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Elicitors from the plant pathogen Erwinia carotovora trigger coordinate induction of the tryptophan (Trp) biosynthesis
pathway and Trp oxidizing genes in Arabidopsis. To elucidate the biological role of such pathogen-induced activation we
characterized the production of secondary defense metabolites such as camalexin and indole glucosinolates derived from
precursors of this pathway. Elicitor induction was followed by a specific increase in 3-indolylmethylglucosinolate (IGS)
content, but only a barely detectable accumulation of the indole-derived phytoalexin camalexin. The response is mediated
by jasmonic acid as shown by lack of IGS induction in the jasmonate-insensitive mutant coil-1. In accordance with this,
methyl jasmonate was able to trigger IGS accumulation in Arabidopsis. In contrast, ethylene and salicylic acid seem to play
a minor role in the response. They did not trigger alterations in IGS levels, and methyl jasmonate- or elicitor-induced IGS
accumulation in NahG and ethylene-insensitive ein2-1 mutant plants was similar as in the wild type. The breakdown
products of IGS and other glucosinolates were able to inhibit growth of E. carotovora. The results suggest that IGS is of

importance in the defense against bacterial pathogens.

Recognition of the pathogen or pathogen-derived
elicitors triggers signal cascades that activate a num-
ber of defense responses in plants. These include the
hypersensitive response, reinforcement of the cell
wall (for review, see De Wit, 1997), production of an
oxidative burst (for review, see Bolwell, 1999), induc-
tion of pathogenesis-related proteins (PRs; for re-
view, see Kombrink and Somssich, 1995), and other
defense related compounds such as secondary me-
tabolites. Here, an enhanced synthesis of already ex-
isting defense compounds or a de novo synthesis of
antimicrobial phytoalexins is possible (Kuc, 1995;
Wink, 1999).

In Arabidopsis, the Trp pathway is important for
the production of a series of secondary metabolites
(Radwanski and Last, 1995). These include the
indole-derived phytoalexin camalexin, which ap-
pears after inoculation with virulent or avirulent
strains of Pseudomonas syringae or treatment with abi-
otic elicitors (Hammerschmidt et al., 1993), as well as
indole glucosinolates (indole GSs). The GSs are pre-
formed amino acid-derived secondary metabolites
containing a sulfate and a thio-Glc moiety (Halkier,
1999) of which 23 different derivatives have been
described in Arabidopsis (Hogge et al., 1988). The
most abundant GSs in the leaves of Arabidopsis
ecotype Columbia-0 (Col-0) are the Trp-derived in-
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dole GSs as well as aliphatic GSs, derived from
chain elongated homologs of Met (Haughn et al.,
1991). GSs have been implicated in plant defense
against various insects and pathogens, but are also
important in host-plant recognition by specialized
predators. Upon tissue damage the hydrolysis of the
vacuole-located GSs is catalyzed by endogenous
B-thioglucosidases (myrosinases), stored in sepa-
rated compartments. Although GSs themselves are
thought to be largely non-toxic, their breakdown
products are responsible for their various biological
activities (Halkier, 1999; Rask et al., 2000).

The biosynthetic pathway leading to Trp and sub-
sequently to indole GSs is shown in Figure 1. Al-
though the biosynthesis of Trp in Arabidopsis is well
investigated and a series of mutants has been de-
scribed (Radwanski and Last, 1995; Zhao et al., 1998),
much remains to be discovered in the downstream
part specific for indole GSs. Two cytochrome P-450
monooxygenases (CYP79B2 and CYP79B3) were re-
cently identified, which are responsible for the spe-
cific conversion of Trp to indole-3-acetaldoxime
(Hull et al., 2000; Mikkelsen et al., 2000). Indole-3-
acetaldoxime is likely to be the intermediate for in-
dole GSs, but may also function as a precursor for
auxin formed via the indole-3-acetonitrile pathway
(Halkier, 1999; Hull et al., 2000). The genes responsi-
ble for the following steps of GS biosynthesis remain
to be discovered (Halkier, 1999), except for its pen-
ultimate step, the S-glucosylation of a thiohydroxi-
mate by an UDPG-thiohydroximate glucosyltrans-
ferase (SGT) to produce desulfo-GS (Van Audenhove
et al., 1997). SGT has been described in oilseed rape
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Figure 1. The biosynthetic pathway for Trp and IGS. Enzyme names
are shown on the right. Postulated branch points leading to camalexin
and auxin are marked with arrows. ASA, Anthranilate synthase a-sub-
unit; ASB, anthranilate synthase B-subunit; PAT, phosphoribosylan-
thranilate transferase; PAI, phosphoribosyl-anthranilate isomerase; In-
GPS, indole-3-glycerolphosphate synthase; TSA, Trp synthase
a-subunit; TSB, Trp synthase B-subunit; CYP79B2 and CYP79B3, cy-
tochrome P-450 monooxygenases; ?, enzymes between CYP79B and
SGT are unknown; SGT, UDPG-thiohydroximate glucosyltransferase;
PAPS-ST, 3'-phosphoadenosine 5’-phosphosulfate:desulfogluco-sino-
late sulfotransferase.

and shows high specificity for thiohydroxymates, but
little specificity for the structure of the side chain, so
it is probably responsible for the formation of all
types of GSs.

GSs are thought to form a defense mainly against
herbivores. In accordance with this, the GS levels in
Brassica napus can be increased by wounding (Bod-
naryk, 1992), insect feeding (Hopkins et al., 1998), or
treatment with hormones like methyl jasmonate
(MeJa) or jasmonic acid (Bodnaryk, 1994; Doughty et
al., 1995), but also by fungal infection (Doughty et al.,
1991). The inducibility depends on the type of GS: In
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general, Trp-derived indole GSs are more responsive
to induction than aliphatic GSs. Although induction
of GSs by bacterial pathogens has not been described,
the Trp pathway and, subsequently, camalexin are
also induced by P. syringae pv. maculicola and by
oxidative stress in Arabidopsis (Zhao and Last, 1996;
Zhao et al., 1998).

