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Abstract–Thallium is a metal of great toxicological concern as it is highly toxic to all living 48 

organisms through yet poorly understood mechanisms. Since thallium is accumulated by 49 

important crops, the present study aimed to analyze the biological effects induced by 50 

bioaccumulation of thallium in broad bean (Vicia faba L.) as well as plant’s antioxidative 51 

defense mechanisms usually activated by heavy metals. Thallium toxicity has been related to 52 

production of reactive oxygen species in leaves and roots of broad bean seedlings following 53 

short-term (72 h) exposure to thallium (I) acetate (0, 0.5, 1, 5 and 10 mg/L) by evaluating DNA 54 

damage and oxidative stress parameters as well as antioxidative response. Possible antagonistic 55 

effect of potassium was tested by combined treatment – 5 mg/L of thallium (Tl+) and 10 mg/L of 56 

potassium (K+) acetate. Accumulation of Tl+ in roots was 50 to 250 times higher than in broad 57 

bean shoots and accompanied by increase in dry weight and proline. Despite responsive 58 

antioxidative defense (increased activities of superoxide dismutase, ascorbate peroxidase and 59 

pyrogallol peroxidase), Tl+ caused oxidative damage to lipids and proteins as evaluated by 60 

malondialdehyde and carbonyl group levels and induced DNA strand breaks. Combined 61 

treatment caused no oxidative alternations to lipids and proteins though it induced DNA damage. 62 

The difference in Tl-induced genotoxicity following both acellular and cellular exposure implies 63 

indirect DNA damage. Results obtained indicate that oxidative stress is involved in the 64 

mechanism of thallium toxicity and that the tolerance of broad bean to thallium is achieved, at 65 

least in part, through the increased activity of antioxidant enzymes.   66 

Keywords–Thallium, Plant, Proline, Antioxidant, Genotoxicity 67 

68 
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INTRODUCTION 69 

 As most abiotic and biotic stress, heavy-metal stress in all living organisms often results in the 70 

production of reactive oxygen species (ROS) which are relatively reactive compared to 71 

molecular oxygen and thus potentially toxic [1-3]. Consequent leaking of electrons from 72 

photosynthetic and mitochondrial electron transport chains to molecular oxygen enables higher 73 

production of ROS such as singlet oxygen, superoxide, hydrogen peroxide and hydroxyl radicals 74 

which can also be formed in peroxisomes and plasma membranes. These cytotoxic ROS can 75 

disturb normal metabolic processes through oxidative damage of lipids, proteins and DNA. 76 

However, ROS exert negative effects only if present in high quantities. Otherwise, many 77 

important roles have been attributed to ROS such as tracheary element formation, lignification, 78 

signalling and regulation of antioxidative gene expression [3]. A regulated balance between 79 

oxygen radical production and destruction is achieved by plant antioxidative system that includes 80 

enzymatic molecules such as superoxide dismutase ([SOD], enzyme classification (EC) number 81 

(EC) 1.15.1.1)), ascorbate peroxidase ([APX], EC 1.11.1.11), non-specific peroxidases ([POX], 82 

EC 1.11.1.7) and catalases ([CAT], EC 1.11.1.6) and various antioxidants of low molecular 83 

mass.  Tolerance to heavy metal stress has been correlated with efficient antioxidative defense 84 

system, as shown by many authors [3-6]. Much information is available on the effect of redox 85 

heavy metals on various antioxidant processes in plants [2, 6, 7]. In contrast to redox, non-redox 86 

metals (cadmium, mercury, thallium, zinc) are unable to perform single electron transfer 87 

reactions and do not produce ROS directly, but generate oxidative stress by interfering with the 88 

antioxidant defense system [1, 5, 8].  89 

 Thallium is a highly toxic metal that plays no role in the metabolism of plants or animals [9- 90 

11]. Although widely distributed in the environment, thallium is present in the earth's crust at 91 
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very low concentrations (between 0. 3 and 0. 7 mg/kg). However, prevalence of thallium in the 92 

natural environment has steadily increased (more than 1500 tons of thallium per year are released 93 

into the environment) as it is a by-product of the refining process of iron and zinc in smelting 94 

plants [11, 12]. Furthermore, since the use of thallium in the industry has substantially increased 95 

in the last decades, it has attracted greater attention as a potential pollutant on a large scale [11]. 96 

