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Abstract

Cadmium (Cd) is toxic to plants and animals, making it necessary to develop strategies that seek to reduce its introduction into
food chains. Thus, the aim of this study was to investigate whether silicon (Si) and selenium (Se) reduce Cd concentrations in
Pfaffia glomerata medicinal plant and attenuate the oxidative stress promoted by this metal. These plants were cultivated in
hydroponics under the following treatments: control (nutrient solution), 2.5 uM Se, 2.5 mM Si, 50 uM Cd, 50 uM Cd + 2.5 uM
Se, 50 uM Cd + 2.5 mM Si. After 14 days of exposure to treatments, leaves and roots were collected for the determination of dry
weight of shoot and roots, Cd concentrations, chlorophyll and carotenoids content, and biochemical parameters (lipid peroxida-
tion and guaiacol peroxidase and superoxide dismutase activities). The data were submitted to analysis of variance and means
were compared with Scott-Knott test at 5% error probability. Roots of P. glomerata plants showed a significant reduction on dry
weight accumulation when exposed to Cd. However, both Se and Si promoted a significant reduction of deleterious effects of Cd.
The Cd concentrations in the tissues were reduced in the presence of Se or Si. Plants treated with Cd together with Se or Si
presented higher pigment content than those with only Cd, thus showing a reduction in the negative effects caused by this
element. In the treatments in which Se and Si were added in the growth medium together with Cd, an activation of superoxide
dismutase and guaiacol peroxidase enzymes was observed in the roots and shoot, which may have contributed to lower lipid
peroxidation. Thus, Se and Si reduce Cd concentrations and have potential to ameliorate Cd toxicity in P. glomerata plants, which
can be used to increase productivity and quality of medicinal plants.
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Introduction

Medicinal plants are used worldwide for the treatment of sev-
eral diseases and are important raw material for the pharma-
ceutical industry for the production of phytopharmaceuticals
and dietary supplements (Who 2002). However, medicinal
plants grown in polluted areas, with metal mining, smelting
operations and when agricultural expedients are used,
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including cadmium-containing fertilizers (Dayang and
Fauziah 2013; Nakamura et al. 2017) can contain high levels
of heavy metals in their tissues, among them the cadmium
(Cd) (Gil et al. 2016). Poisonings associated with the presence
of toxic metals in medicinal plants were reported in Europe,
Asia, and in USA (Dayang and Fauziah 2013).

In Brazil, 76% of the medicinal plants analyzed in the work
of Caldas and Machado (2004), among them Pfaffia
glomerata, contained detectable levels of Cd. Samples of
P. glomerata presented Cd concentrations between 0.1 to
0.3 ug g ' DW, being that the recommended limit for medic-
inal plants is below 0.3 g g ' DW (Who 1999). In the world,
human exposure to Cd from the diet and drinking water can
reach up to 60% of provisional tolerable weekly intake
(420 ug personf1 of Cd) (Who 1993).

Cadmium can cause damage to both animals and plants. In
humans, Cd primarily affects the kidneys, causing tubular
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proteinuria (Whitfield et al. 2010), low bone-mineral density
and osteoporosis (Alfven et al. 2004), and lung cancer
(Navarro and Rohan 2007).

In plants, studies revealed that Cd accumulation can inter-
fere in several metabolic processes, since changes in redox
state of cell (Gill and Tuteja 2010) to negative effects on pho-
tosynthetic apparatus (Qian et al. 2010). Additionally, cadmi-
um can cause changes in stomatal conductance, leaf transpi-
ration (Souza et al. 2011; Dong et al. 2017); it interferes in
minerals and water absorption (He et al. 2011), and it raises
oxidative stress, leading to disturbance in composition and
function of cell membranes (Gallego et al. 2012).

Thus, it is necessary to develop strategies that result
in lower absorption of this element, optimizing the use
of natural resources and the production of safe food,
especially in the case of a medicinal plant as P glomerata,
which presents reasonable degree of metal tolerance.
This species, known as Brazilian ginseng, belongs to
family Amaranthaceae, and is of great commercial in-
terest in production of herbal medicines and food sup-
plements due properties of antitumor, antidiabetic,
tonic, stimulating, and its effect against gastric and
rheumatism disorders (Mendes and Carlini 2007;
Gupta et al. 2013).

