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The effects of heavy metal pollution have become a significant global issue 
in recent years. The primary objective of the present study was to compare 
the heavy metal concentrations in Pinus brutia shoots grown in an 
organized industrial zone (OIZ) and a forested area (Adalar) and to 
examine how these heavy metals affect fungal microbiota. The results 
achieved here showed that Ni and V concentrations were lower than the 
detectable limits in both the Adalar and the OIZ region, whereas Se and 
Cu concentrations were lower than the detectable limits in the shoots 
collected from the Adalar. Concentrations determined in samples collected 
from the OIZ were approximately 6 times higher for Cr and 16 times higher 
for Zn in comparison to the samples collected from the Adalar. 
Metagenomic analysis revealed that the most common fungal genera were 
Aureobasidium, Gibberella, Hazslinszkyomyces, Alternaria, 
Cladosporium, Buckleyzyma, Lasiodiplodia, and Hormonema for the OIZ 
area and Hormonema, Aureobasidium, Alternaria, Cladosporium, 
Arthrinium, Fonsecazyma, and Truncatella for the Adalar region. In the 
future, this study may serve as a reference for the development of 
innovative strategies for the remediation of heavy metal pollution for a 
sustainable and clean environment using biological sources.  
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INTRODUCTION 
 

Environmental pollution caused by heavy metals has become a significant threat to 

living organisms in many ecosystems. Most heavy metals are toxic and carcinogenic, even 

when in trace amounts, and they pose a serious threat to human life (Ghoma et al. 2023). 

The reduction of the accumulation of toxic metals in various ecosystems, such as soil, air, 

and water, is one of the most important concerns today (Key et al. 2021). In general, 

physical and chemical remediation approaches can neutralize many heavy metal pollutants. 

However, they also have disadvantages, including increased energy consumption, the need 

for additional chemicals, and the risk of secondary pollution. Biological remediation of 

heavy metal pollution draws significant interest, primarily due to its advantages such as 

high efficiency at low metal concentrations, cost-effectiveness, and environmental 

friendliness (Shourie and Vijayalakshmi 2022). Fungi, which are decomposers, have a 

unique ability to metabolize various organic and inorganic pollutants by utilizing them as 

sources of energy and carbon, and to reduce them to harmless concentrations and non-

hazardous status. Given the versatility of fungi in terms of their ecology, nutritional habits, 

adaptations, morphologies, physiology, and metabolism, mycoremediation is considered 

an effective method for pollutant remediation (Chen et al. 2022). Therefore, the 
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identification of mycoremediation agents, including fungi, is being comprehensively 

studied. 

Endophytic fungi are present in almost every plant in their natural environment and 

contribute to the plant’s growth and tolerance to environmental stress conditions. Some of 

these fungal endophytes can support plant growth in cases of high heavy metal 

accumulation (Li et al. 2012). These endophytes can enhance plant tolerance to heavy 

metal stress by immobilizing heavy metals and limiting their uptake and distribution by 

plants (Zheng et al. 2023). Certain endophytic fungi can affect the expression of stress-

related genes by host plants, and thereby the stress resistance of the plant is triggered 

(Domka et al. 2019). Fungal endophytes are ideal organisms for the biological remediation 

of heavy metals because of their ability to form extensive mycelial networks, the non-

selectivity of their catabolic enzymes, and their independence from pollutants as a growth 

substrate (Akpasi et al. 2023). 

Differing from traditional culture-based methods, next-generation sequencing 

(NGS) and similar techniques can identify a broader range of fungal taxa associated with 

various plants when used in analyzing the endophytic flora (Deng and Cao 2017). The NGS 

technologies and systems biology allow for the simultaneous discovery of all members of 

microbial communities and their interactions with host plants. Scanning metagenomic 

libraries resulted in the identification of numerous new biomolecules and different fungal 

taxa from various environments (Datta et al. 2020). The rDNA-ITS gene region is used for 

the identification of organisms in the fungal microbiota using metagenomic NGS (Antil et 

al. 2023). 

