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Introduction

Excessive chloride ion content in tobacco leaves adversely affects the flammability of flue-cured tobacco, particularly in tobacco-growing regions of northern China, where this issue is more pronounced. Consequently, this poses a challenge for finding economically and environmentally friendly control methods. Vibrio natriegens, as a non-pathogenic, moderately halophilic bacterium, can reduce chloride ion content in soil. Zn²+, as a chloride ion channel inhibitor, can effectively reduce the accumulation of chloride ions in plants.





Methods

In this study, we established two experimental groups, T1 and T2, where T1 contained V. natriegens as a chloride ion inhibitor and T2 contained Zn²+ as a chloride ion inhibitor. We investigated the effects of T1 and T2 on chloride ion content in tobacco, soil environmental factors, and microbial community structure. Various methods were employed to measure soil physicochemical properties, and the impact of different treatments on microbial community structure was elucidated through soil microbial DNA extraction, PCR amplification, PE library construction, Illumina sequencing, and subsequent bioinformatics analysis.





Results and discussion

The results indicate that both inhibitors significantly reduced chloride ion levels in tobacco (p < 0.05) and altered the abundance of certain soil microorganisms. Specifically, the chloride ion content in upper leaves decreased from 1.33% to 0.83% under T1 treatment, while the T2 experimental group showed a reduction to 0.99%. Additionally, we evaluated the agronomic traits of tobacco plants and found that the application of chloride ion inhibitors promoted plant growth. Field trials further validated the efficacy of these inhibitors, with treated tobacco leaves exhibiting significantly lower chloride ion content compared to the control group. This study, based on the source of chloride ion uptake by tobacco plants from soil, employed strategies to control soil chloride ion content or reduce plant uptake, thereby effectively managing chloride ion levels in tobacco leaves. This provides an effective strategy for controlling chloride ion content in tobacco leaves, contributing to the high-quality development of tobacco production.
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1 Introduction

Chloride, an essential element, serves to maintain electrical neutrality in the extra-cellular fluid. It works synergistically with sodium to maintain osmotic pressure balance and collaborates with bicarbonate to upload acid-base balance (1). As the most abundant anion in living organisms, chloride ions play diverse crucial roles in organism function, including controlling membrane potential and preserving intracellular acid-base balance.

Undoubtedly, chloride is a vital nutrient for plants (2). On one hand, chloride ions significantly influence plant biomass, leaf size and quantity, as well as root morphology and distribution. Generally, the presence of chloride ions positively affects the normal growth and development of plants, resulting in increased biomass, yield, and quality. Moreover, chloride ions contribute positive to the overall growth and development of plants. On the other hand, the concentration of chloride ions can impact the stomata of the plant, thereby affecting photosynthesis (3, 4). Excessive concentration of chloride ions can become toxic, leading to cellular dehydration, diminished stomatal conductance, and consequently limiting net photosynthesis. This toxicity may also induce hormonal imbalances, inactivate ribosomal enzymes, cause photoinhibitory damage, and disrupt mitochondrial respiration, ultimately resulting in impaired growth or even plant mortality (4, 5). Furthermore, the regulation of chloride ion flux is essential for the proper development of pollen tubes. Increased chloride ion concentrations, which possess a negative charge, can alter the electric field surrounding pollen tubes, thereby influencing the direction growth (6). Cation-chloride cotransporters facilitate the active uptake of chloride ions from the root xylem into the plant tissue, a process that is closely linked to the plant’s salt tolerance mechanisms (7–9). To optimize plant growth, it is crucial to provide both Cl− and NO3–N simultaneously, as their synergistic interaction improves the efficiency of water and nitrogen utilization within plants. Additionally, specific chloride (Cl−) transporter protein genes, such as ZmNPF 6.4 and AtSLAH3, have been identified as key player in the processes of nutrient uptake and long-distance translocation within plants (10).

Tobacco, a significant cash crop cultivated extensively in the world, exhibits high sensitivity to Cl− (11). Optimal levels of Cl− not only promote tobacco growth and increase yields, but also alleviate oxidative stress induced by cadmium toxicity. This mitigation is achieved by reducing cadmium accumulation within the plant while enhancing the activity of antioxidant enzymes (12). Conversely, an excessive concentration of Cl− in tobacco can detrimentally affect the plant by inducing water loss, significantly impairing photo-synthesis, and inhibiting the biosynthesis of growth regulators like hormones and gibberellins (11). Historically labeled as a “chlorine-avoiding crop”, tobacco manifests symptoms of leaf poisoning upon surpassing a critical threshold of chlorine ions, resulting in leaf hypertrophy and deformities that compromise cigarette flavor and combustibility, increasing the likelihood of flameout (13). Chlorine content in tobacco is intimately linked to soil chloride levels and influenced by irrigation water quality, fertilizer application, and preceding crops (14). Therefore, Currently, various strategies have been devised to manage chloride ions in tobacco cultivation. These include intercropping techniques, development of low Cl− uptake cultivars, adoption of suitable planting systems, and judicious use of microbial fertilizers. Noteworthy among emerging techniques is the utilization of ion-exchange columns containing anion-exchange resins to curtail chloride accumulation in tobacco plants during irrigation (15, 16). However, the intricate nature of field irrigation water systems harboring diverse anions may diminish the efficacy of Cl− adsorption by resins (17). Although intercropping with chlorine-tolerant species diminishes Cl− uptake by tobacco to some extent, it adversely impacts overall cash crop yields, thus posing economic challenges (18). Given the limitations of existing technologies and the challenges in practical applications, developing an efficient, economical, and easily implementable method for chloride ion management is of paramount importance. Chloride ion inhibitors can effectively address the gaps in current technologies, offering a more efficient and cost-effective solution for tobacco cultivation.

