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Abstract

:

Salinity is an abiotic stress that is responsible for more than 50% of crop losses worldwide. Current strategies to overcome salinity in agriculture are limited to the use of genetically modified crops and chemicals including fertilizers, pesticides and herbicides; however these are costly and can be hazardous to human health and the environment. Green synthesis of nanoparticles (NPs) is an eco-friendly and cost-effective method, and they might serve as novel biostimulants. This study investigated for the first time the efficiency of ZnO NPs, synthesized from Agathosma betulina to mitigate salt stress in Sorghum bicolor. Hexagonal wurtzite ZnO NPs of about 27.5 nm, were obtained. Sorghum seeds were primed with ZnO NPs (5 and 10 mg/L), prior to planting on potting soil and treatment with high salt (400 mM NaCl). Salt significantly impaired growth by decreasing shoot lengths and fresh weights, causing severe deformation on the anatomical (epidermis and vascular bundle tissue) structure. Element distribution was also affected by salt which increased the Na+/K+ ratio (2.9). Salt also increased oxidative stress markers (reactive oxygen species, malondialdehyde), enzyme activities (SOD, CAT and APX), proline, and soluble sugars. Priming with ZnO NPs stimulated the growth of salt-stressed sorghum plants, which was exhibited by improved shoot lengths, fresh weights, and a well-arranged anatomical structure, as well as a low Na+/K+ ratio (1.53 and 0.58) indicating an improved element distribution. FTIR spectra confirmed a reduction in the degradation of biomolecules correlated with reduced oxidative stress. This study strongly suggests the use of green-synthesized ZnO NPs from A. betulina as potential biostimulants to improve plant growth under abiotic stress.
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1. Introduction


Nanotechnology is an emerging technology that has recently led to the synthesis of nano compounds (nanomaterials and nanoparticles) with special properties and the potential to be used as plant growth regulators and biostimulants in agriculture [1,2]. A few studies have demonstrated the effective use of different nanoparticles in the improvement of crop production under abiotic stresses [3,4,5,6,7,8]. Hence nanotechnology can be used in agriculture to meet targets in food production to feed the growing population [1].



Green synthesis of nanoparticles must be considered as the method of choice for plant application, due to its several advantages over conventional methods, since it is cost effective, eco-friendly, and can be easily scaled-up for increased production [9]. Additionally, there is no usage of high temperatures, energy, pressure, and toxic chemicals in green synthesis [10]. Plant extracts are the most common biological substrates used in the synthesis of nanoparticles since they are easily accessible and less toxic than microbes. These extracts contain secondary metabolites such as polysaccharides, polyphenolic compounds, amino acids, vitamins, and alkaloids among other compounds that act as reducing, stabilizing, and capping agents [11,12].



Metal oxide nanoparticles, specifically Zinc oxide nanoparticles (ZnO NPs) have recently gained a lot of attention in nanoscience due to their unique physicochemical properties and their various applications in biology, chemistry, medicine, and physics [11,13,14,15] and in recent years they have crossed over to agriculture [16,17]. Zinc oxide is nonorganic, cheap, and it has been regarded as a safe and non-toxic metal by the Food and Drug Administration (FDA). Several studies have revealed that a lower concentration of ZnO NPs can increase the growth and development of plants [18,19].



Salinity is among the major abiotic stresses that affect plant growth and development by altering several physiological and metabolic processes of plants [20,21,22,23]. It has affected approximately 6% of the total land surface globally and 20% of agricultural land, making salt stress the most serious environmental factor limiting the productivity of cultivated crops [24]. Salinity causes osmotic and ionic stress, which enhances the over-production of reactive oxygen species (ROS) causing lipid membrane damage, damage to biomolecules, and hence, cell death [23,25]. Plants overcome these effects by regulating several defense mechanisms including osmotic adjustments, induction of the antioxidant machinery, modulation of hormones, and some morphological and anatomical adaptations [23,26]



Sorghum bicolor (L.) Moench is an important grain crop ranked fifth in the world and second in Africa [24]. In African and Asian countries, sorghum is mainly used as a source of food for humans, whereas in other countries such as Australia, Brazil, and the United States of America, it is mostly used as a source of animal feed and energy production. It is an adaptable and a moderately drought and salt-tolerant cereal crop [27,28]; however, continuous exposure to abiotic stress can affect its growth and hence its productivity. Cultivating sorghum is very important because this will ensure its continuous use as a food source to combat food insecurity and in the production of bioenergy to solve the looming global energy crisis.



