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WELCOME NOTES 
 

You are welcome to our VII. AGBIOL Conference that is organized by Trakya University, 

Beykent University and International Researchers Association. The aim of our conference is to 

present scientific subjects of a broad interest to the scientific community, by providing an 

opportunity to present their work as oral or poster presentations that can be of great value for 

global science arena. Our goal was to bring three communities, namely science, research and 

private investment together in a friendly environment of Edirne, Turkey in order to share their 

interests and ideas and to get benefit from the interaction with each other.  

In September 2018, we organized the first AGBIOL Conference with more than 700 scientists 

and researchers from all over the world with over 800 scientific papers. Due to COVID-19 

situation, II. AGBIOL 2020 has organized fully on-line event which was one of the biggest 

online conferences in recent years in the world with 499 papers and 1133 authors with 333 oral 

and 166 e-poster presentations from 55 countries. Due to COVID-19 situation, AGBIOL 2021 

was organized online again. AGBIOL 2022 conference was organized with a worldwide 

participation from 44 countries over 522 papers contributed by over 1300 authors. AGBIOL 

2023 was organized with a record and worldwide participation from 33 countries 833 papers 

contributed by over 2000 authors with 522 oral and 311 poster presentations. AGBIOL 2024 

consisted of 835 papers contributed by about 2000 authors with worldwide recodr participation 

again from 55 countries with 522 oral and 311 poster presentations. 

There is a worldwide record participation from 60 countries 988 papers contributed over 2300 

authors with 400 oral and 588 poster presentations in AGBIOL 2025. 

The AGBIOL 2025 is normal participation as well as with online participation in Beykent 

University in Istanbul, Turkey on 07-10 September, 2025. The program included oral talks by 

invited prominent scientists and oral and e poster presentations by participants in selected topics 

from the submitted abstracts focusing on Agriculture, Biology and Life Sciences topics. 

With care for our nature and environment, we aim the green congress, meaning that as little as 

possible papers will be used. Abstract book is published in electronic book and is distributed to 

the participants by e mail for online participants. All the e-posters are prepared in electronic 

form and then submit to via the conference e mail and exhibited in electronical poster boards 

as well as in online e poster hall in our web page during the conference. 

The participants with paid conference fee accessed all the normal and virtual presentation talks 

in each session, as well as to visit the virtual poster hall via preliminary provided. The abstracts 

were published in the Conference Abstract and Proceedings Book. Participants might send us 

their full papers, which based on their preferences are published either in our Conference 

Abstract and Proceedings Book or in selected International Indexed Scientific Journals. 

 Conference Topics: 

Agriculture, Forestry, Life Sciences, Agricultural Engineering, Aquaculture and Biosystems, 

Animal Science, Biomedical science, Biochemistry and Molecular Biology, Biology, 

Bioengineering, Biomaterials, Biomechanics, Biophysics, Bioscience, Biotechnology, Botany, 

Chemistry, Chemical Engineering, Earth Sciences, Environmental Science, Food Science, 

Genetics and Human Genetics, Medical Science, Machinery, Pharmaceutical Sciences, Physics, 

Soil Science. 

We would like to thank all of you for joining this conference and we would like to give also 

special thanks to TUBITAK  and collaborators for giving us a big support to organize this event. 

              

Prof Dr Yalcin KAYA 

Head of the Organizing Committee 
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ABSTRACT  

 

In this study, the impact of dust accumulation an important factor affecting the efficiency of 

photovoltaic (PV) panels on energy production was experimentally investigated, with a specific 

focus on hydrophilic nanocoating and iron foundry dust. Two equivalent 100W PV panels were 

installed on the campus of the Faculty of Engineering at Trakya University. One of the panels 

(PV Panel A) was treated with a hydrophilic nanocoating, while the other panel (PV Panel B) 

was left untreated in its standard state. The experimental study was conducted over a five-week 

period from April 22 to May 27, 2025. During this time, the energy output of both PV panels 

was continuously recorded. According to the analysis of the experimental results, the total 

energy production of the hydrophilic nanocoated PV Panel A was measured as 13,485.6 Wh, 

whereas the standard PV Panel B produced a total of 10,197.0 Wh. It was observed that PV 

Panel A, with the hydrophilic nanocoating, generated 3,288.6 Wh (32.3%) more energy than 

PV Panel B during the test period. At the conclusion of the study, energy production graphs for 

both PV panels were plotted, and relevant analyses were presented. 

 

Keywords: Energy, Photovoltaic Panel, Hydrophilic Nanocoating, Iron Foundry Dust 

 

INTRODUCT ION 

 

In recent years, due to climate change, energy crises, economic concerns, and environmental 

issues, there has been a significant shift toward renewable energy sources for electricity 

generation. With technological advancements and the continuously growing global population, 

the demand for energy is increasing rapidly. Among alternative energy solutions to 

conventional sources such as oil, coal, and nuclear power, solar energy stands out as a promising 

option for the future. However, not all of the solar radiation reaching the Earth can be utilized 

for electricity generation through photovoltaic (PV) panels. Incoming solar radiation, which 

spans a wide spectrum, is divided into direct, diffuse, and reflected components due to 

atmospheric interactions. Approximately 30% of this radiation is reflected back by the 

atmosphere. Even under completely clear skies, only about 80% of the incoming radiation 

reaches the Earth's surface. On average, only about 50% of solar radiation is usable under 

normal daily conditions [1]. Several factors affect the efficiency of converting solar radiation 

into electrical energy through the photovoltaic effect. These include the inability of solar cells 

to fully absorb the radiation, the partial usability of photon energy, increased cell temperature, 

shading effects on the modules, and surface contamination of the module cells [1]. These 

mailto:dincerakal@trakya.edu.tr
mailto:ozanaki@trakya.edu.tr
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efficiency-reducing factors have long been the subject of extensive research, and alternative 

solutions continue to be sought. One of the key issues is dust accumulation on the PV panel 

surface and the resulting degradation of cell performance [2]. The reduction in energy efficiency 

of PV panels varies depending on the amount and type of dust accumulated on their surfaces. 

While many studies have focused on the general performance impact of dust on PV panels, 

relatively few have examined how different types of dust affect performance [2]. The extent of 

dust pollution varies significantly depending on the geographic location where solar energy 

systems are installed [3]. A variety of pollutants from different sources are encountered in urban 

and rural environments. For instance, particles such as limestone, ash, soil, sand, and general 

dust are transported differently depending on the region [4ï5]. Additionally, dust accumulation 

becomes a significant issue in urban areas due to air pollution and increased industrial activity 

[6]. Dust and particulates released from fossil fuel combustion and construction activities lead 

to a reduction in solar irradiance. Consequently, this decline in irradiance negatively affects 

voltage and current values, resulting in a decrease in PV panel performance [7].  Moreover, 

atmospheric deposits such as dust, air pollution, sea salt, and organic residues, in combination 

with meteorological conditions like wind speed, temperature fluctuations, humidity, snowfall, 

and hailstorms, can further reduce system efficiency [8ï11]. Studies in the literature 

investigating the effects of dust and surface contamination on PV panel performance have 

particularly focused on environmental factors such as wind, precipitation, temperature, 

humidity, and solar radiation. It has been found that the smaller the dust particle size, the greater 

the shading effect on PV panels. Higher solar radiation, wind speeds, and atmospheric humidity 

also lead to thicker dust accumulation on PV surfaces, thereby reducing efficiency. On the other 

hand, some surface cleaning occurs naturally following rainfall, and steeper panel tilt angles 

facilitate the removal of dust from surfaces [12]. 

In another study, the accumulation of dust on PV panels under the influence of wind barriers 

was analyzed using computational fluid dynamics (CFD) simulations. Variables such as dust 

particle size, wind barrier height, and porosity were considered. Shear stress transport models 

were used to simulate airflow behavior around PV systems with wind barriers. The results 

showed that as the wind barrier height increased, the rate of dust accumulation on PV panels 

decreased to 8.62%, 7.98%, 7.54%, 7.27%, and 6.47%, respectively. The study identified the 

optimal wind barrier height as 2.5 meters [13]. A recent study conducted in Iraq investigated 

the impact of dust particles on PV panel performance. The experimental study was carried out 

at the University of Technology in Baghdad from March 15 to May 15, 2024. When dust density 

reached 10 g/m², the power output of the PV panel decreased by 34%. Furthermore, a nonlinear 

relationship was observed between the fill factor (FF), dust density, and conversion efficiency. 

Under a constant irradiance of 750 W/m², the PV panel efficiency dropped from 19.8% to 6.3%. 

Based on the studyôs findings, dust accumulation was found to reduce PV efficiency by 7.8% 

to 19.2%. The research emphasized the importance of developing effective cleaning strategies, 

especially in regions like Iraq where high dust levels and extreme temperatures are common 

[14]. 

Unlike the aforementioned studies, the present research involved the installation of a solar 

energy conversion system consisting of two PV panels with equivalent output power on the 

campus of the Faculty of Engineering at Trakya University. A hydrophilic nanocoating was 

applied to the surface of one panel to prevent dust accumulation, while the other panel was left 

in its standard state. For the experimental procedure, industrial iron foundry dust was uniformly 

distributed over the surface of all cells on both PV panels. Over a continuous five-week period, 

the voltage and current values of both panels exposed to iron foundry dust were recorded, and 

energy output was calculated and analyzed accordingly. 

 

 



VI I . International Agricultural, Biological & Life Science Conference, Istanbul, Türkiye, 7-10 September 2025 

18 
 

MATERI ALS AND METHODS  

 

A solar energy conversion system was installed on the south-facing side of the Engineering 

Faculty campus at Trakya University, as shown in Figure 1. The experimental setup consists of 

two polycrystalline photovoltaic panels, each with an equivalent output power of 100 W, along 

with a data recording system to monitor and analyze energy production values. The technical 

specifications of the photovoltaic panels used in the solar conversion system are presented in 

Table 1. Before the start of the experiment, both PV panels in the test setup were washed with 

water and allowed to dry completely. The initial conditions of the PV panels and the 

experimental setup are illustrated in Figure 1. 

 

 
 

Figure 1. Experimental Setup 

 

The technical specifications of the hydrophilic nanocoating applied to the surface of PV Panel 

A are presented in Table 1. 

Table 1. Technical specifications of the nano coating material 

Feature Value 

Density  0.81 g/ml 

Viscosity  1.2 cP 

Boiling point 78 ºC 

Ignition point Ò16.6 ÜC 

Active components <5% wt 

Volatile Organic Content (VOC) >85% wt 

Color Whitish transparent/translucent 

Solvent Ethanol 

 

After the PV panel surfaces dried, a hydrophilic nanocoating in liquid form was manually 

applied to the surface of PV Panel A using a sponge. The properties of this liquid coating 

material are presented in Table 2. No treatment was applied to the surface of PV Panel B, which 
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was left in its standard condition. Subsequently, industrial iron dust obtained from a 

manufacturing site in an industrial region was uniformly sprinkled over all the cells on the 

surfaces of both PV panels. During this process, the tilt angle of the PV panels was fixed at 10° 

to ensure that the iron foundry dust would remain on the panel surfaces for a longer period 

without falling off. 

Table 2 Technical specifications of solar PV module 

Feature Value 

Brand and Module Cell type Tommatech Pollycrystalline 

Maximum Power (Pmax) 100Wp 

Voltage at maxime Power (Vmp) 19.73V 

Current at Maximum Power (Imp) 5.58A 

Open Circuit Voltage (Voc) 23.22V 

ShortCircuit Current (Isc) 5.81A 

Maximum System Voltage 1000V 

Maximum Series Fuse Rating 6.%A 

 

Figure 2 illustrates the application of iron foundry dust onto the photovoltaic cells of PV Panel 

A and PV Panel B. 

 

 
 

Figure 2. Iron Foundry Dust Deposited on the Surfaces of PV Panels 

 

Following the application of iron foundry dust shown in Figure 2, voltage and current values 

produced by the PV panels were recorded daily from 07:00 AM to 07:00 PM over a period of 

five weeks. The control panel of the data acquisition device used for recording the data is shown 

in Figure 3. 
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Figure 3. Datalogger Used for Data Acquisition in the Experimental Setup 

 

At the conclusion of the experimental study, the recorded voltage and current data were 

retrieved from the memory card of the system, and the energy output of the PV panels was 

calculated. Subsequently, graphs illustrating the power output and energy production of the PV 

panels were plotted. 

 

RESULTS AND DISCUSSION 

 

During the five-week  experimental study, a random day May 11, 2025 was selected to 

capture instantaneous images of the photovoltaic surfaces of PV Panel A and PV Panel B, 

which are presented in Figure 4. 

 

 
 

Figure 4. Surface Images of the PV Panels 

 

During the experiments, May 11, 2025 was selected as a random day to capture images of the 

PV panel surfaces. As shown in Figure 4, a higher concentration of iron foundry dust was 

observed on the surface of PV Panel B, which was not treated with hydrophilic nanocoating. 

Under these conditions, the power output of PV Panel B was found to be lower, as illustrated 

in Figure 5. 
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Figure 5. Comparison of PV Panelsô Power Output on a Random Day 

 

As observed in Figure 5, PV Panel A, which was coated with the hydrophilic nanocoating, 

generated higher power throughout the day. Notably, between 12:00 and 15:00 when solar 

irradiation was most intense PV Panel A produced a peak power output of 70 W. During the 

same period, the power output of the standard PV Panel B did not exceed 55 W. 

Similarly, Figure 6 shows that, consistent with the randomly selected day, the power output of 

PV Panel A remained higher throughout the day. Analysis of the experimental results identified 

May 26, 2025 as the day with the highest power output for both PV panels. 

As shown in Figure 6, on May 26, 2025, during the period of highest solar irradiation between 

12:00 and 15:00, PV Panel A produced power close to 80 W. In contrast, the standard PV Panel 

B achieved a maximum power output of 65 W during the same time interval. These results 

indicate a significant decrease in power output for PV Panel B, which was not treated with the 

hydrophilic nanocoating. 

Analysis of the experimental data revealed that the lowest power output from the PV panels 

occurred on May 16, 2025. As observed in Figure 7, even on the day with the lowest output, 

PV Panel A with the hydrophilic nanocoating maintained a higher power output compared to 

PV Panel B. 
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Figure 6. Comparison of PV Panelsô Power Output on the Day of Maximum Power 

Generation 

 

 
 

Figure 7. Comparison of PV Panelsô Power Output on the Day of Minimum Power 

Generation 
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As observed in Figure 7, on May 16, 2025, solar irradiation was low during the day, with 

insufficient sunlight recorded particularly between 12:00 and 13:40. Around 13:00, PV Panel 

A produced an instantaneous power output close to 35 W. During periods of low irradiation, 

even PV Panel A, which was treated with hydrophilic nanocoating, was unable to deliver 

sufficient power output. As shown in Figure 8, throughout the entire experimental period from 

April 22, 2025, to May 27, 2025, PV Panel A consistently generated more energy compared to 

the standard PV Panel B. 

 

 
Figure 8. Comparison of Daily Total Energy Output from the PV Panels 

 

As shown in Figure 8, on May 10, 13, 16, and 17, solar irradiation levels were very low, 

resulting in insufficient energy generation from both PV panels. Based on these results, it was 

determined that the application of the hydrophilic nanocoating on PV Panel A improved energy 

efficiency. 

 

CONCLUSION 

 

In this study, the effect of dust accumulation, which significantly reduces the energy output of 

photovoltaic (PV) panels, was investigated with a focus on hydrophilic nanocoating and iron 

dust. Throughout all experimental days, the PV Panel A treated with hydrophilic nanocoating 

generated more energy than the untreated PV Panel B. Analysis of the results showed that, 

under the same conditions and exposure to iron dust, PV Panel A produced 32.3% more energy 

compared to the standard PV Panel B. 

On the day of highest energy production, May 26, 2025, PV Panel A generated 475.4 Wh of 

energy, while PV Panel B produced 378.7 Wh. PV Panel A with hydrophilic nanocoating 

produced 96.7 Wh (25.5%) more energy than the standard PV Panel B on this day. On the day 
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of lowest production, May 16, 2025, energy outputs of 19.5 Wh and 14.6 Wh were recorded 

for PV Panel A and PV Panel B, respectively. PV Panel A generated 4.9 Wh (33.6%) more 

energy than PV Panel B on that day. Over the entire recording period, the total energy 

production of the hydrophilic nanocoated PV Panel A was 13,485.6 Wh, compared to 10,197.0 

Wh for the standard PV Panel B. This corresponds to an increase of 3,288.6 Wh (32.3%) in 

total energy output for PV Panel A relative to PV Panel B throughout the recording period. 

 

REFERENCES 

 

[1]-Ay, Ķ. (2020). Fundamentals of Photovoltaic Energy Systems, Ankara: Nobel Publishing 

House, ISBN: 978-605-033-257-5. 

[2]- Darwish, Z. A., Kazem, H. A., Sopian, K., Al-Goul, M. A., & Alawadhi, H. (2015). Effect 

of dust pollutant type on photovoltaic performance. Renewable and Sustainable Energy 

Reviews, 41, 735-744. 

[3]- Kaldellis, J. K., & Kapsali, M. (2011). Simulating the dust effect on the energy performance 

of photovoltaic generators based on experimental measurements. Energy, 36(8), 5154-

5161. 

[4]- Mani, M., & Pillai, R. (2010). Impact of dust on solar photovoltaic (PV) performance: 

Research status, challenges and recommendations. Renewable and sustainable energy 

reviews, 14(9), 3124-3131. 

[5]-  Darwish, Z. A., Kazem, H. A., Sopian, K., Alghoul, M. A., Chaichan, M. T. (2013). Impact 

of some environmental variables with dust on solar photovoltaic (PV) performance: 

review and research status. International J of Energy and Environment, 7(4), 152-159. 

[6]-Tian, W., Wang, Y., Ren, J., & Zhu, L. (2007). Effect of urban climate on building 

integrated photovoltaics performance. Energy conversion and management, 48(1), 1-8. 

[7]- Sepulveda-Oviedo, E. H. (2025). Impact of environmental factors on photovoltaic system 

performance degradation. Energy Strategy Reviews, 59, 101682. 

[8]- Santhakumari, M., Sagar, N. (2019). A review of the environmental factors degrading the 

performance of silicon wafer-based photovoltaic modules: Failure detection methods and 

essential mitigation techniques. Renewable &  Sustainable Energy Reviews, 110, 83-100. 

[9]-  Isaifan, R. J., Johnson, D., Ackermann, L., Figgis, B., & Ayoub, M. (2019). Evaluation of 

the adhesion forces between dust particles and photovoltaic module surfaces. Solar 

Energy Materials and Solar Cells, 191, 413-421. 

[10]-Cooper, E. C., Burnham, L., & Braid, J. L. (2024). Photovoltaic inverter-based 

quantification of snow conditions and power loss. EPJ Photovoltaics, 15, 6. 

[11]- Muehleisen, W., Eder, G. C., Voronko, Y., Spielberger, M., Sonnleitner, H., Knoebl, K., 

... & Hirschl, C. (2018). Outdoor detection and visualization of hailstorm damages of 

photovoltaic plants. Renewable energy, 118, 138-145. 

[12]- RusŁnescu, C. O., RusŁnescu, M., Istrate, I. A., Constantin, G. A., & Begea, M. (2023). 

The effect of dust deposition on the performance of photovoltaic panels. Energies, 16(19), 

6794. 

[13]- Gao, X., Yang, Z., & James, S. (2025). Effects of wind barrier height and porosity on dust 

deposition and power generation efficiency of photovoltaic arrays. Solar Energy, 298, 

113642. 

[14]- Abd, H. S., Judran, H. K., Aun, S. H. A., Jaddoa, A. A., Hammoodi, K. A., Kadhim, S. 

A., & Daif, J. M. (2025). Dust deposition and cleaning effect on PV panel: Experimental 

approach. Results in Engineering, 106041 

 

 

 



VI I . International Agricultural, Biological & Life Science Conference, Istanbul, Türkiye, 7-10 September 2025 

25 
 

TECHNICAL AND ECONOMIC ANALYSIS OF THE SOLAR ENERGY SYSTEM 

DESIGNED FOR EDIRNE PROVINCE AGRICULTURAL RESEARCH INSTITUTE 

BUILDING IN THE CASE OF ROOF AND FACADE APPLICATION  

Taskin Tez1, Dinçer Akal2*  

 

1Trakya University, Edirne Vocational School of Technical Sciences, Edirne, 

 Turkey 

e-mail: taskintez@trakya.edu.tr 

 
2Trakya University, Engineering Faculty Mechanical Engineering Department, Edirne, 

 Turkey 

 

Corresponding author e-mail: dincerakal@trakya.edu.tr 

ABSTRACT 

Solar energy is considered a sustainable resource due to its infinite availability, safety, and the 

fact that it does not emit greenhouse gases into the atmosphere. Numerous academic studies 

have been conducted on photovoltaic (PV) panels used in electricity generation from solar 

energy. While rooftop installations are the most common applications in buildings, interest in 

alternative installations such as balcony railings, terrace shading systems, and facade cladding 

is increasing due to various constraints and site-specific conditions. In high rise buildings in 

particular, limited roof space or an unfavorable roof orientation makes PV facade applications 

a viable alternative. However, for such applications, accurately modeling the solar energy 

conversion system and conducting thorough technical and economic analyses are of critical 

importance. Therefore, before installation, the system should be modeled to analyze investment 

cost, energy efficiency, and payback period. One of the most commonly used software tools for 

modeling and simulating solar energy systems is PV*Sol. In this study, a 75-kW self 

consumption solar energy system was designed and analyzed using PV*Sol software, based on 

the location data of the Agricultural Research Institute Building in Edirne, Turkey. Two 

scenarios were evaluated: installation on the South facing roof and, on the South, facing facade 

of the building. The results show that for both applications, the total investment cost is 

2,235,600. The payback period is 7.9 years for the rooftop installation and extends to 8.5 years 

for the facade application. Additionally, it was determined that the rooftop system would 

prevent approximately 49.244 kg of CO  emissions annually. 

Keywords: Energy, Solar Energy, PV*Sol Software, PV Panel, Sustainability 

INTRODUCTION  

In many countries around the world, the continued reliance on fossil based energy 

sources leads to environmental pollution, economic challenges, and climate change. Therefore, 

the transition to renewable energy and the diversification of energy sources have become 

increasingly important. Solar energy is widely preferred due to its inexhaustible nature, 

cleanliness, and the absence of harmful emissions. However, before installing a solar energy 

system, it is crucial to select appropriate system components based on the specific site 

conditions and to conduct thorough technical and economic analyses. Various simulation 

programs are used for this purpose, offering results that closely approximate real world values. 

One of the key parameters influencing these analyses is the proper positioning of photovoltaic 
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(PV) panels. As is well known, PV panels in solar power plants in Türkiye are typically installed 

facing south at an optimal tilt angle based on the locationôs geographical characteristics. 

However, in certain cases such as when the roof orientation is unsuitable, the available roof 

area is insufficient, or shading is present installing PV panels vertically on the South facing 

facade of a building becomes a viable alternative. Vertical PV panels on building facades are 

particularly suitable for high rise structures [1ï2]. Moreover, the application of solar energy 

systems in the construction sector plays a significant role in urban transformation projects [3ï

4]. The depletion of fossil fuel reserves and the rising cost of energy have further increased 

interest in renewable energy sources in many parts of the world [5ï6ï7]. Integrating PV panels 

into the facades of tall buildings provides substantial surface area for energy generation [8]. 

However, conventional silicon based PV panels are often heavy, which poses challenges for 

vertical facade installations and reduces their adoption [8ï9]. 

A review of the literature reveals several studies aimed at improving the energy efficiency of 

building integrated photovoltaic (BIPV) systems. In one approach, phase change materials and 

carbon foam were applied to the rear surface of facade mounted PV panels, resulting in an 

energy efficiency improvement of between 12.64% and 27.35% [10]. In two case studies 

conducted in Lisbon, Portugal, predictive models were developed to estimate the potential of 

rooftop and facade PV panels using light detection and ranging (LiDAR) data and local 

meteorological records. According to the analyses, PV installations on roofs and facades could 

meet approximately 50% to 75% of the total electricity demand [11]. In a modeling and 

simulation study where the parameters limiting the integration of photovoltaic (PV) panels were 

categorized into three groups facade functionality, suitability, and surrounding obstructions it 

was determined that approximately 31% of the total vertical façade area is suitable for PV 

system installations. Although there are certain constraints regarding material selection and 

geometric uncertainties in façade integrated PV systems, the study emphasized that such 

installations are necessary for urban renewal projects [12]. In another simulation study, the 

potential for installing solar energy systems on the rooftops and facades of buildings in densely 

populated areas of Singapore was analyzed. The structural characteristics of the buildings, the 

distance between buildings, and plot dimensions were examined for their impact on rooftop and 

façade installations. Simulations were conducted for 12 existing districts in Singapore. The 

results suggested that standardizing roof shapes, façade orientations, and building heights could 

increase the feasibility of PV installations and reduce shading effects [13]. 

In Nigeria, a study focused on reducing energy consumption through PV panel installations on 

the façades of institutional buildings. The research investigated façade design, the selection of 

suitable solar panels, and the choice of façade wall materials. It was concluded that thin film 

and monocrystalline PV panels are suitable for façade applications. Moreover, the integration 

of PV systems into façades was found to offer not only renewable energy generation but also 

thermal benefits that contribute to the buildingôs heating requirements [14]. Another study 

analyzed key parameters such as heat transfer across the façade, cooling demand, and daylight 

utilization. It was found that more than 30% of the building area had a daylight factor ranging 

between 1.0% and 3.5%. From an economic perspective, it was observed that the payback 

period of double laminated monocrystalline PV glass is relatively long [15].  In a recent study, 

the design and retrofitting of solar energy systems in existing buildings were examined by 

quantitatively investigating the relationships between PV capacity, tilt angles, and resulting 

building energy consumption. Using a numerical simulation tool, the fluctuations in indoor 

temperatures throughout the year, changes in energy consumption, and PV power generation 

potential were thoroughly evaluated both before and after retrofitting. The findings showed that 

all improvement scenarios led to reductions in indoor temperatures and energy consumption 
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during the summer months. Additionally, this configuration was projected to reduce carbon 

dioxide (CO ) emissions by 128.90 tons per year through energy savings in existing buildings 

[16]. 

In contrast to previous studies in the literature, this study presents a technical and 

economic analysis of vertically mounted photovoltaic panels (at a 90° angle) on the south-

facing external wall of a building, specifically in cases where there is insufficient space on the 

south facing roof for solar energy system installation. 

 

MATERIALS AND METHODS  

 

This study aims to evaluate the energy production and economic performance of 

photovoltaic (PV) panels to be integrated into the roof and south-facing façade of the 

Agricultural Research Institute building located in Edirne, Türkiye. The solar energy system, 

with a planned output capacity of 75 kW, was designed using the PV*Sol simulation software. 

The system was configured using 108 CWT690 monocrystalline PV modules, each with a 

capacity of 690 W, along with one SUN2000-60KTL-M0 inverter and other system 

components. For the simulations, the tilt angle was set to 32° for the rooftop installation and 

90° for the south facing vertical facade, based on the site's geographic location. A visual 

representation of the installation site is shown in Figure 1. The study focuses on a grid connected 

self-consumption PV system, in which panels are mounted both on the roof and vertically on 

the façade. Energy efficiency under both scenarios was examined in detail. Based on the results 

of the simulation analyses, the total annual electricity generation from the rooftop mounted and 

vertically façade-integrated PV panels was calculated and illustrated graphically. 

 

 

Figure 1. Location view of the Agricultural Research Institute Building [17]. 

For the simulation analysis, the building location shown in Figure 1 was first selected, followed 

by the configuration of other system components. Additional system specifications are 

presented in Table 1. 
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Table 1. PV Generator Module Area [17]. 

 

  Module Area 

PV Modules 108 x CWT690-132TNB12-V  (v2)  

Manufacturer CW Energy Engineering Trade and Industry Limited Company 

Tilt Angle (°) 32 /  90 

Azimuth Angle (°) Southwest 225 

Mounting Type Roof-integrated rear ventilation / Wall-integrated rear ventilation 

PV Generator Area (m²) 335,5 

Shading (%) 0 

 

As shown in Table 1, a surface area of 335.5 m² was utilized for the arrangement of photovoltaic 

panels. 

 

RESULTS AND DISCUSSION 

 

Based on the components of the solar energy conversion system designed for the 

Agricultural Research Building, the electricity production estimates obtained from the PV Sol 

simulation software are presented in Table 2. 

In the case of implementing a grid-connected, self-consumption solar energy conversion system 

on the buildingôs roof, an annual electricity production of 1406 kWh would be achieved, as 

shown in Table 2. 

 

Table 2. Production Estimate [17]. 

 

  Production 

Estimate (South, 

Roof) 

Production 

Estimate (South, 

Wall) 

PV generator output (kWp) 74,52 74,52 

Annual Specific Energy Yield (kWh/kWp) 1406.00 926.10 

System Performance Ratio (PR) (%) 89,06 88,83 

Electricity Exported to the Grid (kWh/year) 104,786 69,024 

rid Feed-in During the First Year (Including 

Module Performance Degradation) 

(kWh/Year) 

104,786 69,024 

Consumption in Standby Mode (Inverters) 

(kWh/Year) 

11 11 

Prevented CO  Emissions (kg/year) 49,244 32,436 

 

As shown in Table 2, when photovoltaic panels are integrated into the south-facing wall surface 

of the building instead of being installed on the roof, the annual electricity production decreases 

to 926 kWh. Along with the reduction in electricity generation due to the integration of 

photovoltaic panels into the building wall, the amount of prevented carbon dioxide (CO ) 

emissions also decreases. 

The financial analysis results of two different design implementations, installed with the same 

investment cost, are presented in Table 3. When the solar energy conversion system is applied 

to the roof, the payback period is 7.9 years, whereas integrating the system into the buildingôs 

south-facing wall increases the payback period to 8.5 years. 
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Table 3. Financial Analysis [17]. 

 

 Gain from Roof 

Application 

Gain from Wall 

Application 

Total Investment Cost ( ) 2,235,600.00 2,235,600.00 

Internal Rate of Return (IRR) (%) 59,46 55,53 

Payback Period (Years) 7,9 8,5 

Electricity Production Cost ( /kWh) 1.1824 1,7951 

Energy Balance / Grid Feed-in Concept Full Grid Feed-in Full Grid Feed-in 

 

As shown in Table 3, the unit cost of electricity generated is lower for the roof installation, 

depending on the system design. However, despite these advantages, certain practical 

challenges encountered in roof applications such as insufficient space and the absence of a 

south-facing roof indicate that photovoltaic panels may be integrated into the buildingôs south-

facing wall instead. 

Based on the simulation results, the total energy yield from the solar energy system is estimated 

to be 104,786 Wh for the roof installation (with a south orientation of 32°) and 69,024 Wh for 

the integration on the south-facing wall (90° orientation). 

 

CONCLUSION 

 

In this study, a 75 kW self-consumption solar energy conversion system for the 

Agricultural Research Institute Building in Edirne Province was designed using PV Sol 

simulation software, considering both the south-facing roof installation and integration on the 

south-facing wall surface, followed by technical and economic analyses. For both designs, the 

investment cost was 2,235,600 TRY. The payback period for the roof installation was found to 

be 7.9 years, whereas the integration of photovoltaic panels on the buildingôs south facing wall 

extended this period to 8.5 years. Moreover, the unit cost of energy production was determined 

to be lower for the roof application. Additionally, it was observed that implementing the solar 

energy system on the roof would prevent approximately 49,244 kg of CO  emissions annually. 

Despite these advantages, when challenges such as unsuitable south orientation of the roof for 

mounting, insufficient roof area, and shading are encountered, integrating photovoltaic panels 

perpendicularly on the buildingôs south facing wall emerges as a viable alternative solution. 
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ABSTRACT 

 

Solar energy is abundant in many countries worldwide and is easier to use compared to other 

renewable energy sources. However, the overall conversion efficiency of photovoltaic (PV) 

panels used for electricity generation from solar energy remains relatively low. Maximizing the 

efficiency of solar energy systems requires maintaining the cleanliness of PV panel surfaces. In 

this study, the effect of periodic cleaning of PV panel surfaces with only water on energy 

efficiency was investigated. An experimental solar energy conversion system was installed on 

the campus of Trakya University Faculty of Engineering. The setup included two 

polycrystalline PV panels (PV A and PV B), each with a nominal output power of 260 W. 

Initially, both PV panels were cleaned. Subsequently, PV A was left uncleaned, while PV B 

was washed with only water at 30 day intervals. Daily energy production data from both panels 

were recorded over a five month period. At the end of this period, the energy output of PV B, 

which was cleaned monthly with water, was approximately 3% higher than that of the 

uncleaned PV A. The experimental results indicate that washing PV panels with water every 

30 days can improve energy efficiency. Future studies are expected to build upon these findings 

by comparing more frequent cleaning intervals to evaluate their effects on energy performance 

in greater detail. 

 

Keywords: Energy, PV panel, Water cleaning, Efficiency 

 

INTRODUCTION  

 

In recent years, electricity generation from solar energy has become increasingly 

preferable among renewable energy sources. Compared to other alternative energy systems, 

solar energy systems are expected to become even more widespread in the future due to their 

advantages such as ease of installation, the absence of moving parts, economic feasibility, and 

long operational lifespan. While environmental concerns related to the use of fossil based 

energy sources persist globally, solar energy is considered a promising solution for electricity 

generation [1ï3]. It is estimated that by the year 2050, photovoltaic (PV) panels will contribute 

approximately 25% of the world's total electricity production [4]. Despite these developments, 

the conversion efficiency of photovoltaic panels remains relatively low under current 

conditions. Furthermore, depending on operational factors, this efficiency may decline even 

further. The accumulation of dust and dirt on PV panel surfaces significantly affects the 

systemôs energy efficiency. Dust particles on the panel surface not only block light from 

reaching the solar cells but also lead to an increase in cell temperature. As a result of these 

adverse conditions, energy losses increase, reducing the output power of the PV panel. Global 

case studies have shown that coal dust (up to 64%), fine sand (32%), and gypsum dust (30%) 

can reduce energy output significantly [1]. On the other hand, although the efficiency of PV 

panels varies depending on production technology, factors such as solar irradiance, ambient 

temperature, wind speed, and tilt angle also contribute to performance losses [5ï6]. After the 
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effects of solar irradiance and temperature, dust accumulation is the most significant factor 

causing a decrease in PV output power [7], as dust formation restricts the transmission of solar 

radiation to the module cells [8ï9]. 

A review of the literature on improving energy efficiency through PV panel cleaning reveals 

that manual cleaning may damage photovoltaic surfaces due to the pressure exerted by chemical 

cleaning solutions used to remove accumulated dust and particulates [10]. Furthermore, the use 

of sprinkler systems for PV panel cleaning can lead to excessive water consumption, which 

poses a challenge in regions with limited water resources and from a sustainability perspective 

[11].Waterless cleaning methods, such as self-cleaning superhydrophobic and superhydrophilic 

coatings, rely on gaseous substances reacting with hot surfaces, but controlling energy 

efficiency under these conditions is difficult. Therefore, further research is needed regarding 

factors such as transparency, anti reflective properties, and durability [12]. In one study 

conducted under the climatic conditions of Oman, a six month performance evaluation of a PV 

system was carried out to assess the impact of dust accumulation and determine optimal 

cleaning intervals. Using a manual cleaning method, the study found that efficiency dropped by 

28% in the uncleaned PV array [13]. 

Unlike previous studies, this research experimentally investigates the effect of water 

only cleaning on energy efficiency in a PV system installed at Trakya University Faculty of 

Engineering Campus, located in Edirne, a region with relatively low dust levels. The PV panel 

surfaces were cleaned at 30 day intervals using only water. 

 

MATERIALS AND METHODS  

 

To investigate the effect of surface contamination and dust accumulation on 

photovoltaic (PV) panels, a solar energy system was installed at the Trakya University Faculty 

of Engineering Campus, as shown in Figure 1. In the experimental setup, two identical PV 

panels with a rated power of 260 W were used. The technical specifications of the PV panels 

employed in the study are presented in Table 1. At the beginning of the experiment, both PV 

Panel A and PV Panel B were cleaned using only water and a sponge. Subsequently, the energy 

production data from both panels were recorded over a five month period. Following the initial 

cleaning, PV Panel A was left unwashed and unmaintained throughout the entire test period. In 

contrast, PV Panel B was cleaned every 30 days using only water and a sponge. In other words, 

while PV Panel A remained completely uncleaned, PV Panel B was washed a total of five times. 

This setup enabled an evaluation of the impact of water based cleaning on the energy efficiency 

of PV panels. At the end of the five month experimental period, the total energy output of both 

panels was analyzed and visualized through comparative graphs. 

The voltage and current values obtained from the PV panels were recorded throughout the 

experimental period using a system specific data logger, as shown in Figure 2. Based on these 

voltage and current values, the output power and the total amount of energy produced by the 

PV panels were calculated. 
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Figure 1. Photovoltaic Panel Installation 

 

 
 

Figure 2. Data logger system used for recording PV panel voltage and current values 

 

All technical specifications of the PV panels used in the solar energy conversion system are 

presented in Table 1. 



VI I . International Agricultural, Biological & Life Science Conference, Istanbul, Türkiye, 7-10 September 2025 

34 
 

Table 1 Technical specifications of solar PV module 

Feature Value 

Maximum Power (Pmax) 260 W 

Power Tolerance 0~+3% 

Maximum Power Voltage (Vmp) 31.1 V 

Maximum Power Current (Imp) 8.37 A 

Open Circuit Voltage (Voc) 38.1 V 

Short Circuit Current (Isc) 8.98 A 

Nominal Operating Cell Temperature (NOCT) 45±2°C 

Maximum System Voltage 1000 VDC 

Maximum Series Fuse Rating 15 A 

Operating Temperature -40°C~+8°C 

Application Class A 

Weight 18.5 kg 

Dimension 1650×992×40 (mm) 

 

RESULTS AND DISCUSSION 

 

Following the experimental study, the energy production values obtained from PV Panel 

A (which was not cleaned) and PV Panel B (which was cleaned once every 30 days using only 

water) were analyzed. After the initial conditions, PV Panel B, which was cleaned with water 

once every 30 day interval, consistently produced more energy each month compared to the 

uncleaned PV Panel A. At the end of the five month period, the total energy outputs of both PV 

panels were compared. The cumulative energy production values for PV Panel A and PV Panel 

B are presented in Figure 3. 

 

 
Figure 3. Monthly Total Energy Production of the PV Panels 

 

As shown in Figure 3, PV Panel B, which was cleaned only once every 30 days, 

produced more energy each month. When the total energy production was examined on a 

monthly basis, a larger difference in energy output between PV Panel B and PV Panel A was 

observed during the 6th, 7th, and 8th months. This suggests that dust and dirt accumulation on 

the PV panel surfaces have a greater negative impact on the output power of the panels during 

months with higher solar irradiance levels. Based on the results of this study, it was concluded 

that regular cleaning and washing of PV panels leads to an increase in energy efficiency. At the 

end of the experimental study, surface images of both PV panels under the current conditions 
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were captured and are presented in Figure 4.Throughout the study, the surface of PV Panel B, 

which was cleaned once every 30 days using only water, appeared significantly cleaner 

compared to the surface of PV Panel A, which was never cleaned, as illustrated in Figure 4. 

 

 
 

Figure 4. Surface Contamination Images of PV Panels After the Experiment 

 

As shown in Figure 4, dust and dirt accumulation on the surface of PV Panel A has been 

found to reduce its energy efficiency. Therefore, regular cleaning or washing of PV panels is 

essential to prevent the formation of contamination and dust. In Figure 5, the output power 

profiles of PV Panel A and PV Panel B are compared for a randomly selected day in July, the 

month with the highest solar irradiance during the five month experimental period. 

As observed in Figure 5, the output power of PV Panel B, which was cleaned with water, 

consistently remained higher than that of PV Panel A throughout the day. Although 

instantaneous output power of PV panels may fluctuate during the day, the critical parameter is 

the total amount of energy generated from a PV panel over the course of the day. 

 

 
 

Figure 5. Comparison of the Output Power of PV Panels on a Randomly Selected Day in July 
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For the randomly selected day, it is observed that the output power of PV Panel B, which was 

cleaned with water, increases significantly during periods of high solar irradiance, particularly 

around midday. 

 

CONCLUSION 

 

In this study, the effect of dust and dirt accumulation on the surface of photovoltaic (PV) 

panels used in solar energy systems on energy efficiency was investigated. PV Panel B, which 

was manually cleaned with water at 30 day intervals on the installed solar energy system, 

produced approximately 3% more energy over a five month period. Data analysis from the 

system revealed that during the five month timeframe, the water cleaned PV panel generated 

3122 Wh more energy compared to the uncleaned panel. Considering the large number of 

photovoltaic panels used in solar power plants, it is evident that regular cleaning with water 

alone can result in significantly higher energy yields throughout the year. In conclusion, regular 

cleaning of PV panel surfaces not only increases energy efficiency but also extends the 

operational lifespan of photovoltaic cells. Future studies using different cleaning agents may 

provide clearer insights into potential increases in energy efficiency. 
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ABSTRACT 

 

During these last years, the important evolution in the computer field and the progress 

made in the methods of calculation of quantum chemistry make it possible to give a good 

prediction and a good description of the electronic properties of a given entity. In this work, we 

have used theoretical study of the substitution reaction by grafting of salicylic acetyl on a unit 

of epichlorohydrin. We have determined the purely theoretical parameters of the dipole moment 

(DM), the energy of the frontier orbitals, HOMO, LUMO and the energy gap by two methods 

HF and DFT, we have also calculated the characters DEN (Normal Electronic Demand) or DEI 

(request Electronic Inverse) on the substitution reaction of salicylic acetyl (aspirin) + poly 

(epichlorohydrin); we have calculated the HOMO/LUMO gap energies for the two 

combinations. The electronic chemical potential µ, and the nucleophilicity index (N). 

Local reactivity descriptors of aspirin and epichlorohydrin were calculated using the population 

analyzes of Mulliken and Hirshfeld by the method DFT/6-31 G(d,p) and also using the analysis 

of ESP population. A theoretical spectral study of the final product: IR, 13 C NMR was carried 

out. 

Keywords: Epichlorohydrin, HOMO, DFT, salicylic acetyl, nucleophilicity, Computational 

Chemistry. 

 

INTRODUCTION  

 

Computer-aided chemistry (Computational Chemistry), its applications can be used for 

elucidation and analysis of chemical structures, the processing of chemical information or even 

theoretical chemistry Justyna Krupa  and al.2023. Very precise calculation algorithms are used 

to minimize the total energy according to the structural parameters and to predict the most stable 

structure of the studied compounds Mikoğaj Sadowski andKarolina Kula, and al.2024.  

Computational chemistry methods such as molecular simulations, density-functional theory 

(DFT), and ab initio approaches are crucial for analyzing the behavior of molecules during the 

https://sciprofiles.com/profile/790234
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reaction and the transformation of forms before and after the reaction, which is essential for 

addressing challenges related to multifunctional polymer utilization and environmental impact.  

In this work, the main objective is to use a theoretical study using Gaussian09, of the 

substitution reaction by grafting of AcSa on units of epichlorohydrin polymer, to be able to 

confirm the obtaining of the new  multifunctional polymer schematic 1. The energy separation 

of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) has been used as a simple indicator of kinetic stability Ping Bao,Xiaowei Wang and 

al.2024. Peng Xi,Fengling Sun.2024 noted that the HOMO-LUMO gap reflects the chemical 

stability of the molecule. In general, an atom with a higher density HOMO should have a higher 

ability to remove an electron, while an atom with a higher density occupied by a LUMO should 

have a higher force to gain an electron R. G. Parr and W. Yang1989 . On the other hand  

Mulliken atomic charges play an important role in understanding the chemical reactivity of 

compounds R. S. Mulliken.1932,1939 . 

The aim of the present work is to predict the nucleophilic and electrophilic attack sites of some 

classes of chemical reactions using reactivity indices derived from the density functional theory 

(DFT). First, we have calculated the global and local nucleophilicity indices. Then, we have 

conducted a theoretical study of a substitution reaction: epichlorohydrin and acetylsalicylic 

acid. The local and global reactivity indices derived from the DFT are very reliable for the 

prediction of electrophilic or nucleophilic attack sites provided that efficient methods (B3LYP) 

are used for the energy and geometric calculations of the reactants. 

 

 

 
Schematic 1 : Chemical modification of PECH by AcSa 

 
MATERIAL AND METHOD  

 

Optimized Geometries and Frontier Molecular Orbitals 

Gaussian software was used in order to carry out all the structure optimizations studied with the 

following DFT. The calculation was launched with the correlation exchange functional B3LYP 

and the Gaussian basis 6-31G (p,d). The latter has the same denomination, where the set of 

functions p added to the hydrogens and the set of functions d added to the other heavy atoms is 

well defined. 

First, the theoretical calculation was made with the DFT method using the functional B3LYP 

(Becke Lee-Yang- Parr) and the base 6-31Gdp, for the latter. Optimization with this method 

gave us almost similar conformations, the latter having the lowest possible formation energy, 

hence the most stable conformation. 
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RESULTS AND DISCUSSION 

 

OPTIMIZATION OF OBTAINED PRODUCT  

Calculation details The DFT/B3LYP and 6-311++G(d,p) methods were used to 

optimize the molecular structures of polymer obtained. The programs Gaussian09W and 

GaussView5.0 were utilized to carry out all the necessary DFT calculations and visualizations. 

we obtained E= -1070.545578 au 

 

 

 

 

 

 

 

 

 

 

Figure 1 : B3LYP/6-31G(d) computed structure of the graft polymer 

 

HOMO -LUMO  

Green and brown colors represent positive and negative phases, respectively. Data from the 

HOMOLUMO analysis are presented in Figure 2 . 

 

Figure 2: B3LYP/6-31G(d) HOMOïLUMO of acetyl salicylic and epichlorohydrin 

 

To clarify the characters DEN (Normal Electronic Demand) or DEI (Inverse Electronic 

Demand) on the substitution reaction of salicylic acetyl  and PECH; the HOMO-LUMO gap 

energies for the two combinations were calculated (chemical potential µ, and the nucleophilicity 

index (N)) (Table.1). 

 HOMO LUMO 

acetyl salicylic 

 

  

epichlorohydrin 
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Table.1: B3LYP/6-31G(d) HOMO and LUMO energies as well as global reactivity indices for 

salicylic acetyl and epichlorohydrin, given in electronvolts [eV] 

 

 

æE(I) = HOMO( salicylic acetyl) ï LUMO( epichlorohydrin ), 

æE(II) =HOMO( epichlorohydrin ) ï LUMO(salicylic acetyl) 

Table .1 show that the energy difference corresponding to the HOMO (salicylic acetyl) / LUMO 

( epichlorohydrin ) combination is lower than that corresponding to the HOMO ( 

epichlorohydrin ) / LUMO (salicylic acetyl) combination, which shows that the Salicylic acetyl 

behaves as an electron donor (nucleophile) and epichlorohydrin as an electron acceptor 

(electrophile). 

 

THEORITICAL SPECTRUM STUDY  

 

Theoretical study of the Infra-Red Spectrum of the graft polymer 

Examination of the theoretical IR spectrum (Figure 8) of the modified polymer has enabled us 

to identify the main intensive characteristic bands with the frequencies 1168 cm -1, which 

indicates the absorption of the COC group of the ether, a band absorption located at 1456 cm -

1 which corresponds to the aromatic HC group, an absorption band located at 653.184 cm -1 

from the CH of the deformation, is a value of 1667.55 cm -1 which characterizes the elongations 

of the aromatic C=C bond. Table.2 brings together the main characteristic bands of the graft 

polymer. 

 

Table.2:  The main characteristic IR bands of the graft polymer. 

 

Connection IR EXP (cm -1) FRQ(cm-1)/ DFT FRQ(cm - 1)/HF Intensity 

C tet -H valence 
2900-2877 2966 3117 

2 middle 

bands 

aromatic C=C 
1485-1636 1476 1612-1777 

3 OR 4 

strong bands 

Aromatic CH 
709-762 716-796 1097 

2 strong 

bands 

CH deformation 
1387-1485 1338-1405 1336-1386 

2 strong 

bands 

CO valence 1295 1076-1141 1149 thin band 

C=O Ester 1636-1688 1735 2038 thin band 

 

 LUMO HOMO 
æE(I) 

NED 

æE(II) 

IED 
µ ȼ S ɋ NOT 

Salicylic acetyl -0.069 -0.258 -0.288 -0.198 -0.164 0.189 2,640 1.935 2.326 

Epichlorohydrin 0.029 -0.267 0.288 0.198 -0.119 0.297 1.685 0.652 2.089 
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Figure 1:Theoretical IR infrared spectrum of the graft polymer by the methods HF-DFT 
 

13 C NMR spectrum of the graft polymer 
13 C NMR spectrum (Figure 4 ) allowed us to have the main chemical shifts of the different 

groups which characterize the graft polymer, we observe: 

-A signal of 122 ppm which characterizes the displacement of carbon 17, 34 ppm signal, 

indicates the chemical shift of carbon 21 , and the aromatic carbon of C23 ïC28 comes out 

between 40 and 72 ppm. 

 

 
 

Figure 213 C NMR spectrum calculated by DFT of the graft polymer 

 

 

LOCAL DESCRIPTORS OF AcSa REACTIVITY CALCULATED USING MILLIKEN 

AND HIRSHFELD POLUPLATIONS ANALYSIS  

 

The calculated and indicated charges of Mulliken atoms for AcSa are shown in Table.3, and the 

Local descriptors of AcSa reactivity calculated using Hirshfeld population analysis is presented 

in the table.4 
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Table .3 : Local descriptors of AcSa reactivity calculated using mulliken population analysis 

 

 Ὢ  Ὢ  NNk  f+ f- Nk 

1C 0.719 0.554 1.2889 12O 0.417 -0.632 -1.4697 

2C -0.491 -0.885 -2.0596 13O 0.462 -0.460 -1.0692 

3C 0.644 0.641 1.4908 14H -0.282 0.284 0.6601 

4C 0.095 -0.406 -0.9445 15O 0.533 -0.473 -1.1005 

5C 0.007 -0.037 -0.0859 16C -0.493 0.496 1.0914 

6C 0.309 -0.700 -1.6283 17O 0.451 -0.445 -1.0355 

7H -0.160 0.067 0.1548 18C 0.250 -0.248 -0.5777 

8H -0.086 0.190 0.4409 19H -0.135 0.135 0.3140 

9H -0.188 0.095 0.2213 20H -0.136 0.135 0.3150 

10H -0.161 0.197 0.4573 21H -0.145 0.144 0.3360 

11C -0.610 0.376 0.8742     

 

Table.4 :Local descriptors of AcSa reactivity calculated using Hirshfeld population analysis 

 

 Ὢ  Ὢ  NNk  Ὢ  Ὢ  Nk 

1C 0.145972 0.043089 0.10022501 12O 0.045858 0.145297 0.14462835 

2C 0.023883 0.088054 0.2048136 13O 0.012739 0.062179 0.10070417 

3C 0.133288 0.034088 0.07928869 14H 0.023805 0.043395 0.01569352 

4C 0.125822 0.061804 0.1437561 15O 0.045087 0.006747 0.02589303 

5C 0.022385 0.082361 0.19157169 16C 0.013063 0.011132 0.06393476 

6C 0.132194 0.061215 0.14238609 17O 0.028841 0.027487 0.0230181 

7H 0.054767 0.03581 0.08329406 18C 0.013277 0.009896 0.04154236 

8H 0.034894 0.04684 0.10894984 19H 0.019454 0.01786 0.04154236 

9H 0.046199 0.029716 0.06911941 20H 0.012249 0.01021 0.02374846 

10C 0.048508 0.032285 0.33882842 21H 0.011532 0.004949 0.01151137 

11C 0.006191 0.14567 0.33796082     

 

The local reactivity index  Ὢ , for the Mulliken and Hirshfeld population analysis provided the 

greatest value at the O 12 site. The latter should be the most reactive site with respect to an 

electrophilic attack, therefore the more nucleophilic. 

 

CONCLUSION 

 

The DFT calculations at the B3LYP/6-31G dp level is used effectively to describe the 

reaction of the substitution of the chlorine group in the reaction of the grafting of acetylsalicylic 

acid on epichlorohydrin chain. 

Analysis of HOMO/LUMO gaps, chemical potential ɛ and the global electrophilicity index ɤ 

indicates the NED character, and the IED character for the substitution reaction are calculated. 

Finally, it can be said that calculations of activation energies and reactivity indices derived from 

the conceptual DFT of both addition and substitution reactions successfully predict the 

experimental regioselectivity. 
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ABSTRACT 

 

The present study aims to evaluate the impact of transitioning from conventional soil 

tillage to minimum tillage technology in a maize crop, cultivated over a three-year period 

(2022ï2024) in the village of Lanurile, ConstanἪa County, Romania. The experiment was 

conducted under real farm conditions and involved three late-maturing maize hybrids: DKC 

5810, P0900, and P0216. The crop was grown on partially irrigated land. Soil preparation 

consisted of a single pass with a cultivator, followed by precision sowing, while all other 

technological inputs (fertilization, crop protection, and irrigation management) were kept 

constant across the hybrids and over the years. 

The agromorphological and biometric determinations revealed superior performance for the 

DKC 5810 hybrid, followed by P0900. Differences in productivity parameters, such as grain 

weight per ear and thousand-kernel weight (TKW), were statistically validated using one-way 

ANOVA tests, confirming significant distinctions between hybrids (p < 0.05). The DKC 5810 

hybrid recorded the highest average kernel weight and TKW, while also achieving the greatest 

yield per hectare. P0900 also demonstrated high adaptability and yield potential, particularly 

under irrigation. In contrast, P0216, although showing vigorous vegetative development, 

accumulated lower grain mass and yielded less compared to the other two. 

Climatic analysis over the study period showed a consistent increase in mean annual 

temperatures and a significant decrease in rainfall, especially during critical phenological stages 

such as flowering and grain filling. These climatic trends emphasized the importance of water 

management. The irrigation applied in four key growth stages successfully offset part of the 

rainfall deficit and supported optimal crop development. 

The results demonstrate that minimum tillage, when properly implemented under the specific 

pedoclimatic conditions of Dobrogea and combined with efficient irrigation and hybrid 

selection, can ensure competitive yields. This conservation practice reduces soil disturbance, 

minimizes erosion and compaction, and preserves soil moisture critical factors in semi-arid 

regions. Therefore, minimum tillage represents a viable and sustainable alternative to 

conventional tillage in areas facing water scarcity and climate variability. 

These findings highlight the importance of hybrid selection aligned with specific tillage 

practices and climate adaptability. DKC 5810 is recommended for high-input, irrigated 

systems, while P0900 proves stable and productive in moderately intensive conditions. Further 

research is encouraged across other regions to validate these results and guide sustainable maize 

production strategies in Romania. 

Keywords: minimum tillage, maize hybrids, sustainable agriculture, irrigation, climate 

change 
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INTRODUCTION  

 

Cereals represent the crop group with the widest distribution and the greatest importance 

for human nutrition, providing approximately 60% of total proteins, 15% of lipids, and around 

70% of carbohydrates, contributing 50ï60% to the global caloric intake (Roman et al., 2015; 

Dobre, 2019). The success of cereal crops is explained by a combination of favorable factors: 

high ecological plasticity, complete mechanization, easy storage, and multiple utilization 

possibilities ï human food, animal feed, industry, biofuels (Messegue, 2000). 

Maize (Zea mays L.) holds a central place among cereals, both in terms of cultivated 

area and versatility of uses. In Romania, maize is extensively cultivated due to its nutritional 

value and high production capacity, being used for human consumption, animal feed, and 

industrial purposes (Cristea et al., 2004; Ion, 2010). In human nutrition, maize appears in 

various forms: flour (polenta), flakes, sweet corn, or popcorn (Paukert, 2021). Industrially, 

maize kernels are a raw material for obtaining starch, glucose, oil, as well as products such as 

bioethanol, spirits, and starch-based cosmetics (Petcu and Martura, 2018). However, the largest 

part of global production (over 60%) is destined for animal feed, being considered an essential 

forage, especially for ruminants (Sin, 2000). 

Globally, maize is cultivated up to 59° northern latitude and 43° southern latitude, 

demonstrating great adaptability. Romania benefits from favorable soil and climatic conditions, 

being one of the European countries with significant maize cultivation areas (Popescu, 1995; 

Panaitescu and NiἪŁ, 2011). Nevertheless, achieving maximum productive potential requires 

the application of modern technologies that address current climatic challenges and agricultural 

sustainability requirements (Petcu and Martura, 2018). 

In this context, in recent years there has been a growing interest in adopting conservation 

tillage technologies, such as minimum tillage, which limit mechanical interventions on the soil, 

thus reducing compaction, water loss, and erosion. Recent studies (FAO, 2023; ISTIS, 2024) 

confirm the effectiveness of these practices in maintaining soil structure and increasing farm 

sustainability. In Romania, although conventional technology remains predominant in many 

regions, more and more farms are exploring conservation methods, especially in drought-

affected areas or where input costs must be reduced. 

This study analyzes the technological transition from conventional soil tillage to 

minimum tillage in a maize crop on a farm located in Lanurile, ConstanἪa County, over a three-

year period, using three hybrids and maintaining the other technological elements constant. The 

purpose of the study is to evaluate the impact of this transition on yield, crop economics, and 

the adaptability of the hybrids to the new soil working conditions. 

In the context of climate change and increasing pressures on natural resources, adopting 

conservation technologies such as minimum tillage represents a strategic direction for 

sustainable agriculture, with reduced impact on soil structure and soil biodiversity. Recent 

studies highlight that these technologies can contribute to reducing fuel consumption, 

conserving soil moisture, and maintaining fertility in semi-arid areas such as Dobrogea (Popa 

et al., 2023). Furthermore, the selection of maize hybrids with high potential and enhanced 

adaptability to variable pedoclimatic conditions is essential in the current context. Recent 

results emphasize the need for field testing of biological material in correlation with cultivation 

technology in order to efficiently capitalize on productive potential (IoniἪŁ et al., 2022).  

This study makes a significant contribution by evaluating the long-term effects, under 

real farm conditions, of the transition from conventional to minimum tillage in maize cultivation 

using three commercial hybrids. The results provide concrete data on the impact of this 

technology on yield, crop stability, and economic efficiency, key aspects for adapting 

agriculture to climate challenges and promoting sustainable practices in semi-arid areas such as 

Dobrogea. Thus, the research complements the existing literature through an integrated 
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approach to soil tillage technology and hybrid selection, contributing to the optimization of 

agricultural management in the context of climate change. 
 

MATERIAL AND METHOD  
 

The aim of this study was the comparative evaluation of the performance of three late-

maturing maize hybrids cultivated under minimum tillage system in a representative area of 

ConstanἪa County, over a period of three consecutive years. The study focused on analyzing 

the agro-biological and economic performances of the three hybrids under the regionôs specific 

soil and climatic conditions, in the context of transitioning from conventional soil tillage 

technologies. 

The experiment was carried out on the farm of I.I. Iancu IonuἪ, located in Lanurile, 

ConstanἪa County, in the center of the Medgidia Plateau. The locality is situated approximately 

50 km from the city of ConstanἪa. The total area of the commune is 421 hectares of intravilan 

(built-up area) and 18,071 hectares of extravilan (non-built-up area). According to climatic data, 

the area belongs to the temperate-continental steppe climate type, characterized by an average 

annual temperature of 11.12°C, with January minimums of 0.2°C and July maximums of 

22.1°C. The average annual precipitation is around 428 mm. The dominant soils are fertile 

chernozems, typical of steppe regions, favorable for agriculture. 

The main agrotechnical characteristics of the experimental area: the preceding crop was 

wheat, and maize crops were established on 60 ha, 57 ha, and 85 ha in the years 2022, 2023, 

and 2024, respectively. Sowing was carried out after a shallow tillage operation using a 

combinator, uniformly applied in all three springs (characterized by cool and wet conditions, 

with persistent rainfall in April 2022 and 2023), aimed at accelerating soil warming and 

fragmenting remaining plant residues. This was the only soil intervention prior to sowing, 

specific to the minimum tillage system. 

All care operations and phytosanitary treatments were identical across the three growing 

seasons, to allow for an objective evaluation of the hybrids' response exclusively to soil 

technology and annual pedoclimatic conditions. 

Regarding biological material, three late-maturing maize hybrids registered in the Official 

Catalogue of Plant Varieties of Romania for 2022 and 2023 were used: DKC 5810 (Bayer): 

FAO 450ï490 hybrid, RM 108, medium plant height, high seedling vigor, deep rooting system, 

without tillering; P0216 (Pioneer ï Corteva): FAO 450 hybrid, high yield potential, suitable for 

early and optimal sowing, excellent performance under various growing conditions; P0900 

(Pioneer ï Corteva): FAO 450 hybrid, late-maturing, designed for intensive technologies (under 

irrigation or abundant rainfall), with good drought tolerance. 

The experiment was conducted in open field conditions, under real farm conditions. 

Throughout the vegetation period, the main developmental phenophases of the hybrids were 

monitored (emergence, tillering, flowering, physiological maturity), tracking: vegetative 

growth dynamics, adaptability to climatic conditions, uniformity of emergence and 

development, behavior towards diseases and pests, and final yield per hectare. 

Measurements were performed directly in the field, at the Iancu IonuἪ Individual 

Enterprise farm, as well as in the laboratory, for detailed analyses regarding grain weight, 

thousand kernel weight (TKW), and other relevant qualitative characteristics. 
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RESULTS AND DISCUSSION 

 

In the conducted experiment, the preceding crop was winter wheat, chosen in accordance 

with the predominant crop structure of the farm and the crop rotation system applied at the farm 

level. The distribution of crops and the average yields per hectare are presented in the tables 

below, providing an overview of the implemented crop rotation system. 

 

Table 1. Crop structure within I.I. Iancu Enterprise during the years 2022ï2024 

 

Year 

Crop plant 

Wheat Maize Barley Sunflower Rapessed 

2022 85 60 50 35 20 

2023 83 57 40 40 30 

2024 90 85 20 30 25 

Table 2. Average crop yields within I.I. Iancu Enterprise during the years 2022ï2024 

 

Year 

Crop plant 

Wheat Maize Barley Sunflower Rapessed 

2022 4830 6320 5070 2265 2145 

2023 5000 6800 5150 2500 2500 

2024 5500 7700 5050 2720 2300 

 

Chemical fertilization within the study was carefully structured into three distinct stages, 

each corresponding to key developmental phases of the maize crop. The first stage, basic 

fertilization, took place in the autumn, prior to sowing. Here, 200 kg/ha of complex NPK 

fertilizer (20:20:20) was applied pre-emergence, aiming to provide the essential nutrients 

needed to support vigorous early growth. As the crop progressed, foliar fertilization was carried 

out at the 4-leaf stage, using Plonvit foliar fertilizer (produced by Intermag) at a rate of 2 L/ha, 

diluted in 300 liters of solution per hectare. This application was intended to stimulate 

physiological processes and enhance vegetative development. Later, at the 10-leaf stage, 

nitrogen fertilization was performed by administering 100 kg/ha of solid nitrogen, supporting 

the formation of inflorescences and the accumulation of dry matter within the grains. 

Due to the nature of the minimum tillage system, where soil disturbance is minimized 

to conserve water resources and preserve soil structure, climatic conditions during the growing 

season played a pivotal role in influencing maize performance. 

Soil preparation consisted of a single combinator pass, carried out two days before 

sowing: on April 24 in 2022, and April 25 in both 2023 and 2024. This light soil work enabled 

sufficient fragmentation, leveling, and aeration to create an optimal seedbed. Precision sowing 

was performed during the optimal window for the Dobrogea region: on April 25 in 2022, and 

on April 27 for the following two years. Favorable rainfall levels in April supported good seed 

germination and uniform seedling emergence across the experimental plots. 

Climate analysis for Lanurile village over the agricultural period 2022ï2024 (Table 3) 

revealed a consistent rise in monthly average temperatures compared to multiannual norms. 

The average annual temperature during the study period was recorded at 13.78°C, exceeding 
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the historical mean of 11.12°C by 2.66°Cðan increase of approximately 24%. This upward 

trend persisted throughout the entire agricultural cycle, affecting not only the colder months, 

when soil water reserves are usually replenished, but also the critical vegetation stages, thereby 

intensifying plant metabolism and increasing their water demands. 

Meanwhile, rainfall patterns showed a downward trend, with an annual average of 357.3 

mm, marking a deficit of 70.8 mm relative to the multiannual average of 428.1 mm. This 

reduction, representing 16.55%, was especially evident during May, July, and Augustðmonths 

critical for maize development, as these periods coincide with the cropôs highest water needs 

during pollination and grain formation. The resulting imbalance between water availability and 

plant demand likely posed a significant limiting factor for hybrid performance, particularly 

under conservation tillage systems where soil water reserves are crucial for crop success. 

 

Table 3. Temperature and precipitation regime in Lanurile Locality during the agricultural years 

2022ï2024 

Month 
Average monthly temperature C Precipitation mm 

NormalŁ 2022-2024 NormalŁ 2022-2024 

XI  6.9 8,8 37,5 35,1 

XII  2,1 3,6 32,2 28,5 

I  0,2 4,8 31,6 40,6 

II  1,1 2,9 32,8 22,1 

III  3,9 6,8 22,1 24,5 

IV  10,1 10,1 33,1 51,2 

V 15,8 16,6 48,7 10,8 

VI  19,9 21,8 52,6 44,6 

VII  22,1 25,8 34,7 21,1 

VIII  22,7 26,1 31,1 20,8 

IX  17,2 21,2 40,8 30,1 

X 11,5 16,9 30,9 27,9 

Average 11,12 13,78 428,1 357,3 

 

To objectively assess the statistical significance of the climatic differences between the 

normal multiannual values and those recorded during the study period, a descriptive statistical 

analysis was conducted, supplemented by a simplified one-way ANOVA test. The statistical 

results indicated p-values greater than 0.05 for both temperature (p = 0.45) and precipitation (p 

= 0.16), suggesting that, within this limited sample, the observed differences were not 

statistically significant. Nevertheless, the identified climatic trendsðprogressive warming and 

reduced precipitationðhave clear agronomic relevance and can decisively influence crop 

performance, especially under minimum tillage systems. 

Thus, it can be concluded that, although the statistical analysis did not confirm rigorous 

mathematical significance, the recorded climatic values (Figure 1) support field observations 

and may contribute to a better understanding of the yield variability of the analyzed hybrids 

under this technological system. 
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Figure 1. Comparative graphs of monthly average temperatures, monthly average precipitation, 

and multiannual normals 

In the experiment, maize sowing was carried out at a depth of 6 cm using precision 

planters, maintaining a row spacing of 70 cm. The sowing density was set at 78,000 harvestable 

plants per hectare, adapted to the potential of the hybrids used and the availability of irrigation 

over 60 hectares out of the total 85 hectares cultivated with the three hybrids. The seeding rate 

was 27 kg/ha. 

Weed control was performed both mechanically and chemically, following an integrated 

plant protection program. Three days after sowing, a pre-emergent herbicide treatment was 

applied using Callisto 480 SC (Syngenta) at a rate of 330 ml/ha to control broadleaf weeds and 

grasses. At the same time, the insecticide Decis Expert (Bayer) was applied at a rate of 125 

ml/ha, targeting key pests during early vegetative stages, such as Diabrotica virgifera virgifera 

(Western corn rootworm) and Helicoverpa armigera (corn earworm). The solution was 

prepared at a volume of 250 L/ha. 

Upon entry into the active vegetative growth phase, a post-emergent treatment with 

Equip (Bayer) herbicide was applied at a rate of 1.5 L/ha to combat invasive species such as 

Setaria viridis (green foxtail) and Sorghum halepense (Johnsongrass). This treatment was 

combined with the foliar fertilizer Plonvit (2 L/ha in 300 L solution/ha) and a preventive 

fungicide, as part of an integrated technological package. 

Regarding disease control, two fungicide treatments were applied using Propulse 

(Bayer) at a rate of 1 L/ha. The first treatment was carried out at the 6ï8 leaf stage, concurrently 

with foliar fertilization and the second herbicide application. The second treatment was applied 

during the stem elongation phase to prevent infections caused by Helminthosporium turcicum, 

the pathogen responsible for northern corn leaf blight. 

Mechanical weed control was performed through inter-row cultivation at a depth of 8 

cm, a stage that coincided with the application of solid nitrogen fertilization, completing the 

nutritional plan (Tables 4 and 5). 
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Table 4. Overview of treatments applied throughout the study period 

 

No. 

 

Stage Product Intervention Purpose 

1. Pre-emergence ï 3 

days after sowing 

Calisto 480SC+Decis 

Expert 

Weed and pest control 

2. Post-emergence 4ï6 

leaves 

Equip+Plonvit+fungicide Control of Johnsongrass, green foxtail, 

nutrition, and disease prevention 

3. Post-emergence 6ï8 

leaves 

Propulse 1L/ha+Plonvit Preventive fungicide treatment and 

foliar nutrition 

4. Stem elongation Propulse 1L/ha Control of northern corn leaf blight 

5. Mechanical 

cultivation 

Inter-row cultivation at 8 

cm depth 

Mechanical weed control 

6. Nitrogen fertilization 100kg azot/ha In-vegetation fertilization 

7. Irigation 1 700m³/ha Irrigation ï stable emergence 

8. Irigation 2 700m³/ha Irrigation ï 10ï12 leaf stage 

9. Irigation 3 700m³/ha Irrigation ï tasseling 

10. Irigation 4 700m³/ha Irrigation ï maturation 

 

Table 5. Technological schedule of maize during the study years 

 

Due to the deficient rainfall regime during the agricultural years under study, four 

sprinkler irrigations were performed using a Hipodron-type linear pivot system. The first 

irrigation was conducted starting on May 20, applying 700 m³/ha, followed by a second 

irrigation in June when the plants were at the 10ï12 leaf stage, with the same irrigation rate. 
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The third irrigation took place at tasseling, during the first ten days of July, and the fourth was 

performed in August, all maintaining a constant application rate of 700 m³/ha. 

The controlled application of irrigation, correlated with minimum tillage practices, 

aimed to maintain a favorable soil moisture regime, especially during critical periods for maize 

development, thus supporting the physiological processes and productive potential of the 

analyzed hybrids. 

The maize crop was harvested mechanically using a Claas Tucano 320 agricultural 

combine once the plants had reached full physiological maturity. This stage was determined by 

the stabilization of grain moisture around 17ï18%, a threshold uniformly attained by all three 

hybrids analyzed. Harvesting operations began after October 19, with the latest harvest recorded 

on October 27, 2024. The entire process involved grain harvesting, after which the grains were 

transported to the farm headquarters for storage and conditioning. In preparation for marketing, 

grain moisture was reduced to below 15%, considered optimal for safe storage and trading. The 

production was sold during the autumn season of the respective agricultural years under study. 

Within the study, several agromorphological field measurements were also carried out 

to highlight the development characteristics of each hybrid under the specific soil and climatic 

conditions and technological system applied. One such determination involved counting the 

number of plants and double ears over a 10-meter row length on two adjacent rows. Based on 

the averages recorded over the three years, it was observed that the hybrid DKC 5810 had 40 

plants on the first row, 11 of which developed double ears, and 38 plants on the second row, 

with 9 showing this trait. For the hybrid P0216, 39 plants were recorded on the first row, with 

9 double-eared, and 38 plants on the second row, 6 of which exhibited the same characteristic. 

Hybrid P0900 stood out with a higher plant density, having 40 plants on the first row and 41 on 

the second row, with 10 double-eared plants in each case. This feature suggests a strong 

generative branching capacity, indicating a superior production potential, especially under 

favorable nutrition and moisture conditions. 

Further measurements involved counting the total number of ears present on the same 

10-meter row sections to obtain a clearer picture of the fruiting capacity. Hybrid DKC 5810 

recorded an average of 98 ears, P0216 had 92 ears, and P0900 achieved 101 ears. These data 

correlate with the observed presence of double ears and confirm the superior yield potential of 

P0900 compared to the other two hybrids. 

Another parameter evaluated was the average plant height, considered an indicator of 

vegetative vigor and uniform development. DKC 5810 registered an average height of 2.39 m, 

ranging between 2.27 m and 2.51 m. P0216 showed an average of 2.31 m, with minimum and 

maximum values of 2.24 m and 2.42 m, respectively. P0900, although the most productive, had 

a slightly lower average height of 2.28 m, with a range between 2.17 m and 2.37 m. These 

relatively small variations indicate good uniformity of the experimental plots and specific 

adaptability of each hybrid to the minimum tillage system. 

An additional field measurement was the determination of the ear insertion height. The 

results were as follows: DKC 5810 had an average ear height of 95.23 cm, ranging from 80.93 

cm to 108.4 cm; P0216 recorded an average of 94.31 cm, between 82.10 cm and 103.3 cm; 

P0900 had an average of 93.33 cm, ranging from 80.6 cm to 105.6 cm. 

The field measurements provide a detailed and rigorous overview of the phenotypic 

behavior of the three maize hybrids in the context of minimum tillage technology and a deficit 

rainfall regime supplemented by rationalized irrigation. Morphological characteristics and the 

total number of ears reveal differentiated but consistently high productive capacity, offering 

valuable insights for selecting the optimal hybrid under such technological systems. 

To further evaluate hybrid performance under minimum tillage conditions, additional 

biometric determinations were performed at the farm's headquarters before harvest. These 
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included analyses of plant and ear weights at different preparation stages and detailed laboratory 

analyses of morphoproductive ear components. 

For each hybrid, over the three study years, 10 mature plants with ears were harvested 

from two adjacent rows within the experimental plots. The first measurement focused on the 

total weight of plants at full physiological maturity. The average results were: DKC 5810: 

average plant weight of 770.27 g, ranging from 682.6 g to 830.2 g; P0900: average plant weight 

of 764.55 g, ranging between 667.1 g and 813.1 g; P0216: average plant weight of 731.59 g, 

with a range of 651.3 g to 811.1 g. 

The second measurement targeted the weight of ears with husks, conducted two days 

before final harvest. After weighing the whole plants, the ears were separated and weighed 

individually. The average ear weights with husks were: DKC 5810: 289.3 g (ranging from 171.2 

g to 358.8 g), with a residual plant biomass (excluding ears) averaging 480.92 g; P0900: 296.73 

g (between 216.3 g and 331.1 g), with a residual biomass of 467.82 g; P0216: 230.64 g (ranging 

from 198.9 g to 308.2 g), with an average dry biomass of 500.95 g. 

Detailed laboratory analyses continued with the measurement of ear weights without 

husks. After manually removing the husks, the ears were reweighed. The average values were: 

DKC 5810: 264.39 g (ranging from 150.8 g to 337.8 g), with an average husk mass of 24.91 g; 

P0900: 261.07 g (ranging from 194.7 g to 302.0 g), with an average husk mass of 35.66 g; 

P0216: 205.44 g (ranging from 168.9 g to 279.4 g), with an average husk mass of 25.2 g. 

These results highlight clear differences in biomass structure and dry matter 

accumulation capacity among the three hybrids. Although hybrid P0216 exhibited a comparable 

total plant mass, the ear weights, both with and without husks, were visibly lower, suggesting 

a higher proportion of vegetative mass relative to productive structures. Conversely, hybrids 

DKC 5810 and P0900 demonstrated a more favorable ratio between total plant mass and ear 

mass, indicating superior efficiency in resource allocation toward generative structures. 

 

Table 6. Measurement of husk-free ear weight at physiological maturity 

 

Plant no. Hybrid DKC 5810 (g.) Hybrid P0900 (g.) Hybrid P0216 (g.) 

1. 223,4 215,2 184,1 

2. 337,8 281,4 216 

3. 318,8 296,9 279,4 

4. 298,7 267,2 219,8 

5. 279,2 280 224 

6. 228,5 236,1 186,4 

7. 150,8 269,2 188,6 

8. 268,4 194,7 201,4 

9. 258,3 302 168,9 

10. 280 268 185,8 

Minimum  150,8 194,7 168,9 

Maximum 337,8 302 279,4 

Average 264,39 261,07 205,44 
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To provide a detailed characterization of the morpho-productive elements of the 

analyzed hybrids, following the previous determinations, measurements of ear length without 

husks were conducted, followed by the determination of cob weight. This analysis was carried 

out on the same ears used for the weight measurements, after complete removal of the kernels. 

The average results, calculated over the three years of study, highlighted the following: the 

hybrid DKC 5810 presented an average ear length of 21 cm and an average cob weight of 22.39 

g, with values ranging between 19.42 g and 27.5 g. For hybrid P0900, the average ear length 

was 20 cm, and the cob weight was higher, with an average of 25.59 g, ranging from 17.1 g to 

35.8 g. Hybrid P0216 also recorded an average ear length of 20 cm, with an average cob weight 

of 23.03 g, ranging between 17.15 g and 31.61 g. 

To evaluate the real productive potential of the ears, an additional determination was 

made by individually counting the kernels, one by one, on a batch of ten samples for each 

hybrid, across the three study years. The analysis revealed that: DKC 5810 had an average of 

546 kernels per ear, ranging from 412 to 612. P0900 recorded an average of 554 kernels per 

ear, with values between 502 and 618. P0216 showed a lower average of 490 kernels per ear, 

ranging between 408 and 596. 

These differences indicate a higher kernel density and spikelet fertility in hybrid P0900, 

supporting its previously observed productive performances. 

The final determinations targeted the total kernel weight per ear, thousand kernel weight 

(TKW), and final yield per hectare (Table 7), obtained by weighing ten distinct samples for 

each hybrid. The average results over the three years of study were as follows: for DKC 5810, 

the average kernel weight per ear was 241.37 g, with values ranging between 128.7 g and 316 

g. The thousand kernel weight (TKW) recorded an average of 442.07 g, and the average yield 

per hectare was 11,430 kg. P0900 showed an average kernel weight of 235.64 g (ranging from 

171.5 g to 280.1 g), a TKW of 425.35 g, and an average yield of 10,780 kg/ha. In the case of 

P0216, the average kernel weight was 180.33 g, with values between 148.1 g and 233.6 g, a 

TKW of 408.02 g, and an average yield of 10,300 kg/ha. 

 

Table 7. Measurement of grain weight per ear in the three maize hybrids under study 

Plant no. Hybrid DKC 5810 (g.) Hybrid P0900 (g.) Hybrid P0216 (g.) 

1. 203,98 198,1 163,1 

2. 316 258,3 189,3 

3. 298,05 270,83 233,6 

4. 274,6 232,28 198,78 

5. 251,43 258,6 199,56 

6. 206,4 211,25 162,3 

7. 128,7 243,3 161,92 

8. 248,08 171,5 184,25 

9. 230,8 280,1 148,1 

10. 255,7 232,2 162,4 

Minimum  128,7 171,5 148,1 

Maximum 316 280,1 233,6 

Average 241,37 235,64 180,33 
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The obtained data highlight that the hybrid DKC 5810 exhibited the best overall 

productive performance, benefiting from a favorable combination between kernel number, 

thousand kernel weight (TKW), and the kernel-to-cob ratio. Hybrid P0900 also proved to be 

highly competitive, demonstrating a high productivity level and stable agronomic behavior. In 

contrast, hybrid P0216, although characterized by a high vegetative biomass weight, 

accumulated a lower kernel mass, resulting in a lower yield compared to the other two hybrids. 

To support the validity of the observed differences among the analyzed hybrids 

regarding kernel weight per ear, a one-way ANOVA (Analysis of Variance) was performed. 

The test aimed to evaluate the significance of differences between means, based on a set of 

simulated data corresponding to the experimental mean, minimum, and maximum values 

recorded for each hybrid. 

The result of the analysis indicated a probability value (p) of 0.0226 (p < 0.05), meaning 

that the differences observed in kernel weights among the three hybrids are statistically 

significant, with a 95% confidence level. This finding experimentally validates the field and 

laboratory observations, where DKC 5810 consistently showed the best performance in terms 

of individual kernel weight, followed by P0900, while P0216 recorded lower values. 

In addition to the analysis of individual kernel weights, a statistical evaluation of the 

thousand kernel weight (TKW) was also conducted, an important indicator for estimating the 

biological yield potential of hybrids. Based on the mean values recorded both in the field and 

in the laboratory, data series were simulated for each hybrid. The ANOVA analysis applied to 

these series produced a highly conclusive result, with a probability value (p) of 0.0000087, 

significantly lower than the 0.05 threshold. 

This value confirms that the differences between the TKW values of the three hybrids 

are not random but reflect distinct genetic and physiological characteristics. Hybrid DKC 5810 

stood out with the highest TKW, followed by P0900, while P0216 recorded the lowest valueð

an aspect directly correlated with the total yield obtained per hectare. 

Therefore, the statistical analysis supports the empirical validity of the observed 

morpho-productive differences and confirms that the thousand kernel weight is a relevant and 

differentiating indicator of genetic potential, particularly under minimum tillage technology 

conditions. 

These comprehensive determinations contribute to shaping a detailed productive profile 

of the three hybrids, revealing clear differences in their efficiency in converting resources into 

economically important biomass. Furthermore, they emphasize the importance of selecting the 

appropriate hybrid based on the applied technology, climatic conditions, and farm objectives. 

The biometric and laboratory determinations reinforce field observations and substantiate the 

physiological and productive distinctions among the three hybrids under the minimum tillage 

system, providing a solid basis for interpreting hybrid behavior under real farm conditions. 

 

CONCLUSIONS 

 

Following the study conducted at the Iancu IonuἪ Individual Enterprise farm, located in 

Lanurile, ConstanἪa County, it was demonstrated that the application of minimum tillage 

technology in maize cultivation, combined with a controlled irrigation system and the selection 

of appropriate hybrids, can deliver competitive productive results even under challenging 

climatic conditions. 

The three-year field experiment showed that reduced soil tillage, performed through a 

single combinator pass, allowed the formation of a suitable seedbed and supported uniform 

emergence, despite the cool springs and frequent rains recorded in April. The climatic regime 

analyzed during the study period revealed a consistent increase in average monthly 

temperatures, both during the growing season and in the cold months, accompanied by a clear 
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downward trend in precipitation. This climatic dynamic impacted crop behavior, particularly in 

the absence of additional water sources. Nevertheless, the application of sprinkler irrigation 

during four key maize developmental stages partially compensated for the water deficit and 

allowed the biological potential of the tested hybrids to be properly expressed. 

The analyses performed in the field, on the farm, and in the phytotechnical laboratory 

provided a detailed picture of each hybrid's phenotypic behavior. Hybrid DKC 5810 stood out 

for its overall best performance, recording the highest values in most of the analyzed 

parameters: average kernel weight per ear, number of kernels, thousand kernel weight (TKW), 

and ultimately, yield per hectare. Hybrid P0900 also demonstrated excellent adaptability under 

intensive technology and irrigation conditions, showing consistent results. In contrast, P0216, 

despite its good vegetative development, recorded lower kernel mass, resulting in a lower yield 

compared to the other two hybrids. 

The validity of the observed productive differences was further supported by the 

statistical analysis of experimental data. The ANOVA tests applied to kernel weight and TKW 

data highlighted statistically significant differences between the three hybrids, with p-values 

below the 0.05 threshold. These results confirm that the recorded yield differences are not 

random but rather reflect the genuine biological and adaptive potential of each genetic creation. 

Based on these results, the continued application of the minimum tillage system is 

confidently recommended in areas with a climatic regime similar to that of Dobrogea, 

particularly in farms equipped with irrigation facilities. Hybrid selection should be made 

according to available resources and the technological objectives of each farming enterprise. 

Thus, DKC 5810 is recommended for farms with high inputs and irrigation, while P0900 can 

represent a viable and stable solution for moderate-input technologies. Careful climate 

monitoring, adaptive fertilization, and the application of phytosanitary treatments according to 

phenophases and pathogen pressure remain key factors in maximizing productive efficiency. 

Furthermore, it is recommended to extend this type of study over a longer period and 

across other agricultural regions of the country, to validate the obtained conclusions and to 

develop precise regional recommendations within the framework of sustainable agriculture.  

This study provides a valuable contribution to understanding the long-term impact of 

minimum tillage technology on maize cultivation under real farm conditions in a semi-arid area 

facing increasing climatic challenges. By integrating the analysis of hybridsô biological 

performance with adaptive crop management, the research offers a comprehensive and practical 

approach for optimizing sustainable agricultural production. The results highlight the 

importance of adopting conservation technologies in agriculture, which can contribute to 

natural resource preservation, cost reduction, and increased crop resilience to climatic 

variability. 
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ABSTRACT 

 

The increasing urgency of climate resilience, resource efficiency, and ecological 

responsibility in agricultural systems has intensified the search for sustainable, low-cost, and 

adaptable technologies. This study presents a novel approach to biological production by 

transforming discarded mini glass-door refrigerators into automated, sensor-based silkworm 

incubation units. Designed at the intersection of agricultural innovation, environmental 

sustainability, and STEAM-based education, the project offers an integrated model that serves 

both pedagogical and technological functions. The study was implemented at Bodrum Science 

and Art Center, involving 12 gifted middle and high school students. The system utilized an 

Arduino UNO microcontroller combined with DHT11 temperature-humidity sensors, a real-

time clock (RTC), mist generators, LED lighting, and ventilation components. The automated 

control system was coded and calibrated to maintain optimal environmental conditions across 

the 60-day life cycle of Bombyx mori. Each unit was assembled inside a repurposed mini 

refrigerator, thereby significantly reducing production costs and promoting e-waste recycling. 

Through this project, students engaged in hands-on learning through sensor integration, circuit 

building, algorithmic thinking, and biological observation. Pre- and post-assessments, 

observational rubrics, and learning journals were employed to evaluate their cognitive and 

technical progress. Quantitative findings revealed over a 40% improvement in studentsô 

abilities related to electronics, coding, and biological process management. The system 

maintained environmental stability within ±1.5 °C for temperature and ±4% RH for humidity, 

effectively supporting all developmental stages of the silkworm. Qualitative data indicated 

enhanced student motivation, confidence, and collaborative problem-solving capacity. The 

prototype proved to be not only a viable incubation device for educational purposes but also a 

scalable, low-energy agricultural solution suitable for use in rural or resource-limited settings. 

Its open-source design allows for modular replication and adaptation to other biological 

applications such as seed germination, mushroom cultivation, or microgreen farming. This 

project demonstrates the power of combining circular economy principles with educational 

technology and ecological production. It contributes to the global discourse on sustainable 

agricultural innovation and provides a model for integrating engineering thinking into life 

science education. As such, it stands as a replicable example of how discarded technologies can 

be reimagined into tools for both learning and living systems management. 

 

Keywords: Sustainable agriculture, recycling, silkworm, incubation system, Arduino, 

STEAM education, biological production. 
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INTRODUCTION  

The accelerating climate crisis, biodiversity decline, and global push for sustainable 

development have elevated the urgency of finding innovative, ecologically responsible, and 

socially equitable solutions in agricultural systems. Agriculture, as one of the largest 

contributors to environmental degradation, faces unprecedented pressure to transition towards 

resilience, resource efficiency, and low-carbon production models (Georgescu, 2025). This 

transition requires not only technological innovation but also educational reform, as the next 

generation of learners must be equipped with the skills, values, and competencies needed to 

navigate a rapidly changing world. Within this dual imperative, integrating sustainability-

driven practices into both agricultural innovation and educational frameworks becomes a 

powerful approach, particularly when linked to the principles of the circular economy (Nguyen 

et al., 2023; Laius, 2024).         

 The circular economy (CE) framework emphasizes reducing waste, reusing resources, 

and creating closed-loop systems in production and consumption. E-waste, one of the fastest-

growing waste streams, highlights the magnitude of this challenge. Global e-waste generation 

exceeded 50 million metric tons in 2023 and is projected to reach 74 million tons by 2030 

(Gupta, 2020). Beyond its hazardous impacts, e-waste embodies untapped opportunities for 

creative reuse, especially in educational contexts where discarded materials can be repurposed 

into learning tools. Studies increasingly show that upcycling and reusing e-waste in educational 

projects fosters not only environmental literacy but also technical and problem-solving skills 

among students (Nikoloudakis, 2025; Souza et al., 2025). For example, Anand (2023) 

demonstrated that embedding e-waste reuse in design education cultivates creativity, while 

Vyas et al. (2023) showed that working with discarded electronics enhances computational 

thinking and systems-level awareness. In similar research, Khajuria (2025) revealed that e-

waste projects embedded in science classrooms boost both sustainability awareness and 

collaborative learning. Thus, e-waste repurposing in educational contexts is increasingly 

framed as a pedagogical strategy aligned with the United Nations Sustainable Development 

Goals (SDGs).           

 Agriculture is a particularly fertile ground for integrating circular economy principles, 

as resource demands and waste outputs remain central to global sustainability debates. The 

Food and Agriculture Organization (FAO) has warned that agricultural systems must cut 

greenhouse gas emissions by at least 20% by 2035 while simultaneously addressing global food 

security (Yue et al., 2023). Sericulture, the rearing of the domesticated silkworm (Bombyx 

mori), is an illustrative case within this debate, as it combines cultural, ecological, and economic 

significance. Long practiced in Asia, Africa, and Southern Europe, sericulture remains a vital 

rural livelihood activity. Yet, it is highly vulnerable to environmental fluctuations, particularly 

temperature and humidity changes that directly affect silkworm growth and cocoon production 

(Manjunatha & Neelagar, 2018). Conventional sericulture methods often require precise 

environmental control that is both energy-intensive and costly, making it less accessible in 

resource-limited settings. This vulnerability underscores the importance of developing 

affordable, adaptive incubation systems capable of maintaining stability under varying 

conditions.          

 Digital and open-source technologies are increasingly being leveraged to address such 

challenges. Arduino-based microcontrollers, low-cost sensors, and IoT-enabled monitoring 

systems are now central to agricultural innovation (Prabowo & Irwanto, 2023; Nannim et al., 

2025). Duque-Torres et al. (2018) demonstrated the viability of Raspberry Pi systems for 

automated egg incubation, while Manjunatha and Neelagar (2018) introduced Arduino-based 

IoT prototypes to regulate silk-rearing environments. More recently, artificial intelligence and 

machine learning have been employed to enhance sericulture productivity through real-time 

data analytics and automated control (AI-driven Sericulture, 2025). These advances represent 
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a broader movement toward precision agriculture, where low-cost digital tools reduce 

inefficiencies and increase sustainability. Within this context, repurposing consumer appliances 

such as discarded mini glass-door refrigerators into silkworm incubation units offers a unique 

convergence of circular economy, technological innovation, and agricultural adaptation. 

 At the same time, education is increasingly recognized as a critical arena for embedding 

sustainability and technological literacy. Project-based STEAM (Science, Technology, 

Engineering, Arts, and Mathematics) learning approaches are particularly effective in 

cultivating both technical competencies and socio-environmental awareness. Research 

indicates that hands-on projects involving Arduino and other open-source hardware foster 

algorithmic thinking, creativity, and teamwork (Oh, 2025; Barradas, 2024). Marín-Marín et al. 

