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Contamination of soils with cadmium (Cd) is a serious global issue due to its high mobility and toxic-
ity. We investigated the application of insoluble polyacrylate polymers to improve soil and plant health.
Sorghum was grown in a Cd-contaminated sandy soil. Polyacrylate polymers at 0.2% (w/w) were added
to half of the soil. Control soil without plants was also included in the experiment. Growth of sorghum
was stimulated in the polymer-amended soil. The concentration of Cd in the shoots, and the activities
of catalase and ascorbate peroxidase decreased in plants from polymer-amended soil compared with
unamended control. The amount of CaCl,-extractable Cd in the polymer-amended soil was 55% of that
in the unamended soil. The Cd extracted in sorghum shoots was 0.19 mg per plant grown on soil without
polymer and 0.41 mg per plant grown on polymer-amended soil. The total amount of Cd removed from
each pot corresponded to 1.5 and more than 6% of soil CaCl,-extractable Cd in unamended and polymer-
amended soil, respectively. The activities of soil acid phosphatase, 3-glucosidase, urease, protease and
cellulase were greatest in polymer-amended soil with sorghum. In conclusion, the application of poly-
acrylate polymers to reduce the bioavailable Cd pool seems a promising method to enhance productivity
and health of plants grown on Cd-contaminated soils.
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1. Introduction

Soil contamination with cadmium (Cd) is a serious global issue
due to its mobility and toxicity to plants and soil organisms. Fur-
thermore, Cd may easily be transferred to the food chain and affect
human health. The main sources of Cd are atmospheric deposi-
tion and some commercial phosphatic fertilizers, but other sources
include municipal wastes and biosolids [1]. Inputs into soils exceed
losses [2] and Cd content in soils is therefore likely to increase. The
total content of Cd in soils varies between 0.01 and 1.1 mg Cd kg~!
DM, with higher values indicating anthropogenic contamination
[3]. Cropped soils are considered safe if the total Cd concentra-
tion in the soil does not exceed 2mgkg~!, but above this level
there are health risks for humans and animals [4]. Soil microbes
are even more sensitive to Cd because they are in direct contact
with the contaminated soil and can be damaged by levels of Cd
above 0.08 mgkg~! DM [4]. Soil microrganisms play an important
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role in maintaining soil fertility and health, as they are involved in
biological cycles of important nutrients.

There is the need to select plants that can be grown in con-
taminated soils to retain metals and reduce losses via erosion or
percolation through the soil profile [5]. Sorghum is relatively tol-
erant to Cd; in nutrient solution, biomass accumulation was even
enhanced for low levels of Cd (up to 1 mgL~! or 8.9 wM) and shoots
had around 150 mg Cdkg~! DM without any visual symptoms of
toxicity [6]. Sorghum is the fifth most important cereal in the world,
used as a main staple food or as animal feed, and the agronomic
requirements for successful production are well established. It is
a drought and heat tolerant plant [7] that can also be used as an
energy crop for the production of bioethanol [8], which will be a
major advantage if it were to be grown in contaminated soils.

Sorghum responds to Cd exposure with a significant increase
of thiol groups inside the plant that can sequester the metal, but
there is a maximum capacity for synthesis of these molecules in
plant tissues [9]. Little is known about biochemical responses to Cd
toxicity in sorghum, but metal toxicity in several species leads to
an increased production of reactive oxygen species (ROS) [10]. ROS
such as superoxide (0,°~), hydrogen peroxide (H,0;), hydroxyl
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Table 1

Characteristics of the soil used in the experiment.
Texture Sand
Organic C (gkg™1) 1.4
pH? 6.3
Total Cd (mgkg™") 204
Extractable Cd (mgkg~1)° 9.8
Extractable P (mgkg~1)¢ 2.7
Extractable K (mgkg=1) 25

2 A water: soil ratio of 2.5 (v/m) was used.

b Extraction with 0.01 M CaCl,.

