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Copper (Cu) is an essential redox-active transition metal for normal 
plant growth and development and a cofactor in many metalloproteins 
(Kopsell and Kopsell 2007; Burkhead et al. 2009; Yreula 2005, 2009). 
Prior to its identification as a plant nutrient, Cu was used in 
agriculture for chemical weed control and as a fungicide (Kopsell and 
Kopsell 2007). Despite its essentiality, Cu is phytotoxic at enhanced 
concentrations (Kopsell and Kopsell 2007; Burkhead et al. 2009; 
Yruela 2005, 2009). The typical Cu content in plants ranges from 0.08 
to 0.24 µmol g-1 dry weight, and Cu toxicity in cabbage generally 
occurs when the leaf tissue level exceeds 0.4 µmol g-1 dry weight 
(Macnicol and Beckett 1985; Krämer 2010).

The Cu levels in agricultural soil may strongly be enhanced as a 
consequence of anthropogenic activities through the application of 
organic fertilizers, use of sewage sludge as a fertilizer, application of 
sewage water for crop production and the use of Cu-containing 
fungicides (Dach and Starmans 2005; Zhou et al. 2005; Yruela 2005, 
2009). The Cu content in pig slurries is 10-40 times higher than in 
soil, and the amount of copper excreted via feces corresponds to 72-
80% of the amount ingested by the animals (Mantovi et al. 2003).

Table 1. Input and output of heavy metals for arable land in the Netherlands 
in 1980 and 2003 (adapted from Dach and Starmans 2005). Values in 105

moles.

Total input
By animal
manure

By mineral
fertilizers

By
deposition

Other
sources

Total output

1980 2003 1980 2003 1980 2003 1980 2003 1980 2003 1980 2003

Cu 214 78 165 67 24 6 13 3 13 2 22 15
Zn 367 232 275 191 23 8 43 12 29 21 107 86
Cd 1.42 0.45 0.53 0.27 0.27 0.09 0.18 0.09 0.62 0 0.27 0.27

 In the Netherlands arable soil contains high levels of Cu and other 
heavy metals as the consequence of intensive agriculture and the use 
of animal manure as organic fertilizers. Currently, the input of Cu and 
other heavy metals for arable land in the Netherlands still exceeds the 
output, despite strict regulatory legislation, which has resulted in a 
strongly decreased input as compared to that at the beginning of the 
eighties (Table 1). 

Cu and other heavy metals are not very mobile in most of the soils, 
which is quite alarming, since presumably it will take several 
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hundreds or even thousands of years for the natural re-equilibration 
of heavy metals. For the Netherlands it has been estimated that the 
natural re-equilibration of Cd and Zn will only be reached after 100-
1,000 years, whereas that of Pb and Cu may even take 3,000 and 
4,000 years, respectively (Dach and Starmans 2005). 

Table 2. Heavy metal concentration (µmol kg-1 dry weight) in harvested 
vegetables irregated with canal or sewage water in the vicinity of Faisalabad, 
Pakistan (Butt et al. 2005).

In developing countries Brassica and other vegetable crops are 
often grown in the vicinity of big cities and industrial areas, where 
they may be subjected to air and heavy metals pollution (Yang et al. 
2006). The latter may originate from sewage, which is directly applied 
to vegetable crops.  Sewage is not only the source of many nutrients,
but it is often contaminated with high levels of Cu and other heavy 
metals. As a consequence of untreated sewage application, heavy 
metals not only accumulate in the soil but also in vegetables (Table 2; 
Younas et al. 1998; Butt et al. 2005). Enhanced Cu levels in crop 
plants might not only negatively affect plant growth and functioning,
but will also enter the food chain (Brun et al. 2001).

