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Abstract

Biological control agents are preferred over chemicals for managing plant diseases, with Trichoderma species being par-
ticularly effective against soil-borne pathogens. This study examines the use of a highly antagonistic strain, Trichoderma
asperellum A10, and a virulent strain, Sclerotium rolfsii Sr38, identified and confirmed through ITS, p-tubulin (7. asperel-
lum), TEF la, and RPB2 (S. rolfsii) sequences. In vitro and in planta experiments compared the antagonistic potential of A10
with other antagonistic fungi and fungicides against S. rolfsii. A10 achieved 94.66% inhibition of S. rolfsii in dual culture
assays. In greenhouse trials with tomato variety Pusa Ruby, A10 showed significant pre- and post-inoculation effectiveness,
with disease inhibition of 86.17 and 80.60%, respectively, outperforming 7. harzianum, Propiconazole, and Carbendazim.
Additionally, microbial priming with A10 was explored to enhance plant defense responses. Pre-treatment of tomato plants
with T. asperellum A10 led to significant upregulation of several defense-related genes, including PR1, PR2, PR3, PRS,
PR12, thioredoxin peroxidase, catalase, polyphenol oxidase, phenylalanine ammonia lyase, isochorismate synthase, laccase,
prosystemin, multicystatin, WRKY31, MYC2, lipoxygenase A, lipoxygenase C, proteinase inhibitor I, proteinase inhibitor
II, and ethylene response 1 associated with various signaling pathways such as salicylic acid (SA)-mediated and jasmonic
acid/ethylene (JA/ET)-mediated responses. This upregulation was particularly evident at 48 h post-inoculation in A10-primed
plants challenged with S. rolfsii, inducing resistance against collar rot disease. This study underscores the effectiveness of
T. asperellum A10 in controlling collar rot and highlights its potential for inducing resistance in plants through microbial
priming, providing valuable insights into sustainable disease management strategies.
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Introduction

Tomato (Lycopersicum esculentum Miller), one of the most
important vegetable crops, is attacked by a large number of
pathogens. Sclerotium rolfsii is one of the important fun-
gal pathogen that causes collar rot disease resulting in sub-
stantial yield losses of around 30% in India (Mahato et al.
2017). Like many other soil-borne fungal diseases, S. rolf-
sii continues to be a difficult pathogen to control due to its
wide host range of infecting more than 600 plant species and
the production of abundant persistent sclerotia. Biological
control of the disease using the beneficial microbes is an
environmentally sound, effective and economically useful by
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enhancing the productivity in a sustainable manner (Abdel-
rahman et al. 2016). Biological control agents (BCAs) are
the natural antagonists that can compete with the plant path-
ogens either direct through mycoparasitism, production of
enzymes, and secondary metabolites (Hjeljord et al. 1998;
Kubicek and Pentilla 1998) or by inducing resistance and
plant defense reactions (Paparizas 1985; Howell 1998, 2003)
through microbial priming could results into pre-activation
of immune response against the challenging pathogens (Wal-
ters et al. 2013; Singh et al. 2020).

Trichoderma is a group of fungi that is well known for
their biocontrol potential against wide range of plant patho-
gens, especially soil-borne pathogens. Trichoderma species
helps to promote the plant growth and induces systemic
resistance against subsequent pathogen attack (Al-Ani et al.
2020). Trichoderma interactions with plants may lead to the
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expression of defense-related genes, which in turn stimulate
the plant’s immune systems in response to pathogen chal-
lenges and impact growth and development (Galletti et al.
2020; Pimentel et al. 2020). Trichoderma asperellum is one
of the species in the Hypocreaceae family, which is having
dual activity as it possesses both biocontrol and plant growth
promoting properties. Through the enhanced expression of
JA (Jasmonic Acid)/ET (Ethylene) and SA (Salicylic Acid)
inducing genes, the colonization of the Arabidopsis root
by T. asperellum SKT-1 and its culture filtrate results in an
Induced Systemic Resistance (ISR) against Pseudomonas
syringae pv. tomato DC3000 (Yoshioka et al. 2011). T.
asperellum also triggers the ISR by the JA/ET signaling
pathway, much like Plant Growth-Promoting Rhizobac-
teria (PGPR) (Shoresh et al. 2005). Six defense-related
genes (CaPDF1.2, SOD, APx, GPx, PR-2, and PR-5) were
expressed in pepper, when seeds were primed with T.
asperellum, T. harzianum, and in combination with treat-
ment of T. asperellum+T. harzianum against Colletotrichum
truncatum (Yadav et al. 2023).

In many studies, Trichoderma spp. mediated priming
against phytopathogens and its effect on key defense have
been demonstrated (Boccardo et al. 2019). However, studies
on T. asperellum mediated defense programming against the
collar rot of tomato are limited. Therefore, the present study
was undertaken to evaluate the expression profile changes of
key defense genes in tomato, pre-inoculated with 7. asperel-
lum, following the infection of the S. rolfsii pathogen to
gain a better insights into possible relationship in disease
resistance.

Materials and methods
Fungus culture

Following our previous research, we selected a highly
aggressive strain of S. rolfsii, known as Sr38, and a par-
ticularly promising antagonistic strain of 7. asperellum,
referred to as A 10, for a subsequent investigation. The aim
of this study was to assess the defense-boosting effects of T.
asperellum on tomato plants through priming when facing
the challenge of S. rolfsii.

Morpho-molecular identification and phylogenetic
analysis

The identification of S. rolfsii strain Sr38 involved an exami-
nation of its morphological traits, which included observing
mycelial growth patterns and the production of sclerotia on
PDA medium. For T. asperellum strain A10, its morpho-
logical characteristics were determined by studying mycelial
growth on PDA and conducting microscopic analysis. This
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microscopic assessment encompassed aspects such as con-
idiophores branching, the shape and size of phialides, and
the characteristics of conidia using a compound microscope.

To confirm the identity of S. rolfsii St38 and T. asperel-
lum strain A10, we conducted molecular identification pro-
cedures. The DNA from both strains was extracted using
the Cetyl Trimethyl Ammonium Bromide (CTAB) method,
following the protocol outlined by Cullings (1992). Approxi-
mately 500 mg of fungal mycelia were harvested from a
7-day-old culture on PDB and subsequently ground to a fine
powder using liquid nitrogen and a pestle and mortar. We
added 700 pL of CTAB buffer and incubated the mixture at
60 °C for 1 h in a water bath. After incubation, the sample
was centrifuged at 10,000 rpm for 10 min at 24 °C. We col-
lected the supernatant (500 pL) and added an equal volume
of phenol:chloroform:isoamyl alcohol (25:24:1), followed
by another round of centrifugation at 10,000 rpm for 20 min
at 24 °C. Next, we transferred 500 pL of the supernatant to
a new tube and added 300 uL of isopropanol along with
50 uL of sodium acetate. This mixture was left to incubate
overnight at 4 °C. The following day, we centrifuged the
sample at 10,000 rpm for 10 min at 4 °C, carefully removing
the supernatant without disturbing the pellet at the bottom of
the tube. The pellet was then washed with 75% alcohol, and
the alcohol was carefully discarded. Subsequently, the pellet
was left to dry and was re-suspended in 50 uL of TE buffer.

For PCR amplification, we targeted the Translation
Elongation Factor 1o (TEF 1) and RNA polymerase 11
(RPB2) genes to identify S. rolfsii, while for T. asperellum,
we focused on the Internal Transcribed Spacer (ITS) and
Beta-tubulin (B-tub) regions. The PCR mixture was prepared
with a total volume of 25 pL, which included 12.5 pL of
DreamTaq Green PCR master mix (Thermo Scientific, India)
containing 0.25 mM of each dNTP, 2 mM of MgCl,, and Taq
DNA polymerase, along with 9.5 pL of nuclease-free water.
Additionally, 1 pL of each forward and reverse primer at a
concentration of 10 Pmol/uL, and 1 pL of fungal DNA at a
concentration of 100 ng/uL were added. The PCR amplifica-
tion was conducted in thermal cycler (Bio-Rad) with specific
protocols for each target region. For the ITS region, the PCR
process began with an initial denaturation step at 94 °C for
3 min, followed by 30 cycles of denaturation at 94 °C for
30 s, annealing at 57 °C for 1 min, and primer extension
at 72 °C for 2 min. A final extension step was carried out
at 72 °C for 5 min. In the case of the p-tubulin region, the
PCR procedure commenced with an initial denaturation at
94 °C for 3 min. This was followed by 30 cycles consisting
of denaturation at 94 °C for 30 s, annealing at 61 °C for 40 s,
and primer extension at 72 °C for 30 s. The process con-
cluded with a final extension step at 72 °C for 7 min. For the
TEF la region, the PCR started with an initial denaturation
at 94 °C for 2 min. Subsequently, 34 cycles of denaturation
at 94 °C for 1 min, annealing at 53 °C for 1 min, and primer
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extension at 72 °C for 1 min were carried out. The procedure
concluded with a final extension at 72 °C for 5 min. Finally,
for the RPB2 region, the PCR initiated with an initial dena-
turation at 94 °C for 2 min, followed by 34 cycles of dena-
turation at 94 °C for 1 min, annealing at 62 °C for 1 min,
and primer extension at 72 °C for 1 min. The process ended
with a final extension step at 72 °C for 5 min. To visual-
ize the PCR results, electrophoresis was performed using a
1.2% agarose gel containing 0.5 mg/L of ethidium bromide
in 1 X TAE buffer. Electrophoresis was carried out for 30 min
at 100 V and 400 mA. A 1 kb DNA ladder (Thermo Fisher
Scientific, Waltham, MA, USA) was utilized to estimate
the sizes of the PCR products. Subsequently, the samples
underwent sequencing utilizing Sanger sequencing tech-
nique through outsourcing (Anuvanshiki (OPC) Pvt. Ltd.),
and the species identification was performed using the NCBI
Nucleotide BLAST. For the purpose of conducting phylo-
genetic analysis, we utilized the combined partial TEF la
and RPB2 sequences for S. rolfsii and the ITS and p-tubulin
sequences for T. asperellum and constructed a phylogenetic
tree. The maximum-likelihood method was employed for
this analysis, utilizing MEGA version 11 as the computa-
tional tool. In our analysis, along with 7. asperellum strain
A10, we incorporated other Trichoderma asperellum iso-
lates and other Trichoderma species, namely T. harzianum,
T. hamatum, T. virens, T. longibrachiatum, and Chaetomium
globosum CBS 160.62 serving as a reference or outgroup.
For S. rolfsii, our analysis involved S. rolfsii Sr38 with vari-
ous S. rolfsii isolates and other Sclerotium species, including
S. coffeicola, S. hydrophilum, S. tuliparum, S. rhizoides, S.
perniciosum, and Sclerotinia sclerotiorum 2C, serving as
the outgroup. To evaluate the stability and reliability of the
branches in our constructed phylogenetic tree, we conducted
a bootstrap analysis comprising 1000 replications.

