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ABSTRACT

Using tolerant (Genoype-1) and susceptible (Genoype-14) genotypes of
cucumber, which differed in their stress tolerance, we studied the effects of
allelochemical stress. The application of ferulic acid (FA) as allelochemical on
cucumber enhanced its resistance to UV-B irradiation and B. cinerea infection. Stress
was imposed either alone and in combination. FA enhanced the 4-coumarate:CoA
ligase (4CL) activity and this was correlated to plant’s tolerance but the activity of
chalcone synthase was not enhanced. Double stress (FA + UV-B) restricted the 4CL
activity but did not affect the accumulation of flavonols. The effect on lignin content
was negligible. Inoculation of seedlings with B. cinerea subjected earlier to FA + UV-
B irradiation reduced the level of 4CL and flavonols. The results did not suggest
cross-tolerance, as both abiotic stresses inhibited the response to B. cinerea.
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INTRODUCTION

Under natural environmental conditions, plants face stresses simultaneously or
sequentially and their effects can be temporary, concurrent or synergic (16,34). The
response to combined stress factors can differ from a single factor (29). However, some
responses are similar or even common, e.g. protection against dehydration connected with
drought and freezing, or oxidative stress and the induction of antioxidant response in
majority of events (3,22,24). Stress factors can activate various signalling pathways and
lead to different responses. A pathway stimulated by one stress can positively or
negatively regulate another signalling pathway (22). The combined impact of UV-B and
drought reduces the water potential in wheat and causes the accumulation of flavonoids
(16). An et al. (1) demonstrated that 0.2% quercetin reduces the SOD activity in soybean
under the influence of UV radiation. Low level of UV radiation increases the freezing
tolerance in winter wheat (43), while combination of heat and drought enhances the
respiration, suppresses photosynthesis, influences the transcription level and sucrose
accumulation (34). Besides, there are some cross-reactions between the abiotic and biotic
stresses (6,36).
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Allelochemicals are important inhibitory/stimulatory factors released from the donor

plant into the environment and they influence the growth and development of other plants
(26). The inhibitory factors are synthesized via the phenylpropanoid pathway. Ferulic acid
(FA) as feruloyl CoA is an intermediate product of this pathway (2,14) and also activates this
pathway (11,32,39). Besides, FA reduces the water use, inhibits foliar expansion and root
elongation, reduces the rates of photosynthesis and induces lipid peroxidation (11,32).
One of the essential enzymes in phenylpropanoid pathway is 4-coumarate:CoA ligase
(4CL EC 6.2.1.12), catalyzing the conversion of 4-coumaric, caffeic, ferulic, 5-
hydroxyferulic and sinapic acids to their corresponding CoA esters in a two-steps, ATP
and Mg**-dependent reaction, in which 4-hydroxycinnamoyladenylate is formed as an
intermediate (9,45). The 4CL is site of plant growth suppression by some phenolic
compounds [chalcone and naringenin (10)] and other plant growth inhibitors (44), its
activity could vary under the influence of allelochemical substances.

Chalcone synthase (CHS, EC 2.3.1.74) catalyzes the condensation of 3-molecules
of malonyl-CoA with 4-coumaryl-CoA, and leads to the formation of flavonoids (8,17).
The activation and expression of CHS occurs at low temperature, infection by pathogens,
UV radiation, etc. (27,30,41). CHS mRNA level increased in Arabidopsis thaliana under
low temperature (4°C) and light induction (27). Furthermore, CHS gene is stimulated by
pathogen infection (5,30).

Flavonoids protects the plants from excessive UV irradiation (13,21,40). While,
antimicrobial chalcone, phytoalexins and lignins protects the plants from fungal attacks
(25). This study aimed to determine the effects of the stress allelochemical namely
ferulic acid on (i) cucumber exposed to enhanced UV-B radiation and Botrytis cinerea
infection, (ii). activity of 4CL and CHS and (iii). accumulation of flavonols and lignin.

MATERIALS AND METHODS

L. Plant material

Two genotypes of cucumber (Genotype 1 - Tolerant, genotype 14 - Susceptible)
differing in response to ferulic acid were used for examining the stress tolerance. Seeds
were purchased from Nochowo “Spéjnia” Polish Seeds Company. Seeds were presoaked
in distilled water for 24 h and then sown in vermiculite (Not Sterilised}, in plastic pots
(10-12 cm dia). Seedlings were grown in a growth chamber [day/night 25/22°C, relative
humidity: 60-65% and 12-h light period at 120 pmol m™ s'1 photosynthetic photon flux
density (PPFD), using fluorescence Philips 58 W/84 sun lamps]. Plants were weekly
watered and fertilized with complete Knop solution (50 cm’/pot). Twenty days old
seedlings were subjected to allelochemical stress and UV-B radiation was applied either
alone or simultaneously and inoculated with B. cinerea.

