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Abstract

:

Irrigation with saline water is a possible solution to alleviate freshwater shortages. The long-term use of saline water for irrigation requires consideration of the influence of salt on the environmental conditions of the soil. The objective of this field study was to determine the effects of three continuous years of saline water irrigation on physiochemical properties and microbial communities in drip-irrigated cotton fields. The three total dissolved solid (TDS) levels of irrigation water treatments were (i) 1 g L−1 (fresh water, FWI), (ii) 3 g L−1 (brackish water, BWI), and (iii) 7 g L−1 (salt water, SWI). After three years, the electrical conductivity (EC), sodium adsorption ratio (SAR), and contents of K+, Na+, Mg2+, Cl−, and SO42− in the SWI treatment were significantly higher than those in the FWI and BWI treatments, but there were no significant differences in EC and K+ between the FWI and BWI treatments. BWI treatment significantly increased microbial biomass carbon (MBC), microbial biomass nitrogen (MBN), urease, and sucrase contents. The diversity and abundance of bacteria and fungi were not affected by saline water irrigation, but the microbial community structure was altered. Saline water irrigation resulted in an elevation in the bacterial abundance of the phylum Chloroflexi and a decline in Proteobacteria and Actinobacteria. For fungi, the abundance of the phylum Ascomycota in the BWI treatment was greater than that in the FWI and SWI treatments. Linear discriminant analysis effect size (NMDS) results indicated clear variation in the microbiota profiles between the FWI, BWI, and SWI treatments for bacteria. Regarding the fungal microbiota profiles, the BWI and SWI treatments had similar microbiota profiles but were different from the FWI treatment. The number of bacterial biomarkers gradually increased with increasing total dissolved solids of irrigation water, while the number of fungal biomarkers gradually decreased. Additionally, cotton yield was significantly and positively correlated with the observed species of fungi, while it was significantly and negatively correlated with EC. Redundancy analysis (RDA) showed that bacterial community structure was regulated by SAR and fungal community structure was regulated by soil salinity and bulk density (BD). Future research will need to look into how the structure of the microbial community and the associated functional microorganisms are gradually changing with increased irrigation frequency under saline irrigation, as well as explore and screen for advantageous functional microorganisms.
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1. Introduction


Xinjiang in northwest China has a continental arid climate with excellent sunshine conditions and a large temperature change between day and night, resulting in a high quality of cotton, and it has the largest concentration of cotton cultivated in China [1,2,3]. Nevertheless, scant precipitation and intense evaporation have severely impeded this region’s cotton industry development [4]. Freshwater resources are scarce in the southern Xinjiang region, but saline groundwater resources are widely available. Utilizing regionally abundant saline water resources for irrigation can greatly reduce agricultural water constraints, and hence, irrigation with saline water has been widely applied [5]. However, there are several disadvantages to utilizing saline water for irrigation, including increases in soil salinity, decreases in enzyme activity, changes in soil physical properties, and plant stress resulting from the increased osmotic potential, which negatively impacts crop growth and production [6,7]. Additionally, compared to conventional watering with fresh water, the use of saline water for irrigation may drastically alter soil microbial communities.



Microorganisms are important for soil nutrient conversion and crop growth [8,9]. The abundance and structure of the soil microbial community are highly responsive to alterations in soil environmental conditions and have been widely used to indicate soil quality changes [10,11,12]. Therefore, an understanding of soil microbiology has gained increasing recognition and importance. The effects of saltwater irrigation on crop yield, soil salt content, root density, soil physical qualities, soil nutrients, and groundwater quality have been reported in earlier research [7,13,14,15,16]. Most studies indicate that irrigation with saline water can result in secondary salinization, increase spatial variations in soil moisture, and reduce crop yield [5]. In a salt-affected environment, salinity can reduce microbial production and activity and alter the makeup of microbial communities [17]. Dong et al. [18] discovered that salinity had little impact on bacterial richness, but it was the main driver of a change in the makeup of the bacterial community and significantly reduced microbial activity. Hu et al. [19] found that long-term brackish irrigation led to an increase in electrical conductivity (EC) and sodium adsorption ratio (SAR) and a polarized distribution of microbial communities. However, less is known about the changes in biological community structure along a gradient of irrigation water salinity levels, and the key environmental factors influencing the distribution and abundance of soil microorganisms are still poorly understood.



Several studies have shown that the soil microbial community structure can be influenced by the soil pH, organic matter content, soil salinity, soil disturbance level, and moisture status [20,21,22,23,24]. In many cases, the main factor driving changes in the makeup of the microorganisms has been identified as soil salinity [25]. The decrease in soil microbial biomass with increasing soil salinity is mostly due to the dehydration and lysis of cells under osmotic stress, which is exacerbated by higher soluble salt concentrations. Salt-tolerant microbes adjust to low osmotic potential by accumulating osmolytes [26]. Hence, changes in the structure of bacterial communities in saline soils compared to non-saline soils are caused by differences in bacterial salt tolerance. Zhalnina et al. [23] argued that pH is also a key factor in determining the composition of the soil microbial community, in addition to soil salinity. Many environmental factors, such as salinity type, nutrient availability, and ions in irrigation water (e.g., CO3−2, HCO3−1), are closely related to soil pH [27]. pH can indirectly affect microbial communities by altering some of the physicochemical properties of the soil, and changes in soil nutrient availability are the way in which pH is most likely to affect microorganisms. However, Wichern et al. [17] and Kabiri et al. [28] further noted that soil microorganisms can adapt to changes in the external environment, especially when regularly confronted with drought and salinity. Consequently, the effects of external factors on microbial diversity and community formation are not always the same.



