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Nanomaterials, including multiwalled carbon nanotubes (MWCNTs), have been recently applied in agriculture to improve stress resistance, leading to contradictory findings for antioxidant responses and mineral nutrient uptake. A pot experiment involving maize in low-salinity sandy loam soils was conducted with the application of different concentrations (0, 20, 50 mg/L) of MWCNTs and the growth-promoting rhizobacterium Bacillus subtilis (B. subtilis). The dose-dependent effects of MWCNTs were confirmed: 20 mg/L MWCNTs significantly promoted the accumulation of osmolytes in maize, particularly K+ in the leaves and roots, increased the leaf indoleacetic acid content, decreased the leaf abscisic acid content; but the above-mentioned promoting effects decreased significantly in 50 mg/L MWCNTs-treated plants. We observed a synergistic effect of the combined application of MWCNTs and B. subtilis on plant salt tolerance. The increased lipid peroxidation and antioxidant-like proline, peroxidase (POD), and catalase (CAT) activities suggested that MWCNTs induced oxidative stress in maize growing in low-salinity soils. B. subtilis reduced the oxidative stress caused by MWCNTs, as indicated by a lower content of malondialdehyde (MDA). The MWCNTs significantly increased the leaf Na+ content and leaf Na+/K+ ratio; however, when applied in combination with B. subtilis, the leaf Na+/K+ ratio decreased sharply to 69% and 44%, respectively, compared to those of the control (CK) group, the contents of which were partially regulated by abscisic acid and nitrate, according to the results of the structural equation model (SEM). Overall, the increased osmolytes and well-regulated Na+/K+ balance and transport in plants after the combined application of MWCNTs and B. subtilis reveal great potential for their use in combating abiotic stress.
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1 Introduction

Thirty-three percent of irrigated farmland and twenty percent of arable land in the world have been affected by salinization (Mustafa et al., 2019). Soil salinization adversely affects plant growth and has become one of the major limiting factors for crop productivity worldwide (Sarma et al., 2012). Several methods have been used to ameliorate soil salinity and to improve the salt stress tolerance of various plant species, such as irrigation and soil leaching, chemical amelioration, and the use of genetically modified plants or salt-resistant varieties (Chu et al., 2016; Hafeez et al., 2021). However, the high cost, technical requirements, consumption of resources, labor intensiveness, and potential environmental hazards have relatively constrained their application.

Nanoparticles (NPs) are particles of matter that exist at the nanoscale level, ranging from 1 to 100 nm in size (Shweta et al., 2017). Multiwalled carbon nanotubes (MWCNTs) are carbon-based NPs that are relatively environmentally safer than metal NPs. The adsorption and penetration capabilities of MWCNTs make them unique carriers for fertilizers and agrochemicals (Chhipa and Joshi, 2016). The hypertonic and high-sodium environmental conditions observed under salt stress usually prevent plants from easily taking up water and nutrients. Studies have shown that MWCNTs have the potential to improve nutrient use efficiency and alleviate macro- and micronutrient deficiencies in plants (Shang et al., 2019; Hu et al., 2021). MWCNTs interact with nutrients through hydrogen bonding, surface tension, viscous forces, or transient dipole interactions in the soil (Tiwari et al., 2013; Monreal et al., 2015; Shang et al., 2019). Moreover, MWCNTs can act as nutrient microcarriers that enter plants through pores within the cell wall and membrane or ion channels or via endocytosis to promote water and nutrient absorption (Mastronardi et al., 2015; Monreal et al., 2015). The physicochemical state and morphology of plants also change in the microenvironment where MWCNTs and plants coexist. Seddighinia et al. (2019) stated that MWCNTs increase the uptake of water and nutrients because of changes in the vascular system structure in plant stems and roots through the promotion of the elongation of shoots and roots. According to recent reports, MWCNTs affect the activities of key enzymes involved in regulating nitrogen and carbon metabolism, resulting in the accumulation of plant carbohydrates (sugars and starch, soluble proteins, and nitrogen) (Hu et al., 2021). In addition, MWCNTs may act as plant growth-promoting compounds to increase plant biomass under salt stress (Vithanage et al., 2017). Zhao et al. (2019) also reported that MWCNTs enhance nitrate reductase-dependent nitric oxide biosynthesis, maintain the ionic and oxidative balance, and promote plant growth under salt stress.

As a tool to guarantee food security under both climate change and various ecological constraints that is cost-effective and environmentally friendly, MWCNTs, which can be used in small amounts and thus are efficient, may be used as convenient tools to increase crop yields and ensure the sustainability of land production (Shang et al., 2019). However, several reports have been released describing the concentration-dependent effects of MWCNTs on plant growth. Generally, optimal concentrations of MWCNTs promote growth, but excessive concentrations may exert negative or even toxic effects. For example, Mondal et al. (2011) reported that a low concentration of MWCNTs (23 mg/L) effectively improved the germination rate of mustard seeds, promoted root and shoot elongation, accelerated the water absorption of seeds, and improved the stability of the cell membrane, while a higher concentration (46 mg/L) inhibited seed water absorption, germination, and embryo development. Similarly, adverse effects of high concentrations of MWCNTs (100 mg/L) on the agronomic traits, photosynthesis, and antioxidant enzyme activities of basil under salt stress have also been reported, which was proposed to result from oxidative stress caused by the aggregation of MWCNTs in the plants (Gohari et al., 2020). However, Lin and Xing (2007) found no biological toxicity of high-dose treatments (up to 2000 mg/L MWCNTs) in various crop species. Similar to other NPs, the size, shape, concentration, and surface functionalization of MWCNTs play crucial roles in their application (Hatami et al., 2017). Some effective new strategies must be developed to avoid the possible adverse effects of NPs. Most notably, some attempts to promote plant growth through microbial-nanomaterial composites have been reported in recent years. The development of nanocomposites containing active Bacillus thuringiensis has further improved the efficacy and shelf life of pesticides and reduced the required dose (Koul, 2019). Furthermore, Ahmed et al. (2021) used Azotobacter salinestris ASM strains that were resistant to metal NPs to circumvent the toxic effect of NPs through extracellular polymer-mediated chelation and biomass adsorption, reducing the absorption of metal NPs by roots and increasing the seed germination rate, photosynthetic activity, biomass, and yield.

