Plant Physiol. (1994) 104: 945-952
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Mechanisms Leading to the Activation of
Glyceollin Synthesis in Soybean (Glycine max)
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The efficiency of hydroperoxides (tert-butyl hydroperoxide, hy-
drogen peroxide) and sulfhydryl reagents (iodoacetamide, p-chlo-
romercuribenzene sulfonic acid) as glyceollin elicitors was exam-
ined in relation to sulfhydryl oxidation, or alteration, and to lipid
peroxidation, in 3-d-old soybean hypocotyl/radicle, Glycine max.
These oxidative events were investigated as possible early steps in
the transduction mechanisms leading to phytoalexin synthesis. Free
protein sulfhydryl groups were not modified after any of the
eliciting treatments, thus indicating that immediate massive protein
oxidation or modification cannot be considered a signal transduc-
tion step. Unlike sulfhydryl reagents, which led to a decrease of
the free nonprotein sulfhydryl group (free np-SH) pool under all
of the eliciting conditions, the results obtained with hydroperoxides
indicated that immediate oxidation of the np-SH is not required
for the signal transduction. Moreover, elicitation with 10 mm tert-
butyl hydroperoxide did not lead to further oxidation or to changes
in np-SH level during the critical phase of phenylalanine ammonia-
lyase activation (the first 20 h), suggesting that np-SH modifications
are probably not involved in hydroperoxide-induced elicitation.
On the other hand, all treatments leading to significant glyceollin
accumulation were able to trigger a rapid (within 2 h) lipid per-
oxidation process, whereas noneliciting treatments did not. In
addition, transition metals, such as Fe?* and Cu*, were shown to
stimulate both hydrogen peroxide-induced lipid peroxidation and
glyceollin accumulation, again emphasizing that the two processes
are at least closely linked in soybean. Among the oxidative proc-
esses triggered by activated oxygen species, oxidation of sulfhydryl
compounds, or lipid peroxidation, our results suggest that lipid
peroxidation is sufficient to initiate glyceollin accumulation in
soybean. This further supports the hypothesis that lipid peroxida-
tion could be involved as a step in the signal cascade that leads to
induction of plant defenses.

Phytoalexin accumulation in plant tissues is a regulated
defense response to pathogen infections and also to biotic
and abiotic elicitors. Although the transduction mechanisms
leading to such a metabolic shift are poorly understood, there
is much evidence that oxidative processes can play a crucial
role during the very early steps following signal perception.
Indeed, the production of powerful oxidizing species such as
O;™ and H,;O; have been observed in plant cells soon after
elicitor treatments (Apostol et al., 1989; Anderson et al., 1991;
Arnott and Murphy, 1991; Vera-Estrella et al., 1992) or upon

* Corresponding author; fax 33-42-25-46-56.

945

challenge with pathogens (Chai and Doke, 1987; Adam et
al., 1989; Baker et al., 1991; Glazener et al., 1991; Devlin and
Gustine, 1992). In addition, it has been shown that several
cellular redox state-modifying compounds, such as sulfhydryl
reagents, are able to elicit the accumulation of the isoflavo-
noid phytoalexins in clover callus (Gustine, 1981, 1987) and
in soybean (Glycine max) hypocotyls (Stossel, 1984). It is
difficult to assume that there is direct biological relevance to
such sulfhydryl modified groups. Nevertheless, in so far as
nonprotein sulfhydryl compounds (GSH or hGSH) may be
concerned, this could bring about indirect consequences such
as the depletion of the cellular antioxidant capacities. Con-
sequently, transient production of AO species in cells is
expected (Miccadei et al., 1988).

Such oxidative bursts could lead to the direct or indirect
oxidation of some cellular sulfhydryl groups (protein or non-
protein), and these oxidized products could be themselves
responsible for the transduction of the elicitor signal. Alter-
natively, AO species may be able to initiate a lipid peroxi-
dation process in the plant tissues. This has already been
described after elicitation (Rogers et al., 1988; Peever and
Higgins, 1989; Vera-Estrella et al.,, 1992) or during incom-
patible plant/microorganism interactions (Keppler and No-
vacky, 1986; Adam et al., 1989; Popham and Novacky, 1991).
The release of signals arising from this early peroxidative
event has been postulated (Rogers et al., 1988) and has also
been supported recently by studies demonstrating that per-
oxidized fatty acid metabolites may participate as intracellular
messengers in the signaling system that activates various