Among alternatives tried to solve the problems caused by
Cd on growth plants is the use of alleviates, i.e., elements
taken until then as beneficial that when used in low
concentrations can alleviate the harmful effects of toxic
metals. Studies have shown that interaction of Cd with
essential and beneficial elements can reduce Cd accu-
mulation and thus alleviate symptoms of its toxicity
(Nazar et al. 2012; Gharaibeh et al. 2016).

Accordingly, silicon (Si) is a beneficial element to
growth, development, yield and disease resistance in a
wide variety of plant species (Ma et al. 2015; Dorneles
et al. 2016). Another element considered beneficial is
selenium (Se), and has also been proven that it can
enhance plant tolerance to environmental stresses
(Yao et al. 2013) and Cd toxicity (Thiruvengadam and
Chung 2015).

The roots of the plants are the organs most affected
by the Cd, consequence of the greater contact with this
element in the soil (Bonanno and Cirelli 2017; Borges
et al. 2018). This is a food safety problem because
P. glomerata roots are widely used in folk medicine
and when grown on contaminated soils, they can accu-
mulate this metal in this organ. In this sense, the use of
strategies to reduce the Cd accumulation in medicinal
plants is of great importance for human health. Thus,
the aim of this study was to investigate whether Si
and Se reduce Cd concentrations in P. glomerata medic-
inal plant and attenuate the oxidative stress promoted by
this metal.

Materials and methods
Plant material and growth condition

Tests were developed in the Biochemical Plants Laboratory,
Industrial Chemical Analysis and Environmental Laboratory
(LAQIA) and greenhouse of the Federal University of Santa
Maria. P. glomerata plants (GD access, belonging to the col-
lection of medicinal plants from Federal University of Grande
Dourados (UFGD)) were used in this experiment, which were
obtained by in vitro culture from nodal segments (1.0-cm long
without leaves). The species was chosen because it is widely
used in popular medicine in Brazil and because it has econom-
ic importance, since tons of roots of this species are monthly
destined to the national and international market. These plants
were cultivated in MS medium (Murashige and Skoog 1962),
supplemented with 6 g L™ agar, 30 g L' sucrose, and
0.1 g L™! myo-inositol.

On day 25 of in vitro growth, plants were transferred to plastic
containers with a capacity of 17 L containing modified Hoagland
solution (Hoagland and Aron 1950), with the following com-
position (in mg L™'): 85.31 N; 7.54 P; 11.54 S; 97.64 Ca; 23.68
Mg; 104.75 K; 176.76 Cl; 0.27 B; 0.05 Mo; 0.01 Ni; 0.13 Zn;
0.03 Cu; 0.11 Mn, and 2.68 Fe (FeSO4/Na-EDTA). After the
acclimation period (5 days), plants were transferred to hydropon-
ics with the following treatments: control (nutrient solution),
2.5 uM Se, 2.5 mM Si, 50 uM Cd, 50 uM Cd + 2.5 uM Se,
and 50 uM Cd + 2.5 mM Si. The insoluble salts Na,SiOs,
Na,SeO;, and CdCl, were used. The treatments were arranged
in a randomized design with 3 replications for each treatment
and 30 plants per replicate. The pH of the solution was
adjusted daily and maintained at 4.5 (+0.1). The experi-
ment was conducted in a greenhouse with controlled temper-
ature (25 °C £ 3), relative humidity of 80% and light intensity
of 1081 pmol m 2 s™'. The plants were exposed to the differ-
ent treatments for 14 days, when they presented visual symp-
toms of cadmium toxicity (mainly chlorosis in the leaves).

Dry weight

Shoot and roots of the plants were collected and immediately
placed in paper bags and brought to the oven at 65 °C until
constant weight, when the dry weight was determined in a
precision scale.

Cadmium concentration in roots and shoot

Roots and shoot were dried at 60 °C to constant weight using
oven drying with forced ventilation. The dry shoot and roots
(500 mg) were ground and digested with 5 mL of HNO; and
0.2 mL of H,O in sealed Teflon vessel, which was heated to
100 °C for 3 h in a digester block (Tecnal, TE-007D). The
samples were then diluted to 50 mL with high purity water.
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Cadmium concentrations were determined using mass spectrom-
etry with inductively coupled plasma (ICP-MS) using a Perkin-
Elmer Sciex Elan instrument DRC II equipped with pneumatic
nebulizers (Meinhard type A), nebulizer cyclonic chamber, and
torch with a gun tube quartz of a 2.0-mm internal diameter. The
plasma was generated from argon (99.998% purity).

