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The phenylpropanoid 3,4-(methylenedioxy)cinnamic acid (MDCA) is a plant-derived compound first extracted from roots of
Asparagus officinalis and further characterized as an allelochemical. Later on, MDCA was identified as an efficient inhibitor of
4-COUMARATE-CoA LIGASE (4CL), a key enzyme of the general phenylpropanoid pathway. By blocking 4CL, MDCA affects
the biosynthesis of many important metabolites, which might explain its phytotoxicity. To decipher the molecular basis of the
allelochemical activity of MDCA, we evaluated the effect of this compound on Arabidopsis thaliana seedlings. Metabolic profiling
revealed that MDCA is converted in planta into piperonylic acid (PA), an inhibitor of CINNAMATE-4-HYDROXYLASE (C4H),
the enzyme directly upstream of 4CL. The inhibition of C4H was also reflected in the phenolic profile of MDCA-treated plants.
Treatment of in vitro grown plants resulted in an inhibition of primary root growth and a proliferation of lateral and
adventitious roots. These observed growth defects were not the consequence of lignin perturbation, but rather the result of
disturbing auxin homeostasis. Based on DII-VENUS quantification and direct measurement of cellular auxin transport, we
concluded that MDCA disturbs auxin gradients by interfering with auxin efflux. In addition, mass spectrometry was used to
show that MDCA triggers auxin biosynthesis, conjugation, and catabolism. A similar shift in auxin homeostasis was found in the
c4h mutant ref3-2, indicating that MDCA triggers a cross talk between the phenylpropanoid and auxin biosynthetic pathways
independent from the observed auxin efflux inhibition. Altogether, our data provide, to our knowledge, a novel molecular
explanation for the phytotoxic properties of MDCA.

Plants growing in a tight community are in continu-
ous competition for space, light, water, and nutrients.
Potential survival strategies include optimizing plant
architecture and maximizing growth rate, allowing the
plant to capture light and receive nutrients and water
more efficiently, while placing neighboring plants in an
unfavorable position (Einhellig, 1995; Weir et al., 2004).
Besides developmental shifts, plants release an array of
secondary metabolites (allelochemicals) into the rhizo-
sphere to negatively affect the growth and reproduction
of neighboring, competitor plants (Putnam, 1988; Bertin
et al., 2003). Despite a lot of research effort having been
devoted to allelopathic chemical warfare over the past
decades, it remains a difficult study object due to the
complexity of plant-plant interactions (Zeng, 2014).
Nevertheless, the significance of allelochemicals in struc-
turing plant communities and preserving biodiversity has

been fully recognized by the scientific community.
Moreover, allelochemicals show the potential to be used
as an environmentally friendly alternative for weed con-
trol to improve agricultural productivity (Zeng, 2014).

Strictly speaking, the term “allelochemical” refers to
a compound produced and released by one organism to
affect the growth and development of susceptible spe-
cies (Weir et al., 2004). In practice, compounds derived
from plant extracts or exudates are often cataloged as
allelochemicals based on their inhibitory effect on seed
germination and/or growth of other plant species in an
artificial setup. Despite their importance, the molecular
mode of action of a given allelochemical compound has
rarely been studied in detail; however, toxicity is rela-
tively easily demonstrated, identifying its molecular
target is far more challenging. An interesting example is
the phenylpropanoid 3,4-(methylenedioxy)cinnamic
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acid (MDCA), whichwas isolated from lyophilized root
tissues of Asparagus [Asparagus officinalis L.; Hartung
et al. (1990)]. It was suggested to be an allelochemical
based on its inhibitory effect on root and shoot growth
of Lepidium sativum (Hartung et al., 1990). Independent
studies revealed that MDCA acts as an efficient com-
petitive inhibitor of 4-COUMARATE-CoALIGASE (4CL),
the enzyme converting hydroxycinnamates to their cor-
responding CoA-esters (Knobloch and Hahlbrock, 1977;
Chakraborty et al., 2009). This conversion is an early
step in the general phenylpropanoid pathway leading
to a wide array of metabolites, including coumarins,
stilbenes, salicylic acid, flavonoids, and monolignols

(Vogt, 2010). Given that inhibition of 4CL in this met-
abolic pathway will have far-reaching effects on plant
growth and development (Voelker et al., 2010), it is
tempting to link the proposed phytotoxicity of MDCA
to this metabolic block.

Here,we evaluatewhether the phytotoxicity ofMDCA
is a direct consequence of the inhibition of 4CL or if
MDCA targets also other biological processes in Ara-
bidopsis (Arabidopsis thaliana). We found that MDCA
causes strong developmental defects in Arabidopsis
seedlings at early developmental stages. Convincing
evidencewas found thatMDCA affects the homeostasis
of the plant signaling compound auxin. Our results
provide an alternative explanation for the molecular
mechanism underlying the phytotoxic properties of
MDCA, and suggest that these multiple modes of action
make it an attractive candidate as an environmental
agrochemical or synergist.

RESULTS

MDCA Affects Plant Growth and Development in a Dose-
Dependent Manner

MDCA was put forward as an allelochemical based
on the inhibition of L. sativum root and shoot growth
when used at a concentration of 260 mM or higher
(Hartung et al., 1990). In an attempt to support the idea
that MDCA has allelopathic properties, we tested the
effect of MDCA on germination of Arabidopsis seeds.
None of the tested concentrations (0mM to 200 mM) had
an inhibitory effect on germination as scored by radical
emergence (Supplemental Fig. S1A). However, a clear
restrictive effect on the postembryonic development of
the plants was observed at the different concentrations
tested (Supplemental Fig. S1B). To obtain profound
insight into the effect of MDCA on plant growth and
development, the experimentwas repeated using lower
MDCA concentrations (0 mM to 40 mM). Twelve d after
germination (DAG), both the primary root and rosette
growth of the seedlings were analyzed (Fig. 1A).
Compared to the control, theMDCA-treated plants had
more lateral roots and the roots displayed a marked
agravitropic response. In addition, a dose-dependent
decrease of both the primary root length and leaf area
was observed (Fig. 1B). The MDCA-concentration re-
quired to reduce the primary root length by 50% (IC50-
root) was determined to be 5.07 mM, while no further
development of the primary root was observed from
germination onwards at 40 mM MDCA. The effect of
MDCA on leaf development was less severe and higher
concentrations were needed to reduce the leaf area by
half (IC50-leaf of 18.30 mM). Noteworthy, the decline in
leaf area could be an indirect effect caused by the severe
reduction in primary root length at these relatively high
MDCA concentrations.

A reduction in primary root length could point to-
ward a perturbed activity of the apical root meristem,
and more detailed analysis of this region revealed a
prominent broadening of the main root tip uponMDCA
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treatment. To test whether this lateral expansion is a
direct consequence of an increase in meristematic cell
division activity, we treated a pKNOLLE:KNOLLE-GFP
translational fusion-line with MDCA (Lukowitz et al.,
1996). KNOLLE is a marker for cell plate formation,
and under normal conditions the corresponding gene
is expressed in the actively dividing cells of the main
root tip. A 5-d treatment of Arabidopsis seedlings
(3 DAG) with 10 mMMDCA led to an accumulation of
fluorescence in the main root tip (Fig. 1C). No fluo-
rescence was observed in the initial QC-cells, which is
in line with the known low mitotic activity of these
cells (Heyman et al., 2014). As the QC regulates the
meristematic region tightly by maintaining the sur-
rounding cells as stem cells, we reasoned that MDCA
would induce broadening of the meristem in the QC
region. Accordingly, the QC marker line pWOX5:GFP
(Haecker et al., 2004) showed a radial expansion of the
GFP-signal in the QC area (a 1.48-fold increase in
circumference; Fig. 1, D and E) uponMDCA treatment
compared to mock-treated plants. The radial expan-
sion of WOX5-positive cells indicates that MDCA ei-
ther stimulates QC cell division activity or gives the
cells surrounding the QC a QC-identity. The former
contradicts the absence of strong mitotic activity of
the QC cells as observed in the KNOLLE reporter line.
However, a putative positive effect of MDCA on QC
cell division activity could have gone unnoticed as QC
cells self-renew at a low proliferation rate (Dolan
et al., 1993). To reveal the effect of MDCA on QC cell
proliferation, a reporter line was used in which GUS
was driven by the promoter of the transcription factor
ERF115, which is a rate-limiting factor for QC cell
division (Heyman et al., 2013). In mock-treated Ara-
bidopsis seedlings (3 DAG), ERF115 promoter activity
was observed in one or several of the QC cells in 32.6%
of the root tips (60/184; Fig. 1F). An additional 34 root
tips (18.5%) had GUS activity outside the QC-region.
The addition of 10 mM MDCA to the growth medium
led to an increase in the number of seedlings with
ectopic pERF115-driven GUS expression (52/128;
40.6%; Fig. 1F). Interestingly, pERF115:GUS-positive
QC cells were only observed in two of the 128 MDCA-
treated seedlings, suggesting that MDCA has a neg-
ative impact on QC cell division activity. Together,

