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Abstract
Biofertilizer happens to be a promising alternative of chemical fertilizer in the establishment of sustainable agricultural prac-
tices. Following this observation, several nitrogen-fixing bacteria were isolated from the soil in which an isolate (AKS7) was 
selected for further studies as AKS7 showed considerable competence in growth on nitrogen-free growth medium. Acetylene 
reduction assay confirmed that AKS7 can fix atmospheric nitrogen efficiently. The result of Kjeldahl assay revealed that the 
organism (AKS7) could fix nitrogen up to 12 mg in 8 days. A strong positive correlation (r = 0.987) was observed between 
microbial cell biomass and the amount of nitrogen fixed by AKS7 over a period of 8 days. The organism was identified as 
Enterobacter cloacae through molecular and biochemical tests. To investigate the in situ nitrogen fixation by E. cloacae 
AKS7, naturally attenuated (AKS7 not-inoculated) and bioaugmented (AKS7-inoculated) soil microcosms were prepared. 
The bioaugmented microcosm showed higher level of soil nitrogen content than naturally attenuated microcosm. A large 
number of heterotrophic as well as nitrogen-fixing microorganisms were counted in bioaugmented microcosm than naturally 
attenuated microcosm. Results of the carbon source utilization patterns of BiOLOG ECO plate revealed that bioaugmented 
microcosm exhibited higher level of functional richness and evenness that lead to the exhibition of higher level of microbial 
functional-diversity in bioaugmented microcosm than the naturally attenuated microcosm. Taken together, the results indi-
cated that augmentation of E. cloacae AKS7 into soil enhanced the nitrogen content and soil microbial functional-diversity 
considerably.
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Introduction

At present epoch, the toughest challenge is to overcome the 
exponentially increasing food demand to support the ever-
rising human population of almost 7 billion people in a 

sustainable way (Glick 2012). The enormous uses of chemi-
cal fertilizers in agriculture enhance the productivity of crop 
significantly to support the massive food demand. However, 
the application of chemical fertilizer causes eutrophication 
that leads to affect the ecosystem of water-bodies consider-
ably (Mahanty et al. 2017). Additionally, the chemical fer-
tilizers can also alter the water holding capacity of the soil, 
increase soil salinity and make the soil inconsistent with 
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nutrients (Jetiyanon and Pliabanchang 2012). Moreover, 
some existing literature reported that in long run, applica-
tion of chemical fertilizers to the soil for enhancing crop 
productivity is not recommended (Jetiyanon and Pliaban-
chang 2012; Mahanty et al. 2017). Considering all the con-
sequences that could happen by the application of chemi-
cal fertilizers, biofertilizer seems to be a good alternative 
to boost soil fertility as they are environment-friendly and 
cost-effective (Bardi and Malusà 2012). Biofertilizers are 
mainly living microorganisms which when added to the soil 
improve plant growth considerably by promoting the sup-
ply of nutrients to the host plant (Bardi and Malusà 2012; 
Malusa and Vassilev 2014). It was documented in a literature 
that usage of biofertilizer promotes crop production up to 
10–40% by raising the contents of proteins, vitamins, amino 
acids and fixing atmospheric nitrogen markedly (Bhardwaj 
et al. 2014). Above all, biofertilizer improves the fertility of 
soil considerably as they exhibit diverse functions including 
the fixation of aerial nitrogen to the soil (Mazid and Khan 
2015). Atmospheric nitrogen (N2) is relatively inert and does 
not generally react with other molecules to form new com-
pounds. Soil microbes play a pivotal role in nitrogen fixation 
as they convert atmospheric nitrogen into ammonia (NH3) 
using nitrogenase enzyme (Hoffman et al. 2009). In this way, 
the fixed nitrogen is used for the biosynthesis of the building 
blocks like nucleotides, amino acids and coenzymes that 
help the plants to grow comfortably. Though biofertilizers 
have been used quite frequently, certain factors need to be 
examined to ensure the safe usage of biofertilizers in agri-
culture. Biofertilizer which is to be introduced into soil may 
damage the pre-existing microbial community of soil or the 
introduced biofertilizer may be killed by the pre-existing 
microbial community of soil as well. Thus, biofertilizer fol-
lowing either option should not be recommended safe to use 
in agriculture (Mahanty et al. 2017). Therefore, biofertilizers 
that enhance soil fertility as well as stabilize the pre-existing 
microbial ecological balance in soil could be selected for 
sustainable agriculture development (Mahanty et al. 2017). 
In this current report, we have screened out an efficient 
nitrogen-fixing organism from soil based on its promis-
ing nitrogen-fixing potential. The organism was identified 
as Enterobacter cloacae AKS7. It was observed that after 
applying the organism (E. cloacae AKS7) into the soil, the 
nitrogen content as well as microbial functional-diversity of 
the augmented soil got increased substantially.

