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Abstract: Low emergence and vigor of canola seeds are common problems encountered by canola
growers. Seed coating is a good way to solve this problem. The objective of this study was to find
the best combination of nano-organic to be used as a coating for seeds for strengthening the absorp-
tion of water and emergence seed of low vigor canola. The treatments in the first experiment in-
cluded six levels of organic coatings: 20% vermicompost with 80% bentonite, 30% vermicompost
with 70% bentonite, 40% vermicompost with 60% bentonite, 40% residues of canola with 60% ben-
tonite, 30% residues of canola with 70% bentonite, and 20% resides of canola with 80% bentonite.
The results indicated that 20% residues of canola and 20% vermicompost had the highest moisture
under the saturation conditions and kept moisture for a longer time. Subsequently, the factors of
the second experiment included three levels of water stress (100, 75, and 50% field capacity (FC)),
three levels of seed coating (control, vermicompost, and canola residues), and three levels of tita-
nium dioxide nanoparticles (0, 0.5, and 1 mM). The results showed that nano-organic coating im-
proved emergence percentage and seedling traits while increasing superoxide dismutase, peroxi-
dase, and catalase activities and decreasing electrolyte leakage. The highest ratios for emergence
percentage (74.67), seedling vigor index (264.58), and leaf area (418) were obtained at the highest
level of nano-titanium (1 mM). The highest rates of superoxide dismutase (53.44), peroxidase (30.68),
catalase (5.35), chlorophyll content (51.05), and lowest electrolyte leakage (42.39) were observed in
the highest level of nano-titanium (1 mM). Based on the results, we suggest the use of rapeseed
residues with nano titanium oxide for rapeseed coating. The use of nanoparticles in current seed
coatings is useful for reducing stresses in the germination and emergence stages.
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As the first stage in plant production and development, seed germination plays an
important role in the quality and quantity of final plant production [1-3]. The seeds have
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Accepted: 26 January 2023 crop production and final yield [1,2]. The seed vigor (early growth) can be affected by
Published: 28 January 2023 genetic characteristics and environmental factors such as light, temperature, humidity,
etc.) [4-6]. Additionally, it has been reported that treating seeds with proper organic or
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pounds have been implemented on different conditions and plant species [9,15,16]. Seed
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priming has been used to improve germination, reduce seedling emergence time, and
ameliorate stand establishment and yield [9]. Seed coating or seed pelleting is an im-
portant part of pretreatment [17,18]. In this method, changes in the shape, dry weight, and
size of the seed or seed surface structure occur using different amounts of materials and
compounds [19,20]. Seed coatings are used for different purposes, including protecting
the seed from fungal and insect attack, protecting from birds and rodents, supplying mi-
cro- and macronutrients, supplying growth regulators, yielding more moisture absorp-
tion, supplying oxygen, germination stimulation, and germination delay [17,21,22]. On
the other hand, plants are reportedly more sensitive to water stress at the germination
stage [2,3,10,23-26]. Drought stress in this stage reduces the longitudinal growth of the
shoot and root, delays the time of emergence, and reduces the uniformity of seedling
emergence and density in the field [5,7,10,23]. In this regard, the coating method for pre-
treating seeds and improving their traits can bring about great advantages in this situa-
tion. The absorption of water, which depends on both water storage of the seed bed and
seed characteristics, is the most essential factor for imbibition in the early stages of seed
germination [27,28]. Lack of water in the seedbed leads to osmotic stress in seeds, poten-
tially causing negative effects and preventing the seed from proper germination [29].
Coating seeds with proper materials can absorb higher amounts of water compared to
nontreated seeds, resulting in the proper emergence and production of a stronger root
system [18,19,30,31]. Some materials, such as plant residue, manure, and vermicompost,
can maintain different amounts of moisture and improve seeds’ ability to germinate more
properly [32,33].

Materials that are used in seed coating typically consist of chalk, clay, soil, mica,
quartz, talc, Pete, perlite, and wooden fiber, as well as all kinds of adhesives and varying
levels of organic material [18]. Meanwhile, the application of nanotechnology and nano-
materials is progressively growing worldwide [34-36]. Nanoparticles are atomic or mo-
lecular complexes with dimensions as small as 1-100 nanometers with normally different
properties compared to their original materials [37]. In this regard, the use of titanium
dioxide nanoparticles has shown an increasing trend in plant production [11,29,35,36,38].
Titanium is one of the useful elements for plants that can stimulate the uptake of some
nutrients such as nitrogen, phosphorus, calcium, magnesium, iron, manganese, and zinc
depending on some biological factors, including plants species, pH, moisture, and nutri-
ents in the soil [11,29,35,36,38]. Treated with titanium dioxide nanoparticles increase rates
of germination, seedling dry weight, and vigor index of old soybean seeds compared to
the control [36].

Canola (Brassica napus), an annual plant belonging to the Brassicaceae family, is an
oil crop with a high yield potential and oil seed content in comparison to other oilseed
plants [28,39]. Canola seed contains 40-45% oil and 25-35% protein. Canola oil has the
best quality as an edible oil due to the perfect combination of unsaturated and low-satu-
rated fatty acids. Canola seed is small and sensitive to drought stress during germination
and seedling establishment [40]. Drought stress reduces the rate of daily germination and
greatly reduces the number of established seedlings, and this problem occurs when re-
planting is not possible [40].

There are few reports on the use of nanoparticles in seed coating and almost no re-
ports on the use of nano titanium dioxide in rape seed coating. Our hypothesis is that the
use of organic coatings with titanium nanoparticles can reduce the drought stress in the
germination and emergence stage by absorbing and retaining water around the rapeseed.
This treatment should lead to an increase in the emergence rate and, ultimately, in the
number of plants established. The novelty of this research is the combined use of organic
matter, bentonite, and titanium nano-oxide materials to enhance the germination and
emergence of rapeseed in the conditions of drought stress in the germination stage.

The aim of this research is to investigate the effect of using organic materials together
with hydrophilic minerals such as bentonite and nano titanium oxide to create a hydro-
philic compound capable of absorbing and retaining water for a longer period in the
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ground. The combination of these components will create a coating suitable for improving
germination and the emergence of oilseed rape under drought-stress conditions.

2. Materials and Methods

2.1. Experiment 1: Pattern of Water Absorption and Maintenance of Moisture by the Coated
Seeds

Experiment 1 was performed to find the best combination of these treatments to be
used as a coating for seeds to help seeds germinate more properly and, in turn, help seeds
to emerge and absorb the moisture. The idea behind the experiment was that the materials
used in the coating should be so sustainable that no harm or damage affects them during
the planting in the field. They should also be able to respond to moisture properly so that
the moisture can be easily absorbed. This experiment was carried out in a completely ran-
domized design with five replications on canola seed var. Nepton. Treatments included
six levels of organic coatings: C1—20% vermicompost with 80% bentonite; C2—30% ver-
micompost with 70% bentonite; C3—40% vermicompost with 60% bentonite; C4—40%
residue of canola with 60% bentonite; C5—30% residues of canola with 70% bentonite;
C6—20% residues of canola with 80% bentonite. Bentonite (sodium type) is a swelling clay
consisting mostly of montmorillonite soil and is a powerful absorbent of water and lig-
uids. Bentonite were purchased from Sinato Co (Shiraz, Iran). The residues of canola for
this experiment were collected from the farms of the College of Agriculture, Shiraz Uni-
versity, Shiraz, Iran, while the vermicompost was prepared from Kimia Co. ltd. (Shiraz,
Iran). The organic materials were dried in the shade at room temperature. They were then
ground, powdered, and passed through a sieve with mesh 40. Bentonite, vermicompost
(their characteristics are listed in Table 1), and residues were mixed at different rates with
water to obtain a saturated dough-like form. The dough-like form of these mixtures was
then placed in an incubator for 48 h at 30 °C and weighed at regular intervals to evaluate
their ability to absorb and maintain moisture.