Figure 1. Effect of MDCA on growth and development of Arabidopsis.
A, Root/rosette phenotype of seedlings (12 DAG) grown on 0.5 3
MS-medium supplemented with MDCA (n . 20; scale bar: 1 cm). B,
MDCA dose response curves for primary root length (circle; sigmoidal-
logistic, four parameters) and leaf area (triangle; Weibull, five param-
eters; n . 20). Error bars represent SDs. C, Confocal images showing
KNOLLE promoter activity (green) in the primary root tip of pKNOLLE:
KNOLLE-GFP seedlings. Seedlings were germinated 7 d on 0.5 3
MS-medium before being transferred to 0.5 3 MS-medium supple-
mentedwith 10mMMDCA for 5 d (n= 5; scale bar: 15mm).D, Confocal
images showing QC broadening (green) in the primary root tip of

pWOX5:GFP seedlings. Seedlings were germinated 7 d on 0.5 3 MS-
medium before being transferred to 0.5 3 MS-medium supplemented
with 10 mM MDCA for 5 d (n = 5; scale bar: 15 mm). PI was used in (C)
and (D) as counterstain to visualize the cell wall. E, Quantification of the
QC-region by measuring the circumference of pWOX5-driven GFP-
expressing cells in the primary root tip (n = 5). Error bars represent SDs.
The asterisk in (E) represents significant difference in circumference of
pWOX5-driven GFP expressing cells between 10 mM MDCA-treated
and mock-treated plants (0.001 , P value , 0.05) as determined by
Dunnett’s test. F, Light microscopic images showing ERF115 promoter
activity in the primary root tip of pERF115:GUS seedlings. Seedlings
were germinated 3 d at 24˚C on 0.53MS-medium supplemented with
or without (mock) 10 mM MDCA (n . 128; scale bar: 15 mm).
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this suggests that theMDCA-mediated lateral expansion
of QC-identity in the stem cell niche is due to changes in
cell identity of QC-neighboring cells rather than activa-
tion of QC division.
In contrast to its inhibitory effect on primary root

growth and leaf development, MDCA stimulated lat-
eral root formation and adventitious rooting in a dose-
dependent manner (Fig. 2, A and B). A 1.36-fold and
2.67-fold increase in lateral root density (LRD) was
observed in 12-d-old plants treated with 2.5 mM and
5 mM MDCA, respectively. To evaluate the potential
effect of MDCA on the spatial activation of the cell cycle
in the pericycle and thereby on the spacing between
lateral roots, the cell cycle reporter line pCYCB1:GUS
was used (Colón-Carmona et al., 1999). In mock-treated
plants, GUS-expression was restricted to the cells ac-
tively dividing at the lateral root initiation sites. MDCA
treatment (0 mM to 10 mM) resulted in a dose-
dependent increase in the number of pericycle cells
expressing GUS, which is in line with the observed in-
crease in LRD along the primary root (Fig. 2C). The
observed perturbation in longitudinal spacing of lateral

root primordia lead in some extreme cases to the out-
growth of fasciated lateral roots.

In conclusion, the data suggested that MDCA re-
duces primary root growth of Arabidopsis seedlings by
affecting the stem cell niche and the meristem at the
main root apex, while stimulating lateral root formation
by increasing cell division activity along the pericycle.

Phenolic Profiling Supports Inhibition of the Core
Phenylpropanoid Pathway by MDCA

Previous in vitro assays based on heterologous sys-
tems provided evidence that MDCA acts as a compet-
itive inhibitor of 4CL (Knobloch and Hahlbrock, 1977;
Chakraborty et al., 2009; Fig. 3A). As this enzyme
catalyzes a key step of the general phenylpropanoid
pathway, we used phenolic profiling to evaluate how
the carbon flux over this pathway is redirected in
seedlings upon treatment with MDCA. To this end, the
methanol-soluble metabolites of 12-d-old in vitro grown
Arabidopsis seedlings treated with 10 mM MDCA were
analyzed by ultra-high-pressure liquid chromatography-
mass spectrometry (UHPLC-MS). Thismethod allows the
detection of several classes of metabolites (e.g. oligoli-
gnols, flavonoids, and glucosinolates) and their corre-
sponding derivatives or pathway intermediates (Fig. 3A).
A total of 1247 peaks was detected over the whole ex-
periment. Principal component analysis revealed that
MDCA-treated samples separated from control samples
based on a combination of the first and second principal
components, indicating metabolic shifts upon MDCA
treatment (Fig. 3B). Univariate statistical analysis was
applied to select peaks with significantly different inten-
sity in the MDCA-treated samples. Among the 383 ob-
tained peaks, 247 were increased in abundance, whereas
136 were reduced upon MDCA treatment. The remark-
ably high number of differentials might reflect the de-
velopmental shift caused by MDCA, adding differentials
to the compound lists that are only indirectly related to
the treatment.

Of the 10 highest accumulating compounds inMDCA-
treated plants (Supplemental Fig. S2), five were conju-
gates of MDCA, indicating that MDCA is heavily
processed by the plant. Four other compounds of the
top-10 list were conjugates of cinnamic acid (CA), in-
dicative for the accumulation of CA in MDCA-treated
plants. CA is the substrate of C4H, the enzyme pre-
ceding 4CL in the phenylpropanoid pathway, and the
accumulation of CA conjugates is indicative for an in-
hibition of C4H in MDCA-treated plants. However,
MDCA was unable to inhibit Arabidopsis C4H activity
in a heterologous expression system (Fig. 3C), making it
unlikely that the accumulation of CA conjugates is due
to inhibition of C4H byMDCA. Here, themetabolomics
data provided insight into the underlying molecular
mechanism. Among the compounds that had accumu-
lated in MDCA-treated plants were several conjugates
of piperonylic acid (PA), a compound structurally re-
lated toMDCA (Fig. 3 and Supplemental Fig. S3). Based

Figure 2. Effect of MDCA on lateral and adventitious root growth of
Arabidopsis. A, Lateral root density of seedlings 12 DAG grown on 0.53
MS-medium supplemented with MDCA (n. 15). Error bars represent SDs
and asterisks were used to indicate statistically significant differences
compared to the corresponding mock-treated control sample as deter-
mined byDunnett’s test P values: *P, 0.05, **P, 0.001, ***P, 0.0001.
B, Number of adventitious roots of seedlings 12 DAG grown on 0.5 3
MS-medium supplemented with MDCA. Plants were germinated (after a
short light-pulse of 4 h) for 7 d in darkness and subsequently transferred to
light for 5 d to stimulate adventitious rooting. Adventitious root numbers
(percentages) are represented in grayscale (n. 30). C, Light microscopic
images of lateral root primordia as shown by pCYCB1:GUS expression of
seedlings 12 DAG grown on 0.5 3 MS-medium supplemented with
MDCA (n = 5; scale bar: 0.05 cm).

Plant Physiol. Vol. 172, 2016 877

MDCA Affects Lignification and Auxin Homeostasis

http://www.plantphysiol.org/cgi/content/full/pp.15.01972/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01972/DC1


on the fact that PA or PA-derived conjugates were
never found in Arabidopsis, and on the previous ob-
servation that MDCA is heavily processed in the plant
(Supplemental Fig. S2), we concluded that the presence
of PA-derived compounds is the consequence of the in
planta processing ofMDCA. Interestingly, PA is known
as a competitive inhibitor of C4H (Schalk et al., 1998;

Fig. 3C), explaining the observed accumulation of CA
conjugates. Despite the clear indications for a PA-
mediated inhibition of C4H, a potential inhibition of
4CL by MDCA could not be excluded at this point. The
top-10 list of compounds for which the concentration
dropped uponMDCA treatment (Supplemental Fig. S2)
holds several glycosylated forms of ferulic acid-containing
phenolic dimers, glucosinolates, and flavonoids. A sub-
sequent targeted search for related metabolites revealed
an MDCA-dependent reduction in glycosylated oligoli-
gnols and p-coumaric acid-derived phenylpropanoids
(Supplemental Fig. S4). The observed shift in the phe-
nolic profile of MDCA-treated seedlings is in line with
the inhibition of an enzyme catalyzing an early step in
the core phenylpropanoid pathway.

