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ABSTRACT

Thlaspi caerulescens J. & C. Presl is a distinctive metallo-
phyte of central and western Europe that almost invariably
hyperaccumulates Zn to > 1.0% of shoot dry biomass in its
natural habitats, and can hyperaccumulate Ni to > 0.1%
when growing on serpentine soils. Populations from the
Ganges region of southern France also have a remarkable
ability to accumulate Cd in their shoots to concentrations
well in excess of 0.01% without apparent toxicity symp-
toms. Because hyperaccumulation of Cd appears to be
highly variable in this species, the relationship between Cd
tolerance and metal accumulation was investigated for
seven contrasting populations of 7. caerulescens grown
under controlled conditions in solution culture. The popu-
lations varied considerably in average plant biomass (3.1-
fold), shoot : root ratio (2.2-fold), Cd hyperaccumulation
(3.5-fold), shoot:root Cd-concentration ratio (3.1-fold),
and shoot Cd : Zn ratio (2.6-fold), but the degree of hyper-
accumulation of Cd and Zn were strongly correlated. Two
populations from the Ganges region were distinct in exhib-
iting high degrees of both Cd tolerance and hyperaccumu-
lation (one requiring 3 uM Cd for optimal growth), whereas
across the other five populations there was an inverse rela-
tionship between Cd tolerance and hyperaccumulation, as
has been noted previously for Zn. Metal hyperaccumula-
tion was negatively correlated with shoot : root ratio, which
could account quantitatively for the differences between
populations in shoot Zn (but not Cd) concentrations. On
exposure to 30 uM Cd, the two Ganges populations showed
marked reductions in shoot Zn and Fe concentrations,
although Cd accumulation was not inhibited by elevated
Zn; in the other five populations, 30 uMm Cd had little or no
effect on Zn or Fe accumulation but markedly reduced
shoot Ca concentration. These results support a proposal
that Cd is taken up predominantly via a high-affinity uptake
system for Fe in the Ganges populations, but via a lower-
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affinity pathway for Ca in other populations. Total shoot
Cd accumulated per plant was much more closely related
to population Cd tolerance than Cd hyperaccumulation,
indicating that metal tolerance may be the more important
selection criterion in developing lines with greatest phy-
toremediation potential.

Key-words: Thlaspi caerulescens; cadmium; cation selec-
tivity; metal hyperaccumulation; metal tolerance;
shoot : root ratio; zinc.

INTRODUCTION

Thlaspi caerulescens J. & C. Presl (Brassicaceae) is a char-
acteristic species of metalliferous soils in central and west-
ern Europe capable of surviving on unusual substrates
including mine wastes and smelter sites (Reeves et al.
2001). In addition to a high degree of metal tolerance, the
species is renowned for its ability to accumulate Zn, Ni and
Cd to exceptional concentrations in its above-ground bio-
mass. This capacity for metal ‘hyperaccumulation’ is com-
paratively rare in the plant kingdom, being known from
approximately 400 species of vascular plants in total (Baker
& Brooks 1989; Reeves & Baker 2000). The adaptive sig-
nificance of this phenomenon is not yet fully understood.
One plausible hypothesis is that high tissue metal concen-
trations provide a defence against herbivores and patho-
gens (Boyd 1998; Pollard eral. 2002). In addition to
questions concerning their ecology and evolutionary ori-
gins, metal-hyperaccumulator plants are proving valuable
for investigating fundamental aspects of metal-ion homeo-
stasis in cells (Baker et al. 2000; Persans & Salt 2000; Cle-
mens, Palmgren & Kriamer 2002; Pollard et al. 2002) and the
possibilities afforded by phytoremediation as a means of
decontaminating metal-polluted soils (Chaney et al. 1997;
Brooks et al. 1998; Salt, Smith & Raskin 1998; McGrath,
Zhao & Lombi 2002).

Compared with the majority of hyperaccumulator spe-
cies, T. caerulescens is unusual in being able to accumulate
several different metals to very high concentrations in its
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shoot biomass. Hyperaccumulation of Zn, to concentra-
tions exceeding 1% of shoot dry biomass, appears to be a
constitutive feature of this species in its natural habitats,
even when growing on soils not especially enriched in Zn,
implying particularly effective mechanisms for acquisition
and accumulation of this metal (Meerts & Van Isacker 1997;
Escarré et al. 2000; Reeves et al. 2001). When growing on
serpentine soils, 7. caerulescens can also hyperaccumulate
Ni to concentrations well in excess of 0.1% (Reeves et al.
2001). Even more remarkably, certain populations of T.
caerulescens have been shown to hyperaccumulate Cd, a
highly toxic element for which there is no known essential
function in vascular plants (Marschner 1995), to concentra-
tions exceeding 0.01% of shoot dry biomass (Lloyd-Tho-
mas 1995), with values up to 0.3% being recorded in field
specimens from the Ganges region in France (Robinson
et al. 1998; Reeves et al. 2001). Reports of high shoot Pb
concentrations in 7. caerulescens have not proved repro-
ducible under laboratory conditions and are most likely the
result of surface contamination, whereas hyperaccumula-
tion of Mn and Co, although readily observable in solution
culture, have not been recorded for this species in natural
populations (Baker, Reeves & Hajar 1994; Reeves et al.
2001). These characteristics raise important questions
about the underlying mechanisms of metal-ion uptake,
translocation and sequestration in 7. caerulescens, including
the extent to which specific systems exist for individual
metals or are shared between different metals.

Although metal hyperaccumulation appears generally to
be a species-wide property (Baker eral. 2000; Macnair
2002; Pollard et al. 2002), there is considerable interest in
determining the extent of natural variation in this trait,
since this could lead to a better understanding of the
genetic basis of hyperaccumulation. Studies under con-
trolled conditions have demonstrated genetic differences
between certain populations of 7. caerulescens in their abil-
ity to hyperaccumulate Zn and Ni (McGrath eral. 1993;
Lloyd-Thomas 1995; Pollard & Baker 1996; Meerts & Van
Isacker 1997; Escarré et al. 2000; Assuncio et al. 2001; Pol-
lard et al. 2002). However, the relationships between hyper-
accumulation, plant metal tolerance and soil metal content
for the different populations — and hence clues as to the
possible adaptive significance of metal hyperaccumulation
— have been rather difficult to discern. For Zn tolerance in
T. caerulescens, there is some evidence that tolerance is
positively correlated with soil Zn content in the natural
habitat, but that it is inversely related to the capacity for
Zn hyperaccumulation (Ingrouille & Smirnoff 1986; Lloyd-
Thomas 1995; Meerts & Van Isacker 1997; Escarré et al.
2000; Assungao et al. 2001). Inter-population differences in
metal hyperaccumulation are not always easy to recognize,
as tests are required at a range of metal concentrations to
distinguish true hyperaccumulation in tolerant plants from
the non-specific effects of membrane damage and ‘break-
through’ of elements to the shoot in more sensitive plants
(Baker 1981; Pollard et al. 2002). For Cd, there have been
less extensive studies of interpopulation variation in 7. cae-
rulescens, but plants from the Ganges region in France are

particularly notable for their ability to accumulate over 1%
Cd on a shoot dry-biomass basis without apparent toxicity
symptoms (Escarré er al. 2000; Lombi et al. 2000).

