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Abstract: Cadmium (Cd) is a very toxic heavy metal occurring in places with anthropogenic activities,
making it one of the most important environmental pollutants. Phytoremediation plants are used
for recovery of metal-contaminated soils by their ability to absorb and tolerate high concentrations
of heavy metals. This paper aims to evaluate the potential of grasses in phytolith production in
soils contaminated with Cd. The experiments, separated by soil types (Typic Quartzipsamment,
Xanthic Hapludox and Rhodic Hapludox), were conducted in a completely randomized design
with a distribution of treatments in a 3 × 4 factorial scheme with three replications. The factors
were three grasses (Urochloa decumbens, Urochloa brizantha and Megathyrsus maximus) and four
concentrations of Cd applied in soils (0, 2, 4 and 12 mg kg−1). Grass growth decreased and increased
Cd concentration in shoots of grasses with the increased Cd rates in soils. The toxic effect of Cd resulted
in production and Cd occlusion in phytoliths produced in shoots of the grasses. Grasses showed
potential for phytolith production, independent of soil type, providing phytoextraction of Cd in
phytoliths. Megathyrsus maximus was the grass with the highest tolerance to Cd, evidenced by higher
production and Cd capture in phytoliths for the evaluated soils. Phytolith production by grasses in
Cd-contaminated soils is related to genetic and physiological differences of the evaluated grasses and
Cd availability in soils.

Keywords: heavy metal; Urochloa decumbens; Urochloa brizantha; Megathyrsus maximus; phytolith-occluded;
Entisol; Oxisol

1. Introduction

Cadmium (Cd) is an unessential element with elevated mobility and water solubility, being
easily uptaken and accumulated in plants [1]. Moreover, Cd is a very toxic heavy metal with high
environmental contamination capacity, especially where high anthropogenic activities occur [2].
Cd enters the environment mainly through industrial and mining activities, combined with improper
application of chemical fertilizer and sewage sludge in soil [1,2].

Due to the toxicity potential and high persistence of Cd, Cd-polluted soils create an environmental
problem that threatens animal, plant and human health. The toxicity and high persistence of Cd
carry to soil contamination, causing an environmental problem that threatens plant, animal and
human health [1,3]. Many studies have been conducted to decrease soil bioavailability of Cd in
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contaminated areas [4–7] to increase plant growth and yield for the purpose of safe food production.
Cadmium is extremely toxic at concentrations between 5 and 10 mg kg−1 in dry mass for most
plants [4,8] and can cause various biochemical, structural and physiological changes [1,2,4,9–11], as
well as imbalance of plant nutritional status [8,12–17]. Plants develop various mechanisms of tolerance
to metal accumulation in the shoots [4,14,18–20], being the occlusion and sequestration of Cd in
phytolith produced in the shoots [1,10,14].

Phytoremediation technique has been used in order to restore heavy-metal contaminated soils [11].
This technique uses low-cost and ecofriendly technology, utilizing the potential of some plants to tolerate
toxic soil elements [10]. The potential of a plant species in phytoremediation of metal-contaminated
soils can be assessed in different ways; depending on the criteria, a plant may or may not be considered a
phytoremediator of metal. Thus, indicator plants accumulate metals in their tissues and generally reflect
levels of metals in soil [18]. Hyperaccumulator plants are those capable of extracting and accumulating
the Cd concentration in tissue at values greater than 100 mg kg−1 dry mass [4,19]. Grasses have
high potential for phytoremediation purposes due to desirable phytoextraction characteristics such as
high-growth rate, biomass production, root growth and capacity to tolerate and accumulate toxic
metal [15,19,21,22] with high phytolith production capacity [23–26].

