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General discussion

Chapter 7.
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The physiological basis for the toxicity of Cu in Chinese
cabbage

Cu is an essential nutrient for plant growth and development, but at 
enhanced levels in the root environment it may rapidly become 
phytotoxic (Chapter 3, 4, 5 and 6). The toxicity of Cu depends on the 
concentration of Cu accumulated, growth stage of plants and the 
duration of the exposure (Clemens 2001; Medoza-Cózatl et al. 2005; 
Chapter 3, 4, 5 and 6) and on the light quality, viz. UV abundance 
(Chapter 4). Generally, Cu toxicity resulted in an inhibition of root and 
shoot 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; Chapter 3, 4, 5 and 6) and an 
altered root morphology (Panou-Filotheou and Bosabalidis 2004; 
Sheldon and Menzies 2005). Root growth of Chinese cabbage was 
slightly more affected than shoot growth at high Cu2+ concentrations 
(≥ 5 µM; Chapter 3, 4 and 5).  

Exposure of Chinese cabbage to enhanced Cu2+ concentrations in 
the root environment resulted in a substantial increase in the Cu 
content of both root and shoot. The excessive Cu accumulated in the 
root was relatively immobile and only a minor proportion was 
transferred to the shoot (Chapter 3, 4 and 6). Cu has a high affinity 
for carbonylic, carboxylic, phenolic and sulfydryl groups and therefore 
it is strongly bound to the cell wall, which presumably limits both 
influx of Cu into the symplast and its translocation to the shoot 
(Quartacci et al. 2003). A 3- to 5-fold increase in Cu content of the 
shoot of Chinese cabbage already resulted in a 50% decrease in plant 
biomass production (Table 1). Under normal conditions the Cu content 
in plants ranges from 0.08 to 0.24 µmol g-1 dry weight, whereas in
cabbage Cu already became toxic when the leaf tissue level exceeded
0.4 µmol g-1 dry weight (Macnicol and Beckett 1985; Marschner 1995;
Krämer 2010).

A simultaneous exposure of plants to enhanced Cu levels and UV 
radiation may result in synergistic negative effects on plant growth 
and functioning (Lupi et al. 1998; Babu et al. 2003). If Chinese 
cabbage was exposed to enhanced Cu2+ concentrations in the root 
environment, its toxic effects occurred more rapidly in presence than 
in absence of UV radiation (Chapter 4). The content of Cu in both root 
and shoot of Chinese cabbage was strongly enhanced upon UV 
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radiation (up 40%). The higher Cu toxicity in presence of UV may 
largely be attributed to the observed higher Cu content in root and 
shoot (Chapter 4).

Table 1. Cu content in plant tissue at control and EC50 (half maximal effective 
concentration at which 50% plant biomass production was decreased).

Cu content (μmol g-1 FW)
Control EC50

Root 0.02 – 0.10 0.7 – 1.0
Shoot 0.01 – 0.03 0.05 – 0.09
Plant 0.01 – 0.04 0.1 – 0.3

The physiological basis for the phytotoxicity of Cu is still 
ambivalent. Cu has the potential to accelerate the formation of 
reactive oxygen species in plant tissue (Pinto et al. 2003). For 
instance, the toxicity of Cu for chloroplasts functioning was enhanced 
at high light intensities, which was presumed to be due to an 
enhanced production of hydroxyl radicals (Yruela et al. 1996; Yruela 
2009). The toxicity of Cu may also be ascribed to its possible reaction 
with thiol groups of proteins, thereby inhibiting enzyme activity and
protein functioning; moreover it may replace other essential metals in 
proteins (De Vos et al. 1993; Yruela 2009).

Enhanced Cu concentrations may interfere with the biosynthesis of 
photosynthesis machinery and modify the pigments and proteins of 
the thylakoid membrane network (Pätsikkä et al. 2002; Yruela 2005, 
2009). From the current study it became evident that chlorosis of the 
shoot of Chinese cabbage at high Cu concentrations was likely not 
due to pigment degradation, but the consequence of hindered
chloroplast development (Chapter 3 and 4). The Cu-induced chlorosis 
in Chinese cabbage was accompanied by a decrease in photosynthetic 
activity, however, both the rate of photosynthesis, expressed on 
chlorophyll basis, and the quantum yield of photosystem II (Fv/Fm

ratio) were hardly affected up to 10 µM Cu2+. The Fv/Fm ratio was only 
affected when leaves of Chinese cabbage had started to become 
necrotic (Chapter 3 and 4). The impact of enhanced Cu levels on 
chloroplast development and/or functioning may be attributed to a 
Cu-induced Fe deficiency or by the substitution of the central Mg ion 
of chlorophyll by Cu (Pätsikkä et al. 2002; Küpper et al. 2003). 
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The overall mineral nutrient composition of Chinese cabbage was 
affected upon Cu2+ exposure at enhanced concentrations in the root 
environment. Cu accumulation at enhanced levels in the roots may 
result in an unbalanced mineral nutrient uptake and distribution in 
Chinese cabbage. It is not yet well characterized to what extent a 
change in mineral composition is involved in the onset of the 
phytotoxicity of Cu (Chapter 3).