Due to the limited water resources and uneven seasonal distribution in the arid region of southern Xinjiang, saline groundwater with various total dissolved solids (1 g L−1–12 g L−1) is widely used for cotton cultivation. In order to achieve a deeper understanding of how saline irrigation affects microorganisms and to find the relationship between soil physicochemical properties and changes in the microbial community, this study conducted a three-year test of saline irrigation in drip-irrigated cotton fields. This study was conducted to fulfill the following objectives: (i) to investigate the influences of irrigation with different water salinity on soil physicochemical properties and enzyme activity; (ii) to evaluate how the soil bacterial and fungal community composition varies with the total dissolved solids gradient of irrigation water; and (iii) to explore the factors that influence alterations in soil microbial composition within cotton fields. We hypothesized that the microbial community is mainly influenced by the salinity content of the irrigation water and that soil enzyme activity, microbial diversity, and abundance decrease with increasing salinity. The findings of this study provide important insight into the consequences of drip irrigation systems utilizing saline water for microbial communities.




2. Materials and Methods


2.1. Study Site and Experimental Setup


The field study was conducted at the Test Station of the Thirty-One Group located in Korla (40°53′ N, 86°56′ E), Xinjiang Province, Northwest China (Figure 1). The location of this site is in a continental desert climate with an altitude of 802 m. The annual precipitation is recorded to be 58 mm, whereas the annual evaporation is measured to be 2788 mm. The maximum temperatures in the cotton growing season (April–October) in 2019, 2020, and 2021 were 41.6 °C, 39.0 °C, and 41.5 °C, respectively, and the minimum temperatures were 2.7 °C, 2.6 °C, and 2.1 °C, respectively. The groundwater depth ranged from 1.4 to 1.8 m. Some physicochemical properties of soil are shown in Table 1.



In the study field, cotton has been continuously planted for 18 years. In 2019, 3 irrigation water salinities were set up for the experiment: 1 g L−1 (FWI: fresh water), 3 g L−1 (BWI: brackish water), and 7 g L−1 (SWI: salt water) were the total dissolved solids for the three water levels (Table 2). The salinity of fresh water was determined by the salinity of the local irrigation water source, which comes from the Tarim River. The salinity setting for saline water was based on the salinity of saline water used locally. The different total dissolved solids water used in the irrigation experiment was mixed with groundwater and fresh water. As the total dissolved solids of the groundwater constantly change, in order to ensure the salinity concentration of the irrigation water for each treatment, the total dissolved solids of the groundwater were measured on the day of each irrigation, and the mixing ratio of fresh and saline water was calculated based on the irrigation volume. The amounts of fresh and saline water were measured by means of a water meter. The mixing device is shown in Figure 1b, and the composition of groundwater is shown in Table 3. The experiment used a randomized block design. Each treatment was carried out in three experimental plots measuring 6 m wide and 7 m in length. The cotton planting method utilized winter irrigation plus drip irrigation under plastic mulch [29]. The cotton field’s drip lines were set up in the local design (Figure S1) [30]. Throughout the growth period, the experimental area was consistently irrigated with saline water on a weekly schedule until the crop was harvested. The total irrigation amount over the entire growing season was approximately 330 mm. The irrigation schedules for the growing seasons of 2019, 2020, and 2021 are shown in Table S1. Winter flood irrigation was conducted in the study area every year with a 400 mm irrigation amount to prevent soil salt accumulation. The Tarim River provides irrigation water for winter floods as well as fresh water. From 2019 to 2021, the salt content and pH value of the river water were between 0.81 g L−1 and 1.11 g L−1 and 7.52 and 8.32, respectively.




2.2. Soil Sampling


At the harvest (6 September) in 2021, soil samples were taken randomly from 0–20 cm of soil beneath the film-covered area using a 5 cm diameter auger. Fifteen subsamples were randomly collected from different locations within each plot to constitute the soil sample. After the collection of soil samples, they were promptly preserved in a portable storage container and expeditiously transported to the laboratory. Soil bulk density (BD) was measured at three randomly selected locations in the film-covered area of each plot, at depths of 0–10 cm, 10–20 cm, and 20–30 cm.




2.3. Soil Physicochemical Analysis


The soil moisture (SM) was obtained using an indoor drying process. BD was calculated during the harvest stage in 2021 by placing steel cylinders [30]. Soil porosity (SP) was determined using the method of Carter et al. [31]. The electrical conductivity of the sample was determined utilizing a conductivity meter (model DDS-307, manufactured by INESA Scientific Instrument Co., Ltd., Shanghai, China) and using a dilution ratio of 1:5 [32]. The pH was measured using the methodology described by Gillman and Sumpter [33] with a dilution ratio of 1:5. Soil salt ions, groundwater ions, TDS, soil organic matter (SOM), total nitrogen (TN), available phosphorus (AP), and AK were measured using procedures described by Bao [32]. Briefly, SOM was determined through a wet oxidation–titration procedure using an acid dichromate system, TN concentration was determined through the micro-Kjeldahl method, AP contents were determined colorimetrically using a spectrophotometer, and an atomic adsorption spectrophotometer (TAS-990, Beijing, China) was used to determine AK concentrations [32]. The HCO3− and CO32− were determined through double indicator-neutralization titration, Cl− through silver nitrate titration, SO42− through EDTA indirect complex metric titration, Ca2+ and Mg2+ through EDTA titration, and Na+ and K+ through flame photometry [32]. The soil texture, field capacity, BD, and soil salinity in Table 1 were measured using procedures described by Liang et al. [30], and were measured in April 2019. SAR calculations are based on extracts with a soil to water ratio of 1:5. The soil SAR was then determined using Equation (1) [34]:


  SAR =      [ Na   +  ]      ( 0   . 5   [    Ca    2 +     ]   + 0   . 5   [    Mg    2 +     ]  )   0  . 5       



(1)








2.4. Hydro-Chemical Ions


The main anions (Cl− and SO42−) were determined using an ion chromatograph (ICS-900 Starter Line IC System, Waltham, MA, USA), and the main cations (Ca2+, Mg2+, Na+, and K+) were determined using an inductively coupled plasma emission spectrometer (ICP-OES, iCAP™ PRO, Waltham, MA, USA). The levels of HCO3− and CO32− were measured using double indicator-neutralization titration (methyl orange and phenolphthalein) [32].




2.5. Microbial Biomass and Enzymatic Assay


Invertase and urease were measured through the colorimetry method of 3,5-dinitro salicylic acid and sodium hypochlorite on a spectrophotometer, respectively [35]. Briefly, soil samples were incubated at 37 °C for 24 h, then invertase activity was assayed by measuring the amount of produced glucose. Urease activity was determined by measuring the released ammonium-N (NH3-N) in the filtrate. MBC and MBN in soil were determined through the chloroform fumigation method [35,36] and measured on a TOC/TN analyzer (GER, N/C 2100).




2.6. Cotton Seed Yield and Biomass


At harvest time in 2021, three 1.0 m × 1.52 m (film width) areas were randomly selected in each plot to harvest by hand, and the seeds were then weighed to obtain seed cotton yield [37,38]. Plant samples were collected at the boll opening stage. From each plot, three cotton plants with comparable growth rates were selected, washed in deionized water, and dried at 105 °C for 30 min and then at 75 °C to achieve a constant weight [39].




2.7. Measurement of Soil Microbial Communities


Total genomic DNA samples were extracted using the OMEGA Soil DNA Kit (M5635-02) (Omega Bio-Tek, Norcross, GA, USA), following the manufacturer’s instructions, and stored at −20 °C prior to further analysis. The quantity and quality of extracted DNA samples were measured using a NanoDrop NC2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel electrophoresis, respectively. Afterwards, amplification was performed using the Illumina NovaSeq platform with a NovaSeq 6000 SP Reagent Kit (500 cycles) at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China). During amplification, the 16S rRNA gene’s V3V4 region was amplified for bacteria using the primer pair comprising 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) [36]. For fungi, the primer pair comprising ITS2 (5′-GCTGCGTTCTTCATCGATGC-3′) and ITS5 (5′-GGAAGTAAAAGTCGTAACAAGG-3′) was used to amplify the ITS1 region [40].




2.8. Data Tools and Statistical Analyses


The microbiome bioinformatics analysis was conducted using QIIME2 2019.4 [40,41]. The raw sequence data underwent demultiplexing using the Demux plugin and primer trimming using the cut adapt plugin [42]. To examine the significance of various treatments, Duncan’s multiple comparisons (p < 0.05) were used. The QIIME2 and R programs (v3.5.1) were primarily utilized for the analysis of sequence data. Using the amplifier sequence variation (ASV) table in QIIME2, the Shannon diversity index at the ASV level and the observed species were computed [43,44]. LEfSe analysis was utilized to determine species differences between groups. GeneCloud tools (https://www.genescloud.cn, accessed on 18 August 2022) were used to conduct the LEfSe analysis. Utilizing the “vegan” R package, redundancy analysis (RDA) was performed [45].





3. Results


3.1. Soil Physicochemical Properties


Compared to the FWI and SWI treatments, the soil bulk density in the 10–20 cm layer for the BWI treatment was significantly higher, while the corresponding soil porosity was significantly lower (Figure 2). There were no significant variations in AP, AK, SM, or pH between all treatments. The SWI treatment had significantly higher concentrations of EC, K+, Na+, Mg2+, Cl−, SO42−, and SAR compared to the FWI and BWI treatments, although there were no appreciable variations in EC and K+ between the FWI and BWI treatments. The SWI treatment had significantly higher TN, SOM, and SOC contents than the BWI treatment (Table 4).




3.2. Microbial Biomass and Enzymatic Activity


The results indicate that the concentrations of MBC, MBN, urease, and sucrase were significantly higher in the BWI treatment compared to the FWI and SWI treatments (Figure 3). The order of concentrations was observed to be BWI > SWI > FWI. However, no significant differences were observed between the FWI and SWI treatments. The observed ratio of MBC/MBN in the FWI and SWI treatments was significantly higher than that in the BWI treatment (Figure 3c).




3.3. The Richness and Diversity of Bacterial and Fungal Communities


A total of 25,315 bacterial ASVs were observed in the FWI, BWI, and SWI groups (Figure 4), with 2522 shared ASVs (9.96% of the total). The number of shared ASVs between FWI and BWI, FWI and SWI, and BWI and SWI was 1233, 1283, and 1378, respectively. In comparison, the proportion of ASVs in the BWI treatment (31.69%) was higher than that in the FWI and SWI treatments (31.54% and 26.81%, respectively). A total of 1505 fungal ASVs were obtained for the fungal community in the FWI, BWI, and SWI groups, and 203 of these ASVs (13.49% of the total) were shared. The number of shared ASVs between FWI and BWI, FWI and SWI, and BWI and SWI were 94, 60, and 90, respectively. In comparison to the FWI and SWI treatments, which had ASV proportions of 24.52% and 24.91%, respectively, the BWI had an ASV proportion of 37.08%. The Shannon indices and observed species of soil microorganisms were not significantly different between the FWI, BWI, and SWI treatments (Figure 5a,b). In comparison, the SWI treatment had the largest Shannon index for bacterial communities, and the BWI treatment had the largest Shannon index for fungal communities. The BWI treatment had the highest abundance of bacteria and fungi species (Figure 5a,b). The genus-level clustering of samples using nonmetric multidimensional scaling (NMDS) was analyzed (Figure 5c,d). The results indicated clear variation in the microbiota profiles between the FWI, BWI, and SWI treatments for bacteria (Figure 5c). For fungal microbiota profiles, the BWI and SWI treatments had similar microbiota profiles but were different from the FWI treatment (Figure 5d).