So far, several major contaminations of food chain and consequent hazard to animal and human 97 

health have been described [12-14].  Yet, the mechanisms of thallotoxicity are not entirely 98 

understood. Villaverde and Verstraeten [15] proposed a potential mechanism of damage to 99 

biological membranes which includes interaction of monovalent thallium (Tl+) with membrane 100 

phospholipids and increase in the membrane permeability. Findings of Galván-Arzate et al. [16] 101 

have demonstrated that thallium toxicity is closely related to increased ROS formation in animal 102 

tissues. Regarding plant systems, several studies deal with bioaccumulation of Tl+ in plants [13, 103 

17-20], but effects of Tl+ on the plant's stress defense mechanisms, including antioxidative ones, 104 

have not been studied so far. Except for the obvious reason of high toxicity, it is possibly due to 105 

the fact that it is often undetected by classical analytical methods and that, until recently it was 106 

still used as a depilator or as a rodenticide and insecticide in many countries. It is brought to 107 

agricultural soils as a trace compound of sludge from water treatment and in potassium 108 

fertilizers, the maximum admissible level of thallium in agricultural soil being 1 mg/kg dry 109 

weight [11]. The major pathway of exposure for humans is the ingestion of vegetables grown in 110 

thallium contaminated soils and even small doses (8 mg/kg) can be lethal to man [9]. In the 111 

environment, this heavy metal exists in its oxidized states as monovalent Tl+ and trivalent Tl3+ 112 

species [21, 22]. Thallium can be readily taken up by plants because it is generally present in the 113 

soil as thermodynamically stable Tl+ and as such is an analogue of potassium [22]. 114 
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Consequently, Tl+ interferes with the vital pottasium-dependent processes. It substitutes K+ in 115 

the activation of several cation activated enzymes such as (Na
+
/K

+
)-adenosine triphosphatase and 116 

shows high affinity for sulfhydril groups from proteins and other molecules. The capability of 117 

Tl+ to mimic K+ in metabolic processes has been attributed to the remarkable inability of cell 118 

membranes to distinguish between Tl and K, possibly due to their similar ionic charges and radii 119 

[9, 11, 23].  120 

 Beside well-known oxidative stress indicators such as carbonyl and malondialdehyde levels, 121 

heat-shock protein of 70 kDa (HSP70) was used in the present work as a biomarker of heavy- 122 

metal produced stress [24, 25]. On the other hand, proline accumulation has been proposed to 123 

play an important role in ameliorating environmental stress in plants, including heavy-metal 124 

stress, acting as an osmoprotectant, a protein stabilizer, a metal chelator and an antioxidant [26]. 125 

 The study was conducted under controlled experimental conditions using the aqueous solution 126 

of Tl+ rather than Tl+ contaminated soil in order to evaluate the exclusive effect of Tl+ as it is 127 

highly soluble in water and has a very low stability constant with both organic and inorganic 128 

ligands [22, 27]. It has been stated by many studies that higher plants can be used as monitors of 129 

environmental pollutants and that results obtained could be extrapolated to higher animals since 130 

they are both eukaryotic organisms [28-30]. Also, plants are less expensive and less time 131 

consuming than mammalian systems. Broad bean (Vicia fabia L.) was chosen as an object of the 132 

study as it is a widely spread crop plant and is frequently used as a model plant. Based on the 133 

concentrations of thallium in natural environment [9, 11] as well as on preliminary results, broad 134 

bean seedlings were exposed to two lower Tl+  treatments (0.5 and 1 mg/L).  To evaluate the 135 

capacity of the capacity of the tolerance mechanisms of plants to possible mechanisms to higher 136 

Tl-contamination in the environment, seedlings were also exposed to 5 and 10 mg/L Tl+.  137 
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 The objective of the present study was to investigate whether short-term exposure of broad 138 

bean to Tl+ can induce direct DNA damage and produce significant changes in malondialdehyde 139 

(MDA) and carbonyl groups (C=O) levels in correlation with alternations in endogenous 140 

antioxidant system. In addition, combined treatment (Tl+K) was applied on broad bean seedlings 141 

in order to evaluate possible antagonistic effect of K+ against Tl+ toxicity.  142 

 143 

MATERIALS AND METHODS 144 

Plant material and stress conditions 145 

 Vicia fabia L. seeds (var. aquadulce) were irrigated by distilled water for 24 h, placed on 146 

moist filter paper in Petri dishes for several days and then transferred to glass containers filled 147 

with distilled water. The plantlets were grown for 10 d under a 16-h-photoperiod of fluorescent 148 

light (90 E/m
2
s

1
) at 26 2 °C. Exposure assays were carried out at 0.5, 1, 5, and 10 mg/L of 149 