Lignin Reduction Is Not at the Basis of the MDCA-Induced
Developmental Defects

The MDCA-induced reduction of glycosylated oli-
golignols is considered indicative for a drop in lignin
deposition (Vanholme et al., 2012). To provide sup-
porting evidence for this assumption, we evaluated the
effect of MDCA on the formation of the Casparian strip
in the main root (Naseer et al., 2012). For this assay,
Arabidopsis roots are incubated in propidium iodide
(PI), a dye that diffuses in the apoplast of root tissue. At
the endodermis, this diffusion is blocked by the lignin-
rich Casparian strip, leaving the cell walls of the stele
unstained. Only when the Casparian strip is impaired
will PI pass the endodermis and stain the underlying
cell layers. The number of endodermal cells from the
elongation zone to the regionwhere PI is excluded from
the stele is used as a measure for Casparian strip in-
tegrity and, hence, lignification. In 7-d-old Arabidopsis
seedlings treated with 2.5 mM and 10 mM MDCA, the
cell count was significantly higher compared to that
of the control, indicating a delay in Casparian strip
development and an inhibition in lignin deposition
(Fig. 4A; Supplemental Fig. S5). Similar results were
found with inhibitors targeting other steps of the
lignin biosynthetic pathway (Naseer et al., 2012; Van
de Wouwer et al., 2016). The formation of the Cas-
parian strip was rescued by supplyingMDCA-treated
plants with a mixture of coniferyl and sinapyl alcohol
(both end-products of the monolignol biosynthetic path-
way, and building blocks of lignin), confirming that
MDCA affects the biosynthesis of lignin (Fig. 4A;
Supplemental Fig. S5).

Having convincing evidence that lignin deposition is
indeed affected in MDCA-treated seedlings, we won-
dered whether the reduced lignin deposition could
be at the basis of the observed developmental abnor-
malities. The underlying idea is that lignin is considered
a signature for cell differentiation (Barros et al., 2015)
and deferring lignin deposition could extend or perturb
the developmental program, resulting in growth de-
fects (Bonawitz and Chapple, 2013). If this were the
case, restoring lignin deposition by the addition of

Figure 3. Phenolic profiling of MDCA treated Arabidopsis seedlings. A,
The general phenylpropanoid pathway leading to a wide array of sec-
ondary metabolites. PA is a chemical inhibitor of C4H. MDCA is a
chemical inhibitor of 4CL. The red arrowdepicts the in planta processing of
MDCA towards PA. B, Principal component analysis scores plot of 10 mM
MDCA-treated (red) and mock-treated (green) seedlings 12 DAG. PC1 and
PC2 explained 73.74% and 10.15% of the variation, respectively. Each
symbol corresponds with a biological replicate representing 10 seedlings
(n . 6). C, The enzymatic conversion of CA toward p-coumaric acid by
C4Handpotential chemical inhibition ofC4HbyMDCAusingmicrosomes
of yeast (Saccharomyces cerevisiae) expressing C4Hof Arabidopsis. PAwas
used as a positive control. The product (p-coumaric acid) was detected by
UHPLC-MS analysis (n = 6). Error bars represent SDs. Three asterisks in (C)
represent statistically significant differences compared to mock-treated
microsomes (P value , 0.0001) as determined by Dunnett’s test.
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monolignols should also rescue the MDCA-induced
developmental root phenotype. To examine whether
the MDCA-related plant phenotype is a consequence of
lignin depletion, we grew Arabidopsis on medium
containing coniferyl and sinapyl alcohol and different
concentrations of MDCA (0, 2.5, or 10 mM). Twelve
DAG the seedlings were analyzed. Interestingly, pheno-
types linked to MDCA, such as the reduction of the pri-
mary root length and the proliferation of lateral roots,
could not be restored by addingmonolignols (Fig. 4, B–D).

Based on these results, we concluded that MDCA
indeed reduces lignin deposition in Arabidopsis
seedlings, but this reduction is not at the basis of the
observed developmental defects caused by MDCA.

Salicylic Acid Has No Major Role in the MDCA-Induced
Developmental Defects

Treatment of seedlings with MDCA significantly af-
fected the relative abundance of different phenyl-
propanoid intermediates and derivatives, as shown by
the phenolic profiling presented above. A relative shift
in the abundance of some of these metabolites might
interfere with specific metabolic or signaling pathways
and lead to growth inhibition (Bonawitz and Chapple,
2013). Recently, some of the observed growth defects in
mutants perturbed in lignin biosynthesis have been
linked with the accumulation of salicylic acid (SA), a
plant hormone involved in pathogen defense that is
biosynthetically related to phenylpropanoids and that
can be synthesized from CA (Gallego-Giraldo et al.,
2011). Therefore, the MDCA-mediated inhibition of the
phenylpropanoid pathway downstream of CA could
theoretically lead to the accumulation of SA (Boerjan
et al., 2003). SA levels were quantified byUHPLC-MS in
12 DAGArabidopsis seedlings grown on mediumwith
10 mM MDCA. Interestingly, MDCA-treated seedlings
showed a mild, but significant increase in SA levels
(1.35-fold increase; Supplemental Fig. S6). As SA-levels
were close to the detection limit, we further evaluated
whether this increase in SA-levels could underlie the
MDCA-induced phenotypes by checking to what ex-
tent SA-treatment of Arabidopsis seedlings could phe-
nocopy the effect of MDCA treatment (Fig. 5A). While
stimulation of adventitious rooting was only observed
at relatively high concentrations (.10mMof SA; Fig. 5B),
SA had no effect on LRD (Fig. 5C) and its IC50-root (IC50-
root of 51.00 mM; Fig. 5D) was one order-of-magnitude
higher than that ofMDCA (IC50-root of 5.07mM; Fig. 1B).

Therefore, we concluded that it is unlikely that SA (or
a corresponding conjugate) is the bioactive compound
causing the root developmental defects observed in
MDCA-treated plants, and that SA has no major role in
the MDCA-induced developmental defects.

MDCA Triggers Auxin Biosynthesis

As the aberrant root phenotype caused by MDCA
resembles typical auxin-induced phenotypes (e.g.

Figure 4. The impact of theMDCA-induced lignin reduction on the plant
phenotype. A, Effect of MDCA treatment on the Casparian strip formation
(white; no complementation) in Arabidopsis seedlings 5 DAG and com-
plementation by exogenous application of two monolignols (gray; com-
plementation): 50 mM of each coniferyl alcohol and sinapyl alcohol,
which allows for the formation of a functional Casparian strip (n=10). See
text for additional explanation on this experiment. B, Root phenotype of
seedlings (12 DAG) grown on 0.5 3 MS-medium supplemented with
MDCA and monolignols (n. 20; scale bar: 1 cm). (C and D) Combined
effect of monolignols and MDCA on the primary root length of Arabi-
dopsis seedlings 12 DAG (n . 20) and lateral root density of seedlings
12 DAG (n . 15). Seedlings were grown on 0.5 3 MS medium supple-
mentedwith 0, 2.5, or 10mMMDCA.Monolignols (coniferyl alcohol and
sinapyl alcohol; 50 mM each) were added to the tissue culture medium,
where mentioned (complementation). Error bars represent SDs and asterisks
were used to indicate statistically significant differences compared to the
corresponding mock-treated control sample, as determined by Dunnett’s
test P values: *P , 0.05, **P , 0.001, ***P , 0.0001.
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reduction of the primary root length and induction of
lateral and adventitious roots), the auxin-responsive
reporter DR5rev:GFP was used to evaluate whether
MDCA alters the auxin response (Ulmasov et al., 1997).
Seven DAG Arabidopsis seedlings treated for 4 d with
10 mM MDCA displayed a significant increase in fluo-
rescence in the main root tip compared to mock-treated
plants (Fig. 6A), suggesting that free auxin levels are

increased in MDCA-treated plants. To detect dynamic
changes in endogenous free auxin distribution at high
spatial and temporal resolution, the DII-VENUS auxin
sensor line was used (Brunoud et al., 2012). A time-
lapse analysis of DII-VENUS fluorescence was per-
formed on the main root tip of Arabidopsis seedlings
7 DAG. When 1 mM naphthalene-1-acetic acid (NAA; a
synthetic auxin) was added to the root, DII-VENUS
fluorescence dropped to 25% of its initial intensity af-
ter 42 min, which is in line with previously published
data (Brunoud et al., 2012). Replacing NAA by 10 mM
MDCA resulted in a drop of DII-VENUS fluorescence
to 37% of its initial intensity over the same time interval.
Both auxin-sensitive sensors indicate that MDCA de-
pends on the auxin-signaling cascade for its activity
(Fig. 6, B and C).

