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Abstract 

 

For years, metallophytes of both natural and human-influenced metalliferous soils have 

focussed considerable attention due to their unique appearance and ability to colonise often 

extremely harsh habitats. A majority of metal-contaminated areas comprise serpentine 

(ultramafic, rich in Ni, Cr, and Co) and calamine (rich in Zn, Pb, and Cd) soils hosting 

characteristic serpentine and calamine flora, which is the focus of this review. Through 

microevolution, the plants inhabiting metalliferous habitats have developed a range of 

intriguing adaptive traits, demonstrated as characteristic morphological, behavioural, and 

physiological alterations that enable them to avoid and/or tolerate metal toxicity. The 

mechanisms responsible for protection of the plant cell from metals entering the protoplast as 

well as for detoxification of toxic metal ions inside the cell by chelation, vacuolar 

sequestration, and exclusion from the protoplast are reviewed. These mechanisms have 

resulted in highly specialised plants able to hyperaccumulate or avoid metals in the shoots. 

Potential applications of both kinds of metallophytes in rehabilitation and phytoremediation of 

metal-polluted sites are briefly discussed. Moreover, other beneficial applications of metal-

rich plant biomass are mentioned, e.g. as a bio-ore for precious metal recovery (phytomining, 

agromining), a by-product for eco-catalyst production, or a natural source of micronutrients 

that are essential for human diet and health (biofortification). The need of active protection of 

metalliferous sites and conservation of metallophyte biodiversity is pointed out. 

 

Key words: excluders, (hyper)accumulators, metal tolerance, metalliferous soils, 

(micro)evolutionary changes, organic acids, phytochelatins, phytoextraction, 

phytostabilization 
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Introduction 

 

Heavy metals are present in all soils due to the mineral composition of the lithosphere. 

The background metal concentrations considered as natural in soils vary depending on the 

element content and geochemistry of the underlying local rocks and oscillate in a range from 

0.1 to 150 mg kg-1 (e.g. for cobalt, Co; arsenic, As; cadmium, Cd; copper, Cu; nickel, Ni; 

chromium, Cr; lead, Pb; zinc, Zn; in increasing order) (Kabata-Pendias & Mukherjee, 2007) 

or from 200 to 2000 mg kg-1 (for manganese, Mn) (Reeves, 2006). However, due to natural 

processes or anthropogenic activity, these concentrations may become several thousand-fold 

higher, thereby significantly influencing the structure of ecosystems and the development of 

vegetation (Baker et al., 2010).  

Although some soils may be completely bare and devoid of vegetation due to their 

extreme phytotoxicity, spontaneous development of metal tolerant flora has been observed in 

many cases (Tordoff et al., 2000; Wójcik et al., 2014). Naturally occurring metalliferous soils 

are known to foster unique assemblages of vegetation; however, human-influenced 

metalliferous habitats may also support development of similar types of metal tolerant plant 

populations (Baumbach & Hellwig, 2007; Szarek-Łukaszewska, 2009; Wierzbicka & 

Rostański, 2002). The latter habitats are sometimes species-poor. For instance, monocultures 

of a few grass species only, including Agrostis stolonifera, Agrostis capillaris, or Agropyron 

repens are found in a close vicinity of some metal smelters in Poland, England, Belgium and 

the Netherlands (Brej, 1998; Dueck et al., 1984; Vangronsveld et al., 1996). In some newly 

heaped deposits, sparse vegetation patches dominated by grassland and ruderal vascular plants 

usually connected with shallow soils and dry and warm habitats are found (Szarek-

Łukaszewska, 2009; Wójcik et al., 2014). However, the longer the process of colonisation of 

metalliferous substrates, the bigger the number of plant species is usually established there. 
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Many metalliferous sites are characterised not only by a remarkable diversity of higher plant 

species (several dozens or hundreds of species) but they also harbour a range of protected, 

rare, or threatened taxa (Baker et al., 2010; Jędrzejczyk-Korycińska, 2009). Additionally, such 

habitats provide niches for bryophytes, lichens, and a plethora of animal species, mainly 

insects, allowing them to persist and produce offspring. 

Due to specific and harsh environmental conditions, plant communities developing on 

metalliferous sites represent a paradigmatic case of edaphic uniqueness that provides 

outstanding opportunities and model systems for ecological, physiological, and evolutionary 

studies of adaptation and speciation. Moreover, they constitute an excellent reservoir of 

species for degraded land rehabilitation or phytoremediation. It is thus not surprising that 

metallicolous plants have fascinated many botanists for a long time and have been an object 

of studies across the Earth’s continents. 

 

Natural and anthropogenic metalliferous sites 

 

Metalliferous sites may be classified by the origin of metal contamination or by the 

mineral composition of the substrate. Baker et al. (2010) distinguished three types of 

metalliferous habitats based on the genesis of metal enrichment. ‘Primary sites’ have arisen 

naturally due to metal ore outcropping or weathering without any anthropogenic impact, 

creating the so-called metalliferous or orogenic soils. Such habitats are extremely rare today 

and are scattered as relics of the Late Glacial epoch e.g. in Central Europe, in the Pyrenees, 

the Alps and the Balkan region. Almost all of these habitats were destroyed or modified by 

mining activities dating back to the Bronze Age and intensified in the Middle Ages up to 

present time. In addition to soil forming processes, other natural phenomena, such as volcanic 

eruptions and associated gaseous fumaroles or hot-spring activity, may significantly 
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contribute to local heavy metal contamination (Kabata-Pendias & Mukherjee, 2007; Nagajyoti 

et al., 2010). The two other metalliferous habitats distinguished by Baker et al. (2010) are 

created by anthropogenic activity. The ‘secondary sites’, resulting from ore mining and 

processing, deposition of spoil and slug heaps, or other derived soil alterations, originally 

replaced the primary sites but afterwards they covered large areas located often at big 

distances from the primary sites. It is estimated that approximately 1% of the global land 

surface has been influenced by mining activities (Prach & Tolvanen, 2016). Finally, the 

‘tertiary metalliferous sites’ originate by an input of metals usually in a non-metal enriched 

environment due to atmospheric deposition of metal pollutants or by alluvial deposition of 

metal-rich substrates in river floodplains or riverbanks. Important sources of metals to these 

habitats include all kinds of industrial emissions, e.g. from metal smelting, burning of fossil 

fuels, incineration of municipal wastes, production of batteries and other metal products, and 

ceramic and chemical industries. Also agricultural practices such as application of fertilizers 

and pesticides as well as sewage sludge and municipal waste disposal, transport and 

urbanisation have a significant input into metal pollution (Ali et al., 2013; Kabata-Pendias & 

Mukherjee, 2007; Nagajyoti et al., 2010). 

With regard to the mineral composition, both naturally and secondarily metal-enriched 

soils can be classified as serpentine, calamine, seleniferous, or copper/cobalt-containing soils. 

Serpentine (ultramafic) soils are derived from ferromagnesian-rich mantle rocks and are 

characterised by anomalous Ni, Cr, and Co concentrations, accompanied by high 

concentrations of iron (Fe) and magnesium (Mg) (more than 70%) and low concentrations of 

calcium (Ca), phosphorus (P) and potassium (K) (Kruckberg, 2002; Martin & Coughtrey, 

1982). Such soils have often a blue-green hue from serpentinite minerals (like lizardite, 

antigorite, or chrysotile) and are the most abundantly represented metalliferous soils on all 

continents. Huge areas of ultramafic soils of tens of hundreds of square kilometres are found 
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e.g. in New Caledonia, Cuba, or Turkey (Reeves, 2006). The vegetation inhabiting such soils 

is called ‘serpentine/ultramafic flora’, and the component species are called 

‘serpentinophytes’. Calamine soils, with their specific ‘calamine flora’, derived naturally from 

rock outcrops with galena (PbS), zinc blende (ZnS), and other calamine deposits (non-

sulphide Zn minerals), are enriched mainly with Zn, Pb, and Cd, sometimes with a significant 

admixture of sulphur and/or copper (Reeves, 2006; Tordoff et al., 2000). The richest and the 

most intensively studied patches of calamine vegetation are found in a few countries in 

Europe (Belgium, France, Germany, Poland) and in South Asia (China, Iran, Afghanistan, 

Pakistan) (Bothe, 2011; Ghaderian et al., 2007; Wierzbicka & Rostański, 2002). Soils rich in 

Cu and/or Co develop from argillites and dolomites containing sulphides of these metals; they 

occur mainly in Central Africa, in the DR Congo and Zambia (Reeves, 2006). Seleniferous 

soils (bearing more than 0.5 mg Se kg-1) are derived from various Se-rich rock types, e.g. 

from Cretaceous shales, and are found in Australia, southern Asia, Ireland, and the USA 

(Dhillon & Dhillon, 2001). Due to the abundance of natural and human-influenced ultramafic 

and calamine soils, serpentine and calamine vegetation has been the subject of the most 

intense studies and will be the focus of the present review. 

Both the mineral composition and the level and origin of metal contamination 

determine the development and composition of vegetation in metalliferous habitats. However, 

not only high metal concentrations but also other unfavourable habitat conditions seriously 

hinder the development of vegetation. At primary sites, metal surplus is often accompanied by 

low nutrient availability (Baker et al., 2010). Anthropogenically influenced sites are usually 

characterised additionally by depleted organic matter concentrations, severe nutrient 

(especially phosphorous) deficiency, low water retention capacity, strong insolation and wind, 

acidification, poorly developed soil structure, and sometimes by steep slopes (Dechamps et 

al., 2008; Szarek-Łukaszewska, 2009; Wierzbicka & Rostański, 2002; Wójcik et al., 2014).  
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Metallophytes 

 

Plants that are adapted to live on metal-enriched soils and able to survive and 

reproduce there without suffering from toxicity are termed ‘metallophytes’ (Baker et al., 

2010; Whiting et al., 2004). In general, metallophytes can be classified as obligate (absolute, 

strict or eu-) metallophytes, i.e. species found exclusively on metalliferous soils, or facultative 

(pseudo-) metallophytes, comprising species occurring both on metalliferous and non-

metalliferous, ‘normal’ soils (Baker et al., 2010; Kruckeberg, 2002; Whiting et al., 2004). 

There are also plants existing solely on non-metalliferous soils; such species are designated as 

‘obligate non-metallophytes’.  

Obligate metallophytes are usually endemic to specific ecological niches provided by 

metalliferous soils with a well-defined metal composition. Due to their strict dependence upon 

occurrence of these metals in the substrate, such species have often been used as geobotanical 

indicators in mineral exploration (Brooks, 1998; Martin & Coughtrey, 1982). Classic 

examples of geobotanical indicators, successfully used for prospecting Cu deposits, are the 

“copper flowers” of Katanga Province of Congo (formerly Shaba Province in Zaire) – Becium 

homblei and Haumaniastrum katangense (Brooks et al., 1992). In general, the serpentine flora 

is globally the richest in endemic metallophytes with over 1000 higher plant species described 

to date (Kruckeberg, 2002; Pollard et al., 2014). Some genera are particularly rich in 

ultramafic obligate endemics, such as Buxus and Leucocroton (Euphorbiaceae) in the 

Caribbean region, Phyllanthus and Psychotria (Rubiaceae) in New Caledonia and the 

Caribbean region, Homalium (Salicaceae), Xylosma (Salicaceae), Hybanthus and Rinorea 

(Violaceae) in New Caledonia and tropical SE Asia, Turnera in South America, and Alyssum, 

Odontarrhena, and Noccaea (Brassicaceae) and Centaurea (Asteraceae) in the Euro-
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Mediterranean and Irano-Turanian regions. Clarkia and Epilobium (Onagraceae), Linum 

(Linaceae), and Streptanthus (Brassicaceae) include several obligate endemics in western 

North America (Kruckeberg, 2002; Safford et al., 2005). In New Caledonia, i.e. the major hot-

spot of serpentine plant diversity in the world, endemic genera associated with ultramafic 

soils represent more than 37 % of all the endemic genera, (39% of the indigenous flora), many 

of which are monotypic (Isnard et al., 2016; Kruckeberg, 2002). A similar percentage is also 

found on Cuba, the other major centre of diversity of ultramafic flora at the global scale (32–

33% of all endemic genera; Borhidi, 1991; Kruckeberg, 2002). The Balkans are the major 

centre of the diversity of serpentine plants in Europe, with approximately 335 taxa of which 

123 are obligate specialists of both neo- or paleo-endemic type (Stevanović et al., 2003), 

among which the two monotypic genera Halacsya and Paramoltkia of family Boraginaceae 

(Cecchi & Selvi, 2009; Coppi et al., 2014).  

In contrast to serpentinophytes, species endemic to calamine soils are in fact a rare 

phenomenon. Viola lutea subsp. calaminaria or Viola lutea subsp. westphalica are examples 

of obligate metallophytes associated with this type of soil in Belgium, the Netherlands, and 

Germany (Bizoux et al., 2004; Bothe, 2011).  

 Facultative metallophytes are by far more numerous and widely taxonomically 

distributed in comparison with obligate metallophytes. They are usually recruited from 

adjacent non-metalliferous environments and, though often not distinguishable at even the 

varietal rank, they develop metal-tolerant genotypes or ecotypes in response to the presence of 

specific metals in the soil. They occur, as species, in various metalliferous and non-

metalliferous soil types but when adapted to the metalliferous substrate they become 

dependent on the presence of metals. The most frequently studied examples of facultative 

metallophytes on calamine soils are: Noccaea (formerly Thlaspi) caerulescens, Noccaea 

goesingense, Arabidopsis (formerly Cardaminopsis) halleri, Silene vulgaris, Minuartia verna 



9 
 

s.l., Armeria maritima (Bothe, 2011; Pollard et al., 2014 and references therein). Some 

authors distinguish a term ‘pseudometallophytes’ or ‘bodenvag plants’ (‘soil wanderers’) 

within facultative metallophytes to refer specifically to the group of plants indifferent to the 

parent rock material, moderately tolerant to heavy metals, but never dependent on their 

occurrence (Baker et al., 2010; Kruckeberg, 2002). Such plants belong to common monocot 

and dicot species with a wide geographic distribution range and often accompany 

metallophyte vegetation. Calamine pseudometallophytes are represented, for instance, by 

Agrostis capillaris, Agrostis stolonifera, Deschampsia caespitosa, Festuca ovina (halleri), 

Festuca rubra, Holcus lanatus, Phragmites australis, Achillea millefolium, Campanula 

rotundifolia, Plantago lanceolata, Ranunculus acris, Rumex acetosella, Thymus pulegioides, 

and Viola tricolor (Baker et al., 2010; Bothe, 2011; Wójcik et al., 2014). Examples of 

bodenvags on serpentine soils include Achillea lanulosa, Gilia capitata, Senecio pauperculus, 

Fragaria virginiana, Prunella vulgaris, or Pinus contorta (Kruckeberg, 2002). However, the 

term ‘pseudometallophytes’ is often indiscriminately used as synonymous with ‘facultative 

metallophytes’. Even less popular and rather awkward is the term ‘incidental 

pseudometallophytes’ (Pollard et al., 2014) referring to ‘associated non-metal tolerant’ 

species (Baker et al., 2010) used for some weeds and ruderal plants appearing sporadically 

and showing reduced vigour in metalliferous habitats. 

