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ABSTRACT

One hundred twenty-five endophytic microorganisms were isolated from the roots, stems, and leaves of four pro-
minent rice cultivars growing in temperate regions. Their potential to combat rice blast disease and promote plant
growth was investigated. The dual culture tests highlighted the strong antagonistic activity of five fungal (ranging
from 89%–70%) and five bacterial (72%–61%) endophytes. Subsequent examination focused on volatile com-
pounds produced by selected isolates to counter the blast pathogen. Among these, the highest chitinase
(13.76 µg mL−1) and siderophore (56.64%), was exhibited by Aspergillus flavus, and the highest HCN production
was shown by Stenotrophomonas maltophilia (36.15 µM mL−1). In terms of growth promotion traits, Aspergillus
flavus and Enterobacter cloacae excelled in activities viz, phosphorous solubilization, ammonia production, auxin
and gibberellic acid production, and nitrogen fixation. The Identity of these endophytes was confirmed through
molecular analysis as Trichoderma afroharzianum, Trichoderma harzianum, Penicillium rubens, Aspergillus fla-
vus, Stenotrophomonas rhizophila, Stenotrophomonas maltophilia, Bacillus cereus, Enterobacter cloacae, and Bacil-
lus licheniformis. Under greenhouse conditions, the highest disease control was shown by isolate Bacillus
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licheniformis and A. flavus with an inhibition of 79%, followed by S. rhizophila (77%) and T. afroharzianum
(73%). The overall results of this study showed that Bacillus licheniformis and Stenotrophomonas rhizophila have
great potential to be used as bio-stimulant and biocontrol agents to manage rice blast disease.
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1 Introduction

Rice (Oryza sativa L.) is one of the most frequently consumed cereal crops in the world which is
consumed as a staple diet by 50% of the world’s population [1]. By 2025, the worldwide demand for rice
is anticipated to be over 800 metric million tons [2]. Rice production is becoming increasingly
challenging due to severe yield losses caused by biotic and abiotic stress factors [3]. Among the biotic
stresses, rice blast can cause yield losses of 65% [4] and during epidemic years, they can reach to 100%
[5]. In field conditions, rice blast can attack all stages of rice development [6]. Crop rotation, fertilizer
management, blast-resistant variety planting, and fungicide administration are the common management
strategies used to fight against this disease [7]. However, each of these methods has its own set of
disadvantages. Chemical fungicides are often used, resulting in the development of resistance to
pathogens, environmental contamination, and effects on non-target microorganisms [8]. Biocontrol using
endophytic microorganisms is an alternative management strategy and is being used throughout the world
for the management of rice blast [9–11]. An endophyte is a fungal or bacterial microbe that spends all or
part of its life cycle inhabiting the host plant’s healthy tissues, usually without persuading disease
symptoms [12]. Rice contains a diversity of endophytes, with some strains having a better influence on
disease prevention and control [13]. Therefore, the objective of the present study was to characterize and
explain the effect of isolated endophytes on rice growth promotion by producing phytohormones,
ammonia, phosphorous solubilization and to look into the potential application of rice endophytes against
blast diseases of rice.

2 Materials and Methods

2.1 Sampling of Rice Plants
Sample collection for the isolation of endophytic microorganisms was done at an altitude ranging from

1500 to 2200 meters above mean sea level. The roots, stems and leaves of disease-free and healthy rice plants
(10 from each variety) in disease-affected fields were randomly selected at the panicle initiation stage (active
phase) from four varieties of rice (C1039, SR3, SR4 and SR5). Paper bags were used to transport samples to
the laboratory.

2.2 Sample Preparation for Isolation of Endophytic Microorganisms
To isolate endophytic microorganisms, plant tissues were washed under running tap water to remove soil

residues and then surface sterilized with 70% alcohol and 5% sodium hypochlorite for 5 min each, followed
by three washes with sterile distilled water. For purification, well-established endophytic fungal and bacterial
colonies were removed from plates and sub-cultured in test tubes [14].

2.3 In vitro Screening for Antagonistic Activity by Diffusible Compounds
Dual culture [15] was used to test the antagonism of endophytic bacterial and fungal isolates with

diffusible compound(s) against Pyricularia oryzae. In the case of endophytic fungi, a 5 mm mycelial disc
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of pathogenic fungi was put on one side of the potato dextrose agar (PDA) plate, and an endophytic fungal
disc was put on the other side. In the case of bacterial endophytes, one loopful of 48-hour-old culture was
streaked on one side of the plate, and a 5 mm mycelial disc of pathogenic fungi was placed on the other
side of the plate with PDA and nutrient agar (NA) in a 2:1 ratio [8]. The plates were put in a biological
oxygen demand (BOD) incubator for 20 days at 251°C for fungi and 281°C for bacteria. The experiment
was done using a complete randomised design with three replications. The percentage of inhibition of
mycelial growth over control was calculated using the formula below. The isolates showing potent
antifungal activity were selected for further studies.

Percent inhibition = (C − T/C) 100, where C represents the radial growth of the test pathogen in the
control plates (measured in mm), and T is the radial growth of the test pathogen in the test plates (mm) [16].

2.4 In vitro Screening for Antagonistic Activity of Volatile Compounds
The volatile compound(s) (VOCs) production of the superior antagonists was screened according to

Dennis and Webster (16). A 5 mm disc of P. oryzae and the fungal endophyte were placed at the centre of
two different Petri plates containing PDA. In the case of bacterial endophytes, on one plate, a 5 mm disc
of P. oryzae was placed at the centre of the Petri plate, and the bacterial endophytes were streaked on
another Petri plate containing NA. The lids were then removed and replaced by the bottom of the Petri
plate containing the testing endophytic isolates. The two dishes were then taped with parafilm. On the
control plate, no bioagent was inoculated but taped in the same manner. The plates were incubated at
251°C in a BOD incubator for 20 days. The percent inhibition was measured by the formula mentioned above.

2.5 Assay for Phosphate Solubilization
A loopful of endophytic bacteria and a mycelial disc of endophytic fungus were added to 3.9 mL of

Pikovskaya’s broth medium [17]. The slants were kept in an incubator shaker and incubated at 28°C with
shaking at 200 rpm for 3 days for bacterial endophytes and 5 days for fungal endophytes. After that,
1 mL of culture was centrifuged at 14,000 rpm for 10 min, and the soluble P in the supernatant was
determined with the method of Bray et al. [18]. The amount of soluble P was calculated from the
standard curve of P concentration using KH2PO4.

