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ARTICLE INFO ABSTRACT
Keywords: Sclerotinia sclerotiorum, is a highly destructive pathogen with widespread impact on common bean
Sclerotinia Sclerotiorum (Phasaeolus vulgaris L.) worldwide. In this work, we investigated the efficacy of microbial con-

Phaseolus vulgaris L.
Biocontrol agents: Trichoderma erinaceum
Trichoderma viride

sortia in bolstering host defense against sclerotinia rot. Specifically, we evaluated the perfor-
mance of a microbial consortia comprising of Trichoderma erinaceum (T51) and Trichoderma viride
Plant defense (T52) (referred to as the T4 treatment) in terms of biochemical parameters, alleviation of the ROS
Antioxidant enzymes induced cellular toxicity, membrane integrity (measured as MDA content), nutrient profiling, and
ROS induced cellular toxicity the host defense-related antioxidative enzyme activities. Our findings demonstrate a notable
enhancement in thiamine content, exhibiting 1.887 and 1.513-fold higher in the T4 compared to
the un-inoculated control and the T1 treatment (only S. sclerotiorum treated). Similarly, the total
proline content exhibited 3.46 and 1.24-fold higher and the total phenol content was 4.083 and
2.625-fold higher in the T4 compared to the un-inoculated control and the T1 treatment,
respectively. Likewise, a general trend was found for other antioxidative and non-oxidative
enzyme activities. However, results found were approximately similar in T2 treatment (bio-
primed with T51) or T3 treatments (bioprimed with T52). Further, host defense attribute (sur-
vival rate) under the pathogen challenged condition was maximum in the T4 (15.55 % disease
incidence) compared to others. Therefore, bio priming with consortia could be useful in reducing
the economic losses incited by S. sclerotiorum in common beans.

1. Introduction

The common bean (Phaseolus vulgaris L.) is an important grain legume crop and is mainly consumed in the form of its pods and
edible seeds throughout the world [1]. FAO reports that the global common bean production in 2019 came to 28.9 million tons and the
crop area was 33.1 million ha. There were five top common bean-producing countries in the world from 2000 to 2019: Myanmar,
India, Brazil, China, and America (FAO, 2020). Over the past decade, Sclerotinia stem rot has transitioned from being a minor concern
to becoming a major global threat to common bean crops, primarily due to shifts in climatic conditions. This disease is now responsible
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for inflicting substantial damage, resulting in yield losses ranging from 50 % to 100 % [2]. Sclerotinia sclerotiorum (Lib.) deBary is
responsible for causing sclerotinia wilt and rot. This necrotrophic fungal pathogen has a global distribution and can infect over 500
plant species, including common beans [3,4]. The fungus causes numerous soft rots in horticultural and agricultural crops. In India, the
soft rot caused by Sclerotinia spp. is one of the significant concerns and affects agricultural productivity to a great extent. Since the
resistant varieties against the white mold disease have not been developed so far, hence, the disease is managed through other con-
ventional or other traditional approaches like deep plugging, increased row spacing, crop rotation with other non-host crops, use of the
upright cultivars, and most importantly through the use of the systemic fungicides, particularly benomyl and procymidone [5].
However, the uses of systemic fungicides for disease control are non-sustainable and have several loopholes like higher economic cost,
environmental issues, and sometimes their non-targeted effects. Furthermore, extensive use and prolonged exposure of these fungi-
cides in the environment may leave harmful residues in soil, water, and atmosphere leading to environmental pollution, and dete-
rioration of the soil quality, fertility, and productivity. In addition, these fungicides also influence the soil’s beneficial microbial
diversity disturbing their ecological functions and may lead to developing resistance in phytopathogens [6]. Hence, there is a strong
need for the creation of effective and eco-friendly technologies aimed at minimizing or eliminating the use of synthetic fungicides in
agriculture [7].

Trichoderma spp. is a fungal genus widely employed as one of the most important and commercially used microbial biocontrol
agents (MBAs) with great potential to alleviate the use of agrochemicals in agriculture. The mechanism of action of Trichoderma against
plant pathogens includes competition with pathogens for nutrients and space, antibiosis through secretion of potent secondary me-
tabolites, and direct interaction with plant pathogens through mycoparasitism [8]. It is well-documented that the interaction between
Trichoderma and plant pathogens is intricately regulated through a series of metabolic events, often involving diverse mechanisms.
These signaling cascades encompass signaling compounds, enzymes, and various interfering metabolites that are generated in situ,
typically at low concentrations during the interaction [9]. Some Trichoderma spp. have the potent ability to interact with host plant
root and shoot by establishing a molecular dialogue that has positive effects in plants [10]. Several studies have reported the endo-
phytic nature of Trichoderma that establishes communication with several host plants like tomato, Arabidopsis, cacumber, maize, and
cotton [11-15]. The induced systemic resistance (ISR), in the presence of Trichoderma asperellum was found to be associated with
increased antioxidative enzymatic activities, including enhanced secretion of chitinase and peroxidases along with modulation of plant
defense transcriptome that is accompanied by an expression of genes involved in JA/ET signaling pathways [16]. Furthermore, Tri-
choderma colonization of plant tissues also activates the SAR pathways even when the ISR pathway is activated. They can enhance
plant resistance to phytopathogens like S. sclerotiorum, with Trichoderma strains demonstrating their effectiveness through the in-
duction of cell-wall degrading enzymes in the plant [13,17]. Several studies have reported the efficacy of Trichoderma spp. in con-
trolling plant pathogens. Besides inducing ISR and SAR pathways, Trichoderma colonization improves nutrient uptake, induces
phytohormonal signaling and overall improves plant growth and development.

