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ABSTRACT

Brown spot of rice, caused by Bipolaris oryzae, is a major disease that adversely affects rice production. This
study evaluated selected microbial biocontrol agents against B. oryzae, developed microencapsulated
bioformulations, and assessed their efficacy under in vitro and greenhouse conditions. Trichoderma asperellum
TAIK1, Bacillus cabrialesii BIK3, and Pseudomonas putida PIK1 were evaluated for antagonistic activity and
plant growth-promoting ability. TAIK1 exhibited the highest antagonistic activity (81.85%), followed by BIK3
(67.54%) and PIK1 (57.85%), and also showed superior plant growth-promoting effects. Among the carrier
materials, rice bran supported the highest viable population, followed by peat, whereas cellulose recorded
comparatively lower viability. The bioagents were encapsulated using cellulose, peat, and rice bran with gelatin
through emulsification. Stable microcapsules ranging from 23.31 to 97.50 um were obtained. Maximum release
occurred at 48 h for BIK3 and 96 h for TAIK1, with peat-based formulations showing the highest release
efficiency. In in vitro assays, Peat-TAIK1 showed the highest inhibition of B. oryzae in agar disc diffusion
(83.26%) and dual culture (84.01%). The peat-based formulations MET (microencapsulated Peat-TAIK1) and
MEB (microencapsulated Peat-BIK3) were further evaluated under greenhouse conditions. The combined MET
+ MEB treatment applied by seed and foliar routes produced the greatest improvement in plant growth and yield
attributes under B. oryzae challenge, reducing disease severity by 81.48% and increasing grain yield per hill by
73.01% over the pathogen-inoculated control. Overall, Peat-TAIK 1 showed the highest in vitro efficacy; seed and
foliar application of MET + MEB resulted in significantly greater plant growth, disease suppression, and yield
benefits under greenhouse conditions, supporting further evaluation under field conditions.

Keywords: Bipolaris oryzae, Trichoderma asperellum, Bacillus cabrialesii, Microencapsulation, Bioformulation,
Biocontrol, Rice brown spot.

1. INTRODUCTION

Rice (Oryza sativa L.) is a vital staple cereal food crop that feeds more than half of the world's population and
helps in the livelihood of millions of farmers cultivating the crop. Its production is consistently threatened by
several factors, including biotic and abiotic stress (Grish, Christopher and Jaiganesh, 2024; Prismantoro et al.,
2024). Among the major constraints affecting rice production, the brown spot disease, caused by the necrotrophic
fungus Bipolaris oryzae (teleomorph Cochliobolus miyabeanus), is considered a major destructive disease
occurring worldwide and its continued ability to cause substantial quantitative and qualitative yield losses of up
to 52% under favourable conditions. The disease gained its negative fame due to its historical association with the
Bengal Famine, which resulted in 50-90% crop losses. (Grish, Christopher and Jaiganesh, 2024; Bhutia et al.,
2025; Amponsah et al., 2025). Conventional disease management strategies mainly rely on synthetic fungicides,
which are environmentally harmful and induce the development of fungicide-resistant pathogenic strains (Mau et
al., 2022). Hence, it is important to look for sustainable and environmentally friendly alternatives such as the use
of microbial biocontrol agents (Mohd Anuar et al., 2020). Trichoderma, Bacillus and Pseudomonas, in particular,
have shown great potential as biocontrol agents against a range of plant pathogens, including those that cause rice
diseases, through mechanisms such as mycoparasitism, antibiosis and induced systemic resistance (Saleh and El-
Akshar, 2020; Villavicencio-Vasquez et al., 2025). Trichoderma asperellum and Bacillus cabrialesii have been
identified for their broad-spectrum antagonistic activities against Bipolaris oryzae and other rice pathogens
(Adnani et al., 2024; Kannan et al., 2022; Sowmya et al.,2023). In recent years, biocontrol agents have emerged
as promising alternatives to synthetic fungicides for the management of plant diseases; however, their widespread
application is often limited by poor shelf life, reduced viability, and inconsistent field performance, necessitating
the development of suitable bioformulations. Microencapsulation and other advanced delivery technologies have
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emerged as effective approaches to enhance the stability, viability, stress tolerance, and controlled release of
biocontrol agents in an economical and environmentally friendly manner (Vindas-Reyes et al., 2024; Sowmya et
al.,2023). Consequently, the development of robust, effective, and eco-friendly bioformulations has become a key
strategy to promote sustainable rice production while reducing dependence on chemical fungicides (Kannan et
al., 2022).

In the present study, we evaluated the biocontrol potential of selected microbial antagonists against Bipolaris
oryzae, followed by the synthesis of microencapsulated bioformulations using different carrier materials and their
evaluation in vitro and in vivo against the pathogen.

2. MATERIALS AND METHODS

2.1 Bioagents and pathogen

The biocontrol agents, Trichoderma asperellum strain TAIK1, Bacillus cabrialesii strain BIK3 and Pseudomonas
putida strain PIK1 and the pathogen Bipolaris oryzae were obtained from the Department of Plant Pathology,
ICAR - Indian Institute of Rice Research (ICAR-IIRR), Rajendranagar, Hyderabad (Kannan et al., 2022).

2.2 Antagonistic activity test

The antagonistic efficacy of the selected biocontrol agents against B. oryzae was evaluated using the dual culture
assay (Dhingra & Sinclair, 1995). For fungal antagonist, 6 mm mycelial discs of the antagonist and the pathogen
from 7-day-old cultures were placed on opposite sides of PDA plates, 2 cm from the edge, and incubated at 28 +
2 °C. For bacterial antagonists, a 6 mm mycelial disc of the pathogen was placed on one side of the PDA plate,
while the bacterial culture was streaked 2 cm from the opposite edge. Control plates contained only the pathogen.
Each treatment was maintained in five replicates. The growth or inhibition zones of pathogen were recorded and
the antagonistic activity was assessed by the inhibition of the pathogen (Khabbaz & Abbasi, 2014; Chinnaswami
et al., 2021).

The inhibition of mycelial growth was calculated by the formula proposed by Vincent (1947).

Per cent inhibition=% % 100

Where C = Radial growth of the pathogen in the control (cm) and T = Radial growth of the pathogen in treated
plates (cm).
2.3 Evaluation of germination and plant growth potential of bioagents
Plant growth-promoting activity of the selected biocontrol agents was evaluated using the rolled paper towel
method and pot culture. Surface-sterilised seeds of the susceptible rice variety Taichung Native 1 (TN1) were bio-
primed with individual biocontrol agents, while untreated seeds served as the control. For the rolled paper towel
assay, ten treated seeds were placed equidistantly between two pre-moistened germination papers, rolled carefully,
wrapped with a polythene sheet, and incubated upright at 28 + 2 °C for 14 days (ISTA, 1996). Similarly, treated
seeds were sown in pots and observations were recorded at 7 and 14 days after sowing. Germination percentage,
shoot length, root length, fresh weight, and dry weight were recorded, and Vigour Index I and Vigour Index II
were calculated following the method of Abdul Baki and Anderson (1973).

