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Sugarcane is the leading economic crop in China, requires huge quantities of nitrogen in the preliminary plant growth stages. However, the use of an enormous amount of nitrogen fertilizer increases the production price, and have detrimental results on the environment, causes severe soil and water pollution. In this study, a total of 175 endophytic strains were obtained from the sugarcane roots, belonging to five different species, i.e., Saccharum officinarum, Saccharum barberi, Saccharum robustum, Saccharum spontaneum, and Saccharum sinense. Among these, only 23 Enterobacter strains were chosen based on nitrogen fixation, PGP traits, hydrolytic enzymes production, and antifungal activities. Also, all selected strains were showed diverse growth range under different stress conditions, i.e., pH (5–10), temperature (20–45°C), and NaCl (7–12%) and 14 strains confirmed positive nifH, and 12 strains for acdS gene amplification, suggested that these strains could fix nitrogen along with stress tolerance properties. Out of 23 selected strains, Enterobacter roggenkampii ED5 was the most potent strain. Hence, this strain was further selected for comprehensive genome analysis, which includes a genome size of 4,702,851 bp and 56.05% of the average G + C content. Genome annotations estimated 4349 protein-coding with 83 tRNA and 25 rRNA genes. The CDSs number allocated to the KEGG, COG, and GO database were 2839, 4028, and 2949. We recognized a total set of genes that are possibly concerned with ACC deaminase activity, siderophores and plant hormones production, nitrogen and phosphate metabolism, symbiosis, root colonization, biofilm formation, sulfur assimilation and metabolism, along with resistance response toward a range of biotic and abiotic stresses. E. roggenkampii ED5 strain was also a proficient colonizer in sugarcane (variety GT11) and enhanced growth of sugarcane under the greenhouse. To the best of our knowledge, this is the first information on the whole-genome sequence study of endophytic E. roggenkampii ED5 bacterium associated with sugarcane root. And, our findings proposed that identification of predicted genes and metabolic pathways might describe this strain an eco-friendly bioresource to promote sugarcane growth by several mechanisms of actions under multi-stresses.
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INTRODUCTION

Agricultural extension in the 20th era has been deeply managed by the application of farm technologies, high-quality varieties, strong tillage, irrigation, chemical fertilizers, and pesticides (Foley et al., 2005). Sugarcane is the main energy and sugar crop that is consumed in several industries as a raw material. China positions the third major sugarcane growing country and produces approximately ten million tons of sugar every year (FAO, 2018) and Guangxi is the leading sugar-producing region of China (Li et al., 2016). The nitrogen fertilizer use is very high for commercial sugarcane production in China, extremely greater as compared to Brazil and other nations (Li et al., 2015). Whereas, constant exploit of nitrogen (N) fertilizers for an extended time increases the production cost as well as causes harmful results on the soil and environment health (Li and Yang, 2015).

Environmentally protected approaches such as bio-fertilizers are seriously required to improve crop/sugarcane growth, nitrogen fixation, and reduce yield loss in different stress conditions to retain sustainable crop production. The utilization of plant growth-promoting (PGP) endophytic bacteria is an efficient approach to stabilizing and improving crop yield due to these bacteria may have ecological benefits more than epiphytic and rhizospheric bacteria as they directly contact with the plants (James, 2000). Endophytic microbes, inhabit and survive inside plant tissue are widely investigated in several plants (Hardoim et al., 2015; Kumar et al., 2017), can support plant growth by several ways such as improving the soil nutrient uptake and germination rate, altering the phytohormone levels and improving plant biotic and abiotic stresses. In addition, secondary aids consist of the biological control of plant pathogens and the induction of induced systemic resistance (ISR) in plants (Rosenblueth and Martínez-Romero, 2006; Ryan et al., 2008; Mei and Flinn, 2010).

Biological nitrogen fixation (BNF) has been confirmed to give 30–80% of the total N for the sugarcane (Boddey et al., 1991; Döbereiner, 1997; Taulé et al., 2012; Urquiaga et al., 2012; Santi et al., 2013). Several nitrogen-fixing bacteria have been reported from inside and rhizosphere of sugarcane plants can fix N related to sugarcane plants (Gillis et al., 1989; Sevilla et al., 2001; Oliveira et al., 2002; Baldani and Baldani, 2005; Li et al., 2017). BNF decreases the sugarcane production cost and sugarcane is cultivated by an extremely less quantity of N inputs as a result of BNF in Brazil (Yong-Xiu et al., 2015). Diazotrophic endophytes are adaptable microorganisms, able to supply nutrients even in absence of nodules in plants, and a method named associative N-fixation (Carvalho et al., 2014). Previous studies showed that a few nitrogen-fixing genera of Enterobacteriaceae family have been enhanced nitrogenase activity and N-fixation in sugarcane (Mirza et al., 2001; Loiret et al., 2004; Govindarajan et al., 2007; Magnani et al., 2010; Lin et al., 2012; Taulé et al., 2012). Hence, there is a need to explore the endophytic diazotrophs belongs to Enterobacter genera in the major non- leguminous crops like sugarcane to improve nitrogen fixation, minimize the production cost, decrease the use of chemical fertilizer, and reduce environmental pollution.

Sugarcane production is usually affected by many pathogens and that can accrue in germplasm of sugarcane and cause major crop harm constraining the growth, dropping the stalk weight, and interrupt the sugar recovery. At present, above 120 diseases have been accounted for worldwide (Chen, 1982; Rott et al., 2000), whereas above 60 have been accounted for in China (Lu et al., 1997; Huang and Li, 2014, 2016). Out of these, pokkah-boeng, pineapple, red rot, smut, and wilt diseases cause significant yield damage (Viswanathan and Rao, 2011). Sugarcane production is also influenced by several abiotic stresses like drought, heavy metal, pH, temperature, and salt. NaCl is the major leading salt causing soil salinity, which affects plant growth and yield. Enormous effects of elevated salinity in plants consist of enzyme inactivation; reduction in K and Ca uptake by plants, protein synthesis inhibition, premature leaves senescence, development of burn-like lesions, a decline in respiration, and photosynthesis rate, and loss of cellular integrity, etc. (Munns, 2002). Whereas, heavy metals accretion in soils directly influences the pH and texture of the soil and finally may decrease the plant’s growth by exerting harmful results on a variety of biological processes in plants (Moftah, 2000). Additionally, drought stress stimulates cellular reactive oxygen species (ROS) production, which can oxidize many cellular components, lastly triggering cell death (Barrera, 2012).

The complete-genome study can be used to categorize genes implicated in the positive effects of plant growth-promoting bacteria (PGPB), offer the perception of the molecular and functional mechanisms (Kang et al., 2016; Qin et al., 2017; Oh et al., 2018). Earlier, complete genome analysis of some other Enterobacter stains is accessible (Ren et al., 2010; Taghavi et al., 2010; Liu et al., 2012; Andrés-Barrao et al., 2017) excluding E. roggenkampii. Therefore, the complete genome sequence accessibility of endophytic E. roggenkampii isolated from sugarcane root will help in full understanding of the diverse biological mechanisms and determining the characteristics of this bacteria, plus gene identification that is contributing to the positive activity of PGPB, improve sugarcane growth under abiotic and biotic stresses.

