Lipoxygenases in Plants — Their Role in Development and Stress Response
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Lipoxygenases catalyze the hydroperoxidation of polyunsaturated fatty acids and thus the
first step in the synthesis of fatty acid metabolites in plants. Products of the LOX pathway
have multiple functions as growth regulators, antimicrobial compounds, flavours and odours
as well as signal molecules. Based on the effects of LOX products or on the correlation of
increases in LOX protein and the onset of specific processes, a physiological function for
LOXs has been proposed for growth and development and for the plant response to patho-

gen infection and wound stress.

Introduction

Lipoxygenases (LOXs, linoleate:oxygen oxido-
reductases, EC 1.13.11.12) are non-heme iron con-
taining dioxygenases that catalyze the formation
of hydroperoxy derivatives of polyunsaturated
fatty acids. First described in plants as lipoxidase
(Andre and Hou, 1932) and carotene oxidase, as
an activity that degraded carotenoids (Sumner and
Sumner, 1940), LOX has since been the subject of
extensive studies. In particular in animal systems,
the role of LOXs in inflammatory responses is well
established. By converting arachidonic acid into
hydroperoxyeicosatetraenoic acid, mammalian
LOXs catalyze the first step in the synthesis of reg-
ulatory compounds such as leukotrienes and lipox-
ins, that play a role in inflammation, immunity,
hypersensitivity and host defense reactions (Sam-
uelson et al., 1987).

In comparison, the role of plant LOXs is less
clear. Despite detailed knowledge on structural
and enzymatic features, the physiological functions
for plant LOXs have yet to be elucidated. Based
on a correlation between increases in LOX protein
and transcripts and the onset of specific develop-
mental processes, a role of LOXs in seed germina-
tion and senescence has been suggested. During
the past years, evidence is accumulating for the
involvement of LOXs in the plant response to en-
vironmental stimuli such as wounding and patho-
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gen attack. Products of the LOX pathway, such
as traumatin, jasmonic acid, oxylipins and volatile
aldehydes, are supposed to play a role in signal
transduction of the wound response, as antimicro-
bial substances in host-pathogen interactions, as
regulators of growth and development and as aro-
matic compounds that affect food quality. How-
ever, analysis of the function of LOXs in plants is
complicated by the presence of multiple isoforms
and their heterogeneous tissue-specific and devel-
opmentally regulated expression patterns. This ar-
ticle attempts to highlight some aspects of the pre-
sumed role of plant LOXs.

Occurrence of LOXs in plants

LOXs have been detected in a large number of
plant species (reviewed by Vick and Zimmerman,
1987; Siedow, 1991). Although LOX isoforms
occur in most plant cells, the tissue-specific expres-
sion level of LOX within a plant can vary substan-
tially depending on developmental and environ-
mental conditions. Young and expanding tissues
usually contain high levels of LOX enzyme,
though increases in senescing tissue have been re-
ported as well (Siedow, 1991). The first LOX en-
zymes characterized in detail were the isoforms
which occur in high amounts in soybean seeds
(Axelrod et al., 1981). High levels of LOX are also
present in soybean leaves, where the 94 kDa vege-
tative storage protein was identified as LOX
(Tranbarger et al., 1991), and in potato tubers (Pin-
sky et al., 1971).
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LOX levels are regulated by various compounds
such as jasmonic acid and its methyl ester which
induce LOX gene expression in soybean (Bell and
Mullet, 1991; Anderson et al., 1989; Grimes et al.,
1992), Arabidopsis thaliana (Melan et al., 1993),
potato (Fidantsef et al., 1993; Geerts et al., 1994)
and barley (Feussner et al., 1995). Furthermore,
nitrogen (Grimes et al., 1993), wounding (Hilde-
brand er al., 1989) and pathogens (Yamamoto and
Tani, 1986; Ocampo et al., 1986; Ohta et al., 1991;
Rojas et al., 1993) modulate the level of LOX ex-
pression as do drought stress (Bell and Mullet,
1991), abscisic acid (Melan et al., 1993) as well as
auxin (Liu er al., 1991).

Studies to determine the subcellular localization
revealed the presence of LOX isoforms predomi-
nantly in the cytosol (Siedow, 1991), but also in
chloroplasts (Douillard and Bergeron, 1981; Feus-
sner et al., 1995), mitochondria (Grossman et al.,
1972), vacuoles (Wardale and Lambert, 1980), nu-
clei (Feussner er al., 1995) and lipid bodies (Feus-
sner and Kindl, 1992) as well as in association with
microsomal and plasma membranes (Droillard et
al., 1993; Macri et al., 1994; Nellen et al., 1995).
Because of this wide distribution of isoforms
within the cell it is difficult to assign a general role
for LOX. It has rather to be taken into consider-
ation that different isoforms might exert distinct
functions in plant growth and development.

Structural features

Most of the information on the structure of
LOXs is derived from studies on the isoforms
found in soybean seeds, LOX-1, -2, -3a and -3b,
which are soluble proteins consisting of a single
polypeptide chain (Axelrod et al., 1981). The sub-
sequent characterization of LOXs from various
other plants revealed a rather conserved size of
the proteins with a molecular mass of about 95
kDa. Furthermore, comparison of the deduced
amino acid sequences from ¢cDNA and genomic
clones from different plants shows high overall ho-
mology between LOXs (Siedow, 1991). While the
N-terminal sequences seem to be specific for each
isoform, other stretches of amino acids exhibit an
especially high degree of similarity. These include
the C-terminal amino acids as well as a region of
38 amino acids corresponding to residues 494531
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in soybean cotyledon LOX-1 (Steczko er al., 1992).
A special role was attributed to six conserved his-
tidine residues in this region. five of which are also
present in mammalian LOXs. Another histidine
residue located 149 to 170 residues C-terminal of
this region is also invariant in different LOXs.
Since LOXs contain a single non-heme iron atom
at their active site, which is necessary for the oxy-
genation reaction, it has been suggested that the
conserved histidine residues might be involved in
the binding of the iron atom. Replacement of the
histidine at position 499, 504 or 690, respectively,
of soybean LOX-1 resulted in enzymatically in-
active proteins (Steczko et al., 1992) that did not
contain iron (Steczko and Axelrod, 1992). Crystal-
lographic studies with soybean LOX-1 revealed
that the histidines at these three positions, as well
as the invariant C-terminal isoleucine are involved
in iron ligand binding (Boyington et al., 1993). In
addition, the analysis of a soybean LOX-2 null
mutant gene also showed that the exchange of the
histidine residue equivalent to position 504 in
LOX-1 with glutamine results in a non-functional
gene product (Wang et al., 1994).

The LOX pathway

LOXs catalyze the stereospecific dioxygenation
of polyunsaturated fatty acids containing cis,cis-
1,4-pentadiene structures leading to the formation
of the respective hydroperoxy derivatives (Vick
and Zimmerman, 1983). In plants, the most com-
mon substrates for LOXs are linoleic and linolenic
acids, the major polyunsaturated fatty acids in
plant membrane phospholipids (Lesham, 1987).
Oxygen is introduced either at the 9- or 13-carbon
of linoleic or linolenic acid, leading to the forma-
tion of 9- or 13-hydroperoxylinoleic or -linolenic
acid, respectively. The ratio of 9- to 13-hydroper-
oxides differs for LOXs from various plant species
(Vick and Zimmerman, 1987) and steric con-
straints within the LOX enzyme might be respon-
sible for the stereospecific addition of oxygen (Sie-
dow, 1991). Arachidonic acid, which has not been
detected in higher plants, but which occurs in lip-
ids of oomycete fungi including several important
plant pathogens (Wassef, 1977), is also used as a
substrate. While some plant LOXs, such as soy-
bean LOX-1, oxygenate arachidonic acid predomi-
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Fig. 1. The LOX pathway (by kind permission of E. Blée).

nantly at the 15-carbon (Axelrod er al., 1981),
LOX from potato tubers is one of the few plant
enzymes capable of catalyzing the formation of 5-
hydroperoxyeicosatetraenoic acid (Mulliez et al.,
1987) as well as its subsequent conversion to leu-
kotriene A4 (Shimizu et al., 1984).

The mechanism of the LOX enzyme reaction
was most extensively studied using soybean
LOX-1 and a qualitatively similar behaviour was
reported for LOX-2 and -3 (Gardner, 1991; Sie-
dow, 1991). The single non-heme iron cofactor
exists either as Fe(II) in the catalytically inactive
or as Fe(IIl) in the active form of the enzyme
(Schilstra et al., 1994). The reaction starts with
the binding of the unsaturated fatty acid to the
active site of the Fe(III) form of the enzyme.
The removal of a proton from the methylene
group at the center of the 1.4-pentadiene struc-
ture, which appears to be the rate-limiting step
for the reaction, leads to the formation of Fe(II)
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and a pentadienyl radical with a delocalized un-
paired electron. In a second step, molecular oxy-
gen reacts with the pentadienyl radical to pro-
duce a hydroperoxy radical. The subsequent
reduction of this radical to the product of the
reaction, the hydroperoxy derivative of the fatty
acid, by Fe(Il) restores the enzyme to its initial
state (reviewed by Siedow, 1991).

The hydroperoxy derivatives of linoleic and
linolenic acids are further metabolized in plants
by different enzymes including hydroperoxide
lyase, dehydrase, and peroxygenase (Fig. 1;
Gardner, 1991; Hamberg, 1993).

Volatile aldehydes and oxoacids are produced
by the action of hydroperoxide lyase. For instance,
with 13-hydroperoxylinolenic acid as a substrate,
cis-3-hexenal and 12-oxo-cis-9-dodecenoic acid are
formed whereas the 9-hydroperoxy derivative is
converted to cis-3,cis-6-nonadienal and 9-oxo-non-
anoic acid. These compounds as well as their me-
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tabolites are components of the characteristic fla-
vour and odour of fruits and leaves.

