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Abstract

The impact of the phytoalexins camalexin and spirobrassinin on brassinin detoxification by Leptosphaeria maculans (Desm.) Ces. et de
Not. [asexual stage Phoma lingam (Tode ex Fr.) Desm.], a pathogenic fungus prevalent on crucifers, was investigated. Brassinin is a plant
metabolite of great significance due to its dual role both as an effective phytoalexin and as an early biosynthetic precursor of the majority
of the phytoalexins produced by plants of the family Brassicaceae (Cruciferae). The rate of detoxification of brassinin in cultures of L.
maculans increased substantially in the presence of camalexin, whereas spirobrassinin did not appear to have a detectable effect. In addi-
tion, the brassinin detoxifying activity of cell-free extracts obtained from cultures incubated with camalexin was substantially higher than
that of control cell-free extracts or cultures incubated with spirobrassinin, and correlated positively with brassinin oxidase activity. The
discovery of a potent synthetic modulator of brassinin oxidase activity, 3-phenylindole, and comparison with the commercial fungicide
thiabendazole is also reported. The overall results indicate that brassinin oxidase production is induced by camalexin and 3-phenylindole
but not by spirobrassinin or thiabendazole. Importantly, our work suggests that introduction of the camalexin pathway into plants that
produce brassinin might make these plants more susceptible to L. maculans.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The naturally occurring dithiocarbamate brassinin (1) is
a plant metabolite of great significance due to its dual role
both as an effective phytoalexin and as an early biosyn-
thetic precursor of the majority of the phytoalexins pro-
duced by plants of the family Brassicaceae (Cruciferae)
(Pedras et al., 2003). Phytoalexins are crucial chemical de-
fenses produced de novo by plants to fight pathogens (Bai-
ley and Mansfield, 1982; Essenberg, 2001). Coincidentally,
the dithiocarbamate moiety of brassinin is known to be a
potent toxophore in synthetic agrochemicals used to con-
trol fungi and weeds (Leroux, 2003; Caldas et al., 2001).
Despite the antifungal activity of brassinin (1), several cru-
cifer pathogens can detoxify it, which can make the plant
0031-9422/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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more susceptible to microbial colonization. The phytopath-
ogenic fungus Sclerotinia sclerotiorum (Lib.) de Bary detox-
ified brassinin (1) to 1-b-D-glucopyranosylbrassinin (3)
using an inducible glucosyl transferase (Pedras et al.,
2004; Pedras and Ahiahonu, 2005), whereas virulent iso-
lates of Leptosphaeria maculans (Desm.) Ces. et de Not.
[asexual stage Phoma lingam (Tode ex Fr.) Desm.] trans-
formed 1 into 3-indolecarboxaldehyde (2) (Scheme 1).
The latter transformation suggested that a putative brassi-
nin oxidase (BO) was involved in this detoxification pro-
cess, but to date no such enzymes have been reported
(Scheme 1) (Pedras et al., 2003). By contrast, the crucifer-
ous phytoalexins camalexin (5) and spirobrassinin (6) did
not appear to be metabolized by L. maculans (Pedras
et al., 2003). Although the chemical structures of brassinin
(1), camalexin (5), and spirobrassinin (6) are rather differ-
ent, indolyl-3-acetaldoxime (4) is their common biosyn-
thetic precursor (Pedras et al., 2003; Glawischnig et al.,
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Scheme 1. Detoxification of brassinin (1) by plant pathogenic fungi: (A) Sclerotinia sclerotiorum; (B) virulent Leptosphaeria maculans (Phoma lingam)
(Pedras and Ahiahonu, 2005).
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2004), and brassinin (1) is a closer biosynthetic precursor of
spirobrassinin (6, Scheme 2). Nevertheless, most interest-
ingly camalexin (5) has not been detected in plants that
produce brassinin (1) and/or spirobrassinin (6) or vice-
versa (Pedras et al., 2000). Camalexin (5) is produced by
various wild species, including Arabidopsis thaliana (Pedras
et al., 2000).

