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A recently isolated cDNA clone of tobacco (Nicofiana fabacum 
L.) lipoxygenase (LOX) was used to study LOX gene expression in 
tobacco cell-suspension cultures and intact plants in response to 
infection with Pbyfopbfbora parasitica nicotianae (Ppn). Southern 
blot analysis of tobacco DNA indicated that only a small number of 
LOX genes hybridize to this probe. These genes were not constitu- 
tively expressed to a detectable leve1 in control cells and healthy 
plants. In contrast, a rapid and transient accumulation of transcripts 
occurred in cells and plants after treatment with elicitor and inoc- 
ulation with zoospores of Ppn, respectively. In cell cultures LOX 
gene expression could also be induced by linolenic acid, a LOX 
substrate, and by methyl jasmonate, one of the products derived 
from the action of LOX on linolenic acid. In the infection assays, 
LOX gene expression and enzyme activity were observed earlier 
when the plants carried a resistance gene against the race of Ppn 
used for inoculation. l h e  differential expression of LOX during the 
race-cultivar-specific interaction between tobacco and Ppn, as well 
as its regulation by elicitors and jasmonate, suggest a role of LOX in 
plant resistance and establishment of the defense status against this 
pathogen. 

~~ ~ ~~~ 

LOX (1inoleate:oxygen oxidoreductase, EC 1.13.11.12) 
catalyzes the addition of molecular oxygen to PUFAs, 
which present a cis,cis-1,4-pentadiene site, such as linoleic 
acid (18:2), linolenic acid (18:3), and AA (20:4). These 
nonheme-iron-containing dioxygenases are widely distrib- 
uted in nature among plants and animals (Gardner, 1991; 
Siedow, 1991; Toh et al., 1992). 

In animals hydroperoxides arising from LOX action on 
AA can be further converted through the so-called AA 
cascade into leukotrienes or lipoxins. These eicosanoids, 
together with their precursor hydroperoxides, are involved 
in the regulation of numerous physiological processes and 
pathological reactions, including the immune response 
(Nicolaou et al., 1991). Similarly, plant LOXs have been 
proposed to form biologically active compounds both dur- 
ing normal developmental stages such as germination or 
growth and during responses to environmental stress such 
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as wounding or pathogen attack (Gardner, 1991; Siedow, 
1991). 

The involvement of LOX in plant-microbe interactions 
was suggested when AA and eicosapentaenoic acid were 
isolated from the mycelium of Phytophfhora infestans, a 
phytopathogenic fungus, and were shown to elicit phytoa- 
lexin accumulation and hypersensitive cell death in potato 
tissues, probably via LOX action (Ricker and Bostock, 
1994). Other data also point to a role for LOX in plant 
pathogenesis. The primary products of LOX, the fatty acid 
hydroperoxides, are very reactive and may cause oxidative 
damage to membranes, leading to cell necrosis and death 
(Hildebrand, 1989). In some cases, lipid pentadienyl, per- 
oxyl free radicals (Gardner, 1991), or other active oxygen 
species such as the superoxide anion may also be generated 
by LOX action (Roy et al., 1994). These reactive molecules 
could take part in the oxidative burst that occurs during the 
plant defense response and are believed to promote hyper- 
sensitive cell death (Levine et al., 1994). PUFA hydroper- 
oxides can also undergo enzymatic conversions that pre- 
vent their damaging accumulation in plant cells and 
generate an array of less-reactive species (Siedow, 1991). 
These secondary LOX products include PUFA-derived 
compounds such as monoepoxy fatty acids, mono- and 
trihydroxy fatty acids or volatile alkenals showing antimi- 
crobial activities, and molecules with regulatory functions, 
such as traumatic acid or jasmonates (JA and MJ) (Farmer, 
1994; Creelman and Mullet, 1995). Along with a variety of 
other biological activities, jasmonates induce the produc- 
tion of proteinase inhibitors in tomato and tobacco (Nico- 
tiana tabacum L.) (Farmer and Ryan, 1990; Rickauer et al., 
1992) and regulate other wound-inducible or defense-re- 
lated genes as well (Farmer, 1994). In plant cell cultures, JA 
accumulation is stimulated by elicitor treatment and seems 
to take part in a signaling pathway leading from elicitor 
perception to secondary metabolite production (Mueller et 
al., 1993). 

