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Abstract 

Background  The worldwide increase in human population and environmental damage has put immense pressure 
on the overall global crop production making it inadequate to feed the entire population. Therefore, the need for sus-
tainable and environment-friendly practices to enhance agricultural productivity is a pressing priority. Endophytic 
bacteria with plant growth-promoting ability and biocontrol activity can strongly enhance plant growth under chang-
ing environmental biotic and abiotic conditions. Herein, we isolated halotolerant endophytic bacteria from an aquatic 
plant, Alternanthera philoxeroides, from the polluted waters of Madiwala Lake in Bangalore and studied their plant 
growth promotion (PGP) and biocontrol ability for use as bioinoculant.

Results  The isolated bacterial endophytes were screened for salt tolerance ranging from 5 to 15% NaCl concentra-
tion. Klebsiella pneumoniae showed halotolerant up to 10% NaCl and Bacillus amyloliquefaciens and Bacillus subtilis 
showed up to 15%. All three strains demonstrated good PGP abilities such as aminocyclopropane-1-carboxylic 
acid (ACC) deaminase activity, phosphate solubilization, ammonia production, and nitrogen fixation. In addition, K. 
pneumoniae also exhibited high indoleacetic acid (IAA) production (195.66 ± 2.51 µg/ml) and potassium solubilization 
(2.13 ± 0.07 ppm). B. amyloliquefaciens and B. subtilis showed good extracellular enzyme production against cellulase, 
lipase, protease, and amylase. Both the isolates showed a broad spectrum of antimicrobial activity against the tested 
organisms. The optimization of IAA production by K. pneumoniae was done by the response surface methodology 
(RSM) tool. Characterization of IAA produced by the isolate was done by gas chromatography-mass spectrometry 
(GCMS) analysis. The enhanced plant growth-promoting ability of K. pneumoniae was also demonstrated using various 
growth parameters in a pot trial experiment using the seeds of Vigna unguiculata.

Conclusion  The isolated bacterial endophytes reported in this study can be utilized as PGP promotion and biocon-
trol agents in agricultural applications, to enhance crop yield under salinity stress. The isolate K. pneumoniae may be 
used as a biofertilizer in sustainable agriculture and more work can be done to optimize the best formulations for its 
application as a microbial inoculant for crops.
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Background
With the increasing trend in the world’s population, there 
is a looming threat of inadequacy in food supply to serve 
the entire population. Researchers all around the world 
are trying to fix this problem by developing sustainable 
ways of increasing agricultural productivity. The most 
important sustainable way to increase agricultural yield is 
by the use of microorganisms instead of chemical ferti-
lizers [1]. In nature, plant tissues are colonized by many 
types of microbes such as bacteria, fungi, algae, archaea, 
and amoebae. These endophytic microbes live inside the 
plant tissue without causing any symptoms of disease 
thereby, maintaining a complementary relationship with 
the host plant [2]. Endophytes confer several ecological 
benefits to the host plant, like increased stress tolerance, 
PGP, and resistance against pathogens [3, 4].

In recent times, the science of endophyte biology has 
gained much attention due to its potential to produce 
novel bioactive compounds with anticancer, antimicro-
bial, antioxidant, immunosuppressive, PGP, and insec-
ticidal properties, with pharmaceutical and commercial 
importance [5]. Plant growth-promoting endophytic 
bacteria (PGPEB) assist in plant growth both directly 
and indirectly through various mechanisms. The direct 
mechanism involves synthesizing phytohormones and 
fixing nitrogen, by enhancing the solubilization of min-
erals like phosphate, zinc, potassium, and 1-aminocyclo-
propane-1-carboxylic acid (ACC) deaminase activity, all 
of which can have an effect either singly or cumulatively 
on plant growth. The most important plant hormones 
produced by endophytic bacteria are auxins, cytokinins, 
gibberellins, abscisic acid, ethylene, etc. The indoleacetic 
acid (IAA) compound synthesized by endophytic bac-
teria has a direct impact on various plant physiological 
processes. This includes promoting growth by cell elon-
gation and differentiation, stimulating the formation 
of lateral roots, and influencing chlorophyll pigmenta-
tion [6, 7]. The common producers of IAA belong to the 
bacterial genera Pseudomonas, Klebsiella, Azospirillum, 
Azotobacter, Anterobacter, Rhizobium, Bacillus, Rho-
dococcus, and Pantoea [8]. The presence of ACC deami-
nase enzyme in endophytic bacteria is a pivotal factor 
in promoting plant growth even under abiotic stress by 
reducing the ethylene levels in the host plant [9]. PGPEB 
possesses the capacity to generate organic acids, enzymes, 
antibacterial substances, cyanide production, trigger sys-
temic defense mechanisms, and generate siderophores, 
collectively contributing to the indirect enhancement of 

plant growth [7]. They also protect the plant from phy-
topathogens, suppressing plant diseases via ammonia and 
antibiotic production, modifying the production of stress-
related proteins, and by phytoremediation (hydrocarbon 
and heavy metal removal), thereby acting as biocontrol 
agents [6]. They protect plants from various environmen-
tal stresses like salinity, drought, and temperature, thereby 
enhancing their capability to acclimatize to stressful con-
ditions [10]. Halo-tolerant PGPEB has been reported to 
help plants tolerate high salinity through various mecha-
nisms—by producing reactive oxygen species (ROS) scav-
engers, by reducing osmotic, ion, and oxidative stress, by 
producing ACC-deaminase enzymes to breakdown ethyl-
ene precursor ACC [11], and by the modulation of phyto-
hormones, siderophores, and exopolysaccharides [12–14].

The plant chosen for this study Alternanthera philox-
eroides (alligator weed) is an interesting one to study the 
endophytic microbial flora affecting plant growth. Its 
abundance in and around the Madiwala Lake, Bangalore, 
made it an option of choice for the proposed study [15]. 
Research shows that stressful conditions have promoted 
greater tolerance to herbivory in A. philoxeroides [16]. 
Leitner et  al. (2019) have isolated a rhizospheric bacte-
ria, Exiguobacterium acetylicum with leachate degrada-
tion potential, from A. philoxeroides (Mart) Griseb [17]. 
Studies have revealed the isolation, culture, and identifi-
cation of various endophytic fungi from A. philoxeroides 
[18]. However, very few studies have focused on isolat-
ing endophytic bacteria with potential applications from 
this plant. To the best of our knowledge, this is the first 
report of three endophytic bacteria K. pneumoniae, B. 
amyloliquefaciens, and B. subtilis isolated from A. philox-
eroides with PGP potential and biocontrol activity, which 
can be exploited to develop bioinoculants for sustainable 
and environment friendly agricultural applications.

Methods
Chemicals and reagents
Ammonium molybdate, stannous acid, calcium carbon-
ate, gelatine, tryptophan, and peptone were brought 
from HIMEDIA (India). All reagents such as Kovac’s, 
Salkowski, Nessler’s, Chlorostannous acid, Chloromolyb-
dic acid, and HPLC-grade solvents were purchased from 
HIMEDIA (India). Other chemicals, antibiotics, and rea-
gents used in this study were obtained from HIMEDIA 
(India). All chemicals and reagents used in this study 
were of analytical grade.
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Isolation of endophytic bacteria
For the isolation of endophytes, the A. philoxeroides plant 
was collected from Madiwala Lake, Bangalore, India (Lat 
N 12° 54′ 3.492′′ Long E 77° 37′ 4.0044′′). The isola-
tion was carried as per the modified method described 
by Panigrahi et  al. (2018) [19]. The plant sample was 
first cleaned extensively in running tap water for 15 min 
to remove dirt and debris, then washed with Tween 20 
detergent solution for 2 min, and later with distilled water 
for three times. The sample was then surface sterilized 
by dipping in 70% ethanol for 2 min, followed by rinsing 
with sterile distilled water for seven times. The surface 
sterilized plant sample was then blot-dried using sterile 
filter paper. For sterility check, 0.1 ml of the last washed 
sterile distilled water was spread plated on Luria–Bertani 
(LB) agar plate. Surface sterilized plant samples of leaf, 
stem, and root were cut into small parts of size 1–3 mm. 
The stem and root parts were cut from the middle and 
placed inverted onto an LB agar plate. Leaf samples 
were cut from the margin and from the midrib region 
and placed onto an LB agar plate. The plates were kept 
for incubation at 37  °C for 1 week. The plates were also 
checked intermittently for bacterial growth. Colonies of 
bacterial endophytes with different morphology were 
selected for further studies. To obtain pure colonies, iso-
lated bacterial endophytes were streaked on nutrient agar 
plates. The pure cultures were streaked on nutrient agar 
slants and kept at 4 °C for further use.

Phenotypic and biochemical characterization
Bacterial endophytes were observed carefully to char-
acterize the morphology. Colony characters that were 
observed included size, pigmentation, form, margin, 
elevation, and texture. Biochemical tests such as Indole, 
Methyl red, Voges-Proskauer, Citrate, Urease, Triple 
Sugar Iron, and Gelatinases and Gram staining proce-
dures were performed for the isolates.

Molecular identification
Genomic DNA samples were isolated from the selected 
bacterial isolates and were used as templates for poly-
merase chain reaction (PCR) using 16S rRNA-F and 
16S rRNA-R primers. The Universal 16S rRNA bacterial 
primer 27F (5′-AGA​GTT​TGA​TCC​TGG​CTC​AG-3′) and 
1392R (5′-GGT​TAC​CTT​GTT​ACG​ACT​T-3′) were used 
to amplify the gene. The total PCR reaction mixture was 
50 μl, comprising 50 ng genomic DNA, 50 mM each of 
forward and reverse primers, 200  mM dNTPs, 1X PCR 
assay buffer, and 2 U Taq polymerase. Amplification was 
carried out for 35 cycles in a Thermal cycler with con-
ditions involving an initial denaturation for 3  min at 
94  °C, followed by cyclic denaturation for 30 s at 94  °C, 

annealing for 1  min at 58  °C, elongation for 2  min at 
72 °C, and final extension for 7 min at °C. The PCR prod-
uct formation was checked by 1% agarose gel electro-
phoresis, purified, and further subjected to sequencing 
[20]. DNA sequencing was performed with forward and 
reverse primers, 27F, and 1392R, using BDT v3.1 Cycle 
sequencing kit on ABI 3730xl Genetic Analyzer. The 16S 
rRNA gene sequence was used to carry out BLAST with 
the ‘nr’ database of the NCBI GenBank database. Based 
on the maximum identity score, the first ten sequences 
were selected and aligned using the multiple alignment 
software program Clustal W. Distance matrix, and a phy-
logenetic tree was constructed using MEGA 10 [21, 22].

Salt tolerance
The isolates were tested for their ability to tolerate salin-
ity by inoculating on nutrient agar (NA) media having 
different NaCl concentrations ranging from 5 to 15% and 
incubated at 37 °C for 24–72 h [23].

Determination of plant growth‑promoting attributes 
of bacterial endophytes
Several qualitative and quantitative tests were performed 
to determine important PGP attributes of the isolates, 
which include extracellular enzyme activity, IAA produc-
tion, ammonia production, nitrogen fixation, ACC deam-
inase activity, phosphate solubilization, and potassium 
solubilization.

Extracellular enzyme production
Bacterial isolates were screened for the secretion of dif-
ferent extracellular enzymes namely cellulase, amylase, 
lipase, and protease. After 48 h of incubation enzymatic 
index (EI) was calculated [24].

Enzymatic index (EI) = (Colony diameter (cm) + Halo-
zone diameter (cm)) / Colony diameter (cm).

Cellulase production
Cellulose degrading ability was determined by inoculat-
ing the isolates in cellulose Congo red media consist-
ing of MgSO4.7H2O 0.25 g/L, KH2PO4 0.5 g/L, cellulose 
2 g/L, gelatin 2 g/L, Congo red 0.2 g/L, and agar 15 g/L. 
Plates were kept for incubation at 37 °C for 48 h. The for-
mation of a clear zone around and beneath the colony 
indicated enzymatic degradation of cellulose [25].

