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ABSTRACT

Nanosilver (10~° m) refers to particles comprising 20-15,000 silver atoms, exhibiting high stability and specific
surface area. At present, nanosilver has been used in agricultural cultivation and production. This study examined
the effects of nanosilver on growth and development of rice root systems. Study results showed that fresh weight
of rice belowground organs and root length both increased significantly by 5% and 25%, respectively, after rice
radicles were treated with 2 ppm of nanosilver for three days. However, the H,O, level reached its peak at 2 days
from treatment, but the activities of the antioxidant enzymes CAT, APX, and GR were inhibited by 2 ppm of
nanosilver treatment. The results showed that nanosilver treatment inhibited the antioxidant enzyme activity
of rice roots. The treatment of rice radicles with 5 uM H,0O, promoted root development and the same was
observed when nanosilver was used for treatment. Moreover, ascorbic acid (AsA) is a H,O, scavenger and there-
fore rice root development was inhibited when AsA was added to rice radicles together with either treatment of
nanosilver or H,O,. In summary, nanosilver treatment of rice radicles promoted root growth and development
via the regulation of H,0, and not the O3~ pathway.
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1 Introduction

Rice (Oryza sativa), a grass from the Gramineae family, is the primary staple food in Asia, and one of
the world’s five major grains. In recent years, global climate changes, climate abnormalities, and plant
diseases have reduced rice output by 10%—16%. Therefore, improving the stress resistance of rice has
become an important topic [1].

Nanosilver (10~° m) refers to particles comprising 20—15,000 silver atoms, exhibiting high stability and
specific surface area. Furthermore, nanosilver shows strong bactericidal activity and is used in medicine, such
as in wound dressing or catheter, to decrease the risk of bacterial infection. Moreover, nanosilver is often used
for various industrial and domestic purposes, including water filtration and disinfection, dye catalysis and
degradation and on domestic applications such as cosmetics manufacturing, textiles, detergents and
deodorants to inhibit bacterial growth and kill bacteria [2,3].

Nanosilver can improve crop biomass; publications in recent years have described the use of nanosilver
in agricultural cultivation and production. Burman et al. [4] sprayed nanosilver on the leaves of chickpeas
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and spraying 1.5 ppm of nanosilver on chickpeas significantly increased the biomass of aboveground and
belowground organs as well as the total biomass. Shams et al. [5] sprayed nanosilver on different parts of
cucumbers and nanosilver improved the morphological characteristics and fruit traits of cucumbers.
Baskar et al. [0] treated napa cabbages with 100, 250, or 500 ppm of nanosilver and treatment with
100 ppm of nanosilver promoted plant growth, but treatment with 250 or 500 ppm of nanosilver inhibited
root and stem growth and decreased biomass.

Application of nanosilver during crop growth not only promoted crop growth but increased the
lifespan of cut flowers. Jung et al. [7] treated Welsh onion with three different types of nanosilver
solution (WA-CV-WA13B, WA-AT-WBI13R, and WA-PR-WBI13R) to assess the antifungal ability of
nanosilver: the bacteriostatic activity was 90% after treatment with 7 ppm of nanosilver and the biomass
and dry weight of treated Welsh onion were significantly increased. Sah et al. [8] treated borage with
nanosilver during its growth phase to assess the effects of nanosilver on borage growth. Borage seed
yield increased when nanosilver concentration was increased from 20 to 60 ppm. Hassan et al. [9] treated
roses with 25, 50, or 100 ppm of nanosilver after harvesting to assess the effects of nanosilver on
postharvest quality: treatment with 50 ppm of nanosilver significantly inhibited microbial growth in the
flowerpot solution, maintained fresh weight and relative water concentration, and prolonged the vase life
of cut roses.

