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Abstract

The beneficial microbes colonizing the plant root, designated as plant growth promoting rhizobacteria (PGPR), increase the
crop productivity and present an attractive and promising way to substitute chemical fertilizers, pesticides, and other harmful
supplements. Hence, the present study is envisaged to identify, screen and characterize PGPR from rhizospheric soil of Bras-
sica juncea (Indian mustard). Three sites out of major mustard producing areas under Allahabad in Eastern Uttar Pradesh,
India were targeted. Total 20 bacterial isolates were identified and purified from these regions based on occurrence percent-
age and they were further tested in vitro for plant growth promoting (PGP) traits. Among 20 isolates, only two solubilized
phosphate, three isolates produced hydrogen cyanide, 14 assimilated symbiotic nitrogen, two showed siderophore production
and nine produced indole-3-acetic acid. Based on PGP tests, three potential isolates were selected for plant growth promotion.
Further, this study also investigates the potential use of agricultural wastes as carrier materials, viz. charcoal, sawdust, wheat
bran and rice husk, for preparation of bioformulations (or biofertilizers) using three PGPR isolates for viability assessment.

Keywords Plant growth promotion - Carrier materials - Brassica juncea - Bioformulation

Introduction

Microorganisms have been employed as an important prac-
tice in agriculture aimed to improve availability of nutrients
for plants (Freitas et al. 2007; Vishwakarma et al. 2016). For
sustainable agriculture practices, it is necessary to ensure
integration of environmental health and socio-economic
feasibility in order to have better production of food crops
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(Yadav et al. 2017; Verma et al. 2018). Plant growth promot-
ing rhizobacteria (PGPR) are the potential tools that have
been extensively used to meet this need worldwide (Ahemad
and Kibret 2014). Soil is considered dynamically active and
highly diverse habitat for microorganisms. Further in soil,
rhizosphere is the most vital location vigorously involved
in both organic and inorganic nutritional biogeochemical
cycling affecting the growth of plants (McNear 2013). This
region is the key point for isolation of PGPR that possess
various properties directly and indirectly related to growth
and yield of plants (Sharma et al. 2003; Sharma 2003). The
beneficial association occurring between plant and microbes
in rhizosphere determines the health of plant and fertility
of soil (Jeffries et al. 2003; Vishwakarma et al. 2017a, b).
Several studies have reported substantial enhancement in
growth of agriculturally important crops when inoculated
with PGPR (Shukla et al. 2012; Das et al. 2013). They can
become effective alternatives to chemical based fertilizers,
pesticides or genetically modified plants (Rajkumar et al.
2010; Vilchez et al. 2016).

PGPR’s colonization and diversity depends on the type of
plant and physicochemical properties of soil and even vary
with season, crop age and agriculture practices employed.
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The mechanism of their action involves phytostimulation
(promoting plant growth by producing phytohormones),
biofertilization (making nutrients available to plants) and
biocontrol (limiting pathogens and diseases by producing
antibiotics and inducing defense system of plants) (Ahemad
and Kibret 2014). Plant growth promoting potential of any
bacterial species can be examined by numerous tests such
as phosphate solubilization, indole-3-acetic acid production,
free nitrogen assimilation, siderophore production, hydro-
gen cyanide production and biocontrol (Idris et al. 2007;
Zaidi et al. 2009; Ahemad and Kibret 2014; Shameer and
Prasad 2018). They also stimulate the chemotactic response
by showing attraction towards chemical compounds present
in root exudates and facilitate root colonization (Podile et al.
2013). Numerous studies have reported that PGPR specifi-
cally colonize the host plant roots thereby indicating plant
and microbe coexistence (Shukla et al. 2012; Santoyo et al.
2016). Their effective application in agriculture can prove
to reduce the use of harmful chemicals, agricultural cost,
as well as minimize soil degradation. Further, their ability
to tolerate a broad range of pollutants make them a suitable
candidate that can be employed as bioinoculant along with
appropriate carrier material in order to increase the shelf-
life of bioformulation (Tripti et al. 2017). Several agricul-
tural waste materials can be employed as carrier support; for
example, wheat bran, charcoal, saw dust, rice husk, rice bran
etc. due to their organic behavior and vermiculite, perlite,
silicates etc. due to their inert characteristics as they ensure
the maximum viability of bacterial cells (Malusa et al. 2012;
Sangeetha 2012).

Brassica juncea, also known as Indian Mustard, is con-
sidered to be an essential oilseed crop that is majorly grown
in North India and utilized as a common ingredient in every
Indian household as mustard oil. The mustard straw is being
consumed in brick kiln as fuel source. It also has multiple
characteristics such as phytoremediation of soil contami-
nated with heavy metals such as cadmium (Belimov et al.
2005) and arsenic (Srivastava et al. 2013). Number of PGPR
have been identified in the rhizosphere of B. juncea that are
capable of increasing plant growth and suppressing patho-
gens in surrounding area. These include Pseudomonas spp.,
Rhodococcus sp. (Belimov et al. 2001), Variovorax para-
doxus, Flavobacterium sp. (Belimov et al. 2005), Staphy-
lococcus arlettae (Srivastava et al. 2013), Bacillus cereus

(Anwar et al. 2014), Achromobacter sp., Streptococcus sp.,
Pseudomonas sp. and Bacillus sp. (Sinha and Jee 2018).

