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Abstract

This paper reviews the recent advances in understanding of metal removal from contaminated soils, using either hyperaccumulator plants, or high biomass crop species after soil treatment with chelating compounds. Progress has been made at the physiology and molecular level regarding Zn and Ni uptake and translocation in some hyperaccumulators. It is also known that natural hyperaccumulators do not use rhizosphere acidification to enhance their metal uptake. Recently, it has been found that natural hyperaccumulators proliferate their roots positively in patches of high metal availability. In contrast, non-accumulators actively avoid these areas, and this is one of the mechanisms by which hyperaccumulators absorb more metals when grown in the same soil. However, there are few studies on the exudation and persistence of natural chelating compounds by these plants. It is thought that rhizosphere microorganisms are not important for the hyperaccumulation of metals from soil. Applications of chelates have been shown to induce large accumulations of metals like Pb, U and Au in the shoots of non-hyperaccumulators, by increasing metal solubility and root to shoot translocation. The efficiency of metal uptake does vary with soil properties, and a full understanding of the relative importance of mass flow and diffusion in the presence and absence of artificial chelates is not available. To successfully manipulate and optimise future phytoextraction technologies, it is argued that a fully combined understanding of soil supply and plant uptake is needed.

Introduction

Large areas of land (1,400,000 sites in Western Europe; ETCS, 1998) are contaminated, many with heavy metals, such as zinc, cadmium, lead and copper, due to the use of sludge or urban composts, pesticides, fertilizers and emissions from municipal waste incinerators, car exhausts, residues from metalliferous mining, and the metal smelting industry. Metal concentrations found in contaminated soils frequently exceed those required as nutrients or background levels, resulting in accumulations in plants to unacceptable levels. This can be of concern for: a) human and animal health (particularly Cd), b) decreased plant growth and ground cover and c) negative impacts on soil microorganisms (McGrath et al., 1995). Ultimately, some soils are uneconomic to farm or unsuitable for gardening. These effects limit the marketing of agricultural products and reduce the profitability of the agricultural industry. Metal inputs exceed the outputs in many European soils (e.g. Van Driel and Smilde, 1990), so metals are accumulating. As a consequence of EU policy promoting recycling of organic wastes, the inputs of toxic metals may increase further. The residence time of metals in soil is of the order of thousands of years (McGrath, 1987), so novel technological approaches are required to remove excess toxic metals.

The clean-up of soils contaminated with heavy metals is one of the most difficult tasks for environmental engineering. The techniques presently in use are mainly ex-situ decontamination using physico-chemical methods of extraction, which are very expensive (ca. US$3M /ha). Furthermore, they destroy the soil structure and leave it biologically inactive. Methods currently available are not satisfactory for cleaning-up gardens or larger areas intended to be used for agriculture. Techniques are needed to clean up soils over large areas, which are moderately polluted and where soil fertility can be seriously affected. It has been estimated that phytoremediation may cost in the order of US$0.25M /ha (Cunningham and Berti, 2000).

Use of green plants to decontaminate heavy metals in soils, known as phytoremediation, is an emerging technique that offers the benefits of being in situ, low cost and environmentally sustainable (McGrath, 1998). Several approaches are being developed to extract toxic metals from soil: 1) use of hyperaccumulator plants with exceptional metal-accumulating capacity (natural phytoextraction), or 2) use of high biomass crops which are only induced to take up large amounts of metals when the mobility of metals in soil is enhanced with chemical treatments (chemically assisted phytoextraction) and 3) the use of fast-growing trees (e.g. Salix or Populus species). The last approach really depends on the ongoing selection of genotypes that can achieve sufficiently high metal concentrations in the shoots, and will not be reviewed here.

