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Summary

 

• Cadmium (Cd) hyperaccumulation in 

 

Thlaspi caerulescens

 

 varies among
ecotypes. Here we investigated segregation of Cd and zinc (Zn) accumulation in
F

 

2

 

 crosses between high (Ganges) and low (Prayon) Cd-accumulating ecotypes.
• Accumulation was measured in plants grown in compost treated with 5 and
100 mg kg

 

−

 

1

 

 Cd and Zn, respectively, and in hydroponics with 50 µ

 

M

 

 Zn and 10 or
50 µ

 

M

 

 Cd. Another hydroponic experiment examined the relationship between Cd
tolerance and accumulation.
• Parental phenotype distributions for shoot metal concentrations were distinct
for Cd, but not consistent for Zn. Shoot Cd and Zn in F

 

2

 

s varied continuously, with
significant transgression for Zn in all treatments. Shoot Cd correlated strongly with
shoot manganese (Mn), and to a lesser degree with shoot Zn. Shoot Cd concentrations
in the Cd nontolerant F

 

2

 

s were lower than, or similar to, those in the Cd-tolerant F

 

2

 

s.
• We conclude that Cd and Zn accumulation is governed by multiple genes, and
that Cd tolerance and accumulation are independent traits in 

 

T. caerulescens

 

. Two up-
take systems with distinctive affinities for Cd, Zn and Mn are proposed.
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Introduction

 

Metal hyperaccumulation by higher plants is a rare and scienti-
fically interesting phenomenon. Metal hyperaccumulators
are able to accumulate metal(s) in the aboveground parts to
concentrations two to three orders higher than normal plant
species. Generalizing across species, there are three common
traits that characterize metal hyperaccumulating plants:
efficient root uptake, efficient root to shoot transport and
a greatly elevated tolerance that is achieved through internal
detoxification (McGrath 

 

et al

 

., 2002; Pollard 

 

et al

 

., 2002).

 

Thlaspi caerulescens

 

 (Brassicaceae) is probably the best-known
example of a metal hyperaccumulator, which occurs widely
in central and western Europe, particularly on metalliferous

soils (Reeves & Brooks, 1983; Baker & Brooks, 1989). Zinc
hyperaccumulation has been shown to be a constitutive and
species-wide trait in 

 

T. caerulescens

 

, although there is still con-
siderable variation between different populations when grown
under controlled conditions (Baker 

 

et al

 

., 1994; Meerts &
van Isacker, 1997; Escarré 

 

et al

 

., 2000; Lombi 

 

et al

 

., 2000;
Assunção 

 

et al

 

., 2003a; Roosens 

 

et al

 

., 2003). In general, popu-
lations from calamine sites (rich in Zn) tend to accumulate
less Zn than those from nonmetalliferous sites, but the toler-
ance to Zn is higher in the former than in the latter (Meerts
& van Isacker, 1997; Escarré 

 

et al

 

., 2000; Assunção 

 

et al

 

., 2003a).
Recent studies have begun to shed light on the genetic back-
ground of Zn accumulation and tolerance and the relation-
ship between these traits. Genetic analysis of the F

 

2

 

 and F

 

3

 

progeny from crosses between a calamine and a nonmetallicolous
population of 

 

T. caerulescens

 

 showed that Zn accumulation*The first two authors contributed equally to this work
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and tolerance segregated largely independently, although there
was a significant degree of association between low accumula-
tion and high tolerance (Assunção 

 

et al

 

., 2003b). In that
study, the phenotype distribution of shoot Zn concentration
in the F

 

3

 

 families was more or less continuous, suggesting
that the difference in Zn accumulation between calamine and
nonmetallicolous populations is under the control of more
than one gene. By contrast, in a recent study of the F

 

1

 

 off-
spring from crosses between a number of calamine and non-
metallicolous populations, Frerot 

 

et al

 

. (2003) suggested that
the differences in Zn hyperaccumulation between crosses
could be explained by a monogenic system with two alleles,
with the dominant allele restricting Zn hyperaccumulation to
a lower level observed in the calamine populations. However,
such interpretation remains only speculative until the pheno-
type distribution patterns in the F

 

2

 

 progeny are obtained.
Macnair 

 

et al

 

. (1999) made interspecific crosses between the
Zn hyperaccumulating and tolerant 

 

Arabidopsis halleri

 

 and
the nonhyperaccumulating, nontolerant species 

 

Arabidopsis
petraea

 

. They found that the F

 

1

 

 of this cross was Zn tolerant,
and had a Zn accumulation phenotype similar to 

 

A. halleri

 

,
indicating that the genes governing tolerance and accumula-
tion in 

 

A. halleri

 

 are dominant. Furthermore, Zn accumulation
and tolerance appeared to segregate in the F

 

2

 

 independently,
suggesting that the traits for Zn accumulation and tolerance
are genetically independent. Macnair 

 

et al

 

. (1999) showed
that the character of Zn hyperaccumulation in the F

 

2

 

 was
both highly heritable and highly variable, with no distinct
classes in the phenotype distribution. They speculated that
the number of genes governing this character was probably
not many, but equally probably not just one (Macnair, 2003).

 

T. caerulescens

 

 is also able to accumulate Cd, a metal that is
nonessential and highly toxic to higher plants. However, Cd
accumulation appears to vary much more widely between
populations than Zn accumulation. Lombi 

 

et al

 

. (2000)
showed that two 

 

T. caerulescens

 

 populations from southern
France were far superior to several British and Belgian popu-
lations in Cd accumulation when grown under comparable
conditions, whereas Zn accumulation was broadly similar
among these populations. In fact, Assunção 

 

et al

 

. (2003a) sug-
gested that Cd hyperaccumulation is a population-specific
rather than a species-wide property of 

 

T. caerulescens

 

. Studies
of metal influx kinetics provided strong physiological
evidence for a high affinity Cd uptake system that is highly
expressed in the Ganges ecotype (from southern France) but
is largely lacking in the Prayon ecotype (from Belgium)
(Lombi 

 

et al

 

., 2001b; Zhao 

 

et al

 

., 2002). The superior Cd
accumulation ability of the southern French populations of

