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Abstract Given that Cd accumulates within plant
tissues to levels that are toxic to animals, it is
necessary to understand the role of plants in highly
Cd-contaminated systems and their subsequent impact
on the health of animals. A solution culture experi-
ment was conducted to elucidate the effects of
increasing Cd2+ activity ({Cd2+}) on growth of
Rhodes grass (Chloris gayana Kunth.) and signal
grass (Brachiaria decumbens Stapf.). The shoot and
root fresh mass of both Rhodes grass and signal grass
was reduced by 50% at ca. 0.5 µM {Cd2+}. Elevated
{Cd2+} resulted in a significant decrease in the tissue
Mn concentration for both the shoots and roots, and
caused a chlorosis of the veins in the shoots. Root hair
growth was prolific even at high {Cd2+}, thus root
hair growth appeared to be less sensitive to elevated
Cd than was root growth per se. The critical shoot
tissue concentrations (50% reduction in growth),
230 µg g−1 for Rhodes grass and 80 µg g−1 for signal

grass, exceeded the maximum level of Cd tolerated in
the diet of animals (ca. 5 µg g−1). When assessing the
risk associated with the revegetation of Cd-contaminated
sites with Rhodes grass or signal grass, careful consider-
ation must be given, therefore, to the transfer of toxic
concentrations of Cd to grazing animals and through the
wider food chain.
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Introduction

The anthropogenic release of Cd into the landscape
poses a serious environmental problem, and may
occur through activities including metal refining, coal
combustion, disposal of mine wastes, pigment pro-
duction, and the disposal of sewage sludges. Further,
contamination from the use of P fertilizers has added
an estimated >6000 t of Cd to Australian soils in the
last 90 years (Mann et al. 2002; McLaughlin et al.
1996). Elevated levels of trace metals are particularly
troublesome because of their long residence times in
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soils, and the largely irreversible nature of the
contamination (Bowen 1979). Generally, Cd contam-
ination is of concern due to its potential to accumulate
to levels within the plant tissues that are toxic to
animals (including humans) but not toxic to the plant
(Dudka and Miller 1999). For animals, Cd may be
adsorbed in toxicologically relevant amounts by either
oral or inhalation exposure (National Research Coun-
cil (U.S.) 2005). Generally, the accumulation of toxic
levels of Cd in animals is thought to disrupt the
cellular redox state due to similarities between Cd and
Zn, Ca, and other divalent cations (Pinot et al. 2000).

Whilst the phytotoxicity of Cd is generally not of
direct relevance, it is still necessary to understand the
role of plants in Cd-contaminated systems and their
subsequent impact on the health of animals. Ideally,
the composition of a nutrient solution should mimic
that of a soil solution (Parker and Norvell 1999).
However, commonly used nutrient solutions often
contain 100 to 1,000 µM P (see Parker and Norvell
(1999)) while soil solutions typically contain <10 µM
P (even in fertilized agricultural soils) (Gillman and
Bell 1978; Kovar and Barber 1988; Menzies and Bell
1988; Reisenauer 1966). In a recent review of studies
examining trace metal phytotoxicity, Kopittke et al.
(2009b) identified 27 studies examining Cd toxicity
which met their selection criteria relating to the
quality of the data. The median Cd concentration for
toxicity was 5 µM (n=32), but ranged from 0.5 to
700 µM. Interestingly, of the 26 studies using
compete nutrient solutions, only six used <100 µM
P and none ≤10 µM P (surprisingly, one study used
8270 µM P). The use of solutions with high
concentrations of nutrient salts may influence the
apparent toxicity of metals (for example, see Lock et
al. (2007)). Thus, there is a need for well-controlled
studies utilizing environmentally relevant experimen-
tal conditions. However, consideration should also be
given to the general limitations of nutrient solution
systems, particularly that nutrient solutions are an
imperfect simulation of plant growth in soil. In
particular, compared to soil, nutrient solutions lack
mechanical support and provide an altered chemical
environment in the rhizosphere (in which the fluxes of
O2, water, and nutrients differ from those in soil) (for
reviews, see Parker and Norvell (1999) and Asher and
Edwards (1983)).

