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Plant Growth Promoting Rhizobacteria (PGPR), a microbial biostimulant has been 
widely studied to stimulate plant growth through induction of natural biological 
processes. However, lack of successful validation under open field remains a 
barrier to mark their standard in agriculture. Therefore, the aim of the research 
was to highlight the potential of PGPR biostimulants via in vitro studies and 
subsequently to demonstrate the in planta evaluation in oilseed crop, Arachis 
hypogaea L. (Groundnut) under pot and field trials. The two rhizobacterial strain 
was identified as Pseudomonas fluorescens and Bacillus subtilis by 16s rRNA gene 
sequence analysis. Both the strains were functionally screened for plant growth 
promoting traits. Pot and field trials were conducted where seeds were inoculated 
with PGPR biostimulants and harvested at 30 and 90 days. Biostimulant treatments 
were applied as single and co-inoculation in groundnut and the growth factors, 
biochemical parameters, yield, and seed quality were analyzed. The study inferred 
that the consortium of PGPR biostimulants significantly (p < 0.05) showed highest 
growth, photosynthetic pigments, nodulation status, leghaemoglobin content, 
yield attributes, and also biofortification of seed nutrients in oilseed crop under 
both pot and field conditions than un-inoculated control. This study supports the 
idea of the application of PGPR as microbial biostimulants through successful 
open field trial to facilitate its implementation as a feasible and potential 
agricultural product to synthetic fertilizers thereby influencing sustainable and 
stable crop production.
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Introduction

Agricultural crop productivity and food security are currently the challenges in the center 
of global attention for resilience and sustainable food system towards eradication of all versions 
of malnutrition and world hunger. It was predicted that in 2020 between 720 and 811 million 
people in the world faced hunger. Furthermore, food insecurity and malnutrition have been now 
exacerbated beneath the shadow of the COVID-19 pandemic that downturns all the progress 
made in agriculture (FAO, IFAD, UNICEF, WFP and WHO, 2021). To tackle this critical 
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demand, FAO focuses on the implementation of four betters (Better 
Production, Better Nutrition, Better Environment, and Better Life) to 
ensure food security, persistent livelihoods and double the food 
production to attain the Zero Hunger target by 2030 (FAO, 2021).

Groundnut or peanut (Arachis hypogaea L.) is an important and 
fourth major economic oil yielding crop worldwide with the production 
of 42.4 million tons. It is an invaluable source of protein, essential fatty 
acids and other biologically active compounds (Deshmukh et al., 2020). 
The concerted efforts must be undertaken to face the ever increasing 
demand for high groundnut production due to its incredible therapeutic 
values to treat malnutrition (Sayyed et  al., 2019). Conventional 
approaches such as chemical fertilizers and pesticides have been adopted 
to ensure maximum food production. However, the indispensable input 
of these chemical products creates a global concern due to their harmful 
impacts on environments (Rachidi et al., 2021). Thus, the incorporation 
of plant biostimulant as a novel and environment-friendly strategy in 
agriculture hold a promise to secure crop performance, yield stability and 
soil quality (Rouphael et al., 2020; Basu et al., 2021; Hamid et al., 2021).

According to European Regulation (EU, 2019/1009), Plant 
biostimulant is the “EU fertilizing product the function of which is to 
stimulate plant nutrition processes independently of the product’s 
nutrient content with the sole aim of improving one or more of the 
following plant characteristics: (i) high nutrient utilization efficiency, (ii) 
abiotic stress tolerance, (iii) quality traits, or (iv) accessibility of soil or 
rhizospheric nutrients” (EU, 2019). Biostimulants are broadly classified 
into microbial and non-microbial biostimulant. Beneficial bacteria and 
fungi comprise the microbial biostimulants whereas the non-microbial 
biostimulants consist of protein hydrolysates, humic substances, algal 
extracts and silicon (Rouphael and Colla, 2020; Hamid et al., 2021).

Among the microbial biostimulant, plant growth promoting 
rhizobacteria (PGPR) as the focus of the study are the most promising 
category and have attracted the worldwide attention due to their 
ability to colonize plant roots and produce various secondary 
metabolites thereby optimizing crop productivity (Ricci et al., 2019; 
Stoll et  al., 2021). The strains of PGPR belong to the genera 
Azospirillum, Azotobacter, Bacillus, Pseudomonas, and Rhizobium 
(Castiglione et  al., 2021). Over the years, several research studies 
revealed the positive stimulation impact of PGPR on the plant growth 
by numerous modes of action such as (i) hormone regulation 
(Chandra et al., 2018); (ii) phosphate solubilization (Suleman et al., 
2018); (iii) siderophore production (Liu et al., 2017; Nithyapriya et al., 
2021; Srivastava et al., 2022); (iv) Nutrient acquisition (Nguyen et al., 
2019; Jabborova et al., 2020, 2021, 2022); and (v) antioxidant activity 
(Chandrasekaran et  al., 2019; Gowtham et  al., 2022). Taking this 
background into consideration, the present study aimed to hypothesize 
that the PGPR based microbial biostimulant can stimulate the growth 
and yield of groundnut through proper validation. To confirm the 
hypothesis, isolation, characterization and product formulation of 
PGPR were done followed by pot and field experiments to investigate 
the growth promotion of groundnut by PGPR biostimulants.