 

T. caerulescens

 

 was also observed in the field specimens col-
lected from the region, with shoot Cd concentrations reach-
ing up to 3600 mg kg

 

−

 

1

 

 d. wt (Robinson 

 

et al

 

., 1998; Reeves

 

et al

 

., 2001). Results from pot and field experiments showed
that the 

 

T. caerulescens

 

 populations from southern France
have a promising potential for the phytoremediation of Cd

contaminated soils (Lombi 

 

et al

 

., 2001a; Schwartz 

 

et al

 

., 2003;
Zhao 

 

et al

 

., 2003). Furthermore, the Ganges ecotype appears
to be more tolerant to Cd than Prayon (Lombi 

 

et al

 

., 2000;
Roosens 

 

et al

 

., 2003); the former was able to tolerate up to
10 000 mg Cd kg

 

−

 

1

 

 d. wt in shoots without showing phyto-
toxicity in a hydroponic experiment (Lombi 

 

et al

 

., 2000).
The contrasting Cd accumulation between the Ganges and

Prayon ecotypes makes them particularly valuable materials
for studies of the mechanisms of Cd hyperaccumulation.
Comparative physiological studies have been reported previ-
ously (Lombi 

 

et al

 

., 2001b, 2002; Zhao 

 

et al

 

., 2002; Assunção

 

et al

 

., 2003a; Roosens 

 

et al

 

., 2003). However, the genetic basis
for the differences between the two contrasting ecotypes with
regard to Cd hyperaccumulation has not been analysed. This
paper reports a study of the segregation patterns of Cd and Zn
accumulation in F

 

2

 

 progeny derived from reciprocal crosses
between the Ganges and Prayon ecotypes of 

 

T. caerulescens

 

.

 

Materials and Methods

 

Plant origins and crossing scheme

 

Seeds of 

 

T. caerulescens

 

 J. & C. Presl were collected in Belgium
(Prayon ecotype) and in southern France (Ganges ecotype).
Both sites are metalliferous, containing highly elevated con-
centrations of Zn, Cd and Pb (Roosens 

 

et al

 

., 2003). Plants
were grown exactly as described in Assunção 

 

et al

 

. (2003b).
After 6 wk in hydroponics, the plants were vernalized for 5 wk
in a controlled-environment room (4

 

°

 

C; 90% RH; 150 µmol
m

 

−

 

2

 

 s

 

−

 

1

 

 at plant level; 12 h d

 

−

 

1

 

) and subsequently returned to
the original growth conditions. Interecotypic reciprocal
pair crosses were made as in Assunção 

 

et al

 

. (2003b), and the
parent plants were allowed to produce additional seeds by
self-fertilization, which were used as the parental controls in
the experiments described below. F

 

2

 

 was generated through
self-fertilization in two F

 

1

 

 full siblings with reciprocal parental
ancestry.

 

Cd and Zn accumulation in the F

 

2

 

 progeny of the 
crosses between Ganges and Prayon

 

Pot experiment

 

The F

 

2

 

 seeds of the Ganges 

 

×

 

 Prayon (G 

 

×

 

 P)
and Prayon 

 

×

 

 Ganges (P 

 

×

 

 G) crosses as well as the seeds of
the parental controls were sown in trays of fine vermiculite.
After germination, seedlings were watered with a full nutrient
solution containing (in µ

 



 

) 1000 Ca(NO

 

3

 

)

 

2

 

, 500 MgSO

 

4

 

, 500
K

 

2

 

HPO

 

4

 

, 100 KCl, 10 H

 

3

 

BO3, 1.8 MnSO4, 0.2 Na2MoO4,
0.31 CuSO4, 0.5 NiSO4, 100 Fe(III)-EDDHA (ethylenediamine-
di(o-hydroxyphenylacetic acid)), and 5 ZnSO4. The nutrient
solution was buffered at pH 6.0 with 2 m MES (2-morpho-
linoethanesulphonic acid, pH adjusted with KOH). Three
weeks later, 30 seedlings of each parent, 117 seedlings of the
G × P F2s and 117 seedlings of the P × G F2s were trans-
ferred to plastic pots, each filled with 350 g general-purpose
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compost. The compost had been spiked with 5 mg Cd kg−1

and 100 mg Zn kg−1. Cd and Zn were added in a solution of
CdCl2 and ZnCl2 and mixed thoroughly with the compost
before transplanting. Pots were placed randomly on a bench
inside a glasshouse with the following conditions: 16 h day
length with natural sunlight supplemented with SONT
sodium-vapour lamps to maintain a minimum intensity of
350 µmol photons m−2 s−1, and 20°C/16°C day/night tem-
perature. Plants were watered with deionized water through-
out the growth period. A number of seedlings died shortly
after transplanting, leaving 29 Ganges, 28 Prayon, 98 G × P
F2s and 108 P × G F2s. On day 45 after transplanting, all
leaves and petioles were harvested, leaving only the shoot
apexes for re-growth. Leaves were rinsed with deionized water,
blotted dry and weighed. The samples were then dried at
60°C for 48 h, and the d. wts were recorded. Plant samples
were ground and digested with a mixture of HNO3 and
HClO4, and the concentrations of Cd, Zn and other elements
were determined using inductively coupled plasma atomic
emission spectrometry (ICP-AES; Fisons ARL Accuris,
Ecublens, Switzerland). Before harvest, leaf morphology and
colour of all plants were assessed and recorded.