 

(Micro)evolutionary dynamics of metallophytes 

  

Species constituting plant communities on metalliferous soils have adapted to the 

adverse environmental conditions through (micro)evolutionary processes and often represent 

genetically altered ecotypes. Normally, evolution of metal tolerance is achieved in plants over 

thousands or even millions of years (Whiting et al., 2004). However, under strong selection 
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pressure imposed by extreme environmental conditions, it may evolve in a relatively short 

time of 40–150 years or even within less than a decade, i.e. in only a few generations (Ernst, 

2006). The degree of specialization of the metal resistance trait is governed by the length of 

exposure to metals. At anthropogenically created metalliferous sites, e.g. spoil heaps or areas 

around metal smelters usually inhabited by pseudometallophytes, a limited level of metal 

tolerance is developed after a few years of metal emergence at the site. In plants facing the 

presence of mineral deposits at natural metal outcrops for centuries, more specialized 

mechanisms of tolerance are built up, resulting in their full dependence on metals (obligate 

metallophytes).  

Many reports provide evidence that metal tolerance has evolved independently in 

different taxonomically unrelated plant affinities (within over 34 different plant families) and 

in geographically distant conspecific populations, being thus a clear-cut example of 

convergence (Bizoux et al., 2008). Moreover, colonisation of metalliferous habitats can take 

place through multiple independent events from non-metallicolous populations. For example, 

Patterson and Givnish (2003) showed that serpentine tolerance in Calochortus had evolved 

seven times independently across mountainous ranges in California and Oregon, while in 

Streptanthus this ability originated four to five times (Cacho et al., 2014). A further 

remarkable case of polyphyletic origin with multiple events of adaptation to ultramafic 

substrates is provided by the genus Onosma (Cecchi et al., 2011) or Odontarrhena, until 

recently included in Alyssum, where serpentine and nickel hyperaccumulator endemics from 

southern Europe were scattered in three main evolutionary lineages without geographical 

cohesion (Cecchi et al., 2010, 2013). 

Rapid development of molecular techniques in the last few decades has provided 

excellent tools to study evolutionary changes in metalliferous habitats. Besides selection 

pressure, the mutation rate, reproductive success, gene flow from neighbouring populations, 
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and successive colonisation events contribute to evolutionary processes (Babst-Kostecka et 

al., 2014; Bickham et al., 2000). Both epigenetic processes and DNA changes may be the 

source of genetic divergence (Abratowska et al., 2012; Dresler et al., 2015 and references 

therein). Abratowska et al. (2012) pointed out that, more than the type of the substrate, 

geographic isolation had a crucial influence on the genetic structure of calamine populations 

of Armeria maritima; a similar effect may not be excluded in Dianthus carthusianorum 

(Wójcik et al., 2013) and Echium vulgare (Dresler et al., 2015). Similarly, Nyberg Berglund 

& Westerbergh (2001) showed that serpentine populations of Cerastium alpinum in 

Scandinavia are genetically more similar to non-serpentine populations within the same 

geographic region than with distant serpentine populations. Gustafson et al. (2003) found 

close genetic relationships between serpentine and non-serpentine populations of Cerastium 

velutinum from North America and similar evidence was provided by Mengoni et al. (2006) in 

a comparison of serpentine and limestone populations of Onosma echioides in Italy. On the 

other hand, in their study of several calamine and non-metallicolous populations of Biscutella 

laevigata, Babst-Kostecka et al. (2014) showed that edaphic conditions and heavy metal 

exposition rather than geographic distance determined genetic divergence. Evidence for 

ecotypic differentiation on serpentine soil has been reported in numerous transplanting and 

cultivation experiments (Burgess et al., 2015; Chathuranga et al., 2015; O’Dell & Rajakaruna, 

2011; Wright & Stanton 2011), suggesting that the directional selection driven by the 

substrate can overcome the homogenization of populations by gene flow.  

It is commonly accepted that strong selection pressure leads to reduced population size 

and genetic diversity. Accordingly, decreased genetic variability has been found in several 

metallicolous populations of Deschampsia cespitosa (Bush & Barrett, 1993), Armeria 

maritima (Vekemans & Lefèbvre, 1997), Silene paradoxa (Mengoni et al., 2001), Sedum 

alfredii (Deng et al., 2007), and Biscutella laevigata (Babst-Kostecka et al., 2014). However, 
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in populations of Viola calaminaria and Dianthus carthusianorum, the level of genetic 

diversity was similar in metallicolous and non-metallicolous populations (Bizoux et al., 2008; 

Wójcik et al., 2013). Moreover, other studies showed higher genetic diversity within the 

metallicolous compared to non-metallicolous populations of Viola tricolor (Słomka et al., 

2011b) or Echium vulgare (Dresler et al., 2015). The conflicting results obtained in the 

aforementioned studies might be related to the use of different molecular markers (PCR-based 

fingerprinting) (Dresler et al., 2015). However, they may also result from high heterogeneity 

of metalliferous sites in terms of different ecological factors and, therefore, genotypic 

variation and flexibility within a population may be crucial to survival.  

 

Pre-adaptive and concomitant traits 

 

Besides evolving metal tolerance, plants growing on metal-enriched substrates were 

co-selected for tolerance to other adverse site conditions. Therefore, many metallophytes are 

characterised by specific adaptations ensuring a high degree of resistance to drought and 

nutrient deficit or an ability to grow on a loose substrate (Baker et al., 2010). Pre-existing 

adaptation, being most likely a plesiomorphic trait, seems a crucial prerequisite for the 

evolution of specialized ecotypes and/or taxa (Meyer et al., 2016). Which morphological 

and/or physiological features convey pre-adaptation is still not well understood, but drought 

resistance is undoubtedly a major trait due to the extremely xeric nature of most metalliferous 

environments (Brady et al., 2005; Proctor, 1999). Actually, drought resistance has been 

experimentally documented in several metallophytes, e.g. in serpentine Mimulus sp. (Hughes 

et al., 2001) and Cerastium sp. (Nyberg Berglund et al., 2004) as well as in calamine Silene 

vulgaris or Biscutella laevigata (Wierzbicka & Rostański, 2002). Recently, Armbruster 

(2014) commented that pre-existing tolerance to open habitats, by themselves ecologically 
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stressful, can explain the multiple origins of serpentine-soil endemism in Californian genera 

such as Collinsia and Streptanthus, and this trait is thought to have evolved before adaptation 

to serpentine soils (Cacho and Strauss, 2014). In fact, many metallophytes are sensitive to 

shade (Szarek-Łukaszewska, 2009). One of the most shade-sensitive species Minuartia verna 

disappears during succession of arborescent vegetation (Baker et al., 2010 and references 

therein). Therefore, as a means of active protection of unique calamine metallophytes 

inhabiting over 130 years old Zn-Pb waste spoil in Bolesław, Poland, as well as similar sites 

elsewhere, trees and shrubs spontaneously spreading there are being removed (Jędrzejczyk-

Korycińska et al., 2014).  

Due to their complex adaptive nature, metallophytes are usually restricted to 

metalliferous soils. This may be explained by the fact that they require relatively high levels 

of metals for optimal growth and reproduction or because they are poor competitors on 

“normal” substrates in respect to herbivores and pathogens (Armbruster, 2014; Rascio & 

Navari-Izzo, 2011). Their competitive weakness on non-metalliferous soils may also result 

from a high energy cost incurred to development of adaptation mechanisms related to metal 

transport, storage, and detoxification (Baker et al., 2010) or with their adaptation to drought or 

nutrient deficiency.  

 

Strategies of metal accumulation  

 

There is clear evidence that different plant species take up different metals to varying 

degrees, even when grown on the same soil. Moreover, the propensity of a species to 

accumulate one metal does not necessarily imply that other metals will also be accumulated in 

superior concentrations and that the metals will be similarly distributed over roots and shoots. 

Plants growing on metalliferous soils may exclude, indicate, or accumulate metallic elements 
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in their shoots, being thus classified as ‘excluders’, ‘indicators’ or ‘(hyper)accumulators’ 

(Baker, 1981).  

A majority of metallophytes are ‘excluders’ since they are able to restrict either the 

entry of metals into the roots, or their transport to the shoots over a wide range of soil metal 

concentrations (Wójcik et al., 2014). The shoot/soil metal concentration coefficient in such 

plants is always lower than unity. Metal excluders retain and detoxify most of the metals in 

the roots; however, when the control mechanisms break down, unrestricted metal transport to 

the shoots occurs, which is usually deleterious to the plant. The majority of serpentinophytes 

adapted to elevated nickel soil concentrations restrict element accumulation in their leaves 

and consequently show lower nickel concentrations in their tissues than non-serpentine 

conspecifics when grown in the presence of the metal (Nagy and Proctor, 1997; Pakdaman et 

al., 2013). This is also the case for numerous calamine metallophytes, including Silene 

vulgaris (Mohtadi et al., 2012) or Dianthus carthusianorum (Wójcik et al. 2015b). 

In ‘indicators’, shoot metal concentrations reflect soil metal concentrations (shoot/soil 

metal concentration coefficient = 1). Therefore, such plants have been proposed as 

biomonitors for the assessment of environment pollution (Mertens et al., 2005). In practice, 

the situation is more complicated since most metalliferous sites exhibit polymetallic 

contamination and, to date, no plant species are known to respond with a strong positive 

correlation between soil and shoot metal concentration to a wide range of elements. 

Metal ‘accumulators’ are characterised by an efficient metal uptake and translocation 

to the shoots without showing any toxicity symptoms. The shoot/root and shoot/soil metal 

concentration ratios are higher than unity, although these criteria may sometimes be 

misleading in recognising such plants, as explained by Reeves (2006). Some accumulators, 

referred to as hyperaccumulators, have an intriguing strategy to concentrate elements in leaves 

at levels that are at least an order of magnitude higher than in other metallophytes from 
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metalliferous soils or a few orders of magnitude higher than in ordinary plants from non-metal 

enriched soils (Pollard et al., 2014; Rascio & Navari-Izzo, 2011). The threshold values of 

metal concentrations designating a plant as a hyperaccumulator have changed since the early 

reports defining hyperaccumulators and vary depending on the metal (Baker & Brooks, 1989; 

Reeves, 2006). The threshold criteria proposed currently are 100 mg for Cd, Se, and Tl; 300 

mg for Co, Cr, and Cu; 1000 mg for Ni, Pb, and As; 3000 mg for Zn, and 10 000 mg for Mn 

determined in kg of dry leaf tissue of a plant growing in a natural habitat (van der Ent et al., 

2013; Pollard et al., 2014). Based on these criteria, the innate ability to hyperaccumulate trace 

elements has been documented in approximately 500 species and is primarily attributed to 

metallophytes of serpentine soils accumulating nickel (over 90% of all hyperaccumulators 

identified so far; Pollard et al., 2014). Interestingly, the highest ever-recorded metal 

concentration present in a plant tissue (26%) is exactly for nickel, specifically in the latex of 

the Sebertia acuminata tree which is endemic to serpentine soils in New Caledonia (Sagner et 

al., 1998). Only approximately 50 species have been recognised as hyperaccumulators of 

other metals (Rascio & Navari-Izzo, 2011). Noccaea caerulescens is probably the best-known 

hyperaccumulator of Zn, Cd, or Ni, and together with Arabidopsis halleri, a Zn/Cd 

hyperaccumulator, used as a model species in studies on metal homeostasis and detoxification 

(Assunção et al., 2003; Meyer & Verbruggen, 2012). A majority of hyperaccumulators 

(approximately 85-90%) are obligate metallophytes; however, some of them, including 

Noccaea caerulescens and Arabidopsis halleri, also occur on normal, non-metalliferous soils.  

Several hypotheses to explain metal hyperaccumulation have been proposed (Boyd, 

2007). There is evidence that extreme metal concentrations in the leaves protect plants against 

herbivores (Zn) and pathogens (Ni). Accumulated metals may also be used as allelopathics 

against nearby competitors or serve as osmolytes in drought resistance. Finally, extraordinary 

metal concentrations may be a means of efficient metal tolerance and disposal mechanisms; 
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alternatively, they may result from accidental metal uptake, which seems rather improbable in 

view of the large amount of metals accumulated without imposing toxicity symptoms. 

 

Specific characteristics of metallophytes 

 

As already mentioned, metallophytes endemic to metalliferous sites may be 

considered as geobotanical indicators of mineral deposits. However, not only the presence of 

particular species but also floristic composition (assemblages of species) or some 

characteristic physiological or morphological changes (plant appearance) may be indicative of 

soil metal enrichment or potential mineral deposits. Typically, the vegetation of highly 

mineralised areas appears to be sparse and stunted, relative to surrounding areas, and is 

usually devoid of trees. Since heavy metals accumulate gradually in cells, it seems that short 

living herbs can cope better with the metal toxicity than long-lived plants (shrubs and trees) 

(Dickinson et al., 1991). However, shortening of the life cycle is apparently not an adaptive 

strategy on serpentine soils where perenniality seems an advantageous trait, though this lacks 

clear explanatory hypotheses (Selvi, 2007).  

 

Morphological variations 

 

Many plant species exhibit abnormal appearance when growing on metal enriched 

substrates. In comparison with individuals of the same species from unpolluted areas, they are 

characterised, among others, by reduction in stature (shrubbiness of arborescent species; 

dwarfism and plagiotropism in herbaceous species) although sometimes gigantisms may 

occur. Additionally, increased root system, xeromorphic foliage (with stenophylly, 

glaucescence), chlorosis or purpling of leaves, changes in the colour and pattern of flowers, 
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and abnormally shaped fruits can be observed (Kruckeberg, 2002; Martin & Coughtrey, 1982; 

Wierzbicka & Rostański, 2002). In the case of serpentinophytes, such xerophytic and stunted 

appearance has been termed the “serpentine syndrome” or ‘serpentinomorphoses’ (Menezes 

de Sequeira & Pinto da Silva, 1992). Reduced growth is a typical symptom on metalliferous 

substrates. Metallicolous plants are smaller, have more numerous but thinner and 

lower/shorter or sometimes trailing shoots, less numerous, smaller, and narrower leaves. This 

was observed, for instance, in calamine ecotypes of Silene vulgaris, Dianthus 

carthusianorum, or Arabidopsis halleri in Poland (Bothe, 2011; Fiałkiewicz & Rostański, 

2006; Wierzbicka & Rostański, 2002; Wójcik et al., 2013) and serpentine ecotypes of 

Trifolium sp. or Jasione crispa in Portugal (Menezes de Sequeira & Pinto da Silva, 1992). A 

significant increase in the plant size, manifested by e.g. greater rosette diameter, larger stem 

and rosette leaves, or numerous lateral stem branches in metallicolous individuals of 

Arabidopsis (synonym Cardaminopsis) arenosa (Rostański et al., 2005) is a rather rare 

phenomenon among metallophytes.  

 Plants occurring on metalliferous substrates exhibit various root morphology in terms 

of root length, depth, and surface area. In general, no special root size or architecture 

distinguishes metallicolous from non-metallicolous plants. Different root systems have been 

described in metallophytes, from short, thin, marginally branched primary roots through 

abundant fine root bundles to long and thick primary roots with or without well-developed 

side roots (Alford et al., 2010; Bothe, 2011; Menezes de Sequeira & Pinto da Silva, 1992). 