Uptake and distribution of Cu in plants

Copper is taken up by plants with the lowest rate among all the 
essential elements (Kabata-Pendias and Pendiase 1992; Kopsell and 
Kopsell 2007). In the soil, Cu can be inaccessible due to its tendency 
to be present predominantly in an insoluble form because of its 
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adsorption to clay, CaCO3 or organic matter and high pH (McBride et 
al. 1997; Sauvé et al. 1997; Kopsell and Kopsell 2007; Burkhead et 
al. 2009, Yruela 2005, 2009; Palmer and Guerinot 2009). Plants may 
mobilize essential metals by the secretion of chelators by the root 
and/or by acidification of the rhizosphere (Clemens et al. 2002). Cu is 
found predominantly as Cu2+ in the soil, which might be reduced by 
FRO2 (ferric reductase oxidase), prior to its uptake by high affinity 
COPT transporters (Robinson et al. 1999; Palmer and Guerinot 2009; 
Fig. 1). 

Fig. 1. Scheme of Cu uptake and distribution in plant cells. Copper proteins 
are indicated in open rectangles; (CSD1, cytosolic Cu/Zn superoxide 
dismutase; CSD2, chloroplastic Cu/Zn superoxide dismutase; CSD3, 
peroxisomal Cu/Zn superoxide dismutase; ER, endoplasmic reticulum), 
transporters in light gray rectangles (COPT, Cu transporter; HMA, heavy 
metal P-type ATPase; RAN1, responsive-to-antagonist 1; PAA, P-type ATPase 
of Arabidopsis; ZIP, Zn transporters), Cu-metallochaperones in closed 
rectangles (CCH, Cu chaperone; ATX1, antioxidant 1; CCS, Cu chaperone for 
Cu/Zn superoxide dismutase; COX, cytochrome-c oxidase; SCO, synthesis of 
cytochrome-c oxidase), FRO (Fe(III) reductase oxidase) and possible metal-
binding compounds, viz. metallothioneins (MTs) and phytochelatins (PCs). 
Adapted from Pilon et al. (2006) and Yruela (2009).
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The uptake and transport of Cu in plants and its subcellular 
distribution and homeostasis are mediated by high affinity Cu 
transporter proteins (COPT transporters), other metallotransporter 
proteins (e.g. Cu-transporting P-type ATPases) and metallochaperone 
proteins (ATX, CCS and COX17 like Cu chaperone; Sancenon et al. 
2003, 2004; Yruela 2005, 2009; Burkhead et al. 2009; Palmer and 
Guerinot 2009; Fig. 1). Plants may also take up Cu as the more 
abundant Cu2+ via a member of the ZIP family, a transporter family 
known to preferentially transport divalent cations. Both ZIP2 and ZIP4 
are upregulated upon Cu deficiency (Clemens 2001; Wintz et al. 
2003; Palmer and Guerinot 2009). Cu is removed from the cytosol by 
the HMA5 transporter (Andrés-Colás et al 2006) and excessive metal 
ions may complex with viz. glutathione (GSH), phytochelatins (PCs) 
and metallothioneins (MTs) and may be sequestered in the vacuole 
(Clemens et al. 2002; Pilon et al. 2006; Yruela 2009; Fig. 1).

Cu has limited mobility in plants and excessive Cu taken up is often 
found in the root tissue (Brun et al. 2001; Quartacci et al. 2003; 
Kopsell and Kopsell 2007; Guerra et al. 2009; Andrade et al. 2010). 
Excessive Cu taken up by roots is bound to the cell walls due to its 
affinity to carbonylic, carboxylic, phenolic and sulfydryl groups, ionic 
bonds with negatively charged sites and N, O and S bonds in cell 
membranes (Quartacci et al. 2003; Kopsell and Kopsell 2007). The 
translocation of Cu to above-ground parts seems to be well regulated, 
as it is not correlated to the Cu concentration in the root environment 
(Ginocchio et al. 2002; Kopsell and Kopsell 2007).

