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Medicinal plants harbor tremendously diverse bacterial endophytes that maintain plant growth and health. In the present study, a total of 124 culturable bacterial endophytes were isolated from healthy Aconitum carmichaelii Debx. plants. These strains were clustered into 10 genera based on full-length 16S rDNA sequences, among which Bacillus and Pseudomonas were the dominant genera. In addition, A. carmichaelii may capture 10 potential new bacterial species based on multi-locus sequence analysis of three housekeeping genes (gyrA, rpoB, and atpD). The majority of these bacterial endophytes exhibited plant growth-promoting ability through diverse actions including the production of either indole acetic acid and siderophore or hydrolytic enzymes (glucanase, cellulose, and protease) and solubilization of phosphate or potassium. A total of 20 strains inhibited hyphal growth of fungal pathogens Sclerotium rolfsii and Fusarium oxysporum in vitro on root slices of A. carmichaelii by the dual-culture method, among which Pseudomonas sp. SWUSTb-19 showed the best antagonistic activity. Field experiment confirmed that Pseudomonas sp. SWUSTb-19 significantly reduced the occurrence of southern blight and promoted plant biomass compared with non-inoculation treatment. The possible mode of actions for Pseudomonas sp. SWUSTb-19 to antagonize against S. rolfsii involved the production of glucanase, siderophore, lipopeptides, and antimicrobial volatile compounds. Altogether, this study revealed that A. carmichaelii harbored diverse plant growth-promoting bacterial endophytes, and Pseudomonas sp. SWUSTb-19 could be served as a potential biocontrol agent against southern blight.
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1. Introduction

Plant bacterial endophytes are microorganisms that reside inside plant tissues for their part or whole life without causing apparent disease symptoms in the host (Wu et al., 2021). Bacterial endophytes can be found in different organs of almost all plants. Except for seed-borne endophytes, most endophytic bacteria were employed from soil or air by host plants (Eljounaidi et al., 2016). Plant endophytic bacterial composition exhibited host-specific properties and could be affected by environmental factors (Afzal et al., 2019; Xu et al., 2019; Wu et al., 2021). Nevertheless, Bacillus and Pseudomonas are dominant bacterial genera in many plants (Santoyo et al., 2016; Xu et al., 2019; Pang et al., 2022). Endophytic bacteria are considered to have a symbiotic relationship with plants (Sharma et al., 2020). In their interactions, plants provide nutrients and niches for bacteria, in return, bacterial endophytes play pivotal roles in promoting plant growth and tolerance against biotic and abiotic stresses (Gorai et al., 2021). Many types of research have focused on isolating and screening of functional bacterial endophytes either to promote plant growth or protect plants against pathogens. These types of bacterial endophytes are an important resource for biofertilizers and biocontrol agents. For example, Bacillus spp. strains isolated from mulberry showed great potential for plant growth promotion and antimicrobial activity (Xu et al., 2019). P. aeruginosa B18, a bacterial endophyte isolated from sugarcane, showed plant growth promoting and antifungal activities against sugarcane pathogens including Sporisorium scitamineum, Ceratocystis paradoxa, and Fusarium verticillioides (Singh et al., 2021). Stenotrophomonas rhizophila isolated from wheat enhanced plant growth and boosted plant defense against F. pseudograminearum (Liu et al., 2021). Chitinophaga and Flavobacterium were enriched by sugar beet to suppress the root pathogen Rhizoctonia solani (Carrion et al., 2019). The mechanisms for plant growth promotion by bacterial endophytes involve the acquisition of nutrients such as nitrogen, phosphate, potassium, and iron and the production of plant hormones such as auxin, cytokinin, or ethylene (Santoyo et al., 2016; Wu et al., 2021), while the production of hydrolytic enzymes and antimicrobial metabolites such as antibiosis and volatile organic compounds and induction of systemic resistance are mechanisms employed by bacterial endophytes for plant protection against pathogens (Abo-Elyousr et al., 2021; Wang et al., 2021; Dimkić et al., 2022).

Aconitum carmichaelii Debx. is a famous medicinal plant widely distributed and extensively used in Asian countries including China, Korea, Japan, and India (Miao et al., 2019). The most common part used as a gradient in many medical prescriptions is the processed lateral root of A. carmichaelii, called Fuzi (Chan et al., 2021). Fuzi is rich in diterpene alkaloids with anti-inflammation and analgesic action and anti-tumor and anti-aging activities (Zhou et al., 2015). Fuzi has been used to treat various human diseases such as rheumatoid arthritis, tumor, and depression, for over 2,000 years in traditional Chinese medicine (Wu et al., 2018). In China, A. carmichaelii is mainly planted in Sichuan, Yunnan, and Shaanxi provinces mainly as an economic crop. The term “Daodi” or geo-authentic area was used to characterize medicinal plants with the best quality. Jiangyou in Sichuan has been recognized as the geo-authentic area of A. carmichaelii for over 1,000 years (Yu et al., 2016). Special management during the growth period of A. carmichaelii were performed in the geo-authentic area, including the removal of redundant lateral roots (only two or three per plant were kept) and the top part of the plants. Except being widely used in China, Fuzi from Jiangyou has also been exported to Japan, India, and European countries, and the demand for Fuzi increase year by year (Fu et al., 2021).

Soil-borne diseases such as southern blight caused by Sclerotium rolfsii and root rot caused by F. oxysporum have severely hampered the sustainable development of A. carmichelii. Southern blight can cause up to 60% of yield loss of A. carmichaelii in Shaanxi area (Li et al., 2019b), and the situation was worse in geo-authentic areas where the wounds caused by removing the redundant lateral roots favored the infection by S. rolfsii (Dai et al., 2016). S. rolfsii usually infects the base of A. carmichealii stem causing wilt, rot, and then the death of the plant. In addition, S. rolfsii can form a special structure called sclerotium, which is generated from the aggregation of vegetative hyphae enclosed by a hard brown surface (Li et al., 2019b). These sclerotia can survive for a long time in harsh conditions and are resistant to fungicides (Li et al., 2019b), and they will germinate into hyphae once the situation was favorable. Therefore, it is difficult to control southern blight by either crop rotations or chemical fungicides (Li et al., 2020). In addition, in order to promote the yield of A. carmichaelii, large amount of chemical fertilizers was applied by farmers to the soil when cultivating A. carmichaelii. The overuse of chemical fertilizers facilitated the acidification of the soil which intensified the outbreak of soil-borne diseases (Dai et al., 2016).

Microbe-based biocontrol agents and biofertilizers have attracted great attention as an effective and environmentally friendly alternative for the control of soil-borne diseases (Javed et al., 2021; Khan and Javaid, 2022). For example, Li et al. (2019b, 2020) showed that one fungal strain (Penicillium griseofulvum CF3) and two actinobacterial strains (Streptomyces pactum Act12 and S. rochei D74) isolated from strawberry soil were able to reduce root disease occurrences of A. carmichaelii in Shaanxi area. However, to our best knowledge, systematic study on genetic diversity, plant growth promotion, and antifungal potential of bacterial endophytes isolated from A. carmichaelii has not been reported. To fill these knowledge gaps, the aims of the current study were to (1) isolate culturable bacterial endophytes from different tissues of A. carmichaelii collected from geo-authentic areas and uncover their genetic diversity; (2) assess plant growth promoting ability of these culturable endophytic bacteria in vitro; and (3) screen bacterial endophytes displaying antifungal activity against S. rolfsii and F. oxysporum in vitro and evaluate the corresponding biocontrol potential against southern blight of A. carmichaelii under field conditions. Ultimately, the goal of the current study was to maintain endophytic bacterial resources from A. carmichaelii and investigate their plant growth promoting and antimicrobial potential as biocontrol agents on A. carmichaelii.