Other branches of phytoremediation also exist. The major ones are phytostabilisation, where there is no attempt to extract the metals from soil, but to immobilise them. This is useful in situations where phytoextraction is not possible (McGrath et al., 2000). In this case, substances are added to soil to ‘fix’ the metals in chemically inert forms, then metal tolerant (non-accumulator) plants are established, which decreases further transport of metals in the environment.  Phytovolatilisation is the joint effect of plants and microbes, in the example of removing Se from soils (de Souza et al., 1999) or altering plant biochemistry in the case of volatilisation of Hg (Rugh et al., 1996). However, due to space limitations, these processes cannot be discussed further, and we will focus on the plant and rhizosphere aspects of the phytoextraction of metals from soils.

Phytoextraction using hyperaccumulator plants

Metal hyperaccumulation

Higher plants employ two basic strategies to tolerate heavy metals in their environment: (1) exclusion, whereby uptake and/or root to shoot transport of metals are restricted; and (2) accumulation, whereby metals are accumulated and detoxified in the shoots (Baker, 1981). Metal exclusion is by far the most common strategy in both non-tolerant plant species and many metal tolerant species. On the other hand, metal accumulation can occur in some plant species that grow mainly on metalliferous soils. Brooks et al. (1977) introduced the term “hyperaccumulators” to describe plants capable of accumulating more than 1000 (g Ni g-1 on a dry leaf basis in their natural habitats. This criterion is also applied to other metals including Co, Cu and Pb, whereas for Cd and Zn the respective threshold is 100 and 10000 (g g-1 dry leaves (Brooks, 1998; Baker et al., 2000). Compared to non-hyperaccumulator plants, metal concentrations in hyperaccumulator plants are 1-3 orders of magnitudes higher. Apart from these rather arbitrary criteria, hyperaccumulator plants usually have a shoot to root metal concentration ratio of >1, whereas non-hyperaccumulator plants generally have higher metal concentrations in roots than in shoots (Baker et al., 1994; Shen et al., 1997). 

Metal hyperaccumulation is a rare phenomenon in terrestrial higher plants. To date, about 400 plant species have been identified as metal hyperaccumulators, representing <0.2% of all angiosperms (Brooks, 1998; Baker et al., 2000). Approximately two thirds of the known hyperaccumulators are Ni accumulators. This is because of the widespread occurrence of the Ni-rich ultramafic (serpentine) soils and the long history of geobotanical studies of ultramafic floras. Plant species that are able to hyperaccumulate Cd, Co, Cu, Pb and Zn are much less numerous. Some of the reported hyperaccumulator species were identified by analysis some years ago by inaccurate methods and the samples may have been contaminated with soils rich in metals. Therefore, in some cases, hyperaccumulation ability remains to be confirmed.

Hyperaccumulators are by definition hypertolerant to the metals they accumulate in the shoots. For example, the Zn hyperaccumulator Thlaspi caerulescens and Arabidopsis halleri (=Cardaminopsis halleri) have been shown to accumulate up to 30000 µg Zn g-1 dry weight in the shoots without showing phytotoxic effects (Brown et al., 1995; Shen et al. 1997; Zhao et al., 2000).  However, a recent genetic study by Macnair et al. (1999) suggested that accumulation and tolerance are independent traits in the Zn hyperaccumulator A. halleri. In reality, hyperaccumulator plants must posses both traits to reach their true potential of metal accumulation. A plant possessing the accumulation trait only is unlikely to survive in the environment with highly elevated available metals.

Examples of phytoextraction using hyperaccumulator plants

The concept of using hyperaccumulator plants to take up and remove heavy metals from contaminated soils was first introduced by Chaney (1983). The first field-based experiment was conducted in 1991-92 in sewage sludge treated plots at Woburn, England (McGrath et al., 1993). This experiment compared metal extraction efficiency of different hyperaccumulator plant species, including the Zn hyperaccumulator T. caerulescens. T. caerulescens was found to accumulate 2000-8000  µg Zn g-1 dry weight in the shoots when grown on soils with total Zn of 150-450 µg Zn g-1. Total Zn uptake reached 40 kg ha-1 in a single growing season. With this extraction rate, it would take 9 crops of T. caerulescens to reduce soil total Zn from 440 to 300 µg g-1.

