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Abstract

:

Nanotechnology is a rapidly growing field of science and technology that deals with the development of new solutions by understanding and controlling matter at the nanoscale. Since the last decade, magnesium oxide nanoparticles (MgO-NPs) have gained tremendous attention because of their unique characteristics and diverse applications in materials sciences and because they are non-toxic and relatively cheaply available materials. MgO-NPs can improve plant growth and contribute to plant tolerance of heavy metal toxicity. The effects of MgO-NPs on cowpea (Vigna unguiculata L. Walp.) plants were surveyed under in vitro conditions to find the optimum combination for cowpea tissue culture. The MgO-NPs used in the study were synthesized using walnut shell extract by the green synthesis method. MgO nanoparticles with 35–40 nm size was used in this research. When the size distribution of the MgO-NPs’ structure was examined, two peaks with 37.8 nm and 78.8 nm dimensions were obtained. The zeta potential of MgO-NPs dispersed in water was measured around −13.3 mV on average. The results showed that different doses of MgO-NPs applied to cowpea plant on all in vitro parameters significantly affected all measured parameters of cowpea plantlets under in vitro condition in a positive way. The best results in morphogenesis were MS medium supplemented with high MgO-NP applications (555 mg/L), resulting in a 25% increase in callus formation. The addition of Mg-NPs in the induction medium at concentrations at 370 mg/L increased shoot multiplication. The highest root length with 1.575 cm was obtained in MS medium containing 370 mg/L MgO. This study found that MgO-NPs greatly influenced the plantlets’ growth parameters and other measured traits; in addition, our results indicate that the efficiency of tissue culture of cowpea could be improved by increased application of MgO in the form of nanoparticles. In conclusion, the present work highlights the possibility of using MgO-NPs in cowpea tissue culture.
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1. Introduction


Nanotechnology, which is a multidisciplinary science, uses nano-sized materials [1], which are defined as substances smaller than 100 nanometers in size, and controls them at the atomic level and makes them useful [2]. Nanotechnology covers many different fields, including pesticide distribution, nano sensors, pesticide degradation, use of micronutrients in agriculture, and plant protection and nutrition [3]. Nanotechnology offers effective methods to protect soil health and conditions by helping to minimize agricultural waste and environmental pollution [4,5]; therefore, it can greatly improve the functioning of precision agriculture [6]. Nanotechnology is useful in the agricultural sector, in the form of nano-pesticides and nano-fertilizers [7]. Among various methods of NP synthesis, the plant tract-mediated method is preferred due to its cost-effective nature [8]. MgO-NPs have applications in various fields and have earlier been synthesized using plant extract [9].



Magnesium plays an important role in plant growth and development, serves as a component of the chlorophyll molecules, and regulates the activity of key photosynthetic enzymes in the chloroplast [10]. Magnesium is a macronutrient that activates more enzymes than other nutrients [11] and has structural and regulatory functions related to nucleophilic ligands in plants [10,12]. It is one of the essential elements in the function and synthesis of nucleic acids and ATP [13]. Magnesium deficiency suppresses plant growth and decreases yield [14]. Magnesium oxide is an important inorganic material with a wide band range [15]. This material is used in many applications, such as catalysis, catalyst supports, toxic waste reclamation, refractory materials and adsorbents, additives in heavy fuel oils, reflective and anti-reflective coatings, substrate such as superconducting and ferroelectric thin films, superconductors, and lithium-ion batteries [16,17]. Nano MgO, on the other hand, has many special physical and chemical properties brought about by its nano size. With its size, nanoparticles can be used more by plant cells, induce plant growth, and have antimicrobial, antifungal, and antiviral effects against pests [18]. The small size of nanoparticles allows them to penetrate into the plant cell. Hence, we assessed the impact of MgO-NPs on the legume, cowpea plant.



