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Abstract
The present investigation aims to isolate nitrogen fixing endophytic bacteria from cereals crops and their potential role in 
plant growth promotion of wheat (Triticum aestivum L.) for sustainable growth. In the present investigation, endophytic 
bacteria were isolated from different cereal crops growing in the Divine Valley of Baru Sahib, Himachal Pradesh, India 
and isolates were screened for nitrogen fixation. The nitrogenase activity exhibiting bacterial isolates were further screened 
for other plant growth promoting traits including solubilization of phosphorus, potassium, and zinc; production of indole-
3-acetic acid, siderophores, ammonia, hydrogen cyanide and extracellular enzyme. The potential nitrogen fixing strains 
were molecularly identified and evaluated for the growth promotion of wheat. A total of 304 putative endophytic bacte-
rial isolates were isolated from wheat, oats, barley, and maize using selective and complex growth media. Among 304 
putative endophytic bacteria, 8 isolates exhibits nitrogenase activity. On the basis of nitrogenase activity and other plant 
promoting traits, two efficient strains i.e. EU-E1ST3.1 and EU-A2RNfb were molecularly identified using 16S rRNA gene 
sequencing and found that these strains belongs to genera Rahnella. The wheat inoculated with two selected nitrogen-
fixing endophytic bacterial strains showed considerable enhancement in total chlorophyll, nitrogen, Fe and Zn content over 
the un-inoculated control. In comparison of two selected nitrogen-fixing endophytic bacterial strains, Rahnella aquatilis 
EU-E1ST3.1 was found to enhance better growth and physiological parameters and it might be developed as biofertilizers 
to establish a sustainable agriculture system. In the present investigation, the isolated potential nitrogen fixing endophytic 
bacteria could be used as biofertilizer or bioinoculant for growth of diverse cereal crops growing in hilly region for agri-
cultural sustainability.
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Introduction

Cereals crops are one of the important food and it play an 
important role to fulfill the food requirement of growing 
population mainly in the developing nations. Among all 
the cereal crops, wheat is the most important staple food 
and major cereal crop worldwide. The wheat is a source of 
45% of digestible energy and shares the 30% of total pro-
tein content in the diet of human. The U.S. Department of 
Agriculture in New Delhi estimated India with production 
forecast of wheat is 105 million metric tons (MMT) dur-
ing 2020. The enhancing productivity and yield of wheat 
in modern agriculture relies on the utilization of chemical 
fertilizer (Patra et al. 2016). The usage of chemical fertiliz-
ers results in the gathering of harmful chemical residues that 
may cause salt effect (higher concentration of salt in the fer-
tilizers resulting in the death or injury of the seedling), fer-
tilizer burn (blackened seed and roots), toxicity effect, and 
soil acidification. The usage of chemical fertilizers disturb 
the ecological balance of environment as they alter the soil 
structure, contamination of groundwater, and eutrophication 
(enhanced growth of algal bloom and production of toxins) 
(Lin et al. 2019). Therefore, an alternative approach which 
is eco-friendly is necessary for enhancing the productivity 
of wheat.

Sustainable agriculture maintains the productivity of 
soil by utilization of natural resources without degrad-
ing the environment. Recently, the more focus is laid on 
the formulation of biofertilizer by scientists for maintain-
ing sustainable agriculture. Plant growth-promoting endo-
phytic microbes colonize inner tissues of different plants. 
The endophytic microbes support the growth and protect 
the plants against biotic and abiotic stresses (White et al. 
2019). In terms of benefiting the host through fixation of 
atmospheric nitrogen, endophytic microbes are better than 
the rhizospheric microbes. Endophytic microbiomes are 
less vulnerable to competition in comparison to microbial 
communities of rhizospheric region. Apart from fixation of 
atmospheric nitrogen endophytic microbes also participates 
in the solubilization of mineral phosphorus (inorganic and/
or organic phosphates), potassium, and zinc. Endophytic 
microbes produce phytohormones and siderophores (che-
late Fe) and exhibit biocontrol activity through synthesis of 
antifungal and antibacterial compounds (Gupta et al. 2012).

