydes formed in an equimolar
ratio, as expected from the reaction catalyzed by HPL (10).
An isomer of (9Z)-traumatin, 12-oxo-(E)-10-dodecenoic acid
((10E)-traumatin), was found in runner bean (Phaseolus vul-
garis) (21). Recently, Kallenbach et al. (22) quantified the C12
counterparts and their derivatives in wounded Nicotiana
attenuata leaves. After mechanical wounding, they found only
small amounts of (9Z)-traumatin but substantial amounts of its
hydroxylatedmetabolite 12-oxo-9-hydroxy-(E)-10-dodecenoic
acid (9-OH-traumatin), which was formed via peroxidation of
traumatin either enzymatically by NaLOX2 or nonenzymati-
cally, and its glutathione conjugate. However, they provided no
data to precisely compare the amount of GLVs released with
the amount of traumatin derivatives retained.Hence, it remains
uncertainwhether theC6 components and their corresponding
C12 and C10 counterparts are formed in an equimolar ratio.
Inspired by the findings by Kallenbach et al. (22), we tried to
quantify C12/C10 compounds, including (9Z)-traumatin,
(10E)-traumatin, and 9-OH-traumatin, (7Z)-dinortraumatin,
10-oxo-(E)-8-decenoic acid ((10E)-dinortraumatin), and
10-oxo-7-hydroxy-(E)-8-decenoic acid (7-OH-dinortrauma-
tin) in wounded Arabidopsis leaves (No-0). We generally used
the No-0 ecotype instead of the Col-0 ecotype, because the lat-
ter has a deletion in the HPL gene and thus lacks HPL activity
(23).We found that the amounts of these C12/C10 compounds
were still much lower than those expected based on the
amounts of C6 volatiles released. Therefore, we assumed that
the C12/C10 compounds were present as esterified galactolip-
ids. BecauseMGDGs are the most abundant source for octade-
catrienoic acid (18:3) and hexadecatrienoic acid (16:3) in Ara-
bidopsis leaves (24), we focused on this lipid class to find the
corresponding traumatin and dinortraumatin derivatives.

EXPERIMENTAL PROCEDURES

Plant Materials—Seeds of Arabidopsis (Arabidopsis thali-
ana (L.) Heynh.) wild-type ecotypesCol-0, Ler-0,No-0, andWS
and the transfer DNA-inserted line aos::Col-6 (gl1) (25) were
obtained from ABRC (Columbus, OH). aos::Col-6 (gl1) was
crossedwithLer-0, and a line showing theaos (male-sterile) and
HPL (ability to form GLVs) phenotypes was selected from the
resultant F2 progenies. The line was denoted as aos::Ler-0. hpl1
has a Col-0-derived deletion of theHPL gene in the Ler-0 back-
ground; thus, it has no HPL activity (26). The seeds were ger-
minated in soil (Metro-Mix, SunGroHorticulture Distribution
Inc., Bellevue,WA) in plastic pots (6-cm inner diameter). Plants
were cultivated in a growth chamber at 22 °C under fluorescent
lights (60 �mol m�2 s�1) with a 14-h light/10-h dark photope-
riod for 30 days until they reached the stage just before bolting.
Seeds of Brassica oleracea, Nicotiana tabacum, Solanum lyco-
persicum, and Phaseolus vulgaris were purchased from a local
market and were cultivated in a growth chamber at 25 °C under
fluorescent lights (60 �mol m�2 s�1) with a 14-h light/10-h
dark photoperiod for 30 days. Clover (Trifolium repens L.)

FIGURE 1. Proposed biosynthetic pathway for green leaf volatiles and
their counterparts. Complex membrane lipids are hydrolyzed by lipases to
form free fatty acids (18:3 and 16:3). Then the free fatty acid is oxygenated by
lipoxygenase, and resulting hydroperoxides are cleaved to form (Z)-3-hex-
enal and free traumatin or dinortraumatin derivatives. In disrupted leaves of
Arabidopsis and some other plant species, galactolipids are directly oxygen-
ated by lipoxygenase to form galactolipid-hydroperoxides which are subse-
quently cleaved by hydroperoxide lyase to form (Z)-3-hexenal and traumatin-
and dinortraumatin-containing galactolipids.
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leaves were harvested from the experimental farm at the Fac-
ulty of Agriculture, Yamaguchi University, in June 2009. Spin-
ach (Spinacia oleracea L.) was purchased from a local market.
Chemicals—(9Z)-Traumatin was purchased from Larodan

(Malmö, Sweden). 9-OH-traumatinwas generated by nonenzy-
matic oxidation of (9Z)-traumatin at 60 °C for 80 min (22, 27).
(7Z,10Z,13Z)-7,10,13-Hexadecatrienoic acid (16:3) was puri-
fied from MGDGs isolated from spinach leaves. Crude lipids
were extracted from 1 kg of spinach leaves using the Bligh-Dyer
method (28) and fractionated by column chromatography on
silica gel (WakogelC-300,WakoPureChemicals,Osaka, Japan)
with a solvent system consisting of chloroform and acetone.
The fractions eluted with chloroform/acetone (3:2, v/v) were
collected. A portion (100 mg) of the purified MGDGs was sub-
mitted to alkaline hydrolysis with 50% ethanolic 3.5 M KOH in
boiling water for 2 h. Then, after acidification of the reaction
mixture, the fatty acids were extracted with diethyl ether. The
fatty acid mixture was fractionated by preparative HPLC using
a Mightysil RP-18 column (250 mm � 4.6-mm inner diameter,
Kanto Chemicals, Tokyo, Japan) with acetonitrile as the elution
solvent at a flow rate of 1 ml min�1. Compounds were detected
by monitoring absorbance at 220 nm. Purified 16:3 eluting at
�4 min was collected, and its identity was confirmed by
GC-MS analysis after methyl esterification with 2.0 M trimeth-
ylsilyldiazomethane in hexane (Sigma-Aldrich).
Hexadecatrienoic acid was oxygenated by the activity of par-