Phytoliths are particles of amorphous silica with sizes ranging from 1 to 250 µm [27,28],
formed by silicic acid-polymerization processes and absorbed from the soil solution by plant roots,
which makes amorphous silica precipitates along with metals in cell walls, intercellular spaces or
cell lumen [6,23,26,29]. The phytolith production can trap and neutralize harmful metal ions in
some parts of plant tissues, increasing resistance against stresses caused by metals, especially for the
Cyperaceae and Poaceae families [5,25,26,30]. Phytolith production reduces soil-soluble heavy metals
with decreased risk of trophic-chain contamination due to their stability [1,2,14,17].

The production and heavy-metal occlusion in phytolith by plants is still not fully understood,
particularly in Cd-contaminated soil. Phytolith production is influenced by phylogenetic and
phenological characteristics, as well as soil and its elemental and mineralogical composition [5].
This paper aims to evaluate the potential of grasses in phytolith production in soils contaminated
with Cd.

2. Results and Discussion

2.1. Cadmium Effects on Grass Biomass and Phytolith Production

Shoot dry weight of grasses decreased with increasing Cd rates (p < 0.01) in all evaluated
soils (Figure 1). The Cd supply even at low rates reduced the shoot dry weight of grasses in the
evaluated soils (Figure 1), proving the effect of Cd phytotoxicity on plants [19]. Cadmium at low
soil concentrations can interfere with photosynthesis and respiration processes, causing biochemical,
morphological and physiological imbalances in plants [1,2,4,10,11]. In addition, Cd can cause alteration
in nutrient concentration in plants due to interaction with cationic nutrients such as Ca, Mg, Cu, Fe,
Mn and Zn [12,13,16,17], causing reduced biomass production. Based on linear regression coefficients
(Figure 1), grasses tolerated more soil Cd when cultivated in Typic Quartzipsamment (TQ) and Xantic
Hapludox (XH) soils than when cultivated in Rhodic Hapludox (RH). Higher Cd tolerance of grasses
in sandy soils (TQ and RH) indicates that plant-growth capacity in soils with high Cd availability [4–7]
relates to the ability of roots to exclude Cd from tissues, with the ability to chelate metal into a nontoxic
compound or to inactivate in nonvital cell compartments [4].
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Figure 1. Shoot dry weight of grasses due to Cd rates in soil at 120 days after thinning in three soils. 
TQ: Typic Quartzipsamment. XH: Xantic Hapludox. RH: Rhodic Hapludox. 

Grass tolerance may be related to the production of phytoliths, since, regardless of soil type 
and Cd rate applied, the three evaluated grasses presented potential for phytolith production 
(Figure 2). Several studies report that Poaceae species are large phytolith producers 
[3,15,23,24,26,27]. In addition, phytolith production in plant organs can be influenced by soil 
element availability [4–7]. The higher Cd concentration and availability in soil may reflect higher 
phytolith production, as observed in the present study, especially in grasses cultivated in TQ 
(Figure 2). Accordingly, sandy soils with low organic matter concentration and pH have higher Cd 
availability [4,7], and consequently provide higher phytolith production. 

Figure 1. Shoot dry weight of grasses due to Cd rates in soil at 120 days after thinning in three soils.
TQ: Typic Quartzipsamment. XH: Xantic Hapludox. RH: Rhodic Hapludox.

Grass tolerance may be related to the production of phytoliths, since, regardless of soil type and
Cd rate applied, the three evaluated grasses presented potential for phytolith production (Figure 2).
Several studies report that Poaceae species are large phytolith producers [3,15,23,24,26,27]. In addition,
phytolith production in plant organs can be influenced by soil element availability [4–7]. The higher
Cd concentration and availability in soil may reflect higher phytolith production, as observed in the
present study, especially in grasses cultivated in TQ (Figure 2). Accordingly, sandy soils with low
organic matter concentration and pH have higher Cd availability [4,7], and consequently provide
higher phytolith production.
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Figure 2. Phytolith production in shoots of grasses due to Cd rates in soil at 120 days after thinning 
in three soils. TQ: Typic Quartzipsamment. XH: Xantic Hapludox. RH: Rhodic Hapludox. 