We have employed the non-specific gram-negative
bacterium Erwinia carotovora as a model to probe
plant defense responses (Vidal et al., 1998; Norman-
Setterblad et al., 2000). This pathogen causes soft-rot
disease in a wide variety of plant species with serious
damage to crops in the field and during storage
(Pérombelon and Kelman, 1980). The pathogenicity
of E. carotovora is dependent on its ability to secrete a
series of plant cell wall-degrading enzymes, includ-
ing pectinases and cellulases, which are thought to be
the principal virulence factors (Pirhonen et al., 1991).
The enzymes are necessary for virulence, but will
also release plant cell wall elicitors sufficient to trig-
ger plant defense. Acellular preparations of these
enzymes (culture filtrate, CF) of E. carotovora trigger
local and systemic induction of defense-related genes
in tobacco and in Arabidopsis, as well as enhanced
systemic resistance to the pathogen (Palva et al,
1993; Vidal et al., 1997, 1998; Norman-Setterblad et
al., 2000). In Arabidopsis, CF triggers two distinct
salicylic acid- (SA) independent systemic responses.
One is ethylene as well as jasmonic acid-dependent
and it has been proposed (Norman-Setterblad et al.,
2000) that these hormones act in concert to induce the
defense-related genes for hevein-like protein (HEL;
Potter et al., 1993), basic chitinase (CHIB; Samac et al.,
1990), and a defensin (PDF1.2; Penninckx et al., 1996).
The second response related to wound induction is
strictly jasmonic acid-mediated (Norman-Setterblad
et al., 2000), inhibited by ethylene, and induces veg-
etative storage protein acid phosphatase (Berger et
al., 1995; AtVSP). The involvement of the jasmonate
signaling in Arabidopsis defense against E. carotovora
was indicated by the enhanced susceptibility of the
jasmonate-insensitive coil-1 mutant to this pathogen
(Norman-Setterblad et al., 2000). This fact and the
induction of jasmonate-responsive genes suggested
that E. carotovora might provide a good model for
probing possible jasmonate-controlled responses in
plants such as GS induction. This would also give
more insight into the general role of secondary
metabolites toward bacterial pathogens including
E. carotovora. The induction of 3-indolylmethylgluco-
sinolate (IGS) and camalexin in other plant-pathogen
interactions suggested that the Trp pathway-derived
metabolites in particular might be important in the
defense response against E. carotovora.

Here we report that elicitors of E. carotovora trigger
specific induction of certain indole GSs in Arabidop-
sis, which correlates with the induction of Trp and
GS pathway transcripts. Furthermore, we show that
this induction is mainly jasmonic acid-dependent,

Plant Physiol. Vol. 126, 2001



whereas ethylene and SA are of minor importance.
We suggest that GSs play a role in resistance to E.
carotovora.

RESULTS

Induction of the Trp and GS Pathway in
Arabidopsis by Elicitors from E. carotovora

To gain insight into the plant defense mechanisms
triggered by E. carotovora and the role of secondary
metabolites in this response we screened a subtracted
cDNA library of Arabidopsis for CF-induced genes.
Our previous work has established that CF of E.
carotovora containing secreted plant cell wall-
degrading enzymes elicit a response similar to the
pathogen in Arabidopsis and tobacco (Vidal et al.,
1997, 1998, Norman-Setterblad et al., 2000). From
over 200 CF-induced genes of the subtracted cDNA
library (G. Brader, E. Tas, and E.T. Palva, unpub-
lished data), several were potentially involved in
the production of Trp-derived secondary metabo-
lites. These include the committing step of the
Trp pathway ASA, as well as indole-3-glycerolphos-
phate synthase, TSA, and TSB. RNA gel-blot analyses
with ASA show a clear induction of the transcripts
in axenic Arabidopsis Col-0 wild-type plants after
treatment with CF, as well as after bacterial infection
(Fig. 2A).
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Figure 2. Induction of anthranilate synthase o (ASA) and camalexin
by E. carotovora. Three-week-old axenic Arabidopsis Col-0 wild-
type plants were treated on leaves with 2 ulL of CF of E. carotovora
subsp. carotovora SCC3193 or the bacteria itself (SCC3193; 2-3 X
10° CFU). A, Material harvested after 0, 5, 8, and 24 h as indicated
on the bottom of the figure. Gel RNA blots were hybridized with the
probes indicated on the right. B, Camalexin accumulation 48 h after
CF and bacterial treatment. As a positive control, camalexin levels
48 h after treatment with 2 ulL of silver nitrate (AgNO;; 10 mm) are
shown. Mock treatment was performed with 0.9% (w/v) NaCl. b.d.,
Amounts below detection limit. Values represent averages * st of
three measurements. FW, Fresh weight of tissue.
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The accumulation of the indolic phytoalexin cama-
lexin in Arabidopsis is coordinately regulated with
ASA after P. syringae pv. maculicola infection (Zhao
and Last, 1996). Thus, we expected a similar response
after E. carotovora infection or CF treatment. How-
ever, within 48 h these treatments caused only a very
slight accumulation of camalexin in comparison with
silver nitrate-treated positive controls (Fig. 2B). The
induction of the Trp pathway, but lack of camalexin
induction by CF suggested that other Trp-derived
secondary metabolites like indole GSs may be af-
fected. To examine this we determined the levels of
IGS and 4-methoxy-IGS (4-MIGS) in CF- and mock-
treated Col-0 plants. After 48 h, IGS levels in the
leaves of the CF-treated plants increased clearly, and
the levels of 4-MIGS increased slightly in comparison
with mock-treated control plants (Fig. 3A). The con-
tent of the most abundant aliphatic GS 4-MSBGS,
which does not derive from Trp but Met, did not
change significantly within 48 h of CF treatment.

