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Abstract— Lipoxygenase (LOX) and allene oxide synthase (AOS) are key enzymes in the jasmonic acid (JA)
biosynthesis pathway. In this work, the role of LOX and AOS in defense response induced by wounding was
investigated using pea (Pisum sativum L., cv. Ning Xia) seedlings as the material. The results showed that
wound-induced “JA burst” was accompanied by the activation of LOX and AOS and the accumulation of
their mRNAs; applied JA also stimulated the accumulation of LOX and AOS. Further experiments conducted
with inhibitors demonstrated that the wound-induced JA was regulated by LOX and AOS at both transcrip-
tional and enzymic levels. Their activation was necessary in wound-mediated defense response and could

enhance the tolerance of pea seedlings to wounding.
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INTRODUCTION

Plants have evolved complex defense mechanisms
to cope with the stress caused by mechanical wound-
ing, which is produced by either abiotic factors or her-
bivory and results in the induction of defense genes.
The activation of wound-responsive genes is triggered
by a complex signaling network, in which the plant
hormone jasmonic acid (JA) plays a pivotal role.

In generally, JA and its derivatives, such as methyl
jasmonic acid (MeJA), collectively called jasmonates
(JAs), are synthesized from linolenic acid (LeA) or
linoleic acid (LA) by consecutive actions of 13-lipoxy-
genase (13-LOX), allene oxide synthase (AOS), allene
oxide cyclase (AOC), 12-oxophytodienoic acid reduc-
tase (OPR3), and B-oxidative enzymes [1]. JAs exist
widely in plants and regulate plant development on
molecular, cell, and organ levels. They are involved in
plants growth, fruit maturation, tuber formation, tri-
chome formation, senescence, and flower develop-
ment [2], as well as in various stress responses [ 3, 4]. JA
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Abbreviations: AOC—allene oxide cyclase; AOS—allene oxide
synthase; ASA—acetylsalicylic acid; JA—jasmonic acid;
HPOT—hydroperoxyoctadecatrienoic acid; JAs—jasmonates;
LOX—Ilipoxygenase; LA—Ilinoleic acid; LeA—Iinolenic acid;
MeJA—methyl jasmonic acid; NDGA-—nordihydroguaiaretic
acid; OPDA—12-oxo-oxophytodienoic acid; OPR3—12-oxo-
phytodienoic acid reductase; PAL—phenylalanine ammonia-
lyase.

is an important signal molecule in plants functioning
in response to biotic and abiotic stresses. In most plant
stress responses, the role of JA is indicated by its
endogenous rise following the onset of stresses or
pathogenic attack. Also distinct developmental stages,
organs, and tissues are characterized by remarkably dif-
ferent and specific contents of JA and related com-
pounds. Besides, it is possible that JA acts as a systemic
signal, leading also to systemic expression of genes
encoding proteinase inhibitors and other foliar com-
pounds with negative effects on herbivore performance.
Consequently, the plants become immunized against a
subsequent herbivore attack. Grafting experiments with
JA-deficient and JA-signaling mutants performed in
G. Howe laboratory have shown that JA signaling was
necessary in the systemic leaf defense [1].

Most LOXs (EC 1.13.11.12) are non-heme iron-
containing dioxygenases that catalyze hydroperoxida-
tion of polyunsaturated fatty acids with a cis,cis-1,4-
pentadiene structure. The products of LOX activity are
9-C or 13-C fatty acid hydroperoxides synthesized by
9-LOX and 13-LOX, respectively [1]. Many 9- and 13-
LOXs are located in the cytosol, but chloroplasts con-
tain only 13-LOXs. The products of the LOX reaction
are then converted to different oxylipins in at least six
biosynthetic branches [5]. The AOS branch leads to
JAs, like JA or 12-oxo-oxophytodienoic acid
(OPDA). The participation of chloroplastic LOXs in
the AOS branches has been clearly established in sev-
eral plants. In Arabidopsis thaliana, cosupression of
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the AtLOX2 gene reduced wound-induced JA accumu-
lation and wound- and JA-inducible gene expression
[6]. In Nicotiana attenuata, antisense expression of
NalOX3 specifically reduced JA accumulation,
expression of JA-induced genes, and resistance to
Manduca sexta attack [7]. Activity, protein, or mRNA
accumulation of chloroplastic LOXs in response to
wounding or pathogen interaction has been also
described in a number of nonlegume plants, like
tomato [8], wheat [9], N. atfenuate [7], maize [10],
and others. Besides, LOXs played important roles in
some other stresses, such as water and drought stresses
[11,12].

