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Abstract

Cadmium (Cd) is probably the most damaging metal to plant species; with a long biological half-life, it can be taken up by
plants, disrupting the cell homeostasis and triggering several metabolic pathways. Selenium (Se) improves plant defence systems
against stressful conditions, but the biochemical antioxidant responses to Cd stress in tomato plants is poorly understood. To
further address the relationship of Cd-stress responses with Se mineral uptake, Cd and Se concentration, proline content, MDA
and H,O, production, and the activity of SOD, APX, CAT and GR enzymes were analyzed in Micro-Tom (MT) plants
submitted to 0.5 mM Cd. The results revealed different responses according to Se combination and Cd application. For instance,
roots and leaves of MT plants treated with Se exhibited an increase in dry mass and nutritional status, exhibited lower proline
content and higher APX and GR activities when compared with plants with no Se application. Plants submitted to 0.5 mM Cd,
irrespective of Se exposure, exhibited lower proline, MDA and H,0O, content and higher SOD, CAT and GR activities. Selenium
may improve tolerance against Cd, which allowed MT plants exhibited less oxidative damage to the cell, even under elevated Cd
accumulation in their tissues. The results suggest that Se application is an efficient management technique to alleviate the
deleterious effects of Cd-stress, enhancing the nutritional value and activity of ROS-scavenging enzymes in tomato plants.
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Introduction

Cadmium (Cd) is a heavy metal that is toxic to living
organisms. Due to bioaccumulation and its increasing use in
industry, cadmium presents an increasing hazard (Alves et al.
2016, Edelstein and Ben-Hur 2018). Plants can easily uptake
this heavy metal, which triggers drastic alteration in tissues
and metabolic pathways (Ma et al. 2017, Zhu et al. 2018).
Even at low concentrations, Cd can modify root morphology,
limiting the root-to-shoot transport of nutrients (Lux et al.
2011) and decrease nutrient uptake because Cd competes with
and can replace the uptake of calcium, copper, iron, manga-
nese and zinc (Rabélo et al. 2018). Moreover, Cd provokes
uncontrolled oxidation that disrupt cell balance and cause
electrolyte leakage, which activates biochemical responses by
favouring the production of reactive oxygen species (ROS),
disrupting the plant defence systems (Alves et al. 2017).
Plants are able to detoxify excessive oxidation caused by
Cd by complex enzymatic and non-enzymatic mechanisms
that protect plant cells against oxidative damage and restore
the cell redox balance (Gratao et al. 2015). The first defence
response at the cellular level involves antioxidant enzymes
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such as superoxide dismutase (SOD, EC 1.15.1.1), which
dismute superoxide (0*) to hydrogen peroxide (H,0,)
(Noctor and Foyer 2016). Next, H,O, can be eliminated by
ascorbate peroxidase (APX, EC 1.11.1.11), catalase (CAT,
EC 1.11.1.6), glutathione peroxidase (GPX, EC 1.11.1.9)
(Noctor et al. 2018) and other peroxidases. Moreover, non-
enzymatic mechanisms, such as proline, carotenoids,
ascorbate and glutathione, are also involved in scavenging
excess ROS in plant tissue (Zouari et al. 2016).

Plant-stress mechanisms may involve an interplay
between interconnected networks of cellular responses and
elements under Cd stress conditions that are not fully
understood (Chmielowska-Bak et al. 2014). Exploring these
mechanisms and developing strategies to reduce Cd accu-
mulation and the damage it causes to plants is a funda-
mental issue. A recently studied strategy to decrease the
oxidative damage and minimize the toxicity generated by
Cd to plant tissues is the use of beneficial elements or
substances to restore the photosynthetic capacity, improve
the antioxidant response and enhance crop production, such
as selenium (Se) (Feng et al. 2013, Alyemeni et al. 2018).

Application of Se at low concentrations promotes plant
growth and alleviates the negative effects of Cd-induced
stress by regulating ROS scavenger metabolism (Castillo-
Godina et al. 2016; Alyemeni et al. 2018), abundant stress-
responsive proteins (Sun et al. 2016) and delaying fruit
senescence (Pezzarossa et al. 2014). Moreover, Se applica-
tion can decrease Cd uptake in tomatoes (Abd et al. 2016)
and translocation of Cd from root-to-shoot in rice plants
(Wan et al. 2016). However, Se was not effective in pre-
venting Cd uptake in rice with increased soil Cd con-
centrations (Huang et al. 2017). Therefore, further studies
are needed to better understand the effects of Se on the
biochemical mechanisms of Cd transport from root-to-shoot.

The miniature tomato cultivar Micro-Tom (MT) has been
considered as a plant model based on growth at high plant
density and production of viable fruits within a short life
cycle (Meissner et al., 1997). Several studies have indicated
the antioxidant potential of Se (Abd Allah et al. 2016,
Castilo-Godina 2016); however, there is a lack of infor-
mation regarding the biochemical antioxidant responses to
Cd stress in tomato plants. To better understand the role of
Se on the modulation of Cd-stress responses in tomato
plants, a pot experiment was performed using Micro-Tom
under different concentrations of Cd and Se.

Material and methods
Plant material and growth conditions

Seeds of the tomato (S. lycopersicum L.) cultivar Micro-Tom
(MT) were sterilized using a sodium hypochlorite solution

(5%), rinsed three times and sown in boxes filled with a 1:1
(by volume) mixture of commercial pot mix (Plantmax HT
Eucatex, Brazil) and vermiculite supplemented with 1 gL™!
10:10:10 nitrogen—phosphorus—potassium and 4 gL' lime
(MgCO; + CaCO3). The boxes were maintained in a green-
house. When two true leaves were completely formed, one
seedling was transplanted per 0.350 L Leonard pot (Vincent
1975), a hydroponic cultivation system, where modified
Hoagland’s nutrient solution (250 ml) rise up through cotton
strings by capillarity to hum the sterilized sand and poly-
styrene (4:3). Thirty 6-day-old plants were grown in the same
solution at four Se concentrations (0, 1, 5 and 10 um of
Na,Se03) combined with or without Cd (0, 0.5 mM CdCl,),
which was changed every 5 days.

