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Biosynthesis of trans-2-Hexenal in Response to Wounding in

Strawberry Fruit
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Wounded strawberry fruit produces a diverse group of volatile compounds including aldehydes,
alcohols, and esters derived from the lipoxygenase (LOX) and hydroperoxide lyase (HPL) pathways.
Because the wound volatiles may play an important role in plant—fungal interaction, the goal of this
study was to develop a greater understanding about the biosynthesis of the major wound volatile,
trans-2-hexenal (t-2-H), produced by strawberry fruit upon wounding. To that end, composition and
quantity of total and free fatty acids of control and wounded strawberry fruit were analyzed. In addition,
activities of the key enzymes, LOX and HPL, and production of Cs aldehydes were determined. Intact
strawberry fruit did not produce detectable #-2-H which is derived from o-linolenic acid (18:3). However,
in response to wounding by bruising, strawberry fruit emitted +2-H and its precursor cis-3-hexenal
(¢-3-H). The level of total lipid 18:3 in the fruit increased 2-fold in response to wounding, whereas
free 18:3 declined slightly (~30%). At 10 min following wounding, fruit exhibited a 25% increase in
LOX activity, which leads to the production of 13-hydroperoxyoctadecatrienoic acid (13-HPOT) from
18:3. The activity of HPL, which catalyzes formation of cis-3-hexenal from 13-HPOT, increased 2-fold
by 10 min after wounding. Thus, during a 15 min period after wounding, free 18:3 substrate availability
and the activity of two key enzymes, LOX and HPL, changed in a manner consistent with increased
¢-3-H and t-2-H biosynthesis.

KEYWORDS: Strawberry fruit; wounding; total fatty acids; free fatty acids; linolenic acid; lipoxygenase;
hydroperoxide lyase; C ¢ aldehydes; cis-3-hexenal; trans-2-hexenal

INTRODUCTION

Oxylipins are a group of biologically active compounds
derived from polyunsaturated fatty acids, maialyinolenic acid
(LNA), an 18-carbon fatty acid1). Jasmonates, aldehydes,
ketols, and epoxy-, hydroxy-, and divinyl-ether derivatives are
among many fatty acid derivatives that plants synthesize (
3). Oxylipins are known to be synthesizdd novoin response
to various stresses, including wound injury. Their substrates,
polyunsaturated fatty acids, are liberated from membrane lipids
and converted into various oxylipins via several enzymatic steps.

Fruits and vegetables are subject to a variety of types of injury
during harvest, handling, and postharvest transport, and this is
especially true for soft fruit like strawberry. The injuries may
not be visible or may disrupt the tissue surface and allow
pathogens to penetrate into the interior. A number of volatile
compounds are released upon wounding, including terpenoids,
phenylpropanoids, and lipoxygenase (LOX)-derived compounds.
Strawberry fruit produces a diverse group of wound volatile
compounds, including aldehydes, alcohols, and esters derive
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from the LOX and hydroperoxide lyase (HPL) pathwdy. One

of the major oxylipin products, trans-2-hexenai2(H), is
released from macerated leaves and frbjt). t-2-Hexenal, a
member of a class of volatiles produced by virtually all green
plant tissue, is a six-carbon aldehyde derived from the LOX
and HPL pathway (7—9). It may be produced from LNA
released from galactolipids by a lipase or a lipase-like activity
(10). It has been demonstrated t&-H formation occurs on

a membrane where LOX and HPL activities are exhibitetH

14). Through the action of LOX, a molecular oxygen is inserted
between C and H at position 13 of LNA. The resulting fatty
acid hydroperoxide [(18)-hydroperoxy-(9Z,11E,15Z)-octade-
catrienoic acid, 13-HPOT] is cleaved by HPL, resulting in the
production of 12-oxo-(8)-dodecenoic acid ancis-3-hexenal
(c-3-H). Thec-3-H isomerizes spontaneously or enzymatically
into more stablg-2-H (7). The G aldehydes may be further
reduced to alcohols by alcohol dehydrogenase. Theo&o-
acid is the precursor of traumatin, previously known as the

dwound signal (15).

It is well-known thatt-2-H is synthesized from LNA through
LOX and HPL in response to woundingg—18), and the-2-H
could be detected within as little as 20 s after tissue disruption
(10). Most of thet-2-H emitted from wounded strawberry fruit
was detected within 15 min following injurydf. However, it
is not known howt-2-H biosynthesis is regulated in strawberry
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Strawberry Wound Volatile Production

fruit in response to wounding. The production of freénolenic
acid (18:3) and the activity of the enzymes responsiblé-fH
production following wounding have not been reported from
strawberry fruit.

trans-2-Hexenal can influence the development of the fungal
pathogenBotrytis cinereaPers., also known as gray mold, a
major pathogen of soft fruit like strawberry. The volatile oxylipin
inhibited spore germination and promoted mycelial growth in
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fruit)) of free nonadecanoic acid (19:0) was added to the fatty acid
spot on the plate. The spot was scraped from the plate and eluted
through a fiber glass column (Corning Glass Works, Corning, NY)
with MTBE. The sample was evaporated unde@Nd methylated with

a few drops of diazomethane in ether. The ether was dried with N
and the sample was dissolved in hexane. The sample was partitioned
against 0.9% KCI, and the hexane layer was analyzed by GC as
described above.

