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Soil salinization is a serious ecological problem. Bacteria and cyanobacteria both have great potential for saline-alkali soil improvement. However, the effect of co-applying bacteria and cyanobacteria on soil improvement and crop growth promotion in saline-alkali soil remains unclear. In this study, the effects of Paenibacillus sabinae (potassium-solubilizing bacteria) and Leptolyngbya sp. RBD05 (cyanobacteria), produced in brewery wastewater, on soil properties, wheat growth, and wheat stress tolerance were studied by applying them to saline-alkali soil alone or in combination. The study indicated that P. sabinae and Leptolyngbya sp. RBD05 have important roles in increasing wheat growth, N:P ratio, K:Na ratio, proline content, and superoxide dismutase activity, as well as in slowing the decline of soil nutrient content caused by wheat absorption. Compared to the control group, the co-application had the best effect on soil available K content, wheat dry weight, and wheat root length (increased by 26%, 85%, and 70%, respectively); and it was more conducive to promoting the wheat K:Na ratio (increased by 41%), which would better improve the wheat’s saline-alkali stress tolerance. This study provided a new and clean strategy to improve saline-alkali soil quality and promote crop growth by the bacteria and cyanobacteria produced from wastewater treatment.
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1 INTRODUCTION
In recent years, the synergistic treatment of wastewater by bacteria and microalgae (including cyanobacteria) has attracted more and more attention due to its high efficiency (Aditya et al., 2022). But how to make full use of the bacteria and microalgae biomass produced in the wastewater treatment process still needs further development. Generally, the biomass of bacteria and microalgae is usually sent to waste treatment plants as solid waste, which results in significant disposal costs and resource waste. A large amount of wastewater is produced during beer brewing. It is estimated that about 10 L of wastewater were produced for every 1 L of beer (Simate et al., 2011). Unlike industrial wastewater, brewery wastewater contains almost no toxic and harmful substances and contains a lot of nutrients, proteins, minerals, and trace elements (Ashraf et al., 2021). Therefore, the bacteria and microalgae biomass produced in the process of brewery wastewater treatment has great application potential.
There are many saline-alkali fields around the world (Kumar and Sharma, 2020). Soil properties and crop growth are seriously affected by soil salinization (Aycan et al., 2021). It is critical to develop, utilize, and improve saline-alkali land on a global scale to meet the growing food demand. Great achievements have been made by physical and chemical means in the process of saline-alkali soil improvement. However, defects such as a large amount of work and high costs have also been noted (Tejada et al., 2006). The use of microorganisms to improve soil properties, improve the fertilizer utilization rate, and promote the crop growth (Ramadoss et al., 2013), has attracted increasing attention (Renuka et al., 2016). The bacteria and microalgae biomass produced in the process of wastewater treatment might be a good source for saline-alkali soil improvement (Ferreira et al., 2019).
Potassium-solubilizing bacteria (KSB), growing well in wastewater (Wang et al., 2022), can transform the soil insoluble potassium (K) into a soluble state that can be absorbed by plants (Etesami et al., 2017). It is promising to make full use of the potassium-dissolving property of KSB to release mineral K into soil for plant use. In addition, some studies indicated that KSB could secrete plant growth-promoting hormones that promote growth and stress tolerance of plants as well (Sanyal et al., 2020). Ashfaq et al. (2020) reported that the rice plants growth under a saline-alkali environment was improved, the utilization rate of K was increased, and the harmful effect of salt on rice was reduced significantly by the application of Acinetobacter pittii. The expression of antioxidase-related genes was enhanced, and the superoxide dismutase (SOD) activity was significantly increased by the application of Bacillus mojavensis, which then enhanced corn salt tolerance (Feng et al., 2019). The growth of apple seedlings and the absorption of K by apple seedlings were promoted by the phytohormones produced by Paenibacillus mucilaginosus (Chen et al., 2020).
Microalgae, especially cyanobacteria, are photosynthetic autotrophic microorganisms that can survive under harsh conditions and have an effective role in wastewater treatment and soil remediation (Singh et al., 2016). In particular, nitrogen fixation by cyanobacteria has been widely used. Karthikeyan et al. (2007) reported that Calothrix ghosei promoted wheat growth by producing somatotropin and fixing atmospheric nitrogen. Microalgae have also received more attention for their role in the remediation of saline-alkali soil. For example, the absorption of salt by Anabaena sp. in soil could reduce the impact of salt on plants (Mahanty et al., 2017). The saline-alkali soil fertility could be improved by some nitrogen-fixing microalgae (Li et al., 2019).
