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Abstract

This study aimed to characterize, validate, and evaluate the plant growth potential of bacterial
isolates (E-2, T-2, and T-1) to determine their suitability for application as biofertilizers and/or plant-
biostimulants. The plant growth-promoting potential of bacteria (E-2, T-2, and T-1) has been validated
in a hydroponic study on paddy plants by inoculating bacterial isolates and monitoring the phenotypic
and plant growth responses. The applicability of bacteria was tested based on their tolerance to salinity,
susceptibility to antibiotics, and identification based on 16S rDNA sequencing. The isolates E-2, T-2,
and T-1 improved plant growth variably and significantly (P < 0.05 at 95% confidence interval) when
inoculated into the plant growth matrix, ensuring nutrient availability to the plants grown under a
nutrient (nitrate or phosphate) deprived growth matrix. Isolates E-2, T-2, and T-1 grew at salt (NaCl)
concentrations of 7%, 6%, and 6%, respectively, and were tolerant to saline conditions. Although these
three isolates exhibited resistance to certain antibiotics, they were susceptible to a large number of
readily available antibiotics. Isolates E-2, T-2, and T-1 were identified as Klebsiella sp. strain BAB-6433,
Citrobacter freundii strain R2A5, and Citrobacter sp. DY1981 respectively, and all of these may be
assigned to Risk-Group-2 and hence are safe in view of their susceptibility to readily available antibiotics.
Hence, these isolates are promising for extensive evaluation as bioinoculants to ecologically improve
soil quality, fertility, crop growth, and yield.
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INTRODUCTION

Human society is largely dependent on
agricultural crop vegetation for their requirement
of food, nutrition, and other livelihoods. A rise
in agricultural products is the need of today and
tomorrow to meet the food requirements of
the growing human population. The extensive
use of chemical fertilizers/pesticides to meet
the increased demand poses many threats to
various life forms and environment.»? Plant
growth-promoting rhizobacteria (PGPR) serve as
sustainable and environment friendly approach
for improving crop yield and offer an alternative
to the extensive application of chemical fertilizers
and pesticides.>” The potential of PGPR in the
development of sustainable agriculture systems
has been investigated earlier and is still being
explored in the search for PGPR that can be applied
under various environmental conditions #1034511

PGPR colonize plant roots in different
manners and enhance their growth by a wide
variety of mechanisms, including providing
plant nutrient and exogenous plant growth
hormones, protecting against plant pathogens,
and helping plants tolerate many biotic and
abiotic stresses.'?*>%1° Plant roots exude various
compounds of nutritional and regulatory
importance, such as carbohydrates, organic acids,
amino acids, proteins, enzymes, flavonoids, and
indole compounds, into the rhizosphere, which
interact with microbes in soil to establish the
microbial community (some of these microbes
are PGPR) around the plant root system.¢*° PGPR
enhance plant growth and crop yield via many
different mechanisms, such as the formation of a
suitable soil structure, decomposition of organic
matter, mineralization and recycling of essential
elements, and mineral nutrients such as nitrogen
fixation, phosphate solubilization, and siderophore
production and release of plant growth regulators
such as indole acetic acid (IAA), which influences
root system architecture, reduction of plant
ethylene-mediated stress via microbial ACC
(aminocyclopropane carboxylate) deaminase,
biocontrol of soil and seed-borne plant pathogens,
and others. 20815

Nitrogen (N) and phosphorus (P) are
essential nutrients for plant growth. Naturally,
it is available in various combined organic and
inorganic forms that plants cannot take directly

because of their complexity. Many microorganisms
in the rhizosphere have the potential to convert
these complex forms, through nitrogen fixation
and phosphate mobilization, to forms suitable
for plants and hence promote plant growth
and yield.??*. In addition, PGPR may improve
plant growth by producing phytohormones and
iron chelating compounds.?*?® Iron chelating
compounds, such as bacterial siderophores,
which help in efficient iron acquisition, can be
easily taken up by plants for their own growth.
Thus, PGPR improves the growth of plants,
which is measured and represented by growth
parameters such as length, number, and biomass
of whole plants or parts such as roots, shoots, and
others.?”»