Moreover, many studies indicate that spraying crops with nanosilver can increase the antioxidant
capacity. Leaf mustard seedlings were treated with different concentrations of nanosilver one week after
growth and the fresh weight, root length, shoot length, and seed activity were increased in leaf mustard
seedlings. Furthermore, the antioxidant activity such as of the guaiacol peroxidase, catalase and ascorbate
peroxidase were significantly increased [10]. Juarez-Maldonado et al. [11] compared the effects of adding
nutrient solution containing silver nitrate nanoparticles vs. foliar spraying of silver nitrate nanoparticles.
They found that treatment with the nutrient solution containing silver nitrate nanoparticles increased the
total antioxidant capacity. Aghajani et al. [12] treated thymes with different concentrations (0, 20, 40, 60,
80, and 100 ppm) of nanosilver to investigate the effects of nanosilver on the survival rate, plant height,
canopy area, flowering duration, yield, essential oil yield and composition of thymes. These authors
showed that survival rate, canopy diameter, flowering duration, yield, and essential oil yield were the
highest when the nanosilver concentration was 20, 40, or 60 ppm. However, an additional increase in the
nanosilver concentration to 100 ppm posed significant inhibitory effects. At 60 ppm, the o-terpinyl
acetate concentration was significantly increased. The above results show that spraying low
concentrations of nanosilver during crop growth not only increased crop yield but also the antioxidant
capacity of plants.

At present, there are a limited number of papers on the treatment of rice with nanosilver. In particular, the
effects of nanosilver on the growth and development of rice belowground organs remain unknown.
Belowground organs are important organs that are used by plants to absorb water and nutrients. The
growth and development of roots and root hairs are associated with the initial plant growth and later
yield. Therefore, this study aimed to examine the effects of nanosilver on the growth, development, and
antioxidant activity of rice belowground organs.

2 Materials and Methods

2.1 Preparation of Experimental Materials and Nanosilver Treatment

Rice seeds (TCN-1, indica rice) were disinfected with 3% sodium chlorate for 30 min and completely
washed with distilled water. After washing, rice seeds were placed in culture dishes (20 cm) containing
distilled water and incubated at 37°C in the dark for 24 h. Germinated seeds were selected and placed in
20 cm culture dishes containing two pieces of filter paper. After two days, plants with a root length of
approximately 3 cm were placed in culture dishes (9 cm) containing distilled water and 1.0, 1.5 or 2 ppm
of nanosilver (TS&T International Corporation, Taoyuan City, Taiwan). Nanosilver concentration: Sliver
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(15-20 nm), polyvinylpyrrolidone (medical grade): 1.02 + 0.05%, water: 98.68 + 0.5% (Fig. 1). Every
culture dish contained five rice roots and four duplicates were set up for every treatment. Rice fresh
weight was recorded after seedlings were grown in the dark for three days.
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Figure 1: Nanosilver particle size in transmission electron microscope. (Information provided by TS&T
International Corporation)

2.2 Measurement of H,0, Concentration

The method of Jana et al. [13] was referenced for measurement. Briefly, 0.05 g of rice roots was ground
in sodium phosphate buffer (50 mM, pH 6.8; containing 1 mM hydroxylamine). Following that, the
homogenate was centrifuged at 4°C and 6,000 g for 20 min. Then, 1 mL of TiCl, was added to 2 mL of
the supernatant and mixed evenly. Then, the solution was centrifuged at 5,000 rpm for 15 min. The
supernatant was collected and A4;o was measured.

Calculation formula:

A410 o
<0‘28( ) x 1.5 (dilution)

K, pmol™' cm~)

FW (g)

H,0, concentration (wmol g”'g) =

2.3 Measurement of Superoxide Radical, (O; ) Concentration

The method of Panda [14] was referenced for measurement. Five rice roots were homogenized in
sodium phosphate (65 mM pH 7.8) and centrifuged at 4°C and 12,000 g for 20 min. Following that,
0.45 mL of sodium phosphate buffer (65 mM, pH 7.8) and 0.05 mL of hydroxylamine (10 mM)
were added to 0.5 mL of the supernatant and mixed evenly. The solution was allowed to react at
room temperature for 20 min. Following that, 0.45 mL of sulfanilic acid (17 mM) and 0.5 mL of
a-naphthylamine (7 mM) were added to 0.5 mL of the reaction solution and mixed evenly. The solution
was allowed to react at room temperature for 20 min. Following that, 0.7 mL of the reaction solution was
added to 0.7 mL of ether and centrifuged at 4°C and 1,500 g for 5 min. The bottom layer was collected
and As;o was measured.

