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ABSTRACT 
Verbascum olympicum Boiss. is dominated in disturbed areas of Uludağ Mountain/Turkey. It is a special 
species that is subject to phytoremediation due to its heavy metal accumulation, high biomass production 
and its ability to live in degraded areas. But, it is not known what its photosynthetic and antioxidative 
responses to high Zn concentrations that increased with anthropogenic activities such as mining, sewage 
sludge. Thus, in the present study we investigated photosynthetic pigments (chlorophyll a and b) and 
antioxidative enzymatic system of ruderal Verbascum olympicum grown in three different Zn levels (50, 
250 and 500 µM) as zinc sulfate during 1, 3 and 10 days. The activity of antioxidative enzymes 
[superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX)] and photosynthetic pigment 
contents (chlorophyll a and b) was determined in the 8-week-old seedlings. Also, lipid peroxidation was 
measured as the amount of malondialdehyde (MDA) and, the cell membrane integrity and permeability 
was determined. Results were subjected to two-way ANOVA according to different Zn concentration 
treatments and exposed periods.  It was determined an increase tendency up to 200 µM Zn treatment in 
antioxidative enzyme activities depending on increasing Zn concentrations and duration of exposure. 
This situation indicates that Verbascum olympicum has a strong antioxidative defense system for 
scavenging Zn-induced oxidative stress. But 500 µM Zn treatment had a destructive effect in 
photosynthetic pigment content and antioxidative enzymatic activities of V. olympicum. These results 
contribute to the understanding of survival success of Verbascum olympicum in degraded areas. 
Key words: Antioxidative enzyme activity, chlorophyll content, zinc, Verbascum olympicum. 

1. INTRODUCTION
Zinc (Zn) is so special micronutrient that involved in a lot of physiological and biochemical processes 
from plasma membrane function, chlorophyll biosynthesis, to oxidative stress tolerance, regulation of 
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DNA transcription and protein-protein interactions. But in the high concentrations, Zn begin to effect 
negatively because of binding of zinc to various functional groups of ligands containing sulfur and 
oxygen. In the high Zn concentrations, it causes alterations such as reduction of plant root length, 
chlorosis, inhibition of photosynthesis (1). Especially, it decreases the level of plastoquinone in the 
electron transport chain during the process of photosynthesis. It also causes irreversible damage to 
chlorophyll biosynthesis (2). Moreover, uptake of micronutrient elements such as Mg, Mn and Fe are 
prevented (3). For example; in Phaseolus vulgaris plants treated with high Zn concentrations, zinc has 
been reported to be effective on photosynthesis by replacing of magnesium in Photosystem II (4). There 
were also indicated by Ambler et al. (5) that high Zn concentrations create Fe deficiency and low Zn 
concentrations cause Fe accumulation. This situation can create toxic reactive oxygen radicals (ROS) via 
Fenton and Haber-Wiess reactions or electron transport chain (ETS) in mitochondria and chloroplast 
(6,7)  
ROS give rise to the production of malondialdehyde (MDA), as well as starting the peroxidative chain 
reaction involving membrane lipids (8). Besides, they can cause damage to protein and even DNA or 
RNA (9,10). Therefore, plants have complex ROS scavenging mechanisms including antioxidative 
enzymes such as superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX) or low 
molecular weight antioxidants like ascorbic acid, glutathione, cysteine, α-tocopherol, phenolic 
compounds (7). The enzymatic action of SOD is the first step for scavenging ROS such as superoxide 
(O2

.-) and ultimately generates hydrogen peroxide (H2O2). Due to be toxic in high H2O2 concentrations, 
it turns to H2O and O2 by CAT localized in peroxisomes. APX catalyzes the reduction of H2O2 using 
ascorbate as an electron donor in chloroplast and mitochondria (11).  
Verbascum olympicum is native to the local flora of disrupted areas such as the roadsides, rubber hips, 
developed building areas and mining areas in Uludağ (Bursa-Turkey). At the same time, Verbascum 
olympicum has some functional properties like high nitrate assimilation capacity, heavy metal 
accumulation (12) and high organic matter production (13). If this species becomes a dominant plant in 
disrupted areas, it should have different metabolic functions against heavy metal pollution. In this study, 
we aimed to determine the impact of different Zn concentrations (0, 50, 200, 500 µM) during 1, 3 and 10 
days on the photosynthetic pigments and antioxidative enzymatic system of V. olympicum. We analyzed 
the chlorophyll contents (chlorophyll a and b), the cell membrane integrity and permeability, the level of 
lipid peroxidation (MDA content) and the activity of antioxidative enzymes (SOD, CAT and APX) in 
both leaves and roots of the V. olympicum seedlings growing under hydroponic conditions.  
 

