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Chapter 1. 

 

General introduction 

 
1.1. Metal contamination  

Some metals, such as Zinc (Zn), Copper (Cu), Iron (Fe) etc., are essential nutrients 

required by plants, whereas others, such as Arsenic (As), Cadmium (Cd), Lead (Pb) and 

Mercury (Hg), among others, do not have known biological functions. Non-essential metals 

can be actively taken up by plants due to incomplete ion selectivity of the trans-membrane 

carriers responsible for the uptake of essential elements and they can be toxic even at very 

low concentrations. However, also essential metals can become toxic when present at high 

concentrations. High metal concentrations in soils can occur naturally, such as through ore 

outcropping, or antropogenically, due to, for example, mining and smelting activities and 

the use of metal-containing fertilizers and pesticides.  

 

1.2. Metal tolerance 

Certain plant species have the ability to survive and reproduce on soils containing high 

concentrations of metals in forms that are toxic or inimical to other plants (Macnair and 

Baker, 1994). This ability is generally called metal hypertolerance or metal tolerance and it 

is to be distinguished from the basic normal tolerance, which is found in all plant species 

and varieties (Clemens, 2006). In facultative metallophytes (or pseudo-metallophytes), 

which occur both on metalliferous and non-metalliferous soils, metal tolerance is usually 

confined to the metallicolous populations (Antonovics et al., 1971; Macnair 1993), 

although non-metallicolous populations may contain tolerant mutants in low frequencies 

(Gartside and McNeilly, 1974; Walley et al., 1974; Wu et al., 1975).  

Metal tolerant plants often exhibit combined tolerance to different metals (Gregory and 

Bradshaw, 1965; Schat and ten Bookum, 1992b; Karataglis, 1982). In theory, such 

tolerance might rely either on the possession of combinations of different metal specific 

tolerance mechanisms ('multiple tolerance'), or on less specific mechanisms that 

pleiotropically confer tolerance to different metals ('co-tolerance') (Schat and Vooijs, 1997). 

The genetic evidence available to date suggests that multiple metal tolerance is generally 

due to combinations of genetically independent metal-specific mechanisms. Some of these 

mechanisms, however, seem to produce tolerance to one or more other metals, but such 

pleiotropic tolerances are typically of a low level (Schat and Vooijs, 1997; Jack et al., 
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2007). Since metal tolerances are strongly, if not entirely, metal-specific, it is to be 

expected that tolerance should be confined to the metals that are present at toxic 

concentrations at the population site, because excessive tolerances appear to be ruled out by 

natural selection (McNeilly, 1968).  

In general, metal hypertolerances appear to be determined by one or a few single major 

genes and influenced by a variable number of hypostatic minor genes referred to as 

‘modifiers’ or ‘enhancers’ (Macnair, 1993; Schat et al., 1996; Schat and ten Bookum, 

1992b; Smith and Macnair, 1998). Hypostatic modifiers are defined as genes of which the 

phenotypic expression is dependent on the presence of particular alleles at another locus. 

The presence of ‘tolerance alleles’ at modifier loci will not directly confer metal tolerance 

per se, but merely increase the level of tolerance produced by one or more epistatic major 

genes. The nature and functioning of these major and minor tolerance genes have not been 

elucidated yet.  

Metal tolerance can be achieved through different mechanisms, such as decreased uptake, 

detoxification through complexation or transformation and intracellular 

compartmentalisation (Meharg, 2005). It is likely that hypertolerance relies on enhanced 

expression levels of genes that govern component traits of the cellular homeostatic 

machinery for essential metal micronutrients. In particular, higher plants have been shown 

to tolerate metals either through reducing the rate of metal uptake, or through an enhanced 

capacity to cope with high amounts of metals in their tissues (Clemens, 2006). Avoidance 

can be achieved by immobilising metals in the soil, for example through root exudates, by 

changes in the transporter activity in the plasma-membrane of the root cells, by active 

efflux from the roots, or by storing the metals in the cell wall and apoplast. Once the metal 

passes the plasma-membrane, tolerance may be effected in different ways, including 

cytosolic sequestration, enhanced efflux from the cytosolic compartment into a 

metabolically inactive compartment, either through tonoplast transport, efflux across the 

plasmamembrane, or via the secretory pathway (Clemens, 2001). In general, combinations 

of all these mechanisms do contribute to metal tolerance.  

Cytosolic sequestration can be achieved through the synthesis of metal-binding 

compounds. Organic chelators may play a key role by forming complexes with metals to 

reduce their toxicity, or as chaperones accompanying the metals on their way out of the 

cytosol, thus buffering the cytosolic metal concentrations. In particular, amino acids, 

organic acids and (poly)peptides may function in metal buffering. A role for amino acids in 

metal chelation and tolerance was shown for histidine in the Ni hyperaccumulator, Alyssum 
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lesbiacum (Krämer et al., 1996) and for nicotianamine in Fe, Zn, Mn and Cu chelation 

(Pich et al., 2001; Takahashi et al., 2003). Complexation of Cd and Zn with citrate and 

malate have been suggested to play a role in chelation in the vacuole, although increased 

levels of these chelators are neither sufficient, nor essential for tolerance (Harmens et al., 

1994; Shen et al., 1997). Thiol compounds such as glutathione (GSH), metallothioneins 

(MTs) and phytochelatins (PCs), play a role in metal homeostasis or basic metal tolerance, 

but they can also be involved in hypertolerance mechanisms (Hartley-Whitaker et al., 

2001). 

PCs are polypeptides with the general structure (γ-Glu-Cys)n-Gly where the most 

common ones have a chain length of two to four. These compounds are synthesised from 

GSH by a γ-glutamyl-cysteine dipeptidyl transpeptidase, called phytochelatin synthase 

(PCS), which is activated and post-translationally regulated by metal ions (Oven et al., 

2002). Recently, specific conserved metal-binding conserved cysteines have been identified 

as activation sites of PCS (Maier et al., 2003). PCs have been identified in a wide variety of 

plant species (Rauser 1995; Cobbett and Goldsbrough, 2002), in response to several metal 

ions (Grill et al., 1985; Schat et al., 2002). Finally, transmembrane metal transporters play a 

major role in the compartmentalisation of excessive metals at the organ and tissue level, but 

also at the cellular level, and it is plausible that alterations of the capacities of a number of 

them will play a role in metal hypertolerance. Several classes of transporters are now 

known to play a role in heavy metal transport and probably in adaptive metal tolerance such 

as P-type heavy metal transporting ATPases (HMAs), the CDF family, the NRAMP family 

and the ZIP family (van der Zaal et al., 1999; Guerinot, 2000; Persans et al., 2001; 

Assunção et al., 2001). Some of them will be described later in connection with Zn and Cd 

tolerance. 

Despite the large number of studies that have been carried out on all of these 

physiological and molecular mechanisms responsible for metal tolerance and accumulation, 

the picture is far from complete, and much more knowledge is still needed (Clemens, 

2006).  

 

1.3. Metal tolerance in Silene species 

In order to elucidate tolerance mechanisms, the comparison between tolerant and 

sensitive individuals of the same species would be preferable, since inter-specific 

differences unrelated to metal tolerance may influence results interpretations. The 

occurrence of tolerant metallicolous and non-tolerant non-metallicolous populations in a 



12 
number of species of the genus Silene (Caryophyllaceae) provides good opportunities for 

research on metal tolerance mechanisms in a comparative way. In particular, in this thesis 

two similar species have been studied and compared, Silene paradoxa L. and Silene 

vulgaris (Moench) Garcke [= S. cucubalus (L.) Wib.]. 

 

1.3.1. Silene paradoxa 

The biennial plant S. paradoxa is a non-hyperaccumulating pseudo-metallophyte since it 

is generally found in non-contaminated dry areas and occasionally on metalliferous soils, 

including copper mine tailings and smelter deposits.  

In the present study a S. paradoxa population from a non-metalliferous soil near Colle 

Val D’Elsa (Tuscany, Italy) and one from the tailings of the Tuscan copper mine of Fenice 

Capanne (Italy) are considered. This tailing is predominantly enriched in Cu, but also in Cd, 

Zn and As, though to much lower degrees. The local S. paradoxa population has been 

founded no more than a few centuries ago, almost certainly from a nearby serpentine 

population, as shown by molecular marker analysis (Mengoni et al., 2000, 2001). Because 

of its serpentine origin, it is almost certain that any tolerance to Cu, Zn, Cd and As must 

have been evolved in situ. It is unlikely that either of these tolerances, whenever present, 

would result from pleiotropic mechanisms, since extensive studies in the related 

metallophyte, S. vulgaris, clearly demonstrated their genetic independence (Schat et al., 

1996; Schat and Vooijs, 1997; Jack et al., 2007). As expected, the Fenice Capanne 

population has been shown to possess tolerance to Cu (Mengoni et al., 2003), but also to 

Ni, probably owing to its serpentine origin (Gonnelli et al., 2001).  

To date, nothing is known about the genes involved in the evolution of metal tolerance in 

S. paradoxa.  

 

1.3.2. Silene vulgaris 

The perennial herb S. vulgaris is also a non-hyperaccumulating pseudo-metallophyte 

(Schat et al., 1996).  

The metallicolous populations of this species possess high-level tolerance mechanisms 

allowing growth and survival at metal exposure levels that are toxic to non-adapted 

populations. These high-level metal tolerances have been demonstrated to be genetically 

based and largely metal specific (Schat and Vooijs, 1997). The geographic distribution of 

hypertolerant populations of S. vulgaris indicates that is unlikely that they all originate from 

one common tolerant ancestral population, in other words, that high-level metal tolerance is 
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almost certainly of polyphyletic origin in this species. The hypertolerance exhibited is 

largely confined to plants growing on metal polluted soils and it is essentially site specific, 

reflecting the metal composition at the site of origin (Schat and Vooijs, 1997).  

Crosses between plants with hypertolerance to the same metal(s), but of different 

geographic origin, even when belonging to different subspecific taxa, usually showed little 

or no segregation, suggesting that natural selection under the pressure of any particular 

metal tends to affect the same gene loci, wherever it may occur (Schat et al., 1996). 

Hypertolerance to Cu, Cd, or Zn in different S. vulgaris populations from metalliferous soil 

has been shown to be under the control of one or two major genes with additional modifiers 

controlling the level of hypertolerance (Schat, 1999). From segregation analysis it appeared 

that the metallothionein gene, SvMT2b, is a good candidate for a hypostatic enhancer of Cu 

tolerance (Van Hoof et al., 2001). The other genes involved have not been identified yet. 

In this thesis, two metallicolous populations originating from Plombières (Belgium) and 

Blankenrode (Germany), where the soil is highly metal enriched, and one from the 

botanical garden of the Amsterdam Vrije Universiteit were taken into account. 

 

1.4. The case of Arsenic 

Arsenic is classified as a metalloid due to its chemical behaviour, having both properties 

of metals and non-metals. It is well known for its toxicity since it has been used for 

centuries as a poison in homicides. Notwithstanding its toxicity, it has been applied in 

medicine as a remedy against syphilis, other venereal diseases and currently in leukaemia 

treatments. No evidence of any biochemical function of As in plants has been reported.  

Due to geological anomalies or human activities, such as non-ferrous metal mining and 

smelting, pesticide use, or land irrigation with deep groundwater (the main source of As 

contamination in rice in Bangladesh), soils have locally become toxically enriched in As 

(Baroni et al., 2004; Lambkin and Alloway, 2003; Smith et al., 1998). Since As in soil is 

highly mobile, As-contaminated soil is one of the major sources of arsenic in ground and 

drinking water (Meharg and Rahman, 2003). 

Soil anthropogenic arsenic contamination results mainly from the mining and smelting of 

Cu, Pb, Co and Au ores (Azcue and Nriagu, 1994) and from its use in agriculture, 

horticulture and forestry (Mastradone and Woolson, 1983), as a component of insecticides 

(Nriagu and Azcue, 1990), herbicides (Ray, 1975), fungicides (Merwin et al., 1994) and 

wood preservatives (Warner and Solomon, 1990). In addition, atmospheric deposition of As 
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results from fossil-fuel combustion (Cullen and Reimer, 1989) and emission of metal 

smelters (Temple et al., 1977).  

Arsenate [As(V)] and arsenite [As(III)] are the predominant inorganic, phytoavailable 

forms of As in soil solution under aerobic and anaerobic conditions, respectively (Haswell 

et al., 1985; Onken and Hossner, 1995; Porter and Peterson, 1977). Arsenate is a phosphate 

chemical analogue that is taken up into plant roots by the high-affinity phosphate uptake 

system (Asher and Reay, 1979). Since the high-affinity phosphate transporters prefer 

phosphate over As(V), the uptake of As(V) is strongly dependent on the phosphate 

availability in the root environment (Meharg and Macnair, 1994). Also due to its analogy 

with phosphate, once inside the cell, arsenate can damage cellular mechanisms through 

substituting for phosphate in phosphorylation reactions (Jocelyn, 1972). Arsenite is taken 

up at considerable rates as well (Abedin et al., 2002), mainly via aquaglyceroporins 

(Meharg and Jardine, 2003; Wysocki et al., 2001). Arsenite is considered to be more toxic 

than arsenate, as it is highly reactive with sulphydryl groups (–SH) of enzymes and other 

proteins (Ullrich-Eberius et al., 1989).  

Though As is highly phytotoxic, some plant species are able to colonise even the most 

As-enriched soils, such as gold mine waste deposits (Whiting et al., 2004). So far 

investigated, such mine populations appear to posses strongly enhanced levels of As(V) 

tolerance, compared to non-metallicolous populations of the same species (De Koe and 

Jacques, 1993; Macnair and Cumbes, 1987; Rocovich and West, 1975). In most of the 

species investigated thus far, As(V) hypertolerance was found to be associated with 

decreased As(V) uptake through suppression of the high-affinity phosphate uptake system 

(Bleeker et al., 2003; Meharg, 1994; Meharg and Macnair, 1992). To date, this seems to be 

the only example of an avoidance mechanism involved in plant adaptive metal tolerance. 

Nevertheless, considerable As tissue concentrations have been reported in tolerant plants 

growing on heavily As-contaminated soil (De Koe, 1994) implying that these plants must 

posses an effective plant-internal sequestration system too. Furthermore, Lee et al. (2003) 

showed that in a non phosphate-limiting environment, increased phosphate uptake resulted 

in enhanced tolerance to As(V), probably since the excess of phosphate could out-compete 

As(V) toxicity in plant cells.  

The first step in As(V) detoxification is a reduction to As(III), catalysed by the plant 

As(V) reductase, ASR (Bleeker et al., 2006). Recently, arsenate reductase genes have been 

identified in plants, including Arabidopsis (AtAsr/AtACR2), Holcus (HlAsr) and Pteris 

(PvACR2) (Bleeker et al., 2006; Dhankher et al., 2006; Ellis et al., 2006). Increased 
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arsenate reductase activity levels in plants such as H. lanatus contribute to their As 

tolerance (Bleeker et al., 2006), although As(III) is generally considered to be more toxic 

than As(V). Arabidopsis thaliana asr T-DNA insertion lines exhibit enhanced As(V) 

sensitivity, suggesting that controlled As(V) reduction does contribute to As(V) tolerance 

indeed (Bleeker et al., 2006). As(III) subsequently activates PCS, resulting in the formation 

of As(III)–PC or mixed As(III)–PC/GSH complexes (Raab et al., 2004, 2005), which are 

then transported into the vacuole, most probably by an ABC-type transporter (Bleeker et 

al., 2006). PCs are thought to play an essential role in As detoxification in plants (Hartley-

Whitaker et al., 2001; Pickering et al., 2000; Schmöger et al., 2000; Sneller et al., 1999). 

PC synthase-deficient A. thaliana is hypersensitive to As(V), showing that PCs are 

absolutely required for As(V) tolerance in this species (Ha et al., 1999; Howden et al., 

1995). In addition, indirect inhibition of PC synthesis by buthionine sulphoximine (BSO) 

has been shown to result in a dramatic loss of As(V) tolerance in Holcus lanatus, both in 

As(V)-hypertolerant and non-hypertolerant ecotypes (Bleeker et al., 2006). However, there 

may be exceptions. The As hyperaccumulator fern, Pteris vittata, accumulates As as As(III) 

in the fronds, but it accumulates only very low amounts of PCs upon exposure to As(V) 

(Zhao et al., 2003).  

The question of whether toxic soil As(V) enrichment would generally select for enhanced 

PC-based As(V) detoxification capacities has not been answered yet. It is beyond doubt that 

reduced As(V) uptake, through suppression of the high-affinity phosphate uptake system, is 

the primary determinant of As(V) hypertolerance in non-As-hyperaccumulator species 

(Meharg, 2005). However, there are indications that enhanced PC-based sequestration 

might play a subsidiary role. Compared at the same levels of As accumulation, the PC-thiol 

to As molar ratio and the mean PC chain length in H. lanatus roots were found to be higher 

in As(V)-hypertolerant ecotypes than in non-hypertolerant ones (Hartley-Whitaker et al., 

2001). Enhanced mean PC chain lengths have also been observed in As(V)-hypertolerant 

Cytisus striatus (Bleeker et al., 2003). Bleeker et al. (2006) demonstrated that the higher 

PC accumulation in As(V)-hypertolerant H. lanatus was not due to an enhanced capacity of 

PCS itself, but of ASR, and showed a correspondingly enhanced expression of the ASR 

gene in the hypertolerant ecotype. They also showed that ectopic over-expression of ASR 

in Arabidopsis produced enhanced tolerance to moderately toxic As(V) concentrations, but 

hypersensitivity to highly toxic concentrations. These results suggest that a controlled 

enhancement of ASR-mediated As(V) reductase activity might enhance the rate of PC-

based As(V) detoxification and, consequently, contribute to As(V) tolerance. However, 
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there is only circumstantial evidence of a role for this mechanism in naturally selected 

As(V) hypertolerance.  