Abbreviations: AO, activated oxygen; DTNB, 5,5’-dithio-bis(2-
nitrobenzoic acid); hGSH, homoglutathione; HODE, hydroxy octa-
decadienoic acid; 9-HODE, 9-hydroxy-,10,12(E,Z)octadecadiencic
acid; 13(5)-HODE, 13(S)-hydroxy-9,11(Z E)octadecadienoic acid;
HPODE, hydroperoxy octadecadienoic acid; 13(5)-HPODE, 13(5)-
hydroperoxy-9,11(Z,E)octadecadienoic acid; HOTE, hydroxy octa-
decatrienoic acid; 12-HOTE, 12-hydroxy-9,13,15(Z,E,Z)octadecatrie-
noic acid; 13(S)-HOTE, 13(5)-hydroxy-9,11,15(Z,E,Z)octadecatrie-
noic acid; 16-HOTE, 16-hydroxy-9,12,14(Z,Z E)octadecatrienoic
acid; HPOTE, hydroperoxy octadecatrienoic acid; 13(S)-HPOTE,
13(S)-hydroperoxy-9,11,15(Z,E,Z)octadecatrienoic acid; hyp/rad,
hypocotyl/radicle; 1A, iodoacetamide; LPI, lipid peroxidation index;
np-SH, non-protein sulfhydryl group; PAL, phenylalanine ammonia-
lyase; PCMBS, p-chloromercuribenzene sulfonic acid; p-SH,
protein sulfhydryl group; O™, superoxide anion; tBuOOH, tert-butyl
hydroperoxide.
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plant defense pathways (Li et al., 1991; Farmer and Ryan,
1992).

Considering that AO species production, lipid peroxida-
tion, and sulfhydryl oxidation are interdependent phenom-
ena belonging to an “oxidative cycle,” their respective involve-
ments as a source of endogenous signals of plant defense
responses remain difficult to establish. To better answer this
question, this work was undertaken to compare the efficien-
cies of two hydroperoxides, H,O, and tBuOOH, and two
sulfhydryl reagents, IA and PCMBS, as glyceollin elicitors in
soybean, since these chemicals all have been described as
powerful inducers of isoflavonoid phytoalexin accumulation
(Gustine, 1981; Stossel, 1984; Montillet and Degousée, 1991).
Next, we investigated their respective oxidative effects on
sulfhydryl and lipid pools on a short-term basis. We also
describe here a new sensitive and simple method that allows
the quantification, in a single analysis, of all the fatty acid
hydroperoxide sterecisomers present in a plant tissue. Finally,
in light of our results, the possible involvement of the two
oxidative processes in the signal cascade that leads to the
soybean defense induction is discussed.

MATERIALS AND METHODS

Chemicals

Thirty percent H.O, was purchased from Prolabo (Paris,
France), and 70% tBuOOH was obtained from Aldrich Chem-
ical Co. GSH, Cys, 1A, PCMBS, and DTNB were purchased
from Sigma, and sodium borohydride was from Fluka. Lin-
oleic and linolenic acids (approximately 99% pure) and soy-
bean lipoxygenase-1 (16 units mg™" of protein) were from
Fluka. HPLC grade solvents were from Rathburn (Walker-
burn, Scotland).

Plant Material

Soybean seeds [Glycine max (L.) Merr, cv Soriano] (North-
rup King Semences, Saint-Sauveur, France) were germinated
under sterile conditions. The hyp/rad prepared by removing
cotyledons from seedlings were used for elicitation treatments
as previously described (Montillet and Degousée, 1991).

Glyceollin Extraction and Determination

Glyceollin analysis was essentially as previously reported
(Montillet and Degousée, 1991) but slightly modified to sim-
plify the extraction procedure. Briefly, sets of five hyp/rad
were weighed and homogenized in 8 mL of absolute ethanol
with an Ultra-Turrax at full speed for 20 s. The sample was
then centrifuged at 3000g for 20 min, and the ethanolic
supernatant was collected. The pellet was further washed
with 2.5 mL of absolute ethanol, and after centrifugation,
both supernatants were combined and dried under vacuum.
The residue was taken up in 1 mL of methanol and filtered
through a 0.45-um filter (Millipore, Saint-Quentin en
Yuelines, France) undergoing HPLC analysis (Montillet and
Degousée, 1991).
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Preparation of Tissue Homogenates for
Sulfhydryl Group Determination

Three-day-old hyp/rad (2 g fresh weight) were homoge-
nized at 4°C with an Ultra-Turrax at full speed for 20 s in 8
mL of an oxygen-free (obtained by helium bubbling) grinding
solution (0.15% [w/v] sodium ascorbate, 20 mm EDTA). Two
milliliters of 10% (w/v) SDS (prepared in the grinding solu-
tion) were immediately added to the sample fo stabilize
nonprotein free sulfhydryl groups and to improve yields in
p-SH extraction. The homogenate was then filtered through
one layer of Miracloth, and the filtrate was centrifuged at
30,000g for 15 min. The resulting supernatant was used to
determine sulfhydryl group contents.