Other metabolites derived from lipid hydroper-
oxides are a- and y-ketols, whose formation was
attributed to the action of hydroperoxide dehy-
drase. Since allene oxides were identified as unsta-
ble intermediates in the synthesis of these ketols,
the enzyme was also called allene oxide synthase
(Hamberg and Gardner, 1992). Flaxseed allene
oxide synthase was shown to contain cytochrome
P-450 and to convert 13-hydroperoxylinoleic and -
linolenic acids to the respective allene oxide,
which yields ketol or cyclopentenone derivatives
by either hydrolysis or intramolecular cyclization
by enzyme action (Song and Brash, 1991; Hamb-
erg and Gardner, 1992).

Zimmerman and Feng (1978) detected a cyclic
fatty acid derivative of 13-hydroperoxylinolenic
acid,  8-[2-(cis-2’-pentenyl)-3-oxo0-cis-4-cyclopen-
tenyl]-octanoic acid or 12-oxo-phytodienoic acid,
whose synthesis also involves an epoxy intermedi-
ate and requires the presence of allene oxide syn-
thase. The cyclization of the allene oxide 12,13-ep-
oxy-linolenic acid is catalyzed by allene oxide
cyclase (Hamberg and Gardner, 1992). 12-oxo-phy-
todienoic acid is a precursor for the synthesis of jas-
monic acid. It is first reduced by 12-oxo-phytodie-
noic acid-reductase and the resulting 3-oxo-2-(2’-
pentenyl)cyclopentaneoctanoic acid is subse-
quently shortened by three cycles of 3-oxidation to
the 12-carbon product jasmonic acid, 3-0x0-2-(2’-
pentenyl)cyclopentaneacetic acid (Vick and Zim-
merman, 1983; 1984). Jasmonic acid has phytohor-
mone-like activities and is involved in the regula-
tion of developmental processes as well as in the
plant’s response to wounding and pathogens. The
molecular actions of jasmonic acid were recently re-
viewed by Sembdner and Parthier (1993).

Further modifications of hydroperoxides of
polyunsaturated fatty acids include the epoxida-
tion by epoxygenase (Hamberg and Hamberg,
1990) or peroxygenase (Blée and Schuber, 1990)
yielding epoxy fatty acids which can be converted
to vicinal dihydroxy acids by the action of epoxide
hydrolases (Blée and Schuber, 1992; Hamberg,
1993). Epoxy and hydroxy fatty acids have been
shown to possess antimicrobial activity (Kato er
al., 1983; 1985).
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Possible functions of LOX in plant
developmental processes

Senescence

In analogy to mammalian systems where LOXs
are involved in membrane degradation (Schewe et
al., 1986), a role of LOXs in plant senescence has
been suggested. Loss of membrane integrity, an in-
herent feature of senescence, is thought to occur
via lipid peroxidation, a process that is envisaged
to be initiated or promoted by free radicals or en-
zymatically by LOXs (Thompson e al., 1987). The
activation of phospholipase A2 by Ca’* and cal-
modulin is considered to lead to the release of li-
noleic and linolenic acids from membrane phos-
pholipids which are used as substrates by LOXs
(Lesham, 1987). Since the LOX reaction itself pro-
duces reactive compounds, these might be respon-
sible for further membrane deterioration. Also,
LOX products may function as Ca>* ionophores
and lead to further Ca®* influx after cycling to the
membrane (Lesham, 1987). This cycling has been
suggested to eventually lead to the membrane al-
terations observed during senescence.

LOX activity has been reported to increase in
senescing plant tissue (reviewed by Thompson et
al., 1987). Moreover, a parallel increase in cyto-
solic as well as microsomal LOX activity and the
production of superoxide radicals was observed in
senescing bean cotyledons (Lynch and Thompson,
1984). Application of a LOX inhibitor, the activity
of which is not due to scavenging of free radicals,
resulted in a concomitant reduction of LOX activ-
ity and of superoxide anion formation. In addition,
production of high levels of oxygen radicals was
dependent on the presence of linoleic acid (Lynch
and Thompson, 1984). These observations suggest
that LOX is involved in the production of super-
oxide anions and may thus contribute to mem-
brane degradation during senescence.

As reviewed by Siedow (1991), however, there
is also considerable doubt concerning a function
of LOXs in senescence. In particular, the occur-
rence of LOX activity predominantly in young and
expanding tissues as well as studies on soybean
LOX., which is not induced in senescing tissue, are
generally cited as arguments against an involve-
ment of LOX in this process. However, the role
of distinct isoforms of LOX and in particular the
function of membrane-associated LOXs (Rouet-
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Mayer et al., 1992; Droillard et al., 1993; Nellen et
al., 1995), which may be more likely to play a role
in senescence, still has to be elucidated. A LOX
isoform which is active at the beginning of senes-
cence in carnation petals is associated with the
plasma membrane and might be an integral mem-
brane protein (Rouet-Mayer er al, 1992). Al-
though soluble LOXs from tomato fruit have been
shown to use fatty acids esterified in phospholipids
after solubilization as substrates in vitro (Droillard
et al., 1993), it has not been shown that membrane-
associated LOXs in plants can catalyze the hydro-
peroxidation of fatty acids esterified in membrane
phospholipids in vivo.

Seed germination

Regulation of LOX gene expression and en-
zyme activity in germinating seedlings has been re-
ported for several plants including watermelon
(Vick and Zimmerman, 1976), rice (Ohta et al.,
1986), lupine (Beneytout et al., 1988), soybean
(Altschuler et al., 1989), cucumber (Matsui et al.,
1992, Feussner and Kindl, 1992), French bean
(Eiben and Slusarenko, 1994), and A. thaliana
(Melan et al., 1994). The occurrence of distinct iso-
forms of LOX is induced during germination and
in some cases, de novo synthesis of LOX has been
demonstrated (Ohta et al., 1986; Park and Polacco,
1989). In contrast, the well characterized LOX iso-
forms from soybean seeds, whose levels decrease
upon germination (Park and Polacco, 1989; Kato
et al., 1992), do not appear to be important for
germination. Soybean isolines deficient in either
of the three LOX genes encoding the major seed
isoforms do not show significant differences in
seed germination compared to a soybean line with
functional LOX genes (Pfeiffer et al., 1992).

The actual function of LOX in the process of
germination remains unknown, although several
hypotheses have been put forward. Thus, LOXs
might be involved in the disruption of cellular
membranes, thereby enabling transport of storage
compounds to the embryo (Hildebrand, 1989).
The presence of a LOX isoform as the major pro-
tein of lipid bodies in cucumber and soybean seed-
lings suggests that LOXs might contribute to or
initiate the mobilization of lipids during germina-
tion (Feussner and Kindl, 1992). Interestingly, en-
hancement of enzyme activity and alteration of its
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regiospecificity takes place after binding of the cu-
cumber LOX isoform to the lipid body membrane
(Feussner and Kiihn, 1995).

In addition, the detection of LOX protein pre-
dominantly in the epidermis of A. thaliana cotyle-
dons led to another suggestion of a role for LOX
in seedling development. Thus, LOX might either
be involved in protecting the seedlings from pa-
thogens by producing antimicrobial substances or,
alternatively, growth or expansion of the epider-
mis might be regulated by products of the LOX
pathway (Melan et al., 1994).

Tuber formation in potato

A developmental process whose different facets
have been extensively studied is the formation of
tubers in potato. The identification of a product of
the LOX pathway, tuberonic acid, as a stimulus for
tuberization implied a role of LOXs in this pro-
cess. Tuberization in potato is dependent on devel-
opmental as well as environmental factors (Ewing,
1987). Tubers are formed at the end of stolons,
diageotropic shoots with reduced leaf growth. Af-
ter cessation of stolon growth, cell enlargement
precedes increases in cell division, leading to ra-
dial expansion which is accompanied by starch de-
position and accumulation of a characteristic set
of tuber proteins.

The photoperiod is considered to be one of the
major factors determining tuber formation (Ew-
ing, 1987). In general, plants exposed to short days
will form tubers. Phytochrome appears to play a
role in tuber formation, as red light pulses during
the dark period reduce tuberization, an effect that
can be reversed to a certain extent by far red light
(Batutis and Ewing, 1982). However, the critical
photoperiod is influenced by different additional
factors, such as age of the mother tuber, genotype
and environmental conditions. Cold temperatures,
low nitrogen levels, increased leaf area and high
light intensities favour tuberization (Ewing, 1987).

Grafting experiments (Gregory, 1956; Chapman,
1958) led to the hypothesis that tuber induction is
triggered by a stimulus that is synthesized in the
leaves of induced potato plants. The upper part of
a plant kept under inducing conditions, i.e. short
days, is able to cause tuberization in a non-induced
plant after grafting. The stimulus even passes
through stem segments from different species in-
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tergrafted between induced potato scions and non-
induced potato stocks. Moreover, tobacco seg-
ments that have been kept under short days to in-
duce flowering are able to promote tuber forma-
tion when grafted to non-induced potato plants
(Ewing, 1987). These observations suggested that
a compound is being produced under inducing
conditions in leaves of potato plants which is
transmissible and able to induce tuber formation.

