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Abstract 
 
Differences in Cd accumulation and Cd tolerance between Thlaspi arvense ecotype Aigues Vives (AV) from a 
commercial grower in South France and ecotype Jena collected in the polluted urban area of Jena (Germany) were 
reported here. Ecotype Jena exhibited considerable Cd-tolerance. Shoot and root masses were unaffected and root 
elongation was even enhanced by exposure to 50 µM Cd. In contrast, growth of ecotype AV was severely affected by 
this Cd treatment. Ecotype Jena was much more efficient in excluding Cd from both roots and shoots than ecotype AV. 
Despite the efficient restriction of Cd transport from roots to shoots in Jena, this ecotype maintained high root to shoot 
transport of Zn and Fe under Cd exposure. Cd supply strongly decreased the activities of antioxidant enzymes in AV, 
while in the Cd resistant Jena these activities either remained unaffected (SOD, APX) or were increased (CAT) by  
Cd supply. In conclusion, naturally selected Cd-tolerance in Thlaspi arvense is due to efficient Cd exclusion. The 
mechanisms underlying exclusion of Cd from the shoots seem Cd-specific yet they did not affect the homeostasis of  
Fe and Zn in the shoots.  
Additional key words: ascorbate peroxidase, catalase, iron, superoxide dismutase, zinc. 
 
 
Introduction 
 
Cadmium, a soft metal ion with high affinity for 
sulfhydryl ligands and a high pro-oxidant potential, is 
quite toxic to all organisms (Kinraide 2009). Root 
elongation, stomata, chloroplasts and photosynthesis are 
early targets of Cd toxicity in plants (Barceló et al. 1989, 
Poschenrieder et al. 1989, Sanità di Toppi and Gabbrielli 
1999, Siedlecka and Krupa 1999, Watanabe et al. 2010, 
Lux et al. 2011). Cadmium can enter the plant through 
unspecific cation channels as well as through different 
divalent cation transporters competing for the absorption 
with essential mineral nutrients (Clemens 2006, 
Verbruggen et al. 2009, Lux et al. 2011). Therefore, 
uptake and distribution of essential mineral nutrients, like 
Fe, Zn, Mn, Ca, Mg and K, can be severely disturbed 
(Barceló et al. 1985, Siedlecka and Krupa 1999). 
 Cd-induced oxidative stress has frequently been 
reported (Romero-Puertas et al. 1999, Rodríguez-Serrano 
et al. 2009). The possibility to reduce Cd-burdens in 
agricultural soils by phytoextraction technologies using 
Cd-hyperaccumulating plants has promoted detailed 
research into the mechanisms underlying efficient Cd 
uptake and transport to the harvestable shoots (Milner  

and Kochian 2008). However, focusing research efforts 
on the mechanisms underlying Cd exclusion by plants is 
also gaining more and more importance in the view of 
both food security and biofortification of major crops 
with essential trace elements (Cakmak 2009, Sing et al. 
2009). Occurrence of genotypic variation in shoot and or 
grain accumulation of Cd in different crops makes 
breeding for low Cd containing food crops a feasible 
option (Grant et al. 2008). Recent studies on chemically-
induced mutants of Arabidopsis thaliana identified 
individuals with low root-to-shoot transfer of Cd 
(Watanabe et al. 2010). Unfortunately these mutants had 
also a low shoot Fe content. 
 Breeding strategies for low Cd uptake and transport in 
crop plants will benefit from a better knowledge of 
naturally selected mechanisms underlying Cd exclusion 
in plants.  
 Thlaspi arvense has been reported as a Cd-sensitive 
plant species and several authors have used this weed in 
comparison studies to reveal the hyperaccumulation traits 
of closely related hyperaccumulating species like 
Noccaea caerulescens (former Thlaspi caerulescens) or  
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T. praecox (Schat et al. 2000, Ozturk et al. 2003, 
Hammond et al. 2006, Tolrà et al. 2006, Zelko et al. 
2008). However, to our best knowledge differences in 
Cd-tolerance among T. arvense accessions from different 

habitats have not previously been reported. In this article 
we report differences in Cd-tolerance based on 
differential Cd-exclusion in two Thlaspi arvense 
ecotypes. 