Protein and Nonprotein Free
Sulfhydryl Group Determination

Free sulfhydryl group titration was based on the spectro-
photometric method of Ellman (1959). Free total sulfhydryl
group content was estimated by mixing an aliquot of 0.5 mL
of the 30,000¢ supernatant with 1 mL of 1 m Tris buffer (pH
8.1) and 0.1 mL of a 10 mm DTNB solution in 0.2 M sodium
phosphate buffer (pH 7.0). After 5 min A4; was measured
with a Kontron 860 spectrophotometer. The molar extinction
coefficient is 13,600 M~! cm™ (Ellman, 1959). As1> was cor-
rected for the color of a sample blank prepared without
DTNB, which was replaced by 0.2 M sodium phosphate buffer
(pH 7.0), and for the color of a reagent blank prepared
without plant extract, which was replaced by the grinding
solution containing 2% (w/v) SDS.

For free np-SH assays, 5-mL aliquots of the 30,000 su-
pernatant extract were mixed with 1.25 mL of 50% (w/v)
TCA in the grinding solution. Protein precipitation was al-
lowed to take place during 10 min at room temperature, and
samples were centrifuged at 30,000¢ for 15 min. Then, 0.5
mL of the deproteinized supernatant was mixed with 1 mL
of 1 M Tris buffer (pH 8.1) and 0.1 mL of the 10 mm DTNB
solution. The A4, was determined and corrected as above.
The free p-SH content was calculated by subtracting the free
np-SH value from the free total sulfhydryl group value.

Estimation of Oxidized np-SH

Oxidized np-SH. concentrations were estimated by sub-
tracting the free np-SH value from the total np-SH value
(free plus oxidized) obtained after a NaBH, reduction step.
This last step was performed according to the slightly modi-
fied procedure of Davies et al. (1984). Briefly, an aliquot of
the deproteinized supernatant was passed through a Sep-Pak
C;5 cartridge (Waters) to remove SDS prior to NaBH, reduc-
tion. Then, 1 mL of the SDS-free sample was slowly mixed
with 1 mL of a solution composed of equal parts of 1.3 N
NaOH and 4 m NaBH, in 2% (w/v) NaOH and (.2 M EDTA
at pH 9.0. After 5 min, excess borohydride was hydrolyzed
by adding 0.2 mL of 5 N HCl. One milliliter of this mixture
was added to 0.5 mL of 1 M Tris buffer (pH 8.1) and 0.1 mL
of 10 mm DTNB solution. The A4 2 was measured and cor-
rected for the colors of both reagents and sample blanks as
above.
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Hydroperoxy and Hydroxy Fatty Acid
Extraction and Quantification

HPODE and HPOTE contents of the tissues were deter-
mined by HPLC quantification of their corresponding hy-
droxy derivatives, HODE and HOTE, obtained after NaBH,
reduction and hydrolysis of a lipid extract. Briefly, 2.5 g fresh
weight of soybean tissues were homogenized at 4°C with an
Ultra-Turrax homogenizer for 1 min at 13,500 rpm in 5 mL
of 5% (w/v) NaBH, prepared in 0.2 N NaOH. The homoge-
nate was then slowly acidified to pH 4 with approximately
0.5 mL of HCIO, (70%) and extracted with 2 volumes of
chloroform:methanol (50:50, v/v); phase separation was ef-
fected by centrifugation at 700g for 5 min. The resulting
aqueous phase was further extracted with 1 volume of chlo-
roform, and both organic phases were pooled before vacuum
evaporation of the solvent. The residue was then hydrolyzed
by reflux for 15 min in 2.5 mL of 3.5 N NaOH containing 2.5
mL of absolute ethanol. After cooling, the sample was finally
acidified to pH 4 with 2.5 mL of 3.5 N HCIO, and extracted
with 1.5 mL of hexane:diethyl ether (70:30, v/v). The organic
phase was collected after centrifugation and used for HPLC
analysis. Analytical HPLC was performed with an LKB in-
strument equipped with a stainless steel cartridge (4.6 X 250
mm) packed with 5 um of Adsorbosphere HS silica (Alltech,
Paris, France). Hydroxy fatty acid stereoisomers were sepa-
rated by isocratic elution with hexane:diethyl ether:acetic acid
(70:30:0.5, v/v/v) at a flow rate of 1 mL min™". A3 was
monitored, and quantification was performed after calibra-
tion with authentic 135-HODE (98% purity and 99% enan-
tiomeric excess) using a molar extinction coefficient of 25,000
M~ em™ (lacazio et al., 1990). Chromatographic standards
were prepared by NaBH, reduction of the peroxidized prod-
ucts (lacazio et al., 1990). 135-HODE and 135-HOTE were
obtained from authentic hydroperoxy fatty acids, 135-
HPODE and 135-HPOTE (98% purity and 99% enantiomeric
excess) following reaction with commercial soybean lipoxy-
genase-1, according to the method of lacazio et al. (1990).
Furthermore, all of the possible sterecisomers corresponding
to the oxygenation products of the octadecapolyenoic acids
were obtained by autoxidation of linoleic acid with hemoglo-
bin at 20°C according to the method of Kithn et al. (1987)
and by photooxidation of linolenic acid according to the
method of Frankel et al. (1982).