Table 1. Some chemical characteristics of vermicompost used.

Vermicompost Properties

pH 7.75
EC (ds/m) 3.8
Organic matter (%) 44.2
Organic carbon (%) 25.6
Total nitrogen (%) 2.15
Phosphorus (mg/kg) 14,194
Potassium (mg/kg) 10,000
Iron (mg/kg) 3274
Zinc (mg/kg) 112.3
Manganese (mg/kg) 248.8
Copper (mg/kg) 28.7
Canola residue Properties
Cellulose (%) 43
Lignin (%) 17

Ash (%) 6
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2.2. Experiment 2: Effect of Moisture Regime, Organic Coating, and Titanium Dioxide
Nanoparticles on Emergence Percentage, Emergence Rate, Seedling Vigor Index, Root and Shoot
Dry Weight, and Leaf Area

After screening the treatments using the first experiment, Experiment 2 was con-
ducted in 2019 in a greenhouse located in the College of Agriculture, Shiraz University, as
a factorial experiment arranged in a completely randomized design with five replications.
In this experiment, treatments included three levels of seed coating (SCO =no coated seeds,
SC1 = coated seeds with vermicompost, and SC2 = coated seeds with residues of canola),
titanium dioxide nanoparticles at three levels (0 mM, 0.5 mM, and 1 mM), and water stress
at three moisture levels including well-watered (100% water holding capacity), moderate
water stress (75% water holding capacity), and severe water stress (50% water holding
capacity). Nanoparticles were purchased from Nano Pars Lima Co, and their characteris-
tics are listed in Table 2.

Before experiment initiation, the pots were filled with 5 kg of a mixture of soil, sand,
and compost as 5:2:1. The soil texture was sandy loam, with the other characteristics of
the soil presented in Table 2. In each pot, five seeds were sown. To apply water stress, the
field capacity of the soil was determined, and the treatments were applied to the
weighting base. Every alternate day, the pots were weighed, and water was added to
achieve the target soil moisture.

Table 2. Some physical and chemical characteristics of titanium dioxide nanoparticles and soil used
in the experiment pots.

Texture Soil Properties
P
Sandy Clay _, EC K Fe Zn Mn Cu
Silt% pH N% K
% % oo P sm) ‘mg)’ 8 (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg)
42 20 38 754 072 02 16 266 2.2 2 3.2 0.4
Nano- Size Purity Surface
particle (nM) (%) (M?/g)
Tio2 <30 99 <60

2.3. Data Collection

The morphological traits, including emergence percentage, emergence rate, seedling
vigor index, leaf area (Leaf Area Meter device using Delta Model-T Device), and seedling
dry weight, (weighing through the samples dried at 70 °C for 24 h using scales with an
accuracy of 0.001 g) were evaluated. Emergence percentage, mean time of emergence, and
emergence rate were calculated by the following formulas [41].

EP = Emerged seedling x 100/n
MTE = XTiNi/2Ni

ER =1/MTE

where EP represents the emergence percentage, n is the number of seeds planted in each
plot, MTE denotes the mean time of emergence, Ti refers to the number of seeds emerging
per day, Ni represents the total seed emergence on each measurement day, and ER shows
the emergence rate.

The seedling vigor index was calculated using the following formula:

VI=EP x SL
where VI is the seedling vigor index, and SL is the seedling length.
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The activity of superoxide dismutase, peroxidase, catalase enzymes, and electrolyte
leakage was calculated by Beauchamp and Fridovich [41], Chance and Maehly [42], and
Dhindsa [43], respectively.

2.4. Statistical Analysis

Prior to analysis, the data population normality was verified by Kolmogorov—
Smirnov with SPSS (10.0) software (IBM, Armonk, New York, NY, USA). The data were
analyzed using ‘SAS’ statistical software v.9.3 (SAS Institute Inc., Cary, NC, USA) after
ensuring the homogeneity of variances. The means were compared by Duncan’s multiple
range test (DMRT) in cases where the F-test of the ANOVA table indicated a significant
difference, at least at the p < 0.05 and p < 0.01 level, and the curve was drowned by Excel
(Microsoft Inc., Chicago, IL, USA). Figure 1 shows the experimental design.

Figure 1. The figure shows the experimental protocol followed.

3. Results

3.1. Experiment 1: Pattern of Water Absorption and Maintenance of Moisture by the Organic
Matter for the Seed Coating

Organic matter and time after saturation had significant effects on water absorption
and maintenance of moisture by the coated seeds. The results of the mean comparison for
water absorption showed that 20% vermicompost with 80% bentonite and 20% canola res-
idue with 80% bentonite had the highest water absorption under saturation conditions
(Figure 2) with no significant difference. The slopes of the regression lines for these treat-
ments represented that 20% application of either canola residue or compost mixed with
bentonite yielded the highest constant and the lowest negative trend for loss of the ab-
sorbed moisture (Table 3). Moreover, the average saturation content for organic treat-
ments indicated that after taking the coated seeds out of the water, the saturation content
was the highest when applying the residue and compost at 20% for each without any sig-
nificant differences. Since the use of 20% of either compost or canola residue resulted in
the highest saturation content followed by the lowest rate of moisture loss over time, these
two treatments have been the best organic proportions for usage as a seed coating for
canola seeds compared to the other treatments in this experiment (Table 3).
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Figure 2. Content of water absorbed by the coated seeds under different coating treatments after
saturation in water (C1: 20% vermicompost with 80% bentonite, C2: 30% vermicompost with 70%
bentonite, C3: 40% vermicompost with 60% bentonite, C4: 40% rapeseed residues with 60% benton-
ite, C5: 30% rapeseed residues with 70% bentonite, and C6: 20% rapeseed residues with 80% ben-
tonite).

Table 3. Linear model of weight in saturation condition and moisture content in kinds of organic
coating.

Kind of Coating Average Saturation = Content of Maintain Moisture Model R? -
20% vermicompost 32192 Y =-0.124x + 3.417 0.981 -0.124
30%vermicompost 2.979° Y =-0.168x + 3.207 0.984 -0.168
40% vermicompost 2.914° Y =-0.170x + 3.092 0.978 -0.170
20% canola residue 3.3052 Y =-0.132x + 3.433 0.984 -0.132
30% canola residue 3.032 20 Y =-0.157x + 3.256 0.963 -0.157
40% canola residue 2.821° Y =-0.163x + 3.372 0.961 -0.163

Significant differences (p < 0.05 or p < 0.01) were indicated with different letters.

