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Levels of indolic and phenylpropanoid secondary metabolites in Arabidopsis (Arabidopsis thaliana) leaves undergo rapid and
drastic changes during pathogen defense, yet little is known about this process in roots. Using Arabidopsis wild-type and
mutant root cultures as an experimental system, and the root-pathogenic oomycete, Pythium sylvaticum, for infections,
we analyzed the aromatic metabolite profiles in soluble extracts from uninfected and infected roots, as well as from the
surrounding medium. A total of 16 indolic, one heterocyclic, and three phenylpropanoid compounds were structurally
identified by mass spectrometry and nuclear magnetic resonance analyses. Most of the indolics increased strongly upon
infection, whereas the three phenylpropanoids decreased. Concomitant increases in both indolic and phenylpropanoid
biosynthetic mRNAs suggested that phenylpropanoids other than those examined here in ‘‘soluble extracts’’ were coinduced
with the indolics. These and previous results indicate that roots differ greatly from leaves with regard to the nature and relative
abundance of all major soluble phenylpropanoid constituents. For indolics, by contrast, our data reveal far-reaching similarities
between roots and leaves and, beyond this comparative aspect, provide an insight into this highly diversified yet under-
explored metabolic realm. The data point to metabolic interconnections among the compounds identified and suggest a partial
revision of the previously proposed camalexin pathway.

Pathogen defense in plants involves three types of
antimicrobial secondary metabolite: preformed phy-
toanticipins, inducible phytoalexins, and infection-
triggered breakdown products from preformed or
newly induced, nontoxic precursors. Phytoanticipins
and phytoalexins (VanEtten et al., 1994) can be sub-
divided into a variety of biosynthetically distinct
classes (Mansfield, 2000; Dixon, 2001), whereas their
breakdown products, as well as toxic breakdown
products from other precursors, are chemically highly
diverse. The chemical complexity of the plant defense
response, including several different antimicrobial
compounds that together comprise the biologically
active toxic principle, renders this strategy robust in
nature and all the more challenging for structural and
functional dissection.

Comparison of Arabidopsis (Arabidopsis thaliana)
leaves and roots is expected to provide further insight
into the chemical nature and differentiated role of
preformed and induced secondary metabolites in the
pathogen defense of this species. Previous findings
revealed an abundance of indolics among the infection-

induced, aromatic compounds isolated with ‘‘soluble
extracts’’ (operational definition) from Arabidopsis
leaves, whereas the major phenylpropanoids either
remained unaltered (flavonoids) or declined strongly
(sinapoyl malate; Hagemeier et al., 2001). By contrast,
phenylpropanoids as well as indolics were among the
infection-induced cell wall-bound compounds in both
leaves and roots (Hahlbrock et al., 2003; Tan et al., 2004).
The most prominent soluble aromatic metabolites ac-
cumulating in Arabidopsis leaves during compatible
or incompatible interactions with the bacterial patho-
gen, Pseudomonas syringae pv tomato, included Trp,
b-D-glucopyranosyl indole-3-carboxylic acid, 6-hy-
droxyindole-3-carboxylic acid 6-O-b-D-glucopyrano-
side, and the phytoalexin camalexin (Hagemeier et al.,
2001). A structurally unrelated, novel type of secondary
metabolite, 3#-O-b-D-ribofuranosyl adenosine, was
induced exclusively during compatible interactions
(Bednarek et al., 2004).

These findings prompted further investigation of
soluble extracts from Arabidopsis roots. Higher plant
roots generally synthesize complex cocktails of biolog-
ically active secondary metabolites, several of which
are produced exclusively in these underground organs
(Flores et al., 1999). Roots further possess special means
to modify the chemistry and, consequently, the biology
of the surrounding rhizosphere by secreting root-
specific, biologically active metabolites whose chemical
nature and quantity depends on the nature and inten-
sity of signals perceived from the environment (Flores
et al., 1999; Walker et al., 2003a). Some of the secreted
compounds are key players either in allelopathic
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interactions with other plants or in symbiotic or path-
ogenic interactions with microorganisms (Walker et al.,
2003a; Bais et al., 2004).

In comparison to the numerous reports on Arabi-
dopsis leaves (Hogge et al., 1988; Chapple et al., 1992;
Veit and Pauli, 1999; Hagemeier et al., 2001; Bloor and
Abrahams, 2002; Jones et al., 2003; von Roepenack-
Lahaye et al., 2004), knowledge about both soluble,
endogenous as well as secreted, and cell wall-bound
(Tan et al., 2004) Arabidopsis root secondary metabo-
lites is scarce. Notable exceptions are the occurrence
of kaempferol and quercetin, mainly as aglycones, in
roots from young seedlings (Peer et al., 2001); the
constitutive presence of various indolic and aliphatic
glucosinolates (Petersen et al., 2002; Brown et al.,
2003); the further accumulation of some of these
compounds in response to Plasmodiophora brassicae
infections (Ludwig-Müller et al., 1999); and the accu-
mulation of flavonoids, coniferin, and syringin in
light-exposed roots (Hemm et al., 2004). Furthermore,
constitutive secretion of various metabolites by agar
grown roots (Narasimhan et al., 2003) and enhanced
secretion of 3-indolepropanoic acid and of several
benzoate and cinnamate derivatives into the root-
surrounding liquid upon treatment with pathogen-
derived elicitors or other signaling molecules have
been reported (Walker et al., 2003b).

To complement a recent study on alkali-released,
cell wall-associated indolic and phenylpropanoid
compounds in Arabidopsis roots (Tan et al., 2004),
we have focused here on the soluble counterparts,
again with special emphasis on infection-induced
changes, and with the aim of comparing aromatic sec-
ondary metabolism in leaves and roots as the two
major vegetative organs. As readily accessible study
objects, we used root cultures (Reintanz et al., 2001)
and the oomycete, Pythium sylvaticum, for strong
interactions with a pathogenic microorganism (van
West et al., 2003). As several root secondary metabo-
lites have important functions outside the plant, we
analyzed not only endogenously accumulating, but
also secreted, compounds. For methodological as well
as comparative reasons, we confined our analyses
again to the two major groups of UV-absorbing me-
tabolite, phenylpropanoids and indolics (Hagemeier
et al., 2001; Tan et al., 2004). Several mutants affected
in the respective biosynthetic or signaling pathways
served as tools for probing into the metabolic con-
nections within each of the two groups.