The species ability to translocate Cd from the root to shoot
was evaluated by the translocation index (Ti), as described in
Bernardy (2015):

Ti (%) = [Cd]R (ug g DW ') /[Cd|RS (ug g DW ')

[CdJR  Cd concentration in roots (ug g DW ');
[CA]RS Cd concentration in roots + Cd concentrations in
shoot (ug g DW ).

Chlorophyll and carotenoids content

For the pigment content (chlorophylls a, b and carotenoids),
leaf samples in disc form were removed using a standard pa-
per punch with 6 mm of diameter. Immediately, the samples
were placed in reaction tubes (Eppendorff) and frozen in a
freezer at —80 °C for later analysis. Chlorophylls a and b
and carotenoids were extracted according to the method of
Hiscox and Israelstam (1979) and estimated using the equa-
tion of Lichtenthaler (1987).

Lipid peroxidation

Roots and shoot (all leaves) were collected and immediately
frozen in liquid nitrogen. Afterwards, plants were kept in a freez-
er at —80 °C for biochemical analysis. Lipid peroxidation was
determined by the method of El-Moshaty et al. (1993). Samples
of leaves and roots (0.5 g) were used by malondialdehyde
(MDA) quantification, a product from membrane lipids oxida-
tion by reactive oxygen species (ROS). The lipid peroxida-
tion was expressed as nmol MDA mg ' of protein.

Antioxidant enzyme activity

The activity of guaiacol peroxidase enzyme was determined
according to Zeraik et al. (2008) using guaiacol as substrate.
The enzyme activity was estimated by guaiacol oxidation to
tetraguaiacol by the increase in absorbance at 470 nm. The
results were expressed as unit of enzyme per mg protein (U
mg ' of protein). The activity of superoxide dismutase (SOD)
was estimated by spectrophotometry according to the method
of Giannopolitis and Ries (1977). The photochemical blue
formazan production from NBT was monitored by increasing
absorbance at 560 nm. SOD activity was estimated as the
enzyme amount required to inhibit the NBT photoreduction
in 50% (Beauchamp and Fridovich 1971).
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Protein determination

The Bradford method (Bradford 1976) was used to determine
the total protein concentration.

Statistical analysis

For statistical analysis, data were submitted to analysis of
variance and means were compared with Scott-Knott test at
5% error probability using the Sisvar application (Ferreira
2011). Graphics program SigmaPlot 12.5.

Results and discussion

Using the “Visual MINTEQ” software assistance, it was pos-
sible to calculate the availability of Si, Se, and Cd. The Si and
Se have approximately 100% availability, even when applied
with the Cd. The Cd presents 73.3% availability as CdCl, and
22.79% as CdCl,.2H,0, both readily absorbed forms, thus
totaling 96.09% Cd available (data not shown). In this way,
it is possible to affirm that any effect of both beneficial ele-
ments occurs in plant and not in solution.

Dry weight

Cadmium is one of the most toxic heavy metals and has
high mobility in the environment (Tang et al. 2015),
being absorbed by the roots and transported to the shoot
of many plant species (He et al. 2011). However, in this
work, Cd promoted reduction only on root dry weight
(Table 1), compared to the control. The root growth
inhibition may be because the root system is the first
organ to be exposed to Cd, resulting in greater growth
inhibition. Cadmium also damages the cell membrane
integrity (Filek et al. 2008), and it may also inhibits the
nutrients absorption (Zembala et al. 2010), causing a reduction
in biomass accumulation.

