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Abstract

The allene oxide cyclase (AOC), an enzyme in jasmonate biosynthesis, occurs in vascular bundles and ovules of tomato flowers
which exhibit a tissue-specific oxylipin signature (Plant J. 24, 113-126, 2000). Constitutive overexpression of the 40C did not led to
altered levels of jasmonates in leaves, but these levels increased upon wounding or other stresses suggesting regulation of jasmonate
biosynthesis by substrate availability (Plant J. 33, 577-589, 2003). Here, we show dramatic changes in levels of jasmonic acid (JA),
of 12-oxo-phytodienoic acid (OPDA), their methyl esters (JAME, OPDAME), and of dinor-OPDA in most flower organs upon
constitutive overexpression of 40C. Beside a dominant occurrence of OPDAME and JA in most flower organs, the ratio among
the various compounds was altered differentially in the organs of transgenic flowers, e.g. OPDAME increased up to 53-fold in
stamen, and JA increased about 51-fold in buds and 7.5-fold in sepals. The increase in jasmonates and octadecanoids was accom-
panied by decreased levels of free lipid hydro(per)oxy compounds. Except for 16:2, the AOC overexpression led to a significant
increase in free but not esterified polyunsaturated fatty acids in all flower organs. The data suggest different regulation of JA bio-
synthesis in leaves and flowers of tomato.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Plants generate various lipid-derived signals in
response to biotic and abiotic stresses. These com-
pounds may activate distinct genes thus increasing
defense. Jasmonates, the free acid (JA), the methyl
ester (JAME) and JA- amino acid conjugates are well-
known signals of the wound- and pathogen signalling

pathways (Wasternack and Hause 2002; Creelman and
Rao, 2002). Furthermore, the JA precursor 12-oxophyto-
dienoic acid (OPDA), an octadecanoid compound, was
identified as a JA-independent signal in plant pathogen
interactions (Stintzi et al., 2001).

Both groups of compounds are formed within the
lipoxygenase (LOX) pathway originating from o-lino-
lenic acid (a-LeA). The initial reaction is the insertion of
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molecular oxygen at carbon atom 13 catalyzed by a 13-
LOX leading to (13S)-hydroperoxy-(9Z,11E,15Z)-octa-
decatrienoic acid (13-HPOT) (Fig. 1), whereas a 9-LOX
can form 9-hydroperoxides. 13-HPOT is the substrate
for seven different branches of the LOX pathway
(Feussner et al., 2001). In case of JA biosynthesis an
allene oxide synthase (AOS) converts the 13-HPOT into
an unstable allene oxide which can rapidly decay
into ketols or can cyclize non-enzymatically to racemic
OPDA. In presence of an allene oxide cyclase (AOC),
the (95,13S5)-enantiomer of OPDA (cis-(+)-OPDA) is
formed. Due to this enantiomeric specificity, the AOC-
catalyzed step is of special importance. The naturally
occurring (+)-7-iso-JA carries this enantiomeric struc-
ture at the cyclopentanone ring. Cis-(+)-OPDA is
metabolized by a specific OPDA reductase (OPR3) and
three cycles of B-oxidation.

Most of the genes encoding enzymes of JA biosynth-
esis have been cloned. In tomato, four 13-LOXs (Heitz
et al., 1997), two 13-A0OSs (Howe et al., 2000; Siva-
sankar et al., 2000), one 9-AOS (Itoh et al., 2002), one
AOC (Ziegler et al., 2000) and three OPRs (Strassner et
al., 2002) have been characterized. Immunocytological
analysis and import studies revealed that the putative
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Fig. 1. Scheme on JA biosynthesis and some related branches of LOX
pathway.

chloroplast transit peptides of 13-LOXs, 13-A0OSs, and
AOC are functional (Howe et al., 2000; Stenzel et al.,
2003a; Ziegler et al., 2000). The OPR3 was localized in
peroxisomes (Strassner et al., 2002).

