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Abstract: A comparative study for evaluating the influence of metal oxide nanoparticles 
(MONPs) (Al2O3, TiO2, and SiO2) on seed germination and seedling growth in okra was 
implemented under water deficit stress stimulated by PEG-6000. The results revealed that 
additive of SiO2 nanoparticles (SNPs) and Al2O3 (ANPs) have significant positive effect on 
seeds germination, while a reduction of that were observed by using TiO2 nanoparticles 
(TNPs) at 50 mg.L-1 concentration under 5% PEG-6000 stimulated drought stress as 
compared to that without MONPs. Further, relative to non-MONPs treatment, all the tested 
MONPs dramatically enhanced the drought stress tolerance in okra seedlings due to the 
improvement of morphological growth despite a few traits were inhibited under certain 
water deficiency to some degree. Improvement of drought resistance induced by TNPs and 
ANPs were found to be higher than that by SNPs. Our finding provides a promising approach 
to cope with water scarcity, as application of metal oxide nanoparticles to be a potential 
option to protect okra plants against drought stress.

Index terms: nanoparticles, okra, seed germination, seedlings.

Resumo: Um estudo comparativo para avaliar a influência de nanopartículas de óxido 
metálico (MONPs) (Al2O3, TiO2 e SiO2) na germinação de sementes e no crescimento de 
plântulas de quiabo foi implementado sob estresse de déficit hídrico estimulado por PEG-
6000. Os resultados revelaram que a adição de nanopartículas de SiO2 (SNPs) e Al2O3 (ANPs) 
tem efeito positivo significativo na germinação das sementes, enquanto uma redução foi 
observada com o uso de nanopartículas de TiO2 (TNPs) na concentração de 50 mg.L-1 sob 
estresse hídrico estimulado com 5% de PEG-6000 em comparação com ausência de MONPs. 
Além disso, em relação ao tratamento sem MONPs, todos os MONPs testados aumentaram 
siginificativamente a tolerância ao estresse hídrico em plântulas de quiabo devido à melhoria 
do crescimento morfológico, apesar de algumas características terem sido inibidas até certo 
ponto sob déficit hídrico. A melhoria da resistência à seca induzida por TNPs e ANPs foi 
maior do que por SNPs. Os resultados fornecem uma abordagem promissora para lidar com 
a escassez de água, já que a aplicação de nanopartículas de óxido metálico é uma opção 
potencial para proteger as plantas de quiabo contra a seca. 

Termos para indexação: nanopartículas, quiabo, germinação de sementes, plântulas.
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INTRODUCTION

Generally, nanoparticles (NPs) are regarded as entities with a size range between 1 and 100 nm (Hamuda, 2015). The 
use of NPs in agriculture is beneficial to crops, such as the control of plant diseases (Sarlak et al., 2014), improvement 
of seeds germination and seedlings growth (García-López et al., 2018), yield (Acharya et al., 2020) and alleviation 
of damage induced by drought stress (Rai-Kalal et al., 2021; Sutulienḝ et al., 2022). Although the great efficacy of 
NPs in agricultural area have been reported continually, they also have raised concerns about the potential toxicity 
in pant. Metal oxide NPs (MONPs), such as TiO2, Al2O3, CuO and ZnO, have been broadly showed on ecotoxicity in 
Daphnia similis, zebrafifish, bacteria, nematodes (Caenorhabditis elegans), soil earthworm (Eisenia fetida), microalgae 
(Scenedesmus sp.) and green algae (Karunakaran et al., 2016). 

Al2O3 NPs (ANPs) have been widely applied in biosensors, textiles, electronics, drug delivery systems and tissue 
engineering (Lanone et al., 2009). The increasing application of ANPs will lead to theirs accumulation in the ecosystem 
and food chain, thus researches requires more attention on assessing the biological impacts. A study conducted by 
Hayes et al. (2020) investigated the effect of ANPs on lettuce seed germination. They reported that ANPs was found to 
positively influence seeds germination and seedlings growth at low concentrations (10 and 25 mg.L-1), while decline of 
that was observed at higher concentrations (50 and 100 mg.L-1) as compared to control. 

As an unusual MONPs, silicon dioxide (SiO2) NPs (SNPs) has been widely used in many fields, such as photocatalysis, 
cosmetics, cancer therapy and bio-imaging (Cheng et al., 2010), fertilizers (Rastogi et al., 2019), pesticides (Ahmed et 
al., 2019), since they are easy to obtain and process. The study of Siddiqui et al. (2014) has reported the positive effect 
of SiO2 NPs on tomato seeds germination. However, the increase of SiO2 in the environment may result in phytotoxicity. 
The influence of SNPs on wheat seed germination have been investigated by Chourasiya et al. (2021), who reported 
that SNPs promoted seed germination at lower concentrations (10 and 100 mg.L-1), while that was inhibited at higher 
concentrations (500 and 1000 mg.L-1). The positive effect of SNPs on seed germination could be attributed to the role 
of NPs on enhancing seed water uptake and activate enzymes involved in germination.

TiO2 nanoparticles (TNPs) is used as a catalyst in water, electronic devices, energy conversion equipment, and energy 
storage as its high photocatalytic activity (Khalaki et al., 2021). A study of Hojjat (2020) have investigated the impact of 
TNPs on Grass Pea (Lathyrus sativus L.) seed germination under drought stress. They found that TNPs enhanced Grass 
Pea to tolerance to drought by increasing morphological growth. However, it seemed that TNPs at 100 and 200 mg.L-1 
concentrations had a positive negative influence on seed germination in soybean, which could be attributed to their 
ability to induce ROS generation and oxidative stress in cells, thus leading to cell damage and inhibition of germination 
(Xiao et al., 2021).

Overall, the effect of MONPs on seed germination seems to depend on their concentration and the type of plant 
species to some extent. In practice, they have a positive effect on seed germination and growth of early seedling at 
certain concentrations, other concentrations may inhibit germination on account of their potential to induce oxidative 
stress and damage cells. Since MONPs have definite advantage on pharmacy, chemical, agriculture, and other industry, 
their effect on human health and ecosystems is still not clear. The focus of this work is to investigate the influence of 
Al2O3, SiO2 and TiO2 NPs at different concentrations on seed germination in okra (Abelmoschus esculentus L.) subjected 
to PEG-6000 simulated water deficit stress.

MATERIAL AND METHODS

Three types of nanoparticles (NPs) were used in this study, including Al2O3, SiO2 and TiO2, which were purchased 
from Beijing Dk nano S&T Ltd, (China) whose morphology are all nearly spherical with an average particle size of 40 nm.

