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Abstract

Dry root rot caused by Macrophomina phaseolina is an emerging and highly destructive disease responsible for significant
yield losses in groundnut production, particularly in semi-arid tropics regions of the world. The present study aimed to
isolate, characterize and evaluate the antagonistic efficacy of bioagents against M. phaseolina via in vitro methods (dual
culture, inverted plate and culture filtrate assays) and talc-based formulations of potential Trichoderma and Bacillus iso-
lates under in vivo conditions. A total of sixteen isolates of each fungal and bacterial bioagents were isolated and screened
for their inhibitory effects against M. phaseolina. Among these, five Trichoderma isolates (PNTO1, PNTO05, PNTOS,
PNTI11 and PNT16) and five Bacillus isolates (PNBO1, PNBO5, PNB10, PNB13, and PNB16) exhibited the highest level
of mycelial growth inhibition under in vitro conditions. Molecular characterization revealed that four 7richoderma isolates
(PNTO1, PNTOS, PNT10, and PNT16) were closely related to Trichoderma harzianum species complex, and PNT14 was
identical to 7. virens. Similarly, the Bacillus isolates PNBO5 and PNB10 have similarities with Bacillus subtilis, PNB03
(B. oceanisediminis), PNB13 (B. pacificus), and PNB16 (B. cereus). In the culture filtrate assay, PNTO05 (7. harzianum
species complex) and PNB10 (B. subtilis) exhibited highest mycelium growth inhibition of M. phaseolina. Field results
revealed that the seed treatment combined with soil application of T. harzianum species complex resulted in the maximum
reduction in disease inhibition and significant improvement in plant-growth and yield parameters such as germination
percentage, shoot length, root length, number of root nodules per plant, number of pods per plant and pod yield followed
by seed treatment combined with soil application of B. subtilis. These findings indicate that 7. harzianum species complex
and B. subtilis may be used as potential biocontrol agents against M. phaseolina, which favours the eco-friendly manage-
ment of groundnut dry root rot disease.
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Introduction

Groundnut (Arachis hypogaea L.) is an important oilseed
and food crop, widely cultivated in semi-arid tropics (SAT)
regions of the world, predominantly by small and marginal
farmers under rainfed conditions (Kadiyala et al. 2021). It is
arich source of proteins, essential minerals such as calcium,
zinc, magnesium, iron, phosphorus as well as vitamins B
and E, along with some biologically active compounds
including polyphenols, flavonoids and isoflavones (Des-
mae et al. 2018). India ranks second after China in both
area and production of groundnut, with a cultivated area in
India is 5.7 M ha, an annual production of 10.13 MT and a
productivity of 1.77 t ha”!. The major groundnut producing
states in Indian include Gujarat, Andhra Pradesh, Rajasthan,
Karnataka, Madhya Pradesh, Tamil Nadu, Maharashtra and
Telangana (Directorate of Economics and Statistics 2023).
Groundnut production is frequently challenged by various
biotic stresses such as diseases and pests, which can sig-
nificantly reduce both yield and quality (Kumar et al. 2020).
Among diseases, dry root rot caused by the soil-borne patho-
gen Macrophomina phaseolina (Tassi) Goid is one of the
most destructive diseases, affecting the crop all the growth
stages (Khan et al. 2018) causing yield losses of up to 30%
in groundnut (Khan et al. 2017), under favourable condi-
tions like high temperature, low soil moisture, and high
humidity (Gaige et al. 2010). Long periods of drought and
soil temperature intermingled with rains create favourable
conditions for disease development (Babu et al. 2007). The
fungus is a facultative saprophyte that survives as sclerotia
in infected soil for up to 15 years (Kaur et al. 2012), and is
disseminated via plant debris, soil, and infected pods. The
wind borne pycniospores also act as potential disseminating
agents for the pathogen (Mahendra et al. 2022).
Management of M. phaseolina is challenging due to its
soilborne nature and its propagules are distributed randomly
in the soil, it is difficult to be control via fungicides (Degani
et al. 2023). Moreover, fungicides are effective only on the
active metabolic stage of the pathogen and not on the rest-
ing structures (Karthikeyan et al. 2006). The application of
chemical fungicides in soil is expensive, highly employed,
haphazardly applied and easy to utilize, which causes envi-
ronmental deterioration and is deleterious to nontarget
microflora, and development of resistant pathogen strains
(Rafiq et al. 2024). Sustainable agriculture requires to use
of effective, economical, safe, and compatible strategies
for disease management. Bioagents are feasible, have great
potential to ameliorate environmental hazards, reduce the
chances of resistance in pathogen and provide the best inte-
grated disease management strategies to reduce yield losses
caused by fungal pathogens (Igbal and Mukhtar 2020).
Among fungal and bacterial bioagents, Trichoderma species
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and Bacillus species are the most prominent and effective
mycoparasites against different soil borne fungal pathogens
have been frequently reported (Ali et al. 2020; Zohaib et
al. 2024). Trichoderma spp. and Bacillus spp. are naturally
occurring soil microbes that colonize roots, compete with
pathogens for nutrients, inhibit pathogen growth, and stimu-
late plant growth (Khaledi and Taheri 2016). Trichoderma
species thrives in diverse soil habitats with high popula-
tion densities and survives various unfavourable conditions
(El-Benawy et al. 2020). It can produce diverse antimicro-
bial compounds, such as trichomycin, chlorotrichomycin
and antimicrobial peptides (Marquez et al. 2021). Beyond
suppressing pathogens, Trichoderma elicits plant systemic
resistance, boosting local and systemic defences (Shafqat et
al. 2026). Similarly, Bacillus species endure adverse envi-
ronments by forming endospores (Rangel-Montoya et al.
2022). They synthesize antibiotics, toxins, siderophores,
and lytic enzymes, while stimulating systemic resistance
and plant growth (Khan et al. 2021).

The efficacy of bioagents against M. phaseolina, the
causal agent of dry root rot has been documented in vari-
ous crops by earlier workers, notably in chickpea (Manju-
natha et al. 2011), blackgram (Latha et al. 2017), sesame
(Adhikary et al. 2019) and soybean (Dhawan et al. 2019).
The integration of bioagents with chemicals and organic
amendments has been reported to reduce disease incidence
while improving crop growth and yield (Shafqat et al.
2026). Similarly, Thilagavathi et al. (2007) reported that the
combined use of B. subtilis and T. harzianum significantly
suppressed M. phaseolina and improved disease resistance
in greengram. Seed treatment with talc-based formulations
of potential antagonistic fungi and bacteria reduced the inci-
dence of root rot and improved the groundnut yield (Ramesh
and Korikanthimath 2010). However, limited information is
available on the combined application of seed treatment and
soil application of Trichoderma spp. and Bacillus spp. for
managing dry root rot disease in groundnut. Moreover, the
use of native antagonistic strains isolated from groundnut
rhizosphere may enhance the disease control efficacy, since
native strains perform better in rhizosphere than the exotic
strains do (Chenniappan et al. 2019). The present study
aimed to explore the potential biocontrol efficacy of Tricho-
derma spp. and Bacillus spp. isolated from the groundnut
rhizosphere of surveyed locations in southern India. The
most effective Trichoderma and Bacillus isolates identified
through dual culture, metabolite production, and culture fil-
trate assays against the virulent isolate of M. phaseolina,
were characterized to the species level via universal primers.
Furthermore, talc-based formulations of potential Tricho-
derma and Bacillus isolates were evaluated for their efficacy
as seed treatment and soil application against groundnut dry
root rot disease under field conditions.
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Materials and methods

The present investigations were carried out at the Interna-
tional Crops Research Institute for the Semi-Arid Trop-
ics (ICRISAT), Patancheru, Telangana, India, from year
2019-2023.