Amylase production
For amylase production, bacterial isolates were inocu-
lated onto Mineral salt media (MSM) consisting of 
NaNO3 5  g/L, MgSO4.7H2O 0.5  g/L, KH2PO4 1  g/L, 
K2HPO4 2 g/L, KCl 0.1 g/L, FeSO4.7H2O 0.02 g/L, CaCl2 
0.01  g/L, agar 15  g/L, and incubated at 37  °C for 48  h. 
After incubation, the plates were immersed in a 1% 



Page 4 of 20Biswas et al. Journal of Genetic Engineering and Biotechnology          (2023) 21:153 

iodine solution. The appearance of a clear zone around 
the colony indicated the activity of amylase enzyme [26].

Protease production
Production of protease enzymes by the isolates was 
carried out using skim milk agar media consisting of 
yeast extract 2.5 g/l, tryptone 5 g/l, glucose 1 g/l, agar 
18 g/l, and skim milk 5%. The isolates were spot inocu-
lated and incubated at 37  °C for 24–48  h. Plates were 
further checked for the appearance of a clear zone 
around the colony indicating the proteolytic ability of 
the isolates [27].

Lipase production
Production of lipase was performed in media containing 
peptone 5 g/L, yeast extract 3 g/L, tributyrin oil 4 ml/L 
(v/v), and agar 18 g/L. Isolates were inoculated onto the 
media and incubated at 37 °C for 24–48 h. The advent of 
clearing zones around the colony indicated the lipolytic 
ability of the bacterial isolates [28].

IAA production
The potentiality of the isolated bacterial endophytes to 
produce IAA was determined by inoculating the isolate 
in 5 ml of nutrient broth with 1% tryptophan and incu-
bating for 72 h in a shaker at 37 °C and 120 rpm. The cul-
ture was centrifuged at 10,000  rpm for 15  min and the 
supernatant was collected. Further, 2  ml of Salkowski’s 
reagent was added to 1 ml of the supernatant and incu-
bated at room temperature for 30  min under dark con-
ditions. The appearance of pink to red indicated the 
presence of IAA. Quantitative estimation of IAA produc-
tion was performed using a UV spectrophotometer based 
on the method as described by Gordon and Weber [29]. 
All experiments were performed in triplicates.

Ammonia production
The endophytic isolates were inoculated in 5 ml of pep-
tone water media consisting of peptone 20  g/l and 
sodium chloride 5 g/l and incubated at 37 °C for 4 days. 
The culture was then centrifuged at 10,000  rpm for 
10  min and the supernatant was collected. Further, to 
1 ml of culture supernatant, 1 ml of Nessler’s reagent was 
added. The formation of a dark yellow to brown color 
indicated the presence of ammonia production. Quanti-
tative estimation of ammonia production was done using 
a UV spectrophotometer. All experiments were per-
formed in triplicates [23].

Nitrogen fixation, ACC deaminase activity, and HCN 
(hydrogen cyanide) production
The isolated bacterial endophytes were further screened 
for their nitrogen-fixing ability by culturing them on 

Jensen’s media consisting of sucrose 20 g/L, NaCl 0.5 g/L, 
K2HPO4 1 g/L, FeSO4.7H2O 0.1 g/L, NaMoO4 0.005 g/L, 
MgSO4.7H2O 0.5 g/L, CaCO3 2 g/L, agar 15 g/L. The cul-
tures were inoculated on Jensen’s media and incubated at 
37  °C for 3–4 days. The presence of growth of bacterial 
colonies confirms the nitrogen-fixing capability of the 
isolates [30, 31].

The ACC deaminase activity was determined by inocu-
lating the isolates on Dowrkin-Foster (DF) salts minimal 
medium supplemented with either ammonium sulfate or 
ACC, and incubated at 37 °C for 4 days. The media con-
sists of Na2HPO4 6  g/L, MgSO4.7H2O 0.2  g/L, KH2PO4 
4  g/L, FeSO4.7H2O 1  mg/L, MnSO4 10  μg/L, ZnSO4 
70  μg/L, H3BO3 10  μg/L, CuSO4 50  μg/L, gluconic acid 
2  g/L, MoO3 10  μg/L, citric acid 2  g/L, glucose 2  g/L, 
ammonium sulfate 2 g/L, and agar 12 g/L. The presence 
of growth on culture media is an indication of the pres-
ence of ACC deaminase enzyme activity [32, 33].

For hydrogen cyanide (HCN) production, the bacterial 
isolates were streaked on King’s B medium supplemented 
with 0.4% (w/v) glycine. A Whatman filter paper was kept 
soaked in alkaline picric acid solution (0.5% picric acid in 
2% Na2CO3) for 30 min and placed on the upper lids of 
Petri plates and kept for incubation at room temperature 
for 4 days. The change of yellow color filter paper to red-
brown color is indicative of HCN production [34].

Phosphate solubilization
Qualitative estimation of phosphate solubilization by 
bacterial isolates was performed using Pikovskaya’s 
agar media consisting of Ca3(PO4)2 5  g/L, (NH4)2SO4 
0.5 g/L, KCl 0.2 g/L, MgSO4.7H2O 0.1 g/L, FeSO4.7H2O 
0.002  g/L, NaCl 0.2  g/L, glucose 10  g/L, yeast extract 
0.5 g/L, MnSO4.2H2O 0.002 g/L, agar 20 g/L with 500 µl 
of 0.5% bromocresol green indicator. The isolates were 
inoculated onto the media and incubated at 37  °C for 
48 h to check the appearance of a yellow zone around the 
colony indicative of a positive result. The phosphate solu-
bilization index (PSI) was also measured [35, 36].

Phosphate solubilization index = (colony diameter+halo 
zone) / colony diameter
Quantitative estimation of phosphate was performed by 
inoculating the bacterial isolates in Pikovskaya broth and 
incubated at 37  °C for 4 days. The broth culture was then 
centrifuged; and to 1  ml of supernatant 10  ml of chloro-
molybdic acid (15  g of ammonium molybdate dissolved 
in 400  ml of warm distilled water was added, to this add 
342 ml of 12 N HCl was added to make up the volume to 
1000 ml) was added. It was shaken well, diluted to 45 ml, 
and then 0.25 ml of chlorostannous acid (2.5 g of stannous 
acid SnCl2.2H2O was added, and dissolved in 10 ml of conc. 
HCl and made up the volume to 100 ml with distilled water) 
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was added. The optical density of the blue-colored solution 
was measured at 600  nm using a UV spectrophotometer. 
All experiments were performed in triplicates. A standard 
curve of KH2PO4 (10–100 µg/ml) was prepared [37, 38].

Potassium solubilization
The isolates were screened for potassium solubilization 
qualitatively by inoculating onto Aleksandrow agar media 
consisting of glucose 5  g/L, MgSO4.7H2O 0.005  g/L, 
FeCl3 0.1  g/L, CaCO3 2  g/L, CaPO4 2  g/L, agar 20  g/L, 
mica 3 g/L, 500 µl of 0.5% bromocresol green, and incu-
bating at 37  °C for 72  h. The presence of the halo zone 
around the colony is indicative of positive results [39].

Quantitative estimation was done for the isolates show-
ing a clear zone in the Aleksandrow agar medium. The 
isolates were inoculated in 50  ml of Aleksandrow broth 
(pH 7) containing mica (3  g/L) as a potassium source. 
Then, 10  µl of bacterial isolate (106  CFU/ml) was inoc-
ulated onto the autoclaved Aleksandrow broth and 
incubated at 30  °C and 120  rpm for 9 days. The culture 
samples were taken out at different incubation times 
(3rd, 6th, and 9th day) to determine the amount of potas-
sium solubilized. The culture obtained was centrifuged 
at 10,000 rpm for 10 min at 4 °C and the cell-free super-
natant was further used for determining available potas-
sium using atomic absorption spectrophotometer (AAS). 
All experiments were performed in triplicates [40].

Antimicrobial activity assay
Antibacterial activity was assayed by using the agar well 
diffusion method against six test organisms—gram-
positive Bacillus cereus, Streptococcus pneumoniae, and 
gram-negative Escherichia coli, Vibrio harveyi, Vibrio 
parahaemolyticus, and Vibrio vulnificus. Further, 0.1  ml 
of overnight grown test bacterial suspension were spread 
plated into nutrient agar plates using a sterile L-shaped 
cell spreader. Wells were made on the plates using a cork 
borer of 5 mm diameter. Then, 50 µl of the broth culture 
of bacterial isolates was poured into the well. Plates were 
subsequently incubated at 37 °C for 24 h and the zone of 
inhibition was measured [41].

Antifungal activity was investigated in vitro against three 
fungi—Fusarium solani, Talaromyces amestolkiae, and Cla-
dosporium tenuissimum—by dual culture technique. The 
fungal cultures were grown on Sabouraud Dextrose Agar 
(SDA) for 5 days and fungal discs of 5 mm diameter were cut 
and placed onto another SDA plate. Further, the overnight 
grown endophytic bacterial culture in NA was streaked on 
four corners of the plate and kept for incubation at 28 ± 2 °C 
for 3  days. For the control plate, only a fungal disc was 
placed at the center [42]. Finally, the antifungal activity was 
confirmed by the zone of inhibition, and percent inhibition 
was calculated according to the following formula [43].

where Ffcd refers to fungal colony diameter on the control 
SDA plate, Tfcd is the fungal colony diameter on the test 
SDA plate, F0 is the test fungal disc diameter (5 mm) on 
the SDA plates.

Characterization of IAA production using GCMS
For the purification of IAA, 100 ml of nutrient broth sup-
plemented with 1% of tryptophan was inoculated with K. 
pneumoniae MEBAphS1 and incubated at 37 °C in shaking 
condition at 120 rpm for 10 days. The culture was further 
centrifuged at 10,000 rpm for 10 min and the supernatant 
was collected. The culture supernatant was acidified to 
pH 3 by adding 6 N HCl and extracted three times with an 
equal volume of ethyl acetate. The organic phase was then 
collected and evaporated in a rotary evaporator to obtain 
IAA, which was reconstituted with 3  ml of ethyl acetate 
and stored at 4 °C for further analysis [19, 44].

The purified IAA was then analyzed using gas chroma-
tography-mass spectrometry (GCMS). Clarus 680 GC was 
used for the analysis, which was employed with a fused 
silica column, packed with Elite-5MS (5% biphenyl 95% 
dimethylpolysiloxane, 30  m × 0.25  mm ID × 250  μm df). 
The components were separated using Helium as carrier 
gas at a constant flow of 1 ml/min. The injector tempera-
ture was kept at 260 °C during the chromatographic run. 
An extract sample of 1 μL was injected into the instru-
ment at the oven temperature as follows: 60  °C (2  min); 
followed by 300 °C at the rate of 10 °C min−1 and 300 °C, 
where it was held for 6 min. The mass detector conditions 
were set as: transfer line temperature of 240 °C; ion source 
temperature of 240  °C; ionization mode electron impact 
at 70 eV, a scan time of 0.2  s, and scan interval of 0.1  s. 
Fragment sizes ranging from 40 to 600 Da were detected. 
The spectra of the components were compared with the 
database of the spectrum of known components stored in 
the GCMS NIST (2008) library.

Optimization of IAA production using response surface 
methodology
In order to determine the optimum conditions for maxi-
mizing IAA production from the isolate K. pneumoniae, 
a statistical tool, response surface methodology (RSM), 
was employed. The central composite design (CCD), 
which is a part of response surface methodology, was 
used to evaluate the interaction between different factors 
and to obtain optimal response. The experimental design 
was formulated based on the three selected independent 
variables such as pH, incubation time, and tryptophan 
concentration (Table 1). A quadratic model in Eq. (1) has 
been used to express the response as a function of the 
three independent variables [45].

