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Abstract Phenylalanine ammonia-lyase (PAL) activity,

11 phenolic acids and lignin accumulation in Matricaria

chamomilla roots exposed to low (3 lM) and high (60 and

120 lM) levels of cadmium (Cd) or copper (Cu) for 7 days

were investigated. Five derivatives of cinnamic acid

(chlorogenic, p-coumaric, caffeic, ferulic and sinapic acids)

and six derivatives of benzoic acid (protocatechuic, vanillic,

syringic, p-hydroxybenzoic, salicylic acids and proto-

catechuic aldehyde) were detected. Accumulation of

glycoside-bound phenolics (revealed by acid hydrolysis)

was enhanced mainly towards the end of the experiment,

being more expressive in Cu-treated roots. Interestingly,

chlorogenic acid was extremely elevated by the highest Cu

dose (21-fold higher than control) suggesting its involve-

ment in antioxidative protection. All compounds, with the

exception of chlorogenic acid, were detected in the cell wall

bound fraction, but only benzoic acids were found in the

ester-bound fraction (revealed by alkaline hydrolysis).

Soluble phenolics were present in substantially higher

amounts in Cu-treated roots and more Cu was retained there

in comparison to Cd. Cu strongly elevated PAL activity (by

5.4- and 12.1-fold in 60 and 120 lM treatment, respec-

tively) and lignin content (by 71 and 148%, respectively)

after one day of treatment, indicating formation of a barrier

against metal entrance. Cd had slighter effects, supporting

its non-redox active properties. Taken together, different

forms of phenolic metabolites play an important role in

chamomile tolerance to metal excess and participate in

active antioxidative protection.
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Abbreviations

DW Dry weight

PAL Phenylalanine ammonia-lyase

ROS Reactive oxygen species

t-CA trans-cinnamic acid

Introduction

Presence of high concentrations of heavy metals in the

environment has generally negative effects on plant vitality

and metabolism and stimulates oxidative stress. Plants have

therefore developed mechanisms enabling them to coun-

teract these events. Cadmium (Cd) has no known

physiological function in plants, whereas copper (Cu) is an

essential plant micronutrient. Being a redox-active metal, Cu

generates reactive oxygen species (ROS) while Cd is a redox

inactive metal unable to catalyze generation of ROS via

Fenton–Haber–Weiss reactions (Stohs and Bagchi 1995;

Cho and Seo 2005). Nevertheless, Cd may induce expression

of lipoxygenases in plant tissues, and thus indirectly cause

oxidation of polyunsaturated fatty acids (Skórzyńska-Polit
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et al. 2006). In Arabidopsis thaliana exposed to Cd, oxida-

tive stress due to hydrogen peroxide accumulation was

recorded (Cho and Seo 2005). Redox inactive metals, such as

nickel, can also produce oxidative stress by stimulation of

plasma membrane NADPH oxidase (Hao et al. 2006).

Phenolic metabolism is a highly branched network

providing 30–45% of plant organic matter (Razal et al.

1996). The initial step in this pathway is mediated by

phenylalanine ammonia-lyase (PAL, EC. 4.3.1.5). Several

molecules including ROS are suggested to be involved in

the signalling between stress perception and PAL expres-

sion (Dixon et al. 1994). Positive correlation between PAL

activity and accumulation of soluble phenolics and flavo-

noids were recorded in Cd-treated fronds of fern Azolla

imbricata (Dai et al. 2006) and Cu-treated root suspension

cultures of Panax ginseng (Ali et al. 2006). Phenolic

metabolites have antioxidative properties due to the

availability of their hydroxyls. The antioxidant activity of

phenolic acids depends on the number of hydroxyl groups

in the molecule. Hydroxylated cinnamates are more

effective than their benzoate counterparts (Rice-Evans

et al. 1996). Furthermore, phenolic structures can function

as metal chelators (Vasconcelos et al. 1999) and phenolics

can participate in ROS scavenging through peroxidases

(Sgherii et al. 2003). For example, chlorogenic acid is an

important antioxidant in plants, which protects against lipid

peroxidation (Niggeweg et al. 2004) and protocatechuic

acid is a phenol with high chelating strength (Irtelli and

Navari-Izzo 2006). Quantitative data related to phenolic

acids accumulation in metal-treated roots are scarce. For

example, Tolrà et al. (2005) detected ferulic and p-cou-

maric acid in aluminium-treated Rumex acetosela, but did

not observe significant changes in them, indicating that

they are not involved in aluminium detoxification.

In addition to the antioxidative properties of simple

phenolics, polymerization of p-coumaric, ferulic and sina-

pic acids and their respective alcohols leads to the

formation of lignin. This is a totally normal process in

plants, whereas enhanced lignification in both biotic and

abiotic stress conditions can serve as a barrier limiting

metal/pathogen entry into tissue (de Ascensao and Dubery

2003; Ederli et al. 2004). In addition to lignin, suberin

deposition may also retain metals in the root tissue and

restrict apoplastic passage (Nieminen et al. 2007). Cu

stimulates lignin accumulation in roots of Panax ginseng

(Ali et al. 2006) and Glycine max (Lin et al. 2005) and Cd

causes premature lignification of Phragmites australis

(Ederli et al. 2004) and Glycine max (Yang et al. 2007)

roots. Furthermore, the esterification of phenolic acids to

the cell wall has been suggested to lead to the formation of

lignin-like polymers by supplying lignin attachment sites to

the matrix polysaccharides (Lewis and Yamamoto 1990).