Preparation of LOX and HPL Crude Extracts from Strawberry

vitro at low headspace levels but inhibited it at high headspace prit. 1 0x and HPL crude extracts were prepared from fruits with or

levels (19). Because the wound volatile may play an important
role in the plant-fungal interaction, the goal of this study was
to develop a greater understanding of the biosynthegi

in strawberry fruit upon wounding. To that end, composition
and quantity of total and free fatty acids of control and wounded
strawberry fruit were analyzed. In addition, activities of the key
enzymes of the LOX pathway, LOX and HPL, and production
of Cg aldehydes were determined.

MATERIALS AND METHODS

Plant Material. The strawberry Fragaria x ananassaDuch.)
cultivar ‘Tribute” was used. Plants were grown in the greenhouse or
outdoors in containers. Mature red fruit was selected for uniformity of
color, size, and shape on the day of use. All fruit was harvested an
placed at ambient laboratory temperature for 30 min before wounding
treatment.

Wounding Procedure. Wounding was performed by the method
of Hamilton-Kemp et al. (4). Four ripe fruits (30—35 g) were placed
in a 475 mL glass jar, closed with a Teflon lined screw-cap lid, and
shaken at 300 rpm for 30 s in a rotary shaker (model 3540, Lab-Line
Instruments, Inc., Melrose Park, IL). The shaking did not cause visible
disruption of the fruit surface. Control (unwounded) fruit were sampled
prior to shaking (0 min), and wounded fruit were sampled at 5, 10,

without freezing in liquid nitrogen over a period of 15 min after
wounding, because freezing may affect the enzyme activ2iBs The
activities of frozen fruits did not differ from those of nonfrozen fruits
(data not shown). This result eliminates the possibility that LOX and
HPL activities were affected by freezing injury. Therefore, the activities
of LOX and HPL were determined using fruit which was immediately
immersed in liquid nitrogen after wounding treatment and sampling
time periods. Fresh or frozen fruits (30 g) were homogenized with 4.8
g of polyvinylpolypyrrolidone (PVPP), 40 mL of 0.1 M Tris-HCI (pH
8.0), and 1 M KClI for LOX extraction32). For HPL extraction, 0.1%
Triton X-100 was added to the buffer used for LOX extraction. The
resulting homogenates were centrifuged at 20 000 g for 20 min. The
supernatants were used for enzyme assays of LOX and HPL. Protein
concentration was measured with Coomassie protein assay reagent

d (Pierce, Rockford, IL) with bovine serum albumin as standard protein

at 595 nm using a spectrophotometer (Cary 50 Bio, Varian, Walnut
Creek, CA) (23).

LOX Assay. LOX activity was determined by monitoring the
conversion of LNA to diene product at 234 nm (24). The crude extract
prepared as described above was added to a standard assay mixture.
The mixture contained 1 mL of 0.1 M sodium phosphate buffer, pH
6.0, 10 mM LNA, and an appropriate amount—=&0 uL) of LOX
extract. The increase in absorbance at 234 nm was recorded for 5 min.
LOX activity was determined as the formation of 13-HPOT in nmol

and 15 min after shaking. There were four replicate experiments and P€" min per mg of protein, using an extinction coefficient of 25 000

. . . -1
four fruits were analyzed per treatment and sampling time, unless stated

otherwise. Following wounding treatments, the fruits were immediately
used for analyses or immersed in liquid &hd stored at-80 °C for
future analyses.

Lipid Extraction and Fatty Acid Analysis. For total lipid extrac-
tion, fruits (8 g) frozen in liquid N were macerated in a homogenizer
(model 5000, Omni International, Gainesville, VA) for 1 min in 40
mL of methanol, chloroform, and water (2:1:0.8), vortexed for 1 min,
and centrifuged at 6 000 g for 20 mi2Q). This was repeated four
times, and supernatants were combined. A suitable amoun&89

cm? for 13-HPOT.

Preparation of LOX from Soybean for Synthesis of 13-HPOT.
For the enzymatic reaction to synthesize 13-HPOT from LNA, LOX
was extracted from the soybean genotyfie€OX3, which is designated
as a null for LOX3 with normal levels of LOX1 and LOX22%).
Soybeans (3 g) were ground using a coffee grinder and macerated in
a mortar with 5 mL of acetone stored &R0 °C. The residue in the
mortar was washed twice with 5 mL of acetone and 10 mL of ethyl
ether and filtered on Whatman paper with vacuum. The defatted soybean
powder on the filter paper was dried under &hd stored at 4C. The