The use of PGPR has also been studied in
many crops, such as rice, potato, sugar beet, radish,
and sweet potato, where increases in product
quality, growth, and yields are evident.?>** Many
bacteria, such as Agrobacterium, Arthrobacter,
Azospirillum, Azotobacter, Bacillus, Burkholderia,
Caulobacter, Chromobacterium, Enterobacter,
Erwinia, Flavobacterium, Gluconacetobacter
diazotrophicus LMG7603, Herbaspirillum
seropedicae LMG6513, Micrococcous,
Pseudomonas, Rhizobium and Serratia have been
found to enhance plant growth.363".* |dentification
of efficient PGPR as potentially useful microbes
for application in agriculture to improve plant
growth, health, and crop yields has received
attention over the past several years, and research
has frequently been carried out successfully
in field experiments.3%3° Many biofertilizers
are in application across the globe, but their
selection is subjective to their performance, which
may be influenced by various environmental
factors (temperature, salinity, pH, and many
others that influence the survival and growth of
microorganisms) that vary across geographically
distinct locations and with time.***! Genetic
variation is an ongoing process, which may be
spontaneous or induced, leading to the emergence
of efficient and new PGPR genera or species.
Thus, the isolation of efficient PGPR strains at par
application environments is a prime concern for
eco-friendly and sustainable agriculture. Safety
issues are of utmost importance, especially when
studies must be carried out under field conditions
to explore the in-field performance of PGPR
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isolates. The present work has been undertaken to
validate and evaluate the plant growth-promoting
potential, tolerance to saline environment,
and preliminary concern about safety issues of
rhizospheric bacteria in lab conditions, which can
be further investigated under field conditions for
application as a biofertilizer/plant-biostimulant.

MATERIALS AND METHODS
Source and information of the microbial isolates

Three bacterial isolates (E-2, T-2, and
T-1) were obtained from Kumar’s laboratory at
Central University of Jharkhand, India.>*° All three
isolates exhibited four plant growth-promoting
characteristics: (1) nitrogen fixation, (2) phosphate
solubilization, (3) siderophore production, and
(4) Indole acetic acid production.®® These three
isolates were also tolerant and grew in a broad
pH range (pH 3.5-10).° These three isolates were
used in this study.
Surface sterilization of paddy seeds

All experiments were performed in the
Department of Life Sciences, Central University
of Jharkhand, India. Plant inoculation assays were
performed according to the modified method
of Majeed et al.?® A total of 200 paddy seeds of
variety Gorakhnath-509 (hybrid paddy, minimum
germination 80%, minimum genetic purity 95%,
minimum physical purity 98%, recommended
area of cultivation including Jharkhand, produced
and marketed by Nath Bio-Genes (I) Ltd. Nath
House-India) with an average weight of 16.6
0.2 mg per seed were used in this study. Seed
surface sterilization was performed aseptically.*4*
Briefly, paddy seeds were washed thrice with 50
mL autoclaved double-distilled water (DDW) with
vigorous shaking at 250 rpm at room temperature
for 5 min. Water was then decanted, and the seeds
were treated with 70% ethanol with shaking at
250 rpm for 2 min. The seeds were then rinsed
thrice with autoclaved DDW for 2, 5, and 15 min.
Steps of ethanol treatment followed by rinsing
with autoclaved DDW were repeated. Seeds were
then treated with 0.1% mercuric chloride (HgCl,)
for 2 min and 1% sodium hypochlorite for 15 min,
respectively, with each treatment followed by
rinsing thrice with autoclaved DDW. Five surface-
sterilized seeds and 100uL of water from the last
wash step were plated on sterile Luria-Bertani (LB)
agar media plates separately to check for sterility.

After the microbial sterility check, the remaining
seeds were soaked aseptically overnight in 50 mL
autoclaved DDW. Seed germination was assessed
prior to the hydroponic experiment. Most of the
seeds germinated (86-88% germination) 3 d after
sowing in the sand matrix flooded with Hoagland
media.
Hydroponics study: Growth of paddy plants under
different nutritional and inoculant control
Overnight-soaked seeds were sown
(buried approximately 1 cm deep) aseptically
in six beakers (volume-250 mL, height 95 mm,
outer diameter 70 mm, inner diameter 63 mm).
Each beaker contained sterilized sand-medium
(red sand- repeatedly washed and autoclaved,
300 g of sand attained height of 74 mm and
volume 183.78 cm?, added with 85 mL respective
growth media) and 15 paddy seeds. The beakers
were labeled 1-6:1- nitrate deficient Hoagland
media with bacterial inoculum as H-NO,™(IN),
2- nitrate deficient Hoagland media without
bacterial inoculum as H-NO,™(UNIN), 3- Hoagland
media without bacterial inoculum as H(UNIN), 4-
Hoagland media with bacterial inoculum as H(IN),
5- phosphate deficient but tri-calcium phosphate
(TCP)-supplemented Hoagland media without
bacterial inoculum as H-PO,"+TCP(UNIN), and
6- phosphate-deficient but TCP supplemented
Hoagland media with bacterial inoculum as
H-PO, +TCP(IN). All the beakers containing seeds
were kept under similar growth conditions of
light, temperature, and humidity and kept in the
same chamber of an enclosed light rack, and
hydroponics experiments were performed in
months of April-July for germination and growth.
Following germination of seeds, 3 days after
sowing, 10 mL of bacterial cells (O.D. 1 in normal
saline) was added to beakers labeled as (IN),
whereas others labeled as (UNIN) received 10 mL
of normal saline. A 10 mL (approximate volume
determined equivalent to volume of water loss)
autoclaved DDW was added on alternate days
to the plant growth-supporting matrix in every
beaker to keep the sand media flooded (~ 10
mm). Various phenotypic parameters of plant
growth were recorded over 21 days following
inoculation. Plants were uprooted on the 21 day,
and the length of root (longest root in the plant)
and shoot (length with longest leaf in the plant),
number of leaves and number of root fibers/
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branches, fresh weight of roots, and fresh weight
of shoots, as used by Souza et al** Kumar et al*® and
Majeed et al”® were measured separately for each
plant except for fresh weight (Supplementary
file). The root weights of individual plants in
some treatment sets were very low. Therefore,
the shoots and roots of all plants were cut and
separated. Fresh weight of shoot/root of all plants
in a treatment set, at a time, was measured and
the average was calculated by dividing it with the
number of plants in the respective treatment set.
Data analysis