 

1.5. The case of Zinc and Cadmium 

Zn is an essential trace element and plays important roles in metabolic regulation and in 

proteins as an essential component or cofactor of key enzymes and DNA-binding proteins 

(Marschner, 1995; Guerinot and Eide, 1999). Zn deficiency and excess compromise cellular 

function and integrity by inhibiting differentiation, growth and development (Clemens, 

2001). Many mechanisms have been implicated in Zn tolerance although some, such as cell 

wall binding and root exudates, are controversial and seem to be at violence with the high 

degree of metal-specificity of the trait (Ernst et al., 1992). Enhanced vacuolar sequestration 

is a plausible mechanism for Zn tolerance (Ernst et al., 1992). A possible gene involved in 

the latter mechanism is the ZAT gene belonging to the CDF (Cation Diffusion Family), a 

class of tonoplast transporters, as suggested by several studies conducted on different plants 

(Verkleij et al., 1998, Chardonnens et al., 1999; van der Zaal et al., 1999; Assunção et al., 

2001; Paulsen and Saier, 1997; Williams et al., 2000; Persans et al., 2001). 

Compartmentalisation in the vacuole has been proven to play a role in Zn tolerance in S. 

vulgaris too (Verkleij et al., 1998, Chardonnens et al., 1999), and might also be involved in 

Cd tolerance (De Knecht et al., 1995; Chardonnens et al., 1999).  

In metal ores Zn is generally associated with Cd since they show many physical and 

chemical similarities as they both belong to Group II of the Periodic Table. Because of their 

chemical similarity, they also interact in biological systems. Cd is a widespread non-

essential heavy metal, either naturally occurring in soil, or released into the environment by 

heating systems, metallurgic industries, waste incinerators, urban traffic, cement factories 

and as a contaminant of phosphate fertilizers (Sanità di Toppi and Gabbrielli, 1999). It is 

generally known for its use as a component of storage batteries, plastics and pigments. Cd 

enrichment generally co-occurs with that of Pb and Zn (Verkleij and Prast, 1989). 

In contrast to Zn, Cd has no biological functions in plants and it has been postulated that 

tolerance mechanisms did not evolve specifically in response to Cd, but, more likely, that 

Cd utilizes mechanisms with broad substrate specificity (Clemens, 2001). Cd toxicity is 

probably due to the high affinity of Cd for thiol groups of enzymes and other proteins, such 

as ATPases and the Zn metal-enzyme carbonic anhydrase (Ros et al., 1992; Tu et al., 

1992). Cd-tolerant plants potentially utilize the mechanisms described above, such as 

reduced transport across cell membranes (Salt et al., 1998), compartmentalisation (Salt and 
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Wagner, 1993; Ortiz et al., 1995) and chelation (De Knecht et al., 1992; Cobbett, 2000; 

Goldsbrough, 2000) to buffer cytosolic Cd concentrations and avoid Cd toxicity.  

One of the best studied metal response mechanisms in higher plants is Cd-induced PC 

synthesis (Schat et al., 2002). PC-based Cd sequestration is generally considered essential 

for constitutive Cd tolerance in organisms with functional PC synthase genes (Cobbett and 

Goldsbrough, 2002; Schat et al., 2002). However, all available evidences so far suggest that 

Cd hypertolerance is fundamentally different from constitutive Cd tolerance, since Cd-

hypertolerant plants produce much less PCs then non-adapted plants and are not sensitized 

to Cd by inhibition of PC synthesis through buthionine sulphoximine (Schat et al., 2002).  

There is growing evidence to suggest an important role of the P-type ATPases family in 

the transport, homeostasis and tolerance of a range of metals, including Zn and Cd 

(Williams et al., 2000; Hussain et al., 2004). Among them, HMAs, i.e. heavy metal 

transporting 1B P-type ATPases, seem to be good candidates for Cd and Zn tolerance 

(Clemens, 2006). The HMA family is subdivided into two groups, i.e. Cu/Ag-transporting 

pumps and Zn/Cd/Co/Pb-transporting pumps which are both expressed in plants. 

Arabidopsis thaliana has eight genes encoding members of the 1B subfamily. Four of them, 

numbered 1 to 4, are closely related to each other and to known prokaryotic divalent cation 

transporters, whereas the others, 5 to 8, exhibit homology with known Cu transporters 

(Cobbett et al., 2003). AtHMA2 and AtHMA4 have been localized to the plasma-

membrane of vascular parenchyma cells, and shown to be involved in Zn and Cd xylem 

loading, i.e. efflux from xylem parenchyma cells into the xylem vessels (Hussain et al., 

2004; Verret et al., 2004). AtHMA4 and its Thlaspi caerulescens (TcHMA4) ortholog have 

been found to contribute to Cd tolerance and accumulation (Hussain et al., 2004; Verret et 

al., 2004; Bernard et al., 2004; Mills et al., 2005). In particular, A. thaliana hma4 T-DNA 

insertion mutants showed a slightly reduced growth in the presence of Cd as compared to 

wild-type (Mills et al., 2005). In the phytochelatin-deficient cad1-3 mutant background, 

deletions of both HMA2 and HMA4 caused a further increase in Cd hypersensitivity 

(Hussain et al., 2004). Double hma2/4 and single hma4 knockouts of A. thaliana exhibited 

reduced Zn and Cd shoot concentrations (Hussain et al., 2004; Verret et al., 2004). 

Furthermore, ectopic over-expression of HMA4 enhanced the root to shoot translocation of 

Zn and Cd, and improved root growth in the presence of toxic concentrations of Zn, Cd and 

Co (Verret et al., 2004). HMA4 has been shown to be much higher expressed in Zn/Cd 

hyperaccumulating plants than in non-hyperaccumulating non-metallophytic congeneric 

species, particularly in roots (Bernard et al., 2004), suggesting that this transporter may be 
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responsible for the strongly enhanced rates of metal xylem loading required for foliar heavy 

metal hyperaccumulation (Papoyan and Kochian, 2004). However, in the hyperaccumulator 

Arabidopsis halleri, AhHMA4 was at the peak of a major QTL for Cd and Zn tolerance, 

suggesting that it might as well act as a tolerance gene in hyperaccumulators (Willems et 

al., 2007; Courbot et al., 2007).  

 

1.6. Outline of this thesis 

This work has been carried out to elucidate the molecular and physiological metal 

tolerance strategies of the two facultative metallophytes species S. paradoxa and S. 

vulgaris. These species represent a precious and unique tool for improving the knowledge 

on metal tolerance and accumulation mechanisms, because they both present a broad array 

of different locally adapted populations with specific high-level tolerances. Moreover, 

beyond its contribution to a fundamental understanding of tolerance mechanisms, this kind 

of research is essential for further possible applications to improve the development of 

environmental technologies. In fact, currently there is increasing interest in this topic in 

order to enhance metal tolerance and accumulation in fast growing high biomass-producing 

plants for improving phytoremediation technologies, i.e. cost-effective plant-based 

technologies to remove metals from contaminated soils, in order to rehabilitate metal-

contaminated land (Hall, 2002; Whiting et al., 2002). 

In chapter 2, the two Tuscan populations of S. paradoxa were studied with regard to their 

response to toxic As concentrations. In a pilot experiment we observed comparable rates of 

As accumulation, but higher As(V) tolerance in the mine population, suggesting that a 

mechanism other than suppressed As(V) uptake could play a role here. To characterise the 

mechanism of As(V) tolerance, As accumulation and PC accumulation were compared. 

Interactions between phosphate nutrition and arsenate tolerance are investigated in chapter 

3. Chapter 4 addresses the question of whether the relatively low Cd and Zn contamination 

levels at the Fenice Capanne mine have been sufficient to provoke the evolution of Cd and 

Zn tolerance in the local S. paradoxa population. To this end, Cd and Zn tolerance were 

established in a root growth test. To estimate the potential contribution of metal exclusion 

and phytochelatin-based sequestration to tolerance, Cd, Zn and phytochelatin accumulation 

in roots and shoots were measured. The objective in chapter 5 was to investigate the 

possible involvement of a Silene vulgaris gene which is probably orthologous with 

AtHMA2 or AtHMA4, called SvHMA2/4, belonging to the 1B P-type ATPase family, in Cd 

and Zn hypertolerance in S. vulgaris. To this aim, the root transcript levels were estimated 
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in non-metallicolous and metallicolous plants, as well as in phenotyped intra- and inter-

population F2 crosses segregating for Cd and Zn tolerance. The results are discussed in 

chapter 6, together with future perspectives. 
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Chapter 2. 

 

Arsenate tolerance in Silene paradoxa L. does not rely on phytochelatin-

dependent sequestration  

 
Miluscia Arnetoli, Riet Vooijs, Wilma ten Bookum, Francesca Galardi, Cristina 

Gonnelli, Roberto Gabbrielli, Henk Schat and Jos A.C. Verkleij 

 

In press in Environmental Pollution 

 

Abstract 

Arsenate tolerance, As accumulation and As-induced phytochelatin accumulation were 

compared in populations of Silene paradoxa, one from a mine site enriched in As, Cu and 

Zn, the other from an uncontaminated site. The mine population was significantly more 

arsenate-tolerant. Arsenate root-to-shoot transport was slightly but significantly higher in 

the non-mine plants. The difference in uptake was insignificant and quantitatively 

insufficient to explain the difference in tolerance between the populations. As accumulation 

in the roots was similar in both populations, but the mine plants accumulated much less 

phytochelatins than the non-mine plants. The mean phytochelatin chain length, however, 

was higher in the mine population, possibly due to a constitutively lower cellular 

glutathione level. It is argued that the mine plants must possess an arsenic detoxification 

mechanism other than arsenate reduction and subsequent phytochelatin-based sequestration. 

This alternative mechanism might explain at least some part of the superior tolerance in the 

mine plants.  
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Capsule 

Neither decreased uptake nor phytochelatins seem to play a role in the As tolerance in 

Silene paradoxa.  
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2.1. Introduction 

Due to geological anomalies or human activities, such as non-ferrous metal mining and 

smelting, pesticide use, or land irrigation with deep groundwater, soils have locally become 

toxically enriched in arsenic (Baroni et al., 2004; Lambkin and Alloway, 2003; Smith et al., 

1998).  

Arsenate [As(V)] and arsenite [As(III)] are the predominant inorganic, phytoavailable 

forms of As in soil solution under aerobic and anaerobic conditions, respectively (Haswell 

et al., 1985; Onken and Hossner, 1995; Porter and Peterson, 1977). Arsenate is a phosphate 

chemical analogue that is taken up into plant roots by the high-affinity phosphate uptake 

system (Asher and Reay, 1979). Due to that analogy, once inside the cell, arsenate can 

damage cellular mechanisms through substituting for phosphate in phosphorylation 

reactions (Jocelyn, 1972). Arsenite is taken up at considerable rates as well (Abedin et al., 

2002), mainly via aquaglyceroporins (Meharg and Jardine, 2003; Wysocki et al., 2001). 

Arsenite is considered to be more toxic than arsenate, as it is highly reactive with 

sulphydryl groups (-SH) of enzymes and other proteins (Ullrich-Eberius et al., 1989).  

Though As is highly phytotoxic, some plant species, the so-called metallophytes, are able 

to colonise even the most As-enriched soils, such as gold mine waste deposits (Whiting et 

al., 2004). So far investigated, such mine populations appear to posses strongly enhanced 

levels of As(V) tolerance, compared to non-metallicolous populations of the same species 

(De Koe and Jacques, 1993; Macnair and Cumbes, 1987; Rocovich and West, 1975). In 

most of the species investigated thus far, As(V) hypertolerance was found to be associated 

with decreased As(V) uptake through suppression of the high-affinity phosphate uptake 

system (Bleeker et al., 2003; Meharg, 1994; Meharg and Macnair, 1992). Nevertheless, 

considerable As tissue concentrations have been reported in tolerant plants growing on 

heavily As-contaminated soil (De Koe, 1994) implying that these plants must posses an 

effective plant-internal sequestration system.  

The first step in As(V) detoxification is a reduction to As(III), catalysed by the plant 

As(V) reductase, ASR (Bleeker et al., 2006). Although As(III) is considered to be more 

toxic than As(V), Arabidopsis thaliana asr T-DNA insertion lines exhibit enhanced As(V) 

sensitivity, suggesting that controlled As(V) reduction does contribute to As(V) tolerance 

indeed (Bleeker et al., 2006). As(III) subsequently activates phytochelatin synthase (PCS), 

resulting in the formation of As(III)-phytochelatin (PC) or mixed As(III)–PC/glutathione 

(GSH) complexes (Raab et al., 2004; 2005), which are then transported into the vacuole, 

most probably by an ABC-type transporter (Bleeker et al., 2006). PCs are thought to play 
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an essential role in As detoxification in plants (Hartley-Whitaker et al., 2001; Pickering et 

al., 2000; Schmöger et al., 2000; Sneller et al., 1999). PC synthase-deficient A. thaliana is 

hypersensitive to As(V), showing that PCs are absolutely required for As(V) tolerance in 

this species (Ha et al., 1999; Howden et al., 1995). In addition, indirect inhibition of PC 

synthesis by buthionine sulphoximine (BSO) has been shown to result in a dramatic loss of 

As(V) tolerance in Holcus lanatus, both in As(V)-hypertolerant and non-hypertolerant 

ecotypes (Bleeker et al., 2006). However, there may be exceptions. The As 

hyperaccumulator fern, Pteris vittata, accumulates As as As(III) in the fronds, but it 

accumulates only very low amounts of PCs upon exposure to As(V) (Zhao et al., 2003).  

The question of whether toxic soil As(V) enrichment would generally select for enhanced 

PC-based As(V) detoxification capacities has not been answered yet. It is beyond doubt that 

reduced As(V) uptake, through suppression of the high-affinity phosphate uptake system, is 

the primary determinant of As(V) hypertolerance in non-As-hyperaccumulator species 

(Meharg, 2005). However, there are indications that enhanced PC-based sequestration 

might play a subsidiary role. Compared at the same levels of As accumulation, the PC-thiol 

to As molar ratio and the mean PC chain length in H. lanatus roots were found to be higher 

in As(V)-hypertolerant ecotypes than in non-hypertolerant ones (Hartley-Whitaker et al., 

2001). Enhanced mean PC chain lengths have also been observed in As(V)-hypertolerant 

Cytisus striatus (Bleeker et al., 2003). Bleeker et al. (2006) demonstrated that the higher 

PC accumulation in As(V)-hypertolerant H. lanatus was not due to an enhanced capacity of 

PCS itself, but of ASR, and showed a correspondingly enhanced expression of the ASR 

gene in the hypertolerant ecotype. They also showed that ectopic over-expression of ASR 

in Arabidopsis produced enhanced tolerance to moderately toxic As(V) concentrations, but 

hypersensitivity to highly toxic concentrations. These results suggest that a controlled 

enhancement of ASR-mediated As(V) reductase activity might enhance the rate of PC-

based As(V) detoxification and, consequently, contribute to As(V) tolerance. However, 

there is only circumstantial evidence of a role for this mechanism in naturally selected 

As(V) hypertolerance.  

In this study we compared two populations of Silene paradoxa, one from As(V)-enriched 

mine soil and one from uncontaminated soil. In a pilot experiment we observed comparable 

rates of As accumulation, but higher As(V) tolerance in the mine population, suggesting 

that a mechanism other than suppressed As(V) uptake could play a role here. To 

characterise the tolerance mechanism we compared As(V) tolerance, As accumulation and 

PC accumulation.  
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2.2. Materials and methods 

 

2.2.1. Plant material and experimental conditions 

Seeds of S. paradoxa L. were collected at the polymetallic sulphide deposit of Fenice 

Capanne (FC), characterised by a relatively high arsenic concentration (Mascaro et al., 

2001) and from an uncontaminated soil at Colle Val D'Elsa (CVD), characterised by a low 

arsenate concentration (0.67 ± 0.19 μg g-1 dry weight, unpublished data). Seeds were sown 

in peat soil and after three weeks seedlings of both ecotypes were transferred to hydroponic 

culture, in 1-L polyethylene pots (three plants per pot) containing a modified half-strength 

Hoagland's solution composed of 3 mM KNO3, 2 mM Ca(NO3)2, 1 mM NH4H2PO4, 0.50 

mM MgSO4, 20 μM Fe(Na)–EDTA, 1 μM KCl, 25 μM H3BO3, 2 μM MnSO4, 2 μM 

ZnSO4, 0.1 μM CuSO4 and 0.1 μM (NH4)6Mo7O24 in demineralised water buffered with 2 

mM 2-morpholinoethanesulphonic acid, pH 5.5, adjusted with KOH. Nutrient solutions 

were renewed weekly and plants were grown in a growth chamber (20/15 °C day/night; 

light intensity 200 μE m−2 s−1, 14 h d−1; relative humidity 75%).  