RESULTS

Constitutively Occurring Aromatic Metabolites

Figure 1A shows a representative HPLC profile of
soluble aromatic compounds in aqueous methanolic
extracts from Arabidopsis root cultures grown under
sterile conditions. One striking and obvious distinc-
tion from the corresponding profile of leaves (Chapple

et al., 1992; Veit and Pauli, 1999; Hagemeier et al., 2001)
was the apparent total absence of flavonol glycosides
and sinapoyl esters, the most abundant soluble phe-
nylpropanoids in Arabidopsis leaves. Conversely, root
extracts contained three prominent phenylpropanoids
that were not found in Arabidopsis leaves. These were
identified by mass spectrometry (MS) and nuclear
magnetic resonance (NMR) analyses (for all spectral
data, see supplemental data) as coniferin (1), syringin
(2), and scopolin (3; Figs. 1 and 2).

In contrast to this sharp distinction between roots
and leaves at the level of soluble phenylpropanoid
constituents, the indolic metabolite patterns were much
more akin. Figure 2 shows the various indolic com-
pounds (4–17, 19, and 20) that were unequivocally
identified in roots or the root culture liquid (see also
below). One of them, compound 9, was initially isolated
as a Lys conjugate (as determined by liquid chroma-
tography [LC]/MS), but was unstable under the con-
ditions used and decomposed to 9 during purification.
The conjugate itself was not analyzed in further detail,
due to both its low stability and the uncertainty
whether it was a true natural product, rather than
an artifact generated during extraction. However, the
structure of the cleavage product, compound 9, was
verified by MS and 1H NMR. One of the UV-absorbing
compounds turned out to be neither phenylpropanoid
nor indolic and was identified as 2-thioxo-1,3-thiazoli-
dine-4-carboxylic acid (18). This compound was iso-
lated previously from another crucifer, Raphanus sativus,
and named raphanusamic acid (Hase et al., 1983).

In a modified experimental set up, we included an
anion-exchange step in the purification procedure to
increase the selectivity and sensitivity for the separa-
tion of acidic compounds. LC/MS analysis of the re-
sulting purified samples confirmed the presence of free
indole-3-carboxylic acid (14), whereas its 6-hydroxy
counterpart could not be detected under the UV-
analytical HPLC conditions used. During this analysis,
we also identified a methyl derivative (15) of com-
pound 14, although the precise position of one addi-
tional, structurally verified methyl group could not be
derived from the MS spectra with certainty.

Infection-Induced Changes

The unequivocally identified root constituents were
analyzed for possible increases or decreases during
infection with P. sylvaticum (Fig. 1B). Quantification of
the respective HPLC data is presented in Figure 3, A to
D. The two most prominent phenylpropanoids occur-
ring in control roots, 1 and 2, declined upon infection
(Fig. 3A). Although a similar trend was observed for
the third, somewhat less prominent phenylpropanoid
(3), the results were in this case statistically not
significant (Fig. 3B). By contrast, three of the four
indolic metabolites, 4, 7 (Fig. 3C), and 19, which had
previously been identified as major infection-induced
compounds in Arabidopsis leaves infiltrated with
P. syringae pv tomato (Hagemeier et al., 2001), were
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likewise strongly induced in P. sylvaticum-infected
roots. Of these three, compound 19, the previously
established phytoalexin in Arabidopsis, camalexin,
was detectable only after infection (see below), again
similar to the situation in leaves (Hagemeier et al.,
2001). The fourth (one of the most strongly infection-
induced compounds in Arabidopsis leaves, Trp) was
too low in abundance to be accurately quantified in
both uninfected and infected roots.

Compounds 5, 14, and 15 were also clearly induced
during root infection (Fig. 3C). Interestingly, the ap-
parent rate of induction was lower for the malonyl
ester, 5, than for the corresponding nonacylated,
putative parent compound, 4. Attempts to quantify

the closely related glucosyl ester, 6, and the single,
nonaromatic compound analyzed, 18, were unsuccess-
ful. Both of them overlapped on chromatograms not
only with one another, but also with additional, un-
identified metabolites (Fig. 1). Higher separation effi-
ciency would have been difficult to achieve without
major alterations of the procedure used, as both 6 and
18 interacted very poorly with the RP-C18 column that
otherwise was very efficient. The four methoxylated
indole-3-carbaldehyde and indole-3-acetonitrile deriv-
atives, 8 to 11, displayed a differential induction
behavior, in line with their substitution patterns; only
the two 4-methoxy derivatives, 9 and 11, were signif-
icantly induced upon infection (Fig. 3D).

Figure 1. Comparison of soluble aromatic sec-
ondary metabolite profiles between uninfected
and P. sylvaticum-infected Arabidopsis roots. A,
HPLC profiles obtained with aqueous methanolic
extracts from uninfected roots. B, Analogous
profiles obtained from roots 48 h postinoculation
with P. sylvaticum. For chemical structures of
numbered compounds, see Figure 2.
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To check if P. sylvaticum on its own can synthesize
any of the induced compounds, samples prepared
from oomycete tissue and its culture medium were
analyzed by the same HPLC conditions as used for
plant samples. None of the compounds identified in
Arabidopsis samples was present in P. sylvaticum
extracts (data not shown).

Indole Glucosinolates

Earlier reports on the degradation mode of indol-3-yl
glucosinolate in vitro (Bradfield and Bjeldanes, 1987a;
Latxague et al., 1991) had suggested that compounds 8
to 11 could be break-down products of 12 and 13, the
two major, constitutively occurring glucosinolates in

Figure 2. Chemical structures of all compounds identified in Arabi-
dopsis roots. These are: 1, coniferin; 2, syringin; 3, scopolin; 4,
6-hydroxyindole-3-carboxylic acid 6-O-b-D-glucopyranoside; 5, 6-hy-
droxyindole-3-carboxylic acid 6-O-(6#-malonyl)b-D-glucopyranoside;
6, 6-hydroxyindole-3-carboxylic acid b-D-glucopyranosyl ester; 7,
indole-3-carboxylic acid b-D-glucopyranosyl ester; 8, 1-methoxyin-
dole-3-carbaldehyde; 9, 4-methoxyindole-3-carbaldehyde; 10, 1-me-
thoxyindole-3-acetonitrile; 11, 4-methoxyindole-3-acetonitrile; 12,
1-methoxyindole glucosinolate; 13, 4-methoxyindole glucosinolate;
14, indole 3-carboxylic acid; 15, methyl derivative of indole 3-carbox-
ylic acid (undefined position);16, indole 3-carboxylic acidmethyl ester;
17, 1-methoxyindole 3-carboxylic acid methyl ester; 18, 2-thioxo-1,3-
thiazolidine-4-carboxylic acid; 19, camalexin; 20, 2-(indol-3-yl)-4,5-
dihydro-1,3-thiazole-4-carboxylic acid.