Accordingly, phenols in the primary cell wall were

suggested to function as a template for further lignin

deposition, and thus esterification and lignification may be

regarded as contiguous rather than separate processes

which gradually integrate (Matern et al. 1995; de Ascensao

and Dubery 2003).

Chamomile (Matricaria chamomilla) is a widely used

medicinal plant tolerant to high doses of cadmium as

shown by unchanged biomass and malondialdehyde accu-

mulation (Kováčik et al. 2006) but less tolerant to equal

doses of copper (Kováčik et al. 2007b,c). Moreover,

brown-coloured root systems observed in previous exper-

iments with Cd and Cu indicated enhancement of lignin

synthesis and thus higher PAL activity. The main aim of

the present research was, therefore, to determine PAL

activity, phenolic acids and lignin accumulation in the

roots of chamomile exposed to low (3 lM) and high (60

and 120 lM) levels of Cd or Cu for 7 days. This study was

conducted on the one hand to compare the effect of metals

with different redox properties and on the other hand to

detect and quantify phenolic acids in different fractions and

lignin accumulation in metal-treated root tissue to establish

their function in chamomile tolerance to metal stress.

Material and methods

Cultivation of plants and experimental design

Twenty-one day old plants of Matricaria chamomilla L.

(tetraploid ‘Lutea’, Asteraceae) germinated in sand were

transplanted to slightly modified Hoagland (Kováčik et al.

2006, 2007a,b,c). Solution contained 4.03 mM

Ca(NO3)2.6H2O, 0.522 mM NH4 H2PO4, 6.04 mM KNO3,

1.99 mM MgSO4.7H2O, 0.125 mM NaOH, 0.288 mM

KOH, 89.2 lM EDTA, 89.6 lM FeSO4.7H2O, 9.68 lM

H3BO3, 2.03 lM MnCl2.4H2O, 0.314 lM ZnSO4.7H2O,

0.210 lM CuSO4.5H2O, 0.139 lM Na2MoO4 and

0.0859 lM CoCl2.6H2O. Five uniform plants per litre were

cultivated in brown plastic 5l boxes (25 plants per box)

with continual aeration of the solutions. The experiment

was performed in a growth chamber under controlled

conditions: 12 h day (6.00 am–6.00 pm), the photon flux

density was 210 lmol m-2 s-1 PAR at leaf level supplied

by cool white fluorescent tubes TLD 36W/33 (Philips,

France), with a 25/20�C day/night temperature and relative

humidity 60%. Solutions were renewed weekly to prevent

nutrient depletion. Plants, which had been cultivated

hydroponically for 4 weeks, were used in the experiment

and further cultured in Cd- or Cu-enriched solutions con-

taining 3, 60 or 120 lM Cd or Cu (added in the form of

CdCl2�2½H2O and CuCl2�2H2O). Moreover, basic solution

contained 0.21 lM Cu. Control did not contain any addi-

tional chemicals. The parameters were measured in plants
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collected on the 1st, 3rd and 7th day of the experiment with

the exception of metal determination and soluble phenolics

as indicated below. All measurements were done on dried

material, with the exception of PAL activity and soluble

phenolics as indicated below. Biomass accumulation and

root water content was determined by the end of the

experiment: roots were washed twice with deionised water

and carefully dried on filter paper. Fresh and dry masses

(dried at 90�C to constant dry weight) were estimated in

order to determine the plant water content [100 - (dry

mass 9 100/fresh mass)].

Phenylalanine ammonia-lyase (PAL) activity

and soluble phenolics assays

PAL was extracted and its activity was determined using

the HPLC method (dos Santos et al. 2004) with two

modifications as previously described (Kováčik et al.

2007a). Briefly, whole roots were ground in 0.1 M sodium

borate buffer (pH 8.8) and centrifuged at 4�C. The reaction

mixtures, consisting of sodium borate buffer, supernatants

and 50 mM L-phenylalanine (Sigma-Aldrich, Germany)

were incubated at 40�C. After 1 h of incubation, the

reaction (resulting volume 1.1 ml) was stopped by the

addition of 5 N HCl (50 ll). The HPLC system and

instrumentations were the same as described previously

(Kováčik et al. 2007a). Detection of t-CA was performed at

275 nm. The endogenous content of t-CA in samples not

incubated with L-phenylalanine represented 3–7% and was

subtracted from L-phenylalanine-incubated samples prior to

calculation of PAL activity. Protein content in each

homogenate was estimated according to Bradford (1976)

using 20 ll of supernatants and bovine serum albumin as

standard.

Soluble phenolics were determined by the Folin–Cio-

calteu method (Singleton and Rossi 1965) as described in

detail previously (Kováčik and Bačkor 2007). Calculation

of soluble phenolics was based on the standard curve

prepared using gallic acid.

