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ABSTRACT
Triterpenoids produced by plants play important roles in the protection against biotic stress. Roots of
Arabidopsis thaliana produce different triterpenoids, which include the tricyclic triterpene diol, arabidiol. In
a degradation reaction induced by infection with the oomycete pathogen, Pythium irregulare, arabidiol is
cleaved to the 11-carbon volatile homoterpene, (E)-4,8-dimethyl-1,3,7-nonatriene (DMNT), and the 19-
carbon ketone, apo-arabidiol. The arabidiol pathway and its volatile breakdown product DMNT have been
implicated in the defense against P. irregulare infection. Here we show that the non-volatile breakdown
product apo-arabidiol is further converted to the acetylated derivative a-14-acetyl-apo-arabidiol via a
presumed epimerization and subsequent acetylation reaction. a-14-acetyl-apo-arabidiol and the detected
intermediates in the derivatization pathway are partially exuded from the root indicating possible
defensive activities of these molecules in the rhizosphere. The conversion steps of apo-arabidiol vary
among different Arabidopsis accessions and are present in only rudimentary form in the close relative
Arabidopsis lyrata, which supports an intra- and inter-specific modularity in triterpenoid metabolism.
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Plants produce a diversity of secondary or specialized metabo-
lites that play various roles in long- and short-distance interac-
tions with other organisms and the environment.1-4 Specialized
metabolites released from plant roots are implicated in direct
and indirect defensive activities. For instance benzoxazinoids,
cyclic hydroxamic acids produced by grasses, act as effective
belowground defenses against microbes, insects, or competing
plants.5 In the class of terpenoids, twenty-carbon semivolatile
or non-volatile diterpenes such as rhizathalenes and momilac-
tones function as anti-feedants and allelopathic agents in the
roots of Arabidopsis and rice, respectively.6,7 Moreover, 30-car-
bon triterpene glycosides exuded by plant roots are well known
for their potent antifungal activities in belowground defense.8

Arabidopsis roots produce several different triterpenoids. For
instance, thalianol and marneral and their designated or putative
derivatives are synthesized by enzymes whose genes are located
on metabolic gene clusters and co-expressed in epidermal and/or
cortex cell layers of the root hair zone.9,10 Similarly, we showed
recently that the genes responsible for the synthesis and oxidative
breakdown of the triterpene diol, arabidiol, are positioned on an
arabidiol/baroul biosynthetic gene cluster and share coexpression
patterns in the pericycle of the root hair zone and the quiescent
center.11 Arabidiol, and its downstream breakdown products con-
tribute to the resistance of Arabidopsis roots against infection by
the oomycete root rot pathogen Pythium irregulare.11 In a
response induced by Pythium infection, arabidiol undergoes an
oxidative C-C cleavage reaction catalyzed by the cytochrome

P450 monooxygenase CYP705A1 to form the volatile 11-carbon
homoterpene, (E)-4,8-dimethyl-1,3,7-nonatriene (DMNT), and
the non-volatile 19-carbon ketone, apo-arabidiol (Fig. 1).11

DMNT represents one of themost common volatile organic com-
pounds that are released by plants upon biotic stress.12 While
homoterpenes are involved in indirect defense in aboveground
interactions,13 our studies in Arabidopsis roots suggested a possi-
ble defensive role of DMNT at low concentrations in the early
phase of Pythium infection by reducing oospore germination
rates and retarding Pythium growth.11 In addition, arabidiol bio-
synthetic and breakdown mutants were more susceptible to inoc-
ulation with Pythium in potting substrate indicating a possible
contribution of both volatile and non-volatile breakdown prod-
ucts of arabidiol to plant resistance throughout the infection pro-
cess of the root. Since apo-arabidiol could not be detected in vivo,
we reasoned that the compound could be further converted into
derivatives that may remain in the tissue or be released into the
rhizosphere. In this study, we examined whether any downstream
products of apo-arabidiol could be identified in Arabidopsis root
tissue or exudates and we investigated the possible intra- and
interspecific variation of these steps.