Vigour Index-I = (Root length + Shoot length) x Germination (%)

Vigour Index-1I = Seedling dry weight (g) x Germination(%)

2.4 Assessment of viability of the bioagents in carrier materials
The suitability of different carrier materials (peat, cellulose, and rice bran) for maintaining microbial bioagent
viability was evaluated under laboratory conditions. The carriers were processed by drying, grinding, sieving, and
sterilising, and their pH was adjusted to near-neutral levels (Tripathi et al. 2015). Sterilized carrier materials (10
g) were inoculated with the respective bioagent suspension (TAIK1: 9.5 x 10® spores; BIK3: 4.8 x 10° spores),
mixed thoroughly, and incubated at 28 + 2 °C for 15 days. Samples were collected at 4, 7, 10, and 15 days after
inoculation to determine viable populations. One gram of each sample was serially diluted, spread-plated on the
respective selective medium, and incubated at 28 = 2 °C. Colony-forming units (CFU) were recorded and
expressed as CFU g of carrier material. Carrier materials that maintained the highest viable population
throughout the incubation period were selected for bioformulation development and subsequent studies (Mulatu
et al., 2021; Khan et al.,2023).
2.5 Development and standardisation of micro-encapsulated formulations of selected bioagents
By shielding microbial cells from harmful environments while preserving their viability and biological activity,
microencapsulation enhances the stability and effectiveness of inoculants (Arias-Chavarria et al., 2025). TAIK1
conidia and BIK3 spores were used to create the bioformulations, which included cellulose, peat, and rice bran as
coating materials, gelatin as the wall-forming agent, Span 80 as the surfactant, liquid paraffin as the oil phase, and
CaCl: as the hardening agent. Spore suspensions were prepared with CFU ml! of 9.5 x 10® for TAIK1 and 4.8 x
10° for BIK3, maintaining ODeoo~1.0
2.5.1 Development of cellulose-based microencapsulated bioformulation through emulsification technique
Cellulose dope was prepared by dissolving microcrystalline cellulose (cellulose) in a NaOH-PEG solvent system
using a freeze—thaw method, and a 5% (w/v) gelatin solution was prepared separately and mixed with the cellulose
dope in a 3:1 ratio (Yan and Gao, 2008). Fresh microbial cell suspension was added to the cellulose—gelatin
mixture under aseptic conditions and stirred to ensure uniform distribution. The mixture was emulsified by
dropwise addition into pre-cooled liquid paraffin containing 2% (v/v) Span 80 under continuous stirring.
Microcapsules were formed by adding a regenerating solution containing 5% (w/v) CaCl. and 5% (v/v) acetic
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acid, followed by curing for 60 min. The recovered capsules were centrifuged and washed twice with PBST to
remove residual oil and surfactant, then in PBS (1:1) and stored under refrigerated conditions until further use
(Treesuppharat et al.,2017; Yaakov et al., 2018; Arias-Chavarria et al., 2025).
2.5.2 Development of peat powder and rice bran-based microencapsulated bioformulations through
emulsification technique
Peat powder- and rice bran-based microencapsulated bioformulations were prepared using the emulsification
technique. Gelatin was dissolved in distilled water, then sterile peat powder or rice bran powder and sterile talc
powder were added to obtain a homogeneous matrix. After cooling to room temperature, the biocontrol agent
(BCA) suspension was incorporated under aseptic conditions. The mixture was emulsified dropwise into liquid
paraffin containing 2% Span 80 under continuous stirring. Microcapsules were solidified with chilled 5% (w/v)
CaCl: and cured for 60 min. The capsules were hardened in a chilled water bath, washed with PBST and sterile
distilled water to remove residual oil, and stored under refrigerated conditions until further use (Szczech and
Maciorowski, 2016; Arias-Chavarria et al., 2025).
2.6 Release efficiency and viability of encapsulated bioagents
Release of microencapsulated spores of TAIK1 and BIK3 from the bioformulation was enumerated using the
spread plate method. Serial dilutions from 10! to 10” were prepared in 0.85% (w/v) sterile distilled water. Then,
0.1 mL of each dilution was spread onto PDA and NA plates. CFU were calculated after incubation at 25 + 2° C
for 12 to 180 h. The release efficiency (RE) of encapsulated bioagents was calculated as described by Lotfipour
et al. (2012).

BLLTIAPI

log,, N,

Where N is the number of viable entrapped cells released from the beads, and Ny is the number of free cells added
to the biopolymer mixture immediately before the production procedure.
2.7 In vitro evaluation of efficacy of the developed bioformulations against Bipolaris oryzae
2.7.1 Agar disc diffusion assay
The antagonistic activity of the bioformulations against B. oryzae was evaluated using the agar disc diffusion
method (Brown and Kothari, 1975). A 6 mm mycelial disc of B. oryzae was placed at the centre of PDA plates,
and 5 mm sterile filter paper discs impregnated with different concentrations of TAIK1 and BIK3 formulations
prepared with three carrier materials were placed around the pathogen. Pathogen-only plates served as controls.
Radial growth of the pathogen was recorded, and percentage inhibition of mycelial growth was calculated using
Vincent's formula (1947).
2.7.2 Dual culture assay
The bioformulations were further evaluated using the dual culture assay. A suspension of each formulation (100
mg in 900 uL sterile distilled water; ODsoo = 0.5) was prepared. A 6 mm pathogen disc was placed at the centre
of PDA plates, and 100 pL of TAIK1 suspension was placed opposite the disc, while BIK3 suspension was
streaked on the opposite sides. Pathogen-only plates served as controls. Following incubation at 28 + 2 °C,
pathogen growth was measured, and percentage inhibition was calculated using Vincent's (1947) formula.
2.8 In vivo evaluation of efficacy of the developed bioformulations against Bipolaris oryzae
2.8.1 Seed treatment with bioformulations
Healthy TN1 seeds were surface sterilized with 1% sodium hypochlorite for 2 min, washed three times with sterile
water, and shade-dried. Seeds were treated with the respective bioformulations at 5 g kg™! seed, while water-
treated seeds served as the control. Treated seeds were raised in nursery beds, and 21-day-old seedlings were
transplanted into 30 x 25 cm pots containing 5—7 kg sterilized soil, with three hills per pot. The working
formulations contained approximately 9.5 x 10® CFU mL™' TAIKI and 4.8 x 10° CFU mL™! BIK3.
2.8.2 Preparation and inoculation of B. oryzae
B. oryzae was grown on PDA at 25 + 2 °C until sporulation. Conidia were harvested in sterile water containing
0.01% Tween 20 and a small quantity of sucrose, filtered through muslin cloth, and adjusted to 1 x 10° conidia
ml ™! using a haemocytometer. The suspension was sprayed uniformly on the plants, which were maintained under
glasshouse conditions. Disease symptoms appeared within 4-5 days after inoculation (Shabana et al., 2008).
2.8.3 Foliar application of bioformulations
After disease symptoms appeared, the respective microencapsulated formulations were prepared at 1%
concentration and sprayed uniformly on the foliage. Pathogen-inoculated and uninoculated controls were
maintained.
2.8.4 Data recording
We recorded plant growth parameters including shoot length, root length, fresh weight, and total dry weight.
Brown spot severity was assessed 25 days after pathogen inoculation using the IRRI Standard Evaluation System
Scale (IRRI, 2013), and per cent disease index (PDI) was calculated accordingly. Yield attributes such as number
of tillers, productive panicles, panicle length, 1000-grain weight, and grain yield hill* were recorded at the
appropriate growth or harvest stage.

Sum of disease ratings
PDI= - - —x100
No.of plants observedxMaximum disease rating

2.9 Statistical analysis
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The experiments were laid out in a Completely Randomized Design (CRD) with three replications. OPSTAT
software was used for statistical analysis of all the data obtained. Post Hoc test with Duncan’s Multiple Range
Test (DMRT) at 5% (P < .05) significance level was applied for one-way and two-way Analysis of Variance
(ANOVA). Graphical representations were prepared using R (version 2026.07.1).