Biocontrol assay
In vitro evaluation

To assess the in vitro antagonistic activity of various fungal
strains, including T. asperellum strain A10, T. harzianum
(ITCC-8105), T. longibrachiatum (ITCC-7794), T. virens
(ITCC-7359), Chaetomium globosum (ITCC-6210), and
Aspergillus niger ITCC-7797), we conducted a dual cul-
ture assay against S. rolfsii strain Sr38. In this assay, a 5 mm
disc of antagonistic fungi and S. rolfsii were placed opposite
each other on individual PDA plates, positioned 2 cm from
the plate’s edge. The efficacy of Carbendazim 50% WP and
Propiconazole 25% EC fungicides was evaluated against
S rolfsii strain Sr38. Both fungicides were tested at a con-
centration of 200 ppm. To prepare the fungicide-amended
media, 20 mg of each fungicide was thoroughly mixed with

autoclaved and cooled Potato Dextrose Agar (PDA) medium
in conical flasks to achieve the desired concentration. The
amended PDA medium was then poured into sterile Petri
plates. After solidification of the medium, the plates were
inoculated aseptically with mycelial discs of S. rolfsii Sr38.
The cultures were then incubated for 7 days at 28 °C. Control
plates containing only the pathogen (S. rolfsii) were main-
tained, each with three replicates. To quantify the inhibition
percentage, we employed the formula: Inhibition (%) =100
[(C-T)/C], where C represents the pathogen’s growth in the
control plate, and T represents the pathogen’s growth in the
treatment plate (Garcia 1991). The treatment values were
subjected to comparison using Duncan’s multiple-range test.

In-planta evaluation

An in-planta study was conducted to assess the antago-
nistic efficacy of various agents, including 7. asperellum
strain A10, T. harzianum (ITCC-8105), T. longibrachiatum
(ITCC-7794), T. virens (ITCC-7359), Chaetomium globo-
sum (ITCC-6210), Aspergillus niger ITCC-7797), Carben-
dazim (2 g/liter), and Propiconazole (2 ml/liter), against S.
rolfsii strain Sr38. The effectiveness of all tested treatments
against collar rot was evaluated using 1-month-old Pusa
Ruby variety tomato plants. This experiment was carried out
at the Center for Protected Cultivation Technology (CPCT)
at IARI, New Delhi.

To multiply the test pathogen S. rolfsii, sorghum grains
were used. Initially, 100 g of sorghum grains were soaked
in water overnight and then placed in 500 mL Erlenmeyer
flasks. The flasks were sealed with non-absorbent cotton and
autoclaved at 15 psi for 30 min at 121 °C. After cooling to
room temperature, the flasks were inoculated with mycelial
discs from a 7-day-old culture of S. rolfsii under sterile con-
ditions. The flasks were subsequently incubated at 28 °C for
7 days to allow complete mycelial growth coverage of the
sorghum grains. To prepare the infected soil for the experi-
ment, 10 g of S. rolfsii inoculum were mixed per kilogram
of soil.

To prepare spore suspensions of all antagonistic fungi, a
7-day-old pure culture was used. Five milliliters of sterile
distilled water were added to each culture plate, and spores
were gently scraped off using a sterile spatula. The spore
suspensions were then filtered, and their concentrations were
adjusted to 10% spores/ml. These suspensions were further
multiplied by inoculating 10 mL of spore suspension into
250 g of sterilized Farm Yard Manure (FYM) and incubating
at 28 °C for 7 days.

The evaluation was carried out using both pre- and post-
inoculation approaches. In the post-inoculation approach,
100 g of FYM enriched with antagonistic fungi were applied
per pot after 5 days of transplanting the tomato plants into
the S. rolfsii-infected soil. In the pre-inoculation approach,
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the tomato seedlings were dipped in the spore suspension of
antagonistic fungi for 60 min before being transplanted into
soil that had already been enriched with antagonistic fungi-
enriched FYM and infected with S. rolfsii.

The experiment was designed using a Completely Rand-
omized Design (CRD) and was conducted under greenhouse
conditions. Each treatment was replicated three times, and
the experiment was performed on three separate occasions to
ensure robustness and reliability of the results. To compare
the effects, four different treatments were employed: a control
group treated with distilled water, a pathogen-treated group,
a biocontrol-treated group, and a group treated with both
the pathogen and the biocontrol agent. The Disease Severity
Index (DSI) was recorded from pathogen-treated group and
both the pathogen and the biocontrol agent treated group after
10 days of treatment, based on a scale provided by Le et al.
(2012), where: 0=no disease symptoms; 1 =disease symp-
toms without visible fungal outgrowth; 2 =disease symptoms
with visible fungal growth; 3 =partial wilting of the plant; and
4 =complete wilting and plant death. The DSI was calculated
for both pre- and post-inoculation conditions using the fol-
lowing formula:

Y (Severity score X Number of infected plants having the same score)

RNA extraction and cDNA synthesis

Total RNA extraction from all the samples was performed
using the Qiagen RNeasy Plant Mini Kit following the
manufacturer’s instructions. The concentration and quality
of the RNA samples were determined by measuring the
optical density (OD) at 260/230 and 260/280 nm using a
Nanodrop spectrophotometer. To verify the integrity of the
extracted RNA, the presence of 28S and 18S bands was
assessed using a 1.0% agarose gel. Subsequently, cDNA
synthesis was carried out according to the manufacturer’s
protocol using the NeoScript 1st Strand cDNA Synthesis
Kit (Genes2Me). The concentration of the cDNA sam-
ples was quantified using a Nanodrop spectrophotometer
(Thermo Fisher Scientific).

Defense gene expression analysis

To examine the expression patterns of defense-related
genes in tomato plants across various treatments, real-
time PCR was employed. The qPCR reactions were con-

DSI(%) =

% 100.

Total number of plants observed X Maximum rating scale number

Experimental design, biological treatments,
and sample collection

The experimental setup involved using tomato plants of the
Pusa Ruby variety, which were subjected to four distinct treat-
ments: a control group treated with distilled water, a biocontrol
treatment using 7. asperellum strain A10, a pathogen treat-
ment involving inoculation with S. rolfsii strain Sr38, and a
biocontrol treatment followed by counter-inoculation with
the pathogen. Each treatment was replicated 15 times. In the
biocontrol treatment, a double dose was administered, first by
dipping the seedlings in a spore suspension of T. asperellum
strain A10 for 60 min, and second by applying T. asperellum
strain A10-enriched Farm Yard Manure (FYM) at a rate of
50 g per pot into soil that had been previously amended with
the pathogen to induce disease. To induce pathogen infection,
the pathogen inoculum was applied at a rate of 10 g per kilo-
gram of soil. Samples were collected at three different time
points (12 h post-inoculation, 24 h post-inoculation, and 48 h
post-inoculation) from all four treatments. These samples were
immediately immersed in liquid nitrogen and stored at —80 °C
for subsequent analysis.
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ducted in 96-well plates, each with a reaction volume of
20 pL per well. This volume comprised 10 uL of TB Green
Premix Ex-taqll (SYBR green, TaKaRa), 7 uL. of RNase-
free ddH,0, 1 uL each of forward and reverse primers,
and 1 pL of the cDNA template. The quantitative analysis
was carried out using the CFX96 Touch Real-time PCR
detection system (Bio-Rad, USA). The analysis focused on
the expression profiles of several defense genes, includ-
ing pathogenesis-related proteins (PR1, PR2, PR3, PRS,
PR12), Thioredoxin peroxidase (TPX), Catalase, Polyphe-
nol oxidase (PPO), Isochorismate synthase (associated
with the shikimate pathway for salicylic acid synthesis),
Lipoxygenase A and C (involved in jasmonic acid synthe-
sis), Proteinase inhibitor I and II (inducible by jasmonic
acid), Phenylalanine ammonia Lyase (PAL), Laccase,
Prosystemin, Multicystatin, MYC2, WRKY?31, and the
Ethylene signaling pathway gene ETR1 (which codes for
the ethylene receptor). These genes were assessed across
all four treatments and at three different time points. The
primer sequences for these genes were provided (Table 1).
As an internal reference gene, Actin was utilized. Relative
transcript quantification was carried out using the compar-
ative 2742¢T method (Livak and Schmittgen 2001), with
each treatment having three biological replicates.
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Table 1 List of primers used in this gene expression study

Genes

Primer

References

Beta 1, 3 glucanase (PR-2)
Chitinase (PR-3)
Thioredoxin peroxidase
Catalase

Polyphenol oxidase
Isochorismate synthase
Lipoxygenase C (TomLoxC)
Proteinase inhibitor II (PINII)
Proteinase inhibitor I (PINI)
PR-1