However, what is striking at a comparison of individuals from non-contaminated and 

metalliferous soils, the latter often produce deeper roots and dense root hairs, probably as an 

adaptation to the dry substrate rather than the presence of metals (Menezes de Sequeira & 

Pinto da Silva, 1992; Wierzbicka & Rostański, 2002). Chlorosis of leaves is a very common 

symptom in plants from metal-enriched areas, although it may also result from accompanying 
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deficiency of essential nutrients, e.g. nitrogen or iron in the soil. Similarly, the frequently 

observed anthocyanin accumulation manifested as intense purple/violet stem and leaf 

discolorations may at least partially be due to phosphorous deficiency on calamine and 

serpentine soils (Kabata-Pendias & Mukherjee, 2007; Menezes de Sequeira & Pinto da Silva, 

1992). Variation in the colour of flowers has also been reported in plants exposed to heavy 

metals. For instance, Epilobium angustifolium has rose-purple coloured flowers which only 

exceptionally are white or pink; however, populations associated with uranium deposits in 

Canada or Alaska are distinguished by almost pure white sepals and petals (Martin & 

Coughtrey, 1982). 

  

Behavioural variations 

 

Alterations in the rhythm of growth and flowering periods are other common 

symptoms found in plants growing in metalliferous habitats (Martin & Coughtrey, 1982; 

Wierzbicka & Rostański, 2002). To increase a species chance of survival, many metallophytes 

tend to shorten their vegetative phase and increase fertility by earlier and longer flowering, 

producing more flowers per plant, and delivering more seeds. A short life cycle and large 

reproductive effort at the expense of individual parental investment is typical for the “r” 

strategy, where the ability to reproduce quickly and abundantly is crucial to survive under 

strong environmental pressure. Such behaviour was observed, among others, in calamine 

populations of Silene vulgaris, Dianthus carthusianorum (Wierzbicka & Rostański, 2002), 

Arabidopsis arenosa (Przedpelska-Wasowicz & Wasowicz, 2013), or Minuartia verna 

(Martin & Coughtrey, 1982). 

Most plants avoid root proliferation in metal-enriched soil niches. However, some 

hyperaccumulating plant ecotypes, e.g. these of Noccaea caerulecsens (Dechamps et al., 
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2008; Whiting et al., 2000) or Sedum alfredii (Li et al., 2005) respond positively to trace 

elements in the soil by directing their root growth towards spots/patches with high metal 

content and increasing root biomass, length, and hair root number while reaching them. This 

is, however, not a species-specific feature since other less metal-tolerant ecotypes of the same 

species do not show such foraging behaviour.  

 

Physiological variations 

 

Intraspecific variation in the degree of metal tolerance has been found in most studied 

metallophytes (and specifically in facultative metallophytes) and the level of the tolerance has 

been consistently higher in ecotypes/populations growing at high metal concentrations in the 

substrate (Dresler et al., 2014; Schat et al., 2002; Wierzbicka & Rostański, 2002; Wójcik et 

al., 2015b). To identify mechanisms responsible for enhanced metal tolerance, comparative 

methods are frequently employed in hydroponic experiments where natural metallicolous 

versus non-metallicolous ecotypes or mutants/transgenic versus wild type plants are exposed 

to acute short-term single metal stress. Although such experiments are useful for fast 

screening of metal resistance and provide valuable information on the molecular and genetic 

background, they may not accurately reflect the response of plants grown in metalliferous 

habitats under chronic poly-metallic stress (Wójcik et al., 2015b). Therefore, a greater 

emphasis should be placed on mimicking more complex metal-plant-microorganism 

interactions in field trials or soil experiments to understand fully the complex nature of 

adaptation to metalliferous habitats. 

 

Mechanisms of metal uptake, translocation, and tolerance/detoxification 
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Some metals, such as Zn, Cu, Fe, Mn, Mo, Co, Ni, and V are required in minute 

quantities for plant growth and development; however, excessive amounts of these elements 

can become harmful to organisms. Other heavy metals or metalloids, such as Pb, Cd, Hg, or 

As do not have any beneficial effects on plants and they become toxic already at relatively 

low concentrations in the growth medium (Ernst et al., 2008; Singh et al., 2016). The level of 

the metal concentration at which toxicity symptoms appear (or adverse effects are recorded) 

strongly depends on the plant species and the mechanisms of metal tolerance developed.  

The physiological mechanisms and genetic background of metal uptake, transport, 

sequestration, and homeostasis in metal accumulating and non-accumulating metallophytes 

have been extensively studied, yet are still not well understood/elucidated (Singh et al., 2016). 

Enhanced metal tolerance results from changes in the metal homeostasis network virtually 

shared by all higher plants. The differences between tolerant and non-tolerant plants might 

possibly rely on different expression of genes found in plants, both hyperaccumulators and 

excluders, as already reported for Zn and Cd by Verbruggen et al. (2009). Indeed, the 

mechanisms of metal tolerance in non-accumulators seem to be under the control of relatively 

few genes (Schat & Vooijs, 1997), in contrast to hyperaccumulators, where the genetic 

background is much more complex (Pollard et al., 2002; van de Mortel et al., 2006). 

Ernst et al. (2008) distinguished three degrees of plant metal tolerance: hypotolerance, 

basal tolerance, and hypertolerance. In fact, metal hypotolerant (hypersensitive) plants do not 

occur in nature; this term refers to mutants and transgenic plants with increased metal 

sensitivity in comparison with wild type plants. A great majority of plants, namely all 

pseudometallophytes, exhibit a basic level of metal tolerance (constitutive tolerance), which 

enables them to live on non-metalliferous soils but also to cope with low, non-toxic 

concentrations of metals alternatively appearing in the environment (Wójcik et al., 2015b). 

Basal metal tolerance is specific for various metals, plant species, and ecotypes and is a 
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starting point to evolve adaptive metal tolerance or hypertolerance in species or ecotypes 

growing and coping on highly metal-enriched soils (Ernst, 2006). A number of studies have 

demonstrated that plants develop enhanced tolerance specifically to the metal actually present 

in surplus in their natural environment; to all other metals, they have a basic level of 

tolerance. However, some cases of co-tolerance have also been reported (Colzi et al., 2014; 

Gonnelli et al., 2001; Remon et al., 2007; Schat & Vooijs, 1997). 

 

Avoidance or increased metal uptake  

 

Only metal ions that are present in the form of soluble components in the soil solution 

or those that are easily solubilized, e.g. by root-mediated acidification of the rhizosphere, are 

available for plant uptake. Root exudates comprise the first line of defence against metal 

uptake. Many plants, predominantly monocots, excrete into the soil phytosiderophores, which 

chelate metal ions forming large complexes not taken up by the root cells. Exclusively, grass 

species use this strategy for acquisition of iron since they possess membrane transporters for 

Fe(III)-phytosiderophore complexes (Zhao & McGrath, 2009). Similarly, some carboxylic 

acids, including malate, citrate, or oxalate as well as amino acids, e.g. histidine, excreted by 

roots bind metal ions in the soil solution thus preventing uptake thereof. This phenomenon is 

well documented and is crucial in the case of Al tolerance (Watanabe & Osaki, 2002); it has 

also been shown to reduce Ni uptake by Thlaspi arvense (Salt et al., 2000). Alternatively, root 

exudates may selectively increase metal uptake by plants (Luo et al., 2008; Mench & Martin, 

1991). However, in metal hyperaccumulators, such as Zn accumulating Nocceaa caerulescens 

(Zhao et al., 2001) or Ni accumulating Noccaea goesingense (Salt et al., 2000), no increase in 

secretion of specific metal-chelating compounds has been reported.  
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 Restricted metal uptake may also result from their binding to extracellular 

carbohydrates, such as callose or mucilage (Siedlecka et al., 2001). Furthermore, root cell 

walls play a key role in preventing toxic metal intake into the cytosol by immobilization 

thereof in ligno-polysaccharide (cellulose, hemicelluloses, pectins) matrix. Depending on the 

kind of metal, its concentration, and the plant species and organ, the cell wall can retain a 

great majority of the metal taken up, also as a sink for metals excluded from the protoplast 

(Krzesłowska, 2011). It is also noteworthy that the cell wall is actively modified under metal 

exposure mainly by increasing the level of all compounds and particularly the low-methyl 

esterified fraction of pectins in order to increase its thickness and metal binding capacity 

(Krzesłowska, 2011). An interesting phenomenon has recently been found in Noccaea 

caerulescens with its additional peri-endodermal layer of cells (not found in its metal-

sensitive relative Thlaspi arvense) characterised by irregularly thickened and lignin-

impregnated cell walls (Zelko et al., 2008). Whether these cells act as an additional physical 

barrier for metal immobilization in extracellular metal movement across the root should still 

be elucidated. 

 The plasma membrane plays an important role in preventing or reducing metal uptake 

into the cell. The difference in the metal uptake and accumulation rate between excluders and 

hyperaccumulators results from different expression levels of the same plasma membrane 

transporters, although the existence of transporters with different kinetic properties cannot be 

excluded. Plants possess various families of transporters on the plasma membrane and 

tonoplast and these have been extensively reviewed recently (Guerinot, 2000; Haydon & 

Cobbett, 2007; Krämer et al., 2007; Manara, 2012; Singh et al., 2016). They belong mainly to 

the ZIP (Zinc-regulated transporter Iron-regulated transporter Protein), CDF (Cation 

Diffusion Facilitator also known as MTP, Metal Tolerance Protein), NRAMP (Natural 

Resistance Associated Macrophage Protein), and P-type ATPase (also known as HMAs, 
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Heavy Metal ATPases) protein families of transporters (Krämer et al., 2007; Singh et al., 

2016). Many metal transporters exhibit low ion selectivity and, in addition to essential 

elements, they may competitively transport non-essential and toxic ions with similar oxidation 

states and ionic radii (Alford et al., 2010). However, in the Ganges ecotype of Noccaea 

caerulescens, existence of a transporter in the root cell plasma membrane specific for Cd and 

independent on Zn transport has been suggested (Lombi et al., 2001). The entrance of Ni into 

the root cells seems to be mediated by a low-affinity uptake system with a high preference for 

Zn over Ni in Noccaea caerulescens (Assunção et al., 2001), with genes ZNT1, ZNT2 (zinc-

regulated transporter belonging to ZIP family), NRAMP3, and NRAMP4 showing specific up-

regulation in this plant grown in the presence of Ni (Visioli et al., 2014). Moreover, also IRT1 

(iron-regulated transporter of ZIP family) and ZIP10 (ZRT, IRT-like protein) proteins have 

been indicated as candidates for Ni accumulation in the same plant (Halimaa et al., 2014). 

Enhanced Zn uptake by the Zn hyperaccumulators Noccaea caerulescens and Arabidopsis 

halleri is attributed to the constitutive overexpression of several genes for ZIP transporters 

(e.g. ZNT1, ZNT2 and ZIP6, ZIP9, respectively), which in non-hyperaccumulating relatives 

are expressed only under Zn deficiency (Assunção et al., 2001). Recently it has been reported 

that rapid membrane voltage changes and diminution of the membrane depolarization may be 

the cause of higher metal tolerance of Arabidopsis halleri and Arabidopsis arenosa in 

comparison with Arabidopsis thaliana (Singh et al., 2016). 

 

Root-to-shoot metal translocation 

 

There is a huge inter- and intraspecies diversity in metal distribution within a plant. 

For instance, serpentine populations can show higher root-to-shoot translocation of Ni than 

non-serpentine ones (Chathuranga et al., 2015; Gonnelli et al., 2001). On the other hand, 
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when grown in hydroponics, a metal sensitive ecotype of Dianthus carthusianorum 

translocated more Zn and Pb to the shoots than a metal tolerant one; however, the tendency 

was just opposite in plants cultivated on polluted soil (Wójcik et al., 2015b). In fact, a 

majority of plants inhabiting metalliferous habitats preferentially retain metals in the roots, 

whereas efficient root-to-shoot translocation is typical for hyperaccumulators. This implies 

more efficient cytoplasmic detoxification and vacuolar sequestration of metal ions in the root 

cells of excluders, while in hyperaccumulators more metals are available for xylem loading 

due to either a low sequestration rate in the vacuole or efficient efflux out of the vacuole at the 

root level (Assunção et al., 2003, Rascio & Navari-Izzo, 2011). Indeed, Lasat et al. (2000) and 

Yang et al. (2006) found much lower amounts of Zn accumulated in the vacuole of root cells 

and faster Zn efflux from the vacuole in Zn hyperaccumulators Noccaea caerulescens and 

Sedum alfredii compared with their non-accumulating relatives/accessions. 

Several types of transporters have been recognised to be involved in metal transport to 

the xylem (Singh et al., 2016). It is now evident that the P1B-type ATPases HMA4 and HMA2 

play a crucial role in Zn and Cd ion transport from the pericycle cells to the xylem vessels 

(Wong and Cobbett, 2009). In Noccaea caerulescens, the Ni-nicotianamine complex seems to 

be transported by proteins YSL3 (yellow stripe like) for the vascular loading and translocation 

(Gendre et al., 2007; Halimaa et al., 2014).  

Metal ions loaded into the xylem are transported to the shoots in the form of 

complexes with various chelators, primarily with organic acids and amino acids or their 

derivatives (Haydon & Cobbett, 2007) but also as free hydrated cations (Krämer et al., 1996). 

Malate was supposed to be involved in Ni translocation in the hyperaccumulator Stackhousia 

tryonii (Bhatia et al., 2005), whereas citrate and other organic acids complexed almost all Ni 

in the latex of Sebertia acuminata (Callahan et al., 2008). Histidine and nicotianamine were 

reported as the major xylem chelators for Ni in the Ni-hyperaccumulating Alyssum (Krämer et 
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al., 1996) and Noccaea caerulescens (Mari et al., 2006), respectively. The same compounds 

have been found to complex Zn, Cd, Pb, Mn, Cu, etc. for long distance transport (Álvarez-

Fernández et al., 2014). It should also be noted that metals may be distributed within the plant 

via the phloem, being largely complexed with the same ligands. In the case of Cd, Cd-

phytochelatin complexes have been found both in xylem and phloem saps (Álvarez-Fernández 

et al., 2014). 

  

Metal tolerance mechanisms 

 

Rapid removal of free metal ions from metabolically active cell compartments to 

prevent physiological damage is at the core of metal tolerance mechanisms. This can be 

achieved by metal chelation in the cytoplasm by a variety of ligands, metal sequestration in 

the vacuole, or exclusion from the protoplast. It cannot be definitely declared that these 

processes are metal-specific; the same mechanisms are usually employed to cope with 

different metals, although their efficiency is different from metal to metal, species to species, 

and even between the ecotypes/populations of a given species. They also depend on the metal 

concentration in the growth medium and time of exposure (acute or chronic stress) (Wójcik et 

al., 2015b). 

 

Metal binding ligands 

 

The production of metal binding ligands to detoxify and facilitate transport and storage 

of metals is crucial to cope with the metal surplus. Up to date, no specific metabolites have 

been detected in metal-tolerant ecotypes. The most important ligands comprise thiol peptides 

(phytochelatins, PC; metallothioneins, MT; glutathione, GSH), organic acids (malate, citrate), 
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amino acids (histidine, proline), and phytate (Anjum et al., 2015; Manara, 2012; Rauser, 

1999). Metallothioneins are cysteine-rich metal binding peptides that have hardly been 

isolated from plants although their genes are abundant and expressed (or even overexpressed 

in some metallophytes, including Noccaea caerulescens) upon metal exposure virtually in all 

plant tissues (Cobbet & Goldsbrough, 2002; Manara, 2012). At present, however,  there is no 

direct evidence in favour of their role in metal tolerance or hyperaccumulation. Glutathione is 

the most abundant thiol compound in plants serving a broad range of biochemical functions, 

including its role in metal detoxification and tolerance (Wójcik & Tukiendorf, 2011; 

Jozefczak et al., 2012). It is a rather poor metal chelator and its role in enhanced, adaptive 

metal tolerance but not basal metal tolerance is rather doubtful (Ernst et al., 2008; Schat et al., 

2002; Wójcik et al., 2015b); therefore, it will not be further addressed to in this paper. 