However, Megathyrsus maximus produced the largest amount of phytolith when cultivated in 
the three soils (Figure 2), indicating that plant phytolith production depends not only on soil, but 
also on genetic differences between plant species [5]. Phytolith concentration in plants varies 
widely, around 1 to 100 g kg–1 of their dry weight [30]. The phytolith concentration in shoots varied 
between 4.1 and 7.2 g kg–1 without application of Cd, and between 9.3 and 28.2 g kg–1 at the 
maximum Cd rate, and the highest values were found in Megathyrsus maximus cultivated in TQ 
(Figure 2). Gymnosperms generally accumulate less phytolith than angiosperms and other 
monocotyledons, and commonly accumulate fewer phytoliths than Poaceaes and Cyperaceaes, 
which are considered large producers, with about 150 g kg–1 of the dry weight of plants [24–26]. 

Sandy soils present characteristics such as low Fe and Mn concentration, lower 
cation-exchange capacity and clay concentration, associated with low pH values (<6.5) that tend to 
have higher Cd and Si availability, which may directly reflect the production and Cd capture by 
phytoliths [5]. Phytoliths are the main Si deposits in plant cells after uptake of dissolved Si(OH) or 

Figure 2. Phytolith production in shoots of grasses due to Cd rates in soil at 120 days after thinning in
three soils. TQ: Typic Quartzipsamment. XH: Xantic Hapludox. RH: Rhodic Hapludox.

However, Megathyrsus maximus produced the largest amount of phytolith when cultivated in the
three soils (Figure 2), indicating that plant phytolith production depends not only on soil, but also on
genetic differences between plant species [5]. Phytolith concentration in plants varies widely, around
1 to 100 g kg−1 of their dry weight [30]. The phytolith concentration in shoots varied between 4.1 and
7.2 g kg−1 without application of Cd, and between 9.3 and 28.2 g kg−1 at the maximum Cd rate, and the
highest values were found in Megathyrsus maximus cultivated in TQ (Figure 2). Gymnosperms generally
accumulate less phytolith than angiosperms and other monocotyledons, and commonly accumulate
fewer phytoliths than Poaceaes and Cyperaceaes, which are considered large producers, with about
150 g kg−1 of the dry weight of plants [24–26].

Sandy soils present characteristics such as low Fe and Mn concentration, lower cation-exchange
capacity and clay concentration, associated with low pH values (<6.5) that tend to have higher Cd and Si
availability, which may directly reflect the production and Cd capture by phytoliths [5]. Phytoliths are
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the main Si deposits in plant cells after uptake of dissolved Si(OH) or HSiO from soil solution [30].
Phytolith plants have diverse and multifunctional roles, especially in adverse soil conditions [17,30],
such as soil contaminated with Cd.

2.2. Cadmium Concentration in Shoot and Phytolith

Cadmium concentrations in grass shoots increased linearly as Cd rates increased in the three soils
(p < 0.01) (Figure 3), confirming the results found by [15,22]. Cd concentrations in shoots are higher in
plants grown under higher Cd availability [4,7], where Megathyrsus maximus presented the highest
Cd concentration in shoots when cultivated in TQ, and Urochloa brizantha when cultivated in Xantic
Hapludox (XH) and RH (Figure 3).Plants 2019, 8, x FOR PEER REVIEW 6 of 12 
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Figure 3. Cd concentration in shoots of grasses due to Cd rates in soil at 120 days after thinning in 
three soils. TQ: Typic Quartzipsamment. XH: Xantic Hapludox. RH: Rhodic Hapludox. 
Figure 3. Cd concentration in shoots of grasses due to Cd rates in soil at 120 days after thinning in
three soils. TQ: Typic Quartzipsamment. XH: Xantic Hapludox. RH: Rhodic Hapludox.
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Cadmium accumulation patterns in plants vary in tolerant, nontolerant and hyperaccumulating
species [4,9]. Metal hyperaccumulating plants have high concentrations of Cd in the dry mass but
produce little biomass, which results in low metal absorption per area [15,20].

