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ABSTRACT: Chlorsulfuron and imazethapyr (herbicides that inhibit acetolactate synthase; ALS, EC 4.1.3.18) produced a strong
accumulation of hydroxycinnamic acids that was related to the induction of the first enzyme of the shikimate pathway, 3-deoxy-D-
arabino-heptulosonate 7-phosphate synthase (EC 2.5.2.54). The exogenous application of two hydroxycinnamic acids, ferulic and p-
coumaric acids, to pea plants resulted in their internal accumulation, arrested growth, carbohydrate and quinate accumulation in the
leaves, and the induction of ethanolic fermentation. These effects resemble some of the physiological effects detected after
acetolactate synthase inhibition and suggest important roles for ferulic and p-coumaric acids in the mode of action of herbicides
inhibiting the biosynthesis of branched chain amino acids.
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’ INTRODUCTION

The aromatic amino acids phenylalanine, tryptophan, and
tyrosine are the final products of the shikimate pathway. In higher
plants, these aromatic amino acids have a dual purpose, serving as
both substrates for protein synthesis and as precursors for the
synthesis of a vast array of secondary metabolites, such as hydro-
xycinnamic acids, which are the precursors of lignin and other
phenolic acids. The first enzyme in the shikimate pathway is
3-deoxy-D-arabino-heptulosonate 7-phosphate synthase (DAHPS;
EC 2.5.2.54), which catalyzes the condensation of phospho-
enolpyruvate and erythrose-4-phosphate to 3-deoxy-D-arabino-
heptulosonate 7-phosphate. The L-phenylalanine ammonia lyase
(PAL; EC 4.3.1.5) enzyme links the flow of metabolites between
primary and secondary metabolism, catalyzing the deamination
of phenylalanine to yield trans-cinnamic acid, which is the
common precursor for the biosynthesis of phenolic derivatives.

The imidazolinones and the sulfonylureas are two classes of
herbicides with a common mechanism of action: inhibition of
acetolactate synthase (ALS, also known as acetohydroxyacid
synthase; EC 4.1.3.18). ALS is the first common enzyme in the
biosynthesis of branched chain amino acids: valine, leucine, and
isoleucine. The discovery of the well-established mechanism of
action of both type of herbicides was almost simultaneous.1,2

The mode of action of imidazolines and sulfonylureas has not
been completely elucidated, although several physiological effects
are well-known. These herbicides affect carbon metabolism by
decreasing the sink strength of the roots, which causes carbohy-
drate accumulation in the leaves of treated plants. It has also been
reported that a metabolic alteration, which is probably related to
an imbalance in amino acid metabolism, impairs the carbohydrate
utilization by the roots of plants treated with ALS inhibitors.3

Moreover, besides not consuming available carbohydrates, which
in fact accumulate, several futile pathways, pyruvate decarboxylase
(EC 4.1.1.1; PDC) and alcohol dehydrogenase (EC 1.1.1.1;
ADH), in the ethanolic fermentative pathway4 and alternative
respiratory pathway5 are induced in these roots.

More recently, it has been reported that herbicides that inhibit
branched chain amino acid biosynthesis affect the shikimate
pathway. Quinate, which is a metabolite synthesized in a lateral
branch of the shikimate pathway, is accumulated in the leaves of
herbicide-treated plants.6 In addition to the shikimate pathway,
previous studies have also shown an increase in the secondary
metabolites that are derived from aromatic amino acids in
sulfonylurea-treated plants and has been detected by an increase
in PAL activity and hydroxycinnamic acid content.7�9 Treatment
with sulfonylurea herbicides induced a strong accumulation of p-
coumaric acid, caffeic acid, ferulic acid, and synapic acid in sun-
flower hypocotyls.8 Nevertheless, it remains to be established
whether the induction of secondarymetabolism is a general effect
of ALS inhibitors independently of the herbicide's chemical class
(sulfonylurea or imidazolinone) or it is a specific effect of sulfonyl-
urea herbicides.