of fruit)) of triheptadecanoin was added to the homogenate as an internalSoybean powder (100 mg) was extracted with 1 mL of 0.2 M sodium
standard. Combined supernatants were dried using a rotary evaporatoracetate, pH 4.5, for 1 h on a shaker and filtered through Miracloth.
and the residue was redissolved in 10 mL of chloroform. Extract (1 Ammonium sulfate (40%) was added to the filtrate, which was
mL) was dried under p centrifuged at 8 000 g for 10 min. The supernatant was precipitated
For total fatty acid analysis, the dried lipid sample was transmethy- With ammonium sulfate (60%) and centrifuged at 8 000 g for 10 min.
lated with 0.5 mL of 1% sodium methoxide. The sample was shaken The pellet was dissolved in 1Q@. of sodium borate buffer, pH 9.0,
for 45 min, and the resulting fatty acid methyl esters were extracted Which was used for LOX activity. LOX activity was determined by
with hexane. The sample was partitioned against 0.9% KCI, and aliquots the method described above, except that the LOX assay mixture for
of the upper hexane layer were analyzed using a Hewlett-Packard 5890s0ybean contained 0.2 M sodium borate buffer, pH 9.0. LOX activity
(Agilent, Wilmington, DE) gas chromatograph (GC) equipped with a Was defined as a 0.001 increase of absorbance at 234 nm per min.
flame ionization detector (FID) and a FFAP column (14>m0.25 Preparation of 13-HPOT and HPL Assay.The 13-HPOT was
mm, 0.33um film thickness, Agilent). Samples were analyzed using a prepared from LNA using crude soybean LOX. 2.4 mM LNA (100
temperature gradient of 14C for 1 min, increased to 23% at a rate uL) and 3 750 units of crude soybean LOX were added to 15 mL of
of 10°C per min, and then held at this temperature for 20 min. Helium oxygenated 0.2 M sodium borate buffer, pH 9.0. The reaction was
was used as the carrier gas at a flow rate of 1 mL per min. allowed to proceed on ice for 1 h under a constant flow of oxygen.
For free fatty acid analysis, total lipid samples were prepared in 10 The pH of the reaction mixture was adjusted to 4. The 13-HPOT
mL of chloroform, as described above, except that a suitable amount produced was extracted with 20 mL of diethyl ether, and the extract
(5 ugl(g of fruit)) of free heptadecanoic acid (17:0) was added to the was dried under N The residue was dissolved in 500 of hexane
homogenate as an internal standard. Samples were separated on 258nd ethyl ether and applied to a 4@n silica column with a 20 cm
um silica thin-layer chromatography (TLC) plates (Whatman, Clifton, length, equilibrated with 40 mL of hexan2). The column was eluted
NJ). Sample-loaded plates were developed in hexane/methyl tertiaryfirst with 50 mL of hexane/HOAc (100:1) and then with 50 mL of
butyl ether (MTBE)/acetic acid (HOAc) (80:20:1). Authentic free hexane/MTBE/HOAc (90:10:1). The 13-HPOT was collected in the
linoleic acid (18:2) was used as a loading standard. The plates werenext fraction eluted with 50 mL of hexane/MTBE/HOAc (75:25:1).
sprayed with 0.01% primulin in 80% acetone, and fatty acids were The product was dried under,Ndissolved in ethanol, and stored at
visualized under UV light (300 nm). A suitable amount(d/(g of —80 °C. The final concentration of 13-HPOT, estimated from the
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Table 1. Fatty Acid Content and Composition of Strawberry Fruit?

total free
fatty acids ugl(g of fruit) % ng/(g of fruit) %

16:0 307 +171 11.6+£1.8 1630 + 265 279+21
18:0 36+ 16 15+0.1 510+ 92 86+0.2
18:1 308 + 108 140+1.2 592 +114 10.1+£0.7
18:2 1020 + 395 425+04 2400 + 559 39.7+£32
18:3 776 £ 273 30.4+0.6 755 + 85 13.7+19
total 2250+ 963 100 5890 + 1125 100

2Data are means + standard errors of four independent extractions of ripe
fruit. Fruit weight represents fresh weight of fruit.

absorbance, using the extinction coefficient of 25 000 bin™* at 234
nm, was~0.36 mM.

The crude extract prepared as described above was added to a

standard assay mixture which contained 1 mL of 0.1 M potassium
phosphate buffer, pH 6.0, 0.1 mM 13-HPOT, 0.1 mM nicotinamide
adenine dinucleotide (NADH), 50 units of alcohol dehydrogenase (one
unit converts 1.emol of ethanol to acetaldehyde per min at pH 8.8 at
25 °C), and an appropriate amount50 uL) of HPL extract. HPL
activity was determined spectrophotometrically by monitoring the
oxidation of reduced NADH at 340 nm in a coupled-enzyme assay
(27). The decrease in absorbance at 340 nm was measured for 5 min
HPL activity was expressed as the oxidation of NADH in nmol per
min per mg of protein, using an extinction coefficient of 6 220'M
cm* for NADH.

Headspace Sampling and Analysis of € Aldehydes. For G
aldehyde measurement, a 475 mL glass jar containing the fruit was
sealed with a Teflon-lined plastic screw cap prior to shaking. Fruit
were shaken as previously described. At 5, 10, and 15 min following
the wounding treatments, vapor-phase volatile compounds were directly
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Figure 1. Changes in major components of total fatty acids in strawberry
fruit in response to wounding. Bars indicate standard errors of four
independent extractions of ripe fruit. Fruit weight represents fresh weight
of fruit. The quadratic trends are as follows: for 16:0, Y = 300.52 +
30.89X - 0.96X2, r = 0.0.48, P < 0.05; for 18:0, Y = 35.26 + 6.7X —
0.28X%, r = 0.64, P < 0.05; for 181, Y = 312.02 + 79.81X — 3.62)%, r
= 0.68, P< 0.05; for 18:2, Y = 989.4 + 182.5X — 7.8X?, r = 0.66, P <
0.05; and for 18:3, Y = 739.5 + 105.8X — 3.5X%, r = 0.68, P < 0.05.
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amounts of palmitoleic acid (16AP and 16:14) from total and
free fatty acids were detected (data not shown).
Changes in Total and Free Fatty Acid Content in

sampled from headspace of the jar using a gastight syringe. The volatilesStrawberry Fruit after Wounding. Wounding significantly

collected (45Q:L) were injected into a GC (Hewlett-Packard 5890 II,
Agilent), equipped with a 60 nx 0.32 mm DB-5 column with a zm

film thickness (J & W Scientific, Folsom, CA) and an FID. The
operating conditions were 50C for 5 min and then a temperature
increase of 2C per min to 100C. Helium was used as the carrier gas
at a flow rate of 30 cns % The volatile compounds were identified
by both retention time and GC-MS (Hewlett-Packard GCD 1800B,
Agilent) fitted with a 25 mx 0.25 mm DB-5 column (Agilent). The
operating conditions were 41C for 5 min, and the temperature was
increased by 2C per min to 200°C. Spectra were matched to those
in the National Institute of Standards and Technology library, and
identities were confirmed by comparing the retention times of
strawberry fruit compounds with those of authentic compounds. Total

headspace concentration was calculated using the response facto

determined by the static dilution method described by Hamilton-Kemp
et al. (28).