However, the evaluated grasses are not considered Cd-hyperaccumulating plants due to their low
capacity to accumulate Cd (Figure 3) above 100 mg kg−1 Cd in dry mass [4,19] without presenting
toxicity. The evaluated grasses can be classified as phytoextractors and/or bioindicators [18] due to
their ability to extract Cd from the soil, not limiting the uptake and accumulation of Cd in shoots with
increasing Cd rates (Figure 3). Thus, Cd is extracted from the soil by the grasses and, to a certain
extent, stabilized in shoots, through its occlusion and/or sequestration during the phytolith production
(Figure 4).Plants 2019, 8, x FOR PEER REVIEW 7 of 12 
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Figure 4. Cd occluded in phytoliths in shoots of grasses due to Cd rates in soil and the percentage of 
Cd occluded (PCdoccluded) at 120 days after thinning in three soils. TQ: Typic Quartzipsamment. XH: 
Xantic Hapludox. RH: Rhodic Hapludox. 

Regardless of soil, phytolith produced by grasses was able to capture the metal Cd (Figures 2 
and 4). Cadmium concentrations in phytoliths showed the same tendency as Cd concentration in 
grass shoots (Figure 3), with linear increase due to increased Cd rates applied in soils (Figure 4). 
The evaluated grasses have a mechanism that allows the capture and accumulation of Cd (Figure 
4). Cd capture and accumulation in phytoliths may be related to some defense mechanism of these 
grasses, which may help the species reduce Cd toxicity [14]. 

The grasses cultivated in the TQ reduced the shoot dry weight (Figure 1) and increased the 
phytolith production (Figure 2), the Cd concentration in shoots (Figure 3) and phytoliths (Figure 4), 
with increasing Cd rates applied to the soil. The observed trend reflects the Si effect on rice 
translocation and Cd toxicity; when synchronized Si and Cd accumulation occurs on the surface 
and within phytoliths, it reduces the potential risks of Cd contamination in rice [14]. 

Figure 4. Cd occluded in phytoliths in shoots of grasses due to Cd rates in soil and the percentage
of Cd occluded (PCdoccluded) at 120 days after thinning in three soils. TQ: Typic Quartzipsamment.
XH: Xantic Hapludox. RH: Rhodic Hapludox.
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The different behaviors of species with respect to Cd concentrations in shoots (Figure 3) indicate
that Megathyrsus maximus absorbs more Cd in sandy soil (TQ) while Urochloa brizantha absorbs more
Cd in more clayey soils (XH and RH), which is reflected in the higher Cd concentration of shoots
(Figure 3) and the reduction of biomass (Figure 1). The higher tolerance of Megathyrsus maximus
cultivated in TQ and Urochloa brizantha in XH and RH confirm that the genetic and physiological
differences [1,2,4,9–11] between the evaluated grasses, together with the physical, chemical and
mineralogical soil attributes [4–7] may cause different tolerances to Cd.

Regardless of soil, phytolith produced by grasses was able to capture the metal Cd (Figures 2
and 4). Cadmium concentrations in phytoliths showed the same tendency as Cd concentration in
grass shoots (Figure 3), with linear increase due to increased Cd rates applied in soils (Figure 4).
The evaluated grasses have a mechanism that allows the capture and accumulation of Cd (Figure 4).
Cd capture and accumulation in phytoliths may be related to some defense mechanism of these grasses,
which may help the species reduce Cd toxicity [14].

The grasses cultivated in the TQ reduced the shoot dry weight (Figure 1) and increased the
phytolith production (Figure 2), the Cd concentration in shoots (Figure 3) and phytoliths (Figure 4), with
increasing Cd rates applied to the soil. The observed trend reflects the Si effect on rice translocation and
Cd toxicity; when synchronized Si and Cd accumulation occurs on the surface and within phytoliths, it
reduces the potential risks of Cd contamination in rice [14].

