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Abstract

:

In recent years, the optimum development of land resources has become an important task for ensuring the security of food production in China. Soil microorganisms have been considered to play an important role in conferring soil fertility and productivity. In order to obtain the plant-growth-promoting bacteria in newly reclaimed land, a total of 988 bacterial strains were isolated from nine soil samples collected from different sites in wastelands in Hangzhou (Zhejiang Province, China), a rural mountainous area. Among them, five strains exhibited substantial potential of phosphate solubilization, nitrogen fixation, siderophore production and indole acetic acid production at both pH 5.0 and pH 7.0, and also promoted eggplant growth in immature soil from newly reclaimed land. Furthermore, bacterial strains ZJ62 and ZJ3-12 were identified as Pantoea dispersa and Pantoea ananatis, respectively, while strains ZJ5, ZJ9 and ZJ174 were identified as Burkholderia arboris, Burkholderia pyrrocinia and Burkholderia pyrrocinia, respectively, based on colony morphology observation and phylogenetic analysis of 16S rDNA and the housekeeping genes sequences. Overall, the result of this study showed that the 5 obtained bacterial strains have a great potential in promoting plant growth in immature soil from newly reclaimed land.
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1. Introduction


The limitation of available land resources and the gradual decrease of arable area with the expansion of urbanization have led to food supply challenges in China [1]. To meet the demand for land, we carried out a land reclamation of the benchland in the mountainous outskirts of the city of Hangzhou (Zhejiang Province, China), by raising the elevation of a waterbed and low-lying land using immature soils produced from road or reservoir construction. However, the immature soils are those, which are new and not fully developed, characterized by slight weathering of the mineral material and generally containing a small amount of organic matter. These soils are not suitable for plant growth due to high gravel content, acidity and low nutrient contents [2].



Organic amendments, such as livestock manure, biosolids, wood residuals, and crop residues, have been widely used in soil reclamation owing to their ability to modify soils’ physical and chemical properties [3,4]. Meanwhile, the use of organic residues as amendments greatly influences soil microbial communities, which improves soil organic matter level and long-term soil fertility and improves soil health and productivity [5]. In addition, soil bacteria that thrive in the rhizosphere, colonize plant roots and facilitate plant growth are designated as plant growth-promoting bacteria (PGPB) [6].



Due to land shortage, mountain vegetable cultivation has developed rapidly in recent years in Zhejiang Province, China, especially in Hangzhou [2,7]. Among these mountain vegetables, eggplant is the most popular due to its various advantages, such as rich nutritional properties and good taste [7]. In order to promote mountain eggplant production, soil reclamation was carried out by widely applying organic amendments, such as biosolids, livestock manure, wood residuals, pulp byproducts and crop residues. Organic amendments have greatly improved the physical and chemical properties of mountain soil and significantly enriched heterotrophic microbial communities [2,8].



In agricultural soils, plant growth-promoting microorganisms as green bio-inoculants can enhance plant growth and abiotic stresses as well as protect plants from disease through different mechanisms [9,10]. The application of PGPB-based biofertilizers in the soil is considered as eco-friendly, inexpensive, and sustainable alternative to hazardous chemical fertilizers [11]. Several studies reported that PGPB influences plant growth by biological nitrogen fixation, phosphate solubilization, siderophores production, and regulation of hormones and hormone like molecules like auxins, cytokinins, gibberellins, abscisic acid and ethylene [12,13,14]. However, to the best of our current knowledge, there is very little information available on effect of PGPB on plant growth in immature soil [15,16,17].



We hypothesize that the PGPB from immature soil can survive well in new reclamation land. This study aims to isolate and characterize the native bacterial isolates, which have a great ability in phosphate solubilization, nitrogen fixation, siderophore and indole acetic acid production, and plant growth promotion in immature soil from newly reclaimed land. Furthermore, the selected bacterial strains were identified based on colony morphology observation and phylogenetic analysis of 16S rDNA and the housekeeping gene sequences.




2. Materials and Methods


2.1. Sample Collection


In order to isolate PGPB, nine soil samples were collected from different wastelands sites, which were abandoned for many years at a mountainous rural area of Yuqian town in the city of Hangzhou (119°25′26″ E, 30°7′29″ N, Zhejiang Province, China) in November 2019. The soils had a pH of 5.24, with 6.78 g/kg of organic matter, 0.046% of total N, 1.6 mg/kg of available P, and 57 mg/kg of available K, while the soil type is acrisols (acidic soils with a layer of clay accumulation), according to the soil classification system of FAO-UNESCO. The soils were sampled from a 5–20 cm soil layer, and samples were transported to the laboratory in sterilized polythene bags.




