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Low cadmium application increase miscanthus growth
and cadmium translocation

I. Arduini a, A. Masoni b,∗, M. Mariotti b, L. Ercoli c
a Dipartimento di Scienze Botaniche, Università di Pisa, Via Luca Ghini 5, I-56126 Pisa, Italy

b Dipartimento di Agronomia e Gestione dell’Agroecosistema, Università di Pisa, Via S. Michele degli Scalzi 2, I-56124 Pisa, Italy
c Scuola Superiore Sant’Anna di Studi Universitari e di Perfezionamento, Piazza Martiri della Libertà 33, I-56127 Pisa, Italy

Accepted 9 January 2004

Abstract

Plants of miscanthus were grown in nutrient solution supplied with 0, 0.25, 0.50, and 0.75mg l−1 cadmium and were harvested
after 1 and 3 months of treatment. With cadmium up to 0.50mg l−1 biomass of secondary culms and roots was increased at
both harvests, whereas biomass of the main culm and the rhizome was slightly increased at the first harvest and decreased at the
second. With 0.75mg l−1 Cd biomass of all plant parts except roots was decreased at both harvests. The biomass of the entire
plant was always higher than in controls with 0.25 and 0.50mg l−1 Cd and lower with 0.75mg l−1 Cd. Relative growth rates
(RGRs) showed that the two lower Cd levels stimulated growth only during the first growth period, whereas during the second
they reduced growth of the main culm and the rhizome and did not affect that of secondary culms and roots. Root morphology
changed with 0.75mg l−1 Cd: length, surface, and volume drastically decreased, whereas dry weight was not affected and root
average diameter increased. All Cd levels decreased specific dry weight increment (SDWI) but did not affect the (net uptake
rates) NUR of nitrogen and the N-concentration of different plant parts. Roots showed the highest Cd-concentrations at both
harvests and with all Cd levels, and leaves the lowest. The Cd-concentration of aerial plant parts was highest with 0.50mg l−1
Cd and lowest with 0.75mg l−1, whereas that of roots increased with Cd supply. Between the first and the second harvest the
Cd-concentration of roots, rhizome, andmain culm increased onlywith the highest Cd-level, whereas that of leaves and secondary
culms with all levels. The Cd-NUR was linearly related to the concentration of the metal in the nutrient solution during the
first month of application and was very low during the following two. Above summarized patterns suggest that cadmium flows
passively into roots but the saturation of binding sites limits its uptake. The metal is slowly translocated to the shoot due to
mechanisms that restrict internal Cd-transport. This regulation is partially disrupted with 0.75mg l−1 Cd but translocation to
aerial organs is still restricted probably due to reduced transpiration. In this research, the maximum Cd-content achieved by
miscanthus was 3.8mg per plant after a 3-month treatment with 0.75mg l−1 Cd, but the maximum content of the shoot was 1mg
per plant and was obtained with 0.50mg l−1 Cd.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Cadmium is a relatively rare metal in natural en-
vironments, but its distribution has increased during
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the last century due to human activities. Anthro-
pogenic inputs of cadmium to soils occur via short-
or long-range atmospheric deposition, additions in
fertilizers/manures, municipal sewage-wastes and
composts, and industrial sludges (Grant et al., 1998;
McLaughlin et al., 1999). Cadmium is readily taken
up by plants, but unlike other heavy metals, it is not
phytotoxic at the low concentrations that already pose
concern from a human health viewpoint (McLaughlin
et al., 1999). To humans, cadmium compounds are,
indeed, well-known carcinogens inducing tumors in
lung, tests, and prostate (International Agency for
Research on Cancer, 1993). Moreover, low-level
exposure to this metal is also associated to renal
dysfunction, pulmonary emphysema and bone dem-
ineralization (World Bank Group, 1999). Grant et al.
(1998) report that durum wheat, flax, sunflowers,
and potatoes grown on slightly contaminated soils
can accumulate amounts of cadmium which exceed
current and proposed maximum Cd-concentrations
acceptable for human intake.
Phytoremediation, i.e. the use of accumulator plants

to remove cadmium from agricultural soils, has been
proposed as a possible technique to reduce the risk
of crop contamination (Salt et al., 1998; Arduini and
Masoni, 2002). For phytoremediation high biomass
yielding plants are to be chosen, which are able to
transfer the heavy metal efficiently and rapidly from
soil via the root system to the aerial part that, there-
after, will be harvested and disposed. Root to shoot
translocation of incorporated metals is recognized
as one of the major limiting steps at the plant level
for reaching promising cleanup results (Schneider
et al., 1999). The percentage of total cadmium taken
up by the plant that is allocated in the top parts is
found to be relatively low in most species and to
decrease markedly with the increase of Cd supply
(Hardiman et al., 1984; Barbolani et al., 1986; Florijn
and Van Beusichem, 1993). However, most studies
of Cd-uptake and accumulation in plants to date
have used high-level Cd exposure for a short time to
elicit responses, levels far above those encountered
in agricultural production (Wagner, 1993; Sanità di
Toppi and Gabbrielli, 1999). Such levels of cadmium
immediately affect plant–water relationships through
the alteration of the permeability of root membranes
and the decrease of transpiration flow (Hernández
et al., 1998; Haag-Kerwer et al., 1999). Both phenom-