Percent Inhibition (%) = Ffed − Tfed/Ffcd − F0 × 100
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Where Y is IAA concentration (µg/ml), b0- b9 are the 
coefficients, A is incubation time (days), B is pH and C is 
tryptophan concentration (%).

Pot trial experiments
A pot trial experiment was performed to evaluate the 
effect of endophytic bacteria K. pneumoniae on cowpea (V. 
unguiculata) plants. The seeds of cowpeas were purchased 
from the market and checked for their germination capac-
ity prior to the start of the experiment. The seeds were first 
surface sterilized with 0.2% HgCl2 for 3–4 min followed by 
rinsing with sterile distilled water 12–15 times. The seeds 
were then kept soaked overnight in sterile water for ger-
mination. The germinated seeds were then kept soaked 
in 106  cfu/ml of bacterial suspension cultured in nutrient 
broth with 0.2% tryptophan for 2 h. After that, the coated 
seeds were sowed at 2 cm depth onto the potting mixture 
of sterile soil and organic manure (1:1 ratio) on the pot tray. 
After 15 days, once the seedlings achieved a two-leaf stage, 
they were transplanted to medium-sized plastic pots (one 
plant per pot) and allowed to grow for another 15 more 
days. After 30 days, plants were harvested and fresh weight, 
dry weight, leaf number, root and shoot length, and chlo-
rophyll content were determined. All experiments were 
carried out in pentaplicates. For checking the chlorophyll 
content in both K. pneumoniae (MEBAphS1) inoculated 
and control plants, fresh leaves were taken and macerated 
using 80% chilled acetone [46, 47]. The extract was then 
centrifuged and the OD of the supernatant was measured 
at 663 nm and 645 nm to quantify the pigment using the 
following formula:

(1)
Y = b0 + b1A + b2B+ b3C+ b4AB

+ b5AC+ b6BC+ b7A
2
+ b8B

2
+ b9C

2

Chlorophyll A
(

mg/ml
)

= (12.7× A663− 2.69× A645)× final volume

Chlorophyll B mg/ml = (22.9× A645− 4.68× A663)× final volume

Statistical analysis
The results were analyzed statistically using IBM SPSS sta-
tistics 21 software and Microsoft Excel 2016 with at least 
three replicates and expressed as mean ± SD (standard devi-
ation). One-way ANOVA was done to confirm the validity 
and variability of the results. One sample student’s t test was 
performed for comparison among the groups at p < 0.05.

Results
Isolation of bacterial endophytes
In this present study, nine bacterial endophytes were 
obtained by culturing the leaf, stem, and root of A. 
philoxeroides. The absence of bacterial growth in the 
control plate confirmed that the isolated microbes 
were indeed endophytes. The isolates were coded as 
MEBAphL1-L5 (from leaf ), MEBAphS1-S2 (from stem), 
and MEBAphR1-R2 (from root). The morphological and 
biochemical test results for the potential isolates are 
listed in Tables 2 and 3.

Identification of isolates
Based on phenotypic, biochemical characterization, 
and PGP properties, MEBAphS1, MEBAphL4, and 
MEBAphR1 were chosen for further studies. PCR done 
using 16S rRNA primers revealed a single 1500  bp 
band on a 1% agarose gel. Molecular identification 
of these isolates was done by 16S rRNA sequenc-
ing which revealed the species to be K. pneumoniae 
(MEBAphS1), B. amyloliquefaciens (MEBAphL4), and 
B. subtilis (MEBAphR1) respectively (Supplemen-
tary Fig. S1 A–C). These sequences were submitted 
to NCBI and the accession numbers were OM534607, 
ON259674, and ON259697 for K. pneumoniae, B. 
amyloliquefaciens, and B. subtilis respectively. The 

Table 1  Experimental range and level used in the optimisation 
of IAA production by endophyte Klebsiella pneumoniae 
MEBAphS1 from Alternanthera philoxeroides using CCD

Independent Variables Symbols Range and Level

Level 1 Level 2

Incubation time (days) A 0 20

pH B 4 9

Tryptophan Concentration (%) C 0.1 2

Table 2  Colony characteristics of the selected bacterial 
endophytic strains from Alternanthera philoxeroides 

Colony morphology Bacterial Isolate

MEBAphS1 MEBAphL4 MEBAphR1

Size Small Moderate Moderate

Pigmentation No No Red

Form Circular Irregular Irregular

Margin Entire Undulate Curled

Elevation Raised Flat Flat

Texture Mucoid Rough Rough
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presence of these identified strains as endophytes of A. 
philoxeroides has not yet been reported.

Salt tolerance
The isolates were screened for salt tolerance at various 
salt concentrations (Fig. 1). The isolates B. amyloliquefa-
ciens and B. subtilis have shown tolerance to 15% NaCl 
concentration while the isolate K. pneumoniae have 
shown tolerance to 10% NaCl concentration (Table  4). 
The salt-tolerant bacterial endophytes were further 
screened for their PGP and antimicrobial activity.

Determination of plant growth‑promoting activity
The isolates were screened for PGP properties by indirect 
mechanisms such as extracellular enzyme production 

(Table 5) and by direct mechanisms such as IAA, ammo-
nia production, phosphate solubilization, nitrogen fixa-
tion, ACC deaminase, and potassium solubilization 
(Table 6).

Extracellular enzyme production
Many endophytes are thought to possess extremozymes. 
The isolates were screened for extracellular enzyme pro-
duction such as cellulase, amylase, lipase, and protease. 
The presence of a halo zone around the colonies was 
taken as positive results for cellulase, amylase, lipase, 
and protease enzymes. Isolate K. pneumoniae showed 
positive only for amylase enzyme while B. amyloliquefa-
ciens and B. subtilis showed positive for all four enzymes. 
The enzymatic index was calculated for all the tested 
enzymes.

Table 3  Biochemical characterization of selected bacterial endophytic strains from Alternanthera philoxeroides 

Biochemical Tests Bacterial isolate

MEBAphS1 MEBAphL4 MEBAphR1

Gram Staining Gram negative Gram positive Gram positive

Shape Rods rods rods

Indole  +   −   − 

Methyl Red  −   −   − 

Vogus-Proskauer  +   +   + 

Citrate  +   −   − 

Gelatinase  −   +   + 

Urease  +   +   − 

Triple sugar ion Yellow butt/Yellow slant (lactose fer-
mented)

Red butt/Yellow slant Red butt/Yellow slant

Fig. 1  Growth of endophytic bacterial isolates from Alternanthera philoxeroides on nutrient agar media containing 5–15% NaCl concentration. 
S1 = MEBAphS1 (Klebsiella pneumoniae), L4 = MEBAphL4 (Bacillus amyloliquefaciens), R1 = MEBAphR1 (Bacillus subtilis), S2 = MEBAphS2

Table 4  Salt-tolerance level of isolated bacterial endophytes from Alternanthera philoxeroides 

Endophyte isolate 
code

Endophyte species Growth at different concentrations of NaCl

5% 7% 10% 12% 15%

MEBAphS1 K. pneumoniae  +  +  +   +  +   +  - -
MEBAphL4 B. amyloliquefaciens  +  +  +   +  +  +   +  +  +   +  +   + 
MEBAphR1 B. subtilis  +  +  +   +  +  +   +  +  +   +  +   + 
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IAA production
The isolates were evaluated for in  vitro production of 
Indole acetic acid in nutrient broth media amended with 
1% tryptophan as a precursor. Among the selected bac-
terial endophytes, MEBAphS1 showed good production 
of IAA as evidenced by the appearance of a reddish-pink 
color upon the addition of the Salkowski reagent. The 
IAA production was 48.75 ± 3 µg/ml for K. pneumoniae, 
B. amyloliquefaciens, and B. subtilis did not show IAA 
production. The strain K. pneumoniae identified in this 
study has good PGP ability in A. philoxeroides and its 
potential to enhance growth in other plants needs to be 
explored.

Ammonia production
All the isolates tested for ammonia production showed 
positive results upon the addition of Nessler’s reagent 
by changing the color to yellowish brown. The inten-
sity of color change was proportional to the amount of 
ammonia produced. Ammonia production was found to 
be 2.92 ± 0.15 µg/ml for K. pneumoniae, 3.51 ± 0.15 µg/
ml for B. amyloliquefaciens, and 3.37 ± 0.09 µg/ml for B. 
subtilis.

Nitrogen fixation, ACC deaminase activity, and HCN 
production
The isolates showed good growth in Jensen’s media after 
48  h of incubation, thus, proving their nitrogen fix-
ing ability. They were also found to be positive for ACC 
deaminase activity based on their ability to grow on DF 
salt minimal media supplemented with ACC or ammo-
nium sulfate. For HCN production, the isolates showed 
negative results as the yellow picrate filter paper did not 
turn red-brown.

Phosphate solubilization
The isolates were screened positive for phosphate solu-
bilization in Pikovskaya’s media with bromocresol green 
indicator. The appearances of yellow halo zones around 
the colony were considered as positive results (Fig. 2A). 
The phosphate solubilization index (PSI) was 1.6, 1.4, 
and 1.3 for K. pneumoniae, B. amyloliquefaciens, and B. 
subtilis respectively. Quantitative estimation of phos-
phate solubilization by the isolates gave the following 

results—K. pneumoniae, B. amyloliquefaciens, and B. 
subtilis as 38.935 ± 0.31  ppm, 30.708 ± 0.477  ppm, and 
29.562 ± 0.312 ppm, respectively.

Potassium solubilization
The isolate K. pneumoniae showed positive for potas-
sium solubilization by forming a halo zone around the 
colony when grown in Aleksandrow agar media with 
bromocresol green indicator after 48  h of incubation 
(Fig.  2B, C). The quantitative estimation of the isolate 
to solubilize potassium was found to be 2.13 ± 0.07 ppm 
after 192  h of incubation. B. amyloliquefaciens and B. 
subtilis isolates gave negative results for potassium 
solubilization.

Antimicrobial activity
The selected endophytic bacteria were studied further to 
investigate their in vitro inhibitory activity against E. coli, 
B. cereus, S. pneumoniae, V. harveyi, V. parahaemolyti-
cus, and V. vulnificus. The isolates B. amyloliquefaciens 
and B. subtilis showed broad-spectrum antibacterial 
activity against all the six tested organisms. The high-
est antibacterial activity was found to be by the strain B. 
amyloliquefaciens against S. pneumoniae and the second 
strongest by B. amyloliquefaciens against V. vulnificus. 
K. pneumoniae showed the least antibacterial activity 
against the selected test organisms. Ampicillin was used 
as a positive control (Fig. 3).

The antifungal activity results showed that the 
fungal strains F. solani, T. amestolkiae, and C. ten-
uissimum could not grow normally after 3 days of incu-
bation with antagonistic bacterial endophytic strains 
B. amyloliquefaciens and B. subtilis. The shrinkage 
and distortion of T. amestolkiae and C. tenuissimum 
and F. solani hyphae were observed when the fungus 
was inoculated with B. amyloliquefaciens and B. sub-
tilis. The endophytic strains thus were able to con-
trol the growth of the fungal mycelium after 3 days of 
incubation (Fig.  4). The control hyphae were normal 
and healthy. Additionally, the percentage of inhibi-
tion by the Bacillus spp. against the tested fungus var-
ied from 37 to 71%. The B. amyloliquefaciens strain 
MEBAphL4 and B. subtilis strain MEBAphR1 showed 
the largest percent inhibition against C. tenuissimum 

Table 5  Enzymatic Index of the extracellular enzyme produced by the isolated endophytes from Alternanthera philoxeroides 

Name of the isolate Isolate identified as Extracellular enzyme production (Enzymatic Index)

Cellulase Lipase Protease Amylase

MEBAphS1 K. pneumoniae – – – 2.13

MEBAphL4 B. amyloliquefaciens 3.72 2.11 2.15 2.08

MEBAphR1 B. subtilis 3.15 2.08 2.07 2.02
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(71% and 57%), T. amestolkiae (60% and 64%), and F. 
solani (43% and 37%), respectively. Thus, we hypoth-
esize that the endophytic strains B. amyloliquefaciens 
and B. subtilis secrete some antifungal compounds that 
may be restricting the growth of fungal phytopatho-
gen. K. pneumoniae did not show any antifungal activ-
ity against the selected fungal strains.

