
Abstract. Jasmonic acid, a product of the lipoxygenase
(LOX) pathway, has been proposed to be a signal
transducer of defence reactions in plants. We have
reported previously that methyl jasmonate (MJ) induced
accumulation of proteinase inhibitors in tobacco cell
suspensions (Rickauer et al., 1992, Plant Physiol Bio-
chem 30: 579±584). The role of this compound in the
induction of this and of other defence reactions is further
studied in this paper. Treatment of tobacco cell suspen-
sions with an elicitor from Phytophthora parasitica var.
nicotianae induced a rapid and transient increase in
jasmonic acid levels, which was abolished when cells
were preincubated with eicosatetraynoic acid (ETYA),
an inhibitor of LOX. Pretreatment with ETYA also
inhibited the induction of proteinase inhibitors by fungal
elicitor, but not by MJ. Linolenic acid, a precursor of
jasmonate biosynthesis, induced this defence response,
whereas linoleic acid had no e�ect. Expression of
defence-related genes encoding proteinase inhibitor II,
hydroxyproline-rich or glycine-rich glycoproteins, glu-
canase and chitinase, was induced in a basically similar
manner by fungal elicitor or MJ. However, ETYA did
not inhibit, or only partially inhibited, the elicitation of
these defence genes. Expression of the sesquiterpene
cyclase (5-epi-aristolochene synthase) gene was not
induced by MJ, but only by fungal elicitor, and ETYA
pretreatment had no e�ect on this induction. The
obtained results indicate that synthesis of jasmonate
via the LOX pathway seems to be only part of a complex
regulatory mechanism for the onset of many, but not all,
defence reactions.
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Introduction

Jasmonic acid (JA) and its methyl ester are natural
compounds occurring throughout the plant kingdom.
Their e�ects on development-related physiological
processes such as senescence and germination, tuber
formation or ethylene biosynthesis when applied exo-
genously at low concentrations draw these substances
close to classical phytohormones (reviewed by Sembdner
and Parthier 1993).

An additional function has been attributed to JA
since the discovery that methyl jasmonate (MJ) and its
precursors induced proteinase inhibitor (PI) synthesis in
tomato plants (Farmer and Ryan 1990, 1992). Originally
described as wound-inducible defence compounds
against herbivorous insects, PIs have since then been
reported to be induced by pathogenic microorganisms
and treatment with elicitors, and to inhibit fungal
proteases (reviewed by Ryan 1990). It has been postu-
lated that jasmonates might constitute lipid-derived
messengers in the signal transduction chain preceding
the activation of defence gene expression. This hypoth-
esis has been strengthened by Gundlach et al. (1992),
who reported that JA levels strongly increased in
elicitor-treated cell suspensions of Rauvol®a canescens
and Eschscholtzia californica. Methyl jasmonate treat-
ment induced alkaloid accumulation in these cultures
and phenylalanine ammonia-lyase activity in soybean,
indicating induction of phenylpropanoid synthesis.

Jasmonic acid is synthesized from a-linolenic acid via
the lipoxygenase (LOX) pathway, comprising oxidation
of a-linolenic acid, cyclisation of the resulting hydro-
peroxide to 12-oxo-phytodienoic acid, and further
conversion by reduction and b-oxidation (Vick and
Zimmerman 1983). Lipoxygenase (EC 1.13.11.12) has
been reported to be induced in various plants after
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pathogen attack (e.g. Ruzicska et al. 1983; Croft et al.
1993; Fournier et al. 1993; Melan et al. 1993). Inhibition
of the LOX pathway has been demonstrated to inhibit
phytoalexin production in rice inoculated with Pyricul-
aria oryzae (Li et al. 1991). The onset of defence
reactions might thus be triggered by a rise in jasmonate
levels, which are regulated by variations in LOX
activity.