ena strongly reduce plant growth and the transport
of mineral elements, i.e. nutrients and cadmium, to
the shoot (Varga et al., 1999), and thus decrease the
ability of plants to uptake metals and to translocate
them to above-ground parts. Moreover, short-term ex-
posure to toxic metal levels does not allow to observe
recovery from stress or uptake saturation phenomena.
From most data available in literature it is, therefore,
difficult to predict the amount of cadmium a plant
is able to accumulate in the shoot when grown for a
long time at non-toxic cadmium levels.
Starting from the conclusions of Florijn and Van

Beusichem (1993) that the Cd-concentration in the
shoot is determined by its concentration in roots and
by the amounts loaded into the xylem, and consider-
ing that increasing Cd supply increases the former but
reduces the latter, however, it is reasonable to suggests
that phytoextraction results could be improved with
conditions that increase Cd-uptake of roots without
inducing toxic effects, such as prolonged applications
of low Cd levels.
Miscanthus is a vigorous perennial Gramineae

species, which reproduces vegetatively by rhizomes.
It originates from East Asia, but its cultivation as
energy crop has been promoted throughout Europe
since the 1990s, with dry matter yields ranging from
25 to 35 t ha−1 per year. In Central Italy miscanthus
was able to produce more than 35 t ha−1 per year of
aerial dry matter over a period of 4 years (Ercoli et al.,
1999). The root system plays a major role in deter-
mining the phytoextraction performance of a species.
Roots of an established miscanthus crop were found
to reach a maximum depth of 250 cm and a dry weight
of over 10 t ha−1 (Neukirchen et al., 1999). In a pre-
vious research carried out on miscanthus, we found
that growth of this species was reduced with cad-
mium concentrations equal or higher than 0.75mg l−1
and that the cadmium concentration and content of
the aerial part decreased with increasing level of
this metal in the nutrient solution (Arduini et al.,
2003).
The present work aims to elucidate the influence of

low levels of cadmium and of time of exposure on mis-
canthus growth and Cd-uptake and translocation pat-
terns. In order to do that, plants of Miscanthus sinen-
sis L. var. Giganteus were grown for 1 and 3 months
in nutrient solution supplied with 0, 0.25, 0.50, and
0.75mg l−1 Cd.
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2. Materials and methods

2.1. Plant material and culture conditions

At the end of winter rhizomes ofM. sinensis L. var.
Giganteus (Greef and Deuter, 1993) were collected in
the field from an 8-year-old crop, cut into pieces of
about 5 g fresh weight and placed in pots filled with
sand. Pots were placed in a greenhouse and regularly
watered. One month later (15 April), plants that were
about 20 cm tall were transferred to an open-air hy-
droponics installation equipped for the nutrient film
technique. The circulating nutrient solution was ar-
ranged following Clark (1982) with slight modifica-
tions. Ion concentrations in the solution (all the fol-
lowing expressed in mg l−1) were NO3−N, 351; Ca,
302.4; K, 283; S, 192; NH4−N, 128; Cl, 65; Mg, 37.8;
Na, 4.56; Fe, 4; P, 2; Mn, 0.974; B, 0.536; Zn, 0.3;
Cu, 0.076; Mo, 0.155. The pH was 7.5 and conductiv-
ity 3.8mS cm−1. Evaporated and transpired water was
continuously replaced with tap water and the nutrient
solution was completely renewed every 2 weeks.
After a 4-week plant acclimation, cadmium was

added to the nutrient solution as nitrate salt to fi-
nal concentrations of 0 (control), 0.25, 0.5, and
0.75mg l−1. Each Cd-treatment was comprised of 16
plants spaced at 50 cm intervals, thus simulating a
field density of 4 plantsm−2.
Four plants per treatment were harvested just before

cadmium addition (0 days after treatment, DAT), 1
month later (29 DAT), and when all control plants
were at the end of the heading stage (93 DAT).

2.2. Growth measurements

Harvested plants were divided into main culm, that
was the only one present at the beginning of cad-
mium treatment, secondary culms, rhizome, and roots.
Roots were generously rinsed with tap water to remove
Cd deposits and a root sample from each plant was
deep-frozen for later estimation of root length, area,
and average diameter. For dry weight determination,
all plant parts were dried at 75 ◦C to constant weight.
To determine root size parameters, the deep-frozen
root samples were stepwise brought back to room tem-
perature. For each sample, three subsamples of about
1 g fresh weight were weighed, cut into pieces of less
than 10 cm, and distributed on a glass Petri dish of

20 cm diameter avoiding overlapping. Length and area
of each root subsample were determined with a Le-
ica Quantimet 500 image analyzer and their average
diameter was estimated dividing area by length. Root
surface was estimated after Kokko et al. (1993), as

root surface = π × root area

Assuming that root systems are equivalent to cylin-
ders which diameter (d) corresponds to the root aver-
age diameter and which height (h) corresponds to total
root length, root volume was estimated as

root volume = π

(

d

2

)2
h

2.3. Chemical analyses

Total nitrogen was determined by the microKjeldahl
method on dried plant parts ground to pass through a
40-mesh stainless steel screen. Cadmium concentra-
tion was determined by atomic absorption spectrome-
try (GBC 903 Single Beam, Australia) on ground sam-
ples (0.5 g) that were overnight predigested in 5ml
concentrated HNO3, and then digested adding 1ml
HClO4 at 220 ◦C in an aluminum block digestor (Teca-
tor ab, Sweden).

