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INTRODUCTION

Note. Some ofthe frequently investigatedplant species have been taxonomically renamed. Agrostis capillarisL.

is synonymous with A. tenuis Sibth., Silene vulgaris (Moench.) Garcke with S. cucubalus Wibel and S. inflata
Smith, Thlaspi caerulescens J. et C. Presl. with T. alpestre L. and Noccaea coerulescens (J. et C. Presl.) F.K.

Meyer.

in the Bradshaw group (Jowett 1959; Gregory 1965; McNeilly 1965; Antonovics

Agrostis capil-

laris

one from a copper mine and one from a non-mine soil. He was

able to demonstrate a heritable copper resistance in the mine population, relative to the

non-mine population, which he explained as a result of evolution by natural selection.

Nearly 20 years later Bradshaw (1952) and Baumeister (1954) started further research on

ecological and physiological differentiationbetween plants frommetal-enrichedand non-

contaminatedhabitats. The species chosen for study were predominantly

Silene dioica

(Melandrium sylvestre),

Nearly 60 years ago, Prat (1934) initiated the research of heavy metal resistance in plants

when he was analysing the growth performance of two populations of
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The research in the late 1960s was characterized by the study of (sub)cellular-

compartmentation patterns, particularly studies on the binding of metals (zinc) to the cell

wall in grasses (Turner & Gregory 1967;Peterson 1969) and metalaccumulation (Zn, Cu)

in the vacuole(Reilly 1967; Ernst 1969). Also, translocation fromroot to shoot, allocation

withinthe shoot, age-dependent accumulationin leaves, and activities of metal-stimulated

enzymes and metallo-enzymes were studied. Observed differences between resistant and

non-resistant plants led to the development of various physiological models for specific

metalresistances (Ernst 1975; Mathys 1975a). From the early 1970s onwards, an increas-

ing numberof groups became involved in the study of physiological and genetical aspects

of metal resistance, nearly all of them using the rewarding approach of a comparison of

distinctly tolerant populations or isogenic lines of a single species which differ as far as

possible only in the resistance to one or more metals (Strange & Macnair 1991; Schat &

Ten Bookum 1992a).

The present review will highlight the progress with respect to the elucidation of the

mechanismsof resistance to the heavy metals Cd, Cu, Pb and Zn, and the metalloid As in

angiosperms.

MEASUREMENT OF METAL TOLERANCE

Every organism, regardless ofwhether it lives in a metal-enrichedenvironment or not, has

a certain ability to copewith non-essential metals or excessively available essential metals

although there are limits in the occurrence of metal tolerances in a lot of higher plants

(Bradshaw & McNeilly 1991). Severalauthors have referred to this ability as ‘tolerance’ or

‘resistance’. In this review, however, we wish to restrict these terms to cases of a heritable

increase in the ability to copewithexcessive metal, usually naturally or artifically selected

under the pressure of a toxic level of metal exposure. Such heritable tolerances occur in

a limited number of plant species and have been demonstrated for Zn (Broker 1962),

Pb (Urquhart 1971; Wu & Antonovics 1976), Cu (Macnair 1983; Schat & Ten Bookum

1992a), As (Watkins & Macnair 1991) and other metals. Evolution of tolerant popu-

lationsmay occur as rapidly as within 5 to 10 years(Ernst 1976; Wu 1990), or more slowly,

dependent on the selectionpressure prevailing (Dueck etal. 1984; Dueck 1986; Verkleij et

al. 1989a; Lolkema 1985).

Tolerances to metals can be demonstratedat different levels of integration. Basically,
metal tolerance is a constitutive property, present in every cell, tissue and organ of the

plant. It is maintained in cell tissue cultures prepared from tolerant plants (Wu &

Antonovics 1978; Qureshi et al. 1981). Therefore, tolerance can be tested using different

tissues, organs, or the whole plant, although it cannot be excluded that processes taking

1966) and Silene vulgaris in the Baumeister group(Broker 1962; Ernst 1964; Gries 1965;

Riither 1966). In the late 1950s Duvigneaud (1958), while studying the vegetation on

metalliferous soils in Central Africa, added to the above approaches a phytogeographic

one and introduced the study of speciation processes in metallophytes.

In the 1950s, the study ofevolutionary and physiological aspectsof metal resistance was

hampered by the absence ofconvenient techniques for measuring metalconcentrations in

small plant samples. The techniques available for metal analysis were either time-

consuming, such as phase separation (Ernst 1964), or costly and only applicable for

laboratory-raised plant material, i.e. radiolabelling (Turner & Gregory 1967; Peterson

1969). Only after applying atomic absorption spectrophotometry on wet-ashed plant

material (Reilly 1967) did timeand cost-effective metal analyses become possible.
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place atintegration levels higher than the cell may substantially contributeto the tolerance

of the whole plant (see below).