Considering that detoxification of brassinin (1) by fun-
gal pathogens deprives plants of valuable inducible chemi-
cal defenses, it is of great interest to understand and inhibit
such degradation processes. Ongoing work to design selec-
tive and environmentally safer crop protection agents
against crucifer pathogens led us to investigate the poten-
tial effects of crucifer phytoalexins on brassinin (1) detoxi-
fication. Results of this work have shown that in S.

sclerotiorum camalexin (5) was able to induce a brassinin
detoxifying enzyme, brassinin glucosyltransferase (Pedras
et al., 2004), and that camalexin (5) was also detoxified
via glucosylation (Pedras and Ahiahonu, 2002). Because
camalexin (5) and spirobrassinin (6) are not metabolized
by L. maculans, and in anticipation that non-degradable
phytoalexins might act in synergism, we have investigated
their impact on brassinin detoxification. Despite the inhib-
itory activity of camalexin (5) on the growth of L. macu-

lans, we have discovered that the rate of detoxification of
brassinin (1) in fungal cultures increased substantially in
the presence of camalexin (5), whereas spirobrassinin (6)
did not appear to affect the rate of brassinin detoxification.
In addition, we established that the brassinin detoxifying
activity of cell-free extracts obtained from cultures incu-
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Scheme 2. Biosynthetic pathway of crucifer phytoalexins: indolyl-3-
acetaldoxime (4) is a common precursor of camalexin (5) and brassinin
(1), which is a closer precursor of spirobrassinin (6).
bated with camalexin (5) was substantially higher than that
of cell-free extracts obtained from cultures incubated with
spirobrassinin (6), which in turn was similar to that control
cell-free extracts. Importantly, brassinin oxidase activity
(BOA) correlated positively with the rate of brassinin
transformation in cell cultures and cell-free mycelial ex-
tracts of L. maculans. Herein we report for the first time re-
sults of these studies together with the discovery of a potent
synthetic inducer of BOA, 3-phenylindole (7), and compar-
ison of its antifungal activity against L. maculans with that
of the naturally occurring phytoalexins brassinin (1), cam-
alexin (5) and spirobrassinin (6).

2. Results and discussion

2.1. Antifungal activity and kinetics of brassinin

biotransformation in cultures of L. maculans

The phytoalexins brassinin (1), camalexin (5) and spiro-
brassinin (6) were synthesized following previously pub-
lished procedures (Pedras et al., 2003). The inhibitory
activity of each compound was established using mycelial
cultures of L. maculans, as reported in Section 4. Results
of these bioassays, as summarized in Table 1, suggested
the range of concentrations to be used in biotransforma-
tion experiments with each compound. In addition, anti-
fungal bioassays using a mixture of brassinin
(1) + camalexin (5) did not show the expected synergistic
or additive effects; on the contrary, brassinin (1) appeared
to be less inhibitory of mycelial growth in the presence of
camalexin (5). For example, brassinin at 0.2 mM caused
52 ± 4% growth inhibition whereas brassinin (1) + cama-
lexin (5) at 0.3 mM (0.2 + 0.1 mM, respectively) showed a
similar percentage of inhibition (54 ± 6%), and at
0.25 mM (0.2 + 0.05 mM, respectively) showed only
22 ± 2% inhibition (Table 1). The commercial fungicide
thiabendazole (8) displayed substantially higher antifungal
activity than any of the phytoalexins and ten times higher
activity than 3-phenylindole (7).

Subsequently, 48-h-old cultures of L. maculans were
incubated for 24 h with camalexin (5, 0.05 mM) followed
by addition of brassinin (1, 0.2 mM) and further incuba-
tion for 24 h. Similar experiments were carried out using
spirobrassinin (6, 0.05 mM) instead of camalexin (5). Con-
trol cultures of L. maculans containing brassinin (1,
0.2 mM), camalexin (5, 0.05 mM) or spirobrassinin (6,



Table 1
Effect of brassinin (1), camalexin (5), spirobrassinin (6), 3-phenylindole (7)
and thiabendazole (8) on the inhibition of mycelial growtha of Leptosp-
haeria maculans in solid cultures

Compound Concentration
(mM)