2.4. Calculation of indexes and statistics

For the periods between successive harvests and for
the whole treatment period the following indexes were
calculated.
The relative growth rates (RGRs) of all plant parts,

as

RGR = lnW2 − lnW1
t2 − t1

where W is the dry biomass at the beginning (W1)
and at the end (W2) of each period, and t2 − t1 is the
duration of the period.
The specific dry weight increment (SDWI) was de-

termined after Engels (1993), as

SDWI = S2 − S1
t2 − t1

ln(Rs2/Rs1)
Rs2 − Rs1

where S is the dry weight of the shoot, Rs the dry
weight of the root at the beginning (1) and at the end
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(2) of each period, and t2 − t1 is the duration of the
period.
The net uptake rates of N and Cd were determined

following Engels (1993), as

NUR = Pc2 − Pc1
t2 − t1

ln(Rs2/Rs1)
Rs2 − Rs1

where Pc is the N, or Cd, content of the whole plant,
and Rs is the dry weight of the root at the beginning
(1) and at the end (2) of each period, and t2−t1 is the
duration of the period.
The net translocation rates (NTR) were determined

for the N, or Cd, translocation from roots to aerial part,
from roots to rhizome, and from rhizome to aerial part,
as

NTR = Sn2 − Sn1
t2 − t1

ln(Su2) − ln(Su1)
Su2 − Su1

In the formula Sn is the N- or Cd-content of the
sink, and Su is the N- or Cd-content of the source,
at the beginning (Sn1 and Su1) and at the end (Sn2
and Su2) of each treatment period, and t2 − t1 is the
duration of the period.
Data were analyzed with standard split-plot analysis

of variance techniques to test effects of Cd level and
duration of treatment. Significantly different means
were separated at 0.05 probability level by the least
significant difference test (Steel et al., 1997).

3. Results

3.1. Plant growth

The dry weight of plants grown with 0.25 and
0.50mg l−1 Cd was higher than that of control plants
at both harvests, but the difference in dry weight
between Cd-treated and not treated plants was lower
at the end of the second growth period compared
to the first one (Table 1). The RGR of the en-
tire plant confirmed that the positive effect of low
Cd levels occurred only during the first month of
treatment, whereas during the following period all
Cd-concentrations reduced the daily increment of
biomass, without any difference between Cd levels.
(Table 2). Plants grown with 0.75mg l−1 Cd showed
significantly reduced biomass at both harvests and
lower RGRs during both growth periods.

After the first month of treatment, cadmium
did not affect significantly main culm height and
biomass, whereas after 3 months it reduced main
culm height and biomass with the highest Cd supply
(Table 1). Cadmium concentrations up to 0.50mg l−1
did not affect the initiation of new culms, whereas
0.75mg l−1 Cd reduced it slightly, and it is note-
worthy that only plants grown with the two lower
cadmium levels produced new culms between the
first and the second harvest (Table 1). Moreover,
these Cd-concentrations markedly stimulated growth
of secondary culms during the first growth period
(Table 2), so that their biomass was increased by
42% at the end of the experiment. Above data sum-
marized, Cd-concentrations up to 0.50mg l−1 in-
creased aerial part biomass at both harvests, whereas
0.75mg l−1 Cd reduced it after 3 months of treatment
(Table 1).
During the first treatment period, the two lower

Cd-concentrations stimulated growth of rhizome and
especially of roots and the highest decreased it,
whereas during the second period all Cd-concen-
trations reduced RGR of the rhizome, but did not
affect that of roots (Table 2). Thus, at the end of
experiment, rhizome dry weight decreased at in-
creasing Cd supply, whereas root dry weight was
increased by 76% up to 0.50mg l−1 Cd and de-
creased by 20% with 0.75mg l−1 Cd (Table 1). As a
result, the dry weight of the hypogeal plant part was
not affected by cadmium up to 0.50mg l−1 and was
reduced by 37% with 0.75mg l−1 Cd. Cadmium af-
fected biomass partitioning between hypogeal organs
in that it increased allocation of resources to roots
rather than to the rhizome. As a result, the rhizome
to root biomass ratio was 2 with the two lower Cd
levels and approximately 3 with the highest one at
both harvests, whereas in control plants it increased
from 3 to 4.2 between the first and the second har-
vest.