We have previously reported that LOX activity is
induced in elicitor-treated tobacco cells prior to PI
production (Fournier et al. 1986; Rickauer et al. 1990)
and that the latter defence response is also induced by
incubation with MJ (Rickauer et al. 1992). In this study,
we demonstrate that jasmonate levels are strongly and
transiently enhanced in tobacco cells treated with an
elicitor preparation obtained from the cell walls of
Phytophthora parasitica var. nicotianae (Ppn), a patho-
gen of tobacco. The role of LOX and jasmonate in PI
induction is investigated by the use of LOX substrates
and eicosatetraynoic acid (ETYA), an in-vitro inhibitor
of LOX activity. Evidence is presented that an array of
di�erent defence-related transcripts is induced by MJ
in tobacco, but seems to be regulated only partially by
the LOX-catalysed jasmonate pathway. Phytoalexin
synthesis however, assessed by the expression of the
sesquiterpene cyclase (EAS) gene, seems to be unrelated
to jasmonate production in tobacco.

Materials and methods

Tobacco cell culture. Cell suspensions were obtained from pith of
Nicotiana tabacum L. cv. Wisconsin 38 and grown in a modi®ed
liquid Murashige-Skoog medium as described by Jouanneau
(1973), under constant light (10 W á m)2) at 24 °C in Erlenmeyer
¯asks, on an orbital shaker at 100 rpm. The cells reached the
stationary growth phase after 8 d and were subcultured every 14 d
by diluting 34 ml of culture in 250 ml of fresh medium.

Elicitor preparation. Fungal elicitor was isolated by autoclaving a
cell wall preparation of Phytophthora parasitica var. nicotianae
(Ppn) as described previously (PeÂ lissier et al. 1986). The ethanol-
soluble fraction was used after dialysis with Spectrapor M6 (cut-o�
MW 1000; Polylabo, Strasbourg, France) against deionized water
and lyophilisation.

Cell treatments. Seven-day-old tobacco cell cultures (in late loga-
rithmic growth phase) were used for incubations and prepared
under sterile conditions as follows: cells were allowed to settle by
gravity, the medium was gently removed by suction, and the cells
were resuspended in twice their volume of fresh medium. This
procedure was carried out three times. For incubations, aliquots of
this cell suspension were transferred into Erlenmeyer ¯asks, the
compounds studied were added and the ¯asks were agitated under
culture conditions for the times indicated in the text. Elicitor was
dissolved in distilled water and lipophilic compounds in ethanol;
control cells were incubated with the corresponding volume of
either water or ethanol, respectively. Methyl jasmonate (a mixture
of four stereoisomers) was purchased from Serva (Heidelberg,
Germany), and fatty acids and ETYA from Sigma (St. Quentin
Fallavier, France).

Viability staining. Aliquots of tobacco cells that had been incubat-
ed with water, elicitor or MJ for 40 h, were diluted tenfold with

fresh medium and Evans' blue was added at a ®nal concentration of
1 mg á ml)1. The cells were counted immediately afterwards under a
microscope with a Fuchs-Rosenthal hemacytometer (PolyLabo,
Strasbourg, France) and viability was determined as percent of
stained, non-viable cells. At least 170 cells were examinated for
each measurement.

Proteinase inhibitor measurement. Generally, 25 ml of a cell
suspension prepared as described above were incubated in 100-ml
Erlenmeyer ¯asks for 40 h, harvested by ®ltration on a sintered
glass ®lter, weighed and frozen immediately at ) 20 °C. The
extraction of PIs and the proteinase inhibition assay were carried
out according to Walker-Simmons and Ryan (1977) and as
previously described (Rickauer et al. 1989). The crude extract was
cleared by heat treatment at 65 °C for 10 min and centrifugation,
before being used in the assay. Inhibition of trypsin was measured
using azocoll (Sigma) as substrate and PI activity was expressed as
lg trypsin inhibited á mg protein)1. Protein content was measured
after precipitation of the extracts with cold trichloroacetic acid
(TCA) by the method of Lowry et al. (1951).