Inhibition (%) ±
standard deviationa

Brassinin (1) 0.5 c.i.b

0.2 52 ± 4
0.1 24 ± 5

Camalexin (5) 0.5 c.i.b

0.2 63 ± 2
0.1 27 ± 4

Spirobrassinin (6) 0.5 50 ± 5
0.2 32 ± 4
0.1 n.i.c

3-Phenylindole (7) 0.1 c.i.b

0.05 53 ± 2
0.01 40 ± 3

Brassinin (1) + camalexin (5) 0.2 + 0.1 54 ± 6
0.2 + 0.05 22 ± 2

Brassinin (1) + 3-phenylindole (7) 0.2 + 0.02 43 ± 5
0.2 + 0.01 31 ± 4

Thiabendazole (8) 0.01 c.i.b

0.005 88 ± 2
0.001 23 ± 3

a Percentage of inhibition = 100 � [(growth on medium containing
compound/growth on control medium) · 100] ± standard deviation
(average of three independent experiments conducted in triplicate) after 5
days of incubation on solid media (described in Section 4).
b c.i. = complete inhibition.
c n.i. = no inhibition (growth on control medium and on medium con-

taining compound is similar).
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Fig. 1. Progress curves for the transformation of brassinin (1, 0.2 mM) in
cultures of Leptosphaeria maculans (Phoma lingam) pre-incubated for 24 h
with camalexin (5, 0.05 mM) and spirobrassinin (6, 0.05 mM) over a 24-h
incubation period.
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Fig. 2. Progress curves for the transformation of brassinin (1, 0.2 mM) in
cultures of Leptosphaeria maculans (Phoma lingam) pre-incubated for 24 h
with camalexin (5) at different concentrations (0.2, 0.1 and 0.05 mM) over
a 24-h incubation period.
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0.05 mM) were incubated separately. The biotransforma-
tion of brassinin (1) was monitored by HPLC analysis
(photodiode array detection at 206 and 220 nm, brassinin
Rt = 18.8 min; 3-indolecarboxaldehyde Rt = 6.8 min).
Samples were withdrawn after addition of brassinin (1)
every 6 h, extracted with ethyl acetate, the extracts were
concentrated, and were analyzed by HPLC. HPLC data
analyses showed that the metabolism of brassinin (1) in cul-
tures of L. maculans was consistent with previous results
(Pedras and Ahiahonu, 2005). Brassinin (1, 0.2 mM) was
almost completely metabolized to 3-indolecarboxaldehyde
(2) within 18 h (cultures of L. maculans containing no other
phytoalexin, Fig. 1). Most unexpectedly, however, in cul-
tures pre-incubated with camalexin (5, 0.05 mM) for 24 h,
brassinin (1, 0.2 mM) was almost completely metabolized
within 6 h (Fig. 1). Furthermore, in cultures of L. maculans
pre-incubated with spirobrassinin (6, 0.05 mM) for 24 h,
brassinin (1, 0.2 mM) was almost completely metabolized
within the usual 18 h (Fig. 1). That is, spirobrassinin (6)
did not affect noticeably the rate of brassinin (1) transfor-
mation, whereas camalexin (5) increased the rate substan-
tially. However, when brassinin (1) and camalexin (5)
were added simultaneously to 48-h-old cultures of L. mac-

ulans, the increase in the rate of transformation of brassinin
was not noticeable.
The rather puzzling effect of camalexin (5) on the rate of
brassinin detoxification was further investigated using
higher camalexin concentration (5, 0.2 and 0.1 mM). Dou-
bling the concentration of camalexin (5) doubled the trans-
formation time of brassinin (1) (from 6 to 12 h); a 5-fold
increase in the concentration of camalexin (5) increased
the transformation time to 18 h (Fig. 2). Visual inspection
of the cultures containing brassinin (1, 0.2 mM) and cama-
lexin (5, 0.2 mM) indicated strong growth inhibition of the
mycelia, even after 18 h of incubation when almost all
brassinin (1) had been transformed to the less toxic alde-
hyde 2. These results indicated that, despite the strong
growth inhibition observed in the presence of a 1:1 mixture
of brassinin (1) and camalexin (5), the fungus could still
metabolize brassinin (1) within 18 h.
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Fig. 3. Chemical structures of 3-phenylindole (7) and thiabendazole (8).
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Next, we determined the potential impact of the thiazole
ring of camalexin (5) by replacing it with a phenyl ring to
afford 3-phenylindole (7, Fig. 3) (Rodriguez et al., 2000).
Antifungal bioassays against L. maculans revealed that 3-
phenylindole (7) was about five times more potent than
brassinin (1) and camalexin (5), causing complete mycelial
growth inhibition at 0.1 mM, as shown in Table 1. Further-
more, HPLC analyses of extracts of cultures of L. maculans
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Fig. 4. Progress curves for the transformation of brassinin (1, 0.2 mM) in
cultures of Leptosphaeria maculans (Phoma lingam) pre-incubated for 24 h
with camalexin (5, 0.05 mM) and 3-phenylindole (7, 0.01 mM) over a 24-h
incubation period.

