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Evaluation of potent Trichoderma
strains against
anthracnose-twister disease and
enhancement of crop health and
bulb yield in kharif onion

Ram Dutta*, K. Jayalakshmi*, Satish Kumar*, P. S. Soumia,
Radhakrishna Auji, Vijay Mahajan and Major Singh

ICAR-Directorate of Onion and Garlic Research, Pune, Maharashtra, India

In India, the productivity of onions during the kharif season (June-October) is
quite low compared to the Rabi season (December-April). The yield losses in
kharif onion are primarily attributed to the increased incidence of anthracnose-
twister disease, which is often exacerbated by concurrent monsoon rains and
high relative humidity during the kharif. To address this issue, a field study was
conducted over three consecutive years (2021–2023) to assess the performance
of eleven different Trichoderma strains in managing anthracnose-twister disease
and improving plant growth and bulb yield in kharif onion. The strains were
initially selected based on their ability to inhibit the growth of the anthracnose
pathogen Colletotrichum gloeosporioides (in vitro confrontation assay) and
HCN production; amylase, and protease production. The selected strains were
also screened in vitro for PGPA traits (IAA and siderophore production; ability
to grow in N2 free media, PO2−

4 , Zn, and K solubilization). The antagonistic
activity of Trichoderma strains against C. gloeosporioides ranged from 18.8%
to 70.0% with T. longibrachiatum (OGRDT2) recording the highest inhibition
(70%). Application of GRDT2 and OGRDT2 reduced the PDI to 36.00 ± 0.98
and 37.06 ± 1.38, respectively, compared to 62.77 ± 0.14 in the untreated
control. The T. longibrachiatum (OGRDT2) and T. harzianum (GRDT2) treated
plots registered an increased plant height (54.97 ± 0.80 and 53.29 ± 0.79 cm)
and pseudostem diameter (13.96 ± 0.18 and 13.76 ± 0.20mm) compared to the
control (42.68 ± 1.90 and 10.55 ± 0.04 mm), respectively, under field conditions.
Additionally, these treatments supported higher biomass, as reflected in the
increased normalized dry weights of the shoot (10.82 ± 0.89% and 10.39 ±
1.76 %), root (12.27 ± 0.11 % and 11.86 ± 2.67 %), and bulb (12.90 ± 0.65
% and 12.21 ± 0.81 %). The chlorophyll contents were again higher (4.1 ±
1.44 and 4.1 ± 0.83 mg/ml) in OGRDT2 and GRDT2 treated plants than 3.3 ±
0.80 mg/ml in the untreated control. The GRDT2 and OGRDT2 treated plots
supported higher bulb yield of 20.66 ± 1.42 t/ha and 19.21 ± 0.87 t/ha compared
to control (16.52± 0.69 t/ha). Our study demonstrated that T. harzianum (GRDT2)
and T. longibrachiatum (OGRDT2) effectively reduced anthracnose severity and
therefore can be explored for management of Anthracnose-twister disease
of onion.
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1 Introduction

Onion (Allium cepa) holds a central place in Indian agriculture,
as it is a staple and indispensable ingredient in almost all Indian
cuisines, enhancing taste and flavor while offering several health
benefits (Kalyani et al., 2014; Benke et al., 2022). India has emerged
as the leading onion-producing country, with an overall production
of 31.7 Mt in 2022 and 30.2 Mt in 2023, surpassing China,
which produced 24.5 and 24.9 Mt in the respective years (FAO,
2025). Despite surplus production, onion remains a critical area
of focus for the Government due to their significant impact on
rural economic growth and livelihoods (Kale et al., 2024). In
India, onion is cultivated across three cropping seasons: kharif
(crop sown with monsoon rains and harvested as they end
during June- October), late kharif (post monsoon crop taken
during September–December), and rabi (crop sown in winter
and harvested before summer during December-April) (Sharma
and Chauhan, 2024). Kharif onion is crucial in maintaining a
steady supply and providing fresh produce when rabi onion stocks
decline (Srinivas and Lawande, 2007; Gopal, 2015). However, kharif
onion production is affected by several factors, including climatic
conditions, soil health, and biotic stresses. Among the biotic
stresses, several diseases caused by viruses, bacteria, fungi, and
insect infestation can significantly reduce productivity (Paibomesai
et al., 2012). During the kharif season, anthracnose-twister is the
most devastating disease, causing estimated yield losses up to 80–
100% (Chawda and Rajasab, 1996; Alberto and Aquino, 2010;
Salunkhe et al., 2022; Dutta et al., 2024a).

The development of Anthracnose-twister disease of onion
crop can be attributed either to a single fungal pathogen or to
a complex of closely related fungal species acting synergistically,
which include complex interplay of fungal pathogens such as
Colletotrichum gloeosporioides, Glomerella cingulata, and Fusarium
acutatum, Gibberella moniliformis (Guarro et al., 1998; Schwartz
and Mohan, 2007; Dutta et al., 2022, 2024a; Saini et al., 2024).
Anthracnose disease typically begins as water-soaked, whitish,
sunken lesions on leaf blades that later darken into oval or elliptical
spots, leading to chlorosis and eventually necrosis (Schwartz and
Mohan, 2007; Dutta et al., 2022, 2024a). The disease causes leaf
curling, disrupts vascular function, and reduces photosynthesis,
leading to major yield losses (Alberto, 2014; Dutta et al., 2022). In
case of severe anthracnose infection, the symptoms may also appear
on onion bulbs (Schwartz et al., 2015).

Management of anthracnose in Kharif onions is rather more
challenging due to the frequent rainfall during the monsoon season
and high humidity, which is conducive for spore germination and
the splashing of fungal spores from infected plant debris onto
healthy tissues, thereby spreading the disease rapidly (Salunkhe
et al., 2022). The frequent rains during kharif wash away fungicides,
reducing their effectiveness against anthracnose pathogens. The
problem is further aggravated by the simultaneous increase in the
number of insect vectors (Lorini et al., 1986; Liu, 2004), which
may contribute further to the spread of fungal spores during the
kharif season (McKenzie et al., 1993). Such challenges make the
kharif onion cultivation less remunerative to farmers due to the
lower yields and higher production costs, which adversely affect
the onion supply chain and thereby increase onion prices during

the lean period (August–October). Efforts have been undertaken to
address the challenges of kharif onion cultivation through various
strategies like developing anthracnose resistant/tolerant varieties
through conventional breeding or biotechnological intervention,
usage of effective chemical fungicides and dosage optimization,
improved agronomic practices, and other integrated disease and
pest management practices. The development of anthracnose-
resistant onion varieties through traditional breeding is particularly
difficult due to the lack of novel resistance gene(s) in the onion gene
pool, as well as challenges related to gene introgression and viability
of the crosses. To date, no complete resistance gene has been
reported in onion; however, partial resistance has been observed in
the shallot cultivar “Sumenep,” which too lacks flowering, leading
to practical difficulties in its use for introgression (Suhardi, 1993;
Bui et al., 2019). Two more onion cultivars, “Barreiro” and “Texas
Early Grano” have exhibited resistance against C. gloeosporioides,
suggesting that resistance is controlled by multiple genes, making
it difficult to incorporate into a traditional breeding programme
(Melo and Costa, 1983). Similar challenges exist in breeding Allium
fistulosum, A. galanthum, and A. roylei, which have shown only
partial resistance to anthracnose (Galván et al., 1997). These factors
further complicate disease management, forcing the farmers to
rely solely on chemical fungicides, which may lead to resistance
development and other environmental concerns (Jaiswal et al.,
2020).

