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Methyl Jasmonate Induces Lauric Acid w-Hydroxylase
Activity and Accumulation of CYP94A1 Transcripts but
Does Not Affect Epoxide Hydrolase Activities in
Vicia sativa Seedlings'
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Treatment of etiolated Vicia sativa seedlings by the plant hor-
mone methyl jasmonate (MetJA) led to an increase of cytochrome
P450 content. Seedlings that were treated for 48 h in a 1 mm
solution of MetJA stimulated w-hydroxylation of 12:0 (lauric acid)
14-fold compared with the control (153 versus 11 pmol min~" mg™"'
protein, respectively). Induction was dose dependent. The increase
of activity (2.7-fold) was already detectable after 3 h of treatment.
Activity increased as a function of time and reached a steady level
after 24 h. Northern-blot analysis revealed that the transcripts
coding for CYP94AT1, a fatty acid w-hydroxylase, had already accu-
mulated after 1 h of exposure to MetJA and was maximal between
3 and 6 h. Under the same conditions, a study of the enzymatic
hydrolysis of 9,10-epoxystearic acid showed that both microsomal
and soluble epoxide hydrolase activities were not affected by MetJA
treatment.

Hydroxylases that belong to the CYP4 (Cyt P450) family
and are capable of hydroxylating the terminal methyl of
fatty acids (w position) have been extensively studied in
mammals (Simpson, 1997). A remarkable property is their
inducibility by compounds that are known to stimulate
peroxisomal proliferation (Simpson, 1997). More than 2
decades have passed since the first fatty acid
w-hydroxylation in a plant was described (Soliday and
Kolattukudy, 1977). Previous investigations from our lab-
oratory have extensively characterized P450-dependent
w-hydroxylases oxidizing C10 to C18 fatty acids in pea and
Vicia sativa (Benveniste et al., 1982; Salatin et al., 1986; Pinot
et al.,, 1992, 1993). In V. sativa microsomes, oleic acid is
subjected to a cascade of reactions that involves at least
three distinct enzymes: a peroxygenase, an epoxide hydro-
lase, and a Cyt P450-dependent w-hydroxylase (Pinot et al.,
1992, 1997). The latter enzymatic system, inducible by the
peroxisome proliferator clofibrate, is able to w-hydroxylate
oleic acid and its oxygenated derivatives, 9,10-epoxystearate
and 9,10-dihydroxystearate. The interplay of the three en-
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zymes accounts for the formation of the major C18 cutin
monomers (Kolattukudy, 1980). Cutin is a component of
the cuticle that protects plants against different stresses (i.e.
pathogens, chemicals, and drought). It consists of a
biopolymer in which monomers are cross-linked via ester
bonds between carboxyl and w-hydroxyl groups. Thus,
enzymes capable of w-hydroxylating fatty acids have a key
role in cutin synthesis: by introducing the terminal hy-
droxyl function, they allow the elongation reaction of the
biopolymer to occur. In addition to being a constituent of
the cuticle, w-hydroxy fatty acids may be involved in plant
defense in another way, because it has been shown that
they act as endogenous signal molecules for the induction
of resistance in pathogen-challenged plants (Schweizer et
al., 1996a, 1996b).

Inhibition studies performed in our laboratory suggested
the presence of at least two enzymes capable of fatty acid
w-hydroxylation in V. sativa microsomes (Pinot et al., 1993).
This was confirmed by the recent cloning of distinct
w-hydroxylases from V. sativa (Tijet et al., 1998; R. Le
Bouquin and I. Benveniste, unpublished data). One of these
enzymes, CYP94A1, when expressed in yeast (Tijet et al.,
1998), catalyzed the w-hydroxylation of 18:1, 18:2, and 18:3
(oleic, linoleic, and linolenic acids, respectively) and of the
model substrate 12:0 (lauric acid).

Jasmonates, which derive from 18:3, are important reg-
ulatory molecules in plant defense (for review, see Semb-
ner and Parthier 1993; Creelman and Mullet, 1997; Mueller,
1997). The proteinase inhibitor PI-2 was the first well-
characterized defense-related protein induced by jas-
monate (Farmer and Ryan, 1990). Gundlach et al. (1992)
studied the induction of Phe ammonia-lyase, the first en-
zyme of the phenylpropanoid pathway, which leads to
components of the cell wall and to phytoalexins. Chalcone
synthase, which produces precursors of flavonoids, and
Pro-rich proteins, which participate in cell wall strength-
ening, are also induced by MetJA (Creelman et al., 1992). In
barley jasmonates stimulate the accumulation of JIP5
(jasmonate-inducible proteins), which have antifungal ac-