PAL Assay

Soybean extracts were prepared according to the slightly
modified procedure of Robbins et al. (1991). About 2 g fresh
weight of soybean tissues were homogenized at 4°C with an
Ultra-Turrax at full speed for 20 s in 5 mL of 0.1 M sodium
borate buffer (pH 8.8), 15 mm 2-mercaptoethanol containing
5% (w/v) Dowex 1 X 2 and 2.5% (w/v) PVP. The extract
was then wrung through two layers of nylon cloth, and the
resulting filtrate was centrifuged at 20,000g for 10 min. PAL
activity was spectrophotometrically assayed at 290 nm by
diluting 0.1 mL of the enzyme extract to 1 mL with 0.1 M
sodium borate buffer (pH 8.8) and then adding an equal
volume of the same buffer containing 20 mm L-Phe. The
mixture was incubated at 40°C for 1 h, and the change in A

was measured against a blank containing no substrate. PAL
activity was expressed in ukatal kg™ of protein using a molar
extinction coefficient for cinnamate of 10,000 M~ cm™. Pro-
tein determination was carried out according to the method
of Bradford (1976).

RESULTS

Effect of Sulfhydryl Reagents and Hydroperoxides on
Glyceollin Accumulation in Soybean Tissues

The two sulfhydryl reagents IA and PCMBS, as well as the
hydroperoxides tBuOOH and H,O,, were able to elicit gly-
ceollin accumulation in soybean hyp/rad, whereas the phy-
toalexin levels in water-treated controls were not detectable
(Fig. 1). The dose effects shown in Figure 1A indicated that
in a concentration range of 1 to 10 mm the level of glyceollin
in the sulfhydryl reagent-treated tissues did not exceed 60 ug
g~ fresh weight. IA was efficient at low concentrations, since
a 1 mM treatment brought about significant phytoalexin levels
(17 ug g~* fresh weight) and a concentration of 3 mM nearly
corresponded to the optimal dose. Higher IA concentrations
(up to 10 mm) gave similar phytoalexin responses to those
seen at 3 mM. On the other hand, PCMBS was ineffective
at doses lower than 4 mm. Beyond this threshold, glyceol-
lin levels linearly increased with the sulfhydryl reagent con-
centration, reaching 35 ug g™ fresh weight for a 10 mm
treatment.

Figure 1 shows that glyceollin accumulation peaked at 150
ug g ' fresh weight with 10 mm tBuOOH and reached a
plateau of 120 ug g™' fresh weight at an H,O, concentration
of 0.75 M. No significant accumulation of glyceollin was
observed at concentrations lower than 50 mm for an H,O,
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Figure 1. Production of glyceollins in hyp/rad of 3-d-old etiolated
soybean seedlings immersed for 30 min in (A) aqueous solutions of
tBUOOH (@), 1A (W), or PCMBS (¢) and (B) aqueous solutions of
H:O, {O). Tissues were then rinsed with deionized water and
incubated for 48 h at 25°C in the dark before glyceollin quantifi-
cation. No glyceollin accumulation was detected in water-treated
controls. Values are means + sp for two experiments with three
replicates each.
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treatment and 2 mm for tBuOOH. To further compare the
four elicitor treatments, the amount of accumulated glyceollin
was followed over time after 1 M H,O,, 10 mm tBuOOH, 3
mm IA, and 8 mm PCMBS treatments. As shown in Figure 2,
glyceollin levels in tissues were significant after a lag period
of about 15 h and reached their maximum value by 39 h,
whatever the treatment.

Effect on the Sulfhydryl Pools

Since the four abiotic elicitors, H,O,, tBuOOH, 1A, and
PCMBS, were all potentially able to modify the cellular
sulfhydryl pools, we first investigated their dose effect on
both free p-SH and np-SH (Fig. 3). The spectrophotometric
quantifications were carried out immediately after the 30-
min treatments. The p-SH levels were corrected for a recovery
yield of 75% (determined with BSA), and the np-SH levels
were similarly corrected for a recovery yield of 90% (deter-
mined with GSH). The results were expressed as a percentage
of the water-treated control levels, which were 500 * 40
nmol g~' fresh weight for free p-SH and 260 + 30 nmol g™
fresh weight for free np-SH.

