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Abstract
The current study was undertaken to determine the ability of different carrier materials for sustaining the viability of microbial 
consortium during storage. Different bioformulations consisting of carrier material and microbial consortium were prepared 
and examined for viability and stability for one year stored at 4 °C and ambient temperature. Total 8 bio-formulations were 
prepared consisting five economically viable carriers (gluten, talc, charcoal, bentonite, broth medium) and a microbial con-
sortium. In present study, maximum enhanced shelf-life of consortium based on colony forming unit count were recorded 
for talc + gluten based (B4) bioformulation (9.03  log10 cfu/g) over other bio-formulations stored for 360 days. Furthermore, 
the pot experiments was conducted to evaluate the efficacy of B4 formulation on growth of spinach in comparison with 
recommended dose of chemical fertilizer, uninoculated and no amendment control. The results depicted that B4 formulation 
increased biomass (176–666%), leaf area (33–123%), chlorophyll content (131–789%) and protein content (68.4–94.4%) 
of spinach over controls. Further B4 application significantly increased the nutrients like available nitrogen (131–475%), 
phosphorus (75–178%) and potassium (31–191%) of pot soil along with noteworthy improvement in root colonization as 
evident from scanning electron microscope analysis in comparison to controls at 60 days after sowing. Therefore, exploiting 
B4 formulation can serve as the environmentally sound approach to enhance the productivity, biomass and nutritional value 
of spinach. Thus, Plant growth promoting microbes-based formulation can be the novel paradigm to improve the soil health 
and eventually the crop productivity in economical and sustainable manner.

Keywords Bioformulation · Carrier materials · Microbial consortium · Plant growth-promoting microbes · Shelf life · Cell 
viability

Introduction

To meet the food needs of growing population there is over-
use of chemical fertilizer that hardly support the plant growth 
by leaching into surface water. The most possible alternatives 
to chemical fertilizers are the use of plant growth promoting 
microorganisms (PGPM) that can promote nutrient uptake 
by plants and protect them from adverse environmental 
conditions (Szopa et al. 2022). Inoculation of microbes for 
crop protection, growth and productivity is not a new con-
cept (Bashan et al. 2014), but inoculation of monocultures 

under field conditions are not showing promising results due 
to the poor adaptability of microbial inoculants to changing 
environmental conditions (Mishra et al. 2021). The consor-
tial formulations have multiple benefits to plant growth as it 
increases the population size and function of the inocula with 
many compatible microbes (Amalraj et al. 2015). Some other 
studies have showed that adaptability of the microbial inocu-
lation could improve in the consortia based microbial com-
munities (Vassilev et al. 2015; Khan et al. 2017). Microbial 
consortia proved more competent with a broad spectrum of 
action without genetic engineering towards crop productiv-
ity and plant health (Zahir et al. 2018; Ma 2019; Mishra and 
Sing 2022). Microbial consortia can perform better in different 
soils, as they can adapt in diverse range of climatic conditions 
with multiple inputs of root colonization, disease resistance, 
metabolite production, nutrient solubilization and antibiotic 
productions etc. (Elkoca et al. 2010; Upadhyay et al. 2012). 
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The low microbial viability of the bioformulations during stor-
age, marketing and application are the major concerns of its 
adoptability at large scale in the biofertilizer market. Due to 
ever changing soil environment, the population of PGPM starts 
declining after its application in the rhizospheric niche (Roy 
et al. 2010; Szopa et al. 2022) as their density in the rhizos-
phere depends on various factors like soil moisture, soil tem-
perature and carriers etc. (Shilpa and Brahmaprakash 2016).

Carrier materials supports the growth and delivery of 
microbes to the rhizosphere and have potential to protect its 
competitive strength with other endemic microbes, soil pH 
and availability of organic carbon in soil (Brahmaprakash 
and Sahu 2012). Carrier materials may be organic (e.g., 
compost, peat, biogas slurry, crushed corn cob) or inorganic 
(e.g., zeolite, talc, perlite) in nature (Gunjal et al. 2012). For 
the preparation of good biofertilizer, carrier suitability is 
mainly studied to check the ability of carriers for offering 
a desirable micro-environment that can enhance the shelf 
life and effectivity of microbial strains introduced into the 
soil. The performance of carrier material varies accord-
ing to strains, so there is no universal carrier identified for 
microbe-based formulations.  Abd El Fattah et al. (2013) 
revealed that carrier-based microbial formulations are highly 
efficient due to their ease of handling and long-term preser-
vation. Few carrier materials such as plant by-products, coal, 
talc, agricultural waste, organic waste and bentonite have 
been previously used to assess microbial shelf life but could 
not get proper recognition for its market value (Brockwell 
and Bottomley 1995; Stephens and Rask, 2000). Likewise, 
rhizospheric application of liquid microbial inoculum fails to 
increase the productivity and growth of crops due to certain 
factors. Short shelf life and contaminations are major bot-
tlenecks in the commercialization of microbial bioformula-
tions. In order to commercialize the technology, inoculums 
viability in an appropriate formulation for longer duration 
is very important. Satisfactory cfu of microbes for a carrier 
material is  107  cfug−1 of the carrier as recommended by 
Sethi and Adhikary (2012). Therefore, the selection of an 
appropriate carrier material for biofertilizer market is one 
amongst the important strategies towards sustainable agri-
culture. Thus, the present study was attempted to exploit the 
locally available carrier materials and potent microbial con-
sortia that not only assist in improving the soil fertility and 
nutritional value of plants but also the viability and stability 
of bio-formulations for longer duration.