Owing to chemical substances exchange, cell signal transduction, and gene transfer between bacteria and microalgae (Aditya et al., 2022), the application of bacteria-microalgae symbiosis for environmental remediation is often better than the application of a single microorganism, particularly in wastewater treatment (Kohler et al., 2007; Zhang et al., 2011). Previous studies have shown that the bacteria and microalgae symbiosis system has been widely used to treat nutrient-rich wastewater, and the microalgae and bacteria system has greater advantages in the nutrient removal of wastewater (Kim et al., 2014). In addition, bacteria could contribute to the flocculation of microalgae, effectively and better harvest microalgae bacterial biomass, and reduce the harvest cost (Lee et al., 2013). The symbiosis of bacteria and microalgae also showed higher efficiency when using biological measures to deal with environmental pollution. Tang et al. (2010) found that the symbiosis of bacteria and algae significantly promoted the degradation ability of oil pollutant-degrading bacteria, especially the ability of biodegradable polycyclic aromatic hydrocarbons (PAHs). The study by Subashchandrabose et al. (2013) also proved the effective use of bacteria and microalgae symbiosis in the degradation of methyl parathion, furan, and other agricultural chemicals. In addition, bacterial communities and microalgae detoxify each other, making bacteria and microalgae have stronger tolerances to higher concentrations of heavy metal content, and therefore the bacteria and microalgae symbiosis has a higher removal rate in the treatment of heavy metal pollution (Muñoz and Guieysse, 2006). Recently, the role of co-application of bacteria and microalgae in soil quality improvement has received increasing attention. For example, the growth and yield of chickpea were significantly improved by the use of Anabaena–Rhizobium biofilm (Bidyarani et al., 2016). The use of nitrogen fertilizer could be reduced by the co-use of rhizosphere growth-promoting bacteria and cyanobacteria in normal soil (Rana et al., 2012). The co-application of Brevundimonas sp. and Anabaena sp. had a positive impact in terms of increasing rice growth and grain yield, as well as improving paddy soil health (Prasanna et al., 2012). However, up to date, the effects of the co-application of bacteria and microalgae on saline-alkali soil improvement and crop growth are still not clear.
In this study, the bacterium (Paenibacillus sabinae) and cyanobacterium (Leptolyngbya sp. RBD05) produced in the process of brewery wastewater treatment were applied to saline-alkali soil alone or jointly. The goal was to investigate their effects on the chemical properties and nutrient composition of saline-alkali soil, as well as on the growth status and stress resistance of wheat in a saline-alkali environment. This study was expected to provide a clean, sustainable, and green method for the improvement of saline-alkali soil and the further utilization of bacteria and cyanobacteria produced in wastewater treatment.
2 MATERIALS AND METHODS
2.1 The bacteria strain and cyanobacteria strain
The P. sabinae (potassium-solubilizing bacterium) and Leptolyngbya sp. RBD05 (cyanobacterium) were isolated by our laboratory from a wheat field in the Yellow River Delta, China, characterized by coastal saline-alkali soil. In the experiment of treating brewery wastewater (unpublished), it was found that both P. sabinae and Leptolyngbya sp. RBD05 showed strong salt tolerance (up to 2% salinity level). In addition, P. sabinae showed the ability to solve K from K-feldspar, and Leptolyngbya sp. RBD05 showed the ability to fix atmospheric N2. Therefore, it was appropriate to apply these two microorganisms to the saline-alkali soil. A pH meter (PHS-3C, Shanghai Yidian Scientific Instrument Co., LTD) was used to directly measure the pH of brewery wastewater. After the brewery wastewater was filtered by 0.45 μm filter membrane, the DOC (dissolved organic matter) in the brewery wastewater sample was analyzed by a total organic carbon analyzer, and the NO3-N was determined by high-performance liquid chromatography. According to the national standard of the People’s Republic of China, the salinity of brewery wastewater was determined by the gravimetric method (HJ/T 51-1999); the COD (chemical oxygen demand) in water was determined by the standard potassium dichromate method (GB 11914-1989); the NH4-N was determined by Nath reagent spectrophotometry (HJ 535-2009); the PO43--P was determined by ammonium molybdate spectrophotometry (GB/T 9727-2007); the total nitrogen (TN) was determined by ultraviolet spectrophotometry with potassium persulfate digestion (HJ 636-2012); the total phosphorus (TP) was determined by ammonium molybdate spectrophotometry (GB 11893-89); and the heavy metal content was determined by atomic absorption spectrometry (GB/T 9735-2008). The main characteristics of brewery wastewater are shown in Table 1. P. sabinae and Leptolyngbya sp. RBD05 were inoculated into sterilized brewery wastewater for culture, respectively. The cultural conditions were as follows: The diurnal-night cycle was 12/12 h, the temperature was 28°C, and the light intensity was 2000 lux. Culture of bacterial solution for 3 days and cyanobacterial solution for 7 days. The brewery wastewater containing P. sabinae and Leptolyngbya sp. RBD05 was harvested at the log phase by centrifuging at 10,000 rpm for 5 min, the supernatant was removed, and the bacterium and cyanobacterium were then resuspended in sterile deionized water. This process was repeated 3 times to obtain a live inoculum. Part of the live inoculum was sterilized at 121°C for 30 min to obtain the inactivated inoculum.
TABLE 1 | The main characteristics of brewery wastewater.
[image: Table 1]2.2 Design and analysis of the pot experiments