Functions and toxicity of Cu in plants

Copper is essential for plant growth and activity of many enzymes, 
with a requirement amongst the lowest of all elements (Kopsell and 
Kopsell, 2007). Cu is an integral component of photosynthetic 
electron transport (plastocyanin), mitochondrial respiration 
(cytochrome c oxidase), cell wall metabolism (amine oxidase), 
hormone signaling (ethylene receptors), thylakoids (polyphenol 
oxidase) and reactive oxygen metabolism (superoxide dismutase; 
Clemens 2001; Hall and Williams 2003; Yruela 2005, 2009; Burkhead 
et al. 2009). The reversible oxidation-reduction of Cu makes it very 
valuable as a cofactor in enzymes such as Cu/Zn-superoxide 
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dismutase (Cu/ZnSOD), cytochrome c oxidase, ascorbate oxidase, 
amino oxidase, laccase, plastocyanin (PC), and polyphenol oxidase 
(Yruela 2005, 2009; Pilon et al. 2006).

Plants like all other organisms possess homeostatic mechanisms to 
maintain the correct concentration of essential metal ions in different 
cellular compartments and to minimize the damage from exposure to 
enhanced metal ions (Clemens 2001; Palmer and Guerinot 2009). 
Once inside the cell, Cu has to be distributed in proper amounts to 
cellular compartments and to proteins. Enhanced levels have to be 
rendered innocuous either by timely secretion, compartmentation 
and/or complexation in order to avoid their interference with the 
normal cellular metabolism (Hall 2002; Palmer and Guerinot 2009).

The toxic effects of Cu depend on the concentration of Cu 
accumulated, growth stage of plants and the duration of the exposure
(Clemens 2001; Medoza-Cózatl et al. 2005). In living organisms the 
redox-active metal Cu is present in both the Cu2+ and Cu+ form. 
However, excessive free Cu ions may catalyze the formation of the 
highly toxic hydroxyl radicals (OH.) from hydrogen peroxide (H2O2) or 
superoxide anions (O2

-) via the Haber-Weiss reaction, which may 
induce oxidative stress and cause lipid peroxidation, protein
denaturation and DNA mutation (Pinto et al. 2003; Morelli and 
Scarano 2004). 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 (De Vos et al. 1993; Yruela 2009). Cu toxicity may 
also be due to a reduced and/or altered uptake and distribution of 
other essential nutrients (Schiavon et al. 2007), e.g. a decrease in Fe
uptake essential in protein functioning (Pätsikkä et al. 1998, 2002; 
Kopsell and Kopsell 2007; Yruela 2009). Enhanced levels of Cu may 
injure the plasma membrane, resulting ion leakage from roots (Hall 
2002). Moreover, Cu may hinder the biosynthesis of photosynthetic 
apparatus, resulting in an altered pigment and protein composition of 
photosynthetic membranes. It has been observed that especially 
photosystem II is a sensitive site to enhanced Cu levels (Barón et al. 
1995; Yruela 2005, 2009). 
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Sulfate uptake and metabolism in plants

Plants depend on their roots for the uptake of sulfur and other 
nutrients. Generally sulfate taken up by the roots is the primary sulfur 
source for plant growth. The sulfate uptake by the roots is energy 
dependent (driven by a proton gradient generated by ATPases) 
through a proton/sulfate (presumably 3H+/SO4

2-) co-transport and the 
sulfate transporter-mediated uptake is likely one of the primary 
regulatory sites of sulfur metabolism (De Kok et al. 2002; Saito 2004; 
Hawkesford and De Kok 2006). Distinct sulfate transporter proteins 
mediate the uptake, transport and sub-cellular distribution of sulfate 
and their expression and activity are highly modulated by the sulfur 
status of the plant (Glass et al. 2002; Hawkesford and De Kok 2006; 
Koralewska et al. 2007, 2008, 2010, 2011; De Kok et al. 2011; Fig. 
3).  