3.2. Root morphology and efficiency

The two lower Cd-concentrations (0.25 and
0.50mg l−1) increased root length, surface, and vol-
ume compared to control plants, with differences that
were significant only after 3 months of treatment
(Table 3). In contrast, the highest Cd-concentration,
0.75mg l−1, markedly reduced former growth
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Table 1
Growth of miscanthus plants treated for 29 and 93 days with different cadmium concentrations

DAT
(days)

Cadmium
supply
(mg l−1)

Main culm
height (cm)

Culm number
(number per
plant)

Dry weight (gram per plant)

Main culm Secondary
culms

Aerial part Rhizome Roots Hypogeal part Entire plant

0 0 25.3 ± 0.8 a 4 ± 0.6 a 3.2 ± 0.3 a 1.4 ± 0.5 a 4.6 ± 0.5 a 1.5 ± 0.2 a 2.0 ± 0.6 a 3.5 ± 0.7 a 8.1 ± 1.0 a

29 0 36.0 ± 2.0 bc 12 ± 0.9 cd 6.8 ± 0.7 b 6.9 ± 1.0 bc 13.7 ± 1.0 b 15.2 ± 1.0 c 5.1 ± 0.7 b 20.3 ± 2.0 c 34.0 ± 1.8 c
0.25 39.8 ± 1.7 bcd 10 ± 1.0 bc 7.8 ± 0.4 b 10.0 ± 1.0 d 17.8 ± 0.8 c 18.7 ± 1.6 d 9.2 ± 1.4 c 27.9 ± 1.3 d 45.7 ± 2.3 d
0.50 37.3 ± 1.4 bc 10 ± 0.8 bc 7.7 ± 0.5 b 9.4 ± 1.1 cd 17.1 ± 1.1 c 18.4 ± 2.2 cd 9.2 ± 0.5 c 27.6 ± 1.8 d 44.7 ± 2.5 d
0.75 35.7 ± 1.8 b 9 ± 0.5 b 6.5 ± 0.3 b 5.9 ± 0.7 b 12.4 ± 0.7 b 11.7 ± 1.1 b 4.2 ± 0.6 b 15.9 ± 0.5 b 28.4 ± 1.7 b

93 0 44.2 ± 0.9 d 12 ± 0.7 cd 11.7 ± 0.6 c 15.8 ± 1.5 e 27.5 ± 1.3 e 30.9 ± 2.5 f 7.4 ± 0.6 c 38.3 ± 3.1 e 65.8 ± 6.1 e
0.25 40.3 ± 0.4 cd 13 ± 0.9 d 10.1 ± 0.4 c 21.6 ± 0.9 ef 31.7 ± 0.7 f 27.4 ± 1.5 e 13.0 ± 1.0 d 40.4 ± 2.8 e 72.1 ± 4.7 f
0.50 43.5 ± 2.0 d 13 ± 1.0 d 9.9 ± 0.5 bc 23.1 ± 1.0 f 33.0 ± 1.1 f 25.0 ± 1.2 e 12.9 ± 1.1 d 37.9 ± 2.5 e 70.9 ± 3.2 f
0.75 35.8 ± 1.5 b 9 ± 0.9 b 7.9 ± 0.9 b 12.4 ± 1.8 d 20.3 ± 1.5 d 18.4 ± 1.9 cd 5.9 ± 0.8 bc 24.3 ± 1.2 cd 44.6 ± 2.7 d

Data are means ± standard errors of four replicates. Values in each column followed by the same letter are not significantly different at P = 0.05 as determined by the
Duncan’s test.
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Table 2
Relative growth rate of miscanthus plants during the first (0–29 DAT) and the second (30–93 DAT) period of growth in nutrient solution
supplied with different cadmium concentrations

Growth period
(DAT)

Cadmium supply
(mg l−1)

Relative growth rate (mg g−1 per day)

Main culm Secondary culms Rhizome Roots Entire plant

0–29 0 25.7 ± 2.1 a 55.7 ± 3.0 a 79.8 ± 2.1 a 32.5 ± 2.7 a 49.5 ± 1.8 a
0.25 30.2 ± 1.8 b 68.6 ± 2.7 b 86.9 ± 3.3 b 52.6 ± 3.5 b 59.6 ± 2.7 b
0.50 29.9 ± 1.6 b 66.6 ± 1.9 b 86.4 ± 2.9 b 52.6 ± 4.1 b 58.9 ± 2.1 b
0.75 24.1 ± 1.3 a 50.6 ± 2.8 a 70.8 ± 3.0 c 25.9 ± 2.3 c 43.2 ± 2.4 c

30–93 0 8.5 ± 0.7 c 13.0 ± 1.2 c 11.1 ± 1.5 d 5.8 ± 0.9 d 10.3 ± 0.5 d
0.25 4.2 ± 0.3 d 12.8 ± 0.9 c 6.0 ± 1.2 de 5.4 ± 1.2 d 7.2 ± 0.5 e
0.50 4.0 ± 0.4 d 14.0 ± 1.0 c 4.8 ± 0.9 e 5.2 ± 1.1 d 7.2 ± 0.7 e
0.75 3.1 ± 0.7 d 11.5 ± 1.1 c 7.0 ± 1.0 de 5.2 ± 1.3 d 7.1 ± 0.8 e

