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Metal contamination 

Some metals, such as copper (Cu), zinc (Zn), iron (Fe) etc., are essential 
nutrients required by plants, whereas others, such as lead (Pb), arsenic (As) and 
cadmium (Cd), among others, do not have known biological functions (Memon 
et al., 2001). Non-essential metals can be actively taken up by plants, due to 
incomplete ion selectivity of the trans-membrane transporters responsible for 
the uptake of essential elements and they can be toxic even at very low 
concentrations (Clemens, 2001). However, also essential metals can become 
toxic when present in excess. Lead (Pb) is the most common heavy metal 
contaminant in the environment. Sources of Pb contamination in soils can be 
classified into three broad categories: industrial activities such as mining and 
smelting processes, agricultural activities such as application of insecticides and 
municipal sewage sludge, as well as urban activities such as the use of leaded 
gasoline, paints, and other materials (Shen et al., 2002). 

 

Pb uptake, transport and localization 

Pb is available to plants from soil and aerosol sources. Pb uptake studies in 
plants have demonstrated that roots have an ability to take up significant 
quantities of Pb whilst simultaneously greatly restricting its translocation to 
above ground parts. Uptake of Pb in plants is regulated by pH, particle size 
distribution, cation exchange capacity and other physico-chemical parameters of 
the soil, as well as by root exudation (Sharma and Dubey, 2005). At the root 
surface Pb binds to the carboxylic groups of mucilage uronic acids, and the 
galacturonic acid residues of pectin in the outer cell walls. Pb transported from 
the soil to the root cells has to cross the root-cell plasma membrane (PM). One 
possible transport pathway of Pb across the PM appears to be through PM 
cation channels, such as Ca-channels (Huang and Cunningham, 1996; Liu et al., 
2009). In most, if not all plant species, the translocation of Pb from root to shoot 
is very limited (Kumar et al., 1995). The content of Pb in various plant organs 
tends to decrease in the following order: 
roots>leaves>stem>inflorescence>seeds. However this order can vary with 
plant species (Sharma and Dubey, 2005). Foliar Pb accumulation increases with 
leaf age (Godzik, 1993). Pb deposits of various sizes are present mainly in the 



11 

	  

intercellular spaces, cell walls and vacuoles (Wierzbicka and Antosiewicz, 
1993). 

Pb toxcicity 

The visual non-specific symptoms of Pb toxicity are rapid inhibition of root 
growth, stunted growth of the plant and chlorosis (Burton et al., 1984). After 
entering the cell, Pb inhibits activities of many enzymes, disturbes mineral 
nutrition and water balance, changes the hormonal status and affects membrane 
structure and permeability. These disorders upset normal physiological 
activities of the plant (Seregin and Ivanov, 2001). Pb may also decrease the rate 
and percentage of germination (Lerda, 1992). At the cellular level Pb inhibits 
the activities of enzymes containing sulphydryl (-SH) groups necessary for their 
activity (Van Assche and Clijsters, 1990). The activities of metalloenzymes may 
decline due to displacement of an essential metal by Pb from the enzymes’ 
active sites (Alloway, 1995). Pb decreases the photosynthetic rate by distorting 
chloroplast ultrastructure, diminishing chlorophyll synthesis, obstructing 
electron transport and inhibiting activities of Calvin cycle enzymes (Sharma and 
Dubey, 2005). At low concentrations Pb stimulates respiration and increases 
ATP content whereas higher concentrations are inhibitory to respiration and 
decrease ATP (Reese and Roberts, 1985). Pb causes nutritional imbalances of 
K, Ca, Mg, Mn, Zn, Cu and Fe within the tissues by physically blocking the 
access of these ions to the absorption sites of the roots (Godbold and Kettner, 
1991). A decline in transpiration rate and water content in tissues occurs in 
plants growing under Pb exposure (Sharma and Dubey, 2005). One of the 
phytotoxic effects of Pb appears to be induction of oxidative stress in growing 
plant parts due to enhanced production of reactive oxygen species (ROS) 
resulting in an unbalanced cellular redox status (Verma and Dubey, 2003). 

 

Lead tolerance 

Despite the adverse effects of toxic metal ions in most of the higher plants, 
certain plant species, called metallophytes, have evolved the capacity to grow 
and reproduce in environments contaminated with high concentrations of 
certain heavy metal ions (Antonovics et al., 1971; Baker, 1987). This ability is 
often called ‘metal tolerance’ or, more precisely, ‘metal hypertolerance’ 
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(Clemens, 2006). Metal hypertolerance usually is a constitutive and heritable 
trait (Macnair, 1993). Baker (1981) proposed two basic strategies by which 
higher plants can tolerate the large amounts of metals in their environment: (1) 
exclusion, whereby transport of metals is restricted, and low, relatively constant 
metal concentrations are maintained in the shoot over a wide range of soil 
concentrations, and (2) accumulation, whereby metals are accumulated in the 
upper plant parts at both high and low soil concentrations. 

 Mechanisms responsible for metal tolerance in higher plants can be based 
either on the ability to prevent excessive uptake of metal ions (avoidance), or 
the ability to cope with high amounts of heavy metals in tissues (tolerance sensu 
stricto) (Levitt, 1980; Baker, 1987). 

Avoidance can be achieved by immobilizing metals in the soil, for example 
through root exudates, changes in specific transporter activities in the plasma-
membrane of the root cells, active efflux from the roots, or storing the metals in 
the 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 plasma-membrane, or via 
the secretory pathway (Clemens, 2001). In general, combinations of all these 
mechanisms do contribute to metal tolerance. 

The Pb exclusion capacity of plants may be dependent on the capacity to 
immobilize Pb in the rhizosphere, e.g. through binding to carboxylic groups of 
mucilage uronic acids, external precipitation by oxalate exudation, etc. (Ye et 
al., 1997; Yang et al., 2000; Sharma and Dubey, 2005). Within the plant the 
major part of the Pb burden is found in the cell walls (Wierzbicka and 
Antosiewiez, 1993; Sharma and Dubey, 2005). A smaller part of the Pb burden 
is sequestered in the vacuole in the form of complexes. Plants exposed to Pb 
and certain other heavy metals like Cd, Zn and Cu synthesize metal binding 
cysteine-rich low molecular weight polypeptides, called phytochelatins, in the 
cytoplasm and transport the resulting metal-phytochelatin complexes into the 
vacuole (Cobbett, 2000). Several non-specific defense systems are also 
activated when plants are exposed to Pb. These include synthesis of osmolytes 
(like proline) and polyamines (putrescine), changes in the chemical composition 
of the cell wall (callose and suberin deposition), changes in hormonal balance 
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(primarily that of ethylene and ABA), and activation of the antioxidant defense 
system (Seregin and Ivanov, 2001; Sharma and Dubey, 2005). 

 

Metal hyperaccumulation in plants 

A relatively small number of metallophytes (about 500 species world-wide) 
accumulate metals at extra-ordinarily high concentrations in their shoots, rather 
than their roots (Baker, 1981; Baker and Brooks, 1989; Verbruggen et al., 
2009). Metal hyperaccumulating plants have been defined as plants that 
accumulate more than 1% Zn or Mn, 0.1% Ni, Cu, Co and Pb, or 0.01% Cd in 
their above ground parts (on a dry weight basis) when growing on their native 
soils (Baker and Brooks, 1989). These concentrations are lethal to normal plants 
(Marschner, 1995). Metal hyperaccumulators are found in a large number of 
plant families, but are particularly represented among the Brassicaceae family 
(Verbruggen et al., 2009; Krämer, 2010). The great majority of them are 
confined to Ni-enriched serpentine soil and hyperaccumulate Ni. A much 
smaller number of species hyperaccumulate other metals or metalloids, such as 
Mn, Zn, Cd, Pb, Co, or As (Verbruggen et al., 2009). Among them are a 
number of facultative metallophytes, including the model species Arabidopsis 
halleri and Noccaea caerulescens, both of which hyperaccumulate Zn, 
occasionally even from non-metalliferous soil (Reeves et al., 2001; Assunção et 
al., 2003b) and, though much less consistently, Cd, or in case of N. 
caerulescens, Ni or Pb. While Zn hyperaccumulation capacity is a species-wide 
property in both, although there is heritable variation in degree (Macnair, 2002; 
Assunção et al., 2003b,c; Deniau et al., 2006), the capacities to 
hyperaccumulate Cd or Ni seem to be rather population-specific (Reeves et al., 
2001; Assunção et al., 2003b). In A. halleri, but possibly also in N. 
caerulescens, Zn hypertolerance is to a certain degree a species-wide trait, at 
least in comparison with non-metallophytes or non-hyperaccumulating 
facultative metallophytes, although metallicolous populations are, on average, 
more Zn-tolerant than non-metallicolous ones (Assunção et al., 2003b; Pauwels 
et al., 2006). In N. caerulescens, this may also apply to Ni hypertolerance, but 
certainly not for Cd hypertolerance, which is clearly confined to metallicolous 
populations (Assunção et al., 2003b). To date 14 hyperaccumulators of Pb 
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belonging to 7 different families have been reported (Verbruggen et al., 2009; 
Krämer, 2010). 

Hyperaccumulation of lead is particularly rare, due to the low solubility of most 
lead compounds, and the ready precipitation of lead by sulfate and phosphate 
within the root system (Rotkittikun et al., 2006). The degree of inter-specific 
and intra-specific variation in Pb tolerance and foliar Pb accumulation capacity 
among heavy metal hyperaccumulators has barely been explored to date. 
Evidence of Pb hyperaccumulation is largely based on analysis of samples 
collected from the field, which may have been prone to air-born contamination 
(Faucon et al., 2007). Experimental studies under controlled conditions are 
scarce and unambiguous evidence in favor of Pb hyperaccumulation has not 
been obtained thus far (e.g., Baker et al., 1994; Van der Ent et al., 2013). 
Regarding the question of why hyperaccumulators accumulate metals to 
concentrations that are toxic to most organisms, the different non-mutually 
exclusive hypotheses in literature are: tolerance or disposal of metal from the 
plant, protection against herbivores or pathogens, inadvertent uptake, drought 
resistance, and allelopathy (Boyd and Martens, 1992). The hypothesis of 
protection against herbivores and pathogens is by far the most popular one 
(Boyd and Martens, 1994; Ghaderian et al., 2000; Davis et al., 2001; 
Verbruggen et al., 2009). Heavy metal hyperaccumulation is not common 
among terrestrial higher plants. The metal hyperaccumulators identified thus far 
account for less than 0.2% of all angiosperms (Baker et al., 2000). Nevertheless, 
the phenomenon has attracted much attention for several reasons. First, there is 
an increasing interest in the exploitation of hyperaccumulating plants for 
phytoextraction and phytomining purposes. Second, it is a scientifically 
appealing phenomenon, raising a variety of fundamental questions with regard 
to plant metal homeostasis and trophic ecological interaction. For these reasons, 
heavy metal hyperaccumulation in plants is an ever growing and exciting field 
of research (Assunção et al., 2003a). 

 

Phytoremediation 

During recent years the concept of using plants to remediate heavy metal 
contaminated sites (phytoremediation) has received greater attention (Jarvis and 
Leung, 2002). Phytoextraction is the use of metal-accumulating plants that can 
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transport and concentrate metals from the soil to the roots and aboveground 
shoots. As pointed out in the review by Salt et al. (1998), there are, at present, 
two strategies of phytoextraction: (i) continuous phytoextraction, which 
depends on the natural ability of some plants to accumulate, translocate and 
resist high amounts of metals over the complete growth cycle (e.g., 
hyperaccumulators), and (ii) chemically/chelate-enhanced, -assisted, or -
induced phytoextraction, based on the application of chelating agents to the soil 
to enhance metal uptake by plants (Alkorta et al., 2004). A chelate is a chemical 
compound composed of a metal ion and chelating agent.  

Chelating soil additives that form water-soluble metal complexes can readily 
desorb metals from the soil matrix, thus enhancing their concentrations in the 
soil solution, which in turn increases their mobility (Schmidt, 2003). In cases 
where diffusion or convection to the root surface is limiting the metal’s uptake 
into the root, such additives are expected to enhance the metal accumulation in 
the plant body, provided that chelate splitting at the root surface occurs readily, 
or that the metal can (also) effectively be taken up in the chelated form. In the 
latter case, chelating agents can also be expected to enhance plant metal 
accumulation when a metal’s uptake is limited by its concentration in the soil 
solution, rather than by its transport from the bulk soil to the root surface. 
Chelating agents, such as organic acids, amino acids and synthetic chelators, as 
well as biosurfactants have been previously studied for their potential to 
enhance metal accumulation in plants.  

So far, most studies on chelate-induced phytoextraction have focused on Pb 
phytoextraction by means of using EDTA (ethylene diamine tetraacetic acid) 
(McGrath et al., 2002). But due to its low liability to biological degradation and, 
therefore, high environmental persistence, which may lead to secondary 
contamination (Tandy et al., 2006; Zhao et al., 2010), it is now considered 
unsuitable for field use. Recently, the utilization of easily biodegradable 
chelating agents, such as EDDS (ethylene diamine disuccinic acid) and citric 
acid has been proposed. EDDS is a biodegradable structural isomer of EDTA 
(Vandevivere et al., 2001; Tandy et al., 2006), which has been shown to 
enhance the uptake of heavy metals such as Cu, Cd, Pb, Zn and Ni in various 
plant species (Luo et al., 2006). Citric acid is a low molecular weight organic 
acid present at high concentrations in the vacuoles of photosynthetic plant 
tissues (Gunawardana et al., 2010). It is also exuded from plant roots into the 
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soil and, therefore, proposed as an alternative to synthetic chelators for use in 
chelator-assisted phytoextraction (Evangelou et al., 2006). 

 

Matthiola flavida 

Matthiola flavida Boiss is a perennial herb of the Brassicacea family. It is a 
densely tomentose, robust perennial hemicryptophyte found on dry rocky hills 
and sandy plains in Iran, Afghanistan, Pakistan, Kashmir, and Turcomenia 
(Sarwar, 2002). M. flavida is a novel facultative metallophyte from Iran, which 
seems to be capable of considerable foliar lead accumulation in nature, and thus 
potentially suitable for the phytoremediation of Pb contaminated soils. 

 

Outline of the thesis 

In chapter 2 Pb tolerance and Pb accumulation are compared among calamine 
and non-calamine populations of the non-hyperaccumulator metallophyte Silene 
vulgaris, and the (facultative) Pb hyperaccumulators Noccaea caerulescens and 
M. flavida growing in hydroponics. It is shown that 1) Pb hypertolerance is 
lacking in populations from calamine soil with high exchangeable soil Ca, 2) Ca 
counteracts Pb uptake and toxicity, but promotes root-to-shoot Pb transport in 
M. flavida, 3) In N. caerulescens Pb hyperaccumulation is population-specific, 
and Pb hypertolerance is not consistently associated with Pb 
hyperaccumulation, 4) Natural Pb hyperaccumulation in metallicolous M. 
flavida is not reproducible in hydroponics.  