Characterization of IAA production using GCMS
The GCMS analysis of the ethyl acetate IAA extract of K. 
pneumoniae showed the presence of Indole-3-acetic acid 
at molecular weight 175.334  g/mol and at retention time 
19.55  min, thereby confirming the presence of IAA upon 
comparison with the reference standard. The base peak 
detected at molecular weight 130.369 g/mol corresponds to 
Indolizine-3-methyl- and other ionic peaks at 128.3492 g/
mol, 120.4048  g/mol, 105.3431  g/mol, 102.3432  g/mol, 
91.3151  g/mol, 77.2737  g/mol corresponds to azulene, 
benzene-1 ethyl-2 methyl, O-xylene, 3,5 octadiyne, acetic 
acid,1-methylethyl ester, propanoic acid, 2-methyl- (Fig. 5).

Optimisation of IAA production by response surface 
methodology
The optimal levels of factors for the production of IAA by 
K. pneumoniae were determined using central composite 
design containing 30 experiments. The interaction between 
the independent variables and the response for each experi-
ment were determined based on the quadratic model 
(Table 7). The fitness of the model was determined by the 
coefficient of determination (R2). The value of R2 more than 
0.9 has been considered as a very high correlation between 
the experimental and predicted values of the postulated 
model. The R2 in this model was found to be 0.9701 which 
shows that 97.01% of the variation that occurred in response 
could be explained by the model, and the remaining 2.99% 
could not be explained by the model. The very low p value 
(p < 0.0001) suggests that the model fits the experimental 
data very well and the model terms are significant (Table 8). 
Regression coefficient and t value are inversely proportional 
to the p value, and which is significant from the values of 
CCD experiments (Table 9). The relationship between the 
variables for IAA production is explained by substituting 
the coefficient values from Table 9 into Eq. 1.

Y = 196.48+31.83×A+23.73×B+6.64×C+15.64×AB+1.56×AC−2.76×BC−44.38×A
2
−49.98×B

2
−64.78×C

2

Fig. 2  Screening of endophytic bacterial isolates from Alternanthera philoxeroides for A phosphate solubilization (in Pikovskaya media with 500 µl 
of 0.5% bromocresol green), B potassium solubilization (in Aleksandrow agar media), and C potassium solubilization (in Aleksandrow agar media 
with 500 µl of 0.5% bromocresol green)

Fig. 3  Antibacterial activity of the isolated bacterial endophyte against the selected test organisms Escherichia coli, Bacillus cereus, Streptococcus 
pneumoniae, Vibrio parahaemolyticus, Vibrio harveyi, and Vibrio vulnificus 
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The linear effect of incubation time and pH with 
p < 0.0001 were more significant than tryptophan con-
centration, while the quadratic effect of all the three 
factors were significant with p < 0.0001. The interaction 
between incubation time and pH was more significant 
with p < 0.0007 than other interactions. The interaction 
between two different variables on IAA production was 
studied using 3D response surface plots while keeping 
the third variable at a constant level (Fig. 6A–C). Initially, 
IAA production increased significantly with increas-
ing days of incubation, pH, and tryptophan concentra-
tion but after reaching an optimal level at the 10th day 
of incubation, pH 6.5 and 1.05% of tryptophan concen-
tration, the IAA production has slightly decreased. Thus, 
the parameters for optimum IAA production by K. pneu-
moniae were 10 days of incubation, pH 6.5, and trypto-
phan concentration of 1.05%.

Pot trial experiment
Seeds of V. unguiculata plant inoculated with endophytic 
bacteria K. pneumoniae MEBAphS1 have shown a dra-
matic increase in overall plant growth as compared to 
control non-treated plant (Figs. 7 and 8). All the studied 

growth parameters were significantly (p ≤ 0.05) higher 
in inoculated plants than in control plants. Fresh weight 
and dry weight in MEBAphS1 inoculated V. unguiculata 
plants were significantly higher (2.86 ± 0.21; p ≤ 0.05 and 
0.352 ± 0.08; p ≤ 0.05 respectively) than the control plants. 
The treated plants had shown increased shoot length 
(19.4 ± 1.24; p ≤ 0.05) and root length (6.4 ± 1.01; p ≤ 0.05) 
in comparison to non-treated plants. Similarly, differ-
ent leaf parameters like leaf number, leaf diameter, and 
length were found to be significantly on the higher side 
for inoculated plants in comparison with the non-inocu-
lated plants. Chlorophyll B content showed a significant 
increase in the inoculated plants compared to the control 
(Table 10).

Discussion
Endophytic associations would have survived the test of 
time mostly due to the benefits conferred to both par-
ties. Endophytic bacteria in plants provide and receive 
help in multifaceted ways. In the present study, we have 
reported the presence of gram-negative and gram-pos-
itive bacterial endophytes from different parts of the 
aquatic plant A. philoxeroides from Madiwala Lake in 

Fig. 4  In vitro evaluation of antagonistic activity of bacterial endophyte Bacillus amyloliquefaciens MEBAphL4 and Bacillus subtilis MEBAphR1 
against the fungal pathogen A Talaromyces amistolkiae, B Fusarium solani, and C Cladosporium tenuissimum 
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Fig. 5  GCMS analysis for IAA in the ethyl acetate extract of endophytic Klebsiella pneumoniae MEBAphS1 from Alternanthera philoxeroides 
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Bangalore. The identity of the prominent strains was 
confirmed after phylogenetic analysis as K. pneumo-
niae, B. amyloliquefaciens, and B. subtilis. Different 
tests have confirmed that all these three isolates have 
good PGP properties and stress tolerance abilities and 
can also act as potential biocontrol agents.

In a recent study, three endophytes belonging to Pseu-
domonas genus isolated from sorghum were found to be 
able to tolerate up to 7.2% NaCl concentration, which is 
much higher than the salt tolerance level of the plant alone 
[48]. Another study reported that seedlings of Salicor-
nia bigelovii upon inoculation with PGP rhizobacteria K. 
pneumoniae at a high salt concentration of 0.25 M (1.45%) 
exhibited increased plant growth and physiological activity 
under in vitro conditions [49]. Salt-tolerant PGP rhizobac-
teria K. pneumoniae have been reported to tolerate NaCl 
concentrations up to 20% and also promote plant growth 
in oats seedlings [50]. Liu et al. (2016) have reported that 
PGP rhizobacterium Klebsiella spp. D5A was able to toler-
ate up to 12% NaCl concentration and has also revealed the 
presence of salt-tolerant genes such as betA and betB [51]. 
Our present study has shown that the endophytic strain K. 
pneumoniae can tolerate up to 10% NaCl concentration 
and also has good PGP traits. Thus, the potential of this 
isolate can be harnessed in saline soils to enhance agricul-
tural productivity.

Kumar et  al. (2016) have demonstrated that the three 
bacterial endophytes of Bacillus spp. isolated from a Cur-
cuma longa L. with PGP traits and antimicrobial activity 
were able to tolerate a maximum of 8% NaCl concentra-
tion [52]. Sharma et al. (2021) have isolated bacterial iso-
lates B. amyloliquefaciens, B. paramycoides, and B. pumilus 
from salt-polluted soil with PGP ability and able to toler-
ate up to 10% of NaCl concentration [23]. Bacterial endo-
phyte B. amyloliquefaciens RWL-1, isolated from rice 
seeds, has been reported to produce plant hormone absci-
sic acid which increases plant resistance to salt stress. This 
endophyte was able to tolerate salt stress of 120 mM and 
250  mM NaCl concentration [53]. In our present study, 
two of the bacterial endophytes B. amyloliquefaciens and B. 
subtilis were found to tolerate up to 15% NaCl concentra-
tion. Much of the earlier works have shown a salt tolerance 
level of up to 10% among bacterial endophytes. The two 
strains along with tolerance to higher salt concentrations 
also showed good PGP capabilities and biocontrol ability. 
Their ability to confer salt tolerance in plants could be of 
great potential in agriculture, to increase crop yield under 
salinity stress.

Extracellular enzymes in endophytic bacteria have been 
found to help in the degradation of the cell wall of various 
pathogens, thereby acting as a biocontrol agent [54]. Castro 
et al. (2014) reported many species of Bacillus from plants 

Table 7  Experimental design of factors for IAA optimisation by 
Klebsiella pneumoniae MEBAphS1, an endophyte isolated from 
Alternanthera philoxeroides 

Run A: Time (days) B: pH C: Tryptophan 
conc. (µg/ml)

Response: 
IAA conc. (µg/
ml)

1 10 6.5 1.05 195.417

2 0 4 0.1 0.672

3 0 4 0.1 0.672

4 26.8179 6.5 1.05 143.132

5 26.8279 6.5 1.05 143.133

6 10 6.5 1.05 195.417

7 20 4 0.1 16.231

8 20 4 0.1 16.231

9 10 10.7045 1.05 120.781

10 10 10.7045 1.05 120.782

11 20 9 2 89.721

12 20 9 2 89.724

13 0 9 0.1 2.72

14 0 9 0.1 2.72

15 0 4 2 2.6395

16 0 4 2 2.6394

17 20 4 2 36.172

18 20 4 2 36.172

19 10 6.5 1.05 195.417

20 10 2.29552 1.05 8.124

21 10 2.29552 1.05 8.135

22 20 9 0.1 92.5455

23 20 9 0.1 92.5455

24 10 6.5 1.05 195.417

25 0 9 2 5.32

26 0 9 2 5.42

27 10 6.5 1.05 195.417

28 10 6.5 1.05 195.417

29 10 6.5 2.6477 43.081

30 10 6.5 2.6477 43.081

Table 8  Analysis of Variance (ANOVA) for response surface quadratic model for the optimisation of IAA production by endophyte 
Klebsiella pneumoniae MEBAphS1

* Statistically significant at p < 0.05 probability

Sum of squares Degree of freedom Mean square f value p value* R2 Adjusted R2

1.591E + 05 9 17680.03 72.02  < 0.0001 0.9701 0.9566
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in the Brazilian mangrove ecosystem with extracellular 
enzyme activity with industrial implications, like amylase, 
lipase, esterase, protease, and cellulase [55]. Bhutani et al. 
(2021) have reported the presence of hydrolytic enzymes 
such as amylase, cellulase, lipase, protease, and pectinase 
among different Bacillus spp. isolated from V. radiata 
and Cajanus cajan, which can lyse the cell wall, loosen the 
plant cell contacts, and enter the plant cells [56]. In the 
present study, we confirmed that B. amyloliquefaciens and 
B. subtilis possess extracellular enzyme activity for all the 
four tested enzymes such as amylase, cellulase, lipase, and 
protease, revealing their potential of improving growth by 
indirect mechanisms, thereby acting as a potential biocon-
trol agent.