¢ Extraction with 0.1 M ammonium lactate+0.4M acetic
acid, pH 3.7.

radicals (HO*) and singlet oxygen (10,), are produced in living
cells and can be toxic at high concentrations because they can
lead to lipid peroxidation, enzyme inactivation, membrane leak-
age and DNA damage [11]. Plants can activate several enzymatic
defense pathways which include superoxide dismutase (SOD) to
dissipate superoxide radicals, and catalase (CAT) and ascorbate per-
oxidase (APX), involved in the dissipation of H,O, [10]. The balance
between SOD, APX and CAT activities in cells is crucial to determine
the steady-state level of superoxide radicals and hydrogen peroxide
[12].

When soils are severely contaminated, amendments are needed
to decrease the bioavailable pool and allow the establishment of
plants [13]. Some of these amendments include additives used in
agriculture such as lime and organic matter, but others are indus-
trial products such as zeolites [14] or polyacrylate polymers. In
artificially Cd-contaminated soils, polyacrylate polymers were able
to remove at least 70% of the Cd in soil solution [15,16]. It is
estimated that over 130 Gg of polyacrylates are used annually in
diapers, paper towels and feminine products [17], and the lack of
toxicity of these products is well established.

To test the effect of the application of insoluble polyacrylate
polymers, it was necessary to choose indicators to monitor the
improvement in soil and plant health. In the present work, we used
plant growth, Cd concentration in the shoots and the activities of
SOD, CAT and APX as indicators of plant health.

Biological indicators of soil health are numerous and include
microbial activity and enzymatic activities related with nutrient
cycling [18]. We chose to use soil dehydrogenase (microbial activ-
ity), soil enzymes related with C, N and P cycles, and bioavailable
Cd to evaluate soil health.

The objectives of the present work were: (i) to test the use of
polyacrylate polymer to decrease the Cd bioavailable pool in the
soil, and enhance soil and plant health. (ii) To study the use of
shorghum to extract Cd from the contaminated soil.

2. Materials and methods
2.1. Experimental set up

A Cd-contaminated soil (Haplic Podzol) from Pegdes (38°24'N,
8°35’'W), poor in organic matter and nutrients was used in the
experiment (Table 1). This coarse-textured soil can be considered a
long-term Cd-contaminated soil, as the extractable level of Cd had
been stable over periods of months (data not shown).

The soil was passed through a 5-mm sieve and received a basal
dressing of 125mg P and 25 mgkg~! of soil. The nutrients were
supplied as calcium dihydrogen phosphate and magnesium sul-
phate, which were mixed thoroughly with the soil. Hydrophilic
polyacrylate polymers (—CH,CHCOOH—),, with K* (210mg Kg~!
of polymer) or NH4* (100mg Ng-1 of polymer) as counter ions
were added at 0.2% (0.1% of each polymer on a weight basis) to
half of the soil at the time of the basal dressing. The polymers used

were synthesized at our request by Marion-Roussel Ltd. They had
linear chains with molecular weights of about 40 million, joined
together by physical entanglements (i.e. without chemical cross-
links).

The soil that received polymer was not supplied with addi-
tional K or N, while the other half received potassium sulphate and
ammonium nitrate to compensate for the difference in K and N
supply, so that all pots received 210mg K and 100mg Nkg~! DM
of soil.

For each treatment (with or without polymer), eight plastic
pots were filled with 10kg of soil. Sorghum (Sorghum bicolor (L.)
Moench) was sown on May 2007 in half of the pots for each treat-
ment, and plant number was adjusted to 8 per pot two weeks later.
The pots were kept in an outside area protected with a net (min-
imum temperature: 13°C; maximum temperature: 30°C). Pots
were weighed every other day and water added so that water con-
tent varied between 70 and 80% of the maximum water retention
capacity.

Plant shoots (above-ground parts) were harvested two months
after sowing, weighed, and cut into 5-cm fragments. Part of the
plant material was immediately frozen in liquid nitrogen and kept
at —75°Cuntil analyzed for enzymatic activity. The remaining plant
material was weighed, dried at 65 °C, and weighed again.

The soil was removed from each pot, mixed, and a sample taken
for analysis.