Sulfate needs to be reduced prior to its metabolism into organic 
sulfur compounds (Fig. 2). The reduction of sulfur to sulfide may take 
place in the plastids in the root as well as in the chloroplasts in the 
shoot, since both root plastids and chloroplasts contain all sulfate 
reduction enzymes (De Kok et al. 2002, 2011; Hawkesford and De 
Kok 2006). However, on basis of the shoot to root partitioning in 
herbaceous species the main proportion of sulfate will be reduced in 
the shoot. Sulfate needs to be activated to adenosine 5'-
phosphosulfate (APS) prior to its reduction to sulfite by ATP 
sulfurylase (Fig. 2). APS is subsequently reduced to sulfite by APS 
reductase with likely glutathione as a reductant (Leustek and Saito 
1999; Kopriva and Koprivova 2003; Saito 2004).

Sulfite is reduced with high affinity by sulfite reductase to sulfide 
with ferredoxin as a reductant. Sulfide is incorporated into cysteine by 
O-acetylserine(thiol)lyase, with O-acetylserine as substrate. O-
acetylserine is synthesized by serine acetyltransferase and together 
with O-acetylserine(thiol)lyase it is associated as enzyme complex 
called cysteine synthase (Hell 2003; Saito 2004). The formation of 
cysteine is a direct coupling step between sulfur and nitrogen 
assimilation in plants, and it is the precursor of reduced sulfur and
sulfur donor for most other organic sulfur compounds present in plant 
tissue (Brunold 1993; De Kok et al. 2002).
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Fig. 2. Sulfate reduction and assimilation, and metabolism of H2S in plants. 
APS reductase, adenosine 5’-phosphosulfate reductase; Fdred, Fdox, reduced 
and oxidized ferredoxin; GSH, GSSG, reduced and oxidized glutathione 
(adapted from De Kok et al. 2007).

Different sulfate transporters are involved in the uptake and 
distribution of sulfate in plants. According to their cellular and 
subcellular expression and possible functioning, the sulfate 
transporters gene family has been classified in up to 5 different 
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groups (Buchner et al. 2004; Saito 2004; Hawkesford and De Kok 
2006; Koralewska et al. 2007, 2008, 2009a, b, 2010; Fig. 3). 
Different isoforms are specifically expressed in the root or in the 
shoot or expressed both in root and shoot. The Group 1 transporters 
are 'high affinity sulfate transporters' (Km  10 μM), which are 
involved in the uptake of sulfate by the roots. The Group 2 
transporters are vascular transporters and are 'low affinity sulfate 
transporters'. The role of Group 3 transporters is not well known yet. 
The Group 4 transporters may be involved in the transport of sulfate 
from the vacuole (Kataoka et al. 2004; Hawkesford 2007, 2008). The 
Group 5 transporters is a distinct group and one of the isoforms 
(Sultr5;2) in Arabidopsis is characterized as a molybdenum 
transporter (Tomatsu et al. 2007; Baxter et al. 2008). It is still 
unresolved, whether sulfate itself or metabolic products of the sulfur 
assimilation (viz. O-acetylserine, cysteine, glutathione) act as signals 
in the regulation of the expression and activity of the sulfate 
transporters (Buchner et al. 2004; Hawkesford and De Kok 2006; 
Koralewska et al. 2007, 2008, 2009a, b, 2010).