PR-12 (Plant defensins)
PR-5

PAL

Laccase

Prosystemin

Multicystatin

MYC2

SIWRKY31

ETR1

Lipoxygenase A (TomLoxA)

Actin (Endogenous control)

F-GGTCTCAACCGCGACATATT
R-CACAAGGGCATCGAAAAGAT
F-TGCAGGAACATTCACTGGAG
RTAACGTTGTGGCATGATGGT
F-GAGATGCAGTTGTGGCTACG
R-GCGAAGGATTGTTGCAGTCT
F-TGGAAGCCAACTTGTGGTGT
R-ACTGGGATCAACGGCAAGAG
F-ACTACGGAGGTGCCATAC
R-CGGCTAATCGCCAGATTG
F-GTTCCTCTCCAAGAAATGTCC
R-TCCTTCAAGCTCATCAAACTC
F-TCCGGCAACACCGTTTACTC
R-GTCAATGGCCGGAAAATGTG
F-GGCCAAATGCTTGCACCTTT
R-CGTGGTACATCCGGTGGGATA
F- TGAAACTCTCATGGCACGAAAAG
R- GGCCACATTTGTTTTCCTTCG
F-GTGGGATCGGATTGATATCCT
R-CCTAAGCCACGATACCATGAA
F-TCTACGCTGCTCTTGTTCTC
R-GAGCTGGGAAGACATAGTTG
F-AAACGGTGAATGCCCTGGTTCA
R-AGGACCACATGGACCGTGATTA
F-CGTTATGCTCTCCGAACATC
R-GAAGTTGCCACCATGTAAGG
F-GCACGGAGTCAAGCAAATA
RTGTGAAGCGGTAAGTGTAAC

F- AATTTGTCTCCCGTTAGA

R- AGCCAAAAGAAAGGAAGCAAT
F- GAGAATTTCAAGGAAGTTCAA
R- GGCTTTATTTCACACAGAGATA
F- CTGAAAAGAAGCCGAGGAAGC
R- GCATCTCCAAGAAGTGATGCC
F-CCACCTCCTTCACTTCCATT
R-GATGGAAAACTCCCAGTCGT
F-GTTGCCTGCTGACGACTTGC
R-GCACCGAACTGCACAAGAACC
F-TGAACCATGGTGGGCTGAAA
R-CTGCCCGAAATTGACTGCTG

F-AGGCACACAGGTGTTATGGT
R-AGCAACTCGAAGCTCATTGT

(El-komy et al. 2016)
(El-komy et al. 2016)

(Wang et al. 2021)
(Safaie-Farahani and Taghavi 2017)
(Jayanna and Umesha 2017)
(Moran-Diez et al. 2020)
(Tucci et al. 2011)

(Tucci et al. 2011)

(Tucci et al. 2011)
(Martinez-medina et al. 2013)
(Chandrashekar et al. 2018)
(Shavit et al. 2013)
(Martinez-medina et al. 2013)
(Martinez-medina et al. 2013)
(Martinez-medina et al. 2013)
(Martinez-medina et al. 2013)
(Moran-Diez et al. 2020)
(Aamir et al. 2019)

(Wang et al. 2021)

(Tucci et al. 2011)

(El-komy et al. 2016)

Statistical analysis

The data analysis was conducted using the statistical soft-
ware WASP 2.0 (Web Agri Stat Package), which can be
accessed at https://ccari.icar.gov.in/waspnew.html (as of
July 20, 2024). One-way analysis of variance (ANOVA)
was employed to examine potential variations in parameter
values among the treatments. Each experiment included
three replications. Duncan’s multiple-range test was
utilized to evaluate differences between treatments at a

significance level of 5%. For the determination of rela-
tive gene expression, the output from the qPCR runs was
analyzed using the CFX ManagerTM software, which
involved assessing cycle threshold (Ct) values.
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Results

Morpho-molecular identification and phylogenetic
analysis

The morphological features of S. rolfsii strain Sr38 was
identified by fast growing fluffy mycelial growth and abun-
dant sclerotial production on the Potato Dextrose Agar
(PDA) medium. The T. asperellum strain A10 grew faster
on the PDA and the mycelial colonies were initially white
on 3 days after incubation (DAI) and turned greenish after
sporulation on 7 DAI. Microscopic examination revealed
branching, typically paired conidiophores, ampuliform
phialides, and light green conidia that ranged in shape
from slightly oval to globose (Fig. 1).

Fig. 1 Morphological characteristics of S. rolfsii and T. asperellum. a
Colony growth of S. rolfsii on potato dextrose agar. b Colony growth
of T. asperellum on potato dextrose agar. ¢ Microscopic images show-
ing conidiophores structures and branching pattern of 7. asperellum
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We confirmed the amplified products generated by the
TEF 1a and RPB2 gene primers for S. rolfsii, as well as the
ITS and B-tubulin gene primers for 7. asperellum, through
exact band in agarose gel electrophoresis. Following con-
firmation, these products underwent sequencing for analy-
sis. We confirmed the species identities of the strains using
NCBI BLAST searches. Subsequently, all the obtained
sequences were submitted to GenBank, where they were
assigned unique accession numbers: ITS (OR137590)
and B-tubulin (OR193710) for T. asperellum, and TEF la
(OR335644) and RPB2 (OR227561) for S. rolfsii. We con-
firmed the taxonomic identities of the strains using phyloge-
netic analysis. The results revealed that our S. rolfsii strain
Sr38 shares a close genetic relationship with other S. rolfsii
isolates, distinguishing it from other Sclerotium species and
the outgroup (Fig. 2). Similarly, our T. asperellum strain A10
exhibited a close genetic affinity with other T. asperellum

(magnification at 40X). d Phialides arrangement of T. asperellum
with conidia (magnification at 40x). e T. asperellum conidia (magni-
fication at 100X)
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Athelia rolfsii isolate FAVF266

Athelia rolfsii isolate FAVF263

Athelia rolfsii isolate FAVF273

100 |- Athelia rolfsii strain Sr38

Athelia rolfsii strain Sr 395

Athelia rolfsii strain Sr 10

49
Athelia rolfsii strain Sr 414

Athelia roffsii strain Sr 7

Sclerotium coffeicola strain CBS115.19

Sclerotium hydrophilum strain CBS201.27
82

Sclerotium tuliparum strain CBS130.08

~N

Sclerotium rhizodes strain CBS126.13

- Sclerotium perniciosum strain CBS335.47

Sclerotinia sclerotiorum isolate 2C

020

Fig.2 Maximum-likelihood phylogenetic tree based on concatenated
translation elongation factor la (TEF lo) and RNA Polymerase 2
(RPB2) sequences of the Sclerotium (= Athelia) rolfsii strain Sr38 and
its related species and reference S. rolfsii isolates retrieved from the
NCBI database. The tree was rooted using Sclerotinia sclerotiorum as
an outgroup

isolates, setting it apart from other Trichoderma species and
the outgroup (Fig. 3).

Antagonistic efficacy
In vitro evaluation

In the dual culture assay, all the antagonistic fungi signifi-
cantly inhibited the mycelial growth of S. rolfsii, with inhibi-
tion percentages ranging from 20.87% to 94.66% (p < 0.05).
Notably, T. asperellum strain A10 exhibited the highest inhi-
bition rate of 94.66% among all the tested antagonists after
7 days of inoculation. T. harzianum also showed consider-
able effectiveness with an 82.64% inhibition rate. In compar-
ison, T. longibrachiatum and T. virens had moderate inhibi-
tion rates of 51.38% and 52.35%, respectively. Chaetomium
globosum and Aspergillus niger AN-11 were less effective,

Trichoderma asperellum isolate Ta-1

Trichoderma asperellum isolate Ta-13

53 | Trichoderma asperellum isolate Ta-3

Trichoderma asperellum isolate Ta-12

Trichoderma asperellum isolate Ta-15

91
Trichoderma asperellum strain A10
81

Trichoderma asperellum isolate Ta-6
7

97

84 L Trichoderma asperellum isolate Ta-7

Trichoderma asperellum isolate Ta-5
%8

Trichoderma hamatum isolate T-KN1

— Trichoderma longibrachiatum isolate TP1

50 L Trichoderma virens isolate IARI PP 5

Trichoderma harzianum strain TP3-36

Chaetomium globosum CBS 160.62

0.10

Fig. 3 Maximum-likelihood phylogenetic tree based on concatenated
Internal Transcribed Spacer (ITS) and p-tubulin sequences of the
Trichoderma asperellum strain A10 and its related species and refer-
ence T. asperellum isolates retrieved from the NCBI database. The
tree was rooted using Chaetomium globosum as an outgroup

with inhibition rates of 20.87% and 30.93%, respectively.
In addition to the antagonistic fungi, the fungicidal efficacy
of Carbendazim exhibited a significant inhibition rate of
63.75%, indicating its effectiveness in reducing the myce-
lial growth of S. rolfsii. Propiconazole demonstrated an even
higher inhibition rate of 71.89%, showing its superior effi-
cacy compared to Carbendazim. These fungicides, although
not as effective as the top-performing antagonistic fungus 7.
asperellum strain A10, still provided substantial inhibition
of S. rolfsii mycelial growth. This highlights the efficacy of
T. asperellum strain A10 as the most potent antagonist in
suppressing S. rolfsii (Table 2, Fig. 4).