At first, seeds of okra were sterilized by 75% ethanol for 60 min. and washed absolutely through deionized water. 
And then, the sterilized seeds were randomly dipped into the SNPs/ANPs/ solution in the concentrations of 0, 25 mg.L-1, 
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50 mg.L-1, 100 mg.L-1, 200 mg.L-1 with the same volume, and put them in constant temperature incubator without light at 
28 oC for 20 h. Afterward, okra seeds were rinsed several times with deionized water for germination. The treated seeds 
were placed on culture dishes with moist filter paper which was supplemented with different concentrations (5%, 10%, 
15%) of PEG-6000 solution for simulating drought stress, and then germinated in a constant temperature cultivator in 
dark at 28 oC for one week. Similar treatment with deionized water was conducted as the non-stress condition (control). 
All treatments were taken in this experiment with three biological replicates. Germination attributes and phenotypic 
traits of early seedlings were investigated as our previous study (Wang et al., 2018). The moisture content (MC) in okra 
seedlings were also detected as method of Wang et al. (2022).

Data analysis

All the data were represented as mean ± standard deviation of triplicate samples, which were analyzed one-way 
analysis of variance (ANOVA) and Duncan’s test using SPSS 16.0. The significance of treatment was considered at the 
level of P value < 0.05. The method of subordinate function value was adopted to comprehensively evaluate drought 
resistance of okra plant.

RESULTS

Germination percentage (GP), germination Energy (GE), germination rate (GR), vitality index (VI) of okra seeds 
exposed to SNPs at 25 mg.L-1 were significantly increased under water deficit stress induced by 10% PEG-6000 
solutions compared with that Non-SNPs (Table1). Application of 100 mg.L-1 SNPs resulted in remarkable increment 
of GP, GE, GR and VI under water deficiency condition induced by 5% PEG solutions compared to without SNPs, 

Table 1. Germination of seeds in okra exposed to SNPs under water stress simulated by PEG-6000.

Properties PEG-6000
(%)

Concentration of SNPs (mg.L-1)
0 25 50 100 200

GP
(%)

0 0.98±0.04a(a) 0.93±0.00b(a) 0.98±0.04ab(a) 0.87±0.00c(b) 0.96±0.04a(a)
5 0.87±0.00c(bc) 0.91±0.04b(b) 0.93±0.00ab(ab) 0.98±0.04a(a) 0.82±0.04b(c)

10 0.89±0.04b(b) 1.00±0.00a(a) 0.91±0.08b(b) 0.91±0.04bc(b) 0.89±0.04ab(b)
15 0.93±0.00ab(ab) 0.84±0.17c(b) 1.00±0.00a(a) 0.93±0.00ab(ab) 0.87±0.07ab(ab)

GE
(%)

0 0.98±0.04a(a) 0.93±0.00b(a) 0.98±0.04ab(a) 0.87±0.00c(b) 0.96±0.04a(a)
5 0.87±0.00c(b) 0.91±0.04b(b) 0.93±0.00ab(ab) 0.98±0.04a(a) 0.82±0.04b(c)

10 0.89±0.04bc(b) 1.00±0.00a(a) 0.91±0.08b(b) 0.91±0.04bc(b) 0.89±0.04ab(b)
15 0.93±0.00ab(ab) 0.84±0.17c(b) 1.00±0.00a(a) 0.93±0.00ab(ab) 0.87±0.07ab(ab)

GR

0 36.86±1.38a(a) 34.97±1.26a(ab) 37.2±1.80ab(a) 33.71±0.00c(b) 37.16±1.50a(a)
5 33.21±0.87b(bc) 36.5±1.31a(ab) 34.1±2.03b(bc) 38.03±1.50a(a) 31.31±1.30b(c)

10 34.57±1.5b(bc) 37.89±1.73a(a) 37.16±2.99ab(ab) 35.44±1.5bc(bc) 33.4±0.27b(c)
15 34.44±0.63b(a) 32.34±7.33a(a) 38.56±0.58a(a) 36.3±0.00ab(a) 33.71±2.25b(a)

VI

0 10.97±1.17a(b) 9.88±2.77b(bc) 11.32±1.96a(ab) 8.54±2.16b(c) 13.61±2.60a(a)
5 9.66±0.44b(a) 11.4±0.14a(a) 10.35±2.94ab(a) 11.56±0.97a(a) 11.08±2.07b(a)

10 4.39±0.2d(b) 9.84±1.09ab(a) 4.33±0.47c(b) 10.04±1.47ab(a) 10.09±1.44b(a)
15 7.40±0.26c(ab) 7.54±1.01b(ab) 7.12±1.07bc(ab) 8.42±0.22b(a) 6.64±1.53c(b)

GP: Germination percentage; GE: Germination energy; GR: Germination rate; VI: Vitality index. Different lowercase letters without parentheses 
showed the significant differences among PEG-6000 treatments in the same SNPs level at p ≤ 0.05. Different lowercase letters within parentheses 
showed the significant differences among SNPs treatments in the same PEG-6000 level at p ≤ 0.05. 
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Table 2. Growth characteristics of one-week-old seedlings in okra germinated from seeds treated with SNPs under 
water stress simulated by PEG-6000.

Parameters PEG-6000
(%)

Concentration of SNPs (mg.L-1)
0 25 50 100 200

SL
(mm)

0 46.67±5.66a(a) 55.92±6.74a(a) 54.86±8.86a(a) 45.66±3.75a(a) 51.89±16.58ab(a)
5 37.23±2.13b(b) 47.38±4.47b(ab) 43.29±5.44b(ab) 39.44±4.02a(b) 53.83±11.25a(a)

10 25.65±0.51c(b) 32.02±3.15c(a) 21.59±0.25c(b) 31.66±3.70a(a) 34.02±4.89bc(a)
15 20.18±1.01c(a) 22.4±1.45d(a) 22.76±2.32c(a) 19.04±0.52b(a) 21.26±3.64c(a)

LMR
(mm)

0 26.52±0.75b(a) 29.03±3.32a(a) 29.57±6.88a(a) 27.37±7.65ab(a) 21.17±4.71a(a)
5 31.25±2.33a(a) 31.67±1.18a(a) 24.68±7.48a(ab) 21.81±5.90b(b) 20.11±5.49a(b)

10 26.1±2.36b(ab) 27.98±3.44a(ab) 21.14±3.58a(b) 34.11±2.04a(a) 26.8±9.25a(ab)
15 25.52±1.82b(bc) 31.27±9.81a(ab) 29.05±0.23a(ab) 36.69±5.18a(a) 18.27±2.78a(c)

SD
(mm)

0 1.65±0.04a(a) 1.47±0.22a(a) 1.55±0.02a(a) 1.48±0.15a(a) 1.54±0.08a(a)
5 1.44±0.02bc(a) 1.51±0.11a(a) 1.52±0.05a(a) 1.43±0.09a(a) 1.51±0.07ab(a)

10 1.31±0.11c(b) 1.49±0.04a(a) 1.23±0.05b(b) 1.34±0.04a(b) 1.35±0.11b(b)
15 1.48±0.12b(a) 1.42±0.03a(a) 1.51±0.05a(a) 1.5±0.02a(a) 1.43±0.12ab(a)

FW
(g)