3. RESULTS AND DISCUSSION

3.1 Antagonistic activity test

The biocontrol agents showed considerable in vitro antagonistic activity against B. oryzae. TAIK1 recorded the
highest mycelial growth inhibition (81.85%), followed by BIK3 (67.54%) and PIK1 (57.85%) (Figures 1 & 2).
The higher activity of T. asperellum may be associated with rapid colonisation, mycoparasitism, competition for
nutrients and space, and production of antifungal metabolites and cell wall-degrading enzymes (Ma et al., 2023).
Kania et al. (2023) reported up to 67.86% inhibition of B. oryzae by rice-rhizospheric Trichoderma isolates. The
antagonistic activity of Bacillus and Pseudomonas spp. is mainly related to the production of antibiotics,
lipopeptides, siderophores, hydrolytic enzymes, and other antimicrobial compounds (Dimkic et al., 2022). Similar
suppression of B. oryzae by Bacillus and Pseudomonas spp. was reported by Prabhukarthikeyan et al. (2019),
Sobanbabu et al. (2024), and Ajulo et al. (2024). These findings support the potential of the tested biocontrol
agents for managing rice brown spot.

Figure 1. Antagonistic effect of different bioagents on B. oryzae under in vitro conditions (after 9 days): (a)
control brown spot pathogen, (b) interaction of TAIK1 with B. oryzae, (c) interaction of BIK3 with B. oryzae,
(d) interaction of PIK1 with B. oryzae.
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Figure 2. Inhibition of Bipolaris oryzae by biocontrol agents. Different lowercase letters indicate significant
differences among treatments (DMRT P <.05).

3.2 Evaluation of germination and plant growth potential of bioagents

The plant growth-promoting activity of the selected biocontrol agents was evaluated under rolled paper towel and
pot culture conditions at 7 and 14 DAS. Significant differences (P < 0.05) were observed among treatments for
germination %, shoot and root length, fresh and dry weight, and seedling vigour. At 14 DAS, TAIK1 recorded the
highest increase over the untreated control under rolled paper towel conditions, with increases of 44.81% in shoot
length, 39.06% in root length, 41.24% in Vigour Index-I, 43.75% in fresh weight, 31.43% in dry weight, and
32.56% in Vigour Index-II (Figure 3 & Table 1). Under pot culture, TAIK1 similarly showed the highest increases,
particularly in root length (78.05%), Vigour Index-I (40.57%), and Vigour Index-II (30.56%), along with
improvements in the other growth parameters (Figure 4 & Table 2). The growth-promoting effect of T. asperellum
may be related to improved nutrient uptake, root and shoot development, phytohormone regulation, and induction
of plant defence responses (Doni et al., 2023; Khan et al., 2023). Bacillus spp. can also promote plant growth
through phosphate solubilization, nitrogen fixation, siderophore production, and phytohormone synthesis (Patani
et al., 2024).
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Figure 3. Effect of biocontrol agents on seedling vigour under paper towel conditions: (A) vigour index-1 and
(B) vigour index-2. Different lowercase letters above the error bars indicate significant differences among
treatments (DMRT, P < .05).
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Figure 4. Effect of biocontrol agents on seedling vigour under pot culture conditions: (A) vigour index-1 and
(B) vigour index-2. Different lowercase letters above the error bars indicate significant differences among
treatments (DMRT, P < .05).

3.3 Assessment of viability of the bioagents in carrier materials

The viability of the selected biocontrol agents in different carrier materials was assessed by estimating viable
population (CFU g™) at 4, 7, 10, and 15 days after inoculation. Significant differences (P < 0.05) were observed
among the carriers. The viable populations of TAIK1 and BIK3 increased progressively during incubation,
indicating good establishment and multiplication in the carriers. Sorghum (standard check) supported the highest
viable population, followed by rice bran and peat, while cellulose recorded the lowest counts (Table 3). Although
sorghum performed best, it was not selected for further formulation development because it is primarily a food
and feed crop, whereas the other carriers evaluated were non-food materials.

The better performance of sorghum and rice bran may be due to their nutrient-rich and starch-based composition,
moisture retention, and porous structure, which favour microbial growth and survival (Jaya et al., 2023). Carrier
selection is important for maintaining microbial viability and improving the shelf life of bioinoculants (Monica et
al., 2025). Previous studies have also reported good survival of bacterial bioagents in peat- and talc-based
formulations (Akter et al., 2018) and long-term viability of T. asperellum in peat-based formulations (Rimkus et
al., 2023). The lower viability observed with cellulose may be related to its relatively low nutrient content and
buffering capacity compared with organic carriers such as sorghum, rice bran, and peat (Ritika & Dey, 2014;
Khan et al., 2023).

3.4 Development and standardisation of micro-encapsulated formulations of selected bioagents
Microencapsulated formulations of the selected biocontrol agents were successfully developed using the
emulsification technique with cellulose, peat, and rice bran as coating materials in combination with gelatin. The
developed formulations were stable, uniformly encapsulated, and free from visible aggregation. Cellulose
produced compact and uniform microcapsules, while peat and rice bran also formed stable particles suitable for
further evaluation. The formulations varied in colour according to the coating material, with cellulose appearing
white to off-white, peat greyish-brown to greyish-black, and rice bran tan to pale brown. Microcapsule size ranged
from 23.31 to 97.50 um, with mean values of 33.53—72.36 um (Table 4). These findings indicate that the selected
coating materials and emulsification conditions were suitable for producing stable microcapsules. Similar benefits
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of polymer-based encapsulation for improving the stability and applicability of microbial formulations have been
reported by Vindas-Reyes et al. (2024), Brondi et al. (2022), Malavathu et al. (2025), and Coelho et al. (2025).
Representative photographs of the developed microencapsulated formulations are presented in Figure 5.
3.5 Release efficiency and viability of encapsulated bioagents
The release of viable biocontrol agents from the microcapsules increased with incubation time. BIK3 showed
maximum release at 48 h, while TAIK1 reached maximum release at 96 h. Among the formulations, peat showed
the highest release, with 89.86% for TAIK1 and 85.23% for BIK3, followed by cellulose and rice bran (Table 4).