In-planta evaluation
The results indicate that all treatments were effective in

reducing disease severity, with varying degrees of efficacy.
The T. asperellum strain A10 consistently demonstrated
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Table 2 Effect of antagonistic fungi and fungicides on radial growth
of Sclerotium rolfsii on PDA at 28 +2 °C at 5 days after inoculation
(DAI)

Percent inhibition
of Sclerotium rolfsii
growth

Isolates

Dual culture assay

Trichoderma asperellum strain A10 94.66*
Trichoderma harzianum 82.64°
Trichoderma longibrachiatum 51.38¢
Trichoderma virens 52.35¢
Chaetomium globosum 20.87¢
Aspergillus niger AN-11 30.93f
Propiconazole 71.890°
Carbendazim 63.753¢
CD (0.05) 3.108
CV (%) 3.066
SEm 3.224

Different letters after values are significantly different at P <0.05

superior performance, achieving the highest disease
inhibition rates of 86.17% and 80.60% in the pre- and
post-inoculation treatments, respectively. This was sig-
nificantly better compared to the other treatments, with
T. harzianum showing moderate efficacy with 77.80% and
72.22% reduction in disease severity. In contrast, 7. lon-
gibrachiatum and T. virens exhibited lower disease inhibi-
tion, with reductions of 58.33% and 50.00%, and 36.11%
and 33.33%, respectively. Chaetomium globosum, while
effective, resulted in the least reduction in disease sever-
ity, with only 11.11% and 8.33% reduction in the pre- and
post-inoculation treatments. Similarly, Aspergillus niger
AN-11 showed moderate inhibition, with 22.22% and
16.67% reductions. The chemical controls, Carbenda-
zim and Propiconazole, displayed intermediate efficacy,
with reductions of 55.55% and 47.22%, and 61.11% and
55.56%, respectively, by comparing the positive control
showing 100% DSI (Table 3, Fig. 5).

Expression profile of defense-related genes

Significant changes in the expression of defense genes in
tomato plants were observed in response to 7. asperel-
lum strain A10 when exposed to S. rolfsii. The analysis
included the gene expression patterns for all four treat-
ments (Control, Biocontrol-treated, Pathogen-treated,
and combined Biocontrol and Pathogen-treated) at three
different time points (12 h post-inoculation, 24 h post-
inoculation, and 48 h post-inoculation). It was evident that
all the tested genes exhibited significant expression across
all three time points.
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Expression profile of pathogenesis-related genes

The pathogenesis-related protein (PR1) gene expression
significantly different at 12, 24, and 48 h post-inoculation
(hpi) across four treatments. At 12 hpi, the Biocontrol treat-
ment exhibited the highest expression level at 2.332-fold,
compared to the Biocontrol 4+ Pathogen treatment (1.242-
fold), the Pathogen treatment (1.061-fold), and the Control
treatment (0.592-fold). By 24 hpi, the Biocontrol 4+ Pathogen
treatment showed a notable increase in PR1 expression to
6.537-fold, surpassing the Biocontrol treatment (4.485-
fold), the Pathogen treatment (2.244-fold), and the Control
treatment (0.893-fold). At 48 hpi, the Biocontrol + Patho-
gen treatment continued to exhibit the highest expression at
14.211-fold, significantly higher than the Biocontrol treat-
ment (8.555-fold), the Pathogen treatment (5.306-fold), and
the Control treatment (1.022-fold). Overall, the Biocon-
trol + Pathogen treatment demonstrated the most significant
increase in PR1 expression at all time points (Fig. 6a, Online
Resource 5).

The expression of PR2 ($-1, 3 glucanase) under differ-
ent treatments showed significant differences at varied time
points. At 12 hpi, the Control treatment exhibited the lowest
expression level at 1.013-fold, while the Biocontrol + Path-
ogen treatment had the highest at 2.674-fold, indicating a
significant early induction of PR2 in the presence of both
biocontrol agents and the pathogen. By 24 hpi, the Bio-
control 4+ Pathogen treatment continued to show the high-
est expression at 5.380-fold, followed by the Biocontrol
treatment at 2.687-fold. The Pathogen treatment showed a
moderate increase to 2.012-fold, while the Control remained
relatively unchanged at 1.022-fold. At 48 hpi, the Biocon-
trol 4+ Pathogen treatment maintained the highest expression
level at 11.932-fold, significantly surpassing the Biocontrol
treatment (11.153-fold) and the Pathogen treatment (9.256-
fold). The Control treatment showed minimal change with
an expression level of 1.005-fold. The Biocontrol + Pathogen
treatment consistently demonstrated the highest PR2 expres-
sion levels at every time point, making it the most significant
treatment overall (Fig. 6b, Online Resource 1).

The PR3 (Chitinase) expression demonstrated notable
variability depending on the treatment and time points. At
12 hpi, the Biocontrol + Pathogen treatment exhibited the
highest expression level at 7.596-fold, markedly higher than
the Biocontrol treatment (2.510-fold), the Pathogen treat-
ment (1.789-fold), and the Control treatment (1.072-fold).
By 24 hpi, the Biocontrol + Pathogen treatment continued
to show the highest expression at 13.664-fold, surpassing
the Pathogen treatment (1.496-fold), the Biocontrol treat-
ment (1.489-fold), and the Control treatment (0.861-fold). At
48 hpi, the Biocontrol 4+ Pathogen treatment maintained the
highest expression level at 26.457-fold, significantly higher
than the Pathogen treatment (18.269-fold), the Biocontrol
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Fig.4 Effect of biocontrol agents and fungicides on S. rolfsii growth
through the in vitro assay. a Trichoderma virens. b Trichoderma lon-
gibrachiatum. ¢ Trichoderma asperellum strain A10. d Trichoderma

treatment (3.598-fold), and the Control treatment (1.022-
fold). Among all treatments, Biocontrol 4+ Pathogen showed
the most pronounced effect; with PR3 expression reach-
ing the highest levels at all measured time points (Fig. 6c¢,
Online Resource 1).

The PRS5 gene expression showed significant differences
under different treatments at varied time points, starting at
12 hpi. At this time, the Biocontrol treatment had the high-
est expression level at 1.234-fold, compared to the Control
treatment (1.142-fold), the Pathogen treatment (1.089-fold),
and the Biocontrol + Pathogen treatment (0.613-fold). By 24

Control

harzianum. e Aspergillus niger. £ Chaetomium globosum. g Carbenda-
zim. h Propiconazole. i Contro

hpi, the Biocontrol treatment continued to exhibit the highest
expression at 2.060-fold, followed by the Biocontrol + Path-
ogen treatment (1.480-fold), the Control treatment (1.055-
fold), and the Pathogen treatment (0.602-fold). At 48 hpi, the
Biocontrol 4+ Pathogen treatment showed a marked increase
in PR5 expression to 4.706-fold, significantly higher than
the Pathogen treatment (1.959-fold), the Biocontrol treat-
ment (1.469-fold), and the Control treatment (1.171-fold).
Overall, the Biocontrol + Pathogen treatment demonstrated
the most significant increase in PR5 expression at 48 hpi
(Fig. 6d, Online Resource 6).
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Table 3 Effect of antagonistic
fungi and fungicides against
collar rot (Sclerotium rolfsii)

Strains

% Disease Severity Index (DSI)

Pre inocula- Reduction over  Post inocula-  Reduction over

disease in tomato plants var. tion treatment  control (ROC) tion treatment  control (ROC)

Pusa Ruby in pot condition
Trichoderma asperellum strain A10  13.83 86.17* 19.40 80.60*
Trichoderma harzianum 22.20 77.80% 27.78 72.22%
Trichoderma longibrachiatum 41.67 58.33° 50.00 50.00°
Trichoderma virens 63.89 36.11° 66.67 33.33¢
Chaetomium globosum 88.89 11.11° 91.67 8.33¢
Aspergillus niger AN-11 71.77 22.22°¢ 83.33 16.67¢
Carbendazim (2 g/liter) 44.48 55.55° 52.78 47.22°
Propiconazole (2 ml/liter) 38.89 61.11° 44.44 55.56°
Positive Control (S. rolfsii) 100 100
CD (0.05) 11.780 12.840
CV (%) 12.725 16.306
SEm 46.312 55.027

Different letters after values are significantly different at P <0.05

Fig.5 In-planta antagonistic evaluation of biocontrol agents and fun-
gicides against S. rolfsii. a Trichoderma virens. b Trichoderma lon-
gibrachiatum. ¢ Trichoderma asperellum A10. d Trichoderma harzi-

There were marked differences in the expression of
PR12 under different treatment conditions and at different
time points. At 12 hpi, the Biocontrol treatment exhibited
the highest expression level at 2.611-fold, compared to
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anum. e Aspergillus niger. £ Chaetomium globosum. g Carbendazim.
h Propiconazole; C Control, B Biocontrol, P Pathogen, B+ P Biocon-
trol + Pathogen, Ch Chemical, Ch+ P Chemical + Pathogen

the Pathogen treatment (1.676-fold), the Control treatment
(1.609-fold), and the Biocontrol + Pathogen treatment
(1.089-fold). By 24 hpi, the Pathogen treatment showed a
notable increase to 2.544-fold, surpassing the Biocontrol
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Fig.6 Gene expression analysis of the defense-related genes encod-
ing a PR-1, b PR-2, ¢ PR-3, d PR-5, and e PR-12 in tomato var. pusa
ruby grown in soil existing different treatments viz., Control, Biocon-
trol (T. asperellum strain A10 treated), Pathogen (S. rolfsii strain Sr38

treatment (2.052-fold), and the Biocontrol + Pathogen
treatment (1.584-fold), and the Control treatment (1.103-
fold). At 48 hpi, the Biocontrol + Pathogen treatment dem-
onstrated the highest expression at 3.584-fold, significantly
higher than the Pathogen treatment (1.593-fold), the Bio-
control treatment (1.026-fold), and the Control treatment
(1.054-fold). Among all treatments, Biocontrol + Pathogen
showed the most pronounced effect, with PR12 expression

treated), and Biocontrol + Pathogen (both). Actin was used as the
reference gene. Each data point represents the average of three inde-
pendent biological replicates. Error bars indicate standard deviation
(SD)

reaching the highest levels at all measured time points
(Fig. 6e, Online Resource 6).

