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Abstract—Plant-soil interactions directing plant growth are governed by chemical communications among
the microorganisms, and between the plants and microbes. A study was conducted to evaluate the effects of
seed biopriming with native plant-growth promoting rhizobacteria (PGPR) on growth parameters of wheat.
Rhizospheric bacteria isolated from drought-exposed fields were characterized on morphological, biochem-
ically and molecular basis and screened for PGP traits. Nine isolates were able to solubilize essential nutri-
ents, produce plant growth hormone indole acetic acid (IAA), and most of the isolates were positive for sid-
erophore, ammonia, hydrogen cyanide (HCN), and hydrolytic enzyme production. Considerable and vary-
ing amounts of exopolysaccharides (EPS) constituted of proteins (amide I, II, III), polysaccharides, nucleic
acids and peptidoglycan were produced by few strains that helped in formation of biofilm matrix. Biopriming
wheat seeds with selected bacterial isolates brought significant increase in wheat germination, growth, and
yield parameters. Correlation analysis revealed that the phytohormone, phosphate solubilization and EPS-
producing abilities were the most obvious PGP traits of bacteria related to the growth and yield of wheat
plants. Among all the nine bacterial isolates tested, two isolates, viz. Pseudomonas azotoformans JRBHU5 and
Burkholderia seminalis JRBHU6, with good colonizing abilities enhanced plant vigor at early stage thereby
augmenting wheat growth.

Keywords: EPS, nutrient solubilization, PGPR, plant-microbiome interactions, seed biopriming, sustainable
agriculture, rhizosphere, wheat
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Increasing agricultural production through utiliza-
tion of natural biota has become even more relevant
under the changing climatic conditions. Plant growth-
promoting rhizobacteria (PGPR) are an indispensable
part of the rhizosphere biota which get established in
soil ecosystem due to their high adaptability over a
wide range of environmental factors, high colonizing
abilities and biochemical versatility, which enables
them to metabolize a broad range of natural and xeno-
biotic compounds. PGPRs stimulate plant growth and
offer host protection against biotic and abiotic stresses
either through direct mechanisms like nutrient solubi-
lization, nitrogen fixation, production of plant hor-
mones, and lowering ethylene levels (Raghuwanshi
and Prasad, 2018) or indirect mechanisms, like sidero-
phore, hydrogen cyanide (HCN) and antibiotic pro-
duction and synthesis of cell wall-lysing enzymes
(Premachandra et al., 2020). Exopolysaccharides
(EPS) are high molecular weight polymeric materials
of microbial origin which promote microbial aggrega-
tion by initiating surface adherence and binding soil
particles through Van der Waals force, hydrogen

bonds, cation bridges, and anion adsorption mecha-
nism which not only endorse stability of soil aggre-
gates but also increases soil moisture content (Vard-
harajula, 2021), protecting plant roots from extreme
desiccation (Jochum et al., 2019). The complex inter-
actions and dynamics of microorganisms, roots, soil,
and water induce changes in the physico-chemical and
structural properties of the rhizosphere which impacts
a range of processes influencing crop yield like the reg-
ulation and diffusion of organic carbon sources
(Dubey et al., 2021).

Wheat (Triticum aestivum L.) is extensively culti-
vated globally over an area of about 239.63452 million
ha with annual production of nearly 899.37077 million
tonnes (FAOSTAT 2019). Increasing wheat produc-
tion under shrinking agricultural lands and changing
climatic conditions has become a challenge, and in
this context search for a potent biofertilizer to enhance
wheat production becomes relevant. Therefore, the
present study aimed to isolate bacterial communities
from roots to compare their growth-promoting abili-
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ties and check their influence on wheat growth
through seed biopriming.

MATERIALS AND METHODS
Soil sample collection. Soil samples were collected

from the rhizospheric regions of pigeon pea (Cajanus
cajan L.), wheat (Triticum aestivum L.), and maize
(Zea mays L.) plants growing in the states of Uttar
Pradesh, Bihar, and Madhya Pradesh (India). The
texture of the soil was silty loam with good permeabil-
ity. Soil samples were collected during April to June
(average temperature 35–45°C, average rainfall
525 mm), from a depth of 0–15 cm in “V” shape with
the help of a scabbard and stored in sterile poly bags in
a cooling box for further study.

Isolation and preliminary screening of bacterial iso-
lates. Bacteria were isolated from collected soil sam-
ples by the serial dilution plate technique using the
yeast mannitol agar (YEMA) media. Each dilution
was spread on petri plates and was incubated at 30°C
for 24–48 h. Colonies were picked from these plates
and maintained as pure cultures in YEMA media
with periodic transfer to fresh media and stock for fur-
ther use.

Biochemical characterization. All the isolates were
characterized based on colony morphology and Gram
staining. The methyl red and Voges−Proskauer test
were performed to differentiate between members of
the family Enterobacteriaceae and also to characterize
other groups of bacteria, including Actinobacteria; the
citrate test and mannitol test were done to check utili-
zation of the carbon sources by the bacterial isolates,
the TSI (triple sugar iron) test was performed to
understand the ability of the bacterial isolates to fer-
ment sugars with production of hydrogen sulfide. The
catalase test checked the catalase activity in bacteria.
All biochemical characterization of the purified
selected isolates was done according to the standard
procedures (Cappuccino and Sherman, 2008; Kumar
et al., 2014).