Figure 3. Comparison of metabolite levels in uninfected controls and
Arabidopsis roots 48 h postinoculation with P. sylvaticum. A, Mono-
lignol glucosides. B, Scopoletin. C, Members of the indole-3-carbox-
ylate class. D, Glucosinolate break-down products. Bars indicate SD

from at least five independent measurements.
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Arabidopsis roots (Petersen et al., 2002; Brown et al.,
2003). To test this possibility in our context, we changed
the isolation procedure by using freeze-dried tissue
and boiling aqueous methanol for extraction to prevent
glucosinolate degradation during these first two critical
steps. The glucosinolates were then indirectly verified
by eluting the corresponding desulfoglucosinolates
with sulfatase from an anion-exchange column (Thies,
1979). Under these conditions, the relative abundance
of compounds 8 to 11 in the original extracts, as com-
pared with trace amounts of the desulfoglucosinolates
(representing the glucosinolates), was reversed to the
opposite relationship. Quantitative estimation of the
results (Fig. 4) demonstrated that sizable amounts of
the two indole glucosinolates, 12 and 13, were consti-
tutively present in roots, but were largely degraded to
8 to 11 if extracted from fresh-frozen tissue at room
temperature.

Mutant Analysis

Four Trp-biosynthetic mutants, trp1-100, trp2-100,
trp3-1, and trp5-1 (Radwanski and Last, 1995), and four
mutants affected in three major, defense-related sig-
naling pathways, NahG, pad4-1, ein2-1, and jar1-10
(Glazebrook, 2001), were used to test for possible
effects on the presence and induction behavior of the
various compounds analyzed. Similar to the results
reported in earlier studies (Zhao and Last, 1996;
Brader et al., 2001), none of the four trp mutants
differed significantly in either regard from the corre-

sponding wild-type plants, whether infected or un-
infected. The only differences observed were the
accumulation of anthranilate glucoside in trp1-100
roots and increased levels of Trp in trp5-1 roots, again
analogous to similar findings with leaves from the
same two mutants (Radwanski and Last, 1995).

Of all eight mutants tested, only NahG and jar1-10
showed one or two significant differences each from
wild type regarding the various compounds analyzed
here. In NahG roots, camalexin (19) accumulated to
considerably lower levels during infection than ob-
served with wild-type roots (see below), similar to the
situation reported for leaves (Zhao and Last, 1996),
and jar1-10 contained greatly reduced levels of com-
pound 2 in uninfected roots, and increased levels of 9
and 11 upon infection. Figure 5 shows that the in-
duction rates of 9 and 11 corresponded well with the
induction rate observed for the corresponding desulfo-
glucosinolate, D-13, under the appropriately modified
extraction conditions (Fig. 4).

Secreted Compounds

As considerable amounts of root secondary metab-
olites occur in the rhizosphere, we further analyzed
the culture liquid of uninfected and infected roots for
the presence of indolic and phenylpropanoid com-
pounds. Similar to the results obtained above with root
extracts, the metabolite profiles in the culture medium
were strongly affected by P. sylvaticum infections. Most
or all of the infection-induced compounds, with the

Figure 4. Outline of the extraction procedures
preferentially yielding either glucosinolate deg-
radation products (left) or desulfoglucosinolates
(right). Estimated relative amounts of degradation
products (sum of 8–11) and desulfoglucosinolates
(sum of desulfo-12 [D-12] and desulfo-13 [D-13])
recovered from the respective HPLC columns are
indicated by the number of 1 symbols. The 2

symbols indicate inappropriate isolation condi-
tions for the respective compounds.
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possible exception of 8 to 11, occurred both within
roots (see above) and in the surrounding liquid. Three
of them, 16, 17, and 20, which were subsequently also
detected within roots under appropriately modified
conditions (see below), were sufficiently abundant for
structural analysis. In fact, 16 and 17 were the two
most abundant peaks on HPLC chromatograms ob-
tained from the liquid of uninfected roots and accu-
mulated strongly upon infection (Fig. 6). They were
identified as indole-3-carboxylic acid methyl ester (16)
and its 1-methyl derivative (17).

The other strongly infection-induced metabolite that
had not been detected within roots, compound 20, was
very prominent in the liquid after infection, but un-
detectable in the untreated control. In agreement with
a UV spectrum closely resembling that of camalexin
(19), 20was identified as 2-(indol-3-yl)-4,5-dihydro-1,3-
thiazole-4-carboxylic acid (Fig. 2), a previously pro-
posed intermediate in camalexin biosynthesis (Zook
and Hammerschmidt, 1997), which, however, had not
been detected in Arabidopsis. The structural identity of
20 was further verified by comparing its spectral prop-
erties with those of the authentic compound that had
been synthesized from indol-3-ylacetonitrile and L-Cys
(A. Svatos and J. Sproß, unpublished data). Conse-
quential reexamination of root extracts by LC/MS
analysis revealed the presence of 20 in infected roots
as well. To exclude the possibility that this compound is
a P. sylvaticum-specific product of camalexin detoxifi-
cation or of another kind of modification, we performed
an analogous experiment using extracts from Arabi-
dopsis leaves that had been infiltrated with an avirulent
strain of P. syringae pv tomato (Hagemeier et al., 2001).
Indeed, LC/MS analysis verified 20 in these extracts
as well.

To further probe into the possible metabolic re-
lationship between 19 and 20, their accumulation
behavior was monitored in roots and in the culture
liquid of infected NahG, pad3-1, pad4-1, and pad5-1
mutants (Fig. 7). Pad3-1 and pad5-1 are thought to
be camalexin-biosynthetic mutants (Glazebrook and
Ausubel, 1994; Glazebrook et al., 1997; Zhou et al.,

1999), whereas pad4-1 and NahG are suspected to be
affected in the signaling involved in camalexin accu-
mulation (Glazebrook, 2001). At 48 h postinoculation
of roots withP. sylvaticum, the induced amounts of both
19 and 20 were lower in pad4-1 and NahG than in wild-
type (Columbia [Col-0]) roots or root culture liquid. By
contrast, in the culture liquid of infected pad3-1 and
pad5-1 roots, 20 accumulated to higher levels than
observed with the wild-type control, whereas both
mutants accumulated and secreted 19 at levels even
below those reached in pad4-1 or NahG roots.