Conversion of hydroperoxyoctadecatrienoic acid
(HPOT), the first step in JA biosynthesis, is carried out by
AOS, a cytochrome P450 enzyme of the CYP74A family,
leading to an unstable allene oxide [13]. Then the short-
lived allene oxide is cyclized to cis-(+)-OPDA by AOC.
The synthesis of OPDA from LA occurs in plastids [6],
and it is now becoming increasingly clear that, in addi-
tion to JA or OPDA, the first cyclic metabolite in the
pathway, is a genuine endogenous signaling compound
[1]. Thus, it is to be expected that the level of OPDA in
plants is tightly controlled. Therefore, the entrance
reaction of a biosynthetic pathway may be an appro-
priate control point for the entire pathway. The obser-
vation that the levels of AOS mRNA rose drastically
and transiently in A. thaliana leaves after wounding
[13] and that the AOS promoter was strongly wound-
responsive [14] is in line with this notion.

All genes encoding enzymes of JA biosynthesis are
JA-inducible, and promoters analyzed so far increase
their activity upon JA treatment. This has led to the
suggestion that JA biosynthesis is regulated by a posi-
tive feedback [4]. LOX and AOS are the two key
enzymes of this pathway and could be induced by
wounding. However, the relation between LOX/AOS
and JA accumulation as well as their roles in wound-
inducible defense response were investigated little. In
this study, pea seedlings were used as the material for
studying the relation between LOX/AOS and JA in the
terms of enzymic and transcriptional levels, as well as
investigating the roles of LOX/AOS in wound-medi-
ated defense response using the inhibitors of
LOX/AOS activity.

MATERIALS AND METHODS

Materials. Ten-day-old pea (Pisum sativum L.,
cv. Ning Xia) seedlings with six leaves grown in the
greenhouse in China Agricultural University were
used as the material. After being excised at the base of
stems with a razor blade, the seedling shoots were
placed in white porcelains with a little water and then
recovered for 12 h at 25°C in a growth chamber with
light intensity of 200 pumol/(m? s). The recovered
seedlings were used for the following treatments.
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All of the seedlings treated were maintained in a
growth chamber for 15 h of light (200 pmol/(m? s) at
25°C and 9 h of dark at 19°C at 60% relative humidity.

Wounding treatment was performed as follows: one
of the upper fully expanded leaves in each recovered
seedling was quickly wounded twice at the central
zone perpendicular to the main vein with a pair of scis-
sors. After the treatment was finished, samples were
harvested at the times indicated in figures, immedi-
ately frozen in liquid nitrogen, and stored at —80°C
until further use.

Exogenous JA (10 uM, Sigma, United States)
treatment was performed as follows: the recovered
seedlings were immersed in 10 uM (£)JA (Sigma)
under light at 25°C for 1 h. After treatment was com-
pleted, the pea leaves were harvested at the times indi-
cated in figures, immediately frozen in liquid nitrogen,
and stored at —80°C until further use.

Nordihydroguaiaretic acid (NDGA) (0.2 mM,
Sigma) treatment was performed as follows: NDGA
was sprayed on the pea seedling leaves until drips
formed, for a 40 min infiltration period, then wound-
ing treatment was conducted as described above. After
treatment was completed, the pea leaves were har-
vested at the times indicated in figures, immediately
frozen in liquid nitrogen, and stored at —80°C until
further use.

