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We examined whether allelochemical stress leads to increased lipoxygenase activity in roots of sweet maize (Zea
mays L. ssp. saccharata), pea (Pisum sativum L.) and radish (Raphanus sativum L. var. radicula). The lipoxy-
genase activity of soluble and membrane-bound fractions was assessed in roots after exposure to ferulic and
p-coumaric acids. Lipid peroxidation and membrane injury were determined as indicators of stress. Increased
lipoxygenase activity of both studied fractions was followed by lipid peroxidation and plasma membrane injury.
The results suggest the key role of lipoxygenase in plasma membrane injury during allelochemical stress caused

by administration of hydroxycinnamic acids.
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INTRODUCTION

Changes in the structure and permeability of plasma
membranes occur in plant species in response
to different stress factors. They have been found
to occur in response to allelopathic compounds,
including phenolics (Glass and Dunlop, 1974; Macri
et al., 1986; Vaugham and Ord, 1991; Politycka,
1996; Zeng et al., 2001). Changes in the structure
of membrane components lead to an increase of mem-
brane permeability; leakage of cellular substances,
most frequently ions, is observed (Baziramakenga
et al.,, 1995; Politycka, 1996; Galindo et al., 1999).
One of the reasons for these changes in membrane
permeability is peroxidation of lipids, which takes
place in fragments of polyunsaturated fatty acids con-
tained in the phospholipid content (Catala, 2009).
Hydroxyperoxides are the products of this process.
One of them, malonyldialdehyde (MDA), is known
to be an indicator of peroxidation (Cruz-Ortega, 2002;
Lara-Nuniez et al., 2006). The lipoxygenases (LOXs,
linoleate-oxygen oxidoreductases, EC 1.13.11.12) are
a large group of enzymes that catalyze oxygenation
of polyunsaturated fatty acids (linolic and linoleic
acids) to hydroxyperoxides (Vick and Zimmerman,
1987; Siedow, 1991; Feussner and Wasternack,
2002). Biochemical and molecular studies of dicotyle-
donous species indicate that LOX activity is modulat-
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ed in response to both biotic and abiotic stresses, such
as mechanical wounding, insect feeding and pathogen
attack (Blee, 1998).

Our previous work with cucumber seedlings
showed that ferulic and p-coumaric acids act as
allelopathic stressors triggering increased LOX
activity (Politycka and Bednarski, 2004). Here we
examine whether these phenolic acids induce elevat-
ed LOX activity in other plant species as well.

MATERIAL AND METHODS

PLANT MATERIAL

The study used roots of seedlings of three plant
species belonging to different families: sweet maize
(Zea mays ssp. saccharata L., Graminae), garden
pea (Pisum sativum L., Fabaceae) and radish
(Raphanus sativus L. var. radicula, Brassicaceae).
Seedlings of maize cv. Waza, pea cv. Bohun and
radish cv. Rova were grown in a growth chamber
in glass containers on plates covered with wet filter
paper at 20°C under fluorescent light (Philips lamps,
photon flux density 135 micromoles m?s!) and
a 14 h photoperiod.

Five-day-old (maize), 6-day-old (radish) and
7-day-old (pea) seedlings were subjected to allelo-
chemical stress by immersing their roots in 0.5 mM
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(maize) or 1 mM (pea and radish) solutions of ferulic
and p-coumaric acids. Their age at testing was select-
ed in terms of their different growth dynamics, and
the concentrations of the applied phenolic acids
depended on the sensitivity of the particular species
to their action, which was estimated in preliminary
studies. The roots of control seedlings were
immersed in water. After 30, 60 and 90 min of stress,
root samples were taken and LOX activity was deter-
mined in soluble and membrane-bound fractions. For
analysis of lipid peroxidation, during stress periods
4 h (pea and radish) and 6 h (maize), samples were
successively taken at 1 or 2 h intervals, frozen
at —18°C and stored for analysis. At the same 1 or 2 h
intervals, measurements were made to determine the
index of plasma membrane injury.