Perennial grasses, including Rhodes grass (Chloris
gayana Kunth.) and signal grass (Brachiaria

decumbens Stapf.), are frequently used for the
revegetation of mine sites and other contaminated
sites located in low-rainfall areas. Signal grass is
widespread throughout tropical America, south-
eastern Asia and the Pacific, is well adapted to highly
acidic soils (Wenzl et al. 2001), but is comparatively
sensitive to salinity (Deifel et al. 2006). Rhodes grass
is widely grown in the tropics and sub-tropics of
eastern and southern Africa, Australia and Central
America, and is highly tolerant of soil salinity and
sodicity (Deifel et al. 2006). However, comparatively
little information is available regarding the toxic
effects of Cd on grasses. The objective of the current
work was to examine the toxic effects of Cd2+ on the
growth of Rhodes grass and signal grass. The growth
of the grasses was related to (i) the activity of the free
Cd2+ ion ({Cd2+}) calculated from measured Cd
concentrations and (ii) alterations to the external
morphology of the roots (examined by microscopy).

Materials and methods

Plants were grown in semi-controlled glasshouse
conditions at The University of Queensland, St Lucia,
Australia (27° 29′ 43″ S, 153° 0′ 34″ E). High-
pressure sodium lamps were used to supplement
natural sunlight, providing 16 h of light per day.
Photosynthetically active radiation at plant height gener-
ally reached a maximum of ca. 1,500 µmol m−2 s−1

(measured at midday), with the lamps ensuring a
minimum value of 400 µmol m−2 s−1. Temperature was
maintained at approximately 28°C during the light period,
and approximately 25°C during the dark. Relative
humidity was not controlled, but a soaker hose was used
to keep the floor wet to increase humidity. During the
day, humidity generally ranged between 40 and 60%,
increasing to 70 to 90% during the night. Average daily
pan evaporation was 2.7 mm.

Experimental design and plant growth

Rhodes grass and signal grass seedlings were grown
in 22 L polypropylene containers (Kopittke et al.
2007) filled with 21 L of the basal nutrient solution
containing (μM): 680 NO3

−-N, 120 NH4
+-N, 700 Ca,

500 S, 300 K, 100 Mg, 10 Fe, 3 B, 2 P, 2 Mn, 1 Zn,
0.2 Cu, and 0.02 Mo. The Fe was supplied as CDTA
to minimize complexation (see Kopittke and Menzies
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(2006) for details). There were 22 containers in which
11 Cd treatments and two grass species were arranged
in a completely randomized block design with two
replicates over time. Calculations performed using
GEOCHEM v2.0 (Parker et al. 1995) predicted that,
under the current experimental conditions, <0.1% of
the Cd was associated with CDTA. The pH of each
nutrient solution was lowered to 4.75 using approx-
imately 4 mL of 0.1 M HCl. An air-driven water
pump was used to circulate the solutions and provide
aeration. Using appropriate volumes of a 10 mM
CdCl2 stock solution, 22 treatments were established
(at rates determined from preliminary experiments);
0, 0.05, 0.1, 0.25, 0.5, 0.75, 1.0, 2.5, 5, 7.5, and
10 µM Cd for signal grass, and 0, 0.05, 0.1, 0.2, 0.4,
0.8, 1.0, 1.5, 2.5, 5, and 10 µM Cd for Rhodes grass.
Each of the 22 containers was connected to a separate
pH titration unit (TPS, miniCHEM-pH) and peristaltic
pump (Masterflex 5 RPM with Masterflex Tygon
tubing, L/S 17) which was used to maintain the pH at
4.75 for the duration of the experiment by the
addition of 2 mM Ca(OH)2.

Seeds of Rhodes grass and signal grass were
germinated as described by Kopittke et al. (2007).
After 7 d growth, four seedlings of each species were
transplanted into each of the 22 L containers, with the
average of these four plants representing one repli-
cate. Plants were grown for 15 d after transplanting,
with nutrient uptake from the solution offset by the
addition of pre-calculated quantities of a delivery
solution containing (mM) NO3

--N 680, NH4
+-N 120,

Ca 150, S 20, K 400, Mg 75, P 20, Cl 234, Fe 5, B 1,
Mn 0.2, Zn 0.6, Cu 0.4, and Mo 0.02. Additional
deionized water was supplied to the containers
throughout the growth period to maintain solution
volume.