Quantification of phenolic acids

The total content of selected cinnamic and benzoic acid

derivatives in the chamomile roots was estimated after

hydrolysis of 80% methanol extracts in 2 M HCl during 1 h

(sum of free and glycoside-bound compounds). A homog-

enised sample (50 mg DW) was used for stirred extraction

using a computer-controlled available fex Ika Werke 50

device (IKA-Werke GmbH and Co, Germany) related to

Soxhlet apparatus. A two-step temperature program

(Kováčik et al. 2007a) was applied to isolate 2 M HCl (v/v)

aqueous solutions. An HP 1100 chromatographic system

(Hewlett-Packard, Germany) was equipped with a vacuum

degasser (G1322A), a binary pump (G1312A), an auto-

sampler (G1313A), a column thermostat (G1316A) and a

diode array detector (model G1315A). The system was

coupled on-line to a mass selective HP MSD quadrupole

detector (G1946A, Hewlett-Packard, Palo Alto, USA). The

ChemStation software (Rev. A07.01) controlled the whole

liquid chromatographic system. Phenolic compounds were

purchased from Fluka (Fluka Chemie, Switzerland). The

m/z spectra and data for the selected ion-monitoring (SIM)

mode were recorded as described previously (Kováčik et al.

2007a). Extraction and re-purification by solid phase

extraction procedure at computer-controlled robot Aspec

XL, Gilson (USA) was the same as in the previous papers

(Klejdus et al. 1999, 2001). The fourth fraction was evap-

orated to dryness in a rotary vacuum evaporator (IKA RV

05-ST) with an HB 4 water bath (both from IKA-Werke

GmbH and Co., Germany). The residue was reconstituted in

0.5 ml mobile phase and filtered through 0.45 lm Teflon

membrane filters (MetaChem, Torrance, CA, USA) prior to

injection into the HPLC system. HPLC parameters: column

Zorbax SB-CN (75 9 4.6 mm, 3.5 lm), UV spectra were

automatically acquired for all peaks (range 190–400 nm,

2 nm step). A mobile phase consisted of 0.3% (v/v) acetic

acid (A) and methanol (B). A linear gradient profile of

analysis: from 10 to 20% B (v/v) from start to 8 min, up to

85% B to 13 min, and followed by negative gradient up

10% B to 18 min. Flow rate was 1.0 ml min-1 and the

temperature of the column oven set at 25�C.

Determination of ester-bound phenolic acids in metha-

nol extracts and ester-bound phenolic acids incorporated in

the cell wall in the roots exposed for 7 days to 120 lM Cd

and Cu was done strictly following the method of alkaline

hydrolysis (de Ascensao and Dubery 2003) in 2 M and

0.5 M NaOH, respectively.

Lignin determination

Accumulation of lignin in metal-treated roots was quanti-

fied by the thioglycolic acid reaction with slightly modified

protocol (dos Santos et al. 2004). Root (50 mg DW) from

each variant was homogenised with sea sand in 50 mM

potassium phosphate buffer (PPB; 3 ml, pH 7.0) and cen-

trifuged (2000 g, 5 min). The pellet was washed by

successive stirring and centrifugation: twice with PPB

(3 ml), three times with 1% (v/v) Triton X-100 in PPB

(3 ml), twice with 1 M NaCl in PPB (3 ml) and twice with

acetone (3 ml). Pellet was dried in an oven (60�C, over-

night) and cooled down in a desiccator. All dry tissue was

placed into a 10 ml screw-cap centrifuge tube with 1 ml of

thioglycolic acid (Sigma-Aldrich, Germany) and 6 ml 2 M

Plant Cell Rep (2008) 27:605–615 607
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HCl and heated (95�C, 4 h). After cooling at room tem-

perature, the samples were centrifuged and the pellet

washed three times with deionised water (3 ml). The

product of thioacidolysis was extracted by shaking the

pellet in 5 ml 0.5 M NaOH at room temperature (over-

night). After centrifugation (2000 g, 5 min), supernatants

were stored and pellet shaking again with 3 ml NaOH

(6 h). Supernatants were mixed (8 ml of final volume) and

acidified with concentrated HCl (2 ml). The lignothiogly-

colic acid (LTGA) formed overnight (at 4�C) was

recovered by centrifugation and washed twice with

deionised water (3 ml). The LTGA residue was dissolved

in 5 ml 0.5 M NaOH and diluted 10 times (yielding the

absorbance 0.28–0.95) prior to spectrophotometric deter-

mination at 280 nm (Uvi Light XTD 2, Secomam, France).

Lignin content was expressed as mg LTGA g-1 root DW

using molar absorptivity 17.87 g-1 l cm-1.

Determination of cadmium and copper content

After 7 days, total Cd and Cu contents in the roots were

determined by flame atomic absorption spectrometry by

means of Varian-SpectrAA-20 (Varian Australia Ltd,

Mulgrave, Victoria, Australia) equipped with a deuterium

lamp for background correction and an air/acetylene flame,

wavelengths 229.6 nm (Cd) and 325.6 nm (Cu). Samples

prepared by digestion of 50 mg roots DW in HNO3 and

H2O2 (10 + 10 ml; Merck, Darmstadt, Germany) were

kept overnight at laboratory temperature and next day

evaporated to dryness at 90�C in a water bath. Dry residue

was dissolved in HNO3 (5%; Suprapur, Merck, Darmstadt,

Germany) and diluted to the final volume of 6 ml.

Statistical analyses

ANOVA followed by Tukey’s pairwise comparisons

(MINITAB Release 11, Minitab Inc., State College,

Pennsylvania) were used to evaluate the significance of

differences. One box containing 25 plants was used for

each metal and the concentration tested at each harvest day

including control and on 7th day two series of boxes were

used. Thus the whole experiment included 28 boxes and

700 plants, respectively.