 

2.2.2. Tolerance testing 

After 10 d of pre-culture, plants were exposed to a series of arsenate (Na2HAsO4) 

concentrations (12 plants per population per concentration), in a background solution of the 

same composition as the pre-culture solution, except for NH4H2PO4, which was supplied at 

50 μM instead, to avoid too much interference with arsenate uptake. Prior to exposure, 

roots were stained with active coal powder and rinsed with demineralised water, to 

facilitate the measurement of root growth (Schat and ten Bookum, 1992a). After 3 days of 

exposure, the length of the longest unstained root segment was measured (Schat and ten 

Bookum, 1992a).  

 

2.2.3. Determination of As concentration 

Arsenic concentrations were determined in roots and shoots (12 plants per population per 

concentration). Root material was carefully rinsed with demineralised water and blotted 

with paper tissue. Arsenic was determined by digesting 20-50 mg of oven-dried plant 

material in 1 ml of a 1-4 (v/v) mixture of 37% (v/v) HCl and 65% (v/v) HNO3 in Teflon 

cylinders for 7 h at 140°C, after which the volume was adjusted to 5 ml with demineralised 

water. Arsenic was determined on a flame atomic spectrophotometer (Perkin–Elmer 2100; 

Perkin–Elmer Nederland, Nieuwerkerk a/d Yssel, the Netherlands), coupled to an MHS-10 
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hydride system (Waters Nederland, Etten-Leur, the Netherlands). Blanks of reagents and 

standardised reference material (SRM) were included in all analyses (Buffalo River 

sediment, SRM 2704).  

 

2.2.4. Analysis of glutathione and phytochelatins 

GSH and PC concentrations were determined in roots (unstained) and shoots of three 

pooled plant samples (three plants per sample) per population per As concentration. Plant 

material was carefully rinsed with demineralised water, blotted with paper tissue, frozen in 

liquid nitrogen, lyophilised and stored under vacuum at room temperature. GSH and PCs 

were extracted by homogenising 20-50 mg lyophilised material in 1.98 ml of 6.3 mM 

diethylenetriaminepentaacetic acid (DTPA) with 0.1% trifluoroacetic acid (TFA), using 

mortar, pestle and quartz sand. N-Acetyl-l-cysteine (NAC) was added during 

homogenisation as an internal standard. The homogenates were centrifuged for 12 min at 

13 000 g at 4°C. The supernatant was filtered through a Costar Spin-X centrifuge tube 

(Corning-Costar, Cambridge, MA, USA) with a nylon filter (0.22 μm). Derivatisation was 

carried out according to Sneller et al. (2000). Four hundred and fifty microlitres of 200 mM 

4-(2-hydoxyethyl)piperazine-1-propanesulphonic acid (HEPPS) buffer, pH 8.2, containing 

6.3 mM DTPA, was mixed with 10 μl of 25 mM monobromobimane. To this mixture, 250 

μl of the filtered sample was added and derivatisation was carried out for 30 min at 45°C in 

a dark water bath. The reaction was stopped by the addition of 300 μl of 1 M 

methanesulphonic acid (MSA). Samples were stored at 4 °C in the dark prior to analysis. 

Reverse phase liquid chromatography (RP-HPLC) analysis was performed as described by 

Sneller et al. (2000). In short, phytochelatins were separated on a Nova-Pak C18 column (6 

nm, 4 μm, 3.9 × 300 mm, Waters catalogue no. 11695) at 37°C and they were eluted with a 

slightly concave gradient of methanol and water both containing 0.1% TFA, followed by 

fluorescence detection. Depending on sulphydryl concentrations, 2-10 μl of derivatised 

sample was injected. The total analysis time was 70 min. Peaks were identified by overlay 

with a profile of known thiol composition.  

 

2.2.5. Statistics 

Statistical analysis was carried out with one-way and two-way ANOVA using the 

statistical program Statistica 6.0 (StatSoft, 2003). A posteriori comparison of individual 

means was performed using Tukey's test. When necessary, data were subjected to 

logarithmic transformation prior to analysis.  
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2.3. Results 

 

2.3.1. Effect of arsenate on root growth 

Estimated from the root growth response, the mine plants (FC) exhibited a higher 

arsenate tolerance than the non-mine plants (CVD) (Fig. 1), as shown by a significant 

population × arsenate treatment interaction (P<0.001). The difference in tolerance was 

fairly small, however.  
 

 
 
Fig. 1. Arsenate-imposed root growth inhibition (mm) of two populations of S. paradoxa (●, 

CVD; , FC) (mean ± SE) after exposure to increasing arsenate concentrations for 3 days.  
 

2.3.2. Arsenic accumulation 

Total arsenic concentrations in roots and shoots of both populations increased with 

increasing arsenate exposure (Fig. 2 and Fig. 3). Root arsenic concentrations were not 

significantly different between CVD and FC, except for the two highest exposure levels, 

where FC showed higher concentrations than CVD (P<0.001). Shoot arsenic concentrations 

were significantly higher in CVD than in FC (P<0.005).  
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Fig. 2. Root arsenic accumulation (μmol g-1 d.w.) of two populations of S. paradoxa (●, CVD; 
, FC) (mean ± SE) after exposure to increasing arsenate concentrations for 3 days.  
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Fig. 3. Shoot arsenic accumulation (nmol g-1 d.w.) of two populations of S. paradoxa (●, CVD; 
, FC) (mean ± SE) after exposure to increasing arsenate concentrations for 3 days.  

 

Arsenic uptake, expressed as the total amount of arsenic taken up per plant per g root 

d.w. (Fig. 4), was not significantly different between CVD and FC.  
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Fig. 4. Arsenic uptake (μmol g-1 d.w.) of two populations of S. paradoxa (●, CVD; , FC) 

(mean ± SE) after exposure to increasing arsenate concentrations for 3 days.  
 

2.3.3. Glutathione and phytochelatin concentrations 

In both of the populations, the root and shoot GSH concentrations did not significantly 

respond to the arsenate treatments (Fig. 5 and Fig. 6). Both in roots (P<0.001) and in shoots 

(P<0.05) the GSH concentrations were significantly higher in CVD than in FC.  

 

 
 
Fig. 5. Root GSH concentrations (μmol g-1 d.w.) of two populations of S. paradoxa (●, CVD; 
, FC) (mean ± SE) after exposure to increasing arsenate concentrations for 3 days.  
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Fig. 6. Shoot GSH concentrations (μmol g-1 d.w.) of two populations of S. paradoxa (●, CVD; 
, FC) (mean ± SE) after exposure to increasing arsenate concentrations for 3 days.  
 

Arsenate exposure induced accumulation of PCs in roots of both populations (Fig. 7). 

The total root PC concentrations, expressed as μmol -SH per g d.w., were significantly 

higher in CVD than in FC (P<0.05). The PC chain length distributions were also different. 

Although PC2 was the dominant species in both populations, the PC3 to PC2 ratio and the 

PC4 concentrations were consistently higher in FC than in CVD (Fig. 7). Shoot PC 

concentrations were very low as compared to roots (Fig. 8). PC accumulation in the shoot 

was detectable at the 20-μM arsenate exposure level in CVD, but not until the 80-μM level 

in FC (Fig. 8).  

 

 
 
Fig. 7. Root PC2 (circle), PC3 (square), PC4 (triangle) concentrations (μmol g-1 d.w.) of two 
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populations of S. paradoxa (closed symbols, CVD; open symbols, FC) (mean ± SE) after 
exposure to increasing arsenate concentrations for 3 days.  

 

 
 
Fig. 8. Shoot PC2 (circle), PC3 (square), PC4 (triangle) concentrations (μmol g-1 d.w.) of two 

populations of S. paradoxa (closed symbols, CVD; open symbols, FC) (mean ± SE) after 
exposure to increasing arsenate concentrations for 3 days.  

 

2.4. Discussion 

Two Tuscan populations of S. paradoxa living on a non-contaminated soil and a 

polymetallic mine dump were compared in order to investigate arsenate tolerance and 

accumulation and arsenate-imposed phytochelatin production. In comparison to the non-

metallicolous one, the metallicolous population showed increased arsenate tolerance, 

probably representing the evolutionary product of the selective pressure exerted by the high 

arsenic concentration of the mine spoil. Arsenate hypertolerance has been reported for a 

number of other species from arsenic contaminated soils, such as H. lanatus (Macnair and 

Cumbes, 1987), Silene vulgaris (Paliouris and Hutchinson, 1991), Agrostis capillaris, 

Deschampsia cespitosa (Meharg and Macnair, 1991) and C. striatus (Bleeker et al., 2003). 

However, in these species the degrees of hypertolerance were generally found to be higher 

than in the Fenice Capanne (FC) population of S. paradoxa under study here. This may be 

due to a relatively low degree of As(V) toxicity at the FC population site, because the As 

concentration in the soil is relatively low as compared for example to gold mine waste, or to 

a lack of appropriate genetic variation.  

The rates of As(V) uptake in FC and CVD were not significantly different (Fig. 4) and 

insufficient to quantitatively explain the difference in As(V) tolerance, at least (compare 

Fig. 1). The major part of the arsenic taken up was retained in the root system in both 
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populations. However, less As was translocated to the shoot in the FC population than in 

the CVD population. Reduced metal translocation to the shoot has often been postulated to 

be a tolerance mechanism in metallophytes of the “excluder type” (Baker, 1981). However, 

using split-root systems, Harmens et al. (1993b) showed that the difference in Zn-imposed 

root growth inhibition between Zn-hypertolerant and non-Zn-hypertolerant S. vulgaris in a 

short-term (4-d) tolerance test remained completely unaffected by the degree of Zn 

accumulation in the shoot and could be fully explained by a tolerance mechanism operating 

in the roots themselves. The latter also appeared to hold for Cd hypertolerance (De Knecht 

et al., 1995). In addition, in the same species Cu hypertolerance could be established within 

a few minutes, from the rate of Cu-induced potassium efflux from the roots, the latter 

accurately predicting the root growth response in a short-term tolerance test (De Vos et al., 

1991). Therefore, it is highly unlikely that the superior tolerance of FC in the root growth 

test would result from a lower degree of As transport to the shoot. On the contrary, the rate 

of As accumulation in the roots was virtually identical in FC and CVD, or even higher in 

FC at the two highest exposure levels (Fig. 2), suggesting that the lower degree of root 

growth inhibition in FC must have resulted from a superior sequestration capacity.  

Particularly at the lower exposure levels, CVD plants accumulated significantly more 

PCs in their roots and shoots than FC plants. In the shoots the difference may be 

quantitatively explained by the differential rates of shoot As accumulation (compare Fig. 3 

and Fig. 8). However, particularly at the lower exposure levels, the CVD plants 

accumulated much more PCs in roots than FC plants, although the root As accumulation 

levels were virtually identical (compare Fig. 2 and Fig. 7). This suggests that the 

populations may posses partly different sequestration mechanisms, associated with different 

rates of PC synthesis or PC-turnover. In addition, the mean PC chain length was higher in 

FC than in CVD. Enhanced mean PC chain lengths have also been observed in H. lanatus 

and C. striatus (Bleeker et al., 2003; Hartley-Whitaker et al., 2001). Since longer PCs are 

synthesised from shorter ones (Zenk, 1996), it is reasonable to assume that PC chain 

elongation depends on the availability of shorter PC-metal complexes, relative to that of the 

glutathione-metal complex, as a high-affinity substrate for PCS. Therefore, the 

constitutively lower GSH level in FC, particularly in the roots (Fig. 5), might explain the 

higher mean PC chain length in these plants.  

Decreased PC-thiol to metal molar ratios have been frequently observed in metal-

hypertolerant, metallicolous metallophyte populations, e.g. in Zn-, Cu- or Cd-hypertolerant 

S. vulgaris (De Knecht et al., 1995; De Vos et al., 1992; Harmens et al., 1993a; Schat and 
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Kalff, 1992). This is most probably attributable to an enhanced contribution of alternative, 

PC-independent tolerance mechanisms, evolved under the pressure of soil metal toxicity 

(Schat et al., 2002). However, hypertolerance to As(V) is usually not associated with a 

decreased PC-thiol to As molar ratio. On the contrary, in H. lanatus As(V) hypertolerance 

is associated with a significantly enhanced PC-SH to As molar ratio, due to an enhanced 

rate of enzymatic arsenate reduction, and it is arguable that enhanced PC-based 

sequestration contributes to As(V) hypertolerance in this species, albeit to a limited degree 

(Bleeker et al., 2006; Hartley-Whitaker et al., 2001). In contrast, in the case of As(V) 

hypertolerance studied here, the PC-SH to As ratios in the roots were found to be strongly 

decreased, as compared to the non-hypertolerant CVD population, at least at lower As(V) 

exposure levels. This suggests that this population must possess an alternative sequestration 

mechanism, either PC-independent or involving higher rates of PC-turnover. This 

mechanism might sequester either As(V) or As(III). Such alternative mechanisms have not 

been characterised thus far, although it has been acknowledged that PC-independent As 

sequestration most probably exists in As-hyperaccumulating ferns (Zhang et al., 2004). The 

present study indicates, for the first time in a seed plant, the existence of an As tolerance 

mechanism other than reduced uptake or enhanced PC-based sequestration. It is 

conceivable that this mechanism has been evolved in response to another metal, since the 

FC population is also hypertolerant to Cu and Ni (Gonnelli et al., 2001). In conclusion, it 

may be rewarding to investigate the As sequestration mechanism in S. paradoxa in greater 

detail although, admittedly, the degree of hypertolerance produced by this alternative 

mechanism seems to be limited.  

 

2.5. Conclusions 

A S. paradoxa population from a mine site enriched in arsenate showed enhanced 

arsenate tolerance, as compared to a non-metallicolous reference population. Arsenate 

uptake was insignificantly lower in the mine population than in the reference population, 

except at the highest exposure levels, but the difference was insufficient to explain the 

difference in tolerance. Remarkably, the rates of arsenate-induced phytochelatin 

accumulation and the molar phytochelatin-SH to As ratios in roots were much lower in the 

mine population than in the reference population. This result is in contrast with all the 

presently available literature reports on other plant species with arsenate-hypertolerant 

populations. It is concluded that arsenate hypertolerance in the S. paradoxa mine 
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population under study must largely rely on a (higher capacity for) PC-independent arsenic 

sequestration. Further studies should reveal the nature of this novel mechanism.  
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Phosphate supply differentially affects arsenate tolerance, but not arsenic 

accumulation, in two Silene paradoxa L. populations 
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and Henk Schat 
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Abstract 

In a former study, performed with plants grown at a luxurious phosphate supply (1 mM), 

a degree of arsenate hypertolerance was observed in a Silene paradoxa population from a 

moderately arsenic-contaminated mine site (FC), as compared to a non-mine reference 

population (CVD). The higher arsenate tolerance in FC plants was associated with a lower 

phytochelatin (PC) accumulation rate in the roots under arsenate exposure, but the root 

arsenic accumulation rates were the same in both populations. In the present study we 

repeated the experiment, but with plants grown at a suboptimal phosphate supply (5 µM). 

Again, the rates of root PC accumulation were lower in FC plants, and the root arsenic 

accumulation rates were not different. However, the populations’ order of arsenate 

tolerance was reversed (FC > CVD at high phosphate, versus CVD > FC at low phosphate). 

It is argued that the higher PC accumulation in CVD, at both phosphate supply levels, 

resulted from a constitutively enhanced arsenate reductase (ASR) capacity in this 

population. In agreement with as yet unpublished results on Arabidopsis arsenate reductase-

deficient asr mutants, we conclude that arsenic is predominantly toxic as arsenite under 

conditions of phosphate-sufficiency, but mainly as arsenate under phosphate-insufficiency, 

which explains the reversal of the tolerance phenotypes.  

 

Capsule 

Low phosphate supply decreases arsenate tolerance to different degrees in two S. 

paradoxa populations with equal rates of arsenic accumulation. 
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3.1. Introduction 

Arsenic is a natural component of the earth’s crust, usually present at low concentrations 

in the soil. Elevated concentrations in the soil are brought about by mining, industrial, or 

agricultural activities, or by geological or hydrological anomalies (Frankenberger and 

Arshad 2002). Plants growing on strongly As-contaminated sites usually show enhanced 

levels of tolerance to this metalloid (De Koe, 1994; Meharg and Macnair, 1992). 

The two most common forms of As encountered by plants are the oxyanions arsenate 

(AsO4
3–) and arsenite (AsO3

–), with arsenate being toxic due to its analogy with phosphate, 

and arsenite due to its affinity to sulphydryl groups (Ullrich-Eberius et al., 1989). Since 

arsenate enters the root cells cell via the high-affinity phosphate uptake system (Asher and 

Reay, 1979), most of the As-hypertolerant plants exhibit a decreased arsenate uptake 

through suppression of the high-affinity phosphate uptake system (Bleeker et al., 2003; 

Meharg, 1994; Meharg and Macnair, 1992). Once entered within the cell, the majority of 

arsenate is reduced to arsenite by the enzyme arsenate reductase (ASR). Recently, ASR 

genes have been identified in many plant species, including Arabidopsis thaliana 

(AtASR/AtACR2), Holcus lanatus (HlASR) and Pteris vittata (PvACR2) (Bleeker et al., 

2006; Dhankher et al., 2006; Ellis et al., 2006). Arsenate-hypertolerant H. lanatus shows 

enhanced ASR activity, which might contribute to its superior As tolerance (Bleeker et al., 

2006), although arsenite is considered to be more toxic than arsenate. However, arsenite 

may be more effectively sequestered than arsenate, provided that the rate of arsenate 

reduction does not exceed the capacity limits of the phytochelatin-based arsenite 

sequestration system (Bleeker et al., 2006). In particular, enhanced arsenate-induced PC 

accumulation, such as found in arsenate-hypertolerant H. lanatus, has been explained by 

enhanced arsenate reduction with a correspondingly enhanced expression of the ASR gene 

in the hypertolerant ecotype (Bleeker et al., 2006). In contrast to arsenate, arsenite activates 

phytochelatin synthase (PCS) and binds to phytochelatins (PCs), and the As(III)-PC 

complexes are subsequently transported into the vacuole (Bleeker et al., 2006).  