2.2. Bacterial Isolation


A soil suspension was prepared by adding 1 g of soil into 99 mL of sterile water followed by 10-fold serial dilution. Bacteria were isolated by inoculating 200 μL of each dilution on a nutrient agar (NA) medium (beef extract 5 g, peptone 5 g, NaCl 5 g, agar 20 g, distilled water 1000 mL, pH = 7.0) and then incubating the plates at 28 °C for 24 h. After purification by repeated streaking on NA medium at least three times, different colonies were selected based on their morphological characteristics such as shape, color, size, regular or irregular and convex or flat. The purified bacterial strains were stored at −70 °C in 30% glycerol solution. In order to test bacterial abilities associated with the plant growth promotion, a single bacterial colony was picked up from the NA medium and then incubated in nutrient broth at 30 °C, 180 rpm for 24 h. After centrifugation at 10,000× g, 4 °C for 5 min and washing three times with sterile water, the initial bacterial density was prepared by adjusting cells suspension to an optical density at 600 nm (OD600) of 0.85 (approximately 1 × 108 cfu/mL). The correlation between the OD600 value and bacterial density was determined by measuring the OD600, plating the appropriate bacterial dilution onto NA medium and incubating overnight at 30 °C.




2.3. Evaluation of Phosphate Solubilization Activity


The phosphate (P) solubilization activity was evaluated according to the method of [18] with minor modification by inoculating bacterial colonies on a modified National Botanical Research Institute’s phosphate growth medium (NBRIP, glucose 10 g, MgCl2 5 g, KCl 0.2 g, MgSO4·7H2O 0.25 g, (NH4)2SO4 0.1 g, Ca3(PO4)2 5 g, agar 18 g, distilled water 1000 mL, pH = 5.0 or 7.0). The solubilize phosphate ability of each strain under acid conditions was determined by adjusting the pH of media to 5.0 before autoclaving. After incubating bacteria on the NBRI-MTSB media at 30 °C for 3 d, the P-solubilizing ability of all bacteria were assessed by observing the formation of a halo around the colony and measuring the P-Solubility Index (PSI), which was calculated as described by [19]. Each assay was performed in triplicate.




2.4. Measurement of Siderophore Production


Bacterial strains with high P-solubilizing activity were further evaluated for their ability to produce siderophores, which was determined as described by [20] using the CAS universal chemical assay. All glassware was soaked overnight in 6 M HCl and rinsed with distilled Millipore water several times to remove traces of iron. After culture in LB in a WY-211B rotary shaker (Shanghai Zhicheng Instrument Co., Ltd, Shanghai, China) at 180 rpm at 30 °C for 20 h, bacteria were harvested by centrifugation at 3000× g for 5 min and then resuspended in iron-deficient minimum salt medium 9 (MM9) [20]. After incubating the bacteria on MM9 for 24 h and adjusting the density of cell suspension to 107 cfu/mL, a sterile filter paper disc (5 mm) inoculated with 10 μL bacterial suspension was placed into the center of a Chrome Azurol S (CAS) solid medium. The siderophore production by the strains was determined by observing the production of orange halo.




2.5. Determination of Nitrogen-Fixing Ability


Bacterial strains with high P-solubilizing activity were further evaluated for their nitrogen-fixing ability, according to previously described method [21]. In brief, bacteria were grown in nutrient broth (NB) (1% tryptone, 0.1% yeast extract, 1% sucrose, 0.3% peptone) for 20 h, and harvested by centrifugation at 3000× g for 5 min and then re-suspended in the N-free malate (Nfb) broth (KH2PO4 0.4 g, K2HPO4 0.1 g, MgSO4·7H2O 0.2 g, NaCl 0.1 g, CaCl2 0.02 g, FeCl3 0.01 g, MoO4Na·2H2O 0.002 g, sodium malate 5.0 g, bromothymol blue with 0.5% alcohol solution 5 mL in 1000 mL ddH2O with pH 7.0). After adjusting the density of cell suspension to 107 cfu/mL, 10 μL cell resuspension was added to the test tube containing 5 mL of the Nfb broth and then the test tubes were incubated at 30 °C in a rotary shaker at 180 rpm for 2 d. The nitrogen-fixing ability was determined by observing the color change in the test tubes.