Isolation of the dry root rot pathogen M. phaseolina

The pathogen M. phaseolina (Tassi) Goid was isolated
from dry root rot infected groundnut plants collected from
groundnut growing areas of southern India viz. Andhra
Pradesh, Telangana, Karnataka, and Tamil Nadu, were iden-
tified and confirmed by morphological, pathological and
molecular characterization in previously published work
(Pamala et al. 2023). The virulent isolate GRB 52 was uti-
lized in the present work.

Isolation and identification of biocontrol agents
from the groundnut rhizosphere

Soil samples were collected from the groundnut rhizosphere
during a disease survey (southern India). In each field, five
randomly selected healthy groundnut rhizosphere soil sam-
ples from the surface (10-20 cm) layer were collected and
composited, placed in plastic bags, transported to the labo-
ratory and used for Trichoderma and Bacillus isolation.

Ten grams of rhizospheric soil was transferred to a 250 ml
Erlenmeyer flask containing 100 ml of sterile distilled
water and kept on a rotary shaker at a speed of 150 rpm for
30 min; after thorough shaking, the suspension was used
to isolate bioagents via the soil dilution plate method. The
suspensions were further diluted to 10~ (Aneja 2022). For
Trichoderma spp. isolation, 1 ml of each aliquot was inocu-
lated via the spread plate method on Petri plates contain-
ing Trichoderma selective medium (HiMedia), incubated
for seven days at 28+2 °C and observed for fungal growth
at regular time intervals. Colonies with characteristics of
Trichoderma spp. were subcultured on potato dextrose agar
(PDA) and identified on basis of morphological character-
istics like colony and spore morphology. For Bacillus spp.
isolation, one ml of each aliquot was poured onto petri plates
containing Bacillus differentiation agar medium (HiMedia).
The plates were gently rotated clockwise and anticlockwise
for uniform distribution, incubated at 28 +2 °C for 48 h and
observed for bacterial growth. Rough colonies with waxy
growth and irregular spreading edges were subcultured on
nutrient agar used for identification and confirmation via
Gram staining and microscopic observation (100x).

Antagonistic effects of Trichoderma and Bacillus
strains on the mycelial growth of M. phaseolina.

Dual culture antagonistic assay

The in vitro inhibition of the mycelial growth of M. phaseo-
lina by the Trichoderma isolates was evaluated via the dual
culture technique described by Meena et al. (2017). Myce-
lial discs (6 mm) from colony margins of actively growing
3-days old culture was placed 10 mm away from the periph-
ery of PDA containing Petri dishes (90 mm) and same sized
mycelial disc of three-day-old test pathogen was placed on
the opposite side of Trichoderma isolate. Similarly, Bacil-
lus isolates were streaked 10 mm away from the periphery
of Petri dish, opposite side to test pathogen (Samaras et al.
2021). In the control plates, only mycelial discs of M. pha-
seolina were inoculated and three replications were main-
tained. The Petri dishes were incubated at 28 +2°C until the
radial growth of the test pathogen reached 90 mm in control
Petri dishes. The percent inhibition of mycelial growth of
the pathogen over the control was calculated via the follow-
ing formula (Vincent 1947).

Effects of antifungal volatile organic metabolites

An inverted plate assay or paired plate assay was used to
evaluate the effects of volatile organic compounds released
by both Trichoderma and Bacillus isolates on the mycelial
growth of M. phaseolina (Meena et al. 2017). A Petri dish
containing PDA inoculated with a 6 mm mycelial disc of
the test pathogen was inverted over a plate containing a
6 mm mycelial disc of each Trichoderma isolate. A Petri
plate containing NA medium was inoculated with a loopful
of 2-day-old culture of each Bacillus isolate. These plates
were sealed with parafilm to prevent the volatile compounds
from escaping. The control consisted of a test pathogen plate
upturned and positioned over an uninoculated PDA plate
(no antagonist). The experiment was conducted in triplicate
and paired plates were incubated at 28+ 2 °C. After the incu-
bation period, the mycelial growth of the test pathogen was
inhibited in the paired plates, and the percent inhibition of
the test pathogen was calculated.

Antagonistic assay of culture filtrates of
Trichoderma and Bacillus isolates

Trichoderma and Bacillus isolates showing considerable
antagonistic activity in dual culture and inverted plate
assays were selected for the culture filtrate assay. The
food poisoning technique was used to evaluate the effects
of Trichoderma and Bacillus culture filtrates on the radial
growth of M. phaseolina (Dugassa et al. 2021). The selected
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Trichoderma isolates were cultured in a 250 ml conical flask
containing 100 ml of potato dextrose broth (PDB) medium,
incubated for eight days at 28+2 °C on an incubator shaker
(150 rpm) and filtered through sterilized filter paper (What-
man No. 1) to remove mycelial mats. The culture filtrate
was centrifuged at 10,000 rpm (Sorvall RC-5B, GS-3 rotor,
DuPont Instruments, Newton, CT, USA) for 15 min, and the
obtained supernatants were filtered under laminar flow using
0.45 pm sterile membrane filters (Merck Millipore, Ireland)
in sterilized breakers. Similarly, the Bacillus isolates were
inoculated in nutrient broth and incubated for 5 days in a
shaking incubator at 150 rpm. The culture was filtered with
Whatman No. 1 filter paper, centrifuged at 10,000 rpm for
15 min and passed through 0.45 pm sterile membrane filters
to obtain the cell free filtrate.

Three different concentrations (10%, 25%, 50%) of cul-
ture filtrate were prepared and poured into molten PDA
medium containing 250 ml sterilized flasks. Approximately
20 ml of medium mixed with different concentrations was
poured into 90 mm Petri dishes and the actively growing
6 mm mycelial plugs of M. phaseolina were inoculated at
the centre of the Petri dishes. PDA plates inoculated with
pathogens without culture filtrates served as controls. Three
replications were maintained for each concentration and
incubated at 28+2 °C. The percent inhibition of mycelial
growth of M. phaseolina was calculated.

Molecular characterization of Trichoderma spp. and
Bacillus spp.

The fungal isolates were grown in test tubes containing
PDB (HiMedia) for 3 days at 28+2 °C at the 45° slant posi-
tion, and mycelia were recovered via sterile glass rods. The
genomic DNA was isolated using the CTAB method accord-
ing to Murray and Thompson (1980). The rDNA-ITS region
was amplified using 100 ng of genomic DNA and employ-
ing universal fungal primers (Integrated DNA Technologies,
Coralville, US) namely, ITS1 (5'-TCC GTA GGT GAA
CCT GCG G-3") and ITS4 (5'-TCCTCCGCTTATTGATA
TGC-3") (White et al. 1990), PCR products were electro-
phoresed, purified, and sequenced as described previously
(Pamala et al. 2023).