2.6 Indole Acetic Acid (IAA) Determination
The production of IAAwas demonstrated by the method of Bano et al. [19]. The fungal endophytes were

inoculated in the PDA amended with 2 mg mL-1 of L-tryptophan (Trp) and incubated at 120 rpm, 25°C, for
5 to 7 days, whereas the bacterial endophytes were grown in Luria broth amended with 2 mg mL-1 of
L-tryptophan (Trp) and incubated at 120 rpm, 25°C, for 3 days. The broth was then centrifugated at
10,000 rpm for 10 min, and 1 mL of the supernatant was mixed with 2 mL of Salkowski reagent. Pink
colour production indicated IAA production. For the quantitative assay, the above mixture was incubated
for 20 min, and a reading was taken at 530 nm.

2.7 Gibberellic Acid Estimation
In a 250-mL Erlenmeyer flask, 100 mL of nutrient broth (NB) and potato dextrose broth (PDB) were

sterilised, and 1 mL of standard inoculum (109 cells mL-1) of endophytic isolates was added, which was
shaken at 30°C. The experiment was conducted according to standard techniques [20]. The absorbance at
254 nm was measured using a spectrophotometer.

2.8 Ammonia Production Test
The fungal and bacterial endophytes were grown in 10 mL of peptone broth and kept in an incubator

shaker (120 rpm, 25°C ± 1°C) for 4–5 days. A volume of 0.5 mL of Nessler’s reagent was added to each
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tube. The development of a brown-to-yellow color indicated ammonia production. The liberated ammonia
was determined spectrophotometrically at 450 nm [21].

2.9 Chitinase Test
Colloidal chitin was prepared by the method adopted by Prabavathy et al. [22]. The bacterial and fungal

endophytes were grown in the slants containing colloidal chitin media for 3 days and 5 days, respectively. A
colorimetric chitinase enzymatic assay was conducted according to Rojas-Avelizapain triplicates [23]. The
absorbance was measured at 535 nm. One unit (U) of chitinase activity was expressed as the amount of
enzyme required to produce 1 mol of N-acetyl glucosamine (Sigma assay kit) per hour under the above
conditions [23].

2.10 Screening for Siderophore Production
Siderophore production was assayed by the method given by Schwyn et al. [24]. In this assay, CAS

media was prepared by dissolving 60.5 mg CAS (Sigma Aldrich, USA) in 50 mL of water and mixing it
with 10 mL of iron (III) solution (1 mM FeCl3•6H2O and 10 mM HCl). This solution was slowly added
to 72.9 mg of HDTMA dissolved in 40 mL of water. Also, minimal media were prepared, and both were
autoclaved separately. The colonies of bacterial and fungal endophytes were then added to the broth.
The reference was also made to the reference, which had exactly the same components but lacked the
endophyte. The cultures were incubated in an incubator shaker at 28°C for 3–5 days. After that, the
absorbance was measured at 630 nm. The experiment was carried out in three replications.

2.11 Hydrogen Cyanide (HCN) Production
The bacterial endophytic cultures were streaked on pre-poured plates of King’s medium B amended with

4.4 gL−1 glycine, while the fungal endophytic cultures were grown on PDA amended with 4.4 gL−1 glycine.
The filter paper (Whatman No. 1) strips were saturated in 0.5% picric acid and 0.2% sodium carbonate. Now
the strips were placed in the center of the Petri plates. The parafilm-sealed Petri plates were transferred into an
incubator at 28°C for 1–5 days. The control (uninoculated plate) was used for comparison. The experimental
plates were analyzed through observation of the change in color of the filter paper from yellow to orange-
brown or dark brown [25].

2.12 Morphological Identification of Endophytic Microorganisms
The cultures of endophytic fungi were morphologically identified by observing their morphology, both

macro- and micro- characteristics. The macro morphological characteristics tested included the colour of the
colony, the texture, and the surface of the colony. The microscopic morphological observations were made by
forming a smear of the different isolates of endophytic fungi on the glass slide cover and staining it with
lactophenol cotton blue. The isolates were examined under a light microscope. The result of
morphological identification (macro and micromorphological characteristics) was compared with the
reference available [26]. The colony morphology of bacterial endophytes was studied on plates after
streaking a loopful of the isolated colony, and different morphological characteristics like shape, size,
texture, margin, and colour were observed. The shape of a single colony was observed under a light
microscope. The isolates of Bacteria were gramme-stained. The bacterial smear was prepared using
isolated colonies and stained with Gramme’s stain.

2.13 Isolation and Amplification of Genomic DNA
The isolates of endophytes that showed antifungal properties of the tested pathogens were cultured and

selected at 27°C for 8 days using PDB (Himedia). The mycelial mat was separated from the PDB and freeze-
dried. The mats were quenched in liquid nitrogen, and the genomic DNAwas isolated by the Cetyl Trimethyl
Ammonium Bromide (CTAB) procedure with some modifications following the protocol of Sambrook et al.
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[27]. Similarly, for bacterial endophytes, selected endophytic bacterial isolates were cultured for 24 h at 28°C
in 10 mL of Luria broth medium, and DNA was extracted following the standard protocol [28]. The DNA
extracted was separated on a 0.8 percent (w/v) agarose gel in 1 TAE buffer for 30 min and visualised under
UV light by staining with ethidium bromide. The extracted DNA was amplified using ITS1 (5′-
TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) primers for fungi
and 27F (5′-AGAGTTTGATCTTGGCTCAG-3′) and 1492R (5′-TACGGTTACCTTGTTACGACTT-3′)
for bacteria [29,30] in a thermocycler. The PCR products were run on electrophoresis along with a
molecular ladder in a 1.5% agarose gel.

2.14 Sequencing and Sequence Submission
The PCR products of partial 16S rRNA and ITS regions of the gene were custom sequenced by Biokart,

Bangalore, India. Consensus sequences were constructed in DNA Baser version 5.15. Before, manual editing
was conducted, and then pairwise alignment was accomplished by BioEdit software version 7.2. The
similarity of these sequences was checked with the already present sequences in the National Centre for
Biotechnology Information (NCBI) gene bank database using the Basic Local Alignment Search Tool
(BLASTn) program. The isolates were identified through the observation of a percentage of sequence
identity (90%) with that of a prototype strain sequence in the GenBank [31]. The consensus sequences
were deposited in GenBank using the BankIt tool of the NCBI.