The nitrogen fixation is particularly important worldwide 
for cereal crops including wheat, maize and rice. Endophytic 
microbes fix the nitrogen into the available forms of ammo-
nia and nitrate. The nitrogen fixing microbes potentially 
enhances the production of non-leguminous crops while 
reducing the requirement of chemical fertilizers (Bhat-
tacharjee et al. 2008). The cereal crops require nitrogen 
for the synthesis of protein chlorophyll pigment and other 

compounds. In India, since 1980s the use of biofertilizers 
has started and has been considered as an alternative to the 
chemical fertilizer. The association of endophytic microbes 
are generally emphasized because of their beneficial effects 
for plant such as they stimulate the plant growth, provide 
protection against various environmental stresses and their 
potential utilization in environmental restoration (Babu et 
al. 2013). In the last few decade, a number of endophytic 
bacteria belonging to different genera have been reported 
from wheat including Azorhizobium caulinodans, Klebsiella 
pneumonia, Achromobacter xylosoxidans, Acinetobacter 
lwoffi, Bacillus amyloliquefaciens, B. subtilis, Paenibacil-
lus hispanicus, Pantoea alhagi, and Pedobacter chitinilyti-
cus (Brady et al. 2009; Toubal et al. 2018).

In the present investigation, endophytic bacteria were 
isolated using the culture-dependent technique from differ-
ent cereal crops growing in Baru Sahib, Himachal Pradesh, 
India. The main objective of the present investigation was 
to isolate the nitrogen-fixing endophytic bacteria with other 
multiple plant growth-promoting attributes from cereal 
crops and the selected isolates of nitrogen-fixing endophytic 
bacteria were evaluated under in vitro and in vivo condi-
tions for the growth of wheat..

Materials and methods

Isolation and enumeration of endophytic bacteria

A total 15 samples of plants (wheat, oat, barley, and maize) 
root and stem were collected at maturity stage from the 
research field of Dr. Khem Singh Gill Akal College of 
Agriculture, Eternal University, growing at Baru Sahib 
(30.7537° N, 77.2965° E) located in Sirmour, Himachal 
Pradesh, India. The healthy plant samples were collected in 
sterilized polythene bags, labelled, and transported imme-
diately to the laboratory from the field. The plant samples 
were washed under the running tap water to remove the 
surface bacteria on roots. The root and stem samples were 
cut into small pieces of about 1 cm in size. The endophytic 
bacteria were isolated using surface sterilization method as 
described by Conn and Franco (2004). The macerate thus 
prepared was serially diluted and plated on different growth 
media including nutrient agar, trypticase soy agar, Lurie 
Bertani agar, King’s B agar, Jensen’s agar and Azotobacter 
medium. The plates were incubated at 30–37 °C for 3–5 
days and observed periodically for bacterial growth. The 
morphologically, different bacteria from different media 
were selected, sub-cultured and purified for further studies. 
The purified microbial cultures were stored in slants at 4 °C 
and glycerol stock (25%) at -80 °C.
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Screening bacterial endophytes for plant growth 
promoting attributes

The bacterial endophytes were screened firstly for fixation 
of nitrogen using the acetylene reduction assay. Further 
nitrogen fixing bacterial isolates were screened for different 
plant growth promoting attributes including solubilization 
of phosphorus, potassium, zinc, production of indole ace-
tic acid (IAA) siderophores, ammonia, hydrogen cyanide 
(HCN) and extracellular enzyme production. The screen-
ing of bacteria for plant growth promoting attributes has 
been done with three replicates using standard protocol as 
described earlier (Rana et al. 2020).

Acetylene reduction assay

The nitrogen-fixing attribute of endophytic bacterial isolates 
was checked using the acetylene reduction assay technique 
(Han and New 1998). The selected endophytic bacterial 
cultures were inoculated in nitrogen free bromothymol blue 
medium at 30 °C for 5–7 days. The cotton plugs of each 
test tube were replaced with Suba seal and gas phase were 
replaced with 10% of gas mixture consisting of nitrogen, 
air, and acetylene in the ratio of 90:10:10, v/v. The test tube 
containing endophytic bacterial cultures and 10% of gas 
mixture were again incubated for 24 h at 30 °C and the eth-
ylene produced was measured by a Perkin Elmer F-11 gas 
chromatograph.