One-way analysis of variance (ANOVA)
was performed to determine the effects of
different treatment/test conditions on plant
growth. Plant growth promoting potential of all
the three isolates E2, T2 and T1 was evaluated
under the mentioned conditions except ‘Hoagland
media without bacterial inoculum’ condition which
was omitted for bacterial isolate T1. For each trait
(shoot length, root length, ratio of shoot length
to root length, number of leaves in each plant,
and number of roots in each plant), data were
analyzed using GraphPad Prism Software 5.0
(GraphPad, San Diego, CA, USA) through one-way
analysis of variance (ANOVA) (Tukey’s post-hoc
test: compared all pairs of columns). The results
are expressed as mean * standard deviation (SD).
Replicates of plants (individual plants in each
treatment set) were taken and ANOVA (o = 0.05)
was performed using the measured values of the
plant traits.
Growth response of isolates on different
concentrations of salt

Qualitative growth response of PGPR
isolates to different concentrations of salt (NaCl in

Table 1. Reference zone-size of inhibition by antibiotics

LB agar media: 0%, 1%, 2%, 3%, 4%, 5%, 6%, 7%,
and 8%) was performed according to the method
described by Swarupa and Kumar®. The plates were
checked by observing the relative visible growth
density and opacity against the light source of the
bacterial culture spot on the culture plates, and
the image was captured as a record.
Antibiotic sensitivity profiling of the isolates

An antibiotic (antimicrobial agents)
sensitivity assay was performed on Mueller
Hinton agar by the standard disc diffusion
method* using an antibiotic sensitivity teaching
kit (HTMO002-15PR; HiMedia Laboratories Pvt.
Ltd, India). The bacterial isolates were grown
overnight in LB broth at 37 °C with shaking at 160
rpm. Bacterial cultures were centrifuged (MIKRO
200R, Hettich ZENTRIFUGEN) at 10000xg for 2
min at room temperature. The pellet was washed
and resuspended in sterile normal saline (0.85%
NacCl). Bacterial suspensions in normal saline
were spread on sterile Mueller-Hinton agar using
sterile cotton swabs. The discs of the respective
antibiotics, as given in Table 1, were placed on the
bacterial lawn spread on Mueller-Hinton agar. The
diameters of the inhibition zones were measured
in millimeters after 24 h and 48 h of incubation at
37°C. The sensitivity and resistance of the bacteria
to the respective antibiotics were inferred from the
standard reference zone of inhibition (Table 1).
Identification of isolates by 16S-rRNA

Phylogenetic analysis of bacterial
isolates E-2, T-2, and T-1 was done using the
16S-rRNA gene sequence. Phylogenetic analysis
services were procured from Xcelris Labs Ltd.
(India). The genomic DNA of E-2, T-2, and T-1
isolates was subjected to 16S-rRNA PCR in

Antibiotics Concentration Resistant Intermediate Sensitive
(mm or less) (mm) (mm or more)
Chloramphenicol 30 ug 12 13-17 18
Gentamicin 10 pg 12 13-14 15
Kanamycin 30 ug 13 14-17 18
Tetracycline 30 ug 14 15-18 19
Vancomycin 30 ug 0 0 15
Penicillin-G 10 units 14 0 15
Ampicillin 10 pg 13 14-16 17

Source of reference value: Enterobacteriaceae, Staphlycoccus spp, Pseudomonas spp., Enterococcus spp., Neisseria meningitides,
Streptococcus spp. (beta haemolytic group) (HiMedia Laboratories Pvt. Ltd, India).
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a Veriti® 96 well Thermal Cycler (Model No. AGAGTTTGATCCTGGCTCAG-3’) and 1492R-(5’-
9902) using specific universal primers 8F-(5'- GGTTACCTTGTTACGACTT-3’). Samples of 165-rRNA