Statistical Analysis. Data were subjected to analyses to determine
if there were significant linear or quadratic changes over time using
SigmasStat (Systat Software, Inc., Richmond, CA).

RESULTS

Fatty Acid Content and Composition of Strawberry Fruit.
The total and free fatty acid content and composition of
strawberry fruits are shown ifiable 1. Palmitic (16:0), stearic
(18:0), oleic (18:1), linoleic (18:2), and linolenic (18:3) acids

were detected as components of the total and free fatty acids.

Total fatty acids comprised 0.2% of fruit tissue, while free
fatty acids comprisea0.3% of the total fatty acids. The major
components of the total fatty acids in strawberry fruit were 18:2
and 18:3. The total fatty acid contents were slightly higher
(~38%) than those measured by Couture et20),(The major
components of the free fatty acids in strawberry fruit were 18:2
and 16:0, followed by 18:3. Free fatty acid content was roughly
3 orders of magnitude less than the total fatty acid content. Trace

increased the tissue content of each fatty acid in a quadratic
pattern Figure 1). The relative contribution of each fatty acid
to total fatty acids remained unchanged over 15 min following
wounding (data not shown). The increased pool of total fatty
acids with no change in the composition suggests that the
complete fatty acid biosynthetic pathway may be rapidly
upregulated in wounded strawberry tissue, resulting in an
increased pool of total fatty acids.

The amounts of free 16:0, 18:0, and 18:2 did not significantly
change after woundind-{gure 2). However, free 18:1 showed
a quadratic increase in concentration, with a maximum 30%
greater than unwounded fruit at 10 min after wounding. In
Eontrast, 18:3 showed a quadratic decrease with the lowest level,
30% less than unwounded levels, at 10 min. Interestingly, free
16:1 (63 ng/(g of fruit)) in unwounded fruit increased 3-fold to
183 ng/(g of fruit) at 10 min after wounding (data not shown).
The accumulation of free 18:1 in wounded fruit indicates that
18:1 was hydrolyzed from membranes upon wounding, implying
the presence of lipase activities. Since lipase activity is also
required for the production of free 18:3 forgGildehyde
biosynthesis in response to woundiri@), the decrease of free
18:3 content at 5 min after wounding, despite increased total
18:3 contentFigure 1), implies that free 18:3 was metabolized
into oxylipins.

Changes in LOX and HPL Activities in Strawberry Fruit
after Wounding. Wounding resulted in significant quadratic
changes in LOX and HPL activity over 15 miRigure 3). Prior
to wounding, the activities of LOX and HPL were comparable
to those measured by Pérez et 2R), LOX activity increased
~25% through 10 min after wounding, then decreased to the
level of unwounded fruit by 15 min. In response to wounding,
HPL showed the same pattern as that of LOX, about a 2-fold
increase by 10 min. The quadratic decrease in free FgRife
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Figure 2. Changes in major components of free fatty acids in strawberry
fruit in response to wounding. Bars indicate standard errors of four
independent extractions of ripe fruit. Fruit weight represents fresh weight
of fruit. The quadratic trends are as follows: for 18:1, Y = 571.62 +
86.08X — 4.88X2, r=0.48, P < 0.05; and for 18:3, Y = 749.5 — 52.55X
+2.85X2, r=0.74, P < 0.05. The other fatty acids did not show significant
trends.
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Figure 3. Changes in LOX and HPL activities in strawberry fruit in

response to wounding. LOX activity was determined as the formation of
13-HPOT in nmol per min per mg of protein. HPL activity was determined
as the oxidation of NADH in nmol per min per mg of protein. Bars indicate
standard errors of four independent measurements of ripe fruit. The
quadratic trend for LOX is Y = 1.256 + 0.106X — 0.007X2, r = 0.62, P
< 0.05; and for HPL, it is Y = 0.344 + 0.125X — 0.008X%, r = 0.81, P
< 0.05.
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Table 2. Change in Vapor-Phase Concentrations of cis-3-Hexenal
(c-3-H) and trans-2-Hexenal (t-2-H) in Strawberry Fruit in Response to
Wounding?

vapor-phase concentration (ng/(g of fruit))

0 min® 5 minb 10 min® 15 min®
¢c-3-H 23+23¢ 52+30 10.8+£0.9 124+11
t=2-H 0.0+0.0 13.0+£25 11.9+0.2 59+05

@Data are means + standard errors of four independent measurements.
bMinutes after wounding. ¢ The ¢-3-H concentration in unwounded fruit was
determined from two jars. Each jar contained four individual fruits. Fruit weight
represents fresh weight of fruit. The quantity of ¢-3-H and t2-H (ng/L in air)
calculated by response factor was converted to the equivalent quantity (ng) by
conversion factor (0.45) between the units. For ¢-3-H, the linear trend is Y = 4.54
+ 1.62X, r = 0.51, P < 0.05, and the quadratic trend is Y = 4.03 + 1.86X —
0.02X2, r=0.72, P < 0.05. For t-2-H, the quadratic trend is Y = 1.27 + 7.32X —
0.44X%, r = 0.86, P < 0.05.