In a previous study we found a relatively low, but significant degree of arsenate 

hypertolerance in a Silene paradoxa population from the Fenice Capanne (FC) Cu mine, 

where the soil is moderately enriched in arsenic. However, in contrast to results obtained 
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with most of the other species investigated, this population showed decreased, rather than 

enhanced rates of PC accumulation and unaltered arsenate uptake, as compared with the 

non-metallicolous reference population (Arnetoli et al., 2007). Since arsenate reduction 

seems to be the rate-limiting step in As-induced PC accumulation (Bleeker et al., 2006), it 

is likely that the FC population possesses a decreased, rather than an enhanced ASR 

capacity. However, Bleeker et al. (2006) demonstrated increased arsenate sensitivity in A. 

thaliana asr T-DNA insertion mutants, suggesting that a decreased ASR capacity should be 

associated with lower, rather than higher arsenate tolerance. However, in the study of 

Bleeker et al., (2006) the tests were done with mutants grown at 10 µM phosphate in the 

nutrient solution, both before and during arsenate exposure. In the study of Arnetoli et al. 

(2007) on the other hand, S. paradoxa was raised at 1 mM phosphate in the nutrient 

solution prior to the arsenate tolerance test, and supplied with 50 µM phosphate during 

exposure. It is conceivable that the apparent contradiction between the results of both 

studies resulted from a different phosphate supply.  

To test the above hypothesis, we repeated the experiment with the same S. paradoxa 

populations, but this time at low phosphate supply. We measured arsenate tolerance, as well 

as PC and arsenic accumulation in root and shoot.  

 

3.2. Materials and Methods 

 

3.2.1. Plant material and experimental conditions  

Seeds of S. paradoxa were collected as described in Arnetoli et al., 2007. Seeds were 

sown in soil with low nutrient concentrations and after three weeks seedlings of both 

ecotypes were transferred to hydroponic culture in 1-l polyethylene pots (three plants per 

pot) containing a modified half-strength Hoagland’s solution composed of 3 mM KNO3, 2 

mM Ca(NO3)2, 5 µM NH4H2PO4, 0.50 mM MgSO4, 20 µM Fe(Na)-EDTA, 1 µM KCl, 25 

µM H3BO3, 2 µM MnSO4, 2 µM ZnSO4, 0.1 µM CuSO4 and 0.1 µM (NH4)6Mo7O24 in 

demineralised water buffered with 2 mM 2-morpholinoethanesulphonic acid (MES), pH 

5.5, adjusted with KOH. Nutrient solutions were renewed twice per week to prevent 

phosphate depletion. Plants were grown in a growth chamber (20/15°C day/night; light 

intensity 250 µE m-2 s-1, 14 h d-1; relative humidity 75%). 
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3.2.2. Tolerance testing 

After ten days of pre-culture, plants were exposed to a series of arsenate (0, 2.5, 5, 10 μM 

Na2HAsO4) concentrations (12 plants per population per concentration), maintaining the 5-

µM phosphate supply in the background solution. Prior to exposure, roots were stained with 

active coal powder and rinsed with demineralised water, to facilitate the measurement of 

root growth (Schat and ten Bookum, 1992a). After three days of exposure, the length of the 

longest unstained root segment was measured (Schat and ten Bookum, 1992a).  

 

3.2.3. Determination of As concentration 

Arsenic concentrations were determined in roots and shoots (12 plants per population per 

concentration). Root material was carefully rinsed with demineralised water and blotted 

with paper tissue. Arsenic was determined by digesting 20-50 mg of oven-dried plant 

material in 1 ml of a 1 to 4 (v/v) mixture of 37% (v/v) HCl and 65% (v/v) HNO3 in Teflon 

cylinders for 7 h at 140°C, after which the volume was adjusted to 5 ml with demineralised 

water. Arsenic was determined on a flame atomic spectrophotometer (Perkin Elmer 2100; 

Perkin-Elmer Nederland, Nieuwerkerk a/d Yssel, the Netherlands), coupled to an MHS-10 

hydride system (Waters Nederland, Etten-Leur, the Netherlands).  

 

3.2.4. Analysis of glutathione and phytochelatins 

GSH and PC concentrations were determined in roots (unstained) and shoots of three 

samples (three pooled plants per sample) per population per As concentration. Plant 

material was carefully rinsed with demineralised water, blotted with paper tissue, frozen in 

liquid nitrogen, lyophilised and stored under vacuum at room temperature. GSH and PCs 

were extracted by homogenising 20-50 mg lyophilised material in 1.98 ml of 6.3 mM 

diethylenetriaminepentaactic acid (DTPA) with 0.1% trifluoroacetic acid (TFA), using 

mortar, pestle and quarz sand. N-acetyl-L-cysteine (NAC) was added during 

homogenisation as an internal standard. The homogenates were centrifuged for 12 min at 

13000 g at 4°C. The supernatant was filtered through a Costar Spin-X centrifuge tube 

(Corning-Costar, Cambridge, MA, USA) with a nylon filter (0.22 μm). Derivatisation was 

carried out according to Sneller et al. (2000). Four hundred and fifty μl of 200 mM 4-(2-

hydoxyethyl)piperazine-1-propanesulphonic acid (HEPPS) buffer, pH 8.2, containing 6.3 

mM DTPA, was mixed with 10 μl of 25 mM monobromobimane. To this mixture, 250 µl 

of the filtered sample was added and derivatisation was carried out for 30 min at 45°C in a 

dark water bath. The reaction was stopped by the addition of 300 μl of 1 M 
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methanesulphonic acid (MSA). Samples were stored at 4°C in the dark prior to analysis. 

Reverse phase liquid chromatography (RP-HPLC) analysis was performed as described by 

Sneller et al. (2000). In short, phytochelatins were separated on a Nova-Pak C18 column (6 

nm, 4 μm, 3.9 x 300 mm, Waters catalogue no. 11695) at 37°C and they were eluted with a 

slightly concave gradient of methanol and water both containing 0.1% TFA, followed by 

fluorescence detection. Depending on sulphydryl concentrations, 2-10 μl of derivatised 

sample was injected. The total analysis time was 70 min. Peaks were identified by overlay 

with a profile of known thiol composition. 

 

3.2.5. Statistics 

Statistical analysis was performed with one-way and two-way ANOVA followed by 

Tukey’s test on untransformed or logarithmically transformed data.  

 

3.3. Results 

 

3.3.1. Effect of arsenate on root growth  

The root growth response was evaluated in two populations of S. paradoxa exposed to 

different arsenate concentrations maintaining low phosphate supply before and during the 

metalloid exposure. The root growth significantly decreased with the increasing arsenate in 

the nutrient solution (P<0.001). The mine (FC) plants exhibited a significantly lower 

arsenate tolerance than the non-mine plants (P<0.05) (Fig. 1). 
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Fig. 1. Arsenate-imposed root growth inhibition (mm) of two populations of S. paradoxa (● 

CVD, Δ FC) (mean ± SE) after exposure to increasing arsenate concentrations for 3 days.
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3.3.2. Arsenic accumulation 

The root total arsenic concentrations were higher in arsenate treated plants than in the 

control ones, but in both populations they did not significantly increase with increasing 

arsenate in the nutrient solution. (Fig. 2).  
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Fig. 2. Root arsenic accumulation (μmol g-1 d.w.) of two populations of S. paradoxa (● CVD, Δ 

FC) (mean ± SE) after exposure to increasing arsenate concentrations for 3 days with low 
phosphate (5 μM) in the nutrient solution. 

 

Shoot arsenic concentrations increased with increasing arsenate treatments in both 

populations, although they were overall lower than in roots (Fig. 3). Both in root and in 

shoot, arsenic concentrations were not significantly different between CVD and FC. 

Moreover, no difference in arsenic uptake, expressed as the total amount of arsenic per 

plant per g root dry weight, was found (Fig. 4).  
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Fig. 3. Shoot arsenic accumulation (nmol g-1 d.w.) of two populations of S. paradoxa (● CVD, 

Δ FC) (mean ± SE) after exposure to increasing arsenate concentrations for 3 days with low 
phosphate (5 μM) in the nutrient solution. 
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Fig. 4. Arsenic uptake (μmol g-1 d.w.) of two populations of S. paradoxa (● CVD, Δ FC) (mean 

± SE) after exposure to increasing arsenate concentrations for 3 days with low phosphate (5 μM) 
in the nutrient solution. 

 

3.3.3. Glutathione and phytochelatin concentrations 

In both of the populations, root and shoot GSH concentrations did not significantly 

respond to the arsenate treatments (Fig. 5 and Fig. 6). Both in roots and in shoots the GSH 

concentrations were not significantly higher (P<0.05) in CVD than in FC.  
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Fig. 5. Root GSH concentrations (μmol g-1 d.w.) of two populations of S. paradoxa (● CVD, Δ 

FC) (mean ± SE) after exposure to increasing arsenate concentrations for 3 days with low 
phosphate (5 μM) in the nutrient solution. 
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Fig. 6. Shoot GSH concentrations (μmol g-1 d.w.) of two populations of S. paradoxa (● CVD, Δ 

FC) (mean ± SE) after exposure to increasing arsenate concentrations for 3 days with low 
phosphate (5 μM) in the nutrient solution. 

 

Arsenate exposure induced accumulation of PCs in roots of both populations as shown in 

Figure 7 and the total PC concentration was significantly higher in CVD (P<0.05). The 

most represented phytochelatin species was PC2 in both of the populations and its 

accumulation was higher in CVD than in FC (P<0.01) (Fig. 7). Shoot PC concentrations 
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were very low as compared to roots and were not significantly different between the two 

populations (P>0.05) (Fig. 8).  
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Fig. 7. Root PC2 (circle), PC3 (square), PC4 (triangle) concentrations (μmol g-1 d.w.) of two 

populations of S. paradoxa (closed symbols CVD, open symbols FC) (mean ± SE) after exposure 
to increasing arsenate concentrations for 3 days with low phosphate (5 μM) in the nutrient 
solution. 
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Fig. 8. Shoot PC2 (circle), PC3 (square), PC4 (triangle) concentrations (μmol g-1 d.w.) of two 

populations of S. paradoxa (closed symbols CVD, open symbols FC) (mean ± SE) after exposure 
to increasing arsenate concentrations for 3 days with low phosphate (5 μM) in the nutrient 
solution. 
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3.4. Discussion 

In the present study, two Tuscan populations of S. paradoxa, one from a metalliferous 

soil and one from a non-contaminated soil, were compared for their response to arsenate at 

low phosphate supply. In a former experiment by Arnetoli et al. (2007), the same 

populations were compared at high phosphate supply and it appeared that the metallicolous 

population was more tolerant to arsenate than the non-metallicolous one, although there 

was no significant difference in root arsenic accumulation between the populations, and 

exhibited a higher PC accumulation than the non-metallicolous one. In the present study, 

we grew the plants at a 5-µM phosphate supply, instead of a 1-mM phosphate supply in the 

previous experiment, and arsenate exposure occurred at a 5-µM phosphate supply, instead 

of a 50-µM one.  

As expected, under low phosphate supply conditions the accumulation and toxicity of 

arsenate appeared to be much higher, in both populations, than at high phosphate supply, as 

was observed in many other plant species (Meharg and Macnair, 1991, 1992; Meharg, 

2005). Moreover, in the present experiment there was a significantly higher degree of root 

growth inhibition in the metallicolous population than in the non-metallicolous one, 

whereas the reverse had been found at high phosphate supply. However, root arsenic 

accumulation was not significantly different and the root PC accumulation was lower in the 

metallicolous population than in the non-metallicolous one, just like in the experiment 

performed at high phosphate supply, demonstrating that the observed reversal of the order 

of arsenate tolerance (CVD > FC at low phosphate supply and FC > CVD at high 

phosphate) is not due to differential effects of phosphate supply on root arsenic or root PC 

accumulation.  

As shown by Bleeker et al. (2006), the rate of PC accumulation in roots under arsenate 

exposure seems to be limited by the rate of arsenate reduction, rather than by the PC 

synthase capacity itself. If so, then the higher rates of PC accumulation in the CVD 

reference population, both at low and at high phosphate supply, must have resulted from a 

constitutively higher arsenate reductase activity, as compared to the FC mine population. 

Given the fact that FC is more arsenate tolerant than CVD at high phosphate supply, but 

less tolerant than CVD at low phosphate supply, this would mean that arsenate reduction 

would be toxifying in plants with a luxurious phosphate supply, but detoxifying in plants 

with a suboptimal phosphate supply. 

Recently, we were able to confirm the above hypothesis, using A. thaliana asr T-DNA 

insertion mutants. When grown at low phosphate supply (< 10 µM phosphate), these 
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mutants were consistently hypersensitive to arsenate, but when grown at luxurious 

phosphate supply (> 100 µM), they were consistently hypertolerant to arsenate, compared 

to wild-type, even though the phosphate supply during arsenate exposure was 10 µM in all 

cases (H. Schat and T. Bliek, unpublished results). Apparently, exogenous arsenate, once 

taken up in the root cells, is predominantly toxic as arsenite in plants with a luxurious 

phosphate supply, but mainly toxic as arsenate in plants with a suboptimal phosphate 

supply, suggesting that root-internal phosphate suppresses the toxicity of root-internal 

arsenate.  

Finally, the question of whether FC exhibits arsenate hypertolerance under field conditions, 

compared to CVD, remains to be answered. Mostly, in sulphidic orogenic soils, the 

availability of major nutrients, including phosphate, is rather low (M. Arnetoli, unpublished 

results), and therefore it is doubtful whether the FC population would express arsenate 

hypertolerance in its natural environment. In agreement with this, the fairly low degree of 

arsenic contamination and the low soil pH could moderate the degree of arsenate toxicity at 

this site. On the other hand, although the soil phosphate concentration is rather low at the 

FC site, the root phosphate concentrations in the local S. paradoxa population are avowedly 

high (> 400 ppm), i.e. much higher than at the CVD site, suggesting that the FC population 

accumulates luxurious phosphate concentrations in the roots, possibly because growth is 

limited by a soil factor other than phosphate availability (M. Arnetoli, unpublished results). 

This suggests that the observed arsenate hypertolerance of the FC population, compared to 

CVD, might well have resulted from evolution through natural selection against arsenate 

reductase activity. 
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High-level Zn and Cd tolerance in Silene paradoxa L. from a moderately 

Cd- and Zn-contaminated copper mine tailing 
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and Henk Schat 
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Abstract 

Cadmium (Cd) and Zinc (Zn) tolerance were examined in two populations of Silene 

paradoxa, one originating from an uncontaminated calcareous site (CVD) and one from a 

copper mine tailing (FC). The mine population exhibited extremely high Zn and Cd 

tolerance levels, in spite of the relatively low degrees of Cd and Zn enrichment in the soil at 

the population site. Cd and Zn hypertolerance in FC were associated with reduced rates of 

accumulation of these metals, either both in roots and in shoots (Cd), or exclusively in 

shoots (Zn). However, exclusion potentially explained only a minor part of the superior 

tolerance in FC. Cd hypertolerance in FC was associated with decreased, rather than 

enhanced phytochelatin accumulation. The remarkably high levels of Cd and Zn 

hypertolerance in FC might relate to the low soil pH, due to oxidation of sulphide minerals, 

and the absence of soil organic matter at the FC site.  

 

Capsule 

Silene paradoxa from a copper mine exhibits extreme levels of Zn and Cd tolerance. 

 

Keywords 

Cd tolerance; Zn tolerance; Cd-Zn accumulation; phytochelatins; Silene paradoxa. 

 

4.1. Introduction 

Certain plant species have the ability to survive and reproduce on soils containing high 

concentrations of heavy metals in forms that are toxic or inimical to other plants (Macnair 

and Baker, 1994). This ability is generally called metal tolerance and can be achieved 

through different mechanisms, such as decreased uptake, detoxification through 
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complexation or transformation and intracellular compartmentalisation (Meharg, 2005). In 

facultative metallophytes, which occur both on metalliferous and non-metalliferous soils, 

metal tolerance is usually confined to the metallicolous populations (Antonovics et al., 

1971; Macnair 1993), although non-metallicolous populations may contain tolerant mutants 

in low frequencies (Gartside and McNeilly, 1974; Walley et al., 1974; Wu et al., 1975).  

Heavy metal tolerant plants often exhibit combined tolerance to different metals 

(Gregory and Bradshaw, 1965; Schat and ten Bookum, 1992b; Karataglis, 1982). In theory, 

such tolerance might rely either on the possession of combinations of different metal 

specific tolerance mechanisms ('multiple tolerance'), or on less specific mechanisms that 

pleiotropically confer tolerance to different metals ('co-tolerance') (Schat and Vooijs, 1997). 