LIPOXYGENASE EXTRACTION AND ASSAY

LOX was isolated from soluble and membrane-
bound fractions (Baracat-Pereira et al., 2001).
Samples of frozen roots (0.25 g) were homogenized
using a cooled mortar and pestle at 4°C with 0.025 g
PVP in 2.5 ml 50 mM sodium phosphate buffer (pH
6.5) with added 1 mM phenylmethylsulfonyl fluoride
(PMSF). The homogenate was centrifuged at 18,000
X g for 30 min at 4°C and the supernatant was used
as enzymatic extract of the soluble fraction. Before
isolation of the membrane-bound fraction of enzyme
the pellets were washed twice with sodium phosphate
and centrifuged at 18,000 X g. The pellets were
extracted with 2.5 ml 50 mM sodium phosphate
buffer (pH 6.5) with 1 mM PMSF and 0.25% (v/v)
Triton X-100 added. After centrifugation at 20,000 X
g for 30 min the supernatant was used as enzymatic
extract of the membrane-bound fraction.

The LOX activity of soluble and membrane-
bound fractions was determined spectrophotometri-
cally using linoleic acid as substrate (Wang and
Hildebrand, 1987). In brief, 100 ul enzymatic extract
was added to 1.9 ml substrate mixture containing
0.04 mM emulsified linoleic acid in 0.05 M sodium
phosphate buffer (pH 6.5). The reaction was run
at 25°C. Absorbance was determined at 234 nm.
Lipoxygenase activity was expressed in nanocatales
converted to 100 mg protein. For determination of the
reaction product a molar absorption coefficient
of 23 mM' cm was used (Gibian and Vandenberg,
1987). Determinations were made in 7 replicates.
Protein content was determined according to
Bradford (1976), with bovine serum albumin as the
standard.

LIPID PEROXIDATION

Frozen roots of pea and radish (0.25 g) or maize
(0.5 g) were homogenized in a cooled mortar with
5 ml of a mixture of 0.25% thiobarbituric acid in 10%

panpt PAN
Response of maize, pea a ishhroots to allelochemical stress

www.journals.pan.pl

33

trichloroacetic acid and boiled for 30 min. The refer-
ence sample was the same mixture without any root
sample. After cooling, the homogenate was centrifuged
at 10,000 X g for 10 min and then the absorbance
of the obtained supernatant was measured at 532 and
600 nm. Lipid peroxidation was indicated by
increased malonyldialdehyde (MDA) content (Heath
and Packer, 1968). For estimation of MDA amount
a molar absorption coefficient of 155 mM' cm™ was
used. Determinations were made in 5 replicates.

PLASMA MEMBRANE INJURY INDEX

The plasma membrane injury index was determined
based on leakage of electrolytes from roots, by
measuring the electrical conductivity of the solutions
of ferulic acid and p-coumaric acid or water (con-
trol) in which the seedling roots were immersed.
After those measurements, the solutions with roots
were boiled for 5 min and cooled down, and after
1 h their conductivity was measured. The mem-
brane injury index (I;) was measured according to
the formula (Kacperska, 1991):

I, = (U, - UJU, - U) x 100%

where Uy is the conductivity of solution with roots
subjected to stress, U, is the conductivity of solution
with control roots, and U, is the conductivity of
boiled solution with roots. Determinations were
made in 3 replicates.

STATISTICAL ANALYSIS

The significance of LOX activity results was checked
by multiple-range ANOVA, and for MDA content by
one-way ANOVA with Duncan's test at P<0.05.

RESULTS

LIPOXYGENASE ACTIVITY

In maize roots after 30 min of allelochemical stress,
ferulic acid increased the activity of LOX in the sol-
uble fraction by 55% versus the control, and
p-coumaric acid by 36% (Fig. 1). In roots treated
with ferulic acid, LOX activity decreased, reaching
the control level after 90 min. On the other hand, in
roots treated with p-coumaric acid we saw a gradual
increase of LOX activity in the soluble fraction: after
60 min it was 58% higher than in the control, and
after 90 min it was 70% higher. In the membrane-
bound fraction the effect of ferulic acid appeared
after 30 min as 37% higher enzyme activity versus
the control. In the p-coumaric acid treatment the
increase of LOX activity occurred at 60 min (36%
higher), and at 90 min the increase was 51% versus
the control.
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Fig. 1. Activity of soluble and membrane-bound lipoxyge-
nase in maize roots treated with 0.5 mM ferulic and
p-coumaric acids. Bars with the same letter do not differ
significantly at P<0.05.
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Fig. 3. Activity of soluble and membrane-bound lipoxyge-
nase in radish roots treated with 1 mM ferulic and
p-coumaric acids. Bars with the same letter do not differ
significantly at P<0.05.