In chapter 3 Pb, Zn and Cd accumulation from two calamine soils with different 
pH and calcium contents are compared among metallicolous (M) and non-
metallicolous (NM) populations of hyperaccumulator and non-
hyperaccumulator metallophytes. In addition, a calamine and a non-
metallicolous population of M. flavida are compared for Zn and Cd tolerance in 
hydroponics. It is shown that 1) Only the native M population of S. vulgaris, 
and no more than one out of four populations of N. caerulescens are able to 
grow in the low-pH/low-Ca soil, whereas both the N and NM populations of all 
the species survive and maintain normal growth in the high-pH/high-Ca soil, 
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except for a serpentine, Cd-hypersensitive N. caerulescens population, 2) N. 
caerulescens hyperaccumulates Zn from the low-pH/low-Ca soil, but not from 
the high-pH/high-Ca one, 3) M and NM M. flavida are equally tolerant for both 
Cd and Zn.  

In chapter 4 the possibilities for chelator-assisted Pb phytoextraction are 
explored, using the biodegradable chelators citrate and EDDS, and the Pb 
hyperaccumulator M. flavida. It is demonstrated that M. flavida has no regular 
uptake systems for undissociated Pb-citrate or Pb-EDDS complexes. At low Pb 
concentrations in the nutrient solution, complete chelation, either by citrate or 
EDDS, completely arrests Pb uptake. However, when Pb-EDDS is supplied at 
high concentration (>800 µM), M. flavida hyperaccumulates Pb, probably as 
Pb-EDDS, in its leaves. EDDS-assisted Pb hyperaccumulation is associated 
with heavy toxicity. Un-dissociated Pb-EDDS is toxic, albeit much less then 
free Pb, whereas free EDDS is non-toxic.  

In chapter 5 the results of all the chapters are discussed from an evolutionary 
viewpoint and perspectives for future research are developed.  
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Abstract 

Aims 

The aim of the present study was to compare lead accumulation and tolerance 
among heavy metal hyperaccumulating and non-hyperaccumulating 
metallophytes. 

Methods  

To this purpose, we compared Pb tolerance and accumulation in hydroponics 
among calamine and non-calamine populations of Silene vulgaris, Noccaea 
caerulescens, and Matthiola flavida. We established the effects of Ca on Pb 
tolerance and accumulation in M. flavida, and measured exchangeable soil Pb 
and Ca at two calamine sites. 

Results 

Results revealed that calamine populations of S. vulgaris and N. caerulescens 
were Pb hypertolerant, but the calamine M. flavida population was not. Pb 
hyperaccumulation capacity was exclusively found in one of the calamine N. 
caerulescens populations. 

Conclusions 

1) Pb hypertolerance is sometimes lacking in metallophyte populations from 
strongly Pb-enriched soil, probably due to a relatively high level of 
exchangeable soil Ca, 2) Ca effectively counteracts Pb uptake and Pb toxicity, 3) 
The tendency to hyperaccumulate Pb is a population-specific phenomenon in N. 
caerulescens, 4) Pb hypertolerance in N. caerulescens is not necessarily 
associated with a tendency to hyperaccumulate Pb, 5) apparent natural Pb 
hyperaccumulation in M. flavida is not reproducible in hydroponics, probably 
due to the absence of air-born contamination in laboratory experiments.  

Key words: Hyperaccumulation, tolerance, lead, metallophytes, calamine soils, 
multiple tolerance 
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Introduction 

Only a relatively small number of plant species, called metallophytes, are 
capable to survive and reproduce in strongly metal-enriched soils (Baker, 1987). 
This ability is often called ‘metal tolerance’ or, more precisely, ‘metal 
hypertolerance’, which denotes an enhanced level of metal tolerance that is 
normally not encountered among non-metallicolous plants (Clemens, 2006). 
Metal hypertolerance usually is a constitutive and heritable trait (Macnair, 
1993). In ‘facultative metallophytes’, i.e. species occurring on metalliferous as 
well as non-metalliferous soils, hypertolerance is usually confined to the 
metallicolous populations, and specific to the metals that are toxically enriched 
at the population sites (Antonovics et al., 1971; Schat et al., 1996), although 
some of the non-metallicolous populations may contain hypertolerant plants at 
low frequencies (Gartside and McNeilly, 1974). Metal hypertolerance can be 
achieved through different mechanisms, such as restricted uptake, detoxification 
through complexation or transformation, and intracellular compartmentalization 
(Clemens, 2001, 2006). Multiple metal hypertolerance is largely based on a 
combination of different, independently inherited metal-specific mechanisms 
(Schat and Vooijs, 1997; Jack et al., 2007), although cases of partial pleiotropic 
genetic control have been reported (Schat and Vooijs, 1997; Courbot et al., 
2007)  

The vast majority of metallophytes have adopted a so-called ‘shoot excluder 
strategy’ (Baker, 1981), in which metals are stored in the walls and vacuoles of 
root cells, thus being kept away from photosynthetically active shoot tissues 
(Hanikenne and Nouet, 2011). Excluder metallophytes may display a broad 
spectrum of population-specific hypertolerances, among others to Cu, Zn, Cd, 
Mn, Co, Ni, Pb, or As. On ‘calamine soils’, which are strongly enriched in Zn, 
Cd and Pb, excluder metallophyte populations are more or less consistently 
hypertolerant to Zn and Cd, but much less consistently so to Pb (Ernst, 1982). 
As suggested for Festuca ovina by Simon (1978) and Brown and Brinkmann 
(1992), this phenomenon might be attributable to variation in the exchangeable 
Pb to exchangeable Ca ratio in the soil.  

In contrast, a relatively small number of metallophytes (about 500 species 
world-wide) accumulate metals at extra-ordinarily high concentrations in their 
shoots, rather than their roots (Baker, 1981; Baker and Brooks, 1989; 
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Verbruggen et al., 2009). Metal hyperaccumulators are found in a large number 
of plant families, but are particularly represented among the Brassicaceae family 
(Verbruggen et al., 2009; Krämer, 2010). The great majority of them are 
confined to Ni-enriched serpentine soil and hyperaccumulate Ni. A much 
smaller number of species hyperaccumulate other metals or metalloids, such as 
Mn, Zn, Cd, Pb, Co, or As (Verbruggen et al., 2009). Among them are a number 
of facultative metallophytes, including the model species Arabidopsis halleri 
and Noccaea caerulescens, both of which hyperaccumulate Zn, occasionally 
even from non-metalliferous soil (Reeves et al., 2001; Assunção et al., 2003a) 
and, though much less consistently, Cd, or in case of N. caerulescens, Ni or Pb. 
While Zn hyperaccumulation capacity is a species-wide property in both, 
although there is heritable variation in degree (Macnair, 2002; Assunção et al., 
2003a,b, 2006; Deniau et al., 2006), the capacities to hyperaccumulate Cd or Ni 
seem to be rather population-specific (Reeves et al., 2001; Assunção et al., 
2003a). In A. halleri, but possibly also in N. caerulescens, Zn hypertolerance is 
to a certain degree a species-wide trait, at least in comparison with non-
metallophytes or non-hyperaccumulating facultative metallophytes, although 
metallicolous populations are, on average, more Zn-tolerant than non-
metallicolous ones (Assunção et al., 2003a; Pauwels et al., 2006). In N. 
caerulescens, this may also apply to Ni hypertolerance, but certainly not for Cd 
hypertolerance, which is clearly confined to metallicolous populations 
(Assunção et al., 2003a). The degree of inter-specific and intra-specific variation 
in Pb tolerance and foliar Pb accumulation capacity among hyperaccumulators 
has barely been explored to date. Evidence of Pb hyperaccumulation is largely 
based on analysis of samples collected from the field, which may have been 
prone to air-born contamination (Faucon et al., 2007). Experimental studies 
under controlled conditions are scarce and unambiguous evidence in favor of Pb 
hyperaccumulation has not been obtained thus far (e.g., Baker et al., 1994).   

In the present study we explored the inter- and intra-specific variation in Pb 
tolerance and Pb accumulation in metallicolous and non-metallicolous 
populations of the facultative non-hyperaccumulator metallophyte Silene 
vulgaris, the facultative hyperaccumulator metallophyte Noccaea caerulescens, 
and the newly discovered facultative metallophyte Matthiola flavida. M. flavida 
is a densely tomentose, robust perennial hemicryptophyte found on dry rocky 
hills and sandy plains in Iran, Afganistan, Pakistan, Kashmir, and Turcomenia 
(Sarwar, 2002). It has recently been found on a metalliferous soil, and it appears 
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to be a candidate Pb hyperaccumulator, with foliar Pb concentrations up to 7800 
µg g-1 in specimens collected from a Zn/Pb mine tailing in Iran (A. Mohtadi, 
unpublished results).  

Materials and methods 

Plant materials 

Plants were grown from bulk seed collections, derived from at least 25 plants. 
Seeds of Matthiola flavida Boiss were collected at the 70-yr old Irankouh Pb/Zn 
mining site (M), and at a nearby non-contaminated site at Mount Sofeh (NM), 
both in Central Iran (Ghaderian et al., 2007). Seeds of Silene vulgaris (Moench) 
Garcke were collected from a Zn/Pb smelter sinter deposit near Plombieres (M), 
Belgium, and at a non-contaminated site on the campus of the Vrije Universiteit, 
Amsterdam (NM). Seeds of Noccaea caerulescens J. and C. Presl were collected 
from a strongly Pb/Cd/Zn-enriched site near La Calamine (M1), Belgium, from 
a Zn/Pb mine tailing at Col du Mas de ľ Aire (M2), France, and from a 
serpentine hill, Monte Prinzera (M3), Italy, as well as from non-metalliferous 
soil at Lellingen (NM), Luxembourg. For site descriptions, see Ghaderian et al. 
(2007), Verkleij and Prast (1989), Assunção et al. (2003a), Reeves et al. (2001), 
Assunção et al. (2003a), respectively. The soil and plant metal contents at these 
sites, in so far available, have been compiled in Tables 1 and 2. 

Plant culture and experimental conditions 

Seeds were sown in 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, 2mM 
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-(N-
morpholino)ethanesulphonic 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 200 µE m-2 s-1, 14 h day-1; relative humidity 
75%). 
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Table 1. Acid extractable concentrations of Zn, Pb and Cd at the sites of seed collection (µg 
g-1 dry soil).  

nd: not determined                                    1) Non-metalliferous soil 

2) Ultramafic soil with 2466±356 µg g-1 Ni (Assunção et al., 2003a) 

3) Calamine soil 

 

Pb tolerance testing 

After 10 days of pre-culture, the plants were transferred to the test solution, 
which was composed as above, but with macronutrients supplied at 0.1- strength 
and micronutrients at full strength, but without NH4H2PO4 and Fe(Na)-EDTA, 
to avoid precipitation of Pb phosphate and Pb-EDTA complex formation, owing 
to displacement of Fe(III). Plants were exposed to a series of Pb (0, 1, 5, 25 µM 
Pb(NO3)2) concentrations (12 plants per population per concentration). Prior to 
exposure, roots were stained with active carbon powder to facilitate the 
measurement of root growth (Schat and Ten Bookum, 1992b). After 6 days of 
exposure, the length of the longest unstained root segment was measured. The 

Site Zn Pb Cd Reference 

Irankouh3 30967±11.603 13843±242 121±48 A. Mohtadi, unpublished  

Mount Sofeh1 nd nd nd - 

Plombieres3 27000±1830 17000±3201 157±29 Verkleij and Prast, 1989 

Amsterdam1 190±24 140±33 <0.1 Schat and Ten Bookum, 1992a 

La Calamine3 101563±14329 8998±2524 217±59 Assunção et al., 2003a 

Col du Mas de ľ Aire3 6694(nd) 1744(nd) 31(nd) Reeves et al., 2001 

Monte Prinzera2 56±11 10±4 <1 Assunção et al., 2003a 

Lellingen1 126±4 48±4 <1 Assunção et al., 2003a 
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plants were harvested for analysis after having grown in the test solution for 2 
weeks. 

 

Table 2. Concentrations of Zn, Pb and Cd in leaves at the sites of population origin (µg g-1 
DW). 

 nd : not determined                                  bd : below detection limit 

 

 

Pb concentration measurement 

Pb concentrations were determined in roots and shoots (4 replicate samples of 3 
pooled plants per population per concentration). Root material was carefully 
rinsed with Na2EDTA (20 mM) for 15 min to desorb Pb adsorbed to the root cell 
walls and then blotted with tissue paper. Pb was determined by digesting 20-50 
mg of oven-dried plant material in 2 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 10 ml with demineralised water. Pb was determined on a 
flame atomic absorption spectrophotometer (AAnalist 100, Perkin Elmer). 

Site Species Zn Pb Cd Reference 

Irankouh M. flavida 6181±3147 5558±3127 55±33 A. Mohtadi, unpublished  

Mount Sofeh M. flavida nd nd nd - 

Plombieres S. vulgaris 900±171 38±15 2.7±1.1 A. Mohtadi, unpublished 

Amsterdam S. vulgaris 42±8 3.5±0.4 bd A. Mohtadi, unpublished 

La Calamine N. caerulescens 15395±1813 686±147 84±14 Assunção et al., 2003a 

Col du Mas de ľ Aire N. caerulescens 10358±4613 553±408 1239±890 Reeves et al., 2001 

Monte Prinzera N. caerulescens 1194±24 9±2 7±1 Assunção et al., 2003a 

Lellingen N. caerulescens 4314±654 <1 45±6 Assunção et al., 2003a 
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Soil analysis 

Soil samples were taken at the Plombières and Irankouh sites (upper 20 cm, 
taken at a short distance from the plants under study). To determine 
exchangeable Pb, dried and sieved (2 mm grid) samples were shaken with 1-M 
ammonium acetate (pH 7) for 1 h (5 g in 50 ml), filtered, and analyzed for Pb 
and Ca, the latter after a 10-fold dilution with a 1% (w/w) La(NO3)3 solution, 
using AAS (see above). To measure soil pH, samples were shaken in 
demineralized water for half an hour (3 g in 9 ml), and the pH was measured 
immediately after sedimentation of the soil particles.  

 

Statistical analysis 

All the data were statistically analyzed using two-way model 1 ANOVA, with 
Pb exposure concentration and population as fixed factors. A posteriori 
comparison of individual means was performed using the minimum significant 
range (MSR) statistic (Sokal and Rohlf, 1981). When necessary, data were 
subjected to logarithmic transformation prior to analysis. The highest Pb 
exposure level was excluded from the statistical analysis of the root growth data, 
to prevent inhomogeneity of variances, except for S. vulgaris, where variances 
were not significantly inhomogeneous when the highest exposure was included.   