2. Materials and methods


2.1. A. carmichaelii plants collection

Healthy A. carmichaelii plants were collected from Jiangyou, Sichuan province, where A. carmichaelii has been cultivated for over 1,000 years. A total of 10 sites were selected from the main planting areas of Jiangyou (Table 1), and five healthy plants without any disease symptoms were targeted in each site. A total of 150 plants were collected during the harvest time (June) of A. carmichaelii in 2020. Plants were scooped up from the soil gently without causing any physical wounds, stored in sterilized plastic bags, and transported to the laboratory within 24 h.


TABLE 1 Characterization of sampling sites for A. carmichaelii plants collection in Jiangyou area.
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2.2. Isolation of endophytic bacteria

Plants were washed throughout under tap water to remove soil and dust and dried with filter papers. Then, different parts (roots, stems, and leaves) were separated and cut into small slices or pieces for surface sterilization. In brief, materials were immersed in 75% alcohol for 2 min, followed by washing in sterilized water two times. NaClO (2%), then, was added for further sterilization (10 min), followed by washing with sterilized water five times. Aliquots (100 μL) from the last wash were spotted on Luria–Bertani (LB) agar medium and incubated at 28°C for 7 days to check the efficacy of surface sterilization. No colonies detected from the last wash indicated a successful surface sterilization, and the corresponding materials were used for the isolation of endophytic bacteria. Sterilized roots, stems, and leaves were crushed into smaller pieces by sterilized grinders, respectively. Then, the pieces were transferred to LB agar medium and incubated at 28°C for up to 14 days. Colonies around the pieces were picked and purified in new LB agar medium at least three times. Purified strains were stored in 25% glycerol at −80°C.



2.3. 16S rDNA-RFLP analysis

DNA was extracted from purified endophytic bacterial strains, following the procedure by Chen et al. (2018). Then, full length 16S rDNA was PCR amplified by the primer pairs 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-TACGGCTACCTTGTTACGAC TT-3′) in a 30 μL PCR reaction mixture by the following procedure: one cycle at 95°C for 5 min, followed by 30 cycles of 94°C for 30 s, 50°C for 30 s, 72°C for 2 min, and a final extension at 72°C for 10 min. The PCR products (~1,500 bp) were checked in 1% agarose gel and purified for restriction fragment length polymorphism (RFLP) analysis. Three restriction enzymes (HaeIII, Hinf I, and TaqI) were used for the digestion of 16S rDNA, following the manufacturer's instructions (Fermentas, EU). Fragments from the digestion were separated by gel electrophoresis in 2% agarose at 80 V for 3 h and photographed. The 16S rDNA-RFLP analysis was carried out by combining the results of three restriction enzymes. Then, the cluster analysis of 16S rDNA-RFLP was conducted by the UPGM clustering algorithm in a NTSYS program (Chen et al., 2018).



2.4. Phylogenetic analysis of endophytic bacteria

According to 16S rDNA-RFLP, representative strains were selected for sequencing of housekeeping genes including 16S rRNA, gyrA (responsible for the synthesis of DNA gyrase subunit A), rpoB (encoding RNA polymerase subunit beta), and atpD (encoding ATP synthase beta subunit). 16S rRNA gene was amplified as mentioned before. gyrA, rpoB, and atpD were amplified as described in Supplementary Table 1. Then, PCR products were sent to Qingke Biotechnology Co., Ltd (Beijing, China) for sequencing. Sequences generated were blasted at National Center for Biotechnology Information (NCBI) database, and reference strains were selected. Phylogenetic analysis was conducted using the Neighbor-Joining method in Mega X with 1,000 bootstrapped replicates. Multilocus sequence analysis (MLSA) by concatenated sequences of gyrA, rpoB, and atpD was used to define genospecies of representative strains (Glaeser and Kampfer, 2015).



2.5. Plant growth-promoting ability analysis

Indole acetic acid (IAA) production, siderophore production, phosphate and potassium solubilization, and enzyme production (cellulase, protease, and glucanase) were assessed for plant growth-promoting ability of bacterial endophytes. A single colony of candidate strain was inoculated in liquid LB medium supplemented with 1 mL L-tryptophan (2.5 mg/mL) and then incubated at 28°C for 2 days. The supernatant (2 mL) was collected and added by 4 mL Salkowski reagent [1 mL FeCl3 (0.5 M) and 49 mL HClO4 (35% v:v)], well-vortexed, and incubated at room temperature under dark condition for 30 min. LB liquid medium (without bacteria) was used as a blank control following the same procedure. Then, the absorbance value at 530 nm was detected using a spectrophotometer (HZ170724-201). Commercial pure IAA (Sigma–Aldrich, United States) with different concentrations (0, 5, 10, 20, 40, and 60 mg/L) following the same procedure mentioned above was used to make a standard curve.

Cell suspension of each candidate strain was prepared by inoculating a single colony into LB liquid medium (5 mL) and incubating at 28°C at 150 rpm/min until OD600 = 1.0. Then, aliquot (10 μL, OD600 = 0.2) was dropped on chrome azurol-s (CAS) agar medium for siderophore production, Pikovskaya's agar medium containing Ca3(PO4)2 or Lecithin for phosphate solubilization, and Aleksandrow medium for potassium solubilization (Zhang and Kong, 2014; Xu et al., 2019). The production of protease, cellulase, and β-glucanase was carried out on skim milk agar medium, carboxymethyl cellulose (CMC) agar medium stained by congo red (0.2%, W:V), and glucan agar medium, respectively (Xu et al., 2019; Ben Khedher et al., 2021). The presence of a transparent zone or hydrolysis-induced halo around the bacterial colony indicated a positive activity of the strain after incubating at 28°C for 7 days.



2.6. Antifungal activity assessment

The dual-culture method was used to test the antifungal activity of endophytic bacteria both in vitro and on A. carmichaelii root slices. In this study, S. rolfsii and F. oxysporum strains were used as targeted pathogens (Li et al., 2020; Zou et al., 2023). Pathogens were inoculated on potato dextrose agar (PDA) medium and incubated at 25°C for 5 days. Then, one agar disc (2.0 mm diameter containing pathogenic hyphae) was transported to the center of a new PDA plate. Four droplets of cell suspension (10 μL) of candidate strain (described as mentioned above) were spotted on the PDA medium, 2.0 cm away from the disc in four directions. The PDA plate was incubated at 25°C for 7 days, and the diameter of the fungal pathogen was measured. Sterilized LB liquid medium was used as a negative control. All the tests were performed in triplicates. Strains that showed antagonistic activities in vitro were screened out for antifungal activity assessment on A. carmichaelii root slices. In brief, healthy A. carmichaelii roots without any physical wounds were washed, dried, and cut into 1.0 cm thick slices. These slices were surface sterilized as described before and placed onto a filter paper wetted with 1 ml of sterilized water in a sterilized Petri dish. Cell suspension (10 μL, OD600 = 0.2) of each candidate isolate was spotted on the center of the slice and dried at room temperature. Then, a pathogenic agar disc (2.0 mm diameter) was placed on the center of the slice. The Petri dish was, then, sealed by parafilm and incubated at 25°C for 7 days. Thereafter, the diameter of the pathogen was measured. Only pathogen disks co-cultured with sterilized LB broth medium (without bacteria) inoculated on the root slice were used as control. The experiments were carried out in triplicates. The inhibition rate was calculated by the following formula:

[image: image]

where Dc was the diameter of the pathogen from the control trial, and Db was the diameter of the pathogen co-cultured with bacterial strain.



