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ABSTRACT 
 
Rhizoplane is the hotspot of plant microbe interaction where various plant growth promoting bacteria convert insoluble 

phosphatic compounds into accessible form for plants; thereby enhance plant health and productivity. An efficient rhizoplanic  

plant growth promoting Enterobacter sp. R1 of rice (O. sativa L.) cv. Swarna Sub-I was thoroughly studied which mineralized 

Ca-phosphate (574.7 µg/ml), Zn phosphate, rock phosphates and slag and also tolerated 9% NaCl. Besides P-solubilization 

(PS), it produced indole, siderophore (66.35 mg/g dr. wt.) and ammonia which would promote growth of plants. The bacterium 

mineralized P by acid (22.25 U/ml) and alkaline phosphatase (76.37 U/ml) and organic acid (citric acid, lactic acid, tartaric acid 

etc.) production. R1 challenged plants had enhanced root (66.67%) and shoot (28.81%) length in the laboratory test, and 

augmented growth and production in pot and field conditions. The bacterium intrinsically possessed the P solubilizing pqqC 

gene. Multiple plant growth promoting (PGP) traits and salt tolerance rendered the organism to be potent for biofertilizer 

production suitable for both non-saline and saline environments. 
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INTRODUCTION 

Limitation of available phosphorus in soil necessitates regular supplement of chemical P fertilizer to plants 

which causes biological and environmental hazards like ground water contamination, eutrophication, hypoxia in 

aqua pools etc. Eco-friendly phosphate solubilizing microbes (PSM) would partially substitute chemical P-

fertilizers through biogeochemical cycling of different insoluble P (IP) compounds and make available to rice 

and other plants [1]. The PSM mineralize IP compounds through acidification by organic/inorganic acid and 

phosphatase production, ion exchange reactions, chelation etc. Co-application of polyvalent PSM and rock 

phosphates in soil effected release of phosphorus, promotion of plant growth, improvement of soil texture, 

suppression of plant pathogens etc. and made it a promising, cheaper and ecofriendly growth promoter [2]. P is 

essential for different metabolic pathways and energy metabolism in plants which promotes tillering, root 

development, early flowering, ripening (especially at low temperature) etc. It increases straw strength, maintains 

membrane integrity, resists diseases, particularly at early stages of rice growth [1]. The phosphate solubilizing 

bacteria (PSB) would help to increase P uptake by grain and straw of rice [3]. 

Oxidation of glucose is correlated with microbial P metabolism. Glucose dehydrogenase (GDH) oxidizes 

glucose to gluconic acid through direct oxidation (DO) pathway supported by the redox cofactor 

pyrroloquinoline quinone (PQQ) and Ca
2+

 (or Mg
2+

) followed by 2-keto gluconic acid and 2, 5-di-keto gluconic 

acid by gluconate dehydrogenase [4]. The PQQ metabolic enzyme was revealed to be a cluster of six open 

http://creativecommons.org/licenses/by/4.0/
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reading frames (orf) (pqqA, B, C, D, E, F) and have been cloned from Klebsiella pneumoniae and Rahnella 

aquatilis [5]. 

On rhizoplane (root surface), PSM firmly attach by flagella, fimbriae or cell surface polysaccharides, maintain 

neutral pH and release P [6]. Evidently, Acinetobacter sp. BR-25 with higher phosphate solubilizing activity 

(387µg/ml) recorded dense colonization on root surfaces of rice [7]. However, information of P-mineralization 

by rice rhizoplanic bacteria is limited and no mineralizer has been thoroughly evaluated. 

Therefore, PS activity potency of a rhizoplanic bacterium and its effect on growth of rice plants in laboratory, 

pot culture in net house and field conditions were worked out. 

 

MATERIALS AND METHODS 

Experimental site, soil properties and rice cultural practices 

The rice (Oryza sativa L.) cv. Swarna Sub-I, Anjali, Ajay and Naveen were grown in sandy loam soil (Table 1) 

in NRRI, Cuttack for isolation of phosphate solubilizing bacteria (PSB). Rice cv. Naveen was used to check 

efficiency of the PSB on promotion of growth in laboratory, net house and field conditions, transplanted with 1 

(15d old) seedling/spot in 3 replications at 15×20 cm spacing between plants and rows, respectively. The 

agronomic practices used for field and pot tests were amendment of 5t/ha farm yard manure and fertilization 

with 120:60:60=N:P:K or 90:45:45=N:P:K in rabi (dry, February-June) and kharif (wet, August-December) 

seasons, respectively.  

 

Collection of plant samples 

Rice cv. Swarna Sub-I, Anjali, Ajay and Naveen plant samples were collected from the field, roots were washed 

thoroughly successively with tap water and distilled water, cut into 1 cm long pieces, washed repeatedly with 

sterile (autoclaved at 121°C, 15 min as a general practice unless otherwise mentioned elsewhere) distilled water 

and a few root pieces were used for gravimetric dr. wt. estimation.  

 

Isolation of phosphate solubilizing rhizoplanic bacteria 
Five thoroughly washed (soil free) root pieces were suspended in 10 ml sterile wash solution (0.001% tween 80, 

0.01M MgSO4 and 0.15% glycerol) and shaken at 30 ± 0.1°C at 80 rpm for 12 h.  The roots were recovered from 

the flask, washed thoroughly with sterile distilled water and blotted to dryness within sterile filter papers. 

Longitudinal half portion of the roots were kept pressed on sterile nutrient agar (NA) (g/l: peptone 5, beef 

extract 3, NaCl 5, agar 18, pH 7) plates and incubated for 2 h at 30 ± 0.1°C. Similarly, the reverse sides of the 

roots were also incubated for 2 h on a different place of the medium and then removed. The plates were 

incubated for 2d at 30 ± 0.1°C. The bacterial clumps of root impression were washed with 5 ml sterile distilled 

water, diluted up to 10
-3

 level, 100 μl diluted suspension was mixed with 100 ml NA and plated in 5 plates. 