3.4. Microbial Community Composition


The abundance of the main phyla in the FWI, BWI, and SWI treatments is illustrated in Figure 6a. All three of the FWI, BWI, and SWI treatments were predominated by the phyla Proteobacteria (44.31–50.11%), Actinobacteria (13.24–14.41%), Chloroflexi (10.03–12.84%), Acidobacteria (7.05–8.58%), Gemmatimonadetes (5.05–6.92%), and Firmicutes (2.60–3.22%), which accounted for more than 88.98% of the total reads in each library. The predominant fungal phyla of the FWI, BWI, and SWI treatments were Ascomycota (87.41–88.56%) and Basidiomycota (2.72–5.23%), which accounted for more than 91.29% of the total reads in each library (Figure 6c). Overall, changes in the dominant phylum (>10%) are more indicative of changes in the bacterial community in response to the environment [40]. In our study, the FWI treatment exhibited a higher abundance of the bacterial phyla Proteobacteria and Actinobacteria compared to the BWI and SWI treatments. Additionally, the Chloroflexi abundance was observed to be the lowest in the FWI treatment and the highest in the BWI treatment out of all the treatments (Figure 6b). In comparison to the FWI and SWI treatments, the BWI treatment had a higher abundance of the fungal phylum Ascomycota (Figure 6d).




3.5. Analysis of Biomarkers in Microbial Communities


In order to find high-dimensional biomarker taxa with statistically differing abundances across all treatments, LEfSe analysis from the phylum to genus levels was carried out (Figure 7 and Figure 8). Regarding the bacterial communities, a total of 35 bacterial biomarker taxa presented significant differences, and 3, 9, and 23 biomarker taxa were enriched in FWI, BWI, and SWI, respectively (Figure 7b). Actinobacteria (class), Micrococcaceae (family), and Nitrosomonadaceae (family) were the three most abundant biomarkers in FWI soils. The relative abundances of Chloroflexi (phylum), Dehalococcoidia (class), and A4b (family) were especially enriched in BWI soils. In addition, the three most abundant biomarkers of SWI soils were Acidobacteria (phylum), Deltaproteobacteria (class), and Rhodovibrionales (order).



For the fungal communities, a total of 49 fungal biomarker taxa presented significant differences, and 27, 13, and 9 biomarker taxa were enriched in FWI, BWI, and SWI, respectively (Figure 8b). The three most abundant biomarkers in FWI soils were Dothideomycetes (class), Capnodiales (order), and Mycosphaerellaceae (family). The relative abundances of Microascales_fam_Incertae_sedis (family), Tricharina (genus), and Wardomyces (genus) were primarily changed in BWI soils. In addition, Basidiomycota (phylum), Tremellomycetes (class), and Cephalotrichum (genus) were the three most abundant biomarkers in SWI soils. In this study, LEfSe analysis indicated that the number of bacterial biomarkers gradually increased with increasing total dissolved solids in irrigation water, while the number of fungal biomarkers gradually decreased.




3.6. Correlation Analysis of Yield Index with Soil Physicochemical Properties and Microbial Community


Redundancy analysis (RDA) identifies the relationship between community structure and environmental factors (Figure 9). Axis 1 and axis 2 explained 77.19% and 11.06% of the total variation in the bacterial community structure, respectively. The alteration in the structure of the bacterial communities exhibited a strong correlation with SAR (F = 4.6, p = 0.038, Explain% = 34.9%) (Figure 9a). For the structure of the fungal community, axis 1 and axis 2 explained 84.61% and 13.38% of the total variation, respectively. The alteration in the structure of the fungal communities exhibited a strong correlation with EC (F = 12.9, p = 0.028, Explain% = 11.9%) and BD (F = 6.0, p = 0.038, Explain% = 28.2%) (Figure 9b).



The results of the correlation analysis of cotton yield, soil physicochemical properties, microbial abundance, and microbial diversity are shown in Figure 10. The statistical analysis revealed that there was no statistically significant correlation between the cotton yield and the observed bacterial species. In contrast, cotton yield was significantly and positively correlated with the observed species of fungi, while it was significantly and negatively correlated with EC (Figure 10 and Figure S2). The BWI treatment had the highest seed cotton yield and dry matter (Figure S3). The observed species of fungi were significantly and negatively correlated with EC. In addition, SAR was significantly and positively correlated with EC.