Hydroponic experiment Efficient translocation of metals
from roots to shoots is an important characteristic of metal
hyperaccumulators. However, this aspect could not be
examined in the pot experiment described above, because
roots were not harvested. A hydroponic experiment was
therefore set up to further characterize the phenotypes of
Cd and Zn accumulation. Three-week-old seedlings of the
parents Ganges and Prayon, and of the F2s of the P × G cross
were transferred to hydroponic culture. Forty-five seedlings in
total, comprising 5 seedlings each of Ganges and Prayon and
35 seedlings of F2s, were transferred to a black plastic tank
containing 31 l of nutrient solution. Seedlings were arranged
randomly in each tank. Nutrient composition was the same as
above; except that Zn was supplied at 50 µ. Cadmium was
supplied at two concentrations: 10 and 50 µ (as CdCl2).
The first concentration was chosen to reflect the Cd exposure
level at the Ganges site because soil solutions extracted from
the Ganges soils contained 5–10 µ Cd (unpublished data),
whereas the second concentration provided a test of Cd
tolerance in the parental controls and the F2s. Each Cd
concentration was repeated in 4 tanks. Nutrient solution
was aerated continuously and renewed once every week. The
experiment was conducted inside a controlled environment
growth chamber with the following conditions: 16 h day
length with a light intensity of 350 µmol photons m−2 s−1

supplied by Osram HQI lamps, 20°C/16°C day/night
temperature, and 60% RH. Symptoms of individual plants
were recorded on 10 and 37 d after the initiation of treat-
ments (DAT), and plants harvested on 40 DAT. Shoots were
separated from roots, rinsed thoroughly with deionized
water, blotted dry and weighed. Plant samples were dried at

60°C for 48 h and the d. wts determined. The concentrations
of Cd, Zn and other elements in shoots and roots were
determined as described above.

Cd accumulation and tolerance in F2 plants

A hydroponic experiment was carried out to examine the
relationship between Cd tolerance and accumulation in F2
plants. The experimental design was similar to that used
by Assunção et al. (2003b) for Zn tolerance. Ninety-eight
3-week-old seedlings of the F2 plants of the G × P cross
were transferred to 350 ml black plastic pots, with one seedling
per pot. Plants were grown with normal nutrient solution
as described above, with 5 µ Zn and no Cd, for 5 wk in a
controlled environment growth chamber with conditions the
same as in the phenotyping hydroponic experiment. Nutrient
solution was aerated for 4 h per day and renewed once every
week. Starting from the 6th week, all plants were sequentially
exposed to 100, 200 and 500 µ Cd (as CdCl2) for 1 wk per
level of exposure. After each level of exposure, plants showing
chlorotic and stunted growth symptoms, together with 8
randomly selected healthy plants, were harvested for Cd analysis
(see above). Only 4 plants remained healthy after exposure to
500 µ Cd for 1 wk.

Statistical analysis

 was used to test the statistical significance of the
difference between the two parental controls, between the F2
plants from the two reciprocal crosses in the pot experiment,
or between the Cd treatments in the hydroponic experiment.
Correlation coefficients were calculated between elemental
concentrations in F2 plants. Where appropriate, data were
transformed logarithmically before statistical analysis to obtain
homogeneity of variances. Transgression, i.e. segregation beyond
the limits of the phenotype distributions of the parental
controls, was tested for by comparing the observed and
expected frequencies of F2s in the lowest and the highest
2.5%-area sections of the parental control distributions.
Metal concentrations were log-transformed and the 2.5%
area limits were calculated as the antilog of the means ± t*.
Expected frequencies were calculated assuming that 75% of
the F2s were distributed like the parental distribution to be
tested against. The probabilities of observed frequencies were
considered to equal the relative frequencies of the Poisson
distributions with the expected frequencies as the means.

Results

Cd and Zn accumulation phenotypes: pot experiment

In the pot experiment, Ganges produced 20% more shoot
biomass than Prayon (P < 0.05). The range of shoot Cd
concentration for Ganges (260–610 mg kg−1 d. wt, n = 29)
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did not overlap with that for Prayon (69–249 mg kg−1 d. wt,
n = 28) (Fig. 1a), indicating distinct phenotypes of Cd accu-
mulation. On average, shoot Cd concentration of Ganges was
3.1-fold higher than that of Prayon (P < 0.001).

Among the F2 plants of the G × P and P × G crosses, mor-
phological characteristics, such as leaf shape and leaf colour,
segregated as similar to either parents or displaying inter-
mediate phenotypes. The morphological segregation indicates
that the crosses were indeed successful. The two sets of F2
plants clearly segregated in their distribution of shoot Cd con-
centration (Fig. 1b,c). All but 2–3 F2 plants had a shoot Cd
concentration within the lower and upper limits of the Prayon
and Ganges phenotype range, respectively. The patterns of
phenotype distribution in the F2 plants from the reciprocal
crosses of G × P and P × G were similar, and the difference
between the means of shoot Cd concentration of the two sets
of F2 plants was not significant (P = 0.16). In the G × P set,

39% and 49% of the F2 plants fell within the ranges of shoot
Cd concentration of Prayon and Ganges, respectively. In the
P × G set, the corresponding percentages were 48% and 48%.
The segregation ratios were not consistent with a 1 : 3 ratio
that is indicative of a monogenic model (χ2 = 16.3 and 33.5
for the G × P and P × G crosses, respectively, P < 0.001).
There was no significant transgression beyond the phenotype
distributions of the parental controls.

By contrast to the Cd accumulation pattern, the distribution
patterns of shoot Zn concentration of Ganges and Prayon
clearly overlapped (Fig. 2a). On average, Ganges accumulated
approximately 50% higher concentration of Zn in the shoots
than Prayon (P < 0.001). In the F2 plants, there was significant
transgression beyond the lower limit of the Prayon parental
distribution (P < 10−5). About 13% of the F2s accumulated
less Zn than the Prayon parental control. All these plants,
except one that was stunted, showed normal biomass and

Fig. 1 Frequency distributions of shoot Cd 
concentration in the Ganges and Prayon 
parental controls (a), and in the F2 from 
the crosses of G × P (b) and P × G 
(c). Thlaspi caerulescens plants were grown 
on compost spiked with 5 mg Cd kg−1 and 
100 mg Zn kg−1.
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morphology. However, there was no significant transgression
beyond the upper limit of the Ganges parental distribution
(Fig. 2b,c).

In both sets of the crosses, approximately 5% of the F2 plants
showed interveinal chlorotic symptoms in leaves. Chlorotic
plants had a significantly (P < 0.001) lower shoot biomass (mean
= 0.39 g d. wt per plant, n = 11) than nonchlorotic plants (mean
= 1.21 g d. wt per plant, n = 195). There were no significant
differences between chlorotic and nonchlorotic plants in the
concentrations of Zn or Fe in shoots. However, chlorotic
plants had a significantly (P < 0.01,  on log-transformed
data) lower Cd concentration in shoots (mean = 198 mg kg−1)
than nonchlorotic plants (mean = 283 mg kg−1), indicating
that chlorotic plants accumulated less Cd in the shoots.