Robinson et al. (1998) grew T. caerulescens (a southern French population) in both pots and in mine waste in field. They found that a single fertilised crop could remove 60 kg Zn ha-1 and 8.4 kg Cd ha-1. Because bioaccumulation coefficients (plant/soil metal concentration quotients) were in general higher for Cd than for Zn, phytoremediation using T. caerulescens would be entirely feasible for low levels of soil Cd, but not feasible to remediate the extremely high Zn concentrations (40000 mg kg-1) found in the mine wastes. Robinson et al. (1997a, 1997b) also investigated the Ni extraction potentials of two Ni hyperaccumulators. Dry biomass yields of Alyssum bertolonii and Berkheya coddii reached 9 and 22 t ha-1, respectively. The Ni yields were in the range of 70-100 kg ha-1. Remediating a moderately contaminated soil containing about 100 mg Ni kg-1 would only require only two cropping cycles. No Zn/Cd hyperaccumulators identified so far can grow as fast and produce as much biomass as the Ni hyperaccumulator B. coddii.

Metal uptake and translocation in hyperaccumulator plants

Do hyperaccumulator plants have a higher rate of metal uptake than non-hyperaccumulators? The answer to this question may be either yes or no, depending on plant species and metal considered. Krämer et al. (1997) found that the rates of Ni uptake and root to shoot translocation were the same in both the Ni hyperaccumulator Thlaspi goesingense and the non-accumulator Thlaspi arvense, as long as both species were unaffected by Ni toxicity. T. goesingense was much more tolerant to Ni than T. arvense, thus being able to hyperaccumulate Ni when the supply of Ni was high. These authors suggested that Ni tolerance was sufficient to explain the Ni hyperaccumulator phenotype observed in hydroponically grown T. goesingense when compared with the Ni-sensitive non-hyperaccumulator T. arvense.
In contrast, there is strong evidence that the Zn hyperaccumulator T. caerulescens has a higher uptake rate of Zn than the non-hyperaccumulator T. arvense. Lasat et al. (1996) studied the kinetics of 65Zn influx in the roots of the two contrasting species, and found that the maximum influx velocity, Vmax, was 4.5-fold higher in T. caerulescens than in T. arvense. In hydroponic culture with no elevated Zn, the concentrations of Zn in the shoots of T. caerulescens were 5-10 fold higher than those of the non-hyperaccumulator plants (Shen et al., 1997). Zn uptake by T. caerulescens from non-contaminated or slightly contaminated soils was always greater than non-hyperaccumulator plants such as Brassica napus (McGrath et al., 1993). Clearly, Zn tolerance alone does not explain Zn hyperaccumulation in T. caerulescens.  Recently, Lasat et al. (2000) successfully cloned genes encoding a high affinity Zn transporter, ZNT1, in T. caerulescens. They found that ZNT1 was highly expressed in the roots of T. caerulescens regardless of plant Zn status, whereas in T. arvense ZNT1 was expressed at far lower levels, and the expression was stimulated by Zn deficiency. Both physiological and molecular studies show that the Zn hyperaccumulator T. caerulescens has a constitutively high density of Zn transporter(s) on root plasma membranes. 

Do hyperaccumulator plants hyperaccumulate multiple heavy metals? Multiple metal hyperaccumulation is particularly advantageous for phytoremediation, because soils are often contaminated with multiple metals, such as Zn and Cd. Baker et al. (1994) reported that, apart from Zn hyperaccumulation, five British populations of T. caerulescens also had exceptionally high uptakes of Cd, Co, Mn and Ni. They suggested that common mechanisms of absorption and transport existed for several metals in this species. In contrast, Lombi et al. (2000) found large differences between T. caerulescens ecotypes in Cd uptake, even though all populations hyperaccumulated Zn similarly (Figure 1). Further studies using 109Cd tracer technique showed that the Vmax of 109Cd influx of the Ganges ecotype from southern France was about 5-fold higher than that of the Prayon ecotype from Belgium (Lombi et al., 2001). These results suggest the existence of a high-affinity Cd transport system in the Cd hyperaccumulating population of T. caerulescens from southern France. 