The objectives of this research are (i) to isolate Enterobacter strains from the roots of five different sugarcane species grown in the field of Guangxi, China (ii) to study their plant growth-promoting (PGP) and nitrogenase activities, as well as biocontrol potential against sugarcane and other plant pathogens (iii) to detect the nifH and acdS genes amplification (iv) to study their hydrolytic enzymes (chitinase, glucanase, cellulase, and protease) production (v) to investigate their capacity to tolerate several abiotic stresses (pH, temperature, and NaCl), (vi) to examine the colonization pattern of selected most prominent E. roggenkampii ED5 strain in sugarcane plant through confocal laser scanning microscopy (CLSM) and scanning electron microscopy (SEM), and (vii) to sequence the E. roggenkampii ED5 genome, a prospect to create the allocation of nitrogen-fixing, PGP, and stress-related genes. Here, we report the first statement of the forthcoming application of E. roggenkampii ED5 endophytic bacteria, isolated from sugarcane root, as a potential agent to improve growth and nitrogen fixation in sugarcane, stress alleviation, and biocontrol against pathogens.



MATERIALS AND METHODS


Sugarcane Samples Collection

Five different sugarcane species were selected in this study, i.e., Saccharum officinarum, Saccharum barberi, Saccharum robustum, Saccharum spontaneum, and Saccharum sinense. All these five sugarcane plant samples were obtained from the nursery of Sugarcane Germplasm Resources, Guangxi Academy of Agricultural Sciences, Sugarcane Research Centre, Nanning, China. Only root samples were selected for the isolation of different endophytic bacteria at the elongation stage. For each sample, five plants were selected, and five different root samples were composed of each sugarcane species. The roots samples with white tips, indicated the active growth, were used for the isolation.



Isolation and Cultivation of the Strain

One gram of fresh roots pieces was squashed in one mL of sterile 5% sucrose solution after sterilization (Dobereiner et al., 1993). Roots were cleaned with tap water, disinfected superficially by 70% ethanol for 5 min, once more rinsed and disinfected with 3% sodium hypochlorite for 5 min. For sterilization, roots were cleaned by sterilized double-distilled water, and then samples were dried with sterile filter paper. To check the disinfection method accomplishment, the former washing double distilled water was spread on the nutrient agar (NA) and potato dextrose agar (PDA) plates, kept at 30 ± 2 and 26 ± 2°C in an incubator for 3–5 days. The results were utilized as a sterilization control, and no fungal and bacterial colonies were capable to develop on the plates (Slama et al., 2019). Six different media were chosen for the nitrogen-fixing endophytic bacteria isolation, i.e., Ashby’s glucose, Ashby’s mannitol, Burk medium, Jensen medium, NA, and Yeast mannitol agar. The composition of all used different media is provided in Supplementary Table S1. All root samples were crushed with 5% of the sucrose solution. And, ten-fold serial dilutions from 10–2 to 10–5 of the 100 μL aliquots suspensions were spread into all different mediums in triplicates. After morphologically different strains of emerging spots or layers from the root, pieces were selected after 5–7 days at 30 ± 2°C, and individually bacterial colonies were further successive purification. The endophytic bacterial strains were stored in 25% glycerol at −20°C.



Antagonism Assay Against Phytopathogenic Fungi

All endophytic strains were assessed for their in vitro antifungal activities against Fusarium moniliforme, Fusarium cubense, Botrytis cinereal, Ceratocystis paradoxa, and Sporisorium scitamineum with the slight modification of Singh et al. (2020) method on NA plus PDA (1:1) medium. These all fungal pathogens were obtained from Agriculture College, Guangxi University, Nanning. A 5 mm diameter of actively growing pathogen culture disk was cut from the PDA plate and put in the middle of PDA: NA plates. All bacterial strains (106 cell mL–1) were streaked on the plate around 3 cm from the pathogen disk and kept at 28 ± 2°C, till the mycelia of fungal pathogens were completely grown in the control plate (without bacterial strains). The antifungal activity was evaluated by determining the growth inhibition in response to selected pathogens. The inhibition percentage was observed by Singh et al. (2013) and strains displaying ≥50% inhibition of mycelial growth were measured as potential biocontrol agents.



Estimation of Cell Wall Degrading Enzymes Activity

The hydrolytic enzymes production is a common mechanism used by bacteria to prevent the growth of pathogenic microorganisms. In this study, production of four hydrolytic enzymes, i.e., chitinase (catalog no. MM1062O1), protease (MM1206O1), glucanase (MM91504O1), and cellulase (MM91502O1) was measured by enzyme-linked immune sorbent assays (ELISA) kits (Wuhan Colorful Gene Biological Technology Co. Ltd, China). A pure colony was transferred into 10 mL of LB broth medium and placed at 180 rpm for 36 h at 32°C in incubator shaker. Bacterial culture was centrifuged at 12,000 rpm for 5 min to acquire a supernatant. The supernatant for all strains was used for different enzyme activities assay by ELISA kits. The complete extraction method was performed at 4°C. The ELISA was done in 96-well microtiter plates coated with the antigen against the selected enzymes, according to Singh et al. (2018); Singh P. et al. (2019) procedure.



In vitro Screening of Endophytic Isolates for Abiotic Stress Tolerance

Growth of all selected endophytic bacterial strains was examined for their capacity to tolerate several abiotic stress conditions, i.e., temperature (20–45°C), pH (5–10), and NaCl (7–12%) in LB broth by spectrophotometer at 600 nm and the uninoculated medium was used as a blank.


Temperature Tolerance

0.1 mL bacterial suspension was transferred in LB broth medium (5 mL) of and tubes were incubated at 20, 25, 30, 35, 40, and 45°C for 36 h in a shaker incubator at 120 rpm and O.D. was recorded at 600 nm.



pH Tolerance

The pH of the LB broth medium was attuned to 5, 6, 7, 8, 9, and 10 with sterile buffers. 0.1 mL fresh cultures were transferred in 5 ml of LB broth medium comprising different pH and kept at 37°C; 120 rpm in incubator shaker and after 36 h growth was measured at 600 nm.



Salinity Tolerance

Five mL of LB broth medium supplemented with 7, 8, 9, 10, 11, and 12% NaCl was distributed in 30 mL tubes and autoclaved. 0.1 mL bacterial suspension was inoculated in LB broth tubes and incubated at 37°C/120 rpm in shaker incubator and growth was calculated at 600 nm after 36 h.



Screening for PGP Activities

All endophytic strains were examined for different PGP traits, i.e., Indole acetic acid (IAA), Phosphate (P) solubilization, siderophore, hydrogen cyanide (HCN), and ammonia production, following the standard protocol of Lorck (1948), Schwyn and Neilands (1987), Brick et al. (1991), Glickmann and Dessaux (1995), and Dey et al. (2004), respectively. Each analysis was completed in three biological repeats.

Indole acetic acid production was estimated by the colorimetric method in the presence of tryptophan in the medium at different concentration levels. The potential of bacterial isolates to solubilize P was qualitatively evaluated by the Pikovskaya medium supplemented with tri-calcium phosphate. The strains were transferred on a plate and kept at 30 ± 2°C for 5–7 days and the development of a clear hallow zone around the bacterial isolates indicated P-solubilizing capacity. All selected endophytic strains were screened for siderophores production and development of halo zone on the chrome azurol S medium confirmed siderophore production. The HCN production capacity of all strains was evaluated on PDA medium with 4.4 g L–1 glycine to produce hydrocyanic acid. A filter paper soddens with 0.5% picric acid and 2% Na2CO3 was put on a cover plate, after that sealed by Parafilm and kept at 28°C, and change in color of filter paper confirmed the HCN production. All strains were incubated in 10% sterile peptone H2O at 30 ± 2°C for 72 h and change in yellow color by the addition of Nessler’s reagent (0.5 mL) confirmed the ammonia production.



