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ABSTRACT

Nitrogen plays an enormous role in agriculture. The plant cannot directly fix the atmospheric nitrogen. In biological 
nitrogen fixation, the nitrogenase enzyme plays a crucial role in bacteria by converting atmospheric nitrogen to the 
plant-accessible nutrient ammonium. Nitrogen fixation is often the limiting factor for crop and natural ecosystem 
balance to attain sustainable agriculture. Limited bacterial species have been identified towards nitrogen fixation. 
Therefore, a paradigm shift requires screening and isolating novel nitrogen-fixing bacteria that might be used as crop 
inoculants. Hence, the current study focuses on isolating and characterizing most potential free-living nitrogen-fixing 
bacteria from mangrove ecosystems. Enterobacter sp. GG1 was found to have the highest nitrogen-fixing capacity. 
Moreover, pathogenicity, viability, carrier study, and plant growth-promoting efficacies of Enterobacter sp. GG1 
have also been studied. In addition, Enterobacter sp. GG1 affects the growth of the green chili plant’s root and shoot 
lengths by up to 10.9% and 7.7%, respectively.

1. INTRODUCTION

Nitrogen (N) is a crucial primary nutrient for plant growth. It is a 
major constituent of amino acids, proteins, and nucleic acid precursors 
in plant regimes. It helps build the structural integrity of proteins 
and chlorophyll, enhancing plants’ leaf growth [1]. The atmosphere 
contains ~78% gaseous nitrogen. Atmospheric nitrogen (N2) is a 
nonreactive molecule. Thus, it cannot be assimilated in plant biomass 
following central metabolic cascades. However, plants access the 
soluble form of nitrogen, that is, nitrate (NO3

-) and ammonia (NH4
+), 

as sole nitrogen sources [2,3]. Naturally, continuous farming, leaching, 
and evaporation reduced plant-accessible nitrogen continuously in 
the soil [4]. In this context, inorganic agrochemicals and biological 
nitrogen-fixing (BNF) microbes can provide plant’s accessible nitrogen 
precursors [5,6]. Long-term application of inorganic agrochemicals at 
high concentrations has shown extensive detrimental impacts on soil 
fertility and plant productivity. It is also increasing environmental 
pollution and affecting human health. In addition, the reduction in 
soil fertility and the high expense of inorganic agrochemicals have 
gradually increased agricultural production costs [5,7]. BNF is a more 
economically and environmentally sustainable way of converting 
elemental nitrogen into plant-usable ammonium. Several bacteria 
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are involved in the BNF molecular event. Nitrogen-fixing bacterial 
assemblages utilize the nitrogenase enzyme to fix atmospheric nitrogen 
in the soil to increase soil fertility [8,9]. Moreover, BNF annually 
provides 19,080 metric tonnes of the accessible form of nitrogen (i.e., 
ammonium salt) worldwide [10].

Several rhizospheric bacterial isolates, that is, Azotobacter sp., 
Azospirillum sp., Beijerinckia sp., Burkholderia sp., Clostridium 
sp., Enterobacter sp., Gluconacetobacter sp., Herbaspirillum sp., 
Ideonella sp., Klebsiella sp., Methanosarcina sp., Pseudomonas 
sp., and Paenibacillus sp. have been reported to show significant 
potential for N-fixing efficacy [11-14]. Therefore, the use of N-fixing 
bacterial regimes as crop inoculants could be a practical goal to 
overcome economic and commercial barriers in the agricultural 
sector [15,16]. Increasing soil salinity and many abiotic stresses have 
also been shown to be significant issues upon the use of N-fixing 
bacterial inoculants. The stress-associated microenvironment of 
soil (i.e., agricultural landscape) affects nitrogenase enzymatic 
activity, bacterial N-fixation, and proliferation [17-19]. Therefore, it 
is essential to carry out extensive research to identify the potential 
N-fixing bacteria that can be commercially viable and tolerant of 
abiotic stress factors in soil.