0 0.30±0.02a(ab) 0.28±0.10ab(ab) 0.32±0.02a(ab) 0.25±0.06ac(b) 0.39±0.08a(a)
5 0.28±0.02a(ab) 0.33±0.02a(a) 0.25±0.06b(b) 0.30±0.02a(ab) 0.32±0.04ac(a)

10 0.12±0.00c(b) 0.28±0.00ab(a) 0.12±0.02c(b) 0.28±0.04ab(a) 0.25±0.04bc(a)
15 0.21±0.01b(a) 0.22±0.01b(a) 0.20±0.02b(a) 0.23±0.00bc(a) 0.20±0.04b(a)

DW
(g)

0 0.02±0.00b(b) 0.03±0.00b(ab) 0.02±0.00b(b) 0.03±0.00ab(a) 0.03±0.01a(ab)
5 0.03±0.00b(a) 0.03±0.01a(a) 0.02±0.00b(b) 0.02±0.00b(b) 0.02±0.00a(b)

10 0.02±0.01b(a) 0.03±0.00a(a) 0.03±0.01a(a) 0.03±0.00ab(a) 0.02±0.01a(a)
15 0.05±0.02a(a) 0.03±0.00a(b) 0.03±0.00ab(b) 0.03±0.00a(b) 0.04±0.02a(ab)

MC

0 0.93±0.01a(a) 0.90±0.04a(a) 0.92±0.01a(a) 0.91±0.00a(a) 0.93±0.01a(a)
5 0.91±0.01a(ab) 0.90±0.02a(b) 0.93±0.00a(a) 0.92±0.01a(ab) 0.93±0.01a(a)

10 0.84±0.06ab(b) 0.89±0.01a(ab) 0.74±0.02c(c) 0.92±0.04a(a) 0.90±0.04ab(ab)
15 0.77±0.09b(a) 0.87±0.01a(a) 0.85±0.02b(a) 0.87±0.01bc(a) 0.80±0.09b(a)

SL: Shoot length; LMR: Length of main root; SD: Stem diameter; FW: Fresh weight each plant; DW: Dry weigh each plant; MC: Moisture content. 
Different lowercase letters without parentheses showed the significant differences among PEG-6000 treatments in the same SNPs level at p ≤ 0.05. 
Different lowercase letters within parentheses showed the significant differences among SNPs treatments in the same PEG-6000 level at P ≤ 0.05. 

whereas a remarkable reduction of this properties above-mentioned was found in Non-water deficit stressed seeds 
(control). Interestingly, under water deficit stress simulated by 5% PEG-6000 solution, adding 200 mg.L-1 SNPs 
significantly inhibited GE of seeds, while it dramatically increased VI with 1.30 folds in comparison with Non-SNPs 
seeds. Similarly, VI of seed exposed to 200 mg.L-1 SNPs was also increased up to 24.07% in control when compared to 
that without SNPs. Application of 50 mg.L-1 SNPs have no significantly influence on seed germination both in control 
and water deficit stress.

The growth characteristics of one-week-old seedlings exposed to SNPs and water deficit stress were reported in 
Table 2. It appeared that shoot length (SL), stem diameter (SD) and fresh weight each plant (FW) of seeds were notably 
increased by using 25 mg.L-1 SNPs under drought stress induced by 10% PEG-6000 solution, while dry weigh each 
plant (DW) was reduced in 15% drought stressed seeds as compared to Non-SNPs. Application of SNPs at 50 mg.L-1 
dramatically reduced the Length of main root (LMR) and MC in seeds subjected to 10% drought stress, and DW in 5% 
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drought stressed seeds, respectively, when compared to that without SNPs. Under 10% water shortage condition, 
application of SNPs at 100 mg.L-1 dramatically increased SL 22.55%, FW 133.33% and MC 9.52% comparison with Non-
SNPs. And LMR in seeds exposed to 100 mg.L-1 SNPs was increased up to 43.77% in 10% water shortage condition in 
comparison with SNPs-free seeds. But, LMR and DW were markedly decreased up to 30.20% and 33.33% by additive of 
SNPs at 100 mg.L-1 in seeds subjected to water deficit stress stimulated by 5% PEG-6000 solutions as compared to that 
without SNPs. Besides, SL in seeds exposed to 200 was increased up to 44.59% and 32.63% under 5% and 10% drought 
stress conditions, respectively, in comparison with Non-SNPs seeds. However, using SNPs at 25 mg.L-1 reduced LMR 
1.34% under 5% PEG solution simulated as compared to seeds unexposed to SNPs. 

In Table 3, compared to Non-ANPs seeds, GP, GE, GR and VI of seeds were all significantly increased up to 
14.94%,14.94%,14.47% and 14.49% by ANPs at 25 mg.L-1 in 5% water deficit stress conditions. In 10% water deficit 
stress conditions, using 25 mg.L-1 ANPs markedly showed a 2.82% and 2.82% increase in GP and GE, respectively, 
whereas it decreased GR and VI up to 19.47% and 6.26%, respectively, when compared to that without ANPs. And 
VI of seeds exposed to ANPs at 25 mg.L-1 also significantly decreased up to 35.91% in control. GR and GE of seeds 
were improved up to 9.8% and 30.98% in 10% water deficit stress conditions, while GP, GE and GR were reduced 
up to 9.37%,9.37% and 12.31% in 15% water deficit stress by applying ANPs at 50 mg.L-1 compared to that Non-
ANPs. Application of ANPs at 100 mg.L-1 augmented GP and GE up to 22.54% and 22.54% in 10% water deficit stress, 
respectively, as compared with that Non-ANPs. GP and GE of seeds exposed to 200 mg.L-1 ANPs were increased up 
to 18.31% and 18.31% in control and 10% water deficit stress, whereas they were reduced up to 14.58% and 14.58% 
in 15% water deficit stress compared to that without ANPs. Moreover, additive of ANPs at 200 mg.L-1 also decreased 
GR up to 20.84% comparing that Non-ANPs.

Table 3. Germination of seeds in okra treated with ANPs under water stress simulated by PEG-6000. 

