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Abstract In seedlings of Arabidopsis thaliana the thionin gene
Thi2.1 is inducible by methyl jasmonate, wounding, silver nitrate,
coronatine, and sorbitol. We have used a biochemical and genetic
approach to test the signal transduction of these different
inducers. Both exogenously applied jasmonates and jasmonates
produced endogenously upon stress induction, lead to GUS
expression in a Thi2.1 promoter-uidA transgenic line. No GUS
expression was observed in a coil mutant background which
lacks jasmonate perception whereas methyl jasmonate and
coronatine but not the other inducers were able to overcome
the block in jasmonic acid production in a fad3-2 fad7-2 fad8
mutant background. Our results show conclusively that all these
inducers regulate 7hi2-1 gene expression via the octadecanoid
pathway.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

Thionins are a group of usually basic, cysteine-rich peptides
with toxic and antimicrobial properties (for a review, see [1—
4]). Based on the toxicity against phytopathogenic bacteria,
Fernandez de Caleya et al. [5] proposed a role for thionins in
plant defense.

We have recently chosen Arabidopsis thaliana as an exper-
imental system to further study the function of thionins. Ex-
pression of viscotoxin A3 from Viscum album in A. thaliana
enhanced resistance against the soil-borne fungus Plasmodio-
phora brassicae [6]. Furthermore, we have identified two en-
dogenous A. thaliana thionin genes that are regulated differ-
ently [7]. Induction of the Thi2.1 gene correlates with
resistance against Fusarium oxysporum f. sp. matthiolae [8].
Overexpression of THI2.1 in the susceptible ecotype Col-2
clearly enhanced the resistance of the transgenic lines [9].

The Thi2.1 gene was found to be inducible by methyl jas-
monate (Mel), coronatine, silver nitrate, wounding, and
pathogenic fungi, leading to local and systemic expression
[7,10]. Salicylate and ethephon did not induce the Thi2.1
gene, indicating that it is regulated via a signal transduction
pathway different from that for PR proteins [7]. Jasmonic acid
(JA) is though to mediate the wound signal transduction in
plants which results in the expression of, among others, plant
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defense proteins such as proteinase inhibitors [11-13]. Fur-
thermore, elicitation of a variety of plant cell cultures leads
to a transient rise of endogenous 12-oxo-phytodienoic acid, an
intermediate of jasmonate synthesis, followed by an endo-
genous rise of jasmonate and a subsequent synthesis of phyto-
alexins [14-16]. On the other hand, recent evidence indicates
that wound-inducible genes in A. thaliana are regulated
through JA-dependent and JA-independent pathways [17].
We have therefore tested if wounding and the different chem-
ical inducers which we have identified for the Thi2.1 gene are
dependent on an endogenous rise of jasmonic acid. We dem-
onstrate in this work that the A. thaliana thionin gene Thi2.1
is solely regulated through the octadecanoid pathway after
induction by wounding and the known chemical inducers.
This conclusion is based on the use of inhibitors for the octa-
decanoid pathway, JA measurements, as well as of mutants
which are insensitive to coronatine and MeJ [18] or defective
in 18:3 fatty acid synthesis and thus unable to form JA [19].

2. Materials and methods

2.1. Chemicals
All inhibitors were obtained from Sigma. MeJ and sorbitol were
bought from Fluka. Silver nitrate and linolenic acid were from Sigma.

2.2. Plant material

We used the A4. thaliana ecotype Col-2. For seed production, plants
were grown in soil in a greenhouse. The mutants coil and fad3-2 fad7-
2 fad$ as well as the transgenic line 7hi2.1 GUS2.4 harboring a Thi2.1
promoter-uidA construct were in the Columbia background. The coil
mutant was crossed with the Thi2.1 promoter-uidA line. From this
cross we selected lines which were homozygous for kanamycin resist-
ance and segregating for coil. Homozygous fad3-2 fad7-2 fad8 mu-
tants (detectable by their male sterile phenotype) were also crossed
with the Thi2.1 promoter-uidA line. 140 F2 plants each from 4 crosses
were then grown to maturity. From these 4 different lines we obtained
8 male sterile plants. These plants were treated with 0.1% linolenic
acid containing 0.05% Tween 20. Seeds of each plant were harvested
separately and tested for kanamycin resistance. All lines were segre-
gating for kanamycin resistance and 2 with a 3:1 segregation
(x?=0.034 and 0.004; P> 0.95) were selected for further studies.