This study is the first to investigate the application of green synthesized ZnO NPs in Sorghum bicolor plant growth under salt stress. To better understand the effects of ZnO NPs as biostimulants, we evaluated their efficiency under normal and high salt (400 mM NaCl) stress conditions by analyzing growth attributes, anatomical structure, and the content of macronutrients. The extent of oxidative stress and the scavenging capacity on sorghum were also evaluated.




2. Materials and Methods


2.1. Preparation of the Plant Extract and the Green Synthesis of Zinc Oxide Nanoparticles


The synthesis of ZnO NPs completed in this study followed the original method described in [29] with modifications. Agathosma betulina (Buchu leaves) were purchased online at the Natural Essential Products Ltd. [https://essentiallynatural.co.za (accessed on 20 March 2020)] and used to prepare the green extract, which served as the capping agent [30]. About 10 g of grounded Buchu leaves were mixed with 250 mL distilled water (dH2O) and boiled at 80 °C for 2 h. The mixture was filtered and centrifuged for 10 min at 6000 rpm and the supernatant was collected and used immediately or stored at 4 °C for further use.



Zinc nitrate hexahydrate (N2O6Zn) purchased from Sigma-Aldrich (Cat# 96482-500G, Lot # BCBJ7666V) was used as a precursor for the synthesis of ZnO nanoparticles (NPs). Synthesis was initiated by adding 3 g of Zinc nitrate into 250 mL of aqueous Buchu leaf extract and the mixture was boiled at 80 °C for 5 h. A color change of the mixture from pale yellow to dark brown appeared signifying the formation of ZnO NPs [31]. Synthesized ZnO NPs were freeze-dried to obtain ZnO NPs in powdered form, then calcined at 600 °C for 2 h to obtain a more crystallized structure of the nanoparticles. White powdered ZnO NPs were obtained and stored in airtight containers at room temperature when not in use or until further processing.




2.2. Characterization of Zinc Oxide Nanoparticles


The formation of the ZnO NPs was confirmed using Ultraviolet-Visible spectroscopy (Nicolett Evolution 100 from Thermo Electron Corporation, Johannesburg, South Africa) by observing peak formation within the 200–700 nm wavelength range. The phytochemical compositions that participated in the synthesis and the newly formed chemical compositions were determined using Fourier-transform infrared (FTIR) spectroscopy (PerkinElmer Spectrum 100-FTIR Spectrometer from PerkinElmer (Pty) Ltd., Midrand, South Africa) using a 400 to 4000 cm−1 spectral range. The morphology and size of the nanoparticles were determined using High-Resolution Scanning Electron Microscopy (Zeiss Auriga HR-SEM purchased from Carl Zeiss Microscopy GmbH, Jena, Germany), the quantity and presence of ZnO NPs were determined on SEM using Energy Dispersive X-ray Spectroscopy (EDX) performed on the Zeiss Auriga detector (Oxford Link-ISIS 300, Concord, MA, USA) [32], and High-Resolution Transmission Electron Microscopy (HRTEM) (Tecnai G2 F2O X-Twin HR-TEM purchased from FEI Company, Hillsboro, OR USA).



The phase purity and particle size of ZnO NPs were determined using the X-ray diffractometer, Brucker AXS (Germany) D8 advanced diffractometer unit. The Scherrer’s equation (Equation (1)) was used to determine the crystalline size of the synthesized ZnO NPs [33]:


  D =   0.9 λ   β cos θ    



(1)




where D is the crystallite size, λ is the wavelength of x-ray used (1.5406 Ǻ), β is the full width at half maximum (FWHM), and θ is the Bragg’s angle.




2.3. Sorghum Seed Germination and Growth Conditions


Sorghum (Sorghum bicolor L. Moench) seeds purchased from Agricol, Brackenfell Cape Town, South Africa were disinfected as described previously [24].



For priming treatments, seeds were imbibed in distilled water (ddH2O) only as the control and 5 and 10 mg/L ZnO NPs solutions for experiments. This was followed by overnight incubation in the dark at 25 °C with shaking at 600 rpm. Seeds were dried under the laminar flow and sown on filter paper placed on a plastic container (28 × 21 and 6 cm height) containing 50 mL of ddH2O and germinated in the dark at 25 °C for 7 days.



Germinated seeds were sown on pots of sizes (18 × 14 and 6 cm height) and put inside a vessel container sized (21 × 16 and 5 cm height) containing a mixture of potting soil and vermiculite (2:1) and grown in the green house under controlled conditions (26 °C/22 °C day/night; 16 h/8 h light/dark regimes). After 14 days of growth, sorghum plants were treated with 100 mL of salt solution (400 mM NaCl-containing solution) every second day for 7 days. Sorghum plants were harvested on day seven after treatment, rinsed thoroughly with dH2O and used immediately or stored at −80 °C for future use.