Dissimilar colonies were picked up, purified by dilution streaking and pure colonies were isolated. The isolated 

bacteria were spotted on sterile National Botanical Research Institute Phosphate (NBRIP) medium (g/l: glucose 

10, Ca3(PO4)2 5, MgCl2.6H2O 5, MgSO4.7H2O 0.25, KCl 0.2, (NH4)2SO4 0.1, agar 18, pH 7) and colonies with 

halozone were picked up as P solubilizers (n = 20). The selected rhizoplanic isolates were purified, subcultured 

and preserved on NA slants at 4  0.1°C and in 15% glycerol at -80°C. A P-solubilizing bacterium was isolated 

from a commercial biofertilizer for comparative analysis with the native PSB. 

 

Characterization and identification of the rhizoplanic PSB R1 

Cultural, morphological, physiological and biochemical characters, growth with 1 to 10% NaCl, extracellular 

enzyme production, response to different antibiotics etc. of the potent P solubilizer (R1) were studied following 

standard methods and phenotyped according to bacterial systematics propositions [8,9].  

 

16S rDNA sequence analysis of the rhizoplanic PSB R1 

Genomic DNA (gDNA) was extracted from 24 h old washed bacterial pellet (centrifuged at 10000 rpm, 

4±0.1°C, 10 min as a general practice unless otherwise mentioned elsewhere) from nutrient broth (NB) culture. 

The 16S rDNA fragment of gDNA was amplified in 25 µl reaction  mixture containing 1X buffer, 100 µM 

dNTP, 10 µM forward and reverse primers (27F-5′AGAGTTTGATCCTGGCTCAG3′ and 1495R-

5′AAGGAGGTGATCCAGCCGCA3′), 1U Taq polymerase and 1 µl (20 ng) gDNA through PCR programme 

of initial denaturation at 95°C for 5 min, followed by 30 cycles each at 95°C for 30 sec, 55°C for 30 sec and 

72°C for 2 min, final extension at 72°C for 10 min and lastly at 4°C for 10 min. The PCR product was resolved 

in 1% agarose gel electrophoresis (AGE), about 1.5 kbp band was extracted from gel using QiaGen PCR 

purification kit, sequenced through service providers (Excelris, India). The 16S rDNA sequence was submitted 

to NCBI GenBank (KY921886). 
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Qualitative and quantitative estimation of phosphate solubilization by different rhizoplanic bacteria 

The rhizoplanic isolates were spotted on NBRIP plates, incubated for 3 d at 30 ± 0.1ºC and P solubilization 

index (PSI) was calculated from the ratio of the diameter of clear zones and the bacterial colonies. 

PSI=(Z+C)/C, where, Z is diameter of cleared zone and C is diameter of colony [10]. 

Quantity of inorganic phosphate (Ca3(PO4)2) solubilization in 20 ml NBRIP broth was estimated at 24 h 

intervals up to 3 d in shake (80 rpm) cultures at 30 ± 0.1°C. The broth was centrifuged, to 1 ml culture 

supernatant, 2 ml sulfo-molybdate reagent (2.5% sulfomolybdate solution), 0.1 ml 0.25% p-nitro phenol 

indicator, 0.2 ml 1N H2SO4 and 1 ml stannous chloride solution (40% w/v in HCl) were added, A660 nm was 

recorded [11] and soluble P (µg/ml) was estimated. According to best P solubilization efficiency, one bacterium 

(R1) was selected for further studies.  

For qualitative organic phosphate (phytate) mineralization, phytate screening medium (g/l: D-glucose 10, 

sodium phytate 4, CaCl2.2H2O 2, NH4NO3 5, KCl 0.5, MgSO4.7H2O 0.5, MnSO4.H2O 0.01, FeSO4.7H2O 0.01, 

agar 15, pH 7) was inoculated and incubated [12]. Clear zone around the colonies of organisms was considered 

positive for phytate mineralization. Free inositol in phytate broth culture was quantified to assess inorganic 

phosphate solubilization. 

 

Assessment of plant growth promoting traits of the rhizoplanic PSB R1 

To 1 ml broth (g/l: peptone 20, NaCl 5 and tryptophan 0.1%, pH 7) culture (3 d at 30  0.1°C) of R1, 1 ml 

Salkowski reagent (50 ml 35% HClO4 containing 0.5M FeCl3) was mixed and change of medium to pink colour 

indicated indole production [13]. The isolate was spotted and grown (30  0.1°C, 5-6 d) on Chromeazurol S 

(CAS) agar medium (50 ml solution A (chromazurol 60.6 mg in 50 ml water), 10 ml solution B (1 mM 

FeCl3.H2O in 10 mMHCl), 40 ml solution C (CTAB 72.9 mg in 40 ml water) and 300 ml NA) and yellow to 

orange zone formation against blue background proved siderophore production [14]. To quantify siderophore in 

NB culture (grown at 30 ± 0.1°C, 3 d), 6 ml bacteria-free centrifuged culture supernatant was adjusted to pH 2 

with HCl, siderophore was extracted 3 times each with equal volume ethyl acetate. To 5 ml pooled extract, 5 ml 

Hathway’s reagent (1 ml 0.1M FeCl3 in 0.1N HCl mixed with 100 ml distilled water and 1 ml 0.1M potassium 

ferricyanide) was mixed, colour of aqueous phase was read A650 nm and siderophore was quantified as 

dihydroxy benzoic acid equivalent [15]. To five ml peptone water (g/l: peptone 10, NaCl 5) culture (96 h at 30  

0.1°C) of R1, 0.5 ml Nessler’s reagent (70.83 g/l K2HgI4 in 2.5 M KOH) was mixed and brown colouration 

indicated NH3 production [16]. 

 

Mineralization of different phosphates by the rhizoplanic PSB R1 

Different rock phosphates viz. North Carolina (12.81% P), Gafsa (12.007% P), Tenesse (12.09% P), Morocco 

(14.61% P) and Florida (14.22% P) of particle sizes of 100 mesh, sodium phytate, zinc phosphate (Zn3(PO4)2) 

and slag (0.76% P) were assessed along with change of pH of the medium [11].  

 

Analysis of pqq gene of the rhizoplanic PSB R1 

The pqqC gene of R1 gDNA was amplified [17] in 25 μl reaction mixture (5 μl 10X buffer, 2 μldNTP (2mM), 

0.5 μl each of forward pqqCf1 (5′CAGGGCTGGGTCGCCAACC3′) and reverse pqqCr1 

(5′CATGGCATCGAGCATGCTCC3′) primers (give stock conc.), 0.3 μlTaq DNA polymerase (500U) and 

sterile water 15.7 μl) through the PCR protocol of initial denaturation at 95°C for 5 min once, followed by 30 

cycles each at 95°C for 30 sec, 64°C for 45 sec and 72°C for 1.5 min and final elongation at 72°C for 7 min. 