2.3. Treatment of seedlings

Seeds were sterilized, sown on MS [20] plates with vitamins
(nicotinic acid (0.5 mg/l), pyridoxine-HCl (0.5 mg/l), thiamine-HCI
(0.1 mg/l)), glycerine (2 mg/l), 2% sucrose, and 0.8% agar, stored at
4°C for 2 days, and grown in a growth chamber (16 h light at 21°C,
8 h dark at 18°C) for 9 days. For tests of the coil mutants 25 uM MeJ
was included in the agar medium. For the coronatine experiment
seedlings were grown in 24-well plates under otherwise the same con-
ditions.

Seedlings were wounded by a V-shaped cut in one cotyledon as
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described by Vignutelli et al. [10]. Concentrations of chemical inducers
were as follows: MeJ was used as a | mM solution in 0.1% ethanol
(v/v), silver nitrate at a concentration of 1 mM, and sorbitol asa 1 M
solution. Coronatine (a gift from Dr. J. Turner) was used at a con-
centration of 100 nM. Other concentrations were as indicated. Seed-
lings were stained for GUS activity after 24 h.

2.4. GUS assays

GUS activity was determined with 4-methylumbelliferyl-p-p-glucur-
onide (MUG) according to Jefferson et al. [21] using 7-hydroxy-4-
methylcoumarin (MU) as standard and is expressed as nM MU per
minute per mg protein. Protein concentrations were measured accord-
ing to Bradford [22].

In situ GUS staining was done as described by [21] with 5-bromo-4-
chloro-3-indolylglucuronide (X-gluc) and plants were destained in
70% ethanol. GUS substrates were purchased from Biosynth (Staadt,
Switzerland).

2.5. Jasmonate measurements

JA equivalents were determined using an ELISA as described by
Lehmann et al. [23]. One gram fresh weight was used per sample.
Data determined by this assay represent the sum of (—)-JA, and
(—)-JA amino acid conjugates, calculated as JA equivalents.

3. Results

3.1. Induction of endogenous JA by silver nitrate and sorbitol

We have recently shown that the A. thaliana Thi2.1 gene is
inducible in seedlings by MelJ, coronatine, wounding, silver
nitrate, and necrotrophic fungi [7,10]. Wounding of 4. thali-
ana plants has been shown before to result in an increased
endogenous level of jasmonic acid [24,25]. We have therefore
tested if silver nitrate might have a similar effect. Fig. 1 shows
that this inducer of the Thi2.I gene also leads to a strong
increase in endogenous jasmonates already after 30 min with
the highest level at 1 h after induction.

In addition to wounding, sorbitol treatment of barley leaves
has also been previously shown to lead to a higher endoge-
nous jasmonate level and subsequently to the activation of
jasmonate inducible genes [26,23]. We therefore anticipated
that sorbitol would also induce the 7#hi2.1 gene. As shown
in Fig. 2A, this is indeed the case. Sorbitol at 1 M induces
the Thi2.1 promoter-uidA transgene [10] to a level comparable
to induction by 100 uM MelJ. We also found an elevated
endogenous jasmonate level in the seedlings as demonstrated
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Fig. 1. Induction of endogenous JA by silver nitrate. Seedlings were
grown on MS-agar plates containing 2% sucrose. After infiltration
of a 1 mM silver nitrate solution, seedlings were harvested and
ground in liquid nitrogen. Controls remained untreated. One gram
of frozen powder was used for JA measurements. The experiment
was repeated 2 times. Shown are the mean values of MelJ-equiva-
lents in pmol/g fresh weight with standard deviation. C: Control.
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Fig. 2. Induction of the Thi2.1 gene by sorbitol. A: Induction of
GUS activity by sorbitol. Seedlings were grown on MS-agar plates
for 9 days and infiltrated with the test solutions: 1, 1 M sorbitol; 2,
0.5 M sorbitol; 3, 100 uM MelJ; 4, control infiltrated with tap
water. GUS activity was determined after 24 h and is given as nM
MU/min/mg protein. Ten seedlings were used per measurement. The
mean value of 3 experiments is given with standard deviation. B:
Induction of JA by sorbitol. Seedlings were grown on MS-agar
plates containing 2% sucrose. After infiltration of a 1 M sorbitol
solution, seedlings were harvested and ground in liquid nitrogen
(grey columns). Controls remained untreated. Mock infiltrations
were done with sterile tap water (white columns). One gram of fro-
zen powder was used for JA measurements. Shown are the values
of MelJ-equivalents in pmol/g fresh weight. C: Control.