The wheat pot experiment was divided into the following groups: the P. sabinae group (JK), the Leptolyngbya sp. RBD05 group (CL), the P. sabinae + Leptolyngbya sp. RBD05 group (JKCL), and the control group (CK). Fifteen pots were set up in each group. Potting soil comes from the same source as the soil used for screening bacteria and microalgae. The soil was directly used without treatment. The basic soil properties were determined in the same way as the experimental soil samples collected below. The wheat seed source is Datang Seed Industry Co., Ltd., China; the seed number is 20190045. The evenly sized and plump wheat seeds were soaked in 10% alcohol for 3 min, washed with sterile water five times, repeated once, and then set aside for use. The planting depth is 2 cm, and 20 seeds are planted in each pot. The materials used in the experiments and the culture conditions are shown in Table 2. The inoculum volume at the log phase of each pot was as follows: CK (50 mL inactivated P. sabinae inoculum and 50 mL inactivated Leptolyngbya sp. RBD05 inoculum), JK (50 mL P. sabinae inoculum and 50 mL inactivated Leptolyngbya sp. RBD05 inoculum), CL (50 mL Leptolyngbya sp. RBD05 inoculum and 50 mL inactivated P. sabinae inoculum), JKCL (50 mL P. sabinae inoculum and Leptolyngbya sp. RBD05 inoculum). Inactivated inoculants are added to eliminate errors caused by nutrients introduced into the inoculant solution. The potted plants were placed in a completely random arrangement in a growth chamber (the growth conditions are illustrated in Table2); the pot positions were changed periodically. No fertilizer was added throughout the culture cycle. All pots were watered every 3 days, until they reached field capacity. Field water holding capacity is about 60%. The water content of soil was determined by drying method.
TABLE 2 | Material and growth conditions used in the pot experiments.
[image: Table 2]Wheat and soil were collected from five randomly selected pots from each set of 15 parallel samples in each group at 30, 60, and 90 days. The growth status, nitrogen (N), phosphorus (P), potassium (K), sodium (Na), proline content, malondialdehyde (MDA) content, and superoxide dismutase (SOD) activity of wheat were determined. The pH, electrical conductivity (EC), available nitrogen (A-N), available phosphorus (A-P), available potassium (A-K), and available sodium (A-Na) in soil were determined. The determination methods are shown in Table 3.
TABLE 3 | Wheat and soil indexes and determination methods.
[image: Table 3]2.3 Statistical analysis
The result is the mean ± standard error of the five parallel values. One-way analysis of variance (ANOVA) was used to analyze the difference in the same index among different treatments. The same letter (a, b, c, ab, etc.) in the same time group indicated no significant difference using Duncan’s test at p < 0.05. The correlation among indicators of the same treatment was analyzed by the Pearson correlation coefficient. Data analysis and mapping were performed with IBM SPSS Statistics 26 and Origin 2022 software.
3 RESULTS AND DISCUSSION
3.1 Effects of Paenibacillus sabinae and Leptolyngbya sp. RBD05 on soil chemical properties
3.1.1 Effects on soil A-K and A-Na
Slow-release K compounds could be dissolved by KSB; thereby, the content of soil A-K would increase (Xiao et al., 2017). At 30 days, there was no difference in soil A-K content between the JK and CK groups (p > 0.05, Figure 1A). The soil A-K content of the CL and JKCL groups was lower than that of the CK group by 6% and 14% (p < 0.05, Figure 1A). It may be that both P. sabinae and Leptolyngbya sp. RBD05 prolifically increased, which resulted in the enhanced ability of the JK and JKCL groups to release soil A-K at 60 days. The soil A-K content of the JK and JKCL groups was 157.96 and 169.24 mg kg−1, respectively, which was higher than that of the CK group by 16% and 26% (Figure 1A). These results indicated that the soil A-K content was increased by both the application of P. sabinae and the co-application of P. sabinae and Leptolyngbya sp. RBD05, and the co-application of the two microorganisms had a better effect on the soil A-K content than the single application of P. sabinae. Liu et al. (2012) showed that Paenibacillus sp. had a great K-solubilizing effect, which supported the results of this study. Rossi et al. (2017) reported that some microalgae had a good effect on improving soil nutrients, but most studies focused on their N fixation ability, and no studies have shown that Leptolyngbya can increase the A-K content in soil. Our study found that Leptolyngbya sp. RBD05 also had a certain improvement effect on the A-K content in soil as discussed below. The K content of wheat in the treatment groups was not lower than that in the control group (Figure 3A), while the dry weight of the treated wheat groups was heavier (Figure 2D). Therefore, the K absorption of wheat growth from the soil in the treatment groups was higher than that in the control group. The difference of soil A-K content between the four groups was not significant at 90 days (p > 0.05, Figure 1A). These showed that, at 90 days, P. sabinae and Leptolyngbya sp. RBD05 actually increased the soil A-K content. A comprehensive analysis of all the results on days 30, 60, and 90 showed that the co-application of P. sabinae and Leptolyngbya sp. RBD05 showed a better K dissolution effect than the application of P. sabinae or Leptolyngbya sp. RBD05 alone. Previous studies have also shown that the application of multiple microorganisms has better effects in improving soil A-K content than one microorganism, which supports the results in this study (Muthuraja and Muthukumar, 2022).
[image: Figure 1]FIGURE 1 | Effects of Paenibacillus sabinae and Leptolyngbya sp. RBD05 on soil available K (A), available Na (B), available N (C), available P (D), soil pH (E), and electrical conductivity (F) at different times. CK = the control group, JK = the Paenibacillus sabinae group, CL = the Leptolyngbya sp. RBD05 group, JKCL = the Paenibacillus sabinae + Leptolyngbya sp. RBD05 group.
[image: Figure 2]FIGURE 2 | Effects of Paenibacillus sabinae and Leptolyngbya sp. RBD05 on wheat stem length (A), root length (B), fresh weight (C), and dry weight (D) at different times. CK = the control group, JK = the Paenibacillus sabinae group, CL = the Leptolyngbya sp. RBD05 group, JKCL = the Paenibacillus sabinae + Leptolyngbya sp. RBD05 group.