PCR products were resolved in 1.2% AGE, 546 bp band was purified using relevant kit, amplicons were 

sequenced through outsourcing (SciGenome, India) and the pqqC sequence was submitted to NCBI GenBank 

(MH221197). 

 

Production of acid and alkaline phosphatases by the rhizoplanic PSB R1 

To assay acid and alkaline phosphatases [18], the bacterium (R1) was cultured (3 d, 30 ± 0.1°C, 85 rpm) in 20 

ml NBRIP broth, samples were withdrawn at 24 h intervals and centrifuged. To 1 ml bacteria-free supernatant, 

0.2 ml toluene, 4 ml modified universal buffer (MUB) (12.1 g tris, 11.6 g maleic acid, 14 g citric acid, 6.3 g 

boric acid and 488 ml 1N NaOH and volume made to 1 l with water, pH 6.5 for acid phosphatase and pH 11 for 

alkaline phosphatase) and 1 ml p-nitrophenyl phosphate solution (0.025 M) were mixed, incubated at 37 ± 0.1°C 

for 1 h, and 1 ml 0.5M CaCl2 and 4 ml 0.5M NaOH were mixed, filtered and A420 nm was recorded, reaction 

product was estimated as p-nitrophenol equivalents and expressed as phosphatase units i.e. amount of enzyme 

that released 1 μmol of p-nitrophenol/ml/min from di-Na p-nitrophenyl phosphate. 

 

Separation, identification and quantification of organic acids produced by the rhizoplanic PSB R1 
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Organic acids (OA) of P-solubilization broth culture (3 d, 30 ± 0.1°C) were extracted in ethyl acetate, air dried, 

residue was revived in 0.5 ml methanol and partitioned by thin layer chromatography (TLC) on silica gel G (1 

mm thickness) developed in ethanol:ammoniumhydroxide:water (75.5:12.5:12, by volume) solvent system in 

ascending position along with authentic OAs [19]. The metabolized OAs were visualized as yellow spots after 

spraying 0.4% (w/v) ethanolic bromocresol green containing 0.1N NaOH and identified by comparing the 

retention factor (Rf) (Rf = dA/dF, where, dA is the distance ascended by organic acid, and, dF, the distance 

ascended by the solvent). 

 OAs were identified and quantified also through HPLC-PDA system with C18 column [20]. NBRIP broth 

culture of R1 was centrifuged, supernatant was filtered (0.22 µM filter) and run through HPLC with mobile 

phase 0.1% TFA (pH 3) in water:methanol= (95:5, v/v), injecting 20 µl sample with flow rate 0.8 ml/min. The 

OA peaks were detected at 210 nm with PDA detector and quantified from calibration curves.  

 

Effect of preservatives on survivability of the rhizoplanic PSB R1 (Enterobacter sp.) 

Survivability of R1 was checked up to 100d in presence of individual and combination of different preservatives 

viz. citric acid (0-0.1%), sodium benzoate (0-0.2%), formaldehyde (0-0.003%) and glycerol (0-0.1%). 

 

Effect of the rhizoplanic PSB R1 on growth of rice seedlings in laboratory 

Six surface sterilized (in 0.01% HgCl2,3min) and washed (3 times in sterile water) seeds of cv. Naveen were 

challenged with 2.13×10
7
cfu/ml R1 suspension for 12 h in a petriplate lined with sterile and wet filter paper. 

Excess inoculum was blotted; seeds were put in another sterile petriplate, incubated in darkness at 30 ± 0.1°C 

for 2 d for germination and subsequently under sunlight for 5 more days. Number of roots, root and shoot 

lengths, fr. and dr. wt. of root and shoot of the treated and untreated seedlings were recorded. 

 

Effects of the rhizoplanic PSB R1 and a commercial P solubilizer on growth of rice seedlings grown on 

sterile soil in laboratory 

Sterile rice seeds were germinated on sterile soil in trays and the seedlings were uprooted after 10 d, washed 

with sterile tap water followed by sterile distilled water, treated with 1.67×10
7
cfu/ml bacteria in NB for 12 h. 

Two treated/untreated seedlings were transplanted in each 25×9 cm (h x dia.) tall glass beakers with sterile soil 

(autoclaved at 1.1 kg/cm
2
, 1 h, 3 d), grown for 20 d, watered with sterile water as and when required and growth 

indices were recorded.  

 

Effect of the rhizoplanic PSB R1 on growth of rice in pot culture in net house 

Plastic pots (20 cm top dia. x 10 cm h) were cleaned sequentially with 1% teepol, 50% (w/v) bleaching powder, 

sterile water and dried under sun, then washed with 30% formaldehyde, dried and filled with 3.5 kg sterile, dry, 

200 mesh soil (Table 1) keeping 5 cm empty top space. Surface sterilized Naveen seeds soaked overnight in 

sterile water were grown on sterile moist soil (Table 1) on a tray for 10d. The seedlings were uprooted, washed 

thoroughly with tap water followed by sterile water, treated with 500 ml (2.4 x10
8 

cells/ml) NB culture (O.D. 1) 

of Enterobacter sp. R1 and two seedlings were planted in pots. The pots were placed in a randomized design 

and fertilized with recommended dose of fertilizers (RDF) viz. 120:60:60 =N:P:K kg/ha. The first dose of 

fertilizer was applied after 15d. Urea was applied in three equal splits, 3-5 cm standing water in pots and growth 

parameters were recorded after 30 d and at harvest. The treatments were:  

T1- Control without fertilizer 

T2- RDF of N:P:K 

T3- N: 1/2P: K according to RDF 

T4- Only bacteria (R1) 

T5- Bacteria (R1) + N:1/2P:K according to RDF 

 

Table 1: Physical and chemical characteristics of experimental rice field and pot soil 

Characteristics Pot soil Field soil 

Textural class Sandy loam Sandy loam 

pH 6.53 6.06 

E.C. (S/m) 0.09 0.06 

Organic carbon (%) 1.04 1.56 

Total N (kg/ha) 470.4 314.85 

Available P(kg/ha) 9.00 3.00 

Exchangeable K (kg/ha) 166.9 129.6 

 