In vitro screening for potential plant growth-pro-
moting traits. A total of 27 bacterial isolates obtained
from rhizospheric soil samples were screened for dif-
ferent PGP attributes. IAA production, phosphate
solubilization, zinc solubilization, chelation of potas-
sium, siderophore production, HCN production, and
ammonia production were measured according to the
standard procedures reported elsewhere (Cappuccino
and Sherman, 2008; Dey and Raghuwanshi, 2020;
Yasmin et al., 2020a). Extracellular enzyme assay was
performed to estimate the activities of proteases, ure-
ases, amylases, chitinases, and cellulases (Yasmin
et al., 2020a).

Molecular identification. Among all the 27 bacterial
isolates, 11 bacterial strains screened for their growth-
promoting potential were subjected to molecular identi-
fication. The 16S rRNA gene sequence analysis was per-
formed as described previously by Coenye et al. (2001).
Bacterial DNA was isolated using a spin column kit
(HiPer® Bacterial Genomic DNA Extraction Teaching
Kit, Himedia, India). The universal bacterial primers
Forward: 530F (5′-GCTCTAGAGCTGACTGACT-
GAGTGCCAGCMGCCGCGG-3′); Reverse: 800R
(5'-TACCAGGGTATCTAATCC-3') were used for the
amplification of the 16S rRNA gene sequence. The 16S
rRNA gene sequences of the bacterial isolates were sub-
mitted to NCBI GenBank under accession numbers
listed in Supplementary Table 1.

Phylogenetic analysis based on 16S rRNA.
Sequence similarity searches were performed at the
National Center for Biotechnology Information
(NCBI) server using BLASTN (http://www.
ncbi.nlm.nih.gov/blast). The sequences were aligned
using Clustal W version 1.8 (Altschul et al., 1997) and
subjected to phylogenetic analysis. The phylogenetic
tree of the 16S rRNA gene sequences constructed
using the Neighbor-Joining method contained 11 bac-
terial nucleotide sequences. The final data set con-
sisted of 1528 positions. The percentage of replicate
trees in which the associated taxa clustered together in
the bootstrap test (1000 replicates) is shown next to the
branches. The tree was drawn to scale, with branch
lengths (next to the branches) in the same units as
those of the evolutionary distances used to infer the
phylogenetic tree. The phylogenetic distances were
computed using the Maximum Composite Likelihood
method and are in the units of the number of base sub-
stitutions per site. Evolutionary analyses were con-
ducted in MEGA11 (Tamura et al., 2021).

EPS extraction, purification, and characterization.
For EPS extraction, bacterial isolates were grown in
the optimized mineral salt medium for 10 days (Bram-
chari and Dubey, 2006). Aliquots of bacterial cultures
(250 mL) were centrifuged at 4°C for 20 min at
15093 g. Subsequently the supernatant was collected
and EPS was extracted by adding double volume of
95% chilled ethanol and for complete precipitation it
was kept at 4°C. The extracted EPS were washed with
70% ethanol mixture and dissolved in double-distilled
H2O followed by dialysis with dialysis tubing (molec-
ular weight cut-off of 13 kDa; Sigma-Aldrich Chemie
GmbH, Seelze, Germany) against double distilled
H2O at 4°C for 24 h for removal of excess salts from
EPS. Extracted EPS were lyophilized with a CHRIST
lyophilizer at 20.68 N/mm2 and stored at room tem-
perature (Bramchari and Dubey, 2006). Lyophilized
EPS (10 μg) was suspended in 2 mL of each solvent,
viz. benzene, water, chloroform, acetone, ethanol and
methanol to check the solubility of EPS. The mixture
was vortexed and left undisturbed to observe the pellet
formed.

Identification of the matrix components in EPS.
The EPS of 9 identified bacterial isolates were sub-
jected to Fourier transform infrared spectroscopy
analysis using a JASCO FT/IR-4700 spectrometer to
MICROBIOLOGY  Vol. 91  No. 6  2022
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identify the matrix components forming the biofilms.
For FTIR analysis, homogeneous mixture of EPS was
made by grinding a pinch of EPS sample obtained
from a culture with dry solid KBr in a mortar. The
mixture was used for making pellets by applying
mechanical pressure using a hydraulic press with a
pumping movement. The sample hence prepared was
further used for FTIR analysis. The measurement was
carried out at infrared spectra in the region of 500–
4000 nm cm−1, using ATR accessories.

Phenotypic tree construction. Hierarchical cluster-
ing routines to produce a dendrogram which can help
in understanding the clustering of bacterial isolates on
the basis of potential plant growth-promoting traits
was done. The dendrogram was constructed using the
UPGMA (Unweighted Pair Group Method with
Arithmetic Mean) clustering method (Sneath and
Sokal, 1973). The similarity association matrix upon
which the clusters are based is Bray-Curtis similarity
indices. The bootstrap value (1000 replicates) is given
at the root of the subtree specifying each group. The
analyses were conducted in PAST (Paleontological
Statistics) software (version 4.03).