Fig. 1. Photograph of plants under hydroponic study revealing morphological appearance of effect of PGPR isolates:
letters a-b, c-d and e represent the influence of isolates E-2, T-2 and T-1 respectively; a, c and e represents standing
paddy plants at day 21; b and d represents uprooted plants respectively from a and c at day 21; numerals 1-6 in
boxes represents nutrient and inoculant condition in respective pots: 1- H-NO,(IN), 2- H-NO, (UNIN}), 3- H(UNIN),
4-H(IN), 5- H-PO, +TCP(UNIN), 6- H-PO,"+TCP(IN); where H- Hoagland, IN- Inoculated with bacterial isolate, UNIN-
Uninoculated, TCP- Tricalcium phosphate, H-NO, - nitrate deficient Hoagland medium, H-PO, - phosphate deficient
Hoagland medium, +TCP- supplemented with TCP. Treatment condition “3” was omitted in setup “e” because the
effect of inoculant had to be mainly compared with nutrient deficient condition.
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Fig. 2. Graph showing effect of isolates E-2, T-2 and T-1 on various parameters of the plants: shoot length (a-c), root
length (d-f), shoot to root length ratio (g-i), number of leaves (j-1), number of branches in root (m-0); * corresponds
to statistical significant difference as shown in ANOVA tables; attributes of axes X’: H-NO,(IN), H-NO, (UNIN),
H(UNIN), H(IN), H-PO,"+TCP(UNIN), H-PO,”+TCP(IN); where H- Hoagland, IN- Inoculated with bacterial isolate,
UNIN- Uninoculated, TCP- Tricalcium phosphate, H-NO," - nitrate deficient Hoagland medium, H-PO," - phosphate
deficient Hoagland medium, +TCP- supplemented with TCP. ns- not significant, *- P <0.05, **- P <0.01, ***- P <0.001

Journal of Pure and Applied Microbiology 1214 www.microbiologyjournal.org



Kumari et al. | J Pure Appl Microbiol | 16(2):1209-1225 | June 2022 | https://doi.org/10.22207/JPAM.16.2.50

80-
E3 H (UNIN)
) E3 H(IN)
E 60- | F N
z 2 - o ME B n-no, Ny
F { H || § D s~osany
M g H K mEl B H-PO, (UNIN)
& g H Halllld B weo.an
: 1o EHIIE e
- = H  HEIIUE
& &
Effect of isolates on shoot fresh weight
40-
E3 H(UNIN)
‘E‘» = B3 H(N)
= B H-Noy NNy
] [0 sNosav)
*: g VZ] H-PO, (UNIN)
¥ B wro,mv
>
<
&> &>
Effect of isolates on root fresh weight

_ 25-

= H (UNIN})

S 20 & H)

3 H B sNoy (N

4 ¥ H [ sNoyaN)

& 10 H-PO, (UNIN)

i 1 B 3

e i Al B o

¥4 5 Z NE H

= olE AE A

Effect of isolates on fresh weight shoot to root ratio

Fig. 3. Effect of isolates E-2, T-2 and T-1 on biomass of the plants: average fresh weight of shoot and root, fresh
weight shoot to root ratio; average was calculated as (to avoid measurement errors): total fresh weight of shoots/
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gene specific amplicons (~1.5 kb) from E-2, T-2,
and T-1 were sequenced by Sanger sequencing
on an ABI 3730xI Genetic Analyzer using the BDT
v3.1 Cycle sequencing kit. The 16S-rDNA sequence
was used to identify similarities in the GenBank
database using the BLAST alignment search tool of
the National Center for Biotechnology Information
(NCBI). The first 15 sequences were selected
based on the maximum identity score and aligned
using the multiple alignment software program,
ClustalW. The neighbor-joining method was
used to establish the evolutionary history of the
bacteria.* The bootstrap consensus tree inferred
from 1000 replicates was used to represent

the evolutionary history of the taxa analyzed.”
Branches corresponding to partitions reproduced
in less than 50% of bootstrap replicates were
collapsed. Kimura 2 parameter method was used
to infer evolutionary distance in the units of base
substitution per site.*® Overall, 16 nucleotide
sequences, including our query sequence, were
used in this analysis, and evolutionary analyses
were conducted in MEGA7.%

RESULTS

Effect of isolates on the growth of paddy plants
Paddy plants grown hydroponically under

identical conditions with and without inoculation

%NaCl 0 |

%NaCl 6 7

Fig. 4. Growth of isolates E-2, T-2 and T-1 on different concentration of salt (0-8% of NaCl) constituted in LB agar
plates. White spots on the plates represent growing bacterial lawn at 24 h of incubation following spot inoculation
of 5uL of respective bacterial suspension at ~1.0 optical density.’
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of isolates E-2, T-2, and T-1 were used to study
the effect of bacteria on the growth of paddy
plants. Phenotypic symptoms, such as leaf color,
are indicators of the nutrient and health status of

plants. Leaves become chlorotic under nitrogen/
phosphorus deficiency and light green under
nitrogen deficiency, whereas plant growth is
stunted under phosphorus deficiency.*® Leaves of