Effect of the rhizoplanic PSB R1 for growth of rice in field 
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In rabi (dry) and kharif (wet) seasons, 4 x 4 m randomized plots were taken for experiments. The 21d old 

Naveen seedlings were uprooted, washed thoroughly with tap water followed by sterile water, treated overnight 

in trays with 3 litres of 2.8 x10
8 

cells/ml NB culture (O.D. 1) of Enterobacter sp. R1. The control seedlings were 

dipped in sterile water overnight. The plots were transplanted with single seedling at each spot (hill). Spacing 

between hill × rows were 15 x 15 cm (rabi) and 20 x 20 cm (kharif) with three replications in randomized block 

design and rice plants were fertilized with RDF viz. 120:60:60 and 90:45:45 N:P:K kg/ha for rabi and kharif 

seasons, respectively. 

The treatments were:  

T1- Control without any fertilizer 

T2- RDF of N:P:K 

T3- N: ½ P: K according to RDF 

T4- Bacteria + N:½P:K according to RDF 

T5- Only bacteria 

T6- N+K (according to RDF) 

Growth parameters viz. plant height (cm), tiller (no.), panicle length (cm) and leaf area (sq. cm) were measured 

prior to harvest and root length (cm), root fr. wt. (g), root dr. wt. (g), panicle weight (g), grain yield/plant (g) and 

1000 grain wt. (g) at 20% moisture level were recorded on 145d after harvest. Chlorophyll a and b contents were 

measured from flag leaf at panicle initiation (PI, 110 d) stage. Fresh leaves (100 mg) were dipped in 20 ml 80% 

aqueous acetone, preserved at 4±0.1°C for 24h and A645 nm and A663 nm were recorded to estimate 

chlorophyll a and b contents [21]. 

 

RESULTS 

 

Characterization and identification of the rhizoplanic PSB R1 

The rhizoplanic bacterium R1 (isolated from Swarna Sub-I) was Gram negative, non-spore forming and motile 

rod. The colonies were circular, white, convex, entire, 2-3 mm dia. and gummy. The organism measured (2.0-

3.0 μm) × (1.0-1.5 μm) l×w,H2S production, methyl red, urease, oxidase and arginine dihydrolase negative but 

catalase, VP, citrate utilization, nitrate reduction and indole production positive; oxidized and fermented glucose 

and lactose. The slant and butt of culture tubes became yellow and produced hydrogen in triple sugar iron test. 

The organism was resistant to ampicillin, ketoconazole, nystatin, penicillin G and vancomycin but sensitive to 

azithromycin, chloramphenicol, erythromycin, gentamycin, kanamycin, nalidixic acid, neomycin, streptomycin, 

tetracycline and rifampicin. It hydrolyzed tween 80 and tributyrin but did not produce amylase, protease, 

pectinase, cellulase, DNase and lecithinase and tolerated up to 9% NaCl. The 16S rDNA sequence of the 

organism was checked for similarities in NCBI Blast and EZBioCloud database, which showed 99% homology 

to Enterobacter sp. The culture was submitted to NCCS, Pune (MCC 3473) and 16S rDNA sequence to NCBI 

(KY921886).  

 

Inorganic and organic phosphate solubilization by the rhizoplanic PSB R1 

Enterobacter sp. (R1) solubilized maximum P (574.7 µg/ml), lowered medium pH to 4.04 in 2 d (Fig. 1) and 

produced PGP factors like indole, ammonia and siderophore (66.35 mg/g dr. wt.). Besides, R1 solubilized zinc 

phosphate (434.1 µg/ml) with lowering to medium pH 5.1 and 84.52 µg/ml organic phosphate (sodium phytate) 

lowering to pH 4.51 (Fig. 2). 
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Fig. 1: Time course calcium phosphate solubilization by the PGPB R1 up to 3d and corresponding change in pH 

of broth medium 

 

 
Fig. 2: Solubilization of organic phosphate (phytate) and zinc phosphate in broth culture of the PGPB R1 

 

Solubilization of other forms of phosphates by the rhizoplanic PSB R1 

Enterobacter sp. R1 solubilized rock phosphates of Morocco (299.32 µg/ml, pH 4.37), North Carolina (486.7 

µg/ml, pH 3.57), Florida (284.7 µg/ml, pH 3.62), Tenesse (159.34 µg/ml, pH 3.75) and Gafsa (495.5 µg/ml, pH 

3.83) and slag (13.614 µg/ml, 4.94 pH) (Fig. 3). Rate of conversion of the phosphates were 41, 14.2, 38.9, 25.9, 

12.9 and 29.3% for Morocco, North Carolina, Florida, Tenesse, Gafsa rock phosphates and slag, respectively 

(Table 2). 

 

Table 2: Conversion (%) rate in different phosphates in broth culture of the phosphate solubilizer R1 

Rock phosphate source 
Time (h) course conversion (%) of RP 

24 48 72 

Morocco 41.00±2.90 40.41±2.87 39.34±3.30 

North Carolina 14.22±0.20 76.05±0.07 74.73±0.04 

Florida 38.92±0.16 39.27±0.12 40.10±0.03 
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Tenesse 25.92±0.08 26.55±0.16 26.08±0.33 

Gafsa 12.87±0.12 81.66±0.06 82.58±0.99 

Slag 29.34±6.27 34.74±6.71 35.79±3.66 

  

 
Fig. 3: Kinetics of solubilization of different rock phosphates, slag and pH change in broth culture of the PGPB 

R1 

 

Amplification of pqq gene of the rhizoplanic PSB R1 

The Enterobacter sp. R1 contained the 546 bp long pqqC gene (Fig. 4). The pqqC gene sequence has been 

submitted to NCBI GenBank (MH221197), which has 75.9 and 73.4% nucleotide similarities to pqqC sequences 

of Pseudomonas syringae (NC_007005.1) and Pseudomonas sp. [17], respectively. The size of the coding 

protein was 182 amino acids (AWX24480). 