Data are means ± standard errors of four replicates. Values in each column followed by the same letter are not significantly different at
P = 0.05 as determined by the Duncan’s test.

parameters at both harvests, but increased root aver-
age diameter. As a result, already after 1 month roots
appeared shorter and thicker and the whole root sys-
tem more dense and compact.
The specific dry weight increment, which calculates

the daily increment of shoot biomass on each unit of
root biomass, was not affected by cadmium during the
first growth period and was reduced by 36% during
the second, independently of Cd level (Fig. 1). Thus,
longer Cd applications slightly reduced shoot growth
compared to root growth suggesting that the efficiency
of roots in supplying nutrients to the shoot was re-
duced.

Table 3
Length, average diameter, surface and volume of miscanthus roots treated for 29 and 93 days with different cadmium concentrations

DAT
(days)

Cadmium
supply (mg l−1)

Root

Length (meter per plant) Diameter (mm) Surface (dm2 per plant) Volume (cm3 per plant)

0 0 32.8 ± 5.3 a 1.5 ± 0.02 a 15.4 ± 3.5 a 59.5 ± 9.5 a

29 0 86.5 ± 7.1 c 1.5 ± 0.03 a 41.0 ± 8.7 c 160.8 ± 21.3 c
0.25 101.2 ± 12.0 c 1.4 ± 0.01 a 45.4 ± 4.5 c 166.0 ± 17.1 c
0.50 108.9 ± 9.7 c 1.5 ± 0.02 a 45.7 ± 3.6 c 186.3 ± 11.5 c
0.75 43.6 ± 3.6 a 1.6 ± 0.01 a 21.3 ± 2.5 b 83.2 ± 6.2 b

93 0 96.0 ± 8.9 c 1.5 ± 0.02 a 45.6 ± 3.7 c 176.8 ± 10.7 c
0.25 132.7 ± 15.6 d 1.4 ± 0.02 a 60.4 ± 6.1 d 218.8 ± 21.1 d
0.50 151.8 ± 13.2 d 1.4 ± 0.02 a 65.7 ± 5.4 d 228.7 ± 19.5 d
0.75 17.3 ± 1.8 b 1.9 ± 0.02 a 10.1 ± 0.9 a 47.7 ± 4.2 a

Data are means ± standard errors of four replicates. Values in each column followed by the same letter are not significantly different at
P = 0.05 as determined by the Duncan’s test.

3.3. Nitrogen uptake

Cadmium did not affect the net uptake rate of ni-
trogen and its concentration in different plant parts
(data not reported). Thus, the different nitrogen con-
tent observed in response to cadmium was only a con-
sequence of its influence on biomass production.
Over the whole duration of the Cd-treatment pe-

riod, the nitrogen translocation from roots to rhizome
was markedly reduced with all Cd levels and that
from rhizome to aerial part was increased, so that the
N-translocation from roots to aerial part was not sig-
nificantly changed by the metal (Fig. 2).
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Fig. 1. Specific dry weight increment of miscanthus plants during
the first (0–29 DAT) and the second (30–93 DAT) growth period,
and during the whole Cd-treatment period (0–93 DAT). Bars rep-
resent standard errors (S.E.) of four replicates.

3.4. Cadmium uptake and distribution

Cadmium supply markedly increased the Cd-con-
centration of all plant parts (Table 4). Roots showed
the highest Cd-concentrations at both harvests and at

Table 4
Cadmium concentration and cadmium content of the main culm and its leaves, secondary culms, rhizome, and roots of miscanthus plants
treated for 29 and 93 days with different cadmium concentrations

DAT (days) Cadmium supply
(mg l−1)

Main culm Main culm leaves Secondary culms Rizhome Roots

Cadmium concentration (mg kg−1)
29 0.25 34.0 ± 1.1 a 5.3 ± 0.7 a 9.0 ± 2.1 a 10.3 ± 0.6 a 40.6 ± 1.4 a

0.50 63.5 ± 6.7 c 7.7 ± 1.2 b 15.9 ± 2.2 b 28.9 ± 4.7 b 98.1 ± 15.2 b
0.75 20.4 ± 1.2 b 1.7 ± 0.2 e 7.3 ± 0.6 a 36.4 ± 5.8 c 289.5 ± 22.9 c

93 0.25 38.7 ± 0.7 a 10.1 ± 0.7 c 14.7 ± 0.1 b 14.8 ± 0.3 a 48.6 ± 3.1 a
0.50 60.2 ± 6.9 c 14.5 ± 0.8 d 28.4 ± 2.1 c 26.6 ± 1.6 b 105.7 ± 9.4 b
0.75 40.3 ± 7.5 a 8.3 ± 1.8 bc 17.9 ± 2.2 b 79.9 ± 18.6 d 332.8 ± 13.6 d