Description ES : é
2 =
AE2
E KY672921.1 Klebsiella sp. strain BAB-6433 98 0.0 99
KPT720604.1 Enterobacter sp. IPC1-8 98 0.0 99
EU331414.1 Enterobacter sp. L3R3-1 98 0.0 99
MF687521.1 Gamma protcobacterium BIWAS1 gene for 98 0.0 99
AM184266.1 Pantoea agglomerans, strain WAB1927 98 0.0 99
KY979136.1 sp. strain WCHE1523 98 0.0 99
KT799662.1 Leclercia adecarboxylata strain 11_5 98 0.0 99
4'_7:&217437.1 Gamma proteobacterium BIWAS0 98 0.0 99
LC217438.1 Gamma proteobacterium BIWAS1 gene for 98 0.0 99
GU191924.1 Enterot cloacae subsp.dissolvens strain SB 3013 98 0.0 99
——KT582063.1 Enterobacter ludwigii strain VITPSR-027 98 0.0 99
L Fi445214.1 Pantoca sp. NIIST-186 98 0.0 99
KC759398.1 Enterobacter cloacac subsp. dissolvens strain SB 3013 98 0.0 99
KF475862.1 Enterobacter ludwigii strain IHB B 6551 98 0.0 99
\_'l:FJSQJOOM Pantoea agglomerans strain ST-1 98 0.0 99

AT2

dallaln

KF938666.1 Citrobacter freundii strain R2A5 97 0.0 99
KF748895.1 Citrobacter sp. W-137-1 97 0.0 99
KM406465.1 Citrobacter freundii strain NSCF1 97 0.0 99
KY435705.1 Citrobacter freundii strain IG1 97 0.0 99
AB680434.1 Citrobacter freundii gene , strain: NBRC 13545 97 0.0 99
AB548829.1 Citrobacter freundii gene for, strain: JCM 24064 97 0.0 99
AF025365.1 Citrobacter freundii 97 0.0 99
GU126682.1 Citrobacter freundii strain MRB070408-1 97 0.0 99
MG198846.1 Citrobacter freundii strain IMARCUG-C1 97 0.0 99
HQ696465.1 Citrobacter sp. DY 1981 97 0.0 99
AB548577.1 Citrobacter freundii gene for, strain: JCM 24004 97 0.0 99
MG543842.1 Citrobacter freundii strain NW_A29 97 0.0 99
KT261414.1 Citrobacter freundii strain S1 97 00 99
KP068655.1 Citrobacter sp. enrichment culture clone 97 0.0 99
GU126683.1 Citrobacter freundii strain MRB070408-2 97 0.0 99

KT361184.1 Citrobacter freundii strain NSCF02 98 0.0 99
KM406465.1 Citrobacter freundii strain NSCF1 98 0.0 99
JN831090.1 Citrobacter freundii strain JZ01 98 0.0 99
JX482484.1 Citrobacter sp. C48 98 0.0 99
KY435705.1 Citrobacter freundii strain 1G1 98 0.0 99
4';.&5680434.1 Citrobacter freundii gene for, strain: NBRC 13545 98 0.0 99
AB548829.1 Citrobacter freundii gene for, strain: JCM 24064 98 00 99
KF938666.1 Citrobacter freundii strain R2AS 98 0.0 99

— AT1
L HQB98465.1 Citrobacter sp. DY1981 98 0.0 99
AF025365.1 Citrobacter freundii 98 0.0 99
_|: AB210978.1 Citrobacter freundii gene for, strain: SSCT56 98 00 99
KT261414.1 Citrobacter freundii strain S1 98 0.0 99
{Nn_ozaasa.1 Citrobacter freundii strain ATCC 8090 98 0.0 99
———MG543842.1 Citrobacter freundii strain NW_A29 98 0.0 99

L AB548577.1 Citrobacter freundii gene for, strain: JCM 24004 98 0.0 99

Fig. 5. 165-rRNA gene based phylogenetic tree revealing identification of PGPR isolates E-2, T-2, T-1 and its
evolutionary history. The phylogenetic tree was constructed with MEGA7 by Neighbour-Joining method with 1000
bootstrap. QC- Query coverage, MI- Maximum identity, EV- Expect value. Red triangular shape represented query

sequences of isolates E-2, T-2 and T-1.
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plants growing in nitrate-or phosphate-deficient
media and without bacterial inoculum (Fig. 1:
a-2, a-5, c-2, c¢-5, e-2, e-5) were yellowish-green
and chlorotic, respectively, compared to plants
grown in nitrate-or phosphate-deficient media
but inoculated with bacteria (Fig. 1: a-1, a-6, c-1,
c-6, e-1, e-6), where the leaves of plants were dark
green.