2. MATERIALS AND METHODS 
2.1. Plant Culture and Experimental Design 
Seeds, collected from Uludağ Mountain (1850-1900 m elevation), were stored in paper bags in room 
conditions. Sterilized seeds with 5% sodium hypochlorite for 5 min were planted in Petri dishes with 
water-moistened filter paper. Petri dishes were enclosed with aluminum foils for germination in dark 
conditions and incubated at 20°C for 48h. For the development of cotyledons in germinating seeds, petri 
dishes were wrapped with stretch film and placed in a growth chamber (Heraeus Vötsch HPS500, 
15°C/25°C day/night temperature, 16h photoperiod). On the 10 days after sowing, seedlings with two 
cotyledons were transferred to polyvinyl chloride plates floating on 10% strength of Hoagland nutrient 
solution (14). This solution was renewed every other day and its concentration was increased by 10% 
every week. Plants were grown in these conditions for eight weeks. Then uniform plants with 8-leaves 
were selected for Zn treatments in form of ZnSO4. 0 (control), 50, 200 and 500 μM Zn was applied to 
plants in 80% strength of Hoagland nutrient solution. Five plants for per treatment were used and three 
replications for per plant were done. Plants were harvested at 1st, 3rd and 10th day of treatment. Plant 
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samples were washed thoroughly with de-ionized water and separated to roots and leaves portions. Fresh 
plant materials were used for determination of growth parameters such as the water content, biomass 
production and the cell membrane injury and permeability; the rest were stored in -80°C after freezing 
in liquid nitrogen for others. 

2.2. Determination of Photosynthetic Pigment Contents 
The chlorophyll content (chlorophyll a and b) was determined using the method of Arnon (15). Fresh 
leaves (0.05 g fresh weight; FW) were homogenized with 10 mL of 80% acetone, and then filtered. The 
absorbance of samples was measured at 645 and 663 nm (Novaspec II, LKB Biochrom). 

2.3. The Cell Membrane Permeability and Electrolyte Leakage Assay 
Estimation of the cell membrane permeability was determined with the electrolyte leakage as described 
by Masood et al. (16). Fresh leaf (0.5 g) and root samples (0.25 g) were cut into pieces and immersed in 
20 mL distilled de-ionized water. They were incubated in a water bath at 32ºC for 2 h and the initial 
electrical conductivity of the medium (EC1) was measured. Then, the samples were autoclaved at 121ºC 
for 20 min to release all electrolytes. After cooled to 25ºC, the final electrical conductivity (EC2) was 
measured. Electrolyte leakage was calculated as the percentage of the initial value (EC1) over the final 
value (EC2). 

The cell membrane permeability (%): (EC1/EC2)*100 
Also, the cell membrane injury was expressed according to formula in above as a percentage (17): 

The cell membrane injury (%): 1-(1- EC1/EC2)/(1- EC1
*/EC2

*) 
where, E* is the electrical conductivity of the control sample.  

2.4. Determination of Lipid Peroxidation 
Lipid peroxidation was measured as the amount of MDA determined by thiobarbituric acid (TBA) 
reaction and was expressed as nmol/g fresh weight. MDA content was determined as proposed by Heath 
and Packer (18), with some modifications. 0.1 g fresh leaves material was homogenized in 0.5 mL of 
0.1% (w/v) trichloroacetic acid (TCA). The homogenate was centrifuged at 15 000 g for 10 min. Then, 
the reaction mixture containing 0.5 mL of the supernatant and 1.5 mL of the mixture of 20% TCA and 
0.5% TBA was put in new tubes. After incubation at 95 °C for 30 min, the tubes were cooled with ice 
and centrifuged at 15 000 g, 4°C for 5 min. The absorbance of the mixture was read at 532 and 600 nm 
(Novaspec II, LKB Biochrom). The MDA concentration was calculated using extinction coefficient of 
155 mM-1cm-1.  