Bacillus subtilis (B. subtilis), a widely used environmentally friendly plant growth-promoting rhizobacterium (PGPR) that tolerates high-temperature, high-pH, and hyperosmotic conditions (Ashwini and Srividya, 2014), is widely present in nature and synthesizes bioactive substances, such as antimicrobial and insecticidal components, siderophores and chelators (Saikia et al., 2018), and exopolysaccharides (Upadhyay et al., 2011). The potential application of B. subtilis for salt resistance and plant growth promotion has also been documented (Sarma et al., 2012). B. subtilis can increase nutrient availability and the uptake of plant macronutrients such as potassium, nitrogen, and phosphorus (Ramesh et al., 2014) through nitrogen fixation and phosphate or potassium solubilization (Li et al., 2021). By secreting phytohormones such as indoleacetic acid (IAA), abscisic acid (ABA) and gibberellins (GAs) (Idris et al., 2004) and by increasing osmolyte contents and antioxidant enzyme activities, B. subtilis has been shown to significantly improve plant stress resistance.

The combined application of B. subtilis and MWCNTs has recently been targeted for pollutant removal (Hartono et al., 2018), but the potential of this approach for plant growth promotion and stress protection has not been investigated. As mentioned previously, MWCNTs have been reported to enhance nutrient or ion absorption by plants, but contrasting results and opinions have been reported concerning the antioxidant response and accumulation of important ions, namely, Na+ and K+, in plants under salt stress (Martinez-Ballesta et al., 2016; Zhao et al., 2019). Focusing on agronomic traits, osmolytes, lipid peroxidation and antioxidant activities, and nutrient and ion absorption of plants, we applied B. subtilis and different concentrations of MWCNTs separately or in combination to maize plants under salt stress to explore the potential independent and combined effects of these treatments on the salt tolerance of maize.



2 Results


2.1 Agronomic traits

B. subtilis, MWCNTs, and their combination increased the maize dry/fresh weight and plant height to different degrees. As shown in Table 1, compared with that of the control (CK) group, the dry weight of the M20 group (addition of 20 mg/L MWCNTs) increased by approximately 20.0%, with no significant changes in fresh weight or plant height; the dry/fresh weights or plant height of the M50 group (addition of 50 mg/L MWCNTs) didn’t change significantly compared with those in the CK group. The maize in the BS (B. subtilis) and BM20 (addition of 20 mg/L MWCNTs with B. subtilis) treatment groups presented similar agronomic traits, including plant height and dry/fresh weight, and the last two parameters increased by approximately 30% and 15%, respectively. The plants in the BM50 group (addition of 50 mg/L MWCNTs with B. subtilis) presented the largest dry/fresh weight and were the tallest. Compared with those in the CK group, the dry/fresh weights and plant height of the BM50 group increased significantly by approximately 26.5%, 32.5%, and 8.9%, respectively.


Table 1 | Effects of B. subtilis and MWCNTs on maize agronomic traits, osmolyte contents, and endogenous hormone contents under salt stress.





2.2 Osmolytes

Compared with that in the CK group, the nitrate-nitrogen contents of the plants from the M20, BS, BM20, and BM50 treatment groups increased significantly (P < 0.05) (by approximately 15.1%, 23.8%, 19.8%, and 20.5%, respectively), but not the M50 treatment group. As shown in Table 1, the interaction between B. subtilis and MWCNTs exerted a significant effect on the nitrate-nitrogen content (P < 0.001). The soluble sugar contents in the plants receiving the M20, M50, and BM50 treatments were significantly lower (by approximately 10%) than those in the CK group, and no significant differences were observed between the BS, BM20, and CK treatments (Table 1, P < 0.05). After the combined application of MWCNTs with B. subtilis, the content of soluble sugars increased compared with that in plants treated with MWCNTs alone; for example, the soluble sugar content in the plants from the BM20 group was significantly greater than that in plants from the M20 group (Table 1, P < 0.05). According to the two-way analysis of variance, the interaction between B. subtilis and MWCNTs exerted a significant effect on the contents of proline (Supplementary Table 1, P < 0.001) and soluble sugars (Table 1, P < 0.05).



2.3 Endogenous hormones

Table 1 shows the plant ABA and IAA contents following the different treatments. Compared with that in the CK group, the ABA content in the leaves of the plants receiving each treatment decreased significantly (P < 0.05), but the range of decrease was different. The ABA contents decreased by 18.0% and 19.3% in the M20 and M50 groups, respectively, when MWCNTs were applied alone, but they increased to some extent in the BS, BM20, and BM50 groups.