As shown in Figure 3, none of these compounds induced
any significant modification of the free p-SH levels in a
concentration range in which elicitor activity was observed.
Under the same conditions, treatment with PCMBS, IA, and
H,O, caused an immediate concentration-dependent de-
crease in free np-SH (Fig. 3, A, B, and C, respectively). The
lowest active doses were-5 mm for PCMBS, 0.5 mm for IA,
and 0.5 M for H,O,, which led to free np-SH decreases of
about 20 to 30% of the control in each case. In contrast,
tBuOOH at eliciting concentrations (up to 10 mm) did not
induce any comparable change (Fig. 3D). The same result
was observed at 20 mm, whereas 40 and 100 mM treatments
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Figure 2. Time course of glyceollin accumulation in hyp/frad of 3-
d-old etiolated soybean seedlings after treatments in aqueous so-
lutions of 1 m H,O, (), 10 mm tBuOOH (@), 3 mm |A (l), and 8
mm PCMBS (#) for 30 min. No glyceollin accumulation was detected
in water-treated controls. Values are means £ sp for two experi-
ments with three replicates each.
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Figure 3. Dose effect of PCMBS (A), 1A (B), H.0; (C), and tBUOOH
(D) on protein free sulfhydryl (free p-SH, open symbols) and non-
protein free sulfhydryl groups (free np-SH, closed symbols). Sulfhy-
dryl extractions and quantifications were performed immediately
after a 30-min treatment of the hyp/rad of 3-d-old etiolated soybean
seedlings as described in “Materials and Methods.” Results are

expressed as percentages of control and represent means + sp for
two experiments with three replicates each.

led to 40 and 65% free np-SH decreases, respectively (data
not shown).

Since eliciting concentrations of tBuOOH did not lead to
any immediate modification of the free np-SH pool, the
evolution of both total and oxidized np-SH levels was fol-
lowed during the critical phase of elicitation (Fig. 4). In this
context, PAL activity was used as a marker for involvement
of the phenylpropanoid pathway in glyceollin synthesis. As
shown in Figure 4A, the PAL activity of soybean hyp/rad
treated with 10 mm tBuOOH increased significantly after a
3-h lag period and peaked 15 h later at a value of 23 pkatal
kg™ of protein. In contrast, the activity of controls was fairly
stable during this time at approximately 8 ukatal kg™ of
protein. Throughout this period (i.e. the first 20 k) no modi-
fication of either total np-SH (Fig. 4B) or oxidized np-SH
(Fig. 4A) occurred in these tBuOOH-treated tissues. In addi-
tion, the mean of the total np-SH levels in both sets of
samples remained constant at a value of 260 nmol g™* fresh
weight, and the oxidized form did not represent more than
10% of this pool.
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Figure 4. (A) Oxidized np-SH (M, [J) and PAL activity (A, A) and (B)
total np-SH levels (#, O) as a function of time after treatment of
soybean hyp/rad with 10 mm tBuOOH (closed symbols) or in water-
treated controls (open symbols). Values are means * sp for two
experiments with three replicates each.

The LPI

Lipid peroxides present in soybean tissues after hydroper-
oxide or sulfhydryl reagent treatments were quantified on
lipid extracts after borohydride reduction and basic hydrolysis
steps carried out to stabilize them as hydroxy derivatives.
Under these conditions, free and esterified forms were all
quantified. 135-HPODE and 135-HPOTE, enzymically pre-
pared from linoleic and linolenic acids with 98% purity and
99% enantiomeric excess, were both recovered with a 65%
yield when added to the soybean sample. Their correspond-
ing reduced hydroxy derivatives, 135-HODE and 135-HOTE,
were analyzed on a silica phase HPLC and were eluted with
retention times of 16.3 and 16.9 min, respectively, under our
chromatographic conditions (Fig. 5, A [black peak] and B
[gray peak]). Furthermore, peak attribution to all the other
regio-stereoisomers of hydroxy derivatives was carried out
by analyzing the reduced autoxidation and photooxidation
products of linoleic and linolenic acids, respectively.

As shown in Figure 5A, autoxidation of linoleic acid gave
four peaks, two of which are major (peaks a and c¢); one of
these (peak a) was analyzed as 13-HODE and represented
33% of the total, and the other (peak ¢, 21.2 min, 44%) was
attributed to 9-HODE according to Kithn et al. (1987). The
two minor peaks (peak b, 19.8 min; peak d, 24.9 min),
assumed to be the all-frans isomers of 13- and 9-HODE
(Kihn et al., 1987), did not represent more than 15% each.
The photooxidation profile of linolenic acid (Fig. 5B) showed
four major peaks, likely corresponding to the cis-conjugated

cis-trans isomers of 9-, 12-, and 16-HOTE—peak f (17.4 min,
18%), peak h (22 min, 30%), and peak i (23 min, 25%)—in
addition to 13-HOTE, peak e (16.9 min, 18%). Together, the
three minor peaks, g, j, and k, did not exceed 10% and were
tentatively attributed to the cis-conjugated frans-trans iso-
mers. Finally, the profile in Figure 5C represented a typical
soybean sample in which all of the above major isomers
could be observed. The lipid peroxide level was quantified in
a soybean sample by summing up the values corresponding
to all of these isomers, and the LPI was determined by
subtracting the lipid peroxide level of the control from the
assay level.