In addition, the shoot Cd concentration in the F2 plants
from both crosses correlated most strongly with shoot Mn
concentration, followed by the correlation with shoot Zn or
Fe concentrations (Table 1). However, the partial correlation

coefficient between Cd and Fe (i.e. at constant concentrations
of other elements) was not significant. There was little correla-
tion between Cd and either Ca or Mg in the shoots. Figure 3
shows the relationships between the concentrations of Cd and Zn
or Mn in shoots, in both F2 plants and in their parental controls.

Cd and Zn accumulation phenotypes: hydroponic 
experiment

Prayon produced larger shoot and root biomass than Ganges
at 10 µ Cd, but at 50 µ Cd the two ecotypes produced
similar biomass (Table 2). Ganges was markedly superior to
Prayon in Cd accumulation, with approximately 4-fold larger
concentrations of Cd in roots and shoots at 10 µ Cd, and
about 2-fold larger concentrations at 50 µ Cd (Table 2). By
contrast, the differences in Zn accumulation between the two
ecotypes were much smaller and opposite to the ecotypic
difference in Cd accumulation; shoot Zn concentrations

Fig. 2 Frequency distributions of shoot Zn 
concentration in the Ganges and Prayon 
parental controls (a), and in the F2 from 
the crosses of G × P (b) and P × G 
(c). Thlaspi caerulescens plants were grown 
on compost spiked with 5 mg Cd kg−1 and 
100 mg Zn kg−1.
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in Ganges were 20% and 60% lower than those in Prayon in
the 10 and 50 µ Cd treatments, respectively. The effect of
increasing solution Cd supply on shoot Zn concentration was
also opposite in the two ecotypes; increasing solution Cd
decreased shoot Zn concentration in Ganges by 30% but
increased shoot Zn in Prayon by 33%. The positive effect of
Cd on shoot Zn concentration in Prayon was probably an
indirect effect of a decreased shoot biomass at the higher
Cd concentration (Table 2), because the total amount of
Zn accumulated in the shoots was decreased significantly
(P < 0.01) by Cd. The concentrations of Mn in both shoots
and roots of Ganges were significantly larger than those of
Prayon, and were decreased by the increasing Cd in solution
(Table 2). There were no significant differences in shoot Fe,
Ca and Mg concentrations between the two ecotypes.

The contrasting affinities for Cd and Zn in the two
ecotypes are best illustrated by the molar ratio of Cd to Zn
in plants (Table 2). In the 10 µ Cd treatment, which had
a Cd : Zn molar ratio of 0.2 in the nutrient solution, shoot
Cd : Zn ratio in Ganges was 3-fold higher than the solution

Fig. 3 Relationships between shoot Cd, Mn and Zn in the Ganges and Prayon parental controls (a, c), and in the F2 from the crosses of G × P 
and P × G (b, d). Thlaspi caerulescens plants were grown on compost spiked with 5 mg Cd kg−1 and 100 mg Zn kg−1. Significance of the 
correlation: ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Table 1 Correlation and partial correlation coefficients between 
shoot Cd, Zn, Mn, Fe, Ca and Mg concentrations of the F2 plants 
in the pot experiment (n = 206, including both G × P and P × G)

Correlation coefficients

Cd Zn Mn Fe Ca

Zn 0.49***
Mn 0.74*** 0.32***
Fe 0.32*** 0.07 ns 0.43***
Ca 0.03 ns −0.10 ns 0.27*** 0.25***
Mg −0.10 ns −0.23** 0.17* 0.25*** 0.82***

Partial correlation coefficients

Cd Zn Mn Fe Ca

Zn 0.33***
Mn 0.68*** 0.00 ns
Fe 0.09 ns −0.04 ns 0.22**
Ca 0.02 ns 0.07 ns 0.12 ns −0.01 ns
Mg −0.18 * −0.16 ns 0.09 ns 0.13 ns 0.80***

ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001.



© New Phytologist (2004) 163: 299–312 www.newphytologist.org

Research 305

ratio, but the molar ratio was about half of the solution ratio
in Prayon. In the 50 µ Cd treatment with a Cd : Zn molar
ratio of 1.0 in the nutrient solution, shoot Cd : Zn molar ratio
in Ganges was about 2-fold higher than the solution ratio, but
was less than half of the solution ratio in Prayon. A similar pat-
tern was seen with the root Cd : Zn molar ratios, although the
root ratios were higher than the solution ratios for both eco-
types. This may be because apoplastically bound Cd and Zn
in roots were not removed in our experiment, and the metal
binding sites on cell walls may have a overall higher affinity
for Cd than for Zn in both ecotypes. Alternatively, the root
to shoot translocation process, including xylem loading, may
impose further selectivity for metals, for Cd in Ganges and for
Zn in Prayon, in addition to the root uptake process. Both
ecotypes transferred the majority of Cd or Zn taken up to the
shoots: approximately 85% and 95% of Cd and Zn in Prayon,
respectively, and approximately 80% and 90% of Cd and Zn
in Ganges, respectively. The shoot : root concentration ratio
was larger for Zn than for Cd in both ecotypes (Table 2).
Whilst the ecotypic difference in the shoot/root ratio for Cd
was small and only significant at 50 µ Cd, the ratio for Zn
was substantially higher in Prayon than in Ganges, suggesting
a more efficient translocation from roots to shoots in the former.