 

 
Fig. 4: Profile of amplified pqqC gene of the PGPB R1 on agarose gel electrophoresis (AGE) plate 

Footnote- NP4- amplification using another isolate 

 

Production of acid and alkaline phosphatases by the rhizoplanic PSB R1 
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Acid phosphatase (22.25 U/ml) and alkaline phosphatase (76.37 U/ml) production by R1 were highest at 72 h in 

NBRIP medium. 

 

Separation and identification of organic acids 

On TLC plates, two OAs i.e. citric acid (Rf 0.62) and lactic acid (Rf 0.89) could be detected (Fig. 5) but 6 OA 

peaks for R1 culture filtrate were detected by HPLC (Fig. 6). The R1 produced 38.97 µM/ml tartaric acid, 19.22 

µM/ml malic acid, 129.08 µM/ml lactic acid, 68.08 µM/ml acetic acid, 7.34 µM/ml citric acid and 28.29 µM/ml 

succinic acid (Fig. 6). 

 

 
Fig. 5: Identification of different organic acids produced by the PGPB R1 by TLC  

Footnote- a- Lactic acid, b- Oxalic acid, c- Fumaric acid, d- Citric acid 

 

 
Fig. 6: Identification and quantification of organic acids produced by the PGPB R1 by HPLC 

Footnote- 3.615- Tartaric acid, 4.69- Malic acid, 5.329- Lactic acid, 6.5- Acetic acid, 8.079- Citric acid, 8.545- 

Succinic acid 

 

Survivability of the rhizoplanic PSB R1 with preservatives 

The organism remained viable and attained maximum cell count (5.22×10
7 

cells/ml) on 100d with combinations 

of 0.1% citric acid, 0.2% sodium benzoate and 0.1% glycerol (Table 3). Combinations of 0.1% citric acid, 0.2% 

sodium benzoate, 0.003% formaldehyde and 0.1% glycerol could not maintain population (Table 3) and only 

0.003% formaldehyde killed the bacteria within 50d (Table 3). 
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Table 3: Effect of preservatives on survival of the phosphate solubilizer R1 

Citric acid, sodium benzoate, 

formaldehyde, glycerol (%)* 

Population 

(cells/ml) after 50d 

Population (cells/ml) 

after 100d 

0, 0.2, 0.003, 0.1 1.8×10
6
 2.25×10

6
 

0.01, 0.2, 0.003, 0.1 1.3×10
6
 2.24×10

6
 

0.1, 0.2, 0.003, 0.1 5.3×10
5
 1.08×10

6
 

0.1, 0, 0.003, 0.1 3.2×10
5
 2.26×10

6
 

0.1, 0.01, 0.003, 0.1 3.31×10
5
 9.1×10

5
 

0.1, 0.1, 0.003, 0.1 2.8×10
6
 3.1×10

7
 

0.1, 0.2, 0.003, 0.1 2.1×10
6
 3.0×10

7
 

0.1, 0.2, 0, 0.1 3.2×10
7
 5.22×10

7
 

0.1, 0.2, 0.003, 0.1 1.3×10
7
 1.35×10

7
 

0.1, 0.2, 0.003, 0 2.1×10
7
 2.08×10

6
 

0.1, 0.2, 0.003, 0.01 3.3×10
7
 6.1×10

5
 

0.1, 0.2, 0.003, 0.1 2.42×10
7
 2.8×10

6
 

0, 0, 0.003, 0 0 0 

0.1, 0, 0, 0 3.6×10
6
 4.2×10

6
 

0, 0.2, 0, 0 4.1×10
6
 2.1×10

7
 

0, 0, 0, 0.1 3.82×10
6
 5.8×10

6
 

*Conc. of the preservatives are given as in the order of heading in the column.  

Initial population was 1.2×10
5 
cfu/ml  

 

Effect of the rhizoplanic PSB R1 on growth of rice seedlings in the laboratory 

Enterobacter sp. R1 enhanced growth of rice seedlings (Fig. 7) viz. 66.67% root length, 40% root number and 

28.81% shoot length over control after 8d. Fr. and dr. wt. of seedlings also enhanced significantly (Table 4). 

 

 
Fig. 7: Effect of the PGPB R1 treatment on rice cv. Naveen seedlings in laboratory 

 

Table 4: Effect of the PGPB R1 on growth of rice cv. Naveen seedlings on moist filter paper in petridish in 

laboratory 

Treatment 

Parameters 

Root 

length 

(cm) after 

5d 

Root no. 

after 5d 

Shoot 

length 

(cm) after 

5d 

Root 

length 

(cm) after 

8d 

Root 

no. 

after 8d 

Shoot 

length 

(cm) 

after 8d 

Fr. wt. 

(g) after 

8d 

Dr. wt. 

(g) after 

8d 

Control 1.3 1 2 1.8 5 5.9 0.015 0.002 

R1 2.7 7 5.4 3 10 7.6 0.046 0.006 

LSD (5%) 0.24 3.74 1.39 0.98 2.45 2.87 0.02 0.02 

CV (5%) 3.5 25.9 10.9 11.6 9.9 12.3 8.3 10.2 

p-value 
0.0010**

* 
0.0199* 0.0064** 0.0319* 

0.0100

** 
0.1375 

0.0029

** 

0.0120

* 

Values are means of three replications and data calculated per seedling basis. LSD- least significant difference; 

CV- coefficient of variance. Level of significance *p < 0.05, **p < 0.01, ***p < 0.001 

 

Effects of the rhizoplanic PSB R1 and isolate from commercial biofertilizer on growth of rice seedlings 
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Root length of plants increased (but insignificant) by 67.11%, and 51.32% in T2 and T3, respectively over 

control (T1) and about 10.43% more in treatment T2 than commercial bacteria (T3). Increase of fr. and dr. wt. 

of roots was significant at p < 0.05 and was optimum in treatment T2 (Fig. 8). Shoot length also increased 

significantly at p < 0.05 (Table 5).  

 

Table 5: Effect of the PGPB R1 and a commercial PS isolate on rice cv. Naveen seedling growth promotion 

cultured on soil in the laboratory 

Growth parameters T1 T2 T3 LSD (5%) CV (%) p-value 

Root length (cm) 7.6 12.7 11.5 13.61 56.6 0.6015 

Shoot length (cm) 23.2 30.3 30.5 5.20 8.2 0.0296* 

Fr. wt. of root (g) 0.06 0.15 0.14 0.01 20.1 0.0209* 

Dr. wt. of root (g) 0.01 0.05 0.04 0.01 38.7 0.0468* 

Fr. wt. of shoot (g) 0.17 0.28 0.31 0.11 20.1 0.0598 

Dr. wt. of shoot (g) 0.02 0.06 0.07 0.01 40.7 0.0875 

T1- Control, T2- Enterobacter sp. R1, T3- Commercial biofertilizer. 