The IAA content in the leaves of the plants from the M20 group was significantly higher than that in the CK group, but the opposite result was observed for the BM20 group (Table 1, P < 0.05). No significant differences in IAA contents were observed between the other treatment groups and the CK group (Table 1, P < 0.05). As shown in Table 1, both ABA and IAA contents were significantly affected by the interaction of B. subtilis and MWCNTs (P < 0.001).



2.4 Lipid peroxidation and antioxidant activities

MWCNTs increased the MDA content in maize plants, while B. subtilis inoculation reduced it (Figure 1A, P < 0.05). Coapplication of MWCNTs and B. subtilis reduced the MDA content compared with treatment with MWCNTs alone, although the difference was not significant (Figure 1A, P < 0.05).




Figure 1 | Effects of different treatments on lipid peroxidation and antioxidant activities. (A) MDA contents, (B) proline contents, (C) POD activity, and (D) CAT activity. The MDA and proline contents and POD and CAT activity data are presented as the means of five replicates ± SE and were compared using Duncan’s multiple range tests. Within each figure, the values with the same lowercase letter are not significantly different. The treatments were as follows: CK, no addition of MWCNTs or B. subtilis; M20, addition of 20 mg/L MWCNTs without B. subtilis; M50, addition of 50 mg/L MWCNTs without B. subtilis; BS, addition of B. subtilis without MWCNTs; BM20, addition of 20 mg/L MWCNTs with B. subtilis; and BM50, addition of 50 mg/L MWCNTs with B. subtilis.



The proline contents in the plants from the M20, BS, BM20, and BM50 groups were significantly higher than those in the CK group (Figure 1B, P < 0.05). The proline content in maize did not change significantly after the application of 50 mg/L MWCNTs alone compared with the CK group but increased significantly after MWCNTs were applied in combination with B. subtilis (Figure 1B, P < 0.05).

The M20 and M50 treatments increased CAT and POD activities in maize plants (Figures 1C, D, P < 0.05). The BS treatment did not significantly change POD activity but significantly reduced CAT activity (Figures 1C, D, P < 0.05). The BM20 and BM50 treatments both significantly decreased the POD activity in maize leaves (Figure 1C, P < 0.05). The BM20 treatment significantly decreased CAT activity, but the BM50 treatment significantly increased CAT activity in maize leaves (Figure 1D, P < 0.05).



2.5 Na+ and K+ absorption and distribution

The contents of Na+ and K+ in the leaves of each treatment group are shown in Figure 2. The K+ contents in the leaves of plants in the M20 and M50 groups were significantly higher than those in the CK group, and the content of Na+ and the Na+/K+ ratio were also significantly higher (Figures 2A, C, E, P < 0.05). The K+ contents in the leaves of plants in the BS, BM20, and BM50 groups were significantly higher than those in the CK group; however, the Na+ contents were significantly lower, resulting in significantly lower Na+/K+ ratios (Figures 2A, C, E, P < 0.05). In particular, the Na+/K+ ratio decreased significantly in the BM20 and BM50 groups (by approximately 31.3% and 56.0%, respectively) (Figure 2E, P < 0.05).




Figure 2 | Effects of different treatments on the Na+ and K+ contents and the Na+/K+ ratio. (A) Leaf K+ contents, (B) root K+ contents, (C) leaf Na+ contents, (D) root Na+ contents, (E) leaf Na+/K+ ratio, (F) and root Na+/K+ ratio. The Na+ and K+ contents and the Na+/K+ ratio data are presented as the means of three replicates ± SE and were compared using Duncan’s multiple range tests. Within each figure, the values with the same lowercase letter are not significantly different. The treatments were as follows: CK, no addition of MWCNTs or B. subtilis; M20, addition of 20 mg/L MWCNTs without B. subtilis; M50, addition of 50 mg/L MWCNTs without B. subtilis; BS, addition of B. subtilis without MWCNTs; BM20, addition of 20 mg/L MWCNTs with B. subtilis; and BM50, addition of 50 mg/L MWCNTs with B. subtilis.



Compared with those in the CK group, the root K+ contents in the plants from the M20, M50, BS, and BM50 treatment groups increased by approximately 54.0%, 39.2%, 24.5%, and 24.3%, respectively, but decreased in the BM20 treatment group. Significant differences in root Na+ contents were not observed between the plants in the CK and in each of the other treatment groups, but the root Na+ contents in the plants from the M20 and BM50 treatment groups were slightly higher than those in the CK group. The root Na+/K+ ratio of the plants in the M20, M50, and BS treatment groups was significantly lower than that in the CK treatment group, but no significant differences were observed between the BM20, BM50, and CK treatment groups (Figure 2B, D, F, P < 0.05).