The genetic evidence available to date suggests that multiple metal tolerance is generally 

due to combinations of genetically independent mechanisms. Some mechanisms, however, 

seem to produce tolerance to one or more other metals, but such pleiotropic tolerances are 

typically of a low level (Schat and Vooijs, 1997; Jack et al., 2007). Since metal tolerances 

are strongly, if not entirely metal-specific, it is to be expected that tolerance should be 

confined to the metals that are present at toxic concentrations at the population site, because 

excessive tolerances appear to be ruled out by natural selection (McNeilly, 1968). Yet high-

level non-pleiotropic tolerances to metals that do not seem to occur at toxic concentrations 

in the soil have been occasionally observed, e.g. Zn and Cd tolerance in a cupricolous 

population of Silene vulgaris (Schat and ten Bookum, 1992b). Such apparent excessive 

tolerances might be due to founder effects, e.g. when the population founders would have 

been brought along from another mine with a different soil mineral composition. 

Alternatively, these tolerances may also result from in situ exposure in the past, since 

mineralized deposits are often inhomogeneous and stratified (Schat et al., 1996; Schat and 

Vooijs, 1997). 

In a number of cases it is not obvious whether particular metal tolerances are excessive or 

not. Mineralized soils often exhibit strong enrichments of particular metals, but slight or 

moderate enrichments of others, and it is often difficult to estimate the precise toxicity 

thresholds.  

In the present study we measured Cd and Zn tolerance in a Silene paradoxa population 

from the tailings of a Tuscan copper mine, Fenice Capanne. This tailing is predominantly 

enriched in Cu, but also in Cd, Zn and As, though to much lower degrees. The local S. 

paradoxa population has been founded no more than a few centuries ago, almost certainly 

from a nearby serpentine population, as shown by molecular marker analysis (Mengoni et 
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al., 2000, 2001). Because of its serpentine origin, it is almost certain that any tolerance to 

Cu, Zn, Cd and As must have been evolved in situ. It is unlikely that either of these 

tolerances, whenever present, would result from pleiotropic mechanisms, since extensive 

studies in the related metallophyte, S. vulgaris, clearly demonstrated their genetic 

independence (Schat et al., 1996; Schat and Vooijs, 1997; Jack et al., 2007). As expected, 

the Fenice Capanne population has been shown to possess tolerance to Cu (Mengoni et al., 

2003), but also to Ni, probably owing to its serpentine origin (Gonnelli et al., 2001). 

Recently, Arnetoli et al. (2007) also demonstrated As tolerance, albeit of a low degree, in 

conformity with the relatively low level of As contamination at the population site. In this 

study we address the question whether the relatively low Cd and Zn contamination levels at 

the Fenice Capanne mine have been sufficient to provoke the evolution of Cd and Zn 

tolerance. To this end we established Cd and Zn tolerance in a root growth test. To estimate 

the potential contribution of metal exclusion and phytochelatin-based sequestration to 

tolerance, we also measured Cd, Zn and phytochelatin accumulation in roots and shoots. 

 

4.2. Materials and Methods 

 

4.2.1. Plant material and experimental conditions  

Seeds of Silene paradoxa L. were collected at the Fenice Capanne (FC) mine site and at 

Colle Val D’Elsa (CVD) uncontaminated soil (Arnetoli, 2004). The soil at Fenice Capanne 

contained Cd at concentrations ranging from < 1 to 15 ppm and Zn at concentrations 

ranging from 400 to 1300 ppm, as measured after nitric and perchloric acid extraction. 

(Arnetoli, 2004; Tronconi, 2006). The FC soil pH measured in deionised water was ranging 

from 2 to 6 (Mascaro et al., 2001). Seeds were sown in peat soil and after three weeks 

seedlings of both populations were transferred to hydroponic culture, in 1-L polyethylene 

pots (three plants per pot) containing a modified half-strength Hoagland’s solution 

composed of 3 mM KNO3, 2 mM Ca(NO3)2, 1 mM NH4H2PO4, 0.50 mM MgSO4, 20 µM 

Fe(Na)-EDTA, 1 µM KCl, 25 µM H3BO3, 2 µM MnSO4, 2 µM ZnSO4, 0.1 µM CuSO4 and 

0.1 µM (NH4)6Mo7O24 in demineralised water buffered with 2 mM 2-

morpholinoethanesulphonic acid, pH 5.5, adjusted with KOH. Nutrient solutions were 

renewed weekly and plants were grown in a growth chamber (20/15°C day/night; light 

intensity 200 µE m-2 s-1, 14 h d-1; relative humidity 75%).  
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4.2.2. Testing of Cd and Zn tolerance 

After ten days of pre-culture, plants were exposed to a series of Cd (0, 10, 20, 40, 80, 160 

μM CdSO4) and Zn (0, 40, 80, 160, 320, 640, 1280 μM ZnSO4) concentrations (12 plants 

per population per concentration), in a background solution of the same composition as the 

pre-culture solution. Prior to exposure, roots were stained with active coal powder to 

facilitate the measurement of root growth (Schat and ten Bookum, 1992a). After three days 

of exposure, the length of the longest unstained root segment was measured (Schat and ten 

Bookum, 1992a).  

 

4.2.3. Determination of Cd and Zn concentrations 

Cd and Zn concentrations were determined in roots and shoots (12 plants per population 

per concentration). Root material was carefully rinsed with ice cold lead nitrate (5 mM) for 

thirty minutes and blotted with paper tissue. Cd and Zn were determined by digesting 20-50 

mg of oven-dried plant material in 1 ml of a 1 to 4 (v/v) mixture of 37% (v/v) HCl and 65% 

(v/v) HNO3 in Teflon cylinders for 7 h at 140°C, after which the volume was adjusted to 5 

ml with demineralised water. Cd and Zn were determined on a flame atomic 

spectrophotometer (Perkin Elmer 2100; Perkin-Elmer Nederland, Nieuwerkerk a/d Yssel, 

The Netherlands).  

 

4.2.4. Glutathione and phytochelatin analyses after Cd exposure 

GSH and PC concentrations in unstained roots and in shoots were determined in 3 pooled 

plant samples (3 plants per sample), after 3 days of exposure to 0, 5 and 40 µM Cd, 

respectively. Plant material was carefully rinsed with demineralised water, blotted with 

paper tissue, frozen in liquid nitrogen, lyophilised and stored under vacuum at room 

temperature. GSH and PCs were extracted by homogenising 20-50 mg lyophilised material 

in 1.98 ml of 6.3 mM diethylenetriaminepentaactic acid (DTPA) with 0.1% trifluoroacetic 

acid (TFA), using mortar, pestle and quartz sand. N-acetyl-L-cysteine (NAC) was added 

during homogenisation as an internal standard. The homogenates were centrifuged for 12 

min at 13000 g at 4°C. The supernatant was filtered through a Costar Spin-X centrifuge 

tube (Corning-Costar, Cambridge, MA, USA) with a nylon filter (0.22 µm). Derivatisation 

was carried out according to Sneller et al. (2000). Four hundred and fifty µl of 200 mM 4-

(2-hydoxyethyl)piperazine-1-propanesulphonic acid (HEPPS) buffer, pH 8.2, containing 

6.3 mM DTPA, was mixed with 10 µl of 25 mM monobromobimane. To this mixture, 250 

µl of the filtered sample was added and derivatisation was carried out for 30 min at 45°C in 
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a dark water bath. The reaction was stopped by the addition of 300 µl of 1 M 

methanesulphonic acid (MSA). Samples were stored at 4°C in the dark prior to analysis. 

Reverse phase liquid chromatography (RP-HPLC) analysis was performed as described by 

Sneller et al. (2000). In short, phytochelatins were separated on a Nova-Pak C18 column (6 

nm, 4 µm, 3.9 x 300 mm, Waters catalogue no. 11695) at 37°C and they were eluted with a 

slightly concave gradient of methanol and water both containing 0.1% TFA, followed by 

fluorescence detection. Depending on sulphydryl concentrations, 2-10 µl of derivatised 

sample was injected. The total analysis time was 70 min. Peaks were identified by overlay 

with a profile of known thiol composition. 

 

4.2.5. Statistics 

Statistical analysis was carried out with one-way and two-way ANOVA using the 

statistical program Statistica 6.0 (StatSoft, 2003). A posteriori comparison of individual 

means was performed using Tukey’s test. When necessary, data were subjected to 

logarithmic transformation prior to analysis. 

 

4.3. Results 

 

4.3.1. Effects of Cd and Zn on root growth  

Estimated from the root growth response, the mine plants (FC) exhibited a significantly 

higher Cd tolerance than the non-mine plants (CVD) (P<0.001) (Fig. 1). In the mine plants, 

there was no significant decrease in root growth, except for the highest exposure 

concentration, 160 µM (P<0.001). On the contrary, in the non-mine plants, all the 

concentrations produced a significant decrease (P<0.001). 
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Under Zn exposure, the mine plants exhibited a significantly higher root elongation than 

the non-mine plants (P<0.001) (Fig. 2). The metallicolous population did not show any 

significant decrease until the two highest concentrations (640 µM and 1280 µM) (P<0.05), 

while in the non-metallicolous one root growth was significantly decreased already at 160 

µM (P<0.001). 
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Fig. 2. Zn-imposed root growth inhibition (mm) of two populations of S. paradoxa (● CVD, Δ 

FC) (mean ± SE) after exposure to increasing Zn concentrations for 3 days.  
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Fig. 1. Cd-imposed root growth inhibition (mm) of two populations of S. paradoxa (● CVD, Δ 

FC) (mean ± SE) after exposure to increasing Cd concentrations for 3 days.  
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4.3.2. Cd and Zn accumulation 

Total Cd concentrations in roots and shoots of both populations increased with increasing 

Cd exposure (Fig. 3 and Fig. 4). Root Cd concentrations were significantly lower in FC as 

compared to CVD (P<0.01). Cd concentrations in shoots were much lower than in roots, 

and were significantly lower in the mine population, compared to CVD (P<0.001). Cd 

uptake, expressed as the total amount of Cd per plant per g root d.w. (Fig. 5), was also 

significantly lower in FC than in CVD (P<0.001). 
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Fig. 3. Root Cd accumulation (μmol g-1 d.w.) of two populations of S. paradoxa (● CVD, Δ 

FC) (mean ± SE) after exposure to increasing Cd concentrations for 3 days. 
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Fig. 4. Shoot Cd accumulation (μmol g-1 d.w.) of two populations of S. paradoxa (● CVD, Δ 
FC) (mean ± SE) after exposure to increasing Cd concentrations for 3 days. 
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Fig. 5. Cd uptake (μmol g-1 d.w.) of two populations of S. paradoxa (● CVD, Δ FC) (mean ± 

SE) after exposure to increasing Cd concentrations for 3 days. 
 

The Zn concentrations in roots and shoots of both populations increased with increasing 

concentrations in the nutrient solution (Fig. 6 and Fig. 7) and metal concentrations were 

higher in roots than in shoots. The Zn concentrations in roots were not significantly 

different, but those in the shoot were higher in CVD than in FC (P<0.001). Zn uptake, 

expressed as the total amount of Zn per plant per g root d.w. (Fig. 8), was significantly 

lower in FC than in CVD plants (P<0.001). 
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Fig. 6. Root Zn accumulation (μmol g-1 d.w.) of two populations of S. paradoxa (● CVD, Δ 
FC) (mean ± SE) after exposure to increasing Zn concentrations for 3 days. 
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Fig. 7. Shoot Zn accumulation (μmol g-1 d.w.) of two populations of S. paradoxa (● CVD, Δ 

FC) (mean ± SE) after exposure to increasing Zn concentrations for 3 days. 
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Fig. 8. Zn uptake (μmol g-1 d.w.) of two populations of S. paradoxa (● CVD, Δ FC) (mean ± 

SE) after exposure to increasing Zn concentrations for 3 days. 
 

4.3.3. Glutathione and phytochelatin concentrations  

In both of the populations, root and shoot GSH concentrations did not significantly 

decrease after exposure to 5 µM Cd (P>0.05), but did so after exposure to 40 µM (P<0.05) 

(Fig. 9). The root and shoot GSH concentrations were higher in CVD than in FC (P<0.05) 

(Fig. 10). 
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Fig. 9. Root GSH (white), PC2 (grey), PC3 (dark grey), PC4 (black) concentrations (μmol g-1 

d.w.) of two populations of S. paradoxa (non-striped bars: CVD, striped bars: FC) (mean ± SE) 
after exposure to increasing Cd concentrations for 3 days. 
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Fig. 10. Shoot GSH (white), PC2 (grey), PC3 (dark grey), PC4 (black) concentrations (μmol g-1 

d.w.) of two populations of S. paradoxa (non-striped bars: CVD, striped bars: FC) (mean ± SE) 
after exposure to increasing Cd concentrations for 3 days. 

 

Cd exposure induced accumulation of PCs in roots of both populations (Fig. 9). The total 

root PC concentrations, expressed as µmol -SH per g d.w., were insignificantly lower in FC 

than in CVD (P>0.05). PC chain length distributions were similar in roots of both 

populations and PC3 was the dominant species (Fig. 9). Shoot PC concentrations were very 

low as compared to those in roots (Fig. 10). Total PC accumulation in shoots was 
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significantly higher in CVD than in FC (P<0.05), the predominant species was PC2 (Fig. 

10).  

The PC-SH to Cd molar ratio was insignificantly higher in CVD than in FC, both in roots 

and in shoots.  

 

4.4. Discussion 

Given the relatively low Cd and Zn concentrations in the soil, the levels of Cd and Zn 

tolerance in the Silene paradoxa population from Fenice Capanne are surprisingly high. 

Schat and ten Bookum (1992b), using exactly the same root growth test under identical 

climate room conditions, observed comparable Cd tolerance levels in a number of S. 

vulgaris populations from calamine soils with Cd concentrations ranging from 40 to 240 

ppm. The Zn tolerance level in FC is even higher than those observed in the majority of S. 

vulgaris populations from calamine soils with Zn concentrations ranging from 27,000 to 

65,000 ppm (Schat and ten Bookum, 1992b). In addition, the Cd and Zn tolerance levels of 

the CVD reference population are also similar to those found in non-metallicolous S. 

vulgaris.  

The Cd uptake rate and the root and shoot Cd concentrations in FC are significantly 

lower than in CVD, at least at the lower exposure levels. However, it is unlikely that 

decreased uptake would play a major role in the Cd tolerance syndrome in FC, since the 

superior tolerance of this population is also evident at the higher exposure levels, where the 

Cd uptake rates are almost identical. It is evident, therefore, that Cd tolerance in FC must be 

largely due to an enhanced plant-internal sequestration capacity. The sequestration 

mechanism is elusive, but it is not associated with enhanced synthesis of phytochelatins, 

since FC accumulates lower, rather than higher amounts of PC in roots and in shoots, 

compared to CVD. Moreover, the PC-SH to Cd molar ratio tends to be lower in FC than in 

CVD. In all these respects, apart from its decreased Cd uptake, the S. paradoxa FC 

population compares well with calamine S. vulgaris populations (Schat and ten Bookum, 

1992b; De Knecht et al., 1995). 

The Zn uptake rate in FC is also lower than in CVD, but the difference is inconsiderable. 

The transport of Zn to the shoot, however, is clearly lower than in CVD. Unaltered uptake, 

but decreased transport of Zn to the shoot, attributable to enhanced sequestration in the 

root, has also been described for calamine S. vulgaris (Harmens et al., 1993b). 

In conclusion, apart from the decreased Cd uptake rate which is usually not found in Cd-

tolerant S. vulgaris, the Cd and Zn tolerance syndromes in the S. paradoxa FC population 
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compare very well with those in S. vulgaris, both in degree and in kind. It is likely, 

therefore, that they represent independent functional tolerances, evolved under the pressure 

of Cd and Zn toxicity. In view of the population’s recent descent from a serpentine 

neighbouring population (Mengoni et al., 2000, 2001), it seems obvious that they must 

have been evolved at the Fenice Capanne mine site itself, in spite of the relatively low total 

Cd and Zn soil concentrations. Most likely, this is due to the high soil acidity, caused by the 

oxidation of the predominant sulphide ores, and the lack of any soil organic matter, which 

could strongly enhance the metals’ mobility, as compared to the more buffering soil 

conditions prevailing in the Central European calamine S. vulgaris sites. 

 

4.5. Conclusions 

High-level Zn and Cd tolerance was found in a recently established S. paradoxa 

population from a copper mine tailing, in spite of the relatively low degrees of Cd and Zn 

contamination of the soil. It is argued that both tolerances must have been evolved in situ, 

under the selective pressure of high levels of Cd and Zn toxicity, due to the low soil pH and 

the absence of soil organic matter. 
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Chapter 5. 

 

A co-segregation analysis of Zn and Cd hypertolerance and expression of a 

HMA2/4-like gene in Silene vulgaris (Moench) Garcke 
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Roberto Gabrielli, Annet Reumer, Jos A.C. Verkleij and Henk Schat 

 

Article in preparation 

Abstract 

Divalent heavy metal cation effluxers of the 1b subfamily of P-type ATPases (HMAs) 

are potentially involved in hypertolerance to Cd or Zn in metallophytes. We sequenced a 

fragment of a cDNA from Silene vulgaris, SvHMA2/4, which is most probably orthologous 

with AtHMA2 or AtHMA4, and analysed its expression in a non-metallicolous and two 

calamine populations of this species. SvHMA2/4 expression was significantly enhanced in 

the metallicolous populations, as compared to the non-metallicolous one. We also analysed 

the co-segregation of SvHMA2/4 expression with Cd tolerance and Zn tolerance in two 

segregating F2 crosses between non-metallicolous and metallicolous plants, as well as in an 

F2 cross between two metallicolous plants from the same population, which appeared to 

contain Cd-sensitive plants. In the former crosses, SvHMA2/4 expression co-segregated 

significantly with Cd hypertolerance, but such a co-segregation was not found in the cross 

between the metallicolous plants, indicating a different genetic control of Cd tolerance in 

the latter cross. In all of the crosses there was no significant co-segregation of SvHMA2/4 

expression and Zn tolerance. The variation in Zn and that in Cd tolerance in the F2 cross 

between the metallicolous plants were shown to be heritable and under independent genetic 

control.  