Table 1  Selenium (2.5 uM) or silicon (2.5 mM) effect on the shoot and
root dry weight of Pffafia glomerata plants grown in the cadmium
presence (50 pM)*

Treatments Shoot dry weight (g) Root dry weight (g)
Control 1.5200+0.4929 a 0.0950+0.0164b
Se 1.4900+0.4675 a 0.1500+0.0272a
Si 1.1100+0.0798 a 0.1100+0.0161b
Cd 0.9500+0.0977 a 0.0470+0.0100c
Se + Cd 1.1600+0.1098 a 0.0820 +0.0190b
Si+Cd 1.1500+£0.2321 a 0.0800+0.0191b

*Different letters indicate significant differences between treatments by

Scott-Knott test
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The root dry weight of plants treated with Si and Se with
Cd was statistically equal to the plants of control treatment.
Thus, through this parameter, it was observed that Se and Si
were able to reduce the Cd toxicity. Selenium and Si enter the
food chain through plants and especially through cultivated
and medicinal plants, which are part of the diet of both prima-
ry and secondary consumers (Longchamp et al. 2015).
Selenium plays an important role in the detoxification of ox-
idative stress induced by Cd (Khan et al. 2015) and can alle-
viate deleterious effects of various environmental stresses in-
cluding heavy metals, drought, ultraviolet radiation, and salin-
ity (Liu et al. 2015a). According to Hossain et al. (2007), the
benefits promoted by Si in plant metabolism may be indirect
(higher resistance to disease) or direct (improved nutrition).
According to the same authors, Si stimulates growth due to
increase the cell wall extensibility. Moreover, the beneficial
effect of Se and Si on growth parameters of P. glomerata
plants can be related to lower Cd absorption or the formation
of metal-silicate within the plant.

Cadmium concentration in roots and shoot
Cadmium (Cd) levels were higher in plants exposed only Cd,

being that the roots had 15 times more Cd accumulation than
the shoot (Fig. 1). This response is likely due to Cd retention

in the roots, since its accumulation occurs mainly in the vac-
uole or cell wall of these tissues, which consequently leads to
transport limitation in the shoot (Milner and Kochian 2008;
Dong et al. 2017).

According to Grant et al. (1998), the higher accumulation
of Cd in the roots seems to be a result of Cd binding to neg-
atively charged cell walls of the root system at the expense of
increased absorption, and subsequent transfer to shoot.
Through these results, it is possible to observe that the metal
is slightly movable in the plant, given the expressive
difference of Cd found in the two compartments of the plant.
This result raises concern, since the main part of the
P. glomerata plant used in folk medicine is the root. Salt
et al. (1995) reported that mustard plants (Brassica junceae)
and alpine pennycress (Thlaspi caerulescens) exposed to Cd
in nutrient solution accumulate substantial amounts of Cd in
the roots and shoot, in addition to higher metal accumulation
in the roots.

The addition of Se and Si in the nutrient solution reduced
Cd concentration in the roots and shoot. This decrease was
most evident in the roots, which is about 53 and 50% (for Se
and Si, respectively) compared with the treatment with only
Cd. The addition of Si reduced the Cd concentration in the
symplast of root cells by reducing the amount of Cd absorbed,
which is more mobile in the cellular wall, thus softening the
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Fig. 1 Cadmium concentration in shoot (a) and roots (b) and translocation index (¢) of P. glomerata plants exposed to selenium (2.5 uM), silicon
(2.5 mM), and cadmium (50 uM) in nutritive solution. Different letters indicate a significant difference among treatments by the Scott-Knott test
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Cd toxicity in the cytoplasm (Da Cunha and Do Nascimento
2009; Ye et al. 2012). The possible mechanism for the inhibi-
tion of Cd transport by the plant induced by Si can be related
to two aspects. The first is that the deposition of Si in the lignin
of the cell wall promotes a greater connection of metallic ions
to the cell wall, thus reducing the translocation of this metal
from the root to the shoot. The second is the complex forma-
tion or co-precipitation of toxic metals with Si within the
plant. These complexes are translocated and accumulated in
the vacuole in undiscovered forms (Neumann and Zur Nieden
2001; Fan et al. 2016).

Selenium is co-transported with Cd ions by same carrier,
which results in a decreased amount of Cd ions in active sites
of transmembrane transporter (Zembala et al. 2010). Both Cd
and Se bind to thiol groups of cysteine, an amino acid found in
certain proteins. Thus, the competition for particular binding
sites in proteins may explain the reduced Cd absorption and
the protective effect of Se against Cd toxicity (Lin et al. 2012).
Additionally, previous studies showed that Se in rice and to-
bacco seedlings enabled a reduction of Cd accumulation due
to a decrease in absorption (Lin et al. 2012; Liu et al. 2015b).

