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a b s t r a c t 

This study addresses the plant beneficial enterobacteria present in rice rhizosphere and their efficiency for en- 

hancing nitrogen uptake in rice plant. Using culturable approaches, the population of total diazotrophs present 

in rhizosphere samples collected from different organic rice fields of Sikkim were studied and recorded in the 

range between 4.62 to 4.97 log 10 CFU/g soil. All the isolated commonly occurred diazotrophic bacterial isolates 

were screened based on their ability to fix nitrogen in milligram per gram of sugar consumed under in-vitro condi- 

tion with the reference check. In addition to nitrogen fixation, plant growth promoting traits such as production 

of indole-3-acetic acid and gibberellic acid were estimated using spectrophotometric approaches and compared 

against Bacillus subtilis as reference multi-potent plant growth promoting strain . In-vivo evaluation of these dia- 

zotrophic species in rice found improvement in both above and below ground responses in rice plant evaluated 

by estimating changes in chlorophyll concentration, plant biomass, root architecture, nitrogen uptake, microbial 

biomass and associated biochemical activity of soil. Further, the selected isolates were identified through DNA 

targeted analysis of 16S rRNA gene present in diazotrophs and which identified that the isolates belonged to the 

Enterobacter genus. Statistical models were prepared for deciphering the dynamics of plant growth improvement 

due to selective enrichment of rhizosphere bacteria and found significant ( p < 0.05) correlation between soil and 

plant parameters. This study concludes that Enterobacter spp. present in organic paddy soils of Sikkim having 

good nitrogen fixing abilities and whose selective enrichment in rhizosphere improved nitrogen uptake and plant 

growth promotion in rice plant. 
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In plant and soil interactions, rhizosphere play important roles for

lant nutrition, growth promotion, and biotic and abiotic stress man-

gement. Rhizosphere is an important site for residents of most of

he microorganisms, of which bacteria play a major role for soil and

lant health management. The soil which is nearest to the plant root

s called rhizosphere, wherein plant root releases different metabolites

 Nihorimbere et al., 2011 ) and it decides the colonization of microor-

anism. Sikkim an agricultural state located at the Himalayan moun-

ain range in the North Eastern India cultivates rice as the major cereal

rop under organic farming practice. As hill farming becomes the pre-

ominant farming practice in mountainous regions, crops cultivated are

ulnerable towards edaphic stresses among which soil nutrients have
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een given importance due to their role in plant growth and develop-

ent. Among the different macronutrients present in soil, nitrogen (N)

as been regarded as one of the primary growth limiting nutrient re-

uired excessively by rice plant for biosynthesis of chlorophyll and en-

ymes, as compared to other macronutrients ( Ladha and Reddy, 2000 ).

ence, rice cultivation greatly depends upon the soil N content and

as been estimated in terms of chemical N fertilizers to require atleast

00 kg N ha − 1 to maintain crop productivity ( Fierer et al., 2012 ). N de-

ciency in soil have resulted in decrease of photosynthetic ability of leaf

pparently due to reduction of total chlorophyll content ( Huang et al.,

004 ). Moreover, N deficiency in soil have been found responsible for

isturbing the root architecture by reduction of root growth ( Hsieh et al.,

018 ). Therefore, stringent N management practices is required in or-

anic farming for alleviating N stress in plant and increasing rice produc-

ion. For preserving soil N content under organic farming practices, ap-

lication of animal manures, green manures, and compost have been tra-

itionally practiced in Sikkim. In addition to organic soil amendments,
ril 2021 
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pplication of heterotrophic diazotrophs have been found to play im-

ortant role towards improvement of soil N content by participating in

oil biological nitrogen fixation (BNF) ( Fierer et al., 2012 ). In rice cul-

ivation, BNF have played pivotal role in coping with crop N demand

 Ladha and Reddy, 2003 ) by fixing 180 × 10 6 metric tons/year N glob-

lly ( Tilak et al., 2005 ) and has the potential to substitute chemical

 fertilizer, ( Choudhury et al., 2004 ). Therefore, BNF in soil provides

n effective measure for sustainable management of soil N, which is

n compliances with the principles of ecological security and resource

onservation ( Sofi and Wani, 2007 ). Most of the work on rice BNF has

een carried using Azotobacter and Azospirillum strains ( Tilak et al.,

005 ). Comparatively there are limited descriptions of other rice rhi-

osphere associated bacteria such as Enterobacter oryziphilus, E. oryzen-

ophyticus ( Hardoim et al., 2013 ), E. cloacae ( Shankar et al., 2011 ), E.

