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The potential of endophytes as sustainable bioagent against rice false smut is explored in this work.
Investigations provided evidence that, isolate Bacillus safensis RE-24 successfully inhibited rice false
smut pathogen up to 59.05% under in vitro. B. safensis RE-24 produced extracellular hydrolytic enzymes
and antimicrobial lipopeptides (AMPs) which have strong antibacterial and antifungal properties
demonstrating its comprehensive antimicrobial potential. The B. safensis RE-24 isolate showed increased
seedling growth and seedling vigour index. The results revealed that B. safensis can be further explored for

1. Introduction

False smut is the reemerging disease in rice and incited by an
ascomycetous fungus Ustilaginoidea virens (Cooke) (Fan et al.,
2016). U. virens produces hazardous mycotoxins, specifically
ustiloxins (A, B, D, F, and E) and ustilaginoidins which has high
impact in human health and causes yield loss up to 75%. Ustiloxins
are water-soluble cyclopeptides that inhibit eukaryotic cell mitosis,
making them both phytotoxic (inhibiting plant seed germination)
and toxic to animals and humans whereas ustilaginoidins are fat-
soluble pigments that are also toxic (Malathi and Gopinath, 2023).
The chlamydospore survives in soil as well as seed throughout the
season. Losses are both qualitative and quantitative. The chaffiness,
reduction in test weight and spikelet sterility is due to infection.
Major rice-growing states in India have reported severe cases of the
disease since 2001 (Mandhare et al., 2008).

The infection noticed during mid-October and severe during the dough
and flowering stage. The pathogen infects stamen of the filament and
colonizes the entire individual flowers called “False smut” (Nessa et
al., 2015). With the changing climate in India, false smut in rice has
become a serious issue for certain rice varieties, leading to less yield
(Tang et al., 2013). Disease development is facilitated by temperatures
between 25°C and 30°C, high relative humidity followed by
intermediate rain (Hegde et al., 2000).
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False smut disease in rice can cause yield loss of 1 to 75%.
Indiscriminate use of nitrogenous fertilizers and using high-yielding
cultivars favors the disease development (Zhou et al.,, 2014). It
produces mycotoxins like ustiloxins and ustilaginoidins from the
infected rice florets. U. virens preferentially attacks rice stamens
(Zhou et al., 2014). It colonizes in filaments and pollen tubes making
infertile ovary and blocking nutrient transport (Wang et al., 2016).

In recent years, host-associated microorganisms to manage plant
diseases offers an environmentally friendly and safe approach.
Endophytes are a strategic approach for mitigating biotic and abiotic
stresses. It effectively produces bioactive chemical compounds. This
created an opportunity to decrease pesticide usage and achieve
sustainable agricultural production (Shahzad et al., 2016).
Endophytic microorganisms can effectively manage plant diseases
by targeting both host-specific and non-host-specific pathogens
through their mutual relationship, leading to sustainable development
(Hardoim et al., 2012). The endophytes can be substitute to fungicides
to manage diseases. On perusal of the literature and evidence in
commercialized products of bioagent, it is clear that several
endophytes were isolated and evaluated against False smut. The
endophytes are versatile multifaceted organisms having antagonistic
potential against major diseases of the rice ecosystem. In this regard,
the exploitation of endophytes will help to manage the disease in an
environmentally safe approach and increase grain yield.

2. Materials and Methods

2.1 Isolation and characterization of pathogen

The young smut balls were gathered from infected rice fields and
surface sterilized for one minute in 2% NaOCI and then rinsed in
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70% ethanol for thirty seconds. After three rinses with sterile water,
the surface-adhering disinfectant substance were dried in sterile filter
paper. Using a sterile scalpel the smut balls was sliced and the tissue
was kept in potato sucrose agar medium for four to five days at
28 + 2°C. Hyphal tip was subcultured into a fresh medium as a pure
culture and further stored at -20°C (Ladhalakshmi et al., 2012).

The mycelia of completely grown plates were scraped using
a sterilized needle and placed in the sterile pestle and motor and the
mycelium was crushed using 1ml of 10% CTAB buffer for DNA
isolation (Liu et al., 2011). ITS-1F and ITS 4R primers were used to
determine the molecular confirmity of the fungal pathogen. After
purifying and sequencing the amplified PCR product (422 bp), the
gene sequence was blasted in the NCBI database and compared.