Determination of 1-Aminocyclopropane-1-Carboxylate (ACC) Deaminase Assay

1-Aminocyclopropane-1-carboxylate deaminase activity of all strains was studied based on the capability to utilize ACC as a nitrogen source on nitrogen-free Dworkin and Foster (DF) medium (Jacobson et al., 1994). DF medium deprived of ACC was used as the negative control, whereas DF medium with ACC (3 mM) or (NH4)2SO4 (0.2% w/v) was used as a positive control. The plates were kept at 30 ± 2°C for 3–5 days and ACC deaminase activity was confirmed by the strain growth on ACC plates. Quantitative ACC deaminase activity estimation was estimated by the procedure of Honma and Shimomura (1978).



Acetylene Reduction Assay (ARA)

The nitrogen-fixing capacity of each strain was examined by the ARA method (Hardy et al., 1968), and the procedure was followed by Li et al. (2017) with some modification.



Molecular Characterization and Phylogenetic Analysis

Genomic DNA was isolated for all selected endophytic strains with DNA isolation kit (CWBIO, Beijing, China) and DNA was confirmed by gel electrophoresis (0.8% w/v) and quantified by Nanophotometer spectrophotometer (Pearl, Implen-3780). The 16S rRNA gene was amplified by using a pair of pA-F and pH-R universal primer through PCR and PCR condition was followed as Li et al. (2017) (Supplementary Table S2), and the purified PCR product was sequenced (Sangon Biotech, Shanghai, China).

Phylogenetic analysis and evolutionary relationship of the selected Enterobacter strains were studied through the comparison of 16S rRNA gene sequences with reference sequences of the National Center for Biotechnology Information (NCBI) GenBank database. The alignment of sequences was completed with ClustalW (Saitou and Nei, 1987). The phylogenetic tree was created by molecular evolutionary genetics analysis (MEGA) software (version 7.0) (Kumar et al., 2016) and unweighted pair group process through arithmetic mean (UPGMA) (Sneath and Sokal, 1973) in a Kimura two-parameter model (Tamura et al., 2004). The bootstrap examination was finished via Felsenstein procedure with 1000 pseudoreplication (Felsenstein, 1985).



nifH and acdS Genes Amplification

The nifH and acdS genes amplification of all the selected strains was achieved with degenerate sets of primer following the PCR conditions of Li et al. (2011, 2017), as presented in Supplementary Table S2. All amplified products of PCR were purified and cloned according to the manufacturer’s instructions (TaKaRa, Japan) and then sequenced (Sangon Biotech, Shanghai, China). All sequences obtained for both genes were checked through the blastn suite search engine in the NCBI GenBank database.



Root Colonization Study of E. roggenkampii ED5

The root colonization inside the sugarcane plant was confirmed through Green Fluorescent Protein (GFP) and Scanning Electron Microscopy (SEM) techniques. The pPROBE-pTetr-TT plasmid having the GFP gene was obtained from the Agriculture College, Guangxi University, Sugarcane laboratory, Nanning, China. Strain ED5 was mixed with plasmid vector (1:2 ratio) in LB broth and incubated at 30 ± 2°C for 36 h in an orbital shaker for 120 rpm. Sugarcane plantlets were shifted in the glass bottle inside the bacterial suspension and kept in the growth chamber. After 72 h plantlets were taken away and washed with autoclaved water. Micro-propagated cultivated sugarcane plantlets were cut into a small section and observed by a CLSM (Leica DMI 6000, Germany) (Singh et al., 2020). Sugarcane plant samples (stem and root tissues) were selected for the SEM analysis, both samples were cut into small pieces by knife and fixed in glutaraldehyde solution (Catalog G1102, Servicebio) overnight at 4°C. The samples were washed three times with distilled water and dehydrated in ethanol 30, 50, 70, 90, 95, and 100% for 15 min and finally isoamyl acetate for 15 min. After drying the samples with critical point dryer, colonization of E. roggenkampii ED5 was observed in sugarcane by using the SEM (Hitachi model SU8100), according to the protocol of Singh et al. (2013).



Evaluation of Plant Growth Parameters

The different plant growth parameters such as chlorophyll content, leaf area, plant height, root weight, shoot weight, photosynthesis, and transpiration rate were observed in sugarcane variety GT11 at 30 and 60 days after inoculation of strain ED5.



DNA Extraction, Library Construction, and Genome Sequencing

Genomic DNA was isolated from the overnight liquid cell suspension of E. roggenkampii strain by Wizard Genomic DNA Kit (Promega). DNA quality and concentration were estimated by TBS-380 fluorometer (Turner BioSystems Inc., Sunnyvale, CA, United States) and DNA with high quality (OD260/280 = 1.8 ∼ 2.0 > 20 μg) was employed for additional experiment. The genome was sequenced by a fusion of Nanopore and Illumina sequencing platforms. The Illumina data were employed to assess the complexity of the genome. For Illumina sequencing, as a minimum 1 μg genomic DNA was utilized for every isolate in the assembly of the sequencing library. DNA fragments were incised into 400–500 bp by a Covaris M220 Focused Acoustic Shearer. Illumina sequencing libraries were prepared by NEXTflex Rapid DNA-Seq Kit. Briefly, 5′ prime ends were first end-repaired and phosphorylated. Next, the 3′ ends were A- tailed and ligated to sequencing adapters. The third step was to enrich adapters-ligated products using PCR. The organized libraries were used for paired-end Illumina sequencing (2 × 150 bp) on an Illumina HiSeq X Ten. For Nanopore sequencing, 15 μg of genomic DNA was spin in a Covaris G-TUBE (Covaris, MA) to cut the genomic DNA into ∼10 kb fragments, then performed magnetic bead purification and connect the sequencing adapters to both ends.



Genome Assembly, Annotation, and Gene Prediction

The data obtained by Nanopore and Illumina platform were used for bioinformatics analysis and all the analyses were done with the free online platform of Majorbio Cloud Platform1 from Shanghai Majorbio Bio-pharm Technology Co., Ltd. The whole-genome sequence was assembled using both Nanopore reads and Illumina reads. A statistic of quality information was applied for quality trimming, by which the low-quality data can be removed to form clean data. The reads then assembled into a contig using a hierarchical genome assembly process (HGAP) and canu (Koren et al., 2017), and the circular step was checked and completed, generating a complete genome with seamless chromosomes and plasmids. Finally, error correction of the Nanopore assembly results was performed using the Illumina reads using Pilon.

The Glimmer version 3.02 was used for coding sequence (CDS) prediction and predicted CDSs were annotated from NR, Swiss-Prot, Pfam, Gene Ontology (GO), Clusters of Orthologus Groups (COG) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases (Delcher et al., 2007) by sequence alignment tools, i.e., Basic Local Alignment Search Tool (BLAST), Diamond and HMMER. The tRNA-scan-SE (v1.2.1) (Borodovsky and Mcininch, 1993) and Barrnap were used for tRNA prediction and rRNA prediction, as well as antismash software was used for the secondary metabolite genes prediction. In short, every protein query was aligned, and annotations of accurately matched subjects (e-value < 10–5) were completed for gene annotation.



Phylogenetic Analysis Based on Average Nucleotide Identity (ANI) Calculations

Complete genome similarity was calculated with ANI. The Enterobacter strains gene sequences were obtained from the NCBI database. Based on the selected E. roggenkampii ED5 16S rRNA gene and 10 house-keeping genes (dnaG, frr, rpoB, pgk, rplB, infC, pyrG, rpmA, smpB, and rpsB) online NCBI Blast search program2 was used to compare the ED5 strain with closely related eight strains. ANI results were analyzed using R version 3.5.1 gplots 3.0.4 software and presented as heat map and vegan 2.5–6 software was used for hierarchical cluster analysis.



Statistical Analysis

All genome analysis process was completed by the manufacturer’s instructions. All PGP and biocontrol tests were done in three replicates and data were considered through analysis of variance followed by Duncan’s multiple range test. Data were showed as the mean plus the standard error of the mean and evaluated by the Student t-test with p-value < 0.05 was indicated significant.