To overcome these issues, an eco-friendly use of beneficial
microbes having plant growth-promoting and bio-control potential
is highly effective, as it has no negative impact on agroecosystems
or human health. Beneficial microbes can influence plant growth
parameters either directly (Direct mechanism) or through indirect
mechanism (El-Saadony et al., 2022). The direct processes include
the microbe-facilitated nutrient acquisition (nitrogen fixation,
phosphate and other mineral solubilization) and phytohormone
production [indole-3-acetic acid, gibberellins, and cytokinins,
and the production of 1-aminocyclopropane-1-carboxylate
(ACC) deaminase]. The indirect processes include antibiosis,
mycoparasitism, competition for niches, and induction of systemic
resistance that primarily operate through biocontrol activities
that mitigate the deleterious effects of pathogens and adverse
environmental factors. Several bacteria and fungi have been
identified as antagonistic to Glomerella cingulata, Colletotrichum
gloeosporioides, G. moniliformis, and Fusarium spp., and they can
be utilized to manage the anthracnose sustainably. These include
Paenibacillus polymyxa APEC128, Bacillus spp., Trichoderma
piluliferum, and Trichoderma spp., Cryptococcus nemorosus,
Rhodotorula toruloides and Nakaseomyces glabratus (Han et al.,
2013; Kim et al., 2016; Musheer and Ashraf, 2017; da Costa et al.,
2021; Ezebo and Okigbo, 2024, Li et al., 2025).

Biocontrol agents play a dual role: they exhibit antagonistic
activity (antibiosis, parasitism, and secondary metabolites
production) and promote plant growth by solubilization of
phosphate and production of IAA (Indole acetic acid) and
ammonia (Jaiswal et al., 2020). Among fungi, Trichoderma is
the most extensively studied genus as a biocontrol agent. Several
species, including T. asperellum, T. atroviride, T. harzianum,
T. longibrachiatum, T.virens, and T. viride, were frequently
used as biocontrol agents (Guzman-Guzman et al., 2019, Li
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et al., 2025). Unlike chemical pesticides and fertilizers, which
often leave harmful residues and results in loss of soil microbial
diversity, the application of Trichoderma-based formulations offer
a safer alternative for sustaining crop yields and managing crop
diseases without any adverse impact on soil ecology (Abdullah
et al., 2021; Siddiqui et al., 2025). Various investigators have
documented that the secondary metabolites from T. harzianum
and T. virens, such as viridins, azaphilones, heterocyclic nitrogen
compounds, and volatile terpenes, were pivotal in the biocontrol
of fungal pathogens (Chethana et al., 2012; Priya et al., 2015;
Manzar et al., 2022; Ramzan et al., 2023). Recently, da Silva
Pereira et al. (2025) demonstrated that bioactive proteins such as
glutaminase, metalloproteinase, chitinase, and peptide hydrolase
from Trichoderma exhibit strong antagonistic activity against
Fusarium spp., highlighting their biocontrol potential. While
Trichoderma is well-known for antagonism and plant growth
promotion, very few studies have correlated their PGP traits
and in vitro antagonism with actual reduction in PDI and yield
enhancement in onion. Whereas disease incidence and yield
losses are higher in kharif onion, the published reports are more
skewed on rabi onion crop as majority of onion production
comes from rabi crop. Our study assumes significance because all
Trichoderma strains do not perform equally and strain-specific
evaluations are required to bridge the knowledge gap concerning
identification of region-specific, potent strains that can be
recommended for sustaining yield and for integrated management
of anthracnose–twister disease of kharif onion crop.

Considering these factors, the current study was undertaken
to assess the potent Trichoderma strains that can serve as dual-
purpose biocontrol and growth-promoting agents for linking the in
vitro traits with in vivo performance, thereby reducing the disease
severity and increasing the bulb yield in kharif onion crop.

2 Materials and methods

2.1 Trichoderma strains

In this study, the Trichoderma strains were isolated from
the soil samples collected from the experimental plots of ICAR-
Directorate of Onion and Garlic Research, Pune, and ICAR-
Directorate of Groundnut Research, Junagadh, Gujarat, India.
Trichoderma selective medium (TSM) and Potato dextrose agar
(PDA) were used for the isolation, and putative colonies were
identified and purified by the single spore isolation method as
described in our previous study (Dutta et al., 2024b), The pure
cultures obtained were preserved at 4◦C for further study.

2.2 Morphological and DNA-based
identification

The morphology of Trichoderma strains was studied based
on colony and spore morphology following the guidelines of the
International Sub-Commission on Trichoderma and Hypocrea as
given by Kumar and Sharma (2016). Genomic DNA was isolated
from the 5 days old fresh mycelium grown on Potato dextrose
broth (PDB) using the CTAB method (cetyl-trimethyl ammonium

bromide) as Kumar et al. (2013). DNA-based identification of
all Trichoderma isolates was carried out using the ITS (Internal
Transcribed Spacer) and Tef1α (translation elongation factor) with
the following primers pairs (5

′
TCCGTAGGTGAACCTGCGG3

′
)

and (5
′
TCCTCCGCTTATTGATATGC3

′
) and (5

′
CATCGAGAA

GTTCGAGAAGG3
′
) and (5

′
TACTTGAAGGAACCCTTACC3

′
),

respectively synthesized by Eurofins Genomics (Bengaluru, India).
The obtained sequences of ITS gene (NCBI accessions: OR048743-
OR048753) and Tef1α gene (NCBI accessions: OR102865-
OR102875) were analyzed using the BLAST algorithm against the
NCBI GenBank database to confirm the identity of the strains. The
colony morphology and microscopic images of the strains used
in the current study are provided in the Supplementary Figure S1.
Phylogenetic analysis was conducted using MEGA version 11
(Tamura et al., 2021). The evolutionary history was inferred
employing the Maximum Likelihood method based on the Jukes-
Cantor model (Jukes and Cantor, 1969).

2.3 Confrontation assays

A confrontation assay was performed for all eleven
Trichoderma strains on potato dextrose agar plates (HiMedia
Laboratories, Mumbai, India). Five mm mycelial disks taken
from the margin of 5 days old culture of the Trichoderma were
tested against the onion Anthracnose pathogen, Colletotrichum
gloeosporioides, previously described by Dutta et al. (2024a). The
potential test Trichoderma strains were inoculated at the margin
of the Petri plate, placed opposite each other. Observations were
recorded up to 7 days of incubation at 28◦C. The Colletotrichum
gloeosporioides plates without Trichoderma served as control. The
treatments were replicated five times. The percent inhibition of
the pathogen growth was calculated according to formula given by
Vincent, 1927 as described below

Percent Inhibition (I) = C − T
C

× 100 =
Radial growth of the pathogen in control (mm)

T = Radial growth of the pathogen (mm) in presence of
antagonist Trichoderma strain used.

I = Percentage inhibition of pathogen growth
C= growth (radial mycelial growth) in control.