Fig. 5. HPLC chromatograms of extracts of cultures of Leptosphaeria mac

3-indolecarboxaldehyde (2) after 6 h of incubation. (b) Transformation of bra
(7, 0.02 mM), after 6 h of incubation.
showed that 3-phenylindole (7, 0.01 mM), similar to cama-
lexin (5), was not metabolized in cultures of L. maculans.
Subsequently, to further evaluate the effect of 3-phenylin-
dole (7) on the metabolism of brassinin (1), similar to
experiments described above for camalexin, 48-h-old cul-
tures of L. maculans were incubated for 24 h with 3-pheny-
lindole (7, 0.01 mM) followed by addition of brassinin (1,
0.2 mM) and further incubation for 24 h. Control cultures
of L. maculans containing brassinin (1, 0.2 mM) or
3-phenylindole (7, 0.01 mM) were incubated separately.
The metabolism of brassinin was monitored every 6 h by
HPLC analyses, as described above for camalexin. As re-
ported for camalexin (5) (vide supra), there was a dramatic
increase in the rate of brassinin (1) transformation in the
presence of 3-phenylindole (7, Figs. 4 and 5). Cultures
pre-incubated with 3-phenylindole (7) transformed com-
pletely brassinin (1) in 6 h while this transformation took
more than 18 h in cultures containing only brassinin (1).
Similar to camalexin (5), when brassinin (1) and 3-pheny-
lindole (7) were added simultaneously to 48-h-old cultures
of L. maculans, the increase in the rate of transformation of
brassinin was not noticeable. Similar experiments carried
out with thiabendazole (8, Fig. 3), a commercial fungicide
containing a thiazole ring as well, indicated that it had no
effect on the rate of brassinin (1) transformation.

In further experiments, to compare the effects of cama-
lexin (5) and 3-phenylindole (7) on the detoxification of
brassinin and on the growth of L. maculans, the metabo-
lism of brassinin (1) in cultures pre-incubated for 24 h with
3-phenylindole (7) was monitored every 2 h by HPLC.
After 12 h of incubation, cultures were filtered and the
mycelia was allowed to dry and weighed. As show in
Fig. 6, cultures of L. maculans pre-incubated for 24 h with
3-phenylindole (7) at 0.01 mM was metabolized faster than
in cultures incubated either with 3-phenylindole (7) at
ulans (Phoma lingam). (a) Transformation of brassinin (1, 0.2 mM) to
ssinin (1, 0.2 mM) in cultures pre-incubated for 24 h with 3-phenylindole
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Table 2
Mycelia (dry weight) of cultures of Leptosphaeria maculans (Phoma

lingam) pre-incubated for 24 h with camalexin (5, 0.05,0.1 mM) and
3-phenylindole (7, 0.01, 0.02 mM) after a 12-h incubation period

Compound added to cultures Weight (mg) ±
standard deviation

No compound (control culture) 56 ± 3
Brassinin (0.2 mM) 43 ± 3
Camalexin (0.1 mM) 34 ± 5
Camalexin (0.05 mM) 49 ± 4
3-Phenylindole (0.02 mM) 32 ± 6
3-Phenylindole (0.01 mM) 52 ± 2
Brassinin (0.2 mM) + camalexin (0.1 mM) 33 ± 1
Brassinin (0.2 mM) + camalexin (0.05 mM) 48 ± 4
Brassinin (0.2 mM) + 3-phenylindole (0.02 mM) 32 ± 1
Brassinin (0.2 mM) + 3-phenylindole (0.01 mM) 50 ± 2

Table 3
Effect of camalexin (5), spirobrassinin (6), and 3-phenylindole (7) on
brassinin (1) oxidase activity (BOA) of cell-free extracts of Leptosphaeria
maculans obtained from mycelia of liquid cultures