Samples of nutrient solutions were taken after 0
and 15 d, and electrical conductivity (EC) and pH
measured (to check the accuracy of the pH titration
units). In addition, 10 mL of each sample was filtered
(0.22 µm Millipore GSWP), acidified to pH<2.0
using 20 µL of concentrated HCl, and refrigerated
(3.5ºC) before analysis by inductively coupled
plasma-optical emission spectroscopy (ICP-OES) for
Cd. Calculations of ionic strength and ion activities
were performed using PhreeqcI 2.13.04 with the
Minteq database (Parkhurst 2007). Approximately
88% of the solution Cd was Cd2+, with approximately
10% as the uncharged CdSO4

0 ion-pair and 2% as

CdCl+ (Smolders and McLaughlin 1996). The activity
of Cd was calculated for each treatment, being (μM):
0, 0.028, 0.070, 0.17, 0.37, 0.56, 0.75, 2.0, 3.9, 6.0,
and 7.8 µM {Cd2+} for signal grass, and 0, 0.029,
0.064, 0.15, 0.29, 0.61, 0.74, 1.2, 2.0, 4.0, and
7.8 µM {Cd2+} for Rhodes grass.

Upon completion of the 15 d growth period, roots
from one of the four plants were harvested for
microscopic examination (see below). The fresh mass
of the remaining three roots and shoots was deter-
mined, the roots thoroughly rinsed in DI water, and
the elemental concentrations of both the roots and
shoots determined using ICP-OES (for B, Ca, Cd, Cu,
Fe, K, Mg, Mn, P, S, and Zn) after drying for 7 d at
65ºC and acid digestion as described by Martinie and
Schilt (1976).

Data analysis

A grouped regression analysis (fitting exponential
curves) was performed on relative shoot and root
mass, using GenStat 7 (GenStat 2003). Grouped
regression analysis was also used to examine the
relationship between the mean nutrient solution
{Cd2+} (based on the mean measured Cd concen-
trations in the nutrient solution after 0 and 15 d) and
the root and shoot Cd concentrations at harvest
(exponential regression) (GenStat 2003).

Microscopy

Upon completion of the experiment, roots were taken
for examination using a dissecting light microscope
and scanning electron microscope (SEM). The dis-
secting light microscope was used to examine roots in
all treatments after storage at 3.5ºC in 70 mL of the
appropriate nutrient solution and staining with 0.5%
crystal violet. Examination occurred within 6 h of
harvest. The SEM was used to provide high resolution
images with good depth-of-field of roots from the 0,
0.1, 0.25, and 0.50 µM Cd treatments for signal grass
(corresponding to 0, 0.070, 0.17, and 0.37 µM
{Cd2+}) and from the 0, 0.4, 0.8, and 1.0 µM
treatments from Rhodes grass (corresponding to 0,
0.29, 0.61, and 0.75 µM {Cd2+}). Root tips (approx-
imately 20 mm) were freeze-substituted according to
Wharton (1991) (see Kopittke et al. (2008a) for
details) and examined using a SEM (JEOL JSM
6400F) at 10 kV.
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Results

Solution and tissue composition

Initial solution Cd concentrations were generally 5 to
10% higher than expected, although concentrations
subsequently decreased during the 14 d experimental
period (Table 1). Decreases in solution Cd were
greatest in the low-Cd treatments (being approximate-
ly 50% at 0.05 µM Cd), whilst concentrations
changed by <5% in all treatments with initial nominal
concentrations ≥1 µM (Table 1). For treatments
corresponding to approximately to a 50% reduction
in growth, Cd concentrations decreased by ca. 15%
(Table 1). Solution EC (mean value of 0.25 dS m-1)
remained relatively constant, increasing an average of
13% during the 15 d experimental period (data not
presented).