The bacterial genomic DNA was extracted according
to Sharma and Singh (2005). The five isolates were grown
in 100 ml conical flasks containing 50 ml of Luria-Bertani
(LB) broth (HiMedia) for 24 h at 28+2 °C in a shaker. Two
millilitres of culture broth was transferred to 2 ml Eppendorf
tubes and centrifuged at 12,857 g for 2 min. The supernatant
was discarded, and the pellet was dissolved in 567 pl of TE
(1 M Tris—HCI buffer and 0.5 M EDTA; pH 8) buffer by
repeated pipetting. Thirty microlitres of 10% SDS and 3 pl
of 20 mg/ml proteinase K were added, mixed thoroughly
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and incubated for 1 hat 37 °C, 100 pl of 5 M NaCl and 80 pl
of CTAB/NaCl solution were added, mixed thoroughly, and
incubated in a water bath at 65 °C for 45 min with gentle
shaking intermediately by hand for 30 s. An equal volume of
phenol: chloroform: isoamyl alcohol (25:24:1) was added,
and the mixture was gently mixed to denature the proteins
and centrifuged at 12,857 g for 10 min. The supernatant was
transferred to new 2 ml centrifuge tubes and an equal vol-
ume of chloroform: isoamyl alcohol (24:1) was added, gen-
tly mixed, and centrifuged at 12,857 g for 10 min. The DNA
was precipitated with 0.6 volume of chilled isopropanol and
0.1 volume of 7.5 M ammonium acetate and centrifuged at
18,514 g for 15 min. The DNA pellets were washed twice
with chilled 70% ethanol, dried at room temperature, resus-
pended in 100 pl of sterile TE buffer and stored at -20 °C.
The DNA pellet was dissolved in 100 pl of sterile TE buffer
and stored at -20 °C.

The 16S rRNA region was amplified via the universal
bacterial primers 27-F (5'- AGAGTTTGATCCTGGCT
CAG —3') and 1492-R (5'- TACGGTTACCTTGTTAC
GACTT —-3') (Kalam et al. 2020). For this, 2X PCR Taq
Master mix (Applied Biological Materials, Richmond,
Canada) containing dNTPs, DNA polymerase, buffer and
MgCl,, primers (Integrated DNA Technologies, Coralville,
US) and nuclease-free water were used. The PCR thermal
cycler (Bio-Rad, California, US) reaction contained 50 ng
of genomic DNA, 1X PCR Taq Master mix and 0.25 pM of
each primer (27-F and 1492-R) in a 30 pl reaction volume.
The PCR program was, one cycle at 94 °C for 5 min, 35
cycles at 94 °C for 1 min, 55 °C for 1 min, and 72 °C for
2 min and one cycle at 72 °C for 5 min and then held at
4 °C. The PCR products were analysed on 1.5% agarose
gel electrophoresis for 90 min at 60 V in 1X TAE buffer
(40 mM Tris base, 20 mM Acetic acid and 1 mM EDTA),
stained with ethidium bromide and photographed by using
a Gel Documentation System (Bio-Rad, California, US).
PCR amplicons were purified via a NucleoSpin Gel and
PCR clean-up kit (Macherey-Nagel, Diiren, Germany) and
sequenced at the University of Hyderabad. The sequences
were analyzed using BioEdit Sequence Alignment Editor
v7.2.5 and deposited in the GenBank (NCBI) database.

For phylogenetic analysis, a nucleotide Basic Local
Alignment Search Tool (BLASTn) was used for fungal
isolates (ITS rDNA) and bacterial isolates (16S rRNA)
sequences. The references sequences (RefSeq) with the
highest similarity with the corresponding sequences were
downloaded and aligned with ClustalW, and phylogenetic
tree was constructed via Molecular Evolutionary Genetics
Analysis Version 11 (MEGA11) (Tamura et al. 2021).
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Preparation of talc-based formulations of bioagents

Talc-based formulation of the potential isolate 7. harzia-
num species complex PNTO05 was prepared as described by
Mukherjee et al. (2014). Mycelial discs of 3-day-old actively
growing culture of Trichoderma isolate PNTOS was inocu-
lated into PDB and incubated for seven days at 28+2°C on a
rotary shaker at 150 pm. One kg of talc powder mixture con-
tained ten grams of carboxymethyl cellulose (CMC), 1 kg of
talc powder (montmorillonite), and 15 g of calcium carbon-
ate (CaCos), and the mixture was autoclaved for 30 min at
121°C. After seven days, 200 ml of PDB medium (spore
suspension containing 2 x 108 CFU/ml) were mixed with the
talc mixture and dried under aseptic conditions. Similarly,
talc-based formulation of the potential isolate B. subtilis
PNB 10 was prepared by following the method described by
Nandakumar et al. (2001). A loopful culture of a potential
isolate B. subtilis PNB 10 was inoculated into sterilized NB
medium and incubated in a rotary shaker (150 rpm) for 72 h
at 28=+2 °C. After 72 h, 400 ml of bacterial broth suspension
containing 1 x 10° CFU/ml and 1 kg of talc powder mixture
were mixed under aseptic conditions. The dried talc powder
was packed and used for field experiments. Talc-based for-
mulation of T. harzianum species complex and B. subtilis
were prepared 15 days before field application to multiply
on farmyard manure (FYM) and contains>2 x 10’ CFU/gm
and > 1 x 10% CFU/gm, respectively, with no contaminations
at 8% moisture content.

Mass multiplication of M. phaseolina

Mass multiplication of M. phaseolina was done by using
sorghum grains. The grains were soaked overnight and air
dried at room temperature to remove excess moisture. Sub-
sequently, 250 g of grains were placed in polythene bags
and sterilized twice in an autoclave at 121°C for 15 min at
15 1b psi. After cooling, actively growing mycelial discs of
M. phaseolina were aseptically inoculated under a laminar
airflow chamber and incubated at 28+2 °C for 15 days in a

Table 1 Detail of bio-agents used under field conditions

Treatment Details of Treatments

T1 Seed treatment (ST) with 7. harzianum species
complex

T2 ST with B. subtilis

T3 Soil application (SA) with T. harzianum species
complex

T4 SA with B. subtilis

T5 ST+ SA with T. harzianum species complex

T6 ST+ SA with B. subtilis

T7 Seed treatment of tebuconazole (2 DS @ 1.5 g/kg)

T8 Untreated control

Where seed treatment @ 10 g/kg of seed and soil application @ 5 g/
kg of FYM

BOD incubator (Pamala et al. 2023). The obtained inoculum
was applied to the field (3 kg/plot) at 30 days before sowing
and 30 days after sowing (DAS) to increase the inoculum
load in the soil.

Integrated disease management of groundnut dry
root rot under field conditions

A field trial was conducted during two successive grow-
ing seasons Kharif-2022 and Rabi 2022-23 at ICRISAT,
Patancheru (India) to evaluate integrated disease manage-
ment options for groundnut dry root rot disease under sick
plot conditions. The experiment was carried out with a plot
size of 1.5%4.0 m? in an RBD with eight treatments and
three replications (Table 1) with a spacing of 30x 10 cm.
The groundnut cultivar K-6 was used and following pro-
duction practices recommended by ICRISAT, Patancheru,
India.

For the seed treatment, the seeds were treated with talc
formulation of biocontrol agents at 10 g/kg of seeds and
tebuconazole 2 DS at 1.5 g/kg of seeds prior to sowing. For
soil application, the talc formulations were mixed with well-
decomposed FYM 15 days before sowing at 5 glkg FYM
and applied to the soil of the respective plots before sowing
at 2 kg/plot as basal. Observations like percentage of germi-
nation at 15 DAS and the percent disease incidence at har-
vest were recorded. After harvest, observations of growth
and yield parameters viz., shoot length (cm), root length
(cm), number of nodules/plants, number of pods/plants, pod
yield/plot, and 100 kernel weight were recorded. Symptom-
atic plants were collected from each plot for re-isolated the
pathogen and confirmed based morphological character like
hyphal branching at the right angle, formation of constric-
tion near the point of branching, presence of microsclerotia.