Cowpea (Vigna unguiculata L. Walp.) is a very common annual plant, especially in Africa, South America, Asia, and the United States, and is one of the most important legumes worldwide [19]. It is a good pre-plant that has the ability to grow in poor soils and increases the yield of the next product with the help of nitrogen fixation [20,21]. Cowpea, which is considered as a green vegetable and dry grain in human nutrition and as a fodder in animal nutrition, belongs to the legume family and contains 2.0–4.3% protein in fresh beans and 4.5–5.0% in fresh grains. Protein content in dry cowpea grains that have reached maturity varies between 20.42 and 34.60%, depending on the variety and environmental conditions. In addition, its grains contain rich source of essential amino acids, except cysteine and methionine [22]. The protein in its seeds is rich in Lysine and Tryptophan amino acids compared to cereal seeds, and is insufficient in terms of Methionine and Cystine compared to animal proteins [23].



Nanoparticles, due to their special physical and chemical properties, may lead to unpredictable changes in the morphological characteristics of the plant [24]. The synthesized nanomaterials may provide protection that is effective in controlling pests and pathogens that significantly affect the yield of the plant [25]. Toxic effects of NPs for plants and animals have been reported, but there is no report documented until now that showed the harmful effects of NPs on tissue culture plants [26]. There have been many studies on the use of NPs in plant tissue culture systems [26,27,28,29]. Wide applications of NPs in plant tissue culture include the elimination of microbial contaminants from explants, callus induction, organogenesis, somatic embryogenesis, somaclonal variation, genetic transformation, and secondary metabolite development. Compounds can be developed by integrating the concept of nanotechnology into plant tissue culture techniques, synthesis, purification, and desired plant-derived yield [30]. There is limited information available in the literature regarding the effect of NPs on in vitro regeneration characters on cowpea plant, which has a great importance in human and animal nutrition. Therefore, the aim of this study is to determine the possible effects of callus formation on morphogenesis and plant regeneration by applying different doses of MgO-NPs of cowpea plant under plant tissue culture condition.




2. Materials and Methods


2.1. Synthesis of Mg Nanoparticles (MgO-NPs)


MgO-NPs were synthesized using walnut shell extract. The walnut shell extraction used for green synthesis was prepared with distilled water, and for this purpose, 25 g walnut shells were washed and crushed using the freeze–thaw technique in liquid nitrogen; 250 mL of distilled water was added and mixed in a magnetic stirrer for 1–2 h. The extract was obtained by first filtering through cheesecloth and then filter paper, before being kept at −25 °C until use. An amount of 0.1 M Mg (NO3)2 solution was actively used for conversation of MgO in plants. The formation of the synthesis was followed qualitatively and quantitatively by UV-Vis spectrophotometer (Epoch). After the method optimization, the obtained NPs were characterized. For this purpose, different morphological and molecular detection methods, such as scanning electron microscopy (SEM; Zeiss Sigma 300), Fourier-transform infrared spectroscopy (FT-IR; VERTEX 70 v FT-IR Spectrometer, Billerica, MA, USA), and X-ray diffraction (XRD; Malvern Panalytical B.V., Almelo, The Netherlands), were used. The obtained MgO-NPs were washed under vacuum using distilled water and ethanol and were used in the reaction after drying in an oven. In the application range, after MgO-NPs were weighed and homogenized in pure water with the help of an ultrasonicator, they were used in plant in vitro experiments [31,32].




2.2. Plant Material


The cowpea cultivar, registered as “Ulkem”, used in this study was obtained from Ondokuz Mayıs University and is usually used for forage purposes. Forage cowpea seeds were washed with tap water and surface-sterilized with 70% ethanol for 5 min, treated for 25 min with solution containing 1% sodium hypochlorite with a few drops of Tween 20 with constant stirring, and rinsed three times with sterile distilled water thereafter. The seeds were imbibed in sterile water for 24 h in the dark. Plumula parts were aseptically dissected and used as explants in the experiment.




