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Chapter 2 
 

A comparison of lead accumulation and 
tolerance among heavy metal 
hyperaccumulating and non-hyperaccumulating 
metallophytes 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Ahmad Mohtadi, Seyed Majid Ghaderian and Henk Schat (2012) Plant Soil 352, 267-
276. 

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 



 

 

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; 
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 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%). 

 

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 

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 



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 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 

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 



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). 

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 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 
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 

 



 

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-
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metallicolous population) (mean ± SE) after exposure to increasing Pb concentrations 
(µM) for 6 days. 

 

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. 

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). 

 

 

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. 

 

Discussion  

Of the metallophytes compared in this study, only S. vulgaris and N. 
caerulescens showed, as estimated from the root growth test, significant 
population differentiation with regard to Pb tolerance, with significanly 
higher Pb tolerance in the metallicolous populations than in the non-
metallicolous ones. It is remarkable that also the serpentine N. 
caerulescens population (M3) seemed to show Pb hypertolerance, in 
comparison with the non-metallicolous one, although the Pb concentration 
at the Monte Prinzera site is in fact lower than normally found in a non-
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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 
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, 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.  

 

Acknowledgements 

    We gratefully acknowledge a scholarship to A. Mohtadi from the 
Ministry of Science, Research and Technology of Iran (MSRT) and 
Graduate School of the University of Isfahan. 

 

References 

Antonovics J, Bradshaw AD, Turner RG, (1971) Heavy metal 
tolerance in plants. Advances in Ecological Research 7, 1-85 

Assunção AGL, Pieper B, Vromans J, Lindhout P, Aarts MGM, 
Schat H, (2006) Construction of a genetic linkage map of Thlaspi 
caerulescens and quantitative trait analysis of zinc accumulation. New 
Phytologist 170, 21-32 

Assunção AGL, Ten Bookum WM, Nelissen HJM, Vooijs R, Schat H, 
Ernst WHO, (2003a) Differential metal-specific tolerance and 
accumulation patterns among Thlaspi caerulescens originating from 
different soil types. New Phytologist 159, 411-419 

Assunção AGL, Ten Bookum WM, Nelissen HJM, Vooijs R, Schat H, 
Ernst WHO, (2003b) A co-segregation analysis of zinc (Zn) 
accumulation and Zn tolerance in the Zn hyperaccumulator Thlaspi 
caerulescens. New Phytologist 159, 383-390 

Baker AJM, (1981) Accumulators and excluders – strategies in the 
response of plants to heavy metals Journal of Plant Nutrition 3, 643-654 

Baker AJM, (1987) Metal tolerance. New Phytologist 106, 93-111 



Baker AJM, Brooks RR, (1989) Terrestrial higher plants which 
hyperaccumulate metallic elements – a review of their distribution, 
ecology and phytochemistry. Biorecovery 1, 81-126 

Baker AJM, Reeves RD, Hajar ASM, (1994) Heavy metal 
accumulation and tolerance in British populations of the metallophyte 
Thlaspi caerulescens J. and C. Pressl (Brassicaceae). New Phytologist 
127, 61-68 

Brown G, Brinkmann K, (1992) Heavy-metal tolerance in Festuca ovina 
L. from contaminated sites in the Eifel Mountains, Germany. Plant and 
Soil 143, 239-247 

Clemens S, (2001) Molecular mechanisms of plant metal homeostasis 
and tolerance. Planta 212, 475-486 

Clemens S, (2006) Toxic metal accumulation, responses to exposure and 
mechanisms of tolerance in plants. Biochimie 88, 1707-1719 

Courbot M, Willems G, Motte P, Arvidson S, Roosens N, Saumitou-
Laprade P, Verbruggen N, (2007) A major quantitative trait locus for 
cadmium tolerance in Arabidopsis halleri colocalizes with HMA4, a gene 
encoding a heavy metal ATPase. Plant Physiology 144, 1052-1065 

Deniau AX, Pieper B, Ten Bookum WM, Lindhout P, Aarts MGM, 
Schat H, (2006) QTL analysis of cadmium and zinc accumulation in the 
heavy metal hyperaccumulator Thlaspi caerulescens. Theoretical and 
Applied Genetics 113, 907-920 

Ernst WHO, (1982) Schwermetallpflanzen. In: Pflanzenökologie und 
Mineralstoffwechsel. Ed. H. Kinzel. E. Ulmer Verlag, Stuttgart, Germany, 
pp 473-505 

Faucon MP, Shutsha MN, Meerts P, (2007) Revisiting copper and 
cobalt concentrations in supposed hyperaccumulators from SC Africa: 
influence of washing and metal concentrations in soil. Plant and Soil 301, 
29-36 