2.4 Biochemical characterization

All eleven Trichoderma strains were subjected to various
biochemical characterizations for PGP activities using qualitative or
quantitative assays. Indole acetic acid (IAA) production was tested
by growing isolates in tryptophan-supplemented broth, where IAA
reacts with Salkowski’s reagent to produce a pink coloration the
intensity of which is proportional to the amount of IAA secreted
into the medium. The absorbance of the developed color was
measured at 540 nm using spectrophotometer (SpectroNanoStar,
BMG LABTECH, Ortenberg, Germany) as described by Glickmann
and Dessaux (1995). The siderophore production was assessed
on Chrome Azurol S (CAS) medium based on the principle of
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iron chelation in which the siderophores chelate Fe3+ from the
CAS-dye complex, leading to a blue-to-orange color change. The
Trichoderma isolates were inoculated onto CAS agar plates and
plates were incubated at 30◦C. The siderophore production was
indicated by the development of a distinct orange halo around
colonies against the blue background of the medium. The diameter
of the halo was used as a qualitative measure of siderophore
production (Schwyn and Neilands, 1987; Machuca and Milagres,
2003; Louden et al., 2011), The phosphate solubilization was
determined on Pikovskaya’s agar, containing insoluble tricalcium
phosphate [Ca3(PO4)2] as the only phosphorus source, which
makes the medium opaque. The phosphate solubilizer strains
can releases organic acids that dissolve the insoluble phosphate,
resulting in a development of clear halo zone around the test
colony (Promwee et al., 2014). Zinc solubilization was evaluated
on mineral salt medium supplemented with insoluble zinc
compounds, with solubilization indicated by halo zone formation
(Sharma et al., 2012). Potassium solubilization was tested on
Aleksandrov medium containing insoluble mica or feldspar, where
solubilization is visualized as halo zones around colonies (Dhaked
et al., 2017), Hydrogen cyanide (HCN) production was assayed by
culturing isolates on glycine-supplemented medium, where volatile
HCN reacts with picrate-impregnated filter paper placed in the lid,
causing a color change from yellow to brown or reddish brown
(Bakker and Schippers, 1987; Meera and Balabaskar, 2012).

Enzymatic activities, including amylase and protease, were
analyzed using GYP (Glucose Yeast extract Peptone) medium with
1% soluble starch (Abdel and Shearer, 2002) and 0.4% gelatin
(Sathish et al., 2012). For amylase activity, plates containing
1% soluble starch were inoculated with Trichoderma strains and
incubated. After growth, the plates were flooded with iodine
solution; amylase-producing isolates hydrolyse starch into simple
sugars, resulting in clear zones around colonies against the blue-
black background. The nitrogen-fixing ability of the Trichoderma
strains was evaluated using Jensen’s media devoid of nitrogen
source, where the growth of Trichoderma strain indicated its ability
to grow in N2-free medium by fixing the nitrogen (Zhang et al.,
2017).

2.5 Field application of Trichoderma strains

Field experiments were conducted during kharif season for
three consecutive years viz., 2021, 2022, and 2023, at the
experimental research farm of ICAR-Directorate of Onion and
garlic Research (DOGR), Pune, Maharashtra, India. The weather
data of 2021, 2022, and 2023 kharif onion season were obtained
from the ICAR-DOGR automatic weather station installed 50 m
away from the experimental field. The potent Trichoderma strains,
identified through in vitro screening, were evaluated under field
conditions using a randomized complete block design comprising
eleven treatments of Trichoderma and untreated control, each
replicated thrice. For this study, the Bhima Super variety released
from ICAR-DOGR, recommended for the kharif season, was used.
Each Trichoderma strain was cultured in potato dextrose broth at
25 ± 2◦C for 36 h. A 100 mL aliquot of the liquid culture, adjusted
to 108 cfu/mL, was thoroughly mixed with 50 kg of farmyard

manure (FYM) of nearly uniform composition, achieved through
vigorous mixing. The mixture was placed in a rectangular pit (100
× 100 × 100 cm; l × b × h) and covered with a polythene sheet,
allowing the Trichoderma strains to multiply in the FYM over a
period of 12 days (Dutta et al., 2024b). The Trichoderma-enriched
FYM was applied to each plot at a rate of 250 g per plot (8 m²),
corresponding to 250 kg FYM per hectare, as a soil amendment
prior to transplanting onion seedlings. Subsequent applications
were made at 35, 65, and 95 days after transplanting (DAT). Control
plots (T9) received similarly processed FYM without Trichoderma
inoculation, applied at the same rate and time intervals. A mineral
fertilizer dose of 100:50:50:30 kg NPKS per hectare was applied,
and standard recommended practices were followed throughout
the crop production cycle.

2.6 Anthracnose disease severity, relative
water content (RWC), chlorophyll content,
biomass, and bulb yield

Anthracnose disease severity was assessed using the 0–9
grade scale for scoring the disease (Dutta et al., 2022), and
the Percent Disease Index (PDI) was calculated as described by
Wheeler (1969). At 60 days after treatment application, the crop
growth parameters, viz., number of leaves, plant height (cm),
and pseudostem diameter (mm), were recorded. Total biomass
production was also determined from each replicate at 60 DAT
(Dutta et al., 2024b). The bulb yield per plot was expressed in t/ha.

At 60 DAT, Leaf relative water content was measured using the
following formula;

Relative Water Content (RWC) = Fresh weight − Dry weight
Turgid weight − Dry weight

× 100

The Chlorophyll content was also estimated at 60 DAT using
the procedure as described by Arnon (1949). Total biomass
production was calculated using the fresh and dry weights of the
shoot, root, and bulb at 60 DAT. Total biomass was determined
by expressing the normalized weight as described by Dutta et al.
(2024b).

2.7 ICBR (incremental cost-benefit ratio)
calculation

The incremental cost benefit ratio (ICBR) was calculated
for all treatments using formula described by Chejara (2013),
i.e., ICBR = Additional income received (from the particular
treatment)/Additional cost incurred for the particular treatment.
The additional income and cost were estimated based on the
prevailing market rates.

2.8 Statistical analysis

Analysis of variance (ANOVA) was performed on the dataset
to assess the efficacy of Trichoderma strains using pooled analysis.
The differences in treatment means at p ≤ 0.05 were computed
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using Dunken’s Multiple Range Test (DMRT) in SPSS Statistics,
Version 22.0 (IBM Corp., Armonk, NY, USA). The effect of
Trichoderma on the suppression of anthracnose-twister disease
and supporting bulb yield was studied through Linear Regression
and Pearson’s correlation analysis using SPSS software. Data from
3 years were pooled, and SD (Standard deviation) values were
figured for each treatment to reflect the variability across years
and replications. The Canonical Correspondence Analysis (CCA
analsysis) was performed to link biological responses like PDI with
weather parameters using PAST software.

3 Results

3.1 Morphological and molecular
characterization of Trichoderma strains

Based on the morphological and molecular characterization,
seven out of eleven strains were identified as T. longibrachiatum
(OGRDT1, OGRDT2, GRDT1, GRDT4, GRDT5, GRDT7, and
GRDT8), two as T. asperellum (GRDT3 and GRDT6), one as
T. harzianum (GRDT2) and one as T. capillare (OGRDT3)

(Supplementary Tables S1, S2). The ITS and Tef1α gene
sequences of eleven strains have been submitted to NCBI
GenBank, with the corresponding ITS accessions (OR048743–
OR048753) and Tef1α accessions (OR102865–OR102875) listed
in Supplementary Table S2. A phylogenetic tree (Figure 1) was
constructed using concatenated ITS and Tef 1α gene sequences
from 11 isolated Trichoderma strains, along with reference
sequences retrieved from NCBI GenBank. The sequence of
Nectria cinnabarina was used as outgroup to root the phylogenetic
tree. The pure cultures of all eleven species used in this study
have been deposited in the International Repository of the
ICAR- National Agriculturally Important Microbial Culture
Collections (NAIMCC), Mau, Uttar Pradesh, India, and presented
in Supplementary Table S2.