One of the key features that distinguish metal hyperaccumulators from non-hyperaccumulators is the extremely efficient translocation of metals from roots to shoots. This may be partly explained by a smaller sequestration of metals in the root vacuoles of hyperaccumulators than non-hyperaccumulators (Lasat et al., 1998). It is also possible that hyperaccumulators have a more efficient xylem loading. Translocation of Ni from roots to shoots may involve specific ligands in some hyperaccumulator species. Krämer et al. (1996) found that exposing several Ni hyperaccumulator species of Alyssum to Ni elicited a large and proportional increase in the levels of histidine in the xylem sap, which was shown to be coordinated with Ni. A similar response was observed in two Ni hyperaccumulator species outside the genus Alyssum, Streptanthus polygaloides and Berkheya coddii (Smith et al., 1999). In contrast, exposing the Zn hyperaccumulator Arabidopsis halleri to Zn, or the Mn hyperaccumulator Grevillea exul var. exul to Mn, did not result in increased histidine in the xylem saps. The histidine response may not be universal in all Ni hyperaccumulator species. Persans et al. (1999) did not observe any Ni-inducible responses in terms of histidine concentrations in the roots, shoots and xylem sap of T. goesingense, nor did they find any regulation by Ni of three cDNAs encoding the enzymes involved in the histidine biosynthetic pathway. This serves to show that different mechanisms for metal hyperaccumulation possibly exist, even for the same metal.

Rhizosphere aspects of metal acquisition by hyperaccumulator plants

Root growth

T. caerulescens has numerous fine roots and dense root hairs. Recent studies by Schwartz et al. (1999) and Whiting et al. (2000) showed that root growth of T. caerulescens responded positively to Zn in soil. Addition of sparingly soluble ZnO to one half of a rhizobox containing an uncontaminated soil stimulated root growth in the metal amended half at the expense of that in the unamended half (Figure 2). The plants consistently allocated about 70% of their total root biomass and root length, and about 70% of the current assimilate (14C) into the metal-enriched soil. In contrast, the non-hyperaccumulator T. arvense tended to restrict root growth in the metal enriched soil. Addition of CdS appeared to have a similar stimulating effect on root growth of a Cd hyperaccumulating population of T. caerulescens (Whiting et al., 2000). These results suggest that roots of T. caerulescens are able to sense and actively forage the metal-rich patches in soil, even for non essential elements. The mechanisms of signal transduction remain to be elucidated. 

Rhizosphere acidification is not involved in metal hyperaccumulation

Both A. murale and T. caerulescens appeared to thrive under neutral to slightly alkaline conditions (Bernal and McGrath, 1994; Brown et al., 1994). Decreasing pH from neutral to the acidic range depresses the growth of the two species. It is therefore not surprising that Ni and Zn hyperaccumulation in these two species does not involve rhizosphere acidification. Rhizosphere pH changes were related to the balance of cation and anion uptake, but not to the specific metal being hyperaccumulated. Also, there were no significant differences between hyperaccumulators and non-hyperaccumulator species in the changes in rhizosphere pH (Bernal et al., 1994; Knight et al. 1997; McGrath et al., 1997).