Comparative plasmology

Repp (1963) elaborated a test for plasma membrane integrity after exposure to heavy

metals. Sections of leafor stem tissue, between 2 and 4 cell layers thick, are incubatedin a

series ofmetalconcentrations, eitherwithoutnutrientaddition (Repp 1963; Gries 1966) or

in a nutrient solution (Riither 1967; Ernst 1972a). After 24 h in the case of copper, or

48 h for all other heavy metals, the cells’ ability to plasmolyse and deplasmolyse is tested

using 1 m glucose. The advantage of this technique is that it allows testing of established

dicotyledonous plants in the fieldand in the laboratory without cloning them. The results

are in agreement with those obtained with the rooting technique described below

(Ernst 1982).

Rooting technique

Roots are more directly confronted with heavy metals in the environment than shoots,

except in the case of aerial metal deposition (Ernst 1980). Therefore, root growth usually

responds more rapidly to metalexposure than shoot growth. This is probably the reason

that root growth is the most widely used parameter in metal tolerance tests. A commonly

used measure of tolerance is the toleranceindex TI (Wilkins 1957, 1978; Jowett 1958):

root growth in metal solution

TI =

root growth in control solution

The use of TI certainly allows a perception of the coarse patterns of interspecific and

intraspecific variation in metal tolerance (Woolhouse 1983, for a review). The resolution

of this index, however, is limited and depends on the metal concentration chosen for

testing, as well as the range ofvariation in tolerance present among the plants to be tested

(Macnair 1981, 1983; Schat & Ten Bookum 1992a, for a detailed discussion). Moreover,

low metal concentrations may stimulate root growth, especially in tolerantplants, which

questions the use of a metal-free control solution. Macnair (1983) developed an alterna-

tive single concentration test. He exposed cuttings to a fixed metalconcentration, chosen

at such a level that presumed non-tolerantsconsistently failed to root, whereas presumed
tolerants showed normal rooting. Although this test does not measure quantitative vari-

ation in tolerance, it was successfully applied in a genetical analysis ofcopper tolerance in

Mimulus guttatus (Macnair 1983). The use of TI in genetical studies has never yielded

clear-cut interpretable results. Apparently, Macnair’s test more effectively identifies the

non-tolerant homozygote (his test concentrationwas approximately equal to the lowest

effect concentration(EC) where root growth in non-tolerantplants stop [EC I00]). Schat &

Ten Bookum (1992a) developed a multiple concentrationtest, which also used the lowest

EC,
00

as a tolerance measure. The latter is establishedby exposing each individual to a test

solution in which the metal concentrationis raised in timein a stepwise manner until root

growth is completely arrested. The advantage of this test over Macnair’s test is that it

measures quantitative variation in tolerance among tolerant plants. It has been success-

fully applied to analyse the genetics of copper tolerance in Silene vulgaris (Schat & Ten

Bookum 1992a). Compared with conventional multiple concentration tests, it has the

advantage that it allows to estimate the tolerance level of individual plants without the

need for cloning them. A general advantage of multiple concentration tests over single
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concentration tests is a higher resolution. Unfortunately, multiple concentration tests for

metal tolerance are only scarcely applied (e.g. Davies & Snaydon 1973; Craig 1977;

Nicholls & McNeilly 1979; Schat & Ten Bookum 1992a,b). A major problem of testing for

metal toleranceis that tolerancemeasures are sensitive to innate variation in root growth
unrelated to tolerance (Macnair 1981). This restriction applies to all the tolerance

measures used, but probably not to the same extent. The apparent success of the use of the

lowest EC
100

for root growth as a tolerance measure in genetic studies (Macnair 1983;
Schat & Ten Bookum 1992a) seems to be due to a comparatively low sensitivity to root

growth factors other than tolerancegenes. The lack ofsuccess in former genetic studies, in

which TI was used, may be explained by disproportional effects of root growth factors

unrelated to tolerance on the two component parts of TI (Macnair 1981; Humphreys &

Nicholls 1984).

The usefulness of root growth as an effect parameter in metal tolerance tests probably

relies on the fact that metal-imposed root growth reduction is dueto a directeffect of the

metalon the root itself, such as demonstratedby split root experiments (H. Schat, unpub-
lished data) and experiments with isolated root segments. Both cell division and cell

elongation are affected. In non-tolerant Festuca rubra, exposure to 3 pM Zn results in a

more than 100% increase in the length of the cell cycle, compared to less than 20% in a

zinc-tolerantone. In non-tolerant plants especially, the G1 phase appears to be sensitive.

Zinc also differentially affects the protein content of the meristem and the proximity

of root hairs and xylem elements to the root tip in non-tolerant and metal-tolerant

populations (Powell et al. I986a,b,c; Davies el al. 1991a,b).

Wholeplant testing.

Several authors have used the relative growth rate ofthe wholeplants as an effect parameter

in metal tolerance tests (e.g. Verkleij & Prast 1989). In view ofthe fact that tolerantand non-

tolerantplants may differin the rate oftranslocationofmetals fromroot to shoot or in the

capacity to store metals in the root, it is conceivablethat they might also differin the degree
of shoot growth inhibition, relative to the degree of root growth inhibition, if they are

exposed to a toxic metal concentration. If so, then whole plant testing may be expected to

yield results which differ from thoseobtainedwith a rooting test. For example, compared

at equal levels of root growth inhibition, Cu-tolerant Silene vulgaris exhibit a stronger

shoot growth reduction than non-tolerantS. vulgaris (Fig, 1), possibly dueto a more rapid

root to shoot translocation of copper in the tolerant plants (Lolkema et al. 1984). It is

obvious, however, that this does not produce large differences between a rooting test and a

whole plant growth test. Systematic comparison between whole plant tests and rooting

tests with the same clone or isogenic line have not been published, as far as we know.