tially purified LOX-1 from soybean seeds. The reaction pro-
ceeded in 0.1 M sodium borate buffer at pH 9.5. LOX-1 was
obtained from soybean seeds (Glycine max L., cv. Yumeyutaka)
that contained only the LOX-1 isoform instead of the three
isozymes found in normal soybean seeds (29). The resulting
11-HPHTwas recovered with a 64% yield andwas subjected to a
cleavage reaction in50mMMES-KOH(pH5.5) containing0.1mM

diethylenetriamine-N,N,N�,N�,N�-pentaacetic acid (DETAPAC)
using recombinant bell pepper hydroperoxide lyase (CaHPL)
expressed in E. coli (30). The products were applied to a Sep-pak
C18 Plus cartridge (Waters, Milford, MA) and eluted with meth-
anol. The yield of (7Z)-dinortraumatin from 11-HPHT was
11%. 7-OH-Dinortraumatin was generated nonenzymatically
by treating (7Z)-dinortraumatin at 60 °C for 80 min. The
structure was assigned by LC-MS/MS analysis.
MGDG bis18:3 and MGDG 18:3/16:3 were purified from

MGDG isolated from clover leaves and spinach leaves, respec-
tively, by HPLC using a Mightysil RP-18 column (250 mm �
4.6-mm inner diameter) with methanol/water/acetonitrile
(90.5:7.0:2.5, v/v/v; flow rate of 1 ml min�1). Compounds were
detected bymonitoring absorbance at 210 nm. Structures of the
acyl groups were confirmed by GC-MS analysis after transes-
terification with 5% HCl/methanol at 80 °C for 2 h. According
to the literature (24, 31), MGDG 18:3/16:3 was defined as sn1-
O-C18:3-sn2-O-C16:3 MGDG.
MGDG-HPOs were prepared by treating purified MGDG

bis18:3 and MGDG 18:3/16:3 with soybean LOX-1 (isolated
as described above). Hydroperoxidation of both of the acyl
groups, at the 13-position of 18:3 and the 11-position of 16:3,
was confirmed by HPLC analysis as described previously (29).
Bis-O-(13-hydroperoxy-(9Z,11E,15Z)-9,11,15-octadecatrienoyl)
monogalactosyl diglyceride (MGDG bis13-HPOT) or O-(13-

hydroperoxy-(9Z,11E,15Z)-9,11,15-octadecatrienoyl)-O-(11-hydro-
peroxy-(7Z,9E,13Z)-7,9,13-hexadecatrienoyl)monogalactosyl
diglyceride (MGDG13-HPOT/11-HPHT) (1mg)was dissolved
in 500 �l of methanol and diluted with 50 ml of 0.1 M MES-
KOH (pH 5.5) containing 0.1 mM DETAPAC. After sonication
to suspend the lipid-HPOs in the buffer, 50 �l of purified rec-
ombinant CaHPL (see above) was added to the mixture. The
reaction was monitored by measuring absorbance at 234 nm
after diluting a 50-�l aliquot of the reactionmixturewith 950�l
of acetonitrile/water (1/1, v/v). After confirming consumption
of theHPOs, the products were loaded onto a Sep-pakC18 (500
mg) cartridge that had been washed with methanol and subse-
quently equilibrated with 0.1 MMES-KOH (pH 5.5). The prod-
ucts were eluted from the cartridge with methanol. Their
hydroxylated products were generated by spontaneous oxygen-
ation at 60 °C for 80 min.
Extraction and Analysis of Free Traumatin Derivatives—

Arabidopsis (No-0) leaves (2.5 g FW)were homogenized in 5ml
of 20 mM sodium phosphate buffer (pH 6.3) containing 0.1 mM

DETAPAC. The homogenate was incubated for 5 min at 25 °C.
Then the homogenatewas acidified to pH4.0 by addingHClO4,
and 10 nmol each of 15-hydroxy-(11Z,13E)-11,13-icosadecadi-
enoic acid (prepared from (11Z,14Z)-11,14-icosadienoic acid
(Sigma-Aldrich) with soybean LOX-1) and 10-hydroxy-(E)-2-
decenoic acid (Wako Pure Chemicals) were added as internal
standards. Then 25 ml of methanol (containing 0.0025% butyl-
ated hydroxytoluene), 12.5 ml of chloroform, and 12.5 ml of 1%
KCl solution were added to the mixture, and the aqueous and
organic phases were allowed to separate. The aqueous phase
was extracted again with chloroform (12.5 ml), and the
combined organic phasewaswashedwith 1%KCl solution. The
solvent was removed under vacuum, and the remaining
residue was dissolved in 0.7 ml of chloroform. To isolate
lipids from intact leaves, the leaves (2.5 g FW) were homog-
enized with 10 ml of methanol containing 0.0025% butylated
hydroxytoluene to avoid any enzymatic modifications of the
lipid composition, and then extraction was conducted as
described above.
A portion (�1mg) of the crude lipids was dried in a streamof

N2 gas and suspended in 1 ml of 0.1 M Tris-HCl (pH 8.0) con-
taining 0.01% sodiumdeoxycholatewith the aid of an ultrasonic
bath (US Cleaner, AS ONE Co., Osaka, Japan) under an N2
atmosphere. To the suspension 0.1 ml of 2.2% CaCl2 solution
and 0.5 ml of 20 mg ml�1 pancreatin (Wako Pure Chemicals)
were added. The mixture was incubated at 37 °C for 30 min.
After hydrolysis, the mixture was acidified to pH 4.0 with
HClO4 and applied to a Bond Elut C18 cartridge (200 mg, Agi-
lent Technologies Inc., Santa Clara, CA) equilibrated with
water. The hydrolyzed compounds were eluted with methanol.
Free forms of traumatin derivatives were analyzed by LC-