2.15 Sequence Identity Matrix and Phylogenetic Analysis
The retrieved sequences were subjected to BLAST analysis after sequencing to check for the best hits.

The consensus sequences were submitted to GenBank. A neighbour-joining phylogenetic study was
performed by MEGA v. 7 using generated sequences [32]. Bootstrap analysis was done with
10,000 replicate run data sets, and the sequence identity matrix was done using BioEdit version 7 software.

2.16 Evaluation under Greenhouse Conditions
A greenhouse experiment was performed to investigate the efficacy of endophytes against P. oryzae

using a completely randomised design. The experiment was performed in pots containing sterile soil. The
soil and vermicompost were mixed in a ratio of 2:1 (w/w) and sterilised by autoclaving at 121°C at
15 psi for two hours for three days. The susceptible variety of P. oryzae Mushkbudji was used. The seeds
were soaked in the 30 mL spore suspension of potential bacterial (108 cfu mL−1) and fungal (106 spores
mL−1) endophytes for 24 h. At the planting stage, additional 5 mL inoculums were added to the
inoculated seeds in the pots. The pathogen was added 7 days after the inoculation of endophytes.
Untreated rice seeds were planted in control pots. After germination, each container had five plants. The
containers were watered with sterile water to keep the soil wet. Samples from rice plants were obtained
30 days after sowing (DAS) for assessing various plant biometric characteristics. Disease incidence and
disease intensity (%) were evaluated using the Standard Evaluation System (1–9 scale) (IRRI, 1980). The
lengths of the shoot and root, as well as the fresh and dry weights, were measured [33].

2.17 Statistical Analysis
The data from the experiments were subjected to statistical analysis as per the methods detailed by

Gomez et al. [34]. A one-way analysis of variance (ANOVA) was carried out using OPSTAT online
software. Molecular data analysis was carried out by BioEdit software version 7.2 and MEGA software
version 11.0 [32].
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3 Results

3.1 Isolation of Rice Endophytic Microorganisms
A total of 125 endophytic microorganisms were isolated from the leaves, stems, and roots of the four

different varieties of rice grown in the Kashmir Himalayas, out of which 100 were bacterial endophytes
and 25 were fungal endophytes. It was found that the highest number of endophytes were isolated from
roots, followed by stems and leaves (Table 1). In particular, 48% of bacterial endophytes were isolated
from the root. Whereas the endophytes isolated from stem and leaf were 35% and 20% of the total
number of isolated endophytes, respectively. The highest number of 14 endophytes was isolated from
SR4 (36) followed by C1039 (32) and SR5 (31) while the fewest endophytes were isolated from the
SR3 variety of rice.

3.2 In vitro Test for Antagonism by Dual Culture of Endophytes
The isolates were evaluated for antagonistic activity against P. oryzae using the dual culture method.

Five isolates among bacterial endophytes and five isolates among fungal endophytes showed antagonistic
activity against pathogens with percent inhibition greater than 50%. It was found that in the case of
bacterial endophytes, isolates b18 and b7 had the highest percent inhibition of 71.56% and 70.43%
respectively, which were statistically significant (p < 0.05), followed by b17 (67.83%), b55 (62.93%), and
b9 (61.23%). However, the lowest inhibition was found by the isolate b45 (8.46%) (Table 2; Figs. 1A,
1B). In the case of fungal endophytes, the highest inhibition was found by f18 with a percent inhibition
of 90.46% which was significant at p < 0.05 followed by f17 (87.39%). However, the lowest inhibition
was found by f3 (5.77%) (Table 3; Figs. 1A, 1C). The endophytes that showed greater inhibition in dual
culture tests were used for further studies.

Table 1: Isolation of organ specific endophytic microorganisms from different varieties of rice plants

Variety Plant part Number of isolates Total isolates

Bacteria Fungi

C1039 Root 10 5 15

Stem 9 3 12

Leaf 4 1 5

SR3 Root 9 3 12

Stem 7 2 9

Leaf 5 0 5

SR4 Root 13 2 15

Stem 11 2 13

Leaf 7 1 8

SR5 Root 11 3 14

Stem 8 2 10

Leaf 6 1 7

Overall total 100 25 125
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Table 2: Dual culture for bacterial endophytes against rice blast

Isolates Inhibition (%) Isolates Inhibition (%) Isolates Inhibition (%)

b18 71.56a b100 27.20opq b71 21.66BCDEF

b7 70.43a b77 26.96opq b10 21.56CDEF

b17 67.83b b91 26.96opq b92 21.06DEFG

b55 62.93c b59 26.56opqr b99 20.80EFGH

b9 61.23d b94 26.4pqrs b36 20.53FGHI

b30 46.96e b33 26.06qrst b39 20.10GHIJ

b79 46.86e b70 25.96qrst b56 19.63HIJK

b16 45.80e b23 25.90qrstu b29 19.40IJKL

b49 44.10f b6 25.56rstuv b73 19.36IJKL

b53 42.90f b4 25.16stuvw b93 18.90JKLM

b22 37.90g b75 24.93tuvwx b12 18.70KLM

b15 37.73g b46 24.86tuvwx b69 18.63KLM

b20 37.33g b14 24.53uvwxy b2 18.53KLM

b61 37.33g b8 24.53uvwxy b64 18.13LM

b1 37.10gh b47 24.46vwxy b44 17.93MN

b58 37.00gh b83 24.06wxyz b86 17.83MN

b62 37.00gh b97 24.06wxyz b42 17.60MN

b32 35.73hi b24 23.73xyz b3 16.66NO

b40 34.70ij b78 23.73xyz b74 15.76O

b95 34.40ij b65 23.70xyz b90 15.76O

b84 34.13j b37 23.43yzA b82 15.66O

b50 33.90j b41 23.43yzA b5 13.83P

b13 33.40jk b35 23.03zAB b81 13.33PQ

b98 32.16kl b72 22.9zABC b87 13.16PQ

b19 31.70l b80 22.8zABC b88 12.40QR

b96 31.30l b48 22.70zABC b31 12.23QRS

b51 31.23l b68 22.70zABC b25 12.16QRS

b43 31.16l b63 22.20ABCD b38 11.73RS

b60 31.13l b57 22.13ABCDE b76 10.90S

b34 31.00l b27 22.06ABCDE b89 10.90S

b85 29.06m b11 22.00BCDE b28 10.86S

b21 28.73mn b67 22.00BCDE b45 8.46T

b66 27.86mno b52 21.86BCDEF

b26 27.63nop b54 21.70BCDEF

C.D. (p ≤ 0.05) 1.378

SE (m) 0.494

C.V. 3.16
Note: Numbers with different superscripts are statistically significant.
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3.3 In vitro Screening for Antagonistic Activity of Volatile Compounds
All the isolates produced volatile compounds that inhibit the growth of the pathogen. Among the