Phytochelatins are the best-characterized metal chelators (Cobbett, 2000; Cobbett & 

Goldsbrough, 2002; Pal & Rai, 2010). These thiol peptides are synthetized from GSH and 

have a general structure (γ-Glu-Cys)n-Gly (n=2-11, usually 2-5). They chelate metal ions, and 

this mechanism is the best recognised for Cd ions, through thiol groups of cysteine to form so-

called LMW (low molecular weight) PC-metal complexes in the cytoplasm for further 

transport thereof to the vacuole (Ernst et al., 2008; Pal & Rai, 2010; Rauser, 1999). This 

transport is mediated by ATP-dependent ABC transporters in the tonoplast. Once in the 

vacuole, LMW PC-metal complexes incorporate acid labile sulphur (S2-), yielding HMW 

(high molecular weight) PC-metal complexes with higher stability under acidic vacuolar 

conditions (Wójcik, 2009). Phytochelatin synthesis is rapidly activated by different heavy 

metal ions, mainly Cd but also Cu, Zn, Pb, Ag, Au, and Hg, although stable in vivo complexes 

were only detected with Cd, Cu, and Au (Cobbett and Goldsbrough, 2002). In addition to PCs 

found in all plants studied so far, PC homologues varying in the kind of the carboxy terminal 

amino acid (βAla, Ser, Glu, Gln instead of Gly) or its absence have been distinguished in 
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some plant species (Rauser, 1999; Siedlecka et al., 2001); however, their role in metal 

detoxification and tolerance is not well recognised. 

 Similarly, contrasting evidence has been reported for the role of PCs in metal tolerance 

of metallophytes. Many studies, including these on mutants, transgenic plants or based on 

other modifications of the PC synthesis pathway, have confirmed that these peptides are the 

main factor for basal tolerance, especially Cd tolerance (Verbruggen et al., 2009; Wójcik & 

Tukiendorf, 2011). There are also a few examples of higher PC accumulation in metallicolous 

versus non-metalliolous populations, e.g. in Echium vulgare or Dittrichia viscosa (Dresler et 

al., 2014; Fernández et al., 2014). Nevertheless, in a great majority of studies, more intense 

PC synthesis was found in non-metal adapted populations in comparison with tolerant ones, 

both within calamine metal hyperaccumulators, e.g. Sedum alfredii or Noccaea caerulescens, 

and non-accumulators, among others in Silene vulgaris or Dianthus carthusianorum (Schat et 

al., 2002; Sun et al., 2007; Wójcik et al., 2015b). Further evidence against the role of PC in 

adaptive metal tolerance is provided by the fact that hardly ever have these peptides been 

detected in plants growing in metal-enriched soils, either in controlled experiments or under 

natural conditions (Ernst et al., 2008 and references therein; Wójcik et al., 2005, 2015b). This 

is most probably related to the high metabolic costs of sulphur assimilation necessary for their 

synthesis (Ernst et al., 2008; Rascio & Navari-Izzo, 2011). 

Thiol peptides have a role in homeostasis and detoxification of metal ions with high 

affinity to thiol groups, such as Cd, Cu, Hg, Ag, and As; detoxification of other metals, e.g. Ni 

or Zn, is more related to hydroxyl and amino groups (Rauser, 1999; Ernst et al., 2008). 

Organic acids, such as malate, citrate, and oxalate, chelate metal ions in the cytosol but 

mainly participate in storage thereof in the vacuole (Haydon & Cobbett, 2007; Wójcik, 2009). 

Citrate has a higher capacity for metal ions that the other organic acids and exhibits strong 

affinity for Ni and Cd (Anjum et al., 2015), whereas malate was proposed as the main ligand 
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for Zn (Mathys, 1977). However, the existence of both citrate and malate complexes with all 

these metal ions was confirmed in planta (Krämer et al., 2000; Sarret et al., 2002). In the case 

of the increase in the root mitochondrial synthesis of malic and citric acids, Agrawal et al. 

(2013) reported a fast and transient influx of nickel in mitochondria in Alyssum murale prior 

to sequestration thereof in vacuoles. In turn, in the case of metal storage in cell walls, Halimaa 

et al. (2014) showed that the Ni-malate complex was transported to the apoplast by malate 

anion channel ALMT12 (aluminium-activated malate transporter) of the root stele plasma 

membrane. 

Although higher constitutive levels of organic acids have been reported in some 

hyperaccumulators and non-accumulating metal tolerant metallophytes (Assunção et al., 

2003; Wójcik et al., 2015b), a clear relationship between metal accumulation and the level of 

organic acids has not been established. A positive correlation between metal treatment and the 

concentrations of these compounds was found in Arabidopsis halleri (Zhao et al., 2000), 

Noccaea caerulescens (Wójcik et al., 2006), and Ni-tolerant accessions of Arabidopsis 

thaliana (Agrawal et al., 2012). On the other hand, increasing Zn, Pb, or Cd concentrations 

did not affect malate or citrate concentrations in metallicolous and non-metallicolous ecotypes 

of Dianthus carthusianorum (Wójcik et al., 2015a, b; Wójcik & Tukiendorf, 2014), Silene 

vulgaris (Harmens et al., 1994), Armeria maritima (Olko et al., 2008), or Echium vulgare 

(Dresler et al., 2014). Similarly, Ni did not affect malate concentrations in Ni-susceptible 

accessions of Arabidopsis thaliana (Agrawal et al., 2012). Probably the constitutively high 

tissue content of organic acids, which are involved, besides metal detoxification, in a plethora 

of physiological functions, may be sufficient for effective chelation of the increasing 

concentrations of metals. Nonetheless, their role in hypertolerance and hyperaccumulation is 

questionable (Callahan et al., 2006, Verbruggen et al., 2009). 
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Amino acids (histidine, proline) and derivatives (nicotianamine) have also been 

reported to chelate metal ions in the cytoplasm before loading thereof to the xylem. Histidine 

is considered the most important ligand of this group of compounds, especially for Ni 

detoxification, translocation, tolerance, and hyperaccumulation (Callahan et al., 2006). 

Complexation of Ni to histidine has been suggested to play a role in preventing metal 

entrapment in root cell vacuoles and in keeping the metal in the cytosol in a detoxified form 

available to be released into the xylem in Alyssum species and Noccaea caerulescens (Krämer 

et al., 1996; Kerkeb & Krämer, 2003; Richau et al., 2009). For generation of such a large pool 

of histidine, the gene for the first step of its biosynthesis encoding an ATP-phosphoribosyl 

transferase was reported to be constitutively overexpressed in the roots of the Ni 

hyperaccumulator Alyssum lesbiacum (Ingle et al., 2005). In contrast, increased histidine 

concentrations in response to Ni do not appear to be a feature of the Ni hyperaccumulators 

Noccaea goesingense (Persans et al., 1999) and Noccaea caerulescens (Richau et al., 2009). 

Another ligand involved in the Ni and Zn chelation in the cytosol in their path toward the 

xylem is nicotianamine, showing metal-triggered accumulation in roots in N. caerulescens 

and Arabidopsis halleri (Mari et al., 2006; Weber et al., 2004). Nicotianamine also chelates 

Zn, Cu, and Fe for storage thereof in the vacuole (Manara, 2012).  

 

Metal exclusion from the protoplast and plant organism 

 

Compartmentalization of metals in the vacuole is a key mechanism to remove excess 

metal ions from the cytosol and seems to be crucial for metal tolerance. Indeed, the vacuole, 

which in plants may account for up to 90% of the cell volume, is generally considered the 

main metal storage compartment in plant cells (Wójcik, 2009). A number of tonoplast 

transporters are responsible for metal transport into the vacuole, both in the form of free metal 
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ions and in complexes with ligands (Wójcik, 2009; Manara, 2012). The enhanced ability of Ni 

vacuolar storage in shoots seems to be mediated by high expression of MTP1 (metal transport 

protein of the CDF family) in Noccaea goesingense (Persans et al., 2001). This protein 

appears to be involved also in the Ni efflux from the cytoplasm to the cell wall (Kim et al., 

2004). Another tonoplast located metal transporter, i.e. a ferroportin transporter PgIREG1, 

showed higher expression in Psychotria gabriellae and was suggested as a candidate for Ni 

tolerance and hyperaccumulation by Merlot et al. (2014). Zinc and Cd sequestration into the 

shoot vacuole is probably mediated by transporters belonging to tonoplast P1B-ATPase and 

CAX (cation exchanger) families, respectively, whose genes are overexpressed in the Zn/Cd 

hyperaccumulators Noccaea caerulescens and Arabidopsis halleri, probably contributing to 

their hypertolerance (Rascio & Navari-Izzo, 2011; Wójcik, 2009 and references therein). 

Active metal efflux from the cell is well documented in bacterial and animal cells but 

only a few plasma membrane efflux transporters have been recognised in plants so far 

(Manara, 2012). Based on sequence similarity to microbial and animal proteins, the most 

likely candidates for active metal ion pumping out of the cytoplasm are the P1B-ATPases and 

the CDF families of transporters. Heavy metal ATPases (HMAs): HMA2 and HMA4 

belonging to the first family export selectively Zn and Cd (Krämer et al., 2007). The AtPDR8 

protein of the ABC transporter family localized in the plasma membrane of Arabidopsis 

thaliana root hairs and epidermal cells probably acts as an efflux pump for Cd and Pb, thus 

conferring tolerance to these metals (Kim et al., 2007). 

 When excluded from the protoplast, heavy metals may be removed from the organism 

by excretion or deposited in the cell wall, inside idioblasts, trichomes, or in some plant 

organs, the latter being often shed when overburdened with metals (Siedlecka et al., 2001). 

Active excretion of metals from leaf cells can occur via multicellular salt glands, e.g. in 

Armeria maritima ssp. halleri or via hydathodes, e.g. in Minuartia verna, when grown on 
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calamine soils (Olko et al., 2008). Nickel and Cd have also been reported to be excluded from 

stomatal cells (Broadhurst et al., 2004; Cosio et al., 2005). Many plants allocate metals in 

particular epidermal cells, including trichomes, and even in the cuticle (Asemaneh et al., 

2006; Krämer et al., 1997; Mesjasz-Przybylowicz et al., 1994; Słomka et al., 2011a). In some 

halophytes, such leaf hairs are discarded when overloaded (Bothe, 2011); whether such 

behaviour is exhibited by metallophytes should still be elucidated. Instead, the phenomenon 

of seasonal intensive metal deposition in older leaves and other plant parts followed by 

shedding these organs is well documented. It occurs, among others, in Zn/Cd excluding 

Armeria maritima, Minuartia verna, Anthyllis vulneraria or Biscutella laevigata, in Cu 

excluding Becium homblei, and in Ni excluding Indigofera setiflora (Baker & Brooks, 1989; 

Bothe, 2011; Siedlecka et al., 2001). 

 

If the defence mechanisms discussed above fail, the plant will suffer metal toxicity 

expressed as growth inhibition, chlorosis and necrosis, senescence, and ultimately death. 

These phytotoxicity symptoms may result from alterations in numerous physiological 

processes, such as photosynthesis, respiration, mineral nutrition, water relations, hormone 

balance, cell division, and elongation (Siedlecka et al., 2001; Singh et al., 2016). Another 

common consequence of metal toxicity is the enhanced production of reactive oxygen species 

(ROS) leading to oxidative stress resulting in lipid peroxidation, membrane dismantling, ion 

leakage, deterioration of macromolecules, and DNA-strand cleavage (Jozefczak et al., 2012). 

Therefore, a further defence mechanism adopted by metal-exposed plants relies on activation 

of the cell antioxidant system, including induction of enzymatic and non-enzymatic free 

radical scavengers (Jozefczak et al., 2012; Manara, 2012). Among the few studies performed 

on metallicolous versus non-metallicolous ecotypes, Gonnelli et al. (2001) reported that a 

serpentine population of Silene paradoxa seemed able to counteract Ni-induced oxidative 
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stress by limiting the metal inhibiting effect on peroxisomal H2O2 scavenging enzymes. This 

problem has been comprehensively analysed by Hendrix et al., 2017 (in this issue). 

A better understanding of the processes involved in metal tolerance and adaptations to 

metalliferous habitats may be important as a basis for more targeted strategies for developing 

plants suitable for phytoremediation.  

 

Potential of metallophytes for rehabilitation and phytoremediation 

 

Metalliferous areas, and especially the recent ones of anthropogenic origin and usually 

devoid of vegetation, are a source of secondary metal pollution via water and wind erosion, 

posing a threat to adjacent ecosystems and human health (Tordoff et al., 2000; Wójcik et al., 

2014). Some plant species occur spontaneously on degraded areas due to natural succession; 

however, this process is very slow and may last decades, often merely resulting in sparse 

patches of vegetation. Establishing the plant cover is one of the best ways to prevent metal 

migration and to increase the aesthetical value of degraded areas. To that end, it is important 

to use native species growing in the immediate neighbourhood or not far from the area to be 

reclaimed, because these plants are often more efficient in terms of survival, growth, and 

reproduction under environmental stress than plants introduced from other environments 

(Tordoff et al., 2000). Indigenous metallophytes may be used as a source of seedlings or seeds 

as well as fragments of natural turf with its soil, plants, microorganisms, mycorrhizas, seed 

bank etc. to increase the persistence of the plant cover and its biodiversity (Wójcik et al., 

2014).  

Various environmental approaches using metal tolerant plants are recommended, such 

as restoration, rehabilitation, or phytoremediation of metal-contaminated sites (Prach & 

Tolvanen, 2016; Whiting et al., 2004). The term ‘restoration’ refers to a process where the 
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recovery of a degraded or destroyed ecosystem to its pre-existing conditions is designed and 

prosecuted, which implies that only metallophytes originally present at the site can/should be 

used (Whiting et al., 2004). Since the metallophyte populations in most degraded mine sites 

have not been catalogued, such sites cannot be ecologically restored. On the other hand, 

‘rehabilitation’ (or’ reclamation’) means establishing a vegetative cover that is not 

representative of the pre-existing conditions and therefore any plant species able to tolerate 

the harsh site conditions can be exploited. Two approaches can be distinguished based on the 

level of human intervention to the environment. Assisted reclamation aims at speeding up the 

natural regeneration of ecosystems by improving the site conditions and/or introduction of 

target species, whereas technical reclamation often involves drastic restructuring of the 

habitat, including importing soil followed by sowing or planting some plants (Prach & 

Tolvanen, 2016). Vegetation can be introduced to a contaminated area for either 

phytostabilization or phytoextraction. Phytostabilization relies on stabilizing contaminants in 

the soil by plant imposed accumulation and precipitation of toxic elements in the rhizosphere 

or adsorption thereof on root surface. In contrast, phytoextraction assumes removal of metals 

and metalloids from soils through plants. Both approaches represent phytoremediation 

technologies and have been a subject of many reviews recently (Ali et al., 2013; Cundy et al., 

2016; Vangronsveld et al., 2009). They will also be extensively addressed to in further 

chapters of this volume (Chaney and Baklanov, 2017 in this issue); therefore, they will be 

only briefly characterised here. The mode of management of metalliferous areas depends 

upon the level and area of pollution and the final purpose of the site utilization/exploitation.  