Seed biopriming. Out of the 27 bacterial isolates,
nine bacterial isolates with promising plant growth-
promoting traits were tested on wheat in the soil sys-
tem. Seeds of wheat variety BHU-35 were surface-
sterilized with 0.2% HgCl2 for 2 min, then rinsed in
sterile distilled water for 10 min. Wheat seeds were bio-
primed by soaking them in suspensions of pre-
screened bacterial isolates in YEM medium
(109 CFU mL–1) and was kept at 28 ± 2°C in a rotator
shaker (120 rpm) for 7–8 h. The control seeds were
soaked in sterile medium. The seeds were then dried
overnight aseptically under laminar air f low and used
for greenhouse experiments. The seeds were sown in
plastic pots containing autoclaved soil and placed in a
temperature-controlled growth chamber. Five plants
per pot with soil kept at 60% water holding capacity
were maintained throughout the experimental period.
The effect of PGPR treatment on percent seed germi-
nation (PG), seedling shoot length (SL), seedling root
length (RL), seedling fresh weight (FW), seedling dry
weight (DW), and seedling vigor index (VI) of wheat
were determined. Germination and vigor analysis were
carried out by the paper towel method (ISTA 1993).
The treatments were arranged in a completely ran-
domized design with three replications.

Plant growth and test weight under pot conditions.
To study the effect of isolated bacterial strains on
growth of wheat var. BHU-35 under pot conditions,
experiments were conducted during winter season of
2017–2018 and 2018–2019. Ten bacteria-treated seeds
were sown in each pot. Seeds treated with YEM broth
without any bacterial strain were used as the control.
Pots were arranged in a completely randomized
design. Plant growth parameters: plant height (PH),
flag leaf area (FLA), numbers of tillers (NT), grain per
MICROBIOLOGY  Vol. 91  No. 6  2022
spike (GPS), days to 50% heading (DH), days to 50%
maturity (DM), and thousand grain weight (TGW),
were recorded in each replicate as and when required.
Biomass was dried to constant weight in an oven at
80°C for recording the dry weight (DW).

Statistical analysis. The experiment was performed
in a completely randomized design. For all experi-
ments, data were subjected to statistical analysis using
IBM SPSS Statistics v. 25 software package. Data were
subjected to analysis of variance (ANOVA) and cor-
relation co-efficient using Duncan’s multiple range
test (P ≤ 0.05).

RESULTS AND DISCUSSION

Morphological and biochemical characterization of
the isolates. In the present investigation 27 bacterial
isolates were screened for their growth-promoting
attributes, of which nine isolates performed extremely
well. All microbial strains were rod shaped and gram-
negative except, Bacillus subtilis JRBHU11. Out of
27 strains, 6 were positive for methyl red, 11 strains
were positive for the VP (Voges–Proskauer) test, and
11 strains were positive for fermentation of mannitol.
All the isolates were positive for catalase and most of
the bacterial isolates showed acidic reaction on citrate
agar and triple sugar iron agar (TSI) medium, except
Burkholderia paludis JRBHU1, Burkholderia paludis
JRBHU2, Pantoea dispersa JRBHU3, Pseudomonas
lactis JRBHU4, Pseudomonas azotoformans JRBHU5,
Enterobacter hormaechei JRBHU8 and Enterobacter
hormaechei JRBHU9 (Supplementary Table 2). Cata-
lase plays a major role in protection against toxic free
radicals and is therefore an important parameter in
bacterial screening.

In vitro screening of isolates for potential plant
growth-promoting traits. As the plant root exudates
vary, the rhizospheric microorganisms also show
specificity in their association and activity in response
to the exudates. Active IAA producers have a direct
benefit on plant growth by increasing the root length
through cell enlargement/division, growth rate and
increased root initiation (Oleńska et al., 2020). High
and low levels in IAA production depend upon the
genetic variations and carbon utilization rate of the
microorganisms. IAA production quantified in the
present study ranged from 9.002–149.278 μg/mL,
which was much higher than the earlier reports and
indicated a broadly diverse bacterial population in the
rhizosphere (Prasad et al., 2017) (Table 1). Maximum
IAA production was observed by Pa. dispersa
JRBHU3 (149.278 μg/mL), followed by Enterobacter
cloacae JRBHU10 (65.448 μg/mL) and Ba. subtilis
JRBHU11 (49.511 μg/mL).