Materials and methods

Collection of rhizospheric soil

The rhizospheric soil samples were collected from the 
groundnut field of Poosaripatty (11°86′N, 78°05′E), Salem district, 

Tamil Nadu, India on January 2020. At the day sampling, average 
temperature was 26.4°C and relative humidity was 56%. The soil pH 
was alkaline (7.7), electrical conductivity was 1.2 dSm−1, available 
nitrogen; 57.6 mg kg−1, available phosphorus; 19.7 mg kg−1, available 
potassium; 210.0 mg kg−1 and organic carbon was 4.7%. All the 
obtained rhizospheric soil samples were pooled and subsequently 
used for chemical and microbiological analysis or stored at −80°C 
for further studies.

Isolation of rhizobacterial strains

The serially diluted soil samples were processed for isolation of 
single bacterial colonies on Tryptic Soy Agar (TSA) plates (Hi-Media, 
Mumbai, India). Upon inoculation, petriplates were incubated at 30°C 
for 24 h. Distinct colonies of isolates were selected and purified by 
sub-culturing on nutrient agar under maximum aseptic conditions. 
Pure cultures were stored and maintained at −80°C as glycerol stocks.

In vitro screening of plant growth 
promoting traits

The rhizobacteria were analyzed for PGP attributes.

IAA production

Detection of IAA production was determined by Ahmad et al. 
(2008). The isolates were inoculated in Nutrient broth medium 
supplemented with L-tryptophan (100 μg ml−1) on a shaker at 28 ± 1°C 
for 48 h in dark. The grown cultures were centrifuged at 10,000 rpm 
for 10 min at 4°C. Then 2 ml of supernatant was mixed with 4 ml of 
Salkowski reagent. The positive reaction was visualized by the 
appearance of pink color. The quantitative estimation of IAA was 
measured spectrophometrically at 530 nm using the standard curve of 
IAA ranging from 10 to 100 μg ml−1.

Phosphate solubilization

Phosphate solubilization of the bacterial strains was detected by 
Pikovskaya’s agar plates. The plates were spot inoculated and incubated 
at 28°C for 7 days. The halo zone around the bacterial colonies was 
observed (Pikovskaya, 1948) and the phosphate solubilization index 
was expressed as:

 
SI

colony diameter halo zone diameter

colony diameter
=

+( )

Siderophore production

The production of siderophore was assayed according to universal 
CAS agar plate as described by Schwyn and Neilands (1987). The 
bacterial culture was spot inoculated in the center of CAS agar plate. 

https://doi.org/10.3389/fsufs.2023.1170374
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Eswaran et al. 10.3389/fsufs.2023.1170374

Frontiers in Sustainable Food Systems 03 frontiersin.org

After incubation at 28°C for 72 h, the plate was evaluated for the 
color change.

The reaction mixture containing 1 ml of CAS reagent and 1 ml of 
cell-free supernatant was used for the quantitative assessment of 
siderophore production at 630 nm. The siderophore unit (SU) was 
calculated by:

 
%SU

As Ar

Ar
=

−
×100

As = absorbance at 630 nm (test sample).
Ar = absorbance at 630 nm (control).

Ammonia production

Production of ammonia was assessed by growing bacterial isolates 
in peptone water broth at 30°C for 5–6 days. Following incubation 
0.5 ml of Nessler’s reagent was added and observed for the development 
of brown to yellow color (Cappuccino and Sherman, 2014).

HCN production

Estimation of HCN was carried out by sub culturing the 
isolates on king’s B medium and nutrient agar amended with 0.4% 
glycine. The development of brown color on the overlaid Whatman 
filter paper presaturated with 0.5% picric acid and 2% sodium 
carbonate solution indicates HCN production (Lorck, 1948).

Biochemical identification of rhizobacteria

The morphology and gram characteristics of the isolated 
rhizobacteria were ascertained using a light microscope. 
Biochemical characterization such as indole, methyl red (MR), 
voges-proskaur (VP), starch hydrolysis, citrate, catalase, and oxidase 
tests were done using standard protocols (Cappuccino and 
Sherman, 2014).