Phosphorus solubilization

The qualitative screening of P-solubilization of nitrogen 
fixing endophytic bacterial isolates were carried out on 
to Pikovskaya agar medium supplemented with insolu-
ble source of phosphorus i.e. tricalcium phosphate, rock 
phosphate and apatite (Pikovskaya 1948). The quantita-
tive estimation of selected endophytic bacterial isolates for 
phosphorus solubilization was performed according to the 
method illustrated previously by Murphy and Riley (1962). 
One mL bacterial suspension was inoculated in the 25 mL 
of National Botanical Research Institute phosphate medium 
broth (NBRIP) for 7–14 days at 30 °C. After the desired 
incubation, the endophytic bacterial suspension was centri-
fuged at 12,000 rpm for 15 min. and the content of super-
natant was estimated for phosphorus. At 600 nm the optical 
density (OD) was measured and P concentration was calcu-
lated and expressed in mg L− 1.

Zinc solubilization

The Zn-solubilization qualitative screenings of endophytic 
bacteria were carried out on nutrient agar supplemented 

with zinc compounds (0.1%). The quantitative estimation 
of zinc solubilization of endophytic bacterial isolates was 
performed according to the method described by Saravanan 
et al. (2007). The endophytic bacterial isolates were grown 
overnight in the nutrient broth suspension. The 100 µl of 
culture grown overnight was transferred into the nutrient 
broth (50 mL) amended with 0.1% of insoluble zinc phos-
phate and incubated at 30 °C for 7–14 days. After the 7 days, 
the samples were centrifuged and using the membrane filter 
(0.45 μm) the supernatant was filtered. The estimation of 
soluble zinc content was performed using atomic absorption 
spectrophotometry (AAS).

Indole-3-acetic acid production

The quantitative estimation production of IAA was per-
formed by inoculation of bacterial culture in Luria Bertani 
(LB) broth in two sets according to the method of Gordon 
and Weber (1951). Set I consisted of LB broth (50 mL) con-
taining 100 µg mL− 1 tryptophan and Set II consisted of LB 
broth (50 mL) without tryptophan. Both sets were inocu-
lated with 1 mL bacterial culture and incubated at 30 °C for 
7–14 days on incubator shaker. After the desired incubation, 
Salkowski reagent was added in both the sets and observed 
for IAA production (Patten and Glick 2002; Salkowski 
1885). The supernatant of microbial culture was collected 
by centrifugation at 3000 rpm for 20 min and was used for 
detection of indole acetic acid.

Extracellular enzymes production

The bacterial endophytes were also screened for different 
extracellular enzyme activity. The amylase and protease 
activity of bacterial endophytes were screened using the 
nutrient agar medium supplemented with 0.025% starch and 
skim milk agar. The bacterial endophytes were grown on 
Luria Bertani agar supplemented with 0.2% pectin and car-
boxy methyl cellulose containing media for the screening 
of pectinase and cellulose. The xylanase and phytase activ-
ity of the bacterial endophytes were determined by using 
xylan (1.0%) agar medium and phytase screening medium 
amended with sodium phytate, respectively. The standard 
protocol was used for screening of bacteria for extracel-
lular enzymes production as described earlier by Yadav et 
al.(2016).

Molecular characterization of endophytic nitrogen 
fixing bacteria

The selected bacterial strains were molecularly identified 
by genomic DNA (gDNA) isolation and 16S rRNA gene 
amplification. The gDNA of the selected potent bacterial 
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Plant growth parameters and physiological analysis

The length of root and shoot, fresh weight of root and shoot 
of uprooted plants, and weight of seeds were recorded. The 
dry weight of plant was recorded by drying in hot air oven 
at a temperature of 65 °C. After harvesting the crop the 
grain yield was recorded and expressed in q ha− 1. Using 
the standard protocol by Moran and Porath (1980) the total 
chlorophyll content in the leaves of wheat plants were esti-
mated. The Fe and Zn content in the different treated wheat 
grains were estimated using the standard protocol by Katyal 
and Sharma (1980). The nitrogen content in grains of wheat 
was estimated as described by Kjeldahl (1883). All the plant 
growth and physiological parameters were done using three 
replicates.