Jasmonate measurement. Aliquots of 60 ml of cell suspension
(corresponding to ca. 0.3 g DW) were incubated in 250-ml
Erlenmeyers ¯asks in the absence or presence of fungal elicitor,
harvested after di�erent time intervals by ®ltration, weighed and
shock-frozen in liquid nitrogen. After addition of 100 ng of 9,10-
dihydrojasmonic acid as an internal standard, the cells were
homogenized and extracted twice with diethyl ether. The whole
procedure of extraction, derivatisation and determination has
been described in detail by Mueller et al. (1993) and Mueller and
Brodschelm (1994). Brie¯y, extracts were puri®ed on an ami-
nopropyl solid-phase column by elution with ether/acetic acid
(98:2, v/v), derivatized with penta¯uorobenzyl bromide and
®nally analyzed by gas chromatography-mass spectroscopy
(GC-MS).

Extraction of RNA and Northern blot hybridization. Total RNA was
extracted from shock-frozen tobacco cells according to the method
described by Ha�ner et al. (1978); concentrations were measured
photometrically at 260 nm.

Generally, 20 lg of total RNA was subjected to electrophoresis
in a denaturing gel of 1.2% agarose in 2.2 M formaldehyde and 20
mM 3-(N-morpholino)propanesulfonic acid, 8 mM sodium acetate,
1 mM EDTA, pH 7.0. Migration was performed in the presence of
ethidium bromide in order to control whether equal amounts of
RNA had been loaded. After destaining of the gel in distilled water
and 10 ´ SSC (1 ´ SSC � 0.15 M NaCl, 0.015 M Na-citrate,
pH 7.0), RNA was passively transferred to nitrocellulose mem-
branes (Schleicher & Schuell, Dassel, Germany) with 10 ´ SSC,
and ®xed by baking at 80 °C for 2 h under vacuum. The
membranes were prehybridized for 4 h at 42 °C in 2 ´ SSC,
1 ´ Denhardt's solution, 50% formamide, 0.1% SDS and 100
lg á ml)1 denatured calf thymus DNA, then hybridized overnight
at 42 °C in the same solution containing the radioactive probe.

The probes used in this study were pDC5A1 for hydroxypro-
line-rich glycoproteins (HRGPs; Chen and Varner 1985), the
HindIII-EcoRI insert of pT2-47 for PI II (Graham et al. 1986), the
PstI insert of pNt517 for glucanase (Godiard et al. 1990), the PstI
insert of pCHN50 for chitinase (Shinshi et al. 1987), and the
EcoRI-XhoI insert of pBS-TEAS for EAS (Facchini and Chappell
1992). Radioactive labelling was performed with [a-32P]dCTP by
random priming as described by Feinberg and Vogelstein (1983).
After hybridization, the membranes were washed twice for 30 min
at 60 °C (for PI II) or at 65 °C in 2 ´ SSC, 0.1% SDS. They were
blotted dry, protected by Saran-wrap (Polylabo), and exposed to
hyper®lm MP (Amersham, Les Ulis, France) at )80 °C.

Incubations of tobacco cells, RNA extractions and Northern
blot hybridizations were carried out three times independently, and
®gures show representative results.
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Results

Fungal elicitor induces a LOX-dependent increase in
jasmonate levels in tobacco cells. We have previously
demonstrated that treatment with MJ induced PI
production in tobacco cells to the same extent as
incubation with cell-wall-derived fungal elicitor (Rick-
auer et al. 1992). It has been postulated that defence
responses such as PI production might be triggered by
elicitor-induced jasmonate formation involving LOX,
the ®rst enzyme in the JA biosynthetic pathway.

We therefore determined ®rstly if elicitor treatment of
tobacco cells resulted in enhanced levels of JA under our
experimental conditions. For this purpose, 7-d-old
tobacco cell suspensions were incubated in the absence
or presence of Ppn elicitor, harvested after di�erent time
intervals, and the JA content was determined by
capillary GC-MS. In control cells, no signi®cant changes
were observed throughout the 24-h incubation period,
whereas the addition of elicitor resulted in a rapid and
transient increase in JA levels, identi®ed as (3R/7S)-
iso JA. A typical experiment is shown in Fig. 1A, with a
maximum at 2 h, and a stimulation factor of 13. In ®ve
independent time-course studies we always observed a
substantial and transient increase, but absolute values
and timing of the peaks showed slight variations, which
precluded calculation of mean values. Thus the maxi-
mum of jasmonate peaked between 1.5 and 3 h, and
maximum values ranged from 30 to 80 ng JA per g DW;
control values were between 5 and 9 ng JA per g DW in
all assays during the whole incubation period. In all
cases the increase was dectectable 1 h after elicitor
addition to the cell cultures.