The concentration of Cd in shoots (Fig. 1a) and
roots (Fig. 1b) increased as the solution {Cd2+}
increased. With ≤1 µM {Cd2+} in solution, the roots
of both species had a similar concentration of Cd;
above this, the roots of signal grass had almost twice
that of Rhodes grass at the highest {Cd2+} (1,300
versus 720 µg g-1) (Fig. 1b). The Cd concentration in
the shoots was less than that in the roots, with that of
Rhodes grass increasing markedly to 340 µg g-1 with
up to 2 µM {Cd2+} but with no further increase above
this level (Fig. 1a). In contrast, the Cd concentration
in signal grass shoots continued to increase up to
600 µg g-1 at 8 µM {Cd2+}. The critical tissue
concentrations (associated with a 50% reduction in
fresh mass) was calculated from the fitted curves as
230 µg g-1 for shoots of Rhodes grass and 80 µg g-1

for shoots of signal grass; corresponding values for

roots were 530 µg g-1 for Rhodes grass roots and
520 µg g-1 for signal grass (Fig. 1).

It is noteworthy that Cd in solution had no
significant effects on nutrient concentrations in the
shoots and roots (data not presented) other than Mn
which decreased significantly with an increase in
{Cd2+}. There is little information on critical concen-
trations for nutrient deficiency in Rhodes grass and
signal grass, but shoot tissue nutrient concentrations
generally appeared to be within the range for healthy
plant tissue (Marschner 1995; Pinkerton et al. 1997)
(data not presented). The Mn concentration in the roots
decreased markedly from ca. 700 µg g-1 in the low-Cd
treatments to ca. 20 µg g-1 at 1 µM {Cd2+}; there was
no further decrease at higher {Cd2+} (Fig. 2). The
decrease in Mn concentration in the shoots was more
moderate, declining from ca. 200 to 60 µg g-1 from
low to high {Cd2+}. Even at the highest {Cd2+}, the
Mn concentration was similar to that in healthy plant
shoots (50 µg g-1) (Marschner 1995)).

Plant growth and symptoms of toxicity

Good plant growth was evident in the low Cd2+

treatments, with a fresh mass of approximately 5 g of
shoots and 4 g of roots in Rhodes grass. The fresh
mass of signal grass was slightly lower at 3 g of
shoots and 3 g of roots. However, growth of both the
roots and shoots decreased markedly with an increase
in Cd in solution (Fig. 3). Grouped regression
analysis indicated that there was no significant
difference in response to {Cd2+} between the shoots
and roots for either signal grass (P=0.496) or Rhodes
grass (P=0.237). Thus, a single curve was used to
describe the response of both the shoots and roots to

Table 1 Concentrations of Cd measured in nutrient solutions for the lowest and highest Cd-containing treatments and the treatment
closest to the Cd2+ activity causing a 50% reduction in the shoot and root fresh mass (Fig. 3)

Species Cd treatment
(µM)

Measured Cd (0 d) (µM) Measured Cd (14 d) (µM) Decrease (%) Calculated Cd2+ activity (µM)

Signal grass 0.05 0.053 0.028 47 0.028

0.5 0.56 0.48 14 0.37

10 11 11 0 7.8

Rhodes grass 0.05 0.054 0.028 48 0.029

0.4 0.44 0.38 13 0.288

10 11 11 0 7.8
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increasing {Cd2+} for each species (Fig. 3). Although
there was a difference between the two species in
response to elevated Cd, there was a 50% reduction in
shoot and root fresh mass of both Rhodes grass and
signal grass with 0.4 µM {Cd2+} in solution (Fig. 3).

A veinal chlorosis was evident in the shoots of
Rhodes grass when grown in solutions containing
≥0.6 µM {Cd2+} and in those of signal grass at the
highest {Cd2+} (7.8 µM). The foliar application of Fe
(as 0.1% Fe-EDDHA), Zn (as 0.5% ZnCl2.4H2O),
and Cu (as 0.5% CuSO4.5H2O) did not alleviate the
symptoms. In contrast with the effects of many trace
metals (for example, Al and Cu), elevated Cd in
solution did not cause damage to roots (Fig. 4a, b)
despite the marked detrimental effect on root growth.
Also, root hair growth was prolific in all treatments
(Fig. 4), but root hairs did develop close to the apex
suggesting some disruption to normal root develop-
ment (Fig. 4c).