Excessive Na adversely affects plant development and osmotic pressure balance in saline-alkali soil (Rengasamy, 2010). This study found that the soil A-Na content increased with the application of P. sabinae. At 30, 60, and 90 days, soil A-Na content in group JK was 440.90, 493.22, and 472.51 mg kg−1, respectively, significantly increased by 36%, 52%, and 33% compared with group CK (p < 0.05, Figure 1B), which aggravated the stress of Na on plant growth. At 30 and 90 days, the soil A-Na content of the JKCL group was lower than that of the JK group by 24% and 15%, respectively, at 60 days, there was no significant difference in soil A-Na content between the JK group and the JKCL group (p < 0.05, Figure 1B). Studies have shown that cyanobacteria can reduce the A-Na content in soil by fixing Na in their cells or producing exopolysaccharides to adsorb Na (Prasanna et al., 2008). Thus, the co-application of P. sabinae and Leptolyngbya sp. RBD05 made up for the defect of applying P. sabinae alone. At 90 days, the A-Na content in the JKCL group soil was lower than that in the CL and JK groups (p < 0.05, Figure 1B). The above results indicated that the co-application of P. sabinae and Leptolyngbya sp. RBD05 was more conducive to reducing salt stress than a single application. The reason was that when P. sabinae and Leptolyngbya sp. RBD05 were collaboratively applied, the P. sabinae promoted the growth of Leptolyngbya sp. RBD05, and made it showing a better ability to fix Na than itself (Li et al., 2019).
3.1.2 Effects on soil A-N and A-P
Nitrogen-fixing microalgae such as Anabaena doliolum HH-209, Cylindrospermum sphaerica, and Calothrix elenkinii and their combinations with other bacteria, all showed good nitrogen-fixing effects in soil (Renuka et al., 2018). Similar to the K consumption by wheat, the N and P consumption by wheat in the soil was also high. However, the A-N content of the CL and JKCL groups did not decrease significantly at 30 and 60 days (p > 0.05, Figure 1C), indicating that the application of Leptolyngbya sp. RBD05 increased the A-N content in the soil at 30 and 60 days. The growth of wheat accelerated the consumption of soil A-N content. Therefore, at 90 days, the A-N content in soil of the CL and JKCL groups were lower than that of the CK group by 17% and 27%, respectively (p < 0.05, Figure 1C). At 30, 60, and 90 days, the A-N content in soil of the JK group was lower than that of the CK group by 14%, 19%, and 16%, respectively (p < 0.05, Figure 1C). This might be because the wheat in the JK group grew better and consumed more soil A-N than that in the CK group, which was boosted by P. sabinae. Phosphorus (P) soluble microorganisms can contribute to P release in several ways. Studies have found that some KSB also have a P-dissolving ability (Abou-el-Seoud and Abdel-Megeed, 2012). Our study found that while promoting the release of K in the soil, P. sabinae also showed the ability to increase the content of A-P in the soil. At 30 days, the application of P. sabinae alone was more beneficial in increasing the A-P content in the soil than the other treatment groups, which was 71% higher than that of the CK group (p < 0.05, Figure 1D). Although the application of P. sabinae and Leptolyngbya sp. RBD05 increased the content of A-P in the soil to a certain extent, the amount required for wheat growth was also high. Therefore, soil A-P content in the three treatment groups decreased at 60 days, and the difference value between the four groups was small at 90 days (Figure 1D). The above results indicated that the co-application of P. sabinae and Leptolyngbya sp. RBD05 or the application of P. sabinae alone could improve the soil A-P content in the early stage (30 days), and the application of P. sabinae alone increased the soil A-P content most obviously, but both could not maintain a high level of soil phosphorus content in the middle and later stage (60 and 90 days).
3.1.3 Effects on soil pH and EC
There was little change in soil pH in each group (p > 0.05, Figure 1E). This indicated that neither P. sabinae nor Leptolyngbya sp. RBD05 could significantly affect soil pH.
Soil EC value is an important indicator for monitoring soil health. When the EC value is too high, the soil structure and soil respiration will be adversely affected (Yan and Marschner, 2013). Soil EC will increase to a certain extent if the soil nutrient content increases (Maltas et al., 2022). According to Section 3.1.1 and Section 3.1.2, the application of P. sabinae and Leptolyngbya sp. RBD05 increased the soil nutrient element content, which increased the EC value in the soil. At 30, 60, and 90 days, the soil EC value of the JK group was higher than that of the CK group by 108%, 148%, and 113%, respectively. The soil EC value of the JKCL group was higher than that of the CK group by 93%, 148%, and 73%, respectively. The soil EC values of the CL and CK group showed little difference (Figure 1F). Although the soil EC in the JKCL group was still higher than that in the CK group at 90 days, it was 23% lower than that at 30 and 60 days, respectively (p < 0.05, Figure 1F). However, at 90 days, the EC values of the JK and CL group were higher than those at 30 and 60 days. These results indicated that the EC was reduced by the co-application of P. sabinae and Leptolyngbya sp. RBD05 over time.
3.2 Effects of Paenibacillus sabinae and Leptolyngbya sp. RBD05 on the growth and stress resistance of wheat
3.2.1 Effects on wheat growth