Zn²+ functions as an anion channel inhibitor, effectively suppressing the uptake of anions by plants from the soil, a mechanism that has been experimentally confirmed in Arabidopsis thaliana (19, 20). In tobacco studies, Zn²+ exhibits antioxidant effects (21), promotes nitrate nitrogen uptake (22), and reduces chloride ion accumulation in tobacco leaves, thereby alleviating the toxic effects of chloride ions on tobacco (23). However, research on the application of Zn²+ as a chloride ion inhibitor in the Haradaokou tobacco-growing region of Chifeng remains limited. Moreover, excessive zinc can accumulate in plant tissues, leading to phytotoxicity symptoms, and high concentrations of zinc may interfere with the uptake and utilization of other essential nutrients by plants (24). Additionally, high levels of zinc ions can negatively impact soil microbial communities, reducing the efficiency of nutrient cycling and soil organic matter decomposition (25). In contrast, the use of microbial inoculants does not exhibit significant adverse effects on soil or microbial communities. Studies have shown (26) that the additional application of microorganisms can significantly enhance the yield and quality of flue-cured tobacco. Specifically, the applied microorganisms provide sufficient nutrients to tobacco leaves through mechanisms such as biological nitrogen fixation, phosphorus solubilization, and potassium release, thereby promoting leaf growth, development, and photosynthesis, ultimately improving tobacco yield and quality. Research has also demonstrated that the cell mass of halophilic bacteria is related to chloride ion concentration, and their chloride ion uptake often increases with accelerated growth rates (27). The moderately halophilic bacterium Vibrio costicola can increase organic anions within cells to counteract the toxicity caused by high intracellular chloride ion concentrations (28), and all halophilic bacteria possess inwardly oriented light-driven Cl− pumps (29). Vibrio natriegens (V. natriegens), as a non-pathogenic, moderately halophilic bacterium (30), is characterized by its rapid growth rate, low mutation rate, and natural presence in high-sodium and high-chlorine marine environments (30, 31) (32) (33). Although no studies have shown that V. natriegens can reduce chloride ion content in plants, we hypothesize, based on the ability of halophilic bacteria to increase chloride ion uptake with faster growth rates and their capacity to elevate intracellular organic anions to resist chloride ion toxicity, that V. natriegens could serve as a chloride ion inhibitor. This approach would effectively save energy and time costs while reducing soil chloride ion concentration through its own metabolism, thereby decreasing chloride ion content in tobacco leaves. This holds significant economic potential (31).

In this study, we identified a novel strain inhibitor (V. natriegens) and a reagent (Zn2+) that effectively attenuates chloride uptake in tobacco. Employing high-throughput sequencing techniques for16S rRNA and ITS rRNA genes, we conducted a comprehensive analysis of the microbial community’s abundance, diversity, and composition. Additionally, we explored the intricate network of interactions between the rhizosphere soil environment, the associated microbial community, and the dynamics of soil chloride ions in relation to these uptake inhibitors. We hypothesized that the introduction of chloride uptake inhibitors during the vigorous growth phase of tobacco plants would significantly diminish chloride ions absorption, thereby decreasing the chloride concentration within the tobacco leaves. This study is underpinned by two primary objectives: (1) to elucidate a new class of tobacco chloride ion uptake inhibitors characterized by ease of application, cost-effectiveness, environmental sustainability, and potential for widespread dissemination in agricultural settings; and (2) to examine the correlations between soil properties and microbial communities in response to the application of different chloride ion inhibitors.




2 Materials and methods



2.1 Description of study site

The pot trial took place at the Qingdao Experimental Base of the Tobacco Research Institute, Chinese Academy of Agricultural Sciences, situated in Shimen Village, Longquan Street, Jimo District, Qingdao City, Shandong Province, China. The precise coordinates for the location are 120°58’E and 36°44’N.




2.2 Experimental design and treatment

The pot experiment was conducted in a greenhouse at the experimental base, using tobacco plants of similar quality and seedling age that were at the vigorous growth stage. The experiment included one control group and two experimental groups. The CK did not receive any chloride ion inhibitors and was only treated with 100 mL of sterile water. The experimental group T1 was treated with a chloride ion inhibitor containing V. natriegens. Based on preliminary dose-gradient experiments, considering time, chloride ion content in tobacco leaves, and economic efficiency, we found that inoculating each tobacco plant with 100 mL of V. natriegens solution at OD=1.0, with an inoculation concentration of 6.4×108 CFU/mL, yielded the best control effect on chloride ions in tobacco leaves. The experimental group T2 was treated with a chloride ion inhibitor containing Zn²+. Preliminary experiments indicated that applying ZnSO4·7H2O at a concentration of 600 μmol/L achieved optimal control of chloride ions in tobacco leaves. Therefore, the T2 group was treated with 100 mL of ZnSO4·7H2O solution at this concentration. Fertilization and agronomic management practices for both experimental and control groups were consistent with those at the Haladaokou Tobacco Station. Each treatment group in the pot experiment consisted of three replicates, with each replicate containing five pots, resulting in a total of 15 pots per treatment group. The experimental containers were plastic pots with an inner diameter of 40 cm and a height of 35 cm, each filled with 10.0 kg of loam soil.