3.2 Confrontation assay

All eleven Trichoderma strains exhibited antagonistic activity
against the plant pathogen C. gloeosporioides, ranging from
18.8 to 70.0% (Figure 2). Based on the inhibition percentage,

FIGURE 1

Phylogenetic tree constructed using the concatenated ITS and Tef1α gene sequences of 11 Trichoderma species with Nectria cinnabarina used as
outgroup. GenBank accession numbers are given in brackets next to the species names (red color represents the isolates used in this study).
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FIGURE 2

Antagonist potential of eleven Trichoderma strains against C. gloeosporioides with inhibition percentage (7 days after incubation).

the antagonistic activity followed a decreasing trend as T.
longibrachiatum (OGRDT2) exhibited the highest inhibition
(70.0%), followed by T. longibrachiatum (GRDT7) (42.9%). A set
of strains comprising T. capillare (OGRDT3), T. longibrachiatum
(GRDT5, GRDT8, GRDT1, OGRDT1), and T. asperellum
(GRDT3) exhibited moderate antagonistic activity, with inhibition
percentages ranging between 38.24 and 41.18%. Two strains, T.
harzianum (GRDT2) and T. asperellum (GRDT6) exhibited lower
inhibition (36.0%), whereas T. longibrachiatum (GRDT4) showed
the lowest antagonistic activity (18.82%). Conclusively, the strain T.
longibrachiatum (OGRDT2) outperformed all other Trichoderma
strains effectively inhibiting the growth of C. gloeosporioides by
70% (Supplementary Figure S2).

3.3 Biochemical characterization

Biochemical analysis for plant growth promotion activity
(PGPA) of the Trichoderma strains was done, and the strains
were assessed for IAA, siderophore, and HCN production;
phosphate, zinc, and potassium solubilization; enzymatic activity
of amylase and protease; and N2 fixation (Table 1). Qualitative
and quantitative analyses were conducted to determine IAA
and siderophore production, and significant differences were
observed among all eleven Trichoderma strains. A high amount of
IAA was produced by OGRDT3 (45.65 μg/mL), whereas GRDT5
produced the lowest (23.52 μg/mL). Similarly, the production of
siderophore also differed among the tested Trichoderma strains,
with the highest siderophore production recorded for OGRDT3
(40.45%), and the lowest for GRDT4 (30.00%). The presence of
transparent zones on media containing zinc indicated that the
strains could solubilize Zn. The results showed that T. asperellum
and T. longibrachiatum strains formed a prominent transparent
zone around the culture, confirming their Zn solubilizing ability.
Likewise, three T. longibrachiatum strains (OGRDT1, GRDT7,
and GRDT8) demonstrated the ability to solubilize phosphorus
by forming transparent circles in the medium. In contrast, the
remaining strains failed to produce transparent zones around
the culture. However, all strains tested negative for potassium

solubilization. On the contrary, all strains tested positive for
HCN production as indicated by the change of filter paper
color from yellow to orange or reddish brown. All Trichoderma
strains also showed positive results for amylase and protease
activity, as evidenced by the formation of clear zones due to
starch and gelatin degradation, respectively. Among Trichoderma
isolates, nine strains, including T. longibrachiatum, T. harazianum,
T. capillare and T. asperellum, showed nitrogen fixation in N-
free medium.

3.4 Effect of Trichoderma strains on growth
attributes, physiological responses,
biomass and yield parameters

3.4.1 Effect of Trichoderma strains on growth
attributes

Different Trichoderma strains exhibited variable effects on plant
growth parameters, including plant height, pseudostem diameter,
and number of leaves per plant. Among the Trichoderma strains
used, maximum plant height (54.97 ± 0.80 and 53.29 ± 0.79 cm),
number of leaves per plant (7.89 ± 0.99 and 7.62 ± 0.57),
pseudostem diameter (13.96 ± 0.18 and 13.76 ± 0.20 mm) were
recorded in OGRDT2 and GRDT2 strains, respectively (Table 2).
The Trichoderma strain OGRDT2 consistently performed best
in terms of plant height, pseudostem diameter, and number of
leaves/plant in each experimental season of 2021–23 (The year wise
data presented in Supplementary Table S3).

Application of different Trichoderma strains significantly
influenced root, shoot and bulb biomass accumulation in onion
plants. The highest shoot biomass accumulation was recorded
for GRDT2 (and OGRDT2 treated plants (Table 2). The pooled
analysis of 3 year normalized dry weights of shoot, root,
and bulb revealed significantly higher weight for T. harzianum
(GRDT2) treated plots with normalized dry weight values of
10.82 ± 0.89%, 12.27 ± 0.11%, and 12.90 ± 0.65% whereas T.
longibrachiatum (OGRDT2) showed at par results in terms of
normalized dry weight (Table 2). Both the strains (OGRDT2 and
GRDT2) consistently performed superior in all experimental years
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TABLE 1 Evaluation of PGPA traits for Trichoderma isolates.

Strain ID IAA
(μg/ml)

Siderophore
(%)

Phosphate
solubilization

(mm)

Zinc
solubilization

(mm)

HCN
production

Amylase Protease N
fixation

OGRDT1 26.96 36.22 3.10 1.10 + + + –

OGRDT2 38.45 38.43 0 1.50 + + + +

GRDT1 45.54 39.20 0 1.05 + + + +

GRDT2 32.10 38.51 0 2.7 + + + +

GRDT3 37.44 36.45 0 4.75 + + + +

OGRDT3 45.65 40.45 1.40 1.70 + + + +

GRDT4 28.84 30.00 0 1.45 + + + +

GRDT5 23.52 31.22 0 1.35 + + + +

GRDT6 33.52 39.40 0 5.60 + + + +

GRDT7 31.17 33.22 3.59 2.35 + + + -

GRDT8 27.13 34.15 2.15 1.50 + + + +

TABLE 2 Effect of application of Trichoderma strains on the plant growth of onion (pooled mean of Kharif 2021–2023).

Trichoderma isolates Plant height
(cm)

Pseudostem
diameter (mm)

No. of
leaves/plant

Normalized dry weight (%)

Shoot Root Bulb

OGRDT1 46.37cd ± 0.68 11.52b ± 0.40 6.77a ± 0.68 7.69b ± 2.36 7.96b ± 0.82 9.99b ± 1.55

OGRDT2 54.97a ± 0.80 13.96a ± 0.18 7.89a ± 0.99 10.39a ± 1.76 11.86a ± 2.67 12.21a ± 0.81

GRDT1 49.93abc ± 2.52 11.98b ± 0.67 6.90a ± 0.26 8.03b ± 0.63 8.72b ± 0.77 10.47a ± 0.87

GRDT2 53.29a ± 0.79 13.76a ± 0.20 7.62a ± 0.57 10.82a ± 0.89 12.27a ± 0.11 12.90a ± 0.65

GRDT3 51.37abc ± 1.17 12.56a ± 0.60 7.23a ± 0.43 8.88a ± 0.34 9.94b ± 0.54 11.11a ± 0.52

OGRDT3 52.26ab ± 2.89 13.03a ± 0.73 7.38a ± 0.47 9.40a ± 1.47 10.74a ± 0.23 11.50a ± 0.73

GRDT4 48.34bc ± 1.83 11.96b ± 0.38 6.83a ± 0.11 8.00b ± 0.06 8.32b ± 1.45 10.02a ± 0.92