With this background, the current study was envisaged
to isolate bacteria from rhizosphere of B. juncea grown in
Allahabad and characterize them for plant growth promoting
potential. Further, waste carriers such as charcoal, sawdust,
wheat bran and rice husk were checked for their ability to
support survival of PGPR for long time so as to develop
multipurpose bioinoculant.

Materials and methods
Site description

Allahabad city in Uttar Pradesh, India was selected for this
study. The regions taken under Allahabad include Narayani
Ashram, Teliyarganj (Site 1); Malak Herher, Bhadri (Site 2);
and Hathga, Champatpur (Site 3) located around 15 km from
each other. This region experiences humid to sub humid
monsoonal climate and receives moderate to high rainfall
ranges between 1000 and 1500 mm. They are major produc-
ing areas of Indian mustard (B. juncea) which is an oilseed
crop widely used as vegetable and oil in Indian foods. B.
Jjuncea is a Rabi crop grown from November to March each
year. Global Positioning System (GPS) was used to locate
the sites. The details of three locations are mentioned in
Table 1.

Collection of soil samples

The soil samples were taken from the established fields
of B. juncea. Soil attached to the plant roots (i.e. rhizos-
pheric soil) was collected from the aforementioned regions.
Random selection of three locations were made from each
site and collection of samples was carried out using coring
method (Dinesh et al. 2015; Lamizadeh et al. 2016). With
this, there were three replicates (triplicates) from every site.
Opaque low density polyethylene (having thickness of about
75 micron) bags were used to place soil immediately after
sampling. These samples were taken to laboratory, dried (at
45 °C) in hot air oven and sieved (through <2 mm mesh) for
further processing. The soil samples were tested for available
phosphorous (P), potassium (K), organic carbon (OC), pH

Table 1 Details of three locations and physico-chemical properties of respective soil samples

Locations Coordinates Soil type Average tem- pH EC OC (%) P (kg/ha) K (kg/ha)
perature (°C)

Bhadri 25.5402°N, 81.8375°E Sandy loam 28.2 7.6 0.297 0.401 16.8 251.4

Teliyarganj 25.4983°N, 81.8687°E Sandy loam 28.4 7.2 0.346 0.688 22.6 263.7

Hathga 25.5433°N, 81.8142°E Sandy loam 29.6 7.4 0.331 0.293 9.6 187.3
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and electrical conductivity (EC) at Krishi Vigyan Kendra,
Naini Allahabad.

Isolation and purification of microorganisms

Serial dilution procedure was utilized to isolate the cultur-
able bacterial population in rhizospheric soil. For serial
dilution, 1 g soil was taken in a test tube and mixed with
9 ml de-ionized water followed by vortexing. Appropriate
dilutions were made thereafter (up to 107) (Johnson and
Curl 1972). 100 pl sample from each dilution was spread
plated on Nutrient Agar (HiMedia®) petri plates and incu-
bated at 30 °C for 24 h. Colonies were further assessed based
on color, texture, shape etc. for occurrence percentage and
colony forming unit (CFU) calculation.

CFUg !dry soil = (Average number of colonies

/Dry weight of soil) x Dilution factor.

Further, purification of isolates was carried out by streak-
ing the loop full of culture over nutrient agar plates and well-
isolated colony was re-streaked to obtain single colony type
culture (Zhou 1987).

Morphological and biochemical characterization

Isolated cultures were examined for morphological charac-
teristics via Gram staining, endospore and capsule stain-
ing (McClelland 2001). The biochemical tests including
sugar utilization, amino acids and starch hydrolysis were
performed according to Bergey’s Manual to Determinative
Bacteriology (Brown 1939).

Plant growth-promoting attributes

The cultures were further screened in vitro to examine their
plant growth promoting potential. These included phosphate
(P) solubilization, indole-3-acetic acid (IAA) production,
siderophore production, free nitrogen assimilation and
hydrogen cyanide (HCN) production.

Phosphate solubilization

The isolates were examined for their capacity to solubilize
tricalcium phosphate (TCP) as per the method of Wahyudi
et al. (2011). Briefly, spot inoculation of cultures was done
on plates of Pikovskaya Agar (HiMedia®) followed by incu-
bation at 30 °C for 5 days. Clear halo zone on the plates was
observed for P-solubilization activity of isolates.
Phosphate solubilization was quantitatively estimated for
efficient isolates in 250 ml Erlenmeyer flask having 100 ml
Pikovskaya broth with TCP (Wahyudi et al. 2011). To
each flask, 0.5 g of TCP was added separately as insoluble

phosphate and the contents were sterilized. The initial pH of
the medium was 6.0. The flasks were cooled and inoculated
with selected isolates followed by incubation at 27 °C for
10 days. The growth medium was taken out from each flask
daily in duplicates and subjected to filtration through What-
man number 42 filter papers. The chlorostanous reduced
molybdo-phosphoric acid blue methodology was employed
to test the filtrates for P,O5 content. The absorbance was
taken at 700 nm by using double beam UV-Vis spectropho-
tometer (Eppendorf BioSpectrometer).