RESULTS


Isolation and PGP Activities of Endophytic Bacteria From Sugarcane Roots

A total of 175 endophytic bacterial strains were isolated by using six different selective mediums from the roots of five sugarcane species (S. officinarum, S. barberi, S. robustum, S. spontaneum, and S. sinense). Among these, only 90 strains were selected which exhibited various nitrogenase and PGP activities, as well as biocontrol potential against sugarcane and other crops pathogens. After 16S rRNA gene sequencing, we preferred only 23 Enterobacter strains for further study (Supplementary Figure S1). PGP activities of all 23 selected strains are presented in Table 1.


TABLE 1. Plant growth-promoting (PGP) and biocontrol activities of selected endophytic strains from the roots of different sugarcane species.
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Out of all 23 strains, in vitro siderophore production results showed that 13 (56.52%) strains confirmed positive response by producing halo orange zone in CAS agar medium and two strains (EB3 and ED5) were showed strong activity. For P- solubilization, only 16 (69.56%) strains have the potential to produce a zone of inhibition to solubilize tricalcium phosphate on Pikovskaya’s media and three strains (BC2, EI1, and ACD1) displayed strong activity (Table 1). Both assays were performed by measuring 3 mm or larger zone of inhibition on specific medium following incubation at 30 ± 2°C for 3–5 days. Further, Table 1 indicated that 10 (43.47%) and 18 (78.26%) strains were proficient for HCN, and ammonia production with more strains established positive ammonia production test than that of HCN.

Biocontrol activity of all these endophytic bacteria was also analyzed in response to five different plant pathogens. The results presented in Table 1, designated that 21 (91.3%), 11 (47.82%), 16 (69.56%), 20 (86.95%), and 18 (78.26%) isolates were antagonistic against S. scitamineum, C. paradoxa, F. moniliforme, F. cubense, and B. cinerea correspondingly, with ED5, DH1, and DF1 strains possessed strong biocontrol activity against all pathogens.

ACCD activity was measured by all the strains which showed the potential to use ACC as a solitary source of nitrogen in DF minimal medium and the result illustrated the growth of all strains on plate medium. In addition, further screened for quantitative ACCD activity and varying ranged of activity was observed by all strains from 212.73 to 1192.74 nmol α-ketobutyrate mg–1h–1. The highest ACCD activity was examined by strain EB3 followed by ED5 and ED4 (Table 2). The nitrogen-fixing capacity of all isolates was measured through the ARA method which varied from 8.23 to 29.60 nmoL C2H4 mg protein h–1. Strain ED5 recorded the maximum, whereas BC1 showed the minimum nitrogenase activity (Table 2).


TABLE 2. In vitro quantitative assays for ARA, ACC, and hydrolytic enzymes of isolated endophytic strains.
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IAA Production

Indole acetic acid biosynthesis is an essential trait of PGPR strains and results elucidated that all these isolates had a diverse ability to synthesize IAA, which are presented in Table 2. The quantitative IAA synthesis ranged from 70.64 to 732.93 μg mL–1 and 46.16 to 527.42 μg mL–1 in medium supplemented with 0.5 and 1% tryptophan and from 11.24 to 140.08 μg mL–1 in medium deprived of tryptophan. In the presence of 0.5% tryptophan, the minimum and maximum IAA production were recorded R15 and ED5 strains. While strains BC2 and DH1 confirmed the highest and lowest IAA production in medium supplemented with 1% of tryptophan. For medium devoid of tryptophan, the greatest IAA production was observed in AH1 and the least for ACD2 strains, respectively.



Hydrolytic Enzymes Assay

The quantitative estimation of four hydrolytic enzymes, i.e., cellulase, chitinase, endoglucanase, and protease was also measured for all the selected strains using the ELISA kit. All strains showed activity ranged between 93.58–449.25, 125.09–338.2, 529.59–1554.92, and 144.51–172.99 IU mL–1 for cellulase, chitinase, endoglucanase, and protease enzymes, respectively (Table 2). The strains R15 and AS3 showed maximum chitinase and protease activities; with ACD1 strain confirmed maximum cellulase and endoglucanase activities. Whereas, ACD1 and AA1 strains presented minimum chitinase and endoglucanase activities, and EI1 strain displayed minimum cellulase and protease activities (Table 2).



Different Abiotic Stress Tolerance

The growth of all selected strains was measured at 600 nm in different abiotic stress conditions, i.e., temperature (20–45°C), pH (5–10), and salt (7–12%), as displayed in Figure 1. Strain ACD1 established the greatest growth followed by CA1, AA1, and ED5 strains in LB broth medium supplemented with 7–12% NaCl, whereas the lowest growth was observed by the DH1 strain (Figure 1A). For pH, strains BC1, ED5, ED4, and CI1 showed maximum ability to grow in an extensive pH varying from 5 to 10. Alternatively, stains R16 and BD1 were least pH tolerant (Figure 1B). In the case of temperature, strain ED5 exhibited the highest and AS3 confirmed lowest temperature tolerance up to 45°C (Figure 1C).


[image: image]

FIGURE 1. Intrinsic result of various abiotic stresses of selected endophytic Enterobacter strains growth (A) salt (7–12%), (B) pH (5–10), and (C) temperature (20–45°C).




Molecular Classification and Phylogenetic Study of Endophytic Isolates

Endophytic strains were recognized through 16S rRNA gene sequencing and all achieved sequences were matched with nucleotide sequences of the national center for biotechnology information (NCBI) GenBank database by basic local alignment search tool (BlastN) program. We alienated 23 strains into 10 different species of Enterobacter i.e., Enterobacter ludwigii (2), Enterobacter cloacae (5), Enterobacter tabaci (2), Enterobacter sp. (5), Enterobacter asburiae (3), Enterobacter cancerogenus (1), Enterobacter oryzae (2), Enterobacter aerogenes (1), Enterobacter roggenkampii (1), and Enterobacter mori (1), based on ≥97% score similarity value. And all sequences were deposited in the NCBI GenBank from accession numbers MT613360-MT613382.

The phylogenetic tree was formed by a comparison of 16S rRNA gene partial sequences of the selected 23 isolates with the reference strains sequences of the NCBI GenBank public database. The phylogenetic tree which was created by 1000 bootstrap sampling showed two major sets and Pseudomonas putida strain was employed as the reference strain to divide Enterobacter strains (Figure 2).
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FIGURE 2. Dendrogram of 16S rRNA gene sequences of selected twenty-three endophytic Enterobacter isolates. The evolutionary distance was calculated by the UPGMA technique. Bootstrap analysis of 1,000 replications is specified as % confidence values for specific branching. Bar indicates % similarity and P. putida, as an outgroup.




acdS and nifH and Genes Amplification

Genomic DNA of all selected 23 endophytic strains was used to amplify nifH and acdS genes. Only 14 out of the 23 strains were confirmed positive nifH gene amplification, with a band size of 360 bp (Supplementary Figure S2) and a dendrogram was also created (Figure 3), whereas 12 confirmed positive acdS genes amplification with a band size of ∼ 755 bp (Supplementary Figure S3). All positive nifH and acdS strains were cloned and sequenced. After sequencing a BlastN search was finished and found all the sequenced clones were similar to the nifH gene sequences of NCBI GenBank database. In the case of acdS gene, only some sequenced clones showed similarity with acdS gene of the NCBI GenBank database and sequences not submitted. The identified nifH sequences were deposited in NCBI GenBank with accession numbers (MT649070-MT649083).
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FIGURE 3. The dendrogram was created by a nifH gene sequences of the amplified Enterobacter strains by the neighbor-joining method.