Figure 5. Effect of SA on growth and development of Arabidopsis. A,
Root phenotype of seedlings (12 DAG) grown on 0.5 3 MS-medium
supplemented with SA (n . 20; scale bar: 1 cm). B, Number of ad-
ventitious roots of seedlings 12 DAG grown on 0.5 3 MS-medium
supplementedwith SA. Plants were germinated (after a short light-pulse
of 4 h) for 7 d in darkness and subsequently transferred to light for 5 d to
stimulate adventitious rooting. Adventitious root numbers (percentages)
are represented in grayscale (n. 30). C, Lateral root density of seedlings
(12 DAG) grown on 0.53MS-medium supplementedwith SA (n. 15).
Error bars represent SDs. No significant differences were obtained be-
tween the mock-treated control sample and SA-treated samples as de-
termined by Dunnett’s test P values. 0.05. D, SA dose response curve
for primary root growth (sigmoidal-logistic, four parameters; n . 20).
Error bars represent SDs.

Figure 6. Activity of auxin reporters in MDCA-treated Arabidopsis
seedlings. A, Confocal images of MDCA-induced activation of the
auxin-responsive DR5 promoter in the primary root tip of pDR5rev:GFP
seedlings. Seedlings were germinated 7 d on 0.53MS-medium before
being transferred to 0.53MS-medium supplementedwith 10mMMDCA
for 5 d (n = 5; scale bar: 35 mm). PI was used as counterstain to visualize
the cell walls. Color-code depicts (red; low to white; high) pDR5rev:GFP
signal intensity. B, Confocal images of DII-VENUS degradation in the
primary root tip of DII-VENUS-YFP seedlings. Seedlings were germinated
7 d on 0.5 3MS-medium before being transferred to 0.5 3MS-medium
with 10mMMDCA or 1 mMNAA. Individual root tipswere imaged at the
onset of the experiment and after 42 min (n = 3; scale bar: 50 mm). C,
Time-course of DII-VENUS fluorescence in the primary root tips of
seedlings grown as described above. Fluorescence was quantified every
3 min over a 42-min interval. The fluorescence was normalized against
the initial value for each treatment. Error bars represent SDs.
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The canonical auxin-signaling cascade is activated
when auxin interacts with the TRANSPORT INHIBI-
TOR RESPONSE1/AUXIN SIGNALING F-BOX
(TIR1/AFB) receptors, whereupon AUXIN/INDOLE-
3-ACETIC ACID (AUX/IAA) auxin signaling repres-
sors are degraded and the expression of downstream
target genes (e.g. the DR5rev-driven GFP) is activated
(Gray et al., 1999). To verify whether MDCA activates
this auxin response pathway, we studied the effect of
MDCA on Arabidopsis mutants defective in auxin
signaling including the solitary root-1 (slr) gain-of-
function mutant, the arf7 arf19 double loss-of-function
mutant, and the tir1 afb2 afb3 triple loss-of-function
mutant (Fig. 7A; Fukaki et al., 2002; Dharmasiri et al.,
2005; Okushima et al., 2007). MDCA failed to induce
lateral root formation in all mutants tested, suggesting
that lateral root formation induced by MDCA is de-
pendent on events close to the TIR1 or TIR1-related
receptor complex. This could indicate that MDCA act
as an auxin analog and activates an auxin response by
interacting directlywith TIR1. Interestingly,MDCAhas
some of the structural requirements for primary auxin
activity as stipulated by Went (1949), including a ring
system with a double bond and a side chain with the
carboxylic group separated from the ring by at least one
carbon atom. Regardless of these structural and phys-
icochemical similarities between MDCA and IAA (the
endogenous ligand of TIR1), both compounds show
particular differences making it unlikely for MDCA to
act as an auxin (Supplemental Fig. S7, A–C). For ex-
ample, the unsubstituted indole ring of IAA is hydro-
phobic while the unsubstituted dioxole group of
MDCA is polar due to the presence of two oxygen
atoms. In addition, adjacent to its carboxylic group,
IAA has a freely rotatable CH2 group, while the trans-
alkene bond of MDCA is rigid, and does not rotate to
position the carboxylic group correctly from the plane
of the ring to interact with the polar residues of the TIR1
receptor complex in a way similar to IAA. Molecular
docking of MDCA in the auxin receptor pocket of TIR1
indeed showed a clear difference in its orientation as
compared to IAA as modeled by Tan et al. (2007)
(Supplemental Fig. S7, D and E).
To find supporting evidence for the in silico predic-

tions and further evaluate whether MDCA activates
auxin signaling by directly interacting with the TIR1/
AFB receptor, surface plasmon resonance (SPR; Lee
et al., 2014) was used tomeasure the interaction kinetics
of recombinant TIR1 and AFB5 with an immobilized
IAA7 degron peptide. The choice of the interaction
partners was based on the requirement of both proteins
for the MDCA-induced lateral root proliferation, as
deduced from the experiment with the auxin signaling
mutants. A strong readout was obtained with the pos-
itive control IAA, indicative for a strong agonist,
whereas no evidence for a specific binding of MDCA to
TIR1 or AFB5 was found (Fig. 7B). It is possible that
some ligands bind to TIR1/AFB5 and prevent subse-
quent binding of the receptor-ligand complex to the
degron peptide. Since such antagonists could give

Figure 7. The importance of auxin in MDCA-mediated developmental
defects in seedlings. A, Root phenotype of arf7 arf19, slr, and tir1 afb2
afb3 mutant seedlings (12 DAG) grown on 0.5 3 MS-medium supple-
mented with 10 mM MDCA (n . 25; scale bar: 1 cm). B, SPR sensor-
grams showing the auxin-dependent interaction between TIR1 or AFB5
with IAA7/14 DII. Each sensorgram shows the binding with IAA (blue),
an auxin-free injection (red), plus the data for MDCA (green). For auxin
activity assays, MDCA (50 mM) was mixed with TIR1 or AFB5 prior to
injection over DII peptide. For antiauxin assays, MDCA (50 mM) was
mixedwith TIR1 or AFB5 plus 5 mM IAA prior to injection. Dashed lines
were used to increase the visibility. (C and D) Free IAA levels and IAA-
amino acid conjugate (IAA-Asp and IAA-Glu) levels of seedlings
(12 DAG) grown on 0.5 3 MS-medium supplemented with different
concentrations of MDCA. E, Each biological replicate represents
10 seedlings that were pooled and analyzed (n = 6). Error bars represent
SDs and asterisks were used to indicate statistically significant differ-
ences between wild type and p35S:iaaL at a given concentration as
determined by Dunnett’s test P values: *P, 0.05, **P, 0.001, ***P,
0.0001.
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auxin-hypersensitive phenotypes (Leyser et al., 1996),
we tested MDCA also for antiauxin activity but no ac-
tivity was found (Fig. 7B). These findings support the
prediction thatMDCA is not able to replace auxin in the
TIR1 binding pocket and, thus, cannot be considered as
an auxin analog interacting with the TIR1-related auxin
receptors.