2.2. Plant analysis

Dried shoots were ground and 0.5g samples were digested
with 5mL of concentrated nitric acid in a microwave oven (CEM
MDS-2000) for 45 min. The solutions were then analyzed for Cd
by electrothermal atomic absorption spectrophotometry (Unicam
Solaar M).

Frozen shoots samples (0.5g) were quickly macerated with a
pestle and mortar in the cold (below 4°C) with 1 mL of 100 mM
Tris-HCI buffer (pH 7.8) containing 3 mM dithiothreithol and 1 mM
EDTA, and in the presence of 2% (w/w) insoluble polyvinylpolypy-
rollidone. Crude extracts for ascorbate peroxidase activity also
contained 10mM ascorbate. The homogenate was centrifuged
(10,000 x g for 30 min) and the supernatant filtered (0.20 wm). Two
independent samples were analyzed from the frozen material cor-
responding to each pot (a total of eight analyses per treatment).

Catalase activity (EC1.11.1.6) was determined according to Aebi
[19] by measuring the decrease in absorbance at 240 nm for 2 min,
in a solution containing 10 mM of H,0, in 50 mM phosphate buffer
(pH 7.0). One unit (U) of enzymatic activity was defined as the con-
sumption of 1 wmol H,0, per min and per cm3 using a coefficient
of absorbance of 39.4mM~1 cm~1.

Superoxide dismutase activity (EC 1.15.1.1) was determined by
measuring the increase in absorbance at 550 nm for 2 min in a
solution containing 0.5 mM xanthine, 0.05 mM ferricytochrome c,
0.1mM EDTA and xanthine oxidase in 100 mM potassium phos-
phate buffer (pH 7.6) according to Rubio et al. [20]. One unit (U) of
enzymatic activity was defined as the quantity of enzyme needed
to inhibit the reduction of ferricytochrome-C by 50% per minute.

Ascorbate peroxidase (EC 1.11.1.11) activity was determined
according to Ali et al. [21] in a reaction mixture contained 0.25 mM
ascorbic acid and 0.3 mM hydrogen peroxide in 50 mM phosphate
buffer (pH 7.0), following the decrease in absorbance at 290 nm.
One unit (U) of enzymatic activity was defined as the consump-
tion of 1 wmol ascorbate per min and per cm? using a coefficient of
absorbance of 2.8 mM~! cm~1.

All absorbance determinations were measured using a Hitachi
U-2000 UV/Vis Spectrophotometer (Tokyo, Japan). The enzymatic
activities of catalase, superoxide dismutase and ascorbate peroxi-
dase were reported as units (U) per g of fresh weight.
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2.3. Soil analysis

All soil samples were sieved (<2 mm) before analysis. Fresh
soil samples were immediately analyzed for dehydrogenase activ-
ity according to Tabatabai [22]. Soils were incubated for 16 h, at
25°C, with 0.1% (w/v) triphenyltetrazolium chloride in Tris-buffer
(0.1 M, pH 7.6), and the triphenylformazan formed was quantified
spectrophotometrically, at 546 nm. Dehydrogenase activity corre-
sponds to the overall activity of intracellular enzymes that catalyze
oxidoreduction reactions of organic compounds.

Air-dried samples were used to measure pH in water (water:soil
ratio of 2.5, v/w) and extractable Cd. Five grams of soil were shaken
with 50mL of 0.01 M CaCl, for 2h and the suspension was fil-
tered and analyzed for Cd by electrothermal atomic absorption
spectrophotometry (Unicam Solaar M). Two independent repli-
cates were performed for each sample and blanks were measured in
parallel. CaCl,-extractable Cd is considered as the mobile fraction,
sometimes referred to as the “effective bioavailable metal fraction”
[23].

