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A survey of bacterial endophytes associated with the leaves of oil palm and acacias resulted in the isolation of 19 bacterial strains belonging to the genera Paraburkholderia, Caballeronia, and Chitinasiproducens, which are now regarded as distinctively different from the parent genus Burkholderia. Most strains possessed one or more plant growth promotion (PGP) traits although nitrogenase activity was present in only a subset of the isolates. The diazotrophic Paraburkholderia tropica strain S39-2 with multiple PGP traits and the non-diazotrophic Chitinasiproducens palmae strain JS23T with a significant level of 1-aminocyclopropane-1-carboxylate (ACC) deaminase activity were selected to investigate the influence of bacterial inoculation on some economically important tree species. Microscopic examination revealed that P. tropica S39-2 was rhizospheric as well as endophytic while C. palmae JS23T was endophytic. P. tropica strain S39-2 significantly promoted the growth of oil palm, eucalyptus, and Jatropha curcas. Interestingly, the non-diazotrophic, non-auxin producing C. palmae JS23T strain also significantly promoted the growth of oil palm and eucalyptus although it showed negligible effect on J. curcas. Our results suggest that strains belonging to the novel Burkholderia-related genera widely promote plant growth via both N-independent and N-dependent mechanisms. Our results also suggest that the induction of defense response may prevent the colonization of an endophyte in plants.
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INTRODUCTION

Plant-associated bacteria play important roles in plant development and differentiation (Hallmann et al., 1997; Reiter and Sessitsch, 2006). Rhizospheric bacterial communities are known to modulate the bio-availability of mineral nutrients, stimulate plant growth through phytohormone production, and enhance plant resistance to pathogens (Bringel and Couée, 2015). On the other hand, phyllospheric bacteria that inhabit the aerial parts of plants are lesser studied despite the fact that the global phyllosphere measures more than 108 km2 accommodating a diverse bacterial community of about 1026 bacterial cells (Lindow and Brandl, 2003). It is intriguing how the oxygen-sensitive nitrogen fixation system adapts itself to the photosynthetic O2-rich phyllosphere (Dixon and Kahn, 2004). How the tissue-specific localization of various endophytes is regulated by the plant system is also poorly understood.

Burkholderia is a fairly large genus with more than 100 validly described species. It has received little attention from the application point of view due to the fact that the B. cepacia complex (Bcc), comprising 20 species, cause opportunistic infections in cystic fibrosis patients while members of the B. pseudomallei group cause mellidiosis (Cheng and Currie, 2005). Burkholderia mallei is the causative agent of the Glanders disease in horses (Nierman et al., 2004). Recent data suggest that Paraburkholderia and Caballeronia are phylogenetically distinct from the Burkholderia cepacia complex and has therefore spawned an interest for their agrobiotechnology applications (Caballero-Mellado et al., 2007; Sawana et al., 2014; Dobritsa and Samadpour, 2016). Diazotrophic Paraburkholderia species have been isolated from the rhizosphere, nodules of legume plants, as well as root tissues of non-legume plants (Aizawa et al., 2010; Suárez-Moreno et al., 2012; De Meyer et al., 2013, 2014; Martínez-Aguilar et al., 2013; Sheu et al., 2013, 2015; Steenkamp et al., 2015), while a phosphate solubilizing Paraburkholderia tropica strain has been isolated from the rhizosphere of pomegranate (Kaur et al., 2016).

Paraburkholderia phytofirmans strain PsJN is a well-studied plant endophyte and has contributed greatly to the understanding of plant–endophyte interactions (Frommel et al., 1991; Conn et al., 1997; Pillay and Nowak, 1997; Barka et al., 2000; Kim et al., 2012b; Kost et al., 2013). Chitinasiproducens palmae isolated from the leaf tissues of oil palm is a newly validated genus genetically distinct from Burkholderia, Caballeronia, or Paraburkholderia (Madhaiyan et al., 2020).

Oil palm is one of the most economically important oil yielding crops in Southeast Asia (Koh and Wilcove, 2007). Acacia and eucalyptus are the dominant forestry species in tropical Southeast Asia, supplying raw material for paper and pulp, plywood, and wood composites. Jatropha curcas, on the other hand, is a shrub that grows in poor soils, produces oil-rich seeds, and is seen as an emerging biofuel crop (Madhaiyan et al., 2013b). The growth of such tree crops demands a high availability of soil nutrients, especially nitrogen since forest productivity is directly related to nutrient levels of the soil (Smethurst et al., 2004; Gobert and Plassard, 2008). Inoculation with N2-fixing endophytic bacteria is an attractive option to reduce the demand for nitrogen fertilizer and to enhance tree biomass production. This study was therefore undertaken to decipher the mechanisms of plant growth-promoting activities of the Burkholderia-related genera, which have not been studied in much detail in the past.



MATERIALS AND METHODS


Isolation of Nitrogen-Fixing Endophytic Bacteria

Healthy oil palm leaves and phyllodes of Acacias were collected from various locations of Singapore. The collected samples were placed in plastic bags and processed within 2 h. Sample tissues (~5 g) were surface sterilized by sequential immersion in 90% (v/v) ethanol for 5 min and 10% (v/v) hydrogen peroxide solution for 10 min followed by repeated washing in sterile water. A 100-μl aliquot of the wash water from the third rinse was plated on a rich medium to confirm the efficiency of surface sterilization. Surface-sterilized tissues were macerated, enriched in an N-free medium, diluted serially with phosphate saline buffer, and plated on JNFb (Döbereiner et al., 1995), YEMA (Vincent, 1970), or BAc medium (Estrada-De Los Santos et al., 2001). An aliquot (100 μl) of the enriched suspension was simultaneously inoculated in a tube containing semi-solid N-free media. Sub-surface pellicles or colonies that appeared on agar plates after 72 h at 30°C were sub-cultured to obtain pure cultures. Isolates were routinely cultured on their respective agar plates at 30°C under aerobic conditions and stored at −80°C in 7% (v/v) DMSO.