Tl(I) acetate (Sigma-Aldrich, St.Louis, MO, USA). Rooted seedlings were also exposed to 150 

combined treatment – 5 mg/L of Tl-acetate and 10 mg/L of K-acetate (Tl+K) – and to 10 mg/L 151 

of K-acetate only (acetate control) to evaluate the effect of acetate ion. Acetic salt of Tl+ was 152 

chosen because it was found to be the least toxic compared to nitrate or chloride salts [21]. 153 

Control plants were kept in distilled water during the entire assay. Samples were taken after 72 h 154 

of exposure.  155 

Analytical methods 156 

 Broad bean roots and shoots, were separated, weighed (fresh wt) and oven-dried (dry wt) at 157 

80°C for 48 h by which time constant dry weights were obtained. Relative water content was 158 

determined according to calculation: fresh weight (g)-dry weight (g)/fresh weight (g). 159 
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 The Tl and K contents in the roots and shoots of broad bean seedlings were determined by 160 

graphite furnace atomic absorption spectrophotometer (PerkinElmer AA 600; Waltham, MA, 161 

USA) and flame atomic absorption spectrophotometer (PerkinElmer AA 300,) respectively, after 162 

microwave wet digestion (Anton Paar Multiwave 3000, Graz, Austria, EU) of the dried and 163 

powdered material in 10 ml of supra-pure concentrated HNO3 at 230°C. Estimation was carried 164 

out in triplicate. 165 

 Free proline content was measured by the method of Bates et al. [31] using the ninhydrin 166 

reagent. Proline concentration was read at 520 nm and determined from calibration curve using 167 

L-Proline (Sigma-Aldrich) as standard and expressed as nmol proline/g fresh weight. 168 

 The alkaline version of both cellular (in vivo) and acelular (in vitro) comet assay has been 169 

done according to Gichner et al. [32] with slight modification (20 min denaturation, 15 min 170 

electrophoresis at 1 V/cm, 300 mA). In the acellular comet assay the procedure was the same as 171 

in cellular version except the leaf nuclei were exposed to a stressor after isolation and agarose 172 

embedment. In the cellular comet assay nuclei were isolated from fresh leaves and root tips 173 

previously frozen in liquid nitrogen. For each of three replicas, 50 randomly chosen cells were 174 

analyzed with a fluorescence microscope Zeiss Axioplane with an excitation filter BP 520/09 nm 175 

and a barrier filter of 610 nm. A computerized image analysis system (Komet version 5, Kinetic 176 

Imaging, Liverpool, UK) was employed. 177 

 Lipid peroxidation was determined by estimating the amount of MDA content using the 178 

thiobarbituric acid method described by Heath and Packer [33]. The MDA content was 179 

calculated from the absorbance at 532 nm by using extinction coefficient of 155 ml/mmol cm. 180 

Hydrogen peroxide was estimated according to the method of Mukherjee and Choudhuri [34] 181 

using the titanyl-sulphate (Sigma-Aldrich) and concentrated NH4OH solution. The absorbances 182 
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of the dissolved peroxide-titanium were read at 415 nm and H2O2 contents calculated from a 183 

standard curve and expressed as mol H2O2 /g fresh weight. The amount of protein oxidation 184 

was estimated by the reaction of carbonyl groups with 2, 4-dinitrophenylhydrazine (Sigma- 185 

Aldrich), as described in Levine et al. [35]. After 2, 4-dinitrophenylhydrazine-reaction, the 186 

carbonyl content was calculated by absorbance at 370 nm, using an extinction coefficient for 187 

aliphatic hydrazones of (22 ml/mmol cm) and expressed as nmol carbonyl/mg protein. 188 

 Analysis of antioxidant enzyme acitivities: Shoot or root tissue was homogenized in 50 mM 189 

KPO4 buffer (pH 7) including 1 mM ethylene diamine tetraacetic acid (Sigma-Aldrich) and 190 

polyvinylpolypyrrolidone (Sigma-Aldrich). The homogenates were centrifuged (Sigma 3K18 191 

Centrifuge, Germany, EU) at 25,000 g for 30 min at 4 °C and supernatants used for enzyme 192 

activity and protein content assays. Total soluble protein contents of the enzyme extracts were 193 

estimated according to Bradford [36] using bovine albumine serum (Sigma-Aldrich) as standard.  194 

 The activity of superoxide dismutase (SOD) was assayed by measuring its ability to inhibit 195 

the photochemical reduction of nitroblue tetrazolium (Sigma-Aldrich) following the method of 196 

Beauchamp and Fridovich [37]. One unit of SOD was taken as the volume of the enzyme extract 197 

causing 50% inhibition of nitroblue tetrazolium reduction. Ascorbate peroxidase (APX) activity 198 

was done according to Nakano and Asada [38]. The ascorbate oxidation was followed at 290 nm 199 

and its concentration calculated using the molar extinction coefficient 2.8 ml/mmol cm. One 200 

enzyme unit was defined as mol oxidized ascorbate per min. The activity of non-specific 201 

peroxidase (POX) was measured using pyrogallol (Sigma-Aldrich) as substrate according to 202 