Acetylsalicylic acid (ASA, 2.5 mM) and linoleic
acid (LA, 75 uM) treatments were conducted similarly
as NDGA treatment.

The leaves from nonpretreated seedlings were used
as the control; they were harvested at the same period
as the treated ones. At least three independent experi-
ments were conducted for each treatment. All chemi-
cals were purchased from Sigma unless otherwise
noted.

Determination of MDA content. MDA content was
measured as described by Heath and Packer [15]. The
pea leaves (0.3 g) were homogenized in 5 ml of 0.1%
trichloroacetic acid and centrifuged at 10000 g for
5 min. After centrifugation, 1 ml of the supernatant
was mixed with 4 ml of 0.5% thiobarbituric acid, and
the mixture was incubated in boiling water for 30 min;
thereafter, it was transferred to an ice bath to stop the
reaction. The absorbance was read at 532 nm and
adjusted for nonspecific absorbance to 600 nm. MDA
content was estimated by using an extinction coeffi-
cient of 155/(mM cm).

Determination of JA content. JA content was deter-
mined according to Deng et al. [16].

Analysis of LOX activity. Leaf tissues were ground
to a fine powder in liquid nitrogen, and 1 g of pow-
dered tissue was homogenized in 3 ml of ice-cold
extraction buffer containing 50 mM sodium phos-
phate, pH 6.5, 1% (w/v) insoluble polyvinylpolypy-
rolidone, 5 mM DL-dithiothreitol, and 0.1 mM phe-
nylmethanesulfonyl fluoride. The homogenate was
centrifuged at 10000 g for 20 min at 4°C, and the
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supernatant was used as the enzyme source. LOX
activity was determined spectrophotometrically by mea-
suring the formation of conjugated dienes at 234 nm and
30°C using LA (Acros Organics, United States) as a
substrate according to a method described previously
with some modification [17]. The absorption at
234 nm was recorded as a function of time for 4—5
min, and the activity was determined from the slope of
the linear portion of the curve. One unit of enzyme
activity was defined as an increase in absorbance at
234 nm per minute per milligram of protein under
assay conditions. In order to determine the optimum
pH of the reaction, the assays of the LOX activity were
carried out at various pH values: 0.1 M sodium acetate
buffer (pH 4.0, 4.5, 5.0, and 5.5), 0.1 M sodium phos-
phate buffer (pH 6.0, 6.5, 7.0, and 7.5), 50 mM Tris—
HCI (pH 8.0, 8.5, and 9.0). Protein concentration was
determined using the Bradford assay kit (Bio-Rad,
United States) and BSA as a standard protein accord-
ing to the manufacturer’s instructions.

Analysis of AOS activity. AOS activity was mea-
sured as previously described by Zimmeraman [18]
with some modifications. The reaction mixture con-
tained 3 ml of PBS (pH 7.0), 200 pl of hydroperoxide
substrate solution (0.4 ml of soybean LOX solution
(1.0 mg/ml borate buffer, pH 9.0), 0.2 ml of linoleic
acid (25 mM), and 10 ml of water for 2 h at 30°C), and
100 pl of the enzyme extract. The absorbance was
measured at 234 nm before and after incubation.