2.3 Soil sample collection and soil physicochemical analysis

Fifteen well-grown tobacco plant soils were randomly selected for each treatment and control group, and well-grown plants were randomly selected for the test, and inter-root soils in the 10-20 cm soil layer were selected, collected along the plant roots with an earth auger, removed with a sterile brush and placed in a sampling bag, and transported to the laboratory chilled in ice packs and stored at -80 °C for testing (34). Nine samples were collected at a time and evenly mixed into thirds to ensure homogeneity of the collected samples. The obtained potting soil was screened through a 60-mesh sieve (0.25 mm diameter) to avoid the presence of soot, debris, etc. in the test soil, and the filtered soil was stored in an ultra-low temperature refrigerator at -80°C (35, 36). The samples were then transported to the laboratory and stored in ice packs. We utilized a glass electrode digital pH meter to blend 10 g of air-dried soil with 25 mL of distilled water for pH determination in the sample. Soil quick-acting phosphorus (AP) was extracted using 0.5 M sodium bicarbonate and quantified through the molybdenum blue colorimetric method. Leaching of soil with ammonium acetate and measurement of available potassium (AK) content using flame photometry (37). Soil chloride content was measured by titrating soil leachate for chloride ions using silver nitrate according to the Agricultural Industry Standard of the People’s Republic of China (NY/T 1378-2007). Measurement of nitrate nitrogen (NO3–N) by phenol-2,4-disulfonic acid colorimetric method; measurement of soil ammonium nitrogen (NH4+-N) by KCl leaching-indophenol blue colorimetric method.




2.4 Tobacco sample collection

For each treatment and control group, five leaves from each of the upper and middle and lower parts of the tobacco plant with good and uniform growth were selected, placed in sampling bags and transported to the laboratory refrigerated in ice packs for immediate drying.




2.5 Analysis of soil microbial diversity

Detection of soil microorganisms involved several steps, including soil collection, DNA extraction, PCR amplification, PE library construction, Illumina sequencing, and subsequent biological analyses. Soil DNA was extracted from microbial communities using the DNeasy® PowerSoil® Pro Kit (QIAGEN, United States). The DNA was assessed for purity and concentration using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, United States), and its integrity was evaluated through 1% agarose gel electrophoresis. The highly variable region of bacterial 16S rRNA (V3-V4) was amplified using primers 338F (5’-ACTCCTACGGGGAGCAGCAGC-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’) (38). PCR amplification system: 4 µL of 5×FastPfu Buffer, 2 µL of 2.5 mM dNTPs, 0.8 µL of up-stream primer (5 µM), 0.8 µL of downstream primer (5 µM), 0.4 µL of FastPfu DNA Polymerase, 0.2 µL of BSA, 10 ng of genomic DNA, and ddH2O up to 20 µL. The PCR conditions included an initial denaturation at 95°C for 3 min, followed by denaturation at 95°C for 30 s, extension at 72°C for 45 s, a final extension at 72°C for 10 min, and storage at 10°C. The total number of cycles conducted was 30.

PCR products were purified and mixed proportionally using the AxyPrep DNA Gel Extraction Kit and subsequently sequenced using Illumina’s Miseq PE300 platform. The raw data underwent quality checks using FASTP software and were merged with FLASH software based on the following criteria: (1) Trimming reads at positions where the aver-age quality score within a 50 bp sliding window dropped below 20. (2) Merging sequences with overlapping stack lengths longer than 10 bp while allowing up to 2 bp mismatches. (3) Combining sequences according to barcodes (exact matches) and primers (allowing for 2-nucleotide mismatches). Subsequently, sequences from each sample were separated, and reads containing ambiguous bases were excluded (39, 40).

The coverage of the microbial community analysis exceeded 99%, essentially encompassing all bacterial species present in the soil. The average sequencing depth for the control group was over 1200 reads. For the T1 experimental group, the average sequencing depth was over 1400 reads, while for the T2 experimental group, it was over 1000 reads.




2.6 Bioinformatics, data analysis and statistical analysis

Use fastp (41) The software performs quality control of the paired-end raw sequencing sequence, using FLASH (39) The software performs splicing: (1) filter the bases below 20 in the tail of reads, set a window of 50bp, if the average quality value in the window is lower than 20, cut off the back-end bases from the window, filter the reads below 50bp after quality control, and remove the reads containing N bases; (2) According to the overlap relationship between PE reads, the pairs of reads are spliced into a sequence, and the minimum overlap length is 10bp; (3) The maximum allowable mismatch ratio of the overlap region of the splicing sequence is 0.2 to screen the non-conforming sequences; (4) The samples are distinguished according to the barcode and primers at the beginning and end of the sequence, and the sequence orientation is adjusted, the number of mismatches allowed by the barcode is 0, and the maximum number of primer mismatches is 2.

Using UPARSE v7.1 (42) (http://drive5.com/uparse/), operational taxonomic units (OTUs) were clustered at 97% similarity from the quality-controlled and merged sequences, and chimeras were removed. Sequences annotated as chloroplast or mitochondrial origins were excluded from all samples. To minimize the impact of sequencing depth on subsequent alpha and beta diversity analyses, the sequence count for all samples was normalized to 20,000. After normalization, the average sequence coverage for each sample remained at 99.09%. Taxonomic annotation of OTUs was performed using the RDP classifier (43) (http://rdp.cme.msu.edu/, version 2.11) against the Silva 16S rRNA gene database (v138) with a confidence threshold of 70%, and the community composition of each sample was statistically analyzed at different taxonomic levels. Functional prediction analysis of 16S data was conducted using PICRUSt2 (version 2.2.0) (44).