3.2. Experiment 2: Effect of Moisture Regime, Organic Coating, and Titanium Dioxide
Nanoparticles on Emergence Percentage, Emergence Rate, Seedling Vigor Index, Shoot and Root
Dry Weight, and Leaf Area

In the second experiment, different proportions of titanium dioxide nanoparticles
were added to the selected proportion of the coating material (20% canola residue and
20% vermicompost mixed with bentonite) from the first experiment to measure their abil-
ity to induce tolerance to water stress conditions. Water stress had a significant effect on
emergence percentage, emergence rate, seedling vigor index, root and shoot dry weight,
and leaf area (Table 4). Water stress significantly decreased the emergence percentage and
seedling traits (Table 5). Emergence percentage, emergence rate, seedling vigor index, root
and shoot dry weight, and leaf area decreased with increasing water stress (Table 5). The
highest emergence percentage (77.33), emergence rate (0.21), seedling vigor index (302.22),
shoot dry weight (7.31 g), root dry weight (17.1 g), and leaf area (500 cm?) were obtained
under 100% FC condition, while the lowest rate for all of these traits was observed in un-
der 50% FC condition (Table 5). Coating with the organic matter had a significant effect
on emergence percentage, emergence rate, and seedling traits (Table 4). The highest emer-
gence percentage (83.56), emergence rate (0.22), seedling vigor index (237.33), shoot dry
weight (5.67 g), root dry weight (14.02 g), and leaf area (471) were obtained in the coating
with canola residue, while the lowest rate for all these traits was observed in the control
with no seed coating (Table 5).
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The emergence percentage, emergence rate, seedling vigor index, shoot dry weight,
root dry weight, and leaf area significantly affected by titanium nanoparticles (Table 4).
The application of titanium nanoparticles improved the emergence and seedling traits of
seedlings (Table 5). The highest ratios for emergence percentage (74.67), emergence rate
(0.21), seedling vigor index (264.58), shoot dry weight (5.78), root dry weight (13.20), and
leaf area (418) were obtained at the highest level of nano-titanium (1 mM), while their low-
est rates were observed in the control with no application of this nanomaterial (Table 5).

Table 4. Analysis of variance for emergence, emergence rate, seedling vigor index, shoot dry weight,
root dry weight, and leaf area as affected by moisture regime, coating, and nanoparticle.

Mean Square

Emergence Rate  Seedling Shoot Dry - Root Dry

Source df Emergence (%) (Seed/Day) Vigor Index W?;;ht Wzi;);ht Leaf Area (g)
Moisture regime(W) 2 3567.4 ** 0.06 ** 226,439.23 ** 7922 ** 0.99 ** 307,868.7 **
Coating (C) 2 12,625.18 ** 0.07 ** 227,841.98 ** 4453 ** 41.07 **  172,962.42 **
Nanoparticle(N) 2 2809.96 ** 0.06 ** 49,176.89 **  80.36 **  504.23 **  284,450.94 **
W*C 4 2.96 ns 0.001 ** 5559.10 * 0.00 ns 0.00 ns 0.00 ns
W*N 4 38.75 ns 0.001 * 683.11 * 0.98 ns 4.23 ns 1550.48 ns
C*N 4 65.97 ns 0.00 ns 504.57 ns 0.42 ns 17.21 ns 3269.54 ns
W*C*N 4 30.157 ns 0.00 * 443.86 ns 0.87 ns 2.46 ns 1326.31 ns
Error 104 245.20 0.00 2942.99 0.54 5.89 2846.09
CV% 23.08 8.56 22.82 12.86 18.40 12.79

**, * and ns: significant at the 1%, 5% probability level and not significant, W = Moisture regime, C
= Coating, N = Nanoparticle.

Table 5. Effect of moisture regime, organic coating, and titanium dioxide nanoparticles on emer-
gence traits.

Emergence  Emer- Seedling Shoot Dry Root Dry  Leaf

Treatment Percentage gence Rate Vigor Index Weight  Weight  Area
(8 (8 (ecm?)
Moisture regime
(%FC)
100 77332 0212 302.22 2 7312 17162 5002
75 69.33 " 0.17¢® 248.80 562" 12.81> 431°
50 58.22 ¢ 0.14 < 161.69 ¢ 428 ¢ 956 322¢
Coating
Control 51.56 ¢ 0.14 < 166.53 ¢ 297 ¢ 10.65¢  238°¢
Vermicompost 69.78 ® 0.17¢® 237.33 " 567" 13.20°  424¢®
Residue 83.56 2 0.222 308.84 = 6.722 14.022 471
Nano titanium di-
oxide (mM)
control 60.00 < 0.14° 202.00 © 470" 1220 353¢®
0.5 70.22 > 0.18 246.13° 5.99a 13462 435
1 74.67 @ 0.21- 264.58 2 578 2 13202 418

Data representation of three repeated experiments. Means followed by the same letter in a column
were not different by Duncan’s multiple range test (p < 0.05).

The interaction of coating with organic matter and water stress had a significant ef-
fect on the emergence rate and seedling vigor index (Table 6). The emergence rate of can-
ola seeds increased from 0.18 to 0.27(seed/day) by applying the canola residue under 100%
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FC and just from 0.11% to 0.18% under 50% FC. Similarly, the seedling vigor index in-
creased from 217 under control conditions under no water stress to 359 in canola residue
application, while these ratios under 50% FC were from 139 to 263, respectively (Table 6).

Table 6. Effect of moisture regime and organic coating on emergence rate and seedling vigor in-
dex.

Moisture Regime 100% FC 75% FC 50% FC
Coating Co C1 C2 Co C1 C2 Co C1 C2
1
Emergence Rate 0.18<« 0.20¢ 0.27= 0.15¢ 0.17< 021" 0.11¢ 0.14d OCdS
Seedlm(gie\)/:gor I 17¢ 2046 359s 184w 256t 3024 139¢  213c 263

Data represented from three replication. Means followed by the same letter in each row were not
different by Duncan’s multiple range test (p < 0.05), FC = field capacity, Co=no coated seeds, Ci =
coated seeds with vermicompost, and Cz = coated seeds with residues of canola.

The emergence rate and seedling vigor index were significantly affected by the inter-
action of nanoparticles and water stress (Table 4). The emergence rate of canola seeds in-
creased from 0.17 to 0.25 (seed/day) by applying the nanoparticles under 100% FC and
only from 0.11% to 0.17% under 50% FC (Table 7). Similarly, the seedling vigor index in-
creased from 248 under control conditions under no water stress to 352 by applying the
nanoparticles under 100% FC, while these ratios under 50% FC were only from 175 to 255,
respectively (Table 7).

Table 7. Effect of moisture regime and nano titanium dioxide on emergence rate and seedling vigor
index.

Moisture Regime

100% F.C 75% F.C 50% F.C

Nanoparticle

Control 05mM 1mM Control 05mM 1mM Control 05mM 1mM

Emergence Rate

0.17° 022 (0252  (.14Pbc 0.18> 021  0.11¢ 0.15b  0.17°

Seedling vigor Index

248 be 337 2 352 2 220 © 279 2950 1754 243 e 255 ke

Data represented from three replication. Means followed by the same letter in each row were not
different by Duncan’s multiple range test (p < 0.05), FC = field capacity, and mM = millimolar.