IAA production

IAA production was estimated by Salkowski reagent accord-
ing to the methodology described by Loper et al. (1982). In
this method, 50 ml nutrient broth was supplemented with
0.1% tryptophan and 500 pl freshly grown bacterial culture
was added to it followed by incubation at 30 °C for 48 h in
dark under shaking conditions. Un-inoculated nutrient broth
(NB) tube with tryptophan was kept as control. The bacterial
cultures were harvested by centrifugation and estimation of
TAA was facilitated by Salkowski’s reagent (perchloric acid
and 0.5 M FeCl; solution) using colorimetric assay. Appear-
ance of pink color indicated production of IAA in test tubes.

Quantitative measurement of IAA was carried out colori-
metrically using Salkowski reagent according to the method-
ology described by Gordon and Weber (1951).

Siderophore production

The glasswares used for siderophore detection were firstly
dipped in 20% HCI to ensure the absence of any iron fol-
lowed by rinsing with double distilled water. Isolates were
tested for siderophore production by spot inoculation on blue
agar plate in the presence of chrome-azurol sulfonate (CAS)
dye according to the procedure given by Schwyn and Nei-
lands (1987). After inoculation, the plates were allowed to
incubate at 30 °C for 10-15 days. The formation of yellow-
ish orange zones around the bacterial colonies indicated the
production of siderophore.

CAS-shuttle assay was utilized for estimating sidero-
phores quantitatively (Payne 1994). CAS reagent was added
to the 0.5 ml of the culture supernatant and its optical den-
sity was recorded at 630 nm. Uninoculated broth along with
CAS reagent was taken as reference. Siderophore content
was estimated by using the following formula:

% siderophore units = (A, — A;/A,) x 100,

where A, =optical density of reference and A =optical den-
sity of the sample

Chemical nature of siderophores was analyzed by prepar-
ing ferric siderophore complex with the addition of 3 ml of
2% ferric chloride to 1 ml culture supernatant. Absorbance
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spectra was scanned from 200 to 1100 nm range using UV/
Visible Spectrophotometer (UV-2450, Shimadzu) taking
uninoculated broth as blank.

HCN production

All the isolates were tested for hydrogen cyanide gas produc-
tion by adapting the methodology of Castric (1975). Nutrient
agar medium was prepared and 4.4 g/L glycine was amended
to it followed by streaking of 24 h old cultures to the plates.
Further, Whatman paper was soaked in 0.5% picric acid
solution made in 2% Na,CO; and placed on the upper lid of
the petri dishes. Control plate is the one without streaking
of culture. Parafilm was used to seal all the plates and kept
at 28 °C for 5-6 days for incubation. Positive HCN produc-
tion was observed with the development of brown color on
filter paper.

Free nitrogen assimilation

Free nitrogen assimilation by bacterial isolates were assessed
by the method described by Jensen (1955). In this, Jensen’s
medium was prepared and poured into the petri plates. All
the isolates were streaked on the plates and incubated for
24 h at 30 °C. The isolates were then observed for their
growth on streaked plates.

Molecular characterization

The isolates were further identified by molecular charac-
terization using 16SrRNA sequencing. Isolation of DNA
from bacterial samples was performed by phenol-chloro-
form method according to the protocol of Mamiatis et al.
(1985). Quality of DNA was tested qualitatively on 1% aga-
rose gel electrophoresis. After visualization of band on gel,
DNA was amplified with the help of primers specific to 16s
rRNA amplification i.e. 8F (5'-AGAGTTTGATCCTGGCTC
AG-3") and 1492R (5" AAGGAGGTGATCCAGCCGCA-3")
using Prima-96™ (HiMedia®). Once the sequence was
obtained, it was compared to the similar sequences at Gen-
Bank database using Basic Local Alignment Search Tool
(BLAST) at NCBI database. Further, neighbor-joining tree
was constructed to analyze the evolutionary history of the
isolates using MEGA7 (Saitou and Nei 1987; Tamura et al.
2004). The bootstrap consensus tree inferred from 500 rep-
licates is taken to represent the evolutionary history of the
taxa analyzed (Felsenstein 1985). The sequences so obtained
were submitted to GenBank Database NCBI to obtain acces-
sion numbers.

@ Springer

Carrier studies

Four different carrier materials viz. charcoal, sawdust (from
salwood i.e. Shorea robusta), wheat bran and rice husk were
obtained from local supplier in Allahabad and were utilized
in the study. The carrier materials were subjected to grinding
followed by drying. The physico-chemical properties such
as inherent moisture content, water holding capacity and pH
of carrier materials were estimated as per the methodologies
described by Aeron et al. (2011). 40 g of these materials
were weighed and packed in thick, low-density polythene
bags. The bags were sealed after leaving two-third vacant
space for proper circulation of air. These bags with carrier
materials were then double autoclaved.

The three potential isolates were cultured in nutrient broth
at 150 rpm for 24 h. Cells at 0.1 optical density (10® cells/
ml at 595 nm) were taken for inoculation. Cultures were
used in combination (KVS20+ KVS25, KVS20+ KVS27,
KVS25+4+KVS27 and KVS20+KVS25+KVS27) in equal
amounts. Aseptic inoculation of 1 ml of bacterial suspension
(having 108 cells/ml) was carried out using hollow needle
into the bags and the holes were immediately shielded with
the adhesive tape. The content in bag was mixed properly
and stored at room temperature in dark. Each treatment was
placed in three replicates.