 

Results 

Effects of Pb on root growth 

In S. vulgaris, there was a highly significant difference in Pb tolerance (p<0.001, 
for the population x treatment interaction), as estimated from the root elongation 
rate, between the metallicolous population (M) and the non-metallicolous one 
(NM) (Fig.1a). In the metallicolous population root growth inhibition was only 
apparent at the 25-µM exposure level (p<0.001), in comparison with the 
unexposed control plants, whereas in the non-metallicolous population root 
growth inhibition was significant at all the Pb concentrations tested. 
Surprisingly, in M. flavida the only significant difference between the 
metallicolous and the non-metallicolous population was found in the control 
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treatment, whereas the populations exhibited identical root growth rates under 
Pb exposure, irrespective of the exposure level (Fig. 1b). In N. caerulescens, 
there was a significant population x treatment interaction (p<0.001), mainly due 
to a significant difference at the 1-µM Pb exposure level between, on the one 
hand, the two calamine populations (M1 and M2) and, on the other hand, the 
non-metallicolous population (p<0.001) (Fig. 1c). Surprisingly, the 
metallicolous N. caerulescens populations seemed to be less Pb-tolerant than 
non-metallicolous S. vulgaris.  

Pb accumulation 

In all the species, the root Pb concentrations consistently increased with 
increasing Pb exposure (Fig. 2). In S. vulgaris the root Pb concentration was 
slightly, but significantly lower in the metallicolous population than it was in the 
non-metallicolous one (p<0.001, for the overall population effect) (Fig. 2a). In 
M. flavida there was no significant difference between the populations (Fig. 2b). 
In case of N. caerulescens there was a significant population x Pb exposure 
interaction for the root Pb concentration (p<0.001), exclusively due to the 
aberrant behavior of the M2 and NM populations at the highest exposure level 
(Fig. 2c).  

In all the populations and species, the shoot Pb concentrations were always 
lower than the root Pb concentrations, and they did not consistently increase 
with the Pb exposure level (Fig. 3). In S. vulgaris the shoot Pb concentration 
increased with the 1 to 5-µM exposure step in both populations, but then 
decreased again in the non-metallicolous population, but sharply increased in the 
metallicolous one, with the 5 to 25-µM step (Fig. 3a). The latter difference was 
associated with a remarkable difference in the appearance of the leaves, i.e. 
heavily necrotic in NM, but not or barely necrotic in M. Both M. flavida 
populations showed the same pattern as the non-metallicolous S. vulgaris 
population, i.e. an increase with the 1-to-5-µM exposure step, followed by a 
decrease with the 5-to-25-µM step, associated with the occurrence of leaf 
necrosis at the 25-µM exposure level (Fig. 3b). In N. caerulescens the shoot Pb 
concentrations decreased with increasing Pb exposure, except in the M2 
population, which showed maximum foliar accumulation at the 5-µM exposure 
level (Fig. 3c). This population also showed by far the highest foliar Pb 
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concentrations. All the N. caerulescens populations showed a strong 
anthocyanin accumulation in the leaves at the 5 and 25-µM exposure levels.  

The shoot to root Pb concentration ratios were on average much lower in M. 
flavida then they were in S. vulgaris and N. caerulescens (Fig. 4). In all cases, 
the shoot to root Pb concentration ratio decreased sharply with increasing 
exposure level, except for the metallicolous population of S. vulgaris (Fig. 4a). 
The M2 population of N. caerulescens had a much higher shoot to root Pb 
concentration ratio than any of the other populations (p<0.001, at the 1- and 5-
µM Pb treatments). 

Soil analysis 

The exchangeable soil Pb concentration at the Plombières site was significantly 
higher than that at the Irankouh site, although both were extremely high and 
potentially phytotoxic. Exchangeable Ca and soil pH were much higher at the 
Irankouh site. The ratio of exchangeable Pb to exchangeable Ca differed, on 
average, by a factor of twenty-five (Table 3). 

 

Table 3. Means (±SE) of exchangeable Pb and Ca concentrations, and soil pH for the study 
sites. 

 

Site 
Pb 

(µgg-1) 

Ca 

(µgg-1) 
Pb/Ca pH 

Irankouh 1600±471 8236±880 0.19 7.1 

Plombieres 4650±567 1020±156 4.56 5.9 
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Fig. 1. Pb-imposed root growth inhibition in (a) two populations of S. vulgaris (M smelter 
population; NM non-metallicolous population) (b) two populations of M. flavida (M mine 
population; NM non-metallicolous population) (c) four populations of N. caerulescens (M1, 
M2, M3 metallicolous populations; NM non-metallicolous population) (mean ± SE) after 
exposure to increasing Pb concentrations (µM) for 6 days. 
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Fig. 2. Root Pb concentrations (µgg-1 d. w.) in (a) two populations of S. vulgaris (b) two 
populations of M. flavida (c) four populations of N. caerulescens (mean ± SE) after exposure 
to increasing Pb concentrations (µM) for 2 weeks. 
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Fig. 3. Shoot Pb concentrations (µgg-1 d. w.) in (a) two populations of S. vulgaris (b) two 
populations of M. flavida (c) four populations of N. caerulescens (mean ± SE) after exposure 
to increasing Pb concentrations (µM) for 2 weeks. 
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Fig. 4. Shoot/root concentration ratio in (a) two populations of S. vulgaris (b) twopopulations 
of M. flavida (c) four populations of N. caerulescens (mean ± SE) after exposure to 
increasing Pb concentrations (µM) for 2 weeks. 
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Pb/Ca interference 

To assess the effect of Ca on Pb tolerance, we compared the root growth 
response to Pb at different Ca concentrations in M. flavida from Irankouh (M). 
Two-fold and 8-fold increments of the Ca concentration in the test solution, 
relative to the 200-µM concentration in the standard one, greatly alleviated Pb 
toxicity in the 5-µM Pb treatment, but not in the 25-µM treatment (Fig. 5). On 
the other hand, a 100-µM Ca supply had a strongly sensitizing effect, relative to 
the 200-µM supply (compare Fig. 1b). The protective effect of Ca was 
associated with a strong inhibitory effect on Pb accumulation in the root, but not 
in the shoot (Fig. 6). 
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Fig. 5. Root length increment in M. flavida (M mine population) (mean ± SE) 
after exposure to different combinations of Pb and Ca concentrations (µM) for 6 
days. 
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Fig. 6. Root and shoot Pb concentrations (µgg-1 d. w.) in M. flavida (M mine population) 
(mean ± SE) after exposure to different combinations of Pb and Ca concentrations (µM) for 2 
weeks. 
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caerulescens showed, as estimated from the root growth test, significant 
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It is remarkable that also the serpentine N. caerulescens population (M3) seemed 
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normally found in a non-metalliferous soil (Table 1). This could be taken to 
suggest that this population’s Pb hypertolerance, just like some part of its Zn 
hypertolerance, could represent a case of ‘co-tolerance’, or ‘cross tolerance’, due 
to the presence of a constitutive high-level Ni tolerance mechanism (Assunção 
et al., 2003a). In case of the other metallicolous populations, as well as the S. 
vulgaris M population, it seems plausible that Pb hypertolerance has been 
evolved in situ (Jiminez-Ambriz et al., 2007; Meyer et al., 2010), probably in 
response to Pb toxicity itself (Schat et al., 1996; Schat and Vooijs, 1997), 
although the possibility of cross tolerance can not be ruled out with certainty, as 
long as the decisive genetic evidence is lacking. In any case, independent 
variation in Zn and Pb tolerance has been amply demonstrated in other species, 
which argues in favor of the existence of more or less Pb-specific hypertolerance 
mechanisms (Simon, 1978; Ernst, 1982; Brown and Brinkmann, 1992). 

On the other hand, there was no difference in the root growth rate between the 
M. flavida populations, except when under control conditions. Repeating the 
experiment with slightly older (bigger) plants yielded an identical response, 
including significant root growth inhibition at the 1-µM Pb treatment in both 
populations (A. Mohtadi, unpublished). This strongly suggests the absence of 
any micro-evolutionary adaptation to, specifically, the high soil Pb 
concentrations at the Irankouh mining site. Our results suggest that this is not 
due to a species-wide ‘constitutional’ hypertolerance, such as demonstrated for 
Typha latifolia (McNaught et al., 1974), since both M. flavida populations are in 
fact more Pb-sensitive than the non-metallicolous S. vulgaris population. Of 
course, we can not exclude bias owing to differential species x environment 
interactions, but it seems more likely that M. flavida, as a species, is not 
particularly Pb-tolerant, but instead, that the mine population under study here 
does not or barely suffer from Pb toxicity, in spite of the high total Pb 
concentration in the soil. Absence of Pb hypertolerance in populations from 
extremely Pb-enriched soils has previously been observed in other facultative 
metallophytes (e.g., Simon, 1978; Ernst, 1982; Brown and Brinkmann, 1992). 
The latter authors suggested that the toxicity of Pb is strongly dependent on the 
Pb/Ca ratio of the cation exchange complex of the soil. Our results are 
unambiguously in support of a dominant role for Ca in Pb toxicity. First, the 
exchangeable Pb to exchangeable Ca ratios were 0.19 for the Irankouh site and 
4.56 for the Plombières site, the latter corresponding almost exactly with the 
value for the same site given in Brown and Brinkmann (1992). These authors 
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found moderate Pb hypertolerance in the Festuca ovina population from 
Plombières, but no detectable hypertolerance at all in the population from 
Breinig, where the Pb/Ca was below unity. This is exactly what we found here 
for S. vulgaris and M. flavida, respectively. Moreover, our hydroponics 
experiment with M. flavida clearly showed that Ca effectively counteracts Pb 
toxicity, most probably through inhibiting the uptake and the accumulation of Pb 
in the root. 

Regarding the shoot Pb concentrations and the shoot to root Pb concentration 
ratio’s, the present study revealed a dramatic inter- and intra-specific variation. 
Hyperaccumulator-like foliar Pb concentrations (>1000 µg g-1 d. w.) were 
exclusively found in the metallicolous S. vulgaris population, and in the 
metallicolous N. caerulescens population from Col du Mas de l’Aire (M2). The 
S. vulgaris M population however, in fact behaves as a Pb excluder at the lower 
exposure levels, and it only surpasses the hyperaccumulation threshold under 
(sub-lethal) toxic exposure, which argues strongly against a hyperaccumulator 
phenotype (Baker, 1981). In addition, this population’s shoot to root Pb 
concentration ratio remained far below unity, and its foliar Pb concentration in 
nature is far below the hyperaccumulation threshold as well (Table 2). The 
results obtained with N. caerulescens suggest that only the M2 population has 
Pb hyperaccumulation capacity, in particular because it surpassed the 
hyperaccumulation threshold already at the non-toxic 1-µM exposure level. 
Moreover, it showed by far the highest shoot to root Pb concentration ratios in 
the present study. The extremely high foliar Pb accumulation at the 5-µM 
exposure level in this population, in comparison with M1, M3 and NM, was 
associated with a relatively low level of toxicity symptoms in the leaves, but 
remains puzzling. Based on the data in Table 2 it seems that a fraction of this 
population may be expected to exceed the 1000-µg g-1 foliar Pb 
hyperaccumulation criterion also in nature. However, the same may also hold 
for the La Calamine population (M2) (Table 2). In this respect, it is remarkable 
that also this population showed relatively high levels of foliar Pb accumulation 
and a relatively high shoot to root Pb concentration ratio, in comparison with 
M3 an NM. The latter populations did not show any apparent propensity for Pb 
hyperaccumnulation under the experimental conditions chosen, more or less in 
agreement with the British populations studied by Baker et al. (1994). Anyway, 
our results at least suggest that there may be some propensity for Pb 
hyperaccumulation in N. caerulescens, albeit exclusively in specific populations, 



41 

	  

just like Cd or Ni hyperaccumulation in this species (Assunção et al., 2003a). 
Our study also showed that such a propensity for Pb hyperaccumulation is not 
phenotypically correlated with Pb hypertolerance, suggesting that these 
properties are under independent genetic control, al least in part, such as 
previously demonstrated for Zn and Cd (Assunção et al., 2003b; Zha et al., 
2004). Finally, the metallicolous M. flavida population did not show any 
hyperaccumulator-like properties. Although it accumulated more Pb in its shoots 
then the non-metallicolous population did, the concentrations remained well 
below the hyperaccumulation threshold, particularly when under non-toxic 
exposure. Higher foliar concentrations were only obtained under sub-lethal toxic 
exposure. Moreover, the shoot to root concentration ratio was well below 0.1, 
which is incompatible with hyperaccumulation. Therefore, it seems likely that 
the high foliar concentrations that have been measured in specimens collected 
from the Irankouh mine (up to 7800 µg g-1 d. w. [A. Mohtadi, unpublished]), are 
in fact due to air-born contamination, the more so because the soil consists of an 
extremely fine clay, which easily forms dust clouds under dry conditions. 
Moreover, in contrast with S. vulgaris, which has trichomes only at the leaf 
edge, or N. caerulescens, which does not have any trichomes at all, M. flavida 
has a very dense, tomentose indumentum (Sarwar, 2002). The latter property has 
been associated with a very effective trapping of air-born Cu and Co in a 
number of African cuprophytes (Faucon et al., 2007).  

 

Conclusions 

This study showed that 1) Pb hypertolerance is sometimes lacking in 
metallophyte populations from strongly Pb-enriched soil, probably due to a 
relatively high level of exchangeable soil Ca, 2) Ca effectively counteracts Pb 
uptake and Pb toxicity, 3) The tendency to hyperaccumulate Pb is a population-
specific phenomenon in N. caerulescens, 4) Pb hypertolerance in N. 
caerulescens is not necessarily associated with a tendency to hyperaccumulate 
Pb, 5) apparent natural Pb hyperaccumulation in M. flavida is not reproducible 
in hydroponics, probably due to the absence of air-born contamination in 
laboratory experiments.  
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Abstract 

Aims and background. We previously compared metallicolous (M) and non-
metallicolous (NM) populations of Noccaea (=Thlaspi) caerulescens, Silene 
vulgaris, and Matthiola flavida for their abilities to tolerate and (hyper)-
accumulate lead (Pb) in hydroponics. In the present study we aimed 1) to check 
the hyperaccumulation and tolerance abilities of these populations in controlled 
experiments using metalliferous soils, 2) to test the M. flavida M population for 
Zn and Cd hypertolerance in hydroponics. 

Methods. Plants were grown in hydroponics and fertilized metalliferous 
substrates, collected from a Zn/Pb smelter sinter deposit near Plombières, 
Belgium (low pH, low Ca), and a tailing of the Irankouh Zn/Pb mine, Iran (high 
pH, high Ca). Metal tolerance was assessed from root growth inhibition in 
hydroponics, or mortality, stunting or chlorosis in the experiments with soil.  

Results. Metallicolous M. flavida did not show hypertolerance or 
hyperaccumulation of Cd or Zn in hydroponics. Only one of the N. caerulescens 
M populations and the native S. vulgaris M population were able to grow in 
Plombières soil, whereas the others stopped growing or died within 40 days. All 
the populations survived and maintained growth for 40 days in Irankouh soil. 
When grown in Irankouh soil, the M population of M. flavida hyperaccumulated 
Pb. N. caerulescens hyperaccumulated Zn from Plombières soil, but not from 
Irankouh soil. 

Conclusions. The M. flavida M population is non-Pb-hypertolerant. It 
hyperaccumulates Pb from Irankouh soil, but not from Pb-amended nutrient 
solution. N. caerulescens does not hyperaccumulate Zn from the calcareous 
Irankouh soil.  

Key words: Lead, zinc, cadmium, hyperaccumulation, Matthiola flavida, Silene 
vulgaris, Noccaea caerulescens. 