Colonization Study of GFP-Tagged Endophytic ED5 Strain on Sugarcane

The root colonization and colony morphology of ED5 strain was examined by SEM and CLSM (Figure 4), as this bacterium confirmed many PGP traits, excellent nitrogen-fixing potential, antifungal activity against plant pathogens, as well as survived in various abiotic stress circumstances. These techniques helped to study the interaction mechanism of the potential strains. In this study, E. roggenkampii ED5 strain was chosen for localization assessment in sugarcane cultivar with SEM and CLSM. Figures 4C,D, SEM results confirmed the colonization of E. roggenkampii in both stem and root tissues of sugarcane.
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FIGURE 4. Scanning electron microscopy (SEM) and CLSM micrographs of most efficient endophytic E. roggenkampii ED5 strain and its colonization in sugarcane plant parts at the root and stem regions. Panels (A,B) is the SEM images showing the morphology of ED5 strain and, (C,D) is the colonization images obtained after the inoculation of ED5 strain in root and stem tissues of sugarcane. Panels (E,F) showing the CLSM micrographs of GFP-tagged endophytic ED5 strain, and (G,H), showing the colonization in the roots and stems of sugarcane by GFP-tagged E. roggenkampii ED5. CLSM images showing the selected strain ED5 in green dots of auto-fluorescence in both root and stem tissues, respectively, and bacterial cells are specified by blue and white arrowheads. Both micrographs confirmed the colonization of inoculated endophytic E. roggenkampii ED5 strain in sugarcane.


Whereas the GFP-tagged ED5 isolate transferred in sugarcane plants was also observed after 3 days of incubation and bacteria colonization was spotted as a green circle in all over of the plant stem and root tissues (Figures 4G,H). The density of ED5 strain had increased after incubation, and colonization of GFP-tagged strain was detected through the green auto-fluorescence produced as small dots in both roots and stems plant parts (Figure 4).



Plant Growth Parameters

All physiological parameters (chlorophyll content, leaf area, plant height, root weight, shoot weight, photosynthesis, and transpiration rate) were significantly increased by inoculation of strain ED5 compared to control in GT11sugarcane cultivar at 30 and 60 days (Table 3).


TABLE 3. Evaluation of E. roggenkampii ED5 strain on the plant growth parameters of sugarcane under greenhouse conditions after inoculation at 30 and 60 days.
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Genomic Properties of ED5 Strain

The general properties of the endophytic ED5 strain genome are presented in Table 4, which comprised 4,698,609 base pairs of a circular chromosome with an average 56.05% G + C content. There were about 4349 predicted CDSs (Figure 5A). In addition, the E. roggenkampii genome included 83 tRNA and 25 rRNA (9, 5S; 8, 16S, and 8, 23S) genes. The CDSs number allocated to the KEGG, COG, and GO database were 2839, 4028, and 2949 (Supplementary Figures S4–S6). And a circular plasmid with 4242 base pairs of DNA and the G + C content of 45.66% (Table 4). Plasmid genome annotations estimated protein-coding with 6 genes, and results involved mRNA-degrading endonuclease, hypothetical protein, a transcriptional regulator, and RNA polymerase (Figure 5B). Here, we used Island Path-DIMOB, PHAST, and Minced software to predict the presence of 7 gene islands, 5 CRISPR, and 2 prophages in the ED5 genome. Clustered regularly interspaced short palindromic repeats (CRISPR) are hypervariable loci extensively dispersed in bacteria which offer acquired resistance toward foreign genetic elements. It is composed of many short and conserved repeat regions and spacers. A total of 5 CRISPRs were predicted from the genome of strain ED5 with 25 bp shortest and 43 bp longest direct repeat sequences. Prophages are repeatedly confined in sequenced bacterial genomes through a simple semantic script and contain 90 CDS genes, mainly related to hypothetical protein, cold shock-like protein, phage tail protein, DNA polymerase V subunit UmuC, etc. Whereas, gene islands contain 160 CDS genes, mainly related to pyrimidine utilization protein, hypothetical protein, Type VI secretion protein, etc. (Table 4). A complete genome sequence of this strain has been submitted at Gen-Bank/EMBL/DDBJ with accession numbers CP058253–CP058254.


TABLE 4. Genome characteristic of endophytic strain E. roggenkampii ED5.
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FIGURE 5. Circular representation of chromosome and plasmid of endophytic nitrogen-fixing E. roggenkampii ED5 strain isolated from sugarcane root. The inner and innermost rings display the GC content and skew. ORI; the origin of replication in chromosome map. (A,B): A–Z, respectively, show the functional classification of the CDS genes in the chromosome and plasmid with the colors of the COG database and circle 3; different colors show different RNA types.




Genome-Based Phylogeny of ED5 Strain

The ANI results showed that the genome of ED5 presents 98.5259% ANI to E. roggenkampii FDAARGOS and 98.507% ANI to E. roggenkampii ECY546, respectively. Cluster analysis showed that they were closely related. The ANI value of strain ED5 and other strains were less than 95%, the highest value was 93.1342% for E. asburiae CAV1043 and the lowest was 79.69% for Citrobacter werkmanii MGYG-HGUT-02535. These ANI results indicated that strain ED5 belongs to E. roggenkampii (Figure 6).
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FIGURE 6. The heat maps of ANI (average nucleotide identity) between strain ED5 and phylogenetically eight closely related species. The ANI value among strain ED5 and E. roggenkampii FDAARGOS was 98.529% and E. roggenkampii ECY546 was 98.507%.




Genes Efficiently Linked With PGP and Various Stress Tolerance in Endophytic ED5 Genome

Examination of the recognized CDSs exposed the genome includes genes that encode proteins, related with nitrogen metabolism (iscU, norRV, and gltBD), ACC deaminase (dcyD), siderophores (fes, entFS, and fepA) plant hormones, phosphate metabolism, biofilm formation, root colonization, sulfur assimilation and metabolism, which are contributing in plant growth enhancement, were spotted (Table 5). The number of predicted gene clusters for secondary metabolite production such as NRPS, thiopeptide, Hserlactone, siderophore, and aryl-polyene are shown in Figure 7.


TABLE 5. Genes associated with PGP traits in E. roggenkampii ED5 genome.
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FIGURE 7. Type of secondary metabolites gene clusters in the genome of E. roggenkampii ED5 strain.


Also, genes involved in plant resistance response, i.e., antimicrobial peptide, synthesis of resistance inducers, hydrolase genes such as chitinase, cellulase, α- amylase, GTP cyclohydrolase, glutamate dehydrogenase, xylan 1,4beta-xylosidase, and glucosidase, whereas, oxidoreductases genes such as superoxide dismutase (SOD), glutathione peroxidase (GPX) and peroxiredoxin (PRXS) were also categorized (Table 5). Strain ED5 genome predicted some key genes of volatile substances such as 2,3-butanediol (alsD and ilvABCDEHMY), methanethiol (metH and idi) and isoprene (gcpE and ispE) and might be involved in biocontrol mechanism of strain ED5 (Table 5). Some symbiosis-related genes were also observed in strain ED5 genome, which might play a role in the establishment of symbiosis with the sugarcane plant (Table 5).

Enterobacter roggenkampii genome study also confirmed the existence of numerous genes involved in different abiotic stresses tolerance, mainly, the cold shock (cspA), heat shock (smpB hslR, ibpA, ibpB, and hspQ), drought resistance (nhaA, chaABC, proABPQSVWX, betABT, gabD, trkAH, kup, and kdpABCDEF), and heavy metals (cobalt, zinc, cadmium, magnesium, copper, mercury, lead, and manganese) resistance were identified (Table 6). Pathogenic and non-pathogenic bacteria secrete some protein-like virulence factors to adapt and survive in their living host. In this study, strain ED5 genome showed five types of secretion systems such as Type I, Type II, Type VI, Sec-SRP, and twin-arginine translocase (Tat), involving 49 genes by using Diamond Version 0.8.35 software (Figure 8).