Table 1: Evaluation of potential BCA for plant growth promotion in rolled paper towel method (7 and 14 DAS)
Germinati | Shoot . . Fresh weight . Vigour
on % length(cm) Root length(cm) | Vigour index 1 (@ Dry weight (g) index 2
BCA 7
14 7 14 14 14 7 14 14 7 14
lS)A DAS | DAS | DAS 7DAS DAS 7DAS DAS | DAS | DAS 7DAS DAS | DAS | DAS
2930. 0.116 | 0.23 0.046 4.60
TAIK | 100 100 | 9.03 | (%0 | 2027 + {2823 o0 + |39 fu a | 0020 1 260 14
1 +0% | £0 0.23 0270 1.04 +0.54 ;325.0 6173 ?.011 ?.013 0.002° ?.001 0230 g;OS
2890.0 0.108 | 0.21 0.024 2.37 | 4.17
s | 100 (100 | 10201202 Hoagy wfo w410 T T e L PP PO
a a b a a a
+0% | £0 015" | 0.89° 0.38 2300.66 41.78b 8006 ?.009 ?.002 0.002b 0.19 lE).19 (;{)16
100 14.7 24.77 | 2816. | 3953. 0.087 | 0.18 0.023 | 0.04+ 2301 4.00
100 8.53+ 19.63 + + + +
PIRL g0 | 29 o200 |7 Flo60r |2 0T =133 *10.007 |0.003 |* 0-001 1 6 060 | 0.16
' 0.35¢ ’ 0.15° 59.25% | 47.03" | .- b 0.001 | °® b 7{)
3273. | 0.083 | 0.16 0.035 3.47
Contr | 100 [ 1% | 6872 | 124 | 17.63 + 2030 | 230 |33 4 S 18y
a b a c
ol +0 0.41 0.52¢ 0.49 +0.67 89 63° 513?4'7 8007 8009 0.002° 9.001 0.19° g;08
C.D. 0 0 0.93 1.16 | NS 1.57 219'8 ?26'7 0.026 | 0.03 | NS 0.004 | 0.578 | 0.43
SE(m) | 0 0 0.28 0.35 | 0.80 0.47 96.58 | 68.46 | 0.008 | 0.009 | 0.002 | 0.001 | 0.18 |0.13
S/o;]( 0 0 59 394 | 7.16 3.35 6.04 2.97 13.77 | 824 | 13.49 | 4.88 13.49 | 545

*Values are mean = SE of three replications. Means followed by the same letter within a column are not

significantly different according to DMRT at P <.05.
DAS, days after sowing; SE, standard error; CD, critical difference; NS, non-significant.
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Table 2: Evaluation of potential BCA for plant growth promotion in pot culture method (7 and 14 DAS)

Germination | Shoot length | Root length | Vigour Fresh weight | Dry weight | Vigour
% (cm) (cm) index 1 (g) (2) index 2
e T N U P T E AN R TR 14 |7 u |1
DAS | DAS DAS DAS | DAS | DAS | DAS | DAS | DAS | DAS S S
2811 | 4231 0.04 4.87
TAL | 03| 9033 P L0AT 26Ty 3 | 793 sn | e x| 0aax [025x | 00 o ] ag8 |k
K1 0330 | 0332 | 049% | 0248 +0.38 0,188 2:14 491?3 0.001* | 0.003 0.0028 (1);00 ?)z i ?.12
2698 | 4057 0.04 | 242 | 434
ik | 000 | 9800 1167342420 1 og0 | 1720 1 o7s | o s 0asx (024 |00 g x]e s
a a b
3 058 | 058 | 023 |021® +0.50 0.17b gio ;32 0.017* | 0.003 0.0028 (1)1.300 9.18 I()).14
97.67 2422 | 3896 0.04 | 2.28 | 4.04
PIK |+ |07 [ 130 BT gy o 11633 3 ok oa2e 023 | 00P I w s s
a b a b
1 l()).33 033% | 123 | 0.26b 0.35 0.24¢ é;? 334 0.013* | 0.004 0.0028 (1)';?0 9.19 3{10
1913 | 3010 0.03 | 2.1 3.73
Cont | 3707 | 9267 11493 4 2140 1507 o | 1007 1 g5s s e onze [021+ | 9922 o w]e s
rol 0.88% | 0.88° | 127 | 032¢ 0.09 0.15¢ éjCS 83.7 0.009* | 0.005 0.0018 2;00 :).09 9.20
C.D. | 191 1.91 NS 0.86 1.2 0.62 386. | 157. NS 0.01 NS 0.00 NS | 047
42 84 4
SE( 0.58 | 0.58 0.93 0.26 0.36 0.19 116.\ 47.6 0.01 0.004 | 0.002 0.00 0.17 | 0.14
m) 68 6 1
C.V. 11.9
(%) 1.02 | 1.02 10.07 | 1.93 6.8 2.11 821 | 2.17 | 16.0 2.93 11.84 | 5.36 1 5.79

*Values are mean + SE of three replications. Means followed by the same letter within a column are not
significantly different according to DMRT at P <.05.
DAS, days after sowing; SE, standard error; CD, critical difference; NS, non-significant.

Table 3: Viability assessment of bioagents in different carrier materials

Growth of bioagents in carrier materials (CFU/g)

Carrier 4 DAI 7 DAI 10 DAI 15 DAI Mean
material =L IKT [ BIK3 | TAIKI | BIK3 | TAIKI | BIK3 | TAIKI | BIK3 | TAIKI | BIK3
10.026* | 10.059* | 10.059* | 10.089* | 10.086* | 10.105* | 10.112* | 10.132* | 10.071 | 10.096
Rice bran | 9.968> | 10.016" | 10.009° | 10.042" | 10.061° | 10.072® | 10.091® | 10.101® | 10.032 | 10.058
Peat 9.928¢ | 9.941¢ | 9.978 | 9.997¢ 10.02¢ 10.045¢ | 10.064° | 10.078¢ | 9.997 10.015
Cellulose | 9.877¢ | 9.907¢ | 9.938¢ | 9.967¢ | 9.996¢ | 10.02¢ 10.063° | 10.073¢ | 9.968 9.992
Mean 9.95 9.981 9.996 10.024 | 10.041 | 10.06 10.083 | 10.096
Carrier material (A) Time interval(B) Carrier materialx Time interval
TAIK1 BIK3 TAIK1 BIK3 TAIK1 BIK3
SE(m) + 0.003 0.003 0.003 0.003 0.006 0.005
CD 0.008 0.007 0.008 0.007 0.016 0.015

*Values represent the mean of three replications and are expressed as logio CFU g'. CFU, colony-forming units;
DAL, days after inoculation. Means followed by the same lowercase letter(s) within a column are not significantly
different according to Duncan's Multiple Range Test (DMRT) at P <.05.
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Figure 5. Microscopic images of bioformulations: (a) TAIK1 spores in peat (b) TAIK1 spores in cellulose (c)
TAIK1 spores in rice bran (d) BIK3 spores in peat (e) BIK3 spores in cellulose (f) BIK3 spores in rice bran

The higher release from peat may be due to its porous structure and moisture-retention capacity, which may
facilitate hydration and gradual release of microbial cells. Sustained release is useful in microbial formulations as
it helps maintain microbial viability and provides gradual release after application (Vindas-Reyes et al., 2024).
Arias-Chavarria et al. (2025) reported gradual release of Trichoderma conidia from alginate microcapsules, while
Pinotti et al. (2025) and Graciano et al. (2025) reported improved viability and survival of encapsulated
Trichoderma and Bacillus, respectively. Results also indicate that the type and properties of the carrier influence
the release and viability of the encapsulated bioagents.

Table 4: Optimization of encapsulation methodology for TAIK1 and BIK3 based on release efficiency
and capsule size
Emulsification method
Wall material Release Efficiency (RE%) Ictl‘;)e:li‘lgee(unls;ze of e
TAIK1 BIK3 TAIK1 BIK3
Peat (5%) + Span 80 (2%) + CaCl, (2%) 81.57 80.39 53.18 40.92
Peat (10%) + Span 80 (2%) + CaCl, (2%) 86.32 83.97 45.36 37.68
Peat (10%) + Span 80 (2%) + CaCl2 (5%) 89.86 85.23 44.72 33.53
Cellulose (3%) + Span 80 (2%) + CaCl, (2%) 79.67 77.14 66.23 62.30
Cellulose (4%) + Span 80 (2%) + CaCl, (2%) 84.63 81.45 58.29 54.34
Cellulose (4%) + Span 80 (2%) + CaCl, (5%) 87.97 84.29 46.95 45.17
Rice bran (5%) + Span 80 (2%) + CaCl, (2%) 74.48 69.66 72.36 70.59
Rice bran (10%) + Span 80 (2%) + CaCl, (2%) | 81.21 79.98 65.00 63.21
Rice bran (10%) + Span 80 (2%) + CaCl, (5%) | 85.19 82.75 63.29 58.21

*Bold values indicate the highest release efficiency (%) and comparatively smaller average microcapsule diameter
observed among the respective carrier formulations for each bioagent. Average values represent the mean
diameter measured from 20 microcapsules.