From the estimate of Cd translocation is observed that
about 50% of this element is transloated to shoot (Fig. 1c).
In plants exposed to Cd (Cd, Se + Cd and Si + Cd treatments),
there was no significant difference between treatments for Cd
translocation rate. Therefore, Se and Si only influence the Cd
absorption, not avoiding the translocation of this element to
shoot. Once Cd is in plant root cells, they can be translocated
to plant leaves (Rossi et al. 2018). The translocation from
roots to shoot is greatly affected by the vacuolar compartmen-
tation of Cd-phytochelatin complexes as well as the trans-
porters involved in xylem loading of Cd (Shute and Macfie
2006; Li et al. 2017). Besides, chelated Cd is also more
effectively sequestered in the vacuole of plant root cells,
reducing the loading efficiency to xylem tissues and
therefore less efficient translocation to shoot (Meng et al.
2017; Rossi et al. 2018).

Silicon taken up by the roots is supposedly translocated to
the shoot along with the transpiration steam and then concen-
trated and finally physically gelled in rapidly transpiring or-
gans. Nutrient ions present in the soil also sometimes affect Si
uptake (Hasanuzzaman et al. 2014). For example, excess ni-
trogen is reported to decrease the Si content and number of
silica bodies in rice (Ishizuka and Tanaka 1950). Different
metabolic inhibitors like pyruvate and acetate were found to
disturb Si uptake (Ma and Takahashi 2002). Some environ-
mental factors like low temperature sometimes inhibit trans-
portation (Mitani and Ma 2005).

Selenium translocation from roots to stems in plants is
strongly dependent of the chemical form of Se added to the
culture media (Terry et al. 2000). In general, plants exposed to
Se shown a high translocation index as consequence of sele-
nate using the sulfate path through the plants (Eapen and
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D’Souza 2005; Pedrero et al. 2007). Selenate and sulfate share
the same transport pathway in plants, over expression of high-
affinity sulfate transporters in root tissue can lead to substan-
tial absorption of selenate (Shibagaki et al. 2002; Liu et al.
2015a). To reduce the damage, plant roots translocate exces-
sive Se to the shoot through a series of internal metabolic
processes, thereby alleviating the stress (Liu et al. 2015c).

The P. glomerata plants used in this work exposed to Cd
accumulated high levels of Cd in the roots, even in the pres-
ence of the beneficial elements. However, both beneficial el-
ements were able to reduce the Cd accumulation in roots by
approximately 50% compared to plants treated with Cd alone.
Given that the Cd concentration used in this experiment was
often higher than that found even in contaminated soils, it is
possible to observe the beneficial capacity of both Si and Se to
reduce the Cd content in P. glomerata plants. In addition, it is
possible that higher concentrations of the beneficial elements
employed herein could further reduce the Cd concentration in
the P. glomerata tissues under these growth conditions.

Therefore, if Si and Se have reduced cadmium concentra-
tions in this situation (when Cd was supplied in high concen-
trations), they may also reduce in a situation where Cd is
present in lower concentrations or in areas contaminated with
this metal.

Content pigments (chlorophylls a, b, total
and carotenoid)

The highest content of photosynthetic pigments was observed
in the control treatment, whereas for the other treatments there
was a decrease in the content of these pigments, mainly in the
plants only exposed to Cd (Fig. 2). The decrease in chloro-
phyll content associated with stress caused by Cd may be due
to the inhibition of enzymes responsible for biosynthesis of
chlorophyll (Qian et al. 2009). The reduction promoted by
cadmium in the content of photosynthetic pigments was not
accompanied by reduction in the production of shoot biomass
(Table 1). This indicates that somehow the plants exposed to
cadmium compensated the photosynthetic activity in the pres-
ence of this metal, avoiding damages in the production of
shoot biomass.

