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Cadmium induces premature xylogenesis in barley roots
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Abstract The effect of Cd on H2O2 production,

peroxidase (POD) activity and root hair formation

were analyzed in barley root. Cd causes a strong

H2O2 burst in the root region 0–6 mm behind the

root tip. POD activity was activated in root tip and

raised toward the root base in Cd treated roots.

In situ analyses showed that both elevated H2O2

production and POD activity are localized in the

early metaxylem vascular bundles. Cd induces root

hair formation in the region 2 to 4 mm behind the

root tip that was not detected in control roots.

These results suggest that Cd-induced root growth

inhibition is at least partially the consequence of

Cd-stimulated premature root development involv-

ing xylogenesis and root hair formation, which is

correlated with shortening of root elongation zone

and therefore with root growth reduction.
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Abbreviations
AOS Active oxygen species

CW Cell wall

4-MN 4-Methoxy-1-naphthol

POD Peroxidase

Introduction

The increasing amount of metals in soils is a

growing agronomic problem limiting crop pro-

ductivity over the world. Cd is released to the

environment in nature due to rock mineralization;

however, this amount is negligible compare to Cd

originating from anthropogenic sources (Gadd

and White 1993). Cd is a non-essential metal that

already at low concentration inhibits plant devel-

opment. It is easily taken up and accumulated by

plants therefore its concentration in plant tissues

can excess Cd concentration in soil in several crop

species including barley (Cutler and Rians 1974).

Therefore, Cd exposure constitutes not only a

decrease of crop productivity but also a hazard to

human health as consequence of Cd transfer to

the animals and humans through the food chain.

Cd induces perturbation in cellular metabolism

mainly by inhibition of water and nutrient uptake,

destruction of chloroplast function and inhibition

of several enzyme activities manifested as visible

general symptoms such as root and leaf growth

reduction, and leaf chlorosis (Sanita di Toppi and

Gabbrielli 1999; Benavides et al. 2005). Although
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Dúbravská cesta 14, SK-84523 Bratislava,
Slovak Republic
e-mail: Ladislav.Tamas@savba.sk

123

Plant Soil (2007) 290:61–68

DOI 10.1007/s11104-006-9111-6



the plant responses to Cd are only partially

understood, the increasing number of publica-

tions suggests that some Cd induced toxicity

symptoms are attributed to the oxidative damage

arising from the imbalance in the generation or

removal of reactive oxygen species (ROS). Both

Cd induced generation of ROS (Olmos et al.

2003; Cho and Seo 2005) or Cd caused inhibition

of enzymatic (Sandalio et al. 2001; Chen et al.

2003) or non-enzymatic antioxidants (Ranieri

et al. 2005; Rellán-Ávarez et al. 2006) have been

reported. The crucial role of ROS regulation in

the cell at the presence of elevated concentration

of toxic metals is supported also by observation

that some heavy metal hyperaccumulator plants

have increased antioxidant apparatus compared

to non-accumulators (Iannelli et al. 2002; Ederli

et al. 2004; Singh et al. 2006).

Although Cd cannot participate in Fenton

reaction like redox metals (Fe, Cu), there is a

strong evidence that Cd generates ROS indi-

rectly. In cultured tobacco cells NADPH oxi-

dase-like enzyme mediated ROS production was

described as early step in the Cd induced

response (Olmos et al. 2003). Peroxidase medi-

ated production of H2O2 was also reported

under several stress conditions including Cd

treatment (Šimonovičová et al. 2004). One of

the possible ways is the activation of ‘‘normal’’

physiological processes, however with temporal

or/and spatial shifting compared to non-stressed

condition. It was suggested previously that the

extreme lignification is a general marker of

several stresses in plants such as drought,

wounding and allelopathy (Holm et al. 2003;

Böhm et al. 2006; Fan et al. 2006). In most of

these stress responses H2O2 plays crucial role

not only as a substrate for peroxidases, but

probably also as a signal molecule (Neil et al.

2002). Recently Cd-induced lignification was

described, which is accompanied by elevated

production of H2O2 in the newly formed proto-

xylem elements, in the root region that normally

constitutes the elongation zone of pine root tip

(Schützendübel et al. 2001). In the present study,

we investigated the effect of Cd on H2O2

generation and peroxidase activity in the early

metaxylem elements and analyzed the change in

its isozyme profile in barley root tip.