Plants release organic compounds into the environment, which
both positively and negatively influence the growth and devel-
opment of neighboring plants via a phenomenon called allelo-
pathy that is mediated by allelochemicals.10 A large number of
compounds are considered allelochemicals. Among them, the
hydroxycinnamic acids, p-coumaric acid and ferulic acid, are well-
known allelochemical agents11 that mainly inhibit the growth of
plants.12 Because after ALS inhibition by sulfonylureas p-cou-
maric acid and ferulic acid accumulation,9 it is possible that the
growth inhibition that is detected after herbicide application may
be related to hydroxycinnamic acid accumulation. To evaluate
whether p-coumaric acid and ferulic acid mediate the toxic effects
of the herbicides or even can mimic their action, the exogenous
application of both hydroxycinnamic acids should be compared
with the effects of herbicidal treatment.
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The first objective of the study presented here was to ascertain
whether there was a general pattern of hydroxycinnamic acid
content (p-coumaric acid, caffeic acid, ferulic acid, and sinapic
acid) following ALS inhibition independently of the herbicide
chemical class. For this purpose, the hydroxycinnamic acid
content and DAHPS were studied in pea plants treated with
two classes of ALS inhibitors, chlorsulfuron (a sulfonylurea) and
imazethapyr (an imidazolinone). We detected a strong accumu-
lation of p-coumaric acid and ferulic acid after the application of
both types of herbicides. These findings led us to investigate the
role of these compounds in the mode of action of the herbicides
by exogenously applying ferulic or p-coumaric acid to pea plants
and studying their possible effects on carbon metabolism and
quinate content.

’MATERIALS AND METHODS

Materials and Instrumentation. Commercial imazethapyr
(Pursuit) was supplied by BASF SA (Barcelona, Spain), and commercial
chlorsulfuron (Glean) was supplied by Dupont (Dupont Ib�erica SA,
Barcelona, Spain). All of the other reagents were obtained from Sigma
Chemical Co. (St. Louis, MO).

High-performance liquid chromatography (HPLC) detection was
performed using a Waters 2690 Separation Module with a Waters
2487 UV detector (Waters, Milford, MA). Capillary electrophoresis
was conducted using a P/ACE system 5500 (Beckman Instruments,
Fullerton, CA). Ion chromatography was performed using a DX-500
system (Dionex Corporation, Sunnyvale, CA). All of the spectrophoto-
metric determinations used a Synergy HT microplate reader (Biotek

Figure 1. p-Coumaric (A and E), caffeic (B and F), ferulic (C and G), and synapic (D and H) acid content in the leaves (A�D) and roots (E�H) of
control pea plants or plants treated with imazethapyr or chlorsulfuron. Each value is the mean ( standard error (n = 5). Symbols indicate significant
differences between the control and imazethapyr (*) or the control and chlorsulfuron (†) on a given day (p < 0.05).
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Instruments, Inc., VT). Polyacrylamide gels were electrophoresed using
the Mini-Protean 3 system (Bio-Rad, Hercules, CA).
Plant Material and Treatment Application. Pea plants (Pisum

sativum L. cv. Snap Sugar Boys) were grown as previously described.4 In
total, 69 μM (20 mg/L active ingredient) imazethapyr, 28 nM (10 μg/L
active ingredient) chlorsulfuron, 1 mM ferulic acid, or 1 mM p-coumaric
acid were applied to the nutrient solution when the plants were 12 days
old. The nutrient solution was replaced every 3 days. No one of the
concentrations tested modified the pH of the nutrient solution sig-
nificantly. With or without products, the pH of the nutrient solution was
maintained between 6 and 7 for the whole period of treatment.

Plant samples were collected at 0, 1, 3, 7, 10, and 15 days. In indicated
cases, the study only included the harvest at day 7 or day 15. At harvest,
samples were taken, immediately frozen in liquid nitrogen, and stored at
�80 �C for further analytical determinations.
Hydroxycinnamic Acid Determination. The p-coumaric acid,

caffeic acid, ferulic acid, and sinapic acid content was assessed using
HPLC, as previously described.6

Carbohydrate Determination. The glucose, fructose, sucrose,
and starch content were determined using capillary electrophoresis, as
previously described.3

Quinate Content. Quinate determination in pea leaves was
measured using ion chromatography as described previously.6

PAL Assay. The PAL activity was determined in pea roots, using
methods previously described13 with the following modifications: No
filtration using Sephadex G 25 columns was performed, the reaction
proceeded for 1 h at 37 �C, and after the addition ofHCl, themixture was
centrifuged at 5000g for 5 min.
Lignin Content. The lignin content was determined in pea roots

according to previously described methods.13

DAHPS, PDC, ADH, and Western Blot Analysis. DAHPS
Western blots were produced using standard techniques. DAHPS anti-
body was produced by a custom peptide facility (Biogenes, Berlin,
Germany) using a short, conjugated peptide as an antigen (C-QFAKPR-
SDSFEEKN). The antibody was raised in rabbits using standard
protocols from the manufacturer, and the primary antibody dilution
was 1:1000. PDC andADHWestern blots were performed, as previously
described.14

Statistical Analysis. Findings were examined using the one-way
analysis of variance. Each mean value was calculated using samples from
different single plants as replicates. Significant differences between each
treatment and control plants (untreated plants) are highlighted in the
figures with different symbols for each treatment [(p < 0.05) on a given
day of treatment by the Fisher test].