Compound Concentration
(mM)

Relative specific activity
(induced/non-induced)a

Camalexin (5) 0.01 2 ± 1
0.05 6 ± 3

Spirobrassinin (6) 0.01 1 ± 0 (identical to control)
0.05 1 ± 0 (identical to control)
0.1 2 ± 0

3-Phenylindole (7) 0.005 9 ± 4
0.02 15 ± 7

a Relative activity with respect to control cultures (incubated without
any compound); results are the means of three independent experiments
carried out in duplicate; brassinin at 0.1 mM was used in each enzyme
assay.
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0.02 mM or camalexin (5) at 0.05 or 0.1 mM. As shown in
Table 2, the dry weight of mycelia of cultures of L. macu-

lans after 12 h of incubation with brassinin (1) at 0.2 mM
was similar (43 ± 3 mg) to that of cultures incubated with
brassinin + camalexin at 0.2 + 0.05 mM, respectively
(48 ± 4 mg). Although camalexin (5) at 0.1 mM appeared
to be more inhibitory (34 ± 5 mg) than brassinin (1) at
0.2 mM (43 ± 3 mg), when brassinin (1, 0.2 mM) and cam-
alexin (5, 0.1 mM) were combined their inhibitory effect
(33 ± 1 mg) was similar to that of camalexin alone at 0.1
mM (34 ± 5 mg). A partial explanation for this apparent
antagonistic effect might come from the kinetic studies of
brassinin (1) transformation in the presence of camalexin
(5). For instance, in cultures pre-incubated with camalexin
(5, either at 0.1 or 0.05 mM), brassinin (1, 0.2 mM) was al-
most completely metabolized in 6 h, therefore the observed
inhibitory effect on mycelia during the exponential cell
growth period will mostly be due to the presence of cama-
lexin (5). Similar reasoning could be made for 3-phenylin-
dole (7) to explain the lower inhibitory activity of the
mixture of brassinin (1) and 3-phenylindole (7) shown in
Table 1.

2.2. Transformation of brassinin (1) in crude cell-free

extracts: evidence for brassinin oxidase activity

The transformation of brassinin (1) by virulent isolates
of L. maculans in liquid cultures was established during
exponential cell growth. To determine the enzymatic activ-
ity of cell-free extracts, it was important to investigate the
metabolism of brassinin (1) in mycelial cells in stationary
phase cultures. Thus, the metabolism of brassinin (1) in
mycelia incubated exclusively in water was investigated
by HPLC analyses of culture samples over a period of
24 h, as described in Section 4. 3-Indolecarboxaldehyde
(2) was identified after 3 h of incubation, and brassinin
(1) was completely metabolized after 6 h of incubation.
This result suggested that the enzyme(s) involved in the oxi-
dative transformation of brassinin (1), a putative brassinin
oxidase (BO), might be constitutive. In agreement with this
hypothesis, crude cell-free extracts prepared from mycelia
of L. maculans transformed brassinin (1) to 3-indolecar-
boxaldehyde (2) (HPLC analysis). Brassinin oxidase activ-
ity (BOA) was observed when the mycelia were extracted in
phosphate buffers containing Triton X-100, which indi-
cated that BO was a membrane bound protein. Further-
more, lower BOA was detected with the addition of
glycerol to the extraction buffer. However, the transforma-
tion of brassinin in cell-free cultures was extremely slow,
suggesting that the putative BO was present in very small
amounts and/or the reaction conditions were not adequate.
Next, because both camalexin (5) and 3-phenylindole (7)
increased substantially the rate of transformation of brass-
inin in mycelial cultures, their potential as inducers of BO
was determined. Cell-free homogenates resulting from
mycelial cultures incubated with camalexin (5) or 3-pheny-
lindole (7) showed a six and 15-fold increase in BOA rela-
tive to controls, whereas cell-free homogenates resulting
from cultures incubated with spirobrassinin (6) showed



Fig. 7. HPLC chromatograms of ethyl acetate extracts of enzyme assays using brassinin as substrate (1, 0.1 mM) to determine brassinin oxidase activity
(BOA) in cell-free extracts of mycelia of Leptosphaeria maculans (Phoma lingam). (a) 0 min incubation; (b) 60 min incubation (no induction); (c) 60 min
incubation (induction with 3-phenylindole (7) 0.02 mM).