Expression profile of TPX, CAT, ICS, PPO, and PAL genes
The expression levels of the thioredoxin peroxidase (Tpx)

gene varied considerably across different treatments at dif-
ferent time points. In the control group, expression remained
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Fig.7 Gene expression analysis of the defense-related genes encod-
ing a Thioredoxin peroxidase, b Catalase, ¢ Isochorismate synthase,
d Polyphenol oxidase, and e Phenyl alanine ammonia lyase in tomato
var. pusa ruby grown in soil existing different treatments viz., Con-
trol, Biocontrol (T. asperellum strain A10 treated), Pathogen (S. rolf-

relatively stable with fold changes of 0.90 at 12 hpi, 1.08 at
24 hpi, and 1.04 at 48 hpi. The biocontrol treatment showed
a moderate increase, with fold changes of 1.02 at 12 hpi,
2.28 at 24 hpi, and 1.37 at 48 hpi. The pathogen treatment
led to a marked increase in expression, starting at 0.49-fold

pisdlase cllo ay .
ey moias ) Springer

sii strain Sr38 treated), and Biocontrol + Pathogen (both). Actin was
used as the reference gene. Each data point represents the average of
three independent biological replicates. Error bars indicate Standard
deviation (SD)

at 12 hpi, rising significantly to 3.64-fold at 24 hpi and
reaching 1.55-fold at 48 hpi. The most pronounced effect
was observed in the combined biocontrol and pathogen treat-
ment, where Tpx expression was downregulated to 0.28-fold
at 12 hpi, followed by a substantial increase to 3.54-fold at
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24 hpi, and a striking 10.80-fold at 48 hpi. This indicates that
the combined treatment of biocontrol and pathogen had the
most significant impact on upregulating Tpx gene expres-
sion, especially notable at 48 hpi (Fig. 7a, Online Resource
2).

Across different treatments, the expression levels of the
Catalase (Cat) gene demonstrated considerable differences
over time. In the control group, expression levels were rela-
tively low and stable, with fold changes of 0.39 at 12 hpi,
1.05 at 24 hpi, and 0.80 at 48 hpi. The biocontrol treatment
led to a moderate increase in gene expression, with fold
changes of 0.53 at 12 hpi, 1.82 at 24 hpi, and 1.01 at 48 hpi.
The pathogen treatment caused a gradual increase, showing
fold changes of 0.77 at 12 hpi, 1.76 at 24 hpi, and 1.85 at
48 hpi. The most significant upregulation was observed in
the combined biocontrol and pathogen treatment, with fold
changes of 1.04 at 12 hpi, 2.03 at 24 hpi, and a substantial
5.50 at 48 hpi. This observation highlights that the combined
biocontrol and pathogen treatment yielded the highest Cat
gene expression levels, particularly at 48 hpi (Fig. 7b, Online
Resource 2).

The expression levels of Isochorismate Synthase (ICS)
varied significantly among treatments at different time
points. In the control group, ICS expression was relatively
steady, with fold changes of 0.74 at 12 hpi, 1.18 at 24 hpi,
and 1.06 at 48 hpi. The biocontrol treatment resulted in a
notable increase in ICS expression, with fold changes ris-
ing from 0.41 at 12 hpi to 5.64 at 24 hpi, and then slightly
decreasing to 3.14 at 48 hpi. The pathogen treatment showed
an initial increase to 1.42-fold at 12 hpi, with further upregu-
lation to 2.14-fold at 24 hpi and 2.40-fold at 48 hpi. The most
pronounced effect was observed in the combined biocontrol
and pathogen treatment, where ICS expression surged from
1.77-fold at 12 hpi to a dramatic 14.00-fold at 24 hpi, and
remained high at 9.21-fold at 48 hpi. This indicates that the
highest expression of ICS occurred with the biocontrol and
pathogen combination, especially notable at 24 hpi (Fig. 7c,
Online Resource 4).

The expression levels of Polyphenol Oxidase (PPO) gene
exhibited distinct variations across different treatments
and time intervals. In the control scenario, PPO activity
remained relatively stable with values of 1.14-fold at 12 hpi,
1.31-fold at 24 hpi, and 1.09-fold at 48 hpi. The biocontrol
intervention led to a significant rise in PPO levels, start-
ing from 0.37-fold at 12 hpi and escalating to 1.31-fold at
24 hpi, before reaching 1.59-fold at 48 hpi. In contrast, the
pathogen treatment showed a gradual increase from 0.62-
fold at 12 hpi to 0.72-fold at 24 hpi, and then a substantial
spike to 2.80-fold at 48 hpi. The most dramatic increase was
seen in the combined treatment of pathogen and biocontrol,
where PPO activity jumped from 1.96-fold at 12 hpi to an
impressive 7.40-fold at 24 hpi, and peaked at 9.86-fold at 48
hpi. This pattern suggests that the highest PPO expression

was associated with the combined pathogen and biocontrol
treatment, particularly remarkable at 48 hpi (Fig. 7d, Online
Resource 3).

The Phenylalanine Ammonia Lyase (PAL) gene expres-
sion displayed notable differences across treatments and
time points. In the control group, PAL activity remained
fairly constant with values of 1.16-fold at 12 hpi, 1.25-fold
at 24 hpi, and 1.10-fold at 48 hpi. The biocontrol treatment
caused a substantial increase in PAL levels, starting from
2.24-fold at 12 hpi and rising to 3.51-fold at 24 hpi, before
slightly decreasing to 2.80-fold at 48 hpi. For the pathogen
treatment, PAL activity increased from 1.07-fold at 12 hpi to
2.87-fold at 24 hpi, and then significantly surged to 5.68-fold
at 48 hpi. The most significant expression was observed in
the combined biocontrol and pathogen treatment, where PAL
levels dramatically rose from 0.62-fold at 12 hpi to 9.01-
fold at 24 hpi, and further escalated to 10.11-fold at 48 hpi.
This indicates that the highest PAL expression was achieved
with the combined treatment of biocontrol and pathogen,
particularly noteworthy at 24 hpi and 48 hpi (Fig. 7e, Online
Resource 7).

Expression profile of LoxA, LoxC, PIN I, PIN I, and ETR genes

The Lipoxygenase A (Lox A) gene expression levels under
various treatments showed significant differences at different
time points. In the control group, expression remained rela-
tively stable, with fold changes of 1.03 at 12 hpi, 0.94 at 24
hpi, and 1.00 at 48 hpi. The biocontrol treatment resulted in
an initial downregulation to 0.83-fold at 12 hpi, followed by
a substantial upregulation to 4.07-fold at 24 hpi, and a mod-
erate increase to 1.40-fold at 48 hpi. Plants treated with the
pathogen alone exhibited a downregulation at 12 hpi (0.45-
fold), a significant upregulation to 3.25-fold at 24 hpi, and
further increased to 4.75-fold at 48 hpi. The combined treat-
ment of biocontrol and pathogen led to a downregulation at
12 hpi (0.72-fold), followed by a dramatic upregulation to
6.44-fold at 24 hpi, and a remarkable 15.89-fold increase at
48 hpi. This indicates that the most significant upregulation
of gene expression occurred in the combined biocontrol and
pathogen treatment, particularly evident at 48 hpi (Fig. 8a,
Online Resource 10).

The expression level of the Lipoxygenase C (Lox C)
gene under various treatments showed distinct patterns over
time. In the control group, expression levels decreased from
1.14-fold at 12 hpi to 0.76-fold at 24 hpi and then slightly
increased to 0.85-fold at 48 hpi. The biocontrol treatment
resulted in a steady upregulation of the gene, with fold
changes of 1.16, 1.78, and 1.99 at 12, 24, and 48 hpi, respec-
tively. Plants inoculated with the pathogen alone exhibited a
marked increase in gene expression, with fold changes ris-
ing from 0.77 at 12 hpi to 2.55 at 24 hpi and 2.91 at 48 hpi.
Notably, the combined treatment of biocontrol and pathogen
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Fig.8 Gene expression analysis of the defense-related genes encod-
ing a LoxA, b LoxC, ¢ PIN I, d PIN II, and e ETR I in tomato var.
pusa ruby grown in soil existing different treatments, viz., Control,
Biocontrol (T. asperellum strain A10 treated), Pathogen (S. rolfsii

led to the most significant upregulation of the gene, with
fold changes of 0.74, 4.64, and 5.47 at 12, 24, and 48 hpi,
respectively. The results indicate that the biocontrol plus
pathogen treatment produced the highest gene expression,
particularly at 24 and 48 hpi (Fig. 8b, Online Resource 4).
The expression level of Proteinase Inhibitor I (PIN I)
exhibited significant differences across various treatments at
different time points. In the control group, PIN I expression
remained relatively stable, showing only slight upregulation
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strain Sr38 treated), Biocontrol+Pathogen (both). Actin was used
as the reference gene. Each data point represents the average of three
independent biological replicates. Error bars indicate standard devia-
tion (SD)

with fold changes of 1.00, 1.03, and 1.02 at 12, 24, and 48
hpi, respectively. The biocontrol treatment initially resulted
in a downregulation of PIN I at 12 hpi (0.37-fold) and 24
hpi (0.86-fold), followed by a substantial upregulation to
5.10-fold at 48 hpi. In contrast, plants inoculated with the
pathogen alone displayed a gradual increase in PIN I expres-
sion, with fold changes of 0.81, 0.94, and 6.44 at 12, 24, and
48 hpi, respectively. Notably, the combined treatment of bio-
control and pathogen led to the highest upregulation of PIN
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I, with fold changes of 1.51, 3.04, and a remarkable 15.03 at
12, 24, and 48 hpi, respectively. This indicates that the most
significant upregulation of PIN I occurs in the biocontrol-
treated plants that were also inoculated with the pathogen,
particularly evident at 48 hpi (Fig. 8c, Online Resource 3).