Statistical analyses of the plant growth
responses to isolates E-2, T-2, and T-1 under
different test conditions are shown in Fig. 2-3. The
contribution of the bacterial inoculum was mainly
focused on nutrient (nitrate/phosphate)-deficient
treatment sets. With all the isolates, the length of
shoots of plants growing in ‘treatment sets with
bacterial inoculum’ were more (significant except
E-2 under nitrate deficient condition) than shoot
length of plants grown in ‘treatment sets without
inoculum’ (Fig. 2a-c). With all the isolates, the
length of roots of plants growing in ‘treatment sets
with bacterial inoculum’ were shorter (significant
except T-2 under phosphate deficient condition
and T-1 under nitrate deficient condition) than
the roots of plants grown in ‘treatment sets
without inoculum’ (Fig. 2d-f). The ratios of the
shoot-length to root-length (SL/RL) of plants in
‘treatment sets with bacterial inoculum’ were
significantly higher than the ratios SL/RL of plants
in ‘treatment sets without inoculum’ (Fig. 2g-i).
Increases in the number of leaves were recorded
under all test conditions when augmented by
bacterial inoculum, although the increases were
insignificant except for T-2 under nitrate-deficient
conditions (Fig. 2j-1). The augmentation of media

by bacterial inoculum resulted in a significant
increase in the number of roots per plant under
phosphate-deficient conditions in the case of
E-2, the control (without nutrient deficiency
in Hoagland medium), and nitrate-deficient
conditions in the case of T-2 (Fig. 2m-o0). In the
other cases, the number of roots either increased
or decreased insignificantly (Fig. 2m-o).

All isolates contributed to increased
average fresh weight of shoots under all growth
media conditions when inoculated with bacterial
inocula E-2, T-2, or T-1 (Fig. 3). Although a definite
trend was not seen, the observations on root
biomass were represented in Fig. 3. Fresh biomass
of roots increased in ‘control’ or ‘phosphate
deficient media’ when inoculated with bacteria
E-2 or T-2. Fresh biomass of roots was found to be
either slightly decreased or comparable in nitrate-
deficient media when inoculated with bacteria
E-2 or T-2, respectively. The fresh biomass of
roots was found to increase seven-fold when the
control medium was inoculated with bacteria T-2.
The fresh biomass of roots increased in nitrate-
deficient media when inoculated with bacteria
T-1, whereas it decreased in phosphate-deficient
media when inoculated with the same bacteria.
Similarly, the shoot biomass to root biomass
ratio did not follow a definite trend, except when
inoculated with E-2.

Growth Response of Isolates to Salt and Antibiotics

Bacterial isolates E-2, T-2, and T-1 grew
in a wide range of salinity (0.0-7% NaCl), although
growth was inhibited at higher salt concentrations
(7% and beyond) of NaCl except E-2, which grew

Table 2. Antibiotic sensitivity profile of different bacterial isolates

h? Isolates Diameter (mm) of zone of inhibition on antibiotic sensitivity test plates® (I/R/S)
Ampicillin  Penicillin - Vancomycin Kanamycin Chloramphenicol Gentamicin Tetracycline

24 E-2 O(R) 0(R) O(R) 17(1) 20(S) 16(S) 15(1)
T-2 9(R) 0(R) 0(R) 19(S) 22(S) 16(S) 16(1)
T-1 8(R) 0(R) 0(R) 19(S) 20(S) 16(S) 15(1)

48 E-2 0(R) 0(R) 0(R) 17(1) 21(S) 17(S) 16(1)
T-2 9(R) 0(R) 0(R) 20(S) 22(S) 17(S) 17(1)
T-1 9(R) 0(R) 0(R) 19(S) 21(S) 16(S) 15(1)

2Hours of incubation with respective antibiotics in test plate. Letters I/R/S in parentheses stand for Intermediate/Resistant/
Sensitive respectively, which were inferred from reference zone size in millimeter (mm) as per manual of HiMedia Laboratories
Pvt. Ltd, India: Ampicillin (R<13, I- 14-16, S->17), Penicillin (R<14, I- 0, S- 215), Chloramphenicol (R<12, -13-17, S->18), Vancomycin
(R-0, I-0, S->15), Tetracycline (R<14, 1-15-18, S->19), Kanamycin (R<13, I-14-17, $>18) and Gentamicin (R<12, I-13-14, S->15).
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even at 7% NaCl (Fig. 4). The antibiotic sensitivity
profile indicated that all three 3 isolates (E-2, T-2,
and T-1) were resistant to ampicillin, penicillin, and
vancomycin, but were intermediate or sensitive
to kanamycin, tetracycline, gentamicin, and
chloramphenicol (Table 2).
Identification of Isolates by Similarity Search

A BLAST search and phylogenetic
clustering of consensus nucleotide sequences of
16S-rDNA of E-2 (1447 bp), T-2 (1447 bp), and T-1
(1449 bp) resulted in 99% similarity and clustering
of E-2, T-2, and T-1 isolates, respectively, with
Klebsiella sp. strain BAB-6433, Citrobacter freundii
strain R2A5, and Citrobacter sp. DY1981 (Fig. 5).
Nucleotide sequences (partial sequence) of these
isolates, E-2, T-2, and T-1, as identified above, have
been submitted to GenBank NCBI under accession
numbers MK424328, MT103108, and MT103105,
respectively.