Abbreviations: DEHP, diethylhexyl-phtalate; Met]A, methyl jas-
monate; PPAR, peroxisome proliferator-activated receptor; X:Y, a
fatty acyl group containing X carbon atoms and Y cis double
bonds.
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tivity (Andresen et al., 1992) and JIP60, a ribosome-
inactivating protein (Chaudhry et al., 1994). Lipoxygenases
take part in the oxylipin pathway, the source of volatile
aldehydes, alcohol, and jasmonates that participate in plant
defense (Avdiushko et al., 1995). Different studies have
demonstrated the induction of lipoxygenases by jas-
monates (Avdiushko et al., 1995; Heitz et al., 1997).

We have studied the effect of MetJA on Cyt P450 content
and on w-hydroxylation of the model substrate 12:0 in
microsomes of V. sativa seedlings. We investigated the
effect of dose and time of treatment. The expression of
CYP94A1 was studied by northern-blot analysis. We also
investigated the effect of MetJA treatment on soluble and
microsomal epoxide hydrolase activities. The possible in-
volvement of CYP94A1 in plant defense is discussed.

MATERIALS AND METHODS
Chemicals

[1-'*C]12:0 (45Ci/mol) was purchased from DuPont-
New England Nuclear. Racemic [1-'*C]9,10-epoxystearic
acid was purchased from CEA (Gif-sur-Yvette, France).
TLC plates (Silica Gel G60 F254; 0.25 mm) were purchased
from Merck (Darmstadt, Germany). MetJA was from
Aldrich-Sigma.

Plant Material

Vicia sativa seedlings were germinated at 26°C on wet
paper with an illumination cycle that consisted of 16 h of
light and 8 h of dark (3200 lux). Seedlings were then
transferred to distilled water or solutions containing dif-
ferent concentrations of MetJA for various periods (concen-
trations and periods will be specified for each experiment).
To measure the effect of Met]JA on Cyt P450 content, seed-
lings were germinated and induced in water or MetJA in
the dark.

Preparation of Plant Subcellular Fractions

For each sample 30 g of seedlings was harvested and
homogenized with an Ultra-Turrax (15,000 rpm, twice for
30 s; Janke and Kunkel, Staufen i. Br., Germany) in a final
volume of 100 mL of 100 mM sodium-phosphate buffer (pH
7.4) containing 250 mmM Suc, 40 mm sodium ascorbate, 10
mM B-mercaptoethanol, and 1 mm PMSF. The homogenate
was filtered through 50-um nylon filtration cloth and cen-
trifuged for 20 min at 10,000g. The resulting supernatant
was centrifuged for 1 h at 100,000g. The soluble fraction
was divided into aliquots and stored at —30°C. To elimi-
nate contamination from the soluble fraction, the microso-
mal pellet was homogenized with a potter in 100 mm
pyrophosphate buffer (pH 7.5) containing 10 mwm
B-mercaptoethanol. After a second centrifugation at
100,000g, the microsomal pellet was resuspended in 7 mL
of 100 mm sodium-phosphate buffer (pH 7.4), 30% (v/v)
glycerol, and 1.5 mM B-mercaptoethanol, divided into ali-
quots, and stored at —30°C. Protein concentrations of the
microsomal and soluble fractions were estimated with a
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microassay from Bio-Rad using BSA as a standard. Cyt
P450 content was measured according to the method of
Omura and Sato (1964).

Enzyme Activities

12:0 w-Hydroxylase activity was determined by follow-
ing the rate of hydroxylated product formation. The stan-
dard assay (0.2 mL) contained 20 mm sodium-phosphate
buffer (pH 7.4), microsomal proteins (approximately 100
wng), 1 mm NADPH, plus a regenerating system (consisting
of final concentration of 6.7 mm Glc-6-P and 0.4 unit of
Glc-6-P dehydrogenase), and radiolabeled substrate (100
um). The reaction was initiated by the addition of the
NADPH and was stopped after 15 min at 27°C by the
addition of 0.1 mL of acetonitrile (0.2% acetic acid). The
reaction products were resolved by TLC as described be-
low. Epoxide hydrolase activities were measured using
9,10-epoxystearic acid, as described previously (Pinot et al.,
1997). The standard assay contained approximately 300 or
40 pg of protein from the microsomal or the soluble frac-
tion, respectively, in a final volume of 0.2 mL of 20 mm
sodium-phosphate buffer (pH 7.4). The reaction was initi-
ated by the addition of 2 uL of a 10 mM epoxystearic acid
solution in ethanol using a Hamilton repeating syringe
(Reno, NV) and stopped by the addition of 0.1 mL of
acetonitrile (0.2% acetic acid) after 15 min at 27°C. The
residual substrate and hydrolysis product were directly
spotted on TLC plates (see below). All assays were shown
to be linear for both protein content and time.