ryzae ( Peng et al., 2009 ) and E. agglomerans ( Achouak et al., 1994 )

hich are capable of tolerating anaerobic growth environment as found

n case of wetland rice cultivation ( Hardoim et al., 2013 ) and also have

een reported to benefit rice plant growth particularly by stimulating

oot growth by bacterial phytohormones, and improvement of nutrient

vailability in rhizosphere by fixing atmospheric nitrogen ( Lima et al.,

018 ; Shankar et al., 2011 ). As organic farming has been the only form

f agriculture judiciously practiced in Sikkim, application of nitrogenous

iofertilizers shall provide viable solution to combat soil N depletion and

mprove plant health. Moreover, as soil management in this region has

een maintained by organic methods, the soil microbial diversity could

ave been well preserved as compared to regions where rice cultiva-

ion is carried by conventional farming practices. Therefore, in order to

rovide sustainable measures for counteracting N loss from soil, the di-

zotrophic bacterial diversity was studied and indigenous diazotrophic

solates were assayed for their competency as plant growth regulators in

ice plants cultivated under organic farming practices at Sikkim, India. 

aterial and methods 

oil sampling and isolation of diazotrophic bacteria 

Soil samples were collected at depth of 15–2 cm from surface of soil

n five organic rice ( Oryza sativa L.) growing areas located at East Sikkim

27.3084°N and 88.6724°E) ( Panneerselvam et al., 2019 ). In each field

ve representative soil samples were collected. From the soil samples,

oots and stones were removed and samples were stored at 4°C. For isola-

ion of diazotrophic bacteria, N free Jensen’s medium was used contain-

ng 20.0 g sucrose, 1.0 g K 2 HPO 4 , 0.5 g MgSO 4 .7H 2 O, 0.5 g NaCl, 0.1 g

 2 SO 4 , 0.005 g Na 2 MoO 4 , 18 g agar, per liter distilled water, pH 6.9;

erial dilutions of the rhizospheric soils was done up to 10 − 6 dilutions

nd then 100μl of diluted samples were inoculated on N free Jensen’s

edium plates and the colonies developed after 24 hours of incubation

ere isolated, purified and preserved using Jensen’s agar medium. 

stimating nitrogen assimilation by diazotrophs under in-vitro condition 

Nitrogen fixed by free living bacteria was evaluated from the amount

f nitrogen present in N free Jensen’s broth medium after fifteen days of

ncubation and expressed as mg of N fixed per g of sucrose consumed. Ni-

rogen assimilated in broth from atmosphere by the diazotrophs was es-

imated using Kjeldahl method ( Kirk, 1950 ) from the broth residues after

ubjecting to centrifugation at 5000 rpm for 20 min. Total sugar present

n the supernatant was estimated using anthrone method ( Morse, 1947 )

nd was used to calculate nitrogen fixed per gram of carbon. 

pectrophotometric estimation of phytohormone production by bacteria 

Indole-3-acetic acid (IAA) production: IAA was determined as per

he standard method ( Gordon and Weber, 1951 ). Bacteria cultured in

mM L-tryptophan amended nutrient broth for 5 days at 30 °C was cen-

rifuged at 5000 rpm for 20 min. Salkowaski reagent (2% 0.5M FeCl 3 in
2 
5% perchloric acid) 2 mL was added to 1 mL of culture supernatant and

he colour change was monitored after 30 min at 535 nm in spectropho-

ometer. Standard graph was prepared using IAA (Sigma) and concen-

ration of IAA expressed in 𝜇g ml − 1 . Gibberellic acid (GA 3 ) production:

A 3 was determined as per the spectrophotometric method ( Borrow

t al., 1995 ). Bacteria cultured in nutrient broth for 7 days was cen-

rifuged at 5000 rpm for 20 min. Equal volume of zinc acetate solution

as added to 2 mL supernatant followed by addition of equal volume

f potassium ferrocyanide and centrifuged at 5000 rpm for 20 min. GA 3 

as extracted from supernatant using equal volume of 30% hydrochlo-

ic acid upon incubation at 27 °C for 75 min and intensity measured at

54 nm in a UV-VIS spectrophotometer. Standard graph was prepared

sing GA 3 (Sigma) and concentration of GA 3 expressed in 𝜇g ml − 1 . 

acterial identification using 16S rRNA molecular probes and DNA 

equence analysis 

Genomic DNA isolation from bacteria isolates were carried us-

ng Bacterial DNA isolation kit manufactured by Zymo TM , USA. Ap-

roximately 5 mL of 24 h old bacterial culture grown on nutrient

roth was centrifuged at 8000 rpm for 15 min and the DNA ex-

raction from cell pellet was carried as per protocol available in

he kit. The quantity and purity of isolated DNA was determined

y UV spectrophotometer (Nanodrop; Thermo Scientific). PCR am-

lification of 16S rRNA gene from bacteria isolates was carried us-

ng the primers 27f (5 ′ -AGAGTTTGATCCTGGCTCAG) and 1492r (5 ′ -

GTTACCTTGTTACGACTT) ( Suzuki and Giovannoni, 1996 ), following

hich the gene sequencing of the purified PCR product was conducted

hrough Sanger sequencing by Eurofins, Bengaluru, India. Contigs were

enerated from the resulting forward and reverse read sequences using

AP3 assembly program ( Huang and Madan, 1999 ) following which

resence of chimera was checked using DECIPHER v2.0 ( Wright, 2016 )

nd the sequences were submitted to NCBI database after identifying the

acteria using nBLAST. The sequence data was aligned with MEGAX-

lustalW and the phylogenetic tree analyses were conducted in MEGAX

sing neighbour-joining method. The topology of phylogenetic dendro-

ram was ascertained using 1000 bootstrap resampling method. 