2.4 Measurement of Superoxide Dismutase (SOD) Activity

The assay method of Paoletti et al. [15] was used as reference. Five rice roots were homogenized in
sodium phosphate buffer (50 mM, pH 7.4) and centrifuged at 4°C and 1,5000 g for 30 min. Then,
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1.6 mL of Tea-Dea buffer (triethanolamine-diethanolamine, 100 mM, pH 7.4), 0.08 mL of NADH (7.5 mM),
0.05 mL of EDTA/MnCl, (100 mM/50 mM, pH 7.0), and 1 mL of 2-mercaptoethanol (10 mM) were
successively added to 0.2 mL of the supernatant to start the reaction. After evenly mixing, a
spectrophotometer was used for measurement at 340 nm.

Calculation formula:

((Blank AOD—sample AOD)> x 1.5 (dilution) X

1/2 Blank AOD "
SOD activity (unit g7') = 10(min)

DW (g)

2.5 Measurement of Catalase (CAT) Activity

The method of Kato et al. [16] was referenced for measurement. Five rice roots were homogenized in
sodium phosphate buffer (50 mM, pH 6.8) and centrifuged at 4°C and 12,000 g for 20 min. Following that,
2.7 mL of sodium phosphate buffer (100 mM, pH 7.0) and 0.1 mL of H,O, (1 M) were added to 0.2 mL of the
supernatant. After mixing evenly, A,4o measurement was carried out.

Calculation formula:

( AA240

m) x 3 (reaction volume) x 20 (dilution)

DW (g)

Catalase activity (units g~') =

2.6 Measurement of Ascorbate Peroxidase (APX) Activity

The method of Nakano et al. [17] was referenced for measurement. Five rice roots were homogenized in
sodium phosphate buffer (50 mM, pH 6.8) and centrifuged at 4°C and 12,000 g for 20 min. Then, 1 mL of
potassium phosphate (150 mM, pH 7.0), 1 mL of ascorbate (1.5 mM), 0.4 mL of EDTA (0.75 mM), and
0.5 of H,O, (6 mM) were successively added to 0.1 mL of the supernatant. After mixing evenly, a
spectrophotometer was used for measurement at 290 nm.

Calculation formula:
(%) X 3 (reaction volume) x 40 (dilution)

K,mM~' cm1)
DW (g)

APX activity (units g~') =

2.7 Measurement of Glutathione Reductase (GR) Activity

The method of Foster et al. [18] was referenced for measurement. Five rice roots were homogenized in
4 mL of sodium phosphate buffer (50 mM, pH 6.8) and centrifuged at 4°C and 12,000 g for 20 min. Then,
1 mL of Tris-HCI buffer (150 mM, pH 7.5), 0.3 mL of MgCl, (30 mM), 0.5 mL of GSSG (3 mM, freshly
prepared), and 1 mL of NADPH (0.45 mM) were successively added to 0.2 mL of the supernatant. After
mixing evenly, a spectrophotometer was used for measurement at 340 nm.

Calculation formula:

_ AA340 x 20 (dilution)
DW (g)

GR activity (units g~ ")

2.8 H,0; Treatment
Rice germination was performed based on the aforementioned sections. After two days, rice roots of
length ~3 cm were placed in culture dishes (9 cm) containing distilled water and 2.5, 5, or 7.5 pM of
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H,0,. Every culture dish contained 5 rice roots and 3 duplicates were set up for every treatment. Rice fresh
weight was recorded after seedlings were grown in the dark for three days.

2.9 Ascorbic Acid (AsA) Pre-Treatment

Rice germination was performed based on the aforementioned sections. After two days, rice roots of
length ~3 ¢cm were placed in culture dishes (9 cm) containing distilled water and 2.0 mM of AsA. Every
culture dish contained 5 rice roots and 3 duplicates were set up for every treatment. After pre-treatment in
the dark for 3 h, nanosilver or H,O, was used for treatment. Following that, the change in rice fresh
weight was observed.