AsMDCA-induced developmental effects depend on
the canonical auxin-signaling cascade whereas MDCA
itself is not an auxin analog, we hypothesized that
MDCA affects free auxin concentrations in planta. To
test this hypothesis, endogenous auxin levels were
quantified in Arabidopsis seedlings germinated on 0.5
3 MS media containing MDCA (5 mM or 10 mM) and
harvested 12 DAG. Compared to mock-treated plants,
the MDCA treatment resulted in elevated free IAA
levels as well as increased levels of the IAA-conjugates
IAA-Glu and IAA-Asp (Fig. 7,C andD). In addition, the
concentrations of most of the measured auxin precur-
sors were also significantly higher in theMDCA-treated
plants (tryptamine, indole-3-acetamide, indole-3-
acetonitrile, indole-3-acetaldoxime, and indole-3-
acetaldehyde), indicating that MDCA strongly boosts
the auxin biosynthetic pathway (Supplemental Fig. S8).
We subsequently checked whether the aberrant lateral
root phenotype induced byMDCA could be reduced by
artificially lowering free IAA levels in planta by the
constitutive overexpression of a bacterial IAA LYS
SYNTHETASE (iaaL), coding for an enzyme that inac-
tivates free IAA by conjugating it to Lys (Romano et al.,
1991). In contrast to MDCA-treated wild-type plants,
MDCA-treated p35S:iaaL plants showed less lateral
roots (Fig. 7E), indicating that the increase in lateral
roots induced by MDCA is mediated by free IAA.

The observed activation of auxin biosynthesis could
either be a consequence of MDCA-mediated perturba-
tion of the phenylpropanoid pathway or an off-target
effect. To uncouple these processes, wemeasured auxin
concentrations in the c4h mutant ref3-2 (Schilmiller
et al., 2009). Blocking the phenylpropanoid pathway in
such an early step could result in the accumulation of
upstream compounds, including Trp, the precursor of
IAA. This approach allowed us to study putative
crosstalk between the auxin biosynthetic and phenyl-
propanoid pathways independent of MDCA. C4H was
preferred over 4CL as target, because the phenolic
profile of MDCA-treated seedlings was consistent with
inhibition of C4H rather than 4CL. In addition, we
showed earlier processing of MDCA toward PA in
planta (Supplemental Fig. S3), suggesting the inhibition
of C4H in MDCA-treated plants. Auxin profiling per-
formed on leaves of 2-months-old ref3-2 mutants
revealed shifts in free auxin as well as auxin interme-
diates, conjugates, and catabolites resulting in a profile
similar to the one observed in MDCA-treated plants
(Supplemental Fig. S9). This indicates that auxin bio-
synthesis is affected as a result of the perturbation of
the phenylpropanoid pathway.

In conclusion, the above data suggest that MDCA
affects plant growth and development by increasing

endogenous auxin (IAA) concentrations in Arabidopsis
seedlings.

MDCA Affects Auxin Transport

Although the increase in free IAA levels is in agree-
ment with the observed response of the DII-VENUS
reporter, it is unlikely that the rapid drop inDII-VENUS
fluorescence is due to the activation of the auxin bio-
synthetic pathway. In addition, the phenylpropanoid
pathway is not activated in the main root tip where the
degradation of the DII-VENUS signal was followed
over time (Bell-Lelong et al., 1997). These observations
question the suggested cross talk with the phenyl-
propanoid pathway and indicates that other processes
might be involved in the MDCA-induced alteration of
free auxin levels in the main root tip, such as the re-
distribution of available auxin over the root by pertur-
bation of intercellular auxin transport. In contrast to the
activation of auxin biosynthesis, the inhibition of auxin
transport is likely to be a much faster response. To test
whether MDCA affects auxin transport, we performed
[3H]-NAA accumulation assays in tobacco BY-2 cell
cultures (Petrásek et al., 2003, 2006). In tobacco cells,
NAA enters the cells mainly by diffusion and it is an
excellent substrate for the active auxin efflux (Delbarre
et al., 1996). Therefore, a change in intracellular accu-
mulation of radioactively labeled [3H]-NAA over time
provides a measure of the rate of auxin efflux from the
cells. When treated with 1-naphthylphthalamic acid
(NPA), to inhibit cellular auxin efflux, NAA accumu-
lates inside the cells above the level of untreated cells
(Delbarre et al., 1996). Interestingly, intracellular NAA
concentrations also increased when NPA was replaced
by 50mMMDCA, indicating thatMDCA affects cellular
auxin accumulation by blocking auxin efflux (Fig. 8A).
Similar results were obtained using Arabidopsis cell
suspensions (Supplemental Fig. S10). In contrast to
NAA, the transport of 2,4-dichlorophenoxy acetic acid
(2,4-D) into tobacco BY-2 cells is largely dependent on
auxin uptake carriers making 2,4-D an excellent marker
for the auxin influx activity. When added to BY-2 cell
cultures 2,4-D rapidly accumulated in the cells, and
MDCA had a mild, but positive effect on this profile;
however, the mild accumulation likely reflects the
partial inhibition of the active cellular efflux of 2,4-D
under these conditions as a similar profile was de-
scribed for the auxin efflux blocker NPA as well (Hosek
et al., 2012). In Arabidopsis cell cultures, 2,4-D seems to
be a good substrate for both influx and efflux auxin
carriers (Seifertová et al., 2014) and, accordingly, the
positive effect of MDCA on the accumulation of 2,4-D is
more pronounced here than in BY-2 cells (Supplemental
Fig. S10). Taken together, these results indicate that
MDCA affects the auxin efflux from cells, but not the
influx into cells (Fig. 8, A and B).

Flavonoids, as one group of products of the phenyl-
propanoid pathway, are obvious candidates to link the
perturbation of the core phenylpropanoid pathway
with the observed inhibition in auxin transport. Indeed,
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particular flavonoids have been described to alter auxin
transport (Brown et al., 2001; Buer and Muday, 2004;
Peer and Murphy, 2007; Yin et al., 2014) and phenolic

profiling showed that the levels of all detected flavo-
noids dropped upon MDCA treatment. Intriguingly,
the phenotype of the transparent testa-4 (tt4) mutant,
which is hampered in the first enzymatic step of fla-
vonoid biosynthesis (CHALCONE SYNTHASE) and
hence is depleted of flavonoids, resembles that of
MDCA-treated plants at the seedling stage, including a
reduction in primary root length and an increase in
LRD (Brown et al., 2001). However, these root pheno-
types were difficult to confirm in a follow-up study and
turned out to depend strongly on the experimental
conditions (Buer andDjordjevic, 2009). To checkwhether
the drop in flavonoids could be the cause of the MDCA-
induced phenotype, the tt4mutantwas grown under the
same growth conditions as those used to study the
MDCA-dependent growth defects (Fig. 8C). Under these
conditions, the tt4mutant showed a mild but significant
reduction in both primary root length and LRD, as
compared to wild-type Arabidopsis (Fig. 8, D and E).
This phenotype differs considerably from the MDCA-
induced lateral root proliferation, indicating that, although
the drop in flavonoids could be responsible for an in-
direct additive effect in MDCA-treated plants, it is not
the preliminary cause of the altered LRD phenotype in
MDCA-treated seedlings.

Altogether, these data suggest that MDCA disturbs
auxin homeostasis by two independent mechanisms.
The perturbation of auxin biosynthesis is a consequence
of the MDCA-mediated inhibition of the phenyl-
propanoid pathway, whereas the inhibition of auxin
transport is a direct effect of MDCA.

DISCUSSION

MDCA is a naturally occurring compound, initially
extracted from root tissues of Asparagus (Hartung et al.,
1990) and further characterized as an allelochemical
(Weir et al., 2004). Later on, MDCAwas identified as an
efficient chemical inhibitor of 4CL, a key enzyme of the
general phenylpropanoid pathway leading toward a
broad range of secondary metabolites (Knobloch and
Hahlbrock, 1977; Funk and Brodelius, 1992; Hartung
et al., 1990; Funk and Brodelius, 1994; Chakraborty et al.,
2009). Substantial inhibition of the phenylpropanoid
pathway can be lethal for the plant (Bonawitz and
Chapple, 2013), potentially explaining the allelochem-
ical properties of MDCA (Bertin et al., 2003). Besides its
assumed role in suppressing growth of neighboring
plants, it was also proposed to lead to autotoxicity,
manifested by the poor reestablishment of Asparagus
plants in soil where it had been grown before (Laufer
and Garrison, 1977; Yang, 1982; Young and Chou, 1984;
Hartung et al., 1990).