4. Discussion


4.1. Effect of Saline Water Irrigation on Physicochemical Characteristics and Biological Properties of Soil


In this research, the data revealed a significant difference in soil Na+, Mg2+, HCO3−, Cl−, SO42−, and SAR between the different treatments (Table 4). The SWI treatment had higher salt and salt ion contents than the other treatments, which was mainly due to the high salt content of the irrigation water. These results are in line with the findings of Zhang et al. [46] Soil bulk and porosity can be altered by the accumulation of soil salts due to saline irrigation [47]. Therefore, BD was highest in the BWI treatment in the 10–20 cm soil layer (p < 0.05) (Figure 2). The significantly higher concentrations of MBC, MBN, urease, and sucrase in the BWI treatment (Figure 3) indicate that brackish water (3 g L−1) application may also have positive effects on microbial biomass and enzymatic activity. However, there were no significant differences in MBC, MBN, urease, and sucrase between the FWI and SWI treatments. Our findings are inconsistent with the results of Singh [48], who found that the values of microbial biomass and potential soil enzyme activity generally decreased as soil salinity and alkalinity increased. This may be attributed to alterations in the makeup of the microbial community in the long-term saline stress environment, and the salt-tolerant microorganisms had a better living environment under the BWI treatment conditions, resulting in higher MBC, MBN, urease, and sucrase contents in the BWI treatment. Microorganisms are the main providers of soil enzymes under stress from saline irrigation, with a consequent decrease in soil enzyme synthesis [48,49]; however, the BWI treatment in this study had the highest bacterial and fungal richness and, therefore, the BWI had higher enzyme activity. Zahran [50] also noted that the activity of soil enzymes produced by salt-tolerant bacteria is higher than the corresponding activity of soil enzymes produced by non-salt-tolerant bacteria, so higher soil enzyme activity may still be present in the soil even under high-salinity water irrigation conditions. On the other hand, plant roots can also secrete soil enzymes, and root secretions and organic carbon input from above-ground plants also provide nutrients for soil enzymes [51]. The BWI treatment in our study had the highest yield and biomass and, therefore, may have produced more root secretions (Figure S3). The enzyme activity of various soils and enzymes can vary significantly [52]. Rath and Rousk [53] also noted that the carbon content of microbial biomass stored in soil organic matter does not exhibit a consistent relationship with salinity levels.




4.2. Effect of Irrigation with Saline Water on Bacterial and Fungal Communities


The activity of microorganisms is the primary factor driving the cycling of soil nutrients [54]. The results of our study showed that the Shannon indices and observed species were not significantly different between the FWI, BWI, and SWI treatments (Figure 5a,b). This demonstrates that the increased salinity of irrigation water has no significant effect on the diversity and abundance of microbial communities under long-term irrigation conditions. Our findings are in accordance with those of Hu et al. [19], who discovered no appreciable variations in the microbial Shannon indices between cotton fields watered with freshwater drip for 10 years and those irrigated with brackish water. Yan and Marschner [55] found that microbial growth in various soils exhibited varying responses to increasing salinity in the field. The impact of brackish water usage on microbial community abundance and diversity may be attributed to the final salinity level, rather than the salinity at the beginning. As a result of continuous saline water sub-membrane drip irrigation [56], soil salinity was at a higher level (1.03 ms cm−1–3.18 ms cm−1) under the BWI and SWI treatment conditions (Table 4). In addition, the amount of irrigation for film-covered drip irrigation is relatively low, and strong evaporation causes salt to accumulate on the surface. Flood irrigation in the winter is carried out every year in November-December to eliminate salt from the cotton plants’ roots. Approximately 4000 m3/ha of winter irrigation water is used annually. Flood irrigation is also an important factor affecting microbial community diversity and abundance. The Venn diagrams of microbial community ASV richness (Figure 4a,b) and the observed species of soil bacteria and fungi (Figure 5a,b) further show that the microbial communities’ abundance in the BWI treatment exhibited a higher level compared to the FWI and SWI treatments. One possible reason is that brackish water contains some trace elements that can stimulate crop growth [57]. If the initial soil salinity is relatively low, generally, the first 1–3 years of brackish water irrigation may be more beneficial to crop growth than freshwater irrigation, and crops will have more developed root systems compared with FWI and SWI treatments [7,58,59]. Root exudates are the key factors that regulate the vitality and function of rhizosphere micro-ecosystems. Under stress, many plants can actively or passively release various chemical substances from their roots into the environment, and the number and type of root exudates will increase. Different types of root secretions are key factors in determining the type and number of rhizosphere microorganisms, ultimately influencing their growth, reproduction, and metabolic activities [60,61].



The results of our investigation showed that the microorganisms exhibited varying responses to irrigation with freshwater, brackish water, and saltwater (Figure 6). The results indicated clear variation in the microbiota profiles between the FWI, BWI, and SWI treatments for bacteria (Figure 5c). Regarding the fungal microbiota profiles, the BWI and SWI treatments had similar microbiota profiles but were different from the FWI treatment (Figure 5d). This is mostly due to the fact that different irrigation treatments altered the soil conditions (Table 4), which, in turn, impacted the distribution of the microorganism community. Members of the microbial phylum have various adaptations to different soil conditions [62,63,64,65]. High-salt environments can adversely affect microbes, such as by reducing their respiration and growth [66]. However, organisms can change their physiology by producing osmolytes and altering the structure of cell membranes [47]. Microbes can adapt physiologically to minimize some of the harmful consequences of salinity [67]. The most dominant bacterial phylum in our study is consistent with the dominant phylum in the studies of Ma and Gong [68] and Guo et al. [45]. Saline water irrigation resulted in an elevation in the bacterial abundance of the phylum Chloroflexi and a decline in that of Proteobacteria and Actinobacteria (Figure 6b). This was mainly because the phylum Chloroflexi is generally found in hypersaline environments, while Proteobacteria and Actinobacteria were found only in moderate and low-salinity environments [69]. Proteobacteria, Actinobacteria, and Chloroflexi are the most prevalent halophilic bacteria in saline soils [68]. Regarding the fungal communities, the most prevalent fungal phyla are consistent with prior research on agricultural soils, as reported by Pan et al. [70] and Muneer et al. [71]. Ascomycota represent the most prevalent and varied phylum of eukaryotic organisms, exhibiting abilities in the process of organic substrate decomposition [72]. In comparison to the FWI and SWI treatments, the BWI treatment soil samples had a higher abundance of the fungal phylum Ascomycota (Figure 6d). One possible reason for this is that Ascomycota decrease with increasing organic matter content [73], and the content of soil SOM and SOC under the BWI treatment conditions was the lowest compared to the FWI and SWI treatments (Table 4).