Together these observations strengthen the hypothesis 
that LOX may play a role in pathogenesis due to its in- 
volvement in the biosynthesis of compounds that are signal 
or defense molecules. Indeed, stimulation of LOX activity 

Abbreviations: AA, arachidonic acid; JA, jasmonic acid; LOX, 
lipoxygenase; MJ, methyl jasmonate; Ppn, Phytophthora purasifica 
nicotianae; PUFA, polyunsaturated fatty acid; SA, salicylic acid. 
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has been reported in dicots and monocots after infection 
with pathogenic microorganisms and viruses, e.g. in to- 
bacco infected with Erysiphe cickoracearum (Lupu et al., 
1980), Ppn (Fournier et al., 1993), or tobacco mosaic virus 
(Ruzicska et al., 1983), in Pseudomonas syringae-inoculated 
bean (Croft et al., 1990) and Arabidopsis thaliana (Melan et 
al., 1993), in wheat infected with Puccinia graminis (Ocampo 
et al., 1986), and in rice infected with Magnaportke grisea 
(Ohta et al., 1991). In most cases, a correlation between 
induction of LOX activity and resistance of the plant has 
been shown. 

We previously demonstrated that LOX activity is rapidly 
induced in tobacco cells treated with elicitors prepared 
from the cell walls of Ppn, the causal agent of black shank 
disease (Rickauer et al., 1990; Fournier et al., 1993). An 
increase in LOX activity is also observed upon microbial 
elicitor treatment in other plant-microbe models, e.g. 
wheat-P. graminis (Ocampo et al., 1986) and rice-M. grisea 
(Ohta et al., 1991). 

LOX gene expression was iecently investigated in sev- 
era1 plant-pathogen interactions and LOX transcripts were 
shown to accumulate in rice plants upon inoculation with 
the fungus M. grisea (Peng et al., 1994), and in tomato, bean, 
and A. thaliana plants inoculated with Pseudomonas (Koch et 
al., 1992; Meier et al., 1993; Melan et al., 1993). 

A cDNA clone encoding a LOX has been obtained in our 
laboratory from elicitor-treated tobacco cells (Véronési et 
al., 1995a). This clone was used to investigate LOX gene 
expression in tobacco cells and plants. 

MATERIALS A N D  METHODS 

Apple's isolates 1156 (race O) and 1452 (race 1) of Ppn 
were grown on oatmeal agar at 25°C in the dark (Helgeson 
et al., 1972). Zoospores were obtained by the method of 
Gooding and Lucas (1959), as already described (Fournier 
et al., 1993). Elicitors were extracted with hot water from 
the cell walls of Ppn (I'élissier et al., 1986). The ethanol- 
soluble fraction was used after dialysis (spectrapor 
M6, cut-off molecular weight 1000) against deionized water 
and lyophilization. 

Cell-suspension cultures of Nicotiana tabacum L. cv 
Wisconsin 38 were grown in a liquid Murashige-Skoog 
medium modified by Jouanneau (1973) under constant 
light (10 pE  mp2 spl, 400-700 nm) at 24°C in Erlenmeyer 
flasks. The cells were subcultured every 14 d by adding 
35 mL of cell suspension to 250 mL of fresh medium. 
Seven-day-old tobacco cell cultures were used for the 
elicitor treatment and prepared as already described 
(Rickauer et al., 1990). Elicitors and other compounds 
were added under sterile conditions at the concentra- 
tions indicated in the figure legends; cells were har- 
vested at different times afterward, frozen in liquid ni- 
trogen, and stored at -80°C. 