Infection-Induced Changes in mRNA Amounts

To see whether the observed infection-induced
changes in indolic and phenylpropanoid metabolite
levels correlated with changes in the amounts of the
respective biosynthetic mRNAs, total RNA was pre-
pared from the same tissue samples as used above
for secondary product identification. Samples were
taken at different time points from uninfected and P.
sylvaticum-infected wild-type Arabidopsis roots, as
well as from P. sylvaticum-infected jar1-10 roots, and
were analyzed by blot hybridization. The jar1-10 mu-
tant was included in this analysis because of its in-
creased susceptibility to P. sylvaticum as compared
with the wild type (Staswick et al., 1998; Vijayan et al.,
1998). The DNA probes used were specific for mRNAs
encoding the following enzymes: anthranilate syn-
thase a-subunit 1 (ASA1); Trp synthase a-subunit
(TSA); Trp synthase b-subunit (TSB; Radwanski and
Last, 1995); and three putative P450 monooxygenases,
CYP79B2, CYP79B3 and CYP83B1 (Wittstock and
Halkier, 2002), all representing indolic biosynthetic
pathways; and Phe ammonia-lyase (PAL; Wanner et al.,
1995), cinnamate 4-hydroxylase (C4H; Bell-Lelong
et al., 1997), and cinnamoyl-CoA reductase 2 (CCR2;
Lauvergeat et al., 2001) from phenylpropanoid bio-
synthesis.

All tested mRNAs were strongly induced by root
infection, with the possible exception of CYP79B3 that
was too low in abundance to give clearly identifiable
signals (Fig. 8). Conversely, CYP83B1 increased, but

Figure 5. Comparison of metabolite levels in uninfected and infected
wild-type (Col-0) and mutant (jar1-10) Arabidopsis roots 48 h post-
inoculation with P. sylvaticum. Bars indicate SD from at least five
independent measurements.

Figure 6. Comparison of indolic methyl ester levels in the culture
liquid from uninfected controls and Arabidopsis roots 48 h postinoc-
ulation with P. sylvaticum. Bars indicate SD from at least five inde-
pendent measurements.
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the background level was too high to precisely esti-
mate the extent of induction. These two extreme cases
were not further pursued, as the common trend was
clearly evident from all other mRNAs studied. In wild-
type roots, the mRNAs increased abruptly after a lag
period of about 8 to 12 h postinoculation, probably
indicating the length of the preinfection time required
for fungal development from cultured mycelium to
the actual infectious agent. Following this sudden
increase, the mRNA levels remained high for at least
24 h and then appeared to decline slowly. As the
precise timing of the initial increases was not deter-
mined, it remains open whether or not the apparent
difference between the time courses of induction for
PAL and C4H mRNAs on the one hand and all others
on the other hand is real. However, a very clear-cut
result was a delay of mRNA induction in jar1-10 roots
as compared with the wild-type control (Fig. 8).

Effects of Growth Conditions on Secondary Metabolism

In all of these experiments, the root cultures were
routinely grown under a 12-h-light/-dark regime using
dim white light at 15 to 20 mE m22 s21. To see whether
this low dosage of intermittent light had any effects on
phenylpropanoid metabolism, we also analyzed roots
grown in total darkness. Recently, Hemm et al. (2004)
reported the induction of compounds 1 and 2, along
with flavonol glycosides, upon illumination of Arabi-
dopsis roots using either continuous light or 16-h-light
periods, both at 100 mE m22 s21. Under our conditions,
there was no significant difference in the levels of 1
(approximately 300mg/g fresh weight [fw]), 2 (approx-
imately 350 mg/g fw), and flavonol glycosides (not
detectable by HPLC/UV) between light- and dark-
grown roots. However, direct comparison of these data
with those of Hemm et al. (2004) is impaired by marked
differences not only in light intensity (see above), but
also in root age (4 versus 2 weeks) and propagation
method (liquid culture versus agar plates).

Analyses of samples prepared from leaves of liquid-
grown seedlings (data not shown) revealed a typical

Arabidopsis leaf profile of secondary metabolites with
derivatives of flavonols and of sinapic acid as the
major phenolic compounds (Chapple et al., 1992; Jones
et al., 2003).

DISCUSSION

Aromatic Secondary Metabolism in Arabidopsis
Roots and Leaves

These results and previous findings allow us to
draw three general conclusions: (1) Arabidopsis roots
and leaves differ greatly with regard to all major,
soluble phenylpropanoid constituents; (2) by sharp
contrast, indolic metabolism, though similarly com-
plex, is remarkably uniform between roots and leaves;
(3) in both organs, pathogen defense is associated with
decreases in soluble phenylpropanoids and increases
in soluble indolics.

The strictly organ-specific occurrence of soluble
phenylpropanoids extends to all secondary metabo-
lites observed so far in Arabidopsis (Chapple et al.,
1992; Veit and Pauli, 1999; Hagemeier et al., 2001; Bloor
and Abrahams, 2002; Jones et al., 2003), with the
conditional exception that flavonol glycosides, which
are absent in dark-grown roots, are induced by suffi-
ciently high doses of light not only in leaves (Li et al.,
1993), but also in roots (Hemm et al., 2004). The most
characteristic, highly predominant soluble phenylpro-
panoids in roots are the two monolignol glucosides
(1 and 2) and the coumarin derivative, scopolin (3).
Despite a thorough search by LC/MS, we were unable

Figure 7. Comparison of metabolite levels in infected wild-type (Col-0)
and mutant Arabidopsis roots (R) and root culture liquid (L) 48 h
postinoculation with P. sylvaticum. Bars indicate SD from at least five
independent measurements.