Results

Biomass accumulation and root water content

After 7 days, roots treated with high (60 and 120 lM) Cd

and Cu doses showed visible brown colour, which was

more intensive in Cu-treated roots. Roots treated with

60 lM Cd had only slight brown colour while those treated

with 60 lM Cu were intensively brown. Moreover, roots

treated with 60 and 120 lM Cu showed this symptom as

early as 24 h after application. Cu also had negative effect

on biomass accumulation and tissue water content. Both 60

and 120 lM Cu significantly decreased root biomass (by

20 and 36%, respectively) and root water content (Fig. 1).

Cd had no effect on growth but slightly decreased root

water content at 120 lM dose (Fig. 1).

PAL activity and soluble phenolics under metallic

stress

Substantial difference between Cd and Cu was visible in

terms of PAL activity: high Cu doses had extreme
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stimulatory effect after 24 h of the experiment (being 5.4-

and 12.1-fold higher in the 60 and 120 lM variants,

respectively) and later decreased. In contrast, high Cd

doses evoked the highest PAL activity towards the end of

the experiment, and 60 lM Cd had significant effect only

at the end of the experiment. The 120 lM Cd dose caused

3-, 3.5- and 5-fold increases over control values on the 1st,

3rd and 7th days of the experiment, respectively. Low

doses of both metals had no detectable effects on PAL

activity (Fig. 2).

Contents of soluble phenolics following treatment of

roots for 7 days corresponded to the extreme stimulatory

effect of Cu on PAL activity, thus leading to 3.5- and 5-

fold higher content in the 60 and 120 lM variants,

respectively (Fig. 3). Cd also stimulated increase of this

parameter when tested at high concentrations but with

substantially lower intensity (by 34 and 92% in 60 and

120 lM treatment, respectively). Low doses of Cd and Cu

had no detectable effect on soluble phenolics (Fig. 3).

Accumulation of phenolic acids in metal-treated roots

In acid hydrolysates of methanol extracts from chamomile

roots, we recorded five derivatives of cinnamic acid

(chlorogenic, p-coumaric, caffeic, ferulic acid and sinapic

acids) and six derivatives of benzoic acid (protocatechuic,

vanillic, syringic, p-hydroxybenzoic and salicylic acids and

protocatechuic aldehyde; Table 1). In general, Cu had

more visible effect on phenolic acids accumulation than

Cd.

Among cinnamic derivatives, chlorogenic was the most

abundant compound in control roots and sharply increased

in the roots treated with 60 and especially with 120 lM Cu

by the end of the experiment (10- and 21-fold, respec-

tively). High Cd doses also evoked significant increase of

chlorogenic acid by the end of the experiment (by 3- and

4.6-fold in the 60 and 120 lM variants, respectively).

Interestingly, low concentrations of both metals also

stimulated an increase in this compound (Fig. 4). Chloro-

genic acid was not detected in methanol extracts and

methanol-insoluble residue after alkaline hydrolysis

(Table 2). Accumulation of other detected cinnamic

derivatives, caffeic, ferulic and sinapic acid was elevated

by treatment with high doses of Cu and Cd, was always

more visible in Cu-treated roots (Table 1). Interestingly,

accumulation of p-coumaric acid was highest in 120 lM

Cd-treated roots by the end of the treatment (by 56%),

while content of caffeic acid was ca. 8-fold higher in the

120 lM Cu variant after 7 days of treatment (Table 1).

Among derivatives of benzoic acid, vanillic acid was

detected in the highest quantity followed by syringic acid

in control roots (Table 1). Accumulation of vanillic acid

was enhanced especially by high Cu doses, while syringic

acid was most abundant in 120 lM Cd-treated roots

(Table 1). Protocatechuic acid, a phenol with high chelat-

ing strength, was more abundant in Cu-treated roots,

reaching the highest values by the end of treatments (being

4- and 4.2-fold higher in the 60 and 120 lM variants,

respectively). Interestingly, Cd at high doses also stimu-

lated accumulation of this compound (3-fold higher in

120 lM treatment by the end of the experiment, Table 1).

Protocatechuic aldehyde showed a similar trend, being

predominantly enhanced by high Cu doses (Table 1).
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Accumulation of p-hydroxybenzoic acid, a phenol with low

antioxidative potential, was almost unaffected during the

course of experiment. Salicylic acid, an important signal

molecule in the activation of different protective responses,

was detected in the highest quantity after 24 h of treatment

in 60 and 120 lM Cu-treated roots while Cd intensified its

accumulation related to prolonged exposure, reaching the

highest values towards the end of the experiment (Table 1).

In general, all phenolics of control roots were present at

lower quantities in comparison to the leaf rosettes analysed

previously (Kováčik et al. 2007a,b,c).

In methanol extracts after alkaline hydrolysis, only

benzoic acid derivatives were detected and cinnamic acid

derivatives were not present (Table 2). Their amounts were

substantially lower compared to those shown by acid

hydrolysis (Table 1).

Only chlorogenic acid was not present after alkaline

hydrolysis of methanol-insoluble root residue (Table 2).

Quantities of p-coumaric and ferulic acid were substan-

tially higher both in control and 120 lM Cd/Cu-treated

roots compared to their quantity in acid hydrolysates.

Surprisingly, sinapic acid was not significantly affected and

was present at lower quantity compared to acid hydrolysis.

Other detected compounds were present at lower amounts

compared to acid hydrolysis. Notwithstanding this, content

of protocatechuic acid and protocatechuic aldehyde was

3.2- and 3.9-times higher in 120 lM Cu-treated roots and

approximately two-times higher in 120 lM Cd-treated

roots (Table 2).