 
 
Materials and methods 
 
Seeds of Thlaspi arvense L. accession Aigues Vives 
(AV) were provided by B&T World Seeds (Aigues Vives, 
France). Seeds of accession Jena were collected from a 
natural population in the polluted urban area of Jena 
(Germany). After germination, uniform seedlings were 
transferred to continuously aerated modified half strength 
Hoagland solution (Epstein 1972) containing 66 µM Fe in 
the form of EDTA (plastic beakers 14 dm3 capacity,  
10 plants per beaker). The solution was buffered with  
2 mM MES to pH 5.8 (Schat et al. 1996) and was 
replaced every week. Plants were pre-cultured during  
4 weeks in a growth chamber under 16-h photoperiod, 
day/night temperature 24/18 ºC; photon flux density  
320 µmol m-2 s-1. After 4 weeks, uniform plants were 
selected and the length of the longest root was measured 
with a ruler. Plants were transferred to nutrient solution 
supplemented or not (controls) with 50 µM CdCl2 during 
one more week under the same environmental conditions. 
These Cd exposure conditions were selected from 
different preliminary experiments with a wider range of 
Cd concentrations and exposure times because they 
visualized the differential behaviour of both ecotypes. 
 After harvest, the length of the longest root of each 
plant was measured again and root elongation was 
calculated as the difference between the final and the 
initial length corresponding to the length of the longest 
root before and after the Cd treatment, respectively. Then 
plants were separated into roots and shoots and weighed. 
Part of the plant material was dried and acid digested in 
closed Teflon vessels with HNO3:H2O2 (7:3) in a 
microwave digestion system (OI Analytical Model 7295, 
College Station, TX, USA). Cadmium and nutrient 
element concentrations in the digests were measured by 
ICP-OES (model Jobin Yvon-VHR 38, Stanmore, UK). 
The rest of plant samples were frozen in liquid N2 and  
 

stored at -80 ºC until further processing. 
 Frozen plant samples (0.15 g) were blended with a 
homogenizer (OMNI TH-220, Kennesaw, GE, USA) in 
phosphate buffer (pH 7.0), including 5 mM leupeptin, 
1 mM pepstatin, and 77 μM aprotinin. The homogenate 
was centrifuged at 10 000 g for 30 min at 4 ºC. Kinetic 
spectrophotometry at 450 nm was done every 90 s during 
15 min with a Victor 3 (Perkin Elmer, Turcu, Finland) at  
30 ºC. SOD (EC 1.15.1.1) activity was measured with the 
SOD assay kit (Sigma Aldrich, St. Louis, USA). CAT  
(EC 1.11.1.6) and APX (EC 1.11.1.7) activities were 
assayed according to Qiu et al. 2008. Plant material  
(0.2 g) was ground with 1 cm3 of 100 mM K-phosphate 
buffer at pH 7.0 with 0.1 mM EDTA and 1 % polyvinyl-
pyrrolidone and then centrifuged at 15 000 g for 15 min at 
4 ºC. The kinetic determination of catalase activity was 
made at 240 nm using a spectrophotometer Shimadzu 
UV-2450 (Kyoto, Japan). APX activity was measured as 
the rate of ascorbate oxidation. The following reagents 
were mixed: 0.9 cm3 50 mM phosphate buffer (pH 7.0) 
containing 0.2 mM EDTA-Na2, 0.05 cm3 of 7.5 mM 
ascorbic acid, 0.5 cm3 of 300 mM H2O2  and 0.05 cm3 

sample extract. Absorbance at 290 nm was measured 
every 30 s during 4 min with the same spectrophotometer 
as mentioned above. 
 Growth and biomass production were measured using 
at least 6 plants per ecotype and treatment. Content of Cd 
and selected mineral nutrients were analysed in 6 plants 
per ecotype and treatment. Four replicates per treatment 
and ecotype were used to determine antioxidant enzyme 
activities. Factorial ANOVA with ecotype and treatment 
as independent factors was performed (Statistica version 
6.1, StatSoft, St. Tulsa, OK, USA). Statistically 
significant differences were identified by Fisher LSD test 
at P < 0.05. 

