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1. Introduction

Soybean (Glycine max L. Merril) has a well-established 
market for grains and derivatives, gaining global importance 
due to its diverse applications in agribusiness, including 
animal feed production, vegetable oil, the food industry, 
as well as the chemical industry (Costa Neto et al., 2000).

Among the factors that limit high yield in this crop, 
soilborne diseases stand out, especially root rots caused 

by rhizospheric fungi (Correia and Michereff, 2018). The 
main phytopathogenic agents affecting soybean include 
Macrophomina phaseolina, the Fusarium spp. complex, 
Sclerotinia sclerotiorum, and Phomopsis longicolla.

Biological control of diseases has been consolidated as an 
effective and environmentally safe tool, reducing ecological 
risks. Rhizosphere-associated agents are particularly 
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Plates were sealed with plastic film and incubated 
in a BOD chamber at 25 °C with a 12-hour photoperiod. 
Mycelial growth of the phytopathogens was measured 
every 24 hours using a graduated ruler, until the control 
plates reached full growth.

The percentage of mycelial growth inhibition was 
calculated based on the Formula 1 :

( )     Inhibition % *100
 

control dotreatment
control

∅ −∅ 
=  ∅ 

	 (1)

At the end of the experiment, light microscopy was 
performed to evaluate potential morphological damages to 
the hyphae of the phytopathogen. The experimental design 
adopted was completely randomized, with four replications 
per treatment. The data obtained were subjected to the 
Lilliefors normality test; since the experiment involved 
both qualitative and quantitative factors, ANOVA (Scott-
Knott test at 5% probability) was conducted, followed by 
regression analysis using the Rbio software (Bhering, 2017).

2.2. Induction of resistance

2.2.1. Plant cultivation in a greenhouse

Soybean seeds of the cultivar Brasmax Zeus IPRO 
were sown in 8 L pots containing commercial substrate. 
The treatments consisted of four replicates of pots, each 
containing two soybean plants, totaling five treatments: the 
four T. koningiopsis strains (MS04, MS09, MS27, MS28) plus 
the control (without inoculum), arranged in a completely 
randomized design.

When soybean reached the V3 stage, T. koningiopsis 
was applied via foliar spray at a concentration of 1×109 
spores mL−1 for each tested strain. After 12 hours, the 
plants were challenge-inoculated with a powdery mildew 
spore suspension at a concentration of 1×106 spores mL−1.

To quantify resistance-related variables over time, plant 
material for analyses was collected at 0, 24, 48, 72, and 96 
hours after the mildew spores inoculation.

2.2.2. Preparation of the enzymatic extract

The methodology described by Guzzo and Martins 
(1996), was followed. For extract preparation, tissue samples 
(approximately 0.3 g) were homogenized in a mortar 
containing 0.2 g of glass microbeads, 0.1 g of Dowex resin, and 
0.2 g of PVPP (polyvinylpolypyrrolidone). The homogenate 
was transferred to an Eppendorf tube, and 0.5 mL of sodium 
borate buffer was added. The mixture was allowed to react 
for 5 minutes. Subsequently, the samples were centrifuged 
at 20.000 g for 20 minutes at 4 °C, and the supernatant was 
collected into another labeled Eppendorf tube.

2.2.3. Determination of total proteins

Total protein content was quantified following the 
methodology of Bradford (1976). In numbered test 
tubes, 40 μL of the plant extract described in section 
2.2.1 was mixed with 460 μL of distilled water and 
1 mL of Bio-Rad reagent (Sigma). The mixture was then 
vortexed and absorbance was measured at 595 nm using 
a spectrophotometer.

relevant, since the soil system tends to be a relatively stable 
environment, with less climatic fluctuation compared to 
the aerial part of plants. Consequently, the survival and 
activity of antagonistic organisms in this environment are 
dynamic and favorable (Bettiol and Morandi, 2009). Among 
these agents, the genus Trichoderma stands out worldwide, 
being recognized as plant symbionts and effective fungal 
mycoparasites, with several species demonstrating potential 
as commercial biofungicides (Schuster and Schmoll, 2010).