eed inoculation with bacteria and description of experimental control 

Seeds of Oryza sativa var. Naveen were used for the experiment un-

er glass house conditions, which were surface sterilized in 2% sodium

ypochlorite for 5 min and thoroughly washed five times with sterile

ouble distilled water, prior to bacterial treatment procedure. There

ere total nine treatments with four replication, which included five

nterobacterial isolates as test strains viz. E. asburiae strain PANW4

MK318650), Enterobacter sp. strain PANW4/1 (MK318651), Enterobac-

er sp. strain PANW5 (MK318652), E. kobei strain PANW6 (MK318653)

nd Enterobacter sp. strain PANW9 (MK318654), three positive exper-

mental controls out of which one was Gram negative diazotrophs be-

onging to A. tropicalis AT and one Gram positive diazotroph belonging

o Bacillus genera i.e. B. subtilis , and one negative control which included

eed treatment and soil drenching with sterile Jensen’s broth medium .

eed bacterization process which involved thorough mixing of inoculum

nd seeds through agitation for 30 min was carried with an inoculum

ose of 5 mL inoculum per 1 kg of rice seeds. The bacterial cultures used

s inoculants with minimum of 5 × 10 12 CFU/ml bacteria cell density

aintained colorimetrically after repeated sedimentation of broth sus-

ensions by centrifugation at 5000 rpm for 20 min and dilution using

terile distilled water. A. tropicalis AT (NAIMCC-B-01336), and B. subtilis

ioCWB (MG490133.1) used as potential standard nitrogen fixing and

hytohormone producing strains, were collected from Crop Production

ivision, ICAR-NRRI among which the strain BioCWB was previously

solated from Sikkim soil and has proven multifunctional plant growth

romoting traits ( Panneerselvam et al., 2019 ). Five bacterized seeds

ere sown per pot (19.43 cm diameter x 30.48 cm depth) filled with
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 kg sterile soil. Following seed germination, two seedlings per pot was

aintained. Sterile distilled water was used for maintaining moisture

ontent at field capacity throughout the experiment. Parameters mea-

ured for plant included agronomic properties and total plant nitrogen

ontent in plant, whereas for soil the parameters included soil available

itrogen content and soil biochemical and microbiological properties as

escribed in the following sections. 

lant sample analysis 

Plant growth parameters were monitored after 60 days after sowing

eeds, which includes shoot length (SL), root length (RL), shoot weight,

oot weight and total dry plant biomass (BIOM) which was the cumu-

ating measure from dry shoot weight and root weight. Non destruc-

ive analysis of leaf chlorophyll content was measured using SPAD-502

Konica-Minolta, Japan) meter. Root samples were scanned at 600 dpi

Epson V 700) and analyzed using WinRhizo v.2007d software. Nitro-

en content of plant was analyzed by hot acid digestion and estimating

f nitrogen content using Kjeladhl method ( Tkachuk, 1969 ). 

oil sample analysis 

Soil samples collected from each experimental pot after 60 days after

owing were used for analysis purposes. Soil parameters pH and electri-

al conductivity (EC) were measured using digital sensors after appro-

riate dilution in distilled water ( Black et al., 1965 ). Kjeladhl method

as used for estimation of soil available nitrogen (AN) as per standard

rocedure ( Subbiah and Asija, 1956 ). Dichromate titrimetric method

as used for estimation of soil organic carbon (SOC) ( Jackson 1967 ).

pectrophotometric analysis of Bray’s extract was used for estimating

vailable phosphorus (AP) in soil ( Bray and Kurtz, 1945 ). Flame spec-

roscopy of ammonium acetate extract was used for estimation of avail-

ble potassium (AK) in soil. Soil microbial biomass carbon (MBC) was

stimated using chloroform fumigation method using 0.5 M potassium

ulfate solution (K 2 SO 4 ) as extractant ( Kumar et al., 2017 ). Fluorescein

iacetate (FDA) hydrolase activity was estimated spectrophotometri-

ally by extracting soil enzymes particularly esterase ( Mahapatra et al.,

017 ). Reduction of triphenyl tetrazolium chloride (TTC) by soil en-

ymes was used for estimating dehydrogenase activity (DHA) spec-

rophotometrically ( Chatterjee et al., 2019 ). 

ata analysis 

R v3.4.1 was used for performing data analysis of the results pertain-

ng to plant and soil analysis. Correlation was made using the package

igraph’ and linear regression model was prepared using different pa-

ameters, following which ‘ ols_step’ function of package olsrr was used

or calculating regression coefficients of parameters in step modeling.

pearman’s p correlation was carried using the function ‘ cor’ and the

orrelation network was visualized using the function ‘ qgraph’ . Welch’s

-test was used to determine the variances between treatments. For lin-

ar regression models the function ‘ lm’ was used to predict nitrogen up-

ake (Nup) values i.e. Y based on different plant and soil parameters es-

imated i.e. X. Supervised learning was performed using the linear mod-

ls followed the generalized mathematical equation: Y = 𝛽1 + 𝛽2 X + 𝜀 ,

here the regression coefficients 𝛽1 is the intercept and 𝛽2 is the slope

ith 𝜀 representing the error of regression model. 