Effect on Lipid Peroxidation

The time course evolution of the in vivo lipid peroxidation
in soybean hyp/rad was followed by measuring the LPI in
samples after five selected treatments: 1 M H,O,, 10 mm
tBuOOH, 3 mm IA, and 3 and 8 mM PCMBS (Fig. 6). In three
of these (H,O,, IA, and 8 mm PCMBS) the initial LPI was
low (less than 8 nmol g™ fresh weight) and progressively
increased, reaching an approximately stable value of 20 nmol
g~! fresh weight after 2 h with both sulfhydryl reagents,
whereas it continued to increase to a value of 60 nmol g™
fresh weight at 4 h with H,O,. In contrast, a 10 mm tBuOOH
treatment resulted in an immediate increase of the LPI, which
remained fairly constant at approximately 25 nmol g fresh
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Figure 5. Silica-phase HPLC analysis of the reduced oxygenation
products formed by autoxidation of linoleic acid with hemoglobin
at 20°C (A), formed by methylene blue-mediated photooxidation
of linolenic acid (B), or present in untreated 3-d-old soybean hyp/
rad (C). Peak a corresponds to 13-HODE (co-eluted with the black
peak: 13-S HODE), and peak e corresponds to 13-HOTE (co-eluted
with the grey peak: 13-S HOTE). The other cis-trans isomers are
peak ¢ (9-HODE according to Kiahn et al, 1987), f, h, and i
(unidentified positional isomers of 9-, 12-, and 16-HOTE). The all-
trans isomers of HODE have been tentatively identified as peaks b
and d, whereas the cis-conjugated trans-trans isomers of HOTE are
attributed to peaks g, j, and k.
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Figure 6. Changes of the LPI as a function of time in response to
treatments with (A} 1 m H,O, (@) and 10 mm tBuQOH (M); (B) 3
mm IA (4), 3 mm PCMBS (Y), and 8 mm PCMBS (A). The LPI was
determined by subtracting the lipid peroxide level of the control
(26 + 3 nmol g7 fresh weight) from the assay level. Values are
means =+ sp for two experiments with three replicates each.

weight for at least 4 h. During the same time, a 3 mmM PCMBS
treatment did not significantly increase the LPI.

Finally, the consequences of a transition metal modulation
of the H,O,-induced lipid peroxidation were investigated by
immersing soybean tissues in Fe** or Cu* solutions prior to
the peroxide treatment. As shown in Table I, neither Cu* nor
Fe** alone was able to induce any lipid peroxidation or
glyceollin accumulation in tissues, whereas combined treat-
ments with the transition metal plus H,O, both enhanced
glyceollin accumulation about 2-fold as compared to a 1 M
H,O; treatment.

DISCUSSION

In the present work we investigated the relationship be-
tween oxidative processes and glyceollin synthesis in soybean
hyp/rad, cv Soriano. Initially, the elicitor efficiencies of two
hydroperoxides, tBuOOH and H,O;, and of two sulfhydryl
reagents, PCMBS and IA, were compared (Figs. 1 and 2).
Both tBuOOH and H;O, are able to elicit glyceollin accu-
mulations at doses quite similar to those previously reported
for cv Kingsoy (Montillet and Degousée, 1991). Indeed, the
optimal tBuOOH concentration is about 10 mm (Fig. 1A),
whereas that of H,O; is approximately 1 M (Fig. 1B). PCMBS
and IA show elicitor activity at millimolar levels as described
elsewhere (Gustine, 1981, 1987; Stossel, 1984), but they are
far less active than tBuOOH in concentrations ranging from
5 to 10 mm (Fig. 1A). Since the time course of glyceollin
synthesis (Fig. 2) is similar regardless of the treatment (with
an optimum glyceollin level in soybean tissues at about 48
h), we can speculate that such discrepancies in elicitor activity
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are likely due to differences in the elicitation signal intensity
produced by the different agents.

