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Abstract 
 
The effects of zirconium ascorbate (Zr-ASC), a water-soluble complex of Zr, were examined on wheat seedlings 
(Triticum aestivum L. cv. MV. 20). Hydroponically grown plants were exposed to 10, 33, 55, 100 and 550 μM Zr-ASC 
(Zr10, Zr33 etc.). After 9 d of treatment inhibition of germination, retarded root and shoot growth, and increased activities 
of antioxidant enzymes (guaiacol peroxidase, ascorbate peroxidase, and glutathione reductase) showed that Zr-ASC was 
only harmful at and over a concentration limit of 100 μM. Chlorophyll (Chl) content of plants was only decreased by 
Zr550. Zr-ASC at lower concentrations was beneficial for plant development: Zr10 and Zr33 enhanced root elongation, Zr55 
induced about 30 % increase in the total Chl content, while the activity of antioxidant enzymes was not elevated 
indicating that no oxidative stress was generated by the intracellularly accumulated Zr4+ ions. 
Additional key words: abiotic stress, antioxidant enzymes, ascorbate peroxidase, chlorophyll, glutathione reductase, guiacol 
peroxidase, metal toxicity, root and shoot length, zirconium ascorbate. 
 
⎯⎯⎯⎯ 
 
Zirconium is the 20th most common element in the earth’s 
crust, its total content in soils is deemed to be between  
30 and 2000 mg kg-1(dry soil), on an average 250 mg kg-1 
(Pais and Jones 1997). Zr is present in nature in amounts 
higher than most trace elements. It occurs principally in 
inorganic insoluble compounds. Industrial utilisation of 
Zr in alloys, dyes, glasses, and ceramics is growing, so Zr 
wastes and by-products as well as radioactive Zr fallout 
discharged by nuclear reactors can be sources of conta-
mination (Couture et al. 1989, Garnham et al. 1993). Its 
ever-growing environmental abundance has increased the 
importance of studies describing Zr effects on living 
organisms (Ghosh et al. 1992). Physiological effect of 
elements in soil always depends on the chemical form of 
their compounds, which determines their solubility and 
thence their uptake by the plants. Several factors may 
influence the uptake of metals. Pollution of air, natural 
waters, and soils among other things results in a lowered 
pH of the arable soils. In consequence insoluble 
compounds may be converted in a water-soluble form, 
which can enter root cells. The action of Zr on biological 
systems is scarcely known at present. Its toxicity was 
mild in young barley plants; red stems occurred as a  
 

visual symptom of Zr poisoning (Davis et al. 1978). 
Toxic effects induced by very high concentrations are 
non-specific in nature. Despite the presence and retention 
in relatively high quantities in biological systems, Zr has 
not yet been associated with any specific metabolic 
system. Apparently, the metal is neither an essential nor a 
toxic element in the conventional sense. 

Zirconium ascorbate (Zr-ASC), a water-soluble  
pH-stabile chelate was formed (Fodor et al. 2003), which 
could be accumulated in a significant rate by Chlorella 
cells from the nutrient solution (Simon et al. 2001). This 
phenomenon may have practical importance in removal 
of Zr from contaminated aquatic environments. The 
intracellular quantity of several trace elements was 
influenced, chlorophyll (Chl) content was slightly 
lowered, and the Chl a/b ratio was changed in Zr-ASC 
treated cultures (Simon et al. 2001). The aim of the 
present study was to characterise responses of wheat 
seedlings treated with Zr-ASC considering whether it is a 
harmful pollutant or a potentially beneficial metal for 
higher plants. 

Thirty wheat seeds (Triticum aestivum L. MV. 20) 
were imbibed for 24 h in tap water, then they were put in  
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a Petri dish on a filter paper soaked by the Knop solution 
(Suba 1978) which was supplemented with K-ASC or 
different concentrations of Zr-ASC (10, 33, 55, 100 and 
550 μM Zr = Zr10, Zr33, Zr55, Zr100, Zr550). Zirconium was 
provided as Zr-ascorbate chelate. It was obtained from 
zirconyl chloride (ZrOCl2 . 8 H2O) and L-ascorbic acid 
was applied as ligand. Concentrated hydrochloric acid 
was used to initiate complex formation, which took about 
one week and its process was controlled by a photometric 
method (Fodor et al. 2003). The pH was adjusted with the 
addition of KOH solution (10 %, m/v ). All reagents were 
of analytical reagent grade. Plants germinated in darkness 
during the first 5 d and then grew at room temperature 
(25 °C) and natural irradiation. Number of seedlings was 
recorded and the percentage of germinated seeds was 
calculated. Shoot and root length of seedlings was 
measured after 9 d of Zr-ASC treatment. Nine-day-old 
seedlings were rinsed with distilled water, dried, and 
prepared for analysis. Plant material was dehydrated at 
105 °C for 24 h and 0.2 g of powdered dry material was 
dissolved in 2 cm3 of HNO3 + H2O2 mixture (1:1, v/v). 
Decomposition of plant tissues was completed by 
incubation at high pressure and temperature. 