2.6 Principal component analysis

As shown in Figure 3, the loadings of leaf Na+ content, POD content, leaf Na+/K+ ratio, root K+ content, nitrate-nitrogen content and agronomic traits for the first principal component were the largest. In addition to POD content and agronomic traits, they are all indicators that characterize the content and proportion of important inorganic ions in plants. The first principal component mainly characterized the information related to ionic balance. Leaf K+, nitrate-nitrogen, ABA content, root K+ content, proline content and agronomic traits constituted the largest loadings of the second principal component. In addition to ABA content and agronomic traits, they are all indicators that characterize the content of Inorganic and organic osmolyte in plants. The second principal component mainly represented information related to osmolyte. With respect to the first principal component, BM50 had the highest score, and M50 and M20 had the lowest scores. The BM50 treatment tended to reduce the leaf Na+/K+ ratio and enhance plant growth, whereas the M50 and M50 treatments exerted the opposite effects. Regarding the second principal component, compared with the CK treatment, the M50, M20, BS, BM20, and BM50 treatments tended to increase the osmolyte contents.




Figure 3 | Results of the PCA of select parameters of plants receiving different amendment treatments. DW, FW, PH, NN, SS, ABA, RNK, PR, IAA, RN, POD, LN, LNK, LK, RK, MDA, and CAT represent dry weight, fresh weight, plant height, nitrate-nitrogen content, soluble sugar content, ABA content, root Na+/K+ ratio, proline content, IAA content, root Na+ content, POD activity, leaf Na+ content, leaf Na+/K+ ratio, leaf K+ content, root K+ content, and MDA content, respectively. The treatments were as follows: CK, no addition of MWCNTs or B. subtilis; M20, addition of 20 mg/L MWCNTs without B. subtilis; M50, addition of 50 mg/L MWCNTs without B. subtilis; BS, addition of B. subtilis without MWCNTs; BM20, addition of 20 mg/L MWCNTs with B. subtilis; and BM50, addition of 50 mg/L MWCNTs with B. subtilis.





2.7 Correlation analysis and structural equation model analysis

As shown in Figure 4, significant positive correlations were observed among plant height, fresh weight, and dry weight (P < 0.05). The leaf Na+/K+ ratio was significantly negatively correlated with various agronomic traits, such as plant height and fresh/dry weight (Figure 4, P < 0.05). The nitrate-nitrogen content was not only significantly positively correlated with plant height and dry/fresh weight but also significantly negatively correlated with leaf Na+ content and the leaf Na+/K+ ratio (Figure 4, P < 0.05). Although the ABA content was significantly negatively correlated with the leaf K+ content, Na+ content, leaf Na+/K+ ratio, root K+ content, MDA content, and POD activity, it was significantly positively correlated with the root Na+/K+ ratio (Figure 4, P < 0.05). The proline content was significantly positively correlated with the nitrate-nitrogen content and K+ content, each of which is an important osmolyte (Figure 4, P < 0.05). POD activity was significantly positively correlated with the leaf K+ content, Na+ content, leaf Na+/K+ ratio, and root K+ content, but it was significantly negatively correlated with nitrate-nitrogen content, plant height and fresh/dry weight (Figure 4, P < 0.05).




Figure 4 | Results of Spearman’s correlation analysis of select parameters of plants receiving different treatments. DW, FW, PH, NN, SS, ABA, RNK, PR, IAA, RN, POD, LN, LNK, LK, RK, MDA, and CAT represent dry weight, fresh weight, plant height, nitrate-nitrogen content, soluble sugar content, ABA content, root Na+/K+ ratio, proline content, IAA content, root Na+ content, POD activity, leaf Na+ content, leaf Na+/K+ ratio, leaf K+ content, root K+ content, and MDA content, respectively.



Three plant agronomic traits constituted large loadings of both the first and the second principal component according to the results of the PCA (Figure 3), and they showed significant correlations with many other parameters. Considering the results of our correlation analysis and PCA, plant height was selected as a proxy for maize growth and salt tolerance and as the dependent variable, and an SEM was constructed to analyze the mediating effects of the leaf Na+/K+ ratio, nitrate-nitrogen content, root Na+/K+ ratio, and ABA content on plant height. Our hypothesized SEM fit the data well (χ2 = 0.972, df = 3, χ2/df = 0.324, P = 0.808; comparative fit index (CFI) = 1.000; root mean square error of approximation (RMSEA) = 0.000). As shown in Figure 5 and in Table 2, regarding the total standardized effect, the nitrate-nitrogen content was the strongest predictor of maize plant height under salt stress, with a total effect of 0.805, followed by the leaf Na+/K+ ratio (λ = -0.624) and root Na+/K+ ratio (λ = -0.331). The leaf Na+/K+ ratio had the greatest direct effect on plant height (λ = -0.624). The nitrate-nitrogen content exerted a direct positive effect on plant height and a direct negative effect on the leaf Na+/K+ ratio; thus, the nitrate-nitrogen content had the greatest total effect on plant height. On the one hand, ABA content exerted a direct negative effect on the leaf Na+/K+ ratio, which promoted plant growth; on the other hand, ABA content had a direct positive effect on the root Na+/K+ ratio, which inhibited plant growth. The total standardized effect suggests that ABA content has an overall positive effect on maize plant height, although the effect is rather small. Overall, the SEM showed that the nitrate-nitrogen content and the leaf Na+/K+ ratio were the most important drivers of maize plant height.




Figure 5 | Effects of four variables on the height of maize plants growing in low-salinity soil, based on the SEM. The relationships among the plant height, leaf Na+/K+ ratio, root Na+/K+ ratio, nitrate-nitrogen content, and ABA content were explained by a SEM. The path coefficients are presented above the arrows. A thicker line indicates a stronger effect (* = p < 0.05, ** = p < 0.01, and *** = p < 0.001).