Analysis of phenylalanine ammonia-lyase (PAL)
activity. PAL activity was measured as previously
described by Solecka and Kacperska [19] with some
modifications. Briefly, the pea leaves (4 g) were
homogenized with mortar and pestle in 12 ml of
extraction buffer (50 mM Tris—HCI, pH 8.9, 15 mM
B-mercaptoethanol, 5 mM EDTA, 5 mM ascorbic
acid, 10 mM leupeptin, 1 mM PMSE and 0.15%
(w/v) PVP). The homogenate was filtrated through
four layers of cheesecloth and centrifuged at 12000 g
for 20 min at 4°C. The supernatant was used as a
source of crude enzyme for assaying PAL activity. The
reaction mixture (3 ml) contained 16 mM L-phenyla-
lanine, 50 mM Tris—HCI (pH 8.9), 3.6 mM NacCl, and
0.5 ml of the crude enzyme. Incubation was performed
at 37°C for 1 h, and the reaction was stopped by the
addition of 500 ml of 6 M HCI. The reaction mixture
was then centrifuged for 10 min at 12000 g to pellet the
denatured protein. The absorbance was measured at
290 nm before and after incubation. One unit of
enzyme activity was defined as an increase in absor-
bance at 290 nm per hour per milligram of protein
under assay conditions. Protein concentration was
determined using the Bradford assay kit (Bio-Rad)
and BSA as a standard protein according to the man-
ufacturer’s instructions. To determine whether the
reaction was enzymatic, a sample extract was boiled
and assayed.
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Determination of H,0O, content. Hydrogen perox-
ide was determined by the method of Patterson [20],
and the result was presented as nmol H,0,/g fr wt.

Total RNA extraction and RT-PCR analysis. Total
RNA was isolated from pea leaves with the method
described by Logemann et al. [21] with some modifi-
cations. All steps were performed at 4°C. The pea
leaves (0.5 g) were ground in liquid nitrogen and trans-
ferred into 2 ml of washing buffer comprising 0.1 M
Tris—boracic acid (pH 7.4), 0.35 M sorbitol, 10%
PEG 6000 (w/v), and 2% B-mercaptoethanol (v/v).
After centrifugation at 12000 g for 8 min, 2 ml of the
extraction buffer containing 0.1 M Tris—boracic acid
(pH 7.4), 1.4 M NacCl, 0.02 M EDTA, and 2% cetyl-
trimethyl ammonium bromide was added, and the
mixture was kept at 55°C for 20 min. Then 200 ml of
5 M acetate, 200 ml of ethanol, and 2 ml of chloro-
form were added. After centrifugation at 12000 g for
10 min, 1/3 volume of 10 M LiCl and 0.8 volume of
isopropylalcohol were added before centrifugation at
15000 g. The pellet was dried and then resuspended in
0.5 ml of diethylpyrocarbamate (DEPC)-treated
water, and 0.5 ml of water-saturated phenol was
added. After centrifugation at 15000 g for 15 min,
0.5ml of chloroform/isoamylalcohol was added
before centrifugation at 15000 g. Total RNA was then
precipitated overnight after addition of 1/3 volume of
10 M LiCl. After centrifugation (15000 g, 30 min), the
pellet was washed in 75% ethanol and resuspended in
DEPC-treated water. RNA yield was determined
spectrophotometrically, and its quality was evaluated
by electrophoresis in an agarose gel followed by ethid-
ium bromide staining and UV light visualization.

A 2-pg aliquot of RNA was used as a template for
reverse transcription—polymerase chain reaction,
using an AMYV reverse transcriptase (Promega A3500,
United States) according to procedures specified by
the manufacturer. According to published sequences
of pea, gene-specific primers were designed (table).
The amplification of Actin cDNA was used as an inter-
nal control. The PCR reactions were conducted in
25 pl total volume containing cDNA (0.5 pl), 0.5 mM
dNTP, 2 units of Tag DNA polymerase (TaKaRa),
10 pmol of each gene-specific amplification primer.
PCR conditions were as follows: 8 min initial heating
at 94°C, followed by 26(ACTIN)/30(L0OX)/35(A0S)
three-step cycles of 1 min denaturation at 94°C, 30 s
annealing at 53°C (ACTIN)/49°C(LOX)/47°C(AOS),
and 30 s elongation at 72°C, followed by a final exten-
sion at 72°C for 8 min. The identity of all PCR prod-
ucts was confirmed by sequencing analysis at Invitro-
gen (Beijing, China).