esults 

hysicochemical and microbiological characteristics of soil from different 

rganic rice cultivating areas in Sikkim 

Soil collected from five different locations were found to be acidic

n nature with values ranging from pH 4.54 to 6.04. As represented

n Table 1 , among the five different sampling locations, Nandok had
3 
ighly acidic soil followed by Lingzey, Chhota Singtam, Saurini and

aramsa. Measurements of soil EC and SOC showed variations between

2.4 uS/cm to 64.38 uS/cm and 1.9 % to 2.8 %, respectively. The

oncentration of major plant nutrients in soil were determined: AN

185.04 kg/ha to 274.63 kg/ha), AP (36.7 kg/ha to 41.22 kg/ha) and

K (322.70 kg/ha to 328.19 kg/ha), which showed soil samples col-

ected from Nandok were optimally rich in major plant nutrients. Com-

elling differences in MBC (432.5 μg/g soil to 1182.5 μg/g soil) were ob-

erved in soil samples from Chhota Singtam demonstrating the richness

n soil microflora at that location. Heterotrophic diazotrophs cultured

rom soils of Saramsa demonstrated higher diazotropic population log 10 

.97 CFU as compared to other rice cultivating locations. The functional

ttributes of soil microflora were characterized by monitoring FDA and

HA activities, which revealed higher functionality of microflora in

aramsa as determined through FDA activity which ranged from 7.27 μg

uorescein/g soil to 18.22 μg fluorescein/g soil and DHA activity which

anged from 262.04 μg TPF/kg/24 h to 621.13 μg TPF/kg/24 h. Soil

amples from Saramsa had higher AP content and heterotrophic dia-

otropic population in soil as compared to other soil sampling areas. 

haracterization of nitrogen fixing and phytohormones production potential

n diazotrophic isolates 

A total of 63 heterotrophic diazotrophs were isolated from Sikkim

oils among which 15 isolates had abilities to assimilate > 1 mg N/g of

ucrose utilized in N-free Jensen’s medium ( Table 2 ). Preliminary deter-

ination of N-fixing potentiality was carried by repeated sub-culturing

f isolates in N-free Jensesn’s agar medium for 10 times, which showed

imilar growth pattern for all isolates in subsequent sub-culturing. Out

f fifteen isolates, following six isolates viz ., PANW4/1 (10.16 mgN/gC),

ANW4 (9.3 mgN/gC), PANW6 (9.1 mgN/gC), PANW5 (7.19 mgN/gC)

nd PANW2/1 (6.72 mgN/gC) and PANW9 (6.3 mgN/gC) had higher

 assimilating potential. Phytohormones production ability by se-

ected diazotrophic isolates were measured and the results are given in

 Table 2 ). From the spectrophotometric estimation of phytohormones

roduction, it was inferred that among the 15 diazotrophic isolates,

AA production was found to be highest in PANW4/1 (45.1 ug/mL),

ollowed by PANW5 (37.01 ug/mL), PANW4 (36.8 ug/mL), PANW9

29.83 ug/mL) and PANW6 (27.8 ug/mL). Whereas GA production,

ANW9 (8.12 ug/mL) and PANW4/1 (7.63 ug/mL) recorded higher

han other isolates ( Table 2 ). 

6SrRNA. molecular identification of phytohormones producing 

iazotrophic isolates 

Phylogenetic dendrogram constructed based on molecular distance

atrix showed more than maximum similarity in species level. Fig. 1

hows all of the isolates belong to the heterobacterial diazotrophs and

nterobacter genera i.e. E. asburiae strain PANW4 (MK318650), Enter-

bacter sp. strain PANW4/1 (MK318651), Enterobacter sp. strain PANW5

MK318652), E. kobei strain PANW6 (MK318653), Enterobacter sp. strain

ANW9 (MK318654). 

ffect of bacterial inoculation on upper and below ground responses in rice 

lants 

A total of 12 parameters were studied for understanding the up-

er and below ground responses in bacteria inoculated plants. The

hanges associated with the agronomic characteristics ( Table 3 ) showed

hat plants inoculated with Enterobacter sp. strain PANW4/1 demon-

trated results at par with positive control of Azotobacter strains AT.

he Enterobacter sp. strain PANW4/1 inoculated plants registered an

ncrease in leaf chlorophyll content (34.230 SPAD value), root length

RL) 38.279 cm, projected root area (PRA) 26.84 mm 

2 , root surface

rea (RSA) 27.81 mm 

2 , root average diameter (RAD) 0.716 mm and dry

iomass weight (BIOM) 2.809 g/plant. The changes associated with soil
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Table 1 

Physicochemical properties of surveyed soil samples from different parts of Sikkim (pH, EC: electrical conductivity, SOC: soil organic carbon, AN: 

available nitrogen, AP: available phosphorus and AK: available potassium) and soil microbiological properties estimates (MBC: microbial biomass 

carbon, DHA: soil dehydrogenase active, FDA: Fluorescein diacetate hydrolysis. 

