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Abstract

Exposure of Chinese cabbage (Brassica pekinensis) to enhanced Cu2+

concentrations (1-10 μM) resulted in leaf chlorosis, a loss of 
photosynthetic capacity and lower biomass production at ≥ 5 µM. The 
decrease in pigment content was likely not the consequence of 
degradation, but due to a hindered chloroplast development upon Cu 
exposure. The Cu content of the root increased with the Cu2+

concentration (up to 40-fold), though only a minor proportion (4%) of 
it was transferred to the shoot. Enhanced Cu2+ levels substantially 
affected the overall mineral nutrient composition at ≥ 5 µM Cu2+. The 
nitrate uptake by the root was substantially reduced at ≥ 5 µM Cu2+. 
The nitrogen content of the root was affected little at lower Cu2+

levels, whereas that in the shoot was decreased at ≥ 5 µM Cu2+. Cu 
affected the uptake, distribution and metabolism of sulfate in Chinese 
cabbage. The total sulfur content of the shoot was increased at ≥ 2 
µM Cu2+, which could be attributed mainly to an increase in sulfate 
content. Moreover, there was a strong increase in water-soluble non-
protein thiol content in the root and to a lesser extent in the shoot at 
≥ 1 µM, which could only partially be ascribed to a Cu-induced 
enhancement of the phytochelatin content. The nitrate uptake by the 
root was substantially reduced at ≥ 5 µM Cu2+, coinciding with the 
decrease in biomass production. However, the activity of the sulfate 
transporters in the root was slightly enhanced at 2 and 5 µM Cu2+, 
accompanied by an enhanced expression of the Group 1 high affinity 
transporter Sultr1;2, and the Group 4 transporters Sultr4;1 and 
Sultr4;2. In the shoot there was an induction of expression of 
Sultr4;2 at 5 and 10 µM Cu2+. The expression of APS reductase was 
affected little in the root and shoot up to 10 µM Cu2+. The 
upregulation of the sulfate transporters may be due not only to a 
greater sulfur demand at higher Cu levels but also the consequence of 
interference of Cu with the signal transduction pathway regulating the 
expression and activity of the sulfate transporters. 
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Introduction

Copper is a nutrient essential for plant functioning, with a 
requirement amongst the lowest of all elements. However, at elevated 
levels, it may rapidly become phytotoxic (Sheldon and Menzies 2005; 
Xiong et al. 2006; Kopsell and Kopsell 2007; Han et al. 2008). 
Excessive ionic Cu is phytotoxic and generally results in stunted root 
growth and shoot development and in leaf chlorosis (Yruela 2005; 
Kopsell and Kopsell 2007). The phytotoxicity of Cu is generally 
ascribed to its possible reaction with thiol groups of proteins and 
glutathione, and its potential to induce the production of reactive 
oxygen species via the metal-catalyzed Haber-Weiss reaction, and the 
subsequent lipid peroxidation, protein denaturation and DNA mutation
(De Vos et al. 1993; Pinto et al. 2003; Morelli and Scarano 2004; 
Yruela 2009). Furthermore, Cu toxicity may be caused by antagonistic 
effects with other cations, such as Fe, in protein functioning (Pätsikkä 
et al. 1998, 2002; Kopsell and Kopsell 2007; Yruela 2009). 

Enhanced subcellular Cu levels generally induce the synthesis of 
phytochelatins, which are derived from glutathione (and in some plant 
species from related compounds, such as homo-glutathione).  
Phytochelatins may complex with Cu, and together with cysteine-rich 
metallothionein proteins (at least in some plants species) and may
buffer the Cu concentration in the cytosol (De Vos et al. 1992; Rauser 
2001; Cobbett and Goldsbrough 2002; Ernst et al. 2008; Burkhead et 
al. 2009). Still, the significance of phytochelatins in Cu detoxification 
appears to be very restricted (De Vos et al. 1992; Cobbett and 
Goldsbrough 2002; Schat et al. 2002; Cobbett 2003; Verkleij et al. 
2003; Yruela 2005, 2009; Ernst et al. 2008). 