DISCUSSION

Plant growth-promoting bacteria
comprise a heterogeneous mix of bacteria that can
colonize plants or around the root system and also
provide beneficial effects to the plants by many
different mechanisms, including nitrogen fixation,
phosphate solubilization, siderophore production,
and IAA production among others.'5120815 Three
bacterial isolates were used in this study, which
had been tested biochemically for their potential
for nitrogen fixation, phosphate solubilization,
siderophore production and IAA production.*

These isolates exhibited a positive
influence on the growth parameters of the plants
when inoculated under hydroponic conditions
(Fig. 1-3). The three isolates, E-2, T-2, and T-1,
were identified by 16S-rRNA gene sequencing
as Klebsiella sp. strain BAB-6433, Citrobacter
freundii strain R2A5, and Citrobacter sp. DY1981,
respectively (Fig. 5). Other studies also reported
similar findings, where Klebsiella pneumoniae type
strain (KPY17657) and Citrobacter were found
to be associated with plant roots of rice, wheat,
and fruit plants, and also exhibited plant growth-
promoting activities, such as nitrogen fixation,
phosphate solubilization, siderophore production
and IAA production.®>*3 Klebsiella and Citrobacter
freundiihave also been associated with other plant
species, including Zea mays,** Triticum aestivum,>>
Saccharum officinarum,*®*” and Glycine max.>®

Citrobacter freundii and Klebsiella have been used
for biocontrol, bioremediation, and plant growth
promotion in tomato,*® maize,**¢! and sugarcane.®?
However, in the present study, these bacteria were
isolated from different plants such as eggplant
(E-2) and tomato-plant (T-2 and T-1) but exhibited
positive influence by enhancing the growth of the
tested paddy plants. It also substantiated that
these bacteria might not show a strict association
with a particular plant, but can also be applied to
improve the growth of other plants.

Paddy plants grown under nitrate-or
phosphate-deficient media were short, had
yellowish-green leaves, were narrow, and had
fewer leaves. Application of bacterial isolates
resulted in improved growth of plants with better
plant height, green leaves, and an increased
number of leaves, revealing that these isolates
are fit to be called, as stated by Vessey,* PGPR
as a biofertilizer. Paddy growth was significantly
enhanced following inoculation with E-2, T-2, or
T-1, although these isolates manifested improved
growth in different ways (Fig. 1-3). Isolates E-2,
T-2, and T-1 increased the shoot length of plants
compared to un-inoculated sets, indicating
that these isolates promoted plant growth, as
reported by Souza et al., (2013).3° On the other
hand, root length decreased following inoculation
with E-2, T-2, or T-1, which is corroborated
by the interpretation of Fageria and Moreira
(2011)%® that “when there is deficiency of a
determined nutrient, roots try to grow longer to
take nutrients from lower soil depths”. Therefore,
under nutrient deficit conditions, an increase in
root length should not be regarded as a growth-
promoting parameter, as is the case with I1AA
production, which increased root length under
optimum nutrient condition.5**” Increased root
length under nitrogen-or phosphorus-deficient
uninoculated plants indicated that the plants
are experiencing nutrient deficiency, and hence,
roots grow faster to acquire more nutrients. In
contrast, roots were short under conditions of
nitrogen or phosphorus deficient media but were
inoculated with isolates E-2, T-2, or T-1, which
substantiated that these isolates supplemented
deficiency of nitrogen or phosphorus by nitrogen
fixation or phosphate solubilization, respectively.
Similarly, fresh shoot biomass increased when
plants were inoculated with isolates E-2, T-2, or
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T-1. The increase in shoot length to root-length
ratio under inoculated nitrogen-or phosphorus-
deficient media compared to its respective
uninoculated sets further evidenced the growth-
promoting characteristics of isolates E-2, T-2, and
T-1. These findings are consistent with those of
earlier reports.5*®” Thus, isolates E-2, T-2, and T-1
led to phenotypic and statistically improved plant
growth. These isolates also led to increased leaf
number, as reported by Sharma et al*® On the
other hand, increased shoot-length to root-length
ratios under N-or P-deficient conditions (Fig. 1-3)
evidenced that seeds/plants were more likely
to be intolerant to N and P, which has also been
reported by others.®®"* Growth-promoting effects
on paddy plants were also observed when isolates
E-2 and T-2 were inoculated into plants growing
in Hoagland media, where both ‘N’ and ‘P’ are
available. The present setup seems insufficient to
explain this, but nutrient enrichment by isolates
may be one of the reasons especially, during the
late stages when plants start experiencing nutrient
deficiency.