Methods

Sample collection

In the present study, the soil sample was collected from 
5 cm below the surface of an agriculture field located in the 

District of South 24 Parganas, West Bengal, India. The col-
lected soil samples were kept in sterile sealed plastic bags. 
Plastic bags carrying soil samples were kept at 4 °C until the 
required analysis was started. At first, gravels and hazard-
ous materials were removed from the collected soil samples. 
After that, soils were homogenized and passed through a 
2-mm pore size filter. Then, the filtered soil samples were 
air-dried at 37 °C.

Isolation of nitrogen‑fixing bacteria

To obtain nitrogen-fixing microorganisms from the soil, 1 g 
soil was collected from soil and suspended in 9 mL of ster-
ile 0.85% NaCl (Merck). Thereafter, a series of dilutions 
were accordingly prepared. A 0.1 mL aliquot was collected 
from appropriate dilution and aseptically spread onto Burk’s 
medium supplemented with agar (Merck). Burk’s medium 
has been found to be used in previous reports to isolate nitro-
gen-fixing bacteria from soil (Park et al. 2005; Kayasth et al. 
2014; Chakraborty and Tribedi 2019). The composition of 
Burk’s medium was as follows-MgSO4 (200 mg/L), K2HPO4 
(800 mg/L), KH2PO4 (200 mg/L), CaSO4 (130 mg/L), FeCl3 
(1.45 mg/L), NaMoO3 (0.253 mg/L), sucrose (20 g/L). 
All the ingredients required for the preparation of Burk’s 
medium was purchased from Merck. The pH of the Burk’s 
medium was adjusted to 7.0. Agar (18 g/L) was added to 
make solidified medium. The plates were incubated at 30 °C 
for several days. Organisms that showed prominent colo-
nies on Burk’s medium were considered as nitrogen-fixing 
organisms.

DNA extraction, polymerase chain reaction (PCR) 
of 16S rRNA gene and sequence analysis

Genomic DNA was extracted from the organism AKS7 
by following the protocol as described by Ausubel et al. 
(1994). To extract the genomic DNA from bacteria, 1 mL 
overnight saturated culture of AKS7 [1 × 108 colony 
forming unit (CFU)] was centrifuged at 10,000 rpm for 
2 min. The obtained pellet was re-suspended in 567 µL of 
Tris–EDTA buffer (Merck). Then, the cell suspension was 
further re-suspended with 3 µL of 10% SDS (Merck) and 
30 µL of Proteinase K (SRL) and subsequently incubated 
at 37 °C for 1 h. After the incubation got over, 100 µL of 
5 M NaCl solution was added and mixed thoroughly by 
inverting the Eppendorf (Tarson). Then, 80 µL of CTAB/
NaCl (SRL) mixture was added, mixed thoroughly and fur-
ther incubated at 65 °C for 10 min in a water bath. There-
after, an equal volume (768 µL) of chloroform (Merck) 
was added to it and further centrifuged at 15,000 rpm for 
5 min. Then, the supernatant was transferred carefully to a 
sterile eppendorf where an equal volume of phenol/chloro-
form/isoamyl alcohol (Hi media) in a ratio of 25:24:1 was 
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added and mixed properly. Then, the mixture was centri-
fuged at 15,000 rpm for 5 min. To precipitate the genomic 
DNA, the supernatant was further transferred to a sterile 
eppendorf and incubated for 15 min at room temperature 
in presence of 0.6 mL of isopropanol (SRL). The mixture 
was then centrifuged at 15,000 rpm for 10 min. The pre-
cipitate was then washed three times with 100 µL of 70% 
ethanol (Merck). It was further centrifuged at 15,000 rpm 
for 10 min. After that, the supernatant was discarded and 
the eppendorf was dried in speed-vac for 20 min until the 
fragrance of ethanol got removed. Finally, the genomic 
DNA was re-suspended in 50 µL of Tris–EDTA buffer 
(Merck) and kept at 37 °C for future use.