Values are means of three replications and data calculated per plant. LSD- least significant difference; CV- 

coefficient of variance. Level of significance *p < 0.05 

 

 
Fig. 8: Effect of the PGPB R1 and a commercial biofertilizer treatment on growth of rice cv. Naveen seedlings 

 

Effect of the rhizoplanic PSB R1 on growth of rice seedling in pot culture 

Enterobacter sp. alone increased plant height by 2.65% (Table 6) and treatment with R1, recommended dose of 

N and K and half P (T5) enhanced 10.39% height over control (Table 6, Fig. 9). Increase of root length was 

6.82% and 33.52% for T4 and T5, respectively and root fr. wt. about 15.6% and 33.68% for T4 and T5, 

respectively over control and root dr. wt. enhancement was significant for T4 (14.9%) and T5 (41.36%) over 

untreated plants. The fr. wt. (9.98% in T4 and 33.91% in T5) and dr. wt. (14.7% in T4 and 37.16% in T5) of 

shoot were also augmented over untreated plants (Fig. 9). Growth promotion was more for R1 treatment than 

those received RDF (Table 6). 

Table 6: Effect of the PGPB R1 inoculation on growth of rice cv. Naveen seedlings in pot culture in net house 

Growth 

parameters 

Treatment LSD 

(5%) 

CV 

(%) 
p-value 

T1 T2 T3 T4 T5 

Plant height 

(cm) 
49.1 53.4 54.2 50.4 54.2 1.66 1.7 0.0004*** 

Root length 

(cm) 
17.6 23.3 23.6 18.8 23.5 1.94 4.8 0.0002*** 

No. of tillers 5 6 6 4 7 1.14 11.1 0.0085** 
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Root fr. wt. (g) 20.96 27.81 27.86 24.23 28.02 1.34 2.8 0.0000*** 

Root dr. wt. 

(g) 
7.18 9.88 10.12 8.25 10.15 1.24 7.2 0.0019** 

Shoot fr. wt. 

(g) 
39.28 52.1 52.6 43.2 52.6 2.53 2.8 0.0000*** 

Shoot dr. wt. 

(g) 
10.2 12.81 14.08 11.7 13.99 1.65 7.0 0.0032** 

No. of leaves 10 11 13 12 13 1.03 4.6 0.0014** 

Leaf area 

(cm
2
) 

51.51 55.42 55.42 53 56.14 1.89 1.9 0.0025** 

Panicle length 

(cm) 
13.2 15.7 17.6 14.4 18 1.78 6.0 0.0013** 

Panicle weight 

(g) 
1.2 1.31 1.33 1.24 1.33 0.01 3.4 0.0231* 

Grain wt./plant 2.78 3.7 4.08 3.14 4.11 0.47 7.0 0.0008*** 

100 grain wt. 

(g) 
1.94 1.95 1.96 1.94 1.97 0.02 0.4 0.0123* 

T1- Control without fertilizer, T2- Recommended dose 120:60:60=N:P:K kg/ha fertilizer (RDF), T3- N: 1/2P: K 

according to RDF, T4- Only bacteria (R1), T5- Bacteria (R1) + N: 1/2P: K according to RDF 

Values are means of three replications and data calculated per plant. LSD- least significant difference; CV- 

coefficient of variance. Level of significance *p < 0.05, **p < 0.01, ***p < 0.001 

 

 
Fig. 9: Effect of the PGPB R1 treatment on growth of rice cv. Naveen seedlings in pot culture in net house 

 

Effect of the rhizoplanic PSB R1on growth of rice in the field  

During rabi season (Table 7), plant height increased by 22.46% and 12.03% after 30 d for T4 and T5, 

respectively and treatment with R1 (T5) only increased 6.05% height at harvest and T4 effected 12% height 

increment, and roots were longer by 39.95% and 23.27% for T4 and T5, respectively, compared to control (T1). 

Increment of fr. (12.09%) and dr. wt. (25.09%) of root over control was significant for R1 (T5) treatment only 

and 31.35% and 33.83% increase of fr. and dr. wt. of roots was observed for R1, N and K fertilizers and half 

dose of P fertilizer (T4) treatment (Fig. 10). Shoot fr. wt. was also more (21.97%) in T5 and dr. wt. was 

increased for T4 and T5 by 43.9% and 13.7%, respectively, over control (Table 7). 

During kharif season, stagnation of flood water affected timely fertilizer application resulting in overall stunted 

growth of the crop. After 30 d, 25.23% and 7.34% increase and at harvest, 9.63% and 7.38% increase in height 

of T4 and T5 plants was observed (Table 8). Root lengths also increased by 26.47% and 16.18% for T4 and T5, 

respectively (Table 8). Increase in fr. wt. (4.66%) and dr. wt. (10.8%) of roots for bacterial treatment only (T5). 

R1, N and K and half P fertilizer treatment (T4) increased fr. and dr. wt. of roots by 32.06% and 29.82%, fr. and 

dr. wt. of shoots by 27.65% and 35.9% and grain yield by 17.65%, respectively, over control (Table 8) (Fig. 11). 

R1 alone (T5) increased 13.53% and 19.58% fr. and dr. wt. of shoots. Bacterium only treatment (T5) enhanced 

7.35% grain yield (Fig. 11). 
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Table 7: Effect of the PGPB R1 inoculation on growth of rice cv. Naveen seedlings in field during rabi season 

Paramete

rs 

Treatment LS

D 

(5%

) 

CV 

(%

) 

p-value 
T1 T2 T3 T4 T5 T6 

Plant 

height 

(cm) 

37.4 42.7 44.3 45.8 41.9 42.2 4.09 5.3 0.0180* 

No. of 

tillers 

after 30d 

4 5 5 5 5 5 1.03 
11.

6 
0.0299* 

Plant 

height at 

harvest 

(cm) 

105.