2.7. Effect of cell-free culture filtrate of SWUSTb-19 on hyphal growth, sclerotia formation, and germination of S. rolfsii

SWUSTb-19 was a stroke on LB agar medium and incubated at 28°C for 3 days. A single colony was picked, inoculated into 50 mL LB liquid medium, and incubated at 28°C at 150 rpm/min for 3 days to make cell culture. Then, the culture was filtrated by a 0.22 μM filtrating membrane to obtain cell-free culture filtrate. The filtrate was added to autoclaved warm PDA agar medium (1:4 v:v), mixed well, and poured into Petri dishes to make plates. S. rolfsii was inoculated on PDA plates and incubated at 28°C for 7 days to obtain mature sclerotia. Then, well-grown S. rolfsii disks or mature sclerotia (12 per plate) were transferred to the PDA plates containing cell-free culture of SWUSTb-19 and incubated at 28°C for up to 9 days. The diameter and number of sclerotia were recorded to evaluate the effect of cell-free culture of SWUSTb-19 on hyphal growth and sclerotia formation every 24 h. Number of germinated sclerotia was also recorded to evaluate the effect of cell-free culture of SWUSTb-19 on sclerotia germination every 24 h. PDA plates mixed with sterilized LB liquid medium were used as a control. The experiments were performed in triplicates. The inhibition rate was calculated as mentioned above.



2.8. Effect of volatile compounds produced by SWUSTb-19 on hyphal growth of S. rolfsii

Dual culture assay by sealing two agar base plates was carried out to test the effect of volatile compounds produced by SWUSTb-19 on the growth of S. rolfsii. One LB agar plate was inoculated with SWUSTb-19, and the other was PDA plate inoculated with a plug of S. rolfsii. The two plates were mouth-to-mouth sealed tightly by parafilm. Direct contact between the two strains was not accessible, except for the air in this equipment. Plates were incubated at 28°C for 7 days, and diameters of the pathogen were recorded every 24 h. An empty LB agar plate coupled with a PDA plate inoculated with S. rolfsii disc was used as control. The experiments were performed three times.



2.9. PCR amplification of lipopeptides and polyketides synthesize genes

The genomic DNA of SWUSTb-19 was extracted by a DNA isolation kit (B518225, Sango Biotech, Shanghai, China), following the manufacturer's instructions. Then, genes involved in the synthesis of fengycin (fenA), surfactin (srfAA), Bacilysin (bac), and bacillaene (baeA) were PCR amplified following the procedures and primers in the study by Ben Khedher et al. (2021). PCR products were checked by gel electrophoresis in 1% agarose.



2.10. Field trials

Field experiment was performed in the research field of Southwest University of Science and Technology (N 31° 32' 01”, E 104° 41' 43”, elevation 470 m a.s.l) in Jiangyou in 2021. Soil type was paddy soil in this field. The cultivar of A. carmichaelii used in the field experiment was MianFu No. 1, which was provided by the Mianyang academy of Agricultural Science. The field experiment followed the randomized block design principle. Each plot (1.0 × 3.7 m = 3.7 m2) contained two plant rows, and each row contained 25 plants. The row spacing was 30 cm, and the plant spacing was 14 cm. Four replicates were designed for each treatment. Fermentation culture was prepared as follows: a single colony of SWUSTb-19 was inoculated into 1 L LB liquid medium and incubated at 28°C with shaking (150 rpm/min) for 7 days until the concentration was over 1 × 109 cell/ml. Then, the fermentation culture (10 ml/plant) was inoculated to the wounded parts of the root by a sterilized syringe after removing the redundant lateral roots of A. carmichaelii in late April. Roots were, then, covered with soil. Inoculation of sterilized LB liquid medium was used as a blank control. Other managements of A. carmichelii followed local customs. Southern blight disease occurrences were investigated consistently until harvest time in June. Plants displaying wilt, rot, or death accompanied by white hyphae or brown sclerotia were defined as southern blight symptoms, and the number of which were recorded. After harvesting, five healthy plants per plot were randomly collected to evaluate plant growth-promoting ability of SWUSTb-19 by measuring the fresh and dry weights of stem, main root, and lateral roots. The disease occurrence and control efficacy were calculated by the following formulas:

[image: image]

where Nd indicated the number of diseased plants, and Nt was the number of total plants.
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where DOc was the disease occurrence in CK, and DOt was the disease occurrence in SWUSTb-19 treatment.



2.11. Statistical analysis

Data of control efficacy by volatile compounds in vitro, effects of SWUSTb-19 cell culture on southern blight disease, and plant growth promotion under field conditions were analyzed by one-way analysis of variance (ANOVA), with least significant difference (LSD) test or Student's t-test. The difference was considered significant when p < 0.05. All statistical analyses were performed in SPSS V 25.0 (SPSS Inc. Chicago, United States). Housekeeping gene sequences (16S rRNA, atpD, gyrA, and rpoB) of representative strains were all deposited in the GenBank database under the accession numbers OP218645-OP218666, OP236689-OP236694, OP341255-OP341259, and OP296411-OP296500.




3. Results


3.1. Isolation of endophytic bacterial strains

A total of 124 endophytic bacterial strains were isolated from different organs of A. carmichaelii plants collected from 10 sites in the geo-authentic area. In total, 55 strains were isolated from roots, 42 strains were isolated from stems, and only 27 strains were obtained from leaves (Table 1).



3.2. Genetic diversity and phylogeny of endophytic bacteria

Amplification of 16S rDNA from bacterial genomic DNA resulted in a 1,500 bp fragment. A total of 114 strains succeeded in amplifying 16S rDNA and were used as materials for RFLP analysis. In general, a total of 13, seven, and nine types of digestion patterns were obtained by Hinf I, HeaIII, and TaqI, respectively (Supplementary Table 2). By combining the digesting results of all three restriction enzymes, 114 strains were clustered into 32 groups at 89% similarity level (Figure 1). A total of 33 representative strains were selected for sequencing of housekeeping genes. According to Neighbor-Joining tree based on full length 16S rRNA gene sequence, endophytic bacteria of A. carmichaelii were clustered into 10 genera belonging to Pseudomonas, Pantoea, Enterobacter, Klebsiella, Xanthomonas, Agrobacterium, Microbacterium, Rummeliibacillus, Bacillus, and Sphingobacterium (Figure 2). Bacillus and Pseudomonas were the dominant genera, accounting for 34.2 and 30.7% of total strains, respectively. A total of 25 representative strains were able to amplify three housekeeping genes, five strains were able to amplify two genes (atpD and rpoB), and two strains could only amplify one housekeeping gene (atpD). Therefore, MLSA trees were constructed based on concatenated sequences of either atpD, gyrA, and rpoB (25 representative strains) or 16S rRNA, atpD, and rpoB (five strains). It is noteworthy that we used two pairs of primers to amplify the rpoB gene (Supplementary Table 1). Primer pair rpoBf/rpoBr generated a length of 1,000 bp PCR products while rpoB CM-1/CM31 generated a length of 500 bp PCR products, and no overlap was found between the two products. Therefore, MLSA trees were also constructed separately based on the primer pairs used for the rpoB gene. Collectively, three MLSA trees were constructed (Figure 3). The results by MLSA were preliminary and consistent with that of the 16S rRNA gene. For instance, SWUSTb-58 clustered closely with K. pasteurii SB6412T, and this strain could be assigned as K. pasteurii. SWUSTb-9 and SWUSTb-6 clustered with E. asburia 1808-013. SWUSTb-1 clustered with Pantoea deleyi LMG 24200T (Figure 3A). However, a total of 17 representative strains clustered separately into 10 groups (Figure 3). For example, SWUSTb-41 and SWUSTb-69 clustered alone; therefore, we did not know their exact taxonomic status (Figure 3A). SWUSTb-123, SWUSTb-122, SWUSTb-60, SWUSTb-72, and SWUSTb-21 clustered separately into the Pseudomonas genus, so we assigned them as Pseudomonas spp. (Figure 3A). While SWUSTb-84, SWUSTb-24, SWUSTb-92, SWUSTb-49, SWUSTb-38, SWUSTb-20, SWUSTb-75, and SWUSTb-87 clustered separately with both Bacillus and Pseudomonas, their taxonomic status remained unknown (Figure 3B). SWUSTb-79 and SWUSTb-37 cluster alone as well (Figure 3C). In this situation, the taxonomic status of these strains was defined at the genus level, as presented in Supplementary Table 2.