(2024) found that robotics-based STEAM programs significantly increased motivation and 

problem-solving capacity among secondary students, while Nannim et al. (2025) demonstrated 

that Arduino projects improve persistence and collaborative learning. Similarly, Oh (2025) 

showed that integrating Arduino-powered projects into environmental science education 

enhanced both self-efficacy and critical thinking. Bibliometric analyses confirm that Arduino 

has become a cornerstone in science and engineering education, bridging electronics, coding, 

and real-world problem-solving (Prabowo & Irwanto, 2023).   

 Integrating sericulture into STEAM education provides an innovative model for uniting 

biological science, engineering design, and sustainability principles. The life cycle of Bombyx 

mori offers a tangible biological process that students can observe and influence through 

technological interventions. By constructing automated incubation systems, learners engage in 

sensor integration, circuit design, coding, algorithmic calibration, and biological monitoringð

all within the framework of a real-world ecological challenge. Such activities translate abstract 

sustainability principles into concrete practices, operationalizing systems thinking and fostering 

eco-technological innovation (Souza et al., 2025; Khajuria, 2025). Importantly, engaging 

students with discarded technologies promotes the mindset that waste materials can be 

reimagined into valuable tools, aligning educational practices with circular economy 

imperatives (Nguyen et al., 2023).        

 In addition to fostering technical competencies, such projects address motivational and 

affective dimensions of learning. Numerous studies indicate that project-based STEAM 

education increases student motivation, confidence, and engagement (Oh, 2025; Barradas, 

2024). Word-cloud analyses of student reflections often reveal recurring themes of 

collaboration, creativity, and persistence (Souza et al., 2025). These outcomes are critical given 

the growing emphasis on ñfuture-readyò skills, which extend beyond disciplinary knowledge to 

include adaptability, resilience, and collective problem-solving. When coupled with 

sustainability-driven projects, the pedagogical impacts extend even further, empowering 

students as agents of environmental and technological innovation (Marín-Marín et al., 2024; 

Laius, 2024). The global discourse on sustainability also emphasizes scalability and 

transferability. Repurposed incubation systems have potential applications beyond silkworm 

rearing, including seed germination, mushroom cultivation, and microgreen farming (Duque-

Torres et al., 2018; Yue et al., 2023). Each of these practices requires precise control of 

environmental conditions, which can be achieved through similar sensor-based technologies. 

The modularity and open-source nature of Arduino systems make them particularly well-suited 

for adaptation across diverse contexts. Furthermore, aligning such projects with circular 

economy practices enhances their impact, as they simultaneously address issues of resource 

efficiency, waste minimization, and educational innovation (Nikoloudakis, 2025). 

 Despite the growing literature on sustainability, educational innovation, and agricultural 

adaptation, there remains a gap at the intersection of these fields. Few studies have explicitly 

combined circular economy principles with STEAM education and agricultural technology. 

Most agricultural innovations focus narrowly on productivity, while educational projects often 
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lack ecological grounding. This disconnect limits the transformative potential of both fields. By 

bridging these domains, the present study addresses an important research gap, demonstrating 

how discarded technologies can be repurposed into low-cost agricultural solutions while 

simultaneously serving as powerful educational tools. Specifically, it showcases the design and 

implementation of an automated silkworm incubation system developed at Bodrum Science 

and Art Center, involving 12 gifted middle and high school students. The project contributes to 

global debates on sustainability in three ways: first, by operationalizing circular economy 

principles through e-waste repurposing; second, by providing a scalable model for low-cost 

agricultural incubation; and third, by integrating engineering practices into life science 

education to enhance student learning outcomes.      

 In summary, this study presents an integrated approach to sustainable agricultural 

innovation and STEAM education by transforming discarded mini refrigerators into Arduino-

controlled silkworm incubation units. It aligns with global sustainability priorities, educational 

reform agendas, and the growing need for scalable, low-cost technologies in resource-limited 

settings. By situating itself within the literature on circular economy, sericulture innovation, 

and STEAM pedagogy, it contributes both theoretically and practically to the discourse on how 

waste can be reimagined as a resource for learning and living systems management. 

MATERIAL AND METHOD  

This study was conducted at the Bodrum Science and Art Center (Bodrum BĶLSEM) in 

T¿rkiye, within the institutionôs biology and technology laboratories. The project was designed 

to both construct a functional, sustainable silkworm incubation system from discarded 

appliances and to evaluate the educational benefits for gifted students engaged in STEAM-

based learning. 

Participants 

The participants included 12 gifted middle and high school students (aged 12ï17) 

enrolled at Bodrum Science and Art Center. Recruitment was based on voluntary participation, 

and parental consent was obtained for all students. Prior to the study, participants had limited 

exposure to electronics, coding, and biological production processes, which allowed for a more 

accurate assessment of their cognitive and technical progress throughout the project. 

Hardware Components 

The incubation systems were developed by repurposing discarded glass-door mini 

refrigerators. Each incubator was retrofitted with low-cost, open-source components: 

Å Microcontroller: Arduino UNO R3 

Å Sensors: DHT11 temperatureïhumidity sensors, RTC (Real Time Clock) module 

Å Environmental control units: Ultrasonic mist generators for humidity regulation, LED 

lights for photoperiod control, and DC fans for air circulation and ventilation 

Å Data interface: LCD display for local monitoring and serial communication for 

computer-based data logging 

Å Power supply: 12V adapter-supported energy unit 

Å Chassis: Insulated body of a recycled mini refrigerator 

Software and Programming 

Students used the Arduino IDE to develop control algorithms that continuously monitored 

temperature and humidity levels. The system was programmed to automatically activate mist 

generators and fans when sensor values deviated from pre-defined thresholds. Calibration was 

carried out to ensure that: 

Å Temperature was maintained within ±1.5 °C of the set point, 

Å Relative humidity (RH) was controlled within ±4%. 
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The RTC module provided real-time scheduling, enabling periodic regulation of 

environmental conditions. Data were displayed in real-time on LCD panels and simultaneously 

logged via serial port connections for subsequent analysis. 

Experimental Procedure 

The experimental phase encompassed the full 60-day life cycle of Bombyx mori. 

Approximately 100 silkworm eggs were placed in each incubation unit, and their development 

was tracked across the larval, pupal, and cocoon stages. Environmental parameters were 

monitored continuously, while students recorded biological observations daily. These included 

molting phases, larval growth rates, pupation success, and cocoon formation. Observations 

were supplemented with photographs, videos, and learning journals maintained by the students. 

Educational Data Collection 

To assess the pedagogical impact of the project, a mixed-methods evaluation framework 

was employed: 

1. Pre- and post-assessments: Standardized tests measured knowledge and skills in 

electronics, coding, and biological systems management. 

2. Observational rubrics: Teacherïresearchers documented student performance in 

problem-solving, collaboration, and technical task execution during laboratory sessions. 

3. Learning journals: Students recorded reflective narratives, providing qualitative 

insights into motivation, confidence, and conceptual understanding. 

Statistical and Qualitative Analysis 

Å Quantitative data from pre- and post-assessments were analyzed using paired-sample t-

tests, with significance set at p < 0.05. 

Å Observational rubric scores were summarized using descriptive statistics (means, 

standard deviations, and percentages). 

Å Qualitative data from learning journals were coded using content analysis, allowing the 

identification of emergent themes such as motivation, confidence, collaboration, and scientific 

curiosity. 

Ethical Considerations 

The study adhered to ethical research standards for both human participants and animal 

welfare. Informed consent was obtained from all students and their guardians. All data were 

anonymized prior to analysis. The rearing of silkworms complied with accepted practices for 

maintaining Bombyx mori, ensuring that no aspect of the experimental process compromised 

animal welfare. 

RESULTS AND DISCUSSION 

The findings of this study are presented in two categories: (a) the technical performance 

of the repurposed incubation system in supporting the complete life cycle of Bombyx mori and 

(b) the educational outcomes achieved by participating students. Quantitative results are 

supported by tables and statistical analysis, while qualitative outcomes are illustrated through 

thematic interpretation of student reflections. The incubation units maintained stable 

environmental conditions throughout the 60-day rearing period. Average temperature remained 

within the targeted range (24ï28 °C), with a mean of 26.1 ± 0.8 °C, while relative humidity was 

kept within 73.6 ± 2.7%, aligning with the set tolerance of ±4%. Photoperiod was precisely 

controlled by LED lighting (12:12 h cycle), and ventilation systems effectively prevented CO  

accumulation and mold formation. Cocoon formation success reached 93%, with only 5% larval 

mortality, reflecting the biological adequacy of the system. 
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Table 1. Environmental Parameters Maintained Across the 60-Day Silkworm Life Cycle 

Parameter Target Range Mean Value ± SD System Accuracy Biological Outcome 

Temperature (°C) 24ï28 26.1 ± 0.8 ±1.5 °C Optimal growth 

Humidity (%) 70ï85 73.6 ± 2.7 ±4% RH High cocoon yield 

Photoperiod 12/12 h Precisely timed ±1 min/day Normal molting 

Ventilation Real-time Stable airflow Automated  

 

Figure 1. illustrates the temporal stability of temperature and humidity across the full life 

cycle. Despite minor fluctuations, all values remained within the biological tolerance zone. 

 

 

Educational Outcomes         

Quantitative Learning Gains 

Statistical analysis of pre- and post-test results demonstrated significant improvements 

across all skill domains. 

Electronics and circuit design: Average scores increased by 42% (t(11) = 5.12, p < 0.01). 

Programming and algorithmic thinking: Average scores improved by 47% (t(11) = 5.94, 

p < 0.01). 

Biological process management: Average scores rose by 38% (t(11) = 3.62, p < 0.05). 
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Table 2. Pre- and Post-Test Results Across Skill Domains 

Domain 
Pre-Test Mean 

± SD 

Post-Test Mean 

± SD 
% Improvement t(11) 

p 

Value 

Electronics & Circuits 41.3 ± 6.2 58.6 ± 7.5 +42% 5.12 <0.01 

Programming & Coding 36.8 ± 7.1 54.1 ± 6.9 +47% 5.94 <0.01 

Biological Process 

Management 
44.5 ± 5.9 61.2 ± 8.0    

Figure 2. visually compares pre- and post-test performance, highlighting consistent 

growth across all measured domains. 

 

Qualitative Learning Gains 

Content analysis of learning journals identified three dominant themes: 

Motivation and Confidence ï Students reported a stronger sense of competence in handling 

coding and electronics. 

Collaboration and Problem-Solving ï Team-based troubleshooting reinforced 

cooperative learning. 

Ecological Awareness ï Learners expressed an enhanced understanding of recycling and 

sustainable innovation. 
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Table 3. Emergent Themes from Qualitative Analysis 

Theme 
Frequency 

(%) 
Representative Student Quote 

Motivation & 

Confidence 
75% 

ñI never thought I could code, but now I can design systems that 

keep animals alive.ò 

Collaboration 67% 
ñWhen the mist generator failed, we solved it together as a 

team.ò 

Ecological 

Awareness 
58% 

ñUsing an old fridge to raise silkworms made me realize waste 

can become useful again.ò 

 

Figure 3. Depicts the relative frequency of recurring themes extracted from student 

reflections, confirming the prominence of motivation, teamwork, and sustainability awareness. 

The findings demonstrate that the repurposed incubation units successfully supported 

the complete biological cycle of Bombyx mori, with outcomes comparable to conventional 

laboratory incubators, while significantly reducing costs and energy use. At the same time, 

students exhibited substantial cognitive and technical gains, with quantitative improvements of 

over 40% in electronics, coding, and biological management skills, complemented by 

qualitative evidence of enhanced motivation, collaboration, and ecological responsibility. 

DISCUSSION 

The findings of this study demonstrated that the repurposed mini glass-door 

refrigerators, equipped with Arduino-based sensors and automated controls, maintained 

environmental stability within ±1.5 °C for temperature and ±4% RH for humidity throughout 

the 60-day life cycle of Bombyx mori. This level of precision is comparable to or exceeds that 

reported in prior sericulture automation studies (Manjunatha & Neelagar, 2018; Duque-Torres 

et al., 2018). The success of the system in supporting all developmental stages of the silkworm 
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illustrates its technical robustness and viability as a low-cost incubation solution, particularly 

for rural or resource-limited contexts. In addition, the project achieved significant educational 

outcomes, with students showing over 40% improvement in electronics, coding, and biological 

management skills. These results validate the hypothesis that circular economy-driven 

educational projects can simultaneously generate tangible technological solutions and 

pedagogical benefits.          

 When compared to previous research, several unique contributions emerge. IoT-based 

sericulture systems, such as those described by Manjunatha and Neelagar (2018), typically rely 

on purpose-built hardware and energy-intensive infrastructures, which limit accessibility in 

low-income regions. Similarly, Duque-Torres et al. (2018) demonstrated Raspberry Pi-based 

incubation systems but did not address the scalability of e-waste repurposing. By contrast, the 

present project combined precision environmental control with the creative reuse of discarded 

refrigerators, thereby lowering costs and advancing circular economy principles (Nguyen et al., 

2023). The project not only achieved biological effectiveness but also modeled how e-waste 

can be transformed into functional agricultural devices, echoing findings from recent 

educational sustainability studies (Khajuria, 2025; Nikoloudakis, 2025).   

 The educational dimension also warrants deeper discussion. Previous research has 

consistently shown that Arduino and other open-source hardware enhance STEM learning, 

critical thinking, and persistence (Prabowo & Irwanto, 2023; Marín-Marín et al., 2024). Oh 

(2025) reported that students engaged in Arduino-based projects showed heightened motivation 

and confidence, while Barradas (2024) emphasized improvements in teamwork and algorithmic 

reasoning. Our study supports and extends these findings by embedding Arduino projects 

within a sustainability and life-science context, demonstrating that when technical projects are 

coupled with ecological purpose, learning outcomes extend beyond cognitive gains to include 

eco-centric values and systems thinking. The reflective journals and word cloud analyses 

revealed that students repeatedly referenced sustainability, creativity, and resilienceð

keywords aligned with 21st-century competencies (Souza et al., 2025). This suggests that 

integrating circular economy themes into STEAM education provides a stronger motivational 

framework than purely technical projects.       

 From a sustainability perspective, the project aligns with the growing discourse on 

circular economy applications in agriculture. While most studies on agricultural innovation 

emphasize productivity gains (Yue et al., 2023; Georgescu, 2025), fewer focus on resource 

reuse and waste minimization. The present study contributes to filling this gap by showcasing 

how discarded technologies can be reimagined as agricultural assets. This resonates with the 

argument by Laius (2024) that educational systems must embrace ecological responsibility as 

a pedagogical goal. Furthermore, the prototypeôs scalability suggests potential applications in 

seed germination, mushroom farming, and microgreen cultivation (Duque-Torres et al., 2018). 

These possibilities highlight its role not just as a student project, but as a practical agricultural 

solution with broader implications.      

 Nevertheless, several limitations must be acknowledged. First, the study was conducted 

with a relatively small cohort of 12 students, which may limit the generalizability of educational 

findings. Although pre- and post-assessments indicated significant cognitive and technical 

improvements, further validation with larger and more diverse populations is warranted. 

Second, while the incubation system effectively supported silkworm growth under controlled 

laboratory-like conditions, field trials in rural environments with fluctuating power and 

humidity levels are necessary to fully establish resilience and scalability (Manjunatha & 

Neelagar, 2018). Third, although the system reduced costs by repurposing e-waste, the 

availability of suitable discarded refrigerators may vary geographically, requiring additional 

design adaptations. Future studies should explore modularity and design optimization for 

broader adoption. 
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Another important dimension relates to policy and global agendas. The United Nations SDGs 

emphasize sustainable production, quality education, and responsible consumption (UNESCO, 

2024). By integrating circular economy strategies with STEAM pedagogy, this project provides 

a replicable model that directly supports these goals. Nikoloudakis (2025) has argued that 

educational practices embedding sustainability create long-term behavioral shifts, while Anand 

(2023) demonstrated that e-waste upcycling projects foster eco-design mindsets among youth. 

The current project validates these claims, showing that when learners are empowered to 

transform waste into tools for life science innovation, they embody both the spirit and practice 

of sustainability.          

 In conclusion, this discussion highlights the dual significance of the present study. 

Technologically, it demonstrates that low-cost, e-waste-based incubation systems can rival or 

outperform conventional setups in maintaining biological stability. Pedagogically, it confirms 

that embedding circular economy practices into STEAM education produces not only 

measurable skill gains but also ecological consciousness. This combination of ecological, 

technological, and educational value strengthens the projectôs contribution to the global 

discourse on sustainable agricultural innovation. By situating itself at the intersection of circular 

economy, sericulture, and STEAM pedagogy, it provides a compelling model for future 

research and practice. 

CONCLUSIONS 

This study demonstrated the feasibility and educational impact of transforming 

discarded mini glass-door refrigerators into automated silkworm incubation units. By 

integrating low-cost, open-source electronics with circular economy principles, the project 

achieved a dual purpose: supporting the complete biological life cycle of Bombyx mori under 

controlled conditions, and fostering interdisciplinary learning among gifted middle and high 

school students. The findings confirmed that such repurposed systems can maintain stable 

environmental parametersðtemperature within ±1.5 °C and humidity within ±4% RHð

comparable to conventional incubators, while significantly reducing energy consumption and 

operational costs. The high cocoon formation success rate (93%) validated the technical 

robustness of the system, providing a sustainable alternative for small-scale sericulture and 

broader biological applications.       

 Beyond technical outcomes, the educational dimension of this project was equally 

significant. Quantitative results demonstrated over 40% improvement in studentsô skills in 

electronics, coding, and biological process management, while qualitative reflections 

highlighted increased motivation, collaboration, and ecological awareness. These results 

resonate with prior literature emphasizing the role of STEAM education in fostering problem-

solving, creativity, and socio-scientific reasoning (Nguyen et al., 2023; Malecha, 2020). 

Moreover, the incorporation of e-waste repurposing into a hands-on learning framework 

positions this study within emerging discourses on circular economy education, where 

sustainability principles are not only taught but enacted through authentic practice 

(Chatzopoulos et al., 2023).         

 The contribution of this research lies in its multidimensional novelty. While prior studies 

have explored automation in sericulture (Duque-Torres et al., 2018; Manjunatha et al., 2018), 

or the integration of Arduino-based systems in agriculture, none have simultaneously advanced 

environmental sustainability, biological production, and STEAM pedagogy through repurposed 

technologies. This work therefore bridges a critical gap between technological innovation and 

educational transformation, offering a replicable model for educators, researchers, and 

practitioners across multiple fields. 
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Several implications emerge from this study: 

1.For Education ï Schools and science centers can leverage discarded appliances as 

learning platforms, reducing costs while enriching STEAM curricula with sustainability-

focused projects. 

2.For Sustainable Agriculture ï Low-energy, modular incubation units can serve rural or 

resource-limited communities, supporting diverse applications such as seed germination, 

mushroom cultivation, and insect rearing. 

3.For Policy and Practice ï The model supports global sustainability agendas, aligning 

with SDGs 4 (Quality Education), 12 (Responsible Consumption and Production), and 13 

(Climate Action). Integration into educational policy frameworks could promote systemic 

adoption of circular economy practices in schools.      

 Nonetheless, limitations must be acknowledged. The study was conducted with a 

relatively small cohort of students (n = 12) and within a single institutional context, which may 

limit generalizability. Additionally, while system performance was robust, long-term durability 

across multiple rearing cycles and large-scale replication were not assessed. Future research 

should explore: 

Å Comparative studies between traditional and repurposed incubation systems, 

Å Integration of renewable energy sources (e.g., solar panels) to further reduce 

environmental impact, 

Å Development of IoT-enabled features for remote monitoring and AI-based predictive 

control, 

Å Longitudinal studies on the sustained educational impact of circular economy-based 

STEAM projects.          

 In conclusion, this study illustrates the transformative potential of reimagining discarded 

technologies as tools for both learning and ecological production. It demonstrates that 

innovation does not always require new resources; rather, it can emerge from creatively reusing 

what has been discarded. By bridging sustainability, education, and technology, the project 

provides a replicable blueprint for cultivating not only silkworms, but also a new generation of 

learners capable of managing living systems with ingenuity, responsibility, and ecological 

consciousness.  
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APPENDICES 

Appendix A. Sample Items from Pre- and Post-Tests 

The pre-/post-tests were developed to measure studentsô progress in three domains: electronics 

& circuits, programming & coding, and biological process management. Each domain included 

10 multiple-choice questions and 2 short-answer items. Below are illustrative examples: 

¶ Electronics & Circuits: 

1. Which of the following components is used to regulate airflow in an incubation 

chamber? 

a) LED, b) Resistor, c) DC Fan, d) RTC Module 

2. Calculate the total resistance of two resistors connected in parallel, one 100 ɋ 

and the other 200 ɋ. 

¶ Programming & Coding: 

1. In Arduino IDE, which function is continuously executed after setup()? 

a) loop(), b) start(), c) repeat(), d) continue() 

2. Write a short code snippet that activates a fan when temperature exceeds 28 °C. 

Biological Process Management: 

1. What is the optimal temperature range for Bombyx mori larvae development? 

2. During which larval instar is mulberry consumption the highest? 

Appendix B. Observational Rubric 

Teachers and researchers assessed student performance during laboratory sessions using 

the following rubric. Scores ranged from 1 (Poor) to 5 (Excellent). 

https://doi.org/10.1016/j.jece.2021.106383
https://doi.org/10.1007/s10639-024-11765-1
https://doi.org/10.1016/j.fcr.2023.108775
https://doi.org/10.1016/j.aspen.2022.07.011
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Dimension 1 (Poor) 3 (Satisfactory) 5 (Excellent) 

Problem-Solving 

Unable to identify 

or attempt 

solutions 

Partially identifies 

issues and attempts 

solutions 

Independently identifies and 

resolves technical/biological 

issues 

Collaboration 
Rarely contributes 

to group work 

Contributes 

occasionally, limited 

interaction 

Actively engages, facilitates 

teamwork, constructive 

feedback 

Technical Skill 

Execution 

Frequently 

requires assistance 

Performs tasks with 

partial independence 

Fully executes tasks 

independently and accurately 

Safety & 

Laboratory 

Ethics 

Disregards safety 

and care 

instructions 

Follows most 

guidelines, minor 

lapses 

Consistently adheres to safety 

and ethical standards 

Appendix C. Sample Arduino Code Snippets 

The following excerpts illustrate key elements of the Arduino control algorithm used 

in the incubation units. 

Appendix D. Learning Journal Prompts 

Students were instructed to keep reflective journals throughout the 60-day experiment. The 

following guiding questions were provided: 

1. Describe one technical challenge you faced today and how you attempted to solve it. 

2. What did you learn about silkworm biology from todayôs observations? 

3. How did working with sensors, circuits, and coding affect your confidence in STEM 

subjects? 

4. Did this project change how you think about recycling and sustainability? How? 

5. Reflect on how collaboration with peers influenced your learning experience. 

 

Appendix E. Ethical Consent Form Excerpt 

An excerpt from the parental consent form is provided to illustrate compliance with ethical 

standards: 

ñI consent to my childôs participation in the research project titled óSustainable Incubation 

Systems through Repurposed Appliances for Silkworm Rearing.ô I understand that all data 

collected will be anonymized, used solely for research purposes, and that participation is 

voluntary. My child may withdraw at any time without penalty.ò 
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ABSTRACT 

 

  The Order Orthoptera belongs to the Class of Insects. This study presents taxonomic, 

ecological, and ethno-entomological data of species of the Order Orthoptera in various habitats 

of the Vlora area. Expeditions were conducted to collect biological material at 4 stations in the 

area, from 2022-2023. Our study presents a taxonomic analysis of the species, genera, and 

families of the specimens we encountered in these habitats, as well as some ecological 

considerations of the behavior of these species, based on the taxonomic analysis. We identified 

33 species and 4 families of the order Orthoptera; keys and similar literature for this area were 

used for species identification. From the taxonomic analysis, the Acrididae family represents 

the highest biodiversity of Orthoptera species, with 19 species, followed by the Tettigoniidae 

family with 11 species. Regarding the stations, we found the highest number of species in 

Lepenica with 16 species, and fewer species on Zvernec Island with 12 species. The habitats in 

Lepenica offer optimal conditions for these species. Additionally, in this study, we took an 

ethno-entomological approach, based on semi-structured interviews with the local community 

(N=25) regarding their perceptions, attitudes, and various uses of insects, including locusts. 

 

Keywords: Biodiversity, Ethno-entomology, Orthoptera, Perceptions, Taxonomy 

 

INTRODUCTION  

The order Orthoptera is part of the class Insecta, and includes insects known as 

grasshoppers (Bidau, 2014). The order Orthoptera is divided into two main groups: Caelifera 

(grasshoppers with short antennae) and Ensifera (grasshoppers with long antennae) (Leubner et 

al., 2017). 

Orthoptera are terrestrial insects that are known for their hind legs, which they use for jumping, 

and their ability to produce sounds (stridulation) (Hoell, 1998; Subashaj et al., 2024).  

These insects, being present in many terrestrial environments, exhibit a wide diversity (Harche 

et al., 2024; Yadav & Kumar, 2017). The wings of species of the Order Orthoptera vary from 

more fully developed to completely absent (wingless Orthoptera) (Naskrecki, 2013). In addition 

to being insects used as ecological and biological bioindicators of environmental quality, they 

also exhibit behavior as pests of agricultural crops (Pudasaini & Dhital, 2022; Begna & 

Fielding, 2003; Zhang et al., 2019; Dakhel, et al., 2020). 

In the southern part of Albania, research on Orthoptera has been scarce and is referred to by 

publications before World War II by foreign researchers, and before the 1990s by local and 

foreign researchers (Murraj et al., 1970; Salfi, 1937). In recent years, there has been interest in 

studying the Orthoptera of Albania by foreign researchers, in some mountainous areas of 
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Albania that are potentially preferred for these species, where new species have also been 

referred (Lemonnier- Daecemont et al., 2015; Gellért, 2016; Rabl & Kunz, 2018). 

We have conducted an ethno-entomological assessment of insects and grasshoppers, in 

particular in the Vlora area. Studies of an ethnobiological nature in our country have been 

carried out since the 19th century, mainly in the field of ethnobotany, and in various areas in 

Albania (Saraçi & Damo, 2021; Bajrami, 2023) while studies of a local ethnozoological nature 

are rare, and have mainly focused on bees, mammals and birds (Ndoja, 1964; Trajçe et al., 

2019; Stara et al., 2022). 

As a subfield of ethnozoology, ethno-entomological studies are related not only to the degree 

of knowledge in the biocultural plane of insects but also to possible protective and conservation 

practices: by using knowledge of cultural knowledge and practices about insects, they serve as 

a guiding compass in policies related to biodiversity or to mitigate the impact of today's 

challenges, such as climate change (Wolverton, 2013; Wolverton et al., 2014; Alves, 2018). 

Our study refers to the taxonomic, ecological and ethnoentomological analysis of Orthoptera 

species at several stations in the Vlora area, which is carried out within the framework of 

doctoral studies in the field of Biology, at the University of Tirana, and with the consultations 

and unstinting assistance of French colleagues Michèle Lemonnier-Darcemont and Christian 

Darcemont, specialists of this order in our country and in the Balkans. 

 

MATERIALS AND METHODS  

The collection of species of the Order Orthoptera was carried out during the period 2022 

ï 2023, mainly during the summer and autumn months. Expeditions were carried out at several 

stations of four ecosystems of the Vlora area: Lepenice, Sevaster, Ploc and Zvernec Island 

(Figure 1). The collection of material was carried out in the morning between 09.00 and 14.00 

depending on climatic conditions. Aerial entomological nets (NET) were used to collect species 

which were stored in bottles with ether (to preserve color) (Colas, 2000, Halimi et al., 2024). 

For each station, the date, location, coordinates (GPS Coordinates), altitude above sea level and 

vegetation were determined. 

For taxonomic identification, the collected species were observed with a Stereomicroscope 

(Perfix Sciences), based on external characteristics and keys and literature from countries 

bordering Albania, which have habitats similar to the Study Area (Willemse et al., 2018; 

Lemonnier ï Darcemont et al., 2018) were used as well as previous publications on the Order 

Orthoptera of Albania (Csiki, 1922; Subashaj et. al 2024). 

The ethno-entomological expeditions were carried out in the Vlora region in two phases with 

two different groups: from 17.07.2023 to 20.07.2023 and from 24.06.2024 to 27.06.2024. In 

the first phase of the expeditions, three working hypotheses were put forward: H1: What are 

the perceptions of locusts among the inhabitants of the Vlora region? H2: What are the attitudes 

towards locusts and insects in general? H3: The ways of using insects as cultural services. 

Respondents were asked to rate from 1 (very good) to 5 (very bad). 

In the second phase, residents under 30 years of age were interviewed and three other 

hypotheses were formulated: H1: Do perceptions about locusts change based on the age of the 

respondents? H2: Is there a relationship between perceptions, hostile attitudes and the lack of 

cultural services of locusts but also insects in general? H3: What is the correlation between the 

level of knowledge and hostile attitudes? In total, the number of respondents was N=25 where 

the majority of respondents were male. The minimum age of the respondents was 16 years old 

and the maximum was 68 years old. 
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RESULTS AND DISCUSSION 

Our study was conducted in the Vlora area, located in the southwestern part of the 

country, with a Mediterranean climate that offers very mild winters and hot summers, and with 

a variety of habitats (Figure 1). The coordinates of the stations where the biological material of 

the 4 habitats of the study area was collected are presented as follows (Table 1): 
 

Table 1. Species collection stations by station 

No. Habitat  Station coordinates Altitude (m)  

1 Lepenice 40.306210, 19.610822 770 

 Lepenice 40.304710, 19.607364 850 

 Lepenice 40.298244, 19.611422 990 

 Lepenice 40.295944, 19.608383 1150 

 Lepenice 40.293931, 19.604014 1230 

 Lepenice 40.297110, 19.606540 1100 

2 Sevaster 40.397418, 19.733260 332 

 Sevaster 40.397418, 19.733260 40 

3 Ploc 40.380347, 19.70722 509 

4 Zvernec Island 40.531961, 19.386353 7 

 Zvernec Island 40.517741, 19.407030 1 

 

 

 

 

 

 

 

 

 

Figure 1: Orthoptera species collection stations 

 

From the taxonomic analysis we refer 33 Orthoptera species and 4 families belonging to two 

suborders (Caelifera and Ensifera): Tettigoniidae, Acrididae, Tetrigidae and Gryllidae (Table 

2). 
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Table 2. List of species of the Order Orthoptera in the Vlora area 

No. Scientific name 

L
e

p
e

n
ic

e 

S
e

v
a

s
te

r 

P
lo

c 

Z
v
e
rn

e
c 

Is
la

n
d 

1 Family Tettigoniidae Krauss, 1902       

1 Decticus albifrons Fabricius, 1775   +  + 

2 Tessellana orina Burr, 1899  +   + 

3 Pholidoptera griseoaptera De Geer, 1773  +   

4 Pholidoptera femorata Fieber, 1853  + +  

5 Poecilimon jonicus Fieber, 1853   +  

6 Acrometopa servillea macropoda Burmeister, 1838   +  

7 Rhacocleis germanica Herrich-Schäffer, 1840 +    

8 Eupholidoptera schmidti Fieber, 1861 + +   

9 Tylopsis lilifolia Fabricius, 1793 +    

10 Pachytrachis gracilis Brunner von Wattenwyl, 1861 +    

11 Decticus verrucivorus Linnaeus, 1758 + + +  

2 Family Acrididae MacLeay, 1819     

12 Acrotylus patruelis Herrich-Schäffer, 1838   + + 

13 Chorthippus bornhalmi Linnaeus, 1758   +  

14 

Paracaloptenus caloptenoides Brunner von Wattenwyl, 

1861  

 + 

 

15 Acrotylus insubricus  Scopoli, 1786   +  

16 Oedaleus decorus Germar, 1825  +   

17 Acrida ungarica mediterranea Herbst,1786  +  + 

18 Calliptamus italicus Linnaeus, 1758  + + + 

19 Dociostaurus brevicollis Eversmann, 1848    + 

20 Oedipoda miniata miniata Pallas, 1771    + 

21 Oedipoda caerulescens Linnaeus, 1758 + +  + 

22 Locusta migratoria Linnaeus, 1758    + 

23 Aiolopus thalassinus thalassinus Fabricius, 1781    + 

24 Eyprepocnemis plorans Charpentier, 1825    + 

25 Pezotettix giornae Rossi, 1794 +   + 

26 Chorthippus mollis mollis Charpentier, 1825 +    

27 Oedipoda germanica Latreille, 1804 +    

28 Omocestus rufipes Zetterstedt, 1821 +  +  

29 Aiolopus strepens Latreille, 1804 +    

30 Chorthippus dichrous Eversmann, 1859 +    

3 Family Tetrigidae Rambur, 1838     

31 Paratettix meridionalis Rambur, 1838 +    

4 Family Gryllidae  Laicharting, 1781     

32 Oecanthus pellucens Scopoli, 1763 +    

33 Gryllus campestris Linnaeus, 1758 +    
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From the taxonomic analysis of the distribution of the number of species and the species 

frequency by families, it results that the Acrididae family represents the highest number of 

species, with 19 species of the total number of species and with a species frequency of 57.57%. 

The Tettigoniidae family is represented by 11 species and with a species frequency of 33.33%, 

the Gryllidae family with 2 species and with a species frequency of 6%. The Tetrigidae family 

is represented by only 1 species and with a species frequency of 3% (Table 3, Figure 2). 

From these data we can say that the species of the Acrididae family represent a high valence of 

the biological cycle, for the 4 habitats of the area under study. However, more extensive 

research should be carried out to reach scientific conclusions. 
 

Table 3. Distribution of number of species and species frequency by families 

 
No. Family Number of species Species 

frequency (%) 

1 Acrididae 19 57.57% 

2 Tettigoniidae 11 33.33% 

3 Gryllidae 2 6 % 

4 Tetrigidae 1 3 % 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Distribution of the number of species by family 

 

From the analysis of species of the Order Orthoptera in the ecosystems according to the stations 

of the study area Lepenice, Sevaster, Ploc and Zvernec Island (Figure 3, Table 4), it results that 

the Lepenice station has the highest number of species, with 16 species of the total number of 

species and with a species frequency of 48.48%. The Zvernec Island station with 12 species 

and with a species frequency of 36.36%, the Ploc station with 10 species and with a species 

frequency of 30.30%, the Sevaster station with 9 species and with a species frequency of 

27.27%. 

From the above data, we can say that the habitats of the stations where we conducted the 

collection in Lepenice and Zvernec Island offer suitable habitats for species of the Order 

Orthoptera. More in-depth studies are recommended to reach more complete scientific 

conclusions. 
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Table 4. Distribution of species number and species frequency by stations 

 
No. Station Number of species Species frequency (%) 

1 Lepenice 16 48.48 % 

2 Zvernec Island 12 36.36 % 

3 Ploc 10 30.30 % 

4 Sevaster 9 27.27 % 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Distribution of the number of species by stations 

 

From the ethno-faunal analysis in the first phase of the expedition (July 2023) regarding locusts, 

as expected, the perceptions of the residents were mainly negative (3.4) and the level of their 

knowledge was low. It also resulted that the use of poisonous chemicals was common; 

regarding the cultural services of insects, including locusts, a fact unnoticed in the tradition of 

the area but also in Albanian culture, none resulted. 

In the second phase of the expedition (June 2024) interviews were conducted with individuals 

under the age of 30. Their perceptions were less negative (3.2) compared to the first group but 

their level of knowledge continued to be low; the use of chemicals was not supported and as 

expected, no cultural services of insects, including locusts, were recorded. 
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              CONCLUSIONS 

              Our study presents a taxonomic, ecological and ethno-entomological analysis of the 

entomofauna of Orthoptera in the Vlora area in 4 habitats: Lepenice, Sevaster, Ploc and Zvernec 

Island. 

The Acrididae family presents the highest species biodiversity in these habitats with 19 species 

and species frequency 57.57%, presenting a high valence for the habitats of the area under 

study. 

The Lepenice and Zvernec Island stations result in the highest biodiversity, respectively with 

16 and 12 species, and species frequency 48.48% and 36.36%. These stations offer suitable 

habitats for species of the Order Orthoptera, influenced by isolated human activity, as they are 

conservative areas, and with little anthropogenic activity to the detriment of habitats. 

The ento-faunistic assessment shows that there is a connection between negative perception and 

low level of knowledge. The rating scale ranges from 3.4 (averagely bad). There is also a hostile 

attitude towards insects, especially species of the Order Orthoptera, which, as expected, does 

not serve their recognition on the biological and cultural level and, consequently, their 

conservation is endangered. Regarding the cultural services of insects by the inhabitants, it did 

not result except for honey bees. 

We found that age is a variable that takes on weight, based on life experience, older ages have 

a more hostile attitude while younger ages, also due to an increasing environmental sensitivity, 

although they appeared more indifferent and with a low level of knowledge, are not as hostile 

(3.2) compared to the first group. Worrying is the fact that there is a correlation between a low 

level of knowledge and a negative perception of insects and especially locusts, as pests in 

particular. These perceptions directly affect the appropriate ways of conserving insects and the 

services they provide (Duffus et al., 2021). 
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  ABSTRACT 

 

 Dairy farming in Bosnia and Herzegovina is a key branch of agriculture, but it faces 

numerous challenges within its value chain. Although the sector has significant potential, there 

are problems such as low efficiency, market fragmentation and informal business relationships. 

This paper analyses the structure of the value chain in dairy farming, identifies key actors and 

production phases, and proposes measures to improve the efficiency and competitiveness of the 

sector. The following methods were used in the research: survey method, analysis and synthesis 

method, description method and comparison method. As a challenge in managing and 

establishing a more efficient market chain, the question arises of how to include small producers 

in modern market chains. Milk production should be primarily focused on cheaper and higher 

quality products. This is possible with new technologies, especially in the way animals are kept 

and treated, nutrition, hygiene, etc. Preference should be given to systems that make maximum 

use of cheaper inputs - fodder from grassland and arable crop rotation. The intensity of milk 

production per head should be contrasted with the intensity, i.e. profit per unit of area, i.e. 

invested capital. The basis for the development of milk production should be on voluminous 

fodder. Milk production on smaller farms should gradually take on characteristics ï organic, 

indigenous.In the future, greater importance should be given to longer-lasting dairy products 

and products with added value. Therefore, traditional production should be preserved and 

measures should be taken to standardize and protect the geographical origin and originality of 

some types of cheese. Cheese and cream are mainly sold at the markets as traditional domestic 

products. 

 

Keywords: Dairy sector, Value chain, Milk production, Small farmers  

 

INTRODUCTION  

         Dairying is one of the important branches of agricultural production in Bosnia and 

Herzegovina, with significant potential for increasing the country's economic stability. The 

tradition in this sector is quite long and there are many "domestic" brands, which are poorly 

used. 

Unfortunately, the sector faces numerous challenges, from problems with low 

productivity, lagging infrastructure, to low competitiveness on international markets. On the 

other hand, the import of finished milk products is growing year by year. According to research 

by Kriliĺ et al. (2022), although dairying is a strategically important sector for BiH, the sector 

suffers from low efficiency and weak coordination among actors in the value chain, which 

negatively affects its development. A similar conclusion was reached by Vukoviĺ (2019), who 

in his work analyzes the competitiveness of the milk sector in BiH and points to very low 

competitiveness, which is reflected in low efficiency and poor organization. This has been 

especially pronounced in the last few years, when there was a large imbalance in the purchase 

prices of raw milk and the prices of finished products in retail stores.            
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 According to USDA data from 2020, the average milk production per cow in BiH is 2,612 

liters, which is significantly below the EU average, while more than 70% of farms in BiH are 

engaged in production with less than 5 cows (USDA, 2020). These data show the low 

productivity of dairy farms, the small number of cows on them, which on the other hand 

prevents the use of modern technologies (Krstiĺ, 2018). Due to all of the above, many milk 

producers sell their products on local markets, while they are unable to increase the production 

and export of dairy products (Jovanoviĺ 2020). In BiH, most farms do not follow modern milk 

production technologies, which results in lower yields and poorer milk quality compared to EU 

countries (Kriliĺ, 2022). In addition, the informal sector in BiH has a large share in total 

production, which further complicates the monitoring of food quality and safety (FAS, 2020). 

Market fragmentation and competition with imported products also represent a significant 

challenge for domestic producers (FAS, 2020). This is confirmed by research on the milk 

market in the region of Southeast Europe, which shows that informal markets still play a 

dominant role in the distribution of dairy products (Kovaļeviĺ et al., 2018). 

         According to USDA data from 2020, the average milk production per cow in BiH is 2,612 

liters, which is significantly below the EU average, while more than 70% of farms in BiH are 

engaged in production with less than 5 cows (USDA, 2020). These data show the low 

productivity of dairy farms, the small number of cows on them, which on the other hand 

prevents the use of modern technologies (Krstiĺ, 2018). Due to all of the above, many milk 

producers sell their products on local markets, while they are unable to increase the production 

and export of dairy products (Jovanoviĺ, 2021). In BiH, most farms do not follow modern milk 

production technologies, which results in lower yields and poorer milk quality compared to EU 

countries (Kriliĺ, 2022). In addition, the informal sector in BiH has a large share in the total 

production, which further complicates the monitoring of food quality and safety (FAS, 2020). 

Market fragmentation and competition with imported products also represent a significant 

challenge for domestic producers (FAS, 2020). This is confirmed by research on the milk 

market in the region of Southeast Europe, which shows that informal markets still play a 

dominant role in the distribution of dairy products (Kovaļeviĺ et al., 2018): There are several 

dairies in BiH, but many of them work below their capacity, with only a third of the maximum 

capacity of 2 million liters per day (SEE Industry, 2021). There are 23 largest dairies operating 

on the territory of Bosnia and Herzegovina with a processing capacity of 350 million liters, 

although their utilization is only about 60%. Milk and milk products are placed on the European 

market by 11 dairies (Ministry of Foreign Affairs and Economic Relations, 2024). According 

to the available data, in 2020 there were 35 entities registered in Bosnia and Herzegovina that 

deal with the processing of raw milk and with a processing capacity of 450 million liters 

(Komora BiH. 2024). Many dairies in BiH face problems such as low efficiency in production 

and products that do not meet high market standards. Most of the products that are placed on 

the market are of low added value, such as UHT milk, while products with a higher added value, 

such as aged cheese, are mostly imported (EBRD, 2018). Only a small number of farms and 

dairies have certificates that allow access to international markets, while many dairies remain 

oriented to local market niches.  

In his research, Petroviĺ (2021) states that the fragmentation of the milk market in Bosnia and 

Herzegovina and weaknesses in product distribution make it difficult to position domestic 

products on the wider market, while informal markets, which make up a significant part of the 

total production, additionally negatively affect product quality and safety]. Miljkoviĺ et al. 

(2022) suggest that the development of institutional mechanisms could enable better connection 

and coordination of actors within the value chain, which would lead to cost reduction and 

improvement. 

The lack of strategic coordination among milk producers and processors makes it difficult 

to improve the efficiency of the value chain. According to the analysis of Saviĺ (2020), the 
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sector faces problems in organization and the lack of associations and clusters that could 

improve cooperation between actors. Additionally, the problem of market fragmentation leads 

to a mismatch between supply and demand, which negatively affects the prices of milk and 

other dairy products (Petroviĺ, 2021). In recent years, the dairy sector in Bosnia and 

Herzegovina has also faced specific challenges related to the labor market, where high 

unemployment, but also the migration of young people to cities, make the availability of labor 

on farms a problem (Gajiĺ, 2021)]. In addition, dairies struggle with financial problems, 

because many cannot invest in the modernization of production, which limits their 

competitiveness compared to dairies from EU countries and the surrounding area. (Matiĺ and 

Kolega, 2021). According to Vukoviĺ (2019), the introduction of a new business model, based 

on clusters and the integration of all stages of the value chain, could improve cooperation 

between dairies and processors, and enable better market organization]. This approach can 

contribute to better coordination and strengthening the competitiveness of the dairy sector in 

BiH (Stojanoviĺ, 2021).          

Despite all the challenges, dairy farming in Bosnia and Herzegovina has potential for growth, 

and proper management of the value chain could significantly contribute to strengthening the 

sector's competitiveness and improving economic performance. With the modernization and 

improvement of existing capacities, there is an opportunity to increase production, better 

product quality and strengthen the market position (Padjeni, 2018).  

This paper analyzes the current structure of the value chain in the dairy industry in Bosnia 

and Herzegovina, identifies key actors and stages of production, and explores possible ways to 

improve the sector. Also, the challenges faced by domestic producers and processors are 

analyzed, as well as possible policies and strategies that can improve the competitiveness of the 

sector. 
 

MATERIAL AND METHOD   

The research is based on the analysis of secondary data from available sources, including 

reports of international organizations, academic papers and official statistics. Data collection 

was done based on several available sources and data. The problem here is the complexity of 

the country's organization, so the sources of data are different, and therefore sometimes 

contradictory, which should all be considered. Bosnia and Herzegovina was supposed to have 

a list of agricultural holdings in 2023, which was not implemented, which would certainly give 

a much clearer picture of the state of agricultural production. 

Available data from the Ministry of Foreign Trade and Economic Relations, the Agency 

for Statistics of Bosnia and Herzegovina, the Federal Institute for Statistics of the FBiH, the 

Republic of Slovenia for Statistics of the RS were used for the analysis and preparation of the 

report. We took into consideration media data and official announcements of the Ministry of 

Agriculture, the Association of Agricultural Producers and media statements of students in the 

production chain. After analyzing this data, we started collecting data from producers, primarily 

at workshops organized by the Network for Rural Development of BiH. Here we adhere to the 

recommendations from the Guide for consultation and dialogue of members of civil society in 

order to strengthen the position of farmers in the value chain, which was made as part of the 

Farm to Fork Academy project. 

A total of five consultative meetings were held with 85 participants. In parallel, meetings were 

held with producers, representatives, producers, representatives of cooperatives working in the 

dairy sector, buyers (large and small dairies). Representatives of the business community 

working in the dairy sector in BiH were also interviewed, as well as distributors of raw materials 

used in this sector and who are part of the value chain. 
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Interviews were also held with representatives of advisory services and the academic 

community.During the dialogue, and according to the recommendations from the guide, the key 

questions for discussion were the following: 

1. What are the main challenges farmers face in their value chains? 

2. How can farmers position themselves in the value chain(s) to add value to their products? 

3. What are the key factors that determine the income of farmers in the value chain(s)? 

4. Is it realistic for farmers to influence decision-making in the value chain regarding product 

value? 

5. Is it possible for farmers to negotiate better price and production conditions with other 

stakeholders in the value chain(s)? 

6. Access to inputs such as seeds, animals, fertilizers, animal feed and agrochemicals at 

affordable prices. 

7. Access to seasonal workers with affordable wages. 

8. Storage and transport facilities for the preservation and transport of their products. 

9. Training and education on best practices for sustainable agriculture methods. 

10. Technology and tools to improve quality, efficiency and productivity. 

11. Market constraints and barriers (short vs. long supply chain issues). 

12. Financial support or credit to invest in their farming activities. 

13. Access to markets and market price information. - Export duties, legal issues or quality level 

issues (pesticide residue tolerance). 

14. Access to insurance and risk management services to protect against uncertainty. - Fair and 

transparent prices and contracts with buyers. - Access to advisory services and technical support 

Cooperation among farmers strengthens their market position by enabling collective action, 

which helps them better compete with larger, more consolidated players downstream in the 

supply chain (eg processors, retailers). This also helps in a fairer distribution of added value. 

- Membership in producer organizations (PO) or cooperatives: 

- Awareness of the benefits of producer organizations (PO) or cooperatives and willingness to 

cooperate: 

- Obstacles to joining or establishing cooperatives 

- Awareness of sectoral programs 

- Are you currently a member of a producer organization (PO) or cooperative? 

- How would you rate your awareness of the benefits of joining a PO or cooperative? (Scale: 

Very aware, moderately aware, somewhat aware, not at all aware); 

- How willing are you to cooperate with other farmers to establish producer organizations or 

cooperatives to improve your bargaining power in the market? (Scale: very ready, moderately 

ready, a little ready, not ready at all) 

- What factors (trust, cultural barriers, financial constraints, lack of knowledge, etc.) prevent 

you from joining or starting a cooperative? 

- Are you aware of any sectoral programs that support farmer cooperation in your region? 

Improving synergies and tackling unfair trading practices 

The Directive prevents larger companies from exploiting their dominant position in the value 

chain. By protecting smaller suppliers such as farmers, the CAP ensures a fairer distribution of 

value within the supply chain. In addition, transparency through market observatories helps 

farmers make informed decisions based on accurate market data. 

- Experience with unfair practices in the farmer-buyer relationship 

- The role of agricultural associations and producers 

- Fair trade organisations 

- Transparency in prices and contracts 

- Use and impact of market information systems 

After interviews and consultations, data processing was done. 
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RESULTS AND DISCUSSION 

The value chain of milk production in Bosnia and Herzegovina from field to fork 

includes seven (7) stages: 

1. production of fresh raw milk, 

2. purchase and transport of fresh raw milk, 

3. milk processing and packaging, 

4. distribution/wholesale 

5. retail 

6. consumer 

7. additional service providers (advisory service, service providers, suppliers, etc.) 

The production of raw fresh milk in Bosnia and Herzegovina represents one of the most 

important livestock production branches, and the dairy industry, that is, milk processing, is one 

of the leaders in the food industry. The first and most significant phase in which the biggest 

problems in the production of fresh raw milk were identified is the production of coarse feed 

for cows. Farmers produce coarse fodder on their own or leased plots and generally provide 

sufficient quantities of coarse fodder, but the quality of coarse fodder is not appropriate for the 

production potential of cows. The milk value chain begins with the cultivation of crops such as 

corn, alfalfa, clover, grasses, cereals, etc., which are used as bulk feed in the diet of dairy cows. 

Farmers produce all the bulk food they need on their farms, they only purchase ready-made 

concentration mixtures from industry. The production of fresh raw milk is carried out on farms 

that are mostly closed and have up to 5 dairy cows in the herd. Farms for milk production 

(accommodation, feeding, husbandry) are all over Bosnia and Herzegovina. The production of 

raw milk in the last couple of years has been more or less stable at slightly more than 600 

million liters, although in certain years there are minor variations or deviations in terms of 

quantity. The production of raw cow's milk is dominant, with an average share of 97% in the 

total production of raw milk. In second place with an average share of 2% is sheep's milk and 

with 1% share is goat's milk. Unfortunately, milk production in Bosnia and Herzegovina is still 

underdeveloped, unorganized and often does not meet the needs of processing industrial dairy 

capacities. In addition to this, during the summer, with increased investments, individual milk 

producers invest additional funds in the development of their farms and their modernization. It 

is positive that today most of the produced cow's milk meets the quality criteria, especially the 

correction criteria in accordance with the requirements of international standards and quality 

regulations. 

Purchase and transport of fresh raw milk, milk is purchased directly from farmers or milk 

purchase organizers (agricultural cooperative or d.o.o.) who appear somewhere as 

intermediaries in the purchase and further distribute to the dairy industry. On the other hand, 

we also have processors who directly contract the purchase of agricultural products. Milk is still 

transported and collected in the traditional way, in buckets (in smaller quantities), collective 

milk freezers (which ensure better milk hygiene and safety for consumers) or larger milk 

freezers located at individual larger milk producers. The transport is carried out by smaller or 

larger vehicles specially designed for milk transport, which takes it to the dairies. The packaging 

is typical for every processor. It is usually a tetrapak or plastic packaging. The packaging is 

designed so that the dairy products in the packaging are clean, fresh and safe for health. 

The distribution of packaged dairy products from processors to markets, shops, etc. is 

carried out in specialized vehicles for transporting packaged dairy products (refrigerators). 

Almost all retail establishments offer dairy products. Dairy products are always stored 

appropriately to maintain the freshness, cleanliness and healthiness of dairy products. 

Consumers, milk and dairy products provide nine essential nutrients for children and 

adults and ensure health at all stages of life. 
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Additional service providers: Here we have a whole range of entities that offer support 

services such as transport, storage, marketing, quality control and certification within and across 

the value chain. Then there is the advisory service, which is recognized as key to providing to 

farmers (development varies in different parts of Bosnia and Herzegovina). Also included here 

are input suppliers, which include individuals or companies that provide farmers with basic 

agricultural inputs such as seeds, fertilizers, pesticides and machinery. Input suppliers play a 

key role in ensuring that farmers receive quality input, which can increase productivity and 

ultimately increase the value of the final product. In many cases, value chains are intertwined 

within input and output production (for example, seeds are provided by consolidators, fuel by 

retailers, etc.). To move on to further consideration, let us first present the numerical status of dairy 

cows in BiH. 

 

Year Federation BiH Republika of Srpska 

2002 142.000 143.000 

2003 153.000 131.000 

2004 157.000 137.000 

2005 157.000 141.000 

2006 158.000 150.000 

2007 150.000 145.000 

2008 155.000 157.000 

2009 154.000 146.000 

2010 145.555 124.000 

2011 140.555 120.000 

2012 137.910 110.000 

2013 135.785 109.000 

2014 135.233 108.000 

2015 135.710 108.000 

2016 132.626 106.000 

2017 129.000 101.000 

2018 125.405 96.000 

2019 113.360 89.500 

2020 110.615 81.720 

2021 115.512 89,450 

Tabel 1. Number of dairy cows 

 (Source: Federal Statistical Office (2022), Republican Statistical Office of Republika Srpska 

(2022)) 
 

In the period from 2002 to 2008, according to the data of the Statistical Office, there was a 

continuous increase in the number of milking cows. So that the largest number of milking cows 

in BiH was registered in 2008 (312,000). Since 2008, the number of dairy cows has been in 

constant decline, so according to the data, the total number of dairy cows in 2020 in BiH is 

192,335. 

Considering that according to the available data of the Institute of Statistics of the Republic of 

BiH from 1990, the number of dairy cows was 623,000. It must be pointed out that in that 

period there were fewer processing capacities for milk and that the quantity of purchased raw 

milk was significantly smaller. 
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The cultivation of milking cows, the production of raw milk and dairy products represents a 

great social support and income security for the inhabitants of rural areas throughout the 

country. About 9,000 agricultural producers in Bosnia and Herzegovina produce milk for the 

market, which results in all or part of the household's subsistence income from this 

production.  

The dairy industry, which has about 23 dairies (data on the number of processing capacities 

varies up to 20-35), of which 11 export products to the European market, generates an annual 

income of more than 500 million KM and employs about 2,000 people. The total capacity of 

milk processing is about 350 million liters, and the utilization of dairy capacities is on 

average about 60%. 

It is estimated that during the year 2023, around 616 million liters of raw cow's milk were 

produced, and the production recorded a slight increase of 2%. Although the number of dairy 

cows decreased by 29,000 heads or 14% in the period from 2019 to 2023, the increase in 

productivity, i.e. the improvement of the milk yield of 3,455 liters per head, affected the 

stability of the production of 600 million liters per year. 

Produced raw milk is aimed at purchase, and on average 40-45%, while significant quantities 

of milk (up to 60%) end up being processed on the farms themselves, i.e. production of 

cheese, cream, sour milk, etc. and are used for own consumption and also for sale on the 

market. 

The amount of raw cow's milk that producers delivered to dairies in 2023 amounted to 

260,214 tons and is slightly higher by 3% compared to the previous year. The purchase price 

of raw cow's milk in 2023 was 0.90 KM/liter, and was higher by 0.20 KM per liter or by 

29% compared to the average annual purchase price of milk from the previous year, which 

was 0.70 KM. 

The total amount of milk and milk products produced by dairies in BiH in 2023 amounted 

to 219,260 tons, and a 5% decrease in total production was recorded compared to the 

production from the previous year. The structure of the dairy's production program has been 

the same for years, and drinking milk (full-fat, skimmed, partially skimmed milk) is still the 

leading product with a share of more than 60% in total production. The production of high-

value products such as cow's cheese, butter and fermented products increased during 2023, 

while the production of drinking milk decreased. 

The activity of processing milk and dairy products in the total export of agricultural and food 

products in 2023 has a share of 13%, in imports an average of about 6%, and a deficit of 

about 3%. 

The import of milk and dairy products to the BiH market in 2023 amounted to 229 million 

KM and is slightly higher than the previous year by 2%. While the import stagnated, the 

exports of milk and milk products recorded a growth of 15%. The foreign trade balance of 

milk and milk products is negative, with the fact that in 2023 it is 10% lower. The rate of 

coverage of import by export of milk and milk products in 2023 was 56% and is higher by 

5%. 

In the import of milk and dairy products, the structure is as follows: the import of cheese 

dominates with a share of 50%, followed by cream with 14%, milk with a share of 8%, butter 

7%, yogurt 6% and other fermented products 6%, whey 5%, milk spreads 3%, and milk 

powder 2%. In the export of milk and dairy products, the export of drinking milk dominates 

with a share of 55%, followed by the export of fermented products (buttermilk, sour milk, 

etc.) with a share of 14%, then cheese with 12%, yogurt 10%, cream 5%, milk spreads with 

4%, butter 1%, and milk powder and whey less than 1%. Consumable milk and other 

fermented products (buttermilk, sour milk, etc.) are some of the products that have a surplus 

in foreign trade, while other products have an evident deficit. 

The most important trade partners of Bosnia and Herzegovina in foreign trade of milk and 
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milk products are the countries of the European Union and CEFTA. On average, about 79% 

of milk and milk products from Bosnia and Herzegovina are marketed in CEFTA and about 

20% on the European Union market. Regarding the import of milk and milk products, the 

European Union is in first place, from which on average about 87% of these products are 

imported into Bosnia and Herzegovina and about 13% from CEFTA. A significantly smaller 

percentage of milk and milk products is imported and exported to third markets. 

The emergence of the COVID 19 pandemic in 2019, followed by the Ukrainian crisis, caused 

disruptions in the energy market, the growth of inflation and a significant increase in the 

prices of the basic inputs of agricultural production (60%) and animal feed, which directly 

affected the production and processing of milk in Bosnia and Herzegovina. Considering the 

significant increase in the price of basic inputs in milk production, the purchase price of milk 

increased, which inevitably led to an increase in the selling price of high-value products such 

as cheese and butter, yogurt, then milk, spreads and other dairy products sold in 

supermarkets. 

The import of milk and dairy products to the BiH market in 2023 amounted to 229 million 

KM and is slightly higher than the previous year by 2%. While the import stagnated, the 

export of milk and milk products recorded a growth of 15%. The export of milk and milk 

products recorded growth after 2021 and increased from the export value of 93 million to 

almost 130 million KM during 2023, which is an increase of 39%. At the same time, the 

import of milk and milk products increased from the value of 159 million KM in 2020 to 

229 million KM in 2023, which is an increase of 44%. 

 

 2019 2020 2021 2022 2023 

Import (milions KM) 180 159 174 224 229 

Export (milions KM) 106 93 93 113 130 

Deficit (milions KM)  -74 -66 -81 -111 -100 

Import-export coverage (%) 59 59 54 50 56 

Table 2. Foreign trade exchange of milk and milk products (2019-2023)  
 

The foreign trade balance of milk and milk products was negative during the observed period, 

with the fact that in 2023 it amounted to about 100 million KM and is 10% lower, given that 

the growth of exports was recorded while imports remained at almost the same value level as 

the previous year. Milk is the most important product of the dairy industry in BiH and an 

export product that achieves a surplus in foreign trade. The share of milk in the total export of 

milk and milk products from Bosnia and Herzegovina to the global market is about 55%, 

while on the import side, this share is much smaller, amounting to only 8%. 
 

 2019 2020 2021 2022 2023 

Import (millions KM) 31 21 11 18 19 

Export (millions KM) 61 66 60 65 71 

Surplus (millions) KM) 29 46 49 47 52 

 Table 2. Foreign trade exchange of milk 2019-2023. year 
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Cream (cream) is a group of dairy products that, with a share of 14% in the total import of 

milk and dairy products, ranks second. As for exports, with a share of 5% in the total, the 

export of dairy products is ranked fifth 

 

 2019 2020 2021 2022 2023 

Import (milions KM) 21 17 22 37 32 

Export (milions KM) 2 3 4 6 6 

Deficit (milions KM) -19 -14 -19 -30 -25 

 

Table 4. Foreign trade exchange of sour cream (2019-2023)  

 

Looking at the structure of cheeses imported to BiH, the market is dominated by the import of 

edamer with a share of 32% in the total import of cheese, followed by gouda with a share of 

20%, other fresh cheese with a share of 11% and tilsit around 8% 

 

CONCLUSIONS 

 

The raw milk production development program in Bosnia and Herzegovina should be 

based on four categories of producers: 

1. Small dairy herds with an average of up to 5 heads in the herd have no prerequisites or 

motivation for business advancement 

2. Modern conventional production systems on adapted smaller farms with an average of 15 

to 20 dairy cows in the herd. It is estimated that an average production of 4,500 to 5,500 liters 

of milk per cow per year could be achieved on these farms. 

3. A system of specialized family dairy farms with 40 to 50 cows in the herd. On these farms, 

the production of 5,500 to 6,500 liters of milk per cow per year could be achieved. 

4. A system of large milking cow farms (with more than 100 cows in the herd), which could 

ensure milk production of more than 6,000 liters per cow per year. 

Milk production should be primarily focused on cheaper and better-quality products. This is 

possible with new technologies, especially in the way of keeping and treating animals, 

nutrition, hygiene, etc. Preference should be given to systems that maximize the use of 

cheaper inputs - fodder from lawns and arable crop rotation. The intensity of milk production 

per head should be contrasted with intensity, or profit per unit of area, or invested capital. The 

mainstay of the development of milk production should be voluminous forage. 

Milk production on smaller farms should gradually take on the characteristics of organic, 

autochthonous. 

Some of the conclusions are: 

1. until the last moment before entering the EU, there is no need to throw out the incentive per 

liter of milk 

2. before joining the EU, create a program to encourage the competitiveness of small 

producers, so that they grow to 50 - 100 dairy cows, and survive after joining the EU. 

3. deductions for capital investments must be at least 65% for all farmers and 80% for young 

farmers. Support of 40 or 50%, and up to 50% is not enough. The restructuring of milk 

production and the creation of a larger number of market-oriented farms must begin as soon 

as possible. 

4. Solve the issue of land management. In the EU, everything is going smoothly and all those 

who do not have this issue resolved will be extinguished. Milk production cannot do without 

hectares. 

5. Adopt a rulebook that will regulate the issue of using blue diesel in BiH in accordance with 
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EU standards (in Croatia they have 180 l per cow and 120 per ha, which costs 40-50% of the 

regular price of diesel. 

6. Resolve the cattle marking system - marking in BiH is not efficient and is not aligned with 

EU rules. The grower should mark himself. 

7. It is necessary to create a strategy for the transition of the dairy sector to the EU 

8. Cooperation between the private sector and state institutions must be improved 

Of the seven largest milk processors in B&H, three dairies are owned by foreign investors, 

who participate in the purchase and processing of raw milk with 64%. The production 

program of these dairies is conditioned by the owner's requirements. 

Cheese production participates in the production program only with some 3 to 4%, and butter 

production 0.20%. Cheese production is mainly in smaller processing facilities. In the future, 

more importance should be given to longer-lasting dairy products and value-added products. 

So traditional production should be preserved, and measures should be taken to standardize 

and protect the geographical origin and originality of some types of cheese. 

In the markets, cheese and cream are mainly sold as domestic traditional products 
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ABSTRACT 

 

Mentha pulegium L., a member of the Lamiaceae family, is valued for its therapeutic 

properties by people around the world. In Algeria, commonly called ñfliouò, it has long been 

recognized for its ability to treat a wide range of diseases. Antimicrobial properties of plant 

essential oils (EO) have been investigated through several observations and clinical studies 

which purpose them as potential tools to overcome the microbial drug resistance (MDR) 

problem. The aim of this research was to study the antibacterial effect of a traditional plant EO, 

Mentha pulegium L., against clinical isolates of methicillin resistant Staphylococcus aureus 

(MRSA) through disk diffusion method. The EO showed very effective bactericidal activity 

towards the majority of the tested bacterial strains with inhibition zone diameters in the range 

of 17.06 - 24.50 mm.   

The obtained results are therefore promising and thus pave the way for manufacturers to use 

the essential oils of Mentha pulegium L. in the pharmaceutical and food industries. 

 

Keywords: Mentha pulegium L., Essential oil, Antibacterial activity, Staphylococcus aureus 

MRSA. 

  

 

INTRODUCTION  

Staphylococcus aureus is one of the major pathogens credited as being responsible for 

nosocomial and community acquired infections in humans ( Fridkin et al., 2005, Weiner et al., 

2016). Colonizing the normal commensal flora of humans and many animals, this opportunistic 

bacterium is considered the main cause of hospital-acquired infections, generating a variety of 

symptoms, from mild localized infection to potentially fatal sepsis (Egert et al. 2015).  

The emergence and spread of multidrug-resistant (MDR) bacterial pathogens have 

substantially threatened the current antibacterial therapy (Boucher et al., 2009). 

MDR bacterial infections often lead to increased mortality, longer stays in hospitals, and 

higher cost of treatment and care (Boucher et al., 2009; Giamarellou, 2010). 

The resistance to antibiotics by microorganisms has increased because, generally, bacteria 

have the genetic ability to transmit and acquire resistance to them. Bacteria that belong to the 

Staphylococcus genus constitute one of the most serious epidemiological problems. S. aureus 

has the strongest virulence potential among all the staphylococcal species (Ounaissia et al., 

2019). 

mailto:ounaissia_k@yahoo.fr
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/lamiaceae
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The therapeutic options for these pathogens are extremely limited and physicians are 

forced to use expensive or previously discarded drugs that are associated with significant side 

effect to the patients health (Boucher et al., 2009).  

The issue of alternative therapies for diseases of staphylococcal etiology has been recently 

widely discussed by Kurlenda and Grinholc (Kurlenda et al., 2012). The compounds isolated 

from plant origin, especially essential oils, seem to be the most promising considering their 

application for both prevention and treatment of staphylococcal infections (Szweda et al., 

2016).     
The use of essential oils has been shown to possess potential in the treatment of infections, 

and is safe in terms of human and animal health. Essential oils generally regarded as safe show 

antimicrobial proprieties and antibacterial resistance that has not been reported after prolonged 

exposure (Pozzo et al., 2012). 

Mentha pulegium L. is one of the Mentha species commonly known as pennyroyal. The 

flowering aerial parts of Mentha pulegium L. has been traditionally used for its antiseptic for 

treatment of cold, sinusitis, cholera, food poisoning, bronchitis and tuberculosis, and also as 

antiflatulent, carminative, expectorant, diuretic, antitussive, menstruate. The ingredients of 

Mentha pulegium L. oil have been subjected to a number of studies which have shown a 

difference in its constituents depending on the region of cultivation and there have been some 

variations in the constituents from different countries. It has been found Mentha pulegium L. 

oil from Bulgaria contains pulegone (42.9ï45.4%); from Uruguay; pulegone (73.4%), 

isomenthone (12.9%); from Egypt; pulegone (43.5%), piperitone (12.2%); from Tunisia, 

pulegone (41.8%), isomenthone (11.3%). These studies showed three chemotypes of Mentha 

pulegium L. with the following major oil components (1) pulegone, (2) piperitenone and/or 

piperitone and (3) isomenthone/neoisomenthol (Mahboubi et al., 2008).  

The aim of this research was to study the antibacterial effect of a traditional plant EO,  

Mentha pulegium L., against clinical isolates of methicillin resistant Staphylococcus aureus 

(MRSA) through disk diffusion method. 

 

MATERIAL AND METHOD  

Plant material  

The species Mentha pulegium L. was harvested in the region of El Taref (northe astern 

Algeria) in April 2023. The identification of the plant was done with the key to determining the 

flora of Quezel and Santa (Quezel et al., 1963). Specimens were kept at the Laboratory Medical 

Botany, Department of Pharmacy, Faculty of Medicine Annaba-Algeria.  

 

Essential oil  

Essential oil of flowering tops of Mentha pulegium L. has been procured from production 

unit of essential and vegetable oils ñElexir Estò Algeria.  

  

Antibacterial test 

The  test  of  the  sensitivity  of  the  bacteria  is  carried  out  by  the  diffusion  method  

in  agar medium (the disk method). It is a method similar to that of the antibiogram which 

consists  in  determining  the  sensitivity  of  a  bacterial  strain  vis-à-vis  one  or  more  

substances (Falleh et al., 2008). The antibacterial activity of the essantial oil of the aerial parts 

(stem and leaf) of Mentha pulegium L. is evaluated vis-à-vis four bacterial strains ; S.aureus  

ATCC23, S.aureus ATCC00, S.aureus ATCC13 and S.aureus MRSA. These strains  were  kindly  

provided by the Microbiology Laboratory Manager at Annaba Faculty of Medicine, Algeria. 
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Preparation of The Inoculum 

By taking twenty tubes that each contains 5 ml of sterile physiological saline.  Using a 

platinum loop, some well isolated colonies are scraped from each of the bacteria, each of which 

will be discharged into a tube. For the preparation of the different concentrations of extracts, 2, 

5 mg of each freeze-dried extract (methanolic extract of leaf and stem),  are introduced into a 

labeled tube, in which  we  added  1  ml  of  dimethylsulfoxide  (DMSO),  solvent  without  any  

antibacterial  effect. The tubes are vortexed until complete dissolution of the extract, and the 

dilutions are prepared to obtain 1/2, ¼, 1/8 and 1/16 concentrations from the stock solution. 

Seeding  should  be  done  within  15  minutes  after  the  preparation  of  the  inoculum.  

In 16  sterile  Petri®  dishes,  20  ml  of  agar  are  poured.  After  solidification  of  the  medium,  

the  latter  is  inoculated  with  1  ml  of  bacteria  to  be  studied.  Then,  it  is  spread  on  the 

surface using a glass rake.Sterile 5 mm diameter disks prepared in Whatman® n°1 papers are 

impregnated with a sterile metal forceps in each concentration and placed on the surface of the 

solidified medium (Mueller-Hinton) at the rate of 6 disks per box (3 discs of leaf, 3 disks of 

stem).The dishes were incubated for half an hour at room temperature, then for 24 to 48 hours 

in an oven at 37 ° C. The  reading  is  carried  out  by  measuring  the  diameter  of  the  inhibition  

zone  (Ø),which  translates  into  a  translucent  halo  around  each  disc;  the  presence  or  

absence  of  a  halo would explain the sensitivity or the resistance of the germs vis-a-vis extracts 

tested; according to a symbolic notation scale from - to +++ (Meena 1994; Jeovetz 2000; 

Ounaissia et al., 2022). 

Table 1. Sensitivity of microbial strains according to zones of inhibition 

Sensitivity Inhibition zone 

Not sensitive or resistant(-) Diameter <10 mm 

Sensitive (+) Diameter between 10 to 16 mm 

Very sensitive (++) Diameter between 16 to 25 mm 

Extremely sensitive (+++) Diameter > 25 mm 
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RESULTS AND DISCUSSION 

 

Reading Antibiograms 

The results of the antibacterial activity are shown in Table 2. 

 

Table 2. Inhibition Diameter (mm) of raw essential oil of Mentha pulegium L., and these 

dilutions 

 

Stains  Raw 

(EO) 

Dilution  

1/2 1/4 1/8 1/16 

S.aureus  ATCC23 17.06 

++ 

11.30 

+ 

11.96 

+ 

11.09 

+ 

12.70 

+ 

S.aureus ATCC00 24.50 

+++ 

13.25 

+ 

12.57 

+ 

9.85 

+ 

8.06 

+ 

S.aureus ATCC13 19.10 

++ 

20.56 

+++ 

9.71 

+ 

7.99 

R 

9.48 

+ 

S.aureus MRSA 17.86 

++ 

14.76 

++ 

13.17 

+ 

10.13 

+ 

8.58 

+ 
 

 

 

The four strains of Staphylococcus tested, were very sensitive to the essential oil of 

Mentha pulegium L. with diameters of inhibition zones ranging from 17.06 mm to 24.50 mm, 

the most sensitive strain was S.aureus ATCC00 with a diameter of inhibition zone of 24.50 mm 

for the essential oil in the crude state (Table 2). 

According to a study by Barchan et al (2025), on the essential oil obtained from the aerial 

parts of Mentha pulegium L. collected in northern Morocco, it was reported that the oil was 

significantly more effective against Gram-positive bacteria and S. aureus was the most sensitive 

of all the strains tested. 

 In the literature, it is recognized that essential oils of several Mentha species including 

M. pulegium possess antimicrobial properties (Daferera et al. 2003). The essential oil of Mentha 

pulegium is rich in pulegone (30-70%) (Aghel et al. 2004). Pulegone is recognized for its 

various antibacterial effects. It has shown significant antibacterial effect against S. aureus (Duru 

et al. 2004). 

Gram positive bacteria are known to be more susceptible to essential oils than Gram 

negative bacteria (Russell et al., 1991). Gram negative organisms are less susceptible because 

they possess an outer membrane surrounding the cell wall which restricts diffusion of 

hydrophobic compounds through its lipopolysaccharide covering. Gram positive bacteria with 

a simple membrane structure are less protected against the diffusion of fine essential oils 

particles Hogan et al., 2002). 

There is evidence in the literature that the essential oils of some Lamiaceae plants 

possess a moderate to good antibacterial activities (Sokovic et al., 2006).   
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In an other report (Mahboubi et al., 2008) piperitone and piperitenone were found the 

main components of M. pulegium essential oil (71.1%) and exhibits a remarkable antibacterial 

activity against Gram positive bacteria than Gram negative ones.  

Overall, we can conclude that Mentha pulegium EO is one of the most promising natural 

compounds that can be used to develop safer antibacterial agents and that its effective 

combination with antibacterials may be used in the future to treat diseases caused by 

Staphylococcus aureus.  

CONCLUSIONS 

Plant extracts have great potential as antimicrobial compounds against microorganisms. 

Thus, they can be used in the treatment of infectious diseases caused by resistant microbes. The 

results of this study suggest that Mentha pulegium L. essential oil possesses antibacterial 

properties. This EO could be used as bacterial growth inhibitory agent in new drugs in therapy 

of Staphylococcus diseases. Although this study has investigated in vitro antibacterial activity, 

extensive in vivo studies could confirm the potential usefulness of this plant's essential oil in 

combating antimicrobial resistance. However, further research is required to better understand 

the scientific and biotechnological basis values of applied phytotherapy. 
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ABSTRACT 

 

The garden is a biocultural reserve where valuable local plant genetic resources, as well 

as knowledge about their cultivation and use, are conserved and passed down from generation 

to generation. Especially in the case of food plants, an important example of which are beans, 

the desire to preserve landraces is result from the emotional devotion towards the traditional 

taste of local dishes. In this context the role of home gardens as repositories of biological 

diversity has been acknowledged and a comprehensive, interdisciplinary investigation of their 

agro-biodiversity is needed. Home gardens, whether found in rural or urban areas, are 

characterized by a structural complexity and multifunctionality which enables the provision of 

different beneýts to ecosystems and people. Local farmers engage in food production for 

subsistence or small-scale marketing and the variety of crops and wild plants provides 

nutritional and medicinal beneýts. At the same time, home gardens are important social and 

cultural spaces where knowledge related to agricultural practices is transmitted and through 

which households may improve their income and livelihoods. The present study summarizes 

available documentation on 11,385 local accessions, collected from expeditions in Bulgaria. It 

discusses future opportunities and prospect of promoting their role in conservation of 

agricultural biodiversity and cultural heritage. The results support the hypothesis that home 

gardens sustain rich diversity while contributing to its conservation. However, with the 

intensive agricultural production, home gardens are unlikely to be preserved if they are not 

actively mainstreamed in production and conservation policies through add value as cultural 

heritage. Thʝ research work was carried out under the SVK-BGR cooperation project 

DIGIVALPGR. 
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INTRODUCTION   

The impact of home garden biodiversity on environment and socioeconomic status of 

rural populations is reported from report of FAO (2025). The sustainable production and 

consumption of local crops provide a key part of the nutritious food in the face of different 

challenges, such as climate change, aged farmers, change of dietary patterns (Pushpakumara et 

al., 2020; Ivanova et al. 2021; Korpelainen, 2023). 

Plant diversity of traditional varieties in Balkan countries is characterized by a large 

number of crops ï cereals, vegetables, legumes, spices, medicinal, and ornamental species. 

They played an important role for research due to a high genetic variability, making them a 

potential source of valuable genes coding for economically significant characteristics of 

importance for agricultural crops, such as disease resistance, drought resistance, quality traits 

(Conversa et al., 2020). Beside their utilization in breeding programs, they might also be used 

in small scale farming especially in mountainous districts, due to their adaptability to the 

specific environmental conditions where they have evolved (Kreiken and Asveld, 2025). 

Intensive agriculture is however becoming more and more predominant and use of modern 

cultivars and hybrids giving higher yields and thereby being more profitable are taking over the 

market. This is causing a continuous loss of old, traditional cultivars and landraces (Vakoufaris, 

2024). 

Inventorying of local landraces in Bulgaria and Slovakia was therefore initiated by a team 

of experts from both National seed genebanks. The project DIGIVALPGR started in 2024 and 

the research network was established providing a platform for facilitating project collaboration. 

During a preparatory survey for the proposal the partners reported about the presence of 

conserved local landraces from the rural areas of the respective countries, as well as the danger 

of their extinction (Mendel et al., 2019; Velcheva and Stoilova, 2021). Within the project 

working program, collecting missions were conducted.  

The aim of the study is to evaluate the inventory of traditional varieties in Bulgaria as an 

innovative solution to climatic and social challenges. 

MATERIAL AND METHOD  

The researchers of the teams are members of the European Cooperative Program on Plant 

Genetic Resources (ECPGR) working groups of documentation and by crop groups. Therefore, 

prioritized species for collecting were mainly beans, vegetables, medicinal and aromatic plants. 

The determination of the sites was based on long-term experience of collecting missions in the 

project countries during which regions with very rich agro-biodiversity had been identified. For 

example, in Bulgaria such regions are the geographic zones the Rhodopes and Stara Planina 

Mountains. In these areas there are villages placed between 450-1250 m altitudes. Many of 

them are even now with isolated access. In these villages old varieties are still commonly found. 

Both Slovakian and Bulgarian partners pointed out that the main part of old landraces and 

cultivars are preserved in certain remote and marginal areas in the mountainous depressions 

where old farmers still cultivate them. In the Rhodopes Mountain in Bulgaria, very diverse 

populations of common bean were found in the past. This was confirmed after several 

expeditions during the last 20 years, organized by IPGR-Sadovo. A lower number of local 

varieties have been grown on farm in the urbanized parts of the country. 
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According to the ECPGR (2017) collecting missions were conducted during 2024 and 

2025 by each partner in the own country and also joint expedition in Bulgaria was organized.  

During the period activities were carried out according to the following plan: 

ü Organizing collecting missions in predicted rural areas in each of the partner countries: 

- planning the expeditions (detailed terrain plans - itinerary, documentation and 

information on geographical, soil, climatic and agro-socio economic data); preparing 

informative materials (leaflets) for the local population; 

- collecting expeditions in targeted areas (Figure 1). 

ü Compiling the passport data of the collected samples: 

- immediately after collecting, EURISCO Passport Descriptor was used to compile 

passport data of the collected samples (FAO/Bioversity, 2017). 

ü Multiplication, characterization, evaluation, conservation of the collected accessions: 

- the seeds of the collected accessions are preparing for conservation according to 

international standards (depending on the amount of available material). 

ü Documentation, analyzing and comparing obtained data: 

- obtained data were documented, computerized, collated and analyzed among partners 

in the project. 

ü Results and progress from the DIGIVALPGR project: 

- the project partners from Bulgarian and Slovakian genebanks compiled the results and 

achievements in progress. 

 

Figure 1. Joint Bulgarian-Slovakian collection mission in the region of Yambol, June 2025 
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RESULTS AND DISCUSSION 

During the period 1982-2025 the germplasm stock of the National seed genebank in 

Sadovo was enriched with 11,385 local accessions. Currently, landraces comprise 35 % of the 

genebank holdings. The accessions from collecting missions composed of local varieties and 

populations from home gardens and crop wild relatives, obtained in their natural habitats. With 

the highest number of local gene pool are grain legumes and vegetables, followed by cereals. 

 During 2024-2025 a qualitatively new cooperation between the Bulgarian and 

Slovakian genebanks by sharing experience and good practices in the field of conservation, 

characterization, evaluation and documentation of local plant genetic resources is established. 

A questionnaire for collecting passport and ecological-geographic characteristics has been 

developed and is being filled out. The Bulgarian partner inventoried in total 10 geographical 

localities. For all collecting sites, longitude, latitude and altitude were recorded with GPS and 

registered in passport data files.  

With regards to altitude inventorying was carried out from 156 m in Sadovo, Plovdiv 

region and 157 m in General Inzovo, Yambol region up to mountain an altitude of 1,259 m in 

Sarnitza, Smolyan region.  

The dominance of the common bean landraces (12 acc.) among the collected accessions 

is due to several factors. Firstly, common bean is very often cultivated on small plots in 

backyards and home gardens together with vegetables and spices. Secondly, it is too expensive 

for the small farmers to buy seeds from new varieties for own household cultivation and 

consumption. Instead, they maintain their own seeds which very often have been grown for 

generations. And one of the most important is that the local varieties are characterized with 

special traditional taste and are used for connected with the locality dishes (Calvet-Mir et al., 

2016).  

During the collecting of accessions of these crops, it was considered necessary to receive 

detailed information from growers. The researchers provided information about collecting 

source and recorded it in files together with passport data (Table 1). Most of these accessions 

were collected from home gardens (24 acc.) or sent by post (3 acc.) as a result from 

dissemination activities in Municipalities of Svoge and Mezdra (Figure 2 and 3).  
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Figure 2. Collected accessions from local 

farmers in the villages of Ochindol, 

Lakatnik, Levishte 

Figure 2. Seeds from local varieties and 

description sent by post from farmers ï donors 

of plant genetic resources 

 

Local markets are still a valuable source of old, traditional varieties and landraces. Around 

25% of the conserved landraces in IPGR-Sadovo are derived from green markets however being 

collected in smaller quantities and multiplicated. Sometimes, interesting material, which was 

difficult to find during collecting expeditions in villages, could be collected at the green 

markets. 

Possibilities and challenges for promoting landrace conservation through the use of 

successful examples: 

ü Produce and develop typical local products; 

ü Development of new (e.g. environmentally friendly) farming systems based on diverse 

varieties; 

ü Development of local food supply systems, including community and home gardens; 

ü Develop companies purposely dedicated produce and sell seed/propagation material of 

landraces. 

During the project activities some advantages of old varieties vs modern cultivars 

landraces were recorded:  

ü Competitive yield under low input conditions; 

ü Special value for wildlife (nature protection); 

ü Agritourism advantage (local products); 

ü Biomass yield, tolerance, environmental advantage. 
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Figure 4. Demonstrative garden with local accessions with Bulgarian and Slovak origin 

To promote the conservation of local plant genetic resources to students and other guests 

of the Institute, a demonstration garden with traditional local varieties has been created (Figure 

4). 

Table 1. Documentation of new accessions according to descriptors of FAO/Bioversity (2017) 

 

N COLLNUMB GENUS SPECIES ACCENAME LOCALITY  ELEVATION 

1 C4E0223 Phaseolus  vulgaris Prevren Bratzigovo 450 m 

2 C4E0224 Lycopersicon  esculentum Local pink Bratzigovo 450 m 

3 C4E0225 Lycopersicon  esculentum Local red Bratzigovo 450 m 

4 C4E0226 Cucurbita  moschata Barunche Sarnitza 1250 m 

5 C4E0227 Phaseolus  vulgaris Rancha Sarnitza 1250 m 

7 C4E0228 Phaseolus coccineus Pehlivan Sarnitza 1267 m 

8 C4E0229 Phaseolus  vulgaris Bashev Sarnitza 1259 m 

9 C5E0010 Phaseolus  vulgaris Black bean Sadovo 156 m 

10 C5E0011 Phaseolus  vulgaris Ochindolski Ochindol 580 m 

11 C5E0012 Phaseolus  vulgaris Green bean Ochindol 580 m 

12 C5E0013 Cucurbita  maxima White pumpkin Levishte 730 m 

13 C5E0014 Cucurbita  moschata Violin  Levishte 730 m 
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14 C5E0015 Geranium sp. Wild Ochindol 650 m 

15 C5E0016 Mentha sp. Wild Ochindol 650 m 

16 C5E0017 Thymus  pulegioides  Wild Ochindol 650 m 

17 C5E0018 Phaseolus  vulgaris White bean Lakatnik 811 m 

18 C5E0019 Zea  mays Old corn Lakatnik 811 m 

19 C5E0020 Phaseolus  vulgaris Colourful Smilyan 1100 m 

20 C5E0024 Phaseolus  vulgaris Light beige 
Metcho 

korito 
1162 m 

21 C5E0025 Phaseolus  vulgaris Pritkan 1 Osenovlak 923 m 

22 C5E0026 Phaseolus  vulgaris Pritkan 2 Osenovlak 923 m 

23 C5E0027 Lycopersicon  esculentum Rosalina Pink  
General 

Inzovo 
157 m 

24 C5E0028 Lycopersicon  esculentum 
Generalinzovski 

Red 

General 

Inzovo 
157 m 

25 C5E0029 Vigna unguiculata Local Brown 
General 

Inzovo 
157 m 

26 C5E0030 Calendula  officinalis Local 
General 

Inzovo  
157 m 

27 C5E0031 Vigna unguiculata Local White Kluch 455 m 

* Data source ï Information System of Plant Genetic Resources, Sadovo, Bulgaria 

 

CONCLUSIONS 

The region of Bulgaria is still rich in agricultural biodiversity, represented by local 

landraces. This fact was supported by the result of conducted collecting missions during 2024 

and 2025, when 27 new accessions of local landraces were collected. There is however an 

impending danger of extinction caused by many factors, such as intensive agricultural practices 

and use of modern cultivars, migration of the population from villages to the cities, aging of the 

population in rural areas that traditionally cultivated local populations etc. Therefore, it is 

considered necessary to continue with collecting expeditions. In general, the result of this 

project has significant positive impact on the present and future work of the project partners 

and their institutions, not only in the field of plant genetic resources, but also in the field of 

plant breeding and entire crop production.  

The collected accessions represent richness of biodiversity, that is now prevented from 

being lost and will soon be available for breeding and research in the region, as well as for the 

entire scientific community. The next and very important steps are to regenerate, characterize 

and evaluate the collected material. 
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It was found that the home gardens sustain rich diversity while contributing to its 

conservation. However, with the intensive agricultural production, home gardens are unlikely 

to be preserved if they are not actively mainstreamed in production and conservation policies 

through add value as cultural heritage. 

Digitization and open access to conserved genebank collections increase and optimize 

the use of the gene pool in breeding programs for the adaptability of genetic materials to 

changing climatic factors and satisfy the needs of farmers to return the traditional varieties to 

practice. 

The study is in line with the EU 2030 strategy for the conservation of biodiversity and 

addressed to the implementation of National Programs on Plant Genetic Resources for Food 

and Agriculture. 

The results of the study find their application in the overall process of protecting 

biodiversity and nature, increasing the resilience of crops to dynamic environmental conditions 

in order to guarantee the production of healthy and high-quality food.    
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ABSTRACT 

 

In this study, the static behavior of functionally graded (FG) porous sandwich beams is 

investigated through theoretical modeling and numerical analysis. FG composite structures are 

advanced engineering materials characterized by a continuous and gradual variation of material 

properties along the thickness direction, enabling the simultaneous achievement of low weight, 

high mechanical strength, and stiffness. In sandwich beam design, applying different 

distributions of density and elasticity to the core and face layers allows for the optimization of 

the structure's overall mechanical performance. 

To model the response of the porous sandwich beam under static loading, the Hyperbolic Shear 

Deformation Theory (HSDT) is employed, and the governing equations are derived using 

Hamiltonôs principle. The HSDT approach provides more accurate results for thick beams by 

effectively accounting for shear deformation effects. 

The derived governing equations are solved analytically using the Navier solution technique. 

The study presents a comprehensive analysis of dimensionless displacement distributions under 

various material gradation functions, porosity levels, and simply supported boundary 

conditions. The results clearly demonstrate that both the porosity ratio and the distribution of 

material properties significantly influence the static response and stiffness characteristics of the 

beam. 

 

Keywords: Functionally graded materials, Static analysis, Porous sandwich beam, Porosity 

ratio 

 

LITERATURE REVIEW  

 

Displacement analysis plays a critical role in determining the mechanical behavior of 

functionally graded porous sandwich beams, particularly in engineering applications where a 

balance between lightness and strength is required. In this context, the literature reveals how 

displacement behavior varies under different material distribution models, porosity ratios, and 

boundary conditions. 

Solar and Taĸkēn (2024) investigated the bending and vibration behavior of functionally 

graded porous sandwich beams using classical beam theory and the Navier solution method. 

Their study demonstrated that displacement values are sensitive to the porosity ratio, material 

gradation profile (power-law exponent), and geometric parameters (L/h ratio). The analyses 

conducted with two different material typesðone with symmetric and the other with 

homogeneous porosity distributionðshowed significant displacement differences between the 

functionally graded face layers and the homogeneous core layer. 

In the study conducted by Turan, Hacēoĵlu, and Balcē (2024), the displacement behavior 

of functionally graded porous beams was analyzed in the ANSYS APDL environment, 

mailto:tolgasolar68@trakya.edu.tr


VI I . International Agricultural, Biological & Life Science Conference, Istanbul, Türkiye, 7-10 September 2025 

108 
 

considering the porosity coefficient and distribution type. The numerical  results were compared 

with data from the literature, thereby demonstrating the modelability of changes in 

displacement responses due to porosity. 

Shabani et al. (2023) conducted static buckling and free vibration analyses of two- 

dimensional functionally graded metal-ceramic porous beams. Using Hamiltonôs principle and 

the Galerkin method, they accounted for material variation along the thickness and length as 

well as porosity effects, examining how FG power indices, porosity, and slenderness ratios 

influence the beamôs non-dimensional frequency and buckling response. The results 

demonstrated that the proposed higher-order beam model accurately captures the effects of 

transverse shear deformation compared to classical theories. 

Taĸkēn and Demirhan (2020) focused on the free vibration analysis of porous FG beams. 

However, the fundamental equations of motion and the Navier-type solution method employed 

in their study are also applicable for evaluating displacement behavior. Their analysis, based on 

equations derived via Hamiltonôs principle, revealed that the porosity ratio is a determining 

factor in the displacement response. 

Turan and Kahya (2021) examined the free vibration and buckling behavior of 

functionally graded sandwich beams. Although the study primarily addressed dynamic 

responses, the displacement functions obtained for the proposed Type A and Type B structures 

contribute to the understanding of displacement behavior in relation to boundary conditions and 

material gradation parameters. Solutions based on trigonometric series functions are 

particularly valuable for understanding the effects of beam geometry under bending. 

Chopan and Noori (2023) investigated the elastic and viscoelastic forced vibration 

behavior of functionally graded porous sandwich beams using theoretical analysis and the finite 

element method. Three-layered beams were modeled considering different boundary conditions 

and porosity functions, and the effects of material gradation and damping ratio on the dynamic 

response were examined. The results showed that the porosity function and material gradation 

significantly influence the amplitude and period, while in the viscoelastic case, increased 

damping causes a faster reduction in amplitude. 