The uptake and assimilation of sulfur in plants is generally demand 
driven and is regulated by the actual sulfur requirement for growth 
(Hawkesford and De Kok 2006). Brassica species are characterized by 
a high sulfur requirement for growth and the impact of sulfur nutrition 
on expression and activity of the sulfate transporters and its 
assimilation has extensively been studied (Buchner et al. 2004; 
Koralewska et al. 2007, 2008, 2009a,b; Parmar et al. 2007; Stuiver 
et al. 2009). Exposure of plants to excessive toxic metals might affect 
the regulation of uptake and assimilation of sulfate, due to their 
reaction with sulfur metabolites and the possible induction of 
synthesis of sulfur-rich phytochelatins and metallothioneins (Ernst et 
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al. 2008; Sirko and Gotor 2007). In the present study, therefore, the 
impact of Cu2+ (up to 10 µM) in the root environment on physiological 
functioning of Chinese cabbage (Brassica pekinensis) was studied and 
the consequences for the uptake, distribution and metabolism of 
sulfate were evaluated.

Plant growth conditions

10–14 day-old seedlings were transferred to a 25% Hoagland nutrient 
solution, containing supplemental concentrations of 0, 1, 2, 5 and 10
μM CuCl2, in 13 l stainless steel containers (10 sets of plants per 
container, 3 plants per set) in a climate controlled room for 7 days. 
Day and night temperatures were 25 and 20 °C ( 1 °C), respectively, 
and the relative humidity was 60-70%. The photoperiod was 14 h at a 
photon fluence rate of 340 ± 20  µmol m–2 s–1 (within the 400-700 nm 
range) and 1.5 mW cm-2 UV-A+B radiation (within the 280-400 nm 
range) at plant height, supplied by Philips HPI-T (400 W) lamps as 
light source. UV-A+B radiation was measured with a Digital Ultraviolet 
Radiometer model 5.0 (Solartech Inc. Fenton, MI 48430, USA).

Results

Impact of Cu on growth, pigments and content of Cu and other
mineral nutrients

Exposure of Chinese cabbage to enhanced Cu2+ concentrations (≥ 2 
µM) in the nutrient solution resulted in chlorosis of the shoot which 
began in young developing leaves, and in a decreased biomass 
production of both root and shoot (Fig. 1, Table 1 and 2). A 3 day 
exposure resulted in a significant decrease in pigment content at ≥ 2 
µM Cu2+. In addition, concentrations ≥ 5 µM Cu2+ affected plant 
biomass production as demonstrated by the increase in the shoot to 
root ratio, indicating that at the onset of exposure, root growth was 
relatively more reduced than shoot growth (Fig. 1).
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Fig. 1. Impact of Cu2+ on biomass production and pigment content of Chinese 
cabbage. 10 to 14 day-old seedlings were grown on a 25% Hoagland solution 
containing 0, 1, 2, 5 and 10 µM CuCl2 for 3, 5 and 7 days. The initial fresh 
weight of shoot and root was 0.17  0.03 and 0.04  0.01 g, respectively. The 
initial chlorophyll content was 0.42  0.08 mg g-1 fresh weight, the 
chlorophyll a/b and chlorophyll/carotenoid ratios were 3.77  0.13 and 2.89 
0.06, respectively. All data represent the mean of 3 measurements on 3 
plants in each ( SD). Different letters indicate significant differences 
between treatments (p < 0.01, Student’s t-test).
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After 5 and 7 days the toxic effects of Cu2+ concentrations of ≥ 5 
µM became more pronounced and both shoot and root biomass 
production were strongly reduced, whereas the pigment content of 
the shoot was substantially decreased (Fig. 1, Table 1 and 2). At ≥ 5 
µM Cu2+ there was an increase in dry matter content in both root and 
shoot (Table 2). It was evident from the chlorophyll a/b and 
chlorophyll/carotenoid ratios that the content of the different 
pigments decreased similarly with time upon exposure to enhanced 
Cu2+ concentrations (Fig. 1). Upon exposure to 10 µM Cu2+ shoot 
chlorosis started to develop rapidly and chlorophyll a content 
decreased significantly faster than that of chlorophyll b and 
carotenoids, resulting in a significantly decreased chlorophyll a/b and 
chlorophyll/carotenoid ratio (Fig. 1, Table 2), whereas after 7 days 
leaf injury (leaf edge necrosis) started to develop.