bacterial isolates, b18 showed the highest inhibition of 65.6% followed by b7 and b17 with percent
inhibitions of 61.91% and 58.41%, respectively (Table 4). Among the fungal isolates, the highest
inhibition was shown by f18 (77.74%) followed by f17 (68.58%), and f11 (67.58%) (Table 4).

3.4 Phosphorus Solubilization Test of Effective Biocontrol Agents
The phosphorus solubilization test revealed that in the case of fungal endophytes, phosphorous

solubilization varied from 34.28 (f12) to 88.44 g mL−1 (f18). On the other hand, in the case of bacterial
isolates, it varied from 48.24 (b7) to 70.73 g mL−1 (b55) (Tables 5, 6).

Figure 1: Dual culture of bacterial and fungal endophytes using potato dextrose agar plate against
Pyricularia oryzae. (A) Selection of appropriate strains of bacterial and fungal isolates for good
endophytes potential; (B) Five isolates among bacterial endophytes were showing antagonistic activity.
(C) Five isolates among fungal endophytes were showing antagonistic activity
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3.5 Assay for in vitro Auxin and Gibberellic Acid Production
All the bacterial and fungal isolates were able to produce auxin as well as gibberellic acid. The auxin

production varied from 7.14 (g mL−1) to 97.77 (g mL−1). Among the bacterial endophytes, the highest
auxin production was shown by isolate b55 (97.77 µgml−1) (significant at p < 0.05), followed by isolate
b17 (84.56 µgml−1). The lowest auxin production was shown by isolate b18 (14.46 µgml−1). Among the
fungal isolates, the highest production was shown by f18 (significant at p < 0.05), which showed auxin

Table 4: Volatile test of best isolates against blast

Isolate Inhibition (%) Isolate Inhibition (%)

b18 65.6a f12 64.29d

b9 53.06e f11 67.58bc

b17 58.41c f17 68.58b

b7 61.91b f18 77.74a

b55 55.92d f13 55.69e

C.D. 1.198 C.D. 1.575

SE (m) 0.375 SE (m) 0.493

C.V. 1.102 C.V. 1.28
Note: Within each column, means with different superscripts are statistically significant at p < 0.05.

Table 3: Dual culture for fungal endophytes against rice blast

Isolates Inhibition (%) Isolates Inhibition (%)

f18 88.71a f2 37.64jk

f17 87.39b f5 36.80kl

f11 86.72b f25 36.25l

f12 79.27c f14 33.91m

f13 70.31d f6 33.77m

f16 49.23e f19 31.74n

f10 47.91f f23 26.43o

f20 43.36g f4 26.03o

f24 43.28g f1 25.96o

f22 41.18h f9 25.93o

f7 41.01h f3 5.77p

f8 40.79h

f15 39.88i

f21 38.31j

C.D. (p ≤ 0.05) 0.85

SE (m) 0.30
Note: Numbers with different superscripts are statistically significant.
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production of 35.83 µgml−1 followed by f12 (17.37 µgml−1), whereas the lowest auxin production was
exhibited by f13 (7.14 µgml−1). In the case of gibberellic acid (GA) production, isolate b7 showed the
highest GA production of 42.19 µgml−1 (significant at p < 0.05), and the lowest production was shown
by isolate b9 (6.32 µgml−1) among bacterial isolates. Among fungal isolates, the highest production was
shown by isolate f18 (48.98 µgml−1), followed by isolate f13 (44.37 µgml−1), whereas the lowest
production was shown by isolate f12 (1.26 µgml−1) (Tables 5, 6).

3.6 Detection of Siderophore and HCN Production
Among the five bacterial isolates, four were confirmed to produce siderophores by CAS assay, while,

only three were able to produce siderophores among the fungal isolates. The isolates that produce
siderophores change the colour of the media from blue to orange. In the case of bacteria, the isolate
b18 showed the highest siderophore production of 52.5 M mL−1, whereas in the case of fungi, the isolate
f18 produced 56.64 M mL−1 of siderophore (Tables 5, 6). Among all the ten isolates tested for HCN
production, only two bacterial isolates were able to produce HCN. The isolate b9 produced HCN of
36.15 µgml−1, while b17 produced HCN of 14.4 µgml−1 (Tables 5, 6).

Table 5: Biochemical characterization of endophytic fungi

Isolates Phosphorus solubilisation
(mgL-1)

Auxin
production
(μgml−1)

Ammonia
production
(μgml−1 )

Gibberellic
acid (μgml−1)

Siderophore production
(% Siderophore unit)

Chitinase
(units/ml)

f18 88.45 (9.40)a 35.83 (5.98)a 35.39 (5.94)b 48.98 (6.99)a 56.64 (7.52)a 13.76
(3.71)a

f13 83.35 (9.13)b 7.14 (2.76)e 27.57 (5.25)c 44.37 (6.66)b 25.77 (5.07)c 2.34
(1.68)b

f17 37.34 (6.11)c 14.19 (3.76)c 0 (0.70)d 6.18 (2.58)c 0 (0.70)d 0 (0.70)c

f11 36.86 (6.07)c 13.37 (3.65)d 0 (0.70)d 5.96 (2.54)c 0 (0.70)d 0 (0.70)c

f12 34.28 (5.85)d 17.37 (4.16)b 37.99 (6.16)a 1.26 (1.32)d 31.1 (5.57)b 0 (0.70)c

C.D.
(p < 0.05)

0.11 0.02 0.082 0.058 0.037 0.088

Note: The different isolates have been compared within each variable separately. The means with different superscripts within each
column differ significantly. Numbers with different superscripts are statistically significant; values in brackets are transformed values.