COMPARTMENTATION AND TOLERANCE AT THE CELLULAR

LEVEL

The cell wall

The walls of the root cells are directly exposed to the metals in the soil solution.

Association of metals with the cell wall has been frequently established, either through

cation exchange techniques (Ernst 1969, 1972a; Peterson 1969; Pickering & Puia 1969;

Turner 1970; Farago & Pitt 1977), or by electron microscopical techniques (Ernst &

Weinert 1972; Muffineta/. 1985). Most ofthe cell wall-associated heavy metals are bound

to polygalacturonic acids, to which the affinity of metal ions decreases in the order
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Pb > Cr > Cu >Ca > Zn (Ernst 1972a,b; Jellinek & Sangal 1972;Muzzarelli 1973; Farago

& Pitt 1977). Therefore, lead can be used to desorb other metals, such as Cu and Zn from

cell walls in uptake studies (Harrison et al. 1979; De Vos 1991).

The suggestion of an involvementof the cell wall in zinc tolerance has been made by

Peterson (1969), Turner (1970) and Wyn Jones et al. (1971). Turner & Marshall (1971,

1972) observed a positive correlationbetween Zn tolerance and the cell wall’s Zn-binding

capacity in Agrostis capillaris. They suggested that Zn tolerance involves an altered

carbohydrate composition of the cell wall. This could not be confirmed by Farago & Pitt

(1977) who investigated populations of the Australian plant species Polycarpea glabra

from areas of high and low zinc concentration. In general, there is also a tolerance-

unrelated interpopulation variation in the cationexchange capacity of cell wall material

(Ernst 1972b). The amount of metals bound to the cell wall, even when crystal-like metal

bodiesare present in it (Ernst & Weinert 1972), is usually less than 10% of the total cellular

amount in metallophytes (Ernst 1969, 1972a,b, 1974).

The idea of an involvement of the cell wall in metal tolerance has been frequently

disputed (Turner & Marshall 1971; Ernst 1976; Thurman& Collins 1983; Verkleij &Schat

1990). The main problem is that it is not easy to imagine how an increase in binding

Fig. 1. Root fractions (percentage oftotal dry mass) of Cu-tolerant and non-tolerant Silene vulgaris after 7 days

of growth in copper-toxic solution, compared at equal levels of root elongation inhibition (H. Schat, unpub-

lished). ■ non-Cu-tolerant (Amsterdam), □ moderately Cu-tolerant (Marsberg), O highly Cu-tolerant

(Imsbach).
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capacity ofthe cell wall can reduce the free-metal activity near the plasmalemma surface, if

the soil solution, the cell wall solution and the cell wall matrix are at equilibrium. Co-ion

exclusion has been suggested as a possible mechanism, but this cannot explain metal-

specific tolerance (Thurman & Collins 1983). A specific role of the cell wall in metal

tolerance may be related to processes within the cell wall. Thereare some indicationsthat

cell-wall-boundenzymes such as the acid phosphatase ofmetal tolerantpopulations form

less stable complexes with the habitat-specific metals than their counterparts from

uncontaminatedsoil (Wainwright & Woolhouse 1975; Cox & Thurman 1978). It has been

claimed that the cell wall does play a significant role in lead tolerance, which occurs in

plants frommine waste and from roadside soils (Urquhart 1971; Wu& Antonovics 1976).

Poulter el al. (1985) observed a loss of Pb tolerance in protoplasts prepared from Pb-

tolerant cell cultures of Anthoxantumorodatum. On the other hand, protoplasts and cells

were equally tolerant to Cu and to Zn, which was taken as evidence for a specific roleofthe

cell wall in Pb tolerance. These authors, however, did not make the necessary precautions

to prevent a drop in the free-leadconcentration in the incubationmedium upon addition

ofthe cells dueto the binding of Pb to the cell wall. In view of the amount of cells addedper

ml of incubation medium, it seems possible that the apparent higher tolerance of cells

represents an experimental artefact. Differences between Pb-tolerant and non-tolerant

clones may be caused by the indole-3yl acetic acid-induced cell elongation, which is

strongly affected by lead, stimulating lAA-oxidase activity (Mukherji & Maitra 1977;
Lane et al. 1978).