Table 2 | The contribution of each variable to plant height based on the direct, indirect, and total effects according to the result of the SEM.






3 Discussion


3.1 MWCNTs and Bacillus subtilis improved maize osmoadaptation by increasing osmolyte levels

Salinity is one of the most important environmental constraints limiting land productivity. In the short term, salt stress first leads to osmotic stress, which reduces the moisture content; in the long term, salt stress causes a cytoplasmic nutrient imbalance in plants, an accumulation of sodium ions, and ionic stress, which subsequently result in yellowing and necrosis (Acosta-Motos et al., 2017). Plants have a variety of traits to combat salts in the soil solution. The most essential trait is osmotic adjustment; all cells must accumulate sufficient amounts of osmolytes to counterbalance the extra osmotic pressure in the soil solution and maintain turgor (Munns and Gilliham, 2015). Soluble sugars are important compatible osmolytes. The content of soluble sugars in maize leaves was slightly reduced in response to the application of MWCNTs (Table 1, P < 0.05). According to SAINAO et al. (2020), the soluble sugar content of rice roots exposed to 1000 mg/L MWCNTs (whose outer diameter was less than 30 nm) decreased significantly, which may reflect an oxidative response caused by the infiltration and blockage of MWCNTs in plant roots. Jiang et al. (2012) suggested that under the stimulation of the highest concentration of silver NPs, plant photosynthesis was inhibited, which led to a reduction in carbohydrate levels. B. subtilis has been reported to promote the accumulation of osmolytes in plants (Saleem et al., 2021), increase the activity of antioxidant enzymes (Medeiros and Bettiol, 2021), and reduce reactive oxygen species (ROS) accumulation in plants under salt stress. The combined use of B. subtilis and MWCNTs results in greater soluble sugar accumulation than the use of MWCNTs alone, suggesting the potential of B. subtilis to provide oxidative protection while stimulating the production of organic osmolytes.

Potassium and nitrate are important inorganic osmolytes that help maintain intracellular osmolarity, thereby enabling control of cell turgor pressure that is critical for cell expansion, stomatal movement, and pollen tube growth (Kroeger et al., 2011; Saito and Uozumi, 2019). In this experiment, the nitrate-nitrogen content in the plants in the M20, BS, BM20, and BM50 groups increased significantly (Table 1, P < 0.05). Moreover, B. subtilis exerted a very significant effect on the nitrate-nitrogen content in maize (Table 1, P < 0.001). It has been reported that B. subtilis could reduce the loss of soil nitrate-nitrogen (Sun et al., 2020; Yang et al., 2021), accelerate nitrate-nitrogen absorption, transport, and transformation (Nakano and Zuber, 1998), and improve its use rate (Rong-fa et al., 2019). Several studies have also shown that carbon NPs adsorb nitrogen in ammonia, release hydrogen ions, and facilitate the uptake of water and nutrients by plants (Wu et al., 2010; Vithanage et al., 2017). In the present study, two-way ANOVA revealed significant effects of MWCNTs on both root and leaf K+ contents (Supplementary Table 1). The potential of MWCNTs to promote water and ion uptake by plants has received increasing attention. MWCNTs have also been shown to promote K+ uptake by plants under saline stress and normal conditions (Martinez-Ballesta et al., 2016; Zhao et al., 2019; Joshi et al., 2020). Chen et al. (2020) performed a rectification of an ion current (RIC) assay, and found that carbon nanomaterials preferentially transport K+ to a greater extent than other cations in plant cells. The increase in nitrate accumulation in maize by B. subtilis and the promotion of K+ uptake in maize by MWCNTs are important mechanisms to improve the salt tolerance of maize, consistent with the SEM results (Figure 5).

Compared with that in M50, the greater accumulation of organic and inorganic osmolytes in M20 partially explains the increase in dry weight and plant height, and treatment with B. subtilis alone and in combination with MWCNTs increased the K+/nitrate uptake and proline accumulation, which helped maintain cell turgor pressure.



3.2 MWCNTs and Bacillus subtilis affected maize lipid peroxidation and antioxidant activities

According to Figure 1A, MWCNT-treated maize exhibited an increase in lipid peroxidation under saline stress, but B. subtilis released oxidative stress in maize plants, as indicated by the lower MDA content. Hong et al. (2022) observed increased MDA contents in MWCNT-treated cabbage, and Ghanbari et al. (2017) confirmed the dose-dependent toxicity of MWCNTs due to the increase in mitochondrial ROS formation. Inoculation with B. subtilis under saline stress conditions reduced plant MDA levels (Hidri et al., 2019).

Proline, a nonenzymatic antioxidant and one of the most high-affinity compatible osmolytes, is involved in quenching ROS and protecting membrane and protein structures (Anwar Hossain et al., 2014). In this study, 20 mg/L MWCNTs significantly increased the proline content in maize leaves, but the proline content decreased significantly to the CK level after treatment with an increased concentration of MWCNTs (Figure 1B, P < 0.05). Karami and Sepehri (2018) also observed a similar concentrate-dependent phenomenon in barley under salt stress. According to Rahmani et al. (2020), high concentrations of MWCNTs (up to 1000 mg/L) still promote proline synthesis in Salvia miltiorrhiza leaves under normal conditions. Different plant species and growth environments led to different results. B. subtilis significantly increased the proline content in maize, which was also significantly higher than that in the CK group after the bacteria were applied together with 50 mg/L MWCNTs (Figure 1B, P < 0.05).