When tested on Arabidopsis seedlings, severe mor-
phological alterations of the root architecture were ob-
served. In an attempt to link the developmental defects to
the described inhibitory activity on the phenylpropanoid
pathway, phenolic profiling was performed on MDCA-
treated seedlings. Interestingly, the observed shift in the
profile suggested an inhibition of the phenylpropanoid

Figure 8. The impact of MDCA on auxin transport and root develop-
ment. A and B, Effect of MDCA on the net accumulation of A, [3H]-NAA
or B, [3H]-2,4-D in 2-d-old suspension-cultured tobacco BY-2 cells
(20 min uptake period). Arrows point at time of application of MDCA.
Error bars in (A) and (B) represent SDs. C, Root phenotype of wild type
and tt4-mutant seedlings (12 DAG) grown on 0.5 3 MS-medium (n .
20; scale bar: 1 cm). D, Primary root length of wild-type and tt4-mutant
seedlings (12 DAG) grown on 0.5 3 MS-medium (n . 20). E, Lateral
root density of wild-type and tt4-mutant seedlings (12 DAG) grown on
0.5 3 MS-medium (n . 15). (D and E) Error bars represent SDs and as-
terisks represent significant differences between wild-type and tt4-
mutant seedlings as determined by Dunnett’s test. Dunnett’s test
P values: *P , 0.05, **P , 0.001, ***P , 0.0001. WT = wild type.
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pathway upstream of p-coumaric acid, but downstream
of CA, indicating that the perturbation occurs at the level
of C4H. This conclusion contradicts studies describing
MDCA as a competitive inhibitor of 4CL (Knobloch and
Hahlbrock, 1977; Chakraborty et al., 2009), with only
mild inhibitory activity on C4H (Schalk et al., 1998).
However, the suggested inhibition of C4H can be
explained by the in planta processing ofMDCA to PA,
which is a well-known inhibitor of C4H (Schalk et al.,
1998). Despite the difficulty to conclude whether
MDCA or PA is at the basis of the observed pertur-
bation of the phenylpropanoid pathway, treating
seedlings with MDCA clearly inhibits in planta lig-
nin deposition as proven by the Casparian strip assay.
However, no evidence was found supporting the notion
that the reduction in lignin deposition was causative to
the observed aberrant root phenotype.

The remarkable accumulation of intermediates up-
stream of C4H induced by MDCA suggested cinnamic
acid-derived SA as a potential candidate to explain the
observed developmental defects. In Medicago sativa, a
correlation between SA concentration and the level of
lignin reduction was found (Gallego-Giraldo et al.,
2011; Lee et al., 2011), whereas the growth defects of a
lignin biosynthetic mutant in Arabidopsis was partially
restored by reducing the elevated SA levels in planta
(Gallego-Giraldo et al., 2011). We therefore tested for
SA accumulation in MDCA-treated plants. Mass spec-
trometry revealed a mild, but significant increase upon
MDCA treatment. However, replacingMDCA for SA in
the culture medium did not phenocopy the MDCA-
induced developmental defects in Arabidopsis seed-
lings. Hence, no strong evidence was found for a role
for SA in the MDCA-induced growth defects.

Rather than focusing on the perturbed phenylpropanoid
pathway, we reasoned that MDCA itself could have
additional targets, not necessarily related to its in-
hibitory activity on this pathway. Supporting evi-
dence for an alternative target was found in an old
study describing the activity of MDCA in a bioassay
for auxin-type growth regulators (Aberg, 1961). Based
on the growth stimulation of oat and wheat roots, this
compound was cataloged as an antiauxin; however,
the underlying molecular mechanism was never re-
solved (Aberg, 1961). Interestingly, the observed re-
duction in primary root length and the increased
lateral root proliferation observed on the MDCA-
treated Arabidopsis seedlings hinted for a link to
auxin homeostasis (Overvoorde et al., 2010). Also, the
induction of cell division activity in the root tip and
the broadening of the QC region were indicative of an
auxin imbalance, because auxin tightly regulates the
cellular organization of the root meristem (Petricka
et al., 2012; Takatsuka and Umeda, 2014).

The link with auxin was later underpinned by
showing the inability of MDCA to stimulate lateral root
proliferation in the auxin signaling mutants slr, arf7
arf19, and tir1 afb2 afb3, demonstrating the necessity of
functional auxin signaling for the root-related MDCA-
induced phenotypes to occur. Subsequent receptor

binding assays showed thatMDCA itself is not an auxin
analog, suggesting that it acts upstream of TIR1, most
likely affecting auxin levels. This was confirmed by
measuring the levels of auxin and auxin-related com-
pounds in MDCA-treated plants. Besides an increase in
free IAA, the concentrations of IAA conjugates and
degradation products, as well as intermediates of the
auxin biosynthetic pathway, were increased in MDCA-
treated plants. We hypothesized that the MDCA-
mediated increase in auxin content could be a direct
consequence of blocking the phenylpropanoid path-
way at the level of C4H or 4CL. The resulting accu-
mulation of compounds upstream of these enzymatic
steps could affect the shikimate pathway, which pro-
vides Phe to the phenylpropanoid pathway. Impor-
tantly, besides Phe, the shikimate pathway leads to the
precursors of the other two aromatic acids: Tyr and Trp
(Vogt, 2010). This makes it tempting to speculate that
interfering with the phenylpropanoid pathway leads to
an increase in Trp, the precursor of IAA. The interaction
between phenylpropanoid and auxin biosynthesis was
suggested before, when swellings at branch junctions
were observed in the ref3-2 mutant (Schilmiller et al.,
2009). Although no additional evidence was available,
increases in auxin concentration in the cauline leaves
that subtend the swollen nodes were considered the
cause of the growth defects. Our auxin measurements
performed on this mutant are consistent with this hy-
pothesis.

In addition to the link with auxin biosynthesis, the
initial trigger altering auxin levels inside the plant could
be the inhibition of polar auxin transport. The fast re-
sponses observed in the cellular auxin transport assay
(both in BY-2 and Arabidopsis cells) as well as in the
DII-VENUS experiment support such a direct re-
sponse, independent of auxin biosynthesis. To explain
further the molecular mechanism, we investigated
whether flavonoids could act as mediators of the
MDCA-related auxin efflux inhibition. Not only was
the abundance of these phenylpropanoid-derived com-
pounds dramatically altered in MDCA-treated plants,
some have been described as endogenous auxin trans-
port inhibitors (Peer and Murphy, 2007; Yin et al., 2014).
Although the latter has been disputed (Li et al., 2010),
recent evidence suggests that e.g. rhamnosylated
flavonols (namely kaempferol 3-O-rhamnoside-7-O-
rhamnoside) are active compounds inhibiting polar auxin
transport and/or modifying auxin homeostasis in Ara-
bidopsis shoots (Yin et al., 2014 and Kuhn et al., 2016).
Nevertheless, the instant effect of the auxin efflux inhi-
bition in BY-2 cells upon the addition of MDCA is sup-
portive for a fast and most likely direct effect on auxin
transport. In addition, the reduction in flavonoid levels
is difficult to link with the induction of root prolifer-
ation in MDCA-treated plants as the flavonoid de-
pleted tt4-mutant showed a reduction in LRD in our
experimental setup. As MDCA affects different mo-
lecular processes, we cannot exclude a potential ef-
fect of flavonoid reduction that is masked by the
MDCA-mediated induction of auxin biosynthesis.
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Nevertheless, the flavonoid data presented in this study
together with the controversy concerning the role of
flavonoids in the control of polar auxin transport,
suggest that lateral root formation caused by MDCA is
largely independent from flavonoids.
An intriguing question is whether MDCA has a more

