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Abstract

Silica nanoparticles can reduce the adverse effects of abiotic stresses by modulating
several physiological processes. However, there is little information about how these
effects are mediated under heavy metal stress. This study investigated the role of silicon
nanoparticles in mitigating the toxicity of cadmium chloride in tomatoes (Solanum
lycopersicum L.) was investigated. Silicon nanoparticles were used at levels 0, 25, 50,
and 100 mg/l, and cadmium chloride at three levels of 0, 100, and 200 puM. The results
showed that 200 uM cadmium treatment resulted in a decrease in plant fresh weight and
length, ascorbate and glutathione levels in shoots and roots, but increased cadmium,
malondialdehyde, H,O,, and protein content compared to the level 0 cadmium treatment.
50 mg/l nanosilica treatment resulted in an increase in plant fresh weight and length, an
increase in ascorbate and glutathione levels, and a decrease in cadmium,
malondialdehyde, H.O,, and protein content compared to the level 0 nanosilica treatment.
Cadmium stress increased the activity of superoxide dismutase, ascorbate peroxidase,
catalase, glutathione reductase, and glutathione-S-transferase, and the treatment of 50
mg/l silicon nanoparticles under cadmium stress enhanced the activity of these enzymes.
The maximum increase in the activity of enzymes by silicon nanoparticles showed that
these nanoparticles play a significant role in detoxifying reactive oxygen species and
reducing oxidative stress induced by cadmium.
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Introduction

Environmental pollution by heavy metals has become a serious concern. Plants more readily take up
Cadmium (Cd) than other heavy metals due to their high mobility and good water solubility. The high
toxicity of Cd in plants may threaten crop quality and yield. Cd induces the production of reactive oxygen
species (ROS). The tripeptide glutathione (Glu-Cys-Gly), widely synthesized in plants, contains a sulthydryl
group and can quench ROS. The reduced glutathione (GSH) pool is maintained by glutathione reductase
(GR), which catalyzes the NADPH-dependent reduction of the disulfide bond in the glutathione molecule.
Silica (Si) is the most abundant non-metallic element in the Earth's crust after oxygen. Most plants absorb
soil-soluble Si from mineral sources such as silicic or monosilicic acid. Tomatoes, one of the most popular
and widely consumed crops worldwide, are significant for employing strategies to mitigate the effects of
toxic substances such as Cd, thereby enhancing product quality. In this context, Alves et al. (2020) used
selenium, and Naciri et al. (2021) used potassium to alleviate Cd stress in tomatoes. However, available
information on the effects of Nano-SiO, under stress conditions is limited. Therefore, this study aims to
investigate how Nano-SiO, relieves Cd stress at the morphological, biochemical, and enzymatic levels.

Materials and Methods

This research was conducted as a factorial experiment in triplicate, based on a completely randomized design
at Urmia University. Tomato seeds purchased from Glass Garden Company were surface sterilized using
0.1% sodium hypochlorite for 15 min, rinsed, and cultured in Petri dishes. Three days after germination, the
seedlings were transferred to pots containing perlite, and a half-strength micronutrient solution of Hoagland
was used for irrigation and nutrition. The plants were maintained in a greenhouse with 16 hr of light and 8 hr
of darkness at a temperature of 25°C during the day and 20°C at night, with a relative humidity of 70%.
Nano-SiO, was prepared at 0, 25, 50, and 100 mg/l concentrations and sonicated for 45 min. Immediately
after sonication, the plants were sprayed with Nano-SiO; once a day during the four-leaf stage for four days.
Following the Nano-SiO; treatment, the seedlings were irrigated with Hoagland solution containing CdCl, at
concentrations of 0, 100, and 200 uM for seven days. Finally, the shoots and roots were separated, frozen in
liquid nitrogen, and stored at -80 °C for subsequent experiments. Malondialdehyde (MDA), hydrogen
peroxide (H»O,), ascorbic acid (ASA), and dehydroascorbate (DHA) reduced glutathione (GSH) and
oxidized glutathione (GSSG) levels were determined. The activities of superoxide dismutase (SOD),
ascorbate peroxidase (APX), GR, and glutathione-S-transferase (GST) enzymes were also measured. All
treatments were performed in triplicate, and the results were presented as mean + SD (standard deviation).
Statistical differences were evaluated using Microsoft Excel and Two Way ANOVA, followed by Duncan's
multiple range test. P < 0.05 was considered to indicate a significant difference.

