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Quorum sensing improves the plant growth-promoting ability of Stenotrophomonas rhizophila under saline-alkaline stress by enhancing its environmental adaptability
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Quorum sensing (QS) system has an essential function in plant growth-promoting rhizobacteria (PGPR) response to environmental stress and PGPR induction of plant tolerance to saline-alkaline stress. Nevertheless, there is a lack of understanding about how QS influences the growth-promoting effects of PGPR on plants. Stenotrophomonas rhizophila DSM14405T is a PGPR with a QS system, which can secrete diffusible signal factor (DSF), one of the QS signal molecules. In this study, we used the S. rhizophila wild type (WT) and an incompetent DSF production rpfF-knockout mutant strain to explore whether DSF-QS could affect the growth-promoting ability of PGPR in Brassica napus L. By measuring the seed germination rate, plant fresh weight, biomass, the total antioxidant capacity (T-AOC) level, and the content of chlorophyll in leaves, we found that DSF was unable to enhance the growth-promoting capacity of ΔrpfF and did not directly assist the plants in tolerating saline-alkaline stress. However, DSF aided S. rhizophila ΔrpfF in resisting stress during its effective period, and QS represents a continuous and precise regulatory mechanism. Altogether, our results show that DSF is helpful to improve the environmental adaptability and survival rate of S. rhizophila, thus indirectly improving the germination rate of seeds and helping plants grow under saline-alkaline stress. In this study, the mechanism of QS enhancing the environmental adaptability of PGPR was studied, which provided a theoretical basis for improving the application of PGPR to help plants better cope with saline-alkaline stress.
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1. Introduction

Saline-alkaline stress seriously impacts plant growth and development (Xu et al., 2021). Soil salinization and alkalinization often co-occur, devastatingly impacting plant growth (Liu et al., 2020). Plants must contend with ionic toxicity, osmotic stress, and high pH stress concurrently in saline-alkaline environments (Li et al., 2016).

Rhizosphere microbes play a vital role in helping plant species adjust to saline and alkaline stress (Lian et al., 2020). In particular, plant-growth promoting rhizobacteria (PGPR) are generally used as microbial fertilizers due to their noteworthy growth promotion and salinity resistance effects (Paul and Lade, 2014; Kumar and Verma, 2018). Stenotrophomonas rhizophila DSM14405T is a non-pathogenic, rhizosphere- and phylloplane-dwelling bacterium that shows pronounced saline tolerance by producing highly effective osmoprotectants, such as glucosyl glycerol (GG), trehalose, and spermidine, which act directly upon roots and aid plant survival in harsh environmental conditions (Alavi et al., 2013b; Egamberdieva et al., 2016). S. rhizophila is positioned within the family Xanthomonadaceae and has rpf-gene clusters (Huedo et al., 2015), a gene cluster encoding diffusible signal factor (DSF)- in gram-negative bacteria.

The quorum sensing (QS) signal molecules of gram-negative bacteria are mostly composed of acyl homoserine lactones, autoinducer-2, and DSF. DSF, whose chemical formula is cis-11-methyl-2-dodecenoic acid (Wang et al., 2004), is a member of the unsaturated fatty acid family. DSF is mainly produced in Xanthomonadaceae taxon under condition of high population density. QS is the key mechanism for PGPR to regulate bacterial population density, metabolic activity, and interaction, and controls multiple physiological behaviors of cells (Calatrava-Morales et al., 2018; Phour et al., 2020). QS enables bacteria to coordinate gene expression according to local population density. During the process of bacterial proliferation, the synthesis of QS signal molecules is secreted to the extracellular, and the concentration of the extracellular signal molecules increases with the increase of population density. When the concentration of the QS signal molecules reaches a certain threshold, it is induced by the corresponding receptor protein of the bacteria to start the related gene expression and protein synthesis, and carry out metabolic regulation function. When the physiological activity of bacteria is completed, bacteria exit QS (Zhou et al., 2017b). In Gram-negative bacteria, the rpf gene cluster is responsible for the production and perception of DSF: the rpfF encodes DSF synthase RpfF, rpfB encodes fatty acyl-CoA ligase RpfB. The histidine kinase sensor and response regulator encoded by rpfC and rpfG, respectively, constitute a two-component regulatory system (Ryan et al., 2015; Zhou et al., 2017b).