Based on a bioassay with single-node stem seg-
ments, tuber-inducing activities were detected in
potato leaves and old tubers (Koda and Okazawa,
1988). The substance which was found to be pre-
sent at higher levels in leaves of plants exposed
to short days (Koda er al., 1988) was isolated and
identified as 3-oxo0-2-(5’-B-D-glucopyranosyloxy-
2’-cis-pentenyl)-cyclopentane-1-acetic acid (Yoshi-
hara et al., 1989). This compound as well as its
aglycone, tuberonic acid, were able to induce an
appreciable degree of tuberization in in vitro tu-
berization systems. The structural similarity of tu-
beronic and jasmonic acid (tuberonic acid being
12-hydroxyjasmonic acid) led to the observation
that jasmonic acid and its methyl ester are also
potent inducers of tuber formation in potato
(Koda et al., 1991; Pelacho and Mingo-Castel,
1991).

Furthermore, a positive correlation between tu-
ber formation and the presence of hydroxylated
jasmonic acids was established. In Solanum demis-
sum, a potato species that strictly requires short
days for tuberization, hydroxylated jasmonic acids
occur only in leaflets of plants kept under short
days (Helder et al., 1993). The content of jasmonic
acid itself was not significantly different under
short and long days, suggesting that the hydroxyla-
tion rather than the synthesis of jasmonic acid is
under day length control. Indeed, spraying of jas-
monic acid alone is not sufficient to induce tuberi-
zation in short day-requiring potato species when
they are exposed to non-inducing conditions
(Jackson and Willmitzer, 1994).

It remains to be established whether LOX, as
an important enzyme in the biosynthetic pathway
of jasmonic acid, plays a direct role in the control
of tuber formation in plants. Application of the
LOX inhibitor salicylhydroxamic acid to the roots
of short day-requiring plants did not lead to a re-
duction of tuber formation (Helder et al., 1993).
However, a disadvantage of studies using LOX in-
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hibitors is that their concentrations at the intracel-
lular sites of jasmonic acid biosynthesis might be
too low (Helder er al.. 1993). Moreover, many
LOX inhibitors act generally as radical scavengers
and their specificity for distinct isoforms remains
to be established. Therefore, a more detailed
analysis is necessary to assess the role of LOX in
tuberization.

Possible function of LOX in environmental
stress responses

Wounding

Plants respond to wounding by a variety of de-
fense mechanisms including the fortification of cell
walls, induction of defense-related genes, synthesis
of antimicrobial compounds as well as the initia-
tion of processes leading to wound healing. Pro-
ducts of the LOX pathway have been identified as
compounds involved in the plant response to
wound stress. Trans-2-dodecenedioic acid, which is
synthesized from 13-hydroperoxylinolenic acid
(Zimmerman and Coudron, 1979; Vick and Zim-
merman, 1987), was first isolated from mesocarp
of wounded bean plants as the wound hormone
traumatic acid and shown to enhance cell prolifer-
ation at the wound site (English er al, 1939). It
was also able to induce wound periderm formation
in potato tuber disks. Furthermore, abscission of
cotyledonary petioles of cotton explants induced
by traumatic acid was accompanied by prolifera-
tion of cells in the protective layer after separa-
tion, leading to callus formation (Strong and Kru-
itwagen, 1967). Later, the active compound was
postulated to be 12-oxo-trans-10-dodecenoic acid
which is supposed to autooxidize to trans-2-dode-
cenedioic acid during the isolation procedure
(Zimmerman and Coudron, 1979). The increase of
this o-keto fatty acid, traumatin, after wounding
in some plant species and its effect on cell prolifer-
ation at wound sites suggest that traumatin acts as
a signal for wound healing.

Another product of the LOX pathway involved
in the plant response to wounding is jasmonic acid,
as well as its derivatives, the jasmonates. Like trau-
matin, jasmonic acid is also synthesized from 13-
hydroperoxylinolenic acid (Vick and Zimmerman,
1983) and plays a role as a plant growth regulator
with various physiological activities (reviewed by
Sembdner and Parthier, 1993). A function of jas-
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monates in the wound induction of plant genes
was first demonstrated for the expression of the
proteinase inhibitors I and II of potato and tomato
(Farmer and Ryan, 1990; Farmer er al., 1992). Ac-
cumulation of these proteins is systemically in-
duced by insect chewing, mechanical wounding
and oligouronide treatment (Ryan, 1987). In
search of a common inducing signal, Farmer and
Ryan (1990) reported that methyl jasmonate in-
duces the synthesis of proteinase inhibitors in un-
wounded plants. A model for the events of the
signal transduction leading from perception of the
wound signal to activation of wound-induced
genes was proposed (Farmer and Ryan, 1992). Ac-
cording to this model, perception of specific stim-
uli like wounding or oligouronides leads to the ac-
tivation of a membrane-bound phospholipase
which releases linolenic acid from the plasma
membrane. Hydroperoxidation of linolenic acid by
LOX yields the precursor for the synthesis of jas-
monic acid, which induces the expression of a
number of genes whose products are assumed to
be involved in defense reactions.

This octadecanoid acid pathway appears indeed
to be functional in plants. Using the proteinase in-
hibitors I and II of tomato as a model system, the
effect of precursors of jasmonic acid on their accu-
mulation was studied (Farmer and Ryan, 1992).
Thus, linolenic acid, 13-hydroperoxylinolenic acid
and 12-oxo-phytodienoic acid can induce the accu-
mulation of both proteinase inhibitors in tomato
leaves whereas unsaturated fatty acids, which
either do not represent substrates for LOX or do
not act as precursors in the synthesis of jasmonic
acid, fail to do so (Farmer and Ryan, 1992).
Furthermore, inhibitor studies support the model
of octadecanoid acid signalling in plants (Doares
et al. 1995). Pena-Cortes et al. (1993) applied dif-
ferent LOX as well as hydroperoxide dehydrase
inhibitors to detached tomato leaves and observed
a loss of induction of proteinase inhibitor genes.
This block was overcome by addition of the re-
spective products of the enzyme reaction. These
results emphasize the importance of the LOX
pathway in the induction of proteinase inhibitor
genes by wounding.

The rapid increase in jasmonate levels after
wounding of plant tissue, which can also be pre-
vented by LOX inhibitors (Pena-Cortes et al.,
1993), is at least partly due to de novo synthesis of
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jasmonic acid (reviewed by Farmer, 1994). Al-
though LOX activity and mRNA accumulation are
also induced by wounding in various plants (Hil-
debrand er al., 1989; Bell and Mullet, 1991), this
increase occurs rather late and thus cannot ac-
count for the rapid de novo synthesis of jasmonic
acid. Therefore, LOX isozymes that are constitu-
tively expressed in leaves are more likely to be
responsible for the rapid synthesis of jasmonic acid
after wounding. Inhibition of LOX gene expres-
sion in leaves by expression of antisense constructs
would be a convenient tool to study the effects
on jasmonic acid accumulation and expression of
wound-inducible genes.

Pathogen attack

The plant defense response to pathogen attack
comprises the activation of defense genes, synthe-
sis of antimicrobial compounds, such as phytoalex-
ins, and, in many cases, hypersensitive cell death
which correlates with and might be causally linked
to the development of resistance (Atkinson, 1993).
Recognition of the pathogen by a plant is the pre-
requisite to start the sequence of events leading to
resistance. Model systems including cell suspen-
sion cultures have assisted the identification of
elicitor molecules derived from either the patho-
gen or the plant, that are recognized by plant cells
and induce the activation of defense genes and
phytoalexin accumulation (Ebel and Scheel, 1995).
It is assumed that elicitors bind to specific recep-
tors at the plasma membrane and initiate one or
more intracellular signal transduction pathways.
Early events include changes in ion fluxes across
the plant plasma membrane, leading to an alkalin-
ization of the growth medium and an increase in
the intracellular Ca®* concentration, as well as the
occurrence of an oxidative burst and changes in
the phosphorylation pattern of proteins (Ebel and
Scheel, 1995; Niirnberger et al., 1994; Mehdy, 1994
Legendre et al., 1993; Suzuki and Shinshi, 1995).
The production of intracellular signal molecules is
supposed to ultimately lead to the activation of
defense gene transcription.

During interactions of pathogens with their hosts,
alterations in LOX activity have been observed in-
dicating that the enzyme may be involved in the
plant response to infection. In particular, since
LOX activity increases specifically during incom-
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patible interactions in several plant-pathogen sys-
tems, it has been argued that LOXs play a role in
the development of resistance via the hypersensi-
tive cell death. Thus, Yamamoto and Tani (1986) re-
ported the de novo synthesis of two LOX isozymes
during the incompatible interaction of oats and the
crown rust fungus, Puccinia coronata f.sp. avenae,
and suggested a causal relationship between the
presence of these LOX isozymes and resistance.
Similarly, Ocampo et al. (1986) showed that LOX
activity increased during the hypersensitive re-
sponse of wheat leaves infected with avirulent races
of rust fungi and suggested a direct involvement of
LOX in the sequence of events leading to rapid cell
death. Injection of a specific elicitor preparation
from Cladosporium fulvum increased LOX activity
in tomato leaves of a resistant, but not a susceptible
cultivar (Peever and Higgins, 1989). Moreover, the
occurrence of a specific LOX isozyme, which
mainly produces 13-hydroperoxylinolenic acid, af-
ter inoculation of rice plants with an avirulent strain
of the fungus Magnaporthe grisea coincided with
the growth inhibition of infection hyphae (Ohta et
al., 1991) and provides correlative evidence for the
role of LOX in the resistance response. Isolation
and characterization of a cDNA clone, presumably
encoding this specific rice LOX, revealed an iso-
form which might be located in the chloroplasts
(Peng et al., 1994). In addition, in cotyledons of cof-
fee (Coffea arabica), a significant increase in LOX
activity was detected during the incompatible in-
teraction with the coffee leaf rust fungus, Hemileia
vastatrix (Rojas et al., 1993).