2.2 Bacterial endophyte isolation

The rice seed samples gathered from different rice growing areas
were pooled together for each traditional rice variety and used for
isolation (Elbeltagy et al., 2000). The seeds were disinfested in 2%
NaOCl and then rinsed in 70% ethanol and sterile water. The surface-
sterilized seed samples were crushed in a sterile pestle and mortar
using phosphate buffer solution. After serially diluting samples, one
milliliter was transferred to tryptic soy agar medium and one milliliter
of water wash was used a blank control. Each morphologically unique
colony was separated and kept at -20°C in a glycerol stock.

2.3 Screening of endophytes against U. virens

The biocontrol effectiveness of endophytes was investigated in vitro
against U. virens by dual culture method (Dennis and Webster, 1971).
The endophytes were selected based on fungal mycelial growth of
U. virens. The percentage inhibition zone was computed and
statistically analysed.

The per cent inhibition zone was calculated and statistically anlysied
(Gomez and Gomez, 1984):

%100

PIZ =

PIZ- per cent inhibition zone, pathogen’s mycelia growth (mm) in
control plate is represented by C, while its growth in the presence of
endophytes is represented by T.

2.4 Characterization of Endophytes

Bacterial endophytes that were 24 to 48 h old were put through to
biochemical tests and their morphological features were examined
using Gram staining (Aneja, 2007).

2.5 Screening of endophyte for hydrolytic enzymes and growth
promoting activity

The production of hydrolytic enzymes, viz., amylase (Alexander
and Zuberer, 1991), protease (Jamali et al., 2020), cellulase (Ariffin
et al., 20006), lipase (Hankin and Anagnostakis, 1975) by endophytic
bacterial isolate were tested under in vitro condition. Similarly
ammonia utilization (Jamali et al., 2020), IAA Production (Siva et
al., 2024), siderophore production (Elgazzar, 2017) were assessed
under in vitro condition by the endophyte.

2.6 Assessment of growth promoting activity of endophytes by
paper towel method

The ability of endophyte to promote growth was assessed by paper
towel method. Seeds were immersed in culture for 2 h and placed in
germination paper. Vigor index was calculated on 7" day (Abdul-
Baki and Anderson, 1973).

Vigor index = Germination (%) x Mean seedling length (Shoot +
Root cm).

2.7 Molecular characterization of endophyte and detection of
antimicrobial lipopeptides

Genomic DNA from effective endophyte was isolated by
the lysozyme method (Xu et al., 2020). The 16S rDNA region was
amplified using universal primers 27F and 1492R (94°C for 4 min,
35 cycles of 94°C for 1 min, 55°C for 1 min, 72°C for 2 min and
finally 72°C for 10 min) in thermocycler (Bio Rad). After purifying
and sequencing the amplified PCR product (1500 bp), the gene
sequence was blasted in NCBI database and compared Genomic
DNA of endophytic bacteria was used for the identification of genes
involved in antibiotic biosynthesis using gene specific primers. The
specific primers for iturin C, fengycin D and 1,3 glucanase (Baysal
et al., 2008), iturin D (Tsuge et al., 2001), bacilysin, bacillomycin A,
bacillomycin D and mycosubtilin (Chung ef al., 2008) were used to
detect antimicrobial lipopeptide genes as per conditions described
from the endophyte.

2.8 GC-MS based detection of secondary metabolites

The potential endophyte was used to extract the secondary crude
antibiotic metabolite. According to Ajilogba et al. (2013), the
endophyte was grown at 28 + 2°C in LB broth for 78 h under
constant shaking condition. The culture was mixed with ethyl acetate
(HPLC) and shaken constantly throughout the whole night. A vacuum
flask evaporator was used to dehydrate the solvent and methanol to
dissipate. Derivatization was used to process the samples. Samples
were dried fully for 3 h at 45°C in a concentrator. 50 pl of methoxamine
hydrochloride was used to derivatize the samples and kept for 2 h at
37°C in shaking water bath. After adding 80ul of N-Methyl-N-
(trimethylsilyl) trifluoroacetamide for 30 min at 37°C in a water
bath the mixture was centrifuged for 3 min at 10000 rpm and the
supernatant was used for GC-MS analysis at Department of Plant
Biotechnology, TNAU Coimbatore.