Trichoderma spp. is a saprophytic, cosmopolitan, soil-
inhabiting fungus, belonging to the family Ascomycota. It 
has strong antagonistic potential in the control of bacteria, 
fungi, and nematodes, especially those causing root rots 
such as M. phaseolina, Fusarium spp., S. sclerotiorum, 
and P. longicolla. The most studied species include 
Trichoderma harzianum, T. virens, T. viride, and T. asperellum 
(Blaszczyk et al., 2014; Medeiros et al., 2022). In addition to 
colonizing plant roots, these microorganisms also inhabit 
the rhizosphere and the rhizoplane, exhibiting a complex 
mode of action: antibiosis through the production of 
metabolites toxic to phytopathogens; chitin degradation, 
an essential component of the fungal cell wall (favoring 
mycoparasitism); competition for nutrients and space; and 
induction of plant resistance. Together with plant growth 
promotion, siderophore production, and phosphorus 
solubilization, these characteristics make Trichoderma an 
excellent option for use in agriculture as a biocontrol agent 
(Tyśkiewicz et al., 2022; Gajera et al., 2013; Segarra et al., 
2010; Borges-Chagas et al., 2015).

Therefore, the objective of this study was to evaluate 
the direct effect of Trichoderma koningiopsis strains in the 
control of Fusarium tucumaniae, Macrophomina phaseolina, 
Rhizoctonia solani, and Sclerotinia sclerotiorum, as well 
as their effect on the activation of defense responses 
in soybean plants, by assessing the enzymes chitinase, 
β-1,3-glucanase, phenolic compounds, proteins, and 
phenylalanine ammonia-lyase (PAL).

2. Material and Methods

2.1. Direct effect against the phytopathogen

Four strains of Trichoderma koningiopsis isolated from 
dystrophic red latosol were studied. The POP#GoG-010 
method – Identification of microorganisms by DNA 
sequencing (ITS) – was used for species-level identification.

In a laminar flow chamber, Petri® dishes containing 
solidified PDA medium were prepared. A 7 mm mycelial 
disc of each phytopathogen was placed on the right side 
of the plate, at 1 cm from the edge. The phytopathogens 
used in the experiments were: Fusarium tucumaniae (CMES 
25), Macrophomina phaseolina (CMES 1574), Rhizoctonia 
solani (CMES 1861), and Sclerotinia sclerotiorum (CMES 
2131), obtained from the “Collection of Multifunctional 
Microorganisms” of Embrapa Soybean, Londrina, PR, Brazil.

On the left side of the same plate, at 1 cm from the 
edge, a 7 mm mycelial disc of the antagonist was added. 
The treatments consisted of four phytopathogens and four 
T. koningiopsis strains, plus the control.
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2.2.4. Determination of chitinase activity

In Eppendorf tubes, 100 mg of chitinase substrate, 
400 μL of 0.2 M sodium phosphate buffer, and 500 μL of 
the prepared plant extract were combined and incubated 
in a water bath at 50 ºC for 40 minutes. Subsequently, the 
mixture was centrifuged at 7,000 rpm for 10 minutes, and 
the supernatant was transferred to a new Eppendorf tube. 
Absorbance was then measured using a spectrophotometer 
at 595 nm.

2.2.5. Determination of β-1,3-glucanase activity

The methodology described by Guzzo and Martins (1996) 
was followed. In Eppendorf tubes, 200 μL of plant extract, 
400 μL of 50 mM sodium acetate buffer (pH 5.0), and 200 μL 
of Curdlan substrate (Sigma) were added. The tubes were 
then incubated in a water bath at 40 ºC for 50 minutes. 
The reaction was stopped by adding 200 μL of 2N HCl, 
followed by cooling on ice for 10 minutes. Subsequently, 
the mixture was centrifuged at 10,000 × g for 5 minutes 
to remove insoluble, non-hydrolyzed substrate, and the 
absorbance of the supernatant was measured at 600 nm 
using a spectrophotometer.