[image: Figure 1]
FIGURE 1
 Cluster analysis of 16S rDNA-RFLP by three restriction enzymes (TaqI, Hinf I, and HaeIII) of endophytic bacterial strains isolated from A. carmichaelii. The RFLP groups were labeled with Arabic numbers on the right.
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FIGURE 2
 Phylogenetic tree based on 16S rRNA gene (1,400 bp) of endophytic bacterial strains and reference strains by the Neighbor-Joining method. Scar bar = 5% substitutions per site. Bootstrap values of >50% were indicated on the branches. Ps, Pseudomonas; Pa, Pantoea; Er, Erwinia; En, Enterobacter; K, Klebsiella; Bu, Burkholderia; X, Xanthomonas; A, Agrobacterium; M, Microbacterium; G, Geobacillus; R, Rummeliibacillus; Ba, Bacillus; S, Sphingobacterium; C, Chryseobacterium. GenBank accession numbers are in the brackets.



[image: Figure 3]
FIGURE 3
 Neighbor-Joining trees based on multilocus sequence analysis using the concatenated sequences of (A) atpD (600 bp), gyrA (700 bp), and rpoB (1,000 bp) genes, (B) atpD (600 bp), gyrA (700 bp), and rpoB (500 bp) genes, and (C) 16S rRNA (1,400 bp), atpD (600 bp), and ropB (1,000 bp) genes of representative strains isolated from A. carmichaelii (in bold) and reference strains. Genbank accession numbers were in parentheses. Bootstrap values of >50% were shown on the branches. K, Klebsiella; E, Enterobacter; Pa, Pantoea; Ps, Pseudomonas; S, Serratia; B, Bacillus.




3.3. Plant growth promoting characterization of bacterial endophytes isolated from A. carmichaelii

All 124 strains were tested for their plant growth-promoting potential in vitro. A total of 99 isolates were able to produce IAA, among which 25 strains produced relatively higher amount of IAA (>20 mg/L), and strain Sphingobacterium sp. SWUSTb-7 produced the highest amount of IAA (65.79 mg/L; Table 2). In total, 50 isolates showed the capacity to produce siderophore. There were 20, two, and four strains showing the capacity of solubilizing organic phosphate, inorganic phosphate, and potassium, respectively. In addition, 51, 34, and 62 strains were able to produce glucanase, cellulase, and protease, respectively (Table 2).


TABLE 2 Characterization of plant growth promotion property and enzyme production by culturable endophytic bacteria isolated from A. carmichaelii.
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3.4. Antagonistic activity of endophytic bacterial isolates against pathogens

In total, 10 out of 124 strains showed significant antagonistic activities against the hyphal growth of S. rolfsii, which causes southern blight both in vitro and on root slices of A. carmichaelii. A total of 20 strains showed strong antagonistic activity against F. oxysporum, which causes root rot in vitro, among which 16 strains also displayed strong inhibiting effects on the hyphal growth of F. oxysporum and on root slices of A. carmichaelii. Pseudomonas sp. SWUSTb-19 exhibited the strongest inhibiting ability against both S. rolfsii and F. oxysporum in vitro and on root slices of A. carmichaelii, among all the strains (Table 3 and Figure 4) and therefore was used as material for the following experiments.


TABLE 3 Antagonistic activities of endophytic bacteria against root rot and southern blight pathogens of A. carmichaelii.

[image: Table 3]
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FIGURE 4
 Antagonistic activity of SWUSTb-19 against S. rolfsii and F. oxysporum in vitro and on root slices of A. carmichaelii.




3.5. Effect of cell-free culture filtrate of SWUSTb-19 on hyphal growth, sclerotia formation, and germination of S. rolfsii

To better explore the antagonistic mechanisms of SWUSTb-19, the effect of cell-free culture filtrate of SWUSTb-19 on hyphal growth, sclerotia formation, and germination of S. rolfsii was evaluated. As shown in Figure 5, no bacterial colony grown on the PDA plate, supplemented with cell-free culture of SWUSTb-19, indicating that the filtrating was complete. In the control treatment, S. rolfsii grew normally and occupied the whole plate after 72 h of incubation. The hyphae started to form sclerotia at 96 h, and a total number of 254 mature sclerotia were detected after 192 h of incubation (Figure 5A). However, cell-free culture filtrate of SWUSTb-19 completely inhibited the hyphal growth of S. rolfsii, and therefore, no sclerotia formed (Figure 5A).
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FIGURE 5
 Effect of cell-free culture filtrate of SWUSTb-19 on hyphal growth, sclerotia formation, and germination of S. rolfsii. (A) Cell-free culture filtrate of SWUSTb-19 inhibited hyphal growth and sclerotia formation of S. rolfsii and (B) sclerotia germination.


Sclerotia of S. rolfsii started to germinate after 48 h incubation on the PDA plate in the control treatment. However, cell-free culture filtrate of SWUSTb-19 completely inhibited sclerotia germination even after 120 h of incubation (Figure 5B).



3.6. Effect of volatile compounds produced by SWUSTb-19 on the growth of S. rolfsii

In the two sealed base plates dual culture assay, the interaction between SWUSTb-19 and S. rolfsii could only occur through the air in the equipment (Figure 6A). As shown in Figure 6B, S. rolfsii started to form new hyphae after 24 h of incubation in the control treatment, and the hyphae occupied the whole plate after 120 h of incubation. However, hyphal growth of S. rolfsii was postponed to 48 h post-co-culture with SWUSTb-19 (Figure 6B). Pathogenic growth was always significantly inhibited by volatile compounds produced by SWUSTb-19 over control within 96 h (Figure 6C). The inhibiting rate was 100, 92.04, 56.37, and 39.65% at 24, 48, 72, and 96 h, respectively.
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FIGURE 6
 Effect of volatile compounds produced by SWUSTb-19 on the growth of S. rolfsii. (A) Schematic diagram showing two sealed base plates dual-culture assay. (B) Hyphal growth of S. rolfsii co-cultured with SWUSTb-19 in a volatile assay. (C) Diameter of S. rolfsii co-cultured with SWUSTb-19 in a volatile assay. The * symbol indicated the significant difference (p < 0.05) based on one-way analysis of variance with least significant difference test.




3.7. Amplification of genes involved in antimicrobial activity

The amplification of bac and bacA genes of SWUSTb-19 was failed by PCR in the current study. However, we succeed in amplifying fenA and srfAA genes, which are involved in the synthesis of fengycin and surfactin, respectively. As shown in Figure 7, PCR amplification of fenA and srfAA genes generated fragments of 850 and 200 bp, respectively, by gel electrophoresis.


[image: Figure 7]
FIGURE 7
 PCR detection of fenA and srfAA genes from the genomic DNA of SWUSTb-19.