Root exudates

It is well established that roots of many plant species release specific metal-chelating or reducing compounds into the rhizosphere to mobilise Fe, and possibly Zn (Marschner, 1995). Does metal hyperaccumulation involve exudation of specific metal-mobilising compounds? So far there are few reports on this aspect. Salt et al. (2000) did not find any high-affinity Ni-chelating compounds in the root exudates of the Ni hyperaccumulator T. goesingense. In contrast, upon exposure to Ni, the non-hyperaccumulator T. arvense exuded much more histidine and citrate than T. goesingense. The enhanced release of histidine and citrate by T. arvense roots may be a strategy to reduce Ni uptake and toxicity. But clearly, exudation of both compounds is not involved in Ni hyperaccumulation by T. goesingense. T. goesingense differs from several Ni hyperaccumulator Alyssum species in that it does not exhibit a Ni-inducible response of histidine in the xylem sap (Krämer et al., 1997). It is not known whether Alyssum species release significant quantities of histidine in the rhizosphere. Krämer et al. (1996) showed that spraying histidine on the leaves of the non-accumulating A. montanum greatly increased both its nickel tolerance and capacity for nickel transport to the shoot. For Zn/Cd/Cu/Pb hyperaccumulators, there are no studies on the role of root exudates in metal accumulation to date. 

Utilisation of metal pools in soil 

Knight et al. (1997) compared changes in the soil solution Zn and Cd concentrations after growth of T. caerulescens in 7 contaminated soils. Both soluble Zn and Cd decreased considerably at the end of the experiment. Decreases in the soil solution pool explained <1% and about 50% of the total Zn and Cd uptake respectively by the plants. These results suggest that a large proportion of Zn taken up by the hyperaccumulator plants must have been derived from other pools, possibly exchangeable or adsorbed pools. Using data of Knight et al. (1997) and assuming that T. caerulescens has a transpiration efficiency of 400 L H2O kg-1 shoot dry weight, mass flow contributed only 0.3-6.5% of the total Zn uptake. This suggests that even in contaminated soils, diffusion of metals in the rhizosphere is a limiting process.  Recently, Hutchinson et al. (2000) determined the L values of T. caerulescens and the non-hyperaccumulator Lepidium heterophyllum grown on a contaminated soil, using 109Cd as a radiotracer. The L values were similar between the two contrasting plant species, suggesting that both species accessed the same isotopically exchangeable pool in the soil. However, because this pool actually represents a large proportion of the total metal present in soils, the L value approach may be unable to detect subtle differences between plants in metal utilisation. 

Rhizosphere microbes

Mycorrhiza have been shown to have either reduce or enhance metal uptake by plants (Marschner, 1995). In a recent review it was concluded that both ecto- and AM-mycorrhizas tended most often to reduce metal concentration in the shoots of non-hyperaccumulator plants (Leyval and Joner, 2001). Many hyperaccumulators belong to the family Brassicaceae and do not have mycorrhizal associations.  It is therefore unlikely that mycorrhizal fungi are directly involved in the enhanced acquisition of metals by Brassicaceous hyperaccumulator plants. In fact, large concentrations of heavy metals in hyperaccumulators have been shown to deter bacterial and fungal pathogens (Boyd et al., 1994). Also, rhizosphere microbes are known to interact with plants in volatilisation of Se (see de Souza et al., 1999), but that is outside the scope of this review. 

Chemically assisted phytoextraction

Heavy metals in general have low solubility in soils, particularly Pb and Cr. In addition, non-hyperaccumulator plants do not translocate heavy metals very efficiently from roots to shoots. Studies by Huang and Cunningham (1996), Huang et al. (1997) and Blaylock et al. (1997) showed that addition of synthetic chelates, such as EDTA and HEDTA, to Pb contaminated soils greatly increases the concentration of soluble Pb in soil solution. Chelate amendment also induced hyperaccumulation of Pb to >10000 mg kg-1 in the shoots of plants including Indian mustard (Brassica juncea), maize (Zea mays) and peas (Pisum sativum), which are known metal excluders without chelate treatment and are fast growing high-biomass plants. The role of chelates in chemically assisted phytoextraction appears to be several-fold: increasing Pb solubility in soil, overcoming the diffusional limitation of Pb in the rhizosphere and facilitating root to shoot translocation of the metal. Analysis of xylem sap and shoot tissues has confirmed that the Pb-EDTA complex is taken up and translocated to the shoots (Vassil et al., 1998; Epstein et al., 1999). Blaylock (2000) described examples of successful remediation of Pb contaminated sites using this strategy. Chemically assisted phytoextraction has also been applied to the remediation of uranium, using citrate as the chelate for U (Huang et al., 1998). Also, by adding ammonium thiocyanate to the substrate, Anderson et al (1998) showed that B. juncea can be induced to accumulate up to 57 mg kg-1Au.