MS/MS (3200 Q-TRAP LC/MS/MS System (AB Sciex, Framing-
ham,MA) equippedwith a ProminenceUFLC (Shimadzu, Kyoto,
Japan)). Products were separated on a Mightysil RP18 column
(150 mm � 2-mm inner diameter) with a binary gradient con-
sisting of water/formic acid (100:0.1, v/v, solvent A) and aceto-
nitrile/formic acid (100:0.1, v/v, solvent B). The run consisted of
a linear increase from20%B to 90%B over 25min (flow rate, 0.2
ml min�1). Compounds were detected with a photodiode array
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detector (SPD-M20A, Shimadzu) and by MS/MS using ESI in
the negative ion mode (ion spray voltage, �4500 V; nitrogen as
both the curtain gas (set to 40 arbitrary units) and collision gas
(set to “high”); collision energy, �10 V; scan range, m/z 100–
1200; scan speed, 4,000 Da s�1; declustering potential, �10 V)
and multiple reaction monitoring (Table 1). The response
curves of the traumatin derivatives versus the IS were deter-
mined and used to calculate the response factors (Table 1). To
quantify traumatin derivatives, the areas of corresponding
peaks in the chromatogram were integrated and divided by the
peak area of the IS, and the values were corrected by the respec-
tive response factor. The peak with a signal/noise ratio of more
than 10 (0.6 pmol for traumatin and dinortraumatin and 0.4
pmol for their hydroxylated derivatives; roughly corresponding
to 0.15 and 0.10 nmol g FW�1, respectively) was used for
calculation.
Six-carbon aldehydes formed after complete disruption of

Arabidopsis leaves were quantified by HPLC after derivatiza-
tion of the aldehydes with 2,4-dinitrophenylhydrazine, as
described previously (32). Under these experimental condi-
tions, (Z)-3-hexenal was the main product, accounting for
�85% of the GLVs formed (8).
Extraction and Analysis of Galactolipid Oxylipins—Plant

leaves were thoroughly ground using amortar and pestle, and a
portion (0.1 g FW) of the slurry was mixed with 1ml of acetone
containing 0.1% butylated hydroxytoluene and 10 ng ml�1 for-
mononetin (IS). The suspension was mixed vigorously for 10
min and then centrifuged at 17,000 � g for 10 min. The result-
ant green supernatant was analyzed by LC-MS/MS (see below).
To determine the amounts in intact leaves, the leaves were fro-
zen in liquid nitrogen immediately after harvest. The extraction
was conducted as described above after powdering the frozen
tissues.
MGDGs containing traumatin derivatives were qualitatively

analyzed using the LC-PDA-MS/MS system described above.
Multiple reaction monitoring analysis was conducted to quan-
tify the compounds (Table 1). When the partially purified
MGDG-9-OH-traumatin/7-OH-dinortraumatin and MGDG-
bis-9-OH-traumatin were analyzed by LC-PDA-MS/MS, we
found that there was no other compound with absorbance
around 220 nm. Therefore, these compounds were tentatively
quantified using the molar absorption coefficient (�) reported

for 4-hydroxy-(E)-2-nonenal (13,750) (33), which has the same
chromophore. The response curves of MGDG 7-OH-dinor-
traumatin/9-OH-traumatin and MGDG bis-9-OH-traumatin
versus those of IS (formononetin) were determined and used to
calculate the response factors (Table 1). For quantification, the
corresponding peak areas obtained by integration of the ion
chromatograms were divided by that of the IS, and the values
were corrected by the respective response factor. The detection
limit for MGDG 7-OH-dinortraumatin/9-OH-traumatin and
MGDG bis-9-OH-traumatin was 0.2 nmol g FW�1 with a sig-
nal/noise ratio on the multiple reaction monitoring chromato-
gram of more than 10. Arabidopsides A and B were identified
from their MS and MS/MS spectra according to parameters
reported by Buseman et al. (13). Because standard arabidop-
sides were unavailable, the ratios of their areas to that of the IS
were calculated.
Purification of MDGD Bis-9-OH-traumatin and MGDG

9-OH-traumatin/7-OH-dinortraumatin—Arabidopsis (No-0)
leaves (437 g) were completely disrupted with a Polytron
homogenizer (PT-20sk, Kinematica AG, Luzern, Switzerland),
and the homogenate was stirred vigorously for 5 min to facili-
tate the enzyme reaction. Crude lipids were extracted with the
Bligh-Dyer method as described above. Total lipids were sub-
jected to column chromatography on silica gel (Wakogel
C-300, 220 � 20 mm inner diameter). The column was washed
with chloroform/acetone (4:6, v/v), and the glycolipids were
eluted with acetone/methanol (9:1, v/v). For further purifica-
tion, the fraction was concentrated and subjected to prepara-
tive TLC (20 � 20 cm, silica gel 60 F254, Merck) using ethyl
acetate/acetone/acetic acid (10:10:1, v/v/v) as the developing
solvent. The zones containing the galactolipids of traumatin
derivatives were visible underUV light andwere scraped off the
plates. The lipids were eluted in ethyl acetate. The fraction con-
taining MGDGs with traumatin and its derivatives was further
separated by RP-HPLC with a Mightysil RP18 column (250 �
4.6 mm) using a binary gradient consisting of acetonitrile/wa-
ter/formic acid (20:80:0.1, v/v/v, solvent A) and acetonitrile/
water/formic acid (50:50:0.1, v/v/v, solvent B). The run con-
sisted of a linear increase from 100%A to 100%B over 40min at
a flow rate of 1 ml min�1. The MGDGs containing oxygenated
traumatin derivatives were detected bymonitoring UV absorb-
ance at 220 nm and collected.