The Cu content of both root and shoot increased with the Cu2+

concentration in the nutrient solution (Table 2). However, the level of 
increase was quite different in root and shoot. At 10 µM Cu2+ the Cu 
content of roots increased 40-fold upon 7 days of exposure, where in 
the shoot it only increased up to 4.6-fold (Table 2). It was evident 
that the excessive Cu taken up by the root was rather immobile. From 
the root and shoot biomass and their Cu content it could be estimated 
that the translocation of Cu from root to the shoot decreased with 
increasing Cu concentrations from 28% in control to 4% at 10 µM 
Cu2+. 

The overall mineral nutrient compositions of root and shoot were 
also substantially affected at ≥ 5 µM Cu2+ (Table 3). Exposure of 
Chinese cabbage to Cu2+ resulted in a decrease in the  content of Ca 
and Mg in root and that of Fe in the shoot, and a decrease in the 
content of Mn, P, K in root and shoot, whereas that of Na and Zn
increased (Table 3). 

Impact of Cu on chlorophyll fluorescence, photosynthesis and
dark respiration

Despite the decrease in pigment content upon exposure to high Cu2+ 

concentrations, the quantum yield of photosystem II photochemistry 
(Fv/Fm) in leaves was affected little at ≥ 2 µM (Table 1). The Fv/Fm

ratio was slightly decreased only at 10 µM Cu2+, whereas the pigment 
content had decreased to 26% of that of control plants. On a leaf area 
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basis, the decrease in pigment content was accompanied by a 
decrease in the rate of photosynthesis. However, when expressed on 
a chlorophyll basis, the rate of photosynthesis was hardly affected at 
levels up to 10 µM Cu2+ (Table 1). The rate of dark respiration was 
significantly decreased at toxic Cu2+ levels (≥ 5 µM; Table 1). 

Table 1. Impact of Cu2+ on chlorophyll content, chlorophyll a fluorescence, 
photosynthesis and dark respiration in leaves of Chinese cabbage. 10 to 14 
day-old seedlings were grown on a 25% Hoagland nutrient solution 
containing 0, 1, 2, 5 and 10 µM CuCl2 for 7 days. Photosynthesis and dark 
respiration (µmol m-2 s-1) of the youngest fully expanded leaves (3rd or 4th) 
were measured and represent the mean of 3 to 4 measurements on 3 to 4 
plants ( SD). Chlorophyll content (mg m-2) of leaf discs punched from the 
same leaves was measured and represents the mean of 3 measurements (
SD). Chlorophyll a fluorescence (Fv/Fm ratio) represents the mean of 5 to 10 
measurements ( SD). Different letters indicate significant differences 
between treatments (p < 0.01, Student’s t-test).