Cadmium content (!g per plant)
29 0.25 115.7 ± 14.5 a 23.0 ± 4.8 a 90.2 ± 19.2 a 191.6 ± 17.8 a 373.5 ± 25.8 a

0.50 209.5 ± 21.4 c 33.7 ± 6.0 b 149.9 ± 16.5 b 531.6 ± 34.1 c 902.1 ± 97.1 c
0.75 65.3 ± 3.2 e 5.7 ± 0.5 e 43.5 ± 11.2 f 426.4 ± 61.1 b 1227.6 ± 79.3 d

93 0.25 201.4 ± 9.0 c 49.9 ± 3.7 c 333.5 ± 25.9 d 406.6 ± 52.4 b 629.3 ± 69.2 b
0.50 301.2 ± 27.9 d 71.3 ± 2.1 d 656.6 ± 56.9 e 666.3 ± 65.8 d 1358.6 ± 86.9 d
0.75 161.1 ± 15.1 b 32.4 ± 6.1 b 222.5 ± 22.3 c 1467.4 ± 90.8 e 1969.0 ± 85.0 e

Data are means ± standard errors of four replicates. Values in each column followed by the same letter are not significantly different at
P = 0.05 as determined by the Duncan’s test.

Fig. 2. Net translocation rate of nitrogen from roots to rhizome
(Rt–Rm), from rhizome to aerial part (Rm–AP), and from roots
to aerial part (Rt–AP) of miscanthus plants treated for 93 days
with different cadmium concentrations (mg l−1). Different letters
among Cd-treatments indicate significant differences at P = 0.05
as determined by the Duncan’s test.

all Cd levels, and leaves the lowest. The plant part
with the highest Cd-concentration after roots was the
main culm up to 0.50mg l−1 Cd and the rhizome
at 0.75mg l−1 Cd. The Cd-concentration of below-
ground plant parts increased at increasing Cd supply,
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Fig. 3. Cadmium concentration of miscanthus plants treated for 29
and 93 days with different Cd-concentrations (mg l−1). Different
letters indicate significant differences at P = 0.05 as determined
by the Duncan’s test.

whereas that of aboveground plant parts was high-
est at 0.50mg l−1 Cd and lowest at the highest sup-
ply. Between the first and the second harvest, the
Cd-concentration of roots, rhizome, and main culm
increased only with the highest Cd supply, whereas
that of leaves and secondary culms increased with
all Cd levels. As a result, at the two lower Cd lev-

Fig. 4. Cadmium content of miscanthus plants treated for 29 and 93
days with different Cd-concentrations (mg l−1) and Cd partitioning
between the aerial and hypogeal plant parts.

els, the Cd-concentration of the whole miscanthus
plant did not change between the first and the sec-
ond harvest and was 20mg kg−1 with 0.25mg l−1 Cd
and 42mg kg−1 with 0.50mg l−1 Cd (Fig. 3). In con-
trast, with the highest supply, the Cd-concentration
increased from 62 to 86mg kg−1 during the second
growth period.
After 1 month of supply, the Cd-content was high-

est in roots followed, in decreasing order, by rhizome,
main culm, secondary culms, and leaves (Table 4).

Fig. 5. Net uptake rate (a) of miscanthus plants treated for 29
and 93 days with different Cd-concentrations (mg l−1), and net
translocation rate (b) from roots to rhizome (Rt–Rm), from rhizome
to aerial part (Rm–AP), and from roots to aerial part (Rt–AP)
of miscanthus plants treated for 93 days with different cadmium
concentrations (mg l−1). Bars represent standard errors (S.E.) of
four replicates.
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After 3 months, however, the Cd-content of sec-
ondary culms was higher than that of the main culm.
Roots were the only plant part which Cd-content in-
creased at increasing Cd supply at both harvests. The
Cd-content of rhizome was highest with 0.50mg l−1
Cd after the first growth period and with 0.75mg l−1
Cd after the second. All aerial plant parts showed the
highest Cd-content at the intermediate supply and the
lowest at the highest one. Between the first and the
second harvest the Cd-content increased in all plant
parts. Cadmium partitioning to aboveground plant
parts increased with time of exposure but decreased
with Cd level (Fig. 4). Thus, after 93 days of treat-
ment, the highest Cd-content of the entire miscanthus
plant was obtained with the supply of 0.75mg l−1
and was 3.8mg per plant, whereas the highest accu-
mulation in the aerial part occurred with the supply
of 0.50mg l−1 Cd and was 1mg per plant.
At all Cd levels, the net uptake rate of cadmium

was by far higher during the first month of Cd sup-
ply than during the following two (Fig. 5a). Values
of NUR increased almost proportionally with Cd sup-
ply during the first growth period, but increased only
between 0.50 and 0.75mg l−1 Cd during the second
one. Calculated over the whole experiment, the net
translocation rate of cadmium within the miscanthus
plant slightly decreased between 0.25 and 0.50mg l−1
Cd, independently of plant parts (Fig. 5b). Between
0.50 and 0.75mg l−1 Cd, however, the NTR from roots
to rhizome sharpedly increased, whereas those from
roots and rhizome to shoot markedly decreased.