Chromatographic Methods

Incubation media were directly spotted on TLC plates,
which were developed with a mixture of diethyl ether:light
petroleum (boiling point, 40°C-60°C):formic acid (50:50:1,
v/v). The plates were scanned with a thin-layer scanner
(LB 2723, Berthold Analytical [EG&G Wallac, Gaithers-
burg, MD]). The area corresponding to the metabolites was
scraped into counting vials.

Northern-Blot Analysis

Total RNAs were isolated from 15 g of seedlings using
the procedure of detergent and phenol-chloroform extrac-
tion. For northern-blot analysis, total RNAs (30 ug/lane)
were denaturated, subjected to electrophoresis on a 1.2%
agarose gel containing formaldehyde, and transferred onto
a membrane (Hybond N, Amersham). The blot was hy-
bridized with **P-labeled cDNA corresponding to the cod-
ing region of CYP94A1 at 65°C for 16 h in 5X SSC. After
hybridization, the blot was washed twice with 2X SSC,
0.1% SDS at room temperature for 15 min, and twice with
0.2X SSC, 0.1% SDS at 55°C for 30 min. An 18S ribosomal
DNA from radish was used as an internal control. Densi-
tometric quantification of mRNA was performed from
scanned autoradiography (Arcus II scanner, Agfa Division,
Bayer, Ridgefield Park, NJ) using the NIH-Image program,
version 1.59 (National Institutes of Health, Bethesda, MD).
The spot-intensity measurement of mRNA was adjusted as
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Figure 1. Cyt P450 content in microsomes of V. sativa seedlings.
Five-day-old etiolated seedlings were induced in the dark for differ-
ent periods in water ((J) or in water containing 1 mm Met/A (H).

a function of the intensity from the internal control (18S
ribosomal DNA from radish).

RESULTS
Effect of MetJA on Cyt P450 Content

To investigate the effect of MetJA on Cyt P450 content,
5-d-old V. sativa seedlings were induced in water or in
water containing 1 mm MetJA. To avoid synthesis of chlo-
rophyll, which interferes with spectrophotometric mea-
surement of Cyt P450 content, germination and induction
were performed in obscurity. The results are presented in
Figure 1. Cyt P450 content increased during the first 12 h of
induction in microsomes of both control and Met]A-treated
seedlings. The level of Cyt P450 was consistently higher in
microsomes of treated plants. It is possible that we under-
estimated the level of jasmonate-induced P450 proteins;
indeed, gene regulation sometimes requires illumination.

Induction of 12:0 w-Hydroxylation

We used the model substrate 12:0 to compare the hy-
droxylation activity in microsomal fractions from control
and treated seedlings. The thin-layer radiochromatograms
presented in Figure 2 show that in both cases only the
w-hydroxy-C12:0 was produced. Furthermore, induction of
seedlings for 48 h in a 1 mM solution of MetJA enhanced
w-hydroxylation of 12:0 14-fold compared with the control
(153 versus 11 pmol min~ ' mg ™! protein, respectively).

Time Course and Dose Effects

We measured w-hydroxylation of 12:0 in microsomes of
seedlings treated with different concentrations of MetJA.
The results are presented in Figure 3. Even at the lowest
concentration tested (10 uM) the activity was stimulated by
25% compared with the control. A dose-dependent effect
was observed up to 1 mm MetJA. A direct representation
shows that this response is linear. The limit of dose depen-
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Figure 2. Radiochromatographic resolution of 12:0 metabolites gen-
erated by microsomal incubations from V. sativa seedlings. 12:0 (100
uM) was incubated with the microsomal fraction from 5-d-old seed-
lings induced for 48 h in water (A) or in water containing T mm MetJA
(B). Radiolabeled compounds were resolved into hydroxy-12:0 (peak 1)
and 12:0 (peak 2).
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Figure 3. Dose effect of MetJA on 12:0 w-hydroxylation in micro-
somes of V. sativa seedlings. 12:0 w-Hydroxylation was measured in
microsomes of seedlings (5 d old) induced for 24 h in a solution
containing increasing concentrations of MetJA. Activity in micro-
somes of control seedlings (induced for 24 h in water) was 16.3 = 1.3
pmol min~" mg™" protein. Data are means * sp of three measure-
ments performed in duplicate.
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Figure 4. Effect of time of treatment with MetJA on 12:0
w-hydroxylation in microsomes of V. sativa seedlings. 12:0
w-Hydroxylation was measured in microsomes of seedlings (5 d old)
induced for different periods in water (CJ) or in water containing 1
mm Met/A (l). Data are means * sp of three measurements per-
formed in duplicate.
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dency could be attributable to aqueous solubility. It could
also be attributable to a toxic effect of Met]A when admin-
istered at 5 mM. When treated at this dose, the seedlings
looked unhealthy compared with seedlings treated at
lower doses.