To detect any derivatives of apo-arabidiol, we treated roots of
21 d old axenically grown Arabidopsis wild type plants (accession
Col-0, ABRC stock center) and the mutant of the arabidiol
degrading enzyme CYP705A1 (cyp705a1–1; SALK_043195,
ABRC stock center) with 100 mM jasmonic acid (JA) to mimic
Pythium infection as described before.11 Treatments were
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performed for 24 h since the emission rate of DMNT was highest
at this time point (with approximately 50% emission at 12 h of
treatment)11 and, consequently, highest production of apo-arabi-
diol and its possible derivatives was expected at this time. Apo-
arabidiol derivatives were extracted with 10 mL ethyl acetate
from 1 g of ground root material. One volume of water was added
for phase separation and collection of the organic layer and the
extraction procedure was repeated twice in the same way. The
combined organic phases were concentrated and purified over a
small silica gel column (2 cm). Samples were dried, re-suspended
in ethyl acetate and analyzed by GC-MS.14 Extractions from root
exudates were performed by lyophilizing 15 ml of growth

medium prior to resuspension in 2 mL of distilled water followed
by three times extraction with 10 mL of ethyl acetate. The com-
bined organic extracts were prepared and analyzed as described
above. Analysis of root tissue extracts showed a compound with a
mass spectrum similar to that of apo-arabidiol but with a different
retention time (TRD 27.8min). This compound, namedD-R (for
derivative in root tissue), was not found in the cyp705a1-1mutant
(Fig. 2). When we analyzed organic solvent extracts of the
medium from axenic cultures, we detected D-R and a second
compound (retention time of TR D 26.3 min) with a mass spec-
trum similar to that of apo-arabidiol. This second compound,
named D-M (for derivative in the medium), was absent in exu-
dates of the cyp705a1–1 mutant and the arabidiol biosynthetic
mutant abds-1 (SALK_018285, ABRC stock center) (Fig. 3).
Based on these results, we concluded that apo-arabidiol is con-
verted into at least two other products, which are in part exuded
by the root tissue.

To provide further evidence for the conversion of apo-arabi-
diol into the observed putative derivatives, we performed feeding
experiments with purified apo-arabidiol (3 mM)11 using axeni-
cally grown arabidiol synthase (abds-1) plants (Fig. 4). Prelimi-
nary experiments showed that the conversion of apo-arabidiol
to downstream metabolites was independent of the presence of
JA. Therefore, we performed these feeding studies without JA to
obtain less complex extracts by reducing the production of other
JA-induced metabolites. Analysis of organic extracts obtained
from root medium at different time points showed the presence
of the two already known compounds (D-R and D-M) and one

Figure 1. Degradation of the triterpenoid arabidiol catalyzed by CYP705A1.

Figure 2. Detection of arabidiol-derived compounds in Arabidopsis root tissue. (A) GC chromatograms of ethyl acetate extracts from roots of wild type Col-0 and
cyp705a1–1 plants and a 14-apo-arabidiol standard. 14-apo-arabidiol was not detected in Col-0 roots upon 24 h of JA treatment (traces of the 274 ion at RT D 26.8 min
correspond to other metabolites). A putative derivative named D-R was detected at RT D 27.8 min in roots of Col-0 but not cyp705a1–1 plants [left panel TIC, right panel
single ion monitoring (SIM) for m/z 274]. (B) Mass spectra 14-apo-arabidiol and D-R.
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new putative derivative of apo-arabidiol (Fig. 4). The com-
pounds were found at different ratios depending on the duration
of the precursor application with the amount of derivative D-R
increasing over time leading to the same ratio of both derivatives
(D-R and D-M) as that observed in jasmonate-treated wild type
plants (Fig. 3). The third compound was detected after 1.5 h at a
retention time of 26.1 min with a mass spectrum similar to that
of apo-arabidiol (Fig. 4). The amount of this compound, named
D-I (for intermediate), declined over 3 h to trace amounts at
30 h after application suggesting that it is a possible intermediate
in the apo-arabidiol modification pathway. To evaluate whether
apo-arabidiol could be directly modified by root exudates, fil-
tered exudates (0.22 mM filter to remove possible root cap cells)
were obtained 24 h after growth medium replacement from axe-
nically grown Arabidopsis roots and inoculated for 30 h with
apo-arabidiol. No modification of apo-arabidiol was observed
under these experimental conditions indicating that its conver-
sion occurs in the root tissue most likely by specific enzymatic
activities (Fig. 4).