Chance and Maehly [39]. The formation of purpurogallin was followed at 430 nm and was 203 

quantified taking into account its extinction coefficient (2.47 ml/mmol cm). Catalase (CAT) 204 

activity was determined by the decomposition of H2O2 and was measured spectrophotometrically 205 
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by following the decrease in absorbance at 240 nm [40]. Activity was calculated using the 206 

extinction coefficient (0.04 ml/mmol cm) and mol H2O2 decomposed per min was defined as 207 

unit of CAT.          208 

The specific enzyme activity for all enzymes was expressed as units/mg protein. 209 

 Analysis of HSP70: Shoot/root samples were homogenized in Tris-HCl extraction buffer pH 8 210 

containing 17.1% (w/v) sucrose, 0.1% (w/v) ascorbic acid, 0.1% (w/v) cysteine-hydrochloride 211 

(Sigma-Aldrich) with addition of polyvinylpolypyrrolidone and then centrifuged at 25,000 g for 212 

30 min. Total protein concentration in the supernatant was determined using bovine albumine 213 

serum as standard. Aliquots of each homogenate were mixed with corresponding volumes of 214 

denaturating 0.065 M Tris-HCl buffer containing 6% (w/v) sodium dodecyl sulphate (SDS, 215 

Sigma-Aldrich ), 6% (v/v) β-mercaptoethanol (Sigma-Aldrich), 30% (v/v) glycerol and 0.01% 216 

(w/v) of bromphenol blue. The extracts were boiled for 2 min. Constant protein weights 9 or 12 217 

μg of total protein per lane were analyzed by SDS-polyacrylamide gel electrophoresis (Bio-Rad, 218 

Hercules, CA, USA) and subsequent Western blotting at 60 V (Bio-Rad). The resolving gel was 219 

made at 10% of polyacrylamide (w/v). Standard proteins of known molecular weights were run 220 

in the same gel (Fermentas, Glen Burnie, MD, USA). The membranes were blocked with 10% 221 

(w/v) non-fat powdered milk solution made in Phosphate buffered saline (58 mM Na2HPO4, 17 222 

mM NaH2PO4, 68 mM NaCl) pH7.4 containing 1% (v/v) of Tween 20 (Sigma-Aldrich) and 223 

incubated with a rabbit monoclonal antibody raised against the pea HSP70 (diluted 1:1,000) 224 

overnight at 4°C. The secondary antibody was an alkalinephosphatase-anti-rabbit IgG (Sigma- 225 

Aldrich) diluted 1:2,000. The membranes were developed with nitroblue tetrazolium and 5- 226 

bromo-4-chloro-3-indolyl phosphate (Sigma-Aldrich). 227 

Statistical analysis  228 
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 For each analysis, data were compared by analysis of variance (ANOVA), using 229 

STATISTICA 7.1 (StatSoft, Tulsa, OK, USA) software package, and differences between 230 

corresponding controls and exposure treatment were considered as statistically significant at P < 231 

0.05. Each data point is the average of six replicates unless stated otherwise.  232 

RESULTS 233 

Uptake of Tl and K and their effect of on water status and dry matter  234 

 Thallium accumulated in V. faba shoots and roots, but the accumulation in roots was 50 to 235 

250 times greater than in shoots (Table 1). Massive accumulation of Tl in roots was 236 

accompanied with partial maceration of the tissue especially on the tips, but only in response to 237 

higher Tl concentrations. However, the phytotoxic effect has not been observed under the 238 

combined treatment. Thallium content in both roots and shoots showed almost linear increase 239 

with increasing Tl concentrations, the deviation from that observed only under 10 mg/L
 
in 240 

shoots. Contrary to that, K content decreased in broad bean plants exposed to Tl except under 241 

combined treatment (5 mg/L
 
 of Tl+10 mg/L of 

 
K) where it was either similar to control (shoot) 242 

or even higher (roots). However, regardless of two times higher K concentration in Tl+K 243 

treatment, Tl accumulated to the same level as in treatment of the same Tl concentration (5 mg/L 244 

Tl). Shoot and root dry matter and water status showed opposite patterns of change: with 245 

increase in dry matter, decrease in water status was observed. Although found significant, shoot 246 

and especially root water status was not seriously affected by Tl treatments – under highest Tl 247 

concentration it was decreased by only 4% compared to control. Shoot dry biomass decreased 248 

under lowest Tl treatment for 33% while highest increase of dry biomass in shoots and roots 249 

under Tl treatments amounted to 27%. However, the visual symptoms of Tl toxicity were not 250 

observed in broad bean leaves. 251 
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Effect of Tl on proline content 252 