Properties PEG-6000
(%)

Concentration of ANPs (mg.L-1)
0 25 50 100 200

GP
(%)

0 0.91±0.04a(b) 0.89±0.04ab(b) 0.93±0.00ab(ab) 0.91±0.04ab(b) 0.98±0.04a(a)
5 0.87±0.00a(b) 1.00±0.00a(a) 0.93±0.07a(ab) 0.87±0.07b(b) 0.91±0.04ab(b)

10 0.71±0.1b(c) 0.73±0.12c(b) 0.93±0.00ab(a) 0.87±0.00b(a) 0.84±0.04bc(ab)
15 0.96±0.04a(a) 0.82±0.04bc(b) 0.87±0.00b(b) 0.98±0.04a(a) 0.82±0.04c(b)

GE
(%)

0 0.91±0.04a(b) 0.89±0.04b(b) 0.93±0.00ab(ab) 0.91±0.04ab(b) 0.98±0.04a(a)
5 0.87±0.00a(b) 1.00±0.00a(a) 0.93±0.07a(ab) 0.87±0.07b(b) 0.91±0.04ab(b)

10 0.71±0.10b(c) 0.73±0.12c(b) 0.93±0.00ab(a) 0.87±0.00b(a) 0.84±0.04bc(ab)
15 0.96±0.04a(a) 0.82±0.04bc(b) 0.87±0.00b(b) 0.98±0.04a(a) 0.82±0.04c(b)

GR

0 34.6±1.47ab(ab) 32.71±1.39ab(b) 36.3±0.00a(a) 36.16±1.30a(a) 37.2±2.13a(a)
5 33.1±1.06ab(b) 37.89±1.73a(a) 37.03±1.63a(ab) 34.71±3.12ab(ab) 33.71±2.59bc(b)

10 32.15±3.75b(a) 26.91±3.41b(b) 35.3±0.87a(a) 32.26±1.42b(a) 34.07±0.63ab(a)
15 36.7±1.06a(a) 31.15±2.23b(b) 32.18±1.36b(b) 38.03±1.50a(a) 30.37±1.30c(b)

VI

0 11.43±2.51a(ab) 8.41±1.23b(c) 12.68±1.99a(a) 12.59±0.30a(a) 9.40±0.67b(bc)
5 11.04±7.51a(a) 12.64±9.9a(a) 13.7111.98a(a) 7.15±5.35b(a) 13.65±4.95a(a)

10 8.76±1.07a(ab) 4.97±0.99b(c) 6.37±2.27a(bc) 9.7±1.55ab(a) 6.17±2.03b(bc)
15 6.87±4.14a(a) 5.81±1.20b(a) 7.98±0.95a(a) 7.31±1.27ab(a) 7.36±2.01b(a)

GP: Germination percentage; GE: Germination energy; GR: Germination rate; VI: Vitality index. Different lowercase letters without parentheses 
showed the significant differences among PEG-6000 treatments in the same ANPs level at p ≤ 0.05. Different lowercase letters within parentheses 
showed the significant differences among ANPs treatments in the same PEG-6000 level at P ≤ 0.05. 
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As Table 4 reported, SL of seedlings was observably improved in the treatment of 25 mg.L-1 ANPs and 5%, and 15% 
drought stress, that of 100 mg.L-1 ANPs and 5%, 10% drought stress, and non-stressed condition, and that of 200 mg.L-1 
ANPs and 5% drought stress, respectively, compared to that without ANPs. Application of ANPs at 50 and 100 mg.L-1 
were both significantly promoted MC of seedlings in 15% drought stress in comparison with Non-ANPs. Nevertheless, 
LMR of seedlings was observably decreased in the treatment of 50 mg.L-1 ANPs and non-stressed condition, and 5% 
drought stress, that of 100 mg.L-1 ANPs and 5% drought stress, and that of 200 mg.L-1 ANPs and non-stressed condition, 
and 10% drought stress, respectively, compared with Non-ANPs. Unique positive effect on LMR was found in seedlings 
exposed to 50 mg.L-1 ANPs in 15% drought stress conditions. SD of seedlings exposed to ANPs at 50, 100 and 200 mg.L-1 
were all significantly reduced up to 8.43%,11.24% and 13.85% in control in comparison with Non-ANPs. Analogously, 
FW of seedlings was significantly decreased in the treatment of 25 mg.L-1 ANPs and 10% drought stress, that of 50 mg.L-

1 ANPs and 10% drought stress, that of 100 mg.L-1 ANPs and 5% drought stress, and that of 200 mg.L-1 ANPs and non-
stressed condition, and 10% drought stress, respectively, when compared to without ANPs. Only using 25 mg.L-1 ANPs 

Table 4.  Growth characteristics of one-week-old seedlings in okra germinated from seeds treated with ANPs under 
water stress simulated by PEG-6000.

Parameters PEG-6000
(%)

Concentration of ANPs (mg.L-1)
0 25 50 100 200

SL
(mm)

0 52.68±11.39a(b) 48.11±5.43a(b) 48.99±5.64a(b) 66.2±3.64a(a) 48.81±5.28a(b)
5 25.95±5.99bc(c) 38.90±10.56ab(ab) 22.57±9.56b(c) 35.09±11.85ab(b) 44.93±12.06a(a)

10 34.05±1.56b(b) 23.94±7.90b(c) 29.27±16.62ab(bc) 44.08±4.49ab(a) 24.51±4.73a(c)
15 20.12±4.87c(b) 36.64±6.11ab(a) 28.02±3.56ab(ab) 23.28±7.55b(b) 26.11±7.05a(b)

LMR
(mm)

0 35.12±2.75a(a) 29.24±1.50a(ab) 27.41±1.74b(b) 31.77±5.23ab(ab) 26.00±5.80a(b)
5 26.19±6.1b(a) 26.28±2.78a(a) 16.94±5.25b(b) 14.79±4.83b(b) 23.52±1.43a(a)

10 33.34±5.23ab(a) 29.26±8.14a(a) 29.44±6.44ab(a) 33.60±4.36a(a) 24.10±2.66a(b)
15 25.48±2.23b(b) 32.55±5.74a(ab) 45.89±5.78b(a) 23.84±8.66ab(b) 29.23±11.96a(b)

SD
(mm)

0 1.66±0.05a(ab) 1.69±0.17a(a) 1.52±0.03a(bc) 1.47±0.02a(c) 1.43±0.03bc(c)
5 1.69±0.20a(a) 1.53±0.08a(a) 0.99±0.86a(a) 1.01±0.87a(a) 1.58±0.13b(a)

10 1.47±0.02a(ab) 1.70±0.10a(a) 1.55±0.27a(a) 1.48±0.07a(ab) 1.24±0.13b(b)
15 1.62±0.24a(ab) 1.66±0.06a(ab) 1.57±0.14a(ab) 1.41±0.13a(b) 1.79±0.11a(a)

FW
(g)

0 0.33±0.07a(ab) 0.26±0.03b(bc) 0.35±0.05a(a) 0.35±0.01a(a) 0.25±0.01b(c)
5 0.33±0.02a(b) 0.55±0.08a(a) 0.37±0.03a(ab) 0.18±0.06b(c) 0.52±0.11a(a)

10 0.27±0.01a(a) 0.18±0.02b(b) 0.18±0.06a(b) 0.30±0.05ab(a) 0.18±0.06b(b)
15 0.19±0.12a(a) 0.19±0.04b(a) 0.25±0.02a(a) 0.19±0.03ab(a) 0.24±0.05b(a)

DW
(g)

0 0.02±0.00c(ab) 0.02±0.00b(ab) 0.02±0.00a(ab) 0.03±0.01a(a) 0.02±0.00a(b)
5 0.02±0.00c(a) 0.04±0.02a(a) 0.03±0.03a(a) 0.02±0.02a(a) 0.04±0.03a(a)