’RESULTS AND DISCUSSION

The supply of 69 μM imazethapyr or 28 nM chlorsulfuron
caused similar effects on pea growth when added to the nutrient
solution and caused plant death 22�23 days after the onset of the
treatment. These effects on pea growth have been previously
published.3,4 Although the two herbicides belong to different
chemical classes, the similar physiological effects are consistent
with the effects of ALS inhibition as the common mechanism of
action.

The contents of hydroxycinnamic acid in the leaves and roots
were significantly affected by both herbicides (Figure 1). The
leaves of treated plants showed an accumulation of p-coumaric
acid, caffeic acid, ferulic acid, and sinapic acid. However, different
patterns for each acid were suggested after the imazethapyr or
chlorsulfuron treatment. The sinapic acid content in treated
roots was significantly reduced after chlorsulfuron or imazetha-
pyr treatment, as compared with those in the control roots at
days 3 and 10 from the onset of the treatment (Figure 1H),

whereas the p-coumaric acid, caffeic acid, and ferulic acid
contents in the roots of imazethapyr- and chlorsulfuron-treated
plants were significantly increased throughout the experimental
period (Figure 1E�H). The results indicate that ALS inhibition
induces the accumulation of hydroxycinnamic acids, which has
been previously reported for sulfonylureas.8,9 In addition, the
accumulation of hydroxycinnamic acids was higher in the roots in
comparison with that in the leaves of treated plants.

The detected induction of secondary metabolites that were
derived from aromatic amino acids suggested a coordinated res-
ponse of the shikimate pathway. To evaluate the possibility of a
higher carbon flow through the shikimate pathway, the effect of
herbicides on the amount of DAHPS protein was evaluated. As
expected, the induction of secondary metabolism after the treat-
ment with ALS inhibitors was associated with an induction of the
first enzyme of the shikimate pathway in pea roots (Figure 2). In
plants, DAHPS is subject to regulation by developmental and
other environmental factors, such as abiotic stresses. Exposure of
potato cells to the herbicide glyphosate or wounding showed in-
creased DAHPS protein levels and activity.15 Moreover, several
other studies have revealed that the plant response to an environ-
mental stimulus, which includes an increase in secondary meta-
bolites, is associated with an increase in DAHPS activity.16�18

After the effect of chlorsulfuron and imazethapyr treatments
on the content of several hydroxycinnamic acids was determined,
we investigated the possible role of p-coumaric acid and ferulic
acid in the mode of action of ALS inhibitors. Commercially avai-
lable ferulic acid and p-coumaric acid were included in the
nutrient solution of pea plants, and their effects were compared
with those reported after herbicidal treatment. The objective was
to verify whether these compounds mediated the toxic effects of
the herbicides or even can mimic their action. On the basis of
previously reported doses,19 1 mM p-coumaric or ferulic acid was
used. After the p-coumaric acid and ferulic acid concentrations in
the nutrient solution were monitored during the experiments, we
established that refreshing the nutrient solution every 3 days was
sufficient to minimize microbial contamination and to maintain
hydroxycinnamic acid availability.

The supplementation of 1 mM p-coumaric acid or ferulic acid
led to a dramatic increase of these compounds in the roots, and
the levels of p-coumaric acid (Figure 3D) and ferulic acid
(Figure 3B) were similar to or higher than those detected after
ALS inhibition. These findings validate other studies comparing
the physiological effects of p-coumaric acid and ferulic acid. The
accumulation of p-coumaric acid and ferulic acid was also
detected in the leaves (Figure 3A,C), demonstrating that p-
coumaric acid and ferulic acid were absorbed by roots and
translocated to the leaves.