Parameters Saurini Chhota Singtam Nandok Saramsa Lingzey 

pH 5.55 ± 0.31 5.3 ± 0.26 4.54 ± 0.48 6.04 ± 0.52 5.09 ± 0.27 

EC (μS/cm) 44.37 ± 0.79 39.88 ± 0.29 32.4 ± 0.54 64.38 ± 1.04 38.13 ± 0.87 

SOC (%) 2.2 ± 0.23 1.9 ± 0.29 2.8 ± 0.41 2.40 ± 0.25 1.60 ± 0.42 

AN (kg/ha) 268.21 ± 0.73 210.1 ± 0.16 274.63 ± 1.00 271.31 ± 1.43 185.04 ± 1.46 

AP (kg/ha) 38.43 ± 0.32 37.11 ± 1.08 40.19 ± 0.69 41.22 ± 1.29 36.70 ± 1.31 

AK (kg/ha) 325.12 ± 0.52 322.7 ± 0.70 325.5 ± 0.50 328.19 ± 0.82 326.09 ± 0.66 

MBC (μg/g soil) 783.83 ± 1.51 1182.5 ± 1.32 981.5 ± 1.20 432.5 ± 1.37 863.86 ± 0.29 

FDA (μg fluorescein /g) 12.36 ± 0.51 7.27 ± 0.86 16.93 ± 0.60 18.22 ± 0.26 11.84 ± 0.99 

DHA (μg TPF/kg/24h) 402.23 ± 1.68 279.10 ± 1.16 436.42 ± 0.98 621.13 ± 1.09 262.04 ± 1.07 

Diazotrophs (log 10 CFU/gsoil) 4.85 ± 0.52 4.67 ± 0.50 4.60 ± 0.51 4.97 ± 0.54 4.62 ± 0.50 

Fig. 1. Phylogenetic analysis of hypervariation within 16S rRNA region of diazotrophic isolates. 
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0  

h  
itrogen content and soil microbial properties viz . MBC, DHA and FDA

n relation to seed bacterization are given in ( Table 4 ), from which it

as deciphered the available nitrogen (AN) content in soil significantly

 p < 0.05) varied in rice plants treated with diazotrophic heterobac-

eria as compared to negative control with the highest amount of soil

itrogen availability recorded at 357.6 kg/ha for AT treated rice seeds

hich was significantly at par with Enterobacter sp. strain PANW4/1 and

nterobacter sp. strain PANW5 treatments recorded at 378.3 kg/ha and

76.5 kg/ha AN, respectively. There was significant ( p < 0.05) variance

n the soil microbial properties including MBC, DHA and FDA of treated

lants as compared with untreated negative control. 

tatistical models for analysing responses of bacteria with respect to 

hanges in plant nitrogen uptake 

Step regression analysis was performed and the two parameters viz .

hoot length (SL) and total plant nitrogen (PN) were removed, which

mproved the regression values in linear models. Figure 2 a and 2 b il-

ustrates the correlation developed using Spearman’s p statistic which

as used to measure the variances through rank-based associations.
4 
igure 2 a provided the complete correlation network from which it

as evident that highest correlations i.e. > 90% were found among total

oot length (TRL) and projected root area (PRA) with 0.948, followed

y plant biomass (BIOM) and nitrogen uptake (Nup) with 0.935, and

RA and root surface area (RSA) with 0.922 regression p values, respec-

ively. Relatively, lower degree of correlations i.e. > 80% were found

etween Nup, (root area diameter) RAD, TRL and available nitrogen

AN). Furthermore, Figure 2 b provided the partial correlation network

hich showed there was higher significant difference ( p < 0.05) with

orrelations greater than 75% between the parameters of DHA and AN,

ollowed by correlations between leaf chlorophyll content (SPAD), PRA

nd RSA. Following step regression analysis, a linear regression model

as prepared with 11 parameters leaving SL as the only parameter, from

hich the following regression equation was obtained: 

Nup = 1.204 + 0.018 ∗ SPAD – 0.001 ∗ TRL – 0.358 ∗ PRA + 0.063 ∗ 

SA + 0.377 ∗ RAD + 0.001 ∗ AN + 0.003 ∗ MBC – 0.004 ∗ DHA – 0.051
 FDA + 0.041 ∗ BIOM 

The regression equation had R 

2 value of 0.965 and p value of <

.001. The F-statistic was 86.77 on 10 with 34 degrees of freedom (df)

aving total 44 df measuring five replication values from nine treat-
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Fig. 2. Understanding the interaction between plant and soil parameters 

through network modelling of Spearman’s p correlation co-efficient ( n = 45). 

Fig. 2 a: representation of complete correlation network. Fig. 2 b: representation 

of partial correlation network. Thickness of line is proportional to the correla- 

tion values. Green line (bold) indicates significant positive correlation and red 

line (dashed) indicates non-significant positive correlation. 