Deposition of lignin in chamomile roots

Roots treated with 60 and 120 lM Cu for 24 h increased

their lignin content higher by 71 and 148%, respectively

(Fig. 5). The Cu dose of 120 lM stimulated increase in

lignin content reaching the highest value towards the end of

the experiment (2.8-fold higher than control), while lignin

content in 60 lM Cu-treated roots remained similar

throughout the experiment. In the roots treated with high

Cd doses (60 and 120 lM Cd), increases in lignin content

were observed only at the end of the experiment (by 22 and

42%, respectively). Low doses of Cd and Cd had no effect

on lignin deposition (Fig. 5).

Table 1 Accumulation of benzoic and cinnamic acid derivatives in acid hydrolysates of methanol extracts from Matricaria chamomilla roots

exposed to different cadmium and copper doses during the course of the experiment (lg g-1 DW)

Day Metal

(lM)

Protocatechuic

acid

Vanillic

acid

Syringic

acid

OH-benzoic

acid

Salicylic

acid

Protocatechuic

ald.

Coumaric

acid

Caffeic

acid

Ferulic

acid

Sinapic

acid

1 C 6.69 de 20.39 de 11.85 d 5.61 ab 0.53 f 4.74 c 1.27 cd 2.85 e 2.30 gh 1.47 c

3 Cd 6.46 e 18.57 de 13.24 cd 4.49 b 1.43 d 5.29 c 1.22 d 2.87 e 2.19 gh 1.27 c

60 Cd 7.13 e 19.77 de 13.76 cd 6.15 ab 0.93 e 5.14 c 1.18 cd 2.74 e 2.21 h 1.66 bc

120 Cd 7.02 e 19.81 de 11.82 d 4.33 b 1.17 de 4.82 c 1.33 cd 3.07 e 2.49 gh 1.45 c

3 Cu 6.45 e 19.19 de 12.36 cd 5.84 ab 1.62 cd 4.25 c 1.17 cd 2.88 e 2.60 g 1.44 bc

60 Cu 10.68 d 19.17 de 12.12 d 5.52 ab 2.36 b 4.27 c 1.24 d 3.20 e 4.17 d 1.74 b

120 Cu 14.36 c 22.11 d 13.01 d 4.44 ab 3.11 a 4.49 c 1.15 d 3.03 e 5.65 c 1.78 b

3 C 6.42 e 18.86 de 12.16 d 4.80 ab 0.61 f 4.48 c 1.23 d 2.84 e 2.39 gh 1.39 c

3 Cd 6.10 e 19.97 de 13.59 cd 4.98 ab 0.88 e 5.08 c 1.27 cd 2.76 e 2.13 h 1.27 c

60 Cd 9.38 d 20.87 de 13.38 cd 5.81 a 1.17 de 4.30 c 1.16 d 2.98 e 2.34 gh 1.46 c

120 Cd 14.94 c 23.36 cd 20.69 b 4.46 b 1.33 d 4.64 c 1.64 b 6.51 d 3.02 f 2.29 a

3 Cu 6.48 e 18.36 e 13.85 cd 4.06 b 0.86 ef 4.59 c 1.25 cd 2.81 e 2.84 fg 1.52 c

60 Cu 15.21 c 21.81 d 13.52 cd 5.27 ab 1.42 d 5.42 c 1.26 cd 8.21 d 5.39 c 2.16 a

120 Cu 18.93 b 27.96 b 17.05 bc 5.69 a 2.18 b 14.22 a 1.24 d 12.46 c 8.16 b 1.35 c

7 C 6.32 e 19.37 de 11.86 d 5.29 ab 0.59 f 4.63 c 1.25 d 3.43 e 2.13 h 1.49 c

3 Cd 6.36 e 19.08 de 13.87 cd 4.73 ab 0.55 f 4.59 c 1.14 d 3.25 e 2.29 gh 1.68 bc

60 Cd 13.44 cd 23.73 cd 14.18 cd 4.03 b 1.35 d 5.15 c 1.20 d 13.53 c 2.31 gh 1.56 bc

120 Cd 18.79 b 27.50 b 28.70 a 5.13 ab 1.77 c 8.59 b 1.95 a 19.39 b 3.43 e 2.06 ab

3 Cu 7.55 e 20.26 de 12.23 d 4.39 ab 0.64 f 4.83 c 1.15 d 3.06 e 2.83 fg 1.59 bc

60 Cu 24.99 a 26.97 bc 15.48 c 5.25 ab 1.14 de 4.94 c 1.43 c 20.25 b 7.84 b 1.81 b

120 Cu 26.45 a 36.87 a 18.96 b 4.15 b 2.58 ab 7.97 b 1.52 bc 25.87 a 9.92 a 2.40 a

n = 5, for the lucidity of table, SD are not shown. Values in each vertical column followed by the same letter (s) are not significantly different

according to Tukey’s test at 0.05 levels. C—control
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Accumulation of cadmium and copper in root tissue

Analysis of metal content in the roots revealed that Cu was

more abundant in comparison to Cd in the high concen-

trations tested (Fig. 6). After seven days exposure, Cd/Cu

content increased as follows (n-multiple of control): 15.8/

3.1 (3 lM), 112/52.4 (60 lM), 166/80.5 (120 lM). Control

roots contained 15.02 and 39.01 lg g-1 DW of Cd and Cu,

respectively.