3.8. Biocontrol and plant growth promoting potential of SWUSTb-19 by field trial

Considering the great antagonistic potential of SWUSTb-19 against S. rolfsii in vitro, the biocontrol efficacy of SWUSTb-19 on southern blight was verified by field experiments. Fermentation culture of SWUSTb-19 was applied directly to the wounded parts of the roots after removing the redundant lateral roots to facilitate colonization of the strain. The results showed that southern blight disease occurrences by SWUSTb-19 inoculation treatment were indistinguishable from non-inoculation (CK) treatment in the first 15 days post-inoculation (dpi). However, the disease occurrence of SWUSTb-19 treatment was more than two times lower than that of the CK treatment at 30 dpi. From 45 dpi to 54 dpi, disease occurrences of SWUSTb-19 inoculation treatment were significantly reduced compared with CK (Figure 8). The control efficacy of SWUSTb-19 on southern blight was 78.5% at 45 dpi and 75.0% at 54 dpi, respectively.


[image: Figure 8]
FIGURE 8
 Southern blight disease occurrences of SWUSTb-19 cell fermentation culture and non-inoculation (CK) treatments by field experiments. ns indicated not significant; *indicated significant difference (p < 0.05) according to one-way analysis of variance with least significant difference test. dpi, days post inoculation.


After harvesting, the fresh and dry weights of stem, main root, and lateral root were recorded to evaluate plant growth-promoting capacity of SWUSTb-19. As shown in Table 4, fresh and dry weights of stem, main root, and lateral root in the SWUSTb-19 treatment were significantly higher compared with that in CK. SWUSTb-19 promoted 56.97, 43.53, and 36.40% of fresh weights of stem, main root, and lateral root, respectively, compared with CK and 52.77, 82.74, and 90.02% of dry weight of stem, main root, and lateral root of A. carmichaelii, respectively, compared with CK. Taken together, SWUSTb-19 showed significant biocontrol activity on southern blight and plant growth-promoting properties of A. carmichaelii under field condition.


TABLE 4 Effects of SWUSTb-19 cell fermentation culture on A. carmichaelii plant growth by field experiments.

[image: Table 4]




4. Discussion

Medicinal plants harbored a tremendous number of bacterial endophytes with promising potential for plant growth promotion, antimicrobial activity, and production of bioactive compounds (Musa et al., 2020; Rat et al., 2021; Wu et al., 2021). In the current study, 124 bacterial endophytes were isolated from different tissues of A. carmichaelii plants collected from 10 sites in the geo-authentic area, i.e., Jiangyou, by conventional method, and their diversity and potential functions were evaluated. To our best knowledge, this is the first report characterizing culturable endophytic bacteria from A. carmichaelii, particularly in the geo-authentic area. Consistent with other studies (Xu et al., 2019; Sharma et al., 2020; Pang et al., 2022), A. carmichaelii roots captured a higher number of bacterial endophytes than other organs (Table 1). The genetic diversity of these culturable endophytic bacteria was investigated by molecular methods, i.e., 16S rDNA-RFLP analysis followed by housekeeping gene sequence analysis. 16S rDNA-RFLP can help efficiently discriminate closed species and has been widely used in the genetic diversity analysis of prokaryotes (Chen et al., 2018; Laref and Belkheir, 2022). According to 16S rDNA-RFLP analysis, 114 endophytic bacteria were clustered into 32 groups, which showed great genetic diversity. Thirty-three representative strains were selected for phylogenetic analysis using housekeeping genes sequences. Specifically, we selected two representative strains, i.e., SWUSTb-105 and SWUSTb-47 from group 3 for 16S rRNA gene sequence analysis, to verify the results of 16S rDNA-RFLP analysis. A phylogenetic tree based on full-length 16S rDNA sequence showed that SWUSTb-105 and SWUSTb-47 clustered together with 100% similarity (Figure 2), which validated the results of 16S rDNA-RFLP analysis. A total of 33 representative strains were clustered into 10 genera according to phylogenetic analysis of the 16S rRNA gene. We found that Pseudomonas and Bacillus were the dominant genera, which was consistent with other reports (Xu et al., 2019; Pang et al., 2022). In addition, other genera such as Pantoea, Enterobacter, Klebsiella, Burkholderia, Xanthomonas, Microbacterium, Agrobacterium, and Sphingobacterium were also detected. Multi-locus housekeeping gene sequence analysis (MLSA) was adopted to further explore the genetic diversity at the species level. MLSA has been proven to be an effective phylogenetic tool widely used to support and clarify the taxonomic status of bacterial species (Glaeser and Kampfer, 2015; Xu et al., 2015; Chen et al., 2018). Interestingly, we found that many strains were clustered separately by MLSA analysis including 17 representative strains which clustered into 10 clusters (Figure 3). This result indicated that A. carmichaelii perhaps harbored 10 potential new endophytic bacterial species. Whole genome sequencing of these strains may help confirm this hypothesis. Taken together, endophytic bacteria of A. carmichaelii showed great genetic diversity at the genus level, and potential new bacterial species also contribute to the composition of A. carmichaelii endophytic microbiome.

A. carmichaelii is a highly nutrient-demanding plant, and substantial amounts of fertilizers were applied to the soil for its cultivation. For example, over 150 tons per ha of stable manure were applied to the soil to prepare beds for sowing mother roots (Yu et al., 2016). In addition, at least two more times of fertilization were required during the growth periods of A. carmichaelii. However, the fertilizer utilization rate was quite low for A. carmichaelii plants; thus, most of the fertilizers resided in the soil, which facilitated continuous cropping obstacle including acidification of soil and outbreak of soil-borne diseases (Li et al., 2019b). Therefore, it is necessary to screen plant growth promoting microbial resources for environmentally friendly biofertilizers. We found that the majority of the endophytes (99 out of 124) obtained in the current study were able to produce IAA, a plant hormone that can facilitate root elongation and eventually provide a greater chance for plants to obtain nutrients (Borah and Thakur, 2020; Ben Khedher et al., 2021). A total of 50 strains were able to produce siderophore, the primary role of which is for iron uptake. Additionally, siderophore has also been proven to play a pivotal role in phytopathogen control (Gu et al., 2020). In addition, 20, two, and four strains were able to solubilize organic phosphate, inorganic phosphate, and potassium, respectively, which could promote the acquisition of phosphate and potassium by host plants. These results indicated that most of the bacterial endophytes of A. carmichaelii showed plant growth-promoting properties through diverse mode of actions and could be served as a new resource for biofertilizers.