Gartside DW, McNeilly T, (1974) Potential for evolution of heavy-metal 
tolerance in plants. II. Copper tolerance in normal populations of different 
plant species. Heredity 32, 335-348 

Ghaderian SM Hemmat GR Reeves RD Baker AJM, (2007) 
Accumulation of lead and zinc by plants colonizing a metal mining area 
in Central Iran. Journal of Applied Botany and Food Quality 81, 145-150 

Hanikenne M, Nouet C, (2011) Metal hyperaccumulation and 
hypertolerance: a model for plant evolutionary genomics. Current Opinion 
in Plant Biology 14, 1-8 

Jack E, Hakvoort HWJ, Reumer A, Verkleij JAC, Schat H, Ernst 
WHO, (2007) Real-time PCR analysis of metallothionein expression in 
metallicolous and non-metallicolous populations of Silene vulgaris 
(Moench) Garcke. Environmental and Experimental Botany 59, 84-91 

Jiménez-Ambriz G, Petit C, Bourrié I, Dubois S, Olivieri I, Ronce O, 
(2007) Life history variation in the heavy metal tolerant plant Thlaspi 
caerulescens growing in a network of contaminated and noncontaminated 
sites in southern France: role of gene flow, selection and phenotypic 
plasticity. New Phytologist 173, 199-215 

Krämer U, (2010) Metal hyperaccumulation in plants. Annual Review of 
Plant Biology 61, 517-534 

Macnair MR, (1993) The genetics of metal tolerance in vascular plants. 
New Phytologist 124, 541-559 

Macnair MR, (2002) Within and between population genetic variation 
for zinc accumulation in Arabidopsis halleri. New Phytologist 155, 59-66 

McNaught SJ, Folsom TC, Lee T, Park F, Price C, Roeder D, Schmitz 
J, Stockwell C, (1974) Heavy metal tolerance in Typha latifolia without 
evolution of tolerant races. Ecology 55, 1163-1165 

Meyer CL, Kostecka AA, Saumitou-Laprade P, Créach A, Castric V, 
Pauwels M, Frérot H, (2010) Variability of zinc tolerance among and 
within populations of the pseudometallophyte Arabidopsis halleri and the 
possible role of directional selection. New Phytologist 185, 130-142 



Pauwels M, Frérot H, Bonnin I, Saumitou-Laprade P, (2006) A broad-
scale analysis of population differentiation for Zn tolerance in an 
emerging model species for tolerance study: Arabidopsis halleri. Journal 
of Evolutionary Biology 19, 1838-1850 

Reeves RD, Schwartz C, Morel JL, Edmondson J, (2001) Distribution 
and metal-accumulating behavior of Thlaspi caerulescens and associated 
metallophytes in France. International Journal of Phytoremediation 3, 
275-283 

Sarwar GR, (2002) Flora of Pakistan. University of Karachi, Missouri 
Botanical Press. 

Schat H, Ten Bookum WM, (1992a) Metal-specificity of metal tolerance 
syndromes in higher plants. In: Baker AJM, Proctor J, Reeves RD, The 
Vegetation of Ultramafic Soils. Intercept, Andover, pp. 337-352. 

Schat H, Ten Bookum WM, (1992b) Genetic control of copper tolerance 
in Silene vulgaris. Heredity 68, 219-229 

Schat H, Vooijs R, (1997) Multiple tolerance and co-tolerance to heavy 
metals in Silene vulgaris. New Phytologist 136, 489-496 

Schat H, Vooijs R, Kuiper E, (1996) Identical major gene loci for heavy 
metal tolerances that have independently evolved in different local 
populations and subspecies of Silene vulgaris. Evolution 50, 1888-1895 

Simon E, (1978) Heavy metals in soils, vegetation development and 
heavy metal tolerance in plant populations from metalliferous areas. New 
Phytologist 81, 175-188 

Sokal RR, Rolph FJ, (1982) Biometry, 2nd ed. Freeman and Company, 
San Francisco, USA 

Verbruggen N, Hermans C, Schat H, (2009) Molecular mechanisms of 
metal hyperaccumulation in plants. New Phytologist 181, 759-776 

Verkleij JAC, Prast JE, (1988) Cadmium tolerance and co-tolerance in 
Silene vulgaris (Moench.) Garcke [= S. cucubalus (L.) Wib.]. New 
Phytologist 111, 637-645 



Zha HG, Jiang RF, Zhao FJ, Vooijs R, Schat H, Barker JHA, 
McGrath SP, (2004) Co-segregation analysis of cadmium and zinc 
accumulation in Thlaspi caerulescens interecotypic crosses. New 
Phytologist 163, 299-312 

	  