Since we found apo-arabidiol to be efficiently converted into
downstream products in axenic plant cultures, we used this

bioconversion approach to produce the derivatives for NMR
analysis (Supplemental Methods and Results). Samples of D-R
and D-I were analyzed with more than 90% purity by NMR
spectroscopy (1H-NMR, 13C-NMR, HSQC, HMBC, and
TOCSY) (Figs. S1-10, Supplemental Methods and Results),
which determined the molecular structures shown in Fig. 5
(Figs. S2, 10). NMR analysis of the derivative D-I indicated a
dehydrogenation reaction at the C3-OH position of apo-arabi-
diol. D-I was, therefore, named 3-keto-14-apo-arabidiol. In
derivative D-R, the C3-OH group was acetylated, which was
evident from the appearance of HMBC correlations and acety-
lation shifts (Figs. S1–3; Supplemental Results). In addition, the
orientation of the C3-OH group is converted from b in apo-
arabidiol to a in D-R indicating an epimerization reaction and
suggesting a selective conversion of the carbonyl group in 3-
keto-14-apo-arabidiol. We named this compound a-14-acetyl-
apo-arabidiol. Unfortunately, we were unable to unambigu-
ously identify the structure of D-M because of limited amount
of the compound. From the mass spectral data (Fig. 3B), we
assume that D-M is derived from D-I by re-hydrogenation at
the C3 carbonyl group causing a b to a epimerization in this

Figure 3. Detection of arabidiol-derived compounds in Arabidopsis root exudates. (A) GC chromatograms of ethyl acetate extracts from the culture medium of axenically
grown roots of Col-0 wild type, cyp705a1–1, and abds1–1 plants and a 14-apo-arabidiol standard [left panel TIC, right panel single ion monitoring (SIM) for m/z 274]. After
24 h of JA treatment a compound named D-M was detected in addition to D-R with a retention time different from that of 14-apo-arabidiol. Both compounds were absent
in exudates of the cyp705a1–1 and abds1–1 mutants. (B) Mass spectrum of D-M.
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position prior to acetylation to form acetyl-apo-arabidiol
(Fig. 5).

To provide further proof for the sequence of the modifi-
cation reactions, we performed feeding experiments with
the purified individual compounds. Compounds were
applied for 30 h to axenically grown abds-1 plants and
products were extracted from the culture medium and ana-
lyzed by GC-MS. Upon feeding with apo-arabidiol, we
detected 3-keto-14-apo-arabidiol, D-M (the putative a-14-
apo-arabidiol), and small amounts of a-14-acetyl-apo-arabi-
diol (Fig. S11). Application of 3-keto-14-apo-arabidiol
resulted in the substantial production of D-M suggesting an
immediate conversion of this intermediate. Feeding with D-
M only yielded a-14-acetyl-apo-arabidiol suggesting that
the putative a-alcohol is a substrate of the subsequent acetyl
transferase reaction. Collectively, these results suggested a
sequential modification pathway of epimerization followed
by an acylation of the C3 hydroxyl group to yield acetyl-
apo-arabidiol as presented in Fig. 5.