Among the 27 selected isolates, 26 isolates were
good phosphorus solubilizers. Maximum phosphate
solubilization index of 46.30 mm was measured
around the isolate Burkholderia seminalis JRBHU6,
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followed by En. hormaechei JRBHU9 (44.40 mm) and
Bu. paludis JRBHU1 (42.10 mm). The halo zone
formed by the different isolates showed a wide range
(8 to 46.30 mm) as shown in Table 1. Good P solubili-
zation is generally due to the production of organic
acids (Yasmin et al., 2020b) or due to bacterial synthe-
sis and release of phosphatases, like phosphomonoes-
terase, phosphodiesterase, and phosphotriesterase,
which catalyze the hydrolysis of phosphoric esters.
Solubilization of soil phosphorus by microorganisms
is highly desirable and eco-friendly, as phosphorus
plays a pivotal role in many physiological activities and
its deficiency limits crop growth. The solubilization of
potassium based on the halo zone formed around the
colonies of the isolates spot inoculated on Aleksean-
drov’s agar medium is shown in Table 1. The highest
solubility index was recorded around isolate Bu. semi-
nalis JRBHU6 (46.36 mm), followed by Bu. paludis
JRBHU2 (44.66 mm on average) and Bu. paludis
JRBHU1 (44.33 mm on average), respectively. Potas-
sium not only plays a key role in developing resistance
against biotic and abiotic stress but is fundamentally
involved in activating ~80 different enzymes in plants
(Etesami et al., 2017).

The bacteria capable of solubilizing zinc in plates
produced clear halo around the colony (Table 1). Iso-
lates Bu. paludis JRBHU1 (60 mm) and Bu. paludis
JRBHU2 (54.38 mm) showed highest zinc dissolution
followed by En. hormaechei JRBHU9 (50.04 mm) and
Bu. seminalis JRBHU6 (48.26), among the twenty-
three zinc solubilizing bacteria. Bacillus velezensis B26
from Brachypodium distachyon (Sharma et al., 2020)
and Pseudomonas sp. and Bacillus sp. from soybean
rhizosphere have been reported as good zinc solubiliz-
ers. Possible mechanisms for zinc solubilization by
microorganisms include the production of organic
acids (Alexander, 1998), which results in soil acidifica-
tion, improving zinc sequestration. Other mechanisms
involved in zinc solubilization include the production
of siderophores (Saravanan et al., 2011) and chelated
ligands (Wakatsuki, 1995).

Siderophore production during rhizosphere colo-
nization has also been recorded as one of the import-
ant mechanisms adopted by certain PGPRs
(Bradyrhizobium japonicum, Rhizobium leguminosa-
rum, and Sinorhizobium meliloti) to compete for iron
acquisition with other microflora present in the soil
(Carson et al., 2000). Most of the selected bacterial
strains when grown on CAS medium were able to pro-
duce siderophores that have an affinity for ferric ions.
Maximum halo zone was observed around isolate
Bu. seminalis JRBHU6, followed by Bu. paludis
JRBHU1 and Ba. subtilis JRBHU11 (Table 1) when
grown on CAS plates.

The production of HCN in more than trace
amount plays a critical role in the control of fungal
pathogens (Flaishman et al., 1996). Among all the
27 isolates, 14 isolates were recorded positive for HCN
MICROBIOLOGY  Vol. 91  No. 6  2022
production as was evident by the change in the color of
filter paper from yellow to moderate and reddish
brown. In the presence of glycine and FeCl3, a deep
brown color of filter paper was observed, giving a clear
indication of HCN production by bacterial strains
(Table 1).

Microorganisms are also a good source of hydrolytic
enzymes as compared to other sources which contribute
to nutrient mobilization. Among 27 bacterial isolates, 20
showed amylase activity which was classified into three
categories (high, moderate, and weak) based on the
amount of starch hydrolyzed (Table 1). While Ba. subtilis
JRBHU11 showed the highest starch hydrolysis activity,
moderate to good activity was observed in Bu. seminalis
JRBHU6. Most of the bacteria were positive for the pro-
duction of urease, an enzyme playing a vital role in nitro-
gen supply to plants. Ureases catalyze the hydrolysis of
urea to CO2 and NH3, which is a vital process in regulat-
ing N supply to plants after fertilizing the fields with urea.
Urease activity in soil provides better management of
urea fertilizers as it also checks the nitrogen loss due to
leaching. The production of lysing enzymes like chiti-
nase, cellulase and protease plays a critical role in antag-
onistic behavior of microorganism against phytopatho-
gens. Bu. seminalis JRBHU6, En. hormaechei JRBHU9,
and En. cloacae JRBHU10 were positive for all chitinase,
cellulase and protease activity exhibiting their biocontrol
and nutrient-mobilizing potential. Bu. seminalis
JRBHU6 has already been reported for its bioactive
metabolites pyrrolo(1,2-a)pyrazine-1,4-dione,hexahy-
dro (PPDH) and pyrrolo(1,2-a)pyrazine-1,4-
dione,hexahydro-3(2-methylpropyl) (PPDHMP),
which showed growth-suppressing activities toward mul-
tidrug resistant Staphylococcus aureus and fungal strains,
viz. Fusarium oxysporum, Aspergillus niger, Microsporum
gypseum, Trichophyton mentagrophytes, and Trichoderma
harzianum (Prasad et al., 2021). Chitinase and β-1,3-glu-
canase are the key enzymes involved in the decomposi-
tion of fungal hyphal wall. Elshafie et al. (2012) reported
that the key enzymes released by Burkholderia gladioli pv.
Agaricicola associated with the dissolution of the cell wall
of Fu. oxysporum are chitinase, glucanase, and protease.