The accumulation of indole GSs was accompanied
by a preceding and transient induction of the Trp-
pathway genes ASA, TSA, and TSB (Fig. 3B). It was
previously shown that TSA and TSB, although in-
duced by P. syringae pv. maculicola, are not involved
in camalexin synthesis (Zhao and Last, 1996; Zook,
1998), but in biosynthesis of Trp and indole GSs
(Zhao et al., 1998; Halkier, 1999; Fig. 1). The con-
version of Trp into the intermediate indole-3-
acetaldoxime subsequently leading to GS biosynthe-
sis is catalyzed by at least two cytochrome P450s,
encoded by the CYP79B2 and CYP79B3 genes (Hull
et al.,, 2000). One of these, CYP79B3, was clearly
induced after CF treatment (Fig. 3B), whereas only
weaker induction of CYP79B2 could be detected. In
oilseed rape, a UDP-Glc: thiohydroximate SGT re-
sponsible for the penultimate step in the GS biosyn-
thesis has been identified (Van Audenhove et al.,
1997). It shows 88% homology on the protein level
to a putative glucosyltransferase of Arabidopsis (ac-
cession no. AC002396). As a consequence, the puta-
tive Arabidopsis SGT is a likely part of the GS
biosynthetic pathway and the Arabidopsis homo-
logue was used to assess the expression pattern.
After CF application, this SGT showed a weak but
clear induction in Col-0 ecotype with a similar tem-
poral pattern of expression as the other biosynthetic
genes (Fig. 3B).

The Increase of the IGS Content Is Dependent on
Jasmonate Signaling

Wounding and Me]Ja treatment have been shown to
induce indole GSs in B. napus (Bodnaryk, 1992, 1994;
Doughty et al., 1995). To examine the role of MeJa
and other defense-related hormones in regulation of
GS levels we characterized CF-induced GS accumu-
lation in various mutants and transgenic plants af-
fected in different defense-response pathways. The
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Figure 3. Induction of GSs and Trp/IGS pathway genes by CF of E.
carotovora. Three-week-old axenic Col-0 wild-type plants were
treated on leaves with 2 uL of CF of E. carotovora subsp. carotovora
SCC3193 or mock treated with 0.9% (w/v) NaCl (control). A, The GSs
IGS, 4-MIGS, and 4-methylsulphinylbutylglucosinolate (4-MSBGS)
were quantified by HPLC. The accumulation of the GSs 0, 24, and
48 h after treatment is indicated. The data shown are the means *sk
of five measurements. In each case the GS content was determined
within five pooled plants. FW, Fresh weight of tissue. B, RNA gel
blots were probed with the IGS synthesis-related genes ASA, TSA,
TSB, CYP79B2, CYP79B3, and SGT as well as the defense related
PDF1.2. at different time points after the addition of CF or 5 h after
mock treatment (C). Membranes were reprobed with a ribosomal
probe to ensure equal loading.

requirement for jasmonate signaling was determined
by assessing GS amounts in the coronatine and
jasmonate-insensitive mutant coil-1 (Feys et al,
1994), and for ethylene using the ethylene-insensitive
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mutant ein2-1 (Guzman and Ecker, 1990). The role of
SA was characterized by using NahG-expressing Ara-
bidopsis plants, which are unable to accumulate SA
after pathogen attack (Delaney et al., 1994).
CF-induced increase in IGS was not mediated by
SA or ethylene signaling. After CF application 1GS
levels in NahG plants rose to a similar extent as in the
wild type, whereas those in ein2-1 rose to even higher
levels. In contrast, the jasmonate-insensitive coil-1
mutant does not show any detectable response (Fig.
4A), suggesting that the response is jasmonate medi-
ated. The other GSs, 4-MIGS and 4-MSBGS, were less
affected. However, CF slightly increases 4-MIGS lev-
els in all plants no matter in which pathway they are
affected (Fig. 4A). Moreover, already basal levels of
IGS differ between Col-0 wild-type plants and these
mutants and transgenic plants. Although the ein2-1
and NahG plants had slightly higher levels of IGS
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Figure 4. CF-Induction of GSs and Trp/IGS pathway genes in signal
transduction mutants. Three-week-old NahG, ein2-1, and coil-1
axenic plants were treated on leaves with 2 uL of CF or mock treated
with 0.9% (w/v) NaCl (control). A, Forty-eight hours after treatment,
leaves were harvested and the GSs IGS, 4-MIGS, and 4-MSBGS were
quantified by HPLC. The data shown are the means * st of four
measurements. In each case the GS content was determined within
five pooled plants. FW, Fresh weight of tissue. B, RNA gel blots were
probed with ASA, TSA, and CYP79B3 at different time points after the
addition of CF or 5 h after mock treatment (C). Membranes were
reprobed with a ribosomal probe to ensure equal loading.
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than the wild type, coil-1 plants showed drastically
lowered amounts. A similar pattern was also found
for the aliphatic GS, 4-MSBGS. On the other hand,
amounts of 4-MIGS are slightly higher in the coil-1
mutant and lower in plants carrying the NahG
construct.

