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Abstract
The association of plant beneficial Azospirillum and Bacillus spp. strains expressing different sets of PGP traits may have 
complementary or supplementary effects on host plants. In the present investigation, A. formosense and Bacillus spp. strains 
showing diverse PGP traits (IAA production, nitrogenase activity, phosphate, zinc and potassium solubilization, siderophores, 
antagonism against phytopathogens, osmotic stress tolerance, etc.) were assessed for compatibility by cross-streaking and 
co-culturing. Under co-culture (Azospirillum + Bacillus), a significant increase in the expression of PGP traits, nitrogenase 
activity (up to 89%), phosphate solubilization (upto 236%), siderophore production (upto 20%) was observed as compared 
to individual Azospirillum culture, indicating synergistic effect of co-culture. IAA production was higher in Azospirillum sp. 
strains as compared to Bacillus spp. strains, when cultured individually; however, when co-cultured, the IAA levels were in 
the mid-range indicating the contributory effects of compatible strains. The effect of individual Azospirillum and Bacillus 
strains and their co-inoculation was also assessed on the growth of pearl millet at early stages under moisture-deficit stress 
imposed using PEG6000 (0, 10, and 20%). Co-inoculation enhanced seed germination (up to 10, 3, and 6% increase under 
0, 10, and 20% PEG, respectively, over individual Azospirillum treatment), root traits (increased root hair density and lateral 
branches), and seedling vigor indices (up to 22, 32, 43% increase in seed vigor index I and 8, 14, and 10% increase in seed 
vigor index II under 0, 10, 20% PEG, respectively, over individual Azospirillum treatment) under normal as well as moisture-
deficit conditions suggesting the role of Bacillus spp. strains in better adaptation of the plants to stress and higher yield 
potential. The synergistic effect of co-cultured Azospirillum and Bacillus strains on PGP traits indicated metabolic interplay 
between the two strains which needs to be further understood. The positive effect of co-inoculation on plant growth under 
moisture-deficit stress indicated the promise of Azospirillum and Bacillus as a synergistic bioformulation for combating 
nutrient and drought stress in pearl millet, particularly in nutrient-poor dryland agricultural systems.
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Introduction

Plant growth-promoting rhizobacteria (PGPR) are benefi-
cial bacteria which establish a symbiotic or non-symbiotic 
association with plants in the rhizosphere (Miransari 2016; 
Bhattacharyya and Jha 2012; Grover et al. 2021). Gram-
negative Azospirillum and Gram-positive Bacillus are two 
such genera of rhizobacteria which express multifunctional 
traits such as biological nitrogen fixation, production of 
phytohormones like IAA, gibberellins, cytokinins, ethyl-
ene, etc., siderophores, nutrient solubilization, antagonism 
against phytopathogens and protection of plants against 
abiotic stresses such as drought, soil salinity, and toxic 
compounds, etc. (García et al. 2017; Akinrinlola et al. 
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2018; Cassan et al. 2020). The advantages of using Bacil-
lus as inoculants are high cell viability, spore forming 
nature, and prolonged shelf-life of the formulation, which 
explains its frequent and successful commercialization 
(Akinrinlola et al. 2018).

The number of plant beneficial features expressed by 
PGP strains belonging to various genera and/or species 
varies. Combining two or more PGPR strains with various 
metabolic capacities (nutrient solubilization, nitrogen 
fixation, phytohormone synthesis, antimicrobials, etc.) may 
have additive or synergistic impacts on plant beneficial 
features, thereby improving the inoculum's plant beneficial 
potential (Santoyo et al. 2021; Bagheri et al. 2022). The 
strains utilized for combination inoculation, however, 
must be compatible with one another. Metabolites released 
by one organism may or may not influence the growth of 
other microorganisms in its vicinity. The limited reports 
are available on the synergistic effect of Azospirillum spp. 
and Bacillus spp. That demonstrated in vitro the potential 
of combining the two PGPR for optimizing the effects in 
terms of plant beneficial traits such as nitrogen fixation, 
IAA production, and phosphate solubilization (Drozdowicz 
and Santos 1987; Ribeiro et al. 2022; Bagheri et al. 2022). 
Furthermore, relatively few species have been reported for 
Azospirillum–Bacillus interactions, and investigating other 
less studied and native strains of Azospirillum may prove 
useful for developing novel bio-inoculants.

Pearl millet (Pennisetum glaucum (L.) R. Br.) is one of 
the oldest cultivated cereal crops and is vital for food and 
nutritional security for the resource poor people of the world 
living in adverse agro-ecological zones. It is grown in about 
27 million hectares of cultivated land worldwide and is 
the livelihood of more than 90 million farmers (Varshney 
et al. 2017). In Asia, India stands first in terms of area 
under pearl millet cultivation (about 9 million ha) with a 
total production of nearly 8.3 million tons and an average 
productivity of 930 kg/ha during the last 3 years. Since the 
past few years, pearl millet demand has increased due to its 
nutritional characteristics and its adaptability to a wide range 
of climatic conditions (Tako et al. 2015). However, drought-
affected regions have witnessed severely reduced pearl 
millet growth and the productivity (Choudhary et al. 2015). 
Current climate change-induced stresses are the major 
reasons for the massive loss of yield and quality of crops 
(Wang et al. 2018; Davis et al. 2019), which necessitate 
research in new directions to develop suitable strategies for 
improving growth and productivity of pearl millet. In this 
direction, the role of beneficial microorganisms in imparting 
tolerance to climate change-induced stresses in crop plants 
is being increasingly highlighted (Grover et al. 2011; Grover 
et al. 2021; Fiodor et al. 2021; Rani et al. 2022). Several 
PGP bacteria including Azospirillum and Bacillus spp. 
exert positive effect on plant growth, root development, and 

yield parameters of pearl millet (Tilak and Subba Rao 1987; 
Grover et al. 2022; Vishnu et al. 2022).

Combined use of two or more PGP bacteria may have 
synergistic effect in terms of plant growth and also in allevi-
ating abiotic stress effects in host plants (Cassan et al. 2020). 
Limited reports on use of Azospirillum and Bacillus co-inoc-
ulations for alleviating abiotic stress effects are also available 
in few crops including Ocimum basilicum (basil), foxtail mil-
let (Setaria italica (L.), wheat (Triticum aestivum), (Heidari 
and Golpayegani 2012; Rafi and Charyulu 2016; Akhtar et al. 
2021). However, no such study has been reported in pearl 
millet specifically with A. formosense strains and under mois-
ture-deficit conditions. Therefore, the present study aimed at 
exploring the possibilities of using combined inoculations 
in pearl millet crop that was planned with two objectives: 1. 
to study the compatibility between selected A. formosense 
and Bacillus spp. strains and effect of their co-culture on 
plant growth-promoting traits in vitro; 2. to study the co-
inoculation effects of A. formosense and Bacillus spp. strains 
on pearl millet seedlings under moisture-deficit stress.

