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Abstract We investigated the extent of Sb uptake
by maize (Zea mays) and sunflower (Helianthus
annuus) from nutrient solutions containing concen-
trations from 3 to 24 mg/L of potassium antimonate,
with the aim of determining the potential of Sb to
enter the food chain. The maximum shoot Sb
concentrations in Z. mays and H. annuus were
41 mg/kg and 77 mg/kg dry weight, respectively.
There was no significant difference in Sb uptake
between species. The average bioaccumulation coef-
ficients (the plant/solution concentration quotients)
were 1.02 and 1.93 for Z. mays and H. annuus,
respectively. Phosphate addition did not affect plant
growth or Sb uptake. Antimony uptake by both
Z. mays and H. annuus is unlikely to pose a health
risk to animals and humans.
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Introduction

Antimony (Sb) is a rare element in the Earth’s crust,
occurring at 0.2-0.3 mg/kg (Rish 2004). Common
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minerals are sulfides (in particular stibnite Sb,S3) and
oxides (valentinite Sb,O; and cervantite Sb,Qy,).
However, it has become widespread in the environ-
ment because of its industrial uses in fire retardants,
semiconductors, and as an agent for metal hardening
(Filella et al. 2002). Antimony consumption has
increased with global economic growth, resulting in
elevated Sb concentrations in soils and natural
waters, where it may affect plants, animals, and
humans.

In Switzerland, high levels of Sb occur in soils
associated with the approximately 2,000 shooting
ranges scattered throughout the country (Gresch and
Wettstein 2002). On average, new bullets and pellets
consist of over 90% Pb, 1-7% Sb, <2% arsenic (As),
and <0.5% nickel (Ni) (Rooney et al. 1999). Johnson
et al. (2005) reported that Sb was the most soluble
and mobile of all the trace element contaminants in
Swiss shooting ranges. Wersin et al. (2002) reported
elevated Sb concentrations in receiving waters near a
Swiss shooting range.

Antimony is a nonessential element for both plants
and animals. Antimony is toxic to humans at chronic
uptake rates exceeding 100 mg/d (Bowen 1979); rats
are susceptible to an intake of 11-75 mg/d. Due to its
toxicity and potential carcinogenic nature, there are
regulations regarding human exposure to Sb in the
workplace (Rish 2004). The European Union (EU)
limit for Sb in drinking water is 5 pg/L (Filella et al.
2002). The European Commission has set a threshold
of 0.04 mg Sb/kg for plastic materials and articles
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intended to come into contact with food (EU 2005).
To date, there are no Swiss limits for antimony in soil
and food. The Dutch intervention values for Sb in soil
and groundwater are 15 mg/kg and 20 pg/L, respec-
tively (Swartjes 1999).

The biogeochemical behavior of Sb is in similar to
the other group VI elements arsenic (As) and
phosphorous (P). It is a metalloid that exists in four
oxidation states: —III, O, +III, and +V. In the
environment, Sb usually occurs as Sb(III) (antimo-
nite) and Sb(V) (antimonate) in reducing and
oxidizing conditions, respectively. In soils, Sb(III)
is oxidized within hours to Sb(V) (Krachler et al.
2001).

Compared to other trace elements, Sb is relatively
mobile in soils, increasing the likelihood of its entry
into the food chain via plant uptake (Gresch and
Wettstein 2002). Ainsworth et al. (1990a) measured
Sb concentrations in the leaves of several grasses
growing adjacent to an Sb smelter in Northeast
England, where soil Sb concentrations reached
400 mg/kg. They found leaf Sb concentrations of
over 300 mg/kg in some samples. Grasses grown near
the smelter in pots that contained noncontaminated
soil had similar Sb concentrations to plants growing
in contaminated soil. This indicated that leaf Sb
burden came from surface deposition, rather than
plant uptake. Nevertheless, invertebrates and mam-
mals that fed on these plants had elevated Sb
concentrations in various tissues (Ainsworth et al.
1990b).

Baroni et al. (2000) reported Sb levels of over
1,000 mg/kg in the basal leaves of Achillea ageratum
growing in a mine soil containing 9,000 mg/kg Sb.
Other species growing in the same soil also had foliar
Sb concentrations greater than 100 mg/kg. Con-
versely, Pratas et al. (2005) reported maximum
stem concentrations of less than 5 mg/kg Sb for
species growing in a Portuguese mine soil with an
average soil concentration of 663 mg/kg. There is a
lack of information on possible mechanisms of Sb
toxicity in plants.

The aforementioned studies indicate that there is
large interspecific variability in plant uptake of Sb
and that surface deposition can account for a large
proportion of total Sb content of plant stems and
foliage collected in the field.

Given that Sb has similar chemical properties to
As and P, plants may take it up by the same
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mechanism. It has been shown that the addition of P
to soil affects plant uptake of As by competing for
binding sites in the soil, thus enhancing solubility,
and competing for transporters into the plants, thus
reducing uptake of the soluble As (Woolson et al.
1973). However, there are no comparable studies on
the possible effects of P on plant Sb uptake.

This study aimed to determine the extent of Sb
translocation into the shoots of two crop plants, Zea
mays (L.) and Helianthus annuus (L.) and to reveal
whether phosphate addition affects plant uptake of
Sb. Our experiments used antimonate (Sbv), because
it is the most common chemical species in water and
soil solution (Filella et al. 2002). We chose a
hydroponic system for our experiments to eliminate
surface contamination and the influence of soil
parameters.