Another barrier to the sustainable development of A. carmichaelii is soil-borne diseases (Li et al., 2019b). Screening of beneficial microorganisms working as biocontrol agents to control plant diseases has been proven to be a promising environmentally friendly alternative compared with chemical fungicides. Bacterial endophytes are among the candidates, as they are able to antagonize many pathogens. For example, seed-borne endophytic bacterial B. velezensis exhibited over 90% radial growth inhibition of S. rolfsii hyphae and significantly reduced disease incidence and severity of stem rot of peanut by pot experiments (Chen et al., 2020). B. megaterium OSR3 and P. fluorescence PF-097 showed significant antagonistic activity against S. rolfsii and can effectively control southern blight disease as well as increase growth and yield of Chili (Sharf et al., 2021). Endophytic B. subtilis, B. velezensis, Leuconostoc mesenteroides, and Lactococcus lactis were capable of controlling the bacterial wilt of tomato (Dowarah et al., 2021). Native endophytic P. putida afforded a significant reduction in common bean rust caused by Uromyces appendiculatus (Abo-Elyousr et al., 2021). In the current study, 20 out of 124 bacterial endophytes exhibited good antagonistic activities against S. rolfsii and F. oxysporum both in vitro and on root slices (Table 3). These strains also have the capacity to produce either IAA and siderophore or hydrolytic enzymes. Among the 20 strains, SWUSTb-19 showed the highest inhibition rate against S. rolfsii and F. oxysporum (Figure 4). Field experiments demonstrated that the cell fermentation culture of SWUSTb-19 applied to the roots of A. carmichaelii, significantly reduced southern blight occurrences compared with non-inoculation treatment at 45 and 54 dpi (Figure 8). No significant difference was detected for southern blight disease occurrences in the first 30 dpi between SWUSTb-19 inoculation and CK treatments. The possible reason was that southern blight is a root disease where pathogens first infect roots, leading to root rot followed by wilt of leaves and finally death of the plant. Therefore, when we perceived symptoms in aboveground plants, host plants have been infected severely by pathogens. It was possible that plants inoculated by SWUSTb-19 have already been infected by pathogens previously. This indicated that SWUSTb-19 should be inoculated prior to pathogen infection. However, southern blight occurrences by SWUSTb-19 inoculation treatment were kept at a stable and low level, while disease occurrences in CK increased over time (Figure 8). Li et al. (2019b, 2020) demonstrated that three strains isolated from strawberry soil, i.e., S. pactum Act12, S. rochei D74, and P. griseofulvum CF3 reduced significantly southern blight incidences by field experiments in the Shaanxi area, the control efficacy of which ranged from 16.5 to 31.3%. In the current study, the control efficacy by SWUSTb-19 against southern blight ranged from 60.0% (7 and 15 dpi) to 78.5% (45 dpi), which showed better biocontrol efficacy. According to phylogenetic analysis, SWUSTb-19 was classified into Pseudomonas genus. Pseudomonas was one of the dominant plant endophytic bacteria and widely used as biofertilizers and biocontrol agents (Weller, 2007; Dimkić et al., 2022). Therefore, Pseudomonas sp. SWUSTb-19 represents a promising biocontrol agent for the control of southern blight in A. carmichaelii.

Cell-free culture filtrate of Pseudomonas sp. SWUSTb-19 significantly inhibited hyphal growth, sclerotia formation, and germination of S. rolfsii (Figure 5). These results indicated that Pseudomonas sp. SWUSTb-19 secreted antifungal secondary metabolites. Hydrolytic enzymes, siderophores, cyclic lipopeptides, biosurfactins, and volatile organic compounds are among the main secondary metabolites underlying biocontrol mechanisms in Pseudomonas strains (Dimkić et al., 2022). We demonstrated that Pseudomonas sp. SWUSTb-19 was able to produce glucanase, which was able to hydrolyze glucan, one of the main components of the cell wall in pathogenic fungi (Jadhav et al., 2017). Pseudomonas sp. SWUSTb-19 also showed positive activity for siderophore production in CAS agar medium. Iron is an essential nutrient element that works as a cofactor for enzymes such as metalloprotease and regulatory proteins involved in many cellular processes in all organisms (Di Francesco and Baraldi, 2021). However, the amount of iron in the soil is not always available because of the low solubility (Li et al., 2019a). Many bacteria scavenge iron from the environment through the secretion of siderophores, with a high affinity for iron (Gu et al., 2020). Competition of iron by secreting siderophore represents a universal mechanism for beneficial bacteria to suppress phytopathogens (Gu et al., 2020). Whether Pseudomonas sp. SWUSTb-19 was able to compete for iron with pathogenic fungi under low iron concentration condition and needed further exploration. In addition, by PCR amplification, fenA and srfAA which are involved in the synthesis of fengycin and surfactin, respectively, were successfully amplified from the genomic DNA of Pseudomonas sp. SWUSTb-19. Fengycin is a cyclic lipopeptide with strong fungitoxic activity, specifically against filamentous fungi. Fengycin can interact with the lipid layer and to some extent retain the potential to alter the cell membrane structure and permeability of fungi (Ongena and Jacques, 2008). Surfactin is a powerful biosurfactant with the ability to self-assemble and form micelles of various sizes. Bacterial surfactin plays a pivotal role in swarming motility, biofilm formation, plant tissue colonization, and competition for nutrients and niches (Dimkić et al., 2022). In addition, by dual-culture method, we showed that Pseudomonas sp. SWUSTb-19 can produce volatile compounds that completely inhibited the hyphal growth of S. rolfsii. Aldehydes, ketones, alcohols, and sulfur-containing compounds such as methanethiol, dimethyl, and DMDS with antifungal activities have been detected in Pseudomonas spp. strains (Hernández-León et al., 2015). Characterization of the exact antifungal volatile compounds produced by Pseudomonas sp. SWUSTb-19 by gas chromatography would be of great help to elucidate the mode of action and mining useful biocontrol products. Taken together, the production of glucanase, siderophore, lipopeptides, and volatile compounds may be the potential mechanisms employed by Pseudomonas sp. SWUSTb-19 for antagonizing against S. rolfsii and promoting plant growth (Figure 9).
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FIGURE 9
 Summary schematic of endophytic bacteria SWUSTb-19 for the control of southern blight and plant growth promotion on A. carmichaelii.




5. Conclusion

The present study explored genetic diversity, plant growth promotion, and antifungal activities of endophytic bacteria isolated from A. carmichaelii. A total of 124 bacterial strains were isolated from different organs of A. carmichaelii. These strains belonged to 10 genera including Bacillus, Pseudomonas, Pantoea, Enterobacter, Klebsiella, Xanthomonas, Agrobacterium, Microbacterium, Rummeliibacillus, and Sphingobacterium, among which Bacillus and Pseudomonas were the dominant genera based on 16S rRNA gene sequence. These endophytic bacteria showed plant growth-promoting properties including the production of IAA, hydrolytic enzymes, siderophore, and solubilization of phosphate and potassium. A total of 20 strains showed antagonistic activity against either S. rolfsii or F. oxysporum in vitro and on root slices of A. carmichaelii. Strain Pseudomonas sp. SWUSTb-19 showed promising biocontrol potential against southern blight of A. carmichaelii by field experiments. The possible mode of actions by Pseudomonas sp. SWUSTb-19 for the control of southern blight involved the production of hydrolytic enzymes, antifungal lipopeptides, and volatile compounds. Our findings indicated that A. carmichaelii captured diverse endophytic bacteria with great plant growth-promoting and antifungal potential.
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Treatment Stem Main root Lateral root
Fresh weight Dry weight Fresh weight Dry weight Fresh weight Dry weight
(9) ()} (9) (9) (9) (9)
SWUSTb-19 43.92 +2.05a 9.99 4 0.52 3897 £2.15a 7.44 £ 0.682 88.57 £ 8.16a 24.36 +2.90a
CK 27.98 +3.25b 6.96 % 0.9b 28,57 +2.85b 4.87 +0.64b 48.54 £ 5.95b 12.82 £ 1.91b

Data was presented by mean = SE. Different lower-case letters indicated significant difference (p < 0.05) according to student t-test.
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OPS/images/fmicb-14-1192932-t003.jpg
Inhibition rate on PDA plate (%)

Inhibition rate on A. carmichaelii root slice (%)