general physiological role in planta besides its potential
activity as an allelochemical. The fact that this molecule
has so far only been found in A. officinalis L. is not
supportive for a universal role in plant development.
However, this can be merely due to the fact that it was
never searched for in other plant species. Plants pro-
duce an enormous number of metabolites of which only
a small fraction has been characterized in detail (Fernie
et al., 2004). In addition, most of the current metabolic
profiling projects deliberately avoid the many uniden-
tified compounds and focus only on the known ones,
adding no information to the list of identified or char-
acterized plant metabolites (Fernie et al., 2004). Even if
the presence of MDCA itself cannot be demonstrated in
other plants, we cannot exclude that other plants make
structural analogs that act in a similar way as MDCA.
From this perspective, the dioxole group of MDCA is of
particular interest. This functional group is found in
other plant-derived bioactive molecules belonging to
different chemical classes, including (iso)flavonoids
(e.g. pisatin), lignans (e.g. sesamin and kobusin), and
alkaloids (e.g. sanguinarine, berberin, aristolochic acid,
and narciclasine; Bailey, 1970; Trifunovic et al., 2003;
Ono et al., 2006; Evidente et al., 1983; Gardiner et al.,
2008; Na et al., 2011; Hu et al., 2012; Nakagawa et al.,
2012; Hara and Kurita, 2014). Interestingly, the bioac-
tivity of berberin and coptisin has been linked to the
dioxole group as a structural analog, but without this
functional group (i.e. palmatine), it turned out to be
inactive (Nakagawa et al., 2012). Unfortunately, infor-
mation concerning the molecular targets of the listed
compounds is limited, making it nearly impossible to
deduce a general in planta target for the dioxole-
containing molecules. In animals, cytochrome P450
(CYP450) enzymes were put forward as targets for
dioxole-containing compounds (Lafite et al., 2007),
making it tempting to extrapolate this to MDCA, es-
pecially as several CYP450 enzymes are key in both the
phenylpropanoid and auxin biosynthetic pathway.
However, MDCA has been shown to inhibit 4CL
(Knobloch and Hahlbrock, 1977; Chakraborty et al.,
2009), which is not a CYP450 enzyme. Although the
phenolic profile of MDCA-treated plants is supportive
for an MDCA-mediated inhibition of the CYP450 en-
zyme C4H in the plant, this is most likely the indirect
effect of the metabolism of MDCA into PA, a known
C4H-inhibitor (Schalk et al., 1998). Further exploring
the similarities and differences caused by the methyl-
enedioxy group containing bioactive molecules could
help in unraveling their molecular mechanism. In this
perspective, it is interesting to mention narciclasine, a
dioxole-containing alkaloid isolated from Narcissus
tazetta bulbs (Na et al., 2011; Hu et al., 2012). Similar
to MDCA, narciclasine is considered a potential

allelochemical affecting postembryonic plant develop-
ment by inhibiting auxin responses and modulating
polar auxin transport in the target plant (Na et al., 2011;
Hu et al., 2012).

In conclusion, we found that MDCA not only per-
turbs the phenylpropanoid pathway but also affects
auxin homeostasis by triggering auxin biosynthesis and
interfering with polar auxin transport. The inhibition of
the phenylpropanoid pathway combined with the
modified auxin homeostasis is most likely at the basis of
its property as allelochemical. The activity of MDCA
represents an example of polypharmacology, a little
explored mechanism in which active pharmaceuticals
exert their influence by multiple, instead of single sites
of action (Reddy and Zhang, 2013). The relative im-
portance of both processes in the phytotoxicity of
MDCA remains unknown, but the effectiveness of
hormone perturbation agrees well with the fact that
phytohormonal superauxins have been among the
most successful herbicides used in agriculture for de-
cades (Grossmann, 2010), making MDCA an attractive
candidate to become an agrochemical or synergist.

MATERIALS AND METHODS

Plants, Chemicals, and Growth Conditions

All experiments whereby the effect of MDCA on the plant phenotype was
studied were performed with Arabidopsis [Arabidopsis thaliana Columbia
0 (Col-0)] unless otherwise stated. The transgenic lines were in the same eco-
type: p35S:iaaL, DII-VENUS, DR5rev:GFP, pCYCB1:GUS, pWOX5:GFP,
pKNOLLE:KNOLLE-GFP, pERF115:GUS, tir1 afb2 afb3, slr, arf7 arf19 (Romano
et al., 1991; Lukowitz et al., 1996; Colón-Carmona et al., 1999; Fukaki et al., 2002;
Friml et al., 2003; Dharmasiri et al., 2005; Okushima et al., 2007; Brunoud et al.,
2012; Heyman et al., 2013). Seeds were vapor-phase-sterilized and grown on
0.5 3 MS-medium. The medium was supplemented with one of following
compounds: PA, MDCA, NAA, and SA (Sigma Aldrich). After sowing, seeds
were incubated at 4°C for at least 2 d, whereupon they were placed in the
growth chamber under a 16-h-light/8-h-dark photoperiod regime (long d
photoperiod) at 21°C (24°C for the pERF115:GUS line). Chemical compounds
were dissolved inDMSO and added to the autoclavedmedium prior to pouring
the plates. For the Casparian strip method, PI (Sigma Aldrich) was used to
counterstain the cell wall. The adventitious rooting assay was performed by
placing plates in the dark for 7 d (after a short light pulse of 4 h). Plates were
then exposed to light for 7 d under long d photoperiod. The number of ad-
ventitious roots (above the root-shoot junction) was counted on each seedling.
The ref3-2 mutants used for auxin profiling were grown for 8 weeks on soil
under long d photoperiod.

Plant Phenotyping

To quantify growth parameters and check for aberrant phenotypes, seeds
were grown on round (square) plates for leaf (primary root) growth analysis,
respectively. TwelveDAGplateswere scannedusing theScanmaker9800XLand
root length was measured using the ImageJ software. For leaf area measure-
ments, pictures were converted to black and white figures, after which the leaf
area was measured using the ImageJ software. For each compound, the in-
hibitory concentration (IC50) was calculated, by plotting a dose-response curve
in SigmaPlot. The dose-response curve giving the highest R2-value was used.
The emerged lateral roots and adventitious roots were counted using a binoc-
ular microscope.

Confocal Microscopy and Casparian Strip Assays

Visualization and quantification of the appearance of Casparian strips was
performed as previously described in Naseer et al. (2012). Arabidopsis Col-0
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seeds were germinated on 0.53MS-Medium agar plates after 2 d in darkness at
4°C. Seedlings were grown vertically on 0.53MS-Medium agar supplied with
2.5 mM or 10 mM MDCA. When needed, 100 mM of a monolignol mixture
containing coniferyl and sinapyl alcohol (1:1) was added. For visualization of
the apoplastic barrier, seedlings were incubated in the dark for 2 min in a fresh
solution of 10 mg/mL PI and rinsed in water twice. Confocal laser scanning
microscopywas performed on a LSM5 Exciter confocal microscope (Carl Zeiss).
An excitationwindowof 543 nmwas used and detectionwas done using LP560.
For quantification, “onset of elongation” was defined as the point where an
endodermal cell in a median optical section was more than twice its width.
From this point onwards, cells in the file were counted until PI could no longer
diffuse through the apoplastic barrier, indicating that the Casparian strip was
formed. For each treatment, 10 seedlings were used.

Microscopy

Root cell walls were counterstained with 30 mM PI for Arabidopsis plants
transformed with pKNOLLE:KNOLLE-GFP, pWOX5:GFP, and DR5rev:GFP
constructs. The excitation energy 488 nm was from an argon laser. The PI fluo-
rescence emission was collected between 550 nm and 650 nm, and that of GFP/
YFP between 500 nm and 550 nm. All images were captured with an inverted
LSM 710 META confocal microscope equipped with 203 air objectives (Carl
Zeiss). GUS assays were performed and inspected using differential interference
contrast optics.

Time-Lapse DII-Venus

Seven-d-old Arabidopsis seedlings grown on vertical 0.5 3 MS plates were
used to analyze the effect of MDCA on the DII:VENUS reporter. At the initia-
tion of the time-lapse, three seedlings (biological repeats) were transferred to
glass-bottomed dishes and covered with media containing 1 mM NAA and
10 mMMDCA. The time series started 5 min after the seedlings had been placed
in contact with the media and captured over 42 min (every 3 min) with a LSM
710 META confocal microscope (Carl Zeiss; 203 air objective). Images were
analyzed by using the Fiji software bymeans of total signal from z-projection of
defined region (always the same area).