The genes involved in IGS synthesis that are most
responsive to CF in wild-type plants include ASA,
TSA, and CYP79B3 (Fig. 3B). To correlate the CF-
induced expression of these genes to IGS synthesis
we characterized the accumulation of the corre-
sponding transcripts in mutant and transgenic plants
by RNA gel blots. Consistent with the IGS induction,
these genes are also clearly induced by CF in wild-
type as well as NahG and ein2-1 plants, as shown in
Figure 4B. In contrast, no induction of ASA, TSA, and
CYP79B3 could be detected in coil-1 plants, where no
IGS induction could be observed.

The lack of CF induction of IGS and the reduced
expression of genes involved in Trp/IGS biosynthesis
in the coil-1 mutant indicated that the jasmonic acid
pathway played an important role in the regulation of
the GS content. We could detect a clear induction of
IGS levels in the leaves of Col-0 plants 24 (data not
shown) to 48 h after MeJa application (Fig. 5A). Here,
IGS induction was accompanied by enhanced accu-
mulation (up to 42 nmol g ' fresh weight) of another
indole GS, 1-methoxy-3-indolylmethylglucosinolate.
The concentration of this GS was lower than 10 nmol
g ! fresh weight in uninduced plants. IGS induction
by MeJa was also observed in NahG and ein2-1 plants
(Fig. 5A). The coil-1 mutant did not respond to MeJa
and its IGS content remained very low. In contrast to
the MeJa induction of IGS, the amounts of the third
indole GS, 4-MIGS, and the aliphatic GS, 4-MSBGS,
were not up-regulated by MeJa treatment in the mu-
tants or in the wild type (Fig. 5A).

This MeJa-induced increase of IGS levels in wild-
type plants was accompanied by an induction of the
Trp and GS pathway genes ASA, TSA, CYP79B3, and
to a smaller extent TSB, as well as SGT (Fig. 5B). No
clear induction of transcripts of the second Trp-
oxidizing enzyme, CYP79B2, could be observed. The
clear induction of Trp transcripts is most remarkable
since the used amounts of MeJa were not sufficient to
raise camalexin levels to detectable amounts (<1
png/g fresh weight). The ASA, TSA, and CYP79B3
transcripts were induced by MeJa in ein2-1 and NahG
plants in a similar way to the wild type (Fig. 5C). In
contrast, no MeJa induction of these transcripts could
be observed in the coil-1 mutant. The induction of
IGS by MeJa appears specific. The other signal mol-
ecules investigated have less effect on the induction
of GSs in Arabidopsis. Treatment with ethylene and
with SA was not sufficient to induce significant
changes in IGS levels in Col-0 plants within 24 to
48 h. The same is true for 4-MIGS and 4-MSBGS (data
not shown).

Plant Physiol. Vol. 126, 2001

Indole Glucosinolates in Plant Defense

A 700 _
600 [
500 .
400 I
300
200 | :
100 | :
0 Ll 1 1
400 -
T 350
- 300
B 250
E ol 4-MIGS
; 100 | -
1400
1200 - _
1000 | | |
800 - |
o 4-MSBGS
400
200 I
00— — — —
S Es Es £m
= = = [=
g€ 82 8= 8=
Col-0 NahG ein2-1 coil- 1
B Col-0
ASA
- TSA
L (T8
|cyP79B2
- - - SGT
C 2 5 8 24(h)
C  Nane ein21  coil-1
ASA
TSA
CYP79B3

rDNA
C25824C25824C 25 824(h)

Figure 5. Induction of GSs and Trp/IGS pathway genes by Mela.
Three-week-old Col-0 wild-type as well as NahG, ein 2-1, and coi
1-1 plants were treated on leaves with 2 uL of MeJa (500 um) or 0.1%
(v/v) Tween 20 (control). A, Forty-eight h after treatment, leaves were
harvested and the GSs IGS, 4-MIGS, and 4-MSBGS were quantified
by HPLC. The data shown are the means = st of four measurements.
In each case the GS content was determined within five pooled
plants. FW, Fresh weight of tissue. B, In experiments with Col-0 wild
type, RNA gel blots were probed with ASA, TSA, TSB, CYP79B2,
CYP79B3, and SGT at different time points after the addition of MeJa
or 5 h after addition of 0.1% (v/v) Tween 20 as control (C). Mem-
branes were reprobed with a ribosomal probe to ensure equal load-
ing. C, RNA gel blots from NahG, ein2-1, and coil-1 plants were
probed with ASA, TSA, and CYP79B3 at different time points after the
addition of MeJa or 5 h after mock treatment (C). Membranes were
reprobed with a ribosomal probe to ensure equal loading.
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The GS content varies between plants grown under
in vitro conditions and soil plants (data not shown).
The IGS concentrations were approximately 3-fold
higher in soil-grown than in MS2-grown axenic
plants in the Col-0 wild type and in the mutants. In
Col-0, CF treatment led in both cases to a 2-fold
induction of IGS content. However, after MeJa treat-
ment, amounts of IGS increased 4- to 5-fold in axenic
plants compared with a 2- to 3-fold induction in
soil-grown plants (data not shown).

GS Contents in Trp Pathway Mutants

How does a mutation in the Trp pathway affect the
synthesis of Trp-derived indole GSs? To answer this
question we determined GS levels in the Trp path-
way mutants trp3-1 (Radwanski et al.,, 1996) and
trp2-8 (Barczak et al., 1995) with decreased steady-
state levels of TSA and TSB proteins, respectively. As
shown in Figure 6, these mutations did not have a
strong effect on GS regulation. As it has been shown
previously for trp3-1 (Miiller and Weiler, 2000), both
Trp mutants exhibited increased basal IGS levels, but
reacted to the MeJa treatment in a similar way as the
wild type. However, a slight decrease in MeJa induc-
tion of IGS was observed in the trp3-1 mutant. No
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Figure 6. GS Induction by Meja in Trp biosynthesis mutants. Three-
week-old axenic trp2-8 and trp3-1 Trp mutant as well as Col-0
wild-type plants were treated on leaves with 2 uL MeJa (500 um) or
0.1% (v/v) Tween 20 (control). Forty-eight h after treatment, leaves
were harvested and the GSs IGS, 4-MIGS, and 4-MSBGS were quan-
tified by HPLC. The data shown are the means = st of three mea-
surements. In each case the GS content was determined within five
pooled plants.
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clear difference in 4-MIGS and 4-MSBGS levels be-
tween Col-0 and the mutants were detected.