DISCUSSION

It is well-known that the susceptibility of fatty acids to
oxidative damage increases as fatty acid unsaturation in
membranes increases. Total 18:2 and 18:3 in ripe strawberry
fruit comprised>70% of the total fatty acidsT@able 1). The
high degree of fatty acid polyunsaturation of strawberry fruit
may reflect sensitivity to lipid peroxidation. In contrast, 18:1,
18:2, and saturated fatty acids such as myristic acid (14:0) and
18:0 are the most abundant fatty acids in apple, apricot, mango,
and tomato fruit §, 29, 30). Total fatty acid content of
strawberry fruit was within a 2-fold range of fruit of the other
species.

The 2-fold increase in the unsaturated fatty acids 18:1, 18:2,
and 18:3 up to 10 min after wounding of strawberry friigure
1) was unexpected, because previous studies showed that there
was no significant change or even a decrease in the total amount
of lipids and fatty acids in leaves up to 30 min after wounding
(31, 32). This may reflect significant differences in the wound
response of different tissue types, though it should be noted
that the shaking procedure used in this study to wound fruit
cannot be applied to leaves. Saturated fatty acids (16:0 and 18:
0) are synthesized before being incorporated into membrane
lipids, while 18:3 can be synthesized from 18:1 via 18:2 by a
class of desaturases on membrane lip&8 84). The increased
total fatty acids may be a consequence of cellular events in
which enzymes involved in biosynthesis of fatty acids, fatty
acid binding-proteins involved in transfer of fatty acids to
membranes, and/or desaturases are activated to fill disrupted
membrane bilayers as a wound healing process. Rapid intra-

2) and increase in LOX and HPL activities suggest that cellular removal of fatty acids from the cytofacial side of the
wounding enhanced the synthesis of 13-HPOT, a product of plasma membrane and their subsequent esterification occurs with
LOX and a substrate of HPL, and that 13-HPOT was metabo- half-times typically <1 min in the cell 85). Even though a

lized to c-3-H through the activity of HPL.
Changes in G Aldehyde Production in Strawberry Fruit
after Wounding. The vapor-phase concentrations of &de-

hydes measured at 5, 10, and 15 min represent the total

accumulation from 65, 0—10, and 615 min, respectively.
c-3-Hexenal was produced by unwounded fruit, whileH was

wound-induced increase of unsaturated fatty acids has not been
reported previously, SpitelleB6) suggested that any alteration
of membrane fatty acids is related to lipid peroxidation.

The fatty acids are known to be released from the plasma-
lemma and plastid membranes by lipases after woundiig (
38). Polyunsaturated free fatty acids liberated from membranes

not detectedTable 2). Wounding induced significant changes
in Cg aldehyde production in fruit within 5 min. The vapor-

are oxidized by LOX or chemically metabolized to other

products L—3). In this study, the changes in the free fatty acids
phase concentration @f3-H increased gradually over 15 min  18:1 and 18:3 reflect biochemical events in strawberry fruits
after wounding. In contrast;2-H was detected in the highest after wounding. The continued increase in free 18:1 content
guantity at 5 min after wounding, maintained that level through through 10 min after wounding={gure 2) was likely caused

10 min, but declined by 15 min. The gradual emissioo-8fH
and the rapid emission @f2-H within 5 min after wounding
indicate a wound-induced synthesis of &dehydes.

by buildup of fatty acids liberated from membrane lipids. The
activation of lipid hydrolysis indicates the presence of a lipase
and its immediate activation within 5 min in response to
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wounding, even though it has not been determined whether athe production of @ volatile compounds during tomato fruit
specific lipase is related to this early wounding response. The ripening, since a paucity of HPL mRNA accumulation in mature
predominant substrate of LOX may be free 18:3, because freegreen and red fruit was found. Matsui et @7 indicated that
18:2 did not significantly change through 10 min after wounding 9-LOX, the major LOX form in tomato fruit, might not
while free 18:3 was reduced. If LOX preferred free 18:2 to free contribute to the formation of flavor volatiles but that a very
18:3 as a substrate, free 18:3 would have presumably increasegow level of 13-LOX could be sufficient for €production.
and free 18:2 would have declined. Substrate specificity for free Similarly, tomato had low galdehyde-forming activity48).
18:3 by LOX has been reporte@3). Though free 18:1 levels  sirawberry and tomato fruit may exhibit different metabolic

increased through 10 min after wounding, they decreased t0fj\ys through the pathway of LOX and HPL for the biosynthesis
the levels observed in unwounded fruit by 15 min. Because free ;¢ 3.1 andt-2-H. Thought-2-H was detected in unwounded

unsaturated fatty acids are toxic to cells, it is possible that the ;.0 it @5), t-2-H was detected in strawberry fruit only
accumulated frge fatty ac[ds. were removed as part of normal when the fruit was subjected to wounding in this study. Others
cellular metabolism, detoxifying harmful unsaturated free fatty have observed-2-H from samples of ripe strawberry fruit
acids. A fatty acid hyd_roxylase can m_ed|ate the detOX|f|qat|on though their techniques of maceration or homogenization could
of unsaturated fatty acids as a protective response to toxic fattyhave yielded wound-induced production of &ldehydes 22
acids 69). The free 18.:1 content at 10- min after Woundlng_may 49). The differing profiles ot-2-H emission between tomélto
thus represent a maximal concentration in strawberry fruit that an d strawberry ?rupit may indicate species differences in the

does not cause toxicity. . o . -

Free 16:0 content did not show a pattern similar to that regulation of LOX and HPL activities. It is possible that
observed f6r free 18:1Fgure 2). The lack of a wound-induced synthesis of Galdehydes may not be affected upon wounding
effect on free 16:0 level is in contrast to the change in the free n plant species that favor Q'HPOT asa product. Therefo_re, the