Statistical analysis

The obtained data was subjected to one-way ANOVA sta-
tistical analysis. Mean comparisons were conducted using 
the critical difference (5%) and least significant difference 
(LSD) test (P = 0.05). LSD and standard error results were 
calculated.

Results

Isolation and enumeration of endophytic bacteria

A total of 304 endophytic bacteria were isolated from the 
root and stem of cereal crops of wheat, oat, barley, and 
maize. The abundance of endophytic bacterial population 
in the root and stem of different cereal crops ranged from 
0.01×107 to 4.40×107 CFU g− 1 sample. The lowest CFU 
was observed in root samples of oats as 0.02×107 CFU 
g− 1 root and highest observed was 4.40×107 CFU g− 1 in 
root samples of wheat (Table 1). Similarly, in case of stem 
samples the lowest CFU was observed in oats (0.01×107 
CFU g− 1) and highest was observed in stem samples of 
wheat (4.40×107 CFU g− 1). The Jensen agar media sup-
ported maximum growth of endophytic bacterial population 
followed by nutrient agar whereas; Azotobacter media sup-
ported minimum growth of endophytic bacterial population.

Screening bacterial endophytes for plant growth 
promoting attributes

Among all 304 endophytic bacterial isolates screened for 
nitrogen fixation PGP attributes, 8 exhibited nitrogenase 
activity. Strain EU-E1ST3.1 showed the maximum nitro-
genase activity (272.00±0.13 nmoles C2H4 mg− 1 protein 
hr− 1) followed by EU-A2RNfb (22.18±0.10 nmoles C2H4 

strains were isolated according to the method described by 
Yadav et al. (2015). The quality of extracted genomic DNA 
was assessed by the electrophoresis on agarose gel (0.8%) 
and the quantity of genomic DNA was confirmed by spec-
trophotometer and gel images were digitalized. Afterwards, 
isolated gDNA of bacterial strains were subjected to 16S 
rRNA gene amplification using the universal primers 27 F 
(5’- A C G G C T A C C T T G T T A C G A C T T-3’) and 1492R (5’- A 
A G G A G G T G A T C C A G C C G C A-3’) to obtain fragment of 
nearly 1500-bp. The PCR amplification was carried out in 
100 µL volume with the thermal profile 94 ºC, 2 min; 35 
cycles 94 ºC, 1 min; 55 ºC, 1 min; 72 ºC, 2 min; 1 cycle of 
72 ºC, 10 min. Following the amplification, amplified PCR 
products were purified using QIA quick purification kit 
(Qiagen) and the purified PCR products were sent to Xcelris 
lab Ltd., Ahmedabad for sequencing. The partial sequences 
of 16S rRNA gene results obtained after sequencing were 
subjected to BLASTn program to obtain the bacterial strains 
identities. The 16 S rRNA gene partial sequences were 
deposited to NCBI GenBank and accession numbers were 
assigned.