The production and Cd occlusion in phytolith of grasses were higher because of the greater
availability of Si (Table 1) and Cd (Figure 3) with higher percentage of Cd occlusion in phytoliths in
shoots of grasses in TQ than in the XH and RH soils (Figure 4). Cd availability for plants is higher
in acidic, sandy and low organic matter soils [4,7], where metal concentrations in the shoots and
occlusion in phytoliths are directly related to metal concentrations and availability in soils [4–7].
In addition, there is a correlation in the distribution of Cd and Si, since Cd is usually deposited where
Si is intensively deposited [14], and Si–Cd precipitation occurs [6,23,26]. Thus, the production of
Cd-occluded phytoliths [14] may be one of the possible mechanisms for reducing Cd toxicity in the
evaluated grasses.

The highest percentage of Cd concentration in phytoliths in the shoots presented by Megathyrsus
maximus in the evaluated soils (Figure 4) indicates that this grass has a higher potential for Cd occlusion
and consequently greater tolerance to Cd toxicity when compared to the other grasses, becoming a
potential grass for phytoremediation of Cd. Moreover, this greater Cd occlusion in phytoliths (Figure 4)
and possible tolerance may reflect the nutritional requirement of Megathyrsus maximus. Plants in better
nutritional status are more tolerant to adverse growth factors [8,22], and Megathyrsus maximus has a
higher production potential compared to Urochloa sp., being more responsive to soil fertilization [21].
However, production and elemental composition of phytoliths are influenced by element availability
and absorption, climatic conditions (transpiration flow), plant species, silicon concentration and soil
type, variety, location, disease resistance and fertilizer requirements [5,6,20,28,29].

3. Materials and Methods

3.1. Experimental Conditions

Three greenhouse experiments were performed in Diamantina, Brazil (18◦15′ S, 43◦36′ W,
1250 m a.s.l.). The experiments were conducted in a completely randomized design with three
replications arranged in a 3× 4 factorial scheme. The factors were three grass species (Urochloa decumbens
(Stapf) R.D. Webster cv. Basilisk, Urochloa brizantha (Hochst. ex A. Rich.) R.D. Webster cv. Marandu and
Megathyrsus maximus (Jacq.) B.K. Simon and S.W.L. Jacobs cv. Mombaça) and four Cd rates applied in
soil (0, 2, 4 and 12 mg kg−1) conducted on three soil types. The Cd rates were based on the agricultural
intervention values for soil established in São Paulo State, Brazil [31].

The soils were a Typic Quartzipsamment (TQ) (Arenosols in World Reference Base classification),
a Xantic Hapludox (XH) and Rhodic Hapludox (RH) (Ferralsols in World Reference Base classification),
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classified according to Soil Taxonomy [32] and collected at 0.2 m depth. A subsample was collected, air
dried and sieved at 2.0 mm for chemical and soil texture analysis [33] (Table 1). Total Cd concentration in
soils was determined by U.S. Environmental Protection Agency (USEPA) 3052 method with microwave
oven digestion [34] (Table 1). Cadmium analysis in soils was controlled with certified soil National
Institute of Standards and Technology (NIST) Standard Reference Materials (SRM) 2709 San Joaquin
soil and blank reagents. Total Si concentration was determined by X-ray fluorescence (Table 1).

Liming in soils was carried out with dolomitic limestone of 100% total neutralizing power to
correct base saturation at 45%. Liming requirement (LR) was calculated by the formula LR (Mg ha−1)
= (V2 − V1)CEC/100, where V2 is the recommended base saturation for grasses (45%) and V1 is the
base saturation of soil analysis (Table 1). Lime reaction in soils occurred for 30 days with soil moisture
at field capacity. Soil moisture was controlled by daily weighing throughout the experimental period.