IAA is an important PGP hormone produced by many 
bacteria through tryptophan-dependent and independ-
ent pathways. The phytohormone IAA plays an essen-
tial role in plants by promoting cell division, elongation, 
lateral and adventitious root development, fruit devel-
opment, and senescence, and also by acting as a sign-
aling molecule [57]. Bacterial IAA loosens the cell wall 
and increases the root length and surface area, thereby 
enhancing the uptake of nutrients by the plants. Many 
plant growth-promoting bacteria (PGPB) strains with 
potent IAA production potential have been reported 
among Bacillus spp., Klebsiella spp., Azotobacter spp., 
Agrobacterium spp., Pseudomonas spp., Streptomy-
ces spp., Burkholderia spp. [6]. In a recent study [58], 
K. pneumonia strain M6 isolated from mango rhizos-
phere had shown IAA production of 35.53 ± 0.2  µg/ml 
in tryptic soy broth (TSB) media amended with 0.5% 
tryptophan. Jasim et  al. (2013) have reported PGP 
endophytic Klebsiella spp. and Enterobacter spp. iso-
lated from Piper nigrum with IAA biosynthetic poten-
tial [36]. Six K. pneumoniae strains isolated from the 

rhizosphere of wheat showed in  vitro IAA production 
with a maximum of 27.5 µg/ml shown by K8 strain [59]. 
Bharadwaj et al. (2017) have reported IAA production 
of 45.32 ± 2.46  µg/ml by K. pneumoniae VRE36 strain 
after 96  h of incubation at 37  °C [60]. Pavlova et  al. 
(2017) have isolated PGP endophytic bacteria Klebsiella 
spp. from orchids with the highest IAA production of 
85.5  µg/ml under nitrogen-limiting conditions. Kleb-
siella spp. have been reported to possess efficient colo-
nization activity and growth-promoting activity upon 
tryptophan addition [61]. Our study reports very high 
IAA production by K. pneumoniae, 48.75 ± 3  µg/ml 
after 72 h of incubation at 37 °C. Further, the IAA pro-
duction was enhanced after the optimization process.

In a recent study by Kang et  al. (2020), endophytic 
bacteria K. pneumoniae YNA12 was isolated from 
evening primrose and screened for various PGP 
properties and bio-herbicidal activity. Klebsiella 
strain YNA12 exhibited significant ammonia-pro-
ducing potential with a reported concentration of 
7.75 ± 1.0  µg/ml [62]. In our study, we have detected 
3.51 ± 0.15  µg/ml of ammonia production by B. 
amyloliquefaciens and 2.92 ± 0.05  µg/ml by K. pneu-
moniae. Sharma et  al. (2021) have demonstrated that 
salt-tolerant PGPB, B. amyloliquefaciens has shown 
ammonia production of 6.2 µg/ml [23].

Nitrogen, phosphorus, and potassium are essential 
to plant growth-limiting nutrients. Although phospho-
rus and potassium are present in abundant amounts 
in soil, they remain bound to other minerals and are 
mostly insoluble, and therefore remain unavailable to 
plants [63]. Phosphorus is one of the essential macro-
nutrients for plant growth and development. The avail-
able precipitated form of phosphorus cannot be used by 
plants; therefore, phosphate solubilizing microbes are of 
great importance as they make available the phosphorus 
in a readily accessible form to the plants [64]. Accord-
ing to Gupta et  al. (2021), PGP K. pneumoniae PNE1 
has shown a phosphate solubilization index of 4.16 and 
has solubilized 177.50 µg/ml [39]. Bacterial endophytic 
strain 2106 isolated from maize which showed high 
similarity to Bacillus spp. was able to solubilize phos-
phate up to 191.46  mg/L when inoculated into NBRIP 
liquid medium and quantified by ammonium molybdate 
colorimetric method [65]. In our study, the phosphate 
solubilization index was 1.6, 1.4, and 1.3 for K. pneumo-
niae, B. amyloliquefaciens, and B. subtilis strains respec-
tively. K. pneumoniae was able to solubilize 38.625 ppm 
of phosphate. In our study, all three isolated endophytic 
bacteria K. pneumoniae, B. amyloliquefaciens, and B. 
subtilis also have shown luxuriant growth in Jensen’s 
media indicating their nitrogen-fixing ability. Several 
scientific reports have suggested that K. pneumoniae 

Table 9  Regression coefficient values from central composite 
design experiments for IAA optimisation by endophyte Klebsiella 
pneumoniae MEBAphS1

Factors Coefficient (b0-
b9 of Eq. 1)

Standard error t value p value

Intercept 196.48 6.39 30.74  < 0.0001

A 31.83 3.75 8.488  < 0.0001

B 23.73 3 7.91  < 0.0001

C 6.64 3.75 1.77 0.0919

AB 15.64 3.92 3.989 0.0007

AC 1.56 3.92 0.397 0.6942

BC  − 2.76 3.92  − 0.704 0.4891

A2  − 44.38 4.32  − 10.273  < 0.0001

B2  − 49.98 3.41  − 14.656  < 0.0001

C2  − 64.78 4.32  − 14.995  < 0.0001
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grows in nitrogen-free media by fixing atmospheric 
nitrogen [39, 66]. Mowafy et  al. (2021) have reported 
that Bacillus B2L2 was able to grow on Jensen’s media 
and therefore can fix nitrogen [67]. In the present study, 
K. pneumoniae showed a good potassium solubiliza-
tion zone in Aleksandrow media and quantitative esti-
mation revealed inorganic potassium solubilization to 
be 2.13 ± 0.07  ppm after 192  h of incubation. The con-
centration of phosphate solubilization by the isolates 
largely depends upon the type of bacterial isolate, phos-
phate sources, growth of the organism in culture, and 
environmental conditions. In a recent study by Gupta 

et  al. (2021), K. pneumoniae strain PNE1 has shown a 
potassium solubilization index (KSI) of 3.6 in Aleksand-
row media, and quantitative data revealed maximum 
potassium solubilization of 29.94  mg/L on 21st day of 
incubation [39]. Wang et al. (2020) have reported KSI of 
1.57 by PGPB K. pneumoniae K6 and potassium solu-
bilization to be 38.55 ± 2.82  mg/L. Similarly, for differ-
ent K. variicola strains, KSI ranged from 1.39 to 2.78, 
and potassium solubilization by K. variicola K5 was 
64.16 ± 2.19 mg/L [68].

Cui et al. (2021) reported the endophytic bacterium B. 
amyloliquefaciens to show antibacterial activity against 

Fig. 6  A Response surface plot of the effect of interaction between tryptophan concentration and incubation time on IAA production 
by endophytic Klebsiella pneumoniae MEBAphS1 from Alternanthera philoxeroides. B Response surface plot of the effect of interaction 
between tryptophan concentration and pH on IAA production by endophytic Klebsiella pneumoniae MEBAphS1 from Alternanthera philoxeroides. 
C Response surface plot of the effect of interaction between pH and incubation time on IAA production by endophytic Klebsiella pneumoniae 
MEBAphS1 from Alternanthera philoxeroides 
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Streptomyces griseoplanus which causes potato scabs. Six 
diverse antibacterial compounds were detected after PCR 
analysis [69]. Iturin and surfactin-like compounds were 
reported from endophytic B. amyloliquefaciens show-
ing inimical activity against Streptococcus, Staphylococ-
cus, and Cryptococcus strains [70]. Endophytic B. subtilis 
strain 1-L-29 has been found to show antimicrobial activ-
ity against a wide range of bacterial and fungal patho-
gens along with PGP properties [71]. In a recent study 
by Soliman et al. (2022), endophytic B. amyloliquefaciens 
MZ945930 and B. velezensis MZ945929 showed antifun-
gal activity against Alternaria spp. and Helminthosporium 
spp. [72]. The endophytic B. subtilis strain isolated from 

the maize plant exhibited good PGP attributes and bio-
control activity against the fungus Botrytis cinerea [73]. 
Mohamad et  al. (2020) reported that the Bacillus genus 
showed high antagonistic activity against the tested fun-
gal strains and the percentage of inhibition ranges from 
40 to 77% [42]. In our present study, B. amyloliquefaciens 
and B. subtilis both showed a broad range of antibacte-
rial and antifungal activity against the selected bacterial 
and fungal pathogenic strains. Both the strains showed 
salt tolerance to 15% of NaCl concentration, and had high 
levels of ammonia production, nitrogen-fixing ability, 
phosphate solubilization, and ACC deaminase activity, 
thereby helping plants in both direct and indirect ways of 

Fig. 8  Phenotypic expression of Vigna unguiculata plant inoculated with endophytic bacteria Klebsiella pneumoniae MEBAphS1 showed A 
increased plant height, and B increased leaf length and diameter in Klebsiella pneumoniae inoculated plant compared to control plant

Table 10  Plant growth promotion in Vigna unguiculata plant inoculated with endophyte Klebsiella pneumoniae MEBAphS1. Means are 
averages ± SD (n = 5). Student’s t test at p ≤ 0.05

Treatment Fresh weight (g) Dry weight (g) Shoot length (cm) Root length (cm) No. of leafs Leaf diameter (cm) Leaf length (cm) Chlorophyll A Chlorophyll B

K. pneumoniae 
inoculated 
plant

2.86 ± 0.21 0.352 ± 0.08 19.4 ± 1.24 6.4 ± 1.01 8.6 ± 1.20 4.4 ± 0.48 7.6 ± 0.58 4.69 ± 0.63 6.93 ± 0.45

Control Plant 1.6 ± 0.20 0.126 ± 0.02 14.3 ± 2.74 3.3 ± 0.60 5.8 ± 1.16 2.96 ± 0.32 5.3 ± 0.40 4.28 ± 0.33 3.77 ± 0.18

Fig. 7  Comparison of growth parameters of endophyte Klebsiella pneumoniae MEBAphS1 treated and control Vigna unguiculata plant
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PGP and acting as promising candidates for biofertilizers 
and biocontrol agents.

The central composite design of response surface 
methodology (RSM) used for the optimization of IAA 
production has helped us to evaluate the interaction 
between different variables. Optimization of IAA pro-
duction for rhizospheric bacteria Klebsiella SN 1.1 
recorded the highest IAA production of 291.97 ± 0.19 µg/
ml at 0.2% tryptophan after 9  days of incubation [74]. 
Lebrazi et al. (2020) have reported an optimal IAA pro-
duction of 166 µg/ml by rhizospheric bacteria at pH 6.5, 
temperature 36  °C, tryptophan and NaCl concentration 
of 1 g/L and 0.1 g/L with an incubation time of 1 day [45]. 
The deployment of the experimental design has allowed 
us to get a maximal yield of IAA production by K. pneu-
moniae—195.417  µg/ml—with 10  days of incubation 
time, pH 6.5, and 1.05% of tryptophan concentration. 
The obtained pH 6.5 by the experimental design is simi-
lar to those reported by Lebrazi and coworkers [45]. The 
obtained responses from the experiment had also shown 
a close match with the predicted responses and thus vali-
dated the experimental model.

Ours is the first report of the presence of Klebsiella spp. 
as an endophyte with IAA production in A. philoxeroides. 
With a view to checking the effectiveness as a microbial 
inoculant, K. pneumoniae was used for seed treatment of 
cowpeas. In our present study, the seeds of V. unguicu-
lata treated with K. pneumoniae showed increased shoot 
and root length, number of leaves, leaf diameter and 
length, fresh and dry weight, and chlorophyll content as 
compared to a control plant. The results were found to be 
statistically significant (p ≤ 0.05) in comparison to con-
trol plants. K. pneumoniae showed higher IAA produc-
tion, phosphate solubilization, potassium solubilization, 
and nitrogen-fixing ability which might have influenced 
the germination capacity and growth of the plant. Jasim 
et  al. (2013) have also reported the inoculation of cul-
ture supernatant of endophytic bacterial strains Kleb-
siella spp. and Enterobacter spp. isolated from P. nigrum 
have increased the shoot and root length among seed-
lings of V. radiata as compared to the control [36]. The 
study by Dey et  al. (2019) revealed that endophytic K. 
pneumoniae HR1 isolated from V. mungo L. have signifi-
cantly increased the germination capacity, root and shoot 
length, dry weight of root and shoot in treated and con-
trol plants and Macrophomina phaseolina infected plant, 
thereby making endophytic K. pneumoniae a potential 
PGP and biological control agent [75]. More diverse 
enzymes and metabolites are found to be generally har-
bored by endophytic fungi [76–78] and bacteria [79] iso-
lated from both normal and stressed environments, many 
of them possessing excellent PGP properties [80].

Our results suggest that the stem isolate K. pneumoniae 
possesses multiple PGP traits that directly help in plant 
growth, while the leaf isolates B. amyloliquefaciens and 
root isolate B. subtilis has good extracellular enzyme activ-
ity and PGP abilities and the broad range of antimicrobial 
activity help both directly and indirectly in plant growth 
and as biocontrol agent. Thus, these isolates may be uti-
lized for improving crop yield in sustainable agriculture.