2.2.6. Determination of Phenylalanine Ammonia-Lyase 
(PAL) activity

The methodology proposed by Rodrigues et al. (2006) 
was followed. A 0.5 g portion of plant material was weighed, 
transferred to crucibles, and ground with 4 mL of TRIS-HCl 
buffer (pH 8.0). The resulting material was transferred to 
an Eppendorf tube and centrifuged at 6,000 × g at 4 ºC 
for 10 minutes. An aliquot of 200 μL of the supernatant 
was transferred to a labeled test tube, and 3 mL of TRIS 
extraction buffer was added. The solution was then vortexed 
to obtain the enzymatic extract.

Subsequently, 1.5 mL of the enzymatic extract was 
transferred, supplemented with 1 mL of extraction buffer 
and 0.5 mL of phenylalanine, and incubated in a water bath 
at 40 ºC for 30 minutes. After incubation, the reaction was 
stopped by cooling on ice. Absorbance was measured at 
290 nm using a quartz cuvette in a spectrophotometer.

2.2.7. Determination of total phenolic compounds

The analysis of total phenolic compounds was carried out 
in two steps, following the method adapted from Bieleski 
and Turner (1966). A 0.3 g portion of plant material was 
weighed, 5 mL of MCA solution (methanol, chloroform, 
water 6:2.5:1.5) was added, and the mixture was ground 
in a mortar. The resulting material was transferred to an 
Eppendorf tube and centrifuged at 6,000 rpm at 20 ºC 
for 20 minutes, and the supernatant was collected. The 
remaining solid residue was subjected to a second extraction 
by adding 4 mL of MCA, vortexing, and centrifuging again at 
6,000 rpm at 20 ºC for 20 minutes. The supernatant from this 
second extraction was combined with the first, obtaining 
the MCA extract. To this extract, 1 mL of chloroform and 
1.5 mL of deionized water were added, and the mixture was 
centrifuged at 6,000 rpm at 20 ºC for 15 minutes.

The second step involved the determination of total 
phenolics using the method adapted from Jennings (1981). 

An aliquot of 0.5 mL of the upper phase of the supernatant 
was taken, 0.5 mL of water and 0.5 mL of 1:10 diluted 
Folin–Ciocalteau reagent were added, and the solution 
was vortexed. After 15 minutes, 5 mL of alkaline reagent 
A (prepared from 2% sodium carbonate in 0.1 N sodium 
hydroxide solution) was added. The mixture was vortexed 
again, and after 50 minutes, absorbance was measured at 
760 nm using a spectrophotometer.

2.2.8. Statistical analysis

The experimental design was completely randomized, 
with four replicates per treatment. The data were subjected 
to the Lilliefors test for normality. As this was a qualitative × 
quantitative experiment, analysis of variance (ANOVA) was 
performed using the Scott–Knott test at 5% probability, 
followed by regression analysis in the Rbio software 
(Bhering, 2017).

3. Results and discussion

As shown in Figure 1, for the control of M. phaseolina, three 
of the four strains (MS04, MS09, MS28) reduced radial growth 
of the phytopathogen by 76%, while strain MS27 reduced it by 
54% compared to the control. In contrast, for F. tucumaniae, no 
significant differences were observed among the treatments 
with T. koningiopsis; however, all treatments differed from 
the control, with the strains under study promoting a 67% 
reduction in mycelial growth of F. tucumaniae.

Mendoza  et  al. (2015) observed the same effect in 
the in vitro control, where eleven Trichoderma spp. 
isolates exhibited hyphal parasitism of M. phaseolina, 
and four showed antibiosis, forming a clear inhibition 
halo on the plate. Sridharan et al. (2021) reported that 
T. longibrachiatum reduced M. phaseolina growth by 58%, 
in addition to demonstrating its antibiosis effect.

The production of β-1,3-glucanase and N-acetylhexosami-
nidase, as well as mycoparasitism by Trichoderma spp. strains, 
was also observed in experiments with M. phaseolina isolates 
from bean and sorghum, which may explain their success 
in reducing mycelial growth (Larralde-Corona et al., 2008).

The same was reported by Pimentel  et  al. (2020), 
who found that the most effective isolate in controlling 
F. virguliforme, which affects soybean in the USA, was 
T. harzianum, capable of reducing the radial growth of 
the phytopathogen by 92%. The study also demonstrated 
mycoparasitic activity of T. harzianum, as well as the 
induction of plant resistance genes, such as β-1,6-glucan 
synthase, α-1,3-glucanase, chitinase, and endochitinase.