Figure 8. Induction of indolic and phenylpropanoid biosynthetic
mRNAs upon Arabidopsis root infection with P. sylvaticum. RNA
isolated from roots at the indicated times postinoculation was blotted
onto polyacrylamide gels and probed with the indicated cDNAs (see
text for further explanation).
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to detect any one of these three root constituents in
Arabidopsis leaves. This mutually exclusive occur-
rence of phenylpropanoid metabolites in roots and
leaves is not restricted to Arabidopsis and has been
reported for other plant species as well (Bednarek et al.,
2001; Bennett et al., 2003). Remarkably, the sharp
distinction between roots and leaves at the level of
soluble phenylpropanoid constituents does not apply
to their cell wall-bound counterparts. In a recent,
analogous study on alkali-released cell wall constitu-
ents, phenylpropanoids not only exhibited almost
identical metabolite profiles in Arabidopsis roots and
leaves, but were also induced in a similar manner
upon pathogen infection in both organs (Tan et al.,
2004).

In contrast to the phenylpropanoids, the indolic
patterns in soluble Arabidopsis root and leaf extracts
were very similar, perhaps even identical at the cur-
rent level of resolution. However, despite the iden-
tification of several new indolic metabolites, and
despite the existence of numerous detailed studies on
the biosynthesis of indolic glucosinolates and indole-
3-acetic acid (IAA) in Arabidopsis leaves (Ljung et al.,
2002; Wittstock and Halkier, 2002), it is still difficult to
estimate the full extent to which indolic metabolism
overlaps in roots and leaves. Obvious reasons for this
are the unknown degree of structural diversity of the
individual compounds, the large developmental and
organ-specific fluctuations in their relative abundance,
and the paucity of direct and detailed comparative
studies. For example, of the 17 indolic (4–17, 19, and
20) or structurally related (18) compounds identified
here, no more than two (12 and 13) had been observed
before in both Arabidopsis roots and leaves (Hogge
et al., 1988; Ludwig-Müller et al., 1999); three (4, 7, and
19) in Arabidopsis leaves only (Tsuji et al., 1992;
Hagemeier et al., 2001); and four others (5, 6, 16, and
20) are novel plant constituents that, to the best of our
knowledge, have not been reported for any plant
species. The remaining ones (8–11, 17, and 18) have
previously been reported from other cruciferous spe-
cies (Nomoto and Tamura, 1970; Hase et al., 1983;
Wakabayashi et al., 1986; Bradfield and Bjeldanes,
1987b; Conn et al., 1994; Pedras et al., 2003), but not
from Arabidopsis.

Monolignols and Scopolin: Putative Preformed,

Defense-Related Compounds

The biological functions of monolignol 4-O-b-
D-glucosides, including compounds 1 and 2, and of
the various coumarins, such as compound 3, have not
been defined with certainty. Monolignol glucosides are
typical constituents of gymnosperms, but have also
been reported to occur in some angiosperms, includ-
ing Arabidopsis (Boerjan et al., 2003; Hemm et al.,
2004). These compounds have been postulated to act
as storage and/or transport forms of lignin precursors
(Whetten and Sederoff, 1995), but unequivocal evi-
dence for this role is still lacking (Boerjan et al., 2003).

The decline of 1 and 2, and probably 3, during root
infection from previously high constitutive levels
suggests functions of these three compounds in path-
ogen defense different from those of the induced
soluble indolics. A plausible explanation for the de-
cline of 1 to 3 during infection would be a role as
preformed, rapidly mobilized precursors of more or
less immediately defense-related compounds. Likely
products would be lignin or lignin-like barrier sub-
stances (from 1 and 2) and the phytoalexin, scopoletin
(from 3), which could act as a broad-range antibiotic
agent (Harborne, 1999). Additionally, or alternatively,
scopoletin, an efficient peroxidase substrate in vitro
(Marquez and Dunford, 1995), may act in vivo as
scavenger of reactive oxygen species and thus prevent,
or reduce, oxidative damage in infected or otherwise
stressed plant cells (Chong et al., 2002). Such a role of 3
in plant defense would be in line with the observation
that glucosylation of scopoletin and the consequential
accumulation of scopoletin 4-O-glucoside (3) are cru-
cial for the defense of Nicotiana tabacum against to-
bacco mosaic virus (Chong et al., 2002).

In any event, the observed induction of phenyl-
propanoid biosynthetic mRNAs would not contradict
the decline of phenylpropanoids in the soluble frac-
tion, but is most probably related to the concomitant
accumulation of phenylpropanoids at specific defense-
related sites, including increased turnover rates in the
compartments analyzed.

Classification, Inferred Metabolic Relationships, and

Possible Functions of Indolic Secondary Metabolites

In contrast to all major, soluble phenylpropanoids,
numerous indolics were induced and none was sig-
nificantly repressed upon infection. The lack of detect-
able Trp induction in infected roots, despite the strong
up-regulation of several Trp biosynthetic mRNAs,
might point to an increased turnover rate of Trp, in
accord with its precursor function for at least some of
the accumulating indolics. Remarkably, our experi-
ments using trp mutants indicated that altered rates of
Trp biosynthesis had no significant effects on the levels
of any of the indolics analyzed, in full agreement with
similar data on the camalexin (Zhao and Last, 1996)
and indole glucosinolate (Müller and Weiler, 2000;
Brader et al., 2001) levels in infected Arabidopsis
leaves. Although these results are surprising in view
of the Trp dependence of glucosinolate and camalexin
formation (Wittstock and Halkier, 2002; Glawischnig
et al., 2004), we note that the trp mutants analyzed here
were still able to synthesize some Trp (Radwanski and
Last, 1995). The remaining pool may suffice for un-
impaired glucosinolate and camalexin production,
particularly if Trp is not involved in the formation of
most of the other indolics.

The occurrence of numerous indolic metabolites in
the root culture liquid or rhizosphere raises a number
of questions concerning their biological functions. Are
they specifically synthesized and actively secreted, or
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do they stem from passive leakage of damaged tissue
or from a combination of both? The relatively large
abundance of some indolics, such as camalexin, 20,
and, even more so, the two methyl esters, 16 and 17, in
the culture liquid, as compared with root extracts,
might indicate the existence of active secretion mech-
anisms.

Using the class-defining type of substitution in the
3-position of the indole ring for subdivision of all of
indolics discussed here from Arabidopsis, the follow-
ing classes can be distinguished: (1) indole-3-carbox-
ylate and its derivatives; (2) indole glucosinolates and
their degradation products; and (3) camalexin and
related compounds. Additional ring substitutions
besides the class-defining primary substitutions in
the 3-position will be designated in the following as
secondary.