Breakdown Products of IGS Inhibit the Growth of
E. carotovora

Could CF-induced IGS or its degradation products
help Arabidopsis to protect itself against invading
bacterial pathogens such as E. carotovora? To answer
this question we determined the concentrations of
Col-0, ein2-1, and coil-1 extracts, which induce 50%
inhibition of bacterial growth (ICs,) with or without
exogenously added myrosinase. The endogenous
myrosinase activity was inactivated by heat treat-
ment during the extraction. As shown in Table I, the
activity of the extracts correlates with the IGS and
4-MSBGS content. Extracts from ein2-1 and wild type
were more potent inhibitors of the growth of E. caro-
tovora than coil-1 extracts with lower GS content.
Only extracts with added myrosinase showed any
growth inhibiting activity. Together with the high
substrate specificity of myrosinase (Halkier, 1999),
this demonstrates that GSs and their breakdown
products, respectively, but no other compounds are
responsible for the observed effects.

Similar results were obtained testing purified IGS,
as shown in Table II. Only IGS with added myrosinase
showed bacterial growth retarding activity, but not
IGS alone. It is interesting that except for indole-3-
acetonitrile, the other possible degradation products
of IGS, indole-3-carbinol, potassium thiocyanate, 3,3'-
diindolylmethane, and 3-indolylmethyl-ascorbate
(Mithen et al., 1986; Agerbirk et al., 1998) showed no
activity at tested concentrations.

DISCUSSION

We have shown that E. carotovora CF triggers
jasmonate-dependent production of IGS in Arabi-
dopsis and we have indicates that IGS might form
part of the defense response against bacterial patho-
gens. The role of IGS in defense is supported by the
data showing that Arabidopsis extracts containing
breakdown products of GSs display in vitro activity
against E. carotovora. Also, purified IGS treated with
myrosinase is capable of inhibiting bacterial growth.
The formation and the toxicity of the unstable inter-
mediate 3-indolylmethylisothiocyanate can probably
explain this effect. This compound is thought to be
formed during IGS-hydrolysis, but disintegrates
quickly into indole-3-carbinol and thiocyanate (Han-
ley et al., 1990; Agerbirk et al., 1998). It is not very
likely that indole-3-acetonitrile is responsible for the
observed activity of IGS + myrosinase, since at the
pH values used in the bioassay (pH 7), only traces of
this compound are formed (Agerbirk et al., 1998).
Similar in vitro activities of indole GS breakdown
products have been described previously against the
fungus Leptosphaeria maculans (Mithen et al., 1986).
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Table I. Effect of GS-containing Arabidopsis extracts on the growth
of E. carotovora subsp. carotovora SCC3193

Arabidopsis extracts from Col-0 wild type, as well as ein 2-1 and
coi 1-1 mutant plants, were dried and resuspended in Luria-Bertani
(LB) medium. During extraction, endogenous myrosinases were heat
inactivated. Serial dilutions of the extracts were added to bacterial
cultures suspended in 50 mm phosphate buffer (=) or in 50 mm
phosphate buffer containing 1 unit mL™" myrosinase (+).

Extract Myrosinase 1C50° FLP

Col-0 - >60

Col-0 + 3.3 (2.7-4.2)
ein2-1 - >60

ein2-1 + 1.6 (0.8-3.5)
coil-1 - >60

coil-1 + 12.7 (9.2-17.3)
Myrosinase No inhibitory effect up

to 10 units mL™'

? The ICs, is the concentration, which resulted in 50% inhibition
of bacterial growth after 15 h of incubation at 28°C. Values are in
milligrams of extract (dry wt) per milliliter of LB medium. bFL,
95% Fiducial limits.

However, the activity of the GS extracts (Table I) can
only be partially explained by the toxicity of IGS
breakdown products alone, because even diluted
plant extracts containing less calculated IGS than its
IC5, (determined by testing isolated IGS as shown in
Table II) exhibited clear bacterial inhibition. This may
be due to additional or synergistic effects of the
breakdown products of other GSs.

However, our studies suggest that there is a corre-
lation between GS content and plant defense against
bacterial pathogens such as E. carotovora. This is sup-
ported by our previous studies demonstrating that
the jasmonate-insensitive mutant coil-1 exhibits in-
creased susceptibility to E. carotovora infection
(Norman-Setterblad et al., 2000) and has a low GS
content, as shown here (Fig. 4A). Moreover, pre-
treatment of Col-0 plants with MeJa, which leads to
increase of IGS content (Fig. 5A), triggers efficient
protection against invading bacteria (G. Brader, E.
Tas, and E.T. Palva, unpublished data), but does not
result in strong induction of the defense-related
genes PDF1.2, CHIB, and HEL in axenic plants (Pen-
ninckx et al., 1998; Norman-Setterblad et al., 2000).