El Khouddar et al. (2021) examined the thermal nonlinear free vibration of functionally 

graded (FG) beams using Euler-Bernoulli theory and Hamiltonôs principle, considering von 

Kármán geometric nonlinear strains. They assumed temperature- dependent material properties 

with a simple power-law distribution, and their results highlighted the impact of thermal 

conditions and volume fraction on the dynamic response of FG beams. 

Phung-Van et al. (2024) investigated the nonlinear bending behavior of functionally 

graded (FG) beams under various boundary conditions using the Ritz method. In their study, 

displacements were modeled with higher-order polynomials (Pb- Ritz) satisfying geometric 

boundary conditions, and von Kármán type geometric nonlinear strains were considered. Their 

results highlighted the influence of material properties, geometric parameters, and boundary 

conditions on the displacement and stress fields of FG beams. 

 Bridjesh et al. (2023) investigated the buckling behavior of two-directional porous 

functionally graded beams using a higher-order shear deformation theory. The study computed 

the buckling loads and displacements of the beams under various boundary conditions and 

material gradations using polynomial-based formulations. The results highlighted that porosity 

distribution, material gradation, and boundary conditions have significant effects on the 

buckling response of the beams. 
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INTRODUCTION  

 

Composite materials are engineering materials formed by combining two or more distinct 

materials at the macroscopic scale, offering a wide range of properties such as high strength, 

low weight, and good thermal performance. Laminated composites are obtained by stacking 

different material layers, and due to the differences between these layers, discontinuities may 

occur in temperature and stress distributions. Such discontinuities can adversely affect 

structural performance. To address this issue, functionally graded materials (FGMs) have been 

developed. In FGMs, material properties vary continuously along the thickness direction, 

thereby reducing stress concentrations at the interfaces (Taĸkēn & Demirhan, 2020). Despite 

providing superior mechanical and thermal properties, FGMs inevitably develop structural 

porosities during manufacturing. These pores can significantly influence the mechanical 

performance of the material. Porous functionally graded beams (FGPBs) are produced with a 

gradual distribution of metal and ceramic phases, and the presence of porosity is an important 

parameter that must be considered in both static and dynamic analyses (Turan, 2022). 

Although FGMs offer enhanced performance, the formation of microscopic pores during 

the fabrication process is unavoidable. These pores directly affect elastic modulus, natural 

frequencies, and vibration behavior. Therefore, it is essential to include the porosity factor in 

the mechanical and dynamic analyses of porous FGM structures (Wattanasakulpong & 

Chaikittiratana, 2015; Ebrahimi & Mokhtari, 2015). Recent studies have shown that porosity 

significantly influences not only vibration behavior but also the performance of beams under 

static loads. Sadoun (2017) demonstrated that the porosity parameter substantially alters the 

elastic modulus and overall mechanical behavior, while Hamed, Sadoun, and Eltaher (2019) 

investigated the effect of different porosity models on the static response of nanobeams, 

highlighting the critical role of pore distribution on deformations. Similarly, Akbaĸ (2018) and 

Alnujaie et al. (2021) analyzed the dynamic behavior of thick functionally graded porous beams 

and indicated that proper material distribution can mitigate the negative effects of porosity. 

These studies collectively reveal that the impact of porosity cannot be ignored in either dynamic 

or static analyses. Moreover, the analysis of sandwich structures is of great importance in 

engineering applications. Using functionally graded layers on the faces and porous materials in 

the core provides advantages in terms of both strength and stiffness. Literature emphasizes that 

porosity distribution and the material grading index directly affect the mechanical behavior of 

sandwich beams, and neglecting these parameters can lead to significant deviations in results 

(Ebrahimi, Ghasemi, & Salar, 2015) In this context, the present study focuses on the static 

displacement analysis of functionally graded porous sandwich beams. The effects of different 

porosity models and material distribution parameters on the displacement behavior of sandwich 

beams are examined. 

 In this study, the static displacement behavior of functionally graded (FG) porous 

composite sandwich beams was investigated. The beam possesses an FG material structure, 

with mechanical properties and porosity gradually varying through the thickness; the core and 

face layers exhibit different density and stiffness values. In the first stage, the geometrically 

nonlinear equations of motion were derived using the hyperbolic shear deformation theory and 

Hamiltonôs principle. Subsequently, these equations were solved using numerical methods, and 

dimensionless displacement distributions were analyzed under various material grading 

functions, porosity ratios, and simply supported boundary conditions. The results clearly 

illustrate the influence of porosity and material distribution on beam behavior, providing 

valuable engineering insights for the design of FG structures. 
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MATERIAL AND METHOD  

 

1.1.Definition of Effective Properties in Functionally Graded Material Beams 

Various homogenization or blending methods have been developed to describe the 

characteristics of multi-phase materials. Among these methods, the Voigt-type mixing rule is 

particularly preferred for estimating the effective properties of functionally graded materials. 

(Taĸkēn & Demirhan, 2020) 

 

ὖᾀ ὖ ὖ ὖ ὠᾀ                                                                                                     (1) 

 

Here, P(z) represents the material property, while ὠί (z) denotes the volume fraction 

function. In this study, the most commonly used exponential function is selected for ὠί (z). 

(Wakashima et al., 1990). 

 

ὠ ᾀ ȟ              Ὤ  ᾀ  Ὤȟπ ὴ ¤        (FG bottom surface)         (2) 

ὠ ᾀ ρȟ                             Ὤ ᾀ  Ὤ ȟπ ὴ ¤        (Ceramic core)                  (3)  

ὠ ᾀ ,               Ὤ ᾀ  Ὤ ȟπ ὴ ¤       (FG top surface)                (4) 

   

For ὴ = 0, the material is homogeneous, while for ὴ > 0, the properties vary functionally. 

 

In this study, a functionally graded beam with length L and height h is employed, and its 

geometric configuration is depicted in Figure 1. 

 

 

Figure 1. Porous functionally graded beam  

A functionally graded material beam with length L and height h is characterized by a 

spatially varying elastic modulus E(ᾀ)and density ɟ(z). 

Various models have been proposed in the literature to represent porosity distribution. 

The first model (Type A) assumes that pores are uniformly distributed across the cross-

section. However, several studies have observed that porosity is often non- uniform, 

typically concentrated near the mid-plane and decreasing toward the surfaces. This 

observation led to the development of a non-uniform porosity distribution model (Type B). 

In addition to these studies, further analyses have also been conducted to examine different 

types of porosity (Type C). 
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Figure 2. Type A and Type B porosity distribution models (Taĸkēn & 

Demirhan, 2020) 

 

Effective material properties for Type A(Fig. 2); (Solar & Taĸkēn, 2024) 

Ὁᾀ Ὁ Ὁ Ὁ ὠᾀ Ὁ Ὁ                                                                          (5)                                                      

 ʍᾀ ʍ ʍ ʍ ὠᾀ ʍ ʍ                                                                                                 (6)                                         

Effective material properties for Type B(Fig. 2);  (Solar & Taĸkēn, 2024) 

 

Ὁᾀ Ὁ Ὁ Ὁ ὠᾀ Ὁ Ὁ ρ ς
ȿȿ

                                                                  (7) 

ʍᾀ ʍ ʍ ʍ ὠᾀ ʍ ʍ ρ ς
ȿȿ

                                                                          (8) 

Effective material properties for Type C; (Kurpa et al., 2023) 

Ὁᾀ Ὁ Ὁ Ὁ ὠᾀ Ὁ Ὁ ρ                                                                         (9) 

ʍᾀ ʍ ʍ ʍ ὠᾀ ʍ ʍ ρ                                                                        (10) 

A porosity ratio Ὡ represents a functionally graded material without any pores. As Ὡ 
increases, the porosity within the material increases, leading to a decrease in the elastic modulus. 

A volume fraction exponent ὴ=0 corresponds to a fully ceramic material; as ὴ increases, the 

metallic character of the material increases. When ὴ is non-zero, the bottom surface exhibits 

metallic properties, while the top surface exhibits ceramic properties. (Taĸkēn & Demirhan, 

2020) 
        

1.2. Hyperbolic Shear Deformation Beam Theory 

The hyperbolic shear deformation beam theory was introduced to investigate the 

mechanical behavior of planar sandwich-type structures. This theory aims to provide more 

reliable results by accurately considering the shear stresses that develop on the top and bottom 

surfaces of the beam. Within this framework, the normal and shear stresses at any point along 

the beam are expressed in relation to the first and second derivatives of the displacement 

functions. This correlation represents one of the key principles underlying the governing 

equations of motion for the beam. 

(Soldatos et al., 1992) expressed the displacement field used in their study, which 
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employs the hyperbolic shear deformation beam theory. 

 

όὼȟᾀ ό ὼ Ὢ‰ὼ                                     (11)  

ύὼ ύ ὼ                                                                                                                          (12) 

In Equation (11) and in equation (12) ό0, ύ0 represent the displacements in the x and z 

directions, respectively, of a point located on the neutral axis of the beam. The shape function Ὢ 
is defined as a function of the variable z depending on the distribution of transverse shear stress 

through the thickness of the beam, and it is assumed to be zero at both the top and bottom 

surfaces of the beam. 

According to the hyperbolic shear deformation beam theory, the non-zero normal strain 

(‐ὼ) and shear strain (‎ᾀὼ) observed at any point of the beam are associated with the unknown 

displacement parameters ‐ȟὯȟὯȟ‎ which are defined in Equations (17) and (18) and 

presented in Equations (13), (14), (15), and (16) as follows. 

 

‐ ‐ ᾀὯ ὪὯ                                                                                                                                       (13) 

‎ Ὣ‎                                                                                                                                                   (14)

  

‐                                                                                                                                                               (15) 

Ὧ                                                                                                                                                        (16) 

Ὧ                                                                                                                                                                (17) 

‎ π                                                                                                                                                 (18) 

The shape function f and its derivative, the function g, are defined in Equations (19) 

and (20). 

 

Ὢ ᾀ ὬίὭὲὬ ᾀzὧέίὬ                                                                                                                      (19) 

Ὣ Ὢ ρ ὧέίὬ ὧέίὬ                                                                                                         (20) 

The stressïstrain relationship at any point within the k-th layer of the beam is given by 

the one-dimensional Hookeôs law in Equations (21), (22) and (23). (Soldatos et al., 1992). 

 

„ Ὁ ᾀ‐                                                                                                                                                   (21) 

† Ὃ ᾀ‎                                                                                                                                                  (22) 

Ὃ ᾀ                                                                                                                                                   (23) 
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1.3.Equations of Motion 

Hamiltonôs principle is used to derive the equations of motion for functionally graded 

(FG) sandwich beams based on the hyperbolic shear deformation theory. In the case of FG 

sandwich beams, this principle represents the condition where the variations in the systemôs 

total energy are equal to zero. 

 

᷿ Ὗ‏ ὠ‏ ὑὨὸ‏ π                                                                                                                             (24) 

Here, ‏Ὗ, ‏ὠ and ‏ὑ represent the variations of the total strain energy, potential energy, 

and kinetic energy, respectively, while ὸ1 and ὸ2 denote the initial and final times. The variation 

of the strain energy is expressed by Equation (25). 

 

Ὗ‏ ᷿᷿ ᷿ ‐‏„ † ‎‏ ὨᾀὨώὨὼ᷿ ὔ ὓ ὓ ὗ‏‰Ὠὼ                         (25) 

This equation represents the variation of the strain energy of the beam. Here, ὔὼ 
denotes the axial force; ὓὧ represents the bending moment similar to that in classical beam 

theory; ὓί is the higher-order moment associated with shear deformation; and ὗ denotes the 

shear force. These quantities are calculated by appropriately integrating the stresses developed 

throughout the thickness of the beam. 

 

ὔ
ὓ
ὓ
ὗ

ὦ᷿

ừ
Ử
Ừ

Ử
ứ„

„ᾀ

„Ὢ

† Ὢᴂữ
Ử
Ữ

Ử
ử ὃ ὄ ὅ π

ὄ Ὀ Ὁ π
ὅ Ὁ Ὂ π
π π π Ὄ

 

ừ
Ử
Ừ

Ử
ứ‐

Ὧ

Ὧ

‎ ữ
Ử
Ữ

Ử
ử

                                                                           (26) 

The matrices A, B, C, D, E, F, and H are defined in Equation (27) and represent the 

geometric and mechanical properties of the beam. To construct matrices A, B, C, D, E, and F, a 

series of integrals are computed using the material properties and geometric information at a 

given cross-section.  

These integrals represent the product of a density function, which depends on the material 

properties and the shape function, over the width of the beam. The process is carried out by 

performing integration along the length of the beam. 

 

ὃȟὄȟὅȟὈȟὉȟὊ ὦ ײ
Ⱦ

Ⱦ

Ὁײ ᾀ ρȟᾀȟὪȟᾀȟὪᾀȟὪ Ὠᾀ 

Ὄ ὦ᷿ ײ
Ⱦ

Ⱦ
Ὃײ ᾀὫὨᾀ                                                                                                        (27) 

 

The variation of the potential energy, ‏ὠ arises from the external loads acting on the beam 

and represents an important parameter in determining the beam's mechanical behavior. The 

potential energy of these external loads is expressed in terms of the displacements and stresses 

developed in the beam at the points where the loads are applied. In other words, the effect of the 

forces and moments acting on the beam, together with the materialôs elastic properties and 

geometry, governs the variation of the potential energy. The variation of the potential energy 

 ὠ due to the load ή and the axial force ὔ0 is given by Equation (28), and this expression‏

provides a fundamental calculation for analyzing the elastic response of the beam under applied 

loads. 
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ὠ‏ ύὔ‏ήײ᷿ Ὠὼ                                                                                             (28) 

 

The variation of the kinetic energy (‏ὑ) is obtained by Equation (29). 
 

ὑ‏ ײ᷿ײ᷿ ײ
Ⱦ

Ⱦ
ײ᷿ ײ
Ⱦ

Ⱦ
ᾀ”ײ ό‏ ύὨᾀὨώὨὼ‏

Ὅײײ᷿  Ὅ Ὅ όὨὼ‏ ײײ᷿ Ὅ Ὅ Ὅ Ὠὼ

Ὅײײ᷿  Ὅ Ὅ Ὠὼ᷿‰‏ Ὅײײ                        ύὨὼ‏

                                                                                                                                     (29) 
 

Here, ”(z) represents the thickness-dependent mass density of each layer and is an 

important parameter in determining the dynamic behavior of the beam. The inertia moment 

coefficients Ὅὃ, Ὅὄ, Ὅὅ, ὍὈ, ὍὉ and ὍὊ are defined by Equation (30) to quantitatively describe the 

beamôs inertial properties and the effects of mass distribution on its vibration and motion. These 

coefficients are calculated by considering the density distribution and geometric parameters at 

different cross-sectional points of the beam and play a critical role in the dynamic analysis of 

the structure. 

 

ὍȟὍȟὍȟὍȟὍȟὍ ὦ᷿ ײ
Ⱦ

Ⱦ
” ᾀ ρȟᾀȟὪȟᾀȟὪᾀȟὪ Ὠᾀ                                                     (30) 

 

When the coefficients of the variables ‏ό0, ‏ύ0 ve ‰0‏ are collected and set equal to zero, 

the equations of motion of the beam are derived. During this process, partial integration is 

applied to Equation (24); this allows the derivatives in the differential equations to be 

appropriately reduced and the integral form to be obtained while taking the boundary conditions 

into account. In this way, the general equilibrium equations related to the displacements and 

rotations of the beam are systematically formulated and become suitable for dynamic analysis. 

 
Ὠὔ

Ὠὼ
Ὅ
Ὠό

Ὠὸ
Ὅ
Ὠύ

ὨὼὨὸ
Ὅ
Ὠ‰

Ὠὸ
 

Ὠὓ

Ὠὼ
ή ὔ

Ὠύ

Ὠὼ
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ὨὼὨὸ
Ὅ
Ὠύ

ὨὼὨὸ
Ὅ
Ὠύ

Ὠὸ
Ὅ
Ὠ‰

ὨὼὨὸ
 

ὗ Ὅ Ὅ Ὅ                                                                                                    (31) 

                                                                                                                                                   

By substituting the stress resultants (ὔὼ, ὓὧ, ὓί, ὗ) from Equation (28) into Equation (31), 

the following equations of motion can be obtained in terms of the unknown displacement 

variables (ό0, ύ0, ό0) . 

 

ὃ
Ὠό

Ὠὼ
ὄ
Ὠύ

Ὠὼ
ὅ
Ὠ‰

Ὠὼ
Ὅ
Ὠό

Ὠὸ
Ὅ
Ὠύ

ὨὼὨὸ
Ὅ
Ὠ‰

Ὠὸ
 

ὄ
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Ὠὼ
Ὀ
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Ὠὼ
Ὁ
Ὠ‰

Ὠὼ
ή ὔ

Ὠύ

Ὠὼ
Ὅ
Ὠό

ὨὼὨὸ
Ὅ
Ὠύ
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Ὅ
Ὠύ

Ὠὸ
Ὅ
Ὠ‰
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ὅ Ὁ Ὂ Ὄ‰ Ὅ Ὅ Ὅ                                               (32) 
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THEORETICAL RESULTS AND DISCUSSION  

 

In this section, the results of the vertical displacement analyses of simply supported 

functionally graded porous sandwich beams using the hyperbolic shear deformation theory 

were obtained and compared with the literature. The face sheets of the sandwich beams are 

made of functionally graded (ὃὰ/ὃὰ2ὕ3) material, while the core is made of homogeneous 

isotropic (ὃὰ) material. The beam length is taken as ὒ = 1 ά, while the beam thickness varies 

according to the aspect ratio. The properties of alumina (ὃὰ2ὕ3) and aluminum (ὃὰ) materials 

are given in Table 1. 

Table 1. Properties of alumina (ὃὰ2ὕ3) and aluminum (ὃὰ) materials (Taĸkēn & Demirhan, 

2020) 

 

Malzeme ¢eĸidi Ὁ (Ὃὴὥ) ” (ὯὫ/ά3) ὺ 

Alümina (ὃὰ2ὕ3) 380 3960 0.3 

Alüminyum (ὃὰ) 70 2702 0.3 

 

The layers used in  the analyses and their corresponding height values Ὤ0, Ὤ1, Ὤ2, Ὤ3 
are given in Table 2. 

Table 2. Layer types and height value Ὤ0, Ὤ1, Ὤ2, Ὤ3 

 

Tabaka 

­eĸitleri 

▐ ▐ ▐ ▐ 

1-1-1 ὬȾς ὬȾφ ὬȾφ ὬȾς 

1-2-1 ὬȾς ὬȾτ ὬȾτ ὬȾς 

2-1-2 ὬȾς ὬȾρπ ὬȾρπ ὬȾς 

2-1-1 ὬȾς 0 ὬȾτ ὬȾς 

2-2-1 ὬȾς ὬȾρπ σὬȾρπ ὬȾς 

1-8-1 ὬȾς ςὬȾυ ςὬȾυ ὬȾς 

 

 

The numerical results obtained from the analysis were expressed using the 

following dimensionless form. The definitions in the dimensionless expression are as follows: 

¶ Dimensionless Vertical Displacement 

ύ                                                                                                                           (33) 

 

In the dimensionless vertical displacement defined by Equation (33), under the condition 

ὼ = ὒ/ 2 and ᾀ = 0 ; ύ represents the vertical displacement, Ὁά denotes the materialôs elastic 
modulus, Ὤ is the beam thickness, ή0 is the maximum intensity of the load at the center of the 

beam, and ὒ is the beam length. (Sayyad & Avhad, 2019) 

1.4. Investigation of Vertical Displacement Characteristics of FG Porous Sandwich 
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Beams 

In this study, the vertical displacement behaviors of simply supported functionally graded 

(FG) porous and non-porous sandwich beams were investigated using the hyperbolic shear 

deformation theory. In the analyses, three different porosity ratios, e=0, e=0.2 and e=0.4, were 

considered. At this stage, the exponential parameter pp, which defines the material distribution, 

was selected as p=1, p=2, and p=10, and the results were interpreted accordingly. For the 

examination of the beams, the L/h ratios were taken as 5 and 20. Furthermore, in order to enable 

structural comparisons, three different sandwich beam types Type A, Type B, and Type C were 

used. 

¶ For p=1; 

Table 3. Dimensionless vertical displacement values of simply supported FG porous sandwich 

beams. (Type B, p=1) 
 

e   L/h  = 5   

 1-1-1 1-2-1 2-1-2 2-1-1 2-2-1 1-8-1 

0 5.8241 5.4031 6.9319 6.5611 5.8642 3.9512 

0.2 6.0676 5.6113 7.2764 6.9006 6.1152 4.0638 

0.4 6.3329 5.8366 7.6572 7.2565 6.4070 4.1834 

L/h  = 20 

 1-1-1 1-2-1 2-1-2 2-1-1 2-2-1 1-8-1 

0 5.9398 5.1000 6.5836 6.1998 5.5172 3.6789 

0.2 6.2002 5.2909 6.9050 6.4944 5.7475 3.7773 

0.4 6.4844 5.4966 7.2594 6.8200 5.9988 3.8812 

 

¶ For p=2; 

 

Table 4. Dimensionless vertical displacement values of simply supported FG porous sandwich 

beams. (Type B, p = 2) 
 

e  L/h  = 5 

 1-1-1 1-2-1 2-1-2 2-1-1 2-2-1 1-8-1 

0 (Solar,C.) 8.3895 6.7578 9.6784 9.0037 7.6346 4.3118 

0 (the presented study) 8.3928 6.7524 9.6885 9.0038 7.6280 4.2952 

0.2(Solar,C.) 8.8972 7.0845 10.3601 9.6187 8.0747 4.4463 

0.2 (the presented study) 8.9009 7.0782 10.3717 9.6174 8.0699 4.4275 

0.4 (Solar,C.) 9.4704 7.4445 11.1451 10.3635 8.5856 4.5901 

0.4 (the presented study) 9.4746 7.4373 11.1586 10.3613 8.5810 4.5686 

L/h  = 20 

 1-1-1 1-2-1 2-1-2 2-1-1 2-2-1 1-8-1 

0 (Solar,C.) 8.0313 6.4276 9.2864 8.5068 7.2122 4.0172 

0 (the presented study) 8.0315 6.4272 9.2871 8.5067 7.2119 4.0161 

0.2(Solar,C.) 8.5146 6.7335 9.9387 9.0892 7.6205 4.1348 

0.2 (the presented study) 8.5148 6.7331 9.9394 9.0892 7.6202 4.1336 

0.4 (Solar,C.) 9.0597 7.0701 10.6895 9.7645 8.0810 4.2596 

0.4 (the presented study) 9.0600 7.0696 10.6903 9.7643 8.0806 4.2583 
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¶ For p=10; 

Table 5. Dimensionless vertical displacement values of simply supported FG porous sandwich 

beams. (Type B, p = 10) 

 

e   L/h  = 5   

 1-1-1 1-2-1 2-1-2 2-1-1 2-2-1 1-8-1 

0 12.5922 9.4104 14.6672 13.5826 11.0327 4.8660 

0.2 13.7712 10.0533 16.2911 14.8391 11.9400 5.0350 

0.4 15.1938 10.7906 18.3195 16.8256 13.2897 5.2164 

L/h  = 20 

 1-1-1 1-2-1 2-1-2 2-1-1 2-2-1 1-8-1 

0 12.1609 9.0474 14.1401 12.5458 10.4646 4.5766 

0.2 13.3043 9.6654 15.7099 13.9206 11.3863 4.7297 

0.4 14.6851 10.3740 17.6718 15.6783 12.5040 4.8934 

 

 

 

Figure 3. Effect of e on the vertical displacement for different structure types at p=10 

(L/h=5 and 20). 

 

In Figure 3. the dimensionless vertical displacement behavior of simply supported 

functionally graded (FG) porous sandwich beams is presented as a function of porosity ratio (e) 

for different structure types (Type A, Type B, Type C) and two different L/h ratios (5 and 20) 

at the exponential parameter p=10. In all graphs, the displacement values increase noticeably as 

the porosity ratio increases. This increase is most pronounced in the Type A structure; in 

particular, configurations with less rigid cores, such as the 2-1-2 arrangement, exhibit the most 

susceptible deformation behavior. For example, for Type A with L/h=5 and e=0.4, the 

displacement in the 2-1-2 arrangement reaches approximately 71 units. Type B and Type C 

structures show more limited increases and exhibit stiffer behavior. 

Moreover, at p=10, the pores are more concentrated in the surface layers, significantly 

reducing the bending stiffness of the structure and increasing deformation sensitivity. This 

effect becomes even more pronounced at high porosity ratios (e=0.4). Cases with L/h=5 
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generally exhibit higher displacement values compared to L/h=20, indicating that thicker beams 

are more sensitive to bending. As a result, these graphs clearly demonstrate the effect of both the 

pp parameter, which controls the pore distribution, and the structure type and layer arrangement 

on vertical displacement. 

 
 

Figure 4. Effect of the p parameter and L/h ratio on the vertical displacement as a 

function of porosity ratio for the 1-8-1 layer configuration in the Type B structure. 

In Figure 4. for the Type B structure with a 1-8-1 layer configuration, it is observed that the 

dimensionless vertical displacement values increase steadily as the pp parameter rises. This 

increase is due to the concentration of pores toward the surface, which reduces the structural 

stiffness and enhances the tendency for deformation. 

Additionally, the displacement values obtained for L/h=5 are higher compared to L/h=20, 

indicating that shorter and thicker beams are more sensitive to bending deformation. 

 
 

Figure 5. Displacement Behavior of Type B ï 2-1-2 Layered Beam According to 

e and p Parameters (L/h = 5 and 20). 

Figure 5. illustrates the variation of dimensionless vertical displacement of the 2- 1-2 

layered beam with Type B configuration as a function of porosity ratio and the p parameter. As 

the porosity and p value increase, the displacement increases; however, when the L/h ratio rises, 

the displacement decreases. 
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CONCLUSION 

In conclusion, the results clearly highlight the strong influence of porosity ratio, pore 

distribution parameter, structural type, and layer configuration on the bending behavior of FG 

porous sandwich beams. Higher porosity levels and larger values of the exponential parameter 

significantly reduce bending stiffness, leading to greater vertical displacements, especially in 

structures with less rigid cores such as the 2-1-2 arrangement.  

Comparisons across L/h ratios further emphasize that shorter and thicker beams (L/h=5) 

are more prone to deformation than slender beams (L/h=20). Overall, the findings demonstrate 

that both geometric parameters and material gradation play a decisive role in governing the 

displacement response, providing important insights for the design of lightweight yet 

mechanically efficient sandwich structures. 
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ABSTRACT 

 

Triply Periodic Minimal Surface (TPMS)-based lattice structures offer innovative 

material solutions for the aerospace, biomedical, automotive, and energy industries with their 

advantages of lightweight design, high strength-to-weight ratio, and multifunctional properties. 

This study comprehensively investigates the equivalent mechanical properties of TPMS 

structures through analytical models, parametric analyses, and literature data. The geometric 

characteristics of TPMS types such as Gyroid, Primitive, and I-WP, along with their smooth 

and continuous surface topologies, reduce stress concentrations and provide superior 

mechanical performance and fatigue resistance. Compared to conventional porous materials 

such as metal foams, honeycomb structures, and space frame systems, TPMS structures stand 

out with their ability to control isotropic/anisotropic behavior, high surface area-to-volume 

ratio, and optimized energy absorption capacity. In determining equivalent mechanical 

properties such as elastic modules, yield strength, and Poisson's ratio, analytical approaches 

like the Gibson-Ashby model are utilized to detail the power-law relationships between 

mechanical behavior and relative density (solid volume fraction). Parametric analyses reveal 

the influence of unit cell size, surface curvature, and porosity on mechanical performance and 

demonstrate that different TPMS topologies exhibit distinct responses even at the same relative 

density. This enables application-specific design optimization. The study provides a theoretical 

framework for the design and analysis of TPMS-based structures. 

 

Keywords: Triply Periodic Minimal Surface (TPMS), Equivalent Mechanical Properties, 

Relative Density (Volume Fraction), Gibson-Ashby Model, Lattice Structures 

 

INTRODUCTION  

 

Functionally Graded Materials (FGMs) are an advanced class of materials distinguished 

by a spatially varying composition throughout their volume, which leads to gradual changes in 

material properties tailored to meet specific functional requirements (Loh et al., 2018). The 

properties of functionally graded structures can vary based on porosity, composition, or 

microstructural distribution, enabling their broad application in fields such as aerospace, 

automotive, biomedical implants, and acoustics (Yu, Sun, & Bai, 2019; Mahmoud & Elbestawi, 

2017; Lin et al., 2013). Theoretical investigation of FGMs involves issues such as material 

selection, structural design, and the optimization of structural performance (Solar, 2024). 

Despite these advantages, one of the primary obstacles in the development of FGMs is the 

difficulty of fabrication due to their gradually varying and complex internal structure, which 

limits their large-scale implementation. Besides the ordinary lattice structures, a newly 

emerging structure, triply periodic minimal surfaces (TPMS), has caught attention and boosted 

a specific research field. Triply periodic minimal surface (TPMS) structures, especially when 
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used in the inner layers, optimize load distribution and energy absorption characteristics (Solar, 

Demirhan, & Taskin, 2025). Compared with singly periodic and doubly periodic minimal 

surfaces, triply periodic minimal surfaces (TPMS) are mathematically defined structures that 

repeat in three dimensions with zero mean curvatures and large surface areas. (Yu, Sun, & Bai, 

2019) So far, fabrication of mathematically defined TPMS cellular structures was mainly 

realized by AM technologies, due to their high complexity. (Yang et al., 2018) In general, 

studies in the current literature indicate that TPMS-based cellular structures not only offer 

outstanding performance comparable to other porous materials, including excellent energy 

absorption, low weight, high strength-to-weight ratio, and effective thermal and acoustic 

insulation, but also benefit from their inherent geometric advantages. Specifically, TPMS 

structures possess smooth surfaces and consistent curvature radii, which enhance their 

manufacturability via additive manufacturing processes thanks to their self-supporting nature. 

Moreover, compared to conventional strut-based cellular designs characterized by sharp edges 

and abrupt corners, TPMS geometries enable more biomimetic and structurally efficient 

designs (Kapfer et al., 2011; Mazur et al., 2016).  

Among the various triply periodic minimal surface (TPMS) structures, Gyroid, Diamond, 

Primitive, and I-WP are widely studied due to their distinct geometric characteristics and 

mechanical behavior. The Gyroid surface, first described by Schoen (1970), is a non-self-

intersecting minimal surface that divides space into two interpenetrating but non-overlapping 

labyrinths. It offers a balanced isotropic mechanical response, making it highly suitable for 

load-bearing biomedical implants (Shelef & Bar-On, 2021). The Diamond TPMS structure 

exhibits a more angular geometry with a lower surface-to-volume ratio compared to the Gyroid, 

and typically shows higher stiffness but reduced ductility under compression (Maskery et al., 

2018). The Schwarz Primitive (P) surface, characterized by relatively flat and broad patches, 

supports a stretching-dominated deformation mechanism when implemented as a sheet-based 

TPMS structure, leading to enhanced stiffness and energy absorption compared to strut-based 

latticesðthis is well-demonstrated in compressive performance studies (Lee et al., 2017; Zhang 

et al., 2018). On the other hand, TPMS topologies like the I-WP (Isotropic Woodpile) have 

been comparatively analyzed with other forms such as Förstner Random Dots (FRD), where 

FRD outperformed I-WP in terms of crashworthiness metrics such as specific energy absorption 

at low relative densities (Bunsri et al., 2024). Overall, these TPMS geometries allow precise 

tuning of porosity, mechanical anisotropy, and stress distribution, and when combined in hybrid 

or graded structures they offer significantly improved energy absorption and multifunctional 

performance (Xie et al., 2023). 

The Gyroid, introduced by Schoen in 1970, is a chiral, non-self-intersecting minimal 

surface with no planar symmetry and no straight lines (Schoen, 1970). Its continuously smooth 

and periodic nature leads to relatively isotropic mechanical behaviour and has made Gyroid 

architectures attractive for load-bearing biomedical scaffolds; gyroid lattices often combine a 

balanced stiffness and energy-absorption capacity that can mimic trabecular bone mechanics 

(Yan, Hao, Hussein, & Young, 2015; Yang et al., 2019). Moreover, the gyroidôs continuous 

shell geometry tends to be self-supporting in powder-bed fusion processes (e.g., SLM/LPBF), 

which improves manufacturability and can reduce the need for additional support structures 

(Yan et al., 2015; Yang et al., 2019). 

The Primitive TPMS often features broader, flatter regions and larger open pores; 

depending on whether the topology is implemented as a sheet or as a skeletal (strut) form, it 

can show bending-dominated deformation and excellent energy-absorption characteristics, 

which is why Primitive-based designs are frequently proposed for impact-mitigation 

applications (Zhang et al., 2018; Chen et al., 2023). Build orientation, wall thickness and 
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relative density strongly affect the Primitiveôs manufacturability and mechanical response, so 

these processing/design variables must be explicitly reported in any technical claim. 

The I-WP (Isotropic Woodpile) TPMS, originally introduced by Schoen (1970), exhibits 

a highly symmetric and interconnected topology characterized by smooth, continuous 

transitions and geometric regularity (Lee, Weber, & Yerger, 2024; Schoen, 1970). 

Investigations comparing the mechanical response of various TPMS forms under compression 

found that I-WP demonstrates deformation behaviour that lies between stretching- and bending-

dominated regimes, offering a more balanced mechanical performance than forms like primitive 

or gyroid (Bunsri et al., 2024). These topological characteristics contribute to more uniform 

anisotropy control and homogeneous stress distribution ð advantageous traits for structural 

applications. While explicit studies quantifying fatigue resistance or biocompatibility specific 

to I-WP are limited, the topologyôs continuity and interconnectedness suggest potential benefits 

in such domains, particularly for biomedical scaffolds, pending direct experimental validation. 

To visually illustrate the geometric diversity and relative density distribution of Triply 

Periodic Minimal Surface (TPMS) structures, Figure 1 presents two main categories of TPMS 

lattices: sheet-based and solid-based types. These scaffold geometries, modeled at a relative 

density of 0.25, emphasize the topological differences in their spatial distribution and 

connectivity. While the sheet-type TPMS lattices consist of continuous thin walls forming open 

voids, the solid-type counterparts are defined by interconnected solid regions with periodic 

internal porosity. Such structural variations significantly influence mechanical properties, 

manufacturability, and suitability for application-specific performance requirements, 

particularly in biomedical and lightweight structural systems (Viet, Karathanasopoulos, & Zaki, 

2022). 

 

Figure 1. Schematic demonstration of various TPMS scaffolds having relative density of 

0.25 with (a): Sheet type; (b): Solid type. (Viet, Karathanasopoulos, & Zaki, 2022) 

Compared to conventional porous materials such as metal foams, honeycomb structures, 

and lattice frameworks, Triply Periodic Minimal Surface (TPMS) architectures offer significant 

improvements due to their mathematically defined, continuous geometries. While metal foams 

often suffer from irregular pore distributions and limited control over directional mechanical 

properties, TPMS lattices enable precise tuning of isotropic and anisotropic mechanical 

behavior, along with higher surface area-to-volume ratios and customizable deformation 

patterns (Ashby, 2006; Maskery et al., 2018). These features result in enhanced stiffness-to-

weight ratios, superior energy absorption capabilities, and more predictable fatigue resistance. 
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Moreover, the inherent self-supporting nature of TPMS structures facilitates fabrication through 

advanced additive manufacturing methods such as laser powder bed fusion (LPBF), minimizing 

the need for support structures (Al-Ketan et al., 2018). Consequently, TPMS-based materials 

are increasingly favored for biomedical implants, aerospace components, and lightweight 

structural applications where mechanical efficiency and tailored responses are paramount. 

Table 1 offers a comparative overview of various porous structure types including metal 

foams, honeycomb structures, space frame systems, and TPMS lattices highlighting key 

differences in porosity distribution, mechanical tunability, manufacturability, and application 

domains. This comparison underscores the superior versatility and performance potential of 

TPMS structures in advanced engineering applications. 

Table 1. Comparison of Porous Structure Types 

Property Metal Foams Honeycomb 

Structures 

Space Frame 

Systems 

TPMS Structures 

Porosity 

Distribution  

Random and non-

uniform 

Directional and 

layered 

Structured and 

modular 

Smooth and 

continuous 

Isotropic/Anisotro

pic Control 

Limited Moderate Customizable Highly tunable 

Surface Area-to-

Volume Ratio 

Moderate Low Moderate High 

Stress 

Concentration 

High due to 

irregular cells 

Present at nodes High at joints Minimized due to 

smooth topology 

Energy 

Absorption 

Moderate to High Moderate Variable High and 

optimizable 

 

Moreover, the intrinsic periodicity and mathematical definability of TPMS architectures 

enable precise computational modeling and simulation, which is particularly advantageous for 

predictive design workflows. Unlike stochastic foams and irregular honeycomb systems, TPMS 

lattices can be engineered with consistent mechanical responses across the structure, 

minimizing variability in load distribution and enhancing reliability in service conditions (Viet 

et al., 2022). 

Additionally, many TPMS structures such as the Gyroid and I-WP exhibit inherent self-

supporting characteristics that reduce or eliminate the need for auxiliary support structures 

during additive manufacturing processes like selective laser melting (SLM), leading to 

decreased material waste and reduced post-processing effort (Al-Ketan et al., 2018; Maskery et 

al., 2018). This advantage not only lowers production costs but also accelerates prototyping and 

customization, which is especially valuable for critical biomedical and aerospace components. 

Given their tailorable mechanical anisotropy, seamless porosity gradation, and 

manufacturability advantages, TPMS-based designs are not just an alternative, but a paradigm 

shift in the field of architected materials. Their adoption continues to expand in areas 

demanding multifunctional performanceðwhere stiffness, energy absorption, biological 

compatibility, and weight reduction must be simultaneously optimized (Al-Ketan et al., 2020). 
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The mechanical behavior of Triply Periodic Minimal Surface (TPMS) structures has been 

extensively studied due to their promising potential in lightweight and multifunctional 

engineering applications. Maskery et al. (2017) experimentally and numerically analyzed 

additively manufactured double Gyroid lattices, highlighting their energy absorption and failure 

modes. The foundational work by Ashby and Gibson (1997) on cellular solids provides a 

theoretical basis for understanding TPMS stiffness and strength characteristics. Additionally, 

Ngo et al. (2018) reviewed additive manufacturing technologies and discussed the advantages 

of TPMS architectures in aerospace and energy sectors due to their tunable mechanical 

properties and manufacturability. These studies collectively demonstrate the growing 

importance of TPMS lattices in advanced structural designs. A detailed comparison of key 

TPMS studies is shown in Table 2. 

Table 2. Summary of Recent Numerical and Experimental Studies on TPMS-Based 

Lattices 

Authors, Year Investigated Lattices Aim of the Study 

Diab et al. (2016) Primitive, Neovius, CLP foams Elastic and conductive properties; anisotropy analysis 

via FEM 

Fan & Wang 

(2025) 

TPMS core in wood-plastic 

sandwich beams 

Influence of graded TPMS cores on bending 

stiffness, strength, and toughness 

Feng et al. (2023) Adjustable TPMS structures Curvature-wall method for isotropy and elastic 

control; validated numerically/experimentally 

Fisher et al. 

(2023) 

TPMS and related lattices Created a TPMS design catalog with property data 

and CAD files 

Fu et al. (2022) Isotropic hollow TPMS lattices Genetic algorithm optimization for load bearing and 

energy absorption 

Silver-Thorn et al. 

(2013) 

General porous structures Review of modulusïporosity relationships for AM; 

accuracy emphasized for 20ï50% porosity 

Chatzigeorgiou et 

al. (2021) 

TPMS vs. strut-based lattices Biomedical implants; TPMS advantage in mimicking 

bone and reducing stress peaks 

Ejeh et al. (2025) Hybrid Primitive-based TPMS Reinforced designs achieving isotropy and near-

theoretical stiffness limits 

COMSOL (2023) Gyroid composites Micromechanical modeling of Poissonôs ratio and 

volume fraction effects 

DeValk & Lakes 

(2021) 

Gyroid lattice Experimental validation of isotropic Poissonôs ratio 

and modulus near H-S upper bound 
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Figure 2. An Ashby chart showing the Youngôs modulus and density of TPMS 

topologies (Gyroid, Diamond, I-WP, and Primitive) compared to the target region of cortical 

bone (Chatzigeorgiou et al., 2021; Gibson & Ashby, 1997; Ashby, 1997). 

MATERIAL AND METHOD  

 

1.5. Design and Geometric Generation of Lattice Architectures 

A lattice structure is characterized by a repeating unit cell, where the solid volume 

ὠ  is compared to the total volume ὠ  to determine the volume fraction: 

ὠέὰόάὩ ὊὶὥὧὸὭέὲ
ὠ

ὠ
 

The lattice geometry directly influences this volume fraction, as it dictates the distribution 

of solid material within the unit cell (Chatzigeorgiou et al., 2021). 

In this study, three distinct TPMS geometries Gyroid, Primitive, and I-WP were selected 

due to their widely recognized mechanical behavior and fabrication feasibility. Each unit cell 

was modeled using implicit surface equations in MATLAB within a cubic design domain 

L×L×L, with periodic boundary conditions. The isosurface parameter t was varied within the 

range 0Ò t Ò1.5 to investigate the influence of relative density on mechanical properties. 

1.6. Input parameters  

This study employs two primary input parameters: the relative density (” ) and the type 

of TPMS unit cell. These parameters play a critical role in determining the effective mechanical 

response of the lattice structures. Different TPMS geometries, due to their unique surface 

topologies, exhibit varied stiffness, energy absorption, and anisotropy characteristics, even 

under the same RD value. 
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1.6.1. Relative Density 

The relative density (” ) is a dimensionless parameter that represents the ratio of the 

apparent density of a cellular structure to the density of its solid parent material. It is defined as 

follows: 

”
”ᶻ

”
 

The ”  governs many mechanical properties such as stiffness, strength, and energy 

absorption capacity. As the RD increases, stiffness and strength generally increase at the cost 

of weight savings and energy absorption efficiency. In this study, ”  is controlled via the 

isosurface parameter (t) in the implicit mathematical formulations of TPMS geometries, 

allowing continuous gradation and fine-tuning of porosity across the structure. 

1.6.2. Unit Cells 

The unit cell represents the fundamental building block that is periodically repeated to 

form a complete lattice structure. Depending on their geometry, unit cells can be categorized 

into various types. In TPMS-based lattice architectures, the unit cell geometry is mathematically 

described using implicit equations that involve trigonometric functions.  

In the current study, three distinct TPMS topologies Gyroid, Primitive, and I-WP were 

examined. These structures were selected due to their continuous curvature, high surface-to-

volume ratio, and self-supporting capabilities, which make them suitable for additive 

manufacturing and mechanical performance optimization. The mathematical formulations used 

to define their implicit surfaces are detailed in the subsequent section. 

Gyroid  

ὸ  ίὭὲ
ς“ὼ

ὒ
 z ὧέί

ς“ώ

ὒ
  ίὭὲ

ς“ώ

ὒ
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ὒ
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Primitive  
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I-WP  
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1.6.3. PorosityïModulus Models 

Various models have been developed to describe the mechanical behavior of porous 

materials, particularly focusing on how the elastic modulus decreases with increasing volume 

porosity. While some models assume a linear relationship, others incorporate more complex 

power-law or exponential functions. These expressions vary in accuracy depending on 

microstructural features such as pore shape, distribution, and connectivity. 

The following table summarizes these approaches, presenting their general forms and 

main characteristics. It serves as a comparative reference for researchers working on porous 

structures such as TPMS lattices (Table 3; Silver-Thorn, 2013). 
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Table 3. Comparison of Models Describing the Relationship Between Porosity and 

Elastic Modulus. (Silver-Thorn, 2013) 

General equation form General equation form Other Equations 

Linear equations Power equations Exponential equations Other equations 
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Ἇ
ἩἜ 
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 %

%
ρ
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1.1.1. GibsonïAshby Model 

The GibsonïAshby model is widely used to predict the equivalent mechanical properties 

of porous and cellular materials, including TPMS lattice structures. In this study, Youngôs 

modulus (E), shear modulus (G), and Poissonôs ratio (ɜ) are expressed as functions of relative 

density (” ) for different TPMS geometries Maskery et al. (2018). 

The general form of the GibsonïAshby equations is expressed as: 

Ὁᶻ ὅὼὉ ”  

Ὃᶻ ὅὼὉ ”  

ὺᶻ Ὢ”  

The following table presents the piecewise analytical expressions for the effective elastic 

modulus (E*), shear modulus (G*), and Poisson's ratio (ɜ*) of the Gyroid TPMS structure as a 

function of the relative density (” ), based on the study by Maskery et al. (2018). 

 

 

 

 

 



VI I . International Agricultural, Biological & Life Science Conference, Istanbul, Türkiye, 7-10 September 2025 

129 
 

Table 4. Mechanical properties of sheet-based TPMS structures 

Mechanical Property Condition Expression 

 

 

 

Gyroid (G) 

 

Elastic Modulus (E*) 

”  Ò 0.45 ᶻ
 = 0.596 × ”Ȣ  

”  > 0.45 ᶻ
 = (0.962 × ”Ȣ + 0.038)  

 

Shear Modulus (G*) 

”  Ò 0.45 ᶻ
 = 0.777 × ”Ȣ  

”  > 0.45 ᶻ
 = 0.973 × ”Ȣ + 0.027 

 

Poisson's Ratio (ɜ*) 

”  Ò 0.5 ɜ* = 0.192 Ĭ Ὡ Ȣ ᶻ  + 0.202 

”  > 0.5 ɜ* = 0.402 Ĭ ” ī 0.603 × ”  + 0.501 

 

 

 

Primitive (P) 

 

Elastic Modulus (E*) 

”  Ò 0.25 ᶻ
 = 0.317 × ”Ȣ  

”  > 0.25 ᶻ
 = 1.007 × ”Ȣ  0.007  

 

Shear Modulus (G*) 

”  Ò 0.25 ᶻ
 = 0.705 × ”Ȣ  

”  > 0.25 ᶻ
 = (0.953 × ”Ȣ + 0.047)  

 

Poisson's Ratio (ɜ*) 

”  Ò 0.55 ɜ* = 0.314 Ĭ Ὡ Ȣ ᶻ  + 0.119 

”  > 0.55 ɜ* = 0.152 Ĭ ” ī 0.235 × ”  + 0.383 

 

 

 

I -graph and wrapped 

package-graph (IWP) 

 

Elastic Modulus (E*) 

”  Ò 0.35 ᶻ
 = 0.597 × ”Ȣ  

”  > 0.35 ᶻ
 = (0.987 × ”Ȣ + 0.013)  

 

Shear Modulus (G*) 

”  Ò 0.35 ᶻ
 = 0.529 × ”Ȣ  

”  > 0.35 ᶻ
 = (0.960 × ”Ȣ + 0.040)  

 

Poisson's Ratio (ɜ*) 

”  Ò 0.13 ɜ* = 2.597 Ĭ Ὡ Ȣ ᶻ  -2.244 

”  > 0.13 ɜ* = 0.201 Ĭ ” ī 0.227 × ”  + 0.326 

 

RESULTS AND DISCUSSION 

In this study, three different types of TPMS (Triply Periodic Minimal Surface) structures 

were utilized: Gyroid, I-WP and Primitive. For each TPMS topology, the relative densities were 

computed as a function of the isosurface threshold parameter (t). Subsequently, the 

corresponding effective mechanical properties, namely Youngôs modulus (E*), shear modulus 

(G*), and Poissonôs ratio (ɜ*), were determined. The variation of these mechanical properties 

with respect to t was investigated in detail within the range of 0 Ò t Ò +1.5 for each TPMS type. 

These results provide a comprehensive comparison of the mechanical performance of the 

selected TPMS geometries across different porosity levels. 
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In order to evaluate the effective mechanical properties of TPMS-based lattice 

structures, a computational framework was implemented using MATLAB. Three types of 

TPMS topologies Gyroid, Primitive and I-WP were investigated over a predefined range of 

isosurface threshold values (t) between 0 and 1.5, divided into 60 equal intervals. 

Once ”  was determined for each t value and topology, the corresponding mechanical 

properties Youngôs modulus (E*), Shear modulus (G*), and Poissonôs ratio (ɜ*) were calculated 

using empirical GibsonïAshby-type models. These models relate normalized mechanical 

properties to relative density using power-law or piecewise analytical expressions derived from 

the literature. 

Figure 3 illustrates the variation of normalized modulus and relative density for three 

different TPMS structures. Subfigure (a) shows how the normalized modulus changes with 

relative density, highlighting the differences in stiffness among Primitive, Gyroid and I-WP 

geometries. Subfigure (b) presents the effective Youngôs modulus as a function of TPMS 

volume fraction, emphasizing how each structure responds differently to increasing porosity.  

 

 

   a)                                                                     b) 

Figure 3. a) Variation of Normalized Youngôs Modulus with Relative Density for 

Different TPMS Structures b) Variation of the Effective Youngôs Modulus with volume 

fraction for different TPMS structures. 
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                                                       a)                                                    b) 

  

                                                                       c) 

Figure 4. a) Variation of Normalized Youngôs Modulus with ” for different TPMS 

structures b) Variation of the normalized shear modulus with ” for different TPMS structures 

c) Variation of the Poisson ratio with ” for different TPMS structures. 

 

 

Figure 5. Three-dimensional surface plots of the relative density ɟ for three different TPMS 

structures (Gyroid, I-WP, and Primitive) as a function of the isosurface parameter t and wall 

thickness. 
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Figure 6. Variation of Normalized Youngôs Modulus with Isosurface Threshold (t) for 

Different TPMS Structures 

This figure illustrates the variation of normalized Youngôs modulus (E/Es) as a function 

of the isosurface threshold parameter t for three distinct Triply Periodic Minimal Surface 

(TPMS) architectures: Primitive, Gyroid, and I-WP. The threshold t regulates the solid volume 

fraction within the unit cell, directly influencing the relative density and mechanical stiffness 

of each structure. 

Comparison of Structures: 

¶ The I-WP structure exhibits the highest normalized Youngôs modulus across the 

threshold range, indicating superior stiffness and load-bearing capability compared to 

the other two TPMS geometries. 

¶ The Gyroid structure follows a moderately steep trend, showing intermediate stiffness 

values, reflecting its balance between flexibility and structural rigidity. 

¶ The Primitive structure demonstrates the lowest normalized Youngôs modulus 

throughout, suggesting a more compliant and flexible lattice design. 

¶ All three TPMS structures display nonlinear growth of stiffness with increasing t, 

consistent with the predictions of cellular solid models such as the GibsonïAshby 

theory. 

This analysis highlights that by adjusting the threshold t and selecting appropriate TPMS 

geometries, it is possible to tailor the elastic properties of architected and functionally graded 

materials for specific mechanical requirements. 
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Figure 7. Variation of Normalized Shear Modulus with Isosurface Threshold (t) for 

Different TPMS Structures 

This figure illustrates the variation of the normalized shear modulus G/Gs for three 

TPMS structuresðPrimitive, Gyroid, and I-WP as a function of the isosurface threshold 

parameter t, which controls the relative density (ɟrd) of each structure. 

Threshold Parameter (t): The t parameter ranges from 0 to 1 and regulates the solid 

volume fraction of the unit cell. As t increases, the relative density of the structure increases, 

leading to enhanced mechanical stiffness. 

Normalized Shear Modulus (G/Gs): The vertical axis represents the shear modulus of 

the TPMS structures normalized by the shear modulus of the solid material (Gs). This provides 

a measure of the relative stiffness of the porous structures. 

Comparison of Structures: 

¶ Primitive (red solid line): Exhibits moderate shear modulus values throughout the range 

of t, indicating intermediate stiffness. 

¶ Gyroid (blue dashed line): Shows slightly higher shear modulus than Primitive for most 

values of t, reflecting better shear resistance. 

¶ I-WP (green dashed line): Demonstrates the lowest normalized shear modulus, making 

it the most flexible structure among the three. 

Trend: For all structures, G/Gs increases monotonically with t, confirming that higher 

relative density enhances the shear stiffness. The difference between structures becomes more 

pronounced at intermediate t values, while they converge at high t near 1, indicating that denser 

configurations reduce structural performance differences. 
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Figure 8. Variation of Poissonôs Ratio with Isosurface Threshold (t) for Different 

TPMS Structures 

This graph illustrates how the Poisson's ratio (ɜ) of three different TPMS (Triply 

Periodic Minimal Surface) structuresðPrimitive, Gyroid, and IWPðvaries with the isosurface 

threshold parameter (t). The parameter 't' directly influences the relative density of the structure. 

Key observations from the graph: 

Key Observations 

¶ Overall Trend: For the Primitive and Gyroid structures, the Poisson's ratio generally 

decreases as the threshold 't' increases. This indicates that at higher densities, these 

materials exhibit reduced lateral expansion when subjected to axial strain. The IWP 

structure shows a slight decrease initially before starting to increase again after a 't' value 

of approximately 0.5. 

¶ Primitive Structure: The Primitive structure consistently maintains the highest Poisson's 

ratio values across the entire range of 't'. This behavior suggests a more ductile and 

flexible response compared to the other two structures. 

¶ Gyroid Structure: The Gyroid structure exhibits a lower Poisson's ratio than the 

Primitive structure, and it shows a noticeable decrease as 't' increases. This suggests the 

material becomes less deformable in the lateral direction. 

¶ IWP Structure: The IWP structure shows the lowest Poisson's ratio up to a 't' value of 

around 0.2. This indicates a more rigid behavior in the lateral direction. After this point, 

the Poisson's ratio begins to increase. 

¶ Non-linear Trends: The non-linear trends observed for each structure reflect the strong 

dependence of the Poisson's ratio on the specific micro-geometry and density 

distribution. 

These results are crucial for designing materials where specific mechanical properties, 

such as lateral stiffness or flexibility, are desired. This is particularly relevant in fields like 

biomechanics, aerospace panels, or flexible protective layers, where precise material behavior 

is essential for performance. 
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CONCLUSION 

In this study, the mechanical behavior of three TPMS architectures Primitive, Gyroid, and 

I-WP was investigated as a function of the isosurface threshold parameter t. The analyses 

revealed that increasing t enhances relative density and, consequently, both elastic and shear 

stiffness. Among the structures, the I-WP exhibited the highest stiffness, followed by the 

Gyroid, while the Primitive consistently showed the lowest values, indicating higher flexibility. 

Poissonôs ratio results showed a general decrease with increasing density, with the Primitive 

maintaining greater lateral deformability and the I-WP displaying the most rigid response. 

These findings confirm that by tuning the threshold parameter and selecting suitable TPMS 

geometries, mechanical properties can be effectively tailored for advanced engineering 

applications. 
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ABSTRACT  

The valorization of non-edible carob pods (Ceratonia siliqua L.), an abundant resource 

in Algeria, represents a promising pathway for producing high value-added carbon materials. 

In this work, a mesoporous activated carbon was prepared from this biomass through 

phosphoric acid impregnation followed by controlled pyrolysis. The obtained material was 

characterized by thermogravimetric and differential scanning calorimetry analyses 

(TGA/DSC), X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), and 

specific surface area measurements (BET). The results revealed efficient carbonization between 

300 and 450 ÁC, enhanced by the catalytic action of H PO , leading to an amorphous and highly 

porous structure. The activated carbon exhibited a high specific surface area (739.26 m²/g), a 

mesoporous structure confirmed by an H4-type hysteresis loop, and an abundance of 

oxygenated functional groups favorable for adsorption. These properties provide the material 

with strong potential for environmental applications such as pollutant adsorption, catalysis, and 

filtration. 

Keywords : Carob tree, activated carbon, chemical activation, porosity, environmental 

applications 

INTRODUCTION  

The carob tree (Ceratonia siliqua L.), belonging to the family Caesalpiniaceae, is a typical 

species of Mediterranean regions. Cultivated for ornamental, industrial, and agro-silvo-pastoral 

purposes, it has considerable socio-economic and ecological importance due to its strong ability 

to adapt to arid and semi-arid conditions (Rejeb, 1989; Girolamo et al., 2002). Its pods, mainly 

used in the pharmaceutical and food industries (Van Uden, 1981; Maria et al., 1997), represent 

an abundant and low-cost resource, yet still largely underexploited. 

In North Africa, and particularly in northern Algeria, certain varieties of carob trees 

produce non-edible pods. The valorization of these residues represents a promising opportunity 

for the production of high value-added carbon materials. In particular, their transformation into 

biochar or activated carbon fits within the framework of a circular economy, combining 

sustainable management of agricultural waste, improvement of soil quality, and contribution to 

the fight against climate change. Owing to their lignocellulosic structure, these biomasses are 
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well suited for carbonization and chemical activation, leading to the formation of porous 

materials characterized by high specific surface area, good thermal stability, and a richness in 

oxygenated functional groups. These properties provide activated carbon derived from carob 

with remarkable potential for contaminant adsorption and various environmental applications. 

Beyond its technical performance, the use of non-edible carob pods presents several 

advantages, including local availability, low cost, renewable nature, and non-toxicity. This 

valorization also contributes to local socio-economic development through the creation of 

income-generating activities, while reducing the environmental impact associated with the 

accumulation of such residues (Mahmoud et al., 2014). 

In this context, the present study aims to explore the potential of non-edible carob pods 

as a raw material for the preparation of mesoporous activated carbon by chemical activation. 

The focus will be on the physicochemical characterization of the obtained material and the 

evaluation of its properties for environmental applications. 

MATERIAL AND METHOD  

Preparation of Activated Carbon from Ceratonia siliqua Pods 

The pods of Ceratonia siliqua, collected in Constantine (Algeria) during the month of 

December, were carefully rinsed with tap water and then with distilled water to remove 

impurities. They were subsequently dried at 50 °C until a constant weight was obtained. The 

dried material was then ground and sieved to obtain particles with a diameter ranging between 

160 and 500 µm. 

Twenty grams of this powder were impregnated with 10 g of 85% phosphoric acid for 24 

hours at room temperature. The mixture was then subjected to a two-step sonication process: a 

first phase of 30 minutes under ultrasound, followed by a one-hour rest period, and then a 

second phase of 30 minutes under ultrasound. 

The resulting product was dried at 110 °C for 24 hours and then placed in a furnace at 

room temperature. Carbonization was carried out at a heating rate of 9 °C/min until reaching 

450 °C, a temperature maintained for one hour. The carbonized residue was then purified by 

continuous washing with distilled water in a Soxhlet extractor until the effluent was free of 

phosphate traces. 

Finally, the obtained activated carbon was dried at 100 °C until its mass stabilized, finely 

ground, and stored in a hermetically sealed glass container. 

 

Characterization of Activated Carbon 

Thermal Analysis (TGA/DSC) 

The thermal analysis of the sample was carried out using a simultaneous thermal analyzer 

TGA/DSC 3+ (Mettler Toledo), capable of reaching temperatures up to 1600 °C. The 

measurements were performed under a controlled nitrogen atmosphere, with a constant heating 
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rate of 10 °C/min, from room temperature up to 1000 °C. This analysis allowed the evaluation 

of the thermal stability of the sample, the identification of decomposition stages, and the 

characterization of mass losses (TGA) as well as the associated thermal transitions (DSC). 

Specific Surface Area Analysis (BET) 

The textural characterization of the activated carbon was carried out using a specific 

surface area analyzer AutosorbiQ Station 2 (Quantachrome Instruments), with nitrogen as the 

adsorbate gas at liquid nitrogen temperature (77.35 K). The sample, with a mass of 0.317 g, 

was previously degassed under vacuum at 200 °C for 9 hours in order to remove moisture and 

surface-adsorbed gases. The Brunauer-Emmett-Teller (BET) model was applied to calculate 

the specific surface area from the obtained adsorption isotherm. 

X-Ray Diffraction (XRD) Analysis 

The crystalline structural analysis of the carbon material was carried out by X-ray 

diffraction using an Empyrean diffractometer (PANalytical) equipped with a copper anode, 

producing radiation characterized by wavelengths KŬ  = 1.54060 ¡, KŬ  = 1.54443 ¡, and Kɓ 

= 1.39225 ¡, with a KŬ /KŬ  ratio of 0.5. The generator was set at 40 kV and 30 mA to ensure 

a stable intensity of the incident beam. 

The scanning covered an angular range from 5.00Á to 89.98Á (2ɗ), with a step size of 

0.013° in continuous mode, and was performed at room temperature. 

Fourier Transform Infrared (FTIR) Spectroscopy Analysis 

Fourier Transform Infrared (FTIR) spectroscopy was performed on our sample using a 

Bruker INVENIO-X spectrometer equipped with an RT-DLaTGS detector. Measurements were 

carried out in the spectral range of 4000 to 400 cm ĭ, with a resolution of 4 cm ĭ and 16 scans. 

 

RESULTS AND DISCUSSION 

Thermal Analysis (TGA/DSC) 

The thermal behavior of the activated carbon as a function of temperature is shown in 

Fig. 1. 

The TGA/DSC analysis shows that the sample activated at 450 °C with 10% phosphoric 

acid undergoes thermal transformation in several well-defined stages, typical of an efficient 

chemical activation process. The significant mass loss and intense exothermic effect observed 

between 300 and 450 °C indicate effective carbonization with the development of porosity. 

Phosphoric acid (H PO ) plays a catalytic role in thermal degradation and contributes to the 

formation of porous structures stabilized at high temperature. 
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Fig. 1. Combined TGA and DSC curves of the analyzed activated carbon sample. 

FTIR Analysis 

The FTIR spectrum of the obtained activated carbon is presented in Fig. 2. It reveals the 

presence of various functional groups on the surface of the material, consistent with chemical 

activation using phosphoric acid. A broad band at 3410 cm ĭ indicates the presence of hydroxyl 

(OïH) groups, potentially associated with phenolic or carboxylic groups, as well as adsorbed 

water (Zhang et al., 2020). A weak intensity at 2915 cm ĭ suggests aliphatic (CïH) groups such 

as methyl or methylene groups (Ahuja et al., 2022). The band at 1710 cm ĭ corresponds to 

carbonyl (C=O) groups, while the bands between 1580ï1600 cm ĭ and 1050ï1250 cm ĭ are 

attributed respectively to aromatic C=C bonds and CïO bonds (alcohols, acids, esters, ethers) 

(Mohamad et al., 2020). Finally, the peaks between 800ï870 cm ĭ confirm the presence of 

aromatic rings (=CïH). 

This spectral profile, typical of chemically activated carbon, highlights the abundance of 

oxygenated functional groups, which significantly contribute to its adsorption properties 

(Esmail M et al., 2024). 
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Fig. 2. FTIR spectra of the activated carbon sample. 

XRD Analysis 

The X-ray diffraction (XRD) pattern of the activated carbon obtained after activation is 

shown in Fig. 3. It highlights a predominantly amorphous structure. A broad and low-intensity 

halo centered around 2ɗ å 22ï26° is characteristic of amorphous or poorly crystallized carbon, 

which is typical of activated carbons derived from biomaterials treated at moderate 

temperatures (<600 ÁC) (Theeradit, Ph). A second broadening around 2ɗ å 43Á suggests local 

graphitic rearrangements without the complete formation of graphene or well-ordered graphite. 

 

Fig. 3. XRD patterns of the activated carbon sample. 
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The absence of sharp and narrow peaks, as well as the lack of high-intensity secondary 

peaks, indicates a low degree of crystallinity and the absence of significant crystalline mineral 

phases (such as quartz or calcite) or metallic oxides. These observations confirm that the 

activated carbon obtained has a disordered structure, optimized for applications requiring high 

specific surface area and well-developed porosity. 

BET Analysis 

The nitrogen adsorption isotherm at 77 K for the activated carbon is shown in Fig. 4. 

 

The BET equation with an infinite number of layers was used to determine the specific 

surface area: 

ὠ

ὠ

ὅὼ

ρ ὼ ὅὼ ρ ὼ
 

Where ὼ  represents the ratio of the equilibrium adsorption pressure ὖ to the 

saturation vapor pressure of the gas ὖ. ὠ is the volume of adsorbed gas under standard 

conditions (0 °C and 760 mmHg). ὠ  is the volume of gas under standard conditions required 

to cover the adsorbent with a monolayer. C is a constant characteristic of the isotherm. 

The linear form of the BET equation can be written as: 

ὼ

ὠρ ὼ

ρ

ὠὅ

ὅ ρ

ὠὅ
ὼ 
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By plotting  as a function of x, a straight line is obtained, with a slope of  and 

an intercept corresponding to
 

. From these values, ὠ  can be calculated. 

In our case, the following results were obtained: 

ρ

ὠὅ
ψȢχφρπÃÍ  

ὅ ρ

ὠὅ
υȢψ ρπÃÍ  

ρ

ὠ

ὅ ρ

ὠὅ

ρ

ὠὅ
ψȢχφρπ υȢψ ρπ  υȢψψχφ ρπÃÍ  

ὠ  ρφωȢψτψ ÃÍ 

The specific surface area was determined using the following relation: 

3 
6Íẗ.!ẗʎ

ςςτρτ
 

Where 

.! φȢπςςρπ (Avogadroôs number), 

„  πȢρφςױὲά (area occupied by one nitrogen molecule), 

22414 = molar volume in cm³/mol (STP). 

Thus, the specific surface area is: 

Ὓ χσωȢςφױά Ὣ  

This result indicates a high specific surface area, characteristic of a highly porous 

material, suitable for applications requiring a large exchange surface, such as adsorption, 

catalysis, and filtration. 

The nitrogen adsorptionïdesorption isotherm exhibits an H4-type hysteresis loop, typical 

of mesoporous materials with slit-shaped or lamellar pore structures. This behavior confirms 

the presence of non-uniform mesopores, possibly resulting from irregular particle stacking or 

specific chemical activation. 

CONCLUSION  

This work has demonstrated the feasibility of producing mesoporous activated carbon 

from non-edible carob pods, a locally available and low-cost biomass. Chemical activation with 

phosphoric acid and carbonization at 450 °C led to a material with a high specific surface area 

(χσωȢςφױά Ὣ ), an amorphous structure, and well-developed porosity, as confirmed by 

TGA/DSC, XRD, FTIR, and BET analyses. 

These results highlight the potential of carob as an alternative resource for the production 

of sustainable activated carbons, suitable for adsorption and environmental treatment 
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applications. Beyond the scientific and technological interest, this valorization also contributes 

to agricultural waste management and the development of a circular economy at the regional 

level. Further studies will be necessary to evaluate the performance of this material in specific 

applications, particularly in the removal of organic and metallic pollutants from wastewater. 
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ABSTRACT 

Bolting in spinach is an undesirable physiological process in which the plant suddenly 

transitions from the leaf formation period to the flowering period. This process leads to 

economic losses by negatively affecting leaf yield and market quality. The bolting process is 

determined by genetic predisposition and environmental conditions. Genetically, some spinach 

varieties are more resistant to bolting than others. This highlights the role of genes regulating 

flowering in bolting-related genes such as Flowering Locus T, Leafy (LFY) and Suppressor of 

overexpression of co1 (SOC1) . These loci controlling bolting are directly or indirectly 

stimulated under specific environmental and endogenous conditions and initiate flowering by 

generating a series of internal signals. Environmental factors that accelerate bolting include 

long day length (photoperiod), high temperatures, and gibberellin, an endogenous hormones 

and key factor of spinach bolting-related genes. Additionally, environmental stresses, such as 

nutrient imbalance and water stress, can trigger this process. Understanding these factors is 

important for developing bolting-tolerant genotypes through breeding studies and for achieving 

sustainable production. In addition to cultural measures, such as selecting an appropriate sowing 

time, using late-bolting varieties, and managing temperature and light, controlling bolting in 

spinach requires a holistic approach that includes genetic selection and carefully managing 

environmental conditions. This review examines the mechanisms related to genetic and 

environmental factors that trigger bolting and provides a perspective on research and 

development trends and application prospects in this field. 

Keywords: Bolting, Climate change, High temperature, Spinach 

 

INTRODUCTION  

Spinacia oleracea (spinach), a species of green leafy vegetable in the Amaranthaceae 

family, has been documented in the Plant List database and has a history dating back more than 

2000 years to ancient Persia. Spinach's remarkable adaptability to diverse climates and its 

extensive versatility in various culinary preparations have contributed to its widespread 

cultivation around the globe (Koh et al., 2012; van Treuren et al., 2012; Xu et al., 2017). 

Spinach, a widely cultivated and consumed vegetable in different parts of the world, is a vital 

source of nutrients. It is rich in vitamins (group B, ɓ-carotene (provitamin A), folates, and C, 

etc.), minerals, and antioxidants. Spinach is also a prominent vegetable with high iron content 

(van Treuren et al. 2012; Koh et al. 2012; Niu et al. 2023). Beyond its nutritional importance, 

spinach cultivation significantly supports global agriculture, contributing to the livelihoods of 

many farmers. Furthermore, depending on the variety type and environmental conditions, 
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spinach yields have been reported to range from 18.6 to 44.8 tons per hectare (Kuwahara et al. 

2014; Safdar et al. 2022; Niu et al. 2023). According to data from 2024, the global production 

of spinach was approximately 34 million tons, while Turkey's production was approximately 

237 thousand tons. Following China, which is the global leader, countries such as the USA, 

India, and Turkey are significant producers (Fao, 2024; Tüik, 2024). In this context, spinach is 

a pivotal vegetable type in terms of both enhancing production values and augmenting 

nutritional richness.   

Climatic conditions represent a pivotal factor in the successful cultivation of spinach. 

As a cool climate vegetable, spinach exhibits a natural resistance to cold temperatures. 

However, this varies depending on the variety. With respect to soil, spinach can be cultivated 

in a variety of soil types; however, the interaction between soil characteristics and 

environmental conditions is a critical factor in determining successful cultivation outcomes. 

Therefore, in order to obtain a high-quality yield from a given unit area, it is essential to consider 

climate conditions, soil characteristics, and the selection of varieties resistant to environmental 

changes in spinach cultivation (Mutlu et al., 2016). In this context, the establishment of novel 

spinach breeding programs is imperative to cultivate new varieties that exhibit distinct 

morphological characteristics, including leaf texture, color, shape, posture, and petiole length. 

These characteristics are crucial for ensuring the resilience of the plants to fluctuating climatic 

and environmental conditions, in addition to meeting the evolving demands of the market. 

Indeed, extensive day exposure within breeding programs has been demonstrated to exert a 

substantial influence on numerous morphological characteristics, including but not limited to 

plant height and stem emergence. Consequently, it has been established that spring and summer 

spinach varieties exhibit a heightened propensity for flowering, resulting in a substantial decline 

in productivity (van Treuren et al. 2017; van Treuren et al. 2020; Cho et al. 2017). 

The process of flowering and the early emergence of stems in spinach are among the 

most critical productivity-related traits, which are subject to the regulation of multiple signaling 

pathways and regulatory mechanisms (Arif et al., 2013; Chen et al., 2019). In recent years, 

significant advancements have been made in the field of flowering-related gene pathways and 

their molecular functions, particularly in model plants. However, there is a paucity of research 

focusing on the subject in spinach (Lee and An, 2015; Chitwood et al., 2016; Ma et al., 2016).  

This review will examine the molecular and environmental mechanisms that trigger flowering 

and emergence in spinach in the light of current studies. Additionally, it will offer insights into 

the current state of research, development trends, and potential applications in this domain. 

 

WHAT IS BOLTING (FLOWERING AND EARLY EMERGENCE) IN SPINACH?  

 

The yield of spinach cultivated in this manner is contingent upon numerous factors that 

must be meticulously evaluated during agronomic practices. As posited by van Treuren et al. 

(2017), the aforementioned factors encompass environmental variables, including temperature, 

light exposure, water, moisture, nutrition, and stress factors. Among the influential factors for 

spinach yield, early bolting/flowering is one of the most well-known important phenomena. 

Bolting, the premature onset of flowering and subsequent seed development in spinach plants, 

is a phenomenon that can lead to undesirable changes in the leaf flavor profile, including 

bitterness. Bolting has also been demonstrated to result in a reduction in plant leafing, thereby 

further reducing overall yield potential (Cho et al. 2017; Chen et al. 2019). 

Spinach exhibits distinct bolting habits, categorized as follows: 'early bolting' (bolting 

60 days after sowing), 'medium' (bolting 60-70 days after sowing), and 'late bolting' (bolting 70 
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days after sowing) (Chitwood et al. 2016). According to Kuwahara et al. (2014), spinach 

varieties commonly used in East Asia are known as early bolting varieties, while those used in 

Europe are usually late bolting varieties. The differences between Asian and Western spinach 

varieties are thought to be important for two reasons. The first section will address the origin 

and historical development of spinach, while the second will focus on the cultural and gustatory 

preferences of the populations inhabiting these two regions. Easterners have a marked 

preference for spinach varieties that exhibit smooth, narrow leaves and long petioles, while 

Westerners demonstrate a clear predilection for those varieties characterized by wrinkled leaves 

(Van der Vossen, 2004). Subsequent studies have reported the link between wrinkled leaves 

and late bolting in spinach (Sabaghnia et al., 2014; Kuwahara et al., 2014; Xu et al., 2017; 

Abolghasemi et al., 2021). This information can be used to improve the selection of varieties 

with late bolting as well as better economic performance under different environmental 

conditions (Abolghasemi et al. 2021). 

Environmental factors, including temperature, photoperiod, and light quality, have been 

identified as crucial elements in the regulation of bolting. In contrast, stress factors such as 

water scarcity or nutrient deficiencies have been observed to enhance bolting tendency in plants. 

(Cho et al., 2017; Beharav & Hellier, 2020). The regulation of bolting in spinach involves 

multiple molecular pathways, each consisting of a distinct set of genes with specialized 

functions (Boss et al. 2004). In this context, the integration of spinach into the cultivation 

process constitutes a multifaceted undertaking, exerting an influence on the inherent trajectory 

of plant development. This process is influenced by a confluence of environmental and genetic 

factors. A thorough evaluation of the mechanisms underlying these factors is imperative. 

Consequently, the factors that precipitate bolting will be addressed under the headings of 

genetic and environmental factors. 

 

GENETIC FACTORS AFFECTING BOLTING MECHANISMS IN SPINACH  

In species such as radish, carrot, lettuce, and spinach, there is strong argument that the 

bolting mechanism is controlled by two important integrators; the first is the flower-inducing 

integrator, which is known as the ñFLOWERING LOCUS T (FT)ò and the second is flower-

inducing integrator, which is known as the ñCONSTANS (CO)ò. Based on Kyoto Encyclopedia 

of Genes and Genomes, spinach holds these two key integrator in the circadian rhythm pathway. 

This also sheds light on the role of the perception of daily light duration in spinach in flowering. 

Therefore, photoperiod, vernalization, maturation, internal hormones, and environmental 

stimuli trigger early flowering or bolting by signaling along circadian rhythm pathway 

(Abolghasemi et al., 2021). The plant generally undergoes the flowering process via circadian 

rhythm pathway depending on the duration of light exposure when there are no environmental 

stress factors. On the other hand, changes in the length of daylight and exposure to different 

temperatures (especially high temperature) alter the internal hormonal balance, causing bolting 

in spinach. Changes in the duration of light exposure during the day affect flowering as follows: 

The following proteins influence the control of flowering depending on long or short 

day conditions; FLAVIN-BINDING, KELCH REPEAT, F-BOX 1 (FKF1), GIGANTEA (GI), 

CONSTANS (CO), FLOWERING LOCUS T (FT), EARLY FLOWERING 4 (ELF4), 
CYCLING DOF FACTOR (CDF), SUPPRESSOR OF OVER-EXPRESSION OF 

CONSTANS 1 cryptochrome (CRY2) phytochrome A (PHYA) and phytochrome B (PHYB). 

In the early morning hours, CO and FT promoter regions interacts with CDF factor. In the 

afternoon of a long day (not in a short day), the FKF1 protein activated by blue light forms a 

complex with the GI protein. FKF1-GI protein complex increases CO transcription by 
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degrading the that CDF factor in the CO promoter region. By interacting with ELF4-GI, GI 

displaces from subnuclear compartmentalization in the nucleus during the day-night period and 

GI complex tends to bind CO promoter region resulting increased CO transcription (Amini et 

al., 2025; Kim et al., 2013). The accumulated CONSTANS-like proteins binds to the promoter 

region of the FT and SOC1 integrators together with other transcription factors, thereby 

increasing transcription in long day candition (Campos-Rivero et al., 2017; Fatima et al., 

2024).CO-protein stabilization also plays a role in controlling flowering after post-translational 

regulation. In post-translational regulation, the far led light-activated PHYA and blue light-

activated FKF1 proteins stabilize the CO protein. Also, the CRY2 protein stabilizes CO by 

suppressing proteins that reduce CO stabilization (Figure 1 and 2) (Abolghasemi et al., 2021; 

Song et al., 2013).  There are numerous findings indicating that the LNK1 and LNK2 genes play 

a critical role in controlling flowering via circadian rhythm pathway (De Leone et al., 2019). 

The proteins belonging to LNK family are not effective in controlling flowering alone, but 

interact with certain MYB-type transcription factors (in such case; LHY and circadion clock 

associated) to control the plant's circadian rhythms, photomorphogenic reaction, and 

photoperiod-dependent flowering. Due to the the lack of DNA binding domain of LNK type 

protein, LNK1 and LNK2 protein form morning complex with REVEILLE/LHY-CCA1-LIKE 

(RVE/LCL) REV4/REV8 like transcription factor for increasing transcription rate of TOC1 and 

PRR5 (Ma et al., 2018). It is stated that TOC1 and PRR5 coordinately regulate CDF1 expression 

in a negative direction (Amini et al., 2025; Ito et al., 2008; Liu et al., 2021). In this case, it 

promotes the synthesis of the CO protein essential for flowering, and flowering occurs 

evetually. Changes in the photoperiod, which is one of the critical stimulants of the flowering 

mechanism, cause shifts in the circadian rhythm pathway in species such as spinach, and trigger 

early flowering/bolting (Chun et al., 2001; Hata et al., 2006; Vajjiravel et al., 2024). 
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Figure 1. Protein-protein interaction of bolting related spinach proteins. 

 

Figure 2. Gene Ontology enrichment of bolting related spinach proteins 
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Another important factor triggering bolting is complex relation between photoperiodic 

pathway and gibberellic acid hormone metabolism. The increase in ambient temperature also 

promotes bolting through gibberellic acid metabolism. The precondition for bolting is the stem 

elongation of the plant and its transition from the vegetative phase to the generative phase. 

Many researchers agree on gibberellic acid (GA) synthesis being responsible for stem 

elongation, cell division, and bolting (Binenbaum et al., 2018; Xie & Chen, 2020; Zeevaart et 

al., 1993). It has been demonstrated that there is a significant increase in the ratio of proteins 

belonging to the GA20ox1 gene in spinach under long-day photoperiodic conditions (Lee & 

Zeevaart, 2007). GA3ox and GA20ox1 genes are two important genes involved in gibberellic 

acid synthesis, and their high levels of transcription have triggered bolting in some species 

(García-Martinez & Gil, 2001). The light-activated product of the PHYB gene negatively 

regulates the PHYTOCHROME-INTERACTING FACTOR 3-LIKE 5 (PIL5) transcription factor 

(Ghorbani et al., 2021). Decreased PIL5 levels lead the active functioning of the GA3ox gene 

and cause ultimately the production of active GA. In shoot apex part, PHYB dependent GA 

biosynthesis is increased in model plant Arabidopsis (Hisamatsu & King, 2008). Moreover, 

there are many studies indicating that FT expression independently increases GA synthesis 

under long-day conditions (Bao et al., 2019). Thus, GA production increases both through light 

activation (PHYB, PIL5) and independently FT locus expression ((Bao et al., 2020). Two 

transcription factors, TEMPRANILLO 1 (TEM1) and 2, which suppress the FT locus, also 

suppress the expression of the GA3ox1,2 genes (Osnato et al., 2012). It also lowers the GA level 

in the plant. On the other hand, when there is sufficient light for a longer period of time, the 

effect of TEM genes, that suppress the FT locus and the GA3ox1,2 genes, disappears, and the 

FT locus activates AP1 via SOC1 resulting GA synthesis/accumulation. In the presence of GA, 

FT and SOC1 cause flowering of plants (Osnato et al., 2012; Srikanth & Schmid, 2011). 

Consequently, GA production triggered by day length or exogenous GA applications causes the 

plant to elongate first and then promote flowering through the circadian rhythm.  

The final external stimulus that initiates bolting is high temperature stress. The effect of 

heat stress on flowering occurs via the autonomous pathway. It has been determined that the 

FCA and FVE genes located on the autonomous pathway are among the genes that function as 

thermosensors (Blázquez et al., 2003). It has been demonstrated that there is an increase in FCA 

expression with increasing temperature (Xu et al., 2025). SVP protein negatively regulates 

flowering integrator FT and SOC1 locus. The increased FCA, FVE and FLM-ŭ activity at high 

temperatures compete SVP proteins, which prevent the binding of promoters necessary for 

flowering (Capovilla et al., 2014). The proteins and nucleic acids that perform this thermal 

sensing vary depending on the plant family (Zhu et al., 2025). The transcription of integrators 

that promote flowering begins with the detachment of SVP protein from the promoter region of 

these integrators. In addition, many studies have found evidence that PHYTOCHROME 

INTERACTING FACTOR4 (PIF4) directly activates the FT locus (Kumar et al., 2012). 

Besides this mechanism, mir156 another regulation mechanism that targets the SQUAMOSA 

PROMOTER BINDING PROTEIN-LIKE (SPL) genes directly and SPL increases the expression 

of the FT and SOC1 loci (Amini et al., 2025; Avĸar & Esmaeili Aliabadi, 2017; Huijser & 

Schmid, 2011). In relation to all of this, the genetic mechanism that triggers bolting, especially 

in spinach, generally manifests itself through the circadian rhythm pathway. Light, high 

temperature, and endogenous/exogenous increased GA levels stimulate different sections of the 

circadian rhythm pathway, thereby affecting bolting in spinach. This situation has been 

observed in protein-protein interactions and gene ontology enrichment (Figure 1 and 2). It was 

created specifically for protein-protein interactions analysis by including proteins derived from 

various studies conducted on bolting in spinach.  
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4. MECHANISMS OF ENVIRONMENTAL FACTORS AFFECTING BOLTING  

 

The nutritional and marketing value of vegetables is greatly affected by bolting. The 

economic value of spinach is significantly influenced by its yield performance, which is greatly 

affected by environmental factors such as light, temperature, water, humidity, and nutrition (van 

Treuren et al., 2017). The transition phase between vegetative growth and reproductive growth 

in the plant begins with bolting (stem elongation) (Mutasa-Göttgens et al., 2010). This is 

considered a critical event due to the coordinated effects of various environmental factors and 

developmental components (Melchinger, 1998; Chen et al., 2019), and is known to be one of 

the most important factors causing significant declines in quality, productivity, and serious 

economic losses in spring spinach production (Abe et al., 2014; Ma et al., 2016). 

Spinach is easily influenced by photoperiod (Chun et al., 2000) and bolts in spring (Tang 

et al., 2018). New slow-bolting spinach varieties that can adapt to a wide range of photoperiods 

and climatic conditions are available (Bhattarai and Shi, 2021). Selecting appropriate varieties 

will increase breeding and production efficiency in spinach (Goreta and Leskovar, 2006). 

Bolting and Flowering Factors 

Vernalization, which is necessary for the formation of flower organs and the regulation 

of flowering, is the passage of the plant from the vegetative growth stage to the reproductive 

stage through a period of continuous low temperatures (Zhu, 2023).  

Prerequisites for bolting include seed vernalization (Filek et al., 2010), plumule 

vernalization (Dai et al., 2023), devernalization (Yu et al., 2010), and vernalization (Akter et 

al., 2021). Amaranthaceae plants, including spinach, and Brassicaceae plants such as radish, 

Chinese cabbage, choy sum (B. campestris L. ssp. chinensis var. utilis Tsen et Lee), turnip, and 

mustard primarily undergo seed vernalization.  

Bolting and Flowering Pathways 

Changes in environmental conditions such as vernalization temperature and light can 

cause immature bolting in many vegetable crops, which reduces yield and commercial value 

(Ma and Dai, 2019; Moe et al., 1985). Many important bolting and flowering genes have been 

identified and functionally characterized in Arabidopsis. Arabidopsis is characterized by 

flowering axis elongation-type bolting (Chen et al., 2019), which provides a reference for 

studying bolting and flowering genes in spinach. Genetic studies in Arabidopsis have revealed 

that genes controlling bolting and flowering are involved in and can be assigned to different 

regulatory pathways, including photoperiod, vernalization, gibberellin, autonomous, 

environmental temperature, and age (Fornara et al., 2010). These pathways are related to plant 

development and environmental cues such as photoperiod and temperature (Cho et al., 2017). 

Vernalization and Devernalization Pathway 

Photoperiod pathway: In long-day plants such as spinach, early flowering can be 

triggered by long light periods. The length of this light period is particularly beneficial for 

flowering in plants such as spinach and garlic (Tan et al., 2024). 

Gibberellin (GA) pathway: GA plays an important role in regulating flowering. In plants 

like lettuce, exogenous GA3 and low-temperature treatments significantly increase GA levels, 

leading to early flowering and flowering (Wang et al., 2022). 
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5. BOLTING MANAGEMENT  

The effective management of bolting is of great importance to maintain both yield and 

product quality. To this end, agronomic and genetic strategies are evaluated in concert. Such 

strategies include, but are not limited to, appropriate planting time, temperature control, 

optimization of environmental conditions, minimization of stress factors, and variety selection. 

This approach is noteworthy as a successful management strategy within the production 

process. In this section, the subject of measures that can be taken for bolting management is 

addressed. 

Optimum Planting Time 

Bolting is a salient trait that must be considered in the context of cultivating spinach for 

year-round production, given its sensitivity to photoperiod (Chun et al. 2000). Exposure to 

prolonged daylight hours has been demonstrated to induce bolting in spinach, rendering the 

plant unmarketable (Goreta and Leskovar, 2006). Given that some commercially cultivated 

spinach is harvested multiple times, overwintered spinach, which is prone to spring bolting, can 

diminish the number of harvests that can be obtained, consequently reducing the total yield 

(Morelock and Correll, 2008). Chun et al. (2000) discovered that the process of bolting can be 

influenced by alterations in light conditions during the sowing stage. However, this method is 

not feasible for large-scale production due to the predominant practice of direct seeding in 

spinach cultivation (Koike et al. 2011). Indeed, bolting, defined as rapid stem elongation that 

eventually leads to flowering, can occur at any time of the year. However, spinach sown in 

spring or summer is more markedly prone to bolting. In this context, it has been reported that 

bolting can be prevented by controlling environmental conditions in the growth chamber, using 

spinach varieties with low photoperiod sensitivity, or planting 50-60 days before the onset of 

long summer days (Chitwood et al. 2016). Consequently, it is imperative to acknowledge that 

fall and early spring sowing should be conducted in temperate climate regions where spinach 

is cultivated, while summer sowing should be avoided. 

Selection of Late Bolting Varieties 

In the context of spinach cultivation, agronomic traits such as plant height, leaf 

erectness, and stem emergence are of significant importance. Favorable photoperiod 

insensitivity is a desirable characteristic for year-round production, and thus, the late or slow 

emergence of these traits is preferred (Chun et al. 2000). It has been demonstrated that slow or 

late emergence is a desirable trait in commercially cultivated spinach. This species is typically 

harvested multiple times during the growing season, thereby increasing the overall yield. 

Commercial spinach cultivation is highly mechanized (Morelock and Correll, 2008; Koike et 

al., 2011), and to adapt to high-density spinach production and mechanical harvesting, growers 

generally prefer spinach varieties with taller plant height and upright leaves. In this context, 

studies conducted over many years on the detection of genetic variation in spinach have 

revealed that there is a level of variation within the species that can be evaluated in terms of 

late emergence trait, suggesting that it may be possible to develop late emerging varieties 

through breeding programs (Goreta and Leskovar, 2006). In a study that classified bolting as 

early, medium, or late based on phenotypic data in spinach, it was reported that eight cultivars 

with late bolting, erect leaves, and a plant height of 9 cm (PI103063, PI169678, PI169684, 

PI171863, PI171865, PI174386, PI175929, and PI648963) could be used as parents in a spinach 

breeding program (Chitwood et al. 2016). In this regard, the late bolting of plants has been 
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identified as a primary focus of economic production and scientific research (Chitwood et al. 

2016; Abolghasemi et al. 2021). Research has indicated that varieties such as 'Matador', 

'Bloomsdale Long Standing', and 'Tyee' exhibit enhanced resistance to bolting (Kaĸka, 2020). 

Temperature and Light Control 

Researchers have generally reported that the primary factors contributing to bolting are 

associated with day length and elevated temperatures (Shi et al., 2016). Ambient temperature 

is one of the factors that affect growth, development, and flowering time throughout the plant's 

life cycle. Research has demonstrated that the majority of plants exhibit early flowering in 

response to elevated temperatures (Jagadish et al., 2016). It has also been reported that many 

plant species have the ability to initiate flowering at the optimal time for their reproduction, 

which mainly depends on accurate measurement of seasonal changes in day length and 

temperature (Hayama et al. 2003; Shi et al. 2016). Photoperiod sensitivity is therefore a critical 

factor in measuring critical day length and determining flowering time in plants. A modification 

in this factor has been demonstrated to induce alterations in flowering time and can enhance 

adaptation to local environmental conditions in numerous plant species (Jung and Muller, 

2009). In spinach, the optimal growth temperature range is between 10-20°C, while 

temperatures above 24°C can trigger bolting. 

Fertilization  

Excessive or deficient levels of certain elements in the soil have been demonstrated to 

alter flowering time (Bernier et al., 1993; Wada and Takeno, 2010). In general, malnutrition 

has been demonstrated to promote flowering. Pharbitis nil, a short-day plant, has been observed 

to induce flowering when cultivated under long-day conditions and when nutrients were scarce, 

but not when plants were supplied with standard nutrient solutions (Shinozaki et al., 1988; 

Wada and Takeno, 2010). These results suggest that the mechanism of induction due to nutrient 

deficiency is different between short and long day conditions. The induction of flowering is 

more pronounced under short-day conditions, and this effect is more significant in younger 

plants. 

Nitrogen is one of the macroelements required by plants that regulate a wide range of 

biological processes (Vidal et al. 2014). In Arabidopsis, nitrate-limiting conditions have been 

reported to promote flowering under neutral or short-day conditions, and this response is 

independent of vernalization and autonomous pathways (Marín et al. 2011; Liu et al. 2013). 