2.4. Growth Parameters


Shoot lengths were measured using a ruler in the mm range. Fresh weights (FW) of the shoots were weighed using a Mettle Toledo AE50 analytical balance (Marshall Scientific, Hampton, VA, USA). Dry Weights (DW) were determined after oven-drying the shoots at 70 °C for 72 h until a constant weight was obtained.



The anatomical structure (epidermis, xylem, and phloem) and element distribution were analyzed at the University of Cape Town, South Africa using High Resolution Scanning Electron Microscopy (HRSEM) and HRSEM-EDX as previously described in [34,35]. All spectra were analyzed using the built in Oxford Inca software suite. Samples were then imaged and collected using a Tescan MIRA field emission gun scanning electron microscope, operated at an accelerating voltage of 5 kV using an in-lens secondary electron detector.




2.5. Physiological and Biochemical Analysis


All spectrophotometric measurements in this study were performed using a Helios® Epsilon visible 8 nm bandwidth spectrophotometer (Thermo scientific Waltham, MA, USA) unless otherwise stated.



2.5.1. Histochemical Detection of Reactive Oxygen Species (ROS)


Histochemical detection of ROS was determined as described by [15]. For the detection of superoxide (O2●-), leaves were immersed in 0.1% Nitroblue tetrazolium chloride (NBT) solution and incubated at 25 °C for 2 h in the dark.



The detection of H2O2 was performed by immersing sorghum leaves in 1 mg/mL 3′,3′-diaminobenzidine (DAB) solution and the mixture was incubated overnight in the dark. After incubation, all histochemical samples were boiled in 80% ethanol at 90 ℃ for 15 min to remove chlorophyll.




2.5.2. Malondialdehyde Content


Lipid peroxidation was determined by measuring malondialdehyde (MDA) content using the method described in [36]. A total of 100 mg of fresh sorghum plant materials were homogenized in 1 mL of 0.1% trichloroacetic acid (TCA (w/v)). Tubes were vortexed to mix well and centrifuged at 13,000 rpm (4°C) for 10 min. Small holes were created in the cap of the 2 mL Eppendorf tubes using a syringe needle to prevent the tubes from bursting due to pressure from the heat. About 400 uL of the supernatant was added into a 2 mL Eppendorf tube containing 1 mL of 0.5% TBA, followed by boiling at 80 °C in a water bath for 30 min. After incubation, the tubes were placed on ice for 5 min and centrifuged for another 5 min at 13,500 rpm (4 °C) to precipitate any remaining TBA. About 200 uL of the supernatant was transferred into a 96 well microtiter plate. The optical density was measured spectrophotometrically at 532 nm and 600 nm.




2.5.3. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis of Biomolecules


The FTIR spectrum of the sorghum shoots was analyzed using a PerkinElmer Spectrum 100-FTIR Spectrometer [PerkinElmer (Pty) Ltd., Midrand, South Africa]. About 2 g of dry sorghum shoot tissues was analyzed where a wider window between 450 and 4000 cm−1 was considered.




2.5.4. Enzyme Activity Assays


Enzyme extraction was performed as described by the authors of [37], with a slight modification. About 100 mg of grounded sorghum plant material was homogenized in 100 mM sodium phosphate buffer (pH 8.0). The homogenized samples were centrifuged at 9000 rpm for 20 min at 4 °C. The supernatant was collected and was stored at 4 °C for future use. Activities of selected antioxidant enzymes including Superoxide dismutase (SOD, EC, 1.15.1.11), were estimated as described in [38]. Catalase (CAT, EC 1.11.16) and Ascorbate peroxidase (APX, EC 1.11.1.11) were estimated as described previously [38,39,40].




2.5.5. Proline Content


Proline content was measured as described in [34,41] with slight modifications. To be specific, pure proline was used as the standard to construct the standard curve instead of using the traditional toluene solution.





2.6. Statistical Analysis


All experiments were repeated at least four times and the data were statistically analyzed by the two-way ANOVA using GraphPad prism 9 (https://www.graphpad.com (accessed on 20 October 2021)). Data in the Figures and Tables represent the mean ± standard deviation. Statistical significance between the control and treated plants was determined by the Bonferroni’s multiple comparison test and represented as *** = p ≤ 0.001, ** = p ≤ 0.01, and * = p ≤ 0.05.





3. Results


3.1. Characterization of Zinc Oxide Nanoparticles


The Ultraviolet-Visible absorption spectra were used to determine the optical properties of the green-synthesized ZnO NPs (Figure S1A). Initially, the color of the reaction mixture was pale yellow, which changed to dark brown indicating the formation of nanoparticles. ZnO NPs and Buchu extracts have a wide absorption value and strong absorption peaks at 370 nm and 320 nm, respectively (Figure S1B).