Water stress had a significant effect on superoxide dismutase, peroxidase, catalase,
electrolyte leakage, and chlorophyll content (Table 8). Superoxide dismutase, peroxidase,
catalase, and electrolyte leakage increased with increasing water stress, but chlorophyll
content decreased with increasing water stress (Table 9). The lowest superoxide dismutase
(17.34), peroxidase (18.71), catalase (1.77), and electrolyte leakage (29.438) were obtained
under 100% FC condition, while the highest rate for all these traits was observed in under
50% FC condition (Table 9). The highest chlorophyll content (54.22) was obtained under
100% FC condition, while the lowest rate of it was observed in under 50% FC condition
(Table 9). Coating with an organic matter had a significant effect on superoxide dismutase,
peroxidase, catalase, and electrolyte leakage (Table 8). The lowest superoxide dismutase
(27.04), peroxidase (20.88), catalase (3.69), and chlorophyll content (48.31) and the highest
electrolyte leakage (52.17) were obtained in the no-seed coating. On the other hand, the
highest rate of superoxide dismutase, peroxidase, catalase, and chlorophyll content and
the lowest electrolyte leakage were observed in the coating with canola residue (Table 9).
The superoxide dismutase, peroxidase, catalase, and electrolyte leakage were significantly
affected by titanium nanoparticles (Table 8). The lowest ratios for superoxide dismutase
(34), peroxidase (23.49), catalase (3.71), and chlorophyll content (48.60) and the highest
electrolyte leakage (50.04) were obtained at the control with no application of this nanma-
terial. However, their highest rates of superoxide dismutase, peroxidase, catalase, and
chlorophyll content and lowest electrolyte leakage were observed in the highest level of
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nano-titanium (1 mM) (Table 9). The interaction of water stress and coating with an or-
ganic matter had a significant effect on superoxide dismutase, peroxidase, catalase, elec-
trolyte leakage, and chlorophyll content (Table 8). The superoxide dismutase increased
only from 14.57 (in the no-seed coating) to 20.63 by applying the canola residue under
100% FC but from 45.13 (in the no-seed coating) to 79.07 under 50% FC (Table 10). The
peroxidase increased just from 10.25 (in the no-seed coating) to 24.24 by applying the can-
ola residue under 100% FC but from 31.59 (in the no-seed coating) to 53.64 under 50% FC
(Table 10). The catalase increased only from 1.40 (in the no-seed coating) to 2.25 by apply-
ing the canola residue under 100% FC but from 5.59 (in the no-seed coating) to 8.55 under
50% FC (Table 10). The electrolyte leakage decreased just from 33.32 (in the no-seed coat-
ing) to 26.35 by applying the canola residue under 100% FC but from 74.20 (in the no-seed
coating) to 55.13 under 50% FC (Table 10). The interaction of water stress and nanoparticle
had a significant effect on superoxide dismutase, peroxidase, and catalase (Table 8). The
superoxide dismutase increased just from 12.70 (no application of nanoparticle) to 33.50
by applying the nanoparticle under 100% FC but from 66.03 (no application of nanoparti-
cle) to 73.07 under 50% FC (Table 11). The peroxidase increased just from 15.58 (no appli-
cation of nanoparticle) to 21.28 applying the nanoparticle under 100% FC but from 34.05
(no application of nanoparticle) to 44.77 under 50% FC (Table 11). The catalase increased
only from 1.35 (no application of nanoparticle) to 2.11 by applying the nanoparticle under
100% EFC but from 5.67 (no application of nanoparticle) to 8.23 under 50% FC (Table 11).
The interaction of coating with organic matter and nanoparticles had a significant effect
on superoxide dismutase and catalase (Table 8). The superoxide dismutase increased only
from 24.17 (no application of nanoparticle) to 28.80 by applying the nanoparticle in the
no-seed coating but from 45.23 (no application of nanoparticle) to 66.17 in seed coated
with canola residue (Table 12). The catalase increased just from 3.45 (no application of
nanoparticle) to 4.14 by applying the nanoparticle in the no-seed coating, but from 4.28
(no application of nanoparticle) to 6.35 in seed coated with canola residue (Table 12).

Table 8. Analysis of variance for superoxide dismutase, peroxidase, catalase, electrolyte leakage,
and chlorophyll content as affected by moisture regime, coating, and nanoparticle.

Mean
Square
Superoxide
DIS- Peroxidase Catalase (u Electrolyte Chlorophyll
Source df MUTASE (umg?Pro- mg'Pro- Leakage  Content
(umg?Pro- tein) tein) (%) (mgglfw)
tein)
Moisture regime(W) 2 40,856.80 **  27.9*"  346.25* 12,392.32** 660.919 **
Coating (C) 2 21,832.46* 547728*  36.60** 1775.12** = 215.92**
Nanoparticle(N) 2 512429* 2169.89** 34.20*  841.81*  111.17**
W*C 4 366624 *  468.74 ** 6.0 ** 165.35 ** 14.03 **
W*N 4  485.50ns 37.57* 4.07*  30.83ns 6.05 ns
C*N 4 1198.74*  4.89ns 0.70 ** 0.24 ns 4.07 ns
W*C*N 4  705.19* 21.38 * 0.70 ** 53.27 ** 0.64 ns
Error 104  207.97 10.18 0.019 13.92 4.87

CV% 16.63 11.57 9.17 8.28 4.38

** * and ns: significant at the 1%, 5% probability level and not significant. W = Moisture regime, C = Coating,
and N = Nanoparticle.
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Table 9. Effect of moisture regime, organic coating, and nano titanium dioxide on enzymatic anti-
oxidant, electrolyte leakage, and chlorophyll content.

100% FC 75% FC 50% FC

Superoxide dismutase (u mg™!

Moisture regime

. 17.34 « 55.46° 67.57 2
protein)
Peroxidase (u mg™' protein) 18.71 ¢ 24.08 39.93 2
Catalase (u mg™ protein) 1.77 « 5.04 " 7292
Electrolyte leakage (%) 29.43 2 43.31° 62.48
chlorophyll content (mgglFW) 54.22 2 50.14® 46.56 ¢
Co Ci C2
Organic coating
Superoxide dismutase (u mg™) 27.04 % 54.33 2 58.99 a
Peroxidase (u mg! protein) 20.88 ¢ 27.10° 34.74 2
Catalase (u mg! protein) 3.69¢ 5.00° 5422
Electrolyte leakage (%) 52.17 ¢ 43.48" 39.56 =
chlorophyll content (mgglFW) 48.31 ¢ 49.93 v 52.68 2
Control 0.5 Mm 1 Mm
Nanoparticle
Superoxide dismutase (u mg™) 34.00°b 52.92a 53.44 2
Peroxidase (u mg! protein) 23.49 ¢ 28.55" 30.68 2
Catalase (u mg! protein) 3.71¢b 5042 5352
Electrolyte leakage (%) 50.04 b 42.78 42.39 2
chlorophyll content (mgglFW) 48.60 » 51.28 2 51.052

Data represented from three replication. Means followed by the same letter in each row were not
different by Duncan’s multiple range test (p < 0.05), Co= no coated seeds, Ci = coated seeds with
vermicompost, C2 = coated seeds with residues of canola, and Mm= millimolar.

Table 10. Effect of moisture regime and organic coating on enzymatic antioxidant, electrolyte leak-
age, and chlorophyll content.