2.3. Tissue Culture Applications


MS medium, mineral salts, and vitamins [33] were used in the experiments. Magnesium and MgO-NPs in MS medium were exchanged with different concentrations. In the experiment, there were 5 treatments with different magnesium content: 0 mg/L (MS medium without MgSO4.7H2O and MgO-NPs), MgSO4.7H2O, which is used commonly in MS medium 370 mg/L as macronutrient elements, and three treatment with removed MgSO4.7H2O from the MS medium and replaced with a nanoparticle version of these elements: 1/2X (185 mg/L MgO-NPs), 1X (370 mg/L MgO-NPs), 2X (555 mg/L MgO-NPs) concentrations. Plumules were cultured on MS medium containing MgO-NPs previously prepared. The explants were kept in the dark at 24 ± 1 °C. In shoot regeneration medium (MS salt and vitamins + 1.0 mg/L BAP) containing different Mg types and concentrations, explant were kept for 8 weeks, and they were then placed in root formation medium (MS salt and vitamins + 0.5 mg/L BAP) containing different MgO-NPs types and concentrations and kept under white fluorescent light (Preheat Daylight-42 µmol photons m−2s−1) for 4 weeks at 24 ± 1 °C in a 16-h light photo period. Morphogenesis and callus formation measurements were made after 30 days. The shoot formation rate, number of shoots, number of shoots per explant, shoot length, root formation rate, number of roots per explant, and root length were calculated after 60 days. This study was carried out in a complete randomized experimental design arrangement with four replications. Each petri dish was considered as an experimental unit, and 10 cowpea plumula were cultured in each petri dish. Analysis of variance and Duncan multiple comparison tests were computed with SPSS statistical analysis program (Version 20).





3. Results


3.1. Surface Morphological Characterization of MgO-NPs


Surface characterization of MgO-NPs was performed using SEM, FT-IR, and XRD analyzes, and the results are given in Figure 1. SEM analysis determined that the MgO-NPs obtained by green synthesis were well dispersed and cubic (Figure 1A), while the peaks at 39.2° (111), 62.53° (220), 77.8° (311), and 81.7° (222) 2θ° in the XRD graph in Figure 1B belong to Mg (OH)2. FT-IR analysis is an effective technique used to identify possible peaks of MgO-NPs and extract used for the reduction of metal. FT-IR analysis of MgO-NPs obtained by green synthesis is given in Figure 1C. As seen from the FT-IR diagram, the wavelength between 400 and 4000 cm−1 was scanned. From the findings, it was determined that intense absorption peaks occurred at 3699, 3351, 2293, 1600, 1354, 1014, 763, and 519 cm−1. While the peak observed at 3699 cm−1 belongs to the -OH band, the wide peak band observed at 3351 cm−1 indicates the presence of -NH2 and -OH groups in the medium. The peaks seen around 1600 cm−1 indicate the presence of peaks defined as the primary amine group (N-H) overlapping with the amide and carboxylate group. The peak at 1354 cm–1 is matched with the Mg-OH group, while all bands between 400 and 736 confirm the presence of MgO-NPs. The size of MgO-NPs was determined to be 35–40 nm as a result of measurements and calculations. The obtained spectrum showed that the walnut shell extract had a high ability to reduce and stabilize MgO-NPs.



When the size distribution of the MgO NPs structure was examined, two peaks with 37.8 nm and 78.8 nm dimensions were obtained. These peaks showed that the MgO NP structure did not have much agglomeration, but there was a small amount of agglomeration. However, the structure was smaller than 100 nm, and the findings support the SEM image (Figure 2A). The zeta potential analysis is an important indicator of the surface charges of chemical compounds. The zeta potential of MgO NPs dispersed in water was measured around −13.3 mV on average. It shows a negative potential value (Figure 2B). The negative value obtained is due to the oxygen atoms in the MgO structure (10.1002/cbdv.201900608 (13 June 2023)).