2.9 Statistical analysis

Duncan’s Multiple Range-Test (DMRT) was used to compare the
treatment means (Gomez and Gomez, 1984).

3. Results

U. virens was isolated from infected grains (Figure 1) and microscopic
observation showed septate mycelium with round yellow coloured
double walled Chlamydospore (Figure 2) in MAGNUS MLX-B
PLUS. ITS1 and ITS4 primers were used to validate the fungal
pathogens molecularly. The amplified PCR products of 422 bp
showed 98.53% identity with the U. virens isolate Uv5-US3-3E06
(0Q996290.1) in the NCBI database and submitted in gene bank U.
virens (PQ432827) (Figure 3).



Figure 1: U. virens isolated from infected smut grain balls in
the potato sucrose agar media.

Figure 2: Microscopic observation of U. virens with round yellow
coloured double walled Chlamydospore.
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Figure 3: Phylogram of U. virens generated based on ITS
sequence data.
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Rice seed samples (9 Nos.) were gathered from different regions of
Tamil Nadu, viz., Bhavanisagar of Erode District (11.23°N and
77.11°E) and Puthalam of Kanyakumari District (8.11° N and 77.46°
E). From the seed samples, forty bacterial endophytes were isolated
and renamed from RE-1 to RE-40 (Table 1).

Table 1: Endophytes from traditional rice

Traditional rice varieties No. of Names of
endophytes rice seed
isolated endophytes
microflora
(RE)
Oryza sativa L. (Karupukavuni) 8 1-8
Oryza sativa L. (Keerai samba) 4 9-12
Oryza sativa L. (Vellai milagu samba) 1 13
Oryza sativa L. (Kottara samba) 4 14-17
Oryza sativa L. (Sivan samba) 6 18-24
Oryza sativa L. (Attur kichilisamba) 3 25-27
Oryza sativa L. (Kotchi samba) 6 28-33
Oryza sativa L. (Arupathankuruvai) 5 34-38
Oryza sativa L. (Thuyamalli) 3 38-40

Forty seed-borne bacterial endophytes were evaluated against U.
virens under in vitro condition. Only three endophytes showed
antifungal activity. The isolate RE-24 showed higher per cent
inhibition of 59.05 % with fungal mycelial growth of 14.33 mm,
followed by RE-26 with 35.24% inhibition and 22.67 mm of mycelial
growth. The radial mycelial growth of 35 mm was recorded in control
plate (Figure 4). Endophytes that expressed maximum inhibition
(RE-24) was selected as an effective endophyte against U. virens for
further studies (Table 2).

Table 2: Evaluation of endophytes under in vitro

Effective Mycelial Inhibition
endophytes growth (mm) (%)
RE-12 24.00¢ 31.42°¢
RE-24 14.332 59.05*
RE-26 22.67° 35.24°
Control 35.00¢ 0
SCD 0.45142 1.28953
CD 0.83964 2.39853

The results revealed that the performance of isolate RE-24 was
significantly better when compared to other endophytic isolates.
Consequently, a comprehensive study of the isolate RE-24 was
performed. The isolate RE-24 showed series of dull creamy yellow
colour colony growth, with positive reaction in gram staining. The
isolate RE-24 exhibited positive reaction for the following tests,
viz., urease test, citrate utilization test, glucose utilization test,
protease production, ammonia utilization, IAA production test and
siderophore production, whereas methyl red test, voges proskauer,

cellulase production, lipase activity tests showed negative reaction
(Table 3).
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Table 3: Biochemical and plant growth promoting activity test

Treatments B. safensis RE-24

Gram staining Gram-positive

Urease test, citrate utilization test, Positive
glucose utilization test, protease
production, ammonia utilization,
IAA production test, siderophore

production

Methyl red test, voges proskauer
test, cellulase production test,
amylase activity

Negative

The effective endophytic isolate RE-24 was molecularly identified
by 16S rRNA. The amplified PCR products of 1055bp were
sequenced and blasted and showed 97.30% identity with the B.
safensis strain HBUAS78025 (PQ326613.1) and deposited to the
NCBI database with the NCBI Accession number (PP783470)
(Figure 5).