TABLE 1
Parameters used for detection of traumatin and its derivatives
DP, declustering potential; EP, energy potential; CEP, collision energy potential; CE, collision energy.

Compound Q1 mass Q3 mass DP EP CEP CE
Response
factor

Da Da V V V V
10-Hydroxy-(2E)-decenoic acid (IS) 184.86 139.0 �30 �9.0 �12.00 �22.0 NAb

(7Z)-Dinortraumatin 182.79 155.0 �50 �10.5 �18.42 �10.0 0.605
7-OH-dinortraumatin 198.72 180.8 �30 �10.0 �19.01 �6.0 0.321
(9Z)-Traumatin 210.78 183.0 �45 �10.5 �19.45 �12.0 6.503
9-OH-traumatin 226.79 208.8 �45 �10.5 �20.05 �12.0 3.161
Formononetin (IS) 266.96 252.0 �50 �8.5 �16.00 �16.0 NA
MGDG-9-OH-traumatin-7-OH-dinortraumatin 645.20 209.1 �40 �12.0 �35.53 �46.0 0.060
MGDG-bis-9-OH-traumatin 673.35 209.1 �40 �12.0 �36.57 �35.0 0.060
Arabidopside A 773.45 291.2 �40 �12.0 �40.27 �35.0 NDc

Arabidopside B 801.48 291.2 �40 �12.0 �41.31 �50.0 ND
a The values for free carboxylic acids were determined with 10-hydroxy-(2E)-decenoic acid, and those for MGDG-derivatives were determined with formononetin.
b NA, not applicable.
c ND, not determined.
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NMR Analysis of MDGD 9-OH-traumatin/7-OH-dinor-
traumatin—Fractions enriched inMDGD9-OH-traumatin/7-
OH-dinortraumatin were concentrated under vacuum. The
residue was dissolved in 70 �l of CD3OD and transferred into a
2-mm NMR tube. NMR spectra were recorded using a Bruker
Avance 500 NMR instrument (Bruker Biospin, Karlsruhe, Ger-
many) operating at 500.13MHz and equippedwith a 5-mmTCI
cryoprobe. The spectra were acquired at 300 K and a total of
5,000–7,000 transient signals were recorded as 32,000 data
points with a spectral width of 20 ppm using a pulse sequence
with water suppression (zgpurge). Selective COSY (SELCOSY)
(selcogp) and selective TOCSY (SELTOCSY) (selmlgp.2) spec-
trawere recorded using standard Bruker pulse sequenceswith a
10-ms excitation range and 200-ms mixing time. Data analysis
was conducted using Topspin version 3.1 software (Bruker Bio-
spin, Karlsruhe, Germany).
HPLC-HR-ESI-MS/MSAnalysis ofMDGD9-OH-traumatin/

7-OH-dinortraumatin—High resolution-ESI-MS analysis was
performed using an Ultimate 3000 series RSLC (Dionex,
Sunnyvale, CA) system and an Orbitrap XLmass spectrometer
(Thermo Fisher Scientific) equipped with an ESI source. For
HPLC, compounds were separated on an Acclaim C18 column
(150 � 2.1-mm inner diameter, 2.2 �m; Dionex) at a constant
flow rate of 300 �l min�1 with a linear gradient of 0.1% (v/v)
formic acid in water to 0.1% formic acid in acetonitrile.
HR-ESI-MS spectra were measured in the negative ioniza-

tion mode on the Orbitrap mass analyzer using 30,000 m/�m
resolving power. MS/MS spectra of the [M � H] ion were
acquired at a collision gas energy of 35 arbitrary units. Data
analysis was conducted using XCALIBUR software (Thermo
Fisher Scientific).

RESULTS

Quantification of Free and Esterified Traumatin Derivatives—
In extracts from intact leaf tissues of Arabidopsis (No-0), free
C12/C10 oxoacids were undetectable. After complete disrup-
tion of the leaves, small amounts of traumatin and 9-OH-trau-
matin (�5 and 10 nmol g FW�1, respectively) were detected
(Fig. 2). Under these experimental conditions, 279 � 47 nmol g
FW�1 (Z)-3-hexenal was formed after disruption of the leaves.
The markedly lower yield of free C12/C10 oxoacids prompted
us to examine esterified C12/C10 oxoacid derivatives.
To quantify the esterified forms of oxoacids, the crude lipid

extract prepared from homogenized Arabidopsis (No-0) leaves
was hydrolyzedwith pancreatin, which has strong galactolipase
activity and triacylglycerol lipase activity (34). The pancreatin
treatment increased the amounts of 9-OH-traumatin, 7-OH-
dinortraumatin, and (7Z)-dinortraumatin (Fig. 2). The amount
of (9Z)-traumatin hardly increased after hydrolysis. This result
indicated that the oxoacids were present as their esterified
forms, probably as the acyl groups of lipids.
Detection of MGDGs Containing Traumatin Derivatives—

Esterified oxylipins have been found predominantly in galacto-
lipids (12, 13). The most abundant C6 compounds produced
after wounding of Arabidopsis leaves are formed from octade-
catrienoic acid (18:3) and hexadecatrienoic acid (16:3). Most
18:3 (�65%) and 16:3 (�96%) are found in MGDGs (24). We
found that MGDGs were substrates for LOX to yield MGDG