 Constitutive levels of proline which is expected to serve not only as compatible osmolyte but 253 

also as ROS scavenger were 3 to 4 times greater in broad bean shoots than in roots (Fig. 1). In 254 

addition, proline level in shoots was also less affected by Tl toxicity compared to that in roots. 255 

Contrary to shoot, proline accumulated in roots with growing Tl concentrations. During 256 

experiment, acetate control showed proline levels similar to control. 257 

Effect of Tl on H2O2, malondialdehyde and carbonyl groups levels 258 

 Malondialdehyde (MDA), an indicator of the extent of lipid peroxidative reactions to 259 

membranes, and H2O2 levels showed good correlation in both roots and shoots (Fig. 2A, B). Both 260 

parameters increased under higher Tl treatments but MDA level showed marked increase under 1 261 

mg/L also. Thallium induced oxidative damage to proteins which was evaluated by content of 262 

carbonyl groups (Fig. 2C). The level of carbonyl groups in both shoots and roots increased under 263 

Tl toxicity. The increase in shoots ranged from 19 to maximum 37% while those in roots from 25 264 

to approximately 100% (at 10 mg/L) of the control values. Combined treatment caused no 265 

changes in the level of oxidative stress indicators after 72-h period.  266 

Effect of Tl on DNA  267 

 Potential genotoxic effect of Tl was checked by cellular comet assay. Thallium induced DNA 268 

damage to much higher extent in broad bean shoots than roots (Table 2). To determine the direct 269 

effect of monovalent thallium on DNA, the acellular comet assay, in which DNA is no longer 270 

held under the constraints of any metabolic pathway or cell wall barriers, was applied. However, 271 

treatments of the isolated shoot nuclei did not result in significant increase of average median tail 272 

moment. The direct DNA damage induced by increasing H2O2 concentrations (positive control) 273 

linearly increased the values of average median tail moment from 0.63±0.08 to 45.9±0.44.  274 
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Effect of Tl on antioxidant enzyme activities  275 

 Activity of SOD,  the first antioxidative enzyme in line, increased in response to Tl toxicity. 276 

However, the increase was more prominent in roots and almost dose-response (Fig. 3A). Despite 277 

additional K, Tl+K treatment also induced SOD activity in both plant organs.  278 

 Excessive levels of H2O2 could be minimized through the activities of catalase and 279 

peroxidases. Ascorbate peroxidase (APX) activity significantly increased under higher Tl and 280 

Tl+K treatments in shoots and under all Tl concentrations, including combined treatment, in 281 

broad bean roots (Fig. 3B). Under both control as well as Tl treatments shoots maintained higher 282 

APX activity than roots. Opposite to APX, POX activity was generally higher in roots than in 283 

shoots (Fig. 3C). Only the highest Tl treatment increased POX activity in shoots while POX 284 

activity in roots was elevated under all Tl treatments. Higher Tl treatments significantly 285 

decreased catalase (CAT) activity (Fig. 3D) in roots while combined treatment (Tl+K) increased 286 

CAT activity in both plant organs. Acetate control had no significant effect on the activities of 287 

antioxidative enzymes. 288 

Effect of Tl on HSP70 expression 289 

 Two isoforms of heat-shock protein of 70 kDa (HSP70) were found in the untreated as well as 290 

in Tl- and K-acetate treated leaves after 72 h (Fig. 4). Both isoforms accumulated less with 291 

increasing Tl concentrations. Out of three HSP70 isoforms present in roots, isoform HSP70 3 292 

accumulated more in response to 0.5, 1, 5 mg/L Tl and combined treatment compared to control 293 

while the intensity of all three bands decreased under highest Tl treatment.  294 

DISCUSSION  295 

 Thallium is a metal that has not been studied extensively although it is one of the most toxic 296 

environmental and industrial pollutants. With respect to degree of toxicity, Tl(I) ranks alongside 297 
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Pb, Hg, and Cd [9-11, 23]. Even though under natural conditions thallium occurs relatively 298 

rarely, human activities such as mining and ore processing cause increase of the element in the 299 

environment. Several studies showed that, due to high uptake of Tl by crops, Tl can be 300 

transferred from soils to crops and remarkably concentrate in food crops thus increasing possible 301 

severe impacts on human health [13, 20]. A positive correlation between plant uptake and Tl 302 

concentration in the solution has also been demonstrated in laboratory studies using nutrient 303 