To study the survival of bacterial isolates in carrier mate-
rial, samples from bags were collected at different time
intervals under sterile conditions for up to 150 days. The
samples were serially diluted and plated on nutrient agar
plates to determine the number of bacterial cells by viable
count method.

Pot culture experiment for testing bacterial isolates
for plant growth promotion

For pot culture study, B. juncea seeds were surface sterilized
using 1% sodium hypochlorite solution followed by washing
with deionized water. Next, seeds were treated with bacte-
rial suspension (as prepared in Sect. 2.7) by soaking seeds
in suspension for 30 min (Vidhyasekaran et al. 1997). Soil
collected previously was autoclaved at 15 psi and 121 °C
for 15 min twice. For experimentation, pots were also sur-
face sterilized with 70% ethanol and filled with sterilized
soils. Thereafter, various treatments (control, KVS20,
KVS25, KVS27, KVS20+ KVS25, KVS20+ KVS27,
KVS25+KVS27 and KVS20+ KVS25 +KVS27) were
formulated in triplicates and kept in plant growth cham-
ber with 12 h/12 h light/dark photoperiod cycle at
16-25 °C for 30 days. The bacterized seeds were then
sowed in each pot according to the treatment. The vari-
ous treatments were T1-control; T2-KVS20; T3-KVS25;
T4-KVS27; T5-KVS20+ KVS25; T6-KVS25+ KVS27;
T7-KVS20+KVS27; T8-KVS20+KVS25+KVS27.
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Results
Properties of soil sample and isolation of bacteria

The locations selected for conducting the study were spot-
ted on map and with the help of global positioning system
(GPS), their coordinates were noted (Table 1). Also, the
properties of soil samples collected from three different
locations are summarized in Table 1.

Serial dilution method was used to isolate bacteria from
soil samples and an average of 16 x 10° CFU/g soil sample
was obtained. They were further screened on the basis of
their appearance such as shape, texture, color, size etc. and
occurrence percentage was calculated as shown in Fig. 1.
Isolates having abundance more than 5% were taken for fur-
ther studies. The calculation resulted into selection of eight
isolates from Site 1, nine isolates from Site 2 and three from
Site 3. Purified colonies of these 20 isolates were obtained
by streaking (Fig. 2a). The isolates selected on the basis
of abundance were KVS1, KVS2, KVS5, KVS6, KVS7,
KVS9, KVS12, KVS13, KVS16, KVS17, KVS18, KVS19,
KVS20, KVS22, KVS23, KVS24, KVS25, KVS27, KVS28
and KVS29.
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Morphological characteristics

Isolates were subjected to different staining procedures and
the results are summarized in Table S1. It was observed
that out of 20 isolates, 50% were Gram-positive and rest
50% were Gram-negative (Fig S1). Only two isolates showed
endospore formation whereas none of them was positive for
capsule formation.

Plant growth-promoting characteristics
Phosphate solubilization

Phosphate solubilization was exhibited by only two isolates
(KVS25 and KVS 27) out of 20 (Fig. 2a). When spot inocu-
lated on Pikovskaya plates, zone of clearance was observed
to be 11 and 13 mm for KVS25 and KVS27, respectively.
The amount of phosphate solubilized was estimated quan-
titatively by supplementing 100 ml Pikovskaya broth with
0.5 g tricalcium phosphate and inoculation with these two
isolates. It was observed that KVS27 solubilized 57.6 mg/1
phosphate after 8 days whereas KVS 25 showed maximum
of 51.09 mg/1 concentration of phosphate at day 6th as com-
pared to control (Fig. 2b). Simultaneously, the pH of the
medium was also analyzed and it was shown to decrease
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Fig. 1 Graph depicting the occurrence % of bacterial colonies in soil sample from a Site 1 (Narayani Ashram), b Site 2 (Bhadri) and ¢ Site 3

(Hathga)
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Fig.2 a Isolates showing halo zones on Pikovskaya plates, b Quantitative estimation of phosphate concentration on each sampling day, and ¢
Scatter graph indicating the change in pH of samples over a span of 10 days

from pH 5 (control and initial pH) to pH 3.6 for KVS25 and
3.8 for KVS27 (Fig. 2¢).

IAA production

A total of 11 isolates out of 20 showed the production of
phytohormone TAA. The range of IAA produced by these
isolates was between 0.027 mg/ml and 3.17 mg/ml leading
to the average IAA production of 0.63 mg/ml. Out of 11
isolates, KVS29 was observed to be the highest producer of
TAA (3.177 mg/ml) followed by KVS23, KVS27, KVS25
and KVS9 (Fig. 3).

Siderophore production

Siderophore production was found positive for only two
isolates viz. KVS18 and KVS20. Orange colored zone was
prominently seen around these isolates. Further, siderophore
units were also calculated for KVS18 and KVS20 and it was
observed to be 5% and 14% respectively. The absorbance
spectrum was at 404 nm for KVS18 and 406 nm for KVS20
indicating their chemical nature as hydroxamate (Fig S2a, b).