UHPLC-MS

Arabidopsis seedlings were flash-frozen in liquid N2 and ground in 2-mL
Eppendorf tubes using a Retsch mill (1 min, 20 Hz, 5-mm bead). For metabolite
profiling, 10 to 20 seedlings of each treatment were pooled as one biological
repeat. Samples were extracted with 1 mL methanol and the lyophilized pellets
were subjected to liquid/liquid extraction (80 mL water/80 mL cyclohexane). A
15 mL aliquot of each sample was used for LC-MS analysis. The LC-MS system
consists of an Acquity UPLC system (Waters Corporation) connected to a
Synapt HDMS quadrupole time-of-flight mass spectrometer (Waters MS
Technologies). Chromatographic separation was performed on an Acquity
UPLC BEH C18 column (2.1 3 150 mm, 1.7 mm; Waters Corporation) using a
water-acetonitrile gradient as described in Vanholme et al. (2012). The eluent
was directed to the mass spectrometer equipped with an electrospray ioniza-
tion source and lockspray interface for accurate mass measurements. The MS
source parameters were as follows: capillary voltage, 2.5 kV; sampling cone,
37 V; extraction cone, 3.5 V; source temperature, 120°C; desolvation tempera-
ture, 400°C; cone gas flow, 50 L h21; and desolvation gas flow, 550 L h21. The
collision energy for the trap and transfer cells was 6 V and 4 V, respectively. For
data acquisition, the dynamic range enhancement mode was activated. Full-
scan data were recorded in negative centroid V-mode; the mass range between
m/z 100 and 1000, with a scan speed of 0.2 s scan21, was recordedwithMasslynx
software (Ver. 4.1; Waters Corporation). Leucin-enkephalin (250 pg mL21; sol-
ubilized in water: acetonitrile 1:1 [v/v] with 0.1% [v/v] formic acid) was used
for lockmass calibration, with scanning every 10 swith a scan time of 0.5 s. Data
processing was done with Progenesis QI ver. 2.1 (Nonlinear Dynamics). Peak
areaswere normalizedwith the function “normalize to external standard”, with
dry weight (mg) of the pellet remaining after methanol extraction used as
“external standard”. The peaks were further filtered on (1) their detection in all
replicates of at least one treatment and (2) to have an average normalized peak
intensity area higher than 500 in eitherMDCA- ormock-treated seedlings. Next,
t tests were applied on the 1238 peaks that fulfilled these criteria. A total of
860 peaks had a P value , 0.01. Of these, 247 peaks were at least 10-fold in-
creased in MDCA-treated seedlings and 136 were at least 10-fold reduced. The
top-10 UP list was selected from the 247 increased peaks as those with the

highest normalized peak area in MDCA-treated seedlings, whereas the top-10
DOWN were selected from the 136 decreased peaks as those with the highest
normalized peak area in mock-treated seedlings. For the detection of SA all
UPLC-MS parameters were the same as above, except (1) a mass range between
m/z 100 and 4000 was used; (2) the dynamic range enhancement mode was not
activated; and (3) the enhanced duty cycle mass was set at 137.02. In addition,
peak integration was done with Targetlynx (Waters Corporation) using stan-
dard settings and the peak area ofm/z 137.02 eluting at 10.4 min (corresponding
to SA) was divided by the dry weight of the pellet remaining after methanol
extraction in milligrams.

Auxin Metabolite Profiling

Auxin measurements were performed on Arabidopsis seedlings or leaves in
case of the ref3-2 mutant. Samples were flash-frozen in liquid N2. For auxin
metabolite profiling, 10 seedlings from each treatment were pooled to form one
biological replicate. Extraction and purification of auxin and its metabolites
were done as described previously with minor modifications (Novák et al.,
2012). Frozen samples were homogenized using a MixerMill ball grinder
(Retsch) and extracted in 1 mL 50 mM sodium phosphate buffer (pH 7.0)
containing 1% sodium diethyldithiocarbamate, with the addition of deuterium
and 13C6-labeled internal standards. The pH was adjusted to 2.7 with 1 M
hydrochloric acid, and the extracts were purified onOasis HLB columns (30mg;
Waters Corporation), conditioned with 1mLmethanol, 1 mLwater, and 0.5 mL
sodium phosphate buffer (pH 2.7). After sample application, the column was
washed with 2 mL 5% methanol and then eluted with 2 mL 80% methanol.
Eluates were evaporated to dryness and dissolved in 20 mL of mobile phase
prior to mass spectrometry analysis using a 1290 Infinity LC system and a
6460 Triple Quad LC/MS system (Agilent Technologies; Novák et al., 2012).

Auxin Accumulation Assays

The assays were performed as described before in Petrásek et al. (2003).
Auxin accumulation was measured in tobacco BY-2 cells (Nicotiana tabacum
L. cv Bright Yellow 2; Nagata et al., 1992) or Arabidopsis T87 cells (ecotype
Columbia 0; Axelos et al., 1992) 48 h (BY-2) or 96 h (T87) after subcultivation in
0.5 mL aliquots of cell suspension (target working cell density 7 3 105 cells 3
mL21 (BY-2) as precisely determined by counting in the Fuchs-Rosenthal he-
mocytometer, and 20mg FW3mL21 (T87)). Cultivationmediumwas removed
by filtration on 20 mmmesh nylon filters and cells were resuspended in uptake
buffer (20 mMMES, 10 mM Suc, 0.5 mM CaSO4, pH adjusted to 5.7 with KOH)
and equilibrated for 45 min on the orbital shaker at 27°C in darkness. Equili-
brated cells were collected by filtration, resuspended in fresh uptake buffer, and
incubated with continuous orbital shaking for another 90 min under the same
conditions. Radiolabeled auxins [3H]-naphthalene-1-acetic acid ([3H]-NAA)
and [3H]-2,4-dichlorophenoxy acetic acid ([3H]-2,4-D); specific (molar) radio-
activity 20 Ci/mmol each; American Radiolabeled Chemicals) were added to
the cell suspension to give a final concentration of 2 nM. At indicated time
points, aliquots of cell suspension were sampled and accumulation of radio-
labeled auxins was terminated by rapid filtration under reduced pressure on
cellulose filters (22mm in diameter). Cell cakes with filters were transferred into
scintillation vials, extracted with ethanol (UV-spectroscopy grade) for 30 min
and radioactivity was determined by liquid scintillation counting (Tri-Carb
2900TR Scintillation Counter; Packard Instrument). Counting efficiency was
determined by automatic external standardization and counts were corrected
for quenching automatically. Then counts were corrected for remaining surface
radioactivity by subtracting counts of aliquots collected immediately after ad-
dition of radiolabeled auxin. Inhibitors were added as required from stock
solutions to give appropriate final concentration and proper controls (solvent)
were applied. All accumulation measurements were done at least in triplicate.
Recorded accumulation values were recalculated to 1 million cells (BY-2) or to
10 mg FW (T87).

Auxin-Binding and Antiauxin Experiments Using Surface
Plasmon Resonance

Auxin receptorproteinsAtTIR1andAtAFB5were expressed in insect cells (T.
ni High5) and purified as described previously in Calderón Villalobos et al.
(2012) and Lee et al. (2014). The biotinylated degron peptide representing Aux/
IAA7/14 was purchased from ThermoFisher Scientific and immobilized on
streptavidin-coated SPR chips (GE Healthcare). SPR experiments were run as
described previously in Calderón Villalobos et al. (2012) and Lee et al. (2014).
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Briefly, compounds were added to purified receptor proteins from stock solu-
tions in DMSO to give working concentrations that were 50 mM unless stated
otherwise (DMSO 0.1% final). Controls lacking auxin/compound and controls
containing IAA (50 mM) were run as references at the start and end of every set
of sensorgrams on every protein preparation. Compounds were run in three
separate experiments, with characteristic results shown. For antiauxin runs,
receptor proteins were mixed with 5 mM IAA plus compound at 50 mM. An
antiauxin effect was then determined if the compound competed with IAA,
reducing the amplitude of TIR1/AFB5 binding on the sensorgram.

Microsome Assay

The microsome assay was performed as described in Van de Wouwer et al.
(2016).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Effect of MDCA on germination of Arabidopsis.

Supplemental Figure S2. Metabolites with an altered abundance in 10 mΜ
MDCA-treated Arabidopsis seedlings.

Supplemental Figure S3. UHPLC-MS based detection of PA + hexose and
PA + malate in MDCA-treated Arabidopsis seedlings.

Supplemental Figure S4. Metabolites with an altered abundance in 10 mΜ
MDCA-treated Arabidopsis seedlings.

Supplemental Figure S5. The impact of the MDCA-induced lignin reduc-
tion on the plant phenotype.

Supplemental Figure S6. Detection of SA in 10 mΜ MDCA-treated Arabi-
dopsis seedlings.

Supplemental Figure S7. Chemical and physical characteristics and dock-
ing of MDCA for TIR1.

Supplemental Figure S8. Concentration of auxin and auxin metabolites
after MDCA treatment of Arabidopsis seedlings.

Supplemental Figure S9. Concentration of auxin and auxin metabolites in
the c4h mutant ref3-2.

Supplemental Figure S10. The impact of MDCA on auxin transport in
suspension-grown Arabidopsis T87 cells.
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