GRDT5 52.60ab ± 3.11 13.21a ± 0.56 7.57a ± 0.10 9.90a ± 1.94 11.43a ± 1.05 11.82a ± 1.49

GRDT6 45.05d ± 1.96 11.17b ± 0.49 5.93b ± 0.13 7.53b ± 0.67 7.89b ± 0.30 9.54b ± 1.05

GRDT7 50.32abc ± 1.57 12.11b ± 0.96 7.11a ± 0.23 8.45a ± 0.95 9.12b ± 0.43 10.42a ± 0.58

GRDT8 50.89abc ± 0.76 12.37b ± 0.56 7.18a ± 0.71 8.64a ± 0.49 9.38b ± 0.56 10.64a ± 0.98

Untreated control 42.68c ± 1.90 10.55c ± 0.04 5.78b ± 0.15 7.08b ± 0.87 7.35c ± 0.44 7.38c ± 0.34

LSD (p = 0.05) (year) 1.27 0.45 0.36 0.76 0.60 0.83

LSD (p = 0.05) (treatments) 2.55 0.90 0.71 1.53 1.19 1.66

LSD (p = 0.05) (years × treatments) 4.41 1.55 1.23 2.65 2.06 2.88

Superscript alphabets signify statistically significant grouping of the treatments.

(2021–23) in terms of shoot, root, and bulb biomass accumulation
(Supplementary Table S4).

3.4.2 Effect of Trichoderma application on
physiological responses

A three-year comparison of cumulative RWC values revealed
that the Trichoderma application enhanced the RWC in the leaves
as compared to the untreated control (Table 3). The highest
RWC values (∼71.36.0%) were observed in plots treated with

GRDT2, OGRDT2, GRDT5, OGRDT3, GRDT3, and GRDT8,
which were statistically at par with each other, whereas the lowest
(57.86 ± 3.07%) was recorded in the untreated control. Strains
GRDT2 and OGRDT2 consistently performed best across all
three experimental years (2021–2023) (Supplementary Table S5).
Similarly, substantial differences were recorded in chlorophyll
content. Plots treated with OGRDT2 and GRDT2 strains recorded
higher total chlorophyll contents (4.1 ± 0.83 mg/mL and 4.1
± 1.44 mg/mL, respectively), whereas the control exhibited the
lowest value (3.3 ± 0.84 mg/mL). All strains induced an increase

Frontiers in Sustainable Food Systems 07 frontiersin.org

https://doi.org/10.3389/fsufs.2025.1663405
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Dutta et al. 10.3389/fsufs.2025.1663405

TABLE 3 Effect of Trichoderma strains on RWC and Chlorophyll in onion leaves (pooled mean of kharif 2021-2023).

Trichoderma isolates Relative water
content

Chlorophyll a
(mg/mL)

Chlorophyll b
(mg/mL)

Total Chlorophyll
(mg/mL)

OGRDT1 61.32b ± 3.46 2.8 ± 1.11 0.6 ± 0.09 3.5 ± 1.29

OGRDT2 68.77a ± 3.80 3.2 ± 1.10 0.9 ± 0.22 4.1 ± 0.83

GRDT1 63.91a ± 2.78 3.1 ± 0.55 0.7 ± 0.18 3.7 ± 0.35

GRDT2 71.36a ± 5.41 3.2 ± 0.66 0.8 ± 0.34 4.1 ± 1.44

GRDT3 68.13a ± 3.85 3.1 ± 0.54 0.8 ± 0.14 3.9 ± 0.18

OGRDT3 68.70a ± 3.87 3.1 ± 1.13 0.8 ± 0.03 3.9 ± 1.38

GRDT4 62.41b ± 2.76 2.9 ± 0.55 0.7 ± 0.20 3.6 ± 0.73

GRDT5 68.34a ± 3.77 3.2 ± 0.83 0.8 ± 0.23 4.0 ± 1.05

GRDT6 61.56b ± 3.10 2.7 ± 0.75 0.7 ± 0.06 3.3 ± 0.80

GRDT7 64.83a ± 2.86 3.0 ± 0.30 0.7 ± 0.03 3.8 ± 0.58

GRDT8 65.61a ± 2.87 3.1 ± 0.21 0.8 ± 0.24 3.9 ± 0.62

Untreated control 57.86b ± 3.07 2.7 ± 0.72 0.6 ± 0.09 3.3 ± 0.84

LSD (p = 0.05) (year) 2.20 NS NS NS

LSD (p = 0.05) (treatments) 4.40 NS NS NS

LSD (p = 0.05) (years × treatments) 7.63 NS NS NS

Superscript alphabets signify statistically significant grouping of the treatments.

in total chlorophyll content, indicating a clear positive effect on
the chlorophyll levels in the leaf. Moreover, the total chlorophyll
content showed a stronger correlation with chlorophyll a than with
chlorophyll b.

3.4.3 Effect of Trichoderma strains on bulb yield
The Trichoderma strains exerted significant and variable

effects on bulb yield across three consecutive years, with the
highest yield (21.77 t/ha) recorded in 2022 for strain GRDT2,
whereas the control plots produced only 16.71 t/ha in the same
year (Supplementary Table S7). The results of the pooled analysis
presented in Table 4, showed that the highest yield (20.66 ± 1.42
t/ha) was recorded in plots treated with T. harzianum (GRDT2)
which were statistically at par with T. longibrachiatum OGRDT2
(19.21 ± 0.87 t/ha), GRDT5 (18.95 ± 0.61 t/ha), OGRDT3 (18.66
± 0.36 t/ha), GRDT3 (18.50 ± 0.44 t/ha), GRDT8 (18.35 ± 1.49
t/ha), GRDT7 (18.24 ± 0.74 t/ha) and GRDT1 (18.10 ± 1.14 t/ha)
indicating an overall increase of 19.89, 14.04, 12.81, 11.36, 10.62,
9.88, 9.33 and 8.63 %, respectively, over the untreated control
(Table 4).

3.5 Effect of Trichoderma strains against
anthracnose disease of onion

The field efficacy of Trichoderma strains against anthracnose of
onion was assessed over three consecutive kharif seasons (2021–
2023) (Supplementary Table S6), and the pooled analysis results
are presented in Table 4 indicating the strain-wise PDI recorded.

Overall, all Trichoderma strains effectively reduced the disease
severity compared to the control. The most effective treatments
were T. harzianum (GRDT2) and T. longibrachiatum (OGRDT2
and GRDT5), which recorded the lowest PDI (36.00 ± 0.98,
37.06 ± 1.38 and 39.73 ± 1.54 pooled mean) and the highest
disease inhibition (42.65, 40.96, and 36.70%). This was followed by
OGRDT3, GRDT3, GRDT8, GRDT7, GRDT1, GRDT4 with PDI of
40.81 ± 1.66, 42.67 ± 0.57, 45.61 ± 0.91, 46.59 ± 0.87, 49.04 ±
3.21, 49.28 ± 1.14 and corresponding reductions of 34.98, 32.03%
27.35, 25.77, 21.88, and 21.48%, respectively. In contrast, the
highest disease (62.77 ± 0.14 PDI) was observed in the untreated
(control) plot.

3.6 Correlation and linear regression
analysis between anthracnose-twister
disease severity and bulb yield

Correlation between anthracnose-twister disease severity and
bulb yield for pooled analysis mean data of three consecutive
years showed a strong negative correlation with r = −0.92. Linear
regression line graphs for each individual year (2021–23) are
presented in Supplementary Figure S3. Additionally, the data were
exposed the linear regression analysis to determine the influence
of disease incidence on bulb yield. The coefficient of determination
(R2) for the pooled data is R2 = 0.8643, showing a high goodness
of fit (Figure 3). This indicates that each 1% increase in disease
severity corresponded to a reduction of approximately 0.07–0.12
t/ha in bulb yield.
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TABLE 4 Effect of Trichoderma strains on anthracnose disease severity and yield of onion (pooled mean of kharif 2021–2023).