Fungi, which have the potential to reduce the accumulation of pollutants in nature, 

play a significant role in the detoxification of waste materials (Singh et al. 2020). Previous 

studies showed that endophytic fungi isolated from plants growing in areas contaminated 

with heavy metals are more tolerant to pollution, which makes them potentially more 

effective for microbial-assisted phytoremediation (Domka et al. 2019). To implement 

microorganism-assisted phytoremediation approaches in the field, it is necessary to better 

understand the diversity and ecology of plant-associated microorganisms. Therefore, it is 

necessary to identify fungal species, targeting specific pollutants and their associated plants 

to achieve effective results (Singh et al. 2020). In this study, the Samsun Organized 

Industrial Zone, characterized by high levels of heavy metal pollution, and a forested area 

(Adalar) with low levels of heavy metal contamination were selected as study areas. The 

present study aims to determine the accumulation of heavy metals in the shoot tissues of 

Pinus brutia grown in these areas and to identify endophytic fungi using metagenomic 

methods. This study can contribute to biological remediation approaches for heavy metals 

by determining the accumulation of heavy metals and fungal diversity in the study area. 
 

 

EXPERIMENTAL 
 
Metals Analysis in Shoot Tissues 

In this study, shoot samples from P. brutia plants were collected from Samsun OIZ, 

where heavy metal contamination is high, and from the Adalar forest area, which represents 

the control area with lower levels of heavy metal pollution (Fig. 1). After removing the 

outer bark, the shoot samples were subjected to surface disinfection (Turkkan et al. 2020). 

The shoot samples were then placed in petri dishes and left at room temperature for 15 

days, followed by drying in an oven at 45 °C for one week. A total of 0.5 g of dried samples 
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were placed in a microwave oven with 6 mL of 65% HNO3 and 2 mL of 30% H2O2. The 

solutions achieved were then transferred to flask bottles, and the total volume was adjusted 

to 50 mL with ultrapure water. The shoot samples prepared were analyzed using 

Inductively Coupled Plasma Optical Emission spectroscopy (ICP-OES) (GBC Scientific 

Equipment Pty Ltd., Melbourne, Australia) in triplicate. The values obtained from the 

analysis were multiplied by the dilution factor to calculate metal concentrations (Cebi 

Kilicoglu 2023; Cetin et al. 2023; Isinkaralar et al. 2023; Sulhan et al. 2023). Statistical 

analyses were performed using SPSS 22.0 software, and the data were interpreted using 

analysis of variance and Duncan’s test (Cobanoglu et al. 2023; Kuzmina et al. 2023). 

 
Amplicon-based Metagenomic Analysis 

Next-generation sequencing for amplicon-based metagenomic analysis was 

performed by Macrogen Inc., Company (Seoul, South Korea). The Qiagen DNeasy Power 

Soil Pro kit was used for DNA isolation. While establishing the metagenomic library, the 

amplification of the fungal rDNA-ITS target gene region was conducted using Forward 

ITS3: (5´ GCATCGATGAAGAACGCAGC 3´) and Rewerse ITS4: (5´ TCCTCCGCTT-

ATTGATATGC 3´) primers (White et al. 1990), with bidirectional sequencing for each 

sample. Illumina MiSeq technology was used for sequence analysis of the final library. 

Statistical mycobiome bioinformatics, from phylum to genus level, was conducted using 

QIIME 2 (Bolyen et al. 2019) to determine fungal diversity. Raw sequence data were 

quality-filtered using DADA2 (Callahan et al. 2016). For each sample, paired-end reads 

were merged after filtering, and operational taxonomic units (OTUs) were generated. All 

amplicon sequence variants for fungi were aligned using the UNITE classifier reference 

database, and all taxa belonging to the mycobiome were identified.  

 

 
 
Fig. 1. Study area. Adalar and Organized Industrial Zone, Samsun Province, Türkiye  
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RESULTS 
 

 Ni and V elements remained below detectable limits in the shoot samples of P. 

brutia collected from these research areas. The characterization of Cu, Pb, Cd, Se, Cr, and 

Zn pollutants is shown in Table 1. 