The analysis in Section 3.1 showed that, compared with the CK group, the application of P. sabinae and Leptolyngbya sp. RBD05 could significantly improve the soil environment, which was more conducive to wheat growth. There was little difference in the stem length of wheat in all groups at 30 and 60 days. However, at 90 days, the stem length of wheat in the three treatment groups showed obvious advantages (Figure 2A), indicating that the application of P. sabinae and Leptolyngbya sp. RBD05 promoted the growth of wheat at the later stage. Majeed et al. (2015) reported that plant development could be improved by the addition of beneficial microorganisms. P. sabinae and Leptolyngbya sp. RBD05 might secrete plant hormones such as kinetin and auxin to promote wheat growth (Ahmeda et al., 2014; Chen et al., 2020).
The belowground parts of plants are more sensitive to salt than the aboveground parts (Munns and Tester, 2008), and the root development of wheat is obviously affected by salinity (Robin et al., 2016). Compared with the stem length, the promoting effect of each treatment group on the root length of wheat was more significant. At 30, 60 and 90 days, the root length of wheat in each treatment group was higher than that in the CK group. The root growth of the JKCL group was the most obvious, and the root length of JKCL group was the longest at 90 days, which was 70% higher than that of CK group (Figure 2B). This suggested that the co-application of P. sabinae and Leptolyngbya sp. RBD05 best promoted the root development of wheat, which helped wheat resist saline-alkali stress (Robin et al., 2016). AminiHajiabadi et al. (2021) found that Bacillus sp. could promote the wheat root development, which further confirmed the results of this study.
Cyanobacteria usually play an important role in preventing soil erosion and water evaporation, which helps plants to absorb water (Acea et al., 2003). At 30 and 60 days, there was little difference in fresh weight among all groups. At 90 days, the wheat fresh weight in the three treatment groups were all higher than that in the CK group, and the fresh weight in the CL group was the highest, which was 119% higher than that in the CK group (Figure 2C), indicating that the application of Leptolyngbya sp. RBD05 alone was more beneficial to wheat water retention. At 30 days, all groups had little difference in dry weight. At 60 days, the dry weight of wheat in the JKCL group was 39% higher than that in the CK group, and there was no significant difference in the dry weight of wheat in other groups except the JKCL group. At 90 days, the dry weight of wheat in the three treatment groups was all higher than that in the CK group. The co-application of P. sabinae and Leptolyngbya sp. RBD05 had the greatest promoting effect on the dry matter accumulation of wheat, which made the wheat dry weight in the JKCL group the highest, 85% higher than that in the CK group (Figure 2D). In the early stage, the nutrient element demand of wheat was lower, but with the passage of time, the nutrient element demand of wheat increased, and the side effects of stress on wheat were also accumulating. Under the promotion of bacteria and cyanobacteria, the wheat growth status of the treatment group and the control group gradually opened a gap; therefore, at 90 days, the fresh weight and dry weight of wheat between the treatment group and the control group were significantly different. Among them, the co-application of P. sabinae and Leptolyngbya sp. RBD05 showed the best effect on promoting wheat dry matter accumulation. The reason might be that the bioactivity of bacteria and cyanobacteria could be significantly improved by their cooperation, which was more conducive to promoting plant growth (Prasanna et al., 2012).
3.2.3 Effects on wheat K, Na, and K:Na ratio
K can maintain the homeostasis of osmotic pressure in plants, improve enzyme activity, and reduce damage to plant cells (Assaha et al., 2017). KSB promotes plant growth by dissolving slow-release potassium compounds in soil and secreting auxin while simultaneously promoting plant K absorption (Lin et al., 2002). As shown in Figure 3A, at 30 days, there was little difference between the JK and CK groups in wheat K content. At 60 and 90 days, the wheat K content in the JK group was higher than that in the CK group by 15% and 20%, respectively. The results indicated that although the application of P. sabinae alone had no significant effect on increasing the wheat K content at the early stage (30 days), its effect on increasing the wheat K content was significantly enhanced as time extended. The reason might be that the proliferation of P. sabinae increased wheat’s ability to absorb K from the soil. At 30 and 60 days, the wheat K content in the CL group was significantly higher than in the CK group by 21% and 12%, respectively. At 90 days, there was little difference between the CL and CK groups in wheat K content. These results indicated that with time passing, the promotion effect of Leptolyngbya sp. RBD05 alone on wheat K content had a downward trend. The reason might be that Leptolyngbya sp. RBD05 is mainly grown on the surface of the soil, and soil salt accumulates on soil surface by transpiration (Tejada et al., 2006), worsening the growth environment of Leptolyngbya sp. RBD05 and reducing its activity, which in turn reduced its promoting effect on the K content in wheat. Rana et al. (2012) reported that the co-application of bacteria and cyanobacteria could fully enhance and play their respective advantages. This study found that at 30, 60, and 90 days, the wheat K content in the JKCL group was higher than in the CK group by 27%, 17%, and 18%, respectively. These results indicated that the K content of wheat could be significantly increased at 30, 60, and 90 days by the combination of P. sabinae and Leptolyngbya sp. RBD05 would effectively maintain the balance of osmotic pressure in wheat (Etesami et al., 2017). Rana et al. (2012) found that the K absorption by wheat was significantly increased by the co-use of rhizosphere growth-promoting bacteria and cyanobacteria, which supported the above results of this study. K deficiency would lead to slow plant growth (Gupta et al., 2015). Therefore, wheat growth in the CK group was worse than in all treatment groups (Figure 2).