Molecular characterization of PGPR

Molecular identification of the selected isolates were done by the 
amplification of 16S rRNA gene sequence. The fresh bacterial culture 
was used for the extraction of total genomic DNA using the protocol of 
Sharma and Singh (2005). The universal primer pair 27F (5′-AGAGTTT 
GATCMTGGCTCAG-3′) and 1492R (5′-TACGGYTACCTTGTT 
ACGACTT-3′) was used for the amplification of 16S rRNA gene by 
Polymerase chain reaction. The PCR generated amplicon was 
confirmed and purified using GeneJET PCR purification kit (Thermo 
Scientific, EU-Lithuania). The sequencing of gel purified PCR products 
was done using Big Dye Terminator 3.1 sequencing kit (Applied 
Biosystems, USA). The sequences were aligned and edited using Mega 
Software version 11 and the homology was analyzed by BLASTn search 
program (Tamura et al., 2021). Neighbor-joining method (Saitou and 
Nei, 1987) was used to construct phylogenetic tree by MEGA 6 with the 

boostrap of 100 replicates. The evolutionary distance was computed 
using Maximum Composite Likelihood method. The gene sequence of 
16S rRNA of the selected isolates were subsequently deposited in 
GenBank database (NCBI).

Groundnut cultivar used in the experiment

The groundnut cultivar used for both the pot and field assay was 
TMV 7 (Arachis hypogaea L.). Groundnut seeds were procured from 
the Tamil Nadu Agricultural University (TNAU), Coimbatore, Tamil 
Nadu, India.

Preparation of microbial biostimulants

A talc based formulation of biostimulants was prepared for both 
pot and field experiments. The Pseudomonas strain was inoculated in 
400 ml of king’s B medium and Bacillus was grown in 400 ml of 
nutrient broth for 48 h and incubated at 30°C in rotary shaker (180 × g). 
The fermented liquor containing 3.2 × 108 cfuml−1 was mixed with 
sterilized talc (1 kg) amended with CaCO3 (15 g L−1) and carboxymethyl 
cellulose (20 g L−1) and glucose (4 g) under aseptic conditions and 
allowed to shade dry to attain 35% humidity and then packed in sterile 
polythene bags and stored at 4°C (Vidhyasekaran and 
Muthamilan, 1995).

Application method of biostimulants

Seed soaking
Screened groundnut seeds were surface sterilized with 0.1% of 

mercury chloride for 5 min and washed thrice with distilled water. 
Then they are treated with microbial biostimulants at the rate of 
10 g kg−1 of seeds and shade dried before sowing.

Soil drench or root irrigation

PGPR biostimulant as a soil drench was supplied directly into the 
soil near the roots at the rate of 5 g pot−1 and 3 kg acre−1 two times, 20 
and 40 days after seed sowing.

Experimental layout

The experimental treatments comprised of: control (no 
inoculation), PSF1 (Pseudomonas fluorescens) inoculation, BAS2 
(Bacillus subtilis) inoculation, dual inoculation of PSF1 + BAS2.

Pot assay

The pot assay studies were performed with three replication of 
each treatment under green house. Ten sterilized and bioinoculated 
seeds were sown in each pot (12–15 cm diameter), filled with sterilized 
garden soil, sand and manure (2:1:1). The garden soil used in the study 
had the following physical and chemical characteristics, pH; 7.2, 
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electrical conductivity; 0.23 dSm−1, organic matter; 3.16%, available 
nitrogen; 35.50 mg kg−1, available phosphorus; 24.62 mg kg−1 and 
available potassium was 98.43 mg kg−1. All the treated pots were 
arranged over a slap under green-house conditions (24/20°C and 70% 
relative humidity, with alternate cycle of day and night photoperiod of 
18/6 h) throughout the experiment. After germination, three 
germinated seedlings were maintained in each pot. Nitrogen – free 
sterile tap water was used to irrigate the plants on alternate days. 
During the bioinoculation, watering should be delayed for a day. No 
agrochemicals were used during the whole growth period. Plants were 
uprooted after 90 days of growth and subjected to yield assessment.

Field experiment

The open field trial was carried out in a farmer’s farmland at 
Thanni Thotti (11°72′N, 78°07′E), Salem, Tamil Nadu, India during 
June to August 2022. The average temperature of the site was 28.3°C 
and the relative humidity was 61%.The farmland soil analysis were 
performed and characterized by alkaline pH (7.2), electrical 
conductivity EC (0.58 dSm−1), available nitrogen (35.2 mg kg−1), 
available phosphorus (57 mg kg−1), available potassium 
(151 mg kg−1) and iron (6.5 ppm). The seeds were sown in the field 
as per the fore mentioned treatments in a completely randomized 
block design of 5 × 3 m2 (15m2) and seven lines (225 holes three seed 
per hole) with 3 replicate blocks. Plant to plant and row to row 
spacing were arranged at 30 and 20 cm, respectively. Weeding was 
performed manually. Sufficient irrigation was given as and when 
required at different growth stages. No agrochemicals were applied 
to the farmland during the entire growth period other 
than biostimulants.