 
Results 
 
Under control conditions both ecotypes considerably 
differed in root elongation and root and shoot mass 
(Table 1). Plant of ecotype Jena grew slower and 
accumulated considerably less biomass than plants of 
ecotype AV. Exposure to Cd, however, stimulated root 
elongation in Jena, while that of AV was severely 
inhibited. The fast growing ecotype AV showed severe 
reduction of root and shoot mass under Cd exposure, 
while in ecotype Jena no difference in biomass 
accumulation in comparison to controls was found. 
 The two ecotypes considerably differed in tissue 
content of both Cd and essential mineral nutrients  

(Table 2). When supplied with Cd, the plants of the AV 
accession accumulated much more Cd than Jena. In Jena, 
with more than three times lower root Cd content, much 
less Cd was transported to the shoots. The ratio of 
root/shoot Cd content was 4 in Jena while 1.3 in AV. 
Under control conditions, shoot Zn content was 6-fold 
higher in Jena than in AV. This difference increased up to 
10-fold under Cd exposure due to more efficient root to 
shoot transfer in Jena than in AV. Under Cd supply, both 
ecotypes strongly differed in the Zn/Cd molar ratios 
(Table 2). In shoots of Jena Zn/Cd molar ratio was 11.1, 
while in AV the Zn/Cd ratio was only 0.1; e.a. shoots of  
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Table 1. Root length, root and shoot fresh mass and shoot antioxidant enzymes activities of two Thlaspi arvense ecotypes (Jena and 
AV) exposed to 0 or 50 µM Cd for 7 d. Values are means ± SE of six samples per species and treatment. Different letters indicate 
statistically significant differences (Fisher LSD test; P < 0.05). 
 

Ecotype Cd Root length Root f.m. Shoot f.m. SOD  CAT APX 
 [μM] [cm] [g] [g] [U mg-1(protein)] [nmol mg-1(protein)] [nmol mg-1(protein)]

Jena   0 3.3 ± 0.8c 0.26 ± 0.03c   1.62 ± 0.16c 3.31 ± 0.50a     2.34 ± 0.14d 0.62 ± 0.17b 
 50 5.5 ± 0.8b 0.20 ± 0.03c   1.43 ± 0.12c 3.03 ± 0.42a   83.37 ± 4.58b 0.61 ± 0.13b 
AV   0 8.9 ± 0.7a 3.49 ± 0.08a 11.72 ± 0.59a 3.27 ± 0.60a 112.00 ± 12.7a 3.50 ± 0.31a 
 50 1.8 ± 0.9d 1.64 ± 0.04b   5.51 ± 0.26b 0.78 ± 0.47b   29.70 ± 3.30c 0.16 ± 0.07c 

 
 
Table 2. Content of Cd and selected mineral nutrients in shoots and roots of two Thlaspi arvense ecotypes (Jena and AV) exposed to 
0 or 50 µM Cd for 7 d. Values are means ± SE of six samples per species and treatment. Within an organ different letters indicate 
statistically significant differences (Fisher LSD test; P < 0.05). 
 

Ecotype Organ Cd K Mg Ca Cd Zn Mn Fe 
  [μM] [mg g-1(d.m.)] [mg g-1(d.m.)] [mg g-1(d.m.)] [μg g-1(d.m.)] [μg g-1(d.m.)] [μg g-1(d.m.)] [μg g-1(d.m.)] 

Jena shoot   0 35±3b 1.9±0.1a 23±2b < 0.02c 356±  24a   358±  42a     218±    25b 
  50 35±2b 1.9±0.2a 26±1a   52± 7b 342±  49a   316±  17a     285±    44a 
 root   0 49±9a 1.9±0.4a 23±6a < 0.02c 902±146a 1316±116a 27536±1411a 
  50 29±2c 1.4±0.1b 15±1b 212±34b 456±  26b   310±  65c 10596±1164b 
AV shoot   0 26±1c 1.8±0.2a 19±3b < 0.02c   58±  16b     76±  15b     137±      8c 
  50 49±6a 1.8±0.1a 21±2b 577±65a   35±    5b     50±    8c       49±      6d 
 root   0 22±5c 1.3±0.1b 10±1c < 0.02c 210±  68c   545±152b   5151±2070c 
  50 36±2b 1.4±0.1b   7±1c 761±70a 401±  75b   108±  15d   2452±  256d 

 
 