Materials and methods

Microbial strains and their maintenance

Three Azospirillum formosense strains isolated from pearl 
millet rhizosphere (Grover et al. 2022) and a set of twelve 
Bacillus spp. strains were procured from Division of 
Microbiology, IARI (Supplementary Table I). The cultures 
were preserved and maintained on Luria–Bertani (LB) 
agar slants at 4ºC. The bacterial strains were grown in LB 
agar or LB for conducting various experiments. The purity 
of the Azospirillum cultures was confirmed by observing 
scarlet red, dry wrinkled type colonies when streaked on 
Rojo Congo (Caceres 1982) agar medium and subsurface 
pellicle formation with change in the color of medium to 
blue when inoculated in semi-solid N-free malate medium 
(Dobereiner 1980). The phytopathogenic fungal cultures 
Fusarium solani, Macrophomina phaseolina, Curvularia 
sp., Bipolaris sp., Alternaria alternata were obtained from 
the Division of Microbiology and Magnaporthe grisea 
was obtained from Division of Plant Pathology, IARI and 
maintained and multiplied on potato dextrose agar medium 
(HiMedia).

Indole acetic acid (IAA) production

IAA production by bacterial cultures was estimated by the 
colorimetric assay. Exponential-phase bacterial cultures 
(~  108  CFU/ml) were inoculated (1% inoculum) in LB 
broth containing tryptophan (50 μg/ml) and then incubated 
for 48 h at 28 ± 2 °C under shaking. After centrifuged at 
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10,000 rpm for 10 min, 1 ml of supernatant was transferred 
to a fresh tube followed by adding 2–3 drops of ortho-
phosphoric acid and 2 ml of Salper reagent (Gordon and 
Paleg 1957). The reaction mixture was incubated at room 
temperature for 30  min and the intensity of pink color 
was read at 530 nm by spectrophotometer. Auxins were 
quantified from the calibration curve prepared using pure 
IAA as standard and expressed as µg/mg protein.

Nitrogenase activity by acetylene reduction assay 
(ARA)

The nitrogen-fixing capacity of the test organisms was 
evaluated under microaerophilic conditions by ARA 
(Bergerson 1980). Semi-solid N-free malate medium (5 ml) 
in 30  ml glass test tubes was sterilized and inoculated 
(1% inoculum) with exponential-phase bacterial cultures 
(~  108 CFU/ml). For co-inoculation, each bacterial strains 
were inoculated at 0.5% inoculum level. The tubes were 
incubated under static conditions in an incubator at 37 °C 
for 72 h. Post-incubation, the cotton plugs in the tubes were 
replaced with surface sterilized Suba-seal septa and 2 ml 
of the air in each tube was replaced with pure acetylene 
followed by incubation at 37 °C for 24 h. 1 ml of gas sample 
was injected into the gas chromatograph fitted with flame 
ionization detector (FID) (Agilent 7890) to estimate the 
conversion of acetylene to ethylene. Nitrogenase activity 
was expressed in nmoles of ethylene/hr.

Siderophore production assay

Universal CAS assay of Schwyn and Neilands (1987) was 
used for estimating siderophore producing ability of the test 
bacterial strains. Qualitative estimation was done by spotting 
the bacterial cultures on CAS agar plates followed by incu-
bation at 28 ± 2 °C for 24–72 h. The appearance of orange 
to brown hallow around the colonies indicates siderophore 
production. Siderophore production was quantified in the 
supernatant obtained from the bacterial cultures grown in 
LB broth medium. The bacterial cultures were centrifuged 
at 10,000 rpm for 10 min. 0.5 ml of supernatant was mixed 
with 0.5 ml of CAS reagent and a decline in absorbance at 
630 nm was measured after 20 min (Murakami et al. 2021). 
The amount of siderophore produced in the culture was 
expressed in percent siderophore unit (psu) calculated using 
the following formula (Payne 1993):

where Ar represents the absorbance of the reference solu-
tion (CAS reagent mixed with un-inoculated medium), and 
As is the absorbance of the sample (CAS reagent mixed with 
bacterial culture supernatant).

psu (%) = (Ar − As)∕Ar × 100,

Zn solubilization assay

Modified Bunt and Rovira (1955) medium containing 
0.5 g/L of different zinc salts [ZnO,  Zn3(PO4)2] was poured 
in petri plates and spotted with 10 µl of log-phase bacterial 
cultures. The plates were incubated for 7 days at 28 ± 2 °C. 
The presence of transparent halo around the bacterial 
colonies indicated the zinc solubilization.

K solubilization assay

The bacterial cultures were spotted (10  µl) on the 
Aleksandrov (Aleksandrov et  al. 1967) agar medium 
containing potassium aluminium silicate as insoluble source 
of K. The petri plates were incubated for 7 days at 28 ± 2 °C 
and observed for the presence of transparent halo around 
the bacterial colonies which indicated the K solubilization.

Phosphate solubilization assay

The bacterial cultures were spotted (10  µl) on the 
Pikovskaya’s agar medium (Pikovskaya 1948) containing tri 
calcium phosphate as insoluble source of P. The petri plates 
were incubated for 7 days at 28 ± 2 °C and observed for the 
presence of transparent halo around the bacterial colonies 
which indicated the phosphate solubilization. Quantitative 
estimation for P solubilization was done in Pikovskaya’s 
broth. The test strains were inoculated and incubated at 
28 ± 2 °C for 72 h. To 1 ml of culture supernatant, 10 ml 
of ammonium molybdate was added in a volumetric 
flask and the volume was made up to 45 ml. After adding 
0.25 ml of chlorostannous acid, the volume in the flask was 
immediately made up to 50 ml. The blue color intensity 
of the solution was measured at 600 nm (Jackson 1973). 
The amount of soluble phosphate was determined from a 
standard curve prepared using  KH2PO4.

Antagonism against fungal pathogens

The antagonistic behavior of the bacterial strains was tested 
by dual culture method (Kumar et al. 2002). The fungal 
culture (3-mm disc) was inoculated at the center of PDA 
plate. The bacterial cultures were streaked 3 cm away from 
fungal disc near the periphery of the plates. The plates were 
incubated for 4–5 days. Observation on inhibition of fungal 
growth by the bacterial cultures was recorded.