Identification of exopolysaccharides. EPS synthe-
sized by bacteria are highly hydrated polymers which
are involved in adhesion, water retention, soil aggrega-
tion, export, binding of enzymes, exchange of genetic
information, and absorption of organic/inorganic
compounds (Costa et al., 2018). Moreover, it acts like
a protective barrier, source of nutrients, donor or
acceptor of electrons, and sink for excess energy
(Flemming and Wingender, 2010). Therefore, EPS
extracted from the nine isolates in the present study,
was quantified to identify the best EPS-producing
bacteria. Significant and maximum EPS production
was shown by Bu. paludis JRBHU1 (5.85 mg/mL),
followed by En. cloacae JRBHU10 (4.39 mg/mL),
Ps. azotoformans JRBHU5 (3.96 mg/mL), Bu. semi-
nalis JRBHU6 (3.89 mg/mL) and Pa. dispersa
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Fig. 1. Detection of organic macromolecules present in different exopolysaccharides produced by PGPRs by FTIR analysis.
(Where: (1) Ba. subtilis JRBHU11; (2) Bu. seminalis JRBHU6; (3) En. hormaechei JRBHU8; (4) En. hormaechei JRBHU9;
(5) Bu. paludis JRBHU1; (6) Pa. dispersa JRBHU3; (7) En. cloacae JRBHU10; (8) Ps. azotoformans JRBHU5; (9) Ps. lactis
JRBHU4.)
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JRBHU3 (3.65 mg/mL). Ps. lactis JRBHU4
(2.69 mg/mL) showed minimum production among
the 9 selected bacterial isolates. Sandhya et al. (2009)
reported that sunflower seedlings inoculated with
EPS-producing Pseudomonas putida GAP-P45
showed improved growth and survival rates under
drought-stressed condition by synthesizing a rhizo-
bacterial biofilm matrix around the plant root under
water deficiency. EPS gives protection to the roots
against desiccation because of its water holding capac-
ity thereby supporting the host plant to tolerate
drought stress.

Exopolysaccharide components present in the
selected bacterial isolates were further investigated by
FTIR spectroscopy. The extracellular exopolysaccha-
ride matrices are highly hydrated polymers that are
mainly composed of polysaccharides, proteins, and
DNA. Ps. azotoformans JRBHU5 and En. hormaechei
JRBHU9 showed intense peaks of amide I (1600–
1700 cm–1), amide II (1500–1600 cm–1), and amide
III (1240–1350 cm–1) corresponding to a protein-
enriched biofilm matrices. These regions showed the
presence of –C–O carboxyl groups, –C=O carbonyl
stretching and –N–H amide groups of amino acids.
The protein components show the characteristic IR
band through C=O stretching at the amide I region, in
contrast to the C–N bending and the N–H stretching
at the amide II region and the amide III region
(Mosharaf et al., 2018). The protein content of EPS
induces membrane stability and protects the cell by
providing osmotic balance in saline conditions.
Pa. dispersa JRBHU3 and Bu. seminalis JRBHU6
showed intense peaks near 1220–1250 cm–1 indicating
a nucleic acid rich biofilm matrix. The extracellular
nucleic acid is a component of biofilm matrix pro-
duced by selected bacterial strains which are a good
source of genetic exchange, signalling, attachment,
and moreover a very important structural component
(Costa et al., 2018). Intense peaks observed in the
region of 900–1150 cm–1 indicated diverse polysac-
charides produced by most of the selected bacterial
isolates, the band region of polysaccharides princi-
pally resulted from a stretching vibration of C–C and
C–O bonds and the deformation of C–O–H and C–
O–C bonds (Naumann, 2001) (Fig. 1). Thus, all the
components of biofilm matrices, viz. proteins, amides
(A&B), polysaccharides, and nucleic acids were found
to be present in EPS which aided in water retention,
nutrients entrapment, and protection against drought
(Wang et al., 2015).

Phylogenetic analysis based on 16S rRNA gene
sequences. As per the phylogenetic tree based on 16S
rRNA gene sequences (Fig. 2b), Ba. subtilis JRBHU11
formed an outgroup. The remaining 10 bacterial iso-
lates got classified into two different clusters (1 and 2).
Cluster 1 was distributed in two genomic subgroups
(1a and 1b). In subgroup 1a, isolates En. cloacae
JRBHU10 and En. cloacae JRBHU7 formed a sister
monophyletic lineage supported by 93% bootstrap-
ping value. En. hormaechei JRBHU9 and En. hormae-
chei JRBHU8 showed high relatedness with bootstrap
(BT) value 95%. Subgroup 1b comprising of two iso-
MICROBIOLOGY  Vol. 91  No. 6  2022
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Fig. 2. Comparative analysis of dendrogram of selected bacterial isolates based on (a) in vitro tested growth promoting ability and
(b) 16S rRNA sequences. (Where, B.p. JRBHU1= Burkholderia paludism, B.p. JRBHU2= Burkholderia paludism, P.d.
JRBHU3= Pantoea dispersa, P.l. JRBHU4= Pseudomonas lactis, P.a. JRBHU5= Pseudomonas azotoformans, B.s. JRBHU6=
Burholderia seminalis, E.c. JRBHU7= Enterobacter cloacae, E.h. JRBHU8= Enterobacter hormaechei, E.h. JRBHU9= Entero-
bacter hormaechei, E.c. JRBHU10= Enterobacter cloacae, B.s. JRBHU11= Bacillus subtilis.)
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lates Ps. azotoformans JRBHU5 and Ps. lactis
JRBHU4, formed sister taxa and were highly related
(BT: 91%). Cluster 2 comprised of Bu. paludis
JRBHU1, Bu. seminalis JRBHU6 and Bu. paludis
JRBHU2 which exhibited monophyletic lineage sup-
ported by bootstrap value 53%.