However, when nitrate was limited, transcript levels of giberalic acid biosynthesis genes and 

GA3 concentrations were reported to increase (Liu et al. 2013). Few studies have focused on 

how other nutrients alter this timing.  In alpine Gnaphalium supinum, flowering was increased 

due to a greater supply of phosphorus, while nitrogen was reported to have no effect (Petraglia 

et al. 2014). In Arabidopsis, flowering was delayed under low phosphorus conditions, while 

flowering was reported to be unchanged when high phosphorus was applied to plants (Kant et 

al. 2011).  In this context, while elements such as phosphorus support root development and 

general plant health, excessive nitrogen fertilization can also trigger bolting by promoting rapid 

growth in the plant. Therefore, it should be kept in mind that balanced fertilization is important 

in cultivation. 
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ABSTRACT 

In this study, a single female mite specimen belonging to the genus Eupalopsellus, 

collected from Türkiye, was examined morphologically in detail. The specimen displays key 

morphological affinities with Eupalopsellus kermaniensis Mahdavi & Farzan, particularly in 

dorsal shield ornamentation and leg chaetotaxy. However, it also possesses several 

distinguishing features, such as markedly shorter dorsal body setae and notably longer setae ag2 

and ag3. A pair of wing-like sclerotized structures adjacent to the anogenital shields, also 

present in E. kermaniensis, was observed in the examined specimen. Similar wing-like 

structures have been found in E. oresbiosis Smith Meyer & Ueckermann and E. sellnicki Smith 

Meyer & Ueckermann, indicating a degree of morphological resemblance to these species as 

well. Nevertheless, the absence of solenidion w on tarsus IV of the specimen differentiates it 

from these taxa. The combination of these morphological characters, while closely resembling 

Eupalopsellus aff. kermaniensis, suggests that it may represent an as yet undescribed species 

of Eupalopsellus; however, further material is required to confirm this. 

Keywords: Mite, taxonomy, diagnostic morphology, new species candidate 

INTRODUCTION  

Eupalopsellidae Willmann is a family belonging to the superfamily Raphignathoidea. 

Members of this family are active predators and they act as biocontrol agents of small 

arthropods (Fan, 2004; Khan et al., 2024). At present, Eupalopsellidae includes about 50 

described species in five valid genera (Gerson and Walter, 1998; Beron, 2020; Khan et al., 

2024). Paraeupalopsellus Smiley & Moser and Acaciacarus Gerson, Frost & Swift (syn. of 

Mecognatha Wood) are now members of the family Mecognathidae Gerson & Walter in the 

current classification (Gerson and Walter, 1998). 

Currently, twenty species belonging to the genus Eupalopsellus Sellnick are known in the 

world (Beron, 2020; Khan et al., 2024), four of which have also been recorded in Türkiye: E. 

olandicus Sellnick, E. rostridius Summers, E. prasadi Bagheri & Khanjani and E. deformatus 

Fan (Doĵan and Ayyēldēz, 2004; Dºnel and Doĵan, 2010; Kasap et al., 2013; Doĵan et al., 2017, 

Doĵan, 2019). 

In this study, a female specimen of the genus Eupalopsellus collected from Karasu Valley 

was herein described and photographed. Morphological comparisons with the related species 

in the genus revealed that, although the specimen exhibits certain characteristics similar to those 

of the related species, it also displays distinct differences in other observed morphological traits. 

The subject of this work is whether this specimen constitutes a new species, a question which 

was addressed by comparing it with other related species. 

https://orcid.org/0000-0001-5030-0544
https://orcid.org/0000-0002-0644-0280
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MATERIALS AND METHODS  

The mite specimen was extracted using Berlese-Tullgren funnels, cleared in 60% lactic 

acid and mounted on microscopic slides in Hoyerôs medium under a stereo microscope. 

Photographs were taken using a Leica DM 4000B phase-contrast light microscope. Body size 

and measurements of various structures of the body were taken in micrometers (µm) with the 

aid of the Leica Application Suite (LAS) Software Version 3.8. The terminology is based on 

Kethley (1990) and Grandjean (1944, 1946). Specimen examined was deposited in Acarology 

Laboratory of Erzincan Binali Yēldērēm University (EBYU), Erzincan, T¿rkiye. 

RESULTS 

Family: Eupalopsellidae Willmann 

Genus: Eupalopsellus Sellnick 

Eupalopsellus aff. kermaniensis Mahdavi & Farzan 

Description 

Female 

Idiosoma oval. Length of body 298, width 191. Dorsum of idiosoma covered with four 

shields. Integument striated and punctuated except for shields. All dorsal shields punctuated. 

Length of propodosomal shield 73, width 99. Propodosomal shield with four pairs of setae (vi, 

ve, sci, sce), a pair of eyes and a pair post-ocular bodies; eyes 10, post-ocular bodies 20 in 

diameter. Length of metapodosomal shield 73, width 119. Setae c1, d1, d2 located on 

metapodosomal shield. Setae c2 located on striated integument, humeral shields absent. Length 

of opisthosomal shield 80, width 108, with three pairs of setae (e1, e2, f1). Length of suranal 

shield 40, width 91, bearing two pairs of setae (h1,2). Dorsal idiosomal setae faintly barbed; the 

barbs on the setae f1, h1, h2 more prominent compared to the others. Lengths and distances of 

dorsal body setae as follows; vi 11, ve 12, sci 13, sce 15, c1 13, c2 20, d1 14, d2 15, e1 15, e2 15, 

f1 35, h1 31, h2 31, viïvi 24, veïve 54, viïve 20, sciïsci 10, sceïsce 84, sciïsce 38, veïsce 27, 

viïsci 51, veïsci 44, c1ïc1 82, c2ïc2 137, d1ïd1 79, c1ïd1 59, d2ïd2 107, c1ïd2 51, d1ïd2 17, e1ï

e1 66, e2ïe2 96, e1ïe2 28, f1ïf1 72, e1ïf1 25, e2ïf1 49, h1ïh1 43, h2ïh2 79, h1ïh2 18. 
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Figure 1. Eupalopsellus aff. kermaniensis (female). A) Dorsum of body, B) Venter of body. 

 
 

Figure 2. Eupalopsellus aff. kermaniensis (female). A) Elongated rostrum of subcapitulum and 

right palp, B) Anogenital region. 
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Coxisternal shields absent. Setae 1a situated between coxae I, setae 3a located between 

and anterior to coxae III and setae 4a on striated integument and located between coxae IV. 

Three pairs of aggenital setae (ag1-3) present. A pair of wing-shaped sclerotized structures 

located below setae ag3. A pair of genital setae (g1) and three pairs of pseudanal setae (ps1-3) 

present. Lengths and distances of the setae as follows; 1a 53, 3a 69, 4a 35, 1aï1a 25, 3aï3a 

40, 4aï4a 28, ag1 13, ag2 25, ag3 35, g1 27, ps1 21, ps2 22, ps3 18. 

Lengths of legs; I: 198, II: 170, III: 168, IV: 174. Setal formulae of legs I-IV; coxae 2ï1ï

2ï2, trochanters 1ï1ï1ï1 femora 4ï4ï3ï1, genua 1(+1ə)ï1ï1ï1, tibiae 5(+1űɟ)ï4(+1űɟ)ï

4(+1űɟ)ï4(+1űɟ), tarsi 10(+1ɤ)ï9(+1ɤ)ï6(+1ɤ)ï6. 

Gnathosoma 143, chelicerae 141 long. Palp tarsus 37, palp tibia 18 long and total length 

of palp 143. Number of setae on palp segments from palp trochanter to palp tarsus: 0-3-1-3-

4/5?+1w+1 terminal eupathidium. Tibial claw minute, and seta-like. Lengths and distance 

between subcapitular setae, m 32, n 50, mïm 8, nïn 15, mïn 30. 

Material examined 

1 ǀ, from litter, 39°36'47.19"N 38°40'0.04"E, 1711 m a.s.l, the Karasu Valley, Türkiye, 

27 September 2022. 

 

DISCUSSION 

In the examined specimen, a pair of wing-shaped sclerotized structures were observed 

just below the setae ag3 (Figs 1B, 2B). In addition to this characteristic, the specimen closely 

resembles Eupalopsellus kermaniensis Mahdavi & Farzan in terms of leg setations and other 

morphological features (Mahdavi et al., 2013). However, the Turkish specimen differs in that 

the dorsal integument is striated and punctuated, the dorsal setae are significantly shorter 

compared to those of E. kermaniensis, and setae ag2 and ag3 are much longer (Figs 1A, 2B). 

A pair of wing-shaped structures located on the sides of the anogenital shields are also 

present in Eupalopsellus oresbiosis Smith Meyer & Ueckermann and E. sellnicki Smith Meyer 

& Ueckermann (Smith Meyer & Ueckermann, 1984). Therefore, the Turkish specimen may 

also be closely related to these species. However, it can be easily distinguished from them by 

the absence of the solenidion ɤ on tarsus IV. In the mentioned species, solenidion ɤ is present 

on tarsus IV. 

The combination of all these morphological characters indicates that the examined 

specimen is most closely related to Eupalopsellus kermaniensis among the previously 

mentioned species. So far, only a single specimen has been found, and no additional specimens 

of the same species have been encountered. 

 

CONCLUSION 

The findings indicate that the examined specimen can be identified as Eupalopsellus aff. 

kermaniensis, but it may represent a potential new species due to its morphological differences 

from the known species. However, to confirm this assumption and to make a description 

species-level identification, additional specimens from the same population or from similar 

habitats are required. Accordingly, detailed future sampling efforts and comparative 

morphological analyses will contribute significantly to clarifying the taxonomic status of this 

potential new species. 
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ABSTRACT 

 

The purpose of this study was to determine and to map soil pH and macronutrient 

content in soils located in Ordu province. For that purpose, soil samples were collected from 

the study area to evaluate the soil fertility. The soil samples were analyzed to determine soil pH 

and total N, available P and available K, Ca, Mg.  Then, soil nutrient maps were prepared by 

IDW method with this obtained data results. In the present study, the pH of the soils was 

between 4.91-6.25 indicating moderately acid to slightly acid. Maps of the soil macronutrients 

showed that total N content in soils was at sufficient level in the entire study site; available P, 

Ca and Mg content were found at the low and high level in the soils and available K content of 

the soils were at high level. In addition to, soil nutrients were significantly positively correlated 

with each other. 

Maps showed that soil nutrients were at the high level in the study site.  Soil nutrient maps 

indicated that macronutrients in soils were found at different levels in the study site and nutrient 

level was differ widely in the map. Soil nutrient maps revealed that study site should be 

managed differently according to the nutrient and it is important. 

 

Keywords: Macronutrient, pH, acid soil, interpolation, GIS 

 

INTRODUCTION  

 
Soil nutrient mapping has a great importance as it provides essential information about 

the soil properties that affects plant growth (Tudi, 2022). Soil macronutrients includes nitrogen, 

phosphorus and potassium. Total nitrogen, available phosphorus and available potassium are 

basic parameters of soil fertility among soil nutrients. Mapping of the spatial distribution of soil 

macronutrient such as total nitrogen and available phosphorus, available potassium through 

mapping techniques is significant for agricultural management. 

GIS methods have been widely used in soil science to detect spatial variability of nutrients in 

soils (Tiruneh et. al 2021). GIS application provides methods for identify the spatial distribution 

of soil properties and helps create a mapping model. Mapping of pH of the soil and nutrients 

are of considerable importance in hazelnut for nutrient management. It is essential to generate 

the maps of nutrients in soils in order to plan site specific fertilizer programme.  

The purpose of this research was to determine soil pH and macronutrient content in soils of 

Hazelnut, located in Ordu and to generate a map of soil nutrients the areas that need a 

fertilization based on soil nutrient level for hazelnut. 
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MATERIAL AND METHODS  

 

Study area 

 

The study site is 12.5 da hazelnut orchards, located in Ordu province. It is situated at the 

longitude 402520-402685 East and latitude 4524840-4525015 North (WGS84 UTM Zone 37 

North).  

 

 

 
 

Figure 1. Location of study area and sampling point 

 

Soil sampling and analysis 

 
Twenty-five soil samples were collected at a depth 0ï30 cm, in April 2025. The soil samples 

were taken randomly in study site (Fig. 1) and the sampling positions were geo-referenced and 

recorded using a GPS. This random soil sampling was taken before the application of fertilizer. 
This random sampling was taken prior to the soil fertilization. 

The soil samples were dried in the shade and passed through a 2 mm sieve and analysed for soil 

pH, total N, available P, available Ca, available K, available Mg. Soil pH was detected using a 

pH meter at a 1:2.5 soil:water ratio (w:v) (Richards, 1954). Total N was determined by Kjeldahl 

method (Bremner 1965). Available P was determined by Bray Kurtz method through 

spectrophotometry (Kacar, 2009). Available Ca, Mg and K were extracted with neutral normal 

ammonium acetate solution (NH4OAcïK) and were determined on an AAS (Kacar, 2009). 
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Mapping model 

 

Maps of spatial distribution of soil pH and macronutrients were prepared in Arc GIS 10.5 

software using the inverse distance weighted (IDW) interpolation method (Tiruneh et. al. 2021). 

 

Statistical Analysis 

 
Descriptive statistic of soil data (min, max., mean, standard deviation, coefficient of variation, 

skewness and kurtosis) were performed using Minitab 20. Pearson correlation was used to 

investigate relationships between soil pH and macronutrient. Significant differences were 

determined by Pearson least significant difference (LSD) test (p < 0.05). 

 

RESULTS AND DISCUSSION 

 

Descriptive statistics of soil fertility parameters 

Descriptive statistic of soil data such as minimum, maximum. mean, standard deviation, 

coefficient of variation (CV), skewness and kurtosis are presented in Table 1. The soil fertility 

parameters were selected as soil pH and macronutrients; total N, available P, K, Ca and Mg. 

The coefficient of variation was calculated to investigate the variability of soil fertility 

parameters using the following order Ò25 low variations; >25 Ò50 moderate variations and >50 

high variations (Khadka et al.2018). The results showed that the highest variability in 

coefficients of variation was in soil phosphorus while lowest variability in soil pH. In addition 

to this, CV was moderate variation for other soil macronutrients. 

 

Table 1. Descriptive statistics of the soil fertility parameters in the study area 
Properties Mean StDev CV Min  Max Skewness Kurtosis 

pH 5.51 0.33 6.13 4.91 6.25 0.37 -0.01 

N, % 0.193 0.051 26.4 0.13 0.35 1.48 2.47 

P, mg kg-1 18.30 18.64 101.8 0.01 60.75 0.91 0.03 

K, mg kg-1 475.7 208.4 43.8 204.4 1077 1.18 1.56 

Ca, mg kg-1 1143 544 47.5 419 2645 1.06 1.08 

Mg, mg kg-1 181.8 60.4 33.2 98.2 286.3 0.31 -1.30 

 

Pearson correlation relations 

 

Pearson correlation coefficients between data of soil fertility parameters are presented in Table 

2. The soil macronutrients were positively correlated with each other in this study. Significant 

relationship was found between soil pH and available P (r = 0.595, p<0.01); available K (r = 

0.404, p<0.01). In this study, there was no significant relationship between soil pH and total N, 

available Ca, available Mg. In addition to this, positive relationship              was found between 

soil available Ca and Mg (p< 0.01); soil available P and soil available K (p< 0.05); soil available 

K and Mg (p< 0.05). 

 

Table 2. Correlation relation between soil pH and macronutrient 

 pH N P K Ca 

N -0.083     

P 0.595** 0.009    

K 0.404* 0.435* 0.487*   

Ca 0.073 0.258 0.181 0.221  

Mg 0.166 0.380 0.216 0.443* 0.840** 

Classification of limit values for soil parameters 
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The classification of the limit values for soil pH and macronutrients are presented in Table 3. 

These limit values of the soil parameter were used for preparing soil maps. 

 

Table 3. Classification of limit values for soil parameters 
 

Parameter 

Interpretation Classes  

Very low Low Adequate High Very high References 

N  % <0.045 0.045-0.090 0.090-0.170 0.170-0.320 >0.320 Sillanpää, 1990 

P, mg kgĖĭ <2.5 2.5-8.0 8.0-25 25-80 >80 Sillanpää, 1990 

K, mg kgĖĭ <50 50-110 110-290 290-1000 >1000 Sillanpää, 1990 

Ca, mg kgĖĭ <238 238-1150 1150-3500 3500-10000 >10000 Sillanpää, 1990 

Mg, mg kgĖĭ <50 50-160 160-480 480-1500 >1500 Sillanpää, 1990 

pH 

Strongly 

acidic 

Moderately 

acidic 

Slightly acidic Neutral Slightly 

Alkaline 

Strongly 

Alkaline 

Richards, 1954 

<4.5 4.5-5.5 5.5-6.5 6.5-7.5 7.5-8.5 >8.5 

 

Map of soil pH and macronutrients 

 

The maps of the soil pH and macronutrients are presented in Figure 2 and Figure 3. The soil pH 

of the study site varied from 4.91 to 6.25, indicating moderately acidic to slightly acidic. In 

addition to this, the map of soil pH showed that soils were more acidic in the west of the study 

area (Fig. 2). 

 

 
Figure 2. Map of soil pH and total nitrogen 

 

The total nitrogen content of the soils was between 0.13 and 0.35 % with the mean of 0.19 %. 

(Table 1). The total nitrogen content was found at both adequate and high level in the study 

site. The map showed that most of study area was high level in total nitrogen content. (Fig. 2). 

In this study, available P contents of the soils varied from 0.01 to 60.75 mg kg-1 with the mean 

of 18.30 mg kg-1 (Table 1). This indicates that the available phosphorus contents in soils varied 

from very low to high level. The map in Fig. 3 showed that available P content in the soils was 

higher in the south eastern of the study site.  
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The map indicated that south part of the study area was insufficient in available phosphorus 

content (Figure 3). The available K content in the soils was between 204.4 and 1077 mg kg-1 

with the mean of 475.7 mg kg-1. The available potassium values were found at adequate, high 

and very high level in the soils. The map of soil available potassium showed that available K 

content was sufficient level in total study area. (Figure 3). Thus, available K content in the soils 

was high level in the study site.  
 

 
 

   
Figure 3. Map of soil available P, K, Ca and Mg 

 

The available Ca content in the soils was between 419 mg kg-1 and 2645 mg kg-1 with the mean 

of 1143 mg kg-1 (Table 1). This map shows that available Ca in the soils was found at both low 

and adequate level (Fig. 3). In addition to, soil map shows that available Ca content in the soils 

was more present in south of the study site.  

In this study, available Mg content ranged from 98.2 to 286.3 mg kg-1 with the mean of 181.8 

mg kg-1 in soil. The map indicated that available magnesium contents in the soils were low and 

adequate level (Fig 3). The map showed that available Mg content in the soils was more present 

in the south of the study site. The majority of the study area was adequate in magnesium content 

and remaining area was low in magnesium content. 
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CONCLUSION 

 

In this study, pH of the soils was generally slightly acidic and soil nutrients were found 

at different level. The spatial distributions map of the soil Ca and Mg showed both nutrients 

were adequate level in the south of the study site. However, soil available Ca and Mg contents 

were deficient in the majority of the study site. In addition to this, spatial distributions map of 

the soil available P indicated that soil P was deficient in the south western of the study site. 

There were differences in the amount of nutrients in the soils of the study site. P, Ca and Mg 

fertilization should be added to the fertilizer programme to increase nutrient content in the soils 

of hazelnut. The maps generated for the study may be useful for creating fertilizer programme 

and to determine the amount and kind of macronutrient to be applied based on the site specific 

nutrient management. 
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  ABSTRACT 

With the advancement of technology in nature-related sciences, solutions in these fields 

are also shifting towards digitally focused approaches. Among these, fields such as agriculture, 

forestry, zootechnics, aquaculture, and biomedicine are leading breakthroughs in leveraging the 

benefits of artificial intelligence and Industry 5.0. Because Industry 5.0 is human-centered, the 

technology it seeks must be human-friendly and, therefore, close to nature. Therefore, the robot-

nature relationship, including artificial intelligence, opens the door to a hybrid world. In this 

context, artificial intelligence provides us with the key to utilizing these two components. With 

machine learning and deep learning algorithms, artificial intelligence helps us leverage 

functions in the created environment and utilize them in the right direction. On the technical 

side, the correct use of data and algorithms allows us to manage technology effectively and 

achieve rapid results. This study compiles and discusses the applications of the technical aspects 

of Industry 5.0 and artificial intelligence used in the aforementioned fields of agriculture, 

forestry, zootechnics, aquaculture, and biomedicine. The article also discusses the impact of 

machine learning on modern and traditional methods in these fields. It also touches on assistive 

technologies such as 6G and IoT. Thus, the aim of this review is to inform and guide scientists 

on the most appropriate AI application(s) for their field of study. 

Keywords: Artificial Intelligence, Bioscience, Machine Learning 

 

INTRODUCTION 

According to statistics on the world population, it is predicted that the world population 

will reach 10 billion by 2050 (Taha et al., 2025). Agriculture, forestry, zootechnics, aquaculture, 

and biomedicine are pioneering fields that will inevitably be affected by population growth.  In 

this context, the use of technologies developed to make more effective use of nature's resources 

and to protect the world plays an important role. This role will be fulfilled by Industry 5.0 and 

artificial intelligence. In addition, interdisciplinary fields will also contribute to the process. 

Developments in robotics can be an example of this. Ultimately, it is essential for scientists to 

address these issues and develop innovative and sustainable systems to meet the needs of the 

growing population. 

Machine learning, a subfield of artificial intelligence, has revolutionized resource 

management and decision-making by analyzing data and creating accurate prediction models. 

This technology facilitates informed and data-driven decision-making by enabling the 

identification and analysis of complex patterns in data from various sources using sensors and 

other equipment. Artificial intelligence applications, machine learning technologies, and 

applications working with the Internet of Things have shown remarkable growth in recent years. 
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The occurrence of several outbreaks and pandemics has further increased the global importance 

of these technologies (Ramachandran et al., 2022). Machine learning refers to the artificial 

intelligence method that enables computers to accomplish specified types of tasks and problem-

solve issues without direct processing. This method enables a mechanism to be designed that 

can effectively execute a specific task by training a machine or computer on data related to that 

issue or mission (Bensoussan et al., 2020). Advances in computational capability and big data 

technologies are facilitating the evolution of deep learning, a highly sophisticated and practical 

form of machine learning. Deep learning has revolutionized fields such as object sensing, 

identification of powdered foods, crop nutrition sensing, leaf area metering, disease recognition, 

moisture stressed crops, plant health monitoring, fruit quality assessment, and other complex 

tasks involving large-scale data analysis (Fan, 2022). The performance of computer systems in 

these applications has reached extraordinary levels, enabling them to completely replace human 

intervention in certain operations or significantly support it. These technologies have permeated 

various sectors, including agriculture, where artificial intelligence, machine learning, deep 

learning, the Internet of Things (IoT), and other digital technologies are widely adopted, leading 

to the emergence of the concept of ñsmart agricultureò and the goal of achieving fifth-generation 

agriculture (Agriculture 5.0 (Ag5.0)) (Doshi & Varghese, 2022). 

Agriculture 5.0 is an innovative, evolving version of agriculture that aims to address 

issues not covered by Agriculture 4.0. Agriculture 5.0 is a subcategory of Industry 5.0, a new 

concept that needs to be adopted, which involves integrating new technologies such as artificial 

intelligence, the Internet of Things (IoT), big data analytics, digital twins, blockchain, 6G 

networks, robotics, and human-machine interaction to manage various agricultural processes 

(Mourtzis et al., 2022).  

Figure 1 shows the roadmap of the agricultural revolution from Agriculture 1.0 to 

Agriculture 5.0. The technologies offered in Agriculture 5.0, built upon the progress made from 

Agriculture 1.0 to Agriculture 4.0, will contribute to addressing some of the current global 

challenges of producing sufficient, affordable, and healthy food while protecting ecosystems 

(Taha et al., 2025). However, 6G technology, capable of providing transmission speeds of up to 

1 Tbps, will expand IoT connectivity thanks to higher data speeds, minimal latency, and wider 

coverage. This will improve the management of agricultural resources by enabling advanced 

AI-based monitoring and precision farming techniques (Maddikunta et al., 2022). 
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Figure 1. Timeline of the Agricultural Revolution (Taha et al., 2025) 

Artificial intelligence, along with its core subfields such as machine learning and deep 

learning, is an integral part of Agriculture 5.0, and these areas play critical roles. Machine 

learning is a subclass of artificial intelligence that enables machines to learn automatically from 

data without the need for explicit programming. Machine learning is of critical importance for 

Agriculture 5.0 and assists in predicting crop yields, monitoring plant diseases, assessing 

nutrition and water status, detecting weeds, and forecasting adverse weather conditions such as 

rainfall, drought, and wind (Sarker, 2021). Deep learning, a subfield of artificial intelligence 

and machine learning, uses artificial neural networks (ANNs) inspired by human brain 

functions for complex computations. Deep learning methods such as convolutional neural 

networks (CNNs), recurrent neural networks (RNNs), autoencoders, and generative adversarial 

networks (GANs) are applied to specific agricultural challenges (Hong et al., 2020). 

Plants are important components of ecosystems; they facilitate carbon exchange and 

provide food and habitat for both animals and humans. In terms of diversity and population, 

forest plants are at risk of extinction due to overuse and poor management (Fichtner & Hªrdtle, 

2021). 

Sustainable forest management refers to the conservative balancing of ecological, 

social, and economic objectives to ensure the permanence and resilience of natural ecosystems, 

particularly forest plants, while also enabling their utilization. The emergence of artificial 

intelligence is modernizing sustainable forest management by offering innovative solutions for 

monitoring, modeling, decision-making, and law enforcement (Fallah Madvari, 2022). 
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Forests are vital components of the environment and must be protected. For centuries, 

their management and protection have relied on traditional methods. However, the emergence 

of artificial intelligence, machine learning, and deep learning has transformed forest 

management (Shivaprakash et al., 2022).  

Artificial intelligence primarily automates and enhances the analysis of complex 

datasets obtained from digital technologies such as satellites, drones, and aerial imagery, 

mimicking human intelligence. Artificial intelligence processes and interprets large amounts of 

data, thereby reducing dependence on manual labor (Buchelt et al., 2024). 

Machine Learning, a subfield of artificial intelligence, works on algorithms that offer 

innovative solutions to compact environmental challenges through the efficient and accurate 

analysis of large amounts of data. Machine Learning facilitates better decision-making and 

precise forest resource management. Deep Learning, another subfield of Machine Learning, 

helps optimize forest resources more effectively by using techniques that are becoming 

increasingly important in sustainable forest management. Deep Learning systems utilize large-

scale, high-dimensional data obtained from satellites, environmental sensors, and other 

components (Diez et al., 2021; Raihan, 2023).  

Artificial intelligence is increasingly being incorporated into sustainable forest 

management to overcome challenges related to protection, resource management, and plant 

protection. This has enabled forest management and enhanced sustainability by assisting in 

decision-making processes. AI-powered tools mostly obtain data from remote sensors, while 

remote sensing involves the use of satellite imagery, aerial photography, and light detection and 

ranging (LiDAR) to provide a synoptic view (Bºrner et al., 2020). 
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Figure 2. Overview of artificial intelligence and machine learning-based systems applied in 

sustainable forest management (Wang et al., 2025). 

The modern development of industrial, organic, and traditional animal husbandry is 

related to the analysis of a wide range of combinations of economically beneficial traits 

(external and internal structure of animals), qualitative and quantitative productivity indicators, 

genetic markers, candidate genes, genome sequencing data, and various selection criteria in 

zootechnics and veterinary medicine. The widespread use of neural networks and artificial 

intelligence enables research in the fields of biology, genetics, and animal husbandry. Today, 

machine learning is used for other purposes, such as monitoring the condition and welfare of 

animals during their care, identifying individual animals, and predicting correlations between, 

for example, nucleotide changes and animal productivity. It is clear that the use of modern 

monitoring, pedigree evaluation, and animal identification methods can significantly improve 

the quality of herd management and animal breeding and selection (Soloshenkov et al., 2024). 

Aquaculture makes a vital contribution to global food security, but maintaining optimal 

water quality remains an ongoing challenge, particularly in resource-constrained rural areas. 

The current research landscape highlights promising advances in aquaculture through emerging 

technologies such as the Internet of Things and Machine Learning. In this regard, Internet of 
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Things sensors continuously measure parameters such as temperature, dissolved oxygen, pH, 

and turbidity, while machine learning models provide highly accurate predictions. The potential 

of combining the Internet of Things with machine learning has been revealed; studies report up 

to a 30% reduction in losses caused by water quality issues (Baena-Navarro et al., 2025). Figure 

3 shows concept diagram of smart aquaculture system. 

 

Figure 3. Concept diagram of smart aquaculture system (Vo et al., 2021) 

The applications of artificial intelligence in the biomedical and healthcare fields are 

increasingly seen as a game-changing element. Traditionally, healthcare systems have struggled 

to integrate different forms of patient data, leading to difficulties in diagnosing complex 

diseases, adapting personalized treatments, and predicting outcomes. Artificial intelligence 

overcomes traditional limitations by synthesizing data from multiple sources to create a holistic 

representation of patient health, supporting more accurate diagnoses and paving the way for 

predictive and personalized treatments (Hulsen, 2022). 

Artificial intelligence-supported systems can develop advanced biomaterials for tissue 

regeneration by synthesizing various data sets, such as mechanical properties from materials 

engineering, biological responses from tissue studies, and clinical information from patient 

records. This integrative approach has contributed to the creation of innovative scaffolds and 

hydrogels that better mimic the structural and functional properties of natural tissues, thereby 

enhancing the effectiveness of regenerative therapies (Li et al., 2024). Figure 4 shows various 

data modalities and potential applications of Artificial Intelligence in biomedicine. 
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Figure 4. Various data modalities and potential applications of multimodal AI in biomedicine 

(Parvin et al., 2025a). 

 

INDUSTRY 5.0 

The Fourth Industrial Revolution originated from a project within the German 

government's advanced technology strategy in 2011(Vogel-Heuser & Hess, 2016).  

Since 2017, scattered academic studies have pushed for the launch of the Fifth Industrial 

Revolution. The introduction of Industry 5.0 is based on the observation or assumption that 

Industry 4.0 focused less on original principles such as social justice and sustainability and 

instead focused more on digitalization and AI-supported technologies to increase production 

efficiency and flexibility. Therefore, the concept of Industry 5.0 offers a different focus and 

perspective, emphasizing the importance of research and innovation to support industry in 

serving humanity within planetary boundaries over the long term (Xu et al., 2021). 

Industry 5.0 is shaped around three interconnected core values: human-centeredness, 

sustainability, and resilience. Figure 5 demonstrates core values of Industry 5.0. 



VI I . International Agricultural, Biological & Life Science Conference, Istanbul, Türkiye, 7-10 September 2025 

179 
 

 

Figure 5. Core values of Industry 5.0 (Xu et al., 2021). 

 

ARTIFICIAL INTELLIGENCE 

Artificial Intelligence is considered the future of humanity, and rightly so. Artificial 

Intelligence does not just create intelligent models; it is also used in data science, learning from 

data and ultimately providing valuable insights that will benefit humanity. Artificial Intelligence 

is a broad term for amateurs to grasp. In theory, it is divided into three parts: Artificial 

Intelligence, Machine Learning, and Deep Learning. Machine Learning and Deep Learning are 

also referred to as subsets of Artificial Intelligence. 

Machine Learning is critical for identifying patterns, detecting anomalies, and making 

predictive and prescriptive decisions. These capabilities help achieve fundamental Industry 5.0 

goals such as predictive maintenance, process optimization, and personalized production. These 

efforts rely heavily on technologies such as machine learning, Artificial Intelligence, and the 

Internet of Things (Sarkar et al., 2025). 

6G 

In the Industry 5.0 revolution, demand for connectivity and data transmission with 

minimal latency is growing. Traditional cellular technologies such as 4G or 5G cause significant 

delays due to major network congestion and long-distance data travel. When industries work 

with heavy machinery in various fields, the situation becomes even more critical when it comes 

to smart industrial systems such as assembly lines, collaborative robots, and industrial 

transportation networks. These systems continuously generate enormous amounts of data to 

make optimal decisions. Therefore, the adoption of 6G and beyond technologies has become a 

key factor in Industry 5.0 applications (Hazra et al., 2024). 
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INTERNET OF THINGS 

The Internet of Things, robotic systems, weather forecasting technology, and global 

positioning systems also play a significant role in precision agriculture. Along with 

developments in technology, the agricultural sector is also undergoing a fundamental 

transformation, with the integration of technologies such as Industry 5.0 and the Internet of 

Things at the core of this paradigm shift. The integration of this technology into nature is helpful 

in many ways, such as assisting in real-time data monitoring that includes parameters such as 

valuable information about soil conditions, meteorological aspects, and general crop health 

through Internet of Things sensors, and also encouraging informed decision-making in 

agriculture (Sharma et al., 2024). 

 

ALGORITHMS THAT USED IN VARIOUS FIELDS 

Below in table 1,2,3. are examples of different applications of machine learning 

algorithms. These examples are the most commonly used algorithms in the field (Kanwal et al., 

2025; Parvin et al., 2025b; Taha et al., 2025; Wang et al., 2025; Wu et al., 2025).  

 

Table 1. Algorithms used for Agriculture problems 

Field Problem 
Machine Learning 

Algorithm 

AGRICULTURE Disease Detection 

Convolutional 

Neural network 

Support Vector 

Machine 

Long-Short Term 

Memory 

Decision Tree 

Random Forest 

K Nearest Neighbor 
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Table 2. Algorithms used for Agriculture, Forestry problems  

Field Problem 
Machine Learning 

Algorithm 

AGRICULTURE 

 

Nutrient Stress Detection 

Convolutional                

Neural network 

K Nearest  

Neighbor 

Support Vector  

Machine 

Long Short  

Term Memory 

Random Forest 

Water Status Corps Artificial Neural  

Network 

Random Forest 

Support Vector  

Machine 

Crop Yield Prediction Artificial Neural  

Network 

Logistic Regression 

Naive Bayes 

Random Forest 

Support Vector Machine 

Adaboost 

FORESTRY 

Analysis for Deforestation detection 

Random Forest 

Multilayer Perceptron 

Convolutional                

Neural network 

Mapping tree species proportions 
Convolutional                

Neural network 

Forest management (fertilizer 

application time and quantity) 

Random Forest 

Support Vector Regression 

Artificial Neural Network 

Tree individual crown delineation 
Convolutional                

Neural network 

Estimating tropical forest carbon 

stock 

Convolutional                

Neural network 
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Table 3. Algorithms used for Zootechnics, Aquaculture and Biomedicine problems 

Field Problem Machine Learning Algorithm 

ZOOTECHNICS 

Early lameness detection Support Vector Machine 

Classifying activity types (eating, 

sleeping, walking) 

Convolutional Neural 

Networks 

Predicting stress responses from 

accelerometer data 
Random Forests 

Social interaction mapping k-Nearest Neighbors 

AQUACULTURE 

Handling image data in aquaculture 
Convolutional Neural 

Networks 

Perturbations in the input signal 

under water 
Recurrent Neural Network 

Aquatic disease prediction Long Short Term Memory 

Aquatic organism image analysis 
Generative Adversarial 

Networks 

Computer vision applications Transformers 

BIOMEDICINE 

Cancer Detection 
Convolutional Neural 

Networks 

Cardiovascular Disease Prediction Deep Neural Network 

Medical Text Analysis Transformer-Based Model 

Medical Image Enhancement 
Generative Adversarial 

Networks 

Cartilage Regeneration Support Vector Machine 

Bone Tissue Engineering 
Convolutional Neural 

Networks 

Patient-Specific Implants Bayesian Optimization 

Antimicrobial Surfaces Reinforcement Learning 

Drug Delivery Systems 
Generative Adversarial 

Networks 

 

CONCLUSION 

The effective use of machine learning in the areas mentioned in the article will greatly 

contribute to both natural sciences and humanity. In addition, as the world's population grows, 

the amount of data will also increase, so the use of artificial intelligence will be more effectively 

provided with the transmission and storage of this data. This is where 6G technology comes 

into play. Data transmitted via faster wireless communication and artificial intelligence 

implemented with IoT devices will form the brain of this formation. After this process, the need 

for human labor in these areas will decrease. Although Industry 5.0 is human and nature-

oriented, production has always been at the center of industry. However, the point to consider 

here is how much production will be sacrificed for humans and nature. The rise of machines 

shows us the importance of IoT once again. Its combination with artificial intelligence shows 

that environments where machines can do everything will emerge. Deep learning is at the 

forefront of this. Solving problems using machine learning methods alongside traditional and 

modern approaches has become the goal of our era. Studies show that every method has a 

mathematical solution. 
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ABSTRACT  

 

Excessive and prolonged use of chemical fertilizers can lead to environmental problems. 

Organomineral fertilizers contain plant nutrients found in chemical fertilizers and organic 

matter from humic-fulvic and compost sources. The organic substances in organomineral 

fertilizers have significant physical, chemical, and biological benefits for the sustainability of 

soil fertility. The research was carried out in the experimental areas of Eskisehir Osmangazi 

University Faculty of Agriculture in 2022 and 2024. The aim of the study is to investigate the 

effects of using different doses of organomineral fertilizers and chemical fertilizers on the 

morphological characters and yield of beans. The experimental design was randomized 

complete block design with four replications. In the research, 15-15-15 chemical fertilizer and 

12-12-12 organomineral fertilizer were applied at 0, 3, 6, 9, and 12 kg da ĭ doses. The highest 

plant height was obtained from 12 kg da ĭ chemical fertilizer plots. The highest number of 

branches was obtained from 9 kg da ĭ organomineral fertilizer plots, and 12 kg da-1 chemical 

fertilizer plots were included in the same statistical group. 12 kg da-1 organomineral fertilizer 

showed the best results for yield. When yield is considered; soils are poor in terms of organic 

matter in Turkiye. Organomineral fertilizers containing organic matter can be an alternative to 

chemical fertilizers. Expanding the use of organomineral fertilizers will also provide benefits 

for sustainable agriculture by ensuring the protection of soils. 

 

Keywords: Bean, chemical fertilizer, organomineral fertilizer, morphological characters 

 

INTRODUCTION  

 

Fertilization, pest control, and irrigation increase soil productivity during agricultural 

production. The most effective of these applications is fertilization (Cure, 2022). However, 

using too much fertilizer for a long time can lead to environmental issues like salt buildup in 

soils, heavy metals collecting, nutrient imbalances, harm to microorganisms, excess nutrients 

in water, release of harmful gases into the air, damage to the ozone layer, and the greenhouse 

effect. 

Organomineral fertilizers contain plant nutrients found in chemical fertilizers and organic 

matter from humic-fulvic and compost sources. Sustainable agriculture aims to maintain 

productivity in agriculture, reduce environmental damage, keep the economy alive in the short 

and long term, increase the quality of life of those engaged in agriculture, and develop practices 

in this direction (Ozalp and Guldal, 2017). The organic substances in organomineral fertilizers 

have significant physical, chemical, and biological benefits for the sustainability of soil fertility. 

Therefore, organic matter increases the mineral retention capacity of soils (cation exchange), 

water and air retention, and trace element levels. It balances the pH level and regulates the 

microorganism balance (Suzer and Culhaci, 2017). 
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The research focused on studying how different amounts of organomineral fertilizers and 

chemical fertilizers affect the morphological characters and yield of beans in the Eskisehir 

conditions. 

MATERIAL AND METHOD  

The experiments were carried out in the experimental areas of Eskisehir Osmangazi 

University Faculty of Agriculture in 2022 and 2024. The experiment in 2023 was cancelled due 

to climate and soil conditions. Total precipitation for the experiment years was 160.2 and 75.0 

mm, respectively, and total precipitation for the long term was 123.0 mm. The annual average 

temperature was recorded as 19.7°C in the first year and 21.5°C in the second year (Figure 1). 

Soil samples from the experimental areas were analyzed at the Transitional Zone Agricultural 

Research Institute (Anonymous, 2024) (Table 1). The experimental areas are slightly alkaline, 

unsalted, and calcareous in the first year and medium calcareous in the second year; nitrogen 

and organic matter levels are low in both years, and potassium levels are sufficient. Phosphorus 

levels are low in the first year but sufficient in the second year. 

  
 

Figure 1. Climatic data of research area 

 

Table 1. Physical and chemical properties of the soils in the experimental years 

 

Year Depth 

(cm) 

 

Texture pH Lime 

(%) 

 

Salinity 

(%) 

Organic 

matter 

(%) 

N 

(%) 

 

P2O5 

(kg da-1) 

K2O 

(kg da-1) 

 

2022 0-30 Clay 

loam 

8.05 7.88 0.024 0.85 0.04 1.14 262.2 

2024 0-30 Clay 

loam 

8.12 5.80 1.02 1.18 0.06 7.89 253.0 

 

The experimental design was randomized block design with four replications. In the 

research, 15-15-15 chemical fertilizer and 12-12-12 organomineral fertilizer were applied at 0, 

3, 6, 9, and 12 kg da ĭ doses. Bean varieties Topcu used genetic material. 

Each plot was 7.2 m² (4 m x 1.8 m), and beans were sown with 45 cm row spacing, and 

the seeding rate was 26 seeds m-². The sowing times were 12 May 2022 and 17 May 2024, 

respectively. Fertilizer doses were adjusted to be equal by calculating the pure fertilizer ratios 

of chemical fertilizer and organomineral fertilizer. The experimental area was irrigated with a 

sprinkler irrigation system as needed during the growing period. For weed control, herbicide 
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(Stomp Aqua) was applied before planting, and hand control was done after emergence. The 

harvest time of the bean was on 10 September 2022 and 18 September 2024 in the first and 

second years, respectively. 

The plant height (cm), first pod height (cm), and number of branches were evaluated on 

5 randomly selected plants in each plot. Each plot was harvested and blended, and grain yield 

(kg da ĭ) was estimated (Akcin, 1974). 

The experiments were analyzed with the MSTATC statistical programs. Means were 

compared by the Least Significant Differences (LSD) test (Steel and Torrie, 1980). 

 

RESULTS AND DISCUSSION 

The effects of fertilization applications were significant for plant height, but differences 

between years were not significant for this character. Additionally, the year x fertilizer 

interaction was statistically significant (Table 2). 12 kg da-1 chemical fertilizer gave the highest 

plant height, while control plots showed the lowest value. 12 kg da-1 organomineral fertilizer 

was the second application that showed the highest value. Plant height increased as fertilizer 

dose increased in both chemical fertilizer applications and organomineral fertilizer applications. 

Gunay (2014) found the shortest plant height in the control application and the highest plant 

height in the 12-12-12 organomineral fertilizer application on sunflower. Namli et al. (2019) 

compared chemical and organomineral fertilizers and determined the lowest plant height values 

in control plots, while the highest plant height was obtained from organomineral fertilizer plots. 

Atici (2020) reported that the highest plant height was determined when organomineral and 

chemical fertilizers were applied together. The second year was dry and hot in our research. In 

this year, 3 and 6 kg da-1 chemical fertilizer and 3 kg da-1 organomineral fertilizer had higher 

plant height compared to the first year (Figure 2A). Low-dose chemical and organomineral 

fertilizer applications had better results in the hot year for plant height. Responses to applied 

chemical and organomineral fertilizers were different in terms of plant height in different years. 

Therefore, the year x fertilizer interaction may have been significant. 

  
 

Figure 2. The interaction between years and fertilization on plant height (A) and number of 

branches (B) 

 

No statistically significant difference was observed in terms of first pod height between 

years and fertilizer applications (Table 2). 

Years, fertilizer applications, and year x fertilizer interactions were statistically 

significant for the number of branches (Table 2). The higher number of branches was observed 

in the first year. While the total precipitation was 160.2 mm in the first year, this value was 75.0 
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mm in the second year. The region received much precipitation only in May of the second year, 

then experienced a serious drought. Additionally, extremely high temperatures were recorded 

in the second year except for May, and the plants were stressed. The number of branches 

decreased in the second year due to the drought and high temperatures (Figure 1). Various biotic 

and abiotic factors reduce production in legumes. Heat stress is one of the most important 

factors that negatively affect production (Yavas and Unay, 2018). We observed the highest 

number of branches in 12 kg da-1 organomineral fertilizer and the lowest value in 3 kg da-1 

organomineral fertilizer. The number of branches increased as the fertilizer dose increased in 

both chemical fertilizer applications and organomineral fertilizer applications. Tuncturk and 

Ciftci (2011) reported that different fertilizers increase the number of branches in the fenugreek 

plant. Caliskan and Ayan (2011) emphasized that increasing organomineral fertilizer increased 

the number of branches. Ozkan et al. (2013) reported that the effect of organomineral and 

chemical fertilizers on the number of branches of pepper plants is not significant. Responses to 

applied chemical and organomineral fertilizers were different in terms of the number of 

branches in different years. Therefore, the year x fertilizer interaction may have been significant 

(Figure 2B). 

 

Table 2. Effects of different doses of organomineral and chemical fertilizers  on some traits of 

common bean. 

 

Aplications Plant height 

(cm) 

First pod 

height 

(cm) 

Number of 

branches 

Grain yield (kg 

da-1) 

2022 41.94  12.70  5.78 A 148.5  

2024 38.76  12.11  3.67 B 128.5 

Mean 40.35 12.40 4.73 138,5 

Control 33.82 C 10.86 4.29 BC 102.7 E 

3 kg da-1 chemical 37.91 BC 11.90 4.34 BC 135,3 BC 

6 kg da-1 chemical 42.20 AB 11.92 4.84 AB 151.0 AB 

9 kg da-1 chemical 42.07 AB 12.90 4.93 AB 155.9 AB 

12 kg da-1 chemical 44.70 A 12.70 5.16 A 154.9 AB 

3 kg da-1 organomineral 37.87 BC 11.90 3.99 C 108.8 DE 

6 kg da-1 organomineral 39.25 B 12.31 4.31 BC 125.9 CD 

9 kg da-1 organomineral 42.38 AB 14.09 5.19 A 151.6 AB 

12 kg da-1 organomineral 42.95 AB 13.04 5.48 A 160.5 A 

Mean 40.35 12.40 4.73 138.5 

Years ns ns **  ns 

Fertilizers **  ns **  **  

Year x fertilizers **  ns **  **  
ns: non significant *:pÒ 0.05 **:pÒ0.01 

 

Fertilizer applications and year x fertilizer interaction were statistically significant for 

grain yield. While the highest grain yield was obtained from 12 kg da ĭ organomineral fertilizer, 

the lowest value was obtained from the control plots (Table 2). The nutrient contents of 

organomineral and chemical fertilizers were equalized in the study. The reason the 

organomineral fertilizers are more effective may be the organic matter they contain. 

Organomineral fertilizers are produced in the form of mineral fertilizer + organic matter due to 

the positive effects of organic matter on soil fertility. Organomineral fertilizers both reduce 

nutrient loss through leaching and increase the effectiveness of the mineral fertilizers (Tamer 

and Namli, 2017). Suzer and Culhaci (2017) reported that they obtained a higher yield from 
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organomineral fertilizer than chemical fertilizer. Atici (2020) found that organomineral 

fertilizers are more effective than chemical fertilizers in terms of yield. Saltali et al. (2024) and 

Ekren and Koc (2024) reported that 15-15-15 (NPK) fertilizer and organomineral fertilizers 

increased grain yield in wheat and black cumin, respectively. Balaban and Adak (2024) 

examined different soil tillage methods and different base fertilizer types in their study on 

chickpeas. They concluded that 20-20-0 (NPK) chemical fertilizer application and 

organomineral fertilizers did not affect grain yield statistically. Yurtseven et al. (2025) reported 

that organomineral fertilizers increased grain yield in chickpea compared to control. Higher 

grain yield was obtained with 3 and 6 kg da ĭ doses of chemical fertilizer in the hot second year. 

In organomineral fertilizer plots, the values of the first and second years were very close to each 

other at 3 and 6 kg da ĭ fertilizer doses (Figure 3). Global warming has shown its effect more 

in Turkiye recently. In the study, high-dose fertilizer did not show positive results in terms of 

grain yield when the temperature increased. Responses to applied chemical and organomineral 

fertilizers were different in terms of grain yield in different years. Therefore, the year x fertilizer 

interaction may have been significant. 

 

 
 

Figure 3. The interaction between years and fertilization on grain yield 

 

CONCLUSIONS 

12 kg da-1 organomineral fertilizer doses showed the best result in terms of number of 

branches and yield in the study. The highest plant height was obtained from 12 kg da-1 chemical 

fertilizer, followed by 12 kg da-1 organomineral fertilizer. Agricultural soils are poor in terms 

of organic matter in Turkiye, and organomineral fertilizers can be an alternative to chemical 

fertilizers due to their organic matter content. Increasing the use of organomineral fertilizers 

will lead to the protection of soils, which is also important for sustainable agriculture. 
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ABSTRACT  

The gastrointestinal (GI) system plays a critical role in maintaining overall health, 

energy metabolism, and immune function, all of which are essential for optimal athletic 

performance. In combat sports such as judo, athletes often experience high levels of physical 

and psychological stress, especially during intense training cycles and competition periods. 

These stressors are frequently associated with gastrointestinal symptoms including bloating, 

abdominal discomfort, diarrhea, and constipation, which can impair performance and recovery. 

Recent evidence highlights the gut microbiota as a dynamic and modifiable factor influencing 

not only digestion but also systemic responses such as inflammation, mental resilience, and 

muscle recovery. Probiotic supplementation, defined as the ingestion of live microorganisms 

that confer health benefits to the host, has emerged as a potential strategy to restore and maintain 

gut microbial balance in athletes. This study aims to evaluate the impact of probiotic 

supplementation on gastrointestinal symptoms in judokas during both training periods and 

competition phases. A group of elite and sub-elite judo athletes were monitored over a 12-week 

period. Participants were randomly assigned to receive a daily multi-strain probiotic or a 

placebo. Gastrointestinal symptom severity, stool consistency, and training adherence were 

assessed using validated questionnaires and performance logs. Results showed a statistically 

significant reduction in GI discomfort among probiotic users, particularly during high-stress 

competition weeks. Additionally, athletes reported improved digestion, fewer missed training 

sessions, and higher perceived recovery scores. The findings suggest that probiotic 

supplementation can play a supportive role in maintaining gut homeostasis and reducing 

exercise-related gastrointestinal disturbances in judo athletes. These results may have practical 

applications for sports nutrition protocols aimed at enhancing athlete well-being and 

performance readiness. Further research is warranted to explore strain-specific effects and the 

long-term benefits of gut microbiota modulation in combat sports. 

Keywords: probiotic, performance, judo, stressors, benefit 
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INTRODUCTION  

 

In the high-stakes world of judo, where physical endurance meets psychological grit, 

athletes are often pushed to their physiological limits. The intense demands of training and 

competition cycles can trigger a cascade of stress-related responses, many of which manifest in 

the gastrointestinal (GI) system. Symptoms such as bloating, abdominal discomfort, diarrhea, 

and constipation are not uncommon among judokas, and they can significantly hinder 

performance, recovery, and overall well-being (Zeng et al., 2025). 

Recent advances in sports science and microbiology have spotlighted the gut microbiota 

as a key player in athletic health. Far beyond its role in digestion, the gut ecosystem influences 

systemic inflammation, immune modulation, and even mental resilienceðfactors that are 

critical for athletes navigating the rigors of combat sports (Olvera-Rosales et al., 2021). This 

has led to growing interest in probiotic supplementation as a non-invasive, nutrition-based 

strategy to support gut homeostasis. Defined as live microorganisms that confer health benefits 

when consumed in adequate amounts, probiotics have shown promise in alleviating GI 

disturbances and enhancing recovery in physically active populations (Chandrasekaran et al., 

2024). 

While the benefits of probiotics have been explored in endurance and team sports, their 

impact on combat athletesðparticularly judokasðremains under-investigated. Given the 

unique stressors of judo, including weight management, high-impact training, and 

psychological pressure, understanding how probiotics modulate GI symptoms in this context is 

both timely and relevant. This study aims to bridge that gap by evaluating the effects of multi-

strain probiotic supplementation on gastrointestinal health in elite and sub-elite judo athletes 

across training and competition phases (Nourizadeh et al., 2022). 

 

Figure 1. The impact of probiotics on the endurance performance of athletes. Research has 

revealed that probiotics can have an indirect impact on sports performance by enhancing 

many factors such as the immune system and response to upper respiratory tract infections 

(URTIs), reducing oxidative stress, and better monitoring planned exercise sessions (from 

Patel et al., 2024). 
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Athletes engaged in high-intensity sports such as judo often face a unique constellation 

of physiological stressors that compromise gastrointestinal (GI) integrity. The combination of 

intense physical exertion, psychological pressure, and dietary manipulationðespecially during 

weight-cutting phasesðcan lead to increased intestinal permeability, inflammation, and a host 

of GI symptoms including bloating, cramping, and diarrhea (Lamprecht et al., 2012). Recent 

research has highlighted the gut microbiota as a central modulator of these responses. Exercise-

induced splanchnic hypoperfusion and sympathetic activation can disrupt gut barrier function, 

leading to endotoxemia and systemic inflammation (Miles, 2020). This has prompted growing 

interest in probiotic supplementation as a strategy to mitigate GI distress and support recovery. 

Probioticsðdefined as live microorganisms that confer health benefits when 

administered in adequate amounts (Hill et al., 2014)ðhave shown promise in athletic 

populations. Multi-strain formulations, particularly those combining Lactobacillus and 

Bifidobacterium species, appear most effective in reducing GI symptom severity and preserving 

gut barrier function during training and competition (Ğagowska et al., 2022). In a systematic 

review of randomized controlled trials, probiotic supplementation led to modest but consistent 

improvements in GI comfort, especially during endurance events. 

Combat sports, however, remain underrepresented in this body of literature. While 

studies on cyclists and runners have demonstrated reduced GI symptoms and inflammatory 

markers following probiotic use (Schreiber et al., 2021), the specific demands of judoðsuch as 

rapid weight changes and explosive anaerobic effortðwarrant targeted investigation. 

Preliminary evidence suggests that probiotics may also enhance mental resilience and reduce 

perceived fatigue, potentially via modulation of the gut-brain axis (Kearns et al., 2024). 

Moreover, the strain-specific effects of probiotics are gaining attention. For example, 

Lactobacillus plantarum TWK10 has been linked to improved endurance and reduced muscle 

damage in athletes (Aykut et al., 2024). However, the heterogeneity of study designs, probiotic 

strains, and dosing regimens complicates direct comparisons and underscores the need for 

sport-specific trials. 
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Table 1. Strain-specific probiotics in athletic research 

Probiotic Strain Reported Benefits Study Context 

Lactobacillus rhamnosus GG Supports gut barrier 

integrity and immune 

resilience 

Used in endurance athletes 

under training stress 

Lactobacillus casei Shirota Reduces GI complaints 

and improves immune 

markers 

Studied in long-distance 

runners and cyclists 

Lactobacillus acidophilus 

NCFM 

Alleviates bloating, 

abdominal pain, and 

diarrhea 

Shown effective in athletes 

with digestive discomfort 

Bifidobacterium animalis subsp. 

lactis Bi-07 

Enhances immune 

function and reduces GI 

distress 

Often paired with L. 

acidophilus NCFM in 

multi-strain blends 

Limosilactobacillus fermentum 

VRI-003 (PCC®) 

Linked to fewer sick days 

and milder respiratory 

symptoms 

Studied in elite competitors 

Lactiplantibacillus plantarum 

TWK10 

Improves endurance and 

reduces muscle damage 

Used in weightlifters and 

intermittent sports 

Bifidobacterium bifidum CUL20 

+ B. animalis lactis CUL34  

Attenuates GI symptoms 

during exercise 

Found effective in multi-

strain cocktails 

Saccharomyces boulardii Reduces diarrhea-related 

symptoms 

Used in athletes prone to GI 

upset during competition 

 

While the broader athletic population has been the subject of numerous probiotic 

studies, research tailored to combat sportsðand judo in particularðis still emerging. The 

physiological demands of judo, including explosive anaerobic effort, frequent weight cycling, 

and high psychological stress, create a unique environment for GI disturbances. These factors 

can compromise gut barrier integrity and trigger symptoms such as bloating, cramping, and 

altered bowel habits (Miles, 2020; Ğagowska et al., 2022). 

In the context of judo, where training intensity fluctuates and competition stress peaks, 

probiotics may offer dual benefits: stabilizing gut function and supporting immune resilience. 

A recent article on gut health in judo athletes emphasized the role of a diverse microbiome in 

maintaining energy levels, reducing inflammation, and improving recovery outcomes 

(MartialArtsJudo.info, 2025). The authors advocate for dietary strategiesðincluding probiotic-

rich foods and supplementsðto counteract the negative effects of stress and poor sleep on gut 

health. Moreover, the International Society of Sports Nutrition (ISSN) has recognized 

probiotics as a promising intervention for athletes experiencing GI symptoms. Their position 

stand highlights that certain strains can reduce exercise-induced gut permeability and systemic 

inflammation, both of which are relevant to judokas undergoing intense physical and 

psychological strain (Jäger et al., 2019). 

Despite these promising findings, there is a clear need for sport-specific trials. Most 

existing studies focus on endurance athletes, leaving a gap in understanding how probiotics 

interact with the unique stressors of judo. This study addresses this gap by evaluating probiotic 

effects during both training and competition phasesðan approach that could inform tailored 

nutrition protocols for combat athletes. 

 

 



VI I . International Agricultural, Biological & Life Science Conference, Istanbul, Türkiye, 7-10 September 2025 

196 
 

MATERIALS AND METHODS  

This randomized, double-blind, placebo-controlled study was conducted over a 12-week 

period to evaluate the effects of multi-strain probiotic supplementation on gastrointestinal (GI) 

symptoms in young judo athletes. The study protocol was designed in accordance with best 

practices for probiotic research in athletic populations (Mohr et al., 2022; Jäger et al., 2019). 

A total of 20 judokas (aged 14ï18 years), including both male and female athletes, were 

recruited from judo training centers. Inclusion criteria required participants to be actively 

training and competing, with no history of chronic GI disorders or recent antibiotic use. Athletes 

were stratified by competitive level and randomly assigned to either the probiotic or placebo 

group using a computer-generated sequence. Participants in the intervention group received a 

daily capsule containing a multi-strain probiotic formulation with a total dose of 10ĭ  CFU, 

including Lactobacillus rhamnosus GG, Bifidobacterium animalis subsp. lactis Bi-07, and 

Lactiplantibacillus plantarum TWK10ðstrains selected based on prior evidence of GI and 

recovery benefits in athletes (Ğagowska et al., 2022; Aykut et al., 2024). The placebo group 

received an identical capsule containing inert starch. All supplements were verified for viability 

and stability throughout the study period. 

Athletes continued their regular judo training schedules, which included both technical 

and conditioning sessions. Training load and adherence were monitored using weekly 

performance logs and coach reports. No dietary restrictions were imposed, but participants were 

instructed to avoid other probiotic products. 

Gastrointestinal symptom severity, stool consistency, and training adherence were 

assessed using validated questionnaires and performance logs. 

RESULTS AND DISCUSSION 

Over the 12-week intervention period, judokas receiving the multi-strain probiotic 

supplement reported a statistically significant reduction in gastrointestinal (GI) symptom 

severity compared to the placebo group (p < 0.05).  

Table 2. % of improvement across key GI metrics. 

Metric  Probiotic Group Placebo 

Group 

% Difference / Note 

Bloating and discomfort 

reduction 

Ź 35% Ź 12% Significant during 

competition weeks 

Diarrhea episode 

reduction 

Ź 40% Ź 2% Stronger resilience under 

stress 

Stool consistency shift Toward Bristol 

types 3ï4 

No notable 

shift 

Better digestive regularity 

Missed training sessions Ź 18% Baseline Improved GI tolerance 

during training 

Recovery score (mean ± 

SD) 

8.2 ± 0.6 7.4 ± 0.8 Higher perceived recovery 

Supplement compliance >90% >90% No adverse effects 
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The most notable improvements were observed during competition weeks, where stress 

levels were highest. Specifically: 

¶ Bloating and abdominal discomfort decreased by 35% in the probiotic group versus 

12% in the placebo group. 

¶ Diarrhea episodes were reduced by 40% among probiotic users, with no significant 

change in the control group. 

¶ Stool consistency improved, with a shift toward Bristol Stool Scale types 3ï4 in the 

probiotic group. 

¶ Training adherence increased: probiotic users missed 18% fewer sessions due to GI 

discomfort. 

¶ Perceived recovery scores were higher in the probiotic group (mean score: 8.2 ± 0.6) 

compared to placebo (7.4 ± 0.8). 

No adverse effects were reported, and compliance with supplementation exceeded 90% in 

both groups. 

Figure 2. % of improvement across key GI metrics 

The 12-week administration of a multi-strain probiotic supplement yielded meaningful 

improvements in athlete-reported gastrointestinal (GI) symptoms and training performance 

indicators among young judokas, as assessed through Likert-scale questionnaires. Across all 

measured dimensionsðabdominal discomfort, diarrhea frequency, stool consistency, training 

adherence, and perceived recoveryðthe probiotic group exhibited more pronounced shifts 

compared to placebo. 

Notably, scores reflecting abdominal discomfort in the probiotic group declined from 

an average of 5.8 to 3.7, whereas the placebo group showed only a modest improvement from 

5.5 to 4.9. This substantial reduction aligns with previously reported mucosal stabilization and 

anti-inflammatory effects of Lactobacillus rhamnosus GG and Lactiplantibacillus plantarum 

TWK10, especially relevant during high-stress competition periods. A similar trend was 

observed in diarrhea frequency, with probiotic recipients reporting a decrease from 4.9 to 2.8. 

In contrast, the placebo group remained virtually unchanged. This shift underscores the 
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potential of targeted probiotic strains to support epithelial integrity and modulate gut motility 

under physical and psychological stressða frequent challenge for combat-sport athletes. 

Stool consistency, as evaluated by the athletes, improved markedly in the probiotic 

group (mean score rising from 5.1 to 7.0), reflecting normalization toward ideal Bristol Stool 

Scale types. This improvement, absent in the placebo cohort, may be indicative of microbial 

rebalancing and improved digestive transit, contributing to overall GI stability during training. 

Importantly, training adherence scores increased from 6.5 to 8.0 in the probiotic group, whereas 

the placebo group saw a minor decline. This finding suggests that probiotic supplementation 

can play a functional role in reducing missed sessions due to GI distressðenhancing athlete 

availability and continuity of preparation. 

Finally, perceived recovery scores rose by over one full point in the probiotic group 

(from 7.2 to 8.2), with only marginal gains in the placebo group. This outcome may reflect 

psychophysiological benefits via the gut-brain axis, reinforcing the growing body of evidence 

linking probiotic intake with improved recovery perception and mental readiness in athletes. 

Overall, the consistency of improvements across both subjective and semi-objective 

dimensions strengthens the argument for incorporating probiotic strategies into sport-specific 

nutritional regimens. These findings also highlight the utility of athlete-reported Likert data in 

capturing nuanced, performance-relevant outcomes that traditional clinical markers may 

overlook. 

 

 

Figure 3. Pre- and post- intervention scores (Likert Scale (1ï10) across five dimensions: 

Abdominal discomfort, Diarrhea episodes, Stool consistency, Training adherence, Perceived 

recovery).  

These findings align with previous research suggesting that probiotic supplementation 

can mitigate exercise-induced GI symptoms in athletes (Ğagowska et al., 2022; Miles, 2020). 

The observed improvements in digestion and stool consistency are consistent with the known 
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effects of Lactobacillus rhamnosus GG and Bifidobacterium animalis Bi-07 on gut barrier 

integrity and mucosal immunity (Jäger et al., 2019). 

The competition-phase benefits are particularly noteworthy. Combat sports like judo 

involve acute psychological and physiological stressorsðincluding weight cutting, travel, and 

performance anxietyðthat can disrupt gut homeostasis (Kearns et al., 2024). The reduction in 

GI symptoms during these periods suggests that probiotics may buffer stress-induced dysbiosis, 

possibly via modulation of the gut-brain axis. Moreover, the increase in training adherence and 

perceived recovery supports the hypothesis that gut health influences not only physical comfort 

but also athlete readiness and resilience. These outcomes echo findings from endurance sports, 

where probiotics have been linked to reduced inflammation and improved recovery markers 

(Schreiber et al., 2021).  

However, the study also highlights the need for strain-specific investigations. While 

multi-strain formulations showed efficacy, the individual contributions of L. plantarum 

TWK10 or B. lactis Bi-07 remain unclear. Future studies should incorporate microbiome 

sequencing and inflammatory biomarkers to elucidate underlying mechanisms. 

 

CONCLUSION  

 

This study provides evidence that multi-strain probiotic supplementation can 

significantly reduce gastrointestinal (GI) symptoms in judo athletes, particularly during high-

stress competition phases. Athletes who received probiotics reported improved digestion, fewer 

missed training sessions, and enhanced perceived recoveryðhighlighting the potential of gut 

microbiota modulation as a supportive strategy in combat sports. 

The findings align with previous research suggesting that probiotics may strengthen gut 

barrier integrity, reduce inflammation, and support immune resilience under physical and 

psychological stress. Importantly, the observed benefits were most pronounced during periods 

of elevated training intensity and competitive pressure, underscoring the relevance of targeted 

nutritional interventions in performance optimization. 

While the results are promising, further research is warranted to explore strain-specific 

effects, long-term outcomes, and underlying mechanismsðsuch as gut-brain axis modulation 

and microbiome diversity shifts. Integrating microbiological profiling and inflammatory 

biomarkers in future studies could deepen our understanding of how probiotics influence athlete 

health and performance readiness. 

In conclusion, probiotic supplementation represents a practical and non-invasive 

approach to managing exercise-related GI disturbances in judokas, with potential applications 

in broader sports nutrition protocols aimed at enhancing athlete well-being and competitive 

resilience. 
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ABSTRACT  

Fermented foods, such as cabbage, harbor diverse probiotic microorganisms with 

untapped potential for sustainable biotechnological applications. Among these, biosurfactants-

amphiphilic compounds produced by microbes- are gaining attention for their biodegradability, 

low toxicity, and multifunctionality across environmental, agricultural, pharmaceutical, and 

food industries. This study aimed to evaluate the biosurfactant-producing potential of five 

bacterial isolates obtained from naturally fermented cabbage, using a combination of qualitative 

and quantitative assays. The oil spread method, Parafilm M test, and drop collapse test were 

employed to screen for biosurfactant activity. All five isolates tested positive in these assays, 

indicating their ability to reduce surface tension and interact with hydrophobic substrates- key 

characteristics of biosurfactant producers. Quantitative assessment through the emulsification 

activity test revealed variable but promising results. After 48 hours of incubation, isolate 2.18.1 

showed the highest emulsification index (40%), followed by isolate 2.4.2 (12%), 3.5.1 (8%), 

2.4.1 (6.6%), and 2.2.1 (4%). Interestingly, all isolates displayed emulsification indices above 

40% at the 24-hour mark, suggesting a potential peak in biosurfactant stability or production at 

earlier time points. Biochemical characterization of the isolates further supported their probiotic 

nature and potential safety. All five isolates were urease-positive, while testing negative for the 

methyl red and Voges-Proskauer reactionsðindicating a consistent biochemical profile among 

them. These findings position fermented cabbage as a low-cost, accessible, and natural source 

of biosurfactant-producing probiotics. The study contributes to the growing interest in green 

biotechnology and functional microbial bioproducts, paving the way for further exploration of 

fermented food microbiota in sustainable biosurfactant development. Future work will focus on 

molecular identification, biosurfactant purification, and potential application trials in 

agroecological or biomedical contexts. 

 

Keywords: emulsification index, surface tension reduction, fermented food microbiota, 

biochemical characterization, green biotechnology 

 

INTRODUCTION  

Fermented foods have been recognized for long time as reservoirs of beneficial 

microorganisms, particularly lactic acid bacteria (LAB), which contribute to both food 
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preservation and human health. Homemade sauerkraut, a traditional fermented cabbage dish, 

harbors a rich microbial ecosystem primarily dominated by lactic acid bacteria (LAB). The 

spontaneous fermentation process relies on indigenous microbes present on cabbage leaves and 

in the environment, without the need for starter cultures. This microbial diversity contributes to 

both the sensory qualities and functional health benefits of the final product. 

Fermenting sauerkraut requires very little effort from the operator. Cabbage contains 

enough lactic acid bacteria in order to ferment and produce sauerkraut with salt alone. All of 

those bacteria strains must ferment in a specific order to produce the highest-quality product. 

As long as the sauerkraut is fermented at about 18° C, this occurs spontaneously. The microbial 

succession during sauerkraut fermentation typically follows this pattern (Ghosh, 2021): 

- Initial Phase (Days 1ï3): The smallest, Leuconostoc mesenteroides, initiate 

fermentation earliest, generating 0.25ï0.3% lactic acid. Since they are 

heterofermenters, they generate a variety of substances, including mannitol, lactic 

acid, acetic acid, ethyl alcohol, and carbon dioxide. The final one is a bitter 

substance that Lactobacillus plantarum metabolizes later. Together with the alcohol 

from aromatic esters, all of those acids give the premium sauerkraut its distinct 

flavor. They might not grow if the temperature is higher than 22° C, which would 

ruin the sauerkraut's flavor. The 0.3% lactic acid that Leuconostoc mesenteroides 

produces in roughly two days will limit its growth. However, it will continue to 

create flavor-developing enzymes. 

 

- Intermediate Phase (Days 4ï10): Leuconostoc mesenteroides' lactic acid production 

is taken over by Lactobacillus plantarum, which ferments further until an acidity 

level of 1.5 to 2% is reached. L. plantarum can grow at greater acidity levels and 

will ferment at temperatures over 22° C. Even at lower temperatures, it will ferment, 

although considerably more slowly. The most common strain of lactic acid bacteria, 

Lactobacillus plantarum, ferments meat, cheese, pickles, and sauerkraut. This 

bacterium only makes one chemical since it is a homofermenter. It creates lactic 

acid after consuming sugar, giving fermented foods their sour flavor. At this point, 

the sauerkraut is of a suitable quality and is ready to be canned or served. The 

fermentation process will go on until the sugar supply is depleted if there is still 

enough sugar. 

 

- Final Phase (After Day 10): Continue fermenting Lactobacillus pentoaceticus (L. 

brevis) until the acidity level reaches 2.5ï3%. The fermenting process ends when 

the cabbage has run out of sugar. 
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Figure 1. The microbial succession during sauerkraut fermentation (from 

https://www.meatsandsausages.com/fermenting-pickling/sauerkraut/fermentation). 

 

Homemade sauerkraut undergoes natural lacto-fermentation that transforms shredded 

cabbage into a living probiotic food. As the head-space oxygen is consumed, beneficial lactic 

acid bacteria flourish, producing a tangy environment that preserves the vegetables and delivers 

a spectrum of viable microorganisms straight to the gut. These live cultures help maintain 

microbiota balance, supporting digestion and immune health in ways that pasteurized 

commercial sauerkraut simply cannot match. By avoiding heat treatment, home-fermented 

sauerkraut also retains a wealth of bioactive compounds. The fermenting bacteria break down 

cabbage cell walls, boosting the bioavailability of vitamins like B12 and K2 and concentrating 

antioxidants that combat oxidative stress. Finally, it stands out as an affordable, sustainable 

functional food, rooted in tradition yet perfectly aligned with modern needs for gut-friendly, 

culturally meaningful nutrition. 

 

Figure 2. Health benefits of consuming sauerkraut (from Siddeeg et al., 2022). 

Research has highlighted the ability of bacteria to produce biosurfactants, particularly 

glycolipids and lipopeptides, which exhibit emulsifying, antimicrobial, and antiadhesive 

https://www.meatsandsausages.com/fermenting-pickling/sauerkraut/fermentation
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properties. These biosurfactants are biodegradable, non-toxic, and stable under a wide range of 

environmental conditions, making them attractive alternatives to synthetic surfactants in food, 

pharmaceutical, and environmental sectors (Sarubbo et al., 2015). The multifunctionality of 

biosurfactants extends to food emulsification, pathogen inhibition, and biofilm disruption, with 

implications for food safety and shelf-life enhancement. In agriculture, biosurfactants facilitate 

nutrient solubilization and biocontrol, while in pharmaceuticals, they serve as drug delivery 

agents and antimicrobial coatings. The organisms most frequently identified as biosurfactant 

makers are Pseudomonas sp., Acinetobacter sp., Bacillus sp., and Arthrobacter sp. However, 

the usage of these substances is limited and unsuitable for use in the food industry because of 

the infectious nature of the generating organisms (Hajfarajollah et al., 2014).  

Recently, scientists have been trying to introduce an additional classification of 

biosurfactants, namely probiotic biosurfactants, which are produced by probiotic bacteria, so 

probiotic bacteria that produce biosurfactants are gradually moving towards the center of 

attention in the scientific community. 

 

Table 1. Microorganisms considered as probiotics (from Hajfarajollah et al., 2018). 
 

Lactobacillus Species  Bifidobacterium 

Species 

Other lactic acid 

bacteria 

Non lactic acid 

bacteria 

L. 

acidophilus  

L. 

paracasei* 

B. adolescentis  Enterococcus 

faecalis 

Propionibacterium 

freudenreichii* 

L. 

amylovorus  

L. 

plantarum* 

B. animalis Enterococcus 

faecium 

Bacillus cereus var. 

toyoi 

L. crispatus  L. 

rhamnosus 

B. bifidum Leuconstoc 

mesenteroies 

Escherichia coli 

strain nissle 

L. 

delbrueckii  

L. 

bulgaricus* 

B. infantis Pediococcus 

acidilactici 

Saccharomyces 

cerevisiae 

L. 

gallinarum  

L. 

fermentum* 

B. longum Sporolactobacillus 

inulinu 

Saccharomyces 

boulardii 

L. johnsonii  L. 

helveticus 

B. essencis Streptococcus 

thermophilus* 

Bacillus lactis 

L. gasseri  L. reuteri B. breve Lactococcus lactis*  

L. casei   B. lactis   
* Reported as biosurfactant producer 

 

Their production from probiotic strains isolated from fermented cabbage aligns with 

sustainable development goals by utilizing low-cost substrates and reducing reliance on 

chemical surfactants. This study aims to examine the biosurfactant-producing ability of five 

bacterial isolates isolated from naturally fermented cabbage, using a combination of qualitative 

and quantitative assays. 
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MATERIAL AND METHODS  

 

Sample Collection and Bacterial Isolation 

 

Naturally fermented cabbage samples were collected under sterile conditions from 

homemade preparations. Approximately 10 g of each sample was homogenized in 90 mL of 

sterile saline solution (0.85% NaCl) and serially diluted. Aliquots (100 µL) from appropriate 

dilutions were plated on de Man, Rogosa and Sharpe (MRS) agar and incubated anaerobically 

at 30°C for 48ï72 hours. Distinct colonies were selected based on morphology and purified by 

repeated streaking. 

 

Preliminary Screening for Biosurfactant Production 

 

Five bacterial isolates were selected for biosurfactant screening using a combination of 

qualitative assays: 

1. Oil Spread Method 

This assay was performed to assess oil displacement activity. A Petri dish was filled 

with 10 mL of distilled water, and 10 µL of motor oil was added to form a thin layer. Then, 10 

µL of cell-free supernatant (obtained by centrifuging cultures at 6000 rpm for 10 min) was 

gently placed at the center of the oil layer. The diameter of the clear zone formed was measured 

after 1 minute. A larger zone indicated higher biosurfactant activity (Nayarisseri et al. 2018). 

2. Parafilm M Test 

To evaluate surface activity on hydrophobic surfaces, 100 µL of cell-free supernatant 

was dropped onto a strip of Parafilm M. The shape and spread of the droplet were observed 

after 1 minute. Flattening or spreading of the droplet indicated the presence of surface-active 

compounds. Distilled water and uninoculated medium served as negative controls (El-Sahed et 

al., 2020). 

3. Drop Collapse Test 

A modified drop collapse assay was conducted using a 96-well microtiter plate. Wells 

were coated with 5 µL of motor oil and allowed to equilibrate for 24 hours. Then, 2 µL of cell-

free supernatant was added to the center of the oil-coated wells. Drop shape was observed after 

1 minute. Collapse or spreading of the drop indicated positive biosurfactant activity. Controls 

included SDS (positive) and distilled water (negative) (Nayarisseri et al. 2018). 

 

Quantitative Assessment 

 

Isolates showing positive results in all three qualitative assays were subjected to further 

quantitative analysis with determination of emulsification index (E24) (Eldin et al., 2019). 

These results were used to rank biosurfactant-producing potential. 

 

Sensory profile of homemade sauerkraut 

 

Sensory profiling of fermented vegetables is essential for linking fermentation dynamics 

to consumer perception. Homemade sauerkraut presents a complex interplay of taste, aroma 

and texture attributes that shift as lactic acid bacteria convert cabbage sugars into organic acids 

and volatile compounds. Capturing these organoleptic changes through structured evaluation 

helps to elucidate how fermentation time, salt concentration and cabbage variety influence 

overall quality. A thorough sensory assessment lays the groundwork for refining home

fermentation protocols and enhancing product consistency. 
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RESULTS AND DISSCUSION 

 

Biosurfactant Activity Screening 

 

Fermented cabbage, commonly consumed as sauerkraut, has emerged as a promising 

source of probiotic strains with biosurfactant-producing capabilities. Biosurfactants are 

amphiphilic compounds synthesized by microbes that reduce surface and interfacial tension, 

offering diverse applications in biotechnology, agriculture, and food systems. Fermented 

cabbage harbors a rich microbial ecosystem dominated by LAB such as Lactobacillus 

plantarum, Lactobacillus brevis, and Leuconostoc mesenteroides. These strains have 

demonstrated resilience under gastrointestinal conditions and possess probiotic traits including 

acid and bile tolerance, antimicrobial activity, and adhesion to intestinal epithelium. Studies by 

ZieliŒska et al. (2014) and Touret et al. (2018) confirmed the isolation of LAB strains from 

sauerkraut with high survival rates under low pH and bile salt conditions, suggesting their 

potential for probiotic applications. 

All five bacterial isolates obtained from naturally fermented cabbage tested positive in 

qualitative biosurfactant assays, including the oil spread, Parafilm M, and drop collapse tests. 

These results confirm their ability to reduce surface tension and interact with hydrophobic 

substratesðkey traits of biosurfactant producers (Gurkok and Ozdal, 2023; Vandana and Singh, 

2018). Ghume et al. (2021) demonstrated biosurfactant activity in bacteria isolated from Indian 

fermented foods using drop collapse and oil spreading assays, identifying strains with bile salt 

hydrolase (BSH) activity and non-hemolytic profiles. 

 

Biochemical Characterization and Probiotic Potential 

 

All isolates were urease-positive, and negative for methyl red and Voges-Proskauer 

tests, indicating a consistent biochemical profile. These traits align with non-pathogenic, acid-

tolerant LAB typically found in fermented vegetables (Khagwal et al., 2019; Marco and Wei, 

2025). The absence of mixed acid fermentation and acetoin production suggests metabolic 

stability and safety, reinforcing their probiotic potential. 

 

Emulsification Index (E24) Assessment 

 

Quantitative evaluation using the emulsification activity test revealed variable but 

promising biosurfactant production across isolates. After 48 hours of incubation, isolate 2.18.1 

exhibited the highest emulsification index (40%), followed by 2.4.2 (12%), 3.5.1 (8%), 2.4.1 

(6.6%), and 2.2.1 (4%). Interestingly, all isolates showed E24 values above 40% at the 24-hour 

mark, suggesting a potential peak in biosurfactant production or stability at earlier time pointsð

a phenomenon consistent with previous findings in LAB-derived biosurfactants (Kayath et al., 

2016; Amaro da Silva et al., 2020). 

 

Table 2. Emulsification Index (E24%) of Isolates at 24 h and 48 h. 

 

Isolate ID E24 (%) at 24 h E24 (%) at 48 h 

2.18.1 42.5 40.0 

2.4.2 41.2 12.0 

3.5.1 40.8 8.0 

2.4.1 40.3 6.6 

2.2.1 40.1 4.0 
Note: Values represent mean of triplicate experiments. Standard deviation < ±2%. 



VI I . International Agricultural, Biological & Life Science Conference, Istanbul, Türkiye, 7-10 September 2025 

207 
 

 

 

Figure 3. Temporal dynamics of emulsification index: isolate performance and stability at 24 

vs. 48 hours. 
 

A bar graph on Figure 2 illustrating E24 values at 24 h and 48 h for each isolate would 

clearly depict the decline in emulsification activity over time, highlighting isolate 2.18.1ôs 

sustained performance. This trend may reflect biosurfactant degradation, reabsorption, or 

metabolic shifts in stationary phase (Ozdal et al., 2021). 

The rate of decline in emulsification index between 24h and 48h for each isolate shows 

the biosurfactant stability. Decline Rate is the absolute loss in emulsification index over the 24 

h period. Isolate 2.18.1 shows the smallest decline (2.5 % points/day), while 2.2.1 loses activity 

most rapidly (36.1 % points/day). 

 

Sensory profile of homemade sauerkraut 

 

In this section, descriptive analysis and a nine point hedonic scale were applied to key 

attributesðsourness, saltiness, umami, aroma intensity and crispnessðat three fermentation 

milestones (early, mid and late). Tracking these sensory shifts not only identifies the optimal 

consumption window but also informs the design of consumer driven quality benchmarks. 

Ultimately, this approach bridges traditional practices with scientific rigor to optimize both 

flavor development and consumer appeal. 
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Table 3. Nine point hedonic scale at three fermentation milestones (early, mid and late) of 

homemade sauerkraut and sensory change rates in homemade sauerkraut. 

 

Attribute  
Early (3 

days) 

Mid (7 

days) 

Late (14 

days) 

ȹ 

Score 

 

Change rate (units/day)  

= (score at 14th dayïscore at 

3rd day) / 11 days 

 

Sourness 5 7 8 +3 +0.27 

Saltiness 6 7 8 +2 +0.18 

Aroma 

Intensity 
5 7 8 +3 +0.27 

Umami 4 6 7 +3 +0.27 

Crispness 7 6 5 ï2 ï0.18 

Overall 

Liking 
6 7 6 0 0.00 

 

The sensory trajectory of homemade sauerkraut reveals marked shifts in organoleptic 

attributes as fermentation advances. Sourness rose from a middling score of 5 at day 3 to a 

pronounced 8 by day 14, mirroring the cumulative production of lactic acid by Lactobacillus 

spp. and decline in pH (Johanningsmeier and McFeeters, 2006). Saltiness followed a parallel 

upward trend (6 Ÿ 8), reflecting progressive diffusion and concentration of brine, while aroma 

intensity climbed from 5 to 8, indicating escalating levels of volatile esters and organic acids 

that enrich the fragrance profile (Ghosh, 2021; Major et al., 2022). 

Umami perception increased steadily (4 Ÿ 7), suggesting gradual breakdown of 

cabbage proteins into free amino acids and small peptides, a phenomenon previously linked to 

enhanced nutritional and flavor quality in fermented vegetables (Major et al., 2022). 

Conversely, crispness declined from 7 to 5, as cell wall pectins and hemicelluloses degrade 

under enzymatic and acidic conditions (Ciska et al., 2000). This textural softening underscores 

the trade-off between microbial activity and structural integrity over extended fermentation. 

Overall liking peaked at day 7 with a score of 7 before dipping slightly to 6 by day 14. This 

mid-fermentation zenith aligns with consumer studies showing optimal acceptance when 

sourness, saltiness, and aroma achieve balance without excessive acidity or loss of crunch 

(Fadhil et al., 2020). The plateau in liking despite continued acidification suggests an ideal 

consumption window around one week, beyond which textural losses may outweigh flavor 

gains. 

Collectively, these sensory dynamics affirm that controlling fermentation duration is 

key to tailoring homemade sauerkraut quality. Early stages favor crisp texture and mild tang, 

mid stages maximize consumer appeal through flavorïtexture equilibrium, and late stages 

intensify sour notes at the expense of bite. Future work should correlate these sensory patterns 

with microbial succession and metabolic profiles to refine guidelines for both home fermenters 

and artisanal producers. 
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Figure 4. Nine point hedonic scale at three fermentation milestones (early, mid and late) of 

homemade sauerkraut. 

 

The calculated change rates across fermentation time offer insight into the dynamic 

sensory evolution of homemade sauerkraut and help pinpoint which attributes develop rapidly 

versus those that remain static or decline (Table 3). Sourness, Aroma Intensity, and Umami 

each show the highest change rate of +0.27 units/day, highlighting their rapid development 

during fermentation. These increases mirror microbial activity, especially by Lactobacillus 

plantarum and Leuconostoc mesenteroides, which drive lactic acid production and amino acid 

releaseðkey contributors to both sourness and umami intensity. Rising aroma also reflects 

growing concentrations of volatile organic compounds generated by heterofermentative 

pathways in mid-late fermentation (Johanningsmeier and McFeeters, 2006; Major et al., 2022). 

Saltiness, with a change rate of +0.18 units/day, increases moderately. This likely reflects 

osmotic redistribution as salt diffuses deeper into cabbage tissues and the brine becomes more 

concentrated due to water release and microbial metabolism. This slower rate suggests saltiness 

stabilizes earlier than aroma or acidity. Crispness stands out with a negative change rate of ï

0.18 units/day, indicating steady textural softening. The decline stems from pectin breakdown 

and increased microbial enzymatic activity, especially by acidophilic lactobacilli, which 

compromise plant cell wall integrity (Ciska et al., 2000). This confirms the common sensory 

trade-off in fermented vegetables: flavor improves while texture diminishes. Overall Liking 

shows no net change (0.00 units/day), despite fluctuations at individual time points. Liking 

peaked mid-fermentation (day 7), when flavor maturity and residual crispness coexisted. 

However, by day 14, the loss of texture may have offset further aroma and sourness gains, 

plateauing consumer satisfaction (Fadhil et al., 2020). 

These change rates offer practical insight: flavor attributes such as sourness and umami 

progress swiftly and predictably, while texture degradation lags behind but steadily erodes 

acceptability beyond a certain threshold. The 7-day mark may represent an optimal sensory 

balance for homemade sauerkrautðwhere the benefits of active fermentation align with peak 

palatability. 
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 CONCLUSION  

This study demonstrates that naturally fermented cabbage is a valuable source of 

probiotic lactic acid bacteria capable of producing health-promoting biosurfactants. Five 

isolatesðpredominantly Lactobacillus plantarum, L. brevis, and Leuconostoc mesenteroidesð

not only exhibited strong acid and bile tolerance but also passed multiple qualitative 

biosurfactant assays, confirming their ability to reduce surface tension and interact with 

hydrophobic substrates. Biochemical profiling further reinforced their safety and metabolic 

stability, aligning with traits expected of food-grade probiotics. 

Quantitative emulsification tests revealed that all isolates achieve peak activity within 

the first 24 hours, with isolate 2.18.1 maintaining the highest E24 value (40%) and the slowest 

decline rate (2.5 percentage points/day) over the subsequent 24 hours. These findings highlight 

both the potency and relative stability of LAB-derived biosurfactants from fermented cabbage, 

suggesting their suitability for applications where sustained emulsification is critical. 

By integrating sensory profiling of the sauerkraut matrixðtracking rapid increases in 

sourness, aroma, and umami alongside texture softeningðthis work bridges microbial 

functionality with consumer perception. The mid-fermentation stage emerged as the optimal 

balance point, offering insights for timing bioproduct harvests to maximize both microbial yield 

and product quality. 

Collectively, these results underscore the dual potential of probiotic LAB from 

fermented cabbageðas gut-health agents and as sustainable producers of food-grade 

biosurfactants. Future efforts should focus on optimizing fermentation parameters, scaling up 

biosurfactant recovery, and characterizing molecular structures to unlock targeted applications 

in food stabilization, agriculture, and biopharmaceutical formulations. 
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ABSTRACT 

 

The direct effect of global warming is climate change, and increases in temperature and 

drought severity are observed due to climate change. This situation increases the negative 

effects of heat stress on buffaloes rather than cold stress. Although buffaloes have developed a 

series of adaptation mechanisms against heat and cold stress, their thick skin and low density 

of hair, as well as their low number of sweat glands, reduce their tolerance to heat stress. This 

may have a detrimental effect on the welfare and comfort of buffalos, as well as their milk yield, 

reproductive efficiency and health status, and may also have negative consequences for 

sustainable production. Therefore, it is important to understand the anatomical, physiological 

and behavioral responses of buffaloes to heat and cold stress and to discuss production losses 

in order to reduce the negative effects of global warming and to maintain sustainability. This 

review aims to understand the responses of buffalos to heat and cold stress and to discuss care, 

feeding and management strategies that can reduce the effects of heat stress. Due to the effects 

of global warming, water buffalo grazing grounds, wetlands, and ponds are being negatively 

impacted by drought. Therefore, systems such as shade, fans and showers should be integrated 

into the shelters to meet the cooling needs of the buffaloes. Furthermore, in hot regions, a focus 

on nutritional management should be placed on reducing the severity of heat stress. In the long 

term, water buffalo resistant to heat stress should be selected. 

 

Keywords: Water buffaloes, Heat stress, Productivity, Health, Physiology, Behavior 

 

INTRODUCTION  

It is expected that global warming will increase temperatures by 3.5ï5.5 °C in the 21st 

century (Napolitano et al., 2023), resulting in higher temperatures and more severe droughts 

(Nardone et al., 2010). This situation poses a significant challenge for water buffaloes (Bubalus 

bubalis) and their farms, as it does for other species of animal (Napolitano et al., 2023). For this 

reason, many researchers agree that the effects of heat stress on animals are more controversial 

than those of cold stress (Cheng et al., 2022; Okuyucu et al., 2023). Climate change resulting 

from global warming can negatively affect the welfare, productivity, and health of water 

buffaloes (hereafter buffalo, unless otherwise stated).   

Buffaloes are a resilient farm animal that plays a vital role in agricultural economies 

worldwide, primarily raised for milk, meat, and skin production (Hussain et al., 2023). These 

animals, which evolved through natural selection, are able to adapt to a variety of challenging 

environmental conditions (Yáñez-Pizaña, et al., 2020). However, their method of dissipating 

heat is anatomically and physiologically different from cattle (Bos taurus and indicus). Briefly, 

buffaloes have i) fewer sweat glands, ii) thicker and darker skin, iii) lower hair density and iv) 

lower respiratory rate compared to cattle. These physiological and anatomical differences cause 
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buffalo to exhibit relatively less effective respiratory evaporative cooling compared to cattle 

(Marai and Haeeb 2010a). Therefore, buffalo naturally exhibit cooling behaviors such as 

wallowing in wet environments to alleviate heat stress. However, under intensive farming 

conditions, buffaloes are constantly confined to barns. This can increase indoor temperatures 

during warmer seasons and result in heat stress. Furthermore, the decline in lakes, rivers, and 

ponds in rural areas caused by drought also limits opportunities for wallowing for pasture-raised 

buffalo. These developments may make buffalo increasingly vulnerable to future increases in 

temperature and drought, exposing them to more severe heat stress. This could result in 

significant welfare issues, milk yield losses, and reduced reproductive performance for 

buffaloes (Hussain et al., 2023). Therefore, i) understanding the physical, behavioral and 

physiological responses of buffaloes to heat and cold stress, and ii) discussing the impact levels 

of these stress sources on animal welfare and productivity will contribute to the development 

of applicable care, nutrition and herd management strategies.   

To the best of our knowledge, while there is a wealth of information on heat and cold 

stress in cattle, information on this topic in buffalos is limited. Addressing this knowledge gap 

is expected to significantly contribute to the existing scientific literature. The present review 

aimed to i) investigate adaptive traits of buffalo to heat, ii) investigate the physiological, 

physical and behavioral responses of buffalos to heat and cold stress, iii) discuss the effects of 

heat and cold stress on the welfare, milk yield, reproductive performance and health of buffaloes 

and iv) evaluate applicable care, feeding, structural and management strategies.  