Discussion

Notwithstanding the roots’ function in mineral nutrients

uptake and their direct contact with environment polluted

by metals, data related to possible mechanisms of the roots’

protection against these stress factors are scarce. The dark

brown colour of roots exposed to high Cu doses and the

less conspicuous brown of those exposed to Cd, as well as

reduction of biomass and tissue water content under Cu

stress (Fig. 1), all correspond with previous observations

on chamomile plants (Kováčik et al. 2006, 2007c) and also

agree with the lesser toxicity of Cd to root tissue observed

for example in Phragmites australis (Ederli et al. 2004) in

comparison to Cu treatment (Ali et al. 2002). Besides, Cd

in plants is taken up by the roots via calcium channels or

Zn and Mn transporters (Zhao et al. 2002) and it did not

elevate lipid peroxidation of chamomile tissue even at the

120 lM dose (Kováčik et al. 2006), while Cu in compar-

ison to Cd or Fe has a greater ability to cause lipid

peroxidation resulting from higher levels of oxidative

stress (Stohs and Bagchi 1995; Gallego et al. 1996).

With respect to observations of conspicuous colour

changes, we assumed there was significant alteration of the

phenolic metabolism in Cu treatments. In fact, strongly

enhanced PAL activity, as the pivotal enzyme of this

pathway, and higher content of soluble phenolics evoked

by high Cu doses were recorded, while Cd had substan-

tially lower effect (Figs. 2 and 3). Similar to our findings,

Ali et al. (2006) observed increase of PAL activity and

soluble phenolics in root suspension cultures of Panax

ginseng treated with Cu doses up to 50 lM, and Dai et al.

(2006) recorded the same effect in Cd-treated fern Azolla

imbricata. Higher accumulation of soluble phenolics was

also recorded in leaves of the Cd-accumulating crop plant

Crotalaria juncea (Uraguchi et al. 2006). Enhancement of

PAL activity can lead to accumulation of different phenolic

metabolites, so partitioning of precursors produced by PAL

(t-CA in dicotyledons) between different forms of phenolic

metabolites should also be considered. For example, con-

tent of flavonoids increased ca. 10-fold whereas total

phenols only by ca. 30 % in root suspension cultures of

Panax ginseng treated with 50 lM Cu (Ali et al. 2006).

Furthermore, enhanced accumulation of phenolics under

Cu stress can be due to the induction of shikimate dehy-

drogenase and peroxidase (Diaz et al. 2001). Equal doses

of nickel (3, 60 and 120 lM) also caused increase of sol-

uble phenolics and PAL activity in chamomile roots

(Kováčik unpublished results), but with lower intensity

compared to Cu effects presented here. Thus it seems that

the responses of phenolic metabolism are metal-specific

and may reflect the different physical properties of metals.

Phenolic metabolites are known to participate in scav-

enging of ROS generated by stress factors. In addition to

the intensively studied flavonoids, phenolic acids also

possess considerable antioxidative properties due to the

availability of hydroxyl groups in the molecule (Rice-

Evans et al. 1996; Sgherii et al. 2003). These effects are

enhanced in cinnamic acid derivatives in comparison to

benzoic acids. Furthermore, more hydroxyl groups and

methoxylation also enhances antioxidative potential, so
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ferulic acid for example is more protective than p-coumaric

acid and syringic acid is more active than vanillic and p-

hydroxybenzoic acid (Rice-Evans et al. 1996). All these

compounds were detected with abundance in the present

research especially in Cu-treated roots (Table 1). One of

the proposed pathways of phenolics participation in ROS

scavenging is through peroxidases (Sgherii et al. 2003).

Phenolics can act as electron donors for guaiacol-type

peroxidase, which converts hydrogen peroxide to water.

This hydrogen peroxide detoxification has been proposed

as a secondary plant antioxidant system to support the

ascorbate/ascorbate peroxidase system (Sakihama and

Yamasaki 2002, and the references therein). Positive cor-

relation between guaiacol peroxidase and soluble phenolics

accumulation was recorded in the leaves of Cd-accumu-

lating crop plant Crotalaria juncea (Uraguchi et al. 2006).

Accordingly, we have found extreme increase in guaiacol

peroxidase activity especially in Cu-treated but also in Cd-

treated chamomile roots (Kováčik unpublished results), so

in relation to the higher accumulation of phenolics reported

in this study, this pathway seems probable also in chamo-

mile. In addition, phenolic structures can function as metal

chelators (Vasconcelos et al. 1999). Accumulation of Cd-

phenolics complexes in vacuoles was recorded in Cd/Zn

hyperaccumulator Thlaspi caerulescens, indicating their

significance in heavy metal tolerance (Küpper et al. 2004).

As reported by Irtelli and Navari-Izzo (2006), proto-

catechuic acid, a phenol with high chelating strength, could

be involved in Cd tolerance in Brassica juncea shoots.

Accordingly, we observed that this compound was present

in higher amount in metal-treated roots. Moreover, proto-

catechuic aldehyde also accumulated in response to high

Cu treatments (Table 1). Chlorogenic acid, an ester of

caffeic and quinic acid, is an important antioxidant in

plants, which protects against lipid peroxidation (Nig-

geweg et al. 2004). We observed extreme increase of this

compound in 120 and 60 lM Cu-treated roots, and also

significant increase in high Cd treatments (Fig. 4). We

assume that this compound is the most important antioxi-

dative factor within the detected phenolic acids in

chamomile roots. To our knowledge, this is the first report

of chlorogenic acid accumulation in the metal-treated

roots. Additionally, enhanced accumulation of chlorogenic

acid in chamomile leaf rosettes treated with Cu doses up to

120 lM was recorded in our previous experiment (Kováčik

et al. 2007c). Besides, substantial increase in caffeic and

ferulic acid especially in Cu-treated roots with respect to

their considerable antioxidant activities (as determined by

TEAC values; Rice-Evans et al. 1996) may indicate their

significance in heavy metal tolerance in chamomile roots.