Tobacco plants (N. tabacum L. isolines 46-8 and 49-10) 
(Helgeson et al., 1972) were grown on vermiculite in a 
greenhouse. Line 46-8 is resistant to lace O and susceptible 
to lace 1 of Ppn, whereas line 49-10 is susceptible to both 
races of the pathogen. Inoculation of 5-week-old plants 

with zoospores of Ppn was performed as previously de- 
scribed (Fournier et al., 1993). 

LOX Assay and Protein Measurement 

The enzyme assay was performed using a polarographic 
method as described elsewhere (Fournier et al., 1993). LOX 
activity was expressed in nkat mgpl protein. 

The protein content of the extracts was determined ac- 
cording to Lowry et al. (1951) after precipitation with TCA. 
Soybean LOX type I (Sigma) was used as the standard 
protein. 

lsolation of RNA and D N A  

Total RNA was extracted from tobacco cells or plants 
according to Haffner et al. (1978). RNA concentration was 
measured spectrophotometrically at 260 nm. 

Total genomic DNA was isolated from tobacco cells as 
described by Dellaporta et al. (1983). 

LOX Probes 

As previously described (Véronési et al., 1995a, 1995b), 
two tobacco LOX cDNA clones were isolated successively. 
The first, pTL-35, was obtained after construction of a 
cDNA library from elicitor-treated cells and screening with 
a fragment of a pea cDNA clone (Casey et al., 1985) and 
contained a partia1 (1.4-kb) LOX insert (Véronési et al., 
1995b). Screening of a second cDNA library from elicitor- 
treated cells with TL-35 allowed the isolation of a full- 
length clone, pTL-J2 (2.9 kb). Sequencing of these clones 
showed that TL-35 was an interna1 EcoRI fragment of TL-J2. 

Northern Blot Hybridization 

Total RNA (10 pg/  track) was separated on a denaturing 
1.2% agarose, 20% (v/v)  formaldehyde gel; rRNA bands 
were visualized by coloration with ethidium bromide to 
ensure that equal amounts of intact RNA had been applied. 
After passive transfer to nitrocellulose membranes (Schlei- 
cher & Schuell), the RNA was fixed irreversibly by incu- 
bation at 80°C under vacuum for 2 h. The membranes were 
prehybridized for 4 h at 42°C in 50% (v/v)  formamide, 2X 
SSC, 1 X  Denhardt's solution, 0.1% (w/v)  SDS, and 100 
pg/mL denatured calf thymus DNA, then hybridized for 
15 h with TL-35 under the same conditions. The probe was 
labeled with [a-32P]dCTP by random priming (Feinberg 
and Vogelstein, 1983). The membranes were successively 
washed in 2X SSC, 0.1% SDS at 62"C, and exposed to 
hyperfilm MP (Amersham) at -80°C. Each experiment, 
including sample preparation and RNA isolation, was car- 
ried out two or three times independently. 

Southern Blot Hybridization 

Ten micrograms of DNA from tobacco cells was digested 
with restriction enzymes at 37"C, separated on a 0.8% 
agarose gel, transferred to a nitrocellulose membrane 
(Schleicher & Schuell) after alkaline treatment according to 
Sambrook et al. (1982), and fixed at 80°C for 2 h under 
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vacuum. Prehybridization was performed in 5x SSPE, 5X
Denhardt's solution, 0.1% (w/v) SDS, and 100 jug/mL de-
natured calf thymus DNA at 65°C for 4 h, and hybridiza-
tion continued in the same solution containing the radio-
active LOX probe. Hybridized membranes were washed
with 2X SSC, 0.1% SDS at 65°C, and exposed to hyperfilm
MP at -80°C.