3.2. Morphogenesis


The averages of the characters determined by the treatments of different concentrations of MgO-NPs to the cowpea and the related variance analysis results are given in Table 1. In this study, morphogenesis basically refers to any changes in the explant, such as elongation, contraction, color, and structure changes, during the course of in vitro culture, except for the formation of callus, shoots, roots, or whole plants.



It has been observed that different MgO-NP applications have significant effects on morphogenesis (p < 0.01). These changes began to be observed after the first week of culture initiation. While the average number of explants showing morphogenesis was 9.25 from the original 10 explants at control (MS medium without MgO-NPs) and MS medium containing 370 mg/L MgO applications, this number was increased in Mg-NP applications (185 mg/L, 370 mg/L and 555 mg/L MgO-NPs). A significant 8.11% increase (p < 0.05) in the number of morphogenesis was observed in MS medium containing 185 mg/L, 370 mg/L, and 555 mg/L MgO-NP applications compared to the control. Morphological changes such as tissue growth and tissue swelling were observed in the cultured cowpea explants (Figure 3).




3.3. Callus Formation


It has been observed that different MgO-NP applications have significant effects on callus formation. Under the present experimental conditions, where 10 explants were originally started, the average callus formation depending on the MgO-NPs varied between 8 and 10. Callus formation reached the highest value with 10 in the application of MS medium containing 555 mg/L MgO-NPs, and this value was statistically significant from the control plants. This application was followed by 9.5 in MS medium containing 370 mg/L MgO-NPs and 9 in MS medium containing 370 mg/L MgSO4.7H2O applications. Different Mg treatments significantly increased callus formation compared to control. The highest increase was observed with 25% in MS medium supplemented with 555 mg/L MgO-NP application, followed by 18.75% with MS medium including 370 mg/L MgO-NPs, 12.50% in MS medium comprising 370 mg/L MgSO4.7H2O and 6.25% in MS medium comprising185 mg/L MgO-NP applications (Table 1).




3.4. Shoot Formation


Different MgO (with or without NPs) treatments led to significant differences in shoot formation (p < 0.01). According to the effect of different doses of magnesium NPs applied to the cowpea, shoot formation rates varied between 20.83% and 37.50%. The highest value in shoot formation rate was obtained from MS medium containing 555 mg/L MgO-NP application with 82.50%, and the lowest value was obtained from MS medium containing 185 mg/L MgO-NP application with 30%. Shoot formation rate was 60% from the control application, 42.50% from the MS medium containing 370 mg/L MgSO4.7H2O application, and 72.50% from the MS medium containing 370 mg/L MgO-NP application (Table 1).




3.5. Number of Shoots


The highest number of shoots was obtained from MS medium containing 370 mg/L MgO-NP application (61.25), followed by 36.25 in MS medium containing 555 mg/L MgO-NP application. Control and 370 mg/L MgSO4.7H2O applications gave the same shoot number value as 21.75, while MS medium containing 185 mg/L MgO-NP application gave the lowest value with 3.75, but this did not differ significantly from the control (Table 1).




3.6. Number of Shoots per Explant


The mean values of the number of shoots per explant determined in the cowpea at different doses varied between 1.25 and 17.50. In terms of applications, the highest number of shoots per explant (17.50) was obtained from the application of MS medium comprising 370 mg/L MgO-NPs, and this value was statistically higher than that found in the control treatment (6.5). The lowest value (1.25) was obtained from the MS medium comprising 185 mg/L MgO-NP application. The number of shoots per explant obtained from other applications in our study was determined as 6.75 in the MS medium comprising 370 mg/L MgSO4.7H2O application and 10 in the 555 mg/L MgO-NPs, but they were not statistically different from the control value (Table 1).