diverse regulatory processes involved inallehyde production

16:1 levels. Even though a small amount of free 16:1 existed . q di ¢ biochemical hani f
in fruit prior to wounding (data not shown), a notable increase MaY Provide an understanding of biochemical mechanisms o

in free 16:1 after wounding (63183 ng/(g of fruit) at 10 min) ~ Wound responses.
argues for the existence and activation upon wounding of a 16:  From the results obtained in this study, a model for regulation
OA’ desaturase. of wound-induced biosynthesis of@ldehydes by strawberry
Free 18:3 is a precursor to the @ldehydes. If a lipase is ~ fruit can be proposed. At 5 min after wounding, free 18:3
activated upon wounding in strawberry fruit, as implied by the released from galactolipids was convertedct8-H by LOX
increase in free 18:1, free 18:3 should have also increased.and HPL, and the-3-H was rapidly isomerized t62-H. At
However, the decrease in free 18:3 levels at 5 min after 10 min after wounding, a continuing supply of free 18:3 from
wounding (Figure 2) implies that free 18:3 released from the plastid 18:3 continued to increase activities of LOX and HPL
plastid membrane was metabolized. The correlation betweenand increased-3-H production, which isomerized to maintain
the decrease in free 18:3 level and the increase in LOX and levels oft-2-H. At 15 min after wounding, free 18:3 availability
HPL activities further supports the probability thag &dehydes was lower, leading to lower activities of LOX and HPL and a
were produced frondle novosynthesis of free 18:3. Thus, the  decreased overall production of the &dehydes. Such stimula-
data presented in this study suggest that free 18:3 generatedion of LOX and HPL activities by free 18:3 has been reported
from membrane 18:3 upon wounding is used as a source for(45). However, it is difficult to associate the apparent continuing

wound-related €aldehyde biosynthesis. emission ofc-3-H with the decrease in free 18:3 availability
Increased production of both3-H andt-2-H occurred along and the decrease in LOX and HPL activities at 15 min after
with greater activities of LOX and HPL after woundingigure wounding, though levels of free 18:3 may be sufficient for this.

3, Table 2). The results are in agreement with the work by Hong It is also possible that an isomerization factor was activated
et al. (40), who showed that an elevated levetd-H was a upon wounding and-3-H was rapidly converted t2-H, but
consequence of an increase in endogenous 13-LOX activity. Inthe factor returned to a deactivated state by 15 min after
addition, c-3-H production requires the activity of HPUX).  wounding, resulting in the accumulation ©B-H. However, it
LOX gene expression, enzymatic activity, and @ldehyde s sfjll unclear whether the conversion®8-H tot-2-H in vivo
synthesis have shown similar trends in other species, suggesting.a, pe accelerated by an enzyme in strawberry fruig-asH
that the synthesis ofdaldehydes is a consequence of increased may isomerize spontaneously into the more-stateH (7).

LOX and HPL activities 42, 43). Since the increase in LOX Nevertheless, the proposed model emphasizes the involvement

\?vr(])inlg::_ ?ﬁgwsﬁ: ggcr:{;g d\;\(I)Ithl)nsttlrgnrsr:lar'][iolgalrﬁggr?;r?istr?ws of substrate availability and increased LOX and HPL activities
g, they may b 'with the initial burst oft-2-H synthesis. Vancanneyt et al. (45)

such as enzyme stability, presence of inhibitors, and enzymeSuggested that-3-H production is determined by substrate

modification. However, the possibility cannot be excluded that o .
gene expression increased or that inactive proenzyme forms Ofavallabmty to HPL in potato leaves rather than by the abundance

LOX and HPL were present in sufficient amounts in cells and ©f HPL activity.
were rapidly translated to the enzymes upon wounding, resulting In conclusion, this is the first study to reveal aspects of
in accumulation responsible for the rapid synthesig-2{H. regulation oft-2-H biosynthesis in strawberry fruit in response
Even though LOX and HPL mRNA and proenzymes are known to wounding. Our data demonstrate that LOX and HPL activities
to preexist in the intact tissues of other specl&3, 44, 45), it rapidly increased upon wounding. The patterns were consistent
remains to be elucidated whether the quantity of LOX is actually with increased galdehyde biosynthesis. With the presence of
enhanced within 10 min upon wounding in strawberry fruit.  lipase activity indicated by the increased pool of free 18:1, the
Our data contradict the results reported by Yilmaz et4f),( decreased free 18:3 level and increas@eH production from
who indicated that enzyme activities of LOX and HPL were wounded fruit implies thatle novosynthesis of free 18:3 was
not a good indicator of £volatile production by tomato fruit. required fort-2-H biosynthesis in response to wounding in
Howe et al. (17) also suggested that HPL plays a minor role in strawberry fruit.



Strawberry Wound Volatile Production
LITERATURE CITED

(1) Howe, G. A,; Schilmiller, A. L. Oxylipin metabolism in response
to stressCurr. Opin. Plant Biol.2002,5, 230—236.

(2) Blée, E. Impact of phyto-oxylipins in plant defen$eends Plant
Sci.2002,7, 315—321.

(3) Weber, H. Fatty acid-derived signals in plarfiteends Plant Sci.
2002,7, 217—224.

(4) Hamilton-Kemp, T. R.; Archbold, D. D.; Collins, R. W.; Yu,
K. Emission patterns of wound volatile compounds following
injury of ripe strawberry fruitJ. Sci. Food Agric2003,83, 283—
288.