After a period of 75 days post germination, corre-
sponding to 39 days under Cd and Se exposure, samples of
roots and leaves were rinsed with distilled water and kept in
paper bags and dried in a drying oven (60 °C) until constant
weight was achieved for dry mass determination and
nutritional analysis. Samples of roots and leaves were har-
vested, rinsed and immersed in liquid N, and stored at
—80 °C for analysis of lipid peroxidation, H,O, and proline
concentration, enzyme extraction and protein determination.

Chlorophyll and carotenoids determination

The chlorophyll and carotenoids content was assayed
spectrophotometrically. Fresh leaves (0.50 mg) were added
in tube with 2 ml acetone (100%). After shaking for 72 h at
60 g at 4 °C the sample was read in 470 nm for carotenoids
and 645 and 662 nm for chlorophyll a and b, respectively
(Lichtentlaler 1987).

Nutritional analysis, Cd and Se content

At a controlled pressure of 2 MPa, dry root and leaf samples
(200.0 mg DW) were milled and microwave digested in 2 mL
70% HNOs, 2 mL H,O, and 2 mL Milli-Q water (18.2 MX
cm a 25°C) (Chilimba et al. 2011). The digested samples
were diluted to 10 mL with Milli-Q water and stored. The
presence and concentration of Cd, Se, P, K, Ca, Mg, S, B, Cu,
Fe, Mn and Zn were determined by radial view inductively
coupled plasma optical emission spectrometry (ICP-OES
JobinYvon, JY50P Longjumeau, France) equipped with a
nebulization chamber. A certified reference material from the
National Institute of Standards and Technology (NIST SRM
1567a Wheat flour, Gaithersburg, USA) was used for quality
control in the analysis of acid digests by ICP OES. The fol-
lowing emission lines were used: Cd II 228.80; Se II 196.09;
P I 213.618nm; K I 769.897 nm; Ca I 422.673 nm; Mg I
280.270nm; S I 181.972nm; B 1 249.773nm; Cu I
324.754 nm; Fe II 259.940 nm; Mn II 259.373nm; Zn II
231.865 nm and Ni II 231.604 nm.
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Lipid peroxidation

Lipid peroxidation was assessed by analyzing the content of
thiobarbituric acid (TBA) reactive substances (TBARS).
Fresh root and leaf mass (0.4 g) was ground with 20% (w/v)
polyvinylpyrrolidone (PVPP) and 0.1% trichloroacetic acid
(TCA). After centrifugation at 11,000 x g for 10 min, the
supernatant was added to a solution of 20% TCA and 5%
TBA and incubated in a water bath at 95 °C for 30 min.
Samples were then placed in an ice bath for 10 min to stop
the reaction and then centrifuged at 11,000 x g for 10 min.
The concentration of malondialdehyde (MDA) equivalents
was measured spectrophotometrically between 535 and
600 nm; data were calculated using an extinction coefficient
of 1.55x 10 > mol 'em ™' (Gratio et al. 2012).

H,0, content

Fresh plant tissue (0.4g) was homogenized in tri-
chloroacetic acid (0.1%) and centrifuged at 10,000 x g for
10 min. The supernatant was added to 100 mM potassium
phosphate buffer (pH 7.50) and 1M potassium iodide
solution. This solution was incubated on ice for 1h, the
absorbance was measured at 390 nm, and the H,O, content
was determined using a known H,O, concentration curve as
a standard following the method of Gratdo et al. (2012).

Proline content

Fresh leaves and root samples (0.5 g) were homogenized in
3% sulphosalicylic acid and filtered. The mixture filtrate was
added with 1 mL each of acid ninhydrin and glacial acetic
acid and was placed in boiling water for 1 h. Toluene (4 mL)
was added to the mixture, and the absorbance was measured
spectrophotometrically at 520 nm and converted to mmol g~
fresh weight against standard proline. The proline content
was determined as described by Bates et al. (1973).

Enzyme extraction and protein determination

Enzyme extraction was performed by Boaretto et al. (2014).
Fresh leaves and roots (1.0 g) were homogenized in a chilled
mortar with a pestle using an extraction buffer containing
100 mM potassium phosphate buffer (pH 7.5), 1 mM ethy-
lenediamine tetraacetic acid (EDTA), 3 mM DL-dithiothreitol
and 5% (w/v) insoluble polyvinylpolypyrrolidone in 3:1 and
2:1 volume/fresh weight ratio to leaves and roots, respec-
tively. The homogenate was centrifuged at 10,000 x g for
30 min, and the supernatant was stored at —80 °C for further
determination of SOD, CAT, GR and APX activities.
The protein concentration was assayed following the method
of Bradford (1976) using bovine serum albumin as a
standard.
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Superoxide dismutase assay

Superoxide dismutase (SOD, EC 1.15.1.1) activity was
analyzed by activity staining using non-denaturing PAGE
(Azevedo et al. 1998). Leaf and root extracts were inserted
to non-denaturing-PAGE separation. After that, the gels
were rinsed in distilled-deionized water and kept in the dark
for 30 min in 50 mM potassium phosphate buffer (pH 7.8)
containing 0.05 mM riboflavin, 0.1 mM nitro blue tetra-
zolium, ImM EDTA, and 0.3% N,N,N’N'-tetra-
methylethylenediamine. The gels were rinsed with deionized
water and were exposed to artificial light under the water
until the achromatic bands of SOD activity were visible on a
purple-stained gel. SOD isoenzymes were differentiated by
their sensitivity or inhibition to 5 mM hydrogen peroxide
(H,0,) or 2 mM potassium cyanide (Azevedo et al. 1998).