Formation of JA is an essential step in a complex
signalling cascade following wounding of tomato leaves
as occurring by herbivore attack. Upon local wounding
a prosystemin gene is expressed, and the 18-amino acid
peptide systemin is processed from the pro-peptide pro-
systemin in the apoplast. Systemin can bind to the
recently cloned membrane-located receptor which acti-
vates an intracellular signalling cascade including a
MAPK, a Ca?>" ion flux, and a rise in o-LeA and JA
levels (Conconi et al., 1996; O’Donnell et al., 1996;
Stratmann and Ryan, 1997). Defense genes such as that
coding for proteinase inhibitors (PINs) are finally acti-
vated thus attributing to an “immunization” of tomato
plants against a new herbivore attack (Ryan, 2000).

The expression of genes encoding prosystemin and
AOC occurs specifically in vascular bundles (Hause et
al., 2000; Jacinto et al., 1997), and both of them are
induced by JA and systemin, respectively. A preferential
formation of JA in main veins of tomato leaves was
found, and consequently, an amplification in wound
signalling was proposed (Stenzel et al., 2003a). How the
rise in JA upon wounding is regulated, is only partially
understood. In tomato, most genes encoding enzymes of
JA biosynthesis are JA-inducible (Strassner et al., 2002),
and a feed forward regulation has been suggested.
However, the rise in JA precedes the accumulation of
corresponding mRNAs, and enzymes of JA biosynthesis
occur constitutively in tomato leaves (Stenzel et al.,
2003a). Furthermore, JA formation seems to be depen-
dent on substrate availability, since in 40C over-
expression lines of tomato elevation of JA in leaves
occurs only upon wounding (Stenzel et al., 2003a).
Similar substrate-dependency of JA formation was
found with A0S overexpression lines of tobacco and
Arabidopsis (Laudert et al., 2000).

In contrast to untreated wild type leaves, where only a
residual level of JA and OPDA occurs (Stenzel et al.,
2003a), the different flower organs contain a distinct
oxylipin signature (Hause et al., 2000). This suggests
that regulation of JA biosynthesis may differ between
the leaf and the different flower organs. Another ques-
tion in JA formation is its relationship to other branches
of the LOX pathway. It has been previously shown that
LOX products are shifted preferentially into the reduc-
tase branch upon salicylate treatment (Weichert et al.,
1999), whereas preferential activity of the hydroper-
oxide lyase branch and the reductase branch were found
upon jasmonate treatment (Bachmann et al., 2002).
Consequently, a shift of metabolites between the differ-
ent branches may occur, if an individual step of one
branch is altered by constitutive overexpression or
repression. Although such a transgenic approach is
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artificial in respect to naturally occurring processes, the
principal ability of metabolite levels, altered by the
transgen, to affect reactions of the LOX pathway is
unequivocally reflected. For the AOS branch con-
stitutive overexpression of the AOC led to unchanged
levels of jasmonates in leaves (Stenzel et al., 2003a).
Additionally, except for 13-HOT and 13-HOD, levels of
free and esterified lipid hydro(pero)xy compounds were
only marginally affected in leaves of these transgenic
plants (Weichert et al., 2003).

Here we addressed the question whether constitutive
overexpression of the AOC alters levels of jasmonates
and octadecanoids as well as of free and esterified lipid
hydro(pero)xy compounds in flower organs. The organ-
specific oxylipin signature was dramatically affected and
levels of jasmonates and octadecanoids were elevated.
This increase was accompanied with a diminished level
of free lipid hydro(pero)xy compounds in most flower
organs. The data indicate a remarkable shift in the
9-LOX and the 13-LOX activity in tomato flowers fol-
lowing AO0C overexpression. In contrast to leaves, the
substrate seems not to be limiting for JA biosynthesis in
flower organs.