 

Introduction 

Lead (Pb) is a non-essential and toxic element for plants. Soil lead 
contamination is a widespread environmental problem. Sources of Pb 
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contamination in soils can be classified into three broad categories: industrial 
activities such as mining and smelting processes, agricultural activities such as 
application of insecticide and municipal sewage sludge, and urban activities 
such as the use of leaded gasoline, paints, and other materials (Shen et al. 2002). 
Pb contamination of soils can cause a variety of environmental problems, 
including loss of vegetation, ground water contamination, and Pb toxicity in 
plants, animals and humans (Body et al. 1991; Huang and Cunningham, 1996).  

Pb is available to plants from soil and aerosol sources. Pb uptake studies in 
plants have demonstrated that roots have an ability to take up significant 
quantities of Pb whilst simultaneously greatly restricting its translocation to 
above ground parts (Sharma and Dubey 2005). The visual non-specific 
symptoms of Pb toxicity are rapid inhibition of root growth, stunted growth of 
the plant and chlorosis (Burton et al. 1984). 

Despite the adverse effects of toxic metal ions in higher plants, certain plant 
species, called metallophytes, have evolved the capacity to grow and reproduce 
in environments contaminated with toxic concentrations of certain heavy metal 
ions (Antonovics et al. 1971; Baker 1987). This ability is often called ‘metal 
tolerance’, or more precisely, ‘metal hypertolerance’, because the levels of 
metal tolerance encountered among metallophytes are far in excess of the 
‘normal’ tolerance levels found among non-metallophytes (Clemens 2006). 
Metal hypertolerance is usually highly metal-specific, confined to the metals 
found at toxic concentrations in the soil at the site of population origin (Schat 
and Vooijs 1997). Some metallophytes are strictly confined to metalliferous 
soils, while others, often called ‘pseudo-metallophytes’ or ‘facultative 
metallophytes’, occur both on metalliferous and non-metalliferous soils. Metal 
hypertolerance in facultative metallophytes is usually confined to the 
metallicolous populations. In general, metal hypertolerance is physiologically 
constitutive  (i.e., non-inducible) and heritable, controlled by one or a few major 
genes (Macnair 1983; Schat and Ten Bookum 1992; Macnair 1993; Schat et al. 
1993, 1996; Courbot et al. 2007; Willems et al. 2007).  

Baker (1981) proposed two basic strategies by which higher plants cope with 
large amounts of metals in their environment: (1) exclusion, whereby the root-
to-shoot transport of metals is restricted, and low, relatively constant metal 
concentrations are maintained in the shoot over a wide range of soil 
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concentrations, and (2) accumulation, whereby metals are accumulated in the 
upper plant parts at both high and low soil concentrations. 

A relatively small number of metallophytes, called hyperaccumulators (about 
500 species world-wide), accumulate metals at extra-ordinarily high 
concentrations in their shoots, rather than their roots (Baker 1981; Baker and 
Brooks 1989; Verbruggen et al. 2009; Mohtadi et al. 2012). Metal 
hyperaccumulating plants have been defined as plants that accumulate more 
than 1% Zn or Mn, 0.1% Ni, Cu, Co and Pb, or 0.01% Cd in their above ground 
parts (on a dry weight basis) when growing on their native soils (Baker and 
Brooks 1989). These concentrations are lethal to normal plants (Marschner 
1995). Metal hyperaccumulators are found in a large number of plant families, 
but are particularly represented among the Brassicaceae (Verbruggen et al. 
2009; Krämer 2010). To date 14 potential hyperaccumulators of Pb belonging to 
7 different families have been reported (Verbruggen et al. 2009; Krämer 2010). 
Kumar et al. (1995) showed that plants of the Brassicaceae are relatively good 
accumulators of Pb, especially Brassica juncea. 

Hyperaccumulation of lead is expected to be rare, if existent at all, due to the 
low solubility of most lead compounds in the soil, and the precipitation of lead 
by sulfate and phosphate within the root system (Rotkittikun et al. 2006). 
Evidence of Pb hyperaccumulation is entirely based on analysis of samples 
collected from the field. However, all of these samples were collected from soils 
with extremely high Pb concentrations, and the associated shoot over soil 
bioconcentration factors, in so far they can be calculated, seem to be well below 
unity. This implicates that the apparent Pb hyperaccumulation phenotype of 
field-collected plant materials might in fact result from air-borne contamination 
(Faucon et al. 2007; Mohtadi et al. 2012), and that controlled experiments are 
always required to confirm apparent Pb hyperaccumulation in natural plant 
populations. Experimental studies on Pb hyperaccumulation under controlled 
conditions are scarce however (e.g., Baker et al. 1994), and unambiguous 
evidence in favor of the very existence of Pb hyperaccumulation has not been 
obtained thus far (van der Ent et al. 2012).  

In a previous study (Mohtadi et al. 2012) we compared Pb accumulation in a 
hydroponics system, between the non-hyperaccumulator metallophyte, 
Silene vulgaris (Moench.) Garcke (Caryophyllaceae), the zinc/cadmium 
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hyperaccumulator Noccaea caerulescens (J. & C. Presl.) F.K. Mey 
(Brassicaceae), and a new candidate Pb hyperaccumulator from Iran, 
Matthiola flavida Boiss. (Brassicaceae). This study suggested that there was 
some propensity to hyperaccumulate Pb from nutrient solutions in specific local 
populations of N. caerulescens from calamine soil, and that the 
hyperaccumulator-like foliar Pb concentrations of the Pb mine population of M. 
flavida in its natural environment could be due to air-borne contamination. 
However, a species’ capacity to accumulate metals from soil may be poorly 
predicted by its behavior in hydroponic systems, even when the metals are 
supplied at (low micro-molar) concentrations mimicking those in the soil 
solutions at metalliferous sites. This could particularly apply to many studies on 
Pb accumulation from hydroponics solutions, including ours, because of the use 
of a phosphate-free background solution, to prevent the precipitation of Pb from 
the solution. Omitting phosphate from the background solution may not only 
lead to higher levels of Pb solubility in the nutrient solution, but conceivably 
also to a lower retention of Pb in the root, due to a decreased precipitation 
within the root (see above). The safest way to experimentally confirm cases of 
potential metal hyperaccumulation, particularly for Pb, is to grow candidate 
populations from seed on their native substrates, though in the controlled 
environment of a greenhouse or climate room, to exclude the possibility of 
foliar accumulation through deposition of airborne contamination. Therefore in 
the present study we compared, between the same populations and species 
(Mohtadi et al. 2012), the abilities to grow and hyperaccumulate Pb, Zn and Cd 
in a controlled pot experiment, using two different metalliferous substrates 
collected at the native sites of two of the metallicolous populations under study, 
i.e., Pb/Zn mine waste from Irankouh (Iran) and Zn smelter waste from 
Plombières (Belgium).  

 

Materials and methods 

Plant materials and site descriptions 

The seed sources used have been described in Mohtadi et al. (2012), i.e., two 
populations of Silene vulgaris, a non-metallicolous (NM) one from Amsterdam 
(Netherlands), and a metallicolous (M) one from Plombières (Belgium), four 
populations of Noccaea caerulescens, two from Zn/Pb mine waste near La 
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Calamine (Belgium) (M1) and Col du Mas de l’Aire (France) (M2), one from 
the serpentine hill, Monte Prinzera (Italy) (M3), and one from non-metalliferous 
soil near Lellingen (Luxemburg) (NM), and two populations of Matthiola 
flavida, one from the Irankouh Pb/Zn mine (M), and one from a nearby non-
metalliferous site at Mount Sofeh (Iran) (NM). The soil metal compositions at 
these sites (Table 1), as well the foliar metal concentrations of the local 
populations studied here, are given in Mohtadi et al. (2012) and references 
therein. 

 

Plant culture and experimental conditions 

To compare the populations’ capacities for foliar accumulation of Pb, Cd and 
Zn, plants were grown in cylindrical polyethylene pots (diameter 8 cm; height 8 
cm), filled with non-sieved smelter waste from Plombières, or non-sieved mine 
waste from the Irankouh mine. Both substrates were collected in the vicinity of 
the plants under study, from the upper 20 cm layer. The waste from Plombières 
is a coarse-grained slag, and that of the Irankouh mine is composed of bigger 
rock particles in a matrix of finely grained clay. The metal compositions of 
these substrates are given in Mohtadi et al. (2012), the most important 
differences being that Plombières waste is slightly acid and relatively poor in 
calcium, whereas Irankouh waste is slightly alkaline and rich in calcium, 
associated with exchangeable Pb to exchangeable Ca ratios (w/w) of 4.6 and 
0.2, and pH (H2O) values of 5.9 and 7.1, respectively. The experiments with 
Plombières substrate were done in Amsterdam, in a growth chamber (20/15 °C 
day/night; light intensity 200 µE m-2 s-1, 14 h day-1; relative humidity 75%); 
those with the Irankouh substrate in Isfahan, in a greenhouse (25/20 °C 
day/night; light intensity 160 µE m-2 s-1, 14 h day-1; no humidity control). Seeds 
of all the populations were sown (± 20 per pot), and the pots were watered and 
covered with a glass plate until seedling emergence. About one week after 
emergence, the plants were thinned down to about 10 per pot, and the pots were 
watered once with a half-strength modified Hoagland’s nutrient solution, 100 
mL per pot (Mohtadi et al. 2012), and subsequently, when necessary, with 
demineralized water. After another 40 days, the above-ground plant parts were 
harvested, and analyzed for their Zn, Pb and Cd concentrations, according to the 
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procedures outlined in Mohtadi et al. (2012). Throughout the experiment the 
plants were qualitatively evaluated for vitality and growth performance. 

In order to determine whether the metallicolous M. flavida population from 
Irankouh has evolved metal hypertolerance compared to the non-metallicolous 
population from Mount Sofeh, both populations were tested for Zn and Cd 
tolerance, using a root growth test as described in Mohtadi et al. (2012). In 
short, 2-weeks old seedlings, germinated in garden compost were transferred to 
a hydroponics system consisting of 1-L pots filled with a modified half-strength 
Hoagland’s nutrient solution. After two weeks of growth, the plants were 
exposed to either Cd or Zn, in a nutrient solution background of the same 
composition as was used before exposure, and the root length increment was 
measured after one week, using the carbon staining method (Schat and Ten 
Bookum 1992). To check for Zn and Cd accumulation in hydroponics, the 
plants were harvested after two weeks of exposure, after desorbing the roots in 
ice-cold Pb(NO3)2 for 30 minutes. Throughout the experiment, the nutrient 
solution was replaced once per week by a fresh one. The experimental 
conditions were exactly as in Mohtadi et al. (2012). 

 

Plant analysis 

Prior to analysis, the plant samples from the soil experiment were first washed 
with tap water, and then rinsed with deionized water. All the plant samples were 
dried at 70°C for 48 h. Ground plant samples (50-100 mg) were digested and 
the Pb, Zn and Cd concentrations in the digests were measured using AAS, as 
described in Mohtadi et al (2012).  

 

Statistical analysis 

All the data were statistically analyzed using two-way model 1 ANOVA. A 
posteriori comparisons of individual means were performed using Tukey’s test. 
When necessary, data were subjected to logarithmic transformation prior to 
analysis. 
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Table 1. Acid extractable concentrations of Zn, Pb and Cd at the sites of seed collection (µg 
g-1 dry soil) (Mohtadi et al., 2012).  

1) Non-metalliferous soil                    2) Ultramafic soil 

3) Calamine soil 

 

Results 

Metal accumulation and growth performance in Plombières slag 

On the Plombières slag all the populations of all the species germinated well 
and developed normally up to the stage of cotyledon unfolding. Thereafter, all 
the plants from the NM S. vulgaris population became chlorotic, then necrotic, 
and died within two weeks. Those from the native M S. vulgaris population 
generally survived and maintained some growth, albeit stunted, until the end of 

Site Zn Pb Cd Reference 

Irankouh3 30967±11.603 13843±242 121±48 Mohtadi et al., 2012 

Mount Sofeh1 37±15 7±4 <1 A. Mohtadi, unpublished 

Plombieres3 27000±1830 17000±3201 157±29 Verkleij and Prast, 1989 

Amsterdam1 190±24 140±33 <0.1 Schat and Ten Bookum, 1992a 

La Calamine3 101563±14329 8998±2524 217±59 Assunção et al., 2003a 

Col du Mas de ľ Aire3 6694(nd) 1744(nd) 31(nd) Reeves et al., 2001 

Monte Prinzera2 56±11 10±4 <1 Assunção et al., 2003a 

Lellingen1 126±4 48±4 <1 Assunção et al., 2003a 
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the experiment. Many plants, however, showed necrotic spots on their oldest 
leaves. Plants from both of the M. flavida populations never developed non-
cotyledenous leaves, and died shortly after establishment. Of the N. 
caerulescens populations, only the mine population from South-France, M2, 
maintained growth and remained green until the end of the experiment. The 
plants from the other mine population, M1, generally formed two stunted and 
severely chlorotic leaves in the first weeks, after which there was no further 
growth. However, there was no considerably mortality. The same was observed 
in the NM population, although these plants usually developed no more than 
one extremely stunted chlorotic leaf. In the serpentine M3 population growth 
was completely arrested after cotyledon unfolding, although most of them 
survived until the end of the experiment. At harvest it appeared that these plants 
were almost rootless, or with maximum root lengths between 2 and 4 
millimeter, whereas all the other surviving populations had roots of 5 cm or 
longer. 

The foliar metal concentrations, in so far they could be established, are given in 
Table 2. In all the N. caerulescens populations analyzed, the foliar Zn 
concentrations were well above the hyperaccumulation threshold (10 000 µg g-

1), particularly in the population with the best growth performance, M2. The 
same population also showed the highest foliar concentrations of Pb and Cd, the 
latter also surpassing the hyperaccumulation threshold (100 µg g-1). As 
expected, S. vulgaris exhibited the lowest concentrations for all the metals, 
although they were surprisingly high for a supposed excluder metallophyte.  

 

Metal accumulation and growth performance in Irankouh mine waste  

In mine waste from Irankouh all the populations of the three species performed 
better than in the Plombières slag. All of them survived and maintained growth 
until the end of the experiment. However, the M population of S. vulgaris 
performed slightly better, in terms of growth rate, than the NM one, and the 
calamine N. caerulescens populations (M1, M2) performed better than the 
serpentine one (M3) (the non-metallicolous population was omitted from this 
experiment, due to poor germination). Remarkably, the NM population of 
M. flavida showed slightly better growth than the M one. Chlorosis was 
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exclusively apparent in the serpentine N. caerulescens population, and in both 
of the M. flavida populations. 

 

Table 2. Concentrations of Pb, Zn and Cd in shoots of S. vulgaris (M metallicolous 
population) and N. caerulescens (M1, M2 metallicolous populations; NM non-metallicolous 
population) grown in soil from Plombières for 40 days (µg g-1 dry weight, mean ± SE). 
Significantly different population means (p < 0.05) have been superscripted by different 
letters. 