Material and methods

Plant material and growth conditions

Seeds of barley (Hordeum vulgare L.) cv. Jubilant

were imbibed either in distilled water (control) or

in 1.0 mM CdCl2 for 4 h followed by germination

between two sheets of filter papers (density 110

g/m2, Papı́rna Perštejn, Czech Rep.) moistened

with respective imbibing solutions in Petri dishes

(5 ml per sheet of filter paper of 18 cm in diameter)

at 24�C in darkness. The uniformly germinating

seeds (40 seeds per Petri dish) were transferred to

fresh filter papers moistened with appropriate treat-

ment solutions at an interval of 24 h. After 72 h

individual barley root segments (2 mm in length)

were obtained by gradual cutting of each root in the

distances of 2, 4, 6 and 8 mm in the direction from the

tip to the base. For histochemical staining 0.5 mm

thick root sections were used from the appropriate

distance from the root tip. The experiments were

carried out in three independent series.

Hydrogen peroxide assay

Hydrogen peroxide (H2O2) production was

monitored fluorimetrically using the Amplex

Red Hydrogen Peroxide Assay Kit (Molecular

Probes) according to manufacturer’s recommen-

dations with minor modifications. Segments from

barley root tips (five 2 mm long segments per

reaction) were cut into 100 ll of the reaction

buffer and after adding of 100 ll of the working

solution (prepared according to manufacturer’s

instructions) they were dark incubated for 30 min

at 30�C. Fluorescence signal was recorded with

the microplate reader (Synergy HT BIO-TEK,

USA) using excitation at 530 nm and fluores-

cence detection at 590 nm.

Determination of POD activity

In the case of syringaldazine (SYR) as POD

substrate segments from barley root tips (five

2 mm long segments per reaction) were incubated

in 110 ll of 100 mM Na-acetate buffer (pH 5.2)

containing 1 M NaCl for 5 min. Then 100 ll of

this solution was added to the reaction mixture

(100 ll) containing 0.5 mM H2O2 and 0.5 mM
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syringaldazine (from 5 mM stock solution in

DMSO) in 0.1 M Na-acetate buffer, pH 5.2.

Absorbance was measured with the microplate

reader at 530 nm after 1 min at 30�C.

Using 4-methoxy-1-naphthol (4-MN) as a sub-

strate five root segments were incubated in 60 ll

of 100 mM Na-acetate buffer (pH 5.2) containing

1 M NaCl for 5 min. Then 50 ll of this solution

was added to the reaction mixture containing

100 ll of 100 mM Na-acetate buffer (pH 5.2),

50 ll of 1 mM 4-MN (from 5 mM stock in 20%

ethanol), and 50 ll of 0.04% H2O2. The reaction

was initiated by adding of H2O2. The increase

in absorbance at 595 nm was recorded with a

microplate reader over a time period of one

minute at 30�C.

Gel electrophoresis and POD staining

Proteins were extracted and concentrated by

immersing the freshly excised root segments

(from 40 seedlings) into 100 mM Na-acetate

buffer (pH 5.2) containing 1 M NaCl and gently

shaking for 15 min followed by filtration (cheese-

cloth), centrifugation at 10,000 · g for 10 min and

ultrafiltration (Amicon Ultra, USA). The proteins

were quantified with bovine serum albumin as the

calibration standard by the method of Bradford

(1976).

The basic proteins were separated under non-

denaturing conditions on 7% slab polyacrylamide

gels using the cathodic system (Reisfeld et al.

1962), while the acidic and neutral proteins on 7%

slab polyacrylamide gels using the discontinuous

buffer system (Laemmli 1970). Proteins (1 lg per

lane) were loaded using Mini-Protean electropho-

retic system (BIO-RAD, USA). The POD activity

in the gels was detected after incubation of gel in

100 mM Na-acetate buffer (pH 5.2), 5 mM 4-MN

(in ethanol) or 1 mM syringaldazine (from 10 mM

stock solution in DMSO) and 10 mM H2O2 for

15 min at 30�C (Ferrer et al. 1990).

Histochemical stain

H2O2 production was monitored with the KI-

starch reagent by immersing 0.5 mm thick root

sections into 0.1 M KI, 4% starch and 0.1 mg/ml

TMB (from 10· stock solution containing 1 mg

TMB/1 ml methanol) for 2 h (Ros Barceló 1998).

Peroxidase activity was monitored by immers-

ing of 0.5 mm thick root sections into same

staining solution as was used for gel staining but

H2O2 was avoided.