Interaction between Cu and sulfur metabolism

Similar to all other organisms, plants possess homeostatic 
mechanisms to control the concentrations of essential metal ions in 
different cellular compartments, in order to prevent the occurrence of 
toxic effects of excessive levels of free metal ions in the cytoplasm 
(Clemens 2001; Palmer and Guerinot 2009). Cu is a strong activator 
of phytochelatins biosynthesis, and can form a complex with 
phytochelatins. However, it is still doubtful to what extent 
phytochelatin-Cu complexes are sequestered in the vacuole (Cobbett 
and Goldbrough 2002; Yruela 2009). In addition to the sulfur-rich 
phytochelatins, glutathione itself (or even free cysteine) and low 
molecular weight cysteine-rich proteins may be involved in Cu binding 
and its detoxification in plants. This would imply a direct interference 
of enhanced tissue Cu levels with the regulation of sulfate uptake and 
its assimilation in the plant (Cobbett and Goldsbrough 2002; Cobbett
2003; Verkleij et al. 2003; Lee and Kang 2005; Clemens 2001; Sirko 
and Gotor 2007). 

Exposure of Chinese cabbage to enhanced Cu2+ concentrations in 
the root environment resulted in an accumulation of water-soluble 
non-protein thiols in the root, and to lesser extent in the shoot 
(Chapter 3, 4, 5 and 6). However, this enhancement could only 
partially be ascribed to a Cu-induced synthesis of phytochelatins (PC2

and PC3; Chapter 3). The enhanced thiol levels were most likely due 
the accumulation of reduced glutathione and may be for a lesser part 
to cysteine (De Kok et al. 2007; Chapter 3). 

The high affinity sulfate transporters Sultr1;1 and Sultr1;2 are 
involved in the primary uptake of sulfate by the root (Hawkesford 
2003, 2007; Koralewska et al. 2008; Takahashi and Saito 2008). 
From the present observations it was evident, that at ample sulfate 
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supply Sultr1;2 was the principal sulfate transporter responsible for 
sulfate uptake by Chinese cabbage (Chapter 3, 4, 5 and 6). Exposure 
of Chinese cabbage to enhanced Cu2+ concentrations resulted in 
upregulation of expression of Sultr1;2, accompanied with an 
increased sulfate uptake capacity of the root (Fig. 1; Table 2; Chapter 
3, 4, 5 and 6).

Fig. 1. Relationship between Cu content in the root tissue and sulfate uptake 
capacity of Chinese cabbage (derived from Chapter 3, 4 and 6).

It was doubtful whether the observed upregulation of the 
expression and activity of sulfate transporters in Chinese cabbage was 
solely due to a higher sulfur demand at higher Cu tissue contents. 
Since, 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
(Chapter 3). Moreover, the toxicity of Cu was hardly affected by the 
plant sulfur nutritional status. Biomass production of Chinese cabbage 
upon sulfate deprivation to Chinese cabbage was severely affected 
and the simultaneous exposure of sulfate-deprived plants to enhanced 
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Cu2+ concentrations had hardly additional effects. It was obvious, that 
the development of sulfur deficiency was more rigorously and more or 
less overruled the occurrence of Cu toxicity (Chapter 5 and 6). 
Moreover, if Chinese cabbage was grown at sulfate, at H2S or at both 
simultaneously as sulfur source, the Cu-induced decrease in plant 
biomass production was quite comparable at all conditions (Chapter 
6). From the relationship between Cu content of root tissue and 
sulfate uptake capacity it was obvious, that the activity of the sulfate 
transporter Sultr1;2 increased with the Cu content up to 0.7–1.0 
μmol g-1 FW root, at which visible injury symptoms started to develop 
(chlorosis and necrosis; Fig. 1). At higher concentrations is decreased 
again. 

Table 2. Sulfur metabolite content and regulation of sulfur metabolism as 
affected by enhanced Cu2+ concentrations in the root environment. , 
upregulation; , downregulation; , not affected.