 

Phytostabilization 
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There are plenty of species of metal-tolerant plants that may be considered for 

phytostabilization. These plants should be characterised by restricted metal uptake and/or 

transfer to the shoots (excluders) to avoid entry of metals into the food chain, dense rooting 

system, rapid growth to ensure adequate ground coverage, ease of establishment and 

maintenance under field conditions, and tolerance to high concentrations of metals and other 

adverse soil conditions (Vangronsveld et al., 2009; Whiting et al., 2004).  

Metal-tolerant plant populations/ecotypes (mainly grasses but also some trees) have 

been commonly used to stabilize and revegetate waste spoils and other severely contaminated 

sites (Cundy et al., 2016; Johnson et al., 1994; Stuczyński et al., 2007; Szarek-Łukaszewska, 

2009; Tordoff et al., 2000). Phytostabilization by grasses has been performed with success, 

among others, in Pb/Zn/Cd contaminated sites in Poland (Daniels et al., 1998; Stuczyński et 

al., 2007), Belgium (Vangronsveld et al., 1996), France (Cundy et al., 2016), USA (Li et al., 

2000), and China (Shu et al., 2002). The most widely used grass species include Agrostis 

capillaris, Festuca rubra, Festuca arundinacea, Poa pratensis, Vetiveria zizanioides, and 

Deschampsia cespitosa. Zn/Pb mining waste deposits near Bukowno-Bolesław in Poland as 

well as other metalliferous remnants of mining and smelting activities elsewhere have been 

and are still being afforested by planting trees and shrubs, which yields stable woodlands 

characteristic for the landscape of these regions (Szarek-Łukaszewska, 2009). Trees that are 

most often introduced into reclaimed areas include pine (Pinus sylvestris), birch (Betula 

pendula), larch (Larix decidua), and black locust (Robinia pseudoacaccia). To improve the 

vegetation capacity and increase the persistence of a plant cover, it is recommended to 

combine the introduced plants with some metal tolerant ecotypes of legume species, e.g. 

Trifolium repens or Lotus corniculatus, which can naturally maintain a nitrogen supply 

through symbiotic fixation. Successful attempts of such reclamation approaches have been 

reported e.g. in the Parc Pb/Zn mine in North Wales (Whiting et al., 2004) or in abandoned 
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metalliferous fluorspar dams in Derbyshire, UK (Turdoff et al., 2000). There are several 

examples of using metallicolous populations of herbaceous plants for revegetation of metal-

contaminated sites. For instance, introduction of Arabidopsis halleri and Armeria maritima 

subsp. halleri originating from Central European calaminarian grassland into the Auby 

smelter area in France produced a positive effect (Bert et al., 2000; Dahmani-Müller et al., 

2000). Seeds of native metallophytes were collected and successfully used for revegetation of 

Australian mineral wastes (Whiting et al., 2004). Similarly, seeds of a calamine population of 

Biscutella laevigata were used with a big success on another Zn-Pb spoil heap, in Upper 

Silesia, Poland creating a numerous and still increasing population just after four years 

(Rostański, 2014). 

 

Phytoextraction 

 

In contrast to organic pollutants, heavy metals do not undergo biodegradation and 

therefore persist in soils for thousands of years. For instance, Pb, one of the most toxic metals, 

has soil retention time of 150-5000 years and its high concentration may be maintained in the 

soil for 150 years (Singh et al., 2016). The only effective way of removal of metallic elements 

is extraction thereof using conventional physical or chemical methods (e.g. in situ 

vitrification, soil incineration, washing or flushing, but usually soil excavation and 

replacement - so called ‘dig and dump’), which are usually very expensive and destructive to 

the soil ecosystem, or using phytoextraction (Ali et al., 2013; Vangronsveld et al., 2009). 

Phytoextraction represents a cost-effective, efficient, environment- and eco-friendly 

alternative to the conventional methods but is also the most challenging task among all 

phytoremediation approaches/technologies. The idea of phytoextraction is to concentrate high 

amounts of metals in aboveground plant parts that are subsequently harvested and incinerated 
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or processed in another way (Sas-Nowosielska et al., 2004). Therefore, ideally, it should 

combine hyperaccumulation with high biomass production; however, no such plant has been 

recognised so far. Hyperaccumulators are usually slow growing low-biomass plants, often 

with restricted and local occurrence, whilst fast growing and high-biomass plants are 

predominantly poor metal accumulators with a low to moderate metal tolerance level. 

Nevertheless, several successful applications of both kinds of plants for phytoextraction on a 

field scale have been noted. For instance, the Ni hyperaccumulators Alyssum bertolonii and 

Strephanthus polygaloides have been proposed for Ni phytoextraction (Li et al., 2003). Small-

scale field trials showed a potential of some ecotype of the Zn/Cd hyperaccumulator Noccaea 

caerulescens for phytoextraction of Cd from polluted soils (Maxted et al., 2007; McGrath et 

al., 2006). On the other hand, high biomass plants such as willow (Salix sp.) (Janssen et al., 

2015), poplar (Populus sp.) (Ruttens et al., 2011), maize (Zea mays) (Van Slycken et al., 

2013), sunflower (Helianthus annuus) (Nehnevajova et al., 2009), Brassica juncea (Tlustoš et 

al., 2006), or Jatropha curcas (Papazoglou, 2014) appeared to be good candidates for 

decontamination of moderately polluted soils. 

In phytoremediation treatment, only rarely can metal tolerant vegetation be established 

directly on the metalliferous substrate (like in Rostański, 2014). Such soils are often too 

phytotoxic and usually some physical or chemical modifications (mostly using some 

amendments) are applied prior to introduction of plants to improve soil fertility, render the 

soil less hostile and, depending on the aim, to decrease or increase metal bioavailability and 

accumulation for successful site management (Vangronsveld et al., 2009). 

Phytoextraction efficiency of plants can also be substantially improved through natural 

cultivation for some desirable traits, mutagenesis, hybridization, or genetic engineering (Ali et 

al., 2013; Singh et al., 2016; Vangronsveld et al., 2009). However, due to the complex genetic 

background of mechanisms involved in metal uptake, translocation, and sequestration as well 
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as poor legal and societal acceptance of application of genetically modified plants, this 

strategy is still far from introduction in practice. 

Successful phytoextraction requires decreasing the pollutant level to that complying 

with environmental regulations. From the practical point of view, phytoextraction is only 

feasible on low to moderately contaminated soils, like these at tertiary human-influenced 

sites. In the case of many severely metal-enriched soils influenced by industrial or mining 

activities, it would be very difficult or even impossible to carry out phytoextraction within a 

reasonable period; then, stabilization using metal-tolerant plants is a more logical alternative 

to initiate a healthy ecosystem (Whiting et al., 2004; Vangronsveld et al., 2009; Zhao & 

McGrath, 2009). 

 

Other potential beneficial applications of metallophytes 

 

In addition to the rehabilitation or phytoremediation of metal-contaminated areas, 

several other benefits from application of metallophytes can be mentioned. Metal-rich plant 

biomass from phytoextraction may be combusted to get energy and the remaining ash may be 

in some cases used as ‘bio-ore’ for recovery of precious metals (Ni, Tl, Au, Pd, Pt) in a 

process called phytomining or agromining (van der Ent et al., 2015; Chaney and Baklanov, 

2017, this issue). The difference between these two applications is associated with on the type 

of soil used for obtaining plant biomass. Phytomining relates to degraded or mined lands 

being under the reclamation process, whereas agromining assumes using low-productivity 

agricultural metal-contaminated soils to generate economic profits to farmers. Up to date, 

phytomining has been commercially applied for Ni using Alyssum murale and Alyssum 

corsicum and it appeared to be more eco- and cost-effective than the conventional metal 

extraction methods with reference to many ores (Chaney et al., 2007).  
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Another novel and interesting way of processing with metal-rich plant biomass is to 

use it for eco-catalyst production (Escande et al., 2015). A polymetallic solid obtained after 

thermal and chemical treatment of plant material can serve as a catalyst or reagent in synthesis 

of valuable products for the fine chemical, e.g. fragrances and cosmetics, industry. 

Metal hyperaccumulators may also have an alternative use – in biofortification 

(Clemens, 2016; Guerinot & Salt, 2001; Zhao & McGrath, 2009). Biofortification aims at 

production of crops enriched with trace elements that are essential for human diet in edible 

plant parts through cultivation, biotechnological approaches, or the use of appropriate 

fertilizers. Zinc, Se, Fe, and iodine (I) are the major target micronutrients since their 

deficiencies affect more than half of the world population. 

 

Concluding remarks 

 

Metallophytes are widespread throughout the world, forming an integral part of the 

biodiversity on metalliferous soils. Due to their amazing ecology and physiology as well as 

multiplicity of potential applications, there is a need to continue screening metallicolous 

vegetation for its ability to tolerate metals, both in terms of hyperaccumulation and exclusion. 

Severely contaminated sites bearing well-developed metal-resistant flora are peculiar 

ecological islands that should be protected as gene reservoirs. These include not only the 

natural outcrops or tracts of metalliferous areas (e.g. serpentine soils), being often a cradle for 

endemic vegetation, but also anthropogenically created metalliferous waste deposits (e.g. 

from mining and smelting of Zn and Pb ores) becoming niches for specific and unique 

vegetation. The latter artificial habitats, although often considered dull scars and eye-sores of 

the landscapes, may in fact represent very interesting biocenoses exceeding the pre-existing 

habitats with their biodiversity. Therefore, integrated efforts should be focused on protecting 
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the native environments of metallophytes, both of natural and human origin. Several strategies 

have been proposed for preserving the biodiversity of metallophytes: active protection of 

metalliferous habitats in situ, establishing collections of metallophytes in botanical gardens, 

arboreta, and seed or germplasm banks, etc. (Baker et al., 2010; Whiting et al., 2004).  

Considerable attention has been given worldwide to the possibility of using 

metallophytes, either alone or in combination with microorganisms for rehabilitation or 

phytoremediation of contaminated sites. Moreover, exploitation of metallophytes as bio-ores 

coupled with bioenergy production or, alternatively, as a natural source of crucial 

micronutrients for improving human diet and public health is an attractive idea. However, 

scientific information on the mechanisms of adaptation to adverse environmental conditions is 

a basis for planning effective reclamation of contaminated sites using metallophytes or other 

ways of beneficial or even profitable utilization of metallophytes. Thus, it is of pivotal 

importance to understand the inter- and intra-species variation in mineral uptake, distribution, 

metabolism and tolerance, and the molecular mechanisms responsible for the process. Many 

details of these processes have already been presented; yet, there is still a lot to be elucidated 

and recognised, especially under natural site-specific field conditions. 

  

Acknowledgements 

M. Wójcik and S. Dresler would like to dedicate this article to Prof. Anna Tukiendorf, their 

long-time supervisor, who inspired them to work on metallophytes, as well as their mentor 

and friend.  J. Vangronsveld acknowledges support from the Hasselt University Methusalem 

project 08M03VGRJ. 

 

References 



40 
 

 

Abratowska, A., Wąsowicz, P., Bednarek, P. T., Jelka, J., & Wierzbicka, M. (2012). 

Morphological and genetic distinctiveness of metallicolous and non-metallicolous populations 

of Armeria martima s.I. (Plumbaginaceae) in Poland. Plant Biology, 14, 586–595. 

Agrawal, B., Czymmek, K. J., Sparks, D. L., & Bais, H. P. (2013). Transient influx of nickel 

in root mitochondria modulates organic acid and reactive oxygen species production in nickel 

hyperaccumulator Alyssum murale. The Journal of Biological Chemistry, 288,  7351–7362. 

Agrawal, B., Lakshmanan, V., Kaushik, S., & Bais, H. P. (2012). Natural variation among 

Arabidopsis accessions reveals malic acid as a key mediator of nickel (Ni) tolerance. Planta, 

236, 477–489. 

Alford, É. R., Pilon-Smits, E. A. H., & Paschke, M. W. (2010). Metallophytes – a view from 

the rhizosphere. Plant & Soil, 337, 33–50. 

Ali, H., Khan, E., & Sajad, M. A. (2013). Phytoremediation of heavy metals – concepts and 

applications. Chemosphere, 91, 869–881. 

Álvarez-Fernández, A., Díaz-Benito, P., Abadía, A., López-Millán, A.-F., & Abadia, J. 

(2014). Metal species involved in long distance metal transport in plants. Frontiers in Plant 

Science, 5, 105. 

Anjum, N. A., Hasanuzzaman, M., Hossain, M. A., Thangavel, P., Roychoudhury, A., Gill, S. 

S., Merlos Rodrigo, M. A., Adam, V., Fujita, M., Kizek, R., Duarte, A. C., Pereira, E., & 

Ahmad, I. (2015). Jacks of metal/metalloid chelation trade in plants – an overview. Frontiers 

in Plant Sciences, 6, 192. 

Armbruster, W. S. (2014). Multiple origins of serpentine-soil endemism explained by 

preexisiting tolerance to open habitats. Proceedings of the National Academy of Sciences 

USA, 111, 14968–14969. 



41 
 

Asemaneh, T., Ghaderian, S. M., Crawford, S. A., Marshall, A. T., & Baker, A. J. M. (2006). 

Cellular and subcellular compartmentation of Ni in the Eurasian serpentine plants Alyssum 

bracteatum, Alyssum murale (Brassicaceae) and Cleome heratensis (Capparaceae). Planta, 

225, 193–290. 

Assunção, A. G. L., Da Costa Martins, P., De Folter, S., Vooijs, R., Schat, H., & Aarts, M. G. 

M. (2001). Elevated expression of metal transporter genes in three accessions of the metal 

hyperaccumulator Thlaspi caerulescens. Plant, Cell & Environment, 24, 217–226. 

Assunção, A. G. L., Schat, H., & Aarts, M. G. M. (2003). Thlaspi caerulescens, an attractive 

model species to study heavy metal hyperaccumulation in plants. New Phytologist, 159, 351–

360. 

Babst-Kostecka, A. A., Parisod, C., Godé, C., Vollenweider, P., & Pauwels, M. (2014). 

Patterns of genetic divergence among populations of the pseudometallophyte Biscutella 

laevigata from southern Poland. Plant & Soil, 383, 245–256. 

Baker, A. J. M. (1981). Accumulators and excluders – strategies in the response of plants to 

heavy metals. Journal of Plant Nutrition, 3, 643–654. 

Baker, A. J. M., & Brooks, R. R. (1989). Terrestrial higher plants which hyperaccumulate 

metallic elements: a review of their distribution, ecology and phytochemistry. Biorecovery, 1, 

81–126. 

Baker, A. J. M., Ernst, W. H. O., van der Ent, A., Malaisse, F., & Ginocchio, R. (2010). 

Metallophytes: the unique biological resource, its ecology and conservational status in 

Europe, central Africa and Latin America. In L. C. Batty, & K. H. Hallberg (Eds.), Ecology of 

industrial pollution (pp. 7–40). Cambridge: Cambridge University Press. 