Discussion

Fresh mass of both Rhodes grass and signal grass was
reduced by 50% by 0.5 µM {Cd2+} (Fig. 3).
However, the concentration of Cd in the shoot tissue
associated with this 50% reduction in growth
(230 µg g−1 for Rhodes grass and 80 µg g−1 for
signal grass) exceeds the maximum tolerable level for
Cd of ca. 5 µg g−1 (i.e. the dietary intake level, that
when fed for a defined period of time, will not impair
animal performance or health) (National Research
Council (U.S.) 2005). For both grasses, solution
{Cd2+} should be <0.1 µM to avoid accumulation of
Cd in the shoot tissue to concentrations which exceed
the maximum level tolerated by animals. Thus, for the
growth of both Rhodes grass and signal grass on Cd-
contaminated sites, accumulation of Cd within the
shoots to levels detrimental to animal health is of
greater concern than is phytotoxicity.
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The critical solution concentration for the two
grasses examined in the current study (0.5 µM
{Cd2+}, Fig. 3) is similar to values reported for other
species. In a review of 132 studies, Kopittke et al.

(2009b) reported that the median toxic value for Cd in
solution culture was 5 µM. Solution Cd concentra-
tions toxic to other monocotyledon species have been
reported as 0.02 µM for wheat (Triticum aestivum L.)
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Fig. 4 Scanning electron
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(Taylor et al. 1991), 1 to 5 µM for rice (Oryza sativa
L.) (Hassan et al. 2005), 8 µM for perennial ryegrass
(Lolium perenne L.) and maize (Zea mays L.) (Yang
et al. 1996), and 0.5 µM for barley (Hordeum vulgare
L.) (Cabrera et al. 1988). Similarly, the critical shoot
tissue concentrations (50% reduction in fresh mass),
being 230 µg g−1 for Rhodes grass and 80 µg g−1 for
signal grass (Fig. 1), are comparable to values
reported for other species. For example, reductions
in growth have been reported to be associated with Cd
concentrations of 90 µg g−1 in shoots of Phragmites
australis (Cav.) Trin. ex Steud. (Ali et al. 2004),
67 µg g−1 in leaves of cotton (Gossypium hirsutum
L.) (Wu et al. 2004), and 17 µg g−1 in shoots of barley
(Cabrera et al. 1988). Thus, it would appear that the
high P concentrations used by many authors (see
Introduction) has not resulted in incorrect answers
being obtained. This is in contrast to other trace
metals where the P concentration influences the
solution composition (for example, see Kopittke et
al. (2008b)).

Whilst tissue concentrations of Cd were higher in
the roots than the shoots, the magnitude of the
difference (ca. 2-fold, Fig. 1) is less than that
observed for other metals. For example, concentra-
tions of Ni in tissues of these two grasses were 5 to 50
times higher in the roots than the shoots (Kopittke et
al. 2008a), concentrations of Pb were 10 times higher
in the roots (Kopittke et al. 2007), whilst in Sabi grass
(Urochloa mosambicensis (Hack.) Dandy), concen-
trations of Cu were 10 to 100 times in the root
(Kopittke et al. 2009a). Similarly, root Pb concen-
trations were 9 to 130 times higher than shoot
concentrations in a range of species (Wierzbicka
1999), and 100 to 300 times higher in Norway spruce
(Picea abies L.) (Godbold and Kettner 1991).

Elevated {Cd2+} had no apparent influence on
concentrations of nutrients in the shoot and root tissue
other than Mn (data not presented). The decrease in
shoot and root Mn at elevated {Cd2+} (Fig. 2) is
similar to that observed by Wallace et al. (1977) for
Phaseolus vulgaris L., who reported that 1 µM Cd
reduced leaf Mn concentrations from 81 to 45 µg g−1

and root Mn concentrations from 370 to 19 µg g−1.
Also studying Phaseolus vulgaris L., Barceló et al.
(1985) reported that elevated Cd concentrations
resulted in a decrease in the Mn concentrations of
the shoot tissues (stems, primary leaves, and trifoliate
leaves). However, in contrast to the current study (and