Table 2 

Screening of diazotrophs based on nitrogen (N) fixing ability, indole acetic 

acid (IAA) and gibberellic acid (GA 3 ) production. Similar letter found across 

each parameter shows no difference between the respective values at 5% level 

of significance. Responses undetected are represented with ‘nd’. 

Diazotrophs N fixation IAA GA 3 
(mg N/g sugar consumed) (ug/ml) (ug/ml) 

PANW1 5.11i 12.82g 1.14jk 

PANW2 3.25k 9.60i 2.30g 

PANW2/1 6.72f Nd 0.56mn 

PANW4 9.3c 36.80b 4.13e 

PANW4/1 10.16b 45.20a 7.63c 

PANW5 7.19e 37.01b 2.05h 

PANW5/2 4.33j 10.19i 0.22nop 

PANW6 9.10d 27.80d 6.43d 

PANW7 6.14g Nd Nd 

PANW9 6.30g 29.83c 8.12d 

PANW9/1 1.07m 12.11h 0.84op 

PANW9/2 0.84m 8.51j 1.51b 

PANW9/3 0.72m Nd 0.93lm 

PANW11 5.43h 12.13h Nd 

PANW12/1 2.19l 15.40f 1.60kl 

+ ve Control AT 12.31a 23.28e 8.60a 

+ ve Control BioCWB 4.51j 45.05a 8.47a 

CD(0.05) 0.32 0.72 0.31 
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Table 3 

Comparative analysis of above and below ground responses of rice plants (60 

from Sikkim soils. Above ground responses: shoot length (SL) and leaf chloro

ference) which is the ratio between reflection and absorption of incident ligh

root area (PRA), root surface area (RSA) and root average diameter (RAD). BIO

nitrogen. Similar alphabets found across each parameter shows no difference b

Treatment SPAD SL RL P

(ODD) (cm) (cm) (

PANW4 33.416c 34.23a 36.221c 2

PANW4/1 34.23a 34.123ab 38.279a 2

PANW5 34.13a 33.247d 38.038b 2

PANW6 33.27cd 33.177d 35.226e 2

PANW9 33.162d 33.167d 35.027f 2

+ ve Control AT 33.716b 33.707bc 36.108d 2

+ ve Control BioCWB 33.406c 33.413cd 31.299g 1

-ve Control N broth 32.686e 32.183e 23.516h 1

CD (0.05) 0.242 0.459 0.036 0

5 
ents. Using the regression equation, the nitrogen uptake (Nup) value

as predicted, whose comparisons with actual Nup has been illustrated

n Fig. 3 from which it could be depicted that there was no require-

ent of shifting the responses in the model as the levels of maximum

up estimated was minimum and the predictions were found precise

s the observed values were closer to the predicted values particularly

hen the Nup values were higher than 0.85 g/pot. The linear relation-

hips between nitrogen uptakes (Nup) with other parameters are given

n component and residual plot as illustrated in Fig. 4 , wherein the dot-

ed lines show the fitted least square values and smooth lines represent

riginal distributions. Nitrogen uptake (Nup) calculated based on to-

al nitrogen content present in plant biomass ( Fig. 5 ) shows PANW4,

ANW4/1, PANW5 and PANNW6 performed better role on improve-

ent of nitrogen uptake as compared to positive controls AT strain with

he maximum Nup recorded in rice, whereas in test isolates PANW5

ecorded maximum Nup at 0.890 g/pot. To further understand the

ssumption regarding correlation between nitrogen uptake (Nup) and

lant biomass (BIOM), linear regression model was used which com-

uted the estimated nitrogen uptake and the significance of its relation-

hip with biomass. The results of the linear regression model have been

entioned in Table 5 , which showed the highly significant relationship

mong Nup and BIOM. Additionally, the model showed, the impact of

nterobacter species on plant growth was at par with the test strains. 
days after sowing) inoculated with selected diazotropic bacteria isolated 

phyll concentrations (SPAD) calculated using ODD (optical density dif- 

t by SPAD meter. Below ground responses: root length (RL), projected 

M: Biomass calculated using shoot and root dry weights. PN: total plant 

etween the respective values at 5% level of significance. 

RA RSA RAD BIOM PN 

mm 

2 ) (mm 

2 ) (mm) (g/plant) (%/plant) 

6.246b 27.866a 0.53bc 2.23c 0.386a 

6.84a 27.81ab 0.716a 2.809a 0.315d 

6.39b 27.62b 0.669a 2.722b 0.327c 

5.52c 26.98c 0.515c 2.195c 0.386a 

5.172d 26.482d 0.475c 2.015b 0.33c 

6.196b 27.806ab 0.669a 2.797a 0.31d 

9.706e 19.556e 0.595b 2.167c 0.352b 

3.286f 16.516f 0.382d 1.789e 0.36b 

.242 0.24 0.068 0.068 0.009 
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Fig. 3. Analysing the precision of linear model by 

comparing nitrogen uptake (Nup) derived from actual 

and predicted values. 