2.5. The Determination of the Antioxidative Enzymatic System 
1 g fresh plant material was homogenized with 3 mL of buffer solution [Buffer solution; 50 mM Na-
phosphate buffer (pH 7.8), 1 mM EDTA, 2% (w/v) polyvinylpolypyrrolidone (PVP)] in an ice bath. 
Homogenized materials were centrifuged at 14.000 g for 40 min at 4°C. The supernatants were 
transferred to Eppendorf tubes for the determination of the enzymatic activities. Only for the APX 
activity assay, 2 mM asborbate was added to the extraction buffer solution described above. The SOD 
activity (EC 1.15.1.1) was determined by the method of Beuchamp and Fridovich (19). This method is 
based on the inhibition of the nitroblue-tetrazolium at 560 nm (Novaspec II LKB Biochrom). SOD assay 
kit (SOD S7446, Sigma-Aldrich, USA), derived from bovine erythrocyte was used in the preparation of 
standards. After the calculation of % inhibition, the activity of enzyme was determined according to the 
linear equation which is obtained from the curve and expressed as units per mg protein.  
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The CAT activity (EC 1.11.1.6) was assayed as described in Lester et al. (20) with some modification. 
0.1 mL of the enzyme extract was added to 20 mM sodium phosphate buffer (pH 6.8) and 15 mM H

2
O

2
. 

The change in absorbance was measured at 240 nm for 3 minute (Shimadzu UV-2100). The activity of 
enzyme was expressed as units per mg protein. The APX activity (EC 1.11.1.11) was determined 
according to the method described by Lester et al. (20). This enzyme activity was stated from the decrease 
in absorbance at 290 nm as ascorbate was oxidized. The reaction mixture was comprised from 50 mM 
potassium phosphate (pH 6.6), 0.25 mM ascorbate and 1 mM H2O2 (3% H2O2) and 1 mL of the enzyme 
extract. The change in absorbance was measured at 290 nm for 3 minute (Shimadzu UV-2100). The 
activity of enzyme was expressed as units per mg protein. 

2.6. Statistical Analysis 
Results were expressed in figures and tables as mean values ± SD. The experiments were set up in a 
completely randomized design. According to different Zn concentration treatments and exposed periods, 
data were subjected to two-way ANOVA using the SPSS 16.0 for Windows (SPSS Inc. 2007). The 
statistical significance of the results was at 0.05 levels.  
 