Creating microbial consortia involving two distinct microorganisms, each with its unique function, represents a contemporary
approach that has been adopted for the formulation of microbial products aimed at enhancing plant growth, bolstering disease
resistance, and optimizing performance in challenging environmental conditions. Furthermore, the current biocontrol strategy em-
ploys blending various BCAs of different microbial species having plant growth-promoting attributes to achieve desired outcomes [18].
In pepper, T. theobromicola, T. stilbohypoxyli, and T. caribbaeum influenced the genetic expression related to the hypersensitive response
and the biosynthesis of sesquiterpene phytoalexins [19]. The use of Trichoderma as MBCA against several plant pathogens is
well-reported, and several studies have been done so far in this field. For example, T. harzianum (SQR-T307) and T. asperellum (T-34)
are potent bio-control agents against the Fusarium oxysporum [20]. The antagonistic activity of the T. gamsii 6085 against F. subtilis and
F. graminearum in rice is well studied [21]. Recently, biocontrol attributes of the T. harzianum and T. erinaceum against F. oxysporum in
tomato is well documented [22-24]. In our previous report Kumar et al. (2021), reported that the T. viride, T. erinaceum and their
consortium induced defense response in common bean against sclerotinia infection [25]. Likewise, bio-priming with the T. erinaceumn,
T. brevicompactum and T. harzianum against S. rolfsii increased antioxidative enzymatic activities, particularly, chitinases [26,27].

In plants, the most common resistance response following the pathogenic invaders includes accumulation of the phenolics, callose
deposition, formation of the tyloses (outgrowths of the xylem contact cells), and gels in the infected vessels [28]. Additionally, plants
biosynthesize secondary metabolites, defense-related proteins, activation of the ROS machinery, along with enhanced expression of
defense-related antioxidants as part of their defense arsenal [25,29,30]. Secondary metabolites, including phenolic acids and proline,
are integral to fortifying the defense system. They contribute to enhancing mechanical strength and preserving cell wall rigidity,
thereby acting as a barrier against pathogen intrusion [31]. Phenylalanine ammonia-lyase (PAL) is the most important enzyme which
is expressed during stress and acts as a regulatory enzyme in the biosynthesis of phenolic compounds [32]. Proline (an amino acid) is
an excellent osmolyte and acts as a non-enzymatic antioxidant defense molecule during different abiotic and biotic stresses. Thus,
proline plays three major roles in stressed plants, i.e., as a metal chelator, an antioxidative defense molecule and a signaling molecule
[33,34]. The peroxidation of the unsaturated lipid is the most observable symptom of oxidative stress. Lipid peroxidation is the most
inimical process in the Plant, which disturbs the permeability of the cell membrane, degrades membrane protein, disturbs ion
transport, and finally triggers the cell death process [35]. Malondialdehyde (MDA) is the most abundant secondary product of lipid
peroxidation [36,37]. Fortunately, plants have evolved various effective mechanisms for the removal of ROS in order to protect
themselves against various stresses. Different antioxidant enzymes such as the ascorbate peroxidase (APx), guaiacol peroxidase (GPx),
glutathione reductase (GR), and the phenylalanine ammonia-lyase (PAL) involved in the ROS metabolism during pathogen infection
[23].

However, limited information is available regarding the management of sclerotial wilt in beans through microbial consortia. This
study seeks to fill this void by assessing the biocontrol effectiveness of T. erinaceum (NAIMCC-F-02171), T. viride (NAIMCC-F-02500),
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and their combinations in common bean when challenged by Sclerotinia. The evaluation will encompass an assessment of disease
severity, enzymatic activities (APx, GPx, GR, and PAL), and biochemical changes in total phenol, proline, lipid peroxidation, and
thiamine content. Through this investigation, we seek to elucidate the influence of these biological microbes, individually and in
combination, on both the growth and defense attributes of the host plant in response to S. sclerotiorum infection. This research en-
deavors to shed light on the potential of microbial consortia as an effective strategy for managing sclerotial wilt in common beans.

Overall, this study addresses a critical agricultural challenge - the management of sclerotial wilt in common beans caused by
Sclerotinia sclerotiorum. The research focuses on harnessing the biocontrol potential of Trichoderma spp., either individually or as a
consortium, to combat this devastating disease. The investigation encompasses a comprehensive evaluation of disease severity,
enzymatic activities, and biochemical changes in the host plant. By elucidating the intricate interplay between Trichoderma and
S. sclerotiorum, this research aims to contribute to the development of sustainable and environmentally friendly strategies for disease
management in agriculture.

2. Material and methods
2.1. Fungal culture and growth conditions

S. sclerotiorum (GenBank accession number MW485172) was isolated from infected common bean plants from Sonbhadra district of
Uttar Pradesh (India). The pathogen was isolated, sub-cultured, and maintained on potato dextrose agar (PDA) medium incubated at
25-27 °C for 5-7 days. The biocontrol microbes T. erinaceum (T51) (NAIMCC-F-02171) and the T. viride (T52) (NAIMCC-F-02500) were
procured from National Agriculturally Important Microbial Culture Collection (NAIMCC), Kushmaur, Mau, and Uttar Pradesh, India.
The BCAs and pathogen culture were cultured on PDA slants prepared with glycerol stock and were kept in incubator at 4 °C.

2.2. Pathogenicity test

The pathogenicity test was performed using the Cut-Petiole method [38]. In this method, the stem of test plant was injured with a
sterile needle at the second node or 2 cm above from the soil surface. In the experiment, a mycelial plug (5 mm) or sclerotial body from
S. sclerotiorum was introduced into the damaged section of the bean stem and covered with moist cotton. Following the inoculation, the
pots were placed inside the greenhouse, maintaining a temperature of 23 + 2 °C, and they were consistently watered as required. One
week after the initial inoculation, the fungus was retrieved from all the inoculated bean plants, and Koch’s postulate was affirmed by
re-inoculating the re-isolated pathogen. This process was replicated three times.