Because hyperaccumulation of Cd is such an unusual
biological phenomenon and the ecological significance of
this trait remains enigmatic, we investigated the relationship
between Cd hyperaccumulation and metal tolerance in
seven diverse populations of 7. caerulescens from western
Europe. The only other species currently known to hyperac-
cumulate Cd is Arabidopsis halleri (L.) O’Kane & Al-Sheh-
baz (= Cardaminopsis halleri (L.) Hayek), which can
accumulate Cd to over 0.01% in its shoot dry biomass (Dah-
mani-Muller et al. 2000; Kiipper et al. 2000; Reeves et al.
2001; Bert et al. 2002). Arabidopsis halleri shares certain
similarities with 7. caerulescens, in that hyperaccumulation
of Zn is consistently observed in all natural populations of
this species whereas Cd hyperaccumulation is more variable,
and plants from non-metalliferous sites may show higher
degrees of metal hyperaccumulation under controlled con-
ditions than those from metalliferous sites (Bert et al. 2000,
2002, 2003). In the present study, we have examined popu-
lations of T. caerulescens from both mine sites and a serpen-
tine site to compare the extent of natural variation in Zn and
Cd hyperaccumulation in plants from highly contrasting
substrates. The aim was to clarify the relationship between
Cd hyperaccumulation and tolerance in 7. caerulescens and
to determine whether there is any association between the
capacity for metal hyperaccumulation and other plant
growth characteristics for the different populations.

MATERIALS AND METHODS
Plant material

Seeds of Thlaspi caerulescens J. & C. Presl (Brassicaceac)
were obtained from populations in Bradford Dale, Clough
Wood and Hafna (all British Isles), Prayon (Belgium),
Puente Basadre (Spain), St Félix-de-Pallieres and Les
Malines (both France). Chemical characteristics of soils
sampled from the natural habitat of these plants are shown
in Table 1. Bradford Dale, Clough Wood and Hafna
(Ingrouille & Smirnoff 1986; Baker et al. 1994; Lloyd-Tho-
mas 1995), and St Félix-de-Pallieres and Les Malines
(Reeves et al. 2001) are all Pb/Zn mine spoil sites; Prayon
is a Zn/Cd smelter site (Denaeyer-De Smet & Duvigneaud
1974); and Puente Basadre is a serpentine site (Reeves &
Brooks 1983; Lloyd-Thomas 1995). All the soils are charac-
terized by high concentrations of total (acid-soluble) Zn,
Pb and Cd, except for the serpentine site at Puente Basa-
dre, which contains low amounts of these elements but is
highly enriched in Ni. Prayon has the highest mean soil
concentrations of Zn and Cd, whereas Bradford Dale and
Hafna show the highest mean values for Pb (Table 1).

Plant cultivation

Seeds were germinated on sterilized sand moistened with
deionized water. After germination, the sand was moist-
ened with 0.2-strength nutrient solution (see below). At 5
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Table 1. Total metal concentrations (mg kg™ dry mass) and pH of soil samples collected from Thlaspi caerulescens sites

Soil metal concentration (mg kg™)

Site Soil pH Zn Pb Cd Ni Cu
Bradford Dale® 6.6+0.2 9890 + 779 20600 + 3620 107 £11 97+6 134+ 17
Clough Wood* 6.4+0.1 25900 + 1050 1777 2020 363 £ 18 123+£5 172+£8
Hafna® 5.8+0.3 35200 +2590 17000 + 1670 96+ 6 44+3 765
Prayon® 6.9+0.2¢ 75700 + 13500 9620 + 1460 667 + 85 211+57 4000 + 648
Puente Basadre® - 72+1 35+5 410 2300 £ 115 20+1
St Félix-de-Pallieres® - 64360-6654 46050-1931 265-35 - -

Les Malines® - 61710-35230

28390-10610

316-223 - -

“Data from Lloyd-Thomas (1995). Soil pH was determined in 1:1 (w/v, H,O) samples. Metals were analysed after digestion of samples in
a 1:20 (w/v) mixture with 4:1 (v/v) HCl: HNOs;. Values are means + SE for either 20 samples (Bradford Dale, Clough Wood, Hafna,

Prayon) or five samples (Puente Basadre).

"Data from Reeves et al. (2001). Metals were analysed after digestion of samples in a 1:80 (w/v) mixture with 1:1 (v/v) HCI : HF. Figures

are ranges encompassing the maximum and minimum recorded values.

°Additional measurements of soil pH from Prayon gave values in the range 4.7-6.2 (P. Meerts, unpublished results).

to 7 d after germination, seedlings were transferred to 1.2-
L vessels (10 plants per vessel) containing a nutrient solu-
tion consisting of modified 0.1-strength Hoagland solution
no. 1 macronutrients (Hoagland & Arnon 1950) comprising
0.5mM KNO;, 0.1 mM KH,PO,, 0.4 mM Ca(NO;), and
0.2 mM MgSO,, together with modified 0.2-strength Long
Ashton micronutrients (Hewitt & Smith 1975) comprising
20 uM FeEDDHA [ferric ethylenediamine-di-(2-hydroxy-
phenylacetate): Duchefa Biochemie BV, Haarlem, The
Netherlands], 2.0 uM MnSO,, 10 um ZnSO, 0.2 um CuSO,,
10 um H;BO; and 0.1 uM Na,MoO,. Plants were grown in
solution culture in a glasshouse with supplementary illumi-
nation provided by sodium-vapour lamps to give a photo-
period of 16 h per day. Night temperature was maintained
at 15 °C and day temperature at a minimum of 25 °C. The
nutrient solution was aerated continuously and replaced
every 7 d.

Metal treatments and sampling procedures

After 21 d in solution culture, the standard nutrient solu-
tion was supplemented with either CdSO, or ZnSO, to give
final concentrations of 3 or 30 uM CdSO,, and 10 or 100 um
ZnSO,. The nutrient solution used in these treatments was
aerated continuously and renewed every 3 d. Each treat-
ment was replicated in two vessels, each containing 10
plants, and all experiments were conducted independently
either two or three times.

Plants were harvested either 14 or 31 d after initiation of
the metal treatment. Roots and shoots were washed with
10 mM Na,EDTA solution (2 x 5 min) to remove surface-
bound metals, and were then rinsed twice with deionized
water. Plant material was oven-dried at 70 °C to constant
mass, weighed, and ground to a fine powder.

For collection of xylem sap, plants were grown in stan-
dard nutrient solution for 60 d before the addition of 30 um
CdSO, and/or 100 umM ZnSO, to the solution. After 72 h of
metal treatment, the stem was cut through at the base of

the rosette with a GEM® single-edge stainless steel
uncoated industrial blade (American Safety Razor Com-
pany, Verona, VA, USA). The remaining length of the stem
was carefully sealed to a short length of Tygon® flexible
plastic tubing (Norton Performance Plastics Corporation,
Akron, OH, USA) using Parafilm® M (American National
Can, Chicago, IL, USA), with the roots still immersed in
aerated nutrient solution. Xylem sap was collected as root-
pressure exudate in the tubing for 12 h. Each treatment was
replicated in three vessels, each containing two plants, and
this experiment was conducted twice.