Rarefaction curve analysis was used to assess whether the sequencing depth was sufficient. The curves plateaued at their ends, indicating that the sequencing depth was adequate to cover the major microbial community composition in the samples. Alpha diversity knowledge Chao 1, Shannon index, etc. were calculated using mothur software, and Wilxocon rank sum test was used for the analysis of between-group differences in Alpha diversity; PCoA analysis based on the braycurtis distance algorithm was used to test the similarity of microbial community structure between samples, and combined with the PERMANOVA non-parametric test to analyze whether the differences in microbial community structure between sample groups were significant or not (45). LEfSe analysis (46) (http://huttenhower.sph.harvard.edu/LEfSe) (LDA > 2, P < 0.05) was employed to identify bacterial taxa with significantly different abundances from the phylum to genus levels among different groups. Distance-based redundancy analysis (db-RDA) was used to investigate the influence of soil physicochemical properties/clinical indicators on soil/gut bacterial community structure. Linear regression analysis was applied to assess the impact of key soil physicochemical properties/clinical indicators identified in the db-RDA analysis on microbial alpha diversity indices (47). Significant differences were analyzed using analysis of variance (ANOVA), where 0.01 < P ≤ 0.05 was marked as *, 0.001 < P ≤ 0.01 as **, 0.001 < P ≤ 0.0001 as *** and P ≤ 0.0001 as ****. Alternatively, the same letters indicate no significant difference (P > 0.05), different letters indicate significant differences (0.01 < P ≤ 0.05), and more distinct letters indicate highly significant differences (P ≤ 0.01).




2.7 The field validation experiment

The field validation experiment was conducted at the Haladaokou Tobacco Station experimental field in Hongshan District, Chifeng City, Inner Mongolia Autonomous Region, China. The tobacco varieties, quality, and seedling age used were similar to those in the pot experiment. The experiment included three treatments: a CK, FT1, and FT2, with three replicates each. Each replicate consisted of 30 tobacco plants. In FT1, the concentration of V. natriegens was 6.4×108 CFU/mL, while in FT2, the concentration of ZnSO4·7H2O was 600 μmol/L. Chloride ion inhibitors were applied during the early vigorous growth stage, and chloride ion content in the soil was measured during the late vigorous growth stage and the maturation stage, as well as in the leaves during the maturation stage.





3 Results



3.1 Chloride ion contents in different leaf segments of tobacco

The experiment results illustrated in Figure 1 revealed that the chlorine ion content in various leaf segments of tobacco (upper leaves, middle leaves, and lower leaves) exhibited distinct responses to treatments with T1 and T2, resulting in differential impacts on chlorine ion uptake by the tobacco plants. As shown in the figure, the chloride ion content in tobacco leaves from the experimental groups was significantly lower than that in the control group, particularly in the upper leaves, with values of 0.99% (T2), 0.83% (T1), and 1.33% (CK). Both the T1 and T2 experimental groups exhibited highly significant differences compared to the CK. These treatments resulted in varying effects on chloride ion concentrations across the three leaf positions, with the most significant impact observed in the upper leaves, followed by the middle leaves, and a relatively minor effect on the lower leaves. In the upper leaves, the inhibitory effect of the T1 experimental group was superior to that of the T2 experimental group, whereas in the middle leaves, the T2 experimental group showed better inhibition than the T1 experimental group. The inhibitory effects on the lower leaves were relatively consistent between the two groups. Additionally, significant differences (P ≤ 0.01) in chloride ion levels were observed between the two experimental groups in the upper and middle leaves, but no significant differences were found in the lower leaves. Overall, both inhibitor experimental groups showed discernible influences on chlorine ion absorption in tobacco leaves. Additionally, the growth performance of tobacco plants was optimal in T1 group, followed by T2 group, both surpassing the control group, as detailed in Table 1. The maximum leaf length in T1 group has achieved 63.1 cm, contrasting significantly with 56.3 cm of the control group. Moreover, the maximum leaf width also surged to 22.5 cm from 17.7 cm, thereby illustrating the augmented morphological attributes facilitated by the experimental treatments.




Figure 1 | Chloride ion content in different parts of tobacco leaves in different treatments (*p < 0.05, **p < 0.01, ****p < 0.0001, ns: not significant).




Table 1 | Agronomic traits of tobacco plants among different treatment groups in the pot experiment.






3.2 Differences in soil physicochemical properties after the addition of inhibitors

Subsequent to the addition of inhibitors, notable differences in soil physicochemical properties emerged between the inhibitor-added treatments and the control group (Table 2). As the pivotal indices in this study, soil chloride ion concentrations presented a significantly increase in the T1 and T2 compared to the control group, up to 108.65 and 106.25 mg/kg, respectively, representing nearly twice the content observed in the control group (56.69 mg/kg). This indicated that fewer chloride ions were absorbed by the tobacco plants after the addition of the two inhibitors, which might be correlated with the lower chloride ion concentrations in tobacco leaves. Furthermore, the contents of available potassium (AK) in the T1and T2 were also significantly higher than the control group, also approaching twice as high as the control group. Conversely, the soil available phosphorus (AP) contents were almost the same as that of the control group. Additionally, the contents of nitrate nitrogen (NO3−-N) and ammonium nitrogen (NH4+-N) exhibited divergent trends in the T2 while remaining relatively stable in the T1experimental group. The NO3−-N content increased a lot in the T2 compared to the control group, while the NH4+-N decreased by nearly half when contrasted with the control group. These results indicated the different influences on soil physicochemical properties raised by the two types of inhibitors.