The abilities of supplemented ferulic acid or p-coumaric acid
to inhibit pea growth were similar. Root elongation was arrested

Figure 2. Immunoblots of DAHPS in roots of control (C) pea plants or
those treated with imazethapyr (IM) or chlorsulfuron (CS) 3, 7, 10, or
15 days after treatment. Each lane contains 40 μg of protein.
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within the first day, and the shoot growth was arrested after
10 days (Figure 4). Benzoic and cinnamic acid derivatives are
among the most studied and well-known allelochemicals, prob-
ably because of their wide distribution,20 and the inhibitory effects

of ferulic acid and p-coumaric acid on the growth of different
species have been widely reported.19,21�24

To evaluate whether the exogenous supply of ferulic acid or p-
coumaric acid mimicked the herbicide treatment, the most
significant physiological effects detected after ALS inhibition,
including the carbohydrate content, ethanolic fermentation, and
quinate content, were assessed in the plants supplied with ferulic
acid and p-coumaric acid. Although the sucrose and starch
contents were not affected in the roots of treated plants (data
not shown), soluble sugars and starch accumulated in the leaves of
pea plants treated with ferulic acid or p-coumaric acid (Figure 5).
Fructose accumulation was only evident at the initial and final
phases of the treatment, whereas sucrose and glucose accumu-
lated throughout the whole treatment, and starch accumulated
starting on day 7. Similarly, carbohydrate accumulation has been
detected in the leaves of plants treated with ALS inhibitors; after
herbicide treatment, the increased carbohydrate content in the
leaves is caused by a decrease in sink strength because unmeta-
bolized carbohydrates had accumulated in the roots.3 Soybean
roots supplied with ferulic acid accumulated carbohydrates, but
no conclusions regarding the physiological causes of the carbo-
hydrate accumulation were provided.25 It is possible that respira-
tion might be involved because respiration is the main pathway
that consumes carbohydrates, and the effects of phenolic acids on
the overall respiratory metabolism are stimulatory or inhibitory
depending on the phenolic acid concentration.20

After the exogenous supplementation of ferulic acid and p-
coumaric acid for 7 and 15 days, the induction of PDC and ADH
protein expression was detected (Figure 6). Similarly, ALS in-
hibition increased aerobic fermentation after, due to increases in
the levels of fermentative enzymes.4 Two facts have been pro-
posed that are related to the induction of aerobic fermentation
after ALS inhibition. First, pyruvate is a common substrate of ALS
and PDC enzymes, and ALS inhibition involves the increased

Figure 3. Ferulic acid (A and B) and p-coumaric (C and D) content in the leaves (A and C) and roots (B and D) of control pea plants or those treated
with ferulic acid or p-coumaric acid supplied in the nutrient solution. Each value is the mean ( standard error (n = 5). Symbols indicate significant
differences between the control and p-coumaric acid (∧) or the control and ferulic acid (#) on a given day (p < 0.05).

Figure 4. Shoot length (A) and root length (B) of control pea plants or
plants treated with p-coumaric acid or ferulic acid supplied in the
nutrient solution. Each value is the mean ( standard error (n = 8).
Symbols indicate significant differences between the control and p-
coumaric acid (∧) or the control and ferulic acid (#) on a given day
(p < 0.05).
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availability of pyruvate for other enzymes, such as PDC.26

Second, some abiotic stresses that are not related to hypoxia
induce the expression of ADH and PDC.27,28 Indeed, it has been
proposed that fermentation has a general function in aerobic
metabolism under stress conditions and may be an important
switch in regulating carbohydrate metabolism.29 Fermentative
induction after the treatment of hydroxycinnamic acids is not
easily correlated to pyruvate availability. Therefore, the fermen-
tative response may be considered a physiological effect that is
induced under stress. Ferulic acid and p-coumaric acid caused an
accumulation of quinate in pea plant leaves from the initial stages
of treatment (Figure 7). Quinate was accumulated after ALS
inhibition6 and was a common effect of ALS inhibitors and the
herbicide glyphosate. Also, the exogenous application of quinate
partially mimicked herbicide treatment, suggesting a role for
quinate in the mode of action of ALS inhibitors and glyphosate.6

In the present study, quinate was also accumulated in leaves after
the exogenous application of ferulic acid and p-coumaric acid,
suggesting cross-effects among the three compounds.