Impact of Cu on nitrogen and sulfur metabolite content

The total nitrogen content of the root of Chinese cabbage was 
affected little upon exposure to enhanced Cu2+ concentrations, 
whereas that in the shoot was decreased at ≥ 5 µM Cu2+ (Table 2). 
Furthermore, the nitrate and amino acid contents of the root were 
hardly affected by Cu2+; their contents were only substantially 
enhanced at 10 µM. Cu2+ concentrations of ≥ 2 µM had a substantial 
effect on the total sulfur content of the shoot, whereas the content of 
the root remained unaltered (Table 2). The enhancement in total 
sulfur of the shoot could be attributed to an increase in sulfate 
content at ≥ 2 µM Cu2+. Moreover, upon exposure to ≥ 1 µM Cu2+, 
there was a strong increase in water-soluble non-protein thiol content 
in the root and, to a lesser extent in the shoot (at ≥ 2 µM Cu2+). 
However, this increase in thiol content could only partially be ascribed
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Table 2. Impact of Cu2+ on biomass production, dry matter content and 
content of pigments, copper, total nitrogen and sulfur, nitrate, sulfate, amino 
acids, water-soluble non-protein thiols and phytochelatins. For experimental 
details see legends Table 1. The initial fresh weight of shoot and root was 
0.13  0.03 and 0.03  0.01 g, respectively. Data on biomass (g FW) and dry 
matter content (DMC; %) represent the mean of 6 and 3 independent 
experiments, respectively, with 3 measurements on 6 and 3 plants in each, 
respectively ( SD). Pigment content (mg g-1 FW) represents the mean of 2 
independent experiments with 3 measurements on 3 shoots in each ( SD). 
Copper content (µmol g-1 DW) represents the mean of 3 measurements with 
9 plants in each ( SD). Total nitrogen (mmol g-1 DW) and sulfur content 
(µmol g-1 DW) represent the mean of 1 and 2 independent experiments, 
respectively, with 3 to 6 measurements on 3 plants in each ( SD). Nitrate, 
sulfate and water-soluble non-protein thiol content (µmol g-1 FW) are the 
mean of 2 independent experiments with 3 measurements on 3 plants in each 
( SD). Phytochelatins (PC2 + PC3) and amino acids (µmol g-1 FW) represent 
the mean of 3 measurements with 3 plants in each ( SD). Different letters 
indicate significant differences between treatments (p < 0.01, Student’s t-
test).
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to a Cu-induced enhancement of the phytochelatin content, of which 
thiol residues in the root accounted for  42% of the accumulated 
water-soluble non-protein thiols (Table 2). In the root, PC2 and PC3

phytochelatins were induced in nearly equal amounts, whereas in the 
shoot PC2 was the pre-dominant phytochelatin present (data not 
presented). 

Table 3. Impact of Cu2+ levels on mineral content of Chinese cabbage. For 
experimental details see legends Table 1. Data are expressed as μmol g-1 dry 
weight and represent the mean of 3 measurements with 9 plants in each (
SD). Different letters indicate significant differences between treatments (p < 
0.01, Student’s t-test).

Impact of Cu on nitrate and sulfate uptake, and expression of
sulfate transporters and APS reductase

The uptake of sulfate and nitrate were affected differently upon 
exposure to enhanced Cu2+ concentrations. The uptake of sulfate was 
slightly enhanced at 2 and 5 µM Cu2+, respectively, whereas it was 
decreased at 10 µM Cu2+ (Fig. 2). The uptake of nitrate by Chinese 
cabbage was substantially reduced at ≥ 5 µM Cu2+ (Fig. 2). From the 
sulfate to nitrate uptake ratio, it was obvious that the sulfate uptake 
increased at ≥ 2 µM, but was most pronounced at 5 µM Cu2+ (Fig. 2). 
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The increase in sulfate uptake upon Cu2+ exposure was also evident 
from sulfate uptake capacity measurements, which showed that the 
activity of the sulfate transporters in the root was upregulated at 2 
and 5 µM Cu2+ (Fig. 3). At 10 µM Cu2+ the sulfate uptake capacity did 
not significantly differ from that of the control plants (Fig. 3). 

The Group 1 high affinity sulfate transporters are involved in the 
primary uptake of sulfate by the root, and Sultr1;2 was highly 
expressed in the root of Chinese cabbage, whereas Sultr1;1 was 
hardly expressed (Fig. 4). The impact of Cu2+ on the expression of 
Sultr1;2 was ambiguous, since there was a 1.8-fold increase in 
expression at 5 µM Cu2+, whereas it decreased by approx. 50% at 10 
µM Cu2+ (Fig. 4). The Group 4 sulfate transporters are involved in 
vacuolar efflux of sulfate and Sultr4;1 was highly expressed in both 
root and shoot.  The expression of Sultr4;1 was hardly affected at  5 
µM Cu2+, but it was approx. 60% decreased in the root  and increased 
1.5-fold  in the shoot at 10 µM Cu2+ (Fig. 4). Sultr4;2 was slightly 
expressed in both the root and shoot, though its expression increased 
more than 2-fold and 4-fold in the shoot at 5 and 10 µM Cu2+, 
respectively (Fig. 4). The expression of APS reductase was not 
affected in either root or shoot at < 10 µM Cu2+, however, at 10 µM 
expression was approx. 50% decreased in the root and increased 1.5-
fold in the shoot (Fig. 4).