2.10 Statistical Analysis

All the assays were performed on the basis of the completely randomized design. SAS 9.4 (SAS Institute
Inc., USA.) was employed to calculate the least significant difference to determine the differences between
various treatments (p < 0.05).

3 Results

This study aims to examine the effects of nanosilver on the growth and development of rice roots and to
further discuss the possible effector mechanism of nanosilver on rice roots.

3.1 Effects of Nanosilver on the Growth of the Rice Root System

After rice germination, seedlings that were 3 cm in root length were placed in nanosilver solutions of 0, 1,
1.5, or 2 ppm for 3 days. Rice root length and fresh weight were higher than those in the control group
(Figs. 2A, 2B). After rice roots were treated with 1.5, or 2 ppm nanosilver, the number of crown roots and
that of lateral roots significantly, increased and the treatment did not compromise root appearance (Fig. 2C).
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Figure 2: Effect of nanosilver on root length and fresh weight in rice. Selected plant material with 3 cm root
length after the germination of rice, placed in 0, 1, 1.5, 2 ppm concentration of nanosilver solution for 3 days.
(A) root length and (B) root fresh weight of rice were measured and recorded, (C) rice root appearance. The
arrow points to the lateral roots. Bars show means + SE (n =5), repeated four times. Values with the same
letter are not significantly different at p < 0.05
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The root imaging analysis software DigiRoot V2.5 [19] was used to further analyze total root length,
root area, and root volume to elucidate the effect of nanosilver on rice root growth. Root length, root
area, and root volume were significantly increased after treatment with 1.5 or 2 ppm of nanosilver
(Fig. 3). Therefore, 2 ppm nanosilver was used as the treatment concentration in subsequent experiments.

g 50 F A B 14 =
= o
é’ 40 Q
o 30 3
B 20 -
o —
8 )
g 10 ?’:’
F oo
0 1.0 1.5 2.0 0 1.0 1.5 2.0
Ag* concentration (ppm) Ag* concentration (ppm)

£ 03}C

O

Q

€ 02}t ab a

3

= b

>

° 01}

o

("4

0.0

0 1.0 1.5 2.0
Ag* concentration (ppm)

Figure 3: Effect of nanosilver on (A) the total root length, (B) root area and (C) root volume in rice. Selected
plant material with 3 cm root length after the germination of rice, placed in 0, 1, 1.5, 2.0 ppm concentration of
nanosilver solution for 3 days. Bars show means + SE (n = 5), repeated four times. Values with the same letter
are not significantly different at p < 0.05

According to the results in Fig. 2C, the number of lateral roots in the 2 ppm nanosilver treatment was
greater than that in the control treatment. Therefore, rice roots were treated with 2 ppm nanosilver for 1, 2, 3,
or 4 days, and the root length was significantly increased on Day 3 of treatment (Figs. 4C, 4E). These results
show that treatment with nanosilver at a concentration of 2 ppm for 3 days was the optimal treatment
condition.

3.2 Effects of Nanosilver on Rice Antioxidant Enzyme Activity

Hydrogen peroxide can regulate plant growth and signal transduction during plant growth and
development or when plants experience stress. Therefore, the influence of nanosilver treatment on the
H,0, concentration was studied. Experimental results show that H,O, concentration significantly
increased on Day 2 after rice roots were treated with nanosilver. On Day 3 of treatment, H,O,
concentration decreased (Fig. 5A). Changes in superoxide concentration followed a similar trend as that
of H,O, concentration, i.e., reaching a peak on Day 2 and significantly decreasing on Day 3 (Fig. 5B).
However, no significant differences were observed in superoxide concentration between treated and
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untreated groups (Fig. 5B). The above results demonstrated that nanosilver treatment of rice can increase
H,0O, concentration but did not affect superoxide concentration.
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Figure 4: Effect of different times of treatments with/without nanosilver on the root length in rice. Selected
plant material with 3 c¢cm root length after the germination of rice was placed in 2 ppm concentration of
nanosilver solution for 3 days. The growth at (A) 1 day, (B) 2 days, (C) 3 days and (D) 4 days of root
appearance were recorded, and the change of root length (E) was measured. Symbols show means + SE
(n = 5), repeated four times. Asterisks represent values that were significantly different between —Ag" and
+Ag" atp <0.05