Determination of morphological and 
physiological attributes

All groundnut plants were harvested at 90 days after inoculation 
(DAI). The morpho - physiological parameters like fresh weight, 
dry weight, shoot length and root length were measured after 
harvest from different treatments. Shoots and roots were oven dried 
at 70°C for 48 h until constant weight to record their dry weight.

Determination of nodulation status

The number of nodules per treated plants were counted and 
subsequently weighed to determine their fresh weight. These nodules 
were then transferred to petri plates, dried at 70°C for 72 h and 
weighted to obtain dry mass of nodules.

Determination of nitrogenase activity

Nitrogenase activity was measured according to Abd-Alla et al. 
(2014) in a detached root system by gas chromatography (Thermo 
Scientific TRACE GC). Briefly, the dissected roots with nodules were 
inserted into the 500 ml bottles with a rubber septum. 50 ml of acetylene 
gas was injected into the bottle with the release of same amount of air. 

Following incubation at 37°C, the root samples were introduced into 
gas chromatograph and analyzed for nitrogenase activity.

Determination of leghaemoglobin content 
in nodules

The estimation of leghaemoglobin content was performed as 
described by Larue and Child (1979). One gram nodules was washed 
with distilled water and instantly grounded with 5 ml distilled water in 
an ice-chilled mortar. Then the homogenates were filtered using 
cheesecloth and centrifuged for 2 min at 500 × g. The filtered supernatant 
was again centrifuged for 15 min at 12,000 × g to remove the bacteroid 
content. The resultant supernatant (nodule cytosol) was used to 
quantify leghaemoglobin level at 540 nm using UV spectrophotometer.

Determination of photosynthetic pigments

Total chlorophyll contents from the fresh leaves of inoculated plants 
were quantified and calculated by the method of Arnon (1949) and the 
carotenoid content was calculated according to Krick and Allen (1965).

Determination of yield contributing traits

When the plants reached the maturity after 90 DAI, number of pods 
per plant, 100 seed weight and yield per plant were measured from the 
treated plants. The pods were dried at 80°C until the weight was constant.

Evaluation of seed nutrients

Groundnut seeds were retrieved from harvested plants. Seed 
quality parameters like total protein (Lowry et al., 1951), carbohydrates 
(Yemm, 1954), seed iron content (Konieczyński and Wesołowski, 
2007), and oil content (Sadasivam and Manickam, 2008) were analyzed.

Determination of rhizospheric microbial 
population

The rhizospheric microbial population were recorded at harvest. The 
rhizospheric soil samples were taken and transferred to laboratory and 
stored at 4°C. Total microbial counts were determined by serial dilution 
method described by Alexander and Zuberer (1991). The samples were 
inoculated in agar plates and incubated at 28 ± 2°C for 48 h. The microbial 
populations from each treatment were counted using the colony counter.

Statistical analysis

All the experimental measurements were performed in triplicate 
and standard deviation (SD) were calculated for all mean values. The 
data were statistically evaluated by one-way ANOVA (SPSS 20.0 
version Japan Inc., Tokyo, Japan) and differences between treatments 
were considered to be significant at p ≤ 0.05 using Tukey’s post-hoc test 
for multiple comparison.
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Results

Bacterial isolation and identification

In the present research, two rhizobacteria were isolated from the 
groundnut rhizospheric soil. Both the isolate were rod shaped and PSF1 
was Gram negative whereas BAS2 was Gram positive. They were then 
functionally validated for their plant growth promoting (PGP) 
potential, eventually biochemical and molecular characterization 
were analyzed.

In vitro plant growth promoting traits of 
microbial biostimulant

The IAA production in the culture broth of the isolates was 
determined by the progression of pink color. The pink color was due 
to the reaction of indole group of IAA with salkowski reagent. PSF1 
and BAS2 showed positive reaction and were found to synthesis IAA 
of about 103.82 ± 1.02 μg ml−1 and 98.51 ± 0.16 μg ml−1, respectively. 
Both the isolates were positive for phosphate solubilization by spot 
inoculation in Pikovskaya’s agar medium. The halo zone showed the 
solubilization of insoluble phosphate as a result of organic acids 
production by PGPR. PSF1 exhibited higher phosphate solubilization 
efficiency of about 9.2 mm and BAS2 with 8.7 mm solubilization 
efficiency. PSF1 and BAS2 were confirmed for the siderophore 
production by showing orange halo zone around the colonies with 
more than 80% siderophore unit. The removal of iron from the dye 
complex of CAS medium by the siderophore of PGPR resulted in 
orange zone formation. The isolate PSF1 and BAS2 were positive for 
both ammonia and HCN production (Table 1).

Biochemical and molecular identification 
of rhizobacteria

The isolate PSF1 was Gram negative and tested positive for indole, 
MR, citrate, starch hydrolysis, catalase, oxidase, and negative for VP 
test. But BAS1 was Gram positive and reacted to indole, VP, citrate, 
starch hydrolysis, catalase, oxidase tests positively and reacted 
negatively to MR test.