The production of secondary metabolites may also 
explain the advantage of Trichoderma spp. in dual culture 
assays. Mironenka et al. (2021) observed that, in addition 
to suppressing the growth of F. culmorum, the antagonist 
produced the metabolite zearalenone on the plate. However, 
metabolite production by Trichoderma spp. is broad, including 
alcohols, acids, esters, ketones, and others (Li et al., 2018).

Analyzing the results obtained with the four T. koningiopsis 
strains (Figure 1 and Table 1), an average reduction of 54–71% 
in mycelial growth was observed for Phomopsis longicolla and 
44–63% for Sclerotinia sclerotiorum compared to the control, 
promoted by the Trichoderma spp. strains.
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Figure 1. Antagonistic effect of T. koningiopsis strains MS04, MS09, MS27, and MS28 on the mycelial growth (cm) of M. phaseolina, 
F. tucumaniae, P. longicolla, and S. sclerotiorum, respectively, over four days.

Table 1.  Regression equation and adjusted R2 for the mycelial growth of M. phaseolina, F. tucumaniae, P. longicolla, and S. sclerotiorum.

M. phaseolina Equation Adjusted R2

Control y = 1.9488x - 1.1875 0.9885

MS04 y = 0.755x + 0.25 0.8612

MS27 y = 0.2625x + 0.8563 0.8929

MS09 y = 0.225x + 0.7437 0.8942

MS28 y = 0.3x + 0.6438 0.8864

F. tucumanieae Equation Adjusted R2

Control y = 2.1575x - 1.175 0.977

MS04 y = 0.438x + 0.8525 0.84955

MS27 y = 0.4713x + 0.7187 0.84745

MS09 y = 0.4713x + 0.7187 0.8983

MS28 y = 0.4062x + 0.875 0.83485

P. longicolla Equation Adjusted R2

Control y = 1.955x - 0.3538 0.9814

MS04 y = 0.6463x + 0.9125 0.8998

MS27 y = 0.7825x + 0.2375 0.79525

MS09 y = 0.3413x + 0.7938 0.83635

MS28 y = 0.6037x + 0.6313 0.85915

S. sclerotiorum Equation Adjusted R2

Control y = 1.9075x - 0.4625 0.9716
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Das et al. (2014) reported a reduction of 84% and 78% 
in the growth of Phomopsis vexans when using T. viride 
and T.harzianum, respectively. In another in vitro study, 
Anita et al. (2012) achieved 100% inhibition of Phomopsis 
theae Petch growth when exposed to metabolites 
of T. atroviride. They also described the synthesis of 
defense-related enzymes, such as amylase, cellulase, 
and chitinase, when the organisms were placed in 
direct confrontation.

There are numerous studies involving Trichoderma spp. 
and Sclerotinia sclerotiorum. Zhang et al. (2016) observed 
that, in dual culture, the antagonist hyphae intertwined 
with S. sclerotiorum hyphae and formed a hook structure, 
evidencing mycoparasitism. The study reported a 51.2% 
reduction in the mycelial growth of the phytopathogen 

and also confirmed the growth-promoting effect exerted 
by Trichoderma spp.

Another study involving the co-inoculation of two 
strains, Trichoderma harzianum and Trichoderma asperellum, 
challenged with S. sclerotiorum, demonstrated effectiveness 
in inducing resistance responses in eggplant, with increased 
shikimic acid production after 72 hours, in addition to the 
expression of defense-related enzymes, such as phenylalanine 
ammonia-lyase and peroxidase (Pratap-Singh et al., 2021). 
Another reported mechanism that explains the antagonist’s 
success in suppressing S. sclerotiorum is the production of 
volatile organic compounds that inhibit the phytopathogen 
(Silva et al., 2021).

The mycoparasitism mechanism can be observed in 
Figures 2 and 3, where strain MS28 parasitizes the hyphae of 
M. phaseolina, F. tucumaniae, P. longicolla, and S. sclerotiorum.