HPOs, which could be the substrates for HPL (29). Together,
these findings led us to assume that a portion of esterified trau-
matin and its derivatives was present as the acyl moieties of
MGDG. To explore this idea, we attempted to develop a
method to analyze MGDGs containing oxoacids.
The recombinant CaHPL (30) showed significant activity

toward either MGDG bis-13-HPOT or MGDG 13-HPOT/11-
HPHT in the presence of deoxycholic acid. EMS scanning with
LC-MS/MS showed the appearance of peaks with [M � H]�
values corresponding to MGDGs containing oxoacids (Fig. 3).
The products formed from MGDG 13-HPOT/11-HPHT and
MGDG bis-13-HPOT were analyzed by enhanced product ion
(EPI) analysis, which facilitates the detection of fragment ions
corresponding to each acyl group of glycerolipids (35). This
analysis suggested that the reaction products were MGDGs
containing (9Z)-traumatin and/or (7Z)-dinortraumatin as their
acyl groups. Incubation of MGDGs containing (9Z)-traumatin
and/or (7Z)-dinortraumatin at 60 °C for 80 min resulted in
decomposition of the reactants concomitant with the forma-
tion of compounds withMS profiles corresponding toMGDGs
containing 9-OH-traumatin and/or 7-OH-dinortraumatin
(Fig. 3). Although conclusive structural assignment required
NMR analysis (as follows), we tentatively assigned the cleavage
products of CaHPL with MGDG bis-13-HPOT or MGDG
13-HPOT/11-HPHT as MGDG harboring 9-OH-traumatin
and 7-OH-dinortraumatin and MGDG harboring two 9-OH-
traumatins, based on their MS/MS-EPI profiles. They were
used as standards to detect those MGDGs formed endoge-
nously in situ.
A crude lipid extract prepared from intact Arabidopsis

(No-0) leaves was analyzed by LC-MS/MS to detect MGDGs
containing C12 or C10 oxoacids. In intact leaf extracts, peaks
corresponding to MGDGs containing C12/C10 acyl moieties
were not detected. However, when the leaves were disrupted
and incubated for 5 min to allow formation of GLVs, peaks
corresponding to MGDG-9-OH-traumatin/7-OH-dinortrau-
matin and MGDG-bis-9-OH-traumatin were detected (Fig. 4).

FIGURE 2. Amounts of free and esterified traumatin and its derivatives in
leaves of Arabidopsis (No-0). Crude lipids prepared from disrupted Arabi-
dopsis (No-0) leaves were treated with pancreatin or left untreated and then
analyzed by LC-MS/MS. In intact leaves, the amounts of free and esterified
traumatin and its derivatives were below detection limits. tr, trace. Mean val-
ues � S.E. (error bars) are shown (n � 3).
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FIGURE 3. Identification of HPL products formed from MGDG-bis-13-HPOT (A and C) or MGDG 13-HPOT/11-HPHT (B and D) by LC-MS/MS analysis.
A portion of the reaction products was autooxidized (60 °C for 80 min) (C and D). LC-MS/MS analyses were carried out with EMS mode. The figure shows
selected ion chromatograms with m/z � 613.3 � 0.5 (blue chromatogram in A and C) (corresponding to [M � H]� of MGDG-(9Z)-traumatin-(7Z)-
dinortraumatin), with m/z � 641.4 � 0.5 (blue chromatogram in B and D) (corresponding to [M � H]� of MGDG-bis-(9Z)-traumatin), with m/z � 645.3 �
0.5 (red chromatogram in C) (corresponding to [M � H]� of MGDG-9-OH-traumatin-7-OH-dinortraumatin), and with m/z � 673.4 � 0.5 (red chromato-
gram in D) (corresponding to [M � H]� of MGDG-bis-9-OH-traumatin). The MS/MS profile (EPI mode) for each prominent peak marked with an arrow is
shown in the inset. cps, counts/s.

FIGURE 4. Representative chromatogram of acetone extract prepared from disrupted Arabidopsis (No-0) leaves. LC-MS/MS analyses were carried out
with EMS mode. A, selected ion chromatograms with m/z � 645.3 � 0.5 (blue) (corresponding to [M � H]� of MGDG-9-OH-traumatin-7-OH-dinortraumatin),
m/z � 673.4 � 0.5 (orange) (corresponding to [M � H]� of MGDG-bis-9-OH-traumatin), m/z � 773.5 � 0.5 (purple) (corresponding to [M � H]� of arabidopside
A), and m/z � 801.5 � 0.5 (green) (corresponding to [M � H]� of arabidopside B). The peak at a retention time of 13.11 min corresponds to formononetin
(internal standard; m/z � 267.0 � 0.5; chromatogram in black). A trace with absorption at 223 nm is also shown at the bottom (B). cps, counts/s; mAU,
milliabsorbance units.

Formation of Galactolipids Containing Traumatin Derivatives

SEPTEMBER 6, 2013 • VOLUME 288 • NUMBER 36 JOURNAL OF BIOLOGICAL CHEMISTRY 26083



Neither MGDGs containing C12/C10 oxoacids without hydroxy-
lation nor those with only one hydroxylationwere detected under
these experimental conditions. Arabidopsides A and Bwere pres-
ent in very low quantities in intact leaves, but their quantities
increased markedly after disruption of the leaves as reported pre-
viously (13) (Fig. 4).
To confirm the tentative structural assignment of MGDG-