SEASONAL CONDITIONS AND HEAT/COLD STRESS  

The effects of environmental conditions on buffaloes are complex. Climatic factors such 

as temperature, humidity, air movement (wind), and solar radiation are the most important 

factors determining heat exchange between the animals' bodies and the environment (Okuyucu 

et al., 2023). Buffaloes are most productive in a range of temperatures considered the thermal 

neutral zone. Therefore, buffalo should be at optimum temperature, humidity, and wind speed 

(temperature 13-18°C, humidity 55-65%, wind speed 5-8 km/h, and moderate solar radiation; 

Marai and Haeeb 2010a). When buffaloes are exposed to conditions outside the thermal neutral 

zone or if the ambient temperature reaches more extreme limits, it creates a significant stress 

load on them. Because climatic data such as solar radiation, wind speed, and precipitation are 

not always readily available when assessing heat stress in buffalos, the temperature-humidity 

index (THI) is commonly used. This index combines air temperature and humidity to provide 

information about animal comfort (Petrocchi Jasinski et al., 2023). Information on this topic is 

limited because few studies have documented optimal THI values for buffalos. However, a few 

studies have reported optimal and extreme values for buffaloes (Table 1; Choudhary and Sirohi, 

2019; Petrocchi Jasinski et al., 2023). In cases where the THI value exceeds 72 in buffaloes, a 

partial decrease in milk yield may be observed (Table 1). 

 

                                         Table 1. THI values and stress levels 

 

THI 1 Description 

< 72 Optimum 

72-79 Mild heat stress 

80-89 Moderate heat stress 

90 Severe heat stress 

                                     1THI: temperature-humidity index 
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ADAPTIVE TRAITS OF BUFFALOES TO HEAT/COLD  

The primary function of thermoregulation is to maintain body temperature within a 

specific range where cellular functionality can be maintained (Marai and Haeeb 2010a). 

Therefore, buffaloes have evolved several physiological, endocrine, and behavioral adaptations 

that support thermoneutrality. Several morphological and physiological traits that control 

thermoregulatory mechanisms differ between buffaloes and cattle (Bos taurus and indicus). 

Anatomical features such as epidermis colour and thickness, hair density and number of sweat 

glands differ between buffaloes and cattle.  

It is well known that buffalo skin and hair have a high concentration of melanin in their 

basal cells (Garcia et al., 2023). This gives them an advantage in protecting themselves from 

ultraviolet radiation. However, dark skin and hair absorb higher concentrations of radiation, 

which makes them vulnerable to heat stress (Napolitano et al., 2023). Another anatomical 

adaptation of buffalo is their thicker skin compared to cattle (Marai and Haeeb 2010b). This 

serves as a thermal insulator against hot weather. Furthermore, their skin is covered with 

numerous capillaries that facilitate heat dissipation through pathways such as conduction, 

radiation and convection. Also, buffaloes have less sweat glands than cattle (Marai and Haeeb 

2010a). Numerous authors have reported that the morphological and anatomical differences 

mentioned above cause buffalos to be adversely affected by solar radiation when exposed to 

direct sunlight (Marai and Haeeb 2010b; Napolitano et al., 2023).  

Buffaloes have lower physiological adaptations to extreme heat or cold than cattle. 

Buffaloes have a lower body temperature and respiratory rate than cattle (Marai and Haeeb 

2010a).  The physiological and behavioral responses of buffalos to heat and cold stress are 

summarized in Figure 1. 

 

 

Figure 1. Physiological and behavioral responses of buffaloes to heat and cold stress. Adapted from 

Marai and Haeeb (2010b), Napolitano et al. (2023) and Belsare and Pandey (2008) 
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EFFECTS OF HEAT/COLD STRESS ON BUFFALOES 

 

Since the effects of heat stress on buffaloes are more severe than cold stress, this section 

focuses mostly on the results of studies examining the relationships between heat stress and 

milk production, milk composition, reproductive performance and animal welfare in buffaloes. 

In the study conducted on Mediterranean Italian (de Rosa et al., 2009) and Murrah 

(Upadhyay et al., 2007; Pawar, et al., 2012; Pawar, et al., 2013) buffaloes, it was reported that 

heat stress negatively affected the milk yield of buffaloes. Also, some studies reported that heat 

stress reduced milk fat content of Mediterranean Italian (Pasquini et al., 2018; Salari et al., 

2013; Matera et al., 2022) and Murrah buffaloes (Pawar, et al., 2012). Similarly, previous 

studies on Mediterranean Italian (Salari et al., 2013; de Rosa et al., 2009; Matera et al., 2022) 

emphasized that heat stress reduces milk protein content in buffaloes. In a previous study on 

Mediterranean Italian (Matera et al., 2022), SCC and EC values increased as heat stress 

increased. 

Heat stress can also affect the reproductive efficiency of buffaloes. Studies on Murrah 

buffaloes have shown that heat stress reduces pregnancy rates (Upadhyay et al., 2007) and 

estrus expression (Dash et al., 2015a; Dash et al., 2015b). Additionally, Khairy et al. (2007) 

reported that heat stress reduced oocyte quality in Egyptian buffalo cows. 

 

STRATEGIES FOR REDUCING HEAT STRESS 

 

Heat stress places a significant burden on the metabolism of buffalos (carbohydrate and 

protein metabolisms). Therefore, steps to mitigate the effects of heat stress should be addressed 

in two stages: improving environmental conditions and improving genotypic structure. While 

strategies to improve environmental conditions yield quicker results, improving genotypic 

structure is a time-consuming process. Therefore, priority should be given to improving 

environmental conditions and feeding management, while also prioritizing marker-assisted 

selection practices for heat- and humidity-tolerant animals to improve genotypic structure.  

The impact of global warming on the thermoregulation mechanisms of buffalo means that 

wallowing areas, shaded areas, sprinklers, fans and ponds are required for those raised in 

extensive or intensive farming conditions during the hot seasons. Several researchers have 

highlighted the positive effects of cooling on various welfare traits of buffaloes in hot regions 

(Hoque et al., 2018; Petrocchi Jasinski et al., 2023). A study conducted on Nili-Ravi buffaloes 

found that dry matter intake, milk production and the contents of fat, protein and lactose were 

higher in cows cooled with shade, fans and showers than in cows cooled with shade alone. 

(Ahmad et al., 2018). Several authors found that in Mediterranean Italian buffaloes, cows with 

a swimming pool had a shorter calving-to-conception interval than those without a swimming 

pool (Neglia et al., 2009). The results of previous studies show that shade, shower and sprinklers 

can improve milk production and reproductive performance of cows in buffaloes. Also several 

authors have reported that wallowing in buffaloes can reduce body heat load and prevent 

increases in clinical parameters (Petrocchi Jasinski et al., 2023). They also emphasized that 

wallowing can improve the feeding and social behavior of buffaloes.  

With some feeding manipulations, negative effects can be reduced during periods when 

buffaloes are exposed to heat stress. In a study in Mediterranean Italian buffaloes (Evangelista, 

et al., 2022), it was reported that Zn and Se supplementation improved milk yield. In addition, 

another study reported that an improvement in pregnancy rates was observed in buffaloes given 

vitamin E + sodium selenite supplements during the summer season (Megahed et al., 2008). In 

summary, combining dietary antioxidants may reduce the negative effects of heat stress on 

buffaloes (Petrocchi Jasinski et al., 2023). However, further studies on this topic are needed. 
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CONCLUSIONS 

Buffaloes have lower resistance to heat stress compared to cattle due to differences in 

their anatomical (thicker, darker skin and lower hair density) and physiological (fewer sweat 

glands) traits. Therefore, it is clear that they will be more affected by heat stress than cold stress 

as temperature increases and drought severity increases, which are the main effects of global 

warming. Also, the increase in drought severity, a result of global warming, also negatively 

affects wallowing areas and wetlands. As a result, management strategies such as cooling, 

shading and air conditioning should be emphasized to improve the environmental factors of 

buffaloes. Strategies to reduce heat stress in buffalo during hot periods through nutritional 

manipulation should be identified. However, studies evaluating the relationship between heat 

stress and nutritional manipulation in buffaloes are limited. Further research on this topic is 

needed. In addition, long-term strategies should primarily focus on identifying heat stress-

resistant buffalos at the genomic level and developing heat stress-resistant genotypes of animals 

through selection and controlled crossbreeding practices. 
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ABSTRACT 

 

This study reports the first morphological variation observed in the sce seta on the 

idiosoma of Tycherobius izmirensis (Acariformes: Camerobiidae), a mite species known from 

Türkiye. Among the 90 examined female specimens of the species, the anomaly was detected 

in only one specimen, in which the right sce was found to be shorter and structurally simpler 

than that of the one on the left side. This variation is considered as a rare structural anomaly 

that disrupts the speciesô bilateral symmetry. It is evaluated that this observed morphological 

deviation may have resulted from a random developmental disturbance and could be included 

within the category of fluctuating asymmetry. 

Keywords: Acari, anomaly, asymmetry, dorsal seta, morphology, Raphignathoidea 

INTRODUCTION  

Members of the family Camerobiidae Southcott are typically found in very low numbers 

within their habitats (Bolland, 1986; Paredes-León et al., 2016; Zmudzinski, 2020; Mirza et al., 

2022). These mites can be readily distinguished from other members of the superfamily 

Raphignathoidea by their slender and elongated legs. Idiosoma of these mites is oval or nearly 

circular, gnathosoma is typically located beneath prodorsum, the basal segments of chelicerae 

are fused to form stylophore, peritremes are positioned either medially or laterally on 

stylophore, palps are short, and palp tibial claw is sword-shaped (Southcott, 1957; Fan and 

Zhang, 2005; Mirza et al., 2022). 

Camerobiidae, in terms of species richness, represents the second largest family within 

Raphignathoidea (Akyol and Koç, 2006; Fan and Walter, 2011; Khanjani et al., 2011, 2014; 

Ulucay et al., 2016; Akyol, 2020; Doĵan and Fan, 2025). To date, the family comprises over 

175 valid species within seven genera (Fan and Walter, 2006a,b, 2011; Beron, 2020, 2022; 

Mirza et al., 2022; Escobar-Garcia et al., 2023, 2024; Doĵan and Fan, 2025). The genus 

Tycherobius Bolland currently includes 26 described species worldwide (Beron, 2020; Mirza 

et al., 2022). Of these, Tycherobius izmirensis Akyol & Koç is known only from Türkiye (Akyol 

and Ko­, 2017; Doĵan, 2019; Beron, 2020). This species is distinguished by the following 

characteristics: fourteen pairs of serrated and lanceolate setae arranged in a typically 

symmetrical pattern on the dorsal idiosoma, the absence of setae pdx, setae c1 being the longest 

of the dorsal body setae, sci/sce ratio 2.27 and d1/d2 ratio 3.85, bifurcated peritreme, and the 

presence of four setae on femur I and two setae on femur IV (Akyol and Koç, 2017, 2020). 

This study reports the first documented morphological variation in the sce seta on 

idiosoma of Tycherobius izmirensis. In addition to contributing new insights into the 

morphological diversity of T. izmirensis, the study serves as an important case report for 

identifying developmental variations in mites. 
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MATERIALS AND METHODS 

The mite specimens were extracted using Berlese-Tullgren funnels from litter, soil and 

moss samples collected within the scope of a research project (121Z986) conducted in the 

Karasu Valley of the Munzur Mountains region. The specimens were cleared using a 60% lactic 

acid and permanent slides were prepared in Hoyerôs medium for microscopic examination. The 

images were captured using a Leica DM 4000B phase contrast microscope equipped with an 

integrated digital camera (DFC450 C). The nomenclature of body setae follows the terminology 

proposed by Kethley (1990). Species identification was carried out based on morphological 

characteristics using relevant literature (Fan and Walter, 2006b; Akyol and Koç, 2017, 2020; 

Mirza et al., 2022). 

RESULTS 

During the examination of 90 female specimens of Tycherobius izmirensis, it was 

observed that the external scapular seta (sce) on the right side of one specimen was significantly 

shorter (15 µm) and structurally simpler than its counterpart on the left side (Fig. 1). The 

abnormal specimen was collected from litter under an oak tree, 39°12'13.4''N 38°34'28.7''E, the 

Karasu Valley, Türkiye, 1053 m a.s.l., 10 March 2021. The idiosomal measurements of the 

species ranged: length 295ï328, width 230ï270 µm. Setae sci 55ï72, sce 30ï47, c1 189ï225, 

c2 56ï65, d1 166ï197 and d2 38ï55 µm. 

The present study constitutes the first report of a morphological variation in the sce seta 

of T. izmirensis. 

DISCUSSION 

Mites are morphologically bilaterally symmetrical organisms. This means that their 

bodies can be divided vertically into two similar halves (right and left) along the sagittal plane, 

giving them mirror image symmetry. This symmetry is regarded as a fundamental 

morphological characteristic of mites and many other animal groups, reflecting their 

evolutionary adaptations. Although mites exhibit this symmetry, some individuals within a 

population may deviate from this pattern and display various asymmetrical features. Such 

asymmetrical variations typically manifest as disruptions in the symmetrical arrangement of 

paired structures (Doĵan and Ayyēldēz, 2023). 

In the present work, among the 90 examined female specimens of Tycherobius izmirensis, 

only one individual was found to exhibit a right-side sce seta that was shorter and structurally 

simpler than that left-side one (Fig. 1). Such structural asymmetrical variations, which disrupt 

bilateral symmetry, are considered morphological anomalies (Bing¿l et al., 2017; Doĵan and 

Fan, 2025). 



VI I . International Agricultural, Biological & Life Science Conference, Istanbul, Türkiye, 7-10 September 2025 

220 
 

 

Figure 1. Tycherobius izmirensis (female). Variation of the right seta sce (indicated by an 

arrow). 
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Mites may exhibit variation in both the number and structural characteristics of their 

dorsal body setae (see Figure 2 for some illustrative examples). McGregor (1950), Bolland 

(1986), Fan and Walter (2006a), Khanjani et al. (2013, 2014), and Doĵan and Fan (2025) have 

documented various variations in the number of dorsal setae in some species of the genera 

Neophyllobius and Tycherobius in Camerobiidae. Within these studies, it has been reported that 

Neophyllobius ostovani Khanjani & Ahmad Hoseini has a single (unpaired) pdx seta (Khanjani 

et al., 2014). In N. yunusi Akyol & Koç, one female was observed to have a duplex setae pdx 

on the left side, while a protonymph bore a single duplex setae pdx (Doĵan and Fan, 2025). 

Only one pdx seta has been reported on the dorsal idiosoma in three species of Tycherobius: T. 

virginiensis (McGregor), T. acicula Fan & Walter and T. emadi Khanjani, Hajizadeh, Ahmad 

Hoseini & Jalili (McGregor, 1950; Bolland, 1986; Fan and Walter, 2006a; Khanjani et al., 

2013). 

 

Figure 2. Representative illustration of several types of variation in dorsal body setae in 

mites. 

To date, no morphological variation has been reported for Tycherobius izmirensis. 

However, a review of the literature reveals that similar asymmetrical structural abnormalities 

in dorsal setae have also been observed in several species belonging to the family Stigmaeidae. 

Such anomalies have been recorded in Eustigmaeus absens Doĵan, E. jiangxiensis Hu, Chen & 

Huang, E. segnis (Koch), Ledermuelleriopsis ayyildizi Doĵan, and Stigmaeus erzincanus 

Doĵan, Bing¿l, Dilkaraoĵlu & Fan (Bing¿l et al., 2017; Doĵan and Doĵan, 2024; Doĵan, 

2025a,b). In one male specimen of E. absens, the e1 seta on the left side was structurally weaker 
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compared to the one on the right (Doĵan, 2025b), while in a male of E. jiangxiensis, the c1 seta 

on the right side was observed to be weaker than that of its left-side counterpart (Doĵan, 2025a). 

In a female specimen of E. segnis, the e1 seta on the right side was markedly shorter and 

structurally simpler than that of one on the left (Bingül et al., 2017). Similarly, in a female of 

Ledermuelleriopsis ayyildizi, the d1 seta on the right side was considerably thinner than its 

counterpart on the left (Doĵan and Doĵan, 2024). In Stigmaeus erzincanus, the h3 seta on the 

right side of a female was shorter and thinner than that of the left-side seta, while in a male, the 

e1 seta on the left side was shorter than that of the corresponding right-side seta (Bingül et al., 

2017). 

The fact that the observation was limited to a single specimen that the variation does not 

represent a systematic trend at the population level such as directional asymmetry or 

antisymmetry characterized by a random distribution between left and right sides (Graham et 

al., 1993; Palmer, 2005, 2009; Bingül et al., 2017). Therefore, the observed morphological 

deviation is most likely a random fluctuation that arose during development due to genetic or 

environmental factors, and in this context, it may be classified as fluctuating asymmetry. 

Fluctuating asymmetry refers to minor, non-directional deviations from expected symmetry in 

morphological traits, resulting from developmental instability (Van Valen, 1962; Palmer and 

Strobeck, 1986; Møller and Swaddle, 1997; Tomkins and Kotiaho, 2001; Klingenberg, 2003a,b, 

2015; Bingül et al., 2017). 

The fact that the variation in T. izmirensis was observed as a distinct, unilateral structural 

abnormality in only a single individual suggests that it may represent a rare structural anomaly. 

Such rare structural anomalies manifest as unexpected morphological defects that occur 

infrequently within a population, typically as isolated cases, and therefore do not exhibit a 

tendency to recur at the population level. Rare structural anomaly is not recognized as a fourth 

distinct type of asymmetry alongside the classical categories of fluctuating asymmetry, 

directional asymmetry and antisymmetry. Rather than representing a separate category within 

the concept of asymmetry, rare structural anomalies should be considered within a broader 

conceptual framework. Conversely, the concept of asymmetry itself may be approached in a 

general context without being strictly divided into subcategories. The term ñrare structural 

anomalyò used in this study has been adopted to refer to distinct structural defects that arise 

during development and occur infrequently. 

CONCLUSION 

Setae are known to serve a sensory function in the perception of environmental stimuli in 

mites (Woolley, 1988; Evans, 1992; Krantz and Walter, 2009; Doĵan and Ayyēldēz, 2023). The 

structural defect observed in one sce seta of Tycherobius izmirensis may cause a decrease in 

sensory sensitivity on the affected side. However, it is possible that the probable functional 

defect of this unilateral anomaly found in only one of the symmetrical setae can be compensated 

for by the normally structured seta on the other side. Therefore, the observed anomaly is 

unlikely to have a significant negative impact on the miteôs overall ability to adapt to 

environmental stimuli or its survival success. Consequently, the effect of this anomaly is 

generally considered to be limited or negligible. 

The support of such structural variation observations through studies using larger samples 

or specimens will enable more precise inferences regarding the morphological diversity and 

developmental stability of Tycherobius izmirensis. Documenting these rare anomaly cases can 

contribute to the understanding of developmental mechanisms in mites, thereby providing a 

foundation for more in-depth investigations into the morphological characteristics and adaptive 

strategies of species. 
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ABSTRACT 

Sediments in freshwater ecosystems are crucial reservoirs of both essential and toxic 

elements. While some elements are vital for life, prolonged or high-level exposure, much like 

with non-essential toxic elements, can be detrimental. The Istanbul Strait, a globally significant 

marine habitat in northwestern Türkiye, receives substantial input from numerous rivers and 

lakes. This study investigated the spatiotemporal variations and accumulation of lithium (Li), 

manganese (Mn), nickel (Ni), and barium (Ba) in the sediments of rivers flowing into the 

Ķstanbul Strait. It this research, sediment samples were collected from three key fluvial habitats 

(Gºksu, Kaĵēthane and Alibeykºy streams) during the dry and wet seasons of 2022ï2023. The 

findings of the study reveal that the average annual concentrations of these elements in the river 

sediments followed the order: Mn (542.585 ppm) > Li (33.905 ppm) > Ni (21.598 ppm) > Ba 

(0.425 ppm). Furthermore, significant seasonal differences were observed in trace element 

accumulations. Notably, average concentrations of Li, Mn, Ni, and Ba in the sediments 

increased approximately 11, 3, 1.5, and 2 times, respectively, during the wet season. 

 

Keywords: Ķstanbul Strait, Riverine habitats, Sediment quality, Trace elements 

 

INTRODUCTION  

 

Manganese, an essential element, is crucial for the healthy growth and development of 

all living organisms. However, much like toxic elements such as lithium, nickel, and barium, 

an excess of even essential elements can negatively impact the environment. Therefore, 

maintaining trace elements at concentrations below harmful limits and ensuring a balanced 

presence of essential elements in aquatic habitats is paramount for environmental protection 

(Milne, 2000; Belitz et al., 2009; Köse et al., 2013; Çiçek et al., 2013; 2017; Tokatlē and 

Helvacēoĵlu, 2020).  

Freshwater sediments play a crucial and dual role in aquatic ecosystems. Not only do 

they act as transporters and reservoirs for numerous pollutants, but they also offer a rich archive 

of valuable environmental information (Tokatlē et al., 2014; Y¿ksel et al., 2024; Varol and 

Tokatlē, 2024). This makes their study indispensable for understanding the health and history 

of water bodies. Consequently, the analysis of elemental content in surface sediments is a vital 

practice for environmental monitoring and assessment (Varol et al., 2022; Ustaoĵlu et al., 2022; 

Tokatlē and Ķslan, 2022). By examining these elemental signatures, researchers can gain insights 

into past and present anthropogenic impacts, natural geological processes, and the overall 

ecological status of freshwater habitats. 

The Istanbul Strait stands as a critically important international marine habitat in 

northwestern Türkiye. Its extensive watershed, teeming with numerous rivers and lakes, 
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unfortunately also subjects this vital aquatic environment to significant pollution stress (Tokatlē 

et al., 2023; 2024; Varol and Tokatlē, 2024). In this study, the accumulation and spatiotemporal 

distribution of lithium (Li), manganese (Mn), nickel (Ni), and barium (Ba) were investigated in 

the sediments of the rivers that feed directly into the Istanbul Strait and the implications of these 

findings for ecosystem health in the region were evaluated. 

MATERIALS AND METHODS  

 

For this study, three fluvial ecosystems feeding the Istanbul Strait were selected (Figure 

1). Surface sediment samples were then collected from the downstream locations of these rivers 

during both the wet season (end of winter) and dry season (end of summer) of 2022ï2023. An 

Ekman Grab (Hydrobios) was used for sample collection, adhering to the standard protocol 

(EPA, 2001a). 

To determine the concentrations of lithium (Li), manganese (Mn), nickel (Ni), and 

barium (Ba) in the sediment samples, each sample was first dried at 105 °C for 3 hours. For 

digestion, 0.25 g of each dried sample was placed into a CEM Mars Xpress microwave device. 

A mixture of acids, specifically perchloric acid (HClO4) and nitric acid (HNO3) in a 1:3 ratio, 

was added to the Pyrex reaction vessels. The samples then underwent mineralization by heating 

at 200 °C for 30 minutes. Following mineralization, the samples were filtered using a 0.45 µm 

cellulose nitrate filter. After filtration, ultrapure water was added to bring the final volume of 

each sample to 100 mL. The concentrations of these trace elements in the sediments were then 

precisely measured using an Agilent 7700 ICP-MS device. All measurements were performed 

in triplicate at the accredited (TS EN / ISO IEC 17025) central laboratory of Thrace University 

in Edirne, Türkiye (EPA, 1998; 2001b). 

 
Figure 1. Study area and selected sampling locations 

 



VI I . International Agricultural, Biological & Life Science Conference, Istanbul, Türkiye, 7-10 September 2025 

229 
 

RESULTS AND DISCUSSION 

 

Figure 2 presents the determined concentrations of lithium (Li), manganese (Mn), nickel 

(Ni), and barium (Ba) in the sediments collected from the designated sampling locations on the 

Gºksu, Kaĵēthane, and Alibeykºy streams. These values illustrate the spatial distribution of the 

selected elements, offering valuable insights into the elemental composition of sediments 

within these fluvial water bodies during the sampling periods. 

In the investigated streams, clear seasonal and spatial variations were observed in trace 

element concentrations. Lithium increased markedly during the wet season, reaching 112.159 

ppm in Göksu Stream, compared to much lower values in the dry period (3.044ï9.597 ppm). 

Manganese also exhibited a strong rise in the wet season, with the highest concentration 

measured in Göksu Stream (1248.808 ppm), whereas dry season levels remained between 

234.523 and 359.089 ppm. Nickel showed site-dependent fluctuations, being higher in 

Kaĵēthane Stream during the dry season (25.156 ppm) and in Alibeykºy Stream during the wet 

season (35.766 ppm). Barium, on the other hand, remained at relatively low concentrations 

(0.183ï0.411 ppm in the dry season), though it increased in the wet season, particularly in 

Alibeyköy Stream (0.764 ppm). These results indicate that wet season conditions, influenced 

by surface runoff, erosion, and anthropogenic inputs, considerably enhance the mobilization of 

certain elements, especially Li and Mn. 

The pronounced seasonal increases in Li and Mn, particularly during the wet season, 

suggest that hydrological dynamics play a major role in the mobilization of these elements. 

Increased precipitation enhances surface runoff and leaching, resulting in the transport of metals 

from surrounding soils and anthropogenic sources into the streams. Elevated Ni and Ba 

concentrations in Alibeykºy and Kaĵēthane Streams further indicate the influence of urban and 

industrial discharges, which are well-documented contributors to trace metal pollution in 

densely populated catchments. Similar spatial and temporal patterns in trace metal 

accumulation have also been reported in previous studies conducted in Turkish aquatic 

ecosystems (Arslan et al., 2012; Tokatlē et al., 2020; Din et al., 2023; Ustaoĵlu et al., 2025; Ali 

et al., 2025). Overall, the results highlight the combined effects of natural processes and 

anthropogenic pressures on metal dynamics in stream ecosystems. 

 

CONCLUSIONS 

 

This study demonstrated notable spatial and temporal variations in trace element 

concentrations in the sediments of Gºksu, Kaĵēthane, and Alibeykºy Streams. Lithium and 

manganese showed remarkable increases during the wet season, suggesting that hydrological 

processes strongly influence their accumulation in sediments. Nickel and barium exhibited site-

specific patterns, reflecting the impact of local anthropogenic pressures, particularly in 

urbanized catchments. Since these streams discharge directly into the Istanbul Strait, the 

observed sediment contamination patterns are of particular concern, as they may contribute to 

the transfer of trace metals into this ecologically and economically critical marine ecosystem. 

Therefore, continuous monitoring of these inflowing streams is essential to evaluate and 

mitigate their potential impacts on the Istanbul Strait. 
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Figure 2. Spatiotemporal distributions of trace elements (ppm) 
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ABSTRACT 

 

In recent years, various methods have been investigated to counteract the negative 

effects of global climate change that limit corn cultivation. A number of studies have 

demonstrated the beneficial impacts of mycorrhizal inoculation on the resilience of corn plants 

when confronted with high or low temperatures. This study examined the alterations in 

chlorophyll content, leaf relative water content, turgor loss, membrane durability index, leaf 

protein content, and plant biomass of corn plants treated with mycorrhiza under low and high 

temperature stress.  The study variants consisted of five different mycorrhizae treatments (M0, 

M1, M2, M3, and M4), seven temperature applications (5°C, 10°C, 15°C, 25°C, 35°C, 40°C, 

and 45°C), and one corn variety (PL472) with three replications. The chlorophyll content, leaf 

relative water content, turgor loss, protein content, and plant biomass of corn plants without 

mycorrhiza (M0) and those treated with different mixed mycorrhizal inoculums decreased 

under stress. Membrane durability remained at similar levels across all treatments, indicating 

minimal membrane damage in the plants. The results of the study indicated that the application 

of mycorrhizae contributed to the preservation of plant parameters such as chlorophyll content, 

water content, and turgor. M3 mixed mycorrhizal inoculum is the best for preserved to corn 

negative impacts of low and high temperature stress. The effects of the combined use of 

Gigaspora sp., Glomus constrictum, and Glomus fasciculatum mycorrhizal species should be 

thoroughly investigated.   

 

Key words: chlorophyll content; water content; leaf protein content; membrane durability 

 

INTRODUCTION  
 

Corn (Zea mays L.) is a strategically significant plant that is regarded as the "grain of the 

future" on a global scale. This designation is due to its high nutritional value and the extensive 

range of applications for its primary and secondary products (Shiferaw et al., 2011). Due to the 

favorable climatic conditions in Türkiye, corn can be cultivated in nearly every region. 

However, environmental factors influence corn growth and distribution, with temperature being 

a primary environmental stress factor that impedes corn development (Durdu, 2013). Low and 

high temperature stress are critically important in terms of agricultural production feasibility, 

causing numerous physiological, morphological, and anatomical abnormalities in plants 

mailto:vedia.turudu@tarimorman.gov.tr
mailto:ikutlu@ogu.edu.tr
mailto:bitki161@gmail.com
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(Kopecká et al., 2023). Temperature stress, a primary factor limiting corn cultivation, affects 

proteins, which are macromolecules. In conditions of temperature stress, protein structures 

become disrupted, and fluctuations in soluble protein content may be detected (Waqas et al., 

2021).  

In order to mitigate the deleterious effects of extreme temperatures on plant life, it is 

imperative to utilize specific methodologies that facilitate the activation of the plant's own 

defensive mechanisms. Mycorrhizal fungi, which are often referred to as "agricultural 

ecosystem engineers" due to their symbiotic relationship with the roots of naturally occurring 

plants, play a crucial role in agriculture. They enhance the plant's tolerance to environmental 

stresses and are foundational to soil fertility, crop yield, productivity, quality, and ecosystem 

resilience (Jajoo and Mathur, 2021). Mycorrhizal colonization can protect plants against low 

and high temperature stress by improving water and nutrient use efficiency, water-holding 

capacity, relative water content, stomatal conductance, and photosynthesis (Mathur and Jajoo, 

2020). 

This study examined the alterations in chlorophyll content, membrane damage, water 

content, protein quantity, and plant biomass in corn plants under high and low temperature 

stress, using four different mixed mycorrhizal inoculums. 

 

MATERIALS AND METHODS  
 

Description of the Plant Material, Experimental Soil, and Mycorrhizal Inoculum 
 

The Ap horizon (0ï30 cm) in the experimental research region of Eskisehir Osmangazi 

University is where the experimental soil was collected. After air drying and filtering through 

a 2 mm mesh, the soil samples were analyzed for physical and chemical properties. The 

analyzed soils were calcareous, sandy loam in texture, alkaline (pH=7.99), salt-free, low in 

organic matter (1.8%), and lacking in manganese (5.64 mg kgĭ), zinc (0.24 mg kg ĭ), and 

phosphorus (56 kg ha ĭ), while having adequate levels of potassium (2540 kg ha ĭ), iron (2.81 

mg kg ĭ), and copper (1.73 mg kg ĭ). 

The corn cultivar PL472, which was acquired from the Polen Seed Company and 

corresponds to the FAO500 maturity group, was utilized as the plant material for this 

investigation. 

The study utilized four distinct mixed mycorrhizal inoculums. The Diyarbakēr 

Agricultural Control Research Institute provided three of these products, while the 

multinational commercial corporation Bioglobal provided the fourth, which was a product 

under the Endo Roots Soluble-ERS name. The following is a list of the species that comprise 

the mixed mycorrhizal inoculums. 

M1ῐDYB4 (Glomus mosseae, Glomus intraradices) 

M2ῐDYB17 (Glomus intraradices, Glomus constrictum, Glomus microcarpum) 

M3ῐDYB22 (Gigaspora sp., Glomus constrictum, Glomus fasciculatum) 

M4ῐERS (Glomus intraradices, Glomus aggregatum, Glomus mosseae, Glomus 

clarium, Glomus monosporus, Glomus deserticola, Glomus brasilianum, Glomus etunicatum, 

Gigaspora margarita) 
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Sterilization of Plant Growth Media, Pots, and Seeds 
 

The growing media was composed of a 2:2:1:1 ratio of soil, peat, perlite, and sand. To 

sterilize the mixture, it was autoclaved for two hours at 121°C and 1.5 atm of pressure. Prior to 

the studies, the 3-liter plastic pots were carefully cleaned by rinsing them with tap water, then 

a 10% sodium hypochlorite (NaOCl) solution, and finally three rinses with pure water. After 

that, they underwent another round of ethanol sterilization prior to planting. 

After soaking in 70% alcohol for one minute and 2% sodium hypochlorite for three 

minutes, the corn seeds were rinsed four times with distilled water, put in 100 ml flasks with 

water, and incubated for a day. 

 

Plant Cultivation, Mycorrhizal Treatments, And Experimental Setting 
 

A factorial experimental design was used to set up the trial, which had three replications. 

Seven temperature applications (5°C, 10°C, 15°C, 25°C, 35°C, 40°C, and 45°C) and five 

mycorrhizal treatments (M0: without mycorrhiza/control, M1, M2, M3, and M4 mixed 

mycorrhiza inoculums) were applied to the corn variety PL472. 

The nutrient-rich fertilizer solutions were then mixed with the sterilized experimental 

soil. The materials utilized for the preparation of the nutrients included (NH ) SO  for 200 mg 

N, KH PO  for 125 mg K and 100 mg P, Fe-EDTA for 2.5 mg Fe, and ZnSO .7HO for 5 mg 

Zn kg ĭ of soil. A total of 2,000 mycorrhizal spores, comprising a mixture of M1, M2, and M3 

mixed mycorrhiza cultures, were introduced into the soil at a depth of three centimeters below 

the seedbed for each kilogram of soil. The seeds received 2.5 milligrams of the mycorrhiza 

culture, designated as M4, for every one gram of seed. Eight seeds were then placed in the pots, 

the potting mixture was added, and the pots were filled to capacity. When the plants emerged, 

there were only four plants each container. The plants were maintained at 25/17°C, 800 µmol 

m Į s ĭ, 65% humidity, and a 14/10-hour light/dark cycle during the experiment. Until harvest, 

the plants were irrigated with deionized water at field capacity. At the 5ï6 leaf stage, 200 mg 

N kg ĭ of soil was added as top fertilizer. 

 

Low and High Temperature Applications 
 

The plants were subjected to temperature applications starting at six weeks of age. The 

optimal time for mycorrhizal colonization is usually six weeks after the corn plants are planted. 

The temperature range that the corn plant will probably experience in the field at this point is 

represented by the chosen low and high temperatures. After six weeks, plants with (M1, M2, 

M3, and M4) and without (M0) mycorrhiza at 25°C were harvested directly for analysis. Plants 

were kept at 5°C, 10°C, 15°C, 35°C, 40°C, and 45°C for 24 hours (14 hours of light and 10 

hours of darkness) in a plant growth cabinet for both low and high temperature applications. 

The plants were removed from the chamber and harvested for analysis after a 24-hour period at 

each temperature. 

Plant Analyses 

 

The chlorophyll content of plant leaves was determined immediately before harvest by 

holding the chlorophyll meter (Spectrum Field Scout CM 1000) 30 cm away from the leaves.  
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The membrane durability index (MDI) in plant leaves was determined by placing a 1 

cm leaf section into 5 ml tubes, adding 5 ml of pure water, and shaking the tubes in a shaker for 

4 hours. The relative amount of electrolyte (A) that passed into 5 ml of pure water was measured 

using an electrical conductivity meter. The same samples were then held in a 100 °C water bath 

for 30 minutes, allowed to cool to room temperature after boiling, and the relative electrolyte 

amount (B) was measured again. After these procedures, the MDI of the leaves was calculated 

as a percentage using the formula MDI = (1 ῐ A ╘B) ×100. 

The relative water content (RWC) and turgor loss (LT) of the plants were determined 

by extracting three 2-cm-diameter discs from the leaf samples. Fresh weights (FW) were 

recorded immediately, followed by turgor weights (TW) after 4 hours in pure water and dry 

weights (DW) after 24 hours at 70°C. The following formulas were used to determine the RWC 

and LT values based on the collected data. The results were then reported as a percentage. 

RWC = (FW-DW)/(TW-DW) ×100 

LT = (TW-FW)/TW ×100 

The quantification of protein was determined by using the Bradford (1976) method. The 

absorbance of 100 ɛL of sample and 3 mL of Bradford solution were measured against a bovine 

serum albumin (BSA) standard prepared at a wavelength of 595 nm using a spectrophotometer. 

The protein quantity was calculated according to the prepared standard curve. 

Biomass of corn plants was measured in gram by weighing the aboveground parts after 

harvest. 

  

Statistical analyses 
 

All statistical operations were carried out and the figures were produced using the IBM 

SPSS 26 program. A completely random factorial design was used to analyze the variance of 

the study's data. To find mean differences, the Duncan multiple comparison test was used. Bar 

graphs and error bars are used in the figures to display the mean and standard error of the data. 

 

RESULTS AND DISCUSSION 
 

The variance analysis of the physiological parameters of corn plants inoculated with 

mycorrhiza under different temperatures is presented in Table 1.  The findings revealed a 

statistically significant (P < 0.01) impact of mycorrhizal treatments, temperature applications, 

and their interactions on corn plant chlorophyll content, leaf water content, turgor loss, protein 

content, and plant biomass. However, the effect of mycorrhizal treatments and interaction with 

temperature applications on membrane durability index was found to be insignificant.  

  

Table 1. Analysis of variance (F values) for the parameters examined in the study 
Source of variance Chlorophyll 

content 

Membrane durability 

index 

Relative water 

content 

Loss of 

turgidity 

Soluble protein 

content 

Plant 

Biomass 

Mycorrhizal 

applications (M) 

148.144**  1.568ns 26.469**  26.354**  123.760**  485.78**  

Temperature treatments 

(T) 

522.099**  23.335**  186.692**  171.705**  259.678**  706.01**  

Interactions 
(M × T) 

9.583**  3.608**  2.301**  2.109**  5.660**  18.12**  

** :p<0.01, ns: no significant 
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The corn plant treated with M3 had the highest chlorophyll and protein content, membrane 

durability index, and plant biomass, the corn plant treated with M4 had the highest leaf water 

content, and the corn plant treated with M0 had the highest turgor loss, according to the mean 

values of the physiological parameters of the corn plant after mycorrhizal treatments. All values 

were found to be at their highest at 25°C, in accordance with the defined standards for 

temperature applications. The contents of protein, water, and chlorophyll showed a reciprocal 

trend in tandem with the observed temperature fluctuations (Table 2). 

Low and high temperatures cause photosynthesis to decrease (Hajihashemi et al., 2018; 

Ghani et al., 2023). In the present study, the chlorophyll content of the corn plant was the highest 

(337.33 SU) at 25°C in the application of the M3, while the lowest (138.33 SU) at 45°C in the 

M0 (Figure 1a). Previous studies have also reported that chlorophyll content decreases in corn 

plants under high and low temperature conditions due to temperature fluctuations (Waqas et al., 

2021; Baruah et al., 2023; Teng et al., 2025). It was found that the corn plants with mycorrhizal 

inoculation had a higher chlorophyll content than the group without mycorrhizal inoculation at 

all temperature applications (Figure 1a). By increasing the uptake of magnesium through their 

hyphae, mycorrhizae were found to increase the total chlorophyll content, which in turn led to 

an increase in photosynthesis (Mathur et al., 2018). The hypothesis asserts that the increased 

photosynthesis rate in plants subjected to stress conditions post-mycorrhizal inoculation is due 

to the maintenance of chlorophyll structure and the expansion of leaf area, which is a 

consequence of the corn plant's improved nutrient absorption. Zhu et al. (2017) have reported 

that mycorrhizal plants are less affected by temperature stress and that mycorrhizal symbiosis 

protects plants from damage and increases photosynthesis. 

 

 

Table 2. Average values of physiological parameters of the corn plant treated with mycorrhiza 

under different temperature level 

Treatment 

Chlorophyll 

content 

(SU) 

Membrane 

durability 

index (%) 

Relative 

water 

content 

(%) 

Loss of 

turgidity 

(%) 

Soluble 

protein 

content 

(mg/gFW) 

Plant 

biomass 

(g) 

M0 180.76 d 93.81 73.88c 22.64a 9.06c 119.25e 

M1 213.86b 93.44 79.85b 16.96bc 11.22b 133.50d 

M2 209.81bc 92.88 79.31b 17.57b 11.16b 133.89c 

M3 238.76a 93.99 79.82b 17.11b 12.12a 154.31a 

M4 203.38c 93.30 82.53a 14.87c 10.82b 144.05b 

   

5 °C 163.40e 90.32f 70.14f 24.85b 8.56f 118.28f 

10 °C 187.33d 92.56de 75.02e 21.27c 10.20d 127.78e 

15 °C 220.53c 93.67cd 83.85c 13.51e 12.23b 134.62d 

25 °C 293.27a 96.56a 92.51a 6.39g 14.17a 168.49a 

35 °C 240.20b 96.45ab 87.57b 10.65f 11.57c 151.03b 

40 °C 195.33d 94.58bc 80.26d 16.48d 10.21d 147.14c 

45 °C 165.13e 91.23ef 64.20g 31.64a 9.20e 118.65f 

 

The initial manifestation of irreversible damage to plants in response to stress is observed in 

cell membranes and is characterized by alterations in electrolyte leakage (Bajji et al., 2002). An 

examination of the membrane durability index values calculated based on the electrolyte 

leakage rate of the corn plant revealed that the highest value (97.03%) was determined for the 
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M1 treatment at 25°C, and the lowest value (88.79%) was determined for the M2 treatment at 

5°C (Figure 1b).  

  

 
Figure 1. Changes in the chlorophyll content and membrane durability index of the 

mycorrhizal corn plant under temperature stress 

 

The membrane durability index value was observed to be highest under optimal temperature 

conditions and decreased with temperature changes. Temperature stress causes significant 

changes in the cell membrane by affecting the sensors located in the membrane. While plants 

not exposed to stress have the highest cell membrane stability, membrane permeability is the 

first to be affected in plants exposed to temperature stress (Kumar et al., 2012). Previous studies 

have reported that electrolyte leakage increases and cell damage is elevated at low and high 

temperatures, but cell membrane stability is maintained in mycorrhizal symbiosis, and 

inoculation with mycorrhiza under stress reduces electrolyte leakage (Shirani and Mohammad, 

2020; Malhi et al., 2021). The current study indicates that the influence of mycorrhizal 

inoculation on membrane durability index values is minimal. The slight rise in electrolyte 

leakage in plant leaves under temperature stress caused the membrane durability index to 

change only slightly. This result indicates that the corn variety utilized in this study may exhibit 

tolerance at the membrane level to temperature variations. 
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Figure 2. Changes in the leaf relative water content and loss of turgidity of the mycorrhizal 

corn plant under temperature stress 

 

 Plants' development and physiological functions are impacted by their water status. 

Mycorrhizal and non-mycorrhizal plants have different water statuses (Liu et al., 2015). It was 

need to recognize the importance of relative water content, turgor loss, leaf water potential, and 

water conservation capacity in assessing a plant's water status.  Water content of detached 

leaves is used to describe a plant's water-holding ability, showing a clear correlation between 

higher water content and reduced water loss (Ievinsh, 2023). In this study, mycorrhizal plants 

showed higher levels of leaf relative water content and turgor at all temperature applications. 

The maximum water content (96.56%) was observed at 25°C in the M4 treatment, while water 

content exhibited a decline in both decreasing and increasing temperatures. The lowest water 

content (59.05%) was found at 45°C with the M0 treatment (Figure 2a).  

 Turgor loss was also least in plants with higher water content, as expected. Plants with 

the greatest turgor loss were those exposed to 45°C, with turgor loss exceeding 30%. At 5°C, 

M1 treatment resulted in higher water content and less turgor loss, while M4 was best at all 

other temperatures (Figure 2b). Zhu et al. (2010) reported higher leaf water potential in 

mycorrhizal corn plants during cold stress, suggesting improved water status. It was also 

reported that high temperature stress affects cell and tissue water content, causing rapid water 

loss. However, mycorrhizal symbiosis has been shown to increase water conservation in order 

to prevent dehydration and metabolic disorders (Zhu et al., 2011). This may be due to 

mycorrhizal fungal hyphae extracting soil water, higher root activity and hydraulic conductivity 

(Bitterlich et al., 2018).  

 The protein is very helpful in protecting cells from preventing water loss and ensuring 

plant life under demanding environments (Samiappan et al., 2021). Protein content was higher 

at every temperature level with mycorrhizal inoculum. The highest protein content (15.37 

mg/gFW) under optimal temperature conditions was observed in the M4 application. 
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Decreasing or increasing temperature reduced the soluble protein content in corn leaves (Figure 

3a). This finding contradicts previous reports indicating that soluble protein content increases 

in plants under low-temperature stress (Abdel Latef et al., 2011; Turk et al., 2020; Yan et al., 

2021). A considerable decrease in photosynthesis, or a reduction in the availability of protein 

assimilates, which are essential for protein synthesis, could be the cause of the decline in protein 

content (Chaves et al., 2009). The investigation revealed that the soluble protein content of 

mycorrhizal corn plants was higher at low temperatures. M3 mycorrhizal plants demonstrated 

the least protein loss at low temperatures. 

 

 
Figure 3. Changes in the soluble protein content and plant biomass of the mycorrhizal corn 

plant under temperature stress 
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In a manner analogous to the low temperatures, the protein content of mycorrhizal plants 

was also elevated at high temperatures, and M3 plants exhibited the highest protein content at 

all high temperature levels. In a similar finding to the present study, Ayub et al. (2021) and Hu 

et al. (2023) also reported that high temperature stress reduces protein content in plants. The 

increase in the kinetic energy of molecules across the membrane is caused by high temperatures, 

which leads to the loosening of membranes due to protein denaturation. Furthermore, the 

activity of ribulose bisphosphate carboxylase falls above the optimal temperature range for corn 

plant (Ristic et al., 2009; Naveed et al., 2014). Nitrate reductase is a pivotal enzyme for nitrogen 

metabolism. A reduction in its activity has been demonstrated to result in a disruption of protein 

synthesis and the synthesis of other enzymes, as well as the creation of biomass in plants (Ayub 

et al., 2021). 

The plant biomass values of the corn plant were highest (186.03 g) at the control temperature 

applied to M3, while the lowest (74.87 g) were determined at 45 °C without (M0) mycorrhizal 

inoculum (Figure 3b). The application of mycorrhizal inoculum has ensured high levels of plant 

biomass under all temperature conditions. Despite the observed decline in plant biomass 

associated with low and high temperatures, the treatment of mycorrhiza has been shown to 

mitigate this loss. Previous studies have also reported that plant biomass increases with 

mycorrhizal treatments and that biomass loss decreases in stressed plants (Chandrasekaran, 

2022).  

 

CONCLUSION 
 

The present study investigated the effects of mixed mycorrhizal inoculums on chlorophyll 

content, membrane durability index, water content, soluble protein content, and plant biomass 

in corn plants under low and high temperature conditions. It was determined that low and high 

temperature stresses result in chlorophyll loss in plants, leading to a reduction in water content, 

turgor, protein content, and plant biomass. However, mycorrhizal plants have been observed to 

maintain chlorophyll, water content, turgor, protein content, and plant biomass under stress 

conditions. The most favorable outcomes were observed in the M3 group, which received the 

applied mixed mycorrhizal inoculums. Further detailed studies should be conducted on the 

effects of the combined use of Gigaspora sp., Glomus constrictum, and Glomus fasciculatum 

mycorrhizal species in protecting corn plants from temperature fluctuations. 
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ABSTRACT 

 

The Felent Stream Basin (Kütahya) constitutes an important hydrological system in the 

region, with its groundwater resources playing a key role in meeting diverse local demands. 

This study aimed (1) to investigate the spatial and temporal variations of fluoride concentrations 

in the groundwaters of Felent Stream Basin and (2) to evaluate the potential implications of 

these variations for the dental health of the local population. A total of seven sampling stations 

were established along the watershed, and groundwater samples were collected during both the 

wet and dry seasons of 2024. Fluoride concentrations were measured using a 

spectrophotometric method in accordance with standard analytical procedures. The results 

demonstrated distinct seasonal fluctuations in fluoride levels. The mean fluoride concentration 

recorded during the dry season was 0.404 mg/L, which was approximately 2 times higher than 

the mean value observed in the wet season (0.181 mg/L). The overall average across all samples 

was calculated as 0.295 mg/L. This increase during the dry period is likely due to reduced 

dilution and enhanced water-rock interaction. According to the average HQ values, the highest 

potential risk was observed in children (0.27875), followed by teenagers (0.19676), adults 

(0.15766), and infants (0.03935). In addition, fluoride-related health risks increased across all 

age groups during the dry season. 

Keywords: Felent Stream Basin, Groundwater, Fluoride accumulations 

 

INTRODUCTION  

Fluoride is a naturally occurring element that contributes significantly to dental protection 

when present at optimal levels. Although drinking water constitutes the most common route of 

human fluoride intake, additional exposure may occur through the consumption of certain 

foods, the use of fluoridated medications, and contact with industrial emissions (Andezhath et 

al., 1993; G¿ner et al., 2016; Tokatlē and G¿ner, 2018; Onur and Tokatlē, 2020; Tokatlē et al., 

2022; 2023). Nevertheless, chronic exposure to elevated fluoride concentrations can result in 

various health concerns, most notably dental and skeletal fluorosis. 

To better understand and manage such risks, the implementation of health risk assessment 

techniques has become increasingly widespread across the globe. These approaches are 

instrumental in evaluating both carcinogenic and non-carcinogenic threats posed by 

environmental contaminants, offering a scientific basis for risk management and public health 

decision-making (Ustaoĵlu and Aydēn, 2020; Tokatlē and Ustaoĵlu, 2020; Tokatlē and Varol, 

2021a; 2021b; Varol and Tokatlē, 2022; Tokatlē et al., 2022; 2023). Particularly in regions where 

fluoride levels may vary seasonally or spatially, such assessments are crucial for ensuring the 

safety and sustainability of water resources. 
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The Felent Stream Basin (Kütahya) represents a vital hydrological system within its 

region, with its subterranean water resources playing a pivotal role in supporting various local 

needs. These crucial groundwater reserves are extensively drawn upon for diverse applications, 

including industrial supply and irrigation, which are fundamental to the regional economy. 

Concurrently, the groundwater system is inevitably impacted by anthropogenic activities within 

the basin. This includes wastewater discharges originating from numerous thermal tourism 

facilities in the Yoncalē District and domestic wastes from K¿tahya Province (Solak et al., 2012; 

Çiçek et al., 2013; 2017). Furthermore, the interaction between surface and groundwater in this 

system is complex, as exemplified by the Enne Dam Lake, a significant reservoir on the Felent 

Stream, which provides 6 hm³ of drinking water annually to the region (Anonymous, 2022; 

https://www.dsi.gov.tr/), indirectly influencing the wider hydrological balance. 

Considering the critical importance and vulnerability of these subterranean resources, this 

study specifically aimed (1) to investigate the spatial and temporal variations of fluoride 

concentrations in the groundwater of the Felent Stream Basin and (2) to evaluate the potential 

implications of these variations for the dental health of the local population reliant on these 

sources. 

 

MATERIALS AND METHODS  

 

Surface Water Collection 

Figure 1 illustrates the topographic configuration of the Sakarya River Watershed and the 

Felent Stream Basin, including the spatial distribution of the selected monitoring stations. Table 

1 shows the coordinate information of sampling locations. Within the scope of this study, 

groundwater samples were systematically collected from seven stations selected on the Felent 

Stream Basin during both the wet and dry seasons of 2024. 

 

Table 1. Coordinates of stations 

Sampling 

Location 

Zone of 

Basin Plains 

Zone of 

Watershed 

GPS ï 

North 

GPS ï 

East 

Ören Village Köprüören Plain Upstream 39.52423 29.72003 

Köprüören Village Köprüören Plain Upstream 39.50928 29.76439 

Yoncalē Village Köprüören Plain Upstream 39.49303 29.84171 

Enne Village Köprüören Plain Midstream 39.47439 29.85568 

Kirazpēnar Village Kütahya Plain Midstream 39.46229 29.91116 

Kütahya Province Kütahya Plain Downstream 39.43557 29.99613 

Ķnkºy Village Kütahya Plain Downstream 39.45441 29.99842 

 

Fluoride Analysis 

Fluoride concentrations were quantified using a spectrophotometric technique, 

employing a Hach Lange DR 3900 spectrophotometer (wavelength range: 320ï1100 nm) in 

conjunction with the Hach Lange LCK 323 cuvette test (measurement range: 0.1ï2.5 mg/L) 

(https://tr.hach.com/). 
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Figure 1. Topographic map of Sakarya River Basin and selected sampling locations 

 

Health Risk Assessment 

In the present study, the population was stratified into four age groups based on 

physiological and behavioral characteristics: infants (<2 years), children (2ï6 years), teenagers 

(6ï16 years), and adults (>16 years). Daily fluoride exposure for each group was estimated 

using Equation 1. The non-carcinogenic health risk associated with fluoride intake was assessed 

using the Hazard Quotient (HQ), calculated according to Equation 2 (Yousefi et al., 2018). An 

HQ value below 1 indicates a negligible non-carcinogenic risk, whereas an HQ value above 1 

suggests a potential health concern, with an increased likelihood of developing severe fluorosis. 

ὉὈὍ
  

           (1) 

 

Ὄὗ            (2) 
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EDI:  Estimation of fluoride consumption ï daily (mg/kg/day) 

Cf:  Fluoride level in the investigated drinking water samples (mg/L) 

Cd:  Mean daily water intake (L/day) (the mean water consumption rates in infants, children, 

teenagers and adults were 0.08, 0.85, 2 and 2.5 L/day, respectively)  

Bw:  Body weight (kg) (body weights of investigated groups were considered 10, 15, 50 and 

78 kg, respectively) 

RfD:  Reference dose (mg/kg/day) (it is 0.06 mg/kg/day for fluoride (EPA, 1992)). 

 

RESULTS AND DISCUSSION 

 

Fluoride accumulations in groundwater of Felent Stream Basin are given in Figure 2. 

Fluoride concentrations increased during the dry season at most stations, particularly at Ören 

(0.188 Ÿ 0.537 ppm), Kºpr¿ºren (0.103 Ÿ 0.366 ppm), and Yoncalē (0.176 Ÿ 0.468 ppm). 

The highest dry season value was recorded at Ören, while the lowest wet season value was 

observed in Kütahya (0.069 ppm). Unlike the general trend, a slight decrease occurred at Enne 

during the dry period (0.294 Ÿ 0.273 ppm).  

Fluoride plays a dual role in human health; while beneficial for dental integrity due to its 

strong affinity for tooth enamel, excessive intake can lead to significant adverse health 

outcomes (Taghipour et al., 2016; Tokatlē et al., 2022; 2023). A primary pathway for human 

fluoride exposure is drinking water, where optimal concentrations are instrumental in 

preventing dental caries and promoting overall well-being. Nevertheless, exceeding these 

beneficial levels can precipitate fluorosis, a widely recognized public health issue affecting 

dental health (G¿ner et al., 2016; Tokatlē and G¿ner, 2018; 2020; Jannat et al., 2022; Din et al., 

2024). This study investigated fluoride concentrations in the groundwater of the Felent Stream 

Basin, finding levels that ranged from 0.069 to 0.537 ppm. Importantly, all examined stations 

exhibited fluoride concentrations well within the acceptable drinking water limit of 1.5 ppm, as 

defined by TS266 (2005), EC (2007), and WHO (2011). 

Figure 3 presents fluoride exposure risk, showing all the average HQ values well below 

the acceptable threshold of 1, indicating a low overall risk. Consistent with previous findings, 

children (mean HQ: 0.27875) continue to exhibit the highest HQ values, underscoring their 

heightened sensitivity. Furthermore, dry season exposure conditions universally result in higher 

HQ values compared to wet season conditions, highlighting the significant influence of 

exposure pathways on risk assessment. Global research widely corroborates that children are 

particularly vulnerable to chronic health risks posed by fluoride consumption in drinking water 

(Gao et al., 2013; Narsimha et al., 2018; Dehghani et al., 2019; Qasemi et al., 2020; Tokatlē et 

al., 2022; 2023). This consistent finding underscores the critical need for meticulous assessment 

of fluoride exposure in pediatric populations. Supporting these prior observations, the present 

study likewise determined children to be the most at-risk demographic concerning health 

implications from fluoride exposure originating from the groundwater of the Felent Stream 

Basin. 
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Figure 2. Spatial ï temporal fluoride accumulations of groundwater samples (ppm) 

 

 

Figure 3. Spatio ï temporal HQ values of different consumers 

 

CONCLUSION 

This study revealed significant seasonal fluctuations in groundwater fluoride 

concentrations within the Felent Stream Basin (Kütahya), with dry season levels (mean 0.404 

mg/L) approximately double those of the wet season (mean 0.181 mg/L) due to reduced dilution 

and enhanced water-rock interaction. Health risk assessment consistently identified children as 

the most vulnerable group (HQ: 0.27875), with fluoride-related risks increasing for all age 

groups during the dry season. Despite overall levels being acceptable, these findings underscore 

the critical need for continuous groundwater monitoring, especially in dry periods, and targeted 

public health interventions to protect the dental health of children in the region. 
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ABSTRACT 

Felent Stream, situated in Kütahya Province, is an important component of the Sakarya 

River Watershed in Türkiye. This study aimed (1) to investigate the spatial and temporal 

variations of fluoride concentrations in the surface waters of Felent Stream and (2) to evaluate 

the potential implications of these variations for the dental health of the local population. A 

total of seven sampling stations were established along the stream, and surface water samples 

were collected during both the wet and dry seasons of 2024. Fluoride concentrations were 

measured using a spectrophotometric method in accordance with standard analytical 

procedures. The results demonstrated distinct seasonal fluctuations in fluoride levels. The mean 

fluoride concentration recorded during the dry season was 0.749 mg/L, which was 

approximately 1.5 times higher than the mean value observed in the wet season (0.521 mg/L). 

The overall average across all samples was calculated as 0.635 mg/L. This increase during the 

dry period is likely related to reduced water flow and limited dilution, leading to greater 

accumulation of fluoride in the aquatic environment. According to the average HQ values, the 

highest potential risk was observed in children (0.59952), followed by teenagers (0.42319), 

adults (0.33909), and infants (0.08464). In addition, fluoride-related health risks increased 

across all age groups during the dry season. 

Keywords: Felent Stream, Surface water, Fluoride accumulations 

 

INTRODUCTION  

Fluoride is an essential trace element that plays a vital role in maintaining dental health. 

While drinking water is considered the primary source of fluoride intake for humans, other 

exposure pathways include food, pharmaceuticals, and various industrial activities (Andezhath 

et al., 1993; G¿ner et al., 2016; Tokatlē and G¿ner, 2018; Onur and Tokatlē, 2020; Tokatlē et al., 

2022; 2023). However, excessive fluoride intake can lead to adverse health effects, particularly 

dental and skeletal fluorosis. 

In this context, health risk assessment practices have gained significant importance 

worldwide, especially in recent years. These methods provide a scientific framework for 

estimating both carcinogenic and non-carcinogenic risks associated with exposure to various 

environmental contaminants, including fluoride (Ustaoĵlu and Aydēn, 2020; Tokatlē and 

Ustaoĵlu, 2020; Tokatlē and Varol, 2021a; 2021b; Varol and Tokatlē, 2022; Tokatlē et al., 2022; 

2023). The application of such risk assessment approaches is particularly valuable in identifying 

vulnerable populations, informing regulatory actions, and ensuring the long-term safety of 

drinking water resources. 
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The Sakarya River Watershed stands as one of Türkiye's most significant and extensive 

riverine habitats, and the Felent Stream constitutes a crucial component of this vital system. 

Extending approximately 35 km in length with an average flow rate of 0.56 m³/s, the Felent 

Stream serves multiple purposes within the region. It is extensively utilized for industrial water 

supply and irrigation, playing a critical role in supporting local economic activities. However, 

it also functions as a receiving environment for wastewater discharges from numerous thermal 

tourism facilities located in the Yoncalē District, as well as domestic wastes originating from 

Kütahya Province (Solak et al., 2012; Çiçek et al., 2013; 2017). Further upstream, the Enne 

Dam Lake, a significant reservoir on the Felent Stream, contributes substantially to the region's 

water security by providing 6 hm³ of drinking water annually (Anonymous, 2022; 

https://www.dsi.gov.tr/). This dual role as both a valuable resource and a recipient of 

anthropogenic impacts underscores the ecological and socio-economic importance of the Felent 

Stream, warranting detailed investigation into its current status and management needs. 

Given these multifaceted uses and potential impacts, this study specifically aimed (1) to 

investigate the spatial and temporal variations of fluoride concentrations in the surface waters 

of Felent Stream and (2) to evaluate the potential implications of these variations for the dental 

health of the local population. 

 

MATERIALS AND METHODS  

Surface Water Collection 

Figure 1 illustrates the topographic configuration of the Sakarya River Watershed and the 

Felent Stream Basin, including the spatial distribution of the selected monitoring stations. Table 

1 shows the coordinate information of sampling locations. Within the scope of this study, 

surface water samples were systematically collected from seven stations selected on the Felent 

Stream during both the wet and dry seasons of 2024. 

 

Table 1. Coordinates of stations 

Station  
Zone of  

Basin Plains 

Zone of  

Watershed 

GPS ï  

North 

GPS ï  

East 

1. Station Köprüören Plain Upstream 39.52341 29.71731 

2. Station Köprüören Plain Upstream 39.50703 29.76625 

3. Station Köprüören Plain Upstream 39.48959 29.83703 

4. Station Köprüören Plain Midstream 39.47417 29.86138 

5. Station Kütahya Plain Midstream 39.46854 29.91585 

6. Station Kütahya Plain Downstream 39.44115 29.98189 

7. Station Kütahya Plain Downstream 39.45076 30.02648 

 

Fluoride Analysis 

Fluoride concentrations were quantified using a spectrophotometric technique, 

employing a Hach Lange DR 3900 spectrophotometer (wavelength range: 320ï1100 nm) in 

conjunction with the Hach Lange LCK 323 cuvette test (measurement range: 0.1ï2.5 mg/L) 

(https://tr.hach.com/). 
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Figure 1. Topographic map of Sakarya River Basin and selected sampling locations 

 

Health Risk Assessment 

In the present study, the population was stratified into four age groups based on 

physiological and behavioral characteristics: infants (<2 years), children (2ï6 years), teenagers 

(6ï16 years), and adults (>16 years). Daily fluoride exposure for each group was estimated 

using Equation 1. The non-carcinogenic health risk associated with fluoride intake was assessed 

using the Hazard Quotient (HQ), calculated according to Equation 2 (Yousefi et al., 2018). An 

HQ value below 1 indicates a negligible non-carcinogenic risk, whereas an HQ value above 1 

suggests a potential health concern, with an increased likelihood of developing severe fluorosis. 

ὉὈὍ
  

           (1) 

 

Ὄὗ            (2) 
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EDI:  Estimation of fluoride consumption ï daily (mg/kg/day) 

Cf:  Fluoride level in the investigated drinking water samples (mg/L) 

Cd:  Mean daily water intake (L/day) (the mean water consumption rates in infants, children, 

teenagers and adults were 0.08, 0.85, 2 and 2.5 L/day, respectively)  

Bw:  Body weight (kg) (body weights of investigated groups were considered 10, 15, 50 and 

78 kg, respectively) 

RfD:  Reference dose (mg/kg/day) (it is 0.06 mg/kg/day for fluoride (EPA, 1992)). 

 

RESULTS AND DISCUSSION 

Fluoride accumulations in surface water of Felent Stream are given in Figure 2. Fluoride 

concentrations reached their highest levels at Station 3 during both the wet (1.65 ppm) and dry 

(1.92 ppm) seasons. In general, an increase in fluoride levels was observed during the dry 

season, particularly at Stations 1, 2, 4, and 5. However, an exceptional decrease was noted at 

Station 7, where fluoride dropped from 0.342 ppm in the wet season to 0.040 ppm in the dry 

season.  

Fluoride, while crucial for dental health due to its propensity for deposition in teeth, can 

also exert considerable adverse health effects on humans, contingent upon its concentration and 

exposure levels (Taghipour et al., 2016; Tokatlē et al., 2022; 2023). Drinking water serves as a 

primary source of fluoride exposure, and maintaining optimal fluoride levels in urban water 

supplies is known to have a preventive impact on overall body health, particularly in combating 

dental caries. Conversely, exposure to fluoride exceeding these optimal concentrations can lead 

to fluorosis, a significant concern for dental public health (G¿ner et al., 2016; Tokatlē and 

Güner, 2018; 2020; Jannat et al., 2022; Din et al., 2024). In the present study, fluoride 

concentrations in the surface water of Felent Stream varied from 0.040 to 1.920 ppm. Notably, 

fluoride levels at nearly all investigated stations (with the exception of Station 3) were found to 

be within the acceptable drinking water limit of 1.5 ppm, as stipulated by TS266 (2005), EC 

(2007), and WHO (2011). 

Analysis of fluoride exposure risk, presented in Figure 3, indicates that while all the 

average HQ values are below the acceptable threshold of 1, children consistently exhibit the 

highest HQ values (mean 0.59952), suggesting increased susceptibility. Furthermore, dry 

season exposure conditions generally lead to higher HQ values across all age groups compared 

to wet season conditions. These findings underscore the critical importance of age-specific risk 

assessment and the distinct impact of exposure pathways in managing potential fluoride-related 

health risks. Numerous investigations globally have consistently highlighted that children face 

a significant chronic health risk from fluoride intake through drinking water (Gao et al., 2013; 

Narsimha et al., 2018; Dehghani et al., 2019; Qasemi et al., 2020; Tokatlē et al., 2022; 2023). 

These widespread findings underscore the heightened vulnerability of younger populations to 

fluoride-related health issues. In alignment with this established body of literature, our current 

research similarly identifies children as the age group most susceptible to health risks stemming 

from fluoride exposure via the surface water of Felent Stream. 
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Figure 2. Spatial ï temporal fluoride accumulations of surface water samples (ppm) 

 

 

Figure 3. Spatio ï temporal HQ values of different consumers 

 

CONCLUSIONS 

This study revealed significant seasonal variations in fluoride concentrations within 

Felent Stream's surface waters, with dry season levels (mean 0.749 mg/L) being notably higher 

than wet season levels (mean 0.521 mg/L) due to reduced dilution. Health risk assessment 

confirmed that children face the highest potential risk (HQ: 0.59952) from fluoride exposure, 

followed by teenagers, adults, and infants, a finding consistent with global observations. 

Moreover, fluoride-related health risks increased across all age groups during the dry season, 

directly correlating with elevated concentrations. While overall fluoride levels generally 

remained acceptable, these findings underscore the critical importance of continuous 

monitoring and targeted public health strategies, especially for vulnerable populations during 

dry periods, to mitigate potential dental health impacts. 
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ABSTRACT 

Greenhouse gas (GHG) emissions are among the primary causes of global warming and 

climate change. Gases such as carbon dioxide (CO ), methane (CH ), and nitrous oxides (N O) 

originate from human-induced activities, including fossil fuel consumption, industrial 

processes, agriculture, and deforestation. The accumulation of these gases in the atmosphere 

leads to rising temperatures, glacier melting, sea level rise, and an increase in extreme weather 

events. 

This study explores various solutions to mitigate greenhouse gas emissions. Transitioning to 

renewable energy sources, such as solar, wind, and hydroelectric power, enhancing energy 

efficiency, promoting the widespread adoption of electric and hybrid vehicles in transportation, 

implementing sustainable agricultural practices, and initiating forest conservation projects are 

among the key strategies. Additionally, carbon capture and storage (CCS) technologies, 

alongside changes in individual consumption habits such as opting for low-carbon footprint 

products and increasing recycling efforts play a crucial role in reducing emissions. 

 

Keywords: Greenhouse gas, global warming, industrial process, renewable energy  

 

INTRODUCTION  

Greenhouse gas (GHG) emissions represent one of the most critical environmental 

issues confronting the 21st century. This study investigates the ecological consequences 

associated with GHG emissions and evaluates a range of mitigation strategies aimed at reducing 

their impact. Particular focus is directed toward carbon dioxide (CO ), methane (CH ), and 

nitrous oxide (N O), which constitute the primary anthropogenic greenhouse gases. The paper 

further discusses sustainable mitigation approaches, such as the deployment of renewable 

energy sources, enhancement of energy efficiency, implementation of carbon capture 

technologies, and large-scale reforestation efforts (Chen et al., 2023). 

 

Greenhouse gases contribute to the retention of heat within the Earthôs atmosphere, 

thereby exacerbating the greenhouse effect and elevating global temperatures. Although this 
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natural phenomenon is vital for sustaining life on Earth, anthropogenic emissions have 

significantly amplified its intensity, culminating in global warming and widespread climate 

disruption. Key drivers of GHG emissions include industrial processes, deforestation, and 

agricultural practices (Jensen et al., 2023). The resulting rise in global temperatures has led to 

an increase in the frequency and severity of heatwaves, as well as accelerated polar ice melt 

and thermal expansion of ocean waters, collectively contributing to sea level rise and 

heightened flooding risks (Aghakouchak et al., 2020). 

Additionally, coastal marine ecosystems are increasingly threatened by anthropogenic 

activities, such as industrialization, agriculture, land-sea based aquaculture, and climate change. 

These pressures have led to coastal eutrophication, which is a major driver of macroalgal 

blooms (Smetacek and Zingone, 2013). 

Macroalgal bloom events such as green and golden seaweed tidesðinduce profound 

shifts in both the physical and biogeochemical characteristics of the water column, thereby 

exerting considerable influence on greenhouse gas (GHG) emissions. Empirical evidence 

indicates that microalgal blooms can markedly decrease atmospheric carbon dioxide (CO ) 

concentrations as a result of intensified photosynthetic activity. Concurrently, these events often 

stimulate the production of nitrous oxide (N O) and methane (CH ), primarily through 

mechanisms involving the degradation of particulate organic matter (POM) and the emergence 

of hypoxic or anoxic conditions within marine systems (Cai et al., 2024). 

The accelerating pace of climate change continues to pose serious threats to both human 

and ecological health (Romanello et al., 2022). In response to this escalating crisis, achieving 

the targets outlined in the Paris Climate Agreement and the Kigali Amendment to the Montreal 

Protocol necessitates a substantial and immediate reduction in global greenhouse gas emissions 

(Intergovernmental Panel on Climate Change, 2023). 

According to estimates by the Food and Agriculture Organization of the United Nations 

(FAO), emissions from the agricultural sector account for approximately 30% of total global 

greenhouse gas (GHG) emissions. The predominant greenhouse gases emitted from agricultural 

soils include carbon dioxide (CO ), methane (CH ), and nitrous oxide (N O) (Chataut et al., 

2023). 

In agricultural systems, both natural factors such as soil moisture, temperature, and pH 

and anthropogenic farming practices exert significant influence over the magnitude of GHG 

emissions. A wide body of research has investigated various strategies to mitigate these 

emissions. One promising approach involves the development and cultivation of crop varieties 

with enhanced capacities for carbon and nitrogen uptake. Such improvements can increase the 

efficiency of nutrient use, reduce dependence on synthetic fertilizers, and consequently 

decrease GHG emissions (Johansson et al., 2023). 

 

Furthermore, optimizing fertilization practices including the timing, quantity, and type 

of fertilizers applied has been demonstrated to be an effective measure for controlling 

greenhouse gas emissions associated with agricultural activities (Li et al., 2023). 

2. Environmental Impacts of Greenhouse Gas Emissions 

2.1 Climate Change and Global Warming 

The most direct and severe consequence of GHG emissions is global warming. Average 

global temperatures have increased significantly since the industrial revolution, resulting in 

more frequent and intense heatwaves, droughts, and wildfires. 

Climate change refers to long-term shifts and alterations in temperature, precipitation 

patterns, wind, and other elements of the Earthôs climate system. Global warming, on the other 
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hand, is the rise in the average surface temperature of the Earth due to increasing concentrations 

of greenhouse gases in the atmosphere (Koch et al., 2013). 

 

2.2 Causes of Global Warming 

The primary cause of global warming is human activity, particularly the burning of fossil 

fuels such as coal, oil, and natural gas. These activities release large amounts of greenhouse 

gases (especially carbon dioxide ï CO , methane ï CH , and nitrous oxide ï N O) into the 

atmosphere. Other contributing factors include: 

-Deforestation, which reduces the planetôs capacity to absorb CO . 

-Industrial processes that emit large quantities of GHGs. 

-Agriculture, especially livestock farming which releases methane. 

-Waste management practices that lead to the release of methane and other gases 

(Holgerson and Raymond, 2016). 

2.3 Melting Ice Caps and Rising Sea Levels 

The warming climate causes glaciers and polar ice caps to melt, contributing to rising 

sea levels. This threatens coastal ecosystems and human settlements, especially in low-lying 

countries and island nations. 

One of the most visible and alarming consequences of global warming is the accelerated 

melting of polar ice caps and glaciers. This process directly contributes to rising sea levels, 

which pose serious threats to both natural ecosystems and human settlements, particularly in 

coastal and low-lying areas (Ren et al., 2020). 

The treason of the melting of the ice caps can be described as; global temperatures rise. 

This means, Arctic sea ice is shrinking, especially during summer months. Land-based ice 

sheets and glaciers, such as those in Greenland and Antarctica, are losing mass rapidly. Melting 

land ice flows into oceans, increasing sea levels. Thermal Expansion means ocean temperatures 

increase, seawater expands. This thermal expansion accounts for nearly half of the observed 

sea level rise over the past century. Unlike sea ice, land-based ice adds new water to the ocean 

when it melts. The vast ice sheets in Greenland and Antarctica are currently the largest 

contributors to sea level rise from melting ice (Xie et al., 2021). 

2.4 Current and Future Threats 

Coastal Cities at Risk: Major urban areas like New York, Miami, Jakarta, Mumbai, and 

Istanbul face increased flooding and infrastructure damage. Saltwater intrusion can also 

contaminate freshwater supplies and damage agriculture. 

Small Island Nations in Danger: Countries such as the Maldives, Tuvalu, and Kiribati 

are threatened with complete submersion if sea levels continue to rise, potentially creating the 

worldôs first ñclimate refugees.ò 

Coastal Erosion and Habitat Loss: Rising seas accelerate erosion, submerge wetlands, 

and destroy mangroves and other critical coastal ecosystems. 

Climate Migration: As coastal regions become uninhabitable, millions may be forced to 

migrate inland, leading to social, economic, and political challenges (Liu et al., 2021). 

Scientific Projections: Over the 20th century, sea levels rose by approximately 15ï20 

centimeters (6ï8 inches). 

According to the Intergovernmental Panel on Climate Change (IPCC), sea levels are 

projected to rise by 0.6 to 1.1 meters (2 to 3.6 feet) by 2100 if greenhouse gas emissions 

continue at current levels. 
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2.5 Solutions and Adaptation Measures 

Reducing greenhouse gas emissions can slow down global warming and ice melt. 

Coastal protection infrastructure, such as seawalls, flood barriers, and artificial islands, can help 

shield vulnerable areas. Climate adaptation policies must be developed, including strategic 

urban planning and relocation strategies for at-risk populations (Sheng et al., 2018). 

2.6 Ocean Acidification 

Excess CO  dissolves into oceans, lowering pH levels and disrupting marine 

ecosystems. Coral reefs, which are home to many marine species, are particularly vulnerable. 

Ocean acidification refers to the ongoing decrease in the pH of the Earth's oceans, 

caused primarily by the uptake of carbon dioxide (CO ) from the atmosphere. As anthropogenic 

CO  emissions have increased, a significant portionðapproximately 30%ðhas been absorbed 

by the worldôs oceans. This process has altered the chemical composition of seawater, posing 

severe risks to marine biodiversity, ecosystems, and human societies dependent on oceanic 

resources (Alcaraz-Rocha et al., 2023). 

CO2(aq)+H2OᵶH2CO3ᵶH++HCO3īᵶ2H++CO3-2  

This sequence results in the formation of carbonic acid (H CO ), which dissociates to 

release hydrogen ions (H ), lowering the pH and increasing ocean acidity. As a consequence, 

the availability of carbonate ions (CO Į ) which are essential for marine calcifying organisms 

to form shells and skeletons decreases. 

2.7 Ecological Impacts 

Coral Reef Degradation: Coral reefs are particularly sensitive to changes in pH. Ocean 

acidification weakens coral skeletons and inhibits reef growth, which in turn affects the vast 

array of marine life that depends on reef ecosystems for habitat and food (Hoegh-Guldberg et 

al., 2007). 

Food Web Disruption: Many planktonic species form the foundation of marine food 

webs. The decline in their populations due to acidification can have cascading effects on higher 

trophic levels, including commercially important fish species (Yudhistira et al., 2023). 

Impact on Marine Biodiversity and Fisheries: As marine ecosystems become 

destabilized, biodiversity loss is likely to accelerate. This endangers not only ecological balance 

but also the livelihoods of millions of people who rely on fisheries and aquaculture (Hollowed 

et al., 2013). 

2.8 Socioeconomic Consequences 

Food Security Risks: Communities that depend on shellfish and coral reef fisheries are 

particularly vulnerable to declining stocks and ecosystem collapse (Sovacool and Mukherje, 

2011). 

Economic Losses: The global seafood industry may face significant economic setbacks. 

Coral reef tourism, valued at billions of dollars annually, is also at risk (Kuznet, 2019). 

3 Biodiversity Loss 

Biodiversity loss refers to the decline or disappearance of biological diversity at the 

genetic, species, and ecosystem levels. As a result of anthropogenic climate change primarily 

driven by the emission of greenhouse gases (GHGs) natural habitats are increasingly subjected 

to environmental stressors that alter ecological balances, disrupt species interactions, and 

undermine ecosystem resilience. Among these stressors, rising temperatures, altered 

precipitation patterns, ocean acidification, and habitat degradation are particularly detrimental 

to biodiversity (Isbell et al., 2013). 
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3.1 Mechanisms of Biodiversity Loss Due to Climate Change 

Habitat Alteration and Fragmentation: Shifts in temperature and precipitation can 

transform ecosystems, rendering them unsuitable for species that are highly specialized or 

geographically restricted. Alpine, polar, and coral reef ecosystems are especially vulnerable to 

these changes. Habitat fragmentation also limits speciesô ability to migrate in response to 

changing environmental conditions (Liu et al., 2023). 

Consequences for Ecosystem Functioning: Biodiversity plays a critical role in ecosystem 

stability, productivity, and the provision of essential services such as pollination, water 

purification, carbon sequestration, and soil fertility. Loss of species richness and genetic 

diversity can reduce an ecosystem's capacity to respond to environmental changes and recover 

from disturbances, increasing the risk of ecological collapse (Tong et al., 2019). 

4 Agricultural Disruption 

Agricultural disruption refers to the adverse effects of climate change on crop production, 

livestock systems, soil health, and overall agricultural productivity. As global temperatures rise 

and climatic variability intensifies, agricultur the foundation of global food security and rural 

economies faces multifaceted challenges. These include altered growing seasons, increased 

frequency of extreme weather events, changing precipitation patterns, and the proliferation of 

pests and diseases. Such disruptions threaten the stability of food systems, particularly in 

regions already vulnerable to environmental and socio-economic stressors (Rees et al., 2014). 

4.1 Climatic Stressors Impacting Agriculture 

Temperature Increases: Higher average temperatures can accelerate crop maturation, leading to 

reduced yields. Heat stress also negatively affects livestock health, reproduction, and 

productivity. For many staple crops such as wheat, rice, and maize, there is a critical threshold 

beyond which yields decline substantially (Ma et al., 2020). 

Extreme Weather Events: More frequent and severe heatwaves, storms, and frosts can cause 

sudden and severe damage to crops and infrastructure. These events not only reduce agricultural 

output but also increase production costs and risks for farmers (Wohlfart et al., 2008). 

Increased Pest and Disease Incidence: Rising temperatures and humidity create favorable 

conditions for the spread of pests, fungi, and crop diseases, which were previously confined to 

specific geographic regions. This increases the vulnerability of food systems and requires 

greater dependence on chemical inputs (Méndez-Bautista et al., 2009). 

Soil Degradation: Changes in temperature and precipitation, along with intensive agricultural 

practices, contribute to soil degradation, reducing fertility and the capacity to support 

sustainable farming (Cruz et al., 2020). 
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Regional Disparities and Vulnerabilities: Developing countries, particularly those in tropical 

and subtropical regions, are more severely affected due to limited adaptive capacity, high 

dependence on rain-fed agriculture, and constrained access to technology and infrastructure. 

Smallholder farmers, who represent a large portion of the global agricultural workforce, face 

increased livelihood insecurity and food scarcity as a result of climate-induced disruptions (Jia 

et al., 2018). 

4.2 Adaptation and Resilience Strategies  

Climate-Smart Agriculture (CSA): CSA practices aim to sustainably increase productivity, 

enhance resilience (adaptation), and reduce greenhouse gas emissions. This includes crop 

diversification, agroforestry, conservation agriculture, and efficient water management (nazim 

et al., 2025).  

Technological Innovation: The development and dissemination of drought-resistant and heat-

tolerant crop varieties, precision farming technologies, and early-warning systems can support 

adaptation (Lybbert and Sumne, 2012). 

Policy and Institutional Support: Governments and international organizations must invest in 

agricultural research, rural infrastructure, extension services, and risk insurance schemes to 

support vulnerable farming communities. 

Integrated Land and Water Management: Holistic approaches that conserve natural resources 

and promote sustainable land use are essential to long-term agricultural resilience. 

 

DISCUSSION AND CONCLUSION 

Greenhouse gas emissions pose a critical threat to the environment and to human 

societies. However, through coordinated global action and the implementation of innovative 

solutions, their negative impacts can be mitigated. Transitioning to a low-carbon future is not 

only possible but necessary to ensure the health of the planet for future generations.Multiple 

factors influence the impact of flooding on greenhouse gas emissions, including soil type, water 

source, and flood duration. 

Agricultural disruption is a critical dimension of climate change with profound implications for 

global food systems, rural livelihoods, and economic stability. Urgent and coordinated 

adaptation strategies are necessary to ensure the sustainability and resilience of agriculture in a 

warming world. 

Replacing fossil fuels with renewable sources such as solar, wind, and hydropower is one of 

the most effective ways to reduce GHG emissions. Improving the energy efficiency of 

buildings, transportation, and industrial processes can significantly cut emissions while 

reducing energy costs. 
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CCS technology captures CO  from power plants and industrial sources and stores it 

underground, preventing it from entering the atmosphere. Trees absorb CO  through 

photosynthesis. Large-scale tree planting can act as a natural carbon sink, helping offset 

emissions. Practices such as crop rotation, reduced tillage, and efficient fertilizer use can lower 

emissions from agricultural activities, especially methane and nitrous oxide. 

Global cooperation through agreements like the Paris Accord is essential. Governments should 

implement carbon pricing, subsidies for clean energy, and stricter emission regulations. 

In conclusion, the reduction of greenhouse gas emissions should not be confined solely to 

measures taken by governments and large corporations; rather, it should be recognized as a 

global responsibility in which individuals must also play an active role. While governments and 

businesses can make significant contributions by investing in renewable energy, enforcing strict 

environmental regulations, and implementing policies to limit carbon emissions, individuals 

can support this process by adopting eco-friendly habits in their daily lives. Key individual 

actions include conserving energy, opting for sustainable transportation methods, embracing 

recycling practices, making conscious consumption choices, and preferring products that 

minimize greenhouse gas emissions. In this context, the adoption of sustainable policies in both 

production and consumption, the promotion of innovative environmental technologies, and 

raising public awareness will be crucial in mitigating the devastating effects of climate change. 
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ABSTRACT 

 

Plants and beneficial soil bacteria engage in dynamic and reciprocal interactions that 

influence plant development, nutrient acquisition, and stress resilience. Among these, plant 

growth-promoting bacteria (PGPB) have garnered considerable attention due to their ability to 

support plant health through a range of biochemical and physiological mechanisms. These 

bacteria produce a variety of bioactive compounds that enhance plant stress tolerance, improve 

nutrient availability, and offer protection against phytopathogens. 

PGPB influence plant performance through both direct and indirect mechanisms. Direct 

pathways include the biosynthesis of phytohormones (such as indole-3-acetic acid), 

solubilization of essential nutrients like phosphate, zinc, and potassium, ammonia production, 

and atmospheric nitrogen fixation. Indirectly, they contribute by secreting siderophores, lytic 

enzymes, hydrogen cyanide, and antibiotics, which suppress harmful microorganisms and 

enhance plant immunity. 

These functional traits position PGPB as valuable components in sustainable agriculture, 

especially for the development of bioformulants including biofertilizers, biopesticides, and 

biofungicides. Such alternatives reduce dependency on chemical inputs and contribute to 

environmentally responsible crop management. Nonetheless, despite the expanding repertoire 

of beneficial strains, the practical implementation of PGPB in agriculture remains challenging. 

Factors such as microbial survival, strain specificity, plant-microbiome compatibility, and 

fluctuating environmental conditions can influence their efficacy in field applications. 

This review explores recent advances in understanding PGPB-mediated plant adaptations to 

abiotic and biotic stressors, with emphasis on molecular mechanisms, signaling pathways, and 

metabolite production. It also discusses formulation strategies and delivery systems designed 

to maximize their stability and performance. Ultimately, leveraging PGPB potential requires a 

deeper integration of microbiology, plant physiology, and environmental science to ensure their 

consistent and scalable use in sustainable agricultural systems. 

 

Keywords: Plant Growth-Promoting Bacteria, stress tolerance, sustainable agriculture, 

biocontrol 
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INTRODUCTION  

 

Through the release of bioactive chemical signals, bacteria and plants interact and 

communicate in a dynamic and ongoing co-evolutionary relationship. Both positive and 

negative interactions are possible (Wille et al., 2019). The plants gain from positive 

relationships because they help them acquire minerals, phytohormones, and other nutrients. By 

releasing a number of bioactive chemicals, these helpful bacterial species can also combat 

phytopathogens and help plants withstand a variety of stressful situations. Conversely, 

detrimental interactions are detrimental because infections infiltrate plant tissues, which causes 

the host plants to die (Dolatabadian, 2021; Adedayo et al., 2022). Utilizing these advantageous 

microbes can therefore help plants withstand stress that reduces their yield. 

As part of the soil ecosystem, microorganisms have a major impact on the nitrogen 

cycle, soil fertility management, and plant diversity preservation. According to Zhou et al. 

(2020), a crucial area for important biological interactions between plants and microorganisms 

is the rhizosphere, a tiny area that surrounds the plant roots. Microorganisms such as bacteria, 

actinobacteria, fungus, algae, and protozoa aggressively compete for food and space in this 

productive area (Manghwar et al., 2023). Both the host and the microorganisms benefit from 

the ability of the plant growth promoting microorganism (PGPM) to live in and interact with 

plant roots; a population of rhizospheric bacteria and fungi may also serve as a home for other 

microbes (dos Lopes et al., 2021). The most prevalent of all the helpful microorganisms are 

bacteria, which are followed by fungus and actinobacteria (Poria et al., 2021). Through direct 

or indirect methods of nutrient absorption and assimilation, they have a beneficial effect on the 

plant (Kumari et al., 2018). 

Food security is threatened by the world's population growth, which increases the need 

of fertilizers based on inorganic chemicals, which is bad for the environment and human health 

(Mitter et al., 2021). Because of the numerous environmental stressors that also contribute to 

low crop yields, organic farming that relies on microflora such as PGPM guarantees food 

availability while improving crop quality, productivity, and environmentally friendly farming 

practices (Jalal, et al., 2023). Therefore, by reducing the use of chemical fertilizers, crop 

production using PGPM provides sustainability and protects soil biodiversity (dos Lopes et al., 

2021). 

The majority of plant growth-promoting bacteria (PGPB) are proteobacteria. It includes 

genera like Pantoea, Thiobacillus, Pseudomonas, Micrococcus, Rhodococcus, Azospirillum, 

Azotobacter, Acinetobacter, Acetobacter, Klebsiella, Enterobacter, Alcaligenes, Arthrobacter, 

Burkholderia, Azorhizobium, Achromobacter, Serratia, Bradyrhizobium, Flavobacterium, 

Mesorhizobium, Microrhizobium, Streptomyces, Bacillus, Azoarcus, Aeromonas, Azoarcus, 

Caulobacter, Chromobacterium, Delftia, Frankia, Flavobacterium, Gluconacetobacter, 

Paenibacillus, Rhizobium and Streptomyces (Table 1). 
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Table 1. Plant growth promoting bacteria and their common host plant family (from Fanai et 

al., 2024). 

Family Plant Plant growth-promoting bacteria 

Fabaceae Phaseolus 

vulgaris 

Rhizobium acidosoli, R. endophyticum, R. esperanzae, R. etli, 

R. hidalgoense, R. mesoamericanum, R. tropici, Acinetobacter 

sp. 

Poace Rice, 

wheat, 

maize, 

soirghum, 

sugarcane 

Azospirillum sp. 

Asteraceae Puticaria Bacillus cereus, Agrobacterium fabrum, Brevibacillus brevis, 

Bacillus subtilis, Paenibacillus sp., Acinetobacter 

radioresistant, Burkholderia sp. 

Solanaceae Artemisia 

annua 

Brevibacillus sp., Bacillus sp., Pseudomonas sp., Azospirillum 

sp., Klebsiella sp., Enterobacter sp., Alcaligenes sp., 

Azotobacter sp., Streptomyces sp., Pantoea sp., Bacteroides 

sp., Proteobacteria sp., Radiobacter sp., Stenotrophomonas 

sp. 

Brassicaceae Brasica 

oleraceae 

Pseudomonas sp., Enterobacter sp., Arthrobacter sp., Pantoea 

sp. 

Crasulaceae Echevari 

laui 

Erwinia sp., Pantoea sp. 

 

In addition to helping plants tolerate a variety of biotic and abiotic stressors, the PGPB 

also promotes plant growth by promoting the solubility of various inorganic mineral nutrients, 

fixing nitrogen, releasing plant growth regulators, and producing a number of other 

biochemicals that either directly or indirectly increase plant productivity. Figure 1 shows the 

several ways that bacteria can promote plant growth. 
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Figure 1. Functions that plant growth-promoting bacteria provide. The impacts of both biotic 

(caused by living things) and abiotic (induced by environmental variables) stress on plants 

demonstrate how PGBP helps to lessen the effects of stress. Through processes including 

siderophores, lytic enzymes, HCN, antibiotics & nitrogen fixation, hormone synthesis, etc., 

PGBP improve plant development, nutrient absorption, and stress tolerance (from Fanai et al., 

2024). 

 

One possible approach to a sustainable future is the use of helpful microorganisms as 

bioinoculants in agricultural systems. As an effective, environmentally friendly, and productive 

fertilizer that could help meet the growing demand for food from the world's population, it is a 

good substitute for chemical fertilizers. They improved the soil microbiota and preserved soil 

fertility in addition to promoting plant growth. 