Partial amplification of the 16S rRNA gene of our 
isolated organism AKS7 was carried out through PCR 
by following the protocol as described by Tribedi et al. 
(2012). The extracted genomic DNA from the bacteria 
(AKS7) was used as a template DNA and 16S rRNA 
gene-specific universal primers 27F (5′-AGA​GTT​TGA​
TCC​TGG​CTC​AG-3′) and 1492R (5′-TAC​GGY​TAC​CTT​
GTT​ACG​ACTT-3′) was used as the primers for the PCR 
reaction. After the PCR got over, the amplified product 
of 16S rRNA gene was run through an agarose gel. The 
desired PCR product was then purified from the gel using 
the QIAGEN spin column gel extraction kit by following 
the manufacturer’s protocol. The purified PCR product was 
subsequently sequenced using Big Dye Terminator Cycle 
Sequencing Kit V3.1 (Applied Biosystems, USA) follow-
ing the manufacturer’s protocol. The partial 16S rRNA 
gene sequence of the organism was subjected to BLAST 
search analysis (http://www.blast​.ncbi.nlm.nih.gov) to 
identify the organism. The partial nucleotide sequence of 
the 16S rRNA gene of the organism was then deposited in 
the GenBank (http://www.ncbi.nlm.nih.gov/genba​nk) to 
get the accession number. To construct the phylogenetic 
tree, the partial 16S rRNA gene sequence of the isolate 
(AKS7) and various related 16S rRNA gene sequences of 
other microorganisms were aligned using MUSCLE tool 
of MEGA 7 (Kumar et al. 2016). A phylogenetic tree was 
then constructed from the aligned sequences using the 
maximum parsimony algorithm of MEGA 7.

Biochemical tests

Conventional biochemical tests such as gram character, 
motility, catalase activity and endo-spore formation were 
carried out by following the protocol as described previ-
ously by Dubey and Maheshwari (2012). However, urease 
(urea hydrolysis) production, phenylalanine deaminase 
assay and malonate utilisation tests of the organism were 
also performed by following the manufacture’s (SRL) 
protocol.

Nitrogen fixation assay

To examine the nitrogen-fixing ability of the isolated bac-
teria (AKS7), acetylene reduction assay was performed as 
described by Kessler and Leigh (1999). Briefly, 15 mL vials 
containing 5 mL of 8 days culture suspensions were incu-
bated with acetylene gas (concentration of 10%). Such vials 
were then gently shaken and incubated at 30 °C for 8 days. 
1 mL gas mixture was carefully taken out from the glass vial 
with an airtight syringe at a regular time interval. Thereafter, 
the collected gas mixture (1 mL) was injected into a specific 
column of Bruker Gas Chromatograph model GC 650. The 
column temperature was maintained at 100 °C. However, 
the injector and detector temperature were set at 110 °C. 
Generation of ethylene from acetylene with time confirms 
the nitrogen-fixing ability of the microorganism.

The amount of nitrogen fixed by the isolated organism 
(AKS7) was further estimated by following the protocol of 
the Kjeldahl method (APHA 2005). An overnight saturated 
culture of the isolated organism (AKS7) (1 × 108 CFU) was 
inoculated into 1.0 L of sterile Burk’s medium and incu-
bated at 30 °C for 8 days. After the incubation got over, the 
growth medium was centrifuged at 12,000 rpm for 10 min 
to remove the bacterial cells. Then, cell-free supernatant 
was collected to determine the amount of nitrogen fixed by 
AKS7 through the Kjeldahl method. In parallel, the control 
set was also prepared in which AKS7 was not inoculated 
into Burk’s medium. Each growth medium was incubated 
at 30 °C for 8 days.