in Fig. 2B. Infiltration of 1 M sorbitol causes a significant rise
in endogenous jasmonates starting after 2 h. The highest value
was obtained after 6 h.

3.2. Inhibitors of JA biosynthesis lead to reduced Thi2.1 gene
induction

Our results so far indicated an involvement of the octadec-
anoid pathway in the induction of the 7hi2.1 gene. We have
therefore tested several inhibitors of JA biosynthesis if they
affect the induction of the Thi2.1 gene by wounding or silver
nitrate treatment. We used a Thi2.1 promoter-GUS line to
measure the induction. GUS expression in this line has been
shown before to closely mimic the expression of the endoge-
nous Thi2.1 gene [10]. We used the highest concentration of
the inhibitors which could be included in the growth medium
without inhibiting the growth of the seedlings (data not
shown). At the concentrations used, most of these inhibitors
significantly reduced the induction of the Thi2.1 gene by silver
nitrate and wounding as shown in Fig. 3A and B, respectively.
Silver nitrate (at a concentration of 1 mM) induced the Thi2./
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Fig. 3. Inhibitors of jasmonate biosynthesis reduce the induction of
the Thi2.1 gene by silver nitrate (A) and wounding (B). Transgenic
seedlings harboring a Thi2.1 promoter-uidA construct were grown
on MS medium. Inhibitors were included in the agar at the follow-
ing concentrations: aspirin, 10 uM; salicylate, 10 uM; piroxicam,
10 uM; n-propyl-gallate, 100 uM; indomethacin, 10 uM; ibuprofen,
10 uM. Nine days old seedlings were induced by infiltration of
1 mM silver nitrate (A) or by cutting a cotyledon (B). Controls
were treated with water (black columns). White columns indicate
GUS expression after induction by silver nitrate or wounding. Part
of the seedlings were additionally infiltrated with 100 uM MelJ (grey
columns). Shown are mean values of six experiments with standard
deviation for GUS expression (nM MU/min/mg protein). 1: Aspir-
in; 2: salicylate; 3: piroxicam; 4: n-propyl-gallate; 5: indometha-
cin; 6: ibuprofen; 7: no inhibitor; C: water treated controls.

gene to a higher level than wounding (see also [10]). There-
fore, the inhibition is also more pronounced in the case of
silver nitrate.

In the case of silver nitrate treatment, addition of exoge-
nous MelJ at 100 uM was able to overcome the effect of all
inhibitors and gave an expression level comparable to control
seedlings grown without inhibitors. In the case of wounded
seedlings, MeJ more than compensated for the reduction by
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the different inhibitors due to the lower induction level by
wounding [10]. These results indicated that inhibition is ex-
erted in the pathway before the production of JA.

3.3. JA mutants

Further evidence that the induction of the Thi2.1 gene is
mediated by the octadecanoid pathway was obtained by using
two mutants of the octadecanoid pathway. The coil mutation
is recessive and leads to male sterility and insensitivity to
coronatine and MeJ [18]. The fad3-2 fad7-2 fad$8 mutant [19]
has no detectable linolenic acid (18:3) and is unable to pro-
duce jasmonate. It is therefore also male sterile and compro-
mised in the expression of wound inducible genes [24]. Both
mutants were crossed with a Thi2.1 promoter-uid4 line as
described in Section 2. Seedlings were tested for GUS expres-
sion after treatment with different inducers of the Thi2.1 gene.