The roll towel method was carried out using germination paper for
assessing the efficacy of effective endophytes (RE-24) for growth
promotion. Isolate RE-24 was used to individually prime 25 seeds,
and an untreated control was used as a check. The B. safensis RE-24
isolate treated seedlings increased the seedling growth, germination
percentage and seedling vigour index (Table 4).

(A)

(<)

A. Control, B. RE-24, C. RE-12, and D. RE-26

(B)

(D)

Figure 4: In vitro screening of endophytes against U. virens.

Table 4: Effect of B. safensis RE-24 in plant growth promotion

Treatments B. safensis RE-24 Control
Shoot length (cm) 3.98 3.45
Root length (cm) 11.72 10.85
Total height (cm) 15.07 14.30
Germination (%) 96 91
Vigour index 1446.53 1301.66

Antibiotic genes including bacillomycin A (344 bp), fengycin D (220
bp), iturin D (800 bp), and iturin C (506 bp) were amplified by B.
safensis RE-24. The endophytes metabolites have high inhibitory
activities against many plant pathogenic microorganisms. The
experiment was conducted with one common control and endophytes
RE-24. The endophyte isolate B. safensis RE-24 obtained 76
compounds, of which 93.42% were unique compound of endophyte
RE-24, when compared with control and 6.57% compound showed
similarity with the control. Out of the unique compound 28.16%
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shows antibacterial, antifungal and antioxidant activity, remaining  retention time, followed by 1-(+)-Ascorbic acid 2,6-dihexadecanoate
71.83 has no report of such activity and hence it considering novel ~ 2.87% area and retention time 25.792 (Table 5). n-Heptylamine, N-
compound of that bacteria. 2,5-Piperazinedione, 3,6-bis(2-methyl-  acetyl-1-cyano has the lowest area percentage of 0.07 and a retention
propyl) showed maximum area percentage of 12.57% with 32.422  time of 29.032 (Figure 6).

d'ﬂ' Bacillus safensis(KX891539.1)
W Bacillus safensis(PV256220.1)

?FBacillus safensis(PQ326613.1)

g Bacillus sp. (in: fimmcutes)}(0OQ719248.1)
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Figure 5: Phylogram of B. safensis generated based on 16S ribosomal RNA gene sequence data.
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Figure 6: Chromatogram graph of GC-MS.
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Table 5: GC-MS results for B. safensis RE-24 isolate

Compound R/T Area % Type of compound | Activity Structure Reference
1-(+)-Ascorbic 25.792 2.87 Polyphenolic Antimicrobial HO_ OH Khatri et al., 2016
acid 2,6-dihex- compounds activities 1Bc:,:’l"c;/
adecanoate 13¢ H‘1 30/ 1 \C
HO M3 N =g

A

OCH
2,5-Piperazine- 32.422 12.57 Peptide Antifungal : Srivastava et al.,
dione, 3,6-bis activity 2017
(2-methyl- O\/’l") 1
propyl)- .

4. Discussion

In the present scenario, false smut (U. virens), is the reemerging
threat to rice cultivation (Mew et al., 2002). Fungal pathogen false
smut (U. virens) was confirmed using ITS 1 and ITS 4 primers and
the amplified product size of more than 560 bp was sequenced,
compared and submitted with Accession numbers U. virens
(PQ432827).

The host-associated endophytes enhance the plant health. The
bacterial endophytes enter the seed in different ways. The bacteria
colonization takes place through nematodes, pathogenic chemotaxis,
or the degradation of cell walls (Elbeltagy et al., 2000). The bacterial
root colonization enters into the vascular bundle, then spreads entire
plant tissue, and finally enters into reproductive parts in the
connection of vascular through funiculus and chalaza into endosperm
via micropyle (Malfanova et al., 2013).

The seed core endophytes were collected from different rice
ecosystems of Erode, and Kanyakumari districts in Tamil Nadu.
Forty endophytes were isolated from traditional rice varieties, viz.,
attur kichili samba, karupukavuni, sivan samba, vellai milagu samba,
Thuyamalli, kotchi samba, keerai samba, kottara Samba, and
arupathankuruvai. Seed endophytes from rice endosphere were
explored for shaping resistance against plant pathogens (Walitang et
al., 2017; Matsumoto et al., 2021).