3. RESULTS and DISCUSSION 
The chlorophyll a and b content determined in the leaves of the V. olympicum seedlings exposed to Zn 
at 50, 200 and 500 µM concentrations for 1,3 and 10 days was given in Figure 1. Accordingly, a 
significant difference was found in the mean chlorophyll a and b content depending on the durations of 
exposure and Zn concentrations (P <0.05). It was determined that chlorophyll a and b content of V. 
olympicum seedlings decreased depending on increasing Zn concentrations and durations of exposure. 
The lowest chlorophyll a and b content obtained was determined in samples exposed to 500 µM Zn stress 
for 10 days. This value is 0.51 ± 0.03 mg / g FW for chlorophyll a and 0.18 ± 0.02 mg / g FW for 
chlorophyll b. High Zn concentrations might have led to the Fe deficiency in V. olympicum and this may 
have damaged the process of photosynthesis and chloroplasts (2, 21). At the same time, it can be thought 
that zinc has caused problems in the process of photosynthesis due to it inhibits to the intake of nutrients, 
since it has a similar ion charge with elements such as Mn, Mg and Fe contained in photosynthetic devices 
(22). 
In our study, it was observed that the content of MDA increased with Zn treatments in V. olympicum 
seedlings (p<0.05, Figure 2). Especially in 10day treatment, increasing MDA level is remarkable (Figure 
2). This indicates that oxidative stress occurs in V. olympicum. Because the level of oxidative stress 
occurring in the plant can be understood from the content of MDA and the primary effect of the formed 
free radicals is the cell membranes (23). Therefore, cell membrane damage and ion leakage values was 
measured in V. olympicum exposed to different Zn concentrations for 1,3 and 10 days (Table 2). It was 
seen in our results that cell membrane damage and ion leakage values also increased depending on Zn 
concentrations and durations of exposure (p<0.05). It has been reported by many researchers that 
oxidative stress occurs in plants and cell membrane integrity is impaired due to different Zn treatments 
(6, 24, 25, 26).  
SOD activity in the leaves and roots of V. olympicum seedlings exposed to different Zn concentrations 
for 1,3 and 10 days was shown in Figure 3. SOD activity was stimulated by Zn treatments in both the 
roots and leaves. This stimulation was up to 200 µM Zn concentrations proportional to the increasing Zn 
concentrations and durations of exposure (p<0.05). The highest SOD activity in the roots and leaves was 
determined in the seedlings exposed to 200 µM Zn for ten days. This indicates that V. olympicum 
seedlings have a strong defense system that can resist to 200 µM Zn concentrations, but 500 µM Zn 
treatment inhibits the antioxidative defense system. Because the decrease in SOD activity is an evidence 
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that the enzyme is structurally degraded. The most common isoform of SOD in plants is Cu/Zn-SOD. 
Therefore, the changes in Zn concentrations is directly effective on the SOD activity (6).  
The CAT Activity in the leaves and roots of V. olympicum, shown in Figure 4, increased on all the 
sampling days at the 50µM and 200µM Zn treatments (p<0.05). The lowest CAT Activity in both the 
roots and leaves was obtained in the seedlings exposed to 500µM Zn on the 10th day (Figure 4). The 
other Zn treatments, except 500µM Zn, led to remarkable elevation of the APX activity in the leaves and 
roots. The APX activity at 50 and 200µM Zn treatments raised with increasing Zn concentration during 
the ten days (p<0.05, Figure 5). The highest APX activity was found in leaves and roots of the seedlings 
exposed to 200µM Zn for 10th days. The APX activity at 500µM Zn treatment decreased parallel with 
durations of exposure in the leaves. The results obtained in CAT and APX activities of V. olympicum 
seedlings are similar to SOD activity. Both enzyme activities decreased at 500 µM Zn concentration 
depending on the duration of exposure. Luo et al. (27) examined the effect of 0, 0.25, 0.5, 1, 2 and 3 mM 
Zn concentrations in a study with Jatropha curcas seedlings and stated that there was an increase in CAT 
activity up to 2 mM Zn concentration.  
 
4. CONCLUSION 

Enzymatic studies about determine the antioxidative defense system in plants against heavy metal 
treatments in high concentrations are very popular and the relationship between these enzymatic studies 
and the tolerance mechanisms developed by plants against heavy metals is questioned (28, 29, 30). In 
this study, it was determined the changes in photosynthetic pigments and antioxidative defense system 
of Verbascum olympicum which has been investigated for heavy metal deposition including Zn (31). This 
indicates that V. olympicum seedlings have a strong defense system that can resist to 200 µM Zn 
concentrations, but 500 µM Zn treatment inhibits the photosynthetic pigments and antioxidative defense 
system. These results provide basic data on the mechanisms which Verbascum olympicum has in cope 
with applied heavy metal and the impact of these mechanisms on developing in disrupted areas of Uludağ 
Mountain and performing their role in the secondary succession process.  
 

ACKNOWLEDGEMENTS 
This study is part of the PhD thesis of A. Akpınar. At the same time, it was supported by the Scientific 
Research Commission of Uludag University [G. Güleryüz, UBAP(F)-2009/27]. 

 
REFERENCES 
1. Arenas-Lago D, Carvalho LC, Santos ES, Manuela Abreu M. The physiological mechanisms 
underlying the ability of Cistus monspeliensis L. from Sao Domingos mine to withstand high Zn 
concentrations in soils. Ecotoxicology and Environmental Safety (2016) 129: 219-227. 
2. Tsonev T, Lidon FC. Effect of Zn pollution on plant growth and photosynthesis, Biologia Vegetal e 
Agro-Industrial, (2005) 2:223-234. 
3. Sagardoy R, Vazquez S, Florez-Sarasa ID, Albacete A, Ribas-Carbo M, Flexas J, Abadia J, Morales 
F. Stomatal and mesophyll conductances to CO2 are the main limitations to photosynthesis in sugar beet 
(Beta vulgaris) plants grown with excess zinc. New Phytol., (2010) 187:145–158.  
4. Van Assche F, Clijsters H. Inhibition of photosynthesis in Phaseolus vulgaris by treatment with toxic 
concentrations of zinc: effects on electron transport and photophosphorylation. Physiologia Plantarum, 
(1986) 66(4): 717-721. 