Elemental analysis

Weighed subsamples (50 mg on average) of the oven-dried,
ground plant tissues were digested in 3 mL of concentrated
(69%, v/v) HNO; (AnalaR; Merck Ltd, Poole, Dorset, UK)
using a microwave digestion system (MDS 2000; CEM
Microwave Technology Ltd, Buckingham, UK). After
appropriate dilution, Zn, Cd, Fe, Ca and K were measured
in an air—acetylene flame by atomic absorption spectropho-
tometry (AAS) using a double-beam optical system with
deuterium arc background correction (AAnalyst 100; Per-
kin-Elmer Ltd, Beaconsfield, Buckinghamshire, UK). For
elemental determination in xylem sap, an aliquot of sap was
diluted with 0.4 M HNOj; and analysed by flame AAS.

Statistical analysis

One-way ANOVA followed by the T"-method (a modified
Tukey test for multiple post-hoc comparisons between
treatments with unequal sample sizes: Sokal & Rohlf 1995)
was used to analyse the effect of Cd concentration on plant
growth and the elemental composition of shoots and roots.
Two-way ANOVA, with population and Cd treatment as
main effects, was also performed to test for significant dif-
ferences in the effect of Cd treatment between populations.
Correlations between Cd and Zn concentrations in the
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shoot, and between shoot metal concentrations and
shoot : root biomass ratio, were tested by means of the
Pearson correlation coefficient, as well as by general linear
modelling (GLM) according to Grafen & Hails (2002). All
data were log-transformed prior to analysis to stabilize the
variance. Differences were considered not significant at val-
ues of P>0.05. There was no evidence for significant dif-
ferences between any treatment means in the two or three
independent experiments performed, so values from indi-
vidual experiments were combined to increase the power
of the analysis. Computations were performed using SYS-
TAT version 5.0 (Systat Software Inc., Richmond, CA,
USA) or MINITAB Release 12.1 (Minitab Inc., State
College, PA, USA).

RESULTS

Growth responses of T. caerulescens
populations to cadmium

To standardize experimental treatments, plants were pre-
cultivated as seedlings for 1 week on dilute nutrient solution,

transferred to standard nutrient solution for 3 weeks, and
then exposed to Cd and elevated Zn for either 14 or 31 d,
so that plants were either 6 weeks old or approximately
8 weeks old, respectively, at the time of harvest. Two-way
ANOVA showed that the seven T. caerulescens (T.c.) popu-
lations exhibited significant differences both in root and
shoot biomass production in the absence of Cd (P < 0.001)
and in their responses to Cd treatment (P < 0.001).

In the absence of Cd, plants from the Prayon population
had the highest biomass after both 6 and 8 weeks of growth,
followed by the two populations from southern France, Les
Malines and St Félix-de-Pallieres (Fig. 1). After 8 weeks, the
total root plus shoot dry biomass of 7.c. Prayon was 3.1-fold
greater than that of the Hafna population, which had the
slowest growth rate. The populations also showed signifi-
cant differences in shoot:root dry biomass ratio
(P <0.001), the highest ratio (5.9) being observed in T.c.
Prayon and the lowest in 7.c. Bradford Dale and 7.c. Clough
Wood (which averaged 2.7; Fig. 1). There was no evidence,
based on visual symptoms, that exposure to 100 uM ZnSO,
for up to 31 d was toxic to any of the seven populations.
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Figure 1. Shoot (white bars) and root
(black bars) dry biomass for seven popu-
lations of Thlaspi caerulescens exposed
for (a) 14 d or (b) 31 d to either 3 or

30 um CdSO,, compared with controls
not exposed to Cd. Plants were pre-
cultivated on standard nutrient solution
as described in Materials and methods for
4 weeks before exposure to Cd. At the
beginning of the experimental treatment,
all solutions (with or without Cd) were
supplemented with additional ZnSO, to
give a total Zn concentration of 100 uM.
Values are means +1 SE (n=9,9,9, 14,9,
8 and 8 plants on average for the seven
populations Bradford Dale, Clough
Wood, Hafna, Prayon, Puente Basadre, St
Félix-de-Pallieres and Les Malines,
respectively). The numbers beneath the
names of the seven populations are
shoot : root dry biomass ratios for each
population averaged for all three Cd
treatments (0, 3 and 30 um).
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None of the populations showed a significant growth
reduction when exposed to 3 uM CdSO, in the nutrient
solution, after either 14 or 31 d of treatment, and none of
these plants showed toxicity symptoms such as leaf necro-
sis. In fact, growth of T.c. St Félix-de-Pallieres was stimu-
lated by 3 um Cd, which caused a 37% increase in total
plant biomass compared with the control after 14 d, and a
75% increase after 31 d (both P <0.001: Fig. 1).

When exposed to 30 uM CdSO,, all populations showed
reduced growth compared with the zero-Cd controls after
31 d of treatment, except for T.c. St Félix-de-Pallieres and
T.c. Les Malines (Fig.1b). The serpentine population,
Puente Basadre, was the most sensitive to 30 um Cd: after
1 week of treatment, all plants exhibited some necrosis
(data not shown); after 2 weeks, necrosis on the young
leaves was pronounced and the old leaves were desiccated,
at which time plant biomass was only 35% of the control
(Fig. 1a); and during the third and the fourth weeks of
treatment, most of these plants died. The three British pop-
ulations were the next most sensitive to 30 uM Cd, present-
ing the same symptoms of leaf necrosis about 5 d later (7c.
Bradford Dale) or 10 d later (7.c. Clough Wood and T.c.
Hafna) than T.c. Puente Basadre (data not shown). After
14 d of exposure to 30 uM Cd, Tc. Bradford Dale was the
only other population to show significant growth reduction
(P <0.001), although, after 31 d of exposure, necrosis and
markedly reduced growth were apparent for all three Brit-
ish populations (Fig. 1b); T.c. Bradford Dale was the only
one of these in which some plants had died after 31 d. T'c.
Prayon was more tolerant than any of these four popula-
tions, showing only a 22% reduction in biomass production
after 31 d of exposure to 30 uMm Cd. For the two populations
from the south of France, 30 uM Cd had either no significant
effect (T'c. Les Malines) or caused a small increase
(P<0.01) in growth (T.c. St Félix-de-Pallieres) compared
with the zero-Cd controls after both 14 and 31d of
treatment, although after 31 d a number of T.c. St Félix-
de-Pallieres plants showed slight leaf chlorosis.

Based on these growth data and visual toxicity symp-
toms, the ranking of the seven populations of T. caerule-
scens with respect to Cd tolerance is thus as follows: Puente
Basadre < Bradford ~ Dale < Clough ~ Wood = Hafna <
Prayon < Les Malines < St Félix-de-Pallieres.