8 
115 116.8 118.5 

112.

2 
113.8 5.89 2.9 0.0101* 

No. of 

tillers 

after 90d 

8 10 11 11 9 10 1.03 5.9 
0.0007*

** 

Root 

length 

(cm) 

20.2 27 27.4 28.27 24.9 26.1 4.73 
10.

1 
0.0358* 

Root fr. 

wt. (g) 

25.2

3 
32.12 33 33.14 

28.2

8 
30.91 2.35 4.2 

0.0002*

** 

Root dr. 

wt. (g) 
5.38 7.09 7.18 7.2 6.73 7.07 0.62 5.1 

0.0006*

** 

Shoot fr. 

wt. (g) 

75.6

9 

123.6

1 

141.8

3 

142.0

1 

92.3

2 

117.9

1 

29.7

7 

14.

2 

0.0030*

* 

Shoot dr. 

wt. (g) 

22.8

5 
27.92 31.82 32.9 

25.9

8 
27.1 9.04 

17.

7 
0.2210 

Panicle 

length 

(cm) 

19.8 24.1 24.9 25.9 21.5 23.3 2.79 6.6 
0.0062*

* 

Panicle 

weight (g) 
9.99 14.97 15.28 15.73 

10.4

5 
12.63 2.02 8.4 

0.0003*

** 

Grain 

yield/plant 
139 157 160 171 144 151 7.42 2.7 

0.0000*

** 

chaps 10 8 7 6 7 7 1.63 
12.

5 

0.0037*

* 

1000 gr 

wt. (g) 

18.9

3 
20.07 20.66 20.91 19.8 19.94 0.86 2.3 

0.0061*

* 

Chl a 1.53 2.47 2.56 2.74 2 2.43 0.01 1.0 
0.0000*

** 

Chl b 0.48 1.07 1.16 1.34 0.61 1.09 0.01 5.5 
0.0000*

** 

Chl a + 

Chl b 
2.01 3.54 3.72 4.08 2.61 3.52 0.12 2.0 

0.0000*

** 

T1- Control without any fertilizer, T2- RDF of N: P: K, T3- N: ½ P: K according to RDF, T4- Bacteria + N: ½P: 

K according to RDF, T5- Only bacteria, T6- N+K (according to RDF) 

Values are means of three replications and data calculated per plant. LSD- least significant difference; CV- 

coefficient of variance. Level of significance *p < 0.05, **p < 0.01, ***p < 0.001 
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Table 8: Effect of the PGPB R1 inoculation on growth of rice cv. Naveen seedlings in field during kharif season 

Parameter

s 

Treatment LSD 

(5%

) 

CV 

(%

) 

p-value 
T1 T2 T3 T4 T5 T6 

Plant 

height 

(cm) 

21.8 26.4 26.1 27.3 23.4 24.2 3.62 8.0 0.0506 

No. of 

tillers after 

30d 

6 11 13 14 9 10 2.29 
11.

9 

0.0005**

* 

Plant 

height at 

harvest 

(cm) 

62.3 68.2 68.1 68.3 66.9 67.6 4.89 4.0 0.1317 

No. of 

tillers after 

90d 

14 25 25 25 20 21 3.97 
10.

1 

0.0007**

* 

Root 

length 

(cm) 

13.6 16.7 17.1 17.2 15.8 16.2 1.92 6.6 0.0182* 

Root fr. wt. 

(g) 

15.4

4 

19.8

2 

20.2

3 

20.3

9 

16.1

6 

18.9

4 
2.59 7.7 0.0051** 

Root dr. 

wt. (g) 
3.89 4.69 4.93 5.05 4.31 4.55 1.05 

12.

6 
0.2397 

Shoot fr. 

wt. (g) 

41.7

7 

52.5

7 

53.2

7 

53.3

2 

47.4

2 

50.2

7 
3.33 3.7 

0.0001**

* 

Shoot dr. 

wt. (g) 
9.04 

12.0

4 

12.2

4 

12.2

9 

10.8

1 

11.5

9 
1.29 6.3 0.0019** 

Panicle 

length 

(cm) 

17 21.3 21.1 21.8 19.6 20.3 2.05 5.6 0.0045** 

Panicle 

weight (g) 
6.29 9.26 

10.0

7 

10.2

8 
8.66 8.85 1.28 7.9 

0.0006**

* 

Grain 

yield/plant 
136 152 157 160 146 148 7.49 2.7 

0.0005**

* 

chaps 10 8 8 7 9 8 1.29 8.3 0.0081** 

1000 gr wt. 

(g) 

17.6

1 

18.0

7 

18.0

7 

18.1

7 

17.9

1 

18.0

2 
1.21 3.7 0.9187 

Chl a 1.46 2.45 2.54 2.66 1.94 2.41 0.01 1.5 
0.0000**

* 

Chl b 0.43 1.01 1.18 1.28 0.53 0.95 0.11 6.6 
0.0000**

* 

Chl a + 

Chl b 
1.89 3.46 3.72 3.94 2.47 3.36 0.10 1.8 

0.0000**

* 

T1- Control without any fertilizer, T2- RDF of N: P: K, T3- N: ½ P: K according to RDF, T4- Bacteria + N: ½P: 

K according to RDF, T5- Only bacteria, T6- N+K (according to RDF) 

Values are means of three replications and data calculated per plant. LSD- least significant difference; CV- 

coefficient of variance. Level of significance * p < 0.05, ** p < 0.01, *** p < 0.001 
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Fig. 10: Effect of the PGPB R1 treatment on growth of rice cv. Naveen in field in rabi season 

 

 
Fig. 11: Effect of the PGPB R1 treatment on growth of rice cv. Naveen in field in kharif season 

 

DISCUSSION 

The Swarna Sub-1 rhizoplanic isolate R1 was Gram negative, non-spore forming rod and the cultural, 

morphological, physiological and biochemical characters like oxidation and fermentation of glucose and lactose, 

catalase and oxidase tests, indole production, methyl red, Voges Proskauer, nitrate reduction test etc. matched 

with the phenotypic characters of Enterobacter [8,9]. Thus, the phenotypic and 16S rDNA phylogenetic results 

of R1 were in agreement with the characters of Enterobacter sp. of the Family Enterobacteriaceae, order 

Enterobacteriales and class Gammaproteobacteria [9,22]. Nevertheless, Enterobacter spp. are recorded as 

commonly occurring rhizobacteria of rice and isolated from rhizoplane of rice cv. BR29 in Bangladesh [7].  