Osmotic stress tolerance

Osmotic stress test was induced by adding mannitol (0, 
200, 400, 600, 800, and 1000 mM) in the LB agar medium. 
Mannitol-containing LB agar plates were spotted inoculated 
with bacterial cultures and the plates were incubated at 
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28 °C for 7 days after which the observation was taken for 
the presence/absence and extent of bacterial growth (Deeba 
et al. 2017; Grover et al. 2022).

Compatibility studies

For compatibility studies on solid medium, the log-phase 
cultures of Azospirillum and Bacillus spp. strains were 
streaked perpendicular to each other on the LB and Rojo 
Congo agar plates using an inoculation loop. The plates 
were incubated at 30 °C for 72 h. The plates were observed 
for growth inhibition zone between the Azospirillum and 
Bacillus cultures. For co-cultivation studies in broth, the 
selected bacterial strains were inoculated in LB broth at the 
rate of 1% inoculum (~  106 cells  ml−1) of individual and 
dual strains (Azospirillum and Bacillus) and incubated at 
28 ± 2 °C for 72 h. The cultures were serially diluted and 
appropriate dilutions were spread plated on Rojo Congo 
medium. The plates were incubated at 28 ± 2 °C for 48—72 h 
and observed for Azospirillum type (small, dry, and brick 
red) and Bacillus type (pale, mucoid, and spreading type) 
colonies.

Negative staining

Bacterial culture (25 µl) was placed on one end of a clean 
sterilized glass slide and 25 µl of 10% nigrosin solution was 
added to the culture and another slide was used to spread the 
drop to make a thin smear. The slide was air dried for 5 min 
and was viewed using bright field microscope (Zeiss Scope 
A1) under 40 × and oil emulsion.

Co‑cultivation and PGP traits

The effect of co-cultivation of compatible Azospirillum and 
Bacillus strains was studied on the expression of selected 
PGP traits in vitro. The procedures mentioned above were 
followed. For co-cultivations studies, the bacterial cultures 
of Azospirillum and Bacillus (~  108 CFU/ml each) were 
inoculated in 1:1 ratio to a final inoculum rate of 1%.

Seed germination and seedling growth assay

Seeds of pearl millet (Pusa composite 443) of uniform size 
and color were selected and were surface sterilized with 0.1% 
mercuric chloride solutions for 2 min followed by immers-
ing in 70% alcohol for 30 s. The seeds were washed thor-
oughly with sterile distilled water for 6–7 times and imbibed 
in culture broth (~  108 CFU/ml) of Azospirillum (AIM57) 
and Bacillus (IMSB1, AB4, RP24, IMBJ3, IMJ4, IMJ7, 
IMJ12 selected based on PGP traits) strains and their com-
binations (Azospirillum AIM57 + each strain of Bacillus) for 
60 min. For co-inoculation treatments, bacterial cultures of 

Azospirillum and Bacillus spp. strains were mixed in 1:1 ratio 
before imbibing the seeds. For control treatment, un-inocu-
lated sterilized LB medium was used. The imbibed seeds 
were then air dried in laminar air flow and placed aseptically 
on seed germination sheets soaked in distilled water (con-
trol) or solutions containing 10%, 20% PEG6000. Each sheet 
was loaded with 25 seeds and 3 replicates were maintained 
for each treatment. The sheets were incubated at 25 ± 2 °C 
in a BOD (Thermotech, L7003). The seed germination was 
recorded after 5 days and data on root and shoot length wERE 
recorded. Seedling dry weight was recorded after drying to 
constant weight at 60 °C. Visual observations on root hair 
density and lateral roots were also recorded.

Seedling vigor indices

Seedling vigor indices were calculated using the formula 
suggested by Abdul-Baki and Anderson (1972) and 
expressed as a whole number.

Molecular identification based on 16SrRNA gene 
sequence analysis

Genomic DNA from the log-phase bacterial culture raised 
in LB medium was extracted by GSure Bacterial Genomic 
DNA isolation kit (GCC BIOTECH). PCR amplification 
was done using 12.5 µl of 2X PCR master mix, I µM of 
forward primer PA (5′-AGA GTT TGA TCC TGG CTC 
AG-3′), I µM of reverse primer PH (5′-AAG GAG GTG 
ATC CAG CCG CA-3′), 3 µl of genomic DNA in a 30 µl 
reaction. A reaction without DNA was included as nega-
tive control for PCR amplification. Amplification was done 
under standardized conditions (initial denaturation 94 °C for 
3 min, 32 cycles of denaturation at 94 °C for 1 min, anneal-
ing at 52 °C for 1 min, extension at 72 °C for 2 min, and 
final extension at 72 °C for 8 min) using a 96-well thermal 
cycler (MyCycler™, Bio-Rad). The PCR product was elec-
trophoresed on 1.5% (w/v) agarose gel and viewed using 
gel-documentation system. The gel eluted PCR products 
was purified and sequenced by Barcode Biosciences, Banga-
lore, India. The forward and reverse sequences were aligned 
pairwise using AMBOSS Needle software online and contig 
obtained was blasted against the existing database (GenBank 
database) in NCBI-BLASTN to know the identity of the 
isolates. Test sequences and the closely matching sequences 
were aligned using ClustalW program and the evolutionary 

Seedling vigor index − 1(SVI − 1)

= Standard germination (%) × seedling length (cm)

Seedling vigor index − 2(SVI − 2)

= Standard germination (%) × seedling dry weight (mg)
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history of bacterial isolate was inferred using the neighbor 
joining method using MegaX (Kumar et al. 2018). The par-
tial 16S rRNA sequence was submitted to NCBI, GenBank 
and accession number was obtained.

Statistical analysis

The data were subjected to analysis of variance, and Tukey’s 
HSD was calculated using Indian NARS Statistical Comput-
ing portal. Data are presented as mean ± SE (error bars).

Results

Comparative assessment of individual Azospirillum 
and Bacillus spp. strains for in vitro PGP traits

Variations were observed among the bacterial strains with 
respect to number of PGP traits positive as well as in terms 
of their expression level (Table 1). IAA production among 
the Azospirillum and Bacillus strains ranged between 6.3 and 
34.94 µg/mg protein. Higher IAA production was observed 
in Azospirillum sp. strains as compared to Bacillus spp., 
with AIM57 showing highest IAA production among all 
the strains tested. Among the Bacillus spp. strains, IMJ12 
showed highest IAA production and was at par with IMSB1. 
All the strains were positive for siderophore production as 
indicated by the yellow halo around the colonies. The strains 
AB1 and IMJ4 showed the maximum siderophore produc-
tion. All the three Azospirillum strains were also able to 
produce siderophores comparable to the Bacillus strains 
IMSB1, AB4, RP24, and IMJ9.