Increases in LOX activity in plants resistant to
bacteria have been reported as well, for instance
upon infiltration of cucumber cotyledons with
Pseudomonas syringae pv. pisi, which results in an
incompatible interaction (Keppler and Novacky,
1987). The activity of LOX isozymes in French
bean, Phaseolus vulgaris, also increases specifically
after inoculation of leaves with avirulent strains of
Pseudomonas. syringae pv. phaseolicola (Croft et
al., 1990). LOX mRNA, protein and activity were
induced in tomato leaves undergoing a hypersensi-
tive response after infection with Pseudomonas
syringae pv. syringae (Koch et al., 1992). In A. thal-
iana, the LOX1 gene is more rapidly induced after
infiltration of leaves with P. syringae strains carry-
ing an avirulence gene as compared to inoculation
with virulent bacteria (Melan er al., 1993).
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These correlative data on increases in LOX ac-
tivity during incompatible interactions raise the
question as to whether LOXs might have a func-
tion in the development of the hypersensitive re-
sponse and thus might be involved in conferring
resistance. Indeed, LOXs have been envisaged to
play a role at various levels in the plant response
to pathogens. They might initiate or contribute to
membrane damage during the hypersensitive re-
sponse due to their ability to peroxidize lipids and
to generate reactive oxygen species. Also, the pro-
duction of several antimicrobial substances pro-
ceeds via the LOX pathway. Moreover, LOXs
have recently been implicated in the production of
signal molecules that are involved in the activation
of defense responses. In addition, in potato, LOX
is supposed to function as a receptor and metabo-
lizing enzyme for the elicitor molecule arachidonic
acid. In the following paragraphs, these individual
steps will be discussed.

Contribution to membrane damage during the
hypersensitive response

Rapid cell death at infection sites, the hypersen-
sitive response, is considered to be one of the
mechanisms of resistance of plants against patho-
gens. Early physiological changes during the hy-
persensitive death include irreversible membrane
damage which is supposed to be due to alterations
of membrane lipids. The peroxidation of polyun-
saturated fatty acids of membranes has been sug-
gested to contribute to membrane alterations dur-
ing the hypersensitive response (Keppler and
Novacky, 1986). The hydroperoxy derivatives of
the fatty acids can undergo autocatalytic degrada-
tion, producing radicals and thus initiating a chain
reaction of lipid peroxidation. Subsequently, mem-
branes are damaged and electrolyte leakage and
rapid collapse of tissue occurs (Keppler and No-
vacky, 1987).

Lipid peroxidation can be initiated by active ox-
ygen species or is suggested to occur enzymatically
by LOX (Keppler and Novacky, 1987). The rapid
and transient generation of reactive oxygen spe-
cies, the oxidative burst, is characteristic of the
plant’s early response to pathogens or elicitors and
is assumed to be involved in mediating the hyper-
sensitive cell death (Mehdy, 1994). Thus, hydrogen
peroxide, which is involved in oxidative crosslink-
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ing of cell wall components leading to fortification
of cell walls, was also shown to act as a local trig-
ger for the programmed cell death of infected cells
as well as a diffusible signal for the induction of
defense genes in neighbouring cells (Levine et al.,
1994).

The generation of active oxygen species in
plant-pathogen interactions leading to resistance
has been observed in many systems. In potato,
membrane fractions from tubers undergoing a hy-
persensitive response induced by incompatible
races of Phytophthora infestans produce superox-
ide anions (Doke, 1983). Upon inoculation of cul-
tured tomato cells with a race-specific elicitor of
C. fulvum, active oxygen species are generated
within 2 min (Vera-Estrella et al., 1992). In addi-
tion, in soybean cell suspensions, non-specific fun-
gal elicitors were shown to induce the generation
of active oxygen species (Apostol et al., 1989). In-
teractions of pathogenic bacteria with plants are
likewise able to induce oxidative burst (Addm et
al., 1989; Keppler et al., 1989; Baker et al., 1993)
as are viruses (Doke and Ohashi, 1988).

The crucial role of superoxide radicals was de-
monstrated by studies showing that application of
superoxide dismutase to cucumber cotyledons in-
filtrated with avirulent strains of P. syringae re-
duced lipid peroxidation and thus membrane al-
terations (Keppler and Novacky, 1987). Moreover,
cellular antioxidants decreased electrolyte leakage
and delayed the development of the hypersensi-
tive response of tobacco inoculated with P. syrin-
gae (Adam er al., 1989).

The initiation of lipid peroxidation has also been
proposed to be mediated enzymatically by LOX
due to the concomitant increase in LOX activity
and membrane lipid peroxidation during the early
stages of the hypersensitive response (Croft et al.,
1990). In addition, the LOX-mediated hydroper-
oxidation of polyunsaturated fatty acids produces
active oxygen species like singlet oxygen (Kanof-
sky and Axelrod, 1986) or superoxide radicals
(Lynch and Thompson, 1984). Thus, LOX has
been envisaged to contribute to enzyme-indepen-
dent lipid peroxidation by its ability to produce
active oxygen species (Croft et al., 1990). Alterna-
tively, LOX might act as a scavenger of potentially
toxic free fatty acids (Keppler and Novacky, 1987).
Although it is not clear whether LOX is indeed
involved in the initiation of lipid peroxidation or
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is induced merely as a response to radical-induced
membrane alterations, LOX appears to be able to
further contribute to membrane damage.

Synthesis of antimicrobial substances

Another aspect of the role of LOX in plant de-
fense against pathogens lies in the antimicrobial
nature of many products of the LOX pathway.
Both the direct action of these substances against
pathogens as well as their possible role in fatty
acid signalling between plants and microorganisms
has been suggested as a possible mechanism in
conferring resistance.

The primary products of the LOX reaction, hy-
droperoxy derivatives of polyunsaturated fatty
acids, show antifungal activity. Thus, 9-hydroper-
oxylinolenic acid efficiently affects growth of the
rice blast fungus, M. grisea, by inhibiting spore ger-
mination, germ tube growth and formation of ap-
pressoria (Ohta et al., 1990). Ricker and Bostock
(1994) determined the antifungal activity of deriv-
atives of linoleic and arachidonic acids and found
that cystospore germination of Phytophthora cap-
sici was significantly inhibited by both 9- and 13-
hydroperoxylinoleic acids as well as by the dihy-
droxy derivatives of arachidonic acid, 5,6- and
5,12-dihydroxyeicosatetraenoic acids. In addition,
germination of P. infestans cystospores was inhib-
ited by low concentrations of 15-hydroperoxyeico-
satetraenoic acid (Ricker and Bostock, 1994).
Mono- and trihydroxy derivatives of linolenic acid
which arise by lipid hydroperoxide-decomposing
activities are active against pathogens at even
lower concentrations than the hydroperoxy fatty
acids (Ohta et al., 1990).

Other metabolites derived from the LOX path-
way are unsaturated aldehydes and their oxidized
and reduced derivatives. Antibacterial activity at
low concentrations has been demonstrated for
trans-2-hexenal and at higher concentrations for
cis-3-hexenol (Croft et al, 1993). These com-
pounds arise from 13-hydroperoxylinolenic acid
and are produced as volatiles in significantly
higher amounts during the incompatible interac-
tion of bean and P. syringae pv. phaseolicola as
compared to the compatible one. The occurrence
of trans-2-hexenal and cis-3-hexenol which are
produced before the onset of the accumulation of
isoflavonoid phytoalexins correlates with the
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decrease in bacterial growth during the hypersen-
sitive response (Croft er al., 1993).

Resistance of soybean against Aspergillus flavus
also requires a functional LOX pathway. Applica-
tion of LOX substrates to soybean cotyledons re-
sults in efficient inhibition of spore germination
which can be partially reversed by LOX inhibitors
(Doehlert et al., 1993). The active compound was
identified as hexenal which acts as an antifungal
substance (Doehlert er al., 1993 and ref. therein).
Its activity towards other bacteria, fungi and ar-
thropods has also been described (reviewed by
Farmer, 1994). In addition, hexenal and hexanol
are components of a mixture of volatiles produced
by corn seedlings after insect chewing that have
been suggested to serve the secondary function of
attracting natural enemies of herbivores (Turlings
et al., 1990).

Jasmonic acid itself has also been identified as
an antifungal compound in rice (Neto ez al., 1991).
In vitro, both the discharge of zoospores from spo-
rangia of P. infestans and the growth of mycelia in
liquid medium were inhibited in a dose-dependent
manner by jasmonic acid and methyl jasmonate
(Cohen et al.,, 1993). The protection of barley
plants against Erysiphe graminis fsp. hordei by
spraying of jasmonic acid is thought to be due to
direct action against the fungus (Schweizer et al.,
1993). However, the growth of mycelia of other
phytopathogenic fungi is not inhibited by jasmonic
acid (Schweizer et al., 1993) and no significant in-
hibition of cystospore germination of P. capsici is
observed in the presence of methyl jasmonate
(Ricker and Bostock, 1994). Schweizer et al
(1993) therefore suggested that jasmonic acid does
not act as a general toxin but rather exhibits its
antifungal activity by inhibiting specific fungal dif-
ferentiation processes.