Catalase assay

The activity of Catalase (CAT, EC 1.11.1.6) was deter-
mined by checking the degradation of H,0O, at 240 nm over
1 min. Catalase activity (CAT) was measured spectro-
photometrically at 25 °C in a reaction mixture containing
I mL of 100 mM potassium phosphate buffer (pH 7.5) and
25 uL. H,0O, (30% solution) (Nogueirol et al. 2015). CAT
activity was expressed as mmol min~! mg~! protein.

Ascorbate peroxidase assay

Ascorbate peroxidase (APX, EC 1.11.1.11) was determined
by monitoring the rate of ascorbate oxidation at 290 nm at
30 °C and expressed as nmol ascorbate min~! mg~! protein.
APX activity was assayed spectrophotometrically following
Gratdo et al. (2012) in a reaction consisting of plant extract,
80 mM potassium phosphate buffer (pH 7.0) including
5 mM ascorbate, 1 mM EDTA, and 1 mM H,0,.

Glutathione reductase assay

The glutathione reductase (GR, EC 1.6.4.2) assay mixture
consisted of 100 mM potassium phosphate buffer (pH 7.5)
containing 1 mM 5,5'-dithiobis (2-nitrobenzoic acid), 1 mM
glutathione disulfide (GSSG) and 0.1 mM NADPH. The rate
of decrease of GSSG was monitored by the intensification in
absorbance at 412 nm over 1 min. GR activity was measured
spectrophotometrically at 30 °C and expressed as nmol min ™~
mg ! protein as described in Gratdo et al. (2012).

Statistical analysis
The experimental design was randomized using six plants

per treatment from three replicate pots in a factorial scheme
of 4x2, following four Se concentrations and two Cd
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Fig. 1 Roots and leaves dry mass (g dry wt) in MT grown over 39-day
period in the presence of 0 or 0.5 mM CdCl, and 1, 5 or 10 pm Se.
Data above x-axis represent leaves and below x-axis, roots. Different
uppercase letters on the top of the columns indicates the difference
between —Cd or +Cd exposure and lowercase indicates the difference
between Se concentrations with significantly different at P <0.05 by
Tukey test

concentrations (presence or absence). The result of three
independent replicates of each extract for plant growth, Cd
concentration and nutritional analyses, TBARS and proline
contents, CAT, APX and GR activities was expressed as the
mean and standard error of the mean (+SEM). All data were
tested for normality and homogeneity of variances using the
Shapiro—Wilk and Bartlett tests, respectively. The data was
submitted to one-way analysis of variance bifactorial
(ANOVA) and when significant differences among avera-
ges were found, Tukey’s HSD test at P<0.05 level of
significance was applied. The statistical analyses were
performed using Agro Estat” software (Barbosa and Mal-
donado 2009).

Results
Plant growth

Over 75 days post germination, plants with 1 and 5 um Se
concentrations exhibited higher dry mass without Cd
exposure. Root dry mass exhibited a significant increase of
44% (1 um Se) and 45% (5 um Se), whereas leaf dry mass
was enhanced by 30% (1 um Se) and 31% (5 um Se), when
compared to control plants (without Se). With respect to Cd
exposure, no significant results were observed for plant
growth, irrespective of Se concentration (Fig. 1).

Chlorophyll and carotenoids content

The application of different Se concentrations not caused a
significant alteration in chlorophyll and carotenoids con-
tents, when compared with control plants. In the presence of
Cd, chlorophyll and carotenoids content was lower with the

Fig. 2 Total chlorophyll content (ug cm™2) measured in leaves of in
MT grown over 39-day period in the presence of 0 or 0.5 mM CdCl,
and 1, 5 or 10 um Se. Data above x-axis represent leaves and below
x-axis, roots. Different uppercase letters on the top of the columns
indicates the difference between —Cd or +Cd exposure and lowercase
indicates the difference between Se concentrations with significantly
different at P <0.05 by Tukey test

application of 1 and 5 um of Se, when compared with plant
exposed to the same Se concentration without Cd exposure
(Fig. 2).

Cd and Se concentrations

Se concentration in MT roots and leaves was significantly
higher with increasing Se concentrations. In the presence of
CdCl,, Se concentration was lower in roots when compared
to plants without Cd application, with 51% for 1 um Se,
73% for 5 um Se and 40% for 10 um Se, whereas in leaves,
Se concentration was 23, 56 and 77% lower, respectively
(Table 1). When the Cd concentration was concerned,
plants growing under 1 um Se exhibited 121% higher in
leaves (Table 1). Plants growing under 5 um Se exhibited
significant alterations, where Cd concentration in roots was
44% lower, whereas leaves exhibited 38% higher in Cd
concentration, when compared with Cd exposure alone.

Nutritional analysis

Macronutrients and micronutrients were taken up and dis-
tributed differently depending on the Se concentration, Cd
exposure treatment and the tissue analyzed (Table 2). Roots
of plants treated with Se, irrespective of Se concentration,
only Ca concentrations was lower. Phosphorous, K, Ca,
Mg, Cu, Fe, Mn, Zn and Ni concentrations was significantly
higher in leaves treated with Se, irrespective of Cd exposure
(Tables 2 and 3). Cadmium reduced the concentrations of P,
Ca, Mn and Ni in roots, while it increased the Fe con-
centration. However, Cd significantly reduced the P con-
centration and increased the Fe and Mn concentrations in
the leaves of tomato plants (Tables 2 and 3). Plants fol-
lowing Cd and Se application exhibited higher in the P and
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Table 1 Cd and Se accumulation
(ug gt dry weight) in MT plants
grown over a 45-day period in
the presence of 0.5 mM CdCI2

Table 2 Nutritional analysis of
macronutrients (mg g~ !) in MT
plants grown over a 39-day
period in the presence of