The 16S rRNA bacterial gene was amplified by PCR, 
employing universal primers and the product was analyzed 
through gel electrophoresis and displayed amplicon of 1 kb size. 
The 16S rRNA gene sequences were subjected to BLASTn for the 
identification of the isolates and showed similarity with available 
sequences in Genbank (Table 2). The phylogenetic tree revealed 
that PSF1 was Pseudomonas fluorescens (Figure 1), and BAS2 was 
Bacillus subtilis (Figure  2). The 16S rRNA gene sequence of 
P. fluorescens and B. subtilis were deposited in GenBank database 
(NCBI) under the accession number MK478897, and ON495960, 
respectively.

Pot and field trial

The rhizobacterial isolates as PGPR biostimulants were chosen to 
determine their beneficial effects on groundnut under pot and field 
trials. Significant results were obtained in terms of growth parameters, 
physiological and yield parameters, and seed nutrients. Among all 
treatments, the consortium (PSF1 + BAS2) of PGPR biostimulants had 
a higher statistically significant impact followed by sole inoculation of 
PSF1 and BAS2.

Assessment of plant morpho-physiological 
traits

In pot trial, the shoot length was enhanced 28.50 and 13.56% 
by PSF1 and BAS2, respectively, followed by significant (p < 0.05) 
increase of 36.44% by the co-inoculation of both strains over the 
control (Figure 3A). Similarly, the root length showed significant 
(p < 0.05) increase in co-inoculation by 63.16% over other 
treatments. In field trial, the shoot length of co-inoculated plants 
was statistically increased 55.71% over control (p < 0.05). The 
similar pattern was observed in root length of treated plants 
(Figure  3B). The fresh and dry weight of the plants was 
considerably higher in co-inoculation as 83.92 and 66.83%, 
respectively, over control in pot trial. Similarly under field trial, 
the highest fresh weight and dry weight of 92.12 and 69.36% were 
obtained by dual inoculation compared to other treatments and 
control (p < 0.05; Figures 3C,D).

TABLE 1 Functional screening of selected rhizobacteria for in vitro PGP activities.

PGP traits Pseudomonas fluorescens PSF1 Bacillus subtilis BAS2

Indole acetic acid (μg ml−1) + ve (103.82 ± 1.02) + ve (98.51 ± 0.16)

Phosphate solubilization (mm) + ve (9.2) + ve (8.7)

Siderophore production (%) + ve (88.87 ± 0.31) + ve (87.12 ± 0.53)

Ammonia + ve + ve

Hydrogen cyanide + ve + ve

+ve, positive; −ve, negative. Data are represented by means of three values ± standard deviation.

TABLE 2 Identity of rhizobacterial isolates based on 16S rRNA gene sequence.

Isolate label Source Bacterial strain Similarity (%) Genbank accession number

PSF1 Rhizosphere Pseudomonas fluorescens 99.9 MK478897

BAS2 Rhizosphere Bacillus subtilis 99 ON495960
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Nodulation status, nitrogenase activity and 
leghaemoglobin content

The results on the effect of inoculation of bacteria in number of root 
nodules were counted at 30 DAI. In pot trial, the number of root nodules 
was enhanced 39.07 and 25.21% by PSF1 and BAS2, respectively, and 
65.52% enhancement was recorded on the consortium application. In 
field trial, the effect of consortium was greater than the pot trial. It had 
maximum of 78.35% nodule number than other treatments as shown in 
Figure 4A. The nodule fresh and dry weight exhibited a similar trend to 
numbers of nodules in both pot and field experiments (Figures 4B,C).

Statistical difference was noted in nitrogenase activity of root 
nodules in pot and field trials (p < 0.05). However, plants with dual 
inoculation of PSF1 and BAS2 showed higher nitrogenase activity in 
both trials (Figure 4D). The leghaemoglobin content of nodules was 
reduced in single inoculation and control (Figure 4E). An increase of 
56.92 and 66% was caused by dual inoculation in pot and field trial, 
respectively.

Photosynthetic pigments

Photosynthetic pigments (Total chlorophyll and carotenoid) were 
recorded with significant increase (p  <  0.05) upon application of 
PGPR biostimulant consortium, as compared to control. Plants treated 
with both PSF1 and BAS2 led to increase in total chlorophyll by 68.09 
and 89.23% under pot and field trial, respectively (Figure 5A). The 
results were analogue to carotenoid content with maximum of 46.58% 
(pot) and 79.01% (field) in consortium (Figure 5B).

Yield contributing characters

The pod number per plant was significantly improved (p < 0.05) 
by the application of PGPR consortium in both pot and field studies 
(Figure 6A). Higher values of 87.12% in pot and 89.21% in field trial 
were observed. Inoculation of PGPR consortium had a significant 
(p < 0.05) effect on 100 seed weight. In pot trial, maximum seed 

FIGURE 1

Phylogenetic tree of Pseudomonas fluorescens based on a partial 16S rRNA nucleotide sequences constructed with neighbor joining method.