The H,0, concentration in the rice root differed depending on the antioxidant enzyme activity.
Therefore, the effect of nanosilver treatment on antioxidant enzyme activity in rice roots was studied.
Experimental results showed that the SOD activities in the rice roots of the untreated group and the
nanosilver treated group did not differ (Fig. 6A). However, CAT, APX, and GR activities in the
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nanosilver treated group were significantly lower on Days 2 and 3 of treatment compared with the untreated
group (Figs. 6B, 6C, 6D), showing that nanosilver treatment reduced CAT, APX, and GR activities.

1 250
g 122} A —o- - Ag* B —e—- Ag* o
s g . O +Ag’ —O—+Ag" me
ST 9 1200 5 @
€ - 3 S
g o S © 9
€S 6 Q 150 @ S
S £ & -
| - a2
o (100 2 3
T =
0 v v v v T T T T 0
0 1 2 3 0 1 2 3
Treatment day(s) Treatment day(s)

Figure 5: Effect of nanosilver on reactive oxygen species concentration in rice. Selected plant material with
3 cm root length after the germination of rice, placed in 2 ppm concentration of nanosilver solution for
3 days. The (A) hydrogen peroxide concentration and (B) superoxide concentration of rice were
measured. Symbols show means + SE (n =5), repeated four times. Asterisk on Fig. SA represent values
that are significantly different between —~Ag" and +Ag" at p < 0.05
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Figure 6: Effect of nanosilver on antioxidant enzyme activities in rice. Selected plant material with 3 cm
root length after the germination of rice was placed in 2 ppm concentration of nanosilver solution
for 3 days. The (A) SOD (B) CAT (C) APX and (D) GR activities of rice were measured. Symbols
show means = SE (n = 5), repeated four times. Asterisks represent values that are significantly different
between —Ag” and +Ag" at p < 0.05
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3.3 Effects of H,0, on the Growth of Rice Root Systems

After rice roots were treated with 0, 2.5, 5.0, or 7.5 um of H,0O,, rice root fresh weight and change in
H,O, concentration were measured. Experimental results showed that rice root fresh weight and H,O,
concentration increased as the H,O, treatment concentration also increased (Fig. 7). The above results
show that H,O, treatment of rice roots can promote root growth.
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Figure 7: Effect of hydrogen peroxide on root fresh weight and H,O, concentration in rice. Selected plant
material with 3 cm root length after the germination of rice was placed in 0, 2.5, 5.0, 7.5 ppm concentration of
peroxide solution for 3 days. The (A) root fresh weight and (B) peroxide concentration of rice were
measured. Bars show means = SE (n = 5), repeated four times. Values with the same letter are not
significantly different at p < 0.05

AsA is a H,O, scavenger and the addition of AsA in the experiment can reduce H,O, concentration in
rice roots. Furthermore, H,O, can play a dual role in cells. When the concentration is high, it becomes a free
radical that damages the cell membrane; when the concentration is low, it becomes a message-transmitting
molecule. In this experiment, the H,O, concentration is 5 uM as the intermediate value (2.5 uM~7.5 uM),
which is the subsequent treatment concentration.

Experimental results showed that root fresh weight was increased after H,O, and nanosilver treatments
(Fig. 8). This demonstrates that the effect of nanosilver on rice roots is the same as the H,O, treatment. When
2 mM of AsA was added, root fresh weight decreased regardless of whether roots were treated with H,O,,
nanosilver, or both (Fig. 8). This shows that AsA decreased H,0O, concentration in rice roots, thereby
abolishing its growth promoting effects on rice roots.
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Figure 8: Effect of ascorbate, nanosilver and hydrogen peroxide on root fresh weight in rice. Selected plant
material with 3 cm root length after the germination of rice with or without 2 mM ascorbate, 2 ppm nanosilver
or 5 uM hydrogen peroxide solution for 3 days. Bars show means + SE (n =5), repeated four times. Values with
the same letter are not significantly different at p < 0.05.
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4 Discussion