RESULTS

Restriction Maps of the LOX Probes

Two tobacco LOX cDNA clones, pTL-35 and pTL-J2,
were previously isolated from two independent cDNA li-
braries prepared from cell cultures treated with an elicitor
of Ppn, a soil pathogen of this plant. pTL-35 contained a
1.4-kb insert, which covered about one-half of the entire
LOX sequence (Veronesi et al., 1995b), whereas pTL-J2 was
a full-length clone containing 5' and 3' nontranslated re-
gions and a poly(A) sequence (Veronesi et al., 1995a). Re-
striction maps of these clones are shown in Figure 1. Se-
quencing of both clones revealed that TL-35 was an EcoRI
fragment of TL-J2 (nucleotides 1220-2635), and that the two
clones contained the conserved His-binding domain II of
LOXs. The LOX cDNA TL-35 was used in all northern blot
experiments to avoid problems that might result from a
too-large LOX cDNA probe.

A

Kb

23

9.4

2.3
2.0 I..I

B

23

9.4

6.6

4.4

2.3
2.0

Figure 2. Southern blot analysis of tobacco LOX DNA. Total
genomic DNA (10 p.g) was digested with either FcoRI, BamHI,
H/ndlll, or Xba\. After electrophoresis on a 0.8% agarose gel, dena-
turation, and transfer to a nitrocellulose membrane, hybridization
was carried out with a |a-32P]dCTP-labeled TL-35 (A) or TL-J2 (B)
LOX probe. Size markers (kb) generated from Hmdlll-digested A DNA
are indicated on the left.

Southern Blot Analysis

DNA from tobacco cells that had been digested with
different restriction enzymes was analyzed by Southern
blot hybridization to the two LOX cDNAs, TL-35 and TL-J2.
With both probes, several distinct bands appeared after
digestion with EcoRI, BamHI, Hmdlll, or Xbal (an enzyme
that does not cut inside TL-J2), suggesting the occurrence
of a small LOX gene family in tobacco (Fig. 2). Not much
difference was observed between hybridization with the
two LOX probes, with the exception of a weakly hybridiz-
ing additional band of about 4.4 kb after digestion with
EcoRI and an additional faint band of about 2 kb after
BamHI digestion, when TL-J2 was retained as a probe. The
weak hybridization of these additional bands might be due
to the presence of large introns such as those that have been
found in soybean, bean, and Arabidopsis LOX genes (Kato
et al., 1993; Eiben and Slusarenko, 1994; Melan et al., 1994).

E X H
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Figure 1. Partial restriction map of tobacco LOX cDNA clones TL-35
and TL-J2. Restriction endonuclease site positions were deduced
from double-digestion experiments and confirmed after sequence
analysis of both clones. Digestions were performed with the follow-
ing enzymes: SamHI (B), EcoRI (E), H/ndlll (H), Pstl (P), Sa/l (S), Seal
(Sc), and Xho\ (X).

Expression of LOX in Tobacco Cell Cultures

A time-course study of LOX gene expression was per-
formed in control or elicitor-treated tobacco cells. Northern
blot hybridization of total RNA to TL-35 cDNA showed
that LOX transcripts of about 3 kb began to accumulate in
tobacco cells within the first 2 h after addition of elicitor,
reached a maximum level between 8 and 24 h, and declined
thereafter (Fig. 3). In one experiment LOX gene expression
was detected as soon as 1 h after elicitor treatment (data not
shown). No transcripts were detectable in control cells
during the entire period of the experiment, thereby indi-
cating that TL-35 (and TL-J2) corresponded to an elicitor-
induced LOX gene.