All of these elicitors are able to oxidize or to alter the
cellular sulfhydryl groups by the formation of a disulfide, or
mercaptide, or -alkyl derivatives. The free p-SH pool of the
3-d-old soybean hyp/rad, (500 + 40 pmol g™* fresh weight,
65% of the total free SH) is clearly unaffected by any of the
treatments (Fig. 3), thus indicating that immediate massive
protein oxidation or modification cannot be considered as a
signal transduction step. The level of free np-SH (260 * 30
nmol g~ fresh weight) was comparable to that reported in
the soybean cv Maple Arrow (Klapheck, 1988). Considering
that about 95% of this pool, in legumes and particularly in
soybean, is represented by hGSH (y-glutamyl-cysteinyl-g-
Ala) (Klapheck, 1988), we can assume that changes in free
np-SH (Fig. 3) are approximately equivalent to changes in
the free hGSH pool. :

The actions of the sulfhydryl reagents PCMBS and IA on
the hGSH pool are quite different. IA concentrations as low
as 0.5 to 1 mM induce significant glyceollin accumulations
(Fig. 1A) and an immediate significant decrease (about 25%)
in the level of the free hGSH (Fig. 3B), indicatirg that this
reagent probably diffuses freely into the cells. A similar effect
is observed only at 5 mm with PCMBS (Fig. 3A). The inability
of PCMBS at lower concentrations to alter the hGSH pool is
likely due to the presence of a negatively charged sulfonic
acid group that reduces its lipid solubility and, consequently,
its rate of penetration into the cells (Rothstein, 1970). In such
conditions no eliciting property is observed (Fig. 1A). Higher
PCMBS concentrations (greater than 5 mm) lead to both
significant glyceollin elicitations and to a decrease in the free
hGSH pool. Finally, we can conclude from the effects of the
sulfhydryl reagents that there is a close relationship between

Table I. Effect of transition metals on H,O,-induced lipid
peroxidation and glyceollin accumulation

Lipid peroxide levels in the 3-d-old soybean hyp/rad were esti-
mated by quantification of the hydroxy fatty acid derivatives as
described in “Materials and Methods” and glyceollin centents were
determined at 48 h. ND, Not detectable. Lipid peroxidation and
glyceollin levels are means * sp for two experiments with three
replicates.

Lipid Peroxide Level

Treatments Glyceollin
0h 4h
- ug g™
nmol g~ fresh wt fresh wt
Control® 26+ 5 27 2 ND
0.5 mm® Cu* 27 2 26+3 ND
1 mmP Fe?* 28+ 3 302 ND
1 m° H,0, 32+4 85+5 8710
0.5 mm Cu* + 1 M4 H,O, 651 149+2 185%8
1 mm Fe?* + 1 m? H,0, 59+1 1552 206=*28

2 Control was performed by immersing soybean tissues for 1 h in
deionized water. Soybean tissues were immersed. ¥ Thirty min-
utes in an aqueous solution of 0.5 mm CuCl or 1 mm FeSQ,, rinsed
and immersed for 30 min in water. ¢ Thirty minufes in water
and 30 min in 1 M H,0,. 4 Thirty minutes in 0.5 mm CuCl or 1
mm FeSQ., rinsed and immersed for 30 min in 1 m H,Os,.
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the immediate decrease of the free hGSH pool and glyceollin
elicitation.

The hydroperoxide doses required to observe significant
alterations of the free hGSH pool exceed 20 mm for tBuOOH
(data not shown) and 0.1 M for H,O, (Fig. 3C). However,
from 1 to 10 mMm tBuOOH or at 0.1 M H;O,, for which
significant elicitations are observed, the free hGSH pool
remains unchanged (Fig. 3, C and D). If we consider that
tBuOOH easily penetrates the cells (Matsuo et al., 1989) its
rather striking effects could be explained by the fact that we
measured a very low affinity of soybean ascorbate peroxidase
for this hydroperoxide (apparent K 175 mm). Consequently,
if the ascorbate is not consumed, its recycling via dehydroas-
corbate reductase at the expense of hGSH does not operate
(Foyer and Halliwell, 1976). On the contrary, the high affinity
of soybean ascorbate peroxidase to H,O, (apparent K, 45 um)
hardly explains the high concentrations of this peroxide (more
than 0.1 m) that are needed to obtain a significant effect on
the sulfhydryl pool; however, catalase and extracellular per-
oxidase activities should also be taken into account. Never-
theless, unlike sulfhydryl reagents, which lead to a decrease
of the free hGSH pool under all of the eliciting conditions,
the results obtained with hydroperoxides indicate that im-
mediate oxidation of hGSH is not required for signal trans-
duction. Moreover, during the critical phase of PAL activation
(the first 20 h), a 10 mm tBuOOH elicitation gave neither np-
SH oxidation (Fig. 4A) nor modification of the total (free plus
oxidized) np-SH pool (Fig. 4B). This latter result confirms
previously reported data (Edwards et al., 1991), indicating
that changes in intracellular np-SH levels do not participate
in the transduction of the elicitation signal. Taken together,
these results strongly suggest that an immediate decrease of
the free hGSH level is not necessary (effect of the hydroper-
oxides) but could be sufficient (in the presence of sulfhydryl
reagents) for signal transduction. Since the decrease of the
free hGSH may actually correspond to the depletion of
cellular antioxidant capacities, exogenously applied hydro-
peroxides or sulfhydryl reagents could bring about an in-
crease in endogenous AO species, which in turn could trigger
a common oxidizing process such as lipid peroxidation.