Discussion

Cu toxicity is generally characterized by an inhibition of shoot and 
root biomass production, leaf chlorosis, a loss of photosynthetic 
activity (Mocquot et al. 1996; Yruela 2005, 2009; Xiong et al. 2006; 
Han et al. 2008; Burkhead et al. 2009) and an altered root 
morphology (Panou-Filotheou and Bosabalidis 2004; Sheldon and 
Menzies 2005). In Chinese cabbage, the decrease in biomass 
production upon exposure to high Cu levels was preceded by a 
decrease in pigment content of the shoot. The Cu-induced decrease in 
the pigment content was accompanied with a decrease in 
photosynthetic activity and the rate of dark respiration; however, 
expressed on a chlorophyll basis, the rate of photosynthesis was not 
noticeably affected. The latter indicated that chlorosis upon high Cu 
concentrations was most likely not the consequence of pigment 
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degradation, but due to hindered chloroplast development upon Cu 
exposure, as has also been observed in leaves of oregano plants 
(Panou-Filotheou et al. 2001). This was also supported by chlorophyll 
fluorescence measurements, which showed that the Fv/Fm ratio, 
representing the quantum yield of photosystem II, was only slightly 
reduced at 10 µM Cu2+. This result indicates that the remaining 
chloroplasts were functional and either did not or only marginally 
suffered from photoinhibition. The impact of enhanced Cu levels on 
chloroplast development and/or functioning may be attributed to a 
Cu-induced Fe deficiency or the exchange of Mg ion in its chlorin ring 
by Cu (Pätsikkä et al. 2002; Küpper et al. 2003). 

High Cu levels resulted in a substantial increase in the Cu content 
of both root and shoot of Chinese cabbage. Despite the relatively 
strong enhancement of the Cu content in the root upon exposure to 
high levels (up to 40-fold), the excessive Cu taken up by the root was 
relatively immobile, since only a minor proportion was transferred to 
the shoot. However, root growth was only slightly more affected than 
shoot growth at the higher Cu2+ concentrations (≥ 5 µM), though the 
root morphology was altered and more undeveloped side roots were 
formed (data not shown). The nature of these alterations needs to be 
studied further. On the basis of the current results, it is difficult to 
assess the critical Cu concentration, though evidently a more than 3-
fold increase in Cu content of the shoot of Chinese cabbage already 
initiated toxic effects. 

Alterations in mineral composition at excessive Cu levels have also 
been observed in other plant species (Ebbs and Kochian 1997; 
Ouzounidou et al. 1998; Pätsikkä et al. 1998, 2002; Ali et al. 2002; 
Fageria 2002; Alaoui-Sossé et al. 2004; Sheldon and Menzies 2005;
Kováčik et al. 2009). The interactions of Cu with micro and 
macronutrients are either synergistic, antagonistic or have no effects, 
differ with the crop species and plant growing conditions (Fageria 
2002). To what extent the changes in mineral composition are the 
consequence of an altered competition in the uptake and transport of 
the minerals or an altered root architecture at the occurrence of root 
injury at toxic levels of Cu2+ levels needs to be further evaluated 
(Sheldon and Menzies 2005). It is not yet established to what extent 
a change in mineral composition is involved in the onset of the 
phytotoxity of Cu.
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Fig. 2. Impact of Cu2+ on the uptake of sulfate and nitrate by Chinese 
cabbage and sulfate/nitrate uptake ratio. For experimental details see
legends Table 1. Data on sulfate and nitrate uptake (μmol g-1 FW root 24 h-1) 
represent the mean of 3 measurements with 3 plants in each ( SD). 
Different letters indicate significant differences between treatments (p < 
0.01, Student’s t-test).
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Exposure of Chinese cabbage to enhanced Cu concentrations did 
not markedly affect nitrogen content. Only at 10 µM Cu2+, where 
shoots had become severely chlorotic and visible injury symptoms 
(leaf edge necrosis) started to develop, there was a substantial 
increase in nitrate and amino acid content, indicating that nitrogen 
metabolism was disturbed. 

