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The use of beneficial microorganisms is gaining increasing importance as a sustainable strategy to 

increase plant cover and lifespan. This study investigated the effects of Trichoderma harzianum 

T22 on vegetative growth, biomass content, and root system structure in red pepper (Capsicum 

annuum L.) plants. The study was conducted in three replicates, including control and Trichoderma 

applications. Detailed effects on stem diameter, stem length, leaf number, fresh and dry weight, and 

root morphology (root length, surface area, volume, mean diameter, Ntips, Nforks, and Ncrossing) 

were analyzed. The results showed that Trichoderma harzianum T22 significantly increased 

vegetative growth and biomass content, with a particularly pronounced increase in root dry weight. 

As stem diameter and leaf number increased, a more compact growth formula emerged with a 

decrease in stem length. Root morphology analyses revealed a significant increase in root length 

and a marked decrease in branching variation. These findings demonstrate that Trichoderma not 

only increases growth but also shifts root growth from branching to regional elongation, 

representing a regional phenotype. Consequently, this study provides new insights into the 

vegetative growth and root architectural modulation induced by Trichoderma harzianum T22 and 

highlights its potential for improving crop performance through root system reconfiguration. 
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Introduction 

Pepper (Capsicum annuum L.) is a commercially 

important species worldwide due to its taste, nutritional 

quality, wide range of uses, and high economic value 

(Chowdhury et al., 2015). Among cultivated red pepper 

varieties, the red pepper possesses unique characteristics 

due to its fruit properties and processing conditions. 

However, production details are often constrained by 

factors such as certain soil-borne stresses and the resulting 

limitation of root system activity. This situation negatively 

impacts yield stability after jet development (McMichael et 

al., 2008).  

In recent years, beneficial soil microorganisms, 

particularly plant growth-promoting fungi (PGPFs), have 

emerged as sustainable tools for improving performance 

worldwide (Druzhinina et al., 2011; DeClerck et al., 2023). 

Among the organisms used in this biological control, 

Trichoderma species have been extensively studied due to 

their multifaceted effects as both biocontrol agents and 

growth regulators (Zeilfinger et al., 2016). Trichoderma 

spp. can modulate the plant's endogenous hormonal 

pathways and root development through the production of 

hormone-like metabolites such as indole-3-acetic acid 

(IAA), volatile organic compounds, and other signaling 

molecules (Woo et al., 2023). These metabolite-mediated 

signaling mechanisms can improve nutrient uptake, water 

use, and overall plant health without requiring direct 

contact with plant tissues (Zachow et al., 2014). 

In addition to its growth-promoting effects, 

Trichoderma spp.'s ability to colonize roots and establish a 

strong and stable relationship with them is particularly 

important in maintaining plant stress tolerance (Sood et al., 

2020). Current studies show that Trichoderma applications 

improve soil structure, reduce salinity, and enrich 

beneficial microbial taxa because they interact with the 

entire soil microbiome (Jaroszuk-´Sciseł et al., 2019; 

Eslahi et al., 2022). Furthermore, many studies reveal that 

Trichoderma has the potential to be an environmentally 

friendly biofertilizer contributing to sustainable 

agricultural production by increasing the solubility of 

phosphorus and microelements (Martínez-Medina et al., 

2014; Stewart et al., 2014; Contreras-Cornejo et al., 2016; 

Menezes-Blackburn et al., 2018). Studies have also shown 

that Trichoderma applications frequently increase lateral 

root formation and root branching (Brotman et al., 2013). 

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
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Enhanced root system morphology is generally 

associated with higher shoot development and biomass 

accumulation. 

Recent studies on Capsicum annuum L. have reported 

that Trichoderma applications have positive effects on 

vegetative growth parameters such as plant height, shoot 

dry weight, and total biomass increase; however, detailed 

morphometric analysis of root morphology has been 

limited in most studies (Herere-Parra et al., 2017; Sánchez-

Cruz et al., 2021).Studies that comprehensively evaluate 

the root system morphology in terms of both branching and 

elongation-based parameters are quite limited, especially 

in commercially valuable capia pepper  cultivar. 