Table 4
Effect of cofactors on brassinin oxidase activity (BOA) of crude cell-free
extracts of cultures of Leptosphaeria maculans incubated with camalexin
(5, 0.05 mM)

Cofactor (2.0 mM) Relative specific activitya ± SD

No cofactor 1.0 ± 0.0
NADPb 1.0 ± 0.0
NADPHb 1.0 ± 0.0
MgSO4 1.0 ± 0.0
MnSO4 1.0 ± 0.0
CuCl2 11 ± 0.4

a Results are the means of three independent experiments carried out in
duplicate; brassinin at 0.1 mM was used for each enzyme assay.
b Final concentration in the assay mixture 0.5 mM.
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no increase in BOA (Table 3, Fig. 7). Similar experiments
using cell-free homogenates obtained from cultures incu-
bated with thiabendazole (8) showed no increase in BOA
relative to controls. Because thiabendazole (8) did not ap-
pear to induce BOA, it is unlikely that induction of BOA
is due to the antifungal effect of either camalexin (5) or
3-phenylindole (7); however the mechanism of this induc-
tion process remains to be determined. The potential co-
factors required by BO, were determined after incubation
of crude cell-free extracts of induced cultures of L. macu-

lans with brassinin in the presence of NADP, NADPH,
MgSO4, MnSO4 and CuCl2. As shown in Table 4, when
CuCl2 was added to the reaction mixture, an 11-fold in-
crease in BOA was obtained relative to the control, indicat-
ing the Cu2+ is the best co-factor of BO.

3. Conclusion

Detoxification of brassinin (1) by L. maculans can de-
prive the plant of crucial inducible chemical defenses.
Hence, it is of great interest to understand and inhibit
such degradation processes. Because camalexin (5) and
spirobrassinin (6) are not metabolized by L. maculans,
and in anticipation that non-degradable phytoalexins
might act in synergism, we have investigated their impact
on brassinin detoxification. Bioassay results on solid
media indicated that the inhibitory activity of brassinin
(1) and camalexin (5) on L. maculans were similar,
whereas spirobrassinin (6) was substantially less inhibitory
(Table 1). In addition, as shown in Table 2, the weight of
the dry mycelia obtained from liquid cultures showed that
3-phenylindole (7) at 0.02 mM was a substantially stron-
ger growth inhibitor than brassinin (1) at 10 times higher
concentration (0.2 mM) or camalexin (7) at 2.5 times
higher concentration (0.05 mM), but comparable to cama-
lexin (7) at five times higher concentration (0.1 mM). As
shown in Figs. 1–3, the biotransformation of brassinin
(1) in cultures of L. maculans occurred much faster when
cultures were pre-incubated with camalexin (5, 0.05–
0.2 mM) or 3-phenylindole (7) for 24 h. In addition, the
rates of brassinin (1) detoxification in cultures of L. mac-

ulans and those of cell-free mycelial extracts were consis-
tent. That is, the brassinin detoxifying activity of
cell-free extracts obtained from cultures incubated with
camalexin (5) or 3-phenylindole (7) was substantially high-
er than that of control cultures (no amendments). How-
ever, when brassinin (1) and camalexin (5) or 3-
phenylindole (7) were added simultaneously to 48-h-old
cultures of L. maculans, the increase in the rate of trans-
formation of brassinin (1) was not noticeable, suggesting
a 12–24-h induction period for production of the en-
zyme(s) involved in this transformation. Furthermore,
the brassinin (1) detoxifying activity of cell-free extracts
obtained from cultures incubated with spirobrassinin (6)
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was similar to that of control cultures. The substantial in-
crease in the rate of brassinin (1) transformation in culture
is most likely due to the higher amounts of the enzyme(s)
produced by L. maculans. It thus follows that this en-
zyme(s), the putative BO is induced by camalexin (5)
and 3-phenylindole (7). As shown in Table 3, camalexin
(5) was a better inducer of BO than spirobrassinin (5),
and 3-phenylindole (7) was an even better inducer of BO
than camalexin (5, Fig. 7). On the other hand, neither spi-
robrassinin (6) nor thiabendazole (8) displayed such an ef-
fect. These conclusions are supported by the relative rates
of brassinin transformation in cell-free culture
homogenates.