Table 2 | Soil physicochemical properties among different treatment groups in the pot experiment.






3.3 Effects on microbial community structures of the rhizospheric soil

To investigate the impact of inhibitors on soil microbial composition, the diversity and richness of microbial communities in the rhizospheric soil in different treatment and control groups were analyzed using alpha diversity analysis (Table 3). The results indicated that more than 99% of the sequencing samples exhibited sufficient data coverage. The Shannon index of the T1 group was notably higher at 5.56 compared to the control (5.08) and T2 (4.97), implying that the introduction of Halophilic microorganisms could enhance microbial community diversity. The Simpson’s index of the T1 and T2 treatments exhibited a modest increase when compared to the control group. Moreover, the Ace index and Chao value were significantly higher in the T1 than in the other treatments. These results indicated that the incorporation of salt-tolerant micro-organisms could contribute to increased diversity and abundance of soil microorganisms with a certain extent. Conversely, the addition of zinc sulphate in the T2 had a minimal impact on soil microbial diversity.


Table 3 | Bacterial Alpha diversity indices among different treatment groups in the pot experiment.



Ternary analysis (Figure 2) revealed distinct variations in the composition and distribution of microorganisms following the inhibitor addition, presenting an increased prevalence of Pseudarthrobacter in the V. natriegens-treated group and a heightened proportion of Thermoactinomyces in the Zn2+-treated group. Based on the analysis results shown in Figure 2, we further analyzed the differences in species composition at the phylum level among the different samples. In Figure 3, notable differences in microbial structural composition at the phylum level across the soil samples were demonstrated. The dominant phyla, including Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidota, consistently ranked among the top four. Moreover, the combined relative abundance of Proteobacteria and Firmicutes exceeded 50%. The proportion of Proteobacteria significantly increased in the T1. Proteobacteria encompasses numerous nitrogen-fixing bacteria, which play a stabilizing role in soil residual nitrogen during the nitrogen cycle. Additionally, they exhibit strong adaptability and can decompose complex organic matter, thereby promoting soil nutrient cycling. Furthermore, certain strains within the Proteobacteria can participate in the transformation and migration of chloride ions through synergistic metabolism with other microorganisms. Certain groups within Firmicutes can break down complex organic substances, releasing nutrients such as nitrogen, phosphorus, and sulfur, thereby increasing the availability of nutrients in the soil and enhancing soil fertility. The proportions of Firmicutes were 11.7% ± 3.3% in the T1, 20.4% ± 4% in the T2 experimental group, and 16.7% ± 5% in the control group. Furthermore, changes in the proportions of other phyla were observed to some extent, indicating that the addition of inhibitors indeed disrupted the bacterial community structure in the rhizosphere soil. Based on the analysis results shown in Figure 3, the top four dominant phyla were consistent across all treatment groups. Therefore, we analyzed the principal component differences among the different samples. Additionally, principal component analysis (PCA) performed at the phylum level demonstrated significant differences between the three experimental groups (Figure 4). The PCA analyses (PERMANOVA, R= 0.523, P = 0.0010) highlighted that 31.45% of disparities could be attributed to the PC1 axis and 20.79% to the PC2 axis regarding phylum-level discrepancies. Moreover, to further elucidate the distinctive microbial communities in the soil following the inhibitor addition, linear discriminant analysis effect size (LEfSe) analysis was conducted on the T1 and T2, respectively, in comparison with the control group (Figure 5). Results revealed significant enrichment of Sphingomonadaceae, Rhizobiaceae, and Xanthobacteraceae at the family level in the T1 when compared to the control group. Conversely, Cellvibrionaceae, Sphingobacteriaceae, and Nocardioidaceae were enriched in the control samples. Similarly, LEFSe analysis of soil microorganisms from the T2 and control groups showed significant enrichments of Alcaligenaceae and Legionellaceae in the soil samples from the T2, while Micrococcaceae and Cellvibrionaceae were enriched in the control group. These findings together suggested that the addition of inhibitors has resulted in substantial structural changes in the bacterial community.




Figure 2 | Ternary ternary phase diagram of microbial communities.






Figure 3 | Microbiology community structure in the analysis of soil samples.






Figure 4 | Microbiology community diversity in the analysis of soil samples (PERMANOVA, R2 = 0.523, P=0.001).






Figure 5 | Microbiology community linear discriminant in the analysis of effect size (LEfSe) in soil samples. (A) Comparison of rhizosphere bacterial communities between the T1 experimental group and the CK control group using LEfSe (LDA=2). (B) Comparison of rhizosphere bacterial 1 communities between the T2 experimental group and the CK control group using LEfSe (LDA=2).