The first class comprises the various indole-3-
carboxylate derivatives, including 4 to 7, 14 to 17, and
the cell wall conjugate of 14 (Hagemeier et al., 2001;
Tan et al., 2004). As secondary ring substitutions other
than partial 6-hydroxylation have not been observed
among the various Glc and cell wall conjugates, and
conversely, no hydroxyl but only methyl substitutions
were detected among the free acids and methyl esters,
the overall size of this class may be considerably larger
than observed so far. Three likely reasons for the
possibly low number of detected members are imme-
diately apparent: (1) the HPLC profiles obtained with
soluble aromatic metabolites contained numerous rel-
atively minor, as yet unidentified compounds (Fig. 1);
(2) N-methylation (as in 15 and 17), if also occurring in
cell wall conjugates, might have been lost during the
alkali treatment used for cleavage from cell walls (Tan
et al., 2004); and (3), considering the lability of the
malonyl ester bond (Kreuzaler and Hahlbrock, 1973,
Bednarek et al., 2001), the actual degree of malonyla-
tion of Glc conjugates in vivo may be higher than
detected under the present conditions in vitro. Al-
though the functions of the various class members are
unknown, the strong induction of most of them in
response to pathogen infection suggests a major role in
disease resistance. In particular, the remarkably high
accumulation rate of indole-3-carboxylate in the cell
wall during infection seems to indicate an important
function in this compartment (Tan et al., 2004).

Whether the methyl esters, 16 and 17, are true
natural products or were artificially generated through
transesterification in the course of the isolation pro-
cedure remains to be clarified. However, it may be of
interest in this connection to note that Zubieta et al.
(2003) identified a methyltransferase from Arabidop-
sis capable of catalyzing in vitro formation of IAA
methyl ester, a close structural analog of compounds
16 and 17.

The second class, the indolic glucosinolates and
their degradation products, displays great chemical
complexity. The unequivocal definition of this class
through the glucosinolate residue of the parent com-
pounds, combined with the verification of the cor-

respondingly substituted indole-3-acetonitriles and
indole-3-carbaldehydes as their break-down products,
clearly demands that at least these three structural
variants (exemplified by compounds 8–13 in Fig. 2)
together constitute this class of indolics. Although the
unsubstituted and the 4-hydroxylated indole glucosi-
nolates have been shown to occur in roots, though in
smaller amounts than the 1- and 4-methoxylated ones
(Petersen et al., 2002; Brown et al., 2003), neither these
nor the corresponding break-down products were
detected in our analyses. This negative coincidence
further supports the notion of a close metabolic re-
lationship among the respective substitution types
of glucosinolates, acetonitriles and free aldehydes.
Notably, previously reported degradation of indole
glucosinolates to 3,3#-diindolylmethane (Bradfield
and Bjeldanes, 1987a; Latxague et al., 1991) was not
observed in this study.

In Arabidopsis leaves, the constitutively present,
unsubstituted indole glucosinolate was shown to be
further induced more strongly than its 4-methoxy
derivative by treatment with elicitor (Brader et al.,
2001). Endogenous, defense-related signal molecules
can also act as indole glucosinolate-inducing agents
(Mikkelsen et al., 2003). Our present data indicate that
in roots only one of the two methoxylated glucosino-
lates (13) increases during P. sylvaticum infection. In
fact, the other one (12), together with its break-down
products (10 and 11), was the only indolic metabolite
identified in this study that did not significantly in-
crease during infection. Whatever the reason, distinct
1- and 4-O-methyltransferase activities may, at least in
part, be responsible for different rates of synthesis of
the methoxylated indole glucosinolates (Mikkelsen
et al., 2003).

Mikkelsen et al. (2003) concluded from their data
that the induction of 13 in Arabidopsis leaves involves
the salicylate and ethylene, but not the jasmonate,
signaling pathways. According to our present results
using Arabidopsis mutants defective in the respective
pathways, the infection-induced accumulation of 13 in
roots remained largely unaffected in the salicylate
(NahG and pad4-1) and ethylene (ein2-1) signaling
mutants, but was strongly enhanced in the jasmonate
(jar1-10) signaling mutant. According to Brader et al.
(2001), the induction in leaves of unsubstituted indole
glucosinolate is abolished in a different type of mutant
defective in the jasmonate pathway (coi1-1). However,
it should be noted that although JAR1 and COI1 are
supposed to be closely linked in the jasmonate signal-
ing pathway (Glazebrook, 2001), infection phenotypes
of jar1 and coi1 mutants can differ drastically (Kloek
et al., 2001).

The third, camalexin class of indolics appears so
far to be more narrowly confined to camalexin itself
(19) and its carboxy derivative (20). The accumula-
tion of camalexin in infected Arabidopsis leaves
(Tsuji et al., 1992; Thomma et al., 1999) and its
antimicrobial properties in vitro (Rogers et al., 1996)
have been amply demonstrated. An essential role
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in pathogen defense was not always apparent
(Glazebrook and Ausubel, 1994; Glazebrook et al.,
1997), but could be verified, e.g. for Alternaria brassi-
cicola infections of Arabidopsis leaves (Thomma et al.,
1999). Our present data indicate that camalexin could
have a similar function in roots, including the rhizo-
sphere. Consistent with this view, we have shown
that camalexin induction in infected roots is impaired
by the pad3-1, pad4-1, pad5-1, and NahG mutations in
a similar manner as reported for leaves (Glazebrook
and Ausubel, 1994; Zhao and Last, 1996; Glazebrook
et al., 1997).

An important finding was the identification of
raphanusamic acid (18) along with 19 and 20, which
renders 18 a highly probable intermediate in the
biosynthesis of camalexin and suggests a revision of
the previously assumed camalexin pathway (Fig. 9).
Our data indicate that 18, a readily conceivable de-
rivative of Cys (Zook and Hammerschmidt, 1997), is
constitutively present in roots and thus immediately
available for camalexin synthesis upon infection. Fur-
thermore, increased accumulation of 20 was observed
in the root culture liquid of both the pad3-1 and pad5-1
camalexin-deficient mutants. This finding not only
supports the notion that 20 is a precursor of camalexin
(Zook and Hammerschmidt, 1997), but also suggests
a relocation of PAD3 within the camalexin pathway.
Rather than confirming the previous assignment of
PAD3 to an early step in the pathway (Zhou et al.,
1999), our data indicate a late position close to PAD5,
that is, between 20 and 19 (Fig. 9). As PAD3 is a P450
monooxygenase (Zhou et al., 1999), a plausible mech-
anism would be the formation of 19 from 20, probably
in this order, through hydroxylation, decarboxylation,

and dehydration of the heterocyclic ring to yield
camalexin as the metabolic end product.