FIGURE 2

Phylogenetic tree of Bacillus subtilis based on a partial 16S rRNA nucleotide sequences constructed with neighbor joining method.
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weight of 14.22% by PSF1 + BAS2 was observed. It also exhibited 
higher seed weight of 16.08% in field trial (Figure  6B). 
Co-inoculated plants achieved statistically superior yield over other 
treatments (p < 0.05). PGPR consortium caused maximum increase 
in the per hectare yield of groundnut, improved it by 39.59% 
compared to control (Figure 6C). In pot trial, it increased by 38.28% 
over control. Under both trials, the next substantial yield 
improvements were produced by single inoculation of PFS1, 
followed by BAS2.

Seed nutrients of groundnut

The different treatments applied had an important effect on seed 
nutrients. Dual inoculation showed significantly maximum nutrients 
(p < 0.05) over control. Protein content was observed with 20.58 and 
27.74% increment (Figure  7A) and carbohydrate with 16.66 and 
18.78% increment (Figure 7B) when applied with PGPR consortium 
under both pot and field trials. The maximum biofortification of seed 
iron increase of 147.26 and 153.41% by PSF1 + BAS2 were noted under 
pot and field trial, respectively (Figure 7C). Similar result was observed 

in seed oil content with highest increase of 48.26% (pot) and 52.94% 
(field) by co-inoculation of PGPR (Figure 7D).

Rhizospheric microbial population

The viability of the bacteria after PGPR application in the 
rhizosphere of groundnut was shown in the Table 3. In pot trial, the 
application of the PGPR consortium significantly enhanced the 
microbial population as compared to the un-inoculated treatment. 
The maximum increase in the microbial count was observed to 
be  26 × 107 CFUg−1 dry soil under the application of the PGPR 
consortium (PSF1 + BAS2). Similar findings were obtained from field 
trial as the maximum of 30 × 107 CFUg−1 dry soil was obtained by the 
dual inoculation followed by sole inoculation and control.

Discussion

Microbial plant biostimulant have been successfully used to 
positively impact the agriculture productivity in a more 

FIGURE 3

Effect of PGPR biostimulants Pseudomonas fluorescens (PSF1) and Bacillus subtilis (BAS2) on plant growth parameters in pot and field trial. Measured 
parameters (A) Shoot length; (B) root length; (C) plant fresh; and (D) dry weight. Error bar represents the standard deviation (n = 3). Small alphabetical 
letters above the error bar indicate significant differences between treatments according to Tukey’s post-hoc test (p ≤ 0.05).
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sustainable manner (Fadiji et al., 2022; Rana et al., 2022; Rai et al., 
2023). PGPR as biostimulants enhance the crop performance 
through various mechanisms under stress condition (Khan et al., 
2021; Bhat et al., 2022; Kapadia et al., 2022; Khairnar et al., 2022; 
Khumairah et al., 2022; Sagar et al., 2022). Therefore, the work 
sought to isolate, characterize and explore PGPR as microbial 
biostimulant for their plant growth promotion and yield 

enhancement in groundnut and successful validation through pot 
and field experiments. The biochemical and phylogenetic analysis 
of 16S rRNA gene sequence confirmed the isolated PGPR strains 
as Pseudomonas fluorescens and Bacillus subtilis. The isolation of 
various species of Pseudomonas and Bacillus has been extensively 
studied (Pandey and Gupta, 2020; Yasmin et al., 2020; Kapadia 
et al., 2022; Srivastava et al., 2022).

FIGURE 4

Effects of PGPR biostimulants Pseudomonas fluorescens (PSF1) and Bacillus subtilis (BAS2) on nodulation, nitrogenase activity and leghaemoglobin 
content under pot and field conditions. (A) Number of nodules; (B) nodule fresh weight; (C) nodule dry weight; (D) nitrogenase activity; and 
(E) leghaemoglobin content. Error bar represents the standard deviation (n = 3). Small alphabetical letters above the error bar indicate significant 
difference between treatments according to Tukey’s post-hoc test (p ≤ 0.05).
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For the effective PGPR selection, the PGP traits were identified. 
Both the strains produce IAA, phosphate solubilization, siderophore, 

ammonia and HCN. Biosynthesis of IAA by PGPR stimulates the 
plant growth. Previous studies reported that various IAA producers 
(Pseudomonas and Bacillus) can promote lateral root growth with the 
IAA production of about 213.25 ± 1.32 μg ml−1 (Ansari and Ahmad, 
2019; Baliyan et al., 2021). In the present study, the maximum IAA was 
found to be 103.82 ± 1.02 μg ml−1 by PSF1. PGPR often associated with 
the synthesis of organic acids to facilitate solubilization of inorganic 
phosphate in soil (Mei et al., 2021). PSF1 and BAS2 were found to 
be  promising phosphate solubilizers. A report suggested that the 
PGPR (Burkholderia and Rhodopseudomonas) increased the gene 
regulation for phosphate solubilization and uptake (Wang et al., 2021).