When tested qualitatively on Pikovskaya’s agar medium, 
Bacillus spp. strains AB4, RP24, IMJ5, and IMJ7 showed P 
solubilization whereas rest of the strains were negative for P 
solubilization on Pikovskaya’s agar medium. Similarly, Bacil-
lus spp. strains, AB4 and IMJ7 could exhibit K solubiliza-
tion in vitro on Aleksandrov agar medium, whereas all other 
strains were found negative for K solubilization. Among 
the Bacillus spp. strains, except IMJ5 and IMJ10, all could 
solubilize ZnO with strain IMJ7 showing maximum ZnO 
solubilization followed by strain IMSB1 which was at par 
with AB3, AB4, RP24, and IMJ4. Among the Azospirillum 
strains, only AIM19 exhibited solubilization of ZnO. When 
 Zn3(PO4)2 was used as Zn source, none of the Azospirillum 
sp. strains showed solubilization. The Bacillus sp. strain IMJ7 
showed maximum solubilization of zinc phosphate followed 
by AB1 which was at par with AB4, IMJ9 whereas IMJ5 and 
IMJ10 showed no solubilization of zinc phosphate in vitro.

In vitro antagonism against fungal phytopathogens

Antagonistic ability of the test strain was assessed against 
selected six fungal phytopathogens by dual culture method 
on PDA medium. All the Azospirillum strains were negative 
for antifungal activity. The Bacillus strains IMSB1, RP24, 
IMJ4 were able to inhibit all the six test fungal pathogens, 
followed by AB3, IMBJ3 which were able to inhibit five of 
the test fungal pathogens. The strains IMJ9 and AB1 were 
able to inhibit four and three of the test fungal pathogens, 
respectively. The strains IMJ12, IMJ7, AB4 showed lesser 
inhibition potential than other strains and the strains IMJ10 
and IMJ5 showed no inhibition of any of the six test fungal 
pathogens (Table 2, Supplementary Fig. 1).

Table 1  PGP traits expressed by 
Azospirillum and Bacillus spp. 
strains in vitro

Values marked with different letters are significantly different from each other

Bacterial strain IAA (µg/mg protein) Siderophore 
production

Nutrient solubilization

Ca3(PO4)2 ZnO Zn3(PO4)2 K2O3Si

AIM19 21.89 ± 0.72B  +  + −  + − −
AIM38 22.59 ± 0.29B  +  + − − − −
AIM57 34.94 ± 1.84A  +  + − − − −
AB1 9.19 ± 1.08EF  +  +  +  + −  +  +  +  +  + −
IMSB1 12.98 ± 0.25C  +  + −  +  +  +  +  + −
AB3 12.45 ± 0.38CD  + −  +  +  +  + −
AB4 7.80 ± 0.39FG  +  +  +  +  +  +  +  +  +  +  + 
RP24 8.55 ± 0.51EF  +  +  +  +  +  +  +  + −
IMBJ3 9.08 ± 0.36EF  + −  +  +  + −
IMJ4 10.54 ± 0.42DE  +  +  +  + −  +  +  +  +  + −
IMJ5 8.30 ± 0.40FG  +  + − − −
IMJ7 6.30 ± 0.42G  +  +  +  +  +  +  +  +  +  +  +  + 
IMJ9 8.25 ± 0.73FG  +  + −  +  +  +  +  + −
IMJ10 7.42 ± 0.64FG  + − − − −
IMJ12 13.14 ± 0.21C  + −  +  +  + −
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Tolerance of bacterial strains to osmotic stress

All the three A. formosense strains exhibited luxurious 
growth on the medium amended with concentrations up to 
600 mM mannitol. The strains were able to grow at 800 and 
1000 mM concentrations also; however, reduction in growth 
was observed as compared to that at lower concentrations. 
The Bacillus spp. strains AB1, IMSB1, IMBJ3, and IMJ4 
showed luxuriant growth up to 1000 mM mannitol whereas 
the strains AB3, AB4, RP24, IMJ9 which showed luxuriant 
growth up to 800 mM mannitol showed slight reduction in 
colony size at 1000 mM mannitol and the strain IMJ7 that 

could grow efficiently up to 800 mM mannitol showed sig-
nificantly reduced growth at 1000 mM mannitol. The strains 
IMJ5, IMJ10, IMJ12 were able to grow only up to 400 mM 
mannitol concentrations beyond which the bacterial colony 
growth was reduced drastically (Table 3).

Compatibility studies

The compatibility as tested by streaking method indicated 
that all the tested Bacillus spp. strains (except IMJ9) were 
compatible with all the three A. formosense strains (Fig. 1). 
The Bacillus spp. strain IMJ9 showed inhibition of the 

Table 2  Antagonism exhibited 
in vitro by Azospirillum and 
Bacillus spp. strains against 
selected fungal phytopathogens

Bacterial Strain Fusarium solani Macrophomina 
phaseolina

Curvularia sp. Bipolaris sp. Magna-
porthe 
grisea

Alter-
naria 
alternata

AIM19 − − − − − −
AIM38 − − − − − −
AIM57 − − − − − −
AB1 −  +  +  + −  +  +  + −  + 
IMSB1  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 
AB3  +  +  +  +  +  +  +  +  +  +  +  + −  +  +  + 
AB4 − − − −  +  + −
RP24  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 
IMBJ3  +  +  +  +  +  +  +  +  +  +  +  + −  + 
IMJ4  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 
IMJ5 − − − − − −
IMJ7 − − − −  +  + −
IMJ9  +  +  + −  +  +  +  +  +  + −  +  +  + 
IMJ10 − − − − − −
IMJ12 − −  + −  +  +  + −

Table 3  Mannitol tolerance as 
expressed by Azospirillum and 
Bacillus spp. strains in vitro

Bacterial strain Mannitol concentration (mM)

0 200 400 600 800 1000

AIM19  +  +  +  +  +  +  +  +  +  + 
AIM38  +  +  +  +  +  +  +  +  +  + 
AIM57  +  +  +  +  +  +  +  +  +  +  + 
AB1  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 
IMSB1  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 
AB3  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 
AB4  +  +  +  +  +  +  +  +  +  +  +  + 
RP24  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 
IMBJ3  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 
IMJ4  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 
IMJ5  +  +  +  +  +  +  +  +  + 
IMJ7  +  +  +  +  +  +  +  +  +  +  + 
IMJ9  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 
IMJ10  +  +  +  +  +  +  +  +  + 
IMJ12  +  +  +  +  +  +  +  +  + 
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growth of AIM38 on both LB agar and Rojo Congo agar 
media indicating the incompatibility between the two strains.