In addition, Alavi et al. (2013a) showed that DSF contributes to host colonization by the PGPR Stenotrophomonas maltophilia and an improved seed germination rate and plant growth promotion. Our previous studies have demonstrated that DSF-QS in S. rhizophila DSM14405T can help bacteria resist saline-alkaline stress by regulating metabolic activities (Liu et al., 2022). Hence, we want to further address the role of DSF in affecting plant growth promotion in S. rhizophila.

Here, we use S. rhizophila and oilseed rape (Brassica napus L.), investigating the impact of DSF-QS on the germination and growth of plants under conditions of saline-alkaline stress. The dynamics of bacteria-plant signaling related to QS warrant further investigation and should be applied in PGPR techniques to help crops cope with saline-alkaline stress with the goal of promoting sustainable agriculture.



2. Materials and methods


2.1. Bioinformatic analyses

Diffusible signal factor synthase encoded by rpfF, is crucial for the product of DSF (Alavi et al., 2014). To identify and recognize the gene encoding DSF synthases in S. rhizophila, the RpfF protein sequences were analyzed using the NCBI BLASTp program1. The DSF synthase sequences of selected species in the Xanthomonadaceae family were found in the NCBI protein database2. Multiple amino acid sequence alignments were generated by Clustal Omega3 and visualized in Jalview software (v2.11.1.4).



2.2. Construction of the S. rhizophila rpfF mutant

The total DNA of Stenotrophomonas rhizophila strain DSM14405T was extracted by the TIANamp Bacteria DNA Kit (TIANGEN, Beijing, China). Primers rpfF-MF1/rpfF-MR1 and rpfF-MF2/rpfF-MR2 (Supplementary Table 1) were used to amplify the upstream and downstream homologous arm fragments of gene rpfF, respectively. Homologous arm fragments rpfF-MF1 and rpfF-MR2 were purified by gel electrophoresis, then used as templates for overlapping PCR amplification. The purified overlap PCR fragment was seamlessly connected to the suicide vector pLP12 by applying recombinant Exnase II (ClonExpress II; Vazyme) at 37°C for 30 min, and the resulting plasmid was transformed into Escherichia coli DH5α competent cells (TIANGEN, Beijing, China). Transformed bacteria were spread on LB plates containing 20μg/mL chloramphenicol and 0.3% d-glucose.

Primers rpfF-UF and rpfF-UR were used to screen recombinant clones carrying the homologous arm fragments. A positive clone was cultured, plasmid plP12-rpfF was extracted, and transformed into E. coli β2163. E. coli β2163 (carrying recombinant plasmid pLP12-rpfF) and S. rhizophila were cultured overnight, respectively. A 100 and 150 μL sample of each bacterial culture were mixed, centrifuged, and resuspended by LB medium twice. The cell pellet mixture was resuspended in 10μL LB medium, spread on an LB plate containing 0.3 mM diaminoheptanoic acid and 0.3% d-glucose cultured at 30°C for 20 h. Cells were then resuspended in 1 mL LB medium, streaked on an LB plate containing 20μg/ml chloramphenicol and 0.3% d-glucose.

The E. coli β2163 donor strain could not grow on the LB plate containing 20μg/mL chloramphenicol and 0.3% d-glucose; only S. rhizophila cells harboring the plasmid inserted into the chromosome finger site via homologous recombination could survive.