S. rolfsii-1 S. rolfsii-2 F. oxysporum-1 F. oxysporum-2 S. rolfsii-1 S. rolfsii-2 F. oxysporum-1 F. oxysporum-2
SWUST b-10 61.86 £ 0.03 - 53.60 £ 0.03 53.64 £ 0.02 17.02£0.54 - 18.56 £ 0.09 27.59£0.15
SWUST b-19 63.75 £ 0.62 60.54 % 0.03 55.13 £ 0.03 52.90 £ 0.03 30.00 £ 058 5325+ 0.07 54.17 £ 0.09 3034 £ 0.06
SWUST b-20 - - 45.94+0.03 - - - -
SWUST b-23 - - 40.73 £ 0.03 3938 +0.03 - - -
SWUST b-24 53.13£0.12 5130 £ 0.02 52.07 £ 0.03 44.58 +0.03 1632+ 0.92 49.68 40.35 42.19£0.03 -
SWUST b-32 46.87 £ 0.03 - 3920 4 0.09 48.44 40.03 17.89 £0.32 - 18.56 % 0.06 29.56£0.15
SWUST b-38 - - - 58.84 % 0.03 - - -
SWUST b-44 - - - 38.04 £ 0.03 - - -
SWUST b-46 5148 £ 0.06 5533+ 0.03 - 62.41 40,03 25.79 4 0.09 55.97 £ 0.69 - 2020 % 0.06
SWUST b-53 49.59 £ 0.07 - 5145+ 0.03 53.49 £ 0.06 18.07 % 0.09 - 21.10+0.03 -
SWUST b-56 - - 43.80 £ 0.03 52.90 £ 0.03 - 10130.18 985 0.07
SWUST b-64 51.95 £ 0.09 - 45.9440.03 46.95 %0.03 3210 0.09 60.34 £0.03 -
SWUST b-75 - - 4931 % 0.06 62.41 £0.03 - - 14354009 -
SWUST b-84 46.04 £ 0.03 40.40 £ 0.03 42.88 4 0.03 53.49 £ 0.03 23.3340.97 62.26+0.26 5.91:+0.03 12,814 003
SWUST b-92 - - 42.88 +0.03 32.69+0.03 - 42.19£0.15 591+0.12
SWUST b-99 - - 46.86 % 0.03 49.03 +0.03 - 39.66+0.12 493+ 0.07
SWUST b-101 62.10 £ 0.06 5936 0.03 47.47 £0.03 55.87 £ 0.06 26.14 £ 0.65 2872£075 12,664 0.13 22.66 £ 0.12
SWUST b-106 62,57 £0.03 - 60.64 % 0.03 63.74%0.06 32.80£032 - 35.44 £ 0.09 2020 % 0.06
SWUST b-114 - - 4839+ 0.03 38.93 4 0.06 - - 1013 £ 0.09 248 £ 0.09
SWUST b-123 - - 4594+ 0.03 54.98 £ 0.03 - - 3122:+0.03 -

Data were shown by means with standard error of three replicates.

> indicated no antagonistic activity was detected.
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Isolates IAA (mg/L) Siderophore (0] IP- K- Glucanase Cellulose Protease
solubilization solubilization solubilization