Zinc and cadmium accumulation in T.
caerulescens populations

After 14 d of cultivation on 100 uM ZnSO, in the absence
of Cd, plants from all populations had Zn concentrations
in their shoot dry biomass either close to or exceeding the
value of 10 gkg™ (i.e. 1.0%, w/w) conventionally used to
define Zn hyperaccumulation in plants growing in their
natural habitats (Fig.2a). Nevertheless, ANOVA showed
that the seven populations differed significantly in shoot Zn
accumulation (P <0.001), with mean values ranging from
15.2 gkg™ in T.c. Bradford Dale to 7.5 g kg' in T.c. Prayon.
Exposure to either 3 or 30 um CdSO, for 14 d had no sig-
nificant effect on Zn hyperaccumulation except in T.c. St

Félix-de-Pallieres and T.c. Les Malines (Fig.2a), which
both showed a 30% reduction in shoot Zn concentration at
30 uMm Cd (both P < 0.01).

After 14 d of treatment with 3 uM CdSO, in the presence
of 100 uM ZnSO,, all populations showed shoot Cd concen-
trations exceeding the value conventionally used to define
Cd hyperaccumulation (0.1 g kg™ or 0.01%, w/w), the high-
est shoot Cd concentration being observed in 7.c. St Félix-
de-Pallicres (0.97 gkg™) and the lowest in T.c. Prayon
(0.28 gkg™: Fig.2b). Exposure to 30 um CdSO, for 14d
produced six- to 10-fold higher shoot Cd concentrations,
ranging from maximum values of 7.4 and 7.0 g kg™ in Tc.
Puente Basadre and T.c. St Félix-de-Pallieres, respectively,
to a minimum of 2.0 g kg™ in T.c. Prayon (Fig. 2b).

In view of the severe impairment of growth in some
populations after 31 d of exposure to 30 uMm Cd (Fig. 1b), a
meaningful comparison of plant metal contents after the
longer treatment period is problematic. Apart from the
visual symptoms of acute Cd toxicity in 7.c. Puente Basa-
dre, the populations from both Bradford Dale and Clough
Wood showed clear evidence of ‘breakthrough’ of metals
to the shoot after exposure to 30 uM Cd for 31 d, with shoot
Zn concentration in these populations increasing to 144 and
193%, respectively, of the control values (data not shown).
Thus, to explore further the relationship between metal
hyperaccumulation and metal tolerance in the seven popu-
lations, our analysis focused on plants exposed to Cd for
only 14 d, before the more non-specific effects of severe
metal toxicity became apparent.

For all populations, the concentrations of both Zn and
Cd after 14 d of metal treatment were considerably higher
in shoot than root dry biomass (Fig.2), although the
shoot : root concentration ratios for these metals varied
significantly (P < 0.001) between populations (Table 2). For
Zn, this ratio did not show any consistent trend with Cd
treatment but differed nearly seven-fold between popula-
tions, ranging from an average of 10.5 for the three treat-
ments in 7.c. Bradford Dale to an average of 1.7 in Tlc
Puente Basadre. The highest shoot:root concentration
ratio for Cd of 6.5 was also found in 7T.c. Bradford Dale,
which was approximately three-fold higher than the lowest
values observed in the four populations 7.c. Prayon, Puente
Basadre, St Félix-de-Pallieres and Les Malines. For Cd, the
two Ganges populations were distinct from the other five
in showing either no effect of external Cd concentration on
shoot : root metal-concentration ratio (7.c. Les Malines), or
even an increase (P <0.05) in this ratio at 30 um Cd (T.c.
St Félix-de-Pallieres: Table 2).

For the seven populations of T. caerulescens considered
together, there was a highly significant correlation between
shoot concentrations of Zn and Cd (Fig. 3, plotted on a log—
log scale to linearize the relationship), both for plants
exposed to 3 uM Cd and to 30 uM Cd (both P <0.001).
However, there were significant differences between pop-
ulations in their absolute values for Cd : Zn concentration
ratios in shoot dry biomass (Table 3). At 3 um Cd, the two
Ganges populations, T.c. St Félix-de-Pallieres and T.c. Les
Malines, showed significantly (P <0.001) higher shoot
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Table 2. Ratio of Zn or Cd concentration in shoot to root dry biomass of 6-week-old plants for seven populations of Thlaspi caerulescens
cultivated for 14 d in standard nutrient solution containing 100 uM ZnSO,, or in the same solution supplemented with either 3 or 30 um
CdSO,

Cdin Zn shoot : Zn root concentration ratio

solution

(uM) Bradford Dale Clough Wood Hafna Prayon Puente Basadre St Félix Les Malines

0 A10.6+£0.7(8) "6.0+05(10) "4 47+02(8) "P46+0.6(8) “1.9+0.1(10) AB38+02(8) 2.6+0.3(8)
3 M 108+1.5(10) *65+£05(8) "B 63+£04(8) A 52407 (10) 4 1.9+0.1(8) A 33+02(9) 2940.1(9)
30 #102+09(8)  "B55+02(8) € 31+£02(8) ® 38+03(10) F1.4+0.1(9) bMB45+05(8) 3.4+02(8)
Cd in Cd shoot : Cd root concentration ratio

solution

(um) Bradford Dale Clough Wood Hafna Prayon Puente Basadre St Félix Les Malines

3 M65+06(10) *56+01(8) *57+03(8) "25+01(10) "*25+0.1(8) PA22+03(9) "21+02(9)
30 B 45+0.1(8) BL44+0508) ®B40+£02(8) "B1.8+01(10) "*21+02(9) ®35+0.1(08) "2.0+02(8)

Values are means + SE (n = number of samples in parentheses); different superscripts denote values significantly different at P = 0.05 (lower
case letters for comparisons within rows, upper case letters for comparisons within columns).
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n
plotted as logy, of the shoot metal concen-
trations in g kg™'. Results of the correlation
0 5 - analysis performed by the method of least
squares are indicated for the two data-sets
L 1 L . on the Figure. Analysis using GLM showed
that the relationship between shoot Zn and
~1.0 -0.5 0.0 0.5 1.0 ;

Log [Cd]

Cd :Zn concentration ratios than the other five popula-
tions. At 30 uMm Cd, values for shoot Cd : Zn concentration
ratio varied by a factor of 2.6, showing a maximum of 0.80
in Tc St Félix-de-Pallieres, which was significantly
(P <0.001) higher than the value for all other populations;
the shoot Cd : Zn ratio for 7.c. Les Malines was only signif-
icantly higher than those for T.c. Prayon (P < 0.001) and T.c.
Hafna (P <0.01). By means of statistical elimination in
GLM (Grafen & Hails 2002), it could be shown that the
correlation between shoot Zn and Cd concentrations was
still significant at P < 0.01 when the influence of plant pop-
ulation was eliminated.

Relationship between metal accumulation and
shoot : root ratio

Shoot : root dry biomass ratio varied by a factor of two
between the different populations of 7. caerulescens
(Fig. 1), so we investigated whether this showed any asso-
ciation with shoot metal hyperaccumulation. A highly sig-
nificant negative correlation was found between shoot

shoot Cd concentrations was significant at
P <0.01 when the influence of plant popu-
lation was statistically eliminated.

metal concentration and shoot : root ratio (Fig. 4), both for
Zn (in all three treatments combined) and Cd (in the two
Cd treatments). For example, T.c. Prayon consistently
showed the highest shoot : root ratio (Fig.1) and lowest
shoot metal concentrations (Fig.2) of the seven popula-
tions (cf. Fig. 4). Sensitivity analysis demonstrated that a
significant correlation remained when the values from any
single population were excluded (data not shown), and the
correlations were still significant for Zn and Cd (at P < 0.01
and P < 0.05, respectively) when the influence of plant pop-
ulation was statistically eliminated in GLM. The correlation
was not a general one, as shoot concentrations of Fe, Ca
and K (cf. Fig.5) exhibited no significant association with
shoot : root ratio.