Exposure of Chinese cabbage to enhanced Cu concentrations 
substantially affected the content and distribution of sulfur 
compounds in root and shoot. There was an accumulation of water-
soluble non-protein thiols in the root and, to lesser extent, in the 
shoot. However, this enhancement could only partially be ascribed to 
Cu-induced accumulation of phytochelatins (PC2 and PC3). The 
enhanced thiol level was most likely due to an accumulation of 
reduced glutathione (and maybe for a lesser part to cysteine), 
regularly the pre-dominant thiol compound present in plant tissue (De 
Kok and Stulen 1993; De Kok et al. 2007; Rennenberg 2001). The 
possible impact of high Cu levels on the glutathione redox status, as 
has been observed upon exposure of Brassica napus to acute toxic 
levels of Cu (100 µM; Russo et al. 2007), needs to be studied further.  
Under normal conditions, the uptake, distribution and assimilation of 
sulfur are under strict regulatory control and the rate of sulfate 
uptake by the root will equal the overall sulfur demand to maintain 
plant growth (Hawkesford and De Kok 2006; Koralewska et al. 2007, 
2008; Rouached et al. 2009). Brassica species are characterized by a 
high sulfur requirement for growth. However, the greater proportion 
of the sulfate taken up by the root may not directly be metabolized, 
but stored as sulfate in the shoot (Castro et al. 2004; Koralewska et 
al. 2007, 2008, 2009a, b). It has been presumed that the synthesis of 
sulfur-rich metal-chelating compounds upon exposure of plants to 
potentially toxic metals might require an enhanced sulfur demand, 
viz. the rate of uptake and assimilation of sulfate (Sirko and Gotor 
2007; Ernst et al. 2008). Indeed, exposure of Chinese cabbage to 
high Cu2+ concentrations resulted in upregulated expression of 
Sultr1;2 and Sultr4;1 sulfate transporters accompanied with slightly 
upregulated sulfate uptake capacity at 2 and 5 µM Cu2+. In contrast, 
the uptake of nitrate was reduced at  5 µM Cu2+, which coincided 
with the decrease in biomass production. In general, the net nitrate 
uptake is closely linked to the relative growth rate (Ter Steege et al. 
1999; Westerman et al. 2000).
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Fig. 3. Impact of Cu2+ on the sulfate uptake capacity of Chinese cabbage. For 
experimental details see legends Table 1. Data on sulfate uptake capacity 
(μmol g-1 FW root h-1) represents the mean of two independent experiments 
with 3 measurements with 3 plants in each ( SD). Different letters indicate 
significant differences between treatments (p < 0.01, Student’s t-test). 

However, it was doubtful as to whether the observed upregulation 
of the sulfate transporters in Chinese cabbage was solely due to a 
higher sulfur demand at higher Cu tissue contents. It is unlikely that 
the observed enhancement of the thiol compounds in Chinese 
cabbage at high Cu2+ concentrations would require substantial 
upregulation of the sulfate uptake, since this sulfur proportion never 
exceeded more than 5% of the total sulfur content. The upregulation 
of the sulfate transporters in the root was accompanied with an 
enhanced total sulfur content of the shoot, which could be attributed 
to sulfate accumulation. It may be that this accumulation of sulfate 
was the consequence of a Cu-induced disturbance in the signal 
transduction pathway regulating the expression and activity of the 
sulfate transporters.  Evidently, Cu exposure affected the regulation of 
sulfate transporters in the root in such a way that more sulfate was 
taken up than could be metabolized and utilized for growth, resulting 
in enhanced sulfate content of the shoot. 
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Fig. 4. Impact of Cu2+ on mRNA abundance of sulfate transporters (Sultr) and 
APS reductase (APR) (Northern-blot analysis) in root and shoot of Chinese 
cabbage. Equal RNA loading was determined by ethidium bromide staining of 
gels (shown in the bottom panels). For experimental details see legends 
Table 1. A representative set of data from two independent experiments is 
presented. 