solutions [41]. Our present study is in agreement with those since broad bean accumulated Tl in 304 

dose-dependent way, though with considerably higher levels in the roots. In the study of Pötsch 305 

and Austenfeld [19], the growth of broad bean was not affected by thallium nitrate despite high 306 

accumulation of thallium within the roots. The authors suggested that broad bean plants tolerate 307 

high Tl concentrations by limiting the amount of the transported metal to the leaves. In the 308 

present study, thallium content in broad bean roots was 147 to 350 times higher than the Tl+ 309 

supplied in tested solutions (Table 1). Studying the uptake of Tl by vegetables grown in thallium- 310 

rich soil, LaCoste et al. [18] also found that due to predominant root accumulation only green 311 

bean and tomato would be safe for human consumption after exposure to Tl treatments between 312 

0.7 and 3.7 mg/kg. Exceptions to the rule were mostly plants from Brassicaceae family, e.g., 313 

radish, green cabbage and rape and well-known Tl hyperaccumulator Iberis intermedia. In those 314 

plants tolerance to relatively high concentrations of thallium seems to be a result of complexation 315 

in plant leaves [27]. The pattern of heavy metal distribution in favor of roots versus shoots is not 316 

unusual [7, 20]. It was found that different root tissues act as barriers to apoplastic and 317 

symplastic Cd and Pb transports and hence their translocation to shoot gets restricted [42].   318 

 As previously reported in studies done on animal tissues, Tl+ acts as K+ anatagonist and can 319 

substitute K+ in many physiological reactions and consequently disturb K uptake [23]. 320 
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Absorption of thallium by plants was found to be under metabolic regulation using the transport 321 

mechanisms for K; that is K acts as a non-competitive inhibitor [43]. Thallium negatively 322 

influenced endogenous K content in broad bean seedlings but exogenously added K succeeded to 323 

maintain shoot and root potassium contents of broad bean seedlings (Table 1). These findings 324 

corroborate results of Siegel and Siegel [43] who, studying the growth of cucumber seedlings, 325 

also observed the positive effect of exogenously added K on Tl toxicity. However, regardless of 326 

the application of two times higher exogenous K, the accumulation of Tl in broad bean seedlings 327 

under combined treatment equaled that in seedlings treated with 5 mg/L Tl only.  328 

 It has been shown in different plant species that heavy metals decrease water status and 329 

concentrations of photosynthetic pigments which eventually results in wilting and growth 330 

reduction [44]. Thallium also affected water status of broad bean roots, which was accompanied 331 

by concomitant increase of biomass accumulation as well as proline content with increasing Tl 332 

concentrations. Proline content and water status were less disturbed in broad bean shoots, 333 

probably due to lesser Tl accumulation. Increase of proline as a function of metal accumulation 334 

was observed under heavy-metal toxicity [45, 46]. A far greater proline rise is known to occur 335 

due to water deficit [47]. Thus, it is likely that proline accumulation in heavy-metal treated plants 336 

is not related to osmotic adjustment but to the ROS detoxification or to the enzymes protection 337 

through the chelation of metal ions [48]. Our results corroborate the role of proline as an efficient 338 

ROS scavenger only up to 1 mg/L of Tl (Fig. 2). On the other hand, our study revealed positive 339 

correlation between enzyme activities (SOD, APX, and POX) and proline accumulation in roots 340 

under Tl treatments (Fig. 4), thus suggesting that proline might exert protective effect due to 341 

formation of a metal-proline complex [49]. 342 
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 Predominant accumulation of Tl in roots may also present a protective strategy for 343 

photosynthetic pigments from Tl-induced oxidative damage as no effect on chlorophylls and 344 

carotenoids contents were observed following 72-h exposure to monovalent thallium (data not 345 

shown).  346 

 Heavy metal toxicity is considered to induce greater production of ROS which may result in 347 

significant alternations in cell structure and mutagenesis. Thallium induced oxidative stress in 348 

broad bean seedlings as evident from the increased endogenous H2O2, malondialdehyde and 349 

carbonyl groups contents as well as DNA damage (Table 2). However, absence of DNA damage 350 

observed in the acellular Comet assay and dose-response DNA-damage induced by hydrogen 351 

peroxide in broad bean nuclei as well as increased contents of endogenous H2O2 (Fig. 2A) lead to 352 

conclusion that Tl-induced DNA damage is preferentially mediated indirectly via ROS metabolic 353 

products. The studies of Cd genotoxicity assessed by comet assay with transgenic catalase- 354 

deficient tobacco [32] or micronucleus assay with broad-bean [50, 51] support this interpretation. 355 