3.4 The inhibitor addition influenced the interaction between soil physicochemical properties and microbial communities

To analyze the correlation between soil microorganisms and soil physicochemical properties, we conducted a correlation analysis based on the microbial community analysis results for the three sample groups. This analysis aimed to elucidate the relationship between soil physicochemical properties and the microbial community structure in tobacco-growing soil (Figure 6A). The results of distance-based redundancy analysis (db-RDA) indicated that the composition of bacterial communities in the T2 and control groups was positively correlated with AP, NH4+-N, and NO3–N, while negatively correlated with AK. Conversely, AK revealed a positively correlation with the bacterial communities in the T1. However, the Cl− content showed no significant correlations with the bacterial diversity. Additionally, CAP1 and CAP2 explained 24.67% and 18.62% of the variation in bacterial communities, respectively. To address potential confounding effects arising from variations in microbial abundance, the correlation between microbial taxa and soil physicochemical properties across the initial 30 taxonomic order levels was subsequently analyzed (Figure 6B). Clear distinctions were observed among different taxonomic orders in relation to physicochemical properties. Specially, Rhizobiales and Sphingomonadales exhibited a significant positive correlation with AK. Cytophagales and Gammaproteobacteria showed positive associations with Cl− and AK, whereas Parvibaculales displayed the exact opposite correlation with these two physicochemical properties. Moreover, Pseudomonadales demonstrated a notable negative correlation with NH4+-N and NO3–N. To sum up, these results suggest that a subset of the bacterial community collectively regulates the levels of chloride ions and other nutrients included in the planting soil.




Figure 6 | Correlation analysis of microbial community structure and environmental factors soil. (A) Nutrient content (Cl, AK, NH4+-N, NO3--N, A-P), redundancy analysis of different inhibitors (db-RDA) (B) Correlation plot analysis of nutrient content (Cl-, AK, NH4+-N, NO3-+N, A-P) with different inhibitors (*p < 0.05, **p < 0.01, ***p < 0.001).



Additionally, to further explore the effect of inhibitor addition on the functioning of soil microbial communities in tobacco rhizosphere soil, the FAPROTAX database was adopted to conduct functional predictions, respectively (Figures 7A, B). The photoheterotropgy, phototrophy and nitrite-denitrification of the soil in the T1 showed significant enhancement. The photoheterotropgy in the tobacco-planted soil of the T2 t exhibited significant improvement.




Figure 7 | Functional and phenotypic prediction of soil microbial communities (A) Significance test for the addition of sodium-demanding Vibrio natriegens for soil diversity prediction of FAPROTAX functional group differences in tobacco planting (*p < 0.05, **p < 0.01, *** p < 0.001) (B) Significance test for differences between FAPROTAX functional groups for predicting soil diversity in planted tobacco with the addition of zinc sulphate heptahydrate (*p < 0.05, **p < 0.01, ***p < 0.001).






3.5 Field experiment validation of chloride ion absorption inhibitors

To further investigate the practical application effectiveness of the inhibitors FT1 and FT2 in tobacco cultivation, field experiments was conducted. The chloride ion content in tobacco leaves was analyzed (Figure 8), and the results demonstrated that the chloride ion content in various parts of the tobacco leaves in the FT1 was lower than that in the FT2 and the control group, with a significant reduction observed in the upper leaves. The chloride ion content in the tobacco leaves of the FT2 was also lower than that in the control group, indicating its positive role in inhibiting the absorption of chloride ions in tobacco plants. Moreover, the chloride ion content in tobacco soil from the field experiment was also investigated (Table 4). During the vigorous stage, the control group had the highest chloride ion content (113.79 mg/kg) in tobacco soil, followed by the FT2 (108.54 mg/kg), and lastly the FT1 (105.03 mg/kg). Conversely, during the mature stage, the best-performing experimental group in terms of tobacco soil chloride ion content was the FT1, followed by the FT2, with the lowest content observed in the control group. Overall, the field experiment results were consistent with those of the pot experiment.




Figure 8 | Chloride ion content in tobacco leaves in field experiment. (*p < 0.05, **p < 0.01, ****p < 0.0001, ns: not significant).




Table 4 | Chloride ion contents in tobacco-planting soil at different growth stages in field experiment.







4 Discussion

In this study, we observed that the introduction of the halophilic microorganism V. natriegens and zinc sulfate resulted in diminished chlorine ion content in tobacco leaves, and the deposition of chlorine ions within the tobacco rhizospheric soil. It has been reported that elevated levels of chlorine ion could impede plant growth, while simultaneously augment water uptake and decrease tobacco combustion rates (48, 49). Beside the decrease of chlorine ion content in tobacco leaves, the application of inhibitors correspondingly increased the levels of AK and NH4+-N in the tobacco rhizospheric soil. As well known, both nitrogen and potassium are vital nutrients essential for tobacco growth (50). In this study, the addition of the V. natriegens inhibitor increased the content of available potassium in the soil. V. natriegens can decompose minerals such as potassium feldspar in the soil, releasing potassium ions into the soil solution, thereby increasing the available potassium content. Additionally, the sodium ions absorbed by V. natriegens are replaced by potassium ions, which are then released into the soil solution, further increasing the available potassium content (30). Moreover, as shown in Figure 3, the addition of the inhibitor increased the abundance of Actinobacteria in the soil. This phylum can enhance the available potassium content in the soil through synergistic interactions with other microbial species (51).