Results and discussion

The results showed that 200 uM CdCl, decreased plant fresh weight and length, reduced ascorbate and
glutathione content, and increased levels of Cd, MDA, and H,O, compared to the 0 CdCl, treatment. In
contrast, the 50 mg/l Nano-SiO; treatment increased plant fresh weight and length, elevated ascorbate and
glutathione content, and decreased Cd, MDA, and H,O» levels compared to the 0 Nano-SiO, treatment.
Furthermore, 200 uM CdCl; increased protein content and antioxidant enzyme activity compared to the 0
CdCl; treatment. The increase in antioxidant enzyme activity observed in this study under Cd stress suggests
that this activity may not effectively neutralize ROS in tomatoes, as indicated by the elevated levels of MDA
and H>O,. The content of MDA and H,O; remained high despite the increase in antioxidant enzyme activity,
suggesting that H,O, accumulation exceeded the ROS scavenging capacity of the plants under Cd stress,
resulting in oxidative stress due to an imbalance between ROS production and removal. However, the
treatment with 50 mg/l Nano-SiO under 200 uM CdCl, further increased antioxidant enzyme activity. This
suggests that by enhancing antioxidant enzyme activity, Nano-SiO, significantly reduces MDA and H,O»
levels, contributing to the stability of cell membranes and creating an environment with lower oxidative
stress, as reflected in the reduction of lipid peroxidation. Consequently, these factors improve growth and
increase tomato biomass under Cd stress.
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Conclusion

The findings of this study indicate that spraying 50 mg/l of Nano-SiO; is an effective method for enhancing
tomato growth under Cd stress, as it stimulates antioxidant enzyme activity and reduces oxidative stress.
Additionally, Nano-SiO; can serve as a viable source for producing safe food products in response to food
security challenges, particularly in lands contaminated with the heavy metal Cd. This method presents a
suitable alternative to traditional approaches. However, field-scale studies are needed to understand these
results better and confirm them.
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Table 1A- ANOVA for the effects of CdCl2 and Nano-SiO- for tomato shoot and root growth characteristics.

Rootlength ~ Snootlength R(v’f;i;rr?fh Sr{/c\‘lc;ti;LetSh obu.,; fwi‘l*‘ S b
1573.694* 900.083* 1027.111* 639.480* 2 CdCl,
148.815* 154.324* 117.519° 76.215" 3 Nano-Si0,
8.954 M 24.269™ 8.741™ 4551 6 CdCl, xNano-SiO,
28.000 16.083 4,694 9.912 24 Error
8.81 9.45 7.42 6.81 (%) CV
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ns and * show no significant and significant at P<0.05, respectively.
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Table 1B- Mean comparison of the effects of different concentrations of CdCl2 and Nano-SiOz for shoot and root fresh weight and
length in tomato.

Shoot fresh Root fresh Shoot length Root length

Treatment i i

Weight (g/plant) weight (g/plant) (cm/plant) (cm/plant)
CdCl, (uM)
0 47.90+1.04° 38.83+0.90% 71.83+1.20% 68.25+1.672
100 41.05+0.90° 27.50+1.04° 65.25+1.63° 54.58+1.56°
200 33.31+1.35° 20.50+1.42° 54.66+1.84° 45.50+1.90°
Nano-SiO, (mg/l)

0 36.84 +2.55° 25.11+2.80% 59.66+3.34 52.22+3.72°
25 40.55+2.25% 27.55+2.922 62.66+3.12% 53.66+3.84%
50 43.69+2.28° 33.66+2.28% 69.55+1.912 61.33+3.312
100 41.93+2.15° 29.44+2.992 63.77+2.78% 57.22+3.75%

ol 5515 O 3037 Sl eslizal LP < 0.05 g 53 s sme e puts Sl Ol Gl SD S ¥ SSke ¢5lie
Values are mean + SD of 3 replicates. Mean values followed by similar letters did not differ significantly (P < 0.05) when determined
by the Duncan test.
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Table 2A- ANOVA for the effects of CdCl, and Nano-SiO> for shoot and root biochemical characteristics of tomato.