Moisture Regime 100% FC 75% FC 50% FC
Coating Co C Cz Co C C2 Co C C:
Superoxide dis-
mutase (u mg™)

14.57¢ 16.834 20.63 4 21.434 67.67b 77.272 45.13 ¢ 78.502 79.07 2

Peros:
eroxidase 0554 21,64 2424 ¢ 2079 @ 25,11 be 26,34 b 31.59 be 3456 2 53,64+
(umg™ protein)
Catalase 1 40 166¢ 225¢ 4074 560 544« 559¢ 7726 855
(umg™ protein)
Electrolyte leak-
A 33.32b 28.612 26.352 49.60¢ 43.12¢ 37.21b 7420 58.70¢ 55.13 ¢
age (%)
hlorophyll con-
Chlorophyll con= ) 5 45 80« 49314 48.69¢ 5023« 5151« 51.67¢ 5377 57.225
tent (mggl1FW)

Data represented from three replication. Means followed by the same letter in each row were not
different by Duncan’s multiple range test (p < 0.05), CO = no coated seeds, C1 = coated seeds with
vermicompost, and C2 = coated seeds with residues of canola. FC = field capacity.
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Table 11. Effect of moisture regime and nanoparticle on superoxide dismutase, peroxidase, and cat-

alase.
Moisture Regime 100% FC 75% FC 50% FC
Con- 05
Nanoparticle Control 0.5 mM 1mM Control0.5 mM 1 mM on 1mM
trol mM

Superoxide dis-
mutase (u mg)
Peroxidase

12.70f 19.26¢ 20.07¢ 33.50¢ 66.03° 66.43> 55.80 ¢ 73.072 73.83 2

., 15.58°¢ 19.28d 21.28 «d 20.86 <4 25.38¢c 25.99 ¢ 34.05> 40.98 0 44.77 =
(umg™ protein)

Catalase
(u mg™ protein)
Data represented from three replication. Means followed by the same letter in each row were not
different by Duncan’s multiple range test (p < 0.05), FC = field capacity, mM = millimolar.

1.35f 1.85¢ 211e 4.12d 530« 570c 5.67¢ 7.972 8232

Table 12. Effect of organic coating and nanoparticle on superoxide dismutase and catalase.

Organic Coating Co C1 C2
Nanoparticle Control 0.5 mM 1 mM Con- 0.5 mM1mM Con- 0.5 mM 1mM
trol trol
Superoxide dis-
mutase 24.17 de 28.17428.804 32.60 ¢ 65.032 65.37 2 4523 65.57 2 66.17 2
(umg™)
Catalase

. 3454 4.06c 144 398« 545b 556 428c< 561 6352
(umg™! protein)

Data represented from three replication. Means followed by the same letter in each row were not
different by Duncan’s multiple range test (p < 0.05), CO = no coated seeds, C1 = coated seeds with
vermicompost, and C2 = coated seeds with residues of canola, mM= millimolar.

4. Discussion

Drought stress is one of the main causes of the depletion of plant establishment in
arid and semi-arid regions [44,45]. Water uptake of seeds is a basic requirement for ger-
mination and development of seedling emergence [46]. Low rainfall, high evaporation,
and lack of organic materials in the soil (<1%) due to sparse coverage and negligible veg-
etation are characteristics of dryland areas [47]. Water stress due to low absorption and
water durability in the soil is one of the reasons for reduced germination and plant estab-
lishment in dry land areas. It is very difficult to increase organic matter in all soil masses
for water absorption and long-term maintenance under water stress [48]. Nevertheless,
with the use of organic seed coatings, a proper place can be created for the early growth
of seeds. The use of organic matter creates a safe site thanks to improving absorption and
prolonging the maintenance of water [31]. Adding organic matter to the soil can increase
the amount of water absorption in the saturation stage (Figure 2). The maintenance of wa-
ter absorbed by soil is also one of the problems of dry land. The use of organic materials
or adding them to the soil reduces the slope of water loss (Table 5). Water uptake of seeds
is a basic requirement for germination and development of seedling emergence. Water
uptake by seeds is delayed under water stress conditions. Organic materials create posi-
tive changes in the seed surroundings by mitigating the effects of water stress and making
nutrient supplies more available for planted crops during the growing season. They also
provide optimal conditions for their growth and enhance the emergence percentage and
emergence rate [17-19,21,30,31]. The use of 20% vermicompost with 80% bentonite and
20% canola residue with 80% bentonite significantly improved the emergence percentage
and emergence rate (Table 6). Similar results have been reported with the use of ver-
micompost, the positive effect of vermicompost on reducing the effect of water deficit on
germination and supplying plant hormones [49,50].
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Nanomaterials can enhance the ability of seeds to absorb and use water from the soil.
They also improve the emergence and seedling traits under water stress. The absorption
of higher moisture from the media and surrounding soil of the seedling is normally pos-
sible using organic materials as a seed coating. However, this influence is more significant
under water stress conditions because of the limited supply of water in this situation. The
combination of titanium dioxide nanoparticles and selenium dioxide nanoparticles accel-
erates seed germination and seedling growth at a notable level [11,29,35,36,38]. In other
research, titanium dioxide nanoparticles increased the lentil seedling length [11]. Nano-
particles increased the root growth of barley (Hordeum vulgare L.) in comparison to the
control [38,51]. Titanium dioxide nanoparticles increased the germination rate of spinach
(Spinacia oleracea) [52]. Similar results have been reported with the use of nanoparticles in
seed coatings [53]. According to them, the reason is that nanoparticles have great perme-
ability and quickly penetrate the seed coating, leading to the uptake of water under water
stress, culminating in improved germination properties and seedling emergence. The ap-
plication of titanium nanoparticles improved the emergence percentage, emergence rate,
seedling vigor index, shoot dry weight, root dry weight, and leaf area under water stress
(Table 7). Similar results have been reported about the positive effects of nanoparticles on
Zea mays early vigor [36]. The application of nano-titanium in the organic mixture of seed
coats could enhance the activities of the antioxidant system, helping the plants cope with
the oxidants produced under water stress conditions and grow more properly (Table 7).
When plants are exposed to environmental stresses, a variety of reactive oxygen species
(ROS), such as superoxide anion radical, hydrogen peroxide, hydroxyl radicals, and hy-
drogen peroxide, induce oxidative stress within the cells, which may ultimately lead to
cell death [54]. In response to this condition, the cells normally generate some sort of an-
tioxidant defense, such as superoxide dismutase, peroxidase, and catalase [23,36]. In the
current study, it was observed that the application of both organic matter (canola residue
and compost) and titanium nanoparticles could enhance the efficiency of the antioxidant
defenses in canola seedlings. Nanoparticles can change the intracellular conditions of cells
during their entrance, enabling them to absorb higher levels of elements required for en-
zymatic and hormonal productions, such as iron, zinc, and magnesium [55]. The higher
the availability of micronutrients in cells, the greater the suitability of the cells to produce
hormones and enzymes to respond to the condition. Indeed, by enhancing the efficiency
of the enzymatic system against the produced oxidant, the application of organic matter
and nanoparticles in seed coating proved to be a suitable and practical method to cope
with oxidative stress under water shortage conditions [18,19]. Further, electrolyte leakage
is an index for determining the damages induced to the cell walls [56]. On the other hand,
its content decreased with the application of both the seed coating and nano-titanium.
Organic seed coating and titanium nanoparticles effectively reduced its content compared
to no application of these materials (Table 12). One of the most important negative effects
of ROS is invading the cell walls and damaging them [54]. By enhancing the antioxidant
efficiency of the cells, organic coating and nanoparticles encouraged a strong tolerance
against the oxidative stress caused by water stress in canola. Water stress also reduces leaf
chlorophyll content and subsequently compromises the seedling growth of leaf chloro-
phyll (Table 10). Similar results regarding the reduction in chlorophyll following drought
stress have been reported by other researchers [23,26,39,57].