that of Wallace et al. (1977)), Barceló et al. (1985)
reported that elevated Cd concentrations resulted in an
increase in the Mn concentration of the root tissue.
Further, the observed decrease in tissue Mn in the
current study is also in contrast to that reported by
Ramos et al. (2002) for lettuce (Lactuca sativa L.),
where toxic levels of Cd resulted in an increase in
shoot Mn concentrations. Presumably, a Cd-induced
decrease in tissue Mn results from antagonism
between Cd and Mn; a hypothesis supported by the
observation that Cu2+, Fe2+, Mn2+, and Zn2+ inhibit
absorption and translocation of Cd in soybean
(Glycine max L. Merr.) (Cataldo et al. 1983).
Although shoot tissue Mn concentrations (ca.
60 µg g−1) were similar to the average concentration
in healthy plant shoots (50 µg g−1, Marschner
(1995)), it is proposed that the chlorosis of the veins
observed in the shoots of both species was a Cd-
induced Mn deficiency (the symptoms were not
alleviated by the foliar application of Fe, Zn, or Cu).
It is noteworthy, however, that Mn typically causes an
interveinal chlorosis (c.f. the chlorosis of the veins
observed in the current study).

For both Rhodes grass and signal grass, although
the distance between the root apex and the root hair
zone was decreased, root hair growth did not appear
to be inhibited by elevated {Cd2+} (Fig. 4). The
observation that root hair growth appears to be less
sensitive to Cd than is root growth per se is similar to
that reported for Ni and Pb toxicity in these two
grasses (Kopittke et al. 2007, 2008a) and for Cu
toxicity in Sabi grass (Kopittke et al. 2009a).
However, this observation is in contrast to previous
reports on Cu toxicity in Rhodes grass (Sheldon and
Menzies 2005) and cowpea (Vigna unguiculata L.
Walp.) (Kopittke and Menzies 2006) and for Al
toxicity in a range of plant species (Brady et al.
1993; Hecht-Buchholz et al. 1990).

In conclusion, the shoot and root fresh mass of
both Rhodes grass and signal grass was reduced by
50% at ca. 0.5 µM {Cd2+}. Although shoot tissue Cd
concentrations were ca. two times higher than those in
the root tissue, the critical shoot tissue concentrations
(associated with a 50% reduction in growth, being
230 µg g−1 for Rhodes grass and 80 µg g−1 for signal
grass) exceeded the maximum level of Cd tolerated in
the diet of animals (ca. 5 µg g−1). Thus, for Cd-
contaminated sites, Cd accumulates to levels which
are detrimental to animal health before inducing
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phytotoxic effects.. When assessing the risk associat-
ed with the use of Rhodes grass or signal grass for the
revegetation of Cd-contaminated sites, careful con-
sideration must be given, therefore, to the potential
transfer of toxic concentrations of Cd to grazing
animals and through the wider food chain. Elevated
{Cd2+} resulted in a significant decrease in the tissue
Mn concentration for both the shoots and roots, and
possibly reduced growth due to a Cd-induced Mn
deficiency. Examination of the roots by microscopy
revealed that root hair growth appears to be less
sensitive to Cd than is root growth per se, with root
hair growth prolific in all treatments.

Acknowledgments The authors also thank Rosemary
Kopittke for statistical assistance and Associate Professor
Stephen Adkins for the use of the dissecting microscope. The
assistance of the Rick Webb and Kim Sewell at the Centre for
Microscopy and Microanalysis (UQ) with the electron micros-
copy is also acknowledged. This research was funded through
CRC-CARE Project 3-3-01-05/6 and through The University of
Queensland Early Career Researcher scheme (2008003392).

References

Ali NA, Bernal MP, Ater M (2004) Tolerance and bioaccumu-
lation of cadmium by Phragmites australis grown in the
presence of elevated concentrations of cadmium, copper,
and zinc. Aquat Bot 80:163–176

Asher CJ, Edwards DG (1983) Modern solution culture
techniques. In: Lauchli A, Bieleski RL (eds) Encyclopedia
of plant physiology: inorganic plant nutrition. Springer-
Verlag, New York, pp 94–119

Barceló J, Poschenrieder C, Cabot C (1985) Cadmium,
manganese, iron, zinc and magnesium content of bean
plants (Phaseolus vulgaris L.) in relation to the duration
and the amount of cadmium supply. Z Pflanz Bodenkunde
148:278–288