Due to the male sterility of the coil mutant it was not
possible to obtain homozygous populations. Furthermore,
the inducibility of the Thi2.1 gene is most pronounced in
young seedlings [10] and since the effect of preselection with
Mel is not known, we had to work with populations segregat-
ing for coil. As shown in Table 1, two lines were used that
were homozygous for kanamycin resistance (which is linked to
the Thi2.1 promoter-uidA cassette) and segregated 3:1 for
sensitivity and insensitivity to MeJ when grown on agar me-
dium containing MeJ. Hence, 25% of the seedlings should be
homozygous for coil and thus should be blocked in the ex-
pression of genes regulated by the octadecanoid pathway.
Homozygous coil mutants, which had a normal phenotype
on Mel, never showed any GUS staining. In contrast, seed-
lings with the typical growth inhibition known from wild-type
plants always showed a strong GUS staining (data not
shown). A quantitative evaluation of these experiments is
shown in Table 2 for MeJ and all other inducers. Two differ-
ent populations homozygous for the Thi2.l promoter-uidA
transgene but segregating for coil were used. GUS expression
in these seedlings segregated 3:1 after wounding or treatment
with chemical inducers. Control experiments were performed
with the Thi2.1 promoter-uidA transgene in the Columbia
background (Thi2.1 GUS). GUS expression in the Thi2.l
GUS line was clearly detectable in all seedlings following
the different inducer treatments but not after infiltration of
tap water. These data show that the 7Thi2.1 gene is not induc-
ible in homozygous coil seedlings. Thus, induction by JA,
coronatine, wounding, silver nitrate, and sorbitol is most
likely regulated exclusively via the octadecanoid pathway.

Seedlings of the fad3-2 fad7-2 fad$ mutant which also con-
tained the Thi2.1 promoter-uidA transgene were similarly
tested for GUS expression after induction. While being homo-
zygous for fad3-2 fad7-2 fad8 (male sterility in these mutants
can be overcome by feeding the flower buds with linolenic

Table 1
Segregation of kanamycin resistance and coil phenotype in two coil-Thi2.1 GUS lines
Line Kan®:Kan® x> MeJS:MeJ! Segregation of MeJ® X2
1 218:1 0.01 127:57 2.23:1 3.51
12 193:1 0.01 291:1 0.02

Seedlings were grown on MS-agar plates containing 50 pig/ml kanamycin or 25 pmol MeJ. After 2 weeks, seedlings were evaluated for kanamycin
resistance and growth inhibition by MeJ. Kan®: kanamycin resistant; Kan®: kanamycin susceptible; MeJ®: growth inhibition by MeJ; MeJ': no
growth inhibition by MeJ. %> test showed that the lines are homozygous for kanamycin resistance and segregate 3:1 for the coil phenotype

(P>0.95).
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Table 2

Expression of GUS segregates 3:1 in coil-Thi2.1 GUS lines

Line Treatment Blue White Segregation x2
coil-Thi2.1GUS.01 Tap water 4 238 - -
coil-Thi2. 1GUS.12 Tap water 2 193 - -
Thi2.1GUS Tap water 0 214 - -
coil-Thi2.1GUS.01 Wounding 103 37 2.78:1 0.15
coil-Thi2.1GUS.12 Wounding 74 25 2.96:1 0.01
Thi2.1GUS Wounding 63 0 - -
coil-Thi2.1GUS.01 MelJ 112 32 3.5:1 0.59
coil-Thi2.1GUS.12 MelJ 181 62 2.92:1 0.03
Thi2.1GUS MelJ 173 0 - -
coil-Thi2.1GUS.01 Silver nitrate 192 74 2.59:1 1.13
coil-Thi2. 1GUS.12 Silver nitrate 90 26 3.46:1 0.41
Thi2.1GUS Silver nitrate 214 0 - -
coil-Thi2.1GUS.01 Coronatine 92 33 2.79:1 0.13
coil-Thi2.1GUS.12 Coronatine 148 50 2.96:1 0.01
Thi2.1GUS Coronatine 106 0 - -
coil-Thi2.1GUS.01 Sorbitol 141 53 2.66:1 0.56
coil-Thi2. 1GUS.12 Sorbitol 133 47 2.83:1 0.12
Thi2.1GUS Sorbitol 121 1 - -

Seedlings were grown on MS-agar plates and induced as described in Section 2. After X-gluc staining, white seedlings and those with blue color
were counted and a segregation ratio determined. y? test showed that the lines segregate 3:1 for GUS induction with the different inducers

(P>0.95).