The resulting clones were cultured in LB medium and confirmed using primers rpfF-MF1 and rpfF-MR2. The clones were then spread on an LB plate containing 0.4% L-arabinose and cultured overnight at 30°C. Only when the second homologous recombination event occurred and suicide plasmid pLP12 was lost could bacteria survive. Primers rpfF-TF and rpfF-TR were used for PCR screening of colonies, and wild-type, WT (1970 bp), and knock-out mutant strain (1298bp) were distinguished.



2.3. DSF extraction and detection

The QS signal DSF was extracted according to the procedure described by He et al. (2010), albeit with minor modifications. The S. rhizophila WT and rpfF mutant strains were, respectively, cultured on standard LB medium (1% NaCl, pH 7) and 2% NaCl LB medium, at pH 9, for 24, 48, 72 h, respectively, and the absorbance (OD 600 nm) was determined. The bacterial supernatant (500 mL) was collected by centrifugation at 4000 × g for 30 min at 4°C. The pH of these supernatants was adjusted to 3.0–4.0, by adding hydrochloric acid prior to extraction with an equal volume of ethyl acetate twice. The ethyl acetate fractions were then collected and the solvent was removed, by rotary evaporation at 40 to dryness. The extracts were dissolved in 1 mL of acetonitrile and filtered through 0.22-μm filters into UHPLC vials and stored at −20°C until their analysis. The experiment was repeated three times.

Diffusible signal factor standard was purchased from Sigma (St. Louis, MO, USA), and the calibration curves included calibrators at 0, 0.5, 1, 5, 10, 20, 50, 100, 200 μg/L DSF in acetonitrile. 450 μL Samples were taken out and added 50 μL DSF (15 mg/L) was as spiked samples. Standards, samples, and spiked samples were loaded onto a SIL-30AC autosampler set at 10°C. 5 μL of each standard and sample was injected onto a 2 um Shim-pack GIST C18 2.1 mm x 100 mm column (SHIMADZU, Japan) at 35°C using reversed-phase chromatography. Mobile phase A was 5% solution buffer in water; mobile phase B was 5% (ν/ν) buffer solution, 55% (ν/ν) acetonitrile, and 40% (ν/ν) isopropanol. The buffer solution used was 100 mM glacial acetic acid, and the pH was adjusted to 5 using ammonium hydroxide. The LC time gradient was created using LC-30AD detecting system (Shimadzu) as follows: 0–6 min, 70–100% B; 6–8 min, 100% B; 8–10 min, 100–70% B. The entire gradient was run at a flow rate of 0.3 mL/min.

Heated electrospray ionization in negative modes with multiple reaction monitoring (MRM) on a Shimadzu LCMS-8050 triple-quadrupole mass spectrometer was used to detect DSF. Because of the non-ideal fragmentation behavior of fatty acids, we used “pseudo-molecular” MRM with optimized collision cell parameters (Schiesel et al., 2010), choosing the same ions as the precursor and product ions: the precursor was 211.1 m/z, and the product was 211.1 m/z. The MS/MS conditions for DSF were optimized using the automated MRM optimization procedure in LabSolutions (Shimadzu). The interface temperature was 300°C, desolvation line temperature was 250°C, and heat block temperature was 400°C. Nebulizing gas flow was 3 L/min, heating gas flow was 10 L/min, drying gas flow was 10 L/min, dwelltime is 20 ms, Q1 pre bias is 15 V, CE is 7 V, Q3 pre bias is 24 V.