Nanosilver, which features unique physical and chemical properties, high stability, large specific surface
areas, and favorable disinfection capability, is widely utilized in industrial and medical fields [20,21]. In
recent years, nanosilver has also been used in fields of agricultural cultivation and production [4—6].
However, to induce crop growth, the appropriate nanosilver concentrations must be used. Lin et al. [22].
investigated the effects of nanoparticles on plant germination rates and root growth by using six crops
and five different types of nanoparticles, respectively. The results revealed that a high nanoparticle
concentration (i.e., 2,000 mg/L) inhibited root growth among all crops; those of nanozinc and nanozinc
oxide concentrations of 50% inhibited radish at 50 mg/L; and those of nanozinc and nanozinc oxide
inhibited edible rape and perennial ryegrass at 20 mg/L. The results of subjecting Thymus plants to
nanosilver of varying concentrations (i.e., 0, 20, 40, 60, 80, and 100 ppm) revealed that at concentrations
of 20, 40, and 60 ppm, nanosilver considerably affected survival rates, canopy area diameters, flowering
days, yields, and essential oil volumes [12]. In vitro barley experiments revealed that adding 6 and
8 mg dm nanosilver to the Murashige and Skoog medium limited the number of infected barley
embryos, and that the adding of 4 and 8 mg dm > nanosilver yielded the most seedlings with tall plant
height and long root lengths [23]. Additionally, the selection of nanosilver particle sizes is critical.
Mustafa et al. [24] treated soybeans using nanosilver particles (i.e., 2, 15, and 50-80 nm) of varying
concentrations (i.e., 0.2, 2, and 20 ppm) for six days, and discovered that 15-nm nanoparticles with a
concentration of 2 ppm yielded the highest soybean seed fresh weight; and that 20-nm nanosilver
particles with concentrations between 1 and 10 ppm produced the most favorable rice root lengths,
dryness, and fresh weights [25]. In this study, 15-20 nm nanosilver particles with concentrations of 0, 1,
5, 10 ppm were used to treat rice, where those with a concentration of 5 ppm resulted in brown roots,
signaling plant poisoning (data not shown). Accordingly, this study selected only nanosilver particles with
concentrations of 0, 1, 1.5, and 2 ppm. The results indicated that treating rice with nanosilver with
concentrations of 1.5 and 2 ppm nanosilver substantially increased rice root lengths, fresh weights (Figs.
2, 4), root areas, and root volumes (Fig. 3). This implies that treating rice with nanosilver can induce
early-stage root growth and development, supporting the findings of Thuesombat et al. [25].

Nanosilver treatment promotes crop growth, enhances crop quality [7-9], and elevates crop antioxidant
capacity, increasing crop tolerance to adverse environments. Hazel tree cells treated using nanosilver with
concentrations of 2.5 or 5 ppm exhibit higher enzyme (e.g., Ascorbate peroxidase (APX), Catalase
(CAT), Peroxidase (POD)) activities [26]. Onions treated using nanosilver with a concentration of 20 ppm
demonstrate considerably higher total antioxidant capacity [11]. Pelargonium treated using nanosilver
display elevated enzyme (e.g., APX and POD) activities, effectively preventing its flower petals from
falling off when stored in the dark [27,28]. Soybeans treated using nanosilver exhibit improved tolerance
to flooding [24]. Gupta et al. [29] discovered that by treating rice seedlings in culture mediums using
nanosilver with concentrations of 0, 10, 20, and 40 ppm, the rice demonstrated improved dry and fresh
weights, elevated CAT and APX gene expressions and enzyme activities, and decreased, but not
significantl, H,O, concentration. Therefore, they maintained that adding of nanosilver enhanced rice
antioxidant enzyme activities and facilitated (but not significant) H,O, because the rice was not in
adverse environments. This study treated rice roots using nanosilver, where the APX and Glutathione
Reductase (GR) showed decreased activities by Day 2; and decreased CAT activities by Day 3, increasing
H,0; concentration and inducing root growth. The results of this study supported those of Gupta et al.
[29] in that the nanosilver treatment facilitated rice growth; and did not support those of Gupta et al. [29]
in that antioxidant enzyme activities dropped in this study. Possible reasons for such a difference may be
because of the different treatment materials and nanosilver concentrations employed.