Evaluation of plant growth promoting ability of 
endophytic bacteria

On the basis of nitrogenase activity and other plant growth 
promoting traits two nitrogen fixing endophytic bacteria 
were selected for the evaluation on wheat (cultivar PBW 
343 + Lr24 + GPC) in a pot and field experiment. Under 
both the conditions, the experiment was carried out in trip-
licates with total four treatments viz. T1 (EU-E1ST3.1); T2 
(EU-A2RNfb); T3 (nitrogen fixing biofertilizer containing 
Azotobacter chroococcum) and T4 (control) and random-
ized block design was followed. The pot experiment was 
carried out in plastic pots containing 4 kg non-sterile soil 
and the pots were placed 50 cm apart from each other, for 
the reduction of cross-contamination. In each pot, bac-
terized wheat seeds were sown and total three plants in 
each pot were maintained till the harvesting. The field trail 
was conducted at the research field of Eternal University, 
Baru Sahib, Sirmour district. The experimental site situ-
ated between 30.7537° N latitude, 77.2965° E longitudes in 
Himachal Pradesh, India. The experiment was laid out as a 
complete randomized design with three blocks as replicates 
in a plot size of 16.5 m2 (11 × 1.5 m2) in which each bed was 
0.5 m apart. Before the sowing, the wheat seeds were sugar 
coated (1:1 ratio) and bacterized in the endophytic bacte-
rial suspensions which were grown overnight in the nutri-
ent broth medium. After 90 days of sowing, wheat plants 
were harvested for the analysis of growth and physiological 
parameters.
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Plant growth parameters and physiological analysis

Pot experiment

The analysis of variance revealed the highly significant 
(p < 0.01) differences among all growth and physiological 
parameters except chlorophyll content in a pot experiment 
(Table 3). The different isolates of nitrogen-fixing endo-
phytic bacteria had variable effects on the elongation of root 
and shoot of wheat. The inoculation with nitrogen-fixing 
endophytic bacterial isolate Rahnella aquatilis EU-E1ST3.1 
resulted in the maximum enhancement in shoot length and 
root length of wheat after 90 days about 1.20 and 1.11 folds 
compared with uninoculated control. The endophytic bacte-
rial inoculation and NF biofertilizer demonstrated with the 
positive impact on the Fe and Zn concentration of wheat 
seeds. The treatment of NF biofertilizer proved better for 
enhanced Fe (3.66 folds) and Zn (2.07 folds) content in 
the seeds of wheat significantly better than the uninocu-
lated control. Maximum Fe content (91.9 mg kg− 1) was 
observed in wheat seeds inoculated with Rahnella aquatilis 
EU-E1ST3.1 over uninoculated control (33.2 mg kg− 1). The 
treatment of Rahnella aquatilis EU-E1ST3.1 also resulted 
in maximum Zn content (55.4 mg kg− 1) over uninoculated 
control (Fig. 1).

Field experiment

In a field experiment the analysis of variance also revealed 
the highly significance (p < 0.01) differences among all 
growth and physiological parameters except chlorophyll 
content (Table 4). The data of field experiment indicated that 
the inoculation with selected endophytic bacterial isolates 
had significant but variable impact on the growth and yield 
of wheat. The isolate Rahnella aquatilis EU-E1ST3.1 and R. 
aquatilis EU-A2RNfb produced significantly higher shoot 
length with 1.09 folds and root length 1.43 folds greater than 
the uninoculated control. Further, treatments of Rahnella 
aquatilis EU-E1ST3.1 and R. aquatilis EU-A2RNfb resulted 
in higher fresh and dry weight of plant than the uninoculated 

mg− 1 protein hr− 1). Among eight different nitrogen fixing 
strains 5, 6, and 4 isolates demonstrated solubilization of 
phosphorus, potassium, and zinc, respectively. Seven six 
and seven isolates produced siderophores hydrogen cya-
nide, and ammonia, respectively. IAA production activity 
was showed by five nitrogen fixing bacterial isolates. The 
bacterial endophytes isolated from different cereal crops 
exhibited concurrent production of extracellular enzymes. 
Among 8 nitrogen fixing bacterial isolates 3 and 5 strains 
showed amylase and pectinase activity, respectively. Total 
5 and 7 isolates demonstrated with protease and xylanase 
activity, respectively. Cellulase and phytase activity was 
revealed by 4 strains of bacterial endophytes (Table 2).