Statistical analysis

A completely randomized design (CRD) with three repli-
cations was used for laboratory experiments. Field experi-
ments were conducted in a randomized block design (RBD)
with eight treatments and three replications. The data were
statistically analysed using R software version 4.1.0. Before
statistical analysis of variance (ANOVA), the percentage
values were arcsine transformed. The data were subjected
to ANOVA at a significant level, and treatment means were
compared using Tukey’s multiple range test at p<0.01 for
lab studies and p<0.05 for field experiments. The critical
difference (CD) at 1% and 5% probability level was cal-
culated as part of Tukey’s multiple range test for mean
separation.
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Results

Isolation and identification of Trichoderma and
Bacillus isolates

Sixteen isolates of each Trichoderma spp. and Bacillus spp.
were isolated from groundnut rhizosphere soil collected
from different groundnut growing areas of southern India
using serial dilution technique. Each isolate represents one
district of the surveyed locations.

The Trichoderma isolates were visually characterized
on the basis of their phenotypic characteristics, like colony
colour (dark green and cottony whitish-green colonies) and
microscopic characteristics, such as conidiophores are long,
hyaline and branched, with phialides emerging from small
terminal clusters at 90° from the conidiophore; the conidia
are hyaline, single-celled and ovoid. The isolates were des-
ignated PNTO1 to PNT16 for further studies. Similarly,
Bacillus isolates were initially characterized based on Gram
staining and violent colour (gram positive), rod-shaped, and
motile cells were observed. The isolates were designated
PNBO1 to PNB16 for further studies (Table 2).

Dual culture assay of Trichoderma and Bacillus
strains against M. phaseolina

The 16 isolates of each Trichoderma spp. and Bacillus spp.
were evaluated against the virulent isolate of M. phaseolina
(GRD-52) via a dual culture assay. The results revealed that
all the Trichoderma isolates significantly reduced the myce-
lial growth of the pathogen, as shown in Table 3 and Fig. 1.
The maximum growth inhibition of 67% was recorded for
the PNTO5 isolate (Fig. 2) which presented the least myce-
lial growth of the pathogen (29.80 mm), followed by the
PNTOS8 (62%), PNT11 (61%), PNT16 (60%), and PNTO1
(60%) isolates, with growth inhibition over the control.
Similarly, Bacillus isolates also significantly differed in
their ability to inhibit the mycelial growth of the pathogen
(Table 4 and Fig. 3). The mycelial growth inhibition ranged
from 26 to 49%, where the maximum (49%) reduction in
mycelial growth was recorded for isolate PNB10 (Fig. 2),
followed by 47%, 46%, 46%, and 46% mycelial growth
inhibition of the isolates PNB13, PNBOI, PNBO05, and
PNBI16, respectively.

Volatile antifungal compounds of Trichoderma and
Bacillus strains against M. phaseolina

An inverted plate assay was used to evaluate the efficacy
of sixteen Trichoderma isolates and Bacillus isolates
against M. phaseolina. The Trichoderma results revealed
that the PNTOS isolate inhibited 54% mycelial growth of

@ Springer

Table 2 List of Trichoderma and Bacillus isolates collected from sur-
veyed areas of southern India

State Districts Mandal/Taluk  Isolate code
Tricho- Bacil-
derma  lus sp.
sp.

Andhra Ananthapuramu  Kadiri PNTO1 PNBOI

Pradesh Kudair PNT02 PNB02

Chittoor S.R. Puram PNTO03 PNBO03

Yerpedu PNT04 PNBO04

Karnataka  Chitradurga Challakare PNTO05 PNBOS5
Hiriyur PNT06 PNBO06

Tumakur Pavagada PNTO07 PNBO07

Sira PNTO08 PNBO08

Tamil Nadu Tiruvannamalai Arni PNT09 PNBO09
Polur PNT10 PNBI10

Villupuram Gingee PNT11 PNBII
Melmalaiyanur PNT12 PNB12

Telangana  Nagarkurnool Balmoor PNT13 PNBI3
Talkapally PNT14 PNBI14

Wanaparthy Kothakota PNT15 PNBI5

Pebbair PNT16 PNBI16

Table 3 Mycelial growth inhibition of Trichoderma isolates in dual
culture and inverted plate methods

Isolate Dual culture Inverted plate
Mycelial Growth Myecelial Growth
growth (mm)  inhibition growth (mm) inhibi-

(%) tion
(%)

Control 90.0°+0.0 oh 90.00°+0.0 08

PNTO1 36.30M+15 604 54.731+1.6 39°

PNTO02 45.20°+0.8 502 80.879+1.9 10°

PNTO3 37.33"+0.6 59¢de 83.28°+1.8 gef

PNTO04 36.77"+1.5 590de 85.00+1.0 6

PNTO5 29.80'+1.9 67% 41.67'+2.0 543

PNTO06 39.738+2.5 564f 74.70°+0.6 174

PNTO7 35.670£1.3 60" 80.679+2.1 10°

PNTO8 34.545+13 62° 5233%+0.6 420

PNTO09 42.88%9+13 5218 80.719%£1.5 10°

PNT10 43.77°+1.6 51 70.338+1.0  22¢

PNTI11 35.331+0.6 61 56.00"+1.0 38"

PNTI12 40.33%+1.5 55def 73.77°£1.6 18

PNT13 42.28%+23 53fe 84.33%+0.6 6

PNT14 41.00°°+£1.5 54¢f2 84.73%+15 6

PNT15 4533°+£2.0 508 85.58°+14  5f

PNT16 36.000+1.0 60bed 53.331+1.0 41°

Sem 0.03 0.41 0.05 0.38

CD (0.01) 0.15 1.6 0.22 1.47

CV% 1.66 1.26 1.43 3.18

Each value is a mean of three replicates. Means=+standard deviations
within a column followed by the different letters indicate significant
differences at p<0.01, according to Tukey’s multiple range test
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Fig. 1 Effects of Trichoderma
isolates on mycelial growth of M.
phaseolina both in dual culture
and inverted plate methods. The 100
results are expressed as the mean
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Fig. 2 (A) Dual culture of Trichoderma against spp. M. phaseolina (a) control (M. phaseolina) and (b) Trichoderma isolate PNT 05 with M. pha-
seolina; (B) Dual culture of Bacillus spp. against M. phaseolina (c) control (M. phaseolina) and (d) Bacillus isolate PNB 10 with M. phaseolina

the pathogen, followed by the PNT08, PNT16, PNTO1, and
PNT11 isolates, which inhibited mycelial growth by 42%,
41%, 39%, and 38%, respectively (Table 3 and Fig. 1).
Among the Bacillus isolates, PNB10 isolate was the most
efficient at reducing mycelial growth of 44%, followed by
the PNB13, PNB16, PNBOS5, and PNBO1 isolates, whose
growth inhibition was 40%, 39%, 37%, and 35% respec-
tively, greater than that of the control (Table 4 and Fig. 3).
On the basis of the above results, the five Trichoderma and
five Bacillus isolates with highest mycelial growth inhibi-
tion ability were selected for the culture filtrate assay.

Non-volatile antifungal metabolites of Trichoderma
and Bacillus strains against M. phaseolina

The five tested isolates of Trichoderma and Bacillus signifi-
cantly reduced the growth of the pathogen by producing the
nonvolatile antifungal secondary metabolites (Table 5 and
Fig. 4). Among the Trichoderma isolates, the PNTOS isolate
showed the highest efficacy, which inhibited the mycelial
growth of the pathogen, i.e., 11%, 42%, and 80% at 10%,

25%, and 50% concentrations of culture filtrate, respectively,
followed by 4%, 30%, and 56% mycelial growth inhibition
was observed in isolate PNT16 at 10%, 25% and 50% con-
centrations of culture filtrate, respectively. Similarly, five
Bacillus isolates revealed that the PNB10 isolate was very
effective at inhibiting the radial growth of test pathogen to
extents of 7%, 34%, and 76% at 10%, 25%, and 50% con-
centrations of the culture filtrate respectively, followed by
the PNBOS5 isolate at 10%, 25%, and 50% concentrations,
which inhibited the mycelial growth of the pathogen by 5%,
26% and 51%, respectively.