The exogenous application of ferulic acid or p-coumaric acid
to pea plants caused the internal accumulation of ferulic acid or
p-coumaric acid, growth arrest, carbohydrate and quinate accu-
mulation in the leaves and the induction of ethanolic fermentation

(Figures 3�7). All of these results resemble some of the
physiological effects that have been detected after ALS inhibitor
treatment and suggest the possibility that ferulic acid and p-
coumaric acid play a role in the mode of action of herbicides that
inhibit branched chain amino acid biosynthesis. Cinnamic acid
derivatives do not present a sole target in the cell but affect many
physiological processes.20 It is difficult to discern whether some
of the specific physiological effects are primary or secondary
consequences of the treatment.11

The inhibitory effects of ferulic acid and p-coumaric acid
treatments on plant growth have been related to an increase in
the lignin content.23,24,30 Two explanations have been proposed
to link the supply of these phenolic acids and the increased
lignification process. First, it has proposed a model of the mode

Figure 5. Fructose (A), glucose (B), sucrose (C), and starch (D) content in the leaves of control pea plants or those treated with p-coumaric acid or
ferulic acid supplied in the nutrient solution. Each value is the mean ( standard error (n = 4). Symbols indicate significant differences between the
control and p-coumaric acid (∧) or the control and ferulic acid (#) on a given day (p < 0.05).

Figure 6. Immunoblots of PDC and ADH in the roots of control (C)
pea plants or those treated with p-coumaric acid (CA) or ferulic acid
(FA) at 7 or 15 days after treatment. Each lane contains 40 μg of protein.

Figure 7. Quinate content in the leaves of control pea plants or plants
treated with p-coumaric acid or ferulic acid supplied in the nutrient
solution. Each value is the mean ( standard error (n = 4). Symbols
indicate significant differences between the control and p-coumaric acid
(∧) or the control and ferulic acid (#) on a given day (p < 0.05).
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of action of phenolic acids and suggested that increased lignifica-
tion is a secondary effect of oxidative stress.31 In this model,31 the
activity of phenolic acids is associated with their transformation
into oxidized forms. During phenol oxidation, reactive oxygen
species are produced that are responsible for lipid peroxidation. A
consequence of lipid peroxidation may be the induction of
lipoxygenase, which may initiate a chain of reactions leading t
o ethylene production. Ethylene production is followed by
PAL induction, which increases lignin synthesis, contributing
to growth inhibition. Second, ferulic acid and p-coumaric acid
may be directly channeled into the phenylpropanoid pathway
and may increase the amount of lignin monomers, solidifying the
cell wall and restricting root growth.24,32 Lignin is synthesized
from phenylalanine, which is an end product of the shikimate
pathway, and lignin accumulation is accompanied by the activa-
tion of enzymes that mediate lignin biosynthesis, such as PAL.
Although PAL activity is increased after ALS inhibition by chlor-
sulfuron in sunflower hypocotyls,8 measurements of the lignin
content in plants treated with ALS inhibitors have not been pub-
lished previously. Therefore, we investigated the effects of ferulic
acid and imazethapyr treatments on both the PAL activity and
the lignin content (Figure 8).

Although PAL activity was induced after the supply of the syl-
fonylurea, chlorsulfuron,9 no effect on PAL root activity was de-
tected after the supply of the imidazolinone imazethapyr (Figure 8A).
PAL activity only showed transient decrease after 7 days of ferulic
acid treatment (Figure 8A). PAL activity may be inhibited,24

stimulated,30 or unaffected33 by different phenolic allelochem-
icals. Although ferulic acid has been previously shown to pro-
mote a general increase in lignin content, we only detected a
transient, nonsignificant increase in the lignin content in the

roots of plants treated with ferulic acid (Figure 8B). This dif-
ference might be due to the duration of the experiment, as our
study (2 weeks) was much longer than those previously reported
(usually no longer than 3 days).

To our knowledge, this is the first report studying effects of
ALS inhibitors on lignin content. We found that the lignin con-
tent was increased in imazethapyr-treated roots at day 10 from
the onset of treatment (Figure 8B). Although assessing the
lignification at the end of the study appeared to provide a relation
with the root growth, it is not likely to be the only cause because
the growth inhibition was detected only 24 h after the onset of
the treatment. The lignification was probably due to a greater
carbon flow through the shikimate pathway, which was indicated
by the showed increased amount of DAHPS (Figure 2).

Currently, new pesticides are being developed to replace the
compounds that no longer meet legislative requirements. The
discovery of more compounds is needed to combat the evolution
of resistance.34 In this context, natural product-based herbicides
are being discovered, and phenolic derivatives may play an im-
portant role because of their well-established allelopathic effects.
In the current study, the mode of action of ferulic acid and
p-coumaric acid was evaluated, and we identified several simila-
rities with the mode of action of herbicides that inhibit branched
chain amino acid biosynthesis.
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