I1. Allelochemical stress and quantification of ferulic acid

Seedlings were subjected to allelochemical stress by adding 2 mM aqueous
solution of ferulic acid (50 cm® per pot) to vermiculite. The ferulic acid was from Sigma-
Aldrich Chemical Co. Total ferulic acid (free and conjugated) concentration in cucumber
leaves was determined as per Lu efr al. (28). Fresh plant material (0.5 g) was crushed in
mortar and transferred to 25 cm’ flask, to which gradually methanol with 2% sodium
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bicarbonate extraction buffer (95:5 v/v) was added. Samples were placed in an ultrasonic
bath for 100 min at room temperature, then supplemented with extraction buffer to volume
of 25 cm’. Extracts were filtered through a 0.2 pm mesh size filter and placed in
autosampler chamber. Total ferulic acid was determined using high performance liquid
chromatography (HPLC), with a 100 RP-C18 column (4.6 mm x 250 mm) (Chrompack)
and a linear gradient of eluent: A [methanol: acetic acid: water (10:2:88 v/v/v)] and B
[methanol: acetic acid: water (90:2:8 v/v/v)].

II1. UV-B irradiation

UV radiation was supplied for 6 h daily by a TL 20W/01 RS Philips lamp with 18
kJ m? d"' (750 mW m™) irradiance at the canopy level and photon flux density of 3.25
pumol m? s at 315 nm. The irradiance level was measured with a VLX 3W radiometer
(Vilber Lourmat, France).

IV. Extraction and quantification

(i). 4-coumarate: CoA ligase: Leaf samples were collected at 2, 4 and 8 days after FA and
UV-B treatment and after 2 and 4 days of B. cinerea inoculation. Third and fourth leaves
from the top were harvested during the light period. Extraction was done as per method of
Knobloch and Hahlbrock (23) with some modifications, using a 100 mM Tris-HCL buffer
(pH 7.8) containing 5 mM mercaptoethanol and 5% glycerol. Homogenates were mixed
with Dowex AG 1-X2 (0.1 g/ml) at 4°C for 15 min and centrifuged at 23 000 g for 30 min.
Supernatants were used for the determination of the enzymes. The reaction mixture
contained 0.3 mM coenzyme-A, 100 uM p-coumaric acid, 100 mM Tris-HCL buffer, 0.5
mM ATP, 5 mM MgCl, and 100 ul of the extract. The increase in p-coumarate-CoA
content for 10 min was determined spectrophotometrically at 333 nm (Jasco V-530 UV-
VIS Spectrophotometer) and the activity was expressed in [pkat x mg"' protein. Protein
content of extract was determined colorimetrically as per method of Bradford (4).

(ii). Chalcone synthase: Leaf samples were collected at 2 and 8 days after the FA and
UV-B treatment and extracted as per Fisher et al. (18) using 100 mM KH,PO,/K,HPO,
pH 8.0 buffer with 18 mM L-cysteine, 20 mM ascorbic acid and Dowex-1 (0.1 g/ml).
After centrifugation (30 min at 23 000xg), supernatants were collected. The reaction
mixture contained 50 mM KH,PO4/K,HPO, pH 8.0, 20 mM L-cysteine, 2% BSA, 200 uM
4-coumaroyl-CoA, 200 uM [2-"*C] malonyl-CoA and 10-20 mg of enzyme protein.

Samples were incubated for 1 h at 35°C. The reaction was terminated with 20%
HCL and after that shaken for 40 min with 200 uL ethyl acetate. The ethyl acetate layer
was dried in a SpeedVac concentrator. Samples were redissolved in 20 ul methanol and
separated by thin layer chromatography on silica plates (TLC Silica gel 60, Merck Cat. No
5554), using chloroform : ethanol eluent (3:1 v/v). After drying the naringenin was
visualized under a short-wave ultraviolet lamp. The spots of naringenin were cut out and
radioactivity was determined by scintillation counter. Activity was expressed in pmol of
naringenin x min” x mg™' protein.
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(iii). Flavonols: Flavonols in leaves were determined according to Kinnunen et al. (20)
and Stefova et al. (37). Fresh leaf samples were extracted with methanol : hydrochloric
acid : water solution (90:1:1 v/v/v) at a 10:1 solution/tissue fresh weight ratio. The
homogenates were incubated in a water bath at 60°C for 20 min. Samples were
centrifuged (Beckman J20 centrigfuge) at 18 000 x g at + 22°C for 30 min. Absorbance of
the supernatant was determined spectrophotometrically (Jasco V-530 UV-VIS Spectro-
photometer) at 254 nm. The flavonol content was calculated using quercetin as standard
(Sigma-Aldrich, cat. no Q0125) and expressed as ug x g of F.W.