9-OH-traumatin/7-OH-dinortraumatin, the compound was
purified from crude lipids extracted from disrupted Arabidop-
sis (No-0) leaves and submitted to NMR analysis. Because of its
instability, complete purification could not be accomplished.
The small amount of enriched material rendered the sample
unsuitable for two-dimensional NMR analysis. However, using

a combination of one-dimensional SELTOCSY and SELCOSY
experiments, all three structural units (�-galactose, glycerol,
and fatty acid with a terminal �-hydroxy-�,�-unsaturated alde-
hyde moiety) were confirmed (Fig. 5). Comparison of the 1H
NMR data derived from SELTOCSY and SELCOSY spectra
with those of a MDGD-derivative (36) and (E)-4-hydroxynon-
2-enal (37) also confirmed the structural assignment. The
molecular formula of C31H50O14 forMGDG-9-OH-traumatin/
7-OH-dinortraumatin was unambiguously established by HR-
ESI-MS. HR-MS/MS experiments further confirmed the loss
of hydroxytraumatin or hydroxydinortraumatin fragments
and revealed product ions corresponding to the glyceryl-
galactoside moiety as well as dehydrated OH-traumatin and

FIGURE 5. Structure determination with NMR. A, a representative spectrum used for structure determination. Shown is the SELTOCSY spectrum (500 MHz,
CD3OD, irradiated at � � 9.58 ppm, NS 5120) of enriched MDGD-9-OH-traumatin-7-OH-dinortraumatin, showing H,H-correlations between the aldehyde
proton (� � 9.58 ppm) and the adjacent double bond (� � 7.03 and 6.28 ppm) as well as the hydroxymethine group (� � 4.38 ppm). Further SELTOCSY and
SELCOSY experiments were carried out with the other protons to confirm the structure. B, NMR correlations observed in MGDG-9-OH-traumatin-7-OH-
dinortraumatin using SELTOCSY and SELCOSY experiments.
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OH-dinortraumatin (Table 2). Accordingly, the structure
was assigned asO-(9-hydroxy-12-oxo-(E)-10-dodecenyl)-O-
(7-hydroxy-10-oxo-(E)-8-decenyl)-O-�-D-galactopyranosyl-
glycerol (MGDG-9-OH-traumatin/7-OH-dinortraumatin).
Based on the expected analogy in terms of reaction and structure,
theMGDGwith two9-OH-traumatinswas tentatively assigned as
bis-O-(9-hydroxy-12-oxo-(E)-10-dodecenyl)-O-�-D-galactopyra-
nosyl-glycerol (MGDG-bis-9-OH-traumatin).
In intact No-0 leaves, MGDG-9-OH-traumatin/7-OH-di-

nortraumatin and MGDG-bis-9-OH-traumatin were unde-
tectable (Fig. 6). Upon disruption, they rapidly formed within 3
min, and their quantities gradually increased by 8.5 min. The
amounts of MGDG-9-OH-traumatin/7-OH-dinortraumatin
and MGDG-bis-9-OH-traumatin were almost equivalent.
Detailed analysis of the extracts with EMS mode revealed that
they were the sole HPL products formed after disruption, and
MGDGs with non- or monohydroxylated C10 or C12 com-
pounds were not detected.
Arabidopsis ecotype Col-0 has no HPL activity (23). As

expected, formation of MGDG-9-OH-traumatin/7-OH-dinor-
traumatin and MGDG-bis-9-OH-traumatin was hardly
observed after disruption of Col-0 leaves (Fig. 7). This result
indicated that HPL activity was essential for the formation of
MGDG-9-OH-traumatin/7-OH-dinortraumatin and MGDG-

bis-9-OH-traumatin. This conclusion was confirmed by com-
paring their formation between hpl1 (a backcross progeny
containing deletedHPL gene derived from Col-0 in Ler back-
ground) (26) and Ler lines. Again, formation ofMGDG-9-OH-
traumatin/7-OH-dinortraumatin and MGDG-bis-9-OH-trau-
matin was undetectable in disrupted hpl1 leaves, whereas
significant amounts formed after disruption of Ler leaves.
Arabidopsides are MGDGs containing 12-oxophytodienoic

acid and/or 12-oxodinorphytodienoic acid formed via the AOS
reaction (12, 13). It is assumed that arabidopsides are formed
fromHPOs ofMGDGs; therefore, AOS and HPLmay compete
for the same substrates in disrupted leaf tissues. Massive forma-
tion of arabidopsides A and B was detected in the various Arabi-
dopsis ecotypes/genotypes, whereas theywere undetectable in the

FIGURE 6. Formation of MGDG-9-OH-traumatin-7-OH-dinortraumatin
(circle) and MGDG-bis-9-OH-traumatin (square) in disrupted leaves of
Arabidopsis (No-0). Arabidopsis (No-0) leaves were completely disrupted
with a mortar and pestle, and then a portion of the disrupted tissues was used
to isolate and quantify MGDGs containing traumatin derivatives. In intact
leaves at 0 min (leaves instantly frozen in liquid nitrogen), both compounds
were undetectable. Mean values � S.E. (error bars) are shown (n � 4).

FIGURE 7. Formation of MGDG-9-OH-traumatin-7-OH-dinortraumatin,
MGDG-bis-9-OH-traumatin, arabidopside A, and arabidopside B in Ara-
bidopsis ecotypes and mutants. Leaves of each Arabidopsis line were com-
pletely disrupted, and then the oxylipin-containing MGDGs were extracted
after 3 min. For arbitrary quantification, the ratio of each peak area to that of
formononetin (IS) is shown. For MGDG-9-OH-traumatin-7-OH-dinortrauma-
tin (MGDG-9-OH/7-OH) and MGDG-bis-9-OH-traumatin (MGDG-bis-9-OH),
the amounts calculated based on response factors are shown in the inset.
Mean values � S.E. (error bars) are shown (n � 4). Different letters indicate
significant difference (analysis of variance, Tukey’s test, p 	 0.01).