Figure 4 shows 12:0 w-hydroxylation in microsomes from
seedlings induced for different periods in water (control)
or in water containing 1 mm MetJA. The activity in control
microsomes remained constant during the experiment. To
the contrary, induction of seedlings in the presence of 1 mm
MetJA led to a drastic enhancement of activity. The effect of
the inducer was already measurable after 3 h of treatment:
activity was 2.7-fold higher in microsomes of treated
plants. Time-course studies with longer exposure times
revealed that activity decreased by 65% between 48 and
72 h (not shown).

We measured the rate of enzymatic hydrolysis of 9,10-
epoxystearic acid in microsomes and soluble fractions of
seedlings treated with different MetJA concentrations or
with 1 mm MetJA for different periods. Neither the micro-
somal epoxide hydrolase nor the soluble epoxide hydrolase
was affected by these treatments.

Time Course of CYP94A1 Expression in Control and
MetJA-Treated Seedlings

We recently cloned CYP94A1, a Cyt P450-dependent
w-hydroxylase from V. sativa that hydroxylates C12 to C18
fatty acids (Tijet et al., 1998). Here we studied the accumu-
lation of CYP94A1 transcripts during induction of V. sativa
seedlings in water or in water containing 1 mm MetJA. The
results are presented in Figure 5. Hybridization with a
32P-labeled cDNA probe corresponding to the whole cod-
ing sequence of CYP94Al showed accumulation of
hydroxylase-specific mRNA after 1 h of exposure to MetJA.
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The transcript level increased 14-fold and reached a max-
imum at 3 h.

DISCUSSION

Because we and others (Schweizer et al., 1996a, 1996b)
suspect that hydroxy fatty acids are involved in stress
signaling, we have examined the effect of the plant hor-
mone Met]JA on fatty acid w-hydroxylation. When using a
compound such as MetJA, which is both hydrophobic and
volatile, there is no simple relation between the applied
dose and the concentration achieved in situ. We applied
MetJA using the same protocol described previously for
hydrophobic compounds such as clofibrate and DEHP (Sa-
latin et al., 1986; Pinot et al., 1992). A dose-response study
(see “Results”) showed that the response was clearly de-
tectable from 50 uM and remained detectable up to 1 mm
MetJA in the treatment solution. It is not possible to di-
rectly compare the doses used here with those used in
studies in which MetJA was used in the vapor phase or as
droplets on leaves. The majority of our experiments were
performed with 1 mm Met]JA, the concentration that gave
the highest induction.

The increase of total spectrophotometrically detectable
Cyt P450 that we measured after MetJA treatment illus-
trates the role of MetJA as an inducer of plant defense. It is
recognized that Cyt P450s are involved in the biosynthetic
pathway of major phytoalexins (Durst and Benveniste,
1993). Recently, Suzuki et al. (1996) and Ohta et al. (1997)
described the first report of MetJA-induced transcription of
a Cyt P450 gene (CYP93A1) in soybean. The authors sug-
gest that this Cyt P450 is involved in the plant response to
fungal attack.

After 3 h of treatment with MetJA, w-hydroxylation of
12:0 was already 2.7-fold higher in microsomes of treated
versus control seedlings. This rapid response is consistent
with an involvement of w-hydroxylases in the mechanism
of plant defense. When examining the role of w-hydroxy
fatty acids as endogenous signal molecules, Schweizer et
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Figure 5. Time-course analysis of CYP94A1 expression in control
and MetJA-treated V. sativa seedlings. Seedlings (5 d old) were
induced for different periods in water (C) or in water containing 1T mm
MetJA (). Total RNA was extracted from 15 g of seedlings and 30 pg
was subjected to RNA-blot analysis. An 18S ribosomal DNA from
radish was used as an internal standard.
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al. (1996a) have shown that they are perceived by potato
cells within 1 to 2 h. In other studies related to plant
defense, jasmonates accumulated within 2 h after a stress in
cultured cells or in leaves of soybean (Creelman et al., 1992;
Creelman and Mullet, 1997). These authors also showed
that accumulation of mRNA coding for wound-responsive
genes occurred within 4 h after MetJA treatment.