DNA Amplification, Sequencing, and Phylogenetic Analysis

The phylogenetic positions of the isolated strains were identified by analyzing the complete 16S rRNA gene sequence as previously described (Wilson, 1997). The 16S rRNA gene was amplified from the genomic DNA of the isolated strains using the universal primers 27F and 1492R as described previously (DeLong, 1992; Madhaiyan et al., 2015). Sequencing was done with the BigDye Terminator Cycle Sequencing Kit (Perkin Elmer, Waltham, MA, USA) and samples were run on an Applied Biosystems 3730 Xl DNA sequencer (Applied Biosystems, Carlsbad, CA, USA). Sequences were analyzed against the EzTaxon-e Database (http://eztaxon-e.ezbiocloud.net/) (Kim et al., 2012a) and aligned using ClustalW tool in MEGA version 6 (Tamura et al., 2013). PCR amplification of the partial nifH fragment was performed as described (Pinto-Tomás et al., 2009). A 750-bp fragment of the ACC deaminase gene (acdS) was amplified using the primers F1937 and F1938 as described (Blaha et al., 2006). The nifH and acdS gene sequences were analyzed by BLAST searches against sequences in the GenBank at NCBI.



Screening for Plant Growth-Promoting Traits

The diazotophic trait of the isolates was confirmed by the presence of Acetylene Reduction Activity (ARA). The assay was performed using 125 ml serum bottles (Wheaton Industries Inc., Millville, NJ, USA) filled with the nitrogen-free medium (40 ml) of the following composition (per liter): 5 g Glucose, 5 g Mannitol, 0.1 g CaCl2·2H2O, 0.1 g MgSO4·7H2O, 5 mg Na2MoO4·2H2O, 0.9 g K2HPO4, 0.1 g KH2PO4, 0.01 g FeSO4·7H2O, 5 g CaCO3, and 1 ml trace element mixture. The trace element mixture comprised (per liter) of 0.1 g ZnSO4·7H2O, 0.03 g MnCl2·4H2O, 0.3 g H3BO3, 0.2 g CoCl2·6H2O, 0.01 g CuCl2·2H2O, and 0.02g NiCl2·6H2O in water. The assay was performed by injecting purified acetylene gas into the bottles that were sealed with gas-tight serum stoppers to achieve a yield of 15% acetylene (v/v), followed by incubation for 96 h at 30°C. For nitrogenase switch-off/switch-on assays, the isolates were cultured in N-free medium and supplemented with 1 mM NH4Cl or 10% O2. Protein concentration of the bacteria used for ARA assay was determined with the Bicinchoninic acid kit (B9643; Sigma-Aldrich, St. Louis, MO, USA) using bovine serum albumin (BSA) as the standard.

To determine the nitrogenase activity under in planta conditions, the ARA was performed using fresh plant tissues that were collected 30 and 60 days after inoculation of the individual bacteria strains. Root samples of the plants were separated from seedlings after carefully removing the adhering soil; placed in 250 ml glass bottles, and sealed with a rubber septum. After removing an equivalent volume of air, acetylene was injected into the bottles to achieve a final concentration of 15% (v/v) and incubated at 30°C for 24 h. Gas samples (0.8 ml for in planta samples) were removed at regular intervals with a PTFE-syringe (Hewlett-Packard, Palo Alto, CA, USA) and analyzed in a GCMS-QP2010 Ultra Gas Chromatograph (Shimadzu Corporation, Kyoto, Japan) with a flame ionization detector and GS-Alumina (30 m × 0.53 mm I.D.) column. The operational conditions were helium gas flow 30 ml/min; detector temperature: 200°C; pressure: 4.0 psi. The ethylene produced by the bacteria was quantified using a standard ethylene (C2H4, Product Number: 00489, Sigma-Aldrich) curve that was prepared in duplicate with concentrations ranging from 1 to 1000 nmol. All the obtained values were expressed after deducting the ethylene value of a blank treatment. The in planta ARA values were expressed as nmol C2H4 released day−1 seedlings−1 after deducting the plant's background C2H4 emission.

The ability of the strains to catabolize ACC was determined by assessing their growth in DF minimal salts medium (Dworkin and Foster, 1958) supplemented with 3 mM ACC. ACC deaminase activity was measured spectrophotometrically at 540 nm as described previously by Shah et al. (1998) and Honma and Shimomura (1978).

For the extraction of indole compounds, a single colony was used to inoculate 6 mL 2xYT medium supplemented with 100 μg ml−1 L-tryptophan and incubated at 30°C with agitation (200 rpm) for 4 days. A 2-ml aliquot of the cell-free supernatant was mixed with 100 μl of 10 mM orthophosphoric acid and 4 ml of Salkowski's reagent (1 ml of 0.5 M FeCl3 in 50 ml of 35% HClO4) and incubated at room temperature for 25 min. The concentration of indoles in the culture supernatant was determined spectrophotometrically at 530 nm (UV-1601, Shimadzu) by interpolating against the standard curve of indole-3-acetic acid prepared with concentrations ranging from 0 to 100 μg/ml (Sigma Chemical Co., St. Louis, MO, USA)

To evaluate the phosphate solubilization activity, strains were spot-inoculated on NBRIP agar plates (Nautiyal, 1999) containing 0.5% tricalcium phosphate [Ca3(PO4)2] as the inorganic phosphate source. The plates were incubated at 30°C for 7 days and solubilization of mineral phosphate was qualitatively estimated by measuring the diameter of the clear halo formed as a result of phosphate solubilization around the bacterial colonies.