2.6. Detection of Indole Acetic Acid (IAA)


Bacterial strains with high P-solubilizing activity were further evaluated for their IAA production ability. In brief, after incubating bacteria in NB in a WY-211B rotary shaker at 180 rpm at 30 °C for 20 h and then the density of cell suspension was adjusted to 107 cfu/mL, 10 μL cell resuspension was added to test tube containing 5 mL NB with 0.1% tryptophan. The test tubes were incubated as above condition for 48 h and then centrifuged at 8000 rpm for 5 min. One mL of supernatant from each test tube was mixed with 4 mL Salkowski’s reagent (0.5 mol/L FeCl3 15 mL, H2SO4 300 mL, ddH2O 500 mL) [22], and the test tubes were incubated at room temperature for 30 min in the dark. The IAA production was determined by observing the development of a pink-red color and measuring the optical density at a wavelength of 530 nm with a UV-VIS spectrophotometer (Perkin Elmer Lambda 35, Waltham, MA, USA). Furthermore, the IAA concentration value was calculated using a standard curve by standard IAA (0–100 μg/mL), while the amount of the produced IAA was expressed as µg IAA secreted per unit of optical density.




2.7. Effect of Five Strains on Plant Growth Promotion in New Reclamation Land


The effect of PGPB strains on plant growth promotion was evaluated in soil from new reclamation land. In brief, seeds of the eggplant cv. Hangqie2010 (an eggplant F1 hybrid bred developed by the Vegetable Institution, Hangzhou Academy of Agricultural Sciences) was sterilized with 2% sodium hypochlorite solution for 2 min and rinsed three times with sterile water and soaked in sterile water for 5 h and then air-dried in a laminar flow hood. After incubation on the sterilized filter papers at 25 °C for 3 d, the germinated seeds were sowed into the 32-cell seed growing trays containing the cocopeat substrate (Bairun Agricultural Technology Co., Ltd., Hangzhou, China), which was put in the greenhouse with a relative humidity level of 70–80% and temperatures of 30 °C. The cells suspension of the selected strains was prepared by overnight culture in LB broth on a rotary shaker for 180 rpm at 30 °C for 20 h and adjusting the density to about 108 cfu/mL.



At the four-leaf stage (about six weeks after sowing), they were transplanted into pots containing unsterilized soil from the new reclamation land with pH 5.0, and 10 mL of cell suspension of each test strain was poured into the soil around the plants and then incubated under the same condition above. The plants inoculated with sterile water were used as the control. Ten plants (n = 10) were used for each treatment and three independent replicates were performed for each treatment. The seedlings were observed daily and their changes were recorded. After 30 d of inoculation, seedlings height, root length, fresh and dry weight were determined by removing eggplant seedlings from each pot and rinsing them with tap water. Dry weight measurement was performed by drying the plants in an oven at 65 °C for 2 d. The growth promotion efficacy (GPE)% was calculated using the following formula: GPE% = (treatment − control)/control × 100%.




2.8. Identification of Bacterial Strains


The selected strains were further identified based on sequence analysis of 16S rDNA as described by [23] In brief, bacteria were cultured on LB broth at 30 °C for 24 h, 16S rRNA genes of the strains were amplified with primer pairs 27F and 1492R in an automated thermal cycler (Eppendorf AG, Hamburg, Germany) [24]. The amplified products were sent to the Sangon Biotech Company Limited (Shanghai, China) using the Sanger method to sequence both strands on an automated DNA sequencer. The resulting sequence was edited, compared with others in the GenBank database, using BLAST to search for the most similar sequences and the strains were assigned to different genera. Furthermore, the identity of Pantoea spp. was determined by amplification of the atpD, gyrB, infB and rpoB genes using primer pairs atpD 01-F/02-R, gyrB 01-F/02-R, infB 01-F/02-R and rpoB CM7-F/CM31b-R, respectively, while the identity of Burkholderia spp. was determined by amplification of atpD, gyrB, gltB, lepA, phaC, recA and trpB genes using the corresponding primer pairs (https://pubmlst.org/organisms/burkholderia-cepacia-complex/primers; accessed on 26 August 2021). The amplification was carried out in a 50 μL reaction volume containing 32.5 μL ddH2O, 5 μL 10 × PCR buffer, 4 μL 2.5 mM dNTP, 2 μL 10 μM of each primer, 4 μL template and DNA 0.5 μL 5 U/μL Taq DNA polymerase (TaKaRa Bio Inc., Shiga, Japan). The purified PCR products were submitted to the Sangon Biotech Company Limited (Shanghai, China) for sequencing in both directions.



The obtained sequences were assembled using DNASTAR Lasergene version 7.1.0 and edited using BioEdit version 1.83 [25], and analyzed by BLAST search in GenBank database. The reference sequences of closely related species for Pantoea spp. were downloaded from GenBank database (Supplementary Materials Table S1). For Burkholderia app. (Supplementary Materials Table S2), the reference sequences of each species were downloaded from the Burkholderia cepacia complex (Bcc) multilocus sequence typing (MLST) website (http://pubmlst.org/bcc/; accessed on 26 August 2021). Phylogenic trees were constructed with RaxmlGUI v. 1.5 using the maximum likelihood (ML) method [26].