Response of the Proteinase Inhibitor IT (PIN II) gene
expression differed with each treatment across the different
time points. In the control group, expression levels remained
relatively consistent with a slight increase at 24 hpi, result-
ing in fold changes of 1.01 at 12 hpi, 2.10 at 24 hpi, and
1.01 at 48 hpi. The biocontrol treatment led to a gradual
upregulation of the gene, with fold changes of 0.86 at 12
hpi, 3.69 at 24 hpi, and 2.33 at 48 hpi. The pathogen treat-
ment caused an initial upregulation of the gene at 12 hpi
(1.41-fold), followed by a stable expression at 24 hpi (2.17-
fold) and a slight decrease at 48 hpi (1.39-fold). Notably, the
combined treatment of biocontrol and pathogen induced the
most significant gene expression changes, starting with a
downregulation at 12 hpi (0.37-fold), followed by a substan-
tial increase at 24 hpi (2.33-fold), and reaching a remarkable
7.90-fold upregulation at 48 hpi. This observation highlights
that the gene expression was most elevated with the biocon-
trol and pathogen combination, notably at 24 and 48 hpi
(Fig. 8d, Online Resource 5).

The Ethylene Response (ETR) gene showed fluctuating
expression levels depending on the treatment and the time
point. In the control group, gene expression remained rela-
tively stable, with fold changes of 1.11 at 12 hpi, 1.03 at 24
hpi, and 1.06 at 48 hpi. The biocontrol treatment led to a
moderate upregulation, showing fold changes of 0.90 at 12
hpi, a significant increase to 2.25 at 24 hpi, and 1.34 at 48
hpi. The pathogen treatment resulted in an initial upregula-
tion to 1.86-fold at 12 hpi, followed by a slight decrease
to 1.01-fold at 24 hpi, and an increase again to 2.17-fold
at 48 hpi. The most notable changes were observed in the
combined treatment of biocontrol and pathogen, which
exhibited a downregulation to 0.74-fold at 12 hpi, a sub-
stantial upregulation to 2.59-fold at 24 hpi, and a remarkable
5.22-fold increase at 48 hpi. This indicates that the highest
gene expression was achieved with the biocontrol and patho-
gen combination treatment, particularly at 48 hpi (Fig. 8e,
Online Resource 9).

Expression profile of MYC2, multicystatin, laccase,
WRKY-31, and prosystemin genes

The expression of MYC2 showed significant differences
under different treatments at varied time points, starting at 12
hpi. At this time, the Biocontrol 4+ Pathogen treatment exhib-
ited the highest expression level at 1.710-fold, compared to
the Pathogen treatment (1.252-fold), the Control treatment
(0.633-fold), and the Biocontrol treatment (0.501-fold). By
24 hpi, the Biocontrol + Pathogen treatment continued to

show the highest expression at 4.571-fold, surpassing the
Biocontrol treatment (2.860-fold), the Pathogen treatment
(1.682-fold), and the Control treatment (0.536-fold). At 48
hpi, the Biocontrol 4+ Pathogen treatment maintained the
highest expression level at 9.110-fold, significantly higher
than the Pathogen treatment (7.031-fold), the Biocontrol
treatment (3.757-fold), and the Control treatment (0.965-
fold). Overall, the Biocontrol + Pathogen treatment demon-
strated the most significant increase in MYC2 expression at
all time points (Fig. 9a, Online Resource 10).

Significant variations in the multicystatin gene expres-
sion were observed under different treatments, starting from
12 hpi. At this time, the Biocontrol treatment exhibited
the highest expression level at 1.803-fold, followed by the
Pathogen treatment (1.430-fold), the Biocontrol + Pathogen
treatment (1.276-fold), and the Control treatment (1.180-
fold). By 24 hpi, the Pathogen treatment had the highest
expression at 5.430-fold, significantly higher than the Bio-
control + Pathogen treatment (4.427-fold), the Biocontrol
treatment (1.357-fold), and the Control treatment (1.120-
fold). At 48 hpi, the Biocontrol + Pathogen treatment showed
a dramatic increase in multicystatin expression to 19.088-
fold, surpassing both the Biocontrol treatment (4.947-fold)
and the Pathogen treatment (4.037-fold), with the Control
treatment remaining relatively low at 1.097-fold. The Bio-
control 4+ Pathogen treatment showed the most significant
increase in multicystatin expression overall, especially at 48
hpi (Fig. 9b, Online Resource 9).

The laccase gene expression varied significantly across
different treatments and time points. At 12 hpi, the high-
est expression was observed in the Biocontrol treatment
at 1.434-fold, while the Control, Pathogen, and Biocon-
trol + Pathogen treatments showed lower expressions at
1.109-fold, 0.898-fold, and 0.602-fold, respectively. By
24 hpi, the Biocontrol 4 Pathogen treatment showed a dra-
matic increase to 18.177-fold, significantly higher than the
Biocontrol treatment at 4.621-fold, the Pathogen treatment
at 3.609-fold, and the Control at 1.055-fold. At 48 hpi, the
Biocontrol + Pathogen treatment maintained the highest
expression at 15.031-fold, followed by the Biocontrol treat-
ment at 6.056-fold, the Pathogen treatment at 4.244-fold,
and the Control at 1.126-fold. Significant enhancement in
laccase expression was observed in the Biocontrol + Patho-
gen treatment, particularly at 24 and 48 hpi (Fig. 9c, Online
Resource 7).

The expression levels of WRKY31 showed notable dif-
ferences across various treatments and time points. At 12
hpi, the Biocontrol treatment exhibited the highest expres-
sion at 2.210-fold, while the Pathogen, Control, and Bio-
control + Pathogen treatments had lower expressions at
1.677-fold, 1.186-fold, and 1.080-fold, respectively. By 24
hpi, WRKY?31 expression peaked in the Biocontrol + Path-
ogen treatment, reaching 5.312-fold, significantly higher
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than the Pathogen treatment at 4.073-fold, the Biocontrol
treatment at 2.287-fold, and the Control at 1.133-fold. At
48 hpi, the expression was most pronounced in the Biocon-
trol 4+ Pathogen treatment at 19.109-fold, followed by the
Biocontrol treatment at 6.708-fold, the Pathogen treatment
at 6.374-fold, and the Control at 1.023-fold. The Biocon-
trol 4+ Pathogen treatment consistently demonstrated the
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(S. rolfsii strain Sr38 treated), Biocontrol+ Pathogen (both). Actin
was used as the reference gene. Each data point represents the average
of three independent biological replicates. Error bars indicate stand-
ard deviation (SD)

most substantial increase in WRKY31 expression, espe-
cially evident at 48 hpi (Fig. 9d, Online Resource 8).

The expression of prosystemin showed significant dif-
ferences under different treatments at varied time points,
starting at 12 hpi. At this time, the Biocontrol treatment
had the highest expression level at 1.421-fold, compared to
the Control treatment (1.030-fold), the Pathogen treatment
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(0.796-fold), and the Biocontrol + Pathogen treatment
(0.604-fold). By 24 hpi, the Pathogen treatment exhibited
the highest expression at 3.844-fold, closely followed by the
Biocontrol + Pathogen treatment (3.714-fold), the Biocontrol
treatment (3.189-fold), and the Control treatment (1.064-
fold). At 48 hpi, the Biocontrol + Pathogen treatment showed
a marked increase in prosystemin expression to 13.887-fold,
significantly higher than the Biocontrol treatment (9.869-
fold), the Pathogen treatment (5.815-fold), and the Control
treatment (1.022-fold). The most notable increase in prosys-
temin expression at 48 hpi was observed with the Biocon-
trol + Pathogen treatment (Fig. 9¢, Online Resource 8).

Discussion

In our research, we employed Trichoderma asperellum
strain A10 as the antagonist against S. rolfsii strain Sr38,
confirmed through a detailed analysis of both morpho-
logical and molecular characteristics. Morphologically, T.
asperellum displayed rapid growth, with globose conidia,
predominantly paired branches, and ampulliform phial-
ides, aligning with the previous studies indicated that 7.
asperellum conidia were sub-globose to ovoid, with finely
warted ornamentation, as observed through scanning elec-
tron microscopy (SEM). The conidiophores showed lateral
branching, and the conidial color ranged from olive green
to dark green when dries (Sriram et al. 2013). Similarly,
light and SEM observations of T. asperellum Tal3 revealed
regularly branched, typically paired conidiophores, straight
phialides, and globose to sub-globose conidia measuring
2.91 pm x 2.37 pm, with inconspicuous ornamentation (Pan-
dian et al. 2016). Likewise, a microscopic examinations of
T. asperellum isolates confirmed the presence of branched,
mostly paired conidiophores, ampulliform phialides, and
slightly ovoid to globose light green conidia (Shanmuga-
raj et al. 2023). These observations are consistent with our
findings, reinforcing the characteristic morphological traits
of T. asperellum.

Relying solely on morphological characteristics for spe-
cies identification can sometimes be erroneous, uncertain,
or unclear due to overlapping features, which may not pro-
vide precise results. Therefore, we also conducted molecular
characterization based on internal transcribed spacer (ITS)
and B-tubulin region sequence analysis for more reliable
identification. This method enabled us to accurately identify
the T. asperellum species, demonstrating the effectiveness
of molecular markers for dependable species determination.
This consistent with the previous studies have confirmed
that ITS and p-tubulin markers can effectively differenti-
ate between various Trichoderma species (Thokala et al.
2021). Similarly, using a combination of ITS and p-tubulin
sequences significantly distinguished all T. asperellum

isolates from other species (Shanmugaraj et al. 2023). These
observations are consistent with our findings, reinforcing the
molecular confirmation of 7. asperellum.