TABLE 6. Genes involved in different abiotic stresses in the E. roggenkampii ED5 genome.
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FIGURE 8. Types of secretion system present in strain ED5 genome.




DISCUSSION

In China, farmer’s applying higher doses of chemical fertilizers especially N-fertilizers to enhance growth and yields of sugarcane, but the use of the higher amount of chemical fertilizers increases the production cost as well as have unfavorable results on the environment, causes severe soil and water pollution, the decline in beneficial microbial flora associated with PGP, and nitrogen mineralization, etc. (Herridge et al., 2008; Li and Yang, 2015; Singh et al., 2020). The main objective of this research work is lookup an endophytic microbe that fixes nitrogen for prolong periods in sugarcane as well as another crop. Therefore, here we have focused to isolate and identify only on root endophytic strains of Enterobacter genus, as this is an important genus of nitrogen fixation. A total of 23 endophytic Enterobacter strains were designated and identified with 16S rRNA gene sequencing with E. roggenkampii was the most prominent strain. Endophytic bacterial strains interact with the plant extra efficiently than rhizospheric bacteria and increasingly provide several benefits to the host plant, generally growth promotion, and tolerance to biotic and abiotic stresses, also carry the genes essential for BNF, to change dinitrogen gas (N2) into usable forms of nitrogen, ACC deaminase activity, P- solubilization, and produce plant hormones, for example, IAA (Gaiero et al., 2013; Beltran-Garcia et al., 2014; Lebeis, 2014; Santoyo et al., 2016; Maksimov et al., 2018; White et al., 2018).

The Enterobacter strains are well-known nitrogen fixers, plant colonizers, and highly resistant to biotic and abiotic stresses (English et al., 2010; Zhu et al., 2013; Sarkar et al., 2018; Macedo-Raygoza et al., 2019). All selected strains showed significant biocontrol activities against several pathogens used by dual culture method, and E. roggenkampii (ED5) showed highest antagonistic activity against F. moniliforme, F. cubense, B. cinerea, C. paradoxa, and S. scitamineum which indicates the potential application for management of diseases caused by various pathogens. Whereas, E. roggenkampii strain is unknown for the ability to produce secondary metabolites, various PGP traits including colonization ability, and environmental stresses. Greenhouse experiment confirmed that selected strain ED5 improve the growth of physical parameters in sugarcane. Because previously no information was reported to compare this strain, we need to go for complete genome sequencing and annotation of this endophytic strain, which offers a useful platform to study all nitrogen-fixing, PGP, and stress tolerance mechanisms. Here, in this study, a complete genomic analysis of ED5 strain identified several genes clusters related to antimicrobial peptide, synthesis of resistance inducers, and hydrolases, including pagP, sapB, alsD, ilvABCDEHMY, metH, idi, gcpE, ispE, sacA, yxeP, ycjT, ribA, folE, gdhA, bglAFX, malZ, xynB, amyA, and some unknown gene name. Identification of the genes associated with the production of antimicrobial compounds especially to stimulate the antibiotic production recommends the biocontrol ability of strain ED5 as well as its function as a different PGP trait and nitrogenase activity genes that can indirectly stimulate plant health by defeating the pathogens (Shariati et al., 2017). We identified several genes that are known to support the production of antimicrobial compounds and they additionally contained genes for chitinase, cellulase, and beta-glucosidase enzyme that damage the pathogenic fungi cell walls, and similar genes are also reported earlier in other strains (Cho et al., 2015; Shariati et al., 2017; Luo et al., 2018; Yang et al., 2019) as well as growth-stimulating volatile compounds, are produced by some of the most efficient PGPR strains, including Enterobacter spp. (Weilharter et al., 2011).

The endophytic PGP Enterobacter strains were used as microbial inoculants in many crops globally, to decrease the application of chemical fertilizers and increase the yield of the crops, in addition to maintaining soil fertility (Singh et al., 2017; Daur et al., 2018; de Zélicourt et al., 2018). Therefore, this study explored almost all PGP traits like nitrogen fixation, IAA, siderophore, phosphate, ACC, HCN, and ammonia production of the selected strains isolated from sugarcane root. Several other studies also showed that all PGP traits comprising bacterial strains from sugarcane used as bio-inoculants and increased sugarcane yield (Li et al., 2017; Singh et al., 2020). The genome of E. roggenkampii covers several genes contributing to plant-beneficial roles, such as ACC, siderophore, ammonia, IAA production, phosphate metabolism, and nitrogen fixation. The presence of important genes encoding for PGP mechanisms was also determined previously, and some related genes were informed by Asaf et al. (2018) and Kang et al. (2020).

Nitrogen is one of the essential micronutrients for plant growth, while nitrogen metabolism is the main metabolic activity of bacterial cells. Earlier, several Enterobacteriaceae for example E. oryzae Ola51T, Enterobacter agglomerans, and E. cloacae were accounted as nitrogen-fixers (Kreutzer et al., 1991; Peng et al., 2009; Laili et al., 2017). The nifH is a well-recognized functional gene and its amplification via degenerate primers is a convenient method to confirm the nitrogen-fixation capability of the strains (Zehr and Capone, 1996; Rosado et al., 1998). In this study, all endophytic bacteria established nitrogen-fixing potential through the ARA method in an N-free medium. However, only 14 strains confirmed nifH gene amplification at around 360 bp of band size. Most prominent strain E. roggenkampii genome encloses six nitrogen metabolism associated genes, i.e., iscU, norRV, and gltBD with one unknown gene name, which proved that the strain is directly connected with nitrogen metabolisms such as nitrogen fixation, cyanate hydrolysis, nitrosative stress, and ammonia assimilation. Gene iscU is responsible for nitrogen fixation protein nifU and related proteins; nifU protein contributes a major role in the Fe-S cluster congregation, which is necessary for nitrogen fixation (Smith et al., 2005). In contrast, Andrés-Barrao et al. (2017) reported Enterobacter sp. SA187 genome includes dissimilatory nitrate reduction genes apart from genes coding for the nitrogenase enzyme (nifDHK). Klebsiella variicola GN02 and K. variicola DX120E genome hold numerous genes associated with nitrogen fixation, for example, nif gene cluster (nifHDK and nifLA), nitrogen metabolism-regulatory genes (ntrBC and glnD), and ammonium carrier gene (amtB) (Lin et al., 2012, 2015; Biaosheng et al., 2019).

Phosphorus is another vital and limiting macronutrient for the plant’s production, along with nitrogen. Specific bacteria play an important part in supplying accessible inorganic phosphorous in the form of orthophosphate (PO43–) to the plant, owing to phosphate is generally existing in the soil in the form of insoluble compounds and plants are only proficient to receive free orthophosphate (PO43–) (Bergkemper et al., 2016). In the present study, 16 Enterobacter strains showed phosphate solubilization traits. Similar to our results, other Enterobacter strains such as E. asburiae (Gyaneshwar et al., 1999), Enterobacter sp. EnB1 (Delgado et al., 2014), E. cloacae SBP-8 (Singh et al., 2017), and Enterobacter sp. SA187 (Andrés-Barrao et al., 2017) have been also reported as phosphate solubilizers. The genome of ED5 includes 14 genes (pit, pstABCS, phoUAEBRH, and ugpBE, with one unknown gene name) coding for phosphate metabolism. The Pit system is constitutive, whereas Pst transporter is inhibited by phosphate and induced under phosphate limitation (Jansson, 1988). Andrés-Barrao et al. (2017) reported that the Enterobacter sp. SA187 genome comprises genes coding for phosphate uptake, low-affinity inorganic phosphate transporter, and phosphate starvation response.