LOX Activity and Expression in Healthy or Infected
Tobacco Seedlings

We previously reported that LOX activity was induced
in tobacco cv Kentucky 15 seedlings upon infection with
zoospores of a compatible race of Ppn (Fournier et al.,
1993). To further investigate whether this stimulation
might be related to resistance in tobacco, we measured
LOX activity in both compatible and incompatible inter-
actions. Two near-isogenic lines of tobacco, 46-8 and
49-10, were root-inoculated with zoospores of race 0 or 1
of Ppn; isoline 46-8 is resistant to race 0 of the fungus,
whereas all other combinations result in compatible in-
teractions (Table I). In all interactions, a transient stim-
ulation of LOX activity was observed after inoculation;
the enzyme activity remained low in mock-inoculated
plants. This stimulation appeared earlier (d 3) in the
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Figure 3. Time-course study of LOX gene expression in tobacco
cell-suspension culture. Tobacco cells were treated with water (Con-
trol) or Ppn elicitor at a final concentration of 30 /ig/mL (Eli) during
6 h (A) or up to 72 h (B). After the indicated incubation times total
RNA was extracted and samples (10 ;u,g) were subjected to electro-
phoresis on a formaldehyde-agarose gel, transferred to a nitrocellu-
lose membrane, and hybridized with the radiolabeled TL-35 LOX
probe. Gels were stained with ethidium bromide to ensure that equal
amounts of intact RNA had been charged. Membranes were exposed
to x-ray films for 96 h in A and for 24 h in B.

incompatible interaction (Fig. 4A) than in the three com-
patible interactions (Fig. 4, A and B), where it peaked at
the time of disease symptom appearance (d 4). Black
shank disease symptoms developed only in compatible
interactions, whereas resistant plants remained devoid
of any visible symptoms. Since whole plants were used
for this study, it is likely that the recorded values were
underestimated at early stages of the interaction. Indeed,
at these stages this disease concerns primarily the basal
part of tobacco.

We subsequently focused on isoline 46-8, which har-
bors a resistance locus to race 0 but not to race 1 of the
fungus and shows a differential activation of LOX upon
inoculation with the two races. LOX gene expression was
examined by northern blot analysis of total RNA from
roots of healthy or inoculated seedlings. The data in-
cluded in Figure 5 are representative of two independent
experiments and show that LOX transcripts appeared
early and transiently in roots of infected seedlings,
whereas they were not detected in control, mock-
inoculated roots. Moreover, LOX transcripts accumu-
lated earlier in the incompatible interaction, with a max-
imum level around 8 h after inoculation, than in the
compatible interaction, in which maximum intensity was
reached 24 to 48 h after inoculation.

Table I. Diagram of the race-cultivar-specific interaction between
tobacco isolines and P. parasitica nicotianae

I, Incompatible; C, compatible.

P. parasitica
nicotianae

N. tabacum Isolines

46-8 49-10

Race 0
Race 1

C
C

Expression of LOX in Tobacco Cells upon Treatment with
Putative Signal Molecules

To further investigate the mechanism by which fungal
elicitors may induce LOX gene expression, several putative
plant signal molecules were examined for their potential
ability to mimic elicitor activity. Previous results from our
laboratory have shown that MJ is able to induce defense
proteins in tobacco cells (Rickauer et al., 1992). Although a
moderate induction of LOX activity was observed after
treatment with 50 JUM MJ, the concentration of 800 JUM was
retained, since it gave a maximal response for LOX (C.
Veronesi, unpublished results) and proteinase inhibitor in-
duction (Rickauer et al., 1992). This value seems high, but
is only a theoretical value, since the commercial solution
contains both active and inactive isomers in an undeter-
mined ratio. Furthermore, the lipophilic and volatile nature
of this compound makes it probable that the actual quan-
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Figure 4. Time course of LOX activity in tobacco plants infected with
Ppn. LOX activity was measured at the indicated times in seedlings
that had been root-inoculated with or without (Control) zoospores
from Ppn race 0 or race 1. A, Tobacco line 46-8 seedlings; B,
tobacco line 49-10 seedlings. Reported values are the means of three
independent experiments ± so.
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Figure 5. Northern blot analysis of LOX transcripts in tobacco plants after root-inoculation with Ppn. Total RNA was
extracted from roots of line 46-8 seedlings at the indicated times after mock-inoculation (control) or inoculation with
zoospores of Ppn race 0 or race 1. Total RNA (10 /xg) from roots was separated on a formaldehyde-agarose gel and
transferred to a nitrocellulose membrane. Hybridization of the blot was performed with the radiolabeled TL-35 probe.

tity of MJ dissolved in the incubation medium is signifi-
cantly lower.