The ability to produce siderophores by bacterial strains was assayed using the universal Chrome Azurol S (CAS; Sigma-Aldrich) dye assay (Schwyn and Neilands, 1987; Gao et al., 2006).



Screening for Cell Wall Degrading Endoglucanase Activity

The endoglucanase activity was determined as described previously (Reinhold-Hurek et al., 1993), with some modifications. A plate containing Kim–Wimpenny solid medium with 0.2% carboxymethyl cellulose (CMC) (Kim and Wimpenny, 1981), with or without 0.5% D-glucose, was spotted with 1 μl of an exponentially growing culture that was adjusted to an absorbance at 600 nm to 1.0; air-dried and incubated at 30°C for 3 days. Colonies were flushed off the plate with water and the plate was stained with a 0.1% Congo red solution for 30 min, followed by several washes with 1 M NaCl. The appearance of a clear yellow halo around the colony in a red background indicated a positive staining for endoglucanase activity.



Growth Inhibitory Activity

Rhodosporidium toruloides ATCC 10657 (Hu and Ji, 2016) and Kosakonia sacchari strain R4-368 (diazotrophic), the latter previously known as Enterobacter species (Madhaiyan et al., 2013a,b), were used as the fungal and bacterial test strains, respectively, for the determination of growth-inhibiting activity of the strains as described by Compant et al. (2005).



Construction of GFP-Tagged S39-2 and JS23T Strains

Escherichia coli strain S17-1λπ was used to mobilize the Tn5 transposon, constructed in pUT-tac-aph-sfGFP (Supplementary Figure 1), to the genome of S39-2 and JS23T strains by biparental mating. Mating was carried out overnight by mixing equal volume of an overnight culture of donor and acceptor cells on a 0.2-μm filter membrane placed on a 2xYT plate. Transformants were selected on succinate media (Nunn and Lidstrom, 1986) with 25 μg ml−1 kanamycin. The fluorescence was quantified using an Infinite® M200 microplate reader (TECAN, Männedorf, Switzerland). A single transformant that showed high fluorescence with no growth abnormality was selected for plant colonization studies.

The transformant's stability was determined by re-streaking a single colony from selective medium onto a 2xYT agar plate without any selection pressure. After 12 subcultures at a 5-day interval in 2xYT agar plates, colonies were scored for kanamycin resistance and GFP fluorescence. Fresh colonies that were scrapped off the agar plates were washed in sterile distilled water and starved at 4°C for 3 weeks. The suspensions were then plated onto succinate media with or without kanamycin. The colony, cell morphology, and growth of the GFP derivatives were compared with the wild type by culturing in 2xYT and succinate media, respectively.



Plant Inoculation and Endophytic Colonization of Seedlings

Lemon eucalyptus seeds were obtained from Richters Herbs (Goodwood, Canada). Seeds were surface sterilized by soaking in 70% alcohol (v/v) for 1 min and 15% H2O2 for 5 min followed by thorough rinsing with sterilized distilled water (5 × 15 min each) on a shaking platform. The surface-sterilized seeds were germinated in sterilized soil that had been autoclaved (121°C, 15 psi for 3 h). Strains JS23T and S39-2 were cultured in 2xYT medium for 36 h at 30°C, adjusted to a density of approximately 108 cfu ml−1, and applied near the root zone at a dose of 2 ml per seedling at 7 days after sowing (DAS). On day 14, the seedlings were transferred from germination trays to plastic pots (15 × 25 cm) containing 750 g non-sterilized red soil (Far East Flora, Singapore). Plants were maintained in a greenhouse with no artificial lighting and air-conditioning. Plant height, number of leaves, number of branches, chlorophyll content, and leaf area were determined at 30 and 60 DAI. Leaf chlorophyll levels were measured using the at LEAF chlorophyll meter (FT Green LLC, Wilmington, DE, USA). The relative chlorophyll concentration was recorded as the ratio of transmittance between the red (650 nm) and infrared (940 nm) emissions through the leaf. Leaf nitrogen (N) content was determined by the combustion method in an elemental analyzer (Vario EL Elemental Analyzer, Elementar, Germany) equipped with a thermal conductivity detector.

Oil palm seedlings derived from tissue culture of a hybrid variety were raised in plastic pots filled with 250 g potting mix (BVB substrates; Stealth Garden, Seacliff Park, Australia) and maintained in a greenhouse for 60 days. Selected healthy seedlings of uniform size were transferred to 45 × 60 cm pots containing ~5 kg non-sterilized red soil. The root zone of each seedling was inoculated with 5 ml of exponentially grown bacterial cells (108 cfu/ml). Plants were maintained in a greenhouse with no artificial lighting and air-conditioning. Plant growth data were recorded at 30, 60, and 90 DAI.

Seeds of Jatropha curcas were sown in germination trays filled with potting mixture and inoculated with 2 ml exponentially grown cells (108 cfu/ml). Root inoculation was done after germination, and the growth parameters were recorded at 60 DAI. For pot cultivation experiment under N-limiting condition, healthy seedlings derived from surface-sterilized seeds were transferred to pots containing a mixture of perlite, vermiculite, and sand in 1:1:1 ratio (v/v). Bacterial cultures (108 cfu ml−1; 50 ml pot−1) were applied to the root zone around the stem. Plants were maintained in a glasshouse. As a control, plants were watered as needed with a plant nutrient solution containing with 2 mM ammonium chloride (N source). For plants grown under N-limiting condition, a plant nutrient solution without the N source was used.