Molecular characterization of endophytic nitrogen 
fixing bacteria

Based upon the 16S rRNA gene sequencing the phylog-
eny of endophytic bacterial isolates was characterized. 
PCR amplification of the 16S rRNA gene was performed 
for examining the differentiation among species. Using the 
BLASTn algorithm of NCBI database sequences similar to 
the query sequence within the same organism or in differ-
ent organisms was studied. The 16S rRNA gene sequence 
of two selected endophytic bacterial isolates showed > 99% 
similarity with isolates within of GenBank database. The 
BLASTn analysis of EU-E1ST3.1, and EU-A2RNfb 16S 
rRNA sequences revealed 99% similarity with those of the 
genus Rahnella aquatilis CIP 78.65T. The 16S rRNA gene 
sequencing demonstrated that strain EU-E1ST3.1 and EU-
A2RNfb belonged to the phyla Proteobacteria and class 
γ—proteobacteria. The 16 S rRNA sequences of strains 
EU-E1ST3.1, and EU-A2RNfb were deposited in the NCBI 
GenBank database and accession number were assigned as 
MN294544 and MN294538.

Table 1 Total viable count of bacterial isolated on the basis of selective media from different crops
Plant sample Region CFU per g of sample (root and stem) and soil on different media (×107)

AM KBA LBA JA NA TSA
Wheat Root 0.43 0.80 1.24 4.40 0.37 2.40

Stem 0.25 3.20 0.50 3.60 4.16 0.46
Oats Root 0.02 0.24 0.30 0.67 0.19 0.60

Stem 0.01 0.43 0.57 3.20 0.02 2.60
Barley Root 0.05 0.20 0.28 0.40 0.10 2.80

Stem 0.20 1.00 0.29 2.40 0.03 2.40
Maize Root 0.25 3.30 1.05 1.28 0.38 2.89

Stem 0.58 2.20 0.30 0.74 1.09 1.42
AM: Azotobacter medium, KBA: King’B agar, LBA: Lurie Bertani agar, JA: Jensen’s agar; NA: Nutrient agar, TSA: Tryptic soy agar
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control. The increase in seed weight was also observed with 
wheat plant inoculated with Rahnella aquatilis EU-E1ST3.1.

The nitrogen uptake by wheat plant, seeds was the high-
est in treatment Rahnella aquatilis EU-E1ST3.1 with 1.25 
folds. The treatment of endophytic bacterial isolates and NF 
biofertilizer independently resulted in significantly more N 
accumulation in the seeds than the uninoculated control. The 
enhanced nitrogen content in wheat seeds inoculated with 
Rahnella aquatilis EU-E1ST3.1 also significantly resulted 
with the increased protein content (Fig. 2). Further, the grain 
yield of wheat was observed to be maximum in treatment 
of Rahnella aquatilis EU-E1ST3.1 compared with the unin-
oculated control. The treatment of Rahnella aquatilis EU-
E1ST3.1 resulted with 1.22 folds higher grain yield of wheat 
as compared with the uninoculated control. The treatment 
of NF biofertilizer also significantly resulted with higher 
nitrogen, protein content and grain yield of wheat over the 
uninoculated control but lesser than Rahnella aquatilis EU-
E1ST3.1. The endophytic bacterial isolate Rahnella aquati-
lis EU-E1ST3.1 potentially enhanced the grain yield greater 
than uninoculated control (Fig. 3).

Discussion

The present study deals with the assessment of the nitrogen-
fixing endophytic bacteria isolated from cereal crops grown 
in the research field of Baru Sahib, district Sirmour, Him-
achal Pradesh, India. A total of 304 bacterial endophytes 
were isolated from cereal crops including wheat, oat, barley, 
and maize by using different media and standard method 
of isolation. According to the different plants species the 
endophytic bacterial diversity varies and total endophytic 
bacterial communities have been studied well in rice and 
wheat (Brady et al. 2009; Toubal et al. 2018). The present 
study revealed the endophytic bacterial CFU count was 
found to be maximum from the root region. Similar findings 
of abundance of bacterial endophytes have been reported 
root region of Triticum aestivum cv. by Hereward (Robinson 
et al. 2016). The synthesis of hydrolytic enzymes such as 
pectinases, xylanases, and cellulases at the favorable site of 
root apical zone helps the endophytic bacteria to penetrate 
into the intercellular tissues of plants (Naveed et al. 2014). 
In present study, the endophytic bacteria were observed to 
secrete pectinases, cellulases, amylases, xylanases, prote-
ases, and phytases. The present findings are in comparison 
to those Elbeltagy et al. (2000). The synthesis of pectinases 
enzyme may confer an advantage for spreading of bacte-
rial endophytes into the intercellular tissues of host plant 
whereas, the plant cell wall also consist of major portion 
of cellulose and middle lamella mostly contains the pectin 
(Hung and Annapurna 2004). The higher colonization of 
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Table 3 One-way analysis of variance (ANOVA) of bacterial consortium effects on different growth and physiological parameters of wheat under 
in vitro conditions
Source of variation DF Mean square