The endophyte B. safensis RE-24 isolate showed high antifungal
action by inhibiting the mycelial growth false smut (59.04%) under
in vitro screening. Endophytic Bacillus spp. and Pseudomonas
spp. showed high antifungal for P. oryzae in rice (Do, 2022) and B.
safensis showed high inhibition to P oryzae (Rong et al., 2020).
Similarly Bacillus spp. expressed high antifungal activity for rice
false smut disease (Pandey ef al., 2024).

The morphology of RE-24 showed creamy yellow color morphology
in the gram staining experiment. The biochemical tests were
performed to distinguish the various categories of bacteria. Urease
converts urea into ammonia and carbon dioxide and ammonical form
of nitrogen is absorbed by plants (Bahmani ez al., 2021). Endophytes
ferment glucose and transform the final product of glycolysis into
gaseous byproducts such as formic acids, releasing hydrogen and
carbon dioxide gas. Urease test was performed to study the ability
of the bacteria to break down the urea in another form of nitrogen for
easy uptake by the plants.

The isolates RE-24 exhibited positive reaction for urease test, citrate
utilization test, glucose utilization test, protease production, ammonia
utilization, IAA production test and siderophore production,

whereas methyl red test, voges proskauer, cellulase production,
amylase activity tests showed negative reaction. Similar reaction
for biochemical tests were described (Kumar et al., 2020 ; Manias et
al., 2020; Kobayashi and Palumbo, 2000).

Molecular identification of bacteria isolate RE-24 were done using
16s tRNA primers by the amplification size of 1055 base pairs.
The results revealed isolate RE-24 matched with B. safensis and
deposited with NCBI Accession number (PP783470) in NCBI
database. The similar methods were used for characterization of
entophytes (Kumar et al., 2020; Rong et al., 2020; Sirivella et al.,
2024). Cellulase, amylase, protease, and lipase are extracellular
hydrolytic enzymes produced by the bacteria that support plant
growth and prevent disease activity (Jamali et al., 2020). The
endophytic bacterial isolate RE-24 exhibited positive reaction for
only protease activity and negative reaction for amylase and cellulase
activity. Extracellular protease enzymes produced by B. subtilis
increased resistance to Ralstonia solanaceraum (Prihatiningsih et
al., 2021). Enzymatic activity of Bacillus spp. was explored against
dry root rot in glory lily and sheath blight of rice (Dhanabalan ef al.,
2024; Jamali et al., 2020). Similarly protease activity of B.
licheniformis was studied (Sonune and Garode, 2018). Bacillus spp.
showed cellulase, protease activity against Fusarium oxysporum f.
sp. lycopersici (Ayantola and Fagbohun, 2021), hydrolytic action of
B. lichiniformis and Bacillus spp. showed inhibitory activity against
disease in fruit trees and forest trees (Ajuna et al., 2023). Production
of extracellular enzyme by microbes have wide potential role in the
field of agriculture and other food and beverage industries.

The effective endophytes B. safensis RE-24 produced indole acetic
acid, ammonia utilization, and siderophore activity. Plant growth
and development activities were greatly enhanced by the production
of phytohormones. Endophytes enhanced the growth-promoting
activity in crops like tea (Kabir et al., 2023), tomato (de O. Nunes
et al., 2023), groundnut (Archana et al., 2020), sugarcane (Mendes
etal., 2007)and rice (Sirivellaet al., 2024). The biostimulant activity
viz., Indole acetic acid, ammonia utilization activity, and siderophore
production were depicted (Kumar et al., 2020; Siva et al., 2024).
Endophytes improved the uptake of nutrients and enhanced
colonization in plant tissue. Ammonia utilization by bacteria increases
the chlorophyll content to boost up plant growth. Pseudomonas
aeruginosa produces siderophores to prevent chili root rot and fruit
rot. Siderophores are involved in both the biocontrol mechanism and
promote plant development (Chandra et al, 2010). Bacillus spp.
reduced the infections of R. bataticola, M. phaseolina and F. udam in
soybeans. (Govindasamy et al., 2011). Pseudomonas spp. against
sheath rot (Surya et al., 2020). The endophyte B. safensis RE-24



increased the seedling growth. B. licheniformis and B. subtillis
produced IAA and increased the growth of tomato (de O. Nunes et
al., 2023). Similar studies on growth promotion using Bacillus spp.
have been reported in chickpea (Jana et al., 2022) and cowpea (Siva
etal., 2024).