 

Plant species Pb Zn Cd 

S. vulgaris (M) 204±20 a 3770±15 a 15±0.9 a 

N. caerulescens (M2) 610±84 b 
26200±1597 
c 115±9 c 

N. caerulescens (M1) 440±76 b 13600±545 b 42±4 b 

N. caerulescens (NM) 429±83 b 13400±565 b 31±0.7 b 

 

The foliar metal concentrations at the end of the experiment are given in Table 
3. Surprisingly, in all of the N. caerulescens populations the foliar Zn 
concentrations were far below the hyperaccumulation threshold, being lower by 
about one order of magnitude than in the experiment with the Plombières slag. 
The Pb and Cd concentrations, on the other hand, were comparable or even 
higher, but remained below the thresholds for hyperaccumulation, except for Cd 
in the M2 population, exactly as found in the experiment with Plombières slag. 
The same pattern, i.e. a strongly decreased foliar accumulation of Zn, but a 
comparable or higher accumulation of Pb and Cd, in comparison with the 
Plombieres slag experiment, was also found for the M S. vulgaris population. 
Surprisingly, apparent foliar Pb hyperaccumulation was exclusively found in the 
native M. flavida population from Irankouh, which also exhibited relatively high 
Zn and Cd concentrations, i.e. well within the range of the hyperaccumulator 
species, N. caerulescens. Also the NM M. flavida population exhibited foliar 
Pb, Zn and Cd accumulation rates that were comparable with those in 
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N. caerulescens, approaching the hyperaccumulation thresholds in case of Pb 
and Cd.  

 

Zinc and cadmium tolerance and accumulation in M. flavida in hydroponics 

The root growth test did not reveal considerable differences in Zn or Cd 
tolerance between the M and NM populations of M. flavida (Figs. 1, 2). 

 

Table 3. Concentrations of Pb, Zn and Cd in shoots of M. flavida (M mine population; NM 
non-metallicolous population), N. caerulescens (M1, M2, M3 metallicolous populations) and 
S. vulgaris (M metallicolous population; NM non-metallicolous population) grown in soil 
from Irankouh for 40 days (µg g-1 dry weight, mean ± SE). Significantly different population 
means (p < 0.05) have been superscripted by different letters. 

 

Plant species Pb Zn Cd 

M. flavida (M) 2174±934 c 2172±303 d 97±1.2 b 

M. flavida (NM) 719±550 b 1488±210 c 86±18 b 

N. caerulescens (M2) 746±28 b 2423±234 d 225±23 c 

N. caerulescens (M1) 509±140 b 1200±87 c 77±14 b 

N. caerulescens (M3) 480±60 b 3540±901 d 44±11 a 

S. vulgaris (M) 243±87 a 140±48 a 30±7 a 

S. vulgaris (NM) 452±2 b 406±62 b 46±9 a 
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Fig. 1. Zn-imposed root growth inhibition in two populations of M. flavida (M mine 
population; NM non-metallicolous population) (mean ± SE) after exposure to increasing Zn 
concentrations (µM) for 6 days. 

 

Fig. 2. Cd-imposed root growth inhibition in two populations of M. flavida (M mine 
population; NM non-metallicolous population) (mean ± SE) after exposure to increasing Cd 
concentrations (µM) for 6 days. 

 

The root and shoot Zn and Cd concentrations were also very similar in the N 
and M M. flavida populations (Figs. 3, 4). The shoot to root Zn and Cd 
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concentration ratios were unusually high, though never exceeding unity (Cd), or 
only at higher exposure levels (Zn). 

 

Discussion 

All the populations of the three species under study performed better in 
Irankouh waste than in Plombières slag. In addition, in Irankouh waste the non-
metallicolous populations of S. vulgaris and M. flavida performed only slightly 
less, or even better, in comparison with their conspecific metallicolous 
populations, respectively. Only the serpentine M3 population of N. caerulescens 
showed stunted growth and chlorosis in the Irankouh waste. This population is 
comparatively Zn-tolerant (Assunção et al. 2003) and more Pb-tolerant than the 
NM N. caerulescens population under study here (Mohtadi et al. 2012). Its poor 
performance in Irankouh waste, but probably also its inability to root in 
Plombières slag, might be attributable to its pronounced hypersensitivity to Cd 
(Assunção et al. 2003). For the other N. caerulescens populations, there was no 
evidence of any metal toxicity in the Irankouh waste. The strongly inhibited 
performance in the Plombières slag of M1 and, in particular, NM, in 
comparison with M2, might be attributable to either Pb, Zn or Cd toxicity, since 
for each of these metals M2 seems to be somewhat more tolerant than M1, 
which is in turn more tolerant to each of these metals than NM (Assunção et al. 
2003; Mohtadi et al. 2012; H. Schat, unpublished). Since metal tolerances are 
usually highly metal-specific and under independent genetic control (Schat et al. 
1996; Schat and Vooijs 1997; Jack et al. 2007), this could be taken to suggest 
that all these metals may be present at levels that are phytotoxic for M1, or 
particularly NM. Likewise, since the native M S. vulgaris population is much 
more tolerant to Zn, Cd and Pb than the NM one (Schat et al. 1996; Mohtadi et 
al. 2012), all of these metals may be present in the Plombières slag at levels that 
are phytotoxic for NM.  

It may seem surprising that the metallicolous S. vulgaris population suffered 
from toxicity, manifested as foliar malformations and spotted necrosis, even 
when growing in its native substrate. However, the same symptoms are also 
apparent at the natural site, suggesting that this population might have reached 
the limits of its adaptive potential. The latter also seems to apply to the local 
N. caerulescens population at the Plombières site, which is almost equally Pb-, 
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Cd and Zn-tolerant as the probably ancestral, nearby M1 population from La 
Calamine that we used in this study (H. Schat, unpublished). Also 
N. caerulescens displays serious toxicity symptoms at the Plombières site, 
where it is largely associated, just like S. vulgaris, with old tussocks of Festuca 
halleri or Agrostis capillaris, where they largely root in the superficial soil 
stratum, which is rich in organic matter (H. Schat, unpublished). Since we 
collected the soil from the bare patches between the grass tussocks, it is not 
surprising therefore that even the native populations suffered from heavy 
phytotoxicity in their native substrate. It is unclear whether the M. flavida 
populations suffer from metal toxicity when growing in Irankouh waste. 
Although the native population of the Irankouh mine site looks healthy (A. 
Mohtadi, personal communication), the plants were rather chlorotic when 
grown on their native soil in the greenhouse. The latter suggests either toxicity, 
or deficiency, particularly of Fe, because it was primarily manifested in the 
youngest leaves. In any case, in terms of chlorosis and growth, the M population 
did not perform better than the NM one, which suggests the absence of any 
micro-evolutionary adaptation to metal phytotoxicity. In agreement with this, 
there were no apparent differences in Pb tolerance between these populations 
(Mohtadi et al. 2012). In the present study, we also did not find significant 
differences in Zn or Cd tolerance. Moreover, for all these metals, both 
M. flavida populations appeared to be less tolerant then non-metallicolous S. 
vulgaris (Mohtadi et al. 2012; A. Mohtadi and H. Schat, unpublished), which 
further confirms the presumed low phytotoxicity of the Irankouh mine waste. 
However, it can not be completely excluded that M. flavida, as a species, might 
have a relatively high ‘constitutional’ level of tolerance to heavy metal 
phytotoxicity, since tolerance assessments through root elongation tests in 
hydroponics, although considered to be highly suitable for intra-specific 
comparisons, might not correctly reflect variation in tolerance between species, 
owing to potential species/environment interactions regarding growth in soil 
versus hydroponics (Baker 1987).  

The absence of any detectable metal hypertolerance in the native population of 
M. flavida, as well as the good performance of NM S. vulgaris in the Irankouh 
waste suggests that this waste is not only low in Pb toxicity, but also low in Zn 
and Cd toxicity, in spite of the high total concentrations of all of these metals, 
which are in fact close to those in the Plombières slag (Mohtadi et al. 2012). 
The low level of Pb toxicity of the Irankouh waste has been attributed to the 
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very low exchangeable Pb to exchangeable Ca ratio (Mohtadi et al. 2012), in 
line with earlier studies of Simon (1978) and Brown and Brinkmann (1992). It 
is not unlikely that the apparent low levels of Zn and Cd phytotoxicity can be 
similarly explained by a dominance of Ca over Zn or Cd in the exchangeable 
cation fraction, although direct evidence is lacking.  

 

 

Fig. 3. Shoot and root Zn concentration (µg g-1 d. w.) of two populations of M. flavida (M 
mine population; NM non-metallicolous population) (mean ± SE) after exposure to 
increasing Zn concentrations (µM) for 2 weeks. 
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Fig. 4. Shoot and root Cd concentration (µg g-1 d. w.) of two populations of M. flavida (M 
mine population; NM non-metallicolous population) (mean ± SE) after exposure to 
increasing Cd concentrations (µM) for 2 weeks. 

 

One of the most striking results of this study is the pronounced metal-specificity 
of the soil type effect on the foliar metal accumulation rates. In all the 
N. caerulescens populations and the M S. vulgaris population, the foliar 
accumulation of Zn from Irankouh waste was about 10-fold lower than that 
from Plombières slag, whereas the rates of Pb and Cd accumulation were 
similar and about two times higher, respectively. This suggests that the 
difference in phytotoxicity between the Irankouh and Plombières wastes is 
attributable to a difference in Zn availability, at least for the M S. vulgaris and 
the M1 N. caerulescens populations, but possibly not for the N. caerulescens 



62 

	  

M3 population (see above). In any case, it is noteworthy that N. caerulescens is 
apparently unable to hyperaccumulate Zn from the Irankouh substrate, whereas 
its capacity to (hyper-) accumulate Cd from the same substrate seems to be 
increased. The reasons for this remain elusive. 

Another striking phenomenon is the discrepancy between hydroponics and soil 
cultures regarding the foliar metal accumulation rates. For example, Pb 
hyperaccumulation has been observed in hydroponics under sub-toxic Pb 
exposure in the M2 N. caerulescens population (Mohtadi et al. 2012), but was 
neither apparent in the Irankouh waste, nor in the Plombières slag, although it 
accumulated more Pb than M1 and M3. Conversely, the metallicolous M. 
flavida population clearly hyperaccumulated Pb from its native soil, whereas it 
did not show any sign of Pb hyperaccumulation in hydroponics (Mohtahdi et al. 
2012). In addition, when grown in Irankouh mine waste, both the M and NM M. 
flavida populations accumulated Zn and Cd in their leaves to concentrations 
comparable with those in N. caerulescens, rather than those in S. vulgaris, 
suggesting that under natural conditions M. flavida may show 
hyperaccumulator-like rates of foliar Pb, Zn and Cd accumulation, at least when 
growing on metalliferous soil. In hydroponics, however, the species clearly does 
not hyperaccumulate Zn, Pb, or Cd, at least not within the rather short duration 
of the experiments. However, it tends to accumulate relatively high foliar 
concentrations of all of these metals, while showing relatively high shoot to root 
concentration ratios for Zn and Cd, albeit under conditions of toxic metal 
supply. Nevertheless, there seems to be an apparent discrepancy between the 
hydroponics results and those obtained with the Irankouh soil. It is possible that 
the metal to Ca ratio might play a role here, since it appeared in hydroponics 
that Ca, although it consistently counteracted the uptake and toxicity of Pb at Pb 
exposure levels of 1 and 5 µM, strongly stimulated the Pb root-to-shoot 
translocation at, specifically, the 5-µM exposure level (Mohtadi et al. 2012).  

In view of the present results obtained with soil, our hypothesis that the high 
foliar Pb concentration in the natural M. flavida population from Irankouh 
would be due to airborne contamination (Mohtadi et al. 2012) is most probably 
false, since airborne contamination can be excluded with certainty in the present 
experiments with soil. Of course, we cannot exclude that airborne 
contamination does contribute to the high foliar concentrations found in 
metallicolous M. flavida in nature (Mohtahdi et al. 2012), but the present study 
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clearly shows that airborne contamination is not required to exceed the 
hyperaccumulation threshold for Pb at least. Therefore, it seems that apparent 
cases of hyperaccumulation in nature should be experimentally confirmed, 
where necessary, exclusively by controlled experiments using the native soil of 
the population in question, in a setting where airborne contamination is 
prevented (Van der Ent et al. 2012). In conclusion, in sharp contrast with the 
results obtained in hydroponics, the present study revealed Pb 
hyperaccumulation in M. flavida, but not in N. caerulescens. It remains puzzling 
though, that metallicolous M. flavida, which seems to show real Pb 
hyperaccumulation in nature, does not show any Pb hypertolerance in 
hydroponics (Mohtadi et al. 2012).  
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Chapter 4 
 

The effect of EDDS and citrate on the uptake of lead 
in hydroponically grown Matthiola flavida 
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Abstract 

Root and shoot lead concentrations and the impact of chelating agents on these 
were investigated in two populations of the novel metallophyte Matthiola 
flavida. Plants were exposed in hydroponics to Pb(NO3)2, supplied alone, or in 
combination with citric acid, or EDDS. When supplied at concentrations 
expected to bind about 95% of the Pb in a solution containing 1-µM Pb (1000 
µM citrate or 3.1 µM EDDS, respectively), the root and shoot Pb concentrations 
were dramatically lowered, in comparison with a 1-µM free ionic Pb control 
exposure. A 1-mM EDDS + 1-µM Pb treatment decreased the plants’ Pb 
concentrations further, even to undetectable levels in one population. At 100 
µM Pb in a 1-mM EDDS-amended solution the Pb concentration increased 
strongly in shoots, but barely in roots, in comparison with the 1-µM Pb + 1-mM 
EDDS treatment, without causing toxicity symptoms. Further increments of the 
Pb concentration in the 1-mM EDDS-amended solution, i.e. to 800 and 990 µM, 
caused Pb hyperaccumulation, both in roots and in shoots, associated with a 
complete arrest of root growth and foliar necrosis. M. flavida seemed to be 
devoid of constitutive mechanisms for uptake of Pb-citrate or Pb-EDDS 
complexes. Hyperaccumulation of Pb-EDDS occurred only at high exposure 
levels. Pb-EDDS was toxic, but is much less so than free Pb. Free EDDS did not 
seem to be toxic at the concentrations tested. 

 

Key words: citric acid; EDDS; hydroponics; lead; Matthiola flavida.  