2.4. DSF addback experiment

S. rhizophila WT and ΔrpfF were, respectively, cultured on standard LB medium at 30°C with shaking at 150 rpm, until the OD 600 nm value of the cells reached about 1.1. The bacterial cultures were, respectively, collected by centrifugation at 4000 × g for 30 min at 4°C, the supernatant was discarded and the cells were, respectively, resuspended in the same volume of 2% NaCl LB medium, at pH 9. As shown in Table 1, four experimental groups were set up: WT and Δ rpfF groups were not treated; Δ rpfF add DSF once and Δ rpfF add DSF twice groups were, respectively, added DSF in the initial state, to make its final concentration of DSF in the cultures was 35 μg/L. Each experimental group has six parallels at 30°C with shaking at 150 rpm, and the cell density was detected during the growth process. After 14 h, DSF was added to the Δ rpfF add DSF twice group again to make its final concentration of DSF in the culture 1333 μg/L, and the other experimental groups were not treated. Continue to culture the groups at 30°C with shaking at 150 rpm, and detect the cell density at the 16th hour.


TABLE 1    DSF addback experiment.
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2.5. Seed germination under saline-alkaline stress

Brassica napus oilseeds were first surface-sterilized in 2% NaClO for 10 min and then washed with sterile water three times. Take 200 μL water from the third rinse and spread it onto LB plates at 30°C overnight to check for contamination. Continue with the following steps if there is no microbial colony presenting on the LB plates, otherwise, discard the seeds and repeat disinfection of seeds until no colony is detected on the LB plates. The seeds were placed in sterile gauze, and divided into eight groups, each group had three parallels, and each parallel had one hundred seeds for different treatments (Table 2). The Group CKN was treated with sterile water, and the other seven groups were treated with sterile water containing 2% NaCl and pH 9: Group CK: no operation; Group W: S. rhizophila WT; Group F: S. rhizophila ΔrpfF; Group SW: autoclaved S. rhizophila WT; Group SF: autoclaved S. rhizophila ΔrpfF; Group D: DSF and Group F + D: S. rhizophila ΔrpfF + DSF. The number of bacteria per plate for S. rhizophila WT, ΔrpfF, and inactivated strains in W, F, SW, and SF groups were 3 × 109, respectively. The amount of DSF added to each plate in D and D + F groups was 10 μg. Plants were arranged in a replicated randomized block design, maintained at 20°C under a 12 h/12 h light/dark photoperiod, and grown for 5 days. Determine the germination rate of the plant.


TABLE 2    Experiment on seed germination under saline-alkaline stress.
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We washed the gauze in groups W and F with 100 mL sterile water three times, mixed the eluent, then diluted the eluent in a gradient, applied it to the LB plate, and calculated the CFU of bacteria to count the active S. rhizophila WT and ΔrpfF in each plate. In addition, monoclone were randomly selected for strain identification to ensure that the bacteria were S. rhizophila rather than miscellaneous bacteria.



2.6. Plant potting under saline-alkaline stress

Disinfection and germination of seeds are described above, plant seedlings were then planted into sterilized vermiculite, which was sterilized twice via autoclaving at 121°C for 20min each. Plants were arranged in a replicated randomized block design and maintained at 20°C under a 12 h/12 h light/dark photoperiod and sustained with standard Hoagland solution (pH 6). After reaching the fourth-leaf stage, plants showing uniform growth were randomly divided into eight groups, transferred to soil for growth (see Supplementary Table 2 for soil properties), and divided into CKN, CK, W, F, SW, SF, D, and F + D groups according to the grouping treatment described in Table 3. The following substances were added to each group of soil for treatment: Group W (S. rhizophila WT bacterial liquid, 2 × 108 CFU per gram of soil); Group F (ΔrpfF bacterial suspension, 2 × 108 CFU per gram of soil); Group SW (same amount of WT after autoclaving); Group SF (same amount of ΔrpfF after autoclaving); Group D (10 μg DSF per gram soil); Group F + D (2 × 108 ΔrpfF + 10 μg DSF per gram soil); Group CK (equivalent LB medium); Group CKN (equivalent LB medium).


TABLE 3    Experiment on plant growth under saline-alkaline stress.
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The plants were transplanted into soil pots and grown in a light incubator at 20°C with a photoperiod of 12 h light/12 h dark. Every 72 h, 100 mL Hoagland medium (pH 6) was added to the Group CKN, and 100 mL 2% NaCl Hoagland medium (pH 9) was added to the other treatment groups. The experimental period was 5 weeks.