0.5 mM CdCl,

@ Springer

Root Leaves

Se pmL ™! +Cd —cd +Cd —cd
Se

0 0.03+0.21d 0.08 £0.20d 0.05+0.07c 0.05 +0.08d
1 7.71 £0.65¢ 15.64 +0.88c* 1.11+£0.22b 1.45+0.27c
5 17.03 £ 0.04b 63.48 + 1.88b* 2.44 £0.10a 4.48 +0.36b*
10 57.84+0.37a 96.86 +2.75a* 1.96 £0.13ab 10.45 +0.13a*
Cd

0 2378.20 £ 48.26a* 0.10+58.67a 286.47 +4.98c* 0.04+1.77a
1 2238.20 £ 360.77a* 0.10+58.70a 633.82+11.81a* 0.06 +1.78a
5 1330.77 £ 140.86b* 0.10 £ 58.69a 394.15 +3.97b* 0.04+1.78a
10 2533.44 £ 34.37a* 0.13+58.61a 306.35 +22.54c* 0.06+1.77a

Same letters indicates no significantly different at P <0.05 by Tukey test and asterisk (*) indicates difference
among Se concentrations in the presence (+) or absence of Cd (—)

Root Leaves
S? umL  4+Cd —Cd +Cd —Cd
P
0 1457.13 £30.18a 1576.40 +20.85b 1268.39 +369.39b 3060.27 +97.77b*
1 1462.00 £ 46.48a 2013.82 £ 193.77a* 3648.42 + 61.60a* 2143.98 +81.93a
5 1302.74 £ 67.71a 2053.45 + 34.40a* 3420.34 £20.56a 3789.23 + 187.45a
10 1057.33 £6.00a 1676.08 +263.26a* 3695.39 £ 154.22a 4393.23 +£235.84a*
K
0 26,934.81 £510.25ab  30,181.74 +272.40a  15,290.28 £ 1593.46c  15,720.8 + 1945.86b
1 25,549.26 £440.22ab  23,901.33 £279.94b  30,655.45 +422.74a 13,655.2 +297.49b
5 24,318.79 £2089.58b  26,564.83 +952.34ab 24,697.07 £ 1128.72b  21,210.8 +671.91a
10 30,251.97 24,169.95 £ 1546.26b  25,698.88 + 686.31b 22,4459 +370.55a
1422.81a*
Ca
0 8066.72 + 553.88ab 9708.44 +£315.98a* 19,853.20 £ 763.28c 23,088.64 +480.91c*
1 6282.83 +£191.25b 8972.23 +700.13ab*  33,758.61 = 173.55a*  17,103.46 + 385.26d
5 6890.46 +220.67ab 7911.84 £47.41ab 31,002.73 £ 113.75b 29,565.84 +£456.96a
10 8608.79 £ 196.13a 7347.02 £763.56b 33,407.27 = 26,270.401 +£401.00b
207.01ab*
Mg
0 6972.10 £32.92a 7661.48 £32.92a* 3741.99 +182.44b 4058.14 £247.91b
1 6274.77 £77.93b 6916.35 +23.80b* 6508.25 + 158.62a* 3560.57 +£80.13b
5 6469.89 +33.02b 6717.86 +£20.87b 6138.99 £335.30a 5904.65 £ 177.74a
10 6235.06 +£39.92b* 5274.58 £39.92c 6274.06 £401.47a 5716.88 +£391.65a
S
0 4574.15 £345.55a 5220.67 £ 100.00a 3134.37£961.82c 5227.31 £212.93a*
1 4477.36 £ 137.08a 4883.82+£37.23a 7870.38 £282.82a* 4469.90 £ 568.58a
5 4135.58 £333.69a 4464.45£241.04ab  7154.57+197.01a 6495.32 £265.75ab
10 4285.32+321.01a 3647.46 +202.11b 5590.15 £248.33a 5300.05 +£231.64a

Different letters indicate the difference between Se concentrations and asterisk (*) indicates the difference
between —Cd or +Cd exposure with significantly different at P <0.05 by Tukey test
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Tale 3 Nuiond st
plants grown over a 39-day Se um L! +Cd —Cd +Cd —Cd
period in the presence of
0.5 mM CdCl, Bo
0 41.33 £2.78a* 29.41 +0.48a 51.57+£0.25d 55.51 +2.00a
26.80 + 1.45b 27.53+0.33a 58.66 +1.38c* 47.40 +0.06b
5 31.69 +0.70b* 27.51 £0.63a 70.07 £ 1.29b* 60.78 £2.03a
10 31.04 + 1.06b 31.62+1.71a 85.63 +2.14a* 59.05 + 1.08a
Fe
0 690.31 +2.97a* 562.10+2.11b 168.87 + 18.46b 155.17 £31.06a
575.36 £11.18b 729.40 £ 67.31a* 244.86 +2.79ab* 137.89 £28.93b
5 692.64 +2.14a 627.56 +32.12ab 340.63 +20.94a* 241.71 £8.40a
10 657.59 + 18.99ab* 407.90 = 11.37¢ 270.47 £ 11.14ab 242.94 +43.89a
Zn
0 17.79 £3.68a 17.91+£0.28a 3.63+0.96b 4.20+0.16b
11.40+0.61a 16.10 £ 0.76a 8.85+0.07a* 5.51+£0.57b
5 13.15+1.32a 18.77+£0.73a 8.17 £ 0.50a 9.86 + 0.30a*
10 9.73 £0.54a 17.91 £4.21a* 6.69+0.31a 8.79 +0.51a*
Cu
0 10.07 £0.53ab 7.71 £0.05a 2.62+0.16b 2.15+0.12b
11.31£0.04a 6.62+0.33a 6.16 £ 0.26b* 3.03+0.22a
5 8.06 £ 0.05¢ 6.98£0.01a 5.46+0.21a 7.08 £0.12a*
10 9.72+0.61b 6.71 £0.26a 5.43 £0.08a 6.24 £ 0.25a%*
Mn
0 54.68 £ 8.66a 32.86+£0.80c 30.05 £ 1.74b 32.26£3.26a
31.87+7.19a 52.89 + 6.46bc 52.04 £ 1.59a* 12.08 £4.85b
5 35.90 £ 0.46a 99.68 £ 6.83a* 45.29 + 1.98a* 24.21 +1.35ab
10 28.43£0.98a 85.85+ 17.67ab* 55.61 £2.04a* 20.05 +5.15ab
Ni
0 4.73+£0.02a 10.69 + 0.24a* 1.59+0.07b 1.86 +0.12b
1 3.89+0.26a 8.93 +2.54ab* 2.88 +0.04a* 1.99+0.23b
5 8.83+3.04a 5.96 + 1.10ab 3.18+0.09a 3.16+0.02a
10 4.64+0.0la 3.16 +0.06b 3.07+£0.034a 3.31+£0.034a