Microcosm studies

Preparation of microcosm

To examine the in situ nitrogen fixation by E. cloacae AKS7, 
a microcosm based study was carried out. For the making 
of soil microcosm, 450 g air-dried soil was put in the sterile 
glass beaker (Borosil). In the present study, two soil micro-
cosms were prepared. The first one was considered as natu-
rally attenuated microcosm in which E. cloacae strain AKS7 
was not added. However, in the case of the bioaugmented 
microcosm, the soil was treated with E. cloacae strain 
AKS7. For the preparation of bioaugmented microcosm, 
2 g microbial biomass of E. cloacae strain AKS7 was added 
to 450 g of soil. All the microcosms were separately cov-
ered with perforated aluminium foil and further incubated 
for 10 days at 30 °C. Sterile double distilled water was added 
at regular interval to make the soil microcosm moistened. 
Three replicates had been used for each type of microcosm. 
After the incubation got over, soil samples were collected 
from each microcosm and subsequently analyzed for several 
experiments.

http://www.blast.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov/genbank
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Estimation of nitrogen content in soil microcosm

The total nitrogen content of soil microcosm was determined 
by the Kjeldahl method as described previously (Alef and 
Nannipieri 1995). In brief, soil samples collected from each 
soil microcosm were digested with concentrated H2SO4 
(Merck) at 420 °C in presence of catalysts K2SO4 (Merck) 
and CuSO4 (Merck) followed by distillation in 10 N NaOH 
(Merck) and subsequent absorption in boric acid (Merck). 
The total nitrogen content of soil microcosm was determined 
using 0.1 N HCl (Merck) through titration.

Determination of heterotrophic microorganisms in soil 
microcosm

1 g soil was collected from different microcosms after 
10 days of incubation and added into 9 mL of 0.85% NaCl in 
sterile test tubes. Thereafter, a series of dilution from 10−2 to 
10−6 were prepared in 0.85% NaCl. For heterotrophic micro-
bial count measurement, an aliquot (0.1 mL) of the appro-
priate dilution from each microcosm was spread aseptically 
onto Luria agar (LA) (Hi Media) plates for the enumeration 
of heterotrophic organisms. LA plates were incubated at 
30 °C for 2 days.

Determination of nitrogen‑fixing microorganisms in soil 
microcosm

To determine nitrogen-fixing microorganisms in soil micro-
cosm, 1 g soil was collected from each microcosm after 
10 days of incubation and suspended in 9 mL of 0.85% NaCl 
solution. Thereafter, a series of dilutions were accordingly 
prepared in sterile 0.85% NaCl solution. 0.1 mL aliquot of 
the appropriate dilution from each microcosm was asepti-
cally spread onto Burk’s medium to obtain nitrogen-fixing 
bacteria. The plates were then incubated at 30 °C for 8 days.

Measurement of enzyme activities in soil microcosms

The dehydrogenase activity of soil microcosm was assessed 
by a modified protocol as suggested by Singh and Singh 
(2005). 5 g soil sample was taken from each microcosm and 
subsequently placed in a sterile 50-mL polypropylene tube. 
Then, the soil was mixed with 5 mL of 0.5% 2,3,5-triphenyl 
tetrazolium chloride (TTC)-Tris solution. Tubes were then 
incubated at 30 °C for 24 h in dark. After the incubation got 
over, TTC was reduced to triphenyl formazan (TPF) which 
was then extracted with 100 mL methanol (Merck). The 
concentration of TPF was then determined spectrophoto-
metrically by recording the absorbance at 485 nm.

Fluorescein diacetate hydrolysis assay (FDAH) was 
performed in soil microcosms by following the modified 
protocol described by Adam and Duncan (2001). 5 g soil 

sample was taken from each microcosm and mixed with 
15 mL of sterile sodium phosphate buffer (Merck) (pH 7.6) 
in a 50-mL Erlenmeyer flask. After that, 0.2 mL solution of 
fluorescein diacetate (1 mg mL−1) in acetone (Merck) was 
added to each sample. Flasks were then incubated for 20 min 
at 30 °C on a rotary shaker at 200 rpm. After the incubation 
got over, fluorescein was extracted from the soil with chloro-
form–methanol (2:1) mixture. Fluorescein concentration was 
thereafter measured spectrophotometrically by recording the 
absorbance at 490 nm.