SA is involved in pathogenesis-related protein gene in-
duction during the establishment of systemic acquired re-
sistance in tobacco (Vernooij et al., 1994). The effect of MJ
and SA on LOX gene expression was studied by northern
blot analysis 12 h after the addition of these compounds. At
this time, LOX transcripts are fully induced by the fungal
elicitor. Figure 6A shows that MJ is also able to induce LOX
transcript accumulation, whereas SA had no effect under
the conditions of the assay. Linoleic and linolenic acid, the
two substrates for LOX in plants, are supposed to be re-
leased from membrane phospholipids during elicitation
(Mueller et al., 1993; Roy et al., 1995). Linolenic acid, a
precursor for JA biosynthesis, stimulated LOX gene expres-
sion, although more weakly than the fungal elicitor (Fig.
6B), whereas linoleic acid was inactive. Induction of LOX
gene expression and enzyme activity by MJ was more
prolonged than stimulation by the fungal elicitor (Fig. 7).

DISCUSSION

Recently we reported the purification of an elicitor-
induced LOX from a tobacco cell suspension, with a pi of

Eli MJ SA

3kb —

C Eli C18:2C18:3

3kb —

Figure 6. Northern blot analysis of LOX mRNA in tobacco cells upon
MJ, SA, or fatty acid treatment. A, Cultured cells were treated with
ethanol (C) (1 /jl/mL), elicitor (Eli) (30 ng/mL), MJ (800 /XM), or SA
(100 JIM). B, Cell suspensions were treated with water (C), elicitor
(Eli) (30 /Lig/mL), 150 JUM linoleic acid (C18:2), or 150 JJ.M linolenic
acid (C18:3). Incubation time was 12 h. Total RNA (10 jxg) was
separated on a formaldehyde-agarose gel, transferred to a nitrocel-
lulose membrane, and hybridized with the radiolabeled TL-35 probe.

approximately 5.1 and a molecular weight of about 96,000
(Fournier et al., 1993). To study LOX gene expression in
defense-related situations, we isolated two LOX clones
(TL-35 and TL-J2) from two independent cDNA libraries of
elicitor-treated tobacco cells. The TL-J2 clone covers the
TL-35 clone and contains a 2.9-kb cDNA insert, which
encodes an 862-amino acid polypeptide with a calculated
molecular weight of 97,577 and a pi of around 5.3. A
comparison of the deduced amino acid sequence of this
tobacco LOX with other plant LOX sequences suggests that
TL-J2 cDNA covers the whole protein and includes four

30

Hours of treatment

60 70

Control MJ

0 4 12 24 48 72 4 12 24 48 72 Hours of
treatment

3kb-

Figure 7. Time course of LOX enzyme activity (A) and LOX gene
expression (B) in tobacco cells treated with MJ. Tobacco cell suspen-
sions were incubated with ethanol (control) or MJ (800 /XM) for
various times. LOX enzyme activity was measured polarographically
with linoleic acid as a substrate (A). LOX gene expression was
determined by northern blot analysis (B). Ten micrograms of total
RNA was separated by denaturing electrophoresis, transferred onto a
nitrocellulose membrane, and hybridized with the radiolabeled
TL-35 probe.
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regions that are highly conserved among LOXs (Siedow, 
1991; Véronési et al., 1995a). The primary sequence of this 
polypeptide shows homology (40-80%) to other animal or 
plant LOXs, the highest homology (70-80%) being recorded 
within solanaceous plants and with A. thaliana Lox-1 
(Melan et al., 1993). It also has 80% identity to a partia1 
tobacco LOX genomic clone (Bookjans et al., 1988). Com- 
pared with this clone, differences in amino acid residues 
are found throughout the sequence and even within the 
regions of high homology, which leads us to the conclusion 
that pTL-J2 corresponds to a different tobacco LOX gene, 
and that at least two LOX genes occur in tobacco. This was 
confirmed by Southern blot hybridization with TL-J2 and 
TL-35. The occurrence of a small number of LOX genes in 
the same species has been reported for a number of plants, 
including A. thaliana, tomato, potato, and rice (Bell and 
Mullet, 1993; Ferrie et al., 1994; Geerts et al., 1994; Peng et 
al., 1994). 