Shoot length (cm) Root length (cm) Total Chlorophyll content (mg g− 1 FWL) Fe (mg kg− 1) Zn (mg kg− 1)
Replications 2 0.003 0.001 0.001 0.007 0.319
treatments 3 0.248** 0.031** 0.005 17.729** 3.278**
Error 6 0.035 0.025 0.001 0.359 0.052
*-Significant at P < 0.05,
**- Highly significant P < 0.01

Fig. 1 Effect of nitrogen fixing endophytic bacteria growth and physi-
ological parameters (a) shoot length; (b) root length; (c) chlorophyll 
content; (d) iron content and (e) zinc content of wheat under in vitro 

conditions. NF: biofertilizer: Nitrogen fixing biofertilizer containing 
Azotobacter chroococcum
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Table 4 One-way analysis of variance (ANOVA) of bacterial consortium effects on different growth and physiological parameters of wheat under 
in vivo conditions
Source of variation DF Mean square

Shoot 
length 
(cm)

Root 
length 
(cm)

Fresh 
weight (g)

Dry
weight (g)

Weight of 
seeds per 
plant (g)

Total Chloro-
phyll content
(mg g− 1 FWL)

Fe
(mg kg− 1)

Zn
(mg kg− 1)

Nitro-
gen 
content 
(%)

Replications 2 0.322 0.046 1.265 0.060 0.093 0.000 0.300 0.025 0.039
Treatments 3 0.092** 0.254** 10.104** 6.107** 3.177** 0.006 0.068** 0.077** 0.102**
Error 6 0.082 0.121 0.937 0.039 0.334 0.000 0.282 0.043 0.051
*-Significant at P < 0.05,
**- Highly significant P < 0.01

Fig. 2 Effect of nitrogen fix-
ing endophytic bacteria on 
the growth and physiological 
parameters (a) shoot length; (b) 
root length; (c) fresh weight; (d) 
dry weight; (e) weight of seeds 
per plant; (f) chlorophyll content; 
(g) iron content; (h) zinc content 
and (i) nitrogen content of wheat 
under in vivo conditions. NF: 
biofertilizer: Nitrogen fixing bio-
fertilizer containing Azotobacter 
chroococcum
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plant growth promoting and antagonistic activity (Cankar et 
al. 2005). In another report, Rahnella sp. strain EU-A3SNfb 
was associated with wild wheat relatives (Negi et al. 2022). 
In a study, endophytic Rahnella sp. isolated from Ipomoea 
batatas reported to exhibit the nitrogen fixing ability and 
also synthesizes indole acetic acid (Khan and Doty 2009). In 
a study, Chen et al. (2007) reported Rahnella aquatilis act as 
biological control agent as significantly inhibit the develop-
ment of crown galls in grapevine caused by Agrobacterium 
vitis. Our results showed, in cereal crops the nitrogen fixa-
tion is mostly dominated by bacterial endophytes belonging 
to phylum Proteobacteria. Many of the bacterial endophytes 
belonging to different genera as Pantoea, Bacillus, Brevun-
dimonas, Methylobacterium, and Pseudomonas have been 
isolated from different plants as nitrogen fixers (Kour et al. 
2020b; Rana et al. 2020).