Fourier-transform infrared spectroscopy (FTIR) investigated the functional groups of the phytoconstituents found in the Buchu extract that were responsible for capping and stabilizing the nanoparticles (Figure 1A). The spectrum revealed several bands from 500 to 4000 cm−1. Both the Buchu extract (black line) and the ZnO NPs (red line) spectra exhibited strong peaks including those attributed to the O-H stretch, hydroxyl group, and H-bond (3427 cm−1), to the C-H stretch (2926 cm−1), and the C=C alkene group (1386 cm−1). Some weak peaks were also observed at 1500 cm−1 and 1437 cm−1 that were attributed to the C=C and aromatic compound and at 1062 cm−1 attributed to the OH bending group. The spectrum evidently indicated ZnO NPs formation with an absorption peak at 460 cm−1.



The selected area diffraction (SAED) pattern (Figure 1B) revealed diffraction peaks at (31.7°), (34.38°), (36.21°), (47.52°), (56.54°), (62.84°), (66.90°), (67.95°), and (69.05°), and were assigned to the (100), (002), (101), (102), (110), (103), (200), (112), and (201) planes on the x-ray Diffraction (XRD) spectrum (Figure 1C), respectively. The XDR spectrum of the synthesized ZnO NPs confirmed that the diffraction peaks were well matched with the hexagonal wurtzite structure of ZnO of the Joint Committee on Powder Diffraction Standards (JCPDS) Card Number 36-1451) as shown in Figure 1C and as described previously [42,43].



The average particle size of the prepared ZnO NPs as calculated based on the Debye-Scherrer’s formula was 26 nm and matched with the TEM micrograph, which revealed the size of ZnO NPs to be between 20 nm and 30 nm (Figure 1E). HRTEM (Figure 1D) and HRSEM (Figure 1F) images of ZnO NPs revealed that the ZnO NPs were hexagonal, spherical, were of a granular nature and were agglomerated. The EDX spectrum indicated a high percentage of zinc and oxygen, which confirmed the presence of the elemental zinc and the oxygen signal from the ZnO NPs with a weight composition of 82.69% and 17.31%, respectively (Figure S1C).




3.2. The Effect of Salt and the Priming of the ZnO NPs on the Growth Attributes of S. bicolor


Plant growth was severely affected by salt stress (Figure 2A), as confirmed by a significant decrease in shoot length (46%) and fresh weight (73.75%) under salt stress (Figure 2B). However, a significant increase in shoot length was observed in plants primed with 5 mg/L (40.9%) and 10 mg/L (51.3%) ZnO NPs when treated with salt (Figure 2B). There was also a significant increase in the fresh weights of salt-treated plants when primed with 5 mg/L (38%) and 10 mg/L (60%) ZnO NPs (Figure 2C). There were no significant changes in the dry weights of all samples.



To further understand the effect of salt stress and ZnO NPs on the growth of sorghum, the anatomical structure (epidermis, xylem, and phloem) and element distribution were analyzed using HRSEM and HRSEM/-EDX (Figure 3). HRSEM images revealed well-arranged and smooth epidermis layers in control (0 mM NaCl) plants (Figure 3A), whereas the epidermis from salt-treated plants revealed severe damage and showed signs of shrinkage (Figure 3B). Sorghum shoots from seeds that were primed with ZnO NPs before salt treatment showed an improvement as demonstrated by less deformation and shrinkage of the epidermis especially for the 5 mg/L ZnO NPs treatment (Figure 3C,D). The vascular bundle consisting of the xylem and phloem layers plays a significant role in the transport of water and nutrients [44]. The results revealed large, round, and wider openings of the xylem (Figure 3E, xylem presented by red arrows and phloem presented by white arrows), whereas the xylem of salt-treated sorghum plants was oval shaped, as if the walls had collapsed (Figure 3F). The xylem layers of the sorghum plants primed with ZnO NPs before salt treatment showed an improved surface structure and wider and round openings for both ZnO NPs concentrations (Figure 3G,H).



The effect of salt and ZnO NPs on the absorption and transport of macronutrients was determined by analyzing the element distribution using HRSEM/-EDX, and more importantly, focusing on the Na+ and K+ and hence calculating the Na+/K+ ratio based on the Weight% (Figure 3I–L; Table S1). Sorghum plants treated with salt resulted in a 1.31-fold increase in Na+, whereas the K+ content decreased by 1.0-fold resulting in a Na+/K+ ratio of 2.9 (Figure 3J) as compared to the control (Na+/K+ = 2.13; Figure 3I). Priming with ZnO NPs prior to salt treatment resulted in a 0.56-fold decrease in Na+, followed by a low Na+/K+ ratio of 1.53 (5 mg/L) (Figure 3K) and 0.85 (10 mg/L) (Figure 3L), when compared to plants treated with salt only (Figure 3I). SEM images for the EDX investigated area revealed significant morphological changes (Figure 3M–P). HRSEM images for control plants showed a smooth surface area (Figure 3M) as compared to the salt-treated plants (Figure 3N), which showed severe shrinkage. SEM images from the seedlings primed with ZnO NPs prior to salt treatment also revealed smooth epidermis layers with an improved surface area and less deformation (Figure 3O,P).