Methodology

Collection of microbial strains and compatibility test

In the present study seven pre-isolated and good plant 
growth promoting characterized microbial strains (Bacillus 

filamentosus RS3B, B. pseudomycoides RS6B, B. para-
mycoides RPB3, Alcaligenes faecalis RS10B, Aspergillus 
luchuensis RS6F, A. tamarii RS8F, and Trichoderma lixxi 
TvR1) (Sachdev and Singh 2018; Maddhesiya et al. 2021) 
were obtained from departmental laboratory (research group 
of Prof. Rana Pratap Singh). The compatibility of microbial 
strains with each other were tested based on the formation 
of inhibition zone or overlapping growth between the paired 
cultures. The bacterial and fungal compatibility were tested 
on nutrient agar (NA) and potato dextrose agar (PDA) media 
by spot inoculation and disc placement (James and Mathew 
2017) respectively while a modified agar media (Hi-Media) 
was used to assess the compatibility between bacterial- fun-
gal strains following the methods described by Mishra et al. 
(2021). Based on PGP traits (ammonia production, indole 
acetic acid (IAA) production, phosphate solubilization, 
nitrogen solubilization, potassium solubilization, hydrogen 
cyanide (HCN) production and siderophore production), and 
compatibility test, a consortium of seven microbial strains 
was used for the preparation of carrier-based formulation.

Selection and Physico‑chemical characterization 
of carrier material

Four different carrier materials like gluten, talc charcoal, 
bentonite and their different combination were used [Glu-
ten (C1), Talc (C2), charcoal (C3), Talc + gluten (C4), char-
coal + gluten (C5), talc + charcoal + gluten (C6), bentonite 
(C7) and broth medium (C8)] to support the growth and 
nutrition of microbial inoculate during storage and appli-
cation. All the selected carrier materials were purchased 
from G-1082 basement Sushant Lok-2 sector 57 Gurugram 
Haryana, 122011 IN and HiMedia Lab Pvt. Ltd, Mumbai, 
India. The pH and water holding capacity (WHC) of each 
carrier material were determined by following the meth-
ods of Maheshwari et al. (2015). Available nitrogen (AN), 
available phosphorus (AP), available potassium (AK) and 
organic matter (OM) percentage were estimated following 
the method described by Sohaib et al. (2020).

Preparation of carrier‑based granular formulations

Initially, all the carrier materials and their combination were 
processed (dried, ground, sieved and sterilized) by follow-
ing method of Tripathi et al. (2015). The granular biofor-
mulations were prepared with the help of processed carrier 
materials and selected PGPM consortium following protocol 
given by  Abd El Fattah et al. (2013). Carrier materials like 
talc + gluten (C4) and charcoal + gluten (C5) were mixed 
in the ratio of 3:1, while talc + charcoal + gluten (C6) were 
mixed in 1:1:1 ratio under asceptic conditions. Freshly cul-
tured microbial consortium (1 ×  109 CFU/ml) were used for 
the development of carrier based granular bioformulation 
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(2:1 ratio; 100 g carrier and 50 ml inoculum) by following the 
methods of Kumar et al. (2014). Subsequently, the mixtures 
were kneaded between the fingers, granulated (using Dolphins 
granular maker) and were spread in trays covered with thin 
plastic films for a period of 48–72 h for curing, at 25 ± 1 °C. 
After curing, the formulations were sealed in low density, flex-
ible, sterilized polythene bags leaving two-third vacant space 
for proper aeration (Maheshwari et al. 2015). Prepared bio-
formulations were stored at two different temperatures (4 °C 
and ambient temperature (AT) for 1 year to evaluate microbial 
viability in carrier materials (Tamreihao et al 2016).

Shelf‑life assessment of microbial consortium

The microbial population in all the bioformulations was 
estimated by the standard plate count method. 1 g(g) sam-
ples from each bio-formulations at different time intervals 
were suspended in 9 mL of sterile distilled water and serially 
diluted upto  10–9. The number of colonies forming units 
(cfu) of microbial strains were recorded by following the 
method of Shilpa and Brahmaprakash 2016.

Inoculation of plants with selected bioformulations

Dose optimization

Based on viability of microbes in formulations, the for-
mulation containing maximum number of viable cells was 
selected and evaluated for dose optimization with spinach in 
plastic pots (10 × 4x4 cm). Each pot was filled with 1000 g 
of non-autoclave soil. Different doses of bioformulation i.e., 
5 g, 10 g, 15 g and 20 g/pot was added to the soil in the 
pot while one pot was kept as non-treated soil respectively. 
All dosage were layered following the ‘‘sandwich model’’ 
(Varma and Scheupp 1994). Spinach seeds were surface 
sterilized by following methos of Bakhsh et al. (2016). Steri-
lized seeds were germinated on water agar plates (1% agar 
in distilled water) and germinated seedlings were transferred 
in to the pots (5 seedlings/pot). The pots were irrigated with 
tap water on alternate days.