In this context, isolation of N-fixing bacteria needs to be performed 
from a microbially diversified region/ecosystem with salinity stress. 
The Sundarban mangrove soil ecosystem is suitable for evaluating 
the impact of salt stress along with N2 fixation of bacterial inoculants. 
Anoxic conditions nurture higher nitrogenase enzyme activity. 
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Sundarban mangrove soil ecosystems provide permissive anoxic 
conditions to explore the potential nitrogen-fixing bacteria within the 
aforementioned soil habitat [20]. In addition, the commercialization 
of N-fixing bacteria (as growth-promoting biotic factors) depends on 
their viability in association with compatible carriers [16]. To this end, 
the current study used two potential carriers to check the metabolic 
viability of N-fixing bacterial inoculants in association with carriers, 
that is, lignite and cow dung compost (CDC) [21]. These two natural 
carriers are biocompatible, environmentally friendly, inexpensive, and 
highly available in the market, which can easily imply commercial 
sustainability [22,23]. Brownish-black lignite contains carbon 
(50–60%), nitrogen, hydrogen, oxygen, sulfur, and some other 
minerals [24,25]. In CDC contains carbon (30–40%), nitrogen (3%), 
phosphorus (2%), and potassium (1%), including essential minerals 
for bacterial and plant growth [26]. In addition, the pathogenicity and 
toxicity of N-fixing bacterial inoculants are other major burning issues 
at present. Pseudomonas aeruginosa, Klebsiella pneumoniae, and 
Clostridium botulinum are more effective N-fixing bacteria that can 
cause many acute and chronic diseases in the human body [27-29]. 
However, pathogenic N-fixing bacteria usually have negative impacts 
on soil ecology and the biogeochemical cycle. Thus, pathogenicity 
studies on N-fixing bacterial inoculants need to be considered before 
their commercialization and agricultural field application. Finally, we 
compared culture-dependent and culture-independent methodologies 
to assess the growth of the green chili plant (Capsicum frutescens L.) 
using the putative best newly isolated N-fixing bacterial inoculants, 
that is, Enterobacter sp. GG1 to accelerate its commercial feasibility 
and plant growth promotion. Hence, the current study focuses on 
isolating and characterizing most potential free-living N-fixing 
bacteria from mangrove ecosystems. Enterobacter sp. GG1 was found 
to have the highest nitrogen-fixing capacity. Moreover, pathogenicity, 
viability, carrier study, and plant growth-promoting efficacies of 
Enterobacter sp. GG1 have also been studied.

2. MATERIALS AND METHODS

2.1. Study Area for N-fixing Bacterial Isolation
In the winter season, soil samples were taken from Dobanki (Bidyadhari 
river beach: 21.988228oN, 88.753554oE), Pakhiralay (Datta river 
beach: 22.140086oN, 88.843076oE), and Mathurakhanda (Junction of 
Bidyadhari river and Datta river beach: 22.058277°N, 88.738887°E) 
in the Sundarban mangrove forests of West Bengal. Soil samples were 
collected from 4-inch depth of the rhizospheric soil surface (ground 
level). The adhered soil sample was transported within 24 h to the 
MEAB laboratory of JIS University in Kolkata, India, at a controlled 
4°C temperature. However, the pH of the collected soil samples from 
the mangrove ecosystem was determined to be pH 7.3.

2.2. Screening and Isolation of N-fixing Bacteria
Collected samples were mixed in a sterile phosphate buffer solution 
(PBS) (pH7). After that, the supernatant was collected and serially 
diluted up to 10-8 using PBS under aseptic conditions. Then, N-fixing 
bacteria were screened and isolated using selective Nfb (nitrogen-free 
bromothymol blue) semi-solid medium (5 g DL-malic acid, 4 g KOH, 
0.5 g K2HPO4, 0.1 g MgSO4.7H2O, 0.01 g MnSO4.H2O, 0.02 g NaCl, 
0.01 g CaCl2, 0.05 g FeSO4.7H2O, 0.002 g Na2MoO4.2H2O, 1.75 g 
agar‒agar, and 2 mL of 0.5% bromothymol blue, pH 7). After 3 days of 
incubation at 37°C, growing bacterial samples appeared green to blue 
color on selective Nfb media [30,31]. N-fixing bacteria were streaked 
on BMS media (potatoes 200 g, DL-malic acid 2.5 g, KOH 2.0 g, 
vitamin (biotin) 1 mL, agar‒agar 18.0 g, distilled water 1000 mL) for 

single bacterial colony isolation to end up with pure axenic cultures for 
further studies [32].