Synthesis of signal molecules

The observation that endogenous levels of jas-
monic acid increase in cell cultures after elicitation
within 30 minutes (Gundlach et al., 1992) raised
the question as to whether the lipid-based signal
transduction pathway proposed by Farmer and
Ryan (1992) might also be functionally significant
for the events leading to defense gene activation
during plant-pathogen interactions. Cell cultures
from both mono- and dicotyledonous plants re-
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spond to elicitation by a yeast cell wall preparation
with a transient increase in the levels of jasmonic
acid as well as its precursor, 12-oxo-phytodienoic
acid (Miiller er al., 1993). Furthermore, the level
of linolenic acid is increased, possibly due to its
release from lipids after elicitation (Miiller et al.,
1993). Jasmonates were shown to induce the accu-
mulation of secondary metabolites and of mRNA
encoding phenylalanine ammonia lyase (Gundlach
et al., 1992). In parsley cells, 12-oxo-phytodienoic
acid induced the synthesis of the flavonoid apiin
and the accumulation of transcripts encoding en-
zymes of the secondary phenolic metabolism like
phenylalanine ammonia lyase, 4-coumarate:CoA
ligase and chalcone synthase (Dittrich et al., 1992)
as well as phytoalexin synthesis (D. Scheel, pers.
communication). Thus, it has been postulated that
jasmonic acid might function as an intracellular
signal molecule in elicitation.

Although a specific LOX isoform has been puri-
fied from tobacco cell cultures that is induced by
glycopeptide elicitors from Phytophthora parasit-
ica var. nicotianae (Fournier et al., 1993), the
rather late increase in LOX activity as well as the
predominant production of 9-hydroperoxylino-
lenic acid argues against a role of this induced
LOX in the synthesis of elicitor-induced jasmonic
acid. Therefore, analysis of the activation of pre-
existing LOXs, which are more likely responsible
for the synthesis of jasmonic acid after elicitation,
might elucidate the role of LOXs in the process
of elicitor-induced gene expression. Interestingly,
a plasma membrane-associated LOX in soybean
appears to be stimulated by low levels of hydrogen
peroxide (Kulkarni et al., 1990; Macri et al., 1994).
This observation suggests that the elicitor-induced
oxidative burst might directly induce the synthesis
of a signal molecule by activating the LOX en-
zyme, thus linking components of the different sig-
nal transduction pathways that activate subsets of
defense genes (Farmer and Ryan, 1992:
Nirnberger et al., 1994; Levine et al., 1994).

In plants, a functional significance of jasmonates
in the signal transduction leading to resistance
against pathogens has not been demonstrated.
Chemically induced or genetically based resistance
of barley plants against powdery mildew (E. gram-
inis f.sp. hordei) is not correlated with higher levels
of jasmonates (Kogel et al., 1995). In potato, jas-
monates do not induce a hypersensitive response
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in aged tuber disks (Choi et al., 1994). In this sys-
tem, the accumulation of different isoprenoid phy-
toalexins in response to jasmonate or the fungal
elicitor arachidonic acid correlates with the induc-
tion of different genes encoding a key enzyme of
phytoalexin biosynthesis, 3-hydroxy-3-methylglu-
taryl-coenzyme A reductase, suggesting the pres-
ence of distinct arachidonic acid- and jasmonate-
response pathways (Choi er al, 1994). In this
context, it has been speculated that jasmonates
might exert an alternative function in signalling by
conditioning plant tissue for optimal response to
elicitors or pathogens (Choi et al., 1994).

Metabolism of fatty acid elicitors

The discovery of the LOX substrates arachi-
donic acid and eicosapentaenoic acid as elicitors
of the hypersensitive response during the interac-
tion of P infestans and potato (Bostock et al.,
1981) led to the postulation of another, direct in-
volvement of LOX in the signal exchange during
pathogenesis. The lipids of P. infestans and other
oomycetes contain eicosapolyenoic acids like ar-
achidonic acid (Wassef, 1977; Bryan et al., 1985)
which are released from sporangia after inocula-
tion of potato leaves (Ricker and Bostock, 1992).
Arachidonic acid acts as an elicitor of sesquiter-
penoid phytoalexin accumulation in potato tubers
(Bostock et al., 1981) and fruits of pepper (Bloch
et al., 1984) as well as of isoflavonoid phytoalexin
accumulation in leaves of French bean (Longland
et al., 1987). A possible involvement of LOX in
mediating this response was postulated based on
the finding that LOX inhibitors such as salicylhy-
droxamic acid and eicosatetraynoic acid prevent
the accumulation of sesquiterpenes elicited by ar-
achidonic acid (Preisig and Kuc, 1987). Moreover,
the hypersensitive response of cell death and tis-
sue browning in potato callus cultures cannot be
elicited by arachidonic acid in mutant calli of po-
tato which do not exhibit LOX activity (Vaughn
and Lulai, 1992). LOX activity itself increases two-
fold within 30 min in potato tubers treated with
arachidonic acid (Bostock er al., 1992). Metabo-
lites of arachidonic acid are rapidly produced by
LOX after application of the elicitor (Ricker and
Bostock, 1994). However, there are conflicting
data on the elicitation capabilities of these hydro-
peroxyeicosatetraenoic acids. No elicitor activity
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of hydroperoxyeicosatetraenoic acids was found
by Ricker and Bostock (1994). Furthermore, in the
presence of fungal glucan preparations, which en-
hance the elicitor activity of arachidonic acid (Ma-
niara et al., 1984; Preisig and Kuc, 1985; Bostock
et al., 1986), a reduction of the amount of hydro-
peroxy derivatives of arachidonic acid was ob-
served (Ricker and Bostock, 1994), suggesting that
the metabolism of arachidonic acid by LOX is not
necessary for elicitor activity. In contrast, 5-hydro-
peroxyeicosatetraenoic acid was reported to in-
duce phytoalexin accumulation at lower concen-
trations than arachidonic acid itself (Castoria et al.,
1992). Thus, it is not clear whether LOXs are in-
deed necessary for elicitor activity of arachidonic
acid. Alternatively, in analogy to animal systems,
it has been speculated that arachidonic acid might
also act by activating protein kinase C (Naor et al.,
1988), leading to the activation of other kinases
and eventually to phosphorylation of transcription
factors (Després et al., 1995). Evidently, further
analyses are needed to elucidate the role of LOX
in arachidonic acid-mediated elicitation of phyto-
alexin accumulation in potato.

Summary and Outlook

LOXs catalyze the formation of hydroperoxy
derivatives of polyunsaturated fatty acids which
are further metabolized to compounds with dif-
ferent biological activities in plant growth and de-
velopment and in defense reactions. Based on the
action of these products of the LOX pathway as
well as on the correlation of increases in LOX pro-
tein and transcript levels and the onset of specific
processes, functions for LOXs in developmentally
regulated processes as well as in the plant re-
sponse to wounding and pathogen attack have
been proposed. However, since there are mostly
correlative data available linking LOXs to these
processes, it has not been possible to assign spe-
cific functions for LOXs so far. Inhibitor studies
suffer the drawback of multiple effects in addition
to not specifically inhibiting distinct isoforms.
Therefore, genetic approaches with mutant plant
lines lacking specific LOX isoforms offer the pos-
sibility to study the effect of “loss of function”
mutations. In addition, the molecular cloning of
LOX cDNAs and genes allows the ectopic expres-
sion of sense and antisense constructs in transgenic
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plants and should lead to the expression or reduc-
tion of specific isoforms. First experiments indeed
show a reduction in the accumulation of jasmonate
and jasmonate-inducible transcripts in cosup-
pressed Arabidopsis plants lacking detectable
LOX2 protein (Creelman et al., 1995). Thus, this
functional approach might lead to the elucidation
of the physiological role of LOXs in plants.

Adam A., Farkas T., Somlyai G.. Hevesi M., Kirdly Z.
(1989), Consequence of O, generation during a bac-
terially induced hypersensitive reaction in tobacco:
deterioration of membrane lipids. Physiol. Mol. Plant
Pathol. 34, 13-26.

Altschuler M., Grayburn W.S., Collins G.B., Hildebrand
D.F. (1989), Developmental expression of lipoxygen-
ases in soybeans. Plant Sci. 63, 151-158.

Anderson JM., Spilatro S.R., Klauer S.F., Franceschi
V.R. (1989), Jasmonic acid dependent increase in the
level of vegetative storage proteins in soybean. Plant
Sci. 62, 45-52.

Andre E., Hou K.-W. (1932), The presence of a lipoid
oxidase in soybean, Glycine soya, Lieb. C. R. Acad.
Sci. (Paris) 194, 645-647.

Apostol 1., Heinstein PF., Low P.S. (1989), Rapid stimu-
lation of an oxidative burst during elicitation of cul-
tured plant cells. Role in defense and signal transduc-
tion. Plant Physiol. 90, 109-116.

Atkinson M.M. (1993), Molecular mechanisms of patho-
gen recognition by plants. Adv. Plant Pathol. 10, 35—
64.

Axelrod B., Cheesbrough T.M., Laakso S. (1981), Lipox-
ygenase from soybeans. Meth. Enzymol. 71, 441 -451.

Baker CJ., Orlandi E.W., Mock N.M. (1993), Hairpin,
an elicitor of the hypersensitive response in tobacco
caused by Erwinia amylovora, elicits active oxygen
production in suspension cells. Plant Physiol. 102,
1341-1344.

Batutis E.J., Ewing E.E. (1982), Far-red reversal of red
light effect during long-night induction of potato (So-
lanum tuberosum L.) tuberization. Plant Physiol. 69,
672-674.

Bell E.. Mullet J.E. (1991). Lipoxygenase gene expres-
sion is modulated in plants by water deficit, wounding,
and methyl jasmonate. Mol. Gen. Genet. 230, 456—
462.

Beneytout J.-L., Najid A., Tixier M. (1988), Changes in
lipoxygenase activity during seedling development of
Lupinus albus. Plant Sci. 58, 35-41.

Blée E., Schuber F. (1990). Efficient epoxidation of un-
saturated fatty acids by a hydroperoxide-dependent
oxygenase. J. Biol. Chem. 265, 12887 -12894.