Therefore, the aim of this study is to investigate the 

effects of Trichoderma application on vegetative growth, 

biomass accumulation, and root system architecture in red 

peppers.. In this context, we will give great importance to 

improving and modifying plant development in sustainable 

production systems. By evaluating stem growth 

parameters, fresh and dry weight components, and detailed 

root morphology characteristics together, the study aims to 

present an investigation of how Trichoderma builds 

structural development in pepper plants. 

 

Materials and Methods 

 

Experimental site, environmental conditions and 

plant material 

This study was conducted in the research and 

application greenhouse of the Department of Horticulture 

at Necmettin Erbakan University. During the experiment, 

the greenhouse temperature was maintained at 20-25 °C 

and the relative humidity at approximately 35%. The Capia 

red pepper (Capsicum annuum L.) cultivar ‘Yaren F1’, 

which is suitable for both greenhouse and open-field 

cultivation, was used as the plant material. The experiment 

was conducted under pot conditions. The experimental 

design consisted of two treatments: a control group and a 

Trichoderma treatment group. Each treatment was 

established in three replications. Each replication consisted 

of three rows of plants with six plants in each row, thus a 

total of 36 plants. 

 

Trichoderma application 

The fungal inoculant used in the experiment was 

Trichoderma harzianum T22, prepared as a liquid spore 

suspension with a final concentration of 1 × 10⁹ CFU mL⁻¹. 

At the beginning of the experiment, the suspension was 

applied to the soil at a rate of 1 mL plant⁻¹. Plants in the 

control group were grown under the same conditions 

without microbial inoculation. 

 

Determination of Plant Growth Parameters 

At the end of the experiment, plants were harvested and 

growth analyses were performed. During harvesting, the 

above-ground parts of the plants were separated from the 

root system. The roots were carefully washed with water to 

remove soil residues. After harvesting, the fresh shoot 

weight (g) and fresh root weight (g) of the plants were 

determined. Then, the plant samples were dried in an oven 

at 72 °C for 72 hours until a constant weight was reached. 

After the drying process, the dry weight of the shoot (g) 

and the dry weight of the root (g) were determined 

according to the Kayak (2023) method. In addition, the 

following vegetative growth parameters were measured: 

stem diameter, stem length, number of leaves, fresh shoot 

weight, fresh root weight, dry shoot weight, and dry root 

weight. Root morphology analysis was performed using 

the WinRHIZO root analysis system (Regent Instruments 

Inc., Quebec, Canada). Root samples were scanned, and 

quantitative parameters related to root system architecture 

such as total root length, root surface area, root volume, 

mean root diameter, number of root tips (Ntips), number of 

root forks (Nforks), and number of root crossings 

(Ncrossing) were analyzed (Şavkan et al., 2026). These 

parameters were used to evaluate the effects of 

Trichoderma harzianum T22 application on root system 

morphology in pepper plants. 

Statistical analysis: All data obtained from the 

experiment were analyzed using the SPSS statistical 

package program. Results are expressed as mean ± 

standard error (SE). The Tukey test results showed that 

differences between the applications were statistically 

significant at a p < 0.05 significance level. 

 

Results and Discussion 

 

Effects of Trichoderma harzianum T22 on vegetative 

growth parameters 

Trichoderma harzianum T22 application significantly 

affected the vegetative growth parameters of red pepper 

plants grown under greenhouse conditions (Table 1). 

Compared to the control group, Trichoderma inoculation 

increased stem development, leaf formation, and overall 

biomass accumulation. Stem diameter increased from 4.15 

mm in control plants to 5.36 mm in Trichoderma-treated 

plants. This increase in stem diameter indicates further 

improvement in structural development in the plant. The 

increase in stem diameter is associated with the 

development of vascular tissues and increased assimilate 

transport capacity (Oliveira et al., 2020). Similarly, the 

number of leaves increased from 26.5 in control plants to 

33.7 in the application group. This is not only a 

morphological increase but also a potential improvement 

in the plant's carbon assimilation capacity. Trichoderma 

species have the capacity to modulate the plant's hormonal 

balance. Auxin and cytokinin-like compounds synthesized 

by Trichoderma are reported to promote new leaf 

formation by increasing meristematic activity (Poveda, 

2021; Contreras-Cornejo et al., 2024). 