3.3. The Effect of Salt and the Priming of the ZnO NPs on Oxidative Damage in S. bicolor


Oxidative damage was determined by assaying the overproduction of Reactive Oxygen Species (ROS), which eventually led to the damage of lipid membranes, and other biomolecules (Figure 4). Histochemical detection of the superoxide anion (O2●-) was performed using NBT whereby the production of O2●- was observed based on the appearance of blue spots on sorghum leaves (Figure 4A). Salt-treated plants had a high degree of O2●- production as seen by dark blue spots on the analyzed leaves as compared to the control, whereas the leaves of plants primed with ZnO NPs (5 mg/L and 10 mg/L) had reduced levels of O2●- under salt treatment (Figure 4A). Overproduction of H2O2 was detected using DAB staining, which was observed by the production of dark brownish spots (Figure 4B). Leaves of salt-treated plants exhibited more pronounced dark brownish color spots as compared to the control. However, priming with ZnO NPs (5 mg/L and 10 mg/L), prevented the over-accumulation of H2O2 since the dark brown spots were reduced to a higher degree as compared to the leaves of plants treated with salt only.



Malondialdehyde content was measured to determine the extent of the oxidative damage on membrane lipids (Figure 4C). The results showed that a high salt concentration (400 mM NaCl) significantly increased MDA content by 115.38% as compared to the control. This indicates that salt stress caused significant and serious damage to sorghum membranes. Priming with 5 mg/L showed no difference, but 10 mg/L ZnO NPs decreased the MDA content by 32% in salt-treated plants, indicating the effectiveness of the ZnO NPs to protect plants from severe damage caused by salt.



To understand the effect of salt on the damage to the biomolecules, including carbohydrate, proteins, lipids, and phenolics, this study used FTIR spectroscopy and analyzed a wide spectral region from 450 to 4000 cm−1, which was consistent in all samples (Figure 5). Peaks at 2916.39, 2103.69, and 1637.12 cm−1 showed the C-H and -C=C- stretching vibration, confirming the presence of alkanes and alkenes, respectively, thus confirming the presence of carbohydrates. The peak at 1370.74 cm−1 can be assigned a C-F stretching vibration for the alkyl halide group. Proteins were confirmed by the presence of amines seen by peaks at 1250.84 cm−1 and 1050.68 cm−1 (assigned C-N stretching, confirming the presence of aliphatic amines) and 899.62 cm−1 and 582.11 cm−1 (assigned N-H stretching vibration, confirming the presence of primary and secondary amines). These peaks were consistent in all samples, but big shifts were observed in the peaks that corresponded to carbohydrates and proteins between in all samples. Pronounced differences in the FTIR spectrum of control (black line) plants and those treated with salt only (red line) were clearly observed. Priming with 10 mg/L ZnO NPs (green) showed a better improvement in the spectral peak shift as compared to priming with 5 mg/L ZnO NPs (blue line) in salt-treated sorghum plants.




3.4. Effect of Salt and the Priming of the ZnONPs on the Antioxidative Capacity of S. bicolor


Salt markedly increased the antioxidant capacity of sorghum plants by inducing the activities of SOD (170%), CAT (131%), and APX (208%) as compared to their controls (Figure 6A–C). Priming with 5 mg/L ZnO NPs significantly reduced the antioxidant activities of SOD (58%), CAT (90%), and APX (61%), whereas priming with 10 mg/L ZnO NPs reduced the activities of SOD (68%) and APX (66%) (Figure 6B) to a higher degree, except for CAT (Figure 6C).




3.5. Effect of Salt and the Priming of ZnO NPs on the Osmoregulation in S. bicolor


Osmolytes such as proline and soluble sugars were analyzed to determine the level of osmotic balance in sorghum plants under salt (400 mM NaCl) stress and the effect of priming with ZnO NPs (Figure 7). Salt stress induced the accumulation of proline by 200% as compared to the control (Figure 7A). Compared with plants treated with salt only, plants primed with ZnO NPs prior to salt treatment resulted in very low proline content of 59.45% for 5 mg/L and 60.29% for 10 mg/L ZnO NPs priming (Figure 7A). Salt stress also induced the accumulation of soluble sugars by 160.60%, as compared to the control (Figure 7B). The priming of ZnO NPs had no significant effect on the content of soluble sugars (Figure 7B).