Different letters indicate the difference between Se concentrations and asterisk (*) indicates the difference
between —Cd or +Cd exposure with significantly different at P <0.05 by Tukey test

Mn concentrations in roots, whereas the K, Ca, Mg, S, Fe
and Ni concentrations decreased in roots. However, this
pattern of nutrient content in roots was modified by Cd
exposure (Tables 2 and 3).

Lipid peroxidation and H,0, content

Lipid peroxidation, expressed as MDA content, exhibited
interesting results, where Se applied alone did not influ-
ence MDA content in either roots or leaves. In the pre-
sence of Cd, plants with O um Se application exhibited a
significantly higher in MDA content in leaves when
compared with the highest Se concentration. Leaves with
1 um Se was 57% lower in MDA content in the presence
of Cd when compared with O um Se. Roots did not exhibit

significant changes in MDA content among treatments
(Fig. 3a).

The H,0, content was higher in leaves with 1 um Se,
whereas leaves with 5 and 10 um Se was significantly lower
in H,O, content. Leaves with O um Se submitted to Cd
exhibited 16% higher in H,O, content when compared to
control plants (0 mM Cd). When Se and Cd was applied, a
significant reduction occurred in H,O, content of leaves,
mainly with 1 um Se (Fig. 3b).

Proline content
Proline content was lower in leaves and roots for all Se

concentrations (Fig. 4). Following treatment with CdCl,,
leaves exhibited a significant decrease in proline content

@ Springer
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Fig. 3 Content of (a) lipid peroxidation measured as malondialdehyde
(MDA) (nmol g ! fresh weight) and (b) hydrogen peroxide (H,0,)
(umol g™ fresh weight) in roots and leaves of MT, plants grown over
39-day period in the presence of 0 mM or 0.5 mM CdCl, and 1, 5 or
10 um Na,SeO;. Data above x-axis represent leaves and below x-axis,
roots. Different uppercase letters on the top of the columns indicates
the difference between —Cd or +Cd exposure and lowercase indicates
the difference between Se concentrations with significantly different at
P <0.05 by Tukey test

without Se application. On the other hand, leaves with
10 um Se exhibited 17% higher in proline content.

Antioxidant enzyme activities

Three SOD isoenzymes were detected in leaves (Fig. 5a)
and two in roots (Fig. 5b), which were characterized as Mn-
SOD (SOD 1), Fe-SOD (SOD II) and Cu/Zn-SOD (SOD I1I)
(Supplementary Data 1). Different changes were observed
between the tissues analyzed depending on the Se and Cd
exposure treatment. For instance, the activity of SOD I
exhibited the same pattern in leaves, irrespective of Se and
Cd treatments, while leaves exhibited very low SOD III
activity in the presence of Cd (Fig. 5a, line 5-8).

SOD III was affected by Cd exposure (Fig. 5a, lines 1-4)
and was more pronounced in leaves with 0 mM Cd and
5 um Se (line 3). In roots, SOD I was more pronounced in
the presence of Cd (Fig. 5, line 5-8), although a slight
increase was observed with Se application (line 6-8). Fol-
lowing Cd application, the activity of SOD II was lower in
the roots (line 5-8), and higher with the presence of Se (line
6-8).

CAT (Fig. 6a), APX (Fig. 6b) and GR activities (Fig. 6¢)
are crucial for the detoxification of any excess H202 pro-
duced by SOD and/or by other metabolic processes. Leaves
and roots treated with Se, irrespective of Se concentration,
exhibited significantly higher CAT activity following Cd
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exposure and lowercase indicates the difference between Se con-
centrations with significantly different at P <0.05 by Tukey test
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Fig. 5 Superoxide dismutase (SOD) activity stained following non-
denaturing polyacrylamide gel electrophoresis of leaves (a) and roots
(b) isolated from non-grafted and grafted MT plants grown over 39-
day period in the presence of 0 mM or 0.5 mM CdCl,. The lanes listed
are: (S) bovine SOD standard; (1) MT (OmM CdCl, + 0pm
Na,Se03), (2) MT (O0mM CdCl, + 1 pm Na,SeOs), (3) MT (0 mM
CdCl, + 5 um Na;SeOs), (4) MT (0 mM CdCl, + 10 um Na,SeOs), (5)
MT (0.5 mM CdCl; + 0 um Na,SeOs), (6) MT (0.5 mM CdCl, + 1 pm
Na,Se03), (7) MT (0.5 mM CdCl, + 5 um Na,SeO3), (8) MT (0.5 mM
CdCl; + 10 um Na,SeO3).The SOD isoforms are (I) Mn-SOD, (II) Fe-
SOD and (IIT) Cu/Zn-SOD

application, being more pronounced for 10 um Se con-
centration. When APX activity was concerned, leaves with
Sum Se exhibited 34% higher APX activity when com-
pared with leaves without Se. Following Cd application,
roots exhibited higher APX activity for all Se treatments,
when compared with plants without Cd exposure. However,
under Cd exposure, the application of 1, 5 or 10 um Se
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induced lower APX activity, when compared with plants
under Cd without Se application.