Effect of cadmium on iron, calcium and
potassium accumulation

As 30 uMm Cd reduced Zn accumulation in shoots of Tlc.
St Félix-de-Pallieres and T.c. Les Malines but not in the
other five accessions (Fig. 2a), we investigated whether Cd

Table 3. Ratio of Cd to Zn concentration in shoot dry biomass (both in units of g kg™) of 6-week-old plants for seven populations of
Thlaspi caerulescens cultivated for 14 d in standard nutrient solution containing 100 uM ZnSO, and supplemented with either 3 or 30 um

CdSO,

Cd in Shoot Cd: Zn concentration ratio

solution

(uM) Bradford Dale Clough Wood Hafna Prayon Puente Basadre St Félix Les Malines

3 ©®40.05 +0.01 A 0.06 £ 0.00 A 0.05 +0.01 *40.04 +0.00 240.04 £ 0.01 4 0.08 £0.01 4 0.08 £0.00
(10) ® ® (13) ©) ©) ©)

30 *B (.48 £0.02 *B (.49 £0.02 8 (.41 +£0.02 "8 0.31 £0.04 *8 (.47 £0.05 950.80 £ 0.03 #0.59 +£0.08
®) ®) ®) (13) (11) ®) ®)

Values are means + SE (n = number of samples in parentheses); different superscripts denote values significantly different at P =0.05 (lower
case letters for comparisons within rows, upper case letters for comparisons within columns).
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between shoot Cd concentration and
02 0.4 06 0.8 1.0 shoot : root ratio was significant at
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differentially affected the accumulation of other elements
in these populations. In the absence of Cd, there were no
significant differences between the seven populations in
their shoot concentrations of Fe, Ca and K, which averaged
0.10, 30 and 53 g kg™', respectively (Fig. 5). For the statisti-
cal analysis of the effect of Cd on Fe accumulation (Fig. 5a),
two outliers were first eliminated from the data-set
obtained for 7.c. Puente Basadre on the basis of Dixon’s
test for outliers (Sokal & Rohlf 1995). Analysis by the T’-
method then showed that 3 and 30 uM Cd reduced shoot
Fe accumulation by Tc. St Félix-de-Pallieres to 68 and
59%, and by T.c. Les Malines to 78 and 64%, of their
control values, respectively (all differences significant at
P <0.001). The only other statistically significant effects
were of 30 uM Cd on T.c. Prayon and T.c. Bradford Dale,
in which shoot Fe accumulation was reduced to 81 and 88%
of their control values, respectively (both P < 0.05). (If the
two outliers were not eliminated from the Puente Basadre

P <0.05, when the influence of plant
population was statistically eliminated.

data-set, statistical analysis using the less conservative min-
imum significant difference test indicated that 30 um Cd
significantly reduced shoot Fe accumulation only in T.c. St
Félix-de-Pallieres and 7T.c. Les Malines, and apparently
increased shoot Fe accumulation in 7.c. Puente Basadre,
probably as a result of non-specific breakthrough of metals
to the shoot associated with the high sensitivity of this
population to Cd.)

Conversely, 30 uM Cd reduced shoot Ca accumulation
significantly in all populations except T.c. St Félix-de-Pal-
lieres and T.c. Les Malines (Fig. 5b). In the four mine pop-
ulations, 30 uM Cd caused relatively similar reductions in
Ca accumulation (to between 62 and 72% of the control
values: all P <0.001), whereas in the serpentine population
T.c. Puente Basadre the reduction in Ca accumulation was
less pronounced (to 83% of the control value: P < 0.05).
There was no significant effect of Cd on shoot K accumu-
lation in any population (Fig. 5c).
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Figure 5. Concentrations of (a) Fe, (b)
Ca and (c) K in shoot dry biomass of 6-
week-old plants for seven populations of
Thlaspi caerulescens cultivated for 14 d in
nutrient solution with 100 uM ZnSQO,, or in
the same solution supplemented with 3 or
30 uMm CdSO,. Values are means +1 SE
(n=12,8,8,14,10,9 and 9 plants for the
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Effect of zinc on cadmium hyperaccumulation

Cd hyperaccumulation was further investigated in the three
most contrasting populations of 7. caerulescens, namely
Prayon (a moderately Cd-tolerant population with the low-
est shoot Cd concentrations), Puente Basadre (the least
tolerant population), and St Félix-de-Pallieres (the most

0 3 30

seven populations Bradford Dale to Les
Malines, respectively, reading from left to
right).

0 3 30 0 3 30

tolerant population). When exposed to 30 um Cd at two
different Zn concentrations, shoot Cd accumulation was
45% lower (P <0.01) at 100 uM Zn compared with 10 um
Zn in T.c. Prayon, but was unaffected by Zn concentration
in Tc. Puente Basadre and T.c. St Félix-de-Pallieres
(Fig. 6). Values for shoot Cd : Zn ratio were lowest for T.c.
Prayon, intermediate for 7.c. Puente Basadre, and highest
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Figure 6. Cd concentration in shoots of 6-week-old plants for
three populations of Thlaspi caerulescens cultivated for 14 d in
nutrient solution containing 30 uM CdSO, and either 10 or 100 um
ZnSO,. Values are means +1 SE (n=9,14,9,11,9 and 8 plants for
the six values, respectively, reading from left to right). The numbers
above the bars indicate the average shoot Cd : Zn ratio for each
treatment.

for T.c. St Félix-de-Pallieres (Fig. 6), both at 100 uM Zn (as
in the experiment in Table 3) and at 10 uM Zn.

To study the effect of Cd on root-to-shoot transfer of
metals more directly, samples of xylem sap were taken from
root-pressure exudate of plants exposed to Cd for 72 h. Zn
concentrations in the xylem sap did not differ markedly
between the three populations, but xylem Cd concentra-
tions in T.c. St Félix-de-Pallicres were more than double
(P <0.001) those in T.c. Puente Basadre and T.c. Prayon
(Table 4). In agreement with the results of longer-term
shoot metal accumulation (Fig. 6), xylem Cd concentration
was 39% lower at 100 uM Zn than at 10 uM Zn in Tc
Prayon (P < 0.001) but was not affected by Zn exposure in
the other two populations. Xylem Zn concentrations were

8.2-fold higher on average at 100 uM Zn compared with
10 uM Zn, and at 10 uM Zn were unaffected by the addition
of 30 uMm Cd in this short-term experiment.