Figure 2. Mycoparasitism by T. koningiopsis on: (a) M. phaseolina, (b) F. tucumaniae, (c) P. longicolla, and (d) S. sclerotiorum.

Figure 3. Front and back of plates of (a) M. phaseolina and (b) P. longicolla.

S. sclerotiorum Equation Adjusted R2

MS04 y = 0.82x + 0.6625 0.8799

MS27 y = 0.5913x + 0.75 0.9864

MS09 y = 0.6x + 0.6063 0.8445

MS28 y = 0.4325x + 1.0225 0.7269

Table 1.  Continued... 
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Under a light microscope, narrowing and coiling damage 
to M. phaseolina hyphae was observed in dual plates with 
T. koningiopsis strain MS27 (Figure  4B), in addition to 
mycoparasitism (Figure 4C).

It can be observed that the four T. koningiopsis strains 
exhibited potential for the biological control of the studied 
phytopathogens, with mycoparasitism of the hyphae 
confirmed in Figure 4C.

In the study evaluating the potential of strains MS07, 
MS09, MS27, and MS28 in inducing resistance in soybean 

plants, the activated enzymes were chitinase and β-1,3-
glucanase (Figure 5 and Table 2). However, no significant 
differences were observed among treatments for phenolic 
compounds, proteins, or PAL activity.

When resistance is induced in plants, a large production of 
defense-related proteins is activated, known as pathogenesis-
related proteins (PR-proteins), leading to an increase in their 
concentration in plant tissues. This includes enhanced levels 
of peroxidases, chitinases, β-1,3-glucanases, PAL, salicylic 
acid, and lignin deposition (Verbene et al., 2000).

Figure 5. Defense response of soybean plants inoculated with T. koningiopsis strains MS04, MS09, MS27, and MS28, showing the 
expression of chitinase, β-1,3-glucanase, phenolic compounds, proteins, and PAL, respectively.

Figure 4. (a) M. phaseolina control, (b) and (c) M. phaseolina paired with T. koningiopsis.
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The “priming” effect is a term used in the context of 
resistance induction, referring to the pre-conditioning of 
the plant against infection, which allows its defense system 
to be activated more rapidly (Pascholati and Dalio, 2018). 
Studies have demonstrated the direct role of Trichoderma spp. 
in activating priming, inducing faster immune responses in 
plants and increasing the effectiveness of defense. This leads 
to greater accumulation and activation of these otherwise 
inactive cellular proteins, making them readily available 
in response to pathogen attack (Morán-Diez et al., 2021).

Liu et al. (2021), studying the effect of Trichoderma spp. 
on cabbage plants infected with Botrytis cinerea, observed 
that application of the agent increased ascorbate peroxidase 
by 1.46-fold, while also controlling B. cinerea infection. 
Pratap-Singh et al. (2021) reported that treating eggplant 
plants with T. harzianum and T. asperellum challenged with 
S. sclerotiorum resulted in an increase in shikimic acid 
concentration, peaking 72 hours after application, whereas 
phenolic compounds showed no significant difference.

In the present study, the peak production of chitinase 
and β-1,3-glucanase occurred on the second and fifth day 
after application, respectively, with an average increase of 
59% for chitinase and 27% for β-1,3-glucanase.

Gajera et al. (2015), when treating different peanut 
seedlings with T. viride challenged with Aspergillus niger, 
observed an increase on the third day after application of 
3.5- and 2.3-fold for polyphenol oxidase and β-1,3-glucanase, 
respectively; and an increase of 1.6-fold for PAL on the sixth 
day, and 2.3- to 2.8-fold on the ninth day after application.

4. Conclusion

The four T. koningiopsis strains proved to be effective agents 
for the control of the studied phytopathogens, demonstrating 
their capacity for mycoparasitism and competition for space 
and nutrients. Strain MS27 showed the highest control of 
mycelial growth of M. phaseolina and S. sclerotiorum. The 
antagonist also proved efficient in activating defense responses 

in soybean plants, increasing the concentration of chitinase 
and β-1,3-glucanase in plant tissues.

Data Availability Statement

The datasets generated and/or analyzed during the 
current study are available from the corresponding author.
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