The plasma membrane

Membrane structure. Exposure of plants to increased concentrations of Cu
2+

and Hg
2+

causes leakage of potassium from the cells, as originally shown for Chlorella (McBrien &

Hassall 1965;De Filippis 1979). Copper-induced potassium loss has also beenobserved in

root cells of higher plants, i.e. Agrostis capillaris (Wainwright & Woolhouse 1977;
Woolhouse 1983), Silene vulgaris (De Vos et al. 1989), and Mimulus guttatus (Strange

& Macnair 1991). In Cu-tolerantecotypes or clones, the Cu concentrations required to

induce membrane leakage (Fig. 2) are much higher than in Zn-tolerant or non-tolerant

ones (Wainwright & Woolhouse 1977; De Vos et al. 1991; Strange & Macnair 1991). In

view ofthe instantaneousoccurrence of leakage, i.e. withina few minutes, and the remark-

able similarity between the highest no-effect-concentration(NEC) for K-leakage (Fig. 2)

Fig. 2. Model ofthe copper tolerance mechanism.
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and for root growth, both in tolerantand non-tolerantplants (De Vos et al. 1991; Strange
& Macnair 1991), it has been postulated that membrane damage is the primary effect of

toxic Cu (De Vos et al. 1989) and that Cu tolerance involves alterations of plasma

membrane structures (De Vos et al. 1989; Strange & Macnair 1991).

Experiments with the sulphhydryl reagent jY-ethylmaleimide (NEM) and the free

radical-producing compound cumene hydroperoxide (CHP) have shown that Cu

tolerance in Silene vulgaris is not due to a general resistance to sulphhydryl reagents or

free-radical formation (De Vos et al. 1989). In view of the high sensitivity ofH
+ efflux and

plasma membrane polarization to Cu (Kennedy & Gonsalves 1987) we suggest that Cu-

tolerant plants are able to prevent Cu ions to react with sulphhydryl groups of proteins,

for example those of potassium channels (Hille 1984). This seems to hold true for all Cu-

tolerant plants, independent of their taxonomic rank, from the bluegreen alga Anabaena

doliolum(Raiet al. 1991) to angiosperms, such as Silene vulgaris (De Vos 1991). As soonas

the highest no-effect concentrations for root growth are exceeded, then K-leakage and

lipid peroxidation with concomittant changes in lipid composition proceed in the

same way in tolerantand non-tolerantplants (De Vos et al. 1991; De Vos 1991; Slivinskaya

1991). Perhaps patch-clamp methods (Maathuis & Prins 1991) may be useful to validate

the hypothesis of structuralalterations of the plasma membrane in Cu-tolerant plants.

In contrast to copper, zinc protects membrane lipids and proteins against oxidation

(Bettger & O’Dell 1981; Cakmak & Horst 1988) and does not damage isolated mem-

branes, even at high concentration. Therefore, it is not surprising that Zn does not cause

leakage of membranes in non-tolerantplants.

Uptake kinetics. It has oftenbeen suggested that metal tolerances couldrely on a decreased

uptake of the metal in question, at least in part. This suggestion is mainly based on the

observation that metal contents of the tissue of tolerant plants, especially those of the

shoots, may be lower than thoseof non-tolerant plants grown at the same level of metal

exposure, although this is certainly not a rule (Ernst 1972b; Wu et al. 1975; Baker 1978;

Lolkema et al. 1984; Verkleij & Bast-Cramer 1985; Verkleij & Prast 1989; De Vos 1991;
Schat & Kalff 1992). Tissue contents, however, may not only reflect differences in uptake

rates, but also differences in translocation or in growth rate. Moreover, comparisons of

tissue contents have often been performed at exposure levels that are toxic to the non-

tolerant plants, but not or rarely to the tolerantones. Under these conditions, differential

tissue contents may be a mere consequence of differential tolerance, rather than a cause,

especially after a long period of exposure. Comparative studies on the kinetics of metal

uptake at non-toxic exposure levels have hardly been performed. Strange & Macnair

(1991) compared the kinetics of copper uptake in root segments of copper-tolerant and

non-tolerantMimulusguttatus. Theirbest-fit model indicated a very similarK
m

and V
max ,

but a higher Cu uptake in non-tolerantroots, due to a linear term that was consideredto

represent passive diffusion as a result of copper-imposed membranedamage. The models

tested by these authors, however, do not account for biphasic Cu uptake (Nissen 1973),
such asobserved in leaves and roots of Elodeanuttallii(Marquenie-van derWerff& Ernst

1979) and roots of Hordeum distichum (Veltrup 1976, 1977), with a phase transition

between 6-5 and 7-5 pM, i.e. half the concentrationrange chosen by Strange & Macnair

(1991). Further comparative studies ofmetal-uptake kinetics in tolerantand non-tolerant

roots are not available to date. In general, the mechanisms of trans-plasma membrane

metal transport in higher plants are poorly understood. Trans-membrane transport of

metal ions is often assumed to be protein-mediated (Gutknecht 1983). Specific carrier
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systems for essential heavy metals have not been found thus far. Interactions between

heavy metals have been frequently registered (Veltrup 1977, 1978, 1979).