Total shoot accumulation of zinc and cadmium

Zinc and Cd phytoextraction were evaluated for the seven
populations of 7. caerulescens following 31 d of exposure to
100 uM Zn plus 30 um Cd by multiplying total above-
ground biomass by the concentration of Zn or Cd in the
shoot biomass (Fig. 7). The two French populations, T.c. St
Félix-de-Pallieres and 7.c. Les Malines, accumulated the
largest amounts of both Zn (Fig.7a) and Cd (Fig. 7b) per
plant, a function of their high biomass production on 30 um
Cd combined with a relatively high level of Cd hyperaccu-
mulation (cf. Figs1b & 2b). These two populations
extracted on average 1.7-fold and 2.4-fold more Zn and Cd,
respectively, than T.c. Prayon, the next most efficient pop-
ulation in terms of total metal accumulated per plant, and
14-fold and 15-fold more Zn and Cd, respectively, than T.c.
Puente Basadre, the least efficient population (all differ-
ences significant at P < 0.001).

DISCUSSION

Although once considered a strict metallophyte, T. caerule-
scens is now known to occur on a number of substrates
besides Zn/Pb/Cd mine and smelter wastes, including Ni-
rich serpentine outcrops and a variety of non-metalliferous
soils, especially in montane and arctic-alpine habitats
(Ingrouille & Smirnoff 1986; Lloyd-Thomas 1995; Meerts
& Van Isacker 1997; Escarré et al. 2000; Reeves et al. 2001).
The species is highly variable and includes forms sometimes
recognized as separate subspecies, or even as distinct spe-
cies, but the more unified view of the taxon is currently
supported by isozyme data (Koch, Mummenhoff & Hurka
1998). A distinctive feature of 7. caerulescens across its
range is hyperaccumulation of Zn almost irrespective of the
total Zn concentration of the local substrate (Reeves et al.
2001). The ability of this species to hyperaccumulate Cd to
>0.01% of shoot dry biomass was first noted in laboratory
experiments (Véazquez et al. 1992; Baker et al. 1994; Brown
etal. 1995; Lloyd-Thomas 1995; Knight etal. 1997;

Table 4. Concentrations of Cd and Zn in xylem sap of 60-day-old plants for three populations of Thlaspi caerulescens cultivated in standard
nutrient solution with either 10 or 100 uM ZnSO, and exposed to either 0 or 30 um CdSO, for 72 h

Metal concentration in xylem sap (UM)

Prayon Puente Basadre St Félix
Treatment Cd Zn Cd Zn Cd Zn
0um Cd, 10 uM Zn - A 84+3(8) - ®A T2 +5(8) - PA 6315 (7)
30 um Cd, 10 um Zn M32+1(7) 9315 (7) A 3613 (8) A 7319 (6) PA 75+ 8 (9) MT75+11(9)
30 um Cd, 100 uMm Zn B19+3(7) B700 £ 75 (9) A 34+4(7) B 610+48 (9) PA RS+ 7 (7) A 662 +75 (10)

Values are means + SE (n = number of samples in parentheses); different superscripts denote values significantly different at P =0.05 (lower
case letters for comparisons within rows for the respective elements, upper case letters for comparisons within columns).
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McGrath, Shen & Zhao 1997), and has been observed in
the field in plants from the Zn/Cd smelter site at Prayon in
Belgium (Lloyd-Thomas 1995) and from former Pb-Zn
mining areas in the Ganges region of southern France
(Robinson et al. 1998; Reeves et al.2001). There is evidence
for significant genotypic differences between populations in
their ability to hyperaccumulate Cd (Escarré et al. 2000;
Lombi et al. 2000), but the extent of natural variation in
metal-hyperaccumulation potential in 7. caerulescens, and
its relationship to metal tolerance, has been explored much
less fully for Cd than for Zn.

The present study confirms that there are considerable
between-population differences in both Cd tolerance
(Fig. 1) and Cd hyperaccumulation (Fig.2) in 7. caerule-
scens. To be able to recognize non-specific ‘breakthrough’
of metals to the shoot — which is thought to be consequence
of severe metal toxicity causing membrane damage and
uncontrolled release of metals into the xylem (Baker 1981;
Pollard et al. 2002) — we assayed tissue metal accumulation
in plants exposed to two concentrations of Cd (3 or 30 um)
for two different treatment periods (14 or 31d). The
responses in plant biomass production, as well as visual
toxicity symptoms, indicated that the serpentine population
from Spain (Puente Basadre) was the most sensitive to Cd,

Nl N . B I [

Puente St Félix
Basadre

all values except Prayon, for which there
were 10 and 9 plants for Zn and Cd deter-

Mallnes minations, respectively).

followed by the three mine populations from the British
Isles (Bradford Dale, Clough Wood and Hafna) and then
the Belgian population from Prayon. In contrast, growth of
the two Ganges populations was either unaffected (Les
Malines) or was stimulated (St Félix-de-Pallieres) by Cd
(Fig. 1), confirming the exceptional Cd-tolerance of popu-
lations from this region of France (Robinson et al. 1998;
Escarré et al. 2000; Lombi et al. 2000).

Insofar as the serpentine population was the most sensi-
tive to Cd, these results provide some evidence for a rela-
tionship between Cd content of the parent soil and plant
Cd tolerance (Table 1), but more precise correlations are
difficult to draw because of uncertainty over the most
appropriate measure of bioavailable soil metals. In some of
the Ganges populations, local adaptation of mine ecotypes
to soils highly contaminated with Zn, Pb and Cd seems to
have occurred to such a degree that moderate concentra-
tions of Cd are actually required for optimal growth, a
response that may involve increased root allocation into
Cd-enriched patches of soil (Whiting et al. 2000). Metalli-
colous populations of T. caerulescens are known to have an
elevated requirement for Zn (Mathys 1977; Shen, Zhao &
McGrath 1997), which may be a reflection of constitutive
expression of highly effective sequestration mechanisms
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that reduce the availability of Zn in the cytoplasm. There
is, however, no known biological function for Cd in vascular
plants, although Cd can stimulate the growth of the marine
diatom Thalassiosira weissflogii under low-Zn conditions
by incorporation into a specific isoform of carbonic anhy-
drase (Cullen et al. 1999; Lane & Morel 2000). Given that
the growth stimulation by Cd is specific to plants from the
Ganges region — so that this is not simply a general case of
‘hormesis’ (Stebbing 1982; Calabrese & Baldwin 2003) — it
is possible that Cd has acquired a biological role in some
populations of 7. caerulescens.

All seven populations of 7. caerulescens showed the
ability to accumulate Cd to concentrations above the
hyperaccumulation threshold of 0.01% of shoot dry biom-
ass (Chaney et al. 1997; Brooks et al. 1998), even after only
14 d of exposure to 3 uMm Cd (Fig. 2b). In the most tolerant
population, T.c. St Félix-de-Pallieres, shoot Cd concentra-
tion reached 0.7% (i.e. 7 gkg™) at 30 um Cd without any
impairment of growth compared with the zero-Cd control,
a value over three orders of magnitude higher than the
critical tissue concentration for Cd toxicity in crop plants
(Beckett & Davis 1977; Pence et al. 2000). Although the
exceptional capacity for Cd accumulation can thus be said
to be a species-wide property of 7. caerulescens, there
were also pronounced differences between populations in
their mean shoot Cd concentration, which varied approxi-
mately 3.5-fold (compared with a 2.0-fold variation in
shoot Zn concentration). In fact, hyperaccumulation of Cd
and Zn showed a strong positive correlation across the
seven populations, both for plants grown at 3 and at 30 um
Cd (Figs2 & 3), which might indicate that Cd and Zn
share certain components of the uptake and accumulation
mechanisms.