Results

The analysis of H2O2 production in individual

barley root segments (2 mm in length) revealed

an increase of the amount of H2O2 from root tip

towards the base in control roots (Fig. 1A). Cd

greatly stimulates H2O2 production immediately

Fig. 1 Effect of Cd on the spatial distribution of H2O2

production (A) and POD activity using SYR (B) or 4-MN
(C) as substrate in barley root 72 h after the onset of
imbibition. Mean values ± SD (n = 3)
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behind the root tip. In the first 0–2 mm and

second 2–4 mm segments and in the 4–6 mm

segment behind the root tip three and two times

more H2O2 was detected in comparison to control

root segments (Fig. 1A). Opposite results were

obtained by measuring POD activity, which raised

towards the root base in Cd treated roots while

control segments showed relatively low and stable

level of POD activity measured with 4-MN as non-

specific POD substrate (Fig. 1B). Using SYR as a

POD substrate these significant differences disap-

peared between control and Cd treated root

segments (Fig. 1C).

In our experiments staining of control root

sections with starch/KI reagent yielded a weak

stain in mucilage around the root cap (data not

shown) and in the early metaxylem vascular

bundles in the region from 4 mm behind root

tip (Fig. 2A). In the Cd treated roots the marked

H2O2 production in vascular bundles was

Fig. 2 Effect of Cd on
the spatial distribution of
H2O2 production (A) and
POD activity using SYR
(B) or 4-MN (C) as
substrate in barley root
early metaxylem 72 h
after the onset of
imbibition. Arrows
indicate the positive stain
for H2O2 and POD
activity. (C-control,
Cd-cadmium treated)
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detected already in the distance 2 mm from root

tip. The profile of POD activity was similar to that

of H2O2 production visualized by SYR as a

substrate (Fig. 2B). This outermost part of the

xylem was also stained with 4-MN and in similar

manner to SYR staining (Fig. 2C).

One cathodic and three anodic Cd-induced

POD isozymes were detected using 4-MN as

substrate (Fig. 3). The cathodic Cd-induced POD

isozyme was detected only in the first 2 mm

segment and was not stained with SYR suggesting

that this form is not involved in lignification

processes. On the other hand one faintly SYR

stained Cd-induced POD isozyme was detected,

which was not stained with 4-MN. Among three

anodic Cd-induced POD isozymes only one slow

migrating anionic POD was stained also with

SYR suggesting that this isozyme is probably

involved in lignin synthesis.

Besides premature lignification of early meta-

xylem bundles of barley root Cd induces also

formation of root hairs in the region 2 to 4 mm

behind the root tip, which was not detected on

control roots (Fig. 4).

Discussion

The reduction of root growth is a general and

sensitive visual symptom indicating the presence

of excessive metal concentration in root environ-

ment, which is toxic for given plant species. Due

to the high binding capacity of cellulose filter

paper to cations, a millimolar concentration is

required to obtain free cations available for roots

in micromolar concentration (Tamás et al. 2006a).

In our previous work we showed that 1 mM

concentration of Cd was required to obtain about

50% inhibition of root growth 72 h after the onset

of imbibition on the filter paper (Tamás et al.

2006b). Therefore we used the same concentra-

tion and time of Cd treatment also in these

experiments.

In our experiments strong correlation was

found between Cd induced H2O2 production

and POD activity using 4-MN or SYR as sub-

strate in vascular bundles. In vitro using SYR as

POD substrate this significant difference disap-

peared between control and Cd treatment roots in

comparison with POD activity using 4-MN or to

H2O2 production. However, it was observed that

SYR as a lignin monomer analog specifically

reacts only with POD localized in lignifying CW

in situ. In vitro this specific feature of SYR is lost

and this substrate is able to react with several

Fig. 3 Effect of Cd on anodic and cathodic PAGE of
POD activity using 4-MN or SYR as substrate in 2 mm
root segments of barley roots 72 h after the onset of
imbibition. The Cd-induced POD isozymes are indicated
by arrow. (C-control, Cd-cadmium treated)

Fig. 4 Effect of Cd on root hair formation in barley root
72 h after the onset of imbibition. (C-control, Cd-cadmium
treated)
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other PODs isolated from non-lignifying tissues

(Pang et al. 1989), which can explain the differ-

ences in results obtained in situ and in vitro.

Hydrogen peroxide accumulation is the major

reason causing Cd phytotoxicity in Arabidopsis

seedlings and in the efficient quenching of H2O2

by antioxidative system it is important component

of Cd tolerant seedlings (Cho and Seo 2005).

Similarly in roots of wheat, in spite of elevated

presence of phytochelatins, the excess of Cd

causes generation of considerable amounts of

H2O2, which was not detected in leaves (Ranieri

et al. 2005). The observed distribution of SYR

oxidase activity identified within the xylem of

barley roots correlates with the area believed to

be actively lignifying (e.g. outermost part of the

xylem) similarly as was reported in poplar xylem

(Christensen et al. 2001).