Phenotypic tree analysis. To understand the relat-

edness between the 11 selected bacterial isolates, a

dendrogram was constructed based on their in-vitro

growth-promoting traits and was compared with the

relatedness based on the phylogenetic tree prepared

through 16S rRNA sequences. The phenotypic den-

drogram analysis classified the 11 bacterial isolates

into 2 prominent groups on the basis of plant growth-

promoting traits (Fig. 2a). Group 1 comprised of

Ps. lactis JRBHU4, Ps. azotoformans JRBHU5,

En. hormaechei JRBHU8, En. cloacae JRBHU10 and

En. cloacae JRBHU7. Ps. lactis JRBHU4 and

Ps. azotoformans JRBHU5 exhibited sister groups

which showed high linkage with bootstrap value 93%

and high similarity index (0.97). En. hormaechei
JRBHU8 showed a similarity index of 0.90 with

Ps. lactis JRBHU4 and Ps. azotoformans JRBHU5.

Group 2 consisted of Bu. seminalis JRBHU6,

Bu. paludis JRBHU2, Bu. paludis JRBHU1 and

En. hormaechei JRBHU9. Bu. paludis JRBHU1 and

Bu. paludis JRBHU2 formed a sister group with high

relatedness (BT: 93%) and a similarity index of 0.97.
MICROBIOLOGY  Vol. 91  No. 6  2022
Bu. seminalis JRBHU6 exhibited a similarity index of

0.89 with Bu. paludis JRBHU1 and Bu. paludis
JRBHU2.

While the 16S rRNA gene sequences formed

2 main clusters based on genetic similarity, the den-

drogram based on PGP traits also formed 2 main

groups. Strains of Pseudomonas JRBHU4 and

JRBHU5 clustered together in both cases and showed

high relatedness. Both strains also exhibited high min-

eral (P, K, and Zn) solubilization capacity and bio-

control activity by the production of siderophores,

protease, cellulase, and chitinase. Similarly, all the

Burkholderia strains JRBHU1, JRBHU2 and

JRBHU6 clustered together based on their 16S rRNA

gene sequence as well as PGP traits. The group repre-

sented by rhizobacteria (En. cloacae JRBHU7,

En. hormaechei JRBHU8, En. cloacae JRBHU10),

showed the highest extracellular enzyme production.

The Enterobacter strains JRBHU7, JRBHU8, and

JRBHU10 showed close similarity to Pantoea based

on the phylogeny but based on their PGP traits it

showed resemblance with Pseudomonas JRBHU4 and

JRBHU5. A remarkably distinct clade formed by

Bacillus in the phylogenetic tree was also found to be

quite distinct in the dendrogram based on its PGP

traits. The Pantoea strains JRBHU3 and JRBHU11
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although belonging to the same genus were found to be

distantly related in the dendrogram for the PGP traits.

Effect of PGPR on plant growth parameters. Seed

biopriming with bacterial strains possessing potential

PGP traits could be a promising approach in inte-

grated solutions to various environmental stresses

because these strains not only help in enhancing nutri-

ent availability and acquisition but also support plant’s

growth and development under adverse conditions.

Biopriming with selected PGPRs brought significant

improvement in wheat growth parameters compared

to the control plants. Percent seed germination after

PGPR biopriming was 95% for strain Ps. azotoformans
JRBHU5, 94% for Pa. dispersa JRBHU3 and Bu. sem-
inalis JRBHU6 and 93% for En. hormaechei JRBHU9

and Ba. subtilis JRBHU11, while control showed 78%

germination. Similarly, seedlings treated with

Ps. azotoformans JRBHU5 showed the best increment

of 71% in root length followed by Pa. dispersa
JRBHU3 (67%), Bu. seminalis JRBHU6 (64%),

En. hormaechei JRBHU8 (59%) and Ba. subtilis
JRBHU11 (58%) with respect to control. It was also

observed that Ps. azotoformans JRBHU5 showed the

best increase in shoot length of 51.58%, followed by

47.22, 45.23, 43.05% increase observed in

Bu. seminalis JRBHU6, En. hormaechei JRBHU9 and

Ba. subtilis JRBHU11 inoculated plant with respect to

control. Application of the other bacterial strains too

showed moderate increase in root and shoot lengths.