Growth parameters viz., shoot and root length (cm), shoot 
and root fresh and dry biomass(g) were recorded at 30 days 
after transplantation (See Section"Assessment of biofor-
mulations"). Based on highest plant growth and biomass of 
spinach over control, 5 g/pot of bioformulation was selected 
for further application.

Assessment of bioformulations

Experimental design

Experiment was conducted in triplicates in earthen pots, dur-
ing the months of October -December for two consecutive 

years (2020 and 2021). and pots were arranged randomly 
in three blocks under open greenhouse conditions (Inos-
troza et al. 2016) at Environmental Science Research Sta-
tion, Babasaheb Bhimrao Ambedkar University, Lucknow, 
India (26° 72 E, 80° 85 N). Sandy loam soil (pH 7.8, EC 
5.4 ds/m, organic matter (OM) 0.12%, available nitrogen 
(AN) 16.67 mg/kg, available potassium (AK) 70.61 mg/
kg, available phosphorus (AP) 4.7 mg/kg, alkaline phos-
phatase (ALkP)12.10 µg/g, soil microbial biomass carbon 
(SMBC) 108 µg/g) was collected from the non- agricultural 
land from the premises of BBA University, Lucknow, Uttar 
Pradesh. The soil was mixed thoroughly before the experi-
ment and 7 kg of non-autoclaved soil was filled in earthen 
pots (45 × 15x15cm). The maximum to minimum atmos-
pheric temperature range during the period was 25 °C and 
18 °C. There was total six different treatments included in 
the study i.e., freshly prepared granulated bioformulation 
(T1), one-year stored bioformulation (T2), Freshly prepared 
inoculated broth medium (T3), non-inoculated carrier mate-
rial (T4), recommended dose of chemical fertilizer (T5) and 
non- treated soil only(T6). Approximately, 34 g (0.5% based 
on optimization) of one year stored and freshly prepared 
granulated bioformulations were added to each pot. The 
bioformulation was added once into the soil (at the time of 
sowing). The surface-sterilized seeds using 3% hydrogen 
peroxide solution (Bakhsh et al. 2016) were sowed in pots 
(10 seeds per pot) and 6 saplings per pots were maintained 
by thinning after germination for homogeneity. The pots 
were irrigated on alternate days, and weeding removal as 
per requirement was done.

The crop was harvested after 60 days after sowing (DAS) 
and their root and shoot length were measured by using 
meter scale. Freshly harvested plants were washed by run-
ning tap water to remove soil and dust particles then roots, 
stems and leaves were separated. Uniform leaf area was 
collected from each treatment by Image J software (Wayne 
Rasband NIH, http:// imagej. nih. gov/ ij/ index. html) Vitale 
et al. (2020) and their fresh weight (g) and dry weight was 
taken by following the method described by Seymen (2021). 
Estimation of biochemical parameters i.e., chlorophyll, 
carotenoids and protein content were done by following the 
methods described by Mastan et al. (2019).

The study of microbial colonization on roots was carried 
out with a scanning electron microscope (SEM) (JEOL, JSM 
6490 LV). For colonization assays, roots were gently washed 
three times with sterile distilled water to remove unbound 
microbes from the root surface before microscopic observa-
tion. (Gomez et al. 2018). Roots were cut into transverse 
section to observe colonies on root surface. Small sections of 
root samples were glued to a double-sided conductive carbon 
tab stuck on a standard vacuum-clean stub.

Soil samples were collected from each earthen pot 
at the depth of 10  cm before the plantation and after 

http://imagej.nih.gov/ij/index.html
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harvesting of seedlings. Soil samples were homogenized 
manually and sieved (2 mm sieve) to remove concrete and 
other debris. Soil was oven-dried at 65 °C temperature 
(for 24 h), for physico-chemical analysis while fresh and 
moist soil was used to analyze microbial and enzymatic 
activities. The physico-chemical properties including pH, 
electrical conductivity, available nitrogen (AN), phos-
phorus (AP) and potassium (AK), organic carbon, alka-
line phosphatase (ALkP), soil microbial biomass carbon 
(SMBC) of the soil were estimated by following standard 
methods of Jackson (1973). Increased physio-chemical 
and enzymatic parameters of the post-harvest soil with 
respect to pre-sowing soil (control) were used to deter-
mine the fertility of the cultivated soil.

Statistical analysis

Statistical analysis of the data was done using MS Excel 
and IBM SPSS statistics 20. Data were analysed by one-
way analysis of variance, and mean values were compared 
using Duncan’s multiple range test (P < 0.05). Signifi-
cance of the data was calculated by Duncan multivariate 
test (DMRT) in which data indicated by the same letters 
in a column is not significantly different.