In order to determine if this increase involved
synthesis of precursors by LOX, tobacco cells were
preincubated with 20 lM ETYA before addition of
elicitor, and JA production was measured thereafter.
Eicosatetraynoic acid, a structural analogue of the LOX
substrate arachidonic acid, e�ciently inhibits tobacco

LOX activity in vitro (data not shown). Pretreatment of
the cells with ETYA resulted in a complete inhibition of
the elicitor-induced rise in JA (Fig. 1B). Thus, LOX
activity seems to be a prerequisite for the synthesis of
this compound.

Proteinase inhibitor production is regulated via the LOX
pathway. It has been reported previously that MJ
induces accumulation of PI activity in tobacco cell
cultures (Rickauer et al. 1992). However, the quantities
of MJ required for this e�ect were signi®cantly higher
than those used by Farmer and Ryan (1992) for
treatment of whole plants. A dose-response study of PI
induction in a tobacco cell suspension by MJ showed
that this response was maximal for a concentration of
890 lM; lower and higher concentrations had less e�ect
(Fig. 2A). This optimal dose of MJ did not seem to have
toxic e�ects, since viability staining of the tobacco cells
with Evans' blue after treatment with fungal elicitor and
890 lM MJ showed the same values as for control cells
(Fig. 2B). At higher concentrations, MJ showed some
toxicity, as demonstrated by an increase in the amount
of apparently dead cells after incubation with 1800 lM
MJ. Similar results were obtained by viability staining
with ¯uorescein diacetate (data not shown). Since the
concentration of 890 lMMJ did not appear to be toxic,
it was used for further studies on the defence responses
in tobacco.

With the purpose of determining if the observed
transient elicitation of jasmonate was required for PI
production, the tobacco cell suspensions were pretreated
with 20 lM ETYA before the addition of elicitor or MJ,
and PI activity was measured after 40 h of incubation.
Pretreatment with this inhibitor reduced the elicitation
of PI activity to ca. 60% (Fig. 3A), indicating that LOX-

Fig. 1A,B. Production of JA in elicitor-treated tobacco cells. Seven-
day-old tobacco cells were incubated in the absence or presence ofPpn
elicitor at a concentration of 30 lg á ml)1 for varying time intervals,
and JA content was determined by GC-MS. A Time course of JA
production in untreated control cells (j) or in elicitor-treated cells
(d). B Production of JA in elicitor-treated cells (d) or in cells that
had been preincubated for 1 h with 20 lM ETYA before addition of
elicitor (m)

Fig. 2A,B. Dose response of PI activity in tobacco cells, and cell
viability after treatment with MJ. A Seven-day-old suspension
cultures were incubated in the presence of various amounts of MJ
for 40 h, and PI activity was determined in crude extracts against
trypsin. Data are the means of three independent experiments � SD.
B Suspension cultures were incubated in the absence (c) or presence
of fungal elicitor (eli) at 30 lg á ml)1, or MJ at 890 lM (MJ 890) or
1800 lM (MJ 1800) for 40 h. Viability was determined immediately
afterwards by staining with Evans blue and is expressed as percent of
non-viable, stained cells. Values present the means of three indepen-
dent experiments � SD
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catalysed jasmonate production is necessary for maximal
elicitation. In contrast, when pretreatment with ETYA
was followed by incubation with MJ instead of fungal
elicitor, induction of PI activity was roughly the same as
with MJ alone.