First, 12 individual single-cell colonies were isolated randomly 
(4 colonies from each place) and grown in a different container in Nfb 
broth media. After that, 12 isolated bacterial cultures were subjected 
to primary screening by the well diffusion method on Nfb agar plates. 
For further study, the six best bacterial isolates were chosen based on 
colony diameter. Six isolates are nomenclature as N1, N2, N3, N4, 
N5, and N6. After isolation, six pure N-fixing bacterial cultures were 
qualitatively studied by the well diffusion method. In due course, 
100 µL of broth culture from the exponential growth phase of the 
N-fixing bacterial samples was transferred aseptically into wells on 
Nfb agar medium [31]. Finally, blue zones were observed in the Nfb 
medium plate after72 h of incubation at 37°C.

2.3. Determination of the Isolated Bacterial Cellular Response 
to N-fixation
Broth culture from the exponential growth phase of the N-fixing 
bacterial sample was centrifuged at 10,000 rpm for 10 min. After that, 
the supernatant was discarded. Then, the intracellular response was 
investigated by crude extract of N-fixing bacterial cell pellet (sonicated 
in PBS buffer) transfer in Nfb agar plate media. Accordingly, the 
extracellular response was investigated by N-fixing bacterial cell 
pellet (without sonication) transfer in Nfb agar media with PBS buffer. 
After 72 h of incubation at 37°C, a blue zone was observed in the Nfb 
medium plate. In case, the enzymatic response of N-fixing bacteria is 
inside the cell; then, the intercellular reaction fixes the nitrogen and 
creates a blue color. In addition to the enzymatic response of N-fixing 
bacteria outside the cell, the extracellular reaction fixes nitrogen and 
creates a blue color.

2.4. Quantitative Analysis of Ammonium to Determine 
Potential N-fixing Bacterial Isolates Using the Phenate Method
Nitrogen-fixing bacteria fix atmospheric nitrogen into ammonium by 
nitrogenase enzymatic regulation. To compare the nitrogen fixation 
capabilities of the six new isolates, the analysis must quantify the 
final product, that is, ammonium using the phenate method. In this 
assay, stock solution 1 (sodium phenate solution) was prepared with 
the following composition: 25 g phenol and 20% NaOH were added 
to 6 mL acetone, and finally, the volume was 200 mL. Stock solution 
2 (sodium nitroprusside): 0.15 g sodium nitroprusside was added to 
1 L distilled water. Stock solution 3 (sodium hypochlorite) was also 
prepared using commercially available 5% sodium hypochlorite 
solution. According to the standard ammonium curve preparation, 
0.3819 g anhydrous NH4Cl was dissolved (after drying at 100°C) in 
distilled water and diluted to 1 L (100 ppm). Then, 100 µL, 200 µL, 
300 µL, 400 µL, 500 µL, and 600 µL of standard ammonium solution 
(100 ppm) were added into distilled water up to makeup 1 mL to 
prepare the working standards. After that, 500 µL of stock solution-1 
(sodium phenate solution) was added to 100 µL of stock solution-2 
(sodium nitroprusside) and 400 µL of stock solution-3 (hypochlorite 
solution) spontaneously and mixed gently at 20–30°C for 30 min. The 
final working standard concentrations of each solution were made upto 
5 ppm, 10 ppm, 15 ppm, 20 ppm, 25 ppm, and 30 ppm spontaneously. 
Finally, the reaction mixture ended up with blue indophenol in 
basic solution, and absorbance was measured at 630 nm using a 
spectrophotometer (Shimadzu, Model: UV-1800) [33,34].

Isolated bacterial ammonium production comparative estimation for 
the initially equivalent quantity of biomass from exponential growth 
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phase culture treated in Nfb broth media (without bromothymol blue). 
After 5 days of treatment, the bacterial culture was centrifuged for 
10 min at 10000 rpm. Then, 1 mL of supernatant was collected, and 
following the typical standard curve preparation, the stock solution 
was mixed spontaneously. Finally, absorption was measured at 630 nm 
using a spectrophotometer [33,34]. In addition, the pH change was 
measured in treated culture broth media before (day 0) and after 
treatment (day 5).