Plant Colonization and Monitoring Tissue Localizations by CLSM

To track plant colonization in lemon eucalyptus, seeds were germinated for 7 days under gnotobiotic conditions in multi-well plates containing MS medium (Murashige and Skoog, 1962) and transferred to PhytatrayTM II plant growth vessels (P5929 Sigma) each containing 200 g of sterilized sand (121°C, 15 psi, 3 h) filled with 40 ml of autoclaved nitrogen-free plant nutrient solution (Iniguez et al., 2004). The plants were cultured in a growth chamber with a temperature of 28°C and 16/8 h day–night cycles. The GFP labeled JS23T and S39-2 strains were cultured in succinate medium for 48 h, adjusted to 108 cfu ml−1, and inoculated at 5 ml per tray 3 days after seedling transplantation. Endophytic colonization was determined using surface-sterilized shoots (leaf + stem) and roots (30 DAI), which were homogenized with sterile pestle and mortar. Serially diluted samples were plated on R2A agar plates, incubated at 30°C for 3–5 days before colony forming units (CFU) were determined. The efficiency of surface sterilization was monitored by spreading an aliquot of the last wash on a 2xYT agar plate and incubated for 3 days at 30°C.

The localizations of GFP-labeled cells in eucalyptus tissues were examined with confocal laser scanning microscopy (CLSM) at 15, 30, and 45 days after inoculation (DAI). CLSM was carried out using a Zeiss LSM 510 upright confocal microscope with a motorized stage (Carl Zeiss Inc., Oberkochen, Germany) equipped with a multi-argon laser (458/477/488/514 nm), and a He/Ne laser (543 nm and 633 nm). Images were acquired using the Plan-Apochromat 63×/1.4 oil differential objective and analyzed using the Laser Scanning System LSM5 PASCAL software. Bacterial localization in eucalyptus root and shoot tissues was identified from 3-D confocal stacks.



Nucleotide Sequence Accessions

The 16S rRNA gene sequences of the strains have been submitted to NCBI under the accession numbers KU049648-KU049653, KU140660-KU140661, and KT337490-KT337503. The acdS gene and nifH gene sequences can be found under the accession numbers KX622566-KX622569 and KX622570-KX622579.



Statistical Analysis

Statistical analyses were carried out using the Statistical Analysis System (SAS) Version 9.4 (SAS Institute Inc., Cary, NC, USA). Analysis of variance (ANOVA) for the endophytic population was carried out using the General Linear Model (GLM) in SAS. The bacterial population data were log-transformed before being subjected to further analysis. The means of the treatment results were subjected to ANOVA and presented using Fisher's protected least significant difference (LSD). Endophytic bacterial inoculation data were subjected to analysis of variance and testing of means by Duncan's multiple range test (DMRT) at p ≤ 0.05 using SAS package.




RESULTS


Isolation of Endophytic Bacteria From Leaves of Oil Palm and Phyllodes of Acacia

A survey of endophytic bacteria associated with the phyllosphere of oil palm and Acacia led to the isolation of 19 strains belonging to three Burkholderia related genera, Paraburkholderia, Caballeronia, and Chitinasiproducens (Figure 1). Recently, the genus Burkholderia has been split into three clades: Clade I retaining the genus name Burkholderia and consisting mainly of animal and plant pathogens; Clade II was named as genus Caballeronia which are mainly composed of strains of environmental origin (Dobritsa and Samadpour, 2016), while Clade III was named as genus Paraburkholderia, which are environmental bacteria including plant growth-promoting bacteria and nodule symbionts (Coenye and Vandamme, 2003; Suárez-Moreno et al., 2012; Sawana et al., 2014; Dobritsa and Samadpour, 2016; Dobritsa et al., 2016). 16S rRNA analysis of the Burkholderia-related genera from oil palm and acacias resulted in the identification of 16 distinct strains of Paraburkholderia, three strains of Caballeronia and one strain belonging to the novel genus, Chitinasiproducens. The isolates were closely related to Caballeronia udeis, B. anthina, B. vietnamiensis, B. ubonensis, P. tropica, P. sediminicola, P. unamae and P. phytofirmans (Table 1, Figure 1). Most of the strains from Paraburkholderia could be assigned to P. tropica. The endophytic nature of some of these Paraburkholderia species has already been demonstrated (Caballero-Mellado et al., 2004; Reis et al., 2004; Suárez-Moreno et al., 2012).


[image: Figure 1]
FIGURE 1. Maximum-likelihood tree based on 16S rRNA gene sequences. Positions of isolates from tree crops and close relatives of the genera Caballeronia, Chitinasiproducens, and Paraburkholderia (family Burkholderiaceae) are shown. GenBank accession numbers are given in parentheses. Bootstrap values (expressed as percentages of 500 replications) greater than 40% are shown at the branch points. Bar, 0.005 substitutions per nucleotide position. *Twelve strains (S22-7, S23-4, S23-9, S23-8, S38-1, S39-2, S40-2, S41-2, S42-2, S43-2, S44-1, and S45-1) closely related to P. tropica cluster and all isolated strains in the present study are indicated in red.