The intense production of H2O2 and high POD

activity are characteristic for young maturing

vascular elements; while at the maturity stage

they both rapidly decrease (Olson and Varner

1993). Our results demonstrate that Cd-induced

changes in H2O2 production and POD activity in

the region 2–8 mm behind the root tip are

associated with premature maturation of root

xylem elements. It was earlier observed that Cd

induces electron dense depositions in differenti-

ating xylem vessels, which are typical for later

maturing tracheary elements at non-stressed con-

ditions (Barceló et al. 1988a). Inhibition of

growth of maize root by water deficit is associated

with the shortening of the length of elongation

zone as a consequence of increased lignin metab-

olism in the region 3–9 mm behind root tip (Fan

et al. 2006). However, it was not detected at the

region 0–3 mm behind the root tip, which

explains partial maintenance of the root growth

during drought stress. In contrast to drought

stress Cd induces lignification immediately behind

the root tip, which is probably associated with

strong inhibition of root growth. In addition to

lignification formation of cell wall ingrowths

similar to transfer cells were observed in the

hypodermis, suggesting a Cd-induced alteration

of ion transport (Vázquez et al. 1992).

The Cd-induced abnormal premature lignifica-

tion of epidermis and exodermis cell walls in

absorption and elongation zone of root tip was

reported in Phragmites australis without any

significant structural modification (Ederli et al.

2004). This unusual lignification was interpreted as

a part of a defense reaction that limits the entry of

toxic metal. Schützendübel et al. (2001) reported

that Cd induced premature lignification of xylem

elements of pine roots in the distance from root

tip, which normally constitutes the elongation

zone. Authors suggested that Cd inhibits the

systems involved in H2O2 removal therefore

causes its accumulation that in turn may trigger

the developmental program leading to xylogene-

sis. However, our results demonstrated that H2O2

accumulated strictly in the xylem elements during

Cd treatment. Therefore Cd induced xylogenesis

is not triggered by non-specific accumulation of

H2O2, but probably Cd induces another signal,

which triggers generation of H2O2 in xylem

elements as first stage in their differentiation.

The generation of H2O2 in the xylem of Zinnia

elegans is mediated by an NADPH-oxidase-like

enzyme, which may be further used by peroxidas-

es for the synthesis of lignin (Ros Barceló 1998).

In cultured tobacco cells Cd activates just the

NADPH oxidase-like enzyme mediated ROS

production (Olmos et al. 2003).

Several reports suggest that both acidic and

basic peroxidases are involved in lignin synthesis

depending on plant species (Ostegaard et al. 2000;

Ros Barceló and Aznar-Asensio 2002). However,

it has been also suggested that both cationic and

anionic peroxidases are required for correct

lignification of CW (Mäder et al. 1986).

Induction of lignin synthesis was described also

under other stress conditions. Juglone (5-hydro-

xy-1,4-naphthoquinone) originated from black

walnut affects growth of various plants probably

by inhibition of root growth as consequence of

enhanced lignification of root tissues (Böhm et al.

2006). Aluminium-induced root growth inhibition

is correlated with elevated lipid peroxidation and

lignin deposition, which are associated with an

increase in H2O2 generation in wheat (Hossian

et al. 2005). In Asparagus wound induced

increased peroxidase activity and lignin produc-

tion were localized in the vascular bundles during

post-harvest storage (Holm et al. 2003).

Besides premature xylogenesis we described

also Cd induced root hair formation. Similar
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results were reported in radish seedling where Cd

induces premature death of epidermis and an

increase in the number of root hairs (Vitória et al.

2003). In contrast to these results, the opposite

effect was observed in the case of Cu treatment,

which causes reduction in root hair formation

already at concentration lower than that which

caused a significant reduction in root fresh weight

and appearance of typical Cu toxicity symptoms

(Kopittke and Menzies 2006). Both xylem ele-

ment lignification and root hair formation in the

region that in control roots represents the elon-

gation zone, suggest that Cd induces premature

differentiation of barley root. Accelerated differ-

entiation was also observed in the upper part of

the plants where Cd induces senescence symp-

toms in leaf peroxisomes probably by activation

of a metabolic transition of leaf peroxisomes into

glyoxysomes (McCarthy et al. 2001). Similarly to

peroxisome, chloroplasts from Cd treated plants

show typical senescence features suggested that

Cd probably induced premature leaf senescence

(Barceló et al. 1988b; Sandalio et al. 2001).

In conclusion the above reported results sug-

gest that Cd-induced root growth inhibition is at

least partially the consequence of Cd-stimulated

premature root development involving xylogene-

sis and root hair formation, which is correlated

with shortening of root elongation zone and

therefore with root growth reduction.
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