Phosphorus and potassium are the other macronutrients 
after nitrogen which promotes development of plants. Phos-
phorus and potassium are abundant in the soil, though avail-
able in bound forms to other minerals as phosphorus mostly 
available is fixed as insoluble iron, aluminum phosphates, 
and calcium phosphates (Wang et al. 2020). Several stud-
ies reported the endophytic bacteria belonging to the genera 
Pseudomonas, Bacillus, Burkholderia have the potential to 
solubilize phosphorus and potassium (Kour et al. 2020a). 
Rahnella aquatilis isolated from soybean rhizosphere exhib-
ited the stronger ability to solubilize the hydroxyapatite and 
di-calcium phosphate with a drop in the pH. The high pres-
sure liquid chromatography technique identified gluconic 
acid as the major organic acid synthesized by Rahnella 
aquatilis (Kim et al. 1997). In the current study, endophytic 
bacteria Rahnella aquatilis EU-E1ST3.1 demonstrated 
with highest solubilization of phosphorus 346.8±0.01 mg 
L− 1 and also showed potassium solubilization. In a study, 
Rahnella aquatilis isolated from rice plant revealed with the 
capability to fix atmospheric nitrogen, solubilizes the higher 
concentration of phosphorus 71.68±6.4 mg L− 1 and also 
showed significantly higher IAA production in presence of 
tryptophan. Under the field conditions, Rahnella aquatilis 
enhances the growth of rice with the maximum reduction in 
the emission of methane (Rani et al. 2020).

The production of phytohormones plays an essential role 
in the growth enhancement of plants. There was a diverse 
level of production of IAA for bacterial endophytes belong-
ing to different genus Acetobacter, Bacillus, Enterobacter, 
Klebsiella, Sphingomonas reported to produce IAA (Kour 
et al. 2020a). L-tryptophan is an amino acid with an indole 
group and it act as a precursor for the IAA production. The 
addition of L-tryptophan in the medium enhances produc-
tion of IAA. The previous literature, demonstrated certain 
bacteria synthesizes the enzyme tryptophanase that cata-
lyzes the breakdown of the indole group from tryptophan. 

endophytic microbes within the root segment was analyzed 
through in-situ laser ablation electrospray ionization mass 
spectrometry (Agtuca et al. 2020). Though, nitrogen-fixing 
endophytic bacteria have been explored very less in cereal 
crops. The current study is a systematic study of nitrogen-
fixing endophytic bacteria residing within root and stems 
parts of cereal crops and was also aimed at characterization 
of nitrogen-fixing endophytic bacteria.

The 16S rRNA gene sequencing defines the phylogenetic 
position of endophytic bacteria and demonstrated three 
strains of nitrogen-fixing endophytic bacteria belonged to 
the genera Rahnella and phylum Proteobacteria. In addi-
tion, Patel and Archana (2017) also reported Proteobacte-
ria, Actinobacteria, and Firmicutes were the most dominant 
phylum of nitrogen-fixing bacterial endophytes on the basis 
of 16S rRNA gene sequence analysis from maize, wheat, 
pearl millet, sorghum, and rice. In the present investigation, 
Rahnella aquatilis EU-E1ST3.1, identified as potential nitro-
gen-fixing endophytic bacteria and isolated from oat exhib-
ited multiple plant growth promoting attributes. Rahnella 
aquatilis ATCC 33,989 was isolated from wheat and maize 
rhizosphere and had the ability to reduce acetylene (Berge 
et al. 1991). The bacteria Pseudomonas and Rahnella were 
identified as seed associated endophytes with Picea abies 

Fig. 3 Effect of nitrogen fixing endophytic bacteria on the yield of 
wheat under in vivo conditions. NF: biofertilizer: Nitrogen fixing bio-
fertilizer containing Azotobacter chroococcum
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of Rahnella aquatilis EU-E1ST3.1 strain in wheat enhances 
the nutrient conditions thereby, increasing the Fe and Zn 
content. Rahnella aquatilis EU-E1ST3.1 reported in this 
study is revealed as a potential candidate for the formula-
tions of bioinoculant as it not only enhanced accumulation 
of biomass but also yield of seed. The nitrogen-fixing endo-
phytic bacteria could be used as biofertilizer or bioinoculant 
for growth of cereal crops growing in hilly region for agri-
cultural sustainability.

Data availability Not applicable.
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