TABLE 2
HPLC-HR-ESI-MS (negative ion mode) and MS/MS data of MDGD-9-OH-traumatin-7-OH-dinortraumatin

Molecular
formula m/z calc. [M � H] m/z obs. [M � H] � MS/MS @cid35 � Assignment

ppm ppm
C31H49O14 645.3122 645.3141 2.9 [M � H]
C31H47O13 627.3017 627.3034 2.7 627.3008 1.4 [M � H3O]
C31H45O12 609.2911 609.2928 2.8 609.2906 0.8 [M � H3O � H2O]
C21H35O11 463.2179 463.2192 2.8 [M � H � 7-HO dinortraumatin]
C21H33O10 445.2074 445.2084 2.2 445.2081 1.6 [M � H3O � 7-HO dinortraumatin]
C19H29O10 417.1761 417.1763 0.5 417.1765 1.0 [M � H3O � 9-HO traumatin]
C9H17O8 253.0923 253.0928 2.0 Glyceryl-galactoside
C12H17O3 209.1178 209.1184 2.9 209.1182 1.9 [9-OH traumatin � H3O]
C10H15O4 199.0970 199.0976 3.0 [7-OH dinortraumatin � H]
C10H13O3 181.0865 181.0871 3.3 181.0873 4.4 [7-OH dinortraumatin � H3O]
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transfer DNA knock-out mutants, aos::Ler and aos::Col-gl1. The
amounts of MGDG-9-OH-traumatin/7-OH-dinortraumatin and
MGDG-bis-9-OH-traumatin formed after disruption of leaves
were markedly lower in Ler leaves than in aos::Ler leaves (Fig. 7).
This suggested that HPL andAOS compete at least in part for the
same substrate (MGDG HPOs) to form oxylipin-containing
MGDGs.
MGDG-oxoacids in Other Plant Species—It has been

reported that arabidopsides occur only in A. thaliana and Ara-
bidopsis arenosa but not in any other plant species examined so
far (38). We examined whether MGDG-oxoacids were present
in cabbage (B. oleracea, Brassicaceae), tobacco (N. tabacum,
Solanaceae), tomato (S. lycopersicum, Solanaceae), and com-
mon bean (P. vulgaris, Fabaceae) (Table 3). As expected, arabi-
dopsides were not detected in the disrupted leaf tissues of these
four plant species. However, significant amounts of MGDG-9-
OH-traumatin/7-OH-dinortraumatin and/or MGDG-bis-9-
OH-traumatin were detected in all four species. The amounts
varied, with lower amounts detected in tobacco than in Arabi-
dopsis (No-0). Higher quantities formed in cabbage, tomato,
and common bean leaves. The highest concentration detected
was that of MGDG-bis-9-OH-traumatin (51 nmol g FW�1) in
common bean leaves. Plants belonging to the Fabaceae have no
16:3, and accordingly, MGDG-9-OH-traumatin/7-OH-dinor-
traumatin was not detected.

DISCUSSION

It has been believed that HPLs show higher affinities for free
fatty acid-HPOs as substrates; thus, the C12/C10 counterparts
of HPL products were assumed to be free oxoacids. In this
study, we detected less than 10 nmol g FW�1 of (9Z)-traumatin
and 9-OH-traumatin in their free forms, compared with �300
nmol g FW�1 of (Z)-3-hexenal in completely disrupted Arabi-
dopsis (No-0) leaves. From this result, we propose that the C12/
C10 counterparts are formed via a different mechanism from
the canonical HPL pathway, in which free fatty acid HPOs are
the substrates. It was reported that esterified (10E)-traumatin is
present in runner bean (21); thus, we tried to identify esterified
C12/C10 oxoacid derivatives.
Accordingly, we analyzed MGDGs containing 9-OH-trau-

matin and/or 7-OH-dinortraumatin not only in disrupted
leaves of Arabidopsis but also those of cabbage, tobacco,
tomato, and common bean. This is the first report of endoge-
nous MGDGs containing traumatin and its derivatives in dis-
rupted plant leaves. Previous reports have described MGDGs
with 12-oxodinorphytodienoic acid and divinylether, which
were thought to be formed by AOS and divinylether synthase,
both of which are CYP74 enzymes closely related toHPL.How-

ever, these compounds were detected only in Arabidopsis sp.
and flax plants (Linumusitatissimum), respectively (12–13, 16).
In Arabidopsis (No-0) leaves, MGDG-9-OH-traumatin/7-

OH-dinortraumatin and/or MGDG-bis-9-OH-traumatin were
formed quickly after disruption. This rapid formation coin-
cided with the release of C6 aldehydes. The structures of their
acyl moieties are those expected for the counterparts of canon-
ical products of HPL activity toward free 13-HPOT and
11-HPHT, possibly followed by enzymatic or nonenzymatic
peroxidation and subsequent reduction to yield hydroxylated
oxo compounds (22, 27). The requirement for active HPL was
confirmed by comparing formation of MGDGs containing
traumatin derivatives between Arabidopsis ecotypes and
mutants with/without an active HPL. We also found that
recombinant CaHPL showed catalytic activity toward pure
MGDG HPOs. These lines of evidence indicated that MGDG
HPOs are substrates of HPL and that volatile C6 aldehydes and
nonvolatileMGDGcontaining C12/C10 oxoacids are the prod-
ucts of HPL in disrupted Arabidopsis leaf tissues.
It has been widely believed that the most suitable substrates

for HPL are free fatty acid HPOs. However, it was reported that
the Arabidopsis HPL showed significant activity (80% of that
toward the free fatty acid derivative) toward the methyl ester of
13-HPOT (39). Hughes et al. (40) reported that detergent
micelles massively affect HPL and AOS activities. In leaf tissues
disrupted by mechanical wounding or herbivore attack, the
enzymes in the oxylipin pathway show catalytic activity toward
substrates that co-exist with a wide array of biological mole-
cules, including lipids. Thus, the reaction conditions of these
enzymes in situ differ greatly from those in vitro. This study
demonstrated that at least theHPLs examined herewere able to
utilize lipid HPOs as substrates. The substrate preferences of
HPLs and related enzymes involved in oxylipin formation in
disrupted leaf tissues should be reevaluated, taking these results
into account.
The total amounts of C10/C12 compounds (the sum of their