SWUSTb-1 21.88 £ 0.54 - 220 0.00 - - 1.76 £ 0.05 - B
SWUSTb-2 4155£0.11 - 200051 - - - - -
SWUSTb-3 29.82 £2.39 - - - - - - -
SWUSTb-4 - - - - - 139 £0.05 - 2204 0.04
SWUSTb-5 26.66 £ 0.54 - - . - - . .
SWUSTb-6 4134 £2.50 - - - - 127 £0.01 - -
SWUSTb-7 6579 £0.76 - - - - 142+ 0.04 - -
SWUSTb-8 59.65 £ 5.16 - - - - 149 £ 0.09 - -
SWUSTb-9 28.95 + 0.54 - - - - 134 £0.06 - -
SWUSTb-10 384174 - - - - 3.52£0.03 3414004 4384013
SWUSTb-11 13.02 %027 - - : - - . .
SWUSTb-12 7914071 - - - - - - -
SWUSTb-13 12.91 % 0.60 3.05£0.13 - - - - - 339035
SWUSTb-14 210033 1.05 £ 0.01 - - - 2.10£0.16 - 410 0.10
SWUSTb-15 18.08 % 1.20 - 169 £0.17 - - - - -
SWUSTb-16 16,83 % 0.92 - - - - - - -
SWUSTb-17 24.05 £ 0.54 - - - - - 1.17 £035 233£0.13
SWUSTb-18 923 +048 - - - - 130 £0.02 - 2724012
SWUSTb-19 - 258 0.02 - - - 1.61 £ 0.04 - -
SWUSTb-20 4.65+0.82 3.00£0.17 - - - - - 182+ 0.04
SWUSTb-21 237 £0.16 121 0.00 - - - - - 368 0.04
SWUSTb-22 362076 2714 0.00 - - 292+ 0.08 - - 248 0.05
SWUSTb-23 1.07 £0.38 - - - 3864031 - - -
SWUSTb-24 286033 2.00 % 0.00 - - - 358 £0.16 3.630.07 3360.11
SWUSTb-25 1329 £ 1.20 - - - - - - 424033
SWUSTb-26 4.05:+1.20 3.13£025 - - - - 237:£0.13 -
SWUSTb-27 0.96 £ 0.16 217 £ 0.00 - - - 131£0.03 - 2.410.03
SWUSTb-28 17.60 % 0.26 - 2.00 % 0.00 - - 174 £0.15 - -
SWUSTb-29 500+ 1.14 - - - - 154 £0.07 1724011 1.6 0.07
SWUSTb-30 291+038 2.86+023 - - - 130 £0.02 - 198 £ 025
SWUSTb-31 - - - - - 2444020 - -
SWUSTb-32 047 £0.22 1.83+0.33 - - - - 386018 -
SWUSTb-33 1117 £0.38 345+ 0.06 - - - 3.00 £0.12 - 3.480.10
SWUSTb-34 - - 207 £030 - - 128 £0.04 - -
SWUSTb-35 - 1.17 £ 0.08 - - - - 250 £0.29 123 £0.02
SWUSTb-36 - 2324043 - - - - - -
SWUSTb-37 2221£087 - 167 £0.19 - - 150 £0.16 143 £0.03 -
SWUSTb-38 1.72£0.05 260015 - - - 228£033 - 3764 0.06
SWUSTb-39 422+ 0.60 - - - - 1.39 £ 0.06 218 £ 0.50 208+0.12
SWUSTb-40 5.52 % 0.60 229 0.00 - - - 144 £ 0.09 137 £0.05 208 0.10
SWUSTb-41 029:£0.29 427 £ 0.00 - - - 5.41£0.15 - 488071
SWUSTb-42 7.60 % 0.59 - - - - 172 £0.07 - 3654032
SWUSTb-43 3294 0.00 3714 0.04 - - - 140 £0.03 2234001 178 £ 0.02
SWUSTb-44 34.65 £ 1.47 267 0.00 1.96 £0.12 - - - - -
SWUSTb-45 - - - - - 149 £ 0.04 144 £0.04 200+ 0.05
SWUSTb-46 242011 - - - - 3.15 £ 0.00 3.55+0.17 257+ 0.05
SWUSTb-47 - - - - - - - 316 0.12
SWUSTb-48 4274022 3.050.03 - - - 1.2240.02 - 1.33 4 0.06
SWUSTb-49 3253£033 345+0.14 - o : 5 5 .
SWUSTb-50 - - - - - - - -
SWUSTb-51 - - - - - - - -
SWUSTb-52 - - - - - - - -
SWUSTb-53 2473 £0.96 2714 0.02 - - - 188 £0.13 2,01 % 0.80 1.87 £ 0.10
SWUSTb-54 - 3.63 % 0.00 - - - - - -
SWUSTb-55 824038 - 333£022 - - - - -
SWUSTb-56 - 3574022 - - - 1.50 £ 0.05 310021 450 0.44
SWUSTb-57 13.40 £ 0.76 - - - - - - -
SWUSTb-58 45.63 £ 0.05 129+ 0.01 - - - - - -
SWUSTb-59 3.350.05 3.66+0.29 - - - 152 £0.04 1.58 £ 0.06 1.90  0.08
SWUSTb-60 2139 £0.16 - - - - - - -
SWUSTb-61 - 393024 - - - 1.30 % 0.02 - -
SWUSTb-62 4253 £0.87 - - & s = = .
SWUSTb-63 4.16 £ 0.65 - - - - 1.89£0.11 - 3.87+023
SWUSTb-64 - - - - - 164 £0.12 1.96 +0.15 -
SWUSTb-65 - 3.46 £ 0.08 - - - - - 307035
SWUSTb-66 1889 +5.71 - - - - - - -
SWUSTb-67 340022 350  0.00 - - - 1.67 £0.02 3814004 2734 0.05
SWUSTb-68 14.76 £ 0.38 - - - - 1.56 +0.04 - -
SWUSTb-69 5.30 £ 0.49 - - - - - - 268026
SWUSTb-70 1378 £2.23 - 3.02£023 - - - - -
SWUSTb-71 - 2714 0.00 - - - - - 222019
SWUSTb-72 775+ 141 - - - - - - 384015
SWUSTb-73 324005 248+ 0.02 - - - - - -
SWUSTb-74 2,80 0.05 - - - - - - 29140.07
SWUSTb-75 3.67£071 3.9+ 0.20 - - - 1.64£023 252:£0.19 246+ 0.07
SWUSTb-76 - - - - - - - -
SWUSTb-77 4.60£0.11 296+ 0.1 - - - - - 414033
SWUSTb-78 1427 £0.33 - - - 1.75 £ 0.00 132:£0.04 - 260 0.10
SWUSTb-79 17.53£0.33 2.04 £ 0.04 183 £0.17 - - - 1.85 £ 0.08 -
SWUSTb-80 - - - - - - - 1.18 £ 0.01
SWUSTb-81 - 3.45 £ 0.05 - - - - - 2240.10
SWUSTb-82 721076 - - - 2.00£0.15 - 756+ 1.26 241 0.03
SWUSTb-83 3.180.11 - 272£0.15 - - - - -
SWUSTb-84 449228 - - - - 3.63£0.14 445 £0.09 389032
SWUSTb-85 2253 £2.07 2.15£0.16 171£0.15 - - 179 £0.11 - 3524 0.05
SWUSTb-86 2829 +4.57 259 % 0.00 - - - 1.75+0.13 - -
SWUSTb-87 6.61£0.49 430 0.10 - - - - - 3580.10
SWUSTb-88 0.14 £ 0.54 - - - - - - 264017
SWUSTb-89 53.84 £ 0.54 - 189+0.11 153 £ 0.07 - - - -
SWUSTb-90 8.84 £ 0.54 - - - - 149 £ 0.09 159 £0.11 282 0.06
SWUSTb-91 11234 1.96 - 244£023 - - 149 £ 0.08 - -
SWUSTb-92 - 1.23 £ 0.00 - - - 247 £0.16 3134007 2234020
SWUSTb-93 1.50 £ 0.05 3.8240.00 - - - 2514033 - 225+0.11
SWUSTb-94 - - - - - 152£0.10 3.44 £ 0.69 -
SWUSTb-95 - - - - - 1.32:£0.04 152+ 0.04 1.69 £ 0.09
SWUSTb-96 443 £0.49 376+ 023 - - - - 279 £ 0.50 311046
SWUSTb-97 3550 £ 0.95 - - - - - - -
SWUSTb-98 36.83 £ 1.36 - - - - 373 £0.96 - -
SWUSTb-99 0.85£0.16 - - - - 2.60 £0.03 - 2194030
SWUSTb-100 24,05+ 043 - 2194044 - - - - -
SWUSTb-101 6.07 £0.82 - - - - 226£0.13 3.00 £ 0.00 367035
SWUSTb-102 40.90 £ 1.09 - - - - - - -
SWUSTb-103 4074 £2.01 3.00  0.00 353030 1.00 £ 0.51 - 154£0.14 2.18£0.32 -
SWUSTb-104 14.93£0.75 - - - - - - 2964047
SWUSTb-105 8443 £7.88 - - - - = - 5
SWUSTb-106 1161 £0.16 1.17 £ 0.08 - - - - 411032 2364020
SWUSTb-107 2.86 = 1.09 289+ 0.19 - - - - 1.68 £ 0.14 265+0.17
SWUSTb-108 8.95+0.11 - - - - - - -
SWUSTb-109 - - - - - - - -
SWUSTb-110 020 £0.05 220 % 0.00 - - - - - -
SWUSTb-111 12154255 - - - - 147 £0.07 - 2074021
SWUSTb-112 1.66 £ 0.11 - - - - - - 1.84£0.15
SWUSTb-113 13.67 £ 3.64 - - - : B - .
SWUSTb-114 0.04 £ 0.00 224+ 034 - - - 1.39 £ 0.05 266+ 021 175£0.16
SWUSTb-115 579 0.65 - - . . = - .
SWUSTb-116 693 £0.16 - 2.67£0.08 - - - - 3714049
SWUSTb-117 623043 - - - - 145 £0.04 3294037 2364030
SWUSTb-118 1161 £0.71 - - . - B - -
SWUSTb-119 998 £0.16 1.76 £ 0.00 1.92 £ 0.08 - - - - -
SWUSTb-120 2.86+0.33 368028 - - - 1.38 £ 0.03 4.02£0.22 207£0.16
SWUSTb-121 1291 £2.01 1.44 £ 0.00 2894041 - - - - -
SWUSTb-122 775043 - 2564023 - - - - -
SWUSTb-123 - 3.1840.08 - - - 2114 0.06 - -
SWUSTb-124 270 £0.16 - - s S = . =

Siderophore production, organic phosphate solubilization, inorganic phosphate solubilization, potassium solubilization, glucan degrading enzyme, cellulase and protease production abilities of corresponding strains were indicated by the ratio of siderophore
diameter (cm), lecithin solubilization diameter (cm), Cas (POs); solubilization diameter (cm), K20-Al,03-68i0; solubilization diameter (cm), glucan degrading diameter (cm), cellulase diameter (cm), and protease diameter (cm) and bacterial colony diameter (cm),
respectively—means not detected.





OPS/images/fmicb-14-1192932-t001.jpg
Sampling sites Longitude  Latitude Elevation No. of Leaf Root Stem

(m) isolates
Yangting, Wudu, Jiangyou, and Sichuan E104°47 31" | N31°53 20" 570 12 2 6 4
Laopingba, Sanhe, Jiangyou, and Sichuan E104°47 04" | N31°49 44" 550 25 8 10 7
Baizhi, Sanhe, Jiangyou, and Sichuan E104°45 40" | N31°49 17 540 5 0 4 1
Changgeng, Zhangming, Jiangyou, and Sichuan | E 104° 42" 43" N31°42' 32" 510 10 1 4 5
Changging, Xiping, Jiangyou, and Sichuan E104°37 10" | N31°42' 29" 530 11 2 5 4
Yaoyue, Qinglian, Jiangyou, and Sichuan E104°39 42" | N31°41 28" 520 8 3 3 2)
Anzhou, Mianyang, and Sichuan E104°27 71" N31°55 17 593 8 1 3 4
Qiaolou, Taiping, Jiangyou, and Sichuan E104° 41 44" | N31°42 34" 470 26 7 8 11
Puzhao, Taiping, Jiangyou, and Sichuan E104°41' 28" | N31°43 51" 469 8 0 7 1
Qingyi, Fucheng, Mianyang, and Sichuan El04°41'43" | N31°32'1" 470 11 3 5 3
Total 124 27 55 42
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