 

Table 1. Heavy Metal Concentrations in P. brutia Shoot Samples  

Element Adalar OIZ F 

Pb (ppb) 1394.5 a 1793.8 b 223.6*** 

Cr (ppb) 121.5 a 771.2 b 11204.7*** 

Cu (ppb) Under limit 3795.0 - 

Zn (ppb) 314.8 a 5032.7 b 2218.1*** 

Se (ppb) Under limit 242.5 - 

Cd (ppb) 346.5 a 369.5 b 27.3* 

***: p < 0.001; *: p < 0.01; a, b: Groups in which the values were clustered as a result of the 
Duncan’s test, ppb: Concentration value 

 

Analyzing Table 1, it is evident that there were significant differences between 

element concentrations of P. brutia shoots collected from the OIZ (Organized Industrial 

Zone) and Adalar regions. Variance analysis revealed that there were statistically 

significant differences at a confidence level of at least 99% (p < 0.01) between the samples 

collected from the OIZ and Adalar regions for all elements. Among the elements studied, 

Cu and Se concentrations in samples collected from the Adalar region were below 

detectable limits. In the shoot samples collected from OIZ, concentrations of Cu, Se, Cd, 

Zn, Pb, and Cr, except for Ni and V, were higher when compared to those found in shoot 

samples collected from the Adalar. The concentrations determined in samples collected 

from the OIZ region were approximately 6 times higher in Cr and approximately 16 times 

higher in Zn when compared to the samples collected from the Adalar region. Furthermore, 

Se and Cu elements were found at higher concentrations in samples collected from the OIZ 

region, while they were below detectable limits in the samples from the Adalar region. 

Given the rDNA-ITS microbiome analysis results of P. brutia shoots, fungal 

endophytes obtained from the industrial zone belonged to the Ascomycota phylum (relative 

frequency: 96.4%) and Basidiomycota (3.6%). Fungi belonging to the Ascomycota (97%) 

and Basidiomycota (2.9%) phyla were also detected in similar proportions in the shoot 

samples collected from the forested area (Fig. 2.A). 

Examining the shoot samples obtained from these regions at the class level, 

Dothideomycetes were the most represented taxa, with a relative frequency of 78.9% in the 

OIZ mycobiota and 91.2% in the Adalar mycobiota. The Sordariomycetes class was 

present at 17.2% in OIZ samples and 5.1% in Adalar samples. Taxa belonging to the 

Cystobasidiomycetes class were found at a relative frequency of 2.8% in the shoot samples 

obtained from OIZ, whereas they were detected at less than 1% in samples obtained from 

the Adalar region. Members of the Tremellomycetes class were identified at 1.7% in the 

samples obtained from the Adalar region and less than 1% in the samples obtained from 

OIZ (Fig. 2.B).  

When compared at the order level, the relative frequency of taxa represented at a 

level higher than 1% in the samples obtained from the OIZ zone were determined as 

Dothideales (44.9%), Pleosporales (26.1%), Hypocreales (15.6%), Capnodiales (6.7%), 
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Sordariales (1.6%), and Botryosphaeriales (1.2%). In the Adalar region, the orders with a 

frequency above 1% were identified as Dothideales (68%), Pleosporales (15.3%), 

Capnodiales (7.7%), Xylariales (4.3%), and Tremellales (1.6%). Tremellales members 

were represented below 1% in the OSP region, and no Xylariales members were found in 

this region. In the Adalar shoot mycobiota, Sordariales and Botryosphaeriales orders were 

below 1%, and no Hypocreales order members were found (Fig. 2.C). 

Examining the mycobiota of P. brutia shoots, 10 families with a relative frequency 

of over 1% were identified in the OIZ region, followed by Aureobasidiaceae (43.9%), 

Nectriaceae (15.5%), Coniothyriaceae (9.6%), Pleosporaceae (8.1%), Didymellaceae 

(7.2%), Cladosporiaceae (6.7%), Buckleyzymaceae (2.5%), Sordariaceae (1.6%), 

Botryosphaeriaceae (1.2%), and Dothioraceae (1%). Examining the shoot mycobiota 

obtained from the Adalar region, 7 family with a relative frequency above 1% were 

identified: Dothioraceae (46.4%), Aureobasidiaceae (21.6%), Pleosporaceae (7.9%), 

Cladosporiaceae (7.7%), Didymellaceae (6.5%), Apiosporaceae (2.3%), and Bulleraceae 

(1.4%) (Fig. 2.D). 