3.7. Shoot Length


In terms of shoot length, different MgO applications created significant differences. The longest shoot length was 2.07 cm in the MS medium containing 370 mg/L MgO-NP application, and the shortest shoot was 0.175 cm in the MS medium containing 185 mg/L MgO-NP application. MS medium supplemented with 370 mg/L MgO-NP application was followed by MS medium comprising 555 mg/L MgO-NPs (1.450 cm), MS medium comprising 370 mg/L MgSO4.7H2O (1.200 cm), and control (0.475 cm) applications. Except for the MS medium comprising 185 mg/L MgO-NP application, the other MS medium comprising 370 mg/L MgSO4.7H2O, MS medium comprising 370 mg/L MgO-NPs, and MS medium comprising 555 mg/L MgO-NP applications showed an increasing effect compared to the control. The highest increase was obtained from the administration of MS medium supplemented with 370 mg/L MgO-NPs, with 336.84% (Table 1).




3.8. Root Formation Rate


Different Mg applications had significant effects on root formation rate. The average root formation rate of the applied magnesium NPs varied between 10 and 27.5%. In terms of root formation rate, the highest value among magnesium NPs was obtained from control and MS medium containing 370 mg/L MgSO4.7H2O applications with 27.50%; this application was followed by 22.50% in MS medium containing 370 mg/L MgO-NP application and 19.75% with MS medium containing 185 mg/L MgO-NP applications. The lowest value of 10% was obtained in MS medium containing 555 mg/L MgO-NP application. The highest value was recorded in the application of MS medium containing 555 mg/L MgO-NPs, with a 63.64% decrease in the variation of magnesium NPs compared to the control (Table 1).




3.9. Number of Roots per Explant


Different MgO-NP applications had significant effects in terms of root number per explant. The maximum number of roots per explant determined in cowpea was obtained as 6.75 in the application of MS medium containing 370 mg/L MgO-NPs; this application was followed by 2.75 in the control application. The applied magnesium nanoparticles at different doses caused significant reductions compared to the control, which was statistically significant at 185 mg/L MgO-NPs (Table 1).




3.10. Root Length


According to the analysis of variance, root length was significantly affected by certain MgO-NP applications (Table 1). It was determined that the root length values obtained from the cowpea with different doses of magnesium NPs varied between 0.015 cm (MS medium supplementary with 185 mg/L MgO-NPS) and 157.50 cm (MS medium supplementary with 370 mg/L MgO-NPS). These extreme values were significant from the control; the other treatments used in this experiment were not (Table 1).





4. Discussion


NPs have begun to be used extensively in plant tissue culture studies. It is known that the kind, type, concentration, and size of NPs can be effective in studies conducted within the scope of plant tissue culture. The present study clearly showed the beneficial effects of MgO-NPs on the in vitro parameters of cowpea. In this study, MgO-NPs were synthesized using walnut shell extract by the green synthesis method. The size of MgO nanoparticles was determined to be 35–40 nm as a result of measurements and calculations. SEM analysis determined that the MgO-NPs obtained by green synthesis were well dispersed and cubic. The diffraction peaks are points that represent cubic MgO-NPs at 42.76° (200)2θ and 62.6° (220)2θ [34]. FT-IR analysis is an effective technique used to identify possible peaks of MgO-NPs and the extract used for the reduction of metal. As seen from the FT-IR diagram, the wavelength between 400 and 4000 cm−1 was scanned. Similar findings were found in the literature in the FT-IR analyzes of MgO-NPs obtained using some plant extracts, and they support our study [35,36,37,38,39,40,41].



Morphological changes such as tissue growth and tissue swelling were observed in the cultured cowpea explants. Our findings showed that positive effects of MgO-NPs on callus induction, shoot regeneration, and explant growth were observed. The results showed that the highest value of callus formation was obtained in MS medium containing with 555 mg/L MgO-NPs. Our result showed that NPs not only overcome negative effects but also improve callus formation. It seems that MgO-NPs may play a role similar to plant hormones such as cytokinins and gibberellins owing to their ability to induce plant cell division and stimulate cellular expansion; however, the mechanism of its action in darkness is still unknown. A similar finding was obtained by Mandeh et al. [27]. Several studies have shown positive effects of NPs on callus induction. Different concentrations of silver or gold NPs alone or combined with naphthalene acetic acid (NAA) were evaluated for callus culture growth in Prunella vulgaris L. The silver (30 μg L−1), silver and gold (1:2), and silver and gold (2:1) NPs in combination with NAA (2.0 mg L−1) enhanced callus proliferation (100%) as compared to the control (95%) [42]. The number and size of calli increased when barley mature embryos were grown in MS medium supplemented with 20 mg L−1 2,4-D and 60 mg mL−1 TiO2-NPs [27].