2.9. Statistical Analysis


Statistical analysis was done using SPSS software version 16 (SPSS Inc., Chicago, IL, USA). The levels of significance (p < 0.05) of the main treatments and their interactions were calculated through an analysis of variance after testing for normality and variance homogeneity.





3. Results and Discussion


3.1. P-Solubilizing Ability of Bacterial Strains


A total of 988 bacterial strains were isolated from nine soil samples, which were collected from different sites in wastelands abandoned for many years in Hangzhou, (Zhejiang Province, China), a mountainous rural area. The P-solubilization assays showed that only five bacterial strains produced the clear P-solubilizing zones (>1.0 cm) at either pH 7.0 or pH 5.0, while no clear zones were found in other bacterial strains (Table 1). Indeed, the PSI% of the five strains ZJ62, ZJ3-12, ZJ9, ZJ174 and ZJ5 was 141.7%, 87.5%, 95.83%, 108.3% and 95.83% at pH 7.0, while the PSI% of the five strains ZJ62, ZJ3-12, ZJ9, ZJ174 and ZJ5 was 133.3%, 93.1%, 118.8%, 110.4% and 100.0% at pH 5.0, respectively (Figure 1).



As we know, P is one of the essential macronutrients, along with nitrogen, required by the plants for their survival and vital functions, while phosphatic fertilizer is often added to fulfill the phosphate requirement of plants [27,28]. However, acidic soils rapidly retain applied phosphorus fertilizers and consequently present low nutrient availability to plants. Indeed, in acidic soil, the fixation of phosphate by aluminium and iron is very pronounced, limiting the availability of soluble phosphate for plant uptake [29,30]. Therefore, more and more studies paid attention to phosphate solubilizing microorganisms in particular bacteria.



Results from this study indicated that five bacterial strains exhibited strong phosphate solubilization ability in both pH 7.0 and pH 5.0 although they differed in P-solubilizing ability. Among the five strains, ZJ62 exhibited the highest PSI% at pH 7.0 and pH 5.0, whereas ZJ3-12 showed the lowest PSI% at pH 7.0 and pH 5.0. Due to the fact most immature soil from newly reclaimed land is usually very acidic, this result showed that the five strains have great potential in improving soil quality and promoting plant growth. In agreement with the result of this study, previous reports also indicated that the inoculation of phosphate solubilizing bacteria in soils can restore the overall balance of nutrients and health of the soil to sustain it for plant growth and agricultural production [30,31]. This may be due to the secretion of organic acids and phosphatases, which convert insoluble phosphates into soluble phosphate that plants can utilize.




3.2. Siderophore Production


Results from this study indicated that the five selected bacterial strains all produced orange halos around colonies after 3 d of incubation on MM9 medium with CAS at both pH 5.0 and pH 7.0 (data not shown). However, the halo diameter varied within the five bacterial strains. Indeed, the halo diameters of strains ZJ62, ZJ174, ZJ5, ZJ3-12, and ZJ9 were 1.20, 1.10, 0.99, 0.94 and 0.85 cm, respectively, at pH 7.0, while the halo diameters of strains ZJ62, ZJ174, ZJ5, ZJ3-12, and ZJ9 were 1.21, 2.12, 1.24, 1.11 and 1.06 cm at pH 5.0. Furthermore, the result of this study also indicated that the halo diameter of strains also depends on the pH. Indeed, strain ZJ174 exhibits the greatest siderophore production at pH 5.0, while strain ZJ62 exhibits the significant siderophore production at pH 7.0 (Figure 2, Table 1).



Siderophores have been reported to play an important role in the survival, colonization, and growth of PGPB in poor nutrient conditions by improving Fe utilization [32,33]. Indeed, the actual bioavailability of Fe is limited by its tendency to form insoluble ferric [Fe3+] complexes. Thus, most Fe is tied up in soil at these biologically relevant pH values, rendering it mainly unavailable to soil microbes (such as bacteria, fungi, oomycetes) and plants. In agreement with the result of this study, our recent studies indicated that soil microbes could secrete into the rhizosphere environment a variety of siderophores that perform a Fe scavenging role. Siderophores interact with the ferric Fe; the Fe is then transported into the cell, reduced to the biologically relevant ferrous (Fe2+) form [34,35].