Regulation of sulfate uptake and its distribution may be controlled 
at a transcriptional, translational and/or post-translational level. Both 
external and internal sulfate concentration and that of thiol 
compounds viz. glutathione, have been presumed to be involved in 
the control of the expression and activity of sulfate transporters 
(Hawkesford and De Kok 2006; Rouached et al. 2009). The high 
affinity sulfate transporters Sultr1;1 and Sultr1;2 are responsible for 
the primary uptake of sulfate by the root, though their expression and 
activity are differently regulated (Hawkesford and De Kok 2006; 
Koralewska et al. 2008; Rouached et al. 2008, 2009). The expression 
and activity of the constitutive sulfate transporter Sultr1;2 appeared 
to be related to metabolic demand (Koralewska et al. 2008; Rouached 
et al. 2008, 2009). This transporter was only upregulated at sulfate 
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concentrations in the root environment close to the Km value (5-10 
µM) or upon sulfate deprivation, presumably triggered by a low in situ
thiol concentration. Sultr1;1 is an inducible sulfate transporter, which 
is generally almost not expressed in sulfate-sufficient plants, as was 
also obvious from the current study. However, the expression of 
Sultr1;1 is highly upregulated in the root upon sulfate deprivation and 
is triggered by the in situ (internal or external) sulfate concentration 
rather than the thiol concentration (Buchner et al. 2004; Koralewska 
et al. 2007, 2008, 2009a, b; Parmar et al. 2007; Stuiver et al. 2009; 
Rouached et al. 2008, 2009). The constitutive sulfate transporter 
Sultr4;1 and the inducible sulfate transporter Sultr4;2 are generally 
only upregulated upon sulfur deficiency, when plants try to remobilize 
and redistribute all possible available sulfate from, for instance, the 
vacuoles (Buchner et al. 2004; Parmar et al. 2007; Koralewska et al. 
2009a,b; Stuiver et al. 2009). The expression and activity of APS 
reductase is generally downregulated at high thiol levels (Westerman 
et al. 2001; Durenkamp et al. 2007; Koralewska et al. 2008).  

From the present study, however, it was evident that upon 
exposure of plants to enhanced Cu2+ levels, the presumed signal 
transduction pathway of the regulation of the expression and the 
activity of the sulfate transporters and that of APS reductase were 
bypassed or overruled. Here the upregulated expression of Sultr1;2 
(root), Sultr4;1 (shoot) and the Sultr4;2 (shoot) sulfate transporter 
genes resulted in a modest increase in sulfate uptake capacity, and 
net uptake occurred both at normal or even enhanced thiol levels 
(root, shoot) and normal (root) or even enhanced sulfate levels 
(shoot). Moreover, the strongly enhanced thiol levels in the root and 
to lesser extent in the shoot at high Cu levels did not result in a 
downregulation of the expression of APS reductase. The majority of 
cells in both shoot and root have the capacity to reduce and 
assimilate sulfate in their plastids, enabling local signaling of sulfate 
uptake, distribution and reduction/assimilation at a cellular level. The 
possible significance of the direct reaction of Cu with sulfide and/or 
other metabolites involved in the sulfur metabolism signal 
transduction pathway needs further to be evaluated. 
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Conclusions

High Cu2+ concentrations in the root environment were toxic for 
Chinese cabbage, which may in part be ascribed to a Cu-induced 
disturbed development of the chloroplasts, resulting in chlorosis and a 
hindered biomass production. Furthermore, enhanced Cu contents in 
the root affected the regulation of the uptake and distribution of 
sulfate, which could not be ascribed to an impact on the presumed 
signal transduction pathway therein involved. It remains unclear to 
what extent the observed upregulation of the sulfate transporters was 
the consequence of a higher sulfur demand at higher Cu concentration 
or the result of an interference/reaction of Cu with the signal 
compounds regulating the expression and activity of the sulfate 
transporters. 