Arsenazo III was used as a reagent to determine  
Zr content of the filtered solutions (Savvin 1961). This 
reaction is highly specific to Zr at low pH (8 M HCl). The 
measurement was carried out by a PC-controlled  
GBC 916 UV/VIS spectrophotometer (GBC, Dandenong, 
Australia) at 665 nm (ε = 120 mmol-1 cm-1). The acid 
concentration of the blank solution and the complex was 
adjusted to the same value. Standard Zr solution was 
prepared as follows: 1 cm3 Arsenazo III reagent (1 g dm-3), 
1.25 cm3 Zr (100 μM) in 8 M HCl was made up for a 
final volume of 25 cm3. Under these conditions the 
measuring range is between 50 - 100 μM Zr. 

Chl content was measured in an 80 % acetone extract  
 

made from 0.1 g leaf and calculated according to Arnon 
(1949). For enzyme analyses, plant material was 
homogenised with three-fold excess of buffer containing 
0.1 M potassium phosphate (pH 7.8), 1 mM phenyl-
methylsulfonyl fluoride, 2 mM diethylenetriamine-
pentaacetic acid, 1 mM dithiothreitol and 5 mM ascorbic 
acid. The tissue extract was centrifuged at 10 000 g for 
30 min. The procedure was carried out at 4 °C and the 
supernatant was used for further analyses. Guaiacol 
peroxidase (POD; E.C. 1.11.1.7) and ascorbate 
peroxidase (APX; E.C. 1.11.1.11.) activities were 
measured using guaiacol and ascorbic acid as substrates, 
respectively (Hegedüs et al. 2001). Glutathione reductase 
(GR; E.C. 1.6.4.2) activity was determined by using  
5,5'-dithio-bis(2-nitrobenzoic acid) as substrate according 
to Smith et al. (1988). 

Plants grown in Knop solution containing 5500 μM 
potassium ascorbate (K-ASC) were taken as control. This 
ascorbate concentration corresponded to that of the Zr550 
treatment, due to the 1:10 stoichiometric proportion of the 
Zr-chelate. Three independent experiments were carried 
out and all measurements were performed with three 
parallels in all cases. The significance of differences 
between potassium ascorbate treated control and  
Zr-treated plants were statistically evaluated using the 
Student's t-test (P ≤ 0.05). 

K-ASC or Zr10 - Zr55 did not influence germination 
(Fig. 1A), in contrast to Zr100 and Zr550 that caused a 
marked concentration dependent decrease in the 
proportion of germinated seeds. In contrast to this, other 
highly toxic heavy metals as cadmium, or mercury cause 
significant inhibition at much lower doses (Shaw 1995). 

Zr-ASC had a major impact on the root growth 
compared to the shoot elongation, which was practically 
not altered by Zr0-Zr55 (Table 1). Root development was 
slightly enhanced by K-ASC, while Zr10 and Zr33 caused  

 
Fig. 1. Effect of Zr-ASC on germination (A) and on guaiacol peroxidase, POD (B), ascorbate peroxidase, APX (C), and glutathione 
reductase, GR (D) activities in roots (filled columns) and shoots (white columns) of wheat. Values of Zr-ASC treated seedlings 
marked with asterisk are significantly different at P ≤ 0.05 from those of K-ASC grown plants. 
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Table 1. The effect of Zr-ASC on the root and shoot elongation; Zr accumulation in roots and shoots as well as chlorophyll content of 
wheat seedlings after 9 d of treatment. Values are means ± SE, n = 3. The mean values marked with asterisk are significantly different 
at P ≤ 0.05 from values obtained from K-ASC treated seedlings (DL = detection limit). 
 

 Length [cm] Zr content [mg kg-1 (DM)] 
 root shoot root shoot 

Chlorophyll content 
[g kg-1(d.m.)] 