The application of Trichoderma spp. statistically 

significantly affected the vegetative growth parameters of 

red pepper plants (Table 1) (p < 0.05). The observed 

changes in all parameters, when evaluated not only in terms 

of mean values but also in terms of standard deviations, 

indicate that the application produced consistent and 

biologically significant effects. When stem diameter was 

evaluated, it was determined to be 4.15 ± 0.52 mm in the 

control group and 5.36 ± 0.01 mm in the application group, 

showing an increase of approximately 29%. The 

significantly lower standard deviation (±0.01) in the 

application group indicates that this effect is highly 

homogeneous and stable. This increase is related to the 

development of vascular tissues and the increase in xylem-

phloem activity, and it has been stated that Trichoderma 

regulates hormonal signaling in the plant, increasing cell 
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division expansion and thus promoting stem thickening 

(Oliveira et al., 2020). In contrast, stem length decreased 

by approximately 10.6% in the control group. In this 

context, it shows that Trichoderma application promotes a 

growth model based on thickening and structural 

strengthening rather than elongation in the plant. Looking 

at the studies, it is reported that the current situation is 

related to changes in the auxin/cytokinin balance and 

increases resource use efficiency in the plant (Martínez-

Medina et al., 2014; Illescas et al., 2021). When looking at 

the increase in leaf number, it showed an increase of 27%. 

Trichoderma is known to increase shoot meristem activity 

and promote leaf formation through cytokinin-like effects 

(Poveda, 2021). 

When biomass parameters were examined, shoot fresh 

weight increased by 19%, and root fresh weight increased 

by 41%. The higher increase in fresh root weight compared 

to shoot weight indicates that Trichoderma's effect is 

primarily concentrated on the root system. Similarly, dry 

shoot  weight increased by 11%, and dry root  weight 

increased by 60%. This particularly high increase in dry 

root  weight shows that carbon is directed to the root 

system in the plant, and root development is strongly 

stimulated. This can be explained by Trichoderma 

increasing nutrient mobilization in the rhizosphere through 

root colonization. It has been reported that Trichoderma 

species increase phosphate solubility, thereby facilitating 

iron uptake through siderophore production, and increase 

enzymatic activity at the root surface, enabling more 

efficient utilization of nutrients by the plant (Yedidia et al., 

2001; Mastouri et al., 2012). Furthermore, the strong 

correlation between increased root biomass and shoot 

development indicates that it indirectly supports shoot 

development by increasing the plant's water and nutrient 

uptake capacity. This leads to an increase in overall plant 

growth performance (Gill et al., 2021; Poveda, 2021). 

Overall, the application of Trichoderma spp. to red 

pepper plants not only increased growth but also resulted 

in more compact plants with higher biomass and stronger 

root development. These results demonstrate that 

Trichoderma regulates plant growth through both direct 

hormonal effects and indirect mechanisms that increase 

nutrient uptake. 

 

Effects of Trichoderma harzianum T22 on root 

growth parameters 

Trichoderma spp. application resulted in significant 

and statistically  changes in the root system growth of red 

pepper plants (Table 2) (p <0.05). The most striking result 

was the 60% increase in root length, indicating that 

Trichoderma application strongly promotes root 

elongation. The increase in root length is generally 

explained by the plant's access to water and nutrients by 

allowing it to incorporate a larger and deeper soil volume 

(Tucci et al., 2011). In contrast, net decreases were 

observed in parameters such as root surface area (46%), 

root volume (83%), and mean root diameter (70%). This 

suggests that the root growth shifts towards a more 

elongation-based structure rather than branching density 

and is considered an important adaptive response in the 

plants' resource-seeking strategies depending on 

environmental conditions (Woo et al., 2023). It is known 

that changes in auxin signaling, in particular, can promote 

primary root elongation while limiting lateral root 

formation (Yao et al., 2023). 