The morphology of the S. rolfsii strain Sr38 was char-
acterized by its rapid mycelial growth and the production
of abundant, mustard-colored sclerotia on potato dextrose
agar (PDA). This study examined morphological traits such
as mycelial growth rate, colony color, mycelial dispersion,
appearance, and various aspects of sclerotia including color,
weight, numbers, arrangement, and maturity days. These
findings align with the previous research, which confirmed
morphologically and categorized their S. rolfsii isolates into
white, extra white, cottony white, light white, and dull white
mycelium. The sclerotia color ranged from brown to dark
brown, with shapes varying from spherical to oval and irreg-
ular. The sclerotial weight ranged from 3.7 to 8.6 mg, and
their arrangement was observed to be scattered, peripheral,
and central (Mahato and Biswas 2017). Similarly, a rapidly
growing, dense mycelium with a white, woolly appearance
and smooth edges was observed. Initially, the mycelium
produced abundant white sclerotia on PDA medium, which
turned brown after 3—4 days of vegetative growth, eventually
becoming black (Sikder et al. 2024).

Identifying species based only on morphological traits
can often be inaccurate, ambiguous, or confusing due to
shared characteristics, leading to imprecise results. There-
fore, we also conducted molecular characterization based on
TEF la and RPB2 region sequence analysis for more reli-
able identification. These consistent with the previous stud-
ies showed that a collection of 238 single-sclerotial S. rolfsii
isolates was obtained from diseased sugar beet plants from
Chile, Italy, Portugal, and Spain were confirmed molecu-
larly utilizing TEF 1o and RPB2 markers (Remesal et al.
2013). Similarly, all the 50 isolates of S. rolfsii from different
locations of India, previously identified based on morphol-
ogy, were molecularly confirmed by amplifying TEF la and
RPB2 genomic regions (Shanmugaraj et al. 2024). These
observations are consistent with our findings, reinforcing
the molecular confirmation of S. rolfsii.

Furthermore, we assessed the biocontrol efficacy of the
A10 strain of T. asperellum, along with other antagonistic
fungi; against the collar rot pathogen S. rolfsii strain Sr38.
In our in vitro antagonistic assays, 1. asperellum strain A10
demonstrated significant inhibition of S. rolfsii growth,
achieving a remarkable 94.66% reduction in the dual plate
assay. These results are consistent with the previous stud-
ies, which found that temperature-tolerant isolates of 7.
asperellum reduced S. rolfsii hyphal growth by 50-68%
under in vitro conditions (Poosapati et al. 2014). Moreover,
T. asperellum significantly decreased the mycelial growth
of Pythium aphanidermatum, Pythium debaryanum, and S.
rolfsii Sr3 by 43.57%, 38.16%, and 54.87%, respectively,
according to Manjunath et al. (2017). Additionally, the
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antagonistic effectiveness of various Trichoderma species
against the collar rot pathogen was documented, showing
inhibition rates ranging from 13.02% to 63.02% among dif-
ferent isolates, with T. asperellum achieving the highest inhi-
bition at 63.02% (Dinesh et al. 2018). Furthermore, isolates
Tricho05 and Tricho06 demonstrated significant inhibition
rates of 70.37% and 63.33%, respectively, against S. rolfsii
mycelial growth (Akash et al. 2022). Similarly, in dual cul-
ture assays, 1. asperellum isolates significantly inhibited the
mycelial growth of Athelia rolfsii, with inhibition percent-
ages ranging from 20.87% to 94.66% (P <0.05). The A10
isolate exhibited the highest inhibition at 94.66%, followed
by A1l and A17, which showed inhibition rates of 82.64%
and 81.19%, respectively (Shanmugaraj et al. 2023). Like-
wise, in a dual culture assay involving S. rolfsii and Tricho-
derma species, T. asperellum exhibited approximately 54%
inhibition of the pathogenic fungi’s growth, followed by T.
harzianum with a 47.5% inhibition rate (Sikder et al. 2024).
These observations confirm with our findings, highlighting
the in vitro antagonistic potential of 7. asperellum against S.
rolfsii by competition and antibiosis by lytic enzymes as per
our previous study (Shanmugaraj et al. 2023).

In our in-planta study conducted on tomato plants (var.
Pusa Ruby), the application of 7. asperellum to the soil
before disease development significantly reduced collar rot
incidence. In contrast, plants treated with the pathogen alone
exhibited 100% disease incidence with prominent symp-
toms. The application of A10 strain in infected soil resulted
in lower disease incidence (13.83%) in pre-inoculation and
19.40% in post-inoculation compared to the pathogen-alone
treatment. These findings are consistent with the previous
research found that the application of T. asperellum reduced
the severity of disease symptoms caused by S. rolfsii in
onions as a result of the constitutive and induced activity
of glucanase, chitinase, and peroxidase enzymes (Guzman-
valle et al. 2014). Similarly, under greenhouse conditions,
soil treatment with 7. asperellum TROS resulted in the low-
est incidence of collar rot disease at 9.78%, indicating its
potential as an effective biological control agent for collar
rot in tomatoes (Islam et al. 2017). Likewise, applying a
mixture of 7. asperellum strains to cucumber plants signifi-
cantly reduced the incidence and severities of Fusarium root
and stem rot (FRSR) disease. The study found that treat-
ing cucumber plants with the individual antagonistic strains
TAS23 and TAS27 of T. asperellum eftectively delayed the
onset of FRSR in greenhouse trials. However, the combined
treatment with the strain mixture TASMix (TAS23 +TAS27)
had a synergistic effect, leading to the greatest reduction
(P<0.05) in disease incidence and severity index, by 51%
and 59.6%, respectively (El-komy et al. 2022). Similarly,
collar rot in tomato was significantly inhibited by all the
tested T. asperellum isolates ranging from a maximum of
86.17% and 80.60% disease inhibition from the A10 isolate
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to the minimum disease inhibition of 11.11% and 8.33%
from the isolate A15 during pre- and post-inoculation treat-
ment in the green house pot assay (Shanmugaraj et al. 2023).
These confirms with our findings, highlighting the bioprim-
ing potential of T. asperellum against S. rolfsii by inducing
plant defenses.

In our current research, we conducted qPCR analysis to
profile the expression of defense-related genes. Notably,
the expression levels of pathogenesis-related genes, such
as PR1, PR2, PR3, PRS5, and PR12, exhibited a significant
increase over time following treatment. The highest fold
expression was observed in plants treated with both the bio-
control agent and the pathogen, particularly at 48 h post-
inoculation. Subsequently, the biocontrol agent alone and
the pathogen-alone treatments also showed elevated gene
expression compared to the control group. These findings
align with the previous research that demonstrated a signifi-
cant increase in PR1, PR2, and PR3 expression in the stems
and roots of plants treated with 7. asperellum and infected
with Fusarium oxysporum f. sp. lycopersici (Fol), compared
to those treated with Fol alone (El-komy et al. 2016). Fur-
thermore, tomato plants treated with Trichoderma isolates
in conjunction with Fol exhibited the highest expression lev-
els of pathogenesis-related genes compared to the control
group, which consisted of plants treated with the pathogen
only (Sallam et al. 2019). Similarly, in plants primed with T.
erinaceum, there was an observed induction of PR proteins
such as chitinases and glucanases. Specifically, increased
expression of PR-3 proteins (chitinases) PR-2 proteins (glu-
canases) was noted within the initial 0-24 h after bioprimed
treatment with 7. erinaceum, followed by challenge with
Fusarium oxysporum f. sp. lycopersici (Fol) + T. erinaceum
in root tissues (Aamir et al. 2019).

Likewise, in an experiment where tomato seedlings were
treated with T. asperellum strain DQ-1, the PR2 gene in
roots showed its highest activity at 6 h after infection, declin-
ing afterward, while in leaves, its activity peaked at 24 h and
then decreased, with a secondary increase noted at 48 h. In
contrast, when seedlings were first exposed to strain DQ-1
for 24 h before being sprayed with B. cinerea, PR2 gene
activity increased steadily in both roots and leaves up to 24 h,
reaching its peak before gradually declining (Wang et al.
2021). Similarly, in chilli pepper seeds treated with bioprim-
ing, the genes PR-2 and PR-5 showed significant expression
when exposed to pathogen challenges compared to untreated
seeds (control). PR-2 expression was notably higher in seeds
primed with T. asperellum and T. harzianum together, fol-
lowed by seeds primed with T. asperellum alone, and those
inoculated with C. truncatum, all showing increased expres-
sion during pathogen challenge at 2 days post-inoculation
(dpi). PR-5 expression peaked in seeds primed with both
T. asperellum and T. harzianum, followed by T. asperel-
lum alone, T. harzianum, and pathogen-challenged seeds,
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compared to untreated and unchallenged samples, showing
a decrease by 4 dpi. These findings suggest that bioprim-
ing enhances the activation of defense genes in chilli pep-
per seeds during pathogen encounters (Yadav et al. 2023).
These observations confirm with our findings, highlighting
the expression of pathogenesis-related genes upon bioprim-
ing with Trichoderma that induce resistance.

In our current study, we assessed the expression levels of
several genes, including Thioredoxin peroxidase, Catalase,
Isochorismate synthase, Polyphenol oxidase, and phenyla-
lanine ammonia lyase, and noted a significant increase in
their expression over time following treatment. The most
substantial fold expression was observed in plants subjected
to both the biocontrol agent and the pathogen, particularly at
the 48-h post-inoculation mark. These findings are consist-
ent with prior research that demonstrated the activation of
systemic acquired resistance (SAR) and Induced systemic
resistance (ISR) pathways in tomato plants treated with 7.
asperellum strain DQ1, leading to enhanced resistance, as
indicated by the elevated expression of Thioredoxin peroxi-
dase genes (Wang et al. 2021). Similarly, plants treated with
T. virens, especially the susceptible Ratna variety, showed
the highest catalase expression at 1 day post-inoculation
(dpi), with slightly lower levels at 2 and 4 dpi. However,
when T. virens was combined with R. solani inoculation,
catalase expression decreased consistently over all 4 days of
observation. Plants inoculated only with R. solani showed
decreased catalase expression up to 3 dpi, followed by a
significant increase at 4 dpi. On average, catalase expres-
sion was lower in all treatments compared to the control
plants. These results suggest that 7. virens treatment alone
or in combination with R. solani affects catalase expression
differently in susceptible plants, highlighting potential inter-
actions between biocontrol agents and pathogens in plant
defense mechanisms (Dubey et al. 2018).