Soil microorganisms are known to be crucial in enhancing crop growth by facilitating biotransformation and improving nutrient utilization (52). Research has demonstrated that a subset of microorganisms employ salt solubilization mechanism to maintain osmotic balance between intra and extracellular environments, resulting in high intracellular levels of Cl− (53). Although there is currently no research demonstrating the mechanism by which V. natriegens reduces chloride ion content in tobacco leaves, we hypothesize, based on the fact that the rapid growth rate of halophilic bacteria increases chloride ion uptake and that V. natriegens can regulate ion balance inside and outside cells through ion transport proteins on its cell membrane (30), that V. natriegens may absorb large amounts of chloride ions from the soil during its rapid growth, thereby reducing chloride ion content in tobacco leaves. This study shows that the introduction of sodium-dependent V. natriegens reduces tobacco plants’ uptake of chloride ions from the soil, which aligns with previous findings on the ability of halophilic microorganisms to mitigate free Cl− in high-salinity wastewater (54).

Zn2+ functions as an anion channel inhibitor, effectively suppressing the uptake of anions by plants from soil, and the mechanism has been experimentally confirmed in Arabidopsis thaliana (19, 20). In this work, the comparatively low chloride content in tobacco leaves and the increased chloride deposition in the soil were achieved after the addition of Zn2+. The results were generally consistent the findings from studies on Zn2+ as an inhibitor affecting anionic protein channel transport.

As mentioned above, increased abundance of soil microflora promotes plant growth and improves biomass accumulation to some extent (55). Here different inhibitors have resulted in significant differences in soil microbial composition. The addition of V. natriegens promoted an increase in soil bacterial abundance, among which the proportion of Proteobacteria increased significantly. Actually, V. natriegens belongs to Proteobacteria, the raised proportion might to be relative to the colonization of V. natriegens in the soil. However, the T2 was essentially the same as the control group in terms of soil bacterial abundance. Ternary analyses also confirmed this, with little difference in bacterial species between the control and T2, suggesting that there are still some differences in the improvement of soil microflora by chemical reagents compared to microbial agents. In tobacco rhizospheric soil ecosystems, the addition of microbial agents has obviously promoted changes in microbial community structure, which further affected soil nutrients. Through the db-RDA environmental factor analysis, it could be deduced that the contents of NH4+-N, NO3–N and AP were positively correlated with the bacterial diversity when Zn2+ was added versus the control group. Conversely, Cl− and AK appeared to be positively correlated with the bacterial diversity the soil microbiota following the addition of V. natriegens, highlighting a complex association between soil physicochemical properties and microbial composition. The significant negative relationship between Pseudomonadales bacteria abundance and NH4+-N, NO3–N content might be attributed to the influence of this bacterium on the nitrogen assimilation rate of the tobacco plant, which is consistent with previous study. LEfSe analyses were more helpful in identifying bacterial communities that were significantly correlated with certain functions after the addition of inhibitors (56). For instance, the Sphingomonadaceae community was significantly characterized by the addition of V. natriegens, known for its ability to degrade aromatic compounds, thereby improving soil quality and mitigating soil toxicity (57). Meanwhile, the ubiquitous rhizobacteria function as nitrogen-fixers and phosphorus solubilizers (58), potentially accounting for the higher levels of NH4    +-N and lower content of AP in the T1. The enrichment of Micrococcaceae and Cellvibrionaceae in T2 treated soils displayed significant correlations with various soil physicochemical properties. Notably, the two taxa have been reported to participate in the processes including fermentation, respiratory metabolism, and the degradation of chemically energetic organic matter in soil (59, 60). This result was also verified in the agronomic trait growth of tobacco plants, which was superior in the T2 compared to the control. Obviously, the microbial abundance in tobacco planting soil significantly influences the growth and vigor of tobacco plants (61, 62). Especially, the T1 has greatly increased the abundance and variability of soil microorganisms, and this treatment also presented the optimal growth of tobacco plants. These results are consistent with the results of previous studies (63), indicating V. natriegens has various potential functions in addition to inhibiting chloride ion uptake. In summary, to investigate the effects of inhibitors on soil microbial composition, alpha diversity analysis was used to assess the diversity and richness of microbial communities in the rhizosphere soil of different treatment groups and the control group. Additionally, ternary plots were employed to analyze the composition and distribution among different treatment groups. Further analysis at the phylum level revealed significant differences in species composition between the treatment groups and the control group. Moreover, LEfSe analysis was conducted to identify significantly enriched microbial taxa at the family level in each treatment group, and FAPROTAX was used to analyze functional changes. Finally, we examined the relationships between samples and environmental factors to observe the impact of soil microbial community changes on soil nutrients. The results indicated that the addition of the V. natriegens inhibitor did not increase chloride ion content in the soil. Furthermore, based on the above analysis, the addition of V. natriegens led to an increase in Proteobacteria in the soil. Certain strains of Proteobacteria can participate in the transformation and migration of chloride ions through synergistic metabolism with other microorganisms. Additionally, the addition of V. natriegens significantly enhanced the denitrification function of the microbial community. The protons (H+) produced during this process can influence soil pH balance. An acidic environment may increase the solubility of chloride ions, thereby raising their concentration in the soil solution. H+ may also compete with chloride ions for adsorption sites, affecting the adsorption and migration of chloride ions in the soil (64).