Knop (untreated) 6.76 ± 0.84 12.98 ± 0.75 <DL <DL 14.1 ± 1.4 
K-ASC (control) 7.55 ± 0.99 12.75 ± 0.94 <DL <DL 14.0 ± 1.7 
  10 μM Zr-ASC 8.75 ± 0.77* 12.90 ± 1.01       9.7 ± 0.6   11.7 ± 0.8 14.0 ± 1.7 
  33 μM Zr-ASC 8.39 ± 0.98* 13.24 ± 1.15   114.0 ± 1.5   74.0 ± 5.5 17.4 ± 2.4 
  55 μM Zr-ASC 7.39 ± 0.52 12.63 ± 0.95     87.0 ± 4.5 117.0 ± 1.5 18.5 ± 2.4* 
100 μM Zr-ASC 4.66 ± 0.48*   8.06 ± 1.38*   286.0 ± 2.5 261.0 ± 3.0 13.4 ± 1.6 
550 μM Zr-ASC 0.98 ± 0.10*   4.38 ± 0.40* 1316.0 ± 2.5 233.0 ± 7.5   9.3 ± 1.2* 

 
a further increase in the length of roots. Zr100 and Zr550 
caused considerable retardation in root and shoot 
elongation. Growth of roots was more substantially 
affected by Zr than that of shoots, presumably due to the 
fact that roots were directly submerged in the Zr 
containing media. 

In both roots and shoots the accumulation of Zr was 
more or less proportional to the Zr concentration in the 
medium (Table 1). This coincides with former studies 
obtained by other metals (Barnabás et al. 2000, Hegedüs 
et al. 2001). Zr content of root and shoot tissues was 
similar, however, at Zr550 roots accumulated more than 
five times higher amount of Zr than shoots. This may 
indicate a kind of defence mechanism by preventing the 
more sensitive shoots from accumulating hazardous 
quantity of Zr under a treatment well over the threshold 
tolerable for plants, as it was presumed by Fernandes and 
Henriques (1991) in case of copper. 

Chlorosis is a characteristic visual symptom of the 
abiotic stress induced by various metals (Stoeva et al. 
2003/4, Astolfi et al. 2004, Hegedüs et al. 2004). Chl 
content of leaves was only decreased at Zr550. Moreover, 
wheat seedlings treated by Zr55 possessed significantly 
more Chl than K-ASC treated plants (Table 1). In 
contrast to it, Simon et al. (2001) experienced a slight but 
not significant decrease in Chl content of Chlorella 
treated by 1 - 50 μM Zr-ASC. Titanium in a similar 
ascorbate chelated form had also a positive effect on the 
Chl content of Anacystis nidulans (Kiss et al. 1985), 
Chlorella pyrenoidosa (Simon et al. 1988), and 
Capsicum annuum (Carvajal et al. 1994a). It was 
explained by the increase of physiologically active Fe2+ 
fraction due to low Ti3+/Ti4+ redox potential, which in 
turn may stimulate pigment biosynthesis and photo-
chemical capacity of plants (Simon et al. 1988, Carvajal 
and Alcaraz 1995). It seems to support our results, since 
Ti and Zr belong to the same subgroup of the periodical 
system and share common chemical properties conferring 
the possibility of a similar cellular event. 

In plant cells exposed to several stress factors (e.g. 
polluting metals) oxidative stress occurs as a common 
consequence of the inordinate accumulation of active 
oxygen species (AOS) (Skórzyńska-Polit et al. 2003/4). 

Guaiacol peroxidase (POD) is one of the enzymes 
playing a crucial role in the elimination of harmful AOS. 
POD activity was much higher in roots than in shoots of 
wheat seedlings. Considerable increase in POD activity 
was only found at Zr550 treatment when in roots and 
shoots it was enhanced by 80 and 17 %, respectively 
(Fig. 1B). Similar results were obtained by Ti-ASC in 
Triticum aestivum and Zea mays (Pais 1983) and in 
Capsicum annuum (Carvajal et al. 1994b). In these 
analyses, ascorbate treatments did not have any effect, 
producing similar enzyme activities to those of the 
control plants, as it was also shown in our experiments. 
Furthermore, the increase in POD activity due to Zr550 
treatment was accompanied by a marked decrease in the 
total phenol content of plant tissues (data not shown). 
Various phenolic compounds are used as substrates by 
POD isoenzymes during lignin biosynthesis (Gaspar et al. 
1991). It suggests that isoenzymes responsible for the 
activity increase are those acting in the process of lignin 
biosynthesis, as it was previously demonstrated in case of 
nickel induced stress (Pandolfini et al. 1992). Higher 
lignin deposition may form a physical barrier against 
metal uptake (Hegedüs et al. 2001), nevertheless it makes 
cell walls rigid, which results in growth inhibition, as it 
was evidenced from the Zr100 and Zr550 induced growth 
retardation. 