Siderophore production is one of the strategies of PGPR to hinder 
the growth of pathogens by depriving iron in the micro environment 
thereby shows indirect biostimulation effect on plants (Khare et al., 
2018; Sayyed et al., 2019). Previous studies have reported that more 
than 70% of the isolated PGPR showed the siderophore production 
(Dutta and Thakur, 2017; Patel et al., 2018). PSF1 and BAS2 produced 
siderophore with PSF1 being the best siderophore producer (88.87% 
siderophore units). Ammonia and HCN are other essential indirect 
mechanisms of PGPR biostimulant for plant growth promotion and 
were produced by both strains. Biosynthesis of ammonia linked with 
the nitrogen supplement to plants eventually result in root and shoot 
elongation (Bhattacharyya et al., 2020; Kalam et al., 2020; Khumairah 
et al., 2022; Mir et al., 2022; Rana et al., 2022). Numerous bacterial 
species of Pseudomonas and Bacillus produce HCN which reacts with 
the substrate indirectly, leading to an increase in the nutrient 
availability for rhizobacteria and suppression of plant pathogen of 
their host plant (Abd El-Rahman et al., 2019).

Numerous studies documented the plant growth promotion 
activity of PGPR based biostimulants and emphasis it’s potential to 
stimulate crop health and productivity (Nguyen et al., 2019; Khan 
et  al., 2020; Vetrano et  al., 2020; Baba et  al., 2021). However, its 
application faced a huge constrains when scaling up from lab to field. 
Therefore, the proposed research was focused to assess the efficiency 
of PGPR based biostimulants on both pot and field studies. The use 
of PGPR based biostimulants resulted in positive impacts on growth 
parameters, biomass, photosynthetic pigments, nodulation status, 
leghaemoglobin content, yield and seed nutrients under both pot and 
field experiments, with the highest significant increment in 
dual inoculation.

FIGURE 5

Effect of PGPR biostimulants Pseudomonas fluorescens (PSF1) and Bacillus subtilis (BAS2) on photosynthetic pigments (A) chlorophyll; and 
(B) carotenoid under pot and field conditions. Error bar represents the standard deviation (n = 3). Small alphabetical letters above the error bar indicate 
significant difference between treatments according to Tukey’s post-hoc test (p ≤ 0.05).

FIGURE 6

Effect of PGPR biostimulants Pseudomonas fluorescens (PSF1) and 
Bacillus subtilis (BAS2) on yield attributes (A) number of pods; (B) 100 
seed weight; and (C) pod yield under pot and field conditions. Error 
bar represents standard deviation (n = 3). Small alphabetical letters 
above the error bar indicate significant difference between 
treatments according to Tukey’s post-hoc test (p ≤ 0.05).
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It is well documented that inoculation of PGPR increases plant 
growth attributes of groundnut and other oilseed crops (Chen et al., 
2018; Ansari and Ahmad, 2019; Gupta et al., 2020; Jabborova et al., 
2021, 2022; Manasa et  al., 2021; Ilyas et  al., 2022). The dual 
inoculation of the isolates significantly enhanced the plant (root and 
shoot) length, plant fresh and dry weight in both pot and field trial. 
The increased vegetative parameters of the plant was due to the 
production of plant growth regulators like IAA by PSF1 and BAS2 in 
the rhizosphere as they play a crucial role in stimulating the plant 
growth by regulating the host genes related to auxin, hormones and 
cell wall synthesis (Backer et al., 2018).

The nodulation and nitrogenase activity of groundnut were 
ameliorated by dual inoculation of PSF1 and BAS2 with the highest 
values in field than in pot trials. Similarly, Abd-El-Khair et al. (2019) 
proved that P. fluorescens (Pf1) achieved the highest nodulation number 
(78%) in cowpea followed by B. pumilus (Bp1) with 44%. Dual 
inoculation with Pseudomonas aeruginosa (LSE-2) and Bradyrhizobium 
(LSBR-3) significantly improved number of nodules, dry weight of 
nodules and also leghaemoglobin content in soybean at flowering stage 
(Kumawat et al., 2019). The proposed mechanism of enhancement of 
nitrogenase and nodulation activity is due to the response of host to the 
iron availability by siderophore production of PGPR biostimulants. 
Iron is an important element for the activity of nitrogen fixation, 
nitrogenase enzyme and leghaemoglobin (Wu et al., 2023).