Determination of microbial functional‑diversity in soil 
microcosms

Previous literature documented that BiOLOG ECO plates 
could be used to compare the microbial functional-diversity 
between soil samples (Choi and Dobbs 1999; Tribedi and 
Sil 2013). BiOLOG ECO plate (Hayward, CA) contains 
Tetrazolium dye and triplicates of 31 different environmen-
tally relevant carbon sources (Choi and Dobbs 1999). In 
brief, 10 g soil from each microcosm was added to 100 mL 
of sterile double distilled water in 250-mL sterile coni-
cal and shaken for 10 min. 150 μL of the soil suspension 
nearly containing ~ 3000 cfu were added to each well of the 
BiOLOG ECO plates. The plates were then incubated at 
30 °C for 48 h. The carbon sources of BiOLOG ECO plate 
got utilized by the microorganisms present in each micro-
cosm that resulted in the generation of purple colour. The 
intensity of the purple colour of BiOLOG ECO plate was 
then determined by measuring the Optical Density (OD) 
at 590 nm. The total biological activity of each BiOLOG 
ECO plate was expressed as average well colour develop-
ment (AWCD). AWCD was determined by following the 
equation AWCD = ∑ODi/31, where ODi is the Optical Den-
sity value of each well. The Shannon–Weaver index (H), an 
indicator of functional-diversity, was measured using the 
following equation: H = − ∑pi ln pi, where pi is the ratio of 
the activity of each substrate (ODi) to the sum of activities 
of all substrates (ΣODi). The corresponding Lorenz curve 
was plotted for each microcosm. Thereafter, this curve was 
used to derive the Gini coefficient (G), which is a measure 
of inequality, using the formula:

Statistical analysis

Experimental results were subjected to statistical analysis 
of one-way analysis of variance (ANOVA) at 5% level. In 
the current manuscript, three replicates had been considered 

G = 1 − 2

1

∫
0

L dF.
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for each experimental set and each experiment was repeated 
three times.

Results and discussion

Isolation of soil bacterium that can fix aerial 
nitrogen efficiently

Though atmospheric nitrogen happens to be the most abun-
dant gas (~ 78% N2) in the planet, living community except 
microorganisms cannot fix the atmospheric nitrogen directly. 
Only certain microorganisms are able to fix aerial nitrogen 
due to harbouring nitrogenase enzyme. These microorgan-
isms can fix aerial nitrogen to ammonia which can be then 
easily assimilated by plants (Hoffman et al. 2009; Smith 
et al. 2013). Microorganisms that can fix atmospheric nitro-
gen to soil increase the fertility of soil considerably. To 
isolate nitrogen-fixing microorganisms from soil, Burk’s 
medium was selected as there was no external nitrogen 
source included in Burk’s medium (Park et al. 2005). Organ-
isms that grow on Burk’s agar medium can fix atmospheric 
nitrogen and support their nitrogen demand on their own. 
In this context, we have been able to isolate 12 bacterial 
colonies on Burk’s medium that can fix atmospheric nitro-
gen. Among the isolated nitrogen-fixing organisms, the best 
growing bacterial isolate (AKS7) was selected for further 
studies by considering its colony morphology and growth 
efficiency. To demonstrate the nitrogen-fixing ability of 
the isolated bacterium AKS7, acetylene reduction assay 
was carried out. The acetylene reduction assay happens to 
be a popular method to detect the presence of nitrogenase 
enzyme in microorganisms as nitrogenase efficiently reduces 
acetylene to ethylene which can be quantified through gas 
chromatography (Dilworth 1966). To perform acetylene 
reduction assay, AKS7 was inoculated into the Burk’s liquid 
medium and the amount of ethylene produced by AKS7 was 
measured accordingly. The result showed that with time, the 
amount of ethylene production got increased considerably 
by AKS7 (Fig. 1). However, to gain further confidence, we 
had also examined the same in the control set wherein the 
Burk’s liquid medium was not inoculated with the organism 
(AKS7). After a similar length of incubation, we observed 
that ethylene was not produced from acetylene in the control 
set (data not shown). To determine the extent of nitrogen 
fixed by the microorganism (AKS7), the Kjeldahl method 
was followed. We had observed that with the progression of 
time, the amount of nitrogen in Burk’s liquid medium inocu-
lated with AKS7 got increased continuously (Fig. 1). Over 
a period of 8 days, the isolated microorganism (AKS7) was 
found to fix approximately 12 mg of aerial nitrogen in 1.0 L 
of growth medium (Fig. 1). However, no aerial nitrogen was 
fixed in the control set in which Burk’s liquid medium was 