CONCLUSIONS AND OUTLOOK

Together, this and the three preceding, complemen-
tary studies (Hagemeier et al., 2001; Bednarek et al.,
2004; Tan et al., 2004) have identified most or all of the
major, readily accessible aromatic metabolites occur-
ring in untreated and variously infected Arabidopsis
Col-0 plants. The combined results revealed a strik-
ingly differential behavior of indolic and phenyl-
propanoid metabolism regarding tissue specificity,
defense response, and accumulation in the soluble
and cell wall compartments. The example of IAA
indicates that at least one, possibly more, functionally
important, low-abundance metabolites have remained
undetected, suggesting that the overall structural di-
versity in vivo is even greater than hitherto uncovered.
Another important, largely unexplored phenomenon
is the regulatory interplay between different metabolic
realms, e.g. as recently reported for glucosinolate and
phenylpropanoid metabolism (Hemm et al., 2003) and
for functionally distinct phenylpropanoid pathways
(Logemann and Hahlbrock, 2002). Furthermore, re-
fined analyses at the level of individual cells or cell
types will undoubtedly reveal yet another layer of
spatial, metabolic, and functional complexity.

Concerning the role of indolic and phenylpropanoid
secondary metabolism in pathogen defense, the now
existing overview of the constitutive and induced or
repressed levels of major representatives will serve as
a guideline for more specifically targeted studies on

Figure 9. Comparison of previously and newly
proposed camalexin pathways. A, Pathway com-
bining proposals of Zook and Hammerschmidt
(1997); Zhou et al. (1999); and Glawischnig et al.
(2004). B, Alternative pathway proposed on the
basis of results of this article.
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the functional significance of individual metabolites,
subclasses or classes. However, similar to the partially
opposing findings with camalexin (see above), the
results will probably differ markedly between patho-
systems and ecotypes. As pathogen defense in plants
consists of a highly complex, multi-component strat-
egy involving a plethora of physical and chemical
means, including variable blends of toxic agents, each
pathogen has evolved its own attempts to overcome
the plants’ defense measures. Therefore, the path of
detailed functional assignments may be long, but the
road seems to be paved.

MATERIALS AND METHODS

Plant Material

Seeds of Arabidopsis (Arabidopsis thaliana) ecotype Col-0 were from Lehle

Seeds (Round Rock, TX). Seeds of ein2-1, jar1-10, pad4-1, pad3-1, pad5-1, trp1-

100, trp2-100, trp3-1, and trp5-1 mutants were obtained from the Nottingham

Arabidopsis Stock Center (Loughborough, UK). Seeds of NahG plants were

a kind gift of Dr. Volker Lipka (University of Tübingen, Germany). Liquid

cultures of Arabidopsis were established, with minor modifications, as

described by Reintanz et al. (2001) and were grown for 4 weeks at 20�C
under a 12-h low-intensity white-light regime (15–20 mE m22 s21).

Infections

Pythium sylvaticum strain DSM 2322 (Deutsche Sammlung von Mikroorga-

nismen und Zellkulturen, Braunschweig, Germany) was grown for 1 week on

potato dextrose agar plates (Becton-Dickinson Microbiology Systems, Sparks).

A single piece of agar (approximately 2 3 2 mm) with mycelium was trans-

ferred to the root culture medium. After 48 h, infected and control roots

(approximately 0.5 g each) were harvested, frozen in liquid N2, and stored at

280�C. The culture liquid was filtrated and stored at 220�C. Pseudomonas

syringae pv tomato, strain DC3000 carrying the avirulence gene avrRpm1, was

grown and infiltrated into Arabidopsis leaves as described by Hagemeier et al.

(2001). Leaf samples (approximately 0.2 g) were collected 48 h postinoculation,

frozen in liquid N2, and stored at 280�C.

Extraction Procedure and HPLC Analysis

After addition of 70% (roots) or 50% (leaves) aqueous methanol (v/v;

0.6 mL each), the tissue was homogenized using zirconia beads (1 mm; Roth,

Karlsruhe, Germany) in a Mini-Beadbeater-8 (Biospec Products, Bartlesville,

OK) and centrifuged for 15 min at 20,000g. The pellets were reextracted with

0.6 mL methanol, centrifuged again, and supernatants were combined where

appropriate. The solvent was removed at 30�C using a Speed-Vac (Eppendorf,

Hamburg, Germany) and the residue was redissolved in 80% aqueous

methanol (1 mL/5 mg initial fresh weight). Phenolic acids were isolated

from root extracts corresponding to approximately 2 g of fresh tissue using

Supelclean LC-SAX SPE cartridges (500 mg; Supelco, Bellefonte, PA) accord-

ing to the protocol described by G1owniak et al. (1996). Collected eluates were

extracted three times with EtOAc (1:1; v/v), organic fractions were combined

where appropriate, evaporated, and the residue was redissolved in 80%

aqueous methanol (1 mL/20 mg initial fresh weight). Desulfoglucosinolates

were prepared from freeze-dried root material, using DEAE Sephadex A-25

(Fluka, Buchs, Switzerland), following the protocol of Mikkelsen et al. (2003)

with minor modifications. Secreted compounds were isolated from root

culture liquid acidified with 0.1% trifluoroacetic acid using Discovery

DSC-18 SPE cartridges (100 mg; Supelco). Compounds adsorbed by the resin

were eluted with 1 mL methanol. The solvent was removed as above and

the residues were redissolved in 200 mL 80% aqueous methanol.

All kinds of samples (20 mL) were subjected to HPLC on a Nucleosil C-18

column (EC 250/4, 120–5; Macherey & Nagel, Düren, Germany) using 0.1%

trifluoroacetic acid as solvent A and 98% acetonitrile/0.1% trifluoroacetic acid

as solvent B at a flow rate of 1 mL/min at 24�C (gradient of solvent A: 100% at

0, 94% at 3, 80% at 13, 76% at 20, 20% at 33, 0% at 34 min) and a Photodiode

Array Detector 540 at 254 nm as part of the Bio-Tek System (Solvent Delivery

System 522, Autosampler 565, Jet-Stream Plus, Degasy DG 1210, software

CHROMA 2000; Bio-Tek, Neufahrn, Germany). For preparative HPLC,

a Nucleosil C-18 SP 250/10 120 to 5 column and the respective part of the

gradient were used under otherwise identical conditions. The metabolites of

interest were quantified based on comparison of their peak areas with those

obtained during HPLC analyses of known amounts either of respective

purified compounds or of indole-3-carboxylic acid (Merck, Darmstadt,

Germany; 14 and 15) or of scopoletin (Roth, Karlsruhe, Germany; 3).