3.6 In vitro evaluation of the efficacy of the developed bioformulations against Bipolaris oryzae

The developed bioformulations were evaluated in vitro against Bipolaris oryzae using agar disc diffusion and dual
culture assays. All microencapsulated formulations exhibited considerable antagonistic activity, although efficacy
varied with both the biocontrol agent and carrier material. In the agar disc diffusion assay, 1% Peat-TAIK1
recorded the highest inhibition (83.26%), closely followed by 4% Cellulose-TAIK 1 (83.11%), whereas Rice bran-
BIK3 showed the lowest inhibition (63.63%) (Figure 6). A similar trend was observed in the dual culture assay,
with Peat-TAIK1 exhibiting the highest inhibition (84.01%), followed by Cellulose-TAIK1 (81.70%) and Rice
bran-BIK3 (66.44%) (Figure 7). The superior performance of Peat-TAIK 1 may be attributed to improved survival
and release of viable propagules and enhanced production of antifungal metabolites (Vindas-Reyes et al., 2024;
Pinotti et al., 2025). Previous studies have similarly demonstrated that encapsulation can improve microbial
viability, formulation stability, and biocontrol efficacy of Trichoderma and Bacillus spp. (Mohd Anuar et al.,
2020; Brondi et al., 2025; Arias-Chavarria et al., 2025). Overall, Peat-TAIK1 emerged as the most promising
formulation for in vitro suppression of B. oryzae, highlighting the importance of selecting compatible microbial
agents and carrier materials.

3.7 In vivo efficacy assessment of formulated bioagents against Bipolaris oryzae

Greenhouse experiments evaluated the efficacy of the developed microencapsulated peat formulations (MEF),
microencapsulated Peat-TAIK1 (MET) and microencapsulated Peat-BIK3 (MEB) against Bipolaris oryzae.

a. Plant growth promotion

Application of the microencapsulated bioformulations resulted in improved plant growth under both pathogen-
free and B. oryzae-challenged conditions. Under pathogen-free conditions, T6 (MET + MEB, seed + foliar
application) recorded the highest increase over the control (T13) in shoot length (15.94%), root length (25.74%),
fresh weight (27.17%) and dry weight (43.63%). This was followed by T3 (MET, seed + foliar application), which
recorded increases of 12.90, 19.59, 21.80 and 30.35 per cent, respectively (Table 5).
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Figure 6. Antagonistic effect of TAIK1 and BIK3 formulations on B. oryzae under in vitro (after 7 days) - Disc
diffusion method: (a) control brown spot pathogen, (b) interaction of 1% Peat-TAIK1 formulation with B.
oryzae, (c¢) interaction of 4% Cellulose-TAIK1 with B. oryzae, (d) interaction of 5% Rice bran-TAIK1 with B.
oryzae (e) control brown spot pathogen, (f) interaction of 1% Peat-BIK3 formulation with B. oryzae, (g)

interaction of 3% Cellulose-BIK3 with B. oryzae, (h) interaction of 5% Rice bran-BIK3 with B. oryzae.

oryzae under in vitro - dual-culture method: (a) control brown spot pathogen, (b) interaction of Peat-TAIK1
formulation with B. oryzae, (c) interaction of Cellulose-TAIK1 with B. oryzae, (d) interaction of Rice bran-
TAIK1 with B. oryzae (e) control brown spot pathogen, (f) interaction of Peat-BIK3 formulation with B. oryzae,
(g) interaction of Cellulose-BIK3 with B. oryzae, (h) interaction of Rice bran-BIK3 with B. oryzae.

Under B. oryzae challenge, T12 (MET + MEB, seed + foliar application) showed the highest increase over the
pathogen-inoculated control (T14). Shoot length, root length, fresh weight and dry weight increased by 23.57,
31.27, 37.15 and 58.37 per cent, respectively. These results indicate that the combined application of MET and
MEB supported plant growth even in the presence of the pathogen (Table 5).

b. Disease severity

The application of the microencapsulated formulations resulted in a marked reduction in brown spot severity.
Among the treatments, T12 (MET + MEB, seed + foliar application) recorded the highest reduction in disease
severity (81.48%), followed by T9 (MET, seed + foliar application), which recorded a reduction of 72.22% (Table
5).

c. Yield attributes

The microencapsulated bioformulations also improved the yield-related parameters of rice. Under pathogen-free
conditions, T6 recorded the highest increase over T13 in tiller number (32.33%), panicle number (34.60%),
panicle length (17.59%), test weight (14.76%) and grain yield hill ™' (43.26%). T3 followed T6, with corresponding
increases of 19.36, 26.87, 9.58, 9.52 and 34.72 per cent, respectively (Table 6).

Under B. oryzae challenge, T12 showed the highest increase over T14 in tiller number (52.43%), panicle number
(68.89%), panicle length (23.04%), test weight (25.78%) and grain yield hill™! (73.01%). The improvement in
these yield attributes was associated with reduced disease severity and better plant growth in the treated plants
(Table 6).

In all aspects, the microencapsulated formulations improved plant growth, yield attributes and reduced the severity
of brown spot under greenhouse conditions. The better performance of MET + MEB applied through seed and
foliar routes among the treatments suggested a complementary effect of Trichoderma asperellum and Bacillus
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cabrialesii. Similar growth-promoting effects and suppression of B. oryzae by rice microbial antagonists have
been reported (Prabhukarthikeyan et al., 2019; Ajulo et al., 2024). The compatibility and plant growth-promoting
potential of T. asperellum and Bacillus velezensis in rice bioformulation were also reported by Sutthisa et al.
(2025).

The combined MET + MEB treatment resulted in an 81.48 per cent reduction in disease severity, compared with
72.22 per cent with MET alone, indicating effective biocontrol activity of the microencapsulated formulations in
vivo. This is in agreement with the report of Seekham et al. (2024) on the efficacy of fresh and dry formulations
of Trichoderma against rice brown spot and yield improvement. Similarly, Sobanbabu et al. (2024) and Maurya
et al. (2025) reported the effectiveness of bacterial and combined microbial treatments against B. oryzae. Further,
the increase in tiller and panicle numbers, panicle length, test weight and grain yield in the treated plants indicates
that the suppression of the disease was also associated with the improvement of crop performance (Mau et al.,
2022). This result can be explained by the dual role of the two bioagents in biocontrol and plant growth promotion.