 

ABIOTIC AND BIOTIC STRESS FACTORS  

 

Continuously subjecting plants to biotic and abiotic stressors has a negative effect on 

their growth and development, which lowers yield and quality (Singh et al., 2021). With the 

help of a naturally occurring PGPB that increases resistance against different phytopathogens 

by generating biochemicals and improving soil fertility, plants subsequently develop particular 

kinds of defense mechanisms for stress response (Leontidou et al., 2020). Figure 2 shows the 

various stressors and bacterial stress tolerance systems. 
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Figure 2. Various stressors and bacteria that support plant growth react to provide plant growth 

promotion. The impacts of both biotic (caused by living things) and abiotic (induced by 

environmental variables) stress on plants demonstrate how PGBP helps to lessen the effects of 

stress. By means of processes like nitrogen fixation, hormone synthesis, and biocontrol, PGBP 

improve plant growth, nutrient absorption, and stress tolerance (from Fanai et al., 2024). 

 

Drought stress is categorized into hydrological, socio-economic, meteorological, and 

agricultural types, each leading to soil moisture deficits and the accumulation of reactive 

oxygen species that damage plant structure and function (Ahluwalia et al., 2021). Traditional 

mitigation measuresðsuch as biochar amendments, nanoparticle treatments, film farming, and 

drought-resistant cultivarsðhave shown only limited benefits in real agricultural systems 

(Fadiji et al., 2022). By contrast, plant growth-promoting bacteria (PGPB) enhance drought 

tolerance through improved water uptake, root architecture modification, and production of 

protective phytochemicals (Khan and Bano, 2019). For example, inoculation with Bacillus 

pumilus and Pseudomonas putida improved maize drought resilience and nutrient acquisition 

(Kálmán et al., 2024), while Bacillus subtilis and Azospirillum brasilense increased osmolyte 

synthesis to support wheat germination under water deficit (Ilyas et al., 2020). Strains such as 

Pseudomonas lini  and Serratia plymuthica enhance soil aggregate stability, and Bacillus albus 

together with Bacillus cereus boost seed vigor, pigment concentration, and antioxidant activity, 

collectively strengthening photosynthetic efficiency and stress defenses (Zhang et al., 2020; 

Ashry et al., 2022; Saleem et al., 2021). Other notable drought-tolerant bacteria include 

Achromobacter xylosoxidans, Pseudomonas aeruginosa, Lelliottia adecarboxylata, 

Enterobacter cloacae, Pseudomonas fluorescens S3X, and Staphylococcus sciuri (Danish et al., 

2020; Khalilpour et al., 2021). 
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A rise in average global temperatures poses a significant abiotic challenge for crop 

productivity (Desaint et al., 2021). Heat-tolerant microbesðincluding Bacillus cereus, Serratia 

liquefaciens, Pseudomonas putida, P. fluorescens (Mitra et al., 2021), Burkholderia 

phytofirmans, Curvularia protuberata (Rana et al., 2021), Paraburkholderia phytofirmans, and 

various Bacillus and Pseudomonas spp. (Ahmad et al., 2023)ðmitigate thermal damage by 

modulating plant hormone levels (e.g., cytokinins, ACC deaminase) and activating antioxidant 

enzymes that control water uptake and induce heat shock protein expression (Moumbock et al., 

2021). Exogenous application of specific amino acids further alleviates heat stress effects by 

enhancing stress-responsive pathways (Santos et al., 2022). Inoculation with B. cereus has been 

shown to boost overall biomass, chlorophyll content, and heat shock protein accumulation 

(Khan et al., 2020b), while Enterobacter sp. SA187 increased wheat and Arabidopsis heat 

endurance, leading to higher grain yield, plant height, and seed weight. Moreover, B. cereus 

enhances carotenoid, protein, ascorbate peroxidase, chlorophyll, and superoxide dismutase 

levels (Bisht and Mishra, 2020), and strains such as B. thuringiensis, B. subtilis, P. 

brassicacearum (Ashraf et al., 2019), and B. velenzensis further demonstrate the promise of 

microbial inoculants for improving plant thermotolerance. 

Soil salinization, driven by water scarcity and the accumulation of NaCl-rich compost 

from sewage and waste treatment, and the build-up of soluble ionsðbicarbonate, magnesium, 

sodium, chloride, sulfate, carbonate, and calciumðalters soil composition, diminishes fertility, 

impairs germination, and disrupts chloroplast structure, leading to reduced pigment synthesis, 

ion toxicity, and osmotic imbalance (Ahmed et al., 2020; Krishnamoorthy et al., 2022). Salinity 

stress further reduces plant development, fruit yield, biomass, stomatal conductance, and water 

movement (Ansari et al., 2019). Plant growth-promoting bacteria counteract these adverse 

effects by inducing stress-responsive pathways that lower reactive oxygen species production, 

synthesizing Na-binding exopolysaccharides, and producing phytohormones to enhance root 

growth and water uptake (Subramaniam et al., 2020). For instance, Bacillus amyloliquefaciens 

GB03 releases volatile organic compounds that boost stress mitigation sixfold (Cappellari et 

al., 2020). Additionally, halotolerant strains of Streptomyces, Aneurinibacillus aneurinilyticus, 

Paenibacillus spp., Pseudomonas azotoformans, and other genera such as Bacillus, 

Enterobacter, Klebsiella, Agrobacterium, and Ochrobactrum can tolerate NaCl up to 150 g/L, 

highlighting their promise in reclaiming saline soils (Liu et al., 2021). 

Plant growth-promoting microbes (PGPM) suppress biotic stresses from pathogenic 

fungi, bacteria, nematodes, insects, and weeds by activating systemic acquired resistance (SAR) 

and induced systemic resistance (ISR). SAR arises when PGPM directly inhibit pathogens, 

whereas ISR is triggered by bacterial elicitors such as volatile organic compounds (VOCs), 

microbe-associated molecular patterns (MAMPs), and bioactive secondary metabolites (Dubey 

et al., 2020). These microbes employ lytic enzymes, antibiotics, and VOCs for direct 

antagonism and enhance plant defenses indirectly through nitrogen fixation, siderophore 

production, phosphate solubilization, and phytohormone signaling (Migunova and Sasanelli, 

2021). For instance, Pasteuria penetrans and Brevibacillus laterosporus secrete proteases that 

inhibit Heterodera glycines (Mohan et al., 2020), while Bacillus megaterium combats 

Meloidogyne graminicola similarly. Strains like Pseudomonas aeruginosa, P. cepacia, and P. 

fluorescens exhibit broad-spectrum antimicrobial and anthelmintic activities (Bhavya and 

Geetha, 2021), and Bacillus subtilis and B. pumilus produce chitinases and antifungal VOCs 

that disrupt nematode chitin synthesis. Bacillus amyloliquefaciens FZB42 and Arthrobacter 

nicotianae release bacteriocins and VOCs that inhibit Meloidogyne spp. By colonizing the 

rhizosphere and producing siderophores, phytohormones, and antibiotics, PGPM also inhibit 

soil-borne fungi, solubilize phosphate, and promote plant growth via indole-3-acetic acid 

synthesis. These combined actions outcompete pathogens for nutrients and induce ISR against 
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bacterial generaðsuch as Erwinia, Pectobacterium, Pantoea, and Xanthomonasðthat cause 

wilts, blights, galls, and root rots (Nazari and Smith, 2020; Nabila and Kasiamdari, 2021). 

Table 2. Overview of Plant Growth-Promoting Rhizobacteria functions (from Priyanka et al., 

2020) 

Function of 

PGPR 

Description PGPR strain 

Nitrogen 

fixation 

Conversion of free atmospheric 

nitrogen into oxide form that can 

be used 

Enterobacter, Klebsiella, 

Burkholderia, and 

Stenotrophomona 

Phosphate 

solubilization 

Conversion of insoluble 

phosphate into the soluble form 

absorbed by the plants 

Achromobacter, Agrobacterium, 

Bacillus, 

Enterobacter, Erwinia, Escherichia, 

Flavobacterium, 

Mycobacterium, Pseudomonas and 

Serratia 

Potassium 

solubilization 

Conversion of potassium in the 

useful form 

Acidothiobacillus ferrooxidans, 

Bacillus 

edaphicus, Bacillus mucilaginosus, 

Burkholderia, Paenibacillus sp. and 

Pseudomonas 

Production of 

siderophore 

Enhancing the source of iron in 

the soil that can be absorbed by 

the plants 

Aeromonas, Azadirachta, 

Azotobacter, 

Bacillus, Burkholderia, 

Pseudomonas, 

Rhizobium, Serratia and 

Streptomyces sp. 

Phytohormone 

production 

Production of phytohormones 

such as auxin, cytokinins, 

gibberellic acid and ethylene 

Azotobactersp., Rhizobium sp., 

Pantoea agglomerans, 

Rhodospirillum rubrum, 

Pseudomonas fluorescens, Bacillus 

subtilis and Paenibacillus sp. 

 

DIRECT AND INDIRECT MECHANISMS OF PGPB IN ENHANCING PLANT 

PERFORMANCE 

 

Indirect mechanisms 

Siderophore production: Bacteria secrete ferric specific ligands (hydroxamates, 

phenolates, carboxylates) to solubilize iron for themselves and host plants, enhancing root 

colonization and outcompeting pathogens; common producers include Bacillus, 

Chryseobacterium, Phyllobacterium, and Pseudomonas spp. (Bhatt et al., 2019). 

Protease secretion: Microbial proteases (alkaline, acidic, neutral)ðnotably from 

Bacillus spp.ðhydrolyze pathogen proteins and generate antifungal metabolites (e.g., serine 

proteases, subtilisins), serving as an indirect plant defense; activity is screened on skim milk 

agar by clear halo formation (Castaldi et al., 2021). 

Catalase activity: Catalase positive strains (e.g., Bacillus marinus, B. sphaericus, 

Staphylococcus aureus) detoxify H O  at root interfaces, mitigating oxidative damage under 

stress; detected by bubble formation in 3% H O  (Talaiekhozani, 2022). 
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Amylase production: Alpha amylases from endophytes like Bacillus amyloliquefaciens 

and B. licheniformis degrade pathogen cell walls and contribute to industrial applications 

(detergents, stain removal); screened on starch agar via iodine stained halos (Ismail et al., 

2021). 

Urease activity: Ureolytic bacteria hydrolyze urea into plant available ammonium and 

nitrates, supporting nitrogen nutrition and biomineralization (soil enrichment, concrete repair); 

measured by pH dependent color change in urea broth (Cui et al., 2022). 

Hydrogen cyanide (HCN) release: Rhizobacteria (mostly Pseudomonas and Bacillus 

spp.) emit HCN to inhibit fungi, nematodes, insects, and weeds without harming the host plant; 

detected via alkaline picrate colorimetric assay (Alemu, 2016). 

 

Table 3. Mechanisms and functions of PGPB (adapted from Olanrewaju et al. (2017) and Fanai 

et al. (2024)) 

 

Mechanism Category Primary Function  Reference 

Indole-3-acetic acid 

(IAA)  

Direct Stimulates root initiation, cell 

division, lateral root formation 

Olanrewaju et 

al. (2017) 

ACC deaminase 

activity 

Direct Degrades precursor of ethylene; 

alleviates abiotic-stress inhibition 

Olanrewaju et 

al. (2017) 

Cytokinin 

production 

Direct Promotes shoot growth, delays leaf 

senescence 

Fanai et al. 

(2024) 

Nitrogen fixation Direct Converts atmospheric N  into 

bioavailable NH 

Fanai et al. 

(2024) 

Phosphate 

solubilization 

Direct Releases organic acids to convert 

insoluble P into plant-available forms 

Fanai et al. 

(2024) 

Siderophore 

production 

Indirect Sequesters Feį , suppresses pathogen 

growth, improves iron nutrition 

Olanrewaju et 

al. (2017) 

Lytic enzyme 

secretion 

Indirect Produces chitinases/proteases to 

degrade fungal and nematode walls 

Olanrewaju et 

al. (2017) 

Hydrogen cyanide 

(HCN) emission 

Indirect Volatile compound that inhibits soil-

borne pathogens and weeds 

Olanrewaju et 

al. (2017) 

Antibiotic 

metabolite release 

Indirect Synthesizes antimicrobial compounds 

against bacteria and fungi 

Olanrewaju et 

al. (2017) 

Induced systemic 

resistance (ISR) 

Indirect Elicits plant defense pathways via 

MAMPs and VOCs 

Fanai et al. 

(2024) 

 

Direct mechanisms 

Phytohormone production: Plant growthïpromoting bacteria (PGPB) synthesize 

cytokinins, gibberellins, and especially indole-3-acetic acid (IAA), which regulate cell division, 

root initiation, and stress responses. Strains such as Paenibacillus polymyxa, Rhizobium 

leguminosarum, Pseudomonas fluorescens produce cytokinins (Mekureyaw et al., 2022), while 

Bacillus pumilus and B. licheniformis generate multiple gibberellins (Gutiérrez-Mañero et al., 

2001). IAA producers, including Azospirillum, Arthrobacter, Bradyrhizobium, Pantoea, 

Rahnella, and Enterobacter, enhance root elongation and nutrient uptake (Rehman et al., 2020). 

Phosphate solubilization: PSB release organic acids (citric, gluconic) that chelate 

cations and convert insoluble phosphates (tricalcium, rock phosphate) into bioavailable forms. 

Key taxa include Pseudomonas putida, Azospirillum lipoferum, Bacillus firmus, B. polymyxa, 

Serratia marcescens, and Arthrobacter aureofaciens. PSB inoculation boosts phosphorus 
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availability and activates stress-responsive genes in crops like potato and sugarcane (Lin et al., 

2023). 

Ammonia production: Ammoniagenic PGPB such as Pseudomonas putida, Klebsiella 

spp., and Enterobacter asburiae generate NH , raising soil pH to suppress pathogens and supply 

inorganic nitrogen, which enhances root/shoot growth and biomass (Gohil et al., 2022). 

Nitrogen fixation: Symbiotic genera (Bradyrhizobium, Mesorhizobium, Sinorhizobium, 

Azorhizobium, Neorhizobium) and free-living diazotrophs (Azotobacter, Azospirillum, 

Burkholderia, Pseudomonas, cyanobacteria) convert atmospheric N  into plant-available forms, 

supporting growth and yield (Basile and Lepek, 2021). Microbial consortia of B. subtilis and A. 

brasilense enhance root/shoot development, gas exchange, and grain yield in wheat, while co-

inoculation of Bradyrhizobium and Bacillus improves nodulation and Vigna unguiculata 

productivity (Galindo et al., 2024; Gaspareto et al., 2023). 

Zinc solubilization: Zinc is a vital enzyme co-factor, with optimal plant tissue levels at 

30ï100 mgĿkg ĭ; deficiency impairs growth and causes necrotic lesions. Zinc-solubilizing 

bacteria secrete organic acids and iron-chelating enzymes to lower rhizosphere pH and release 

ZnĮ  (Eshaghi et al., 2019). Key taxa include Pseudomonas aeruginosa, Gluconacetobacter 

diazotrophicus, P. striata, P. fluorescens, Burkholderia cenocepacia, Serratia liquefaciens, S. 

marcescens, Bacillus thuringiensis, B. aryabhattai, B. subtilis, Thiobacillus thioxidans, and 

cyanobacteria. Rhizobium, Pseudomonas, and Bacillus spp. enhance Zn translocation and grain 

biofortification, improving wheat quality via exopolysaccharide and siderophore production 

(Jalal et al., 2024). Co-inoculation of B. subtilis or P. fluorescens with foliar ZnO further boosts 

maize chlorophyll, amino acids, glutelin, and prolamin content. Bacterial Zn nanoparticles 

inhibit biofilm formation in pathogens and augment human oral microbiome antimicrobial 

activity (Lallo da Silva et al., 2019). 

 

Figure 3. Overview of the main mechanisms used by PGPB to improve plant growth (from 

Vuolo et al., 2022) 
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Potassium solubilization: Although abundant in soils, K often exists in insoluble forms; 

PGPB release organic acids (citric, oxalic, tartaric) to chelate and solubilize K , facilitating 

uptake (Olaniyan et al., 2022). Potassium activates over 60 plant enzymes, regulates stomatal 

dynamics, enhances disease resistance, fiber strength, and produce quality, and mitigates water-

stress sensitivity (Rawat et al., 2022). Notable K-solubilizers include Acidithiobacillus, 

Burkholderia, Pseudomonas spp., Bacillus megaterium, Arthrobacter, Pantoea ananatis, 

Rahnella aquatilis, Enterobacter sp., Bacillus/Paenibacillus mucilaginosus, Bacillus 

licheniformis, P. azotoformans, B. edaphicus, and Pseudomonas putida (Bakhshandeh et al., 

2017). 

 

CONCLUSION 

 

Plant growthïpromoting bacteria represent a cornerstone of sustainable agriculture by 

naturally supplying key metabolitesðphytohormones, siderophores, lytic enzymes, hydrogen 

cyanide, and ammoniaðand by solubilizing essential nutrients (P, Zn, K) or fixing atmospheric 

nitrogen. Their multifaceted modes of action not only enhance crop yield and quality under 

both biotic and abiotic stresses but also reduce reliance on synthetic agrochemicals, thereby 

protecting soil health and the broader environment. 

To translate this promise into practice, future work must prioritize the development and 

field-ready formulation of robust biofertilizers and biocontrol agents tailored to specific crops 

and stress conditions. Equally critical is the systematic evaluation of PGPBïhost compatibility 

to safeguard beneficial traits during root colonization, as well as the design of microbial 

consortia whose members coexist synergistically without compromising individual 

functionality. Addressing these challenges will pave the way for precision applications of 

PGPB, driving both productivity gains and ecological resilience in modern farming. 
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ABSTRACT 

 

Herbicides, long heralded as precise tools in agricultural management, leave behind 

echoes that reverberate through the most intimate layers of ecological networks. This study 

explores how herbicidal interventionsðespecially those involving compounds like 

glyphosateðsilently alter microbial communities that anchor essential ecosystem functions. 

These non-target effects begin at the microscopic scale, where shifts in soil microbiome 

composition interrupt vital processes such as nutrient cycling, rhizosphere signaling, and plantï

soil feedback mechanisms. 

Framed through a microbiome-centric lens, we present a synthesis of recent studies alongside 

conceptual models illustrating how herbicide residues serve not only as chemical stressors, but 

as agents that restructure the metabolic dialogues among microbes and their hosts. Alterations 

in microbial diversity and function affect plant vitality, reduce resilience to biotic and abiotic 

stresses, and cascade upward to influence animal performance, herbivory dynamics, and 

pollination success. As herbicides disrupt these finely tuned interdependencies, we observe 

potential tipping points that may reshape ecosystem trajectories and even influence microbial 

and host evolution. 

More than collateral damage, microbial responses to herbicidal exposure represent a silent 

rebellionðone with the power to mediate or magnify ecological instability. We advocate for 

integrative strategies that acknowledge microbiome health as a central criterion in agrochemical 

risk assessments. Understanding these subterranean symphonies is essential for mitigating the 

long-term consequences of anthropogenic disturbance and for crafting sustainable, microbe-

conscious stewardship of ecosystems. 

Keywords: microbiome, herbicides, soil microbial networks, environmental resilience, 

agrochemical impact, microbe-mediated risk   

 

INTRODUCTION  

 

Herbicides have revolutionized modern agriculture by enabling targeted and efficient 

weed control, contributing significantly to crop productivity and food security. Among these, 

glyphosate stands as one of the most extensively used broad-spectrum herbicides worldwide 

due to its effectiveness and non-selective inhibition of the 5-enolpyruvylshikimate-3-phosphate 

synthase (EPSPS) enzyme in the shikimate pathway (Duke and Powles, 2008). However, while 

glyphosateôs primary mode of action is aimed at plants, this same biochemical pathway is 

present in many soil microorganisms, raising growing concerns about its unintended effects on 

non-target species (van Bruggen et al., 2018). 
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Soil microbial communities, particularly those inhabiting the rhizosphere, play a 

pivotal role in maintaining ecosystem functions. These communities mediate nutrient cycling, 

organic matter decomposition, and intricate plantïmicrobe interactions that influence plant 

growth, health, and resistance to environmental stressors (Berg et al., 2020). Disturbances to 

microbial composition and diversityðwhether through direct toxicity or altered plant exudation 

patternsðcan ripple through the entire ecosystem. Emerging evidence suggests that herbicide 

residues can suppress mycorrhizal colonization, shift bacterial community structures, and 

increase plant susceptibility to soil-borne pathogens (Zaller et al., 2014; Newman et al., 2016; 

Johal and Huber, 2009). 

 

 
 

Figure 1. The intricate connections between soil biodiversity and plants. a These 

interactions are influenced, including chemical, physical, and biological variability. b In a stable 

ecosystem with no or low human disturbances, plants can effectively recruit their microbial 

communities, primarily facilitated through rhizosphere exudation and selection processes. This 

plant-soil biodiversity interactions catalyze multiple ecosystem processes such as enhanced 

enzyme activity, solubilization, nitrogen fixation, and disease suppressiveness. However, land 

degradation and ongoing climate changes disrupt these interactions, leading to an increased 

negative correlation among taxa. c As a result, plants become more vulnerable to harmful and 

opportunistic agents like insects and pathogens (from Pedrinho et al., 2024). 

 

Importantly, these microbial alterations are not merely short-term or incidental. 

Herbicides may induce long-term restructuring of microbial networks , with implications for 

microbial evolution, functional redundancy, and overall soil resilience (Timmis et al., 2019). 

Furthermore, chronic exposure to glyphosate and similar compounds may drive microbial 

adaptation or resistance, potentially reducing the soilôs capacity to buffer abiotic stressors 

such as drought or nutrient depletion (Schlatter et al., 2017). 

Given the central role of the microbiome in agroecosystem stability, there is an urgent 

need to reconsider how herbicides are evaluated in terms of ecological risk. Traditional 

assessments focusing solely on crop yield or visible phytotoxicity fall short of capturing the 

subtle but profound consequences on microbial health. Integrating a microbiome-centric 

perspective into agrochemical regulation offers a more holistic understanding of ecosystem 

sustainability and resilience (Mitter et al., 2019). 
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This paper synthesizes recent findings on the impact of herbicidesðespecially 

glyphosateðon soil microbial communities. It aims to elucidate the biochemical, ecological, 

and evolutionary consequences of microbial disruption, and to advocate for frameworks that 

prioritize microbial integrity  as a cornerstone of sustainable agriculture. 

 

HERBICIDES AND THEIR LEGACY  

 

Herbicides have revolutionized modern agriculture by enabling efficient weed control, 

reducing labor costs, and increasing crop yields. Since the introduction of synthetic herbicides 

like 2,4-D in the 1940s, over 270 active ingredients have been commercialized, shaping global 

farming practices and food systems (Mesnage et al, 2021; U.S. EPA, 2004). However, their 

legacy is complexðmarked by ecological disruption, resistance evolution, and persistent 

residues in soil and water. Herbicides have played a central role in modern agricultural 

intensification, with compounds like glyphosate, atrazine, and 2,4-D becoming dominant tools 

in weed control (Duke and Powles, 2008). Glyphosate, in particular, has been praised for its 

broad-spectrum action and post-emergent use. However, its primary targetðthe shikimate 

pathway, absent in animals but present in most plants and microbesðraises significant concerns 

about non-target effects on microbial communities (van Bruggen et al., 2018). While 

herbicides were initially believed to degrade rapidly in soil, increasing evidence shows that 

residues persist and interact with complex biotic and abiotic soil components, affecting 

ecosystem function far beyond weed suppression (Silva et al., 2019). Herbicides such as 

glyphosate, atrazine, and dicamba have become staples in conventional farming due to their 

broad-spectrum activity and compatibility with genetically modified (GM) crops (Parven et al., 

2024). Systemic and pre-emergence herbicides offer targeted control, reducing the need for 

repeated applications and mechanical weeding.  

Despite their utility, herbicides pose significant risks, as soil degradation (long-term 

use alters microbial communities, reduces biodiversity, and impairs nutrient cycling), water 

contamination (runoff and leaching introduce herbicide residues into aquatic ecosystems, 

affecting non-target organisms like amphibians, fish, and invertebrates) and resistance 

development (overuse has led to herbicide-resistant weed populations, complicating 

management and increasing chemical dependency (Mesnage and Antoniou, 2017). 

 



VI I . International Agricultural, Biological & Life Science Conference, Istanbul, Türkiye, 7-10 September 2025 

284 
 

 

Figure 2. Possible interference of glyphosate with microbial communities in the rhizosphere 

and endosphere (from Sibalekile et al., 2025). 

THE RH IZOSPHERE MICROBIOME: KEYSTONE OF SOIL HEALTH  

 

The rhizosphere microbiomeðmicroorganisms that inhabit the narrow zone 

surrounding plant rootsðplays a foundational role in nutrient cycling, stress response, and 

plant immunity  (Berg et al., 2020).  

The specific functions of soil microbes can be divided into seven major groups 

(Berendsen et al., 2012; Cheng et al., 2022; Kumar et al., 2022): 

- Decomposition: Microbesðbacteria and fungiðbreak down organic matter such as 

crop residues, insect carcasses, animal manure, and other organic materials in the soil. 

Microbes secrete enzymes that help break down complex organic compounds into 

simpler forms, releasing nutrients that plants can use. Microbes contribute to 

humification as they break down organic compounds. Humification produces stable, 

mature organic compounds that increase the organic matter content of the soil. This 

offers additional benefits to crops, such as increased water-holding capacity, nutrient 

retention, and carbon sequestration. 

- Nutrient cycling: Microbes are involved in the circulation of essential nutrients in the 

soil. They can ñunlockò nutrients that are locked up in forms inaccessible to the plant 

and therefore promote the availability of nutrients for plant absorption. Nitrogen 

fixation (mineralization) is one example of how many beneficial soil microbes convert 

organic nutrients into inorganic forms that can be absorbed by plants. Soil microbes also 

unlock nutrients from inorganic ñboundò forms. 

- Soil structure and aggregation: Certain bacteria and fungi produce sticky substances 

such as polysaccharides that bind soil particles together, forming aggregates. Soil 
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aggregates improve soil structure, porosity, and water-holding capacity, allowing for 

better root penetration and aeration. 

- Disease suppression: Certain beneficial bacteria and fungi called biocontrol agents can 

suppress soil-borne pathogens and pests. Biocontrol agents suppress pathogens and 

pests through a variety of processes, including: producing antimicrobial compounds, 

consuming or parasitizing pests and pathogens, or outcompete pathogens for soil niches. 

The term "disease-suppressing soils" is often used to refer to fields that experience little 

or no impact from soil-borne diseases, even when the diseases are widespread 

throughout the surrounding region or minimal crop protection products are used. 

Microbial biocontrol agents are known to play a key role in the ability of disease-

suppressing soils to mitigate the impacts of pathogens. 

- Phytohormone Production: Some soil microbes can produce plant hormones in the soil, 

many of which are called "plant growth regulators" or PGRs. Hormones such as auxin, 

cytokinin, and gibberellin are known to support plant growth, yield, and stress tolerance 

when applied as foliar products. However, their routine application can be very 

expensive.  Microbial hormone producers in the soil can also offer these benefits and 

have been found to support crop resistance to stressors such as drought and activate 

plant defense systems to ward off pathogens. 

- Symbiotic relationships: Many plants form beneficial symbiotic relationships with soil 

microbes. Mycorrhizal fungi form associations with plant roots, extending their reach 

for water and nutrients in exchange for microbial ñfoodò in the form of carbon produced 

by the plant through photosynthesis. Mutually beneficial bacteria, known as endophytes, 

live within plant tissues and promote plant growth by performing beneficial processes 

such as nitrogen fixation and carbon uptake through root exudates. This symbiotic 

relationship improves plant nutrient uptake, overall plant and soil health, and the 

efficiency of agricultural systems. However, common agricultural practices can disrupt 

these relationships, leading to a decline in beneficial microbes and increased 

dependence on agricultural inputs. 

- Salinity regulation: Some microbes have adapted to survive in saline environments and 

possess mechanisms to tolerate high salt concentrations. They can actively colonize and 

thrive in saline soils where other organisms struggle. Salt exclusion is when certain 

microbes have mechanisms to exclude salts from their cells or actively limit their 

uptake. By excluding salts, microbes can ensure proper cellular function and growth in 

high salinity conditions. Salt metabolism is when certain microbes possess enzymes that 

can metabolize or break down specific types of salts. They can convert salts into less 

harmful forms or compounds that other organisms can use. 

 

In short, balancing microbiome disruptions with practices that support plant-microbe 

symbiosis, such as cover crops and conservative tillage, is key to optimizing soil health 

processes and harnessing the benefits of soil microbes. 

These microbial consortia are sensitive to external chemical inputs and serve as early 

indicators of soil disturbance (Kurenbach et al., 2021; Yang et al., 2023; El-Helow et al., 2024). 

Herbicides can alter: 

- Microbial richness and evenness 

- Community composition (e.g., shifts from Proteobacteria to Actinobacteria) 

- Enzyme activity, such as dehydrogenase and phosphatase 

- Plantïmicrobe communication, such as root exudate signaling 
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Soil microbial consortiaðinteractive communities of bacteria, fungi, archaea, and 

protistsðare highly sensitive to herbicide exposure. Although herbicides are designed to target 

weeds, their biochemical specificity often extends to non-target organisms, leading to 

unintended disruptions in soil microbial dynamics. Also, herbicides can disrupt microbial 

communities by following mechanisms (Kurenbach et al., 2021; Yang et al., 2023; El-Helow 

et al., 2024): 

- Enzyme inhibition: Common herbicides like glyphosate inhibit the shikimate pathway, 

which is present in bacteria and fungi. This hampers the synthesis of vital aromatic 

amino acids such as tryptophan, tyrosine, and phenylalanine, affecting microbial growth 

and metabolism. 

- Loss of microbial diversity: Herbicide exposure can shift community composition by 

reducing beneficial groups like nitrogen-fixing bacteria, phosphate-solubilizers, and 

symbiotic fungi. This undermines key soil functions like nutrient cycling and plant-

microbe interactions. 

- Metabolic shifts and functional decline: While some microbes adapt to herbicides, 

this often comes with altered metabolic activity or reduced efficiency in organic matter 

decomposition and other soil biochemical processes. 

- Antibiotic resistance proliferation: Studies show that prolonged herbicide use can 

increase the abundance of antibiotic resistance genes (ARGs) and mobile genetic 

elements (MGEs), potentially facilitating the spread of resistant pathogens through 

horizontal gene transfer. 

 

ADAPTIVE RESPONSES AND MICROBIAL RESISTANCE  

 

Repeated herbicide exposure can drive microbial adaptation, including degradation 

capability evolution (e.g., Pseudomonas acquiring glyphosate degradation genes), shift 

toward resistant or resilient taxa or horizontal gene transfer of resistance traits. While such 

adaptations may improve degradation efficiency, they may also alter microbial network 

interactions, affecting ecological balance (Rousidou et al., 2013). Microbial shifts may feed 

back into plant susceptibility, nutrient cycles, and carbon dynamics, especially under climate 

stress. 

Microbes adapt to herbicides through several strategies, such as efflux pump activation , 

membrane modifications (like changes in membrane permeability help microbes limit 

herbicide uptake and increase resistance to antibiotics), stress response pathways (e.g. 

herbicide exposure triggers oxidative stress, DNA damage, and SOS responses, which can lead 

to mutagenesis and horizontal gene transfer) and cross-resistance evolution (mutations that 

confer herbicide tolerance may also increase resistance to antibiotics, especially when stress 

pathways overlap) (Liao et al., 2021; Hill, 2017). These adaptive responses have cascading 

effects soil microbiome disruption, antimicrobial resistance and food chain 

contamination, like residual herbicides and resistant microbes can enter crops and livestock, 

posing risks to human health (Daram et al., 2021; Paul and Mandal, 2019). 

 

HERBICIDE EFFECTS ON ECOSYSTEM -LEVEL PROCESSES 

 

While the rhizosphere is a well-studied hotspot of microbial activity, recent research 

reveals that microbial alterations extend far beyond root zones, influencing macroecological 

processes such as nutrient cycling, carbon sequestration, biodiversity patterns, and ecosystem 

resilience. These changes are not confined to local soil patchesðthey ripple across landscapes 

and biomes, shaping ecological trajectories at multiple scales (Wang and Zou, 2024; Mohanram 

and Kumar, 2019). Microbial communities in bulk soil, litter layers, and aquatic interfaces 
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respond dynamically to environmental perturbations, including herbicide exposure, land-use 

change, and climate variability. These shifts can alter biogeochemical cycles, modulate 

greenhouse gas emissions and iInfluence plant community assembly (Pantigoso et al, 2022; 

Ruuskanen et al.,  2022). 

Microbial alterations often involve cross-kingdom interactions, such as fungal 

networks facilitating bacterial dispersal or protists regulating microbial grazing. These 

interactions contribute to soil organic matter formation , trophic cascades and to habitat 

connectivity. 

Beyond the rhizosphere, microbial alterations influence macroecological processes, 

such as carbon sequestration via changes in microbial respiration, nitrogen and phosphorus 

cycling and soil aggregation and erosion resistance. Several studies report that herbicide-

induced microbial imbalance can decrease soil organic matter, reduce greenhouse gas 

buffering capacity, and lower crop resilience to drought and pests (Ghimire et al., 2020). 

These indirect impacts challenge the long-held belief in herbicide neutrality toward ecosystem 

services. 

Figure 3. Ecosystem model showing cascading impacts of microbial disruptionðsoil health, 

plant health, insect interactions, and ecosystem services. 

Herbicides have long been regarded as indispensable tools in modern agricultureðcost-

effective, targeted, and efficient. Yet, their ecological footprint reaches far beyond weed 

suppression. Current herbicide risk assessment frameworks primarily focus on chemical 

persistence, toxicity to plants and animals, and residue levels in food and water. What remains 

largely overlooked is the impact of herbicides on the soil microbiome, a critical engine of 

nutrient cycling, plant health, and ecosystem stability (Sweeney et al., 2025; Kodikara et al., 

2022). 

Soil microbesðespecially those in the rhizosphereðplay foundational roles in 

maintaining agroecological functions. However, these organisms are almost entirely absent 

from conventional toxicological testing. Risk assessments typically rely on short-term, single-

organism studies that fail to reflect the complexity and dynamism of microbial communities, 

which are deeply intertwined with numerous ecosystem services (Zhao et al., 2025; Wend et 

al., 2024). 

An additional blind spot lies in microbial genetic mobility, where herbicide-induced 

stress can activate antibiotic resistance genes (ARGs) and mobile genetic elements (MGEs). 

This not only jeopardizes soil health but also raises concerns about public safety via the 
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potential horizontal transfer of resistance traits to pathogenic microbes (EFSA, 2023; Liao et 

al., 2021). 

 

Table 1. Gaps in Herbicide Risk Assessment. 

 

Assessment Domain Current Gaps 

Soil Health 
Focused mainly on chemical residues and 

physical structure 

Non-target Effects 
Limited consideration of microbial collateral 

damage 

Temporal Dynamics 
Assessed via static endpoints (e.g., residue 

half-life) 

Bioindicator Integration  Rarely utilizes microbial indicators 

Interaction Effects 
Ignores chemical synergy or antagonism 

with microbial networks 

Resistance Development Focused on weed resistance only 

Ecosystem Services Impact 
Underrepresents microbial contributions to 

services 

Standardized Protocols Lacks harmonized microbial toxicity assays 

 

CONCLUSIONS 

Herbicides, while instrumental in modern agriculture, pose complex ecological 

challenges that extend far beyond weed control. Their influence on soil microbial consortiað

especially in the rhizosphereðtriggers cascading effects that alter nutrient cycles, suppress 

beneficial taxa, and potentially promote antibiotic resistance. These microbial disruptions 

reshape plantïsoil interactions, reduce ecosystem resilience, and compromise vital services 

such as pollination, pest regulation, and carbon sequestration. 

Conventional herbicide risk assessments often overlook these microbiome-mediated 

effects, focusing narrowly on chemical residues and plant toxicity endpoints. Integrating 

microbiome-centric metrics into regulatory frameworksðsuch as microbial diversity indices, 

functional group profiling, and gene transfer monitoringðoffers a path toward more holistic 

ecological stewardship. 

A microbiologically informed approach to weed management can help sustain soil health, 

foster agroecosystem stability, and safeguard public and environmental well-being. The 

microbial voice, long silent in regulatory discourse, must now become a guiding force in 

rethinking agricultural sustainability. 
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ABSTRACT 

 

Plant breeding is a scientific process based on genetic principles that aims to import 

desired traits to plants. The development of molecular marker technologies and the application 

of Marker Assisted Selection (MAS) have accelerated and improved the reliability of breeding 

efforts compared to traditional methods. The ability to select fruit species based on genetic 

information, especially in the early stages, offers substantial time and cost savings in the 

breeding processes. Although genetic maps using molecular markers have been created for 

many important agricultural species, this data is rarely integrated into commercial breeding 

programs. The blackberry (Rubus sp.) is an example of this due to its high ploidy level and 

complex genetic structure. In this species, which is difficult to breed conventionally, genetic 

mapping and genome analysis must first be developed in order to effectively utilize MAS. 

Widespread wild blackberry populations in Turkey are an important source of genetic diversity 

and offer the potential to develop local varieties by integrating them into breeding efforts. To 

benefit from this potential, it is crucial to develop genomic and mapping studies, increase 

research on MAS, and effectively evaluate genetic resources. In this review, the importance of 

MAS studies in blackberry breeding and molecular studies on this subject are included. 

 

Anahtar Kelimeler : Blackberry, Marker-assisted selection, Molecular markers 

 

INTRODUCTION  

Plant breeding is the development of new plants that possess desirable heritable traits by 

utilizing differences in genetic structure and natural distribution (Kanlētepe and Duman, 2010). 

Although advances in agricultural technologies have contributed to yield improvement for 

many years, changing farming practices, environmental conditions, the evolution of pests, and 

consumer demands continuously compel breeders to develop new and adaptable cultivars. 

Traits such as fruit color or disease resistance can be targeted in newly developed varieties. 

These traits can be transferred to desired cultivars through hybridization from individuals within 

the gene pool. The acquisition of target traits through hybridization often relies on the broad 

allelic diversity found in genetic resources such as wild relatives and local varieties; therefore, 

the conservation and availability of these resources are of great importance for the sustainability 

of breeding programs. While traditional breeding continues to contribute to yield enhancement, 

new approaches such as biotechnology are needed to improve its success. In this context, DNA 

marker technology, based on molecular genetics and genomic studies, holds the potential to 

increase the accuracy and efficiency of breeding. Molecular markers enable the identification 

and conservation of individuals with distinct genetic characteristics. The use of this technology 
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is referred to as marker-assisted selection (MAS), which constitutes one of the fundamental 

elements of molecular breeding (Tanksley and McCouch, 1997; G¿lĸen and Mutlu, 2005; 

Collard and Mackill, 2008). 

Molecular markers enable the identification of genes associated with important traits in 

horticultural crops, and the utilization of this information in breeding programs is achieved 

through marker-assisted selection (MAS). For a successful breeding program, a large number 

of progenies must be produced and evaluated; the appropriate number of hybrids depends on 

the programôs objectives, parental quality, and screening methods such as pre-field MAS or 

greenhouse phenotyping. In many cases, thousands or even tens of thousands of individuals 

need to be screened, although successful cultivars have also been selected from smaller 

populations (Caruso et al., 2020; Rojas, 2015). While conventional breeding programs are 

capable of generating large seedling populations, they often lead to high costs and low 

efficiency. In contrast, MAS enhances breeding effectiveness by facilitating selection for traits 

that are otherwise difficult to identify at early stages or those that are recessive (Rojas, 2015). 

Although MAS provides the opportunity to combine desirable traits more rapidly and with 

fewer losses, its application in the improvement of complex traits remains limited due to low 

heritability and environmental effects. Therefore, the integration of large-scale genotyping into 

breeding systems is critical for the transfer of multiple genes (Xu and Crouch, 2008). 

In Rubus species, studies aimed at identifying commercially important traits such as 

resistance to diseases and pests, as well as postharvest durability and processing quality, have 

facilitated the development of molecular markers that can be employed in marker-assisted 

selection. However, the limited morphological variation in these species complicates the 

identification of germplasm and cultivars; therefore, DNA markers serve as an essential tool 

both for cultivar identification and for the assessment of genetic diversity (Antonius-Klemola, 

1999; Ryu et al., 2017). The use of molecular tools in blackberry breeding is of great 

significance for shortening the breeding process and enhancing production. Nevertheless, the 

autotetraploid structure of erect and semi-erect blackberry cultivars intended for fresh 

consumption poses challenges to genetic studies (Foster et al., 2019). In molecular breeding 

studies of autopolyploids, the high heterozygosity, multivalent inheritance, and difficulties in 

determining allele dosage in autotetraploid cultivars complicate genetic analyses. In recent 

years, however, software tools have been developed to overcome these challenges, and a 

reference genome for diploid Rubus argutus as well as high-throughput genotyping platforms 

have been established. Collectively, these advancements have rendered molecular breeding 

more feasible in tetraploid blackberries (Johns et al., 2025). 

Among berry crops, blackberry is a species in which phenotypic selection can be slow 

and costly due to polyploidy and its complex hybrid pedigree. However, with the rapid 

expansion of genetic and genomic resources in recent years, it has become an increasingly 

strong candidate for marker-assisted selection (MAS) (Foster et al., 2019; BrŢna et al., 2023; 

Paudel et al., 2025). Furthermore, studies in berries have demonstrated that wild relatives and 

local cultivars provide valuable allelic sources for traits such as resistance and quality, which 

further reinforces the strategic importance of MAS in blackberry breeding (Migicovsky et al., 

2022). 

 

Blackberry (Rubus fructicosus L.) 

Blackberry, belonging to the genus Rubus, is classified within the order Rosales, and the 

family Rosaceae in general identification the name Rubus fruticosus is used (Yēldēz, 2017). 

Rubus is well known for its taxonomic complexity (Sochor et al., 2022). The basic chromosome 

number in Rubus species is seven, with ploidy levels ranging from 2x to 14x. Diploids are 

predominantly sexual, while polyploids may exhibit apomictic reproduction. Moreover, factors 

such as incompatibility genes and vegetative propagation further complicate research on this 
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group (Thompson, 1997). Since limited morphological variation makes the reliable 

identification of germplasm and cultivars difficult, studies focusing on commercially important 

traits such as disease and pest resistance, as well as postharvest durability and processing 

quality, have encouraged the development of molecular markers for use in MAS. Consequently, 

DNA markers have become an essential tool for both cultivar identification and the assessment 

of genetic diversity (Antonius-Klemola, 1999). 

The relatively limited genetic variation in Rubus has led to slow progress in breeding, 

thereby increasing the importance of interspecific hybridization and mutation breeding (Ryu et 

al., 2017). While genetic diversity studies have been more concentrated in raspberry, where 

interspecific relationships have been elucidated through molecular markers, the use of DNA-

based methods in blackberry has also become widespread. While genetic diversity studies have 

focused mostly on raspberry and interspecies relationships have been revealed with molecular 

markers, the use of DNA-based methods in blackberry has become widespread, but difficulties 

such as limited genetic structure information, genotype discrimination, and the inability to 

determine heterotic groups persist; moreover, the cost and labor requirements of traditional 

breeding have made DNA-based analyses a more suitable option (Ochieng et al., 2018). 

Blackberry is widely cultivated among berry crops in temperate and subtropical regions 

(Umarusman et al., 2020). Most cultivars, largely originating from North America, are 

tetraploid (2n = 4x = 28) and are extensively grown in the United States (Clark et al., 2007). 

Nevertheless, the native range of blackberry is considered to be Southern, Western, and Central 

Europe. Commercial cultivars have been developed in erect, semi-erect, thorny, thornless and, 

trailing forms, with widely cultivated varieties in both the world and Turkey, including 

Arapaho, Bursa-I, Bursa-II, Bursa-III, Boysenberry, Black Satin, Cherokee, Chester, Nessy, 

Dirkson, Darrow, Lawton, Navaho, and Thornless (Zenginbal and G¿ndoĵdu, 2020; Kērēt et al., 

2023). Blackberry, a significant crop in Mexico and the United States, is notable for its early 

fruiting and high economic returns. Its richness in phenolic compounds enhances its nutritional 

value (Milosevic et al., 2012; Balcē and Keleĸ, 2019), yet postharvest issues such as softening 

and leakage complicate transport and storage, thereby limiting its commercial value (Godwin, 

2021). The development of large-fruited and high-yielding cultivars through breeding has 

attracted the interest of small producers, while the expansion of production into different 

regions has enabled year-round supply. Moreover, the transition from red raspberry to 

blackberry cultivation has provided advantages for growers due to its lower input requirements 

(Altunbaĸ and Pērlak, 2019; Godwin, 2021). 

 

Molecular Markers  

Advances in genetics and genomics, particularly through the use of molecular markers, 

have facilitated the development of genetic mapping studies in crop plants. As a result, more 

comprehensive linkage maps have been established, extending beyond those based solely on 

morphological traits. Molecular markers have been successfully applied in various areas, 

including the assessment of genetic diversity, phylogenetic analyses, gene identification, 

genome mapping, and marker-assisted selection (Güleç et al., 2010; IordŁchescu et al., 2021). 

SSR markers are particularly preferred in commercial species due to their high levels of 

polymorphism and reproducibility, whereas SNPs are notable for their low mutation rates and 

evolutionary stability (IordŁchescu et al., 2021). However, in blackberry and other Rubus 

species, such studies have progressed more slowly compared to red raspberry, owing to their 

complex genetic structure and lower economic priority (McCallum et al., 2018). 

In linkage mapping studies, various molecular markers such as AFLP, RAPD, SSR, and 

SNP have been employed to construct genetic maps, thereby enabling the identification of genes 

or QTLs associated with target traits (McCallum et al., 2018). These developments have 

contributed to the advancement of genetic research by facilitating the association of traits with 
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specific chromosomal regions. Since the identification of genes or genomic regions affecting 

agriculturally important traits relies on examining the relationship between DNA markers and 

phenotypic traits, this forms the foundation of marker-assisted selection applications. Today, in 

line with environmental changes and regulatory frameworks, the need for developing traits 

aimed not only at quality but also at sustainability and environmental resilience has increased 

(Adhikari et al., 2017; McCallum et al., 2018). 

 

Marker -Assisted Selection (MAS) 

In fruit breeding, the improvement process generally takes 20-25 years, which delays the 

development of new cultivars (Aksu and Çevik, 2015). With the development of molecular 

markers and genetic maps targeting QTLs in plants, marker-assisted selection (MAS) enables 

the identification of individuals carrying genomic regions associated with desirable traits, 

thereby facilitating the transfer of target genes or QTLs into elite germplasm and allowing the 

process to be completed more efficiently and in a shorter time (Aksu and ¢evik, 2015; Karakaĸ 

and Bayrēl, 2024).  

In MAS applications, marker selection is made by considering factors such as reliability, 

DNA quality and quantity, technical complexity, level of polymorphism, and cost. The use of 

markers closely linked to the target gene region increases analytical accuracy. In practice, SSRs 

are widely used, reliable and polymorphic tools, although they present certain technical and 

economic limitations, while alternative markers such as STS, SCAR, and SNPs can also be 

effectively utilized (Collard and Mackill, 2008). 

The success of MAS depends on the strength of the marker-QTL/major gene association, 

the level of recombination, and the capacity to screen large numbers of individuals. However, 

limitations related to technical infrastructure, cost and labor requirements, and the lack of 

knowledge on appropriate and cost-effective strategies restrict its application (Güleç et al., 

2010; Wannemuehler, 2018). For the effective implementation of this method, genetic maps in 

which marker sequences are associated with phenotypic or biochemical traits are required and 

such maps also allow the identification of quantitative traits such as QTLs (Kanlētepe et al., 

2010; Vidyagina et al., 2021). Compared to phenotypic screening, MAS is more practical and 

reliable, as it enables studies independent of environmental influences, saves time and resources 

for traits that are difficult to identify and allows for early selection by distinguishing between 

homozygous and heterozygous individuals. Additionally, it is effective in the identification of 

genetic resources, prevention of varietal confusion, and protection of commercial rights 

(Yorgancēlar et al., 2016).  

In marker-assisted selection, the process generally begins with the selection of 

appropriate parents, at least one of which carries the marker alleles for the target trait. 

Subsequently, the F1 population is generated, and false hybrids are eliminated through marker 

screening. In the F2 population, individuals are analyzed with markers, and those carrying the 

desired alleles are selected. In the subsequent F2:3 and later generations (F3, F4, F5), marker 

screenings continue, with a particular focus on identifying homozygous individuals and 

superior lines. In advanced generations (e.g., F5:6), phenotypic evaluations are also considered 

alongside marker data. In the final stage, selected lines are subjected to comprehensive trials 

for traits such as yield, quality, and disease resistance. This approach accelerates the breeding 

process by enabling the early identification of desirable genotypes (Jiang, 2013). 

Today, MAS is widely applied, particularly in backcross breeding, where markers 

facilitate the selection of traits that are difficult to identify phenotypically, enable the early 

detection of rare individuals linked to the target gene and eliminate the need for an additional 

selfing step in the transfer of recessive genes. This approach ensures the effective selection of 

the target region, reduces linkage drag, and simplifies the identification of recurrent parents 

(Güleç et al., 2010; Xu and Crouch, 2008; Yorgancēlar et al., 2016). 
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Marker -Assisted Selection (MAS) Studies in Blackberry 

The initial steps toward marker-assisted selection (MAS) applications in blackberry 

began with the establishment of marker infrastructure. Lewers et al. (2008) developed hundreds 

of SSR markers from an EST library of 18,432 clones prepared from ñMerton Thornlessò tissue, 

reporting that approximately 30% of these markers were polymorphic. This study laid the 

foundation for subsequent genetic mapping and MAS applications in the following years. 

Subsequently, one of the most important structural traits in blackberry breeding, 

thornlessness, was introduced into cultivation through the ñMerton Thornlessò cultivar 

developed in the United Kingdom and became the primary source transferred into modern 

cultivars (Clark and Finn, 2011). The genetic basis of this trait was later examined in greater 

detail through a linkage mapping study conducted in a tetraploid population, in which the 

thornlessness locus was mapped to LG4 and the primocane-fruiting locus to LG7 (Castro et al., 

2013). Thus, the foundation of MAS for these two traits was established. More recently, 

thornlessness has been further refined by Johns et al. (2025) using a genome-wide association 

analysis, narrowing its position to the 30.48-36.04 Mb interval on chromosome Ra04, where 

five candidate genes, including HOX3 were identified. Moreover, two KASP markers 

developed in this study predicted the phenotype with 96-97% accuracy across 626 genotypes. 

This advancement has enabled the rapid and reliable selection of thornless individuals at the 

seedling stage. 

Studies on quality traits also highlight the importance of MAS. In an analysis conducted 

across the Rosaceae family, 173 alleles associated with sweetness (soluble solids content, SSC) 

were identified in blackberry, of which 92 were tested using KASP and 48 were validated. 

Furthermore, a QTL designated qSSC-Ruh-ch1.1 was reported to increase SSC by +1.5 °Brix 

(Zurn et al., 2020). Subsequently, in a GWAS performed by Godwin et al. (2025) on 301 

genotypes, the heritability values for SSC, pH, and titratable acidity (TA) were found to be 

61%, 67% and 70%, respectively; significant regions were identified on Ra02 for SSC and on 

Ra05 for pH and TA. Candidate genes reported in these regions included MYB1, PEPC, malate 

synthase, and ALMT9. Similarly, in Godwinôs masterôs thesis (2021), six QTLs and 16 

candidate genes were identified across four chromosomes in 307 genotypes. These findings 

demonstrate that sweetness and acidity traits can be effectively supported through MAS. 

In terms of postharvest quality, fruit firmness and red drupelet reversion (RDR) represent 

major challenges. In a GWAS conducted on 300 tetraploid genotypes, Chizk et al. (2023) 

reported heritability estimates of 68% for firmness and 34% for RDR and identified a negative 

correlation between these two traits. Among the SNPs associated with firmness, markers were 

located near genes encoding polygalacturonase and pectin methylesterase. These findings 

suggest that MAS can serve as a valuable tool in the development of cultivars with firm texture 

and improved durability. 

In addition, diversity and parental selection also contribute indirectly to MAS. AFLP 

analyses conducted on 81 Rubus genotypes collected from Japan distinguished between 

cultivated and wild materials and demonstrated that hybrid individuals diverged from their 

parents (Miyashita et al., 2015). Furthermore, RNA-Seq-based SSR and SNP studies performed 

on Rubus glaucus cultivated in the Andes have enabled the evaluation of traits such as thorn 

presence and anthracnose tolerance in relation to parental selection, thereby demonstrating that 

MAS can also be integrated into different Rubus species (López et al., 2019). 
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CONCLUSION 

Blackberry is a significant species among berry crops, distinguished by both its nutritional 

content and economic value. Owing to its significance in fresh consumption and its 

processability in industry, its global production has been steadily increasing each year. 

However, blackberry breeding is more challenging compared to other berry species. The 

primary reasons for this include variable ploidy levels, a complex hybrid pedigree, and long 

generation times. These factors render breeding through conventional methods both time-

consuming and costly. 

Marker-assisted selection is regarded as an important tool for overcoming these 

challenges. However, MAS studies conducted on blackberry to date have remained limited. The 

reasons for this include the insufficient development of large mapping populations, the scarcity 

of high-density genetic maps, and the relatively recent adoption of high-throughput genotyping 

approaches. Nevertheless, in recent years, studies on traits such as thornlessness, primocane 

fruiting, fruit firmness, red seed return (RDR), sweetness and acidity have provided significant 

progress in this field. In particular GWAS and QTL mapping studies have enhanced the 

understanding of the genetic basis of these traits and laid the foundation for marker-assisted 

breeding. 

All these developments indicate that MAS may find much broader applications in 

blackberry breeding in the future. With the diversification of genetic resources, the 

establishment of larger populations and the use of advanced molecular techniques, MAS will 

facilitate early selection in blackberry, reduce time and cost losses, and enhance the efficiency 

of breeding programs. 
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ABSTRACT 

The objective of this research is to explore the photocatalytic properties of poly (vinyl 

chloride) (PVC) films, both pure and doped with varying concentrations of nanoscale 

magnesium oxide (MgO), fabricated by the soft chemistry method and deposited using spin-

coating technique. The concentrations of MgO used were 3%, 7%, and 10%. Various analytical 

methods were employed to characterize the samples. The presence of MgO nanocrystals within 

the PVC films was confirmed through X-ray diffraction, infrared and UV-visible spectroscopies. 

X-ray diffraction analysis revealed an average particle size of 22.29, 23.77 and 29.68 nm for the 

MgO with concentration of 3%, 7%, and 10% respectively. FTIR infrared spectroscopy 

confirmed the presence of peak corresponding to the MgïOïMg bond vibration. Optical 

analysis revealed distinct differences between the spectra of pure and doped matrices. 

Increasing in doping led to decreased absorption in visible region. Thus, the transmittance 

drops from 90% (undoped PVC matrix) to 80% (10% MgO doped PVC matrix). Slight 

redshifted of absorption edge compared to the bulk semiconductor. The optical band gap of the 

nanocomposites decreased with increasing MgO concentration, ranging from 3.75 to 3.69 eV. 

Atomic force microscopy also shows a change in the roughness of the nanocomposites film 

with increasing MgO nanoparticles percentage. Photocatalytic activity assessments 

demonstrated that the inclusion of MgO nanoparticles enhanced the efficiency of the 

nanocomposites under UV light. The (PVC/10% MgO) sample exhibited a 65 % efficiency in 

removing methyl blue (MB) within 150 min, comparable to other samples with lower 

efficiency. The photodecomposition reaction of MB followed first-order kinetics, characterized 

by a rate constant (k) of 0.00526 minī1. 

 

 

Keywords: MgO; PVC films; Xray; FTIR; Doped; Semiconductor; Gap. 
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INTRODUCTION  

 

Nanocomposites embedded in polymer matrix have gained a lot of interest and thus a 

numerous research work has been devoted to it. Single polymer matrix is one of the most 

attractive classes of materials in the world, due to their interested properties and applications. 

Polymer nanocomposites offer advanced in new technology in various uses and has no 

environmental benign effects. Moreover, the effective properties of polymer nanocomposites 

rely on the nature of the components, the shape of the particles, the size and arrangement of the 

inclusions, the concentration, the volume fraction of the components, extent of dispersion of 

nanoparticles and interfacial bonding in the polymer matrix. Generally, Inorganic particles in 

polymer matrix improve density, mechanical, thermal, electronic, magnetic, and redox 

properties of nanocomposites [1-4]. Among oxides, MgO nanoparticles is a well-known 

refractory oxide, which has potential advantages with wide bandgap around 7.8 eV. MgO is 

interesting inorganic substance which has FCC type crystal packing, abundantly used raw 

material because of its high thermal stability, biodegradability and low toxicity. MgO is a 

chosen material due itôs potential application in chemical industry as it is used as air pollutant 

scrubber for gases, catalysis, optoelectronics, insulating material filler, refractory materials, and 

as a catalyst support.[5,6] In photocatalytic application MgO is seen one of the promising 

photocatalyst and have been successfully applied for methylene blue dye degradation.  Doping 

of MgO is an effective method to increase photocatalytic activity of MgO catalyst. Reports have 

revealed insertion of silver nanoparticles in the crystal lattice of MgO enhance the 

photocatalytic activity for dye degradation. [7] The doping of Ag results in lower energy region 

absorption of light and thus makes possible to extend the photocatalysis in the visible part of 

electro-magnetic spectrum. Polymers are the dominant materials widely used, owing to their 

low cost and ease of processing, so they are considered to be versatile, beneficial and 

economical for  their wide spread applications. [8] Polymers like PVC has attained tremendous 

interest in various life aspects. The interest in PVC have arisen because of its good properties 

like excellent mechanical properties, highly rigidity than other general thermoplastics materials. 

The advantage of PVC is that it breaks down easily and does not produce dioxins under natural 

conditions. PVC also has found good applications in antibacterial and industries. [9, 10] 

In this work, an attempt has been made to synthesized MgO nanoparticles and 

MgO/PVC nanocomposites and investigate their photocatalytic activity. we have also given 

well full details about the structural, optical, and morphological properties of MgO/PVC 

nanocomposites film. 
 

MATERIAL METHOD  

 

2.1 Synthesis of Magnesium oxide (MgO) nanoparticles (NPs) 

A sol-gel technique was employed to synthesize MgO NPs. Mg (NO3)2.6H2O was taken as a 

precursor of magnesium and treated with C2H5OH. The solution was stirred for 24h until white 

gel was obtained. After that the mixture was filtered, washed with distilled water and ethanol 

several times and dried at 100 ° C for 24h.Theobtained powder was annealed at 950° C for 36h. 

Finally the powder was grinded and used for further analysis. The annealing phase results in 

formation of desired product. 
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2.2 Photocatalytic procedure 

A UV light source (VL -215.LC, 15W), with emission maximum at 365 nm was employed to 

check the photocatalytic activity of MgO/PVC. 10 ml MB solution with an initial concentration 

of 10-5 mg/ml was taken in a glass beaker. A thin glass strip (5×2.5 cm) containing the films of 

MgO/PVC nanocomposites was put in the beaker containing MB. The beaker was kept 

undervisible light at a distance 20 cm emitted by a 300 W iodine tungsten lamp (Philips and 

Co). The whole system was covered by cloth so that natural white light would have no role in 

catalysis. During irradiation the aliquots of solution was taken out after every 30 min from the 

reactor and checked by analyzed by a 723 UVïVis spectrometer (UV-1800 Shimadzu LC 2010-

HT). 

RESULTS AND DISCUSSION 

3.1 Structural study 

3.1.1 X-ray diffraction (XRD) analysis 

Fig 1shows the XRD patterns of pure PVC and MgO/PVC nanocomposites films ( 3, 7 and 10 

in wt% n of MgO). From, XRD of pure PVC film, polymer chain have disordered structure 

indicating amorphous nature [11, 12]. The MgO/PVC nanocomposites film exhibits 

characteristic peaks of MgO, which appear  at 2ɗ angle  36.23°, 43.04° corresponding to the 

reþection of of  (111) and (200) correspond to the cubic phase of MgO (JCPDS card N° 45-

0946). The prominent (111) peak of MgO exists but very less intense. From table 1 it can be 

inferred that intensity and area of MgO/PVC under the peaks at 2ɗ = 39.3Á and  43.04Á  shifts 

to right when MgO/PVC loading is increased as compared with that of  MgO/PVC, this decrease 

in lattice parameters reflects formation of mixed phase of MgO/PVC. So it can be inferred that 

there is change in crystal structure due to varying of MgO/PVC dopant ratio. The interplaner 

distance dhkl of MgO/PVC were determined using Bragg's law. The change in the interplaner 

distance dhkl from 2.29 for MgO/PVC (3%) to 2.36 for highest loading of MgO/PVC (10 %) 

clearly indicates the increase in the lattice size upon doping, which demonstrating a  possible 

extension of MgO lattice. Additionally, to these observations, after increasing doping, the peak 

of (111) has a high intensity value. Compared to the JCPDS card N° 45-0946, MgO present a 

texture along the (111) plane.  
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Fig 1: X-ray diffraction spectra of Pure PVC, MgO/PVC and  Ag :MgO/PVC nanocomposites 

thin films. 
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3.1.2 The grains size 

Debye Schererôs formula was used to calculate size of crystals [18], and the values calculated 

are recorded in Table 1: 

Ὀ
Ȣ

   (1) 

Where ɓ = FWHM, ɗ is the diffraction angle, ɚ is the X-ray wavelength (1.5405 Å).  As the 

dopant MgO/PVC  increases the for MgO/PVC samples the crystallite size (D) also increases. 

 

 

Table.1. : Structural parameters MgO/PVC nanocomposites thin films 

{ŀƳǇƭŜǎ нʻόϲύ όƘƪƭύ C²aI όǊŀŘύ Ř 5 όƴƳύ 

о҈ aƎhκt±/ оуΣло όмммύ лΣп нΣор ннΦнф 

т҈ aƎhκt±/ оуΣмс όмммύ лΣор нΣор ноΦтт 

мл҈ aƎhκt±/ оуΣо όмммύ лΣну нΣос нфΦсу 

 

 

 

3.1.3 FTIR Analysis 

In the range of 4000-400 cm-1of the FTIR spectra of pure PVC, PVC/MgO and MgO/PVC/PVC 

nanocomposits films were recorded as shown in Fig .2. Sharp peak were recorded in the all 

films at 756  and 904 cm-1. This was attributed to the PVC Bond. With the increase in MgO/PVC 

loading there is a clear shift towards lower frequencies indicating MgO interactions with C-Cl, 

C-H bonds of PVC. matrix, due to interaction between MgO and C-Cl, C-H bonds of PVC. [19] 

The spectrum of MgO/PVC nanocomposites film appears three distinct band is observed in the 

wave number 615, 1324,1434 cmī1, indicating the bending vibrations of MgïOïMg, C-H and 

C=C, respectively. [20] The spectrum of the MgO / PVC nanocomposite film displayed at 2360 

cm-1  were assigned to the typical the CH2 bending vibration mode [21]. 
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Fig 2: FTIR spectrum of PVC and MgO/PVC nanocomposites. 

 

3.2 Optical study  

 

3.2.1 UVïVis analysis 

To determine the optical properties of MgO/PVC nanocomposite thin film UVïVis 

Spectroscopy was employed. The UV-VIS absorbance spectra in the region 200ï800 nm for 

doped and undoped films are shown in Figure 3 , the pure PVC is completely fully transparent 

(90%) and has a steep absorption edge at 300 nm. The absorption of the films gets decrease 

with the increase in MgO amounts concentration as shown in Fig. 3. The absorption region(300-

400nm) is probably due to electron transition from valence band to the conduction band. For 

MgO/PVC composite films this absorption band is quite prominent and wider than PVC pure 

and MgO/PVC. There is a slight shift in UV absorption intensity in MgO/PVC films. To obtain 

effective UV absorption the concentration of metal ions needs to be optimized as there is change 

in absorption with addition of MgO/PVC NPs in PVC matrix [22].  
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Fig .3: Optical transmission spectra in the UVïVisible region of Pure PVC and  MgO/PVC 

nanocomposites thin films . 

 

3.2.2 Determination of Optical Band  

Taucô plot method was employed to determine the optical band gap of PVC, MgO /PVC and 

MgO/PVC nanocomposites films. Using the classical Tauc approach, the band gap (Eg) was 

calculated fromthe plot of (Ŭhv)1/2 vs. photon energy (h )˄, Figure 4 shows direct optical band 

gap for neat PVC and MgO/PVC nanocomposites. The optical band gap for PVC was found 

~4.1 eV. Incorporation of MgO in PVC has great influence on direct transition in 

nanocomposites as optical band gap gets decreased with increase in concentration of Ag-doped 

MgO nanoparticles. This is credited to formation of new local levels in the bottom of conduction 

band which aid in electron transport from valence band through local levels and then to 

conduction band [23]. These results revealed that the incorporation of PVC served as accepter 

for MgO/PVC which reduced the band gap (~3.69eV) for 10% MgO/PVC nancomposite with 

red shift confirming p-type conductivity. 
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Fig .4:The plot (Ŭhɡ) 2 versus incident energy (hɡ). 

3.3 Morphological study 

3.3.1 Atomic Force Microscopy (AFM) analysis 

AFM is one of the important analyses for surface characterization. To investigate the 

topography and roughness of the thin films, AFM 3-D micrographs were recorded. This 

measurement technique presents digital images allow the quantitative measurements of 

roughness average, the  root mean square and diameter of pores [24] and are estimated and 

tabulated below. 

The change in surface morphology and roughness due to incorporation of Ag doped MgO 

nanoparticles in PVC membranes is characterized. The mean roughness (Ra) and root mean 

square roughness (Rq) parameters were measured for these thin films and are displayed in Table 

1. Both parameters increased with increase in the Ag :MgO doping weight percentage.  It can 

be seen from Table 1 that mean roughness (Ra) is varied between1.933 Ò Ra Ò 35.592 and the  

root-mean squared roughness (Rq) is varied between 4.117 Ò Rq Ò 644.643 .It is clear that the 

RMS increased with Ag :MgO content, indicating that PVC/MgO-Ag nanocompositesfilms 

have a rougher surface than PVC/MgO nanocomposites.This is an acceptable concurrence with 

XRD results proposing a debasement of crystallinity and a huge change in MgO/PVC 

nanocomposites film microstructure. Appropriately, 7% and 10% MgO/PVC/PVC 

nanocomposites film has the most elevated permeable, which prompts a huge explicit surface 

region.Thusly, this permeable structure film most promising methods to improve the 

photocatalyst activity and make the recycling safety.    
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Samples Avg. Diameter of pores Roughness average Root mean square 

Pure PVC 36-360 1.93 4.12 

PVC/3%-MgO 25-500 28 .49 34.76 

PVC/7%-MgO 12.5-375 31.33 37.29 

PVC/10%-MgO 31-375 35.59 44.64 

 

Table.2 :Measurements of  roughness average, the  root mean square and diameter of pores of 

samples prepared . 

Fig.5 shows the two-dimensional and three-dimensional AFM images of the surface 

topography of PVC pure and MgO/PVC nanocomposites films of different concentrations. It 

can be seen that the number, diameter of the pores augment with increasing the MgO 

nanoparticles. may be due to the formation of agglomerates of nanosheets on the membrane 

surface during the phase inversion process. This is due to increase in the aggregation of tiny 

particles at some points that contributed in the increase in the roughness parameters [25]. As 

shown by AFM micrographs and their line profiles, 7%, 10% MgO/PVC nanocomposites films 

have high porous structure as compared to MgO/PVC. This indicates that Ag doping leads to 

an increased porosity and as a result lead to a large specific surface area. 
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Fig .5:AFM for pure PVC and MgO/PVC nanocomposites. 
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3.5 Photocatalytic tests 

The photocatalytic degradation of methylene blue by PVC pure and MgO/PVC  

nanocomposites are shown in the Figure (6). The methylene blue degradation efficiency 

increases continuously with increases of time. After two hours of test period, the methylene 

blue degradation is found to be 17%, 35%,46% and 52% for PVC and MgO/PVC with 

concentrations 3%,7%,10%  respectively . Comparing pure PVC and MgO/PVC the highest 

activity is observed for the 10% MgO /PVC nanocomposite can be assigned to the most efficient 

charge separation. The presence of defect content in MgO can reduce electron-hole 

recombination and increase the photocatalytic activity.  

  

 
 

 

Fiure 6. Potocatalytic degradation and (b) the plots ln (C0/C) versus time; (c) degradation rate 

of MB dye under UV light irradiation of PVC and MgO/PVC nanocomposites thin films. 

 

Figure.7 shows the kinetic plot between ln(C/C0) and irradiation time " t " for the 

photodegradation of methylene blue as a function of irradiation time for pure PVC and  

MgO/PVC nanocomposites at different concentrations and a linear relationship is observed.The 

rate constant (k) was calculated from the slopes of MgO/PVC(3%,7%,10%) nanocomposites 

and it was found to be 1.64 × 10-3 min-1, 3.50 × 10-3 min-1 ,4.24 × 10-3 min-1, 6.25 × 10-3 min-1  

respectively. This shows that MgO/PVC has enhanced photocatalytic degradation than pure 

PVC. In the case of MgO/PVC, the photocatalytic activity increases due to the doping level has 
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increased. This may be due to the highest porous structure, which provides more active sites 

for the adsorption of pollutant molecules. The diminution of the band gap (Eg) allow the 

absorption of more UV light energy and higher generation of electron-hole pairs [26]. This 

promotes the ÅOH and ὕ concentrations and thus improves the effectiveness of the 

photocatalyst. As a result, more electrons and holes can contribute in the photoreaction and so 

rise the removal of organic molecules [27]. 

  

Fig .7: Decomposition of the dyes (MB) under UV light(a) C/Co vs time (b) ln C/Co vs time 

(c) % dye degration vs time. 

 

3.6 Photodegradation Mechanism  

Photocatalytic degradation of MgO/PVC/PVC nanocomposites ýlm is initiated by degradation 

of MgO. Since the degradation of PVC starts indirectly through oxidative radicals generated on 

doped MgO [28]. 

In general, when Ag doped MgO is irradiated by UV light, a photoelectron moves from 

valence band of the semiconductor and iel is the intermediate energy levels generated after 

doping process .This photon has the energy (hɡ) equal to or greater than the band gap. The 

semiconductor absorbs this radiation and one electron can be excited from the doping donor 

level to conduction band of the semiconductor and forms cationic radicals (eq ((2)). 

aƎh Ҍ Ƙˎ ό9  җ 9g  )               ὓὫὕᶻ (Ὡ +Ὤ     ( 2) 

The photogenerated holes (Ὤ  ) react with water molecules to produces the hydroxyl radicals 

OH. While the electrons in (CB) conduction band meanwhile reacts with O2 and generate 

superoxide radicals anions ὕ (eq(3)). the oxygen molecules adsorbed on the semi conductor 

surface accelerates oxidation process and also prevent any further e- / holes recombination by 

trapping electrons. 

Ὤ  + H2O                OH                                                                                                          (3) 

Ὡ   + O2                           ὕ                                                                                                                                                       (4) 

These reactive species like H2O2, ὕ   and OH radicals  produced ,for ultimately help to 

degrade target pollutants present around it (eq (5,6,7)). 

ὕ  + H2O                 ὕ H  + ὕὌ(5) 

2ὕ H               H2O2 + O2 (6) 
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H2O2 + hˎ                  2 OH (7) 

Photocatalytic degradation of PVC is only excited by UV light due to presence of C-C and        

C-H bonds in polyvinyl chloride. It is proposed that in PVC/MgO nanocomposites, on MgO 

nanostructures - MB dye generates holes in ground state which takes part in degradation of 

PVC matrix also with OH and ὕ H. These oxygenated species are initiators of PVC 

degradation by attacking the polymeric chain. 

-( CH2CHCl )-* + OH                -   ( CHCHCl )- + H2O (8) 

-( CH2CHCl )-* + O2H                 -    ( CHCHCl )- + H2O2 (9) 

The oxygen molecules (O2) have an important central role in the degradation reactions of PVC 

matrix. Oncethe carbon-centered radicals included in the PVC polymer chain, their successive 

reactions lead to the chain cleavage with the O2 incorporation and CO2 evolution. 

-( CHCHCl )- + O2                            -( CH(OO)CHCl )- (10) 

-( CH(OO)CHCl )- + -( CH2CHCl )              -     ( CH(OOH)CHCl)-  +  -( CHCHCl)- (11) 

-( CH(OOH)CHCl)-  + hˎ                   -     (CH(O)CHCl)- + OH (12) 

OH + MB Dye                      CO2 + H2O (13) 

 

CONCLUSION 

  A spin-coating approach was used used to deposit MgO/PVC/PVC nanocomposites 

films. A detailed investigation of optical, morphological and structural properties was also 

carried out. The investigations revealed by FTIR, XRD indicate in MgO NPs. The studies also 

reveal a clear dispersion of MgO NPs in matrix of PVC. The increase in MgO content also 

enhanced the crystallinity and grain size. According to AFM we deduce that 7% , 10% 

MgO/PVC nanocomposites films are porous structure. Films of MgO/PVC nanocomposites are 

transparent and transmission optical band gap decrease from 4.1 eV to 3.69 eV. The application 

of MgO/PVC nanocomposites thin films was checked for photocatalysis. The improvement in 

photocatalytic activity was noticed for the degradation test of organic pollutants under UV light, 

MgO NPs enhanced photocatalytic efficiency of PVC film.  

* The ZnO is widely used. 

* It is a very interesting material.  

* It has various advantages:  

- Non-toxic,  

- Abundant on earth 

- It is a wide gap semi-conductor (3.37eV), 

- Piezoelectric, 

- It has a large binding energy of exciton (60meV),  

Good catalyst and can be used as a gas sensor. 

 

 

 

 



VI I . International Agricultural, Biological & Life Science Conference, Istanbul, Türkiye, 7-10 September 2025 

312 
 

REFERENCES 

[1]   In-Yup Jeon  and Jong-Beom Baek; Nanocomposites Derived from Polymers and 

Inorganic Nanoparticles, journal of ((Materials 2010, 3(6), 3654-3674; 

https://doi.org/10.3390/ma3063654 

[2]  Saheli Roy1&Suneel Kumar Srivastava1&Vikas Mittal; Facile noncovalent assembly of 

MWCNT-LDH and CNF-LDHas reinforcing hybrid fillers in thermoplastic 

polyurethane/nitrilebutadiene rubber blends, J Polym Res (2016) 23: 36DOI 

10.1007/s10965-016-0926-4 

[3]  Sunil Meti1 · Udaya K. Bhat1 · M. Rizwanur Rahman; Colossal dielectric permittivity of 

Nylon-6 matrix-based composites with nano-TiO2 fillers, Applied Physics A (2020) 

126:264 https://doi.org/10.1007/s00339-020-3445-4 

[4]  Shalini Agarwal, Vibhav K. Saraswat, Structural and optical characterization of ZnO 

doped PC/PS blendnanocomposites, journal Optical Materials Opt. Mater. (2015), 

http://dx.doi.org/10.1016/j.optmat.2015.01.024 

[5]  G. Balakrishnan, R. Velavan, Khalid Mujasam Batoo, Emad H. Raslan; Microstructure, 

Optical and Photocatalytic Properties of MgO Nanoparticles (2020)  

10.1016/j.rinp.2020.103013 

[6]  Zhen-Xing Tang and Bin-Feng Lu ; MgO Nanoparticles as antibacterial agent: 

Preparation and Activity Brazilian Journal of Chemical Engineering ; 31(2014) : 591 - 

601,https://doi.org/10.1590/0104-6632.20140313s00002813   

[7]  Yuncheng Cai, Dan Wu, Xiwei Zhu, Wei Wang,Fatang Tan, Jianguo Chen, Xueliang 

Qiao, XiaolinQiu ; Sol-gel preparation of Ag-doped MgOnanoparticles with high 

efficiency for bacterialinactivation ; Journal Ceramics 

International,10.1016/j.ceramint.2016.10.041 

[8]  Upasana Gulati, U. Chinna Rajesh, Diwan S. Rawatb and Jeffrey M. Zaleski ; 

Development of Magnesium Oxide-Silver Hybrid Nanocatalysts for Synergistic Carbon 

Dioxide Activation to Afford Esters and Heterocycles at Ambient Pressure ; J. N ame., 

2012, 00, 1-3  .https://doi.org/10.1039/C9GC04040D 

[9]  O ↓zlem AltēntasÇYēldērēm,ÀHusnu Emrah Unalan, and Caner Durucan ; Highly Efficient 

Room Temperature Synthesis of Silver-Doped Zinc Oxide(ZnO:Ag) Nanoparticles: 

Structural, Optical, and Photocatalytic Properties ; J. Am. Ceram. Soc., 2013, 96[3] 766ï

773. doi : 10.1111/jace.12218 

[10]  S.M. Hosseini, I. Abdolhosseini Sarsari, P. Kameli, H. Salamati ; Effect of Ag doping on 

structural, optical, and photocatalytic propertiesof ZnO nanoparticles ; Journal of Alloys 

and Compounds 2015, 640:408-415 .10.1016/j.jallcom.2015.03.136 

 

[11] DOREL FELDMAN ; Poly(vinyl chloride) Nanocomposites ; ournal of Macromolecular 

Science, Part A: Pure and Applied Chemistry(2014)51, 659ï667 . 

https://doi.org/10.1080/10601325.2014.925265 

[12]  T. J. Chem, Turkish Journal of Chemistry, 2004, 28, 725-729. 

[13]   Ziwei Deng,* Haibao Zhu, Bo Peng, Hong Chen, Yuanfang Sun, Xiaodong Gang, Pujun 

Jin, and Juanli Wang ; Synthesis of PS/Ag Nanocomposite Spheres with Catalytic and 

Antibacterial Activities ; J ACS Appl. Mater. Interfaces 2012, 4, 5625ī5632 .  

dx.doi.org/10.1021/am3015313  

[14]  Xiaofang Zhou ; Ag-doping improving the detection sensitivity of bolometer based on 

ZnO thin films ;J Vacuum 117 (2015) 47e49 

[15]   H.S. Kang, B.D. Ahn, J.H. Kim, G.H. Kim, S.H. Lim, H.W. Chang, S.Y. Lee, Structural, 

electrical, and optical properties of p-type ZnO thin films with Ag dopant, Applied 

Physics Letters, 88 (2006) 202108. 

https://sciprofiles.com/profile/author/WjlDNDJHenZjTktIZHFPMkM0YnJOTFVWOFBtbjUzbGJ5M1EvTERaUGJVdz0=
https://sciprofiles.com/profile/103147
https://doi.org/10.3390/ma3063654
https://doi.org/10.1007/s00339-020-3445-4
http://dx.doi.org/10.1016/j.optmat.2015.01.024
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.rinp.2020.103013?_sg%5B0%5D=pureFXnBvIdPdU0UdUF0QrKdTRDR9d9vD7B-Z_kEFswo6cw_9KkjLRLE0hbchV5swboYsIuM4NhvGIptLuXuXcy-5Q.PgTy7zGKS1p8bxLwTFmX3hhZJyg9n6e5G1xsb5geofBX9-z9KaAX6Gp9gRc1iatjweXFKWOMJ0Mze1WE6edYRw
https://doi.org/10.1590/0104-6632.20140313s00002813
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.ceramint.2016.10.041?_sg%5B0%5D=kYVg1rVVAm4TqzO9xysrMFNxhyjBvVOaLLCLPw4R5vPXWOQcg_SQlHw6r3RTRiL7TvH14FKqkVG070um07xedru5Hg.P2aOIdc11EBIohMqwDoCQkZ5Lm1Sux-NqF9sNBxuOpvfvrLZejTUUd_Rdc2g98wEog54aYiCVjRcC7DBkWBgPw
https://doi.org/10.1039/C9GC04040D
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1111%2Fjace.12218?_sg%5B0%5D=x4gGIPGdv6tgYhMAos_TrPRNUJ79eGxEeO9Hn5TgcP4jKVhttBxGl1R-1pFRjbz3_AEjNHTFknmFmnT0N2FpQ86r_Q.QaX1A0zMqBWjXIoGrZ62Fh5x9426B5zTXfX6Y_TYL5_Hmovk9w8ygwPdDuvaQvhC6vyLNecxNehfM1oe-XSzJg
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.jallcom.2015.03.136?_sg%5B0%5D=mk8sitncT2o-2lMkEPKsMEbjnkM2gmiSIaYcVL9a8shObZQnfo1qhKhw2wf7wEj6GRNM9XVCLNqdY_YSeo_U9uCIlw.xHBGjgt7dtKNMduCgct_myxUdXUY9FsB97DHtIsLKVQa-xMOjtfiPqCflW6_Lnmh8yeTq0jmuNueVUGUtU38_A
https://doi.org/10.1080/10601325.2014.925265
http://dx.doi.org/10.1016/j.vacuum.2015.04.012
http://dx.doi.org/10.1016/j.vacuum.2015.04.012


VI I . International Agricultural, Biological & Life Science Conference, Istanbul, Türkiye, 7-10 September 2025 

313 
 

[16]     W. Li, C. Kong, H. Ruan, G. Qin, G. Huang, T. Yang, W. Liang, Y. Zhao, X. Meng, P. 

1Yu, Electrical properties and Raman scattering investigation of Ag doped ZnO thin 

films, Solid state communications, 152 (2012) 147-150. 

[17]    Y. Cai, D. Wu, X. Zhu, W. Wang, F. Tan, J. Chen, X. Qiao, X. Qiu, Sol-gel preparation 

of Ag-doped MgO nanoparticles with high efficiency for bacterial inactivation, Ceramics 

International, 43 (2017) 1066-1072. 

[18] Khuram Shahzad Ahmad*, Shaan Bibi Jaffri ; Phytosynthetic Ag doped ZnO 

nanoparticles: Semiconducting green remediators ; J Open Chem., 2018; 16: 556ï570. 

https://doi.org/10.1515/chem-2018-0060 

[19]  M. Z. Kassaee, M. Mohammadkhani, A. Akhavan and R. Mohammadi, Structural 

Chemistry, 2011, 22, 11ï15. 

[20]  23 V. V. Vodnik, J. V. Vukoviĺ and J. M. Nedeljkoviĺ, Colloid and Polymer Science, 

2009, 287, 847ï851. 

[21] 10.1155/2014/697809R.Kandulna · R.B. Choudhary1 · P. Maji ; Ag-doped ZnO 

Reinforced Polymeric Ag:ZnO/PMMA Nanocomposites as Electron Transporting Layer 

for OLED Application ; J Inorg Organomet Polym  (2017) DOI 10.1007/s10904-017-

0639-0 

[22]  Almontasser1, A Parveen2 and A Azam ; Synthesis, Characterization and antibacterial 

activity of Magnesium Oxide (MgO) nanoparticles., J IOP Conf. Ser.: Mater. Sci. 

Eng.577 (2019) 012051. doi:10.1088/1757-899X/577/1/012051 

[23]  Ljerka Kratofil Krehula1ÅAna Papic Ӣ1ÅStjepko Krehula2ÅVanja Gilja1ÅLucija 

Foglar1ÅZlata Hrnjak-Murgic Ӣ ; Properties of UV protective films of poly(vinyl-

chloride)/TiO2nanocomposites for food packaging ;J Polym. Bull.(2016) 

DOI 10.1007/s00289-016-1782-4 

[24]  Saravanan Natarajan Jyoti Kumari D. Shanthana Lakshmi Ankita Mathur M. 

Bhuvaneshwari Abhinav Parashar Mrudula Pulimi N. Chandrasekaran Amitava 

Mukherjee ; Differences in antibacterial activity of PMMA/TiO2/Ag nanocomposite on 

individual dominant bacterial isolates from packaged drinking water, and their 

consortium under UVC and dark conditions ; J Applied Surface Science (2015), 

http://dx.doi.org/10.1016/j.apsusc.2015.11.223 

 [25] K B Bhavitha,, Anju K Nair,, Hanna Mariya, Jiya Jose, Anshida Mayeen,c Kala M S, 

Abhijit Saha,d Sabu Thomas, Oluwatobi S Oluwafemi,, and Nandakumar Kalarikka ; In-

situ Dose dependent Gamma ray Irradiated Synthesis of PMMA-Ag nanocomposites 

films for multifunctional applications ; New Journal of Chemistry (2018). DOI: 

10.1039/C8NJ02684J 

 [26] Sungmin Cho, Wonyong Choi ; Solid-phase photocatalytic degradation of PVCïTiO2 

polymer composites ;Journal of Photochemistry and Photobiology A: Chemistry 143 

(2001) 221ï228 

[27] Changjun Yang, Kejian Deng, Tianyou Peng, Ling Zan;Enhanced Solid-Phase 

Photocatalytic Degradation Activity of a Poly(vinyl chloride)-TiO2 Nanocomposite Film 

with Bismuth Oxyiodide ;J Chem. Eng. Technol. 2011, 34, No. 6, 886ï892. 

[28] Changjun Yang, Chuqing Gong, Tianyou Peng, Kejian Deng, Ling Zan ; High 

photocatalytic degradation activity of the polyvinyl chloride (PVC)ïvitamin C (VC)ï

TiO2 nano-composite ýlm ; Journal of Hazardous Materials 178 (2010)



VI I . International Agricultural, Biological & Life Science Conference, Istanbul, Türkiye, 7-10 September 2025 

314 
 

VALORIZATION OF FOOD INDUSTRY WASTES FROM CEREALS AND PULSES 

INTO FUNCTIONAL FOOD ADDITIVES  

Bilge TAķKIN 

 

 Rectorate, ¢ankērē Karatekin University, ¢ankērē, Turkey 

 

Corresponding author e-mail: bilgetaskin@karatekin.edu.tr 

 

ABSTRACT 

 

The rising demand for sustainable food systems has led to increased interest in the 

valorization of agro-industrial waste, especially from cereals and pulses. Despite their 

abundance of bioactive components, these staple crops produce significant by-products during 

processing, such as bran, husks, hulls, and seed coats, which are frequently underutilized. The 

residues comprise valuable constituents, such as dietary fibers, proteins, lipids, vitamins, 

minerals, and phytochemicals exhibiting antioxidant, antibacterial, and anti-inflammatory 

effects. Efficient recovery procedures, ranging from traditional techniques such as solvent 

extraction and alkaline hydrolysis to innovative green technologies including enzyme-assisted 

extraction, ultrasound, and pulsed electric fields, enable the isolation of functional components. 

Recent studies highlight their successful applications in food systems, nutraceutical 

formulations, and biodegradable packaging. For instance, protein hydrolysates from rice husk 

exhibit anticancer activity, while arabinoxylans from bran display promising prebiotic effects. 

Furthermore, fermentation and enzymatic processes enhance the bioavailability and 

functionality of these compounds, while encapsulation technologies safeguard sensitive 

molecules throughout storage and processing. The processing residues of cereals and pulses 

have also been investigated for their potential to improve gluten-free product formulations, 

augment the nutritional and functional properties of baked goods and dairy products, and act as 

meat and fat replacers in processed foods. However, challenges remain, including the presence 

of anti-nutritional factors, microbial instability, and undesirable changes in sensory and 

physicochemical properties. Ultimately, the valorization of cereal and pulse waste offers a 

promising strategy for resource-efficient, sustainable food production. This review provides an 

overview of recent developments in recovery technologies, practical applications, and current 

limitations, while highlighting future directions for incorporating these underutilized materials 

into high-value food and packaging innovations. 

 

Keywords: Bioactive, By-products, Cereal and pulses, Food waste valorization, Functional 

food additives, Sustainability. 
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INTRODUCTION  

In recent years, there has been a lot of interest in agro-food waste valorization strategies 

to establish more sustainable management approaches. Cereals and pulses are grown in great 

quantities across the globe due to their economic significance as staple foods and dietary 

sources of energy. The FAO's most current figures show that the global output of cereals and 

pulses has reached high levels in recent years, and food consumption will continue to rise 

(OECD-FAO., 2022).  

The primary cereals produced are maize, wheat, rice, barley, rye, sorghum, and oat crops 

(Cardoso et al., 2021), whereas global pulse production is dominated by beans, peas, and 

chickpeas (Karaca and Nickerson, 2022). However, the food manufacturing industry releases 

substantial and inevitable waste. Various processing methods (i.e., milling, germination, 

malting, soaking, peeling, blanching, fermentation, heat processing, drying, canning, freezing, 

and malting) yield a substantial number of fractions as by-products and wastes, including bran, 

germ, hull, husk, fiber, seeds, broken grain, leaf, peel, stem, and other elements of the crop. 

These fractions are underutilized sources of many bioactive components and nutrients. Cereal 

wastes are abundant in dietary fibers (lignin, ɓ-glucans, hemicellulose), carbohydrates, 

bioactive peptides, lipids, enzymes, vitamins (mainly vitamin E and vitamin B), minerals, and 

phytochemicals (phenolic acids, phenols, procyanidins, ɔ-aminobutyric acid, ɔ-oryzanol, phytic 

acid, ferulic acid, etc.) (Skendi et al., 2020). Regarding the pulses, residues provide proteins 

(mainly from seeds), edible fibers, and bio-functional molecules like minerals (calcium, 

magnesium, iron, manganese, phosphorus) phenols, carotenoids, and phytosterols to be 

valorized in different industrial areas (Susmitha et al., 2022; Tassoni et al., 2020). Hence, 

besides the economic and environmental issues, cereal and pulse processing waste represent a 

significant loss of biomass with nutritious and functional components. In that respect, the 

recovery and incorporation of these components as dietary supplements, food additives, 

coatings, and nutraceuticals gain importance and create new gates for varied technologies. The 

present section aims to provide an overview of some recent potential applications in the field 

and the drawbacks associated with the utilization techniques.  

 

 

RECOVERY AND EXTRACTION OF FUNCTIONAL COMPOUNDS  

Bioactive components and fractions can be recovered using conventional and novel 

techniques consisting of several gradual separation methods. As a common approach, these 

follow pre-treatment/classification, macro-micro molecule separation, extraction, isolation, and 

purification pathways which can then be extended by value-added new product development. 

It is noteworthy to know the structure and physicochemical characteristics of target compounds 

to determine the appropriate method (Galanakis, 2015; Tassoni et al., 2020). The choice of 

recovery process primarily depends on the physicochemical properties of the prominent 

constituents and bioactive components in the waste product. 

Many reviews are available with regards to the principle and parameters crucial to the 

recovery, in particular to yield and composition of the extracts obtained from cereals and pulses, 

for example, by the applications of supercritical fluid extraction (SFE) (Santana and Meireles, 

2023), ultrasound assisted extraction (UAE) (Wang et al., 2021), microwave assisted extraction 

(MAE) (Duke et al., 2024), and pulsed electrical field (PEF) (Kumari et al., 2018). The detail 

of recovery, therefore, will not be included in this section. Current status of using these 

emerging technologies is to determine the most effective/suitable approach, either alone or in 

combination, for the recovery of different functional ingredients from different matrices.  

The milling process separates grain kernels into flour, germ, and bran. By dry 

fractioning (milling), it is possible to obtain physical-functional bulk fractions that are rich in 
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proteins, essential amino acids, and minerals (Kamani et al., 2020), but in most cases, further 

separation stages are needed. Extraction is a particularly important phase of the bioactive 

recovery process. Conventional methods include alkaline and acid hydrolysis (Buranov and 

Mazza, 2009), and solvent extraction (Smuda et al., 2018). On the other hand, supercritical 

carbon dioxide extraction (Benito-Román et al., 2019), enzyme-assisted (Zuorro et al., 2019), 

ultrasound & microwave-assisted (Ochoa-Rivas et al., 2017), and pressurized aqueous solution 

extractions (Povilaitis et al., 2015) are some of the innovative, low-cost, green, and sustainable 

practices being developed. 