Northern-blot analysis performed with the cDNA probe
corresponding to CYP94A1 showed that MetJA treatment
led to a rapid accumulation of CYP94A1l transcripts. Jas-
monates are thought to act intracellularly as gene inducers.
The dose-response effect described in the present study is
in favor of the existence of a receptor that remains to be
characterized. Mammalian w-hydroxylases are enhanced
by compounds such as clofibrate or DEHP, which induce
proliferation of peroxisomes (for review, see Simpson,
1997). This enhancement occurs via PPARs. Isseman and
Green (1990) demonstrated that the first PPAR cloned is
activated by clofibrate and other peroxisome proliferators,
which probably mimic endogenous compounds. Recently,
different groups have shown that PPAR can be activated by
prostaglandins and other fatty acid derivatives, which
could be endogenous ligands of PPAR (Devchand et al.,
1996; Wolf, 1996; Forest et al., 1997, Forman et al., 1997,
Krey et al., 1997). Clofibrate and DEHP produce similar
effects in plants (Salatin et al., 1986; Palma et al., 1991; Pinot
et al., 1992), which suggests that the mechanisms of regu-
lation by these compounds may be conserved. There are
evident structural analogies between prostaglandins
and jasmonates, which are involved in responses to stress.
Both are cyclic derivatives of fatty acids (20:4 and 18:3,
respectively), and they share a similar five-carbon-ringed
structure.

It is tempting to speculate that, like the stimulation of
mammalian w-hydroxylases by prostaglandins, MetJA
could induce w-hydroxylase from V. sativa via activation of
a transcriptional regulatory protein analog to PPAR. Re-
cently, Rouster et al. (1997) identified a MetJA-responsive
element in the promoter of a lipoxygenase. It is interesting
that this element contains the motif TGAC as inverted
repeats, which is also found in the promoter region of two
mammalian w-hydroxylases, CYP4A1l and CYP4A6 (John-
son et al., 1996). We are in the process of cloning the
complete gene coding for CYP94A1. The knowledge of the
sequence will allow a comparison with genes inducible by
peroxisome proliferators in mammals and genes coding for
proteins implicated in plant defense (Yang et al., 1997).

Recently, we demonstrated the existence of distinct ep-
oxide hydrolases in V. sativa capable of hydrolyzing 9,10-
epoxystearic acid (Pinot et al., 1997). Here we show that
MetJA treatment does not affect microsomal or soluble
epoxide hydrolase activities. This is in contrast to the data
from Stapleton et al. (1994), who reported induction by
MetJA of the soluble epoxide hydrolase from potato at the
transcriptional level. This discrepancy might be explained
by the existence of different isozymes of epoxide hydro-
lases. It could also be attributable to the use of different
plant materials. It is noteworthy that epoxides of fatty acid
are more effective stress signals than the corresponding
diols (Schweizer et al., 1996a). Furthermore, protection of

barley against Erysiphe gramini f. sp. hordei after application
of 9,10-dihydroxystearic acid was not greater than the pro-
tection observed after application of the original epoxide
(Schweizer et al., 1996b). Finally, secondary hydroxyls re-
sulting from hydrolysis of an epoxide are not essential for
cutin synthesis, which results from the esterification in-
volving mainly primary hydroxyls (Kolattukudy, 1980).
Consequently, in the context of plant resistance, epoxide
hydrolases might not have key roles.

In conclusion, using V. sativa and 12:0 as models,
we show here for the first time, to our knowledge, that
MetJA treatment of seedlings stimulates microsomal
w-hydroxylation of fatty acids. This stimulation might be a
major event in the general mechanism of plant defense. It
leads to the production of w-hydroxy fatty acids, which (a)
are incorporated in cutin, a constituent of the first barrier
between the plant and the outer environment, and (b) act as
endogenous signals in plants. The comparison of the com-
position and formation of cutin in control and MetJA-
treated plants will help us to assess the involvement of
w-hydroxylases in cutin synthesis. Furthermore, at present
we are growing tobacco lines (sense and antisense) with
coding sequences of w-hydroxylases. It will be interesting
to measure the cutin formation of these transgenic plants
and to determine if cutin modification alters resistance
against stress (i.e. pathogen and drought). The comparison
of mammalian and plant w-hydroxylase regulation, to-
gether with the similar origins, structures, and functions of
prostaglandins and MetJA, suggests that the induction
studied here could involve the activation of a receptor
analog to PPAR. Cloning of the complete gene coding for
CYP94A1 might confirm the existence of cis-elements that
could bind such a receptor.
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