In our study, the LEfSe analysis revealed that the microorganisms exhibited significant variation in response to changes in the total dissolved solids content of the irrigation water. The number of bacterial biomarkers gradually increased with increasing total dissolved solids in water, while the number of fungal biomarkers gradually decreased. The primary reason for this phenomenon is the adaptive capacity of soil microbes to external environmental changes, with fungi being more tolerant of salinity than bacteria [74]. Zheng et al. [75] noted that high salinity can enhance microbial interactions. The community’s composition change, resulting in the replacement of less-adapted species by better-adapted ones, is a significant factor that influences the changing distribution of tolerant features within communities [76,77]. The specific bacterial taxa whose relative abundance increased with community salt tolerance might be employed as indicators for high community salt tolerance [45,78].




4.3. Relationship between Microorganisms and Soil Physicochemical Properties


The results of our experiment showed that SAR significantly alters the makeup of bacterial community structure (Figure 9a). This is inconsistent with the results of Tong et al. [79], who observed that soil salt concentration is the primary factor regulating soil microbial diversity and soil microbiome formation and that soil microbial diversity varied with soil salt contents. Dong et al. [18] also revealed that bacterial abundance was not significantly impacted by salinity; however, it was identified as the primary factor responsible for the alteration in bacterial community composition, leading to a notable decline in microbial activity. However, the correlation between the microbial species and salt ions exhibited complexity and ion specificity [80], and the potential effects of soil salinity on soil microbial communities are not detailed enough to be represented by EC gradients or total dissolved solids. The study conducted by Hu et al. [19] involved an analysis of correlations between pivotal species, EC, and salinity ions in brackish and freshwater-irrigated cotton fields. The findings revealed that, apart from the overall impact of EC, distinct major ions exhibited varying correlations with soil microbial pivotal species. This indicates the importance of identifying ion-specific soil microbial species, which supports our finding that SAR is the primary factor accounting for alterations in bacterial community structure. Additionally, the RDA analysis indicated that soil EC and BD significantly impacted the composition of the fungal community (Figure 9b). This finding is in accordance with earlier research that suggested salinity, moisture, and porosity may play a crucial role in regulating the makeup of microbial communities. Fungi may benefit from exchangeable ions provided to the soil by high salinity, and some fungal species under high salinity conditions can increase the absorption of various ions while reducing the transport of certain toxic ions [81,82,83]. We also found that EC had a strong relationship with the observed species of fungi (Figure 10).



The observed species of fungi were significantly and positively connected with cotton production, indicating that they are important for improving cotton yield. This is most likely related to the fact that fungi have a decomposing effect on plant material. In the study area, cotton straw residues were shredded and returned to the field each year. In general, fungi are thought to be the primary organisms that break down plant matter [84]. This is attributed to their capacity to decompose both organic materials that are readily degradable (e.g., cellulose) and those that are resistant to degradation (e.g., polyphenols) by making a range of external depolymerizing enzymes [85]. Zhang et al. [86] noted that there was a significant correlation between the number of fungi and the dry weight of plants, indicating that plant productivity had an impact on fungal abundance. Chen et al. [87] also found that soil fungi utilize straw more efficiently than soil bacteria, which gives them a significant competitive advantage. Cotton production was significantly and negatively correlated with EC. This is consistent with previous studies [88].