The selected Azospirillum and Bacillus strains when co-
cultivated in LB broth for 48 h and plated on Rojo Congo 
plates showed the presence of both Azospirillum (small 
red colonies) type and Bacillus type (pale mucoid, spread-
ing type) colonies. However, Azospirillum type popula-
tion showed reduction under co-cultivation conditions as 
compared to individual Azospirillum culture. Similarly, 
Bacillus type population also showed decrease under co-
cultivation conditions as compared to respective individual 
strain culture, except for IMJ4 which showed higher popu-
lation under co-cultivation (Table 4). Another interesting 
observation was the presence of unique colony types with 
red center (Azospirillum type) and pale periphery (Bacillus 
type) indicating a mixed colony of two bacterial strains 
(Supplementary Fig. 2a). The mixed type colonies when 
streaked on Rojo agar plates showed both Azospirillum 
type and Bacillus type colonies (Supplementary Fig. 2b) 

indicating the compatibility between the strains of two dif-
ferent genera. The co-existence of the co-cultured strains 
was also confirmed microscopically by negative staining 
which showed the presence of both Azospirillum type and 
Bacillus type cells (Fig. 2).

Effect of co‑cultivation of Azospirillum and Bacillus 
spp. strains on PGP traits in vitro

Bacillus spp. strains showed IAA production in the range of 
7.50 to 16.28 µg/mg protein which was significantly lower as 
compared to that observed for A. formosense strains AIM57 
(36.55 µg/mg protein). IAA production under co-culture 
conditions ranged between 15.07 and 23.84 µg/mg protein 
for different combinations indicating that IAA production 
was in the middle range (lower than individual AIM57 cul-
ture, but higher than the individual cultures of respective 
Bacillus strains). The combination AIM57 + IMJ12 showed 
the highest IAA production followed by AIM57 + IMJ4 and 

Fig. 1  Compatibility between Azospirillum and Bacillus spp. strains on LB (a) and Rojo Congo (b) media

Table 4  Population of Azospirillum and Bacillus in individual and co-culture system as observed on Rojo Congo medium

Treatment Azospirillum type colony population 
(log10 CFU/ml)

Bacillus type colony population 
(log10 CFU/ml)

Mixed (Azospirillum + Bacillus) 
colony type population (log10 CFU/
ml)

IMSB1 − 7.79 −
RP24 − 8.28 −
IMJ4 − 7.76 −
AIM57 8.70 − −
AIM57 + IMSB1 7.40 7.30 7.79
AIM57 + RP24 7.48 7.30 6.60
AIM57 + IMJ4 7.00 8.40 −
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AIM57 + IMJ7 (Fig. 3a). The results indicated the contribu-
tion of both the strains in the production of IAA. Nitroge-
nase activity among the individual strains ranged between 
0.25 and 65.30 nmoles of ethylene/hr with AIM57 show-
ing the highest activity and the individual Bacillus spp. 
strains showing negligible ARA. The nitrogenase activ-
ity under co-cultured conditions ranged between 79.63 
and 123.65 nmoles of ethylene/hr with the combination 

AIM57 + IMJ4 showing the highest nitrogenase activity fol-
lowed by AIM57 + IMBJ3 and AIM57 + IMJ7, which was 
at par with AIM57 + IMJ12 (Fig. 3b). Phosphate solubiliza-
tion among the individual strains ranged between 2.60 and 
4.79 µg/mg protein with IMJ12 showing the highest activity. 
The phosphate solubilization under co-cultured conditions 
ranged between 3.11 and 8.74 µg/mg protein with the com-
bination AIM57 + IMJ12 showing the highest solubilized 

Fig. 2  Microscopic observations of negatively stained AIM57 (a) and AIM57 + IMSB1 co-culture (b)

Fig. 3  Effect of co-cultivation on PGP traits: IAA production (a), nitrogenase activity (b), P solubilization (c), siderophore production (d)
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phosphate followed by AIM57 + IMJ4. The results indi-
cated variation in the response of co-cultured combination; 
however, in majority of the co-inoculated combination, a 
positive effect in phosphate solubilization was observed 
(Fig. 3c). Siderophore activity among the individual strains 
ranged between 8.08 and 40.92 psu with AIM57 showing 
the highest activity and IMJ7 showing the least activity. 
The siderophore production under co-cultured conditions 
ranged between 40.62 and 48.95 psu showing significant 
increase over respective individual strains. The combina-
tion AIM57 + IMBJ3 showed the highest siderophore pro-
duction followed by AIM57 + IMSB1 which was at par with 
AIM57 + AB4. Under co-cultured conditions, the combina-
tion AIM57 + RP24 showed the least siderophore activity; 
however, it was significantly high than that of individual 
RP24 and was at par with that expressed by individual 
AIM57 strain (Fig. 3d).

Seed bioassay

Effect of individual and co‑inoculated bacterial treatments 
on seed germination and root traits

Effect of inoculation was observed on seed germination and 
related parameters under 0%, 10%, and 20% PEG condi-
tions (Fig. 4). Under 0% PEG, germination percent ranged 
between 82.67 and 98.67% with all the inoculated treatment 
showing positive effect on percent seed germination. How-
ever, variation was found among the treatments. Individual 
treatments with strains IMJ3, AIM57, RP24, and IMJ4 
showed significantly higher percent seed germination as 
compared to control. Co-inoculation improved germination 
over control as well as respective individual treatments (with 

exception of IMJ4 and IMJ7). Treatment AIM57 + AB4 fol-
lowed by AIM57 + RP24 showed highest % seed germina-
tion among all the treatments.

Similarly, positive effect of inoculation (individual and 
combined treatments) was observed on percent seed ger-
mination under 10% PEG conditions. All the inoculated 
treatments except AIM57 + IMJ12 showed significantly 
higher seed germinations as compared to un-inoculated 
control. Highest percent seed germination was observed in 
individual bacterial treatments IMJ4 and combined treat-
ments AIM57 + IMBJ3 and AIM57 + IMJ4. However, all 
the inoculated treatments were statistically at par. Signifi-
cant reduction in percent seed germination was observed 
with increasing stress level to 20% PEG. However, effect 
of inoculation was observed on percent seed germination. 
Among the individual treatments, IMJ4 showed highest per-
cent seed germination and treatment with AB4 and IMJ4 
showed significant reduction in percent seed germination 
under 20% PEG conditions. All other individual treatments 
were at par and non-significantly higher than the control 
treatment. Among the co-inoculated treatments, all except 
AIM57 + IMBJ3 showed higher percent germination over 
control treatment. Treatments with AIM57 + IMSB1, 
AIM57 + RP24, and AIM57 + IMJ4 were at par with each 
other and significantly higher than the control treatment.