Plants treated with Cd together with Se or Si presented
higher pigment concentration than those with only Cd, thus
showing a reduction in the negative effects caused by this
element (Fig. 2). However, in plants exposed only Se or Si
was observed a decrease in pigments content compared to
control. The dual effects of Se on non-stressed plants have
been established, and these effects are related the regulation
of the uptake and redistribution of some essential elements,
mainly Fe (Feng et al. 2013). This essential element acts as a
co-factor in many enzymes, such as SOD, POD, CAT, and
enzymes involved in the chlorophyll biosynthesis pathway
(Feng et al. 2013). Guerrero et al. (2014) observed in wheat
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(50 uM) in the presence of Se (2.5 uM) or Si (2.5 mM) in nutritive

plants that Se has dual effects; at low concentrations, it acts as
growth stimulant, whereas at high concentrations, it reduces
root elongation and biomass production and alters uptake and
translocation of several essential nutrients. In barley, Se appli-
cations caused a decrease in the chlorophyll content. The re-
duced chlorophyll accumulation in leaves could be explained
by the inhibition of chlorophyll biosynthesis (Akbulut and
Cakir 2010). The Si can cause the same response. The Si
concentration also influenced to pigment content in cells,
which is likely a result of its ability to partition cations
such as Mn, Fe, and even Mg (Farooq and Dietz 2015),
which are involved in structure of tetrapyrrole molecules
(Hu et al. 2017).

The increase in pigment content of plants grown under
Cd + Se treatment was possibly due to Se being able to
alleviate the oxidative stress induced by Cd in chloro-
plasts, mainly through the elimination of reactive oxy-
gen species, which can decrease chlorophyll content
(Djanaguiraman et al. 2010). The same increase can be
observed in the Cd + Si treatment. It can be explained
by the effect of Si in the increment of epidermal cell
rigidity (Sattar et al. 2013), increasing lignification.
Consequently, a mechanical barrier is formed (Mecharg
and Meharg 2015), decreasing the Cd input, and leading to
less damage to pigments.
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Beneficial effects of Se and Si were observed in the
other species exposed to different Cd concentrations.
Pedrero et al. (2008) observed that Se caused a signif-
icant increase in chlorophyll concentration for cabbage
plants (Brassica oleracea) cultivated with Cd. Moreover,
Mohsenzadeh et al. (2012) observed that the addition of
Si during the cultivation of maize plants (Zea mays) promoted
a significant increase in the total content of chlorophylls and
carotenoids.

Lipid peroxidation

Free radicals generated in excess caused by growing of plants
in Cd contaminated soil can accumulate in cells, which leads
to lipid peroxidation of biomembranes. The final product of
this process is malondialdehyde (MDA), which is used as an
indicator of lipid peroxidation (Muradoglu et al. 2015). In the
present experiment, higher MDA content in the shoot and
roots was observed for plants grown with Cd, with the highest
level in the shoot (Fig. 3), despite the roots presented a higher
level of Cd. The highest Cd concentration in the roots rather
than in shoot might be a natural protective response of plants
to Cd toxicity. The highest proportion Cd concentration is
observed in the cell wall both root and shoot (Wu et al.
2016) not causing severe stress to cellular metabolism.
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However, the higher MDA content found in shoot tissue may
be related to the relatively high amount of metabolically active
cells.

Selenium and Si significantly reduced damage caused by
Cd in membrane lipids, in which MDA values in plants ex-
posed to Se and Si were significantly lower than in plants
exposed only to Cd in the growth medium. For the roots, Si
had a more significant mitigating effect than Se for MDA
content.

In the shoot, lower concentration of MDA for plants grown
only with Si was observed compared to the control treatment.
In relation to the roots, the lowest concentration was observed
for the control treatment and treatment containing Si and Cd
(Fig. 3). Cd does not appear to generate free radicals directly,
but it can increase lipid peroxidation contributing to the cel-
lular damage process (Lin et al. 2017). In this context, Si may
be acting more expressively in the alleviation of the phytotox-
icity confined by Cd, since Si stimulates antioxidant activity
(Dorneles et al. 2016). Furthermore, the MDA content may
indicate that exposure to Cd causes oxidative damage, and
selenium has the potential to alleviate such effects by reducing
MDA levels and increasing unsaturation of fatty acids
(Barrientos et al. 2012).

Activity of antioxidant enzymes

During stress caused by heavy metals, highly reactive inter-
mediate forms of oxygen (H,O,, hydroxyl, and superoxide
radicals) are formed (Sharma et al. 2012). Cadmium is a
non-redox metal, and therefore cannot produce reactive oxy-
gen species (ROS) directly; however, it may interfere with the
antioxidant system of plants (Lin et al. 2017). In order to
eliminate ROS, which can promote oxidative damage, plants
have several antioxidant enzymes. Among these enzymes,
superoxide dismutase (SOD) is the first involved in the detox-
ification process, since it converts superoxide radicals to HO,
(hydrogen peroxide) at a very fast rate (Gratdo et al. 2005).
Another antioxidant enzyme is guaiacol peroxidase (POD),
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which fights free radicals mainly in the cell wall (Polidoros
and Scandalios 1999). Thus, the increase in the level of
these antioxidant enzymes in plants can prevent oxida-
tive damage and improve tolerance to oxidative stress
(Ekmekei et al. 2008).