Ascorbate peroxidase (APX) and glutathione 
reductase (GR) are two key enzymes of AOS 
detoxification in the cytoplasm and chloroplasts where 
they are located (Foyer 1993). Activity of APX was 
unchanged in roots, while in shoots K-ASC and Zr10-Zr100 
decreased it. At Zr550 APX activity was about 80 and 
100 % higher in roots and shoots, respectively, compared 
to control plants grown in K-ASC (Fig. 1C). The activity 
of GR in roots was slightly lowered by K-ASC and  
Zr10-Zr100; nevertheless, at Zr550 the GR activity in roots 
was more than 2.5-fold elevated compared to control 
plants (Fig. 1D). GR activity in shoots was more or less 
lowered by Zr treatments. Activities of APX and GR 
markedly enhanced by Zr550 indicated that root and shoot 
cells confront with a considerable oxidative challenge 
only at this extremely high concentration. Most of the 
environmental stimuli, including heavy metals (such as 
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Cd, Cu, or Zn) may induce even higher APX and GR 
activities (Chaoui et al. 1997, Clijsters et al. 1999, 
Šimonovičová et al. 2004). 

Taken together, water-soluble Zr-ascorbate was only 
harmful for wheat seedlings at and over a concentration 
threshold of 100 μM. Zr-ASC at lower concentrations 

proved to be not harmful but beneficial for plant 
development: 10-33 μM enhanced root and shoot 
elongation, 55 μM induced a considerable increase in 
chlorophyll content, while no oxidative stress was 
generated by the intracellularly accumulated Zr4+ ions. 

 
 
References 
 
Arnon, D.I.: Copper enzymes in isolated chloroplasts. 

Polyphenoloxidase in Beta vulgaris. - Plant Physiol. 24: 1-
15, 1949. 

Astolfi, S., Zuchi, S., Passera, C.: Effects of cadmium on the 
metabolic activity of Avena sativa plants grown in soil or 
hydroponic culture. - Biol. Plant. 48: 413-418, 2004. 

Barnabás, B., Kovács, G., Hegedüs, A., Erdei, S., Horváth, G.: 
Regeneration of doubled haploid plants from in vitro 
selected microspores to improve aluminium tolerance in 
wheat. - J. Plant Physiol. 156: 217-222, 2000. 

Carvajal, M., Alcaraz, C.F.: Effect of Ti(IV) on Fe activity in 
organs and organelles of Capsicum annuum L. plants. - 
Phytochemistry 35: 977-980, 1995. 

Carvajal, M., Martinéz-Sánchez, F., Alcaraz, C.F.: Effect of 
Ti(IV) on some physiological activity indicators of 
Capsicum annuum L. plants. - J. hort. Sci. 69: 427-432, 
1994a. 

Carvajal, M., Martinéz-Sánchez, F., Alcaraz, C.F.: Effect of 
Ti(IV) application on some enzymatic activities in several 
developing status of Capsicum annuum L. plants. - J. Plant 
Nutr. 17: 243-253, 1994b. 

Chaoui, A., Mazhoudi, S., Ghorbal, M.H., El Ferjani, E.: 
Cadmium and zinc induction of lipid peroxidation and 
effects on antioxidant enzyme activities in bean (Phaseolus 
vulgaris L.). - Plant Sci. 127: 139-147, 1997. 

Clijsters, H., Cuypers, A., Vangronsveld, J.: Physiological 
responses to heavy metals in higher plant; defence against 
oxidative stress. - Z. Naturforsch. 54c: 730-734, 1999. 

Couture, P., Blaise, C., Cluis, D., Bastien, C.: Zirconium 
toxicity assessment using bacteria, algae, and fish assays. - 
Water Air Soil Poll. 47: 87-100, 1989. 

Davis, R.D., Beckett, P.H.T., Wollan, E.: Critical levels of 
twenty potentially toxic elements in young spring barley. - 
Plant Soil 49: 395-408, 1978. 

Fernandes, J.C., Henriques, F.S.: Biochemical, physiological, 
and structural effects of excess copper in plants. - Bot. Rev. 
57: 246-273, 1991. 

Fodor, M., Hegóczki, J., Vereczkey, G.: The effects of 
zirconium, a less known microelement, on basic 
fermentation characteristics and protein composition of 
Saccharomyces cerevisiae. - Acta aliment. hung. 32: 353-
362, 2003. 