3.3. Nitrogen Fixation Ability


It is well known that the N-fixation ability has a crucial role in bacterial survival, growth, and beneficial effect on plants. Thus, the N-fixation ability of five bacterial strains was evaluated by inoculating and incubating bacteria on the Nfb media with different pH values. The results of this study indicated that the color of the NfB media had changed from green to blue at pH 7.0 or from yellow to blue at pH 5.0 after 2 d of incubation, indicating that the five strains can fix atmospheric nitrogen (Figure 3, Table 1). In agreement with the result of this study, our previous studies have isolated and characterized a lot of soil bacteria with the N-fixation ability from farming soil samples in China [36].




3.4. Indole Acetic Acid (IAA) Detection


The IAA production ability of the five selected bacterial strains was evaluated by the change of color according to the spectrophotometric analysis following the incubation of bacteria in NB broth supplemented with 0.1% tryptophan. The results of this study indicated that the amount of IAA production of strains ZJ5, ZJ9, ZJ3-12, ZJ62 and ZJ174 was 123.92, 70.17, 67.33, 23.25 and 18.58 µg/mL, respectively, at pH 7.0, while the amount of IAA production of strains ZJ5, ZJ9, ZJ3-12, ZJ62 and ZJ174 was 11.83, 20.75, 29.58, 9.92 and 17.67 µg/mL, respectively, at pH 5.0 (Figure 4 and Figure 5, Table 2).



Previous studies have indicated that IAA has an important role in plant growth promotion of beneficial bacteria [37,38]. Interestingly, the results of this study showed that all tested strains were able to produce IAA, suggesting they may have a great potential in plant growth promotion. Furthermore, this study also found that the production ability differed among different strains. In addition, the IAA production ability of the five selected strains depended on the pH of broth. Indeed, the IAA production ability of all strains except strain ZJ174 was higher at pH 7.0 than that of pH 5.0, while there was no significant difference between pH 5.0 and pH 7.0 in the IAA production ability of strain ZJ174 (Figure 4 and Figure 5, Table 2).




3.5. Growth Promotion Effect of Eggplant Seedlings


In order to examine the promotion effect of the five selected PGPB strains on plant growth, eggplant plants were sown in newly reclaimed soil under greenhouse conditions and plant growth parameters were evaluated after 30 d of inoculation with bacterial suspension. As shown in Figure 6, it can be seen that the five PGPB strains significantly promoted the growth of eggplant seedlings at different levels (Figure 6). Compared to the control, an obvious increase of leaf size was observed in the treatments inoculated with different bacterial strains. In particular, inoculation with strain ZJ9 resulted in the early flowering of eggplant plants (Figure 6C).



The measured data in this study showed that the five bacterial strains significantly affected plant growth and biomass in newly reclaimed soil compared to the controls (p < 0.05) (Table 3). Indeed, the inoculation of the five bacterial strains on eggplant plants caused a 12.52–34.50% increase in seedling height, a 26.22–49.33% increase in root length, a 16.05–76.37% increase in seedling fresh weigh, a 13.48–54.80% increase in seedling dry weight, a 33.77–154.89% increase in root fresh weight, and an 8.32–53.42% increase in root dry weight compared to the control (Table 2). The ability of plant growth promotion depends on the bacterial strains.



At present, in order to increase farmers’ income, Hangzhou is vigorously developing eggplant production by utilizing newly reclaimed soil from barren mountains. However, poor soil quality greatly restricts mountain eggplant production. Interestingly, the result of this study indicated that the five bacterial strains may have a great potential in promoting the growth of eggplants in immature soil from new reclaimed soil in Hangzhou. On the other hand, this result also confirmed our hypothesis that bacteria obtained from mountain soil have good growth-promoting effect. Consistent with our results, many other studies also found that phosphorus solubilizing bacteria isolated from acidic soil could promote plant growth [31,39].



Furthermore, it can also be inferred that the growth-promoting effect of the five bacterial strains may be related to their excellent ability in phosphate solubilization, nitrogen fixation, siderophore production and indole acetic acid production. In addition, this result also indicated that it is an effective method to screen PGPB bacteria from the newly reclaimed soil based on the ability of phosphate solubilization. Although these soil bacteria seem to have great prospects in eggplant production, it is still fully unclear about the influence of these PGPB bacteria on the properties and microbial communities of the mountain soil. In order to clarify the promoting mechanism of these PGPB bacteria, more experiments need to be carried out in the newly reclaimed soil in the mountain field.