Results

Based on PGP traits and compatibility, seven PGPM as a 
consortium were mixed in different carrier materials for 
the preparation of a promising biofertilizer to the existing 
soil condition as well as crop growth and production. The 
findings of the study are as follows.

Physico‑chemical properties of carrier materials

The pH values of all the carrier materials were recorded in 
between 6.2 to 7.3 which is reported optimal and suitable 
for PGP microbial species. The results depicted that highest 
pH was observed in case of C3 (7.3) and lowest pH in case 
of C1 and C7 (6.2). The average EC of carrier materials 
ranged from ~ 2.34 ± 0.22 to 4.25 ± 0.34  dSm−1. The EC of 
carrier materials shows the amount of soluble salts present, 
and these salts can undoubtedly affect the activities and lon-
gevity of inoculants. Most of the carrier materials were rich 
in carbon, nitrogen, potassium and phosphorus. The results 
of the current study shows that Organic matter (OM) con-
tent in selected carriers ranged between 0.73 and 4.2% and 
maximum OM was reported in C4. While available nitrogen 
(AN) varied from 58.3 to 125 mg/kg and highest AN was 
shown by C4. Similarly available phosphorus (AP) ranged 
from 1.46 to 5.3 mg/kg with highest in C5, whereas, avail-
able potassium (AK) was ranged between 16.5 to 197 mg/
kg with highest in C1 (Table 1). The water holding capacity 
(WHC) of the carrier materials varied from 27 to 76% and 
C4 shows the maximum WHC (76%).

Shelf life of consortium in carrier‑based 
bioformulations at different temperatures

In the present study, viability of the consortium was main-
tained in granular formulation containing 8 economically 
viable carriers for 360 days. Among all, B4 proved to be the 
most suitable carrier material in supporting the viability of 
consortium (Figs. 1, 2). For B4 bioformulation, the popula-
tion density of 9.09, 9.09, 9.08, 9.06, 9.05 and 9.03  log10 
cfu/ g of bioformulation was observed to sustain at 60, 120, 
180, 240, 300 and 360 days after inoculation (DAI) respec-
tively at 4 °C. At ambient temperature it was 9.09, 9.10, 
9.10, 9.05, 9.05 and 9.03  log10 cfu/g of bioformulation at 60, 

Table 1  Physicochemical properties of carrier materials

AN available nitrogen, AP available phosphorus, AK available potassium, OM organic matter, WHC water holding capacity, mg/kg milligram 
per kilograms, % percentage, EC Electrical conductivity, ds/m desicimen per meter, C1 gluten, C2 talc, C3 charcoal, C4 talc + gluten, C5 Char-
coal + gluten; C6 = Charcoal + gluten + talc; C7 = bentonite. Data are mean of three replicas, in duplicate determination (n = 6) ± standard error of 
means; Means, followed by the same letter in a column are not significantly different by Duncan’s multivariate test (DMRT)

Characteristics Units Carrier material

C1 C2 C3 C4 C5 C6 C7

pH – 6.20 ± 0.41 cd 6.51 ± 0.31c 6.42 ± 1.00 cd 7.21 ± 0.41a 6.85 ± 0.22b 7.31 ± 0.53a 6.22 ± 0.44d

EC ds/m 3.21 ± 0.31b 3.42 ± 0.11b 2.34 ± 0.22c 3.42 ± 0.71b 3.42 ± 0.42b 4.25 ± 0.34a 3.21 ± 0.24b

OM % 0.94 ± 1.33c 1.62 ± 0.41b 0.73 ± 0.62e 4.21 ± 1.31a 1.56 ± 0.61e 1.17 ± 0.41e 3.38 ± 1.31d

AN (mg/kg) 58.36 ± 28.81b 58.36 ± 38.12b 58.38 ± 14.42b 125.00 ± 25.00a 66.66 ± 14.41b 58.35 ± 14.42b 58.3 ± 14.42b

AP (mg/kg) 1.46 ± 0.61d 1.46 ± 0.51d 1.88 ± 0.43d 3.77 ± 0.22c 5.35 ± 0.21a 4.97 ± 0.42ab 4.54 ± 0.11b

AK (mg/kg) 197.81 ± 0.54a 19.71 ± 0.53c 0.00d 166.00 ± 0.36b 0.00d 16.55 ± 0.21c 16.57 ± 0.52c

WHC % 26.00 ± 0.005d 40.00 ± 0.12bc 27.00 ± 0.005d 76.00 ± 0.01a 39.00 ± 0.01c 45.00 ± 0.005bc 50.00 ± 0.01b
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120, 180, 240, 300 and 360 DAI respectively followed by 
B1 bioformulation with maximum population of 8.68  log10 
cfu at 60 DAI and minimum population of 5.55  log10 cfu at 
360 DAI. The cfu count of consortium in other carrier-based 
granular bio-formulations was constant for 2 months. How-
ever, it was found to decline significantly after 240 days of 
storage at both temperatures (Figs. 1, 2). 