The regulation of IGS accumulation by MeJa and
the low GS content in the coi1-1 mutant may also help
to explain the jasmonate-induced resistance toward
some fungi and insects (Reymond and Farmer, 1998).
Thomma et al. (1998) showed that the Arabidopsis
coil-1 mutant is more susceptible to the fungus Al-
ternaria brassicicola than the wild type. Moreover,
Thomma et al. (1999b) showed that MeJa can boost
the level of resistance of the camalexin deficient mu-
tant pad3-1 as well as the wild type, but not of the
coil-1 mutant. The response is independent of ethyl-
ene, because ein2-1 can also be protected by pre-
treatment with MeJa (Thomma et al.,, 1999a).
Thomma et al. (1999b) predicted MeJa-dependent ef-
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fector molecules that contribute (together with cama-
lexin) to the resistance of Arabidopsis against A.
brassicola. 1GS (probably together with other GSs)
fulfill the criteria for these effectors and may take
part in resistance of Arabidopsis against A. brassicola.

The definite proof for the extent of contribution of
indole GSs in vivo to plant protection against patho-
gens has to await generation of mutants or transgenic
plants affected in IGS biosynthesis (Fig. 1). Such a
mutant would help to clarify the biological impor-
tance of these compounds in plant defense. So far, no
biosynthetic mutants downstream of Trp have been
described. Most of the known GS mutants (Haughn
et al,, 1991) have an altered aliphatic GS content.
Only Tu8 has reduced indole GS levels in leaves, but
enhanced indole GS levels in seeds and root tissue.
The altered growth morphology of Tu8 suggests that
it is a pleiotropic signal transduction rather than a GS
biosynthesis mutant (Haughn et al., 1991; Ludwig-
Muller et al.,, 1999). Other candidates for mutants
with low IGS contents are the mutants deficient in
Trp biosynthesis such as trp2-8 and trp3-1 with de-
creased TSB and TSA enzyme activity, respectively.
However, these mutants turned out to have slightly
enhanced basal levels of IGS and responded to MeJa
almost to wild-type levels (Fig. 6; Miiller and Weiler,
2000). Similar results were obtained when measuring
camalexin levels in Trp pathway mutants (Zhao and
Last, 1996). The mutant trp1-100 and the Trp auxo-
troph double mutant trp1-100 trp4-1 show only slight
reduction in camalexin accumulation after infection
with P. syringae pv. maculicola. This suggests that the
flux through the Trp pathway in the mutants is ob-
viously sufficient for the production of the secondary
metabolites camalexin and IGS.

The CF- and MeJa-induced accumulation of IGS is
preceded by an induction of several of the Trp and
GS biosynthetic pathway genes including ASA, TSA,
TSB, CYP79B3, and SGT in Arabidopsis (Figs. 3 and
5). It has been previously demonstrated that infection

Table Il. Effect of IGS and its degradation products on the growth
of E. carotovora subsp. carotovora SCC3193

Test compounds were dissolved in LB medium containing 0.5%
ethanol and 0.1% Tween 20. Serial dilutions were added to bacterial
cultures suspended in 50 mm phosphate buffer or in 50 mm phos-
phate buffer containing 1 unit mL™" myrosinase.

Compound 1C50? FLP
IGS >1.2
IGS + myrosinase 0.095 (0.053-0.191)
Indole-3-acetonitrile 0.246 (0.190-0.335)
Indole-3-carbinol >1.2
Potassium thiocyanate >1.2
3-Indolylmethylascorbate >1.2
3,3’-Diindolylmethane >1.2

2 The ICs, is the concentration, which resulted in 50% inhibition
of bacterial growth after 15 h of incubation at 28°C. Values are in
milligrams per milliliter of LB medium. PFL = 95% Fiducial
limits.

855



Brader et al.

by P. syringae pv. maculicola as well as oxidative stress
induce, coordinately, camalexin and Trp pathway
gene expression and enzymes (Zhao and Last, 1996;
Zhao et al., 1998). In contrast to these studies, treat-
ment with CF from E. carotovora or MeJa does not
lead to camalexin accumulation. Because the Trp
pathway intermediate indole-3-glycerol phosphate is
thought to be the branching point in camalexin and
Trp biosynthesis (Fig. 1; Zook, 1998), the up-
regulation of TSA and TSB downstream of indole-3-
glycerol phosphate cannot be explained by further
need of Trp for camalexin biosynthesis. However, it
agrees with the observed IGS accumulation. Also, the
observed induction of CYP79B3 agrees with IGS ac-
cumulation, since this gene is responsible for oxidiza-
tion of Trp in the first step in indole GS biosynthesis
downstream of Trp (Fig. 1, Hull et al., 2000;
Mikkelsen et al., 2000). It is interesting that CYP79B2,
the second gene shown to be responsible for Trp
oxidation (Hull et al., 2000), does not respond to MeJa
in the same way (Fig. 5). Our demonstration of MeJa
and CF induction of Trp/IGS pathway gene expres-
sion and IGS accumulation is in agreement with and
explains earlier induction data. It has been demon-
strated that MeJa treatment leads to an increase of
IGS levels in oilseed rape and Indian mustard (Bod-
naryk, 1994; Doughty et al.,, 1995) and that ASAI
mRNA levels increase after wounding in Arabidopsis
(Radwanski and Last, 1995).