2.5. Molecular Characterization of Potential N-fixing Bacteria 
N4 (Enterobacter sp. GG1)
The nitrogen-fixing N4 isolate (axenic pure culture) was harvested 
by centrifugation (10,000 rpm for 5 min), and genomic DNA of 
the nitrogen-fixing N4 isolate was extracted using a bacterial 
DNA isolation kit. Afterward, genomic DNA of the nitrogen-
fixing N4 isolate was purified, followed by RNaseA treatment 
using a bacterial genomic DNA purification kit (Cat. No.: MB505-
50PR). The purity and quantity of extracted genomic DNA of the 
nitrogen-fixing N4 isolate was determined using a Denovix DS-
11 spectrophotometer. PCR was used to amplify a DNA fragment 
(amplicon) of 16S rRNA using the universal forward primer 10F 
(5′- AGTTTGATCATGGCTCAGATTG-3′) and the universal reverse 
primer 800R (5′- TACCAGGGTATCTAATCC-3′) [35,56]. These 
primers were used to amplify fragments of ~800 kb that included 
nearly complete 16S rDNA sequences. Afterwards, 1 µL (≈500 ng 
template) total DNA samples were used in a 50 µL PCR with 25 µL 
of EmeraldAmp GT PCR Master Mix (2X Premix); primers (forwards 
and reverse primer conc. 0.2 µM) 2.5 µL; depending on the volume of 
the sample DNA solution used, add an appropriate amount of dH2O 
to obtain a final volume of 50 µL (using Bacterial 16S rDNA PCR kit 
Fast (800), Cat. No. #RR310A). The PCR conditions were as follows: 
98°C for 10 s; 60°C for 30 s; and 72°C for 1 min; for a total of 30 
reaction cycles in a thermal cycler (Lablife) [37,38].

After PCR completion, analyze a part of the reaction mixture by agarose 
gel (2% gel) electrophoresis. The sample DNA solution and the positive 
control (Escherichia coli) each yielded amplification products of 
approximately 0.8 kb [Supplementary Figure S1]. After confirming the 
amplification products by electrophoresis, the PCR products were purified 
for sequence analysis. PCR yielded a single band of approximately 
0.8 kb; the remaining reaction mixture was purified directly using a 
purification kit such as the GeneJET Extraction kit (Cat. No. #K0691). 
After purification of the target band from the agarose gel, the quantity of 
the purified PCR products was determined by measuring their absorbance 
at A260. Then, before sequencing, sequencing was performed with an ABI 
3730 Genetic Analyser using the original PCR primers.

2.6. Pathogenicity Study of Enterobacter sp. GG1 by Hemolysis 
Assay
The pathogenicity test of Enterobacter sp. GG1 was inoculated in 
blood agar base media (containing 5% v/v defibrinated sheep blood) 
aseptically. Dispense of Enterobacter sp. GG1 was grown in two wells, 
one as an overnight pure culture and the other as a crude culture (by 
sonication) [39]. Accordingly, for the positive control, an ammonium-
chloride-potassium (ACK buffer) lysis buffer solution (ammonium 
chloride 8.26 g, EDTA 0.037 g, potassium bicarbonate 1 g, in 1 L DW) 
was inoculated with the same volume in a sheep blood agar plate. After 
48 h of treatment at 30°C, the result was observed [40].

In the broth media investigation, 5 mL of sheep blood was mixed 
well with 10 mL of PBS (pH 7.2). The supernatant was removed after 

10 min of centrifugation at 2000 rpm at 4°C. This washing technique 
was repeated 3 times. Following the final washing, 2 mL of PBS 
(pH 7.2) was mixed with the pellet homogenously for erythrocyte 
suspension stock [41]. After that, 0.5 mL of erythrocyte suspension was 
mixed with 1.5 mL of hemolysis buffer (ACK) for the positive control. 
A positive control was made by adding 0.5 mL of stock erythrocyte 
suspensions to 1.5 mL of hemolysis buffer solution. Enterobacter sp. 
GG1 pathogenicity was investigated by adding 0.5 mL of erythrocyte 
suspension to 1.5 mL of overnight culture solution. Accordingly, 
intracellular pathogenicity was investigated in Enterobacter sp. GG1 
by adding a crude extract of supernatant culture (sonicated in PBS 
buffer) in erythrocyte suspension stock. After preparation, the tested 
vials were incubated at 30°C for 2 h. After incubation, the samples 
were centrifuged at 8000 rpm for 8 min, the supernatant was carefully 
and aseptically collected from each vial, and the absorbance was 
measured at 412 nm [42].

2.7. Viability Study of Enterobacter sp. GG1 in Solid Carrier 
(CDC and Lignite)
This study was carried out to determine the viability of isolated 
bacteria in lignite and CDC (cow dung compost) carriers. This can 
occur while maintaining the physio-chemical parameters of carriers, 
such as pH and moisture conditions. Two individual carriers (CDC and 
lignite) were separately neutralized (pH-7) using CaCO3. Then, the two 
carriers individually maintain moisture at 25–30% by drying [43,44].