Effect of selected bioformulation on growth, root 
colonization and biochemical aspects of spinach

Influence of treatments on vegetative growth 
and biochemical properties of spinach

To evaluate the influence of selected bioformulation, 6 dif-
ferent (T1-T6) treatments were given to the plants (Fig. 3). 
To ascertain the effect of different treatments on yield, vari-
ous plant growth parameters like shoot and root length, leaf 
area and biomass of spinach were recorded (Fig. 3). It was 
evident from the results that there was a clear enhancement 
in the vegetative growth of spinach upon the addition of 
carrier-based bioformulation as compared to non-treated 
plants (Fig. 4.). Plants treated with T1 and T2 bioformu-
lations showed maximum enhancement in plant length 
and biomass as compared to other treatments. In present 
study, the T1 showed the maximum percentage increase of 

113.07%, 128.05%, 222.1%, 184.6% and 120.1% for shoot 
length, root length, shoot biomass, root biomass and leaf 
area respectively at 60 DAS as compared to T6, and the 
minimum percentage increase of 10.3%, 6.8%, 25.6%, 37.0% 
and 24.7% for shoot length, root length, shoot biomass, root 
biomass and leaf area respectively as compared to T3 at 60 
DAS. Similarly, T2 showed maximum increase for shoot 
length, shoot biomass, leaf area, root length and biomass 
by113.3%, 680.7%, 112.7%, 118.5% and 142.5% respec-
tively at as compared to T6 at 60 DAS. The biochemical 
properties of spinach plants also showed drastic effect when 
treated with bioformulations (Fig. 3). The chlorophyll con-
tent of spinach leaves was enhanced by 714% and 603% after 
treatment with T1 and T2 over T6. Similarly, carotenoid 
content of leaves was also enhanced by1725% and 2825% 
with T1 and T2 bioformulations as compared to T6. The 
results further showed that protein content was increased by 
(62.9–91.3%) and (56.01–80.4%) in case of spinach leaves 
treated with T1 and T2 as compared to other treatments 
included in the study.

Root colonization

SEM analysis was conducted to assess the microbial colo-
nization on root surface with and without effect of biofor-
mulation. The results showed the clear difference between 
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Fig. 1  Enumeration of the total viable count of microbial consor-
tium in carrier-based granular formulation stored at 4 °C,  log10 cfu/g 
of granular bioformulation. B bioformulation; b bentonite, C char-
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B8 broth medium + MC, CFU colony forming unit, MC microbial 

consortium of seven microbes (Bacillus filamentosus + B. pseudo-
mycoides + Alcaligenes faecalis + B. paramycoides + Aspergillus 
tamarii + A. luchuensis + Trichoderma lixxi); Data are mean of three 
replicas, in duplicate determination (n = 6) ± standard error of means. 
Means, followed by the same letter in a column are not significantly 
different by Duncan’s multivariate test (DMRT)
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colonization of microbes on root surface of different treat-
ments (Fig. 5). Spinach roots treated with carrier based bio-
formulations (T1 and T2) were fully colonized by microbial 
population, while roots treated with broth based bioformu-
lation were less colonized, and there was very least or no 
colonization on the surface of roots treated with T4, T5 and 
T6 (Fig. 5).

Effect of treatments on physico‑chemical 
and microbial properties of soil

Effect of carrier-based bioformulation on microbial bio-
mass and soil physico-chemical properties are presented 
in Table 2. All the studied parameters showed a remark-
able difference between carrier-based bioformulation 
and non-inoculation. However, soil treated with T2 bio-
formulation showed maximum percentage increase of 
750%, 178%, 191%, 475%, 166.6% and 278% for OM, 
AP, AK, AN, ALkP and SMBC respectively at harvesting 
as compared to control (pre-sowing control soil). Whereas 
minimum percentage increase of 16.6% of OM, 49.04% 
of AP, 131.1% AN and 33.1% of ALkP was observed for 
T4. The results further showed that microbial population 
in the rhizospheric soil was increased by the addition of 
different bioformulation (Fig. 6). Maximum increase in 
 log10 cfu/g of rhizospheric soil for bacteria was observed 
for T1 (23.9%) followed by T2 (23.6%) as compared to 
pre-sowing soil. Furthermore, increased cfu/g of soil for 

fungi was 37% in case of T1 and 36.2% in T2 as compared 
to pre-sowing data (Fig. 6). While minimum increased 
microbial population after crop harvesting was shown 
by T6 (15.5%) for bacteria and T4 (25.2%) for Fungi 
respectively. 

Discussion

Physico‑chemical properties of carrier materials

PGP microbial cultures need an appropriate medium for 
their transport to the target site, and carrier materials may 
act as that medium. Viability of microbial inoculants in dif-
ferent carrier material might be different due to their dif-
ferent physicochemical properties (Ma 2019, Shoiab et al. 
2020). Material having good WHC, non-toxic to inoculants, 
pH buffering capacity, cation exchange capacity, biodegrad-
able and provide nutrients to the microbes are considered as 
a good inoculant’s carrier (Sohaib et al. 2020). In present 
study talc + gluten (C4) carrier was having highest WHC, 
organic carbon and available nitrogen content as compared 
to others selected carriers. Hence, it could be one amongst 
the selected carrier to support beneficial microbial cul-
tures to target their sites as bio-inoculation. The results of 
this study are in agreement with Brahmaprakash and Sahu 
(2012) and Shahzad et al. (2017). Singh et al. (2020), also 
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in carrier-based granular formulation stored at ambient temperature 
 log10 cfu/g of granular bioformulation. B bioformulation, b benton-
ite, C charcoal, D days, G gluten, T talc, B1 G + MC, B2 T + MC, 
B3 C + MC, B4 T + G + MC, B5 C + G + MC, B6 C + T + G + MC, 
B7 b + MC, B8 broth medium + MC, AT ambient temperature, CFU 
colony forming unit, MC microbial consortium of seven microbes 