(iv). Lignin: Lignin was quantified using the lignin thioglycolic acid (LTGA) procedure
according to Doster and Bostock (12). Powdered air dried samples (10 mg) were placed in
a Teflon bottle and 5 cm® of 2 N HCI and 0.5 cm’ of thioglycolic acid was added to each
sample and incubated at 95°C for 4 h. The pellets were rinsed in 5 cm® of deionized water,
incubated in 5 cm’® of 0.5 N NaOH for 12 h at room temperature and centrifuged at 850x g
for 30 min. The supernatants were acidified with 1 cm’® of concentrated HCI, incubated at
4°C for 12 h and centrifuged at 850g for 30 min. The pellets were resuspended in 5 cm® of
0.5 N NaOH and the absorbance was measured at A=280 nm using a Jasco UV/VIS
spectrophotometer. The lignin content was expressed in mg of alkali lignin x g of F.W.
(Sigma-Aldrich, 370959)

Statistical analysis

All experiments were repeated and analyzed thrice. Results were subjected to
Anova statistical analysis and Tukey’s test using the MS Excel 2007 package and Sigma
Plot 11.0. Correlation coefficients for the relationship between enzymes activity and
flavonols content were also determined.

RESULTS AND DISCUSSION

Concentration of ferulic acid: The accumulation of ferulic acid in cucumber leaves after
its application as allelochemical substance was less in genotype 1 (170 and 240 % at 2 and
8 d after treatment, respectively) than in genotype 14 (reaching 300 % over control at 8 d).
The absorption was slightly stimulated by UV-B exposure (Fig. 1 and Table 1).

Table 1. The accumulation of ferulic acid (mg x g'f.w.) in cucumber genotypes

Treatment Days after treatment
2 8 2 8
Genotype 1 Genotype 14
Control 0.29 0.57 0.70 0.96
FA 0.79 (+172.4) 1.96 (+243.9) 0.86 (+22.8) 3.80 (+295.8)
FA + UV-B 1.07 (+269.0) 2.01 (+252.6) 0.90 (+28.6) 4.31 (+349.0)

Phenylpropanoid pathway enzymes: After stress factors were applied, the activity of 4-
coumarate:CoA ligase increased and the response varied with cucumber genotype (Fig. 2).
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Figure 1. Effect of FA and FA + UV-B application on ferulic acid accumulation in cucumber genotypes at 2 and
8-days after treatment.
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Figure 2. Effect of FA, UV-B, FA + UV-B and B.cinerea inoculation on the activity of 4-coumarate-CoA ligase
(4CL) in cucumber seedlings (genotype 1 - FA tolerant, genotype 14 - FA sensitive); x-axis — indicate
the control. Values marked with different letters are significantly at P<0.05.
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The 3-folds increase in activity was recorded in genotype 1 but approximately only 50%
increase in genotype 14, especially under FA and UV radiation separately. Under
simultaneous double stress (FA+ UV), 4CL activity increased slightly than under single
stress. Botrytis cinerea infection induced 4CL activity, which was stronger in genotype 1
than in 14, but the level of activity was 3-folds higher than in control. Inoculation of
seedlings subjected to FA and UV radiation reduced the enzyme activities.

The chalcone synthase activity was not induced by ferulic acid but was activated
by UV-B radiation: 3-folds in genotype 1 and 2-folds in genotype 14 (Fig. 3). When both
stresses were applied simultaneously, the activity peaks were lower than when only UV
was applied.
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Figure 3. Effect of FA, UV-B, FA + UV-B on the activity of chalcone synthase in cucumber seedlings (genotype
1 - FA tolerant, genotype 14 - FA sensitive); x-axis — indicate the control. Values marked with
different letters are significantly at P<0.05.

These results confirmed that phenylpropanoid pathway enzymes are modified by
FA, enhanced by UV-B or under combined treatment (39,40,41). Moreover, a stronger
response was found in genotype 1, which was more tolerant to FA and UV than genotype
14 (19). Activation of 4CL under the influence of FA and UV-B was markedly weaker
than exposure to only a single stress. Similarly, both abiotic stresses decreased the 4CL
activation as a defense response to B. cinerea. These observations suggest that one stress
factor may be inhibiting the second one, or under both stresses, defence was weakened.
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Figure 4. Effect of FA, UV-B, FA + UV-B and B.cinerea inoculation on flavonols accumulation in cucumber
seedlings (genotype 1 - FA tolerant, genotype 14 - FA sensitive); x-axis — indicate the control. Values
marked with different letters are significantly at P<0.05.