Table 1. Screening for growth-promoting traits of endophytic isolates from oil palm and acacia leaves.
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Nitrogenase Activity

The 12 strains that belong to P. tropica showed relatively high nitrogenase activity, ranging from 18.8 to 348.6 nmol C2H4 (mg protein)−1 h−1, while the activity was completely absent in four strains even after 96 h of incubation (Table 1). Of the ARA-positive strains, 11 of the 12 strains (91.7%) were derived from oil palm and eight were identified as P. tropica. The remaining strains were identified as to B. anthina, B. vietnamiensis and P. unamae. None of four acacias isolates showed ARA activity. The nifH genes from the Burkholderia strains that had ARA formed a tight cluster with those from other plant-associated Burkholderia species (Supplementary Figure 2). Comparisons of the nifH sequences generated in this study with those available in GenBank revealed that they shared 96–99% sequence identity with P. tropica Ppe8T (Reis et al., 2004). The nifH gene was not present in the genome of strain JS23T as determined by PCR and this has been confirmed by genome sequencing (Madhaiyan et al., 2020).

Nitrogenases are usually highly sensitive to oxygen and ammonium ([image: image]). Both molybdenum-dependent and molybdenum-independent nitrogenases are stringently regulated at the transcriptional and post-translational levels (Dixon and Kahn, 2004). Acetylene reduction assay in a medium supplemented with 1 mM [image: image] or 10% oxygen showed that, with the exception of five strains (S39-2, S43-2, S38-1, S44-1, and S53-1), none had significant nitrogenase activity when [image: image] reached over 1 mM (Figure 2). Surprisingly, nitrogenase activity significantly increased with the supplementation of 10% oxygen in all the strains with the exception of strains S40-2 and S41-2 (Figure 2).


[image: Figure 2]
FIGURE 2. Effects of [image: image] (2 mM) and O2 (10%) on nitrogenase activity. All strains were incubated in 40 ml of N-free medium in a 120 ml vial at 30°C. [image: image] was added to 2 mM, and O2 gas was injected to 10% v/v. Acetylene reduction assay was performed by injecting purified acetylene into the bottles sealed with gas-tight serum stoppers to yield 15% acetylene (v/v); this was followed by incubation for up to 96 h at 30°C. Gas samples (0.5 ml) were removed after incubation and analyzed by gas chromatography with a flame ionization detector and GS-alumina column. Paraburkholderia strains tested: S45-1, S40-2, S39-2, S43-2, S42-2, S38-1, S44-1, S41-2, and S51-2.




Indole-Related Compounds and ACC Deaminase Production

Apart from N-fixation, the production of phytohormones, such as indole compounds and ethylene catabolizing ACC deaminase, contribute to the PGP function. Previous studies have demonstrated auxin production in P. kururiensis, P. phytofirmans, and P. unamae (Caballero-Mellado et al., 2007; Sun et al., 2009). We found that all the isolates produced indole compounds from the precursor L-tryptophan (Table 1). The activity was higher in the extracts of P. unamae S51-2, P. tropica S39-2, and P. tropica S23-8, producing 11.1, 12.4, and 10.3 nmol α-ketobutyrate mg−1 h−1 proteins, respectively. In addition, most strains showed ACC deaminase activity as evidenced by their ability to grow on media containing 3 mM ACC with the exception of six strains (Table 1). Sequence analysis of PCR products using the specific primer pair F1936/F1938 (Blaha et al., 2006) confirmed the presence of acdS genes in P. unamae S51-2, P. aromaticivorans Aca-213, and P. tropica S39-2.



Phosphorus Solubilization and Siderophore Production

Phosphorus solubilization is an important PGP trait and it is very common among Paraburkholderia species (Ghosh et al., 2016; Kaur et al., 2016). In the presence of inorganic phosphate in NBRIP medium (Nautiyal, 1999), all N-fixing strains produced a clear zone on the plates, indicating solubilization of inorganic phosphate (Table 1 and Supplementary Figure 3A). These strains were taxonomically placed in B. anthina, B. vietnamiensis, P. unamae, and P. tropica. Two of the N-fixing strains also produced siderophores, which are responsible for chelating Fe3+ ion (Table 1 and Supplementary Figure 3B).



Endoglucanase and Anti-microbial Activity

Subsequent to their colonization of the root surface, endophytic bacteria usually enter the inner tissues. Such endophytic bacteria secrete cell wall-degrading endo-1,4-glucanase which is believed to be important for plant colonization (Compant et al., 2005; Reinhold-Hurek et al., 2006; Fan et al., 2016). In this study, four strains showed clear endoglucanase activity when cultured in KW medium supplemented with CMC and glucose (Table 1). Three strains, C. palmae JS23T, P. tropica S44-1, and P. unamae S51-2, weakly inhibited the growth of the red yeast, Rhodosporidium toruloides. None of the isolates was able to inhibit the growth of endophytic bacterium K. sacchari R4-368 (Table 1).



Colonization of Lemon Eucalyptus Seedlings

Considering their PGP characteristics, strains S39-2 and JS23T originally isolated from oil palm were selected to gain further insights on their interactions with their host. Strain S39-2 had high nitrogenase activity and endoglucanase activity, while strain JS23T lacked both traits. Both strains produced ACC deaminase and IAA (Table 1). To facilitate the tracking of plant colonization by the bacterial strains, they were labeled with GFP by integrating a T5::egfp gene cassette into the chromosome via Tn5 transposition. The selected GFP-tagged strains were confirmed to have indistinguishable cell morphology and growth rate from the respective parent (Figures 3a,b) and showed high fluorescence (Figure 3c).


[image: Figure 3]
FIGURE 3. Colonization of GFP-tagged S39-2 and JS23T. (a, b) Cell density of wild-type (WT) and GFP-tagged JS23T and S39-2 in liquid culture (2xYT medium). (c) Relative fluorescence intensity of WT and GFP-tagged cells in culture medium was quantified in Tecan plate reader (Tecan i-Control, infinite 200; 476 nm excitation wavelength and 506 nm emission wavelength) using 96 flat bottom white polystyrol plate (Corning). Error bars are standard deviations (n = 3). (d, j) uninoculated roots. (e–i) Root tissues inoculated with S39-2-gfp on 15 DAI (d–f) and 45 DAI (h, i). (k–o) JS23T-gfp inoculated root tissues on 15 DAI (k, l) and 45 DAI (m–o). DAI, days after inoculation; rh, root hairs; co, cortical cells; arrowhead indicate micro-colonies (Mc); vt, vascular tissue; ic, intercellular colonization. Scale bars = 10 μm (f, g, k, and l), 20 μm (h, i, j, m, n, and o), and 65 μm (d, e).