Root Shoot Root Shoot

H,0, H,0, VDA VDA Root Cd ShootCd  df ey e ik Ol et e
721.690*  1068.490* 1.937* 0.534* 56710.43* 11.86.511* 2 CdCl,
93352°  88.689°  0.44°  0.028°  1073674°  18.688° 3 Nano-Sio,
252.650" 16.769" 0.050* 0.005* 976.729* 10.424* 6 CdCl, x Nano-SiO,

8.427 6.129 0.006 0.000 21.146 0.744 24 Error

1.88 7.60 3.20 6.54 8.33 4.55 (%) CV

C,..w‘ -\.A).}b cb..u‘).))‘.)@u J)&:}‘)‘)‘J&xﬁ g.}m‘ Cu\.ﬁ g.,.:;j‘l:v*}léjns

ns and * show no significant and significant at P<0.05, respectively.

(S e S ks 5 alg el H202 s MDA (Cd (sl simes (51,2 Nan0-Si0z 5 CAClz Caliime laclile 31 ke aeylin ~YB Ul

Table 2B- Mean comparison of the effects of different concentrations of CdCl2 and Nano-SiO: for shoot and root Cd, MDA and
H20:2 content in tomato.

CdCl, Nano-SiO, Shoot Cd Root Cd Shoot MDA Root MDA Shoot H,0, Root H,0,
(um) (mg/1) (% DW) (% DW) (nM/g FW) (nM/g FW) (uM/g Fw) (uM/g Fw)
0 0 0.10+0.00f 0.18+0.00° 0.11+0.03' 0.38+0.029" 20.35+0.82° 34.84+0.30°
25 0.10+0.00f 0.18+0.00° 0.10+0.00' 0.31+0.02" 19.88+1.03¢ 33.39+0.36°

50 0.10+0.00f 0.18+.0.009 0.09+0.00' 0.28+0.01" 18.94+0.75¢ 32.69+0.98°

100 0.10+0.00f 0.18+0.00° 0.15+0.00" 0.47+0.01f9 20.25+0.42¢ 34.10+0.99¢

100 0 4.83+0.33¢ 38.75+0.72¢ 0.35+0.00° 0.62+0.02° 29.55+1.00% 58.90+2.37°¢
25 4.03+0.03° 32.00+1.44° 0.20+0.00°¢ 0.57+0.04°f 26.78+2.061 44.40+2.801

50 3.83+0.16° 26.83+0.92f 0.16+0.00" 0.41+0.039%" 20.96+1.06° 38.30+4.501

100 4.41+0.22d®°  33.75+2.16° 0.30+0.00f 0.60+0.03¢f 28.21+2.06° 55.97+2.39¢

200 0 11.66+0.44*  87.50+2.88° 0.61+0.00? 1.43+0.06% 44.04+1.20° 76.09+3.452
25 10.16+0.44° 72.16+1.16° 0.50+0.01°¢ 1.23+0.06° 39.28+1.96° 74.61+2.13%

50 7.50+0.28°¢ 45.41+1.10° 0.45+0.00¢ 0.83+0.06¢ 31.67+1.96° 57.52+3.44°

100 10.50+0.28° 70.00+1.44° 0.55+0.00° 1.04+0.05° 38.80+1.42° 66.30+1.71°
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Values are mean + SD of 3 replicates. Mean values followed by similar letters did not differ significantly (P < 0.05) when determined

by the Duncan test.
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Table 3A- ANOVA for the effects of CdCl2 and Nano-SiO: for shoot and root physiological characteristics of tomato.