Bowen HJM (1979) Soils. In: Bowen HJM (ed) Environmental
chemistry of the elements. Academic, London, pp 49–62

Brady DJ, Edwards DG, Asher CJ, Blamey FPC (1993)
Calcium amelioration of aluminium toxicity effects on
root hair development in soybean (Glycine max (L.)
Merr.). New Phytol 123:531–538

Cabrera D, Young S, Rowell D (1988) The toxicity of cadmium
to barley plants as affected by complex formation with
humic acid. Plant Soil 105:195–204

Cataldo DA, Garland TR, Wildung RE (1983) Cadmium uptake
kinetics in intact soybean plants. Plant Physiol 73:844–
848

Deifel KS, Kopittke PM, Menzies NW (2006) Growth response
of various perennial grasses under saline conditions. J
Plant Nutr 29:1573–1584

Dudka S, Miller WP (1999) Accumulation of potentially toxic
elements in plants and their transfer to human food chain.

J Environ Sci Health Part B Pestic Food Contam Agric
Wastes 34:681–708

GenStat (2003) GenStat for windows. Release 7.2, 7th edn.
VSN International, Oxford

Gillman GP, Bell LC (1978) Soil solution studies on weathered
soils from tropical North Queensland. Aust J Soil Res
16:67–77

Godbold DL, Kettner C (1991) Lead influences root growth
and mineral nutrition of Picea abies seedlings. J Plant
Physiol 139:95–99

Hassan MJ, Shao GS, Zhang GP (2005) Influence of cadmium
toxicity on growth and antioxidant enzyme activity in rice
cultivars with different grain cadmium accumulation. J
Plant Nutr 28:1259–1270

Hecht-Buchholz CH, Brady DJ, Asher CJ, Edwards DG
(1990) Effects of low activities of aluminium on soybean
(Glycine max). II. Root cell structure and root hair
development. In: van Beusichem ML (ed) Plant nutri-
tion—physiology and applications. Kluwer Academic,
Dordrecht, pp 335–343

Kopittke PM, Menzies NW (2006) Effect of Cu toxicity on the
growth of cowpea (Vigna unguiculata). Plant Soil
279:287–296

Kopittke PM, Asher CJ, Blamey FPC, Menzies NW (2007)
Toxic effects of Pb2+ on the growth and mineral nutrition
of signal grass (Brachiaria decumbens) and Rhodes grass
(Chloris gayana). Plant Soil 300:127–136

Kopittke PM, Asher CJ, Blamey FPC, Menzies NW (2008a)
Tolerance of two perennial grasses to toxic levels of Ni2+.
Environ Chem 5:426–434

Kopittke PM, Asher CJ, Menzies NW (2008b) Prediction of Pb
speciation in commonly used nutrient solutions. Environ
Pollut 153:548–554

Kopittke PM, Asher CJ, Blamey FPC, Menzies NW (2009a)
Toxic effects of excess Cu2+ on growth and mineral
composition of Sabi grass (Urochloa mosambicensis). Sci
Total Environ 407:4616–4621

Kopittke PM, Blamey FPC, Asher CJ, Menzies NW (2009b)
Trace metal phytotoxicity in solution culture: a review.

Kovar JL, Barber SA (1988) Phosphorus supply characteristics
of 33 soils as influenced by 7 rates of phosphorus addition.
Soil Sci Soc Am J 52:160–165

Lock K, Van Eeckhout H, De Schamphelaere KAC, Criel P,
Janssen CR (2007) Development of a biotic ligand model
(BLM) predicting nickel toxicity to barley (Hordeum
vulgare). Chemosphere 66:1346–1352

Mann SS, Rate AW, Gilkes AJ (2002) Cadmium accumulation
in agricultural soils in Western Australia. Water Air Soil
Pollut 141:281–297

Marschner H (1995) Mineral nutrition of higher plants.
Academic, London, p 889

Martinie GD, Schilt AA (1976) Investigation of the wet
oxidation efficiencies of perchloric acid mixtures. Anal
Chem 48:70–74