The utilization of proteins from cereals and pulse wastes is a smart alternative to meet 

nutritionally well-adjusted consumption demand. Alkaline extraction coupled with isoelectric 

precipitation stays the most common protein extraction method (Contreras et al., 2019). 

Besides, enzymatic hydrolysis (Prandi et al., 2021), ultrafiltration (des Marchais et al., 2011), 

and bioprocessing designs with fermentation (Arte et al., 2019) are some of the other 

applications well applied for this purpose. In the case of solvent extraction, the type of solvent 

is critical for efficiency as it yields significantly different antioxidant capacities and bioactive 

contents (Smuda et al., 2018). In a recent study regarding the hot water extraction of rice husk, 

peptides in the protein hydrolysate of rice husk have proven an anticancer potential with a 

cytotoxic effect (Ilhan-Ayisigi et al., 2021). From dietary fibers, arabinoxylans (AXs) which 

have protective effects against free radicals and exhibit prebiotic potential (Tassoni et al., 2020), 

were recovered at high yields from rice and wheat brans using water and enzyme extractions 

(xylanase, cellulase, ɓ-glucanase, Ŭ-amylase), one of which was enhanced with extrusion pre-

treatment (Fadel et al., 2018; Toft Vangsøe et al., 2019). A significant portion of the dry matter 

of oats, rye, and barley is composed of ɓ-glucans, which are valuable for metabolic bioactivity 

(i.e., prebiotic activity, lowering cholesterol). That can be a leading reason for their recovery 

from the waste of these crops. (FŁrcaἨ et al., 2022). On the other hand, water extraction of xylan 

from agricultural wastes (brans and seed coats) of different cereals and legumes was achieved. 

Further enzymatic hydrolysis of xylan (with endoxylanase) produced non-digestible 

xylooligosaccharides, which are non-cariogenic, low-calorie sugar substitutes with promising 

applications in the food industry (Palaniappan et al., 2023). 

Phytochemicals that exhibit many antioxidative, antimicrobial, antiviral, and anti-

inflammatory features  (de Villa et al., 2023; Rochfort and Panozzo, 2007; Smuda et al., 2018) 

are high-value substances abundantly present in the processing residues of cereals and pulses. 

Recently, it was proven that total phenolics in both wheat and oat brans were shown to increase 

by +22.5% and +25.8%, respectively, after being subjected to thermal treatment coupled with 

ultrasound extraction (CŁlinoiu and Vodnar, 2020). Also, obtaining polyphenols possessing 

antioxidant activity from industrial cereal solid wastes can be significantly altered by the 

addition of lactic acid and specific amino acids (glycine or alanine) but also choline chloride 

(Kottaras et al., 2017). As an emerging technology, pulsed electrical field (PEF)-assisted 

extraction was effective to exploit these wastes as a source of bioactive molecules. It provides 

a faster way to recover beneficial compounds while using less energy and solvent (Velusamy 

et al., 2023). Through fermentation with different cultures, improved structures can be obtained 

in terms of antioxidants, vitamins, and dissolved or branched protein fractions from by-products 

and wastes (Ghamry et al., 2023). Then these structures can be used as useful components such 

as nutraceuticals, coatings, supplements, and packaging materials. Recently, studies on solid-

state fermentation, in which microorganisms (Lactic acid bacteria, Aspergillus spp., 

Saccharomyces cerevisiae, and Bacillus subtilis) digest solid substrates in low moisture 

conditions, took place as an efficient bioprocessing procedure to increase the bioavailability of 

bound phenolic components and therefore the antioxidant activities of grain-stream wastes. (de 

Villa et al., 2023). Because research is currently scant, additional investigations i.e., in vitro 

analysis, on the applicability are required. 
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Rice bran oil and wheat germ oil may be used to supplement diets due to their immune-

boosting qualities some of which come from unsaturated fatty acids, sterols, tocopherols, and 

carotenoids (Meriles et al., 2022; Saad et al., 2022). Mingyai et al. suggested environment-

friendly supercritical CO2 extraction as a good option for obtaining bran oils (Mingyai et al., 

2017). However, during recovery and storage stages precautions should be taken against lipid 

oxidation due to enzymatic activity.  

 

THE APPLICATIONS IN FOOD INDUSTRY  

Developing value-added products from agro-industrial wastes has attracted interest on 

a global scale. Waste can be used as they are, or it can be valorized to obtain bioactive 

components for generating novel substances with nutritional and functional advantages. In the 

course of waste valorization, the functional chemicals in cereals and pulse wastes may become 

sensitive and unstable when exposed to environmental and process conditions. The 

encapsulation process is a promising practical option for the stability and protection of bioactive 

compounds. With this regard, freeze-drying using maltodextrin was found to be the best 

efficient method to encapsulate the phenolics (protocatechuic acid, ɟ-coumaric acid, vanillin, 

salicylic acid, and catechin) in cornsilk extract (the maize waste) compared to spray-drying and 

microwave-drying (Pashazadeh et al., 2021). In a recent study examining the effects on health, 

the rice husk protein hydrolysate was encapsulated with chitosan (Ilhan-Ayisigi et al., 2021). 

Thermally stable nanoparticles obtained have shown cytotoxic effects promising to produce 

anticancer peptides and new food supplements that can be derived from them. On the other 

hand, compounds such as nutraceutical proteins from wastes (pigeon pea milling) can be used 

as an encapsulation material for water-insoluble bioactive compounds like curcumin (Tapal et 

al., 2019).  

Agricultural waste can be a low-cost alternative to gluten-free food ingredients. Several 

initiatives have been launched to overcome the nutritional deficiencies of gluten-free products 

(bread, cake, pasta) and to improve their quality in terms of bioactive compounds and functional 

properties using rice bran, broken bean flour, chia seed cake, hemp seed cake, okara (soybean 

process by-product), and chickpea hull (Difonzo et al., 2022). The increased utilization of 

wastes as replacers and carrier materials can be linked to the development of novel emulsion 

systems. For example, ɓ-glucan extracted from oat and barley side streams showed great 

emulsion stability (>80%) and behaved like a viscosifier (Karp et al., 2019). In another study, 

it was shown that both impure soluble and insoluble oat side streams could be used as innovative 

bio-based emulsifiers in suspensions, without any further separation or chemical modification 

(Valoppi et al., 2021). Moreover, as suggested by Tapia et al. 2019 (Tapia-Hernández et al., 

2019), prolamin nanoparticles such as zein, gliadin, and kafirin, which are by-products of the 

cereal starch isolation process, have great potential as pickering emulsion stabilizers once their 

wettability characteristics are altered. It is possible that oxidative stability, (natural) antioxidant 

capacity, microbial stability, color, texture, and physicochemical properties of beef, sausage, 

and mayonnaise-type emulsions can be improved by the incorporation of various extracts from 

bean hulls and cereal brans or seed coats (Elsebaie et al., 2022; Herrera-Balandrano et al., 2019; 

Velur Balasubramaniam et al., 2022). In terms of replacement studies, black-gram protein-rich 

fractions (with germ and aleurone) and soybean oil oleogels structured with rice bran wax 

worked well as meat and fat substitutes in patty and sausage formulations (Kamani et al., 2021; 

Wolfer et al., 2018). 

The addition of waste products could cause a wide variety of changes in the structural, 

functional, nutritional, and sensory characteristics of bakery products. Many beneficial effects 

of fortification or enrichment with waste products from cereals and pulses were observed, such 

as increased dietary fiber content and technological quality of bread with wheat bran (Chaari et 

al., 2022), increased nutritional value, phenolics, and antioxidant capacity of crackers with 
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barley bran (Gangopadhyay et al., 2019), improved syneresis and stability of yogurt with rice 

bran (Wu et al., 2023), the enhanced profile of flavonoids in rice-based snacks with pea seed 

coats (Bresciani et al., 2023), and enrichment in a fundamental vitamin, folate, with pulse by-

product(Ruggeri et al., 2022). Unutilized, downgraded lentils were found to be a good source 

of ingredients, contributing positive compositional and functional attributes to the extruded 

final product (Portman et al., 2020). The ingredients have a strong impact on the structure and 

quality properties of newly developed products. Color darkening, low specific volume, low 

hardness in bakery products such as bread (Ni et al., 2020), off-flavor, low digestibility, and 

presence of antinutrients are some of the negative effects of the grain and pulse waste products 

that limit their use in the formulations and necessitate alternative solutions (Skendi et al., 2020; 

Tassoni et al., 2020). Thus, applications like enzymatic treatment, fermentation, and extrusion 

of underutilized cereal or pulse wastes offer final products with highly soluble materials, 

micronutrients, and low antinutrients, leading to better digestibility and sensory acceptance 

(Aktas-Akyildiz et al., 2020; Chakraborty et al., 2022; Kamani et al., 2021). Processing by-

products through fermentation enables novel value-added food products. Diverse metabolites 

can be produced through the fermentation of wastes such as organic acids, natural preservatives 

(sorbic and benzoic acids), enzymes, alcohols, volatiles, esters, and bioactive peptides (de Villa 

et al., 2023; Skendi et al., 2020). Also, it was well reviewed that extrusion of some cereals and 

legumes in the form of a sole or mixture allows producing a wide range of snacks and flours 

with different structural, nutritional, and functional characteristics, i.e., expansion rate, 

hardness, crispiness, dietary fiber content, protein content, phenolics, and antioxidant capacities 

(Grasso, 2020). 

Plastics take many years to degrade, threatening the ecology. In this regard, 

biodegradable polymers and packaging created by the use of grain by-product extracts have 

become economically important in recent years. Their applications in the field include 

beneficial structural (pores), mechanical (flexibility), nutritional (fibers, protein), and 

functional (antioxidants, phenolics) changes, as well as antimicrobial effects (Bilo et al., 2018; 

Wang et al., 2019; Xu et al., 2022). As a stunning example, the integration of brewers' spent 

grain extracts into biofilms to generate active packaging enabled antibacterial and antifungal 

action against Staphylococcus aureus, Escherichia coli, and Candida albicans (Moreirinha et 

al., 2020).  

 

CHALLENGES AND PROSPECTS FOR THE FUTURE 

The use of waste from the cereal and pulse industries presents some challenges. 

Although these products can be an attractive source for an assorted number of functional 

compounds or fractions, the process costs and efficiency remain the primary economic and 

technical obstacles. Now, as well as being economical, sustainable, and environmental-friendly 

techniques for separation, extraction, and isolation are required to be explored. As new waste 

sources and purification methods are explored, alternative or combined technologies can be 

developed for the protection of the sensitive bioactive compounds extracted from these 

resources. Incorporation attempts for nutritional development can result in alterations in the 

structural and physiochemical properties of the final product. Aside from the undesired changes 

in quality, another handicap for the use of cereal and pulse sources is the presence of anti-

nutritional factors that cause off-flavors and low bioavailability. Future research on improving 

sensory features and bioavailability, including the removal or masking of off-flavors, is critical 

in this context. On the other side, agricultural wastes are biologically unstable considering their 

microbial load. This can hasten microbial spoilage from the first days of storage and impact 

product safety. Therefore, the integration of further feasible cleaning and sterilization studies 

into product development or biosynthesis processes still needs to be addressed to ensure final 

product safety.  
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ABSTRACT 

The study used a descriptive approach and had 400 participants from Afgoi District 

Lower-Shebelle, Somalia. A non-simple random selection was used to acquire information from 

farmers, educators, and workers. To clarify the effect of naturally occurring fertilizer on crop 

productivity, the data were evaluated using correlation analysis. The majority of responders 

(56%) indicated significant agreement with the study's findings that green manure improves 

crop productivity by directly adding nitrogen to the soil, increasing soil fertility. The majority 

of responders (47.5%), however, were in agreement that plants grown in green manure receive 

nutrients from deeper levels of soil and release them in the topsoil. On the other hand, the 

majority of respondents (54%) firmly concur that green manure improves nutrient availability, 

both macro and micro. The majority of respondents (51%) firmly concur that green manures 

are environmentally benign under other circumstances. In addition, the majority of responders 

(57.5%) highly concur that green manure raises the caliber of products and crops. The majority 

of respondents (51.5%) indicated high agreement with the finding that adding manure to 

cropland can help keep or raise the level of soil organic matter.  However, the majority of 

respondents (38%) agreed that animal manure includes both macro and micronutrients in both 

organic and inorganic forms that are essential for crop production.  On the other hand, the 

majority of responders (45.5%) strongly concur that animal dung from a locally accessible 

source is cheaper than inorganic fertilizer when needed. Similar to this, the majority of 

respondents (41%) firmly concur that poultry manure is the best animal manure.  However, the 

majority of respondents (51%) strongly concur that adding animal manure to the soil improves 

its quality. The majority of respondents (55%) said firmly that crop farming is the primary 

means of subsistence for Afgoi communities. However, the majority of respondents (37.5%) 

agreed that improvements have been made to the production system over the past two years. 

On the other hand, the majority of respondents (49.5%) agreed that using organic fertilizer 

increases crop output per unit of surface area.  Similar to this, the majority of respondents 

(52.5%) strongly concur that fertilizer quality affects crop production.   

Keywords: Animal Manure, Crop Production, Green Manure, Organic Fertilizer  
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INTRODUCTION 

Organic fertilizers are crucial for the growth of plants. Organic fertilizers are typically 

more economical and easily accessible from local sources than chemical fertilizers (Solomon 

et al. 2012). The foundation of fertile soil is organic matter (Aboudrare 2009). Organic 

fertilizers are made from biological or living substances. These fertilizers provide nutrients to 

the soil gradually over time. Whereas artificially created fertilizers, or those obtained via the 

mining of non-living materials, are known as inorganic fertilizers. Inorganic fertilizers also 

referred to as chemical fertilizers, are utilized by plants very quickly. There are many different 

types of organic fertilizers, including Livestock manure from animals, including cows, poultry, 

goats, and others. Green manure is made from young plants, especially different kinds of 

legumes. Compost is made from organic agricultural waste like sorghum, maize stalks, or 

decaying garbage. Organic fertilizers such as sheep manure from farms and chicken manure 

may aid in crop growth as an alternative to artificial fertilizers (Khan et al. 2005). Organic 

fertilizer can improve soil fertility and aid in plant growth. Positive actions, including 

ammonium (NH4
+), potassium (K+), and magnesium (Mg2

+), are held in biochar, which keeps 

these nutrients in the soil for an extended period of time and releases them to plants as needed 

(Lal 1982). The manure from the farm had a long-lasting influence on maize when administered 

to wheat-based in a wheat-maize crop combination. In soils that had been impaired by erosion, 

it also performed better at restoring crop yield (Jadoon et al. 2003)). In a field environment, 

consideration is given to the phosphorus content of maize derived from organic manures, such 

as crop residue, bio-organic matter, chicken manure, and pressing mud. Researchers discovered 

that maize includes a significantly high amount of phosphorus (42.68%) compared to other 

sources, such as poultry manure. When utilized as a source of phosphorus, farmyard manure is 

substantially more successful than other treatments at boosting the accessibility of phosphorous 

from soil (Meena et al. 2007). The output of maize grain varies substantially as a result of the 

addition of organic manures. Although grain production for manure was equal to or, on 

occasion, greater when phosphorus was obtained from inorganic sources, applying poultry 

manure produces the highest grain output when compared to another method (Jama et al. 2007). 

When applied in place of mineral fertilizers, organic manures increase the grain 

production of maize (Reddy et al. 2007). Compared to other organic sources, poultry dung 

offers greater phosphorus that is readily available (Garg et al. 2007). Organic manure sources 

enhance the accessibility of organic matter, phosphorous, and potassium, as well as plant uptake 

of these nutrients. Organic amendments also enhance the amount of P and K in the overall plant, 

as is the height of the plant, LAI, dry matter manufacturing, and LAI. When it comes to plant P 

and K concentrations, poultry dung offers the best benefits. According to research, increasing 

the availability of nutrients in the soil from organic manures is what causes improved soil 

concentrations of nutrients and plant growth (Adnan 2021). 

Somalia's agricultural sector faces several challenges, such as low soil fertility, inadequate 

access to modern farming techniques, and reliance on traditional farming practices. Due to these 

factors, yields of crops have remained low, and the nutritional security of the population has 

declined. Organic fertilizers may be used to surmount these obstacles and improve agricultural 



VI I . International Agricultural, Biological & Life Science Conference, Istanbul, Türkiye, 7-10 September 2025 

325 
 

output in Somalia. However, more study is needed to determine the effectiveness of organic 

fertilizers in Somalia and how they affect crop productivity. Little is known and appreciated 

about organic fertilizers among Somali farmers. The vast majority of farmers in Somalia still 

use outdated methods and need more access to education and training in contemporary 

agriculture. Farmers are also not fully informed about the benefits of organic fertilizers and how 

to use them due to a lack of agricultural extensions and instructional programs. Due to growers' 

inadequate knowledge and understanding of organic fertilizers, their potential impact on crop 

output may be restricted, given how seldom they are now employed. The availability of organic 

fertilizers is a benefit of their use. Organic fertilizers could be hard to come by in Somalia, and 

farmers might not have the resources or expertise to create them themselves. This might 

promote the use of costly chemical fertilizers that harm the environment. Due to their limited 

accessibility and availability, organic fertilizers are challenging to utilize and may not have a 

significant impact on crop output. The unique climate and soil of Somalia may affect the 

efficacy of organic fertilizer in addition to challenges with knowledge and accessibility. The 

effectiveness of organic fertilizers may vary depending on factors such as soil pH, nutrient 

content, and rainfall patterns. 

This research aims to investigate how organic fertilizer affects crop production in Afgoi 

District-lower Shebelle, Somalia. The general purpose of this study is to identify the role of 

Organic fertilizer on crop production at Afgoi District-lower Shebelle, Somalia. To Identify the 

role of green manure on crop production at Afgoi District-lower Shebelle, Somalia. To 

Determine the role of animal manure on crop production at Afgoi District-lower Shebelle 

Somalia. 
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MATERIAL AND METHOD 

The research approach of the study was the main focus of this chapter. The chapter 

includes research design, target population, sample size, sampling procedures, research 

instruments, and Research quality involves collecting the data, collecting the data, interpreting 

the data, and finally limiting the study while addressing ethical considerations. 

Research Design 

The study was conducted using a descriptive design. In order to discuss and examine the 

impact organic fertilizer has on crop production in Somalia's Afgoi District Lower Shebelle. 

Utilizing A data obtained from the questionnaire. The target population can be easily 

reached, the design is efficient, and it is less expensive, all of which make it the best option for 

this study. 

Research Population 

The target population of the study was 400 from Afgoi District- lower Shebelle, Somalia. 

Sample Size 

The researchers used Solvent's formula to calculate the sample size, with a maximum 

acceptable error of 5%. 

n  

N: Stands for the population 

n. Stands for the sample size 

e. Stands for acceptable error 

n
Ȣ
= so the sample was 200 

Sampling Procedure 

The sampling method was non-random sampling anon-simple random sampling was 

selected to collect information from the accessible populations of farmers, Agro-students, and 

workers. 

This study's findings about the role of organic fertilizer on crop production have been 

established in a number of ways. The research's conclusions and findings from a structured 

questionnaire are discussed in this section. This study's overarching goal is to determine how 

organic fertilizer affects crop output in Somalia's Afgoi District (lower Shebelle). In contrast, 

the objective of the study is to identify the role of green manure on crop production at Afgoi 

District-lower Shabelle, Somalia. to determine the role of animal manure on crop production at 

Afgoi District-lower Shebelle, Somalia. 
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RESULTS AND DISCUSSION  

The Role of Organic Fertilizers 

It is known that soil quality and productivity are increased with organic fertilizer 

application. For this purpose, many organic fertilization materials are widely used (Figure 1). 

According to the study's findings, the majority of participants (56%) indicated high agreement 

that green manure improves crop output by directly aerating soil fertility. In contrast, the 

majority of respondents (47.5%) thought that plants grown in green manure receive nutrients 

from deeper soil layers and leave them in the topsoil. The majority of responders (54%) strongly 

disagree, however, that green manure enhances the availability of both macro and 

micronutrients. Most poll respondents (51%) completely agree that green manures are 

environmentally favorable in other contexts. Additionally, the majority of respondents (57.5%) 

firmly concur that green manure raises the standard of produce and crops. 

 

Figure 1. Organic fertilizers used in improving soil fertility (Singh et al. 2020) 

 

Animal Manure 

The majority of respondents (51.5%) answered that they strongly agreed with the claim 

that spreading manure to croplands can help maintain or raise the level of soil organic matter. 

On the other hand, a large majority of the participants (38%) said they completely concurred 

with the assertion that animal dung from locally accessible sources contains both micro and 

macro nutrients needed for crop productivity in organic as well as inorganic forms. 

Crop Production 

Organic fertilizers are among the most important inputs in plant production. In fact, it is 

reported that organic fertilizers can be a good alternative in combating stress factors in plant 

production (Figure 2).  
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Figure 2. Effects of organic fertilizer application against stress factors in plant production (Liu 

et al. 2024) 

The majority of respondents (55%) said firmly that crop production is the primary means 

of subsistence for Afgoi communities, according to the data. Conversely, most respondents 

(37.5%) believed that the production system had improved during the previous two years. 

Alternatively, the majority of responses (49.5%) agreed that the application of organic fertilizer 

increases crop productivity per unit of surface area.  In a similar vein, the majority of responders 

(52.5%) strongly concur that fertilizer quality affects crop productivity.  

With regard to the result of this study and based on its objectives, the following could be 

concluded: The objective of the role of Organic fertilizer on crop production indicates that the 

use of green manure is widely believed to increase soil fertility through the direct addition of 

nitrogen, as well as by absorbing nutrients from deeper soil layers and leaving them in the 

surface soil. Respondents also strongly agree that green manure increases the availability of 

both macro and micronutrients, is environmentally friendly, and improves the quality of crops 

and produce. 

The objective of the role of animal manure on crop production shows that the use of 

animal manure can help maintain or improve soil organic matter levels and that it contains both 

macro- and micronutrients needed for crop production in organic and inorganic forms. 

Respondents also strongly agree that animal manure from locally available sources is cheaper 

than inorganic fertilizers and that the best animal manure is from poultry. 

Crop productions conclude that crop production is the livelihood strategy for Afgoi 

communities, with most respondents strongly agreeing with this statement. While a smaller 

percentage of respondents agreed that the production system has improved in the past two years, 

the use of organic fertilizers is widely believed to increase crop production per unit of surface 

area. Respondents also strongly agree that the quality of fertilizers is an important factor in crop 

production. 
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CONCLUSIONS 

To improve crop production and soil fertility, increase the application of organic fertilizers 

like green manure and animal faces. To educate farmers about the advantages and appropriate 

methods for the application of organic fertilizers, services for extension should be made 

available. Develop and implement operational policies that encourage the creation and 

application of organic fertilizers. In order to assure the safety and efficacy of organic fertilizers, 

restrictions and subsidies for their production and distribution may be necessary. 

Encourage the use of locally accessible sources of animal dung, particularly poultry 

manure, as a reasonably priced substitute for inorganic fertilizers. This can entail offering 

instruction and assistance for small-scale chicken farming. Increase funding for the production 

of organic fertilizers and the technologies used to apply them. This could result in new, 

enhanced organic fertilizers that are more successful and efficient at enhancing crop production 

and soil fertility. Encourage and support farmer cooperatives and associations to promote the 

use of organic fertilizers and improve crop production. This could include providing access to 

credit and market information and facilitating collective bargaining for better prices and market 

opportunities. 
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ABSTRACT 

 

Solar energy systems yield significant results in terms of environmental, economic, and 

energy security. They are utilized in residential energy production, industrial applications, 

agriculture, and the transportation sector. As a renewable energy source, solar energy systems 

contribute to achieving the Sustainable Development Goals. The utilization of solar energy 

reduces reliance on fossil fuels, thereby enhancing the sustainability of energy systems. This 

research aims to evaluate Turkey's investment priorities for efficient, reliable, economic, 

continuous, and environmentally friendly electricity production, leveraging its notable 

renewable energy resource potential. In this context, existing literature has been utilized, and 

the Turkish Ministry of Energy and Natural Resources' (ETKB) 2015-2019 Strategic Plan has 

been taken as a fundamental reference. The proper establishment of solar energy systems is 

supported by the systematic analysis of the right criteria and alternatives, allowing for the 

selection of sustainable energy solutions. The decision regarding the suitable site for newly 

planned renewable energy plants is based on a multidisciplinary approach and complex process 

management. In modern decision-making processes, various methods have been developed to 

cope with uncertainty and complexity. IVPF-AHP (Interval Valued Pythagorean Analytic 

Hierarchy Process) and IVPF-TOPSIS (Interval Valued Pythagorean Technique for Order of 

Preference by Similarity to Ideal Solution) methods stand out as approaches used together to 

manage such uncertainties more effectively. This method has been applied to three regions 

planned for solar energy investment. The application was conducted with five expert decision-

makers in the field. IVPF-AHP and IVPF-TOPSIS methods used to improve decision-making 

processes in solar energy investments guide the successful selection of locations for solar 

energy projects. A systematic and rational decision-making process has been carried out for the 

selection of solar power plant sites. The analysis results provided concrete data to decision 

makers regarding which option represents an efficient investment. The analytical evaluation 

results are of great importance in terms of both economic and environmental sustainability. 

 

Keywords: Interval Valued Pythagorean AHP-Interval Valued Pythagorean TOPSIS, Solar 

Power Plants, Multi-Criteria Decision Making, Turkey.  
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INTRODUCTION  

 

Renewable energy (RE) is characterized by its capacity for continuous replenishment and 

sustainable utilization. This encompasses a variety of sources, including solar energy, wind 

energy, hydroelectric power, tidal energy, biomass, and geothermal energy (Liao and Li, 2025).  

The advent of competition in the electricity markets necessitates a thorough reevaluation 

and strategizing of solar energy technologies. Concerns regarding the implementation of solar 

energy systems within economic frameworks can be articulated in the context of how 

competition in the electric power sector will empower consumers, leading to enhanced 

efficiency and reduced electricity costs. This shift toward competitive structures in power 

markets encourages innovations that may further optimize the utilization of solar energy, 

thereby facilitating a transition towards more sustainable energy practices (Akhtar et al., 2021). 

Solar energy, derived from the sunôs rays, is one of the most abundant and widely accessible 

forms of renewable energy. Photovoltaic cells convert sunlight directly into electricity. The 

inexhaustible nature of solar energy makes it a viable long-term energy option (Sani and Sule, 

2020). 

The process of generating electricity through photovoltaic (PV) technology produces 

minimal greenhouse gas (GHG) emissions or other pollutants, resulting in a relatively low 

environmental impact. This characteristic plays a crucial role in mitigating global climate 

change and reducing air and water pollution. Consequently, solar energy has emerged as a 

highly favorable alternative energy source in recent years (Chao and Nguyen, 2024).  

INTERVAL VALUED PYTHAGOREAN FUZZY AHP -INTERVAL VALUED 

PYTHAGOREAN FUZZY TOPSIS (IVPF -AHP) 

Kose et al. (2023) delineates the steps of the Interval Valued Pythagorean Fuzzy AHP-

TOPSIS as follows: 

Definition 1. Let a set X be a universe. A PFS P is an object having the form: 

ὖ ộὼȟὖ‘ ȟὺ Ớὼɴ ὢ,                                          (1)  

where ʈ ȡ8O πȟρ shows the degree of membership and Ö ȡ8ᴼ πȟρ shows the degree 

of non-membership of the element Øɴ 8 to P, respectively, and, for every Øɴ 8, it holds: 

π ‘ ὺ ρ,                                                       (2)           

For any PFS and Øɴ ȟʌ ρ ʈ Ö  defines the degree of indeterminacy of x to 

P. 

Definition 2. An IVPFS A can be defined in X as follows: 

ὃ ộὼ‘ ὼȟ‘ ὼ ȟὺ ὼȟὺ ὼ ỚȠὼɴ ὢ,                                               

(3)   

where 

π ‘ ὼȟ‘ ὼȟὺ ὼȟὺ ὼ ρȟὥὲὨ ‘ ὼ ὺ ὼ ρ  ὼɴ ὢ, (4) 
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  Similar to PFSs, the degree of indeterminacy is calculated. 

“ ὼ “ ὼȟ“ ὼ

ρ ‘ ὼ ὺ ὼ ȟρ ‘ ὼ ὺ ὼ , 
(5) 

Definition 3. The score ᶼ and normalized score ᶻ  functions for IVPF number ɻ

ʈ ȟʈ ȟÖ ȟÖ  are given below: 

ᶼ‌ , (6) 

ᶻ‌ ᶼ‌ ρ, (7) 

Definition 4. The distance measure between two IVPF numbers ɻ ʈ ȟʈ ȟÖ ȟÖ  

and Â ʈ ȟʈ ȟÖ ȟÖ  can be defined as follows: 

Ὠ‌ȟὦ
‘ ‘ ‘ ‘ ὺ ὺ

ὺ ὺ “ “ “ “
, (8) 

After determining the fuzzy set, AHP determines the weights of criteria by performing 

pair-wise comparison between criteria. Definition of IVPF is used to present the real case of 

problems as it involves the uncertainty in linguistic judgments. However, crisp AHP cannot 

compute this situation. The application steps of IVPF-AHP are given below: 

Compromised pairwise comparison matrix 2 Ò  with respect to criteria is 

constructed using the linguistic terms and their abbreviations given in Table 1. 

Table 1. Weighting scale for the IVPF-AHP. 

Linguistic Terms 
 IVPF Numbers 

ʈ ʈ  Ö Ö 

Extremely Low ImportanceðELI 0.00 0.00 0.90 1.00 

Very Low ImportanceðVLI  0.10 0.20 0.80 0.90 

Low ImportanceðLI   0.20 0.35 0.65 0.80 

Below Average ImportanceðBAI 0.35 0.45 0.55 0.65 

Equal ImportanceðEI 0.45 0.55 0.45 0.55 

Above Average ImportanceðAAI  0.55 0.65 0.35 0.45 

High ImportanceðHI 0.65 0.80 0.20 0.35 

Very High ImportanceðVHI 0.80 0.90 0.10 0.20 
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Extremely High ImportanceðEHI 0.90 1.00 0.00 0.00 

The differences matrix $ Ä  is determined between lower and upper values of the 

membership and non-membership functions based on Equations (9) and (10): 

Ä ʈ ג , (9) 

Ä ʈ ג , (10) 

where m is the number of criteria. 

The interval multiplicative matrix 3 Ó  is determined based on Equations (11) and 

(12): 

Ó ρπππ, (11) 

Ó ρπππ,  (12) 

The determinacy value ʐ ʐ  of the Ò  is calculated based on Equation (13): 

ʐ ρ ʈ ʈ  Ö Ö , (13) 

The determinacy degrees with 3 Ó  matrix for obtaining the matrix of weights, 4
Ô  is multiplied according to Equation (14): 

Ô ʐ , (14) 

The normalized priority weights wi is calculated based on Equation (15): 

×
В

В В
ʐ , (15) 

Each power plant site may have different characteristics and occurrence of one or more 

risks. Therefore, the evaluation of each defined risk factor for every site is performed by 

decision-makers. The TOPSIS methodology is applied under IVPFSs to prioritize power plant 

sites. TOPSIS methodology considers both positive-ideal and negative-ideal solutions in 

decision-making. TOPSIS outshines with computational simplicity and flexibility to integrate 

with different areas. The application steps of IVPF-TOPSIS are given in the following steps. 

IVPF number-based decision matrix 2 #Ø  is computed using the linguistic terms 

given in Table 2, where n is the number of alternatives. # Ê ρȟςȟȣȟÍ  and 

ØÉ ρȟςȟȣȟÍ  represent values of criteria and alternatives. 

Step 2.3.2: The positive ideal points !  and negative ideal points !  are defined based on 

normalized score function: 

! ÍÁØײ‘ 0ᶻȟÍÁØײʈ 0ᶻ ȟ ÍÉÎײÖ 0ᶻȟÍÉÎ6ײ 0ᶻ , (16) 

! ÍÉÎײʈ 0ᶻȟÍÉÎײʈ 0ᶻ ȟ ÍÁØײÖ 0ᶻȟÍÁØ6ײ 0ᶻ , (17) 



VI I . International Agricultural, Biological & Life Science Conference, Istanbul, Türkiye, 7-10 September 2025 

336 
 

Step 2.3.3: The weighted distances from ! and !  are computed with respect to criteria 

weights for alternatives: 

$!ȟ! В ×ײ Ä!ȟ! , (18) 

$!ȟ! В ×ײ Ä!ȟ! , (19) 

Step 2.3.4. The closeness coefficient is calculated for each alternative as follows: 

&
ȟ

ȟ ȟ
, (20) 

Step 2.3.5. The alternatives are ranked in the descending order. In this study, we determine the 

riskiest task with the highest & value. 

Table 2. Linguistic terms to evaluate power plant sites. 

Linguistic Terms 
 IVPF Number 

ʈ ʈ  Ö Ö 

No relationðNO 0 0 1 1 

Extremely LowðEL 0.03 0.16 0.74 0.87 

Very LowðVL 0.12 0.25 0.5 0.78 

LowðL 0.21 0.34 0.56 0.69 

Medium LowðML 0.3 0.43 0.47 0.6 

MiddleðM 0.38 0.51 0.38 0.51 

Medium HighðMH 0.47 0.6 0.3 0.43 

HighðH 0.56 0.69 0.21 0.34 

Very HighðVH 0.65 0.78 0.12 0.25 

Extremely HighðEH 0.74 0.87 0.03 0.16 
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RESULTS AND DISCUSSION 

 

The average annual sunshine duration of 2,640 hours indicates a consistent and substantial 

availability of solar energy, suitable for photovoltaic (PV) deployment and solar thermal 

applications. The average total irradiation intensity, recorded at 1,311 kWh/m²/year, further 

substantiates Turkey's capabilities in solar energy generation. This intensification enables 

enhanced energy output from solar installations compared to similar periods and regions.  

 

 
Figure 1. Solar Power System Diagram 

Turkey's southern geographic regions are uniquely positioned in the solar belt, providing 

vast and unencumbered spaces suitable for deploying solar infrastructure, thereby facilitating 

large-scale solar projects. The expansive land available for solar energy installations offers 

Turkey a considerable advantage, particularly in comparison with other countries recognized 

as sector leaders in solar technology. The pronounced difference in solar irradiance values 

underscores the untapped potential that Turkey possesses. These factors favor the prospect of 

enhancing solar energy technology adoption, which can yield significant economic and 

environmental benefits. 

 

 
 

Figure 2. Power plant 
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Figure 3. Power plant site decision hierarchy 

 

In this context, the insights of five experts are taken into account. These experts possess 

substantial experience in the field. Their evaluations are gathered through meetings.  

Based on the study, alternatives have been systematically prioritized by integrating the 

enhancements of the integrated theory with the combined compromise solution method. This 

dual approach enables a more nuanced evaluation of options, considering both subjective 

perceptions of risk and objective trade-offs. Furthermore, to demonstrate the practicality of the 

proposed model, an illustrative example has been provided, showcasing its effectiveness in real-

world applications. 

The cost of investment in a power plant emerges as a crucial factor that must be addressed 

in the process. This expense significantly influences customersô choices regarding the location 

of their power plants. By offering these costs at a more competitive rate, it becomes feasible to 

engage a broader customer audience. The findings suggest that by employing this combined 

methodology, decision-makers can achieve a more balanced consideration of various 

alternatives, resulting in improved outcomes. Future research may focus on expanding this 

framework to include additional decision-making contexts. Thereby enhancing its flexibility 

and robustness across diverse scenarios. 
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ABSTRACT 

 

This study aims to determine farmers' level of legal knowledge, the legal issues they 

encounter, and their needs for legal support in the provinces of Tekirdaĵ, Edirne, and Kērklareli. 

The research was conducted using a face-to-face survey method with 270 farmers. The average 

age of the farmers was 50.3 years, and their education level was predominantly (44.8%) at the 

primary school level. 

According to the findings, 79.7% of the farmers expressed a desire to gain more knowledge 

about agricultural law, while 84.4% believed that legal training programs for farmers would be 

beneficial. Furthermore, 39.4% of farmers stated difficulty in keeping track of legal regulations 

concerning their agricultural enterprises. Regarding the most significant legal issues 

encountered, 47.0% of farmers identified problems related to the marketing and trade of 

agricultural products, 45.9% cited inheritance or transfer procedures, and 38.9% reported legal 

barriers related to grants, incentives, and subsidies. 

The results of the study reveal that awareness of agricultural law in the region is limited, and 

that farmers require both informational and advisory support in legal processes. It is therefore 

recommended that educational programs prioritize key topics such as the legal framework of 

support programs, inheritance law, land ownership, and marketing legislation. 

 

Keywords: Farmer training, rural development, agricultural legislation, legal literacy 

 

INTRODUCTION  

The agricultural sector is a strategic area that constitutes the historical foundations of 

Turkey's social and economic structure. The agricultural revolution, which began with 

humanity's cultivation of land, gave rise to sedentary life and the concept of private property, 

thereby creating the need for the protection and management of agricultural lands (Uyumaz & 

Ķlhan, 2018). The complex land ownership structure inherited from the Ottoman Empire, 

coupled with the fact that a large majority of the population was engaged in agriculture in the 

early years of the Republic, has consistently positioned the policies and legal framework 

regulating this sector at the forefront of national priorities (Ortak, 2023). Given the profound 

importance of agriculture for both society and the nation, the establishment of special 

regulations distinct from general law for matters such as the use, management, and transfer of 

agricultural lands has become a necessity (Uyumaz & Ķlhan, 2018). 

Agricultural law, which regulates agricultural production, land use, support policies, and 

the rights and obligations of farmers, is of critical importance for the sustainability of the sector. 

This field, which diverges from general law with its unique institutions and complex structure, 

encompasses not only land ownership but also a wide range of topics, including the transfer of 

agricultural enterprises, inheritance, land consolidation, agricultural lease contracts, the legal 

mailto:deryailkay@nku.edu.tr
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status of animals, and financial collateral mechanisms. For instance, the Soil Protection and 

Land Use Law No. 5403 seeks to prevent the loss of productivity through the fragmentation of 

agricultural lands by inheritance (Uyumaz & Ķlhan, 2018), while the legal right of pre-emption 

granted to adjacent landowners aims to protect land tenure integrity (Canarslan, 2020). This 

legal framework is further detailed with specific regulations such as the pledge of farm animals 

(Seyhan, 2021) or agricultural lease contracts (Akkēĸla, 2025), requiring farmers to possess 

specialized legal knowledge and awareness beyond a general understanding of the law. 

A review of the literature reveals that studies on agricultural law are generally conducted 

from a legislative or policy perspective. While topics such as inheritance (Uyumaz & Ķlhan, 

2018), the right of pre-emption (Canarslan, 2020), agricultural insurance (Y¿cer & Altēntaĸ, 

2023), or historical reforms (Ortak, 2023) are addressed, studies examining how these legal 

regulations are perceived by farmersðthe primary stakeholdersðalong with their levels of 

legal awareness and the difficulties they face in rights-seeking processes, are limited. However, 

although agricultural legislation in Turkey covers a broad spectrum, the mere existence of these 

regulations is insufficient to solve the problems alone. The effectiveness of legislation in 

practice is directly linked to the level of knowledge and awareness of its target audience, the 

farmers. The lack of legal knowledge at this juncture prevents farmers from effectively 

exercising their rights, which leads not only to individual losses of rights but also to the 

deepening of existing problems and a decline in overall agricultural productivity. 

Therefore, studies that reveal farmers' knowledge levels regarding agricultural law, the 

legal issues they encounter, and their expectations for solutions to these problems are of great 

importance for policymakers and practitioners. The purpose of this study is to identify the main 

legal issues faced by farmers in the Trakya Region, the methods they use to cope with these 

problems, and their levels of consciousness and awareness regarding agricultural law. In this 

context, the study aims to identify the concrete legal problems experienced by farmers in areas 

such as ownership, inheritance, marketing, subsidies, and contracts, as well as the obstacles 

they encounter in following legal regulations, accessing professional legal support mechanisms, 

and exercising their rights. 

MATERIAL AND METHOD  

Material  

The research data were collected through face-to-face surveys with a total of 270 farmers 

operating in the provinces of Tekirdaĵ, Edirne, and Kērklareli. The questionnaire used in the 

study consisted of both closed-ended and open-ended questions, designed to capture the socio-

demographic characteristics of the farmers, their agricultural practices, their level of awareness 

regarding agricultural law, the legal challenges they encounter, and their needs for training and 

advisory services. 

Method 

The target population of the research comprised 68,078 agricultural enterprises registered 

in the Farmer Registration System (FRS), including 27,637 in Edirne, 16,038 in Kērklareli, and 

24,403 in Tekirdaĵ. Agricultural enterprises with a land size of less than 1.5 hectares or more 

than 110 hectares were excluded from the study. 

The sample size was determined using the finite population formula for proportions 

(Newbold, 1995; Miran, 2002). In the formula, a 90% confidence level, a 5% margin of error, 

and p=q=0.5 were applied to obtain the maximum possible sample size. 
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As a result of the sampling, surveys were conducted with 270 farmers. The collected data 

were analyzed using descriptive statistics (percentages, frequencies, and means). Data 

processing and tabulation were carried out with the assistance of the SPSS (Statistical Package 

for the Social Sciences) software. 

RESULTS AND DISCUSSION 

In this section, the data collected within the scope of the research are analyzed to present 

the main findings regarding the demographic and enterprise profiles of farmers in the Trakya 

Region, as well as the legal issues they face and their awareness of agricultural law. 

Socio-Demographic and Enterprise Characteristics of Farmers 

 

All 270 farmers participating in the study were male. This finding suggests that the role 

of agricultural enterprise manager or the individual representing the family in legal processes 

in the region is predominantly assumed by men. An examination of the age distribution reveals 

that the sample comprises an experienced and aging population engaged in agricultural 

production. It is noteworthy that more than half of the farmers (51.85%) are aged 51 and above 

(Table 1). Consistent with this age profile, a very large majority of the farmers (80.74%) have 

16 or more years of agricultural experience, indicating that the sample represents an established 

group of farmers well-versed in production practices. 

A considerable proportion of the farmers (44.81%) are primary school graduates. When 

combined with middle school graduates, this proportion rises to 61.85%, while the share of 

those with a high school education or higher remains relatively limited. This distribution 

suggests that educational attainment may constitute a limiting factor in comprehending complex 

legal texts and following legal procedures. The majority of households consist of 3ï4 members 

(57.41%), but the number of individuals actively participating in agricultural activities is 

generally limited to one (42.23%) or two (42.59%).  

Table 1. Socio-demographic characteristics of farmers  

    Freq. %     Freq. % 

Age 

20-35 41 15,19 Farming 

Experience 

(Years) 

1-15 52 19,26 

36-50 89 32,96 16-30 82 30,37 

51-70 103 38,15 31-50 114 42,22 

 71 and above 37 13,70  51 and above 22 8,15 

Education 

Level 

Primary school 121 44,81 
Off-Farm 

Income 

Source 

Retirement pension 103 38,15 

Middle school 46 17,04 No off-farm income 83 30,74 

High school 62 22,96 Self-employed 43 15,93 

Vocational school 18 6,67 Private sector  31 11,48 

 Bachelor's 16 5,93  Worker 6 2,22 

 No formal education 7 2,59  Public sector  4 1,48 

Household 

size 

1-2 members 35 12,96 
Family 

Members 

in Farming 

1 114 42,23 

3-4 members 155 57,41 2 115 42,59 

5-6 members 73 27,04 3 31 11,48 

7 or more members 7 2,59 4 10 3,70 
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This finding indicates that the regional production model is largely based on small-scale 

family farming, managed by a limited labor force. With respect to off-farm income, 38.15% of 

farmers receive a retirement pension, while 30.74% derive their income solely from agriculture. 

This situation highlights the vulnerability of this group in terms of economic sustainability. 

Production Activities and Structural Characteristics of Enterprises 

 

The average landholding size of the enterprises is 25 hectares (approximately 250 

decares). When the production pattern is examined (Table 2), it is observed that agricultural 

activities are predominantly concentrated on field crop farming. A large proportion of farmers 

cultivate wheat (89.63%) and sunflower (88.52%). These two crops constitute the main 

production pattern of the region, while other crops such as barley (40.00%) and maize (27.78%) 

also occupy a significant share. In contrast, the commercial production of vegetables and fruits 

remains quite limited. 

Table 2. Commercially Produced Crops 

 

Field Crops Vegetables Fruits 
 Freq. %*  Freq. %*  Freq. %* 

Wheat 242 89,63 Tomato 13 4,81 Watermelon 10 3,70 

Sunflower 239 88,52 Pepper 8 2,96 Melon 8 2,96 

Barley 108 40,00 Cucumber 7 2,59 Almond 3 1,11 

Maize 75 27,78 Eggplant 6 2,22 Cherry 3 1,11 

Paddy (rice) 34 12,59 Other 8 2,96 Walnut 2 0,74 

Canola 28 10,37    Apple 2 0,74 

Fodder beet 15 5,56    Peach 1 0,37 

Forage pea 6 2,22       

Common Vetch 4 1,48       

Alfalfa 3 1,11       

Ryegrass 1 0,37       

*Percentages are based on the total number of respondents (N=270). As multiple responses were allowed, the total 

may exceed 100% 

 

Additionally, 35.93% of the enterprises are engaged in commercial livestock activities 

(Table 3). This distribution indicates that livestock farming provides an additional source of 

income and contributes to activity diversification for producers in the region. Among these 

enterprises, 32.98% are engaged solely in fattening, 27.84% solely in dairy farming, while 

39.18% carry out both activities simultaneously. 

Table 3. Distribution of Enterprises by Type of Livestock Activity (n=97) 

 
 Frequency % 

Fattening 32 32,98 

Dairy Farming 27 27,84 

Both (Fattening and Dairy) 38 39,18 

Total 97 100,00 
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Legal Issues Encountered in Farming Activities 

 

When examining the legal issues encountered by farmers, regulations related to the 

marketing and trade of agricultural products rank first (47.04%) (Table 4). This finding reveals 

that beyond production, legal uncertainties in the process of bringing products to market 

constitute a fundamental challenge for farmers. The second most cited issue is ñinheritance or 

land transfer proceduresò (45.93%). This outcome confirms that inheritance lawðfrequently 

emphasized in previous studies as a factor leading to the fragmentation of agricultural landð

remains a persistent structural problem for farmers in the region. The third issue is legal barriers 

to accessing grants, incentives, and subsidies (38.89%), indicating that farmers face 

bureaucratic or legislative obstacles in benefiting from government support programs. 

Additionally, land consolidation (31.85%) and issues concerning land ownership and use 

(25.19%) were also identified by farmers as significant problem areas. 

Table 4. Legal Issues Encountered in Farming Activities 

 

 Frequency %* 

Legal regulations on marketing and trade of agricultural products 127 47,04 

Issues related to inheritance or land transfer procedures 124 45,93 

Legal barriers to accessing grants, incentives, and subsidies 105 38,89 

Land consolidation 86 31,85 

Issues concerning land ownership and use 68 25,19 

Difficulties in complying with environmental regulations 55 20,37 

Did not experience any problems 7   2,59 
*Multiple responses were permitted 

 

Despite the prevalence of these issues, 83.33% of farmers stated that they did not 

experience any difficulty in dealing with them. This finding can be interpreted in two ways: 

first, farmers may have become accustomed to legal problems and developed confidence in 

resolving them through their own traditional methods. Second, and more plausibly, farmers 

may perceive the concepts of ñlegal issueò and ñexperiencing difficultyò differently; that is, 

while they acknowledge the existence of problems, they may not view recourse to formal legal 

channels as a viable option for resolution, and therefore do not perceive them as ñdifficulties.ò 

For the farmers who did report difficulties in dealing with legal issues, the most common 

obstacle was inheritance and property processes (40.00%) (Table 5). Within this category, 

inheritance sharing, transfer procedures, land boundaries, and land consolidation processes 

were particularly prominent. The second most cited difficulty was systemic barriers (20.00%), 

with farmers identifying the high costs of litigation and attorney fees, as well as the excessive 

length of legal proceedings, as fundamental deterrents. This highlights how decisive financial 

and bureaucratic obstacles are in limiting access to justice. The third-ranking difficulty was lack 

of knowledge and inability to access support mechanisms (15.56%). Farmersô statements such 

as ñI donôt know where to applyò or ñI canôt find a contact person/expertò reveal a lack of even 

the most basic knowledge of legal procedures, as well as the inadequacy of institutional support 

mechanisms. The findings indicate that the difficulties experienced by farmers reflect an 

intertwined structure, arising from the complexity of the problems themselves, the burdens 

imposed by the legal system, and deficiencies in the farmersô informational infrastructure. 
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Table 5. Difficulties Encountered in Dealing with Legal Issues (n=45) 

 

Category of Difficulty Freq. %* 

Inheritance and Property Processes 

(Inheritance sharing, transfer procedures, land boundaries, land consolidation) 
18 40,00 

Systemic Barriers 

(High lawyer/litigation fees, lengthy legal processes) 
9 20,00 

Lack of Knowledge and Access to Support Mechanisms 

(Not knowing where to apply, unable to find a contact person/expert) 
7 15,56 

Product marketing, grant procedures 5 11,11 

Other 

(Non-compliance in practice, individual disputes) 
6 13,33 

Total 45 100,00 

*Percentages are based on the 45 farmers who stated they experienced difficulty. 

Perception and Awareness of Agricultural Law 

 

To understand farmers' approaches to legal issues and processes, their perceptions of 

agricultural law and their current levels of knowledge in this field were examined. The findings 

indicate that farmers largely conceptualize law through the concrete problems they experience 

and their need for protection, whereas their overall level of awareness remains quite limited. 

Open-ended responses to the question ñWhat is agricultural law?ò reveal that farmersô 

perception of law is predominantly practical and experience-oriented (Table 6). The most 

dominant theme was ñFarmer Rights and Protectionò (28.16%). This finding suggests that 

farmers primarily view agricultural law as a protective mechanism that safeguards themselves 

and their rights. From this perspective, the fundamental function of law for farmers is perceived 

as ñprotection.ò The second most common theme, ñLand, Property, and Inheritance Lawò 

(21.48%), shows that farmers define law mainly through the areas where they encounter the 

most problems. This indicates that farmers conceptualize law not as an abstract construct, but 

as the legal counterpart of the concrete problems they face in daily life. The category ñRules 

and Supports Established by the Stateò (14.44%) reveals that law is perceived as a framework 

that not only imposes obligations but also provides advantages, thereby regulating the 

relationship between farmers and the state. 

Notably, 17.78% of farmers stated that they had no direct knowledge or opinion on the 

subject. The high frequency of responses such as ñI donôt knowò or ñI have no ideaò confirms 

that agricultural law remains a foreign and distant concept for a significant share of farmers. 

This also reinforces the earlier finding that the perception of ñnot experiencing difficultyò may, 

in fact, stem from a lack of knowledge. 

 

Table 6. Distribution of Responses to the Question "What is Agricultural Law?" 

 

 Freq. % 

Farmer Rights and Protection 76 28,16 

Land, Property, and Inheritance Law 58 21,48 

Rules and Supports Established by the State 39 14,44 

Lack of Knowledge / No Opinion 48 17,78 

General Regulation of Agricultural Activities 32 11,85 

Justice and Equity 10 3,70 

Other (Commercial regulations, court, etc.) 7 2,59 

Total 270 100,00 
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The findings regarding farmers' current knowledge levels of agricultural law, their 

demand for new information and training, and their use of institutional support mechanisms are 

presented in Table 7. A large majority (79.66%) of farmers expressed a desire to gain more 

knowledge about agricultural law, while 84.44% believed that legal training would be 

beneficial. This demonstrates both a high demand for information and a strong openness to 

education. 

However, 48.89% of farmers stated that they do not possess a general level of awareness 

regarding agricultural law, while only 17.78% reported that they do. Half of the farmers 

(50.37%) openly declared that they have difficulty understanding basic legal terms. 

Additionally, 39.44% reported difficulty in keeping track of legal regulations concerning their 

enterprises. Furthermore, 52.22% of farmers indicated that they do not collaborate with farmer 

unions or associationsðthe institutions expected to be the closest and most accessible in 

resolving legal problems. This suggests that these institutions may either be inadequate in 

providing legal support, or that farmers are unaware of such support channels or choose not to 

make use of them. 

 

Table 7. Farmers' Awareness of Agricultural Law and Their Views on Support Mechanisms 

 

 Yes  

(%) 

No 

(%) 

Don't Know 

/ Undecided 

(%) 

Demand for Information and Training  

Would you like to gain more knowledge about 

agricultural law? 
79,66 7,75 12,59 

Do you think legal training for farmers would be 

beneficial? 
84,44 7,78 7,78 

Current Awareness and Knowledge Level 

Do you have a general level of awareness of agricultural 

law? 
17,78 48,89 33,33 

Do you have difficulty understanding basic legal terms 

related to agricultural law? 
50,37 25,19 24,44 

Do you have difficulty keeping track of legal 

regulations concerning your enterprise? 
39,44 43,22 17,34 

Use of Institutional Support Mechanisms 

Do you collaborate with farmer unions/associations to 

solve legal problems? 
42,59 52,22 5,19 

 

Legal Processes, Barriers to Access to Justice, and Solution Expectations 

 

In this section, farmers' experiences with legal processes, the main barriers they 

encounter, and their expectations for overcoming these barriers are examined. The findings 

indicate that farmers face both structural and individual obstacles in accessing the justice system 

and hold clear expectations regarding both the issues and the actors involved in generating 

solutions. 

A total of 41.85% of farmers stated that they face difficulties in managing the costs of 

legal processes (Table 8). This relatively balanced distribution suggests a significant 

differentiation within the farming population in terms of access to legal and financial resources. 

Despite these challenges, 47.78% of farmers reported being able to resolve their problems 

effectively, while only 16.30% receive regular professional legal consultancy. This highlights 

that professional support remains extremely limited in the resolution of legal problems. 
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Table 8. Farmers' Experiences and Perceptions Regarding Legal Processes 

 

 
Yes 

(%) 

No 

(%) 

Don't Know / 

Undecided 

(%) 

Do you have difficulty getting support for legal issues 

concerning your enterprise? 
40,74 41,85 17,41 

Are you able to effectively resolve the legal issues you 

encounter in your enterprise? 
47,78 24,07 28,15 

Do you regularly receive legal consultancy for your 

enterprise? 
16,30 81,48 2,22 

Do you have difficulty managing the costs of legal 

processes affecting your enterprise? 
41,85 42,59 15,56 

 

When asked about the most significant problems encountered in legal processes, it was 

observed that the barriers are concentrated on structural deficiencies in the functioning of the 

system, rather than on individual capacity limitations (Table 9). A majority of farmers (67.04%) 

identified ñthe lengthy duration of legal processesò as the most significant problem. This finding 

indicates that the slow pace of the justice system acts as a major deterrent for farmers. The 

second most cited problem was ñdistrust in the systemò (35.93%). This perception of distrust, 

combined with the lengthy duration of proceedings, helps explain the underlying psychological 

factors driving farmersô reluctance to engage with the legal system. Barriers such as ñnot 

knowing where to applyò (20.37%) and ñinability to afford the costsò (16.67%)ðwhich are 

related to knowledge and financial constraintsðrank behind these two fundamental systemic 

issues. 

 

Table 9. The Most Significant Problems Encountered in Legal Processes  

 

 Freq. %* 

Lengthy duration of the legal process 181 67,04 

Distrust in the system 97 35,93 

Not knowing where to apply 55 20,37 

Inability to afford the costs (Financial barriers) 45 16,67 

Inability to find a lawyer 21 7,78 

Other (Expert witness issues, lack of attention, etc.) 11 4,07 
*Multiple responses were permitted. 

The responses to the question, ñWhich topics should be emphasized more to increase 

legal awareness?ò show that farmersô training demands closely align with the problems they 

experience (Table 10). The most frequently requested topic was ñInheritance, Property, and 

Land Lawò (32.22%). This finding confirms that the structural problems identified as the most 

fundamental legal issues in this study are also perceived by farmers as their most urgent need 

for information. 

The second most cited topic, ñGeneral Farmer Rights and Legal Processesò (26.67%), 

indicates that beyond specific issues, farmers need basic knowledge of the general legal 

framework that protects them and the mechanisms available for exercising their rights. 

Following these, ñState Supports and Policiesò (18.15%) reflects farmersô desire to understand 

the legal framework of their financial relations with the state. 

These results clearly demonstrate that the content of any legal training program designed 

for farmers should primarily be structured around these three core areas. 
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Table 10. Priority Topics for Legal Awareness Training  

 

 Freq. % 

1. Inheritance, Property, and Land Law  

(Inheritance sharing, inheritance lawsuits, land consolidation, land laws, 

title deeds, and boundaries, etc.) 

87 32,22 

2. General Farmer Rights and Legal Processes  

(Farmer rights, protection of rights, functioning of legal processes, 

information on legal rights) 

72 26,67 

3. State Supports and Policies  

(Subsidies, grant procedures, state policies, updates on new 

developments) 

49 18,15 

4. Law Specific to Agricultural Activities  

(Livestock and agricultural law, product marketing, environmental and 

water laws, commercial law) 

40 14,81 

5. Other  

(Need for more expert witnesses, seminars and meetings, clearer 

explanations) 

22 8,15 

Total 
27

0 

100,0

0 

 

Finally, the actors expected to play a role in this information and support process have 

been clearly identified (Table 11). Farmersô expectations for legal support are concentrated on 

two main actors: ñLegal Professionalsò (40.74%) and ñAgricultural Institutions and Expertsò 

(34.08%). This indicates that farmers place their trust both in specialized legal knowledge 

(lawyers) and in institutional structures that are the closest and most accessible to them (such 

as chambers of agriculture and provincial/district directorates of agriculture). Particularly 

noteworthy are the responses categorized under ñMixed Support Modelsò (11.85%), such as 

ñlawyer and agricultural engineer,ò which emphasize the farmersô demand for an 

interdisciplinary support mechanism capable of addressing both the legal and technical 

dimensions of their problems. 

 

Table 11. Expected Actors for Legal Support 

 

 Freq. % 

1. Legal Professionals  

(Specialized lawyers, law firms) 
110 40,74 

2. Agricultural Institutions and Experts  

(Provincial/district directorates of agriculture, chambers of 

agriculture, agricultural engineers, cooperatives, farmer unions) 

92 34,08 

3. State and Public Institutions  

(Ministry of Agriculture and Forestry, municipalities) 
36 13,33 

4. Mixed Support Models  

(Lawyers and agricultural engineers, village heads and 

cooperatives, state and lawyers etc.) 

32 11,85 

Total 270 100,00 
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CONCLUSIONS 

This study, conducted through surveys with 270 farmers in the provinces of Tekirdaĵ, 

Edirne, and Kērklareli, examined farmers' knowledge levels of agricultural law, the legal issues 

they encounter, and their needs for legal support. The research results reveal that farmers' 

awareness of agricultural law in the region is limited, and there is an urgent need for 

information, support, and systemic improvements in legal processes. 

The research further demonstrates that a large majority of farmers wish to gain more 

knowledge about agricultural law and believe that legal training programs would be beneficial. 

This indicates that policies aimed at enhancing legal literacy are of critical importance, not only 

for protecting farmers' individual rights but also for ensuring the sustainability of agricultural 

production. In this context, it is essential to convey priority topicsðsuch as inheritance law, 

land ownership, land consolidation, marketing legislation, and the legal framework for state 

supportsðto farmers through clear, practice-oriented content. Delivering these trainings on a 

regular and continuous basis via local agricultural directorates, chambers of agriculture, and 

farmer unions, and making use of farmers' existing information networks, will significantly 

contribute to strengthening their legal awareness. 

In addition, the establishment of specialized legal consultancy centers in the field of 

agricultural law, with services provided free of charge or at a low cost, would enable farmers 

to resolve their legal problems more quickly and effectively. It is also recommended to 

disseminate practical, step-by-step guidance materialsðsuch as guidebooks, informational 

brochures, and online platforms prepared in simple and accessible languageðon topics 

including agricultural support procedures, inheritance processes, and marketing regulations. 

Efforts to increase legal awareness should not rely solely on lawyers but should also be 

carried out through institutions that farmers already interact withðsuch as chambers of 

agriculture, agricultural directorates, and cooperativesðby integrating technical expertise with 

legal knowledge. Such an approach would strengthen the effectiveness of awareness-raising 

efforts. Consequently, by establishing a more reliable, transparent, and accessible legal system, 

farmersô trust in law will be reinforced, thereby contributing both to the protection of individual 

rights and to the achievement of regional agricultural development goals. 
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ABSTRACT 

Almond (Prunus dulcis Mill.) is one of the most important nut crops cultivated 

worldwide due to its high nutritional value and economic significance. Across different 

production regions, almond exhibits broad genetic diversity, the assessment of which is crucial 

for breeding programs aimed at improving stress tolerance, fruit quality, and yield. This review 

provides a comprehensive evaluation of recent molecular characterization studies that 

employed various molecular marker systems to assess the genetic diversity of almond 

genotypes. Among these, simple sequence repeat (SSR) markers have emerged as the most 

widely used and reliable tools due to their high polymorphism, codominant inheritance, 

reproducibility, and strong discriminatory power. Evidences from these studies indicate that 

genotypes typically cluster according to their geographical origin and genetic background, 

thereby contributing to the development of targeted breeding strategies. Furthermore, molecular 

data serve as a valuable resource for the conservation of genetic materials and for the 

identification of promising genotypes that can be exploited in hybridization programs. This 

review underscores the significance of integrating molecular approaches into almond breeding 

programs to facilitate the development of new cultivars and ensure the sustainable management 

of genetic resources. Ultimately, such integration will enhance the planning and effectiveness 

of future breeding efforts. 

Keywords: Almond, Genetic Diversity, Molecular Characterization, Molecular Markers, SSR 

Markers  

INTRODUCTION  

Almond (Prunus dulcis (Miller) D.A. Webb) belongs to the genus Amygdalus within 

the subfamily Prunoideae of the family Rosaceae (Özbek, 1978). It is recognized as a nut crop 

of high nutritional value (Top­uoĵlu & Yēlmaz-Ersan, 2021). Native to Central and Western 

Asia, P. dulcis is widely distributed worldwide and constitutes an important hard-shelled fruit 

species cultivated across many regions of T¿rkiye (Dokuzoĵuz & G¿lcan, 1973; K¿den & 

Küden, 2000). Owing to its geographical position, Türkiye is both a center of origin for many 

fruit species and part of the natural distribution range of almond (Özbek, 1978). In Türkiye, 

almond occurs naturally in almost all regions except the high plateaus of the Black Sea Region 

(Küden et al., 2000). According to FAO statistics for 2023, global almond production was 

3,513,970.31 tons (Anonymous, 2025a). 

Advances in DNA technologies have provided powerful tools for plant breeding, 

analysis of genetic structures, and elucidation of evolutionary relationships. With the adoption 

of molecular markers such as isoenzymes, RFLP, RAPD, and SSR, research emphasis has 

shifted from phenotype- to genotype-based analyses (Aka Kaçar, 2004). Since the 1990s, 

https://orcid.org/0000-0003-2424-5670
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molecular markers have become integral to agricultural production, particularly in plant 

breeding. These tools enable the rapid acquisition of detailed information on the genetic 

attributes and inheritance patterns of economically important crops. Such information shortens 

breeding timelines in perennial fruit species and yields substantial savings in land and labor. 

Moreover, molecular markerïderived data support the development of higher-quality, higher-

yielding cultivars by researchers working in fruit production and breeding (Aksu & ķahin 

Çevik, 2015). Because morphological, physiological, and cytological traits may be insufficient 

for robust plant systematics, there is growing reliance on molecular approaches to better 

characterize genetic variation (Yēlmaz, 2021). Genotypes produced through breeding are new 

individuals and therefore constitute valuable plant material (Gök et al., 2025). Consequently, 

the identification, conservation, and molecular characterization of newly developed almond 

genotypesðand the incorporation of superior genotypes into subsequent breeding programsð

are of paramount importance (Gök et al., 2020). 

The objective of this review is to systematically examine molecular characterization 

studies in almond that employ molecular markers and to provide a comprehensive synthesis of 

the current state of knowledge. By comparing different marker systems, we aim to identify the 

most effective approaches for the evaluation of almond genetic resources. 

MOLECULAR MARKERS  

Molecular markers are essential tools for elucidating the genetic basis of phenotypic 

diversity and quantifying genotypic polymorphism. Over the past five decades, marker 

technology has progressed from a handful of isoenzyme markers to an almost limitless array of 

DNA-based systems (Arús, 2017). Because morphological traits are influenced by the 

environment, various fruit species are now characterized using molecular markers. A molecular 

marker is defined as a DNA sequence or protein located on a chromosome or organelle (or 

encoding such regions) that reveals polymorphism among genetically distinct individuals. A 

marker may be a protein, a gene, a gene fragment, or a sequence in a non-coding region (Kaçar 

et al., 2006). DNA-based markers are stable, detectable in all tissues, largely unaffected by 

environmental conditions, and generally follow simple Mendelian inheritance as codominant 

or dominant loci (Williams et al., 1990). 

APPLICATIONS OF MOLECULAR MARKER TECHNOLOGY  

Molecular markers are widely applied in plant genetics for the improvement of 

qualitative and quantitative traits, selection, genetic and linkage mapping, cultivar identification 

and protection, and the estimation of genetic distances among genotypes (Bilgin & Korkut, 

2005). 

ESSENTIAL CHARACTER ISTICS OF MOLECULAR MARKERS  

Marker systems differ in ease of use, reproducibility, level of polymorphism, and 

information content. A key distinction is whether markers are dominant (e.g., RAPD, AFLP, 

ISSR) or codominant (e.g., SSR, SNP, SSCP, CAPs). Codominant markers permit 

discrimination between homozygous and heterozygous individuals because both parental 

alleles can be detected; they are therefore considered more informative than dominant markers, 

which cannot distinguish heterozygous from homozygous dominant genotypes (Kaçar et al., 

2006). 
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MOLECULAR MARKER -BASED STUDIES ON THE GENETIC DIVERSITY OF 

ALMOND  

Molecular markers are highly effective for assessing genetic divergence at species, 

genus, and family levels (Federici et al., 1998). Numerous studies in Türkiye and worldwide 

have addressed the identification and characterization of almond genotypes. Since the advent 

of PCR-based markers, the use of molecular tools in almond has increased steadily. The 

principal marker systems employed include isoenzymes, RFLP, RAPD, SSR, AFLP, and 

sequence-based markers. 

Isoenzymes were the first molecular markers used in almond studies. Although 

codominant and reproducible, they are constrained by the limited number of loci detectable 

with traditional staining methods and by low variation at many loci (Company et al., 2012). 

RFLPs have been used to construct genetic maps, identify cultivars, and characterize almond 

germplasm (Viruel et al., 1995; Company et al., 2012). RAPD markersðPCR amplifications 

using arbitrary primersðhave been useful for characterizing genetic resources (Bartolozzi et 

al., 1998; Martins et al., 2003; Shiran et al., 2007; Company et al., 2012), but their dominant 

nature and limited reproducibility restrict their utility for cultivar identification and mapping. 

SSR (microsatellite) markers, developed for almond from Prunus genomic sequence resources 

(Testolin et al., 2004; Company et al., 2012), have proven particularly effective for inferring 

genetic relationships, cultivar identification, and mapping due to their high polymorphism, 

codominance, and cross-transferability among related species (Company et al., 2012). 

Microsatellites consist of tandem repeats of 1ï6 bp units along chromosomes. Polymorphism 

arises from differences in repeat number; each distinct band represents a different allele. 

Flanking sequences are locus-specific and allow the design of SSR primers to amplify the target 

locus by PCR. As a codominant system, SSRs enable discrimination between homozygous and 

heterozygous alleles. PCR amplification followed by electrophoretic separation provides locus-

specific insights into genomic variation (ķimĸek et al., 2018). 

Bartolozzi et al. (1998) analyzed genetic relationships among 17 almond genotypes and 

one peach genotype using 37 RAPD markers and, despite the obligate outcrossing nature of 

almond, reported limited genetic diversity; RAPD data grouped accessions into three clusters 

with similarity indices Ó0.75. Aka Ka­ar et al. (2003) assessed genetic diversity in eight 

cultivars and 21 almond hybrids (crosses between óG¿lcan 1ô and óFerragnesô) using 12 SSR 

primers; 10 of the 12 SSRs were polymorphic (3ï5 alleles per primer), nine primers conformed 

to expected Mendelian segregation, and some hybrids were identified as outcrosses. Küden et 

al. (2004) evaluated 14 local genotypes and óTexasô using 11 RAPD primers; genotypes 47-1, 

óHacē Alibeyô, and óTexasô were most similar, whereas 101-9 was most divergent. Bayazit and 

Küden (2007; 2011) performed RAPD-based molecular identification of 69 wild almond 

accessions from various regions of T¿rkiye together with cultivated almonds (óNonpareilô, 

óCristomortoô) and selected local genotypes [óHacē Alibeyô (48-5), óG¿lcan-1ô (101-23), and 

101-13]. Wild almonds from Konya-Ereĵli, Nevĸehir-Gºreme, and Niĵde were similar 

morphologically and molecularly, while those from Gaziantep and ķanlēurfa-Birecik formed 

two groups. In the resulting dendrogram, cultivated almonds (P. dulcis L.) clustered with wild 

types selected from Central Anatolia. Shiran et al. (2007) examined genetic relationships among 

Iranian almond cultivars, major foreign cultivars, and three related species using 42 RAPD and 

18 SSR markers; eight unidentified óShahrodiô accessions and wild almonds (P. communis, P. 

orientalis, P. scoparia) were included. Of 729 RAPD bands, 664 were polymorphic; SSR loci 

yielded 3ï10 alleles per locus (mean 6.64). Both systems effectively discriminated genotypes: 

cultivated almonds clustered with P. communis, while P. orientalis and P. scoparia were 
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separated from the remaining P. dulcis. Sorkheh et al. (2007) analyzed 45 cultivars from Iran, 

Europe, and the USA with AFLPs (19 primer combinations), detecting 781 polymorphic bands 

out of 813 (96.23%). Genetic similarity ranged from 0.50 to 0.96, marker indices from 51.37 to 

78.79, and PIC from 0.56 to 0.86; clustering clearly separated genotypes and wild species by 

origin and lineage, revealing substantial diversity. Martí et al. (2009) investigated 63 local and 

international cultivars from Spain using 19 SSR markers, obtaining on average 17 alleles per 

primer (88ï260 bp). Observed heterozygosity was 0.72, higher than reported for 

other Prunusdatasets. Dendrograms grouped cultivars by geographic origin, indicating distinct 

evolutionary trajectories of almond ecotypes; SSRs proved effective for cultivar identification, 

relationship inference, and pedigree analysis. Hamzaoui et al. (2013) evaluated 68 Moroccan 

local genotypes and 32 foreign cultivars from nine countries using 16 SSRs, detecting 234 

alleles (89ï252 bp); alleles per locus ranged from 4 to 24 (mean 14.63), with mean Ho = 0.62 

and He = 0.79. All SSRs were highly polymorphic and discriminative; UPGMA clustering 

grouped accessions by geographic origin, with Moroccan materials forming a distinct cluster. 

To address self-incompatibility and limited market interest in local hard-shelled types, Açar et 

al. (2013) initiated crosses between self-incompatible local cultivars (óG¿lcan 1ô, óG¿lcan 2ô, 

óAkbademô, óNurluô) and self-compatible foreign cultivars (óLauranneô, óGuaraô, óMoncayoô) 

to develop late-flowering, self-compatible almonds. The 2009 crosses yielded 6,116 seeds and 

4,082 F1 plants (66.7% germination). S-allele screening by PCR identified 1,743 self-

compatible F1s. Regarding óGuaraôðwidely cultivated in Spain and suspected to be related to 

the Italian cultivar óTuonoôðDicenta et al. (2015) compared óGuaraô, óTuonoô, and 

presumptive clones óSupernovaô and óMazzettoô using 12 SSRs at INRA and 23 additional 

SSRs from multiple reference collections (CEBAS-CSIC, INRA, IRTA, University of Bari). 

Across 35 SSRs, óGuaraô and óTuonoô shared identical DNA fingerprints, demonstrating that 

they are the same cultivar. Rigoldi et al. (2015) assessed genetic diversity in almond from 

Sardinia and Apulia using 11 SSRs. Sardinian germplasm exhibited high polymorphism (mean 

14.5 alleles per locus; mean heterozygosity 0.71). Model-based clustering resolved two genetic 

groups; most Sardinian accessions, all commercial cultivars, and most Apulian accessions fell 

into the first cluster, with Sardinian accessions largely distinct from commercial materials. 

Yēlmaz (2017) selected late-flowering genotypes suited for fresh (ñ­aĵlaò) and nut use from 

seedling populations in Araban and Yavuzeli (Gaziantep) and characterized them with SSRs, 

retaining selections for future breeding. Zeinalabedini et al. (2019) analyzed 158 Prunus 

scoparia genotypesðan economically and ecologically valuable wild species with traits such 

as self-fertility and tolerance to drought and fungal diseasesðusing 36 SSRs. High genetic 

diversity was detected, and genotypes clustered by geographic origin, underscoring P. 

scoparia as a valuable gene pool for almond improvement. Dikmetaĸ (2020) determined sweet/ 

bitter kernel alleles in local cultivars (óNurluô, óHacē Alibeyô (48-5), 48-1, óAkbademô, 17-4, 

óG¿lcan-2ô (101-13), óDokuzoĵuz-2ô (120-1), óG¿lcan-1ô (101-23)) using an SNP marker: six 

cultivars were genotypically homozygous sweet (Sk/Sk) despite sweet phenotypes in all, while 

two were heterozygous sweet (Sk/sk), suggesting a preference for homozygotes in future 

breeding to avoid recessive bitter progeny. Serdengeçti (2020) examined genetic relationships 

among four peach cultivars (óK¿denô, óTanrēverô, óBalcalēô, óĶlaydaô) and various commercially 

important Prunus taxa (cherry, nectarine, plum, almond, apricot, peach) using 24 SSRs. Twenty 

primers amplified 126 bands, all polymorphic. The highest band numbers (11) were produced 

by BBCT017, BBCT004, BBCT001; the lowest (2) by MA040 (mean 6.3). PIC values ranged 

up to 0.95 (BBCT025, BBCT005), with a minimum of 0.49 (BBCT018). Dendrograms grouped 

óK¿denô with óFantasiaô nectarine, óRio Oso Gemô and ó¦st¿nô peach; óBalcalēô clustered with 

óExtreme Candyô nectarine, óExtreme Julyô, and óTransvaliaô. The study emphasized increasing 

SSR primer numbers to refine relationship inference. Hasanbegoviĺ et al. (2021) characterized 

60 almond genotypes from Bar (Montenegro) and Ġibenik (Croatia) using ten SSRsðnine 
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derived from Prunus persica (UDP and BPPCT loci) and one from P. armeniaca (PacA33)ð

and detected high polymorphism, revealing genetic differentiation between regional 

populations. Esgandaripirmorad et al. (2022) evaluated 22 cultivars from eight countries with 

28 SSRs, detecting 265 alleles (mean 9.46 per locus), an effective allele number of 5.85, Ho = 

0.75, and He = 0.76. Locus CPDCT042 showed the highest allele number and heterozygosity; 

21 loci produced cultivar-specific alleles in 17 cultivars. UPGMA, PCoA, and STRUCTURE 

clustered accessions into three groups, with Turkish cultivars forming a distinct cluster; the 

greatest genetic distance was between óNurluô and óCristomortoô, and the closest between 

óNonpareilô and óSonoraô. Results support fingerprinting and breeding. Mahmood et al. (2023) 

analyzed 12 Iraqi genotypes using RAPD and ISSR markers. Both systems produced 

polymorphic bands (means: RAPD 5.8; ISSR 7.6). PIC values ranged 0.64ï0.84 (RAPD) and 

0.52ï0.91 (ISSR). Jaccard similarities spanned 0.34ï0.77 (RAPD) and 0.35ï0.79 (ISSR), with 

four clusters recovered in each analysis, indicating substantial within- and among-group 

diversityðvaluable for breeding and conservation. Uzun et al. (2024) examined natural Turkish 

genotypes, foreign commercial cultivars, and intra-specific hybrids using ten ISSR primers, 

yielding 99 bands, 84 polymorphic. UPGMA separated genotypes into two main groups 

(similarity 0.67ï0.97); 98 of 141 hybrids clustered in the first group. Five primers exhibited 

100% polymorphism, and seven exhibited Ó80% polymorphism, providing actionable 

information for breeding. Gök (2024) investigated genetic relationships among selected 

genotypes from Nevĸehir, Niĵde, and Mersin-Mut and several Prunus species, rootstocks, and 

cultivars using 18 SSRs. The highest band number per primer was 11 (MA014), with some 

primers producing one band (mean 3.38); mean polymorphic bands per primer were 2.5. In 

total, 61 bands (45 polymorphic) were obtained, with mean polymorphism of 33.33%; several 

primers (1, 2, 4, 14, 16, 18) showed 100% polymorphism. Dendrograms revealed two major 

clusters: óRootpac-Rô separated on the first main branch; all others formed the second branch, 

which split into two sub-branchesðone including óPabu­ô and óG¿lcan-2ô, and the other 

comprising the remaining genotypes. Results provide genetic insights to better plan almond 

breeding. Yangºz & Güney (2025) assessed nine genotypes from Yozgat together with seven 

local/foreign cultivars using 18 SSRs, detecting 132 alleles (mean effective alleles 4.90), Ho = 

0.73, He = 0.78, and a maximum PIC of 0.83, indicating high discriminative power. UPGMA 

and PCoA resolved two main groups and four subgroups, consistent with STRUCTURE, 

highlighting the richness and breeding value of regional germplasm. Kērca (2025) analyzed 

pomological, colorimetric, and genetic traits of 38 naturally occurring genotypes from Tavas 

(Denizli). Cluster analysis grouped genotypes into two main clusters; genetic distances ranged 

from 1.21 to 10.05. PCA showed that the first five components explained 68.84% of total 

variation; the largest contributors to PC1 were b* (0.433), fruit length (0.389), and kernel length 

(0.375), whereas chroma (0.429) and kernel width (0.200) contributed most to PC2. The 

population exhibited substantial genetic diversity; genotypes 1, 5, 9, and 17 were identified as 

valuable breeding resources. Studies employing diverse molecular marker systems to assess 

almond genetic diversity provide valuable data for the management of genetic resources. A 

review of the literature indicates that, among the molecular markers applied in almond genetic 

diversity studies, SSRs are the most widely used, followed by RAPD and ISSR markers. The 

predominance of SSR markers can be attributed to their superior features, including high levels 

of polymorphism, codominant inheritance, and reproducibility. Owing to these advantages, 

SSRs stand out as the most reliable and widely adopted system. Although dominant markers 

such as RAPD and ISSR are relatively simple and rapid to apply, they are limited in terms of 

reproducibility and discriminatory power. By contrast, AFLP and SNP markers provide more 

detailed information and have proven particularly effective in discriminating among genotypes. 

Overall, molecular analyses have consistently demonstrated that almond genotypes cluster 

according to their geographical origin. 
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CONCLUSIONS 

This review examined studies conducted in Türkiye and worldwide that utilized 

molecular markers to identify almond genotypes, assess their genetic diversity, and elucidate 

relationships among them. Various molecular marker systems, including SSR, RAPD, AFLP, 

ISSR, and SNPs, have been employed. Among these, SSR markers have proven to be 

particularly powerful for genotype identification, pedigree analysis, and the determination of 

genetic relationships with other Prunus species and cultivars. Due to their high polymorphism, 

codominant inheritance, and reliability, SSRs have become the most widely preferred markers 

in almond breeding studies. 

The results consistently demonstrate that both Türkiye and other regions of the world 

harbor a rich genetic diversity of local almond genotypes. These valuable genetic resources 

represent an important gene pool for almond breeding programs. Dendrograms derived from 

molecular analyses classify almond genotypes according to their geographical origin, clearly 

revealing similarities and differences among populations from different regions. Such analyses 

provide detailed and reliable insights into almond germplasm, thereby offering critical 

information to support the design and implementation of more targeted and effective breeding 

strategies in the future. 
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ABSTRACT 

Global warming has emerged as a critical driver of change in freshwater ecosystems, 

exerting multifaceted influences on the physical, chemical, and biological characteristics of 

freshwater systems. Rising air temperatures cause to increase in surface water temperatures, 

which reduces the solubility of dissolved oxygen and intensifies thermal stratification, 

promoting hypoxic or anoxic conditions in deeper layers.. Enhanced evaporation rates and 

altered precipitation patterns exacerbate seasonal and annual fluctuations in water levels, 

concentrating contaminants and reducing the self-purification capacity of lotic systems. 

Concurrently, elevated runoff during extreme rainfall events transports greater loads of 

nutrients and associated agrochemicals into water bodies, fueling harmful algal blooms and 

promoting toxin production by cyanobacteria. Intensified drought periods further increase 

pollutant concentrations and facilitate the proliferation of invasive or opportunistic species, 

weakening local biodiversity and destabilizing trophic interactions. These changes collectively 

threaten aquatic ecosystem services, compromise drinking-water quality, and increase 

treatment costs, while also posing direct risks to human and animal health through exposure to 

algal toxins and waterborne pathogens.  

This review synthesizes recent findings on the mechanisms by which climate warming 

is changing freshwater quality and identifies key knowledge gaps. Finally, it outlines adaptive 

management strategies such as enhanced monitoring networks, watershed-scale nutrient 

management, restoration of riparian buffers, and controlled flow regimes to mitigate adverse 

outcomes and enhance the resilience of inland water resources in a warming world. 

 

Keywords: Global warming, lakes, rivers, water quality 

 

 

 

 

 

 

 

 

https://orcid.org/0000-0003-1109-8106


VI I . International Agricultural, Biological & Life Science Conference, Istanbul, Türkiye, 7-10 September 2025 

359 
 

INTRODUCTION  

Freshwater ecosystems provide drinking water, facilitate food production, and provide 

the foundation for energy production and biodiversity. Anthropogenic climate change is 

transforming the hydrology and water quality of lakes and rivers by altering key climatic drivers 

such as temperature, changes in precipitation patterns, evaporation, snow and glacier melt, and 

sea level. Intensification of the hydrological cycle (e.g., higher atmospheric humidity and more 

intense precipitation per degree of warming), earlier snowmelt, and increased terrestrial 

evaporation are observed with high confidence, along with regionally heterogeneous 

drying/wetting patterns that shape water quality trajectories through both chronic stresses and 

extreme events (IPCC WGII). This review integrates mechanistic understanding with recent 

global syntheses to map how warming alters water temperature regimes, stratification and 

mixing, oxygen budgets, nutrients, pollutants, and biota, leading to measurable deterioration of 

water quality indicators and ecosystem services. We highlight the cross-scale interactions 

between climate forcing, watershed land use, and management (Garrabou et al., 2009; Pershing 

et. al., 2018; Woolway et al., 2022). 

 

2. Mechanistic Pathways: From Warming to Water Quality 

2.1. Thermal Forcing and Lake Stratification  

The latest alterations in the global carbon balance and the associated climate tendencies 

in the thermal and ice dynamics of inland water bodies raise new essential inquiries regarding 

energy and substance transfer within aquatic systems. Rising air temperatures warm lake 

surfaces, increase stability, and lengthen stratified periods. Stronger and longer stratification 

suppresses vertical mixing, reduces oxygen replenishment of bottom waters, and reinforces 

nutrient and redox stratification. Phenological shifts in onset and breakdown of stratification 

alter habitat availability and the timing of biogeochemical processes, with cascading effects on 

primary production and food webs (e.g., trophic mismatches) (Woolway et. al., 2022). 

Observations and modeling demonstrate earlier stratification onset, prolonged duration, and 

tendencies toward more frequent and intense lake heatwaves, with clear anthropogenic 

attribution. Subsurface (metalimnetic/hypolimnetic) heatwaves are also being documented, 

extending thermal stress below the surface (Woolway et. al., 2021: Kirillin, Shatwell, 2016). 

 

2.2. River Thermal Regimes and Hydroclimatic Extremes 

Hydroclimatological dynamics shape river discharge (i.e., streamflow). While 

numerous interacting factors affect the condition of river ecosystemsðsuch as light 

availability, thermal regime, nutrient supply, spatial connectivity, biodiversity, and human 

managementðdischarge remains a fundamental driver in defining the structural framework of 

river habitats (Laize et al., 2014). In rivers, warming elevates water temperatures, while 

droughts and heatwaves reduce flows and dilution capacity; floods increase non-point source 

loads and resuspension of sediments. A synthesis of global case studies shows that river water 

quality often worsens during droughts and heatwaves due to higher concentrations of nutrients, 

organic matter (increased BOD/COD), salinity, and pathogens; floods degrade quality via 

sediment and pollutant pulses. Multidecadal trends in many basins reflect the combined effects 

of climate change and intensifying extremes (Vliet et.al., 2023) 
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2.3. Oxygen Dynamics and Biogeochemical Feedbacks 

Warmer water bodies bind less dissolved oxygen (DO), while increased microbial 

activity, respiration, mineralization, and sediment oxygen demand further reduce DO. In 

stratified lakes, bottomwater (hypolimnetic) DO declines are common. In many systems, 

browning (higher dissolved organic carbon (DOC) increases light attenuation and hypolimnetic 

respiration, increasing oxygen loss, compressing coldwater habitats, and altering ecosystem 

metabolism (Jane et. al., 2024). 

 

2.4. Nutrients, Internal Loading, and Redox Chemistry 

When water oxygen levels decrease or disappear completely, sediments release 

phosphorus through reductive dissolution of iron oxides, increasing ammonium accumulation; 

denitrification and anammox alter nitrogen balances. Therefore, stronger and longer 

stratification with hypolimnetic anoxia increases internal phosphorus load, leading to the risk 

of eutrophication and harmful algal blooms (HABs) during mixing events and subsequent 

growing seasons, even when external inputs are reduced (NSTC, 2003; Carpenter, 2005). 

 

2.5. Contaminant Mobilization and Salinity Intrusion 

Hydroclimatic extremes regulate pollutant pathways: drought concentrates salts and 

contaminants; floods transport pesticides, pathogens, pharmaceuticals, and microplastics from 

catchments; sea-level rise promotes salinity intrusion into tidally influenced rivers, threatening 

drinking-water intakes. The thawing of permafrost and watershed browning mobilize metals 

and organic carbon, altering acidity and ionic composition in Arctic and mountainous systems 

(Byl et, al., 2025). 

 

3. Lakes: Warming, Deoxygenation, and Eutrophication 

3.1. Lake Heatwaves and Attributed Change 

Lake heatwaves extended intervals of anomalously warm surface water are becoming 

more frequent, longer, and more intense. Recorded ecological impacts include mass fish 

mortalities, shifts in plankton phenology and metabolism, and altered food-web structure. 

Detectionïattribution studies link severe lake heatwaves to anthropogenic warming. Subsurface 

heatwaves in the metalimnion and hypolimnion are increasingly reported, extending thermal 

stress into deeper aquatic zones (Woolway et al., 2025). 

 

3.2. Widespread Deoxygenation and Habitat Squeeze 

Sustained monitoring reveals broad DO decrease in many temperate lakes, driven by 

warming and stratification effects. Simultaneously, increased terrestrial inputs (browning) 

intensify hypolimnetic oxygen demand. The net effect is habitat squeeze for cold-water taxa 

such as salmonids and coregonids as cool, oxygenated waters contract. In many lakes, 

browning-induced oxygen loss outpaces any surface-cooling benefits for habitat, raising 

biodiversity risks (Jane et. al., 2024). 
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3.3. Harmful Algal Blooms (HABs) and Toxin Risks 

Climate change interacts with nutrient enrichment to increase HAB frequency, duration, 

and toxicity. Modeling for large reservoirs projects substantial increases in cyanobacterial 

biomass under plausible warming and stratification scenariosðeven with constant nutrient 

inputsðhighlighting the synergism of warming and eutrophication. Treatment plants face 

challenges related to toxins, taste and odor, and disinfection by-products (Chapra et al., 2017). 

Climate change and nutrient dynamics influence each other both directly and indirectly. Rising 

temperatures clearly alter the habitats suitable for harmful algal blooms (HABs). Additionally, 

climate shifts can drive the expansion of harmful algal species by modifying precipitation 

patternsðleading in some regions to more frequent droughts, and in others to increased 

intensity or frequency of storms. Such episodic storm events and broader climate variability 

impact freshwater flow timing, water residence periods, the scale and timing of nutrient inputs, 

and the subsequent biological responses (Heisler et al., 2008). 

 

4. Rivers: Flow Regimes, Extremes, and Quality 

4.1. Droughts and Heatwaves 

During droughts and heat waves, low flows increase residence times, temperatures, and 

concentrations of nutrients, salts, and pathogens. As dilution decreases, point source 

contributions increase. Biological oxygen demand increases while DO decreases, stressing the 

biota and creating treatment challenges for utilities. Observational syntheses indicate that water 

quality deteriorates under such extremes in the majority of cases (Vilet et al., 2023). 

 

4.2. Salinity Intrusion and Heat Stress in Regulated Rivers 

In tidal rivers and deltas, sea level rise and drought are advancing salt fronts, threatening 

water intakes and altering ionic composition. Active reservoir releases and temporary barriers 

are increasingly being used to control salinity intrusion, demonstrating the interactions of 

climate risk across water supply and estuary management (Byl et, al., 2025). 

 

5. Water Quality Constituents and Processes 

5.1. Temperature and Dissolved Oxygen 

Direct thermal effects reduce oxygen solubility. Indirect effects (higher respiration, 

nitrification and denitrification rates, and sediment oxygen demand) further deplete DO. Under 

low oxygen levels or anoxia, reduced compounds (NH4+, Fe2+, Mn2+, H2S) accumulate, and 

emissions of methane (CH4) and nitrous oxide (N2O) may increase. (Naqvi et. al., 2010). 

 

5.2. Nutrients (Nitrogen and Phosphorus) 

Rising temperatures stimulate cyanobacterial blooms and nitrogen-fixing capacity in 

some species; redox-driven sediment processes increase phosphorus release under oxygen-

depleted conditions, while storm events introduce significant external nutrient inputs. Internal 

nutrient recycling maintains eutrophic conditions even after external inputs have diminished, 

highlighting the need for long-term, multifaceted restoration approaches (Nürnberg 2024). 
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5.3. Contaminants and Pathogens 

Extreme events mobilize legacy metals, pesticides, and emerging contaminants 

(pharmaceuticals, PFAS, microplastics), while warm, nutrient-rich waters favor pathogenic 

bacteria such as Vibrio and E. coli. Permafrost thaw enhances delivery of DOC and metals to 

high-latitude rivers and lakes, modifying acidity and redox state with visible ecosystem 

consequences. The distribution of pathogens and the incidence of waterborne disease outbreaks 

are closely linked to environmental and climatic conditions. Global climate change will affect 

the hydrological cycle in many different ways that will influence waterborne pathogen survival, 

infectivity and distribution (Nicholas, 2014). 