Effect of inoculation was also visible on root hair den-
sity and number of lateral roots. Individual inoculation of 
Azospirillum strain AIM57 increased root hair density and 
number of lateral roots as compared to un-inoculated con-
trol. Inoculation with Bacillus spp. strains in general showed 
increased root length and increased number of lateral roots 
and branching. Co-inoculated treatments (AIM57 + IMSB1, 
AIM57 + RP24, and AIM57 + IMJ4) showed enhanced root 

Fig. 4  Seed germination as influenced by individual and combined bacterial treatments under different 0, 10, and 20% PEG6000 conditions
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hair density, increased number of lateral roots and root 
length as shown in (Supplementary Fig. 3). Higher stress 
level (20% PEG) showed visible negative effect on root traits 
in terms of reduced length and number of lateral roots that 
was observed. Inoculated treatments showed positive effect 
on root growth as compared to control.

Effect of individual and co‑inoculated bacterial treatments 
on seedling vigor indices

The SVI-1 calculated on the basis of percent seed 
germination and seedling length showed significant variation 
among the treatments (Table 5). Under 0% PEG conditions, 
all the treatments except AIM57 + IMJ7 showed positive 
effect on SVI-1 as compared to control treatment. Among 
the individual treatments, IMJ4 followed by IMJ7 and RP24 
showed highest SVI-1. Co-inoculation (with few exceptions) 
further improved SVI-1 over individual treatments with 
AIM57 + IMSB1 showing highest SVI-1 followed by 
AIM57 + IMJ4 and AIM57 + RP24.

Under 10% PEG conditions, un-inoculated control 
showed lowest SVI-1 among all the treatments. Among the 
individual treatments, RP24 showed highest SVI-1 followed 
by IMBJ3. Co-inoculation of AIM57 with Bacillus spp. 
strains further improved SVI-1. Treatment AIM57 + IMBJ3 
showed significantly highest SVI-1 among all the treatments 
and was followed by AIM57 + RP24 and AIM57 + IMSB1. 
Significant reduction in SVI-1 was observed under 20% 

PEG conditions as compared to 0 and 10% PEG conditions. 
However, inoculation with individual as well as combina-
tions improved SVI-1. Among the individual treatments 
except AB4, IMJ12, all the others showed positive effect 
with statistically significant effect. IMJ4 followed by RP24 
showed highest SVI-1. Among the co-inoculation treat-
ments, AIM57 + IMJ7 followed by AIM57 + RP24 and 
AIM57 + IMJ4 showed highest SVI-1.

The positive effect of inoculation was also observed 
on SVI-2 under 0, 10, and 20% PEG conditions with few 
exceptions (Table 6). Under 0% PEG conditions, IMSB1 
and IMBJ3 and RP24 were at par and significantly 
higher than control. Among the co-inoculated treatments, 
AIM57 + RP24, followed by AIM57 + IMJ4 and 
AIM57 + IMSB1 were found best in terms of SVI-2. Similar 
trends were observed under 10% PEG with IMJ4, IMBJ3, 
IMSB1 showing highest values among the individual 
treatments and treatments AIM57 + AB4, AIM57 + IMJ4, 
and AIM57 + IMJ12 showing highest SVI-2 among the 
co-inoculated treatments.

Significant reduction in SVI-2 was observed under 20% 
PEG conditions; however, effect of inoculation was observed 
for both individual as well as combined inoculation treat-
ments with few exceptions. Among the individual treat-
ments, IMJ4 followed by IMJ7 and RP24 showed highest 
SVI-2, whereas co-inoculation treatments AIM57 + RP24, 
AIM57 + IMSB1, and AIM57 + IMJ4 showed highest SVI-2.

Table 5  Seed vigor index I as influenced by individual and combined 
bacterial treatments

Strain 0% PEG 10% PEG 20% PEG

AIM57 1128.4 ± 27.60 1159.2 ± 40.77 235.07 ± 19.27
IMSB1 1129.33 ± 10.57 1240.93 ± 35.50 279.07 ± 12.22
AB4 1154.93 ± 23.07 1283.07 ± 12.37 166.93 ± 10.48
RP24 1190.67 ± 26.28 1328.53 ± 29.79 338.8 ± 15.86
IMBJ3 1179.6 ± 15.14 1312.67 ± 10.27 322.4 ± 25.60
IMJ4 1281.47 ± 27.80 1081.6 ± 21.62 353.87 ± 16.06
IMJ7 1274.8 ± 32.21 1195.33 ± 26.35 338.4 ± 5.89
IMJ12 1092.53 ± 35.36 1243.07 ± 20.01 205.47 ± 19.33
AIM57 + IMSB1 1377.73 ± 10.52 1369.6 ± 15.27 336.8 ± 24.65
AIM57 + AB4 1184.4 ± 31.80 1351.87 ± 20.17 262.53 ± 2.94
AIM57 + RP24 1239.47 ± 21.01 1432.27 ± 23.58 315.47 ± 5.59
AIM57 + IMBJ3 1155.87 ± 40.70 1529.2 ± 31.82 197.2 ± 31.83
AIM57 + IMJ4 1354.4 ± 4.40 1327.73 ± 56.65 298.8 ± 11.57
AIM57 + IMJ7 896.8 ± 11.98 1069.6 ± 8.21 321.87 ± 17.12
AIM57 + IMJ12 1151.47 ± 29.55 1217.6 ± 31.49 298.67 ± 27.41
Control 1073.84 ± 34.63 1011.33 ± 30.12 174.93 ± 13.83
CD (p < 0.05) 73.73 81.10 49.64

Table 6  Seed vigor index II as influenced by individual and com-
bined bacterial treatments