The application of Se triggered differences in GR
activity. Leaves with 5 pm Se exhibited significantly higher
GR activity by 67% compared with other Se concentrations
without Cd exposure. Nevertheless, GR activity increased
by 62% in leaves and 70% in roots following Cd applica-
tion. Moreover, leaves and roots with 10 um Se under Cd
exposure exhibited strict increases of 65 and 84%, respec-
tively, when compared with treatments with O um Se under
Cd exposure (Fig. 6¢).

Discussion

Environmental stresses may drastically affected plant
development, growth and yield due to changes in metabo-
lism. Selenium application has been used in agriculture as
an efficient strategy to improve plant response against stress
and to avoid or minimize crop loss or damages (Kaur et al.
2016, Alyemeni et al. 2018). On the other hand, the bene-
ficial effect of Se is dose-dependent, and higher con-
centrations in soil may damage plant development.
Therefore, it is essential to optimize the concentration to be
applied to each crop.

Several studies have indicated that Se can promote an
increase in plant biomass, as observed in the present work
(Reis et al. 2018). The application of 1 um and 5um Se
efficiently promoted a gain in plant dry mass. For instance,
roots exhibited higher dry mass of 44 and 45%, respec-
tively, while leaf dry mass increased by 30 and 31%,
respectively (Fig. 1). These data demonstrate that adequate
Se concentration results in improves growth. The applica-
tion of 1 pym and 5pm Se concentrations increased plant
growth, whereas chlorophylls and carotenoids contents
were not altered (Fig. 2). The application of 10 pm Se had
no effect on plant growth, which could indicate that higher
Se concentrations limit plant growth (Silva et al. 2018). The
application of Cd resulted in a decrease in root dry mass
when compared with control plants (Fig. 1), since that well
known that Cd damages plant growth (Ma et al. 2017, Zhu
et al. 2018). Reduced growth by Cd stress could be related
with reduced synthesis of photosynthetic pigments (Alye-
meni et al., 2018). However, we not observed alterations in
chlorophylls and carotenoids contents following Cd appli-
cation (Fig. 2). Although a number of studies have indicated
that Se treatment can reverse the reduction in growth caused
by Cd in other crops, our treatments did not exhibit the
same effect in MT plants, which could be related with lower
chlorophylls and carotenoids contents, mainly with the
application of 1 and 5 um Se (Fig. 2).

The effect of Se on nutrient uptake is still controversial,
but the beneficial effect of Se on nutrient uptake has been
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Fig. 6 Antioxidant total enzyme activity. a CAT specific activity
(mmol min~' mg~! protein), b APX specific activity (nmolmin~!
mg ! protein) and ¢ GR specific activity (nmol min~' mg~" protein) in
MT plants grown over 39-day period in the presence of 0 or 0.5 mM
CdCl; and 1, 5 or 10 pm Na,SeO;. Data above x-axis represent leaves
and below x-axis, roots. Different uppercase letters on the top of the
columns indicates the difference between —Cd or +Cd exposure and
lowercase indicates the difference between Se concentrations with
significantly different at P <0.05 by Tukey test

previously observed in many crops, such as cowpea (Silva
et al. 2018), rice (Reis et al. 2017) and wheat (Yao et al.
2013). Several factors, such as the composition of the cell
wall of the roots and biomass production, affect the uptake
and transport of nutrients (Santos et al. 2017). Reis et al.
(2018) reported increases in P, K, Cu and Zn concentrations
in the leaves of rice plants supplied with Se. Moreover,
cowpea under field conditions Silva et al. (2018) showed
lower P, K, and Cu concentration in leaves and higher in Zn
concentration in the leaves as a result of Se application. Se
can act as a competitor with S for transporters involved in
their uptake at the root plasma membrane (Zayed and Terry
1992), which can decrease S content.

The positive impact of Se on the nutritional status of
plants under Cd stress can significantly contribute to growth
because of its involvement in enzyme activation, signalling,
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and chlorophyll synthesis (Alyemeni et al. 2018). The
interaction between Se and nutrients is a complex process,
and sometimes, these elements may naturally present
synergistic and antagonistic relations at the same time.

Although Se is non-essential to plants, in the form of
selenite it can be easily taken up via phosphate transporters
and metabolized to organic forms in roots, such as seleno-
methionine, selenocysteine and several other unidentified
Se species (Li et al. 2008). We found that the Se con-
centration in MT roots and leaves was significantly higher
with increasing Se concentrations (Table 1). The Se con-
centration in plant tissue is dependent on the Se con-
centrations in soils, Se source and nutrient solution (Li et al.
2018). The Se concentration was higher in roots than in
leaves. The Se accumulation observed in our data is due to
the characteristics of selenite. A study conducted by Lin
et al. (2012) showed that selenite is poorly translocated to
the above parts, which triggers a higher accumulation of Se
in roots.

Cadmium toxicity clearly has negative effects on plant
growth and can reduce root dry weight, root diameter and
number of lateral roots (Rabélo et al. 2018). In this study,
we observed a reduction of 38% in root growth of O um Se
+ 0.5 Cd application treatments when compared with con-
trol plants (without Cd) (Fig. 1). Cd can cause nutritional
imbalances in plants due to (i) competition of Cd*" with
nutrients using the same uptake sites (Clemens and Feng
2016) and (ii) modification in the translocation of nutrients
(Nazar et al. 2012). Moreover, Cd exposure causes bio-
chemical and structural alterations in plants that can result
in changes in the nutritional status of the plant (Alves et al.
2017).