4. Discussion


In this study, ZnO NPs were synthesized following a green synthesis method using Agathosma betulina (Buchu) extract, which acted as a capping or reducing agent and a precursor for zinc nitrate [30,45,46,47]. As zinc nitrate was added to the extract, the color changed from pale yellow to dark brown, which indicated the formation of ZnO NPs [48].



The formation of ZnO NPs was further confirmed by observing the absorption peak at ~370 nm (Figure S1A). This is consistent with previous studies, which reported the absorption of ZnO NPs between 320 nm and 370 nm when synthesized using Atalantia monophylla [29], Cinnamomum Tamala leaf [49], and Averrhoa bilimbi (L) [50].



The FTIR spectra revealed the chemical bands that coded for physiochemical properties found in the plant extract that were responsible for the reduction process to form ZnO NPs as described previously [51]. The disappearance of 2926 and 2093 cm−1 spectral bands and the reduction in the intensity of other bands (1060 and 872 cm−1) in ZnO NPs confirmed that phytochemicals were responsible for the reduction of irons to form NPs [31,52]. This was further confirmed by the appearance of the peak at 460 cm−1 that can be attributed to the presence of hexagonal wurtzite ZnO NPs, as reported in previous studies, which indicated that ZnO NPs exhibited peaks with similar shapes within the range of 400 to 680 cm−1.



The size and structure of the synthesized ZnO NPs was estimated to be 26.03 nm and the hexagonal, spherical, granular nature, and agglomerated shape is due to the polarity and electrostatic attraction of the ZnO NPs [3]. These nanoparticles were proven to be pure and polycrystalline in nature as analyzed by the SAED and XRD. Similar trends were also observed in other studies where ZnO NPs were synthesized from Phoenix roebelenii [5] and Cissus quadrangularis [28].



Salinity is one of the major abiotic stresses affecting crop production causing over 50% of agricultural losses [37]. Sorghum bicolor is an important staple food crop worldwide widely grown in arid and semi-arid regions [53,54]; thus, it is important to prevent yield losses and maintain its growth and production. The present study demonstrated for the first time the positive effects of priming with green-synthesized ZnO NPs to mitigate the effects of salt stress on the growth of Sorghum bicolor, as observed by enhanced growth and an overall tolerance to salt stress. Most studies have demonstrated the exogenous application of nanoparticles (NPs) to mitigate abiotic stress including chilling on Oryza Sativa L [29], drought on tomatoes [4,18], salinity on Glycine max [7], Lycopersicon esculentum [23], Eleusine coracana L [55], Brassica napus [6] and Abelmoschus esculentus L. Moench [8].



Salt stress significantly reduced the growth attributes of sorghum plants including plant height, shoot length, and fresh weight (Figure 2). However, plants primed with ZnO NPs (5 mg/L and 10 mg/L) showed substantial growth improvement compared to non-primed plants under salt stress. The reduced growth might be due to osmotic stress, which affects the absorption and transport of nutrients and water resulting in declined turgidity and cell expansion; hence, reducing growth [56]. The reduced growth might also be due to the diversion of energy meant for growth to homeostasis and other metabolic processes [57], and this is supported by the correlation observed between reduced growth and the high content of osmolytes (Figure 7) in salt-treated sorghum plants.



The anatomical structure of salt-treated sorghum plants was severely affected (Figure 3A,B). The epidermis is an important tissue on the leaf that prevents water loss and invasion by pathogens, while the vascular bundle (xylem and phloem) participates in the transport of water and nutrients [58,59]. Both these structures showed shrinkage and deformation in salt-treated sorghum plants, while these effects were reversed in ZnO NPs-primed plants. Taken together these observations clearly suggest the role of ZnO NPs in promoting plant growth in harsh environments by protecting tissues that are important for transport of nutrients. This is true since Zn is a key element required for plant growth and development by mediating the biosynthesis of growth hormones and eventually activating cell division and enlargement [60,61].