Because F2 plants were grown in four replicate tanks in each
Cd treatment, it is important to know whether the tanks were
comparable in terms of the conditions for plant growth and
metal uptake, before all F2 plants can be pooled for analysis of
segregation patterns. One way of checking this is to compare
the growth and metal uptake by the parental controls in dif-
ferent tanks.  showed that for both Ganges and Prayon
with either 10 or 50 µ Cd, there were no significant dif-
ferences (P in the range of 0.09 and 0.71) between the four
replicate tanks in shoot or root biomass, or the concentrations
of Cd and Zn in shoots or roots, indicating that the conditions
were indeed comparable in the four replicate tanks. Figure 4
shows the frequency distributions of shoot Cd concentration

for the parental controls and F2 plants at the two concen-
trations of solution Cd. Again, Ganges and Prayon exhibited
distinct and nonoverlapping phenotypes of shoot Cd concen-
tration, whereas a considerable fraction of the F2 plants were
intermediate between Prayon and Ganges. At 10 µ Cd,
6% and 53% of the F2 plants were within the phenotype
ranges of the Prayon and Ganges, respectively, whilst at 50 µ
Cd the corresponding percentages were 18% and 40%,
respectively. There was no significant transgression at 10 µ
Cd. At 50 µ Cd there was significant segregation beyond the
upper limit of the Ganges distribution (P < 0.0001). How-
ever, about 35% of these plants were stunted, suggesting
that their extreme Cd accumulation phenotypes might have
been produced by toxicity (see below). The patterns of
phenotype distribution for root Cd concentration in the
parents and F2 plants were similar to those for shoot Cd (data
not shown).

By contrast to shoot Cd concentration, the distributions of
shoot Zn concentration in Ganges and Prayon overlapped in
the 10 µ Cd treatment (Fig. 5a). In the 50 µ Cd treatment,
shoot Zn concentration of Prayon varied widely (4998–
10210 mg kg−1 d. wt) and was larger than in the Ganges
plants (Fig. 5c). Shoot Zn concentration of the F2 plants
varied mostly within the combined range of the parental
controls (Fig. 5b,d). In the 50 µ Cd treatment, in which the
phenotype distributions of the two parents did not overlap,
more F2s (42% of the total) were within the range of the Gan-
ges phenotype than in the Prayon’s range (20% of the total).
Similar to the pot experiment, there was significant transgres-
sion beyond the lower limits of the parental control distribu-
tions (P < 0.0001), both at 10 and at 50 µ Cd, with about
12% and 8% of the F2s exhibiting lower shoot Zn concen-
trations than the least accumulating parent, respectively.
These plants showed normal biomass and morphology. There
was no significant transgression beyond the upper limit of
the most accumulating parental control distribution.

Table 2 Differences between the Prayon and Ganges ecotypes of Thlaspi caerulescens in plant growth and metal concentrations as influenced 
by Cd treatment in the hydroponic experiment (n = 20)

Cd (µM) Ecotype

Biomass (g d. 
wt per plant)

Shoot concentration 
(mg kg−1 d. wt)

Root concentration 
(mg kg−1 d. wt)

Molar ratio 
of Cd/Zn

Shoot/Root 
concentration
ratio

Shoot Root R/S ratio Cd Zn Mn Fe Ca Mg Cd Zn Mn Shoot Root Cd Zn

10 Prayon 0.80 0.25 0.33  1180 5760 105 76 31 677 5696 646 994 27 0.12 0.40 1.9 6.2
10 Ganges 0.40 0.17 0.45  4649 4537 154 90 29 653 6053 2456 1064 37 0.60 1.34 1.9 4.3

50 Prayon 0.46 0.16 0.35  5641 7635 88 89 27 128 6496 2677 1097 20 0.45 1.42 2.2 7.1
50 Ganges 0.38 0.15 0.39 10 397 3168 106 89 27 532 6371 6763 1202 24 1.92 3.32 1.6 2.7

ANOVA Ecotype *** * *** *** *** *** ns ns ns *** ns *** *** *** ** ***
F prob. Cd conc ** ** ns *** ns *** ns *** *** *** * *** *** *** ns ns

Ecotype 
× Cd

** * ns *** *** *** ns * ns *** ns ns *** *** *** ***

ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Fig. 4 Frequency distributions of shoot Cd concentration in the Ganges and Prayon parental controls (a, c), and in the F2 from the cross of 
P × G (b, d). Thlaspi caerulescens plants were grown hydroponically with 50 µM Zn and either 10 µM Cd (a, b) or 50 µM Cd.

Fig. 5 Frequency distributions of shoot Zn concentration in the Ganges and Prayon parental controls (a, c), and in the F2 from the cross of 
P × G (b, d). Thlaspi caerulescens plants were grown hydroponically with 50 µM Zn and either 10 µM Cd (a, b) or 50 µM Cd.
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Two types of visual symptoms were observed in the parent
and F2 plants, i.e. interveinal leaf chlorosis and stunted
growth due to an inhibition of the growth point on the shoot
apex. None of the Prayon plants showed any chlorotic symp-
toms on either 10 or 37 d after the initiation of the Cd treat-
ments (DAT) at both Cd concentrations, whereas 35% and
75% of the Ganges plants were chlorotic on 10 DAT at 10
and 50 µ Cd, respectively (Table 3). Chlorotic symptoms in
the Ganges plants disappeared after prolonged Cd exposure
(37 DAT) in the 10 µ Cd treatment, but not entirely in the
50 µ Cd treatment. By contrast, no Ganges plants showed
stunted growth, whereas growth in 10% and 95% of the
Prayon plants was stunted at 10 and 50 µ Cd, respectively

(Table 3). It is likely that the transient leaf chlorotic symptoms
were due to Cd-induced Fe deficiency and the stunted
growth due to Cd toxicity per se. Using stunted growth as the
criterion for tolerance to Cd, Ganges was tolerant and Prayon
not tolerant to the prolonged exposure of 50 µ Cd. Both
symptoms were also observed in some F2 plants (Table 3).
In the 50 µ Cd treatment, Cd tolerant and nontolerant
(stunted growth) plants segregated by 94 : 45 in the F2, which
was not consistent with a ratio of 3 : 1 (χ2 = 4.03, 0.01 < P
< 0.05). However, it should be noted that this experiment was
not designed to test the segregation pattern of Cd tolerance.