A rather complex picture emerges of the relationship
between Cd tolerance (Fig.1) and hyperaccumulation
(Fig.2) in this species. For the five populations in which
30 uM Cd was inhibitory to growth, there was a clear
inverse relationship between tolerance and hyperaccumu-
lation: Tc. Prayon was the most tolerant and 7.c. Puente
Basadre the least tolerant of these populations, showing
low and high shoot Cd concentrations, respectively,
whereas the three British populations were intermediate in
their responses. Given the characteristics of the parent sites
(cf. Table 1), this concurs with the observation that Zn-
hyperaccumulation potential in 7. caerulescens tends to be
greater in populations from non-mine sites compared with
mine populations (Ingrouille & Smirnoff 1986; Lloyd-
Thomas 1995; Meerts & Van Isacker 1997; Escarré et al.
2000; Assuncdo et al. 2001). Such a relationship has also
been suggested for the Zn/Cd-hyperaccumulator Arabi-
dopsis halleri (Bert et al. 2000, 2002, 2003), although there
appear to be sources of considerable between-population
genetic variation in this species that are not related to dif-
ferences in bulk soil metal content (Macnair 2002). Indeed,
there is good genetic evidence for independent variation in
Zn tolerance and hyperaccumulation from crosses between
A. halleri and its non-tolerant, non-hyperaccumulating rel-
ative Arabidopsis lyrata ssp. petraea (Macnair et al. 1999).

But the populations of T. caerulescens from the Ganges
region — especially T.c. St Félix-de-Pallieres and the mate-
rial studied by Lombi ef al. (2000) — are distinct in being
both highly Cd-tolerant and having a high hyperaccumula-
tion potential, as also implied by the pot studies of Robin-
son et al. (1998) and Escarré et al. (2000). This suggests that
the Ganges populations would be valuable for more
detailed studies of the biochemical basis of Cd detoxifica-
tion and sequestration.

Hyperaccumulator plants in general are characterized by
concentration ratios of the accumulated metal in shoot to
root biomass exceeding 1, a trait indicative of limited
retention of the metal in the root, efficient xylem loading
and long-distance translocation, and effective sequestra-
tion in non-toxic form within the shoot (Baker 1981; Lasat,
Baker & Kochian 1998; Baker et al. 2000; Salt & Kramer
2000; Schat, Llugany & Bernhard 2000). Shoot : root con-
centration ratios for Zn above 1 have been reported fre-
quently for T. caerulescens (Véazquez et al. 1992; Baker
et al. 1994; Lasat, Baker & Kochian 1996; Shen et al. 1997,
Assuncgio et al. 2001), but the present work demonstrates
considerable (nearly seven-fold) variation in this ratio
between populations. Shoot : root concentration ratios for
Cd were somewhat lower on average, but were greater
than 1 for all populations (Table 2). Shoot : root ratios for
Cd above 1 have been observed less consistently in 7. cae-
rulescens (Vazquez et al. 1992; Baker et al. 1994; Brown
etal. 1995; Lloyd-Thomas 1995; Knight etal. 1997
McGrath et al. 1997; Lombi et al. 2000), a fact that may be
related to differences in Cd treatments and the procedures
used to desorb metals from the root surface on harvesting.
Shoot : root concentration ratios for Cd did not show any
obvious correlation with either Cd tolerance or Cd hyper-
accumulation (Table 2), suggesting that other growth
parameters might be influencing this trait. But the highly
Cd-tolerant Ganges populations from France were again
distinctive in showing either no decrease (7.c. Les Malines)
or even an increase (ZT.c. St Félix-de-Pallieres) in
shoot : root concentration ratio for Cd at the higher treat-
ment concentration.

The strong positive correlation between Zn and Cd con-
centrations in shoot dry biomass (Fig.3) suggests there
might be common influences on the degree of hyperaccu-
mulation of these two elements. In fact, there was a highly
significant negative correlation between shoot metal con-
centrations and shoot : root biomass ratio (Fig. 4), implying
that a simple dilution effect — that is, of metals delivered
per unit biomass of roots into different volumes of shoot
biomass — could explain much of the variation in metal
hyperaccumulation. Indeed, to a first approximation, the
2.0-fold variation between populations in mean shoot Zn
concentrations after 14 d exposure to 100 uM Zn (Fig. 2a)
could be entirely accounted for by the 2.0-fold variation in
shoot : root biomass ratio (Fig. 1a), assuming that the pop-
ulations did not differ significantly in the net flux of Zn
from root to shoot. This trend agrees with the general
observation that shoot:root biomass ratios tend to be
lower under conditions of mineral nutrient deficiency but
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higher at toxic levels of mineral supply, consistent with
theories of biomass allocation based on optimal partition-
ing of resources between root and shoot (Wilson 1988;
Poorter & Nagel 2000; Shipley & Meziane 2002). The extent
to which such allometric relationships contribute to within-
and between-population variation in metal hyperaccumu-
lation would be worthy of further study. Lombi et al. (2000)
also noted that the Ganges material has a lower shoot : root
ratio than 7c. Prayon, and suggested that this could con-
tribute to the difference in Cd hyperaccumulation between
the two populations. However, the somewhat greater vari-
ation in Cd hyperaccumulation (3.5-fold) than Zn hyperac-
cumulation (Figs2 & 3) suggests there are additional
genetic components to between-population variation for
this element, possibly related to the marked differences in
Cd-tolerance. For example, when grown at 30 uM Cd, the
highly tolerant population from St Félix-de-Pallieres was
characterized by relatively high shoot Cd concentrations
for a given shoot :root ratio (Fig.4b), and by a higher
Cd :Zn concentration ratio in the shoot than any other
population (Table 3). The scatter of data for shoot Zn and
Cd concentrations in individual plants (Figs 3 & 4) also
emphasizes the considerable within-population genetic
variability in this species noted by other workers (Lloyd-
Thomas 1995; Pollard & Baker 1996; Escarré et al. 2000;
Whiting ez al. 2000). This has hampered previous attempts
to detect significant relationships between metal hyperac-
cumulation and plant growth traits, which the broader
range of populations included in the present study has
helped to reveal.