Fig. 4. Representation of linear relationships by nitrogen uptake with different plant and soil parameters using modelled component and residual values. Pink (bold) 

lines represent smoothened regression curve whereas blue (dashed) lines represent fitted linear regression curve. 

6 



P. Panneerselvam, A. Senapati, L. Sharma et al. Current Research in Microbial Sciences 2 (2021) 100035 

Table 4 

Estimating the changes associated with rhizospheric soil nitrogen content and microbial properties of rice plants inoculated with diazotrophic bacteria 

(60 days after sowing). AN: soil available nitrogen, soil MBC: microbial biomass carbon, DHA: soil dehydrogenase active, FDA: Fluorescein diacetate 

hydrolysis. Similar alphabets found across one parameter shows no difference between the respective values at 5% level of significance. 

Treatment AN MBC DHA FDA 

(kg/ha) (μg/g soil) (μg TPF/kg/24h) (μg fluorescein/g soil) 

PANW4 359.8abc 356.92bc 648.77bcd 3.63bc 

PANW4/1 378.3ab 366.12ab 660.56ab 3.656bc 

PANW5 376.5ab 373.71ab 663.52ab 3.909a 

PANW6 340.9cd 343.82c 638.55cd 3.685b 

PANW9 329.4d 319.74d 636.14d 3.525d 

+ ve Control AT 357.6bc 386.93a 672.99a 3.629bc 

+ ve Control BioCWB 322.9de 368.15ab 653.36abcd 3.574cd 

-ve Control 314.3e 281.84e 642.42bcd 2.816e 

CD (0.05) 22.52 22.183 21.581 0.093 

D
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iscussion 

This study demonstrated the nitrogen fixing ability of free living di-

zotrophs such as Enterobacter species and their involvement in plant

rowth promotion in rice plants. Although the taxonomic relatedness

f Enterobacter isolates is poorly understood due to their phenotypic

esemblances among species type, for which molecular identification

ased on DNA-DNA relatedness has been generally preferred for identi-

cation of Enterobacter spp. In this study partial DNA sequences of the

6S rRNA gene were aligned Based on the 16S rRNA sequencing results,

he isolates were found to be different at species level. The Enterobac-

er strains were found in organic paddy soils of Sikkim, some of which

ere found to produce copious amount of exopolysaccharides (data not

hown), which was a positive trait responsible for biofilm formation

hat is partially responsible for attachment of soil microbes with plant.

mong these exopolysaccharides producing isolates, production by E.
7 
sburaei was higher. The contribution of Enterobacter via BNF was at

ar to those observed by Azotobacter species confirms their desirabil-

ty in use as biofertilizer for rice production. Although the develop-

ents of Enterobacter inoculums are questionable due to issues regard-

ng pathogenicity against human beings however, their potent nitrogen

ssimilation ability in soil will definitely seek assistance for compensat-

ng soil nitrogen loss in long run. As result of which their pathogenicity

hould be addressed in future studies. 

Enterobacter are also known to produce phytohormones such as IAA

 Nutaratat et al., 2017 ). In this study we emphasised both phytohor-

ones production and nitrogen fixing abilities of isolates. Enterobacter

s proposed among the potent culturable bacteria to be used as biofer-

ilizer in rice ecosystem because of its potency on growth improvement

f rice plants (de Souza et al., 2018; Lima et al., 2018 ; Hardoim et al.,

013 ). Previous works supports the facts the Enterobacter species have

referential colonization to plant root surfaces preferably on root hairs
Fig. 5. Estimating the efficacy of diazotrophs on im- 

provement of plant nitrogen uptake estimated as g/pot. 

The comparisons between isolates and positive con- 

trols have been performed using Welch t -test. 
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Table 5 

Estimating the nitrogen uptake (Nup) by plants in response to bacterial inoculation and analysing their relationship with plant biomass (BIOM) using 

linear models. Intercept represents the estimated Nup. ∗ ∗ represent significance of the interaction at 0.01 and ∗ ∗ ∗ represent significance of the interaction 

at 0.001 level. 

Treatment Intercept p -value Model R 2 Pr( > |t|) 

PANW4 0.932 0.032 0.89 0.002 ∗ ∗ 

PANW4/1 0.964 0.033 0.972 0.004 ∗ ∗ 

PANW5 0.901 0.029 0.795 < 0.001 ∗ ∗ ∗ 

PANW6 0.865 0.032 0.875 < 0.001 ∗ ∗ ∗ 

PANW9 0.7 0.022 0.648 0.001 ∗ ∗ ∗ 

+ ve Control AT 0.713 0.026 0.763 < 0.001 ∗ ∗ ∗ 

+ ve Control BioCWB 1.071 0.044 0.661 0.003 ∗ ∗ 

-ve Control 0.82 0.033 0.988 < 0.001 ∗ ∗ ∗ 
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s observed in E. cloacae GS1 and E. agglomerans using epifluorescence

icrographs ( Shankar et al., 2011 ). The microcolonies develop at the

ip of root and the biofilm developed around the root tip, which is basi-

ally due to the exopolysaccharides secreted by some Enterobacter assist

ther microbes to survive in the rhizosphere ( Shankar et al., 2011 ). In

his study, the rhizospheric association of Enterobacter strains was found

o improve root architecture as evident from the models which proposes

mprovement in the following growth parameters such as root length,

urface area and root volume which were found to be significantly cor-

elated with the improvement of nitrogen uptake in rice plants. Based

n the supervised learning models provided by linear regression algo-

ithms, we speculated that soil microbial activity induced by Enterobac-

er strains were chiefly responsible for plant growth improvement and

ound Enterobacter species to be K-strategist rather than R-strategist.