3.6. Bacterial Identification


The identity of the five strains were identified by the BLAST searches of 16S rRNA gene sequences against the NCBI GenBank database, which showed that strain ZJ3-12 (GenBank access No. OK255669) and ZJ62 (GenBank access No. OK255670) were closely related to species of Pantoea with a similarity of 99.93% and 99.93% with P. ananatis strain IAE20 and P. dispersa strain PaKu20, respectively, whereas strains ZJ5 (GenBank access No. OK255666), ZJ9 (GenBank access No. OK255667), and ZJ174 (GenBank access No. OK255668) were closely related to species of Burkholderia cenocepacia strain CR318, Bacillus pyrrocinia strain DSM10685 and Burkholderia pyrrocinia strain DSM10685 with similarities of 99.93%, 100% and 99.93%, respectively.



To determine the species of Pantoea, phylogenetic analysis was constructed in this study by using the four conversed genes, including gyrB, rpoB, atpD and infB. The phylogenetic tree showed that strains ZJ3-12 and ZJ62 were separated into different clades (Figure 7). Indeed, strain ZJ62 was clustered with P. dispersa strains LMG 152 and LMG 2603T as a distinct clade with a bootstrap of 100%, suggesting this strain should be considered as P. dispersa. Furthermore, strain ZJ3-12 was clustered with P. ananatis strains LMG 2627, LMG 20106 and LMG 2665T as a clade with a bootstrap of 100%, suggesting this strain should be considered as P. ananatis.



In order to identify the species of the genus Burkholderia, phylogenetic analysis of strains ZJ5, ZJ9 and ZJ174 were carried out using the recA gene due to lack of a precise distinction among the genus using 16S rRNA gene analysis [40,41]. The phylogenetic tree showed that the three bacterial strains isolated from soil belonged to two different Burkholderia species (Figure 8). Indeed, strains ZJ9 and ZJ174 were clustered together with the Burkholderia pyrrocinia belonging to genomovar IX [42], while strain ZJ5 was clustered with Burkholderia arboris belonging to cluster 3 [43]. Therefore, strains ZJ9 and ZJ174 should be identified as B. pyrrocinia, while strain ZJ5 should be identified as B. arboris (Figure 8).



The species identity of three Burkholderia strains was further determined using multilocus sequence analysis [40,41,42,43,44,45,46]. In agreement with the results obtained from the phylogenic analysis of recA gene sequences, the phylogenetic tree constructed in this study using the concatenated sequences of seven housekeeping genes (atpD, gltD, gyrB, recA, lepA, phaC and trpB) indicated that strains ZJ5 was clustered with the B. arboris strain Au1125 as a distinct clade with the 62% bootstrap value support and well separated from all other species. Strains ZJ9 and ZJ174 were clustered together as a clade with an 85% bootstrap value support, forming a clade with the B. pyrrocinia strains ATCC39277, R-13643 and AU24190 with 100% bootstrap value support (Figure 9).