Northern blot analysis revealed the presence of LOX 
transcripts in elicitor-treated cells only, but not in water- 
treated control cells, indicating that LOX is not constitu- 
tively expressed and that the cloned cDNA derives from a 
tobacco LOX gene with an expression induced by a fungal 
elicitor. However, since TL-J2 detected at least two genes in 
Southern blot analysis, it cannot be ruled out that the signal 
obtained by northern blot hybridization corresponds to 
two transcripts of the same size. The time course of the 
transient accumulation of LOX transcripts is in agreement 
with the previously reported transient induction of LOX 
activity in elicitor-treated tobacco cells (Rickauer et al., 1990). 

LOX activity and gene expression were also examined in 
tobacco seedlings root-inoculated with zoospores of Ppn. 
This mode of inoculation has been retained because it 
closely reflects the situation occurring during natural in- 
fection in the field. Two near-isogenic lines of tobacco were 
used in combination with two races of the fungus, allowing 
the comparison of incompatible versus compatible interac- 
tions. Inoculation of tobacco plants resulted in increased 
levels of LOX activity as well as gene expression, as it has 
also been reported to occur in other plant-microbe systems 
(Koch et al., 1992; Melan et al., 1993, Peng et al., 1994). The 
transient increase in total activity, as well as transcript 
accumulation in the roots, occurred earlier in the incom- 
patible than in the compatible interactions, which is in 
good agreement with a presumed role of LOX in disease 
resistance. The difference of 1 d between both interactions 
is interesting given the time scale of our experiments, since 
susceptible plants were totally colonized by the pathogen 
after 6 d and died thereafter. It is highly likely that the 
same LOX gene is expressed in inoculated seedlings and 
elicitor-treated cells; however, this cannot be definitively 
concluded from our experiments and will be investigated 
in the future. 

In contrast to published data obtained with bean, A. 
thaliana, and potato (Meier et al., 1993; Melan et al., 1993; 
Geerts et al., 1994), LOX transcripts could not be detected 
in uninoculated tobacco roots, aerial parts (data not 
shown), and untreated cell suspensions. Only a faint hy- 
bridization was observed with the RNA isolated from 

young leaves, sepals, petals, and germinating seeds. Thus, 
the transcripts revealed by northern blot analysis are not 
induced by nonspecific stress, e.g. wounding during the 
manipulation of cell cultures or seedlings, which makes 
this clone an interesting probe for studying the tobacco-Ppn 
interaction. 