When the mycobiome of P. brutia was analyzed at the genus level, 8 fungal taxa 

with a relative frequency above 1% were observed in the OSP region: Aureobasidium 

(43.9%), Gibberella (15.2%), Hazslinszkyomyces (9.4%), Alternaria (8.1%), 

Cladosporium (6.7%), Buckleyzyma (2.5%), Lasiodiplodia (1.2%), and Hormonema (1%). 

As a result of the meta-barcoding analysis of the Adalar mycobiome, 7 genera with a 

relative frequency above 1% were identified. These genera were Hormonema (46.4%), 

Aureobasidium (21.6%), Alternaria (7.9%), Cladosporium (7.6%), Arthrinium (2.3%), 

Fonsecazyma (1.4%), and Truncatella (1.1%). Arthrinium, Fonsecazyma, and Truncatella 

genera were not found in the shoot mycobiota obtained from the OIZ region, whereas 

Gibberella, Hazslinszkyomyces, and Lasiodiplodia genera were not detected in the shoot 

samples obtained from Adalar region, and Buckleyzyma was identified at a level lower than 

1% (Fig. 2.E). 
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Fig. 2. Relative frequency of P. brutia shoot microbiota in study areas at different taxonomic 
levels: A. Phylum, B. Class, C. Order, D. Family, and E. Genus 
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 In this study, the concentrations of heavy metals, such as Cu, Pb, Cd, Se, Cr, Ni, 

Zn, and V, in the shoots of P. brutia grown in the OIZ and forest areas were determined, 

and how these heavy metals affected fungal endophyte diversity was investigated. While 

Cu and Se remained below detectable limits in samples collected from the forested area, 
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Ni and V elements remained below detectable limits in both study areas. Cu, Se, Cr, and 

Zn concentrations in samples collected from the OIZ were significantly higher when 

compared to the Adalar region, indicating that the OIZ is an important source of heavy 

metals. These elements are among the most threatening to humans and other living beings, 

and they can be toxic, harmful, carcinogenic, and even lethal even at low concentrations 

(Badea et al. 2018; Cetin et al. 2022; Erdem et al. 2023). Due to their harmful effects, these 

four elements are listed both on the priority pollutant list of the Agency for Toxic 

Substances and Disease Registry (ATSDR) (Savas et al. 2021; Koc et al. 2023) and on the 

list of 13 priority metal pollutants created by the United States Environmental Protection 

Agency due to their acute and chronic toxicity (Hsieh et al. 2004). The high concentrations 

of heavy metals in samples collected from the OIZ region indicate that heavy metal 

pollution in this area is of serious concern. Previous studies also showed that heavy metal 

pollution in the industrial zone, where the research was conducted, is at very high levels 

(Karacocuk et al. 2022; Istanbullu et al. 2023). Furthermore, previous research emphasizes 

that industrial activities are one of the most significant sources of heavy metals (Ucun Ozel 

et al. 2019; Yayla et al. 2022). 

 The most abundant fungal genera in the OIZ P. brutia shoot mycobiota are 

Aureobasidium (43.89%), Gibberella (15.17%), Hazslinszkyomyces (9.38%), Alternaria 

(8.07%), Cladosporium (6.65%), Buckleyzyma (2.45%), Lasiodiplodia (1.16%), and 

Hormonema (1.03%). In the Adalar region shoot mycobiota, the predominant genera are 

Hormonema (46.41%), Aureobasidium (21.59%), Alternaria (7.94%), Cladosporium 

(7.64%), Arthrinium (2.28%), Fonsecazyma (1.39%), and Truncatella (1.05%). Previous 

studies suggested that fungi with a significant adaptation to a specific heavy metal are more 

dominant taxa in areas contaminated with these toxic metals (Deng Cao 2017). 

Furthermore, it is suggested that some fungal species can adapt to metal toxicity due to 

prolonged exposure to toxic metals (Khan et al. 2017). Among the most abundant genera 

found in the OIZ shoot mycobiota, previous studies have reported that Aureobasidium (Cu, 

Pb, Cd), Gibberella (Cu, Zn), Alternaria (Se, Cr, Cu, Cd, Ni, Pb, Zn), Cladosporium (Pb, 

Zn, Cu, Mn, Cd), and Hormonema (Cu, Ni) are microfungi that exhibit resistance to some 

heavy metals (Helander 1995; Kumar and Dwivedi 2021; Refaey et al. 2021; Zhang et al. 