The combined action of SOD and POD is fundamental for
attenuating the effects of oxidative stress caused by Cd,
since its roles in cellular metabolism are complementary
(Wu et al. 2017). The SOD and POD activities were
reduced in the plants grown with Cd in both the shoot
and roots (Fig. 4). This response probably occurred be-
cause Cd induces lipoxygenase production, resulting in
the inhibition of antioxidant enzymes, such as SOD and
CAT (Somashekaraiah et al. 1992). However, in the
presence of Se or Si together with Cd, there was an
increase in SOD and POD activity in both parts of the
plants. For treatment containing Cd + Si, the SOD ac-
tivity in the roots was similar to that observed for the
control treatment (Fig. 4b). Thus, it is possible to affirm
that the presence of Se and Si was beneficial for reduc-
ing Cd toxicity, since there was an incentive in SOD activity.
The highest activity of enzyme was observed in the shoot of
the plants, whereas the lowest was observed in the roots
(Fig. 4a, b).

Selenium has the ability to increase the activity of antiox-
idant enzymes that are part of protective mechanisms, which
may alleviate oxidative stress (Liu et al. 2015b). The negative
charge of Si complexes in the cell wall can lead to Cd binding
and thereby, inhibit cadmium transport in apoplast and plant
xylem (Ma et al. 2015).

In the present experiment, in the shoot of the plants,
the POD activity was higher in the control treatment
and lower for the treatment containing only Cd (Fig. 4c, d),
In the roots, the POD activity in the Se + Cd and Si + Cd
treatments was similar to the control treatment. The plants
cultivated with Se exhibited higher POD activity in compari-
son with the plants cultivated with Si. This response was ob-
served for both the shoot and roots (Fig. 4c, d). As for SOD,
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Fig. 4 Effect of selenium (2.5 puM) or silicon (2.5 mM) on
superoxide dismutase (SOD) of shoot (a) and roots (b) and
guaiacol peroxidase (POD) activity of shoot (¢) and roots (d) on

the presence of Se and Si was beneficial in reducing the
toxicity of Cd, especially in the shoot. Selenium can
increase the activity of antioxidant enzymes and protect
cells and tissues against oxidative damage caused by
stress (Liu et al. 2015¢c). In addition, the antioxidant
enzyme activity in silicon-treated plants seems to create
conditions of tolerance to this type of stress (Rehman et al.
2016), while assuring cell wall preservation (Ali et al. 2016).
In this manner, lower concentrations of Cd lead to reduced
toxic effects of this element.

Van Assche and Clijsters (1990) observed that the
increase in POD activity in plants is possibly correlated
with Cd tissue levels and the degree of growth inhibi-
tion. The reduction in POD and SOD activity observed
in the present experiment in the presence of Cd indi-
cates that the damages to the plants were likely a result
of the toxicity of Cd. The reduction of POD and SOD
activity (Fig. 4) shows that the enzymes are unable to
remove H,O, and O, , respectively. Cadmium may have
generated damage on the antioxidant system of the
plants, which affected the response of these enzymes.
All of these changes in the antioxidant activities may
be due to the differences among plant species, time of
exposure, silicon and/or selenium concentrations, and
experimental conditions (Wu et al. 2017).
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of Pfaffia glomerata plants exposed to cadmium (50 pM).
Different letters indicate a significant difference among treatments by
the Scott-Knott test

Conclusion

Based on the data obtained in this work, it is possible
to conclude that both selenium and silicon are effective
in reducing cadmium toxicity in Pfaffia glomerata
plants. Furthermore, Se and Si has great ability to re-
duce the accumulated Cd content in the roots of these
plants, which is important due to the use of roots of
these plants in pharmacology and folk medicine. The
data from this experiment may be basis for future re-
search on a joint action of these elements in plants,
which could be an effective alternative in reduction of stress
caused by toxic elements.
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