HCN production and free nitrogen assimilation

Three isolates have shown the production of HCN which
was indicated by the change in color of filter paper in plates

@ Springer

from yellow to brown (Fig S2c). Free nitrogen was assimi-
lated by total 14 isolates out of 20 that showed the growth
on streaked Jensen’s plates (Fig S2d).

On the basis of PGP characteristics displayed by different
isolates (Table 2), three potential isolates namely KVS20,
KVS25 and KVS27 were selected.

Biochemical characterization

The three isolates selected after screening for their PGP
attributes were biochemically characterized for their ability
to utilize various sugars, amino acids, salts, organic acids
and dyes. The results for substrate utilization are presented
in Table 3.

Molecular characterization

Based on 16s rRNA sequencing, the isolates KVS20 showed
maximum similarity with Pseudomonas sp., while KVS25
and KVS27 showed maximum similarity with Bacillus sp.
The neighbor joining phylogenetic tree was constructed
using 16S rRNA gene sequence with other sequences of
similar species and it was revealed that the isolates KVS20,
KVS25 and KVS27 form a close cluster with strains
Pseudomonas sp. VET-5 (Fig. 4a), Bacillus thuringiensis
(Fig. 4b) and Bacillus paramycoids, (Fig. 4c) respectively.
The accession number of submitted sequences for species
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Fig.3 Bar graph representing the concentration of IAA produced by various isolates. The standard equation used for calculating the IAA con-

centration is, y=0.1827x+0.075 (R*=0.9952)

Table2 Summary of plant growth promoting activities by different
isolates

Isolates  P-solubi- N-fixation =~ HCN  IAA Siderophore
lization

KVS1 - - - - -
KVS2 - + - + -
KVS5 - + - + -
KVS6 - - - - -
KVS7 - + - - -
KVS9 - + - + -
Kvs12 - + - - -
KVS13 - + - - -
KVSi6e - - - - -
KVS17 - + - - -
KVS18 - + - - +
KVS19 - + - + -
KVS20 - + ++ + +++
Kvs22 - + - ++ -
KvVS23 - + - - -
KvSs24 - - - - -
KVS25  ++ + ++ ++ -
KVS27  ++ - +++  ++ -
KVS28 - + - + -
KVS29 - - + +++ -

Pseudomonas sp. KVS20, Bacillus thuringiensis KVS25 and
Bacillus paramycoids KVS27 are MH780493, MH780494
and MH780495 respectively.

Viability of potential isolates in carrier materials

The characteristics of four different carrier materials are
listed in Table 4. Viability studies of bacterial cultures in
combinations on different carrier materials i.e. charcoal,
sawdust, wheat bran and rice husk was analyzed by plating
the cultures on nutrient agar plates after serial dilution and
calculating the population dynamics at interval of 30 days
for about 150 days. It was found that the two combinations
(Pseudomonas sp. KVS20 + B. thuringiensis KVS25 and
Pseudomonas sp. KVS20+ B. thuringiensis KVS25 + B.
paramycoides KVS27) showed higher bacterial count in
wheat bran carrier (Table 5a, d) whereas the other two
(Pseudomonas sp. KVS20 + B. paramycoides KVS27 and
B. thuringiensis KVS25 + B. paramycoides KVS27) showed
high count in sawdust (Table 5b, c). From initial day of
study, bacterial count consistently increased till 120th day
followed by a drop till 150th day in all the cases.

Pot culture study for analysis of plant growth
promotion

The plants were harvested after 30 days for analysis of
growth parameters such as root and shoot length and fresh
mass as well as soil properties including available phos-
phate, potassium and organic carbon. The results of changes
in aforesaid parameters are listed in Table 6. It was observed
that treatment TS was most effective as it increased the shoot
length by 28.7%, root length by 36.1% and fresh weight by
47.3% as compared to control. However, the phosphate
content in soil was increased greatly by T8. The trend of
organic carbon as well as potassium was found enhanced in
TS5 treatment.
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Table 3 Substrate utilization

. Nutrient source KVS20 KVS25 KVS27  Nutrient source KVS20 KVS25 KVS27
pattern of selected isolates
D-Maltose - - - L-Glutamic acid ++ ++ +
Sucrose - - - L-Histidine FN FN +
a-p-Lactose - - - D-Serine + + -
a-D-Glucose ++ ++ + D-Sorbitol - - -
D-Mannose + + - D-Mannitol ++ ++ +
p-Fructose ++ ++ + L-Lactic acid ++ ++ +
p-Galactose ++ ++ - Citric acid ++ ++ ++
1% NaCl ++ ++ + a-Keto-glutaric acid ~ + ++ ++
4% NaCl + + - p-Malic acid - - -
8% NaCl - - - L-Malic acid ++ ++ ++
Gelatin - - - a-Keto-butyric acid - + +
Glycerol + + - Acetoacetic acid - - +
Glycine-L-proline ~ + + - Propionic acid + ++ -
L-Alanine ++ + + Acetic acid ++ ++ -
L-Arginine ++ ++ + Tween 40 + + FP
L-Aspartic acid ++ ++ ++ Tetrazolium blue ++ ++ +

+: utilized but in less amount, ++:

positive

Discussion

PGPR colonize the roots of plant and exhibit beneficial
impact on growth and development of plants by diverse
mode of actions. The mechanisms by which growth of plants
is enhanced by PGPRs are not precisely recognized, how-
ever, involvement of several methods including phosphate
solubilization, phytohormone production, solubilization of
nutrients, and suppression of various pathogens in soil have
been observed (Glick 1995; Bowen and Rovira 1999; Shukla
et al. 2012; Singh and Lal 2016).