Following that, the dilution plate count technique was used to test 
the viability of the Enterobacter sp. GG1 bacterium in lignite and the 
CDC carrier. CDC was stored in two polypropylene bags with 20 g. 
Accordingly lignite was transferred into two polypropylene bags. 
Then, the four bags with the carrier were sterilized for 1 h at 121°C at 
15 pounds per square inch pressure using an autoclave machine. After 
carrier sterilization Enterobacter sp. GG1 culture (1 × 1012 CFU/mL) 
was inoculated aseptically on laminar airflow at exponential phage [45]. 
These four inoculated bags were (i) CDC- control (without mix any 
isolates in CDC); (ii) CDC-GG1 (Enterobacter sp. GG1 had been 
inoculated in CDC carrier); (iii) Lignite-control (don’t mix any isolates 
in lignite); and (iv) Lignite-GG1 (inoculated Enterobacter sp. GG1 in 
lignite in the carrier). After inoculation, Enterobacter sp. GG1 in carriers 
was stored at room temperature (̴ 25–30°C) for 180 days (i.e. 6 months).

Survival Enterobacter sp. GG1 population was estimated at monthly 
intervals for 6 months, such as days 0, 30, 60, 90, 120, 150, and 180. 
For the viability study, 1 g of treated carrier mix was added to 10 mL 
of sterile distilled water and serially diluted up to 10-7 in laminar. Then, 
50 µL of diluted culture was spread on a nutrient agar media plate. 
After 1 day of incubation at 37°C in a B.O.D incubator, the bacterial 
cell colony grew. Then, the colony was counted manually, and the 
results were expressed as colony-forming units per gram (Cfu/g) using 
Equation 1 [44].

( ).  .   
 . . . /

(  )

No of colony No of control colony
Dilutionc f u g

Volume in ml

−

×
=

 
(1)

2.8. Application of Enterobacter sp. GG1 Effects on Green Chili 
Plant Growth Characterization
The soil was collected from the Pataspur region (21.984060°N, 
87.462378°E) for the plant growth study. It is one of the most important 
agricultural regions in the Purba Medinipur district of West Bengal. 
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Clayey soils in nature dominate this region. This soil contains higher 
salt as salinity is too high [46]. In addition, clay soil nitrogen capacity 
has been deficient [47].

In this work, plants were harvested to use Enterobacter sp. GG1 
N-fixing bacteria to analyze their above- and belowground growth 
features in the spring season [48,49]. The aboveground growth 
characteristics, such as plant shoot height and numbers of leaves, were 
measured after the 2-month change. Accordingly, belowground factors 
such as root length and the number of secondary root changes were 
measured after a 2-month interval.

3. RESULTS AND DISCUSSION

In the experiment, after 72 h of inoculation fixing the nitrogen to 
ammonium, Nfb semi-solid media’s green color changed to blue 
[Figure 1a and b, Supplementary Figure S2]. Isolate several efficient 
nitrogen-fixing bacteria from blue color Nfb semi-solid media. This 
several N-fixing bacteria were a streak in BMS media. After overnight 
growth in BMS medium, 12 essential N-fixing bacterial single-cell 
colony isolates were obtained from the BMS medium plate [Figure 1c 
and Supplementary Figure S3]. After that, six effective N-fixing 
bacterial isolates (nomenclatures such as N1, N2, N3, N4, N5, and 
N6) were selected from the preliminary well diffusion diameter 
[Supplementary Figure S4].

3.1. Qualitative Primary Screening of N-fixing Bacterial 
Isolates
Six N-fixing bacterial isolates were extensively studied in Nfb 
selective medium to determine whether they could develop enough 
biomass under the same growth conditions to be used as inoculums 
in this comparative experiment. Inoculum development was carried 
out on Nfb selective media bacterial isolates in the exponential 
phase, showing N1 isolates at 10 h, N2 isolates at 10 h, N3 isolates 
at 16 h, N4 isolates at 10 h, N5 isolates at 12 h, and N6 isolates at 
15 h [Supplementary Figure S5]. Then, inoculating the same number 
of N-fixing bacteria in exponential conditions showed an incredible 
amount of nitrogen-fixing ability in Nfb selective agar medium 
by precise blue zone formation compared to the control. In this 
experiment, N-fixing bacterial isolates were grown in the Nfb medium 
from the green to blue zone [Supplementary Figure S6]. This study’s 
potential results show the six isolates [Figure 2]. In addition, all 
types of bacteria showed extracellular activity for nitrogen fixation 
by blue zone creation in Nfb media [Supplementary Figure S7]. The 
extracellular response is quite effective for soil application because the 
extracellular response exposes the maximum reaction shown outside 
the cell.