p?o‘;gitn pSere‘:; . ég‘;‘g ROOtGSH  ShootGSH  RootDHA  ShootDHA  Root ASA i‘ggt f Sla e o Sols Sk ubia
95.925* 98.695* 1.161* 0.527* 1049.645* 2104.792* 0.139* 0.424* 405.056* 342.389* 2 CdcCl,
32.360* 11.347* 0.072* 0.030* 36.245* 156.416* 0.036* 0.055* 21.661* 32.574* 3 Nano-SiO,
6.476" 4.300* 0.020* 0.003" 9.819™ 2.898ns 0.008"s 0.013* 1.604" 1.570" 6 CdCl;, x Nano-SiO,
0.275 0.720 0.005 0.003 5.976 8.667 0.005 0.002 1.653 2.608 24 Error

9.32 8.05 7.01 7.99 7.58 7.36 9.21 6.98 8.74 9.22 (%) CV

ns and * show no significant and significant at P<0.05, respectively.
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Table 3B- Mean comparison of the effects of different concentrations of CdCl2 and Nano-SiO2 for shoot DHA, root GSSG and shoot and root protein content in tomato.

CdCl; (uM) Nano-SiO; (mg/l)  Shoot DHA (ug/g Fw) Root GSSG (uM/g Fw) Shoot protein (mg/g Fw) Root protein (mg/g Fw)

0 0 0.27+0.02f 0.44+0.03'" 4.16+0.23% 3.16+0.16"
25 0.25+0.02f 0.40+0.05% 5.10+0.63™ 2.59+0.21"

50 0.23+0.03f 0.35+0.02" 3.52+0.25" 2.13+0.23'

100 0.27+0.02f 0.38+0.04" 6.35+0.67° 6.13+0.31

100 0 0.59+0.01° 0.58+0.05° 7.06+0.25% 7.10+0.19°
25 0.38+0.01° 0.52+0.01°1 6.26+0.44° 8.35+0.26%

50 0.37+0.02° 0.45+0.02%" 6.02+0.54° 6.76+0.42°

100 0.40+0.02° 0.53+0.03° 9.41+0.36" 9.16+0.34°

200 0 0.78+0.01° 1.20+0.05% 12.48+0.712 10.62+0.34°
25 0.67+0.04° 0.91+0.04° 10.80+0.62° 8.20+0.26¢

50 0.48+0.01¢ 0.77+0.01¢ 8.46+0.34% 4.51+0.279

100 0.59+0.01° 1.05+0.04° 10.24+0.44° 11.92+0.44°

WLl (S35 0 g05T Jaw 5 P < 0.05 palams 53 13 e 5Dl ¢.\;J§;Lg WL Oy el SDE LSS - Kl ¢ sl
Values are mean + SD of 3 replicates. Mean values followed by similar letters did not differ significantly (P < 0.05) when determined by the Duncan test.
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Table 3C- Mean comparison of the effects of different concentrations of CdCl. and Nano-SiOz for shoot DHA, root GSSG and shoot
and root protein content in tomato.

Treatment ihggt Root ASA Root DHA Shoot GSH Root GSH Shoot GSSG Shoot APX
CdCl, (uM)

0 1724006°  1.73+0.04° 0.35+0.02° 4414014°  253+0.07°  024+0.01°  0.96+0.05°

100 144:007°  1.27+0.06" 0.5740.02° 448+011°  320:008° 0324001  1.24+0.02°

200 0.68+0.05°  0.57+0.05° 0.99+0.05° 239+013°  143t010°  064+0.02°  1.47+0.06°

Nano-SiO; (mg/l)

0 111#014°  1.05:0.17° 0.76+0.14° 354+038°  2.19+030°  047+0.07°  1.22+0.08"

25 1354018°  1.16+0.17° 0.63+0.08" 300£0.40°  245:026°  041#0.06°  1.13+0.06*

50 1524015  1.41+0.16° 0.52+0.07° 4474037 267+022° 033005  137+0.11°

100 i](-)..]i‘éa 1.15+0.17¢ 0.62+0.08° 365:0.40°  2.36+031°  039+0.06°  1.17+0.09°

Ll Sl 0503 5 o3lizal LP < 0,05 selaw 53l sne (3Dt ot Kb Ol G el SD £ LSS Y 5 Kle ¢y 3o
Values are mean + SD of 3 replicates. Mean values followed by similar letters did not differ significantly (P < 0.05) when determined

by the Duncan test.
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slog o3 GST 5 GR APX SOD (sl 5T olled
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Table 4A- Anova for the effects of CdCl2 and Nano-SiOz2 for shoot and root antioxidant enzyme activity of tomato.