The majority of genes encoding the enzymes of sulfate 
assimilation, except sulfite reductase, are present in plants in multiple 
isoforms (Kopriva and Koprivova 2003; Takahashi et al. 2011). The in 
situ sulfate concentration in the plastid/chloroplast might be the 
limiting/regulatory step in the sulfur reduction pathway, since the 
affinity of ATP sulfurylase for sulfate is rather low (Km approximately 1 
mM; Stulen and De Kok 1993). Regulation of the activity of APS 
reductase is presumably the primary regulation point in the sulfate 
reduction, since the activity of APS reductase is the lowest of the 
enzymes of the sulfate reduction pathway and it has a fast turnover 
rate (Brunold 1993; Leustek and Saito 1999; Kopriva and Koprivova 
2003; Saito 2004). The sulfate fraction, which is not directly reduced, 
is present in the vacuoles. The rate of remobilization of sulfate from 
the vacuole may be rather slow and sulfur-deficient plants often 
contain detectable levels of sulfate (Davidian et al. 2000; Hawkesford 
and Wray 2000; Buchner et al. 2004).
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Fig. 3. Phylogenetic neighbour-joining tree of the coding cDNAs of the 
Arabidopsis and Brassica oleracea sulfate transporter family (adapted from 
Buchner et al. 2004).  

In addition to sulfate taken up by the roots, plants are able to 
utilize foliarly absorbed sulfurous air pollutants (viz. SO2, H2S) as a 
sulfur source for growth. It has been well established that foliarly 
absorbed H2S is directly metabolized with high affinity into cysteine 
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and subsequently into other organic sulfur compounds (De Kok et al. 
1998, 2002, 2007, 2009, 2011). There is a clear evidence for 
interaction between atmospheric and pedospheric sulfur utilization, as 
H2S exposure resulted in downregulation of the uptake and 
assimilation of sulfate (Westerman et al. 2000, 2001; Buchner et al. 
2004; De Kok et al. 2007; Koralewska et al. 2008).

Interaction of Cu with the sulfur metabolism

Glutathione (GSH) is the predominant water-soluble non-protein thiol 
compound present is plant tissue and its concentration may be as 
high as 10 mM, though it varies with plant development and plant 
nutrition (Leustek et al. 2000). GSH is synthesized in both the cytosol 
and chloroplast and its level and redox state (GSH/GSSG ratio) may 
be affected by environmental conditions, e.g. temperature, drought, 
salinity, air pollution, irradiation (Tausz 2001). Moreover, the level of 
glutathione and other non-protein thiols increased upon exposure to  
heavy metals (Nocito et al. 2002, 2006; Sun et al. 2007). It has been 
observed that enhanced subcellular Cu levels (and other heavy 
metals) may induce the synthesis of phytochelatins (PCs), which are 
derived from glutathione (and in some plant species from related 
compounds, such as homo-glutathione; Cobbett 2003; Verkleij et al. 
2003). PCs are synthesized enzymatically by inducible -
glutamylcysteine dipeptidyltranspeptidases (PC synthases) with GSH 
as substrate:

(GluCys)nGly + (GluCys)nGly    (GluCys)n+1Gly + (GluCys)n-1Gly

The number of -glutamylcysteine residues (GluCys)n in the 
phytochelatins is reported to be as high as 11, but normally in the 
range from 2-5. The induction of PCs synthesis upon Cu exposure is a 
rapid process (Grill et al. 1987; Zenk 1996). The length of PCs chain 
shows metal-specific differences with Cu2+ favoring PC2 (Ernst et al. 
2008). Phytochelatins may complex with Cu, and together with 
cysteine-rich metallothionein proteins (at least in some plant species)
they 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). However, the significance of 
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phytochelatins in Cu detoxification appears to be restricted (De Vos et 
al. 1992; Hall 2002; Schat et al. 2002; Cobbett 2003; Cobbett and 
Goldsbrough 2002; Verkleij et al. 2003; Lee and Kang 2005; Ernst et 
al. 2008; Yruela 2005, 2009).

In addition to the sulfur-rich PCs also GSH itself (or even free 
cysteine), metallothionins and low molecular weight cysteine-rich 
proteins may be involved in Cu binding and detoxification in plants, 
which would imply a direct interference with sulfur metabolism 
(Cobbett and Goldsbrough 2002; Cobbett 2003; Verkleij et al. 2003; 
Lee and Kang 2005; Clemens and Peršoh 2009; Sirko and Gotor 
2007). There is evidence that sulfur nutrition and its metabolism may 
be involved in tolerance and detoxification of heavy metals (Nocito et 
al. 2006; Sirko and Gotor 2007; Sun et al. 2007). 