The use of organic material as seed coating can reduce the negative effects of water
stress. According to similar results, organic matter application as seed coating can im-
prove the chlorophyll content and photosynthesis rate in rice plants [20]. Environmental
stress decreases the chlorophyll content with more production of oxygen radicals in the
cell, eventually causing oxidation and degradation of pigments [58].
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5. Conclusions

The overall results of the first experiment revealed that the seed coating with organic
matter enhanced water retention around the seed. The best combination rate of canola
residue and vermicompost as a seed coating for canola was either 20% of canola residual
or 20% of vermicompost in a mixture of 80% bentonite, yielding the highest performance
of the seedling. The results of the second experiment suggested that the application of
either canola residue or vermicompost combination with titanium can improve seedling-
related traits, such as emergence percentage, seedling vigor index, emergence rate, and
root and shoot dry weight by increasing water uptake under water stress conditions. The
application of titanium nanoparticles as an admixture of seed coating with two other or-
ganic compounds resulted in higher efficiency in responding to the negative impacts of
water stress. Further, water stress enhances the activities of antioxidant enzymes, includ-
ing superoxide dismutase, peroxidase, and catalase. However, the application of either
nanoparticles or organic materials as seed coating showed to increase their activities un-
der both drought stress and normal conditions, where their activities reached a higher
level under water stress in comparison to no application of these materials. Electrolyte
leakage and chlorophyll content of the canola seedlings negatively responded to water
stress while positively responding to organic materials and nanoparticles. The final sug-
gestion is that rapeseed seeds should be covered using a combination of organic materials,
bentonite, and titanium nanoparticles for planting in dry ecosystems so that they are able
to cope with the negative effects of water stress and produce more emergence in these
conditions. This method is recommended for commercial canola seed sellers.

Author Contributions: Conceptualization, M.T. and F.A.; methodology, M.T. and F.A.; formal anal-
ysis, M.T. and F.A.; data curation, M.T., F.A. and A.M.; writing —original draft preparation, M.T.
and F.A; writing—review and editing, M.T. and A.M.; supervision, M. T.; project administration,
M.T. and A.M.; funding acquisition, A.M. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable
Informed Consent Statement: Not applicable

Data Availability Statement: The data presented in this study are available on request from the
authors.

Acknowledgments: We would like to express our special thanks to the Department of Plant Pro-
duction and Genetics, School of Agriculture, Shiraz University, for the initial financial support given
to conduct this study.

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

References

1. Demilly, D.; Ducournau, S.; Wagner, M.-H.; Diirr, C. Digital imaging of seed germination. In Plant Image Analysis; CRC Press:
Boca Raton, FL, USA, 2014; pp. 147-164.

2. Taghvaei, M.; Nasrolahizadehi, A.; Mastinu, A. Effect of Light, Temperature, Salinity, and Halopriming on Seed Germination
and Seedling Growth of Hibiscus sabdariffa under Salinity Stress. Agronomy 2022, 12, 2491. https://doi.org/10.3390/Agron-
omy12102491.

3. Yousefi, A.R.; Rashidi, S.; Moradi, P.; Mastinu, A. Germination and Seedling Growth Responses of Zygophyllum fabago, Salsola
kali L. and Atriplex canescens to PEG-Induced Drought Stress. Environments 2020, 7, 107. https://doi.org/10.3390/environ-
ments7120107.

4. Farajollahi, A.; Gholinejad, B.; Jonaidi Jafari, H. Effects of Different Treatments on Seed Germination Improvement of Calotropis
persica. Adv. Agric. 2014, 2014, 245686. https://doi.org/10.1155/2014/245686.

5. Khaleghnezhad, V.; Yousefi, A.R.; Tavakoli, A.; Farajmand, B.; Mastinu, A. Concentrations-dependent effect of exogenous ab-

scisic acid on photosynthesis, growth and phenolic content of Dracocephalum moldavica L. under drought stress. Planta 2021, 253,
127. https://doi.org/10.1007/s00425-021-03648-7.



Agronomy 2023, 13, 390 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Sabouri, H.; Kazerani, B.; Fallahi, H.A.; Dehghan, M. A.; Alegh, S.M.; Dadras, A.R.; Katouzi, M.; Mastinu, A. Association analysis
of yellow rust, fusarium head blight, tan spot, powdery mildew, and brown rust horizontal resistance genes in wheat. Physiol.
Mol. Plant Pathol. 2022, 118, 101808. https://doi.org/10.1016/]. Pmpp.2022.101808.

Chaichi, M.; Nemati, A.; Dadrasi, A.; Heydari, M.; Hassanisaadi, M.; Yousefi, A.R.; Baldwin, T.C.; Mastinu, A. Germination of
Triticum aestivum L.: Effects of Soil-Seed Interaction on the Growth of Seedlings. Soil Syst. 2022, 6, 37. https://doi.org/10.3390/soil-
systems6020037.

Nguyen, V.T.; Wang, C.-H. Use of Organic Materials as Growing Media for Honeydew Melon Seedlings in Organic Agriculture.
Commun. Soil Sci. Plant Anal. 2017, 48, 2137-2147. https://doi.org/10.1080/00103624.2017.1407431.

Adhikari, B.; Olorunwa, O.].; Barickman, T.C. Seed Priming Enhances Seed Germination and Morphological Traits of Lactuca
sativa L. under Salt Stress. Seeds 2022, 1, 74-86. https://doi.org/10.3390/seeds1020007.

Biareh, V.; Shekari, F.; Sayfzadeh, S.; Zakerin, H.; Hadidi, E.; Beltrao, ].G.T.; Mastinu, A. Physiological and Qualitative Response
of Cucurbita pepo L. to Salicylic Acid under Controlled Water Stress Conditions. Horticulturae 2022, 8, 79.
https://doi.org/10.3390/horticulturae8010079.

Feizi, H.; Agheli, N.; Sahabi, H. Titanium dioxide nanoparticles alleviate cadmium toxicity in lentil (Lens culinaris Medic) seeds.
Acta Agric. Slov. 2020, 116, 59. https://doi.org/10.14720/aas.2020.116.1.1116.

Qi, M,; Liu, Y.; Li, T. Nano-TiOz Improve the Photosynthesis of Tomato Leaves under Mild Heat Stress. Biol. Trace Elem. Res.
2013, 156, 323-328. https://doi.org/10.1007/s12011-013-9833-2.

Tian, Y.; Guan, B.; Zhou, D.; Yu, J; Li, G.; Lou, Y. Responses of Seed Germination, Seedling Growth, and Seed Yield Traits to
Seed Pretreatment in Maize (Zea mays L.). Sci. World ]. 2014, 2014, 834630. https://doi.org/10.1155/2014/834630.

Angelini, L.G.; Clemente, C.; Tavarini, S. Pre-Germination Treatments, Temperature, and Light Conditions Improved Seed Ger-
mination of Passiflora incarnata L. Agriculture 2021, 11, 937. https://doi.org/10.3390/agriculture11100937.

Chakraborti, S.; Bera, K.; Sadhukhan, S.; Dutta, P. Bio-priming of seeds: Plant stress management and its underlying cellular,
biochemical and molecular mechanisms. Plant Stress 2022, 3, 100052. https://doi.org/10.1016/j.stress.2021.100052.

Thongtip, A.; Mosaleeyanon, K.; Korinsak, S.; Toojinda, T.; Darwell, C.T.; Chutimanukul, P.; Chutimanukul, P. Promotion of
seed germination and early plant growth by KNOs and light spectra in Ocimum tenuiflorum using a plant factory. Sci. Rep. 2022,
12, 6995. https://doi.org/10.1038/s41598-022-11001-5.