339



 

Year 4 (2020)   Vol:14                                              Issued in JUNE, 2020                                                   www.ejons.co.uk 
 

 

EJONS International Journal on Mathematic, Engineering and Natural Sciences  ISSN 2602 - 4136 

5. Ambler JE, Brown JC, Gauch HG. Effect of zinc on translovation of iron in soybean plants. Plant 
Physiology (1970) 46:320-323. 
6. Cakmak I. Possible roles of zinc in protecting plant cells from damage by reactive oxygen species. 
New Phytol. (2000)146:185-205. 
7. Michalak A. Phenolic Compounds and Their Antioxidant Activity in Plants Growing under Heavy 
Metal Stress. Polish J. of Environ. Stud., (2006) 15(4): 523-530 
8. Fernandes JC, Henriques FS. Biocremical, physiological and structural effects of excess copper in 
plants. The Bot. Rev. (1991) 21: 246-273. 
9. Schutzendubel A, Polle A. Plant responses to abiotic stresses:Heavy-metal induced oxidative stress 
and protection by mycorrhization. Journal Experimental Botany, (2002) 53:1351–1365. 
10. Lu Y, Li X, He M, Zhao X, Liu Y, Cui Y, Pan Y, Tan H. Seedlings growth and antioxidative enzymes 
activites in leaves under heavy metal stres differ between two desert plants: a perennial (Peganum 
harmala) and an annual (Halogeton glomeratus) grass, Acta Physiol. Plant (2010) 32:583-590. 
11. Mittler R. Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci.(2002) 7: 405-410.  
12. Güleryüz G, Arslan H. Nitrate reductase activity in Verbascum L. (Scrophulariaceae) species from 
the eastern mediterranean in dependence on altitude. Turkısh Journal of Botany (1999) 23: 89-96. 
13. Güleryüz G, Arslan H. A study on biomass production of three endemic Verbascum L. species 
(Scrophulariaceae) from East Mediterranean. Perspectives in Environmental Sciences, (2001) 3: 1-6.  
14. Hoagland DR, Arnon DI. The water-culture method for growing plants without soil. California 
Agricultural Experiment Station Circular (1950) 347:1-32. 
15. Arnon DI. Copper enzymes in isolated chloroplasts, polyphenoxidase in beta vulgaris. Plant 
Physiology (1949) 24: 1-15. 
16. Masood A, Shah NA, Zeeshan M, Abraham G. Differential response of antioxidant enzymes to 
salinity stres in two varieties of Azolla, Environmental Exp. Botany, (2006) 58: 216-222. 
17. Shibli RA, Kushad M, Yousef GG, Lila MA. Physiological and biochemical responses of tomato 
microshoots to induced salinity stres with associated ethylene accumulation. Plant Growth Regul., (2007) 
51:159-169. 
18. Heath RL, Packer L. Photoperoxidation in isolated chloroplasts: I. Kinetics and stoichiometry of 
fatty acid peroxidation, Arch. Biochem. Biophys. (1968) 125: 189-198. 
19. Beuchamp C, Fridovich I. Superoxide dismutase; improved assays and an assay applicable to 
acrylamide gels, Anal. Biochem., (1971) 44: 276-287. 
20. Lester C, Moller N, Hammerum A. Conjugal transfer of aminoglycoside and macrolide resistance between 
Enterococcus faecium isolates in the intestine of Streptomycin-Treated Mice. Feems Microbiol. Lett, (2004) 
235:385-391. 
21. Cherif J, Derbel N, Nakkach M, von Bergmann H, Jernal F, Lakhdar ZB. Analysis of in vivo 
chlorophyll fluorescence spectra to monitor physiological state of tomato plants growing under zinc 
stress. Journal of Photochemistry and Photobiology (2010) 101(3): 332-341.  
22. Monnet F, Vaillant N, Vernay P, Coudret A, Sallanon H, Hitmi A. Relationship between PSII 
activity, CO2 fixation, and Zn Mn and Mg contents of Lolium perenne under zinc stress. J Plant Physiol., 
(2001) 158:1137–1144. 
23. Andrade ER, Piccoli JCE, Cruz IBM, Rocha JBT, Andrade VVR, González P, Bauermann LF, 
Barrio1 JP. Effect of black grape juice intake on liver lipoperoxidation and body weight loss in whole 
body x-irradiated rats. J. Med. CBR Def. (2009) 7: 12-24. 
24. Madhava Rao KV, Sresty TVS. Antioxidative parameters in the seedlings of pigeonpea (Cajanus 
cajan (L.) Millspaugh) in response to Zn and Ni stresses. Plant Science (2000) 157: 113–128. 
25. López-Millán AF, Ellis DR, Grusak MA. Effect of zinc and manganese supply on the activities of 
superoxide dismutase and carbonic anhydrase in Medicago truncatula wild type and raz mutant plants. 
Plant Sci., (2005) 168: 1015-1022. 
26. Tsonev T, Lidon FJC. Zinc in plants—an overview. Emirates J Food Agric., (2012) 24:322–333. 