Reactive Oxygen Species (ROS) play an important role in plant growth and development. The growth
and development of belowground organs are regulated by ROS. When the ROS level reaches that of
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micromolar, root growth and elongation are promoted [30]. Xu et al. [31] used salicylic acid to inhibit the
expression of ROS scavenging-related genes and increase ROS level to promote root meristem activity.
He et al. [32] treated wheat under drought stress with H,O, and found that wheat germination rate, leaf
area, dry weight, moisture utilization efficiency, net photosynthetic rate, and antioxidant enzyme activity
were higher than those recorded in the control group. This proves that H;O, can act as a signaling
molecule under stress to induce stress resistance of the plant antioxidant system. In addition, O3~ can
regulate plant growth and development. Kim et al. [33] transformed potatoes with antisense-sequences of
the lily chloroplast-localized Cu, Zn SOD and found that the O3 level in potatoes was increased: this
regulated gibberellin (GA) synthesis to promote potato growth and tuber development. The present study
examined the effects of nanosilver treatment on the antioxidant enzyme activity in rice. Results showed
that nanosilver treatment of rice resulted in no significant change in SOD activity (Fig. 6A). This result
showed that there was no significant difference in the O3~ level (Fig. 5B). However, APX and GR
activities were inhibited on Day 2 after nanosilver treatment (Figs. 6C, 6D), and CAT activity was
inhibited on Day 3 of treatment (Fig. 6B). Results showed that there were significant differences between
H,0; levels on Day 2 of treatment (Fig. 5SA). These results suggested that nanosilver treatment promoted
rice root growth and elongation through H,O, and not O5™. Therefore, we further treated rice with 0, 2.5,
5, or 7.5 uM of H,0,. Results show that the treatment with H,O, increased fresh root weight (Fig. 7A).
This result is the same as that the treatment of nanosilver promoted the root length and fresh weight of
rice (Figs. 2A, 2B). These findings show that nanosilver promotes the growth of rice roots, and this was
related to H,O,.

AsA is a H,O, scavenger [34]. Beltagi [35] treated chickpeas with AsA under salinity stress and the
resulting dry weight and fresh weight of plants were significantly higher than those recorded in the
control group. This shows that AsA can scavenge excess of free radicals under oxidative stress conditions
to protect plants from oxidative damage. In this study, AsA pre-treatment significantly inhibited the
development of rice roots, and inhibited the promoting effect of nanosilver on root elongation. When
nanosilver and 5 pM of H,O, were simultaneously added after AsA pre-treatment, the resulting root
length was similar as that recorded in the AsA pre-treatment group (Fig. 8). Therefore, results suggest
that AsA pre-treatment allows simultaneous scavenging of nanosilver and additional H,O,, thereby
abolishing their promoting effects on root growth and elongation.

03~
& i CAT
e : : Root FW
Ag APX ; HZOZt Root length

GR

Figure 9: Mechanism diagram of nanosilver to promote root growth of rice

5 Conclusions

In summary, the above results show that the nanosilver promotion of rice root growth in the early stage
of development is regulated by H,O, and not O5~. Moreover, 2 ppm nanosilver treatment for 3 days
increased rice root H,O, levels and inhibited the activities of antioxidant enzymes (CAT, GR, and APX)
to increase fresh weight and promote root growth (Fig. 9). Furthermore, the development of rice root
systems were similar after treatment with 5 uM of H,O, or nanosilver treatment. As AsA is a H,O,
scavenger, AsA pre-treatment significantly inhibited the development of rice roots and at the same time
abolished the promoting effects of nanosilver on root elongation. The mechanism by which nanosilver
affects rice root growth is still unclear. From the results obtained in this study, it can be deduced that
nanosilver increases the H,O, level in rice roots to affect root development (Fig. 9).
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