The above results, revealed that the Trichoderma PNTO05
isolate and Bacillus PNB10 isolate had maximum antifun-
gal effects on mycelial growth inhibition against test the
pathogen. Hence, PNT05 and PNB10 isolates were selected
for the preparation of talc-based formulations against M.
phaseolina under field conditions.
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Table 4 Mycelial growth inhibition of Bacillus isolates in dual culture
and inverted plate methods

Isolate Dual culture Inverted plate
Mycelial Growth Mycelial Growth
growth (mm)  inhibition growth (mm) inhibi-

(%) tion
(%)

Control 90.00%+0.0 08 90.0°+0.0 0

PNBOI 48.33%+2.0 46° 58.67'+1.5 35¢

PNBO02 65.00°+0.0 28°f 84.33+0.8 6

PNBO03 64.50°+2.0 28¢f 82.00°+0.0 ohi

PNB04 54.67'+1.5 39° 77.00°+1.0 141¢

PNBO05 49.000+2.0 46 57.000+1.5 37%

PNB06 62.00°+1.5 319de 77.00°+1.3 14t

PNBO07 54.331£0.6 40° 72.008+1.0  20°

PNBO08 58.00"+1.0 36 79.679+0.6 11¢h

PNB09 67.00°+1.0 26f 81.33°+1.5 10h

PNB10 45.67'+1.8 492 50.67'£1.5 442

PNBI1 63.00%°+£1.0  30%f 64.87"+0.8 284

PNB12 59.338+1.8 344 78.839+1.3 12¢h

PNB13 47.675+1.2 47 53.63k£1.2  40%

PNB14 64.00%9£1.0 29 73.67°+0.6 18°f

PNB15 61.677+1.2 310de 65.63"+1.2 274

PNB16 49.000+1.0 46 54.83%+1.5  39°

Sem 0.03 0.38 0.04 0.42

CD (0.01) 0.13 1.47 0.16 1.64

CV% 1.04 1.81 1.08 3.16

Each value is a mean of three replicates. Means+standard deviations
within a column followed by the different letters indicate significant
differences at p<0.01, according to Tukey’s multiple range test

Molecular characterization of Trichoderma spp. and
Bacillus spp.

The molecular characterization of five Trichoderma isolates
was performed via ITS1 and ITS4 primers, and an approxi-
mately 650 bp fragments were amplified (Fig. 5). The size
of the PCR products ranged from 632 to 641 bp. The rDNA
sequences were deposited in the GenBank database under
the accession numbers OK035211 — OK035215. A Blastn
search was performed for five amplified sequences in the
NCBI database, the results revealed that four (PNTOI,
PNTO0S5, PNT10, and PNT16) were closely related to T
harzianum species complex (THSC), and the PNT14 iso-
late was 99% identical to 7. virens. Based on the nucleo-
tide sequence similarity, phylogenetic tree was constructed,
revealed that the isolates were distinct from one another in
the cluster but identical to each other in terms of homology
and divergence with different nodes (Fig. 6).

The DNA sequence of the 16S rRNA gene from five
Bacillus isolates was analysed via 24 F and 1492 R prim-
ers, and fragments of approximately 1500 bp were amplified
(Fig. 7). The sequences obtained were deposited in Gen-
Bank with the accession numbers OK284526-OK284530
and BLASTn used to determine the closest match and

@ Springer

showed 99% similarity with the Bacillus sp. sequences.
Phylogenetic analysis was performed by comparing the 16S
sequences with reference sequences of Bacillus sp. avail-
able in the NCBI Taxonomy database via MEGA 11 soft-
ware. The phylogenetic tree revealed that isolates PNBOS
and PNB10 have 98% similarity with Bacillus subtilis, and
isolates PNBO3, PNB13, and PNB16 have 99% similarity
with B. oceanisediminis, B. pacificus, and B. cereus, respec-
tively (Fig. 8).

Integrated disease management of groundnut dry
root rot under field conditions

The field results revealed that, compared to untreated con-
trol, all the treatments significantly reduced the disease
incidence and increased the percent inhibition of disease
in groundnut during both seasons and were pooled data.
The minimum dry root rot incidence of 13% with a maxi-
mum disease inhibition of 58% was observed in treatment
T5, where T. harzianum species complex was used as seed
treatment and soil application, followed by treatment T6,
consisting of the seed treatment and soil application of B.
subtilis with 15% disease incidence and 51% disease inhibi-
tion. These two treatments were highly effective in mini-
mizing the disease incidence and maximum reduction in
disease. In contrast, the highest disease and lowest disease
control were recorded (22% and 27%, respectively) in T4,
which consisting of soil application with B. subtilis (Table 6
and Fig. 9).

The growth parameters of the groundnut plants (germi-
nation percentage, shoot length, root length, and number of
root nodules) were effective and improved during both sea-
sons and pooled data (Table 7). The maximum growth i.e.,
germination (92%), shoot length (43.1 cm), and root length
(17.4 cm) was observed in TS, followed by the T6 treatment
(86%, 39.6 cm and 15.6 cm). The maximum nodulation of
125 nodules/plant and highest percentage of root nodules
(98%) were recorded in the treatment T5, followed by the
T6 treatment (112 root nodules/plant and 76%). The lowest
number of root nodules and lowest percent increase in the
number of root nodules were observed in the T7 treatment,
which consisting of seed treatment with tebuconazole (67
root nodules/plant and 6%) compared to the control (Table 8
and Fig. 10).

The highest pod yield (36.80 g/ha) and highest percent
increase in pod yield (97%) were observed in T5 treatment,
followed by T6 treatment (31.58 g/ha and 77%, respec-
tively). The lowest pod yield and lowest percent increase in
pod yield were recorded in recorded (22.89 g/ha and 28%,
respectively) in T4 — consisting of soil application B. sub-
tilis (Table 9 and Fig. 11). The number of pods per plant
and 100 seed weight revealed that all treatments increased



Journal of Plant Pathology

Mycelial growth (mm) Dual Culture m=mmm Mycelial growth (mm) Inverted plate

Growth inhibition (%) Inverted plate ==@==Growth inhibition (%) Dual Culture

100
90
80
70
60
50
40
30

Mycelium growth (mm)

Q\ Q <b

& & &
&F IS

‘\ga & gb > “’Oé"\ QI
g FET T TS

Bacillus Isolates

Fig. 3 Effects of Bacillus isolates on mycelial growth of M. phaseo-
lina both in dual culture and inverted plate methods. The results are
expressed as the mean of three replicate and the vertical bars indicate

Table 5 Effects of the culture filtrate of Trichoderma and Bacillus strains on mycelial growth of M. phaseolina

60
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Growth inhibition (%)

the = SD of the mean. Different letters indicate that the values are sig-
nificantly different from each other (p<0.01)

Bioagents  Culture filtrate concentrations, and mycelial growth (mm), and growth inhibition (%)