McLaughlin MJ, Tiller KG, Hamblin A (1996) Managing
cadmium in Australian agriculture. In fertilizers as a
source of cadmium. Organisation for economic co-
operation and development, Paris, France, pp 189–217

Menzies NW, Bell LC (1988) Evaluation of the influence of
sample preparation and extraction technique on soil
solution composition. Aust J Soil Res 26:451–464

522 Plant Soil (2010) 330:515–523



National Research Council (U.S.) (2005) Mineral tolerance of
animals. National Academy of Sciences, Washington,
p 510

Parker DR, Norvell WA (1999) Advances in solution culture
methods for plant mineral nutrition research. Adv Agron
65:151–213

Parker DR, Norvell WA, Chaney RL (1995) GEOCHEM-PC:
A chemical speciation program for IBM and compatible
personal computers. In: Loeppert RH, Schwab AP, Gold-
berg S (eds) Chemical equilibrium and reaction models.
Soil Science Society of America and American Society of
Agronomy, Madison, pp 253–269

Parkhurst D (2007) PhreeqcI v2.13.04. United states geological
survey. http://water.usgs.gov/owq/software.html

Pinkerton A, Smith FW, Lewis DC (1997) Pasture species. In:
Reuter DJ, Robinson JB (eds) Plant analysis: an interpre-
tation manual. CSIRO, Collingwood, pp 287–346

Pinot F, Kreps SE, Bachelet M, Hainaut P, Bakonyi M, Polla
BS (2000) Cadmium in the environment: sources, mech-
anisms of biotoxicity, and biomarkers. Rev Environ Health
15:299–323

Ramos I, Esteban E, Lucena JJ, Gárate A (2002) Cadmium
uptake and subcellular distribution in plants of Lactuca sp.
Cd-Mn interaction. Plant Sci 162:761–767

Reisenauer HM (1966) Mineral nutrients in soil solution. In:
Altman PL, Dittmer DS (eds) Environmental Biology.
Federation of American societies for experimental biology,
Bethesda, pp 507–508

Sheldon AR, Menzies NW (2005) The effect of copper toxicity
on the growth and root morphology of Rhodes grass
(Chloris gayana Knuth.) in resin buffered solution culture.
Plant Soil 278:341–349

Smolders E, McLaughlin MJ (1996) Effect of Cl on Cd uptake
by Swiss chard in nutrient solutions. Plant Soil 179:57–64

Taylor GJ, Stadt KJ, Dale MRT (1991) Modeling the
phytotoxicity of aluminum, cadmium, copper, manganese,
nickel, and zinc using the Weibull frequency-distribution.
Can J Bot 69:359–367

Wallace A, Romney EM, Alexander GV, Soufi SM, Patel PM
(1977) Some interactions in plants among cadmium, other
heavy metals and chelating agents. Agron J 69:18–20

Wenzl P, Patino GM, Chaves AL, Mayer JE, Rao IM (2001)
The high level of aluminum resistance in signalgrass is not
associated with known mechanisms of external aluminum
detoxification in root apices. Plant Physiol 125:1473–1484

Wharton DA (1991) Freeze-substitution techniques for prepar-
ing nematodes for scanning electron microscopy. J
Microsc (Oxford) 164:187–196

Wierzbicka M (1999) Comparison of lead tolerance in Allium
cepa with other plant species. Environ Pollut 104:41–52

Wu FB, Wu HX, Zhang GP, Bachir DML (2004) Differences in
growth and yield in response to cadmium toxicity in
cotton genotypes. J Plant Nutr Soil Sc 167:85–90

Yang X, Baligar VC, Martens DC, Clark RB (1996) Cadmium
effects on influx and transport of mineral nutrients in plant
species. J Plant Nutr 19:643–656

Plant Soil (2010) 330:515–523 523

http://water.usgs.gov/owq/software.html

	Toxicity of Cd to signal grass (Brachiaria decumbens Stapf.) and Rhodes grass (Chloris gayana Kunth.)
	Abstract
	Introduction
	Materials and methods
	Experimental design and plant growth
	Data analysis
	Microscopy

	Results
	Solution and tissue composition
	Plant growth and symptoms of toxicity

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