(Bacillus filamentosus + B. pseudomycoides + Alcaligenes faeca-
lis + B. paramycoides + Aspergillus tamarii + A. luchuensis + Tricho-
derma lixxi); Data are mean of three replicas, in duplicate determina-
tion (n = 6) ± standard error of means. Means, followed by the same 
letter in a column are not significantly different by Duncan’s multi-
variate test (DMRT)
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Fig. 3  Effect of different treatments on vegetative growth and bio-
chemical characters of Spinach (Spinacia oleracea L.). A Plant 
height, B plant biomass, C leaf area Index, D chlorophyll-a; E Chlo-
rophyll b; F total chlorophyll, G carotenoids, H Protein. T1 freshly 
prepared inoculated carrier (t + G + MC) based bioformulation, T2 
one year stored inoculated carrier-based bioformulation, T3 freshly 
prepared inoculated liquid bioformulation, T4 uninoculated carrier 

material, T5 chemical fertilizer, T6 untreated soil only, mg/g milli-
grams per grams, µmol/g micromole per grams, SL shoot length, RL 
root length, SFW shoot fresh weight, SDW shoot dry weight, RFW 
root fresh weight, RDW root dry weight. Data are mean of three rep-
licas in two sets of experiments (n = 6) ± standard error of means. 
Means, followed by the same letter in a column are not significantly 
different by Duncan’s multivariate test (DMRT)
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reported that, talc possesses high water holding capacity and 
near neutral pH that could help in sustaining microbial popu-
lation for longer duration under different storage condition.

Shelf life of consortia in carrier‑based 
bioformulation at different temperatures

The prime research finding of the current study was the use 
of different carrier material inoculated with consortium (of 
bacterial and fungal strains) instead of single inoculants to 
sustain the viability of microbes and better plant growth 
promotion. Several studies have been conducted on surviv-
ability of microbes in consortium as well as their single 

application (Rastegari et al. 2020; Kour et al. 2020). In 
our study, we used different carrier material for sustaining 
viability of microbial consortium at different temperature at 
storage. The results showed that, B4 proved to be the most 
suitable carrier material in supporting the viability of con-
sortia at two different temperature (Figs. 1, 2). The reason 
might be the key characteristics of carrier material such as 
high WHC and near neutral pH which allow PGP inoculants 
to sustain longer shelf life, which is in lineation with the 
study of Aloo et al. (2022).

Tamreihao et al. (2016), also reported that talc-based 
bioformulation show better shelf life than corn starch for-
mulation up to 6 months of storage at 4 °C and ambient 
temperature and further moisture-free environments and 
low-temperature conditions were reported to minimize the 
metabolic rate of microbial propagules. For boosting the 
property of talc, it was mixed with gluten for sustaining 
better shelf life of microbes in this study, as gluten form 
matrix, which immobilized the microbial cells (Sivakumar 
et al. 2014). Additionally, gluten is readily available, bio-
degradable and environment-friendly (Cho and Lee 1999). 
PGP microbial cells when encapsulated with gluten remain 
viable for a longer time as reported by Fravel et al. (1985) 
and Park and Chang (2000) which supports our study. The 
main aim of microbial encapsulation in this study was to 
increase colonization on the host plant, protection from the 
harsh climatic conditions and to lower the competition by 
natural inhabitants in the soil. Enriched carrier material was 
found to retain the shelf life of microbial inoculants and 
increases the effectivity of bioformulation. Solanki and Shah 
(2016) also found better shelf life of microbial inoculants 
in carrier material enriched with nutrient rich medium like 
glycerol, calcium alginate, molasses, trehalose, maltose and 
carboxymethyl cellulose. In the present study, the results 
exhibited that liquid inoculants were ineffective than solid 
carrier-based bioformulation. Khandare et al. (2019) also 

Fig. 4  Plants of spinach grown with the application of bioformula-
tions for 60 days. T1 freshly prepared inoculated carrier (t + G + MC) 
based bioformulation, T2 one year stored inoculated carrier-based 
bioformulation, T3 freshly prepared inoculated liquid bioformulation, 
T4 uninoculated carrier material, T5 chemical fertilizer, T6 untreated 
soil only

Fig. 5  SEM images of spinach 
roots showing microbial 
colonization on root surface. 
T1 freshly prepared inoculated 
carrier (t + G + MC) based bio-
formulation, T2 one year stored 
inoculated carrier-based biofor-
mulation, T3 freshly prepared 
inoculated liquid bioformula-
tion, T4 uninoculated carrier 
material, T5 chemical fertilizer, 
T6 untreated soil only
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reported that the low survival of microbial inoculants in 
broth based bioformulation might be the reason for inef-
fectiveness of liquid bioformulation over carrier based 
bioformulation. Thus, the present study suggests that the 
manipulation of carrier material talc with gluten (B4) would 
be a better option for maintaining stability and enhancing the 
shelf-life of the microbial consortium.