Although no data until now existed on Tl-induced oxidative stress in plant tissues, several studies 356 

with animal tissues have already related the effects of Tl+ to oxidative stress promotion [16, 52, 357 

53]. In the latter study, it was found that Tl+ significantly increased mitochondrial H2O2 levels 358 

and ROS content in rat adrenal cells thus impairing mitochondrial functioning and leading to cell 359 

damage and death. Thallous cations (Tl+) affected the functionality of isolated mitochondria 360 

through the opening of transition pores, causing the uncoupling of the respiratory chain [54]. As 361 

Tl is not a redox metal like Cu or Fe, it cannot catalyse Fenton-type reactions yielding hydroxyl 362 

radicals, but it may cause oxidative stress in plants by disturbing the photosynthetic electron 363 

transport that will lead to greater production of ROS. In the present study, Tl+ increased H2O2, 364 

and caused oxidative alternations to lipids and proteins as seen by increased malondialdehyde 365 
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and carbonyl groups levels of both broad bean shoot and root. The greater extent of lipid 366 

peroxidation could be explained by the fact that the process itself gets initiated not only by 367 

hydroxyl radical formed from H2O2, but also by superoxide radical, singlet oxygen or by 368 

lipooxygenases [55]. Proteins can be affected by different ROS either directly by oxidation of 369 

amino acid side chains or by secondary reactions with aldehydic products of lipid peroxidation or 370 

glycosylation which gives rise to the production of carbonyl-groups in the protein molecule [56]. 371 

The significant increase in the levels of SOD, APX, and POX activities in broad bean seedlings 372 

at given Tl concentrations and duration demonstrate efficient antioxidative defence against Tl- 373 

induced oxidative stress (Fig. 3). Lipid peroxidation and H2O2 levels, SOD, APX, and CAT 374 

activities increased in pea roots and leaves exposed to similar concentrations of cadmium as well 375 

[5]. Within a cell, SOD constitutes the first line of defence against ROS. Superoxide dismutase 376 

catalyses the dismutation of superoxide to H2O2 and O2. Thus, an increase in SOD activity 377 

indicates higher production of endogenous H2O2 levels which has been seen in the case of Tl 378 

treatment, especially under higher concentrations. The induction of APX and POX activities 379 

coincided with increased levels of H2O2 at higher Tl treatments in both broad bean shoots and 380 

roots. On the other hand, CAT activity seems to be less inducible in shoots while in roots its 381 

activity declined under higher Tl concentrations. These results show differential responses of 382 

antioxidative enzymes to Tl in roots and shoots and suggest that, depending on the enzyme 383 

activity, Tl can become inhibitory above a given concentration or after a given period of 384 

exposure. A decrease in CAT activity under Tl toxicity suggests a possible delay in removal of 385 

H2O2 and toxic peroxides mediated by catalase and in turn an enhancement in the free radical 386 

mediated lipid peroxidation under Tl toxicity.  The increase of non-specific POX activity was 387 

shown to be strongly correlated with metal ion concentration and related biomass production and 388 
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it is generally considered as an indication of plant ageing [6]. Pyrogallol peroxidase activity in 389 

broad bean roots was several times higher than in shoots, which may be consequence of much 390 

higher accumulation of thallium in roots. Similar distribution of POX activity was also noticed in 391 

rice seedlings exposed to lead [7]. 392 

 By simultanous application of Tl and K, oxidative damage to broad bean shoots and roots was 393 

suppressed by efficient antioxidative defense, thus indicating positive effect of excess K on Tl- 394 

induced oxidative stress. However, as combined treatment induced DNA damage, it seems that 395 

exogenously added potassium shows only partial ameliorative effect regarding Tl toxicity.  396 

 Another widely used indicator of stress in general, including metal toxicity, is expression of 397 

HSP70. Thallium induced no new HSP-isoforms but caused accumulation of HSP72c isoform in 398 

roots while the intensity of all three present HSP72 isoforms markedly declined under highest Tl 399 

treatment. Gradual inhibition of constitutive HSP72 isoforms in broad bean shoots was evident at 400 

all but lowest Tl treatment. Several studies show the same pattern of changes of HSP70 in 401 

response to cadmium- and copper-induced stress [24, 57]. 402 

 In conclusion, as thallium is a non-redox metal, the oxidative stress induced by thallous ions 403 

is most likely an indirect effect. Absence of direct DNA damage in broad bean nuclei at 50 mg/L 404 

of Tl-acetate speaks in favor of the hypothesis. On the other hand, antioxidative system of broad 405 

bean seedlings seems to be inducible, even at lower, environmentally encountered Tl 406 

concentrations. Thus, oxidative stress characterized by increased production of ROS could be an 407 

important mechanism of Tl toxicity, though extensive research is yet needed at the molecular and 408 

subcellular levels in order to get a deeper insight into Tl toxicity. 409 
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Figure Legends  