Changes in LOX activity in roots of pea are
shown in Figure 2. Treatment with ferulic and
p-coumaric acids there led to a gradual increase
LOX activity in both fractions. The effect of
p-coumaric acid appeared earlier and was stronger.
After 30 min of exposure to ferulic acid there were
no significant changes in LOX activity in the soluble
or membrane-bound fractions, but in the p-coumaric
acid treatment it was 52% higher in the soluble frac-
tion and 115% higher in the membrane-bound frac-
tion. LOX activity increased versus the control
in roots treated with ferulic acid by 39% (60 min)
and 68% (90 min) in the soluble fraction, and 61%
and 105% in the membrane-bound fraction. At the
same intervals, stimulation of LOX activity by
p-coumaric acid was stronger: after 60 min the
increase was 118% in the soluble fraction and 146%
in the membrane-bound fraction; after 90 min the
increase was 160% in the soluble fraction and 189%
in the membrane-bound fraction.
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Fig. 2. Activity of soluble and membrane-bound lipoxyge-
nase in pea roots treated with 1 mM ferulic and p-coumaric
acids. Bars with the same letter do not differ significantly
at P<0.05.

LOX activity also increased in both fractions
of roots of radish treated with ferulic and
p-coumaric acids (Fig. 3). After 30 min in the fer-
ulic acid treatment it was 62% higher in the soluble
fraction versus the control, 124% higher at 60 min,
and 209% higher at 90 min. Stimulation
of LOX activity in the soluble fraction was strong
throughout the whole experiment in roots exposed
to p-coumaric acid. After 30 min it increased
128%, after 60 min it increased 216% and at 90
minutes it was 280% higher than the control. In the
membrane-bound fraction the increase of LOX
activity in response to both allelochemical treat-
ments was 60% after 30 min, 127% after 60 min,
and 178% after 90 min.

LIPID PEROXIDATION

After 2 h, maize roots treated with 0.5 mM solution
of ferulic acid showed a 22% increase of MDA level
versus the control, and a 36% increase in response
to the same concentration of p-coumaric acid (Fig. 4).
With time there were further increases. After 6 h the
level was 53% (ferulic acid) and 72% (p-coumaric
acid) higher than the control.

As in maize, lipid peroxidation was altered
in treated pea roots (Fig. 5). Already in the first hour
there was a significant increase of MDA content, by
22% (ferulic acid) and 8% (p-coumaric acid) versus
the control. The MDA level gradually increased with
time. At 4 h it was 54% (ferulic acid) and 70%
(p-coumaric acid) higher than the control.

Changes in the degree of lipid peroxidation in
radish roots are shown in Figure 6. In the first hour
the increase of MDA was significant only in the
p-coumaric acid treatment, and was 24% versus the
control. After 2 h the MDA level increased 93% ver-
sus the control in both allelochemical treatments.
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Fig. 4. Lipid peroxidation in maize roots treated with
0.5 mM ferulic and p-coumaric acids.
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Fig. 5. Lipid peroxidation in pea roots treated with 1 mM
ferulic and p-coumaric acids.

MDA content decreased to the control level after
3 and 4 h of stress.

PLASMA MEMBRANE INJURY

Membrane injury occurred in maize roots
as early as 1 h after the beginning of treatment (Fig.
7). The effect of p-coumaric acid was greater than
that of ferulic acid, and the degree of injury
increased with time. After 6 h the injury index
reached 11% in roots treated with ferulic acid and
18% in roots treated with p-coumaric acid.

In pea roots, membrane injury followed a simi-
lar pattern (Fig. 8): the effect of p-coumaric acid was
stronger. After 4 h the injury index reached 14%
in roots treated with ferulic acid and 18% in roots
treated with p-coumaric acid.

In radish roots we noted no differences in the
action of ferulic and p-coumaric acid in terms
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Fig. 6. Lipid peroxidation in radish roots treated with
1 mM ferulic and p-coumaric acids.

of plasma membrane injury (Fig. 9). Four h after
introduction of stress the index was 18.5% on
average.