The stimulatory effects of ferulic acid on 4CL activity are more complex because
many phenolic substances are potential inhibitors of this enzyme (7,10). Even 4CL was
considered as a potential action site of plant growth inhibitors (44), while FA, as shown in
our earlier studies (19) markedly inhibited the growth in both cucumber genotypes. In a
similar experiment on Arabidopsis thaliana (unpublished data), UV irradiation stimulated
the 4CL activity, while p-coumaric and ferulic acids at 0.1 and 1 mM concentrations did
not modify the enzyme activity. Moreover, the interaction of UV radiation and p-coumaric
acid was synergistic in character.

Under the influence of FA and FA+UYV, the increase in 4CL activity was lower in
genotype 14 than in genotype 1, while the absorption of ferulic acid was 2-folds higher in
plants of genotype 14 than genotype 1. It may be concluded that FA caused inhibitory
effects in genotype 14. Such dependence may also result from a feedback reaction -
products inhibition. Under in- vitro conditions, the activity of 4CL was inhibited by
chalcone and naringenin (46).

As seen here, drastic suppression of enzyme was caused by B. cinerea of plants
previously subjected to FA+UV. If activation of 4CL could be related to the defense
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responses and the synthesis of metabolites limiting the spread of pathogen, the pre-
treatment with abiotic stresses would inhibit this mechanism. However, Chassot et al. (6)
showed that although mechanical cell damage increased the resistance to B. cinerea, it was
not necessarily through induction of phenylpropanoid pathway.

Chalcone synthase is directly related to the synthesis of flavonoids. Significant
changes in activity were found under the influence of enhanced UV irradiation in a
combination of FA + UV-B, especially in genotype 1. Ferulic acid did not alter the
activity.

Flavonols and lignin content: Among flavonoids, only the flavonols were identified in
cucumber (15). The content of flavonols increased during the experimental period in plants
exposed to UV-B and under double stress, reaching the highest value on 8" day after
treatment (Fig. 4). Similarly, B. cinerea infection induced the flavonols accumulation.
However, the inoculation of cucumber plants earlier and then subjected to FA+UV
treatment, had no effects on flavonols contents. This was similar to FA treatment.

Flavonols content increases under the influence of many stress factors, including
sunlight and drought (38), enhanced UV radiation (35) and pathogen infection (42). In
cucumber tissues, a slight accumulation of flavonols was found under UV treatment and
the changes were partly correlated with 4CL activity. The highest level of these
metabolites was found due to double stress. This indicates a synergistic effect, though the
FA did not influence the level of flavonols. However, the accumulation of flavonols in B.
cinerea inoculated tissues occurred only in plants not exposed to abiotic factors. This
effect was even stronger than that observed in 4CL activity and confirms suppression of
disease.
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Figure 5. Effect of FA, UV-B and FA + UV-B application on lignin content in cucumber genotypes at 2 and 8-
days after treatment.



Effects of allelochemical stress on the cucumber response to UV-B and B. cinerea 171

Table 2. The lignin level [mg alkalilignin x g f.w.] under FA, UV-B and FA + UV-B in cucumber
genotypes . Values marked with different letters are significantly at P<0.05

Treatment Days after treatment
2 8 2 8
Genotype 1 Genotype 14
Control 26.71 a 26.90 ab 25.24 ab 23.50 a
FA 32.24 (+20.7) ¢ 25.81(-4.1) ab 26.29 (+4.2) a 23.60 (+0.4) a
UV-B 28.99 (+8.5)d 26.18(-2.7) ab 23.73 (-6.0) b 23.37(-0.6) a
FA + UV-B 2434 (-89)b 26.43 (-2.0)ab 24.75 (-2.0) ab 25.05 (+8.5) ab

Potentially crucial phenylpropanoid metabolites include lignin. Exposure of
cucumber genotypes to FA and UV-B irradiation, did not effect their lignin content (Fig. 5
and Table 2). Changes in the lignin measured with thioglycol acid method were negligible,
except 2-days after FA treatment in genotype 1 (20% stimulation). However, Yamasaki et
al. (42) showed that UV radiation affects the lignin accumulation in cucumber leaf
trichomes, while ferulic acid influenced the level of these compounds in cucumber roots
(33). It is likely therefore, that lignin content probably could be increased only in specific
cells or tissues.

CONCLUSIONS

The allelochemical stress caused by ferulic acid, modified the response of
cucumber to UV and to B. cinerea inoculation. Activation of 4CL and CHS and the
accumulation of flavonols were correlated to the genotype tolerance to FA and UV; a
stronger response was found in genotype 1 (more tolerant to allelochemicals and UV) than
genotype 14. The results do not show occurrence of cross-tolerance and even both abiotic
stresses inhibited the response to B. cinerea.
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