4. Conclusions


This study indicated that five out of 988 tested bacterial isolates showed excellent phosphate solubilization, nitrogen fixation, siderophore and IAA production ability at both pH 7.0 and pH 5.0, and plant growth promotion in immature soil from newly reclaimed land. The promoted effect in these parameters depends on both bacterial strains and pH. Furthermore, strains ZJ62 and ZJ3-12 were identified as P. dispersa and P. ananatis, respectively, while strains ZJ5, ZJ9 and ZJ174 was identified as B. arboris, B. pyrrocinia and B. pyrrocinia, respectively, based on colony morphology observation and phylogenetic analysis of 16S rDNA and the housekeeping genes sequences. Overall, this study showed that the five selected bacterial strains have great potential in promoting plant growth in immature soil obtained from newly reclaimed land.
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Figure 1. Phosphate solubilization index (PSI)% of five bacterial strains (ZJ3-12, ZJ5, ZJ9, ZJ62 and ZJ174) was determined by inoculating bacteria on National Botanical Research Institute Phosphate (NBRIP) media at pH 5.0 or pH 7.0 and measuring the diameter of halo zone after 3 d of incubation. PSI = (diameter of colony + halo zone (cm) − diameter of colony (cm))/diameter of colony (cm) × 100 [19]. Vertical bars represent the standard deviation of the means (n = 3). Bars followed by the different letters are significantly different at p < 0.05 according to LSD. 
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Figure 2. Siderophores production of five strains was determined by inoculating 10 μL bacterial suspension on a sterile filter paper disc (5 mm) that placed into the center of a chrome azurol sulphonate solid medium at different pH and observing the production of orange halo after 3 d of incubation. Bacterial suspension was prepared by incubating cells in iron-deficient minimum salt medium 9 for 24 h and then adjusting the density of cell suspension to 107 cfu/mL. (A). pH 5.0. (B). pH 7.0. 1–5: Strains ZJ3-12, ZJ5, ZJ9, ZJ62 and ZJ174. 
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Figure 3. N-fixation ability of five strains was determined by inoculating 10 μL bacterial resuspension to the test tube containing 5 mL of the N-free malate broth with different pH, and then observing the color change in the test tubes after incubation at 30 °C in a rotary shaker at 180 rpm for 2 d. Bacterial resuspensions were prepared by resuspending bacteria grown in nutrient broth in the N-free malate broth and then adjusting the cell density to 107 cfu/mL. (A). pH 5.0. (B). pH 7.0. 1–5: Strains ZJ3-12, ZJ5, ZJ9, ZJ62 and ZJ174. In each treatment, Control is on the left, strain is on the right. 
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Figure 4. The IAA production of five strains at different pH was determined by observing the development of a pink-red color after adding 10 μL bacterial resuspension to test tube containing 5 mL nutrient broth with 0.1% tryptophan, mixing 1 mL of supernatant from each test tube with 4 mL Salkowski’s reagent, and incubating the test tubes at room temperature for 30 min in the dark. Bacterial suspension was prepared by incubating bacteria in nutrient broth at 180 rpm at 30 °C for 20 h and then adjusting the density of cells to 107 cfu/mL. (A). without tryptophan at pH 5.0. (B). 0.1% tryptophan at pH 5.0. (C). without tryptophan at pH 7.0. (D). 0.1% tryptophan at pH 7.0. 
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Figure 5. Effect of different pH on IAA production of five strains was determined by measuring the the amount of the produced IAA, which was expressed as µg IAA secreted per unit of optical density. The IAA concentration value was calculated based on a standard curve by measuring the optical density at a wave length of 530 nm. A standard curve was drawn using serial dilutions of IAA. Values followed by different lowercase letters within the same pH indicate significant dif ference at p < 0.05. 
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Figure 6. Effect of five bacterial strains on eggplant growth in new reclaimed soil 30 d after inoculation. After sowing the germinated seeds into the 32-cell seed growing trays containing the cocopeat substrate and growing for about 6 weeks, eggplant seedlings at the four-leaf stage were transplanted into pots containing unsterilized soil from the new reclamation land with pH 5.0, while 10 mL of cell suspension (about 108 cfu/mL) of each test strain was poured into the soil around the plants. The plants inoculated with sterile water were used as the control. Each treatment had three replicates with 10 plants in each replicate. The photos of plants were taken by randomly placing 4 plants from each treatment. The uninoculated control plants from different treatments were the same. (A). Inoculation with strain ZJ174. (B). Inoculation with strain ZJ62. (C). Inoculation with strain ZJ9. (D). Inoculation with strain ZJ3-12. (E). Inoculation with strain ZJ5. 
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Figure 7. Maximum likelihood (ML) tree were constructed with RaxmlGUI v. 1.5 using the maximum likelihood method based on the concatenated sequences of gyrB, rpoB, atpD and infB of 28 Pantoea strains. The reference sequences of closely related species for Pantoea spp. were downloaded from GenBank database. Strains isolated from soil in this study are shown in bold. Bootstrap values after 1000 replicates are expressed as percentages. Pectobacterium carotovorum LMG 2404T was used as an outgroup. Type strain was indicated with T. 
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Figure 8. Phylogeny of Burkholderia species strains were constructed in this study with RaxmlGUI v. 1.5 using the maximum likelihood method based on the recA gene sequences. The reference sequences of each species were downloaded from the Burkholderia cepacia complex multilocus sequence typing website (http://pubmlst.org/bcc/; accessed on 26 August 2021). Percentage bootstrap values >50% from 1000 samplings are indicated. B. kururiensis strain LMG 19447T was used as an outgroup. Strains isolated from soil in this study are shown in bold. Type strain was indicated with T. 
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Figure 9. Maximum likelihood (ML) tree was generated with RaxmlGUI v. 1.5 from the combined atpD, gltD, gyrB, recA, lepA, phaC and trpB genes sequences of 45 taxa of Burkholderia. The reference sequences of each species were downloaded from the Burkholderia cepacia complex multilocus sequence typing website (http://pubmlst.org/bcc/; accessed on 26 August 2021). The tree is rooted with B. kururiensis LMG 19447T. Bootstrap scores (1000 replicates) are displayed at each node. Bacterial strains isolated from soil in this study are shown in bold. Type strain was indicated with T. 
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Table 1. The ability of the five selected bacterial strains in P-solubilization, siderophores production and N-fixation.
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Strains

	
P-Solubilization Ability (cm)

	
Siderophore Production (cm)