Chemically assisted phytoextraction works well when the metal to be extracted is initially of very low in bioavailability, and thus not phytotoxic, allowing the establishment of a large plant biomass before the chelate is applied. Pb, U and Au are good examples. In contrast, metals such as Cu, Zn and Cd are usually more bioavailable in soil, and can cause severe phytotoxicity at levels that require remediation, particularly to dicotyledonous species such as B. juncea (Ebbs and Kochian, 1997). The existence of phytotoxicity before chelate application inhibits plant growth, and thus may limit the chance of success with chemically assisted phytoextraction on mixed pollution sites. In addition, Ebbs and Kochian (1998) found that EDTA increased Zn uptake by B. juncea, but did not induce Zn hyperaccumulation. The other issue of concern regarding chemically-assisted phytoextraction is the possible leaching of metal chelates to groundwater, which may become an environmental hazard.  

Conclusions 

Advances have been made recently in understanding the molecular basis of hyperaccumulation, in particular the metal transporters. This knowledge may enable the genes to be transferred to high biomass crops, thus overcoming one of the common constraints of naturally occurring herbaceous hyperaccumulators. However, other contributing soil and environmental processes also need to be understood.

In order to develop future technologies for phytoextraction, it is essential to identify the most limiting processes. As mass flow only supplies <10% of the total Zn uptake by T. caerulescens, diffusion of metals in the rhizosphere is likely to be a limiting factor for metal uptake, although so far no studies have been conducted to investigate this rhizosphere process. Use of chelates may help overcome the diffusion limitation, although our recent results showed that EDTA and NTA did not increase Zn and Cd uptake by T. caerulescens (McGrath et al., 1999), as EDTA did for the uptake of Pb by B. juncea. Because natural and synthetic chelates vary widely in the formation constants for heavy metals, metal binding specificity and hydrophobicity, there is considerable scope to choose or optimise chelate structure for maximum phytoextraction of different metals (Wu et al., 1999). Further research is needed to investigate whether diffusion of metals (Zn, Cd and Pb) is the most limiting step for phytoextraction, and provide information for optimising technologies for phytoextraction. A second major area of lack of knowledge is whether hyperaccumulators release specific chelators in the rhizosphere, thus enhancing metal uptake in comparison with non-hyperaccumulator plants. For chemically enhanced phytoextraction systems, the dynamics and decomposition of chelates and metal-chelate complexes in the rhizosphere urgently need to be examined. Finally, the linkage of soil and plant models in future will help identify the constraints on phytoextraction, and to optimise the process.
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Figure legends

Figure 1. Cadmium concentrations in three different ecotypes (▼ Ganges; ● Whitesike; ○ Prayon) of T. caerulescens grown in the field (after Lombi et al, 2000).

Figure 2.  Root proliferation of T. caerulescens grown in previously uncontaminated soil with (+) or without (-) ZnO added at 500 mg Zn kg-1 soil to (a) both sides or (b) one side of the rhizobox (photos courtesy of S. N. Whiting, Berkeley, California).

Figure 3. The effect of addition of five different chelates at (0.5 g kg-1 soil) to a contaminated soil on Pb uptake (μg plant-1) by pea plants (data from Huang et al, 1997).
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