5. Conclusions


In conclusion, irrigation with saline water of different salinity levels increased soil salinity and SAR but had no significant effect on the diversity and abundance of bacteria and fungi. SAR regulated the structure of the bacterial community, whereas salinity and porosity regulated the structure of the fungal community. The microbial community structure was altered. The number of bacterial biomarkers gradually increased with increasing total dissolved solids in irrigation water, while the number of fungal biomarkers gradually decreased. Soil microorganisms can adapt to changes in a high-salt environment after a prolonged period of irrigation with saline water. Future research should explore the process of changes in the functional groups of microorganisms under saline water irrigation and screen for functional genes for salt tolerance, which are important for the improved use of saline alkali soils and the growth of salt-tolerant plants.
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Figure 1. Schematic diagram of the study area. (a) Map of the study area; (b) irrigation water mixing device; (c) cotton planting pattern. 
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Figure 2. Comparison of bulk density (a) and porosity (b) in different layers (0–10 cm, 10–20 cm, and 20–30 cm) between the fresh (FWI), brackish (BWI), and salt (SWI) water irrigation treatments. Error bars represent standard errors. The different lower-case letters indicate significant differences between treatments (p < 0.05; Fisher’s LSD test). 
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Figure 3. Comparison of (a) soil microbial biomass carbon (MBC), (b) soil microbial biomass nitrogen (MBN), (c) MBC/MBN, (d) urease, and (e) sucrase between the fresh (FWI), brackish (BWI), and salt (SWI) water irrigation treatments. Error bars represent standard errors. The different lower-case letters indicate significant differences between treatments (p < 0.05; Fisher’s LSD test). 
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Figure 4. Venn diagrams of bacterial ASV richness and fungal ASV richness. FWI, fresh water; BWI, brackish water; SWI, salt water. 
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Figure 5. Comparison of the Shannon index and observed species of soil microbes between the fresh water, brackish water, and saline water treatment. (a) The Shannon index and observed species of bacteria; (b) the Shannon index and observed species of fungi; (c) NMDS of bacteria; (d) NMDS of fungi. The “p” indicates the K-W test at a significance level of 0.05. The “Stress” indicates the difference between the distance of a point in the 2-dimensional space and the distance of a point in the multi-dimensional space. 
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Figure 6. Distribution of the top 10 soil bacterial phyla (a,b) and fungal phyla (c,d) in different treatments. 
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Figure 7. The LEfSe method utilizing linear discriminant analysis was employed to detect statistically significant variations in the abundance of bacterial taxa across all treatments. (a) Taxonomic representation of important variations among groups shown in the cladogram. (b) LDA scores histogram. 
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Figure 8. The LEfSe method utilizing linear discriminant analysis was employed to detect statistically significant variations in the abundance of fungal taxa across all treatments. (a) Taxonomic representation of important variations among groups shown in the cladogram. (b) LDA scores histogram. 
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Figure 9. RDA ordination diagram for soil indicators and bacterial community structure (a) and fungal community structure (b). Abbreviations are BD, bulk density; SOM, soil organic matter; SOC, soil organic carbon; TN, total nitrogen; SAR, sodium adsorption ratio; SM, soil moisture content; MBC/MBN, the ratio of microbial biomass carbon to microbial biomass nitrogen. FWI1, FWI2, FWI3 are the three samples for the FWI treatment, and the same three samples are included in the BWI and SWI treatments. 
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Figure 10. Results of the correlation analysis between cotton yield, microbial community characteristics, and soil physicochemical properties. BOS, bacterial observed species; BSI, bacterial Shannon indices; FOS, fungal observed species; FSI, fungal Shannon index. The correlation values are mapped by the color of the heat map: the darker the shade of blue, the stronger the negative correlation, and the closer the color to white, the stronger the positive correlation. * means p < 0.05. The thickness of the line between the three nodes and each environmental factor indicates the magnitude of the correlation: the thicker the line, the stronger the correlation, and the weaker, the opposite. The color of the line between the node and the environmental factor indicates the p-value. 
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Table 1. Experimental site soil physical and chemical qualities.
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Soil Layer (cm)

	
Soil

Texture

	
Bulk Density

(g cm−3)

	
Field Capacity

(%)

	
Soil Salinity

(g kg−1)

	
pH

(1:5)

	
Ions (g L−1)




	
K+

	
Ca2+

	
Na+

	
Mg2+

	
CO32−

	
Cl−

	
HCO32−

	
SO42−






	
0–20

	
Sandy loam

	
1.59

	
21.75

	
3.67

	
8.33

	
0.08

	
0.08

	
0.90

	
0.10

	
0.01

	
1.14

	
0.69

	
0.49




	
20–40

	
Silt loam

	
1.58

	
16.78

	
3.26

	
8.37

	
0.07

	
0.09

	
0.72

	
0.13

	
0.02

	
0.86

	
0.67

	
0.57




	
40–60

	
Sandy loam

	
1.63

	
19.89

	
3.07

	
8.34

	
0.07

	
0.09

	
0.67

	
0.12

	
0.01

	
0.85

	
0.54

	
0.58




	
60–80

	
Sandy

	
1.64

	
12.20

	
2.32

	
8.32

	
0.08

	
0.08

	
0.52

	
0.06

	
0.01

	
0.64

	
0.56

	
0.26
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Table 2. Total dissolved solids (TDS) (g L−1), electrical conductivity (EC) (mS cm−1), and main element contents (g L−1) of irrigation water in 2019, 2020, and 2021.






Table 2. Total dissolved solids (TDS) (g L−1), electrical conductivity (EC) (mS cm−1), and main element contents (g L−1) of irrigation water in 2019, 2020, and 2021.