340



 

Year 4 (2020)   Vol:14                                              Issued in JUNE, 2020                                                   www.ejons.co.uk 
 

 

EJONS International Journal on Mathematic, Engineering and Natural Sciences  ISSN 2602 - 4136 

27. Luo Z-B, He X-J, Chen L, Tang L, Gao S, Chen F. Effects of zinc on growth and antioxidant 
responses in Jatropha curcas seedlings. International Journal of Agriculture & Biology (2010) ISSN 
Print: 1560–8530; ISSN Online: 1814–9596, 09–330/MFA/2010/12–1–119–124. 
28. Mishra S, Srivastava S, Tripathi RD, Govindarajan R, Kuriakose SV, Prasad MNV. Phytochelatin 
Syhthesis and Response of Antioxidants During Cadmium Stres in Bacopa monnieri L. Plant Physiology 
and Biochemistry, (2006) 44: 25-37. 
29. Choudhary M, Jetley UK, Khan MA, Zutshi S, Tasneem F. Effect of Heavy Metal Stres on Proline, 
Malondialdehyde and Superoxide Dismutase Activity in Cyanobacterium Spirulina Platensis-S5. 
Ecotoxicology and Environmental Safety (2007) 66: 204-209. 
30. Azevedo RA, Gratão PL, Monteiro CC, Carvalho RF. What is new in the research on cadmium-
induced stress in plants? Food and Energy Security, (2012) 1(2):133–140. 
31. Arslan H, Güleryüz G, Leblebici Z, Kırmızı S, Aksoy A. Verbascum bombyciferum Boiss. 
(Scrophulariaceae) as possible bio-indicator for the assessment of heavy metals in the environment of 
Bursa, Turkey. Enironmental Monitoring and Assesment.(2009) 163: 105-113. 
 
 

 
 
Table 1. Electrolyte leakage and Cell membrane injury in the roots and leaves of V. olympicum seedlings 
exposed to different Zn concentrations for ten days. The values are the mean of five replicates ± SD. All 
the values are significant at p<0.05 compared to the control. Root Electrolyte leakage, 
FConcentration(3,48) = 757.478, p = .000, FDuration(2,48) = 121.382, p = .000, FConcentration x 
Duration(6,48) = 22.809, p = .000. Leaf Electrolyte leakage, FConcentration(3,48) = 1569.04, p = .000, 
FDuration(2,48) = 205.84, p = .000, FConcentration x Duration(6,48) = 34.33, p = .000. Root Cell 
membrane injury, FConcentration(3,48) = 1159.94, p = .000, FDuration(2,48) = 185.97, p = .000, 
FConcentration x Duration(6,48) = 35.02, p = .000. Leaf Cell membrane injury, FConcentration(3,48) = 
1949.64, p = .000, FDuration(2,48) =64.84, p = .000, FConcentration x Duration(6,48) = 20.24, p = .000. 