Plants with or without symptoms were grouped and
analysed for the significance of the difference in shoot metal
concentrations. There were no significant differences between
the chlorotic and nonchlorotic plants in the concentrations of
Fe, Cd and Zn in shoots in either parents or F2 plants. On
average, shoot biomass of the F2 plants showing stunted growth
was about half of the normal plants. There were significant
differences (P < 0.01) between normal and stunted F2 plants
in the concentrations of shoot Cd and Zn. Stunted plants had
20–40% higher concentrations of Cd and Zn than normal
plants (P < 0.01), but the amounts of Cd and Zn accumu-
lated in the shoots were significantly (P < 0.001) smaller in
the stunted plants than in normal plants.

Similar to the pot experiment, there were strong correla-
tions between the concentrations of Cd and Mn in the shoots
of the F2 plants (Table 4), although the relationship was
clearly influenced by the concentration of Cd in the nutrient
solution (Fig. 6b). Increasing solution Cd from 10 to 50 µ

Table 3 Percentages of the parental control and F2 plants of Thlaspi 
caerulescens showing the symptoms of chlorosis or stunted growth 
in the hydroponic experiment

Cd 
treatment 
(µM) Plant

Chlorotic 
at 10 DAT*

Chlorotic 
at 37 DAT

Stunted growth 
observed on 37 DAT

10 Ganges 35 0 0
Prayon 0 0 10
F2 49 1.5 12

50 Ganges 75 45 0
Prayon 0 0 95
F2 43 18 32

*DAT, days after the initiation of treatment.

Table 4 Correlation and partial correlation coefficients between shoot Cd, Zn, Mn, Fe, Ca and Mg concentrations of the F2 plants of Thlaspi 
caerulescens in the hydroponic experiment

Correlation coefficients

10 µM Cd (n = 137) 50 µM Cd (n = 139)

Cd Zn Mn Fe Ca Cd Zn Mn Fe Ca

Zn 0.63*** Zn 0.71***
Mn 0.79*** 0.37*** Mn 0.83*** 0.55***
Fe 0.31*** 0.35*** 0.45*** Fe 0.33*** 0.42*** 0.34***
Ca 0.29*** 0.44*** 0.48*** 0.16 ns Ca 0.60*** 0.59*** 0.59*** 0.06 ns
Mg 0.45*** 0.56*** 0.52*** 0.42*** 0.55*** Mg 0.63*** 0.45*** 0.64*** 0.34*** 0.46***

Partial correlation coefficients 

10 µM Cd (n = 137) 50 µM Cd (n = 139)

Cd Zn Mn Fe Ca Cd Zn Mn Fe Ca

Zn 0.72*** Zn 0.48***
Mn 0.84*** −0.60*** Mn 0.63*** −0.22**
Fe −0.36*** 0.36*** 0.47*** Fe −0.11 ns 0.40*** 0.21*
Ca −0.49*** 0.48*** 0.56*** −0.35*** Ca 0.00 ns 0.41*** 0.28*** −0.36***
Mg −0.06 ns 0.27** 0.16 ns 0.19* 0.26** Mg 0.20* −0.07 ns 0.20* 0.18* 0.13 ns

ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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suppressed Mn accumulation in the shoots of the F2 plants.
There were also significant correlations between shoot Cd and
Mn in the two parental controls separately (Fig. 6a). Further-
more, Mn accumulation in shoots was more suppressed in
Ganges by increasing the Cd concentration in nutrient solu-
tion than in Prayon. The F2 plants also showed a significant
correlation between the concentrations of Cd and Zn in the
shoots (Table 4, Fig. 6d). Although there were significant dif-
ferences between the two ecotypes in shoot Zn concentration
(Table 2), the correlations between shoot Zn and Cd were not
strong within each ecotype at each solution Cd concentration
(Fig. 6c). The correlations between shoot Cd and Fe, Ca and
Mg in the F2 plants were also significant (Table 4). However,
the corresponding partial correlation coefficients were either
not significant or negative, suggesting weak links between the
concentrations of these elements.

Cd accumulation and tolerance in F2 plants

In this experiment, F2 plants from the P × G cross were
exposed sequentially to increasing concentrations of Cd in the
nutrient solution. Nontolerant plants developed leaf chlorosis

and stunted growth symptoms. At the first concentration
step (100 µ Cd), eight F2 plants showed clear chlorotic
and stunted growth symptoms and varied widely in the
concentration of Cd in shoots, with five plants containing
< 600 mg Cd kg−1 d. wt and the remaining three plants con-
taining 4000–5500 mg Cd kg−1 d. wt (Fig. 7). By contrast,
eight randomly selected healthy plants contained 1900–
6400 mg Cd kg−1 d. wt. The mean Cd concentration of the
healthy (tolerant) plants was significantly higher than that of
the chlorotic (nontolerant) plants (P < 0.05,  performed
on log-transformed data). At the 200 and 500 µ Cd steps,
more plants became chlorotic and stunted than the number of
plants remaining healthy. But the differences in shoot Cd
concentration between chlorotic and healthy plants were not
significant.

Discussion

Ecotypic differences in Cd and Zn accumulation

In both pot and hydroponic experiments, the Ganges
and Prayon ecotypes of T. caerulescens showed distinct Cd

Fig. 6 Relationships between shoot Cd, Mn and Zn in the Ganges and Prayon parental controls (a, c), and in the F2 from the cross of P × G 
(b, d). Thlaspi caerulescens plants were grown hydroponically with 50 µM Zn and either 10 µM Cd or 50 µM Cd. Significance of the correlation: 
ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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accumulation phenotypes that were not overlapping. Ganges
was far superior to Prayon in Cd accumulation, although
the scale of the difference between the two ecotypes was
dependent on Cd concentration in the growth medium. For
example, the difference in shoot Cd concentration was 4-fold
when the plants were exposed to 10 µ Cd in the hydroponic
experiment, but decreased to 2-fold when solution Cd was
increased to 50 µ. Much larger differences (40- to 120-fold)
were obtained when the two ecotypes were grown in field
plots with a gradient of total soil Cd from 2 to 12 mg kg−1