Table 5: Evaluation of MEF against brown spot disease in TN1 rice variety under
glasshouse conditions
Shoot Root
Treatments length length 52‘:;1;1 t (2) glggh t (2) PDI
(cm) (cm)
T1 = Seed treatment of | 79.47 £ | 2487 +|42.67 £|1290 =+ 0.00
MET 0.554 0.38% 1.07¢ 0.32¢ (0.00)*
T2 = Seed treatment of | 76.70 £+ | 23.87 +|40.77 £ | 1223 + 0.00
MEB 0.42¢ 0.15¢ 0.49f 0.12¢ (0.00)*
T3 = Seed + Foliar | 82.87 +|27.23 +£|4693 £ |1443 £|0.00
treatment of MET 0.12% 0.81° 0.32% 0.09° (0.00)*
T4 = Seed + Foliar | 80.63 +|2643 +£|4537 £ |13.63 £ |0.00
treatment of MEB 0.27¢ 0.41% 0.43¢ 0.26° (0.00)*
79.83 £ |2570 £ |44.10 +|13.17 £ 0.00
T5=TI+12 0.20¢¢ 0.17 0.274 0.15% (0.00)*
85.10 +£|28.63 £|49.00 £ 159 + | 0.00
T6="T3+T4 0.29° 0.29° 0.21° 0.23° (0.00)*
T7 = TI1+Bipolaris | 6597 +£]20.13 +]32.80 920 + | 55.56
oryzae 0.15% 0.29¢ 0.17% 0.171 (48.19)*
T8 = T2 + Bipolaris | 63.90 £ 1930 +|31.20 =+ 870 + | 68.25
oryzae 0.12! 0.44h 0.40' 0.21 (55.70)*
T9 = T3+ Bipolaris | 71.80 +|22.70 +|37.53 £ |10.80 =+ |23.81
oryzae 0.35h 0.21F 0.20h 0.27% (29.21)*
T10 = T4+ Bipolaris | 69.67 +|21.90 +|36.00 £ | 1023 =£|3492
oryzae 0.12f 0.40° 0.44i 0.07¢" (36.22)*
T11 = T5+ Bipolaris | 67.83 £ |20.80 +|3447 + 967 + | 50.79
oryzae 0.03 0.128 0.22] 0.24hi (45.45)*
T12 = T6+ Bipolaris | 74.60 +|23.80 +£|39.13 £ |11.83 £ | 1587
oryzae 0.32f 0.12¢ 0.23¢ 0.12¢ (23.48)*
T13 = Un-inoculated | 73.40 £ |22.77 +|3853 £ |11.07 £ 0.00
control 0.36¢ 0.12f 0.49¢h 0.12f (0.00)*
Ti4 =  Pathogen- | 60.37 & | 18.13 & |28.53 & | 747 + | 85.71
inoculated control 0.20™m 0.12 0.33m 0.29% (67.79)*
C.D. 0.82 1.03 1.26 0.59 2.93
SE(m) 0.28 0.36 0.44 0.21 1.01
C.V. (%) 0.67 2.65 1.93 3.08 7.31

MEF- Microencapsulated formulation(s); MET- Microencapsulated Peat-TAIK1, MEB- Microencapsulated Peat-
BIK3

*Mean of three replications. Numerical values with different letters are significantly different (P<0.05, Duncan’s
Multiple Range Test, OPSTAT)

*Figures in parentheses are arcsine-transformed values

Table 6: Evaluation of MEF on yield attributes in TN1 rice variety upon inoculation
with B. oryzae under glasshouse conditions

Number | Number of Panicle Test Grain
Treatments . . length weight | Yield/hill

of tillers | panicles

(cm) ® (4]

T1 = Seed treatment | 11.33 =+ | 10.00 + | 21.57 + 2240 £ | 17.33 +
of MET (0.33bcde 0.585 0.615 0.35%¢ | 0.58"
T2 = Seed treatment | 11.00 =+ | 9.67 + | 20.97 +|21.77 £| 1630 =+
of MEB 0.00bede (0.33bcde 0.27%4 (0.35bedel | 0.49¢d
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T3 = Seed + Foliar | 12.33 £ | 11.00 + | 22.43 + | 23.00 = | 19.40 +
treatment of MET 0.67% 0.00% 0.27° 0.26% 0.61*
T4 = Seed + Foliar | 12.00 =+ | 10.67 + | 22.00 + | 22.77 + | 18.50 +
treatment of MEB 0.58% 0.33% 0.23% 0.23%¢ | 0.78%¢

_ 11.67 =+ 10.33 + | 21.83 + (2230 £ 17.50 +
T5=T1+12 0.33bcd 0.332be 0.19b° 0.26%4 | 0.68

_ 13.67 =+ | 11.67 + | 24.07 + | 24.10 £ | 20.63 +
T6=T3+T4 0.67° 0.332 0.15% 0.81?2 1.502
T7 = TI1+Bipolaris | 9.00 + | 7.33 + | 19.03 + | 2050 £ 11.50 +
oryzae 0.58&" 0.33f 0.158 0.21f% 0.67f
T8 = T2 + Bipolaris | 8.67 + | 7.00 + | 18.57 +(19.77 £ 11.13 +
oryzae 0.33" 0.588 0.238 0.158 0.58f
T9 = T3+ Bipolaris | 1033 =+ | 8.67 + . 12093 £| 1440 =+
oryzae 0.67%% | 0.33¢f 204£0.26 ) (5 | 610
T10 = T4+ Bipolaris | 10.00 =+ | 8.33 + | 20.07 + [ 20.73 £ 13.33 +
oryzae 0.58¢feh 0.67°f 0.1¢f 0.38f 0.39¢f
T11 = TS5+ Bipolaris | 9.33 + | 7.33 + | 1943 + (2047 £|11.83 +
oryzae 0.33feh 0.67% 0.52f 0.291 0.74¢
T12 = T6+ Bipolaris | 10.67 =+ | 9.00 + | 20.83 + | 2147 +£ | 15.00 +
oryzae (0.33¢def 0.58¢de 0.184% 0.70%%f | 0.67%
T13 = Un-inoculated | 10.33 =+ | 8.67 + | 2047 + | 21.00 £ | 14.40 +
control 0.674fe (0.339f 0.35¢ 0.72%f | 0.46%
T14 = Pathogen- | 700 £ | 533 + | 16.93 + | 17.07 £ | 8.67 +
inoculated control 0.58! 0.33h 0.38h 0.58" 0.38¢
C.D. 1.41 1.29 0.91 1.29 2.04
SE(m) 0.49 0.45 031 0.45 0.70
C.V. (%) 8.03 8.64 2.64 3.63 8.12

MEF- Microencapsulated formulation(s), MET- Microencapsulated Peat-TAIK1, MEB- Microencapsulated Peat-
BIK3

*Mean of three replications. Numerical values with different letters are significantly different (P<0.05, Duncan’s
Multiple Range Test, OPSTAT)

4. CONCLUSION

The present study showed the potential of selected microbial biocontrol agents for managing rice brown spot
caused by Bipolaris oryzae. Trichoderma asperellum TAIK1 showed the highest antagonistic activity, followed
by Bacillus cabrialesii BIK3 and Pseudomonas putida PIK1, along with the best plant growth promotion under
rolled paper towel and pot culture conditions. We prepared stable microencapsulated bioformulations using
cellulose, peat, rice bran, and gelatin via emulsification.BIK3 showed maximum bioagent release at 48 h and
TAIKI at 96 h, and peat showed the highest release efficiency.

Peat-TAIK1 showed the highest in vitro efficacy with 83.26% and 84.01% inhibition in agar disk diffusion and
dual culture assays, respectively. Under pot culture conditions, combined treatment of MET + MEB through seed
and foliar routes resulted in maximum improvement in plant growth and yield attributes, reduced brown spot
severity by 81.48% and increased grain yield per hill by 73.01% over the pathogen-inoculated control. Field
validation, shelf-life, application optimization and cost-effectiveness studies are to be done.