	
Year

	
Treatment

	
EC

	
TDS

	
K+

	
Ca2+

	
Na+

	
Mg2+

	
CO32−

	
Cl−

	
HCO32−

	
SO42−






	
2019

	
FWI

	
0.12

	
1.00

	
0.02 ± 0.002

	
0.07 ± 0.01

	
0.15 ±0.02

	
0.04 ± 0.01

	
-

	
0.32 ± 0.05

	
0.22 ± 0.02

	
0.13 ± 0.04




	
BWI

	
0.56

	
3.00

	
0.06 ± 0.011

	
0.14 ± 0.01

	
0.68 ± 0.08

	
0.21 ± 0.03

	
-

	
0.96 ± 0.03

	
0.38 ± 0.03

	
0.54 ± 0.06




	
SWI

	
1.57

	
7.00

	
0.14 ± 0.018

	
0.11 ± 0.07

	
1.68 ± 0.13

	
0.33 ± 0.01

	
-

	
2.77 ± 0.08

	
0.31 ± 0.10

	
1.62 ± 0.07




	
2020

	
FWI

	
0.12

	
1.00

	
0.01 ± 0.003

	
0.05 ± 0.01

	
0.17 ± 0.01

	
0.06 ± 0.01

	
-

	
0.31 ± 0.05

	
0.21 ± 0.02

	
0.19 ±0.02




	
BWI

	
0.56

	
3.00

	
0.06 ± 0.009

	
0.14 ± 0.01

	
0.63 ± 0.07

	
0.26 ± 0.02

	
-

	
1.01 ± 0.02

	
0.36 ± 0.03

	
0.51 ± 0.08




	
SWI

	
1.57

	
7.00

	
0.10 ± 0.016

	
0.16 ± 0.01

	
1.67 ± 0.15

	
0.28 ± 0.03

	
-

	
2.76 ± 0.08

	
0.47 ± 0.08

	
1.52 ± 0.15




	
2021

	
FWI

	
0.12

	
1.00

	
0.02 ± 0.002

	
0.07 ± 0.01

	
0.16 ± 0.01

	
0.06 ± 0.01

	
-

	
0.28 ± 0.05

	
0.26 ± 0.02

	
0.16 ±0.03




	
BWI

	
0.56

	
3.00

	
0.04 ± 0.015

	
0.14 ± 0.01

	
0.68 ± 0.09

	
0.28 ± 0.02

	
-

	
0.96 ± 0.03

	
0.41 ± 0.02

	
0.48 ± 0.08




	
SWI

	
1.57

	
7.00

	
0.09 ± 0.015

	
0.16 ± 0.01

	
1.55 ± 0.22

	
0.29 ± 0.02

	
-

	
2.78 ± 0.05

	
0.49 ± 0.08

	
1.60 ± 0.10








“-” indicates no detected content and “±” indicates standard errors.













[image: Table] 





Table 3. Total nitrogen (TN) (mg L−1), total dissolved solids (TDS) (g L−1), and the primary element contents (g L−1) of groundwater from 2019 to 2021.
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Date

	
TN

	
TDS

	
K+

	
Ca2+

	
Na+

	
Mg2+

	
CO32−

	
Cl−

	
HCO32−

	
SO42−

	
SAR






	
2019

	
Jun

	
-

	
7.45

	
0.02

	
0.11

	
1.79

	
0.33

	
0.02

	
2.47

	
0.31

	
2.39

	
3.82




	

	
Jul

	
-

	
7.76

	
0.03

	
0.16

	
1.98

	
0.34

	
-

	
2.72

	
0.62

	
1.89

	
3.96




	

	
Aug

	
-

	
8.86

	
0.01

	
0.20

	
2.13

	
0.68

	
0.02

	
3.20

	
0.54

	
2.07

	
3.21




	
2020

	
Jun

	
-

	
10.68

	
0.02

	
0.32

	
3.14

	
0.53

	
-

	
4.65

	
0.33

	
1.70

	
4.82




	

	
Jul

	
-

	
8.37

	
0.02

	
0.37

	
2.38

	
0.41

	
-

	
3.44

	
0.37

	
1.39

	
3.81




	

	
Aug

	
-

	
7.53

	
0.01

	
0.34

	
2.06

	
0.31

	
-

	
3.13

	
0.35

	
1.32

	
3.61




	
2021

	
Jun

	
2.79

	
11.97

	
0.06

	
0.58

	
3.65

	
0.45

	
-

	
5.05

	
0.35

	
1.83

	
5.09




	

	
Jul

	
-

	
9.98

	
0.07

	
0.44

	
3.01

	
0.45

	
-

	
4.11

	
0.35

	
1.55

	
4.51




	

	
Aug

	
-

	
11.13

	
0.07

	
0.55

	
3.39

	
0.47

	
-

	
4.62

	
0.34

	
1.70

	
4.75
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Table 4. Soil physicochemical characteristics (0–20 cm) of the cotton field under different irrigation water treatments.
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Variable

	
Unit

	
Treatment




	
FWI

	
BWI

	
SWI






	
TN

	
g kg−1

	
0.42 ab

	
0.38 b

	
0.46 a




	
AP

	
mg kg−1

	
12.79 a

	
12.97 a

	
14.30 a




	
AK

	
mg kg−1

	
180.60 a

	
188.20 a

	
236.17 a




	
SOM

	
g kg−1

	
7.01 ab

	
6.30 b

	
7.71 a




	
SOC

	
g kg−1

	
4.07 ab

	
3.66 b

	
4.47 a




	
SM

	
%

	
16.31 a

	
16.52 a

	
17.85 a




	
pH

	

	
8.11 a

	
8.25 a

	
8.26 a




	
EC

	
mS cm−1

	
0.93 b

	
1.03 b

	
3.18 a




	
K+

	
g kg−1

	
0.07 b

	
0.06 b

	
0.12 a




	
Ca2+

	
g kg−1

	
0.53 a

	
0.27 b

	
0.58 a




	
Na+

	
g kg−1

	
0.69 c

	
0.92 b

	
1.94 a




	
Mg2+

	
g kg−1

	
0.23 b

	
0.19 c

	
0.42 a




	
CO32−

	
g kg−1

	
-

	
-

	
-




	
HCO3−

	
g kg−1

	
0.15 c

	
0.20 a

	
0.16 b




	
Cl−

	
g kg−1

	
0.89 c

	
1.17 b

	
2.49 a




	
SO42−

	
g kg−1

	
1.12 b

	
0.56 c

	
1.34 a




	
SAR

	

	
1.11 c

	
1.92 b

	
2.75 a








TN: total nitrogen; TP: total phosphorus; AK: available potassium; SOM: soil organic matter; SOC: soil organic carbon; SM: soil moisture; SAR: sodium adsorption ratio. Different letters in each line represent significant differences between different treatments (p < 0.05; Fisher’s LSD test). “-” indicates no detected content.
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