3.2. Quantitative Identification of Potential N-fixing Bacteria
In the phenate method, the standard curve was a very accurate 
result, with an R2 value of 0.9971 [Figure 3a and b]. The 
method utilized to select the best potential isolate samples. N4 
also demonstrates a great quantity of ammonium-generating 
capability in Nfb selective broth by indophenol blue color 
development compared to the control [Figure 3c-e]. During the 
5-day experiment, a rise in pH was detected in N-fixing culture 
inoculates (pH 7–8) [Figure 4].

3.3. Molecular Characterization and Phylogenetic Analysis 
of Potential N-fixing Bacterial Isolation N4 (Enterobacter 
sp. GG1)
The16S rRNA consensus sequence of the N4 isolate was identified by 
genetic analyzer-generated BLAST analysis for comparison with the 
sequences in the NCBI GenBank database. The N4 isolate was more 
similar (98.93%) to Enterobacter sp. [Supplementary Figure S8]. Finally, 
N4 isolate was abbreviated as Enterobacter sp. GG1. Furthermore, 
the 16S rRNA nucleotide sequences from Enterobacter sp. GG1 
was compared with other most popular free-living nitrogen-fixing 
bacterial sequences in the databases using multiple sequence 
alignment [Supplementary Data files SD1 and SD2] to infer an 
integrated phylogenetic relationship. A phylogenetic tree representing 
14 major groups of free-living nitrogen-fixing 16S rRNA sequences 
was generated and had been shown in Figure 5. Enterobacter sp. GG1 
has a very close molecular character to the other prudential N-fixing 
bacterial strains Azospirillum lipoferum B7 and Methanosarcina sp. 
T40UC2.

3.4. Pathogenicity Prediction
The blood agar test was used to evaluate germs for biosafety. Blood 
cell lysis or halo zone development on the blood agar medium was not 
observed compared to the positive control by Enterobacter sp. GG1. 
A positive control (ACK lysis buffer) was observed in beta-hemolysis 
(clear zones). The bacteria Enterobacter sp. GG1 exhibits gamma-
hemolysis (no clear zones around colonies) [Figure 6a].

In liquid medium, ACK lysis buffer absorbance was assigned the 
value of 100% hemolysis. The construction was used to calculate 
the percentage hemolysis of the remaining absorptions. Homolysis 

Figure 2: Quality study of N-fixing bacterial isolates; (a) comparative study 
of N-fixing ability by blue zone diameter in Nfb agar media plate (After 72 h 
incubation) (n = 3), (b) One best plate shows of qualitative study (After 72 h 

of incubation).

a

bFigure 1: Screening and isolation of N-fixing bacteria; (a) control of Nfb 
semi-solid media (after 72 h incubation), (b) inoculated soil sample in Nfb 

semi-solid media (after 72 h incubation), (c) nitrogen-fixing bacteria streak in 
BMS agar media (after 24 h incubation).

a b c
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activity was measured in pure culture and crude extract at 7.83% 
and 2.04%, respectively, [Figure 6b-e]. Enterobacter sp. GG1 
hemolysin activity was shallow in the broth medium experiment. 
This indicates that the implanted bacteria may not be harmful to 
the environment.

3.5. Viable Potentiality of Enterobacter sp. GG1 in CDC and 
Lignite Carrier
The commercialization of Enterobacter sp. GG1 bacteria requires 
the study of the 6-month viability in a selected carrier’s lignite 
and CDC. This result showed that after 180 days (i.e. 6 months) 
of treatment at room temperature (25–30°C), the satisfying viable 
cells of Enterobacter sp. were sustained. Enterobacter sp. GG1 was 
the qualitatively highest number of viable cells shown in the lignite 
carrier at day 30 [Figure 7a]. After 180 days of storage treatment, 
potential viability was obtained in lignite carriers compared to 
CDC. After 6 months, compared to initial inoculations, nearly 
40% of Enterobacter sp. GG1 cells survive in lignite carriers. 