Baumbach, H., & Hellwig, F. H. (2007). Genetic differentiation of metallicolous and non-

metallicolous Armeria maritima (Mill.) Willd. taxa (Plumbaginaceae) in Central Europe. 

Plant Systematics & Evolution, 269, 245–258. 



42 
 

Bert, V., Macnair, M. R., De Laguerie, F., Saumitou-Laprade, P., & Petit, D. (2000). Zinc 

tolerance and accumulation in metallicolous and nonmetallicolous populations of Arabidopsis 

halleri (Brassicaceae). New Phytologist, 146, 225–233. 

Bhatia, N. P., Walsh, K. B., & Baker, A. J. M. (2005). Detection and quantification of ligands 

involved in nickel detoxification in a herbaceous Ni hyperaccumulator Stackhousia tryonii 

Bailey. Journal of Experimental Botany, 56, 1343–1349. 

Bickham, J. W., Sandhu, S., Hebert, P. D. N., Lounes, C., & Athwal, R. (2000). Effects of 

chemical contaminants on genetic diversity in natural populations: implications for 

biomonitoring ecotoxicology. Mutation Research – Reviews in Mutation Research, 463, 33–

51. 

Bizoux, J. P., Brevers, F., Meerts, P., Graitson, E. & Mahy, G. (2004). Ecology and 

conservation of Belgian populations of Viola calaminaria, a metallophyte with a restricted 

geographic distribution. Belgian Journal of Botany, 137, 91–104. 

Bizoux, J.-P., Daïnou, K., Raspé, O., Lutts, S., & Mahy, G. (2008). Fitness and genetic 

variation of Viola calaminaria, an endemic metallophyte: implication of population structure 

and history. Plant Biology, 10, 684–693. 

Borhidi, A. (1991). Phytogeography and vegetation ecology of Cuba. Budapest: Akademiai 

Kiado. 

Bothe, H. (2011). Plants in heavy metal soils. In I. Sherameti, & A. Varma (Eds.), 

Detoxification of heavy metals, Soil Biology 30 (pp. 35–57). Berlin Heidelberg: Springer-

Verlag. 

Boyd, R. S. (2007). The defense hypothesis of elemental hyperaccumulation: status, 

challenges and new directions. Plant & Soil, 293, 153–176. 



43 
 

Brady, K. U., Kruckeberg, A. R., & Bradshaw, H. D. Jr. (2005). Evolutionary ecology of 

plant adaptation to serpentine soils. Annual Review of Ecology, Evolution & Systematics, 36, 

243–266. 

Brej, T. (1998). Heavy metal tolerance in Agropyron repens (L.) P. Beauv. populations from 

the Legnica copper smelter area, Lower Silesia. Acta Societatis Botanicorum Poloniae, 67, 

325–333. 

Broadhurst, C. L., Chaney, R. L., Angle, J. S., Erbe, E. F., & Maugel, T. K. (2004). Nickel 

localization and response to increasing Ni soil levels in leaves of the Ni hyperaccumulator 

Alyssum murale. Plant & Soil, 265, 225–242. 

Brooks, R. R. (1998). Geobotany and hyperaccumulators. In R. R. Brooks (Ed.), Plants that 

hyperaccumulate heavy metals: their role in phytoremediation, microbiology, archaeology, 

mineral exploration and phytomining (pp. 55–94). Oxon: CAB International. 

Brooks, R. R., Baker, A. J. M., & Malaisse, F. (1992). Copper flowers. National Geographic 

Research & Exploration, 8, 338–351. 

Burgess, J., Szlavecz, K., Rajakaruna, N., & Swan, C. (2015). Ecotypic differentiation of mid-

Atlantic Quercus species in response to ultramafic soils. Australian Journal of  Botany, 63, 

308–323. 

Bush, E. J., & Barrett, S. C. H. (1993). Genetics of mine invasions by Deschampsia cespitosa 

(Poaceae). Canadian Journal of Botany, 71, 1336–1348. 

Cacho, N. I., & Strauss, S. Y. (2014). Occupation of bare habitats, an evolutionary precursor 

to soil specialization in plants. Proceedings of the National Academy of Sciences USA, 111, 

15132–15137. 

Cacho, N. I., Burrell, A. M., Pepper, A. E., & Strauss, S. Y. (2014). Novel nuclear markers 

inform the systematics and the evolution of serpentine use in Streptanthus and allies 

(Thelypodieae, Brassicaceae). Molecular Phylogenetics & Evolution, 72, 71–81. 



44 
 

Callahan, D. L., Baker, A. J. M., Kolev, S. D., & Wedd, A. G. (2006). Metal ion ligands in 

hyperaccumulating plants. Journal of Biological Inorganic Chemistry, 11, 2–12. 

Callahan, D. L., Roessner, U., Dumontet, V., Perrier, N., Wedd, A. G., O’Hair, R. A., Baker, 

A. J. M., & Kolev, S. D. (2008). LC–MS and GC–MS metabolite profiling of nickel (II) 

complexes in the latex of the nickel hyperaccumulating tree Sebertia acuminata and 

identification of methylated aldaric acid as a new nickel (II) ligand. Phytochemistry, 69, 240–

251. 

Cecchi, L., & Selvi, F. (2009). Phylogenetic relationships of the monotypic genera Halacsya 

and Paramoltkia and the origins of serpentine adaptation in circummediterranean 

Lithospermeae (Boraginaceae): insights from ITS and matK DNA sequences. Taxon, 58, 700–

714. 

Cecchi, L., Colzi, I., Coppi, A., Gonnelli, C., & Selvi, F. (2013). Diversity and biogeography 

of Ni-hyperaccumulators of Alyssum section Odontarrhena (Brassicaceae) in the Central 

Western Mediterranean: evidence from karyology, morphology and DNA sequence data. 

Botanical Journal of the Linnean Society, 173, 269–289. 

Cecchi, L., Coppi, A., & Selvi, F. (2011). Evolutionary dynamics of serpentine adaptation in 

Onosma (Boraginaceae) as revealed by ITS sequence data. Plant Systematics & Evolution, 

297, 185–199. 

Cecchi, L., Gabbrielli, R., Arnetoli, M., Gonnelli, C., Hasko, A., & Selvi, F. (2010). 

Evolutionary lineages of Ni-hyperaccumulation and systematics in European Alysseae 

(Brassicaceae): evidence from nrDNA sequence data. Annals of Botany, 106, 751–767. 

Chaney, R. L., Angle, J. S., Broadhurst, C. I, Peters, C. A., Tappero, R. V., & Sparks, D. I. 

(2007). Improved understanding of hyperaccumulation yields commercial phytoextraction and 

phytomining technologies. Journal of Environmental Quality, 36, 1429–1443. 



45 
 

Chathuranga, P. K. D., Dharmasena, S. K. A. T., Rajakaruna, N., & Iqbal, M. C. M. (2015). 

Growth and nickel uptake by serpentine and non-serpentine populations of Fimbristylis ovata 

(Cyperaceae) from Sri Lanka. Australian Journal of Botany, 63, 128–133. 

Chaney R, Baklanov I (2017) Phytoremediation and Phytomining: Status and Promise. This 

issue 

Clemens, S. (2016). How metal hyperaccumulating plants can advance Zn biofortification. 

Plant & Soil, DOI 10.1007/s11104-016-2920-3. 

Cobbett, C. S. (2000). Phytochelatin biosynthesis and function in heavy metal detoxification. 

Current Opinion in Plant Biology, 3, 211–216. 

Cobbett, C. S., & Goldsbrough, P. (2002). Phytochelatins and metallothioneis: roles in heavy 

metal detoxification and homeostasis. Annual Review in Plant Biology, 53, 159–182. 

Colzi, I., Rocchi, S., Rangoni, M., Del Bubba, M., & Gonnelli, C. (2014). Specificity of metal 

tolerance and use of excluder metallophytes for the phytostabilization of metal polluted soils: 

the case of Silene paradoxa L. Environmental Science & Pollution Research, 21, 10960–

10969. 

Coppi, A., Cecchi, L., Mengoni, A., Pustahija, F., Tomović, G., & Selvi, F. (2014). Low 

genetic diversity and contrasting patterns of differentiation in the two monotypic genera 

Halacsya and Paramoltkia (Boraginaceae) endemic to the Balkan serpentines. Flora, 209, 5–

14. 

Cosio, C., De Santis, L., Frey, B., Diallo, S., & Keller, C. (2005). Distribution of cadmium in 

leaves of Thlaspi caerulescens. Journal of Experimental Botany, 56, 565–575.  

Cundy, A. B., Bardos, R. P., Puschenreiter, M., Mench, M., Bert, V., Friesl-Hanl, W., Müller, 

I., Li, X. N., Weyens, N., Witters, N., & Vangronsveld, J. (2016). Brownfields to green fields: 

realising wider benefits from practical contaminant phytomanagement strategies. Journal of 

Environmental Management, DOI:10.1016/j.jenvman.2016.03.028. 



46 
 

Dahmani-Müller, H., van Oort, E., Gélic, B., & Balabane, M. (2000). Strategies of heavy 

metal uptake by three plant species growing near a smelter site. Environmental Pollution, 109, 

231–238. 

Daniels, W. L., Stuczynski, T., Chaney, R. L., Pantuck, K., & Pistelok, F. (1998). 

Reclamation of Pb/Zn smelter wastes in Upper Silesia, Poland. In H. R. Fox, H. M. Moore, & 

A. D. McIntosh (Eds.), Land reclamation: achieving sustainable benefits (pp. 269–276). 

Rotterdam: Balkema. 

Dechamps, C., Noret, N., Mozek, R., Draye, X., & Meerts, P. (2008). Root allocation in 

metal-rich patch by Thlaspi caerulescens from normal and metalliferous soil – new insight 

into the rhizobox approach. Plant & Soil, 310, 211–224. 

Deng, J., Liao, B., Ye, M., Deng, D., Lan, C., & Shu, W. (2007). The effects of heavy metal 

pollution on genetic diversity in zinc/cadmium hyperaccumulator Sedum alfredii populations. 

Plant & Soil, 297, 83–92. 

Dhillon, K. S., &Dhillon, S. K. (2001). Distribution and management of seleniferous soils. 

Advances in Agronomy, 79, 119-184. 

Dickinson, N. M., Turner, A. P., & Lepp, N. W. (1991). How do trees and other long-lived 

plants survive in polluted environments? Functional Ecology, 5, 5–11. 

Dresler, S., Bednarek, W., & Wójcik, M. (2014). Effect of cadmium on selected physiological 

and morphological parameters in metallicolous and nonmetallicolous populations of Echium 

vulgare L. Ecotoxicology & Environmental Safety, 104, 332–338. 

Dresler, S., Tyrka, M., Szeliga, M., Ciura, J., Wielbo, J., Wójcik, M., & Tukiendorf, A. 

(2015). Increased genetic diversity in the populations of Echium vulgare L. colonising Zn-Pb 

waste heaps. Biochemical Systematics & Ecology, 60, 28–36. 



47 
 

Dueck, T. A., Ernst, W. H. O., Faber, J., & Pasman, F. (1984). Heavy metal emission and 

genetic constitution of plant populations in the vicinity of two metal emission sources. 

Angewandte Botanik, 58, 47–59. 

Ernst, W. H. O. (2006). Evolution of metal tolerance in higher plants. Forest, Snow 

Landscape Research, 80, 251–274. 

Ernst, W. H. O., Kraus, G.-J., Verkleij, J. A. C., & Wesenberg, D. (2008). Interaction of 

heavy metals with the sulphur metabolism in angiosperms from an ecological point of view. 

Plant, Cell & Environment, 31, 123–143. 

Escande, V., Olszewski, T., & Grison, C. (2015). From biodiversity to catalytic diversity: how 

to control the reaction mechanism by the nature of metallophytes. Environmental Science & 

Pollution Research, 22, 5653–5666. 

Fernández, R., Fernández-Fuego, D., Bertrand, A., & González, A. (2014). Strategies for Cd 

accumulation in Dittrichia viscosa (L.) Greuter: role of the cell wall, non-protein thiols and 

organic acids. Plant Physiology & Biochemistry, 78, 63–70. 

Fiałkiewicz, B., & Rostański, A. (2006). Morphological variability of Cardaminopsis halleri 

(L.) Hayek from selected habitats in the Silesian Upland (Southern Poland). Biodiversity 

Research & Conservation, 1–2, 34–40. 

Gendre, D., Czernic, P., Conejero, G., Pianelli, K., Briat, J. F., Lebrun, M., & Mari, S. (2007). 

TcYSL3, a member of the YSL gene family from the hyper-accumulator Thlaspi caerulescens, 

encodes a nicotianamine-Ni/Fe transporter. The Plant Journal, 49, 1–15. 

Ghaderian, S. M., Hemmat, G. R., Reeves, R. D., & Baker, A. J. M. (2007). Accumulation of 

lead and zinc by plants colonising a metal mining area in Central Iran. Journal of Applied 

Botany & Food Quality, 81, 145-150. 

Gonnelli, C., Galardi, F., & Gabbrielli, R. (2001). Nickel and copper tolerance and toxicity in 

three Tuscan populations of Silene paradoxa. Physiologia Plantarum, 113, 507–514.  



48 
 

Guerinot, M. L. (2000). The ZIP family of metal transporters. Biochimica & Biophysica Acta, 

1465, 190–198. 

Guerinot, M. L., & Salt, D. E. (2001). Fortified foods and phytoremediation. Two sides of the 

same coin. Plant Physiology, 125, 164–167. 

Gustafson, D. J., Romano, G., Latham, R. E., & Morton, J. K. (2003). Amplified fragment 

length polymorphism analysis of genetic relationships among the serpentine barrens endemic 

Cerastium velutinum Rafinesque var. villosissimum Pennel (Caryophyllaceae) and closely 

related Cerastium species. Journal of Torrey Botanical Society, 130, 218–223. 

Halimaa, P., Lin, Y. F., Ahonen, V. H., Blande, D., Clemens, S., Gyenesei, A., Häikiö, E., 

Kärenlampi, S. O., Laiho, A., Aarts, M. G. M., Pursiheimo, J. P., Schat, H., Schmidt, H., 

Tuomainen, M. H., & Tervahauta, A. I. (2014). Gene expression differences between 

Noccaea caerulescens ecotypes help to identify candidate genes for metal phytoremediation. 

Environmental Science & Technology, 48, 3344−3353. 

Harmens, H., Koevoets, P. L. M., Verkleij, J. A. C., & Ernst, W. H. O. (1994). The role of 

low molecular weight organic acids in the mechanism of increased zinc tolerance in Silene 

vulgaris (Moench) Garcke. New Phytologist, 126, 615–621. 

Haydon, M. J., & Cobbett, C. S. (2007). Transporters of ligands for essential metal ions in 

plants. New Phytologist, 174, 499–506. 

Hendrix, S., Schröder, P., Keunen, E., Huberm C., Cuypers, A. (2017) Molecular and cellular 

aspects of contaminant toxicity in plants. This issue. 

Hughes, R., Bachmann, K., Smirnoff, N., & Macnair, M. R. (2001). The role of drought 

tolerance in serpentine tolerance in the Mimulus guttatus Fischer ex DC. complex. South 

African Journal of Science, 97, 581–586. 



49 
 

Ingle, R. A., Mugford, S. T., Rees, J. D., Campbell, M. M., & Smith, J. A. C. (2005). 

Constitutively high expression of the histidine biosynthetic pathway contributes to nickel 

tolerance in hyperaccumulator plants. Plant Cell, 17, 2089–2106. 