10% filtrate 25% filtrate 50% filtrate

Mycelial growth (mm)  Inhibition (%)  Mycelial growth (mm)  Inhibition (%)  Mycelial growth (mm) Inhibition (%)
Trichoderma isolates
Control 90.00+0.0 0° 90.00°+0.0 of 90.002+0.0 of
PNTO1 90.00%+0.0 0° 76.00°+0.6 15¢ 53.00°+0.8 41°
PNTO5 80.00°+0.6 112 53.00f+0.8 422 18.00f+1.1 80*
PNTO8 87.00°+1.0 3b 70.00°+ 1.0 224 44.009+0.6 51°
PNTI1 90.00%+0.0 0° 66.009+0.3 26° 47.00°+1.2 484
PNTI16 86.00°+0.6 4b 63.00°+0.6 30° 39.00°+0.6 56°
Bacillus isolates
Control 90.00%+0.0 0° 90.00%+0.0 0° 90.00%+0.0 of
PNBO1 90.00%+0.0 0° 75.00°+1.0 17¢ 55.67°+0.8 38°
PNBO5 85.67°+0.8 5t 66.674+0.6 26° 43.67°+0.6 51°
PNB10 83.33°+0.6 72 59.33°+1.2 34° 21.33'+1.5 76°
PNB13 90.00%+0.0 0° 70.00°+£0.8 22¢ 48.33°+0.6 464
PNB16 86.67°+0.3 4b 68.67°4+0.6 24b¢ 46.009+1.0 49°

Each value is a mean of three replicates. Means+standard deviations within a column followed by the different letters indicate significant dif-
ferences at p<0.01, according to Tukey’s multiple range test
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Fig. 4 (A) Culture filtrates of Trichoderma isolate PNT05 against M.
phaseolina (a) control M. phaseolina b) 10% filtrate with M. phaseo-
lina c) 25% filtrate with M. phaseolina d) 50% filtrate with M. phaseo-

Fig. 5 Identification of Trichoderma isolates with
universal primers ITS1 and ITS4, Amplified band
size of approximately 650 bp. Line 1-16: Tricho-
derma isolates (PNTO1-PNT16); M=1 Kb ladder

1000bp
750bp

500bp

250bp

significantly in both seasons and pooled data (Table 10). The
maximum number of pods per plant (28.44) and seed weight
(48.07 g) were recorded in T5 treatment, followed by treat-
ment T6 i.e., 24.60 pods per plant and 44.45 g, which were
significantly superior over rest of the treatments.
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lina; (B) Culture filtrates of Bacillus isolate PNB10 against M. pha-
seolina (e) control M. phaseolina t) 10% filtrate with M. phaseolina
g) 25% filtrate with M. phaseolina h) 50% filtrate with M. phaseolina;
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Discussion

In the present study, fungal and bacterial bioagents were
used to manage M. phaseolina. Trichoderma and Bacil-
lus are commonly available antagonistic microorganisms
in groundnut rhizospheric soils. Several studies Ramesh
and Korikanthimath (2010); Moradia and Khandar (2011);
Sreedevi et al. (2011); Rajamohan and Balabaskar (2016);
Arya et al. (2017); Mahendra et al. (2022) have demon-
strated the antagonistic ability of fungal and bacterial bioag-
ents to suppress groundnut dry root rot disease and observed
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Fig.6 Phylogenetic tree of the Trichoderma spp.

0.0
inferred by Neighbor Joining method of ITS 0.0 @ O0K035214 Trichoderma virens PNTI4

rDNA gene sequences with 1,000 bootstrapping
repetitions using MEGA 11 software (Tamura et
al. 2021), and Athelia rolfsii was used to assign

an outgroup species
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significant differences in antagonistic potential among the
various groups of bioagents and within the species. Hence,
preliminary screening is an important initial step for the
selection of potential bioagents for management of plant
diseases. We isolated sixteen fungal and bacterial bioagents
from the rhizosphere of groundnut plants and screened for
their inhibitory effects on M. phaseolina in vitro employ-
ing dual culture and inverted plate assays and selected five
Trichoderma isolates (PNTO1, PNTO05, PNTO08, PNT11 and
PNT16) and five Bacillus isolates (PNBO1, PNBOS, PNB10,
PNB13, and PNB16) with better inhibitory potential on the
mycelial growth of M. phaseolina. Further, we characterized
the five Trichoderma isolates based on antagonistic poten-
tial (PNTO1, PNTOS, PNT16) and morphological diversity
(PNT10 and PNT14), the results revealed that four 7richo-
derma isolates (PNTO1, PNTOS, PNT10, and PNT16) were
closely related to Trichoderma harzianum species complex,
and the PNT14 isolate was identical to T. virens. Similarly,
five Bacillus isolates were characterized based on antago-
nistic potential (PNBOS5, PNB10, PNB13 and PNB16) and
morphological diversity (PNBO03), the isolates PNB05 and

86 OK035211 Trichoderma harzianum species complex PNT01
0_((,) 0KC5 61083 Trichoderma harzianum CEN854

08 OKO035215 Trichoderma harzianum species complex PNTI6
(}'\?G055 721 Trichoderma harzianum CBS 226.95

)ﬂ—?%lH8582 76 Trichoderma aureoviride CBS:245.63

'ONRI 38441 Trichoderma viride CBS 119325

‘ ?%R1343 71 Trichoderma hamatum DAOM 167057

ISZ_'\%)R130668 Trichoderma asperellum CBS 433.97

KY172987 Athelia rolfsii

PNB10 showed similarity to Bacillus subtilis, and iso-
lates PNB03, PNB13 and PNB16 showed similarity to B.
oceanisediminis, B. pacificus, and B. cereus, respectively.
The culture filtrate assay was performed to select the most
promising isolate of Trichoderma and Bacillus and results
revealed that Trichoderma isolate PNTO5 (T. harzianum
species complex) and Bacillus isolate PNB10 (B. subtilis)
exhibited maximum mycelial growth inhibition of M. pha-
seolina as compared with the other isolates.

The results obtained in this study showed that all Tricho-
derma isolates in all assays (dual culture, inverted plate and
culture filtrates) significantly inhibited the mycelial growth
of M. phaseolina as compared with the control. The myco-
parasitism ability or the use of multiple biocontrol mecha-
nisms by Trichoderma isolates may account for differences
in their antagonistic effects against plant pathogenic fungi
(You et al. 2016). Different strains of Trichoderma species
may be associated with the production of different metabo-
lites with antibiotic potential to inhibit the growth of plant
pathogens (Igbal and Mukhtar 2020). Meena et al. (2017)
reported the efficacy of Trichoderma spp. in reducing the
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Fig. 7 Identification of Bacillus isolates with universal primers 27-F
and 1492-R, Amplified band size of approximately 1500 bp. Line 1
(PNBO03), Line 2 (PNBO05), Line 3 (PNB10), Line 4 (PNB13) and Line
5 (PNB16) Bacillus isolates; M=1 Kb ladder

growth and development of plant pathogens. Sreedevi et al.
(2011) reported that in vitro plate assays of 7. harzianum are
more effective at suppressing the growth of groundnut dry
root rot with increasing concentrations of culture filtrates of
the bioagent, and the radial growth of the test pathogen pro-
portionally decreases because metabolites released by Trich-
oderma spp. are toxic and fungistatic to the pathogen. The
increase in the concentration of the culture filtrate resulted
in an increase in the inhibition of mycelial growth of the
test pathogen. Similarly, Raja Kumar et al. (2021) observed
a maximum reduction in the mycelial growth of the patho-
gen via the dual culture technique and culture filtrates of
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Fig. 8 Phylogenetic tree of the Bacillus spp. inferred by Neighbor
Joining method of 16S rRNA gene sequences with 1,000 bootstrap-
ping repetitions using MEGA 11 software (Tamura et al. 2021), and
Paenibacillus thailandensis was used to assign an outgroup species