The reduced concentration of nutriients in the roots of
plants submitted to Cd (Tables 2 and 3) can be associated
with reduced growth of these plants, as previously observed
in other species (Rabélo et al. 2018). For instance, Cd
exposure decreased P, Ca, Zn and Mn contents in roots.
Plants under Cd exposure may exhibit reduced Mn uptake
due to Cd and Mn competition for the same transporters
(Wu et al. 2016; Borges et al. 2019). In addition, our results
showed that Cd increased the content of Fe in roots and
leaves. Plants exposed to Cd toxicity in the root generally
exhibit an increment of Fe concentration in roots (Gratao
et al. 2015; Borges et al. 2019). The higher Fe content
results from the formation of Fe plaques on the root surface
of plants exposed to Cd due to the increase in the Fe*"
availability (Sebastian and Prasad 2015). Exposure to Cd
may increase the Fe availability in the rhizosphere and
consequently the concentration of Fe in leaves, as observed
in the present work. Apart from nutritional dynamics, Cd
can also cause oxidative damage.

Plants have a range of potential mechanisms that may be
involved in avoiding damage to plant metabolism caused by
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Cd. As shown in Table 1, plants accumulate more Cd in
roots than in leaves, which may be a natural defence
response of plants to Cd toxicity. Our data revealed that the
application of 5um Se efficiently reduced Cd content by
44% in roots. Se is favourable to plant growth under Cd-
stress conditions (Wu et al. 2017). Se was not effective in
avoiding damage to plant growth caused by Cd (Fig. 1), but
Se reduced MDA and H,O, contents in plants exposed to
Cd. It can be due to Se improved the activity of enzymes
and compounds related to ROS scavenging (Alyemeni et al.
2018). The reduced growth of tomato plants exposed to Cd
(Fig. 1) is a typical symptom of phytotoxicity in response to
changes in nutrient uptake (Nazar et al. 2012). Cd and Se
are bound to thiol groups of the amino acid cysteine, and it
should be noted the competition for a shared binding site in
proteins could explain the reduced Cd uptake and defence
mechanisms against Cd toxicity (Schiitzendubel et al.
2001).

However, the application of 1 and 10um Se did not
decrease the Cd concentration in roots. When the Cd con-
tent was measured in the above parts of the plants, we
observed that plants under Cd exposure treated with 1 um
Se exhibited 121% higher Cd content in leaves (Table 1).
Wan et al. (2016) revealed that Cd uptake kinetics result in
selenite promoting Cd influx and increased Cd uptake in
rice roots during short-term exposure, proving no compe-
tition in uptake between Se and Cd on the root surface.
Furthermore, the results of Lin et al. (2012) indicate that Se
markedly decreased Cd accumulation in the leaves of rice
plants. It is still unknown how Se can decrease heavy metal
translocation. On the other hand, Se ions are co-transported
with Cd ions by the same protein carriers, causing an
increase of Cd in the above parts of plants (Zembala et al.
2010). These findings could explain why 1 um Se induced
high Cd concentrations in leaves. Cadmium exposure
interfered Se concentrations in plant tissues. For instance,
the presence of Cd caused a severe reduction of Se content
in all plant tissues (Table 1). Cd is well known to induce the
expression of sulfur-assimilating enzymes and sulfate
uptake by roots (Yamaguchi et al. 2016), leading to
increased Se uptake, mainly in the form of selenate, medi-
ated by S transporters. However, in our work, plants
exposed to Cd showed lower plant growth, reduction in Se
content and nutrient uptake. This fact may be due to the Se
source. Selenite is easily transformed into organic forms in
roots; these forms are more difficult to transport above to
parts of the plant, and they compete with other ions in the
cell and do not cooperate to reduce Cd in leaves.

Cadmium triggers an overproduction of ROS, causing
oxidative stress in fundamental cellular structures such as
lipids and proteins, which leads to an imbalance in plant
metabolism (Gratdo et al. 2015, Alves et al. 2017). A
number of recent studies indicate that low concentrations of
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Se can modulate oxidative stress caused by Cd exposure
(Abd et al. 2016, Alyemeni et al. 2018). For instance, plants
with Cd exhibited an intense increase in lipid peroxidation
when compared to plants with higher concentrations of Se
under Cd stress (Fig. 3a). Furthermore, leaves with 1 um Se
reduced MDA content by 57% in the presence of Cd. The
attenuation of Cd-induced toxicity by Se may be attributed
either to Se-triggered reactivation of membrane enzymes
and subsequent restoration of metabolite transport or the
competition of Se with Cd for some key specific binding
sites, such as thiol groups of cysteine (Feng et al. 2013).
Moreover, Se can induce ROS scavenging through dis-
mutation of superoxide anions to form H,O, without the
involvement of superoxide dismutase (Cartes et al. 2010) or
selenocompounds can quench superoxide anions and
hydroxyl radicals directly (Xue et al. 1993).

H,0, content was high in leaves treated with 1 pm Se
application; however, at higher concentrations, the H,O,
content was lower. The presence of Cd can produce higher
H,0, production of 16% in leaves with O um Se application
when compared with control plants. The application of Se
efficiently decreased H,O, production triggered by Cd
exposure, mainly at 1 pm Se application (Fig. 3b). These
data reinforce the conclusion that Se application leads to a
reduction in ROS production, which contributes to the
maintenance of the structural and functional integrity of
membranes even under Cd stress (Alyemeni et al. 2018).

Plants increase the synthesis and reduce the degradation
of proline, a protective metabolite which contribute to the
stabilization of protein molecules and membranes, as a
direct response against stress (Zouari et al. 2016). Under Cd
exposure, proline content was slight lower in leaves not
treated with Se, which could indicate that Cd stress was
enough to enhance proline synthesis (Fig. 4). On the other
hand, leaves with 10 pum Se exhibited higher proline content
of 17%. It is well known that proline has a fundamental role
in osmoregulation and ROS scavenging (Kaur and Asthir
2015). Se can increase proline content by inducing up-
regulation proline-synthesizing enzymes concomitant with a
reduction of catabolic enzymes (Abd et al. 2016, Alyemeni
et al. 2018).