Fertilization rates were 100 mg N (ammonium sulfate, urea), 150 mg K (potassium chloride),
50 mg S (ammonium sulfate), 1.0 mg B (boric acid), 1.5 mg Cu (copper dichloride), 5.0 mg Fe (ferrous
chloride EDTA), 4.0 mg Mn (manganese dichloride) and 5.0 mg Zn (zinc chloride) per kg of soil.
Phosphate fertilization was stipulated by the maximum phosphorus-adsorption capacity of each soil
using the Langmuir second isotherm adsorption region [35]. Thus, P rate applied was 200 mg for TQ,
350 mg for XH and 450 mg for RH per kg of soil with source NaH2PO4. Fertilizer was mixed with the
soil as a chemical reagent with an incubation period of 15 days. Cd rates were applied as pure reagent
cadmium chloride after liming and fertilization with an incubation period of 15 days.

Table 1. Chemical attributes and soil texture before greenhouse experiments.

Attribute Unit
Soil

TQ XH RH

pH (a)
water - 5.1 5.4 5.5

P (b) mg kg−1 0.2 0.1 0.2
K (b) mmolc kg−1 0.4 0.1 0.2
Ca (c) mmolc kg−1 6.7 4.50 8.1
Mg (c) mmolc kg−1 3.5 1.8 3.9
Al (c) mmolc kg−1 7.8 4.2 1.6

CEC (d) mmolc kg−1 40.6 71.4 49.2
Organic carbon g kg−1 3.5 5.8 5.2

Cd (e) mg kg−1 0.0 0.0 0.0
P max (f) mg kg−1 100 200 250

Si (g) mg kg−1 558 330 119
Sand (h) g kg−1 830 580 310
Loam (h) g kg−1 110 70 180
Clay (h) g kg−1 60 350 510

(a) Soil: water, 1:2.5. (b) Mehlich-1 extractor. (c) KCl 1 mol L−1 extractor. (d) Cation-exchange capacity. (e) USEPA
3052 method. (f) Maximum P adsorption capacity. (g) X-ray fluorescence (XRF). (h) Pipette method. TQ: Typic
Quartzipsamment. XH: Xantic Hapludox. RH: Rhodic Hapludox.

Grass sowing was performed in pots of polyvinyl chloride with an inside diameter of 0.18 m and
a height of 0.20 m, with 3 kg of soil. Seedling thinning was performed at 14 days after grass emergence
with evaluation of one plant per pot. Nitrogen fertilization in top-dressing for grasses was split into
four applications of 50 mg kg−1 (urea) at 15-day intervals after thinning of grasses. Grasses were
grown in a greenhouse under natural photoperiod, maximum/minimum air temperatures of 21–18 and
21–18 ◦C at night and day, respectively, and relative humidity between 55% and 78%.

3.2. Measurements

Grasses were harvested after 120 days of thinning seedlings. Shoot samples were packed in
paper bags and oven-dried with forced-air circulation at 65 ◦C to a constant weight. Dry plant
material was weighed on an analytical balance to measure the shoot dry weight. Materials were
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ground and subjected to nitroperchloric digestion (nitric acid (65% v/v) and perchloric acid (70% v/v),
2:1 ratio). Cd concentration was determined by graphite-furnace atomic absorption spectroscopy.
Cadmium analysis in plant material was controlled with certified reference material NIST SRM 1573a
tomato and blank reagents. Samples were reanalyzed if the determination of the NIST standard did
not remain within 10% of certified values.

Phytolith concentration in grass shoots was determined according to the methodology described
by [36]. The Cd occluded in phytoliths was extracted using the USEPA 3052 method with
microwave digestion [34]. Cd concentration in phytoliths was determined by graphite-furnace
atomic absorption spectroscopy.

3.3. Statistics and Calculations

The variables were subjected to joint analysis of variance, which consisted of the study of Cd rates
and grasses within each soil type. Means for soil types and grasses were compared by the Tukey test
(p < 0.05). Regression equations were adjusted for Cd rates for each variable evaluated.