Due toirregular rainfall patterns, human
activities, extreme climatic changes, improper
drainage, and inadequate leaching of mineral
salts, soil salinity has increased at an alarming
rate.”>” Increased levels of soil salinity lead to
physiological, molecular, and biochemical changes
and reduce crop productivity and yield.”*”®
The ability of these isolates E-2, T-2, and T-1 to
grow at a wide range of salt concentrations (E-
2: up to 7%, T-2 and T-1: up to 6% of NaCl) is of
additional significance for their application to
alleviate the abiotic stresses experienced by most
agricultural plants, which are sensitive to high salt
concentrations in agricultural fields. E-2, T-2, and
T-1 showed moderately halo-tolerant character.”®
Therefore, these isolates, as PGPR in saline soils,
will be effective in helping glycophyte plants (such
as rice) ameliorate or cope with abiotic stress and
enhance crop productivity by adopting one or the
other mechanisms.””#!

The isolates were identified as Klebsiella
sp. strain BAB-6433, Citrobacter freundii strain
R2AS5, and Citrobacter sp. DY1981 annotated
the risk status of the isolates E-2, T-2 and
T-1, respectively. Studies have revealed the
pathogenic status of Citrobacter as a nosocomial

opportunistic pathogen, which may cause
human diseases of insignificant clinical concern
to serious complications.®®* However, they are
associated with secondary infections, either in
immunocompromised patients or in patients
with underlying serious medical conditions such
as diabetes, burns, and use of internal medical
devices, rendering the patients weak.t>® In view
of the safety aspects of the field application of
isolates T-2 and T-1, the above-mentioned studies
have clearly mentioned that these opportunistic
pathogens are commensal to the human gut and
are not the primary cause of diseases. Therefore,
the pathogenesis of these bacteria is not due to
the inherent virulence of Citrobacter. Despite the
emergence of antibiotic resistance and the risk
factor bla.,, , resistance gene of these bacteria,
there are still reliable antimicrobial agents such
as cephalosporins, amikacin, and quinolones
available for controlling these resistant strains.®
Klebsiella spp. belong to two types of habitats:
environment (soil, sewage, water, and plants)
and mammals (humans, horses, and swine).8>%
Klebsiella infection is generally nosocomial
in nature and generally affects individuals
who are either immunocompromised or have
underlying diseases such as type 2 diabetes,
cancer, and pulmonary infections.82° In this study,
Klebsiella spp. were isolated from rhizospheric
soil; hence, its probability of being pathogenic to
humans may be very low. In fact, some strains of
Klebsiella pneumonia and Klebsiella oxytoca have
been used as effective bioinoculants in some
studies,*** which themselves belong to one of
the most pathogenic species of Klebsiella genera.®
Therefore, based on the above facts, isolates E-2,
T-2 and T-1 may be assigned Risk Group 2 (with
moderate individual risk and limited community
risk, includes opportunistic pathogens).** Besides
susceptibility to some tested antibiotics, E-2, T-2,
and T-1 showed resistance to ampicillin, penicillin,
and vancomycin, indicating the emergence of drug
resistance among a number of culturable PGPR or
soil microbes, which is also supported by previous
finding.’® It is possible that the indiscriminate
disposal of unused prescribed antibiotics in
garbage and subsequent use of this garbage in
agricultural fields as compost fertilizers or other
unknown circumstances might have created
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selective pressure that consequently led to the
development of antibiotic-resistant microbes in
the so0il.*>*” Ferjani et al., (2018)% also found a
low rate of antibiotic resistance among isolated
PGPR isolates, which could be used for the
development of microbial inoculums to enhance
plant growth while considering human health. The
sensitivity of isolates E-2, T-2, and T-1 to broad-
spectrum antibiotics such as chloramphenicol,
kanamycin, and gentamicin makes them suitable
for safe (readily available antibiotics may help
immediate prevention of infection or disease
outbreak) industrial production and formulation
of biofertilizers for field application. Although
antibiotic resistance of PGPR has been sporadically
investigated by others,?® the risk status of PGPR
has also been explored in this study by literature
search and 16S-rDNA based identification.

The cited studies from the literature and
the antibiotic sensitivity study of this study are
suggestive of the safe application of E-2, T-2, and
T-1. However, safety parameters must be evaluated
experimentally in detail or caution should be
taken prior to the release of antibiotic-resistant
bacteria, especially if such resistance genes are
borne on mobile genetic elements. Further field
studies using these isolates may be required to
evaluate their response under different prevailing
environmental conditions, including the influence
of other biotic communities that influence the
growth of PGPR microbes.®91°

CONCLUSION

The isolates E-2, T-2, and T-1 were
identified as Klebsiella sp. strain BAB-6433,
Citrobacter freundii strain R2A5 and Citrobacter
sp, DY1981 respectively, which revealed their
positive impact on plant progression parameters
in different manners under hydroponic study,
by improving plant height, maintaining healthy
leaves, and increasing the number of leaves.
Their moderate halo-tolerant character make
them fit under the abiotic stress of saline soil.
Being sensitive to broad-spectrum antibiotics
and belonging to a low-risk group of organisms,
these isolates are safe and reliable for biofertilizer
formulation for field application.
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