Quantitative data related to accumulation of phenolic acids

in metal-treated roots are scarce. For example Tolrà et al.

(2005) detected ferulic and p-coumaric acid in aluminium-

treated Rumex acetosela, but their amounts were unchan-

ged by this stress. In addition, soluble phenolics were

unaltered by 50 lM Al in the roots, while in the leaves they

increased significantly. This is another indication that

phenolic metabolism responds specifically to different

metals and in different plant species.

Surprisingly, cinnamic acids were not detected after

alkaline hydrolysis of methanol extracts (Table 2). We

assume this can be caused by the extraction procedure,

even though de Ascensao and Dubery (2003) detected all

three lignin precursors in this fraction from the roots of

Musa acuminata (treated by biotic stressor up to 36 h).

However, since we measured this fraction only towards the

Table 2 Content of phenolic acid derivatives in methanol extracts and methanol-insoluble residue after alkaline hydrolysis of roots exposed for

seven days to 120 lM cadmium or copper (lg g-1 DW)

Methanol extracts Methanol-insoluble residue

C 120 lM Cd 120 lM Cu C 120 lM Cd 120 lM Cu

Protocatechuic acid 1.81 a 1.85 a nd 3.23 c 6.07 b 10.46 a

Vanillic acid 0.08 b 0.03 c 0.16 a 2.60 c 3.43 b 4.86 a

Syringic acid nd nd nd 3.12 a 3.27 a 3.05 a

p-hydroxybenzoic acid 0.05 a 0.04 a 0.04 a 0.72 c 1.38 b 2.56 a

Salicylic acid 0.11 c 0.16 b 0.23 a 0.26 b 0.31 ab 0.35 a

Protocatechuic aldehyde 0.03 c 0.07 b 0.16 a 3.48 c 7.71 b 13.73 a

p-coumaric acid nd nd nd 34.29 c 80.36 a 68.25 b

Caffeic acid nd nd nd 0.62 c 2.58 b 5.44 a

Ferulic acid nd nd nd 29.47 c 68.83 b 90.05 a

Sinapic acid nd nd nd 0.28 a 0.27 a 0.26 a

Chlorogenic acid nd nd nd nd nd nd

Data are means of five independent roots (for the lucidity of table, SD are not shown). Values in horizontal lines followed by the same letter (s)

are not significantly different according to Tukey’s test at 0.05 levels. nd—not detected, C—control
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end of the experiment, with respect to considerable

increase of cinnamic acid derivatives in the cell wall-bound

fraction, it can be presumed there was esterification of a

substantial part of them to the cell wall. According to

currently accepted theory, phenolic esters play a prominent

role in many steps of lignin synthesis (Humphreys and

Chapple 2002). Other detected benzoic derivatives were

present at substantially lower quantities compared to acid

hydrolysates (Table 1). Alkaline hydrolysis of methanol-

insoluble root residue revealed all compounds with the

exception of chlorogenic acid. This indicates intensive

esterification of phenolic acids to the cell wall. This pro-

cess has been suggested to lead to the formation of lignin-

like polymers by supplying lignin attachment sites to the

matrix polysaccharides (Lewis and Yamamoto 1990).

Levels of p-coumaric and ferulic acid in this fraction were

substantially elevated compared to acid hydrolysates, while

the quantity of the third lignin precursor, sinapic acid, was

lower in comparison to that found with acid hydrolysis

(Table 1) and was unchanged when compared control and

metal-treated roots (Table 2). Moreover, p-coumaric acid

was found in the highest quantity both in the glycoside-

bound and cell wall-bound fractions after 7-day exposure

to 120 lM Cd, whereas it was ferulic acid in the case of

120 lM Cu (Tables 1 and 2). This could be an indication

that p-coumaric acid and ferulic acid play a prominent role

in the esterification of the cell wall under metallic stress in

chamomile. General or non-specific esterification takes

place in cell walls and might itself play a role in resistance

against stressors (de Ascensao and Dubery 2003).

In accordance with more expressive PAL activity and

phenolic acids accumulation in Cu-treated chamomile roots

in comparison to Cd-treated ones, higher accumulation of

lignin was observed (Fig. 5). This was considerable in the

root exposed to 60 and especially 120 lM Cu after 24 h of

exposure (Fig. 5). On the other hand, roots treated with 60

and 120 lM Cd showed significantly elevated lignin

accumulation only towards the end of the treatments.

Similar rapid effect of 50 lM Cu on root lignin accumu-

lation (after 24 h) was observed in Glycine max (Lin et al.