(Lombi et al., 2000). Note that the bioavailability of Cd in
that field experiment would be far lower than in the pot
experiment of this study in which soluble Cd was added to
compost at 5 mg kg−1. In fact, Cd accumulation by Prayon in
the field experiment (< 10 mg Cd kg−1 shoot d. wt) (Lombi
et al., 2000) was no greater than the food crop sugar beet (Beta
vulgaris) which was grown in the same experimental plots
but in a different year (McGrath et al., 2000). Similarly, a
calamine population of T. caerulescens from Belgium (similar
to Prayon) was found to accumulate less Cd than the non-
hyperaccumulator Thlaspi arvense when the plants were
exposed to 0.5 or 5 µ Cd (Assunção et al., 2003a). Yet,
when Prayon was exposed to 50 µ Cd in the hydroponic
experiment, shoot Cd concentration reached 5600 mg kg−1 d.
wt (Table 2). These results indicate that the difference
between Ganges and Prayon lies mainly in the root uptake
systems and/or root to shoot transport processes, which are
operating at the low environmental Cd concentrations, i.e.
systems with a high affinity for Cd. However, the fact that the
shoot : root Cd ratio did not differ much between the two
ecotypes (Table 2) suggests that it is root uptake rather
than root to shoot transport that determines the large ecotypic
difference. Indeed, kinetic studies showed the existence of a
high-affinity Cd uptake system (Km in the sub µ range)

that was very active in the Ganges roots but was largely
lacking in the Prayon roots (Lombi et al., 2001b; Zhao et al.,
2002).

Previous studies showed either little difference between
Ganges and Prayon in Zn accumulation, or that the difference
was much smaller than that observed for Cd accumulation
(Lombi et al., 2000, 2001b; Zhao et al., 2002; Assunção
et al., 2003a; Roosens et al., 2003). The present study pro-
vided further insight into the ecotypic difference in Zn
accumulation, showing that the difference was inconsistent
and dependent on the experimental conditions. In the pot
experiment, shoot Zn phenotypes of Ganges and Prayon were
overlapping, with the former having a larger mean concen-
tration than the latter (Fig. 2). However, in the hydroponic
experiment, Prayon had a larger mean concentration of shoot
Zn than Ganges, with either overlapping (in the 10 µ Cd
treatment) or nonoverlapping (in the 50 µ Cd treatment)
phenotype distributions (Fig. 5). Furthermore, Zn accumula-
tion was affected by the Cd treatments differently in the two
ecotypes: increasing solution Cd decreased Zn accumulation in
Ganges but increased shoot Zn concentration in Prayon.
Similarly, Roosens et al. (2003) also showed that Cd inhibited
Zn accumulation in two populations of T. caerulescens from
the Ganges region, but not in populations from other regions
including Prayon. By contrast, Zn was found to inhibit Cd
uptake in Prayon but not in Ganges (Lombi et al., 2001b;
Zhao et al., 2002). Clearly, the two ecotypes showed markedly
different selectivity for Zn and Cd, with Ganges discriminat-
ing for Cd against Zn, and Prayon the opposite (Table 2).
Taken together, the physiological evidence available so far
suggests that there is an uptake system with a high affinity for
Zn but low affinity for Cd in Prayon, and that in addition to
such an uptake system in Ganges, there is a system with a high
affinity for Cd but low affinity for Zn. This latter system is
likely to be largely responsible for Cd uptake in the Ganges
ecotype, but also contributes to its Zn uptake, although the
contribution to Zn uptake would depend on the ratio of
Cd : Zn in the substrate. Thus, when Cd : Zn molar ratio in
the substrate is low (e.g. in the pot experiment, the molar ratio
of Cd to Zn added to the compost was about 0.03), Ganges
accumulates not only more Cd but also more Zn than Prayon.
However, when Cd : Zn molar ratio in the substrate is high
(e.g. in the 50 µ Cd treatment in the hydroponic experi-
ment, the ratio was 1.0), Ganges accumulates more Cd but
less Zn than Prayon. Possible candidates for the uptake system
with a high affinity for Zn and a low affinity for Cd are trans-
porters of the ZIP-family members, ZNT1 and ZNT2, both
of which are highly expressed in the roots of different popu-
lations of T. caerulescens (Pence et al., 2000; Assunção et al.,
2001; Lombi et al., 2002). When expressed in yeast, ZNT1
was found to mediate high affinity uptake of Zn and low affin-
ity uptake of Cd (Pence et al., 2000). Candidates for the high
affinity Cd and low affinity Zn uptake system that is prevalent
in the Ganges ecotype are still elusive, although there is some

Fig. 7 Shoot Cd concentrations in individual F2 plants from the 
G × P cross showing healthy or toxicity (sick) symptoms in the 
hydroponic experiment. Thlaspi caerulescens plants were grown 
hydroponically with 5 µM Zn, and exposed sequentially with 
increasing concentrations of Cd.
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evidence that the ZIP-family member IRT1 may be involved
(Lombi et al., 2002; Roosens et al., 2003).

Genetic background for the ecotypic differences in 
Cd and Zn accumulation

The occurrence of transgressive segregation for shoot Zn
concentrations in the F2, both in the pot and in the hydro-
ponic experiment, clearly suggests that there are at least two
Zn accumulation genes with differential expression in Prayon
and Ganges, one of them with highest expression in Ganges and
the other one in Prayon. This supports the hypothesis that the
predominant accumulation mechanisms operating in Ganges
and Prayon must be of a different kind. However, significant
transgression beyond the upper limits of the most accumulat-
ing parental controls, to be expected from the combination
of the two systems, is not apparent, possibly due to down-
regulation of Zn uptake by excessive Zn accumulation in
the shoot (Pence et al., 2000). The absence of a comparable
transgression in the segregation pattern of the shoot Cd
concentration seems to argue against the existence of two
systems for Cd hyperaccumulation. On the other hand, in the
pot experiment and at 10 µ Cd in hydroponics, a putative
Zn-preferring system with low affinity for Cd might not
have contributed detectably to Cd accumulation, which would
explain the absence of significant transgression. Indeed, at
50 µ Cd there was significant transgression but, as dis-
cussed in the Results, these results could have been affected
by toxicity.