The uptake of sulfate by the root and its assimilation are 
modulated by both the plant sulfur status and the sulfur demand for 
growth and is affected by environmental conditions (Hawkesford and 
De Kok 2006; Haneklaus et al. 2007; De Kok et al. 2011). Synthesis 
of PCs, metallothionins and glutathione upon heavy metal exposure 
might require an increased sulfate uptake and assimilation (Anderson 
and McMahon 2001; Nocito et al. 2006; Sun et al. 2007; Ernst et al. 
2008). For instance, Cd exposure induced an upregulation of 
expression and activity of the sulfate transporters and several 
enzymes of the sulfur assimilation pathway and glutathione synthesis, 
viz. ATP sulfurylase, APS sulfotransferase, -glutamylcysteine 
synthetase and glutathione synthetase (Anderson and McMahon 
2001). Exposure of plants to enhanced levels of heavy metals (e.g. 
Cd, Cu) resulted in an enhanced expression and activity of high 
affinity sulfate transporters (Sultr1;1, Sultr1;2; Nocito et al. 2006; 
Sun et al. 2007). Moreover, the expression of Sultr4;1, which is 
involved in the efflux of sulfate from the vacuole was upregulated 
upon exposure to Cu (Schiavon et al. 2007). 

Aim and outline of the thesis

Anthropogenic activities have resulted in a widespread pollution of 
soils with Cu and other heavy metals. Cu and other heavy metal 
pollution will presumably further increase due to an increasing global 
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population and the subsequent intensification of plant and animal 
production (Dach and Starmans 2005). Enhanced Cu levels in plants 
may interact with and disturb metabolism in several ways and sulfur 
metabolites might have potential in its detoxification. The general aim 
of this project was to get more insight in the physiological basis of the 
phytotoxicity of Cu and the significance of sulfur metabolism in its
detoxification. In this thesis the followings topics were investigated: і)
the impact of enhanced Cu concentrations on physiological functioning 
and its interaction with the regulation of uptake, distribution and 
metabolism of sulfate, іі) the impact of light quality (UV radiation) on 
Cu toxicity, iii) the interaction between enhanced Cu2+ levels and 
sulfate deprivation, iv) the significance of pedospheric (sulfate) and
atmospheric (H2S) sulfur nutrition in Cu detoxification.

Chinese cabbage [Brassica pekinensis (Lour.) Rupr.] belongs to the 
Brassicaceae (the mustard family; Schranz et al. 2006). Brassica
species are characterized by a high sulfur requirement for growth, 
and the impact of sulfur nutrition on its physiology has extensively 
been studied (De Kok et al. 2000; Buchner et al. 2004; Koralewska et 
al. 2007, 2008, 2009a, b, 2011; Parmar et al. 2007; Stuiver et al. 
2009). Exceptionally, plant species belonging to the family 
Brassicaceae are not able to evolve Cu tolerance on Cu-enriched soils 
(Walker and Bernal 2004).

Chapter 2 describes the material and methods used in the present 
study. In Chapter 3 the interference of Cu exposure with the 
regulation of the uptake, distribution and metabolism of sulfate, and 
the mineral nutrient composition was studied. In Chapter 4 the impact 
of UV radiation on Cu toxicity and sulfur metabolism was investigated. 
In Chapter 5 the impact of enhanced Cu concentrations and sulfate 
deprivation on the uptake and metabolism of sulfate was studied. In 
Chapter 6 the significance of pedospheric (sulfate) and atmospheric 
sulfur nutrition (H2S) on Cu toxicity was evaluated. In Chapter 7 the 
phytotoxicity of enhanced Cu concentrations and possible significance 
of sulfur metabolism in its detoxification in Chinese cabbage is 
discussed.