In the CDC carrier satisfactory survival report, Enterobacter sp. 
GG1 at 180 days of treatment. Moreover, 21% of Enterobacter 

Figure 4: Measurement of pH change by isolated bacterial treatment  
at 5 days (n = 3).

Figure 5: Sequence alignments for molecular phylogenetic analysis were 
generated using SnapGene and optimized using MEGA11. Nearest-Neighbor-
Interchange (NNI) method, Tamura-Nei model and maximum likelihood (ML) 

statistical models were used to infer the phylogenetic relationship among 
strains of closely associated N-fixing free living bacterial based on 16s rRNA 

gene sequences. A substitution model for phylogenetics of each nucleotide 
sequence data set was selected using the Tamura-Nei model with model 

selection in MEGA11. Representative phylogenetic trees were drawn using 
the NNI, ML methods [50,51].

Figure 3: Quantitative study of N-fixing bacterial isolates; (a) standard curve of ammonium (n = 3), (b) one set of ammonium standard curve measurements using 
the phenate method, (c) comparative quantification of ammonia at 5 days treatment in Nfb media (n = 3), (d) control of phenate test; (e) phenate test of one best 

result showing isolate (N4 isolate).

a c

b
d e
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sp. GG1 survived as a CDC carrier for 6 months [Figure 7b and 
Supplementary Figure S9].

3.6. Effect of Enterobacter sp. GG1 (N-fixing biofertilizer) 
Application on Green Chili Plant Growth
3.6.1. Effects of Enterobacter sp. GG1 on green chili plant shoot 
height and diameter
In the current study, nitrogen impacted chili plant morphology, 
including shoot growth [Figure 8a and b]. Table 1 had been showing 
the shoot height of green chili plants treated with Enterobacter sp. 
GG1 60 days after seedling. Enterobacter sp. GG1 treatment resulted 
in chili plant shoots that were 11.2 cm in height and 0.7 cm in 
diameter. The lowest chili plant shoot height and shoot diameter were 
recorded in the control (without biofertilizer) at 10.4 cm and 0.4 cm, 
respectively. Based on the practical results of Enterobacter sp. GG1, 
as a nitrogen biofertilizer, significantly affected chili plant shoot 
length (7.7% increases) and diameter (75% increases) compared to 
control growth.

3.6.2. Effect of Enterobacter sp. GG1 on chili root length and 
number of branches
Green chili root morphology is significantly influenced by N-biofertilizer 
Enterobacter sp. GG1 treatments [Figure 8b]. The chili root length was 
significantly prolonged, 13.9 cm in the Enterobacter sp. GG1 treatment 
compared to the without fertilized treatment was 12.6 cm. In the case 
of the root branches (secondary root), the Enterobacter sp. GG1-treated 
plant yielded a total of 39 numbers, while the unfertilized plant yielded 
the lowest total of 16. In this report, it had clearly been shown that 
Enterobacter sp. GG1 had a significant effect on plant root morphology. 
Based on the effective results of Enterobacter sp. GG1 as an nitrogen 
biofertilizer on chili plants resulted in considerable increases in root length 
(10.9% increase) and the number of secondary roots (143.75% increase) 
compared to control growth, as shown in Table 1.

3.6.3. Effects of Enterobacter sp. GG1 on leaf number and 
morphology
Nitrogen biofertilization treatments significantly influenced the green 
chili plant leaf number [Figure 8a]. Treatment with Enterobacter 

Figure 6: Enterobacter sp. GG1 bacterial hemolysis assay; (a) hemolysis assay in sheep blood agar plate, when Hb = ACK lysis buffer, C = Enterobacter sp. GG1 
pure culture, and S = Enterobacter sp. GG1 crude culture; (b) comparative study of hemolysin activity in sheep blood broth media (n = 3), (c) hemolysin activity 

of ACK lysis buffer, (d) hemolysin activity of Enterobacter sp. GG1 pure culture, (e) hemolysin activity of Enterobacter sp. GG1 crude culture.

b

c d e

a

Figure 7: Viability study of Enterobacter sp. GG1 in carrier (n = 3); (a) 180 days viability study in lignite and CDC carrier using best N-fixing bacterial isolates 
Enterobacter sp. GG1; (b) Comparative study percentage (%) of viability after 180 days treatment of Enterobacter sp. GG1 bacteria in CDC and lignite carriers.

a b
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sp. GG1 was found to have more than four leaves compared with 
the without fertilized treatment. It was thought that the absence of 
Enterobacter sp. GG1 could not produce a more significant number of 
leaves. This result from the present study revealed that the growth of 
the green chili plant was also significantly influenced (57.1%) by the 
treatments of Enterobacter sp. GG1 as an N biofertilizer.