4. Discussion

In this research, cadmium enhanced miscant-
hus growth up to 0.50mg l−1 and decreased it at
0.75mg l−1. Relative growth rates showed that cad-
mium stimulated growth of all plant parts only during
the first month of exposure, whereas during the fol-
lowing 2 months the metal did not affect growth of
roots and secondary culms and decreased that of the
main culm and the rhizome. Similarly, the growth
inhibition recorded with 0.75mg l−1 Cd occurred al-
most exclusively during the first month of supply in
all separate plant parts, excepted the main culm. It is
worthy to note that during the second growth period,
RGRs were by far lower than during the first, irre-

spective of treatment and plant part, and that all Cd
levels equally affected growth of miscanthus. It is,
therefore, reasonable to suggest that with longer ap-
plications the initial growth stimulation observed with
Cd-concentrations up to 0.50mg l−1 could be nulli-
fied by a slight inhibition of growth, whereas a partial
recovery of growth could occur with 0.75mg l−1 Cd.
The positive effect on plant growth of low cad-

mium levels has been poorly discussed in literature,
though several authors observed it in experiments
lasting between 1 and 11 weeks (Wong et al., 1986;
Balsberg-Påhlsson, 1989; Arduini et al., 1994;
Gussarsson, 1994). Two possible mechanisms can
be suggested. According to Kennedy and Gonsalves
(1987) low cadmium levels hyperpolarize the plasma
membranes at the root surface, thus increasing the
trans-membrane potential, which is an energy source
for cation uptake. Moreover, cadmium has been found
to induce genes related to mammalian cell prolifer-
ation, which could increase growth, though they are
also considered responsible for Cd-induced carcino-
genesis (Beyersmann, 2002).
Despite of the widely recognized high sensitive-

ness of roots to heavy metals, in our experiment root
biomass was not significantly affected with the highest
Cd supply and showed the highest positive response
with the two lower supplies. With 0.75mg l−1 Cd,
however, root morphology was dramatically changed,
in that dry weight was not affected, but length, surface,
and volume were drastically decreased, and root aver-
age diameter was increased. These changes are consis-
tent with the hypothesis that Cd induces an abnormal
proliferation of root cells, as suggested by Beyersmann
(2002), that is not followed by cell distension, in con-
sequence of the reduction of water flow and mineral
uptake (Varga et al., 1999). These changes in root mor-
phology, however, did not affect the efficiency of the
root system in supplying nutrients to the shoot, esti-
mated through the index of specific dry weight incre-
ment. Indeed, during the first month of treatment no
significant differences were observed in the SDWI of
Cd-treated and control plants, whereas during the fol-
lowing 2 months cadmium markedly decreased root
efficiency, irrespectively of the applied level.
Cadmium affected biomass partitioning between

hypogeal organs, in that it markedly increased the allo-
cation of resources to roots rather than to the rhizome.
A stronger growth reduction of the rhizome, which
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is a sink for resources that enable shoot resprouting
in the following vegetative season, compared to other
plant parts was also reported by Balsberg-Påhlsson
(1989) in the herbaceous Rosacea, Filipendula ul-
maria, in response to cadmium. This phenomenon,
that was particularly evident at the two lower Cd
supplies, may be an attempt of the plant to privilege
growth of roots in order to counterbalance their re-
duced efficiency, and is consistent with the hypothesis
that also the low Cd levels used in this experiment
may hinder miscanthus growth in a long term.
Cadmiumwas found to affect negatively both nitrate

uptake and its transport from roots to shoot (Sanità
di Toppi and Gabbrielli, 1999; Gouia et al., 2000).
In our research, however, cadmium neither influenced
the net uptake rate of nitrogen nor the N-concentration
of different miscanthus parts, during the whole period
of treatment. In contrast, the Net Transloction Rate
showed that the N-transport within the plant was af-
fected by the metal. The N-NTR from roots to rhizome
was drastically reduced with all Cd levels, whereas
that from rhizome to aerial part was increased, so that
the NTR from roots to aerial part resulted unchanged.
It seems that, though cadmium hampered N-transport
from roots to rhizome, maybe limiting its flow across
the endodermis or its loading into the xylem, miscant-
hus plants were able to fulfill the nitrogen require-
ments of the shoot increasing the translocation rate
from the rhizome. This again causes a depletion of
resources from this plant part.
During the first month of application, the NUR of

cadmium was linearly related to the concentration of
the metal in the nutrient solution, which is consistent
with a passive inflow of cadmium into roots (Arduini
et al., 2003). During the following 2 months, Cd-NUR
values were appreciable only with 0.75mg l−1 Cd sug-
gesting that saturation phenomena limiting Cd-uptake
occurred with the two lower levels. Accordingly, the
Cd-concentration of the entire miscanthus plant al-
ways increased with supply, but only at the highest
level with the duration of treatment. These patterns
of uptake are consistent with the hypotheses of Salt
et al. (1995) that Cd is readily absorbed by plant roots
but also that both Cd-binding sites and the transport
system saturate at non-toxic levels. In our research,
Cd-binding sites had already saturated in roots, rhi-
zome, and main culm after 1 month of treatment with
0.25 and 0.50mg l−1 Cd. This was not the case of