Conclusion
The use of endophytes to improve plant growth and 
protect crops from pathogens can be the most sustain-
able and cost-effective approach in agriculture as it is 
in tune with the natural settings of the environment. In 
the present study, the A. philoxeroides stem isolate, K. 
pneumoniae showed multiple PGP traits that resulted 
in improved germination and vegetative growth of V. 
unguiculata plant. B. amyloliquefaciens and B. subtilis 
showed good extracellular enzyme production and anti-
microbial activity along with plant growth promotion. 
Given the multiple PGP attributes of these strains, these 
can be commercially utilized in agriculture instead of 
chemical fertilizers. Thus, a consortium of these isolates 
could be further used as bioinoculants for improving 
plant growth in crop plants after validation by field trials, 
to increase crop yield under salinity stress. These kinds of 
studies align with the United Nations SDGs (Sustainable 
Development Goals) aiming at finding means to improve 
crop productivity without harming the environment 
much, as indeed it is the need of the hour.
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MEGA 10.

Acknowledgements
The authors acknowledge the Department of Life Sciences, CHRIST (Deemed 
to be University), Bangalore, Karnataka, India, for the research fellowship and 
infrastructure facilities. SS acknowledges the seed money provided by the 
Centre for Research, CHRIST (Deemed to be University) for the grant. The 
authors also acknowledge VIT-SIF Lab, SAS, Chemistry Division for NMR and 
GC-MS Analysis, VIT University, for helping with the GCMS analysis.

Authors’ contributions
SS conceived the idea. SB conducted most of the experiments. Analysis and 
interpretation of data and manuscript preparation was done by SB, IP, SJ, and 
SS. All authors have read and approved the final manuscript.

Funding
Seed money granted to SS by the Centre for Research, CHRIST (Deemed to be 
University).

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article (and its supplementary information files).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors have given the consent of the publication of this work.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Life Sciences, CHRIST (Deemed to Be University), Banga-
lore‑29, India. 

Received: 19 July 2022   Accepted: 14 November 2023

References
	1.	 Puri A, Padda KP, Chanway CP (2017) Plant growth promotion by endo-

phytic bacteria in non-native crop hosts. Springer International publish-
ing AG https://​doi.​org/​10.​1007/​978-3-​319-​66544-3_2

	2.	 Hallmann J, Quadt-Hallmann A, Mahaffee WF, Kloepper JW (1997) Bacte-
rial endophytes in agricultural crops. Can J Microbio 43:895–914. https://​
doi.​org/​10.​1139/​m97-​131

	3.	 Owen NL, Hundley N (2004) Endophytes-the chemical synthesizers inside 
plants. Sci prog 87(2):79–99. https://​doi.​org/​10.​3184/​00368​50047​83238​
553

	4.	 Hardoim PR, van Overbeek LS, Berg G, Pirttila AM, Compant S, Campisano 
A, Doring M, Sessitsch A (2015) The hidden world within plants: ecologi-
cal and evolutionary considerations for defining functioning of microbial 
endophytes. Microbiol Mol Biol Rev 79(3):294–310. https://​doi.​org/​10.​
1128/​MMBR.​00050-​14

	5.	 Strobel G (2018) Emergence of endophytic microbes and their biological 
promise. J Fungi 4(2):57. https://​doi.​org/​10.​3390/​jof40​20057

	6.	 Glick BR (2012) Plant growth-promoting bacteria: mechanisms and appli-
cations. Scientifica 2012:963401. https://​doi.​org/​10.​6064/​2012/​963401

	7.	 Santoyo G, Moreno-Hagelsieb G, del Carmen Orozco-Mosqueda M, Glick 
BR (2016) Plant growth-promoting bacterial endophytes. Microbiol. Res 
183:92–99. https://​doi.​org/​10.​1016/j.​micres.​2015.​11.​008

	8.	 Eid AM, Fouda A, Abdel-Rahman MA, Salem SS, Elsaied A, Oelmüller R, 
Hijri M, Bhowmik A, Elkelish A, Hassan SE (2021) Harnessing bacterial 
endophytes for promotion of plant growth and biotechnological applications: 
an overview. Plants 10(5):935. https://​doi.​org/​10.​3390/​plant​s1005​0935

	9.	 Khan MS, Gao J, Chen X, Zhang M, Yang F, Du Y, Munir I, Xue J, Zhang X 
(2020) Isolation and characterization of plant growth-promoting endo-
phytic bacteria Paenibacilluspolymyxa SK1 from Liliumlancifolium. BioMed 
Research Int 2020:8650957

	10.	 Zhu Y, She X (2018) Evaluation of the plant-growth-promoting abilities of 
endophytic bacteria from the psammophyte Ammodendronbifolium. Can 
J Microbiol 64(4):253–264. https://​doi.​org/​10.​1139/​cjm-​2017-​0529

	11.	 Sapre S, Gontia-Mishra I, Tiwari S (2019) ACC deaminase-producing bac-
teria: a key player in alleviating abiotic stresses in plants. Springer Nature 
Singap Pte Ltd. https://​doi.​org/​10.​1007/​978-​981-​13-​7553-8_​14

	12.	 Kumar Arora N, Fatima T, Mishra J, Mishra I, Verma S, Verma R, Verma M, 
Bhattacharya A, Verma P, Mishra P, Bharti C (2020) Halo-tolerant plant 
growth promoting rhizobacteria for improving productivity and remedia-
tion of saline soils. J Adv Res 26:69–82. https://​doi.​org/​10.​1016/j.​jare.​2020.​
07.​003

	13.	 Fouda A, Hassan SED, Eid AM, El-Din Ewais E (2019) The interaction 
between plants and bacterial endophytes under salinity stress In: Jha, 
S. (eds) Endophytes and Secondary Metabolites. Reference Series in 
Phytochemistry. Springer, Cham. Sprin Nature Switzerl AG https://​doi.​org/​
10.​1007/​978-3-​319-​76900-4_​15-1

	14.	 Sofy MR, Aboseidah AA, Heneidak SA, Ahmed HR (2021) ACC deaminase 
containing endophytic bacteria ameliorate salt stress in Pisumsativum 
through reduced oxidative damage and induction of antioxidative 
defense systems. Environ Sci Pollut Res 28(30):40971–40991. https://​doi.​
org/​10.​1007/​s11356-​021-​13585-3

	15.	 Xiao-Yun P, Yu-Peng G, Sosa A, Wen-Ju Z, Bo L, Jia-Kuan C (2007) Invasive 
Alternantheraphiloxeroides: biology, ecology and management. J Syst Evol 
45(6):884–900. https://​doi.​org/​10.​1360/​aps06​134

	16.	 Sun Y, Ding J, Frye MJ (2010) Effects of resource availability on tolerance 
of herbivory in the invasive Alternantheraphiloxeroides and the native 
Alternantherasessilis. Weed Res 50:527–536. https://​doi.​org/​10.​1111/j.​
1365-​3180.​2010.​00822.x

	17.	 Leitner V, Malucelli LC, Pincerati MR, Maranho LT (2019) Rhizospheric 
bacteria with potential to degrade landfill leachate. Int J Env Sci Tech 
16(3):1581–1588. https://​doi.​org/​10.​1007/​s13762-​018-​1763-2

	18.	 Dongsheng LU, Yuxuan R, Ying Z, Yang C (2018) Studies on endophytic 
fungi and their diversity in Alternantheraphiloxeroides. J Xinya Norm Univer 
31(2):227–232. https://​doi.​org/​10.​3969/j.​issn.​1003-​0972.​2018.​02.​011

	19.	 Panigrahi S, Dash D, Rath CC (2018) Characterization of endophytic bacte-
ria with plant growth promoting activities isolated from six medicinal 
plants. J Exp Biol Agri Sci 6(5):782–791. https://​doi.​org/​10.​18006/​2018.​
6(5).​782.​791

	20.	 Srinivasan R, Karaoz U, Volegova M, MacKichan J, Kato-Maeda M, Miller S, 
Nadarajan R, Brodie EL, Lynch SV (2015) Use of 16S rRNA gene for identi-
fication of a broad range of clinically relevant bacterial pathogens. PLoS 
ONE 10(2):e0117617. https://​doi.​org/​10.​1371/​journ​al.​pone.​01176​17

	21.	 Kimura M (1980) A simple method for estimating evolutionary rates of 
base substitutions through comparative studies of nucleotide sequences. 
J Mol Evol 16(2):111–120. https://​doi.​org/​10.​1007/​BF017​31581

	22.	 Kumar S, Stecher G, Li M, Knyaz C, Tamura K (2018) MEGA X: molecular 
evolutionary genetics analysis across computing platforms. Mol Biol Evol 
35(6):1547–1549. https://​doi.​org/​10.​1093/​molbev/​msy096

https://doi.org/10.1186/s43141-023-00620-8
https://doi.org/10.1186/s43141-023-00620-8
https://doi.org/10.1007/978-3-319-66544-3_2
https://doi.org/10.1139/m97-131
https://doi.org/10.1139/m97-131
https://doi.org/10.3184/003685004783238553
https://doi.org/10.3184/003685004783238553
https://doi.org/10.1128/MMBR.00050-14
https://doi.org/10.1128/MMBR.00050-14
https://doi.org/10.3390/jof4020057
https://doi.org/10.6064/2012/963401
https://doi.org/10.1016/j.micres.2015.11.008
https://doi.org/10.3390/plants10050935
https://doi.org/10.1139/cjm-2017-0529
https://doi.org/10.1007/978-981-13-7553-8_14
https://doi.org/10.1016/j.jare.2020.07.003
https://doi.org/10.1016/j.jare.2020.07.003
https://doi.org/10.1007/978-3-319-76900-4_15-1
https://doi.org/10.1007/978-3-319-76900-4_15-1
https://doi.org/10.1007/s11356-021-13585-3
https://doi.org/10.1007/s11356-021-13585-3
https://doi.org/10.1360/aps06134
https://doi.org/10.1111/j.1365-3180.2010.00822.x
https://doi.org/10.1111/j.1365-3180.2010.00822.x
https://doi.org/10.1007/s13762-018-1763-2
https://doi.org/10.3969/j.issn.1003-0972.2018.02.011
https://doi.org/10.18006/2018.6(5).782.791
https://doi.org/10.18006/2018.6(5).782.791
https://doi.org/10.1371/journal.pone.0117617
https://doi.org/10.1007/BF01731581
https://doi.org/10.1093/molbev/msy096


Page 19 of 20Biswas et al. Journal of Genetic Engineering and Biotechnology          (2023) 21:153 	

	23.	 Sharma A, Dev K, Sourirajan A, Choudhary M (2021) Isolation and charac-
terization of salt-tolerant bacteria with plant growth-promoting activities 
from saline agricultural fields of Haryana. India J Genet Eng Biotechnol 
19(1):99. https://​doi.​org/​10.​1186/​s43141-​021-​00186-3

	24.	 Hankin L, Anagnostakis SL (1975) The use of solid media for detection of 
enzyme production by fungi. Mycology 67:597–607. https://​doi.​org/​10.​
2307/​37583​95

	25	 Jabborova D, Annapurna K, Fayzullaeva MS, Sulaymonov K, Kadirova 
D, Jabbarov Z, Sayyed RZ (2020) Isolation and characterization of 
endophytic bacteria from ginger (ZingiberofficinaleRosc.). Ann Phytomed 
9(1):116–121. https://​doi.​org/​10.​21276/​ap.​2020.9.​1.​14

	26.	 ALKahtani MDF, Fouda A, Attia KA, Al-Otaibi F, Eid AM, Ewais EED, Hijri M, 
St-Arnaud M, Hassan SED, Khan N, Hafez YM, Abdelaal KAA (2020) Isola-
tion and characterization of plant growth promoting endophytic bacteria 
from desert plants and their application as bioinoculants for sustainable 
agriculture. Agronomy 10(9):1325. https://​doi.​org/​10.​3390/​agron​omy10​
091325