Our results show that the induction of IGS requires
jasmonate signaling. First, IGS is induced strongly by
MeJa and second, the induction of IGS is blocked in
the jasmonate signal mutant coil-1, but not in the
ethylene signal mutant ein2-1 or in NahG plants un-
able to accumulate SA. Unlike induction in the wild-
type plants, IGS levels and Trp/IGS pathway tran-
scripts do not increase in the coil-1 mutant after
induction by MeJa or CF. Moreover, already basal
IGS levels are lower in the coi1-1 mutant, demonstrat-
ing the requirement for functional COI in IGS regu-
lation. However, production of IGS does not rely
completely on COI, since coil-1 plants produce IGS,
albeit at lower levels. The stronger induction of IGS
with MeJa than with CF may have various reasons.
One likely explanation would be that other signal
pathways triggered by CF involving ethylene, SA, or
reactive oxygen species may interfere with the MeJa
response. Such interference is suggested by results
with the ein2-1 mutant blocked in ethylene signaling.
This mutant shows elevated IGS induction compared
with the wild type (Fig. 4A), suggesting that ethylene
down-regulates the jasmonate response. Similar re-
sults have been observed previously for jasmonate-
induced expression of AtVSP (Norman-Setterblad et
al., 2000). In contrast to IGS, 4-MIGS levels were even
slightly higher in coi1-1 than in the wild-type plants
(Fig. 4A). Moreover, 4-MIGS was not induced by
MeJa treatment of Col-0. This is unexpected, since it
has been implicated that 4-MIGS is also derived from
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Trp (Halkier, 1999). If this is the case, the separating
steps in the biosynthesis of IGS and 4-MIGS are
regulated in a different way.

Ethylene signaling does not appear to be necessary
for CF-induced gene expression of the Trp/IGS path-
way. The induction of IGS was even slightly elevated
in the ein2-1 mutant in comparison with the wild
type. Moreover, ethylene at concentrations known to
induce defense-related genes like PDF1.2 (Penninckx
et al., 1998) is not sufficient to induce accumulation of
any of the tested GSs (data not shown). The slightly
higher basal IGS levels in ein2-1 may be due to the
higher values of free jasmonic acid in this mutant
(Penninckx et al., 1998). Like ethylene, SA seems to
have a minor role in GS regulation. SA at concentra-
tions known to induce PR-1 (Norman-Setterblad et
al., 2000) is not sufficient to induce changes of IGS,
4-MIGS, and 4-MSBGS (data not shown). Further-
more, the induction of the Trp/IGS pathway was
similar in NahG and wild-type plants. However, in
oilseed rape, SA is able to induce changes in the
content of phenolic GSs (Kiddle et al., 1994), which
are not present in detectable amounts in Arabidopsis
Col-0.

Taken together, our data clearly demonstrates that
jasmonate signaling is required for the induction of
certain defense compounds such as IGS. This is in
agreement with previous studies on jasmonate-
dependent induction of camalexin and thionins by
certain pathogens (Reymond and Farmer, 1998; Zhou
et al,, 1999) and underlines the importance of jas-
monate signaling in plant defense response.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Seeds of Arabidopsis ecotype Col-0 were vernalized for
2 d at 4°C, surface sterilized, sown on Murashige-Skoog-2
medium plates (Murashige and Skoog, 1962), and re-
planted in 300-mL jars (three plants per jar) after germina-
tion. Sterile plants were grown at 22°C with a light/dark
regime of 12 h/12 h at 40 pumol m 2 s~ '. Soil-grown plants
were cultivated at the same conditions on a 1:1 mixture of
vermiculite and peat (Finnpeat, B2). The Arabidopsis mu-
tants trp2-8 (Barczak et al., 1995), trp3-1 (Radwanski et al.,
1996), and ein2-1 (Guzmén and Ecker, 1990) were obtained
from the Biological Resource Center (Columbus, OH; ac-
cession nos. CS8328, CS8331, and CS3071) and the coil-1
mutant (Feys et al.,, 1994) was obtained from J. Turner
(University of East Anglia, Norwich, UK). The transgenic
line expressing the NahG gene (Delaney et al., 1994) was
provided by Dr. John Ryals (Ciba Geigy, Research Triangle
Park, NC). All plants were derived from the Col-0 ecotype.

Application of Bacteria, Extracellular Enzyme
Preparations, and Chemicals

Erwinia carotovora subsp. carotovora strain SCC3193
(Pirhonen et al., 1988) was cultured overnight at 28°C in LB
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medium. Bacteria were harvested by centrifugation (15 min
at 4,000g), resuspended in 0.9% (w/v) NaCl at 2 to 3 X 10°
CFU per mL, and applied as 2-uL droplets on leaves to
inoculate plants. CF was prepared from E. carotovora subsp.
carotovora SCC3193 as described previously and (Vidal et
al., 1998) CF, silver nitrate (10 mm), MeJa (500 um), SA (5
mm), 0.9% (w/v) NaCl, and 0.1% (v/v) Tween 20 were
applied as 2-pL droplets on five leaves of 3-week-old
plants as one drop on each leaf for axenic plants and five
drops for soil-grown plants. Ethylene treatment was done
for 24 h by placing jars in an airtight chamber containing
air only or 50 uL L' ethylene. Ethylene concentrations
were measured by a photoionizer (PI 101 trace gas ana-
lyzer, HNU Systems, Newton, MA).

Antibacterial Assay

The concentrations of the test compounds inducing 50%
bacterial growth inhibition (ICs,) were determined by
monitoring the proliferation of E. carotovora subsp. caroto-
vora SCC3193 at 28°C with optical density measurements at
600 nm as described by Feder et al. (2000). The inhibition of
bacterial growth caused by the test compounds and the
Arabidopsis extracts was determined in microtiter plates
15 h after inoculation with 10° CFU mL™"' E. carotovora
subsp. carotovora SCC3193 resuspended in 50 mm sodium
phosphate buffer, pH 7, with or without myrosinase (1 unit
mL ). ICs, values and the error range (95% fiducial limits)
were calculated by probit analysis. Arabidopsis extracts
containing intact GSs were achieved by extracting 1 g of
leaves from 12 pooled, 3-week-old soil-grown plants for 15
min in boiling 70% (v/v) ethanol to denature myrosinases.
Extracts were evaporated, resuspended in 500 uL of LB
medium, and serially diluted. IGS was purified from 50 g of
brussel sprouts by the method described by Thies (1988) and
Agerbirk et al. (1998) to give a yield of 6.1 umol pure IGS as
potassium salt. 3,3’-diindolylmethane and 3-indolylmethy-
lascorbate were synthesized from 3-indolylcarbinol and
ascorbic acid, as described (Agerbirk et al., 1996, 1998).
Spectroscopic data agree with Agerbirk et al. (1998). Ascor-
bic acid, indole-3-acetonitrile, indole-3-carbinol, and my-
rosinase (thioglucosidase, EC 3.2.3.1 from white mustard)
were purchased from Sigma-Aldrich (St. Louis) and potas-
sium thiocyanate was purchased from ICN Biomedicals
(Aurora, OH). The test compounds were dissolved in LB
medium with 0.1% (v/v) Tween 20 and 0.5% (v/v) ethanol
at a concentration of 1 mg mL~" and were then serially
diluted.