Foyer, C.H.: Ascorbic acid. - In: Alscher, E.G., Hess, J.L. (ed.): 
Antioxidants in Higher Plants. Pp. 31-58. CRC Press, Boca 
Raton 1993. 

Garnham, G.W., Codd, G.A., Gadd, G.M.: Accumulation of Zr 
by microalgae and Cyanobacteria. - Appl. Microbiol. Bot. 
39: 666-672, 1993. 

Gaspar, T., Penel, C., Hagege, D., Greppin, H.: Peroxidases in 
plant growth, differentiation, and development processes. - 
In: Lobarzewski, J., Greppin, H., Penel, C., Gaspar T. (ed.): 
Biochemical, Molecular, and Physiological Aspects of Plant 
Peroxidases. Pp. 249-280. Univ. Geneva, Geneva 1991. 

Ghosh, S., Sharma, A., Talukder, G.: Zirconium – an abnormal 

trace element in biology. - Biol. Trace Element Res. 35: 
247-271, 1992. 

Hegedüs, A., Erdei, S., Horváth, G.: Comparative studies of 
H2O2 detoxifying enzymes in green and greening barley 
seedlings under cadmium stress. - Plant Sci. 160: 1085-
1093, 2001. 

Hegedüs, A., Erdei, S., Janda, T., Tóth, E., Horváth, G., Dudits, 
D.: Transgenic tobacco plants overproducing alfalfa 
aldose/aldehyde reductase show higher tolerance to low 
temperature and cadmium stress. - Plant Sci. 166: 1329-
1333, 2004. 

Kiss, F., Deák, G., Fehér, M., Balogh, A., Szabolcsi, L., Pais, I.: 
The effect of titanium and gallium on photosynthetic rate of 
algae. - J. Plant Nutr. 8: 825-831, 1985. 

Pais, I.: The biological importance of titanium. - J. Plant Nutr. 
6: 3-131, 1983. 

Pais, I., Jones, J.B., Jr.: The Handbook of Trace Elements. - 
St. Lucie Press, Boca Raton 1997. 

Pandolfini, T., Gabbrielli, R., Comparini, C.: Nickel toxicity 
and peroxidase activity in seedlings of Triticum aestivum L. 
- Plant Cell Environ. 15: 719-725, 1992. 

Savvin, S.B.: Analytical use of Arsenazo III. Determination of 
thorium, zirconium, uranium and rare earth elements. - 
Talanta 8: 673-685, 1961. 

Shaw, B.P.: Effects of mercury and cadmium on the activities of 
antioxidative enzymes in the seedlings of Phaseolus aureus. 
- Biol. Plant. 37: 587-596, 1995. 

Simon, L., Fodor, M., Pais, I.: Effects of zirconium on the 
growth and photosynthetic pigment composition of 
Chlorella pyrenoidosa green algae. - J. Plant Nutr. 24: 159-
174, 2001. 

Simon, L., Hajdu, F., Balogh, Á., Pais, I.: Effect of titanium on 
growth and photosynthetic pigment composition of 
Chlorella pyrenoidosa (green alga). II. Effect of titanium 
ascorbate on pigment content and chlorophyll metabolism 
of Chlorella. - In: Pais, I. (ed.): New Results in the Research 
of Hardly Known Trace Elements and their Role in the 
Food Chain. Pp. 87-101. Univ. Horticult. Food Sci., 
Budapest 1988. 

Šimonovičová, M., Tamás, L., Huttová, J., Mistrík, I.: Effect of 
aluminium on oxidative stress related enzymes activities in 
barley roots. - Biol. Plant. 48: 261-266, 2004. 

Skórzyńska-Polit, E., Drażkiewicz, M., Krupa, Z.: The activity 
of antioxidative system in cadmium-treated Arabidopsis 
thaliana. - Biol. Plant. 47: 71-78, 2003/4. 

Smith, I.K., Vierheller, T.L., Thorne, C.A.: Assay of glutathione 
reductase in crude tissue homogenates using 5,5'-
dithiobis(2-nitrobenzoic acid). - Anal. Biochem. 175: 408-
413, 1988. 

Stoeva, N., Berova, M., Zlatev, Z.: Physiological response of 
maize to arsenic contamination. - Biol. Plant. 47: 449-452, 
2003/4. 

Suba, J.: Növényélettani Gyakorlatok. [Plant Physiology 
Manual.] - Tankönyvkiadó, Budapest 1978. [In Hung.] 

 