The explants were cultured on shoot multiplication medium supplemented with MS medium supplementary with 370 mg/L Mg-NPs. These media were optimum for the formation and development of shoot. Our result clearly showed that 370 mg/L Mg-NPs had a stimulation effect on the growth of shoot parameters, whiles 185 mg/L decreased NS and NSE and the 555 mg/L Mg-NPs concentrations induced an inhibitory effect. One reason for this may be that Mg-NPs block ethylene signaling and trigger shoot growth. Similar results have been found with AgNPs in banana plants by Do et al. [43]. Sharma et al. [44] also reported that AgNPs increased plant growth processes such as shoot and root lengths, area of the leaf, and biochemical parameters, such as carbohydrate and protein contents of common bean and corn.



The explants were also cultured on rooting medium supplemented with MS medium supplementary with 370 mg/L MgSO4.7H2O. These media were optimum for the formation and development of roots. Our result suggested that 370 mg/L MgSO4.7H2O had a stimulation effect on the growth of root parameters, while the application of NPs induced an inhibitory effect for root formation, especially in higher concentrations of NPs; this is very clear and obvious. These results are in agreement with earlier findings. For example, Helaly et al. [45] reported that root lengths were increased when Zn and nano ZnO-NPs were added to the MS medium. Zhang et al. [46] stated that copper nanoparticles inhibit primary root elongation and enhance lateral root emergence. Auxins, especially indole-3-acetic acid (IAA), have an important role in root development in plants. Regulation of auxin levels in different cells of the root is involved in many root functions, including growth, lateral root elongation, and root hair formation. There is a sharp toxicity threshold because at higher doses the toxic effects of ion exposure are manifest, with such responses as root shortening [47]. The reduction in elongation in cowpea roots exposed to high doses of Mg-NPs may possibly be related to the abnormal distribution of auxin. These results are in conflict with those obtained in barley [27]. However, this is not surprising given that nanoparticles can explain their effects depending on the size and/or shape of the particles, the concentrations applied, the particular experimental conditions, plant species, and uptake mechanisms [48]. Sotoodehnia-Korani [49] emphasized the belief that nanomaterials such as MgO-NPs have the ability to improve the efficiency of tissue cultures in vitro and boost agricultural yield.