The rhizoplanic R1 was an efficient P solubilizer i.e. maximum P (574.7 µg/ml) released from Ca-phosphate 

along with lowering of medium pH 4.04 (Fig. 1) which would be due to acidification and corroborated the 

propositions of other researchers [1,23], although acidification is not the only phosphate solubilization 

mechanism of PGPR. P mineralization the by R1 (574.7 µg/ml) was, however, higher than the rice rhizoplanic 

Acinetobacter sp. BR-25 and Klebsiella sp. BR-15 which released 524 µg/ml and 395 µg/ml P with PSI 6.7 and 

4.8, respectively, and intensely colonized on the root surfaces of seedlings of bacteria challenged rice seeds [7]. 

Zinc phosphate solubilization (434.1 µg/ml, pH 5.1) by R1 supported the observation in E. cloacae strain 

ZSB14 which is an important biogeochemical function in soil [24]. Phytase production by R1 and sodium 

phytate (84.52 µg/ml at pH 4.51) solubilization (Fig. 2) conformed earlier reports [25]. Apart from P 

solubilization, R1 produced indole, siderophore and ammonia which corroborated the characters of another rice 

rhizospheric Enterobacter sp. (M183) [26] and tolerated 9% NaCl. Therefore, the organism can be used as a 

halotolerant PGPB for maintaining soil health to sustain rice production in saline ecologies. 
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Mineralization of rock phosphates and slag by R1 (Fig. 3) proved its capability to mineralize different insoluble 

P in soil which would enrich nutrients for the plants [1]. Conversion rate of phosphates by R1 (Table 2) was 

maximum (82.58% P) for Gafsa rock in 72 h and minimum (26.08%) in 72 h from Tenesse rock which 

supported Erwinia sp. and Azotobacter sp. that solubilized 76.6% and 96.7% Tunisian phosphorite (TP), 

respectively. However, phosphate concentration, acidity (pH), particle size of TP and microbial consumption 

affect P accumulation in the medium [27]. Mineralization of various phosphatic compounds by R1 corroborated 

the P solubilization by different rhizoplanic bacteria viz. Enterobacter, Pseudomonas, Pantoea spp. etc. [7]. 

The pqqC gene in Enterobacter sp. R1 (Fig. 4) confirmed that it was primed for P metabolism as pqqC is the 

determinant of P-solubilization [28] and an important marker to assess P metabolism and diversity in bacteria 

viz. Pseudomonas spp. [17].  

Acid phosphatase (22.25 U/ml) and alkaline phosphatase (76.37 U/ml) activities of R1 also proved intrinsic 

phosphate solubilizing efficiency of the bacterium and supported the proposition of different other bacteria 

[29,30].  

Enterobacter sp. R1 produced lactic (Rf 0.89) and citric (Rf 0.62) acids (Fig. 5) which supported earlier 

observation [19]. All acids could not be resolved in TLC which suggests that metabolism of different OAs was 

variable and some of them were lower than detection limit by TLC. HPLC revealed tartaric, malic, acetic, 

succinic, lactic and citric acids in culture broth of R1 (Fig. 6) which would affect P- solubilization by the 

organism and conformed to OA production by P solubilizing Pseudomonas sp. [31]. 

The preservative combination of citric acid (0.1%), sodium benzoate (0.2%), glycerol (0.1%) sustained the 

organism up to 100 d attaining 5.22×10
7 

cfu/ml (Table 3) which suggests that antistress functions of the 

supplements favoured R1. The results proved that the preservatives would help for product development and 

shelf life enhancement of the bacteria and supported the observations of shelf life enhancement of rice by 

rhizospheric P. fluorescens and B. pyrrocinia formulations [32,33]. 

Enterobacter sp. (R1) treated Naveen seedlings increased root length (66.67%), root number (40%) and shoot 

length (28.81%), fr.wt. and dr. wt. over control after 8d growth in laboratory (Fig. 7, Table 4). R1 (T2) increased 

root length of rice seedling by 10.43% over commercial bacteria (T3). Enhancement of fr. and dr. wt. of roots 

and shoot lengths were significant at p<0.05 and were maximum in rice seedlings treated with Enterobacter sp. 

R1 (T2) (Fig. 8, Table 5) which supported the positive effects on shoot length and root hair formation in PGPB 

treated rice seeds [34]. 

Enterobacter sp. R1 treatment supported significant growth enhancement in pot and field (Table 6, 7, 8, Fig. 9, 

10, 11) which proved it to be a promising plant growth promoter. Combination of R1 and fertilizer exhibited 

maximum increase in height, root length, fr. and dr. wt. of root and shoot of rice plant (Table 7, 8) alike in wheat 

[35]. Grain yield and chlorophyll content of leaves in both rabi and kharif seasons also increased significantly (p 

< 0.001) in the bacteria treated plants (Table 7, 8). More grain yield of rice by R1 corroborated yield increase by 

Burkholderia sp. (BRRh-4) and P. aeruginosa (BRRh-5) treated rice seedling root followed by 50% 

recommended NPK [36], as well as, more height and tiller number increase of rice seedlings [37]. Inoculation of 

rhizospheric/rhizoplanic P-solubilizing bacteria in maize with rock phosphate also increased shoot (21%) and 

root (11%) length, shoot fr. (42%) and dr. (24%) wt., root fr. (59%) and dr. (35%) wt. and chlorophyll content 

(32%) in maize [38]. Like R1, B. subtilis also increased grain yield of rice by 1.66 and 1.55 fold in pot and field 

environment [39]. The results of the study proved that Enterobacter sp. R1 can be used as an efficient 

biofertilizer in normal and saline environments for improvement/sustenance of rice growth and production. 

 

CONCLUSION 

Application of Enterobacter sp. R1 with N, K and half P fertilizers produced higher grains in pot and field 

conditions. The organism was halotolerant and can be exploited for maintenance of soil health and nutrition in 

saline environment and plant growth promotion. Cloning of the phosphate solubilizing gene in suitable strains 

would be a promising approach to generate efficient P-solubilizers. 
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