ased upon the r/K selection theory, K-strategist have been found to per-

orm better than r-strategist in terms of competition for resource since

-strategist have higher population close to carrying capacity as com-

ared to r-strategist ( Vadstein et al. 2018 ). Linear models have been

sed for identifying the type of most influencing variable based upon

he distribution of responses, wherein the main challenge has been the

election of smoothing parameters ( Gertheiss et al., 2013 ). In this work

he parameter screening strategies have provided more realistic predic-

ion of changes in microbial densities of individual bacterization treat-

ents by analyzing their biomass and enzymatic activity in soil. Even,

he increase in soil enzymatic activities as depicted through DHA and

DA activities represent higher functionality of soil microbiome from

hich it was revealed that bio-inoculation of soil through bacterized

ice seeds has effect on improving soil microbiome. This strategy may

e followed to preserve soil fertility, by artificially intensifying soil bio-

eochemical cycles. Owing to the innate abilities of Enterobacter species

or growth promotion in plants, their long-term association with humans

s also intriguing. Soil made rich with beneficial Enterobacter species will

dd benefit to cropping plants participating in the food chain. The ni-

rogen assimilation by Enterobacter diazotrophs which were found in

ikkim soil microflora shows promising results on sustainable agricul-

ure by fulfilling plant nitrogen demands. Similar findings have shown

. ludwigii isolated from rice soil ecosystem particularly have multiple

hysiological traits including phytohormones production, silicon and

hosphate solubilization revealing the applicability of Enterobacter as

otential biofertilizer in rice ecosystem ( Lee et al., 2019 ). Furthermore,

inc solubilizing Enterobacter species identified as E. cloacae have been

ound to plat active role in bioremediation of hexavalent chromium and

lso possess several other plant growth promoting traits for improving

rop productivity in rice ecosystems having heavy metal contamina-

ion ( Pattnaik et al., 2020 ). At end, the clinical consequences of Enter-

bacter isolates should never be forgotten since these strains have been

hown by earlier research workers to share similarity to clinical isolates

 Brenner et al., 1986 ). Additionally, previous research work have indi-

ate that most of r-strategist species are pathogens due to rapid growth

ate but have slower competition ability at low substrate concentration

 Vadstein et al., 2018 ). As the Enterobacter species used in this research

hare similarities with K-strategist, it may be inferred these strains to be

on-pathogenic in nature. 
8 
The nitrogen movement in the soil has been an important attribute

f BNF ( Ladha et al., 2005 ). One of the major advantages of bacteria

ediated nitrogen fixation over addition of FYM was that by reducing

itrous oxide greenhouse gas (GHG) emission which was often found in

oils applied with farm yard manure ( Pathak et al., 2002 ). Therefore,

pplication of diazotrophs may be one of the alternatives for enriching

itrogen content in soil without emitting nitrous oxide gas. Another ad-

antage of bacteria mediated nitrogen fixation is production of bacterial

hytohormones that induce root growth which subsequently improves

itrogen uptake by enhancing the root surface area ( El-Sharkawi, 2012 ).

he root architectural characteristics were highly influenced by seed

acterization using E. asburiae and B. subtilis which favoured the growth

f rice seedlings which plausibly was due to the higher amount of phyto-

ormones produced by these diazotrophic species ( Mehnaz et al., 2001 ;

mbreetha et al., 2018 ). Similar findings also support the fact that phy-

ohormone producing bacteria play an important role in modification

f root architecture which in turn improves plant growth and devel-

pment ( Martinez-Rodriguez et al., 2019 ; Panneerselvam et al., 2019 ).

oreover, significant correlations were obtained between plant nitrogen

ptake and root parameters demonstrating the additional advantages of

hytohormones production by Enterobacter species that have played an

ctive role in improving the root surface area as evident from root scan-

ing data. 

onclusions 

Based on presumptive models generated by combining soil and plant

arameters through supervised learning approaches, this study provided

vidence for the associative nature of Enterobacter in rice plants and

articipation in crop improvement through soil nitrogen assimilation

rom atmosphere. Contribution of Enterobacter species towards BNF in

oil was compared with other free living heterotrophic diazotrophs. This

tudy clearly demonstrated the ability of Enterobacter species to alleviate

itrogen stress in rice plant under organic farming practices by improv-

ng plant nitrogen uptake through cumulative contribution of nitrogen

xing and phytohormone production traits of heterotrophic bacterial di-

zotrophs. This study indicates that different Enterobacter spp. may play

ome role for nitrogen uptake of rice plants from atmosphere under or-

anic farming practices in Sikkim. 
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