Table 6: Biochemical characterization of endophytic bacteria

Isolates Phosphorus solubilization
(mgL−1)

Auxin
production
(μgml−1 )

Ammonia
production
(μgml−1)

Gibberellic
acid
(μgml−1)

Siderophore
production
(% Siderophore
unit)

HCN test
(μgml−1)

Chitinase
(units/ml)

b55 70.73 (8.41)a 97.77 (9.89)a 83.42 (9.13)a 6.42 (2.62)d 14.93 (3.86)d 0 (0.71)c 0 (0.70)h

b17 62.27 (7.89)b 16.44 (4.05)d 28.54 (5.34)c 8.71 (3.03)c 0 (0.71)e 14.4 (3.79)b 3.97 (2.10)c

b18 56.78 (7.53)c 14.46 (3.80)e 12.78 (3.57)e 18.19 (4.26)b 52.5 (7.24)a 0 (0.71)c 9.54 (3.16)a

b9 54.65 (7.39)d 84.56 (9.19)b 81.43 (9.02)b 6.32 (2.61)d 30.83 (5.55)b 36.15 (6.01)a 1.32 (1.34)d

b7 48.24 (6.94)e 21.92 (4.68)c 16.57 (4.07)d 42.19 (6.49)a 16.43 (4.05)c 0 (0.71)c 8.76 (3.04)b

C.D
(p < 0.05)

0.103 0.075 0.149 0.099 0.063 0.055 0.158

Note: The different isolates have been compared within each variable separately. The means with different superscripts within each
column differ significantly. Numbers with different superscripts are statistically significant; values in brackets are transformed values.
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3.7 Detection of Ammonia Production and Chitinase Production
All the bacterial isolates were able to produce ammonia, varying from 83.42 µgml−1 (b55) to

12.78 µgml−1 (b18). However, only three fungal isolates were able to produce ammonia, where the
highest production was found by isolate f12 (37.99 µgml−1) followed by f18 (35.39 µgml−1) and f13
(27.57 µgml−1) (Tables 5, 6). Also, some isolates were able to produce chitinase. The isolate b18 had the
highest chitinase activity of 9.54 units/ml, followed by b7 (8.76 units/ml) and b17 (3.97 units/ml). In the
case of fungi, only two fungi were able to produce the chitinase enzyme. The isolate f18 showed
chitinase production of 13.76 units/ml, and f13 showed a production of 2.34 units/ml (Tables 5, 6). The
isolates were also tested for nitrogen fixation by using Jensen’s media, and it was confirmed that all the
bacterial isolates were able to fix the atmospheric nitrogen by forming glistering colonies, while none of
the fungal isolates were able to fix the atmospheric nitrogen.

3.8 Morphological Characterization of Endophytic Microorganisms
The morphological characteristics of bacterial endophytes revealed that b7 and b9 were gram-negative,

while b18, b55, and b17 were gramme-positive in gramme staining. The colony morphology of the bacterial
isolates varied from smooth and round in the case of b7 to irregular and rough in b18, while b17 has granular
and wavey margins. The colony’s colour varied from white to greyish white. All the bacterial endophytes
were rod-shaped (Supplementary Table 1). In the case of fungal isolates, the colour of the colony was
initially white, which later turned dark olivaceous green in the cases of f11 and f17 (Supplementary
Table 2). The mycelium is abundant, cottony, dark olive green in colour, and aerial. The conidia are
globose to subglobose with an average size of 5.21-3.14.13-2.17 m (av. 4.033.11 m) and 4.27-2.783.87-
2.17 m (av. 3.783.18 m), respectively. The average width of mycelium was found to be 5.524.3 m (av.
4.96 m) and 5.633.66 m (av. 4.85 m), respectively. In f12, the mycelium is floccose, tufted green, fast-
growing, and sporulates abundantly. The edge of the colony was smooth and spreading. The conidia were
light green in colour and globose to subglobose in shape, with an average size of 3.88–2.7–2.97–1.61 (av.
2.97–2.51) m and an average mycelial width of 4.94–3.64 (av. 4.59) m. In the case of f18, the colony
was a powdery mass with a yellow-green colour and abundant sporulation. Usually, the margins of the
colony were white. The conidia were globose in shape, with an average size of 4.67-3.85.61-4.00 (av.
4.873.92) m and a mycelial width of 8.644.74 (av. 6.53) m. In the case of f13, the colonies were bluish-
green in colour with a white periphery and were radially sulcate. The globose to subglobose with an
average size of 4.89–3.95–4.45–3.18 (av. 3.84–3.78) m and mycelial width of about 4.97–3.26 (av. 3.74)
m. The phialides were flask-shaped, and their size was also measured, which ranged from
4.3-9.53.1-4.5 m (av. 5.83.2) m in the case of f12 to 5.2-7.84.6-8.2 m (av. 6.87.5 m) in f13
(Supplementary Table 2).

3.9 Molecular Identification
To confirm the identity of potential bacterial and fungal endophytes, the 16S rRNA gene in the case of

bacteria and the ITS region in the case of fungal endophytes were amplified using PCR. The 16S rRNA gene
was amplified from all five bacterial endophytes, and an amplicon of 1200 bp was obtained after PCR
amplification. Similarly, the ITS region was amplified from all five fungal endophytes, and an amplicon
of 750 bp was obtained.

3.10 Phylogenetic Analysis
Both the fragments from bacteria and fungi were sequenced and analysed. All the sequences generated

were submitted to NCBI GenBank, and accession numbers were received. Detailed illustrations of these
bacterial and fungal endophytes and their accession numbers, percentage similarity to the closest species,
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and genetic identity based on BLASTn searches are given in Supplementary Table 3. The results revealed
that the endophytes were identified as: Trichoderma afroharzianum (f11 and f17), Trichoderma
harzianum (f12), Penicillium rubens (f13), Aspergillus flavus (f18), Stenotrophomonas rhizophila (b7),
Stenotrophomonas maltophilia (b9), Bacillus cereus (b17), Enterobacter cloacae (b55), and Bacillus
licheniformis (b18). The percent similarity of endophytes varied from 93 percent in the case of
Stenotrophomonas maltophilia to 100 percent in the cases of Trichoderma harzianum and Aspergillus
flavus. The sequences of isolated bacterial and fungal endophytes were compared with sequences of other
bacterial and fungal species, respectively, using a similarity of above 99% retrieved from GenBank.
MEGA 11 software was used to analyse and construct phylogenetic relationships between the endophytes
and their related fungi and bacteria. The evolutionary history was inferred using the neighbour-joining
method. In the bacterial phylogenetic tree, it was evident that two broad clusters were formed, with
Bacillus licheniformis (B. licheniformis), Bacillus cereus (B. cereus), and Stenotrophomonas rhizophila
(S. rhizophila), S. maltophilia, and E. coaleae in another cluster (Supplementary Fig. 1). All the isolates
were grouped into two phyla, viz., Firmicutes and Proteobacteria. In the case of a fungal phylogenetic
tree, the tree divides into two broad clusters. T. afroharzianum and T. harzianum were in one cluster, and
P. crysogenum and A. flavus were in a separate cluster. Both clusters further subdivide into two more
clusters. All the fungal endophytes fall under the division Ascomycota.