The newly grown and fully expanded leaves of the above-ground part of the plant were selected, and the chlorophyll content was quantified with SPAD-502 plus meter (Minolta Camera, Osaka, Japan) (Hu et al., 2018). To determine the total antioxidant capacity (T-AOC), the Fe3+ reduction method was applied using the T-AOC reagent kit (Solaibio, Beijing, China). The remaining aerial parts of the plants were then weighed fresh with a scale, and the plants were then dried at 60°C for 2 days to constant weight and weighed dry, and the dry weight was weighed as biomass.




3. Results


3.1. Greater production of DSF in S. rhizophila DSM14405T WT under the saline-alkaline stress condition

Multiple amino acid sequence alignments result showed that the RpfF protein in S. rhizophila was highly (53.6–90.2%) similar to the DSF synthase in other bacteria known to produce the DSF signal (Figure 1A). Analysis of the RpfF amino acid sequence showed it was 77.6% identical to Xanthomonas oryzae pv. oryzae (He et al., 2010), 78.6% identical to X. campestris pv. campestri (Zhou et al., 2017b), 53.6% identical to X. citri pv. citri (Li et al., 2019), 54.5% identical to X. translucens pv. graminis, and 90.2% similar to S. maltophilia (Huang and Lee Wong, 2007). These alignments indicated that S. rhizophila is capable of synthesizing DSF.


[image: image]

FIGURE 1
(A) Jalview-visualization of the multiple sequence alignment of the RpfF amino acid sequences in the selected repertoire of bacterial species. (B) Agarose gel validating the knockout of the rpfF gene, DNA maker (lane 1), S. rhizophila WT (lane 2), S. rhizophila ΔrpfF (lane 3). (C) Colony morphology of S. rhizophila WT and ΔrpfF strains grown on LB solid medium for 1 week. (D) Representative MRM (multiple-reaction monitoring) chromatogram of the S. rhizophila WT and ΔrpfF samples and corresponding DSF standards; the arrows point to the DSF peak.


The rpfF gene was knocked out by homologous recombination and we obtained the rpfF knockdown mutant, ΔrpfF (Figures 1B, C). The DSF was detected using a UHPLC-MS/MS quantitation analysis with MRM in the negative mode (Supplementary Figure 1), for which excellent linearity was observed within the calibration range (R2 > 0.999). The retention time was 3.48 min, with an accuracy ranging from 89.9 to 139.5%. The DSF detection of S. rhizophila WT and ΔrpfF samples, as well as the spiked samples, is depicted in Figure 1D. Evidently, the S. rhizophila WT can produce DSF, whereas the rpfF gene mutant strain cannot.

Under standard LB medium conditions, S. rhizophila WT secreted 28.6, 741.1, and 280.0 μg/L of DSF at 24, 48, and 72 h, respectively; when cultured on LB with 2% NaCl (pH 9) the S. rhizophila WT produced 56.3, 1492.6, and 569.1 μg/L of DSF at 24 h, 48 h, and 72 h, respectively. Cell densities were not significantly different between standard and saline-alkaline stress conditions (Figure 2A). The saline-alkaline stress dose significantly increased the production of DSF by around twofold (Figure 2B). The S. rhizophila ΔrpfF did not produce DSF in any of the cases. These results corroborate our previous study (Liu et al., 2022) and demonstrate that DSF-QS is a stress-responsive mechanism in S. rhizophila.
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FIGURE 2
(A) Growth and DSF secretion of S. rhizophila WT under standard condition and saline-alkaline stress. The red curve represents the bacterial growth curve, and the bar graph represents the amount of DSF secretion. Error bars indicate ± SD, n = 3. (B) Detection of DSF in S. rhizophila WT and ΔrpfF under standard conditions and saline-alkaline stress. Error bars indicate ± SD, n = 3, **P < 0.01, ***P < 0.001 (independent sample t-test).