The genes and enzymes responsible for the discovered
enzymatic pathway are currently unknown and not readily
predictable from gene positions in the extended baroul/ara-
bidiol synthase gene cluster on chromosome 4 of the Arabi-
dopsis genome.11 The baroul/arabidiol synthase cluster
contains two putative acyltransferase genes (At4g15390;
At4g15400), of which a full length cDNA could only be
obtained for At4g15390 but not for At4g15400 from RNA of
JA-treated roots. The amplified At4g15400 cDNA was miss-
ing a 58 bp fragment and thus encoded a truncated protein.
The At4g15390 gene could not be associated with an acetyl-
transferase activity when we expressed the cDNA in yeast in
the presence of the compounds apo-arabidiol, D-M, or D-I
following methods described previously.11 Therefore, we
concluded that other possible acyltransferase enzymes,
which are not physically linked to the arabidiol synthase
cluster, might be involved in this reaction. We further tested
to what extent the modification steps of apo-arabidiol are
conserved or vary among different Arabidopsis accessions.
Since the accession Cvi-1 (ABRC stock center) is impaired
in the formation of DMNT,11 we reasoned that this accession
might also be unable to modify apo-arabidiol. However,
when the roots of axenically grown Cvi-1 plants were treated
with apo-arabidiol, we found a conversion of the compound
into all downstream products that have been detected in the
Col-0 accession (Fig. 6). By contrast, in the Ler-2 (ABRC
stock center) accession, which breaks down arabidiol, apo-
arabidiol was converted to 3-keto-14-apo-arabidiol and the
putative a-14-apo-arabidiol without detection of the acety-
lated derivative (Fig. 6). These results suggest accession-
dependent natural variation in the acylation of apo-arabidiol
or its exudation from root tissue. Furthermore, as it is evi-
dent from the Cvi-1 accession, the arabidiol degradation
pathway can be impaired at its first step without the loss of
function of the subsequent enzymes, which indicates that
the entire modification pathway was established prior to the
divergence of the Cvi-1 accession. These accession-specific
differences in the modification of arabidiol support the
general notion of evolutionary plasticity and functional
optimization in triterpene metabolic pathway assembly.9

Figure 4. 14-apo-arabidiol is converted into several modification products in
planta. (A) Feeding experiments with 3 mM 14-apo-arabidiol were performed in
the presence of axenically grown roots of the abds-1 mutant in comparison to root
exudates only. GC chromatograms of ethyl acetate extracts from the culture
medium are shown. 14-apo-arabidiol was not converted by root exudates from
plants grown for 24 h in MS medium. In the presence of root tissue, 14-apo-arabi-
diol was converted to D-M and a putative intermediate D-I at 1–3 h of application.
At 30 h of incubation, D-I was absent and levels of D-M were reduced while D-R
accumulated. (B) Mass spectrum of D-I.

Figure 5. Predicted pathway for the formation of 14-apo-arabidiol derivatives.
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Triterpene pathway plasticity is also apparent between the
closely related species A. thaliana and A. lyrata because of
the absence of functional arabidiol and marneral synthase
clusters in A. lyrata.9, 11 To test whether any of the observed
downstream enzymatic steps could be present in A. lyrata,
we established axenic cultures by growing plants from seed
(ABRC stock center) for 2 weeks on 1/2 x MS medium plates
and then for 4 weeks in 1/2 x MS liquid culture. When we
applied apo-arabidiol to these plants, we found a conversion
to 3-keto-14-apo-arabidiol (Fig. 6). This finding suggests
that structural modifications such as oxidation reactions
might be adopted easily by the activity of enzymes with
broader substrate specificity once an initial pathway has
been established. Overall, our results support the extraordi-
nary intra- and inter-specific modularity in the evolution of
the terpenoid metabolic landscape. Questions remain to
what extent such variation represents natural metabolic plas-
ticity in interplay with evolutionary fine-tuning in response
to different selective pressures. In this context, it will be of
interest to further evaluate the possible functional roles and
activities of the identified apo-arabidiol conversion products.
Since these compounds are produced together with DMNT
upon pathogen attack and partly released into the rhizop-
shere, it is possible that they contribute, as non-volatile
metabolites, to the defensive activity that has been associated
with the arabidiol-DMNT pathway (Sohrabi et al., 2015).
Furthermore, the derivatives, may, even at low levels, func-
tion as signals or have synergistic effects in interactions with
microbes or other target organisms in the endosphere and/
or rhizosphere.
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