Other soil samples were frozen at —20°C until analyzed for
several enzymatic activities. Cellulases were determined accord-
ing to Hope and Burns [24]. In the context of this work, the term
refers to the combined action of endo-1,4-3-p-glucanase, exo-1,4-
B-D-glucanase and (-D-glucosidase on Avicel (Fluka), a purified
depolymerised alpha cellulose, for 16 h at 40°C, in a 0.1 M acetate
buffer (pH 5.5, 0.2% NaN3). The released reducing sugars were
determined spectrophotometrically at 520 nm, after the addition
of copper (II) and molybdo-arsenate.

Acid phosphomonoesterase (EC 3.1.3.2) and [3-glucosidase (EC
3.2.1.21) were measured by incubating the soil with a substrate
containing a p-nitrophenyl moiety [25,26]. For acid phosphatase,
the soil was incubated with p-nitrophenyl phosphate in modified
universal buffer (pH 6.5) at 37 °C. After 1 h, 0.5M CaCl, was added
to stop the reaction and the p-nitrophenol released was extracted
with 0.5 M NaOH and measured spectrophotometrically at 400 nm.
For B-glucosidase the procedure was the same, except that the
substrate used was p-nitrophenyl--p-glucopyranoside, and the p-
nitrophenol released was extracted with 0.1 M THAM-NaOH, pH
12.0.

Acid phosphomonoesterase (acid phosphatase) catalyses the
hydrolysis of organic P esters into inorganic P, and [3-glucosidase
catalyses the hydrolysis of carbohydrates with 3-p-glucoside bonds
like cellobiose, providing energy substrates for soil heterotrophic
microrganisms.

Urease (EC 3.5.1.5) was determined according to Kandeler and
Gerber [27], by measuring the NH3 released after incubating the
soil with a solution of urea for 2h at 37°C, in a borate buffer
(pH 10). The ammonium content of the centrifugated extracts was
determined spectrophotometrically, at 690 nm, after reaction with
sodium dicloroisocyanide 0.1%. Urease catalyses the hydrolysis of
urea to CO;, and NHs.

Protease activity was determined after the incubation of 1g of
soil with sodium caseynate (2%, w/v) in Tris-buffer pH 8.1, during
2h at 50°C [28]. The tyrosine formed reacted with Folin-phenol

Table 2

Biomass accumulation, and Cd concentration and content in shoots of sorghum
grown in a Cd-contaminated soil, with or without application of polyacrylate
polymers.

Polymer Dry weight Cd concentration Cd present in shoots
(g per pot) (mgkg~! DW) (mg per plant)

- 14.8b 100.4 a 0.19b

+ 935a 353b 0.41a

Values in a column followed by the same letter are not significantly different as
estimated by the Newman-Keuls test at p <0.05.
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Fig. 1. Activities of plant enzymes related to oxidative stress defense mechanisms.
(A) Catalase; (B) ascorbate peroxidase. In each figure, values followed by the same
letter are not significantly different as estimated by the Newman-Keuls test at
p<0.05.

reagent to form a blue complex, which was determined spectropho-
tometricaly at 700 nm. The term protease includes several enzymes
that catalyze the hydrolysis of proteins and oligopeptides to amino
acids.

2.4. Statistics

All data were analyzed for variance by the General Linear
Model (GLM) and mean separation was performed using the
Newman-Keuls test at p <0.05.

3. Results

Growth of sorghum was considerably greater in polymer-
amended soil than in unamended control (Table 2). In contrast, Cd
concentration was smaller in the shoots of plants from polymer-
amended soil than in those from soil without polymer.

The activities of plant enzymes related to oxidative stress
defense mechanisms responded differently to polymer applica-
tion to soil. CAT and APX had greater activities in plants from
unamended soil than in those from soil with polymer (Fig. 1). In
contrast, SOD activity did not respond to treatment and had an
average value of 0.05U g~ ! fresh weight (data not shown).

The amount of CaCl,-extractable Cd present in the unamended
soil was about 1.8 times greater than that from soil amended with
polymer (Fig. 2A). The presence of sorghum did not lead to any
significant changes in CaCl,-extractable Cd.
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Fig. 2. Soil CaCl,-extractable Cd and activity of hydrolytic enzymes expressed per hour and gram of dry soil. In each figure, values followed by the same letter are not

significantly different as estimated by the Newman-Keuls test at p<0.05.