Significant differences in vigor index were also

observed in plants as its maximum value was observed

in Ps. azotoformans JRBHU5 (97.34%) followed by

Bu. seminalis JRBHU6 (89.17%), Pa. dispersa
JRBHU3 (84.34%), Ba. subtilis JRBHU11 (80.93%)

and En. hormaechei JRBHU9 (78.30%), while Ps. lac-
tis JRBHU4 (50.13%) treated plants had low vigor

index compared to the control. Nevertheless, all plants

treated with different isolates had appreciable vigor

value above the control (Table 2). Further, the ratios of

root/shoot lengths were also obtained and all the

strains showed higher value as compared to control

with En. cloacae JRBHU10 having the best value with

respect to control. Seed biopriming with selected bac-

terial strains showed significant enhancement in fresh

weight biomass of seedling with maximum increase

observed in Ps. azotoformans JRBHU5 (165%) fol-

lowed by Bu. seminalis JRBHU6 (154%), En. hormae-
chei JRBHU9 (149%), Pa. dispersa JRBHU3 (139%)

and Ba. subtilis JRBHU11 (136%) when compared to

uninoculated control. Almost a similar trend was

observed in the seedling dry weight with maximum

value observed in En. hormaechei JRBHU9 (144%)

followed by Ps. azotoformans JRBHU5 (142%),

Bu. seminalis JRBHU6 (139%) and Pa. dispersa
JRBHU3 (134%) respectively as compared to uninoc-

ulated control.

When grown in pots under greenhouse conditions
(Fig. 3) the PGPR treatments in wheat showed signif-
icant differences in the leaf area (LA), plant height
(PH), days to heading (DH), days to maturity (DM),
grains/spike (GPS), spike length (SL), thousand
grains weight (TGW) but not for the number of tillers
(NT). Seed biopriming with strain Ps. azotoformans
JRBHU5 showed a significant and maximum increase
in plant height (50%), spike length (24%) and number
of grains/spike (63%) followed by Bu. seminalis
JRBHU6, En. hormaechei JRBHU9, Ba. subtilis
JRBHU11 and Pa. dispersa JRBHU3 as compared to
the untreated control. Flag leaf area of wheat was sig-
nificantly higher in treatments of Ps. azotoformans
JRBHU5 (125%) followed by Pa. dispersa JRBHU3
(75.46%), Bu. seminalis JRBHU6 (72.35%) and
En. hormaechei JRBHU9 (69.52%) as compared to
untreated control plants. PGPR-treated plants had
more days to heading and maturity when compared to
control plants which showed early heading and seed
setting as the vigor of these plants was low. Treatment
with Ps. azotoformans JRBHU5 showed highest days
to heading (79.33 days) and days to maturity
(108.66 days) followed by Bu. seminalis JRBHU6,
Pa. dispersa JRBHU3 and En. hormaechei JRBHU9
as compared to untreated control plants in which
heading was observed after 69 days and grain maturity
after 99 days. The 1000 grain weight represents the
magnitude of seed development and reflects the crop
yield. A longer duration in seed maturity offered ample
time for grain development and storage as reflected in
the higher yield. The 1000 grain weight was signifi-
cantly higher in the plants treated with Ps. azotofor-
mans JRBHU 5 (28.63%) followed by Bu. seminalis
JRBHU6 (26.50%) and Pa. dispersa JRBHU3
(26.06%) as compared to untreated control
(27.73 gm). All the selected PGPR’s in the present
study showed significant role in plant growth by mod-
ifying the root system architecture through production
of phytohormones, improving plant nutrition via
nutrient mobilization and EPS secretion which influ-
enced the physiology of the entire plant. However, the
PGPR signals that could trigger the molecular path-
ways involved in the plant developmental responses
remain to be studied. The EPS of PGPR’s having var-
ied composition and functional groups influence a
myriad of soil factors (biofilm, soil aggregation, water
retention, nutrient locking) which in turn modulate
PGPR effects on roots (Costa Oya et al., 2018). Inter-
actions between the functional groups in the EPS such
as uronic acids and acetyl groups and the protein
adhesion enhance soil adhesion and biofilm formation
thereby facilitating in chemical communication
during the host plant interactions.

An insight with the interrelationship between the
plant growth-promoting traits and the external factors
MICROBIOLOGY  Vol. 91  No. 6  2022
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Fig. 3. Pot trial of inoculated plants with selected bacterial isolates. (Where: B.p. JRBHU1 = Burkholderia paludism, B.p.
JRBHU2 = Burkholderia paludism, P.d. JRBHU3 = Pantoea dispersa, P.l. JRBHU4 = Pseudomonas lactis, P.a. JRBHU5 = Pseu-
domonas azotoformans, B.s. JRBHU6 = Burholderia seminalis, E.c. JRBHU7 = Enterobacter cloacae, E.h. JRBHU8 = Entero-
bacter hormaechei, E.h. JRBHU9 = Enterobacter hormaechei, E.c. JRBHU10 = Enterobacter cloacae, B.s. JRBHU11 = Bacillus
subtilis.)