The current study was conducted in order to identify the
rhizobacterial isolates on the basis of morphological, bio-
chemical properties from the rhizosphere of B. juncea and
further screened for their ability to enhance growth of plant
by assessing various traits like production of phytohormone
IAA, making nutrients available to plants and production
of hydrogen cyanide to suppress pathogens. These isolates
were subjected to in vitro screening for aforementioned
characteristics.

Total 20 isolates were screened in the study based on their
occurrence percentage and abundance in the mustard rhizo-
sphere. The selected three regions come under the major
mustard producing areas in Allahabad. Bacterial isolates
were microscopically assessed for Gram staining, endospore
and capsule staining which showed that ten isolates were
Gram-positive and remaining ten were Gram-negative. All
the isolates were rod shaped. Further, isolates KVS25 and
KVS29 showed positive result for endospore formation.
After the morphological examination of isolates, they were
examined for plant growth promotion activity by conducting

@ Springer

complete utilization, —: No utilization, FN: false negative, FP: false

various tests like phosphate solubilization, IAA production,
siderophore production, free nitrogen assimilation and HCN
production.

Phosphate solubilizing bacteria present in the rhizosphere
secrete organic acids and phosphatase enzyme that convert
the insoluble complex of phosphorous to the form that is
easily available to plants (Kim et al. 1997; Pradhan and
Sukla 2006). Only two isolates, namely KVS25 and KVS27,
solubilized phosphate in our study. It can be inferred that
a greater portion of insoluble P in soil that cannot be uti-
lized directly by the plants is made available to the plants
by these isolates. Our study is in accordance with the study
carried out by Sinha and Jee (2018) that B. juncea rhizos-
phere inhabits the phosphate solubilizing bacteria Bacillus
sp. These isolates were also found to produce IAA. TAA is
an auxin phytohormone that initiates development of roots,
facilitates cell division and enlargement (Salisbury 1994).
PGPR are very commonly found to produce this phytohor-
mone (Barazani and Friedman 1999). Several researchers
have reported that indigenous soil microbiota produces a
range of phytohormones like auxins (IAA), cytokines and
gibberellins (Ahemad and Khan 2012). In this study, total 11
isolates were observed to produce IAA; however, the isolate
KVS29 produced highest amount of IAA i.e. 3.177 mg/ml. It
indicates that KVS29 may have the capacity to enhance the
root growth and root length resulting in higher surface area
to enable more access of soil nutrients to plants. The genera
of PGPR that exhibit this property include Pseudomonas,
Bacillus, Rhizobium, Alcaligenes (Ahmad et al. 2008) and
they may vary depending upon species and growth stages
of plant.
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Fig.4 Phylogenetic tree based (a)

on 16S ribosomal RNA gene

sequences showing relationships

between a KVS20 and other 15

—1031: Pseudomonas sp. 9DLP
25 Pseudomonas sp. LD002

Pseudomonas sp., b KVS25 and
other Bacillus sp., and ¢ KVS27 4
and other Bacillus sp.

Pseudomonas sp. 55A1

Pseudomonas sp. LB-101

100 { Pseudomonas sp. strain TAGEM15-70-B34
74 Pseudomonas sp. LB-483

Pseudomonas sp. strain Mong-8

26l Pseudomonas fluorescens strain MFAF76a

—mi: Pseudomonas sp. PSB1
22 Pseudomonas fluorescens strain F6-2-52

Pseudomonas baetica strain IHBB 9232

Pseudomonas sp. VET-5

0.10

(b)

4 { Pseudomonas sp. 1/4 0 3
34 Pseudomonas sp. Fa2

—21|: Pseudomonas sp. RKS7-6
Pseudomonas sp. YP9(2015)

—501: Pseudomonas sp. XjGEB-1
Uncultured Pseudomonas sp. clone WRFC118

20 { Pseudomonas koreensis strain TCA20
100 Pseudomonas sp. CC10F

—99: Bacillus cereus strain BA6-1
18 Bacillus cereus isolate HKS 2-1

Bacillus cereus strain MBL13
—— KVS25

22l Bacillus thuringiensis strain CKB19
Bacillus anthracis strain 24N3

o Bacillus thuringiensis strain EB69

L Bacillus thuringiensis strain 61436
Bacillus sp. (in: Bacteria) strain SMAR2

26 —: Bacillus thuringiensis strain F20
38 Bacillus paramycoides strain VITSJ6

Bacillus paramycoides strain VITMHJ7

{ Bacillus cereus isolate HKS 2-2
13 Bacillus paramycoides strain 187Y13-16

29— Bacillus cereus strain BFE 5384

S

0.10

Iron is made available to plants by siderophores that are
very essential as they act as iron chelator and also compete
for iron with other microorganisms in the rhizosphere. The
most commonly utilized form of iron by plants is ferrous
ion (Fe2+); however, the well-aerated soil environment is