GS and Camalexin Analysis

After removal of the two oldest leaves, the leaf material
(200-400 mg) of five pooled plants was rapidly frozen and
ground in liquid nitrogen and extracted twice into 20 times
their fresh weight of boiling 70% (v/v) ethanol for 10 min.
After cooling on ice, a lead acetate solution (0.5 M) was
added to a final concentration of 0.05 m. The extract was
vortexed, allowed to stand on ice for 15 min, and was
centrifuged for 5 min at 2,500g. GSs in the supernatant
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were concentrated by adsorption onto diethylaminoethyl
Sephadex A-25 (pyridine acetate form). Bound GSs were
enzymatically desulfated with 100 pL of aryl sulfatase
(Type H-1, Sigma) at 28°C and were eluted with three times
330 wL of water after 15 h (Shaw et al., 1989), of which 100
nL was used for HPLC analysis. The desulfo-GSs were
determined and quantified by the use of response factors
according to Hogge et al. (1988) and Haughn et al. (1991).
Twenty micrograms of an internal standard (benzylglu-
cosinolate; Merck, Rahway, NJ) was added at the begin-
ning of the extraction procedure to calculate losses during
the extraction and separation. HPLC analysis was per-
formed on a Perkin-Elmer Series 200 (Foster City, CA) with
a Photodiode Array Detector 2356 on a Lichrospher
(Merck) C,5 column (125 X 4 mm i.d., 5-um particle size;
UV diode-array detection: 225 nm; mobile phase: 1% [v/Vv]
acetonitrile in water for 5 min, a linear gradient from
1%-22.5% [v/v] acetonitrile over the next 15 min, constant
at 22.5% [v/v] acetonitrile for 5 min, followed by washing
with pure acetonitrile and reconditioning of the column at
1% [v/v] acetonitrile for 10 min; flow rate was 1 mL
min~'). Camalexin was determined using the protocol of
Hammerschmidt et al. (1993).

Extraction of RNA and Northern
Hybridization Analyses

Total RNA from each plant was separately prepared by
SDS/phenol/chloroform extraction and LiCl precipitation
(Kingston, 1997). Ten micrograms of RNA was denatured
in formamide, separated by electrophoresis through form-
aldehyde agarose gels, and blotted onto a positively
charged nylon membrane (Boehringer Mannheim, Basel)
via capillary transfer with 20X SSC (Sambrook et al., 1989).
The membrane was hybridized overnight at 50°C with
digoxigenin-dUTP- (Boehringer Mannheim) labeled probes
described below, followed by two washes for 15 min in
2X SSC, 0.1% (w/v) SDS and 0.1X SSC, 0.1% (w/v) SDS
at 50°C. Chemiluminescent detection was done with
disodium 3-(4-methoxyspiro[1,2-dioxetane-3,2'-{5'-chloro}
tricyclo{3.3.1.1%”})decan]4-yl) phenyl phosphate, according
to the instructions of the supplier (Boehringer Mannheim).
DNA probes were amplified from the cDNA of the en-
zymes ASA1 (Niyogi and Fink, 1992), TSA1 (Radwanski et
al., 1995), and TSB1 (Berlyn et al., 1989). The probes for PDF
1.2 and CYP79B2 contain the expressed sequence tag with
GenBank accession nos. T04323 and T42902, respectively,
both obtained from the Arabidopsis Biological Resource
Center. The fragments of the gene for the putative Arabi-
dopsis UDP-Glc: thiohydroximate SGT and the cytochrome
P450 CYP79B3 were amplified from genomic Arabidopsis
Col-0 DNA by PCR and were cloned into the pCR 2.1
vector (Invitrogen, San Diego). The primers for SGT corre-
spond to the bases 4,891 to 4,911 and 5,548 to 5,568 of the
bacterial artificial chromosome F316 genomic sequence
with the GenBank accession no. AC002396. The primers for
CYP79B3 correspond to the bases 1,249 to 1,268 and 2,237 to
2,256 of the sequence with the GenBank accession no.
AC006592.4. To verify equal loading and transfer, the RNA
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loading buffer was supplemented with ethidium bromide
and the blots were reprobed with a ribosomal probe.

Subtractive Library

Three-week-old axenic Arabidopsis Col-0 were sprayed
with CF of E. carotovora subsp. carotovora strain SCC3193 or
with LB media. Samples were collected after 2, 4, and 6 h,
pooled, and total RNA was extracted as noted above.
Poly(A) RNA was purified from total RNA with Dyna-
Beads (Dynal A.S., Oslo). cDNA synthesis and the cDNA
subtraction between CF and control-treated plants was
performed using the PCR-Select cDNA Subtraction Kit
(CLONTECH Laboratories, Palo Alto, CA) following the
instruction of the manufacturer. The subtracted library was
cloned into the vector pCR2.1 (Invitrogen).
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