2.3. Preparation of Trichoderma spp. spore suspension and seed bio-priming

The Trichoderma isolates T. erinaceum (T51) and T. viride (T52) were cultivated in a potato dextrose broth (PDB) medium at a
temperature of 27 + 2 °C for a period of 7 days. Following this incubation, the spores were collected by rinsing them with sterile
double-distilled water and then filtered through a sterile muslin cloth. The spores were harvested and final concentration was
maintained to 1 x 10° CFU/ml which was count by using the hemocytometer. The spore suspension was centrifuged at 10,000 rpm for
10 min then, the pellet was re-suspended in the 10 ml of 1.5 % CMC (Carboxy methyl cellulose) solution separately to make slurry [39].
In the case of consortia, equal amount of T51 and T52 suspension (vA) was mixed. The bean seeds (Anupama variety) susceptible
(83.67 %) to the S. sclerotiorum pathogen were used in this experiment [40]. For seed bio-priming, fresh and healthy seeds were surface
sterilized with 0.01 % sodium hypochlorite aqueous solution for 25-30 s, followed by washing with double-distilled water and further
dried in sterile condition [39]. The sterilized and dried seeds were soaked in the spore suspensions with 1 x 10° CFU/ml concentration
(100 seeds/100 ml of spore suspension) of T. erinaceum, T. viride and their consortium for overnight in dark condition. The seeds were
dried for overnight under aseptic condition (Under Laminar flow) to drained off the excess suspension [41]. The control seeds were
treated solely with CMC, serving as an adhesive compound that facilitated the adherence of Trichoderma spores to the seed surface.

2.4. Seed sowing and experimental design

Four bioprimed bean seeds of each treatment were sown in pots (9 x 9 x 10 cm) containing autoclaved soil under controlled
environmental conditions. Pots with untreated bean seeds were used as controls. All pots were kept in a greenhouse at 25 + 2 °C with
alternate day watering.

For inoculums preparation, we grew the pathogen S. sclerotiorum on fresh PDA plates for 5 days. The 24 days-old bean plant (4-6
leaves) was inoculated with a mycelium plug (5 mm diameter) of S. sclerotiorum on the shoot-root collar region. One set of control
plants was left unchallenged. A cycle of 12 h dark /12 h light and temperature of 25 + 2 °C was maintained in the greenhouse. The
plants were categorized into 5 groups and treated as the following: viz. the CNT (control; without any treatment), T1-Control plants
exposed to the S. sclerotiorum pathogen challenge, T2-Plants treated with bio-control agent T51 and exposed to the S. sclerotiorum
pathogen challenge, T3-Plants treated with bio-control agent T52 and exposed to the S. sclerotiorum pathogen challenge, T4-Plants
treated with a consortium of both T51 and T52 bio-control agents, followed by exposure to the S. sclerotiorum pathogen challenge.
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2.5. Measurement of the disease incidence

The disease incidence was assessed three days following pathogen infection using a scale adapted from Song et al. (2004). The scale
ranged from O to 4, where a score of zero indicated no infection, and a score of four denoted the entire plant leaves turning yellow,
signifying complete infection [42]. Scores of 1, 2, and 3 corresponded to varying degrees of stem rot in different color regions,
reflecting the extent of disease severity. Two independent experiments were conducted, each with five replicates for every treatment.
Disease incidence, as described by Song et al. (2004), encompasses both disease percentage and disease severity [42].

(2 scale x number of plants infected)

100
(Highest scale x total number of Plant) x

Disease incidence (%) =

2.6. Plant harvest and analysis

The plant leaves were harvested from treated and control plants at five different time points: 0, 24, 48, 72, and 96 h after inoc-
ulation with the S. sclerotiorum pathogen. These samples were collected to evaluate various parameters, including total phenol content,
proline content, lipid peroxidation, thiamine content, and the activity of several enzymes such as phenylalanine lyase (PAL), guaiacol
peroxidase (GPx), glutathione reductase (GR), and ascorbate peroxidase (APx). Each of the biochemical assays was conducted with
three replicates, and each replicate consisted of four seedlings.

2.7. Scanning electron microscopy (SEM) to study the colonization of T. erinaceum and T. viride with P. vulgaris

Plant of common bean (4 week-old) was inoculated by drenching with conidial suspension of T. erinaceum (T51) and T. viride (T52)
(final concentration of 1 x 10° CFU/ml). The inoculum was freshly prepared from the 10-day culture of T51 and T52. To collect
conidia, each plate was with 5 ml sterile water, and scraped the culture to collect the conidia. The collecting conidial suspension was
filtered through muslin cloth and adjusted to the required conidial concentration after counting with a haemocytometer. Three plants
were used for each treatment. For every treatment, 100 ml conidial suspension of Trichoderma spp. was used, and 100 ml of sterile
water was used for control plants. After 6-days of inoculation, the root of each treatment was washed with distilled water was, followed
by drying at 37 °C. Then it was fixed with 2 % glutaraldehyde in 0.1 M phosphate buffer for 12 h, and thereafter the samples were
washed with the same buffer 2-3 times. The specimens were treated for dehydration using a sequence of ethanol concentrations (10 %,
20 %, 30 %, 50 %, 70 %, and 90 %) for 10-15 min each. For critical dryness, the samples were mounted on the metal stubs and coated
with the fine platinum layer using a metallic covering apparatus. The platinum-coated root specimens were analyzed in the SEM (JEOL
1600, Japan) with a high-vacuum mode.

2.8. Thiamine estimation (vit. B1)

The determination of thiamine (Vitamin B1) content in the leaves of common bean plants involved an adapted method based on the
approach outlined by Jordan (2000). Leaf samples weighing 0.1 g from various treatments were homogenized in 50 ml of ethanolic
sodium hydroxide [43]. A 10 ml filtrate extracted from this mixture was combined with potassium dichromate, and the optical density
was measured at 360 nm once color development occurred.

2.9. Lipid peroxidation (LPO)

The determination of the LPO range was conducted in accordance with the approach recommended by Ref. [44]. Assessing the
overall Malondialdehyde (MDA) content, generated as a secondary byproduct of peroxidation of polyunsaturated fatty acids, was a
crucial factor in gauging the level of LPO content. Leaf samples from all treatment groups were first homogenized in a buffer solution,
followed by centrifugation. Subsequently, the supernatant was employed as an extract for the subsequent assay. For the reaction, a
mixture was prepared comprising 0.1 ml of the extract, 0.2 ml of 8.1 % sodium dodecyl sulfate (SDS), 1.5 ml of 20 % acetic acid, and
1.5 ml of a 0.8 % aqueous TBA solution. The volume of this mixture was adjusted to 4.0 ml with distilled water and subsequently
incubated at 95 °C for 1 h in a water bath. After cooling, 1.0 ml of distilled water and 5.0 ml of a n-butanol and pyridine mixture (15:1
by volume) were added, followed by centrifugation at 10,000 g for 15 min. The absorbance at 532 nm was measured, and the MDA
content was determined by applying an extinction coefficient of 155 mM ™! cm ™}, and it was expressed in nmol MDA per gram of fresh
weight (FW).