2. Results
2.1. Overexpression of AOC in tomato flowers

The specific expression of AOC in vascular bundles
and ovules of tomato flowers is accompanied with an
oxylipin signature differing among the flower organs
(Hause et al., 2000). In order to inspect this signature in
transgenic lines overexpressing or repressing AOC, we
generated transgenic plants with the tomato AOC-
cDNA in sense and antisense orientation under the con-
trol of the 35S promoter (Stenzel et al., 2003a). Inspec-
tion of the accumulation of AOC mRNA and AOC
protein in leaves of five independent lines carrying the
35S::AO0Csense construct revealed constitutive AOC
expression in all lines with preferential abundance in S1
(TO) and S1.8 (T1) (Fig. 2a). All further analyses of the
sense plants were done with line 1.8. In leaves of 9
independent lines carrying the 35S::40Cantisense con-
struct no or only a residual amount of AOC transcript
could be detected (Stenzel et al., 2003a). In order to
check the AOC expression in transgenic flowers, we
analyzed flowers of two months old plants (Fig. 3). As
expected, the AOC overexpression led to accumulation
of AOC protein in all flower tissues thereby contrasting
from the specific occurrence of AOC in ovules and vas-
cular bundles of wild type flowers (Fig. 3C versus A).
Using a pre-immune serum a cross-reactivity was
detected only with the epidermal layer of the ovules
(Fig. 3B). The 35S::4O0Cantisense lines still exhibited
remarkable amounts of AOC protein in ovules and

vascular bundles of flowers (Fig. 3D), even the AOC is a
single copy gene in tomato (Ziegler et al., 2000). This
contrasts to the clear antisense effect in leaves of these
lines (Stenzel et al., 2003a) and might be caused by
lower activity of the 35S promoter in flowers. Due to
this amount of AOC in flowers of antisense linel.8, we
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Fig. 2. Comparison in terms of AOC mRNA accumulation and AOC
protein levels (a) in leaves of three out of five independent primary
35S::A0Csense lines (TO) and T1 lines generated therefrom, as well as
quantification of jasmonates and octadecanoids in wild type flower
buds to show standards deviation (b). For (A) total RNA (20 pg per
lane) and total protein extracts (10 pg per lane), were subjected to
Northern blot analysis and immunoblot analysis, respectively. mRNA
was probed with a 3?P-labeled full length 40C probe of tomato. Gel
loading was checked by ethidium bromide staining. AOC protein was
probed with an anti-AOC-antibody (dilution 1:5000) and a corres-
ponding pre-immune serum (pre-i.s.) as described (Stenzel et al.,
2003a). For (B) three different batches of about 50 flower buds pooled
from 10 different plants, each of them two to three month old, were
subjected to quantification of jasmonates and octadecanoids as
described in Experimental.
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Fig. 3. Immunocytochemical localization of AOC in cross-sections of tomato flowers of 6-week old wild type (A), 35S::40Csense (C), and
358::A0Cantisense (D) plants. Cross-sections (2 um thickness) were probed with pre-immune serum (B) or the AOC protein was visualized by
immunodecoration with rabbit anti-AOC antibody (A, C, D) both followed by a goat-anti-rabbit IgG antibody conjugated with alkaline phospha-
tase and staining as described in Experimental. With the anti-AOC-antibody in the wild type flowers strong label was found in vascular bundles of
sepals, petals and stamens as well as in the ovules, whereas with the pre-immune serum only the epidermal layer of the ovules was labeled (B). In
sense tissues the tissue-specific occurrence of AOC was compromised by constitutive expression in all tissues (C). In antisense tissues a significant
label, most remarkably in ovules, indicated AOC protein. Bar: 500 pm for each picture.

analyzed only the overexpression lines compared to the
wild type both in terms of jasmonates, octadecanoids,
free and esterified lipid hydro(pero)xy compounds as
well as free and esterified fatty acids.

2.2. Dramatic increase of OPDAME and JA as well as
an altered oxylipin signature in flower organs by AOC
overexpression

In comparing levels of jasmonates and octadecanoids
in flowers of overexpression line 1.8 with that of wild
type flowers numerous changes became obvious. To
give an overview on the various changes, data are not
given in numbers, but the absolute amounts in pmol
per g f. w. were used for a graphical presentation in
which the area of the circle and the area of the sector are
indicative for the total amount and the amount of each
compound, respectively (Fig. 4). The data can be sum-
marized as follows:

1. Most of the compounds occurred at higher levels
in flowers of the sense line indicating increased
JA biosynthesis.

2. JA increased about 51-fold in buds and 7.5-fold
in sepals following AOC overexpression. In

contrast to the wild type, the JA level exceeded
that of OPDA in most organs of transgenic
flowers.