REFRENCES

1. Grish, P. S., Christopher, D. J., & Jaiganesh, V. (2024). Isolation and molecular characterization of rice brown
spot disease in major Cauvery delta regions. International Journal of Plant & Soil Science, 36(6), 815-825.

2. Prismantoro, D., Akbari, S. 1., Permadi, N., Dey, U., Anhar, A., Miranti, M., & Doni, F. (2024). The
multifaceted roles of Trichoderma in managing rice diseases for enhanced productivity and sustainability. Journal
of Agriculture and Food Research, 18, 101324.

3. Bhutia, T. P., Rao, Y. D., Kharel, P., Rai, P., Rana, M., & Srivastava, S. (2025). A comprehensive review on
brown spot disease of rice: Etiology, epidemiology, management strategies and future directions. Plant Science
Today, 12(1), 1-13.

4. Amponsah, J., Richard, T., Atta, K., Zippora, A., & Jerry, F. (2025). Managing brown leaf spot disease in rice:
Insights into Bipolaris oryzae pathogenesis and management strategies. African Journal of Agricultural Research,
21(1), 14-19.

Genetics and Molecular Research 25 (23s): 2026 11



5.Mau, Y. S., Prayetno, R. S., Kaka, H., Naat, K. D., Henuk, J. B. D., Hahuly, M. V., & Gandut, Y. R. Y. (2022).
Efficacy of indigenous Trichoderma isolates of West Timor, Indonesia, as biocontrol agents of brown spot
(Drechslera oryzae) on two upland rice varieties. Egyptian Journal of Biological Pest Control, 32(1), 62.

6. Mohd Anuar, I. S., Ku Sulong, K. A., Abdul Ghani, H., & Wahab, M. Z. (2020). Alginate encapsulation of
Trichoderma harzianum against brown spot disease on rice (Oryzae sativa) in vivo assays. Food Research, 4(5),
138-141.

7. Saleh, M. M., & El-Akshar, Y. S. (2020). Integration between arbuscular mycorrhizal fungi, bacterial and fungal
bioagents for controlling rice brown spot disease. Egyptian Journal of Phytopathology, 48(1), 81-93.

8. Villavicencio-Vasquez, M., Espinoza-Lozano, F., Espinoza-Lozano, L., & Coronel-Leon, J. (2025). Biological
control agents: Mechanisms of action, selection, formulation and challenges in agriculture. Frontiers in
Agronomy, 7, 1578915.

9. Adnani, M., El Hazzat, N., Msairi, S., El Alaoui, M. A., Mouden, N., Selmaoui, K., & Douira, A. (2024).
Exploring the efficacy of a Trichoderma asperellum-based seed treatment for controlling Fusarium equiseti in
chickpea. Egyptian Journal of Biological Pest Control, 34(1), 7.

10. Kannan, C., Divya, M., Rekha, G., Barbadikar, K. M., Maruthi, P., Hajira, S. K., & Sundaram, R. M. (2022).
Whole genome sequencing data of native isolates of Bacillus and Trichoderma having potential biocontrol and
plant growth promotion activities in rice. Data in Brief, 41, 107923.

11. Sowmya, V., Maruthi, P., Devi, G. U., Rajanikant, P., & Kannan, C. (2023). Encapsulation of native strains
of bioagents Trichoderma asperellum and Pseudomonas putida using different biopolymers. International Journal
of Plant & Soil Science, 35(17), 521-528.

12. Vindas-Reyes, E., Chacén-Cerdas, R., & Rivera-Méndez, W. (2024). Trichoderma production and
encapsulation methods for agricultural applications. Agri Engineering, 6(3), 2366-2384.

13. Dhingra, O. D., & Sinclair, J. B. (1995). Basic plant pathology methods (2nd ed.). CRC Press.

14. Khabbaz, S. E., & Abbasi, P. A. (2014). Isolation, characterization, and formulation of antagonistic bacteria
for the management of seedlings damping-off and root rot disease of cucumber. Canadian Journal of
Microbiology, 60(1), 25-33.

15. Chinnaswami, K., Mishra, D., Miriyala, A., Vellaichamy, P., Kurubar, B., Gompa, J., Madamsetty, S.P., &
Raman, M. S. (2021). Native isolates of Trichoderma as bio-suppressants against sheath blight and stem rot
pathogens of rice. Egyptian Journal of Biological Pest Control, 31(1), 12.

16. Vincent, J.M. (1947). Distortion of fungal hyphae in the presence of certain inhibitors. Nature. 159,850.

17. International Seed Testing Association. (1996). International rules for seed testing. Seed Science and
Technology, 24, 1-335.

18. Abdul-Baki, A.A & Anderson, J.D. (1973). Vigor determination in soybean seed by multiple criteria 1. Crop
Science. 13(6): 630-633.

19. Tripathi, S., Das, A., Chandra, A., & Varma, A. (2015). Development of carrier-based formulation of root
endophyte Piriformospora indica and its evaluation on Phaseolus vulgaris L. World Journal of Microbiology and
Biotechnology, 31(2), 337-344.

20. Mulatu, A., Alemu, T., Megersa, N., & Vetukuri, R. R. (2021). Optimization of culture conditions and production
of Dbio-fungicides from Trichoderma species under solid-state fermentation using mathematical
modeling. Microorganisms, 9(8), 1675.

21. Khan, A., Singh, A. V., Gautam, S. S., Agarwal, A., Punetha, A., Upadhayay, V. K., & Goel, R. (2023).
Microbial bioformulation: a microbial assisted biostimulating fertilization technique for sustainable
agriculture. Frontiers in Plant Science, 14, 1270039.

22. Arias-Chavarria, L. D., Batista-Menezes, D., Orozco-Cayasso, S., Vargas-Martinez, A., Vega-Baudrit, J. R.,
& Montes de Oca-Vasquez, G. (2025). Evaluation of the viability of microencapsulated Trichoderma
longibrachiatum conidia as a strategy to prolong the shelf life of the fungus as a biological control agent. Frontiers
in Chemistry, 12, 1473217.

23. Yan, L., & Gao, Z. (2008). Dissolving of cellulose in PEG/NaOH aqueous solution. Cellulose, 15(6), 789-
796.

24. Treesuppharat, W., Rojanapanthu, P., Siangsanoh, C., Manuspiya, H., & Ummartyotin, S. (2017). Synthesis
and characterization of bacterial cellulose and gelatin-based hydrogel composites for drug-delivery
systems. Biotechnology reports, 15, 84-91.

25. Yaakov, N., Ananth Mani, K., Felfbaum, R., Lahat, M., Da Costa, N., Belausov, E., & Mechrez, G. (2018).
Single cell encapsulation via pickering emulsion for biopesticide applications. ACS omega, 3(10), 14294-14301.
26. Szczech, M., & Maciorowski, R. (2016). Microencapsulation technique with organic additives for biocontrol
agents. Journal of Horticultural Research, 24(1), 111-122.

27. Lotfipour, F., Mirzaeei, S., & Maghsoodi, M. (2012). Evaluation of the effect of CaCl, and alginate
concentrations and hardening time on the characteristics of Lactobacillus acidophilus loaded alginate beads using
response surface analysis. Advanced Pharmaceutical Bulletin, 2(1), 71.

28. Brown, D. F., & Kothari, D. (1975). Comparison of antibiotic discs from different sources. Journal of Clinical
Pathology, 28(10), 779-783.