Trichoderma strains Percent disease
index (PDI)

Disease reduction
over control (%)

Bulb yield
(t/ha)

Increase in yield
over control (%)

ICBR

OGRDT1 53.31 (46.92)∗c ± 0.95 15.07 17.12bc ± 0.65 3.54 3.00

OGRDT2 37.06 (37.52)a ± 1.38 40.96 19.21ab ± 0.87 14.04 13.45

GRDT1 49.04 (44.47)b ± 3.21 21.88 18.10ab ± 1.14 8.63 7.90

GRDT2 36.00 (36.89)a ± 0.98 42.65 20.66a ± 1.42 19.89 20.70

GRDT3 42.67 (40.80)b ± 0.57 32.03 18.50ab ± 0.44 10.62 9.90

OGRDT3 40.81 (39.73)b ± 1.66 34.98 18.66ab ± 0.36 11.36 10.70

GRDT4 49.28 (44.61)b ± 1.14 21.48 17.30bc ± 0.55 4.55 3.90

GRDT5 39.73 (39.09)a ± 1.54 36.70 18.95b ± 0.61 12.81 12.15

GRDT6 55.97 (48.45)c ± 0.57 10.83 16.99bc ± 0.17 2.77 2.35

GRDT7 46.59 (43.07)b ± 0.87 25.77 18.24ab ± 0.74 9.33 8.60

GRDT8 45.61 (42.50)b ± 0.91 27.35 18.35ab ± 1.49 9.88 9.15

Untreated control 62.77 (52.42)a ± 0.14 – 16.52c ± 0.69 – –

CD @ 5% for years 1.83 – 0.75 – –

CD @ 5% for treatments 3.65 – 1.49 – –

CD @ 5% for years × treatments 6.32 – 2.58 – –

∗Figures in parentheses are arcsine-transformed values. Superscript alphabets signify statistically significant grouping of the treatments.

3.7 Effect of weather parameters on
anthracnose-twister disease severity

Disease severity varied across cropping seasons, ranging from
21.33 to 42.00 PDI in 2021, 45.19 to 80.00 PDI in 2022, and
41.48 to 66.30 PDI in 2023 (Supplementary Table S6). Rainfall
during the kharif (July–October) was 275 mm in 2021, 402 mm
in 2022, and 266 mm in 2023 (Supplementary file 2). Canonical
correspondence analysis (CCA) revealed differential associations
of Trichoderma strains with total rainfall, relative humidity, and
temperature. Strains OGRDT2 and GRDT2 showed strong affinity
for high rainfall, humidity, and lower temperatures, indicating
their niche preference and proliferation under moderate relative
humidity (67–80%) and moderately lower temperatures (17–26◦C)
conditions (Figure 4). The rainfall obtained during the kharif
from July to October was 275 mm in 2021, 402 mm in 2022,
and 266 mm in 2023 (Supplementary file 2). Interestingly, although
rainfall and humidity are known to increase anthracnose-twister
incidence, these conditions simultaneously favored OGRDT2
and GRDT2 proliferation (Figure 4), thereby reducing disease
pressure and enhancing their biocontrol efficacy. Thus, efficacy of
OGRDT2 and GRDT2 was highest in 2021 due to the concurrent
presence of moderate disease pressure and favorable conditions
for Trichoderma strains (OGRDT2 and GRDT2) establishment,
since year 2021 received lesser rainfall (275) compared to 2022
(402 mm). Although the recorded rainfall in 2023 was even lower
(266 mm), the higher average relative humidity (90%) may have
contributed to the inferior performance of OGRDT2 and GRDT2
during that year.

In CCA plot, the years 2021–2023 were positioned near
the origin, with year 2022 slightly inclined toward rainfall
and humidity, reflecting relatively wetter conditions during

this year (2022) and consequently more PDI during this
year. The multivariate analysis (CCA analysis) also revealed
correlation amongst weather parameters where average
minimum temperature, relative humidity, rainfall, and wind
velocity clustered on the right-hand side of the CCA plot,
indicating their strong association with higher anthracnose
incidence, as elevated humidity and rainfall are known to favor
Colletotrichum growth (Figure 4). Wind velocity can also be a
critical determinant, as higher wind speeds during infestation
may facilitate greater spore dissemination. Contrary to this, the
weather conditions like higher temperature, more sunshine hours,
and lower relative humidity/rainfall are typically unfavorable for
anthracnose development.

3.8 Cost-economic analysis of bioagent

Pooled mean data from 2021 to 2023 revealed that the
treatments T. harzianum (GRDT2) achieved the highest
incremental cost-benefit ratio (ICBR) of 20.70, followed by
T. longibrachiatum (OGRDT2) (13.45). However, the lowest ICBR
was recorded for T. asperellum (GRDT6) (2.35) due to the lower
yields (Table 4). Notably, the input cost of bioagents was lower
than that of chemicals, highlighting their economic advantage,
particularly for the resource-poor farmers.

4 Discussion

Trichoderma is extensively used in agriculture for its
mycoparasitic (direct attack on pathogen hyphae), antibiosis
(production of antifungal compounds), and Plant Growth
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FIGURE 3

Linear regression line and corresponding linear equation of disease severity and bulb yield for 3 years and the pooled mean.

Promoting Potential (PGPP). This work was aimed to screen the
potential of eleven Trichoderma strains of Indian origin against
the devastating Anthracnose-twister disease of onion. Our results
showed that the eleven Trichoderma strains tested in this study
displayed variable PGPA potential and varying disease reduction
efficacy against the Anthracnose pathogen Colletotrichum
gloeosporioides. The Trichoderma strains identification was
confirmed initially through morphological (Singh et al., 2015)
methods and then through molecular methods (Samuels et al.,
2012). Accurate species identification is crucial because different
Trichoderma species vary significantly in their biocontrol efficacy
and PGPA potential, and enzyme production. Based on Tef1α

gene sequences and morphological characters, seven out of
eleven strains were identified as Trichoderma longibrachiatum,
two as T. asperellum, and T. harzianum, and T. capillare, one
each. In this study, Trichoderma longibrachiatum emerged
as the most frequently isolated species, likely owing to their
saprotrophic competitiveness rendered by cellulolytic, chitinolytic,
and proteolytic activity and secretion of effector proteins like Cpe1
and its efficiency as a root colonizer which favors their persistence
in rhizosphere/ bulk soils (Wang et al., 2025). The repeated
isolation of Trichoderma longibrachiatum can also be attributed
to its high level of adaptation to edaphic stresses, which supports
its persistence even under unfavorable soil conditions (Liu et al.,
2023). Samuels et al. (2012) and Alwadai et al. (2024) used the
polyphasic approach involving a combination of molecular (ITS

and Tef1α gene sequences) and morphological characters to
identify all strains of T. longibrachiatum due to existing concerns
related to the longibrachiatum clade. While the ITS region is
widely used for fungal identification, it has limitations in resolving
closely related species within Trichoderma, as ITS sequences often
lack sufficient variability to distinguish between phylogenetically
proximate taxa (Chaverri et al., 2015). On the other hand, the
translation elongation factor 1-alpha (Tef1α) gene provides
greater discriminatory power at the species level and is frequently
used for higher-resolution phylogenetic inference. Alwadai et al.
(2024) further emphasized the use of a polyphasic approach
combining morphology (e.g., spore size, colony structure), and
molecular phylogenetics (ITS and tef1α gene sequences) for
identification of T. longibrachiatum and T. harzianum strains.
Furthermore, molecular phylogenetic analyses have revealed
that T. longibrachiatum, while traditionally considered a single
morphological species, represents a genetically diverse complex
with cryptic species (Samuels et al., 2012; Alwadai et al., 2024).