3. The dominant compound in all transgenic flower
organs was the methyl ester of OPDA reaching
37 nmol per g f. w. in stamens of sense plants,
which is a 53-fold increase compared to the wild
type.

4. The ratio among the various jasmonates and
octadecanoids, the oxylipin signature, was
altered in the different flower organs following
overexpression of 40C.

5. Low amount of JAME was found both in wild
type and transgenic tissues.

2.3. Lipid hydro(pero)xy compounds occur preferentially
esterified, but only the free forms exhibited decreased
levels in flower organs of AOC overexpression lines

The dramatic increase of some octadecanoids and
jasmonates in tomato flower organs following over-
expression of 40C prompted us to inspect whether
there was a simultaneous shift in levels of substrates
used in JA biosynthesis as well as of compounds syn-
thesized in related branches within the LOX pathway.
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Fig. 4. Levels of jasmonate and octadecanoids in flower organs of
wild type (Lycopersicon esculentum cv. Lukullus) plants and
35S::AOCsense plants (line 1.8, shown in Fig. 2). Tissues pooled from
at least 65 flowers of at least 5 different two to three months old plants
were extracted, purified by HPLC and quantified by GC-MS analysis
as described in Experimental. The area reflects the total amount of
compounds (wild type: buds, 2.4 pmol per g f. w.; flower stalks, 5.6
nmol per g f. w.; sepals, 12.6 nmol per g f. w.; petals, 7.2 nmol per g f.
w.; stamens 2.1 nmol per g f. w.; pistils, 12.8 nmol g f. w.; sense: buds,
14.8 nmol per g. f. w; flower stalks, 13.8 nmol per g f. w.; sepals, 34.6
nmol per g f. w.; petals, 11.2 nmol per g f. w.; stamens 41.5 nmol per g
f. w.; pistils, 16.0 nmol per g f. w.). The various sectors per circles are
indicative for the amount of individual compounds (e. g. in sense sta-
mens 1.5 nmol per g f. w. of JA, 0.29 nmol per g f. w. of JAME, 1.2
nmol per g f. w. of OPDA, 37.7 nmol per g f. w. of OPDAME and 0.9
nmol per g f. w. of dinor-OPDA). The amount of each compound is
given in % of the total amount.

This metabolite profiling was done for free and ester-
ified lipid hydro(pero)xy compounds (Fig. 5).

Most of these compounds were found preferentially in
their esterified form in both the wild type and the
358:: A0 Csense plants. In case of 13-HOD the esterified
form accumulated up to a 20-fold excess over the free
compound in most flower organs (Fig. 5c versus a). The
amount of the esterified forms was not altered sig-
nificantly by AOC overexpression except for 13-HOD,
and the levels in the various organs did not differed
dramatically for most compounds. An interesting char-
acteristic, however, is the preponderance of esterified
13-HOD, and to a lesser extent of esterified 13-HOT, in
most flower organs. This suggests a preferential activity
of the 13-LOX pathway.

An overall comparison of wild type and transgenic
flower organs revealed a significant decrease of levels in
several free lipid hydro(pero)xy compounds. Free 9-
HOD decreased most strongly from 19 to 3.2 nmoles
per g f. w. in stamens and from 8.0 to 1.5 nmoles per g f.
w. in pistils. These data suggest that 4O0C over-
expression led to an increased consumption of free lipid
hydro(pero)xy compounds including a decreased for-
mation of 9-LOX products.

2.4. AOC overexpression leads to increased levels of free
18:1, 18:2 and 18:3 fatty acids but decreased levels of
16:2 in most flower organs

Due to the altered levels of free lipid hydro(pero)xy
compounds in 40C overexpression lines the question
arises whether the levels and composition of fatty acids
were changed concomitantly. Inspection of the various
flower organs in wild type and the 35S::40Csense plants
revealed for the latter an increase in the amount of free
18:1, 18:2 and 18:3 fatty acids in all flower organs
(Fig. 6). This suggests that the elevated levels of jasmo-
nates and octadecanoids observed in the overexpression
line may induce release of these polyunsaturated fatty
acid from their esterified form. In contrast, the level of
free 16:2 decreased remarkably in most flower organs of
the overexpression line. The total amount of each ester-
ified fatty acid of flower organs differed not significantly
between wild type and 35S::40Csense plants. An inter-
esting exception was again the 16:2 fatty acid. In pistils
remarkable levels of free and esterified 16:2 fatty acids
were detected in both the wild type and the transgenic
plants.