 

1. Introduction 

Heavy metal contamination of soils is a widespread global problem. The 
cleaning-up of metal contaminated land by traditional physico-chemical 
methods can be very costly and, moreover, destructive to the soil. 
Phytoextraction has been proposed as an environmentally friendly in situ 
remediation technology for soils contaminated with heavy metals (Salt et al., 
1998; Zhao et al., 2010). Synthetic chelators have been used to supply plants 
with micronutrients in both soil culture and hydroponic culture for more than 50 
years (Evangelou et al. 2007). Chelator application has been proposed to 
improve the efficiency of phytoextraction (Lasat, 2002). Chelating soil additives 
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that form water-soluble metal complexes can readily desorb metals from the soil 
matrix, thus enhancing their concentrations in the soil solution, which in turn 
increases their mobility (Schmidt, 2003). In cases where diffusion or convection 
to the root surface is limiting the metal’s uptake into the root, such additives are 
expected to enhance the metal accumulation in the plant body, provided that 
chelate splitting at the root surface occurs readily, or that the metal can (also) 
effectively be taken up in the chelated form. In the latter case, chelating agents 
can also be expected to enhance plant metal accumulation when a metal’s 
uptake is limited by its concentration in the soil solution, rather than by its 
transport from the bulk soil to the root surface. Chelating agents, such as 
organic acids, amino acids and synthetic chelators, as well as biosurfactants, 
have been previously studied for their potential to enhance metal accumulation 
in plants. It is beyond doubt that chelators can enhance the accumulation of 
particular heavy metals, in plants growing in soil, but also in hydroponics, 
which would imply that metals can be taken up as undissociated chelates, rather 
than as free ions, after chelate splitting at the root surface prior to uptake 
(Gunawardana et al., 2010). The mechanisms underlying the apparent uptake of 
metal chelates are elusive. At least some (natural) metal chelates can be 
transported across biological membranes. However, there is no evidence of the 
existence of a transporter that could mediate the transport of carboxylic or 
synthetic amino-carboxylic chelates across the plasma membrane of root cells. 
Alternatively, it has been proposed that metal chelates would be taken up via the 
apoplastic pathway, and pass through the endodermis via the cracks created by 
the lateral outgrowth of root primordia (Luo et al., 2006; Tandy et al., 2006). It 
has also been proposed that chelating agents, when applied at high dose, may 
kill transfer cells, which creates another apoplastic pathway for metal chelate 
entry into the vasculature (Niu et al., 2011).  

The metal-chelating aminopolycarboxylic acid, ethylene diamine tetraacetate 
(EDTA), has been the most frequently used agent to enhance plant 
accumulation of heavy metals (Kos and Lestan, 2003; Meers et al., 2005). 
However, due to its high resistance to biological degradation and, therefore, 
high environmental persistence, which may lead to secondary contamination 
and enhance the risk of leaching of metals to the groundwater (Tandy et al., 
2006; Zhao et al., 2010), it is now considered unsuitable for field use. For this 
reason, the present study has focused on a synthetic, but biodegradable chelator, 
EDDS, and a natural one, citric acid. 
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(S,S)-N,N'-ethylenediamine disuccinic acid (EDDS) is a biodegradable 
structural isomer of EDTA (Vandevivere et al., 2001; Tandy et al., 2006), which 
has been shown to enhance the uptake of heavy metals such as Cu, Cd, Pb, Zn 
and Ni in various plant species (Luo et al., 2006). Citric acid is a low molecular 
weight organic acid present at high concentrations in the vacuoles of 
photosynthetic plant tissues (Gunawardana et al., 2010). It is also exuded from 
plant roots into the soil and, therefore, has been proposed as an alternative to 
synthetic chelators for use in chelator-assisted phytoextraction (Evangelou et 
al., 2006). 

Matthiola flavida is a perennial herb of the Brassicaceae family. It is a novel 
facultative metallophyte from Iran, which seems to be capable of considerable 
foliar lead accumulation in nature (A. Mohtadi, unpublished results), and also 
has ability to grow and hyperaccumulate lead in controlled pot experiment 
(Mohtadi et al., 2012b), and thus potentially suitable for the phytoremediation 
of Pb-contaminated soils. 

The primary aim of this work is to assess and explain the effects of EDDS and 
citrate acid on the uptake of lead in hydroponically grown Matthiola flavida. A 
second aim is to compare the Pb accumulation capacities of plants from a 
metallicolous population and a nearby non-metallicolous one in a controlled 
experiment.  

 

2. Materials and methods 

2.1. Plant materials and experimental conditions 

Seeds of Matthiola flavida Boiss were collected at the Irankouh mining site and 
at a non-contaminated site at Mount Sofeh, both in Central Iran. The soil at the 
Irankouh mining site contains Pb at concentrations ranging from 4200 to 12000 
ppm, as measured after nitric and perchloric acid extraction (Ghaderian et al., 
2007). 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, 2mM Ca(NO3)2, 1 mM NH4H2PO4, 0.50 mM 
MgSO4, 20µM 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 demineralized water, 



71 

	  

buffered with 2 mM 2-(N-morpholino)ethanesulphonic 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 200 µE m-2 s-1, 
14 h day-1; relative humidity 75%). 

 

2.2. Experimental design 

After 10 days of pre-culture, the plants were transferred to the test solution, 
which was composed as above, but with macronutrients supplied at 0.1-strength 
and micronutrients at full strength, and without NH4H2PO4 and Fe(Na)-EDTA, 
to avoid precipitation of Pb phosphate and complexation of Pb with EDTA, 
owing to displacement of Fe(III). In the first experiment 1µM of Pb was added 
without chelating agents, as well as in combination with citrate (100, or 1000 
µM, as C6H5Na3O7) and EDDS (3.1, or 1000 µM, as C10H13N2Na3O8). Each 
treatment had four replicate pots with three plants each. These treatments were 
maintained for 1 week. In a second experiment, we also tested 100 µM, 800 µM 
and 990 µM Pb(NO3)2, in combination with 1000 µM EDDS. In both 
experiments root growth was measured by staining the roots with carbon 
powder at the start of the exposure, as described in Schat and Ten Bookum 
(1992). After one week the increase in root length was measured and the plants 
were harvested for analysis. Prior to harvest the roots were desorbed through 
rinsing with Na2EDTA (20 mM) for 15 min. 

 

2.3. Determination of Pb concentration 

Pb concentrations were determined in shoots and desorbed roots (4 replicate 
samples of 3 pooled plants per population per concentration). Pb 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 demineralized 
water. Pb was determined on a flame atomic absorption spectrophotometer 
(AAS, Perkin Elmer 100).  
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2.4. Statistical analysis 

All the data were statistically analyzed using two-way model 1 ANOVA, with 
treatment and population as main factors. A posteriori comparisons of 
individual means were performed using Tukey’s test. In case of inhomogeneity 
of variances, data were subjected to logarithmic transformation prior to analysis. 

 

3. Results 

After one week of exposure to 1 µM free Pb, the shoot and root Pb 
concentrations were roughly the same in both populations, i.e. ±100 and ±3000 
µg g-1 d. w (Fig. 1). Addition of 1000 µM citrate or 3.1 µM EDDS to the 1-µM 
Pb(NO3)2-amended nutrient solution dramatically decreased the accumulation of 
Pb in roots (p<0.001 in Tukey’s), to a comparable degree in both populations 
(p>0.05 for population x treatment interaction in ANOVA), in comparison with 
the 1-µM free Pb control and the 100-µM citric acid treatment, the latter being 
without a significant effect (Fig. 1). The Pb concentrations in shoots were 
comparably decreased in the 3.1-µM EDDS treatment, or even more so in the 
1000-µM citrate treatment (p<0.001), again to a comparable degree in both 
populations (p>0.05 for population x treatment interaction) (Fig. 1).  

Adding EDDS at a 1-mM concentration caused a further decrease of the plant 
Pb concentration, particularly in the root. In the Sofeh population, the shoot to 
root Pb concentration ratio increased from 0.03 in the EDDS-free control to 
0.12 and 0.40 in the 3.1- and 1000-µM EDDS treatments, respectively (Table 
1). 

In the Irankouh population the root and shoot Pb concentrations in the 1000-µM 
EDDS treatment even fell below the detection limit of the method. Both the 3.1- 
(data not shown) and 1000-µM EDDS treatments (Table 2) were without 
significant effects on root growth and did not cause any other apparent toxicity 
symptoms. The 1-µM free Pb control, on the other hand, significantly inhibited 
root growth, but was without effects on shoot biomass (Table 2). 

When supplying Pb at 100 µM, in combination with 1 mM EDDS, the Pb 
concentrations in shoots were higher than in the 1-µM free Pb controls, but 
those in roots were lower by more than one order of magnitude, leading to shoot 
to root Pb concentration ratios around 5 (Tables 1, 3). Further increments of the 
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Pb concentration in the nutrient solution caused Pb hyperaccumulation, both in 
shoots and in roots, and progressively decreased the shoot to root concentration 
ratios again, to 1.0 and 0.3 at 800 and 990 µM, respectively (Tables 1, 3). The 
100-µM Pb treatment was without apparent toxic effects (Table 2), but the 800- 
and 990-µM treatments, however, almost completely arrested root growth and 
caused heavy foliar necrosis and a partial die-back of the shoot (Table 2).  

 

4. Discussion and conclusions 

Our results obtained both with EDDS and citrate addition demonstrated that M. 
flavida barely or not took up Pb from chelator-amended solutions, when 
virtually all of the Pb is chelated, and the Pb-chelator complex concentration is 
low (1 µM). However, at high Pb concentrations in the nutrient solution (≥ 100 
µM), there was considerable Pb accumulation, or even hyperaccumulation, from 
EDDS-amended solutions in which virtually all the Pb is chelated. These results 
show that M. flavida can accumulate Pb from EDDS-amended nutrient 
solutions. The uptake, translocation and toxicological kinetics of Pb 
accumulated from EDDS-amended solutions, however, were very different from 
those in non-amended ones. Taken together, our results clearly suggest that Pb 
was taken up as Pb-EDDS complex. The uptake of this complex is apparently a 
low-affinity phenomenon. Even when supplied at 100 µM, the uptake of the 
complex was, assuming a 4:1 shoot to root dry weight ratio, still lower than half 
of that of free Pb supplied at 1 µM. On the other hand, the root-to-shoot 
translocation of the complex was by far superior to that of Pb supplied in the 
free ionic form, i.e. a shoot to root concentration ratio of about 5 at 100 µM Pb 
+ 1 mM EDDS, in comparison with 0.03 at 1 µM Pb without EDDS, leading to 
higher foliar Pb concentrations in the 1-mM EDDS treatment. Further increases 
of the Pb supply, in the presence of EDDS, even led to Pb hyperaccumulation in 
the leaves, but considerably decreased the translocation factor again. We were 
unable to assess whether Pb can also be hyperaccumulated from citrate-
amended solutions, since solutions with more than 1 mM citrate acidified 
quickly owing to microbial infestation. 

The mechanism of Pb-EDDS hyperaccumulation remains elusive. In any case, 
complete chelation of Pb with either citrate or EDDS seemed to decrease Pb 
uptake in the Irankouh population, as well as in a number of the plants from 
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Sofeh, to undetectable levels, when the concentration of the complex was low. 
This may be taken to suggest that vital M. flavida roots are virtually devoid of 
constitutive systems to take up Pb in complexed form, regardless of whether the 
chelator is natural or synthetic, suggesting that Pb-complex uptake may be 
triggered by one or another toxic lesion in the roots, either owing to the 
complex, or to the chelator itself. At high concentrations, whether under 
hydroponic culture or in soil, passage cells—physiological barriers that control 
ion absorption—are injured or killed, and offer additional channels of entry to 
the root xylem for the complex and transfer to shoot (Gunawardana et al., 2010; 
Niu et al., 2011). In our experiment it seems that the complex itself was much 
more toxic than the free chelator, because toxicity was not apparent at lower Pb 
concentrations (1 and 100 µM) combined with 1000 µM EDDS. In addition, Pb 
accumulation was higher at 990 µM Pb than at 800 µM Pb, which suggests that 
free EDDS is not necessary, at least not at high concentrations, for Pb-EDDS 
hyperaccumulation. So it may be the complex itself that induces its own 
hyperaccumulation, as soon as some critical exposure threshold has been 
exceeded. Given our observation that there was no apparent toxicity in the 100 
µM Pb + 1000 µM EDDS treatment, it seems that there could be a non-toxic 
concentration range of Pb-EDDS exposure, where the Pb-EDDS accumulation 
in the leaves exceeds that of free Pb. However, the exposure time was only one 
week and toxic lesions could still develop in a longer-term experiment. 
Moreover, under these circumstances the complex did not accumulate in the 
root, which could have prevented root growth inhibition. 

We did not find considerable differences in Pb accumulation between the two 
populations. This is not in agreement with a previous experiment, in which the 
foliar Pb accumulation, under exposure to free Pb, was about two times higher 
in the metallicolous population, in comparison with the non-metallicolous one 
(Mohtadi et al., 2012a). We do not know how to explain this discrepancy, but it 
is possible that the difference in exposure time, i.e. one week in this, and two 
weeks in the previous experiment, might have played a role. In any case, in the 
present experiment we did not observe considerable inter-population 
differences, irrespective of the Pb speciation in the nutrient solution. 

In conclusion, (1) M. flavida does not seem to possess constitutive mechanisms 
to take up Pb-citrate or Pb-EDDS complexes, (2) M. flavida can 
hyperaccumulate Pb-EDDS, but probably only under excessive, probably toxic 
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exposure and, (3) although there might be a non-toxic concentration window for 
Pb-EDDS exposure which allows enhanced foliar Pb accumulation, EDDS-
assisted Pb phytoextraction will probably kill the phytoremediator crop.  

 

 

Fig. 1. Shoot and root Pb concentrations (µg g-1 d. w.) in two populations of M. flavida (mean 
± SE) after exposure to 1-µM Pb, at different citric acid and EDDS concentrations (µM) for 1 
week. Pb was undetectable in the Irankouh population in the 1-mM EDDS treatment. 
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Table 1. Shoot/root ratio of Pb concentrations in two populations of M. flavida after 7 days of 
exposure to different concentrations of Pb and EDDS. 

BD r/s = Pb concentrations below detection limits in roots and shoots 

ND = not determined 

 

 Sofeh Irankouh 

Control (no Pb, no EDDS) BD r/s BD r/s 

1 µM Pb, no EDDS 0.03 0.03 

1 µM Pb, 100 µM citrate 0.03 0.04 

1 µM Pb, 1 mM citrate 0.02 BD r/s 

1 µM Pb, 3.1 µM EDDS 0.12 0.05 

1 µM Pb, 1 mM EDDS 0.43 ND 

100 µM Pb, 1 mM EDDS 5.89 4.32 

800 µM Pb, 1 mM EDDS ND 1.00 

990 µM Pb, 1 mM EDDS 0.40 0.19 
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Table 2. Root length growth (mm) after 5 days and total plant fresh weight (g) after 12 days 
of exposure to different concentrations of Pb in the presence of 1 mM EDDS in the Irankouh 
population of M. flavida (mean ± SE). 

* = significantly different from control at p < 0.05; *** = significantly different from control 
at p < 0.001. N = shoot necrotic, largely dehydrated 

 

 Root length growth Total plant f. w. 

Control (no Pb, no EDDS) 47.7±7.5 0.70±0.13 

1 µM Pb, no EDDS 34.4±5.5* 0.67±0.08 

1 µM Pb, 1 mM EDDS 53.6±9.1 0.91±0.30 

100 µM Pb, 1 mM EDDS 51.8±11 0.88±0.21 

800 µM Pb, 1 mM EDDS 1.7±0.8*** N 

990 µM Pb, 1 mM EDDS 0.7±0.5*** N 

 

Table 3. Pb concentrations (µg g-1 d. w.) in two populations of M. flavida (mean ± SE) after 
exposure to different concentrations of Pb, in a 1-mM EDDS background, for 1 week. 