The study further investigated the distribution of macronutrients (Figure 3C,D; Table S1) to understand the growth reduction induced by salt stress and its link with the affected anatomical structure. A correlation between the increase in toxic ions (Na+ and Cl−) and a decrease in the absorption of essential elements that are required for growth was observed in this study and this is evident by the high Na+/K+ ratio of 2.9 for salt-treated sorghum plants. Surprisingly, element distribution was improved in ZnO NPs-primed sorghum plants under salt stress, and this was supported by a decrease in the Na+/K+ ratio of 1.53 (5 mg/L ZnO NPs) and 0.85 (10 mg/L ZnO NPs). SEM micrographs of the investigated areas corroborated the element distribution, as shown by substantial changes in the morphology of the epidermis associated with shrinkage in salt-treated sorghum plants. This is true since salt stress causes membrane damage due to oxidative stress and these effects were reversed by priming with ZnO NPs. This result is supported by the role of Zn in maintaining membrane integrity, reducing the entry of toxic ions, mediating the translocation of nutrients, and thus maintaining cellular homeostasis [62,63,64,65,66].



To gain more insights into the effect of salt stress and the effectiveness of ZnO NPs on the growth of sorghum, this study also aimed to determine the extent of oxidative damage by assaying ROS accumulation, lipid peroxidation (Figure 4), and damage to biomolecules (Figure 5). When plants are exposed to abiotic stresses, they are generally associated with a high accumulation of free radicals, which induces the activity of antioxidants to regulate homeostasis and reduce lipid peroxidation [20]. ROS (e.g., H2O2) are signaling molecules at physiological levels, but their overproduction leads to the oxidative damage of membranes by increasing lipid peroxidation and causes damage to biomolecules [26,49]. Following the morphological attributes, sorghum plants treated with salt accumulated high levels of ROS and MDA, whereas in ZnO NPs-primed sorghum plants, low levels of these markers were observed. Any damage to the biomolecules was assessed using FTIR to inspect any shift in the spectral peaks of sorghum shoots (Figure 5). The FTIR spectra indicated that biomolecules in salt-treated sorghum plants were degraded, since shifts in the spectral peaks corresponding to carbohydrates (2916.39, 2103.69, and 1637.12 cm−1) and proteins (1250.84 cm−1, 1050.68 cm−1, 899.62 cm−1, and 582.11 cm−1) were observed [65]. Only the peaks from the 10 mg/L ZnO NPs-primed sorghum plants were closer to those of the control, suggesting that the priming of ZnO NPs reduced salt-induced oxidative stress improving sorghum’s response to salt stress and preventing the degradation of biomolecules.



ROS production induces the expression of antioxidant genes, leading to an increase in antioxidants, which enhance the scavenging capacity of ROS at the cellular level; hence, conferring tolerance against stress [67,68]. The results showed that the activities of superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX) were greatly increased in the sorghum shoots treated with salt (Figure 6). Similarly, other studies have shown the high activities of antioxidant enzymes in plants under salt stress [67,69]. SOD activity was greater than CAT and APX, suggesting that in addition to its role as the first line of defense in ROS scavenging, by converting superoxide anion (O2●-) into H2O2 [6], SOD is a major contributor to the mediation of salt tolerance in sorghum. H2O2 is scavenged by peroxidases and catalase; however, APX has a higher affinity for H2O2 than CAT [70,71]. In this study, high APX activity was observed than CAT, suggesting that APX played a principal role in scavenging H2O2 as observed previously in sorghum [28,34]. In sorghum plants primed with ZnO NPs under salt stress, the activities of antioxidant enzymes significantly decreased, suggesting that ZnO NPs were effective in reducing the production of ROS; thus, preventing oxidative damage [20]. This is consistent with other studies as the application of ZnO NPs induced a tolerance to salt stress in soybeans [7], Brassica nupus [6], and Abelmoschus esculentus L. Moench [8].



Plants also survive stress through osmoregulation controlled by the accumulation of osmolytes including proline, soluble sugars, and glycine, to promote an osmotic balance at cellular level [72,73]. A significant increase in proline and soluble sugars was observed in salt-treated sorghum plants as compared to control plants; however, ZnO NPs-primed sorghum plants showed a reduced proline content with no significant changes observed for soluble sugars (Figure 7). Proline is an important signaling molecule that functions as a molecular chaperone by stabilizing and protecting membranes and proteins under abiotic stresses [70]. While soluble sugars play a similar role to proline as osmoprotectants [20], their level remained the same in ZnO NPs-primed sorghum plants under salt stress (Figure 7D). These results indicated that priming with ZnO NPs was efficient in improving osmoregulation in sorghum under salt stress, and hence there was no need for the plant to produce a high concentration of osmolytes when primed with ZnO NPs. High levels of proline under salt stress have been reported previously for sorghum [34,74,75,76]; however, the role of ZnO NPs in reducing proline content and hence the effects of salt stress in sorghum is reported for the first time in this study. In soybean, priming with ZnO NPs- was reported to be efficient in decreasing the proline content under salt stress [7].