Through pot and field experiments, we found that the chloride ion inhibitor containing V. natriegens outperformed Zn²+ in reducing chloride ion content in upper tobacco leaves. To explain this phenomenon, we analyzed it in the context of existing reports. First, the mechanisms of action may differ. Zn²+ regulates ion uptake and transport by modulating the structure of the xylem in the plant roots and leaf veins, as well as the ratio of root cortex thickness, thereby reducing chloride ion uptake by the plant and subsequently lowering chloride ion content in the leaves. However, Zn²+ cannot reduce chloride ion content in the soil, leading to an accumulation of chloride ions in the soil and increasing the likelihood of plant uptake. In contrast, V. natriegens rapidly grows and absorbs chloride ions into its cells, reducing soil chloride ion levels and thereby decreasing the likelihood of plant uptake. Second, it is possible that Zn²+ is more susceptible to interference from anions in the soil, whereas V. natriegens, as a microbial strain, remains stable in the soil, resulting in superior efficacy compared to Zn²+. In summary, compared to using cations as anion channel blockers (19), employing V. natriegens as a Cl− uptake inhibitor offers greater stability, superior efficacy, and the ability to actively reduce chloride ion content in the soil.

As reported, effective microorganisms play a crucial role in enhancing plant leaf photosynthesis and improving yield and quality traits (65). In this study, the predicted functions, the oxygenated phototrophic autotrophic and fermentation functions, were significantly enhanced in the T1 group, consistent with previous studies (66). Notably, based on the FAPROTAX functional prediction results, we found that the addition of V. natriegens significantly enhanced the nitrite denitrification function compared to the CK. Nitrite denitrification refers to the microbial process of reducing nitrite to nitrogen gas or other nitrogen oxides. During this process, the production of protons can influence soil pH balance. An acidic environment may increase the solubility of chloride ions, thereby raising their concentration in the soil solution. Additionally, H+ may compete with Cl− for adsorption sites, affecting the adsorption and migration of chloride ions in the soil (67). However, these hypotheses have not yet been experimentally validated, which may lead to discrepancies with actual functional outcomes (68). Therefore, further detailed experiments are essential to confirm the effect of changes in the tobacco-planted soil microbial community on its functionality. Notably, limitations exist in this study conducted in greenhouse potted plants. A more accurate approach would involve precise control over a large field area, and the field trial would provide a more accurate judgement on the feasibility of the inhibitor products. Therefore, the field experiment was performed in this study, whose results suggested to be basically consistent with the findings from the plot experiment. Nevertheless, microbial inoculants utilizing microorganisms as inhibitors still face several challenges in soil improvement under field experimental conditions. Primarily, factors such as soil nutrient levels, temperature, and humidity may attenuate the beneficial effects of microbial inoculants. Secondly, the production costs of microbial inoculants are relatively high, particularly when employing lyophilization and cryopreservation techniques to sustain cellular viability. Additionally, due to variations in soil type, climatic conditions, and crop species, the efficacy of chloride ion inhibitors may differ across different field conditions, leading to increased uncertainty in their performance. Moreover, in field experiments, temperature is an uncontrollable factor, and excessively high or low temperatures may adversely affect the performance of the inhibitors. The amount and distribution of rainfall can influence the concentration and persistence of inhibitors in the soil. Furthermore, the chloride ion content in irrigation water may also impact the effectiveness of the inhibitors. In future studies, the mechanism of V. natriegens, Zn2+ and tobacco interaction at different stages can be studied, and large-scale field validation can be carried out to evaluate the overall impact on tobacco under different conditions. Moving forward, further comprehensive analyses on soil microorganisms and tobacco plants should be carried out.




5 Conclusions

In this study, the addition of both inhibitors of sodium-demanding V. natriegens and zinc sulphate reduced the chloride ion content of tobacco leaves and both raised the effect of inhibiting the chloride ion uptake, but there were differences between the two inhibitors. The T2, although effective in inhibiting the uptake of chloride ions, was slightly inferior to the T1experimental group in altering the soil microbial community and enhancing the growth of tobacco plants. V. natriegens, as a non-pathogenic halophilic bacterium, is ecologically safe. Additionally, due to its rapid growth rate, V. natriegens significantly reduces cultivation time and costs, making it highly economically valuable. In tobacco experiments, the addition of V. natriegens not only reduces chloride ion content in tobacco but also improves the physicochemical properties and microbial community structure of the rhizosphere soil, promoting tobacco growth. These findings have been further validated by field trials. These results may help to study the inhibitors to inhibit the uptake of chloride ions in tobacco plants, reduce the chloride ion content of tobacco, and enhance the quality of tobacco by providing theoretical references. However, this study still has certain limitations. Although fertilization and agronomic management were consistent between the pot and field experiments, the pot experiments were conducted in a greenhouse, while the field experiments were subject to more external influencing factors. As a result, the inhibitor concentration that was optimal in the pot experiments may not be optimal in the field experiments. Additionally, there are differences in chloride ion content in the irrigation water used for pot and field experiments. Furthermore, the mechanism by which V. natriegens interacts with soil nutrients to influence chloride ion uptake has not been investigated in greater detail. In future research, it is essential to delve deeper into the molecular mechanisms of V. natriegens, including gene expression and protein functions, which will facilitate the development of more efficient chloride ion inhibitors and enhance the adaptability and functionality of V. natriegens in diverse environments. Additionally, field experiments should be conducted across different regions, soil types, and tobacco varieties to evaluate the long-term effects and ecological impacts of V. natriegens in various soils. Furthermore, exploring the mechanisms of composite inhibitors is crucial to developing more efficient and cost-effective chloride ion inhibitors.
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