A clear example of toleranceby means ofa reduced uptake is arsenic tolerance(Meharg

& Macnair 1990, 1991a,b; Watkins & Macnair 1991). Both phosphate and arsenate are

taken up by the systems in angiosperms (Asher & Reay 1979). Arsenate-tolerantplants of

Agrostis capillaris, Deschampsia cespitosa, and Holcus lanatus exhibit a reduction in

arsenate uptake, due to a decrease in the V
max

of the high- and the low-affinity uptake

system and by an increase in the K
m

of the high-affinity system for phosphate uptake.

However, the reduced uptake cannot explain how As-tolerant plants, often containing

very high As concentrations (Porter & Peterson 1975; De Koe 1991), can prevent the

well-known interaction of arsenate with phosphate in glycolysis.

Laboratory studies of metal uptake (Cathala & Salsac 1975; Hassan & Tang Han Hai

1976; Cataldo et al. 1983) usually consider the uptake of free heavy-metal ions. It is well

known that population-specific excretion of metal-binding compounds can modify the

availability of these metals (Hall et al. 1979; Butler et al. 1980). In metal-enriched soils,

except for pioneer stages of vegetation development, part of the heavy metals will be

present as soluble organic metal complexes (Ernst 1974;Van derWerff 1981). Complexed

metal ions are taken up to a lesser degree thanfree-metal ions (Ernst 1968; Coombeset al.

1977; Van derWerff 1981; Laurie et al. 1991), which explains the higher floristic diversity
and greater variation in metal tolerance ofplant species on heavy metal soils with profile

development. Also, the presence of mycorrhizal (YAM) fungi might affect the uptake and

toxicity of metals in host plants, possibly through biocomplexation (Dueck et al. 1986;

letswaart et al. 1992). On copper soils, however, vesicular-arbuscular mycorrhizal fungi

are virtually absent (Griffioen & Ernst 1990), because of the fungicidal properties of this

metal.

The cytosol

Enzymes. Cytosolic enzymes of tolerant plants, possibly in contrast to apoplastic ones

(Woolhouse & Walker 1981), are generally as metal-sensitive as those of non-tolerant

plants (Ernst 1975, 1976;Mathys 1975b; Cox el al. 1976, 1978; Smirnoff& Stewart 1987).

Therefore, tolerance must includea mechanismto keep the activity ofpotentially harmful

metal species in the cytosol within certain limits. At the same time, the intracellular

distribution of essential heavy metals must guarantee the supply to metalloproteins

(Lolkema & Vooijs 1986) so that undesirable metal substitution cannot occur (Van
Assche & Clijsters 1990; Clijsters et al. 1991). This could be affected by the production of

metal-complexing compounds which may at the same timepromote the transport to other

cellularcompartments.

Two groups of compounds have been suggested to act as cytosolic metal buffers or

metal carriers during cytosol transport, i.e. metal-binding peptides (Reilly et al. 1970;

Rauser & Curvetto 1980) and, for zinc and nickel, organic acids(Ernst 1975,1976; Mathys

1975a; Sasse 1976). In the following section we will discuss whether metal-specific

tolerances can be explained by increased production of these compounds.

Metallopeptides (phytochelatins). Although genes coding for metallothioneins(MT) are

present in higher plants (De Mirandaet al. 1990; Evans et al. 1990;Tommey et al. 1991),

most of the metallothionein-likesubstances (Robinson & Jackson 1986), isolated during
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the early 1980s (Rauser & Curvetto 1980; Bartolf et al. 1980; Weigel & Jager 1980;
Lolkema et al. 1984; Wagner 1984; Robinson & Thurman 1986) are probably poly(y-

glutamylcysteinyl)glycines (poly(y-EC)„G’s), also called cadystin (Murasugi et al. 1981),

phytochelatins (PC; Grill et al. 1985a,b) or metal-binding polypeptides (Jackson et al.

1990) and peptides (Me-BC; Rauser 1991). In this review they will be named (y-EC)„G’s.

They are induced by various heavy metals and even by the non-metals selenium and

arsenate in all the plant species investigated so far (Grill et al. 1987; Delhaize et al. 1989;

Salt et al. 1989; Gupta & Goldsbrough 1991). The tendency of metals to induce (y-

EC)„G's in cell-suspension cultures of Rauvolfia serpentina decreases in the order

Hg> >Cd,As,Fe>Cu,Ni>Sb,Au>Sn,Se,Bi>Pb,Zn (Grill et al. 1987). This order,

however, is based on the total metal concentration in the Linsmaierand Skoog medium.

For free ionic metals the order may be different. The affinity of metals for (y-EC)„G’s
depends on the value of n, but in a metal-specific way. In the case of Cd, for example, it

increases more or less proportionally with n, whereas in the case of Cu, it is largely

independent of n (Matsumoto et al. 1990). Therefore, depending on the metalconcerned,
tolerance might be obviously dependent on an increase in the chain length of the (y-

EC)
n
G’s produced. Another factor with a conceivable bearing on tolerance is the

incorporation of labile sulphur into the metal-(y-EC)
n

G complexes (Steffens 1990).

There are many indications that phytochelatins are not involved in metal tolerance.