incubated in the absence of AKS7 (data not shown). Further-
more, with the progression of time, a continuous increase 
in cell biomass of AKS7 was also observed in Burk’s liquid 
medium inoculated with AKS7 (Fig. 1). Moreover, a strong 
positive correlation (r = 0.987) was noticed between cell 
biomass and microbial nitrogen fixation. Thus, the results 
of Fig. 1 confirmed that the isolated organism AKS7 can 
fix the atmospheric nitrogen for its own growth and sur-
vival. To determine the optimum temperature at which the 
organism (AKS7) grows and fixes maximum atmospheric 
nitrogen, similar numbers of organisms (AKS7) were sepa-
rately inoculated in Burk’s liquid medium and incubated 
at different temperatures for 8 days. At regular time inter-
val, cell biomass and ethylene production were measured 
in each growth medium to determine the microbial growth 
and extent of microbial nitrogen fixation, respectively. The 
result indicated that the organism (AKS7) was found to show 
maximum growth and could fix maximum aerial nitrogen 

Fig. 1   Isolated organism (AKS7) showed efficient nitrogen fix-
ing property. a Overnight saturated culture of AKS7 was incubated 
with acetylene gas in glass vial at 30 °C for 8 days. At different time 
interval, the cell-free supernatant was collected and the generation of 
ethylene was recorded through gas chromatography. 100% equates 
to 175 ppm ethylene (colored blue). b Overnight saturated culture of 
AKS7 was inoculated into sterile Burk’s medium and incubated at 
30  °C for 8  days. The cell-free supernatant was collected at differ-
ent time interval and the amount of nitrogen fixed by the organism 
was determined by the Kjeldahl method. 100% equates to 12  mg/L 
nitrogen (colored red). c Overnight saturated culture of AKS7 was 
inoculated into sterile Burk’s medium and incubated at 30  °C for 
8 days. The weight of the microbial cell biomass was measured at dif-
ferent time interval during the course of incubation. 100% equates to 
3.75 mg microbial cell biomass (colored green). Error bars indicated 
standard deviation (± SD). Mean values with different letters are sig-
nificantly different from each other
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at 30 °C (Supplementary Fig. 1A and 1B). Thus, 30 °C has 
been considered as the optimum temperature for obtain-
ing the maximum growth of AKS7. Taken together, all the 
results showed that the nitrogen fixed by the microorganism 
(AKS7) might help the organism to grow considerably that 
resulted in the increase of cell biomass of AKS7.

Isolated organism is a new member of Enterobacter 
cloacae

The length of 16S rRNA gene of strain AKS7 was 
sequenced up to 1296 bp (accession number MK386888). 
BLAST analysis (http://www.blast​.ncbi.nlm.nih.gov) 
of the obtained sequence showed that the closest rela-
tives of strain AKS7 were members of E. cloacae (~ 99% 

similarity). However, BLAST analysis also revealed that 
the sequence of AKS7 showed considerable similarity 
(~ 98% similarity) with the 16S rRNA gene of different 
genera of Enterobacter, Klebsiella, Serratia and Escheri-
chia which belongs to the family of Enterobacteriaceae. 
Based on the sequence similarity, a phylogenetic tree 
was constructed in which our isolated organism (AKS7) 
showed strong association with E. cloacae (Fig.  2). 
Besides, strain AKS7 could utilize malonate, was motile, 
non-sporulating, typically short rod-shaped gram-negative 
cells which were catalase and urease positive but oxidase 
and phenylalanine deaminase negative. Thus, all these 
results indicated that the isolated organism AKS7 was 
found to be a member of E. cloacae.

Fig. 2   The phylogenetic tree was constructed from 16S rRNA gene 
sequences aligned with MUSCLE using MEGA 7. Enterobacter cloa-
cae AKS7 used in this study (asterisked) is shown with its neighbors. 