Treatment 0% PEG 10% PEG 20% PEG

AIM57 0.64 ± 0.01 0.69 ± 0.01 0.39 ± 0
IMSB1 0.66 ± 0.01 0.71 ± 0.01 0.40 ± 0.03
AB4 0.62 ± 0.01 0.69 ± 0.01 0.27 ± 0.02
RP24 0.66 ± 0.01 0.66 ± 0.01 0.42 ± 0.06
IMBJ3 0.66 ± 0.01 0.71 ± 0.02 0.41 ± 0.01
IMJ4 0.62 ± 0.02 0.74 ± 0.02 0.44 ± 0.04
IMJ7 0.65 ± 0.01 0.70 ± 0.01 0.42 ± 0.01
IMJ12 0.56 ± 0.01 0.69 ± 0.01 0.34 ± 0.04
AIM57 + IMSB1 0.68 ± 0.02 0.75 ± 0.01 0.43 ± 0.01
AIM57 + AB4 0.68 ± 0.01 0.79 ± 0.01 0.34 ± 0.02
AIM57 + RP24 0.69 ± 0.02 0.74 ± 0.01 0.43 ± 0.02
AIM57 + IMBJ3 0.64 ± 0.01 0.71 ± 0.01 0.34 ± 0.02
AIM57 + IMJ4 0.68 ± 0.01 0.76 ± 0.01 0.43 ± 0.02
AIM57 + IMJ7 0.64 ± 0.02 0.70 ± 0.01 0.42 ± 0.01
AIM57 + IMJ12 0.67 ± 0.01 0.76 ± 0.02 0.42 ± 0.01
Control 0.63 ± 0.01 0.65 ± 0.01 0.36 ± 0.01
CD (p < 0.05) 0.02 0.02 0.04
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Molecular identification of the strain IMSB1

Among the strains showing promising results in seed 
bioassay, the strain IMSB1 was not identified previously; 
hence, molecular characterization of this strain was done. 
The PCR amplification of 16SrRNA gene sequence resulted 
in 1500 bp amplified product. The product was sequenced 
and the contig prepared (1484 bp), when blasted in the 
NCBI Nucleotide BLAST database of 16S rRNA sequences 
of Typed strains, showed that strain IMSB1 has maximum 
identity (99.66%) with Bacillus subtilis strain SBMP4 (NR 
118,383.1). Phylogenetic tree constructed with closest 
match sequences showed that IMSB1 and SBMP4 were 
grouped together in a separate clade from other reference 
sequences indicating their close evolutionary relationship 
(Supplementary Fig. 4). Partial 16SrRNA gene sequence of 
Bacillus subtilis strain IMSB1 has been submitted to NCBI 
under the Accession number OP012865.

Discussion

The present study explored the possibilities of using 
Azospirillum–Bacillus associations for synergistic effects on 
plant beneficial traits. Azospirillum spp. are Gram negative, 
non-fermentative, microaerophilic, associative symbiotic 
nitrogen-fixing bacteria. The most important PGP traits 
identified in Azospirillum spp. include biological nitrogen 
fixation and phytohormones production; additionally, 
phosphate solubilization, siderophore production, and 
antagonism has also been observed in some strains (Cassan 
et al. 2020). In the present study, biological nitrogen fixation, 
IAA production, and siderophore production were recorded 
as prominent traits of A. formosense strains. Bacillus spp. 
strains showed IAA production, siderophore production, 
nutrient (P, Zn, K) solubilization as prominent traits, 
however, with variation among the tested strains with 4, 
10, and 2 strains exhibiting P, Zn, and K solubilization, 
respectively, and majority (ten) of strains exhibiting 
antagonism. Interestingly, Bacillus spp. strains IMSB1, 
RP24, IMJ4 could inhibit all the six tested fungal pathogens. 
The biocontrol potential of Bacillus spp. strains against plant 
pathogens including bacteria, fungi, nematodes, viruses, and 
pests in plants and agricultural lands, by producing cell-
wall-degrading substances, like chitosanases, glucanases, 
cellulases, proteases, lipopeptides, and hydrogen cyanide, 
etc., is well documented (Radhakrishnan et  al.  2017). 
Variation in the PGP traits expressed by strains belonging to 
different genera and/or species has been observed commonly 
and these variations in PGP traits indicate the prospects of 
using combinations of PGP strains for additive/synergistic 
effects on plants (Kuan et al. 2016; Ribeiro et al. 2018; 
Santoyo et al. 2021; Bagheri et al. 2022).

The use of PGP strains with ability to tolerate abiotic 
stress is advantageous under stressful conditions (Grover 
et al. 2021, 2022). Therefore, the bacterial strains expressing 
PGP traits were also evaluated for in vitro osmotic stress 
tolerance. All the three Azospirillum strains were able to 
grow efficiently on the media with up to 600 mM mannitol 
above which the growth started to reduce although growth 
was observed even at 800 and 1000 mM mannitol. The 
Bacillus strains AB1, IMSB1, IMBJ3, IMJ4, RP24, AB3, 
and AB4 showed luxuriant growth up to 1000 mM mannitol. 
The bacteria possessed various traits like exopolysaccharide 
production, osmolyte accumulation, etc., that help in their 
survival under unfavorable conditions (Sandhya et  al. 
2009; Ilyas et  al. 2020; Jayasurya and Grover 2022). 
Moreover, members of genus Bacillus also have spore 
forming ability whereas azospirilla exhibit cyst formation 
under unfavourable conditions. Both the traits can help 
the microbes in escaping adverse conditions, thus their 
application is advantageous for stressed ecosystems.

However, the strains used for combined inoculation must 
be compatible with each other. Some metabolites secreted 
by an organism (energy source, growth factors, etc.) may 
have positive effect of the growth of neighboring populations 
whereas others (for example, antimicrobials) may inhibit 
the growth. The negative effect of co-inoculation has been 
reported in few studies. For example, co-inoculation of 
Rhizobium sp. strain with Azospirillum sp. strain in clover 
prevented the nodule formation. It was observed that 
Azospirillum by colonizing the root hair blocked the sites 
for the Rhizobium to cause infection and develop nodules 
(Plazinski and Rolfe 1985). However, in the present studies, 
all (except IMJ9) Bacillus spp. strains were compatible 
with the A. formosense strains indicating their possible use 
together.