First, tolerant plants or cells often do not produce more (y-EC)„G’s than non-tolerant

ones (Verkleij et al. 1989a,b, 1990; De Vos et al. 1992; Schat & Kalff 1992). Secondly, in the

case of exposure to high copper levels, maximum (y-EC)„G production occurs only at

concentrationswhere growth is not even possible, both in tolerantand non-tolerantplants

of Silene vulgaris (De Vos et al. 1992). Moreover, distinctly copper-tolerant and non-

tolerant populations and isogenic lines of the latterspecies produce equal amounts of (y-

EC)„G’s ifthey are grown at concentrations which cause an equal degree of root growth
inhibition (Schat & Kalff 1992). This suggests that differential (y-EC)„G production

should be taken as a consequence,rather than a cause of differentialtolerance. It would

imply that (y-EC)„G levels can be used as a tolerance-independent biomarker of metal

stress (Ernst & Verkleij 1991). Another argument against a role for (y-EC)„G’s in metal

tolerance is that (y-EC)
n

G production cannot account for metal-specific tolerances,
because itcan be inducedbyany metal, both in tolerantand non-tolerantplants. Tolerance-

correlated and metal-specific increases in (y-EC)
n
G inducibility have never been found to

date. Thus, ifcadmiumtolerance wouldrely on increased production of(y-EC)„G’s, such

as claimed for tomato cell lines (Steffens et al. 1986), then Cd-tolerant plants should also

be tolerant to Cu, for example, which is obviously not the rule (Schat & Ten Bookum

1992b).

According to Vogeli-Lange & Wagner (1990), (y-EC)
n
G’s should be considered as a

carrier for metal transport into the vacuole rather than as a purely cytoplasmic buffer

system, which means that their impact will depend on their turnover rate rather than their

concentration in the cell. This could imply that the role of (y-EC)
n
G’s in tolerance, when-

ever it would exist, could be masked by a tolerance-correlated increase in the rate of

their breakdown, which presumably takes place in the vacuole. It is not easy to imagine

however, how such a possible variation in turnover can be reconciled with the above

mentionedtolerance-independent relationship between (y-EC)„G levels and the degree of

root growth inhibitionsuch as found in Silene vulgaris (Schat & Kalff 1992). The recent

description of CdS crystallite coated with (y-EC)„G’s inCd-treated tomato plants (Reese

et al. 1992) makes it more difficult to consider Cd-(y-EC)
n

G as metal transporter.
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Organic acids. Organic acids have been proposed to play a role as metal-binding com-

pounds, e.g. malic and citric acid for Zn (Ernst et al. 1975; Mathys 1977; Godbold et al.

1984; Barmens et al. 1989), and malonic, citric and malic acid in the case of Ni tolerance

(Sasse 1976; Pelosi et al. 1976; Lee et al. 1988). This hypothesis is based on the observation

that Zn-tolerant and Ni-tolerant plants often exhibit increased concentrations of these

compounds. It is uncertain, however, whether this is dueto increased cytosolic or vacuolar

concentrations, or both (see below).

Vacuoles as storage compartments

Vacuolesofmetal-tolerantplants, but also thoseof non-tolerantplants afterexposure to a

high metalconcentration(Mullins et al. 1985), often contain high concentrationsofheavy

metals, especially ofzinc and nickel (Ernst 1969, 1972a, 1974,1980;Sasse 1976; Brookesct

al. 1981) and to a lesser degree copper and lead (Ernst 1974; Mullins et al. 1985) and

cadmium (Ernst 1980; Heuillet et al. 1986; Rauser & Ackerley 1987; Krotz et al. 1989;

Vogeli-Lange & Wagner 1990).

Ernst (1975) and Mathys (1975a) postulated the zinc-malate-shuttlehypothesis (Fig. 3)

for Zn transport over the tonoplast. Malic acid would bind Zn in the cytosol, thereby

detoxifying it, and the Zn-malatecomplex would be transported over the tonoplast and

dissociated in the vacuole, after which malate would be retransported into the cytosol.

Vacuolar Zn would remain bound to stronger chelators, such as citrate, oxalate or

anthocyanidines, when present.

According to Vdgeli-Lange & Wagner (1990), Cd is transported over the tonoplast as a

Cd-(y-EC)
n

G complex. In the vacuole the complex will dissociate, dependent on the

concentrationofand the affinity to Cd ofother chelators, as well as on the chain length of

the Cd-(y-EC)„G’s in question. In the absence ofother chelatorswith a high affinity to Cd,

only low molecularCd-(y-EC)
n

G’s will rapidly dissociate at a normal vacuolepH ofabout

5 (Reese & Wagner 1987; Matsumoto et al. 1990). At high Cd exposure levels, accumu-

lationof undissociated Cd-(y-EC)
n
G’s in the vacuolemay be unfavourable, as this would

drain too much of the cytoplasmic pool ofglutathione (Scheller et al. 1987), or other low

molecular sulphur compounds. Therefore, re-transport of (y-EC)
n
G, or of the composing

amino acids seems to be a prerequisite for an effective compartmentation of Cd. Nothing

is known, however, about these processes.