free and MGDG forms) detected in disrupted Arabidopsis
(No-0) leaves were still substantially lower than those expected
from the amounts of C6 aldehydes. It is possible that traumatin
and its derivatives were esterified to other lipids. Greater
amounts of traumatin derivatives than MGDG-containing
traumatin derivatives were detected after pancreatin treatment
of crude lipids extracted from disrupted Arabidopsis (No-0)
leaves. Zoeller et al. (20) reported that inArabidopsis (Col-0), in
addition to MGDGs, also DGDGs, phosphatidylglycerols, and
triacylglycerols contained significant amounts of 18:3 and 16:3
that were partially oxygenated or even fragmented under biotic

TABLE 3
Amounts of MGDG form and free form of HPL products in cabbage, tobacco, tomato, and common bean

MGDG form Free form

(OH)C12/(OH)C10 Bis(OH)C12
9-OH

traumatin Traumatin
7-OH

dinortraumatin Dinortraumatin

nmol g FW�1

B. oleracea 15.1 � 0.65 8.42 � 0.94 3.01 � 0.39 0.17 � 0.02 1.72 � 0.20 NDa

N. tabacum 0.43 � 0.07 2.28 � 0.50 0.67 � 0.02 ND ND ND
S. lycopersicum 3.82 � 0.52 10.6 � 1.30 5.84 � 0.26 0.40 � 0.03 1.62 � 0.12 ND
P. vulgaris ND 53.8 � 2.21 37.9 � 1.56 28.61 � 1.08 ND ND

a ND, not detected. The values are means � S.E. (n � 4).
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stress conditions. In addition, it is likely that MGDG-hydroxy-
lated oxoacids are further converted because 9-OH-traumatin
and 7-OH-traumatin should be very reactive with various kinds
of nucleophiles present in cells, such as glutathione, because
such compounds contain a highly electrophilic �-hydroxy-�,�-
unsaturated aldehydemoiety (41–42). In the present study, the
amounts of analytes detected may have been underestimated
because of the spontaneous degradation of these reactive com-
pounds, especially the hydroperoxides thatmay have formed as
intermediates, during analysis. To match the reactions that
occur in disrupted leaf tissues with the predicted stoichiometry
between C6 and C12 products of HPL, an accurate system to
quantify the possible metabolites must be established.
A comparison of the amounts of arabidopsides and MGDG

with traumatin derivatives between aos::Ler and Ler suggested
that AOS and HPL competed for the same substrates, MGDG-
HPOs, in disrupted Arabidopsis leaf tissues. AtLOX2 is
involved in supplying the substrate, at least for AOS (15).
Because significant amounts of these lipid oxylipins formed
rapidly, it was assumed that substantial amounts of both AOS
andHPLwere present in intact leaf cells in their latent forms or
were located in different cellular compartments, separated
from their substrates. Arabidopsides were not formed in leaves
of cabbage, tobacco, tomato, and commonbean, although these
species formed significant amounts of MGDG containing trau-
matin derivatives aswell asGLVs after disruption of leaf tissues.
These findings suggested that the nature of the Arabidopsis
AOS differed from that of AOSs in these plants. AOSs in leaves
of cabbage, tobacco, tomato, and commonbeanmaynot be able
to utilize MDGD-HPOs, or the amount of AOS in intact leaf
cells might be too low to compete with HPL.
These findings do not exclude the possibility that GLVs can

be formed via the lipase reaction with lipids to form 18:3 and
16:3. It is still possible that the free C12/C10 compounds are
re-esterified; however, this possibility is unlikely because arabi-
dopsides form on lipids without hydrolysis, as shown in a series
of excellent experiments using isotopes (18). The formation of
esterified and free oxylipins is regulated differently between
natural and stress-induced senescence (43). The biosynthesis of
free oxylipins definitely requires lipases, such as AtDAD1 (44)
or NaGPA1 (45). GLV formation occurs even in intact plant
tissues distant from the site of herbivore damage (46), after
pathogen infection (47), under heat stress, after sudden dark-
ness (48), or even after treating the tissues with pathogen-in-
duced plant volatiles (49). In an analogous situation to the for-
mation of free JAs, hydrolysis of free fatty acidsmay be required
for the formation of GLVs in intact tissues under stress. This
idea is partly supported by the fact that free JA production was
enhanced in transgenic rice suppressing HPL (50).

�-Hydroxy-�,�-unsaturated aldehydic esters of phosphati-
dylcholine, such as 1-palmitoyl-2-(5-hydroxy-8-oxooct-6-
enoyl)-sn-glycero-3-phosphocholine, have been identified in
human atherosclerotic lesions (51). The truncated, terminally
oxidized phospholipids, which were formed through autooxi-
dation and subsequent cleavage of phospholipids with polyun-
saturated fatty acids, were proposed to be ligands for the
macrophage scavenger receptor CD36 (52). Because of the high
reactivity of �-hydroxy-�,�-unsaturated aldehydes with bio-

logical molecules through the Michael addition reaction (42),
MGDGs with �-hydroxy-�,�-unsaturated aldehyde moieties
might also have potent bioactivity. To gain further insights into
the physiological and ecological significance of the formation of
MGDGswith�-hydroxy-�,�-unsaturated aldehydes, the fate of
these lipid oxylipins must be identified.
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