The precursor for JA biosynthesis via LOX is a-
linolenic acid. When tobacco cells were incubated with
linoleic or linolenic acid, only the latter induced PI
activity, with a mean stimulation factor of about four-
fold above control values, whereas linoleic acid was
without signi®cant e�ect (Fig. 3B). This result further
supports a putative role of the JA pathway in PI
induction in tobacco cells.

Di�erent defence responses are induced by MJ. The
induction of PI activity and gene expression in tomato,
tobacco and alfalfa plants by intermediate and ®nal
products of the JA pathway has been described by
Farmer and Ryan (1992) and Farmer et al. (1992). It was
of interest to study if this pathway was also regulating
other defence reactions in tobacco. Hence we analysed
the e�ect of elicitor or MJ on defence gene expression in
cell suspensions by Northern blot hybridization, with
molecular probes corresponding to PI II, b-1,3-gluca-
nase, chitinase, HRGP and EAS.

In control cells, the levels of glucanase, chitinase and
HRGP transcripts were relatively high at the beginning
of the experiment, but decreased rapidly thereafter; PI II
and EAS transcripts were absent or only faintly detected
in controls (Fig. 4). Addition of elicitor or MJ enhanced
the transcript levels revealed with PI II, glucanase, and
chitinase probes. In all cases the maximum stimulation
was around 24 h. Five transcript species of about 7.0,
5.0, 3.3, 2.5 and 1.4 kb were detected in control cells and
elicitor-treated cells when Northern blots were probed

with a carrot HRGP clone (data not shown). Only the
most prominent species of about 1.4 kb showed a
substantial increase which started after 12 h of treat-
ment. This e�ect was similar for both elicitor and MJ.
The term ``HRGP transcript'' used in this study refers to
the probe rather than to the identity of transcripts. In
fact, due to the complementary of codons for (hydroxy-)
proline and glycine, a double-stranded HRGP probe
would thus be able to hybridize with HRGP and glycine-
rich proteins (GRP) transcripts. We suppose that the 1.4-
kb transcript revealed with the HRGP probe in tobacco
cells corresponds to a GRP gene which has been reported
to be induced by fungal glucan in tobacco plants, and
which shows a transcript of the same size (Brady et al.
1993). Expression of the EAS gene was induced very
rapidly in the presence of elicitor; transcript levels were
already at maximum after 4 h of incubation, declining
after 12±24 h. Methyl jasmonate, however, did not
induce any increase in EAS gene expression.

Taken together, it can be stated that expression of the
four defence-related genes which were induced by
elicitor and MJ (PI II, glucanase, chitinase and HRGP)
showed similar kinetics by both compounds; the
phytoalexin-related EAS gene, in contrast, was induced
only by fungal elicitor.

Expression of defence genes is a�ected di�erentially by
ETYA. In order to determine if there was a causal
relationship between elicitor, MJ, and defence responses,

Fig. 3A,B. Proteinase inhibitor activity in tobacco cells after treat-
ment with elicitor, MJ, ETYA and fatty acids. Cell suspensions were
incubated in the absence or presence of elicitor, MJ, fatty acids or
ETYA for 40 h and PI activity was determined in crude extracts
against trypsin. A c, control cells incubated without addition of
compounds; ETYA, incubated with 20 lMETYA; eli, incubated with
30 lg á ml)1 Ppn elicitor; MJ, incubated with 890 lM MJ;
ETYA + eli, ETYA + MJ: incubated 1 h with 20 lMETYA before
addition of elicitor or MJ, respectively. Data are the means of three
independent experiments � SD. B c, control cells; eli, incubated with
30 lg á ml)1 Ppn elicitor; C18:2, incubated with 150 lM linoleic acid;
C18:3, incubated with 150 lM linolenic acid. Data are the means of
three independent experiments � SD