Rocha, I.; Ma, Y.; Souza-Alonso, P.; Vosatka, M.; Freitas, H.; Oliveira, R.S. Seed Coating: A Tool for Delivering Beneficial Mi-
crobes to Agricultural Crops. Front. Plant Sci. 2019, 10, 1357. https://doi.org/10.3389/fpls.2019.01357.

Javed, T.; Afzal, I.; Shabbir, R.; Ikram, K.; Saqlain Zaheer, M.; Faheem, M.; Haider Ali, H.; Igbal, J. Seed coating technology: An
innovative and sustainable approach for improving seed quality and crop performance. J. Saudi Soc. Agric. Sci. 2022, 21, 536
545. https://doi.org/10.1016/j.jssas.2022.03.003.

Afzal, I; Javed, T.; Amirkhani, M.; Taylor, A.G. Modern Seed Technology: Seed Coating Delivery Systems for Enhancing Seed
and Crop Performance. Agriculture 2020, 10, 526. https://doi.org/10.3390/agriculture10110526.

Mei, J.; Wang, W.; Peng, S.; Nie, L. Seed Pelleting with Calcium Peroxide Improves Crop Establishment of Direct-seeded Rice
under Waterlogging Conditions. Sci. Rep. 2017, 7, 4878. https://doi.org/10.1038/s41598-017-04966-1.

Taylor, J.B.; Cass, K.L.; Armond, D.N.; Madsen, M.D.; Pearson, D.E.; St. Clair, S.B. Deterring rodent seed-predation using seed-
coating technologies. Restor. Ecol. 2020, 28, 927-936. https://doi.org/10.1111/rec.13158.

Domevscik, M.; Haggstrom, B.; Lim, H.; Ohlund, J.; Nordin, A. Large-scale assessment of artificially coated seeds for forest
regeneration across Sweden. New For. 2022. https://doi.org/10.1007/s11056-022-09920-2.

Bayati, P.; Karimmojeni, H.; Razmjoo, J.; Pucci, M.; Abate, G.; Baldwin, T.C.; Mastinu, A. Physiological, Biochemical, and Agro-
nomic Trait Responses of Nigella sativa Genotypes to Water Stress. Horticulturae 2022, 8, 193. https://doi.org/10.3390/horticul-
turae8030193.

Jam, B.].; Shekari, F.; Andalibi, B.; Fotovat, R.; Jafarian, V.; Najafi, J.; Uberti, D.; Mastinu, A. Impact of Silicon Foliar Application
on the Growth and Physiological Traits of Carthamus tinctorius L. Exposed to Salt Stress. Silicon 2022.
https://doi.org/10.1007/s12633-022-02090-y.

Naservafaei, S.; Sohrabi, Y.; Moradi, P.; Mac Sweeney, E.; Mastinu, A. Biological Response of Lallemantia iberica to Brassinolide
Treatment under Different Watering Conditions. Plants 2021, 10, 496. https://doi.org/10.3390/Plants10030496.

Yousefvand, P.; Sohrabi, Y.; Heidari, G.; Weisany, W.; Mastinu, A. Salicylic Acid Stimulates Defense Systems in Allium hirtifo-
lium Grown under Water Deficit Stress. Molecules 2022, 27, 3083. https://doi.org/10.3390/Molecules27103083.

Vidak, M.; Lazarevi¢, B.; Javornik, T.; Satovié, Z.; Carovié-Stanko, K. Seed Water Absorption, Germination, Emergence and
Seedling Phenotypic Characterization of the Common Bean Landraces Differing in Seed Size and Color. Seeds 2022, 1, 324-339.
https://doi.org/10.3390/seeds1040027.

Lechowska, K.; Kubala, S.; Wojtyla, L.; Nowaczyk, G.; Quinet, M.; Lutts, S.; Garnczarska, M. New Insight on Water Status in
Germinating Brassica napus Seeds in Relation to Priming-Improved Germination. Int. ]. Mol. Sci. 2019, 20, 540.
https://doi.org/10.3390/ijms20030540.

Bacilieri, F.S.; Vasconcelos, A.C.P.D.; Lana, RM.Q.; Mageste, ].G.; Torres, ].L.R. Titanium (Ti) in plant nutrition — A review. Aust.
J. Crop Sci. 2017, 11, 382-386. https://doi.org/10.21475/ajcs.17.11.04.pne202.



Agronomy 2023, 13, 390 15 of 16

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Skwarek, M.; Wala, M.; Kolodziejek, J.; Sieczyniska, K.; Lason-Rydel, M.; Lawinska, K.; Obraniak, A. Seed Coating with Biowaste
Materials and  Biocides—Environment-Friendly = Biostimulation or  Threat?  Agronomy 2021, 11, 1034.
https://doi.org/10.3390/agronomy11061034.

Su, L.Q.; Li, ].G.; Xue, H.; Wang, X.F. Super absorbent polymer seed coatings promote seed germination and seedling growth
of Caragana korshinskii in drought. J. Zhejiang Univ. Sci. B 2017, 18, 696-706. https://doi.org/10.1631/jzus.B1600350.

Blouin, M.; Barrere, J.; Meyer, N.; Lartigue, S.; Barot, S.; Mathieu, J. Vermicompost significantly affects plant growth. A meta-
analysis. Agron. Sustain. Dev. 2019, 39, 34. https://doi.org/10.1007/s13593-019-0579-x.

Shafique, I.; Andleeb, S.; Aftab, M.S.; Naeem, F.; Ali, S.; Yahya, S.; Ahmed, F.; Tabasum, T.; Sultan, T.; Shahid, B.; et al. Efficiency
of cow dung based vermi-compost on seed germination and plant growth parameters of Tagetes erectus (Marigold). Heliyon
2021, 7, e05895. https://doi.org/10.1016/j.heliyon.2020.e05895.

Angourani, HR; Heydari, M.; Yousefi, A.R.; Pashaei, B.; Mastinu, A. Nanoparticles Based-Plant Protein Containing Rosmarinus
officinalis  Essential ~ Oil;  Fabrication, Characterization, and  Evaluation. Appl.  Sci. 2022, 12, 9968.
https://doi.org/10.3390/App12199968.

Kamali, N.; Saberi, M.; Sadeghipour, A.; Tarnian, F. Effect of Different Concentrations of Titanium Dioxide Nanoparticles on
Germination and Early Growth of Five Desert Plant Species. ECOPERSIA 2021, 9, 53-59.

Shah, T.; Latif, S.; Saeed, F.; Alj, I; Ullah, S.; Abdullah Alsahli, A.; Jan, S.; Ahmad, P. Seed priming with titanium dioxide nano-
particles enhances seed vigor, leaf water status, and antioxidant enzyme activities in maize (Zea mays L.) under salinity stress.
J. King Saud Univ. —Sci. 2021, 33, 101207. https://doi.org/10.1016/j.jksus.2020.10.004.

Burman, U.; Saini, M.; Kumar, P. Effect of zinc oxide nanoparticles on growth and antioxidant system of chickpea seedlings.
Toxicol. Environ. Chem. 2013, 95, 605-612. https://doi.org/10.1080/02772248.2013.803796.