[image: Figure 3]FIGURE 3 | Effects of Paenibacillus sabinae and Leptolyngbya sp. RBD05 on wheat K (A), Na (B), (K) Na ratio (C), nitrogen (D), phosphorus (E), N:P ratio (F), wheat proline (G), SOD (H), and MDA (I) at different times. CK = the control group, JK = the Paenibacillus sabinae group, CL = the Leptolyngbya sp. RBD05 group, JKCL = the Paenibacillus sabinae + Leptolyngbya sp. RBD05 group. FW = fresh weight.
Excessive Na in plants could destroy the osmotic pressure balance, leading to physiological drought, and even damaging plant cells (Fang et al., 2021). Grieve and Poss (2000) discovered an inverse relationship between Na and K in plants, and that the ability of plants to resist salt stress is partly due to the continuous uptake of K by roots, which in turn limits the uptake of Na. The study found that inoculation of exopolysaccharide-producing bacteria under salt stress could limit the absorption of Na by wheat seedlings (Ashraf et al., 2004). Our study revealed that, except there was no significant difference in wheat Na content between the JK and CK groups at 30 days, the wheat Na content in all treatment groups at 30, 60 and 90 days was all lower than that in the CK group, decreasing by 13%–18% (Figure 3B). The results indicated that the Na content of wheat was reduced and the application of P. sabinae and Leptolyngbya sp. RBD05 alleviated salt stress. The difference was that Leptolyngbya sp. RBD05 had more obvious effect at 30 days and 60 days. The reason might be that the soil A-Na of the CL group can be adsorbed by exopolysaccharides secreted by cyanobacteria, thus reducing the absorption of Na by plants (Li et al., 2019).
When the regulation of osmotic pressure and the stability of metabolic function in plants are subjected to a high salt stress level, the plant K:Na ratio will change. A higher plant K:Na ratio can generally ensure that the various physiological functions of plant cells are in a good state, maintaining osmotic balance in plants and protecting enzyme activities (Falhof et al., 2016). Previous studies have reported that both cyanobacteria or KSB could promote the K content of plants and thus increase the K:Na ratio in plants (Rana et al., 2012; Li et al., 2019). In this study, the wheat K:Na ratio in the CL and JK groups was not higher than that in the group CK at 30, 60, and 90 days, but the wheat K:Na ratio in the JKCL group was all higher than that in the CK group by 29%–41% (Figure 3C). Maintaining high K:Na ratio levels could help plants tolerate salt stress (Maathuis and Amtmann, 1999). The results of wheat K:Na ratio further showed that the co-application of P. sabinae and Leptolyngbya sp. RBD05 was more effective in increasing the wheat K:Na ratio, maintaining the balance of osmotic pressure in wheat, and alleviating salt stress.
Correlation analysis was conducted to analyze the mutual effects among K, Na content and K:Na ratio in wheat. As shown in Table 4, the correlation between the K content and Na content of wheat and the K:Na ratio among the four groups had significant changes. There was a significant positive correlation between the K content and K:Na ratio of wheat in the CK and CL groups (p < 0.01). These results indicated that the wheat K:Na ratio in group CK and CL was mainly affected by the wheat K content. The wheat K:Na ratio in the JK group was significantly positively correlated with the wheat K content (p < 0.05) and negatively correlated with the wheat Na content (p < 0.01), implying that the wheat K:Na ratio in the JK group was affected by the increase of wheat K content and the decrease of wheat Na content. There was no significant correlation between the K and Na contents of wheat and the K:Na ratio in the JKCL group (p < 0.05). In addition to regulating the contents of K and Na, plants can also enhance their osmotic potential and regulate the balance of osmotic pressure by accumulating small molecules such as soluble sugars (Kerepesi and Galiba, 2000). The above analysis indicated that the wheat in JKCL group may affect the wheat K: Na through this mechanism.
TABLE 4 | Pearson’s correlation coefficients between wheat nutrients.
[image: Table 4]3.2.3 Effects on wheat N, P, and N:P ratio
N and P are the key factors affecting the growth of plants, and their effects on plant growth are interdependent. An appropriate N:P ratio is more conducive to plant growth and the N:P ratio can be used to indicate whether plant growth is affected or limited by N or P (Güsewell, 2004). Studies have shown that when the N: P ratio in a plant is lower than 14, the plant growth will be limited by N, and when the N: P ratio is higher than 16, the plant growth is limited by P (Güsewell, 2004; Cernusak et al., 2010). In this study, the highest N:P ratio of wheat was 12.91 in the JK group at 90 days (Figure 3F), which was lower than 14, indicating that the N content in saline-alkali soil was limited and the wheat growth was restricted by N.
At 30, 60, and 90 days, there was no difference in the N content of wheat among the four groups (p > 0.05, Figure 3D). The differences in the wheat P content among the groups were obvious, and the overall trend of decline was observed with an increase in time. In addition, the wheat P contents in all treatment groups were mostly lower than in the CK group (Figure 3E). This implied that the wheat N:P ratio regulation was mainly due to the decrease in wheat P content under the effects of P. sabinae and Leptolyngbya sp. RBD05. Pandey et al. (2022) pointed out that plant-related microorganisms could regulate the biosynthesis of plant secondary metabolite, thus promoting the ability of plants to cope with environmental stress. The wheat N:P ratio in all groups in this study showed an overall increasing trend and the application of P. sabinae and Leptolyngbya sp. RBD05 made the wheat N:P ratio in all treatment groups higher than that in the CK group. At 90 days, the wheat N:P ratio in the JK group was the highest, which was higher than in the CK group by 40% (Figure 3F). These results indicated that the application of P. sabinae and Leptolyngbya sp. RBD05 both had significant effect on the wheat N: P ratio, and an increase in N: P ratio would then reduce the adverse effect of low N content on wheat growth in the poor saline soil environment (Güsewell, 2004).