3. Discussion

Jasmonates and octadecanoids are synthesized in
response to environmental stresses and developmental
cues. Flower development, tuberization and senescence
are developmental processes exhibiting elevated JA
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levels or are JA dependent (Wasternack and Hause,
2002). In flower development of Arabidopsis, JA bio-
synthesis and perception are essential for male gameto-
phyte development as indicated by the JA-insensitive
mutant coil (Feys et al., 1994) and the JA-deficient
mutants fad3-2fad7-2fad8, ddel, dadl and opr3 (Ishi-
guro et al., 2001; McConn and Browse, 1996; Sanders et
al., 2000; Stintzi and Browse, 2000). In contrast, in
tomato the JA insensitive mutant jai-/ is female sterile
(Li et al., 2001). Therefore, question arises how such
species-specific differences in respect to JA perception
and/or signalling evolved. Interestingly, in the different
tomato flower organs JA accumulation differs remark-
ably. There is a preferential occurrence of OPDA in
pistils, and of JA in flower stalks, whereas the ratio of
various jasmonates and octadecanoids, the oxylipin sig-
nature, differed among the flower organs (Hause et al.,
2000), leading to the question whether there are specific
functions of jasmonates in the different flower organs.
Here, we addressed the question, how such an oxylipin
signature of flower organs and of leaves is altered upon
overexpression of AOC, and whether an AOC over-
expression has consequences for the amount and ratio
of LOX pathway intermediates.

Overexpression or repression of genes encoding
enzymes of hormone biosynthesis was repeatedly used
to modulate hormone levels (Hedden and Phillips,
2000). In case of JA biosynthesis, constitutive over-
expression of AOS in tobacco (Laudert et al., 2000;
Wang et al., 1999), and in Arabidopsis (Park et al., 2001;
Sanders et al., 2000) as well as of AOC in tomato
(Stenzel et al., 2003a) increased levels of JA and OPDA
in leaves only upon wounding or other external stimuli
indicating that substrate availability regulates JA for-
mation. In leaves this corresponds to the levels of pre-
ceding compounds of JA biosynthesis and related LOX
products, the free and esterified lipid hydro(pero)xy
compounds. They did not alter dramatically except for
13-HOT and 13-HOD (Weichert et al., 2003).

In contrast to these data, in flowers of the over-
expression line numerous changes in the amount and
composition of fatty acids, lipid hydro(pero)xy compounds,
octadecanoids and jasmonates appeared: An interesting
aspect described here for the first time, is the dominant
occurrence of free 16:2 fatty acid in all flower organs
compared to other free fatty acids which were under the
detection limit in wild type plants. The 16:2 fatty acid
was tentatively identified by its retention time in GC
analysis as the (7Z, 10Z2) form. In tomato leaves, 16:2
fatty acid could not be detected (Weichert et al., 2003)
as in canola leaves (Madey et al., 2002). Its dominant
occurrence in all flower organs was decreased by 40C
overexpression. It will be interesting to see whether
this preferential accumulation is accompanied with the
formation of 16:2 derived oxylipins which have not been
described so far.

The most intriguing results on levels of jasmonates,
octadecanoids and lipid hydro(pero)xy compounds are
(i) the difference in the amount between leaves and
flowers, (ii) the specific ratio of these compounds in the
various flower organs and (iii) the shift among these
compounds by constitutive overexpression of 40C.