Since jasmonates (JA and MJ) are compounds derived 
from the action of LOX on polyunsaturated fatty acids and 
have been associated with wound and defense responses of 
plants (Farmer, 1994), it was interesting to look for their 
possible effect on LOX itself. The present work shows that 
LOX gene expression and activity are also induced by MJ in 
tobacco, with a time course roughly similar to induction by 
a fungal elicitor. This is in agreement with the previously 
reported induction of LOX by MJ in soybean (Grimes et al., 
1992), A. thaliana (Bell and Mullet, 1993; Melan et al., 1993), 
and barley (Feussner et al., 1995). JA has been shown to 
accumulate in cell cultures and plants in response to elic- 
itor treatment (Mueller et al., 1993). A transient production 
of JA is also observed in tobacco cell cultures treated with 
Ppn elicitor (M. Rickauer, unpublished results). Jasmonates 
might mediate fungal elicitor effects on tobacco defense 
responses, including LOX stimulation, via the so-called 
octadecanoid pathway (Farmer and Ryan, 1992), as was 
recently suggested for other plant systems (Creelman and 
Mullet, 1995). This pathway involves linolenic acid release 
from membrane lipids, followed by conversion of this fatty 
acid into JA, a reaction catalyzed by severa1 enzymes, 
notably LOX, allene oxide synthase, and allene oxide cy- 
clase (Vick and Zimmerman, 1984; Farmer and Ryan, 1992). 
Indeed, an increase in lipid acyl hydrolase activity was 
recently reported in tobacco cells after treatment with Ppn 
elicitor (Roy et al., 1995), and linolenic acid itself is able to 
induce LOX gene expression in tobacco (this work) and 
promote proteinase inhibitor accumulation in tomato 
(Farmer and Ryan, 1992). 

SA had no effect under the retained conditions. This 
compound has been proposed as an endogenous plant 
signal leading to the induction of defense molecules and 
systemic acquired resistance in tobacco (Vernooij et al., 
1994). In our system, however, it failed to induce LOX 
expression or the production of proteinase inhibitors (Rick- 
auer et al., 1990). Similar results have been reported for A. 
thaliana LOX 1 and 2, which were induced by MJ but not by 
sodium salicylate (Bell and Mullet, 1993). It is interesting 
that SA and aspirin have been shown to inhibit wound- 
induced gene expression in tomato, and aspirin also inhib- 
ited wound-induced production of JA (Pena-Cortés et al., 
1993). Thus, SA seems to exert a negative regulation on the 
LOX pathway, at least in the wound response. The rela- 
tionship between the two putative signal compounds JA 
and SA, and their respective pathways, deserves to be 
further investigated. 

Severa1 roles for LOX in plant-microbe interactions have 
now been suggested. During the last few years it has 
turned out that this enzyme is able to generate molecules 
that can be divided into three groups with different func- 
tions: (a) hydroperoxides and free radicals that might be 
involved in the localized cell death observed during the 
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hypersensitive response; (b) signal molecules such as JA 
and its methyl ester that can trigger defense gene expres- 
sion and amplify the initial response; and (c) antimicrobial 
compounds such as 2-trans-hexenal that constitute a direct 
defense against pathogen attack (Croft et al., 1993). These 
putative functions might well be fulfilled by more than one 
LOX. Indeed, most plants appear to produce severa1 iso- 
forms of this enzyme. Local and systemic plant responses 
to invasion by pathogens might involve distinct LOXs as 
well. Whether the LOX transcripts induced by elicitors, MJ, 
or pathogen infection derive from the same gene or from 
different genes that are specifically expressed can only be 
addressed by the use of gene-specific probes. Recently, a 
specific expression pattern of different 3-hydroxy-3- 
methylglutaryl-CoA reductase genes has been reported 
to occur in potato after treatment with MJ and the fungal 
elicitor AA (Choi et al., 1994). The isolation of probes 
specific for the different genes is therefore a prerequisite 
for the investigation of the temporal, spatial, and differ- 
ential expression of LOX(s). 

The isolated tobacco LOX cDNA clone allowed us to 
study LOX gene expression in tobacco during the interac- 
tion with the fungal pathogen Ppn. Differential gene ex- 
pression and activity of LOX in compatible and incompat- 
ible interactions reinforce the hypothesis of a relationship 
between LOX and resistance. Further work will therefore 
be aimed at engineering tobacco plants with a modified 
LOX gene expression. Analysis of defense responses and 
resistance patterns i n  these plants should help us to  gain 
more insight into the role of LOX during plant-pathogen 
interactions. 
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