2.10. Proline content

The Proline content was quantified following the method outlined by Bates et al. (1973) with minor adaptations [45]. For this
analysis, 0.1 g of plant samples were homogenized with 5 mL of 3 % sulphosalicylic acid in a pre-chilled mortar and pestle. The
resulting mixture was then centrifuged at 10,000 g for 10 min. Next, 2 mL of enzyme extract was combined with 2 mL of glacial acetic
acid and 2 mL of the Ninhydrin reagent. This mixture was incubated in a water bath held at 100 °C for 30 min. After incubation, the
sample was rapidly cooled in an ice bath to stabilize the purple color of the extract and maintained at room temperature. Subsequently,
4 mL of toluene was added to each tube, and the content was vortexed for 15-20 s. The spectrophotometric absorbance of the upper
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purple aqueous layer was measured at 520 nm. The proline concentration was then estimated using a standard curve generated with
known concentrations of r-proline.

2.11. Total phenol content (TPC)

To determine the Total Phenolic Content (TPC), 1 g of leaf tissue was immersed in 5 mL of 95 % ethanol and kept at O °C for 48 h.
Afterward, the samples were macerated in a phosphate buffer and subjected to centrifugation at 16,000 g for 15 min. A 1 mL aliquot of
the enzyme extract was combined with 1 mL of 95 % ethanol, 5 mL of water, and 0.5 mL of a 50 % Folin-Ciocalteau reagent, thor-
oughly mixed, and allowed to rest for 5 min. Following this, 1 mL of 5 % sodium carbonate was added, and the mixture was left to stand
for 1 h. The color developed in the solution was assessed at a wavelength of 725 nm [46]. Gallic acid was employed as the reference
standard, and the phenolic content was quantified as mmol L™! GAE (Gallic acid equivalent) per gram of fresh weight (FW).

2.12. Phenylalanine ammonia-lyase (PAL) activity assay

PAL (EC 4.1.3.5) activity was assessed following the method outlined by Brueske (1980) with minor adaptations [47]. Leaf samples
weighing 0.1 g were homogenized in 2 mL of sodium borate buffer (0.1 M, pH 7.0) supplemented with f-mercaptoethanol (1.4 mM).
The samples were homogenized and subsequently centrifuged at 16,000 g for 10 min at 4 °C to obtain the enzyme extract. The reaction
mixture was prepared with 0.2 mL of enzyme extract, 0.5 mL of borate buffer (0.2 M, pH 8.7), and 1.3 mL of water. The enzymatic
reaction commenced with the addition of 1 mL of .-phenylalanine solution (0.1 M, pH 8.7) and was then allowed to incubate for 25 min
at a temperature of 37 °C. To halt the reaction, 0.5 mL of trichloroacetic acid (TCA, 1 M) was added. Enzyme activity was assessed by
measuring the absorbance at 290 nm, indicating the production of trans-cinnamic acid, and expressed as micromoles of TCA per gram
of fresh weight (FW).

2.13. Ascorbate peroxidase (APx) activity

The APx (E.C. 1.11.1.11) activity was determined following the Nakano and Asada (1981) method with slight modifications, where
the oxidation of ascorbic acid was measured at 290 nm [48]. In this procedure, 0.1 g of leaf tissue was homogenized in 2 ml of an
extraction buffer (comprising 90 mM-NayHPO,4 buffer at pH 7.8, 8 % glycerol, 1 mM-EDTA, and 5 mM ascorbate). PVP (0.3 g/g tissue)
was introduced, and the homogenate was subsequently subjected to centrifugation at 15,000 g for 10 min at 4 °C. The resulting su-
pernatants served as the enzyme extract. For the assay, 200 pl of the enzyme extract was introduced into a reaction mixture containing
25 mM phosphate buffer (pH 7.0), 0.1 mM-EDTA, 0.25 mM ascorbic acid, and 1.0 mM H30,. The reduction in absorbance was
monitored 30 s after the enzyme extract was added. APx activity was determined using an extinction coefficient of 2.8 mM~! cm ™}, and
the enzymatic activity was quantified as nmol of ascorbate oxidized per minute per milligram of protein.

2.14. Guaiacol peroxidase (GPx) activity

GPx activity (EC 1.11.1.7) was assessed using a spectrophotometer following the methodology recommended by Zheng and Van
Huystee in 1992 [49]. The assay involved monitoring the increase in absorbance at 470 nm as guaiacol was oxidized to tetra-guaiacol.
The reaction mixture comprised 10 mM sodium phosphate buffer (pH 6.0), 0.3 % (v/v) H203, 1 % (v/v) tetra-guaiacol, and 0.3 ml of
the enzyme extract. The reaction was initiated by adding HyO,. The enzyme activity was determined through spectrophotometric
measurements, following the method proposed by Zheng and Van Huystee in 1992. The enzyme activity was expressed as units per
milligram of protein, where one unit represents the oxidation of 1 pmol of guaiacol per minute per milligram of protein. Protein
concentration was determined following the method described by Lowry (1951) [50].