Statistical analysis. Data were analyzed by analysis
of variance and Student-Newman-Keuls test. Signifi-
cance tests were performed on three independent
experiments (n = 3; each replicate an average of
10 seedlings).
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Primers for RT-PCR
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Gene Sequences 5'—3' Size of PCR production Genbank accession no.
LOX Sense: ACCCTTATGCTGTTGATGGACT 327 bp AJ49704
Antisense: CAGGCATGAATCTTCTGCTTTT
AOS Sense: CTTCACCGTAGGTTAGCG 323 bp AB095985
Antisense: TGTTTCAACAACTTCTCCC
ACTIN | Sense: GATTCTGGTGATGGTGGTGTGAGT 578 bp PSU81048
Antisense: GACAATTTCCCGTTCAGCAGT

RESULTS

Activation of LOX and AOS and Accumulation
of Their mRNAs Could Be Induced by Mechanical
Wounding and Applied JA

LOX and AOS are two key enzymes involved in JA
biosynthesis; they catalyze LA to form hydroperoxide
and unstable allene oxide. Thus, the response of LOX
and AOS to JA was investigated in pea seedling leaves.

The optimum pH of LOX activity in Pisum sativum L.,
cv. NingXia was determined firstly because it varies
substantially in different materials. As shown in Fig. 1,
the LOX activity determined in pea leaves was the
highest at pH 6.0. In acid or alkaline environment,
LOX activity was low or even undetectable. Therefore,
pH 6.0 was selected for LOX activity determination in
this study.

Although 9- and 13-LOXs always exist simulta-
neously with variation during plant development, they
are responsible for different physiological functions.
13-LOXs had been identified to play a predominant
role in wound-induced LOX activation [22]. After
mechanical wounding, two peaks of LOX activity were
observed in pea seedlings: a smaller peak (in 5 h, twice
higher than control) and a higher peak (36 h, threefold
higher than control). The first smaller peak was
induced and disappeared rapidly, but the latter one
accumulated gradually and maintained at a higher
level for a long time (Fig. 2a). LOX activity increased
gradually and reached its maximum in 24 h after JA
application (threefold higher than control), then
declined almost to its control level (Fig. 2b). The pat-
tern of AOS response to wounding and exogenous JA
was similar to that of LOX (Figs. 2c, 2d).

Additionally, changes in the accumulation of LOX
and AOS mRNA induced by wounding and exogenous
JA showed the same trends except for time parameters
(Fig. 3). The two phases of LOX mRNA accumulation
stimulated by wounding occurred in 3 and 24 h, and
AOS mRNA appeared in 1 and 8 h, respectively (Fig. 3a).
The accumulation of wound- and JA-inducible
LOX/AOS mRNA occurred a little earlier than their
activities (Fig. 3b).
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Effect of Applied Inhibitors and Stimulator of JA
Biosynthesis on LOX/AOS Activity and JA Accumulation
Induced by Wounding

The results above indicated that LOX and AOS in
pea seedlings responded to wounding and applied JA
in a manner, which was similar to the response of
endogenous JA to wounding. This may imply that LOX
and AOS played instrumental roles in JA accumula-
tion induced by wounding.

NDGA is a nonselective LOX inhibitor in terms of
conversion of active ferric ions into the inactive ferrous
state and chelating ferric ions [12]. The wound-
induced LOX activity could be impaired to some
degree after plant spraying with 100, 200, and 500 pM
NDGA before wounding, and it was totally inhibited
after pretreatment with 200 and 500 puM NDGA
(Fig. 4a). Moreover, wound-induced JA was also
inhibited greatly by pretreatment with 200 and 500 pM
NDGA (Fig. 4b). Given the lower the better, the con-
centration of NDGA applied in the following experi-
ments was 200 pM.