(5) Hatanaka, A.; Harada, T. Formation @f-3-hexenalfrans-2-
hexenal anctis-3-hexenol in maceratethea sinensiseaves.
Phytochemistry1 973,12, 2341—2346.

(6) Gray, D. A,; Prestage, S.; Linforth, R. S. T.; Taylor, A. J. Fresh
tomato specific fluctuations in the composition of lipoxygenase-
generated galdehydesFood Chem1999,64, 149—155.

(7) Hildebrand, D. F. Lipoxygenaseghysiol. Plant1989 76, 249~
253.

(8) Feussner, I.; Waternack, C. The lipoxygenase pathwapu.
Rev. Plant Biol.2002,53, 275—297.

(9) Noordermeer, M. A.; van der Goot, W.; van Kooij, A. J.;
Veldsink, J. W.; Veldink, G. A.; Vliegenthart, J. F. Development
of a biocatalytic process for the production of C-6-aldehydes
from vegetable oils by soybean lipoxygenase and recombinant
hydroperoxide lyasel. Agric. Food Chem2002,50, 4270—
4274.

(10) Matsui, K.; Kurishita, S.; Hisamitsu, A.; Kajiwara, T. A lipid-
hydrolyzing activity involved in hexenal formatioiochem.
Soc. Trans2000, 28, 857—860.

(11) Blée, E.; Joyard, J. Envelope membranes from spinach chloro-
plasts are a site of metabolism of fatty acid hydroperoxient
Physiol.1996,110, 445—454.

(12) Riley, J. C. M.; Willemot, C.; Thompson, J. E. Lipoxygenase
and hydroperxide lyase activities in ripening tomato fruit.
Postharvest Biol. Technol996,7, 97-107.

(13) Froehlich, J. E.; Itoh, A.; Howe, G. A. Tomato allene oxide
synthase and fatty acid hydroperoxide lyase, two cytochrome
P450s involved in oxylipin metabolism, are targeted to different
membranes of chloroplast envelopdant Physiol.2001,125,
306—317.

(14) Chen, G.; Hackett, R.; Walker, D.; Taylor, A.; Lin, Z.; Grierson,
D. Identification of a specific isoform of tomato lipoxygenase
(TomloxC) involved in the generation of fatty acid-derived flavor
compoundsPlant Physiol.2004,136, 2641—2651.

(15) Zimmerman, D.; Coudron, C. A. Identification of traumatin, a
wound hormone, as 12-oxo-trans-dodecenoic &aht Physiol.
1979,63, 536—541.

(16) Hildebrand, D. F.; Rodriguez, J. G.; Legg, C. S.; Brown, G. C.;
Bookjans, G. The effects of wounding and mite infestation on
soybean leaf lipoxygenase leveB. Naturforsch.1989, 44C,
655—659.

(17) Howe, G. A.; Lee, G. |; Itoh, A.; Li, L.; DeRocher, A. D.
Cytochrome P450-dependent metabolism of oxylipins in tomato.
cloning and expression of allene oxide synthase and fatty acid
hydroperoxide lyasePlant Physiol.2000,123, 711-724.

(18) Gomi, K.; Yamasaki, Y.; Yamamoto, H.; Akimitsu, K. Charac-
terization of a hydroperoxide lyase gene and effect of C6-volatiles
on expression of genes of the oxylipin metabolism in Citdus.
Plant Physiol.2003,160, 1219—1231.

(19) Fallik, E.; Archbold, D. D.; Hamilton-Kemp, T. R.; Clements,
A. M.; Collins, R. W.; Barth, M. M. E)-2-Hexenal can stim-
ulateBotrytis cinereagrowth in vitro and on strawberries in vivo
during storage.J. Am. Soc. Hortic. Sci1998 123 875—
881.

(20) Couture, R.; Willemot, C.; Avezard, C.; Castaigne, F.; Gosselin,
A. Improved extraction of lipids from strawberifghytochemistry
1988,27, 2033—2036.

J. Agric. Food Chem., Vol. 54, No. 4, 2006 1447

(21) Fall, R.; Karl, T.; Jordan, A.; Lindinger, W. Biogenic C5
VOCs: Release from leaves after freezbaw wounding and
occurrence in air at a high mountain observatétynos. Emiron.
2001,35, 3905—3916.

(22) Pérez, A. G.; Sanz, C.; Olias, R.; Olias, J. M. Lipoxygenase and
hydroperoxide lyase activities in ripening strawberry fruils.
Agric. Food Chem1999,47, 249—253.

(23) Bradford, M. M. A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of
protein-dye bindingAnal. Biochem1976,72, 248—254.

(24) Axelrod, B.; Cheesbrough, T. M.; Laakso, S. Lipoxygenase from
soybeansMethods Enzymoll981,71, 441—451.

(25) Hildebrand, D. F.; Hamilton-Kemp, T. R.; Loughrin, J. H.; Ali,
K.; Andersen, R. A. Lipoxygenase 3 reduces hexanal production
from soybean seed homogenat&sAgric. Food Chem1990,

38, 1934—1936.

(26) Fauconnier, M. L.; Marlier, M. An efficient procedure for the
production of fatty acid hydroperoxides from hydrolyzed flax
seed oil and soybean lipoxygenaB@&technol. Tech1996,10,
839—-844.

(27) Vick, B. A. A spectrophotometric assay for hydroperoxide lyase.
Lipids 1991,26, 315—320.