Likewise, Moran-Diez et al. (2020) also reported that
plants inoculated with Pseudomonas syringae pv. tomato
DC3118 and treated with Trichoderma exhibited heightened
expression of SA-related defense genes, including patho-
genesis-related genes, Isochorismate synthase (ICS1), and
phenylalanine ammonia lyase (PAL), compared to mock-
treated plants. Furthermore, in a qPCR assay, in untreated
tomato plants, catalase gene expression peaked at 48 h and
96 h, with no significant changes observed by 72 h. Com-
pared to controls, plants treated with Fusarium oxyspo-
rum fsp. lycopersici (Fol) alone showed 2.33- to 4.94-fold
increases over 24 to 96 h, while Fol+ T. harzianum (Th)
treatments exhibited higher fold changes of 3.73- to 6.33-
fold. PAL gene expression in controls varied, peaking at 24
and 72 h but declining at 48 and 96 h. In contrast, both Fol
and Fol + Th treatments consistently increased PAL expres-
sion, with peaks at 72 h (4.97-fold for Fol and 6.73-fold for
Fol 4+ Th). PPO gene expression decreased non-significantly

in control plants at 24, 72, and 96 h but increased at 48 h.
In treated plants, PPO expression consistently rose across
all time points, peaking at 48 h (Zehra et al. 2023). These
studies aligned with our findings by highlighting the mecha-
nisms of resistance in tomato plants biopriming with Tricho-
derma against the plant pathogens, contributing to enhanced
defense responses.

We conducted an analysis of gene expression levels,
which encompassed various genes, including Lipoxyge-
nase A (LoxA), Lipoxygenase C (LoxC), Proteinase inhibi-
tor I (PIN I), Proteinase inhibitor II (PIN II), and Ethylene
response I (ETR I). Notably, we observed a significant rise
in their expression levels over time following a specific
treatment regimen. The most substantial increase in gene
expression was observed in plants that had been exposed to
both the biocontrol agent and the pathogen, particularly at
the 48-h post-inoculation stage. These results are consistent
with previous research and highlight that the transcriptional
activation of JA-related genes, such as PIN I and PIN II,
corresponds to the heightened resistance to Botrytis cinerea
seen in tomato plants treated with the 7. harzianum strain
T22. Additionally, two other JA-responsive genes, Tom-
LoxA and TomLoxC, often exhibited increased expression
that coincided with Trichoderma-mediated tolerance to B.
cinerea, as reported by Tucci et al. (2011). Furthermore,
in non-challenge inoculations, tomato seedling roots were
treated with a spore suspension of 7. asperellum strain DQ-1
(+T—P): The ETR1 gene expression in the roots peaked at
12 h post-inoculation (hpi), dropped to their lowest levels at
24 hpi, and then increased again. For challenge inoculations,
the tomato seedling roots were treated with strain DQ-1 for
24 h and then spray-inoculated with B. cinerea. In this case,
the ETR1 gene expression significantly increased in both
roots and leaves from 12 hpi, reaching its highest point at
24 hpi, which is involved in the ET/JA signaling pathway in
plants. This activation of ETR1 gene expression contributed
to the induction of resistance against B. cinerea, as reported
by Wang et al. (2021).

Similarly, in potato roots exposed to R. solani in the
presence of 7. harzianum, there was a notable induction of
the Lox gene. At 24 h post-inoculation (hpi), the expres-
sion of the Lox gene was significantly elevated, reaching
a value of 6.03+1.19 (Gallou et al. 2009). Likewise, the
observed increase in the expression of TomLoxA and PIN
II genes in tomato roots, particularly under stress conditions
with Trichoderma presence, suggests an enhanced synthe-
sis of jasmonic acid (JA). This upregulation indicates that
Trichoderma may help mitigate stress in tomatoes by boost-
ing JA production, which is known to play a crucial role in
plant stress responses and defense mechanisms (Racic et al.
2018). Furthermore, the expression of LOX1, LOX2 genes
were peaked in T. longibrachiatum H9 inoculated, Botrytis
cinerea challenged plants (+ T+ B) than non-inoculated,
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challenged plants (— T+ B) at 96 hpi in cucumber plants
(Yuan et al. 2019).

We conducted an assessment of gene expression levels,
which encompassed a variety of genes, including Laccase,
Prosystemin, Multicystatin, WRKY31, and MYC2. Remark-
ably, we observed a substantial increase in their expression
levels over time following a specific treatment protocol. The
most pronounced elevation in gene expression was observed
in plants that had been subjected to both the biocontrol agent
and the pathogen, particularly at the 48hpi phase. These
findings are consistent with prior research, noted that an
increased expression of the JA-responsive genes PI II, MC,
and PS, which encode proteinase inhibitor II, multicystatin,
and prosystemin respectively, was observed in plants treated
with T. harzianum compared to untreated plants. Interest-
ingly, in the absence of a pathogen, T. harzianum-inoculated
plants exhibited little induction of these genes. This suggests
that the presence of T. harzianum primes the plants for a
stronger JA-dependent defense response, which is activated
upon pathogen attack, thereby enhancing resistance against
B. cinerea (Martinez-Medina et al. 2013). Likewise, noted
differential expression of genes encoding laccase in tomato
roots induced by 7. harzianum (De Palma et al. 2019). Simi-
larly, when analyzing the time-dependent expression patterns
in tomato plants under four different treatments (unprimed,
Fol challenged, T. erinaceum primed, and Fol+ T. erina-
ceum), they found that the most substantial upregulation
occurred in the transcript profile of SIWRKY31 in 7. eri-
naceum bioprimed-treated plants at 24 h post-inoculation,
with a remarkable 16.51-fold increase (Aamir et al. 2019).

In summary, our study suggest that 7. asperellum strain
A10 exhibits promising potential as a biocontrol agent for
managing collar rot disease induced by the pathogen S. rolf-
sii. The mechanism involved behind the defense priming in
tomato against S. rolfsii by Trichoderma spp. involves the
induction and accumulation of pathogenesis-related (PR)
proteins (Yedidia et al. 2000), enhancement of reactive
oxygen species (ROS) generation, and lignification (Patel
et al. 2017; Meshram et al. 2019). PR 1, 2, 3, and 5 genes
play crucial roles in plant defense, with PR 1 involved in the
salicylic acid-mediated pathway (Kumari et al. 2019) and PR
2, 3, and 5 encoding enzymes that degrade fungal cell walls
(Lopes et al. 2023). Catalase (CAT) regulate ROS scaveng-
ing (Dubey et al. 2018) and WRKY transcription factors
involved in JA-responsive gene expression (SIWRKY31)
(Lippok et al. 2007; Brotman et al. 2013; Liu et al. 2015;
Li et al. 2016). Trichoderma-induced systemic resistance
(TISR) involves the priming of jasmonic acid (JA)-depend-
ent defenses, increasing the expression of PIN, TomLoxA,
and LoxC genes (Tucci et al. 2011; Chehab and Braam
2012; Martinez Medina et al. 2013; Racic et al. 2018). The
JA-related priming also involves genes, such as multicysta-
tin, prosystemin, Pinl, and Pinll, which enhance resistance
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against B. cinerea (Tucci et al. 2011; Segarra et al. 2013;
Brotman et al. 2013). Additional genes, such as ETR (ethyl-
ene receptor), TPx (thioredoxin peroxidase), ICS (salicylic
acid biosynthesis), PPO (polyphenol oxidase), PAL (pheny-
lalanine ammonia lyase), Laccase (lignification), and MYC2
(jasmonate signaling), further enhance the plant’s defense
against biotic stresses by regulating various defensive com-
pounds and responses (Nguyen et al. 2018; Abouzeid et al.
2019; Ali and Baek 2020; Deshpande and Mitra 2023). Col-
lectively, these mechanisms enable tomato plants to mount
an effective defense against S. rolfsii through a robust net-
work of biochemical and molecular responses.

Conclusion

In recent years, biological control has garnered increasing
attention as a promising alternative to chemical methods
for managing plant pathogens. In our current investigation,
T. asperellum strain A10 has emerged as a highly promis-
ing antagonist for effectively controlling S. rolfsii, as dem-
onstrated in both laboratory and greenhouse conditions.
Furthermore, our study indicates that the application of
T. asperellum prior to disease establishment significantly
reduces the incidence of collar rot. Our research clearly illus-
trates that biopriming tomato plants with 7. asperellum strain
A10 leads to a significant upregulation in the expression
of defense-related genes encompass PR1, PR2, PR3, PRS,
PR12, Thioredoxin peroxidase, Catalase, Polyphenol oxi-
dase, Phenylalanine ammonia lyase, Isochorismate synthase,
Laccase, Prosystemin, Multicystatin, WRKY31, MYC2,
Lipoxygenase A, Lipoxygenase C, Proteinase Inhibitor I,
Proteinase inhibitor II, and Ethylene response 1, involved in
various signaling pathways like SA (salicylic acid)-mediated
and JA/ET (Jasmonic acid/ethylene)-mediated. Collectively,
our findings strongly suggest that 7. asperellum strain A10,
along with its biopriming effect, holds immense potential for
effectively managing collar rot diseases by stimulating the
expression of a wide array of defense-related genes. Given
that the performance of biological control agents (BCAs)
can vary under diverse climatic conditions, it is imperative
to assess their efficacy across multiple locations and crops to
validate their robustness and antagonistic capabilities.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13205-024-04040-4.
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