Root St RooteR S Root APX OO df o S S e
23814°  10242°  10794°  6056°  1305° 21.756° 2 (cdcl,
0240°  0709°  0635°  084°  0.244° 0810° 3 Nano-Sio,
0076°  0191°  0064°  0153°  0.118° 0078° 6 CdCl, x Nano-Sio;
0018 0013 0022 0022 0015 0.025 24 Error

591 7.1 435 489 7.84 5.25 %) CV

ns and * show no significant and significant at P<0.05, respectively.

sl Az 33 0 Cla.u); Slasne SN g Hls gme M pde o 5 4% 5 NS
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Table 4B- Mean comparison of the effects of different concentrations of CdCl, and Nano-SiO2 for shoot and root SOD, APX, GR
and GST activity in tomato.

CdCl, Nano- Shoot SOD Root SOD Root APX Shoot GR Root GR Shoot GST Root GST
(UM) ?rlncg)]%) (U/mg (U/mg Protein)  (U/mg Protein) (U/mg (U/mg (U/mg Protein) (U/m_g
Protein) Protein) Protein) Protein)
0 0 1.23+0.12" 1.53+0.03° 1.43+0.03' 2.33+0.089 2.40+1.00¢ 1.10+0.057" 1.70+0.05
25 1.50+0.059 1.60+0.05° 1.70+0.05"" 2.43+0.121 2.60+0.05 1.23+0.03" 1.80+0.17°
50 1.60+0.05¢ 1.73+0.12¢ 1.86+0.06%f 2.70+0.05¢ 2.80+0.05 1.26+0.06" 1.90+0.05
100 1.23+0.12" 1.53+0.08° 1.93+0.08% 2.36+0.13¢ 2.30+0.10" 1.16+0.12" 1.80+0.05
100 0 2.03+0.08" 2.26+0.14¢ 1.80+0.05%% 2.70+0.05°f 2.9040.05° 1.73+0.03¢ 2.30+0.05°
25 2.40+0.05° 2.43+0.12¢ 1.50+0.05" 3.00+0.05% 3.20+0.05% 1.93+0.03f 2.40+0.05%
50 2.90+0.05¢ 3.03+0.08° 1.93+0.03¢% 3.30+0.11% 3.40+0.15° 2.30+0.05° 2.60+0.05¢
100 2.26+0.14° 2.23+0.14¢ 1.60+0.059%" 3.00+0.05% 3.00+0.05% 1.96+0.06" 2.40£0.10%
200 0 3.70+0.05° 3.73+0.14° 2.26+0.13° 3.30+0.15% 4.10+0.05° 2.53+0.03¢ 4.43+0.06°
25 3.86+0.08™ 3.90+0.05° 2.20+0.05™ 3.56+0.13° 4.20+0.05° 2.76+0.08° 4,53+0.03°
50 4.60+0.05* 4.70+0.05* 2.66+0.06* 4.53+0.13* 4.96+0.08* 3.80+0.05* 4.90+0.05*
100 4.06+0.12° 3.86+0.08° 2.03+0.08% 4.06+0.06° 4.26+0.12° 3.03+0.08° 4.10+0.05°

Wl (S5 0 g05T o 5 P < 0.05 o 3 13 e 3Bt pte Sy 0Ly U3y el SD 1SS ¥ ke ¢ 50
Values are mean + SD of 3 replicates. Mean values followed by similar letters did not differ significantly (P < 0.05) when determined

by the Duncan test.
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