(28) Hamilton-Kemp, T. R.; McCracken, C. T.; Loughrin, J. H.;
Andersen, R. A.; Hildebrand, D. F. Effects of some natural
volatile compounds on the pathogenic fuAdfiernaria alternata
and Botrytis cinereaJ. Chem. Ecol1992,18, 1083—1091.

(29) Sharaf, A.; Ahmed, A.; El-Saadany, S. Biochemical changes in
some fruits at different ripening stagesood Chem1989,31,
19-28.

(30) Wang, S. Y.; Faust, M. Variation in lipid composition of apples
in relation to watercorel. Am. Soc. Hortic. Sc1992 117, 829—
833.

(31) Conconi, A.; Miquel, M.; Browse, J. A.; Ryan, C. A. Intracellular
levels of free linolenic and linoleic acids increase in tomato
leaves in response to woundiriant Physiol. 1996 111, 797—

803.

(32) Ryu, S. B.; Wang, X. Increase in free linolenic and linoleic acids
associated with phospholipase D-mediated hydrolysis of phos-
pholipids in wounded castor bean leav@®chim. Biophys. Acta
1998,1392, 193—202.

(33) Browse, J.; Somerville, C. Glycerolipid synthesis: Biochemistry
and regulationAnnu. RevPlant Physiol. Plant Mol. Biol1991,

42, 467—506.

(34) Ohlrogge, J.; Browse, J. Lipid biosynthedg¥ant Cell 1995,7,
957-970.

(35) McArthur, M. J.; Atshaves, B. P.; Frolov, A.; Foxworth, W. D.;
Kier, A. B.; Schroeder, F. Cellular uptake and intracellular
trafficking of long chain fatty acidsJ. Lipid Res.1999, 40,
1371-1383.

(36) Spiteller, G. The relationship between changes in the cell wall,
lipid peroxidation, proliferation, senescence and cell death.
Physiol. Plant.2003,119, 5-18.

(37) Narvaez-Vasquez, J.; Florin-Christensen, J.; Ryan, C. A. Posi-

tional specificity of a phospholipase A activity induced by

wounding, systemin, and oligosaccharide elicitors in tomato

leaves.Plant Cell 1999,11, 2249—2260.

Wang, C.; Zien, C. A.; Afitlhile, M.; Welti, R.; Hildebrand, D.

F.; Wang, X. Involvement of phospholipase D in wound-induced

accumulation of jasmonic acid in Arabidops®ant Cell2000,

12, 2237—2246.

Palmer, C. N. A.; Axen, E.; Hughes, V.; Wolf, C. R. The

Repressor Protein, Bm3R1, mediates an adaptive response to

toxic fatty acids inBacillus megateriumJ. Biol. Chem.1998,

273, 18109—18116.

Hong, M.; Zilinskas, B. A.; Knipple, D. C.; Chin, C. Kis-3-

Hexenal production in tobacco is stimulated by 16-carbon

monounsaturated fatty acidBhytochemistry2004 65, 159—

168.

Kessler, A.; Halitschke, R.; Baldwin, I. T. Silencing the jasmote

cascade: Induced plant defenses and insect populaBoieice

2004,305, 665—668.

(38)

(39)

(40)

(41)



1448  J. Agric. Food Chem., Vol. 54, No. 4, 2006 Myung et al.

(42) Santino, A.; Paolis, A. D.; Gallo, A.; Quarta, A.; Casey, R.; Mita, enzymes and volatile compounds in fresh tomatdesPlant
G. Biochemical and molecular characterization of hazelnut Physiol.2001,158, 1111—-1116.
(Corylus aellana) seed lipoxygenaseBur. J. Biochem2003, (47) Matsui, K.; Fukutomi, S.; Wilkinson, J.; Hiatt, B.; Knauf, V.;
270, 4365—4375. Kajiwara, T. Effect of overexpression of fatty acid 9-hydroper-
(43) Ongena, M.; Duby, F.; Rossignol, F.; Fauconnier, M. L. oxide lyase in tomatoes (Lycopersicon esculentifi.). J.
Dommes, J.; Thonart, P. Stimulation of the lipoxygenase pathway Agric. Food Chem2001,49, 5418—5424.
is associated with systemic resistance induced in bean by a (48) Sekiya, J.; Kajiwara, T.; Munechika, K.; Hatanaka, A. Distri-
nonpathogeni®seudomonastrain.Mol. Plant-Microbe Inter- bution of lipoxygenase and hydroperoxide lyase in the leaves
act. 2004,17, 1009—-1018. of various plant speciesPhytochemistry1983 22, 1867
(44) Noordermeer, M. A,; Veldink, G. A.; Vliegenthart, J. F. Fatty 1869.
acid hydroperoxide lyase: A plant cytochrome p450 enzyme (49) Menager, |.; Jost, M.; Aubert, C. Changes in physicochemical
involved in wound healing and pest resistanCaemBioChem characteristics and volatile constituents of strawberry (cv. Ciga-
2001,2, 494—-504. line) during maturationJ. Agric. Food Chem2004,52, 1248—
(45) Vancanneyt, G.; Sanz, C.; Farmaki, T.; Paneque, M.; Ortego, 1254.

F.; Castafiera, P.; S4nchez-Serrano, J. J. Hydroperoxide lyase
depletion in transgenic potato plants leads to an increase in aphid
performanceProc. Natl. Acad. Sci. U.S.A2001, 98, 8139— Received for review August 23, 2005. Revised manuscript received
8144. December 5, 2005. Accepted December 10, 2005.

(46) Yilmaz, E.; Tandon, K. S.; Scott, J. W.; Baldwin, E. A.; Shewfelt,
R. L. Absence of a clear relationship between lipid pathway JF052068+