T. harzianum at different concentrations effectively reduced
the mycelial growth of the pathogen compared with the
control. The volatile compounds produced by Trichoderma
can alter the structure of hyphae, reduce pathogen growth
(Sridharan et al. 2020). T. harzianum isolates produce both

Table 6 Disease control efficacy of T. harzianum species complex and B. subtilis used as seed treatment and soil application against dry root rot

disease during two successive seasons under field conditions

Treatments Disease incidence (%) Disease inhibition over control (%)
Kharif 2022 Rabi 2022-23 Pooled

ST with T harzianum species complex 18%9+1.5 16%+1.2 174£0.9 42
ST with B. subtilis 20%°+2.5 18%4£1.7 19°+0.7 36
SA with T. harzianum species complex 21°+0.8 20%+0.8 21%+0.7 31
SA with B. subtilis 22°+1.4 21°+1.3 22°40.6 27
ST+SA with T. harzianum species complex 137£1.1 127£0.8 137£0.9 58
ST+SA with B. subtilis 15%+1.7 15°+0.5 15°+1.1 51
ST with tebuconazole 17%£1.3 189+1.8 169+1.3 42
Control 332+0.9 282+1.0 30%+0.8 0

SEm 0.71 0.72

CD (0.05) 2.15 2.18

CV% 8.61 9.33

ST—Seed treatment, SA—Soil application; Each value is a mean of three replicates. Means+standard deviations within a column followed by

the different letters indicate significant differences at p<0.05, according to Tukey’s multiple range test
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Fig.9 Disease control efficacy
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Table 7 Effects of different treatments on plant growth parameters in groundnut against dry root rot disease under field conditions
Treatments Germination (%) Shoot length (cm) Root length (cm)
Kharif Rabi Pooled Pooled Kharif Rabi Pooled
2022 2022-23 2022-23 2022 2022-23
ST with THSC 79%+6.1  82%°+6.4 80*°+2.6 38.0°+2.5 359%+23 13.0°+1.0 152°+1.1 14.1°+0.8
ST with B. subtilis 77°4£7.1 80%°£6.7 79*°£6.7 365634  34.6%£2.8 12514 14.7°£0.7 13.6°£1.0
SA with THSC 7524151 78461 77°x4.1 349%+£1.3 33.3%%1.6 11.9°40.7 13.64+£0.9 12.8%x0.7
SA with B. subtilis 7494£56  76*°£6.7 75%9£2.5 33.3%9+£2.5 32.1%£1.2 11611  12.9%+0.6 12.2°%0.7
ST+ SA with THSC 91*°+5.3  928+7.1  92%+6.1 46.7°+4.9 43.1°+£3.1 16.1°+0.9 18.7°+1.2 17.4*+0.9
ST+SA with B. subtilis 86°+57 87%+6.6 86+5.9 42.1°°42.8 39.6+2.6 142°+0.5 16.9°+04 15.6°+0.4
ST with tebuconazole 81%°£52 822144 87*°x4.6 371613 35.0%£1.7 12.6°40.7 142905 13.4%+0.8
Control 679£6.5  70°:8.2 6818 30.89+2.2 28.7°+1.8 9.4t09  11.8°x1.3 10.6'=0.4
Sem 3.53 3.85 0.54 0.72
CD (0.05) 10.70 11.69 1.63 2.18
CV% 9.09 8.64 8.41 9.12

ST—Seed treatment; SA—Soil application; THSC - T. harzianum species complex. Each value is a mean of three replicates. Means+standard
deviations within a column followed by the different letters indicate significant differences at p<0.05, according to Tukey’s multiple range test

Table 8 Effect of bioagents on
root nodules/plant in groundnut
against dry root rot disease under
field conditions

ST—Seed treatment; SA—Soil
application. Each value is a mean
of three replicates. Means + stan-
dard deviations within a column
followed by the different letters
indicate significant differences

at p<0.05, according to Tukey’s
multiple range test

Treatments

Root nodules/plant

Root nodules

Kharif 2022 Rabi 2022-23 Pooled

increased over

control (%)

ST with T. harzianum species complex

ST with B. subtilis

SA with T. harzianum species complex

SA with B. subtilis

ST+ SA with T. harzianum species complex
ST+ SA with B. subtilis

ST with tebuconazole

Control
Sem

CD (0.05)

CV%

96°£6.1
86°4+6.0
79%+54
71¢f£5.1
1212£8.6
107°+4.9
647£5.8
607+£4.5
3.90
11.82
9.44

107*°+11.6 101°+84 60

97%+6.1 92¢d+6.1 45
88%+5.1 83%+40 31
79¢+4.8 75 4.1 19
130°+5.0 125°£6.8 98
117°+9.8 112°+72 76
717£5.5 67+6.3 6
677+4.1 648+5.4 0
4.72

14.32

9.01
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Fig. 10 Effect of bioagents
on root nodules production in
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Table 9 Effect of bioagents on Treatments Pod Yield (g/ha) Pod yield
pod yield (q/ha) in groundnut Kharif 2022 Rabi 2022-23  Pooled increased
against dry root rot disease under over con-
field conditions trol (%)
ST with T. harzianum species complex 26.12%+2.9  29.03%°+£2.9  27.58°+29 54
ST with B. subtilis 2436%9+1.4  28.02%°+£34  26.19°+1.6 46
SA with T. harzianum species complex 22.4%4+1.1 27.5%+4.7 24.9549+27 40
SA with B. subtilis 20.20%+2.6  25.49%+51  22.894x25 28
ST+SA with T. harzianum species 33.64°+1.9 36.95°+4.9  3529°+23 97
ST—Seed treatment; SA—Soil complex
application. Each value is amean ~ ST+SA with B. subtilis 29.58°+3.8 33.58%+44  31.58°:27 77
of three replicates. Means+stan- ST with tebuconazole 25.01%4+27  28.38™+33  26.7°+1.8 49
dard deviations within a column  Congrol 16.19°+2.3 19.564+4.6  17.88°+12 0
.folil.owted l?y t.};le dii:fzr.e;lt letters Sem 1.47 203
1ndicate signincant ditterences
at p<0.05, according to Tukey’s CD (0.05) 4.45 >.68
CV% 11.84 12.21

multiple range test

volatile and non-volatile substances, which may inhibit the
growth of M. phaseolina (Inayati et al. 2019). Similarly,
Lokesh et al. (2021) found that 7. harzianum, T. virens and
B. subtilis showed the highest average inhibition of M. pha-
seolina mycelial growth.