Inoculation of GFP-tagged strains on eucalyptus seedlings under sterile conditions showed that both C. palmae JS23-gfp and P. tropica S39-2-gfp were able to efficiently colonize the rhizosphere of the seedlings. Micro-colonies of JS23-gfp and S39-2-gfp could be found on the surface of roots or root hairs (Figures 3d–g, j–m). The rhizoplane colonization pattern of strains JS23-gfp and S39-2-gfp was similar to previous reports where rhizosphere bacteria colonize the nutrient rich zones of root hairs, emerging lateral roots or root tips that support bacterial proliferation (Walker et al., 2003; Bais et al., 2006). However, persistent intercellular colonization was observed only with S39-2-gfp (Figures 3h,i), but not with JS23-gfp (Figures 3n,o). It was observed that JS23-gfp strain had a weaker GFP signal on the root surface and the signal in internal tissue was only obvious at 15 DAI. Surprisingly, GFP signal in the internal tissues disappeared at 45 DAI in JS23-gfp inoculated plants. To further confirm the GFP imaging data, the titers of JS23-gfp and S39-2-gfp in different parts of the plants were determined. Strain JS23T had significantly lower cell density on the rhizoplane, and the endophytic population was not observed at 30 DAI (Table 2). This is in stark contrast to strain S39-2, which had 3.7 ± 2.2 and 0.67 ± 0.2 × 107 cfu g−1 tissues in roots and shoots (stem + leaf), respectively, at 30 DAI.


Table 2. Colonization of eucalyptus tissues by gfp-tagged strains.
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Plant Growth Promoting Effect on Tree Species

Strains S39-2 and JS23T were inoculated on eucalyptus seedlings. After 60 days, the inoculated plants displayed a ~30.4% increase in plant height over the control plants. The number of leaves and branches, leaf area, and chlorophyll contents were also significantly higher in the inoculated plants (Figures 4A–E). Compared to the mock-inoculated plants, strain S39-2-inoculated plants showed a significantly higher biomass yield, with a 60.4% increase in root biomass and a 44.2% increase in shoot biomass (Figure 4F). Strain S39-2 displayed a clear in planta nitrogenase activity, which was associated with a 53.5% increase in leaf nitrogen content over control plants. In contrast, clear in planta AR-activity was not observed in control plants. Consistent with this finding, the leaf nitrogen content was not altered (Figures 4G,H). The trace level of AR-activity detected in JS23T inoculated plants was not significantly different from the control and is likely to have resulted from aerial cross-contamination during the cultivation. Surprisingly, this non-diazotroph with relatively low auxin production displayed significant PGP activity in eucalyptus.


[image: Figure 4]
FIGURE 4. PGP effects of non-diazotrophic and diazotrophic isolates on eucalyptus seedlings. The effect on plant height (A), number of leaves (B), number of branches (C), leaf area (D), relative chlorophyll content (E), total biomass of leaves, stems and roots (F), in planta AR activity (G) and leaf N content (H) was measured at 30 and 60 DAI with strain JS23T in lemon eucalyptus grown in small pot containing 750 g of red soil. Mean values ± SD are presented (n = 18). The data were statistically analyzed using DMRT. Different letters indicate significant differences of the treatments according to least significant difference (LSD) at p ≤ 0.05 levels. DAI, days after inoculation; CTL, uninoculated control.


Similarly, both strains were able to promote the growth of oil palm seedlings (Table 3). The growth promotion results were statistically significant at 30, 60, and 90 DAI. Strain S39-2 treated seedlings had a higher bacterial population in roots (21.8 ± 2.7 × 105 cfu g−1 tissues) than in leaflets (6.3 ± 0.54 × 105 cfu g−1 tissues) while no bacteria were recovered at 30 DAI from strain JS23T treated seedlings (Table 3). Furthermore, we tested the PGP activity of strains JS23T and S39-2 on Jatropha curcas, a tree plant that holds promise for biofuel production. Strain JS23T showed very little PGP activity while S39-2 showed strong PGP activity (Table 4). Strain S39-2 was able to colonize the root, stem, and leaf tissues of Jatropha, yielding population densities of 63.8 ± 4.8 × 106, 9.8 ± 1.8 × 106, and 0.57 ± 0.02 × 106 cfu g−1 tissues, respectively, at 60 DAI, while JS23T cells were not recovered from the surface-sterilized root, stem, or leaf tissues (Table 4).


Table 3. Effect of bacterial inoculation on the growth of oil palm seedlings.
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Table 4. Endophytic population of Burkholderia related strains in various tissues of Jatropha at 60 DAI under sterile N-limiting conditions.
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DISCUSSION


Endophytic Bacteria From Acacias and Oil Palm Phyllosphere and Their PGP Characteristics

Plant productivity is closely related to soil nutrient and climatic conditions. Since fertilizer application is not normally practiced in forestry, improvements in genotypes and the rhizospheric microbiome are critical for boosting tree productivity. The phyllosphere harbors diverse bacteria and the dominant bacterial taxa usually include diazotrophs and methylotrophs (methanol- and other one-carbon compound-consuming). This study focused on the diversity of Burkholderia-related genera within leaf tissues of acacias and oil palm. It is evident that members of the genus Paraburkholderia were dominant, followed by Caballeronia. Notably, Chitinasiproducens palmae is a new addition to the existing list of Burkholderia-related and tree plants associated bacteria (Madhaiyan et al., 2020). Members of N2-fixing Paraburkholderia species have often been isolated as rhizospheric and/or in root endophytic bacteria from various crops (Viallard et al., 1998; Compant et al., 2005; Theocharis et al., 2012). Our studies added a new insight into the diversity of Burkholderia-related bacteria in plant leaves, and our data suggested that they play an important role in tree crop health and growth.