  Electrolyte leakage (%) Cell Membrane Injury (%) 

 Concentrations 1.day 3.day 10.day 1.day 3.day 10.day 

Leaves 

Control 33.6 ± 1.38 33.3 ± 2.44 33.4 ± 1.03 0 0 0 

50 µM Zn 42.3 ± 1.36 43.6 ± 1.30 62.5 ± 0.87 13.2±2.05 15.2±1.96 17.5±2.99 

200 µM Zn 52.4 ± 1.37 55.7 ± 1.53 70.6 ± 1.02 28.5±2.06 33.4±2.30 40.3±2.29 

500 µM Zn 76.9 ± 1.85 87.6 ± 3.86 91.8 ± 2.57 65.2±2.78 81.4±5.81 92.7±3.94 

Roots 

Control 53.5 ± 1.65 53.4 ± 2.15 53.5 ± 2.16 0 0 0 

50 µM Zn 63.5 ± 0.46 68.1 ± 0.72 70.6 ± 1.12 21.5 ± 0.99 31.4 ± 1.54 61.7 ± 2.41 

200 µM Zn 71.1 ± 1.67 76.6 ± 2.66 81.9 ± 0.70 37.9 ± 3.59 49.6 ± 5.72 74.2 ±1.51 

500 µM Zn 74.7 ± 2.30 86.1 ± 1.51 94.1 ± 1.65 45.7 ± 4.94 70.2 ± 3.24 87.3 ± 3.55 
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Figure 1. Chlorophyll a and b content in the leaves of V. olympicum seedlings exposed to different Zn 
concentrations for ten days. The values are the mean of five replicates ± SD. All the values are significant at 
p<0.05 compared to the control. Chlorophyll a content, FConcentration(3,48) = 592.14, p = .000, FDuration(2,48) 
= 103.31, p = .000, FConcentration x Duration(6,48) = 82.49, p = .000. Chlorophyll b content, 
FConcentration(3,48) = 286.81, p = .000, FDuration(2,48) = 174.81, p = .000, FConcentration x Duration(6,48) = 
18.27, p = .000. 

 

 
Figure 2. MDA content in the leaves of V. olympicum seedlings exposed to different Zn concentrations for ten 
days. The values are the mean of five replicates ± SD. All the values are significant at p<0.05 compared to the 
control. FConcentration(3,48) = 262.26, p = .000, FDuration(2,48) = 193.71, p = .000, FConcentration x 
Duration(6,48) = 28.907, p = .000. 
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Figure 3. SOD activity in the roots and leaves of V. olympicum seedlings exposed to different Zn concentrations 
for ten days. The values are the mean of five replicates ± SD. All the values are significant at p<0.05 compared to 
the control. Root SOD Activity, FConcentration(3,48) = 440.986, p = .000, FDuration(2,48) = 85.90, p = .000, 
FConcentration x Duration(6,48) = 42.16, p = .000. Leaf SOD Activity, FConcentration(3,48) = 210.68, p = .000, 
FDuration(2,48) = 5.235, p = .009, FConcentration x Duration(6,48) = 14.203, p = .000.  
 
 

 
Figure 4. CAT activity in the roots and leaves of V. olympicum seedlings exposed to different Zn concentrations 
for ten days. The values are the mean of five replicates ± SD. All the values are significant at p<0.05 compared to 
the control. Root CAT Activity, FConcentration(3,48) = 1286.70, p = .000, FDuration(2,48) = 82.12, p = .000, 
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FConcentration x Duration(6,48) = 121.14, p = .000. Leaf CAT Activity, FConcentration(3,48) = 3672.81, p = 
.000, FDuration(2,48) = 475.53, p = .000, FConcentration x Duration(6,48) = 550.42, p = .000. 

 
Figure 5. APX activity in the roots and leaves of V. olympicum seedlings exposed to different Zn concentrations 
for ten days. The values are the mean of five replicates ± SD. All the values are significant at p<0.05 compared to 
the control. Root APX Activity, FConcentration(3,48) = 683.104, p = .000, FDuration(2,48) = 251.097, p = .000, 
FConcentration x Duration(6,48) = 68.275, p = .000. Leaf APX Activity, FConcentration(3,48) = 2359.03, p = 
.000, FDuration(2,48) = 48.98, p = .000, FConcentration x Duration(6,48) = 134.80, p = .000. 344
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