2.15. Glutathione reductase (GR) activity

GR (EC 1.8.1.7) activity was determined following the methodology outlined by Schaedle and Bassham (1977), employing a
spectrophotometer [51]. Leaf samples weighing 0.1 g were homogenized in 5 ml of 50 mM Tris-HCI buffer at pH 7.6. After centri-
fugation of the homogenized samples at 15,000 rpm for 30 min at 4 °C, the resulting supernatant was utilized as the enzyme extract.
The conversion of reducing glutathione disulfide (GSSG) to the sulfhydryl form glutathione (GSH) was gauged by observing the
reduction in absorbance of NADPH at 340 nm, considering an extinction coefficient of 6.22 mM ! em™!. In a 2 ml reaction mixture
comprising 50 mM Tris-HCI buffer at pH 6.0, NADPH (0.15 mM), 100 pl of oxidized glutathione (1 mM GSSG), 3 mM MgCl,, and 0.3 ml
of enzyme extract. The enzyme activity is expressed as pmol NADPH oxidized min~! mg™! protein.

2.16. Statistical analysis

The data for physiological and biochemical analyses were analyzed using one-way analysis of variance (ANOVA) in the Statistical
Package for the Social Sciences (SPSS) version 16, USA. To determine significant differences among the means, Duncan’s multiple
range tests were conducted at a significance level of <0.05. The results were presented as means =+ standard error (SE) based on three
replicates.
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2.17. Sampling Mechanism

In this work, a combination of random and stratified sampling was used to achieve representative sample. Plants were chosen at
random within each treatment group (T1, T2, T3, and T4) to eliminate the experimental bias. Furthermore, to adjust for any con-
founding factors, plants were stratified depending on the key parameters such as age and growth stage. The randomization procedure
was detailed so that other researchers may verify and replicate it.

3. Results
3.1. Measurement of disease incidence

Three days after the challenge with S. sclerotiorum, soft brown lesions had appeared on the control plant’s collar region. The disease
incidence was reduced to a maximum when the consortium of both T. erinacuem and T viride microbes were used (15.55 % disease
incidence) compared with only pathogen-challenged plants (80 % disease incidence). The minimum disease incidence was observed in
T4 treatment (15.55 % disease incidence) followed by T2 (17.78 % disease incidence) and the T3 (33.33 % disease incidence)
treatments (Fig. 1).

3.2. Scanning electron microscopic analysis

Plant-root colonization with T. erinaceum (T51) and T. viride (T52) was monitored by scanning electron microscope after 6 days of
inoculation. The colonization degree of T. erinaceum (Fig. 2b) and T viride (Fig. 2¢) with plant roots was examined in the image, which
depicted the extent of Trichoderma spp. colonization on the surface of bean roots. The image revealed that abundant numbers of
Trichoderma spores formed dense colonies on the root surface showing the best colonization abilities. The Trichoderma hyphae and
spores were observed to have closer intimacy with the root surface. In contrast, in uninoculated control plants (seedling not treated
with Trichoderma inoculants), the root surface was observed to be smooth and undamaged (Fig. 2a).

3.3. Estimation of thiamine content

Thiamine accumulations in plants treated with microbial agents were significantly higher than untreated plants challenged or
unchallenged with S. sclerotiorum. The beans seed treated with a consortium of both Trichoderma strains (T51 and T52) shown the
maximum thiamine content, which was 1.887 and 1.513 fold higher than controls (CNT) and pathogen-challenged Plant (T1),
respectively. In addition, the T2 and T3 treatment also contained higher level of thiamine than T1 and CNT (Fig. 3a).

3.4. Lipid peroxidation assesment

The lipid peroxidation activity was estimated by Malondialdehyde (MDA) content. The MDA content exhibited a significant in-
crease in pathogen-challenged plants but reduce in plants treated with T51, T52, and their consortium. The maximum reduction in
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Fig. 1. Disease severity rate in common bean plants infected with Sclerotinia sclerotiorum and pretreated with Trichoderma erinaceum, Trichoderma
viride, and its consortium. The control plant without any treatment (CNT), Plant infected with pathogen only (T1), Plant treated with T. erinaceum +
S. sclerotiorum (T2), Plant treated with T. viride + S. sclerotiorum (T3), and Plant treated with T. erinaceum + T. viride + S. sclerotiorum (T4). Results
are expressed as the mean of three replicates, and vertical bars indicate the SE of the mean. Different letters indicate significant differences among
treatments within the results taken at the same time interval according to Duncan’s multiple range test at P < 0.05.
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Fig. 2. Scanning electronic microscopy images (SEM) showing bean root colonization with. erinaceum and T. viride. a, Uncolonize root of bean. b,
Root surface colonization by T. erinaceum. ¢, Root surface colonization by T. viride. Conidia germination and adhered to the plant root cuticle. Scale
bars are indicated in the figure.
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Fig. 3a. Thiamine content in bean raised from seeds pretreated with Trichoderma erinaceum, Trichoderma viride and its consortium and challenged
with Sclerotinia sclerotiorum. 3b, The range of lipid peroxidation (LPO) was determined by the MDA content at different time intervals in bean raised
from seeds pretreated with Trichoderma erinaceum, Trichoderma viride, and its consortium and challenged with Sclerotinia sclerotiorum. Results are
expressed as the mean of three replicates, and vertical bars indicate the SE of the mean. Different letters indicate significant differences among
treatments within the results taken at the same time interval according to Duncan’s multiple range test at P < 0.05.

MDA content was observed in T4 treatment (T51; T. erinaceum and T52; T. viride), which was 1.448 fold lower than in plants that were
only challenged by pathogen (T1). The MDA reduction was also showed by T2 (T. erinaceum), T3 (T. viride) treatment in comparison to
T2 (pathogen treatment only) (Fig. 3b).

40 = 54

= $1NT ©® AT o -
30{E2 T2 2% 5 4

[ T3 I

WP T ogo

S )
RN R RNRRRRRNNY

S
S

S o R O P
Time after treatment (h) Time after treatment (h)

Proline content (un mole g'1 FW)
Phenol content (u mole g™ FW)

Fig. 4a. Change in the concentration of proline. 4b, Estimating total phenol content in leaves of bean plants at different time interval, infected with
Sclerotinia sclerotiorum and pretreated with Trichoderma erinaceum, Trichoderma viride, and its consortium. Results are expressed as the mean of three
replicates, and vertical bars indicate the SE of the mean. Different letters indicate significant differences among treatments within the results taken
at the same time interval according to Duncan’s multiple range test at P < 0.05.
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3.5. Measurement of the proline content

Proline content exhibited significant enhance in all treatments up to 48 h, compared with the control plant. Among all the
treatments, the maximum proline content was found in T4 treatment, while the minimum was in T1 treatment. No significant dif-
ference was found in the amount of proline content in T2 and T3 treatments, but both showed significantly higher in comparison to T1
treatment. Specifically, at the 48-h mark, proline content was 3.46 times higher in the T4 treatment compared to the control (CNT) and
1.24 times higher than in pathogen-challenged plants (T1) (Fig. 4a). The control plant exhibited the lowest proline content, which
remained relatively consistent throughout the experiment.