Consistent with many reports on endophytes, the colonies formed were yellowish, round, smooth, and convex, 1–2 mm in diameter (Estrada-De Los Santos et al., 2001). The observed congruence between phylogenetic trees of 16S rRNA and nifH genes suggest that the common ancestor of Paraburkholderia was a diazotroph, and this function has been inherited in most species with a few exceptions (Suárez-Moreno et al., 2012). The ability to fix nitrogen is a major feature of plant-growth promoting Paraburkholderia species (Martínez-Aguilar et al., 2008). Although Paraburkholderia species were isolated from enriched N-free media, some strains were negative for the AR assay since the ability to grow on N-free medium or the presence of the nifH gene does not necessarily warrant nitrogenase activity (Madhaiyan et al., 2015). It is likely that these bacteria are not true diazotrophs despite their ability to grow in a culture medium without added nitrogen (Castanheira et al., 2016). The strains might have lost the ability during the purification procedure since it has been speculated that dinitrogen fixers grow best in the presence of other heterotrophic bacteria which support nitrogen fixers by physical or biochemical activities (Wiegel and Schlegel, 1976). Paraburkholderia isolates from oil palm belonging to P. tropica had higher ARA (Table 1), but none of the isolates from acacias reduced acetylene. It is surprising that the N-fixing activity was not significantly inhibited with 10% oxygen supplementation in many of the leaf isolates, suggesting the possibility of oxygen resistance mechanism in the leaf endophytes (Figure 3).

Phytohormones regulate many aspects of plant growth, development, and responses to stress. Previous studies have reported IAA production in different Paraburkholderia species, such as P. kururiensis, P. phytofirmans, and P. unamae (Caballero-Mellado et al., 2007; Sun et al., 2009). Our data with P. tropica are consistent with these reports as the majority of strains strongly produce auxins. ACC deaminase activity was found in all three genera of strains reported here although some strains appeared to have lost the gene (Table 1), suggesting their common role in inhibiting ethylene-mediated leaf senescence. This is consistent with previous reports on Burkholderia and Paraburkholderia that were of non-leaf origin (Suárez-Moreno et al., 2012). The member of the genus Paraburkholderia usually has a strong capacity to solubilize inorganic phosphates. On the other hand, this is rarely found in Caballeronia and Chitinasiproducens (Table 1). Siderophore production was also rarely encountered in the leaf isolates, suggesting that it play a minor role in the phyllosphere.



Plant Colonization and Growth Promotion by Strains S39-2 and JS23

The strains selected for plant inoculation studies, S39-2 and JS23T, significantly promoted the growth of seedlings of oil palm and eucalyptus despite the fact that JS23T had only weak auxin production, moderate ACC deaminase activity, and total lack of nitrogenase activity (Table 1). Further, JS23T failed to persistently colonize the internal tissues of lemon eucalyptus, palm, and Jatropha curcas. This suggests that JS23T promoted plant growth mainly with the ACC deaminase activity in the rhizosphere. It remains possible that these bacteria promoted plant growth via other mechanisms in the oil palm rhizosphere, where its inoculation led to a significant increase in leaf number and plant height throughout the 90-day observation period (Table 3). Unlike S39-2, JS23T displayed only weak PGP activity in Jatropha curcas. This suggests that there was a close interaction between the plants and the bacteria with regard to its colonization and growth promotion.

Although the mechanisms for these plant-bacteria interactions await further investigations, our GFP-tagged strains provided some interesting hints. JS23-gfp and S39-2-gfp differed significantly in their pattern of colonization in lemon eucalyptus (Figure 3). The most obvious difference was the long-term colonization pattern: while S39-2-gfp was able to sustain long-term colonization as an endophyte, JS23-gfp appeared to trigger some defense response that led to its gradual removal from the host tissues. Coincidently, this strain was also able to inhibit the growth of red yeast. In addition, JS23-gfp appeared to trigger a similar defense response in oil palm and Jatropha curcas as no bacteria was observed in the leaves of both plants.