Blée E.. Schuber F. (1992). Occurrence of fatty acid ep-
oxide hydrolases in soybean (Glycine max): purifica-
tion and characterization of the soluble form. Bi-
ochem. J. 282, 711-714.

Bloch C.B., De Wit PJG.M., Ku¢ J. (1984). Elicitation
of phytoalexins by arachidonic acid and eicosapentae-
noic acids: a host survey. Physiol. Plant Pathol. 25,
199-208.

S. Rosahl - Lipoxygenases in Plants
Acknowledgements

Prof. Dr. Klaus Hahlbrock is gratefully acknowl-
edged for his support, Drs. Ivo Feussner and Wolf-
gang Knogge for helpful discussions and critical
reading of the manuscript.

Bostock R.M., Ku¢ J.A., Laine R.A. (1981), Eicosapen-
taenoic and arachidonic acids from Phytophthora in-
festans elicit fungitoxic sesquiterpenes in the potato.
Science 212, 67-69.

Bostock R.M., Schaeffer D.A., Hammerschmidt R.
(1986), Comparison of elicitor activities of arachi-
donic acid, fatty acids and glucans from Phytophthora
infestans in hypersensitivity expression in potato tu-
ber. Physiol. Mol. Plant Pathol. 29, 349-360.

Bostock R.M., Yamamoto H.. Choi D., Ricker K.E.,
Ward B.L. (1992), Rapid stimulation of 5-lipoxygen-
ase activity in potato by the fungal elicitor arachidonic
acid. Plant Physiol. 100, 1448—-1456.

Boyington J.C., Gaffney BJ., Amzel L.M. (1993). The
three-dimensional structure of an arachidonic acid 15-
lipoxygenase. Science 260, 1482—1486.

Bryan 1.B., Rathmell W.G., Friend J. (1985). The role of
lipid and non-lipid components of Phytophthora infes-
tans in the elicitation of the hypersensitive response
in potato tuber tissue. Physiol. Plant Pathol. 26,
331-341.

Castoria R., Fanelli C., Fabbri A.A., Passi S. (1992), Me-
tabolism of arachidonic acid involved in its eliciting
activity in potato tuber. Physiol. Mol. Plant Pathol. 41,
127-137.

Chapman H.W. (1958), Tuberization in the potato plant.
Physiol. Plant. 11, 215-224.

Choi D., Bostock R.M., Avdiushko S., Hildebrand D.F.
(1994), Lipid-derived signals that discriminate wound-
and pathogen-responsive isoprenoid pathways in
plants: methyl jasmonate and the fungal elicitor ar-
achidonic acid induce different 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase genes and antimicro-
bial isoprenoids in Solanum tuberosum L. Proc. Natl.
Acad. Sci. USA 91, 2329-2333.

Cohen Y., Gisi U., Niderman T. (1993), Local and sys-
temic protection against Phytophthora infestans in-
duced in potato and tomato plants by jasmonic acid
and jasmonic methyl ester. Phytopathol. 83, 1054
1062.

Creelman R.A., Bell E., McConn M.M., Browse J.A..
Mullet J.E. (1995). Jasmonic acid levels and wound
gene expression in linolenic acid deficient and LOX
cosuppressed Arabidopsis. 15th Internatl. Conf. Plant
Growth Subst, Minneapolis USA. 264.

Croft K.P.C., Voisey C.R.. Slusarenko A.J. (1990), Mech-
anism of hypersensitive cell collapse: correlation of
increased lipoxygenase activity with membrane dam-
age in leaves of Phaseolus vulgaris (L.) inoculated
with an avirulent race of Pseudomonas syringae pv.
phaseolicola. Physiol. Mol. Plant Pathol. 36, 49-62.



S. Rosahl - Lipoxygenases in Plants

Croft K.P.C., Jittner F., Slusarenko A.J. (1993), Volatile
products of the lipoxygenase pathway evolved from
Phaseolus vulgaris (L.) leaves inoculated with Pseu-
domonas syringae pv phaseolicola. Plant Physiol. 101,
13-24.

Després C., Subramaniam R., Matton D.P., Brisson N.
(1995), The activation of the potato PR-10a gene re-
quires the phosphorylation of the nuclear factor PBF-
1. Plant Cell 7, 589-598.

Dittrich H., Kutchan T.M., Zenk M.H. (1992), The jas-
monate precursor, 12-oxo-phytodienoic acid, induces
phytoalexin synthesis in Petroselinum crispum cell cul-
tures. FEBS Lett. 309, 33-36.

Doares S.H., Syrovets T., Weiler E.W., Ryan C.A.
(1995), Oligogalacturonides and chitosan activate
plant defensive genes through the octadecanoid path-
way. Proc. Natl. Acad. Sci. USA 92, 4095-4098.

Doehlert D.C., Wicklow D.T., Gardner H.W. (1993), Evi-
dence implicating the lipoxygenase pathway in provid-
ing resistance to soybeans against Aspergillus flavus.
Phytopathol. 83, 1473-1477.

Doke N. (1983), Involvement of superoxide anion gener-
ation in the hypersensitive response of potato tuber
tissues to infection with an incompatible race of Phy-
tophthora infestans and to the hyphal wall compo-
nents. Physiol. Plant Pathol. 23, 345-357.

Doke N., Ohashi Y. (1988), Involvement of an O, gen-
erating system in the induction of necrotic lesions on
tobacco leaves infected with tobacco mosaic virus.
Physiol. Mol. Plant Pathol. 32, 163—-175.

Douillard R., Bergeron E. (1981), Chloroplastic localiza-
tion of soluble lipoxygenase activity in young leaves.
Plant Sci. Lett. 22, 263 -268.

Droillard M.-J., Rouet-Mayer M.-A., Bureau J.-M., Lau-
riere C. (1993), Membrane-associated and soluble li-
poxygenase isoforms in tomato pericarp. Character-
ization and involvement in membrane alterations.
Plant Physiol. 103, 1211-1219.

Ebel J., Scheel D. (1995), Signals in host-parasite interac-
tions. In: The Mycota, (G.C. Carroll and P. Tudzinsky,
eds.), Springer, Berlin, in press.

Eiben H.G., Slusarenko A.J. (1994), Complex spatial and
temporal expression of lipoxygenase during Phaseolus
vulgaris (L.) development. Plant J. 5, 123-135.

English J., Bonner J., Haagen-Smit A.J. (1939), Structure
and synthesis of a plant wound hormone. Science 90,
329,

Ewing E.E. (1987), The role of hormones in potato (So-
lanum tuberosum L.) tuberization. In: Plant Hor-
mones and their Role in Plant Growth and Develop-
ment, (PJ. Davies, ed.), Martinus Nijhoff, Dordrecht,
515-538.

Farmer E.E., Ryan C.A. (1990), Interplant communica-
tion: airborne methyl jasmonate induces synthesis of
proteinase inhibitors in plant leaves. Proc. Natl. Acad.
Sci. USA 87, 7713-7716.

Farmer E.E.. Ryan C.A. (1992), Octadecanoid precur-
sors of jasmonic acid activate the synthesis of wound-
inducible proteinase inhibitors. Plant Cell 4, 129-
134.

Farmer E.E.. Johnson R.R., Ryan C.A. (1992), Regula-
tion of expression of proteinase inhibitor genes by
methyl jasmonate and jasmonic acid. Plant Physiol.
98, 995-1002.

135

Farmer E.E. (1994), Fatty acid signalling in plants and
their associated microorganisms. Plant Mol. Biol. 26,
1423-1437.

Feussner 1., Kindl H. (1992), A lipoxygenase is the main
lipid body protein in cucumber and soybean cotyle-
dons during the stage of triglyceride mobilization.
FEBS Lett. 298, 223-225.

Feussner I., Kithn H. (1995), The lipid body lipoxygen-
ase from cucumber seedlings exhibits unusual reaction
specificity. FEBS Lett. 367, 12—-14.

Feussner 1., Hause B., Voros K., Parthier B., Wasternack
C. (1995), Jasmonate-induced lipoxygenase forms are
localized in chloroplasts of barley leaves (Hordeum
vulgare cv. Salome). Plant J. 7, 949-957.

Fidantsef A., Bostock R.M., Choi D. (1993), Temporal
expression of HMG-CoA reductase genes and lipoxy-
genase in potato leaves in response to fungal infec-
tion, methyl jasmonate, or the elicitor arachidonic
acid. Plant Physiol. Suppl. 102, 113.

Fournier J., Pouénat M.-L., Rickauer M., Rabinovitch-
Chable H., Rigaud M., Esquerré-Tugayé M.-T. (1993),
Purification and characterization of elicitor-induced li-
poxygenase in tobacco cells. Plant J. 3, 63-70.

Gardner H.W. (1991), Recent investigations into the li-
poxygenase pathway of plants. Biochim. Biophys.
Acta 1084, 221-239.

Geerts A., Feltkamp D., Rosahl S. (1994), Expression of
lipoxygenase in wounded tubers of Solanum tubero-
sum L. Plant Physiol. 105, 269-277.

Gregory L.E. (1956), Some factors for tuberization in
the potato plant. Am. J. Bot. 43, 281-288.

Grimes H.D., Koetje D.S., Franceschi V.R. (1992), Ex-
pression, activity, and cellular accumulation of methyl
jasmonate-responsive lipoxygenase in soybean seed-
lings. Plant Physiol. 100, 433-443.

Grimes H.D., Tranbarger T.J., Franceschi V.R. (1993),
Expression and accumulation patterns of nitrogen-re-
sponsive lipoxygenase in soybeans. Plant Physiol. 103,
457-466.