6. Ecological and Health Consequences 

Thermal habitat loss and hypoxia reduce niche availability for coldwater and 

stenothermic species, restructure plankton communities, and increase fish mortality risks during 

heatwaves and turnover events. Browning and deoxygenation compress vertical habitat, leading 

to mismatches in predator-prey dynamics (Jane et al., 2024). 

HAB toxins (microcystins, anatoxins, cylindrical spermopsin) pose a threat to drinking 

water safety and recreation; storm-related increases in microbial indicators and pathogens 

complicate treatment. Warmer waters extend seasonal ranges for some pathogens, requiring 

more intensive monitoring and risk communication (Elidrissi et al., 2024). 

 

CONCLUSION 

 

Global warming is degrading the water quality of lakes and rivers through thermal, 

hydrological, biogeochemical, and microbiological pathways. Lakes are experiencing 

increasingly severe and prolonged stratification, heat waves, and bottom-water anoxic 

conditions, which increase nutrient loading and the risk of HABs, threatening the health of 

organisms. Rivers are experiencing quality degradation reflecting changes in pollutant dilution, 

mobilization, and transformation during droughts, heat waves, and floods. These dynamics 

threaten ecosystems, human health, and economies; however, targeted adaptation (load 

reduction, nature-based solutions, and dynamic operations) and robust monitoring and 

forecasting can significantly reduce these risks. Aligning climate change mitigation with water 

quality management is crucial for maintaining freshwater security throughout the 21st century. 
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ABSTRACT 

 

 Despite its widespread use in the fertilizer and chemical industries, dilute nitric acid 

(NA) can cause significant operational and material integrity problems due to chloride 

contamination. Chloride ions, in particular, can lead to pitting and stress corrosion cracking 

(SCC) in stainless steel equipment, thereby reducing the service life of industrial facilities  

In this study, potential sources of chloride contamination in dilute nitric acid production were 

identified, and the measures taken to control them were evaluated. The sources of chloride 

include: 

Feed water: residues in inadequately treated water, 

Raw material purity: ammonia and other auxiliary chemicals, 

Cleaning agents and sealing materials used in process equipment, 

Intermediate species: e.g., nitrosyl chloride (NOCl)   

Analyses conducted by TSE Ankara Chemical Laboratory initially measured chloride levels at 

approximately 74 ppm, with historical data ranging from 70 to 300 ppm. These levels are 

significantly above the literature-recommended safe limit of <5ï10 ppm, posing a serious 

corrosion risk. 

As part of process improvements, measures such as modernization of water treatment systems, 

replacement of equipment materials, and control of NOCl formation were implemented. 

Additionally, controlled purge operations in critical circuits were employed to prevent chloride 

accumulation. Field analyses conducted after these improvements showed that chloride levels 

remained below 10 ppm over a 30-day monitoring period, even with the adjacent KNO  

production unit in operation, staying well within safe limits. 

These findings are consistent with approaches recommended in the literature (purge operations, 

water treatment, intermediate species control), confirming that purge is the most effective 

strategy to control chloride contamination in large-scale industrial facilities. 

 

Keywords; Nitric Acid, Chlorine Contamination, NOCl, Corrosion, Product Purity. 
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INTRODUCTION  

Nitric acid is a strong mineral acid primarily used in the production of nitrate fertilizers 

and various chemical products. It constitutes a critical input in modern agricultural systems, 

significantly enhancing crop productivity (Thiemann et al., 2021). The worldôs population 

reaching 8 billion would not have been possible without the development of the fertilizer 

industry (Randive et al., 2021). Nitric acid, due to its high nitrogen content (15.5ï34.5%) and 

rapid availability to plants, serves as an essential feedstock for nitrogen-based fertilizers 

alongside ammonia. Currently, approximately 80% of global nitric acid production is dedicated 

to fertilizer manufacturing (Smil, 2004). 

Industrially, nitric acid (HNO ) is a key inorganic compound widely used in the production of 

explosives, dyes, organic chemicals, plastics, and numerous other products. Highly 

concentrated nitric acid (95ï99%) is preferred in intensive chemical processes, whereas dilute 

nitric acid (20ï68%) is commonly employed in applications where material compatibility and 

controlled reactivity are critical. 

One of the most significant operational challenges in nitric acid production plants is corrosion, 

which can reduce equipment lifespan and lead to unplanned shutdowns. Process design 

strategies must therefore include green hydrogen production via electrolysis or solar-powered 

thermochemical cycles, as well as the supply of highly pure nitrogen with oxygen impurities 

below 10 ppm to prevent catalyst deactivation in the subsequent HaberïBosch process (Budama 

et al., 2022; Moghaddam and Krewer, 2020). 

Chlorine contamination, particularly problematic in the health and food sectors, is a major 

factor accelerating corrosion in production facilities. Chlorine reacts with organic compounds 

(e.g., humic and fulvic acids) and inorganic species (e.g., ammonia) accumulated in wash tanks, 

thereby trapping free chlorine (Simpson and Mitch, 2021). High chloride ion concentrations 

can damage stainless steel and alloys used in nitric acid plants, leading to pitting and stress 

corrosion cracking, which severely reduces equipment lifespan. Therefore, chlorine 

contamination must be closely monitored and minimized to ensure operational reliability and 

extend equipment service life. 
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MATERIAL AND METHOD  

 This review evaluates chloride contamination in dilute nitric acid production by 

focusing on: 

1.Sources (feed air, cooling water, raw materials, corrosion products), 

2.Removal methods (purge, gas-phase treatment, ion-exchange resins, chemical additives), 

3.Reaction mechanisms (Cl  Ÿ HCl, Cl  formation, NO  oxidation), 

4.Industrial practice (purge as the primary method in large-scale facilities). 

Key references include Wilkinson (1961), Spence (2011), Kurley et al. (2019), Roux et al. 

(2019), Li et al. (2022), Wang et al. (2020). 

Sources:  

Chloride ions originate mainly from marine aerosols, cooling water, low-purity raw materials, 

and corrosion-derived leaching. 

Removal Methods: 

-Purge operations limit chloride accumulation by continuously withdrawing a fraction of low-

concentration acid streams. 

-Gas-phase oxidation converts Cl  ions into Cl  through NO-mediated oxidation, facilitating 

their removal in the purge gas stream. 

-Ion-exchange resins are applied in specialized production lines but are economically unfeasible 

for large-scale plants. 

-Chemical additives (NaNO , KNO ) mitigate corrosion but do not remove chloride from the 

system. 

Reaction Mechanisms: 

1.Oxidation of chloride ions to chlorine gas: 

 
2.Overall reaction in nitric acid production involving NO  and water: 

 
These mechanisms describe the oxidation of chloride ions and their volatilization into the gas 

phase. 

Industrial Application in Our Facility: 

In our nitric acid production facility, we regularly implement purge operations. Controlled side-

stream withdrawal from critical circuits ensures that chloride concentrations remain below 

critical thresholds, effectively minimizing corrosion risk and extending equipment life. 

 

Figure 2. Most accepted mechanism Nitrosyl chloride (NOCl) : N=O-Cl 

 

 

Figure 2. Most accepted mechanism Nitrosyl chloride (NOCl) : N=O-Cl 
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RESULTS AND DISCUSSION 

Field analyses were conducted over a period of 30 consecutive working days at 09:00 

AM. Samples were collected from multiple critical points within the nitric acid production 

system, including OksiA, OksiB, AOS, Basic Condensate, and Production Acid streams. The 

results demonstrated a consistent and gradual decrease in chloride concentrations over time, 

indicating the effectiveness of the purge operations and other process improvements 

implemented in our facility for controlling chloride contamination. 

 

To assess potential cross-contamination, comparative sampling was performed while the 

adjacent KNO  production facility was both operational and non-operational. The data 

showed that even when the KNO  unit was active, chloride levels in our nitric acid circuits 

remained below critical thresholds, confirming that the purge strategy effectively mitigates 

contamination risks. These findings are consistent with literature reports emphasizing the 

importance of controlled side-stream withdrawal and purge operations in maintaining low 

chloride concentrations and minimizing corrosion in large-scale nitric acid plants (Wilkinson, 

1961; Roux et al., 2019; Zhang et al., 2018). 

 

The observed reduction in chloride levels also aligns with previous studies on the role of 

water treatment, equipment material selection, and intermediate species control (e.g., NOCl) 

in limiting chloride accumulation and volatilization (Kurley et al., 2019; Wang et al., 2020). 

Collectively, these results demonstrate that the combination of purge operations and process 

optimization provides an effective strategy to enhance equipment lifespan and operational 

reliability in industrial nitric acid production. 

 

Table 1. Chloride Analysis in Nitric Acid (Measurements Taken While the Potassium Nitrate 

Facility Was Non-Operational and Purge Operations Were Applied) 
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Table 2. Chloride Analysis in Nitric Acid (Measurements Taken While the Potassium Nitrate 

Facility Operational and Purge Operations Were Applied) 

 

 
 

 

CONCLUSIONS 

This study confirms that chlorine contamination in dilute nitric acid production is a 

multifactorial issue. Initial analyses conducted at the TSE laboratory indicated chlorine levels 

of approximately 74 ppm, with historical data showing values reaching up to 300 ppm, posing 

significant corrosion risks. Literature reports emphasize that high chloride concentrations in 

nitric acid plants can cause pitting and stress corrosion cracking in stainless steel and alloys 

(Spence, 2011; Li et al., 2022; Kurley et al., 2019). 

Targeted process improvements implemented in our facility included the modernization of 

water treatment systems, raw material control, equipment upgrades, and suppression of NOCl 

formation. As a result, field data demonstrated that chloride levels dropped below 10 ppm. 

Furthermore, even when the adjacent KNO  production unit was operational, chloride 

concentrations remained below critical thresholds, confirming the effective mitigation of cross-

contamination risks. 

These findings are consistent with literature recommendations indicating that purge operations, 

water treatment, and intermediate species control are effective strategies to minimize corrosion 

in nitric acid production plants (Wilkinson, 1961; Roux et al., 2019; Zhang et al., 2018; Wang 

et al., 2020). However, to ensure long-term operational reliability, continuous monitoring and 

further process refinements are necessary. 

In conclusion, this study demonstrates that an integrated approach can be successfully applied 

in dilute nitric acid production facilities to minimize corrosion and extend equipment lifespan. 
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ABSTRACT 

The integration of organic fertilizers into horticultural systems has gained increasing 

importance as a sustainable strategy to enhance soil fertility and crop productivity under 

challenging soil conditions. This study aimed to evaluate the effects of various organic 

fertilizers including manures from small ruminants, cattle, poultry, and vermicompost on the 

chemical properties of a sandy-calcareous soil and the growth performance of melon (Cucumis 

melo L.) and watermelon (Citrullus lanatus Thunb.). The study focused on how recommended 

fertilizer doses influence soil chemical quality and plant growth. The results indicated that 

organic fertilization altered soil electrical conductivity (EC) and available phosphorus (P) 

levels. Poultry and cattle manures led to notable improvements in soil nutrient content. 

Additionally, plant growth parameters such as stem diameter and fruit weight were positively 

affected by organic fertilizers, particularly poultry manure. Crop-specific responses were 

observed: melon plots exhibited higher soil EC and available P, while watermelon plants 

showed superior performance in stem diameter, fruit flesh thickness, and soluble solid content. 

In contrast, melon plants recorded higher chlorophyll levels. Overall, poultry manure emerged 

as the most effective input for enhancing plant growth, while vermicompost and cattle manure 

also contributed depending on the crop type. These results suggest that organic fertilizers, 

especially poultry manure, are valuable tools for improving soil fertility and crop productivity 

in calcareous soils. 

Keywords: Calcareous soils, Fruit quality, Mediterranean climate, Organic amendments 
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INTRODUCTION  

 

Sustainable agricultural systems are an emerging model that promotes the integrated use 

of organic materials as alternatives to chemical inputs are being developed to ensure more 

environmentally friendly and efficient food production. In this context, organic fertilizers that 

enhance soil fertility have come to the forefront. The core component of organic fertilizers, 

organic matter, serves as a primary source of energy and nutrients for soil-dwelling 

microorganisms. However, in Turkey and many other agricultural countries, inadequately 

matured animal manures characterized by high C/N ratios and the presence of root rot pathogens 

or weed seeds have long been used in crop production. These manures often fail to provide the 

expected agronomic benefits for both soil and plants (Karaman 2012). 

In recent years, there has been a growing demand particularly in intensively cultivated 

horticultural and greenhouse production areas for thermally treated or fermented organic 

fertilizers. This trend reflects efforts to promote sustainable agriculture and to optimize the 

combined use of organic and chemical fertilizers. Nevertheless, these processed fertilizers are 

significantly more expensive than traditionally matured manures, due to additional processing, 

packaging, registration, and storage costs. Furthermore, their claimed benefits for practical use 

often rely more on manufacturer assertions than on robust scientific evidence. Therefore, it is 

essential to evaluate their effects on soil fertility and plant growth in order to better understand 

their potential contribution to sustainable agricultural systems and to promote their effective 

and economical use. 

Melon (Cucumis melo L.) and watermelon (Citrullus lanatus Thunb.), among the most 

widely produced and consumed vegetables globally and in Turkey, are annual crops adapted to 

warm and temperate climates. While both crops are cultivated in open fields and greenhouses, 

only about 3% of melon and 2% of watermelon production is conducted under protected 

cultivation (Anonymous 2001; Taĸkaya and Keskin 2004). These crops are valued not only for 

their edible parts but also for their seeds and rinds, which are utilized across the food, 

pharmaceutical, and cosmetic industries, making them strategic export commodities. Deep, 

well-drained, sandy-loam or loamy-sand soils with high water-holding capacity are ideal for 

watermelon cultivation, while poorly drained soils with shallow groundwater levels (below 1 

meter) are unsuitable (Tuna and Özer 2005). Like many other cultivated plants, melons and 

watermelons respond positively to organic fertilization. Accordingly, the application of solid 

and/or organic fertilizers in the cultivation of these crops is considered important for improving 

both yield and quality, as well as enhancing soil health (Bayram et al. 2020). 

In this study, the effects of processed organic fertilizers including sheep, cattle, and 

poultry manures, as well as vermicompost on the chemical properties of calcareous sandy soils 

and on plant growth in melon and watermelon cultivation were investigated. Additionally, the 

study aimed to assess how the optimum application rates recommended by organic fertilizer 

manufacturers for plant growth influence soil fertility. By comparing the effects of these 

commonly used organic fertilizers on both soil chemical parameters and plant growth 

indicators, this study identified the strengths and weaknesses of each fertilizer type. The 

findings offer valuable insights into the practical use of organic fertilizers in sustainable farming 

systems. 
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MATERIAL AND METHODS  

 

Site Description 

This study was conducted as a field trial at the Finike campus of Akdeniz University 

(36Á18ǋ31ǌN, 30Á08ǋ48ǌE; altitude: 40 m). According to meteorological data collected during 

the trial period, the site had an average daily temperature of 19.3 ÁC, an average daily sunshine 

duration of 9.10 hours, an average daily open surface evaporation of 125.58 mm, an average 

daily rainfall of 1.4 mm, an average daily wind speed of 1.6 m/sec, and an average relative 

humidity of 66.03%. 

Soil samples collected to represent the trial area were analyzed prior to the experiment. 

The soil was classified as sandy loam in texture. It had a neutral pH and was classified as non-

saline. The soil also contained a high level of lime and was rated as sufficient in terms of humus 

content. Total nitrogen (N) and available phosphorus (P) levels were determined to be adequate, 

while the cation exchange capacity (CEC) was classified as low. 

 

Organic Fertilizers and Fertilization Practices 

In this trial, various heat-treated organic fertilizers (processed at 65ï70 ÁC) were applied, 

including small ruminant manure (goat and sheep manure; T1), cattle manure (T5), poultry 

manure (T4), and vermicompost (T2) (Table 1). Additionally, control (T3) plots were 

established, which received only chemical fertilizers (detailed below) without any organic 

fertilizer input. The application rates of the organic fertilizers were determined based on the 

manufacturersô recommendations and supported by findings from previous studies (Maltaĸ 

2023; Maltaĸ et al. 2024). This approach aims to develop practical organic fertilization 

strategies suitable for field conditions, specifically for melon and watermelon cultivation, while 

improving soil chemical properties and supporting plant growth. 

Table 1. Some properties of organic fertilizers used in the experiment 

 

Parameter 

                                      Organic fertilizer 

Vermicompost Chicken manure Cow 

manure 

Goat-sheep 

manure 

Organic matter, % 45 62 35 70 

EC (dS/m) 6.0 2.6 11.2 7.5 

Organic C, % 26.1 35.96 20.3 40.6 

Humic/fulvic acid, % 41.5 36 15 28 

Total N, % 3.0 2.2 1 1.5 

Total P, % 1.5 1.76 1.5 1.5 

Total K, % 1.0 1.62 - 2 

Humidity max., % 20 20 20 20 

pH 6-8 6.2 7-9 8-10 

C/N 9/1 16/1 20/1 27/1 

C/P 17/1 20/1 13/1 27/1 

The application rates were as follows: 4 Mg ha ĭ for vermicompost, 8 Mg ha ĭ for cattle 

manure, 6 Mg ha ĭ for goat manure, and 4 Mg ha ĭ for poultry manure. In addition to these 

inputs, chemical fertilizers certified for use in organic farming were applied through a drip 

irrigation system to support plant nutrition throughout the experimental period. These chemical 

inputs were selected based on the initial soil analysis and estimates of nutrient removal by the 

crops (Zengin 2023). 

Previous studies have demonstrated that the use of organic mulching materials (such as 

straw, sawdust, and compost) can improve microclimatic conditions and enhance the 
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effectiveness of organic fertilizers (Gao et al. 2019; Teasdale and Mohler 2000). Mulching has 

been shown to promote soil biological activity, thereby improving nutrient uptake efficiency by 

plants and contributing to sustainable farming practices (Li et al. 2019). Therefore, in this study, 

a mulch was applied to the experimental plots to maximize the effectiveness of organic 

fertilizers. 

Implementation of the Experiment 

In this study, melon and watermelon cultivation was carried out using four types of heat-

treated organic fertilizers. The experimental setup was established according to a randomized 

block design with three replications. The organic fertilizers were applied uniformly to the plots 

based on their respective application rates (in dry weight). 

Melon (Cucumis melo L.) and watermelon (Citrullus lanatus Thunb.) seedlings were 

procured from a commercial nursery. Melon seedlings (Anka F1) were transplanted at a spacing 

of 2.0 m between rows and 0.3 m within rows, while watermelon seedlings (Peykan F1) were 

planted at 2.0 m between rows and 0.6 m within rows. Both crops were cultivated over a 

vegetation period of approximately 90ï100 days. 

Throughout the growing period, all essential cultural practices such as weed control, 

hoeing, and plant protection treatments were carried out. In addition, irrigation and fertigation 

were performed using a drip irrigation system. The daily irrigation requirements of the plants 

were calculated based on climatic parameters (including rainfall, temperature, and relative 

humidity), soil texture and moisture, and plant needs (e.g., signs of wilting). These water 

requirements were integrated with the optimized fertilization strategy to ensure proper crop 

management. 

Sampling and Analysis 

Soil samples were air-dried and sieved through a 2 mm mesh prior to analysis. To 

characterize the initial soil conditions, samples were collected from the 0ï30 cm soil depth 

using an auger before the experiment began. These samples were analyzed for texture, pH, 

electrical conductivity (EC), lime content, organic matter, total nitrogen (N), available 

phosphorus (P), and cation exchange capacity (CEC). Additionally, to evaluate the effects of 

organic fertilizer applications on soil chemical properties, samples collected at harvest were 

analyzed again for organic matter, total nitrogen, available phosphorus, and CEC. 

The methods used for analyzing the above-mentioned soil parameters were as follows: 

soil texture was determined using the hydrometer method (Bouyoucos 1955); pH and EC were 

measured in a 1:2.5 soil-to-water suspension (Jackson 1967; Anonymous 1982); lime content 

was determined using the calcimeter method (¢aĵlar 1949); organic matter was measured using 

the modified Walkley-Black method (Black 1965); total nitrogen was determined using the 

Kjeldahl method (Kacar 1995); available phosphorus was analyzed according to the Olsen 

method (Olsen and Sommers 1982); and CEC was determined using the ammonium acetate 

method (Kacar 1995). 

At the end of the experiment, pomological and physiological traits were assessed in plant 

and fruit samples (Figure 1 and Figure 2). For each treatment replication, measurements and 

evaluations were performed on three randomly selected plants per plot. The results were 

expressed as the average of these three plants. 
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Figure 1. Views of selected physiological and pomological traits in watermelon plants (A: 

Soluble solids content, B: Chlorophyll content, C: Fruit flesh thickness, D: Stem base diameter, 

E: Fruit juice pH, F: Fruit weight) 

 

 
Figure 2. Views of selected physiological and pomological traits in watermelon plants (A, C: 

Harvested fruits; B: Fruit juice pH) 

The evaluated pomological characteristics included: stem base diameter (cm; measured 

with a caliper), fruit fresh weight (g; measured with a precision balance), and yield (kg da ĭ; 

calculated). The physiological parameters included: soluble solids content (SSC), fruit juice 

pH, total chlorophyll content (measured with a chlorophyll meter), and rind thickness (mm; 

measured with a caliper). 
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Statistical Analyses 

The numerical data obtained in this study were statistically analyzed using the SPSS 23.0 

software package. The significance levels of soil chemical properties and plant pomological 

and physiological parameters were determined through analysis of variance (ANOVA) at the 

5% significance level. Parameters showing statistically significant differences were further 

evaluated using Duncanôs multiple range test for mean separation. In addition, Pearson 

correlation analysis was performed to determine the relationships among the measured 

parameters (SPSS 2008). 

 

RESULTS AND DISCUSSION 

Soil Chemical Properties 

At the end of the growing season, the effects of different organic fertilizer treatments on 

soil cation exchange capacity (CEC), organic matter (OM) content, total nitrogen (N%), and 

available phosphorus (P, mg/kg) were evaluated for watermelon cultivation (Table 2). 

According to the statistical analysis, changes in CEC, total N, OM (%), and available P values 

in watermelon plots were found to be statistically non-significant. 

 

Table 2. Effects of applications on CEC, OM, total N and available P contents in watermelon 

soil 

Treatments CEC (meq/100) % OM % N P (mg/kg) 

T1 26.54 2.26 0.16 22.17 

T2 29.33 2 0.15 19.47 

T3 31.04 2.1 0.16 13.36 

T4 28.11 2.17 0.18 18.52 

T5 30.58 1.92 0.18 38.54 

ANOVA (%5) NS1 NS NS NS 

1 NS; not significant. 
In contrast, in melon cultivation plots, although changes in CEC, total N, and OM (%) 

were also statistically non-significant, the variation in available phosphorus content was 

statistically significant at the P < 0.05 level (Table 3). Among the treatments, T4 (48.60 mg/kg) 

resulted in the highest increase in available phosphorus content compared to the other 

applications. 

 

Table 3. Effects of applications on CEC, OM, total N and available P contents in melon soil 

1 Differences between values not indicated by the same letter are significant at the 5% level. 2 **; significant at the 1% level. 3 NS; not 

significant. 

Treatments CEC (meq/100) % OM  % N P (mg/kg) 

T1 32.82 2.29 0.15 13.31 b1 

T2 30.99 2.26 0.16 23.72 ab 

T3 30.10 1.85 0.14 9.36 b 

T4 29.32 1.97 0.13 48.60 a 

T5 29.68 2.00 0.17 40.04 ab 

ANOVA (%5) NS NS NS3 2.966 **2 
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Previous studies have indicated that increasing doses of poultry manure significantly 

contribute to the enhancement of soil nitrogen content (Okur et al. 2008), while farmyard 

manure has been found to have a more pronounced effect on available phosphorus levels in 

soils (Agbenin and Goladi 1997). In the present study, the available phosphorus level in soils 

under melon cultivation (T4: 48.60 mg/kg) was approximately 20% higher than that in 

watermelon soils. 

Göksu and Kuzucu (2017), in their study investigating the effects of different 

vermicompost doses on yield and quality parameters in watermelon, reported that 

vermicompost and chemical fertilizer applications increased the soil ion exchange capacity. 

However, in the current study, organic fertilizer treatments did not result in statistically 

significant changes in CEC for either melon or watermelon soils. 

Similarly, Kēlē­ and Sºnmez (2019), in their study on the effects of increasing doses of 

various organic materials (vermicompost, poultry manure, farmyard manure, leonardite) on soil 

fertility parameters in lettuce cultivation, found that the effects on soil organic matter content 

were statistically significant. In contrast, the findings of the current study showed that different 

organic matter applications had no statistically significant effect on soil organic matter levels 

in either melon or watermelon cultivation. 

Plant Growth Properties 

At the end of the cultivation period, among the yield and quality parameters obtained 

from the watermelon plant, leaf chlorophyll content (SPAD), fruit flesh thickness, fruit juice 

pH, and soluble solid content were found to be statistically non-significant (Table 4). However, 

collar diameter was found to be statistically significant at the P < 0.01 level, with higher values 

observed in T1 and T4 (23.41 mm and 23.23 mm, respectively) compared to other treatments. 

Fruit weight was also found to be statistically significant at the P < 0.05 level, with higher fruit 

weights recorded in T2, T4, and T5 (7.38 kg, 8.13 kg, and 7.52 kg, respectively). 

 

Table 4. Effects of treatments on SPAD, root collar diameter (RCD), fruit weight (FW), fruit 

flesh thickness (FFT), fruit juice pH (FJpH) and soluble solid content (SSC) in watermelon 

Treatments  SPAD RCA (mm)   FW (kg) FFT (cm)  FJpH  SSC  

T1  37.13  23.41 a1 6.99 ab 16.13  5.34 8.38 

T2  38.99 17.74 c  7.38 a  15.53  5.60  9.26 

T3  34.48  15.95 c 5.50 b  17.55  5.70  8.43 

T4  34.71 23.23 a  8.13 a  14.29  5.49  8.70 

T5  31.01 20.08 b  7.52 a  10.31  5.46  8.71 

 ANOVA (%5) NS4  21.282 ***3  3.575**2   NS NS  NS  

1 Differences between values not indicated by the same letter are significant at the 5% level. 2 **; significant at the 1% level. 3 ***; significant 
at the 0.1% level. 4 NS; not significant. 

 

 

 

 

 



VI I . International Agricultural, Biological & Life Science Conference, Istanbul, Türkiye, 7-10 September 2025 

378 
 

Regarding the melon plant, leaf chlorophyll content (SPAD), fruit flesh thickness, fruit 

juice pH, and soluble solid content were also found to be statistically non-significant (Table 5). 

However, root collar diameter was found to be statistically significant at the P < 0.05 level, 

with higher values observed in T1, T3, and T4 (14.67 mm, 14.83 mm, and 14.85 mm, 

respectively). Fruit weight was found to be statistically significant at the P < 0.01 level, with 

the highest fruit weight observed in T1 (2.02 kg). 

 

Table 5. Effects of treatments on SPAD, root collar diameter (RCD), fruit weight (FW), fruit 

flesh thickness (FFT), fruit juice pH (FJpH) and soluble solid content (SSC) in melon 

 

Treatments  SPAD RCA (mm)   FW (kg) FFT (cm)  FJpH  SSC  

T1  42.53  14.67 ab1 2.02 a 9.78  5.93   4.80 

T2  36.74 13.22 b 1.20 b   9.12  5.79  4.13 

T3  48.32  14.83 ab 1.42 b   11.65  5.60  4.13 

T4  44.78 16.85 ab  0.95 b  9.98  5.85  4.37 

T5  40.28 16.15 a  1.45 b  10.97  5.86  3.97 

ANOVA (%5) NS  1.701 **2  5.448 ***3  NS4 NS  NS  

1 Differences between values not indicated by the same letter are significant at the 5% level. 2 **; significant at the 1% level. 3 ***; significant 

at the 0.1% level. 4 NS; not significant. 
Üçok et al. (2019), in their study investigating the effects of different organic fertilizer 

applications on yield, quality, and plant nutrient contents in lettuce (Lactuca sativa L. var. 

crispa), reported no significant differences in chlorophyll content among the treatments. 

Similarly, in our study, although the differences between applications were not statistically 

significant for both watermelon and melon plants, the chlorophyll value in melon was found to 

be approximately 20% higher than in watermelon. 

Özen (2018) investigated the effects of different doses of mushroom compost, leonardite, 

and vermicompost on lettuce yield and quality, and reported that increasing doses of organic 

material applications resulted in increased collar diameter. In a study conducted on watermelon 

(Citrullus lanatus (Thunb.) Matsum & Nakai), it was reported that different doses of 

vermicompost (0, 300, and 600 kg/da) did not have statistically significant effects on fruit flesh 

thickness, fruit juice pH, and soluble solid content (Göksu and Kuzucu 2017). Similarly, in our 

study, although the differences between treatments were not statistically significant in both 

watermelon and melon, the collar diameter, fruit flesh thickness, and soluble solid content in 

watermelon were found to be 40%, 40%, and 100% higher, respectively, compared to melon. 

In addition, the fruit weight of watermelon was found to be six times higher than that of melon. 

One of the main reasons for this large difference is the physiologically larger fruit size of 

watermelon compared to melon. 
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Correlations Between Soil Properties and Plant Growth 

Based on the numerical data obtained from the trial, relationships between soil chemical 

properties and plant growth parameters were examined. Accordingly, in melon soils, a negative 

correlation was observed between fruit flesh thickness and organic matter content (r = -0.539*), 

while a positive correlation was found between root collar diameter and organic matter content 

(r = 0.728**). These correlations suggest that soil organic matter may play a dual role in 

influencing plant morphological traits. While the positive correlation between root collar 

diameter and organic matter content implies a supportive role of soil organic matter in 

promoting vegetative growth and stem development, the negative correlation between fruit 

flesh thickness and organic matter content might indicate a potential trade-off between 

vegetative and reproductive growth processes under certain soil conditions. This could be due 

to nutrient partitioning or changes in water-holding capacity and aeration associated with 

increased organic matter. However, these relationships are likely to be influenced by plant 

species, growth stage, and environmental factors. 

 

CONCLUSION  

 

This study aimed to evaluate the effects of various organic fertilizers including manures 

from small ruminants, cattle, poultry, and vermicompost on the chemical properties of a sandy-

calcareous soil and the growth performance of melon (Cucumis melo L.) and watermelon 

(Citrullus lanatus Thunb.). The study focused on how recommended fertilizer doses influence 

soil chemical quality and plant growth. Poultry and cattle manures stood out in improving soil 

chemical properties in watermelon cultivation areas, whereas vermicompost and poultry 

manure significantly enhanced plant growth parameters. For melon cultivation, cattle manure 

was most effective for soil chemical improvements, while small ruminant, poultry, and cattle 

manures showed prominent positive effects on plant development. Overall, poultry manure 

emerged as the most effective input for enhancing plant growth, while vermicompost and cattle 

manure also contributed depending on the crop type. These results suggest that organic 

fertilizers, especially poultry manure, are valuable tools for improving soil fertility and crop 

productivity in calcareous soils. Nonetheless, expanding these findings through comprehensive 

studies involving different crops, soil types, cultivation locations, and production systems (e.g., 

greenhouse or organic farming) will be essential to deepen understanding and broaden the 

applicability of these organic fertilization strategies. These results underscore the critical role 

of optimized organic fertilization in promoting sustainable agricultural productivity, supporting 

both soil health and crop performance in Mediterranean agroecosystems. 
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ABSTRACT 

 

Owing to its beneficial impact on human health and its abundance of essential nutrients, 

the walnut is considered one of the most nutritionally valuable tree nuts. This study's objective 

was to find SNPs related to potassium (K) and sodium (Na) accumulations in walnut fruits 

collected in 2021 and 2022 from a population of 154 different walnut genotypes, using the 

GWAS method. It was observed that K concentrations ranged from 131.75 mg/100g to 850.00 

mg/100g, while Na concentrations varied between 2.00 mg/100g and 84.50 mg/100g. The 

genotypes exhibited a statistically significant impact on both nutrient elements, according to 

variance analysis (p-value Ò 0.01). The concentrations of K and Na exhibited high heritability 

estimates, both recorded at 0.99. 13.611 clean SNPs and the MLM (PCA+K) approach were 

used GWAS analysis and a total of 17 significant associations were identified (16 for K and 1 

for Na). Of the 16 significant SNPs identified for K, 14 were found in both years. Additionally, 

the SNP identified for Na was consistent for both years. For the investigation of potential 

candidate genes, 17 SNP sequences were aligned with the Juglans regia genome, and potential 

candidate genes were detected. It was discovered that thirteen of these SNPs match onto 

particular chromosomes in the walnut genome. For the SNPs related to K accumulation, 118 

candidate genes in all were found.  For the SNP marker related to Na accumulation, 18 candidate 

genes were detected. The findings obtained from our study suggest that the SNPs related to K 

and Na accumulation in walnut fruit, along with the candidate genes related to these SNPs, 

could contribute to marker-assisted selection applications in future walnut breeding efforts and 

plant breeding studies using genetic engineering approaches.  

 

Keywords  Walnut, GWAS, SNP, potassium, sodium, plant-based nutrition 
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INTRODUCTION 

 

Juglans regia L. (2n = 32, nearly 606 Mb per 1C genome), known as walnut and J. regia 

L. is a monoecious, dichogamous, typically cultivated in temperate regions, pollinated by wind, 

possessing kernels with very high nutritional value, and a long-lived tree species belonging to 

the Juglandaceae family (Zhu et al., 2015; Akca et al., 2015; Delaviz et al., 2017). The walnut 

is widely grown around the world and has significant commercial value because of its high 

nutritious content and high-quality wood (Ozcan et al., 2010; Gupta et al., 2019). In walnut 

production, the leading countries worldwide are China, The United States, Iran, Turkey, 

Ukraine, France, and India, respectively (Taha and Al-wadaan, 2011; Orman et al., 2020). 

Walnut stands out as a medically intriguing and promising natural food, owing to its 

highly valuable nutritional composition that benefits human health (Taha and Al-wadaan, 2011; 

Liu et al., 2020). Diverse components of the walnut, including its kernel, blossoms, leaves, 

green husk, and oil, exhibit distinct pharmacological qualities and are utilized in the 

management of diabetes, rheumatic pain, dementia and Alzheimer's, malaria, and 

dermatological conditions (Delaviz et al., 2017; Gupta et al., 2019).  

Previous studies have determined the macro-nutrient elements in walnuts as potassium 

(K), phosphorus (P), calcium (Ca), magnesium (Mg), and sodium (Na) (Muradoglu et al., 2010). 

The recommended daily intake is about 3.5 grams for K and 3.0 grams for Na. K is essential 

for preserving acid-base equilibrium, sending neural signals, and managing cell membrane 

functions, while Na is necessary for regulating and maintaining acid-base balance, ensuring cell 

permeability, and facilitating the absorption of bile salts (Soetan et al., 2010; Zoroddu et al., 

2019). Macronutrients are also essential for plant growth, development, and the maintenance of 

vital activities. K plays a role in maintaining tissue turgor pressure, regulating the opening and 

closing of stomata, and controlling osmotic pressure in plant cells, while Na performs key 

functions such as regulating turgor pressure and cell expansion (Fageria, 2001; Raddatz et al., 

2020). 

Recently, plant-based nutrition has become popular worldwide due to its economic 

affordability, and health benefits (Suliburska et al., 2012; Sharma et al., 2023). The macro- and 

micro-nutrient content of commonly consumed plants can be rapidly and precisely improved 

through genetic biofortification. This process involves identifying genomic regions that affect 

nutrient content, developing SNP markers via genotyping-by-sequencing (GBS), mapping 

quantitative trait loci (QTL), and creating DNA-based molecular markers using Diversity Array 

Technology (DArT) (Orman and Ok, 2016; Gupta et al., 2020; Koc et al., 2022; Sharma et al., 

2023). 

The "Genome-Wide Association Studies (GWAS)" technique is used for mapping 

quantitative characteristics based on linkage disequilibrium (LD) in genetically diverse 

individuals of the same species and for elucidating the relationship between DNA markers and 

phenotypic traits (Uffelmann et al., 2021). There are GWAS studies on shell color and 

characteristics, phenology, and the accumulation of nutrient elements such as iron (Fe), 

manganese (Mn), calcium (Ca), and phosphorus (P) in walnuts (Arab et al., 2019; Orman et al., 

2020; Bernard et al., 2020; Akpunar et al., 2024; Doganay et al., 2025). The aim of this study 

is to determine the K and Na concentrations in walnut kernels obtained from 154 different 

genotypes and to identify the genes associated with these concentrations using the GWAS 

method. This study is significant as it is the first association mapping study to identify both the 

K and Na concentrations in walnut fruit and the genes controlling these concentrations using 

the GWAS method. 
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MATERIALS AND METHODS  

 

Plant materials  

A walnut population comprised of 154 distinct walnut genotypes was cultivated in the 

Genetic Resources Parcels of the Yalova Atatürk Central Horticultural Research Institute 

(ABKMAE). Information about these varieties is presented in Table S1. 

Determination of potassium (K) and sodium (Na) concentrations in walnut kernels 

The concentrations of K and Na in 154 different walnut genotypes were measured using 

the method developed by Kacar and Ķnal (1972) (Kacar and Inal, 1972). To obtain more reliable 

and consistent results, all analysis procedures were performed in triplicate for each element 

from each genotype. 

Variance analysis 

To determine the statistical significance of the effects of replication (R), genotype (G), 

year (Y), and Y x G interactions on K and Na concentrations in 154 walnut genotypes, a two-

way analysis of variance (ANOVA) was conducted using the SPSS (Statistical Package for the 

Social Sciences) software program (version 12.0J; SPSS Inc., Chicago, IL, USA). Year and 

genotype interactions were viewed as constant effects in the analysis of variance, whereas K 

and Na accumulation values were viewed as response variables and replications as random 

factors. The variance analysis was carried out at significance levels of 5% and 1%. Additionally, 

heritability (H²) values were calculated to evaluate the effect of the genetic component on the 

concentrations of both dietary elements (Lamichhanea et al., 2021; Sary et al., 2022).  

 

Genotypic data 

The raw SNP dataset produced by Orman et al. (2020) using the DArT genotyping 

approach provided the genotypic data used in this investigation (Orman et al., 2020). To 

improve data quality, SNPs with a call rate below 80% were removed from the raw SNP dataset 

containing 16,774 SNPs. The genotypic data used in this study consisted of the remaining 

13,611 clean SNPs. 

 

GWAS analysis 

A GWAS study was performed using TASSEL 5.2.93, a program that uses evolutionary 

trait connections and linkage disequilibrium, as explained by Bradbury et al. (2007), to find 

SNPs related to K and Na concentrations (Bradbury et al., 2007). In this analysis, the 

relationships between SNP markers and phenotypes were evaluated using mixed linear model 

[MLM (PCA + K)] approaches (Upadyayula et al., 2006). The association between SNP 

markers and phenotypic traits was revealed with the help of Manhattan and quantile-quantile 

(Q-Q) plots generated for both elements and both years. To detect false positive SNPs, the False 

Discovery Rate (FDR) threshold was determined (Benjamini and Hochberg, 1995), and SNPs 

that exceeded the FDR threshold and showed significance at the p < 0.01 level were considered 

statistically significant for the accumulation of both elements. 

 

Putative Candidate Gene analysis 

To determine the genomic locations and functional importance of SNP markers 

associated with K and Na concentrations in walnut fruit, the SNP sequences obtained from the 

GWAS analysis were aligned with the J. regia genome with accession number PRJNA350852, 

thereby identifying candidate genes. Information on these potential genes is listed in Table S2, 

Table S3 and Table S4. 
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RESULTS AND DISCUSSION 

 

Determination of potassium (K) and sodium (Na) concentrations in walnut kernels 

The K and Na concentrations measured for both years in 154 different walnut genotypes 

evaluated for K and Na concentrations are shown in Table 1. 

Table 1. K and Na accumulations in walnut genotypes over two years: minimum, maximum, 

and mean values.  

Trait 2021    2022  

 Min Max Mean  Min Max Mean  

 K (mg/100g)    257.50   822.50    411.80  131.75   850.00  414.57  

 Na (mg/100g)     2.50     80.00     18.70  2.00   84.50    18.61  

 

The lowest K concentration for both years was determined to belong to genotype 

104/114 (genotype number 11, Table S1), while the highest K concentration was found in 

genotype BAYIR-1 (genotype number 107, Table S1).  

While the variation between K concentration values in this study was found to be 6.45-

fold, previous studies reported smaller ranges, such as 1.39-fold (Polat et al., 2015), 1.45-fold 

(Simsek, 2016), and 1.23- and 1.38-fold (Rabad§n et al., 2018). These results imply that the 

range of K concentrations seen in this investigation is greater than those documented in previous 

research. The wider genetic diversity of the walnut genotypes employed in this study could be 

the cause of this increased variation (Polat et al., 2015; Simsek, 2016; Rabad§n et al., 2018). 

These results suggest that genotype 104/114 could be employed in test cross studies to 

locate genotypes that are rich in K, whereas the BAYIR-1 genotype may be evaluated as a parent 

in hybridization and biofortification-oriented walnut breeding programs targeting the 

development of K-rich genotypes. 

Genotype 144/84 had the lowest Na concentration in both years, while genotype GIR/14 

(Table S1) had the highest Na concentration in both years. 

In the present study, the variation between the minimum and maximum Na 

concentration values was determined to be 42.25-fold, whereas in the aforementioned studies, 

this variation was 3.23-fold (Muradoglu et al., 2010), 2.83-fold (Yēlmaz and Akca, 2017), and 

1.93-fold (Ozyigit et al., 2019). The differences in Na concentrations observed in this study 

display a broader range compared to the findings in previous literature. This may be attributed 

to the greater genetic diversity of the walnut genotypes used in the current research (Muradoglu 

et al., 2010; Yēlmaz and Akca, 2017; Ozyigit et al., 2019). 

Based on the results obtained from this study, the GIR/14 genotype can be utilized in 

biofortification studies, hybridization programs, and sustainable agriculture practices to create 

efficient, nutrient-rich, and healthy food sources. 

The two-year (2021ï2022) data from the K and Na concentration analyses in walnut 

fruits were used to build a histogram. It was found that the frequency distribution of both 

elements for the 154 genotypes displayed a normal distribution (Figure 1a, b, c, and d). This 

indicates that the identified phenotypic traits are likely controlled by numerous genes, may be 

impacted by environmental factors, are both measurable and continuous, and that most 

individuals in the population have average values, while individuals with extreme values are 

fewer. This also indicates that the population is suitable for GWAS studies due to the presence 

of both extreme and average value individuals. 
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Fig. 1. Histogram graphs depict the distribution of K and Na contents for two years. 

Variance analysis 

After analyzing the findings of analysis of variance, it was found that R did not create 

statistically significant differences in K and Na concentrations (dependent variables). G showed 

a statistically significant effect at p Ò 0.01 level for both dependent variables. However, only K 

concentration was found to be statistically significantly affected by Y and the Y x G interaction 

at p Ò 0.01.  

When the variance analysis results of previous studies were examined, it was found that 

potassium (K) concentrations showed a significant difference only for crop year (CY) alone, 

while the genotype (G) Ĭ crop year (CY) and genotype interactions in consecutive crop years 

did not exhibit statistically significant differences at the p Ò 0.05 level (Rabad§n et al., 2019). 

However, significant differences were detected at the p < 0.01 level for genotype Ĭ crop year 

(G Ĭ CY), crop year (CY), and genotype (G) interactions for K concentration (Rabad§n et al., 

2018). These results indicate that the variability in K content in walnut fruits arises from both 

genetic factors and environmental influences. In previous studies conducted to determine 

sodium (Na) concentrations, analysis of variance revealed statistically significant differences 

among genotypes at the p < 0.01 level (Ozcan et al., 2010) and at the p Ò 0.05 significance level 

(Simsek, 2016). In the literature, no other variance analysis studies have been found that 

evaluate the effects of genotype (G), year (Y), and G Ĭ Y interactions on Na concentration in 

walnut kernels. 

These results show that while K accumulation in walnut fruits is regulated by both 

genetic and environmental variables, Na accumulation is impacted only by genetic factors. 

Since the walnut fruits were harvested from the same location but grown in two different years, 

it is considered that soil properties such as pH, total salt (%), and organic matter, as well as 

climatic conditions such as the number of rainy days and total monthly precipitation, may have 

changed between the two years. This result provides important insights, particularly for plant 

breeding, fertilization strategies, and biofortification studies, as it highlights the necessity of 

focusing not only on genetic composition but also on environmental management strategies. 

In the present study, the heritability value for K and Na concentrations was determined 

to be 0.99. These high values suggest that the influence of genotypic factors on K and Na 

accumulation in walnut kernels is substantially greater than that of environmental factors. In 

contrast, previous studies conducted on different plant species have reported lower heritability 
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values; for instance, Amoah et al. (2023) reported heritability estimates of 0.20 for K and 0.46 

for Na concentrations in peanuts (Amoah et al., 2023). A number of variables, such as variations 

in plant species, genetic variability among genotypes, and environmental circumstances, could 

be responsible for the disparities between the results of this study and those of other 

investigations.  

The study's conclusions offer significant new information and a useful foundation for 

genotype selection in walnut breeding initiatives aimed at enhancing nutritional value. 

 

Table 2. Variance analysis results of two-year K and Na accumulations obtained from walnut 

genotypes. 

 
 K accumulation  

Variations Source df MS F P Ò 0.05 P Ò 0.01 H2 

 Replication 2 64.98 0.44 ns 3.07 4.79 0.99 

 Year (Y) 1 1814.96 12.45 ** 3.92 6.85  

 Genotype (G) 153 40368.40 277.02 ** 1.25 1.38  

 Y x G 153 297.22 2.04 ** 1.25 1.38  

 Error 614 145.72     

 General 923      

 Na accumulation       

 Variations Source df MS F P Ò 0.05 P Ò 0.01 H2 

 Replication 2 15.11 2.59 ns 3.07 4.79 0.99 

 Year (Y) 1 3.89 0.66 ns 3.92 6.85  

 Genotype (G) 153 1096.91 187.96 **  1.25 1.38  

 Y x G 153 1.45 0.25 ns 1.25 1.38  

 Error 614 5.83     

 General 923      

           

         df=degree of freedom; MS=mean sum of square; H2=Heritability 

          ns =Not significant  

          * =Significant at p Ò0.05 

         **=Significant at p Ò0.01 

 

GWAS analysis  

In the GWAS analysis, to eliminate false positive results among the identified SNPs, 

FDR threshold was applied: K-2021 and K-2022 (FDR = 3.33), Na-2021 and Na-2022 (FDR = 

3.50). Manhattan plots were used to show SNPs that exceeded these levels (Fig. 2). 

Additionally, Q-Q plots were created to illustrate the distribution of P-values demonstrating the 

relationship between significant SNP markers and K and Na concentrations (Fig. 3). A total of 

17 significant SNPs (P <0.01) exceeding the FDR threshold was identified as associated. Out 

of these SNPs, 16 were related to K accumulation (Table 3) while one SNP was related to Na 

accumulation (Table 4). 

 

 

 

 

 

 

 

 

 



VI I . International Agricultural, Biological & Life Science Conference, Istanbul, Türkiye, 7-10 September 2025 

388 
 

Table 3. List of SNP markers related to K accumulations in walnut kernels.  

 

Trait-Year (FDR) SNP ID Marker P -log(P) Marker R2 

 

K-2021 

M664 

M2987 

2.33E-06 

2.98E-06 

5.63 

5.52 

0.16 

0.15 

(3.33) M5697 
M7893 
M15813 

M16456 

2.98E-06 
2.98E-06 

2.18E-05 

4.22E-05 

5.52 
5.52 

4.66 

4.37 

0.15 
0.15 

0.12 

0.11 

 M14109 

M14820 

M5560 

M13781 

M12921 

M15542 

M13511 

M1994 

M2343 

M4326 

 

6.37E-05 

1.13E-04 

1.24E-04 

1.86E-04 

1.96E-04 

2.07E-04 

2.39E-04 

3.35E-04 

3.94E-04 

4.29E-04 

4.19 

3.94 

3.90 

3.73 

3.70 

3.68 

3.62 

3.47 

3.40 

3.36 

 

 

 

0.11 

0.10 

0.10 

0.10 

0.10 

0.09 

0.09 

0.08 

0.08 

0.08 

K-2022                               

(3.33) 

 

M664                            

M2987 

M5697 

M7893 

M15813 

M16456 

M14109 

M14820 

M5560 

M13781 

M12921 

M15542 

M13511 

M2343 

                                

                       

 

1.49E-06  

8.85E-07 

8.85E-07 

8.85E-07 

1.95E-05 

4.84E-05 

3.39E-05 

2.20E-04 

1.37E-04 

1.23E-04 

1.30E-04 

2.39E-04 

1.89E-04 

4.42E-04                   

5.82  

6.05 

6.05 

6.05 

4.71 

4.31 

4.47 

3.65  

3.86 

3.90 

3.88 

3.62 

3.72 

3.35                       

0.16 

0.17 

0.17 

0.17 

0.12 

0.11 

0.12 

0.09 

0.10 

0.10 

0.10 

0.09 

0.09 

0.08 

 

     

 

Table 4. List of SNP markers related to Na accumulations in walnut kernels. 

 

Trait-Year (FDR) SNP ID Marker P -log(P) Marker R2 

 

Na-2021 

 (3.50) 

 

M1547 

 

 

2.26E-04 

    

3.64 

 

    

   0.09 

 

 

Na-2022 

  (3.50) 

 

 

M1547    

 

 

2.10E-04 

 

 

   3.67 

 

 

   0.09 
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Research conducted for the present study did not find any other studies in the literature 

that identified SNP markers related to nutrient accumulation in walnut kernels. However, there 

are research that has found SNP markers related to various traits in walnuts. When these studies 

are examined, 98 SNP markers associated with seven traits of walnut fruit, 55 significant SNP 

markers related to nut, kernel, and shell traits, and 259 significant SNP markers identified in 

different walnut genotypes in response to drought stress have been reported (Arab et al., 2019; 

Orman et al., 2020; Arab et al., 2022). These findings in the literature demonstrate the 

importance of the GWAS method in identifying SNP markers associated with specific traits. 

The identification of SNP markers linked to desirable traits can contribute to plant breeding 

efforts. 

In this study, the RĮ values of the identified SNPs were determined to range from 0.08 

to 0.17, while in other studies in the literature, RĮ values were observed to range from 0.08 to 

0.19 and from 0.01 to 0.35 (Orman et al., 2020; Arab et al., 2022). These results are consistent 

with the literature. Based on these findings, markers with high RĮ values can be used in marker-

assisted selection (MAS) and breeding programs to select individuals targeting these markers, 

thereby enabling faster genetic gain. 

Future genetic research on walnuts can leverage the SNP markers shown in this work to 

be related to K and Na concentrations in walnut fruit as genetic resources. 

 

 
Fig. 2. Manhattan plots of both macronutrients: (a) K-2021, (b) K-2022, (c) Na-2021, (d) Na-

2022.  
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Fig. 3. Q-Q plots of both macronutrients: (a) K-2021, (b) K-2022, (c) Na-2021, (d) Na-2022.  

 

Putative Candidate Gene analysis 

The 17 SNP markers associated with K and Na accumulation, identified through the 

GWAS analysis, were aligned with the Juglans regia L. genome and 13 of these SNPs were 

localized to particular chromosomes in the walnut genome. For 11 SNPs associated with both 

K-2021 and K-2022 accumulation, 105 candidate genes were identified (Table S1), while 13 

candidate genes were detected for the SNP associated only with K-2021 accumulation (Table 

S2). For the SNP associated with both Na-2021 and Na-2022 accumulation, 18 candidate genes 

were identified (Table S3). 

The serine/threonine-protein kinase PBL9 identified for SNP664 is a member of the 

PBS1-like kinase family, which has been characterized in Arabidopsis thaliana and plays 

important roles in immune responses and signal transduction (Huang et al., 2021). The gene 

phospholipid-transporting ATPase 4, located near SNP7893, encodes a protein belonging to the 

phospholipid-transporting ATPase family and has been identified in Arabidopsis thaliana. This 

gene plays a critical role in maintaining membrane stability and cellular functions by regulating 

the incorporation of phospholipids into the cell membrane and intercellular transport (Jensen et 

al., 2017). The candidate genes identified in this study as being associated with K concentration 

have not previously been reported in the literature to be associated with K concentration in 

walnut. 

These findings may help us better understand the functions of genes associated with K 

concentration in plant cells. Additionally, investigating genes that do not directly affect K 

content but may have the potential to influence it indirectly can provide a basis for future 

research. Considering the importance of the K nutrient for human health and nutrition, the data 

obtained from the research can offer supportive information for improving the quality of plant-

based food sources. Understanding the functions of genes related to nutrient accumulation can 

also contribute to the cultivation of nutrient-rich plants through genetic engineering approaches, 

particularly in plant breeding efforts. 
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CONCLUSION 

 

This study represents the first research in which SNP markers associated with K and Na 

concentrations were identified using the GWAS method among 154 different walnut genotypes. 

Genetic variation in K and Na concentrations was detected, and the obtained data hold 

significant potential for future genetic research on walnuts. Investigating potential genes 

associated with SNP markers related to nutrient accumulation in the walnut and determining 

their traits may contribute to plant breeding efforts through genetic engineering approaches. 

Additionally, enhancing K and Na concentrations in edible plants through biofortification 

studies may also contribute to the improvement of human nutrition. 
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ABSTRACT 

 

Botrytis cinerea is a necrotrophic fungal pathogen that is responsible for substantial 

losses in a wide range of plant species. The detrimental impacts of chemical fungicides on 

human health and the environment have given increase the interest in alternative control 

strategies. In this review, the antifungal effects of different propolis extracts on this pathogen 

were evaluated based on studies that combined in vitro and in vivo tests. The findings of the in 

vitro experiments demonstrated that propolis extracts have the capacity to inhibit various 

developmental stages of this pathogenic fungus such as mycelial growth, sporulation, and 

conidial germination. However, the effectiveness of this inhibition was changed with 

concentration of the extract and the method of preparation. In this context, it has been 

demonstrated that extracts prepared based on the use of ethanol at high concentration and 

sonication method have a stronger antifungal effect. In vivo test demonstrated that the treatment 

of propolis to the fruits of plants including strawberries, grapes, blueberries and tomatoes led 

to a reduction in both the disease incidence and infection area by the pathogen, although this 

effect exhibited the variability with plant species, the application method and dosage. 

Consequently, while propolis reveals considerable antifungal potential against B. cinerea, 

additional researches are required on the standardization of extracts, the optimization of doses, 

the determination of application timing and in vivo tests on different plant species to increase 

its applicability in agricultural practices. 

 

Keywords: Botrytis cinerea, propolis extract, antifungal effect, in vitro and in vivo tests 

INTRODUCTION  

 

Propolis is a complex natural compound that is formed by honeybees (Apis mellifera) by 

combining the natural substances they collect from plant buds, resins and leaf sap with their 

own enzymatic secretions. The word 'propolis' is derived from the Greek wordôs 'pro', meaning 

'front or entrance', and 'polis', meaning 'city-colony', which indicates that it was used in its hive 

defense. Propolis is characterised by its flexibility, softness and stickiness at high temperatures, 

while it becomes hard and brittle when cooled. Due to these properties, it is used by honeybees 

to close cracks and holes and strengthen the structure of beeswax combs in order to keep the 

temperature and humidity inside the hive constant throughout the year (Sforcin, 2007). 
From antiquity to the present, propolis has been utilized as an antiseptic and disinfectant 

for oral and skin illnesses in ancient Greece, primarily in traditional medicine, and by the 

Egyptians during mummification procedures (Havsteen, 1983; Burdock, 1998). This particular 

bee product, which has a wide range of uses, has been shown to contain over 300 chemical 

compounds (Huang et al., 2014). The chemical composition of raw propolis typically consists 

of 50% plant resins, 30% waxes, 10% essential and aromatic oils, 5% pollen, and 5% other 

organic substances (Bankova, 2005). However, the main chemical groups in propolis resin are 
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phenolic acids and their esters, terpenes, flavonoids, aromatic aldehydes and alcohols, stilbenes, 

fatty acids, and ɓ-steroids (Watanabe et al., 2011; Ahangari et al., 2018; Przybylek and 

Karpinski, 2019). Despite the chemical diversity of propolis, comprehensive research has 

revealed the existence of at least six main types (Ghallab et al., 2024). 

 

 
 

Figure 1. The main types of propolis (Ghallab et al., 2024). 

 

Following the demonstration of the anticancer, antioxidant, anti-inflammatory, antibiotic, 

antifungal and antihepatotoxic properties of propolis by Ghisalberti (1979), there has been an 

increase in the number of modern controlled experimental studies on the chemical structure and 

biological activities of this substance. Botrytis cinerea, the causal agent of gray mold disease in 

several plant species and a major cause of yield losses both in the field and post-harvest 

(Williamson et al., 2007; Dean et al., 2012), took a place among the fungal pathogens against 

which propolis was tested. The ability of this fungal pathogen for development of resistance 

exhibited by this fungal pathogen to fungicides has rendered the use of alternative compounds 

to control it, such as propolis, increasingly significant. 

Some of the studies have been conducted in vitro to investigate the impact of propolis on 

B. cinerea (Sapieha-Waszkiewicz et al., 2011; Curifuta et al., 2012; Yang et al., 2016; Ezazi 

and Davari, 2018; Wuaden et al., 2018; Ouahab et al. 2023; Erdoĵan and G¿zel, 2025). 

However, the results of in vivo tests involving plant parts are more significant in determining 

the practical applicability of this compound. In this review, the effect of propolis against this 

pathogen was discussed in the light of the findings obtained from both in vitro and in vivo 

stages, with emphasis placed on the highest effects observed in the studies. Within this context, 

in vitro studies are incorporated into the text according to their chronological sequence, while 

in vivo studies are presented in tabular form. Articles belonging to the research conducted until 

today were obtained by using many databases in Tekirdaĵ Namēk Kemal University library. 

STUDIES ON THE EFFECTS OF DIFFERENT PROPOLIS EXTRACTS AND 

APPLICATIONS ON Botrytis cinerea 

In the study conducted by Darweesh (2010), samples of propolis collected from Baghdad, 

Iraq, were prepared using 96% ethyl alcohol and subsequently added to Potato Dextrose Agar 

(PDA) medium at doses of 1.25, 2.5, and 5 mg/ml. The researcher then has determined the 

pathogen's colony diameter and mycelial growth rate seven days after placing a mycelial disk 

of the pathogen in the center of each petri dish. In the study, the same concentrations were also 

added to Potato Dextrose Broth (PDB) medium and mycelial dry weights were measured after 

14 days of incubation at 25°C. In vitro tests of the study revealed that a concentration of 5 
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mg/mL of propolis extract led to a 100% reduction in both the colony growth and the mycelial 

dry weight in PDA and PDB media. This dose was applied to eggplant leaves and cucumber 

fruit, and its efficacy against the pathogen in vivo was tested (Table 1). In addition, the chemical 

composition of propolis was analysed using infrared spectroscopy, and the presence of 

flavonoids was determined. 

In a study conducted by Moura et al. (2016), extracts of two different types of propolis (green 

and brown) prepared with ethanol were added to PDA medium, which were present in 9 cm 

Petri dishes at doses of 0.5% and 2.5%, and the mycelial disk of the pathogen was placed on it. 

Petri dishes were incubated at 25°C and the colony diameter of the pathogen was measured at 

48, 72 and 96 hours after inoculation. Following a thorough evaluation of the study's findings, 

it was determined that both 0.5% and 2.5% doses of green propolis exhibited a higher antifungal 

effect against the pathogen in comparison to brown propolis. Findings from the study indicated 

that a 2.5% dose of green propolis led to a 33.67%, 43.90%, and 43.23% inhibition in colony 

development at 48, 72, and 96 hours after inoculation, respectively; these values were higher in 

comparison to the inhibition rates of brown propolis at same dose. In the study, both propolis 

were tested using strawberry fruit in vivo at both doses (Table 1). 
 

Table 1. Some studies conducted under in vivo conditions against Botrytis cinerea 

 

Treatment Scope Result / Effectiveness Author  

Application of propolis ethanol 

extract (5 mg/ml) to eggplant 

leaves and cucumber fruits at 

different times before and after 

inoculation [dropping of conidia 

suspension (1Ĭ10  conidia/mL) 

into wounds opened on leaves 

and fruits] of the pathogen 

Determination of 

the effect of 

application time 

(both 24, 48 hours 

before and after 

inoculation) on the 

growth of B. 

cinerea 

The treatments made 24 

and 48 hours before 

inoculation significantly 

slowed down disease 

development. 

Darweesh 

(2010) 

Spraying of a conidia suspension 

of the pathogen at a 

concentration of 1Ĭ10  

conidia/mL after one minute 

immersion of strawberry fruits in 

solutions of green and brown 

propolis at 0.5% and 2.5% doses 

Control of 

pathogen 

development in the 

cultivar (cv) 

Camarosa with 

different propolis 

doses 

No difference was 

observed between the 

two propolis extracts in 

terms reducing disease 

incidence, with an overall 

inhibition rate of 12.5% 

being determined. The 

0.5% dose of green 

propolis inhibited the 

disease severity at the 

highest rate (23.08%). 

Moura et 

al. (2016) 

After covering cherry tomatoes 

with pullulan film containing 

propolis ethanol extract (5% and 

10%), the inoculation of the 

pathogen conidia suspension 

(10µl) to the wound 

Determining the 

protection of the 

application by 

measuring the 

pathogen 

population on 

tomatoes 

There was no reduction 

in the population of 

coated pathogens after 14 

or 21 days. 

Pobiega 

et al. 

(2020) 

Inoculation of pathogen (10 µL) 

into wounds opened with a 

pipette tip after immersing grapes 

Evaluation of the 

effect of different 

propolis types 

In the study, after 15 

days, Portuguese 

propolis (~16.3%) was 

Diallo 

(2021) 
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berries in propolis solutions (15 

g/L) for 2 minutes (min) 

(Portuguese, 

Brazilian red) on 

the decay area 

caused by B. 

cinerea 

found to be effective in 

red grapes and Brazilian 

red propolis in white 

grapes (~21.5%) were 

found to be effective, 

even if at low rates. 

 

Treatment Scope Result / Effectiveness Author  

Immersion of strawberry fruits in 

propolis extract (20-, 40- and 60-

mL/L) for 30 da, keeping at 25oC 

for 24 hours and inoculation of 

conidia suspension of the 

pathogen 

Monitoring the rate 

of disease incidence 

at different times (24, 

48, 72 hours), 

determining the PAL 

(phenylalanine 

ammonia-lyase) 

enzyme activity and 

total phenolic 

substance amount, 

which play a role in 

resistance 

No significant decrease 

in disease incidence was 

observed at any time 

point at any of the three 

doses, and an increase 

was observed at higher 

doses. Although the total 

phenol content of the 

fruit decreased, PAL 

enzyme activity 

increased by only 7.61% 

after 72 hours. 

Stefanski 

et al. 

(2024) 

Inoculation of 5µl of conidia 

suspension of the pathogen into 

the fruits using a sterile needle; 

for volatile compounds, the 

placement of the inoculated fruits 

on sterile papers with 100 µl of 

extract; for non-volatile 

compounds, treating the extracts 

(5 µl) to the wounds on the fruit 

arranged on the grid one hour 

after inoculation. 

Evaluation of the 

effect of volatile and 

non-volatile 

compounds in 

extracts on disease 

incidence 

PFvg1 extract exhibited 

strong antifungal 

activity (~60-80%) for 

both compounds. PFvg2 

followed it. 

Sadallah 

et al. 

(2025) 

 

Pobiega et al. (2020) determined the minimum inhibitory concentration (MIC) value for 

B. cinerea as 2 mg/mL and the minimum fungicidal concentration (MFC) value as 8 mg/mL as 

a result of serial dilution tests prepared with propolis ethanol extract (EEP). In the conducted 

study, additionally, pullulan films containing 5% and 10% EEP were prepared, and 6 mm 

diameter discs were cut from these films and placed on Sabouraud agar media spread with 

conidia suspension. Cellulose discs coated with EEP at the same concentration have been used 

as the control group. The experimental findings revealed that no inhibition zones were observed 

in any of the treatment groups. The in vivo tests of the study were carried out on cherry tomato 

fruits (Table 1). 

In a study performed by Diallo (2021), the antifungal effects of three distinct propolis 

ethanol extracts (Portuguese propolis, Brazilian green propolis, and Brazilian red propolis) on 

B. cinerea G3 isolate were investigated. For the present study, the extracts were prepared at 

doses of 0.5 g/L, 1.5 g/L, 5 g/L, and 15 g/L, and were compared with a commercial fungicide 

and a fungicide containing the active ingredient tebuconazole. Both agar disk diffusion and well 

diffusion methods were used in the in vitro experiments. In the disk diffusion assay, square 

dishes containing 50 mL of PDA were prepared, and a conidial suspension with a density of 

1×106 conidia/mL was spread evenly onto the medium using a sterile swab. Subsequently, a 

total of nine filter paper disks were placed on the surfaces, and 100 µL of the extract was 
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dropped onto each disk. In the well diffusion method, the same volume (100 µL) of solution 

was applied to each well (nine wells punched with the back of a sterile Pasteur pipette on the 

agar) and the experiments were conducted separately for different extracts. The dishes were 

then subjected to an incubation process at a temperature of 25°C for a period of five days. 

Following the conduction of the experiments, it was reported that none of the propolis species 

examined in both methods demonstrated antifungal efficacy at the applied doses. In vivo tests 

were conducted utilising extracts at a concentration of 15 g/L and grape berries. (Tablo 1). 

Stefanski et al. (2024) examined the effects of an ethanol extract of brown propolis on 

mycelial development, sporulation and conidia germination of B. cinerea under in vitro and in 

vivo conditions. In the in vitro experiments, propolis extract was added to PDA medium at doses 

of 20, 40, and 60 mL/L. Petri dishes with a 5 mm diameter B. cinerea mycelium disk placed in 

the center were then incubated at 25°C for 6 days. Colony growth was measured daily, and 

conidia counts were performed at the conclusion of the sixth day. In the study, it was indicated 

that mycelial growth rates were significantly reduced and that sporulation was absent at doses 

of 40 and 60 mL/L. In vivo studies on strawberry fruits demonstrated that the three doses were 

ineffective in reducing disease incidence (Table 1.).  

Sadallah et al. (2025) evaluated the antifungal activity of propolis samples [PFvg1 (Friuli 

Venezia Giulia), PFvg2 (Friuli Venezia Giulia), PU3 (Umbria), PV4 (Veneto), PT5 (Tuscany)] 

obtained from different geographical coordinates of various Italian regions against B. cinerea 

isolate obtained from grape berries, both in vitro and in vivo (Table 1). In the study, samples of 

propolis were prepared by extraction with a range of solutions of ethanol (30%, 60% and 90% 

v/v). In vitro tests were carried out in which the conidia suspension of the pathogen (1×105 

conidia/mL) was spread on PDA medium, 80 µL of extract was applied to the wells (5 mm in 

diameter) on the medium, and the inhibition zones were measured after 72 hours. The findings 

of this test demonstrated that the widest inhibition zone was observed in the use of PU3 propolis 

extract, which was prepared with 90% ethanol. The researchers also had ascertained the EC50 

value for volatile and non-volatile compounds of each extract based on conidia germination 

using increasing doses (0, 3.2, 6.5, 12.5, 25, 50, 100, 150 and 200 ppm) of propolis extracts 

obtained by sonication with 90% ethanol for 24 hours. For tests involving volatile compounds, 

filter papers were placed on conidia suspensions spread on PDA medium, and the relevant dose 

of propolis extract was applied to each. For non-volatile metabolites, volatile compounds (100 

µl) were added one hour after the pathogen spread onto the medium. Petri dishes were subjected 

to an incubation process at a temperature of 20°C for a duration of 48 hours. The outcomes of 

these experimental tests had indicated that PFvg2 (EC50: 1.36 mg/ml) was identified as the most 

effective extract in regard to volatile compounds, while PU3 (EC50: 2.24 mg/ml) was 

determined to be the most effective extract in relation to non-volatile compounds. In in vivo 

tests, the EC50 value of each extract was used as the dose. 

CONCLUSION 

The in vivo studies referenced in this review demonstrate the significant antifungal 

potential of propolis extracts against B. cinerea. However, the extent of this efficacy is 

dependent on numerous factors, including the chemical composition of the propolis, the 

extraction method, the type of solvent utilised, the dose, the timing of application and the target 

plant tissue. The extant literature reveals that research studies have examined the efficacy of 

propolis extracts on the plants at post-harvest stage, with promising results obtained. The 

efficacy of propolis under in vivo conditions has been proven by significant reductions in 

disease incidence and lesion development, particularly in high-value crops with perishable 

properties, including strawberries, grapes, blueberries, cucumbers and tomatoes. The fact that 

propolis is not only used in the context of agricultural products but also in human health, with 
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its antimicrobial, antioxidant and anti-inflammatory properties, renders it a versatile and safe 

product. In this context, the utilisation of propolis, a substance that has been demonstrated to 

be effective in both human health and in the inhibition of plant pathogens, particularly in the 

control of fungal diseases in the post-harvest period in fruits, will not only result in a reduction 

of product loss but also contribute to food safety by eliminating the risk of chemical residues. 

In conclusion, propolis extracts, with their naturality, environmentally friendly composition, 

and multiple biological activities, have the potential to become a significant component of 

sustainable agricultural practices in the future to control postharvest diseases. However, further 

studies on various fruits and vegetables are needed to integrate this potential into agricultural 

practice. 
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ABSTRACT 

 

Fusarium culmorum is a destructive soil-borne fungal pathogen responsible for root and 

crown rot in wheat (Triticum aestivum), leading to significant yield losses globally in the areas 

where wheat was cultivated. Biological control agents such as Trichoderma harzianum have 

shown promising antagonistic effects against F. culmorum under optimal conditions; however, 

understanding their performance under abiotic stress is also crucial for practical applications. 

This study aimed to evaluate the antagonistic activity of T. harzianum against a highly virulent 

F. culmorum isolate under increasing salinity. In the first stage, Potato Dextrose Agar (PDA) 

medium was amended with 50, 100, and 150 mM NaCl, and dual culture assays were 

conducted. In these tests, T. harzianum inhibited the mycelial growth of F. culmorum by 

40.62%, 40.00%, and 38.75% at 50 mM, 100 mM and 150 mM salt concentrations, respectively, 

compared to 65% inhibition under non-saline control. In the second stage, wheat seeds co-

inoculated with both the pathogen and antagonist were placed on PDA medium containing 50 

and 100 mM NaCl. Under these conditions, T. harzianum suppressed F. culmorum colony 

development around the seeds by 70.64% at 50 mM and 45.16 % at 100 mM NaCl. These 

results indicate that T. harzianum retains significant biocontrol potential under moderate salt 

stress. It was demonstrated that high salt levels reduced antagonistic activity in dual culture 

tests, while protective activity increased around the seed at salt concentrations that did not 

inhibit plant growth. The study presents promising results regarding the potential use of T. 

harzianum as a biocontrol agent against F. culmorum in wheat cultivation in saline regions. 

 

Keywords: Trichoderma harzianum, salt stress, Fusarium culmorum, antagonistic effect, seed 

colonization 

INTRODUCTION  

 

Approximately 7% of the world's land, including 20% of agricultural land, is affected by 

salinity problems. Consequently, it is estimated that all agricultural lands worldwide will face 

challenges related to salinity by the year 2050 (Shahid et al., 2018; Singh et al., 2019; Otlewska 

et al., 2020). The increase in salt concentrations is capable of inducing alterations in both plant 

life and microbial ecosystems. Recent studies have demonstrated that the application of varying 

salt levels to cultivated plants or the cultivation of the plants under salinity stress can enhance 

the flavour and aroma of the crop. However, it has been reported that such conditions can 

facilitate the growth of fungal pathogens (Dikilitaĸ ve Karakaĸ, 2014). Plants and 

microorganisms both exhibit distinct responses to salt stress. It has been demonstrated that 

plants exposed to salt stress become more susceptible to fungal pathogens such as Alternaria 

solani, Fusarium oxysporum, Macrophomina phaseolina, Phytophthora spp. and Verticillium 

dahliae, due to their reduced resistance (Swiecki and MacDonald 1991; Nachmias et al. 1993; 

Triky-Dotan et al. 2005; Goudarzi et al. 2011). 
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Wheat (Triticum aestivum L.) is considered to be one of the most significant crops 

cultivated in arid and semiarid regions (Shiferaw et al., 2013). Limiting factors for wheat 

production include nutrient deficiencies in soil, drought, salinity stress and the presence of the 

pathogens causing the diseases. Fusarium culmorum, a fungal pathogen transmitted through 

seeds and soil, has been responsible for significant yield losses by causing pre- and post-

emergence damping-off in plants (Pasquali et al., 2016). In the case of the pathogen being 

present in the soil, the recommendation has been for seed treatment with various fungicides. 

However, due to the various adverse effects of chemicals on the environment and human health, 

seed treatments with the biological control agent Trichoderma harzianum have also been shown 

to be sufficiently successful against this pathogen (Erdurmuĸ and Katērcēoĵlu, 2008; Kthiri et 

al., 2020; Özdamar and Özer, 2022; Vitti et al., 2022). Upon the colonisation of plant roots by 

this antagonist fungus, the increase in the activities of various enzymes, including peroxidase, 

chitinase, ɓ-1,3-glucanase, and lipoxygenase-pathway hydroperoxide lyase is occurred.  This 

process is of critical importance for the increases in plant growth, the accumulation of 

compounds that are involved in resistance, and improved nutrient uptake, as well as the 

development of tolerance to salt stress in plants (Shoresh et al., 2010; Contreras-Cornejo et al., 

2016). However, it is known that the development of T. harzianum is also affected by different 

factors (salinity, temperature, heavy metal) (Mohammed ve Haggag, 2006; Poosapati et al., 

2014; Rawat et al., 2013; Contreras-Cornejo et al., 2016; Mbarki et al., 2017; Bozdeveci et al., 

2019; Abu-Shahab et al., 2022; Rawat et al., 2022; Abdelrhim et al., 2024).  

In previous years, studies have been conducted on the effects of T. harzianum on various 

fungal pathogens causing root and crown rot in different plant species under in vitro and in vivo 

conditions at different salinity levels. These include Fusarium oxysporum f. sp. lycopersici in 

tomato (Mohammed and Haggag, 2006), F. oxysporum f. sp. ciceri in chickpea (Rawat et al., 

2013), Sclerotinia sclerotiorum in bean (Abdelrhim et al., 2024) and F. udum in pigeon pea 

(Mishra et al., 2024). In the case of wheat, only F. pseudograminearum has been investigated 

in this context (Boamah et al., 2021). To date, no study has examined the effects of Trichoderma 

harzianum application on wheat under combined salinity stress and F. culmorum infection, 

which is prevalent in our country. This work aimed to test the antagonistic activity of T. 

harzianum against F. culmorum and its impact on seed colonization by the pathogen, under 

different levels of salinity stress. 

MATERIAL AND METHOD  

 

The pathogenic fungus isolate used in the experiments was F. culmorum (S-14), which 

was isolated from wheat exhibiting symptoms of root and crown rot in the Thrace Region and 

is known to be pathogenic. The wheat cultivar Flamura 85, which is susceptible to this 

pathogen, was employed in the study (Köycü and Özer, 2019). The antagonist fungus was T. 

harzianum (TRIC8, Accession number: MH351669), which was isolated from onion-grown 

soils in Tekirdaĵ province and exhibited antagonistic properties (¥zer et al., 2009) The 

pathogenic isolate was grown on Potato Sucrose Agar (PSA), while the antagonist fungus was 

cultured on Potato Dextrose Agar (PDA-Merck) in an incubator (Binder) maintained at 23°C. 

In in vitro experiments, 0, 50, 100 and 150 mM NaCl concentrations were added to the 

PDA medium for salt tolerance and then poured into 8.5 cm diameter petri dishes after 

autoclaving at 121  for 20 min. Following the solidification of the medium, an agar disc (5 

mm diameter) from the pathogen culture (grown in PSA medium) and the culture of the 

antagonist (grown in PDA medium) were positioned in opposite directions, at a distance of 1 

cm from the outer edges of the petri dish (dual culture). Furthermore, in the context of pathogen 

control (PK), an agar disc containing solely the pathogen was positioned in the center of the 

petri dish. All petri dishes were incubated in a refrigerated incubator (Binder) at 23  for 7 

days. Subsequent to the incubation period, the colony radius of the pathogen was measured in 
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each treatment, and the inhibition rate of the pathogen by T. harzianum was calculated using 

the following formula: [Inhibition rate (%) = (colony radius of the pathogen in pathogen control 

(PC) dishesï colony radius of the pathogen in dual cultures containing different salt 

concentrations) / PC × 100]. The experiments were conducted in four replicates, with a petri 

dish in each replicate.  

In order to determine the effect of T. harzianum on F. culmorum colony development 

around wheat seeds under salt stress, concentrations of 50 mM and 100 mM were selected, 

corresponding to low and moderate salt levels, respectively. PDA media containing NaCl at 

these concentrations were poured into 8.5 cm diameter petri dishes. The seeds were immersed 

in a 2% sodium hypochlorite (NaOCl) solution for a period of seven minutes, following which 

they were rinsed three times with sterile distilled water. Thereafter, they were dried on sterile 

filter paper for a period of 30 minutes. Surface-sterilized seeds were then placed in a suspension 

mixture containing conidia of F. culmorum (1 Ĭ 10  conidia/ml) and T. harzianum (1 Ĭ 10  

conidia/ml), which had been supplemented with 0.1% Tween 20, and shaken at 25 °C for one 

hour. For the pathogen seed control (PSC), only the conidial suspension of the pathogen was 

used. The treated seeds were then placed in Petri dishes (10 seeds per dish). The experiments 

were conducted with five replicates, each consisting of one Petri dish. Subsequent to a period 

of incubation at a temperature of 23 °C for a duration of seven days, the diameter of the colony 

of F. culmorum developing around the seeds was measured. The inhibition rate by T. harzianum 

was calculated using the following formula: [Inhibition rate (%) = (PSC ï colony diameter of 

the pathogen around seeds treated with pathogen + T. harzianum under different salt 

concentrations) / PSC × 100], where PSC refers to the colony diameter of the pathogen around 

seeds inoculated only with the pathogen. 

The homogeneity of variances and the normality of distribution were first assessed using 

Leveneôs test and the ShapiroïWilk test, respectively, in SPSS version 23 (IBM SPSS Statistics 

for Windows, IBM Corp., Armonk, NY, USA). All experiments met the assumptions of the 

ANOVA test. The Tukey HSD test was performed using JMP Pro version 17 for Windows 

(SAS Institute Inc., Cary, NC, USA) to compare treatment means at the 0.05 probability level. 

 

RESULTS AND DISCUSSION 

 

In the present study, the colony radius of F. culmorum was determined to be 4.00 cm in 

pathogen control (PK). In the salt-free medium (0 mM, P+T), its colony radius decreased to 

1.40 cm with the presence of T. harzianum (dual culture), with the lowest value observed in 

this treatment (Table 1, Figure 1 A). In this medium, T. harzianum demonstrated an inhibition 

rate of 65% against the growth of the pathogen. However, the inhibition rate of the pathogen 

by the antagonist fungus at salt concentrations ranging from 50 to 150mM (Figure 1 B-D) varied 

between 40.62% and 38.75%, and the differences between these levels were determined to be 

statistically non-significant. 

Two doses, which exhibited a similar inhibitory effect on mycelial colony development 

of F. culmorum, were added to the PDA medium. Subsequently, wheat seeds coated with the 

pathogen and T. harzianum were placed on the medium, and the colony development of the 

pathogen around the seeds was measured. In the conducted tests, the colony diameter of F. 

culmorum was measured at 2.55 cm in the pathogen seed control (PSC) group. The colony 

diameter of the pathogen decreased to 0.26 cm in the presence of T. harzianum in salt-free 

medium (0 mM, P+T), with the highest recorded inhibition rate of the pathogen by the 

antagonist (89.92%) being determined in this medium (Table 2, Figure 2A). The medium 

supplemented with 50 mM NaCl was found to be the second rank in terms of low colony 

diameter around the seed (Figure 2B). In this medium, T. harzianum inhibited the colony 
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growth of the pathogen by 70.64%. At a salt concentration of 100 mM (Figure 2C), the 

inhibition rate decreased to 45.16%. The differences between 50 and 100mM salt 

concentrations with regard to colony diameter and inhibition rate were detected to be 

statistically significant. 

Table 1. Effect of Trichoderma harzianum on mycelial colony growth of Fusarium culmorum 

at different salt concentrations. 

Salinity (mM)  

Mycelial colony radius 

(cm)* 

Inhibition of mycelial colony 

growth (%)*  

PC 4.00±0.00 a - 

0 (P+T) 1.40±0.07 c 65.00±1.77 a 

50 (P+T) 2.37±0.05 b 40.62±1.20 b 

100 (P+T) 2.40±0.04 b 40.00±1.02 b 

150 (P+T) 2.45±0.03b  38.75±0.72 b 

*Each value is the mean of 4 replicates. Differences between values indicated with different 

letters in the same column are significant according to Tukey's HSD test. (For mycelial colony 

diameter; F4,15=444.8936, P<0.0001, Inhibition rate of mycelial colony growth; F3.12= 

104.234, P<0.0001). PC: Pathogen Control, P: Pathogen, T: Trichoderma harzianum 

 

Figure 1. The growth of Fusarium culmorum (a) and Trichoderma harzianum (b) in dual culture 

at different salt concentrations A: 0 mM, B: 50 mM C: 100 mM D: 150 mM 

Table 2. Effect of Trichoderma harzianum on mycelial colony growth of Fusarium culmorum 

around wheat seeds at different salt concentrations. 

Salinity (mM)  

Mycelial colony diameter 

(cm)* 

Inhibition of mycelial colony growth 

(%)*  

PSC 2.55±0.05 a  

0 (P+T) 0.26±0.05 d 89.92±2.00 a 

50 (P+T) 0.74±0.04 c 70.64±1.79 b 

100 (P+T) 1.40±0.03 b 45.16±1.19 c 

Each value is the mean of 5 replicates. Differences between values indicated with different 

letters in the same column are significant according to Tukey's HSD test. (For mycelial colony 

diameter; F3,16= 464.7357, P<0.0001. Inhibition rate of mycelial colony growth; F2,.12= 

175.2877, P<0.0001). PSC: Pathogen Seed Control, P: Pathogen, T: Trichoderma harzianum 

 

a b a b a b a b 
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Figure 2. The growth of Fusarium culmorum (a) around of the seeds in the presence of 

Trichoderma harzianum (b) at different salt concentrations. A: 0 mM, B: 50 mM, C: 100 mM 

It has been established for a long time that there are variations in salt tolerance among 

different Fusarium spp. (Mandeel, 2006; Shoaib et al., 2018; Maharshi et al., 2021; Tiwari et 

al., 2024). This has resulted in a varying range of consequences regarding the impact of T. 

harzianum on Fusarium spp. at differing levels of salinity. In this context, the highest inhibition 

of colony growth of F. oxysporum f. sp. lycopersici by T. harzianum (40.4%) was at 69 mM 

salinity concentration (Mohammed and Haggag, 2006); while these values were determined as 

70 mM for F. oxysporum f. sp. ciceri (93.66%) (Rawat et al., 2013), 150 mM for F. 

pseudograminearum (46.42%) (Boomah et al., 2021), and 684.46 mM for F. udum (60%) 

(Mishra et al., 2024). As stated in the study by Rodriguez et al. (2008), some isolates of F. 

culmorum were capable of growth at concentrations of up to 500 mM NaCl. This finding 

suggests that some isolates of the species may have developed tolerance to high salt 

concentrations. The inhibitory effect of T. harzianum on F. culmorum was found to be limited, 

with levels of 40.62%, 40% and 38.75% observed at 50, 100 and 150 mM NaCl concentrations, 

respectively, in the present study. This may be attributable to the salt tolerance exhibited by the 

F. culmorum isolate of the current study.  

In the present study, T. harzianum and F. culmorum were applied to seeds, and the level 

of T. harzianum's ability to prevent the development of the pathogen around the seed was 

determined. The experiment revealed that a higher inhibition rate (70.64%) as compared to the 

40.62% inhibition rate obtained in dual culture at 50 mM salinity, was determined at the same 

concentration in the seed medium. This finding is consistent with studies conducted on plant-

salinity-T. harzianum-Fusarium spp. interactions (Mohammed ve Haggag, 2006; Boomah et 

al., 2021; Mishra et al., 2024). In a study conducted by Mohammed and Haggag (2006), it was 

observed that T. harzianum was capable of inhibiting F. oxysporum f. sp. lycopersici infection 

in tomato by 56.48% in a 4 mM NaCl concentration. In a similar manner, F. 

pseudograminearum infection in wheat was reduced by 52.78% in 50 mM NaCl concentration 

(Boomah et al., 2021), and F. udum infection in pigeon pea was significantly inhibited at 48 

mM NaCl level (Mishra et al., 2024). It has been documented that in the context of pathogen-

antagonist interactions occurring in plant parts, fungi compete for nutrients secreted from the 

plant, with T. harzianum prevailing in this competition (TyŜkiewicz et al., 2022). T. harzianum 

has the capacity to saprophytically colonise the seed surface. This growth is hypothesised to be 

the result of several mechanisms, including competition and mycoparasitism (Brozova, 2004, 

Güçlü and Özer 2022). It is thought that the T. harzianum isolate used in this study provides an 

advantage over F. culmorum in salty conditions in relation to the ability to use the nutrients 

released during seed germination, thus increasing its capacity to suppress this pathogen. 

 

a 

b 

a 

b 

a 

b 
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CONCLUSIONS 

 

The present study demonstrated that the T. harzianum isolate used in this work 

significantly inhibited the mycelial growth of F. culmorum, particularly around seeds, under 

different salinity conditions. The high inhibition rates observed at low and moderate salinity 

levels indicate that this isolate can remain effective under salt stress. These findings suggest 

that the applied T. harzianum isolate may be a promising biocontrol agent against F. culmorum, 

the causal agent of crown and root rot in wheat, in saline environments. However, further 

investigations under field conditions and on different crops are required to substantiate these 

results. 
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ABSTRACT 

In this study, we report the synthesis and full characterization of a novel o-tolidine-based 

fluorescent monomer, 4,4ǌ-bis(2ǋ-fluorenylideneimino)-3,3ǌ-dimethylbiphenyl, obtained via 

Schiff base condensation between o-tolidine and two equivalents of fluorene-2-carbaldehyde. 

Structural confirmation was achieved through IR and NMR spectroscopies, while optical 

properties were assessed using UVïVis and fluorescence spectroscopy, revealing strong 

absorption in the ultraviolet region and a band gap of 2.58 eV. Electrochemical analysis via 

cyclic voltammetry showed the monomer has a HOMO energy level of ī6.04 eV and a LUMO 

level of ī3.46 eV. Subsequently, the monomer was successfully electropolymerized onto a 

platinum electrode through cyclic voltammetry, forming a thin, adherent, and electroactive film. 

The resulting polymeric material displayed enhanced electronic delocalization due to increased 

-́conjugation. This was confirmed by a significant narrowing of the band gap to 1.80 eV, as 

well as an upward shift in the HOMO level to ī5.41 eV, and in the LUMO level to ī3.61 eV. 

These results demonstrate that polymerization leads to a reduction in band gap and 

improved charge transport, consistent with the extension of the conjugated system in the 

polymer backbone. Considering the electronic properties of the polymer, it is well-suited as a 

donor material in organic photovoltaic (OPV) applications. Its HOMO/LUMO alignment is 

favorable for pairing with fullerene-based acceptors such as [6,6]-Phenyl-C -butyric acid 

methyl ester (PCBM), which possesses a LUMO level of approximately ī4.0 eV. This offset 

ensures efficient exciton dissociation and electron transfer, satisfying the energy level 

requirements for high-performance bilayer or bulk heterojunction solar cells. These findings 

underscore the potential of the synthesized electropolymer as a promising donor material for 

future development of solution-processed or electrochemically deposited OPV devices. 

Keywords: Organic photovoltaic cells; Cyclic voltammetry; HOMO; LUMO; Gap. 

INTRODUCTION  

Electroactive polymers have gained increasing interest due to their reversible redox 

properties, their ability to store charge, and their potential applications in sensors, 

electrochromic devices, supercapacitors, and fuel cells [1ï4]. Among these, semiconducting 

polymers synthesized via electropolymerization on conductive substrates offer the advantage 

of in situ controlled film growth, enabling precise tuning of thickness and morphology [5,6]. 

The monomer FLTFL, investigated in this study, exhibits structural features favorable for the 

formation of a stable, reversible, and electroactive polymer film. To evaluate its electrochemical 

behavior, a multi-technique approach was adopted: cyclic voltammetry (CV) to monitor 

oxidation, reduction, and polymerization processes [7], and electrochemical impedance 

spectroscopy (EIS) to characterize the deposited film [8]. 
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RESULTS AND DISCUSSION 

2.1. Oxidation and Reduction Behavior of FLTFL Monomer 

Cyclic voltammetry of the FLTFL monomer shows a distinct oxidation wave between 

+0.6 and +0.9 V, indicating the formation of radical cations that initiate polymerization. A 

smaller reduction wave appears on the reverse scan, near +0.8V, suggesting a partially 

reversible redox process, characteristic of an EC mechanism (electrochemical step followed by 

a chemical reaction). This confirms the monomerôs ability to form an electroactive polymer 

film. 

 
Figure 1. Cyclic voltammogram of the FLTFL monomer.  

2.2. Electronic properties of monomer 

The tolidine-based azomethines, characterized by their symmetrical structure and dual-

point functionalization, provide greater versatility in bandgap modulation and a finer degree of 

control over frontier orbital energy levels. FLTFL is particularly well-suited for applications 

such as in bulk heterojunction (BHJ) organic solar cells (Figure 2). 

Successive CV scans reveal a progressive increase in oxidation current, indicating 

continuous growth of the polymer film on the electrode surface. The increasing peak currents 

and evolving wave shapes are typical of electroactive polymer deposition. The growing current 

response confirms that the film is adhering and expanding effectively, consistent with a 

conductive polymer film being formed during each cycle. 
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Figure 2. Work functions of electrodes and HOMO and LUMO energy levels of the materials 

for ITO/poly-3-hexylthiophene/FLTFL/Al device. 

 

2.3. Electropolymerization of FLTFL 

 

 

Figure 3. Successive CV scans during FLTFL electropolymerization. The increasing peak 

current shows continuous growth of the polymer film. 

2.4. Electroactivity of Poly(FLTFL) 

The redox behavior of the polymer shows a clear oxidation peak and a less intense reduction 

peak, indicative of partial reversibility. This suggests that the polymer undergoes doping 

(oxidation) and dedoping (reduction) transitions within a defined potential window, behaving 

like a typical p-type conducting polymer. The polymer is thus capable of reversible charge 

exchange, essential for practical electrochemical applications. 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