Although the Cd bioavailable pool decreased following poly-
mer application, more Cd was extracted by sorghum (0.41 mg per
plant) from polymer-amended soil than from soil without polymer
(0.19 mg per plant). This resulted from the greater biomass accu-
mulation by sorghum in the polymer-amended soil. In terms of the
amounts of Cd removed per kilogram of soil, these corresponded to
0.33 and 0.15 mg, respectively. In turn, the values represented 1.5%
of the CaCl,-extractable Cd in unamended soil, and more than 6%
in the polymer-amended soil.

The dehydrogenase activity did not respond to treatments and
had an overall average value of 65ng triphenylformazang=—1h-!
(Fig. 2G).

The activities of all other soil enzymes tested (protease, urease,
acid phosphatase, 3-glucosidase and cellulase) had the greatest val-
ues in polymer-amended soil with sorghum (Fig. 2). 3-Glucosidase
was stimulated by polymer application even in the absence of
sorghum (Fig. 2F). The other enzymes were consistently stimulated
by the presence of sorghum, even in unamended soil.

4. Discussion

The soil used in the experiment had a total concentration of
Cd of about 20mgkg~! DM, of which approximately half was
CaCl,-extractable and could be considered as bioavailable (Table 1).
Depending on soil properties, level of contamination, and the
method used for Cd extraction, the bioavailable fraction of Cd in
soils can vary from less than 10% to more than 80% [29,30,31]. A
soil with 20mg Cdkg~! should not be used to grow edible crops,
as it exceeds the maximum limits for Cd in arable soils that range
between 0.4 and 3 mgkg~! [32]. Soils severely contaminated have
either to be set aside, be subjected to remediation, or be used

for alternative crops such as those to be used for biofuel produc-
tion.

The results show that sorghum can be grown in a Cd-
contaminated soil, although growth was impaired when plants
were grown in unamended soil compared with plants from soil
receiving polymer (Table 2). In fact, polymer application to the soil
led to a six-fold increase in biomass accumulation by sorghum.
Therefore, plant growth was greatly stimulated when the soil Cd
bioavailable pool was depleted by application of polyacrylate poly-
mers. Polyacrylate polymers contain many carboxyl groups capable
of forming chelates with metals. In fact, applying polymers to the
soil decreased the CaCl,-extractable Cd by more than 40% (Fig. 2A).
Considering it is a long-term contaminated soil, this result com-
pares favourably with the depletion of 70% of the Cd in soil solution
in artificially Cd-contaminated soils reported previously [15,16].

The concentration of Cd in the shoots of sorghum grown
in polymer-amended soil was 35mgkg-! compared with
100mgkg~! in plants from unamended soil (Table 2). Together
with the changes in biomass, these results show that application
of polyacrylate polymers protects plants from excessive levels of
Cd.

Although there is no definite understanding of the biochemical
responses of plants to Cd, it is now generally accepted that Cd tox-
icity is associated with an increase in ROS [33,34]. These species
are constantly produced due to leakages from the electron trans-
port chain, but plants usually keep ROS at acceptable levels with
antioxidative enzymatic responses. Few studies on Cd toxicity have
been carried out in soil-grown plants and no information is avail-
able for sorghum. It is known, however, that chromium at toxic
levels enhances the levels of SOD, CAT and APX in sorghum grown
for 10 days in a nutrient solution [35].
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In the present experiment, the activity of SOD was not affected
by treatment. In wheat an increase in SOD activity in leaves after
two weeks of growth was only observed for a level of Cd of
33mgkg! [33]. This might indicate that there was no excessive
accumulation of superoxide anions in sorghum or that after two
months of plant growth these had been dissipated. Alternatively,
the decrease in the Cd concentration in the shoots in plants from
polymer-amended soil was not sufficient to cause a change in this
enzymatic activity.