3.2. The role of DSF is time-sensitive

Through the experiment of DSF supplementation, it was found that exogenous DSF could significantly increase the population density of S. rhizophila ΔrpfF under saline-alkaline stress and promote the growth of bacteria. As shown in Figure 3, comparing the growth of bacteria in the three experimental groups of Δ rpfF, Δ rpfF add DSF once, and Δ rpfF add DSF twice, noticeable that the addition of DSF promoted the growth of S. rhizophila ΔrpfF. At the same time, in the Δ rpfF add DSF twice group, the cell density increased significantly again with the second addition of DSF. This study found that the biological effect of exogenous DSF was time-limited, and it was gradually used and degraded in the process of bacterial growth and metabolism, and it needed to be added continuously to play its role. Exogenous addition of DSF could not increase the cell density of ΔrpfF to a level close to that of WT. Even if the secretion of DSF in S. rhizophila WT was known, when the corresponding concentration of DSF was added to ΔrpfF, the growth state of ΔrpfF could not be restored to the level at which QS is present.
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FIGURE 3
Effect of supplementation of DSF on the growth of ΔrpfF. The solid red arrow is the time point of a single addition of DSF; the red dashed arrow is the time point of two additions of DSF. The asterisks not marked with contrast lines represents a significant difference between each group and the group WT. Error bars indicate ± SD, n = 3. ANOVA, Tukey’s HSD test (**P < 0.01, ***P < 0.001).




3.3. Seed germination

To study the role of QS in seed germination promoted by S. rhizophila, DSF, S. rhizophila WT, ΔrpfF, and both autoclaved strains were applied to plant seeds. The germination rates of CKN, CK, W, F, SW, SF, D and F + D groups were 100, 16.1, 64.3, 40.65, 3.7, 1.5, 15.8, and 39%, respectively. Compared with CKN and CK groups, saline-alkaline stress significantly inhibited the germination of seeds. Under stress, as shown in Figure 4A, S. rhizophila WT significantly increased the germination rate of the seeds by 298.7% compared with the CK group (P < 0.05). Compared with CK group, F and F + D groups also increased the mean of seed germination, but there was no significant difference, and the germination percentage was not improved in SW, SF, and D groups.
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FIGURE 4
(A) Comparison of germination percentage of CKN, CK, W, F, SW, SF, and D groups, bar. Error bars indicate ± SD, n = 9 (ANOVA, followed by the Tukey’s HSD test, *P < 0.05). (B) Comparison of bacterial counts between W and F groups. Error bars indicate ± SD, n = 3 (Welch’s t test, **P < 0.01).


In addition, by measuring the active bacteria in W and F groups, we found that the number of S. rhizophila WT was significantly higher than the number of ΔrpfF after 5 days in the plates (Figure 4B).



3.4. Salt tolerance of plants

To find out how QS affects the ability of S. rhizophila to help plants grow, a 5-week plant-growing experiment was conducted. From the comparison of CKN with other groups in Figures 5A, B, noticeably, the growth of plants was inhibited by saline-alkaline stress. Compared with CK group, W, F, and F + D groups significantly increased fresh plant weight by 54.5, 52.3, and 52.9%, respectively. The S. rhizophila WT increased the mean aboveground tissue biomass (Figure 5C) and T-AOC level (Figure 5E) of the plants, but there was no significant difference. There was no significant difference in the chlorophyll content (Figure 5D) of the leaves among the groups. As a whole, the growth promoting ability of S. rhizophila WT was more substantial than that of ΔrpfF.
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FIGURE 5
(A) Plant growth phenotype. Differences in fresh weight (B), biomass (C), chlorophyll (D), and T-AOC (E) among CKN, CK, W, F, SW, SF, D, and F + D groups. The asterisks not marked with contrast lines represents a significant difference between each group and the group CKN. Error bars indicate ± SD, n = 6 (ANOVA, followed by the Tukey’s HSD test, *P < 0.05, ***P < 0.001).