AV had lower molar concentrations of Zn than of Cd. 
 High content of Fe and Mn contents was observed in 
Jena roots under control conditions (Table 2). Cd supply 
reduced root Fe and Mn content but did not affect shoot 
Fe and Mn content in this ecotype. Cd supply signifi-
cantly reduced the Fe content in both roots and shoots of 
ecotype AV. The shoot Fe content of only 49 µg g-1(d.m.) 
indicated Cd-induced Fe deficiency in AV. 
 Shoot content of K, Ca and Mg was hardly affected 
by Cd supply. Even a Cd-induced increase in shoot  

K content was found in ecotype AV. In this ecotype also 
root K content was enhanced by Cd, while root Ca 
content was considerable reduced by Cd supply. 
 Under control conditions both T. arvense ecotypes 
had similar shoot SOD activities, while activities of CAT 
and APX were substantially higher in ecotype AV  
(Table 1). Cd-exposure severely decreased activities of 
SOD, CAT and APX in ecotype AV, while in ecotype 
Jena activities of antioxidant enzymes were not affected 
(SOD and APX) or enhanced (CAT). 

 
 
Discussion 
 
The large difference in response of root elongation to Cd 
between both ecotypes (Table 1) clearly indicates higher 
Cd-tolerance in ecotype Jena than in AV (Watanabe et al. 
2010). The Cd-induced stimulation of root elongation in 
Jena, probably due to a hormetic effect, may lead to an 
overestimation of the ecotype differences in Cd-tolerance. 
However, all other analyzed parameters (biomass, Cd 
accumulation, antioxidant enzymes) also support the view 
that ecotype Jena can withstand Cd toxicity better than 
ecotype AV. 
 Ecotype differences in Cd tolerance in dicots have 
first been described by Verkleij and Prast (1989). These 
authors found that in Silene vulgaris the higher Cd 

tolerance was mainly brought about by more efficient 
restriction of Cd translocation from root to shoot. Results 
presented here indicate that the better Cd-tolerance in  
T. arvense ecotype Jena is achieved by the ability of Jena 
to restrict the root Cd-uptake as well as the root to shoot 
Cd-translocation much better than AV; i.e. Jena has more 
efficient Cd-resistance or avoidance than ecotype AV. 
The surprising result in the present study was that plants 
of ecotype Jena maintained much higher shoot Zn and Fe 
content under both control conditions and Cd-exposure. 
Zn and Cd have similar chemical properties and common 
uptake and transport mechanisms have been proposed 
(Baker et al. 1994). In this sense, the high ability to 
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restrict Cd uptake and transport could be expected to be 
accompanied by an intrinsically low uptake and transport 
rate of Zn in these plants. However, the opposite was 
observed. Under control conditions roots of ecotype Jena 
accumulated very high concentrations of Zn, Fe and Mn 
and high root to shoot transfer was observed (Table 2). 
 There is considerable research support to the view 
that Cd uptake in plants is mediated by Fe2+, Ca2+ and 
Zn2+ transporters/channels of low specificity (Clemens 
2006). In fact, competition between Cd2+ and other 
divalent metal cations has frequently been described 
(Clemens 2006). This is also the case in the T. arvense 
ecotype Jena of this study, where control plants exhibit 
considerable higher Zn, Fe, Mn and Ca content in roots 
than the Cd treated plants. In ecotype Jena the Cd induced 
hormetic effect, i.e. the stimulation of root elongation by 
Cd could be caused by the Cd-induced reduction of 
slightly supra-optimal content of Fe or Mn. Nonetheless, 
this distinctive feature of ecotype Jena to accumulate high 
root Zn, Mn, and Fe content under control conditions and 
to maintain efficient translocation of Zn and Fe from 
roots to shoots under Cd exposure was combined with the 
low root uptake of Cd and the efficient restriction of Cd 
transport from roots to shoots. These results suggest that 
there must be mechanisms that allow plants from ecotype 
Jena to efficiently discriminate between Cd and Zn. 
Another possibility is that the high uptake of Zn and Fe in 
Jena during the preculture period saturates the uptake and 
translocation system so that during the one-week  
Cd-treatment only little Cd could be taken up and 
transported from roots to shoots. 
 Cd and Zn uptake and translocation studies in two  
T. caerulescens ecotypes have revealed less Cd-induced 
inhibition of Zn uptake in one of the ecotypes (Lombi  
et al. 2000). The authors indicated that their results 
provide circumstantial support to the view that Cd 
specific uptake mechanisms operated in this Cd/Zn 
hyperaccumulator. In the Cd-resistant T. arvense ecotype 
Jena, Cd had a strong inhibitory effect on Zn, Fe, and Mn 
uptake into the roots; nonetheless the root content of Zn, 
Fe and Mn remained higher than those in the Cd sensitive 
ecotype AV. These results are in line with the view that 
Cd is taken up by rather unspecific divalent cation 
transporters and/or channels, but that in Jena these 
transport mechanisms have a relatively higher affinity for 
Fe and Zn and less affinity for Cd than in the AV. 
 Comparison of Fe homeostasis in Zn/Cd hyperaccu-
mulating Arabidopsis halleri and non-accumulator  
A. thaliana suggests that a dual regulation system for Zn 
and Fe homeostasis is operative. Zn mainly enters by Zn 
regulated ZIP transporters in the hyperaccumulator plant, 
while in the non-hyperaccumulator Zn uptake by  
Fe-regulated metal transporters leads to Fe deficiency 
(Shanmugam et al. 2011). Maintenance of Fe homeo-
stasis is essential for heavy metal tolerance. In excess, Fe, 
as a Fenton metal, can lead to oxidative stress. Iron and  
 