In contrast, the activities of CAT and APX were affected by treat-
ment (Fig. 1). Both these enzymes are involved in intracellular
H,0, removal. CAT is exclusively present in peroxisomes while
APX is present in almost all cellular compartments [12]. CAT and
APX activities increased in several plant species exposed to Cd
[10,33,36] and CAT transcripts were induced in pea plants exposed
to Cd [34].

In the present work, the increase of both CAT and APX activi-
ties seemed to be important to prevent oxidative damage caused
by excess H,0,. The lower concentration of Cd in plants grown in
polymer-amended soil seemed to decrease the need for CAT and
APX in sorghum cells. In fact, in sorghum from unamended soil the
activities of these enzymes were about eight times greater than in
plants from polymer-amended soil (Fig. 1). In Arabidopsis thaliana
the major cause of oxidative stress was the accumulation of hydro-
gen peroxide, and APX seemed to have a crucial role in Cd tolerance
[37].

Cadmium is considered particular toxic towards soil micror-
ganisms, although severe adverse effects have generally only been
detected for high Cd concentrations. For example, Moreno et al. [38]
reported that dehydrogenase activity only decreased for Cd concen-
trations greater than 800 mg kg~! of soil. In the present experiment,
the treatment (application of polyacrylate polymers and a plant
cover) had no effect on the overall activity of the microbial pop-
ulation, as there were no significant differences in dehydrogenase
activity (Fig. 2G). Chronic exposure to trace elements may change
microbial communities with an increase in metal-resistant species
[39]. Alternatively, physiological adaptations may take place, such
as physical exclusion or intracellular sequestration [40]. Either the
microrganisms present were well adapted to high levels of Cd, or
the microbial community changed as a result of the treatment but
maintained a similar overall activity.

Although the microbial activity was unchanged by treatment,
activities of soil enzymes related to C, N and P cycles were
increased by polymer application and the presence of sorghum
(Fig. 2B-F). There are two possible explanations for this increase.
First, plant exudates could contribute to the labile organic mat-
ter pool, providing new sources of nutrients to soil microrganisms.
The increase in all enzymes when sorghum was present (both in
unamended and polymer-amended soil) supports this hypothesis.
However, although sorghum exudates are capable of chelat-
ing Cd this seemed to result in enhanced bioavailability of Cd,
and not the opposite [9]. Second, Cd has a particular affinity
for sulfhydryl groups and also reacts with hydroxyl groups and
nitrogen-containing ligands. Consequently, the metal ion can inac-
tivate enzymes such as acid phosphatases [41]. The decrease in
bioavailable Cd due to polymer application could thus result in
a greater activity of hydrolytic soil enzymes, although only 3-
glucosidase was stimulated by polymer application in the absence
of sorghum.

Sorghum grown in unamended soil had a Cd concentration in
shoots of 100 mgkg~! (Table 2), the threshold value for hyperac-
cumulators indicated by Baker et al. [42]. However, plant biomass
was greatly impaired, and the amount of Cd extracted from the soil
and accumulated in the shoots was only 0.15mgkg~! of soil, cor-
responding to just 1.5% of the bioavailable fraction (extracted with
CaClz )

In polymer-amended soil, biomass accumulation was greatly
enhanced, so that over a short period of just two months sorghum
extracted 0.33 mg Cdkg~! of soil, corresponding to more than 6%
of the bioavailable pool. Although the Cd concentration in sorghum
shoots was smaller than in plants from unamended soil (Table 2),
it was still well over the threshold value of 10 mg kg~! needed for
a phytoextraction process to be considered feasible [43].

5. Conclusions

Growth and health of sorghum was greatly improved fol-
lowing the application of insoluble polyacrylate polymers to a
Cd-contaminated soil. The concentration of Cd in the shoots and
the activities of catalase and ascorbate peroxidase were smaller
in plants from amended soil. The presence of a plant cover and
the decrease in soil bioavailable Cd following polymer application
resulted in improved soil health as shown by a greater activity
of soil hydrolytic enzymes related to C, N and P cycles. Sorghum
could be used to extract Cd from the soil as the bioavailable soil
pool was depleted by more than 6% over a period of just two
months.
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