ASA is an inhibitor of AOS activity. As shown in
Fig. 4c, AOS activity was partly inhibited after pre-
treatment with 0.5 and 1 mM ASA, and it was totally
inhibited by pretreatment with 2.5 mM ASA. Simi-
larly, wound-induced endogenous JA content was
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Fig. 1. Effect of pH values on LOX activity in pea seedlings.
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Fig. 3. Accumulation of LOX and AOS mRNA induced by wounding and exogenous JA.

(a) Wounding treatment; (b) treatment with 10 uM JA. LOX and AOS mRNA in response to wounding and applied JA were ana-
lyzed by RT-PCR. Amplification of B-ACTIN cDNA was used as a control to standardize the expression of the genes.

impaired little by 0.5 and 1 mM ASA pretreatment,
but it was inhibited intensely by 2.5 mM ASA pretreat-
ment (Fig. 4d). Therefore, 2.5 mM ASA was used as
the inhibitor of JA biosynthesis in the following exper-
iments.

Asshown in Fig. 4e, LA could activate LOX activity
effectively. When 25 uM LA was applied, LOX activity
was not increased evidently; but when 75 and 100 uM
LA were applied, LOX activity reached 83 and 93% of
that induced by applied JA, respectively. Only 75 and
100 uM LA could enhance endogenous JA accumula-
tion effectively, which was about 75 and 78% of that

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY Vol. 58

induced by wounding, respectively (Fig. 4f). Thus,
75 uM LA was used in the following experiments.

Effect of Applied Inhibitors and Stimulator of JA
Biosynthesis on H,0, Accumulation, PAL Activity,
and MDA Content Induced by Wounding

Plants injury caused by various stresses is mainly
the result of action of reactive oxygen species (ROS),
which main form is H,0,. Hydrogen peroxide burst
was observed immediately after wounding treatment of
pea seedlings and reached its maximum in 3 h after
2
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Fig. 4. Effect of various concentrations of NDGA, ASA, and LA on LOX/AOS activity and JA content induced by wounding.

(1) Wound; (2) 0.1 mM NDGA + wound; (3) 0.2 mM NDGA + wound; (4) 0.5 mM NDGA + wound; (5) 0.5 mM ASA + wound,;
(6) 1.0 mM ASA + wound; (7) 2.5 mM ASA + wound; (§) 25 uM LA + wound; (9) 75 uM LA + wound; (10) 100 uM LA +

wound.

wounding, being about twice higher than in control
(Fig. 5). However, pretreatment with 200 uM NDGA
before wounding could totally block the H,0, burst,
and pretreatment with 2.5 mM ASA also declined the
H,0, content to 60% of that induced by wounding
(Figs. 5a, 5b). LA (75 uM) could stimulate H,0, accu-
mulation quickly, and its value was about 80% of that
induced by wounding (Fig. 5¢c). These results showed
that LOX and AOS played important roles in wound-
induced oxidative stress and were closely involved to
the wound-inducible accumulation of JA and H,0,.

PAL is the key enzyme of the phenylpropanoid bio-
synthesis pathway, and its activity is an important indi-

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY Vol. 58

cator of plant tolerance to wounding. PAL activity was
effectively activated by wounding, reached its maxi-
mum at 48 h, and then declined (Fig. 6). But pretreat-
ment with 200 pM NDGA and 2.5 mM ASA inhibited
wound-induced PAL activity intensely. At application
of 75 uM LA, PAL activity exhibited a similar change
curve as wounding treatment or even more fierce; its
highest value was 18% higher than after wounding
treatment.

MDA is the result of peroxidation of membrane
lipids, and its level reflects the degree of the membrane
injury. As shown in Fig. 7a, MDA content increased
along with increasing NDGA concentration. After

No.2 2011



244 YANG et al.

500 (a)
450
400 -
350 -
300 -
250 F
200

150 | 1 | { | | | 1 |
12 24 36 48

500 (b)
2 450 -
00 F

W
o
T

[\®} N W w N
W (=3
(e} (e}
T T

H,0, content, nmol/g fr wt

1

150 | | 1 1 1 1 | |
0 1 3 6 12 24 36 48

Time after treatment, h

Fig. 5. Effect of NDGA (a), ASA (b), and LA (c) on
wound-inducible H,O, content.