Isnard, S., L’Huillier, L., Rigault, F., & Jaffré, T. (2016). How did the ultramafic soils shape 

the flora of the New Caledonian hotspot? Plant & Soil, DOI 10.1007/s11104-016-910-5. 

Janssen, J., Weyens, N., Croes, S., Beckers, B., Meiresonne, L., Van Peteghem, P., Carleer, 

R., & Vangronsveld, J. (2015). Phytoremediation of metal contaminated soil using willow: 

exploiting plant-associated bacteria to improve biomass production and metal uptake. 

International Journal of Phytoremediation, 17, 1123–1136. 

Jędrzejczyk-Korycińska, M. (2009). Former zinc-lead ores mining areas – their floristic 

diversity and chances of conservation. Problemy Ekologii Krajobrazu, 24, 71–80 (in Polish).  

Jędrzejczyk-Korycińska, M., Szarek-Łukaszewska, G., Kapusta, P., & Zagórna, M. (2014). 

Changes in species composition of calamine grassland after the removal of woody plants – 

effect of a conservation management. Acta Biologica Cracoviensia, Series Botanica, 56 

(Suppl. 2), 26. 

Johnson, M. S., Cooke, J. A., & Stevenson, J. K. (1994). Revegetation of metalliferous wastes 

and land after metal mining. In R. E. Hester, & R. M. Harrison (Eds.), Mining and its 

environmental impact (pp. 31–48). Cambridge: Royal Society of Chemistry, Thomas Graham  

House. 

Jozefczak, M., Remans, T., Vangronsveld, J., & Cuypers, A. (2012). Glutathione is a key 

player in metal-induced oxidative stress defences. International Journal of Molecular 

Sciences, 13, 3145–3175. 

Kabata-Pendias, A., & Mukherjee, A. B. (2007). Trace elements from soil to human. Berlin 

Heidelberg: Springer-Verlag. 



50 
 

Kerkeb, L., & Krämer U. (2003). The role of free histidine in xylem loading of nickel in 

Alyssum lesbiacum and Brassica juncea. Plant Physiology, 131, 716–724. 

Kim, D. Y., Bovet, L., Maeshima, M., Martinoia, E., & Lee, Y. (2007). The ABC transporter 

AtPDR8 is a cadmium extrusion pump conferring heavy metal resistance. Plant Journal, 50, 

207–218. 

Kim, D., Gustin, J. L., Lahner, B., Persans, M. W., Baek, D., Yun, D. J., & Salt, D. E. (2004). 

The plant CDF family member TgMTP1 from the Ni/Zn hyperaccumulator Thlaspi 

goesingense acts to enhance efflux of Zn at the plasma membrane when expressed in 

Saccharomyces cerevisiae. Plant Journal, 39, 237–251. 

Krämer, U., Cotter-Howwells, J. D., Charnock, J. M., Baker, A. J. M., & Smith, J. A. C. 

(1996). Free histidine as a metal chelator in plants that accumulate nickel. Nature, 379, 635–

638. 

Krämer, U., Grime, G. W., Smith, J. A. C., Hawes, C. R., & Baker, A. J. M. (1997). 

MicroPIXE as a technique for studying nickel localization in leaves of the hyperaccumulator 

plant Alyssum lesbiacum. Nuclear Instruments & Methods in Physics Research Bulletin, 130, 

346–350.  

Krämer, U., Pickering, I. J., Prince, R. C., Raskin, I., & Salt, D. E. (2000). Subcellular 

localization and speciation of nickel in hyperaccumulator and non-accumulator Thlaspi 

species. Plant Physiology, 122, 1343–1354. 

Krämer, U., Talke, I. N., & Hanikenne, M. (2007). Transition metal transport. FEBS Letters, 

581, 2263–2272. 

Kruckeberg, A. R. (2002). Geology and plant life: the effects of landforms and rock type on 

plants. Seattle/London: University Washington Press. 

Krzesłowska, M. (2011). The cell wall in plant cell response to trace metals: polysaccharide 

remodeling and its role in defense strategy. Acta Physiologiae Plantarum, 33, 35–51. 

Formatted: Dutch (Belgium)



51 
 

Lasat, M. M., Pence, N. S., Garvin, D. F., Abbs, S. D., & Kochian, L. V. (2000). Molecular 

physiology of zinc transport in the Zn hyperaccumulator Thlaspi caerulescens. Journal of 

Experimental Botany, 51, 71–79. 

Li, T. Q., Yang, X. E., He, Z. L., & Yang, J. Y. (2005). Root morphology and Zn2+ uptake 

kinetics of the Zn hyperaccumulator of Sedum alfredii Hance. Journal of Integrative Plant 

Biology, 47, 927–934. 

Li, Y.–M., Chaney, R. L., Siebielec, G., & Kershner, B. A. (2000). Response of four turfgrass 

cultivars to limestone and biosolids-compost amendment of a zinc and cadmium contaminated 

soil at Palmerton, Pennsylvania. Journal of Environmental Quality, 29, 1440–1447. 

Li, Y.–M., Chaney, R., Brewer, E., Roseberg, R., Angle, J. S., Baker, A., Reeves, R., & 

Nelkin, J. (2003). Development of a technology for commercial phytoextraction of nickel: 

economic and technical considerations. Plant & Soil, 249, 107–115. 

Lombi, E., Zhao, F. J., McGrath, S. P., Young, S. D., & Sacchi, G. A. (2001). Physiological 

evidence for a high-affinity cadmium transporter highly expressed in a Thlaspi caerulescens 

ecotype. New Phytologist, 149, 53–60. 

Luo, C. L., Shen, Z. G., & Li, X. D. (2008). Root exudates increase metal accumulation in 

mixed cultures: implications for naturally enhanced phytoextraction. Water, Air & Soil 

Pollution, 193, 147–154. 

Manara, A. (2012). Plant responses to heavy metal toxicity. In A. Furini (Ed.), Plants and 

heavy metals. SpringerBriefs in Biometals (pp. 27–53). The Netherlands: Springer. 

Mari, S., Gendre, D., Pianelli, K., Ouerdane, L., Lobinski, R., Briat, J. F, Lebrun, M., & 

Czernic, P. (2006). Root to shoot long-distance circulation of nicotianamine and 

nicotianamine–nickel chelates in the metal hyperaccumulator Thlaspi caerulescens. Journal 

of Experimental Botany, 57, 4111–4122. 



52 
 

Martin, M. H., & Coughtrey, P. J. (1982). Biological indicators of natural ore-bodies: 

geobotanical and biogeochemical prospecting for heavy metal deposits. In M. H. Martin, & P. 

J. Coughtrey (Eds.), Biological monitoring of heavy metal pollution. Land and air (pp 34–59). 

London & New York: Applied Science Publishers Ltd. 

Mathys, W. (1977). The role of malate, oxalate, and mustard oil glucosides in the evolution of 

zinc resistance in herbage plants. Physiologia Plantarum, 40, 130–136. 

Maxted, A. P., Black, C. R., West, H. M., Crout, N. M. J., McGrath, S. P., & Young, S. D. 

(2007). Phytoextraction of cadmium and zinc from arable soils amended with sewage sludge 

using Thlaspi caerulescens: development of a predictive model. Environmental Pollution, 

150, 363–372. 

McGrath, S. P., Lombi, E., Gray, C. W., Caille, N., Dunham, S. J., & Zhao, F.-J. (2006). Field 

evaluation of Cd and Zn phytoextraction potential by the hyperaccumulators Thlaspi 

caerulescens and Arabidopsis halleri. Environmental Pollution, 141, 115–125. 

Mench, M., & Martin, E. (1991). Mobilization of cadmium and other metals from two soils by 

root exudates of Zea mays L., Nicotiana tabacum L., and Nicotiana rustica L. Plant & Soil, 

132, 187–196. 

Menezes de Sequeira, E., & Pinto da Silva, A. R. (1992). Ecology of serpentinized areas of 

north-east Portugal. In B. A. Roberts, & J. Proctor (Eds.), The ecology of areas with 

serpentinized rocks. A world view (pp. 169–197). Dordrecht, Germany: Kluwer Academic 

Publishers. 

Mengoni, A., Barabesi, C., Gonnelli, C., Galardi, F., Gabbrielli, R., & Bazzicalupo, M. 

(2001). Genetic diversity of heavy metal-tolerant populations in Silene paradoxa L. 

(Caryophyllaceae): a chloroplast microsatellite analysis. Molecular Ecology, 10, 1909–1916. 



53 
 

Mengoni, A., Selvi, F., Cusimano, N., Galardi, F., & Gonnelli, C. (2006). Genetic diversity 

inferred from AFLP fingerprinting in populations of Onosma echioides (Boraginaceae) from 

serpentine and nrDNA sequence data. Plant Biosystems, 140, 211–219. 

Merlot, S., Hannibal, L., Martins, S., Martinelli, L., Amir, H., Lebrun, M., & Thomine, S. 

(2014). The metal transporter PgIREG1 from the hyperaccumulator Psychotria gabriellae is a 

candidate gene for nickel tolerance and accumulation. Journal of Experimental Botany, 

65:1551–1564. 

Mertens, J., Luyssaert, S., & Verheyen, K. (2005). Use and abuse of trace metal 

concentrations in plant tissue for biomonitoring and phytoextraction. Environmental 

Pollution, 138, 1–4. 

Mesjasz-Przybylowicz, J., Balkwill, K., Przybylowicz, W. J., & Annegarn, H. J. (1994). 

Proton microprobe and X-ray fluorescence investigations of nickel distribution in serpentine 

flora from South Africa. Nuclear Instruments & Methods Bulletin, 89, 208–212. 

Meyer, C.-L., Pauwels, M., Briset, L., Godé, C., Bourceaux, A., Souleman, D., Frérot, H., & 

Verbruggen, N. (2016). Potential preadaptation to anthropogenic pollution: evidence from a 

common quantitative trait locus for zinc and cadmium tolerance in metallicolous and 

nonmetallicolous accessions of Arabidopsis halleri. New Phytologist, DOI: 

10.1111/nph.14093. 

Meyer, C.-L., & Verbruggen, N. (2012). The use of the model species Arabidopsis halleri 

towards phytoeaxtraction of cadmium polluted soils. New Biotechnology, 30, 9–14. 

Mohtadi, A., Ghaderian, S. M., & Schat, H. (2012). Lead, zinc and cadmium accumulation 

from two metalliferous soils with contrasting calcium contents in heavy metal-

hyperaccumulating and non-hyperaccumulating metallophytes: a comparative studies. Plant 

& Soil, 361, 109–118. 



54 
 

Nagajyoti, P. C., Lee, K. D., & Sreekanth, T. V. M. (2010). Heavy metals, occurrence and 

toxicity for plants: a review. Environmental Chemistry Letters, 8, 199-216. 

Nagy, L., & Proctor, J. (1997). Soil Mg and Ni as causal factors of plant occurrence and 

distribution at the Meikle Kilrannoch ultramafic site in Scotland. New Phytologist, 135, 561–

566. 

Nehnevajova, E., Herzig, R., Bourigault, C., Bangerter, S., Schwitzguébel, J. P. (2009). 

Stability of enhanced yield and metal uptake by sunflower mutants for improved 

phytoremediation. International Journal of Phytoremediation, 11, 329–346. 

Nyberg Berglund, A. B., & Westerbergh, A. (2001). Two postglacial immigration lineages of 

the polyploid Cerastium alpinum (Caryophyllaceae). Hereditas, 134,171–183. 

Nyberg Berglund, A. B., Dalgren, S., & Westerberg, A. (2004). Evidence for parallel 

evolution and site-specific selection of serpentine tolerance in Cerastium alpinum during the 

colonization of Scandinavia. New Phytologist, 161, 199–209. 

O’Dell, R. E., & Rajakaruna, N. (2011). Intraspecific variation, adaptation, and evolution. In: 

S. P. Harrison, & N. Rajakaruna (Eds), Serpentine: the evolution and ecology of a model 

system (pp. 97–137). Berkeley: University of California Press.  

Olko, A., Abratowska, A., Żyłkowska, J., Wierzbicka, M., & Tukiendorf, A. (2008). Armeria 

maritima from a calamine heap – Initial studies on physiologic-metabolic adaptations to metal 

enriched soil. Ecotoxicology & Environmental Safety, 69, 209–218. 

Pakdaman, N., Ghaderian, S. M., Ghasemi, R., & Asemaneh, T. (2013). Effects of 

calcium/magnesium quotients and nickel in the growth medium on growth and nickel 

accumulation in Pistacia atlantica. Journal of Plant Nutrition, 36, 1708–1718. 

Pal, R., & Rai, J. P. N. (2010). Phytochelatins: peptides involved in heavy metal 

detoxification. Applied Biochemistry & Biotechnology, 160, 945–963. 



55 
 

Papazoglou, E. (2014). Jatropha curcas I: a multiple Energy crop. Fresenius Environmental 

Bulletin, 23, 2695–2699. 

Patterson, T. B., & Givnish, T. J. (2003). Geographic cohesion, chromosomal evolution, 

parallel adaptive radiations, and consequent floral adaptations in Calochortus 

(Calochortaceae): evidence from a cpDNA phylogeny. New Phytologist, 161, 253–264. 

Persans, M. W., Nieman, K., & Salt, D. E. (2001). Functional activity and role of cation-

efflux family members in Ni hyperaccumulation in Thlaspi goesingense. Proceedings of the 

National Academy of Sciences USA, 98, 9995–10000. 

Persans, M. W., Yan, X., Patnoe, J. M., Krämer, U., & Salt, D. E. (1999). Molecular 

dissection of the role of histidine in nickel hyperaccumulation in Thlaspi goesingense 

(Hálácsy). Plant Physiology, 121, 1117–1126. 

Pollard, A. J., Powell, K. D., Harper F. A., & Smith, J. A. C. (2002). The genetic basis of 

metal hyperaccumulation in plants. Critical Reviews in Plant Sciences, 21, 539–566. 

Pollard, A. J., Reeves, R. D., & Baker, A. J. M. (2014). Facultative hyperaccumulation of 

heavy metals and metalloids. Plant Science, 217–218, 8–17.  

Prach, K., & Tolvanen, A. (2016). How can we restore biodiversity and ecosystem services in 

mining and industrial sites? Environmental Science & Pollution Research, 23, 13587–13590. 

Proctor, J. (1999). Toxins, nutrient shortages and droughts: The serpentine challenge. Trends 

in Ecology & Evolution, 14, 334–335. 

Przedpelska-Wasowicz, E., & Wasowicz, P. (2013). Does zinc concentration in the substrate 

influence the onset of flowering in Arabidopsis arenosa (Brassicaceae)? Plant Growth 

Regulation, 69, 87–97. 

Rascio, N., & Navarri-Izzo, F. (2011). Heavy metal hyperaccumulating plants: How and why 

do they do it? And What makes them so interesting? Plant Science, 180, 169–181. 



56 
 

Rauser, W. E. (1999). Structure and function of metal chelators produced by plants: the case 

for organic acids, amino acids, phytin and metallothioneins. Cell Biochemistry & Biophysics, 

31, 19–48.  

Reeves, R. D. (2006). Hyperaccumulation of trace elements by plants. In J.-L. Morel, G. 