3.11 Sequence Identity Matrix
The sequence identity matrix of our endophytes with other endophytes in the NCBI gene bank revealed

that similarity ranged between 23% and 100%. Most of the bacterial endophytes were similar to endophytes
from India and China. However, Stentrophomonas rhizopila was 93.5% similar to isolates from Iran and
China (MZ895036 and EU135790). Similarly, Bacillus licheniformis was 96% similar to isolates from
Denmark and South Korea (CP045814 and CP042252). S. maltophila was 93% similar to Indian isolates
(MW282918 and HE963840). Furthermore, Enterobacter cloacae were 96% similar to isolates obtained
from China and France (KX431213 and KJ49995). Bacillus cereus was 99% similar to isolates from
India (KC68396 and HQ388817) (Supplementary Fig. 1). In the case of fungal endophytes, the sequence
identity matrix revealed that T. harzianum showed 100% similarity with the isolates from China
(MT102390) and Hungary (MN516457), and T. afroharzianum showed 100% similarity with isolates
from Brazil (KC576738) and the USA (KC007211). P. chrysogenum showed 99% similarity with isolates
from the USA (MN644620) and South Africa (MN413181). Similarly, A. flavus was showing 100%
similarity with the isolates of Cassava (KC994648) and France (KC964101) (Supplementary Fig. 2).

3.12 Efficacy of Fungal Endophytes under Greenhouse Conditions
The highest disease control was observed by A. flavus with a percent inhibition of 79.43%, followed by

T. afroharzianumwith an inhibition of 71.63% (Table 7). Among bacterial endophytes, the highest inhibition
was found by B. licheniformis with an inhibition of 78.89% and was statistically significant at p < 0.05,
followed by S. rhizophila with an inhibition of 77% (Table 7). The plants were also evaluated for growth
parameters, and the results indicate that all the isolates had a positive impact on considered plant growth
parameters like elongation of the shoot (38.64–31.13 cm) and root (32.35–21.42 cm) when compared
with the control seedling treated with only distilled water. Among bacterial isolates, the isolate E. cloacae
showed a significant increase in root length (28.94 cm), shoot length (38.64 cm), fresh root weight
(4.95 g), fresh shoot weight (5.60 g), dry root weight (0.6 g), and dry shoot weight (1.29 g) over the
control at p < 0.05 (Table 8). In the case of fungal isolates, the f18 showed the highest root growth
(32.35 cm), shoot growth (37.23 g), dry root weight (0.67 g), dry shoot weight (1.01 g), fresh root weight
(5.91 g), and fresh shoot weight (4.87 g) at p < 0.05 (Table 8).
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4 Discussion

Endophytes are microorganisms that live within plant tissues and are beneficial for the growth of plants
[35]. Apart from being a notable option for endosymbiosis, endophytes have the ability in terms of
influencing the global climatic scenario. These features have made this one of the most cost-effective and
environmentally friendly techniques in the integrated crop disease control strategy. In our study, a total of
125 endophytic microorganisms (100 bacterial and 25 fungal) were isolated from roots, stems and leaves

Table 7: Inhibition of endophytic isolates under greenhouse conditions

Bioagent Incidence (%) Intensity (%) Inhibition (%)

b7 19.72f ± 0.13 8.4k ± 0.26 77.15c ± 0.560

b17 23.75d ± 0.58 9.64fi ± 0.17 73.78de ± 1.08

b55 24.06c ± 0.07 9.50fij ± 0.31 74.16d ± 0.035

b9 26.62b ± 0.14 13.65b ± 0.17 62.87j ± 0.857

b18 15.46i ± 0.26 7.76l ± 0.12 78.89ab ± 1.160

f17 17.5hi ± 0.26 10.43de ± 0.29 71.69g ± 0.236

f18 15.16j ± 0.17 7.56lm ± 0.31 79.43a ± 0.563

f13 20.48e ± 0.25 12.4c ± 0.58 66.27i ± 0.50

f11 17.61h ± 0.19 9.82f ± 0.03 73.29def ± 0.511

f12 19.02fg ± 0.13 10.7d ± 0.15 70.89h ± 0.624

Control 64.37a ± 0.23 36.76a ± 0.28

C.D. (p ≤ 0.05) 0.764 0.837 2.066

SE (m) 0.259 0.284 0.7
Note: Numbers specified after ± denote Standard error. The different isolates have been compared within each variable separately.
The means with different superscripts within each column differ significantly.

Table 8: Effect of endophytic microorganisms on the growth of rice seedlings

Root parameters Shoot parameters

Bioagents Root length (cm) Wet weight (g) Dry weight (g) Bioagents Shoot length (cm) Dry weight (g) Wet weight (g)

f18 32.35a ± 0.694 5.91a ± 0.505 0.67a ± 0.017 b55 38.64a ± 0.562 1.29a ± 0.152 5.60a ± 0.205

f13 31.76a ± 0.84 5.071ab ± 0.576 0.64ab ± 0.026 b9 37.36ab ± 1.037 1.06ab ± 0.143 5.44a ± 0.367

b55 28.94b ± 0.517 4.95ab ± 0.452 0.6bc ± 0.021 f18 37.23ab ± 0.489 1.01b ± 0.069 4.87ab ± 0.246

b17 28.46b ± 0.609 4.76ab ± 0.592 0.58cd ± 0.009 f13 36.63b ± 0.632 0.94bc ± 0.13 4.75bc ± 0.538