L Bacillus cereus strain Fd
Bacillus paramycoides strain VITGJ1

23 —|: Bacﬂhls thm‘ingiensis Su’a.in LA40
98 Bacillus cereus strain YRS

dominated with ferric ion (Fe**) that is further oxidized to
form iron-oxides (Salisbury and Ross 1992). Isolates KVS18
and KVS20 exhibited production of siderophores, out of
which more siderophore units were produced by KVS20. In
a study by Siddiqui et al. (2003), isolates of Pseudomonas
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Fig.4 (continued) (©)

100 Bacillus sp. (in: Bacteria) strain MPSGA02
45 Bacillus paramycoides strain VITGJ1(2)

KVS27
100 Bacillus subtilis strain Cu31
Bacillus cereus strain CN12
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100 Bacillus paramycoides strain VITGJ1
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45 Bacillus sp. BAB-5315

Bacillus thuringiensis strain F20

Bacillus sp. (in: Bacteria) strain SMAR?2
Bacillus paramycoides strain GSB-T2

—

0.10

Table 4 Characteristics of four different carrier materials

Material Water holding Inherent moisture pH
capacity (%) content (%)

Saw dust 75.2 7.10 6.45

Charcoal 81.2 10.6 7.28

Wheat bran 69.8 3.40 6.50

Rice husk 73.6 2.75 5.50

and Flavobacterium were found to be efficient siderophore
producers. The various categories in which siderophores
fall are hydroxamates (400-450 nm), catecholates (320 nm,
495 nm) and carboxylates (190-280 nm) (Neilands 1974;
Carson et al. 2000). In this work, both the isolates were cat-
egorized as producers of hydroxamates (KVS18-404 nm and
KVS20-406 nm). Furthermore, the ability for symbiotic nitro-
gen fixation was also tested and majority of isolates showed
ability of symbiotic nitrogen fixation. Rhizobia are the most
researched and exploited PGPR which includes various gen-
era like Azorhizobium, Bradyrhizobium, Allorhizobium, Mes-
orhizobium, Sinorhizobium, and Rhizobium and found active
in nitrogen fixation in leguminous plants. In addition, PGPR
are also involved in eradicating the deleterious effects of vari-
ety of plant pathogens indirectly by producing inhibitory com-
pounds (Nehl et al. 1996; Persello-Cartieaux et al. 2003). One
such mechanism is production of hydrogen cyanide for bio-
logical control of pathogens. HCN production was detected to
be highest by the isolate KVS27 followed by isolates KVS25
and KVS20. Role of HCN in disease suppression was earlier
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23 { Bacillus sp. strain BAB-6321
38 Bacillus sp. F3-26

studied and Pseudomonas species are well known in suppress-
ing phytopathogens by production of HCN (Haas et al. 1991;
Geetha et al. 2014; Modi et al. 2017).

When the isolates were screened in vitro for plant growth
promoting potential, three isolates possessed majority of PGP
traits and hence, they were further tested and identified. Since,
morphological and biochemical characterization cannot guaran-
tee the identification of isolates, therefore, 16s IRNA sequencing
is necessary for clear identification. It was observed that KVS20
belonged to Pseudomonas sp. and KVS25 and KVS27 belonged
to Bacillus sp. When the sequences were aligned and assessed
for evolutionary history using MEGA?7 software, the strains were
confirmed for the three isolates along with their accession num-
bers namely Pseudomonas sp. KVS20 (MH780493), Bacillus
thuringiensis KVS25 (MH780494) and Bacillus paramycoides.
KVS27 (MH780495). The sequencing results are in support to
the previously obtained results for biochemical and morphologi-
cal tests and that also show the characteristics of plant growth
promotion (Raddadi et al. 2008; Ahmad et al. 2008).

Number of studies were carried out to assess the viability
of bacteria in carrier materials. Wheat bran and rice husk are
the lignocellulosic agriculture by product of wheat and rice
crops which are also utilized as animal feed. While other
carriers like saw dust and charcoal are cost effective and eas-
ily available in the market. In the present study, carrier based
bioformulation of potential PGP isolates (in consortium)
were prepared in different carrier materials i.e. saw dust,
wheat bran, rice husk and charcoal and studied for 150 days
of storage. Similarly, researchers have studied the survival
of efficient PGPR isolates in different solid based carriers
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Table 5 Population dynamics of efficient bacterial strains in differ-
ent carriers (a) Pseudomonas sp. (MH780493)+B. thuringiensis
(MH780494), (b) Pseudomonas sp. (MH780493)+ B. paramycoids
(MH780495), (c) B. thuringiensis (MH780494)+B. paramycoids

(MH780495) and (d) Pseudomonas sp. (MH780493) + B. thuringien-
sis (MH780494) + B. paramycoids (MH780495) (Results are mean of
03 replicates + standard deviation)

Carrier Incubation (days)
0 30 (10%) 60 (10%) 90 (10%) 120 (10% 150 (10%)