In summary, our results demonstrate that L. maculans
produces enzyme(s) able to transform brassinin (1) to
3-indolecarboxaldehyde (2), a detoxification process. Most
interestingly, despite the inhibitory activity of camalexin
(5) on L. maculans (Table 1), we discovered that the rate
of detoxification of brassinin (1) in fungal cultures in-
creased substantially in the presence of camalexin (5),
whereas spirobrassinin (6) or thiabendazole (8) did not
appear to affect the rate of brassinin detoxification. The
enzyme(s) responsible for brassinin oxidation, BO, was
shown to have higher activity in the presence of Cu (II),
suggesting that Cu (II) might be a co-factor. Enzyme
assays with crude cell-free extracts from non-induced cul-
tures of L. maculans showed substantially lower BOA
than those assays carried out with cell-free extracts of cul-
tures induced with camalexin (5) or 3-phenylindole (7).
Furthermore, similar to the results observed in mycelial
cultures, spirobrassinin (6) did not appear to induce
BOA. It is noteworthy that the replacement of the thia-
zole moiety of camalexin (5) with a phenyl group to yield
3-phenylindole (7) caused an even larger increase on the
production of BO, whereas replacement of the indole ring
with the benzimidazole moiety to yield thiabendazole (8)
did not affect BO production but increased the antifungal
activity. The discovery of a good inducer of BOA is
expected to greatly facilitate the isolation of BO from
L. maculans. BO is essential to probe detoxification mech-
anisms of this plant pathogen and allow the rational de-
sign of effective inhibitors of BOA.

Importantly, our work suggests that introduction of the
camalexin (5) pathway into plants that produce brassinin
(1) might make these plants more susceptible to L. macu-

lans. That is, although in principle the overall effect of add-
ing two metabolites that have roles as plant defenses might
make the plant more disease resistant or tolerant, the over-
all effect of adding new metabolite(s) may be very different.
Clearly, the potential impact of introducing novel second-
ary metabolic pathways into diverse species can be rather
unpredictable, this work sets an interesting paradigm for
metabolite control of plant–pathogen interactions. Finally,
L. maculans, detoxified brassinin (1) via oxidation of the
side chain of the indole ring (at C-3), whereas S. sclerotio-
rum detoxified brassinin through N-glucosylation. These
different detoxification reactions suggest that these plant
pathogenic fungi may have evolved rather different but
selective detoxifying enzymes and thus these fungal en-
zymes might be virulence traits, as in the case of other plant
pathogenic fungi (VanEtten et al., 2001).

4. Experimental

4.1. General procedures

All chemicals were purchased from Sigma–Aldrich Can-
ada Ltd., Oakville, ON. All solvents were HPLC grade and
used as such, except for CH2Cl2 and CHCl3 which were
redistilled. Organic solvents were removed under reduced
pressure in a rotary evaporator. All synthetic compounds
were purified using flash column chromatography (silica
gel); satisfactory spectroscopic data identical to those pre-
viously reported were obtained for all compounds.

4.2. Fungal cultures and antifungal assays

L. maculans (virulent isolate BJ-125, IBCN collection,
AAFC) was grown on V8 agar under continuous light at
23 ± 1 �C; after 15 days, the fungal spores were collected
and stored at �20 �C (Pedras and Khan, 1996). Liquid cul-
tures were initiated by inoculating minimal media (Pedras
and Biesenthal, 1998) with fungal spores at different con-
centrations described below in Erlenmeyer flasks followed
by incubation on a shaker under constant light at
23 ± 1 �C.

For antifungal assays, isolate BJ-125 was grown on pota-
to dextrose agar (PDA) plates at 23 ± 1 �C under constant
light for 7 days. Stock solutions of each compound in
DMSO (0.05 M) were used to prepare assay solutions in
PDAmedia (concentrations shown in Table 1); control solu-
tions contained 1% DMSO in PDA (Pedras and Okanga,
1999). Sterile tissue culture plates (6-well, 35 mm diameter)
containing test solutions and control solutions (2.5 ml/well)
were inoculated with mycelial plugs placed upside down on
the center of each plate (6 mm cut from 7-day-old PDA
plates) and incubated under constant light for 5 days. All
bioassays experiments were carried out in triplicate, at least
two times.