No plant growth-promoting effect was observed in SW, SF, and D groups. This result indicates that the active S. rhizophila WT and ΔrpfF help plants resist saline-alkaline stress, rather than the added organic carbon. In addition, DSF had no growth promoting function on plants, and the growth promoting ability of ΔrpfF was not enhanced after the addition of DSF.




4. Discussion

Here, we applied bacterial growth monitoring, DSF secretion monitoring, detection of exogenous DSF addition, seed germination testing, and plant physiology testing under saline-alkaline stress conditions.

In the process of extracting DSF in the prior art, methanol is mostly used (Deng et al., 2010; Huedo et al., 2015; Xu et al., 2015; Zhou et al., 2017a), and the methanol is easy to have an esterification reaction with a long-chain fatty acid substance (De Boer and Bahri, 2011), so the detection result is affected. In this study, acetonitrile was used to dissolve and store DSF, and the substance would not react with the solvent, which was helpful to the stable storage of the sample and had high stability.

However, as DSF is a stable fatty acid chain, it is difficult to ionize and generate collisions, and the reaction intensity of distinctive fragment ions is low. Therefore, the “pseudo-molecular” MRM detection mode is used to select the same ion as the parent ion as the daughter ion, and the mass spectrum signal is collected (Schiesel et al., 2010) (Supplementary Figure 1).

Furthermore, this work demonstrated that the rpfF gene was the primary enzyme-coding gene controlling DSF production in S. rhizophila strain DSM14405T, and that the rpfF gene-deficient strain was incapable of producing DSF (Figure 1D). By quantitative measurement of DSF during bacterial growth, we determined that the DSF released by S. rhizophila WT under saline-alkaline stress was approximately twice that secreted under normal culture conditions (Figure 2B). The findings of the DSF addback experiment indicate that the exogenous addition of DSF greatly boosted the population density of ΔrpfF, and that the promotion impact of double addition was much greater than that of a single addition (Figure 3). Adding DSF twice cannot raise the number of cells in the ΔrpfF strain to the same level as the WT strain. This data suggests that DSF is detected by receptor protein after entering ΔrpfF, and subsequently modulates the metabolic activity of bacteria to aid in their resistance to saline-alkaline stress. After DSF was entirely consumed and decomposed, the QS regulation in ΔrpfF was halted, and population expansion was again limited, necessitating further DSF replenishment. This study demonstrates that DSF-QS regulates the development and metabolism of bacteria precisely and in a timely manner to guarantee their survival. The aforementioned findings demonstrated that DSF-QS is the mechanism via which S. rhizophila resists saline-alkaline stress.

The germination rate of oilseed rape seeds treated with the S. rhizophila WT strain was much higher than that of seeds treated with the ΔrpfF strain (Figure 4). The mean germination rate rose somewhat in the F and F + D groups. The addition of autoclaved strains reduces the average germination rate of seeds in comparison to the CK group. We hypothesized that the autoclaved strains may be attached to the seed coat as a form of organic carbon, and that the presence of excessive nutrients impeded seed germination (Solberg et al., 2020). The findings of the seed germination experiment demonstrated that the WT had more environmental adaptation and a higher survival rate than the ΔrpfF (Figure 4B). The surviving WT might thus encourage seed germination.