Figure 1. Proline content in Vicia faba shoots () and roots () under control (C1) and stress – 

0.5 mg/L (1), 1 mg/L (2), 5 mg/L (3), 10 mg/L (4) of thallium-acetate, combined treatment (5 

mg/L thallium-acetate and 10 mg/L potassium-acetate) (5) and 10 mg/L potassium-acetate (C2) – 

conditions after 72-h growth period. Values are mean ± standard deviation based on six 

replicates. Bars with different letters (lower case letters for shoots and upper case letters for 

roots) are significantly different at p < 0.05.  

Figure 2. Hydrogen peroxide (A), malondialdehyde (B) and reactive carbonyl (C=O) groups (C) 

contents in Vicia faba shoots () and roots () under control and stress conditions after 72-h 

growth period. Values are mean ± standard deviation based on six replicates. Bars with different 

letters are significantly different at p < 0.05. For abbreviations explanation of control and stress 

conditions refer to Figure 1.  

Figure 3. Superoxide dismutase (A), ascorbate peroxidase (B), pyrogallol peroxidase (C) and 

catalase (D) activities in Vicia faba shoots () and roots () under control and stress conditions 

after 72-h growth period. Values are mean ± standard deviation based on six replicates. Bars 

with different letters are significantly different at p < 0.05. For explanation of control and stress 

conditions refer to Figure 1.  

Figure 4. Patterns of broad bean shoot and root heat-shock protein of 70 kDa (HSP70) control 

(C1) and stress – 0.5 mg/L (1), 1 mg/L (2), 5 mg/L (3), 10 mg/L (4) of thallium-acetate,  

combined treatment (5 mg/L thallium-acetate and 10 mg/L potassium-acetate) (5) and 10 mg/L 

potassium-acetate (C2) – conditions after 72-h growth period.  

 



 

Table 1. Dry weight (mg), relative water status, thallium (Tl) and potassium (K) contents (mg/kg dry wt) of Vicia faba  roots and shoots. 

Dry wt Relative water Thallium Potassium Dry wt Relative water Thallium Potassium

status content content status content content

Control 40.51  BC 0.898  BC 0.37  D 19750  A 25.40  D 0.936  A 0.51  A 12804  B 

Tl 0.5 26.96  D 0.933  A 1.49  CD 17707  ABC 27.77 CD 0.930  A 73.53 B 11450  BC

Tl 1 36.78  C 0.908  B 3.71  BC 15931 BC 28.68  BC 0.928  AB 351.88  C 10402 C

Tl 5 39.89  BC 0.900  BC 6.40  B 16113  BC 29.43  AB 0.926  BC 1145.70  D 9426  CD

Tl 10 51.57  A 0.871  D 51.28  A 15307  C 32.02  A 0.919  C 2315  E 8834  D

Tl 5 + K 10 44.42  B 0.889  C 4.54  B 18757  AB 31.03  AB 0.922  BC 1212.30  D 14880  A

K 10 40.42  BC 0.898  BC 0.18  D 20287  A 26.92  CD 0.933  A 0.43  A 13263  AB

Numbers are means of three replicates.  Values followed by the same letter are not significantly different (p < 0.05 ).

Concn. (mg/L)

Shoot Root

 

 

 

 

 



 

Table 2. Effect of thallium (Tl) and potassium (K) acetate on average median tail 

moment values ± S.E. of cellular and acellular Comet assay.

Acellular

Concn. Shoot Root

(mg/L) Tail moment (µm) Tail moment (µm) Tail moment (µm)

Tl 0 1.97 ± 0.293 B 1.28 ± 0.347 D 1.49 ± 0.222

Tl 0.5 2.75  ± 0.319 B 9.42  ± 0.599 C 1.03 ± 0.122

Tl 1 3.80  ± 0.264 B 14.37  ± 0.856 C 1.71 ± 0.310

Tl 5 5.01  ± 0.556 B 13.10  ± 0.668 B 1.69 ± 0.240

Tl 10 18.78  ± 0.123 A 45.39  ± 0.708 A 1.48 ± 0.153

Tl 5 + K 10 3.49  ± 0.186 B 19.73  ± 0.670 B 1.47 ± 0.204

Tl 50 1.72 ± 0.245

K 10 1.62 ± 0.297 B 1.32  ± 0.531 D 1.28 ± 0.244

Values followed by the same letter are not significantly different (p  < 0.05 ).

Cellular 
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