The bio-efficacy of Trichoderma against plant pathogens has
been well documented. To evaluate its antagonistic potential
against C. gloeosporioides, a dual culture (confrontation) assay
was conducted using eleven Trichoderma strains. Among
them, T. longibrachiatum (OGRDT2) showed stronger in vitro
inhibition, achieving 70% suppression of C. gloeosporioides
mycelial growth (Figure 2 and Supplementary Figure S2). The
results of confrontation assay between Trichoderma strains and
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FIGURE 4

Canonical correspondence analysis (CCA) biplot showing the relationship between weather variables and anthracnose incidence in onion under
different Trichoderma treatments. Vectors on the right-hand side (avg. min. temp, relative humidity, rainfall, and wind velocity) cluster together,
indicating their strong positive association with higher anthracnose pressure. In contrast, vectors projected to the left-hand side represent drier and
warmer conditions (higher maximum temperature, greater sunshine, and reduced humidity/rainfall), which are generally unfavorable for anthracnose
development.

Colletotrichum gloeosporioides (the causal agent of anthracnose),
clearly indicated that certain Trichoderma strains possessed
strong inhibitory activity, while others showed only moderate to
weak suppression. The strain OGRDT2 exhibiting the highest
inhibition (∼70%), can also be explored for production of
hydrolytic enzymes (chitinases, glucanases), and secretory
antifungal metabolites, which rapidly inhibit mycelial growth
of Colletotrichum gloeosporioides for effective management of
anthracnose disease. The other strains showing lower inhibitory
activity may lack strong antifungal metabolite production or
competitive ability, making them less suitable as stand-alone
biocontrol agents. Still, the strain GRDT2 which showed moderate
inhibitory activity (40%) against Colletotrichum gloeosporioides,
in the dual culture assay, it proved equally effective under field
conditions, which may be due to triggering the Induced Systemic
Resistance (ISR), enabling plants to resist infection more effectively
instead of directly inhibiting the mycelial growth (Khan et al.,
2023).

The strain specific variations in biocontrol efficacy is known
from previous findings, which have highlighted broad spectrum
antagonistic potential of T. longibrachiatum, T. asperellum, and T.
harzianum against wide range of onion pathogens including C.
gloeosporioides, S. cepivorum, A. porri, S. vesicarium, F. oxysporum
f. sp. cepae, F. proliferatum and several post-harvest pathogens
(Cos-kuntuna and Ozer, 2008; Kumar et al., 2012; Prakasam and
Sharma, 2012; Ghanbarzadeh et al., 2016; Helman et al., 2019;
Rivera-Méndez et al., 2020; Pawar et al., 2020; Camacho-Luna et al.,
2023). Likewise, Mishra and Gupta (2012) also highlighted the

antagonistic activity of T. harzianum, T. viride, T. hamatum, T.
koningii, and T. virens against the S. vesicarium. The antagonistic
activity of these Trichoderma strains has been validated under both
in vitro and in vivo conditions, indicating their potential for use in
integrated disease management strategies in onion cultivation. The
varying potential among Trichoderma strains is largely attributed
to differences in the production of extracellular cell wall-degrading
enzymes (like chitinases, glucanases, and proteases), which play
a key role in degrading the cell walls of the fungal pathogens.
Additionally, differential production of secondary metabolites,
particularly triterpenes, is linked to the activity of the ERG-
1 gene encoding squalene epoxidase, an essential enzyme in
the sterol/triterpene biosynthesis pathway. These mechanisms
collectively contribute to the strain specific efficacy observed in
Trichoderma mediated fungal suppression (Rai et al., 2016).

In this study, all eleven Trichoderma isolates were evaluated
for plant growth-promotion, including the direct mechanism
based attributes like production of IAA, siderophore, HCN,
and phosphate, zinc, potassium solubilization, N fixation and
indirect mechanism traits like activity of amylase, protease, and
cellulase. The strains classified as T. longibrachiatum, varied
in IAA and siderophore production (Table 1), confirming that
PGP traits are strain-dependent. These findings underscore
the importance of selecting specific strains for optimal crop
benefits (Pedrero-Mendez et al., 2021). All Trichoderma strains
demonstrated the ability to solubilize zinc however, none showed
potassium solubilization activity. Notably, only three strains
of T. longibrachiatum (OGRDT1, GRDT7, and GRDT8) were
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capable of solubilizing phosphate. Additionally, all tested strains
exhibited positive reactions for HCN production and Nitrogen
fixation, highlighting their plant growth-promoting potential
(Singh et al., 2017, 2019; Singh et al., 2020; Chouhan, 2022;
Alwadai et al., 2024). All Trichoderma strains used in this
study produced protease and amylase lytic enzymes, enabling
them to degrade pathogen cell walls. The production of these
enzymes by Trichoderma spp. has been previously documented
(Harman and Shoresh, 2007; Singh et al., 2013; Keswani
et al., 2014; Singh et al., 2019) and contributes to improved
disease management.

In this study, Trichoderma application significantly enhanced
overall crop biomass (Table 2) and bulb yield (Table 4), with
T. harzianum and T. longibrachiatum strains showing the most
pronounced effects. These treatments performed significantly
better than the untreated control and were at par with each other
in pooled data, particularly improving plant height and pseudostem
diameter (Table 2), which are the key indicators of onion health and
productivity. These results align with previous findings by Metwally
and Al-Amri (2020) who reported increased plant height and neck
diameter of onion plants due to the application of Trichoderma
viride. Similarly, Prakasam and Sharma (2012) also reported that
T. harzianum and T. viride application enhanced Plant height and
leaf number in onion. A related study by Vojnović et al. (2023)
found that T3 significantly increased bulb yield by approximately
24.3% over the control with application of Trichoderma sp. through
foliage spray.

In addition to growth parameters, this study also assessed
the canopy traits, including leaf number per plant (Table 2),
relative water content, and chlorophyll content (Table 3). A
normal increase in leaf number was recorded after Trichoderma
application, which might be attributed to enhanced nutrient
uptake, stimulation of growth hormones, and improved root health
(Harman et al., 2004). RWC improved across treatments, with
notable increases observed in the pooled data (Table 3). The
strains T. harzianum and T. longibrachiatum were particularly
effective in improving chlorophyll content, surpassing the levels
observed in the control treatment. Among the Trichoderma
strains tested, T. harzianum and T. longibrachiatum significantly
enhanced chlorophyll content, resulting in higher levels than the
untreated control. Since chlorophyll is vital for photosynthesis and
biomass accumulation (Simkin et al., 2022), this increase suggests
improved physiological performance. These findings align with
previous studies demonstrating T. asperellum application improved
chlorophyll and carotenoid contents in onions (Helman et al.,
2019; Metwally and AL-AMri 2020; Hernandez et al., 2023). These
cumulative results support the role of Trichoderma in enhancing
photosynthetic activity, ultimately contributing to improved plant
growth and productivity under field conditions (Zhou et al., 2020;
Mergawy et al., 2022).