leaves and secondary culms which Cd-concentration
increased between the two harvests confirming that
Cd-transport within the plant is a rather slow process.
The translocation of Cd to above-ground plant

parts is mainly governed by xylem loading, regu-
lated by endodermis, and by xylem flux (Florijn
and Van Beusichem, 1993; Schneider et al., 1999).
The Cd-concentration of different plant parts showed
that the internal transport of cadmium was always
greatly restricted in miscanthus and that the translo-
cation to stems and leaves was drastically reduced at
0.75mg l−1. The net translocation rate of Cd from
roots to rhizome increased at the highest Cd supply,
whereas those from roots and rhizome to the aerial
part decreased. These patterns support the hypothesis
that Cd-transport within the plant is mainly regu-
lated at the loading step between roots and rhizome,
probably at the endodermis level, and that the regu-
lating mechanisms is Cd-sensitive (Schneider et al.,
1999). In miscanthus, a critical Cd-concentration is
reached in roots grown with 0.75mg l−1 Cd after
1 month of treatment, beyond which the ability to
retain Cd in roots is strongly diminished and the
metal passively flows into the rhizome. Despite this,
the Cd-concentration of stems and leaves does not
increase and even decreases, probably for the concur-
rent drastic decrease of transpiration. In a previous
work on miscanthus (Arduini et al., 2003), we found
that Cd-translocation from roots to rhizome was
severely reduced when Cd supply was increased from
0.75 to 3mg l−1 and we suggested that the endoder-
mis barrier was still functioning. However, taking
into account present results it was more likely conse-
quence of the drastic decrease of water flow and of
all metabolic activities, whereas the slight increase
of translocation to the aerial part was due to passive
leakage to unsaturated tissues. Present findings are
consistent with the conclusions of Hardiman et al.
(1989) that, at non-toxic concentrations, Cd-transport
to plant top is a function of its concentration in roots,
and with the existence of a critical Cd-concentration
in roots that causes the breakdown of the endodermis
barrier (Florijn and Van Beusichem, 1993; Salt et al.,
1995). Above the toxicity threshold, on the other
hand, Cd-transport to the above-ground plant parts is
restricted in consequence of the severe reduction of
water flow within the plant (Haag-Kerwer et al., 1999;
Varga et al., 1999; Gouia et al., 2000). According to
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this, the highest Cd-concentrations in plant tops and,
therefore, the best phytoextraction results may be ob-
tained with Cd-concentrations immediately below the
toxicity threshold.
The total amount of cadmium that can be re-

moved from the substratum is not only function of
the Cd-uptake and accumulation in plant tissues but
also of plant growth, that is reduced by toxic levels
of cadmium, and both processes are dependent on the
duration of exposure to the metal. In our research,
the Cd-content of all parts of miscanthus increased
with increasing exposure to cadmium from 1 to 3
months. Increasing Cd-availability in the nutrient so-
lution always increased the Cd-content of roots but
that of the above-ground plant parts only below the
toxicity threshold. The patterns of accumulation in
the rhizome changed with time of exposure and were
similar to those of the aerial part at the first harvest
and to that of roots at the second one. This data again
confirm our hypothesis that, after 1 month of treat-
ment with 0.75mg l−1 Cd, cadmium passively flows
into the rhizome without any restriction.
In conclusion, the highest Cd-content of the en-

tire miscanthus plant was achieved after 3 months
of treatment with 0.75mg l−1 Cd and was 3.8mg.
However, phytoextraction techniques requires that
metals are accumulated in harvestable plant parts
that, in miscanthus, are stems and leaves, and also
most part of rhizomes if the crop is entirely removed
from soil. The highest amount of Cd accumulated
in the above-ground plant parts was 1mg per plant
and was obtained with 0.50mg l−1 Cd, whereas the
Cd-content of rhizome+ aerial-part was highest with
0.75mg l−1 and was 1.9mg per plant. These values
are not far from those found for other species investi-
gated for phytoextraction purposes (Ebbs et al., 1997;
Qian et al., 1999; Klang-Westin and Perttu, 2002) and
are, respectively, five and two times those obtained by
Arduini et al. (2003) growing miscanthus with higher
Cd-concentrations. Obtained values cannot be directly
referred to field conditions since soil characteristics
(i.e. pH, redox potential, organic matter content, rhi-
zosphere microorganisms, etc.) strongly affect the
availability and toxicity of cadmium to plants. Never-
theless, results from hydroponic culture experiments
are crucial to highlight the physiological response of
plants to toxic and non-toxic levels of cadmium. Fur-
ther research is needed to investigate the Cd-uptake

patterns of miscanthus in the field and to assess
whether prolonged applications of low Cd levels could
even be toxic, and thus reduce plant performances.
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