The relationship between N and P is always considered to be allometric. When environmental conditions change, plants will store excess nutrients, which may lead to a reduced correlation between changes in nitrogen and phosphorus content in plants (He et al., 2008). As shown in Table 4, the wheat P content in the CK, JK, and CL groups was significantly negatively correlated with the wheat N: P ratio (p < 0.01, Table 4), and there was no significant correlation between the wheat N, P content, and wheat N:P ratio in the JKCL group. These results showed that, except in the JKCL group, the wheat N:P ratio in other groups was mainly affected by the change of wheat P content. The effect of the wheat N or P content on wheat N:P ratio was weakened under the joint action of P. sabinae and Leptolyngbya sp. RBD05.
3.2.4 Effects on wheat proline, SOD, and MDA
Proline is an important amino acid that plays an important role in plant response to abiotic stress. Overproduction of proline in plant cells helps to maintain cell homeostasis, water absorption, osmotic regulation, and REDOX balance to restore cell structure and reduce oxidative damage. In order to cope with saline-alkali stress, plants usually accumulate small organic compounds such as proline to stabilize their osmotic potential (Ahanger et al., 2019; Ghosh et al., 2022). The stressed environment leads to an increase in the content of reactive oxygen species (ROS) content in plants, which can damage the structure of plant cells. SOD activity will increase rapidly to remove ROS, protect the healthy development of plant cells, and reduce the damage to plant cells caused by stressed conditions (Baltruschat et al., 2008; Liu et al., 2018). In addition, when plant cells undergo lipid peroxidation, MDA is usually produced, which is a cytotoxic product and is usually used as an indicator of the degree of plant stress (Liu et al., 2017).
This study found that each treatment group reduced the saline-alkali stress on wheat by promoting K absorption and reducing Na absorption at 30 days (Figure 3), which made the response of wheat in each treatment group to stress weaker than that in the CK group. Therefore, at 30 days, the proline content and SOD activity of the treatment groups were all lower than that of the CK group (Figures 3G, H). At the same time, the MDA content of wheat in all groups was also low, which indicated that the stress had little effect on wheat at this time.
At 60 days, the MDA content in each group increased sharply (Figure 3I), indicating that the stress had intensified (Liu et al., 2017). The proline content in the CL and JKCL groups was significantly higher than that in the other two groups, which were 70.62 and 47.38 μg g−1 FW (fresh weight), and was 218% and 113% higher than that in the CK group (p < 0.05, Figure 3G). Hemavathi et al. (2011) reported that the activity of antioxidant enzymes in plants could be increased to a certain extent under the influence of increasing K content. As shown in Figure 3A, the wheat K content in the JKCL group was significantly higher than that in the CK group. A higher wheat K content can improve SOD activity. As a result, the activity of wheat SOD in the JKCL group was higher than that in other groups (Figure 3G). These results indicated that the application of Leptolyngbya sp. RBD05 alone or the co-application of P. sabinae and Leptolyngbya sp. RBD05 had a greater ability to promote proline synthesis and increase the SOD activity in the face of saline-alkali stress.
At 90 days, the MDA content of wheat in all groups decreased, and the difference among treatment groups was not significantly and lower than that observed in the CK group (Figure 3I). However, the proline content of the CK group was significantly higher than that of the other groups (Figure 3G). The accumulation of proline plays a good role in stabilizing the osmotic potential of plants and is also an indicator of the degree of salt stress (Singh et al., 2000). This indicated that the wheat in the CK group was still under high stress at this time, and the increase of proline content mainly regulated the wheat osmotic balance. But the other treatment groups regulated the wheat osmotic balance by increasing the K content and reducing the Na content, as shown in Section 3.2.2.
4 CONCLUSION
The study showed that the potassium-solubilizing bacterium P. sabinae and the cyanobacterium Leptolyngbya sp. RBD05 produced in brewery wastewater had the ability to enhance the nutrient level of saline-alkali soil, and promote the stress tolerance and growth of wheat. Among all the treatment groups, the co-application of P. sabinae and Leptolyngbya sp. RBD05 was more conducive to the increase of the K content in saline-alkali soil, the development of wheat roots, and the improvement of K:Na ratio, proline content and SOD activity of wheat. The application of Leptolyngbya sp. RBD05 alone had a more prominent effects on water retention of the wheat plant. The application of P. sabinae alone increased soil available P and wheat N:P ratio more obviously. The results of this study provided new ideas for the use of microorganisms to improve crop growth in saline-alkali land and the further utilization of bacteria and cyanobacteria produced in wastewater treatment.
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pecifications and tre methods