DISCUSSION

In this work we found that LOX activity was signifi-
cantly higher in the soluble fraction than in the
membrane-bound fraction of the roots of all exam-
ined species. LOX activity has been observed in sev-
eral cell fractions including chloroplasts, mitochon-
dria, vacuoles, lipid bodies and membranes, but the
highest activity was associated with soluble cyto-
plasm fractions (Liavonchanka and Feussner,
2006). The observed induction of LOX activity in the
roots of maize, pea and radish treated with ferulic
and p-coumaric acids may have proceeded in
response to accumulation of hydrogen peroxide
(H,0,), whose generation we observed in previous
studies following the same experimental design
(Gmerek and Politycka, 2010). H,O,, increased at the
same time as induction of LOX activity. H,O, is
believed to perform a signalling role, and the signal
transduction activated by H,0, leads to activation of
LOX and to peroxidation of lipids, among other reac-
tions (Eshdat et al., 1997)). The physiological role of
LOX in higher plants is not fully recognized, but there
many reports indicating increased activity of this
enzyme in response to stress factors (Kacperska,
1991; Blee, 1998; Porta and Rocha-Sosa, 2002;
Liavonchanka and Feussner, 2006; Eckardt, 2008).
LOX carries out peroxidation reactions on plasma
membrane lipids, which could increase the level of
lipid unsaturation and increase membrane fluidity.
Here we showed that ferulic and p-coumaric acids
evoke peroxidation of lipids in the roots of all three
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Fig. 7. Injury index of plasma membranes in maize roots
treated with 0.5 mM ferulic and p-coumaric acids.
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Fig. 8. Injury index of plasma membranes in pea roots
treated with 1 mM ferulic and p-coumaric acids.
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Fig. 9. Injury index of plasma membranes in radish roots
treated with 1 mM ferulic and p-coumaric acids.

studied plant species. The process of lipid peroxida-
tion consists of three stages: initiation, propagation
and termination (Catala, 2006). The initiation phase
of lipid peroxidation is the abstraction of hydrogen
atoms from lipid molecules. Several free radicals
are responsible for this, one being hydroxyl radical
(Gutteride, 1988). Earlier we observed a significant

increase in the content of this form of reactive oxy-
gen in roots of maize, pea and radish as early as
30 min after treatment with ferulic and p-coumaric
acids (Gmerek and Politycka, 2010). Peroxidation of
lipids is particularly damaging because the products
of this process lead to the spread of further free rad-
ical reactions (Catala, 2009). Peroxidation of fatty
acyl groups occurs mostly in phospholipids of plas-
ma membranes, altering their permeability (Nigam
and Schewe, 2000). In our present work we found
plasma membrane injury attributable to the action
of ferulic and p-coumaric acid on roots of the three
plant species. Studies on cucumber roots and
sorghum showed that injury to membranes under
the influence of allelopathic compounds were pro-
portional to lipid peroxidation measured as MDA
content (Politycka, 1996; Zeng et al., 2001). In pea
and maize roots a gradual increase of MDA level
lasted through the whole period of the experi-
ments. In radish roots the changes in MDA level
were not great, and were highest level in the second
hour of stress. The differences in lipid peroxida-
tion between the species probably were due to dif-
ferences in the number of the generated reactive
oxygen species (ROS), which we documented in
earlier work. Under the action of ferulic and p-
coumaric acids, significantly less ROS developed in
radish than in pea and maize roots (Gmerek and
Politycka, 2010). A dependence between ROS level
and lipid peroxidation was also observed in toma-
to roots subjected to allelopathic stress by treat-
ment with an extract from Callicarpa acuminata
(Cruz-Ortega et al., 2002).

The role of LOX in the stress response is com-
plex. One suggested function of LOX in stress condi-
tions is its participation in initiation of protective and
acclimatization processes (Blee, 1998; Eckardt,
2008). LOX catalyses the first reaction in the synthe-
sis of compounds derived from polyunsaturated fatty
acids, called oxylipins (Feussner and Wasternack,
2002; Eckardt, 2008). The best-characterized
oxylipin is the precursor of jasmonic acid, 12-oxy-
phytodienoic acid (Block et al., 2005). Numerous bio-
logically active oxylipins are formed nonenzymatically
via the action of ROS, which are also accumulated
under the influence of different stress factors. They
have been shown to activate the expression of stress
response genes, leading to enhanced protection
against oxidative stress (Eckardt, 2008).
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