Upon Cu2+ exposure Root Shoot
Sulfur metabolite content
Total sulfur  
Sulfate  
Thiols  
Regulation of sulfur metabolism
Sulfate uptake  
Sultr1;1  
Sultr1;2  
APS reductase  

It is generally presumed that sulfate itself or metabolic products of 
the sulfate assimilation, viz. sulfide, cysteine, glutathione, would act 
as signals in the regulation of the expression and activity of the 
sulfate transporters (Hawkesford and De Kok 2006). At an ample 
sulfur supply the levels of these compounds would act as repressors 
of the sulfate transporters. Likewise, high levels of reduced sulfur 
compounds (sulfide, cysteine and glutathione) would downregulate 
the expression and activity of APS reductase (Westerman et al. 2001; 
Durenkamp et al. 2007; Koralewska et al. 2008). Whereas, upon 
sulfate deprivation, low tissue levels of these sulfur metabolites are 
generally accompanied by an upregulated (de-repressed) expression 
and activity of the sulfur transporters and APS reductase (Chapter 5 
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and 6; Buchner et al. 2004; Parmar et al. 2007; Koralewska et al. 
2009a,b; Stuiver et al. 2009). However, if Chinese cabbage was 
exposed to enhanced Cu2+ concentrations, the expression and activity 
of Sultr1;2 in roots and the expression of Sultr4;1 and Sultr4;2, and 
of APS reductase in both root and shoot were upregulated, even at an 
enhanced sulfate and thiol content in root and shoot (Chapter 3, 4, 5 
and 6, Table 2). 

Fig. 2. The possible significance of H2S in the cross-talk between the sulfate 
reduction pathway in the chloroplasts/plastids and the transcription of sulfate 
transporters in the nucleus.

The majority of plant cells in both root and shoot are able to reduce 
and assimilate sulfate, enabling local cellular signaling of the uptake, 
subcellular distribution and reduction of sulfate (Chapter 3). However, 
a key unresolved issue is the signal transduction in the cross-talk 
between the sulfate reduction pathway in the chloroplasts/plastids and 
the transcription of sulfate transporters/sulfate reducing enzymes in 



Chapter 7

109

the nucleus (Fig. 2). From human and animal physiology it has 
become evident that in addition to nitric oxide (NO) and carbon 
monoxide (CO), also H2S might function as an endogenous gaseous 
transmitter, where it may target KATP channel proteins and the cAMP-
dependent protein kinase pathway (Wang 2002; Mancardi et al. 
2009). In prokaryotes is has been shown that sulfide is involved in 
transcriptional regulation of the cys-operon, for genes involved in 
sulfur uptake and assimilation (Kredich 1993). H2S might have a 
similar function in plants - it is the first product of the sulfate
reduction pathway - as an endogenous gaseous transmitter in the 
cross-talk between the sulfate reduction pathway in 
chloroplast/plastid and the transcription of sulfate transporters/sulfate 
reducing enzymes in the nucleus (De Kok et al. 2011; Fig. 2). 

At the cellular pH, H2S is largely undissociated and in this form it 
may easily pass membranes (De Kok et al. 2007). Evidently, plants 
grown under normal conditions emit minute levels of H2S, which 
emission has been presumed to be a regulatory step in the 
homeostasis of the sulfur pools in plants (Rennenberg 1984; Schröder
1993; Bloem et al. 2007). At a whole plant level, is has been shown 
that H2S exposure may diminish the activity of sulfate reduction in the 
shoot by a downregulation of the expression and activity of APS 
reductase (Durenkamp et al. 2007; Chapter 6), the key-regulating 
enzyme in the sulfate reduction pathway, and it may result in a 
downregulation of the expression of sulfate transporters in the shoot 
(Westerman et al. 2000, 2001; Buchner et al. 2004; Durenkamp et al. 
2007; Koralewska et al. 2008; Chapter 6). From the current study it 
was evident that the presumed signal transduction pathway in the 
regulation of expression and the activity of the sulfate transporters 
and APS reductase (sulfate and thiols) was by-passed or overruled, if 
Chinese cabbage was exposed to enhanced Cu2+ in the root 
environment. H2S is rapidly reacting with free Cu2+ ions yielding in the 
formation of CuS as precipitate (Davidson et al. 2001; Tran et al. 
2003; Yaşşyerli et al. 2003). If H2S would function as an endogenous 
gaseous transmitter in the cross-talk between the sulfate reduction 
pathway in chloroplast/plastid and the transcription of sulfate 
transporters/sulfate reducing enzymes in the nucleus, a Cu-induced 
decrease in H2S concentration might be responsible for the observed 
upregulation of the expression and activity of the sulfate transporters 
and the expression of APS reductase.
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