10 0.04±0.00a(a) 0.02±0.00b(b) 0.03±0.01a(a) 0.04±0.01a(a) 0.03±0.00a(ab)
15 0.03±0.00b(a) 0.03±0.00ab(a) 0.03±0.00a(a) 0.03±0.00a(a) 0.02±0.01a(b)

MC

0 0.93±0.02a(a) 0.91±0.02a(a) 0.92±0.01a(a) 0.92±0.02a(a) 0.91±0.04a(a)
5 0.88±0.03ab(a) 0.92±0.00a(a) 0.61±0.53a(a) 0.59±0.51a(a) 0.94±0.04a(a)

10 0.87±0.00ab(a) 0.88±0.02a(a) 0.79±0.13a(a) 0.89±0.01a(a) 0.85±0.04b(a)
15 0.81±0.08b(bc) 0.81±0.04b(c) 0.89±0.01a(a) 0.91±0.02a(a) 0.85±0.10a(ab)

SL: Shoot length; LMR: Length of main root; SD: Stem diameter; FW: Fresh weight each plant; DW: Dry weigh each plant; MC: Moisture content. 
Different lowercase letters without parentheses showed the significant differences among PEG-6000 treatments in the same ANPs level at p ≤ 0.05. 
Different lowercase letters within parentheses showed the significant differences among ANPs treatments in the same PEG-6000 level at P ≤ 0.05. 
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showed a 40% increase on FW in 5% drought stress compared with Non-ANPs. And DW of seedlings exposed to ANPs 
at 25 and 200 mg.L-1 were also markedly reduced up to 50% and 33.33% in 10% and 15% drought stress conditions, 
respectively, when compared to that without ANPs.

Interestingly, using 50 mg.L-1 TNPs decreased GP, GE and GR up to 6.52%, 6.52% and 8.11%, while VI of seeds 
exposed to TNPs at 100 mg.L-1 was increased up to 20.16% in 5% drought stress conditions compared to that without 
TNPs. Application of TNPs at other concentration have no noticeable impact on seeds germination both in control and 
water deficit conditions (Table 5).

As reported in Table 6, DW of seedlings was observably improved up to 4.56% by using 25 mg.L-1 TNPs in control 
compared to that without TNPs. Application of TNPs at 100 mg.L-1 dramatically increased LMR (27.10%) in 15% 
water deficit conditions, FW (19.44%) and DW (33.33%) in 5% water deficit stressed conditions, respectively, while 
markedly decreased FW (11.11%) in 10% water deficit stressed conditions in comparison with that Non-TNPs. 
Besides, SL in seeds exposed to 200 mg.L-1 TNPs was improved by 15.95% in 5% water deficit conditions as compared 
to that without TNPs. No remarkable influence was observed in 50 TNPs mg.L-1 treated seedling both in control and 
water deficit stress compared with that Non-TNPs.

For SNPs treatment, there was a significant correlation among GP, GE, and GR (P<0.01). VI showed a positive 
correlation with GP and GE (P<0.05). And VI also have a significant positive correlation with SL, SD, FW, and MC (P<0.01), 
indicating the augment of VI may be related to the growth of one-week-old seedlings. Furthermore, MC exhibited a 
significant positive correlation with SL and FW (P<0.01), implying that the improvement of SL and FW in seeds exposed 
to SNPs were attributed to increase of MC. For seeds exposed to ANPs, there was a significant correlation among GP, 

Table 5. Germination of seeds in okra exposed to TNPs under water stress simulated by PEG-6000.

Properties PEG-6000
(%)

Concentration of TNPs (mg.L-1)
0 25 50 100 200

GP
(%)

0 0.95±0.10a(a) 0.92±0.10a(a) 0.93±0.05a(a) 0.93±0.05a(a) 0.92±0.06ab(a)
5 0.98±0.03a(ab) 0.93±0.05a(bc) 0.92±0.03a(c) 1.00±0.00a(a) 0.98±0.03a(ab)

10 0.93±0.05a(a) 0.95±0.06a(a) 0.95±0.03a(a) 0.95±0.03a(a) 0.92±0.03ab(a)
15 0.90±0.09a(a) 0.93±0.08a(a) 0.90±0.04a(a) 0.90±0.12a(a) 0.87±0.09b(a)

GE
(%)

0 0.95±0.10a(a) 0.92±0.10a(a) 0.93±0.05a(a) 0.93±0.05a(a) 0.92±0.06ab(a)
5 0.98±0.03a(ab) 0.93±0.05a(bc) 0.92±0.03a(c) 1.00±0.00a(a) 0.98±0.03a(ab)

10 0.93±0.05a(a) 0.93±0.05a(a) 0.95±0.03a(a) 0.95±0.03a(a) 0.92±0.03ab(a)
15 0.90±0.09a(a) 0.93±0.08a(a) 0.90±0.04a(a) 0.88±0.10a(a) 0.87±0.09b(a)

GR

0 36.70±3.75a(a) 35.40±3.64a(a) 36.30±2.12a(a) 34.93±1.55ab(a) 35.40±2.06ab(a)
5 37.87±2.05a(ab) 35.55±2.54a(bc) 35.03±1.94ab(c) 38.64±0.50a(a) 37.79±1.31a(ab)

10 36.05±1.73a(a) 36.18±1.78a(a) 36.32±0.05a(a) 36.57±1.70a(a) 35.40±1.22ab(a)
15 33.50±4.85a(a) 34.84±1.87a(a) 32.75±1.83b(a) 31.18±5.17b(a) 32.46±4.87b(a)

VI

0 12.69±1.02a(a) 15.42±6.34a(a) 13.89±1.76a(a) 14.57±2.08a(a) 13.03±1.21a(a)
5 13.79±1.09a(bc) 12.70±0.84a(c) 12.95±0.99ab(c) 16.57±1.41a(a) 14.74±1.28a(b)

10 10.84±0.98b(ab) 11.03±1.18ab(ab) 11.35±0.88b(a) 9.76±0.46b(b) 10.62±0.82b(ab)
15 6.38±1.27c(a) 7.15±1.25b(a) 7.24±1.04c(a) 6.69±1.03c(a) 6.70±1.52c(a)

GP: Germination percentage; GE: Germination energy; GR: Germination rate; VI: Vitality index. Different lowercase letters without parentheses 
showed the significant differences among PEG-6000 treatments in the same TNPs level at p ≤ 0.05. Different lowercase letters within parentheses 
showed the significant differences among TNPs treatments in the same PEG-6000 level at p ≤ 0.05. 
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Table 6. Growth characteristics of one-week-old seedlings in okra germinated from seeds treated with TNPs under 
water stress simulated by PEG-6000.