The percentage of Cd occluded (PCdoccluded) in phytoliths of grass shoots for maximum Cd rate
(12 mg kg−1) applied to soils was calculated by dividing the Cd concentration in phytoliths by Cd
concentration in grass shoots multiplied by 100. Cd concentration values in phytoliths and grass shoots
were estimated by substituting the maximum Cd rate (12 mg kg−1) in the equations that correlate Cd
rates with these variables.

4. Conclusions

Phytolith production by grasses in Cd-contaminated soils is related to genetic and physiological
differences of evaluated grasses and Cd availability in soils. Megathyrsus maximus may be a future
grass for the technique of phytostabilization and revegetation of Cd-contaminated soils. However,
studies to elucidate Cd sequestration in grasses by phytoliths are needed.

Author Contributions: Conceptualization, E.d.B.S.; formal analysis, E.d.B.S., and M.M.d.M.F.; funding acquisition,
E.d.B.S., and I.M.P.; investigation, E.d.B.S., M.M.d.M.F., and L.L.d.S.; methodology, E.d.B.S., M.M.d.M.F., L.L.d.S.,
A.C.S., J.T.P., and I.M.P.; project administration, E.d.B.S.; resources, E.d.B.S., M.M.d.M.F., A.C.S., P.H.G., and I.M.P.;
supervision, E.d.B.S.; visualization, E.d.B.S. and M.M.d.M.F.; writing—original draft, E.d.B.S., M.M.d.M.F., L.L.d.S.,
A.C.S., and I.d.C.I.F.; writing—review and editing, E.d.B.S., M.M.d.M.F., L.L.d.S., A.C.S., P.H.G., J.T.P., I.M.P.,
and I.d.C.I.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Coordination for the Improvement of Higher Level Personnel
(Capes), which provided a graduate student stipend; the National Council of Scientific and Technological
Development (CNPq) for a research grant to the corresponding author; the Research Supporting Foundation for
the State of Minas Gerais (Fapemig) provided project funding and the Federal University of the Jequitinhonha and
Mucuri Valley (UFVJM) provided infrastructure to conduct work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Adrees, M.; Ali, S.; Rizwan, M.; Zia-ur-Rehman, M.; Ibrahim, M.; Abbas, F.; Farid, M.; Qayyum, M.F.;
Kashiflrshad, M. Mechanisms of silicon-mediated alleviation of heavy metal toxicity in plants: A review.
Ecotoxicol. Environ. Saf. 2015, 119, 186–197. [CrossRef] [PubMed]

2. Farooq, M.A.; Ali, S.; Hameed, A.; Ishaque, W.; Mahmood, K.; Iqbal, Z. Alleviation of cadmium toxicity
by silicon is related to elevated photosynthesis, antioxidant enzymes; suppressed cadmium uptake and
oxidative stress in cotton. Ecotoxicol. Environ. Saf. 2013, 96, 242–249. [CrossRef] [PubMed]

3. Malik, R.N.; Husain, S.Z.; Nazir, I. Heavy metal contamination and accumulation in soil and wild plant
species from industrial area of Islamabad, Pakistan. Pak. J. Bot. 2010, 42, 291–301.

4. Lux, A.; Martinka, M.; Vaculík, M.; White, P.J. Root responses to cadmium in the rhizosphere: A review.
J. Exp. Bot. 2010, 62, 21–37. [CrossRef] [PubMed]

5. Buján, E. Elemental composition of phytoliths in modern plants (Ericaceae). Quat. Int. 2013, 287, 114–120.
[CrossRef]

http://dx.doi.org/10.1016/j.ecoenv.2015.05.011
http://www.ncbi.nlm.nih.gov/pubmed/26004359
http://dx.doi.org/10.1016/j.ecoenv.2013.07.006
http://www.ncbi.nlm.nih.gov/pubmed/23911213
http://dx.doi.org/10.1093/jxb/erq281
http://www.ncbi.nlm.nih.gov/pubmed/20855455
http://dx.doi.org/10.1016/j.quaint.2012.02.046