The increased nonenzymatic and enzymatic antioxidants, and the increased MDA contents in our study suggested oxidative stress in maize caused by higher concentrations of MWCNTs under salt stress, which was alleviated by the application of B. subtilis, as indicated by the lower MDA contents. Hatami et al. (2017); Karami and Sepehri (2018), and Rahmani et al. (2020)also observed oxidative stress induced by MWCNTs in plants.



3.3 MWCNTs and Bacillus subtilis regulated maize ion balance

Our SEM showed that the contents of Na+, K+, nitrate, and ABA exerted significant direct or indirect effects on the height of maize plants under salt stress (Figure 5). Na+ toxicity is considered one of the main factors leading to cell death under salt stress, and K+ is an important ion to maintain electrolyte and osmotic balance; thus, plant cells must maintain a lower Na+/K+ ratio to resist salt stress (Kader et al., 2006). Leaves are the main sites of photosynthesis and other metabolic activities and are the main organs that experience the effects of Na+ toxicity (Zhang et al., 2018). The plants in the BS, BM20, and BM50 groups all showed significant decreases in the leaf Na+/K+ ratio (Table 2, P < 0.05). Significant changes in leaf Na+ and K+ contents were also observed by Saleem et al. (2021) and other researchers in their related studies on the increase plant salt tolerance induced by B. subtilis. In the M20 and M50 groups, both the leaf Na+ and K+ contents increased significantly. Martinez-Ballesta et al. (2016) suggested that more effective water uptake caused increased Na+ and K+ contents in MWCNT-treated plants. The root K+ content in the M20 and M50 groups significantly increased, but the root Na+ content did not change significantly. Some contradictory results were reported in previous studies. Zhao et al. (2019) observed a significant increase in the K+ content and a significant decrease in the Na+ content in the roots of 20 mg/L MWCNT-treated rape plants. However, Martinez-Ballesta et al. (2016) observed no significant change in the K+ content and a significant increase in the Na+ content in the roots of 10 mg/L MWCNT-treated broccoli plants. These differences in results are possibly due to differences in plant type and the concentration of applied MWCNTs.

According to the SEM, nitrate exerted a direct negative effect on the leaf Na+/K+ ratio. The application of a certain dose of nitrate promoted root Na+ efflux (Dai et al., 2015) and reduced Na+ accumulation in plants under salt stress (Rao and Sharma, 1995; Jaenicke et al., 1996). Nitrate, a substrate, participates in the process of nitric oxide-induced plant tolerance; as a result, this phenomenon reduces the absorption of Na+ by plants under salt stress and reduces the Na+/K+ ratio (Zhao et al., 2019). The uptake of soil K+ and nitrate by most plants is positively correlated and mutually promoted (Coskun et al., 2017). Some nitrate transporters expressed in plants, such as NRT1.1 (Fang et al., 2020) and NRT1.5 (Wang et al., 2004), are also involved in K+ transport.

The plant endogenous hormone ABA is an important signaling compound in the plant salt stress response. During the early stages of stress responses, ABA promotes plant survival by regulating the osmotic balance and ion absorption and closing stomata to reduce water loss, but the prolonged overaccumulation of ABA in the leaves of plants under salt stress inhibits plant growth (He and Cramer, 1996; Chen et al., 2001; Zhang et al., 2021). In the present study, the ABA content in the plant leaves decreased after the application of MWCNTs, consistent with the findings from a study by Zhang et al. (2017a). Low ABA levels are often maintained in the leaves of B. subtilis-treated plants (Barnawal et al., 2017; Woo et al., 2020; Akhtyamova et al., 2021). In our study, a significant negative correlation was observed between the ABA content and leaf/root K+ content (Figure 4, P < 0.001), and PCA revealed a close relationship between the K+ content and ABA content (Figure 3, P < 0.001). The change in the ABA content also exerted a significant effect on the leaf and root Na+/K+ ratios according to the SEM, suggesting that ABA is involved in the process of Na+ and K+ absorption, transport, and recycling. High-affinity potassium transporter (HKT) genes, whose expression is regulated by NaCl and ABA, are known to be involved in Na+ or K+ transport in higher plants (Shkolnik-Inbar et al., 2013; Zhang et al., 2019). B. subtilis GB03 emits a volatile signal that induces salt tolerance, and this signal induces increases the expression of the HKT1 gene in Arabidopsis leaves and promotes Na+ transport from the shoots to the roots (Zhang et al., 2008).According to the results of our study, ABA might be a candidate for that signal. Among all the treatments, the BM50 treatment resulted in the maximum plant height and dry/fresh weight of maize, which is likely related to the decrease in the leaf Na+/K+ ratio in response to the increase in ABA and nitrate contents.




4 Materials and methods


4.1 Materials

B. subtilis AB 90008 was purchased from the China Center for Type Culture Collection (http://cctcc.whu.edu.cn/) and maintained on lyophilized powder. The bacteria were activated, after which the activated strains were inoculated in LB broth and grown overnight (27 °C, 220 R/min). The culture broth was then centrifuged at 6000 rpm for 10 min, and the bacteria were resuspended in phosphate buffer (OD600 = 0.8) for later use (Idris et al., 2004).