Several helpful bacteria comprise PGP activity that is occurred by various mechanisms, such as inactivation or production of ACCD enzyme activity. PGPB including ACCD decreased the ethylene content in plants and encouraged root elongation (Penrose and Glick, 2003). In this study, all strains showed ACCD enzyme activity whereas, only 12 strains confirmed acdS gene amplification of ∼750–755 bp. Interestingly, one dcyD gene, coding for ACC deaminase, was present in E. roggenkampii genome. ACCD activity has been reported in many Pseudomonas, Bacillus, and Mesorhizobium strains, along with members of Enterobacter genus such as E. cloacae UW4, E. cloacae CAL2, E. cancerogenus, and Enterobacter sp. EN-21 (Shah et al., 1998; Holguin and Glick, 2001; Glick, 2014; Li et al., 2017; Kruasuwan and Thamchaipenet, 2018; Singh et al., 2020). IAA production from tryptophan by indole pyruvate is another approach of PGPB to improve plant growth (Taghavi et al., 2009). We observed that all endophytic strains were capable to synthesize IAA, and E. roggenkampii holds trpBCEFS, and trpGD genes code for enzymes concerned in this pathway. Moreover, we identified one gene auxin efflux carrier (mdcF) related to auxin biosynthesis, confirm their potential to be used as growth regulators. In similar to our findings, previously also well- recognized that the existence of tryptophan associated genes in genomes of bacteria is related to IAA production (Tadra-Sfeir et al., 2011; Gupta et al., 2014). As reported in Enterobacter strain 638 (Taghavi et al., 2010) and E. cloacae UW5 (Coulson and Patten, 2015) improved IAA levels and stimulate root development. Asaf et al. (2018) found tryptophan biosynthesis genes (trpABD) involved in IAA production was found in Sphingomonas sp. LK11 genome (Asaf et al., 2018).

PGPB developed a particular method for iron absorption by siderophores production, which transfers this component into their cells (Arora et al., 2013). In this study, 13 isolates showed positive siderophore production. Siderophore production by these strains expects importance for iron nutrition of plants matures in iron-limited situations. ED5 strain demonstrated strong siderophore activity and siderophore enterobactin (fes, entFS, and fepA) biosynthesis pathway was also observed in its genome study. Consistent with this study, the siderophore enterobactin pathway (fepEGDC) was detected in E. cloacae SBP-8 (Singh et al., 2017) and Bacillus subtilis EA-CB0575 genomes (Franco-Sierra et al., 2020).

A biofilm is a surface-linked efficient microorganism confined by a polymeric matrix including self-making exopolysaccharides, extracellular DNA and proteins related through the biotic surface (Hall-Stoodley and Stoodley, 2002; Vlamakis et al., 2013; Teschler et al., 2015). A large amount of beneficial microbial community’s structure recommended a biofilm, and some of the most fascinating recommended helpful biofilms are used in agriculture (Kumar et al., 2019; Singh M. P. et al., 2019). In the endophytic and rhizospheric zone, several kinds of bacterial species involve plant roots and create a biofilm which offers benefits to each other. Nowadays, plant-associated microorganisms have concerned a lot of interest because of the considerable effects of plant health and productivity (Bogino et al., 2013). Some of the PGPR showed antagonistic activity in response to phytopathogens by starting biofilm-like assemblies that have been previously reported to Bacillus cereus (Xu et al., 2014), Paenibacillus (Timmusk et al., 2015), and Pseudomonas stutzeri (Wang et al., 2017). In the biofilm, a cell-to-cell communication raises the gene expression of both up-down regulation, for enhancing the adaptation of microorganisms in both biotic and abiotic environments. In the E. roggenkampii genome, 21 genes, tomb, luxS, efp, flgABCDEFGHIJKLNM, motAB, sacA, and hfq which are associated to exopolysaccharides biosynthesis, protein, and biofilm formation were also found (Gupta et al., 2014; Ju et al., 2018).

Beneficial microorganism generally colonizes on the surface and inside tissues of various sections in the plant, i.e., root, stem, and leaf, the place they stay either commensally or perform helpful features (Johnston and Raizada, 2011). The interactions between beneficial microbes of the host plant might play an essential part in the achievement of microbial bioinoculant for improving the production of crops, but there is no strong thought on the entire role of colonization on the plant microbiome. The GFP pictures showed a signal of the occurrence of E. roggenkampii in the intercellular regions also as cell aggregates or isolated single cells in the root of sugarcane (Li et al., 2017; Singh et al., 2020). The SEM images confirmed of selected inoculated strain E. roggenkampii in stem and roots specified that the forms of adherence in sugarcane, and similar observation were also found in other endophytic strains like Paenibacillus polymyxa, Rhizobium sp. and Burkholderia sp. (Timmusk et al., 2005; Singh et al., 2009). In this study, we also clearly confirmed the result of root colonization genes present in E. roggenkampii through genome analysis. We recognized a great number of root colonization genes present in E. roggenkampii at different stages: chemotaxis (cheABRVWYZ, tsr, trg, aer, tar, and mcp) for signal transduction, motility (flhEABCD, fliABCDEFGHIJKLMNOPQRSTYZ) for genes regulation, adhesive structure (pilDT, and hofC), play a significant function in host–microbes interactions (Dorr et al., 1998; Krause et al., 2006) and adhesin production (pgaABCD). A similar observation was also reported by Cho et al. (2015).

Hydrogen sulfide (H2S) production by PGPR has been described to improve plant growth, and root colonization (Dooley et al., 2013). H2S, as an important molecule with beneficial effects on P-solubilization, responds with ferric phosphate to crop ferrous with the release of phosphate (Shariati et al., 2017). Sulfur is a vital nutrient for plant increase and development, along with related to stress tolerance in plants (Gill and Tuteja, 2011), because lacking sulfur in plant cause severe losses in crop yield and production. In the genome of E. roggenkampii ED5 genes associated with sulfate transporters (cysACDJHIKMNPUWZ) were found. Earlier, the cysP gene function was verified with a strain Escherichia coli transformed by a plasmid expressing B. subtilis cysP gene through a mutated sulfate transport (Mansilla and de Mendoza, 2000). The operon determined by cysP gene in B. subtilis is accountable for sulfur metabolism, for example, the sulfate adenylyltransferase gene (Aguilar-Barajas et al., 2011). The strain E. roggenkampii genome encodes the set of genes that are responsible for H2S biosynthesis, including the cysACDEGHIJKMNPQSUWZ, and fdx genes presented in assimilated sulfate reduction. The existence of an ATP-binding transporter gene that contains periplasmic binding proteins cysP, cysW, and cysA were determined in the genome of ED5 that discovered these genes might be elaborated in the transportation of thiosulfate or inorganic sulfate to cells, earlier reported in Pseudomonas sp. UW4 (Duan et al., 2013). The occurrence of these genes in microorganisms has been associated with the oxidation of sulfur and sulfur-conjugated secondary metabolites (Kwak et al., 2014). Also, sulfur oxidation effects soil pH and successively recovers solubility of micronutrients, i.e., N, P, K, Mg, and Zn (Vidyalakshmi et al., 2009). Hence, this type of beneficial endophytic microbes can offer enhanced mineral achievement and distribution to the host plants (Kang et al., 2020).