3.6. Total phenol content (TPC)

Phenol accumulations in plants treated with microbial agents, T. erinaceum (T51), and T. viride (T52) and their consortium were
significantly increased in comparison to control (CNT) or challenged with S. sclerotiorum (Fig. 4b). Seeds treated with consortium of
T. erinaceum (T51), and T. viride (T52) exhibited higher level of phenols in their leaves, measuring 4.083 and 2.625 fold higher as
compared to control and pathogen-challenged Plant, respectively (Fig. 4b). The maximum TPC content was recorded in T4 treatment,
followed by T2 and T3. The assays also detected a small amount of phenols in unchallenged healthy control plants.

3.7. Phenyl ammonia lyase (PAL) activity measurement

PAL (Phenylalanine Ammonia Lyase) activity increased significantly in all treatments up to 48 h after treatment and after which,
the activity declined slowly. Seeds were treated with a consortium of T. erinaceum (T51), and T. viride (T52) shown higher level of PAL
activity in leaves, measuring 3.129 and 1.116 fold higher as compared to control and pathogen-challenged Plant, respectively (Fig. 5).
The maximum PAL activity was recorded in T4 treatment, followed by T2 and T3. A small amount of PAL activity was also detected in
unchallenged healthy control in all the assays.

3.8. Antioxidant enzyme activities

In general, the pathogen contamination led to be increase in antioxidant enzyme activity in comparison to the control plant
throughout the experiments. The maximum activity was observed in consortia of T. erinaceum and T. viride, followed by a single
Trichoderma treated plants. In control plants, the activities of APx (Ascorbate peroxidase, GPx (Guaiacol peroxiadse), and GR
(Glutathione reductase) increased after pathogen treatment, reaching their maximum at 48 h, and there after showed slightly
decreased in all treatments (Fig. 6a and b, 7). The maximum APx activity was recorded in T4 treatment, which was 2.939 and 1.217
fold higher than the control and pathogen-challenged Plant, respectively (Fig. 6a). The APx activity was significantly higher in the T4-
treated plants when compared with other treatments at every interval of experiments. The APx activity in T2 and T3 treatments were
not significantly difference but higher than the control and pathogen-challenged plants. In control plants quantified, a minimum APx
activity than the all treated plants, and this remained relatively constant throughout the entire experiment. The maximum GPx activity
was recorded in T4 treatment at 48 h after pathogen infection, which was 11.969 and 1.477 fold higher than the control and pathogen-
challenged plants, respectively (Fig. 6b). T2 and T3 were not significantly difference, but higher than the control and pathogen-
challenged plants. GR activity was enhanced in all treatments when compared with unchallenged plants. At 48 h after pathogen
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Fig. 5. Change in the phenylalanine lyase activity in leaves of bean plants at different time intervals infected with Sclerotinia sclerotiorum and
pretreated with Trichoderma erinaceum, Trichoderma viride, and its consortium. Results are expressed as the mean of three replicates, and vertical
bars indicate the SE of the mean. Different letters indicate significant differences among treatments within the results taken at the same time interval
according to Duncan’s multiple range test at P < 0.05.
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Fig. 6a. Change in the Guaiacol peroxidise activity. 6b, Change in Ascorbic peroxidise activity in leaves of bean plants at different time intervals,
infected with Sclerotinia sclerotiorum and pretreated with Trichoderma erinaceum, Trichoderma viride and its consortium. Results are expressed as the
mean of three replicates, and vertical bars indicate the SE of the mean. Different letters indicate significant differences among treatments within the
results taken at the same time interval according to Duncan’s multiple range test at P < 0.05.
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Fig. 7. Change in Glutathione reductase activity in leaves of bean plants at different time interval, infected with Sclerotinia sclerotiorum and pre-
treated with Trichoderma erinaceum, Trichoderma viride and its consortium. Results are expressed as the mean of three replicates, and vertical bars
indicate the SE of the mean. Different letters indicate significant differences among treatments within the results taken at the same time interval
according to Duncan’s multiple range test at P < 0.05.

treatment, recorded maximum GR activity in all treatments. The maximum GR activity was recorded in the T4 treatment, which was
10.673 and 1.253 fold higher in comparison with unchallenged control and pathogen-challenged (T1) plants (Fig. 7). The minimum GR
activity was recorded in control plants; compared to all treated plants, and this remained relatively constant during the entire
experiment. In T2 and T3 treatments, no significant differences were observed during the entire experiments, but they were higher
than the unchallenged control and pathogen treatment.

3.9. Principal component analysis (PCA)

A multivariate Principal component analysis (PCA) was conducted to understanding of the relationships, similarities, and dis-
similarities between the results for biochemical and physiological traits. The multivariate PCA allows many variables to be lessened to
only a few, which largely account for the variance in the experimental results. PCA analysis revealed positive scores for proline, phenol,
PAL, GR, GPx, and LPO. In contrast, the APx activity was associated with a negative score (Fig. 8).