2005) and our control values correspond to those in that

paper. Cd was found to cause premature lignification of

Phragmites australis roots (Ederli et al. 2004). Quantitative

data related to lignin accumulation under Cd stress are

scarce. Recently, Yang et al. (2007) detected 4-fold higher

lignin content in the root tips of 5-day-old soybean seed-

lings exposed to 1 lM Cd for 24 h. Even though brown
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colouring of the root system can be caused by different

processes, with respect to the positive correlation between

root colour and lignin accumulation we assume that this

can be, at least in part, evoked by higher lignin accumu-

lation. Based on our results on lignin accumulation, it

seems that Cd is less toxic for chamomile roots than Cu. In

general, lignification in a metal-enriched environment is

considered to be a part of the defence reaction, which

reduces metal entry into plant tissue (Ederli et al. 2004). As

recorded in Crotalaria juncea, increase of phenolics and

related enzyme activities suggest that Cd may increase

lignification as a mechanism for Cd tolerance, probably by

maintaining Cd in the cell wall fraction (Uraguchi et al.

2006) and, in consequence, as observed in Cu-treated

pepper plants (Diaz et al. 2001), decrease its biomass. In

accordance with these facts, we observed in our present

study that the extent of lignin accumulation was most

distinctive in Cu-treated roots, followed by stronger

reduction of biomass accumulation in comparison to Cd.

Higher accumulation of Cu in root tissues (Fig. 6) is an

indication that this metal is more retained there than Cd.

This can be explained by copper’s strong redox-active

properties (Stohs and Bagchi 1995), causing plants to limit

Cu entry to the root tissues, and its translocation to the

shoot (Kováčik et al. 2007c). In combination with intensive

lignin accumulation and cell wall esterification, this

assumption is very probable in chamomile roots under Cu

excess. On the other hand, Cd had less effect on lignin

deposition and phenolic acids accumulation. This is in

accordance with our previous findings showing chamomile

tolerance to Cd (Kováčik et al. 2006).

In conclusion, substantially different time dynamics of

chamomile roots’ tolerance to Cd and Cu were observed.

First, Cu induced a sharp increase in PAL activity and

lignin accumulation after 24 h of treatment, indicating that

retention of Cu in the roots is one of the components of the

chamomile plant’s antioxidative protection. Second, accu-

mulation of efficient antioxidative and metal chelating

compounds such as chlorogenic, caffeic, ferulic and pro-

tocatechuic acid was enhanced as another component of the

protective mechanism towards the end of the experiments,

probably due to partial breaking of cell wall structure by

strong oxidative stress. On the other hand, Cd had only

slight effect on PAL activity, lignin and phenolics accu-

mulation, indicating chamomile tolerance to this metal.

However, stimulation of these parameters principally

towards the end of the experiment may be an indication

that Cd, when present in excess and for a longer time, can

cause oxidative stress. To sum up, it is evident that the

phenolic metabolism as a complex network provides an

effective tool, which is constantly in dynamic operation,

enabling the best tissue protection against oxidative stress

generated by excess of metals.
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and Andrew J. Billingham for proofreading the manuscript.

References

Ali NA, Bernal MP, Ater M (2002) Tolerance and bioaccumulation of

copper in Phragmites australis and Zea mays. Plant Soil

239:103–111

Ali MB, Singh N, Shohael AM, Hahn EJ, Paek K-Y (2006) Phenolics

metabolism and lignin synthesis in root suspension cultures of

Panax ginseng in response to copper stress. Plant Sci 171:147–

154

Bradford MM (1976) A rapid and sensitive method for the

quantification of microgram quantities of protein utilizing the

principle of protein–dye binding. Anal Biochem 72:248–254

Cho UH, Seo NH (2005) Oxidative stress in Arabidopsis thaliana
exposed to cadmium in due to hydrogen peroxide accumulation.

Plant Sci 168:113–120

Dai L-P, Xiong Z-T, Huang Y, Li M-J (2006) Cadmium-induced

changes in pigments, total phenolics, and phenylalanine ammo-

nia-lyase activity in fronds of Azolla imbricata. Environ Toxicol

21:505–512

de Ascensao ARFDC, Dubery IA (2003) Soluble and wall-bound

phenolic polymers in Musa acuminata roots exposed to elicitors

from Fusarium oxysporum f.sp. cubense. Phytochemistry

63:679–686

Diaz J, Bernal A, Pomar F, Merino F (2001) Induction of shikimate

dehydrogenase and peroxidase in pepper (Capsicum anuum L.)

seedlings in response to copper stress and its relation to

lignification. Plant Sci 161:179–188

Dixon RA, Harrison MJ, Lamb C (1994) Early events in the

activation of plant defence response. Ann Rev Phytopathol

32:479–501

dos Santos WD, Ferrarese MLL, Finger A, Teixeira ACN, Ferrarese-

Filho O (2004) Lignification and related enzymes in Glycine max
root growth-inhibition by ferulic acid. J Chem Ecol 30:1203–

1212

Ederli L, Reale L, Ferranti F, Pasqualini S (2004) Responses induced

by high concentration of cadmium in Phragmites australis roots.

Physiol Plant 121:66–74

Gallego SM, Benavı́des MP, Tomaro ML (1996) Effect of heavy

metal ion excess on sunflower leaves: evidence for involvement

of oxidative stress. Plant Sci 121:151–159

Hao F, Wang X, Chen J (2006) Involvement of plasma-membrane

NADPH oxidase in nickel-induced oxidative stress in roots of

wheat seedlings. Plant Sci 170:151–158

Humphreys JM, Chapple C (2002) Rewriting the lignin roadmap.

Curr Opin Plant Biol 5:224–229

Irtelli B, Navari-Izzo F (2006) Influence of sodium nitrilotriacetate

(NTA) and citric acid on phenolic and organic acids in Brassica
juncea grown in excess of cadmium. Chemosphere 65:1348–

1354
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