	
N-Fixation




	
pH 5.0

	
pH 7.0

	
pH 5.0

	
pH 7.0

	
pH 5.0

	
pH 7.0






	
ZJ3-12

	
1.16 ± 0.05 d

	
1.12 ± 0.08 c

	
1.11 ± 0.21 cd

	
0.94 ± 0.06 c

	
+

	
+




	
ZJ5

	
1.20 ± 0.05 cd

	
1.17 ± 0.06 c

	
1.24 ± 0.19 b

	
0.99 ± 0.05 c

	
+

	
+




	
ZJ9

	
1.31 ± 0.13 ab

	
1.18 ± 0.10 c

	
1.06 ± 0.11 d

	
0.85 ± 0.03 d

	
+

	
+




	
ZJ62

	
1.40 ± 0.06 a

	
1.45 ± 0.04 a

	
1.21 ± 0.15 bc

	
1.20 ± 0.09 a

	
+

	
+




	
ZJ174

	
1.26 ± 0.13 bc

	
1.25 ± 0.04 b

	
2.12 ± 0.12 a

	
1.10 ± 0.08 b

	
+

	
+








Values followed by different lowercase letters within the same column indicate a significant difference at p < 0.05.
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Table 2. Production of IAA by five strains on nutrient broth of different pH with 0.1% tryptophan.
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	Strains (pH 5.0)
	IAA (µg/mL)
	Strains (pH 7.0)
	IAA (µg/mL)





	ZJ3-12
	29.58 ± 1.38 a
	ZJ3-12
	67.33 ± 2.60 b



	ZJ5
	11.83 ± 0.63 d
	ZJ5
	123.92 ± 1.70 a



	ZJ9
	20.75 ± 1.09 b
	ZJ9
	70.17 ± 0.52 b



	ZJ62
	9.92 ± 0.80 e
	ZJ62
	23.25 ± 1.09 c



	ZJ174
	17.67 ± 0.63 c
	ZJ174
	18.58 ± 0.38 d







The IAA concentration value was expressed as µg IAA, which was calculated as described in Figure 5. Values followed by different lowercase letters within the same column indicate a significant difference at p < 0.05.
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Table 3. Effect of five PGPB strains on growth promotion of eggplant plants at 30 d after bacterial inoculation.
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	Strains
	SH (cm)
	GPE%
	RL (cm)
	GPE%
	SFW (g)
	GPE%
	SDW (g)
	GPE%
	RFW (g)
	GPE%
	RDW (g)
	GPE%





	ZJ3-12
	16.67 ± 0.46
	25.45 b
	32.80 ± 0.88
	42.20 c
	14.69 ± 0.47
	50.17 c
	1.91 ± 0.11
	44.89 ab
	3.44 ± 0.22
	107.38 b
	0.51 ± 0.06
	53.42 a



	ZJ5
	14.95 ± 0.53
	12.52 c
	30.08 ± 0.98
	30.40 d
	11.36 ± 0.47
	16.05 d
	1.50 ± 0.07
	13.48 c
	2.22 ± 0.19
	33.77 c
	0.36 ± 0.05
	8.32 c



	ZJ9
	17.87 ± 0.52
	34.50 a
	29.12 ± 0.71
	26.22 e
	16.54 ± 0.37
	69.06 b
	1.81 ± 0.32
	37.39 b
	3.60 ± 0.41
	117.01 b
	0.43 ± 0.05
	28.95 b



	ZJ62
	16.42 ± 0.80
	23.57 b
	34.45 ± 1.29
	49.33 a
	16.18 ± 0.87
	65.35 b
	1.90 ± 0.11
	43.62 ab
	3.63 ± 0.37
	118.41 b
	0.46 ± 0.07
	38.49 ab



	ZJ174
	16.38 ± 0.95
	23.24 b
	33.72 ± 0.86
	46.16 b
	17.26 ± 0.71
	76.37 a
	2.04 ± 0.21
	54.80 a
	4.23 ± 0.38
	154.89 a
	0.47 ± 0.07
	39.51 ab



	Control
	13.29 ± 0.45
	—
	23.07 ± 0.59
	—
	9.79 ± 0.504
	—
	1.32 ± 0.05
	—
	1.66 ± 0.15
	—
	0.33 ± 0.04
	—







Dry weight measurement was performed by removing eggplant seedlings from each pot, rinsing with tap water, and then drying in an oven at 65 °C for 2 d. The growth promotion efficacy (GPE)% = (treatment − control)/control × 100%. Values followed by different lowercase letters within the same column indicate a significant difference at p < 0.05. SL: Seedling height; RL: Root length; SFW: Seedling Fresh Weight; SDW: Seedling Dry Weight; RFW: Root Fresh Weight; RDW: Root Dry Weight.
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