Parameters PEG-6000
(%)

Concentration of TNPs (mg.L-1)
0 25 50 100 200

SL
(mm)

0 34.30±1.75a(a) 31.88±5.64a(a) 31.32±3.17a(a) 32.90±1.86a(a) 33.36±2.27a(a)
5 29.16±1.50b(b) 30.18±1.99a(b) 31.15±2.10a(ab) 30.80±1.50a(b) 33.81±1.86a(a)

10 30.29±1.75b(a) 29.87±2.83a(a) 32.08±0.87(a) 30.90±2.54a(a) 29.43±1.81b(a)
15 14.87±1.05c(ab) 16.15±2.39b(ab) 17.14±1.61b(a) 16.79±1.12b(ab) 14.81±0.87c(b)

LMR
(mm)

0 44.87±8.44a(a) 51.00±10.08a(a) 42.94±3.55b(a) 46.78±1.92a(a) 49.18±3.29a(a)
5 44.76±5.66a(a) 46.83±4.63a(a) 49.45±1.65ab(a) 46.48±2.91a(a) 45.49±5.40a(a)

10 49.48±3.92a(a) 51.35±6.32a(a) 54.49±7.98a(a) 49.73±6.28a(a) 50.06±6.54a(a)
15 35.54±1.98b(bc) 34.22±5.70b(c) 41.79±7.41b(ab) 45.17±4.97a(a) 33.54±2.24b(c)

SD
(mm)

0 1.70±0.04a(a) 1.68±0.04a(a) 1.63±0.06a(a) 1.72±0.05a(a) 1.81±0.23a(a)
5 1.57±0.05b(a) 1.63±0.02a(a) 1.63±0.04a(a) 1.61±0.09b(a) 1.59±0.04b(a)

10 1.31±0.05c(a) 1.32±0.04b(a) 1.34±0.05b(a) 1.30±0.05c(a) 1.27±0.05c(a)
15 1.29±0.04c(a) 1.24±0.06c(a) 1.27±0.05c(a) 1.23±0.06c(a) 1.29±0.07c(a)

FW
(g)

0 0.35±0.03a(a) 0.43±0.04a(a) 0.38±0.03a(a) 0.42±0.06a(a) 0.37±0.01a(a)
5 0.36±0.00a(b) 0.36±0.03ab(b) 0.37±0.01a(b) 0.43±0.03a(a) 0.39±0.02a(b)

10 0.30±0.02b(a) 0.30±0.03bc(a) 0.31±0.03b(a) 0.27±0.02b(b) 0.30±0.02b(a)
15 0.19±0.01c(a) 0.21±0.02c(a) 0.22±0.01c(a) 0.22±0.03b(a) 0.21±0.02c(a)

DW
(g)

0 0.03±0.00c(b) 0.03±0.00a(a) 0.03±0.00b(ab) 0.03±0.01a(ab) 0.03±0.00b(ab)
5 0.03±0.00b(b) 0.03±0.00a(b) 0.03±0.00b(b) 0.04±0.01a(a) 0.03±0.00ab(ab)

10 0.03±0.00bc(ab) 0.03±0.00a(a) 0.03±0.00b(a) 0.03±0.00a(b) 0.03±0.00b(ab)
15 0.04±0.00a(a) 0.04±0.00a(a) 0.04±0.00a(a) 0.04±0.02a(a) 0.04±0.00a(a)

MC

0 0.92±0.01a(a) 0.92±0.00a(a) 0.92±0.00a(a) 0.92±0.00a(a) 0.92±0.01a(a)
5 0.91±0.01a(a) 0.92±0.00a(a) 0.91±0.01a(a) 0.91±0.01a(a) 0.91±0.01a(a)

10 0.90±0.00a(a) 0.89±0.01b(a) 0.90±0.01b(a) 0.90±0.01a(a) 0.90±0.01b(a)
15 0.80±0.04b(a) 0.83±0.01c(a) 0.83±0.02c(a) 0.80±0.11b(a) 0.82±0.01c(a)

SL: Shoot length; LMR: Length of main root; SD: Stem diameter; FW: Fresh weight each plant; DW: Dry weigh each plant; MC: Moisture content. 
Different lowercase letters without parentheses showed the significant differences among PEG-6000 treatments in the same TNPs level at p ≤ 0.05. 
Different lowercase letters within parentheses showed the significant differences among TNPs treatments in the same PEG-6000 level at P ≤ 0.05. 

GE, GR (P<0.01) and VI (P<0.05). Like SNPs treatment, VI also have a significant positive correlation with SL, DW, FW, MC 
and SD (P<0.01). MC also showed a significant positive correlation with SL, LMR SD, FW, DW and VI (P<0.01). Besides, 
SL have a significant positive correlation with LMR, SD, FW, MC, VI (P<0.01) and DW (P<0.05), suggesting that increase 
of SL could relate to the improvement of MC. For TNPs treatment, there are a significant positive correlation among 
GP, GE, GR and VI (P<0.01). VI showed a significant positive correlation with LMR, SD, FW, and MC, implying that the 
increase of LMR and FW would be as a result of VI augment. SL exhibited a significant positive correlation with GP, GE, 
GR, VI, LMR, SD, FW, and MC (P<0.01), while have a negative correlation with DW. These further indicated that increase 
of SL might be connected to the improvement of VI, FW and LMR.

Furthermore, SNPs interacted with water deficit stress significantly on GR, GE, GP, LMR, SD (P < 0.05), and FW, MC 
and VI (P < 0.01). The interaction of ANPs with water deficiency had prominent effect on GR, GE, GP (P < 0.01), and VI 
and LMR (P < 0.05). However, there are no interactions influence of TNPs and drought stress.
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Table 7. The function values of indicators analysis of germination of seed treated with SNPs under water stress 
simulated by PEG-6000.

Concentration 
of SNPs
 (mg.L-1)

Concentration of 
PEG-6000

(%)

Function values of indicators
Sum Order

GP GE GR VI SL LMR SD FW DW MC

0

0 0.88 0.88 0.77 0.72 0.75 0.45 1.00 0.66 0.09 0.97 0.72 3
5 0.25 0.25 0.26 0.57 0.49 0.70 0.50 0.61 0.23 0.88 0.47 10

10 0.38 0.38 0.45 0.01 0.18 0.42 0.20 0.00 0.07 0.49 0.26 16
15 0.62 0.62 0.43 0.33 0.03 0.39 0.59 0.33 1.00 0.17 0.45 11

25

0 0.62 0.62 0.50 0.60 1.00 0.58 0.58 0.60 0.19 0.82 0.61 7
5 0.50 0.50 0.72 0.76 0.77 0.73 0.65 0.77 0.42 0.83 0.67 5

10 1.00 1.00 0.91 0.59 0.35 0.53 0.61 0.59 0.45 0.76 0.68 4
15 0.12 0.12 0.14 0.35 0.09 0.71 0.44 0.36 0.44 0.66 0.34 14

50

0 0.88 0.88 0.81 0.75 0.97 0.61 0.76 0.74 0.00 0.95 0.74 1
5 0.62 0.62 0.39 0.65 0.66 0.35 0.68 0.47 0.09 0.98 0.55 9