acid), they were segregating for kanamycin resistance. Seed-
lings of two different lines were therefore plated on kanamycin
containing media and only Kan® seedlings were analyzed. As
a control, we used the corresponding F2 populations from
which the homozygous fad3-2 fad7-2 fad$ mutants had been
obtained. These F2 populations are segregating for the 3 fad
mutations and statistically only 1 in 64 should be homozygous
for all three mutations, which is neglectable. Treatments
which have been shown to lead to higher jasmonate levels in
plants such as wounding, silver nitrate and sorbitol infiltration
do not induce the Thi2.1 promoter-uidA transgene in the fad3-
2 fad7-2 fad8 background as documented in Table 3. How-
ever, MeJ and coronatine were strong inducers.

4. Discussion

JA has important and diverse roles in plant growth and
development and is produced in plants from linolenic acid
via octadecanoids [13,27,28]. JA levels increase after wound-
ing [24,25,29-31], elicitor treatment [14,16], and sorbitol stress
[23]. For 12-oxo-phytodienoic acid, an intermediate of JA
synthesis, a transient accumulation preceding that of JA has
been described following elicitation of cell cultures [16] and
wounding [25]. Several JA-insensitive mutants have been iso-

Table 3
Expression of GUS fad3-2 fad7-2 fad8-GUS lines

lated which overcome the JA inhibition of root growth in
Arabidopsis [18,32,33]. However, not much is known at
present about how JA is perceived and transduced to induce
specific genes. One component that has been identified in the
JA signal transduction pathway is reversible protein phos-
phorylation [17]. Other authors have indicated an involvement
of MAP kinases upstream of jasmonate [34,35].

4.1. The Thi2.1 gene is induced through the octadecanoid
pathway

The Arabidopsis thionin gene Thi2.1 is constitutively ex-
pressed in ovaries and siliques [7,10]. In seedlings, expression
of the gene is not detectable by RNA blot analysis if plants
are grown under sterile conditions, but is induced by necrotro-
phic fungi, MelJ, silver nitrate, coronatine, sorbitol, and
wounding ([7,10], this work). Using a Thi2.1 promoter-GUS
line we have demonstrated in this work that the induction by
wounding or chemicals is solely regulated through the octa-
decanoid pathway. GUS expression in this line has been
shown before to faithfully mimic the expression of the endog-
enous Thi2.1 gene [10].

A time-dependent rise of endogenous jasmonates has been
directly measured after treatment with silver nitrate and sor-
bitol. The latter has been shown before to increase the endog-

TRI-GUSI1.A®* (homozygous) TRI-GUSI19.B* (homozygous) TRI-GUSIP (segregating)

TRI-GUSI9" (segregatin
gregatng

Blue White Blue White Blue White Blue White
Untreated 0 9 0 11 0 21 0 16
MelJ 13 0 15 0 18 0 19 0
Coronatine 7 0 9 0 7 0 11 0
Wounding 0 12¢ 0 15¢ 14 0 10 0
Silver nitrate 0 19 0 22 19 0 15 0
Sorbitol 0 21 0 16 13 0 9 0

Seedlings were grown on MS-agar plates and induced as described in Section 2. After X-gluc staining, white seedlings and those with blue color

were counted.
*Homozygous for fad3-2 fad7-2 fads.
bControls segregating for the 3 fad mutations.

“Some of the seedlings showed a very weak blue staining in the apical region.
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enous levels of JA and its amino acid conjugates and subse-
quently to induce JA-responsive genes in barley leaves
[23,26,36]. Wounding has also been shown by others to in-
crease endogenous jasmonate levels in Arabidopsis [24,25],
soybean [29], or tomato [30,31,37]. This wound-induced ele-
vation of jasmonates in Arabidopsis corresponds with the
wound-induced expression of genes coding for jasmonate-bio-
synthetic enzymes such as lipoxygenase [38] or allene oxide
synthase [39].