 

Keywords 

Cd tolerance; Zn tolerance; P-type ATPases; HMA2; HMA4; gene expression; co-

segregation; Silene vulgaris. 

 

5.1. Introduction 

Silene vulgaris (Moench) Garcke is a pseudo-metallophyte of which strongly heavy 

metal-tolerant populations have been evolved at sites with high heavy metal concentrations 
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in the soil (Ernst, 1974; Schat et al., 1996). Segregation and co-segregation analyses have 

shown that high-level heavy metal tolerances, in so far as they segregate in crosses between 

metallicolous and non-metallicolous plants of this species, are usually metal-specific and 

controlled by one or two major genes with additional hypostatic modifiers controlling the 

level of tolerance in hypertolerant plants (Schat and ten Bookum, 1992b; Schat et al., 1993; 

Schat et al., 1996; Schat and Vooijs, 1997). Crosses between plants of different geographic 

origin with hypertolerance to the same metals, even when belonging to different subspecific 

taxa, usually showed little or no segregation, suggesting that natural selection under the 

pressure of any particular metal tends to affect the same gene loci, wherever it may occur 

(Schat et al., 1996).  

In general, heavy metal hypertolerances in metallophytes may result from a reduced rate 

of uptake of the metal in question, or an enhanced capacity to sequester these metals within 

the plant body. At the cellular level, enhanced sequestration may be achieved through 

increased synthesis of metal-binding compounds, and/or increased efflux of the metal from 

the cytosolic compartment, either through vacuolar compartmentalisation or efflux across 

the plasmamembrane, or via the secretory pathway (Clemens, 2001). The underlying 

biochemical and molecular mechanisms are largely unknown. However, it is generally 

believed that alterations of the expression levels of one or more genes involved in the 

homeostasis of essential metal micronutrients will be involved (Clemens, 2001). Among 

them, HMAs, i.e. genes encoding heavy metal transporting P-type ATPases, seem to be 

good candidates for Cd and Zn tolerance (Clemens, 2006). Arabidopsis thaliana has eight 

genes encoding members of the 1b subfamily of P-type ATPases. Four of them, numbered 

1 to 4, are closely related to known prokaryotic divalent cation transporters, whereas the 

others, 5 to 8, exhibit homology with known Cu(1) transporters (Cobbett et al., 2003). 

AtHMA2 and AtHMA4 have been localized to the plasma membrane of vascular 

parenchyma cells, and shown to be involved in Zn and Cd xylem loading, i.e. the efflux 

from xylem parenchyma cells into the xylem vessels (Hussain et al., 2004; Verret et al., 

2004). AtHMA4 and its Thlaspi caerulescens ortholog, TcHMA4, have been found to 

contribute to Cd tolerance and accumulation (Hussain et al., 2004; Verret et al., 2004; 

Bernard et al., 2004; Mills et al., 2005). In particular, A. thaliana hma4 knock-out mutants 

showed a slightly reduced growth in the presence of Cd as compared to wild-type (Mills et 

al., 2005). In the phytochelatin-deficient cad1-3 mutant background, both HMA2 and 

HMA4 deletion caused a further increase in Cd hypersensitivity (Hussain et al., 2004). 

Double hma2/4 and single hma4 knockouts of A. thaliana exhibited reduced shoot 



58 
concentrations of Zn and Cd (Hussain et al., 2004; Verret et al., 2004). Ectopic over-

expression of AtHMA4 enhanced the root to shoot translocation of Zn and Cd, and 

improved root growth in the presence of toxic concentrations of Zn, Cd and Co (Verret et 

al., 2004). HMA4 has been shown to be much higher expressed in Zn/Cd 

hyperaccumulating plants than in non-hyperaccumulating non-metallophytic congeneric 

species, particularly in roots (Bernard et al., 2004), suggesting that this transporter may be 

responsible for the strongly enhanced rates of metal xylem loading required for foliar heavy 

metal hyper-accumulation (Papoyan and Kochian, 2004). In addition, AhHMA4 was located 

at the peak of a QTL region for Cd and Zn tolerance in the B1 backcross progeny of an 

inter-specific cross between the Zn/Cd hyperaccumulator, Arabidopsis halleri, and the non-

tolerant non-hyperaccumulator congener, A. lyrata ssp. petraea (Willems et al., 2007; 

Courbot et al., 2007). Since hyperaccumulation tended to be recessive and the backcross 

was made to the non-hyperaccumulating A. lyrata parent, it seems that enhanced HMA4 

expression in A. halleri acts to increase Cd tolerance and, to a lower degree, Zn tolerance, 

rather than the foliar hyperaccumulation of these metals as such (Courbot et al., 2007), 

although it seems plausible that enhanced HMA4 expression is a necessary condition for the 

foliar hyperaccumulation trait. 

The objective of the present study was to establish whether HMAs could also play a role 

in Cd or Zn hypertolerance in the non-hyperaccumulator metallophyte, S. vulgaris, where 

hypertolerance to both Cd and Zn is associated with reduced rates of metal translocation to 

the shoot, probably due to increased retention of the metals in root cell vacuoles (Harmens 

et al., 1993b; De Knecht et al., 1995; Chardonnens et al., 1999). To this end we amplified, 

cloned and sequenced fragments of HMA-like mRNAs, using Arabidopsis-based primers, 

and established the expression levels of a HMA2/4 orthologue in F2 progenies of intra-

specific crosses segregating for Cd and Zn tolerance. The co-segregation patterns of Cd 

tolerance, Zn tolerance and SvHMA2/4 mRNA expression were established.  

 

5.2. Materials and Methods 

 

5.2.1. Plant material and experimental conditions 

Seeds of Silene vulgaris (Moench) Garcke were collected at the Zn smelter waste deposit 

near Plombières (PL), Belgium, at the Zn/Pb mine near Blankenrode (BL), Germany, and at 

the botanical garden of the Vrije Universiteit, Amsterdam (AM). Characterisations of these 

sites and of the local S. vulgaris populations are given in Schat and ten Bookum (1992b), 
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Schat et al. (1996) and Jack et al. (2007). Seeds were sown in garden peat soil and after 

three weeks seedlings were transferred to hydroponic culture, in 1-L polyethylene pots 

(three plants per pot) containing a modified half-strength Hoagland’s solution composed of 

3 mM KNO3, 2 mM Ca(NO3)2, 1 mM NH4H2PO4, 0.50 mM MgSO4, 20 μM Fe(Na)-EDTA, 

1 μM KCl, 25 μM H3BO3, 2 μM MnSO4, 2 μM ZnSO4, 0.1 μM CuSO4 and 0.1 μM 

(NH4)6Mo7O24 in demineralised water buffered with 2 mM 2-morpholinoethanesulphonic 

acid (MES), pH 5.5, adjusted with KOH. Nutrient solutions were renewed weekly and 

plants were grown in a growth chamber (20/15°C day/night; light intensity 250 μE m-2 s-1, 

14 h d-1; relative humidity 75%).  

Reciprocal intra- and inter-population crosses were made by hand pollination and F2 

families were produced by selfing randomly chosen F1 plants. Two AM x PL F2 families, 

termed 1 x 2 and 6 x 12 respectively, that had been previously phenotyped for Cd and Zn 

tolerance and the expression of the metallothionein gene, SvMT2b (Jack et al., 2007), were 

selected to test for co-segregation of Zn or Cd tolerance with the expression level of the 

SvHMA2/4 gene. This was done by comparing the expression levels in the most tolerant and 

the most sensitive F2 plants (12 to 24 plants with extreme tolerance phenotypes per family). 

In addition, based on a pilot screening, an F2 family derived from an intra-population BL x 

BL cross was also chosen for expression analysis, because it seemed to exhibit considerable 

segregation for Cd tolerance. 

 

5.2.2. Phenotyping for Zn and Cd tolerance 

After ten days of growth in hydroponics, part of the roots were harvested and stored at -

80°C for RNA extraction. After recovery of the root system (one week), plants were tested 

for Cd or Zn tolerance using a sequential exposure test described in Schat and ten Bookum 

(1992b). In short, plants were exposed to a sequence of increasing Zn or Cd concentrations 

(120-162 plants per metal family), 250-µM (AM x PL crosses) or 200-μM (BL x BL cross) 

concentration increments for Zn, and 40-μM concentration increments for Cd, respectively, 

with two days of exposure per concentration. At the start of the test and before each 

concentration increment, roots were stained with active carbon powder, to facilitate the 

detection of root growth. The lowest concentration that stopped root growth completely 

(EC100) was used as a measure of tolerance (Schat et al., 1996). After having reached their 

EC100 concentrations, the plants were transferred to a Cd-free nutrient solution with 2 µM 

Zn and checked for root growth recovery (only one plant of the BL x BL cross did not 

recover).  
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5.2.3. Heritability test 

To check the heritability of the variation in Cd and Zn tolerance in the BL x BL F2 cross, 

phenotyped F2 plants with extreme phenotypes for Cd or Zn tolerance were self-fertilized 

and the resulting F3 lines were tested for Cd and Zn tolerance (6 plants per line per metal), 

using the same test as applied to the F2.  

 

5.2.4. Expression analysis of SvHMA cDNA fragments 

RNA isolation, cDNA synthesis and sequencing were performed as described in Jack et 

al. (2007). The degenerated primers Fw. 5’-RTNRTNGCNTGYCCNTGYGC-3’ and Rev. 

5’-GCRTCRTTDATNCCRTCNCC-3’, based on plant HMA alignments were used to 

amplify SvHMA fragments (35 cycles at an annealing temperature of 55ºC). Products were 

cloned using standard procedures (Technical Manual, pGEM®-T Easy Vectors, Promega), 

and sequenced using the Big Dye Terminator protocol. Based on the sequence of one of the 

contigs obtained, specific primers were designed for real time quantitative PCR: Fw. 5’-

AGCTGCAACAACCGGACTTTTA-3’ and Rev. 5’-CCCGGTTTTATCAAAAGCAACG-

3’. Real time quantitative PCR was performed as described in Jack et al. (2007), using 

SvACT2 as a positive internal control (Fw. 5’-TCAGATCCCGACCAGCAAGAT-3’; Rev. 

5’-TCAGATCCCGACCAGCAAGAT-3’). Expression values were calculated using the 2-

ΔΔCT method (Livak and Schmittgen, 2001). 

 

5.2.5. Statistics 

Statistical analysis was carried out using one-way and two-way ANOVA. A posteriori 

comparison of individual means was performed using Tukey’s test.  

 

5.3. Results 

 

5.3.1. Cd and Zn tolerance testing 

As shown in a previous study, Cd and Zn tolerance clearly segregated in both of the AM 

x PL inter-population F2 crosses (Jack et al., 2007). In short, 15% and 10% of the plants of 

the F2 progenies 1 x 2 and 6 x 12, respectively, exhibited the Zn-sensitive phenotype of the 

AM parent population (EC100 500 or 750 µM Zn), and 11% and 61% exhibited the Zn-

tolerant phenotype of the Plombières parent population (EC100 1750-3000 µM Zn). 

Likewise, 38% (1 x 2) and 30% (6 x 12) exhibited the Cd-sensitive phenotype (EC100 120 

or 160 µM), while 45% (1 x 2) and 70% (1 x 2) showed the Cd-tolerant phenotype of the 
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Plombières parent population (EC100 240-440 µM) (Jack et al., 2007). The remainder of the 

plants showed tolerance levels intermediate between those of the parent populations. 

In the BL x BL intra-population F2 cross, there seemed to be a degree of segregation for 

Zn tolerance, although the great majority of plants fell within the range of the Blankenrode 

parent population (EC100 1750-3250 µM; Schat et al., 1996). Only three out of 162 plants 

(2%) exhibited a Zn-sensitivity phenotype comparable to the non-metallicolous AM parent 

population, but eight plants in total (5%) had an EC100 lower than 1400 µM (Fig. 1). Cd 

tolerance segregated more clearly in this family. Twenty-one plants (13%) had the Cd-

sensitive phenotype characteristic of the non-metallicolous AM reference population, 

although plants with such a low Cd tolerance had never been observed before among seed 

collections from the natural Blankenrode population (Schat et al., 1996; Schat and Vooijs, 

1997). The frequency distribution was clearly bimodal (Fig. 2), in contrast with the Zn 

tolerance distribution. 
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Fig. 1. Relative frequencies (%) of individuals in EC100 classes of Zn (µM) for root growth in a 

F2 family of a cross between two plants from the Blankenrode population (n=162).  
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Fig. 2. Relative frequencies (%) of individuals in EC100 classes of Cd (µM) for root growth in a 

F2 family of a cross between two plants from the Blankenrode population (n=162).
 

The heritability of the variation in Zn and Cd tolerance in the AM x PL F2 crosses is 

beyond doubt and has not been checked again in this study (Schat et al., 1996; Jack et al., 

2007). The total variation in tolerance among and between the BL x BL F3 lines derived 

from F2 plants with extreme phenotypes covered a less broad range of tolerance classes 

then did the F2, probably because the test was done with much smaller plants. However, the 

results showed a highly significant heritability of both Cd and Zn tolerance. Cd-sensitive F2 

yielded, exclusively, Cd-sensitive F3 progeny, whereas Cd-tolerant F2 produced, on 

average, much more Cd-tolerant F3 progeny (Fig. 3). The mean Cd tolerance levels in F3 

progenies from Cd-sensitive F2 were significantly lower (P<0.001) than in the F3 progenies 

derived from Cd-tolerant F2. For Zn tolerance the frequency distributions of the F3 

progenies derived from Zn-sensitive and Zn-tolerant F2 were overlapping (Fig. 4), but the 

mean Zn tolerance levels were significantly higher in the progenies derived from Zn-

tolerant F2 (P<0.001). The Zn tolerance frequency distributions of the lines derived from 

Cd-sensitive and Cd-tolerant F2 plants were almost identical, and the mean tolerance levels 

were not significantly different. The Cd tolerance frequency distributions of the F3 lines 

derived from Cd-sensitive and Cd-tolerant F2 were neither different (Fig. 4), showing that 

Zn and Cd tolerance, in so far as they segregate in the BL x BL F2 cross, are under 

independent genetic control, like in the AM x PL crosses (Jack et al., 2007). 
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Fig. 3. Relative Cd tolerance (panel A) and Zn tolerance (panel B) frequencies (%) of F3 progenies 

derived from Cd-sensitive (non-striped bars) and Cd-tolerant (striped bars) F2 of the BL x BL cross. 
In total, the progenies of 7 Cd-sensitive and 8 Cd-tolerant F2 plants were tested (5-6 plants per 
progeny). 
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Fig. 4. Relative Cd tolerance (panel A) and Zn tolerance (panel B) frequencies (%) of F3 progenies 

derived from Zn-sensitive (non-striped bars) and Zn-tolerant (striped bars) F2 of the BL x BL cross. 
In total, the progenies of 11 Zn-sensitive and 9 Zn-tolerant F2 plants were tested (5-6 plants per 
progeny). 

 

5.3.2. SvHMA fragments 

PCR with the HMA-targeted primers yielded three different fragments, all of them with 

significant homology to plant HMA sequences. The deduced protein sequence of one of 

them showed a particularly strong homology with AtHMA2 and AtHMA4 (58.4 and 58.0% 
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amino acid identity, respectively; Fig. 5). We assume that this fragment represented the S. 

vulgaris orthologue of either AtHMA2 or AtHMA4 and named it SvHMA2/4. 

 
Svcont CPCALIISTPVTMFCALSKAATTGLLFKGGDYLELLAKVKTVAFDKTGTITRGEFIVTSF 60 
AtHMA2 CPCGLILSTPVATFCALTKAATSGLLIKGADYLETLAKIKIVAFDKTGTITRGEFIVMDF 60 
AtHMA4 CPCGLILSTPVATFCALTKAATSGLLIKSADYLDTLSKIKIVAFDKTGTITRGEFIVIDF 60 
 
Svcont QSVQETFTTEQPLFWVSSIESKSSHPMAASIVNYA–SLNPSTITREVEEFINYPGEGIYG 119 
AtHMA2 QSLSEDISLQSLLYWVSSTESKSSHPMAAAVVDYARSVSVEPKPEAVEDYQNLPGEGIYG 120 
AtHMA4 KSLSRDINLRSLLYWVSSVESKSSHPMAATIVDYAKSVSVEPRPEEVEDYQNFPGEGIYG 120 
 
Svcont KIEGEDIYIGNYRIGLRAGCCSLLSYLVSHTMDGKASGFIYIGATLVGTFSLSDECRIGA 179 
AtHMA2 KIDGKEVYIGNKRIASRAGCLSVPDIDVD–TKGGKTIGYVYVGETLAGVFNLSDACRSGV 179 
AtHMA4 KIDGNDIFIGNKKIASRAGCSTVPEIEVD–TKGGKTVGYVYVGERLAGFFNLSDACRSGV 179 
 
Svcont KEAIEELKRAGVRTVMLTGDNQVSAQQIQNQN-QAIDIVHVGLLPEDKAKIIEELKKD-G 237 
AtHMA2 AQAMKELKSLGIKIAMLTGDNHAAAMHAQEQLGNAMDIVRAELLPEDKSEIIKQLKREEG 239 
AtHMA4 SQAMAELKSLGIKTAMLTGDNQAAAMHAQEQLGNVLDVVHGDLLPEDKSRIIQEFKKE-G 238 
 
Svcont VVAMVGDGINDA 249 
AtHMA2 PTAMVGDGLNDA 251 
AtHMA4 PTAMVGDGVNDA 250 

 
Fig. 5. Deduced amino acid sequence alignment showing the position of the consensus motif 

(highlighted) between S. vulgaris and A. thaliana for HMA2 and HMA4. 
 