Antioxidant enzymes allow plants to avoid oxidative
stress and to survive Cd stress conditions (Gratdo et al.
2015). Strong evidence indicates that Se can improve the
activity of antioxidant enzymes under normal and stress
conditions (Abd et al. 2016, Alyemeni et al. 2018, Handa
et al. 2018). The antioxidant enzymes SOD, APX, CAT and
GR were selected based on their responses in a number of
reports and the role of Se during Cd stress in plants. These
enzymes exhibited varied responses among Se applications,
Cd exposures and tissue types. SOD, which converts O,
into H,O,, has been increased in several plant species when
exposed to Cd and Se (Alyemeni et al. 2018). Different

isoenzymes contribute to cell protection against different
toxic substances, such as Cd.

In this study, three SOD isoenzymes (SOD I, II and III)
were identified following non-denaturing PAGE analysis
(Fig. 5), with a similar isoenzyme classification as pre-
viously reported by Gratdo et al. (2015) and Alves et al.
(2017) for MT plants. Mn-SOD (SOD I), Fe-SOD (SOD II)
and Cu/Zn-SOD (SOD III) isoenzymes were detected in
leaves (Fig. 5a), and Mn-SOD (SOD I) and Fe-SOD (SOD
II) were identified in roots (Fig. 5b). The activity of SOD I
in leaves was not affected by any treatment. SOD I was
more prevalent in roots in the presence of Cd (Fig. 5, line
5-8), but a slight increase occurred with the application of
Se (line 6-8). It is well known that Cd exposure can induce
upregulation of Mn-SOD at both transcript and activity
levels (Rodriguez-Serrano et al. 2006), which supports a
slight increase in Mn-SOD activity in roots under Cd stress
conditions. Moreover, Se can contribute to an increase in its
activity and a reduction in lipid peroxidation. SOD II was
lower in leaves and roots due to Cd exposure (Fig. 5a, b,
line 5-8), but the application of Se slightly higher its
activity in roots (Fig. 5b, line 6-8). Cd can affect the
expression and regulation of this isoenzyme (Romero-
Puertas et al. 2007). Moreover, we can observe that the Fe
content in roots and leaves under Cd exposure was lower
when compared to plants without Cd exposure (Table 3).
SOD III in leaves was completely inhibited by Cd presence;
therefore, this isoform was visible only in 0 mM CdCl,
treatments (Fig. 5a, lines 1-4). Plants treated with 5 um Se
exhibited higher Zn concentration (Table 3), which may
improve Cu/Zn-SOD activity (SOD III) (line 3). Moreover,
Se has synergistic effects on the transcription of the Cu/Zn-
SOD isoform (Seppidnen et al. 2003), which can provide
extra strength to tomato plant defences to counteract Cd
stress.

CAT (Fig. 6a), APX (Fig. 6b) and GR (Fig. 6¢) activities
are crucial for the detoxification of any excess H,O, pro-
duced by SOD and/or by other metabolic processes. The
current literature contains mixed results concerning changes
in CAT activity with Se application. For instance, Alyemeni
et al. (2018) observed that Se application increased CAT
activity in tomatoes. However, a study conducted by Saidi
et al. (2014) showed that only Se did not alter CAT activity
in sunflowers. Our data are in accordance with this finding,
where the application of Se did not alter CAT activity in
either the root or the leaves (Fig. 6a). When Cd was applied,
an increase was observed in all treatments and was more
pronounced at 10 um Se. Similar results were observed by
Lin et al. (2012) for rice, Khan et al. (2015) for Brassica
juncea and Alyemeni et al. (2018) in tomato plants.

The glutathione-ascorbate cycle is a fundamental meta-
bolic pathway that converts H,O, to H,O and O,. This cycle
involves antioxidant metabolites, such as ascorbate,
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glutathione and NADPH, and key enzymes, such as APX
and GR. In the present study, leaves with 1 um and 5 pm Se
exhibited a significant higher in APX activity. Under Cd
exposure, we observed higher APX activity in the roots in
I, 5 and 10pm Se treatments, which may protect plant
metabolism by nullifying the effects of ROS generated by
Cd stress. Furthermore, Khan et al. (2015) demonstrated
that selenium induced the upregulation of APX and GR in
B. juncea, thus protecting photosynthetic electron transport
from cadmium-induced oxidative damage via the main-
tenance of the NADP/NADPH ratio.

GR activity was more pronounced in leaves with 5 um Se
compared with other Se treatments without Cd exposure.
Nevertheless, when Cd was applied, GR exhibited 62%
higher in leaves and 70% in roots when compared with
control plants. Plants treated with 10 um Se under Cd stress
exhibited a considerable higher GR activity of 65 and 84%,
respectively, in leaves and roots when compared with O pm
Se application under Cd exposure (Fig. 6¢). Wu et al.
(2017) indicated that Se may play a role in enhancing the
efficiency of GSH-AsA under Cd exposure, and higher
activity of GR by Se application may induce higher levels
of GSH and AsA due to Se boosting GSH synthesis, which
has a regulatory role in methylglyoxal detoxification and
upregulation of GR (Wu et al. 2017). The different patterns
of SOD, CAT, APX, and GR activities indicate that Se
plays a fundamental role in optimizing the performance of
the antioxidant system for alleviating Cd stress.

Conclusion

Oxidative stress triggered by Cd causes a serious cell
imbalance between ROS production and antioxidant
enzymes, which leads to intense physiological disorders in
plants. The results clearly indicate distinct trends in plants
treated with Se under Cd exposure. Thus, our findings
demonstrate that Se application is an efficient management
technique that can be used to alleviate deleterious effects of
Cd-stress conditions and enhance Cd tolerance by improv-
ing the nutritional status, exhibited higher proline content
and activity of ROS-scavenging enzymes in MT plants.
However, the exactly way that Se promotes these benefits in
plants remains unknown. Thus, is necessary further studies
exploring signalling molecules, hormones and other path-
ways to comprehend how Se acts in plants metabolism.
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