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Chapter 3 
 

Lead, zinc and cadmium accumulation from two 
metalliferous soils with contrasting calcium 
contents in heavy metal-hyperaccumulating and 
non-hyperaccumulating metallophytes: a 
comparative study 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ahmad Mohtadi, Seyed Majid Ghaderian and Henk Schat (2012) Plant Soil 361, 109-
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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 
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 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 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 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 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. 

 

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 

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 



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 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 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 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 

 

 

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. 
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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 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-, 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 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. 



 

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 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 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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