(a) KVS20+KVS25

Charcoal 10° 7.00+0.40 7.20+0.69 6.90+0.23 6.20+0.89 5.90+0.25

Saw dust 10° 6.00+0.28 5.80+0.56 5.40+0.72 4.20+0.83 3.25+0.31

Wheat bran 10° 8.60+0.38 9.10+0.38 9.20+0.11 9.50+0.41 9.40+1.10

Rice husk 10° 6.50+0.56 7.80+0.87 6.30+0.67 5.90+0.73 5.60+1.05
(b) KVS20+KVS27

Charcoal 10° 5.60+0.54 7.50+0.68 6.90+0.38 6.10+0.80 5.60+1.25

Saw dust 10° 8.50+0.70 9.60+0.44 9.80+0.58 9.90+0.50 9.40+0.33

Wheat bran 10° 6.50+0.65 7.50+0.75 8.20+0.59 9.90+0.30 9.20+0.52

Rice husk 10° 8.60+0.29 7.50+0.78 7.10+0.89 5.60+0.20 5.10+0.72
(c) KVS25+KVS27

Charcoal 10° 7.00+0.40 6.90+0.31 6.10+0.89 5.60+1.20 5.10+0.76

Saw dust 10° 8.80+0.30 9.70+0.69 11.50+0.67 12.50+0.49 11.10+£0.75

Wheat bran 10° 6.00+0.28 7.30+0.67 7.40+0.38 6.20+0.87 5.90+0.33

Rice husk 10° 6.50+0.56 3.25+0.28 3.45+0.09 2.82+0.07 2.12+0.39
(d) KVS20+ KVS25+KVS27

Charcoal 10° 5.60+0.54 7.80+0.82 6.30+0.67 5.90+0.83 5.60+0.95

Saw dust 10° 8.50+0.70 7.60+0.49 6.00+0.69 5.80+0.56 5.40+0.72

Wheat bran 10° 8.70+0.69 9.00+0.53 9.30+0.19 9.60+0.41 9.30+2.18

Rice husk 10° 6.50+0.65 7.80+0.46 6.50+0.32 5.20+0.98 4.50+0.10
Table 6 Growth parameters and soil characteristics upon various treatments
Code Shoot length (cm) Root length (cm) Fresh weight (g) Phosphate (kg/ha) Organic C (%) Potassium (kg/ha)
T1 10.8+0.1328 7.2+0.085 0.528 +0.0058 17.21+0.084 0.461 +0.008 233.13+0.689
T2 11.2+0.1377* 7.8+0.092% 0.591 +0.0062* 17.38+0.067 0.512+0.009 236.18+0.701*
T3 11.5+0.1414* 7.9+0.091* 0.611+0.0056%* 17.49+0.052 0.593+0.013* 238.38 +£0.709*
T4 10.9+0.1340 7.8+0.089%* 0.602 +0.0067** 17.42+0.068 0.506+0.008 236.45+0.712%*
TS 13.9+0.1709%* 9.8+0.113** 0.778 +£0.0079** 17.71 £0.058%* 0.787+0.012%* 249.28 +£0.748%*
T6 13.1+0.1611%* 8.8+0.102%* 0.692 +0.0073** 17.33 +£0.046%* 0.691+0.011** 243.06+0.711%*
T7 12.9+0.1587** 8.7+0.119%* 0.683 +0.0069** 17.64 +£0.069* 0.663 +0.012%* 241.93+0.721%*
T8 13.5+0.1650** 9+0.114%* 0.745 £0.0079** 18.01+£0.061* 0.718+0.011** 245.67 £0.706%*

*Significance level P <0.05; **P <0.01; results are mean of 03 replicates + standard deviation

for 6 months and determined population dynamics through
viable count method (Sivasakthivelan and Saranraj 2013;
Sangeetha 2012). The viability of promising treatments in
different carrier based formulations is presented in Table 4.
The results clearly indicate that the highest survival of con-
sortia is observed in sawdust followed by wheat bran, char-
coal and rice husk. The combinations of bacterial isolates
were further tested for their plant growth promotion efficacy
in pot experiments and it was noted that TS treatment i.e.
KVS20 and KVS25 that belong to species Pseudomonas and

Bacillus respectively, enhanced the growth of mustard plant
as compared to control. The result indicated the coexistence
of both bacteria and their synergistic effect towards plant.
The result is in accordance with the previous studies show-
ing the role of Pseudomonas sp. in plant growth promo-
tion and disease suppression (Aeron et al. 2011) as well as
Bacillus sp in alleviating the heavy metal stress in coalmine
regions (Upadhyay et al. 2017). Such researches indicate the
intricate role of bacterial species in plant growth promotion
along with stress amelioration.
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Conclusion

From rhizospheric soil samples of Indian mustard (B. jun-
cea), bacteria were isolated that showed different PGP
activities such as IAA production, phosphate solubilization,
siderophore production, symbiotic N, fixation, and HCN
production. Based on these tests, three potential isolates
were selected and after 16s rRNA sequencing, they were
identified as Pseudomonas sp. KVS20, Bacillus thuring-
iensis KVS25 and Bacillus paramycoides. KVS27 that are
previously known for their plant growth promotion activi-
ties. They were further formulated as consortia on different
carriers in which wheat bran and sawdust showed higher
viability of isolates. Also, Pseudomonas sp and B. thuring-
iensis enhanced the growth of mustard plant in present study.
Hence, their formulation as consortia will help in develop-
ment and application as effective biofertilizer to overcome
the cost and hazards associated with chemical fertilizer. This
will lead to improvement in health of soil and maintenance
of soil fertility for sustainable agriculture.
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