2022). 

 The Aureobasidium genus, which is highly detected in the shoots in both regions, 

can continue to thrive in environments with high levels of Pb and Cd by adsorbing Cu and 

performing the bioaccumulation of these metals (Mowll and Gadd 1984; Vaid et al. 2022). 

Cu, Pb, and Cd were significantly higher than the acceptable limits in the OIZ. Because of 

the tolerance to these toxic metals, Aureobasidium species have become the dominant 

species in the shoots of the plant, even in the presence of these high concentrations in the 

OIZ. 

 Fungi belonging to the Hormonema genus found in both the Adalar and OIZ shoots 

have also been isolated as pine endophytes in similar studies (Helander 1995). In this study, 

the tolerance of species isolated near the factory and those isolated from the control area 8 

km away from Cu and Ni was examined. It was observed that the Hormonema strains 

isolated near the factory were more tolerant to Cu and Ni under in vitro conditions 

compared to those isolated from the control area 8 km away (Helander 1995). As shown in 

the results achieved in the present study, fungal taxa with tolerance to heavy metals can 

thrive in the environment, whereas some taxa without such tolerance can gain tolerance to 

heavy metals over time in response to pollution. It is evident that environmental conditions, 

such as heavy metals, can influence the mycobiota. Similarly, it was observed in the present 
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study that some of the fungi identified in the OIZ shoots have resistance to toxic metals, 

and some taxa without tolerance can gain tolerance to toxic metals over time (Soanes and 

Richards 2014). To date, there has been no report on heavy metal detoxification by the 

Hazslinszkyomyces, Buckleyzyma, and Lasiodiplodia genera that were identified in the 

OIZ. However, the findings indicate that these genera represented in the mycobiota of OIZ 

shoots contaminated with heavy metals have tolerance to these metals. Detailed molecular 

studies are required to understand the resistance and detoxification metabolism of these 

fungi. 

In the field of OIZ, despite the high levels of heavy metal pollution, the 

concentrations of Ni and V elements in P. brutia shoots were below the threshold values, 

contrary to expectations. However, among the dominant species in the shoot mycobiota of 

the region, fungi belonging to the Alternaria genus are known to be tolerant to Ni and have 

adapted to living in environments with high metal accumulations (Lindblom et al. 2018; 

Refaey et al. 2021). To the best of the author’s knowledge, there is no study reporting any 

fungal genera identified in the OIZ being involved in V detoxification. Nevertheless, it 

should not be ignored that the phytoremediation ability of P. brutia in the OIZ may 

contribute to keeping V concentrations lower than the detectable limits. Furthermore, it is 

known that some fungal taxa without inherent tolerance can develop tolerance to toxic 

metals over time. Some microorganisms not only adapt but also act as cleansing organisms 

in the environment, beyond adaptation to heavy metal pollution (Bruins et al. 2000). It can 

be said that both the detoxification of Ni by fungi of the Alternaria genus and the 

phytoremediation of these elements by P. brutia in OIZ shoots contribute to keeping the 

accumulation of these toxic elements in the shoots below the threshold values. 

In recent years, toxic metal pollution has become a serious global issue. Researchers 

primarily focused on developing more efficient and cost-effective methods for the 

remediation of pollutants. The technological and economic limitations of traditional 

methods resulted in the development of new technologies for pollutant remediation. The 

positive impact of microbial symbiotic relationships on plant growth and stress tolerance 

suggests that microbial-assisted phytoremediation could be used as an alternative solution 

for the detoxification of toxic metals.  

 

 

CONCLUSIONS 
 

1. Isolation of endophytic fungi from plants growing in areas contaminated with toxic 

metals indicates that they may be more tolerant to pollution, making them 

potentially more attractive for use in microbial-assisted phytoremediation. 

2. The biological cultivation of metal-absorbing fungi for on-site reclamation of heavy 

metal pollution can be employed as an effective region-specific method.  

3. Identifying new fungi that are resistant to heavy metals will contribute to this 

technology for mitigating global environmental issues. 

4. This study provides valuable information that can assist in detoxification processes 

by examining the relationship between metal accumulations and fungal diversity of 

P. brutia shoots in the Samsun industrial zone and the control area. 
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