Echevarria, & N. Goncharova (Eds.), Phytoremediation of metal-contaminated soils (pp. 25–

52. Dordrecht: Springer. 

Remon, E., Bouchardon, J. L., & Faure, O. (2007). Multi-tolerance to heavy metals in 

Plantago arenaria Waldst. & Kit.: adaptive versus constitutive characters. Chemosphere, 69, 

41–47. 

Richau, K. H., Kozhevnikova, A. D., Seregin, I. V., Vooijs, R., Koevoets, P. L. M., Smith, J. 

A. C., Ivanov, V. B., & Schat, H. (2009). Chelation by histidine inhibits the vacuolar 

sequestration of nickel in roots of the hyperaccumulator Thlaspi caerulescens. New 

Phytologist, 183, 106–116. 

Rostański, A. (2014). Intentional introduction of Biscutella laevigata L. on post-flotation 

lead-zinc ore spoil heap in Piekary Śląskie (Upper Silesia, Southern Poland). Environmental 

& Socio-Economic Studies, 2, 24–32.  

Rostański, A., Myśliwiec, I., Siwińska, D. (2005). Variability of Cardaminopsis arenosa (L.) 

Hayek populations in areas polluted with heavy metals. In W. Prus-Głowacki (Ed.), 

Variability and evolution – new perspectives (pp. 547–561). Poznań: Wydawnictwo Naukowe 

UAM. 

Ruttens, A., Boulet, J., Weyens, N., Smeets, K., Adriaensen, K., Meers, E., Van Slycken, S., 

Tack, F., Meiresonne, L., Thewys, T., Witters, N., Carleer, R., Dupae, J., & Vangronsveld, J. 

(2011). Short rotation coppice culture of willow and poplar as energy crops on metal 

contaminated agricultural soils. International Journal of Phytoremediation, 13, 194–207. 



57 
 

Safford, H. D., Viers, J. H., & Harrison, S. P. (2005). Serpentine endemism in the California 

flora: a database of serpentine affinity. Madrono, 52, 22–257. 

Sagner, S., Kneer, R., Wanner, G., Cosson, J. P., Deus-Neumann, B., & Zenk, M. H. (1998). 

Hyperaccumulation, complexation and distribution of nickel in Sebertia acuminata. 

Phytochemistry, 47, 339–347. 

Salt, D. E., Kato, N., Krämer, U., Smith, R. D., & Raskin, I. (2000). The role of root exudates 

in nickel hyperaccumulation and tolerance in accumulator and nonaccumulator species of 

Thlaspi. In N. Terry, & G. Banuelos (Eds.), Phytoremediation of contaminated soil and water 

(pp.189–200). Boca Raton: CRC Press LLC. 

Sarret, G., Saumitou-Laprade, P., Bert, V., Proux, O., Hazemann, J.-L., Traverse, A., Marcus, 

M. A., & Manceau, A. (2002). Forms of zinc accumulated in the hyperaccumulator 

Arabidopsis halleri. Plant Physiology, 130, 1815–1826. 

Sas-Nowosielska, A., Kucharski, R., Małkowski, E., Pogrzeba, M., Kuperberg, J. M., & 

Kryński, K. (2004). Phytoextraction crop disposal – an unsolved problem. Environmental 

Pollution, 128, 373–379. 

Schat, H., & Vooijs, R. (1997). Multiple tolerance and co-tolerance to heavy metals in Silene 

vulgaris: a co-segregation analysis. New Phytologist, 136, 489–496. 

Schat, H., Llugany, M., Vooijs, R., Hartley-Whitaker, J., Bleeker, P. M. (2002). The role of 

phytochelatins in constitutive and adaptive heavy metal tolerance in hyperaccumulator and 

nonhyperaccumulator metallophytes. Journal of Experimental Botany, 53, 2381–2392. 

Selvi, F. (2007). Diversity, geographic variation and conservation of the serpentine flora of 

Tuscany (Italy). Biodiversity & Conservation, 16, 1423–1439. 

Shu, W. S., Xia, H. P., Zhang, Z. Q., Lan, C. Y., & Wong, M. H. (2002). Use of vetiver and 

three other grasses for revegetation of Pb/Zn mine tailings: field experiment. International 

Journal of Phytoremediation, 4, 47–57. 



58 
 

Siedlecka, A., Tukendorf, A., Skórzyńska-Polit, E., Maksymiec, W., Wójcik, M., Baszyński, 

T., & Krupa, Z. (2001). Angiosperms (Asteraceae, Convolvulaceae, Fabaceae and Poaceae; 

other than Brassicaceae). In M. N. V. Prasad (Ed.), Metals in the environment. Analysis by 

biodiversity (pp. 171–217). New York, Basel: Marcel Dekker, Inc. 

Singh, S., Parihar, P., Singh, R., Singh, V. P., & Prasad, S. M. (2016). Heavy metal tolerance 

in plants: role of transcriptomics, proteomics, metabolomics, and ionomics. Frontiers in Plant 

Science, 6, 1143. 

Słomka, A., Kuta, E., Szarek-Łukaszewska, G., Godzik, B., Kapusta, P., Tylko, G., & Bothe, 

H. (2011a). Violets of the section Melanium, their colonization by arbuscular mycorrhizal 

fungi and their occurrence on heavy metal heaps. Journal of Plant Physiology, 168, 1191–

1199. 

Słomka, A., Sutkowska, A., Szczepaniak, M., Malec, P., Mitka, J., & Kuta, E. (2011b). 

Increased genetic diversity of Viola tricolor L. (Violaceae) in metal-polluted environments. 

Chemosphere, 83, 435–442. 

Stevanovic, V., Tan, K., & Iatrou, G. (2003). Distribution of the endemic Balkan flora on 

serpentine I. Obligate serpentine endemics. Plant Systematics and Evolution, 242, 149–170. 

Stuczynski, T., Siebielec, G., Daniels, W. L., McCarty, G., & Chaney, R. L. (2007). 

Biological aspects of metal waste reclamation with biosolids. Journal of Environmental 

Quality, 36, 1154–1162. 

Sun, Q., Ye, Z. H., Wang, X. R., & Wong, M. H. (2007). Cadmium hyperaccumulation leads 

to an increase of glutathione rather than phytochelatins in the cadmium hyperaccumulator 

Sedum alfredii. Journal of Plant Physiology, 164, 1489–1498. 

Szarek-Łukaszewska, G. (2009). Vegetation of reclaimed and spontaneously vegetated Zn-Pb 

mine wastes in Southern Poland. Polish Journal of Environmental Studies, 18, 717–733. 



59 
 

Tlustoš, P., Száková, J., Hrubý, J., Hartman, I., Najmanová, J., Nedělník, J., Pavlíková, D., & 

Batysta, M. (2006). Removal of As, Cd, Pb, and Zn from contaminated soil by high biomass 

producing plants. Plant, Soil & Environment, 52, 413–423. 

Tordoff, G. M., Baker, A. J. M., & Willis, A. J. (2000). Current approaches to the 

revegetation and reclamation of metalliferous mine wastes. Chemosphere, 41, 219–228.  

Van de Mortel, J. E., Villanueva, L. A., Schat, H., Kwekkeboom, J., Coughlan, S., Moerland, 

P. D., van Themaat, E. V. L., Koornneef, M., & Aarts, M. G. M. (2006). Large expression 

differences in genes for iron and zinc homeostasis, stress response, and lignin biosynthesis 

distinguish roots of Arabidopsis thaliana and the related metal hyperaccumulator Thlaspi 

caerulescens. Plant Physiology, 142, 239–260. 

Van der Ent, A., Baker, A. J. M., Reeves, R. D., Chaney, R. L., Anderson, C. W. N., Meech, 

J. A., Erskine, P. D., Simonnot, M.-O., Vaughan, J., Morel, J. L., Echevarria, G., Fogliani, B., 

Rongliang, Q., & Mulligan, D. R. (2015). Agromining: farming for metals in the future? 

Environmental Science & Technology, 49, 4773–4780. 

Van der Ent, A., Baker, A. J. M., Reeves, R. D., Pollard, A. J., & Schat, H. (2013). 

Hyperaccumulators of metal and metalloid trace elements: facts and fiction. Plant & Soil, 

362, 319–334. 

Van Slycken, S., Witters, N., Meers, E., Peene, A., Michels, E., Adriaensen, K., Ruttens, A., 

Vangronsveld, J., Du Laing, G., Wierinck, I., Van Dael, M., Van Passel, S, & Tack, F. M. G. 

(2013). Safe use of metal-contaminated agricultural land by cultivation of energy maize (Zea 

mays). Environmental Pollution, 178, 375–380. 

Vangronsveld, J., Colpaert, J., & Van Tichelen, K. (1996). Reclamation of a bare industrial 

area contaminated by non-ferrous metals: physico-chemical and biological evaluation of the 

durability of soil treatment and revegetation. Environmental Pollution, 94, 131–140. 



60 
 

Vangronsveld, J., Herzig, R., Weyens, N., Boulet, J., Adriaensen, K., Ruttens, A., Thewys, T., 

Vassilev, A., Meers, E., Nehnevajova, E., van der Lelie, D., & Mench, M. (2009). 

Phytoremediation of contaminated soils and groundwater: lesson from the field. 

Environmental Science & Pollution Research, 16, 765–794. 

Vekemans, X., & Lefèbvre, C. (1997). On the evolution of heavy metal tolerant populations 

in Armeria maritima: evidence from allozyme variation and reproduction barriers. Journal of 

Evolutionary Biology, 10, 175–191. 

Verbruggen, N., Hermans, C., & Schat, H. (2009). Molecular mechanisms of metal 

hyperaccumulation in plants. New Phytologist, 181, 759–776. 

Visioli, G., Gullì, M., & Marmiroli, N. (2014). Noccaea caerulescens populations adapted to 

grow in metalliferous and non-metalliferous soils: Ni tolerance, accumulation and expression 

analysis of genes involved in metal homeostasis. Environmental & Experimental Botany, 105, 

10–17. 

Watanabe, T., & Osaki, M. (2002). Mechanisms of adaptation to high aluminium conditions 

in native plant species growing in acidic soils: a review. Communications in Soil Science & 

Plant Analysis, 33, 1247–1260. 

Weber, M., Harada, E., Vess, C., Roepenack-Lahaye, E. V., & Clemens, S. (2004). 

Comparative microarray analysis of Arabidopsis thaliana and Arabidopsis halleri roots 

identifies nicotianamine synthase, a ZIP transporter and other genes as potential metal 

hyperaccumulation factors. Plant Journal, 37, 269–281. 

Whiting, S. N., Leake, J. R., McGrath, S. P., & Baker, A. J. M. (2000). Positive responses to 

Zn and Cd by roots of the Zn and Cd hyperaccumulator Thlaspi caerulescens. New 

Phytologist, 145, 199–210. 

Whiting, S. N., Reeves, R. D., Richards, D., Johnson, M. S., Cooke, J. A., Malaisse, F., Paton, 

A., Smith, J. A. C., Angle, J. S., Chaney, R. L., Ginocchio, R., Jaffré, T., Johns, R., McIntyre, 



61 
 

T., Purvis, O. W., Salt, D. E., Schat, H., Zhao, F. J., & Baker, A. J. M. (2004). Research 

priorities for conservation of metallophyte biodiversity and their potential for restoration and 

site remediation. Restoration Ecology, 12, 106–116. 

Wierzbicka, M., & Rostański, A. (2002). Microevolutionary changes in ecotypes of calamine 

waste heap vegetation near Olkusz, Poland: a review. Acta Biologica Cracoviensia Series 

Botanica, 44, 7–19. 

Wong, C. K. E., & Cobbett, C. S. (2009). HMA P-type ATPases are the major mechanisms 

for root-to-shoot Cd translocation in Arabidopsis thaliana. New Phytologist, 181, 71–78. 

Wójcik, M. (2009). Vacuole as a multifunctional compartment in plant responses to stress 

factors. In W. Maksymiec (Ed.), Compartmentation of responses to stresses in higher plants, 

true or false (pp. 91–123). Kerala: Transworld Research Network. 

Wójcik, M., & Tukiendorf, A. (2011). Glutathione in adaptation of Arabidopsis thaliana to 

cadmium stress. Biologia Plantarum, 55, 125–132. 

Wójcik, M., & Tukiendorf, A. (2014). Accumulation and tolerance of lead in two contrasting 

ecotypes of Dianthus carthusianorum. Phytochemistry, 100, 60–65. 

Wójcik, M., Dresler, S., & Tukiendorf, A. (2015b). Physiological mechanisms of adaptation 

of Dianthus carthusianorum L. to growth on a Zn-Pb waste deposit – the case of chronic 

multi-metal and acute Zn stress. Plant & Soil, 390, 237–250. 

Wójcik, M., Dresler, S., Jawor, E., Kowalczyk, K., & Tukiendorf, A. (2013). Morphological, 

physiological, and genetic variation between metallicolous and nonmetallicolous populations 

of Dianthus carthusianorum. Chemosphere, 90,1249–1257. 

Wójcik, M., Dresler, S., Plak, A., & Tukiendorf, A. (2015a). Naturally evolved enhanced Cd-

tolerance of Dianthus carthusianorum L. is not related to accumulation of thiol peptides and 

organic acids. Environmental Science & Pollution Research, 22, 7906–7917. 



62 
 

Wójcik, M., Skórzyńska-Polit, E., & Tukiendorf, A. (2006). Organic acids accumulation and 

antioxidant enzyme activities in Thlaspi caerulescens under Zn and Cd stress. Plant Growth 

Regulation, 48,145–155. 

Wójcik, M., Sugier, P., & Siebielec, G. (2014). Metal accumulation strategies in plants 

spontaneously inhabiting Zn-Pb waste deposits. Science of the Total Environment, 487, 313–

322. 

Wójcik, M., Vangronsveld, J., & Tukiendorf, A. (2005). Cadmium tolerance in Thlaspi 

caerulescens. I. Growth parameters, metal accumulation and phytochelatin synthesis in 

response to cadmium. Environmental & Experimental Botany, 53, 151–161. 

Wright, J. W., & Stanton M. L. (2011). Local adaptation in heterogeneous landscapes – 

reciprocal transplant experiments and beyond. In S. P. Harrison, & N. Rajakaruna (Eds.), 

Serpentine: the evolution and ecology of a model system (pp. 155–180). Berkeley: University 

of California Press. 

Yang, X., Li, T., Yang, J., He, Z., Lu, L., & Meng, F. (2006). Zinc compartmentation in root, 

transport into xylem, and absorption into leaf cells in the hyperaccumulating species of Sedum 

alfredii Hance. Planta, 224, 185–195. 

Zelko, I., Lux, A., & Czibula, K. (2008). Difference in the root structure of hyperaccumulator 

Thlaspi caerulescens and non-hyperaccumulator Thlaspi arvense. International Journal of 

Environment & Pollution, 33, 123–132. 

Zhao, F. J., Lombi, E., Breedon, T., & McGrath, S. P. (2000). Zinc hyperaccumulation and 

cellular distribution in Arabidopsis halleri. Plant Cell & Environment, 23, 507–514. 

Zhao, F.-J., & McGrath, S. P. (2009). Biofortification and phytoremediation. Current Opinion 

in Plant Biology, 12, 373–380. 



63 
 

Zhao, F.-J., Hamon, R. E., & McLaughlin, M. J. (2001). Root exudates of the 

hyperaccumulator Thlaspi caerulescens do not enhance metal immobilization. New 

Phytologist, 151, 613–620. 

 