Influence of treatments on vegetative growth, 
and biochemical characteristics of spinach in pot 
condition

Effect of selected bioformulation on spinach growth was 
summarised in Fig. 3. Our results showed that maximum 
growth promotion was in plants treated with carrier based 

bioformulation rather than other treatments. Plant growth 
enhanced by application of bioformulation, might be facili-
tated due to better nutrient mobilization by microbes in 
the bioformulation (Awasthi et al. 2019; Maddhesiya et al. 
2021; Mishra et al 2021). Furthermore, phytohormones 
like IAA production assist in cell division and cell differ-
entiation, which in turn helps in accelerating overall plant 
growth and development (Gupta and Vandana 2019). In the 
present study, IAA production and phosphate solubilization 
by the microbial strains in the consortium might be the rea-
son for increased plant growth and production. The study is 
in lineation with our previous study, Parveen et al. (2022a, 
b), which reported enhanced growth of tomato plant, root 
elongation and development, facilitated by IAA producing 
similar group of PGPM consortium, which thereby improved 

Table 2  Effect of treatments on pot soil physico-chemical properties cultivated with Spinach (Spinacia oleracea L.)

MC microbial consortium of seven microbes (Bacillus filamentosus + B. pseudomycoides + Alcaligenes faecalis + B. paramycoides + Aspergil-
lus tamarii + A. luchuensis + Trichoderma lixxi), T1 freshly prepared inoculated carrier(t + G + MC) based bioformulation, T2 one year stored 
inoculated carrier based bioformulation; T3 freshly prepared inoculated liquid bioformulation, T4 uninoculated carrier material; T5 chemical 
fertilizer, T6 untreated soil only, EC electrical conductivity, OM Organic matter, AN available nitrogen, AP Available phosphorus, AK Available 
Potassium, ALkP Alkaline phosphatase, SMBC Soil Microbial biomass Carbon, ds/m desicimen per meter; % = percentage, mg/kg milligram per 
kilogram, (µg/g) microgram per gram. Data are mean of three replicas in two sets of experiments (n = 6) ± standard error of means. Means, fol-
lowed by the same letter in a column are not significantly different by Duncan’s multivariate test (DMRT)

Parameter →
treatment↓

pH EC (ds/m) OM (%) AP (mg/kg) AK (mg/kg) AN (mg/kg) ALkP(µg/g) SMBC(µg/g)

Pre- sowing Control 7.83 ± 0.06a 5.47 ± 0.06b 0.12 ± 0.01e 4.73 ± 0.35d 70.61 ± 9.54c 16.67 ± 1.44d 12.10 ± 2.42c 108 ± 0.32e

Post-harvesting T1 7.13 ± 0.21c 1.36 ± 0.02f 0.90 ± 0.08b 12.82 ± 0.60a 194.66 ± 19.08a 90.00 ± 5.00a 31.47 ± 11.10a 401.32 ± 0.75a

T2 7.63 ± 0.25ab 1.37 ± 0.05f 1.02 ± 0.03a 13.17 ± 0.09a 204.20 ± 25.25a 92.50 ± 6.61a 38.00 ± 3.23a 409.68 ± 0.62a

T3 7.50 ± 0.20abc 2.33 ± 0.02e 0.14 ± 0.08d 11.11 ± 2.58ab 197.84 ± 19.86a 69.17 ± 1.44ab 19.35 ± 4.91b 316.28 ± 0.18b

T4 7.33 ± 0.12bc 4.70 ± 0.10d 0.14 ± 0.27de 7.05 ± 0.87c 127.86 ± 19.08b 37.50 ± 11.46c 16.08 ± 2.42c 209.48 ± 0.67c

T5 7.37 ± 0.12bc 6.47 ± 0.12a 0.24 ± 0.08c 8.56 ± 1.82c 172.39 ± 38.56a 47.50 ± 15.21bc 19.81 ± 1.61b 202.96 ± 0.07d

T6 7.40 ± 0.36bc 5.50 ± 0.17c 0.21 ± 0.05de 8.76 ± 0.13c 92.88 ± 14.58bc 48.33 ± 27.42bc 18.96 ± 0.81b 203.16 ± 0.62d

Fig. 6  Microbial species richness in pot soil cultivated with Spinach. 
T1 freshly prepared inoculated carrier (t + G + MC) based bioformula-
tion; T2 one year stored inoculated carrier-based bioformulation, T3 
freshly prepared inoculated liquid bioformulation, T4 uninoculated 

carrier material, T5 chemical fertilizer, T6 untreated soil only. Data 
are mean of three replicas, in duplicate determination (n = 6) ± stand-
ard error of means; Means, followed by the same letter in a column 
are not significantly different by Duncan’s multivariate test (DMRT)
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water and nutrient acquisition from the soil. The results are 
also supported by the findings of Petrillo et al. (2022) who 
reported increased seed germination, shoot and root length 
and overall growth of Spinach upon application of bioformu-
lation containing consortia of B. amylolique faciens RHF6, 
B. amylolique faciens LMG9814, and B. sp. AGS84.