Saline-alkaline stress in the soil inhibits plant water absorption during the growth process; fresh weight and biomass are the most direct manifestation of plant growth status (Skiba et al., 2020; Cai et al., 2021). Under saline-alkaline stress, the fresh weight and biomass of plants fell considerably relative to the CKN group (Figures 5B, C). S. rhizophila WT, ΔrpfF and ΔrpfF + DSF were able to considerably improve the fresh weight of plants and assist plants survive saline-alkaline stress when compared to the CK group (Figure 5B). S. rhizophila WT increased the average values of plant biomass (Figure 5C) and T-AOC level (Figure 5E). Under normal circumstances, homeostasis maintains the metabolic status of the plant. Yet, in saline-alkaline stress settings, the metabolic equilibrium of plants is continuously disturbed and ultimately altered. By degrading the structure of the cell membrane, saline-alkaline stress disrupts the osmotic balance of the plant cell and causes the accumulation of various harmful ions. In addition, the excessive reactive oxygen species caused by saline-alkaline stress oxidize cellular components, cause oxidative damage to plants, and irreversibly harm their cells (Julkowska and Testerink, 2015). T-AOC reflects the exhaustive measurement of diverse antioxidant enzymes and non-enzymes in plants (Wang et al., 2012). It conveys, to some extent, the resilience of plants to oxidative damage. The amount of T-AOC in the W group was substantially greater than that in the CKN group, indicating that WT significantly boosted the antioxidant capacity of plants (Figure 5E). Both WT and ΔrpfF with the same biomass were able to improve the salt tolerance of plants, as demonstrated by the data presented above (Figure 5B).

Because of its greater environmental flexibility than ΔrpfF, WT can increase the germination rate of seeds under saline-alkaline stress. DSF did not directly enhance plants’ resistance to saline-alkaline stress, nor could it enhance the growth-promoting properties of ΔrpfF.

Previous studies have demonstrated that S. rhizophila produces highly effective osmoprotectants, such as GG, trehalose, and spermidine, which act directly upon roots and aid plant survival in punitive environmental conditions (Alavi et al., 2013b; Egamberdieva et al., 2016). Alavi et al. (2013a) carried out a 5-day incubation experiment of plant seedlings under 0.85% NaCl stress. The fresh weight of the underground parts was weighed, and it was found that the fresh weight of the S maltophilia WT treated plants was significantly higher than that of the S maltophilia ΔrpfF. Therefore, the authors believed that DSF positively affects the early stages of plant growth in S maltophilia.

In this study, however, we demonstrate that DSF promotes plant development indirectly rather than directly. DSF enables bacteria to directly resist stress and increase their survival rate, allowing active PGPR to stimulate plant development. Experiments using the anaplerotic addition of DSF indicated that the function of DSF to aid S. rhizophila in resisting stress on their own is time-efficient. The addition of DSF to the ΔrpfF did not boost the seed germination rate to the level of the WT, nor did it increase the growth-promoting ability of the ΔrpfF, demonstrating that the addition of DSF alone cannot alter the function of bacteria. Continuous and intricate regulation of DSF in bacterial populations was observed.

S. rhizophila WT boosted their survival rate to ensure a sufficient bacterial population by increasing the release of DSF under saline-alkaline stress. Furthermore, S. rhizophila WT had a growth-promoting role in promoting seed germination. But, under stress, ΔrpfF’s growth was slowed, its population fell, and its growth-promoting impact was naturally constrained. In addition, DSF has no direct influence on the growth of plants. We revealed that the DSF-QS system has a direct favorable influence on the environmental adaption of S. rhizophila, hence indirectly enhancing the growth-promoting capacity of the WT.



5. Conclusion

This study established a novel method for the quantitative determination of DSF by UHPLC-MS/MS using the “pseudo-molecular” MRM detection mode. We constructed the rpfF-knockout mutant strain that was unable to secrete DSF. The DSF-QS system aims to regulate the growth of bacteria themselves, double-secreting DSF under saline-alkaline stress, promoting the bacterial population by improving their environmental adaptability and survival rate, thereby enabling PGPR to exert its growth-promoting effect. In addition, DSF cannot directly help plants resist saline-alkali stress. This study deepens our understanding of DSF-QS survival and growth-promoting strategies in PGPR.
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