To (i): Most lipid hydro(pero)xy compounds reached
in flower organs (Fig. 5) much higher levels than in
leaves (Weichert et al., 2003) with preferential occur-
rence of the esterified form. In case of 13-HOT and 13-
HOD levels in sepals, the esterified forms exceeded that
of the free forms up to 20-fold. The preferential occur-
rence of 13-HOT and 13-HOD suggests that the
13-LOX branch is more active. Since the analytical
techniques could be improved, increasing number of
data can be expected on abundantly appearing esterified
lipid-derived compounds as has been done for senescing
flowers (Leverentz et al., 2002) and Arabidopsis leaves
(Stenzel et al., 2003b). The 13-LOX-derived product
OPDA was detected esterified in unwounded rosette
leaves of A. thaliana 2-fold higher levels than the free
form (Stelmach et al., 2001), and colneleic acid, the 9-
LOX-derived product of the divinyl ether synthase
reaction, was found to be a constituent of phospholipids
in potato (Fauconnier et al., 2003).

Also jasmonates and octadecanoids reached much
higher levels in flowers (Fig. 4) (Hause et al., 2000) than
in untreated leaves (Stenzel et al., 2003a). So far there
are no indications, and due to extractions procedures
used it is highly unlikely, that JA is stored in esterified
lipids of untreated leaves thereby attributing to much
lower level than in flowers. There are clear indications
for separate signalling properties for JA and OPDA
(Alméras et al., 2003; Stintzi et al., 2001). Therfore it is
interesting to see whether the specific amount of each
compound for the various flower organs is of sig-
nificance for a specific gene expression pattern. This
specific amount reached remarkably high levels in case
of OPDAME indicating preferential methylation of
OPDA instead of B-oxidation in sepals and petals, and
also the dinor-OPDA levels were high in pistils. In this
respect, it is interesting to note, that cis-regulatory
sequences involved in the JA-inducible PIN2 expression
of flowers are different from those controlling expres-
sion in leaves (Lorberth et al., 1992).

To (ii): The different ratios of lipid hydro(pero)xy
compounds in flower organs suggest that the tissues differ
in the activity of the various LOX forms. An exceptional
high level of free 9-HOD was found in stamens and pistils
of wild type flowers (Fig. 5a). In leaves, 9-LOX products
such as 9-HOD and 9-HOT increase with similar kinetics
as PR gene expression in response to pathogen attack
(Gobel et al., 2001, 2002). Thus, it is tempting to speculate
that the organ-specific preference of 9-HOD represents a
naturally occurring defense mechanism which protects
these sink tissues against pathogen attack.
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To (iii): The shift in levels of lipid hydro(pero)xy
compounds following 4OC overexpression indicates an
altered regulation of the 9-LOX and the 13-LOX. In
case of 9-HOD the dramatic decrease following AOC
overexpression suggest a down-regulated 9-LOX branch
(Fig. 5a), possibly caused by the dramatic increase in
OPDAME and JA (Fig. 4) in these organs following
AOC overexpression. The increase in the total amount
of octadecanoids and jasmonates seems to be a con-
sequence of AOC overexpression (Fig. 4) indicating that
in contrast to leaves there is no substrate limitation in
JA biosynthesis of flower organs. The characteristic
levels of jasmonates and octadecanoids in the various
flower organs shown for wild type flowers (Hause et al.,
2000) were shifted remarkably by 4OC overexpression.
This suggests that the flower organs may regulate inde-
pendently the formation of these compounds. Such
organ-specific regulation in forming various signalling
molecules might be of advantage at distinct stages of
flower development and in the response to environ-
mental factors. Elevation of JA and OPDA in distinct
flower organs may induce genes coding for plant defense
proteins or may function in plant communication.
Numerous such genes are known and many of them are
JA responsive such as proteinase inhibitors (Pefa-
Cortes et al., 1991), leucine amino peptidases (Tu et al.,
2003), endo-B-1,4-glucanase and vy-thionins (Milligan
and Gasser, 1995), and defensins (Lay et al., 2003).
Among secondary compounds there are deterrant alka-
loids known to be formed by enzymes located in the
pistil (Lantin et al., 1999). In pistils several flower-spe-
cific terpene synthases attribute to emission of mono-
terpenes and sesquiterpenes which are discussed to be
olfactory cues for pollinating insects (Chen et al., 2003).
Another secondary metabolite, kaempferol, accumu-
lates during pollination and wounding in stigma tissues
which contain elevated levels of the JA-inducible PIN2
(Atkinson et al., 1993), of the AOC (Hause et al., 2003)
and of JA (Fig. 4). In contrast to untreated leaves,
where no shift in the compounds upon AOC over-
expression occurred (Weichert et al., 2003; Stenzel et al.,
2003a), the flower organ-specific alteration of octadeca-
noids, jasmonates and lipid hydro(pero)xy compounds
following AOC overexpression will help to analyze
putative biological consequences.