P.l. JRBHU4B.p. JRBHU1Control B.s. JRBHU11
P.d. JRBHU3 B.s. JRBHU6 E.c. JRBHU10E.h. JRBHU8

E.h. JRBHU9
P.a. JRBHU5
influencing the traits is of great value in crop improve-
ment and therefore the correlation co-efficient which
gives a measure of degree and the direction of associa-
tion between the traits was studied in the present
investigation correlating phenotypic wheat growth
parameters with the bacterial growth promoting traits.
The correlation matrix is presented in Fig. 4. Produc-
tion of the microbial hormone IAA secreted exoge-
nously was highly positively correlated to the plant
growth parameters like root length (0.521), vigor index
(0.505), thousand grains weight (0.561), and flag leaf
area (0.404). It was however negatively correlated to
the days to heading (−0.197), indicating that better
vegetative growth of plants probably delayed the repro-
ductive onset. The nutrient-solubilizing (P, K, Zn)
abilities of the PGPR’s directly contributed to
enhancing plant growth and vigor, as a highly signifi-
cant and positive correlation was found with seedling
fresh weight, root length, plant height and thousand
grain weight. Among the nutrients, the phosphorus-
solubilizing ability of the PGPR’s was more signifi-
cantly correlated to such plant growth parameters as
shoot length (0.743*), root length (0.781**), seedling
fresh weight (0.786**), dry weight (0.661*), vigor
index (0.753*) and plant height (0.669*) as compared
to solubilization of the other nutrients, indicating the
vital role of phosphorus in cell division, development
of new tissue and its association with the complete
energy requirements of the plants. The microbial
extracellular polymeric substances contributing in the
ecological functions and stress tolerance showed
highly significant positive correlations with seedling
root length (0.717*), seedling fresh weight (0.707*),
vigor index (0.578), numbers of tillers per plant
(0.575), and thousand grain weight (0.513). All the
bacterial strains evaluated for growth promotion
showed a highly significant positive correlation
between the EPS and plant growth attributes. How-
ever, as the adhesiveness of exopolysaccharides is
highly dependent upon the polymeric chain confor-
mation, internal substitutes, and the internal/external
interactions (Berne et al., 2015), therefore the extent to
which each bacterial EPS has contributed to affecting
plant growth attributes remains to be determined.

These findings suggest that inoculating selected
bacterial isolates in wheat brings remarkable improve-
ment in plant growth through various mechanisms as
also reported in similar earlier studies. Increase in the
root length observed was up to 71% after inoculation of
strain Ps. azotoformans JRBHU5 followed by Pa. dis-
persa JRBHU3 (67%), Bu. seminalis JRBHU6 (64%),
En. hormaechei JRBHU8 (59%) and Ba. subtilis
JRBHU11 (58%). Increased root length not only sup-
ports plant growth by exploring a greater volume of soil
thereby increasing nutrient availability and absorp-
tion, but is also of great significance in plants exposed
to drought stress as they increase water absorption in
plants. It is worth noting that the increase in growth
parameters observed on inoculation of PGPR strains
usually has been found to increase the root length and
root biomass (Khalid et al., 2004). Most of the plant
growth parameters affecting crop yield were signifi-
cantly affected by the PGPR treated. All the selected
PGPR strains were able to significantly influence the
numbers of tillers, f lag leaf area, plant height, number
of grains per spike and 1000 grain weight. Strain
Ps. azotoformans JRBHU5 showed a more pro-
nounced effect on growth (plant height and tillers/
plant) and yield contributing parameters (spike length,
number of grains per spike, 1000 grain weight). Malik
et al. (2012) also found enhanced germination counts,
increases in numbers of tillers and flag leaf area, num-
ber of grains per spike and 1000-grains weight of wheat
after inoculating Pseudomonas sp.

Thus, it may be concluded that PGPR strains
showing multifaceted plant growth-promoting traits
with excellent root colonizing ability and EPS produc-
tion prove to be efficient in promoting the early vege-
MICROBIOLOGY  Vol. 91  No. 6  2022
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Fig. 4. Correlations between various bacterial and plant growth parameters. (Where: IAA—IAA production, P—Phosphate solu-
bilization, K—Potassium solubilization, Zn—Zinc solubilization, EPS—Exopolysaccharides production, PG—Percentage of
germination, SL—Seedling shoot length, RL—Seedling root length, FW—Seedling fresh weight, DW—Seedling dry weight, VI—
Vigor index, NT—Number of Tillers, FLA—Flag Leaf Area, PH—Plant height, DH—Days to 50% heading, DM—Days to 50%
Maturity, GPS—Grains/Spike, SPL—Spike length, TGW—Thousand grains weight.)
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tative and late reproductive growth parameters of
wheat, and strongly inhibit the growth of phytopatho-
gens. Although few PGPR’s capable of forming bio-
film have been reported (e.g., Rhizobium leguminosa-
rum, Agrobacterium sp., Azotobacter vinelandii, Entero-
bacter cloacae, Xanthomonas sp., Pseudomonas sp.,
Paenibacillus polymyxa, Bradyrhizobium sp., Bacillus
subtilis and Bacillus drentensis) but not many are free
living to be exploited on wider plant host (Gupta et al.,
2017). Thus, the isolated strains Pseudomonas azoto-
formans JRBHU5 and Burkholderia seminalis
JRBHU6 with good colonizing abilities are worthy
bioinoculants for enhancing plant vigor and commer-
cial production.
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