The view that the induction of the Thi2.1 gene is mediated
by JA produced in response to wounding and silver nitrate is
further supported by inhibitor experiments. Aspirin, salicyl-
ate, propylgallate, indomethacin, and ibuprofen all resulted
in a reduced GUS expression level after wounding or silver
nitrate infiltration. These drugs are suggested to inhibit lip-
oxygenase or hydroperoxide dehydrase, respectively, which
are involved in the biosynthesis of JA [37,40-42]. However,
none of these inhibitors blocked the Thi2./ induction com-
pletely. The reason for this is not clear, but may be related
to the application of the inhibitors in the growth medium. We
used only those concentrations which had no visible effect on
the growth of the seedlings. Considering that the uptake
through the roots might not have been optimal, the actual
concentrations in the seedlings might have been too low.
Nevertheless, the results are in line with the other approaches
which we have taken. Piroxicam was not effective as an in-
hibitor in our system. Whether this may be due to the appli-
cation in the growth medium is not known. Aspirin and sal-
icylate have both been shown to inhibit wound-induced gene
expression in tomato by blocking the biosynthesis of jasmonic
acid [37], but inhibition downstream of JA has also been
observed [42].

All known inducers were not effective in the coil mutant
which is blocked in the perception of coronatine and jasmo-
nates. The COII gene has recently been cloned and appears to
be an F-box protein which may target repressor proteins for
removal by ubiquitination [43]. These authors have also
shown that induction of the Thi2./ gene by wounding and
Mel is dependent on COII [43]. It is assumed that COII
acts on a protein phosphatase 2A [17].

Our results using the fad3-2 fad7-2 fad8 mutant [19] showed
that the inducers can be divided into two groups. The first
group comprises MeJ and coronatine which is discussed to be
a molecular mimic of 12-oxo-phytodienoic acid [44] or JA
amino acid conjugates [45,46]. MeJ and coronatine were still
effective in the fad3-2 fad7-2 fad8 mutant, and this result is in
line with the block in this mutant being in JA production and
not perception. The second group includes inducers and treat-
ments that lead to an endogenous rise of jasmonates in the
seedlings. Wounding as well as sorbitol and silver nitrate in-
filtration did not induce the Thi2.1 promoter-GUS construct
in the fad3-2 fad7-2 fad$ mutant background due to the block
in JA biosynthesis. Our data support the assumption that
signalling via exogenously applied JA and endogenously pro-
duced JA converge to induce the Thi2.l gene. In contrast,
other JA-responsive genes such as those coding for a lipoxy-
genase of barley [47] or a caffeic acid O-methyltransferase
from barley [48] are inducible by exogenous JA only.

Taken together, we have demonstrated by JA measure-
ments, inhibitor experiments, and the use of two different
JA mutants, that induction of the Thi2.1 gene by wounding
and chemical inducers is mediated through the octadecanoid
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pathway. Furthermore, our results indicated that induction of
the Thi2.1 gene by necrotrophic fungi such as Fusarium oxy-
sporum f. sp. matthiolae [7,10] may also be mediated through
the octadecanoid pathway. Results concerning this subject will
be dealt with in a separate publication.

4.2. Constitutive expression in ovaries and siliques

We have recently shown that siliques contain a high con-
stitutive level of jasmonates [10]. This might explain the strong
constitutive expression of the Thi2.1 gene in ovaries and sil-
iques [7,10]. Furthermore, promoter analysis has shown that a
promoter region of less than 100 bp is solely responsible for
inducible and constitutive expression of the 7hi2.1 promoter
[10]. Mutant analysis of the constitutive expression in seed-
lings is hampered by the fact that deficiency in jasmonate
biosynthesis as in the fad3-2 fad7-2 fad$ mutant [19] and de-
ficiency in the JA response in the coil mutant [18] are linked
with male sterility. This makes it impossible to obtain homo-
zygous coil siliques. Siliques from homozygous fad3-2 fad7-2
fad8 mutants can only be obtained by feeding jasmonate or a
precursor. Siliques obtained this way from plants containing
the Thi2.1 promoter-GUS construct always stained blue (data
not shown). Ovaries from coil and fad3-2 fad7-2 fad8 mutants
containing the Thi2.1 promoter-GUS construct showed a
slight GUS staining, although much weaker than in the
wild-type background (data not shown). This may be due to
a slight leakiness of the mutants, although the fad3-2 fad7-2
fad8 mutant has been reported to contain no detectable lino-
lenic acid [19]. Thus, the strong constitutive expression of the
Thi2.1 gene in ovaries and siliques is probably also due to
elevated JA levels in these tissues.
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