The current study illustrated that total chlorophyll and carotenoid 
contents were increased in co-inoculated than other treatments. 
Similar results were observed by Ansari and Ahmad (2019) with 
improved chlorophyll and photosynthetic activity in the 
co-inoculation of P. fluorescens and Bacillus licheniformis in wheat. 
Also, significant increase in chlorophyll was observed in wheat plant 
which received a combined dose of Azospirillum lipoferum, 
Azospirillum brazilense, and Bacillus sp. compared to control (Akhtar 
et al., 2021). The formation of chlorophyll synthesis precursor 5-amino 

FIGURE 7

Effect of PGPR biostimulants Pseudomonas fluorescens (PSF1) and Bacillus subtilis (BAS2) on seed nutrients (A) protein; (B) carbohydrate; (C) iron; and 
(D) oil content. Error bar represents standard deviation (n = 3). Small alphabetical letters above the error bar indicate significant difference between 
treatments according to Tukey’s post-hoc test (p ≤ 0.05).

TABLE 3 Rhizospheric microbial population.

Treatment Microbial population (CFUg−1)

Pot Trial Field Trial

Control 18 ± 0.91 × 107 22 ± 0.40 × 107

PSF1 23 ± 0.32 × 107 29 ± 0.65 × 107

BAS2 19 ± 0.67 × 107 26 ± 0.27 × 107

PSF1 + BAS2 26 ± 0.84 × 107 30 ± 0.12 × 107

Data are represented by means of three values ± standard deviation.
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ketones pentanoic acid (ALA) requires iron. The synthesis of iron 
chelating siderophore by the isolates resulted in increased trend in 
active iron and therefore photosynthetic pigments (Khare et al., 2018).

Studies have been previously reported that the synergistic 
interaction of PGPR strains in groundnut increased the pod yield 
under pot and field experiments (Shifa et al., 2016; Liu et al., 2017). 
These results corroborated the current results exhibiting drastic 
improvement in the yield and seed weight of the groundnut to the 
maximum by the co-application of PGPR biostimulant. It has been 
reported that inoculation of P. fluorescens (Pf1) in cowpea resulted in 
increased yield percentage (Abd-El-Khair et al., 2019). It has also been 
shown that co-inoculation with three or four PGPR (Bacillus 
amyloliquefaciens, Bacillus subtilis, Bacillus pumilus, and Pseudomonas 
putida) produced significantly higher fruit yield of 46.28 and 39.11% 
in tomato compared to control (He et al., 2019).

Groundnut plants when treated with PGPR biostimulant enhanced 
the seed protein, carbohydrate, iron and oil content. This increase in 
nutrients corresponds with higher seed yield. A similar study by 
El-Sawah et  al. (2021) found that consortium effect of PGPR 
(Bradyrhizobium and B. subtilis) and AM fungi increased the guar seed 
protein, carbohydrate and starch content. The result is also in consistent 
with the previous work which showed clear increase in the oil content of 
Brassica napus, Brassica arvensis, and Glycine max when inoculated with 
P. fluorescens (LBUM677) which was closely related with the increase in 
seed number per plant (Jiménez et  al., 2020). Combined action of 
biochar and rhizobacteria (PGPR) significantly enhanced the seed oil 
and protein content in A. hypogaea (Ijaz et al., 2020). Particularly, the 
iron content of seed was attributed to the solubilization and reduction of 
Fe3+ to Fe2+ by PGPR biostimulant (Sarwar et al., 2022).

When the groundnut plants were treated with PGPR biostimulant, 
the bacteria well multiplied and colonized in the rhizospheric region. 
The improved bacterial colonization is responsible for the enhanced 
activity of PGPR for crop growth and productivity (Hussain et al., 
2022). Safdar et al. (2022) reported the enhanced microbial population 
by the application of biofertilizers favoring the presence of inoculated 
bacteria for a longer time.

In this study, the ability of the two selected bacterial strains such 
as PSF1 and BAS2 to promote growth of groundnut as microbial 
biostimulants in pot trial and its efficacy in the field trials were 
demonstrated. The microbial strain PSF1 showed the maximum 
ability to produce IAA, siderophore, ammonia, HCN, and phosphate 
solubilization than BAS2. The consortium of PGPR biostimulants 
exhibited maximum positive influence on overall plant growth, 
nodulation, and yield and seed nutrient in groundnut compared to 
single inoculation and control in both pot and field experiments.

Conclusions and significance

Application of PGPR biostimulants provided better consequence 
in terms of both quantity and quality parameters of groundnut. This 
is an important finding, due to the fact that most of the research 
studies focused on the application of PGPR under controlled 

conditions. Our findings clearly demonstrated the positive 
effectiveness of PGPR biostimulants on groundnut cultivation with 
the real data obtained from field experiment. In addition, our data 
showed that co-inoculation of PGPR were more desirable than single 
inoculation. Therefore, PGPR based microbial biostimulants may help 
to maintain the ecological balance of agro-ecosystem and limit the 
usage of pesticides in agriculture. Future research focusing on 
unlocking the action mechanism of microbial biostimulants in plants 
will be investigated and reported.
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