Intact pea seedling leaves were used as a control. (/) Con-
trol; (2) wound; (3) 0.2 mM NDGA + wound; (4) 25 mM
ASA + wound; (5) 75 uM LA + wound.

pretreatment with 200 and 500 pM NDGA, wound-
induced MDA content increased obviously, about 60%
higher than wounding treatment. But there was no sig-
nificant difference between these two treatments. Sim-
ilar as after NDGA pretreatments, MDA content
increased evidently after pretreatments with high con-
centrations of ASA (1 and 2.5 mM), and no significant
difference existed between these two treatments (Fig. 7b).
Additionally, the higher concentration of LA stimu-
lated the MDA level in pea seedlings (Fig. 7c¢).
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Fig. 6. Effect of NDGA (a), ASA (b), and LA (c) on
wound-inducible PAL activity.

Intact pea seedling leaves were used as a control.

(1) Control; (2) wound; (3) 0.2 mM NDGA + wound,;
(4) 25 mM ASA + wound; (5) 75 uM LA + wound.

DISCUSSION

LOX and AOS Were Essential to JA Accumulation
Induced by Wounding

Plants encounter various inevitable environmental
stresses during their life and have evolved diverse
defense mechanisms against stresses. One of the most
known ones includes the signal transduction pathways
of phytohormones, such as JA, salicylic acid, ethyl-
ene, and ABA. Endogenous JA level is extremely low

2011



ROLE OF LIPOXYGENASE AND ALLENE OXIDE SYNTHASE

[22], which is accordance to the characteristic of plant
hormones. A body of researches demonstrated that
JAs employed broad-spectrum physiological functions
during plant development, including inhibiting root
growth, seed germination, tuber formation, trichome
formation, promoting senescence, and inducing
flower development [1]. In addition, there were also
many studies focusing on JA-mediated wound defense
response.

JA accumulated rapidly in wounded pea seedlings
and varied in a biphasic manner: “JA burst” was
observed in the earlier phase and another lower accu-
mulation in the later phase [22]. This wound-induced
JA accumulation was accompanied by the activation
of LOX and AOS (Figs. 2, 3). Applied JA could also
stimulate the LOX/AOS activity and their mRNA
expression (Figs. 2, 3). Other studies also indicated
that all enzymes related to JA biosynthesis could be
induced by JA [4]. But wound-induced JA rose instan-
taneously, which occurred before the expression of
LOX and AOS (Figs. 2, 3). This may suggest that the
wound-induced JA accumulation stimulated the de
novo biosynthesis of LOX/AOS, which accumulation
in its turn promoted the increase in JA.

Whether the expression of LOX and AOS was
related to the accumulation of JA induced by wound-
ing, the endogenous level of LOX and AOS should be
regulated to investigate the change in wound-induced
JA. The traditional methods are transgenes, mutant
screening, and inhibitor application. We inhibited the
enzyme activities by spraying with its inhibitors.
Therefore, in order to identify the role of LOX and
AOS in the course of JA accumulation induced by
wounding, NDGA and ASA, the inhibitors of LOX
and AOS, respectively, were used for studying the
interaction between LOX, AOS, and JA induced by
wounding. The appropriate inhibitor concentration
not only inhibited the LOX/AOS activity but also
inhibited effectively the JA level induced by wounding
(Figs. 4a—4d). It was noted that the inhibitory action
of NDGA and ASA on wound-induced JA was selec-
tive; these inhibitors could totally inhibit the JA accu-
mulation in the later phase but only partially in the
earlier phase. The effect of applied LA on wound-
induced LOX/AOS activity and JA content was con-
centration-dependent (Figs. 4e, 4f). In sum, the
wound-induced JA was both regulated at the tran-
scriptional and enzymic level of LOX/AOS.