29. Shabana, Y. M., Abdel-Fattah, G. M., Ismail, A. E., & Rashad, Y. M. (2008). Control of brown spot pathogen
of rice (Bipolaris oryzae) using some phenolic antioxidants. Brazilian Journal of Microbiology, 39(3), 438-444.

Genetics and Molecular Research 25 (23s): 2026 12



30. SES, IRRI. (2013). Standard evaluation system for rice. International Rice Research Institute, Philippines.
31.Ma, Y., Li, Y., Yang, S., Li, Y., & Zhu, Z. (2023). Biocontrol potential of Trichoderma asperellum strain 576
against Exserohilum turcicum in Zea mays. Journal of Fungi, 9(9), 936.

32.Kania, H., Pongener, N., Devi, H. M., Ao, N. T., & Devi, H. S. (2023). Effect of rice rhizospheric Trichoderma
spp and fungicide for the management of brown spot disease of rice. ORYZA-An International Journal of
Rice, 60(2), 260-272.

33. Dimki¢, 1., Janakiev, T., Petrovi¢, M., Degrassi, G., & Fira, D. (2022). Plant-associated Bacillus and
Pseudomonas antimicrobial activities in plant disease suppression via biological control mechanisms-A
review. Physiological and molecular plant pathology, 117, 101754.

34. Prabhukarthikeyan, S. R., Yadav, M. K., Anandan, A., Aravindan, S., Keerthana, U., Raghu, S., Baite, M. S.,
Parameswaran, C., Panneerselvam, P., & Rath, P. C. (2019). Bio-protection of brown spot disease of rice and
insight into the molecular basis of interaction between Oryza sativa, Bipolaris oryzae and Bacillus
amyloliquefaciens. Biological Control, 137, 104018.

35. Sobanbabu, G., Oviya, R., Meena, B., Vijayasamundeeswari, A., Shanmugaiah, V., & Ramamoorthy, V.
(2024). Evaluation of phyllosphere bacterial biocontrol agents for the suppression of rice foliar diseases. Journal
of Phytopathology, 172(2), €13300.

36. Ajulo, A. A., Bezerra, G. D. A, de Oliveira, R. S., Goncalves, A. R., Moura, M. F. G. G., Cardoso, M. A. A.,
& de Filippi, M. C. C. (2024). Efficiency of bacterial isolates on suppressing brown spot in rice plants. Journal of
Phytopathology, 172(2), e13294.

37. Doni, F., Safitri, R., Suhaimi, N. S. M., Miranti, M., Rossiana, N., Mispan, M. S., & Uphoff, N. (2023).
Evaluating the underlying physiological and molecular mechanisms in the system of rice intensification
performance with Trichoderma-rice plant symbiosis as a model system. Frontiers in Plant Science, 14, 1214213.
38. Patani, A., Patel, M., Islam, S., Yadav, V. K., Prajapati, D., Yadav, A. N., & Patel, A. (2024). Recent advances
in Bacillus-mediated plant growth enhancement: a paradigm shift in redefining crop resilience. World Journal of
Microbiology and Biotechnology, 40(2), 77.

39. Jaya, K., Ratnawati, Sudewi, S., Jumardin, Arfan, & Zainal, M. (2023). The effect of various carrier mediums
on the growth of Trichoderma asperellum TR3 and Trichoderma sp. Earth and Environmental Science 1230(1),
012090.

40. Monica, S., Panneerselvam, S., Rajasekaran, R., Nalliappan, S., Kailappan, A., & Rangasamy, A. (2025).
Recent advances in bioinoculant formulations and their shelf-life: A review. Current Microbiology, 82(11), 506.
41. Akter, S., Juraimi, A. S., & Saud, H. M. (2018). Longevity of Pseudomonas strains in peat and talc based
bioformulations. Bangladesh Phytopathological Society, 34 (1-2), 63-70.

42. Rimkus, A., Namina, A., Dzierkale, M. T., Grigs, O., Senkovs, M., & Larsson, S. (2023). Impact of growth
conditions on the viability of Trichoderma asperellum during storage. Microorganisms, 11(4), 1084.

43. Ritika Bhattacharjee, R. B., & Utpal Dey, U. D. (2014). An overview of fungal and bacterial biopesticides to
control plant pathogens/diseases. African Journal of Microbiology Research, 8, 1749—-1762.

44. Brondi, M., Florencio, C., Mattoso, L., Ribeiro, C., & Farinas, C. (2022). Encapsulation of Trichoderma
harzianum with nanocellulose/carboxymethyl cellulose nanocomposite. Carbohydrate Polymers, 295, 119876.
45. Malavathu, K., Godbole, V., Singh, A., Chandrika, K. P., & Prasad, R. D. (2025). Porous biopolymer matrices:
Advanced seed delivery platforms for beneficial microbes to combat Soilborne diseases. ACS Omega, 10(20),
20723-20731.

46. Coelho, C. C. D. S., da Silva, T. B. M., de Lima, A. C. P., Mota, M. F. D. S., Cortes, M. V. D. C. B., Manoel,
E. A., & Cipolatti, E. P. (2025). The role of encapsulation in promoting fungi and bacteria as biopesticides: insights
from a bibliometric review. Biocatalysis and Agricultural Biotechnology, 70, 103802.

47. Pinotti, T. I., de Oliveira Sousa, T., Fonseca, W. L., Nascimento, T. P., Silva, H. F., Branddo Costa, R. M. P.,
& Santos, A. M. G. (2025). Viability of microencapsulated species of Trichoderma as a strategy to optimize use
in biological control. Brazilian Journal of Microbiology, 56(1), 11-21.

48. Graciano, V. A., Lodi, L. A., de Vasconcellos, V. M., & Farinas, C. S. (2025). Dynamics of encapsulated
Bacillus subtilis in soil under salinity and temperature stresses. Biocatalysis and Agricultural Biotechnology,
103880.

49. Brondi, M. G., Florencio, C., Vasconcellos, V. M., Ribeiro, C., & Farinas, C. S. (2025). Enhancing the shelf
life and stress tolerance of the biocontrol agent Trichoderma harzianum by encapsulation in green matrices of
nanocellulose and carboxymethyl cellulose. ACS Agricultural Science & Technology, 5(6), 1178-1188.

50. Sutthisa, W., Srilawong, J., Kliangros, N., Khankhum, S., & Charirak, P. (2025). Development and
Application of a Trichoderma-PGPR Bioformulation to Enhance Rice Growth. Journal of Pure & Applied
Microbiology, 19(1).

51. Seekham, N., Kaewsalong, N., Jantasorn, A., & Dethoup, T. (2024). Field biocontrol efficacy of Trichoderma
spp. in fresh and dry formulations against rice blast and brown spot diseases and yield effect. European Journal
of Plant Pathology, 170(1), 1-13.

Genetics and Molecular Research 25 (23s): 2026 13



	DEVELOPMENT AND EVALUATION OF MICROENCAPSULATED BIOFORMULATIONS OF BIOCONTROL AGENTS AGAINST BIPOLARIS ORYZAE CAUSING BROWN SPOT OF RICE
	ABSTRACT
	1. INTRODUCTION
	In the present study, we evaluated the biocontrol potential of selected microbial antagonists against Bipolaris oryzae, followed by the synthesis of microencapsulated bioformulations using different carrier materials and their evaluation in vitro and ...
	2.  MATERIALS AND METHODS
	3. RESULTS AND DISCUSSION
	4. CONCLUSION
	REFRENCES