Kotenkové, L.; Sebesta, M.; Urik, M.; Kolen&ik, M.; Krato$ovd, G.; Bujdos, M.; Vavra, I; Dobrocka, E. Physiological response of
culture media-grown barley (Hordeum vulgare L.) to titanium oxide nanoparticles. Acta Agric. Scand. Sect. B— Soil Plant Sci. 2017,
67, 285-291. https://doi.org/10.1080/09064710.2016.1267255.

Zangani, E.; Afsahi, K.; Shekari, F.; Mac Sweeney, E.; Mastinu, A. Nitrogen and Phosphorus Addition to Soil Improves Seed
Yield, Foliar Stomatal Conductance, and the Photosynthetic Response of Rapeseed (Brassica napus L.). Agriculture 2021, 11, 483.
https://doi.org/10.3390/agriculture11060483.

Rezayian, M.; Niknam, V.; Ebrahimzadeh, H. Effects of drought stress on the seedling growth, development, and metabolic
activity in different cultivars of canola. Soil Sci. Plant Nutr. 2018, 64, 360-369. https://doi.org/10.1080/00380768.2018.1436407 .
Beauchamp, C.; Fridovich, I. Superoxide dismutase: improved assays and an assay applicable to acrylamide gels. Anal. Biochem.
1971, 44, 276-287. https://doi.org/10.1016/0003-2697(71)90370-8.

Maehly, A.C.; Chance, B. The assay of catalases and peroxidases. In Methods of Biochemical Analysis; Wiley: Hoboken, NJ, USA,
1954; Volume 1, pp. 357-424. https://doi.org/10.1002/9780470110171.ch14.

Dhindsa, R.S.; Plumbdhindsa, P.; Thorpe, T.A. Leaf Senescence —Correlated with Increased Levels of Membrane-Permeability
and Lipid-Peroxidation, and Decreased Levels of Superoxide-Dismutase and Catalase. . Exp. Bot. 1981, 32, 93-101,
https://doi.org/10.1093/]xb/32.1.93.

Aghajanlou, F.; Mirdavoudi, H.; Shojaee, M.; Mac Sweeney, E.; Mastinu, A.; Moradi, P. Rangeland Management and Ecological
Adaptation Analysis Model for Astragalus curvirostris Boiss. Horticulturae 2021, 7, 67. https://doi.org/10.3390/horticul-
turae7040067.

Moradi, P.; Aghajanloo, F.; Moosavi, A.; Monfared, H.H.; Khalafi, J.; Taghiloo, M.; Khoshzaman, T.; Shojaee, M.; Mastinu, A.
Anthropic Effects on the Biodiversity of the Habitats of Ferula gummosa. Sustainability 2021, 13, 7874.
https://doi.org/10.3390/5u13147874.

Karimmojeni, H.; Rezaei, M.; Tseng, T.M.; Mastinu, A. Effects of Metribuzin Herbicide on Some Morpho-Physiological Charac-
teristics of Two Echinacea Species. Horticulturae 2022, 8, 169. https://doi.org/10.3390/horticulturae8020169.

Mirdavoudi, H.; Ghorbanian, D.; Zarekia, S.; Soleiman, ].M.; Ghonchepur, M.; Sweeney, E.M.; Mastinu, A. Ecological Niche
Modelling and Potential Distribution of Artemisia sieberi in the Iranian Steppe Vegetation. Land 2022, 11, 2315.
https://doi.org/10.3390/Land11122315.

Priori, S.; Pellegrini, S.; Vignozzi, N.; Costantini, E.A.C. Soil Physical-Hydrological Degradation in the Root-Zone of Tree Crops:
Problems and Solutions. Agronomy 2020, 11, 68. https://doi.org/10.3390/agronomy11010068.

Lazcano, C.; Sampedro, L.; Zas, R.; Dominguez, ]. Vermicompost enhances germination of the maritime pine (Pinus pinaster
Ait.). New For. 2009, 39, 387-400. https://doi.org/10.1007/s11056-009-9178-z.

Fallah, M.; Hadi, H.; Amirnia, R.; Hassanzadeh-Ghorttapeh, A.; Zuan, A.T.K,; Sayyed, R.Z. Eco-friendly soil amendments im-
prove growth, antioxidant activities, and root colonization in lingrain (Linum usitatissimum L.) under drought conditions (Re-
traction of Vol 16, art no E0261225, 2021). PLoS ONE 2022, 17, e0272534. https://doi.org/10.1371/journal.pone.0272534.
Gonzalez Linares, M,; Jia, Y.; Sunahara, G.I,; Whalen, ].K,; Naeth, M. A. Barley (Hordeum vulgare) seedling growth declines with
increasing exposure to silver nanoparticles in biosolid-amended soils. Can. ]J. Soil Sci. 2020, 100, 189-197.
https://doi.org/10.1139/cjss-2019-0135.



Agronomy 2023, 13, 390 16 of 16

52.

53.

54.

55.

56.

57.

58.

Gordillo-Delgado, F.; Zuluaga-Acosta, J.; Restrepo-Guerrero, G. Effect of the suspension of Ag-incorporated TiO2 nanoparticles
(Ag-TiO2 NPs) on certain growth, physiology and phytotoxicity parameters in spinach seedlings. PLoS ONE 2020, 15, e0244511.
https://doi.org/10.1371/journal.pone.0244511.

Abdalla, H.; Adarosy, M.H.; Hegazy, H.S.; Abdelhameed, R.E. Potential of green synthesized titanium dioxide nanoparticles
for enhancing seedling emergence, vigor and tolerance indices and DPPH free radical scavenging in two varieties of soybean
under salinity stress. BMIC Plant Biol. 2022, 22, 560. https://doi.org/10.1186/s12870-022-03945-7.

Hossain, M.A.; Bhattacharjee, S.; Armin, S.-M.; Qian, P.; Xin, W.; Li, H.-Y.; Burritt, D.J.; Fujita, M.; Tran, L.-S.P. Hydrogen per-
oxide priming modulates abiotic oxidative stress tolerance: insights from ROS detoxification and scavenging. Front. Plant Sci.
2015, 6, 420. https://doi.org/10.3389/fpls.2015.00420.

Mishra, V.; Mishra, R.K,; Dikshit, A.; Pandey, A.C. Interactions of Nanoparticles with Plants: An Emerging Prospective in the
Agriculture Industry. In Emerging Technologies and Management of Crop Stress Tolerance; Academic Press: Cambridge, MA, USA,
2014; pp. 159-180. https://doi.org/10.1016/b978-0-12-800876-8.00008-4.

Kovaleski, A.P.; Grossman, J.J. Standardization of electrolyte leakage data and a novel liquid nitrogen control improve meas-
urements of cold hardiness in woody tissue. Plant Methods 2021, 17, 53. https://doi.org/10.1186/s13007-021-00755-0.

Slamet, W.; Purbajanti, E.D.; Darmawati, A.; Fuskhah, E. Leaf Area Index, Chlorophyll, Photosynthesis rate of Lettuce (Lactuca
sativa L.) under N-organic Fertilizer. Indian . Agric. Res. 2017, 51, 365-369. https://doi.org/10.18805/ijare.v51i04.8424.

Taibi, K.; Taibi, F.; Ait Abderrahim, L.; Ennajah, A.; Belkhodja, M.; Mulet, ].M. Effect of salt stress on growth, chlorophyll con-
tent, lipid peroxidation and antioxidant defence systems in Phaseolus vulgaris L. S. Afr. ]. Bot. 2016, 105, 306-312.
https://doi.org/10.1016/j.sajb.2016.03.011.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.sajb.2016.03.011