Fig. 4. Northern blot analysis of defence gene expression in tobacco
cells treated with elicitor or MJ. Suspension cultures were incubated in
the absence (c) or presence of 30 lg á ml)1 elicitor (eli ) or 890 lM
methyl jasmonate (MJ ) for the times indicated and RNA was
extracted. Twenty micrograms of total RNA was separated on a
denaturing formaldehyde agarose gel, transferred to a nitrocellulose
membrane and hybridized with a radiolabelled probe for PI II,
glucanase (Glc), chitinase (Chi ), HRGP and EAS, respectively.
Ethidium bromide staining of the gels was performed in order to
assure that equal amounts of RNA had been loaded. The ®gure shows
one representative experiment out of three independent experiments
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the e�ect of the LOX inhibitor ETYA on defence gene
expression was analyzed by Northern blot hybridization.
Tobacco cells were preincubated with ETYA and then
further incubated for 8 and 24 h in the presence of
elicitor or MJ. These incubation periods were retained
since they correspond to the maxima of expression of the
di�erent genes under study.

Treatment of tobacco cells with ETYA alone had no
e�ect on levels of PI II, HRGP and EAS transcripts, but
induced slight increases of glucanase and chitinase
transcripts (Fig. 5). This e�ect, however, was always
weaker than induction by fungal elicitor or MJ.

Transcript induction by Ppn elicitor was reduced by
ETYA only in the case of PI II and glucanase, but this
inhibition was never very strong. In contrast, elicitor-
induced chitinase gene expression was strongly enhanced
by ETYA after 8 h of incubation, and EAS gene
expression was slightly, but reproducibly, stimulated
after 24 h of incubation. Induction of HRGP transcripts
by elicitor did not change appreciably after ETYA
pretreatment. Thus the elicitor-induced increase in
defence gene expression was either not a�ected, or only
partially a�ected by inhibition of JA synthesis with an
in-vitro inhibitor of LOX in tobacco cells.

Transcript induction by MJ was also in¯uenced by
ETYA pretreatment, the e�ect depending on the gene

under study. Whereas PI II induction remained un-
changed, increases of glucanase, chitinase and HRGP
transcript levels were reduced by ETYA pretreatment.
However, in the case of glucanase transcripts this e�ect
was strong only after 8 h of incubation and disappeared
at 24 h, whereas it was equally apparent at 8 and 24 h in
the case of chitinase and HRGP transcripts. Levels of
HRGP transcripts were reduced even below the levels
detected in control cells. The non-inducibility of EAS
transcripts by MJ was not changed by ETYA treatment.
It appears that for three out of the ®ve defence responses
studied, even the induction by externally added MJ is
a�ected by an inhibitor of its biosynthesis.

Discussion

During the last few years evidence has accumulated that
the lipid-derived compounds JA and MJ are regulatory
compounds for the wound response in plants (Farmer
and Ryan 1990, 1992; Staswick et al. 1991; Creelman
et al. 1992; PenÄ a-CorteÁ s et al. 1993), and might also
regulate the defence response against microbial attack
(Gundlach et al. 1992). Indeed, they have been shown to
induce an array of defence reactions in various plants,
and to be produced in response to wounding and elicitor
treatment. Jasmonic acid might thus participate in a
transduction cascade linking pathogen perception to
defence gene expression. The present study attempts to
unravel the importance of LOX and JA for the induction
of defence responses in tobacco cells.

The ®rst result of this work shows that tobacco cells
respond to an elicitor of a fungal pathogen of tobacco by
a rapid increase in JA levels. A time course study
indicated that, as in the case of Rauvol®a canescens and
Agrostis tenuis (Gundlach et al. 1992; Mueller et al.
1993), the production of JA is transient with a ``spike
pro®le'', which reaches its maximum around 2±3 h of
elicitor treatment before returning to control values after
5±6 h. This pattern is also very similar to the previously
reported induction of ethylene by the same elicitor in this
system (Rickauer et al. 1990).