Plants 2020, 9, 109 10 of 11

6. Li, Z.; Song, Z.; Cornelis, J.T. Impact of rice cultivar and organ on elemental composition of phytoliths and
the release of bio-available silicon. Front. Plant Sci. 2014, 5, 529. [CrossRef] [PubMed]

7. Zare, A.A.; Khoshgoftarmanesh, A.H.; Malakouti, M.J.; Bahrami, H.A.; Chaney, R.L. Root uptake and shoot
accumulation of cadmium by lettuce at various Cd:Zn ratios in nutrient solution. Ecotoxicol. Environ. Saf.
2018, 148, 441–446. [CrossRef]

8. White, P.J.; Brown, P.H. Plant nutrition for sustainable development and global health. Ann. Bot. 2010, 105,
1073–1080. [CrossRef]

9. Seregin, I.V.; Kozhevnikova, A.D. Roles of root and shoot tissues in transport and accumulation of cadmium,
lead, nickel, and strontium. Russ. J. Plant Physiol. 2008, 55, 1–22. [CrossRef]

10. Liu, J.; Ma, J.; He, C.; Li, X.; Zhang, W.; Xu, F.; Lin, Y.; Wang, L. Inhibition of cadmium ion uptake in rice
(Oryza sativa) cells by a wall-bound form of silicon. New Phytol. 2013, 200, 691–699. [CrossRef]

11. Liu, J.; Zhang, H.; Zhang, Y.; Chai, T. Silicon attenuates cadmium toxicity in Solanum nigrum L. by reducing
cadmium uptake and oxidative stress. Plant Physiol. Biochem. 2013, 68, 1–7. [CrossRef] [PubMed]

12. Liu, J.; Li, K.; Xu, J.; Liang, J.; Lu, X.; Yang, J.; Zhu, Q. Interaction of Cd and five mineral nutrients for uptake
and accumulation in different rice cultivars and genotypes. Field Crops Res. 2003, 83, 271–281. [CrossRef]

13. Zhang, G.; Fukami, M.; Sekimoto, H. Influence of cadmium on mineral concentrations and yield components
in wheat genotypes differing in Cd tolerance at seedling stage. Field Crops Res. 2002, 77, 93–98. [CrossRef]

14. Zhang, C.; Wang, L.; Nie, Q.; Zhang, W.; Zhang, F. Long-term effects of exogenous silicon on cadmium
translocation and toxicity in rice (Oryza sativa L.). Environ. Exp. Bot. 2008, 62, 300–307. [CrossRef]

15. Zhang, X.; Xia, H.; Li, Z.; Zhuang, P.; Gao, B. Potential of four forage grasses in remediation of Cd and Zn
contaminated soils. Bioresour. Technol. 2010, 101, 2063–2066. [CrossRef]

16. Wu, F.; Zhang, G. Genotypic variation in kernel heavy metal concentrations in barley and as affected by soil
factors. J. Plant Nutr. 2002, 25, 1163–1173. [CrossRef]

17. Oliva, S.R.; Mingorance, M.D.; Leidi, E.O. Effects of silicon on copper toxicity in Erica andevalensis Cabezudo
and Rivera: A potential species to remediate contaminated soils. J. Environ. Monit. 2011, 13, 591–596.
[CrossRef]

18. Baker, A.J. Accumulators and excluders strategies in the response of plants to heavy metals. J. Plant Nutr.
1981, 3, 643–654. [CrossRef]

19. Verbruggen, N.; Hermans, C.; Schat, H. Molecular mechanisms of metal hyperaccumulation in plants.
New Phytol. 2009, 181, 759–776. [CrossRef]

20. Pietrzykowski, M.; Antonkiewicz, J.; Gruba, P.; Pająk, M. Content of Zn, Cd and Pb in purple moor-grass in
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