 NT = not tested 

 

 Sofeh Irankouh 

shoot root shoot root 

100 µM Pb, 1 mM EDDS 283±63 48±10 428±17 99±10 

800 µM Pb, 1 mM EDDS NT NT 1224±621 1225±194 

990 µM Pb, 1 mM EDDS 7126±779 17655±2530 5639±355 30346±3923 
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Hyperaccumulation of nickel (Ni), zinc (Zn), cadmium (Cd), manganese (Mn), 
arsenic (As), selenium (Se) (reviewed in Van der Ent et al., 2013), and thallium 
(Tl) (Pošćić et al., 2013) have been confirmed experimentally in one or more 
plant species. Lead (Pb) hyperaccumulation, however, has not yet been 
confirmed beyond doubt in any species. Natural foliar Pb concentrations 
exceeding or approaching the proposed 1000-µg/g nominal threshold criterion 
for Pb hyperaccumulation (Reeves and Brookes, 1983) have been reported (e.g., 
Johnston and Proctor, 1977; Reeves and Brooks, 1983; Assunção et al., 2003; 
Rotkittikhun et al., 2006), but all the reported cases are for lead mine tailings 
with soil Pb concentrations usually far above those of the foliage of the 
supposed Pb hyperaccumulators among the sampled plant species. This leaves 
open the possibility that apparent Pb hyperaccumulation in nature may in fact 
result from deposition of airborne contamination on the leaves, rather than from 
uptake via the roots and subsequent translocation to the leaves. Airborne 
contamination of plant samples may lead to erroneous claims of 
hyperaccumulation, such as demonstrated for several supposed south-central 
African Cu hyperaccumulators (Faucon et al., 2007). Therefore, claims of 
hyperaccumulation require validation through reproduction of the phenomenon 
under controlled, ecologically realistic conditions, while excluding potential 
airborne contamination (Van der Ent et al., 2013).  

In chapter 2 we aimed to check the reproducibility of natural Pb 
hyperaccumulation from low concentrations in hydroponics. To this end we 
compared Pb accumulation and translocation in metallicolous and non-
metallicolous accessions of the non-hyperaccumulator Silene vulgaris, the 
hyperaccumulator Noccaea caerulescens, and a novel putative Pb 
hyperaccumulator from Iran, Matthiola flavida. The natural variation in Pb 
accumulation appeared to be reproduced in N. caerulescens, in that one 
naturally Pb-hyperaccumulating accession also hyperaccumulated Pb from 
hydroponics (>1000 µg/g DW in leaves), already at a non-toxic 1-µM exposure 
level, whereas three naturally non-Pb-hyperaccumulating accessions did not. 
Although the shoot to root Pb concentration ratio in the Pb-hyperaccumulating 
accession remained below unity (± 0.6), it was much higher than in the non-Pb-
hyperaccumulating ones, which further supports its Pb hyperaccumulator status. 
Its Pb tolerance, estimated from the root growth response, was not significantly 
different from another calamine, but non-Pb-hyperaccumulating, accession, 
which suggests that Pb tolerance correlates with the Pb availability level of the 
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soil at the site of origin, rather than the plants’ Pb hyperaccumulation capacity, 
such as previously demonstrated for Zn and Cd (Assunção et al., 2003). On the 
other hand, natural Pb hyperaccumulation was not reproducible in hydroponics 
in Matthiola flavida. Although a calamine accession of this species accumulated 
up to 7,800 µg/g in leaves in nature, while maintaining a shoot to root Pb 
concentration ratio above unity, it did not show any capacity to 
hyperaccumulate Pb from hydroponics. Other remarkable findings were that 
there was no difference in Pb tolerance between the metallicolous and the non-
metallicolous accessions of this species, and that both accessions were even 
more Pb-sensitive than the non-metallicolous accession of the facultative non-
hyperaccumulator metallophyte, Silene vulgaris, the latter being in turn 
considerably more Pb-sensitive than the conspecific calamine accession. A 
possible reason for the absence of Pb hypertolerance in the metallicolous M. 
flavida accession is the calcareous nature of its natural substrate, such as 
previously suggested for calamine accessions of other facultatieve 
metallophytes (Simon, 1978; Ernst 1982; Brown and Brinkmann, 1992). To test 
this hypothesis, the effect of calcium (Ca) on Pb tolerance and Pb accumulation 
and translocation was checked in metallicolous M. flavida, and it appeared that 
Ca strongly counteracted Pb accumulation and toxicity, indeed. Apart from this, 
high Ca appeared to enhance Pb root-to-shoot translocation, albeit only under 
low or moderate Pb exposure. However, the shoot to root Pb concentration ratio 
remained far below unity (up to 0.06). 

The above results suggest that natural Pb hyperaccumulation was correctly 
reproduced in hydroponics experiments with low Pb concentrations in N. 
caerulescens, but not in M. flavida. This could be taken to suggest that Pb 
hyperaccumulation is ‘real’ in the concerned accession of N. caerulescens, but 
reflects an artifact, produced by airborne contamination, in M. flavida, the more 
so since the latter species possesses a dense foliar indumentum, which might 
promote the trapping of airborne contamination (Faucon et al, 2007). In 
addition, the natural substrate of the supposed Pb-hyperaccumulating M. flavida 
population is an extremely fine clay, which easily forms dust clouds under dry, 
windy conditions. On the other hand, it cannot be excluded that inter-specific 
comparisons might be biased, owing to species x environment interactions 
regarding soil versus nutrient solution. Regarding Pb tolerance, the results are 
suggestive of such interactions indeed, particularly since in hydroponics the 
non-metallicolous S. vulgaris accession appeared to be more Pb-tolerant than 
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the most Pb-tolerant metallicolous N. caerulescens accession, which is highly 
unrealistic. Likewise, it is possible that there are comparable species x 
environment interactions regarding Pb accumulation and translocation, as 
suggested by the hyperaccumulator-like foliar Pb concentrations under sub-
lethal exposure in non-metallicolous S. vulgaris.  

In chapter 3 the ability to hyperaccumulate from soil was checked in a 
controlled climate room experiment, using the same accessions. Plants were 
grown in two fertilized metalliferous substrates, one being a coarse-textured 
smelter slag (pH 5.9, Ca 1 mg/g), collected near Plombières, Belgium, which is 
the natural substrate of the metallicolous S. vulgaris accession and one of the 
metallicolous N. caerulescens accessions under study, the other being a fine-
textured milled mine waste (pH 7.1, Ca 8 mg/g) from the Irankouh mining area, 
Iran, which is the natural substrate of the metallicolous M. flavida accession 
(Chapter 3). In the Plombières substrate only the native local accession of S. 
vulgaris, as well as a southern-french, calamine N. caerulescens accession, were 
able to maintain growth until the end of the experiment (40 d), whereas growth 
was completely arrested after a couple of days to weeks in the other N. 
caerulesecns accessions. The non-metallicolous S. vulgaris accession as well as 
the metallicolous and non-metallicolous M. flavida accessions died shortly after 
germination. On the other hand, all accessions of all the three species were able 
to grow in Irankouh substrate, although the total acid-extractable Zn, Cd and Pb 
concentrations were very similar to those in Plombières substrate. Moreover, the 
non-metallicolous and metallicolous accessions of all the species performed 
equally well in the Irankouh substrate, apart from the N. caerulescens accession 
from serpentine soil, which performed less than the others, most probably 
owing to its hypersensitivity to Cd (Assunção et al., 2003). Thus, with this 
exception, the Irankouh substrate seemed to be barely metal-toxic to all the 
accessions tested. This is in agreement with the absence of detectable 
hypertolerance in hydroponics to Cd, Zn, or Pb in the local metallicolous M. 
flavida accession, in comparison with the non-metallicolous one. The 
Plombières slag, on the other hand, was toxic for all the accessions. Even the 
ones that were able to maintain at least some growth until the end of the 
experiment (40 d) showed severe stunting (the calamine N. caerulescens 
accession from South-East France), and, in case of the local S. vulgaris 
accession, spotted necrosis of the leaves, which occurs also in situ. It was 
remarkable that the local N. caerulescens accession was not able to grow in its 
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native substrate. This might relate to the fact that at the Plombières site N. 
caerulescens often grows in the center of old tussocks of Festuca halleri, rather 
than the bare slag, suggesting that it is partly protected from metal toxicity in its 
natural environment, possibly through organic matter accumulation in the upper 
soil layer. It is difficult to identify the specific metals that limit the performance 
of the accessions in Plombières slag. From the fact that the local S. vulgaris and 
N. caerulescens accessions are hypertolerant to Zn, Cd, and Pb (Schat et al., 
1996; Mohtadi et al., 2012), and that these hypertolerances are under 
independent genetic control, at least largely (Schat et al., 1996), it can be safely 
assumed that all these metals are present at toxic levels for non-metallicolous 
accessions. The apparent low level of Pb toxicity of the Irankouh substrate, in 
comparison with the Plombières substrate, is probably attributable to the 
dominance of Ca over Pb in the exchangeable soil cation fraction (Simon, 1978; 
Brown and Brinkmann, 1992). It seems not unlikely that the apparent low levels 
of Zn and Cd toxicity of this substrate are likewise attributable to a high degree 
of Ca saturation of the cation exchange complex.  

Considering the question of whether controlled experiments with soil can 
correctly predict hyperaccumulation in nature, it is interesting that all the N. 
caerulescens accessions hyperaccumulated Zn in their leaves (>10,000 µg/g) 
from the Plombières slag, regardless of whether they were able to maintain 
growth or not, whereas Cd hyperaccumulation (>100 µg/g) and a tendency 
towards Pb hyperaccumulation (500 – 900 µg/g) were confined to the south-
eastern French population, which is in agreement with the natural accumulation 
patterns (Lombi et al., 2000; Reeves et al., 2001; Zhao et al., 2002; Assunção et 
al., 2003). On the other hand, none of the N. caerulescens accessions were able 
to hyperaccumulate Zn from the Irankouh substrate, while Cd 
hyperaccumulation (± 225 µg/g), and a tendency towards Pb hyperaccumulation 
(± 750 µg/g) were reproduced, again exclusively by the southern-french 
accession. The most remarkable result was that the metallicolous M. flavida 
accession clearly hyperaccumulated Pb from its natural substrate (± 2200 µg/g), 
and approached closely the 100-µg/g threshold for Cd hyperaccumulation (97 
µg/g). The non-metallicolous accession also accumulated Pb and Cd at 
relatively high concentrations in its leaves (± 700 and ± 90 µg/g, respectively). 
The foliar Zn concentrations were also relatively high in both accessions, that is, 
far below the hyperaccumulation threshold, but comparable with those of N. 
caerulescens. In conclusion, natural Pb hyperaccumulation in the metallicolous 
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M. flavida accession is reproducible when it is grown in its native soil, but in 
the absence of airborne contamination. This demonstrates unambiguously that it 
is capable of Pb hyperaccumulation via root uptake and root-to-shoot 
translocation. 

The reason for the extremely contrasting accumulation phenotypes of M. flavida 
in hydroponics (retention in roots) versus soil (hyperaccumulation in leaves) is 
elusive. Reported discrepancies between soil and hydroponics experiments 
usually displayed the opposite pattern, that is, hyperaccumulation from 
hydroponics, but not from soil, probably due to the use of unrealistic free metal 
concentrations in hydroponics (Van der Ent et al., 2013). It may be argued that 
M. flavida requires a particular microbial community for hyperaccumulation, 
which might not be present in hydroponics. However, it seems unlikely that any 
microbial community can turn a shoot excluder into a hyperaccumulator. As 
mentioned previously, it is conceivable that Ca might play some role here, 
because it promotes the root-to-shoot translocation of Pb. On the other hand, Ca 
counteracts Pb root uptake, and high Ca supply did not produce 
hyperacccumulator-like foliar Pb concentrations and shoot-to-root concentration 
ratios, at least not in hydroponics (Chapter 2). Another possibility is that Pb is 
accumulated inadvertently, instead of some other essential cation nutrient. If so, 
then Fe seems to be a good candidate for such a nutrient. When grown in 
Irankouh substrate, both M. flavida accessions, but particularly the 
metallicolous one, starts to develop light-green to yellow leaves within a few 
weeks after establishment. Since this chlorosis is particularly manifest in the 
youngest leaves, it might well represent Fe deficiency. If so, then Pb 
hyperaccumulation may be triggered by the Fe deficiency response, which 
includes rhizosphere acidification and induction of IRT1/2-type transporters, 
which seem to have low degrees of metal-specificity and, therefore, capable to 
transport other cations when they are present in excess (Korshunova et al., 
1999; Nakanishi et al., 2006; Nishida et al., 2011), although there are no data 
for Pb yet. However, although such a scenario may potentially explain a high 
rate of Pb root uptake, it does not necessarily explain why Pb accumulation 
takes place in the roots in hydroponics, but mainly in the leaves when plants are 
grown in Irankouh substrate. The latter would require a non-metal-specific Fe 
deficiency-induced translocation system, which has not been described thus far. 
In any case, the hypothesis that Pb hyperaccumulation in M. flavida is triggered 
by Fe deficiency is easy to test. First, it should be checked whether Fe-deficient 
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plants can hyperaccumulate Pb from hydroponics. Second, it should be checked 
whether Pb hyperaccumulation from soil is suppressible by foliar Fe 
application. 

Speaking in general, Pb transport in plants is very poorly studied, in comparison 
with, for example, Zn, Fe, Cu, or Cd transport. The transporters involved are 
barely known. It is generally assumed that divalent cation transporting P-1b-
type ATPases, in particular HMA2, -3, and -4, can also transport Pb (Mills et 
al., 2003), although there is little evidence that they do so in planta (Gravot et 
al., 2004). Anyway, these transporters are either directly involved in xylem 
loading (HMA2/4), or vacuolar sequestration (HMA3), rather than root uptake. 
Pb uptake has been suggested to occur via Ca channels (Arazi et al., 2000), at 
least to some degree, in agreement with the results described in chapter 2 of this 
thesis. In any case, a basic understanding of Pb hyperaccumulation presupposes 
a much more profound fundamental knowledge of the molecular physiology of 
Pb uptake and plant-internal transport. 

In Chapter 4 the possibilities to induce chelator-assisted Pb hyperaccumulation 
from hydroponics in M. flavida were investigated, using the natural chelator 
citrate, and the synthetic but biodegradable chelator EDDS. The results clearly 
showed that M. flavida does not possess high-affinity systems for uptake of 
either Pb-citrate or Pb-EDDS. In fact, when supplied at concentrations expected 
to bind virtually all of the Pb in the nutrient solution (1 µM), both chelators 
inhibited Pb uptake almost completely. However, at high Pb concentrations in 
the nutrient solution (100 µM, 800 µM, 990 µM, each with 1 mM EDDS), Pb 
was accumulated at high rates, particularly in the shoot, even though the Pb in 
the nutrient solution must have been completely chelated. The latter clearly 
shows that Pb-EDDS can be taken up, though only when it is present at high 
concentrations. The uptake mechanism is elusive, but it seems that Pb-EDDS 
induces its own uptake, when it is present at concentrations above some 
threshold value. It is not clear whether this is also true for Pb-citrate, because 
the citrate concentrations needed to chelate 100 µM Pb more or less completely 
led to heavy bacterial infestation of the nutrient solution. Anyway, using EDDS 
as a chelator, foliar hyperaccumulation was evident when Pb was supplied at 
800 or 990 µM (±1200 or ±6000 µg/g, respectively). However, these treatments 
completely inhibited root growth and killed the plants within a short period, 
apparently owing to toxicity of Pb-EDDS, rather than free EDDS, which was 
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not detectably toxic. One hundred µM Pb-EDDS was not detectably toxic, but 
insufficient to induce foliar hyperaccumulation (±400 µg/g). It cannot be 
excluded that there is a narrow range of concentrations that allow foliar 
hyperaccumulation without killing the plant. 