Zn deficiency, in turn, can strongly affect antioxidant 
enzyme activity. Such a detrimental effect of  
Fe-deficiency induced by excess metal supply was 
observed in Cd sensitive ecotype AV. When exposed to 
Cd these plants had low leaf Fe content indicating Fe 
deficiency (Bonet et al. 1991). CAT, a well known 
indicator of Fe status of plants (Marschner 1995) was 
severely inhibited in AV (Table 1). The Zn leaf content in 
Cd-treated plants of the AV ecotype was close to the 
critical deficiency for Brassicaceae (Bergmann 1993). A 
Cd-induced Zn deficiency is also supported by the low 
SOD activity found in these plants, yet Cu/Zn SOD 
activity is considered a reliable indicator of the plant Zn 
nutrient status (Cakmak et al. 1997). Additionally to the 
decrease in CAT activity, the Cd-induced decrease of 
SOD and APX activities (Table 1) probably contributed 
to oxidative stress in Cd-treated AV. Cd is well-
established elicitor of oxidative stress in plants. Cd-
induced changes in the content of glutathione and other 
components of the plant antioxidant machinery have 
frequently been observed (Sandalio et al. 2001, Wójcik 
and Tukiendorf 2011, Zacchini et al. 2011). Lower 
antioxidant defence caused by Cd-induced Fe- and  
Ca-deficiency can also contribute to ROS production and 
lipid peroxidation in Cd-stressed plants (Rodríguez-
Serrano et al. 2009). 
 In contrast to ecotype AV, plants from ecotype Jena 
were able to maintain leaf homeostasis of Zn and Fe 
under Cd exposure. The Cd-induced decrease of root Fe 
and Zn content did not lead to a corresponding decrease 
in leaf Zn and Fe contents. The lower growth rate of 
ecotype Jena than that of ecotype AV can have 
contributed to a better maintenance of leaf ion homeo-
stasis under Cd exposure in Jena. Nonetheless, the 
differential behaviour of Cd and Zn in both ecotypes is 
striking. Shoot transport of Cd was specifically reduced 
in Jena, while Zn transport was not restricted. Similar 
results have been reported in soil-grown T. arvense 
(Ozturk et al. 2003). Comparison between two near 
isogenic wheat lines also found differential Cd 
translocation to shoots; this mechanism was specific for 
Cd and not for Zn (Hart et al. 2006). Their data indicate 
that phytochelatin synthesis was not the limiting factor 
for differential Cd storage in the roots, but that the move-
ment of Cd through the root and into the transpiration 
stream may account for the observed differences. 
 In conclusion, the naturally selected Cd-tolerance in 
T. arvense ecotype Jena is due to efficient Cd exclusion 
from both roots and shoots. This property, in combination 
with a high capacity to take up and transport Zn, Fe and 
Mn, supports the view that different root to shoot 
translocation mechanisms for Cd and Zn can operate in 
plants. T. arvense ecotype Jena is an interesting object for 
further analysis of these differential transport 
mechanisms. 
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