The co-culturing effect of selected Azospirillum (AIM57) 
and Bacillus spp. strains (IMSB1, AB4, RP24, IMBJ3, 
IMJ4, IMJ7, and IMJ12) was studied on selected PGP 
traits in vitro. It was observed that the IAA production in 
co-culture was higher than the individual Bacillus strain but 
lower than that expressed by AIM57, indicating contribution 
from both the partners. Bagheri et al. (2022) investigated 
the in vitro synergistic interactions between Azospirillum 
and Bacillus strains and found that Azospirillum produced 
the highest IAA in a monoculture as compared to Bacillus 
monoculture or Azospirillum + Bacillus co-culture. 
However, IAA production in co-culture system was 
higher than the Bacillus monoculture. Similarly, an 
increase in phosphate solubilization was observed under 
co-culture indicating synergistic interaction between 
the two strains. Similar results have been observed in 
previous studies. El-Komy (2005) co-mobilized two 
P-solubilizing bacteria, Bacillus megaterium (higher 
solubilization efficiency) and Azospirillum lipoferum strain 
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137 (lower solubilization efficiency) in alginate and agar 
and found better P solubilization than the separate strains, 
indicating synergistic interactions between the strains. 
Similarly, Ribeiro et al., (2022) observed the synergistic 
effect of Bacillus and Azospirillum strains on phosphate 
solubilization efficiency and suggested the production of 
organic acids by both the co-inoculated strains for better P 
solubilization. Similar effects were observed on siderophore 
production with majority of co-culture combinations 
showing higher siderophore production as compared to 
respective mono-cultures. Best co-culture treatment was 
AIM57 + IMBJ3 which was at par with AIM57 + IMBS1 
and AIM57 + AB4. Enhanced siderophore production under 
co-culture may indicate competition among the strains; 
however, as bio-inoculants, it can be advantageous for the 
host plant for better iron nutrition and also in competition 
with other rhizosphere microorganisms (Crowley 2006). A 
significant increase in nitrogenase activity observed under 
co-culture conditions indicated synergistic effect of non-
nitrogen fixing Bacillus spp. strains on nitrogen-fixing A. 
formosense strain AIM57. Drozdowicz and Santos (1987) 
were among initial workers to report interaction in vitro 
between Azospirillum and Bacillus. They reported that 
co-culturing Bacillus with Azospirillum had stimulatory 
effect on the nitrogenase activity of Azospirillum in the 
mixed culture. Holguin and Bashan (1996) investigated the 
interaction of a non-nitrogen-fixing strain of Staphylococcus 
sp. obtained from mangrove rhizosphere with a nitrogen-
fixing A. brasilense sp. strain. It was observed that when 
cultivated in co-culture, A. brasilense was capable of 
fixing more nitrogen than when grown individually. 
The aspartic acid generated by Staphylococcus sp. in 
the medium was found to be associated with increased 
nitrogen-fixing efficiency of A. brasilense, however only in 
a concentration-dependent way. The observations in present 
study also indicate the role of Bacillus strains in providing 
some favourable conditions like providing some suitable 
metabolites or creating microaerophilic conditions for 
nitrogen fixation by Azospirillum strains, which is a matter 
of further investigation. The studies on synergistic effect of 
Azospirillum spp. and Bacillus spp. are limited, but clearly 
indicate the potential of combined use of the two PGPR for 
maximizing the effects in terms of plant beneficial traits.

The use of synergistic microorganisms can be a suitable 
and sustainable strategy for improving the productivity of 
crops like pearl millet grown in stressed ecosystems. There-
fore, the selected combinations were evaluated for the inocu-
lation effect on seed germination and vigor indices. Polyeth-
ylene glycol with a high molecular weight has been utilized 
to induce moisture deprivation stress in vitro (Kaufmann and 
Eckard 1978). In the present study, the seedling germination 
assay revealed that bacterial inoculation had a positive effect 
on seed germination, seedling length, and dry biomass. The 

seed germination percent and seed vigor indices were not 
much affected at 10% PEG6000; however, significant reduc-
tion was observed under 20% PEG6000 when compared with 
0% PEG6000. Under 20% PEG conditions, AIM57 + IMSB1, 
AIM57 + RP24, and AIM57 + IMJ4 showed highest percent 
germination among the co-inoculation treatments. Seed vigor 
indices calculated based on seedling length, dry weight, 
and percent seed germination showed variation among the 
treatments and positive effect of inoculation was observed 
in both single and co-inoculation treatments. The co-inoc-
ulation treatments AIM57 + IMSB1, AIM57 + IMJ4, and 
AIM57 + RP24 performed well and showed higher seed 
vigor indices under all the PEG conditions and also showed 
higher root hair density and lateral roots as observed visu-
ally and under the microscope. Negative effect of moisture-
deficit stress on seed germination and seedling growth is well 
reported (Jamil et al. 2006). Inoculation with Azospirillum 
has been shown to promote the number and length of root 
hair and lateral branches; however, it is has inhibitory effect 
on elongation of main primary root (Cassan et al. 2020). We 
also observed in our study that inoculation with Azospirillum 
boosted root hair density and lateral roots, whereas inocu-
lation with Bacillus improved the root length and branch-
ing. Co-inoculation of Azospirillum and Bacillus showed 
improvement in both root hair density and root length. The 
improvement in root traits which can be related with the bac-
terial IAA production increases the plant's access to water 
and nutrients stored in deeper layers of soil, and the accu-
mulation of solutes including sugars and free amino acids, 
which help in maintaining the cellular structure (Saharan 
and Nehra 2011; Hungria et al. 2015). Ilyas et al (2020) 
reported that co-inoculating wheat seeds with B. subtilis 
(MT742976) and A. brasilense (MT742977) improved seed 
germination, seedling vigor index, and promptness index by 
18.2%, 23.7%, and 61.5%, respectively, under 20% PEG6000. 
They also reported the synergistic effect of bacterial strains 
co-inoculation on plant growth and physiological attributes 
indicating the potential of synergistic interactions in allevi-
ating abiotic stress in crop plants. Although pearl millet is 
drought tolerant and is generally grown in low rainfall areas 
where other cereals like maize and sorghum cannot grow, its 
yield suffers greatly when water is insufficient. Drought stress 
is a major constraint on crop output since it affects nearly 
all plant activities (Shao et al. 2007). As a result, microbial 
interventions for combating water deficit circumstances in 
pearl millet can prove to be a boon for sustainable production.

To conclude, the study revealed in vitro compatibility 
between Azospirillum and Bacillus spp. strains and illus-
trated their synergistic effects on PGP traits. The synergis-
tic effect of co-cultured Azospirillum and Bacillus strains 
on PGP traits indicate metabolic interplay between the 
two strains which needs to be understood. The co-inocu-
lation of Azospirillum + Bacillus spp. strains illustrated the 
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stimulatory effect in terms of seed germination and vigor 
index under moisture-deficit stress, thus has potential for 
developing a bacterial consortium for cereals and millets 
cultivated under drought-affected agro-ecosystem with 
reduced inputs of chemical nitrogen.
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