MWCNTs (98% purity) were purchased from Chengdu Organic Chemicals Co., Ltd., Chinese Academy of Sciences (http://www.cocc.cn/). The inner diameter, outer diameter, and tube length were 2-5 nm, 5-15 nm, and 0.5-2 µm, respectively, and the specific surface area was greater than 350 m2/g. The MWCNTs were suspended in ultrapure water to final concentrations of 20 mg/L and 50 mg/L. Afterward, the MWCNT solutions were sonicated at 44 kHz for half an hour in an ultrasonic cleaner for dispersion.

Maize (Hunong No. 101) seeds purchased from the local market were immersed in 75% alcohol for 30 s and 2% sodium hypochlorite for 15 min for sterilization and ultimately washed with ultrapure water three times. The sterilized seeds were subsequently soaked in one of three solutions of MWCNTs at three different concentrations for 20 h before sowing.

The soil used in the experiment was collected from Yanqi Hui Autonomous County, Bayingolin Mongol Autonomous Prefecture, Xinjiang Uygur Autonomous Region (sandy loam with 42.6% sand, 53.3% silt, and 4.1% clay; saturated conductivity, 0.419 dS/m; pH, 7.78; nitrate-nitrogen, 3.36 mg/kg; ammonium nitrogen, 0.16 mg/kg; available potassium, 9.60 mg/kg; and available phosphorus, 10.32 mg/kg).



4.2 Experimental design

A pot experiment was conducted in a greenhouse at the agricultural and environmental station of Wuhan University. The conditions included a 13-to-14-h photoperiod of natural daylight and maximum and minimum temperatures of 32 °C and 14 °C, respectively. The experiment was performed in accordance with a completely randomized two-way factorial design representing all combinations of three concentrations of MWCNTs with B. subtilis AB 90008 in slightly saline soil. Six treatments were established, each consisting of ten replicates: control (CK), no addition of MWCNTs or B. subtilis; M20, addition of 20 mg/L MWCNTs without B. subtilis; M50, addition of 50 mg/L MWCNTs without B. subtilis; BS, addition of B. subtilis without MWCNTs; BM20, addition of 20 mg/L MWCNTs with B. subtilis; and BM50, addition of 50 mg/L MWCNTs with B. subtilis.

As calculated according to the fertilizer demand for maize growth, 1.92 g of urea, 1.38 g of calcium peroxide, 3 g of potassium sulfate, and 1067 g of air-dried soil were mixed together and added to each pot after the pots were autoclaved twice at 120 °C for 20 min. Four seeds were sown into each pot, and two remained after germination. The seeds were sown on May 7, 2021, and harvested on June 4; thus, the plants grew for 4 weeks in total. During the experiment, all the materials, seeds, soil, and bacterial solutions were prepared and applied as described in Section 4.1.The pots were weighed and irrigated with sterilized water daily to maintain the soil moisture content at approximately 75% of the field capacity. The maize seedlings were irrigated with sodium chloride solutions every two days at the first-leaf stage of maize to induce the salt stress rather than salt shock (Shavrukov, 2013). Each pot was first irrigated with 50 mL of a 150 mmol/L sodium chloride solution, then 50 mL of a 250 mmol/L sodium chloride solution, and finally 50 mL of a 350 mmol/L sodium chloride solution. The salt solution irrigation was stopped when the soil saturated conductivity reached 5.9 dS/m (low-salinity soil resulting in an approximately 50% reduction in maize yield or a 30% decrease in dry matter (Ayers and Westcot, 1976; Katerji et al., 2003)), according to the conversion formula between soil saturated conductivity and total salt content obtained from our experiment: TDS = 0.375ECe – 0.5064 (TDS: soil total salt content and ECe: soil saturated conductivity).

Moreover, each seedling from the BS, BM20, and BM50 treatment groups was irrigated with 5 ml of a B. subtilis AB 90008 solution (OD600 = 0.8), and 5 ml of phosphate buffer were applied to the CK, M20, and M50 treatment groups at the first leaf stage of maize. After one week, each seedling in the BS, BM20, and BM50 treatment groups was irrigated with 5 ml of the B. subtilis AB 90008 solution for a second time (5 ml of phosphate buffer each for the remaining groups). At the same time, 5 ml of the MWCNT solution were applied to each plant in the M20, M50, BM20, and BM50 treatment groups (5 ml of sterilized ultrapure water each for the remaining groups).



4.3 Agronomic and physiological studies

Agronomic traits such as plant height and dry/fresh weight of maize shoots were measured on June 4, 2021. IAA, ABA, proline, and MDA contents were measured using the double-antibody sandwich ELISA method. The anthrone colorimetric method was performed to determine the soluble sugar content (Eisenhauer et al., 2015). The salicylic acid colorimetric method was performed to determine the nitrate-nitrogen content (Yang et al., 1998). CAT activity was measured using the method reported by Cakmak and Marschner (1992). POD activity was measured using the method reported by Cakmak and Marschner (1992). The Na+ and K+ contents in the maize leaves and roots were determined by performing flame photometry according to Berry et al. (1946) using a flame photometer (FP6410, INESA, China).