Bacillus isolates evaluated in this study significantly
inhibited the growth of M. phaseolina in all of the assays
(dual culture, volatile, and non-volatile metabolites). The
antagonistic effects on a wide range of plant pathogenic fungi
by Bacillus isolates may be associated with a diverse range
of biocontrol mechanisms viz., the production of hydrolytic
enzymes and antibiotics, competition for host nutrients
and induction of plant resistance (Ongena et al. 2007). The
metabolites and volatile agents produced by Bacillus spe-
cies may be capable of reducing and suppressing the growth
of pathogens and promoting the plant defence mechanism
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(Khan et al. 2021). Hussain and Khan (2020) reported that
antifungal compounds produced by Bacillus sp. may be use-
ful for managing various fungal pathogens. Similar to our
findings, Singh et al. (2008) reported that B. subtilis had the
highest antagonistic activity against M. phaseolina. Vyas
and Patel (2015) also reported that B. subtilis was effective
against dry root rot. In a dual culture assay, B. subtilis inhib-
ited the mycelial growth of the groundnut stem rot pathogen
(Shifa et al. 2015). B. subtilis may produce antibiotics and
hydrolytic enzymes that provide a broad spectrum of anti-
fungal activities against the phytopathogenic fungi (Abdel-
moteleb et al. 2017). Rangel-Montoya et al. (2022) reported
that inoculating cowpea with B. amyloliquefaciens reduces
M. phaseolina incidence and enhances plant growth, likely
driven by indole-3-acetic acid and siderophore production.
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Fig. 11 Effect of bioagents on
pod yield in groundnut plants
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Table 10 Effect of different treatments on yield attributing factors in groundnut against dry root rot under field conditions
Treatments Pods/plant 100 seed weight (g)
Kharif 2022  Rabi 2022-23  Pooled Kharif 2022  Rabi 2022-23  Pooled
ST with T. harzianum species complex 21.6%+£1.9  244*+19 23.04+0.8  41.27°+3.4  4343>+£27  42.35%:24
ST with B. subtilis 20.8*x1.1  23.2%+2.1 22116 40.6°+1.7 42.33%+35  41.47*°+1.9
SA with T. harzianum species complex 202415  229y™*°+24  21.6%+1.9  40.13°+£2.1  40.5°+2.5 40.32°+1.0
SA with B. subtilis 19.6%942.1  21.8+14 20.79+1.7 3943°+2.1 3947924  39.45°+23
ST+SA with T. harzianum species complex ~ 28.2%+1.7 28.67*+2.0 28.44*+12  47.3%°£1.6 48.83%+1.5 48.07°£1.5
ST+SA with B. subtilis 23.1°+1.5 26.07°+1.9  24.6°+£0.9 432%+27  457%+32 44.45*+1.9
ST with tebuconazole 212%+22  2373%+£1.7  22.5%¢:1.0  40.83°+32  42.63%+£2.6  41.73%:26
Control 16.54+1.5 17.84+1.5 17.19°£1.5  3353°£19 3593929 34.734+2.2
Sem 1.02 1.11 1.37 2.04
CD (0.05) 3.09 3.36 4.17 6.20
CV% 8.22 9.77 7.70 8.29

ST—Seed treatment; SA—Soil application. Each value is a mean of three replicates. Means+standard deviations within a column followed by
the different letters indicate significant differences at p<0.05, according to Tukey’s multiple range test

Field experiments showed that talc based bioagent for-
mulations of 7. harzianum species complex and B. subtilis
applied as seed treatment and soil application, significantly
reduced disease incidence and increased plant growth. The
disease incidence was higher in the kharif season than in the
rabi season, possibly because of the high temperature and
low soil moisture conditions during the initial crop growth
period. Sharma and Pande (2013) reported that when stand-
ing crop is predisposed to high temperature and moisture
stress, the incidence of dry root rot disease was increased.
Growth and yield parameters were higher in the rabi season
than in the kharif season due to lower disease incidence.

Seed treatment and soil application of 7. harzianum
species complex showed maximum disease inhibition,
highest plant growth parameters (germination percentage,
shoot length, root length, and root nodules/plant), and yield

parameters (pods/plant, pod yield, and 100 seed weight) fol-
lowed by seed treatment and soil application of B. subti-
lis. The seed treatment or soil application of 7. harzianum
species complex showed greater control of dry root rot of
groundnut, in comparison to seed treatment or soil appli-
cation of B. subtilis. This reveals the higher efficacy of 7.
harzianum species complex in controlling M. phaseolina
on groundnut when compared to B. subtilis. This difference
may be because of the diversity of biocontrol mechanisms
produced by the 7. harzianum, which have an additive effect
on the plant pathogen. Our results are similar findings to
Kumar et al. (2021) reported that combination of seed treat-
ment and soil application with bioagents were highly effec-
tive in minimizing disease incidence, while increasing pod
yield, and root nodulation. The application of the talc for-
mulation of bioagent mixtures through seed treatment and
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soil application effectively controlled chickpea and pigeon-
pea wilt (Haveri 2017). Individual or combined applications
of T harzianum mitigate disease symptoms and improve
plant health (Shafqat et al. 2026). Srivastava et al. (2010)
reported when Trichoderma spp. interact with plants, it pro-
motes growth, enhances nutrient availability, increases crop
yield, and improves disease resistance. Vimala et al. (2000)
also reported the lowest degree of root rot in groundnut in
response to a combination of seed treatment and soil appli-
cation of 7. hamatum. Veena and Reddy (2016) obtained
similar results, where seed treatment, and soil application
of fungal and bacterial antagonists against chickpea dry root
rot resulted in the highest germination percentage, the low-
est disease incidence, and the maximum plant height and
root length. The seed treatment and soil application of T.
viride resulted in greater inhibition of root rot incidence
then the seed treatment of 7. viride or T. harzianum alone.
The combination of seed treatment and soil application with
B. subtilis increased the root length, shoot length and pod
yield, and reduced the incidence of groundnut stem rot (5%)
compared with the individual combinations i.e., seed treat-
ment (7.5%) and soil application (30%) (Shifa et al. 2015).
Tuber treatment and soil application of talc-based formula-
tions of B. subtilis suppressed root rot incidence (Dhanaba-
lan et al. 2024). Similarly, seed treatment with fungicide
(tebuconazole) significantly reduced the disease incidence
and increased the growth and yield parameters. Jadon et
al. (2015) reported that tebuconazole 2 DS at 1.5 g kg !
seed was effective in the management of soil-borne diseases
when used separately, with an apparent yield advantage
over untreated plots compared with mancozeb 75% WP at
3 g kg ! seed, carbendazim 12% + mancozeb 63% WP at
3 gkg ! seed.

The separate treatments of 7. harzianum species complex
and B. subtilis as seed treatments and soil applications also
significantly reduced the disease incidence and increased
the growth and yield parameters compared to the control.
However, in comparison with the soil application of bio-
agents, seed treatment of bioagents showed better results.
Because seed treatment may permit the limited growth of
competitive microflora and provides conducive growth for
the bioagents and facilitates root colonization, it may help
to increase the growth of plants by increasing the uptake of
nutrients by roots or by releasing plant hormones increasing
yield (Mukhopadhyay and Pan 2012). Soil treatments com-
bining 7. harzianum and B. subtilis effectively suppressed
M. phaseolina and promoted plant growth (Mannai et al.
2025). Kumar et al. (2021) reported similar findings to our,
specifically, that seed treatment was more effective than the
soil application of bioagents. The seed treatment with 7.
harzianum and organic amendments resulted in maximum
mycelial inhibition and higher germination percentage and
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morphological parameters like plant height, number of root
nodules, number of pods per plant, and 100-seed weight
compared to the other treatments against dry root rot dis-
ease (Choudhary and Ashraf 2019). Seed bacterization with
Bacillus reduces the incidence of charcoal rot and enhances
the shoot and root length of plants growing from treated
seeds (Bojorquez-Armenta et al. 2021).

Conclusion

In the present study, in vitro and in vivo experiments
revealed that the native bioagents 7. harzianum species
complex and B. subtilis significantly controlled groundnut
dry root rot disease. Our results revealed that the percent-
age disease incidence was lowest when both seed treatment
and soil application treatments were combined, compared
to sole treatment as seed treatment or soil application. The
same pattern was observed for germination percentage,
shoot length, root length, number of nodules per plant,
number of pods per plant and pod yield. Overall, the results
indicate that seed treatment combined with soil application
of T. harzianum species complex, followed by B. subtilis
were the most effective in controlling M. phaseolina and
increasing the growth and pod yield under field conditions.
Therefore, T. harzianum species complex and B. subtilis
could be exploited under a biointensive integrated disease
management approach for dry root rot disease.
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