Fig. 3. Model ofthe zinc tolerance mechanism (modified after Ernst 1975 and Mathys 1975a).
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Recent application of X-ray cryo-microanalytical techniques have provided some

information on the final speciation of heavy metals in vacuoles. At high levels of Cd

exposure, globular deposits containing Cd, K and P, first detected in root cellsof Agrostis

gigantea (Rauser & Ackerley 1987), were found in mature cells, but sheet-like deposits
with Cd and S in immature cells (Van Steveninck et al. 1990a,b). In contrast to Cd, Zn-

treated cells contain vacuolar deposits containing Zn phytate (Zn, K and P or Zn, Mg, K

and P) (Van Steveninck et al. 1987, 1990a,b, 1992). Crystal formation has also been

observed after incubating epidermal cellsof Silene vulgaris for 48 h in 0-2 m solutions of

zinc sulphate or zinc chloride, but was not found after incubationin other metal sulphate

solutions (Gries 1965). The high concentrationsofwater-soluble metals in plant extracts

indicate that crystals are an exception rather thana rule with respect to the form ofstorage

ofheavy metals in vacuoles.

It has often been postulated that tolerance may be due to an increased ability to

transport metals into the vacuole. The latter could conceivably rely on (a) a higher con-

centration in the cytosol of substances forming metal complexes which can be trans-

ported over the tonoplast, such as (y-EC)„G’s and, possibly, malic acid, (b) a higher

affinity or capacity of the metal-transporting system in the tonoplast itself, and (c) a

higher metal storage capacity in the vacuole. It may be of importance that zinc-tolerant

plants, including Silene vulgaris also exhibit increased malate concentrations if they are

grown in the absence of excessive zinc (Ernst 1975, 1976; Ernst et al. 1975; Mathys

1975a,b; Brookes et al. 1981; Godbold et al. 1984). Also Ni-tolerant plants exhibit

increased concentrationsof malate, malonateor citrate (Pelosi et al. 1976; Sasse 1976;

Brooks et al. 1981). As outlined earlier, however, it remains to be shown whether the

cytosolic concentrationsof these compounds are also increased and whether these com-

pounds really mediate metal transport over the tonoplast. They might as well serve as

vacuolar metal sequestrants. Brookes et al. (1981), using compartmental flux analysis,
found that both zinc-tolerant and non-tolerant clones of Deschampsia cespitosa were

able to pump zinc into the vacuole, but that the mechanism broke down in non-

tolerantclones at higher exposure levels. This does not necessarily mean, however, that

tolerance would rely on a higher transport capacity. The breakdown of the transport in

non-tolerant clones may also be taken as a consequence of metal strain, rather than as

a primary cause of strain. Ernst (1974) observed that leaf mortality occurs always at the

same fixed internal zinc concentration in the Zn-tolerant and Zn-hyperaccumulating

plant Cardaminopsis halleri, suggesting that mortality is a consequence of a saturation

of the vacuolar storage capacity. This does not mean, of course, that tolerance would

be due to an increase of the vacuolar storage capacity. In general, it is difficult to re-

concile the idea of tolerance by means of an increased production of organic acids with

the metal-specific nature of tolerances. For example, Zn-tolerant Agrostis capillaris and

Silene vulgaris, which both exhibit increased malate levels (Ernst 1975, 1976), are only

slightly Ni tolerant (Gregory & Bradshaw 1965; Schat & Ten Bookum 1992b), whereas

Ni-tolerant Alyssum hertolonii, which is very rich in malate (Pelosi et al. 1976), is non-

tolerant to zinc (J.A.C. Verkleij & P. Pancaro, unpublished data). This strongly

suggests that these tolerances involve specific changes in the transport systems in the

tonoplast itself, rather than a mere increase in the concentration of chelating organic
acids.

In summary, although it is likely that vacuolar compartmentation plays a role in the

tolerance to metals, at least in the case of Zn and Ni, the precise mechanisms by means

of which tolerant plants could accomplish a more effective vacuolar compartmentation
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are completely unknown. Studies on isolated vacuoles and tonoplasts of tolerant and

non-tolerantplants may provide more insight.

COMPARTMENTATION AT THE WHOLE PLANT LEVEL

Although tolerance is apparent in any organ, tissue and cell of a tolerant plant, it is

conceivable that compartmentation processes taking place at the level of tissues and

organs can contribute to tolerance at the whole plant level. Several possibilities will be

discussed below. Differences between tolerant and non-tolerant plants in the distribution

of metals over root and shoot have been frequently reported (e.g. Ernst 1972b; Wu el al.

1975; Baker 1978; Coughtrey & Martin 1978; Lolkema elal. 1984; Verkleij & Prast 1989).

Increased retention in the roots in tolerant plants is certainly not a rule (Baker 1981), but

it could be of adaptive significance if shoots are more sensitive than roots, which is

uncertain. Regardless ofwhether it is adaptive or not, retentionin theroot might represent

a mere consequence of the tolerance mechanism operating in the root cells (e.g. increased

vacuolar storage). It has never been proven that tolerance involves genetic changes other

than those involved in the tolerance mechanism present in every cell.