b18 25.67c ± 0.76 4.06bc ± 0.532 0.54de ± 0.029 b7 34.20c ± 0.511 0.71cd ± 0.108 4.34bc ± 0.563

b9 25.08cf ± 0.548 3.81bcd ± 0.324 0.37ef ± 0.02 f12 33.22cd ± 0.562 0.66d ± 0.056 3.91bcd ± 0.546

b7 24.37c ± 0.929 3.76bcd ± 0.475 0.36ef ± 0.021 b17 32.21de ± 0.499 0.63d ± 0.06 3.62cde ± 0.12

f11 23.47c ± 0.726 3.43cd ± 0.347 0.28efg ± 0.012 b18 32.00de ± 0.943 0.61d ± 0.064 3.224de ± 0.563

f17 23.11c ± 0.771 3.15cde ± 0.329 0.23fgh ± 0.018 f17 31.49de ± 0.672 0.6d ± 0.032 2.81e ± 0.098

f12 21.42d ± 0.649 2.63de ± 0.454 0.23fgh ± 0.023 f11 31.13e ± 0.585 0.58de ± 0.061 2.7e ± 0.076

Control 18.25e ± 0.573 1.87e ± 0.254 0.17h ± 0.004 Control 29.11f ± 0.308 0.32e ± 0.035 1.47f ± 0.165

CD (p ≤ 0.05) 2.06 1.32 0.061 1.9 0.27 1.09

Note: Numbers specified after ± denote Standard error; Numbers with different superscripts are statistically significant.
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of four varieties of rice collected from three different districts of Kashmir namely; Anantnag, Budgam and
Baramullah. In our study, the majority of endophytes were isolated from roots followed by the stem and
leaves. This is Ji et al. [36] who also isolated the highest number of endophytes from roots. The
difference in endophytic presence in tissue and organs might be the ability of the endophytes to use the
substrates in addition to the physiochemical properties of the tissue. Furthermore, the variance in
endophytic colonization might be due to the environmental circumstances in which the rice plants thrive.
The highest number of endophytes was isolated from SR4 followed by C1039 and SR3 variety of rice.

Endophytes can prevent or mitigate the harmful effects of certain pathogenic microorganisms. They
benefit their host plant through various mechanisms such as antibiosis, growth promotion, induced
resistance, competition, and parasitism [37]. Our results suggest that from 125 endophytic
microorganisms isolated, ten endophytes (five bacterial and five fungal) were effective in controlling the
growth of P. oryzae under in vitro conditions. In the case of bacterial endophytes, B. licheniformis
showed the highest inhibition, followed by S. rhizophila. Among fungal endophytes, A. flavus showed the
highest inhibition, followed by T. afroharzianum and T. harzianum. Similar results have been also
reported by several workers where they reported endophytes to inhibit the growth of disease-causing
pathogens, including P. oryzae in Suwandel and Kaluheenati varieties of paddy [38]. A previous study
showed that B. licheniformis inhibits the development of Rhizoctonia solani in maize [39]. However, the
effectiveness of B. licheniformis and S. rhizophila in controlling P. oryzae has not been reported yet.
Moreover, Aspergillus and Penicillium were shown to inhibit the mycelial growth of Magnaporthe oryzae
[40]. Trichoderma sp. was also shown to limit the development of Rhizoctonia solani, according to
Sharma et al. [41].

VOCs are known to serve as stimuli, activating a variety of signals that govern physiological processes
and cellular impacts [42]. These compounds might have a variety of chemical configurations and could help
plants defend themselves against fungal infections [43]. A volatile test was conducted and it was found that
all the selected endophytes produced volatile compounds that were able to inhibit the disease. The highest
inhibition was exhibited by B. licheniformis, followed by S. rhizophila. In the case of fungal endophytes,
the highest inhibition was shown by A. flavus, followed by T. afroharzianum in the volatile test. Similar
results were also reported by Strobel [44] who observed VOCs are being emitted by endophytic Bacillus
and Enterobacter strains. Aspergillus niger and T. harzianum volatile-mediated antagonistic action against
F. oxysporum f. sp. lycopersici was mentioned by Suciatmih et al. [45]. Production of volatile compounds
by Trichoderma longibrachiatumwas also reported by Sornakili et al. [46] against phytopathogens P. oryzae.

The bacteria used for biocontrol produce siderophores with a greater affinity for iron than fungal
pathogens, allowing antagonistic bacteria to scavenge the majority of the available iron and restrict fungal
pathogen multiplication [36]. In the present study, all the bacterial isolates produced siderophores except
Bacillus cereus, whereas, in the case of fungus, only Trichoderma afroharzianum did not produce
siderophores. The highest siderophore production was found by Bacillus. licheniformis, followed by
Stenotrophomonas maltophilia in the case of bacterial endophyte. In the case of fungal endophytes, the
highest siderophore production was found in Aspergillus flavus. Siderophore-producing bacteria and fungi
have been reported to be found in rice, with the main genera being Pantoea, Bacillus, Pseudomonas, and
Burkholderia [47,48]. Regarding hydrogen cyanide production, it was found that only two bacterial
endophytes were able to produce HCN with the highest production by Stenotrophomonas maltophilia,
followed by Bacillus cereus. Ammonia production provides a variety of roles in plant physiology and
growth promotion and is mostly formed by diazotrophic bacteria by nitrite ammonification [49]. In our
study among bacterial endophytes highest ammonia production was found by Enterobacter cloacae,
followed by Stenotrophomonas maltophilia. In the case of fungal endophytes, the highest ammonia
production was found by T. harzianum followed by Aspergillus flavus. Ammonia in association with
HCN and siderophore synthesis, works as an antagonistic factor against phytopathogens [50]. Production
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of siderophores, ammonia, and HCNwere also earlier reported [51,52]. In the context of chitinase activity, all
isolates except Enterobacter cloacae were shown to be capable of producing this enzyme. The highest
chitinase activity was shown by Stenotrophomonas rhizophila, followed by Bacillus cereus and B.
licheniformis. In the case of fungal isolates, only Aspergillus flavus and Penicillium rubens showed
chitinase activity. Also, all five bacterial isolates were able to fix nitrogen by forming glistering colonies
on Jensen’s media; however, no fungal endophyte was able to fix atmospheric nitrogen. The results are in
agreement with previous reports, where Enterobacter has been reported to have the capability of IAA,
siderophores, HCN, ammonia, and phosphate solubilization [53]. Nitrogenase activity, IAA production,
and phosphate solubilization were also reported by Mehnaz et al. [54] while working on
Stenotrophomonas maltophilia which was isolated from sugarcane plants. Stenotrophomonas. rhizophila
has been reported to possess plant growth-promoting activity as reported by Wei et al. [55]. It was also
reported that Trichoderma isolates have been found to possess disease suppression activities and growth-
promoting properties like phosphate solubilization, secretion of indole acetic acid, gibberellins, and
siderophores activity [56,57].