10 0.50 0.50 0.81 0.00 0.07 0.16 0.00 0.01 0.45 0.00 0.25 17
15 1.00 1.00 1.00 0.30 0.10 0.59 0.67 0.29 0.34 0.58 0.59 8

100

0 0.25 0.25 0.33 0.45 0.72 0.49 0.58 0.50 0.23 0.87 0.47 10
5 0.88 0.88 0.93 0.78 0.55 0.19 0.49 0.69 0.13 0.94 0.65 6

10 0.50 0.50 0.57 0.61 0.34 0.86 0.26 0.61 0.32 0.90 0.55 9
15 0.62 0.62 0.69 0.44 0.00 1.00 0.64 0.41 0.39 0.67 0.55 9

200

0 0.75 0.75 0.81 1.00 0.89 0.16 0.73 1.00 0.20 1.00 0.73 2
5 0.00 0.00 0.00 0.73 0.94 0.10 0.66 0.74 0.02 0.99 0.42 13

10 0.38 0.38 0.29 0.62 0.41 0.46 0.28 0.49 0.15 0.82 0.43 12
15 0.25 0.25 0.33 0.25 0.06 0.00 0.48 0.28 0.66 0.33 0.29 15

GP: Germination percentage; GE: Germination energy; GR: Germination rate; VI: Vitality index; SL: Shoot length; LMR: Length of main root; SD: 
Stem diameter; FW: Fresh weight each plant; DW: Dry weigh each plant; MC: Moisture content. 

In consideration of function values of all determined indicators, seeds exposed to 50 mg.L-1 SNPs exhibited 
the highest drought tolerance in control condition, followed by application of 200 mg.L-1 SNPs in control (Table 7). 
Moreover, in 5% drought stress condition, seeds exposed to ANPs at 25 mg.L-1 presented highest drought tolerance, 
followed by using 200 mg.L-1 ANPs (Table 8). Similarly, seeds exposed to TNPs at 100 mg.L-1 presented the highest 
drought tolerance, followed by using 200 mg.L-1 TNPs in 5% drought stress condition (Table 9). These data indicated 
that application of SNPs, ANPs and TNPs could significantly improved resistance to drought of early seedlings in okra, 
although TNPs have negative influences on GP, GE, and GR in seeds. 
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Table 8. The function values of indicators analysis of germination of seed treated with ANPs under water stress 
simulated by PEG-6000.

Concentration 
of ANPs
 (mg.L-1)

Concentration 
of PEG-6000

(%)

Function values of indicators
Sum Order

GP GE GR VI SL LMR SD FW DW MC

0

0 0.69 0.69 0.69 0.41 0.71 0.65 0.84 0.40 0.11 1.00 0.62 4
5 0.54 0.54 0.56 0.39 0.13 0.37 0.88 0.41 0.10 0.87 0.48 12

10 0.00 0.00 0.47 0.24 0.30 0.60 0.60 0.25 0.59 0.83 0.39 14
15 0.85 0.85 0.88 0.12 0.00 0.34 0.79 0.02 0.36 0.65 0.49 11

25

0 0.62 0.62 0.52 0.22 0.61 0.46 0.88 0.21 0.08 0.96 0.52 8
5 1.00 1.00 0.99 1.00 0.41 0.37 0.68 1.00 0.96 0.96 0.84 1

10 0.08 0.08 0.00 0.00 0.08 0.47 0.89 0.01 0.11 0.84 0.26 16
15 0.38 0.38 0.38 0.05 0.36 0.57 0.84 0.02 0.34 0.63 0.40 13

50

0 0.77 0.77 0.84 0.49 0.63 0.41 0.66 0.46 0.14 0.97 0.61 5
5 0.77 0.77 0.91 0.56 0.05 0.34 0.00 0.51 1.00 0.05 0.50 10

10 0.77 0.77 0.75 0.09 0.20 0.47 0.70 0.00 0.48 0.59 0.48 12
15 0.54 0.54 0.47 0.19 0.17 1.00 0.73 0.18 0.42 0.89 0.51 9

100

0 0.69 0.69 0.83 0.49 1.00 0.55 0.60 0.45 0.31 0.98 0.66 3
5 0.54 0.54 0.70 0.08 0.32 0.00 0.03 0.01 0.00 0.00 0.22 17

10 0.54 0.54 0.48 0.30 0.52 0.60 0.61 0.32 0.67 0.89 0.55 7
15 0.92 0.92 1.00 0.15 0.07 0.29 0.53 0.03 0.38 0.91 0.52 8

200

0 0.92 0.92 0.93 0.28 0.62 0.36 0.55 0.20 0.00 0.99 0.58 6
5 0.69 0.69 0.61 0.81 0.54 0.28 0.74 0.91 0.66 0.97 0.69 2

10 0.46 0.46 0.64 0.08 0.10 0.30 0.31 0.00 0.40 0.63 0.34 15
15 0.38 0.38 0.31 0.15 0.13 0.46 1.00 0.16 0.03 0.93 0.39 14

GP: Germination percentage; GE: Germination energy; GR: Germination rate; VI: Vitality index; SL: Shoot length; LMR: Length of main root; SD: 
Stem diameter; FW: Fresh weight each plant; DW: Dry weigh each plant; MC: Moisture content. 

Table 9. The function values of indicators analysis of germination of seed treated with TNPs under water stress simu-
lated by PEG-6000.

Concentration 
of TNPs
 (mg.L-1)

Concentration 
of PEG-6000

(%)

Function values of indicators
Sum Order

GP GE GR VI SL LMR SD FW DW MC

0

0 0.63 0.62 0.74 0.62 1.00 0.54 0.79 0.66 0.00 1.00 0.66 6
5 0.88 0.87 0.90 0.73 0.74 0.54 0.57 0.73 0.32 0.93 0.72 3

10 0.50 0.50 0.65 0.44 0.79 0.76 0.13 0.46 0.17 0.84 0.52 10
15 0.25 0.25 0.31 0.00 0.00 0.10 0.10 0.00 0.82 0.00 0.18 15

25

0 0.38 0.38 0.57 0.89 0.88 0.83 0.76 1.00 0.55 0.97 0.72 3
5 0.50 0.50 0.59 0.62 0.79 0.63 0.67 0.71 0.22 0.95 0.62 8

10 0.63 0.50 0.67 0.46 0.77 0.85 0.15 0.48 0.39 0.77 0.57 9
15 0.50 0.50 0.49 0.08 0.07 0.03 0.02 0.07 0.60 0.25 0.26 12