	27.	 Senthilkumar M, Amaresan N, Sankaranarayanan A (2021) Isolation of 
microorganisms producing hydrolytic enzymes: protease. Springer Proto-
cols Handbooks https://​doi.​org/​10.​1007/​978-1-​0716-​1080-0_​51

	28.	 Senthilkumar M, Amaresan N, Sankaranarayanan A (2021) Isolation of 
microorganisms producing hydrolytic enzymes: lipase. Springer Protocols 
Handbooks https https://​doi.​org/​10.​1007/​978-1-​0716-​1080-0_​52

	29.	 Gordon SA, Weber RP (1951) Colorimetric estimation of Indoleacetic acid. 
Plant Physiol 26(1):192–195. https://​doi.​org/​10.​1104/​pp.​26.1.​192

	30.	 Jensen HL (1942) Nitrogen fixation in leguminous plants. II. is symbiotic 
nitrogen fixation influenced by Azotobacter. Pro Line Soc. N.S.W 57:205–212

	31.	 Roychowdhury R, Qaiser TF, Mukherjee P, Roy M (2017) Isolation and 
characterization of a Pseudomonasaeruginosa strain PGP for plant growth 
promotion. Proc Natl Acad Sci India 89(1):353–360. https://​doi.​org/​10.​
1007/​s40011-​017-​0946-9

	32.	 Penrose DM, Glick BR (2003) Methods for isolating and characterizing ACC 
deaminase-containing plant growth-promoting Rhizobacteria. Physiol 
Plant 118(1):10–15. https://​doi.​org/​10.​1034/j.​1399-​3054.​2003.​00086.x

	33.	 Husena E, Wahyudia AT, Suwantoa A, Saraswatib R (2009) Soybean 
seedling root growth promotion by 1-aminocyclopropane-1-carboxylate 
deaminase-producing Pseudomonads. Indo J Agri Sci 10(1):19–25

	34.	 Gupta S, Pandey S (2019) ACC deaminase producing bacteria with mul-
tifarious plant growth promoting traits alleviates salinity stress in French 
bean (Phaseolusvulgaris) plants. Front Microbiol 10:1506. https://​doi.​org/​
10.​3389/​fmicb.​2019.​01506

	35.	 Joe MM, Deivaraj S, Benson A, Henry AJ, Narendrakumar G (2018) Soil 
extract calcium phosphate media for screening of phosphate-solubilizing 
bacteria. Agri Nat Resour 52(3):305–308. https://​doi.​org/​10.​1016/j.​anres.​
2018.​09.​014

	36.	 Jasim B, John Jimtha C, Jyothis M, Radhakrishnan EK (2013) Plant growth 
promoting potential of endophytic bacteria isolated from Pipernigrum. 
Plant Growth Regul 71:1–11. https://​doi.​org/​10.​1007/​s10725-​013-​9802-y

	37.	 Fiske CH, Subbarow Y (1925) The colorimetric determination of phospho-
rus. J Biol Chem 66:373–400

	38.	 Senthilkumar M, Amaresan N, Sankaranarayanan A (2021) Plant-microbe 
interactions: laboratory techniques. Springer Protocols Handbooks 
https://​doi.​org/​10.​1007/​978-1-​0716-​1080-0_​10

	39.	 Gupta P, Trivedi M, Soni H (2021) Isolation identification and evaluation of 
indigenous plant growth promoting bacterium Klebsiellapneumoniae PNE1. 
Inter J Resea App Sci Biotech 8(6):47–56. https://​doi.​org/​10.​31033/​ijrasb.​8.6.9

	40.	 Raji M, Thangavelu M (2021) Isolation and screening of potassium 
solubilizing bacteria from saxicolous habitat and their impact on tomato 
growth in different soil types. Arch Microbiol 203(6):3147–3161. https://​
doi.​org/​10.​1007/​s00203-​021-​02284-9

	41.	 Suarez-Moreno ZR, Vinchira-Villarraga DM, Vergara-Morales DI, Castel-
lanos L, Ramos FA, Guarnaccia C, Degrassi G, Venturi V, Moreno-Sarmiento 
N (2019) Plant-growth promotion and biocontrol properties of three 
Streptomyces spp. isolates to control bacterial rice pathogens. Front 
Microbiol 10:290. https://​doi.​org/​10.​3389/​fmicb.​2019.​00290

	42.	 Mohamad OAA, Ma JB, Liu YH, Zhang D, Hua S, Bhute S, Hedlund BP, Li 
WJ, Li L (2020) Beneficial endophytic bacterial populations associated 
with medicinal plant Thymusvulgaris alleviate salt stress and confer 
resistance to Fusariumoxysporum. Front Plant Sci 11:47. https://​doi.​org/​10.​
3389/​fpls.​2020.​00047

	43.	 Mohamad OAA, Li L, Ma JB, Hatab S, Xu L, Guo JW, Rasulov BA, Liu YH, 
Hedlund BP, Li WJ (2018) Evaluation of the antimicrobial activity of endo-
phytic bacterial populations from Chinese traditional medicinal plant 
Licorice and characterization of the bioactive secondary metabolites pro-
duced by Bacillusatrophaeus against Verticilliumdahliae. Front Microbiol 
9:924. https://​doi.​org/​10.​3389/​fmicb.​2018.​00924

	44	 Gang S, Sharma S, Saraf M, Buck M, Schumacher J (2019) Analysis of 
Indole-3-acetic Acid (IAA) production in Klebsiella by LC-MS/MS and the 
Salkowski Method. Bio Protoc 9(9):e3230. https://​doi.​org/​10.​21769/​BioPr​
otoc.​3230

	45.	 Lebrazi S, Fadil M, Chraibi M, Fikri-Benbrahim K (2020) Screening and opti-
mization of indole-3-acetic acid production by Rhizobiumsp. strain using 
response surface methodology. J Genet Eng Biotechnol 18(1):21. https://​
doi.​org/​10.​1186/​s43141-​020-​00035-9

	46.	 Hassan SE (2017) Plant growth-promoting activities for bacterial and 
fungal endophytes isolated from medicinal plant of Teucriumpolium L. J 
Adv Res 8(6):687–695. https://​doi.​org/​10.​1016/j.​jare.​2017.​09.​001

	47.	 Sebastian AM, Umesh M, Priyanka K, Preethi K (2021) Isolation of plant 
growth-promoting Bacilluscereus from soil and its use as a micro-
bial inoculant. Arab J Sci Eng 46:151–161. https://​doi.​org/​10.​1007/​
s13369-​020-​04895-8

	48.	 Gamalero E, Favale N, Bona E, Novello G, Cesaro P, Massa N, Glick BR, 
Orozco-Mosqueda MdC, Berta G, Lingua G (2020) Screening of bacterial 
endophytes able to promote plant growth and increase salinity toler-
ance. Appl Sci 10(17):5767. https://​doi.​org/​10.​3390/​app10​175767

	49.	 Rueda-Puente EO, Prabhaharan R, Murillo-Amador B, Ruiz-Espinoza F, 
Puente M, Valdez-Cepeda RD (2013) Ameliorative effects of salt resistance 
on physiological parameters in the halophyte Salicorniabigeloviitorr. with 
plant growth-promoting rhizobacteria. 12(34):5278–5284 https://​doi.​org/​
10.​5897/​AJB12.​2750

	50.	 Kumar V, Kumar A, Pandey KD, Roy BK (2015) Isolation and characteriza-
tion of bacterial endophytes from the roots of Cassiatora L. Ann Microbiol 
65:1391–1399. https://​doi.​org/​10.​1007/​s13213-​014-​0977-x

	51.	 Liu W, Wang Q, Hou J, Tu C, Luo Y, Christie P (2016) Whole genome 
analysis of halotolerant and alkalotolerant plant growth-promoting rhizo-
bacterium Klebsiella sp. D5A. Sci Rep 6:26710. https://​doi.​org/​10.​1038/​
srep2​6710

	52.	 Kumar A, Singh R, Yadav A, Giri DD, Singh PK, Pandey KD (2016) Isolation 
and characterization of bacterial endophytes of Curcumalonga L. 3 
Biotech 6(1):60. https://​doi.​org/​10.​1007/​s13205-​016-​0393-y

	53.	 Shahzad R, Khan AL, Bilal S, Waqas M, Kang SM, Lee IJ Inoculation of 
abscisic acid-producing endophytic bacteria enhances salinity stress tol-
erance in Oryzasativa. Enviro Exp Bot 136:68–77 https://​doi.​org/​10.​1016/j.​
envex​pbot.​2017.​01.​010.

	54.	 Reinhold-Hurek B, Hurek T, Gillis M, Hoste B, Vancanneyt M, Kersters K, Ley 
JD (1993) Azoarcus gen, nov., nitrogen-fixing proteobacteria associated 
with roots of kallar grass (LeptochZoafusca (L.) Kunth), and description of 
two species, Azoarcusindigens sp. nov. and Azoarcuscommunis sp. nov. Int 
J Syste Bacter 43(3):574–584

	55.	 Castro RA, Quecine MC, Lacava PT, Batista BD, Luvizotto DM, Marcon J, 
Ferreira A, Melo IS, Azevedo JL (2014) Isolation and enzyme bio-
prospection of endophytic bacteria associated with plants of Brazilian 
mangrove ecosystem. Springerplus 3:382. https://​doi.​org/​10.​1186/​
2193-​1801-3-​382

	56.	 Bhutani N, Maheshwari R, Kumar P, Suneja P (2021) Bioprospecting for 
extracellular enzymes from endophytic bacteria isolated from Vignara-
diata and Cajanuscajan. J App Biol Biotech 9(3):26–34. https://​doi.​org/​10.​
7324/​JABB.​2021.​9304

	57.	 Duca D, Lorv J, Patten CL, Rose D, Glick BR (2014) Indole-3-acetic acid in 
plant-microbe interactions. Anto Van Leeuw 106(1):85–125. https://​doi.​
org/​10.​1007/​s10482-​013-​0095-y

	58.	 Kumar G, Lal S, Maurya SK, Bhattacherjee AK, Chaudhary P, Gangola S, 
Rajan S (2021) Exploration of Klebsiellapneumoniae M6 for paclobutrazol 
degradation, plant growth attributes, and biocontrol action under sub-
tropical ecosystem. PLoS One 16(12):e0261338. https://​doi.​org/​10.​1371/​
journ​al.​pone.​02613​38