A positive correlation was observed between the induction of proline content and the over-accumulation of ROS and the induction of antioxidant enzymes activities under salt stress. Similarly, their reduction in ZnO NPs-primed sorghum plants, might suggest that the accumulation of proline under salt stress was partly stimulated by the accumulation of toxic ions (Na+ and Cl-) and ROS. Thus, proline played a dual role to scavenge ROS and promote the activities of the antioxidant enzymes [71,72]. This is true since the ZnO NPs-primed sorghum plants presented exceptionally low levels of these traits to almost the same magnitude as that of the control, suggesting that there was no need for high proline production.




5. Conclusions


In summary, the results of this study indicate that sorghum growth is affected by high salt but priming with ZnO NPs stimulated a tolerance to salt and hence improved growth. Under salt stress, Na+ over-accumulates in cells and causes osmotic and ionic stress, causing damage to membrane layers and affects the absorption of essential elements such as K+ into cells. As K+ is a component of most enzymes, its unavailability disrupts the normal functioning and regulation of cells [77,78,79]. Thus, these results partly propose that the mechanism of ZnO NPs-induced tolerance in sorghum is that ZnO NPs prevents damage to the epidermal layers and vascular bundle tissue, which leads to minimized water loss, and improved nutrient and water transport. This maintains ion homeostasis, thereby restricting the transport of Na+ to the shoots and ensuring a low Na+/K+ ratio in sorghum shoots. This leads to the proper functioning of cells, prevents ROS accumulation and damage to biomolecules and hence improves sorghum growth under salt stress. However, these observations will require further experimental analysis by assaying the transcripts of genes encoding the Na+ and K+ pumps. Most importantly, these results provide a novel insight into the mechanism of the salinity response of sorghum as mediated by priming with ZnO NPs and the use of 10 mg/L is recommended.
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Figure 1. Optical and structural characterization of green-synthesized ZnO NPs using (A) FTIR, (B) SAED, (C) XRD, (D) HRTEM, (E) HRTEM micrograph, and (F) HRSEM analysis. 
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Figure 2. Effect of salt and the priming of the ZnO NPs on the growth parameters of sorghum. (A) Visual image, (B) shoot length, and (C) shoot fresh weight of sorghum plants in response to salt and the priming of the ZnO NPs. Error bars represent the SD calculated from three biological replicates. Statistical significance between the control and treated plants was determined by a two-way ANOVA performed on GraphPad 9.2.0, shown as *** = p ≤ 0.001 ** = p ≤ 0.01, and * = p ≤ 0.05 according to the Bonferroni’s multiple comparisons test. 
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Figure 3. Effect of salt and the priming of the ZnO NPs on the anatomy and element distribution in sorghum plants. (A–D) Epidermis layers, (E–H) Xylem and phloem, (I–L) element content, (M–P) SEM micrographs for the EDX-investigated area. 
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Figure 4. Effect of salt and the priming of ZnO NPs on ROS (O2●- and H2O2) accumulation and MDA content in sorghum. Histochemical detection of (A) O2●- and (B) H2O2. (C) Measurement of MDA content in salt-treated plants and salt-treated plants primed with ZnO NPs. Error bars represent the SD calculated from three biological replicates. Statistical significance between control and treated plants was determined by a two-way ANOVA performed on GraphPad 9.2.0, shown as *** = p ≤ 0.001 and * = p ≤ 0.05 according to the Bonferroni’s multiple comparisons test. 
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Figure 5. FTIR analysis of the effect of salt and the priming of the ZnO NPs on biomolecules in sorghum plants. Control (0 mM NaCl) plants (black), 400 mM NaCl/salt-treated (red), salt-treated plants primed with 5 mg/L ZnO NPs (blue) and 10 mg/L (green) ZnO NPs. 
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Figure 6. Effect of salt and the priming of ZnO NPs on the antioxidant enzyme activities of sorghum. (A) Superoxide Dismutase, (B) Ascorbate peroxidase and (C) Catalase activity in salt-treated plants, and those primed with ZnO NPs. Error bars represent the SD calculated from three biological replicates. Statistical significance between control and treated plants was determined by a two-way ANOVA performed on GraphPad 9.0, shown as *** = p ≤ 0.001, ** = p ≤ 0.01, and * = p ≤ 0.05 according to the Bonferroni’s multiple comparisons test. 
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Figure 7. Effect of salt and ZnO NPs on osmolyte accumulation in sorghum. (A) Proline content and (B) soluble sugars in salt-treated plants and those primed with ZnO NPs. Error bars represent the SD calculated from three biological replicates. Statistical significance between control and treated plants was determined by a two-way ANOVA performed on GraphPad 9.2.0, shown as *** = p ≤ 0.001 ** = p ≤ 0.01, and * = p ≤ 0.05 according to the Bonferroni’s multiple comparisons test. 
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