4.3. Metabolism and HPLC analysis

For co-metabolism studies spores (106 spores perml) ofL.
maculans were incubated in Erlenmeyer flasks (125 ml) con-
taining 50 ml of minimal medium; after 48 h of incubation,
camalexin (5, 0.2, 0.1, 0.05 mM), spirobrassinin (6, 0.05),
3-phenylindole (7, 0.02, 0.01 mM) or thiabendazole (8,
0.01, 0.005 mM) were added to each flask and to uninocu-
lated medium (to establish the chemical stability under these
experimental conditions). The flasks were incubated for an
additional 24-h period at 120 rpm; brassinin (1, 0.2 mM)
was then added to each flask and samples (2 ml) were with-
drawn at every 6-h intervals. The samples were either imme-
diately extracted with ethyl acetate or frozen for later
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extraction. The extracts were dissolved in acetonitrile and
were analyzed by HPLC. HPLC analysis was carried out
with a high performance liquid chromatograph equipped
with quaternary pump, automatic injector, and photodiode
array detector (wavelength range 190–600 nm), degasser,
and a Hypersil ODS column (5 lm particle size silica, i.d.
4.6 · 200 mm), equippedwith an in-line filter.Mobile phase:
75% H2O–25% CH3CN to 100% CH3CN, for 35 min, linear
gradient, and a flow rate 1.0 ml/min.

For metabolism studies with brassinin (1) and mycelia in
water, liquid minimal media (Pedras and Biesenthal, 1998)
(100 ml media in 250 ml Erlenmeyer flasks) were inoculated
with fungal spores (107 spores per ml). After 48 h of incu-
bation, mycelia were filtered off, washed in sterile distilled
water and re-suspended in 100 ml sterile distilled water in
250 ml Erlenmeyer flask, to which brassinin (1) in DMSO
was administered (final concentration 0.05 mM), followed
by incubation at 23 ± 1 �C. Samples were withdrawn at
3–12 h intervals, and extracted with ethyl acetate. The
aqueous phase was concentrated and analyzed by HPLC.

4.4. Preparation of crude cell-free extracts, protein and
enzyme assays

L. maculans was grown in liquid cultures as reported
above (107 spores per ml); after 48 h the inducer compound
dissolved inDMSO (0.05, 0.02, 0.01 mM in culture solution)
was added to cultures and the cultures incubated for addi-
tional 24 h. The fungal mycelium was removed by filtration,
washed with water, the remaining water squeezed out be-
tween cheese cloth and the mycelial pad (22–30 g of mycelia
per liter of medium) frozen immediately. Frozen mycelia
was mixed with ice cold standard buffer (1 g of mycelia in
0.6 ml of buffer, 20 mM diethanolamine, pH 8.4, containing
1 mM dithiothreitol, and 0.1% Triton X-100) and ground
using a mortar and pestle until a homogenous mixture was
obtained (Frebort et al., 1997). The mixture was then centri-
fuged at 58,545g for 40 min to obtain the cell-free homoge-
nate and the pellet was discarded.

The Bradford protein assay was used to quantify pro-
teins in cell-free extracts using bovine serum albumin stan-
dard curves.

Enzyme assays were carried out at 23 ± 1 �C, using brass-
inin (1). The specific activity of cell-free extracts was defined
as the number of moles of 3-indolecarboxaldehyde (2)
formed per min per mg of protein. The standard assay mix-
ture contained the cell homogenate (900 lL, 3–8 mg pro-
tein). The reaction was started by adding brassinin (1) in
DMSO (100 mM, final concentration in assay media
0.1 mM) and incubated for 60 min with constant shaking
at 23 ± 1 �C. The reaction was stopped by extracting with
ethyl acetate, the solvent was removed under reduced pres-
sure, the extract dissolved in acetonitrile and analyzed by
HPLC.Quantification of products was carried out byHPLC
using standard calibration curves (average r2 P 0.99).
Acknowledgments

Support for the authors� work was obtained from the
Natural Sciences and Engineering Research Council of
Canada (Strategic Grant to M.S.C.P.) and the University
of Saskatchewan (Graduate Scholarship to M.J.). We
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