Application of Trichoderma harzianum T22 showed a 

decrease in branching parameters (Ntips, Nforks, and 

Ncrossing) of approximately 23%, 63%, and 68%, 

respectively, indicating a shift towards a lower branching 

density in the root system. This situation differs somewhat 

from the frequently reported effect of Trichoderma in 

increasing lateral root formation in the literature 

(Contreras-Cornejo et al., 2024; Chen et al., 2024). 

 

Table 1. Effect of Trichoderma spp. treatments on vegatative parameters 

Treatments 
Stem Fresh 

Weight (g) 

Root Fresh 

Weight (g) 

Stem Dry 

Weight (g) 

Root Dry 

Weight (g) 

B-K 15.42±1.52b 25.55±3.06b 15.42±13.76b 2.31±0.33b 

B-T 18.36±1.54a 36.025±4.10a 18.36±17.36a 2.58±0.78a 

Significance (P) ** ** ** ** 

Treatments Stem Diameter (mm) Stem Lengthht (mm) Leaf Number (pcs/plant)  

B-K 4.15±0.52b 20.5±0,50a 26.5±0.50b  

B-T 5.36±0.01a 18.3±1,15b 33.6±3.21a  

Significance (P) ** ** **  

NS: not significant; *, P<0.05 lowercase letters indicate significant differences between treatments (P<0.05) according to Tukey test. 

 

Table 2. Effect of Trichoderma spp. treatments on root parameters 

Treatments Root Lengthht (cm) 
Root Surface 

Area (cm2) 

Root 

Volume (cm3) 
Mean Root Diameter (cm) 

B-K 252.52±27.69b 150.63±19.42a 5.46±1.49a 1.78±0.20a 

B-T 404.85±37.42a 81.53±10.46b 0.89±0.01b 0.53±0.02b 

Significance (P) ** ** ** ** 

Treatments Ntips (cm) Nforks Ncrossing  

B-K 1844±111.00a 8005.00±553.5a 1847.0±672.03a  

B-T 1426±106.30b 2987.33±1502.7b 598.5±118.50b  

Significance (P) ** ** **  
NS: not significant; *, P<0.05 lowercase letters indicate significant differences between treatments (P<0.05) according to Tukey test. 
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However, recent studies have shown that 

Trichoderma's effects on the plant root system are not 

unidirectional; rather, it can reorganize root growth 

depending on environmental conditions and genotype by 

optimizing auxin, ethylene, and other hormone signaling 

pathways (Tyśkiewicz et al., 2022; Yao et al., 2023; Geng 

et al., 2025). When evaluated together with the significant 

increase in root length observed in our study, the decrease 

in branching density indicates a shift in the root system 

from a “branching-based” structure to an “elongation-

based” phenotype. This transition may also reflect a 

functional compensation mechanism in which 

Trichoderma hyphae partially contribute to soil 

exploration and nutrient acquisition, thereby reducing the 

plant’s reliance on dense lateral root branching. In this 

context, fungal hyphal networks may act as an extension of 

the absorptive root system, enhancing rhizosphere 

exploration efficiency (Tyśkiewicz et al., 2022; Contreras-

Cornejo et al., 2024). 

 

Conclusion 

 

This study demonstrated that the application of 

Trichoderma harzianum T22 significantly increased 

vegetative growth and biomass accumulation in red pepper 

(Capsicum annuum L.) plants under greenhouse 

conditions. Significant increases in stem diameter, leaf 

number, and fresh and dry weight values, particularly root 

dry weight, indicate that Trichoderma application strongly 

stimulated plant development. However, the findings also 

revealed that Trichoderma harzianum T22 not only 

increased growth but also caused a significant restructuring 

of the root system growth. While a significant increase in 

root length was observed, branching parameters such as 

Ntips, Nforks, and Ncrossing decreased, exhibiting a more 

elongated root system. This indicates a shift in root growth 

from a branching-based structure to an elongation-based 

phenotype, representing a reorganization in the plant's 

resource-seeking strategy. The formation of longer and 

thinner roots allows the plant to explore larger and deeper 

soil volumes, increasing its access to water and mobile 

nutrients. This study highlights the role of root growth in 

plant-microorganism interactions and reveals Trichoderma 

as a crucial biological tool shaping plant growth strategies. 
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