A further study of JA production in the presence of
ETYA indicated that LOX activity is required for its
synthesis, since pretreatment of the cell suspension with
this compound inhibited the elicitor-induced rise in JA
content. Eicosatetraynoic acid is an irreversible inhibitor
of animal and plant LOX (KuÈ hn et al. 1984), and
preliminary results showed that it is an e�cient inhibitor
of tobacco LOX in vitro (data not shown). The fact that
elicitation of LOX in tobacco cells has been shown to
extend for a longer period of time than the very transient
production of JA (Rickauer et al. 1990) suggests that, in
addition to JA, other products are generated by the
enzyme. Indeed, several categories of fatty-acid-derived
molecules are known to occur in plants (reviewed by
Farmer 1994). The nature of these putative end-products
in tobacco still remains to be elucidated. In Pseudomonas
syringae-inoculated bean plants, the LOX pathway has
been reported to form volatile compounds with antimi-
crobial activity (Croft et al. 1993).

Fig. 5. Elicitation of defence-gene expression in tobacco cells after
ETYA pretreatment. Suspension cultures were preincubated for 1 h in
the absence or presence of 20 lM ETYA before addition of
30 lg á ml)1 Ppn elicitor or 890 lM MJ. Incubation continued for 8
and 24 h, and 20 lg of total RNA was analyzed by Northern blot
hybridization with radiolabelled probes for PI II, glucanase (Glc),
chitinase (Chi ), HRGP and EAS, respectively. c, non-treated control
cells; ET, ETYA pretreated, no compound added afterwards;
e, elicitor-treated; ET + e, ETYA pretreated, then elicitor-treated;
MJ, MJ-treated; ET + MJ, ETYA pretreated, then MJ-treated.
Loaded amounts of RNA were checked by ethidium bromide staining
of the gel. The ®gure shows one representative experiment out of three
independent experiments
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The channeling of the primary LOX products to-
wards JA or other end-products can be regulated at
di�erent levels of the pathway. First, depending on the
substrate released prior to LOX action, di�erent prod-
ucts are generated. A high phospholipase activity is
induced in elicitor-treated tobacco cells, in a manner
consistent with LOX elicitation (Roy et al. 1995).
Preliminary data indicate that di�erent enzymes are
involved in phospholipid hydrolysis, making it likely that
a variety of potential LOX substrates is released. Second,
in most plants there occur di�erent LOX isoforms, and
in tobacco cells there might be one isoform active at early
stages of elicitation which leads to formation of JA,
whereas a second isoform whose action is di�erent,
appears at later stages. Indeed, the tobacco LOX that we
have previously characterized at the maximum of
induction by elicitors (24 h) forms mainly the 9-hydro-
peroxide from a-linolenic acid in-vitro and only a small
proportion of the 13-hydroperoxide which is the direct
precursor of JA (Fournier et al. 1993). Finally, JA
synthesis could be regulated by changes in the levels of
enzymes required for the later steps of the pathway. One
or more of these mechanisms might account for the
transient induction of JA by elicitor treatment, while
high levels of LOX activity persist in the cells.

In order to address the role of JA/MJ in signal
transduction, we ®rst compared the e�ects of MJ and
fungal elicitor on defence-gene expression. Of the four
classes of genes that were retained, only the one related
to phytoalexin synthesis responded exclusively to the
elicitor, and was not induced by MJ. This result is in
agreement with the work of Choi et al. (1994) who
reported that the phytoalexin pathway is induced by
elicitor, but not by MJ or wounding in potato tubers.
The three remaining classes corresponding to enzyme
inhibitors (PI), pathogenesis-related (PR) proteins, and
cell-wall structural proteins are equally induced by MJ
and elicitor. Elicitation by MJ showed a similar time
course as induction by the fungal elicitor, which is
consistent with a role in elicitor transduction. These
results enlarge the spectrum of defence-related genes
which are induced by MJ. After PIs (Farmer and Ryan
1990), LOX (Tranbarger et al. 1991), phenylalanine
ammonia-lyase (Gundlach et al. 1992), proline-rich
proteins and chalcone synthase (Creelman et al. 1992),
berberine-bridge enzyme (Kutchan 1993), and PR-1 and
PR-5 (Xu et al. 1994), we now report induction of
glucanase, chitinase and HRGP (or GRP) transcripts in
tobacco by this compound.