The reciprocal crosses between Ganges and Prayon pro-
duced F2 progeny that showed similar phenotypic distribu-
tion patterns of Cd accumulation and insignificant difference
in the means of shoot Cd concentrations (Fig. 1), suggesting
that there was little or no maternal inheritance with regard
to Cd accumulation in T. caerulescens. In both pot and
hydroponic experiments, the F2 plants showed a more or less
continuous distribution pattern in shoot Cd concentration
(Figs 1 and 4), which confirms the hypothesis that the differ-
ence in Cd accumulation between the two ecotypes is
governed by more than one gene. Similarly, other genetic
studies have shown that multiple genes are probably involved
in Zn accumulation in T. caerulescens (Assunção et al., 2003b)
and A. halleri (Macnair et al., 1999), and in Cd accumulation
in A. halleri (Bert et al., 2003). The studies on A. halleri involved
interspecific crosses between a hyperaccumulator and a
nonhyperaccumulator, whereas our study and that of Assunção
et al. (2003b) used interecotypic crosses of the same hyperac-
cumulator species. Therefore, results from interspecific crosses
should not be considered to be predictive with regard to those
from interecotypic hyperaccumulator crosses. Our data show
that higher percentages of F2 plants fell within the Ganges
phenotype range for Cd accumulation than in the Prayon
phenotype range, and this was also the case for Zn accumula-
tion in the 50 µ Cd treatment in which the Ganges parent

clearly accumulated less Zn than Prayon (Fig. 5). The results
suggest that the alleles from Ganges are at least partially dom-
inant over those from Prayon.

Relationship with other metals

In the F2 from the crosses between Ganges and Prayon, there
was a strong and highly significant correlation between
shoot Mn and Cd concentrations. Between 55% and 70%
of the variability of shoot Mn concentration in the F2 could
be explained by the variability of shoot Cd concentration. In
addition, in both experiments, Ganges accumulated signific-
antly more Mn than Prayon. Mn accumulation was clearly
suppressible by Cd in both the F2 and the parents, particularly
Ganges. There was also a significant correlation between
shoot Zn and Cd concentrations in the F2, with 24–50% of
the variability of Zn accumulation being explained by the
variability of Cd accumulation. These correlations indicate that
component(s) of the metal transport system in T. caerulescens
are capable of transporting multiple metals, including Cd,
Mn and Zn. It is likely that such component(s) were derived
primarily from Ganges. It is tempting to speculate that one of
the components is IRT1, which has been shown to mediate
transport of multiple metals including Fe(II), Cd, Mn and
Zn (Eide et al., 1996; Korshunova et al., 1999; Vert et al.,
2002). Furthermore, expression of the IRT1 gene was found
to be much greater in the roots of Ganges than in Prayon,
particularly in response to the limitation of Fe supply (Lombi
et al., 2002). However, the correlation between shoot Fe
and Cd concentrations in the F2 was not strong. This is
perhaps not surprising because Fe acquisition involves both
reduction and trans-membrane transport processes in dicotyle-
donous species and the concentration of Fe in shoots does not
necessarily reflect the physiological availability of Fe to plants
(Marschner, 1995). Even severely chlorotic plants were found
to have broadly similar Fe concentrations to nonchlorotic
plants in our experiments. However, we observed that the
Ganges seedlings were more likely than Prayon to show leaf
chlorosis, which was probably caused by Fe deficiency induced
by exposure to Cd (Table 3), even when there was an ample
supply of Fe in the nutrient solution. Similarly, Roosens et al.
(2003) suggested that Ganges may be bordering on incipient
Fe deficiency when exposed to Cd.

Ecotypic difference in Cd tolerance

Previous studies showed that Ganges was more tolerant to
Cd than Prayon (Lombi et al., 2000; Roosens et al., 2003). This
was confirmed in the present study. Clearly, the enhanced
Cd tolerance in Ganges compared to Prayon is not due to
a decreased uptake of Cd, but must be due to an enhanced
internal detoxification mechanism, e.g. vacuolar sequestration.
To test the relationship between Cd tolerance and accumula-
tion, F2 plants were exposed to Cd sequentially increasing Cd
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concentrations in a hydroponic experiment. In the first step
of Cd exposure, nontolerant F2 plants appeared to fall into
two groups with regard to Cd accumulation in shoots: a
high Cd accumulation group similar to the tolerant F2s and
a low accumulation group (Fig. 7). In the second and third
steps of Cd exposure, tolerant and nontolerant F2 plants
did not differ significantly in Cd accumulation. In the
phenotyping hydroponic experiment, about one-third of
the F2 plants were nontolerant under prolonged exposure
to 50 µ Cd, with the other two-thirds being tolerant. At
the end of Cd exposure, the nontolerant F2 plants had
significantly higher concentrations of Cd and Zn than the
tolerant F2s. However, this difference may be a result, rather
than the cause, of a much reduced shoot biomass in the
nontolerant F2 plants. Overall, the results suggest that
Cd tolerance and accumulation are independent traits in
T. caerulescens, as has been shown for the tolerance and
accumulation of Cd (Bert et al., 2003) and Zn (Macnair et al.,
1999) in A. halleri. Macnair et al. (1999) suggested that a
single major gene was responsible for the Zn tolerance in
A. halleri, whereas the Cd tolerance in A. halleri appears to be
controlled by more than one gene (Bert et al., 2003). It was
not possible to determine the number of genes governing
the elevated Cd tolerance in Ganges compared to Prayon
in the present study. Further co-segregation studies of the F3
plants from the same crosses should provide more definitive
answers regarding the relationship between Cd tolerance
and accumulation.

In conclusion, our results suggest that the pronounced
ecotypic difference between Ganges and Prayon in Cd and
Zn accumulation is governed by multiple genes, and that Cd
accumulation and tolerance are genetically independent traits
in T. caerulescens. The ecotypic difference in Cd accumulation
was attributed mainly to the root uptake process rather than
root to shoot translocation. The study provides further evi-
dence for a root uptake system that has a high affinity for Cd
and a low affinity for Zn and is highly active in the Ganges
ecotype. This system probably also contributes to Mn uptake,
as well as Zn uptake when the ratio of Cd to Zn in the sub-
strate is low. By contrast, the low Cd accumulating ecotype
Prayon is dominated by uptake systems with a low affinity
for Cd.
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