RNA-Gel Blotting

cDNAs of C4H (At2g30490), TSB1 (At5g54810), CYP79B2 (At4g39950), and

PAL1 (At2g37040; Newman et al., 1994; Yamada et al., 2003), were obtained

from the Arabidopsis Biological Resource Center (Columbus, OH; respective

stock nos. 118J10, 126P17, U09943, and U10120). To obtain DNA probes for

ASA1 (At5g05730), CCR2 (At1g80820), CYP79B3 (At2g22330), CYP81B1

(At4g31500), and TSA (At3g54640), fragments of the respective genes were

amplified by PCR from Col-0 genomic DNA. The following primers were used

(sense and antisense, respectively): ASA1, ATGTCTTCCTCTATGAACG-

TAGC and CTATTGAAGCTTCCGGAGAAACAG; CCR2, CAAAAGATAA-

AAGACTTAGGCTTGG and AAAACCATTGCTTCCATTATCG; CYP79B3,

GAGTCATGATATGTTTCTTTCG and CCTTCTTATTAATCATCAAAAC;

CYP81B1, AACCAGAGGATATAAAGATGGAC and CGTTAAAATGAGAA-

CATAGTACTC; TSA, AAACAAAGATGGAAGAGCAAG and TTGAGATT-

TTGGGGATTGGAG. PCR products were cloned into pDrive vector (Qiagen;

Hilden, Germany) and confirmed by sequencing. Single-stranded, 32P-labeled

probes were synthesized using the Random Primed DNA Labeling kit (Roche,

Mannheim, Germany) and gel-purified DNA fragments after digestions with

SalI and NotI (C4H and TSB1) or SfiI (CYP79B2 and PAL1) or EcoRI for the

pDrive-based constructs.

Arabidopsis roots were ground in liquid nitrogen, and the RNA was

isolated using the RNA Isolation Reagent (RNAwiz; Ambion, Austin, TX). The

RNA (20 mg) was separated by electrophoresis on a 1.3% (w/v) agarose

gel, visualized under UV light, transferred to nylon membranes, hybridized

with 32P-labeled probes, and analyzed as described earlier (Logemann and

Hahlbrock, 2002).

NMR Spectroscopy

NMR analyses were carried out on a Bruker Avance DRX 500 spectrometer

(Bruker Biospin, Karlsruhe, Germany). 1H NMR, 1H-1H COSY, HMBC, and

HMQC experiments were recorded at 500.13 MHz in a 2.5-mm inverse-

detection microprobe head or a 5-mm TXI CryoProbe employing standard

Bruker pulse sequences. Tetramethylsilane was used as internal reference. The

majority of the 13C chemical shift values were obtained from HMBC and

HMQC spectra. For the individual NMR spectra, see supplemental data.

MS and LC-MS

Chemical structures were determined by electrospray (ESI)-MS using

a Hewlett-Packard (Avondale, PA) HP 1100 HPLC coupled to a Micromass

Quattro II (Waters, Micromass, Manchester, UK) tandem quadrupole mass

spectrometer (geometry quadrupole-hexapole-quadrupole) equipped with an

ESI source. The capillary and cone voltages in ESI mode were 3.3 kV and 18 V,

respectively. Nitrogen for nebulization was applied at 15 L/h, drying gas at

250 L/h and 250�C. Source and capillary were heated at 80�C and 250�C,

respectively. The mass spectrometer was operated in conventional scanning

mode using the first quadrupole. Negative-ion and positive-ion full-scan mass

spectra were recorded from mass-to-charge ratio 90 to 450 (scanning time

1.5 s). For several compounds (4 and 7), atmospheric pressure chemical ioni-

zation was used as described by Hagemeier et al. (2001). Fixed precursor-ion

(MS/MS) spectra (daughter-ion scan) were recorded by setting the first

quadrupole to transmit the parent ion of interest and scanning the product

ions obtained after collision of parent ions in the hexapole gas cell using the

second quadrupole analyzer. Fixed product spectra (parent-ion scan) were

recorded by setting the second quadrupole to transmit the daughter ion of

interest. Argon was used for collision-induced dissociations at 1.5 3 1023

millibar pressure and the collision energy was varied from 12 to 50 eV for

fragmentation. Samples (approximately 5–10 mL) dissolved in methanol were

injected into mobile phase (50:50 acetonitrile:water, flow of 50 mL/min) using

a Rheodyne valve. High resolution ESI-MS were recorded at a resolution of
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approximately 2,500. A solution of polyethylene glycol oligomers (average

molecular mass, 300 D; Aldrich, St. Louis; approximately 1 mg/mL) in

methanol:1 mM ammonium acetate (1:1) was mixed with the sample (1:1) and

delivered into ESI source using a syringe pump (Harvard Apparatus, Matick,

MA) at a flow rate of 7 mL/min. Scans were measured in full mass mode from

250 to 500 D at 5 s/scan in a continuum mode and the data were collected in

128 data point mode. The measured scans were internally calibrated using

polyethylene glycol [M 1 H]1, [M 1 NH4]
1, and [M 1 Na]1 ion masses.

Separation was achieved on a reverse-phase column (5 mm C18 phase, 250- 3

2.1-mm i.d., Supelco) equipped with a precolumn (Supelco) using a gradient

of 0.1% aqueous formic acid (A) and acetonitrile (B): 0 to 6 min, 2% to 4% B; 6

to 13 min, 4% to 18% B; 13 to 17 min, 18% to 28% B; 17 to 22 min, 28% to 53% B;

22 to 24 min, 53% to 93% B; 24 to 29 min, hold of 93% B (flow rate 0.4 mL/min,

column temperature 30�C, UV detection at 228 nm).

High resolution electron ionization mass spectra were recorded using

a MasSpec mass spectrometer (Micromass). Ionization was achieved at 70 eV

electron energy and samples were introduced using a direct insertion probe.

Positive ions were detected at minimum 3,000 resolution and internally

calibrated with perfluorokerosene.

For the individual mass spectra, see supplemental data.
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