4. Discussion

The fungus Sclerotinia sclerotiorum is a notorious fungal pathogen responsible for white mold disease in economically important
crops, such as common bean, soybean, and cotton [52]. This pathogen persists in the soil for many years, germinating during favorable
conditions to produce ascospores, which subsequently infect host plants [53]. Upon infection, S. sclerotiorum colonizes various plant
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Fig. 8. Principal component analysis (PCA) of beans treated with BCA under pathogen-challenged, untreated, and unchallenged as a negative
control, and untreated and pathogen-challenged condition as positive.

tissues extensively through the secretion of phytotoxic metabolites and cell wall-degrading enzymes [54]. Notably, it employs oxalic
acid secretion to suppress host defense mechanisms initially, eventually leading to cell death [55]. The ascospores are released and
function as a source of primary inoculums for infection and progression of the disease. It has been reported that the pathogen can infect
all above-ground foliage. The lesions produced from infection are characterized by a white cotton-like mass of mycelium growing on
the surface of stem, leaf, or pod tissue. Infected tissue becomes soft and slimy with a water-soaked appearance. Microbial biocontrol
agents (MBAs) are generally deployed to control the biotic effects of plant pathogens [9,22,23,56-58] and other abiotic environmental
stresses like soil salinity, heat stress, drought, metal toxicity [59-62]. These MBAs are supplied to host crops for biological control
against several biotic and abiotic stresses. The biocontrol mechanism incited by these MBCAs against the plant pathogens might induce
systemic resistance or priming without direct interaction [24]. An integrated approach to Trichoderma-mediated disease suppression
includes mycoparasitism, antibiosis, induced defense response, and competitive exclusion [9,63], while others inhibit the plant
pathogens by imparting competition for both nutrients and space [64]. However, under their natural environment, the microbial
diversity associated with plant hosts is confined to a specific region and associated with other interacting microbes of the ecosystem
while associated with its original host and constitutes the so-called “Plant microbiome.” The plant microbiome provides an indigenous
system associated with host crops to impart different functions and influence each other’s biological activity and functional dynamics
in a multi-dimensional manner [25,27]. The microbial diversity residing in soil or that remains part of an active plant microbiome may
comprise several beneficial bacteria like Pseudomonas spp. or actinomycetes [65]. The microbial biocontrol agents (MBCAs), including
biocontrol fungi like Clonostachys and Trichoderma spp. or other bacterial or fungal endophytes with biocontrol factors that may
alleviate the harmful effects of both abiotic and biotic stresses [66].

Bio priming results in an aggravated defense response upon encountering biotic challenges of plant pathogens or against several
environmental stresses [25]. Pathogenic elicitors generally activate the defense response in plants, which can be stimulated by the
co-inoculation of bio-control microbes. Plants treated with BCAs became primed to respond faster by activating cellular defense re-
sponses and up-regulation of defense genes [67,68]. Trichoderma-based products and synthetic fungicides may result in the combined
interaction for Sclerotinia stem rot disease management [69]. In this study, we have reported that induced systemic resistance (ISR)
play a crucial role during the interaction of pathogenic elicitors with host plants, rendering spatially distant plant parts resistant to the
pathogens. Plants perceive the ISR elicitors to show an exaggerated immune response against the pathogen challenges [70,71]. The rise
in levels of defense enzymes, proline, and other defense-related compounds could help provide resistance against pathogen attack. The
ISR pathway activates the expression of various defense enzymes, including PAL, peroxidases, and hydroperoxide lyases, through
jasmonate/ethylene (JA/ET) signaling cascades [72]. The systematic acquired resistance (SAR) mediated the expression of PR pro-
teins, particularly chitinase and f-1,3-glucanases that lysis the pathogen’s cell and infected host cells [73,74]. In the present study, two
potential biocontrol agents T. viride (T51) and T. erinaceum (T52) have been used to assess of their biocontrol attributes against the
S. sclerotiorum. Our results have shown that both T. viride and T. erinaceum have significant potential to counteract the pathogen
infection in host tissues. The previous reports show inhibitory activities of the T. viride and T. erinaceum against the pathogen
S. sclerotiorum [25,75]. Trichoderma spp. promotes plant growth through various indirect and direct mechanisms and induces systemic
resistance against subsequent pathogen attacks [76-78]. However, Trichoderma-induced systemic resistance (TISR) has been reported
to involve multiple signaling routes, cross-communicating hormonal pathways, and networks that constitute a complex web of
signaling cascades [79]. The previous report suggested that TISR might involve both JA and SA signaling pathways. However, the
interaction of T. harzianum Rifai T39 in the Arabidopsis-Botrytis cinerea pathosystem revealed that TISR-mediated resistance is well
regulated by JA, ET, and ABA signaling rather than direct activation of SA-related pathways [80]. In one report, about an 80 %
reduction in the Fusarium wilt was observed by Trichoderma asperellum UDEAGIEM-HO1 in Stevia rebaudiana. Similarly, the Fusarium
wilt of banana is managed using only Trichoderma spp. in the integrated management approach [81,82]. Trichoderma interaction with
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plants or symbiosis could also lead to the expression of plant defense-related genes, which immune the plants against the pathogen
challenge, and, therefore, assist in growth and development [83-87]. Aamir et al. (2019) reported that the bio-priming of tomatoes
seeds with T. erinaceum helps in the transcriptional reprogramming of the defense-related genes in tomato against the Fusarium wilt
[24]. Another study reported that Trichoderma hamatum 382 induced systemic resistance against Botrytis cinerea in Arabidopsis [88],
Rhizoctonia solani and S. sclerotiorum in lettuce [89]. In many studies, Trichoderma spp. Mediated priming against phytopathogens and
its effect on crucial defense players have been well demonstrated [90]. SaravanaKumar et al. (2017) reported that the T. harzianum
strain is a potential BCA against Fusarium graminearum and induces systemic resistance in maize [91]. Sanchez-Montesinos et al.
(2019) reported a reduction of the incidence of the disease caused by Pythium ultimum by different Trichoderma species [92]. However,
studies on the application of microbial consortium of T. erinaceum and T. viride against S. scletiorum in the common bean are not re-
ported yet.