Mesorhizobium loti LMG 17826t2 was used as an out-group. The 
scale bar represents 0.02 nucleotide exchanges per nucleotide and 
bootstrap values > 95% are shown at the internodes

http://www.blast.ncbi.nlm.nih.gov
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The microcosm augmented with Enterobacter 
cloacae AKS7 showed higher nitrogen content 
and functional‑diversity than naturally attenuated 
microcosm

To investigate the efficiency of AKS7 mediated nitrogen 
assimilation in the soil, we set up two different micro-
cosms in triplicate form. In the first microcosm (naturally 
attenuated microcosm), the soil was not treated with AKS7 
whereas in the second microcosm (bioaugmented), the soil 
was inoculated with AKS7. The result demonstrated that 
bioaugmented soil microcosm showed ~ 64% greater amount 
of nitrogen content compared to the nitrogen content of natu-
rally attenuated soil microcosm (Fig. 3a). Thus, the result 
indicated that the highest level of nitrogen fixation took 
place in microcosm augmented with E. cloacae AKS7. The 
greater level of nitrogen content in bioaugmented microcosm 
could be attributed to the efficient abundance of nitrogen-
fixing microorganisms in it. To verify this hypothesis, the 
abundance of heterotrophic as well as nitrogen-fixing micro-
organisms was counted in both bioaugmented and naturally 
attenuated soil microcosms. The result revealed that bio-
augmented microcosm showed ~ 3 fold greater abundance 
of heterotrophic microorganisms than naturally attenuated 
microcosms (Fig. 3b). The number of nitrogen-fixing micro-
organisms present in the bioaugmented microcosm was 
found to be ~ 4.5 fold greater than the naturally attenuated 
microcosm (Fig. 3c). Thus, the results showed that higher 
numbers of nitrogen-fixing organisms were associated with 
bioaugmented microcosm that resulted in the enhanced 
assimilation of aerial nitrogen in bioaugmented soil.

Since microbial ecosystem is very sensitive to even small 
perturbation, it is very important to understand the microbial 
ecology of soil challenged with E. cloacae AKS7. In this 
regard, microbial activity was examined in both naturally 
attenuated and bioaugmented microcosm. Dehydrogenase 
happens to be an intracellular enzyme and every living 
microorganism possesses dehydrogenase enzyme for vari-
ous functions including energy production through electron 
transport chain (Gu et al. 2009; Salazar et al. 2011). Thus, 
it was reported in literature that dehydrogenase enzyme 
could be considered as an efficient indicator of overall soil 
microbial activity (Gu et al. 2009; Salazar et al. 2011). The 
result of dehydrogenase activity indicated that bioaugmented 
microorganism showed ~ 75% greater dehydrogenase activ-
ity than naturally attenuated microcosm (Fig. 3d). Thus, 
the result showed that bioaugmented microcosm exhibited 
a greater number of viable microbial populations in com-
parison to naturally attenuated soil microcosm. Besides, 
microorganisms usually secrete various types of hydrolytic 
enzymes such as hydrolase, esterase and protease which can 
hydrolyze the ester bond of FDA resulting in the genera-
tion of fluorescein (Chakraborty and Tribedi 2019). It was 