	59.	 Sachdev DP, Chaudhari HG, Kasture VM, Dhavale DD, Chopade BA (2009) 
Isolation and characterization of indole acetic acid (IAA) producing Kleb-
siellapneumoniae strains from rhizosphere of wheat (Triticumaestivum) 
and their effect on plant growth. Indian J Exp Biol 47(12):993–1000

https://doi.org/10.1186/s43141-021-00186-3
https://doi.org/10.2307/3758395
https://doi.org/10.2307/3758395
https://doi.org/10.21276/ap.2020.9.1.14
https://doi.org/10.3390/agronomy10091325
https://doi.org/10.3390/agronomy10091325
https://doi.org/10.1007/978-1-0716-1080-0_51
https://doi.org/10.1007/978-1-0716-1080-0_52
https://doi.org/10.1104/pp.26.1.192
https://doi.org/10.1007/s40011-017-0946-9
https://doi.org/10.1007/s40011-017-0946-9
https://doi.org/10.1034/j.1399-3054.2003.00086.x
https://doi.org/10.3389/fmicb.2019.01506
https://doi.org/10.3389/fmicb.2019.01506
https://doi.org/10.1016/j.anres.2018.09.014
https://doi.org/10.1016/j.anres.2018.09.014
https://doi.org/10.1007/s10725-013-9802-y
https://doi.org/10.1007/978-1-0716-1080-0_10
https://doi.org/10.31033/ijrasb.8.6.9
https://doi.org/10.1007/s00203-021-02284-9
https://doi.org/10.1007/s00203-021-02284-9
https://doi.org/10.3389/fmicb.2019.00290
https://doi.org/10.3389/fpls.2020.00047
https://doi.org/10.3389/fpls.2020.00047
https://doi.org/10.3389/fmicb.2018.00924
https://doi.org/10.21769/BioProtoc.3230
https://doi.org/10.21769/BioProtoc.3230
https://doi.org/10.1186/s43141-020-00035-9
https://doi.org/10.1186/s43141-020-00035-9
https://doi.org/10.1016/j.jare.2017.09.001
https://doi.org/10.1007/s13369-020-04895-8
https://doi.org/10.1007/s13369-020-04895-8
https://doi.org/10.3390/app10175767
https://doi.org/10.5897/AJB12.2750
https://doi.org/10.5897/AJB12.2750
https://doi.org/10.1007/s13213-014-0977-x
https://doi.org/10.1038/srep26710
https://doi.org/10.1038/srep26710
https://doi.org/10.1007/s13205-016-0393-y
https://doi.org/10.1016/j.envexpbot.2017.01.010
https://doi.org/10.1016/j.envexpbot.2017.01.010
https://doi.org/10.1186/2193-1801-3-382
https://doi.org/10.1186/2193-1801-3-382
https://doi.org/10.7324/JABB.2021.9304
https://doi.org/10.7324/JABB.2021.9304
https://doi.org/10.1007/s10482-013-0095-y
https://doi.org/10.1007/s10482-013-0095-y
https://doi.org/10.1371/journal.pone.0261338
https://doi.org/10.1371/journal.pone.0261338


Page 20 of 20Biswas et al. Journal of Genetic Engineering and Biotechnology          (2023) 21:153 

	60.	 Bhardwaj G, Shah R, Joshi B, Patel P (2017) Klebsiellapneumoniae VRE36 as 
a PGPR isolated from Saccharumofficinarum cultivar Co99004. J App Biol 
Biotech 5(01):047–052. https://​doi.​org/​10.​7324/​JABB.​2017.​50108

	61.	 Pavlova AS, Leontieva MR, Smirnova TA, Kolomeitseva GL, Netrusov AI, 
Tsavkelova EA (2017) Colonization strategy of the endophytic plant 
growth-promoting strains of Pseudomonasfluorescens and Klebsiellaoxy-
toca on the seeds, seedlings and roots of the epiphytic orchid, Dendro-
bium nobile Lindl. J Appl Microbiol 123(1):217–232. https://​doi.​org/​10.​
1111/​jam.​13481

	62.	 Kang SM, Bilal S, Shahzad R, Kim YN, Park CW, Lee KE, Lee JR, Lee IJ (2020) 
Effect of ammonia and indole-3-acetic acid producing endophytic Kleb-
siellapneumoniae YNA12 as a bio-herbicide for weed inhibition: special 
reference with evening primroses. Plants 9(6):761. https://​doi.​org/​10.​
3390/​plant​s9060​761

	63.	 Shrivastava M, Srivastava PC D’Souza SF (2018) Phosphate-solubilizing 
microbes: diversity and phosphates solubilization mechanism. Springer 
Nature Singapore Pte Ltd https://​doi.​org/​10.​1007/​978-​981-​13-​0044-8_5

	64.	 Walia A, Guleria S, Chauhan A, Mehta P (2017) Endophytic bacteria: role 
in phosphate solubilization. Springer International Publishing AG https://​
doi.​org/​10.​1007/​978-3-​319-​66544-3_4

	65.	 de Abreu CS, Figueiredo JE, Oliveira CA, Dos Santos VL, Gomes EA, Ribeiro 
VP, Barros BA, Lana UG, Marriel IE (2017) Maize endophytic bacteria as 
mineral phosphate solubilizers. Genet Mol Res 16(1) https://​doi.​org/​10.​
4238/​gmr16​019294. PMID: 28218783

	66.	 Mazumdar D, Saha SP, Ghosh S (2018) Klebsiellapneumoniae rs26 as a 
potent PGPR isolated from chickpea (Cicerarietinum) rhizosphere. Pharma 
Innov J 7(11):56–62

	67.	 Mowafy AM, Fawzy MM, Gebreil A, Elsayed A (2021) Endophytic Bacillus, 
Enterobacter, and Klebsiella enhance the growth and yield of maize. Acta 
Agri Scand, Sec B— Soil & Plant Sci 71(4):237–246. https://​doi.​org/​10.​
1080/​09064​710.​2021.​18806​21

	68.	 Wang J, Li R, Zhang H, Wei G, Li Z (2020) Beneficial bacteria activate 
nutrients and promote wheat growth under conditions of reduced 
fertilizer application. BMC Microbiol 20(1):38. https://​doi.​org/​10.​1186/​
s12866-​020-​1708-z

	69.	 Cui L, Yang C, Wang Y, Ma T, Cai F, Wei L, Jin M, Osei R, Zhang J, Tang M 
(2022) Potential of an endophytic bacteria Bacillusamyloliquefaciens 3–5 
as a biocontrol agent against potato scab. Micro Pathog 163:105382. 
https://​doi.​org/​10.​1016/j.​micpa​th.​2021.​105382

	70.	 Rasiya KT, Sebastian D (2021) Iturin and surfactin from the endophyte 
Bacillusamyloliquefaciens strain RKEA3 exhibits antagonism against 
Staphylococcusaureus. Biocat Agri Biotech 36:102125. https://​doi.​org/​10.​
1016/j.​bcab.​2021.​102125

	71.	 Xu JX, Li ZY, Lv X, Yan H, Zhou GY, Cao LX, Yang Q, He YH (2020) Isola-
tion and characterization of Bacillussubtilis strain 1-L-29, an endophytic 
bacteria from Camelliaoleifera with antimicrobial activity and efficient 
plant-root colonization. PLoS One 15(4):e0232096. https://​doi.​org/​10.​
1371/​journ​al.​pone.​02320​96

	72.	 Soliman SA, Khaleil MM,, Metwally RA (2022) Evaluation of the antifungal 
activity of Bacillusamyloliquefaciens and B. velezensis and characterization 
of the bioactive secondary metabolites produced against plant patho-
genic fungi. Biol (Basel) 11(10):1390. https://​doi.​org/​10.​3390/​biolo​gy111​
01390

	73.	 Bolivar-Anillo HJ, González-Rodríguez VE, Cantoral JM, García-Sánchez D, 
Collado IG, Garrido C (2021) Endophytic bacteria Bacillussubtilis, isolated 
from Zea mays, as potential biocontrol agent against Botrytiscinerea. Biol-
ogy (Basel) 10(6):492. https://​doi.​org/​10.​3390/​biolo​gy100​60492

	74.	 Chaiharn M, Lumyong S (2011) Screening and optimization of indole-
3-acetic acid production and phosphate solubilization from rhizobacteria 
aimed at improving plant growth. Curr Microbiol 62(1):173–181. https://​
doi.​org/​10.​1007/​s00284-​010-​9674-6

	75.	 Dey S, Dutta P, Majumdar S (2019) Biological Control of Macrophomina 
phaseolina in Vigna mungo L. by Endophytic Klebsiellapneumoniae HR1. 
Jord J of Biolog Sci 12(2):219–227

	76.	 Jayaram S, Sarojini S (2022) Bioprospecting of fungal endophytes in 
Hulimavu Lake for their repertoire of bioactive compounds. ECS Trans 
107:10471

	77.	 Sivakumar B, Rao NR, Poornamath BP, Jayaram S, Sarojini S (2022) Multi-
farious pigment producing fungi of Western Ghats and their potential. 
Plant Science Today 9(3):733–747. https://​doi.​org/​10.​14719/​pst.​17

	78	 Jayaram S, Biswas S, Philip I, Umesh M, Sarojini S (2023) Differential lac-
case production among diverse fungal endophytes in aquatic plants of 
Hulimavu Lake in Bangalore. India. J Pure Appl Microbiol 17(1):298–308. 
https://​doi.​org/​10.​22207/​JPAM.​17.1.​19

	79.	 Philip I, Sarojini S, Biswas S, Jayaram S (2023) Exploring the potential of 
Bacillusvelezensis, an endophytic bacteria isolated from Alternanther-
aphiloxeroides for plant growth promotion and bioremediation proper-
ties. J Pure Appl Microbiol 17(3):1748–1763. https://​doi.​org/​10.​22207/​
JPAM.​17.3.​40

	80.	 James N, Umesh M, Sarojini S, Shanmugam S, Nasif O, Alharbi SA, Lan Chi 
N, Brindhadevi K (2023) Unravelling the potential plant growth activity of 
halotolerant Bacillus licheniformis NJ04 isolated from soil and its possible 
use as a green bioinoculant on Solanum lycopersicum L. Environ Res 
216(Pt 2):114620. https://​doi.​org/​10.​1016/j.​envres.​2022.​114620

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.7324/JABB.2017.50108
https://doi.org/10.1111/jam.13481
https://doi.org/10.1111/jam.13481
https://doi.org/10.3390/plants9060761
https://doi.org/10.3390/plants9060761
https://doi.org/10.1007/978-981-13-0044-8_5
https://doi.org/10.1007/978-3-319-66544-3_4
https://doi.org/10.1007/978-3-319-66544-3_4
https://doi.org/10.4238/gmr16019294
https://doi.org/10.4238/gmr16019294
https://doi.org/10.1080/09064710.2021.1880621
https://doi.org/10.1080/09064710.2021.1880621
https://doi.org/10.1186/s12866-020-1708-z
https://doi.org/10.1186/s12866-020-1708-z
https://doi.org/10.1016/j.micpath.2021.105382
https://doi.org/10.1016/j.bcab.2021.102125
https://doi.org/10.1016/j.bcab.2021.102125
https://doi.org/10.1371/journal.pone.0232096
https://doi.org/10.1371/journal.pone.0232096
https://doi.org/10.3390/biology11101390
https://doi.org/10.3390/biology11101390
https://doi.org/10.3390/biology10060492
https://doi.org/10.1007/s00284-010-9674-6
https://doi.org/10.1007/s00284-010-9674-6
https://doi.org/10.14719/pst.17
https://doi.org/10.22207/JPAM.17.1.19
https://doi.org/10.22207/JPAM.17.3.40
https://doi.org/10.22207/JPAM.17.3.40
https://doi.org/10.1016/j.envres.2022.114620

	Endophytic bacteria Klebsiella spp. and Bacillus spp. from Alternanthera philoxeroides in Madiwala Lake exhibit additive plant growth-promoting and biocontrol activities
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Methods
	Chemicals and reagents
	Isolation of endophytic bacteria
	Phenotypic and biochemical characterization
	Molecular identification
	Salt tolerance
	Determination of plant growth-promoting attributes of bacterial endophytes
	Extracellular enzyme production
	Cellulase production
	Amylase production
	Protease production
	Lipase production
	IAA production
	Ammonia production
	Nitrogen fixation, ACC deaminase activity, and HCN (hydrogen cyanide) production

	Phosphate solubilization
	Phosphate solubilization index = (colony diameter+halo zone)  colony diameter
	Potassium solubilization
	Antimicrobial activity assay
	Characterization of IAA production using GCMS
	Optimization of IAA production using response surface methodology
	Pot trial experiments
	Statistical analysis

	Results
	Isolation of bacterial endophytes
	Identification of isolates
	Salt tolerance
	Determination of plant growth-promoting activity
	Extracellular enzyme production
	IAA production
	Ammonia production
	Nitrogen fixation, ACC deaminase activity, and HCN production
	Phosphate solubilization
	Potassium solubilization
	Antimicrobial activity
	Characterization of IAA production using GCMS
	Optimisation of IAA production by response surface methodology
	Pot trial experiment

	Discussion
	Conclusion
	Anchor 47
	Acknowledgements
	References