Although correlations between the degree of hyperaccu-
mulation of Zn and Cd imply that components of the
uptake and translocation mechanisms may be shared by
different metals (Baker et al. 1994), the notable differences
between populations in their responses to Cd remain to be
explained. In a kinetic analysis of metal uptake by 7. caer-
ulescens, Lombi et al. (2001) and Zhao et al. (2002) have
shown that the exceptional capacity of the Ganges popula-
tion for Cd hyperaccumulation is associated with expres-
sion — at high activity levels compared with the Prayon
population — of a high-affinity uptake system for Cd (with
a K, value in the submicromolar range), whereas the two
populations show similar kinetics of Zn uptake. Based on
ion-competition experiments, in which Ca, Zn, Mn and La
were found to inhibit Cd uptake by the Prayon population
but not the Ganges population, Zhao et al. (2002) sug-
gested that Cd uptake in the former may be mediated
partly via Ca channels or transporters for Zn and Mn,
whereas in the latter it may be dominated by the more
selective high-affinity Cd uptake system. Our results agree
with this interpretation, as elevated Zn concentration
reduced Cd hyperaccumulation (Fig. 6) and xylem Cd con-
centration (Table 4) in Tc. Prayon but not in T.c. St Félix-
de-Pallieres. Moreover, accumulation of the macronutrient
Ca in the shoot was inhibited by 30 uM Cd in the five non-
Ganges populations (by 30% on average), but was unaf-
fected by Cd in the two Ganges populations (Fig. 5b). This
again suggests a mechanistic link between Cd transport

and the major uptake system for Ca in the non-Ganges
populations. A number of transport systems are thought to
contribute to Ca uptake in plants, most notably the hyper-
polarization-activated calcium channels and voltage-inde-
pendent non-selective cation channels located in the root
epidermis (Miedema et al. 2001; Demidchik et al. 2002a).
Such ion channels typically have a finite permeability for,
and are competitively inhibited by, other divalent metal
ions (White 2000; Demidchik, Davenport & Tester 2002b),
so they may present a significant permeation pathway for
Cd or simply be blocked by Cd. Additionally, the LCT1
transporter from wheat can mediate uptake of both Cd
and Ca when expressed in yeast (Clemens et al. 1998),
although no homologue of this transporter has been iden-
tified in the Arabidopsis thaliana genome (Méser et al.
2001).

Although 30 uM Cd reduced Ca accumulation in the five
non-Ganges populations of 7. caerulescens (Fig.5b), it
had no significant effect on Zn accumulation in these
plants (Fig. 2a), implying that Zn was taken up through a
pathway distinct from Ca. In contrast, 30 uM Cd substan-
tially reduced the accumulation of both Zn (Fig.2a) and
Fe (Fig. 5a) in the shoots of the two Ganges populations
(by 30 and 38%, respectively, for the two populations aver-
aged). Various members of the ZIP and Nramp trans-
porter families are able to mediate uptake of Cd in
addition to Zn and/or Fe (Miser et al. 2001), and indeed
the ZIP-family member ZNT1 cloned from the Prayon
population of 7. caerulescens can mediate high-affinity Zn
transport and low-affinity transport of Cd (Pence et al.
2000). Considerable interest has focused on the possible
role of high-affinity Fe transporters in metal uptake, since
Fe-deficiency is known to lead to increased uptake of vari-
ous divalent metals, including Cd (Cohen et al. 1998).
Genetic evidence suggests that the ZIP-family member
IRT1 is the major high-affinity root Fe uptake system in
Arabidopsis thaliana, possibly also playing a significant
role in Zn transport (Henriques et al. 2002; Vert et al.
2002), and that enhanced expression of this transporter
can account for the increased uptake of Cd observed
under Fe-deficiency conditions (Connolly, Fett & Guerinot
2002; Vert et al. 2002). Moreover, in a Ganges population
of T. caerulescens, Lombi et al. (2002) have shown that Fe-
deficiency strongly enhances Cd uptake and dramatically
increases transcript levels of the IRT1 orthologue cloned
from this species, whereas these responses are not
observed in the Prayon population. Our finding that 3 um
Cd reduced shoot Fe accumulation in the two Ganges pop-
ulations but not in the other five populations (Fig. 5a), and
similarly that 30 uM Cd reduced Zn accumulation only in
the Ganges populations (Fig.2a), is fully consistent with
these results. Indeed, the critical deficiency content of Fe
in leaves is typically in the range 0.05-0.15 g kg™ dry biom-
ass (Marschner 1995), and a chlorotic phenotype is detect-
able in A. thaliana at a shoot Fe content of 0.08 g kg™
(Connolly et al. 2002), suggesting that the Ganges plants
are bordering on incipient Fe-deficiency when exposed to
Cd. The constancy under these conditions of shoot K con-

© 2003 Blackwell Publishing Ltd, Plant, Cell and Environment, 26,1657-1672



1670 N. Roosens et al.

centration (Fig. 5c) reflects the precise feedback control to
which accumulation of some nutrients can be subject (Pit-
man 1988) and emphasizes the specificity of these
responses to metal exposure.

In view of the risks posed by Cd as an environmental
pollutant (Sanita di Toppi & Gabbrielli 1999), there has
been interest in the potential use of T. caerulescens as a
Cd-hyperaccumulating plant to extract this element from
contaminated soils (Brown et al. 1995; Robinson et al. 1998;
Escarré et al. 2000; Lombi et al. 2000). The total amount of
Cd phyoextracted from the substrate will be given by the
product of plant biomass and Cd content per unit biomass.
If sufficient variation exists in these traits, it may be possible
to develop lines with improved phytoextraction efficiencies
using traditional breeding techniques. So it is of interest to
ask whether plant metal tolerance (as reflected in biomass
production) or hyperaccumulation (metal content per unit
biomass) is more important in determining differences in
phytoextraction between populations. The answer in the
present case is the former: total shoot Cd content (Fig. 7b)
was closely related to Cd tolerance, being highest for the
two Ganges populations, intermediate for 7.c. Prayon, and
lowest for T.c. Puente Basadre (Fig. 1b), but did not corre-
late with shoot Cd concentration (Fig. 2b). This emphasizes
the importance of plant metal tolerance as a prerequisite
for sustainable phytoextraction (Chaney et al. 1997; Salt
etal. 1998; Lombi et al. 2000; McGrath eral. 2002), and
suggests that selection for high shoot metal concentration
(e.g- Macnair et al. 1999) would not necessarily lead to max-
imal rates of metal removal. The two Ganges populations
are notable in combining an exceptional degree of Cd tol-
erance with both comparatively high biomass and high
shoot metal concentrations, so this material will be valuable
in developing a better understanding of the genetic basis of
Cd homeostasis in plants.

In summary, this study has revealed widely different
degrees of Cd tolerance within 7. caerulescens, ranging
from populations in which growth is strongly inhibited by
Cd to those in which this element is apparently required for
optimal growth. All populations are able to hyperaccumu-
late Cd, but the relationship between hyperaccumulation
and tolerance is complex. For those populations in which
Cd is inhibitory, there is an inverse relationship between
hyperaccumulation and tolerance, as observed previously
for Zn. A major contribution to this quantitative variation
in hyperaccumulation is made by the allometry of biomass
partitioning between shoot and root, which varies with Cd
tolerance in a manner expected as a response to accumula-
tion of a toxic element. The Ganges populations of T
caerulescens, however, combine a high level of Cd accumu-
lation with an exceptional degree of tolerance, suggesting
that Cd hyperaccumulation may be of adaptive significance
in these plants. Whether this reflects a role for Cd as a
micronutrient in the Ganges populations, or perhaps an
involvement in defence against herbivores and pathogens
as suggested for hyperaccumulation of other elements,
should become clearer as the genetic basis of these traits is
further explored.
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