reported in literature that FDA hydrolysis assay could be 
followed to measure the microbial metabolic activity of soil 
microcosms (Chakraborty and Tribedi 2019). Therefore, 
we have compared the metabolic activity between natu-
rally attenuated and bioaugmented soil microcosm. The 
result indicated that bioaugmented microcosm showed ~ 2 
fold higher metabolic activity than naturally attenuated soil 
microcosm (Fig. 3e). Thus, the results demonstrated that 
higher level of dehydrogenase and FDA hydrolysis activ-
ity were spotted in bioaugmented microcosm in comparison 
to naturally attenuated microcosm (see Fig. 3d, e). Taken 
together, the results showed that bioaugmented microcosm 
exhibited higher nitrogen content and microbial activity than 
naturally attenuated soil microcosm. It was reported in litera-
ture that the augmenting agent while exhibiting its functions 
in soil should not damage the pre-existing native ecological 
balance (Epelde et al. 2009; Tribedi and Sil 2013; Mahanty 
et al. 2017). In the present study, we already showed that the 
isolated organism E. cloacae AKS7 increased the nitrogen 
content of soil considerably. To study the ecological balance 
of ecosystem, in the present study, efforts were put together 
to measure the microbial metabolic potential and functional-
diversity of soil microcosms as both of them influence the 
ecosystem stability notably (Mason et al. 2005; Epelde et al. 
2009; Clark et al. 2012; Tribedi and Sil 2013). Therefore, to 
determine the metabolic potential, we determined the aver-
age well colour development (AWCD) of both naturally 
attenuated and bioaugmented soil microcosms from the car-
bon source utilization pattern of BiOLOG ECO plates. The 
result revealed that bioaugmented microcosm showed ~ 50% 
higher value of AWCD than naturally attenuated soil micro-
cosm (Fig. 3f). Thus, the result indicated that higher meta-
bolic potential was associated with bioaugmented micro-
cosm compared to the metabolic potential of naturally 
attenuated soil microcosm. Microbial functional-diversity 
refers to the diverse functional traits that microorganisms 
can exhibit in a given ecosystem (Tribedi and Sil 2013; 
Chakraborty and Tribedi 2019). It plays an important role in 
overall ecosystem functioning and productivity (Mason et al. 
2005; Clark et al. 2012). Thus, we have targeted our efforts 
to measure the functional-diversity of both bioaugmented 
and naturally attenuated soil microcosms. To determine the 
functional-diversity, Shannon–Weaver index was measured 
by utilizing the extent of intensities of the well colour of 
BiOLOG ECO plates. Shannon–Weaver index has been 
widely used in literature to determine the functional-diver-
sity of a given ecosystem (Tribedi and Sil 2013; Chakraborty 
and Tribedi 2019). Our result showed that bioaugmented 
microcosm revealed ~ 15% greater value of Shannon–Weaver 
index than naturally attenuated microcosm (Fig. 3g). Thus, 
the result indicated that higher microbial functional-diver-
sity was observed in a microcosm that was augmented with 
E. cloacae AKS7. To gain further confidence, functional 
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evenness was compared between naturally attenuated and 
bioaugmented soil microcosm. Functional evenness refers 
the pattern of distribution of metabolic functions in a given 
ecosystem (Tribedi and Sil 2013; Chakraborty and Tribedi 
2019). Existing literature reported that the Gini coefficient 
has been determined to understand the functional evenness 
in an ecosystem (Tribedi and Sil 2013; Chakraborty and 
Tribedi 2019). The Gini coefficient describes inequality in 
a population and it ranges from zero (when all individuals 

are identical) to a maximum of one (in which all individuals 
except one has a size of zero) (Tribedi and Sil 2013). Our 
result revealed that bioaugmented microcosm showed ~ 20% 
lesser value of Gini coefficient than naturally attenuated 
microcosm (Fig. 3h). The result demonstrated that a greater 
extent of functional homogeneity prevailed in the bioaug-
mented microcosm than naturally attenuated microcosm. 
Thus, our results showed that functional richness and even-
ness got significantly increased in bioaugmented microcosm 
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suggesting higher degree of functional-diversity in bioaug-
mented microcosm than naturally attenuated soil microcosm. 
Taken together, the successful augmentation of E. cloacae 
AKS7 increased the nitrogen content of soil considerably 
without damaging the native ecological balance.

Conclusion

In conclusion, the current study showed that the exogenous 
addition of E. cloacae AKS7 to agricultural soil enhanced 
the soil nitrogen content as well as increased microbial 
functional-diversity of soil considerably. Thus, E. cloacae 
AKS7 could be considered as a promising nitrogen-fixing 
organism to enhance the fertility of the soil. However, fur-
ther studies including the pathogenicity of the organism (if 
any) are required before recommending the organism (E. 
cloacae AKS7) to be used as a potential biofertilizer for 
sustainable agricultural practice. In this regard, we shall be 
putting our efforts in future to understand the epidemiology 
of our isolate E. cloacae AKS7 through multilocus sequence 
typing (MLST) using the sequences of internal fragments 
of multiple house-keeping genes. MLST could help us to 
analyze the genetic relations between isolates of E. cloacae 
with the aid of sequencing technology.
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