We have estimated the biochemical attributes, including the amount of thiamine, level of ant-oxidative defense enzymes, and
proline content under the pathogen-challenged condition. The same were when bio-primed plants were challenged with biocontrol
agents alone or in microbial consortia. In the present study, we have found the maximum thiamine content in T4 treatment compared
to all treatments. This result suggested that high concentrations of thiamine in the chloroplast and other cellular organelles play a
significant role in defense mechanisms during pathogen infection. Pyrophosphate (TPP) is the active form of thiamine that plays the
role of a cofactor in many metabolic reactions such as glycolysis, pentose phosphate pathway, and tricarboxylic acid (TCA) cycle, and
also associated with the induction of systemic acquired resistance (SAR) in all living plants. The phenyl propanoid pathway play an
essential role in host defense through several fundamental mechanisms, including cellular-reinforcement antimicrobial activity and
biosynthesis of signaling compounds such as SA [93,94]. PAL is a key enzyme that catalyzes the deamination reaction of phenylalanine
to trans-cinnamate. It is a secondary metabolites synthesis pathway that synthesizes phenolic compounds such as flavonoids, iso-
flavonoids, anthocyanins, hormones, phytoalexins, and lignin. The phenolic compounds play a significant role in plant defense
mechanisms against biotic challenges [95,96]. In this experiment, the maximum PAL activity was recorded in the T4 treatment,
followed by the T2, T3, and T1 treatments, indicating that the T4 treatment provides the maximum defense response against the
S. sclerotiorum. An increase in phenolic content is positively related to the increasing plant resistance against pathogens as an anti-
microbial defense weapon of plants [97,98]. Besides, phenols induction is linked with PAL activity, which catalyzes the initiation step
of synthesizing phenols. We found a significant increase in phenolic content in the T4 treatment, similar to PAL activity recorded
following the pathogen-challenged condition. The higher phenolic content and PAL activity can be correlated with enhanced defense
response against S. sclerotiorum by a synergistic effect of biocontrol agents. Amino acids are considered precursors and components of
protein synthesis and play a significant role in plant development and metabolism [33].

Proline is a multifunctional amino acid that enhances the plants tolerance level against various types of abiotic and biotic stresses
[99]. It acts as an osmoregulator and helps maintain plants’ water potential to absorb water from the soil [100]. The hypersensitive
response (HR) is a mechanism plants use to reduce the spread of infection by pathogens because of the rapid death of plant cells in the
local regions surrounding an infection. The increased accumulation of the proline well promotes HR during a pathogen attack. In this
experiment, the maximum proline accumulation was found in T4 followed by T2 and T3. Thus, this result suggested that the con-
sortium of T. erinaceum and T. viride showed the maximum HR in the bean during S. sclerotiorum infection compared to a single
treatment with BCA. In the present study, we have found that the consortium of T. erinaceum and T. viride increased the activities of
the APx, GPx and GR after the inoculation with S. sclerotiorum. These results suggested that the consortium of the T. erinaceum and
T. viride increased the resistance against the S. sclerotiorum in the common bean by increasing the antioxidative activities, thereby
minimizing the ROS-induced cell death incited by pathogen-challenged conditions. ROS-induced cell death was further confirmed, and
damage was minimized in microbial consortia compared to control and pathogen-challenged samples. Lipid peroxidation is a series of
oxidative degradation reactions that affect lipids. It involves the extraction of electrons from lipids in cell membranes by free radicals,
leading to cellular damage. This chain reaction is driven by the actions of free radicals. However, the rate of lipid peroxidation is
estimated by the MDA content in the plant cells. In our study, the MDA content was found to gradually increase in infected leaf bean
plants with an increase in infection duration. In the common bean plant, pretreated with T. erinaceum and T. viride and their con-
sortium, the MDA content significantly decreased compared to pathogen-challenged plants. Among all the treatments, the
pathogen-challenged common bean plant (T1) had maximum MDA content compared to all treatments, including the control. The
increased catalytic activities of defense enzymes such as SOD, CAT, GPx, APx, PPO, PO, etc., could be correlated with the increased
amount of lipid peroxidation. Bio-primed seeds with single and consortium of both Trichoderma had comparatively lesser MDA
content than pathogen-challenged samples. A decrease in the MDA content in common bean plants might enhance the antioxidant
enzyme activity, decrease the generation of free radicals and subsequently, damage membrane against pathogen S. sclerotiorum. So, we
concluded that the consortium of T. erinaceum and T. viride has good potential to reduce the disease severity against S. sclerotiorum, and
it may increase the plant growth promotion and defense mechanisms in common beans against S. sclerotiorum. The combined effect of
T. erinaceum and T. viride may be enhanced the survival rate of common bean seedlings against S. sclerotiorum than individually.
Overall, the findings in this study highlight the relevance of microbial consortia in controlling Sclerotinia infections in the common
bean. Therefore, microbial consortia with BCAs like T. erinaceum and T. viride could be an alternative platform to chemical pesticides
and provide a cost-effective, stable, and sustainable method for preventing the economic damages caused by this pathogen.

5. Conclusion

The present study demonstrated that the consortium of T51 (T. erinaceum) and T52 (T. viride) strains on seed coating and foliar
spraying reduced the stem rot disease incidence and severity of common beans under the greenhouse study. The present biocontrol
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approach involves combining different biological control agents (BCAs) from diverse microbial species with plant growth-promoting
characteristics to attain specific objectives. A successful biocontrol strategy relies on the harmonious coexistence of all co-inoculated
microorganisms in the rhizosphere without competitive interactions. The evaluation phase is undoubtedly a pivotal step in the
development of a microbial consortium as it offers insights into its effectiveness in reducing disease severity and promoting plant
growth. Efforts are underway to create a microbial consortium with the aim of mitigating diseases and enhancing plant growth. In a
consortium, multiple microbial groups coexist symbiotically, resulting in highly effective, resilient, adaptable, and dependable systems
[101]. The combined inoculation of beneficial microorganisms led to enhanced growth and yield characteristics, such as germination
rate, nutrient uptake, plant height, branch count, nodulation, and increased overall biomass of the plants. The use of consortia boosts
microbial efficacy, ensuring consistent and reliable performance across various soil conditions. The amalgamation of biocontrol agents
within the consortium is anticipated to provide heightened protection and the potential to suppress multiple plant diseases.
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