The leaf width and length were significantly influenced by Enterobacter 
sp. GG1 treatments [Figure 8c]. Chili leaf width increased positively 
with Enterobacter sp. GG1 application. The minimum values of 
1.8 cm were obtained from the plants grown in pots where no 
fertilizers were applied. The highest value of 2.8 cm of chili plant 
leaf width character was obtained from the Enterobacter sp. GG1 
treatments. The Enterobacter sp. GG1, as an N biofertilizer, showed 
significant differences in leaf width (56.6% increases) compared 
with the untreated plant. The leaf length also increased (20.4% rise) 
when the chili plants were exposed to several Enterobacter sp. GG1 
treatments. The Enterobacter sp. GG1 produced chili leaf lengths of 
5.9 cm at 60 days to planting. The minimum leaf length was observed 
in the control treatment with a value of 4.9 cm, as shown in Table 1. 
Furthermore, leaf color did not significantly influence the impact of 
nitrogen fertilizer on Enterobacter sp. GG1 on the leaf. No higher 
differences were observed among the treatments.

4. CONCLUSION

A recent study indicated that nitrogen-fixing bacteria were concentrated 
and accumulated in mangrove ecosystem soil. Bacteria obtained in this 
investigation were shown to exhibit plant growth-stimulating properties 
such as ammonium generation. Enterobacter sp. GG1 was identified 
as the best isolate based on its biochemical features. After 5 days of 
treatment with Enterobacter sp. GG1 nitrogen fixation to ammonium 
was 100.68 ppm. However, current study’s results confirmed that 
Enterobacter sp. GG1 bacterial viability satisfactory in CDC and lignite 
carriers. Almost 40% and 21% of Enterobacter sp. GG1 isolate had 
been survived in lignite and CDC carrier spontaneously until 6 months, 
respectively. Furthermore, this strain is also nontoxic to humans, as 
confirmed by a hemolysis assay. Accordingly, a plant growth study 

demonstrated that the shoot height (7.7%), shoot diameter (75%), 
root length (10.87%), number of branch roots (143.75%), number of 
leaves (57.14%), leaf height (20.41%), and leaf width (56.60%) of 
green chili seedlings were significantly affected by Enterobacter sp. 
GG1 treatment in the soil. The present results conclude that optimal 
levels of Enterobacter sp. GG1 use in soil could be given essential 
nutrient elements to ensure the growth and health of green chili plants. 
Compared to more efficient N-fixing bacteria, ammonium production 
ability is slightly lower, but it has more potential for other effective 
significant factors, such as growth, viability, pathogenicity, and salinity 
soil tolerance [Supplementary Table 1]. Therefore, in future studies, 
the multi process parameter optimization of various independent 
variables and genetic modification need to be carried out to increase 
the nitrogenase enzyme catalytic efficacy and ammonia accumulation 
for more commercial potential [36]. Therefore, in the current study, the 
enzymatic activity and properties of Enterobacter sp. GG1 N-fixing 
bacteria develop microbial metabolic networks to improve soil fertility 
for the development of sustainable eco-friendly agriculture.

4.1. Supplementary Information
Supplementary Figure S1, Supplementary Figure S2; Supplementary 
Figure S3; Supplementary Figure S4; Supplementary Figure S5; 
Supplementary Figure S6; Supplementary Figure S7; Supplementary 
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Figure 8: Studies on green chili plant growth upon nitrogen biofertilizer 
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Untreated leaf growth after 2 months.
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Table 1: Studies on green chili plant growth upon nitrogen biofertilizer (Enterobacter sp. GG1) treatment at 2 months (n=3).

Study sample character Shoot height (cm) Shoot diameter (cm) Root length (cm) No of branch root No. of leaf Leaf height (cm) Leaf width (cm)

Control 10.4 0.4 12.6 16 7 4.9 1.8

N biofertilizer 11.2 0.7 13.9 39 11 5.9 2.8 
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