5.3.3. SvHMA2/4 expression in the parent populations 

The constitutive root transcript levels of SvHMA2/4 were established in the Cd-Zn 

tolerant populations, PL and BL, and in the non-tolerant AM population. The mean 

expression levels in these populations differed significantly among each other (P<0.001), 

decreasing in the order PL > BL > AM (Fig. 6).  
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Fig. 6. Mean SvHMA2/4 expression (fold difference with the mean expression level in the AM 

reference population) in roots of plants from the populations Amsterdam (black bar), Blankenrode 
(grey bar) and Plombières (dark grey bar). Error bars represent standard errors (n=5). 

 

5.3.4. SvHMA2/4 expression in the F2 progenies 

The constitutive transcript levels of SvHMA2/4 mRNA were also analysed in roots of F2 

plants with extreme phenotypes for Cd and Zn tolerance. In the AM x PL F2 families, there 

was no significant co-segregation of SvHMA2/4 expression with Zn tolerance. In both 

families the mean relative expression levels did not significantly differ between the Zn-

sensitive plants (EC100 500 or 750 µM) and the Zn-tolerant plants (EC100 > 1500 µM), and 

were intermediate between those of the parent populations (Fig. 7). On the other hand, 

SvHMA2/4 expression significantly co-segregated with Cd tolerance (P<0.001), as 

evidenced by two-way ANOVA with family and tolerance phenotype as main factors. As 

shown by the significance of the family x phenotype interaction (P<0.01), there was 

variation between the families with regard to the degree of co-segregation. In the 1 x 2 

family the co-segregation was very strict (P<0.001), in that there was no overlapping of the 

SvHMA2/4 expression ranges of the Cd-sensitive group (EC100 = 120 µM) and the Cd-

tolerant group of plants (EC100 > 280 µM). In the 6 x 12 family, there was some overlap 

however, and the mean expression level in the Cd-tolerant group was lower than in the 

corresponding group of the 1 x 2 family, but the difference between the Cd-sensitive and 

the Cd-tolerant plants was still significant (P<0.05).  
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Fig. 7. Mean SvHMA2/4 expression (fold difference with the mean expression level in the AM 
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parent population) in roots of plants with contrasting phenotypes for Zn and Cd tolerance selected 
from the inter-population crosses AM x PL, families 1 x 2 (sensitive plants-dark grey bars, 
tolerant plants-dark grey striped bars) and 6 x 12 (sensitive plants-white bars, tolerant plants-
white striped bars). Error bars represent standard errors (n=6 or 7).

 

In the BL x BL F2 cross, there was no significant difference in SvHMA2/4 expression 

between the Zn-sensitive (EC100 < 1400 µM) and the Zn-tolerant phenotype (EC100 > 2600 

µM), nor between the Cd-sensitive (EC100 < 120 or 160 µM) and the Cd-tolerant phenotype 

(EC100 > 400 µM) (Fig. 8).  
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Fig. 8. Mean SvHMA2/4 expression in roots (fold difference with the overall mean expression 

level in all the plants) of plants with contrasting phenotypes for Cd and Zn tolerance, selected 
from an intra-population F2 cross BL x BL (sensitive plants-grey bars, tolerant plants-grey striped 
bars). Error bars represent standard errors (n=12; 36 plants). 

 

5.4. Discussion 

Our results obtained with the AM x PL F2 crosses clearly show that Cd hypertolerance, 

but not Zn hypertolerance, is genetically correlated with expression of SvHMA2/4, a gene 

which is probably orthologous with AtHMA2 or AtHMA4. Although the precise nature of 

this genetic correlation remains elusive, it is tempting to assume that SvHMA2/4 acts as a 

Cd tolerance gene, such as postulated for the hyperaccumulating metallophyte, Arabidopsis 

halleri (Courbot et al., 2007). In contrast to the situation in A. halleri and Thlaspi 

caerulescens (Bernard et al., 2004), where high levels of HMA4 expression are associated 

with high rates of Cd and Zn translocation to the shoots, the enhanced levels of SvHMA2/4 

expression in calamine S. vulgaris populations are associated with decreased, rather than 

increased rates of Cd and Zn translocation to the shoots, as compared to non-metallicolous 
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populations (Harmens et al., 1993b; De Knecht et al., 1995). This may be due to enhanced 

rates of metal retention in root cell vacuoles in calamine S. vulgaris, which would reduce 

the metals’ availability for loading into the xylem. It is remarkable that SvHMA2/4 

expression is not genetically correlated with Zn tolerance, such as in the A. halleri x A. 

lyrata inter-specific cross (Willems et al., 2007). It should be taken into account, however, 

that the HMA4-containing QTL explained a much greater part of the genetic variation of the 

Cd tolerance than of the Zn tolerance in this cross (Courbot et al., 2007; Willems et al., 

2007).  

The mechanism underlying putative HMA-mediated Cd tolerance is not entirely clear. In 

A. thaliana both HMA2 and HMA4 were found to be located on the plasmamembrane of 

xylem parenchyma cells, and shown to be involved in Zn and Cd loading into the xylem, 

probably through effluxing the metals from the parenchyma cells (Hussain et al., 2004). It 

is not evident how this could lead to increased tolerance to Cd, unless it is assumed that 

xylem parenchyma cells are particularly sensitive to Cd. One might argue that metal 

removal from the roots via the xylem could improve root tolerance under toxic metal 

exposure, however, this would eventually lead to toxic accumulation in the shoot, if 

additional tolerance mechanisms would not be present there. Alternatively, it is conceivable 

that HMA2 or 4 are also expressed in tissues other than xylem parenchyma, albeit at lower 

levels, where they could serve to keep the cellular metal concentration at non-toxic levels 

through efflux across the plasmalemma into the cell walls (Verret et al., 2004; Mills et al., 

2005; Courbot et al., 2007).  

In contrast to the AM x PL crosses, the BL x BL intra-population cross did not reveal any 

genetic correlation between Cd tolerance and SvHMA2/4 expression. Our results clearly 

show that the F2 of this cross accommodated heritable variation in both Cd tolerance and Zn 

tolerance, the Cd sensitive individuals being as Cd-sensitive as those from a non-

metallicolous population. Apparently, the Blankenrode mine population contains genetic 

information for non-tolerance to Cd and low tolerance to Zn. Such variation may be due to 

gene flow or to mutation. Anyway, the loss of Cd tolerance in the Cd-sensitive group of F2 

plants was not associated with any loss of SvHMA2/4 expression, suggesting that enhanced 

SvHMA2/4 expression may be not sufficient for Cd tolerance. An alternative explanation 

could be that the Cd non-tolerance in the BL x BL F2 generation is due to a mutation in an 

upstream gene which is essential but not sufficient for Cd hypertolerance. If so, then 

SvHMA2/4 could still be conceived act as a Cd tolerance factor in the AM x PL crosses. 
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Unfortunately, the decisive experiment, i.e. silencing of the gene in PL plants, can not be 

done, because we are as yet unable to transform S. vulgaris.  
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Chapter 6. 

 

General discussion 

 
To date the physiological and molecular mechanisms underlying metal hypertolerance in 

plants are largely unknown or elusive, although several studies have been carried out on 

this topic. Comparisons between plants possessing or lacking the trait of interest provide 

opportunities to identify tolerance strategies. Silene paradoxa and Silene vulgaris are 

suitable species, as they both present a broad array of different locally adapted populations 

with specific high-level metal tolerances. In particular, analyses of the co-segregation 

patterns between specific metal hypertolerances and the expression of candidate genes or 

biochemical and physiological attributes in intra-specific crosses between plants from 

populations with contrasting tolerance phenotypes might provide clues with regard to the 

mechanisms involved. 

 

6.1. Arsenate tolerance 

Arsenate tolerance in S. paradoxa is described in the chapters 2 and 3. As arsenate is a 

phosphate analogue, and tolerance strategies in plants have been suggested to be linked to 

phosphate uptake and metabolism (Meharg, 2005). In this thesis, to elucidate the 

mechanisms underlying differential arsenate tolerance in two S. paradoxa populations, two 

experiments with different phosphate concentrations in the nutrient solutions have been 

performed. The two Tuscan populations under study, originating from a non-contaminated 

soil (CVD) and from a polymetallic mine dump (FC) with a moderate degree of arsenic 

enrichment, were compared for arsenate tolerance and accumulation and arsenate-imposed 

phytochelatin production. At a high phosphate supply level, the metallicolous population 

showed increased arsenate tolerance, as compared to the non-metallicolous one. The rates 

of arsenate uptake in FC and CVD were not significantly different quantitatively. The 

major part of the arsenic taken up was retained in the root system in both populations. 

However, less As was translocated to the shoot in the FC population than in the CVD, but 

reduced metal translocation to the shoot has been demonstrated not to be a tolerance 

mechanism to Zn, Cd or Cu in S. vulgaris (Harmens et al., 1993b; De Knecht et al., 1995; 

De Vos et al., 1991). Therefore, it is unlikely that the superior tolerance of FC in the root 

growth test would result from a lower degree of As transport to the shoot. The rate of As 

accumulation in the roots was virtually identical in FC and CVD, suggesting that the lower 
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degree of root growth inhibition in FC must have resulted from a superior internal 

detoxification capacity.  

Particularly at the lower exposure levels, the CVD plants accumulated much more PCs in 

roots than FC plants, although the root As accumulation levels were virtually identical. 

Remarkably, the molar phytochelatin-SH to As ratios in roots were much lower in the mine 

population than in the reference population. This result is in contrast with all the presently 

available literature reports on other plant species with arsenate-hypertolerant populations. It 

was concluded that arsenate hypertolerance in the S. paradoxa mine population under study 

must largely rely on a higher capacity for PC-independent arsenic sequestration.  

In arsenate-hypertolerant H. lanatus, enhanced arsenate-induced PC accumulation has 

been explained by enhanced arsenate reduction with a correspondingly enhanced 

expression of the ASR gene in the hypertolerant ecotype (Bleeker et al., 2006). In contrast 

to arsenate, arsenite activates phytochelatin synthase (PCS) and binds to phytochelatins 

(PCs), and the As(III)-PC complexes are subsequently transported into the vacuole (Bleeker 

et al., 2006). Thus, arsenate reduction seems to be the rate-limiting step in As-induced PC 

accumulation (Bleeker et al., 2006). Since the FC population showed decreased, rather than 

enhanced rates of PC accumulation and almost unaltered arsenate uptake, as compared with 

the non-metallicolous CVD reference population, it is likely that the FC population showed 

a decreased, rather than an enhanced ASR capacity. Bleeker et al. (2006) demonstrated 

increased arsenate sensitivity in A. thaliana asr T-DNA insertion mutants, suggesting that a 

decreased ASR capacity should be associated with lower, rather than higher arsenate 

tolerance. However, in the study of Bleeker et al. (2006) the tests were done with mutants 

grown at 10 µM phosphate in the nutrient solution, both before and during arsenate 

exposure. In our study reported in chapter 2, S. paradoxa was raised at 1 mM phosphate in 

the nutrient solution prior to the arsenate tolerance test, and supplied with 50 µM phosphate 

during exposure. It is then conceivable that the apparent contradiction between the results 

of both studies resulted from a different phosphate supply.  

To test the above hypothesis, the same experiment with S. paradoxa populations was 

repeated at a lower phosphate supply (chapter 3). In this experiment, plants were grown at a 

5-µM phosphate supply, instead of a 1-mM phosphate supply in the previous experiment, 

and arsenate exposure was done at a 5-µM phosphate supply, instead of a 50-µM one.  

As expected, under low phosphate supply conditions the accumulation and toxicity of 

arsenate appeared to be much higher, in both populations, than at high phosphate supply, as 

was observed in many other plant species (Meharg and Macnair, 1991, 1992; Meharg, 
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2005). Moreover, in the experiment at low phosphate supply there was a significantly 

higher degree of root growth inhibition in the metallicolous population than in the non-

metallicolous one, whereas the reverse had been found at high phosphate supply. However, 

root arsenic accumulation was not significantly different and the root PC accumulation was 

lower in the metallicolous population than in the non-metallicolous one, just like in the 

experiment performed at high phosphate supply, demonstrating that the observed reversal 

of the order of arsenate tolerance (CVD > FC at low phosphate supply and FC > CVD at 

high phosphate) is not due to differential effects of phosphate supply on root arsenic or root 

PC accumulation.  

As shown by Bleeker et al. (2006), the rate of PC accumulation in roots under arsenate 

exposure seems to be limited by the rate of arsenate reduction, rather than by the PC 

synthase capacity itself. If so, then the higher rates of PC accumulation in the CVD 

reference population, both at low and at high phosphate supply, must have resulted from a 

constitutively higher arsenate reductase activity, as compared to the FC mine population. 

Thus, the fact that FC is more arsenate tolerant than CVD at high phosphate supply, but less 

tolerant than CVD at low phosphate supply, may suggest that arsenate reduction would be 

toxifying in plants with a luxurious phosphate supply, but detoxifying in plants with a 

suboptimal phosphate supply. 

Recently, we were able to confirm the above hypothesis, using A. thaliana asr T-DNA 

insertion mutants. When grown at low phosphate supply (< 10 µM phosphate), these 

mutants were consistently hypersensitive to arsenate, but when grown at luxurious 

phosphate supply (> 100 µM), they were consistently hypertolerant to arsenate, compared 

to wild-type, even though the phosphate supply during arsenate exposure was consistently 

maintained at 10 µM (H. Schat and T. Bliek, unpublished results). Apparently, once taken 

up in the root cells, arsenic is predominantly toxic as arsenite in plants with a luxurious 

phosphate supply, but mainly toxic as arsenate in plants with a suboptimal phosphate 

supply, suggesting that root-internal phosphate suppresses the toxicity of root-internal 

arsenate.  

Finally, the question whether FC exhibits arsenate hypertolerance under field conditions, 

compared to CVD, remains to be answered. Mostly, in sulphidic orogenic soils, the 

availability of major nutrients, including phosphate, is rather low (M. Arnetoli, unpublished 

results), and therefore it is doubtful whether the FC population would express arsenate 

hypertolerance in its natural environment. In agreement with this, the fairly low degree of 

arsenic contamination and the low soil pH could moderate the degree of arsenate toxicity at 
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this site. On the other hand, although the soil phosphate concentration is rather low at the 

FC site, the root phosphate concentrations in the local S. paradoxa are avowedly high (> 

400 ppm), i.e. much higher than at the CVD site, suggesting that the FC population 

accumulates luxurious phosphate concentrations in the roots, possibly because growth is 

limited by a soil factor other than phosphate availability (M. Arnetoli, unpublished results). 

This suggests that the observed arsenate hypertolerance of the FC population, compared to 

CVD, might as well result from evolution through natural selection.  

To confirm the involvement of differential ASR expression in phosphate supply-

dependent arsenate tolerance, measurements of arsenate reductase and phytochelatin 

synthase capacities will be necessary. However, up to now activity measurements in crude 

root protein extract were without result or erratic, possibly due to protein oxidation or 

breakdown in the extracts during incubation. 

 

6.2. Zinc and Cadmium tolerance 

Zn and Cd tolerance have been studied in both S. paradoxa and S. vulgaris. Chapter 4 

addresses the question of whether the relatively low Cd and Zn contamination levels at the 

Fenice Capanne mine have been sufficient to provoke the evolution of Cd and Zn tolerance 

in the local S. paradoxa population. In fact, given the relatively low Cd and Zn 

concentrations in the soil, the levels of Cd and Zn tolerance in the S. paradoxa population 

from Fenice Capanne are surprisingly high. Schat and ten Bookum (1992b), using exactly 

the same root growth test under identical climate room conditions, observed comparable Cd 

tolerance levels in a number of S. vulgaris populations from calamine soils with Cd 

concentrations ranging from 40 to 240 ppm. The Zn tolerance level in FC is even higher 

than those observed in the majority of S. vulgaris populations from calamine soils with Zn 

concentrations ranging from 27,000 to 65,000 ppm (Schat and ten Bookum, 1992b). In 

addition, the Cd and Zn tolerance levels of the CVD reference population are also similar to 

those found in non-metallicolous S. vulgaris.  

The Cd uptake rate and the root and shoot Cd concentrations in FC are significantly 

lower than in CVD, at least at lower exposure levels. However, it is unlikely that decreased 

uptake would play a major role in the Cd tolerance syndrome in FC, since the superior 

tolerance of this population is also evident at the higher exposure levels, where the Cd 

uptake rates are almost identical. It is evident, therefore, that Cd tolerance in FC must be 

largely due to an enhanced plant-internal sequestration capacity. The sequestration 

mechanism is elusive, but is not associated with enhanced synthesis of phytochelatins, since 
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FC accumulated lower, rather than higher amounts of PC in roots and in shoots, compared 

to CVD. Moreover, the PC-SH to Cd molar ratio tended to be lower in FC than in CVD. In 

all these respects, apart from its decreased Cd uptake, the S. paradoxa FC population 

compares well with calamine S. vulgaris populations (Schat and ten Bookum, 1992b, De 

Knecht et al., 1995). 