A dose-response study of PI induction by MJ showed
that relatively high concentrations of this compound
were needed for maximum response. Several reasons
might account for this. Besides the fact that the actual
concentration of the biologically active isomer (3R/7S)-
iso-JA is only 5±10% of the commercial mixture, the
physiological state of the cell suspension might be
important. Indeed, in most studies with cell suspensions,
the cultures were used 3 d after subculturing (Mueller
et al. 1993; Blechert et al. 1995), whereas in the present
work the cells were in late logarithmic phase, 7 d after
subculturing. This phase has previously been found to be

most responsive with regard to elicitor-induced ethylene
and LOX production (Rickauer et al. 1990), but it
cannot be excluded that it is less responsive to MJ.
Finally, tobacco might simply be less sensitive to MJ
than other plant species. Indeed, a recent publication of
Ellard-Ivey and Douglas (1996) showed that wound-
inducible gene expression in tobacco required 100-fold
higher JA concentrations than in parsley.

Lipoxygenase inhibitors have been successfully used
to inhibit wound- or elicitor-induced responses in various
plants (Staswick et al. 1991; PenÄ a-CorteÁ s et al. 1993; Choi
and Bostock 1994; Ellard-Ivey and Douglas 1996). We
used ETYA, a structural analogue of the LOX substrate
arachidonic acid, in order to determine if LOX activity is
necessary for defence induction in tobacco. When the
jasmonate pathway was blocked by a low concentration
of ETYA, the induction by elicitor of PI II and glucanase
transcripts was only partially inhibited, and induction of
chitinase and HRGP transcripts was either not a�ected
or even stimulated. This indicated that, even though MJ
is su�cient to induce these defence reactions when
supplied exogenously, it is not the only compound
involved in their induction when it is produced in planta
in response to elicitor. Other compounds, related to the
same or to di�erent pathways might overcome the lack of
JA. It is possible that products derived from other LOX
isoforms whose synthesis is not inhibited by ETYA in
vivo, are also active in defence induction. Finally, we
cannot exclude the possibility that ETYA might be
destroyed in vivo after some time, which would result in
a later reappearance of LOX activity. The partial
inhibition by ETYA of MJ-induced glucanase, chitinase
and cell-wall protein gene expression might be due to the
fact that MJ also induces LOX activity in tobacco cells
(VeÂ roneÂ si et al. 1996). In this case, ETYA would inhibit
the MJ-induced LOX, thereby a�ecting some defence
responses. In order to avoid the potential problems
related to the use of in-vitro inhibitors, future work will
aim at obtaining tobacco plants with genetically modi®ed
LOX gene expression.

Finally, it should be kept in mind that other
signalling pathways, notably involving ethylene and
salicylic acid, are induced in plants in response to
microbial attack (Enyedi et al. 1992). Ethylene and
salicyclic acid do not induce PI activity in tobacco cell
cultures (Rickauer et al. 1990), but are known to
regulate other defence markers such as PR proteins
and HRGP. It has been reported that PR-1 and PR-5
gene expression is synergistically induced in tobacco
seedlings by MJ and salicylic acid, or MJ and ethylene,
respectively (Xu et al. 1994). Induction of these two
defence-related genes seems to be regulated by partially
di�erent signal transduction pathways, involving two
di�erent protein kinases. More and more it appears that
defence responses in plants are regulated by a complex
network of signal transduction pathways interacting
with each other, and when one pathway is blocked, the
signal may be shunted to another one. Eventually,
certain defence responses might be preferentially acti-
vated by one distinct pathway. Thus in potato (Choi
et al. 1994) and tobacco (this work), the phytoalexin
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pathway is induced by fungal elicitors, but not by MJ,
and in maize PRms gene expression is also induced only
by elicitor (Cordero et al. 1994). These results lead us to
the hypothesis that in certain plants, notably in members
of the Solanaceae family, jasmonate is part of a network
which regulates the expression of genes known to be
both wound- and elicitor-inducible, whereas infection-
and elicitor-speci®c responses such as the accumulation
of sesquiterpenoid phytoalexins are regulated by a
di�erent signal pathway, unrelated to this fatty-acid-
derived compound.
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