Abiotic stresses are highly injurious for the plants, the most unfavorable influence from physiological to the molecular level of the plants. Drought and heavy metal stress greatly decrease crop yield (Khan et al., 2018; Kang et al., 2020). Drought is the leading reason for preventive crop production over massive areas of the Earth (Saleem et al., 2018), and estimated to cause severe plant growth difficulties for above 50% of the arable lands in 2050 (Vinocur and Altman, 2005; Kasim et al., 2013). However, heavy metal recognized as a principal hazard in many terrestrial ecosystems globally (Shahid et al., 2015). Currently, significant industrialization will directly increase the heavy metals in soils, that have damaging outcomes on plant growth and productiveness (Forstner and Wittmann, 2012). The numerous micro-organisms have an intrinsic ability to manage abiotic stresses and improve plant growth. Earlier, several PGPR genera have been described to succeed drought and heavy metal stresses through various mechanisms, and to improve plant tolerance especially abiotic stresses (Dary et al., 2010; Hassan et al., 2017), as well as to improve the production of crops (Sessitsch et al., 2013).

A number of mechanisms have been described earlier about the heavy metal stress resistance of many microbial species (Kunito et al., 1996). Investigation of the ED5 genome discovered the occurrence of various genes presented in the homeostasis of heavy metals like copper, zinc, manganese, cadmium, etc. A genes czcD, znuABC, zupT, zntAB are found and these proteins were linked to the role of generating tolerance to about divalent cations with cobalt, zinc, and cadmium, owing to its capability to automatically produce an efflux of metal ions (Mima et al., 2009). Additionally, the magnesium and cobalt transport genes corAC and cobA were found in the ED5 genome. These genes have been stated to be elaborate in manganese transport, mntR and mntH genes considered the primary manganese transporters in bacteria (Kang et al., 2020). The copper (Cu) is an essential component for biological progressions, and a similar metal cofactor of several enzymes like monooxygenases, dioxygenases, and SOD (Giner-Lamia et al., 2012). The genes found in ED5 genome like copCD, cusABCFRS, and copA, have similar operon has been existing in bacterial species of Pseudomonas psychrotolerans, Pseudomonas syringae, Xanthomonas campestris, and E. coli (Duncan et al., 1985; Lee et al., 1992; Silver et al., 1993; Voloudakis et al., 1993; Cooksey, 1994; Kang et al., 2020). To further verify the ability of drought tolerance, we mentioned extraordinary resistance mechanisms in ED5, inclusive of tolerance to heavy metal, pH, and temperature stresses. Genes related to drought stress were determined in the ED5 genome are nhaA, chaABC, proABPQSVWX, betABT, gabD, trkAH, kup, kdpABCDEF.



CONCLUSION

The present study selected the numbers of nitrogen-fixing endophytic strains of Enterobacter genus from the sugarcane roots. All strains exhibited many PGP traits, biocontrol activity, as well as tolerance to various environmental conditions, and E. roggenkampii ED5 was the most prominent strain among all. Therefore, the employ of efficient endophytic bacteria is an opportunity to improve crop yield and comprehensive genome sequencing of ED5 strain has revealed many prospects to study this potential endophytic strain in the future. Also, the ED5 genome carried a set of universal genes that contributed to PGP, nitrogen fixation, and response to several stresses. So, it can be summarized that ED5 strain may be used as a possible alternate for chemical fertilizers and play an important part in improving ecosystem quality. However, field trials are required to explain the usability of the E. roggenkampii ED5 in the field earlier than it can be established as a plant growth promoter for utilizing in sustainable agriculture.
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Parameters

Sugarcane cultivar GT11

Control Treatment Control Treatment
30 days

Chiorophyll (SPAD units) 13.40 + 0.20¢ 15.09 0.23¢ 28.60 + 0.43° 32.04 + 0.48%
Leaf Area (cm?) 312.62 + 4.69° 492.43 4+ 7.39° 670.93 + 10.072 727.75 4+ 10.922
Height (cm) 21.07 +0.32° 22,58 + 0.34¢ 25.09 £ 0.38° 24.08 + 0.367
Root Weight (g) 1.30 £ 0.02 1.91 +£0.03° 8.83 +0.13¢ 9.63 + 0.14¢
Shoot Weight (g) 2.41 + 0.04¢ 411 +0.06° 21.57 £0.32° 26.29 + 0.39°¢
Photosynthesis (umol m=2 s=1) 5.48 + 0.08° 26.48 =+ 0.40° 9.23 + 0.14¢ 33.41 £ 0.50°¢
Transpiration rate (mmol m=2 s~ 1) 1.07 4+ 0.02 1.25 +£0.02¢° 117 +£0.02¢ 2.45 £ 0.04¢
gsw-stomatal conductance (mmol m=2 s~ 1) 27.47 £0.410 43.96 + 0.66° 39.30 + 0.59° 75.21 £ 1.13°
SEM 1.18 1.86 2.53 275

CD (P =0.05) 3.54 5.58 7.58 8.26

CV (%) 4.30 4.20 4.40 4.10

Means with the same alphabets inside a column are not significantly different (o < 0.05) according to DMRT (Duncan’s Multiple Range Test). SEM, standard error of the

difference between means,; CD, critical difference; CV, coefficient of variation.
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BD1 39.341 418.85 402.59" 11147 250.409 129.66' 174,51k 574.67% 152.44fdh
CA1 30.710 128.047 131.25M 13.269 717.319 211.52P 202.18" 858.89¢ 168.34%0
C10 26.49 116.00” 235.01" 15.77¢ 424.53™ 104.637 151.24™ 777.659 154.4219
el 20.87™ 76.469 156514k 12.21h 212.73" 122.08¢ 151.44m 658.68 148.47hi
DF1 24.69 160.15K 76.66° 13.059 688.43" 118.32/ 168.69 700.95" 149.799~/
DH1 110.78° 213.94/ 46.169 9.07 758.85 147.599 243.03° 687.42" 1517790
EB3 33.119 617.939 421.26° 9.2¢8 1192.742 122.08¢ 170.14k 786.689 157.73°
EC5 31.519" 635.40° 435.919 13.269 657.94' 193.83° 231.35 849.86% 169.01%
ED4 47.97° 142.89 139.08' 8.25™ 966.23° 127.130k 216.769 601.73K 153.1019"
ED5 123.23P 732.932 517.190 29.602 1096.10P 179.079 205.68° 1355.879 169.6722
EF2 27.291 91.320 92.320 15.36° 683.19" 152.77° 229.89 691.93" 145.83
El 31.110 524.01¢ 471.83¢ 10.54 881.387 93.58" 269.349 592,71k 144.51/
R15 16.86° 70.649 48.979 16.409 424.28M 143.729 338.202 714.49" 163.03%¢
R16 17.66%° 96.33° 84.69%° 20.38° 263.76°9 107.107 278.12¢ 696.44" 148.4700
AS3 33.119 235.61" 200.89 16.549 296.61° 173.76° 161.41 822.78 172.992
AS5 19.07m 534.85¢ 147.71k 20.17P 454.09 156.677 155.60™ 1342.3079 167.01b¢
ACA7 19.87™ 96.53° 128.44™ 16.72¢ 273.74° 146.299 136.71" 1446.33° 172.99
ACD1 25.494 332.559 153.53 18.92° 473.64¢ 449,257 125.09° 1554.922 167.68%¢
ACD2 11.249 81.08°9 107.567" 14,52 372.76" 104.63™ 132.35" 1410.14¢ 161.04e
SEM 0.573 4.000 2.864 0.159 6.806 1.774 2.203 9.572 1.677
CD (P =0.05) 1.632 11.387 8.153 0.453 19.373 5.051 6.272 27.248 4775
CV (%) 2.400 2.300 2.200 1.900 2.000 2.000 1.900 2.000 1.800

Means of the similar alphabet within a row are not significantly different (P < 0.05) according to Duncan’s Multiple Range Test (DMRT). SEM, standard error of the
difference between means; CD, critical difference; CV, coefficient of variation. AT, absence of tryptophan and PT, the presence of tryptophan.
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