The Zn uptake rate in FC is also lower than in CVD, but the difference is inconsiderable. 

The transport of Zn to the shoot, however, is clearly lower than in CVD. Unaltered uptake, 

but decreased transport of Zn to the shoot, attributable to enhanced sequestration in the 

root, has also been described for calamine S. vulgaris (Harmens et al., 1993b). 

So, apart from the decreased Cd uptake rate which is usually not found in Cd-tolerant S. 

vulgaris, the Cd and Zn tolerance syndromes in the S. paradoxa FC population compare 

very well with those in S. vulgaris, both in degree and in kind. It is likely, therefore, that 

they represent independent functional tolerances, evolved under the pressure of Cd and Zn 

toxicity. Both tolerances have probably been evolved in situ, under the selective pressure of 

high levels of Cd and Zn toxicity, due to the low soil pH and the absence of soil organic 

matter. 

In conclusion, the physiological and molecular mechanisms underlying the above 

differences in Zn and Cd tolerance in S. paradoxa remain to be clarified. Preliminary 

experiments on SvHMA2/4 expression in the two populations of S. paradoxa have shown 

constitutively enhanced transcript levels of this gene in the tolerant mine population of 

Fenice Capanne compared to the non-metallicolous reference population (M. Arnetoli, 

unpublished results), just like in S. vulgaris, as reported in chapter 5. Further analyses on 

SvHMA2/4 expression levels in F2 and F3 progeny of S. paradoxa populations should be 

done to establish the genetic correlation between HMA2/4 expression and Cd tolerance in S. 

paradoxa, as it was done with S. vulgaris in chapter 5. 

Divalent heavy metal cation effluxers of the 1b subfamily of P-type ATPases (HMAs) 

are potentially involved in hypertolerance to Cd or Zn in metallophytes. The objective of 

chapter 5 was to investigate the possible involvement of a Silene vulgaris gene which is 

probably orthologous with AtHMA2 or AtHMA4, called SvHMA2/4, belonging to the 1B P-

type ATPase family, in Cd and Zn hypertolerance in S. vulgaris. To this aim, the root 

transcript levels were estimated in non-metallicolous and metallicolous plants, as well as in 

phenotyped intra- and inter-population F2 crosses segregating for Cd and Zn tolerance.  

Enhanced HMA4 expression has been implicated in Cd tolerance and Zn tolerance in the 

hyperaccumulator, A. halleri, (Courbot et al., 2007; Willems et al., 2007), and has been 
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thought to be responsible for the strongly enhanced rate of Cd and Zn translocation to the 

shoot in hyperaccumulators (Papoyan and Kochian, 2004). Our results obtained with the 

AM x PL F2 crosses clearly showed that Cd hypertolerance, but not Zn hypertolerance, is 

genetically correlated with expression of SvHMA2/4, a gene which is probably orthologous 

with AtHMA2 or AtHMA4. Although the precise nature of this genetic correlation remains 

elusive, it is tempting to assume that SvHMA2/4 acts as a Cd tolerance gene, such as 

postulated for the hyperaccumulating metallophyte, A. halleri (Courbot et al., 2007). In 

contrast to the situation in A. halleri and Thlaspi caerulescens (Bernard et al., 2004), where 

high levels of HMA4 expression are associated with high rates of Cd and Zn translocation 

to the shoots, the enhanced levels of SvHMA2/4 expression in calamine S. vulgaris 

populations are associated with decreased, rather than increased rates of Cd and Zn 

translocation to the shoots, as compared to non-metallicolous populations (Harmens et al., 

1993b; De Knecht et al., 1995). This may be due to enhanced rates of metal retention in 

root cell vacuoles in calamine S. vulgaris, which would reduce the metals’ availability for 

loading into the xylem. It is remarkable that SvHMA2/4 expression is not genetically 

correlated with Zn tolerance, such as in the A. halleri x A. lyrata inter-specific cross 

(Willems et al., 2007). It should be taken into account, however, that the HMA4-containing 

QTL explained a much greater part of the genetic variation of the Cd tolerance than of the 

Zn tolerance in this cross (Courbot et al., 2007; Willems et al., 2007).  

The mechanism underlying putative HMA-mediated Cd tolerance is not entirely clear. In 

A. thaliana both HMA2 and HMA4 were found to be located on the plasmamembrane of 

xylem parenchyma cells, and shown to be involved in Zn and Cd loading into the xylem, 

probably through effluxing the metals from the parenchyma cells (Hussain et al., 2004). It 

is not evident how this could lead to increased tolerance to Cd, unless it is assumed that 

xylem parenchyma cells are particularly sensitive to Cd. One might argue that metal 

removal from the roots via the xylem could improve root tolerance under toxic metal 

exposure, however, this would eventually lead to toxic accumulation in the shoot, if 

additional tolerance mechanisms would not be present there. Alternatively, it is conceivable 

that HMA2 or 4 are also expressed in tissues other than xylem parenchyma, albeit at lower 

levels, where they could serve to keep the cellular metal concentration at non-toxic levels 

through efflux across the plasmalemma into the cell walls (Verret et al., 2004; Mills et al., 

2005; Courbot et al., 2007).  

In contrast to the AM x PL crosses, the BL x BL intra-population cross did not reveal any 

genetic correlation between Cd tolerance and SvHMA2/4 expression. Our results clearly 
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show that the F2 of this cross accommodated heritable variation in both Cd tolerance and Zn 

tolerance, the Cd sensitive individuals being as Cd-sensitive as those from a non-

metallicolous population. Apparently, the Blankenrode mine population contains genetic 

information for non-tolerance to Cd and low tolerance to Zn. Such variation may be due to 

gene flow or to mutation. Anyway, the loss of Cd tolerance in the Cd-sensitive group of F2 

plants was not associated with any loss of SvHMA2/4 expression, suggesting that enhanced 

SvHMA2/4 expression may be not sufficient for Cd tolerance. An alternative explanation 

could be that the Cd non-tolerance in the BL x BL F2 family is due to a mutation in an 

upstream gene which is essential but not sufficient for Cd hypertolerance, If so, then 

SvHMA2/4 could still be conceived act as a Cd tolerance factor in the AM x PL crosses. 

Unfortunately, the decisive experiment, i.e. silencing of the gene in PL plants, can not be 

done, because we are as yet unable to transform S. vulgaris.  
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Chapter 8. 

 

Summary 

 
Heavy metals and metalloids are ubiquitous environmental contaminants in industrialized 

societies. Metalliferous mining and smelting are the main sources of soil metal 

contamination. High soil metal concentrations are toxic to plants and provoked evolution of 

metal hypertolerance in a number of plant species, usually called ‘metallophytes’. The 

physiological and molecular mechanisms responsible for metal hypertolerance are largely 

unknown. 

Silene paradoxa and Silene vulgaris are suitable species to study heavy metal tolerance, 

because they both represent a broad array of differently adapted local populations with or 

without specific high-level metal hypertolerances. Arsenate tolerance, As accumulation and 

As-induced phytochelatin accumulation were compared in populations of S. paradoxa, one 

from a moderately As-contaminated mine site (FC), the other from an uncontaminated site 

(CVD). Experiments were performed with plants grown at a luxurious phosphate supply (1 

mM). The mine population was significantly more arsenate-tolerant. Arsenate root-to-shoot 

transport was slightly but significantly higher in the non-mine plants. The difference in As 

uptake was insignificant and insufficient to explain the difference in tolerance between the 

populations. As accumulation in the roots was similar in both populations, but the mine 

plants accumulated much less phytochelatins than the non-mine plants. In another 

experiment, the arsenate tolerance test was repeated, with the same populations, but at a 

suboptimal phosphate supply (5 µM). Again, the rates of root PC accumulation were lower 

in FC plants, and the root arsenic accumulation rates were not different. However, the 

populations’ order of arsenate tolerance was reversed (FC > CVD at high phosphate, versus 

CVD > FC at low phosphate). It is argued that the higher PC accumulation in CVD, at both 

phosphate supply levels, resulted from a constitutively enhanced arsenate reductase (ASR) 

capacity in this population. In agreement with as yet unpublished results on Arabidopsis 

arsenate reductase-deficient asr mutants, we conclude that exogenously supplied arsenate is 

predominantly toxic as arsenite, after reduction in the root cells, under conditions of 

phosphate-sufficiency, but mainly as arsenate under phosphate-insufficiency, which 

explains the reversal of the tolerance phenotypes.  

Cd and Zn tolerance were examined in the same populations of S. paradoxa. The mine 

population exhibited extremely high Zn and Cd tolerance levels, in spite of the relatively 
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low degrees of Cd and Zn enrichment in the soil at the population site. Cd and Zn 

hypertolerance in FC were associated with reduced rates of accumulation of these metals, 

either both in roots and in shoots (Cd), or exclusively in shoots (Zn). However, exclusion 

potentially explained only a minor part of the superior tolerance in FC. Cd hypertolerance 

in FC was associated with decreased, rather than enhanced phytochelatin accumulation. 

Since this population was founded quite recently, most probably from a nearby population 

on serpentine soil, it is reasonable to assume that the Cd and Zn hypertolerances must have 

been evolved in situ. Therefore, in spite of the moderate degrees of Cd and Zn enrichment 

at the FC mine site, the Cd and Zn soil toxicity levels may be very high, probably because 

of the low soil pH, due to oxidation of sulphide minerals, and the absence of soil organic 

matter.  

Since divalent heavy metal cation effluxers of the 1b subfamily of P-type ATPases 

(HMAs) are possibly involved in hypertolerance to Cd or Zn in metallophytes, we 

sequenced a fragment of a cDNA from S. vulgaris, SvHMA2/4, which is most probably 

orthologous with AtHMA2 or AtHMA4, and analysed its expression in a non-metallicolous 

and two calamine populations of this species. SvHMA2/4 expression was significantly 

enhanced in the metallicolous populations, as compared to the non-metallicolous one. We 

also analysed the co-segregation of SvHMA2/4 expression with Cd tolerance and Zn 

tolerance in two segregating F2 crosses between non-metallicolous and metallicolous plants, 

as well as in an F2 family of a cross between two metallicolous plants from the same 

population (Blankenrode), which appeared to contain fully Cd-sensitive plants and a degree 

of variation in Zn tolerance. In the former crosses, SvHMA2/4 expression co-segregated 

significantly with Cd hypertolerance, but such a co-segregation was not found in the cross 

between the metallicolous plants, indicating a different genetic control of Cd tolerance in 

the latter cross. In all of the crosses there was no significant co-segregation of SvHMA2/4 

expression and Zn tolerance. The variation in Zn tolerance as well as the variation in Cd 

tolerance in the F2 family of the cross between the metallicolous plants from Blankenrode 

were both shown to be heritable and under independent genetic control.  
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Chapter 9. 

 

Samenvatting 

 
Zware metalen en metalloiden zijn alomtegenwoordig als contaminanten in 

geïndustrialiseerde samenlevingen. De contaminatie van bodems wordt vooral veroorzaakt 

door het mijnen en smelten van de betreffende metalen. Hoge metaalconcentraties in de 

bodem zijn giftig voor planten en hebben bij een aantal soorten geleid tot de evolutie van 

‘hypertoleranties’ voor de betreffende metalen. Deze soorten worden gewoonlijk 

‘metallofyten’ (= metaalplanten) genoemd. De fysiologische en moleculaire mechanismen 

die ten grondslag liggen aan deze hypertoleranties zijn grotendeels onbekend. 

 Silene paradoxa en Silene vulgaris zijn geschikte soorten om metaaltolerantie te 

bestuderen, omdat zij beiden een breed spectrum van verschillend aangepaste locale 

populaties vertegenwoordigen, met of zonder specifieke hypertoleranties voor zware 

metalen. In dit proefschrift, “Metaaltolerantie bij Silene paradoxa L. en Silene vulgaris 

(Moench) Garcke”, werden, om de aard van deze hypertolerantiemechanismen op te 

helderen, metallicole (= afkomstig van metaalrijke bodem) en niet-metallicole populaties 

van S. paradoxa en S. vulgaris vergeleken.  

 De tolerantie voor arsenaat, de arseenaccumulatie en de door arsenaat 

geïnduceerde accumulatie van fytochelatinen (= metaalbindende peptiden) werden 

vergeleken tussen twee populaties van S. paradoxa, de ene afkomstig van een met arseen 

gecontamineerde koperertsafvalhoop (FC), de andere van een niet gecontamineerde bodem 

(CVD). In een eerste experiment werden de planten gekweekt met een hoge 

fosfaatconcentratie (1 mM) in de voedingsoplossing. De mijnpopulatie bleek significant 

beter bestand tegen een hoge arsenaatbelasting (FC>CVD). De arseenaccumulatie in de 

wortel was nagenoeg gelijk bij beide populaties, maar de mijnpopulatie accumuleerde veel 

minder fytochelatinen. In een vervolgexperiment werden planten van dezelfde populaties 

bij een laag fosfaataanbod (5µM) gekweekt. Ook in dit experiment was de 

arseenaccumulatie in de wortels niet verschillend en de fytochelatinenaccumulatie in de 

mijnpopulatie was lager dan in de referentiepopulatie. Echter, in dit experiment bleek de 

arsenaattolerantie van de mijnpopulatie juist lager te zijn dan die van de referentiepopulatie 

(CVD>FC). De hogere accumulatie van fytochelatinen in de referentiepopulatie is 

vermoedelijk het resultaat van een hogere activiteit van het enzym arsenaatreductase 

(ASR). In overeenstemming met vooralsnog ongepubliceerde resultaten met 
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arsenaatreductase-deficiënte asr T-DNA knock-out mutanten van Arabidopsis thaliana, kon 

geconcludeerd worden dat bij een laag fosfaataanbod extern aangeboden arsenaat in de 

plant giftig is als arsenaat zelf, maar bij een hoog fosfaataanbod alleen als arseniet, dus pas 

na reductie door het enzym arsenaatreductase, hetgeen de omkering van de 

tolerantiefenotypen verklaart. 

 Bij dezelfde S. paradoxa populaties werden eveneens de toleranties voor cadmium 

(Cd) en zink (Zn) vergeleken. De mijnpopulatie (FC) vertoonde extreem verhoogde Cd en 

Zn toleranties ten opzichte van de referentiepopulatie (CVD), ondanks het feit dat de 

ertsafvalhoop slechts licht tot matig verhoogde concentraties van deze metalen vertoonde. 

De hypertoleranties voor Cd en Zn in de mijnpopulatie bleken geassocieerd te zijn met een 

verlaagde accumulatiesnelheid van deze metalen, zowel in de wortel als in de spruit (Cd), 

of alleen in spruit (Zn). Hoe dan ook, de sterk verhoogde tolerantie van de mijnpopulatie 

voor beide metalen kon kwantitatief bij lange na niet verklaard worden door deze 

verminderde accumulatie. De hypertolerantie voor Cd in de mijnpopulatie was geassocieerd 

met een verlaagde fytochelatinenaccumulatie, zoals eerder gevonden bij S. vulgaris. Omdat 

de mijnpopulatie tamelijk recent gevestigd is, waarschijnlijk uit pioniers afkomstig van een 

nabijgelegen populatie van serpentijnbodem met lage Cd en Zn concentraties, is het 

aannemelijk dat de hypertoleranties voor Cd en Zn ter plekke geëvolueerd zijn. Daarom 

mag aangenomen worden dat de giftigheid van Cd en Zn op de mijnafvalhoop, ondanks de 

matige concentraties in de bodem, aanzienlijk is, vermoedelijk vanwege de hoge zuurgraad 

van de bodemoplossing, en het vrijwel ontbreken van organisch materiaal. 

 Sommige ‘P-type ATPasen’ transporteren metaalionen via de plasmamembraan of 

het Golgi apparaat vanuit de cel naar buiten. De eiwitten behorend tot de 1b onderfamilie 

van de P-type ATPasen, met name HMA2 en HMA4, exporteren Zn en Cd vanuit de cel en 

worden daarom gezien als kandidaathypertolerantiegenen. Om deze reden werd bij S. 

vulgaris gezocht naar de ‘orthologen’ van de voor HMA2 en HMA4 coderende genen van 

A. thaliana. Een evenveel met AtHMA2 als AtHMA4 overeenkomend cDNA fragment van 

S. vulgaris, SvHMA2/4, werd gecloneerd en de expressie van dit gen werd vergeleken bij 

niet-metallicole en metallicole populaties van deze soort. De expressie bleek significant 

hoger te zijn in de metallicole populaties. Ook werd de co-segregatie geanalyseerd van Cd 

en Zn tolerantie met de expressie van het gen in het nageslacht van een kruising tussen een 

niet-metallicole en een metallicole plant, en tevens in het nageslacht van een kruising 

tussen twee metallicole planten met een verschillend niveau van Cd en Zn tolerantie. In de 

kruising tussen de metallicole en de niet metallicole plant werd een tamelijk strikte en 
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significante co-segregatie gevonden tussen cadmiumhypertolerantie en SvHMA2/4 

expressie, hetgeen suggereert dat verhoogde expressie van het SvHMA2/4 gen Cd 

hypertolerantie bewerkstelligt. Echter, in de kruising tussen de twee metallicole planten 

werd deze co-segregatie niet gevonden. In beide kruisingen was er geen co-segregatie van 

zinkhypertolerantie met SvHMA4 expressie. De hypertoleranties voor Cd en Zn bleken in 

beide kruisingen onafhankelijk van elkaar over te erven.  
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