CONCLUSION

Paraburkholderia tropica S39-2 isolated as a leaf endophyte from oil palm possesses multiple plant growth promotion traits and is able to colonize and promote the growth of oil palm and Jatropha. It may be developed as an efficient bioinoculant for tree species to reduce fertilizer usage; improve crop productivity, and reduce greenhouse gas emission. The strains S39-2 and JS23T can also serve as valuable tools for further studies of bacteria–host interactions of the Burkholderia related taxa, particularly with regard to understanding endophyte-plant interactions and their utilization for enhancing the sustainability of trees and conventional crop production.
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similarity)® deaminase?  solubilization® mi-)8 fungal
activity'
512 Oil palmleaflet (S2) P unamae (100) 60073 11411 17125 2304 52:£2.1 81%14 +
$22.7 Oil palm leaflet (S1) P tropica (100) = - 17.7£15 - 30£09 50+04 -
§23-4 Oil palmleaflet (S1) ~ P, tropica (100) - - 17.0£20 - 28+04 47+06 -
$23.9 Oil palmleaflet (S1) P tropica (100) = 61206 14.0£20 N 128+86  50+00 =
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$39.2 Oilpalmleaflet (S2) P tropica (99.6) 3486+ 653  124%1.4 18782 8804  110+24  87x21 -
S40-2 Oil palmleaflet (52) P, tropica (99.6) 188449 - 140£10 - 64£13 57+06 -
sa1-2 Oil palmleaflet (52) P, tropica (99.7) 255+£62  94:08  183%25 - 123+£86  70£10 -
s422 Oilpalmleaflet (52) P tropica (99.7) 1987242  7.4+1.4 223206 - 120£25  87+06 -
5432 Oil palmleaflet (S2) P, tropica (99.6) 1602+ 85 - 193£15 - 76£17 7.7£06 -
sa4-1 Oilpalmleaflet (S2) P tropica (99.5) 17394295 5905  187%25 - 20£0.1 73£06 +
s45-1 Oil palmleaflet (S2) P, tropica (99.6) 49207 9305  193=15 - 30£07 67+06 -
Js23" Oil palmleaflet (S3) ~ C. paimae - 32202 - - 15041 - ++
Aca-21 Acacialeaf stalks P sediminicola - - 140£10 - 32+04 70£10 -
(s3) (99.9)
Aca218  Acacialeaf stalks P aromaticivorans - 8112 120+1.0 - 21+£05 14725 -
(s3) (98.6)
Aca-28  Acacialeafstaks  C. mineralivorans - 82+12 - - 50£0.1 - -
(3 (99.5)
Aca214  Acacialeafstalks  C. mineralivorans - 69+08 - 60+07 - -
(3 99.7)
Aca215  Acacialeafstalks  C. mineralivorans = 98+18 = 97£13 - -
&) (99.6)

aSample collection in different locations in Singapore in September 2012, Temasek Life Sciences Laboratory (S1), West Coast Park (S2), and Science Park Il (S3).

BThe isolate was identified using the EzTaxon server on the basis of 165 rRNA sequence date.

Acetylene reduction activty (ARA, nitrogenase activity) was performed by same cultural conditions (n = 3) and expressed in nmol CoHy/mg of protein/h.

?ACC deaminase activity is expressed as nmol a-Ketobutyrate/min/mg protein. Data represent mean = SD (n = 3)

°TCP-solubilzation plate assay; phosphate solubilzation efficiency was determined by a clear halo (diameter in mm) around the bacterial colonies.

"Siderophore production comparison among the endophytic leaf isolates strains on a CAS siderophore testing agar. The chelator-iron (ll) complex tints the agar with a rich bive
background. The orange halo surrounding the colony indicates the excretion of sicerophore and its dimension approximates the amount of siderophore excreted.

9indole related compound prodction by endophytic bacteria strains was estimated in 2xYT broth cultures supplemented with 100 ug mi~" L-tryptophan.

hPlate assays for endoglucanase activity (EGA), 0.1% Congo-red stained KW agar plete with glucose. EGA was determined by the appearance on the red background of clear yellowish
halos around the points where the bacterium was inoculated.

#Relative inhibitory activity against R. torluloides.

T Type species is published (Madhaiyan et al,, 2020). Selected strains (S39-2 and JS237) underlined for further study.
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Treatments Epiphytic (hizoplane) population (x10° cfu g~") Endophytic population (x107 cfu g=')

Root Leaf + stem
P tropica S39-2-gfp 143+25a 37+22 067 +02
C. palmae J$23-gfp 33£06b 0 0
Uninoculated control 0 o 0

LSD (p < 0.05) 208 - -

Data represent mean  SD (n = 3). The data are statistically analyzed using DMRT. Within each vertical column, values followed by the same letter are not statistically different according
to Fisher's protected LSD at p < 0.05 levels.
Bacteria populations were determined at 30 DAl by selection on Kanamycin-containing solid medium (25 ng mi="). Results are derived from 3 replicates.
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Treatments

30
P tropica $39-2 393+1.7a
C. paimae J$237 367£81b
Uninoculated control ~ 29.6 + 1.6¢
LSD (p < 0.05) 208

Plant height (cm)

DAI

60

522 +3.4a

51.3+22a

394+£32b
2.69

20

60.0+25a

586+ 26a

432+£32b
2.88

Number of leaflets plant~'

30

79+06a
76+05ba
70+05b
0.64

DAl

60

91+08a

80x05b

73+09¢c
0.65

Endophytic Population (x10° cfu g

Root Leaflet
920
103+09a 21.8+27 6.3+0.54
102+ 08a 0 0
96+09b 0 0
0.62 - -

Date represent mean  SD (n = 9). The dta are statistically analyzed using DMRT. Within each vertical column, values followed by the same letter are not statistically different according
to Fisher's protected LSD at p < 0.05 levels. Endophytic bacterial populations were determined at 30 DA! by selection on R2A agar medium. DAI, days after inoculation.
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Treatments Fresh weight (g plant-') Dry weight (mg plant™') Endophytic population (x10° cfu g=')

Root Stem Leaf
P, tropica $39-2 17+03a 306.7 + 10.7a 63.8+48 98+ 18 0.67 £ 0.02
C. palmae Js237 15+£0.1b 226.7 £ 18.3b 0 0 0
Uninoculated control 13+£01¢c 226.7 £ 19.0b 0 0 0

LSD (p < 0.05) 0.131 10.39 - - -

Data represent mean + SD (n = 12). The data are statistically analyzed using DMRT. Within each vertical column, values followed by the same letter are not statistically different accorcing
to Fisher's LSD at p < 0.05 levels. Endophytic bacterial populations were determined at 60 DAl by selection on R2A agar medium.
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