Pot ‘The diameter is 13.5 cm, the height is 10 cm, and it contains 1 kg of soil

Saline-alkali soil Soil was taken from a wheat field in the Yellow River Delta, China. The basic physical and chemical
properties of the soil are as follows: 6638 mg kg available N, 6146 mg kg’ available P,
169.63 mg kg" available K, 438.06 mg kg~ available Na, pH 7.67, electrical conductivity (EC)
546 mS m™

Wheat sced Select wheat seeds of the same size for sterilization. The planting depth is 2 cm, and 20 seeds are
planted in each pot

Culture temperature 20C
Tllumination Day/night: 12/12 h; 2000 lux; white light
Bacterium and cyanobacterium inoculum P. sabinae inoculum contains 7 x 107 colony-forming units mL™, the concentration of the

Leptolyngbya sp. RBDOS5 inoculation solution is 0.01 g mL™" (calculated based on the dry matter).
‘The brewery wastewater containing P. sabinae and Leptolyngbya sp. RBDO5 was harvested at the
log phase by centrifuging at 10,000 rpm for 5 min, the supernatant was removed, and the bacterium
and microalgae were then resuspended in sterile deionized water. This process was repeated 3 times
to form the final inoculum
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Soi

dexes

Available nitrogen

Determination methods

Alkaline diffusion method Lu (1999)

Available phosphorus

Available potassium and sodium

Electrical conductivity; pH
Wheat Indexes

Nitrogen

Phosphorus

Potassium and sodium

Root and stem length

Fresh and dry weight

Proline; Malondialdehyde; Superoxide
dismutase

Sodium bicarbonate extraction, molybdenum-antimony anti-spectrophotometry Lu (1999)

Ammonium acetate extraction, ICP-AES determination Lu (1999)

‘Water and soil ratio: 5:1, extracted with deionized water, measured by pH and conductivity meters Lu (1999)
[ Determination methods

| Sulfuric acid-hydrogen peroxide digestion, Nye reagent spectrophotometric determination Wang et al. (2003)

Sulfuric acid-hydrogen peroxide digestion, molybdenum antimony spectrophotometric determination Wang et al. (2003)
Sulfuric acid-hydrogen peroxide digestion, ICP-AES determination Wang et al. (2003)

Determination with a ruler

“The fresh weight was weighed directly by electric balance. To determine the dry weight, samples were dried at 70°C for 24 hat
alow temperature, and then weighed by electric balance

Spectrophotometric determination Bates et al. (1973), Faisal Alharby (2021); Wang et al. (2004)






OPS/images/fenvs-11-1170734-g003.gif





OPS/images/fenvs-11-1170734-t001.jpg
Parameter Value
Salinity %o 17

V pH = 75
COD (chemical oxygen demand) mg L L1570

poc (dissolved organic carbon) mg L 5120
NH,"N mg L 1830
NO, N mg L | 0ss
TN (total nitrogen) mg L 2450
PO,-P [ mg L™ 072
TP (total phosphorus) mg L™ 240
Heavy metals mg L™ 0.00
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CK Wheat K -0421 0.930" 0297 -0.135
Wheat Na -0379 Wheat P ~0.940°*
K Wheat K -0.439 0.621° | Wheat N 0503 -0326
Wheat Na -0942* Wheat P -0.940*
CL Wheat K -0.188 0761 ** Wheat N -0470 0382
Wheat Na -0511 | Wheat P -0.902*
JKCL Wheat K -0.199 -0.088 Wheat N 0333 -0.036
Wheat Na -0178 Wheat P -0370

*p < 0.05. **p < 0.01.
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