Grossman S., Ben-Aziz A., Ascarelli 1., Budowski P.
(1972), Intracellular distribution of lipoxygenase-like
activity of alfalfa leaves. Phytochem. 11, 509-514.

Gundlach H., Miiller M.J., Kutchan T.M., Zenk M.H.
(1992), Jasmonic acid is a signal transducer in elicitor-
induced plant cell cultures. Proc. Natl. Acad. Sci. USA
89, 2389-2393.

Hamberg M., Hamberg G. (1990), Hydroperoxide-de-
pendent epoxidation of unsaturated fatty acids in the
broad bean (Vicia faba L.). Arch. Biochem. Biophys.
283, 409-416.

Hamberg M., Gardner H.W. (1992), Oxylipin pathway to
jasmonates: biochemistry and biological significance.
Biochim. Biophys. Acta 1165, 1-18.

Hamberg M. (1993), Pathways in the biosynthesis of ox-
ylipins in plants. J. Lipid Med. 6, 375-384.

Helder H., Miersch O., Vreugdenhil D., Sembdner G.
(1993), Occurrence of hydroxylated jasmonic acids in
leaflets of Solanum demissum plants grown under
long- and short-day conditions. Physiol. Plant. 88,
647-653.

Hildebrand D.F. (1989). Lipoxygenases. Physiol. Plant.
76, 249-253.

Hildebrand D.F., Rodriguez J.G., Legg C.S., Brown G.C.,
Bookjans G. (1989), The effects of wounding and mite



136

infestation on soybean leaf lipoxygenase levels. Z. Na-
turforsch. 44¢, 655-659.

Jackson S.D.. Willmitzer L. (1994), Jasmonic acid spray-
ing does not induce tuberisation in short-day-requir-
ing potato species kept in non-inducing conditions.
Planta 194, 155-159.

Kanofsky J.R., Axelrod B. (1986), Singlet oxygen pro-
duction by soybean lipoxygenase isozymes. J. Biol.
Chem. 261, 1099-1104.

Kato T., Yamaguchi Y., Uyehara T.. Yokoyama T., Na-
mai T., Yamanaka S. (1983), Self defensive substances
in rice plant against rice blast disease. Tetrahedron
Lett. 24, 4715-4718.

Kato T., Yamaguchi Y., Abe N., Uyehara T., Namai T,
Kodama M., Shiobara Y. (1985), Structure and synthe-
sis of unsaturated trihydroxy C18 fatty acids in rice
plant suffering from rice blast disease. Tetrahedron
Lett. 26, 2357-2360.

Kato T., Ohta H., Tanaka K., Shibata D. (1992), Appear-
ance of new lipoxygenases in soybean cotelydons after
germination and evidence for expression of a major
new lipoxygenase gene. Plant Physiol. 98, 324-330.

Keppler L.D., Novacky A. (1986), Involvement of mem-
brane lipid peroxidation in the development of a bac-
terially induced hypersensitive reaction. Phytopathol.
76, 104-108.

Keppler L.D., Novacky A. (1987), The initiation of
membrane lipid peroxidation during bacteria-induced
hypersensitive reaction. Physiol. Mol. Plant Pathol.
30, 233-245.

Keppler L.D., Baker C.J., Atkinson M.M. (1989). Active
oxygen production during a bacteria-induced hyper-
sensitive reaction in tobacco suspension cells. Phyto-
pathol. 79, 974-978.

Koch E., Meier B.M., Eiben H.-G., Slusarenko A.
(1992), A lipoxygenase from leaves of tomato (Lycop-
ersicon esculentum Mill.) is induced in response to
plant pathogenic pseudomonads. Plant Physiol. 99,
571-576.

Koda Y., Okazawa Y. (1988), Detection of potato tuber-
inducing activity in potato leaves and old tubers. Plant
Cell Physiol. 29, 969-974.

Koda Y., Omer E.-S.A., Yoshihara T., Shibata H., Saka-
mura S., Okazawa Y. (1988), Isolation of a specific
potato tuber-inducing substance from potato leaves.
Plant Cell Physiol. 29, 1047-1051.

Koda Y., Kikuta Y., Tazaki H., Tsujino Y., Sakamura S.,
Yoshihara T. (1991), Potato tuber-inducing activities
of jasmonic acid and related compounds. Phytochem.
30, 1435-1438.

Kogel K.-H., Ortel B, Jarosch B., Atzorn R., Schiffer R..
Wasternack C. (1995), Resistance in barley against the
powdery mildew fungus (Erysiphe graminis f.sp.
hordei) is not associated with enhanced levels of en-
dogenous jasmonates. Eur. J. Plant Pathol. 101, 319-
332.

Kulkarni A.P, Mitra A., Chaudhuri J., Byczkowski J.Z.,
Richards I. (1990), Hydrogen peroxide: a potent acti-
vator of dioxygenase activity of soybean lipoxygenase.
Biochem. Biophys. Res. Comm. 166, 417-423.

Legendre L., Rueter S., Heinstein PF., Low P.S. (1993).
Characterization of the oligogalacturonide-induced
oxidative burst in cultured soybean (Glycine max)
cells. Plant Physiol. 102, 233 -240.

S. Rosahl - Lipoxygenases in Plants

Lesham Y.Y. (1987), Membrane phospholipid catabo-
lism and Ca’* activity in control of senescence. Phy-
siol. Plant. 69, 551-559.

Levine A., Tenhaken R., Dixon R., Lamb C. (1994),
H,O, from the oxidative burst orchestrates the plant
hypersensitive disease resistance response. Cell 79,
583-593.

Liu W., Hildebrand D.F., Grayburn W.S., Phillips G.C.,
Collins G.B. (1991), Effects of exogenous auxins on
expression of lipoxygenases in cultured soybean em-
bryos. Plant Physiol. 97, 969-976.

Longland A.C., Slusarenko A.J., Friend J. (1987), Ar-
achidonic and linoleic acid elicit isoflavonoid phyto-
alexin accumulation in Phaseolus vulgaris (French
bean). J. Phytopathol. 120, 289-297.

Lynch D.V., Thompson J.E. (1984). Lipoxygenase-medi-
ated production of superoxide anion in senescing
plant tissue. FEBS Lett. 173, 251-254.

Macri F., Braidot E., Petrussa E., Vianello A. (1994),
Lipoxygenase activity associated to isolated soybean
plasma membranes. Biochim. Biophys. Acta 1215,
109-114.

Maniara G., Laine R., Ku¢ J. (1984), Oligosaccharides
from Phytophthora infestans enhance the elicitation of
sesquiterpenoid stress metabolites by arachidonic acid
in potato. Physiol. Plant Pathol. 24, 177-186.

Matsui K., Irie M., Kajiwara T., Hatanaka A. (1992), De-
velopmental changes in lipoxygenase activity in coty-
ledons of cucumber seedlings. Plant Sci. 85, 23-32.

Mehdy M.C. (1994), Active oxygen species in plant
defense against pathogens. Plant Physiol. 105, 467—
472.

Melan M.A., Dong X., Endara M.E., Davis K.R., Ausu-
bel EM., Peterman T.K. (1993), An Arabidopsis thali-
ana lipoxygenase gene can be induced by pathogens,
abscisic acid and methyl jasmonate. Plant Physiol. 101,
441-450.

Melan M.A., Enriquez A.L.D., Peterman T.K. (1994),
The LOX1I gene of Arabidopsis is temporally and spa-
tially regulated in germinating seedlings. Plant Phy-
siol. 105, 385-393.

Miiller M.J., Brodschelm W., Spannagl E., Zenk M.H.
(1993). Signaling in the elicitation process is mediated
through the octadecanoid pathway leading to jas-
monic acid. Proc. Natl. Acad. Sci. USA 90, 7490—
7494.

Mulliez E., Leblanc J.-P., Girerd J.-J., Rigaud M., Chot-
tard J.-C. (1987), S-lipoxygenase from potato tubers.
Improved purification and physicochemical character-
istics. Biochim. Biophys. Acta 916, 13-23.

Naor Z.. Shearman M.S., Kishimoto A., Nishizuka Y.
(1988), Calcium-independent activation of hypothala-
mic type 1 protein kinase C by unsaturated fatty acids.
Mol. Endocrinol. 2, 1043-1048.

Nellen A., Rojahn B., Kindl H. (1995). Lipoxygenase
forms located at the plant plasma membrane. Z. Na-
turforsch. 50¢, 29-36.

Neto G.C., Kono Y., Hyakutake H.. Watanabe M., Su-
zuki Y., Sakurai A. (1991), Isolation and identification
of (-)-jasmonic acid from wild rice, Oryza officinalis,
as an antifungal substance. Agric. Biol. Chem. 55,
3097-3098.

Niirnberger T., Nennstiel D.. Jabs T.. Sacks W.R., Hahl-
brock K., Scheel D. (1994). High affinity binding of a



S. Rosahl - Lipoxygenases in Plants

fungal oligopeptide elicitor to parsley plasma mem-
branes triggers multiple defense responses. Cell 78,
449-460.

Ocampo C.A., Moerschbacher B., Grambow H.J. (1986),
Increased lipoxygenase activity is involved in the hy-
persensitive response of wheat leaf cells infected with
avirulent rust fungi or treated with fungal elicitor. Z.
Naturforsch. 41¢, 559-563.

Ohta H., Ida S., Mikami B., Morita Y. (1986), Purifica-
tion and characterization of rice lipoxygenase compo-
nent 3 from embryos. Agric. Biol. Chem 50, 3165—
3171.