Material and methods

We grew maize (Z. mays (L.) cv. Magister, a
monocotyledon) and sunflower (H. annuus (L.) cv.
Iregi, a dicotyledon) in a climate chamber (photope-
riod 16 h) with a temperature of 22°C/14°C (day/
night) and light intensity of 11,000 lux. Seeds were
germinated in quartz sand. After 2 weeks, they were
transferred to 30-L plastic boxes containing a mod-
ified Hoagland’s nutrient solution. The nutrient
solution consisted of 0.4 mM Ca(NOs),, 0.2 mM
MgSO4, 0.1 mM KH2PO4, 0.5 mM KNO3, 0.01 mM
NaFe(IIDEDTA, 0.01 mM H3;BOj;, 2 uM MnSO,,
0.2 uM ZnSOy, 0.2 uM CuSOy, 0.1 uM NapyMoO,,
and 0.02 mM NaCl (Krdmer et al. 1996).

Two weeks later, single plants were transferred to
1-L plastic vessels containing the treatment solutions.
These comprised modified Hoagland’s solution and
added Sb in the absence or presence of phosphate
(POY) in the solution. Antimony was added as
KSb(OH)g to the nutrient solution at concentrations
of 0, 3, 6, 12, 18, and 24 mg/L, in combination with
either 0 or 3 mg/L P. Each treatment had two
replicates. Solutions were adjusted to pH 6 with
NaOH, continually aerated, and replaced weekly.

After 1 week in the treatment solutions, plants
were harvested and the roots and shoots were
separated and dried at 65°C to constant weight. Dried
shoots were digested with aqua regia in closed Teflon
vessels in microwave (MLS) digestion system. The
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total Sb concentrations were measured using hydride
generation atomic fluorescence spectroscopy (HG-
AFS) (PSAnalytical). We analyzed a reference
material (Virginia tobacco leaves IC-CTA-VTL2)
and obtained a recovery of 94.5%. Statistical analyses
(analysis of variance and regression) were performed
with SPSS 13.0 (SPSS 2004).

Results

Antimony produced no toxicity symptoms in the
plants even at the highest Sb concentrations. There
was no significant decrease in the biomass of plants
treated with Sb compared to the untreated controls.
The average dry biomass of the plants at the end of
the experiment was 2.4 4+ 0.11 g for maize and
1.8 & 0.06 g for sunflowers. The water use during
the 1-week treatment was 0.22 £ 0.01 L for maize
and 0.22 £ 0.006 L for sunflowers. In previously
identical experiments using As, short-term phytotox-
icity appeared at concentrations of 3 mg/L. (Tschan
and Schulin 2006). The experiments indicate that Sb
is less phytotoxic than As. However, the 1-week
length of our treatment period precludes any conclu-
sions regarding Sb toxicity over the lifecycle of the
plant.

Antimony uptake by both species was significantly
and positively correlated with Sb concentration in the
nutrient solution (Figs. 1 and 2). The maximum shoot
Sb concentrations for Z. mays and H. annuus were 41
and 77 mg/kg dry wt., respectively. These occurred at
respective solution concentrations of 18 and 30 mg/

L. There was no significant difference in Sb uptake
between species. The average bioaccumulation coef-
ficients, defined here as the plant/solution
concentration quotients, were 0.93 and 1.33 for
Z. mays and H. annuus, respectively, in absence of
P. Phosphate addition had no significant effect on the
uptake of Sb (Figs. 1 and 2). It neither increased
growth nor induced phytotoxicity.

Discussion

Zea mays and H. annuus took up Sb from nutrient
solution, and transported some into shoots. The extent
of Sb translocation, as indicated by the bioaccumu-
lation coefficient, was lower than that found for some
other common trace elements. Tandy et al. (2006)
found in similar experiments using Cu, Zn, and Pb
that the bioaccumulation coefficients for sunflowers
in hydroponics were: 6.2, 123, and 0.02 for Cu, Zn,
and Pb, respectively. Our experiments reveal the rate
of Sb uptake over 1 week, rather than the total Sb
accumulated over the lifetime of the plant. Therefore,
the Sb concentration in mature plants may be
different than we report here.

Johnson et al. (2005) found concentrations of up to
6 mg/L. Sb in leachates from shooting range soil
samples with total Sb concentrations up to 10 g/kg.
Based on this data and using our bioaccumulation
coefficients, the predicted uptake, not allowing for
any modifying soil factors, would be 5.6 mg/kg for
maize and 8.0 mg/kg for sunflowers. Given that
100 mg/d is chronically toxic (Bowen 1979), an
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animal would have to consume more than 0.9 kg of
maize or 1.3 kg of sunflower a day (assuming
concentrations of 77 mg/kg in sunflowers) over a
longer period. The direct consumption of soil (which
contained up to 10,000 mg/kg Sb) by herbivores or
children poses a greater threat.

The observation that phosphate did not affect the
uptake and toxicity of Sb indicates that Sb, unlike As,
is not taken up via the phosphate pathway. This may
be due to the different structures of their pentavalent
oxyanions. Arsenate (AsO37) is tetrahedral while
Sb(OH)g is octahedral (Baes and Mesmer 1986). The
linear uptake of Sb by plants in these experiments
indicates that plants either taken up Sb by another
selective pathway, which was not at saturation in our
experiment, or via a nonselective apoplastic pathway
(Bell et al. 2003).
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