LOX/AOS Played Important Roles in Defense Response
of Pea Seedlings Induced by Wounding

The results above indicated that the activation of
LOX/AOS was closely related to the JA accumulation
induced by wounding. Lots of reports demonstrated
that wounding and applied JA could induce oxidative
stress [23], which was also observed in the wounded
pea seedlings (Fig. 5). But wound-induced H,O, burst
was inhibited by the pretreatment with NDGA and
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Fig. 7. Effect of NDGA, ASA, and LA on MDA content
induced by wounding.

Intact pea seedling leaves were used as a control (CK).
W—wounding. (a) 100, 200, and 500 indicated that pea
leaves were sprayed with 100, 200, and 500 pM NDGA
before wounding; (b) 500, 1000, and 2500 indicate that pea
leaves were sprayed with 500, 1000, and 2500 uM ASA
before wounding; (c) 25, 75, and 100 indicated that pea leaves
were treated with 25, 75, and 100 uM LA. Different letters
indicate a statistical difference at P < 0.05 among different
treatments according to Duncan’s multiple range test.

ASA and, in contrast, was stimulated by applied LA.
ROS could possess direct defense function in plants,
inducing lipid peroxidation, protein and DNA oxida-
tion [24]. However, a large number of ROS attack the
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biomembranes, leading to peroxidation of membrane
lipids. MDA is produced by peroxidation of lipids, and
its level represents the degree of membrane injury [25].
Our experiments revealed that LOX/AOS activities
were inhibited by pretreatment with NDGA and ASA,
and in contrast the MDA level enhanced along with
the inrease in the applied concentrations. In other
words, the ability of resistance to wounding of pea
seedlings declined gradually due to the inhibition of
LOX/AOS activity. Reversely, after application of LA,
MDA level increase was accompanied by the activa-
tion of LOX/AOS, inducing the more intensely dam-
age to pea seedlings (Fig. 7). This implies that LOX
and AOS took part in the wound-induced oxidative
burst course, and it was suggested that the activation of
LOX/AOS contributed to the reduction of ROS toxicity.

Additionally, a series of secondary metabolites
could be synthesized when plants were subjected to
wounding, for example, phenylpropanes, flavonoids,
and terpenoids. These compounds mainly gathered
near the wound, participated in the wound recovery
responses and blocked the insect attack. Secondary
metabolites were synthesized along the phenylpro-
panes metabolic pathway, whose key enzyme is PAL
[26]. Therefore, PAL activity was used for indicating
the pea seedling ability of resistance to wounding. In
wounded pea seedlings, PAL activity enhanced obvi-
ously, indicating that wound defense response could be
induced efficiently by wounding (Fig. 6). Further-
more, PAL mRNA could be also stimulated by wound-
ing [3, 26]. On the other hand, the inhibition of PAL
gene transcription and protein synthesis decreased the
enhanced PAL activity induced by wounding, which
suggests that de novo synthesis of PAL was essential to
these defense responses [27]. And wound-induced
increase in the PAL activity was inhibited by pretreat-
ment with NDGA and ASA (Fig. 6). This may imply
that the activation of LOX/AOS was necessary in the
wound-mediated defense response.

Consequently, when pea seedlings were subjected
to wounding, LOX and AOS, the key enzymes of JA
biosynthesis, showed a biphasic response curve like
JA, but the times of the accumulation peaks occurring
were ahead of that for JA. It was suggested that the
wound-induced JA was regulated at both the tran-
scriptional and enzymic levels of LOX/AOS. The
application of LOX and AOS inhibitors revealed that
the activation of LOX and AOS played essential roles
in the wound-mediated defense response of pea seed-
lings.
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