In our study, Trichoderma strain OGRDT2 not only inhibited
the growth of C. gloeosporioides but also enhanced plant growth
parameters by attaining better root, shoot, and leaf biomass
accumulation (Table 2). Even though, the strain OGRDT2 was
positive for HCN production, amylase and protease activity
which might render this strain biocontrol potential but the
strain was not adjudged best in terms of other PGPA traits

like IAA production (38.45 μg/ml), % siderophore production
(38.43%), and Zinc solubilization (1.5 mm) along with the other
better performing strain GRDT2 (Table 1). Our data pointed out
that the strain that showed the best PGPA traits in vitro did
not perform best in the actual field experiments in terms of
plant biomass and bulb yield enhancement. Our findings are
in agreement with those of Alwadai et al. (2024) who tested
eight different Trichoderma strains (T. lixii, T. harzianum, T.
koningii, T. virens, and T. longibrachiatum) for plant-growth-
promoting traits in vitro but the presence of growth-promoting
traits in vitro did not show direct correspondence to plant
growth promotion of tomato plants. The absence of a direct
correspondence between PGPA traits and field performance of
the Trichoderma strains can be attributed to multiple factors,
including strain-specific variation in root colonization efficiency,
environmental stability, rhizosphere competence, and interactions
with the native soil microbiota. Root colonization ability is
both strain- and host-dependent, with different Trichoderma
strains showing variable persistence and root association across
plant species (Cripps-Guazzone et al., 2025). Consistent with
this, several strains in our study that displayed strong PGPA
traits in vitro may have failed to effectively colonize onion
roots, thereby limiting their performance under field conditions.
Therefore, employing the population density-based assessments
(colony forming units per gram of rhizosphere soil), confocal laser
scanning microscopy (CLSM) or scanning/transmission electron
microscopy (SEM/TEM) based approaches may help to link
rhizosphere competence more directly with field performance
of Trichoderma strains. Furthermore, the edaphic factors like
soil temperature, aeration, moisture, pH, salinity, and nutrient
regime also strongly influence the growth, sporulation, metabolite
secretion, and reproductive potential of the strains (Poppeliers
et al., 2023). Field microclimates are often quite different from
lab culture condition (25–35◦C, moderate pH), influencing the
root colonization of the strains. The interaction of applied
Trichoderma strains with native soil microbiota remains an
important determinant of strain successful determinant as native
communities may outcompete the applied strain leading to
inoculant functional attenuation (Causevic et al., 2024; Cavalcante
et al., 2025).

Our findings revealed that the increased bulb yield observed
with T. harzianum was positively influenced by root development.
The fungus is known to produce phytohormones such as indole-
3-acetic acid and auxin-like metabolites and also the reduced
ethylene levels through ACC deaminase activity, which stimulate
root elongation (Wang et al., 2024). Improved root systems not only
facilitate more efficient acquisition of water and nutrients but also
contribute to higher biomass accumulation and ultimately greater
yield of the crop. Over three consecutive experimental years, T.
harzianum GRDT2 consistently improved onion yield, averaging
20.66 ± 1.42 t/ha, being statistically at par with T. longibrachiatum
OGRDT2 (19.21 ± 0.87 t/ha) against control plants (16.52
± 0.69 t/ha), confirming the beneficial effects of Trichoderma
application. Furthermore, cost economics (ICBR) revealed that the
Trichoderma application provided higher returns due to its low
cost and effective protection (Table 4). T. harzianum (GRDT2)
supported the highest incremental cost-benefit and marginal rate
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of return, highlighting its economic advantage, particularly for
resource-poor farmers. These findings are in agreement with
earlier studies highlighting the cost effectiveness of Trichoderma
based biocontrol strategies in various cropping systems (Sharma
et al., 2011; Prasad and Anwar, 2020; Sultana et al., 2021). The
integration of Trichoderma not only improves crop productivity
and health but also contributes to sustainable and economically
feasible disease management.

Our field trials demonstrated that anthracnose-twister disease
reduction was highest in T. harzianum (GRDT2) and T.
longibrachiatum (OGRDT2) treated plots, identifying these as
the most effective strains among those tested (Table 4). Beyond
disease suppression, these strains significantly promoted plant
growth. Our results align with those of Alberto and Perez
(2020), who reported that Trichoderma spp. effectively reduce
anthracnose-twister disease incidence. Similarly, Manthesha et al.,
2022 also demonstrated effective control of onion twister disease
using a combination of Trichoderma and Pseudomonas spp.,
while Prakasam and Sharma (2012) highlighted the efficacy
of T. harzianum against onion purple blotch and basal rot.
The disease suppressive effects of Trichoderma are attributed to
its multifaceted mechanisms, including antifungal metabolites,
mycoparasitism, competition for nutrients and space, and induced
systemic resistance in the host (Elad, 2000; Solanki et al., 2011).
Few other studies have identified T. virens as highly effective
against A. porri (Imtiaj and Lee, 2008) and T. asperellum against S.
cepivorum (Alvarado-Marchena and Rivera-Mendez, 2016; Helman
et al., 2019).

The disease severity, in general, is negatively correlated with
bulb yield; a trend was also observed in our study (Figure 3). Over 3
years, the Trichoderma strains GRDT2 and OGRDT2 consistently
showed a strong negative correlation between anthracnose-twister
disease severity and bulb yield. As the disease advanced, a
significant decline in bulb yield was recorded. Linear Regression
analysis quantified this relationship, indicating a yield reduction of
0.07 to 0.12 tons for every one percent increase in disease severity
(Tanya et al., 2020; Dias et al., 2016; Rajput et al., 2022). Collectively,
these results confirm T. harzianum and T. longibrachiatum as the
most potent biocontrol agents against anthracnose-twister of onion
under field conditions.

Our findings also highlight the impact of weather on
anthracnose-twister development, with notable variations
in disease progression among Trichoderma strains. Disease
progression was consistently lowest in strains GRDT2 and
OGRDT2 treated plots, followed by GRDT5 and OGRDT3. The
disease typically peaks between August and September, coinciding
with favorable weather conditions, the crop’s vulnerable stage,
and peak pathogen activity, resulting in sustainable yield loss.
This highlights the importance of timely disease management
strategies that interrupt the overlap between peak disease pressure
and the crop’s most susceptible stage. The onset and severity of
anthracnose-twister are strongly influenced by the interaction
of three key factors: conducive environmental conditions, a
susceptible host, and a virulent pathogen. Notably, the 2022 season
experienced more favorable conditions for disease development
compared to 2021 and 2023, leading to significantly higher disease
severity and yield loss that year.

5 Conclusion

Our study highlights the beneficial effects of Trichoderma on
onion crop health, bulb yield, and anthracnose-twister disease
management, reinforcing its role as a valuable bio-stimulant.
Among the evaluated strains in our study, GRDT2 (T. harzianum)
showed highest bulb yield and thereby higher incremental cost-
benefit ratio (ICBR) of 20.70 adjudged to be best for kharif onion
cultivation. The strain OGRDT2 (T. longibrachiatum) (exhibited
the highest potential for enhancing green onion production
and reducing the anthracnose-twister supporting ICBR (13.45).
Therefore, based on the above findings these two Trichoderma
strains namely OGRDT2 and GRDT2 could be exploited for the
use by farming community as these strains recorded higher green
onion (OGRDT2) and bulb yield (GRDT2) production during the
kharif season while managing the anthracnose-twister disease.
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