Antimicrobial peptides have antifungal and antibacterial activity
against a variety of pathogens (Dhanabalan ef al., 2024; Kavitha et
al., 2025). B. safensis RE-24 amplified antibiotic genes such as iturin
D (800 bp), iturin C (506 bp), fengycin D (220 bp), bacillomycin A
(344 bp). PCR-based detection for the presence of lipopeptide genes
in Bacillus spp. was reported (Ramyabharathi and Raguchander,
2014). B. safensis B21 produced iturin with high antifungal action
(Rong et al., 2020). Iturin and bacilysin produced by Bacilius spp.
decreased the prevalence of soil-borne diseases of pepper and
cucumber (Chung et al., 2008). Bacillus spp. produced iturin and
fengycin which showed antifungal action against rice blast (Lam et
al., 2021). Bacilius have the high antibiotic activity against
Xanthomonas through the production of metabolite, viz., iturin,
bacillomycin D and surfactin (Kumar et al., 2020). Iturin and
bacillomycin has strong metabolic activity against R. solani (Gond et
al., 2015). Similarly, iturin, surfactin, and b glucanase activity
were reported in Bacillus spp. which have high antimicrobial activity
against dry root rot in Gloriosa superba (Dhanabalan et al., 2024).
Mora et al. (2015) reported that Bacillus produced cyclic lipopeptide
genes, viz., iturin, bacillomycin, fengycin, and surfactin shows anti-
bacterial activity against plant pathogenic bacteria.

The secondary metabolite produced by endophytic bacteria had
high antifungal and antibacterial activities. Reports on synthesis of
strong antifungal compounds by Bacillus spp. was explored against
M. phaseolina (Manikandan et al., 2022), Fusarium oxysporum
(Harish, 2022), Sclerotium rolfsii (Ramyabharathi and Raguchander,
2014), Sclerotinia sclerotiorum (Vinodkumar et al., 2017), Pythium
aphanidermatum, and Rhizoctonia solani (Vinayarani and Prakash,
2018). Sarocladium oryzae (Kaviyarasan et al., 2025).

The secondary active metabolites secreted by B. safensis RE-24
isolate includes Benzeneacetic acid, Hydrocinnamic acid, Pyrrolidine,
1-(cyanoacetyl)-, 1-Dodecanol, 2,4-Di-tert-butylphenol, Succinyla-
cetone-meto-TMS(3), 1-Heptadecene, Cyclo(L-prolyl-L-valine), 1-
(+)-Ascorbic acid 2,6-dihexadecanoate, 3,6-Diisopropylpiperazin-
2,5-dione, 7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9-dien, n-
Hexadecanoic acid, Eicosane, n-Heptylamine, N-acetyl-1-cyano-,
13-Docosenamide, (Z)-, 9-Octadecenamide, (Z)-, 2,5-
Piperazinedione, 3,6-bis(2-methylpropyl)-, Octadecanoic acid,
Cyclo(prolyltyrosyl), Brevianamide F. Secondary active metabolites
has high antifungal, antibacterial, antiviral, antimicrobial activities,
antioxidant activity and nematicidal activity against plant pathogenic
microbes (Srivastava et al., 2017; Kaviyarasan et al., 2024). Bacillus
spp. produced high antifungal and antibacterial compounds against
R. solani (Sirivella et al., 2024), Alternaria sp. and Helminthos-
porium sp (Soliman et al., 2022), Sclerotinia sclerotiorum and
Fusarium oxysporum (Dos Santos ef al., 2023) and P, oryzae (Saleh,
2018).

B. safensis has the potential to be used for a variety of purposes,
including disease management, industrial use, and improving plant
nutrition. It proved that employing beneficial microbes to manipulate
hosts can help reduce plant stress.
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5. Conclusion

Research on rice endophytes B. safensis in particular shows how
important they are in preventing false smut caused by U. virens.
This study shows that endophytes not only have potent antifungal
activity but also promote plant growth by secreting siderophores,
producing growth-promoting hormones including indole acetic acid,
and absorbing nutrients.
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