Continue...
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DISCUSSION

Given these results, metal oxide nanoparticles, SNPs and ANPs used in this work, showed a positive influence on 
parameters of seed germination in okra under PEG-stimulated drought stress. Similar findings were also reported in 
wheat (Rai-Kalal et al., 2021) exposed to SNPs, and seeds of legume plants germinated by ANPs (Hamuda et al., 2015). 
According to numerous studies, MONPs can allow seed to be in direct contact with nanoparticles in solution, which can 
be easily and adequately absorbed by plant due to their peculiar chemical and physical properties (Tripathi et al., 2017). 
Thus, penetrating seed coats into xylem vessels, promoting the water absorption and retention in cell to protect cell 
against water loss, thereby enhancing seed germination. Nevertheless, the study of Karunakaran et al. (2016) reported 
that the exposure of seeds to ANOPs have a significant negative affect on the GP in maize as compared to control. It 
indicated that MONPs act on seed germination depend on the type of each MONP and plant type. In addition, significant 
reduction of seed germination (GP, GR, GE and VI) by using 100 mg.L-1 SNPs were also found in Non-drought stress, 
implying that MONPs would be used to elevate germination performance under adverse environmental conditions as 
seed priming agent. It speculates that MONPs may increase seed germination through improving metabolic, antioxidant 
enzymatic activities of seed, thus as a result of rapid and uniform seedling emergence, which leads to successful stand 
establishment to resist environmental stress (Rai-Kalal et al., 2021). Nonetheless, GP, GE and GR in seeds subjected to 
water deficit stress were all decrease by additive of TNPs at 50 mg.L-1, suggesting that this concentration of TNPs have 
certain toxicity on seed germination under drought stress. The underlying mechanism of phenomenon may correlate 
well with chemical characteristics of TNPs.

The data on exposure of okra seeds to SNPs appeared that SNPs have various impacts on growth characteristics of 
seedlings. Under water deficit stress, SL, SD and FW of seedlings were improved by SNPs with different concentrations, 
especially for SL, which was increased by using 25, 100 and 200 mg.L-1 SNPs. Inversely, LMR was reduced by using 200 
mg.L-1 SNPs expect for the seeds exposed to 100 mg.L-1 in 15% drought stress conditions. And DW also reduced by 
using 100, 200 mg.L-1 SNPs, whereas it was increased by additive of SNPs at100 mg.L-1 in control. MC was increased 
by using 100 mg.L-1 SNPs in 10% water deficiency, while it was decreased by using 50 mg.L-1 SNPs in 5% water deficit 

Concentration 
of TNPs
 (mg.L-1)

Concentration 
of PEG-6000

(%)

Function values of indicators
Sum Order

GP GE GR VI SL LMR SD FW DW MC

50

0 0.50 0.50 0.69 0.74 0.85 0.45 0.67 0.80 0.27 0.98 0.65 7
5 0.38 0.38 0.52 0.64 0.84 0.76 0.67 0.75 0.34 0.94 0.62 8

10 0.63 0.62 0.69 0.49 0.89 1.00 0.18 0.51 0.41 0.79 0.62 8
15 0.25 0.25 0.21 0.08 0.12 0.39 0.06 0.13 0.81 0.23 0.25 13

100

0 0.50 0.50 0.50 0.80 0.93 0.63 0.83 0.95 0.47 0.98 0.71 4
5 1.00 1.00 1.00 1.00 0.82 0.62 0.63 1.00 0.84 0.91 0.88 1

10 0.63 0.62 0.72 0.33 0.83 0.77 0.11 0.33 0.03 0.80 0.52 10
15 0.25 0.12 0.00 0.03 0.10 0.56 0.00 0.11 1.00 0.07 0.22 14

200

0 0.38 0.38 0.57 0.65 0.95 0.75 1.00 0.75 0.29 0.95 0.67 5
5 0.88 0.87 0.89 0.82 0.98 0.57 0.60 0.84 0.50 0.93 0.79 2

10 0.38 0.38 0.57 0.42 0.75 0.79 0.06 0.46 0.28 0.80 0.49 11
15 0.00 0.00 0.17 0.03 0.00 0.00 0.10 0.07 0.67 0.21 0.13 16

GP: Germination percentage; GE: Germination energy; GR: Germination rate; VI: Vitality index; SL: Shoot length; LMR: Length of main root; SD: 
Stem diameter; FW: Fresh weight each plant; DW: Dry weigh each plant; MC: Moisture content. 

Table 9. Continuation.
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stress. SNPs is suggested to be beneficial for growth parameters in seedlings due to the essential role on preventing 
oxidative stress induced by drought stress, which can be explained by the enhancement of nutrients accumulation 
(Elsheery et al., 2020). However, using ANPs at different concentrations only promoted SL and MC of water stressed 
seedlings. The rest of the growth features were inhibited under most conditions (combined with ANPs and drought). 
ANPs were confirmed to be assimilated as particles, not ions, indicating that the possible toxic effects of ANPs on okra 
seedlings is not due to Al ions. There is speculation it may be related with the properties of high electrical conductivity 
and transmittance, and chemical stability and large bandgap (Rani et al., 2002). Further, the positive impact of TNPs on 
seedlings was found in present study, which agrees with findings in radish, corn, lettuce, cucumber (Lin and Xing, 2007), 
canola (Mahmoodzadeh et al., 2013) and wheat plant (Jaberzadeh et al., 2013) due to the improvement of antioxidant 
activities. And it was also reported that TNPs may help Cuminum cyminum L. against drought stress as increase of leaf 
prolin, which is in membrane structures and scavenges ROS under water deficiency (Salajegheh et al., 2020). As known 
as, the efficacy of MONPs is determined by their chemical composition, size, surface covering, reactivity, and the dose 
at which they are effective (Hamuda, 2015). Hence, to enhance MONPs utilization in extractive industry, more studies 
are required to investigate the interaction of metal nanoparticles and drought stress on plant growth and development.

Based on comprehensive evaluation of drought resistance (Tables 7-9), under most drought stress conditions, all 
the tested MONPAs can significantly improve drought stress tolerance of seedlings in okra as compared to that without 
NPs due to the increment of seeds germination parameters or seedlings attributes. Apparently, the improvement of 
drought stress tolerance via applying SNPs was lower than that observed by using ANPs and TNPs. It also confirmed 
that various MONPs have different influence on plant, as the investigation in maize seed germination (Karunakaran 
et al., 2016), and antioxidant enzymes activity of Cuminum cyminum L. (Salajegheh et al., 2020). Thus, identify the 
appropriate MONPs based on different crops is significant for real world applications.

CONCLUSIONS

Using various MONPs (SiO2, Al2O3 and TiO2 nanoparticles) have different influence on okra seeds germination under 
PEG-6000 simulating water deficiency. SNPs and ANPs significantly improved seeds germination arguments and certain 
seedlings features, TNPs promoted shoot length, length of main root, fresh weight each plant, and dry weigh each plant 
of seedlings notwithstanding they have negative impacts on seed germination parameters except for VI. Furthermore, 
all MONPs used in present work enhanced the drought stress tolerance in okra seedlings. This finding in our work is all-
important for use and disposal of nanoparticles in the agriculture sector, especially in solving the issue of water scarcity.
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