4.4 Statistical analysis

R version 4.0.2 was used for data analysis and figure construction. As the nitrate-nitrogen content, POD activity, CAT activity, leaf K+ content, and leaf Na+/K+ ratio did not conform to a normal distribution, Box–Cox transformation was adopted, and the λ value was calculated using maximum likelihood estimation with the power transform function in the car package of R. The transformed and original data that conformed to a normal distribution and whose variance was homogeneous were subjected to one-way and two-way ANOVA. The aov function in R was used for one-way ANOVA, and then the duncan.test function was applied for Duncan’s posttest to judge whether different treatments had significantly different effects on the height, soluble sugar content, IAA content, ABA content, nitrate-nitrogen content, proline content, MDA content, POD activity, CAT activity, Na+ and K+ contents, and the Na+/K+ ratio in the leaves and roots of maize. Two-way ANOVA and simple-effect analysis were performed with the MANOVA function in the bruceR package of R. PCA was performed (Leps and Smilauer, 2003) using the prcomp function in R to explore the main differences in the effects of the different treatments.

The growth and development of plants is the comprehensive performance of various physiological and metabolic activities of plants. A correlation analysis was performed to measure the correlation degree between the agronomic traits and other physiological indexes of plants, as well as the correlation degree between other physiological indexes under the experimental conditions, using Spearman’s method. The SEM is a quantitative approach in which systems are considered probabilistic networks to study causal relationships and provide scientific answers and causal understanding (Eisenhauer et al., 2015). An SEM was constructed to quantify and verify the causal relationships between maize plant height, nutrient and ion accumulation, and endogenous hormone contents. Furthermore, based on the SEM, multiple mediating effects were analyzed to partition direct and indirect effects and clarify the multiple pathways by which one entity may influence another (Zhang et al., 2017b). The SEM was constructed using the sem function of the lavaan package in R. Given the small amount of data and the fact that some of the data did not conform to a normal distribution, the nonparametric percentile bootstrapping method was applied in our SEM (Preacher and Hayes, 2004). The maximum likelihood (χ2), CFI, and RMSEA were used to examine the fitness of the SEM.




5 Conclusions

A pot experiment was conducted to investigate the potential of MWCNTs and B. subtilis to combat salt stress in maize plants. The dose-dependent effects of MWCNTs were confirmed: 20 mg/L MWCNTs promoted the accumulation of osmolytes in maize, particularly K+ in the leaves and roots through a process mediated by ABA, but the above-mentioned promoting effect decreased significantly in 50 mg/L MWCNTs-treated plants. The increased lipid peroxidation and antioxidant activities suggested that MWCNTs induce oxidative stress in maize growing in low-salinity soils and that B. subtilis reduced the oxidative stress caused by MWCNTs, as indicated by the lower MDA content. Notably, the addition of MWCNTs at all concentrations hastened leaf Na+ accumulation, exacerbating the Na+/K+ imbalance, but this effect was completely reversed after the addition of B. subtilis. The combination of 50 mg/L MWCNTs and B. subtilis induced an osmotic adjustment in maize by increasing osmolytes and regulated the ion balance by decreasing the leaf Na+/K+ ratio through the mediating effects of ABA and nitrate, maximizing the height and dry/fresh weight of maize. Taken together, the results of this study indicated that B. subtilis and MWCNTs synergistically improved maize salt tolerance.
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Treatment Dry weight  Fresh weight Plant Nitrate-nitrogen  Soluble sugars IAA ABA

(g/plant) (g/plant) height (ng/g FW) (mg/g FW) (ug/g FW) (ug/g FW)
(cm)

CK 0.40+0.07¢ 2.87+0.08d 39.96+1.10b 58.42+1.07¢ 30.59+0.2a 3.93+0.08bc 16.71+0.23a
M20 0.48+0.02ab 2.97+0.15¢d 40.97+1.01ab 67.22+0.85b 28.19+0.36b 4.21+0.04a 13.71+0.23d
M50 0.45+0.02bc 3.20+0.07bcd 39.79+1.05b 59.98+0.94¢ 28.81+0.34b 3.83+0.06¢ 13.48+0.31d
BS 0.52+0.03a 3.27+0.03bc 40.98+1.00ab 72.32+0.98a 31.23+0.23a 4.04+0.06b 14.82+0.21c
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MWCNTs 141 5.15* 0.76 8.16** 20.32%%* 0.84 28.34%%*
B. subtilis x 1.78 0.02 122 1505w 4.11* 30.80*** 4272+

MWCNTs

The dry/fresh weight data are presented as the means of three replicates. The plant height data are presented as the means of 20 replicates + SE and were compared using Duncan’s multiple
range tests. The nitrate-nitrogen, soluble sugar, IAA and ABA contents are presented as the means of 7 replicates + SE and were compared using Duncan’s multiple range tests. Within each
column, the values with the same lowercase letter are not significantly different. Significant levels of the two-way analysis of variance are denoted *P < 0.05, **P < 0.01, ***P < 0.001. The
treatments were as follows: CK, no addition of MWCNTSs or B. subtilis; M20, addition of 20 mg/L MW CNT's without B. subtilis; M50, addition of 50 mg/L MWCNTs without B. subtilis; BS,
addition of B. subtilis without MWCN'Ts; BM20, addition of 20 mg/L MWCNTs with B. subtilis; and BM50, addition of 50 mg/L MWCNTSs with B. subtilis.