Plant hormones are signalling molecules that have important roles in the growth and development of
plants [58]. Endophytes have been shown to boost plant development through a variety of processes,
including the production of phytohormones such as IAA and GA [59]. In the present, all the isolates were
able to produce pink colour in Luria broth supplemented with tryptophan. Among bacterial endophytes,
the highest IAA was produced by isolate Enterobacter Cloacae, whereas, in the case of fungal
endophytes, the highest IAA production was found by isolate A. flavus. In case the of GA production
isolate B. subtilis showed the highest GA production. Among fungal isolates, the highest production was
shown by isolate A. flavus. Plant growth-promoting fungi and bacteria have been shown to boost crop
growth and production in several studies [60]. There have also been reports of filamentous fungi from the
genera Aspergillus, Penicillium, and bacteria synthesizing phytohormones [61]. In our study, Enterobacter
cloacae produces more IAA than other bacteria which is also reported by Coulson and Patten [62].
Endophytic fungus such as Aspergillus niger, Aspergillus flavus, Penicillium funiculosum, and Penicillium
corylophilum, have been shown to produce phytohormones such as GAs and IAA [63].

Phosphorous is an essential macronutrient for plant growth and development. Endophytes are known to
enhance plant growth by phosphate [64]. Insoluble forms of phosphates are converted by endophytes into
soluble and plant-available forms. In our case it was found that among bacterial endophytes, all the
isolates were able to solubilise phosphorous. It was revealed that isolate Enterobacter cloacae have
highest phosphorous solubilisation, followed by Bacillus cereus and Bacillus licheniformis. In case of
fungal endophytes Aspergillus flavus and Penicillium chrysogenum has highest phosphorous
solubilisation, followed by Trichoderma afroharzianum and Trichoderma harzianum. These findings are
consistent with those of Kumar et al. [65,66], who found that endophytic diazotrophic bacteria were able
to solubilize calcium phosphate and Sharma et al. also reported Aspergillus, Penicillium and Trichoderma
were most prevalent P-solubilizing strains [67].

The amplification and comparison of 16S rRNA and 18S rRNA is a sensitive tool for the identification of
bacteria and fungi [68] and provided highly similar sequence identities to known species for the isolates
studied. Molecular identification revealed that the entophytes were identified as Trichoderma
afroharzianum (f11 and f17), Trichoderma harzianum (f12), Penicillium rubens (f13), Aspergillus flavus
(f18), Stenotrophomonas rhizophila (b7), Stenotrophomonas maltophilia (b9), Bacillus cereus (b17),
Enterobacter cloacae (b55) and Bacillus licheniformis (b18). The greenhouse experiment results
emphasized the superiority of endophytic microbial application over harmful chemical fungicides.
The study’s statistically significant findings suggest that chemical disease control can be replaced by the
environmentally friendly and cost-effective usage of potential endophytes isolated from rice. All the
treatments with endophytes were found statistically similar, however, the highest disease control was
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observed by Aspergillus flavus, followed by T. afroharzianum. Among bacterial endophytes, the highest
inhibition was found by B. licheniformis, followed by Stenotrophomonas rhizophila. Some of the known
biocontrol agents namely Trichoderma species, Bacillus subtilis and Pseudomonas fluorescens have
shown good results in managing rice blast [9–11]. The identified endophytes used in the study were
found as good as other reported biocontrol agents for managing rice blasts. The possible reason for their
management is either due to the production of various types of volatile and non-volatile compounds or
the development of the chitinase enzyme, siderophore production, HCN production, and ammonia
production [69,70]. In the case of fungal endophytes like Trichoderma, where chitinase activity was not
detected, processes such as mycoparasitism and competition, may play a role in disease suppression. All
these factors might have contributed to effective disease suppression. Endophytic bacteria are known to
control plant pathogenic fungi [14]. Endophytic bacteria’s antifungal processes are strain-specific,
according to Hallmann et al. [14]. Similar results were also reported by several workers who use Bacillus
subtilis as a foliar treatment which is efficient in controlling R. solani [71]. Martinez-Absalón et al. [72]
used Bacillus licheniformis as a bio-control agent for suppressing phytopathogens. Bacillus sp. has been
identified as a biocontrol agents against R. solani. Stenotrophomonas rhizophila has disease-suppression
properties [73]. Khalili et al. [74] reported that Trichoderma was able to manage the brown spot disease
in greenhouse conditions when used as seed treatment and foliar spray. Waqas et al. [75] also found that
Aspergillus terreus was able to control stem rot caused by Sclerotium rolfsii in sunflowers. High seedling
vigour plays a major role in plant growth promotion and biocontrol activities in endophytic bacteria
mostly by Bacillus species [76]. Rice seeds when inoculated with the endophytes resulted in a significant
increase in seedling height and dry weight compared to uninoculated plants [35,38]. Trichoderma isolate
has the ability to promote the growth of rice seedlings [77].

5 Conclusion

Most of the isolated endophytes showed plant growth-promoting activity through the production of
IAA, GA, and ammonia. Out of 125 endophytes, ten (10) showed promising results in dual culture
experiments and were further assessed for volatile compound production tests. Also, the isolates had
chitinase activity and produced siderophores and HCN which may be one of their mechanisms of disease
control. Morphological and molecular characterization of endophytes were done to ascertain their identity.
Differences among treated rice plants with these endophytes under greenhouse conditions demonstrated
their positive effects on rice blast disease management and plant growth and development. In this study
two novel bacterial endophytes were identified viz, Bacillus licheniformis and Stenotrophomonas
rhizophila which were showing promising results both for growth promotion of rice and for managing
blast disease caused by Pyricularia oryzae. Pot trial results also validated our results as all selected
endophytes showed good results. Further research is needed for making formulations of both bacterial
and fungal endophytes and using them in field conditions in the future.
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