4. Experimental
4.1. Plant materials, growth and reagents

Lycopersicon esculentum Mill. cv. Lukullus and
transgenic lines (Lukullus background) carrying the
full length cDNA of the tomato AOC in sense or in
antisense orientation under the control of the 35S pro-
moter (Stenzel et al., 2003a) were grown as described

(Wasternack et al., 1998). Flower buds (<6 mm) and
sepals, petals, stamens, pistils and stalks were pooled from
at least 65 different flowers of at least five wild type and
five transgenic plants two to three months old. They
were dissected with a razor blade and immediately frozen
in liquid nitrogen. All jasmonates and octadecanoids
were prepared and purchased, respectively, checked on
purity and used as described (Hause et al., 2000;
Maucher et al.,, 2000). The internal standards for
GC-MS analysis [?Hg-JA and [*Hs]-OPDA were
prepared as described (Miersch, 1991; Zimmerman and
Feng, 1978).

4.2. Extraction and quantitative analysis of jasmonates
and octadecanoids

About 0.5 g f. w. in liquid nitrogen was homogenized
in a mortar and extracted with 5 ml of 80% methanol
(v/v). Appropriate amounts of [?Hg¢]-JA and [*Hs]-
OPDA were added as internal standards for GC-MS
analysis. Purification, fractionation and quantification
was performed as described (Stenzel et al., 2003a). The
standard deviation in GC-MS analysis was less than
10%. Due to the biologically pooled material and the
great number of different compounds one series of
extraction and measurements is presented. To show that
this strategy is sufficient for the question under study, in
one set of experiments standard deviations for the most
important compounds such as JA, JAME, OPDA and
OPDAME were calculated from three independent
extraction procedures of biologically pooled material
each of them measured in triplicates (Fig. 2b).

4.3. Separation and quantification of free and esterified
fatty acids and of free and esterified lipid hydro(pero)xy
compounds

From frozen tissues homogenized in a mortar, the
fatty acids and lipid hydro(pero)xy compounds both in
the esterified and the free form, were extracted, deriva-
tized and separated into the corresponding positional
and stereoisomeric forms as described (Stenzel et al.,
2003b). Quantification was performed by HPLC (lipid
hydro(pero)xy compounds) and GC (fatty acids) as
described (Stenzel et al., 2003b). The standard deviation
of analyses was less than 15%. Due to the biologically
pooled material one series of measurements is presented.

4.4. Immunocytochemistry

Immunocytochemical analysis was performed as
described (Hause et al., 2000) using cross-section (2 um
thickness) of PEG-embedded flower buds of two
months old plants. The anti-AOC antibody raised
against recombinant tomato AOC (Ziegler et al., 2000) was
used in a section (2 pm thickness) of PEG-embedded
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flower buds of two months old plants. The anti-AOC
antibody raised against recombinant tomato AOC
(Ziegler et al., 2000) was used in a dilution of 1:2000. As
secondary antibody, anti-rabbit IgG conjugated with
alkaline phosphatase (Chemicon Int., Hofheim, Ger-
many) was used, according to the manufacturer’s
instructions. Staining was performed with nitrote-
trazolium blue chloride (NBT) and 5-bromo-4-chloro-3-
indanoyl phosphate (BCIP). Sections were analyzed by
bright field microscopy using a Zeiss “Axioskop” (Zeiss,
Jena; Germany). Pictures were taken with a CCD cam-
era (Sony, Tokyo, Japan) and processed through the
Photoshop 4.0 program (Adobe, Seattle; USA).

4.5. Extraction of RNA and proteins, Northern blot
analysis and immuno blot analysis

Total RNA and proteins were extracted and subjected
to Northern blot analysis and immuno blot analysis,
respectively, as described (Stenzel et al., 2003a).
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