Finally, the results in this thesis clearly demonstrate that Pb hyperaccumulation 
through root uptake and root-to-shoot translocation does exist in nature. The 
question of whether natural Pb hyperaccumulators can be used to decontaminate 
soils through phyto-extraction remains unanswered. The Pb hyperaccumulators 
that were confirmed or identified in this study, N. caerulescens from south-
eastern France and M. flavida from Iran, like all the other potential Pb 
hyperaccumulators reported in the literature, are both from extremely Pb-
enriched substrates, where phyto-extraction is not a viable strategy for 
decontamination. It remains to be seen whether natural Pb hyperaccumulators 
can still hyperaccumulate Pb from slightly or moderately contaminated soils. If 
not, then chelator-assisted Pb hyperaccumulation is still an option. However, 
even though EDDS is biodegradable, it seems that it can only effectively induce 
Pb hyperaccumulation when the Pb-EDDS concentrations in the soil solution 
are at least close to lethal, which further enhances the risk of contaminant 
spread via the ground water.  
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Heavy metal contamination of soils is a widespread global problem. Lead (Pb) 
is a non-essential and toxic element for plants. Sources of Pb contamination in 
soils can be classified into three broad categories: industrial activities, 
agricultural activities and urban activities. Naturally Pb-enriched soils occur as 
well, such as those over calamine ore outcrops. Pb is available to plants from 
soil and aerosol sources. Pb uptake studies in plants have demonstrated that 
roots have an ability to take up significant quantities of Pb whilst 
simultaneously greatly restricting its translocation to above ground parts. 
Despite the adverse effects of toxic metal ions in higher plants, certain plant 
species, called metallophytes, have evolved the capacity to grow and reproduce 
in environments contaminated with toxic concentrations of certain heavy metal 
ions. This ability is often called ‘metal tolerance’, or more precisely, ‘metal 
hypertolerance’. Metal hypertolerance is usually highly metal-specific, confined 
to the metals found at toxic concentrations in the soil at the site of population 
origin. Metal hypertolerance in facultative metallophytes is usually confined to 
the metallicolous populations. In general, metal hypertolerance is 
physiologically constitutive and heritable, controlled by one or a few major 
genes.  

A relatively small number of metallophytes, called hyperaccumulators, 
accumulate metals at extra-ordinarily high concentrations in their shoots, rather 
than their roots. Metal hyperaccumulators are found in a large number of plant 
families, but are particularly represented among the Brassicaceae. 
Hyperaccumulation of lead is expected to be rare, if existent at all, due to the 
low solubility of most lead compounds in the soil, and the precipitation of lead 
by sulfate and phosphate within the root system. Evidence of Pb 
hyperaccumulation is entirely based on analysis of samples collected from the 
field. However, all of these samples were collected from soils with extremely 
high Pb concentrations, and the associated shoot over soil bioconcentration 
factors, in so far they can be calculated, seem to be well below unity. This 
implicates that the apparent Pb hyperaccumulation phenotype of field collected 
plant materials might in fact result from airborne contamination. Therefore, 
claims of hyperaccumulation require validation through reproduction of the 
phenomenon under controlled, ecologically realistic conditions, while excluding 
potential airborne contamination. 
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Matthiola flavida Boiss is a perennial herb of the Brassicacea family. It is a 
novel facultative metallophyte from Iran, which seems to be capable of 
considerable foliar lead accumulation in nature, and thus potentially suitable for 
the phytoremediation of Pb contaminated soils. 

In chapter 2 we compared Pb accumulation and translocation in metallicolous 
and non-metallicolous accessions of the non-hyperaccumulator Silene vulgaris, 
the hyperaccumulator Noccaea caerulescens, and a novel putative Pb 
hyperaccumulator from Iran, Matthiola flavida. This study showed that 1) Pb 
hypertolerance is lacking in populations from calamine soil with high 
exchangeable soil Ca, 2) Ca counteracts Pb uptake and toxicity, but promotes 
root-to-shoot Pb transport in M. flavida, 3) In N. caerulescens Pb 
hyperaccumulation is population-specific, and Pb hypertolerance is not 
consistently associated with Pb hyperaccumulation, 4) Natural Pb 
hyperaccumulation in metallicolous M. flavida is not reproducible in 
hydroponics.  

In chapter 3 we compared Pb, Zn and Cd accumulation from two calamine soils 
with different pH and calcium contents among metallicolous (M) and non-
metallicolous (NM) populations of hyperaccumulator and non-
hyperaccumulator metallophytes in a controlled climate room experiment, using 
the same accessions. The results revealed that 1) Only the native M population 
of S. vulgaris, and no more than one out of four populations of N. caerulescens 
are able to grow in the low-pH/low-Ca soil, whereas both the N and NM 
populations of all the species survive and maintain normal growth in the high-
pH/high-Ca soil, except for a serpentine, Cd-hypersensitive N. caerulescens 
population, 2) N. caerulescens hyperaccumulates Zn from the low-pH/low-Ca 
soil, but not from the high-pH/high-Ca one, 3) The M population of M. flavida 
hyperaccumulates Pb from its native soil, 4) M and NM M. flavida are equally 
tolerant for both Cd and Zn.  

In chapter 4 we investigated the possibilities to induce chelator-assisted Pb 
hyperaccumulation from hydroponics in M. flavida, using the natural chelator 
citrate, and the synthetic but biodegradable chelator EDDS. The results 
demonstrated that 1) M. flavida does not seem to possess constitutive 
mechanisms to take up Pb-citrate or Pb-EDDS complexes, 2) M. flavida can 
hyperaccumulate Pb-EDDS, but only under excessive, probably toxic exposure 
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and, 3) although there might be a non-toxic concentration window for Pb-EDDS 
exposure which allows enhanced foliar Pb accumulation, EDDS-assisted Pb 
phytoextraction will probably kill the phytoremediator crop.  

In conclusion, the results in this thesis demonstrate that Pb hyperaccumulation 
through root uptake and root-to-shoot translocation does exist in nature. 
Furthermore, the Pb hyperaccumulators that were confirmed or identified in this 
study, N. caerulescens from south-eastern France and M. flavida from Iran, like 
all the other potential Pb hyperaccumulators reported in the literature, are both 
from extremely Pb-enriched substrates, where phytoextraction is not a viable 
strategy for decontamination. Finally, at low Pb concentrations in the nutrient 
solution, complete chelation, either by citrate or EDDS, completely arrests Pb 
uptake. However, even though EDDS is biodegradable, it seems that it can only 
effectively induce Pb hyperaccumulation when the Pb-EDDS concentrations in 
the soil solution are at least close to lethal. 
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Samenvatting 

Verontreiniging van bodems door zware metalen is een wijdverbreid probleem. 
Lood (Pb) is biologisch niet essentieel en giftig voor planten. De bronnen van 
loodverontreiging van bodems kunnen in drie categorieën onderverdeeld 
worden, namelijk industrie, landbouw en verkeer. Bodems met een (zeer) hoog 
loodgehalte kunnen ook van nature voorkomen, bijvoorbeeld waar loodhoudend 
erts dagzoomt. Planten kunnen lood via de wortels uit de bodem opnemen, maar 
ook als aerosol, via de bladeren. De meeste plantesoorten hebben een 
aanzienlijke capaciteit om lood via de wortels uit de bodem op te nemen, maar 
de translocatie van het opgenomen lood naar de spruit is doorgaans zeer gering. 
Ondanks de giftigheid van zware metalen in hoge concentraties, hebben 
sommige plantesoorten, ‘metallofyten’ genaamd, gedurende hun evolutie het 
vermogen verworven om zich te kunnen handhaven op bodems met zeer hoge, 
normaliter dodelijke, concentraties van zware metalen. Dit vermogen wordt 
vaak ‘metaaltolerantie’, of beter, ‘metaalhypertolerantie’ genoemd. 
Metaalhypertolerantie is normaliter metaalspecifiek en beperkt tot het metaal of 
de metalen die in toxische concentratie(s) in de bodem van het betreffende 
populatiegebied aanwezig zijn. Bij de zogenaamde ‘facultatieve’ metallofyten, 
dat wil zeggen, metallofyten die zowel op ‘metaalvervuilde’ als ‘schone’ 
bodems voorkomen, is het voorkomen van metaalhypertolerantie gewoonlijk 
beperkt tot de populaties van de vervuilde bodems (‘metallicole’ populaties). 
Metaalhypertolerantie is meestal ‘constitutief’, dat wil zeggen altijd aanwezig, 
ook zonder blootstelling aan het metaal in kwestie, en erfelijk bepaald, 
gecontroleerd door een beperkt aantal genen. 

Een relatief klein aantal metallofyten, ‘hyperaccumulatoren’ genaamd, 
accumuleren metalen in buitengewoon hoge concentraties in het blad, in plaats 
van, zoals gebruikelijk, de wortel. Metaalhyperaccumulatoren komen in een 
groot aantal families voor, maar zijn vooral sterk vertegenwoordigd in de 
‘Koolfamilie’ (‘Brassicaceae’). Hyperaccumulatie van lood is vermoedelijk zeer 
zeldzaam, voorzover het überhaupt bestaat, vooral vanwege de lage 
oplosbaarheid van loodmineralen in de bodem, en de precipitatie van lood, als 
sulfaat- of fosfaatzout, in de wortel. Het ‘bewijs’ voor het bestaan van 
loodhyperaccumulatie (>1000 mg/kg DW) is uitsluitend gebaseerd op in het 
veld verzameld bladmateriaal, in alle gevallen afkomstig van bodems met 
extreem hoge loodconcentraties, gewoonlijk vele malen hoger dan de gemeten 
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concentraties in het blad. Dit sluit niet uit dat de schijnbare 
loodhyperaccumulatie van de betreffende planten in feite te danken is aan 
depositie van loodhoudend stof op het blad, bijvoorbeeld door opspattend 
regenwater of “droge depositie” via de wind, gevolgd door opname, via de 
huidmondjes, in het blad, of incorporatie in de waslaag op het blad, de cuticula. 
Uiteraard valt dit niet onder ‘echte’ hyperaccumulatie, die uitsluitend berust op 
opname door de wortel, gevolgd door translocatie naar het blad. Om deze reden 
moeten veronderstelde gevallen van loodhyperaccumulatie in de natuur altijd 
gevalideerd worden door experimenten onder ecologisch realistische, maar 
gecontroleerde condities, met uitsluiting van de mogelijkheid tot 
verontreiniging via de lucht.  

Matthiola flavida Boiss. is een overblijvende kruidachtige soort uit de 
Koolfamilie (= Kruisbloemigen). In Iran gedraagt deze soort zich als een 
facultatieve metallofyt met de capaciteit om lood te hyperaccumuleren. 

In hoofdstuk 2 wordt de accumulatie en translocatie van lood vergeleken tussen 
metallicole en nonmetallicole populaties van Silene vulgaris (non-
hyperaccumulator), Noccaea caerulescens (zink/cadmium/nikkel 
hyperaccumulator), en Matthiola flavida (veronderstelde 
loodhyperaccumulator). Dit onderzoek toont aan dat 1) populaties van loodrijke 
bodems alleen loodhypertolerant zijn wanneer de bodem arm is aan 
uitwisselbaar calcium, 2) calcium in de voedingsoplossing de opname en de 
giftigheid van lood vermindert, maar de loodtranslocatie (van wortel naar 
spruit) verhoogt, althans bij M. flavida, 3) loodhyperaccumulatie 
populatiespecifiek is, en niet consistent geassocieerd met loodhypertolerantie, 
bij N. caerulescens, 4) natuurlijke loodhyperaccumulatie bij metallicole M. 
flavida niet reproduceerbaar is in watercultuur. 

In hoofdstuk 3 wordt de accumulatie van lood, zink en cadmium vergeleken 
tussen metallicole (M) en nonmetallicole (NM) populaties van diverse 
metallofyten (zie boven), op twee vergelijkbaar metaalrijke bodems, maar met 
verschillende zuurgraad (pH) en calciumgehalte. Dit onderzoek toont aan dat 1) 
alleen de locale M populatie van S. vulgaris en slechts een van de vier geteste M 
populaties van N. caerulescens kunnen groeien op de bodem uit La Calamine 
(lage pH; weinig calcium), terwijl alle N en M populaties van alle drie de 
soorten kunnen overleven en groeien op de bodem uit Irankouh (hoge pH; veel 
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calcium), 2) N. caerulescens zink hyperaccumuleert op de zure bodem, maar 
niet op de alkalische bodem, 3) de locale M populatie van M. flavida op z’n 
eigen bodem lood hyperaccumuleert 4) N en NM populaties van M. flavida niet 
verschillend tolerant zijn, zowel voor zink als cadmium (of lood). 

In hoofdstuk 4 worden de mogelijkheden onderzocht om loodhyperaccumulatie, 
in een watercultuur, te induceren door toevoeging van de metaalchelatoren 
citraat (natuurlijke chelator) en EDDS (biologisch afbreekbare, synthetische 
chelator). De resultaten laten zien dat 1) M. flavida niet over constitutieve 
mechanismen beschikt om ongedissocieerd loodcitraat of lood-EDDS met hoge 
affiniteit op te nemen, 2) hyperaccumulatie van Pb-EDDS mogelijk is, maar 
alleen bij zeer hoge, waarschijnlijk giftige, concentraties in de 
voedingsoplossing, 3) de kans dat door EDDS gefaciliteerde hyperaccumulatie 
van lood vermoedelijk tot een snelle dood van het gewas leidt, zeer groot is, 
hetgeen de mogelijkheid beperkt om “chelator-gefaciliteerde fyto-extractie” 
veilig toe te passen.  

De resultaten van dit proefschrift tonen aan dat ‘echte’ loodhyperaccumulatie, 
via opname door de wortel en translocatie naar het blad, bestaat in de natuur. De 
loodhyperaccumulatoren die in dit proefschrift als zodanig geïdentificeerd of 
bevestigd zijn, namelijk de M. flavida populatie afkomstig van de Irankouh 
mijn, en een N. caerulescens populatie uit Zuid-Frankrijk, groeien beiden op 
een extreem loodrijke bodem, waarvoor decontaminatie via fyto-extractie geen 
realistische optie is. De mogelijkheden voor fyto-extractie van lood uit licht of 
matig met lood verontreinigde bodems blijven vooralsnog onduidelijk.  
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