A new method designed for the analysis of the lipid
peroxidation process in plants has been developed that com-
bines a reduction step prior to the extraction and saponifica-
tion of the total lipids. The stable hydroxy polyunsaturated
fatty acid isomers thus obtained are analyzed by normal-
phase HPLC (Fig. 5). This method allowed us not only to
estimate the lipid peroxidation process through LPI determi-
nation in a single analysis but also to obtain information
concerning the positional and cis-trans isomer distribution of
the hydroxy linoleic and linolenic acids. As shown in Figure
6, all of the treatments inducing significant accumulations of
glyceollin are able to trigger a lipid peroxidation process. On
the contrary, a noneliciting concentration of PCMBS (i.e. 3
mM) does not modify the lipid peroxide level (Fig. 6B).
Furthermore, change in the LPI as a function of time after
treatment is compatible with its involvement as a step of the
signal transduction chain, since the peroxidation of lipids is
always induced within 2 h.

The low rate of tBuOOH metabolism discussed above likely
explains the ability of this peroxide to immediately induce

lipid peroxidation. For unknown reasons, H.O, induces a
time-dependent increase of the LPI (Fig. 6A). From the results
of 3 mM IA or 8 mm PCMBS treatments, we can speculate
that an immediate decrease in cellular antioxidant capacity
(Fig. 3, A and B) may lead to a progressive increase of the
endogenous levels of AO species, especially H,O,, which can
then initiate the peroxidative process.

All of these results suggest that there is a close relationship
between the lipid peroxidation process and glyceollin elici-
tation. Furthermore, transition metals are known to react
with peroxides to produce oxygen-centered radicals able to
initiate lipid peroxidation. The stimulatory effect of Fe** and
Cu* has been observed on both H,O;-induced lipid peroxi-
dation and glyceollin accumulation (Table I), again providing
evidence that the two processes could be linked by a cause
and effect relationship. Finally, because the positional and
cis-trans isomer distribution is always the same, regardless of
the peroxide level in tissues, and in view of the abundance
of the cis-trans forms (data not shown), the peroxidation
process described here likely results from autoxidation rather
than from lipoxygenase activity.

This work establishes that lipid peroxidation and glyceollin
elicitation are closely linked phenomena in soybean. Sulfhy-
dryl reagents should rapidly initiate a cellular antioxidant
decrease by consuming a part of the free hGSH pool that
likely leads to an increase of the cellular AO species and
explains the further appearance of lipid peroxidation (Mic-
cadei et al., 1988). On the other hand, hydroperoxides, which
are more efficient glyceollin elicitors, are able to induce such
a process directly (Fig. 7). Taking into account previously
reported data (Apostol et al., 1989; Anderson et al,, 1991;
Arnott and Murphy, 1991; Vera-Estrella et al., 1992) indicat-
ing that biotic elicitors are able to rapidly increase cellular

Treatment with
sulfhydryl reagents

Consumption of the
cellular hGSH

Treatment with
hydroperoxides

3
Impairment of the
Foyer-Halliwell H202
scavenging system*

Rise of the
celiular AQ species

?
Lipid peroxidationf- — — - - — Glyceollin synthesis

Figure 7. Hypothetical components of the chain transduction lead-
ing to glyceollin synthesis. *The H,O, scavenging system (Foyer and
Halliwell, 1976) is composed of ascorbate peroxidase, dehydrogen-
ase reductase, and GSH reductase.
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AOQ species levels, we can hypothesize that such a production
should similarly lead to both lipid peroxidation and plant
defense induction. We have not obtained definitive proof of
the existence of a causal link between lipid peroxidation and
glyceollin synthesis. However, in this work we provide strong
evidence in favor of this assumption. Indeed, lipid peroxi-
dation is rapidly induced in eliciting treatments, and its
modulation by transition metals similarly influences the gly-
ceollin production. Furthermore, it has been recently dem-
onstrated that various oxygenated polyunsaturated fatty acid
metabolites are able to act as messengers for plant defense
metabolism induction (Li et al., 1991; Farmer and Ryan,
1992). This further supports the theory that lipid peroxidation
is a step of the signal cascade that leads to plant defense
induction. Finally, considering that about 65% of the total
lipids are actually polar lipids in our plant material (Yoshida
and Kajimoto, 1977), we assume that membranes are in-
volved in the peroxidation process that takes place under
eliciting treatments. This point is now under investigation,
since such a membrane-linked process could explain some of
the early biotic elicitor effects.
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