Transport of heavy metals fromroot to shoot via the xylem is mediatedat least partially

by organic complexes (Hofner 1970 for Mn and Fe; Van Goor & Wiersma 1976 for Mn

and Zn; Graham 1981 for Cu, but not Mn; White etal. 1981a,b for Cd, Ni and Zn; Mench

et al. 1988 for Cu, Pb and Zn). Analyses of xylem exudates of non-tolerant and metal-

tolerant plants of Silene vulgaris have not shown qualitative differences of metal

complexes (H. Harmens, pers. comm.), but quantitative differences between free and

complexed metal ions may affect the plant-internal transport.

Allocationpatternofmetals and leafage

A potential advantage of allocating metals into leaves is that it creates the possibility of

removing metals from the plant via natural leaf shedding. The oldest leaves of metal-

exposed plants generally exhibit the highest metal concentrations (Ernst 1982, 1984,

1990). In contrast to Ca, which accumulates gradually with ageing, Zn accumulates

especially during the last week prior to shedding (Fig. 4), suggesting that plants make use

of leaffall as means of reducing their metal burden. Due to the low mobility of Pb in the

environmentand its high accumulation in the roots, the concentrationof Pb in senescent

leaves remainsaboutconstant throughout the year. It is unknown whether tolerantplants

exhibit special adaptations at this point (see above).

Reproductive organs

Due to the toxicity of metal-enriched soils, non-tolerant plants do not survive to the

reproductive phase in such environments, neither naturally nor experimentally. Therefore

it is impossible to compare metal accumulation in reproductive organs at high levels of

metal response through the life cycle of tolerant and non-tolerantplants. Plants on heavy

metal-enrichedsoils do not exhibit a decreased seed production. In metal-tolerantplants

growing in the natural environment, e.g. Armeria muelleri, Thlaspi coerulescens. Silene

vulgaris (Ernst 1982; Ernst et al. 1990), or in metal-enriched nutrient solution, e.g.

Mimulusguttatusand Silene diocia (Searcy & Mulcahy 1985a,b), metals are not excluded

from the reproductive parts. Although the metal concentrations in all reproductive plant

parts are lower than in vegetative ones, pollen selection, due to metal accumulation in the

pistils has been demonstrated in the laboratory (Searcy & Mulcahy 1985a,b,c). Also, a
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reduction in the percentageof viablepollen in metal-tolerantplants after metal treatment

has been observed (Searcy & Mulcahy 1985b). It is unknown, however, whether these

processes play a role in the natural environment.

In metal-tolerant plants, seeds have a lower metal concentration than any otherplant

part (Ernst 1974, 1982). The concentration in the testa is often two to four times higher

than in the embryo, which suggests that the placenta represents a barrier to metal trans-

location. The low metalconcentrationofthe embryo may be advantageous since it creates

extra storage capacity during germination and early seedling growth.

THE COSTS OF METAL TOLERANCE

Selection against metal tolerance on unpolluted soils has been clearly demonstrated

(McNeilly 1968; Cook et al. 1972; Hickey & McNeilly 1975), which implies that metal

tolerance has a cost. In the case of tolerances to essential metals, the costs of tolerances

may be (partly) explained by an apparent increased need for the metals in question (e.g.

Baumeister 1954; Schat & Ten Bookum 1992a,b). The fact that tolerant plants often

Fig. 4. Concentration of some mineral elements in relation to leaf initiation in Zn-tolerant plants ofPlantago

lanceolata. Data from Ernst (1984) and unpublished.
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exhibit maximum growth at elevated, normally toxic levels of the metal to which they are

tolerant, has been explained as a consequenceof the operation of the tolerance mechanism

itself. The reduced uptake, or increased cellular sequestration of the metal wouldreduce

the activity of metallo-enzymes or metal-stimulatedenzymes. If compared at a low exter-

nal zinc concentration, Zn-tolerant Silene vulgaris exhibits a 50% lower carboanhydrase

activity than non-tolerant plants (Mathys 1975a,b), and, possibly as a consequence, a

lower photosynthetic activity too (Baumeister 1954). Only at an increased zinc concen-

tration, tolerant plants reach normal activity levels. Such a shift in the optimum zinc

concentration has also been observed for nitrate reductase activity (Ernst et al. 1975;

Mathys 1975a,b). Tolerance-correlated increases in the metal demand for maximum

growth have been observed for Zn (Mathys 1975a,b), Ni (Sasse 1976), Cu (Lolkema et al.

1984; Schat & Ten Bookum 1992a,b), and although only in short-term experiments, some

non-essential metals, too (Baker & Walker 1989, for a survey).

Even when grown at the optimum metalconcentration, tolerantplants or clones usually

grow slower than non-tolerant ones (Ernst 1983; Wilson 1988). This difference in maxi-

mum growth has been tentatively explained as the energy cost of the tolerance mechanism

(Ernst 1983). It might as well represent, however, a consequence ofadaptation to environ-

mentalconditions other than the elevated metalavailability itself, e.g. the nutrient status

of the soil. A more certain interpretation of these phenomena requires a genetic analysis.
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