5. Conclusions


The effects of various metal and metal oxide NPs on plants are well documented in vivo. Such NPs can be used to promote or enhance the morphogenetic potential of explants obtained from different plant species. NPs have been used widely in plant tissue culture studies. The influence of different concentrations and combinations of NPs on different media (shoot induction, shoot propagation, and rooting media) should also be investigated to gain a clear understanding of the underlying mechanisms behind the role of NPs in plant tissue culture. Given the potential for future research, it is vital to understand the role of MgO-NPs in callogenesis performance, micropropagation, and cell culture elicitation. The MgO-NPs used in the study were synthesized using walnut shell extract by green synthesis method. When the size distribution of the MgO-NPs structure was examined, two peaks with 37.8 nm and 78.8 nm dimensions were obtained. The zeta potential of MgO-NPs dispersed in water was measured at approximately −13.3 mV on average. The present study provides the first evidence of Mg-NPs effects on the in vitro culture of cowpea, showing the possibility of using MgO-NPs in cowpea tissue culture. The results showed that different doses of MgO-NPs applied to cowpea plants on all in vitro parameters significantly affected all measured parameters of cowpea plantlets under in vitro condition in a positive way. The best results in morphogenesis were MS medium supplemented with 555 mg/L MgO-NP applications, resulting in a 25% increase in callus formation. The addition of Mg-NPs in the induction medium at concentrations of 370 mg/L increased shoot multiplication. The highest root length with 1.575 cm was obtained in MS medium containing 370 mg/L MgO. However, for a clear understanding of the mechanisms underlying the role of MgO-NPs in cowpea tissue culture, it is recommended to investigate in detail the actual mechanisms of the promoting or inhibitory effects of MgO-NPs on each parameter.
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Figure 1. (A) SEM image of MgO-NPs synthesized by walnut shell extract. (B) XRD pattern of MgO nanoparticles. (C) The FT-IR spectrum of green synthesized MgO-NPs using walnut shell extract. 
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Figure 2. (A) Size distribution of MgO NPs. (B) Zeta potential analysis of MgO-NPs using walnut shell extract. 
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Figure 3. (A) Cultured explants. (B) Morphogenesis. (C,D) Shoot and root formation. (E) Callus formation and (F) regenerated cow pea plantlets in MS medium supplementary with 370 mg/L MgO-NPs. 
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Table 1. Average values and analysis of variance of the parameter ratios of magnesium nanoparticles at different doses examined in cowpea plant.
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Mg

	
Morphogenesis

	
Callus Formation

	
Shoot Formation

	
Number of Shoots

	
Number of Shoots per Explant

	
Shoot Length

	
Root Formation Rate

	
Number of Roots per Explant

	
Root Length




	
Number

	
% 1

	
Number

	
%

	
%

	
%

	
Number

	
%

	
Number

	
%

	
cm

	
%

	
%

	
%

	
Number

	
%

	
cm

	
%






	
Control

	
9.25 ab 2

	
-

	
8.00 b

	
-

	
60.00 ab

	

	
21.75 b

	
-

	
6.50 bc

	
-

	
0.475 d

	
-

	
27.50 a

	
-

	
2.750 b

	
-

	
1.0750 b

	
-




	
370 mg/L MgSO4.7H2O

	
9.25 ab

	
-

	
9.00 ab

	
12.50

	
42.50 bc

	
−29.17

	
21.75 b

	
-

	
6.75 bc

	
3.85

	
1.200 c

	
152.63

	
27.50 a

	
-

	
6.750 a

	
145.45

	
1.5750 a

	
46.51




	
185 mg/L MgO-NPs

	
10.00 a

	
8.11

	
8.50 ab

	
6.25

	
30.00 c

	
−50

	
3.75 c

	
−82.76

	
1.25 c

	
−80.77

	
0.175 d

	
−63.16

	
19.75 b

	
−28.18

	
0.0009 c

	
−99.96

	
0.00015 c

	
−99.96




	
370 mg/L MgO-NPs

	
10.00 a

	
8.11

	
9.50 ab

	
18.75

	
72.50 a

	
20.83

	
61.25 a

	
181.61

	
17.50 a

	
169.23

	
2.075 a

	
336.84

	
22.50 ab

	
−18.18

	
0.7500 bc

	
−72.72

	
0.2750 bc

	
−74.41




	
555 mg/L MgO-NPs

	
10.00 a

	
8.11

	
10.00 a

	
25

	
82.50 a

	
37.50

	
36.25 ab

	
66.67

	
10.00 ab

	
53.85

	
1.450 b

	
205.26

	
10.00 c

	
−63.64

	
0.7500 bc

	
−72.72

	
0.2000 bc

	
−81.39




	
Variation Sources

	
1.350 * 3

	
1837.5 **

	
3.459 *

	
5.675 **

	
88.901 **

	
1.905 *

	
18.030 **

	
2.679 *

	
20.402 **




	
Error

	
15

	

	

	

	

	

	

	

	








1 Percent compared to control groups. 2 a–d—Mean values with the same letter are not significantly different (p < 0.05). 3 ** and *: Significant at the 0.01 and 0.05 probability levels, respectively.
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