Ohta H., Shida K., Peng Y.-L., Furusawa 1., Shishiyama
J., Aibara S., Morita Y. (1990), The occurrence of lipid
hydroperoxide-decomposing activities in rice and the
relationship of such activities to the formation of anti-
fungal substances. Plant Cell Physiol. 31, 1117-1122.

Ohta H., Shida K., Peng Y.-L., Furusawa I., Shishiyama
J., Aibara S., Morita Y. (1991), A lipoxygenase path-
way is activated in rice after infection with the rice
blast fungus Magnaporthe grisea. Plant Physiol. 97,
94-98.

Park T.K., Polacco J.C. (1989), Distinct lipoxygenase
species appear in the hypocotyl/radicle of germinating
soybean. Plant Physiol. 90, 285-290.

Peever T.L., Higgins V.J. (1989), Electrolyte leakage, li-
poxygenase, and lipid peroxidation induced in tomato
leaf tissue by specific and nonspecific elicitors from
Cladosporium fulvum. Plant Physiol. 90, 867-875.

Pelacho A.M., Mingo-Castel A.M. (1991), Jasmonic acid
induces tuberization of potato stolons cultured in vi-
tro. Plant Physiol. 97, 1253—-1255.

Pena-Cortes H., Albrecht T.. Prat S., Weiler E.W., Will-
mitzer L. (1993), Aspirin prevents wound-induced
gene expression in tomato leaves by blocking jas-
monic acid biosynthesis. Planta 191, 123-128.

Peng Y.-L., Shirano Y., Ohta H., Hibino T., Tanaka K.,
Shibata D. (1994), A novel lipoxygenase from rice.
Primary structure and specific expression upon in-
compatible infection with rice blast fungus. J. Biol.
Chem. 269, 3755-3761.

Pfeiffer T.W., Hildebrand D.F., TeKrony D.M. (1992),
Agronomic performance of soybean lipoxygenase iso-
lines. Crop Sci. 32, 357-362.

Pinsky A., Grossman S., Trop M. (1971), Lipoxygenase
content and antioxidant activity of some fruits and
vegetables. J. Food Sci. 36, 571-572.

Preisig C.L., Kué¢ J.A. (1985), Arachidonic acid-related
elicitors of the hypersensitive response in potato and
enhancement of their activities by glucans from Phy-
tophthora infestans (Mont.) deBary. Arch. Biochem.
Biophys. 236, 379-389.

Preisig C.L., Ku¢ JA. (1987), Inhibition by salicylhy-
droxamic acid, BW755C, eicosatetraynoic acid, and
disulfiram of hypersensitive resistance elicited by ar-
achidonic acid or poly-L-lysine in potato tuber. Plant
Physiol. 84, 891-894.

Ricker K.E., Bostock R.M. (1992), Evidence for release
of the elicitor arachidonic acid and its metabolites
from sporangia of Phytophthora infestans during in-
fection of potato. Physiol. Mol. Plant Pathol. 41, 61—
72.

Ricker K.E., Bostock R.M. (1994), Eicosanoids in the
Phytophthora infestans-potato interaction: lipoxygen-

137

ase metabolism of arachidonic acid and biological
activities of selected lipoxygenase products. Physiol.
Mol. Plant Pathol. 44, 65-80.

Rojas M.L., Montes de Gomez V., Ocampo C.A. (1993),
Stimulation of lipoxygenase activity in cotyledonary
leaves of coffee reacting hypersensitively to the coffee
leaf rust. Physiol. Mol. Plant Pathol. 43, 209-219.

Rouet-Mayer M.-A., Bureau J.-M., Lauriere C. (1992),
Identification and characterization of lipoxygenase
isoforms in senescing carnation petals. Plant Physiol.
98, 971-978.

Ryan C.A. (1987), Oligosaccharide signalling in plants.
Ann. Rev. Cell Biol. 3, 295-317. R

Samuelson B., Dahlan S.-E., Lindgren J.A., Rouzer C.A.,
Serhan C.N. (1987), Leukotrienes and lipoxins: struc-
tures, biosynthesis, and biological effects. Science 237,
1171-1176.

Schewe T., Rapoport S.M., Kithn H. (1986), Enzymology
and physiology of reticulocyte lipoxygenase: compari-
son with other lipoxygenases. Adv. Enzymol. Mol.
Biol. 58, 191-272.

Schilstra M.J.,, Veldink G.A., Vliegenthart JEG. (1994),
The dioxygenation rate in lipoxygenase catalysis is de-
termined by the amount of iron(III) lipoxygenase in
solution. Biochem. 33, 3974-3979.

Schweizer P., Gees R., Mosinger E. (1993), Effect of jas-
monic acid on the interaction of barley (Hordeum
vulgare L.) with the powdery mildew Erysiphe gram-
inis f.sp. hordei. Plant Physiol. 102, 503-511.

Sembdner G., Parthier B. (1993), The biochemistry and
the physiological and molecular actions of jasmonates.
Ann. Rev. Plant Physiol. Plant Mol. Biol. 44, 569 -589.

Shimizu T., Radmark O., Samuelsson B. (1984), Enzyme
with dual lipoxygenase activities catalyzes leukotriene
A4 synthesis from arachidonic acid. Proc. Natl. Acad.
Sci. USA 81, 689-693.

Siedow J.N. (1991), Plant lipoxygenase: structure and
function. Ann. Rev. Plant Physiol. Plant Mol. Biol. 42,
145-188.

Song W.-C., Brash A.R. (1991), Purification of an allene
oxide synthase and identification of the enzyme as a
cytochrome P-450. Science 253, 781-784.

Steczko J., Axelrod B. (1992), Identification of the
iron-binding histidine residues in soybean lipoxygen-
ase L-1. Biochem. Biophys. Res. Comm. 186, 686—689.

Steczko J., Donoho G.P,, Clemens J.C., Dixon J.E., Axel-
rod B. (1992), Conserved histidine residues in soybean
lipoxygenase: functional consequences of their re-
placement. Biochem. 31, 4053-4057.

Strong F.E., Kruitwagen E. (1967), Traumatic acid: an
accelerator of abscission in cotton explants. Nature
215, 1380-1381.

Sumner J.B., Sumner R.J. (1940), The coupled oxidation
of carotene and fat by carotene oxidase. J. Biol. Chem.
134, 531-533.

Suzuki K., Shinshi H. (1995), Transient activation and
tyrosine phosphorylation of a protein kinase in to-
bacco cells treated with a fungal elicitor. Plant Cell 7,
639-647.

Thompson JE., Legge R.L., Barber R.F. (1987), The role
of free radicals in senescence and wounding. New
Phytol. 105, 317-344.

Tranbarger T.J., Franceschi V.R., Hildebrand D.F.,
Grimes H.D. (1991), The soybean 94-kilodalton vege-



138

tative storage protein is a lipoxygenase that is local-
ized in paraveinal mesophyll cell vacuoles. Plant Cell
3, 973-987.

Turlings T.C.J., Tumlinson J.H., Lewis W.J. (1990). Ex-
ploitation of herbivore-induced plant odors by host-
seeking parasitic wasps. Science 250, 1251-1253.

Vaughn S.F., Lulai E.C. (1992), Further evidence that
lipoxygenase activity is required for arachidonic acid-
elicited hypersensitivity in potato callus cultures. Plant
Sci. 84, 91-98.

Vera-Estrella R., Blumwald E., Higgins V.J. (1992),
Effect of specific elicitors of Cladosporium fulvum
on tomato suspension cells. Evidence for the involve-
ment of active oxygen species. Plant Physiol. 99,
1208-1215.

Vick B.A., Zimmerman D.C. (1976), Lipoxygenase and
hydroperoxide lyase in germinating watermelon seed-
lings. Plant Physiol. 57, 780-788.

Vick B.A., Zimmerman D.C. (1983), The biosynthesis of
jasmonic acid: a physiological role for plant lipoxy-
genase. Biochem. Biophys. Res. Comm. 111, 470-477.

Vick B.A., Zimmerman D.C. (1984), Biosynthesis of jas-
monic acid by several plant species. Plant Physiol. 75,
458-461.

Vick B.A., Zimmerman D.C. (1987), Oxidative systems
for modification of fatty acids: the lipoxygenase path-

S. Rosahl - Lipoxygenases in Plants

way. In: The Biochemistry of Plants (P.K. Stumpf and
E.E. Conn, eds.). Academic Press, Orlando, 53-90.

Wang W.H., Takano T.. Shibata D., Kitamura K., Takeda
G. (1994). Molecular basis of a null mutation in soy-
bean lipoxygenase 2: substitution of glutamine for an
iron-ligand histidine. Proc. Natl. Acad. Sci. USA 91,
5828-5832.

Wardale D.A., Lambert E.A. (1980), Lipoxygenase from
cucumber fruit: localization and properties. Phy-
tochem. 19, 1013-1016.

Wassef M.K. (1977), Fungal lipids. Adv. Lipid Res. 15,
159-232.

Yamamoto H.., Tani T. (1986). Possible involvement of
lipoxygenase in the mechanism of resistance of oats
to Puccinia coronata avenae. J. Phytopathol. 116,
329-337.

Yoshihara T., Omer E.A., Koshino H., Sakamura S., Ki-
kuta Y., Koda Y. (1989). Structure of a tuber-inducing
stimulus from potato leaves (Solanum tuberosum L.).
Agric. Biol. Chem. 53, 2835-2837.

Zimmerman D.C., Feng P. (1978), Characterization of a
prostaglandin-like metabolite of linolenic acid pro-
duced by flaxseed extract. Lipids 13, 313-316.

Zimmerman D.C., Coudron C.A. (1979), Identification
of traumatin, a wound hormone, as 12-oxo-trans-10-
dodecenoic acid. Plant Physiol. 63, 536—541.