The results also showed significant increase in biochemi-
cal characteristics like chlorophyll, carotenoids and protein 
content of treated plants (with carrier based bioformulation) 
as compared to uninoculated plants. The improvement in 
biochemical characteristics may be attributed to enhance-
ment in nitrogen fixation, nutrient solubilization, mineraliza-
tion, production of phytohormones, secondary metabolites 
and siderophore stimulated by microbial bioformulations in 
spinach. The results of this study are in accordance with 
Shilev et al. (2019), Sohaib et al. (2020), Asif et al. (2020) 
and Parveen et al. (2022b).

Roots colonization by microbial colonies

Roots colonization by microbial strains is an important step 
required for plant growth. Accordingly, and considering the 
importance of probiotic microbes that promote the growth of 
spinach, we have analysed a bioformulation for root coloni-
zation in spinach. The results showed that roots treated with 
bioformulation (T1 and T2) were fully colonized by micro-
bial colonies. Higher root colonization in these treatments 
might be due to higher microbial population present in the 
rhizospheric soil (Fig. 6). These results confirm the strong 
positive effect of bioformulation on spinach plant growth, 
which may be due to higher root colonization over other 
treatments and suggesting that this bioformulation may have 
probiotic potential, at least on spinach. Results were sup-
ported with the findings of Gómez et al. (2018), who found 
rhizobium as good colonizer for spinach seedling. These 
results were also supported by our previous study having the 
similar microbial species showing colonization with tomato 
roots (Parveen et al. 2022a).

Effect of treatments on pot soil’s physico‑chemical 
and microbial properties

To assess the effect of bioformulation on pot soil cultivated 
with spinach, soil parameters like pH, EC, OM, AN, AP, 
AK, SMBC were analyzed. Electrical conductivity was 
highly reduced by the application of bioformulation. The 
reduction in EC was possibly due to accelerated growth of 
the plant and the higher solubility of the salt in presence of 
these inoculated microbes (Babalola 2010; Schoebitz and 
Vidal 2016 and Kapadia et al. 2021). From the results, it 
was found that T1 and T2 has maximum increase of SMBC, 
OM, AN, AK and AP. This might be due ability of micro-
bial strains for solubilization of phosphorus, nitrogen and 

potassium in the soil. In the present study, the increment in 
AN, AP and AK in the soil may increase the soil fertility 
status and plant growth after introduction of bioformulation 
to the soil. High nitrogen and phosphorus content in soils 
treated with carrier-based bioformulation can be directly 
related to the presence of viable nitrogen fixers and phos-
phate solubilizing microbes in the consortium. Maddhesiya 
et al. (2021) and Mishra and Singh (2022) also reported that 
microbial communities have a significant role in improving 
fertility of the soil and productivity of plants. Furthermore, 
application of bioformulation to the soil containing phos-
phate solubilizing microbial strains may help in the solubi-
lization of insoluble phosphate by secretion of organic acids, 
siderophore and enzyme production that makes phosphate 
available to the plants. Nutrients like phosphorus play indis-
pensable role as a primary nutrient in better root develop-
ment, plant growth and yield (Kushwaha et al. 2001). Fur-
ther, the results showed that there was a remarkable change 
in the organic matter content of the post-harvested soil. The 
bio-formulations application improved the organic matter of 
the soil. Increased OM might be accelerated by the action of 
microbial consortium, that help in the decomposition of root 
exudates which in turn increases the OM content of the soil. 
It has also been concluded in previous studies that microbial 
consortium increases the level of organic matter (Monica 
et al. 2011; Xu et al. 2019). Likewise, in this study, the sig-
nificant variations were observed in microbial population 
(cfu) and microbial biomass carbon (MBC) in the soil. Our 
results showed increase in rhizospheric microbial population 
upon addition of bioformulation which agrees with Tripti 
et al. (2017).

Conclusion

It can be concluded from the results of the present study 
that multistrain microbial consortium inoculated in car-
rier material talc + gluten is an effective bioformulation 
for enhancing shelf life of microbial strains under storage 
and plant growth in pot condition. Furthermore, this bio-
formulation also improved the soil health, plant growth, 
helps in root colonization, and improved the biochemical 
characteristics of the spinach. Overall, bioformulation con-
sisting of talc + gluten + microbial consortium best suited 
to enhance the efficacy of microbial consortium to promote 
plant growth, soil fertility and microbial richness in soil, 
root colonization providing the best micro-environment for 
the survival of PGP microbial strains. Therefore, applica-
tion of microbial consortia along with talc + gluten can be 
the competent bioformulation that not only improve the soil 
health but enhance the yield and nutrient status of the crop 
in economical and eco-friendly manner.
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